remote sensing

Article

Explosive Paroxysmal Events at Etna Volcano of Different
Magnitude and Intensity Explored through a Multidisciplinary
Monitoring System

Sonia Calvari 1*0, Emilio Biale 1, Alessandro Bonaccorso
Gilda Currenti !, Giuseppe Di Grazia

1@, Andrea Cannata 120, Luigi Carleo 1Q,

1

1 , Adriana Iozzia 12, Emilio Pecora 1,

, Gaetana Ganci !

Michele Prestifilippo 17, Mariangela Sciotto ! and Simona Scollo !

check for
updates

Citation: Calvari, S.; Biale, E.;
Bonaccorso, A.; Cannata, A.; Carleo,
L.; Currenti, G.; Di Grazia, G.; Ganci,
G.; lozzia, A.; Pecora, E.; et al.
Explosive Paroxysmal Events at Etna
Volcano of Different Magnitude and
Intensity Explored through a
Multidisciplinary Monitoring System.
Remote Sens. 2022, 14, 4006. https://
doi.org/10.3390/rs14164006

Academic Editor: Zhong Lu

Received: 28 June 2022
Accepted: 15 August 2022
Published: 17 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Istituto Nazionale di Geofisica e Vulcanologia, Osservatorio Etneo—Sezione di Catania, Piazza Roma 2,
95125 Catania, Italy

Dipartimento di Scienze Biologiche, Geologiche e Ambientali—Sezione di Scienze della Terra, Universita
degli Studi di Catania, 95125 Catania, Italy

Correspondence: sonia.calvari@ingv.it

Abstract: Between 13 December 2020 and 21 February 2022, Etna volcano produced a sequence of
66 paroxysmal explosive eruptions, with Strombolian activity at the summit craters climaxing in
lava fountains and eruption columns extending several kilometers above the craters, accompanied
by minor and short-lasting lava flows from the crater rim. We selected three of these episodes that
occurred within a short space of time, between 13 December 2020 and 12 March 2021, of different
magnitude (i.e., erupted volume) and intensity (i.e., mass eruption rate or instantaneous eruption
rate), and analyzed them from a multidisciplinary perspective. The aim was to gain insights into
those parameters that mostly reveal the eruptive process for hazard assessment purposes. The
multidisciplinary data consist of calibrated visible images, thermal images, seismic and infrasound
data, ground deformation detected from the strainmeters, as well as satellite SEVIRI images. From
these data, we obtained the timing of each paroxysmal event, the erupted volume in terms of
tephra and lava flows, and the corresponding deflation of the source region, together with the
development of the lava fountains and eruption columns with time. The results enabled determining
that the smallest episode was that of 13 December 2020, which comprised three distinctive pulses
but did not produce an eruptive column detectable from either monitoring cameras or satellites. The
28 February 2021 episode was remarkable for the short amount of time required to reach the climax,
and was the most intense, whereas the 12 March 2021 event showed the longest duration but with
an intensity between that of the previous two. Our results show that these three paroxysmal events
display a typical trend, with the first event also being the smallest in terms of both erupted volume
and intensity, the second being the most intense, and the third the one of greatest magnitude but less
intense than the second. This is coherent with the end of the first paroxysmal phase on 1 April 2021,
which was followed by 48 days of eruptive pause before starting again. In this context, the end of the
paroxysmal phase was anticipated by a more effusive episode, thus heralding a temporary decline in
the gas content within the feeding magma batch.

Keywords: Etna volcano; lava fountain; volcanic plume; eruptive column; multidisciplinary

monitoring systems

1. Introduction

Explosive paroxysmal events at Etna volcano have become very frequent over the
last few decades, giving rise to eruptive sequences lasting several months [1-8]. Eruptive
sequences at Etna are characterized by short-lasting explosive events, with duration of
1-3 h, and occurring every few days or several times a day [3,7]. These episodes have
a major impact on the local population, because the ash fallout affects air and ground
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viability, stability of roofs and buildings, and public health [9-13]. Usually, lava fountain
activity at Etna precedes major flank eruptions [14-17], but this was not so during the most
recent paroxysmal explosive sequences [2,3,8]. This unusual behavior allowed Bonaccorso
and Calvari [18] to note that the lava fountain sequences are just an alternative way used by
the volcano to dissipate the inner energy caused by magma stored at depth from a steady
supply. In fact, this energy can be released either through frequent and small-volume lava
fountains, or through less frequent and larger-volume effusive eruptions, an occurrence
which that has been observed for at least the last five decades [18-21].

The eruptive activity at Etna volcano is routinely monitored by the Istituto Nazionale
di Geofisica e Vulcanologia—Osservatorio Etneo (INGV-OE) through a network of thermal
and visible cameras, seismic and infrasonic stations, tiltmeters, GPS (global positioning
systems) and strainmeters for the detection of ground deformation, UV scanners for the
measurement of SO, flux from the craters, and by satellites. Predicting the extension of
a volcanic plume from initially measured parameters was attempted by Calvari et al. [3].
These authors pointed out the importance of the wind speed on the vertical development
of volcanic plumes, with wind speeds greater than 10 m s~! favoring the formation of
weak plumes bending downwind, and vertical to intermediate plumes forming when
the wind speed is below this threshold [3]. This assessment is very important for hazard
purposes, since a vertical plume has a greater impact on aviation (because it reaches greater
elevations) and a lesser effect on the local population (because it remains confined to the
summit of the volcano). The opposite applies for weak plumes, which extend further over
the flanks of the volcano and less vertically.

The time evolution of the eruptive activity is usually accompanied by variations in
both seismic and infrasound signals. In particular, during short-lasting explosive events at
Etna, volcanic and infrasonic tremor amplitude increase, together with changes in source
locations [7,22-24]. Analysis of seismic and infrasound data are routinely performed to
monitor and follow the time evolution of volcanic phenomena [1,25], and have proved
useful tools to retrieve information on the eruptive dynamics [26-28]. In addition, lava
fountains are usually accompanied by small deformations of the shallow crust. The analysis
of the volumetric strain changes provides useful information towards characterizing the
volcano activity both for research purposes and monitoring. The beginning and the ending
of the strain variation provide the timing of the onset and of the conclusion of the eruptive
event [29]. Moreover, the amplitude of the strain changes reflects the change in volume
of the shallow source which empties, fueling the explosive eruption [29,30]. The shallow
source propelling the lava fountains is inferred by strain changes at a depth of ~0 km b.s.L.
This source is interpreted as a sort of upper valve in which magma is accumulated and
then released to generate the lava fountains [29,31]. This interpretation is also in agreement
with the recent seismic tomography (January 2020-February 2021) that reveals a smaller
upper reservoir at near-sea-level depth [32].

At Etna volcano, lava fountains commonly evolve into eruptive columns and volcanic
plumes that expand into the atmosphere for tens of kilometers. The studies on volcanic
plumes allow a reliable quantification of the tephra fallout hazard during explosive erup-
tions [9]. Mainly for this reason, since 2006, the INGV-OE has developed an automatic
forecasting system that is able to predict the area that will be covered by tephra fallout [33].
This was recently improved with remote sensing observations of column height estimated
by satellite and by visible calibrated cameras in near real time. These observations are
available to the on-duty INGV-OE volcanologist during volcanic crises, and allow better
constraint of the eruption source parameters in near real time [34].

Satellite remote sensing is moreover currently applied to monitor and quantify the
thermal activity associated with volcanic eruptions by processing the middle infrared
wavelength bands, a region of the electromagnetic spectrum in which active lava flows
and vents emit copious amounts of energy [21]. These bands are available in most weather
satellite sensors at high revisit time (from twice a day up to every 5-15 min). As shown by
comparisons with thermal camera data, the radiant heat flux signal derived from satellites
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during lava fountains is mainly produced by the lava flow field expansion and cooling [35]
and can be modeled to infer the erupted lava volume [36].

Between 13 December 2020 and 21 February 2022, 66 paroxysmal episodes occurred at
the SEC-NSEC crater of Etna volcano involving initial Strombolian activity that, with time,
evolved through a transitional stage to lava fountain activity, accompanied by the formation
of a sustained eruptive column and volcanic plume, as well as the output of small lava over-
flows from the crater rim [4,7,8]. From the sequence of 66 episodes at Etna in this span of
time, we chose here three events with different magnitude (e.g., erupted volume; [37]) and
intensity (e.g., time-averaged discharge rate (TADR), eruption rate (ER), or instantaneous
effusion rate (IER) [37,38]). They occurred in a short space of time (December 2020 to March
2021), and we focused on characterizing each of them from a multidisciplinary perspective
to identify a possible evolutionary pattern for hazard assessment purposes. To this end,
we chose the first and smallest episode on 13-14 December 2020, a middle size event on
12 March 2021, and one of the most powerful events on 28 February 2021. These three
episodes occurred during the first eruptive phase, which started in December 2020 and
ended in March 2021, followed by a 1.5-month pause [8]. They might display features that
recur in each phase. We selected those episodes for which multidisciplinary data were avail-
able and of good quality. They are intended to represent a first in-depth multidisciplinary
analysis, which needs to be further extended to each episode for a complete comprehen-
sion of the whole eruptive process. Below, the three selected episodes are analyzed using
multidisciplinary techniques, and their results are compared.

2. Materials and Methods

In this paper, we analyze multidisciplinary data recorded by the monitoring networks
of the INGV-OE, the reference institution of the Italian government for the monitoring and
hazard assessment of southern Italy volcanoes. The INGV-OE monitoring network comprises
several visible and thermal cameras. The cameras used in this paper and their features are
listed in Table 1, and their position is shown in Figure 1. The lava fountain height was retrieved
from the thermal images recorded by the fixed monitoring cameras as the saturated portion
of the image, following the method applied by Calvari et al. [2-4]. From the lava fountain
height, measured at 1 min time-lapse, multiplied by 60 s and summed up for the whole
duration of the episode, we obtained the erupted volume using the formulas:

U = (2gH)* 1)

V=UxA xt @)

where U is the mean fluid exit velocity at the vent, g is the acceleration of gravity, H is the
lava fountain height, V is the fluid volume comprising gas and pyroclastics, A is the vent
section area, and t is the duration of the lava fountain [2-4]. Vent surface area is calculated
considering a circular vent with a 30 m diameter [2]. This gives the total erupted volume,
comprising gas and pyroclastics. To obtain the pyroclastic volume, we considered 0.18%
as the average ratio between the volume of magma and fluids within a typical Etna lava
fountain [3], although some deviations from this average value are possible [39].

Table 1. Features of the INGV-OE monitoring cameras used in this paper.

Label Type Position Rate of Acquisition Distance from the Craters
ENT Thermal camera Nicolosi, South flank, 1 frame/2 s 15.0 km
730 m a.s.l.
EMOT Thermal camera La Montagnola, South flank, 2600 m a.s.1. 1 frame/s 3.0 km
EMCT Thermal camera Mt. Cagliato, East flank, 1160 m a.s.L 1 frame/2 s 8.3 km
ECV Visible camera Catania Nesima, South flank, 35 m a.s.l. 1 frame/2s 26.7 km
ECVH Visible camera Catania Nesima, South flank, 35 m a.s.l. 1 frame/min 26.7 km
EBVH Visible camera Bronte, NW flank, 970 m a.s.l. 1 frame/min 13.5 km
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Summit craters

Figure 1. (a) GoogleEarth map of southern Italy and Sicily, with the white rectangle showing the area
of Mount Etna framed in (b). (b) GoogleEarth map of Mount Etna, with the position of the monitoring
devices used in this paper. The yellow dots are the visible cameras, the red dots are the thermal
cameras, the green triangle is the strainmeter, and the blue squares are the seismo-acoustic stations,
with ESLN being the Serra La Nave reference station. The green squares are the seismic stations. The
white square shows the position of the summit craters magnified in (c). (c) GoogleEarth map of Etna’s
summit craters. BN = Bocca Nuova; NEC = NE Crater; VOR = Voragine crater; SEC-NSEC = SE
Crater and New SE Crater.

The eruptive column height above the summit crater (and within 5 km from the
volcano summit) was estimated using the method proposed by Scollo et al. [40] and
improved by Scollo et al. [34]. It uses two visible cameras (ECV and EBVH, Table 1 and
Figure 1b) that were calibrated using the Global Positioning System (GPS) location, the
digital elevation model (DEM) of Etna volcano, and assuming that the volcanic plume is
within a vertical plane parallel to the wind direction above the volcanic vent. The column
height was also obtained using the SEVIRI satellite data, which allows obtaining this
value also in a distal position, i.e., beyond the 5 km distance from the craters, provided
that enough ash is contained in the plume. We compared the brightness temperature
of the most opaque pixel above the vent with the temperature profile downloaded by
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https:/ /cds.climate.copernicus.eu (accessed on 27 June 2022). This approach has been
widely tested and applied to several Etna eruptions [4,41,42].

Thermal satellite remote sensing was used to estimate the radiant heat flux associated
with the eruptive activity at Etna. The Meteosat Second-Generation Spinning Enhanced
Visible and InfraRed Imager (MSG) SEVIRI acquires data at a sampling time of 15 min,
providing the best means to follow from space very fast and short-lived eruptions like
the lava fountains occurring in 2020-2021. Infrared satellite data were processed via the
HOTSAT system [43,44] in order to locate thermal anomalies, i.e., hotspot pixels, and
quantify the thermal activity. The radiant heat flux is mainly produced by the lava flow
field expansion, and the cooling portion of the signal is modeled in order to estimate the
emplaced lava volume [36].

The INGV-OE seismic and infrasonic stations are equipped with both broadband
three-component Nanometrics Trillium 40 s seismometers, with a sampling rate of 100 Hz,
and GRASS 40 AN microphones with a flat response with the sensitivity of 50 mV /Pa in
the frequency range 0.3-20,000 Hz, with a sampling rate equal to 50 Hz. Volcanic tremor
is a continuous signal at Etna, and its temporal evolution was investigated in terms of
amplitude and source location. To constrain the location of the volcanic tremor source
centroid, a grid search method based on the seismic amplitude decay with distance was
applied, assuming propagation in a homogeneous medium [45,46]. In this work, we used
a temporal resolution of 5 min. Signals recorded by 16 broadband stations (Figure 1b),
located at distances between 1 and 9 km from the center of the summit area were used, and
the frequency band 0.5-2.5 Hz was considered. The root mean square (RMS) amplitudes
were calculated at the ESLN reference station (Figure 1b) over 81.92-s-long sliding windows,
and the signal was filtered between 0.5 and 5 Hz. RMS values falling within 5-min-long
time windows were averaged.

The infrasonic signals at Etna are recorded by nine infrasonic stations (Figure 1b), and
generally consist of: (i) infrasonic events characterized by duration of less than 1 to more
than 30 s, impulsive compression onsets, and peaked spectra with most of the energy in the
0.3-6.0 Hz frequency range [23,47]; (ii) infrasonic tremor, a continuous infrasound signal
lasting from minutes to days associated with both paroxysmal activities and degassing
processes [27]. Unlike volcanic tremor, the signature of infrasonic events and tremor can
be masked by weather-related noise, that is, a broadband, tremor-like signal with variable
duration [48]. Thus, the detection of infrasonic events and tremor depends not only on
the volcano’s acoustic activity but also on the weather conditions. The infrasonic events
were detected by STA/LTA (Short Time Average/Long Time Average) algorithm and
located by a grid-search technique based on the brightness function [46,49]. The infrasonic
tremor windows were detected and located by cross-correlation-based algorithms (see [46]
for further details). In addition, the time series of RMS amplitude at the ESLN station
(Figure 1b) was calculated using a 5 min window.

For both seismic and infrasonic signals, a maximum and a cumulative RMS amplitude
value were computed for each lava fountain episode at the ESLN station. Furthermore, to
quantify the rate of increase of both volcanic tremor and infrasonic amplitude accompany-
ing the waxing phase of the three lava fountains, the slopes of the time series of seismic
and infrasonic RMS amplitude were calculated by an approach similar to the one applied
by Viccaro et al. [6]. A window was extracted in both the time series (the infrasonic RMS
amplitude and the resultant seismic RMS amplitude). In particular, the window ending
point was chosen as the time with the highest amplitude value, while the window starting
point was the time when the 20% of the maximum amplitude was reached. Then, the slopes
of the straight lines joining the starting point and the ending point of the windows were
calculated.

Volumetric strain changes are recorded at Etna by Sacks-Evertson strainmeters that
warrant the highest resolution (10~!!) achievable nowadays using geodetic measurement
techniques, with a dynamic range of 140 dB in a frequency range of 107 to >20 Hz.
Among the four strainmeters operating at Etna [30], the one deployed at Mt Ruvolo (DRUV;
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Figure 1b) was installed in a massive rock layer with a good efficiency in transferring the
strain from the rock to the instrument [29,50]. The strain signal recorded by the borehole
strainmeter is usually affected by several disturbing components, mainly due to Earth tides,
atmospheric pressure variations, precipitation, and underground water circulation. Such
strain components may mask volcano-related strain changes, and hence must be filtered to
enhance the capacity to detect volcano deformation [51]. To this end, we used the software
BAYTAP-G [52] to filter the disturbing components of the strain signal that persist over the
time, namely the tidal and the pressure components, as already applied on Etna [31]. The
filtered strain signal is sampled at 5 min. All times in this paper are in UTC format.

3. Results

The start and ending time of each episode was obtained from the analysis of the
images recorded by the INGV-OE thermal monitoring cameras, together with the erupted
volume (pyroclastics), lava fountain height, and proximal volcanic plume height. The
volume of erupted lava flows was retrieved from satellites, as well as the distal extension of
the volcanic plume. From the above values we have obtained the eruption rates (ER; [38])
distinguishing for the pyroclastics (ERp) and lava flow (ER;) components, divided by the
duration of the episode, and the peak instantaneous effusion rate (IER), which is obtained
on the pyroclastic portions of the event averaged over 1-min time-lapse. These values are
shown in Table 2.

3.1. Volcanology

The three explosive events considered in this paper belong to the phase of paroxysmal
explosive activity that started at Etna on 13 December 2020, generating 66 paroxysmal
explosive events from the SEC-NSEC, and which had its last episode on 21 February
2022 [8]. The first eruptive episode considered here is also the first of the sequence. It
occurred on 13 December 2020 (13D20) late evening (Table 2) after a gradual increase of the
Strombolian explosive activity at the summit craters. This episode showed three pulses
(13D20, 13-14D20, 14D20) separated by two short-lasting pauses. Visibility was poor at
that time because a thick weather cloud was covering the summit of the volcano.

Strombolian activity became visible from the monitoring cameras (EMOT, Table 1)
at ~20:17, with billowing hot clouds emerging from the weather cloud and displaying
incandescent lava jets at ~20:35. The activity passed to transitional [16] at ~21:30, with
almost continuous and low jets of lava from the crater rim. The paroxysmal lava fountaining
phase became sustained at 22:00 and lava fountain height increased rapidly, as observed
from the ENT monitoring camera (Table 1, Figures 1 and 2a). The lava fountaining phase
lasted only 48 min and erupted an estimated volume of pyroclastics of ~0.24 x 106 m3
(Table 2). Pyroclastic density currents (PDCs) formed at 22:15, 22:16 and 22:30 as the result
of a sudden collapse of the accumulated spatter on the SW flank of the SEC-NSEC cinder
cone, raising a thick dust cloud that hid the visibility of the craters for about 5 min. Two
small lava flows emerged from the breached cone at ~22:40, spreading SW and east for a
few hundred meters until midnight (Figure 2g).
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Table 2. Data on the three lava fountains selected for this study, with details of the three pulses comprising the first event. Starting time, ending time and duration
refer to the lava fountain portion of the episode. ERp, = pyroclastic eruption rate (volume of pyroclastic divided by the lava fountain duration [38]). ER; = effusive
eruption rate, or lava flow volume divided by the lava effusion duration. IER = instantaneous eruption rate (volume of pyroclastics erupted in 1 min durations),
peak values and time when it was measured. Volumes of lava flows were retrieved from satellites, with the asterisk (*) indicating that the lava flow volume of the
14 December 2020 event is cumulative of the whole event, comprising the three eruptive pulses (14 December), and the same applies to the ER;. Hf = mean height
of the lava fountain, measured above the crater rim. Hc = maximum height of the eruptive column, measured above sea level, and estimated from satellite. The
eruptive column was not detected for the three pulses of 13-14 December 2020. The wind speeds are from the hydrometeorological service of ARPA in Emilia
Romagna [33] at 3.1, 5.7 and 12 km a.s.l,, respectively. All times are in UTC format.

Volume of Volume of Lava IER

Date and Starting Time Ending Time Duration . ERp ER; 3 Hf Wind Speed
. Pyroclastics Flows m® s—1) Hc (km
Acronym (hh:mm) (hh:mm) (min.) (1y>< 10° m?) @ % 105 m®) (m?s-1) (m?s-1) ((hh:mm) (m) (km) (ms1)
13 December 2020 . . 135
13D20 22:00 22:48 48 0.24 83.33 (22:14) 231 - -
13-14 December 2020 23:58 00:11 13 0.07 89.74 120 235 - gg
13-14D20 : ’ ’ ’ (00:01) ’
45.5
14 December 2020 . . " " 85 R
14D20 01:02 01:40 38 0.13 0.79 57.02 69.29 (01:08-01:18) 121
28 February 2021 338 15
y 07:40 08:34 54 0.70 1.45 216.05 377.60 1376 12.6 13.6
28F21 (08:30) 18.8
12 March 2021 06:40 09:45 185 1.63 2.40 146.85 130.72 276 1149 105 108
12M21 : ’ ’ : ’ ’ (08:49) ’ ’

12.3
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Figure 2. (a-c) Thermal images recorded by the ENT camera (the yellow bar is 800 m high) located on
the south flank of the volcano at ~15 km from the summit, showing the maximum height of the lava
fountains occurring on (a) 13 December 2020 at 22:14 (571 m), (b) 28 February 2021 at 08:30 (3600 m),
(c) 12 March 2021 at 08:49 (2400 m). (d—f) Visible images recorded by the ECVH camera located at
~27 km from the summit (the horizontal yellow dotted line indicates approximately 5 km above sea
level), showing the ash plumes on (d) 13 December 2020 at 22:14, this being rather diluted, (e) the
strong plume on 28 February 2021 at 08:30, (f) the weak to intermediate plume on 12 March 2021 at
08:49. (g) Thermal image recorded by the ENT camera on 13 December 2020 at 23:00 showing from
south the small lava flow spreading SW (yellow arrow). The scale is the same as in (a). (h,i) Thermal
images from the EMCT camera (the vertical yellow bar is 300 m high) showing from east the lava
flows (white) spreading on the upper Valle del Bove on 28 February 2021 at 08:48 (h) and on 12 March
2021 at 10:57 (i).

The eruptive activity at the vent ceased at 22:48, while the lava flow output slowly
continued, increasing its speed after also being fed by the fallout of the following explosive
pulses. The low height of the lava fountains (maximum 571 m as in Figure 2a, average
231 m, Table 2) and the strong wind enabled the formation of a weak ash plume but no
eruptive column [3] (Figure 2a,d). At 23:14 the summit vent again showed mild Strombolian
activity that forecasted the start of a new lava fountain pulse at 23:58 [8]. This (13-14D20)
ended suddenly at 00:11 on the following day, lasting just 13 min and erupted a volume of
pyroclastics estimated at ~0.07 x 10® m3 (Table 2). It had a maximum height of the lava
fountains of 400 m, with an average of 235 m (Table 2). The third pulse started at 01:02
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on 14 Dec 2020 (14D20) and ended at 01:40 after 38 min, erupting an estimated volume of
pyroclastics of ~0.13 x 10° m?, with the lava fountains reaching a maximum height of the
lava fountains of 286 m and an average of 121 m (Table 2).

The second paroxysmal explosive episode considered here started on the morning of
28 February 2021 (28F21; Table 2). At 07:03 Strombolian explosive activity was detected
from the ENT and EMCT cameras, and rapidly grew to form a sustained lava fountain
at ~07:40, when a lava flow also started emerging from the eastern and lower rim of the
crater, visible from the EMCT camera, spreading along the steep cone flank towards the
Valle del Bove depression (Figure 1b). The height of the lava fountain increased rapidly
to ~3600 m (average lava fountain height = 1376 m; Table 2), forming a vertically rising
eruption column (strong plume; Figure 2b,e). At 08:24, the lava fountaining phase suddenly
ended. The spatter fallout fed by the eruptive column caused two rheomorphic lava flows
spreading north and SW. The lava flow spreading east towards the Valle del Bove stopped
spreading soon after the end of the paroxysmal explosive phase, at ~08:44. During the
emplacement of the strong plume, the wind speed was 9-18 m s~ ! at elevations between
5and 11 km ass.L

The third paroxysmal explosive event considered in this paper occurred on 12 March
2021 (12M21), which has already been the object of a dedicated multidisciplinary paper [4].
Strombolian activity began at 02:35 and lava fountain activity lasted from 06:40 to 09:45.
It is important to note that powerful and pulsating degassing and intermittent brown
ash cloud emissions occurred well before the start of the lava fountain activity from two
summit craters of the volcano (Bocca Nuova and Voragine; Figure 1c), located nearby and a
few hundred meters away from the erupting SEC-NSEC cone (Figure 1c). Two lava flows
emerged from the crater rim at 07:00 and 07:22, spreading east and NE along the upper Valle
del Bove (Figure 1b) until 12:00 [4]. The lava fountain had a maximum height of 2400 m
and an average value of 1149 m (Table 2). During the emplacement of the intermediate
plume, the wind speed was 9-11 m s~ ! at elevations between 5 and 10 km a.s.1.

Figure 3 shows the evolution of the eruption column on 28F21 and 12M21. The
13-14 December 2020 eruption column is missing because it was not detected. On 28F21,
the column height reached 5.5 km at 07:50 (all the plume heights are estimated a.s.l.)
(Figure 3(a;)) and, for 0.5 h and after 08:05 (Figure 3(ay)), it was >9 km. The column
height quickly decreased to 6 km after 09:05 (Figure 3(a3)). In this period, considering also
the analysis of volcanic plume by SEVIRI satellite images (Figure 3(b;—b3)), we found a
maximum plume height of 12.6 km at 08:39 (Table 2) and a mean value of 10.5 km between
08:15 and 08:45. During this event, the column height rapidly grew and then declined
within 15 min (Figure 3c). In contrast, the eruption column produced during the 12M21
event was clearly visible between 06:30 and 10:30. At 7:30 the column height was 6.5 km
(Figure 3(dy)).

The most intense phase lasted about 1 h, when the volcanic plume was higher than
9 km at 08:30 (Figure 3(d;)) and only after 10:00 (Figure 3(d3)) did it begin to decrease.
The maximum height of 10.5 km was estimated at 08:45 using the SEVIRI satellite images
(Figure 3(ej—e3)). We also found a mean value of 9.5 km between 08:30 and 09:30. The
explosive activity was hence less intense (lower IER) but it lasted for a longer period
(Figure 3f), when compared to the 28F21 lava fountain event. The wind speeds from the
hydrometeorological service of ARPA in Emilia Romagna [33] are also presented in Table 2,
measured at 3.1 and 5.7 and 12 km a.s.1., respectively.

We estimated the slope (or growth rate) of the eruption column variation using the
same methodology for the tremor and infrasound and using only the satellite images that
were able to retrieve the maximum value of the column height. For 28F21, the slope was
2.7 m s~ ! in the time interval between 08:00 and 08:30, whereas, for the 12M21 event, the
slope was 1.5 m s~ ! on the basis of the images between 08:15 and 08:45.
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Figure 3. Calibrated visible images from the ECV camera at (a1) 07:50, (az) 08:05, (a3z) 09:05 on
28 February 2021. SEVIRI satellite images at (b1) 08:00, (by) 08:15, (bs) 08:45. (c) Evolution of the
eruption column analyzed using the ECV camera (blue points) and the SEVIRI (red points) data on
28 February 2021. Calibrated visible images from the ECV camera at (d1) 07:30, (d2) 08:30, (d3) 10:00
on 12 March 2021. SEVIRI satellite images at (e1) 08:00, (ez) 08:45, (e3) 10:15. (f) Evolution of the
eruption column analyzed using the ECV camera (blue points) and the SEVIRI (red points) data on
12 March 2021.



Remote Sens. 2022, 14, 4006

11 of 21

The SEVIRI-derived radiant heat flux allowed the depiction of the different phases
of this activity. The first thermal anomaly was detected on 13 December at 20:40 and
was followed by a continuous increase in the radiant heat flux that reached its maximum
value of 15.2 GW at 22:45. After this, the thermal activity apparent in the satellite images
slowly decreased but resulted in another two peaks of 13.8 GW on 14 December at 00:05
and 12.4 GW at 01:15 associated with the two successive pulses (Figure 40, red line). By
modeling the cooling curve related to these three short events, we were able to compute
a cumulative eruptive volume of lava of about 0.79 x 10° m3 (Table 2). The duration of
the effusive phase lasted between 22:15 on 13 December and 01:25 on 14 December, for
about 190 min, giving an average eruption rate (ER;) of 69.29 m?3 s~! (Table 2). SEVIRI data
were also processed in order to compute the plume height and the areal variation of the
dispersal. However, during this event we observed a very diluted plume, mostly made up
of 5O,, thus making it impractical to estimate its height.

The radiant heat flux curve retrieved from SEVIRI images started at 7:30 and was
characterized by a sharp increase with the maximum value of about 20 GW reached in less
than one hour, at 8:15. After a very short climax, lasting less than 15 min, a slow decrease,
typical of lava cooling, was observed (Figure 4p, red line). In this case, the volume from
cooling was estimated at 1.45 x 10® m3. Considering that the effusive phase lasted from
07:40 to 08:44, for about 64 min, it gave an average eruption rate (ER) of 377.60 m> s~
(Table 2). Meanwhile, the maximum value for the ash top height from satellite was observed
at 8:30 and resulted in about 12.6 km a.s.l. (Figure 3). The impulsive nature of this event
is also quantifiable from the plume area expansion, which reached its maximum value in
about 1.5 h, with a velocity of about 0.4 km? s~ (Figure 4j, red line).

The SEVIRI-derived radiant heat flux recorded the first thermal anomaly on 12 March
at 03:00 with an initially slow increase, which became faster at 06:45 and steep from 08:15
(Figure 4q, red line). The maximum value of about 25 GW was observed at 09:00 and the
modeling of the successive cooling curve allowed estimating a volume of 2.4 x 10°® m? for
the lava flow field that was emplaced from 06:54 to 12:00 resulting in an average eruption
rate (ER)) of 130.72 m3 s~! (Table 2).

SEVIRI data were also processed in order to compute the plume height and the areal
variation of the dispersal. The maximum plume height above the volcano summit was
about 10.4 km (Figure 3f). It is worth noting that this volcanic cloud reached its highest
elevation, up to 12 km, spreading to the southeast about 100 km far from the volcano
summit. The expansion of the plume area reached its maximum value in about 2.5 h, with
a velocity of about 0.2 km?2 g1 (Figure 4k, red line).

3.2. Seismicity and Infrasound

Paroxysmal explosive episodes were also investigated by means of volcanic tremor
and infrasound signal analysis. To follow the eruptive dynamics, the following parameters
were retrieved: (i) seismic RMS amplitude (Figure 4a—c); (ii) infrasound RMS amplitude
(Figure 4d-f); (iii) volcanic tremor source centroids (Figures 5a—f and 6); (iv) infrasound
event amplitudes and source locations (Figures 5g—j and 6), and (v) infrasound tremor
amplitudes and source locations (Figures 5k-n and 6). The network configuration was not
dense enough to allow good quality estimation of volcanic tremor and infrasound signal
source location for the 13D20, 13-14D20, and 14D20 pulses.
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(a—c) the seismic RMS (root mean square) amplitude

of the resultant vector of the three components at the ESLN station; (d—f) the infrasonic RMS amplitude
at the ESLN station; (g—i) the strain; (j k) the plume’s height (in m above sea level) obtained from
the ground monitoring cameras (blue dots) and from SEVIRI satellite (black squares) and compared
with the plume area (red line) retrieved from satellite; these data are missing for the 13-14 December
2020 pulses; (I-n) the lava fountain heights (in m above the crater); (o—q) the radiant heat flux from
satellite (red line) and the maximum apparent temperature from the ENT camera (black line). The

green rectangles mark the lava fountain intervals as in Table 2.
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Figure 5. (a—f) Evolution over time of location of the volcanic tremor source centroid during 3-day-
long intervals comprising the 28F21 and 12M21 episodes. (g-j) Evolution over time of location
of infrasound events recorded during the aforementioned intervals. (k-n) Evolution over time of
location of infrasound tremor windows recorded during the aforementioned intervals. The black
horizontal dashed lines in (a,d,g-n) indicate the coordinates of the three main summit craters (SEC-
NSEC, VOR and NEC; see Figure 1c for their location). The color of the dots in (a—f) is related to

different times (see the color bars next to (e,f)). The color of the dots in (g-n) indicates the amplitude

of infrasound event and tremor (see the color bars next to (i,j,m,n)).

All the considered lava fountain episodes show amplitude increases in both the
seismic and infrasonic signals during the waxing phases; the highest amplitude values were
reached during the lava fountaining phase, and amplitude decreasing trends were observed
during the waning phases. In addition, seismic and infrasonic amplitude time evolution
(Figure 4a—f) allowed the identification of differences among paroxysmal episodes, which
confirm volcanological observations. In particular, the fountain showing the highest values
of maximum and cumulative seismic RMS amplitude was the 12M21, while the fountains
with the lowest values of maximum and cumulative amplitudes were the 13D20 and the
28F21, respectively (Table 3). Regarding infrasound, the fountains with the highest values
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of maximum and cumulative amplitudes were the 28F21 and the 12M21, respectively, and
the fountains with the lowest values of maximum and cumulative amplitudes were the
13D20 and the 28F21, respectively (Table 3). Concerning the temporal trend of the elastic
radiation, for the 13D20 and 12M21 episodes, the patterns of amplitude increase, for both
seismic and infrasound data, were gradual, although it was longer for the 12M21 episode.
The phase of amplitude increase was instead very rapid for the 28F21 episode (Figure 4a—f).
These different behaviors are reflected in the slope values, computed in the time series
of both seismic and infrasonic amplitudes, which show the highest values for the 28F21
episode (Table 3).
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Figure 6. Maps (a,b) and W-E sections (c,d) of Etna showing the locations of the volcanic tremor
source centroid (colored dots), of the infrasound events (black circles in maps), and of the infrasound
tremor windows (red circles in maps) during the 3-day-long intervals comprising the 28F21 and
12M21 episodes. The color of the dots is related to different times (see color bars next to (¢,d)). The
radii of the black and red black circles in (a,b) are proportional to the number of locations of infrasonic
events and tremor in each grid node (see legend in the bottom left corner of (a,b)).

Source locations of volcanic tremor had the same pattern for both the 28F21 and the
12M21 episodes. Source centroids migrated from the BN crater area towards the SEC-
NSEC area a few tens of minutes before the beginning of the seismic amplitude increase
(Figures 5a—d and 6), becoming simultaneously shallower (Figures 5e,f and 6), and then
went back at the end of the episode. With regard to the infrasound signal, background
activity during February to March 2021 consisted of low-amplitude discrete transients, and
sometimes tremor, located at BN and NEC craters (Figures 5g-n and 6a,b). During the parox-
ysmal episodes, infrasound sources in the SEC-NSEC area were also recorded. In particular,
the first signals to be recorded and located were discrete transients
(Figures 5k-n and 6a,b), which later on merged into a continuous infrasound tremor
(Figure 5k—n). Furthermore, the eruptive episode of 12M21 was characterized by a higher
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number of infrasound events and tremor windows, due to the longer duration of both
strombolian and sustained lava fountain phases.

Table 3. Quantitative parameters describing the three lava fountains selected for this study, derived
from seismo-acoustic, strain and column height time series.

Max Cumul. Seismic Max Cumul. Infrasonic Strain 2;?“; Max Strain COLUMN
Date and Seismic Seismic Slope infrasonic Infrasonic Slope Amplitude (Nar?os- Rate Height
Acronym Amplitude  Amplitude > ope Amplitude  Amplitude >OP (Nanos- . (Nanostrain Rate
- - (108 ms—2) (10—4 Pa/s) . train . =
(10-5ms-1) (m) (Pa) (Pas) train) s min-—1) (ms1)
min—1)
13-14
December
2020 4.88 0.37 1.09 1.75 11,709 2.59 76.1 —14 —2.6 -
13D20 ) ’ ! : ! ) : : .
13-14D20
14D20
28
Feg(r)‘zlfry 7.16 0.22 3.81 3.58 7661 15.94 2285 -38 —11.1 27
28F21
12 March
2021 10.79 0.88 1.11 345 26,029 4.01 169.5 -1.3 -19 1.5
12M21
3.3. Strain

The strain signal provides significant information for characterizing the lava fountain
events. During the eruptive episodes, the filtered strain signal showed negative strain
variations that correspond to dilatation of the rock surrounding the DRUV sensor. These
variations are attributable to the decompression of the shallow magma reservoir, which
supplied magma to the lava fountain. The beginning and the ending of such variations
mark the onset and the end of each eruptive episode precisely, which match those obtained
from thermal cameras. The amplitude of the strain variations and the strain rate signal
(Figure 4g) are indicative of the amount of magma withdrawal and its speed [29,31]. The
decompression rate is estimated by computing the linear slope of the strain signal during
the eruptive events (Table 3). The 13D20 lava fountain was the smallest eruptive episode
among those analyzed in terms of the amplitude of the strain rate variations (Figure 4g).
Three distinct strain transients can be observed concurrently with the three pulses that
characterized this small eruptive event. The strain variation related to the first pulse,
which is also the longest-lasting among the three pulses, is the largest in terms of both
amplitude and average strain rate (Table 3), exhibiting values of 76.1 nanostrain and
—1.4 nanostrain/min, respectively. The other two pulses showed progressively lower
values of both amplitude and average strain rate of 12.2 and 7.7 nanostrain and —1.0
and —0.2 nanostrain/min, respectively. The 28F21 lava fountain was the most intense in
terms of strain rate (Figure 4h). The value of the strain decreased abruptly during the lava
fountain with an average strain rate of —3.8 nanostrain/min. This eruptive event was
also the one that exhibited the largest deformation, with a value of 228.5 nanostrain. The
12M21 lava fountain was less intense than that of the 28F21 episode (Figure 4i), showing
a value of the average strain rate of —1.3 nanostrain/min. However, this lava fountain
was the event with the longest duration, and its cumulative dilatation is larger than that
related to the 13D20 event, but smaller than that of the 28F21 episode, showing a value of
169.5 nanostrain.

4. Discussion

Considering the images of the monitoring cameras related to the three selected events
reported in Figure 2, their different size, in terms of height of the lava fountains, volcanic
plume, erupted volume, ER and IER (Table 2) appear clear. It is worth noting here that
the value of IER refers only to the pyroclastic portion of each event, whereas the ER
has been distinguished as ERy, for pyroclastic and ER; for lava flows. The peak IER of
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338 m3 s~ for the 28F21 episode was recorded just a few minutes before the end of the lava
fountain phase (Table 2), showing the extremely impulsive and high intensity of this event.
The highest values of ER, i.e., 216.05 m3 s~! for pyroclastic and 377.60 m> s~! for lava
flows, were instead determined by the short duration of the episode (just 54 min, Table 2),
given that the total erupted volume was about half that of the 12M21 event. The first lava
fountain episode comprised three discrete pulses (13D20, 13-14D20, 14D20), and had an
average lava fountain height of 121-235 m above the vent (Table 2). This episode was
so small that no eruptive column developed (Figure 2a,d), and no volcanic plume could
be detected from the satellite during the three pulses. Applying the formula proposed
by Calvari et al. [3] to the average lava fountain height to obtain the maximum plume
height, we obtain for the three pulses ~8 km a.s.l. as the maximum vertical extension of the
volcanic plume. However, it is possible that because the eruption occurred during the night,
it might have obscured the visibility of the volcanic plume to the cameras. Additionally, the
lava flow erupted from the crater rim during the entire episode was very small, and barely
visible from the monitoring camera (Figure 2g). The lava flow volume of 0.79 x 10® m3
retrieved via satellite refers to the cumulate erupted during the three pulses (13D20, 13-
14D20, 14D20; Table 2) comprising this episode. This was the smallest episode of the three
considered here, and also the one with the smallest lava flow field (Table 2 and Figure 2g),
followed by the lava flow field of the 28F21 episode of intermediate size (1.45 x 10° m?,
Table 2 and Figure 2h), whereas the lava flow field of the 12M21 episode was the widest
(2.40 x 10° m3; Table 2 and Figure 2i). Conversely, it appears very clear from the extension
of the lava fountains and eruptive plumes (Figures 2a—f and 3) that the first episode
(13D20, 13-14D20, 14D20) was the smallest in terms of magnitude and erupted volume
(Table 2) and in terms of intensity (IER = 85-135 m® s!, ERp, = 57.02-89.74 m® s~ ! and
ER; = 69.29 m3 s71); the second 28F21 was the most intense (IER = 388 m3 s~ ! and ER}, of
216.05 m3 s~ 1), with an expansion velocity of the ash plume area of about 0.4 km? s~1; and
the third 12M21 was the one with the greatest magnitude (1.63 x 10° m3 for pyroclastics and
2.40 x 10 m? for lava flows). By summing up the volume of pyroclastics and lava flows,
the total volumes would be 1.23 x 10° m? for the first, 2.15 x 10° m3 for the second and
4.03 x 10° m3 for the third episode, thus implying average eruption rates of 207.1 m® s~ !,
663.6 m3 s~! and 363.1 m> s}, respectively. However, when dealing with the total erupted
volume of paroxysmal eruptions at Etna, it is necessary to consider that a certain amount of
the erupted pyroclastics might be removed and flow downslope to feed the lava flows, as
recently observed for the 12M21 episode [4]. It is then likely that the total erupted volume
is less than just summing up the volume of pyroclastics and the volume of lava flows,
because an overlap of the two of ~30% was observed [4]. The lava fountain heights reflect
the size of the eruptive columns, with the tallest lava fountains (28F21, on average 1376 m;
Figure 2b,e and Table 2) being associated with the highest eruptive plumes (12.6 km; Table 2
and Figure 3).

The peaks in lava fountain heights and eruptive columns are associated with the
highest value of maximum infrasonic RMS amplitude and with the largest recorded strain
and strain rate, thus suggesting that these parameters are strictly correlated (Figure 4 and
Table 3). This is not so for the seismic radiation showing the highest value of maximum
RMS amplitude during the 12M21 episode (Figure 4 and Table 3).

Strain signal gives a strong indication of the decompression of the magma chamber
that feeds the eruptive events. During the lava fountains the strain variation is caused by
the volume contraction (AVs) of the source, which empties itself feeding the lava fountain.
The position of the source, representing a sort of upper valve, is stable over time as inferred
by the strain signals [29], and as also confirmed by seismic tomography [32]. The AVs and,
therefore, the recorded strain change are proportional to the total erupted volume, which
comprises both explosive (pyroclastics and gas) and effusive (lava flow) portions [29-31].
Depending on the gas content, the lava fountains can show different degree of explosive
intensity. In conditions of gas-rich magma with more predominant portion of pyroclastics
and gas, high values of AVs can be reached as well, generating more explosive events
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with associated greater columns, as in the 28F21 case, and smaller portion of effusive lava
flows than in the 12M21 case. Table 3 shows that the decompression rates, computed in
terms of strain slope and maximum strain rate, correlate well with the height of the lava
fountain and the duration of the event (Table 2). The highest value of the strain rate signal is
observed in correspondence with the fasTest 28F21 episode (Table 3). The other parameters
reported in Table 3 also exhibit larger slope values during the 28F21 event. These findings
are in agreement with the results reported in [53] showing that the amplitude and the rate
of geodetic signals and the seismic and infrasonic eruption tremors can be considered as a
proxy of the magma ascent rate and, hence, of the lava fountain height.

The lower part of Figure 3 shows the radiant heat flux detected from satellite images
and the maximum temperature recorded by the ENT thermal monitoring camera, which
show a good agreement between them and with the seismic RMS. In fact, these signals
display the greater values for the 12M21 third episode, whereas for the second 28F21 event
they display intermediate values. We suggest that the radiant heat flux, the maximum
temperature, and the seismic RMS amplitude are sensitive to the size and the extent of
the lava flow field and/or to the lava flow emission, thus showing greater values when a
larger volume of lava is erupted from the vent. This means that these parameters reflect
the magnitude (or erupted volume) of a paroxysmal event. Conversely, the infrasonic
RMS, the strain, and the maximum height of the lava fountain and maximum height of the
eruptive column, are all related to the IER, thus reflecting the intensity of a paroxysmal
event. We propose that paroxysmal events displaying higher intensity might be related to
higher decompression rates and faster magma ascent. This is supported by experimental
results from [54] based on melt inclusions and olivine compositions, suggesting that higher
decompression rates are correlated with faster magma ascent and more explosive eruptions,
with the difference that our results, being based on a multidisciplinary monitoring system,
are able to gather this information in real time.

From the plume height values, we also estimated the maximum mass eruption rate
(MER) of the pyroclastic portion building up the volcanic plume using the formula of
Mastin et al. [55]. The maximum value of MER was 1.5 x 10° and 4.8 x 10° kg s~ 1 for
the 28F21 and 12M21, respectively. Consequently, 28F21 was more intense than 12M21
and comparable with the higher-MER lava fountains that occurred in the past (e.g., the
24 September 1986, 5 January 1990 and 22 July 1998 lava fountains; see [56]). Mainly for this
reason, 28F21 was also similar to the strong plume scenario that is run daily at INGV-OE in
the automatic volcanic ash forecasting system [33]. In fact, those events produced a copious
tephra fallout on Etna volcano flanks, seriously impacting the aviation operations, road
transport and causing damage to crops and vegetation [9].

It is worth noting that the strong plume that formed during the 28F21 episode em-
placed in conditions of wind blowing at a higher speed than for the episode of 12M21,
which had a lower elevation of the plume (see Table 2). This was likely caused by the high
values of both ER and IER (Table 2) for the 28F21 episode, which pushed the pyroclastics
into the atmosphere, forming a strong plume even when the wind conditions were more
favorable to the development of an intermediate or weak plume [3].

As observed during the lava fountain episodes at Mt. Etna [6,46,57], during both the
28F21 and the 12M21 episodes, the centroids of the volcanic tremor source migrated from
the BN/VOR area toward the SEC-NSEC area at shallower depths (Figures 5a—f and 6). The
different pattern of the depth of the volcanic tremor centroid during the 28F21 and 12M21
fountains could be due to either the involvement of a deeper tremor source during the
former episode, pulling the tremor centroid deeper, or to the more energetic shallow tremor
sources during the latter episode, hiding the possible contribution of deeper tremor sources.
Since the amplitude of volcanic tremor preceding and following the 28F21 fountain was
lower than the amplitude of volcanic tremor preceding and following the 12M21 fountain,
the second explanation seems more plausible. Regarding the infrasound, in both the 28F21
and 12M21 episodes, three acoustic sources were observed: BN, NEC and SEC-NSEC
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(Figures 5g-n and 6). It is worth noting that the first two are associated with degassing
activity, while the third one is associated with explosive activity.

5. Conclusions

We estimated the column height above the Etna summit craters and its time-variation
for the 28F21 and 12M21 events using both the visible calibrated camera and satellite images.
Data showed that the 13D20, 13-14D20 and 14D20 pulses did not develop a detectable
volcanic plume, and that the 28F21 episode produced a higher eruption column than the
12M21 event. However, the 28F21 eruption column reached heights greater than 9 km
for only 40 min, whereas the 12M21 event lasted for more than 3 h. Consequently, the
pyroclastic volume of the 28F21 event was lower than the 12M21 event.

The three paroxysmal events considered here, although representing a small sample
of an eruptive sequence that comprised 66 eruptive episodes, display a typical trend, with
the first event also being the smallest in terms of both magnitude and erupted volume
(123 x 10° m3, considering both pyroclastics and lava flows) and intensity
(IER = 85-135 m® s1, ER, = 57.02-89.74 m® s~! and ER; = 69.29 m® s 1), the second
28F21 episode being the most intense (IER = 338 m3 s71, ERp = 216.04 m? s~ and
ER; = 377.60 m® s~ 1), and the third 12M21 episode the one with the greatest magnitude
(Volume of lava flows = 2.40 x 10° m® and volume of pyroclastics = 1.63 x 10° m?; Table 2),
but less intense than 28F21 (IER =276 m® s !, ERp, = 146.85 m® s~ and ER; =130.72 m® s 1).
This is coherent with the end of the first paroxysmal phase, occurring on 1 April 2021,
which was followed by 48 days of eruptive pause before starting again [8]. In this context,
the end of the paroxysmal phase was anticipated by a more effusive episode (12M21), thus
suggesting a temporary decline of the gas content within the feeding magma batch.

Even though we take into consideration only three episodes, the results show that
seismic and infrasound signals, in terms of maximum amplitude, could represent a proxy
of magnitude, in the case of the former, and of the intensity of the paroxysm, in the case
of the latter. Furthermore, the slopes of the amplitude time series of both the seismic and
infrasonic signals are higher for the 28F21 episode, thus suggesting that this parameter
could reflect the impulsivity and the intensity of the paroxysm.
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