Submitted: 2025-04-29 | Accepted: 2026-02-12 | Published: 2026-04-01

Editor: L. Gallant | Typesetter: J. Farquharson

RESEARCH ARTICLE

VOLCANICA

Eruptive transition and vent activity during lava fountains at Etna volcano
revealed by integrated remote sensing

Francesco Amadio *¢,
Laura Pioli®

Luigi MereuP,

Emilio Pecora®,

Simona Scollo®, ® Giulio Vignoli®, and

* Dipartimento di Scienze Chimiche e Geologiche, Universita di Cagliari, Cittadella Universitaria, Monserrato 09042, ltaly.
B Istituto Nazionale di Geofisica e Vulcanologia, Osservatorio Etneo, Piazza Roma 2, 95125 Catania, ltaly.

ABSTRACT

Paroxysmal mafic activity is a relevant source of hazard at many active volcanoes. At volcanoes like Etna (ltaly), paroxysmal
eruptions have highly variable transient dynamics, thus monitoring activities are crucial for the understanding and quantification
of the onset of climactic phases. We examined thermal videos from the INGV-OE (Istituto Nazionale di Geofisica e Vulcanologia
- Osservatorio Etneo) monitoring network of seven lava fountains that occurred at the South-East Crater in 2021. We identified
the processes that precede and lead to the onset of the fountaining phase to implement a thermal analysis tool that can be
used, in conjunction with radar data, to fully characterize the dynamics and duration of paroxysmal events. Based on the signal
derived by our parameter, we recognized different phases (Strombolian; waxing; waning) preceding and following the climax of
the paroxysms. Our method, if linked with other monitoring data, could also be easily implemented in early warning systems.

KeywoRrbps: Eruption dynamics; Vent opening; Thermal monitoring; Radar monitoring.

1 INTRODUCTION

Open-conduit basaltic volcanoes are typically characterized
by persistent gas emission and variable explosive behaviour,
posing hazards that depend on the prevailing eruptive style.
While often associated with mild activity, mafic systems are
also capable of more energetic explosions, such as high lava
fountains or violent Strombolian eruptions [Swanson et al.
2014; Taddeucci et al. 2015a; Edwards et al. 2018; Trusdell
et al. 2019], as observed at many volcanoes around the world
such as Villarrica (Chile) [Johnson et al. 2018}, Yasur (Vanu-
atu), [Simons et al. 2020b], Stromboli (Italy) [Bertagnini et al.
2011; Métrich et al. 2021], Etna (Italy) [Viccaro et al. 2019; An-
dronico et al. 2021], Fuego (Guatemala) [Naismith et al. 2019;
Liu et al. 2020}, and Santiaguito (Guatemala) [Williams-Jones
and Rymer 2015]. This more energetic activity is typically
transient and often happens with little to no warning, as seen
during the 2015 paroxysm at Villarrica volcano [Aiuppa et al.
2017; Johnson et al. 2018).

Paroxysmal eruptions at mafic volcanoes consist of high-
energy lava fountains that rise from tens to hundreds of meters
above the active crater and can last for tens of minutes to a
few days [Taddeucci et al. 2015b]. This activity leads to the
formation of a gas and ash-rich column that can rise up to 10—
15 km as.l. and drift for dozens of kilometres away from the
active crater posing a serious threat to local communities and
air traffic [Blong 1984; Casadevall 1994; Guffanti et al. 2009;
Mereu et al. 2025].

Early models of lava fountaining discussed the role of
magma degassing and distinct flow processes occurring either
in the conduit or within the magma reservoir in driving the
eruption [Wilson and Head 1981; Jaupart and Vergniolle 1989)].
Relatively high magma viscosity can also significantly increase
eruption explosivity [Houghton et al. 2004; Gonnermann and
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Manga 2007], but it hardly explains the dynamics of parox-
ysmal events [Calvari and Nunnari 2022} A comprehensive
model describing the critical processes triggering paroxysmal
mafic explosive events has not yet been proposed, possibly
due to the lack of high-resolution datasets on a statistically
significant number of events that occurred at different volca-
noes. Such data could clarify the relative role of magma supply
rates, magma composition, and the shallows magma transport
structures (i.e., reservoir and conduit geometry) in controlling
the fluid dynamics that drive these explosive eruptions.

Existing datasets derive from both classical field studies
[Alparone et al. 2007; Scollo et al. 2008; Costantini et al.
2011; Romero et al. 2018; Simons et al. 2020a; Amadio et al.
2024] and from real-time monitoring, involving the acquisi-
tion and processing of various types of data (i.e., seismic, in-
frasound, deformation signals, gas and tephra geochemistry,
atmospheric [Alparone et al. 2003; Aiuppa et al. 2008; Bonac-
corso et al. 2013; Ripepe et al. 2018; Queiféer et al. 2019;
Spampinato et al. 2019; Corsaro and Miraglia 2022]). Further-
more, monitoring active volcanic areas is crucial to better un-
derstand eruption processes. Early recognition of hazardous
behaviour is critical to reducing the risk associated with an
eruptive event [Tilling 1987; Andronico et al. 2005; Sparks
et al. 2012; Pallister and McNutt 2015; Corsaro et al. 2017;
Newhall et al. 2017; Coppola et al. 2020].

Thermal monitoring is currently one of the most effective
monitoring tools, capable to provide important eruptive pa-
rameter in near-real time. For example, a combination of
fixed thermal-infrared (TIR) cameras, handheld radiometers,
and UAS (Unoccupied Aerial System)-mounted TIR sensors
can produce high-cadence surface-temperature maps that re-
solve rapid changes in vents and lava flow fields often missed
by satellites [Sansivero and Vilardo 2019]. These systems re-
quire rigorous radiometric calibration and atmospheric and
emissivity correction to derive quantitative temperatures or
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Figure 1: [A] Map showing the position of Etna within Italy and [B] DTM Map of the Middle East of Sicily showing the position of
the instrumentation used in this work (EMOT and ENT thermal cameras blue diamonds; X-band weather radar red circle), with
respect to the South-East Crater (magenta circle). Gray and green circles are representing the main cities and sites of interest
around Etna respectively. Cian area is representing the field of view of EMOT thermal camera.

areas [Prata et al. 2024]. Volcanic radiant power (VRP) can
be retrieved from calibrated TIR time-series. Empirical or
physics-based conversions of VRP to time-averaged discharge
rates (TADR) and erupted volumes are now standard practice
when flow geometry and thermal losses are constrained [Har-
ris and Baloga 2009]. Moreover, UAS-based TIR surveys yield
sub-meter thermal mapping that, when fused with high reso-
lution DEMs, allow mapping of lava flow and tephra deposits
[Carr et al. 2021].

At Etna, fixed TIR cameras have been used to measure
fountain heights, to map evolving flow fronts and produce
VRP time-series that, when integrated with other monitoring
data, enable near-real-time estimates of effusion rates, erupted
volumes [Calvari and Nunnari 2022], and timely volume esti-
mates for a rapid hazard assessment [Proietti et al. 2023]. In
this study, we analyse thermal videos from the INGV-OE (Is-
tituto Nazionale di Geofisica e Vulcanologia — Osservatorio
Etneo) monitoring network of a series of paroxysmal events
that occurred in 2021 on the South-East Crater (SEC) of Etna
volcano (Figure 1). We correlate the thermal signal to the
weather radar data obtained by the Italian Civil Protection
Department (DPC) to find precursors of the climactic phase of
paroxysms. Thermal and visual recordings, when integrated
with atmospheric data from weather radar, can provide in-
sight on the characteristic and dynamics of the eruptive event
and formation of the associated plume. Some of the events un-
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der consideration occurred within a few days of each other,
or even within hours of a previous eruptive event (INGV-OE
reports available on www.ct.ingv.it). Etna provides an ideal
natural laboratory for this analysis due to its frequent summit
activity and dense monitoring network.

Etna displays highly variable and often complex eruptive
behavior. It alternates periods in which activity occurs either
in single summit crater (e.g. August—-December 2006 [Andron-
ico et al. 2014]; February-April 2021 [Amadio et al. 2024]), or in
multiple craters (e.g. 20112013 [Viccaro et al. 2015]; the 2016
event [Edwards et al. 2018; Edwards and Pioli 2019)). A series
of paroxysmal events, with periods of repose that range from
a few days to weeks in duration, can also occur [Bonaccorso
et al. 2021; Calvari et al. 2021]. The increase in frequency of
paroxysmal eruptions over the last 20 years has significantly
increased the hazard associated with explosive activity at Etna.

Within a paroxysmal episode Strombolian activity typically
evolves into a lava fountain that forms ash-rich plumes, with
heights ranging between 6 up to 12 km a.s.l. [Mereu et al. 2020].
Lava fountains are also frequently accompanied by lava flows
[Alparone et al. 2003; Polacci et al. 2006]. Identifying when
such transitions take place is critical for improving hazard as-
sessment.

In this paper we explore the dynamics and processes that
lead to the onset and cessation of the lava fountain to better
understand the transient dynamics of paroxysmal events. The
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Figure 2: Timeline of Etna paroxysmal eruption from February to October, with plume height on the Y axis. Events for which the
plume height is confirmed by multiple geophysical and visual observations (e.g. radar or cameras) are highlighted with solid
lines and red stars, where the plume height is unconfirmed, the eruption is highlighted by black dashed lines and red circles.
Solid blue lines represent eruptions studied in this paper; solid yellow lines are not described in this study.

aim of this research was to better understand the evolution
from Strombolian activity to lava fountaining by exploring the
transition between these phases.

2 ERUPTION DATABASE AND METHODS

The seven eruptive events analysed in this paper (P1 to P7; Ta-
ble 1 and Figure 2) are part of the Etna eruptive crisis that be-
gan in December 2020 and ended in February 2022, in which
62 paroxysmal eruptions occurred from the SEC [Calvari and
Nunnari 2022; Giuffrida et al. 2023]. The most intense phase of
this crisis occurred between February and April 2021, when 17
eruptive events occurred within only a few days of each other,
followed by about a month and a half of inactivity. Eruptive
activity resumed in mid-April and continued until July 2021.
From this time, sporadic eruptions alternated with periods of
inactivity ranging in duration from 20 days to a month and a
half until the end of the eruptive crisis [Andronico et al. 2021;
Calvari and Nunnari 2022; Giuffrida et al. 2023].

Given the extensive network of the INGV-OE monitoring
system, it was possible to study some of these events based on
a multidisciplinary approach combining thermal signals with
radar-based retrievals. The studied eruptions were chosen
based on radar measurement availability and on their visibil-

Table 1: This table shows the date of the analysed eruptions.
Starting time, ending time, and duration of lava fountains are
from Calvari and Nunnari [2022]. The investigation period
refers to the piece of video analysed which comprises the en-
tire eruption event. Time is expressed in UTC.

N° Date Start End  Duration (min) Invest%gated
period
P1 16/02/2021 16:11 17:02 51 14:00-19:00
P2 19/02/2021 08:16 10:06 110 07:00-12:00
P3  28/02/2021 07:31 08:34 63 06:50-09:25
P4 04/03/2021 07:11 09:32 141 05:00-11:00
P5 07/03/2021 04:10 07:01 171 01:00-08:00
P6  24/06/2021 09:45 10:26 41 07:30-12:30
P7 21/09/2021 07:21 08:35 74 05:00-10:00
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ity from thermal and visible cameras of the INGV-OE moni-
toring network; they mostly occurred during daylight and un-
der favourable weather conditions (little or no cloud covering).
Each eruptive episode included one to five hours of pre- and
one hour of post-climactic activity to fully include Strombo-
lian activity and post-eruption behaviours. Changes in time
interval analysed are due to logistic or technical issues. As ex-
ample, in the case of eruption P4, whose pre climactic activity
(i.e., Strombolian bursts) lasted for about seven hours with no
significant changes, we decided to start the thermal analysis
including only the last three hours preceding the climax of the
lava fountain. An exception to the set rule is the study of the
P3 eruption, which started only one hour before the onset of
the paroxysmal phases, due to technical issues of the camera
system (Table 1).

2.1 Sensor network

The INGV-OE video monitoring network is equipped with
fourteen fixed cameras, five operating in the infrared and nine
in the visible wavelengths. To standardize the analyses, we
chose to implement our tool on the camera located at La Mon-
tagnola crater (Figure 1, Station ID: EMOT). It is equipped
with a FLIR A655 camera that records in the 7.5—-14 um spec-
tral range, providing 640 x 480 pixel (px) images with a spatial
resolution of the summit area of about 2.1 mpx‘l, a field of
view per pixel (IFOV) of 0.68 prad and recording at 1 frame
per second (fps). The FLIR A655 has thermal sensitivities of 30
mHK at 30°C. EMOT thermal images are displayed with a fixed
colour scale that ranges between —40 and 150 °C. We also used
the thermal-infrared camera located at about 15 km (Figure 1,
Station ID: ENT) south from the Etna summit craters. ENT
provides a time series of 640 x 480 pixel images with the same
camera as EMOT, imaging the summit area with a resolution
of about 10 mpx~!. The images are displaged with a fixed
colour scale with a range of —10 to 70 °C [Calvari et al. 2011;
Bonaccorso et al. 2014]. The ENT camera was used to es-
timate the maximum height of the lava fountain jet, which
can be detected by selecting the saturated portion of the mea-
sured brightness frame of ENT. The brightness temperature
saturation depends on the properties of the camera and on
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environmental factors (methodologies in Mereu et al. [2020]).
This research focused on the analysis of thermal .png images,
routinely collected and saved in real time during monitoring
procedures. They are saved in INGV data repositories, thus
retrievable also for past eruptions.

Generally, Etna events can be observed and monitored us-
ing dual-polarization scanning weather radar operating at X-
band (9.6 GHz), located at the V. Bellini airport in Catania,
approximately 32 km from the Etna summit (Figure 1B). This
radar performs a 3D-scan of the surrounding area (azimuth,
range and elevation) within a time frame of a few minutes
[Vulpiani et al. 2016; Mereu et al. 2022]. We focus on the in-
formation that the EMOT camera gives us about the dynamics
of these eruptions, highlighting the main processes and eval-
uating their possible correlation with radar-derived Eruption
Source Parameters (ESPs [Mastin et al. 2009]) estimations. The
main goal was to explore the ability of real-time thermal mon-
itoring in providing quantitative data that could be used to de-
scribe eruptive behaviour and detect transition to paroxysmal
eruptions.

150

—_

20

Apparent Temperature

“% INGV-0E [
Catania [/

-(7-202 | §8:03:2UEMOT

Figure 3: A frame of EMOT and its colour palette, with appar-
ent temperatures range between -40 and 150 °C. Time is ex-
pressed in UTC.

2.2 Thermal imaging collection and analyses

During routine monitoring, thermal data are converted into
.png radiometric RGB (Red, Green, and Blue) images at a fre-
quency of 1 fps. These images are then compiled into 5-
minute .avi movie files, which are saved in a repository and
accessible anytime for monitoring purposes or further anal-
yses. The radiometric RGB images are generated based on
a defined colour palette which extends throughout the range
of apparent temperatures (—40 to 150 °C; Figure 3). In other
words, each pixel is assigned a palette colour which corre-
sponds to a definite apparent temperature. To recover a ther-
mal signal from .png images, we converted assigned colours
to apparent temperature (AT) according to the original palette
and the temperature range (Figure 3).
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For each frame, the apparent temperature was averaged
across a selected area of interest. We selected:

1. Single vent areas (areas of 100 px?, 10 x 10 px); small
square areas were placed directly above the active vents; due
to variability of vent position within the SEC, these Areas Of
Interest (AOI) were manually adjusted for each analysed event
(Figure 4A). Single vent data were also averaged from multi-
ple vent regions (Multiple area, MA signal) to assess how in-
dividual vent behaviour relates to overall eruption dynamics
(Figure 6B).

2. Single large area (SA signal, one study area, 400 x 310 px)
positioned above the SEC. We opted for an area of this size
to best capture the entire eruptive jet. This area covers the
entire SEC crater and also captures eruptions driven by vents
located outside the central sector (see Section 3.1). For this
reason, we were able to use the same area for all eruptions
(Figure 4B).

To reduce high-frequency oscillations, primarily caused by
turbulent ash billowing at the margins of the column, the mov-
ing mean of the signal was calculated over a time window of
300 s, the smallest for which climactic phases resulted in a
steady signal. Conceptually, the average Apparent Temper-
ature (AT ay) gives information on the density of ‘hot’ pixels
within the AOIL; a sudden increase corresponds to an impul-
sive increase in erupting masses captured in the area; steady
AT 4y corresponds to non-eruptive conditions or steady erup-
tive phases.

2.3 Radar data analyses

A weather radar is a mono-static system that consists of a
transmitter and one receiver, equipped on a real aperture an-
tenna, through which it sends a sequence of impulse signals
and receives their echo. This system is specifically designed to
detect clouds and precipitation particles, measuring backscat-
tered signal named radar reflectivity factor, to the radar by de-
tected particles/clouds. It uses the signal’s amplitude, phase,
and polarization of the scattered electromagnetic wave, to in-
fer relevant properties of particles [Montopoli et al. 2023]. The
scanned volume is sampled along 12 elevation angles for each
azimuthal angle and for each range bin. Then the data of
whole probed volume is released every 10 min (radar oper-
ative time sampling [Marzano et al. 2020]). Elaborating on
the measured copolar radar reflectivity Zny (dBZ) and ap-
plying the consolidate Volcanic Ash Radar Retrieval (VARR)
methodology, we extracted the primary quantitative informa-
tion about volcanic clouds [Marzano et al. 2020; Mereu et al.
2023; 2024]. This algorithm consists of two sequential steps
after the detection: 1) the maximum a posteriori (MAP) classi-
fication of tephra classes, and 2) the estimation of tephra con-
centration C; (gm™~%) and mean diameter D;, (mm) in each de-
tected range-bin volume, using the forward analytical model.
The latter generates physically-based random tephra classes,
utilizing available microphysical and statistical characteristics
from the literature [Mereu et al. 2023; 2024]. We estimated
the top plume height Hrp (km) above the summit craters (ap-
proximately 3350 m a.s.l.) using a threshold algorithm applied
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Figure 4: Example of areas used during Multiple area (MA) and Single area (SA) analyses. [A] Multiple Area, with the 100 px2
areas positioned above the SEC active vents; [B] Single Area, with a single area above the SEC (Time is expressed in UTC; Scale
bar computed at the crater, adjusted for camera distance and viewing angle).

to the measured Zyy, of the probed volcanic plume, with an
uncertainty of +300 m with respect to the axis of the beam
cone, due to scanning radar geometry. Given the time-space
variation of C; and applying the continuity equation to Cj,
defined as the Mass Continuity Approach (MCA) [e.g. Mereu
et al. 2015; Marzano et al. 2020], we quantified the time vari-
ation of mass M, (kg) for the discretized time-space domain
of the radar geometry [Mereu et al. 2023; 2024]. At each radar
detection, we evaluated the Mass Eruption Rate (MER; kgs™?)
given by:

MER = MERg;g + MER, gy (1)

= w +‘%s‘ Ct (r, t) [;Zs (I" t) XU (I‘, t)]dS,

where MERy;ss and MER, g, are the derivative mass rate and
the advection mass rate, respectively. The MERgg allowed
evaluating the time-space variation of the tephra mass M; en-
closed within each radar volume including the closed plume
surface S detected by the weather radar scan. MER.q, ac-
counts for the tephra mass transported outward across the
surface of each radar bin by the horizontal velocity, where r
is the range vector, n is the unit vector normal to the surface
S, and v is the tephra velocity field.

The MER retrieval depends on the intensity of the explo-
sive event, the maximum plume height (Hp) and the radar
sampling time [Mereu et al. 2015]. As tested in Marzano et al.
[2020] and Mereu et al. [2022, 2023], the MER retrievals for Etna
explosive events ranged from 10? to 107 kgs™!, whereas the
Hp estimates ranged from 1 to 12 km above the vent. Radar
data reveal the ash mass balance in the eruptive column above
the eruptive vent; they are however able to detect only MER
oscillations occurring at timescales comparable or larger than
the radar sampling time.
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Figure 5: Zoom on the SEC cone from the EMOT camera
frames. [A] shows the sectorization of the SEC cone. [B]-
[D] show multiple vents that activate during the 28/02/2021
eruption (P3). During the beginning of the climactic phase, fo-
cused on the eastern sector, [D] the centre-western sector is
still showing a pulsatory activity. Scale bar computed at the
crater, adjusted for camera distance and viewing angle.

3 RESULTS

3.1 Visual observations of thermal videos: eruption dynam-
ics

All of the studied eruptions included precursory activity that
consisted of low intensity Strombolian explosions that gener-
ated small clouds of relatively cold (to thermal camera sensor
perspective) gas and ash that rose from a few tens up to a hun-
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dred of meters above the crater rim. This precursory activity
involved different portions of the crater (Figure 5A). Multi-vent
activity was common in all studied eruptions (Figure 5B-5D).
Typically, 3 to 7 vents (sometimes also about 15 m from one
another) were observed in which pre-fountaining, Strombo-
lian activity was concentrated. The number of active vents
increased with time until the paroxysm, when they became
indistinguishable. Vent activation could start from any crater
sector and progress laterally in all sectors (Figure 5). There
were at least two active sectors in each eruption. Vents from
the central sector, either activated at the beginning or just be-
fore the onset of the climactic phase, were usually involved in
the eruption, while eastern and western sectors were some-
times “inactive” except for sporadic ash emissions. Typically,
activation of vents from a new sector was associated with a
decrease in intensity of explosions in the others (Supplemen-
tary Material Figure S2a, S4a, S5a, S6a, S7a). For example, in
P7, the activity took place mainly in the western sector (vents
from a to e; Figure 6A and 6D). However, at the end of the
eruption a vent in the eastern sector (f in Figure 6A and 6D)
became active when the activity of the vents in the western
sector decreased. Multiple vents located in the western sector
typically produced separated jets inclined to the SW whose
bursts are still visible during the climax of lava fountaining.

Based on video observations and eruptive behaviour across
all studied events, we define four-phases of the typical se-
quence of paroxysmal activity at SEC, described below.

3.11

In the early stages, the eruptive intensity is mild (1 to 3 ex-
plosions every 5 minutes); eruptive material is ejected up to a
few metres over the crater rim, and the aura of the explosion
can be barely detected in thermal images and by small spikes
in the AT,y signal. The activity within the crater increases
in both intensity and frequency with time: at explosion fre-
quencies of about 1 per minute, the jet can reach about 50 m
above the crater rim and at 4-6 explosions per minute the jet
rises from 80 to 120 m above the crater rim. Long lasting (i.e.
8 hours) precursory activity can be steady for prolonged pe-
riods (e.g. P5 eruption); short lived fountaining episode does
not have long precursory phase (e.g. P3 eruption). In some
eruptions, as during the February—April 2021 eruptive crisis,
persistent Strombolian activity could occur between parox-
ysms for hours/days (e.g. P2 eruption).

Strombolian phase

3.1.2  Waxing phase

The duration of this phase can range from 7 to 35 minutes (Ta-
ble 2), during which the increase in intensity and frequency of
Strombolian activity eventually results in mild fountaining (as
reported also in Calvari et al. [2021]). Individual bursts from
single vents become indistinguishable as explosions form a
single large jet. The activity therefore results in a pulsatory
behaviour with almost continuous ejection of incandescent
material. At this time the ejecta reach heights ranging from
150 to 200 m. As the activity goes on, the jet height gradually
increases up to 450-550 m above the crater rim, eventually
forming an ash-charged turbulent plume. In some cases, the
jet height can reach up to 1000 m in the minutes preceding
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the climactic phase. The number of active vents increases.
(Figure 6).

3.1.3 Climactic phase

The climactic phases are characterized by an approximately
stable fountain jet height (that differs from each episode) and
a less pronounced pulsatory behavior. This phase is marked
by a continuous emission of incandescent material, with the
jet width reaching a scale comparable to the crater. Durations
of these phases ranged from 30 minutes to 2 and a half hours.
In the climactic phases, the eruption columns rise up to 9 km
above the vent, as estimated by the radar and listed in Table 3.
The outer portion of the columns can be also marked by turbu-
lent interaction with the surrounding atmosphere generating
cold ash billowing that may hinder partially or totally the jet
(e.g. P1, P3 eruptions).

3.1.4 Waning phase

Lava fountain height starts to decrease significantly during
this phase. Pulsatory behaviour becomes pronounced again,
resulting in mild fountaining that becomes progressively less
energetic. Eruptions in our dataset end abruptly; within 5 to
15 min the jet drops down to a few hundred meters above the
crater rim and then switches into oscillatory and discontinu-
ous, ash-poor jets, typical of Strombolian activity. Within 3 to
64 min the activity reduces to a single vent or is completely
shut down.

3.2 Thermal analysis

Based on the signal pattern derived from MA and SA, we de-
fined four trends that are corresponding to the specific erup-
tive phases (Section 3.1) and a background level that varied
among the eruptions analysed because of variable atmospheric
conditions (and probably characterized by a mild activity that
cannot reach the crater rim). The thermal-signal response
throughout the four phases can be described as follows: in
the “Strombolian phase” the signal is marked by individual
spikes rising from background values, corresponding to min-
imal vent activation and bursts that barely extend beyond the
crater rim; in the “Waxing phase” the ATy is increasing but
still marked by significant spikes, meaning a steady increase
in both mass and height of the activity, resulting in an ever-
larger occupation of the AOI, with occasional major bursts be-
ing observed; In the “Climactic phase” AT 4y oscillates about its
maximum and can form a plateau (Figure 6). Absolute values
may differ for each eruption, depending on the proportion of
the AOI covered by saturated pixels. Even when AQOI are not
fully saturated (e.g. the eruption affects only a crater sector),
AT 4y remains stable around the event’s highest values during
this phase. The lava fountain is fully developed; the “Waning
phase” is marked by a signal decrease, still punctuated by sig-
nificant spikes. The lava fountain jet tends to lower with time
(sometimes abruptly), decreasing the number of saturated pix-
els in the AOIL The zone where the AQI are located continues
to be influenced by the heat of the emitted gas. Strombo-
lian explosions of variable intensity can take place during this
phase. The AT,y clearly documents asynchronous activation
of each vent area in every eruption (Figure 6A), with no sys-
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Figure 6: Eruption P7: comparison between [A] Single vent area, [B] Multiple area, and [C] Single area signals. [D] and [E] thermal
snapshot from the EMOT camera frames showing the location of vents active during this eruption and the related areas analysed
for the single vent area and multiple area methods during the pulsatory phase [D], and single vent area of analysis during the

climactic phase [E]. Time is expressed in UTC.

tematic pattern relative to their position and number. The
total time required for the activation of all vents ranges from
2 to 303 min. Generally, the closer the vents, the shorter the
time gap between their activation. Temperature at the differ-
ent vents can also change in parallel or be anticorrelated.

The climactic phase is defined by the saturation of most
vent signals. MA signal better describes the general erup-
tion dynamics, rising from the background during the ini-
tial Strombolian activity, culminating in a plateau during the
steady fountaining phase, and decreasing rapidly to back-
ground values when the fountain winds down (Figure 6B).
The SA signal can efficiently describe the eruption dynam-
ics, with a similar pattern with respect to MA (Figure 6C).
It can also record the Strombolian phase and closure of the
eruption, but it is less sensitive to small intensity Strombolian
burst with respect to the MA. SA is also more sensitive to the
weather conditions as it analyses a greater area of the atmo-
sphere above the craters, which could be occupied by storm
clouds or mist.

As an example, Figure 6 shows the variations of all the stud-
ied parameters (moving mean 300 s of single vents 6 a, MA 6 b,
SA 6 c) for the eruption P7, a type example of eruptive dy-
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namics within the analysed dataset. In the hours preceding
the fountain, all the parameters remained approximately con-
stant at background values. In parallel, SA decreases towards
lower background levels at around 06:00 (Figure 6C). These
oscillating background values were related to the presence of
meteorological clouds, until the sky cleared around 06:00, un-
covering a greater portion of the AOI determining lower AT 4y
values. At 06:51 only one vent was active (Vent A in Figure 6A);
within 39 minutes, four further vents started emitting magma
(Strombolian and Waxing phase). The parameters started ris-
ing from the background at around 06:53 (MA) and 06:55 (SA)
(Figure 6B, 6C) peaking at 07:04 (MA) and 07:06 (SA) and then
decreased almost to background levels (associated with the
temporary shutdown of vents A and B). At 07:20 the signals
rapidly increased (Waxing phase) to saturation values (8 min
MA;14 min SA) and from 07:28-8:33 (MA) and 07:36-08:21
(SA) remained steady (Climactic phase). AT,y decreases to
background level in about 51 min (MA, Waning phase) while
the sky is clear already at 09:05 (SA, closure of the eruption).

Calculated time evolution of all the studied eruptions is
shown in Table 2. The climactic phases range from 10 to
40% of the total eruption duration, which ranges from 10 to
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Table 2: Based on MA (for the Strombolian Phases) and SA (for the timing of Waxing, Climactic and Waning phases) AT, signal
we assign duration of these phases in each studied fountain. Time is expressed in UTC.

Start—end (duration, minutes)

N°  Active vents Remarks
Strombolian phase ~ Waxing phase  Climactic phase =~ Waning phase
Wind towards S-
1 3 14:05-16:02 16:02-16:32 16:32-16:44 16:44-17:09  SE partially hiding
(117) (30) (12) (25) Strombolian  phase
and Waning phase.
P 7 07:52-08:47 08:47-8:59 08:59—09:45 09:45-10:05
(55) (12) (46) (20)
This eruption ends
07:17-07:45 07450805  08:05-0832 08320835  Coruptly. Alter that
P3 5 (28) (20) 27) (3) AT ., values record
the heat above the
crater.
P4 7 00:20-07:45 07:45-08:20 08:20-09:24 09:24-09:39
(445) (35) (64) (15)
01:27-06:09 06:09-06:25  0625-06:54  0654-07:16 | 1ava fountaining ai-
P5 7 (289) (16) (30) (22) tempt between 04:16
and 05:22.
Mild and short—
P6 4 09:05-09:55 09:55-10:02 10:02-10:12 10:12-10:26  lasting  fountaining
(50) (7) (10) (14) activity from the W
sector.
p7 6 06:51-07:22 07:22-07:36 07:36-08:21 08:21-09:05
(31) (14) (45) (44)
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Figure 7: Comparison between the SA thermal signal and the radar data related to the column height (Hrp) and MER. AT, scale is
maintained constant; time series, Hrp and MER data varies based on intensity and duration of each eruption. Time is expressed
in UTC.

64 min. The Strombolian phases last from 25 to 80% of the

used both approaches because they are complementary: MA,

eruption, ranging from 28 to 445 min. Transitions between which averages measurements from small areas, is more sen-

phases were identified using both MA and SA methods. We

Ss

sitive to small Strombolian bursts but typically saturates dur-
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Table 3: Table showing a summary of Radar data and the maximum jet height derived from processing thermal-infrared camera
(ENT) frames as described in Mereu et al. [2020].

N°  Eruptive phase (I\:meHaf.t) H (E;p;?slir)ne E(S;féiti(gi i\iHlE)R Additional remarks
Str\z/mbohan ggg 4 1705 i 0 1901 (7 Plume remained 20 min after the end of waning
P1 yaxing o o phase between 4.9 and 3.37 km (MER 7.21—1.4).
Climactic 150 8.06 34.13-25.85 Max H iet affected by the ash bl .
Waning 200 6.6-4.9 22.7-7.21 ax 1 Jet atiected by the ash piume covering:
Stromb.ohan 300 0 0 Plume remained 20 min after the end of waning
P2 Waxing 430 0 0 phase between 5.18 and 3.57 km (MER
Climactic 930 7.95-9.96 0.98-27.77 2.09-0.66) ' ‘
Waning 480 9.64-8.22 17.49-6.88 ’ o
Strombolian 350 0 0 Hp and MER peaked after the end of waning
P3 Waxing 830 0 0 phase, because of the strong wind
Climactic 4135 0-11.23 0-195.01 (50~75 kmh~! between 9 to 13 km as.L).
Waning 3785 ~11.23 ~195.01 Plume remained ~70 min after the end of
Stromb_ohan 780 0 0 Plume remained 20 min after the end of waning
P4 Waxing 2375 0-9.57 0-3.87 phase between 7.25 and 4.57 km (MER
Climactic 4165 10.91-11.23 14.98-34.72 6.87-0.3) ' ’
Waning 2255 10.12-7.25 22.49-6.87 ’ -
Strombolian 480 0 0 Plume remained ~20 min after the end of
P5 Waxing - 0 0 waning phase between 6.19 and 3.3 km (MER
Climactic - 10.28-11.23 15.01-154.98  12.08-1.71). Max H jet affected by the cloud
Waning - 11.55-11.22 150.46-63.41 covering.
Strombolian 590 0 0
P6 Waxing 890 0 0
Climactic 830 0-11.55 0-0.64
Waning 300 11.87 4.09
Stromb.ohan 650 0 0 Plume remained ~65 min after the end of
P7 Waxing 1975 0 0 waning phase between 11.55 and 7.64 km
Climactic 3235 7.5-10.9 13-45.26 (MER 3.75-0.17) ’ '
Waning 2770 9.8-5.2 22.41-1.38 ’ o

ing the Waxing phase; SA, by contrast, better captured the
rising trend of the Waxing phase and the nearly stable be-
haviour of the Climactic phase. Furthermore, the discrepancy
with the start and end times of the eruptions reported in Ta-
ble 1 estimated by Calvari and Nunnari [2022] is primarily
due to differences in the methodologies used. Specifically, we
assigned phase start- and end-times based on changes in our
signal. As such, these timings can be considered as objectively
reflecting the actual state of the eruption (i.e., what actually
happened at the eruptive vent).

It should be noted that the estimates of H of the lava foun-
tain jet (Table 3), obtained by processing the frames from the
ENT camera, show that among all the analysed eruptions the
maximum H jet occurs during the climatic phase, but for the
cases P1 the maximum H jet occurs during the Strombolian
phase. This difference could be due to the volcanic plume
that during the climactic phase was directed toward the south
direction, partially covering the lava fountain jet.

3.3 Radar data

MER and Hp estimates derived by processing the radar mea-
surements for the seven Etna eruptions analysed are summa-
rized in Table 3. In the Strombolian and Waxing phases,

(3| Presses universitaires de Strasbourg

radar measurements typically do not allow for the calculation
of Htp and MER because the eruptive cloud consists mainly
of gas and fine ash particles that are not precisely detected by
the radar. The exception are P1 and P4, where retrieval was
likely enhanced by favourable atmospheric conditions [Mereu
et al. 2023].

In the climatic phases the Hrp ranges between 8 and about
12 km a.s.l, whereas the MER shows values ranging among
10* kgs~! (P6), 10° kgs~! (P1, P2, P4, and P7), and 10° kgs~!
(P3 and P5). In the waning phase, Htp and MER usually de-
creased proportionally with the intensity of explosive activity,
but in some cases (P3 and P6), they exhibited nearly constant
or slightly increasing trends before gradually declining.

In Figure 7, the MER and plume height (HTp) peaks cal-
culated from RADAR data (blue and magenta dashed lines
respectively) are shifted forward up to 20-30 minutes with
respect to the climatic phase as detected from thermal obser-
vation at the vent, because of the delay in between ejection of
the pyroclastic mixture and the radar acquisition times. Plume
height (Hrp) peaks are also sustained for longer times with re-
spect to the temperature peaks measured by the thermal cam-
era because of advection diffusion effects associated with high
level atmospheric winds.
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A no activity B Precursory C  Strombolian

Figure 8: A conceptual model of the evolution of the Etna lava fountains at SEC. [A] “no activity” characterized by passive
degassing; [B] Precursory phase with more intense degassing driven by ascending magma. Reopening of pre-existing fractures
and mild Strombolian eruptions occur; [C] Full opening of previously activated fractures, with more frequent and more intense
Strombolian eruptions; [D] Opening of additional pre-existing fractures. Activity increases in intensity and frequency, producing
mild lava fountaining; [E] New conduits may still open at the beginning of this phase. The climactic phase is characterized by the
establishment of an approximately stable eruption column. Plumes reach their maximum height and MER; [F] Eruptive activity
decreases in intensity and frequency, returning first to mild fountaining and then to progressively weaker Strombolian activity.
In this phase activity is no longer fed and the magma level in the conduit drops down.

4 DiscussIioN Among the parameters analysed in this study, SA is the most
efficient as it does not require setting vent locations (which
4.1 Validity of the AT,, parameter varied among eruptions and are thus difficult to forecast) and

best depicts variations in eruption intensity. The use of the
same wide area positioned upon the SEC allowed collection
of representative data for all the eruption dataset. It could
also efficiently detect the Strombolian phase (Figure 6C). The
MA signal is able to describe the eruption dynamics but can
be used only for analyses a posteriori because it requires the
identification of active vents (Figure 6B).

The study of the thermal signals can be a fundamental tool
for deepening our knowledge of eruptive behaviour and con-
straining the transition between different styles of eruptive ac-
tivity as objectively as possible. AT, parameter is linked to
the apparent temperatures recorded by the thermal camera
and can be used to document the eruptions and place a solid

constraint on the transition between Strombolian activity and
lava fountaining. Its calculation can be done in real time, as it
requires few computational resources from radiometric RGB
images routinely saved in monitoring activities.

s
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This parameter records eruptive transitions as a gradual
and continuous process given by increasing both frequency
and energy of the pulses until the continuous lava emission is
achieved. Climactic phases are recorded as plateaus with only
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minor fluctuations. During the climatic phase, the plateau can
be attributed to the density of saturated pixels that remains
nearly constant within the AOI. The differing heights reached
by the fountains after each pulse, which alternately vary the
density of saturated pixels in the AOI (e.q. low-high-low),
could enable identification of the pulses within the lava foun-
tain dynamics.

The potential of the AT, parameter for the detection of
paroxysmal phases is not just due to its ability in discrimi-
nating between low and high intensity activity, but it is also
relevant for the clear identification of the transitions between
them. The identification of the transitional phase is a critical
step for the setup of a procedure of an early warning system
for lava fountains occurring at summit cones. This could be
possible after the study of a larger eruptive dataset covering
the full variability spectrum of the transitional dynamics in
paroxysmal eruptions.

4.2 Dynamics of paroxysmal activity

Observations from the seven studied eruptions reveal a consis-
tent eruptive pattern characterized by a progression from low-
intensity Strombolian explosions to high-energy lava fountain-
ing, followed by a rapid decline in activity. This sequence in-
volves a complex spatial and temporal evolution of vent activ-
ity, reflecting dynamic interactions between gas accumulation,
magma flux, and conduit conditions.

The precursory activity probably heralding the rise of the
magma level, is mainly dominated either by intermittent gas
emission (‘puffing’ sensu Harris and Ripepe [2007], Patrick et
al. [2007], Leduc et al. [2015], and Gaudin et al. [2017a,b]), ash
venting or weak Strombolian explosions (about one every 5
minutes at each vent, ejecting material up to the crater rim or
below it) that persisted for hours. A progressive increase in the
intensity of the activity leads to more energetic, more frequent
Strombolian explosions. In parallel, new vents open within
the crater (Figure 8), at variable distances from the active one.
Their arrangement and timing of activation suggest the pro-
gressive opening/reopening of a network of shallow fractures
with a direction approximately W-SW/E-NE connected with
a deeper reservoir.

One of the most distinctive features observed in this
study is the asynchronous activation and alternation of vents
within the SEC crater. This alternating activity between cen-
tral/eastern and western vents may indicate a lack of shallow-
conduit connectivity within these two sectors and a possible
connection to a deeper reservoir beneath the SEC cone base.
In this scenario, new vent opening or intensified explosive
emission rate at one sector may induce a transient pressure
drop and lower the free magma surface in the already active
conduit [Bonaccorso et al. 2004].

The multiplicity of vents that become active, their spatial
distribution, and the timing of their activation suggest the pres-
ence of a complex shallow fracture system within the SEC.
Given the inherently fragile nature of scoria cones such as the
SEC, the arrangement of vents and the dynamics of these shal-
low conduits are important features to monitor. Indeed, the
existence of numerous conduits within already fragile cone
structures may promote flank instability of the cone, leading

Ss
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to cone collapses and the generation of pyroclastic density cur-
rents (such as those that occurred on 10/02/2022 [Zuccarello
et al. 2025] and on 02/06/2025—INGV-OE reports*).

Transitional activity between sectors implies the formation
of a pulsatory jet almost as large as the crater; and rapidly (7-
50 min) leading to the climactic phase of fountaining activity,
which generates several km high columns and ash charged
plumes [Alparone et al. 2003]. This style of activity and erup-
tive sequence has been observed and described at other mafic
volcanoes, such as Villarrica [Romero et al. 2018] and Kilauea
[Walker et al. 2023]. The phases described in the latter study,
in particular, closely mirror those we observed for the Etna
eruptions analysed here. As reported, the 2018 lower East Rift
Zone fissures at Rilauea were preceded by Strombolian ac-
tivity [Houghton et al. 2021; Walker et al. 2023]. Over time,
the increasing intensity and pulse frequency make individual
explosions indiscernible form one another. The onset of this
pulsatory behaviour—termed “unsteady Hawaiian fountain™—
corresponds to the waxing phase in our eruption dataset. In
both cases, this phase is characterised by multiple, closely
spaced, and overlapping pulses. Finally, when the pulses be-
come so closely spaced that they produce an almost continu-
ous jet of material, the climactic phase occurs; this is referred
to as a “steady Hawaiian fountain”. During this phase, pulse
fluctuations are minimal or very brief, and a stable ash column
typically forms. At the end of this phase, fountaining activity
ceases abruptly, and Strombolian explosions resume (as no-
ticed also at Villarrica by Romero et al. [2018]); their intensity
rapidly decreases until the complete cessation of the eruptive
event, although the ash plume can persist for more than an
hour.

4.3 Thermal and radar monitoring comparison

Thermal and radar data show generally good agreement in
tracking eruption intensity (Figure 7), though differences arise
due to the sensor resolution and plume behaviour. The wax-
ing phase and the initial part of the climatic phase of the erup-
tion are recorded by the increase of the height of the eruptive
column (Hp), while the MER increases more slowly in these
phases, accounting for the limitation imposed by time sam-
pling of the radar. The radar signal detects pyroclastic ma-
terial in the atmosphere about halfway through the waxing
phase in events P1, P2, and P4, while in the other cases di-
rectly in the climatic phase. In the climatic phase, the greatest
increase of the MER is recorded. The Hp signal increases
significantly in the waxing phase and the beginning of the cli-
matic phase (51.8 to 85.2% of the total height). Within the
climactic phase, minor variations (on average from 11-20%,
and some cases up to 36 %) were calculated.

Both thermal and radar signals peak in the AT,y climatic
phase, except for P3 and P6 eruptions. In P3 the wind speed
(61-81 kmh~! between 10 and 12 km asl) and direction
(North/West to South/East) could influence the measurement.
In P6, the duration of the fountain was very short (17 minutes
including both waxing and climactic phases), not steady, and
had no significant waxing phase; the Htp peaked when the
eruptive column was not fed anymore. This mismatch could

*Available at www.ct.ingv.it
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be due to the combination of the short duration of the activity
and the radar scanning and pre-processing time. We high-
light that all radar measurements and the related estimates,
including MER, consider both the time required for probing
the entire volume and the time necessary for pre-processing
the raw data (about 10 minutes). Similar mismatching can
be found combining radar retrievals with infrasound records,
where the maximum height of volcanic plume is typically de-
tected by the radar after the short climactic phase [De Angelis
et al. 2023].

The waning phase is well represented by the MER signal,
which decreases almost simultaneously with the AT,y signal.
On the other hand, the radar detects an active plume up to an
hour after the end of the waning phase, indicating the presence
of pyroclastic materials in the atmosphere (specifically in the
region above the SEC scanned by the radar) even after the
column is not fed angmore. It is worth noting that the Hp is
not necessarily correlated with the MER, as MER estimation
is affected by atmospheric conditions and mostly reflects the
plume ash content.

4.3.1

We propose a model for the structure of feeding system during
a paroxysmal eruption. The observed dynamics are consis-
tent with the involvement of a magma batch of finite volume
[Murru et al. 1999; Chiarabba et al. 2000; Patane et al. 2002;
2003; Métrich et al. 2004; Spilliaert et al. 2006a; b; Corsaro et
al. 2007; Puglisi et al. 2008; Collins et al. 2009; Ferlito and Lan-
zafame 2010; Corsaro et al. 2013]. Mt. Etna is characterized by
a multi-level magma storage system [Bonforte et al. 2008; Kahl
et al. 2015; Calvari et al. 2020; De Gori et al. 2021; Palano
et al. 2024] The first, a larger and deeper reservoir lies at
mid-crustal depths (approximately 6-8 km below sea level),
is the source of the most primitive magmas erupted during
large paroxysms or flank eruptions [Corsaro et al. 2009; Can-
nata et al. 2018]. A second shallower reservoir is located near
sea level and is associated with the small-scale paroxysmal
activity. Some authors have also proposed the presence of an
additional small reservoir within the volcanic edifice, directly
beneath the South-East Crater (SEC) at roughly 1 km depth
below the vent [Behncke et al. 2006; Bonaccorso et al. 2011;
2013]. This reservoir contains relatively crystal rich and gas
poor magma, [Kahl et al. 2011; 2015; Giuffrida and Viccaro
2017

The entire plumbing system appears to be pressurized, with
the shallowest 1 km deep reservoir being partially isolated or
not efficiently connected to the main conduit (always filled
with magma) that links the sea-level reservoir to the more
superficial storage region [De Gori et al. 2021; Paonita et al.
2021]. When new magma input from the sea-level reservoir
occurs, overpressure develops within this connecting conduit,
either by mechanical injection of new magma or accumula-
tion of a gas phase that cannot be efficiently released through
pre-existing fractures [Caricchi et al. 2024; Palano et al. 2024].
When the overpressure stress overcomes the tensile strength
of the host rocks, new fractures form and permeability of the
system increases. This leads to an increase in gas flux into
the shallow storage that can raise magma level and trigger
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the Strombolian phase [Allard 2010; Paonita et al. 2021]. If
the permeability of the system allows equilibrium outgassing,
prolonged Strombolian activity can be sustained without any
significant increase in explosivity [Farquharson et al. 2016;
Crozier et al. 2022]. If equilibrium outgassing does not oc-
cur, the overpressure keeps building up until the opening of
new fractures or reactivation of pathways for magma and gas
migration. A relatively rapid pressure drop, caused by the
opening or widening of fractures, enhances volatile exsolu-
tion from the magma [Ripepe et al. 2005; Spampinato et al.
2015]. As a consequence, the rate and intensity of explosions
increase and lead to the onset of the Waxing phase. In parallel,
increase of pressure allows the opening/reopening of fractures
that are either connected with the shallow reservoir or form
as secondary branches of the main conduit. Once a critical
combination of pressure and volatile content is reached, the
conduits can be considered efficiently connected with the shal-
low reservoir. At this stage the gas and magma flux typically
becomes continuous, marking the Climactic phase of the erup-
tion (e.g. sustained fountaining). The end of the eruption is
marked by a decrease in all monitoring signals (multiparamet-
ric studies on Etna show concurrent declines in all geophysical
data [Calvari and Nunnari 2022]). Strain measurements indi-
cate a deflation of the entire edifice [Bonaccorso et al. 2013;
Aloisi et al. 2018; Currenti and Bonaccorso 2019)].

According to our conceptual model, Etna’s eruptions dy-
namics are primarily governed by the volatile content of
the magma. Volatiles are released during the compression-
decompression phases in the conduit due to the rise of new
fresh magma. An increase in overpressure within the conduit
promotes the opening or widening of fractures. The conse-
quent pressure decrease in the conduit enhances volatile ex-
solution and thus increases the bubble content. In this phase
volatiles are released into the surface reservoir from which
Strombolian eruptions are generated. Finally, when the con-
duit becomes efficiently connected to the shallow reservoir,
bubbles may become effectively coupled to the magma col-
umn and a sustained bubble-melt flux [Walker et al. 2023] is
established, producing the climactic phase of the eruption.

5 CONCLUSIONS

Based on eruption observations, the analyses of AT 5y thermal
signal, and its comparison with radar data, we can conclude
that there is no threshold behaviour that marks the transition
from Strombolian activity to lava fountain; transition occurs
through continuous increase in intensity, frequency of explo-
sions and height of the emissions from separate vents, until
merging into a single, almost continuous jet, which we asso-
ciate to the onset of the fountain and to the climatic phase of
the eruption. This increase can be slow (28-35 minutes) or
fast (7—15 minutes) regardless of the average intensity of the
eruption in our analysed dataset.

Four phases have been recognised during Etna lava fountain
episodes:

¢ A Strombolian phase, initiated by the rise of a gas phase

(arrival of primitive magma), in the superficial reservoir host-
ing crystal rich, degassed magma.
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¢ A Waxing phase, eventually leading to mild fountaining
activity. During this phase, because of the overpressure in the
main conduit, new fractures are opening or existing ones are
widening, resulting in multiple vent activation.

¢ A Climactic phase, in which the gas and magma emission
is continuous, resulting in an almost stable lava fountaining.
Fountaining requires full connection between the main con-
duit and the reservoir feeding Strombolian activity.

¢ A Waning phase, in which the activity decreases down
to a sequence of Strombolian bursts. This phase is associated
with the deflation of volcanic edifice and a mechanical re-
coupling of fractures.

The presence of multi vent activity, the spatial distribution
of vents and their timing of activation reflect the presence of
a complex network of shallow conduits within the SEC cone.
This already existent network together with the opening of
new magma ascent pathways could increase the instability of
the SEC, eventually leading to cone collapses and pyroclas-
tic flows. Averaging data from selected AOI in RGB colour
coded thermal images allows for fast and efficient eruption
monitoring. A single large area of interest (SA method) has
proven to be the most efficient as a real time monitoring sig-
nal, since it provides a description of the ongoing eruptive
activity and does not require operator intervention. Monitor-
ing areas above single active vents allows detailed analyses
of the eruptive activity (sectors involved, activation times and
dynamics of the conduit), but they require manual positioning
of the AQOI and can therefore be fully exploited only during a
posteriori analysis.

Comparison of thermal and radar data allow determination
of the relationships between vent activity and plume forma-
tion, confirming the use of radar as a fundamental tool for early
warning and first-stage characterization of eruptive events. At
the same time, the strong correlation of MER retrievals with
the AT,y is, in most cases, particularly promising. It con-
firms that simple frame processing of low-cost sensors, such
as thermal cameras, is highly effective for detecting volcanic
eruptions and for identifying distinct eruptive phases. Finally,
we remark that the main limitation of these methods is their
inability to retrieve good quality data when meteorological
conditions are poor; and that the fountain jet can be also par-
tially to totally covered by ash billowing from small crater rim
collapses, or fallout from the eruptive cloud.
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