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Abstract

Mount Etna, in Italy, is one the most active volcanoes in the world. Over the past two decades,
its explosive activity has intensified, producing high eruptive columns that rise up to about 15 km
above sea level. The particles ejected during these eruptions have caused numerous challenges for
the population living on the volcano’s slope, mainly due to difficulties in removing the deposits,
but also in terms of health risks and mobility disruptions. The increase in Etna’s explosive activity
has led in continuous improvements in the monitoring and forecasting system adopted by the
Istituto Nazionale di Geofisica e Vulcanologia, Osservatorio Etneo, since 2009, using new sensors and
enhanced data collection and analysis. In this paper, we present a review of several activities carried
out in the frame of the Work Package 2 (WP2) of the ‘Probabilistic AssessmeNt of volCano-related
multi-hazard and multi-risk at Mount EtnA (PANACEA)’ project. While the PANACEA project aims
at using accurate physics-based models and advanced probabilistic approaches to assess volcanic
multi-hazards and identify at-risk zones, the WP2 objective is to improve previous studies on the
tephra fallout hazards for Etna. In this context, various activities have been conducted such as: enrich
the data collection of eruption source parameters by analysing previous studies and developing
new methods for their quantification; improve hazard estimates using multi-model approaches;
quantify the uncertainty in eruption source parameters. Additionally, progresses have been made
in developing hazard maps that include ballistic impact analysis. These approaches may be extended
to other active volcanoes where advanced monitoring and surveillance systems are in place.

Keywords: Etna volcano; Lava Fountains; Remote Sensing Observations; Numerical Modelling;
Tephra Hazard Maps
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1. Introduction

During explosive eruptions, tephra (volcanic ash, lapilli, bombs, and blocks) is blasted from volcanoes and
represents one of the main volcanic hazards. Tephra fallout can cause building collapses, damage crops and disrupt
transportation networks (Sparks et al., 1997; Wilson et al., 2012). Fine ash can also pose health risks, leading to
conditions such as silicosis and chronic pulmonary diseases (Horwell and Baxter, 2006). Additionally, fine ash
is extremely dangerous for aviation safety (Guffanti et al., 2005) as it can cause severe damages to aircraft engines
due to the accumulation of melted glass particles and the erosion of turbine blades. It can also interfere with
electronic equipment, obscure windscreens and block landing lights (Miller and Casadevall, 2000; Wilson et al., 2017;
Hayes et al., 2021; Jenkins et al., 2024). Therefore, during eruptions, volcano observatories issue messages known
as Volcano Observatory Notices for Aviation (VONA) to inform dispatchers, pilots, and air-traffic controllers about
volcanic unrest and eruptive activity that could generate ash-cloud hazards. These messages are sent to Volcanic
Ash Advisory Centers (VAACs) which, following the ICAO directives, are responsible for mitigating volcanic ash
risks to aviation (Lechner et al., 2017; Barsotti et al., 2024).

Mount Etna (Catania, Italy) is one of the most active volcanoes in the world. In the past two decades, most
of its activity has been explosive, with the formation of high eruption columns (reaching up to 15 km above
sea level) and of extensive tephra fallout on volcano flanks. This has led the mayors of the main affected towns
to implement measures such as banning the circulation of two-wheeled vehicles and reducing speed limits to
30 km/h. Hazard assessment has been widely studied, including the impact on infrastructures, transportation
systems (Scollo et al., 2013) and health concerns (Barsotti et al., 2013). In 2009, the Istituto Nazionale di Geofisica e
Vulcanologia, Osservatorio Etneo (INGV-OE) developed a system to support the 24/7 monitoring and surveillance
activities (Scollo et al., 2009). This system combines modelling and volcanological data to estimate the main regions
likely to be affected by tephra fallout and ash dispersion in the atmosphere. The modelling relies on the TEPHRA2
model (Bonadonna et al., 2005) which simulates the transport of volcanic ash and lapilli from the crater to the
ground. The model requires input parameters to update the a priori information, such as the height of the eruptive
column (CH), the total mass (TM) and total grain size distribution (TGSD) of the volcanic particles (Scollo et al.,
2008). Wind intensity and direction are obtained from weather forecasting models (Scollo et al., 2009) received from
the hydrometeorological service of ARPA in Emilia Romagna (ARPASIM). The received data is in GRIBv1 format
with 12 barometric levels and a grid using Data Representation in Rotated latitude/longitude mode (TPHO: 43.000°,
TLMOD: 10.000°). The grid is uniform in both directions with a 5 km resolution, and the region is defined by the
following ranges: latitude (-9.000°, —1.575° and longitude (0.855°, 7.155°).

The system operates with predefined eruptive scenarios based on previous field studies. In fact, eruption source
parameters (ESP) were obtained by analysis of field data (the a priori information). Specifically, the INGV-OE
considers two scenarios: Strong Plume and Weak Plume. The “Strong Plume Scenario” (SPS) assumes a well-fed
and powerful volcanic column reaching up to 11 km above sea level (“Strong Plume Scenario”, SPS) while the “Weak
Plume Scenario” (WPS) refers to a smaller event, with a column of up to 6 km. Further details of the ESP used in the

system can be found in Table 1.

Eruptive Eruption Mass eruption rate Column Grain-size

scenarios Time (kg/s) height
SPS 5 minutes 100 11 -0.5 1.5
WPS 3 hours 10° 6 0.5 1.5

Table 1. Input parameters of Strong Plume Scenario and Weak Plume Scenario used at INGV-OE.

The results of these simulations are automatically transmitted to the Italian Civil Protection Department (DPC).
Figures 1a and 1b illustrate the tephra fallout maps generated for the WPS and SPS, respectively. These
simulations were visible in the 7/24 INGV-OE surveillance room and were sent to the Italian Civil Protection
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on 16 February 2021, during the explosive event. In 2019, the volcanic ash monitoring and forecasting system
was enhanced (Scollo et al., 2019), to provide greater support for volcanologists involved in the continuous
surveillance service. This upgrade also included maps of the area that will be affected by the impact of larger
clasts (greater than 5 cm) using the 1-D plume model of Rossi et al. (2019) that considered Gaussian profiles
of velocity within the plume. When the velocity of volcanic particles is greater than the vertical velocity of the
plume’s cross section, they are released and their trajectories through the atmosphere are calculated until they
reach the ground. Particle sedimentation is numerically derived from the equation of motion, which incorporates
the effects of wind advection, drag, and gravitational forces. The model was calibrated using field data collected
during 23 November 2013 (Osman et al., 2019). The fallout of these fragments affects proximal areas, extending up
to about 10 km from the vent, which are easily accessible to tourists. This can lead to damage to car windshields
and pose risks of injury to people, hikers and guides (Osman et al., 2019). Figures 1c and 1d show the simulation
results, available to the volcanologist on duty, obtained during the paroxysmal event of Etna on 16 February 2021.

Y (UTM(km)]
Y [UTM(km)]

Figure 1. Examples of simulations performed using predefined eruptive scenarios: TEPHRA2 simulations run on
16 February 2021 for (a) Weak Plume scenario and (b) Strong Plume scenario (see Table 1); simulations of the
area covered by larger clasts of 16 February 2021 considering an eruptive scenario similar to (c) the eruption of
12 January 2011, and (d) the eruption of 23 November 2013.
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The system is continuously being improved, with updated observations from various remote sensing sources to
produce more reliable simulations (Scollo et al., 2019).

In this paper, we present a review of the activities conducted within the Work Package 2 (WP2) of the ‘Probabilistic
Assessment of volCano-related multi-hazard and multi-risk at Mount EtnA (PANACEA)’ projectO02E The primary
objective of WP2 is to enhance previous studies on the hazards associated with tephra fallout from Etna. The WP2
includes three main tasks: (i) the ‘Retrieval of eruption source parameters (ESP) for the model’. The main ESPs have
been deeply analysed in order to increase the number of considered eruptive scenarios (Scollo et al., 2013); (ii) the
‘Modelling and Simulation’ aimed at simulating the tephra fallout deposit, and (iii) the ‘Hazard Mapping’. This paper
is structured as follows: Section 2 summarises the Etna explosive activity, in Section 3 we explain the methods used,
Section 4 presents the main findings and results of this working group. Finally, in Section 5 we summarise the final
discussions and assess future developments.

2. Explosive activity at Mt. Etna

Etna is characterised by frequent explosive activity, primarily of mild intensity. The Volcanic Explosivity
Index (VEI), which is a semi-quantification of the eruption intensity (Newhall and Self, 1982), typically ranges
between 2 and 3. The explosive activity observed over the last two decades is mainly characterised by the formation
of lava fountains, which have been extensively documented in the literature (Andronico et al., 2021). This activity
involves the summit craters and in general evolves from mild Strombolian activity to a marked increase of the
explosive activity, following well-defined patterns (e.g. Alparone et al., 2003; Bonaccorso and Calvari, 2013;
Calvari et al., 2018; Pioli et al., 2008; Behncke et al., 2014; Viccaro et al., 2019). During the climax, named paroxysmal
phase lava fountains form high eruption columns and volcanic ash plumes that can drift hundreds of kilometers
from the summit craters (Scollo et al., 2009; Calvari et al., 2011). The duration and intensity of those events
can be very variable and at present, current monitoring and surveillance systems are unable to predict whether
the activity will be predominantly effusive or explosive (Bonaccorso et al., 2014). Over the past twenty years,
paroxysmal activity has dispersed substantial amounts of pyroclastic material with a total erupted mass up to
approximately 1010 kg (Scollo et al., 2013, 2019). Flank eruptions can occur at intervals of several years, and
typically produce low intensity activity that can last from a few days to months. These eruptions have the potential
to cause persistent tephra fallout, primarily affecting the southeast sector of the volcano (Scollo et al., 2013).
Additionally, flank eruptions can also produce extensive lava flow fields (Branca and Del Carlo, 2005). Well-studied
flank eruptions occurred in 2001 and during the 2002-2003 period (Scollo et al., 2007; Andronico et al., 2008).
In these events, volatile-rich, fast-rising magma erupted bypassing the central conduits, a typical behaviour for
Etnean eruptions (Neri et al., 2005). During the 2001 eruption, phreatomagmatic and magmatic explosions were
observed at the 2570 m-high vent, with a weak volcanic plume rising to about 5 km above sea level (a.s.l.), resulting
in a southeast deposition on volcano’s flanks (Scollo et al., 2007). In 2002, Etna was responsible for over 50 days
of continuous tephra fallout, reaching a maximum column height of 7 km a.s.l. from a vent opened at 2750 m of
altitude (Andronico et al., 2008). Figure 2 shows images of the volcanic plumes generated during the paroxysmal
activity on 4 and 12 March 2021, and during the flank eruptions on 24 July 2001 and 2 November 2002.

3. Methods
3.1 Remote sensing sensors

Figure 3 provides an overview of remote sensing sensors utilised in this project. We combine data from
various sensors, including ground-based cameras, radars, and satellites. The visible cameras used are VIVOTEK
IP8172P, located in Catania (Etna CUAD Visible High definition camera (ECV)) and Bronte (BT). These cameras are
calibrated to estimate the column height (CH) in function of the wind direction. The volcanic plume is assumed
to have a negligible depth and confined to a vertical plane aligned with the wind direction. The uncertainty in the
column height estimate is set £500 m (Scollo et al., 2014). We also use a thermal-infrared camera (TIR) located
in Nicolosi, approximately at ~15 km from the summit crater, which can identify the height of the Incandescent
Jet Region (IJR) (Mereu et al., 2020) and estimate the exit velocity of pyroclastic material. We compute the mass
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Figure 2. Eruption columns produced on: 12 March 2021. Eruption column height of 7.9 km above volcano vent (a.v.v.)
(photo by Scollo S.); 4 March 2021, Eruption column height of 8.3 km a.v.v. (photo by Scollo S.); 24 July 2021.
Eruption column height of 2.5 km a.v.v. (data and photo reported in Scollo et al., 2007); 2 November 2002. Eruption
column height of 3.2 km a.v.v. (data and photo reported in Andronico et al., 2008).

eruption rate (MER) by knowing the size of the volcanic vent, the exit velocity and the density of the volcanic
jet (Calvari et al., 2019). When CH data from the visible camera is unavailable, we estimate it by analysing satellite
data. CH is derived by comparing the brightness temperature of the darkest pixel with the atmospheric temperature
profile extracted from the weather forecasting model. The error in this estimate is influenced by a brightness
temperature uncertainty of +2 K, which for Etna is less than 10% in height. Additionally, when available, we estimated
the CH also using two X band weather radars, located nearby the International Airport Vincenzo Bellini (Catania) and
Reggio Calabria (Reggio Calabria), and one C band radar in Monte Lauro (Siracusa) (Mereu and Scollo, 2024). The CH
from these radars is estimated using the Volcanic Ash Radar Retrieval (VARR) algorithm (Marzano et al., 2012;
Mereu et al., 2015). The VARR algorithm can also be used to estimate the MER and TM. Furthermore, we estimate
the mass and the particle’s radius of the finest particles (<10 um radius) in the atmosphere using the radiative
transfer model described in Romeo et al. (2023).
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Figure 3. Scheme of the sensors used to retrieve the volcanic plume at Mt. Etna, Italy.

3.2 Modelling

We used the outcomes of two different models used to simulate tephra deposit: TEPHRA2 and Fall3D. The TEPHRA2
model is an updated version of the 2-D advection-diffusion model TEPHRA, based on the advection-diffusion
theory (Bonadonna et al., 2005; Connor and Connor, 2006). Additionally, TEPHRA2 employs parallel computing,
making it suitable for probabilistic approaches that require numerous, and typically time-consuming, simulations.
The main eruption source parameters, required by numerical models, are the column height (CH), the total
mass (TM), the grain-size distribution and the density of lithics and juveniles. Other input parameters that need to
be calibrated are the diffusion coefficient, which accounts for atmospheric processes including atmospheric diffusion
and cloud gravitational spreading, the fall time threshold (FTT) that is an empirical threshold, and the plume ratio
that controls the mass distribution within the eruption column. This model is widely used in the monitoring and
surveillance system of INGV-OE because it was calibrated using field data of two eruptive scenarios, the 22 July
1998 (Andronico et al., 1999) and the 2002-03 eruptions (Andronico et al., 2008). The main estimated ESP of SPS
and WPS (Table 1) were used in the INGV-OE monitoring and forecasting system since 2009 (Scollo et al., 2009).
The Fall3D model is a 3-D time-dependent Eulerian scheme based on the advection-diffusion-sedimentation
equation (Costa et al., 2006; Folch et al., 2009; Folch et. al., 2021). The model accounts for the turbulent diffusion,
given by the gradient transport theory, using as input CH or mass eruption rate, eruption duration and TGSD as
eruptive source parameters. In this work, the ECMWF ERAS reanalysis database (Hersbach et al., 2018, 2020) was used
to acquire meteorological data. FALL-3D also integrates several parameterization options for the eruptive column,
particle aggregation and domain discretization. The model was widely used to model volcanic ash dispersal and fallout
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of Etna eruptions (Poret et al., 2018; Prata et al., 2021; Martinez-Montesinos et al., 2024). Because of its complexity,
the model has however a high computational cost, both in terms of time and resources (Costa et al., 2006). For the
hazard mapping, we produced hazard curves using the TEPHRA2 and FALL3D models to perform a probabilistic
hazard assessment. Probabilistic Volcanic Hazard Assessment (PVHA) represents the most complete scientific
contribution for planning rational strategies aimed at managing and mitigating the risks, as it accounts for aleatory
and epistemic variability (Tonini et al., 2015). In practice, PVHA requires the exploration of all possible eruptive
scenarios to efficiently cover natural variability (Sandri et al., 2016). In these hazard curves, we explored the
variability of short and long lasting activities, respectively. For the paroxysms, we explored all the variability in the
possible eruptive scenarios as described by the ranges in the ESPs, estimated in Task 2.1, examining the activity for
the period 1986-2022. For lateral eruptions, we only considered the 2002-03 eruption because these are the only
few events for which quantitative data on the temporal evolution of the MER during the course of the eruption,
obtained by the analysis of the deposit (Scollo et al., 2007; Andronico et al., 2008), are available.

4. Results
4.1 Retrieval of eruption source parameters (ESPs) for the model

In this project, several explosive events were analysed to expand the number of eruptive scenarios previously
investigated (Scollo et al., 2013). An extensive review of the paroxysmal activity from 1986 to 2022, was
conducted using data from literature (239 events) mainly based on work of Andronico et al. (2021) and Calvari
and Nunnari (2022). About 50 events have been recently studied in Mereu et al. (2023) that also included
a data repository (https://oedatarep.ct.ingv.it/records/975xx-adv58) and in Mereu et al. (2025). Figure 4 shows an
example of the combined use of those instruments for the eruptive activity of 21 September 2021 that produced
a weak and bent plume (Scollo et al., 2024). For this event, we estimate at approximately 08:10 UTC, a CH value of
about 10.9 + 0.25 km a.s.l. by the radar (Fig. 4a), of about 10.1 £+ 1 km a.s.l. by the satellite (Fig. 4b), at a distance of
about 70 km from the craters, and of about 8.7 + 0.5 km by the visible-camera (Fig. 4c).
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Figure 4. (a) Variation of the column height with time estimated by radar; estimation of the column height at about
08:10 UTC: (b) by satellite; (c) by visible calibrated camera.

Figure 5a shows the MER obtained using three different methods: the red curve using a model based on the
buoyant plume theory and assuming a mean wind velocity along the vertical section of volcanic plume (e.g. Degruyter
and Bonadonna, 2013), M-DB; the black curve (M-Radar) using the simplified mass continuity approach described
in the VARR (Mereu et al., 2015, 2022) methodology; the cyan curve using the divergence theory applied to thermal
camera frames (M-TIC) (Mereu et al., 2020, 2022). The cumulative curve shows the TM (Fig. 5b) obtained by integrating
by time the three different MERs. Note that we estimated the MER of particles that feed the eruption column and
not the total pyroclastic MER that could include all the particles that build the pyroclastic cone. The mean TM
is 1.4 x 109 kg, in full agreement with the values erupted during lava fountains at Etna (Scollo et al., 2009). From
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Figure 5. (a) (b) Application of multi sensor data approach for the Etna eruptive event of 21 September 2021.

satellite observations, the estimated total mass of the finest particles is 1.24 x 107 + 0.46 x 107 kg (21:40 UTC),
about 1% of TM. The M-DB method shows the largest MER retrievals because it is particularly sensitive to
the top plume height estimates, which can be influenced by the crosswind variability and by the consequent
plume bending. The M-TIC presents lower results with respect to other methods although consistent in terms of
order of magnitude with the M-Radar estimates, but significantly dependent on the estimate of the tephra exit
velocity (Mereu et al., 2022). These results are also confirmed by the cumulative mass estimates, as drawn in Fig. 5b.

4.2 Modelling and simulations

In this project, we used both TEPHRA2 and FALL3D models to simulate tephra dispersal in the atmosphere.
In particular, for TEPHRA, we further enhanced the simulator’s performance by reducing run times and saving the
output files in a hierarchical and standard structure, the NetCDF format. This new version also enables the automatic
creation of a textual report of the output, along with graphical representations. The TEPHRA2 model was tested and
calibrated using data from the deposit of some recent lava fountains (Mereu et al., 2025). Figure 6a shows the results
of the daily SPS simulations run at the INGV-OE surveillance system on 215t September 2021 (Scollo et al., 2024).
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Figure 6. Simulations of Strong Plume Scenario (SPS) (a) versus simulations using input parameters obtained by remote
sensing data of the 21 September 2021 (b).
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Figure 6b shows the simulations using CH and TM obtained from the remote sensing systems mentioned earlier.
Using ESP obtained by remote sensing observations, the volcanic plume has a clear eastern direction and does
not reach the Airport of Reggio Calabria. Moreover, the tephra deposit involves a smaller area. During crises, only
a qualitative evolution of the main area covered by the fallout is requested and, despite the differences, both
simulations require a similar management of the volcanic crisis for civil protection authorities.

Both TEPHRA2 and FALL3D models were applied to estimate the tephra mass deposited on the main road network
on the east-southeast flanks of Etna, during the lava fountains of 2021 (Mereu et al., 2025). The use of two numerical
models allows for the assessment of the epistemic uncertainty. We produced georeferenced estimates of tephra load
deposited on three different municipalities, (Milo, Santa Venerina and Zafferana), which were heavily impacted by
the tephra fallout. The ESPs were derived from the analysis of remote sensing data using the methods previously
described. Hundreds of simulations were conducted, leading to the production of tephra fallout maps. Figure 7a and
7b show the results of two simulations from the TEPHRA2 and FALL3D models, respectively, for the eruptive activity
on 12 June 2021. Figure 7c shows the QGIS displaying the tephra load on the roads (Mere et al., 2025).
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Figure 7. Simulations of 12 June 2021 using the (a) TEPHRA2 and (b) FALL3D mode. (c) Tephra load (kg/m?) for the Etna
explosive event on 28 February 2021, using the TEPHRA2 model. Tephra load is shown in red scale coloured in
function of the tephra thresholds on the road network of Milo, Santa Venerina and Zafferana Etnea municipalities,
from the paper of Mereu et al. (2025).

4.3 Hazard mapping

A methodological scheme for the hazard mapping is presented in Fig. 8a. Hundreds of TEPHRA2 simulations,
where wind variability was also explored, were carried out and results were analysed to produce long-term PVHA
through the BET VH model (Marzocchi et al., 2010), where the epistemic uncertainty is treated through Bayesian
inference and the result is a set of hazard curves at each grid point describing the best evaluation hazard, and its
uncertainty. To evaluate tephra probabilistic hazard from the paroxysmal activity, we first modelled the temporal
occurrence of those events into clusters. We then used the cluster model to build synthetic catalogues of paroxysmal
activity. To each synthetic paroxysm, we associated a set of ESP values that were sampled from the empirical
distributions built in Task 2.1, and a wind profile corresponding to the one contained in the dataset for that
synthetic date. We then simulated the expected tephra deposit with TEPHRA2 on a 500 m x 500 m grid covering
the domain shown in Fig. 8b. For lateral eruptions, we first modeled their temporal occurrence. For the summit
eruptions, the expected ground load at a given point was aggregated over 1, 3 and 5 years of exposure time, whereas
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for flank eruptions, the exposure times considered were 10, 30 and 50 years in agreement with the other hazards
in the project (lava flows and seismic events). Results were presented in Sandri et al. (2023) and their analysis is still
in progress with a dedicated paper on the realisation of hazard maps for Etna lava fountains. For lateral eruptions
we downgraded the spatial grid covered in Sandri et al. (2024) to assess the spatial probability of lateral vent
opening at Etna, originally at 200 m x 200 m, to 600 m x 600 m (in total we ended up with 3220 grid cells), to have
a computationally lighter problem. Then, we run simulations for each lateral vent position using the TEPHRA2 model,
again on the same 500 m grid as above (Fig. 8b). Each simulation was as long as the reference flank eruption occurred
in 2002-2003, and its daily MER was computed from the daily column height observed during that eruption (reported,
Andronico et al., 2008). For the wind, we used the INGV-OE daily weather data (Scollo et al., 2009) in the period
2007-2019. Each simulation used the reanalysis wind field for a random sampled period from the dataset, covering
a period of 65 days as in the 2002-2003 event. Each simulation was then weighted according to the spatial probability
of lateral vent opening in its specific spatial cell, and with the temporal probability of lateral eruption. The results
of TEPHRA2 simulations, separately for summit and lateral eruptions, were processed to obtain hazard curves on
the 500 m grid covering eastern Sicily to Calabria (Fig. 8b). The exceedance probability of tephra accumulation at
the ground over selected time windows, and for different load thresholds, were computed, considering a lateral
eruption with the main features of 2002-03 Etna eruption and considering the uncertainty on the wind and on the
spatial location of the lateral vent or fissure. Figure 8c shows, as an example, the exceedance probability of 5 cm of
ground tephra load from a lateral eruption over an exposure window of 10 years. These exceedance probabilities
were converted into annual rates to perform multi hazard analysis presented in this issue (Garcia et al., 2025) in an
illustrative example over the municipality of Milo (whose borders are shown in Fig. 8c).
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Figure 8. (a) Methodological scheme used to perform hazard mapping; (b) domain covered by the 500 m x 500 m grid used
for our simulations covering eastern Sicily to Calabria; (c) exceedance probability of 5 cm of tephra accumulated
at the ground in an exposure time window of 10 years, from a lateral eruption with the main features of the
2002-03 Etna eruption, considering wind variability and uncertainty on the vent position (with respect to the
computational domain of panel b, here we zoom over the edifice of Etna, and highlight in black solid line the
border of the municipality of Milo).
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4.4 Other activities

We also briefly describe additional improvements in the retrieval of eruption source parameters and modelling
approaches. These activities were carried out also in collaboration with other ongoing projects, further enhancing
the accuracy and applicability of our methods.

4.4.1 Improvement in the column height estimation

During the PANACEA project, we began designing a database of calibrated visible images, captured by the
INGV-OE cameras. The new database, named CIELO, is currently under development and covers the period between
2014 and 2022. The images were selected based on the VONA messages sent by INGV-OE, and include all instances
where the volcanic plume of Etna was visible. Each image was analysed to estimate the time-variation of the column
height for each explosive event and then incorporated into the database. In the future, the CIELO database could
be used to: (i) improve the understanding of explosive activities at Etna; (ii) validate new techniques for estimating
eruptive column heights; (iii) enhance eruption column modelling; (iv) achieve more precise estimates of the mass
eruption rate.

|
“% INGV-OE _J | . . “hNev-0E NIO_MNJ_JnMN

Catama C 1 . . i Catania (J J ~LJC ~C U

“% INGV-OE a . “k INGV-OE
Catania . . i Catania

Figure 9. Example of images that will be included into the database (under development).
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4.4.2 A new relationship between Mass Eruption Rate and Column Height estimated by radar

We analysed radar data from several Etna lava fountains between 2011 and 2021, identifying new radar-based
statistical relationships between the MER and the CH. These findings were published in Mereu et al. (2023). According
to this study, this relationship is:

Hyp(MER,v,,) = aef"wMERY

where v, represents the mean wind velocity between the Etna’s summit craters and CH. For Etna, the values of the a,
B, and y coefficients were derived by analysing 31 lava fountains with median values reported in Mereu et al. (2023).
This relationship can be easily applied to radar observations to quickly infer the MER by knowing the CH and v,,.
The method also allows for the estimation of the 16th and 84th percentile of the total mass which can be used to
assess the uncertainty in the tephra fallout (see details in Mereu et al., 2023). Figure 10 shows three simulations
of the tephra deposit from the eruptive activity that occurred on 4 March 2021, lasting one hour with a constant
hypothetical height of 11 km a.s.l. We use the 16, the 50th, and 84" percentile, to define an uncertainty range of
the estimated total mass.
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Figure 10. Application of the method proposed in Mereu et al. (2023) for a hypothetical eruption occurred on 4 March 2021
having a column height of 11 km. The results of the simulations were obtained considering the (a) 16th, (b) 50th
and (c) 84 percentile of the total mass.

4.4.3 Ballistic Impact

We also investigate the fallout of ballistics during Etna’s lava fountains. The aim is to develop a methodology
for estimating the area affected by the ballistic fallout in near real-time. For this, we tested and used a well-known
ballistic model named Eject! (Mastin, 2001). This trajectory calculator for ballistic clasts is freely available
online (https://theghub.org/resources/4543) and estimate the trajectory of bombs/blocks, the maximum distance
reached by the clast from the point of emission, the final fallout velocity, and the travel time (Mastin et al., 2001).
The model requires several input parameters, including the initial clast ejection velocity (m/s), the ejection
angle (degrees from horizontal), the vertical distance between the takeoff point and the landing point (m), the
characteristics of the particle (density in kg/m3 and diameter in cm), the air drag coefficient, the atmospheric
properties and the elevation of takeoff point (m a.s.l.). Following the approach described in Costa et al. (2023), and
recently applied in Reale Calafino et al. (2025), we assume that, during paroxysms, bombs can fall also within a path
starting from the volcanic vent up to the maximum height of the incandescent jet region (IJR) described in Mereu
et al. (2020). This assumption increases the elevation of the ballistic takeoff point, reaching greater distance from
the vent. We estimate the initial ejection velocity from the IJR height using Bernoulli’s law. Additionally, we include
the main particle features (e.g. equivalent diameter) measured on the field (e.g. Reale Calafino et al., 2025). Figure 11
shows the Eject! results applied for hypothetical events having features similar to the paroxysm of 23 February 2021.
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Eject! simulations for Etna event on 23-02-2021
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Figure 11. Application of the Eject! model using the proposed method in Costa et al. (2023), considering a bomb of 10 cm.

For the particle, we use a density of 600 kg/m3 as measured by Reale Calafino et al. (2025), and a hypothetical size
of 10 cm. Lastly, we assume an initial velocity of 150 m/s, an ejection angle of 45 degrees and a distance of landing
point below take off point 1000 mm, and two different drag coefficients.

5. Discussions

In this work, we present a review of the main activities carried out during the PANACEA project, which aimed
at improving the estimation of the hazard from tephra fallout at Mt. Etna, in Italy. We focus specifically on the
retrieval of ESPs using various remote sensing systems and applying different models to enhance the tephra fallout
hazard mapping. Etna is highly active, and during paroxysms, it generates high eruption columns and significant
tephra fallout that blankets the volcano’s flanks, causing various issues. For instance, such events often lead to the
closure of airspace around Catania airport, with several flights being diverted to nearby airports, such as Palermo
and Comiso. The abundant tephra fallout also damages infrastructure, and after these episodes, local authorities
frequently impose traffic restrictions. Speed limits are often reduced to 30 km/h, and the circulation of two-wheeled
vehicles, including bicycles, is prohibited to prevent accidents caused by ash-covered streets. Additionally, extensive
damages to crops, particularly on the eastern and southeastern slopes of Etna, are common, mainly for the prevailing
winds (Barsotti et al., 2010; Scollo et al., 2013). Fruits, for example, can be severely affected by tephra fallout,
either due to the impact of lapilli or abrasions to the peel. Given these impacts, improvements in the tephra hazard
assessments, as also developed in this paper, are an important measure to mitigate the effects of the volcanic activity.

Remote sensing data plays a critical role in the real-time characterization of volcanic plumes and clouds
(Mota et al., 2024). These data sources range from ground-based sensors (e.g., lidar, cameras, radar) to satellite-based
approaches, which are widely utilized due to their accessibility and comprehensive coverage (Mota et al., 2024).
When processed in near-real time, these data provide valuable support to volcanologists, helping to constrain ESPs
(Engwell et al., 2024) and identify eruptive scenarios, such as the WPS versus the SPS (Scollo et al., 2019). For example,
at Etna, visible calibrated images and satellite data are used to estimate the column heights. This information
is included in the VONA messages, which are sent to aviation authorities, including the VAACs.

In general, it is crucial to understand how different remote sensing techniques can be synergically combined
for a more comprehensive volcanic monitoring. Different sensors are suited to monitor different regions of the
volcanic plume and clouds. For example, visible calibrated cameras at Etna capture only the column height above the
vent whereas satellites can estimate the plume height even several kilometers away from the vent. However, since
various sensors are sensitive to different particle sizes, comparing their estimates is not always straightforward.
Some methods can be only made under precise conditions; for example, the darkest pixel method requires the
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volcanic plume to be optically thick (Scollo et al., 2019). For these reasons, we agree with Mota et al. (2024), on the
importance of employing multiplatform approaches when data are available. This strategy helps to overcome the
inherent limitations of individual remote sensing techniques, providing more robust and reliable observations.
Despite these limits, we emphasise that the use of remote sensing systems significantly enhances our ability to
improve the tephra fallout hazard assessment. In volcano observatories, daily simulations are performed using
a limited number of scenarios (Engwell et al., 2024). During volcanic crises, data from remote sensing systems can
greatly assist the volcanologists in identifying the most appropriate scenarios. At Etna Volcano Observatory those
data help to distinguishing between WPS and SPS and the results of the simulations are reported in the reports
provided to the Italian Civil Protection and available to the volcanologist on duty (https://www.ct.ingv.it/index.
php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/comunicati-attivita-vulcanica). Moreover, data from
remote sensing systems can expand the already existing dataset of ESP (Aubry et al., 2021), enabling more reliable
hazard mapping (Sandri et al., 2023). Data from remote sensing systems can substantially improve these simulations
by providing more accurate constraints on the results. However, reducing uncertainty in the ESP estimations
remains a critical challenge. For instance, Fig. 10 shows that the uncertainty in the total mass is still considerable.
We believe future efforts should focus on improving the retrieval techniques from remote sensing systems. This can
be achieved through a continuous comparison between model results and field data, enabling advancements
in our understanding of physical processes that govern eruption columns, volcanic plume and cloud dispersal and
tephra fallout. To this end, we plan to conduct new comparisons among the computed results, using ESP obtained
from remote sensing, and field data collected during the most recent volcanic crises at Etna. Currently, simulations
of WPS or SPS are used by the on-duty volcanologists to quickly identify the most likely areas affected by fallout,
without quantifying the tephra load deposited on the ground, that is quantified later by field campaigns. Perhaps
in future, data assimilation techniques (Mingari et al., 2022) could be used to give more reliable tephra deposit loads,
including that information in the communication to the authorities.

Finally, updating new procedures is still needed. For example, although large clast and ballistic simulations
have recently been tested, they have not yet been incorporated into communications. We hope that, in the future,
these components will be integrated into operations, along with robust uncertainty estimates for both modeling
and observational data.

Data availability statement. Images and analysis can be requested of the author.
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