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Abstract: The Experiment to Study Thunderstorm High-Energy Radiation (ESTHER) is a small
project of the Italian National Institute for Astrophysics (INAF), devoted to the study of high-energy
emissions from thunderstorms, such as Terrestrial Gamma-ray Flashes and gamma-ray glows, which
will start in 2024. In order to reduce the absorption typically undergone by gamma-ray radiation in
the lower layers of the atmosphere and make these events detectable on the ground, the ESTHER
set-up will be installed at high altitudes on Mt. Etna (Italy). We carried out a detailed analysis of
lightning occurrence in this geographic region in order to test how suitable such a location is for the
installation of a detection system to investigate thunderstorms and related emissions. The analysis
pointed out a strong clustering of lightning in the proximity of the mountain peak and over the main
volcano craters, where the frequent presence of volcanic ashes could increase, under the conditions of
humid air typical of thunderstorms, electrical conductivity. An estimate of the gamma-ray absorption
in the air undergone by typical TGF radiation allowed us to evaluate the suitability of two possible
installation sites suggested for the project. This study represents a preliminary work for ESTHER and
serves as a launching pad for future analyses.

Keywords: terrestrial gamma-ray flashes; lightning; thunderstorm; high-energy radiation; volcano

1. Introduction

In recent years, the detection of Terrestrial Gamma-ray Flashes (TGFs) and other
thunderstorm-related high-energy emissions by ground facilities has been frequently re-
ported. Many installation sites, equipped with gamma-ray instrumentation, allow for the
detection of TGFs, gamma-ray glows, reverse positron-beam TGFs, and neutrons at low
altitudes, which are produced during lightning events [1–16]. To date, the largest fraction of
detected TGFs have been revealed from space through low Earth orbit satellites (∼500 km
altitude) devoted to high-energy astrophysics, endowed with detectors for high-energy
radiation. However, the high absorption and attenuation experienced by this radiation
traveling in the atmosphere affects the overall temporal profile and energetics of the events
detected from space. In recent times, in situ measurements, carried out either via ground-
based facilities or airborne instruments flying near thunderstorms, are becoming much
more important and interesting in better characterizing the features of TGFs and glows and
their occurrence.

TGFs and gamma-ray glows provide a unique opportunity to study high-energy
phenomena on Earth. In particular, ground-based observations of TGFs can integrate
data obtained from space-based instruments, leading to a more comprehensive under-
standing of TGFs and the associated phenomena. However, with respect to space, the
detection of TGFs from the ground can be challenging for several reasons: (1) Detecting
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TGFs from the ground would imply a propagation of the gamma-ray radiation in the
lowest-altitude, highest-density layers of the Earth’s atmosphere, which heavily absorb
and attenuate high-energy radiation. Placing the instrumentation at higher altitudes, such
as on mountains at 2000–4000 m, could reduce this issue. (2) Regarding TGF beamed
emissions, which benefit from a broader perspective, ground-based detectors have a lim-
ited field of view with respect to space-based instruments. (3) At shorter distances from
the TGF source, the duration of events could be even shorter, requiring instruments with
extremely fast electronics. (4) Ground-based detectors are affected by a constant environ-
mental radiation background that can hamper the clear identification of transient events
above the background noise. (5) Installation sites at high altitudes could be affected by
prohibitive environmental conditions, and the instrumentation could be difficult to manage
and maintain.

Recently, TGFs have also been detected from space during the massive eruptions of the
Hunga Tonga–Hunga Ha’apai submarine volcano that occurred in 2022 [17]. These violent
eruptions developed an extremely tall volcanic ash plume extending up to stratospheric
heights, which led to the production of a large number of electrostatic lightning discharges
with intense currents. The Fermi satellite was capable of detecting a TGF event produced
by one of these discharges directed upward.

It is well known that volcanic eruptions can produce lightning, which arises within the
volcanic plumes from the collision and fragmentation of particles, such as volcanic ashes
and ice, leading to the production of so-called “dirty thunderstorms”. Several mechanisms
could be involved in the production of volcanic lightning, such as triboelectric frictional
charging, fractoelectrification, and ice charging [18]. However, the persistence of one or
more ash columns above a volcano’s main craters, even long after the most explosive
phases of the eruptions, may constitute favored conductive paths for discharging during
thunderstorm episodes taking place within that region: as reported in [19,20], although
volcanic ash is basically an insulator, the presence of soluble salts (e.g., chlorides, fluorides,
and sulfates) that attach to ash grains, under an atmospheric condition full of moisture, such
as that of a thunderstorm, might make these salts melt, resulting in ionic conductive paths.
From this perspective, a volcano represents an interesting location for the investigation of
thunderstorms and high-energy radiation from lightning, as it offers both a high-altitude
context, ensuring limited gamma-ray absorption in the atmosphere and acting as a natural
trigger for lightning discharge.

2. The ESTHER Project

The Experiment to Study Thunderstorm High-Energy Radiation (ESTHER) project
is a low-budget project funded by the Italian National Institute for Astrophysics (INAF),
devoted to the study of gamma-ray emissions produced during thunderstorms. It consists
of the design and installation of a portable instrument consisting of a gamma-ray detector
and a VLF/LF radio receiver. The gamma-ray detector is a NaI (Tl) 3′′ø × 3′′h scintillator
coupled to a PMT, sensitive in the hundreds keV–few MeV energy range, that acquires
high-energy photons with a ∼µs time resolution. The radio receiver is sensitive in the
20–250 kHz (centered at ∼50 kHz) range, consisting of an antenna with 2 H-field channels
(N–S and E–W) and 1 E-field channel (omnidirectional). The acquired waveforms are
digitized to 12 bits at 3.125 MSPS, with GPS absolute time accuracy. The radio receiver
serves to identify on-time thunderstorms approaching the installation site, allowing one to
switch on the high-time resolution acquisition of gamma-ray data, as well as temporally
associate parent lightning in the case of TGF detection. The ESTHER set-up is thought of as
modular, and it can be easily extended by installing other gamma-ray detectors or antennas.

ESTHER is planned to be installed on Mt. Etna, Italy. The high-altitude installation
site will increase the probability of ground detection of TGFs and gamma-ray glows due to
the lower attenuation undergone by gamma-ray radiation traveling in the higher-altitude,
lower-density atmospheric layers. Moreover, the volcanic activity affecting this geographic
region and the frequent presence of volcanic plumes may likely favor the production
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of electric discharges during thunderstorms. Although being thought of as a portable
detection system, which may also work for some hours with an independent power sup-
ply, the ESTHER set-up requires an electrical current and a network connection to work
in nominal mode and carry out long-lasting surveys. However, the highest part of Mt.
Etna is an inhospitable environment made of igneous rocks from previous lava flows
and frequently affected by new lava flows during volcanic eruptions. As a consequence,
anthropic structures above 2000 m are few and lay in particular positions that guarantee
a safe spot (i.e., hills preventing structures from being submerged by lava flows). Two
possible installation sites have been identified for the ESTHER set-up so far: the Osservato-
rio Etneo (OE) “Pizzi Deneri” https://www.ct.ingv.it/index.php/organizzazione/altre-
sedi/osservatorio-di-pizzi-deneri (accessed on 6 November 2023) of the Italian National
Institute of Geophysics and Volcanology (INGV) at 2816 m a.s.l. and the Rifugio Citelli
(RC) https://www.cai.it/sezione/catania/i-rifugi-della-sezione/rifugio-salvatore-citelli/
(accessed on 6 November 2023) of the Italian Alpine Club (CAI) at 1741 m a.s.l. Both
sites are shown in a Google Earth image in Figure 1, where their location and distance
from the mountain top can be noticed. Due to the prohibitive environmental conditions
encountered at the higher altitudes of Mt. Etna (especially due to strong winds carrying
abrasive ashes that may move or damage the instrumentation), if installed at the OE, the
ESTHER gamma-ray detector is planned to be placed behind one of the main windows of
the building, directly pointing toward the volcano’s top. In this case, only a relatively thin
glass slab would separate it from the outside, thus not preventing gamma-ray propagation
and detection. However, if installed at RC, the detector is planned to be placed outside the
shelter and inside a watertight aluminum case, directly facing the volcano.

The ESTHER project takes advantage of the long-term experience in TGF studies
achieved with the AGILE satellite [21–23] and with the Gamma-Flash program [24–26].
Moreover, it is worth mentioning that it offers the interesting side opportunity of monitoring
environmental high-energy background spectrum variations before, during, and after
volcanic eruptions, from a favored point of view.

The ESTHER set-up is currently under calibration in the laboratory, and the project
is expected to start in spring 2024. Once operational, it will be the second Italian project
devoted to the study of high-energy radiation from thunderstorms and one of the few
projects around the world for the study and investigation of TGFs and gamma-ray glows
from the ground.

Figure 1. Left: ESTHER installation site represented on a geographic map of Italy (red star). Right: a
Google Earth detail of the possible installation sites: the Osservatorio Etneo (2816 m a.s.l.) and the
Rifugio Citelli (1741 m a.s.l.).

3. Lightning Distribution at Mt. Etna

In order to establish whether Mt. Etna is a suitable location for the installation of a
detection system to reveal thunderstorm-related high-energy radiation, it is fundamental
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to evaluate the lightning occurrence in that geographic region. We investigated the typical
lightning occurrence in the surroundings of Mt. Etna, within ∼10 km of the mountain top
(N 15.00◦, E 37.75◦). Panels (a) and (a1) of Figure 2 report the Mt. Etna altitude profile and
the details of it, respectively. In panel (a1), the main craters of the volcano are reported, with
their Italian names: Nord Est (North East), Bocca Nuova and Voragine (New Mouth and
Hole), and Sud Est (South East), together with the contour lines corresponding to different
heights. The two stars represent the Osservatorio Etneo (OE; N 37.765802◦, E 15.016571◦)
and the Rifugio Citelli (RC; N 37.765165◦, E 15.059647◦) geographic locations.

Figure 2. (a) Altitude profile of the Mt. Etna region, with contour lines and the location of the
main volcano craters and (a1) a zoom of it. The Etna Observatory (OE) and the Rifugio Citelli (RC)
installation sites are marked with stars. (b) Distribution of the IC flashes that occurred in the same
region and (b1) a zoom of it. (c) Distribution of the CG flashes that occurred in the same region and
(c1) a zoom of it. It can be noticed a clustering of lightning at the top of Mt. Etna, in proximity to the
main craters, for both flash categories.

For the study of lightning activity, we made use of data acquired by the Lightning
Network (LINET) [27], a European lightning detection network, managed by nowcast
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GmbH, capable of revealing radio sferic waves emitted by lightning strokes in the VLF/LF
range (3–300 kHz). Its radio stations are located all over Europe, thus allowing for thick
coverage of the whole continent. Each radio station is equipped with an antenna measuring
the lightning magnetic field flux, a GPS clock with a <100 ns time resolution, and modules
for signal amplification, ADC conversion, and data processing.

The LINET network provides spatial localization with a mean accuracy of ∼75 m and
an overall mean efficiency of ∼4 kA (98%). Moreover, LINET can discriminate between
Intra-Cloud (IC) and Cloud-to-Ground (CG) flashes by means of their current intensity
and delay among different radio stations. The network system takes advantage of the fact
that CG flashes typically emit sferics at lower altitudes, near the ground, with respect to IC
flashes, which produce VLF radiation inside clouds, at a given height. Making use of the
Time of Arrival (ToA) method, LINET adopts a specific 3D algorithm, providing information
on both the horizontal extent of the event and its vertical displacement, reconstructing for
the ICs an estimated average height of the lightning flash. We point out that the evaluation
in the ToA could be affected by the ground conductivity and the terrain orography and
profile. For this reason, the presence of a dedicated VLF antenna, such as that of the
ESTHER set-up, would be useful to provide an independent measurement of VLF signals
in the surroundings of the installation site.

We selected the time interval from June 2014 to December 2020 as the period of interest.
During this time interval, the LINET network detected 12,343 strokes, occurring within
10 km of the mountain peak. For 402 days out of a total number of 2405 analyzed days,
lightning was detected via LINET in the region of interest, corresponding to an occurrence
rate of about ∼17% of the time. In comparison, the location chosen for the Gamma-Flash
ground-based detection system on Mt. Cimone (2200 m a.s.l.) exhibited a flash occurrence
rate of ∼7% of the time.

As expected from typical lightning activity, the discharges tend to exhibit a higher
rate during the hottest period of the year, with lower production during winter months, as
shown in Figure 3a for ICs (blue), CGs (red), and both of them (white).

By exploiting the capacity of the LINET network to discriminate among different
types of lightning, we found out that 9879 flashes constituted CGs and 2464 constituted
ICs. Panels (b) and (b1) of Figure 2 report the IC flash distributions in the same geographic
region of the previous plots. A clear clustering of lightning discharges at the mountain top
is evident, with two main spots in the proximity of the volcano craters (one on the Nord
Est + Bocca Nuova + Voragine, and one on the Sud Est). This peculiar behavior could be
ascribed to the presence of volcanic plumes, which may provide a preferential conductive
path for the lightning discharges during thunderstorm episodes. Panels (c) and (c1) of
Figure 2 show the CG lightning distribution in the same region. Furthermore, in this case, a
significant clustering of flashes near the mountain peak can be seen, pouring toward the
northern part of the top, probably due to orographic reasons. The presence of a cable car
could also be partially responsible for such clustering. The return stroke peak currents of
these flashes, as reconstructed via LINET, mostly range within −50 and +50 kA, peaking
at about ±7.5 kA, depending on the polarity, as shown in Figure 3b for both ICs and CGs.

The peculiar distributions of lightning discharges are better displayed in Figure 4 as
3D scatter plots. In both panels, the altitude profile of Mt. Etna is reported, together with
the geographic location of the Osservatorio Etneo (OE, black star). It can be noticed that
CG flashes (red crosses) are concentrated on the mountain top, whereas IC flashes (blue
triangles) cluster in a thick column right above the volcano’s main craters, which is possibly
favored due to the presence of volcanic plumes.
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Figure 3. (a) Normalized monthly distribution of the lightning discharges that occurred in the Mt.
Etna geographic region (within 10 km of the peak). Both CG (red) and IC (blue) fractions of events
are reported, together with their sum (white). A higher rate of events during the summer months
is evident, especially in August for the CGs. (b) Normalized distribution of the reconstructed peak
currents for the same lightning strokes, for both CGs (red) and ICs (blue).

Figure 4. Distribution of IC (blue triangles, left) and CG (red crosses, right) lightning discharge
events that occurred at Mt. Etna (2014–2020). In both plots, the black star represents the Osservatorio
Etneo (OE). There is a clear clustering of CG flashes on the mountain top, as well as a thick column of
IC flashes occurring right above the main craters.
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In order to quantify the occurrence of lightning discharges in the Mt. Etna region,
we evaluated histograms of the IC (blue) and CG (red) flashes’ radial distance from the
installation site and altitude with respect to the sea level. For this analysis, we selected
the mountain top as a reference point (N 37.75◦, E 15.00◦) and evaluated a radius area of
10 km around it. These histograms are shown in the right part of Figure 5. The dashed
circumferences delimit areas of 2 km radius from the mountain top. Both IC and CG
distributions exhibit similar behaviors, with a sharp peak within 2.0 km of the center. This
peak corresponds to the cluster of events on (and over) the mountain top, which can be
seen in the top plots, circumscribed by the dashed circumferences. For both IC and CG
distributions, these events constitute about 15% of all lightning events taking place within
10 km of the top. This fraction is huge, as all these events are included within an area of
only 12.6 km2. However, the remaining analyzed surface, accounting for 85% of the events,
subtended within radii of 2 km and 10 km, is 28,952 km2, meaning that near the mountain
top, the flash density is about 40 times that of the surrounding region, for both IC and CG
lightning events.

The bottom right panel reports the distribution of the heights of the detected IC and
CG flashes. The CG reconstructed altitude corresponds to the ground elevation at the
point where the lightning stroke hit the ground, with all flashes occurring from a minimum
height of ∼1000 m a.s.l. to a maximum height of ∼3300 m a.s.l. (Mt. Etna’s altitude). From
panel (c) of Figure 2, reported in the bottom left, we know that CGs cluster within the
contour lines of 2500–3000 m. As a consequence, those events are mostly included in the
last two bins of the CG histogram. The IC altitude profile does not show peculiar features,
involving all heights between the mountain top and 20 km. A slight step can be noticed at
a height of about 15 km, which is due to the fact that LINET’s sensitivity changed over the
years, and a 15–20 km range sensitivity was adopted for a limited amount of time.

Figure 5. Left: IC (top) and CG (bottom) lightning distributions. The dashed lines circumscribe the
area within 2 km of the mountain top (N 37.75◦, E 15.00◦). Right: histograms reporting the fraction of
flashes taking place at a given distance from Mt. Etna’s peak (top) and a given altitude with respect to
the sea level (bottom). The dashed line in the distance distribution corresponds to the circumscribed
area of the left plots.
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4. Lightning Clusters on Mt. Etna’s Peak

As illustrated in Section 1, volcanoes represent interesting locations for the occurrence
and study of lightning. On the one hand, volcanic eruptions may trigger lightning during
the most explosive phases of the eruptions by means of different production mechanisms
(e.g., frictional electrification, fractoelectrification, and ice charging) [18]. On the other
hand, the persistence of ash plumes over craters, even long after the main stages of volcanic
eruptions, might favor electrical discharging, under the conditions of a humid atmosphere,
as is present during thunderstorms. It is interesting to estimate the fraction of lightning
activity on Mt. Etna, as revealed via LINET, that is produced during the eruption phases
or thunderstorms. This would help in understanding whether volcanic lightning could
reach, for some particularly energetic eruption episodes, intensities detectable by the
lightning network.

We considered an area of 2 km around Mt. Etna’s top, as reported in the left panels of
Figure 5, which includes the IC and the CG lightning clusters. This allowed us to select
the most active regions on Mt. Etna and distinguish between the discharges occurring in
the peak activity region Ain (within 0–2 km) and outside of it Aout (within 2–10 km). We
studied the occurrence rate of CGs and ICs over time for both Ain and Aout. If the lightning
discharges occurring within the region Ain were produced by volcanic eruptions, we would
expect no further lightning activity in the surrounding Aout region, as the discharges would
be all produced by the explosive event nearby the main craters. On the contrary, if the
discharges within Ain were produced during thunderstorms, we would expect the outer
Aout area to be affected by lightning.

For both CGs and ICs, whenever lightning discharges were recorded within their
respective Ain areas, lightning activity was also present in the outer Aout regions, proving
that these events are ascribed to normal thunderstorms taking place at Mt. Etna. The
strong clustering near and over the main volcano craters should therefore be ascribed to
the mountain peak and orography, as well as the possible presence of ash columns favoring
the electrical discharge. Nevertheless, no sferics were recorded via LINET during the Etna
explosive eruption of 3 December 2015, when intense volcanic lightning was reported. The
potential volcanic lightning events that occurred during explosive eruptions were probably
too weak to produce electrical currents capable of emitting sufficiently intense VLF radio
waves to be revealed by the LINET network.

5. Estimate of TGF Detectability at Mt. Etna

Once established that Mt. Etna is affected by frequent and intense lighting activity,
we evaluated the detectability of possibly emitted Terrestrial Gamma-ray Flashes (TGFs)
from the two proposed installation sites (i.e., OE and RC). We followed the same approach
already adopted in [24] for the estimate of the TGF detectability region in the surroundings
of the Gamma-Flash experiment installation site.

Although Section 3 pointed out that the whole Mt. Etna area is affected by lightning,
in the following section, we will provide a particular remark on the IC and CG clustering
zones, where the highest fraction of discharges take place, considering them as the most
likely TGF production regions.

We assumed n potential TGF sources located in the volume all around the installation
site, at a fixed position within a grid ranging up to an L = 8 km ground distance and a
H = 10 km altitude a.s.l., at steps of 300 m. Each TGF is assumed to produce N = 1017

initial gamma-ray photons with a typical TGF energy spectrum, as described by [28]. TGFs
are thought to be beamed emissions of gamma-rays, with half-angles mainly compatible
with 30◦–40◦, as reported in [29]. We point out that such estimates have been carried out
considering TGFs detected from space; however, at shorter distances from the TGF source,
the beaming emission angles could be smaller. TGFs emitted within large cones would be
geometrically more likely to be intercepted by a detector field of view but energetically
less easy to reveal due to the substantial softening of their gamma-ray flux. However,
TGFs produced within narrower emission cones would be geometrically less likely to



Atmosphere 2023, 14, 1823 9 of 13

be intercepted by a detector field of view but energetically easier to reveal due to their
higher intensity and harder energy spectrum. In order to evaluate different beaming
configurations, we assumed gamma-ray emissions constrained within semi-apertures of
α = 15◦ or α = 40◦. All TGF emission cones are considered to point directly toward the
installation site in order to test the best source–target configuration. Adopting the same
method used in [24] and considering the average attenuation undergone by gamma-ray
radiation in the air for the considered energies, we evaluated the number of surviving
photons at the installation site for each TGF source of the grid.

A first survey at the Mt. Etna OE and RC sites allowed us to carry out some preliminary
evaluations of the average high-energy environmental background encountered in such
locations, which turned out to be equal to a rate of ∼200–300 Hz, depending on the time
of day and location (OE or RC, inside or outside the structure). Considering millisecond
timescales, which are more suitable for TGFs, this translates into ∼0.2–0.3 counts/ms. We
know that during precipitation and thunderstorm events, such rates could temporarily
rise due to the gamma-ray activity produced by 214Pb and 214Bi (daughters of atmospheric
222Rn) collected and brought to the ground by rain droplets [30]. We considered a cylinder
detector with a radius of 3′′ (as that used for ESTHER) as the target surface. We used both
the OE and RC as target points for this analysis to highlight the main differences among
these two possible installation sites.

The upper panel of Figure 6 reports the distribution of IC+CG lightning discharges
that occurred in the Mt. Etna region. In the plot on the left, the two dashed circumferences
correspond to distances of 2.0 and 4.0 km from the OE, respectively, including the peak
lightning activity area. The right plot shows the same concept but from the RC site. The
gray lines connect the installation sites with the centers of the flash clusters located at
the top of the volcano. In the bottom plots, we reported the detectability regions around
the installation sites, for OE (left) and RC (right) and TGF emission cones with α = 40◦

(second row) and α = 15◦ (third row). The detectability regions go from a maximum
number of surviving photons of 106–108 (depending on the site angle configuration) to the
minimum accepted threshold of one photon. The gray profile in the bottom part of the
plots represents the elevation profile along the gray lines of the top panels. The dashed
vertical lines correspond to the 2.0–4.0 km (left) and 6.5–8.5 km (right) distances from the
respective installation sites.

As expected, smaller emission angles translate into a higher survival of the high-
energy photons from the source to the target due to the more concentrated and intense
configuration of the beam. It can be noticed that the OE site offers a better solution for the
installation of the ESTHER set-up, given its closer proximity to the volcano’s peak, which is
strongly affected by lightning activity, and the higher altitude location, where gamma-ray
attenuation is weaker. For both α = 15◦ and α = 40◦, a detector placed at the OE would be,
in principle, capable of revealing a TGF originating within the higher occurrence region
of 2.0–4.0 km from the site. We remark that this analysis was performed considering an
average TGF releasing 1017 photons, and these estimated detectability volumes around the
installation sites may be wider (in case more photons are emitted at the source) or smaller
(in case fewer photons are emitted at the source). Another point to be taken into account
is that the detectability volumes estimated in this analysis include all TGF configurations
that, in principle, are capable of producing at least one survived count in the gamma-ray
detector. However, in order for an event to be clearly distinguished above the background
rate, we shall require a larger number of counts. On a TGF timescale of 1 ms, the typical
background rate at Mt. Etna is equal to λ = 0.2–0.3 Hz. Considering that the probability of
observing a certain number of events n in a given bin is described by a Poisson distribution
P(n) = e−λ ·λn

n! , we shall require that a single TGF release at least three counts within 1 ms to
have a significance of at least 3σ above the background rate or six counts for a significance
of 5σ. This would resize the amplitude of the detectability region around the target detector.
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Figure 6. First row: distribution of both IC+CG (violet) lightning discharges in the Mt. Etna
geographic region. The dashed lines circumscribe the peak activity area, which lies within 2.0–4.0 km
of the OE (left) and 6.5–8.5 km of the RC (right). Second and third row: detectability volumes around
the OE site (left) and RC site (right) for different TGF emission angles. The vertical dashed lines
correspond to 2.0–4.0 km (left) and 6.5–8.5 km (right) from the respective installation sites. The
gray solid lines link the installation sites to the most active lightning regions on Mt. Etna’s top, the
elevation profile of which is shown in the bottom plots, delimiting the ground (gray areas).

We point out that lightning activity also exists in the intermediate region between the
RC and the mountain peak, so even a detector placed at the RC site could be, in principle,
capable of detecting TGFs if these are produced at closer distances. Although less suitable
for TGF detection, the RC location shall not be ruled out. Both installation sites can be
exploited at different times of the project: the RC can be used to measure initial data at
the beginning of the project, serving as a test phase. Furthermore, a possible integration
and extension of the ESTHER set-up, such as adding further gamma-ray detectors and/or
radio antennas, could allow it to perform simultaneous monitoring of the same geographic
region from different points of view.
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6. Conclusions

Studying TGFs can provide valuable insights into the complex processes occurring
within thunderstorms and lightning, helping to shed light on the fundamental physics of
high-energy particle interactions in Earth’s atmosphere. Detecting TGFs from the ground
is crucial for advancing our understanding of atmospheric and high-energy physics, as
well as studying lightning and thunderstorms and contributing to broadening our scientific
knowledge about this phenomenon.

The Experiment to Study Thunderstorm High-Energy Radiation (ESTHER) is a low-
budget project of the Italian National Institute for Astrophysics (INAF) that will be installed
on Mt. Etna, Italy, starting in 2024. Its aim will be the investigation of high-energy radiation
(i.e., TGFs and gamma-ray glows) produced during lightning. The peculiar location,
frequently affected by the presence of volcanic ash plumes extending above the mountain
top, could make lightning production more likely during thunderstorms, as well as possibly
during the most explosive phases of volcanic eruptions, thus increasing the probability of
producing associated high-energy emissions.

An extensive analysis of the lightning activity in the Mt. Etna geographic region, using
the Lightning Network (LINET) data across the 2014–2020 time interval, allowed us to
point out a clear clustering of Cloud-to-Ground (CG) discharges in the proximity of the
mountain peak, as well as Intra-Cloud (IC) ones right above the volcano’s main craters. This
peculiar behavior is possibly ascribed to orographic reasons and to the frequent presence of
volcanic plumes or ashes above the volcano’s top, which creates a favorable conductive
path for discharges, thus promoting natural lightning activity. However, we rule out that
this clustering is due to volcanic lightning, as for all the flashes revealed by LINET, a
thunderstorm was taking place with lightning activity of interest over the surrounding
region, though with a lower flash rate.

An estimate of the expected gamma-ray attenuation in air, following an approach
already adopted for the Gamma-Flash program, allowed us to evaluate the best accessible
installation site on Mt. Etna to ensure Terrestrial Gamma-ray Flash (TGF) detection. In
particular, the Osservatorio Etneo “Pizzi Deneri” of the Italiana National Institute of
Geophysics and Volcanology (INGV), located at 2816 m a.s.l., would allow the ESTHER
set-up to lie only 2.7 km from Mt. Etna’s peak, which is strongly affected by lightning
activity. The close proximity of this site to the main craters and its high altitude would
reduce the gamma-ray attenuation experienced by gamma-ray radiation traveling in the
air, thus enhancing the probability of detection at the target point.

This study serves as a starting point for the ESTHER activities, confirming the Mt.
Etna location as a very suitable site for the occurrence of lightning and the investigation of
related high-energy emissions.
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