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Abstract

Global Navigation Satellite Systems (GNSS), originally developed for posi-
tioning and navigation, are now widely used for ionospheric sounding. Due
to the dispersive nature for radio waves, the ionosphere affects the GNSS
signals as a function of its electron density. By this condition the total elec-
tron content (TEC) of the ionosphere can be estimated from GNSS data.
TEC fluctuations can be related, from above, to space weather dynamics or,
from below, to geodynamic events and then GNSS-TEC applications repre-
sent an innovative technique to improve the studies on natural hazards.
Volcanic eruptions perturb the atmosphere by changing temperature, pres-
sure and density of the surrounding air. In particular, the thermodynamic
forcing from explosive eruptions can generate acoustic-gravity waves that,
due to the exponential decrease in air density and to the conservation of
kinetic energy, propagate upward until to reach the electron density layers
of the ionosphere. The match between the acoustic-gravity waves and the
ionospheric layers induces electron density oscillations affecting the satellite-
receiver line of sight of GNSS. This type of oscillations can be visualized
in terms of TEC fluctuations that are called co-volcanic ionospheric dis-
turbances (CVIDs) and they represent a key observational signature of the
coupling processes between lithosphere, atmosphere and ionosphere.
Based on the GNSS-TEC application, the coupling processes between litho-
sphere and ionosphere have been studied into regional scale at Mt. Etna
(Italy). Leveraging a dense and proximal GNSS network around the vol-
cano, co-volcanic ionospheric disturbances are observed during three large-
scale lava fountains that occurred on April 12th 2012, December 4th 2015 and
July 4th 2024. The associated TEC perturbations occur in the near field,
within 300 km of Mt. Etna, with an estimated apparent velocity around
200 m·s-1 and dominant frequency around 1 mHz. The spectral signature
is consistent with the propagation of internal gravity waves, by suggesting
that the paroxysmal activity of Mt. Etna is coupled with the ionospheric
electron density layers through the lower-middle atmosphere. The results
provide an unprecedented spatiotemporal characterization of CVIDs at Mt.
Etna based on GNSS observations. Differences in signal travel times among
the investigated events suggest that lower-middle atmospheric dynamics,



including background wind conditions, may significantly modulate the iono-
spheric response to the explosive activity of Mt. Etna. The observed CVIDs
seem to be typical for Mt. Etna, in such a way that these findings provide a
potential GNSS-TEC framework to implement the monitoring of Mt. Etna
and the characterization of the lithosphere-atmosphere-ionosphere coupling
processes at the regional scale.
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Chapter 1

Introduction

From volcanology to the upper atmosphere physics, by the support of the
remote sensing, the study of the effects into the atmosphere induced by
volcanic eruptions represents an important test field for the current tech-
nologies. The exponential progress of the informatics and of the electronics
of the last 50 years provides nowadays the chance to carry out scientific re-
search by cloud-based databases from (and for) different areas of the Earth.
The main aim is to implement the knowledge on the natural hazards by
the integration of innovative approaches inspired by the multidisciplinary
research.
The solid Earth (e.g. lithosphere, internal structure) and the fluid Earth
(e.g. hydrosphere, atmosphere) are two open systems exchanging energy
continuously at their interfaces. Worldwide seismic signal observations high-
light the continuous excitation of normal modes, noted as “hum”, and their
sources are located at the ocean mainly and in the atmosphere partially. The
atmospheric component is able to excite the spheroidal modes of the solid
Earth 0S29 and 0S34, corresponding to periods of 237 (∼ 4.4 mHz) and 270
(∼ 3.7 mHz) seconds, respectively [73, 103]. These types of seismic signals
are observed not only from earthquakes but from volcanic eruptions also, as
the effect of the acoustic resonance between the wave frequencies released in
atmosphere, by the volcano, and the normal modes of the atmosphere itself
[28, 90]. The phenomenon is the generation of atmospheric oscillations being
reflected from the ground to the sky and vice versa. Due to this ground-
air interaction, noted as “coupling”, the earthquakes, volcanic eruptions,
tsunamis, typhoons and any other type of energetic dynamic can release
energy sufficient to perturb the lower and the upper atmosphere by differ-
ent coupling processes. The coupling is named with respect to the point of
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the source. If the source is below the atmosphere, we are talking about the
Lithosphere-Atmosphere-Ionosphere Coupling (LAIC); if the source is above
we are talking about the Magnetosphere-Ionosphere-Lithosphere Coupling
(MILC). The current efforts in the LAIC/MILC studies focus on the near
real-time ionospheric detection of natural hazards, ionospheric precursors,
source localization, source identification and coupling modeling [4, 18, 59,
79, 96]. In this context, the volcanic eruptions are among those sources
that can generate atmospheric perturbations by thermodynamic and elec-
tromagnetic coupling processes [44, 78].

1.1 The ionospheric volcanology

The ionosphere is the ionized portion of upper atmosphere that is fundamen-
tal for telecommunication since it is a dispersive medium for radio waves.
This means that different information of the ionosphere can be retrieved as
a function of the radio frequency. The Low Earth Orbit (LEO) satellites
perform in-situ measures of the ionosphere, while ground-based instruments
as HF-Doppler sounder, ionosondes, Over-The-Horizon (OTH) radars make
the most since the radio frequency dependence from the electron density
variations in the ionosphere. Starting from ’90s, the Medium Earth Orbit
(MEO) satellites are used to study the ionosphere. Based on the dual-
frequency structure of the broadcast signal, phase-code differential varia-
tions due to the ionospheric refraction of the radio-transmitted waves are
observed [60]. Nowadays, the Global Navigation Satellite Systems (GNSS)
are based on MEO satellites offering a coverage for the point positioning
of any area of the Earth’s surface, by providing time and geographical co-
ordinates continuously 24/7. The geometry-free linear combination of the
GNSS observables provide estimations of the total electron content (TEC)
of the ionosphere, and TEC oscillations are observed after energetic natural
events occurring at the ground-air and sea-air interfaces. The ionospheric
monitoring represents an innovative technique to detect volcanic eruptions
by remote, and different studies are carried out to find time-space corre-
lations between the TEC fluctuations and the magnitude of the eruptions
[62]. In this way, the ionospheric detection of volcanic eruptions implies the
study of the coupling processes between the lower (neutral) and the upper
atmosphere (ionized) by opening new perspectives for satellite applications.
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1.2 The Co-Volcanic Ionospheric Disturbances

Contrarily to an earthquake or a tsunami releasing energy only into the air,
the volcanic eruption generates a hot plume intrusion in the atmosphere re-
leasing mass of tephra and kinetic energy due to the magma fragmentation.
Mass-energy transfer processes occur during the convective rise of the erup-
tion column by changing temperature, pressure and density of the crossed
local atmosphere. The thermodynamic pulse can perturb the surrounding
air in such a way to generate acoustic-gravity waves (AGWs). The acous-
tic component propagates at smaller wavelengths and its restoring force is
related to the atmospheric pressure; when the air-mass displacement is big
enough to increase the wavelength of the perturbation, air density changes
and its buoyancy oscillations trigger a gravity wave restored by the gravity
force. The gravity waves (also called “internal gravity waves” to distinguish
them from the gravity waves related to the tidal component of the Earth
rotation) propagate at frequencies below the Brunt-Väisälä frequency (∼
2.9 mHz in lower atmosphere), while the acoustic phases propagate above
the cut-off frequency ∼ 3.3 mHz [4, 54, 73].
It is well known that explosive eruptions can generate AGWs able to reach
the ionosphere and induce TEC fluctuations by the collisions between neu-
trals and ions. The TEC signatures induced by volcanic activity are called
Co-Volcanic Ionospheric Disturbances (CVIDs). The main information pro-
vided by the ionospheric volcanology is the ionospheric detection of explo-
sive volcanic activity as a wave-like structure of the CVIDs coupled with the
AGWs propagation below. However, due to the inconstancy of the neutral-
ion system of the atmosphere, the time-space correlation between CVID
characteristics and eruptions is matter of research. In general, the more is
the power of the eruption the more is the amplitude of the TEC peak with
a coherent increase of the ionospheric perturbation velocity. Small volcanic
eruptions, related to shallow volcanic sources, like strombolian-vulcanian
eruptions, are able to generate high frequency waves that are typically asso-
ciated to infrasound. Large eruptions, related to deep volcanic sources, like
subplinian-plinian eruptions, are able to generate shock waves and acoustic-
gravity waves. Furthermore, the bigger is the volcanic source the wider is
the spectrum of the CVIDs in such a way that the most powerful eruptions
tend to generate atmospheric perturbations in all the acoustic-gravity fre-
quency range [3, 21, 44, 51, 65, 69, 89, 90, 105]. CVIDs related to AGWs
propagation are thus associated to the thermodynamic coupling between
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the geospheres, that is induced by the pulse of an explosive eruption. The
most of CVIDs reported in literature comes from medium-high energetic
eruptions that are classified by a Volcanic Explosivity Index (VEI) equal or
higher than 4 [70]. Resonance frequencies, related to the spheroidal modes
0S29 and 0S34 of the Earth, are clearly observed starting from VEI 4 erup-
tions. These TEC-based CVID signals are characterized by wavetrains,
starting around 10 - 20 minutes after the eruption onset, and variable ap-
parent velocities spanning from few hundreds of m·s-1 to around 1 km·s-1 as
a function of the wave frequency: the acoustic waves are faster than the in-
ternal gravity waves and they come first. Therefore, we expect CVIDs from
VEI ≥ 4 eruptions, but CVIDs from VEI 2 - 3 eruptions can be detected
too [28, 43]. These less energetic eruptions are associated with TEC-based
CVIDs signatures showing transition features between gravity and acoustic
periods. While the frequency spectrum of CVIDs is more or less coherent
with the magnitude of the eruption, the velocity variability from similar
VEI eruptions is probably related to the different factors playing a role into
LAIC processes. The satellite geometry, the number of receivers around
the volcano, the geomagnetic field vectors, the ionospheric variability, the
atmospheric temperature, the winds, the volcanic conduit geometry are all
potential elements that can influence the satellite-based CVID detection
from TEC estimations. Nowadays, CVIDs are observed from VEI 2 to
VEI 6 eruptions with a frequency spectrum broadening with the eruptive
power. The frequency content seems to start from acoustic only for VEI
2-3 eruptions, to transit at gravity and low acoustic frequencies for VEI 3-4
eruptions and finish with a wide acoustic-gravity range and shock waves
for the powerful events. The transition from VEI 2 to VEI 6 is related to
the volcanic source size and thus it is reasonable to hypothesize that VEI 2
eruptions come from shallow/small sources that can generate short period
waves without significant thermodynamic effects into the atmosphere and
typical impulsive one-cycle (i.e. N-shape) TEC signatures. Starting from
VEI 3 eruptions, the volcanic source becomes deep and large enough to per-
turb the atmosphere thermodynamically by inducing air density variations
and internal gravity waves adding to infrasound [13, 91].
However, less energetic eruptions are able also to perturb the ionosphere
without a big pulse, but through substantial emissions of volcanic ash into
the air. It is known that radioactive gases near the ground, like Radon
escaping from the ground fractures, can change the electrical conductivity
of the atmosphere by inducing variations of the ionospheric potential and
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modify the electric circuit between the ground and the sky. Similar effects
are observed during sand storms in the Sahara desert or during the Eyjaf-
jallajökull eruption on April 16th 2010 (Iceland). In this case, the CVIDs
have not a wave-like structure and they are characterized by wide areas of
anomalous values of TEC. This kind of ionospheric perturbations are related
to the electromagnetic coupling between geospheres [78].

1.3 The ionospheric forcing from Mt. Etna

Ionospheric responses to Mt. Etna (Italy) volcanic activity has been ob-
served as TEC turbulence frequency variations before the December 24th

2018 eruption and by a statistical study based on the Volcanic Radiative
Power (VRP) between 2000 and 2019 [24, 93]. These results open to fo-
cus on the coupling between Mt. Etna (hereafter the term “Etna” will be
used also) and the local ionosphere above it. The VEI 2 - 3 eruptions that
occurred in the early December 2015 show a linear relation between the
Ionospheric Volcanic Power Index (IVPI) and the plume height, but spatio-
temporal characterization of CVIDs at the Mt. Etna lack in literature [62].
This research is focused to fill this gap and the intrinsic characteristics of
CVIDs at Mt. Etna are here reported with unprecedented detail, as co-
volcanic TEC signatures recovered from GNSS data. Since the low-medium
eruptive energy, only the usage of dense GNSS network around the volcano
allows CVIDs detection from TEC estimations [37]. These local CVIDs ap-
pear as TEC fluctuations within 200 - 300 km of the vent occurring after
the seismo-acoustic onset of the eruption and different timing, leading to
hypothesize different subjects acting into LAIC process at Mt. Etna. My
thesis reports ionospheric TEC fluctuations detected during some large-
scale lava fountains that occurred at Mt. Etna. The research focuses on
the morning eruption of December 4th 2015, as primary case study for the
data analysis implementation. The study is characterized by a multidisci-
plinary approach comparing seismo-acoustic and video data with the TEC
time series detected during the eruptive activity. Atmospheric and geo-
magnetic data of the eruption day integrate the information of the results.
Fast Fourier Transform, Empirical Mode Decomposition and Continuous
Wavelet Transform are applied to obtain the spectral features of these local
co-volcanic ionospheric disturbances, and their intrinsic wave characteristics
have obtained by taking into account the relative satellite motion. Observa-
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tions of co-volcanic TEC signatures during Etna’s eruptions that occurred
in April 12th 2012 and July 4th 2024 are also reported by following the same
methodology. These findings represent new case studies from Mt. Etna
and a new baseline of information based on the GNSS-TEC applications.
Specifically for Mt. Etna, the spot-like near field CVIDs appearance may
depict new novels to future integrations into the monitoring network.
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Chapter 2

The Lithosphere - Atmosphere
- Ionosphere environment

The coupling processes between geospheres imply to study the different en-
vironments involved. The composition of the atmosphere, the winds and the
geomagnetic field determine various gradients with altitude. From above,
space weather dynamics can heavily affect the plasma of upper atmosphere
by causing ionospheric disturbances that can shatter the link from satellites.
On the other hand, volcanic eruptions influence the surrounding atmosphere
by changing its chemical-physical properties as a function of magnitude or
lasting of their occurrence. Therefore, co-volcanic acoustic-gravity waves
(AGWs) can be generated by different eruptive dynamics and the lower at-
mosphere can attenuate the wave amplitude, or amplify it. By propagating
in a well variable atmospheric mean, AGWs can reach the electron density
layers of upper atmosphere to induce ionospheric disturbances representing
the mark of the eruption.

2.1 The volcanic eruptions

The volcanoes are lithospheric apertures by which the magmatic fluids,
generated into the Earth, come out as volcanic eruptions. The volcanic
eruptions are basically recognized in effusive and explosive. The main dif-
ference between effusive and explosive is due to the ratio between the gas
and the liquid-crystal volumes into the magma. This means that the more
gas in the magma the more explosive the eruption will be, and from this
variation different volcanological features arise. The effusive eruptions are
characterized by lava flows, eruptive fissures and lava fields expanding for
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long distances on the ground but relatively low plumes into the atmosphere;
the explosive eruptions are characterized by emission of pyroclasts, medium-
high plumes, high-convective eruption columns, pyroclastic density currents
and ash fallouts. Examples of effusive eruptions are those of Fagradalsfjall
2023 (Iceland), Cumbre Vieja 2021 (Canary, Spain); on the other hand the
Hunga-Tonga Hunga-Haapai 2022 eruption and Etna paroxysms are exam-
ples of different explosive eruptions [15, 55, 65, 94].
The fragmentation index F of the magma and the ash dispersal area D
on the ground are two important parameters to distinguish different styles
of volcanic explosive activities [99]. The F parameter is given by the per-
centage finer than a given arbitrary grain-size (e.g. 1 mm) in the entire
assemblage of fragments thrown out by the eruption and then describes the
explosivity grade of the depressurizing magma approaching to the surface.
As F increases, the occurrence frequency of the explosions increases too and
transition from effusive Hawaiian styles to Strombolian ones occurs. Strom-
bolian eruptions are characterized by an intermittance of low-mid intensity
explosions that can develop towards more energetic and relative continuous
gas flows, typical of the Subplinian - Plinian styles. On the other hand,
the D parameter is the area enclosed by an isopach bearing a fixed ratio
to the maximum thickness of the deposit and represents the potential alti-
tude reached by the volcanic plume before the ash fallout: the more broad
D the higher is the plume. Plinian eruptions are characterized by high-
convective eruption columns corresponding to higher values of D. The June
15 th 1991 Mt. Pinatubo (Philippines) eruption is the representation of a
Plinian style (Fig. 2.1a). No-volcanic factors can abruptically change both
F and D, as the water and the wind, by causing significant variations of
the eruptive style. Indeed, hydrothermal fluids can interacts with the rising
magma at shallow depths and lead to a dramatic exponential increase of
F, that is typical of Surtseyan eruptions and phreato-magmatic variants.
When no magma is involved, hot hydrothermal fluids can however reach
pressurization threshold values, eventually induced by the fall of inner con-
duit blocks, in such a way to bring episodic strong explosions as Vulcanian
eruptions and phreatic variants. On the other hand, the winds influence
the volcanic plume dynamics, in such a way to steer the ash fallout along
defined directions by causing co-elongated D. Another important parameter
is the mass eruption rate Q that is related to the top plume height Ht by
the power law
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Ht = 0.318 · Q0.253 (2.1)

where Q is calculated in kg·s-1 and Ht is in km [10, 63, 106].
The more is the explosivity the more is the scale of the eruption. The
merging of past classifications with other parameters lead to set the Volcanic
Explosivity Index (VEI) [70]. The VEI is the most common classification
of the volcanic eruptions since it gives an immediate idea of the magnitude
and the effects into the atmosphere (Fig. 2.1b).

Figure 2.1: Classification of volcanic eruptions; a) classification based on frag-
mentation index F and ash dispersal area D with the relative main intermediate
variations depicted as numerated black arrows; b) the Volcanic Explosivity In-
dex based on different volcanological parameters. The solid black line indicates
the relation between the eruption column height H and the mass eruption rate
Q (a) from Walker 1973, modified).

The classifications here reported are not totally exhaustive since the chemical-
physical features of the volcanic products ejected are not considered. Indeed
petrology, geochemistry, field surveys of the volcanic deposits and the co-
related studies have many other key parameters to recognize different erup-
tive styles and the related dynamics. The classification terms here used are
the most general in the literature and appropriate to give a first-order idea
of the differences among the volcanic eruptions.

2.1.1 Seismo-acoustic activity of Mt. Etna

When an eruptive activity happens, amplitude time series of seismic and in-
frasonic signals, recorded around the volcano, often show similar trends by
implying a strict interaction between the inner eruptive mechanism (seis-
mic data) and its effect into the atmosphere (infrasonic data). As such,
infrasound and seismic sensors are routinely deployed colocated at active
volcanoes [35, 50].
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The Mt. Etna (37.75 ◦N - 14.99 ◦E) is located in Italy, at the eastern coast
of Sicily island, less than 30 km north of Catania metropolitan city, and
it is the most active and widest volcano in Europe (around 1500 km2 wide
and 3400 m high). The Istituto Nazionale di Geofisica e Vulcanologia -
Osservatorio Etneo (INGV-OE), Italy, performs research, monitoring and
surveillance 24/7 of Mt. Etna by the multi-parametric network for ground-
based and satellite-based data. Eruptive activity at Etna generates a large
variety of seismic signals such as volcano-tectonic earthquakes (VT), vol-
canic tremor, Long Period (LP) and Very Long Period (VLP) events [45,
102]. Ruling out the VT earthquakes, volcanic tremor and LP-VLP events
are usually detected by broadband seismometers (able to detect periods
longer than 1 s) within 10 km to the Etna summit craters. The volcanic
tremor is a continuous ground vibration typically detected at open-conduit
volcanoes. Its signal is not impulsive and quite stationary at periods around
0.2 - 2 s. The volcanic tremor could be related to fluid dynamics inside the
plumbing system since it directly changes by variations in amplitude, spec-
tral content, wavefield features and source location as the eruptive activity
intensifies (INGV-OE - Real time volcanic tremor) [16]. At Mt. Etna, LP
and VLP events can be detected before, during and after the eruption but
also during any observable volcanic activity. The signals of LP events are
characterized by very emergent onset without S-waves arrivals and periods
into the tremor range. VLP events are characterized by periods around 2
- 100 s. Some of class with clear signal characteristics, representing the
transition towards seismo-acoustic processes, are the explosion quakes ac-
companying Strombolian or other (larger) explosive eruptions. Most of the
explosion quakes signals can be identified by the occurrence of an air-wave,
which is caused by the sonic boost of the explosion, when the expanding gas
is accelerated at the vent exit. Broadband seismometers detecting periods
as long as 120 s may shed new information on the seismo-acoustic correla-
tions in volcanic areas.
The infrasonic signals detected at Etna volcano are mainly transients, named
infrasonic events, that are characterized by a variable duration from less
than 1 s to more than 30 s, impulsive compressional onset and periods
around 0.2 - 3 s. The infrasonic events characterize Strombolian eruptions
and some degassing processes. Another type of infrasonic signal is the infra-
sonic tremor, that can be detected during energetic degassing or paroxysmal
activities as a tremor-like continuous signal lasting from minutes to days.
The infrasound monitoring provides the advantage to increase the preci-
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sion of source localization but it can be affected by weathering, as wind or
lightning [16, 88].

2.1.2 The large-scale lava fountains at Mt. Etna

Despite Etna long-standing reputation as an effusive volcano, since 1986
there has been an evident increase in mid-intensity explosive eruptions from
its summit craters, known as paroxysms. The Etna paroxysms range from
series of single explosions (e.g. Strombolian activity) to lava fountaining
activity lasting from tens of minutes to a few days, producing some km-
high volcanic plumes and ash fallouts up to hundreds of km2 on the ground
[2, 36]. More than 290 paroxysms have occurred since 1986 and the more
energetic episodes occurring at the summit craters are known as large-scale
lava fountains (LSLF). The transition from lava fountain to LSLF is mainly
related to the ash dispersal area that goes from tens to hundreds of km2.
The large-scale lava fountains are characterized by tall lava fountains (up to
a few thousand meters from the crater) and high eruption columns that can
reach the lower stratosphere [2]. Usually, the fountaining activities occur
into a sequence but the number of paroxysms for year can be various. For
example, the lava fountains that occurred in 2000, from January to Au-
gust, are 66 while those that occurred in 2021, from February to December,
are 61. Between these 2 main series, the number of paroxysms is much
less, for example the lava fountains that occurred in 2013 and 2015 are 18
and 4 respectively. In the last years the paroxysms that occurred in 2022,
2023 and 2024 are 2, 4 and 8 respectively [2, 12, 14]. The volcanic craters
are the terminals of the main conduits for the magma rising towards the
surface. The current Etna craters are five: Cratere di Nord-Est (CNE),
Voragine (VOR), Bocca Nuova 1 (BN1), Bocca Nuova 2 (BN2) and Cratere
di Sud-Est (CSE). Nevertheless, Etna’s continuous activity can cause very
quick changes of the morphology and altitude of the summit craters. In-
deed, between November 2004 and November 2009, a series of collapse pits
formed in various locations on the eastern flank of the CSE. Afterwards,
during the eruptive cycle of January 2011 - April 2012, the site was defi-
nitely occupied by a large pyroclastic cone informally named Nuovo Cratere
di Sud-Est (NSEC) [7]. NSEC was characterized to be the site of explosive
activities, as the 2021 lava fountain series. During the 2021 eruptive cycle,
NSEC progressively joined CSE to form one main crater again named CSE
(INGV-OE - Multidisciplinary bulletins).
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Etna LSLFs imply several risks to the population and the urban facilities
mainly due to the extensive ash dispersal area. Indeed, the ash dispersion
in the troposphere can cause the temporary closure of the Catania inter-
national airport, danger for driving due to the ash fallout on the roads,
agriculture issues, heaviness of the roofs, obstacle to water drainage and
health difficulties related to the breathing of the finest ashes.

Figure 2.2: Shadowed relief of the summit area of
Etna volcano. The geoidal contour lines are drawn
every 100 meters. CSE = cratere di Sud-Est; BN =
Bocca Nuova; VOR = Voragine; CNE = cratere di
Nord-Est (INGV - multidisciplinary bulletin of De-
cember 2nd 2025).

2.1.3 Volcanic plume dynamics

Volcanic plumes are mixtures of volcanic particles, gases and air that are
produced mainly by explosive eruptions. They are generated when magma
(mixture of super-critical fluids and minerals) is fragmented into small pieces
and discharged from the vent at high velocity in the air. Rapid acceleration
of this material into the atmosphere is largely driven by the expansion of
gases due to the decrease in pressure, as material is erupted at the surface.
Volcanic plumes are injected into the atmosphere and they can disperse
ash and gases on a global scale. Buoyancy plays a fundamental role in the
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motion of plumes and determines how they interact with the atmosphere.
Energetic plumes can rise to altitudes as great as 50 km above the Earth’s
surface and others are maintained for relatively long periods of time by the
continuous discharge of material from the vent [19]. In no wind conditions,
the volcanic plumes are characterized by a lower gas-thrust region, an in-
termediate convective region and the upper (typical) umbrella region (Fig.
2.3).

Figure 2.3: Eruption column occurred at Mt. Etna in December 4th 2015
taken from Cesarò town, northwest of the volcano. The gas-thrust, convective
and umbrella regions are recognizable (credit: Giuseppe Mario Famiani).

The gas-thrust region is characterized by a distinct turbulent stream with
density greater than the surrounding air. Here the temperature and the
vertical velocity are the higher of the entire ascent process. This region
is where the lava fountains take place and grain-size separation of tephra
occurs through ballistic trajectories followed by particles greater than tens of
centimeters [85]. The exit velocity wex of the lava fountain can be estimated
as ejecta exit velocity

wex =
√

2ghf (2.2)

where g is the gravity acceleration at the vent altitude, hf is the lava foun-
tain height. This equation is based on the conservation law of energy and
it is a good approximation for both a steady lava fountain and a single
Strombolian explosion. It neglects the entrainment of air into the fountain.
However, the gas velocity is twice the average ejecta velocity, suggesting
that eq.(2.2) is very accurate to estimate an average velocity but it can
underestimate the gas velocity at most by a factor of 2 [97].
Above the gas-thrust region, the unburdened plume mixes by turbulence
with the surrounding air through the so-called entrainment process. The
entraining air is colder and slighter than the plume, in such a way that the
entrainment process activates the thermodynamic convection of the erup-
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tion column and the stream accelerates again. Hence the plume becomes
a convective system characterized by leading eddies separating from the
gas-thrust region rapidly. The convective region develops upward, until the
plume reaches a density equal than the atmosphere at the so-called buoy-
ancy altitude Hb. Once the convective plume reaches the level of neutral
buoyancy, it overshoots to the top height Ht due to its momentum at Hb

Ht = Hb

0.7 (2.3)

At height Hb the plume starts to spread horizontally by internal gravity
waves and the spreading current forms the umbrella region between Hb and
Ht with a thickness zu = 0.3Ht (Fig. 2.3). The point where the plume
changes its direction, from subvertical to subhorizontal, is called plume
corner x0 = 0.24Ht [11, 85].
Studies of thermal plumes show that the time-averaged vertical velocity w
is a symmetrical gaussian function of distance from the plume axis

w = wc · e
−x2
b2 (2.4)

where wc is the centerline velocity at height h, x is the radial distance from
wc, b is the distance at which w decreases to 1/e times wc. The vectorial
sum of w(h) defines the plume axis.
Volcanic plume dynamics are strongly dependent on the wind field and then
they are classified in strong and weak plumes, when w is much greater or
much smaller than the cross-wind speed, respectively.

Figure 2.4: Wind-affected plumes; a) strong plume for which the ash fallout
occurs selected downwind and coarse upwind; b) weak plume for which the ash
fallout occur totally downwind. Hct in a) is the top of the spreading current
(modified from Bonadonna & Costa, 2003).
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Strong plumes are characterized by a subvertical convective region and the
umbrella is carried by the downwind spreading current. Weak plumes are
bent-over starting to spread downwind at Hb (Fig.2.4). In a strong plume
case, the umbrella region expanses radially and it reaches a stagnation point
at the upwind edge, where its velocity is equal to the wind velocity. The
absolute ratio W between the stagnation radius and the plume’s axis dis-
placement defines the wind effect on the volcanic plume. Ratios W > 1 are
related to mushroomed-shaped strong plumes (Fig.2.4a), ratios W = 1 are
related to plume upwind edge above the vent, whereas W < 1 describe weak
plumes [11, 20].
A cross-wind on the plume produces several different effects which could in-
fluence the characteristics of the resultant fall deposits and energy injections
into the atmosphere. Since most volcanic eruption plumes transect a large
part of the troposphere, and many penetrate into the stratosphere, they
can encounter large variations in horizontal wind speed. The convective dy-
namics of the volcanic plumes are complex due to the turbulence. As fluid
mechanical phenomena, buoyant plumes are described by the Navier-Stokes
equations. For high Reynolds number turbulent flows, the complicated and
transient structures mean that it is difficult to solve these equations. There-
fore, analytic methods take off the turbulence in order to focus on the cen-
terline trajectory of the ascent plume as an axisymmetric time-averaged
function of height, horizontal radius and density (PlumeRise model) [86].
Often the terms “volcanic plume” and “eruption column” are interchanged
since they describe the same phenomenon. In this thesis, the term “volcanic
plume” is referred to the generic ash cloud generated from an eruption and
its dispersed portion into the atmosphere; instead the term “eruption col-
umn” is referred specifically to the high-convective ash cloud just above the
volcano and only if its convective dynamic is recognizable. It is reasonable
to assume that different volcanic plume dynamics release their energies into
the atmosphere differently.

2.2 The atmosphere

The atmosphere is the propagation mean of the acoustic-gravity waves
and the variation of its physical properties influence greatly the oscillation
modes. An important parameter in the atmospheric studies is the scale
height H since it indicates the altitude above which the pressure of the gas
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falls by the e-factor

H = RmT0

g0
(2.5)

where Rm = R
Mm

= 287 J· kg-1K-1 is the gas constant for unit mass of dry
air with molar mass Mm, T0 and g0 are the absolute temperature and the
gravity acceleration respectively at the altitude of measure, that is at the
bottom of H.
The eq.(2.5) describes how the scale height is directly proportional to the
temperature and it is greater for slight gases. In other words, the thickness
of the atmospheric layer with a specific composition, between two pressure
surfaces, is proportional to the mean temperature. Since the real atmo-
sphere is a gas mixture characterized by temperature and compositional
variations, then H is a function of the superimposition of different scale
heights weighted by the fractional concentrations of the single components.
The equilibrium of the atmosphere is defined as an hydrostatic balance be-
tween the gravity force and the atmospheric pressure. This means that the
hydrostatic equilibrium of a volume of air between the altitudes z0 and z1

is defined by the hydrostatic equation

dP
dz = −gρ (2.6)

where dP = dP0 - dP1 is the difference of pressure between z0 and z1, dz =
z0 - z1 is the height of the volume of air, g is the gravity acceleration at the
center of mass, ρ is the volume density and the minus sign notes that the
pressure decreases upwards.
Since P = RmTρ then the combination of eq.(2.5) with eq.(2.6) leads to the
conclusion that the atmosphere is characterized by an exponential decrease
of pressure P and density ρ with altitude

P = P0exp
(−z

H

)
(2.7)

where P0 is the pressure at some reference level, which is usually taken at
the sea level z = 0, z is the altitude of P, H is the scale height.
Since the atmosphere is well mixed below 100 km, the pressure and density
of the individual gases decrease with altitude at the same rate and eq.(2.7)
is thus the same to compute the density profile. The upward exponential
decrease of air density causes a progressive increase of the mean free-path
Λ between particles, to be around 1 m at 120 km of altitude
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Λ = 1
πnd2 (2.8)

where π = 3.142, n is the number density of the air, d is the diameter of
the air particle.
Since Λ lengthens with the altitude, the interparticle collisions with a wave-
length equal or greater than Λ are the ones carrying kinetic energy upward
as wave propagation, and then shorter waves dissipate upward. This is a
reason why the atmosphere is a dispersive medium for the acoustic-gravity
waves (Fig. 2.5).

Figure 2.5: Mean free-path, pressure and
density profiles of the atmosphere. It can be
noted the fitting among pressure and density
(from Wallace & Hibbs, 2006).

The pressure and density vertical variations are much larger than the cor-
responding horizontal and time variations. The atmosphere is composed of
a mixture of gases maintaining similar proportions up to around 100 km
of altitude. Above that altitude the gases progressively become composed
by monoatomic constituents and their distribution is strongly controlled by
the gravity force. The atmosphere below 100 km is called homosphere (or
turbosphere) since the gases are well mixed by turbulence, whereas above
100 km it is called heterosphere, due to the stratification of the components.
The homosphere is the most common concept of the atmosphere and it can
be related to the concept of air. The different features of the atmosphere
let us describe it from various viewpoints. Important characterizations for
LAIC applications are those related to the temperature and plasma [1, 87,
101].
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2.2.1 The thermal layering of the atmosphere

The atmosphere is characterized by a temperature varying with altitude and
with different gradients. The atmospheric thermal gradient Γ is defined as
the derivative of temperature with altitude, accompanied by the convention
of the minus sign to indicate positive gradient when the temperature falls
with height and negative for thermal inversion

Γ = −dT
dz (2.9)

As a function of Γ, the atmosphere all the time shows thermal inversions
along the altitude. These inversions set up the thermal stratification of the
atmosphere in four main layers called, from the ground to the sky: tropo-
sphere, stratosphere, mesosphere and thermosphere. Between two adjacent
layers, the temperature is constant for a few kilometers defining the upper
limit of the atmospheric layer; this thermal-steady little stratum is the so-
called “pause” of the bottom layer (Fig. 2.6). Small scales inhomogeneities
of the temperature can be present into every layer.

Figure 2.6: Temperature profile above Mt.
Etna in December 4th 2015, at the time of
the morning large-scale lava fountain.

• The troposphere is characterized by a falling temperature with height,
at an average Γ = 6.5 ◦C/km. The positive lapse rate of the tropo-
sphere is due to two factors: 1) the thermal radiation by the ground
irradiating the lower air that is then warmest than the upper air; 2)
the cooling of an adiabatic rising air parcel expanding upward due
to the lower pressure. The troposphere contains about 80% of the
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atmospheric mass and almost all the water vapor; for this reason the
troposphere is the layer in which the weather phenomena occur. The
cloud droplets and ice particles of weathering continually clean the
troposphere by aerosols having thus resident times around the week.
The thickness of the troposphere depends on the latitude in such a way
that it reduces towards the Poles. At the Equator the troposphere can
be 16 - 18 km high, since the tropical thermal convection pushes the
tropopause upward, whereas at the Poles the tropopause is at about 7
- 8 km. The troposphere is upper limited by the stratospheric thermal
inversion.

• The stratosphere contains the 90% of the ozone O3 reaching maximum
concentrations around 15 - 35 km of altitude. The ozone absorbs the
ultraviolet radiation from the Sun by producing the heating of the
stratosphere and the stabilization of the typical negative gradient.
The stratospheric thermal inversion strongly inhibits the vertical mo-
tions of air and the water vapor concentration drops abruptically of
one order of magnitude by causing the extreme dry conditions of the
stratosphere. The semi-total absence of cloud formation processes and
mixing lead the aerosols into the stratosphere to have long resident
times. The characteristic anvil shape, created by the spreading of
tropospheric cloud tops, generated by intense thunderstorms or vol-
canic plumes when they reach the tropopause, is due to this strong
thermal stratification. The absorption of ultraviolet radiation by the
stratospheric ozone is critical for the habitability of the Earth. The
stratosphere reaches its maximum temperature around 0 ◦C at 50 km
of altitude, over which the stratopause begins. As the warmer layer,
the stratosphere heats the lower mesosphere that is characterized by
another thermal inversion.

• The mesosphere is characterized by a positive thermal gradient reach-
ing the minimum temperature around -100 ◦C at 100 km of altitude.
The strato-induced bottom high temperature facilitates, as into the
troposphere, the convective air mixing.

Finally, above the mesopause, absorption of the solar radiation (UV - X
bands) by molecular nitrogen N2 and oxygen O2 occurs, and related pho-
todissociation and photoionization processes of the constituents lead to
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the production of charged particles and the formation of a weakly ionized
plasma. Therefore, above 100 km of altitude, the strong thermospheric neg-
ative gradient represents not another “simple” thermal inversion, but a new
type of atmospheric environment, in such a way it is common to recognize
the lower-middle neutral atmosphere from the ionized upper atmosphere [1,
101]. The atmospheric temperature profile is important for the ray-tracing
modeling of acoustic-gravity waves.

2.2.1.1 Potential temperature and the parcel concept

It is common to study the atmospheric thermodynamic as adiabatic pro-
cess of air parcels, in which the heat is neither gained nor lost in reversible
transformations. If an air volume V, at temperature T and pressure P, is
compressed adiabatically until pressure P0, we find the potential tempera-
ture Tpot

Tpot = T

(
P0

P

)k

(2.10)

where k = Rm
cp

≈ 0.286 for diatomic gases (cp is the isobaric specific heat).
The potential temperature of an air parcel is constant when the mass is
subject to an adiabatic change.
In adiabatic conditions and at constant pressure, as it can be approximated
at a specific altitude, the pressure within parcel is equal to that of the
surrounding environment, but its temperature, density and composition
may differ from those of the environment. For an adiabatically rising parcel,
the potential temperature and the entropy are constants, then the adiabatic
lapse rate is

Γa = g

cp

=
(
γ − 1
γ

)
T
H (2.11)

where g is the gravity acceleration, γ = 1.4 is the adiabatic index for di-
atomic gases and γ = 1.6 for monoatomic gases, T is the temperature at
the ascent starting point, H is the scale height [1, 54, 100].
If a force is applied to the parcel, it arises adiabatically through a small
height dz without affecting the surroundings. At the displaced position z1

= z + dz the parcel temperature has increased to Tp1 according to Γa

Tp1 = T + Γadz (2.12)
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On the other hand, the environment temperature at height z1 is Te1

Te1 = T + Γdz (2.13)

The volume of air parcel going upward will displace the same volume of
surrounding air. Since the adiabatic conditions, the pressure is the same
inside and outside the parcel, then the volume is directly proportional to
the temperature [87]. This means that the adiabatic volume change of the
parcel produces a density variation from the surroundings

ρp1 = P1

RmTp1
ρe1 = P1

RmTe1
(2.14)

The difference of density between the air parcel and the surroundings de-
termines parcel oscillations due to the buoyancy force (i.e. Principle of
Archimede). The buoyancy force and its acceleration are the fundamentals
for the hydrostatic equilibrium of the atmosphere, in such a way that

d2(dz)
dt2 = g

(
ρe1

ρp1
− 1

)
= − g

T(Γa − Γ)dz = −N2(dz) (2.15)

leading to the equation of the form

d2(dz)
dt2 + N2(dz) = 0 (2.16)

where
N2 = g

T(Γa − Γ) = g

T

(
dT
dz + g

cp

)
= g

Tpot

dTpot

dz (2.17)

The factor N is the angular buoyancy frequency (or Brunt-Väisälä fre-
quency), that is the natural oscillation frequency of the atmosphere, below
which the gravity acts as restoring force for the atmospheric wave propaga-
tion. Since at constant pressure, V ∝ T, then:

• If Tp1 < Te1 ⇒ ρp1 > ρe1 ⇒ N2 > 0 the parcel going upward is
“heavier” than the surroundings, and will falls until the hydrostatic
equilibrium by buoyancy oscillations at an angular frequency N. This
condition occurs when Γ < Γa and the atmosphere is called statically
stable.

• If Tp1 > Te1 ⇒ ρp1 < ρe1 ⇒ N2 < 0 the parcel is “lighter” than
the surroundings and will rise indefinitely with increasing speed. N
is imaginary and leads to exponential solutions of eq.(2.16), one of
which corresponds to the displacement of the parcel. This condition
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occurs when Γ > Γa and the atmosphere is called statically unstable.
This condition occurs above erupting volcanoes.

• If Γ = Γa the neutral stability occurs [1].

2.2.2 Plasma of the atmosphere: the ionosphere

Starting from about 60-90 km of altitude, the X-UV solar radiation starts to
trigger photodissociation and photoionization processes of the atmospheric
gases, leading to the production of ions and free electrons composing a
plasma, called ionosphere. The electron component is in thermal equilib-
rium with the neutral gas only in the lower ionosphere. A decoupling of the
two components already begins around 150 km with a distinctly stronger
increase of the electron temperature Te.

Figure 2.7: Temperature profiles of the
three gas species at the ionospheric altitudes
(from Prölss, 2004).

Owing to the much larger interaction cross section, the ion component stays
in thermal equilibrium with the neutral gas up to an altitude of about 350
km. The ion temperature Ti above this altitude shows an increase in the
direction of Te without ever reaching it. The different temperatures of the
three gas components result in a continual heat flux from the electrons to
the ions and from the ions to the neutral gas. This implies that a heat
source must exist above the ionosphere to maintain a downward directed
heat current. This is true as long as the Sun shines, since at the nightside
of the Earth the temperatures decline steeply and assimilate so that to a
good approximation Te ' Ti ' Tn (Tn is the neutral temperature starting
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from the troposphere) [77]. Electrons and ions represent trace gases and
the upper atmosphere is only weakly ionized. Typical values for the ratio
of electron number density ne to neutral gas number density n are 10−8 at
about 100 km, 10−3 at the electron density peak and 10−2 at about 1000
km.
The ionosphere everywhere is a quasi-neutral mixture of charge carriers, for
which, at the mesoscale, the sum of the positive ions is always equal to the
sum of the electrons and negative ions. However, above 90 km of altitude,
the contribution of negative ions is such small that the total density of
positive ions is about equal to the electron density [1, 77]. The charge
neutrality is maintained by the dynamic equilibrium between the electron
production and the electron reduction rates

dne

dt = q − L − ∇(ne~ν) (2.18)

where ne is the number density of the electrons (hereafter called electron
density), q is the photoionization rate (or Chapman production function),
L is the recombination rate, ∇(ne~ν) is the loss of electrons by movement, ~ν
is the vector of the average drift velocity [41].
The electron density profile of the ionosphere is strongly dependent on the
solar zenithal angle and the current solar activity, in such a way that around
noon the peak is reached.

Figure 2.8: Electron density profile recov-
ered in daytime and nighttime at the so-
lar maximum and minimum. The electron
density distribution is more articulated at
the daytime of solar maximum (from Har-
greaves, 1992).

The dependence of atmospheric ionization by solar activity on the Earth
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leads the ionosphere at the dayside to be different from that at the nightside
(Fig. 2.8). The exposure to the Sun increases q, leading to the formation
of four electron density layers reducing commonly to two in the night. The
permanent ionospheric layers are the E region and the F region whereas, in
daytime, the photo-induced processes produce added solar-dependent layers:
one at the bottom of the ionosphere, called D region, and the splitting of
the F region into F1 and F2 layers [41, 56]. The molecular ions O2

+ and
NO+ are the main components of lower ionosphere while O+ is the primary
component of the F region and of the upper ionosphere, until the direct
transition to the lighters He and H+.

• The D region is the lower and denser ionospheric layer, between 50
- 90 km without electron density peak. It is composed by O2

+ and
NO+ but the low altitude and the presence of ions derived from the
water vapor (as H2O+, H5O2

+, H+(H2O)n groups) leads the D region
to have high recombination rates. Since the high recombination rates,
the D region disappears at the sunset.

• The E region is between 90 - 150 km with an electron density peak
ne−max ≈ 103-5 e-·cm-3 from night to day at about 110 km. It is a
Chapman layer characterized by the cuspidal distribution of the elec-
tron density, with occasional overdense ionization noted as E-sporadic
layer. Although its electron density is highly reduced, the E region
can be detected at night due to the abundance of NO+.

• The molecular ion O2
+ is predominant than the NO+ but, around 150

km, the inversion of these two components occurs since the presence
of N2

+ and O+. Furthermore, above 150 km, the lighter atomic ions
start to prevail on the heaviest molecular ones, and O+ become the
predominant component of F region with a density peak at about
300 km. At daytime, the solar radiation at λ < 80 nm triggers the
production of N2

+ contributing to the maximum production rate of
NO+, and the F1 layer is produced with a peak ne−max ≈ 105-6 e-·cm-3

at about 190 km. Going upward, the low atmospheric density leads
the recombination rates to be slower than the production ones and the
electron density increases along the altitude until the production of
the F2 layer, with the absolute electron density peak that can excess
106 e-·cm-3, during the maximum sunspot number, at about 200 - 300
km.
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A layer characterized by an electron density augmentation with height, due
to the drop of the recombination rate, is called Bradbury layer. However,
the Bradbury layer is characterized by an undefined increase of the electron
density that doesn’t explain the electron reduction above the F2 layer (Fig.
2.8b). To rest the electron density increase, it is necessary to consider
the plasma transport processes due to the magnetosphere trapping charged
particles by its field lines. This means that the F2 layer originates from
the dynamical equilibrium between the electron production processes and
the diffusion of the charge carriers. At nighttime, the diffusion processes
prevail on the total recombination ones and the electron density drops until
the permanent statement of F region. The upper limit of the ionosphere is
conventionally placed at 1000 km, that is the bottom of the protonosphere
composed by He+ and H+ [41, 56, 57, 77].

2.3 The atmospheric waves

Earthquakes and tsunamis are characterized to release kinetic energy only
into the atmosphere. Since the tsunamis are generated by earthquakes oc-
curring at the ocean floors, both phenomena release the energy at the epi-
center (where the energy peak occurs) and by their own characteristic wave
fields (where the energy dispersion occurs). Earthquakes and tsunamis are
thus dynamic sources. Volcanic eruptions and severe weathering are char-
acterized to release mass and energy into the atmosphere. Especially the
eruptions release their momentum by the volcanic plume mainly as their
own epicenter, but seismic wave fields can also occur during the volcanic
activity. Volcanic eruptions and tornadoes are thus thermodynamic sources
that are more complex since they can occur by different combinations among
their dynamic and thermal parts. When dynamic or thermodynamic sources
release their power into the atmosphere, the excess energy perturbs the hy-
drostatic equilibrium of the air and atmospheric waves propagation occurs as
the process of the atmosphere to restore the balance. Several studies about
atmospheric temperature profile and air waves were developed during the
’50s and ’60s of the twentieth century [42, 46]. An important question is the
sound channel determined by warm layers above colder ones in which short-
period acoustic waves become trapped as they travel around the globe. The
explosion (e.g. impulsive source) generates an initial spherical wave that is
modified into a cylindrical wave by the layered structure of the atmosphere.
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The wave can be composed of a broad spectrum ranging from audible sound
to about 1000 s. The long waves of the initial pulse becomes dispersed into
a train of waves as a function of the temperature and wind stratification [31,
107]. The wave dispersion into the atmosphere can be normal or reverse.
The normal dispersion is due to a group velocity increasing with period,
whereas the reverse dispersion is due to the group velocity decreasing with
period. Reversal dispersion is related to the greater velocity into the upper
layer: the greater the velocity the more pronounced is the reversal. Com-
monly, the train of waves exhibits normal dispersion into 1 - 5 min range
that is followed by a long train of short-period waves. Reversal dispersion
occurred sometimes at periods greater than 6 min. [75]. The atmospheric
waves noted to be triggered from impulsive sources are the acoustic-gravity
waves and the Lamb waves, and they represent the main dynamical coupling
process of the lithosphere with the atmosphere.

Figure 2.9: Acoustic-gravity spectrum; fg and fa

are the Brunt-Väisälä and the cut-off acoustic fre-
quencies respectively (from Lizunov & Hayakawa,
2004).

2.3.1 The Lamb waves

The Lamb wave, in an isothermal fluid, is the fundamental mode between
the action of acoustic waves (i.e. longitudinal waves at short periods) and
that of internal gravity waves (i.e. transverse waves at long periods) [81].
The wave propagation is horizontal above a rigid lower boundary with pe-
riods > 100 s and velocity vL =

√
γgH (where γ is the adiabatic index,

g is the gravity acceleration, H is the scale height at the source) [53, 65].
Lamb waves have no upward phase propagation since their energy decreases
exponentially with altitude, due to the atmospheric density decrease. As
a consequence, the Lamb waves are concentrated at altitudes below 30 km
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while they are hydrostatically balanced in the vertical direction [72]. These
waves can be generated by powerful sources and they typically arrive before
the acoustic-gravity waves since the direct propagation at the greatest sound
speed layer of the lower atmosphere [21]. The duration of the Lamb waves is
affected by the topography and by the vertical profile of the air density [58].
Computations of the Lamb waves generation are made for a point source
energy release, by assuming a viscous fluid, and the results show that as
the source height falls, as the distance from the source increases or as the
period extends, the Lamb wave wavelength is greatly increased (Fig. 2.10).
In other words, either the source height increases or as the source energy
decreases, by defining spectra of short periods (corresponding to a dimin-
ished blast wave radius and less energy into the atmosphere), Lamb wave
dominance of the acoustic-gravity wave signals at close ranges is extremely
unlikely [81]. Therefore, the Lamb wave is a surface atmospheric wave really
constrained at the Earth’s surface where no buoyancy acts. It occurs into
the tropospheric scale height H due to the simultaneous horizontal large air
displacement.

Figure 2.10: Lamb waves modeling from two different heights of the source. R0
is the Lamb wave formation distance, R1 is the Lamb wave dominance distance
attributable to its amplitude, R2 and R3 are additional scaled distances to
constrain the results. It can be noted the strong dependence on the source
height by R0 and R1 (from ReVelle, 2010).

The Lamb wave observed in Europe from the January 15th 2022 Hunga
Tonga - Hunga Ha’pai eruption (Tonga), at about 17000 km far away, has
a period around 60 min, peak-to-peak amplitude of 2 hPa and vL ∼ 295
m·s-1, that is a wavelength around 1000 km [21, 58].

2.3.2 The acoustic-gravity waves

The acoustic-gravity waves (AGWs) are the two main dispersion branches
of the atmospheric waves caused by geodynamical sources. These waves
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propagate into the atmosphere at periods shorter than the acoustic cut-off
(τ a) and longer than the air buoyancy (τ g) (or Brunt-Väisälä period) [54].
The acoustic component of AGWs is then infrasound propagating as an
elastic longitudinal wave in which the particle motion is in the same direc-
tion of the wave propagation, by alternating compressions and rarefactions
of air. Infrasound travels at the speed of sound increasing with temperature
and downwind because of advection, and depends on the type of gas.

ceff =
√
γRmT + n̂ · ~u (2.19)

where γ = 1.4 is the adiabatic index, Rm is the gas constant for air mass
unit, T is the absolute temperature, n̂·~u projects the wind ~u in the direction
from source to observer n̂, through this inner product.
Sound propagates at about 340 m·s-1 at 293 ◦K but the wind can change this
value with important implications on the sound propagation and eq.(2.19) is
called effective sound velocity [33] (Fig. 2.11). The lower limit of infrasound
is bounded by the thickness of the atmospheric layer through which it travels
(Fig. 2.9). The infrasound refracts within layers where ceff (h) increases to
values larger than the value at the ground ceff (0), due to the increase in
downwind velocity, temperature or a combined effect [101].

Figure 2.11: Effective velocity profiles from eq.(2.19). It can be noted the
marked difference in the velocity profile due to the easterly wind. Westward of
the source, downwind sound reflection occurs around 40 km of altitudes where
ceff (h) > ceff (0); eastward of the source, the sound reflection is due to the
thermospheric temperature only. The terms Is and It indicates the “infrasound
stratosphere” and “infrasound termosphere”, respectively (from Evers & Haak,
2010).

Since the wave refraction is a function of the ray-path orientation, when the
incident angle θi (e.g. the angle between the vertical and the ray-path) is
critical, the infrasound reflects downwards by following the Snell law. This
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means that the infrasound rays propagating with low θi penetrate the at-
mosphere, and as θi broads, the progressive refraction of the wave, until
the total reflection, occurs (Fig. 2.11). On the other hand, the upwind
facilitates the upward acoustic-gravity wave propagation [30]. Figure 2.11
shows the effects of the wind on the sound propagation both in case of down-
wind (westward) and upwind (eastward). In detail, the strict constraint due
to the velocity difference between ceff (0) and ceff (h), due to the wind by
eq.(2.19), is clearly represented.
The absorption of sound in atmosphere diminishes with increasing period,
in such a way that the atmosphere acts as a low-pass filter of the sound
with altitude. The air is very viscous at higher altitudes (130 km) due to
the very large neutral gas mean free-path (Fig. 2.5) [101]. Starting from
100 km, the short periods are strongly attenuated and dissipated by the air
viscosity and only periods greater than 30 - 60 s propagate into the upper
atmosphere (Fig. 2.12).

Figure 2.12: Attenuation of infrasound in
the upper atmosphere. Only periods less
than the cut-off ω0 exist but the upward
propagation of short periods is strongly at-
tenuated (from Blanc, 1985).

Because of the fast attenuation drop with the period, infrasound can travel
over long distances [68]. From Figure 2.12 we can infer further information
of the dispersion features as follows. Since the group velocity of the wave
is related to the transport of energy, then the reverse dispersion indicates
important lacks of short periods (strongly attenuated along the propagation
path): this means that the dispersion is a function of distance also, in such
a way that the normal dispersion would characterize near-field propagation,
while reverse dispersion would characterize far-field propagation.
Pfeffer & Zarichny [75] analyze the wave dispersion by starting from a no-
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wind atmospheric half-space of 300 km with a rigid bottom boundary (Fig.
2.13). The step-like character of the phase velocity curves can be interpreted
as being the result of interference between two families of normal modes:
quasi-horizontal modes representing energy propagation below the ozono-
sphere (warm layer) and quasi-vertical modes representing energy propaga-
tion above the ozonosphere. This means that the quasi-horizontal modes
propagate into positive thermal gradient layers, while the quasi-vertical ones
penetrate the atmosphere. In a no-wind model, the temperature augmen-
tations in stratosphere (or ozonosphere) and in thermosphere must prevent
the wave energy from escaping to even greater altitudes. The wave energy
penetrates high velocity layers as a function of wavelength, in such a way
that the longer waves penetrate farther than the shorter ones. There are
infinite modes which can satisfy the governing equations but only a small
finite number are sufficient to account for the observations, that is the fam-
ily of “acoustic” and “gravity” modes that are controlled by the acoustic
properties of the atmosphere and by gravity respectively [75].

Figure 2.13: Dispersion curves of AGWs induced by impulsive source. The curves
are calculated in COSPAR atmospheric model up to 300 km. Panel a) shows phase
dispersion curves related to the atmospheric structure; panel b) shows group dispersion
curves related to the energy propagation (modified from Pfeffer & Zarichny, 1963).

Figure 2.13 shows fundamental and higher modes of the acoustic-gravity
waves that are splitted in short (< 150 s), intermediate (150 - 300 s) and
long (> 300 s) periods. The relation between group velocity U and phase
velocity V is given by

U = V 2

V +
(

dV
dt

)
τ

(2.20)

where τ is the wave period in no-wind conditions.
It follows that the short-period waves are most sensitive to the small-scale
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inhomogeneities of the atmospheric structure and travel in the lowest veloc-
ity layer. The intermediate-period waves are too large to be confined within
either channel, their velocity is not influenced significantly by the tempera-
ture distribution above the stratosphere, and their kinetic energy decreases
exponentially along the altitude. The long-period waves are sensitive only
to major differences in temperature between lower and upper atmosphere
and they can be confined by the thermosphere [75]. In LAIC processes and
for sufficiently small structure sizes, certain “asymptotic” relations apply to
the parameters describing acoustic-gravity waves such that

Ux

Uz

≈ λx

λz

≈ τ

τg

(2.21)

where Ux, Uz are the horizontal and vertical components of the group ve-
locity respectively, λx, λz are the horizontal and vertical wavelengths of the
wave respectively, τ is the period of the wave, τg is the buoyancy period [46,
58].
AGWs tend to increase their amplitude A of oscillation with increasing
height h, in proportion to the amplification factor α

α = exp

(
γgh

c2

)
= exp

(
h

2H

)
(2.22)

where h is the coordinate measured vertically upwards.
The factor α is interpreted in terms of energy flux, since it just compensates
for the upward exponential decrease of atmospheric density in maintaining
the flux in those modes whose rate of energy dissipation, over a full oscilla-
tion period, would be just sufficient to exhaust the excess energy available.

Figure 2.14: Linear approximation of amplitude - alti-
tude relation for internal gravity waves. It can be noted
the change of the amplification rate around 100 - 150 km
of altitude (modified from Lizunov & Hayakawa, 2004).
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The upward exponential decrease of the air density causes the viscous dis-
sipation of the short waves and the minimal wavelength grows along the
altitude. This effect, associated with the conservation of kinetic energy,
leads the particle velocity to grow exponentially upward. Therefore, the
atmospheric amplification implies that less dissipative modes are permitted
while more dissipative ones are excluded [46, 73]. Dependence of Aα(z) is
plotted in Figure 2.14. The slowing down of amplification at altitudes z =
100 - 200 km is connected with the increase of the scale height H and in
less grade with the increase of the vertical group velocity. Since the density
variation cannot exceed physically 100%, the amplitude A = 1 is the non-
linear limit of amplification. Therefore, surface pressure oscillations < 0.1
mbar are able to originate linear AGWs at the upper limit of the E-region,
with amplifications up to 105 in absence of wind. AGWs at higher altitudes
or in E-region with higher initial amplitudes are found to be nonlinear [54].

2.3.2.1 Basic equations of acoustic-gravity waves

The step-by-step modeling of the atmosphere, from simple unrealistic con-
ditions to realistic ones, provides us the atmospheric details controlling the
acoustic-gravity waves propagation. Real local atmosphere can be defined
as a compressible and vertically stratified fluid into a gravitational field
where sound speed c varies along the altitude z. The compressibility of the
fluid is set for parameters such that c 6= ∞, the density stratification is set
for scale heights H 6= ∞ and the gravitational field is set for parameters
with g 6= 0. The basic equations of AGWs propagation are the equations of
momentum (eq.2.6), continuity (eq.2.23) and energy conservation (eq.2.24)

dρ

dt
+ ρ∇ · ~V = 0 (2.23)

dη

dt
= 0 (2.24)

where η is the entropy of the air parcel that is conserved in adiabatic motion
[38, 92].
The acoustic waves propagate in absence of a gravitational field, due to
limited displacements for which gravity is inactive. Thus, the acoustic wave
propagation can be treated in a density stratified and compressible fluid
without gravity, where the vertical wave number kz is equal to

k2
z = ω2

c2 − k2
x − σ2 c 6= ∞, σ 6= 0, g = 0 (2.25)
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where ω is the perturbation angular frequency, c is the absolute sound
speed (without wind), kx is the horizontal wave number of the perturba-
tion, σ = 1

2H is the buoyancy wave number characteristic of the atmospheric
stratification [92].
Since the symmetry between kx and kz, the propagation is isotropic, but
for ω2 < σ2c2 attenuation occurs. This angular frequency is the acoustic
cut-off ωa (ω0 in Fig. 2.12)

ωa = σc = γg

2c (2.26)

The acoustic cut-off ωa is the low-frequency limit for the acoustic waves
and it is a resonant frequency for propagating waves in a distributed mass-
spring system; usually ωa is related to periods around 250 - 350 seconds, as
observed in Figure 2.13. The acoustic phase and group velocities are

Va = ω

k
= c

(
1 − ω2

a

ω2

)− 1
2

(2.27)

Ua = dω

dk
= c

(
1 − ω2

a

ω2

) 1
2

(2.28)

where k is the wave number. As ω → ωa, Va → ∞ but Ua → 0. Since Va

changes for different ω, the propagation is dispersive. The group velocity
represents the velocity with which the energy is propagated [92].
The internal gravity waves can be treated as adiabatic process of air parcels
oscillating in an incompressible fluid, due to the absence of acoustic modes,
where the vertical wave number is

k2
z = k2

x

(
N2

ω2 − 1
)

− σ2 c = ∞, σ 6= 0, g 6= 0 (2.29)

where kz < 0 for upward displacements. It is necessary for the upward
propagation that ω2 < N2, then the buoyancy limit N is related to the high-
frequency cut-off for the propagating waves. To compare N with ωa, the
square root of eq. (2.17) is calculated as a function of γ

N = ωg = (γ − 1) 1
2
g

c
(2.30)

The wave numbers kx and kz are no longer symmetric and the propagation
is anisotropic as well as dispersive [38, 54, 92]. Therefore, the group velocity
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has horizontal Ux
g and vertical U z

g components

Ux
g = dω

dkx

= kx(N2 − ω2)
ω(k2

x + k2
z + σ2) (2.31)

U z
g = dω

dkz

= − kzω
2

ω(k2
x + k2

z + σ2) (2.32)

where the vertical group velocity U z
g has an inverted sign compared to the

vertical phase velocity V z
g = ω

kz
. This is the typical propagation condition

of internal gravity waves as the atmosphere falls down by the effect of the
gravity; consequently, V z

g < 0 and U z
g > 0 for upward energy propagation

[74].
The dispersion relation of the acoustic-gravity waves reveals that any pair
of real wave numbers (kx, kz) can be associated with either of two distinct
values of the perturbation ω2, and so with either of two values of ω if
attention is confined to positive roots. One value of ω is necessarily greater
than the acoustic cut-off ωa and the other value is necessarily less than the
buoyancy cut-off ωg. This indicates that two distinct sequences of internal
waves can occur: the acoustic ones at high frequencies (ω > ωa) and the
gravity ones at low frequencies (ω < ωg) [46].

(ω2 − ω2
a)ω2

c2 − ω2(k2
x + k2

z) + ω2
gk

2
x = 0 (2.33)

Since γ value, the assumption ωa > ωg is true at any condition. A gap in
the frequency spectrum exists in the range ωg ≤ ω ≤ ωa, that is for values
of no-vertical phase propagation related to the Lamb waves. The effects
of the gravity on the acoustic waves, or the compressibility on the internal
gravity waves, is to move the solutions slightly towards each other as k2

z >
0 (Fig. 2.15).
The study of air waves within jet flows leads to recognize two downwind jet
mixing noise sources: large-scale turbulence (LST) and fine-scale turbulence
(FST). The LST is propelled near the jet axis while FST travels toward
the ground, and both increase with the temperature. Although the FST is
the main noise portion commonly detected by the ground-based networks,
the LST is the component showing coherent structures as atmospheric in-
stability waves. Different experiments on jet noise show that the acoustic
intensity (e.g. mean-square pressure) from volcanic eruptions vary as a
function of angle θ to the jet axis (i.e. incident angle). The dependence
on θ is very strong and represent the highly directional nature of jet noise.
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High temperature ratios between the jet and the surrounding atmosphere,
coupled with θ < 50◦, could determine exponential increases of LST velocity
around 3 - 4 order of magnitude than the FST one [64].

Figure 2.15: Typical k − ω diagram of the
acoustic-gravity waves. The acoustic branch
propagates into the atmosphere for angular
frequency greater than ωa, while the grav-
ity one for values lesser than ωg. The empty
space between these two branches is com-
posed of evanescent waves with no-vertical
phase propagation (modified from Tolstoy,
1963).

2.4 The traveling ionospheric disturbances

Since the strong relation with the solar activity, the ionosphere is character-
ized by different structures as a function of the geographic latitude. In the
upper atmosphere, gravity waves are observed either directly as fluctuations
of the neutral gas, or indirectly as fluctuations of the ionospheric plasma
which is in principle a passive tracer of the neutral gas motions. The iono-
spheric signature of acoustic-gravity waves (AGWs) propagating in the up-
per atmosphere are called Traveling Ionospheric Disturbances (TIDs) [47].
Among the ionospheric phenomena, TIDs are electron density fluctuations
propagating as waves and they are classified according to their velocity and
period as: Large-scale TIDs (LSTIDs), Medium-scale TIDs (MSTIDs) and
Small-scale TIDs (SSTIDs) [8]. LSTIDs have horizontal propagation veloc-
ities ranging around 300 - 1000 m·s-1, horizontal wavelengths around 1000
- 3000 km and periods from 30 minutes to 3 hours; MSTIDs have horizon-
tal propagation velocities around 100 - 300 m·s-1, horizontal wavelengths of
several hundreds of km and periods around 15-60 minutes; SSTIDs having
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wavelengths less than 300 km have also been observed .
LSTIDs are mainly associated with auroral and geomagnetic activity that
occur at high-latitudes. During geomagnetic storms, the polar/subpolar
ionosphere is prone to heating, and convection processes tend to produce
strong spatially and temporally variable plasma density gradients. Such gra-
dients form the source of LSTIDs which then propagate equatorward [8].
LSTIDs are believed to be an important mechanism by which high-latitude
forcing modifies the low-latitude thermospheric density [108]. MSTIDs are
mostly associated to the coupling between lower and upper atmosphere [8].
In LAIC processes, the main driver for MSTIDs is represented by AGWs
propagation. In this case, the TID is the signature in the ionosphere of the
passage of the AGW, that is the ions being forced along the field lines by
the neutral air winds driven by the pressure waves. This means that TIDs
induced by lithospheric source do not technically propagate: it is the AGW
that propagates and the related TID is merely the signature of its passage.
For this reason, the TIDs velocity estimable from travel time diagrams is
called “apparent velocity” [5]. While the potential sources of AGWs are
known, the predictability of these sources and their impacts on the thermo-
sphere and ionosphere is matter of research [108]. TIDs induced by volcanic
activity are called Co-Volcanic Ionospheric Disturbances (CVIDs) and they
show different features as a function of VEI, atmospheric conditions and
distance of detection ([13, 37, 59] and reference within).

Table 2.1: Characteristics of CVIDs detected by different volcanic eruptions. The
velocity values are related to the “apparent velocity”. Data from [28, 43, 44, 69, 79, 89,
90].

Volcano Date VEI TECU Frequency (mHz) Velocity (m·s-1)
Asama 01/10/2004 2 0.16 ∼ 8 ∼ 1000
Soufriere-Hills 13/07/2003 3 0.5 1.4 - 4.4 460 - 760
Sarychev Peak 11-16/06/2009 4 0.03 - 0.15 3.7 - 6 700 - 1800
Kelud 13/02/2014 4 0.2 - 0.4 3.7 - 4.8 - 6.8 630 - 1200
Calbuco 22-23/04/2015 4 0.16 - 0.5 3.8 - 5.2 900 - 1300
Hunga 15/01/2022 5 4.0 3.7 - 7.4 290 - 850
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Chapter 3

Data and methods

The multiparametric monitoring network around Mt. Etna represents a
huge database from different sensors detecting various signals from the vol-
cano. The analysis of different data may provide new information on our
understanding of the LAIC processes related to volcanic activity. In this
study, Etna’s volcanic activity is analyzed by ground-based and satellite-
based data. The occurrence of eruptive activity is analyzed by videocameras
in visible and thermal channels, seismic and infrasonic signals as Root Mean
Square (RMS) time series. The geomagnetic activity in ionosphere is evalu-
ated by Kp and Disturbance Storm Time (Dst) indices; the electron density
profile is evaluated by International Reference Ionosphere (IRI) model or
ionosonde. Finally, the ionospheric forcing from Etna volcano is analyzed
by total electron content (TEC) fluctuations retrieved from Global Naviga-
tion Satellite System (GNSS) data, in particular GPS data. The spectral
analysis of TEC time series is carried out by Fast Fourier Transform (FFT),
Continuous Wavelet transform (CWT) and Empirical Mode Decomposition
(EMD).

3.1 The GNSS - TEC method

The Global Navigation Satellite Systems (GNSS) are interoperable satel-
lite constellations that are composed of the navigation satellite systems of
different Countries. The term “global” refers to the interoperability and
compatibility of each individual satellite-based positioning system, ensur-
ing geolocalization worldwide at any time. The individual satellite posi-
tioning system joining the GNSS are: NAVSTAR - GPS (United States
of America), GLONASS (Russia), Galileo (Europe) and BeiDou (China).
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These systems provide global coverage that can be improved as GNSS by
the integration of regional systems, as QZSS (Japan) and IRNSS (India),
as well as the satellite-based augmentation systems (SBAS) [48]. When the
phase velocity of a wave in a medium is a function of the wave frequency,
the medium is said to be “dispersive”. This means that two waves, differ-
ing slightly in frequency, will travel with slightly different velocities. As a
consequence, the interference pattern produced by two such waves deter-
mine where, and with what velocity, the energy in the composite wave will
travel. The composite wave is the modulation envelope of all its phases and
its velocity is the group velocity [29]. The ionosphere is dispersive for GNSS
radio signals, and other sources of error affect the positioning. The GNSS
operates in dual-frequency mode, since a linear combination of observables,
on the two carrier frequencies, is needed to remove and/or minimize the
positioning errors. The ionosphere-free linear combination removes the first
order ionospheric effect and the geometry-free linear combination removes
the geometric part of the measure, leaving all the frequency-dependent ef-
fects, multipath and noise. In ionospheric volcanology it is the ionospheric
effect into the GNSS signal to be analyzed, and the dispersive property of
the ionosphere provides an opportunity to estimate the total electron con-
tent (TEC) by the geometry-free linear combination of two GNSS carrier
frequencies.
To obtain the TEC value, we start from the ionospheric refractive index
n, that is related to the ionospheric plasma frequency ωp =

(
nee2

ε0m

) 1
2 , the

electron gyrofrequency ωH = Be
m

and the collision frequency ν

n2 = 1 − X

1 − iZ − Y 2
T

2(1−X−iZ) ±
[

Y 4
T

4(1−X−iZ)2

] 1
2

+ Y 2
L

(3.1)

where X = ω2
p

ω2 , Y = ωH

ω
, Z = ν

ω
, ne is the electron density, e = 1.602 · 10−19

C is the charge of one electron, m = 9.11 · 10−31 kg is the mass of one
electron, ε0 = 8.85 ·10−12 C2·N-1·m-2 is the dielectric constant in vacuum, B
is the magnetic field intensity, ω is the radial frequency of the radio wave,
YL and YT are the ordinary (longitudinal) and extraordinary (transversal)
wave polarization rays, respectively. The equation 3.1 is noted as “Appleton
- Hartree formula” [29].
The carrier frequencies of GNSS signal are in L-band to make n as close
as possible to unity. Indeed, Y � 1 and the absorption is negligible for
L-band waves, therefore in GNSS-TEC applications it is assumed that Y, Z
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= 0 and n reduces to the dispersive term only

n2 = 1 −X (3.2)

For realistic values of ne = 106 e·cm-3 and carrier frequency f = 1.5 GHz,
n ≈ 1 - (2·10−5). That is X � 1 and eq.(3.2) can be approximated at the
first order to obtain

n ≈ 1 − X

2 = 1 −
ω2

p

2ω2 = 1 − Nee
2

8π2ε0mf 2 = 1 − a

f 2ne (3.3)

where ω is the angular frequency of the radio wave, a ≈ 40.3 m3 · s-2 is the
constant for positioning to convert the electron density in length units [22].
It can be noted that n is near 1 at high frequency, that is the higher the
GNSS carrier frequency the lower the ionospheric dispersion. The refractive
index is real and must be smaller than 1, thus when ω > ωp the wave phase
travels faster than the light. This is not a violation of the relativity since
it means that the wavelength of the phase is greater in the medium than in
vacuum [29]. This statement for the phase can be verified by the travel time
of a GNSS signal along the real optical path, from the satellite transmitter
to the ground receiver

ttravel =
∫ sat

rec

n

c
dr = 1

c

∫ sat

rec
1 − a

f 2ne(r)dr (3.4)

where c ≈ 292792 km·s-1 is the speed of light.
The travel time difference relative to wave propagation in vacuum is

∆tΦ = tmedium
travel − tvacuum

travel = − a

f 2c

∫ sat

rec
ne(r)dr (3.5)

The minus sign means that the phase is advanced. This is not true for the
group velocity, since the modulation envelope of all phases means the same
for all the frequencies. Then it is convenient to define a group refractive
index n′ that has to be greater than 1

n′ = c

U
= c

dκ

dω
= 1
n

= 1 + a

f 2ne (3.6)

This means that the travel time difference relative to energy propagation in
vacuum is

∆tG = a

f 2c

∫ sat

rec
ne(r)dr (3.7)
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The plus sign means that the wave group is delayed. In conclusion, the
ionosphere affects the GNSS signal in such a way to cause a phase advance
equal to a group delay, that is ∆tΦ = - ∆tG. In other words, the phase
of the GNSS carrier wave is advanced by the same amount of time that
the information in a wave group is delayed. Each phase measurements is
affected by an unknown ambiguity Nλ related to the initial lock onto the
GNSS signal. The amount of phase advance cannot be measured on a single
frequency and two coherent frequencies are required to this measure [27, 52].
The equations (3.5) and (3.7) show that the ionospheric effect induced on the
GNSS signal is directly proportional to the number of free electrons between
the satellite and the receiver. Then the electron density integrated along the
geometric range of 1 m2 cross-section is called total electron content (TEC).
The TEC is expressed in TECU (TEC Unit) where 1 TECU = 1·1016 e·m-2.
In terms of distances, the ionospheric range delays are

IΦ = c∆tΦ = − a

f 2 sTEC (3.8)

IG = c∆tG = a

f 2 sTEC (3.9)

where sTEC indicates the slant TEC since the integral is defined along the
line-of-sight (oblique most of time).
As suggested by equations (3.3) and (3.6), the phase advance IΦ and the
group delay IG are small for the higher carrier frequency. The real opti-
cal ray of the GNSS signal deviates from the theoretical geometrical one
(straight) not only for the ionospheric effect but also for other sources of
error, in such a way that the satellite-based measures of distance are called
pseudoranges [48]. Pseudoranges are GNSS observables that can be com-
puted by group or phase measurements as code observables P, based on
the GNSS signal structure (e.g. coded signal), and the phase observables
L, based on the carrier frequency, respectively. The observable P provides
an absolute measure of range, robust but lesser precise than the L that is
relative, phase-ambiguity affected but very precise [60].

Pi = ρ+ cδt+ T + Ii + b+ εP (3.10)

Li = ρ+ cδt+ T − Ii +Nλi +B + εL (3.11)

where ρ = ct is the satellite-receiver geometric range covered by the radio
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wave if the receiver employs a clock set precisely to the satellite one, δt is
the real clock offset between receiver reception and satellite transmission, T
is the tropospheric effect, Nλi is the phase ambiguity for the i-frequency, ε
are noise and multipath errors on L and P measurements, b and B are the
differential code and interfrequency biases, respectively, due to the receiver
and the transmitter hardwares.

Figure 3.1: Satellite-receiver geometry configura-
tion into a geocentric reference system; ρ is the
pseudorange used for positioning, ρR is the con-
stant receiver-geocenter distance, ρS is the satellite-
geocenter distance corrected by navigational data.

Subtraction of simultaneous observations at different frequencies leads to an
observable L in which all frequency-independent effects (geometrical range,
clock errors, tropospheric delay ecc...) are cancelled and the ionospheric
effect, together with other frequency-dependent effects, remains [22].

3.1.1 Variometric Approach for Real-time Ionosphere
Observation

The Variometric Approach for Real-time Ionospheric Observation (VAR-
ION) is an algorithm based on single time differences of GNSS carrier-phase
measurements in geometry-free linear combination, by using a standalone
GNSS receiver and standard GNSS broadcast products. If no cycle slips
occurs, Nλ can be considered constant between two consecutive epochs.
The inter-frequency biases are also assumed as constant for a given period.
For these reasons, differentiating eq.(3.11) between two consecutive epochs
t0 and t1 = t0 + ∆t, and applying the geometry-free linear combination,
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we obtain the observation overcoming the problem of estimating Nλ and B
[84].

[L(t1) − L(t0]gf = f 2
1 − f 2

2
f 2

2
[I(t1) − I(t0)] (3.12)

where the subscript gf refers to the geometry-free linear combination, f1

and f2 are the GNSS carrier-frequencies with f1 > f2.
Taking into account the ionospheric refraction along the geometric range,
we compute the TEC variations between two consecutive epochs

δsTEC(t1, t0) = f 2
1 f

2
2

A(f 2
1 − f 2

2 ) [L(t1) − L(t0)]gf (3.13)

The equation (3.13) represents the core output of the VARION algorithm,
that is the relative sTEC variation (or differential sTEC·dt−1) as a single
time difference of phase observables L, in geometry-free linear combination,
between two next epochs at the sample period. Finally, the sTEC variations
are integrated over the time axis of observation, from tstart to tend, to retrieve
the integrated differential TEC time series

∆sTEC(tend, tstart) =
∫ tend

tstart

δsTEC(t) (3.14)

Since ∆TEC is an integral it is an estimation of the electron density vari-
ation and not a measure. The time series δsTEC and ∆sTEC show sim-
ilar signals in the time domain but with different amplitudes to orders of
magnitude. The advantage of the differential δsTEC is its high quality,
since it is the direct output from GNSS record processing but it is unfil-
tered and trending-affected. On the other hand, the integrated ∆sTEC can
be filtered and then detrended. Usually TEC amplitudes are referred to
the integrated values. The single-time difference computation, from stan-
dalone GNSS receivers, makes VARION suitable for real-time applications.
Nowadays, VARION is effectively used to study various types of ionospheric
disturbances [3, 59, 80, 84].

3.1.2 The GNSS - TEC satellite geometry

The equation (3.14) requires a point into the satellite-receiver line-of-sight
to refer the value of TEC estimation. Most of TEC value is attributable
to the electron density peak and then it is assumed that most contribute,
into the TEC variation, is due to electron density peak fluctuations. This
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assumption is based to the fact that, at the electron density peak altitude,
the ionosphere is more sensitive to the energy propagation and the iono-
spheric effect should then more pronounced. For this reason, usually TEC
estimations are referred at the electron density peak altitude hmF2 in day-
time (Fig. 2.8) by assuming the whole ionosphere as a thin layer called
ionospheric shell.

Figure 3.2: TEC-2D geometry configuration in lin-
ear approximation; hi is the ionospheric shell altitude.

The intersection between the ionospheric shell and the line-of-sight is the
Ionospheric Pierce Point (IPP), that is the point to refer the ∆TEC esti-
mation. Therefore, TEC estimations are usually plotted around 300 km of
altitude. Finally, the orthogonal projection on the ground of IPP is called
Sub-Ionospheric pierce Point (SIP). The SIPs are used to mapping TEC
time series of eq.(3.14), as a function of longitude and latitude, along the
observation arc. The satellite geometry influences the estimation of TEC
values by the IPP velocity vipp and by the sounding configuration of the
three elements (receiver, IPP and source) in the XZ plane (X = horizontal
axis; Z = vertical axis) (Fig.3.2). The IPP velocity is due to the satellite
moving along the observation arc and then it depends on the elevation an-
gle ε by an inverse relation, in such a way that the higher ε the lower vipp.
Another implication of vipp can be the Doppler shift of the TEC signature’s
spectral frequency and corrections are made to retrieve the intrinsic values
of the signature. Therefore the signal-to-noise ratio (S/N), into TEC time
series, is higher for high ε and low vipp; conversely ε and vipp for lower S/N.
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vipp = dipp

dt
=
√

[rt0 cos(εt0)−rt1 cos(εt1)]2+[rt0 sin(εt0)−rt1 sin(εt1)]2
dt

(3.15)

r = (R + hi) cos(η) − R sin(ε) (3.16)

η = arcsin
[

R
R + hi

cos(ε)
]

(3.17)

where dipp is the IPP distance covered between t0 and t1, dt = t1 − t0 is the
GNSS sample period in seconds, εt0 is the elevation angle at time t0, ηt0 is
the angle “station - IPP - geocentre” at t0, R is the Earth radius, hi is the
ionospheric shell height (Fig. 3.2, 3.4) [83].
The direction δipp of dipp is related to the IPP azimuth from the source.
In a period ∆t = t1 − t0, the IPP treads an unknown distance a from the
volcano’s zenith point Z, that is possible to calculate as linear distance by
the cosine theorem

a2 = b2 + c2 − 2bc · cos(α) (3.18)

where a, b, c are the sides of a generic triangle, α is the opposite angle
of a (Fig. 3.3). Since VARION data processing provides as outputs the
distances b = IPP (t0) − Z and c = IPP (t1) − Z, and their azimuth angles
α0 and α1 at the times t0 and t1, respectively, then α = |α0 − α1| and
a = IPP (t0) − IPP (t1) = dipp from eq.(3.18) are obtained.

Figure 3.3: Elements of the cosine theorem.

Once obtained a, by manipulation of eq.(3.18) it is possible to obtain the
angle β related to δipp. Finally, by the pair angles theorem, it follows that
δipp = α1 − β.
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On the other hand, the ideal sounding configuration for the ionospheric
TEC is to have the IPP between the station and the source in the XZ
plane, in order to record the same phase of TEC fluctuation [28, 61]. In
reality, the TEC sounding by satellite depends on the actual orbit during
the satellite revisit time and on the relative positions of the receiver and
the source from the IPP track. This means that when the signal triggering
doesn’t occur at the ideal configuration, it can be possible to analyze TEC
time series affected by low S/N ratios. Another detail of the GNSS - TEC
method is its IPP geometric convention implying two critical questions: 1)
the fixed, necessary, ionospheric shell altitude implies a spatial distortion of
the length of the SIP track plots, since the satellite in the same time covers
different horizontal distances as a function of the IPP altitude; 2) electron
density fluctuations, that may be related to different altitudes, are anyway
referred to the ionospheric shell (Fig. 3.4). Therefore, the GNSS-TEC
method provides reliable detection in time but the spatial information must
be supplied with complementary approaches to get complete time-spatial
information of the TEC signatures.

Figure 3.4: Elements of the GNSS - TEC satellite geometry. The
figure is not in scale.
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3.1.3 GNSS dataset arrangement

The compatibility and interoperability of each individual positioning sys-
tem, forming GNSS, are based on the usage of a single data format that can
be exchanged and read in the same routine by different systems. The data
format in which the GNSS receivers store the observations is the Receiver
Independent Exchange data format (RINEX) that can be handled with dif-
ferent softwares as “teqc” or “gfzrnx” [32, 71]. In this study, the RINEX
data are in daily 2.11 version and they are retrieved from four different
GNSS networks:

• RING network (Rete Integrata Nazionale GNSS) run by INGV [82]

• Local GNSS monitoring network run by INGV-OE (ct.ingv.it)

• rTopcon Positioning Systems network (topconpositioning.com)

• Geodetic Data Archive Facility (GeoDAF) of EUREF Permanent GNSS
Network Italian branch run by Italian Space Agency (ASI) [39]

Figure 3.5: GNSS network available on December 4th 2015; a) GNSS stations
as black dots within 600 km of Mt. Etna; b) local GNSS network around Mt.
Etna as the magnification of the red line square in a).

Most of the data comes from RING and rTopcon networks. The networks
are continually monitored and updated and this means that the total num-
ber of the adopted GNSS receivers can be different between two eruptions
occurring in different periods (Fig. 3.5). In general, the study is carried out
on more than 100 receivers from RING network, around 60 receivers from
rTopcon, around 30 from Local network and around 10 from GeoDAF. In
some events, GeoDAF data are not present. The GNSS receivers from these
networks are selected within 600 km of Mt. Etna.
Before any analysis of TEC time series, information of GNSS receiver coor-
dinates, and phase measurements, must be retrieved by dedicated routines.
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This type of routine is the application of GNSS-TEC method, in which
model parameters (e.g. ionospheric shell height hi, carrier frequencies,
geodetic specifications) are set in VARION that runs on all the satellite-
station pairs of the dataset to obtain: time, SIP longitude, SIP latitude,
SIP azimuth, Line-Of-Sight (LOS) elevation angle, δsTEC. SIPs longitude,
latitude and azimuth are model-dependent since they change as hi changes.

Figure 3.6: Output in “.txt file” of 20 samples by the VAR-
ION first run on RINEX data for a single satellite-station pair.
The seconds are in second-of-day format and the time is in
24 hr decimal format. The SIP epicentral distances from the
source are obtained by the SIP latitude and SIP longitude.

Some of these space-time information are then combined for mapping; the
SIP coordinates are used to compute the epicentral distance between SIP
and source, whereas δsTEC is converted to vertical component δvTEC by
eq.(4.1). These time-space information, obtained by the first run of VAR-
ION, are stored in a “.txt file” (Fig. 3.6). The first run returns time-space
information of differential TEC estimations from all satellites in line-of-sight
with the GNSS network on 24 hours. Some of these information are related
to a different time than the eruption occurrence, then it is now possible to
reduce the time axis to find the satellites Sx (x = 1, 2, ..., n) being in trans-
mission with the receivers Rx during the eruption. In order to recognize the
satellites Sx, a reference station R0 is chosen close to the source. This means
that all the satellites, in line-of-sight with R0 during the eruption, make a
list of satellites Sx that have recorded any potential co-volcanic ionospheric
disturbances. The satellites Sx are selected by plotting a skyplot centered
at R0 on the time axis of interest (Fig. 3.7b). Once recognized the satellites
Sx transiting close to the source during the eruption, a list of receivers Rx

within a certain distance from the source is made. At this point, the specific
GNSS dataset (i.e. composed by specific S-R pairs) for TEC analysis on
the eruption is complete.
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Figure 3.7: a) work-flow for the GNSS dataset arrangement; b) sky-
plot of the transiting satellites around Etna between 6 - 12 AM. The
letter G of the satellites in b) indicates GPS satellite that are associ-
ated with their identity number. The bold satellites G08, G11, G22,
G27 and G32 are selected since they are transiting around the volcano
during the morning eruption of December 4th 2015.

3.2 Geomagnetic indices and the electron den-
sity profile

In order to know the ionospheric conditions at the time of analysis, the
global geomagnetic activity is evaluated by the Disturbance Storm Time
(Dst) and the Kp indices. The Dst index is related to the H-component of
the magnetic field derived from a network of near-equatorial geomagnetic
observatories, and it represents the parallel disturbance field with respect to
the dipole axis. As a function of time, Dst index provides the occurrences
of geomagnetic storms. Even in absence of distinct geomagnetic activity,
Dst index will continuously report disturbances that can be correlated with
other solar and geophysical parameters. It is for these purposes that the
Dst index is published on a continuous basis [104]. The Kp index varies
between 0 - 9 and it represents all irregular disturbances of the geomagnetic
field caused by solar particle radiation within 3 hours interval concerned.
As an indication of the geomagnetic activity instantaneously driven by the
solar wind, the X-Y components are measured as K index by a network of
sub-auroral geomagnetic observatories. The average of K indices is the Kp
index as a planetary scale measurement of the geomagnetic activity from
high latitudes [6, 66]. The monitoring of geomagnetic activity on the Earth
is focused on the risk mitigation related to space weather dynamics that can
affect radio-based applications and their electronic infrastructures, like those
related to satellites, telecommunication, internet and power plants. For
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example, the Mother’s Day geomagnetic storm that occurred on May 10th

2024 is among the most spectacular and severe storms of the last 500 years.
Dst and Kp indices have reached values around -400 nT and 9, respectively,
that caused blackout and degradation of satellite communication at different
orbits for a few hours [23]. Table 3.1 reports the scales of Dst and Kp
geomagnetic indices.

Table 3.1: Geomagnetic activity evaluated by Dst
and Kp indices.

Description Dst (nT) Kp
Quiet > - 30 0 - 3
Weak storm - 50 < Dst < - 30 3 - 4
Moderate storm - 100 < Dst < - 50 4 - 6
Strong storm - 200 < Dst < -100 6 - 7
Super storm < - 200 ≥ 7

The electron density profile of the ionosphere is fundamental to estimate
TEC values from GNSS data. The High Frequency (HF) vertical sounding
of the ionosphere is performed by ionosondes at the ground to obtain direct
measures of the electron density distribution along the altitude. The HF
sounding is based on the travel time that is requested for a transmitted radio
wave from the ionosonde to return on the ground, after being reflected at
the altitude where the ionospheric plasma frequency fp is equal to the wave
frequency f . Another method to obtain information on the electron density
profile is to examine the International Reference Ionosphere (IRI) model.
IRI is an empirical model being based on ground and space observations of
the ionosphere. Being a data-based model, the reliability of IRI depends
on the spatial and temporal coverage provided by the underlying datasets.
A large availability of data at mid latitudes assures a corresponding good
accuracy, whereas the performance is not so good in regions at high and low
latitudes since the data availability is not comparable to that at mid lati-
tudes. The IRI model represents monthly averages of the electron density,
electron temperature, ion temperature, ion composition along the altitude
range of 60 - 2000 km. Additional IRI outputs include the vertical TEC
(vTEC) from the lower boundary to a user-specified upper boundary, verti-
cal ion drift near the magnetic equator and the probability of occurrence for
electron density layer spreading that is related to geomagnetic phenomena
[9]. In this study, IRI model provides the electron density profile only, since
vTEC is obtained as differential dvTEC from GNSS data.
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3.3 Seismo-acoustic monitoring of Mt. Etna

Nowadays, Mt. Etna is monitored by a network of 28 seismometers (broad-
band 3-component Nanometrics® Trillium 40 with sample frequency at 100
Hz) that are used to define a level of concern color code, and transmit erup-
tion warnings to the Italian Civil Aviation Authority (VONA advices) and
the Department of Civil Protection. The acoustic activity is monitored by
a network of 9 microphones (G.R.A.S.® 40AN with flat response in 0.3 -
20 Hz range and sample frequency at 50 or 100 Hz). The seismometers
are located very close (a few meters) to the infrasound sensors and then
it is common calling “seismo-acoustic stations” this type of instrumental
configuration [88, 109]. The INGV seismo-acoustic network installed at the
Etna volcano is the main portion of the Permanent Seismic Network (RSP)
dedicated to the monitoring of Calabria peninsula, Eastern Sicily, Eolian
and Pantelleria islands (Italy) (INGV-OE - Seismic monitoring).

3.4 Spectral analysis techniques

Nowadays, the digitalization of signals lead us to analyze time series by
various techniques. Most signals of practical interest can be decomposed
into a sum of sinusoidal signal components that is called spectrum. These
decompositions are extremely important in the analysis of Linear-Time In-
variant (LTI) systems because the response of an LTI system, to a sinusoidal
input signal, is a sinusoid of the same frequency but of different amplitude
or phase. The linearity property of the LTI systems implies that a linear
sum of sinusoidal components, at the input, produces a similar linear sum
of sinusoidal components at the output, which differs only in amplitude and
phase from the input sinusoids. Only the class of sinusoidal signals pos-
sess the property in passing through an LTI system, and for this reason
the sinusoidal decomposition of signals is very important to analyze natural
phenomena [76]. Techniques like Fast Fourier Transform (FFT), Contin-
uous Wavelet Transform (CWT), Empirical Mode Decomposition (EMD)
decompose the time series of the input signal by different approaches.
The basic mathematical representation of periodic signals is the Fourier
series, which is a linear weighted sum of harmonically related sinusoids

x(t) =
∞∑

k=−∞
cke

j2πkF0t (3.19)
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where x(t) is the signal amplitude in the time domain, ck is the coeffi-
cient specifying the shape of the waveform, j is the imaginary unit, k =
(0,±1,±2, ...) is the harmonic index, F0 is the fundamental frequency of
x(t), t is the time.
The periodic signal x(t) with period T0 can be represented by the series
3.19, where F0 is the reciprocal of T0. If the period of x(t) increases without
limit, the line spacing of its spectrum tends towards zero, that is the signal
becomes aperiodic and its spectrum becomes continuous. The spectrum of
aperiodic signals is the envelope of the line spectrum in the corresponding
periodic signal obtained by repeating the aperiodic signal with some period
Tp. This statement leads us to define a function X(F ), called the Fourier
transform of x(t)

X(F ) =
∫ ∞

−∞
x(t)e−j2πFtdt (3.20)

The Fourier transform is a function of the continuous variable F that doesn’t
depend on Tp or F0. The essential difference, between the Fourier series and
the Fourier transform, is that the spectrum in the latter case is continuous
and hence the synthesis of an aperiodic signal from its spectrum is accom-
plished by means of integration instead of summation. If a signal x(t) is
absolutely integrable, it will also have finite energy. Nearly all finite energy
signals have a Fourier transform. The eq.(3.20) is called Discrete Fourier
Transform (DFT) since it is the mathematical formalism to convert dis-
crete signals from the time domain to the frequency one. The Fast Fourier
Transform (FFT) indicates the high performing algorithm optimizing the
computation of eq.(3.20) [25].
In contrast to the Fourier transform, the Wavelet transform keeps the lo-
cality present in the signal and allows the local reconstruction of a signal.
To be called a “wavelet”, the analyzing function should be an integrable
function with average equal to zero. This function, also noted as “mother
wavelet”, is characterized by a specific central frequency. From the mother
wavelet, the scale decomposition of a signal is performed by the generation
of the family of continuously translated, dilated and rotated wavelets.

ψlx′θ(x) = l−
n
2ψ

[
Ω−1(θ)x− x′

l

]
(3.21)
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where ψ is the mother wavelet, l ∈ <+ is the scale dilation parameter
corresponding to the width of the wavelet (e.g. the period in time axis),
x′ ∈ <n is the translation parameter corresponding to the position of the
wavelet, Ω is the rotation matrix depending on the n(n − 1)/2 Euler an-
gles θ. The parameter l and x′ are dimensionless variables, the factor l− n

2

is a normalization causing all the wavelets to have the same energy and
the wavelet coefficients will correspond to energy densities. The family of
analyzing wavelets ψlx′θ may be compared to a mathematical microscope
and polarizer, for which ψ characterizes the optics, l−1 is the resolution,
x′ the position and θ the polarization angle. Different mother wavelets are
available and some of them can be performed as Discrete Wavelet Trans-
form (DWT) and Continuous Wavelet Transform (CWT). The output of
the Wavelet transform is a two-dimensional result providing information in
the frequency as well as in time domains [34].
Unlike the Fourier transform operating under the assumptions that the
spectral components remain constant over time, and the assumption that
Wavelet transform coefficients are computed from the stretching and shrink-
age of the same mother wavelet, the Empirical Mode Decomposition (EMD)
is an adaptive method decomposing a signal into intrinsic mode functions
(IMFs) that are based on the local characteristics of the signal, without
making assumptions regarding stationary or linearity. The time series of
the input signal x(t) is decomposed into a finite number n of intrinsic mode
functions and a residual rn by an adaptive basis that is derived from the
maximum and minor envelopes of each IMF.

x(t) =
n−1∑
j=0

IMF (t)j + rn (3.22)

For a given time series, each IMF has its own timescale and represents an
oscillation with both amplitude and frequency modulations. This type of
empirical decomposition is local and orthogonal, in such a way to yield the
instantaneous phase and the instantaneous frequency IFj(t). By the so-
called sifting of eq.(3.22), the EMD returns already filtered and detrended
IMFs [17, 49].
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Chapter 4

The December 4th 2015
eruption

The large-scale lava fountains (LSLF) of Etna volcano are hazardous parox-
ysmal activities for the surroundings and the air traffic on the eastern side
of Sicily island, Italy. Usually, this type of eruption occurs at the Vor-
agine (VOR) crater and the fire fountains of December 2015 are among
the strongest explosive activities in the twenty-first century. The Decem-
ber LSLFs occurred four times between the night of December 3rd and the
afternoon of December 5th, in a 38 hr time range. This LSLF sequence is
characterized by an intensity decrease from the first to the last episode [26].
Despite the mass eruption rate Q is not the highest one among the four
fire fountains, Co-Volcanic Ionospheric Disturbances (CVIDs) are observed
as TEC signatures during the morning eruption of December 4th 2015 [37].
Figure 4.1 shows three screenshots of the large-scale lava fountain in vis-
ible (up) and thermal (down) channels from the videocamera ENT, sited
in Nicolosi (37.61 ◦N - 15.02 ◦E), at around 15 km southward VOR. The
visible channel provides information on the volcanic plume while the ther-
mal channel provides information about the fire fountain. The panels on
the left show the start of the eruption at 08:40 UTC that is characterized
by the tephra emission onset in the air; at this moment, the plume is not
present in atmosphere and the fire fountain is approaching to exit from the
vent. A thermal anomaly is already present at the top of the ground. The
panels in the middle show the lower part of the eruption column that is
sustained by the large-scale lava fountain reaching its maximum height; the
eruptive activity shows features of maximum intensity, thus it is reasonable
to hypothesize that the atmospheric perturbation is maximized around this
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Figure 4.1: Screenshots of the morning December 4th 2015 eruption from videocamera.
The upper panels show images in the visible channel while the low ones show images in
the thermal channel. The white line indicates the height unit of the videocamera. From
the left to the right the screenshots show the onset of the eruption, the fire fountain at
the highest altitude, the fire fountain when it starts to decrease.

moment. The panels on the right show the eruption column starting to bend
since the fire fountain starts to decrease and the plume is not more sustained
from below. In detail, the maximum energy release in the atmosphere is
supposed to occur when the lava fountain reaches the highest altitude by
producing a sustained eruption column (Fig. 4.1, panels in the middle).
The eruption occurred between 08:40 and 11:00 UTC, with a plume height
h = 13.1 km of altitude. This lava fountain has a maximum mass eruption
rate Qmax = 1.62·106 kg·s-1 that is the second highest value among the four
December lava fountains. The nighttime occurrence and the low Q may
be the reasons why similar CVIDs, during the other three episodes, aren’t
observed [67, 98].

4.1 The seismo-acoustic activity

The root-mean-square (RMS) amplitudes of the seismic and acoustic signals
help to better define the time range of the eruption in comparison with
that observed by video. In particular, the seismo-acoustic signals provide
information about ground and air motions due to the eruption, in such
a way to compare the timing of eruptive energy release with the timing
estimated by the visual observation of the eruptive activity. Furthermore,
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the seismo-acoustic signals can report any time sub-intervals of different
phases of the same eruptive activity that cannot be watched from video.
The seismo-acoustic time series, recorded by ESLN station (37.69 ◦N - 14.97
◦E) at 7 km southward VOR, has a typical waxing-waning behavior starting
to increase at 08:40 UTC, peaks at 10:00 UTC and ending at 11:00 UTC
(Fig. 4.2). The seismo-acoustic onset of the eruption is characterized by an
explosion quake coinciding with the ash emission onset (Fig. 4.1; panels on
the left).

Figure 4.2: a) seismo-acoustic RMS amplitude time series; z-comp is the seismic velocity
vertical component; o-comp is the infrasound signal; the high seismic peak early after the
onset is the explosion quake Exq; b) linear correlation of the seismo-acoustic time series
in a). The red dashed lines in a) indicate the start and the end of the seismo-acoustic
activity. The three red solid lines in a) indicate the two rising ramps and the central
flat-step. The perpendicular black dashed lines in b) define the seismo-acoustic field of
the eruption.

The importance of seismo-acoustic time series is represented on what hap-
pens into the waxing phase, that is between the onset at 08:40 UTC and
the peak at 10:00 UTC. The waxing phase is characterized by two ramps
with similar seismic velocity rates atr ≈ 1.7·10-8 m·s-2 that are spaced by a
flat step ∆t ∼ 09:05 - 09:45 UTC with rate atr ≈ 0. Since the fire fountain
reaches the highest height around 09:08 UTC (Fig. 4.1; panels in the mid-
dle) it is reasonable to state that the seismic flat step ∆t represents the time
range of the more intensive energy release in the atmosphere. An explana-
tion to this statement is that when the fire fountain goes out from the crater,
the ground shaking stops and the amplitude of the seismic signal (black line
in Fig. 4.2a) decreases. The flat step is again reported by the infrasonic
time series (blue line in Fig. 4.2a) with an important peak around 09:10
UTC that it is to associate to the exploit of the tall fire fountain. Although
the infrasonic time series shows a less marked flat step than the seismic
one, both signals are characterized by the same trend that is attributable
to the same source (e.g. the eruption). Finally, despite the seismo-acoustic
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peak indicates the maximum seismo-acoustic energy, starting from 10:00
UTC the waning phase occurs. This means that the seismo-acoustic peak
coincides with the incipient bending of the eruption column due to the fire
fountain starting to decrease (Fig. 4.1; panels on the right). Therefore,
the amplitudes of seismo-acoustic time series reach the pre-eruption values
around 11:00 UTC defining the seismo-acoustic end of the eruption.
To investigate the ground-air coupling in the surrounding of the crater, a lin-
ear correlation between the seismic velocity vertical component and the in-
frasonic signal is computed between 03:00 and 16:00 UTC (Fig. 4.2b). This
time range is evaluated from video analysis and from the seismo-acoustic
time series itself, in such a way to include noise of pre- and post activity to
validate the correlation. The seismo-acoustic correlation yields a Pearson
coefficient r = 0.89 indicating a volcanic conduit releasing quite directly
the underground seismic energy into the atmosphere as infrasound. In par-
ticular, the seismo-acoustic correlation plot is characterized by one main
cluster at lower seismo-acoustic amplitudes and one minor cluster (red and
gold dots), around 09:00 - 10:00 UTC, at seismic velocity values exceeding
1·10-5 m·s-1 and at infrasonic pressure values exceeding 2 Pa. Therefore, the
seismo-acoustic amplitudes of the minor cluster at that time represent the
seismo-acoustic field of the large-scale lava fountain (Fig. 4.2b).

4.2 The ionospheric TEC analysis

The High Frequency (HF) vertical sounding of the ionosphere, with time
resolution of 15 minutes, returns an electron density peak altitude hmF2 =
220 km at 09:00 UTC for the December 4th 2015. The ionosonde, property
of INGV, is located in Gibilmanna (37.99 ◦N - 14.02 ◦E), Italy, at about
90 km northwest of Etna volcano [95]. In this case, the electron density
layering of the ionosphere from Gibilmanna is considered representative of
the ionospheric layering above the eruption. The geomagnetic indices in the
eruption day maintain low values over 24 hours with -13 ≤ Dst ≤ -4 and
Kp ≈ 2. On the base of geomagnetic indices, the upper atmosphere is quite
calm during the eruption in such a way that we may expect the detection
of ionospheric forcing from the lithosphere (Fig. 4.8) [40].
Once defined the GNSS dataset, raw TEC estimations are firstly recovered
as slant component. For TEC mapping it is appropriate to analyze the
vertical component of TEC
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vTEC = sTEC cos(η) (4.1)

where η is the mapping factor of eq.(3.17).
Five GPS satellites are found to transit near Etna during the December
4th 2015 morning eruption (Fig. 3.7). To minimize artifacts and temporal
misalignments, the TEC analysis starts from the integral of the raw dif-
ferential TEC by eq.(3.14). Only the records of two satellites, G08 and
G32, show dvTEC oscillations after the seismo-acoustic onset of the erup-
tion (Fig. 4.3a-b). Then, a 4th order Butterworth band-pass filter in 0.5
- 10 mHz is applied to analyze the acoustic-gravity components in 2 - 30
minutes range and TEC oscillations are recognized with period τG08 ∼ 20 -
25 min and τG32 ∼ 12 - 15 min, amplitude A ≈ 0.6 TECU (hereafter, terms
like signature, anomaly, fluctuation and oscillation are used as synonyms to
describe the local co-volcanic variation of differential TEC).

Figure 4.3: Travel-time diagrams of the S-R pairs observations during the eruption.
Panel a) shows the observations for all satellites with a defined TEC anomaly around
09:00 - 09:30 UTC; b) same outputs of a) relative to satellites G08 and G32 only, as
the two satellites detecting the TEC perturbation. The black solid lines indicate the
seismo-acoustic onset and finish of the eruption.

To better analyze the two-dimensional characteristics of the ionospheric
TEC signatures, a selection of around 20 GNSS stations, along transverse
directions to the satellite’s IPP trajectory on the TEC map, is done; this
method allows better time-space tracking of the TEC signatures since it
simplifies the identification of the waveform. Once defined the baselines of
receivers for satellites G08 (NNE - SSW direction) and G32 (E - W direc-
tion), the TEC signatures are tracked on their own TEC maps. Figures
4.4a,b show the TEC maps for both satellites G08 and G32, on which the
TEC anomaly is observed. The satellite G08 is in descending orbit from the
northwest to the south, whereas satellite G32 is in ascending orbit from the
southwest to the northeast. By this configuration, the satellite G08 goes
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away from the source during the detection of these co-volcanic TEC signa-
tures, while the satellite G32 approaches the source when its line-of-sights
detect the perturbation. The TEC anomaly is located from both satellites
around 100 - 200 km south-southwestward of Etna and it totally disappears
beyond 200 km. Then, these co-volcanic ionospheric disturbances occur in
the near-field of Etna volcano with a south-southwestward directivity.

Figure 4.4: a) TEC map of satellite G08 along NNE - SSW line; c) TEC time series
of the previous TEC map with the names of the receivers on the right axis (bottom to
up = south to north-east); e) hodochrones of satellite G08 and the apparent velocities
UHA. Second column: b) TEC map of satellite G32 along E - W line; d) TEC time series
of the previous TEC map (bottom to up = west to east); f) hodochrones of satellite
G32 and the apparent velocities UHA. The red line in the TEC time series indicate the
seism-acoustic start of the eruption.

Figures 4.4c,d show the TEC time series from both satellites G08 and G32,
respectively. The TEC signatures progressively emerge starting from 09:00
- 09:05 UTC, reach the peak amplitude around 09:15 - 09:20 UTC and
then attenuate after 09:45 UTC. Therefore, these local TEC perturbations
last for about 30 min with 2 - 3 quasi-periodic oscillations. The initial
noise for G32-detection, between 08:00 - 08:40 UTC, is basically due to
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the low elevation angle εG32 ∼ 20◦ - 40◦ related to the satellite access in
the line-of-sights of the ground GNSS network. Indeed, for satellite G08
the elevation angle εG08 ∼ 55◦ - 70◦ in the same time, and the time series
aren’t affect by noise. Figures 4.4e,f show the hodochrones of both satellites,
that is travel-time diagrams showing the TEC time series as a function of
amplitude (color scale), time and sub-ionospheric pierce point’s distance
from the source (e.g. epicentral distance). The interpolation along the
hodochrones of the in-phase points of the TEC signatures is an estimation
of the horizontal apparent velocity vHA ∼ 135 - 300 m·s-1.

Figure 4.5: a), b) Fast Fourier Transform amplitude spectra with the peak frequencies
reversed; c), d) Continuous Wavelet Transform power spectral density into the grav-
ity frequency range (0.5 - 4 mHz); e), f) CWT power spectral density in the acoustic
frequency range (4 - 10 mHz). The colored dashed lines in a), b) indicate the peak
frequencies; the red and white dashed lines in c), d), e), f) indicate the seismo-acoustic
onset of the eruption.

To analyze the spectral features of these co-volcanic ionospheric distur-
bances, the GNSS station HLNI (37.35 ◦N - 14.87 ◦E) is chosen, since it
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records the maximum TEC amplitude around 0.6 TECU for both satellites
G08 and G32. HLNI station is sited 45 km southward of Etna, that is
quite far from hypothetical distortions of line-of-sights crossing the volcanic
plume. The 1D - Fast Fourier Transform (FFT) for the pair G08 - HLNI
returns a peak frequency fG08 ≈ 0.65 mHz and one minor peak at 1.43 mHz
that is one order of magnitude less (Fig. 4.5a). Knowing fG08 it is possible
to set the Continuous Wavelet Transform (CWT) parameters for the 2D
spectral analysis of the TEC signature. The CWT returns a power spectral
density peak around 09:20 UTC, when the sub-ionospheric pierce point dis-
tance from the Etna is rh ∼ 90 km. The 4th order Butterworth band-pass
filter is applied to analyze the acoustic frequency range (4 - 10 mHz) but,
despite a power spectral density peak around 10:00 UTC, the TEC ampli-
tudes are at the background level and no distinct waveforms are observed
(Fig. 4.5c-e). Slightly different spectral outputs are from the pair G32 -
HLNI. In this case, the TEC signature’s waveform oscillates with one more
cycle than the one detected by satellite G08. The 1D - FFT analysis reveals
a wider amplitude spectrum that is characterized by a peak frequency at
0.91 mHz and by two minor peaks at 1.43 mHz and 0.65 mHz. Finally, one
order of magnitude less is the spectral amplitude in the range 2 - 3 mHz
(Fig. 4.5b). Even for the pair G32 - HLNI it occurs a power spectral density
peak in the acoustic frequency range, early after 10:00 UTC, but no distinct
TEC signatures are recognized in the time axis upon the background level
(Fig. 4.5d-f). Notably, an inversion of the primary and secondary peak
frequencies is observed between satellites G08 and G32. Specifically, the
amplitude spectrum of the pair G08 - HLNI exhibits a primary peak at 0.65
mHz and a secondary peak at 1.43 mHz, whereas that of the pair G32 -
HLNI shows dominant peaks at 0.91 - 1.43 mHz and a secondary peak at
0.65 mHz.
To validate the spectral analysis of these TEC signatures, the Empirical
Mode Decomposition (EMD) is applied on the time series from the same
satellite - station pairs. Based on the empirical method, EMD provides
information that is physically reliable. Since the so-called sifting technique,
the EMD can be applied on the unfiltered input signal of eq.(3.13), to avoid
filtering artifacts or time shifts, and without preventative detrend. In this
way, the EMD is directly applied on the single-time difference of the TEC
variation, by preserving the core data of the ionospheric detection. The
EMD outputs, for the same satellite - station pairs, are similar to the FFT
ones of Figure 4.5. In particular, the physical nature of these co-volcanic

60



ionospheric disturbances is validate to the fact that the EMD identifies the
TEC signature as a single intrinsic mode for both satellites G08 and G32.
Figure 4.6 shows the first three IMFs for both satellites. Lower frequency
IMFs and the final residual are not displayed since they shift to planetary
scale.

Figure 4.6: EMD integrated by FFT and CWT. Panels a, b) show the first three
intrinsic mode functions for both satellite - station pairs; c, d) show the instantaneous
frequencies of the previous IMFs; e, f) show the FFT amplitude spectra of the IMFs; g,
h) show the CWT power spectral density of the IMFs. The red and white dashed lines
in a, b, c, d, g, h) indicate the seismo-acoustic onset of the eruption; the red dashed lines
in e, f) indicate the peak frequencies.

Regarding the pair G08 - HLNI, only the third mode IMF2 is character-
ized by amplitudes comparable to the TEC observation. One IMF means
a distinct waveform with finite spectral characteristics that are verified by
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the instantaneous frequency IF2 settling to values around 0.5 - 1 mHz and
by the simultaneous appearance of the waveform in the time axis (Fig.
4.6a,c). This EMD output fits well with the FFT one, as verified by the
re-processing of the FFT on the IMF2 returning a peak frequency equal to
fG08 (Fig. 4.6e, third row). New details are retrieved from the second mode
IMF1. Although its waveform is not defined, its amplitude is of the same
order of magnitude than that of IMF2. The re-processing of the CWT on
the IMF1 returns a power spectral density peak at periods around 500 - 700
s attenuating towards the same periods of IMF2, like indicate a short-lived
pulse coinciding to the peak TEC amplitude around 09:15 - 09:20 UTC (Fig.
4.6g). The period range 500 - 700 s of IMF1 retrieved from CWT fits with
the instantaneous frequency IF1. Regarding the pair G32 - HLNI, the EMD
identifies the second mode IMF1 as representative of the TEC signature.
In this case, the amplitude of IMF1 has a very similar value to that of the
input signal and the re-processing of FFT and CWT returns spectral peaks
to periods around 700 - 800 s, fitting well with the instantaneous frequency
IF1 (Fig. 4.6b,d,f,h). The integration of FFT, CWT and EMD highlights
the potential of integrate different spectral analysis techniques. In particu-
lar, two notes are explained as follows. First) it can be noted that the FFT
amplitude spectra report the dominant peak frequency of the entire time
series. This means that the 1D-FFT peak frequency may not necessarily
correlate with the single waveform of interest within the time series itself.
For example, the FFT amplitude spectrum in Figure 4.6e for IMF1 (mid-
dle row) reports a peak frequency of 4.49 mHz, which is not the frequency
of the IMF. In fact, the instantaneous frequency IF1 is approximately 1 -
2 mHz, which is instead identified by the CWT (Fig. 4.6g, second row).
Second) the EMD identifies the peak frequency of the TEC perturbation
detected by the pair G32 - HLNI. Indeed, the FFT in Figure 4.5b reports
three peak frequencies for the pair G32 - HLNI. Since the relatively noisy
G32-detection, as described in Figure 4.4d, these three peak frequencies
include noise also. The EMD splits these frequencies to associate their re-
spective IMF and then it is possible to note in Figure 4.6f that the peak
frequency of the TEC signature, detected by the pair G32 - HLNI, is fG32 ≈
1.4 mHz. Finally, it is important to note that the index j = 0 doesn’t refer
to the fundamental mode of the TEC disturbance but it simply indicates
the highest frequency component extracted by sifting. Once performed the
spectral analysis of these co-volcanic ionospheric disturbances, it arises that
the satellite G08 detects TEC amplitude peak around 09:15 - 09:20 UTC
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with period of 1540 s (fG08 ≈ 0.65 mHz) while the satellite G32 detects the
same peak around 09:30 UTC with period of 730 s (fG32 ≈ 1.4 mHz).
To get information about the TEC perturbation onset time in the iono-
sphere, the EMD is performed on the TEC time series of Figures 4.4c,d. As
shown in Figures 4.4e,f, the local TEC anomalies appear to begin around
09:00 UTC but it is not possible to unambiguously identify the specific
GNSS station where the ionospheric disturbance first emerges. Figures
4.4c,d reveal that the TEC amplitude observed by satellite G08 begins to
rise in the records of MSRU, MPNC and MCSR stations, which are located
in the northeastern part of Sicily island (Italy) along a baseline of 40 km
(Fig.4.7a).

Figure 4.7: a) detailed TEC map showing the GNSS stations involved in the picking of
the TEC anomaly onset time t0 in the ionosphere. It can be noted the south-southwest
directivity of the TEC perturbation; b, d) EMD outputs with stable mode-frequency
components. The red dashed line indicates the seismo-acoustic onset of the eruption; the
blue line in G08 - MPNC pair indicates t0 while the blue lines in G08 - ECHR and G32
- BOVA time series indicate the picking time of the ongoing TEC positive peak started
from t0.

In contrast to the other stations, the EMD analysis of the pair G08 - MPNC
reveals a TEC anomaly characterized by a well-defined intrinsic mode and
a nearly constant instantaneous frequency (Fig.4.7b). This mode-frequency
combination becomes recognizable from the TEC background at approxi-
mately t0 = 09:00 UTC, which it can be the likely signature of ionospheric
forcing from the eruption. Conversely, Figure 4.4d indicates that TEC per-
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turbations recorded by satellite G32 start to appear in the records of BOVA
and PLAC stations, located in the south of Calabria peninsula (Italy) along
a 40 km baseline. These signals are, however, contaminated by persistent
noise due to the low elevation angle of G32. Despite this, the EMD output
for the pair G32 - BOVA exhibits a quasi-periodic TEC fluctuation, with a
coherent intrinsic mode and instantaneous frequency peaking around 09:11
UTC (Fig.4.7d). Figure 4.7a also shows that the IPPs (SIPs in the TEC
map) of G08 at t0 are located within 50 km of Etna volcano. Notably, t0
aligns with the sustained TEC amplification towards the southwest around
09:09 UTC, as observed in the G08 - ECHR pair (Fig. 4.7c).

Figure 4.8: a) ionogram from Gibilmanna showing the electron density profile recov-
ered from HF radio frequency reflectors altitudes. The colored triangles indicate the
autoscaled peak frequency values used in the inversion model; b) Dst index time series
around -10 nT during the December 4th 2015; c) Kp index for the same period showing
quiet geomagnetic conditions.

4.2.1 Doppler shift correction and the intrinsic wave
characteristics

The local co-volcanic ionospheric disturbances detected by satellites G08
and G32 show a frequency difference ∆f = fG32 − fG08 leading to the
relation fG32 ≈ 2fG08. This difference is caused by the Doppler shift due to
the ionospheric pierce point motion and then the frequency variation must
be corrected by the vipp to know the intrinsic characteristics of the TEC
perturbation. The GNSS - TEC detection here presented is based on stand-
alone receivers only, then our statement is the IPP as the moving observer
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and the Etna volcano as the motionless source. Therefore

ωobs = ω0 + |vipp||kx| cos(θ) (4.2)

where ωobs = 2πfobs is the observed angular frequency, ω0 = 2πf0 is the
intrinsic unknown angular frequency, kx is the horizontal wavenumber of
volcano-induced acoustic-gravity waves (AGWs) and θ is the angle between
~vipp and ~kx [38].

To find θ it is necessary to know the directions of the AGWs propagation
and of vipp, that is δAGW and δipp, respectively. The direction δAGW is related
to the in-phase points direction δΦ of the TEC anomaly at the same time
(Fig. 4.4a,b). This means that, for plane-wave assumption, the direction
δΦ is the front of the AGWs propagation and then

(i) δAGW ⊥ δΦ

By eq.(4.2) and (3.18), the intrinsic characteristics of the local co-volcanic
ionospheric disturbances are retrieved as follows. As verified on the TEC
map, the front of the TEC perturbation at 09:21:30 UTC (time of peak
amplitude in the record of HLNI station) has a direction δΦ ∼ N232◦E (Fig.
4.9). Then, since condition (i), the AGWs propagation has an orientation
δAGW ∼ N142◦E. The eq.(3.18) is applied for both satellites, G08 and G32,
to know the distance dipp and the direction δipp tracked by their IPPs in the
time range of the TEC signature detection ∆t = 09:00 - 10:00 UTC (Fig.
4.4c,d); then δG08

ipp ∼ N172◦E and δG32
ipp ∼ N26◦E. Once retrieved the IPP

directions for both satellites, the corresponding θ to the AGWs direction
are |θG08| = |δAGW − δG08

ipp | = 30◦ and |θG32| = |δAGW − δG32
ipp | = 117◦.

Figure 4.9: a) Near-field magnification of the TEC map showing the CVIDs detected
by the two satellites G08 and G32; b) orientation of the IPP velocities and CVID vectors
on the map. The black arrows in a) indicate the descending and ascending moving of
G08 and G32 respectively.
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The distance dipp between two epochs is related to the IPP velocity (Fig.
4.10). Figure 4.9a shows that the satellite G08 is in descending orbit, from
northwest to south, and the satellite G32 is in ascending orbit from south-
west to northeast. That is, the two satellites move in opposite directions
during the occurrence of the TEC anomaly and then a Doppler shift can ex-
plain the difference of peak frequency characterizing their time series (Fig.
4.5 and 4.6). The IPP velocities are computed in the time range ∆t as aver-
ages vG08

ipp ∼ 26 m·s-1 and vG32
ipp ∼ 32 m·s-1 (Fig. 4.10). Finally, knowing ωobs,

vipp and θ, the eq.(4.2) is applied for both satellites in a “system of two equa-
tions in two unknowns” to recover the intrinsic period τ0 ∼ 914 s and the
intrinsic horizontal wavelength λx ∼ 51 km of the TEC anomaly, corrected
by the Doppler shift. Then we obtain an intrinsic horizontal phase velocity
VHA ∼ 55 m·s-1. Since the electron density fluctuations are dynamically in-
duced by neutral-ion collisions from acoustic-gravity wave propagation, VHA

is the horizontal apparent phase velocity. The value of VHA is one order of
magnitude less than the horizontal apparent velocity vHA estimated from
the hodochrones in Figure 4.4e,f. This discrepancy can be due to the fact
that the CVIDs occur in the near-field for which the wave energy undergoes
to a fast attenuation and/or dispersion, and then the wave field is really
limited for a reliable estimation of vHA. On the other hand, the value of
VHA is reliable since it is based on the observed peak frequencies fG08 and
fG32.

Figure 4.10: IPP velocities for the pairs
G08 - HLNI and G32 - HLNI calculated in
the time range 09:00 - 10:00 UTC with the
elevation angle ε. It can be noted the inverse
relation between vipp and ε.
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4.2.2 Source characterization and infrasound ray trac-
ing

To get further information about the time-space relations between the erup-
tion and the TEC anomaly, a first step towards the modeling of the volcano
- atmosphere coupling is here proposed as infrasound ray tracing by setting
the large-scale lava fountain as the source. Figure 4.1 (panels in the middle)
shows that the lava fountain reaches the maximum height hf ∼ 2000 m from
the vent and then the fountain exit velocity wf ∼ 200 m·s-1 by eq.(2.2) is
retrieved. The motion of the lava fountain and its height hf are extremely
variable during the eruption due to the fast rise of the gaseous slugs and
their sudden separation from the liquid phase at the discontinuity faced to
air. This means that the estimation of the fountain height depends on the
method and 2000 m is a value based on the continuous fountain portion
only. However, hf is similar to the average height reported in literature
[14]. Therefore, wf represents the motion of our lithospheric source. The
lava fountain stops at the top height hf , where wf (hf ) = 0, then the rising
time of the lava fountain tf is approximated as

tf = wf

g
(4.3)

where g = 9.8 m·s-1 is the gravity acceleration. The equation (4.3) repre-
sents the linear deceleration motion of the lava fountain against gravity and
tf ∼ 20 s. However, the ray tracing technique needs a period of complete
oscillation. Since tf represents half the period then it is multiplied by 2 to
have the source period τf ∼ 40 s. In detail, τf is consistent with the video
analysis in thermal channel of the lava fountain since the visual counting
of the slugs leads to estimate a flames frequency of the fountain ff ∼ 1

τf

during the main energy release time ∆t (Fig. 4.2).
The ray tracing technique for infrasound takes into account the source oscil-
lation period τf for a single fountain jet to return the characteristics of the
infrasound waves as a function of height h and of zenithal angle χ. Figure
4.11 shows the results of ray tracing simulation for infrasound waves with
the assumed period τf started with χ from 0◦ to 30◦ with the step of 1◦,
including the wave attenuation along the ray trajectories due to the kinetic
viscosity and thermal conductivity. The background winds are not consid-
ered for simplicity [21]. It is clear that infrasound waves of τf are strongly
attenuated at the heights around 200 km (Fig. 4.11b-d). The waves which
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Figure 4.11: Ray tracing outputs as a function of height and
for a source period τf ∼ 40 s. Panel a) shows the propagation
distance; b) attenuation; c) travel time; d) amplification. It can be
noted that the infrasound reaches the horizontal distances of TEC
anomaly detection at about 200 km of altitude around 800 s.

are started with larger χ are attenuated more at the same altitude because
they propagated longer time and larger distance at high altitudes. It should
be noted that the real attenuation (decrease of energy density) is signifi-
cantly larger than that displayed in Figure 4.11b due to the divergence of
ray trajectories. Therefore, the infrasound ray tracing of the oscillation τf

indicates that the travel time needed for the waves to reach the ionospheric
shell height hi, at the near-field horizontal distances observed in TEC map,
is around 800 s and the same rays are those affected by most attenuation.
These outputs provide travel times approaching to the observed onset time
t0 by starting from the formation of the eruption column, and not starting
from the seismo-acoustic onset of the eruption. However, our co-volcanic
ionospheric disturbances are mostly related to internal gravity oscillation
modes (Fig. 4.6). Then, the infrasound ray tracing technique leads to say
that further factors must be included in this volcano-ionosphere coupling
case study.

4.2.3 Data integration

To rule out any accidental affecting of the volcanic plume to the satellite
line-of-sights during the occurrence of the large-scale lava fountain, the ash
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dispersion model HYSPLIT, proposed by the National Oceanic and At-
mospheric Administration (NOAA), U.S.A., is adopted to track the ash
dispersal area during the TEC anomaly detection, that is mostly in the
time range 09:00 - 09:30 UTC. The HYSPLIT outputs are compared with
the wind profile retrieved from the Climate Data Store of ERA5 reanalysis
of European Centre for Medium-Range Weather Forecasts (ECMWF) (Cli-
mate Data Store). The wind components are retrieved from 37 standard
pressure levels in the range 1000 - 1 hPa. Since the pressure exponentially
decreases with altitude, the interdistance between two next pressure levels
increases upward by reducing the accuracy of the high altitude values.

Figure 4.12: Comparison of the plume-wind data to the IPP trajectories: a) wind-
oriented volcanic plume during the TEC detection. The colors indicate the ash con-
centration in mg·m-2 reducing from the central yellow area to the outer orange one. It
can be noted that the plume develops eastward up to 20 km of the vent; b) profile of
the wind components (u = west-east; v = north-south, w = vertical; positive values are
for eastward, northward, downward motions respectively). It can be noted the westerly
prevalent u-component fitting with the plume dispersion showed in a); c), d) IPP trajec-
tories tracked for ionospheric shells at 100 and 250 km, respectively. It can be noted that
the IPP trajectories shift south-westward with the altitude since the relative position of
the satellite to the GNSS network.

Figure 4.12a shows the dispersion area of the volcanic plume during the
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TEC anomaly detection. The orientation of the plume is mainly towards
the east, fitting well with the prevalent westerly wind u-component at that
time (Fig. 4.12b). The comparison between the plume-wind data and the
IPP trajectories retrieved for different altitudes reveals that the satellites
are linking with the GNSS network from the south-west, and then most of
the line-of-sights related to the TEC signatures cross the free air.
Finally, the historic of the TEC time series, for the same time range 08:00
- 11:00 UTC, is reported in Figure 4.13 by the plot of dozens of time series
related to the past or next days from the eruption. The days are plotted
as Days Of Year (DOY) and the eruption day is the DOY 338. Despite the
other days, when TEC oscillations are more incoherent, it can be noted on
DOY 338 the distinct quasi-periodic TEC signatures. The comparison with
the TEC time series recorded in other days indicates that TEC gravity
oscillation modes can occur around the Etna volcano. Nevertheless, the
TEC time series that are recorded during the December 4th 2015 morning
eruption are those showing oscillations with the highest amplitude and with
the most coherent structure.

Figure 4.13: Historical TEC time series for the pairs G08 - HLNI and G32 - HLNI
during the same time range of the December 4th 2015 morning eruption. a) historical
TEC time series for the pair G08 - HLNI; b) historical TEC time series for the pair G32 -
HLNI. The red TEC time series are those of the eruption day. The black vertical dashed
lines indicate the seismo-acoustic onset of the eruption.

Although the onset time t0 and the infrasound ray tracing lead to investi-
gate further factors involved in the Etna-ionosphere coupling process, the
historical time series outputs of Figure 4.13 show that the thermodynamic
forcing of the atmosphere, induced by Etna volcano with prevalent internal
gravity modes, can occur in such a way to perturb the local electron density
distribution.
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Chapter 5

The April 12th 2012 eruption

The April large-scale lava fountain occurred at the Nuovo Cratere di Sud-
Est (NSEC) that was characterized by frequent explosive activity (section
2.1.2). The video records of April eruption show a well time definite lava
fountaining activity lasting about 1 hr with an oblique eruption column
due to the strong westerly wind. Despite the wind, the fire fountain reaches
heights more than 1000 m above the vent and the volcanic plume reaches
around 10 km of altitude. The eruption occurs in the time range 14:30 -
15:30 UTC and no clouds appear in the meanwhile. Figure 5.1 reports three
screenshots of the April eruption in thermal and visible channels.

Figure 5.1: Screenshots of the April 12th 2012 eruption. The panels on the left show
the lava fountaining activity onset, the panels in the middle show the paroxysmal timing
related to the fountain at the maximum height and the panels on the right show the end
of the eruption. The images are from the same videocamera reported in Figure (4.1).
The white line indicates the height unit for the field of view.
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The panels on the left show the eruption onset that is characterized by the
incipient ash emission severely disturbed by the wind advection. Indeed,
the ash dispersion is quite horizontal and directed on the east. A low fire
fountain defines the thermal anomaly at the top. The panels in the middle
show the oblique eruption column that is sustained by the lava fountain at
its maximum height. A broad area of thermal anomaly around NSEC is
recognizable. The panels on the right show the end of the eruption that is
characterized by the remains at the ground of incandescent ejecta without
any explosive activity. This eruption is among the more energetic lava
fountains that occurred in the 2011 - 2012 paroxysmal sequence of Etna
volcano [7].

5.1 The seismo-acoustic activity

The time range of seismo-acoustic activity fits well with the timing that
can be estimated from video images. The seismo-acoustic time series shows
a gradual intensification, since 13:00 UTC, until a steep increase of both
vertical seismic velocity and infrasonic pressure amplitudes occurring as the
eruption onset at 14:23 UTC (Fig. 5.2a).

Figure 5.2: Seismo-acoustic data for the April 12th 2012 eruption; a) seismo-acoustic
amplitudes time series where the abrupt change represents the onset of the lava fountain-
ing activity; b) seismo-acoustic correlation with the field of the eruption and the Pearson
coefficient r. The red dashed lines in a) indicate the seismo-acoustic onset and end of
the eruption, respectively; the black dashed lines in b) define the seismo-acoustic field of
the eruption as pink - red - sand colored dots.

Once the eruption started, the time series of seismic and infrasonic signals
are characterized by the typical waxing-waning trend describing a quiet
regular lava fountaining activity. The seismic amplitude reaches the peak
around 14:35 UTC to gradually decrease until 15:15 UTC and finish with
an abrupt fall at the pre-eruption values at 15:30 UTC; similar trend can be
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appreciated from the infrasonic signal. As observed by video, the seismo-
acoustic flat step between 14:30 - 15:15 UTC is the time range of high energy
release in atmosphere, that is when the fire fountain is fully developed to
sustain an highly convective eruption column. The seismo-acoustic field of
the eruption is limited by infrasonic pressure threshold value of 0.5 Pa and
vertical seismic velocity value of 0.5·10-5 m·s-1, that are related to peaks
around 2 Pa and 3·10-5 m·s-1, respectively. The seismo-acoustic correlation
reports a Pearson coefficient of 0.88 indicating the seismo-acoustic coupling
between the volcanic conduit and the surrounding air above the vent (5.2b).

5.2 The ionospheric TEC analysis

The geomagnetic activity by Dst and Kp indices is quiet during the seismo-
acoustic activity of the eruption (Fig. 5.2a,b,c). The Dst index varying
around -10 nT and the Kp index variations are around 2 - 3. However, a
geomagnetic depression begins at the Dst index around 17:00 UTC, to reach
weak geomagnetic activity values of -40 nT in the evening that are accom-
panied by an increase of the Kp index to 4.5 after 18:00 UTC. This limited
geomagnetic hustle is likely related to regional-global scale ionospheric forc-
ing from above, induced by magnetosphere and/or space weather dynamics.

Figure 5.3: a) electron density profile of April 12th 2012 above the Etna at 15:00
UTC; b) Dst index characterized by the evening geomagnetic depression; c) Kp index
with the green and yellow warning colors for quiet and moderate geomagnetic activity,
respectively. It can be noted a quiet geomagnetic activity during the eruption.

Since the seismo-acoustic activity of the lava fountain ends at 15:25 UTC,
the geomagnetic perturbation occurs more than two hour after the ideal
entire duration of the ionospheric forcing from below and then, also in this
case, co-volcanic ionospheric TEC perturbations may be expected. Regard-
ing the vertical distribution of the electron density above the Etna volcano,
no clear data come from the ionosonde in Gibilmanna Observatory and then
the electron density profile is recovered from IRI model, version 2020. Since
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the daytime occurrence of the eruption, the IRI model reports the electron
density profile at 15:00 UTC, with an electron density peak altitude hmF2
= 280 km.
During the April 12th 2012 eruption, near-field TEC perturbations are ob-
served. The satellite skyplot, in the time range 12:00 - 20:00 UTC show
four satellites transiting around the Etna volcano during the paroxysmal
activity. The satellites are G09, G26, G27, G28 and the Butterworth 4th

order band-pass filter is applied to their time series in the acoustic-gravity
frequency range 0.4 - 10 mHz. Not all the satellites detect the TEC per-
turbations since the satellites G26 and G28 transit near Etna during the
eruption but no clear TEC signatures are observed from their GNSS records
(Fig. 5.4a).

Figure 5.4: a) travel time diagram (hodochrones) of the four satellites transiting above
Etna during and after the eruption; b) near-field TEC anomaly detected by the satel-
lites G09 and G27 with the estimation of the horizontal apparent velocity vHA and its
dispersion to lower values. It can be noted that the two satellites near the source don’t
detect any TEC oscillations while the other two delayed satellites detect TEC perturba-
tions. The black solid lines indicate the seismo-acoustic onset and end of the eruption,
respectively.

On the other hand, the satellites G09 and G27 detect near-field TEC anoma-
lies starting from 16:30 UTC, that is one hour after the seismo-acoustic end
of the lava fountaining activity. The hodochrones of these two satellites
are merged in Figure 5.4b showing defined local TEC anomalies up to 200
km of Etna and with an estimated horizontal apparent velocity vHA ∼ 222
m·s-1. A dispersion of disappearing waves is recognizable from satellite G09
hodochrones, where low velocities vHA ∼ 70 m·s-1 are estimated from sub-
tle TEC anomalies. Once identified the satellites of interest, a baseline of
around 20 GNSS stations, from the southwest to the northeast, is defined
to focus the TEC analysis on the time-spatial distribution of these local
co-volcanic ionospheric disturbances.
Figures 5.5a,b show the TEC time series for both satellites G09 and G27
that are related to the GNSS ground baseline. The satellite G27 detects
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high TEC positive peaks around 16:45 UTC with a northward propagation.

Figure 5.5: a - b) TEC time series of the satellite G09 and G27, respectively, in which
the perturbation waveform and its propagation are recognizable; c - d) TEC maps of the
previous time series along the southwest - northeast GNSS ground stations baseline. It
can be noted the central core of the TEC perturbation expanding along the baseline. It
can be noted also, observing from G27 to G09 TEC maps, the westward propagation of
the TEC anomaly. The red solid line in a) and b) indicates the seismo-acoustic end of
the eruption. The EMAL station site is indicated.

On the other hand, the satellite G09 detects subtle TEC oscillations around
17:00 UTC. Although the TEC amplitudes are lower than the G27 record, a
focus on the G09 time series indicates a more deep northward propagation
of the wave front around 17:00 UTC, that is anticipated by quasi-periodic
oscillations at the southern records. However, we stay on the positive peaks
of both satellites time series as the representative co-volcanic TEC perturba-
tions for this case study. Figures 5.5c,d show the TEC maps of the previous
time series for both satellites showing the geographical area of the TEC
anomaly. Both satellites G09 and G27 are in descending orbits, from the
west to the southeast, and then their ionospheric pierce points velocities vipp

approach Etna volcano in similar directions. The TEC map of satellite G27
shows clearly the local co-volcanic ionospheric disturbances at the north of
Etna volcano. These TEC perturbations are detected up to GNSS stations
at 70 - 80 km of Etna, both at the south side and north side. On the other

75



hand, the TEC map of satellite G09 shows attenuated TEC amplitudes
that are probably related to the last branches of the wave dispersion disap-
pearing beyond 200 km (Fig. 5.4b). Satellite G27 detects the major TEC
amplitudes around 0.3 TECU, according to the fact that its sub-ionospheric
pierce points (SIPs) are closer to Etna than those of satellite G09 at the
time of detection. The comparison of time series with TEC maps highlights
that the satellite G09 detects the local TEC anomalies after the satellite
G27 at about 60 - 70 km westward. This means that the delay of the G09
detection is reasonably around 17:00 UTC due to the westward propaga-
tion of this co-volcanic ionospheric disturbance (Fig. 5.5c,d). This means
that both satellites G09 and G27 move in opposite directions to the TEC
perturbation. The EMAL station of the local GNSS network is selected
to analyze the spectral characteristics of these local co-volcanic ionospheric
disturbances. The EMAL station is installed in the area of Maletto town,
at 7 km westward to the lava fountain. The pairs G09 - EMAL and G27
- EMAL show the fully appearance of the TEC signature and their SIPs
are at the center of the TEC perturbation (Fig. 5.5c-d). Also in this case,
the signal degradation due to the hypothetical plume crossing by the line-
of-sights must be ruled out since the following two reasons: i) the strong
westerly wind directs the plume eastward by leaving free-air at the west; ii)
the TEC anomaly detection from the most distant GNSS stations proves
that the TEC anomaly cannot be related to a volcanic plume crossing of
the satellite line-of-sights. The integration of Fast Fourier Transform (FFT),
Empirical Mode Decomposition (EMD) and Continuous Wavelet Transform
(CWT) spectral analysis techniques is applied to these two pairs and the
results are showed in Figure 5.6.
Figures 5.6a,b show the unfiltered differential TEC signature of the April
12th 2012 eruption. The signature from the pair G27 - EMAL occurs with
a well defined impulsive onset and one complete oscillation cycle. On the
other hand, the G09 - EMAL time series is affected by quasi-periodic oscil-
lations before the positive peak observed along the GNSS baseline around
17:00 UTC (Fig. 5.5b). Figures 5.6c,d show the first three intrinsic modes
of the TEC signatures in which unambiguous results come from the pair
G27 - EMAL. Indeed, the EMD identifies the TEC signature as one in-
trinsic mode IMF2, with amplitudes that are comparable to those of the
filtered waveforms (Fig. 5.5a). Then the TEC signature has a physical
nature maintaining the intrinsic characteristics after the decomposition, by
describing a coherent structure.
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Figure 5.6: a, b) unfiltered differential TEC time series of the pair G27 - EMAL and G9
- EMAL, respectively; c, d) first three intrinsic mode functions of the previous signals;
e, f) amplitude FFT spectra of the previous modes; g, h) power spectral densities of the
continuous wavelet transform of the previous modes. The red dashed lines in a, b, c, d)
and the white dashed lines in g, h) indicate the seismo-acoustic end of the eruption. The
red dashed lines in e, f) indicate the peak frequency.
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Less clear are the intrinsic modes from the pair G09 - EMAL. Ruled out
the first two modes, where distinct oscillations from the noise are episodic,
the third mode IMF2 is affected by the same frequency components of the
group observed in the time domain (Fig. 5.6b). However, the instantaneous
frequency of this periodic IMF2 must be very similar to the frequency of
the filtered TEC perturbation showed in Figure 5.5b, because oscillations
of IMF2 occur also around 17:00 UTC. Figures 5.6e,f show the FFT of the
previous intrinsic mode functions in which the peak frequency fG27 ∼ 1.04
mHz (∼ 960 s) is detected for the pair G27 - EMAL. Regarding the FFT of
the pair G09 - EMAL, based on the previous considerations on its intrinsic
modes, the peak frequency fG09 ∼ 1.24 mHz (∼ 806 s) may be considered
realistic. Finally, Figures 5.6g,h show the power spectral densities of these
local co-volcanic TEC perturbations that are recovered by the continuous
wavelet transform of the intrinsic modes. It can be noted that the pair G27
- EMAL detects first a power distribution at periods around 1000 s between
16:45 - 17:00 UTC. From the pair G09 - EMAL it is evident the elongation
of the power spectral density distribution due to the presence of the same
frequency components. Getting a focus on this spectrum, it can be noted
higher density values around 17:00 UTC, that is the time of detection for
the attenuating wave front (Fig. 5.5b).
Due to the high positive peak of the TEC perturbation, it is easier for this
eruption, than the December case study, to recognize the GNSS station
recording the onset of the co-volcanic electron density fluctuations. Indeed,
it can be observed (Fig. 5.5a) that the TEC perturbation peak begins to
rise in the record of the pair G27 - HMDC. To have the picking time of
the perturbation onset, the EMD is applied to the time series related to
HMDC, HLNI and EIIV stations. The analysis of the intrinsic modes re-
veals that the peak begins to be stable starting from the line-of-sight of
the pair G27 - EIIV. Indeed, the high frequency mode IMF1, that can be
observed in HMDC and HLNI records around 16:30 UTC, should be inter-
preted as episodic incoherent components since they are lost into the last
decomposition of the EIIV record. At the same time, the IMF2 maintains
itself between 16:30 - 17:00 UTC, from HMDC to EIIV records, and then
this mode must be a coherent structure.
Based on the EMD analysis, the TEC signature onset for the April 12th

2012 is detected by the pair G27 - EIIV at 16:39:18 UTC, surprisingly more
than two hours (2h 14 min) after the seismo-acoustic onset of the eruption
(Fig. 5.2).
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Figure 5.7: a) first three IMFs for the southern pair G27 - HMDC showing an episodic
IMF1 and the forming IMF2; b) first three IMFs for the pair G27 - HLNI showing the
IMF1 disappearing and a more defined IMF2 with low amplitude; c) first three IMFs for
the pair G277 - HMDC showing a well defined IMF2 that is related to the typical TEC
signature; d) zoom-in of the TEC map around Etna volcano showing the geographical
location of the IPP trajectory related to the previous satellite - station pairs. It can be
noted the northward TEC amplification fitting with the previous IMFs time develop.

Once defined the periods τG27 ∼ 960 s and τG09 ∼ 806 s, the intrinsic wave
parameters are recovered by inserting the VARION tabular outputs into
the procedure from eq.(4.2) to eq.(3.18), as the same for the December case
study. The direction of the acoustic-gravity wave δAGW ∼ N92.5◦E is simi-
lar to that of the IPP velocities δipp ∼ N110◦E, which have values vG09

ipp ∼ 44
m·s-1 and vG27

ipp ∼ 17 m·s-1. Both satellites G09 and G27 approach Etna and
move in opposite direction to the TEC perturbation during its detection.
Then eq.(4.2) returns an intrinsic period τ0 ∼ 1088 s and an intrinsic hor-
izontal wavelength λx ∼ 131 km that are related to a horizontal apparent
phase velocity VHA ∼ 121 m·s-1 at the electron density peak altitude hmF2
∼ 280 km.
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Chapter 6

The July 4th 2024 eruption

This large-scale lava fountain belongs to the sequence of six paroxysmal
episodes that occurred at the Etna in 2024, from July 4th to August 15th. It
is the first of the six eruptions that, as the December case study, developed
through the Voragine crater (VOR) [15]. No images for the July eruption
are here reported since the cloud coverage seriously affects the usage of
video images to estimate the time markers of the lava fountaining activity.
However, the seismo-acoustic amplitudes time series are well related to the
eruptive activity and then the estimation of the eruption timing, from only
this ground-based dual-parameter record, may be considered quite reliable.

6.1 The seismo-acoustic activity

The seismo-acoustic activity of July 4th 2024 eruption is characterized by a
well defined steady-state and the longest lasting than the other two erup-
tions. Figure 6.1a shows the seismo-acoustic record of ESLN station report-
ing the entire duration of the paroxysmal activity lasting for about 9 hours.
The seismo-acoustic onset of the July eruption is then estimated at 15:30
UTC and its end at 01:00 UTC of the day after. Due to the long lasting, the
seismo-acoustic activity is characterized by a quite flattened waxing-waning
trend indicating the long lasting steady-state of the lava fountaining activ-
ity, that is the fountain is sustained by a constant magmatic feeding from
the depths of the volcano. The seismo-acoustic field of the eruption is de-
fined by threshold values of 0.75 Pa and 1.75·10-5 m·s-1, that are related to
an infrasonic peak value around 3.5 Pa and to a vertical seismic velocity
value around 6·10-5 m·s-1. The seismo-acoustic amplitudes are similar to
that of April and then, also for the July eruption, the infrasonic pressure
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peak is less than one order of magnitude than the December case study.
The Pearson coefficient of the seismo-acoustic correlation is calculated in
the 20 hr time interval 10:00 - 06:00 UTC and it is equal to 0.85, indicat-
ing for this case study a slightly lower seismo-acoustic coupling than the
previous two eruptions. This means that the simultaneous occurrence of
seismic and infrasonic amplitudes signals is due to the same source, and
then our estimations on the eruption timing may be reliably only based on
the seismo-acoustic amplitude time series for this case study.

Figure 6.1: a) the long lasting seismo-acoustic activity of July 4th 2024 eruption. The
o-comp is the infrasonic component whereas the z-comp is the vertical seismic veloc-
ity component. It can be noted the semi-parallel trend of the seismic and infrasonic
amplitudes indicating the steady-state of the paroxysmal activity; b) seismo-acoustic
correlation of the previous time series in which the Pearson coefficient r = 0.85 is related
to the green-to-light purple dots cluster at the time of the seismo-acoustic peak ampli-
tudes; c) 36 hr time series of the Dst index, from 00:00 UTC of July 4th to 12:00 UTC
of July 5th, indicating quiet geomagnetic activity; d) 36 hr time series of the Kp index
indicating high latitudes geomagnetic quiet activity; e) electron density profile with the
typical Chapman layering related to the electron density peak. The red dashed lines in
a) indicate the seismo-acoustic onset and end of the eruption. The black dashed lines
in b) indicate the threshold values of the seismo-acoustic field of the eruption. The red
dashed line in e) indicates the electron density peak altitude.

Regarding the geomagnetic activity, the July 4th 2024 is a quiet day from
low to high latitudes. The Dst index varies between 15 and -15 nT in a
36 hr time range and it is around 5 nT during the most of the eruption.
In the same 36 hr time range, the Kp index maintains low values under
3 during the eruption. The geomagnetic activity of July case study is the
lowest among the three case studies here reported. Also for this eruption,
the ionogram from the near Gibilmanna Observatory is not available and
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then the electron density profile is recovered above the Etna volcano from
IRI model at 16:00 UTC, that is characterized by an electron density peak
at the altitude hmF2 = 308 km.

6.2 The ionospheric TEC analysis

Five GPS satellites transit near the Etna volcano during the eruptive activ-
ity and their TEC time series are filtered in the acoustic-gravity frequency
range 0.4 - 10 mHz by a 4th order Butterworth band-pass filter. Once
obtained the filtered time series related to all the GNSS stations of the net-
work, it can be observed in Figure 6.2a,b that only the satellites G04 and
G09 detect near-field TEC anomalies within 300 km of Etna. These local
co-volcanic ionospheric disturbances are characterized by peak amplitudes
around 0.4 TECU and estimated apparent velocity vHA ∼ 185 m·s-1, that
is a value similar to the previous December and April case study.

Figure 6.2: a) hodochrones of the satellites transiting around Etna before and after
the seismo-acoustic onset of the eruption; b) hodochrones of the satellites G04 and G09
detecting the local TEC anomalies. The vertical black solid line in a), b) indicate the
seismo-acoustic onset of the eruption. The slant black line in b) indicates the estimated
horizontal apparent velocity vHA.

Also in this case a GNSS stations ground-baseline, composed of 17 receivers,
from southwest to northeast is defined to track the local TEC perturbation
in the time domain. Figures 6.3a,b show the amplitude-scaled TEC time
series along the baseline for both satellites G04 and G09. Despite to the
previous April case study, the main amplitude TEC variation is character-
ized by a negative sign and then the timing estimation from the eruption
is based on the negative TEC peak. The satellite G04 detects the TEC
anomaly first, starting from 16:00 UTC, with a one complete cycle detected
northward progressively. The local TEC amplitude begins to rise at the
southern records, peaks at the middle ones and disappears at the northern
records. The period of the TEC oscillation is around 25 min falling in the
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internal gravity frequency range. Very similar is the TEC perturbation ob-
served in the time series of satellite G09, starting from around 16:30 UTC,
northward of Etna. In this case, the wave front is observed almost simul-
taneously along the GNSS baseline, showing again the fluctuation of the
negative amplitude TEC peak from the south to the north.

Figure 6.3: a, b) TEC time series from the satellites G04 and G09, respectively, in
line-of-sight with the GNSS ground-baseline. The G04 time series stops one hour before
the G09 ones because the interruption of the detection; c, d) TEC maps of the satellites
G04 and G09 showing the previous time series as a function of latitude, longitude and
amplitude. The westward propagation of the local TEC anomaly is recognizable. The
site of the reference station EMSG is indicated.

Figures 6.3c,d show the TEC maps for both satellites. Since the satellite
G04 detects the TEC anomaly first, then these local co-volcanic distur-
bances propagate westward. Both satellites G04 and G09 are in ascending
orbits from the south to the northeast and then their IPP velocity vectors
~vipp are opposite to the TEC signature movement. An evident detail can be

noted on the TEC maps: the long distance between the G04 detection and
the zenith of Etna. This means that, based on the previous time series, the
satellite G04 detects the TEC anomaly first but at longer distances than
the satellite G09, and this is contradictory. Specifically, the local features
of the TEC anomaly, as usual for the previous case studies observed at the
Etna volcano, leads to consider the volcanic origin but, on the other hand,
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the longer distance of the first detection may be related to other factors
like winds or ionospheric currents already ongoing. Figure 6.4 shows out-
puts of the integrated spectral analysis by Fast Fourier Transform (FFT),
Empirical Mode Decomposition (EMD) and Continuous Wavelet Transform
(CWT). The differential TEC data is recovered by the records of EMSG sta-
tion for both satellites G04 and G09. The EMSG station is selected since
it is among the receivers recording higher TEC amplitudes and since its
line-of-sight travels in free air. Figures 6.4c,d show the first three intrinsic
mode functions (IMFs) of the differential TEC records for both satellites
G04 and G09. The IMF2 from the pair G04 - EMSG is characterized by
a significant one big cycle of TEC fluctuation lasting around 30 min and
with an amplitude comparable to that of the input signal (Fig. 6.4a). This
mode represents most of the TEC anomaly observed. On the other hand,
also the time series of the pair G09 - EMSG is characterized by an IMF2

lasting around 30 min as the main mode of oscillation, but the amplitude is
around half than the input signal. This less amplitude of IMF2 is probably
due to the dispersion. Indeed, the satellite G09 detects the TEC anomaly
after the G04 one, that is during the propagation and when the higher
frequency components can be already attenuated. However, both intrinsic
modes IMF2 for the two pairs oscillate during the eruption with the main
period of about 30 min, and then these IMF2 are representative of the local
TEC anomalies. Figures 6.4e,f show the amplitude spectra, obtained by
FFT, for the previous intrinsic mode functions. The amplitude spectrum of
the IMF2, related to the pair G04 - EMSG, is characterized by a peak fre-
quency fG04 ∼ 0.52 mHz (τG04 ∼ 1900 s). On the other hand, the amplitude
spectrum of the IMF2 related to the pair G09 - EMSG has a peak frequency
fG09 ∼ 0.65 mHz (τG09 ∼ 1540 s). Then the satellites G04 and G09 detect
similar components of the local co-volcanic ionospheric perturbation during
its westward propagation. Finally, Figures 6.4g,h show the power spectral
densities (PSD) of the previous intrinsic modes for both satellites obtained
by continuous wavelet transform. Regarding the pair G04 - EMSG, it can
be noted that high values of PSD dominate the time-periods domain during
the occurrence of IMF2. It is a broad region of PSD that is characterized by
one peak around 16:00 UTC. Similar power distribution is that related to
the IMF2 of the pair G09 - EMSG. Indeed, also for this second detection it
can be noted a broad PSD distribution with one peak around 16:30 UTC.
Both periods recovered by CWT fit with those of the input signals.
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Figure 6.4: a, b) raw differential TEC time series for the pairs G04 - EMSG and G09 -
EMSG, respectively; c, d) first three intrinsic modes for the pairs G04 - EMSG and G09 -
EMSG, respectively, with the main mode IMF2 decomposed for both satellites; e, f) FFT
amplitude spectra for the pairs G04 - EMSG and G09 - EMSG with peak frequencies
of the IMFs; g, h) power spectral densities of the previous IMFs as a function of time
and frequency by CWT. The red and white dashed lines in a), b), c), d), g), h) indicate
the seismo-acoustic onset of the eruption; the red dashed lines in e), f) indicate the peak
frequencies.
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Once defined the spectral characteristics of these local co-volcanic iono-
spheric disturbances, the TEC time series are analyzed to estimate the
picking time of the TEC perturbation onset into the ionosphere. The time
series of Figure 6.3 show that the TEC amplitude starts to rise with an
emergent, reversed, onset around 16:00 UTC in the line-of-sights of satel-
lite G04. The application of EMD on the TEC time series, related to the
satellite G04, reveals that the low internal gravity frequencies of this TEC
anomaly can make it difficult a time picking of the onset.

Figure 6.5: Time picking estimation from the intrinsic mode functions; a) first three
intrinsic modes of the pair G04 - EMAL in which the IMF2 is not stable; b) first three
intrinsic modes of the pair G04 - EMSG in which the IMF2 is stable; c) first three intrinsic
modes of the pair G04 - MNOV in which the IMF2 is again stable and then it represents
a coherent structure; d) TEC map showing the GNSS station locations used for the TEC
anomaly picking time. The red dashed lines in a), b), c) indicate the seismo-acoustic
onset of the eruption. The blue solid line in b) indicates the picking time of the co-
volcanic TEC signature.

Figure 6.5 shows the empirical mode decomposition of the records from
EMAL, EMSG and MNOV stations in line-of-sight with the satellite G04.
All the three records show the TEC amplitude anomaly in the time domain
(Fig. 6.3a) but the main intrinsic mode IMF2 becomes stable only start-
ing from the EMSG record. Specifically, despite the TEC amplitudes are
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similar to the previous case studies, the low gravity frequencies of this local
TEC signature can make it difficult the mode-based time picking of the
perturbation onset. This because the empirical mode decomposition identi-
fies the main intrinsic mode from a GNSS station (EMSG) that records the
TEC anomaly after other stations. This means that, in the time domain,
the picking time of TEC anomaly can be recognized at the HVZN or HLNI
stations records, instead by the EMD the intrinsic mode-based picking time
is at the EMSG station at t0 = 15:53:23 UTC. Based on the picking time
t0, local electron density fluctuations above the Etna volcano starts around
25 min after the seismo-acoustic onset of the eruption. This onset time t0 is
similar to that of the December case study and also the frequencies are very
similar if we consider the satellites going away from the source. From the
tabular outputs of VARION it is recovered that the TEC perturbation has
a direction δAGW ∼ N118◦E, while the IPP velocity vectors of the satellites
G04 and G09 are both opposite to the wave, along the same direction δG04

ipp

= δG09
ipp ∼ N70◦E (Fig. 6.3c,d). Then, the IPPs of both satellites G04 and

G09 move away from Etna with different velocities vG04
ipp ∼ 60 m·s-1 and

vG09
ipp ∼ 19 m·s-1. Knowing the peak frequencies from both satellites G04

and G09, the wave equation eq.(4.2) returns an apparent horizontal phase
velocity VHA ∼ 146 m·s-1, intrinsic period τ0 ∼ 1400 s and intrinsic horizon-
tal wavelength λx ∼ 205 km. The horizontal apparent phase velocity VHA

is different but of the same order of magnitude than the apparent one vHA

estimated from the hodochrones (Fig. 6.2).
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Chapter 7

Discussion

The Total Electron Content (TEC) is among the most important parameters
to analyze the effects of volcanic eruptions in ionosphere. The global scale
coverage provided by Global Navigation Satellite Systems (GNSS) is an
important condition to obtain reliable estimations of co-volcanic TEC fluc-
tuations. The Co-Volcanic Ionospheric Disturbances (CVIDs), presented in
this dissertation, show the typical ionospheric response that can occur above
the Etna volcano during explosive eruptions, noted as large-scale lava foun-
tains. Starting from 2000, the eruption column H and the mass eruption
rate Q are used as discriminating parameters to focus on the most ener-
getic Etna’s eruptions until 2021. Although H and Q are not the highest,
co-volcanic TEC signatures are observed during the morning paroxysm of
December 4th 2015. This eruption is the main case study around which this
research was developed. Specifically, these TEC signatures are analyzed
into a multidisciplinary framework integrated by seismic, infrasonic, video,
plume and ray-tracing modeling data, in such a way to recognize space-time
relations between the volcanological data and the TEC ones. Once verified
the volcanic source of the December TEC fluctuations, the study extends
to new CVIDs that are observed during the large-scale lava fountains that
occurred on April 12th 2012 and July 4th 2024.
Focusing on the observations, the CVIDs appear as spot-like TEC anomaly
showing 1 - 2 cycles of complete peak oscillations reaching values around 0.3
- 0.6 TECU. The peak frequency f0 varies around 1 mHz and the electron
density fluctuation lasts around 30 - 45 minutes to disappear beyond 200
- 300 km of Mt. Etna. Two types of velocity are analyzed: the horizontal
apparent velocity vHA, estimated from the travel time diagrams of the mul-
tiple satellite-station pairs of GNSS network, varying around 135 - 300 m·s-1
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with average value around 200 m·s-1; the horizontal apparent phase velocity
VHA, calculated by eq.(4.2), varying around 50 - 150 m·s-1. Finally, by VHA,
horizontal wavelengths λx varying around 50 - 200 km are obtained. Tables
7.1 and 7.2 show the features of the eruptions and of the observed CVIDs
at Mt. Etna, respectively.

Table 7.1: Volcanological and seismo-acoustic data of the three Etna’s eruptions. Foun-
tain heights are reported as average values while plume, seismic velocity and infrasonic
pressure values are reported as maximum values.

Date Seismo-acoustic Fountain Plume Seismic Infrasonic
activity (UTC) height (m) altitude (km) velocity pressure (Pa)(10-5 m·s-1)

12/04/2012 14:23 - 15:25 1000 10.2 2.8 2
04/12/2015 08:40 - 11:00 2000 13.1 3.5 15
04/07/2024 15:30 - 01:00 2500 4.5 5.6 3.4

Table 7.2: Characteristics of the co-volcanic ionospheric disturbances observed at the
Mt. Etna. TEC amplitudes are reported as peak values.

Date Onset time TEC amplitude Peak Calculated app. Horizontal

t0 (UTC) (TECU) frequency phase velocity wavelength
f0 (mHz) VHA (m·s-1) λx (km)

12/04/2012 16:39 0.3 0.92 121 131
04/12/2015 09:00 0.6 1.1 55 51
04/07/2024 15:53 0.4 0.72 146 205

The co-volcanic TEC signatures observed at Mt. Etna show peak frequen-
cies f0 falling into gravity frequency range. However, even if f0 varies into a
short interval among the three case studies, the co-volcanic TEC signatures
show important variations of apparent phase velocity and different travel
times to reach the ionospheric shell. Regarding the velocity, the higher VHA

the higher λx and the period τ0 (i.e. the inverse of f0), and this may in-
dicates normal dispersion being consistent with near-field propagation and
ionospheric refraction of radio waves; however the more energetic eruption
(i.e. December’s one) is related to the lowest VHA. Regarding the travel
time, the onset time t0 of TEC signatures observed in December and July are
around 20 minutes after the seismo-acoustic onset of the eruption, whereas
t0 for April eruption is more than 2 hours after the seismo-acoustic onset.
These observations highlight that VHA seems to doesn’t fit with the eruptive
power and that the ionospheric response can occur with different delays.
A partial explanation for these results may be related to the atmospheric
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conditions of the GNSS data acquisition and to the type of eruption. The
geographic localizations of these local CVIDs seem to fit with the preva-
lent wind components. Indeed, since the upwind facilitates the upward
atmospheric waves propagation, the appearance of the TEC signatures in
December and July are consistent with the direction of the prevalent wind
component [30]. Less clear is the relation between the TEC anomaly local-
ization and the wind in April, when a notable vertical motion of air is the
prevalent component (Fig. 7.1).

Figure 7.1: a), b), c) wind three-components profiles during the April, December and
July eruptions, respectively; the v-comp and u-comp are the meridional and zonal com-
ponents with positive values northward and eastward, respectively; the w-comp is the
wind vertical component with negative values indicating upward motion. Panels d), e),
f) show the TEC maps of the CVIDs on the same days of a), b), c) respectively.

Regarding the type of eruption, the large-scale lava fountains occurring at
Mt. Etna are paroxysmal activities developing gradually in time, in such a
way that this type of source may not be considered properly impulsive. In-
deed, higher lava fountains are sustained by sequences of discontinuous gas
slugs coming from the deep. This means that the gradual seismo-acoustic
intensification of the lava fountaining activity at Mt. Etna can induce a
gradual thermodynamic forcing of the lower atmosphere, as the effect of
a superimposition of warm air pulses. The result is the generation of co-
volcanic acoustic-gravity waves (AGWs) amplifying upward by the double
effect due, on one side, to the thermo-seismo-acoustic intensification of the
eruption and, from the other side, to the atmospheric amplification.

90



The discrepancies in t0, among the three case studies, lead to assume that
the CVIDs on April eruption are related to different factors than the De-
cember and July eruptions. However, these factors should be related to
atmospheric forcing processes from below. Indeed, although the TEC sig-
natures in April occur when the ionosphere undergoes to a weak increase of
geomagnetic activity at the global scale, the spot-like appearance of CVIDs
leads to consider primarily the volcanic origin. This means that, starting
from the thermodynamic forcing of the lower atmosphere, the local coupling
processes between the geospheres, at Mt. Etna, could be severely affected
by volcanic and/or atmospheric “small-scale” features that could be influ-
ent for VEI ≤ 3 eruptions. Figure 7.2 shows a scheme of the hypothetical
local processes that occurred at the Mt. Etna during the eruptions here
analyzed.

Figure 7.2: Conceptual scheme of the local coupling processes induced by
paroxysmal activity of Mt. Etna. The gradual seismo-acoustic intensification,
due to the developing of gas-slugged fire fountain, transfers a superimposition
of warm air pulses into the atmosphere. The result is a gradual thermody-
namic forcing of the lower atmosphere generating upward acoustic-gravity waves
amplifying by the double effect of the eruptive dynamics and the atmospheric
amplification. Finally, the thermodynamic perturbation of air affects the local
electron density distribution, by inducing near field TEC fluctuations detectable
from GNSS.
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Getting a focus on the techniques, the GNSS-based method for TEC estima-
tions has own limitation that, as explained in paragraph 3.1.2, can affect the
evaluation of spatial-time relations from the eruption onset. The integration
of ionospheric measurements, like Doppler sounder, may provide a better
precision to pick the right altitude of co-volcanic TEC variations. On the
other hand, the dense and proximal GNSS network around the Etna volcano
enables the detection of CVIDs with unprecedented spatial and temporal
resolution. Nevertheless, these local CVIDs are subtle and non-impulsive
making their detection challenging, especially under conditions of natural
ionospheric variability.
It is not clear if the dynamic coupling process only may explain the ob-
servation of local CVIDs at Mt. Etna. The spot-like appearance of these
electron density fluctuations and their waveforms, during lava fountaining
activity, lead us to maintain the focus on the thermodynamic coupling as
the first local coupling process between the Etna’s area and the surround-
ing atmosphere. Specifically, due to its continuous state of activity, Mt.
Etna is a so-called “open-conduit volcano” implying a quite direct link-
age between the deep lithospheric (magmatic) source and the atmosphere
[36]. Therefore, open-conduit eruptive dynamics, like the Etna lava foun-
taining, likely facilitates direct energy transfer as a vertical long-size source
of internal gravity waves [37]. Although ionospheric plasma perturbations
induced by Etna’s eruptive activity have been observed by a few authors,
these findings report unprecedented space-time characteristics of the elec-
tron density oscillations as TEC signatures. For this reasons, future works
need to evaluate: 1) local electromagnetic coupling processes (i.e. magnetic
data); 2) integration of ionospheric measurements (i.e. Doppler sounder);
3) ray-tracing modeling with the wind; 4) application of automated TEC
analysis on multiple explosive Etna’s eruptions.
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Chapter 8

Conclusion

The coupling processes of geospheres, from the lithosphere to the upper at-
mosphere, induced by volcanic activity, have been studied into regional scale
at the Etna Observatory of the Istituto Nazionale di Geofisica e Vulcanolo-
gia (INGV-OE), Italy. The ionospheric forcing from three large-scale lava
fountains, that occurred at Mt. Etna (Italy) on April 12th 2012, December
4th 2015 and July 4th 2024, is studied as ionospheric Total Electron Con-
tent (TEC) variations recovered from Global Navigation Satellite Systems
(GNSS) data. The analysis of TEC time series, integrated by a multidis-
ciplinary framework of seismo-acoustic and video data, reveal fluctuations
occurring in the near field, up to 200 - 300 km of the volcano, amplitudes
A ∼ 0.3 - 0.6 TECU, estimated horizontal apparent velocity vHA ∼ 200
m·s-1, intrinsic peak frequency f0 ∼ 1 mHz. The intrinsic peak frequency
is typical of internal gravity waves by suggesting that the Etna paroxysmal
activity is coupled with the ionospheric electron density layers through the
lower atmosphere. Specifically, the near field occurrence of these co-volcanic
ionospheric disturbances leads to say that the open-conduit eruptive dynam-
ics, as those of Etna volcano, likely facilitate direct energy transfer, from
the deep to the ionosphere, as a vertical long-size source of internal grav-
ity waves. These findings provide potential guidelines for the ionospheric
detection and characterization of Etna paroxysmal activity, as well as the
implementation of the current volcano monitoring framework. Mt. Etna
is among the best monitored volcanoes in the world with different sensors
and the multi-data analysis of its activity can provide new information to
understand the rest - unrest transition states.
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