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Abstract Despite the global threat posed by large-scale eruptions to communities, to the climate, and
to the consequent impacts on the world economy, many active volcanoes still lack of adequate ground-
based instrumentation. Satellite-based remote sensing has been used to complement volcano monitoring
and risk assessment for volcanic ash, but this technique is often limited by weather conditions. In this
work, we explore the ionospheric total electron content (TEC) perturbations measured by GNSS to provide
additional information and complement conventional monitoring systems. To this end, we measure the
GNSS TEC perturbation associated with the acoustic-gravity waves generated by 22 volcanic explosions.
We introduce a new metric—the Ionospheric Volcanic Power Index (IVPI)—to quantify the energy
transferred to the ionosphere by volcanic explosions. We evaluate the IVPI against several well-established
metrics from seismic and infrasonic volcano monitoring as well as satellite remote sensing. Our results
show that the IVPI successfully correlates with the Volcanic Explosivity Index (VEI) for events larger

than VEI 2. Moreover, the IVPI shows strong correlation with both the acoustic source power and the ash
plume height, from which depends the style of volcanic activity. Moderate correlation between IVPI and
peak ground velocity (PGV) requires further study in order to evaluate the role of different parameters
(seismic magnitude, attenuation, style of faulting, crustal structure, etc.). Our results suggest that
ionospheric monitoring by GNSS TEC can help to characterize volcanic eruptions, opening new exciting
avenues for continuous volcano monitoring and warning systems by remote sensing.

1. Introduction

Throughout human history, large volcanic eruptions have affected year-to-year variability of the Earth's
climate and even triggered crop failures and famines (e.g., Luterbacher & Pfister, 2015; Occhipinti, 2011;
Oppenheimer, 2015). With an increasing global population, volcanic eruptions pose an even more impor-
tant threat to the wealth and safety of the world population and the development of modern society (Fe-
kete, 2011). The eruption of Mount Pinatubo, Philippines, on June 1991, produced an estimated 20 million
tons of sulfur dioxide, injecting 20 km high plume into the atmosphere (Bluth et al., 1992) which caused a
temporarily drop of global temperatures by about 0.5°C from 1991 to 1993. The consequent ash fallout and
lahars killed 847 people and caused damages to crops, infrastructures, and personal properties for more
than 374 million dollars. A recent example of the economic impact of volcanic activity is observed after the
eruption of the Icelandic volcano Eyjafjallajokull, that in 2010 caused the largest break-down of European
airspace since World War II, despite the moderate Volcanic Explosivity Index (VEI, Newhall & Self, 1982)
of 4 (S. Jenkins, 2010; S. F. Jenkins et al., 2015). Part of the resulting losses were attributed to the overly
conservative plan of action that the International Civil Aviation Organization (ICAO) was forced to adopt
due to the lack of real-time measurements of the distribution of ash (Lechner et al., 2017). The timing and
accuracy of volcanic risk estimation has greatly improved since then; traditional monitoring techniques
have evolved and been complemented with new methods. A significant goal is to provide timely and reli-
able information to support the Volcanic Ash Advisory Centers (VAACSs). This allows coordination of an
appropriately scaled response by relevant organizations to reduce damages and losses and mitigate the
consequent economic impact.
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Nowadays, volcanic surveillance mainly relies on seismic and geodetic networks, which allow (with appro-
priate network geometry) the real-time monitoring of minor magmatic movements (Dzurisin, 2006; Mc-
Nutt, 2002). However, seismic and geodetic monitoring requires relative proximity of the networks to the
source, leaving populations and infrastructures vulnerable in ongoing eruptions. Networks too far away
from the source are affected by the attenuation that jeopardizes the detection of the small amounts of en-
ergy radiated by volcanic earthquakes; on the contrary, closer networks can be damaged, making real-time
transmission impossible during the eruption. To address these limits and while waiting to improve the nec-
essary network of ground-based instruments, in situ volcano monitoring has recently been complemented
with satellite remote sensing to directly track volcanic ashes and gases in the atmosphere (Hanstrum &
Watson, 1983; A. Prata, 1989; Sawada et al., 1987). Additionally, infrasound monitoring by remote networks
has been put forward as a cloud cover independent monitoring technique (Taisne et al., 2019).

A common remote sensing technique for volcanic ash detection is the use of thermal infrared imagers on
satellites (e.g., MODIS, AVHRR, GOES, and SEVIRI), which record: the abundance of fine-grained volcan-
ic ash; the temperature contrast between the volcanic cloud and the underlying surface; and the relative
abundance of water within the volcanic cloud. However, this technique is far from straightforward (Brenot
et al., 2014), and is limited by ice clouds in cold regions, and by the high water-vapor quantity in the tropics
(Pavolonis et al., 2006), as well as by ice-coating phenomenon affecting the ash particles (Taisne et al., 2019).
Another method to approximate the position of volcanic ash plumes is based on the measurement of gases
emitted by volcanoes, especially sulfur dioxide (SO,), that is assumed to follow a similar atmospheric disper-
sion pattern than the ash. SO, is easily tracked due to its low background concentrations in the atmosphere
and its absorption bands in different distinct spectral regions (Carn et al., 2016). However, this technique
only yields useful information when the eruption is accompanied by a detectable amount of SO,.

In recent years, infrasound has become a common technique for volcano monitoring. The International
Monitoring System (IMS) infrasound network operated by the Comprehensive Nuclear-Test-Ban Treaty Or-
ganization was originally designed to detect any violations of the treaty (Christie & Campus, 2010), but it
has also demonstrated its capability to detect and locate geophysical signals generated by natural hazard
events (e.g., Campus & Christie, 2010; Hedlin et al., 2012). Infrasound sensors have been used to detect vol-
canic explosions for which the signal propagation over large distances is controlled by atmospheric winds
and temperature (e.g., Dabrowa et al., 2011; Fee et al., 2011; R. S. Matoza, Le Pichon et al., 2011; R. S.
Matoza, Vergoz et al., 2011). Large explosive events, such as the eruptions of Kasatochi (2008) and Okmok
(2008) volcanoes in Alaska, USA, have been detected by infrasound sensors located as far away as 4,400
and 5,200 km from the source, respectively (Fee, Steffke et al., 2010). The 2005 eruption of Manam volcano,
Papua New Guinea, was recorded in Madagascar, about 11,000 km from the vent (Dabrowa et al., 2011).
Infrasound is a cloud cover independent remote monitoring technique for volcanic activity, which is espe-
cially important in regions like Southeast Asia which has near-constant cloud cover (Taisne et al., 2019).
Nevertheless, the density of the infrasound networks is currently limited, and the detections rely on the ge-
ometry of stations relative to the source and atmospheric attenuation conditions. In addition, detections of
signals from large volcanic eruptions can be hampered by the presence of microbarom signals, i.e., coherent
acoustic background noise in the 0.1-1.0 Hz frequency band. Such signals are generated by the non-linear
interaction of the ocean waves, bathymetry, and coastlines (De Carlo 2020; Ouden et al., 2020; Smets, 2018).
Therefore, additional infrasound network deployments in volcanically active regions are necessary to fully
exploit this technique.

In remote environments and where physical and meteorological conditions hinder the application of
these techniques, new methodologies could complement the current set of tools available to quantify the
power of volcanic events and potentially further mitigate the losses. A promising method is based on the
observation that powerful blasts, including volcanic eruptions, strong earthquakes, or even nuclear ex-
plosions, generate acoustic-gravity waves that propagate upward in the atmosphere and perturb the ion-
ospheric plasma density (Occhipinti, 2015, and reference therein). During the upward propagation the
acoustic-gravity waves, which are strongly amplified by the decreasing density of the neutral atmosphere,
cause the perturbations of the ionospheric plasma. The perturbations result in the variation of total elec-
tron content (TEC), which is measured by GNSS as the integral of electron density along the line-of-sight
between the GNSS receiver and the satellite (see material and methods for more details). Perturbations in
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the ionospheric TEC have been observed for a number of large earthquakes (e.g., Cahyadi & Heki, 2013,
2015; Calais & Minster, 1995; Mikumo & Watada, 2010; Occhipinti et al., 2013) and tsunami (e.g., Art-
ru et al., 2005; Occhipinti et al., 2008, 2011, 2013, 2006; Rakoto et al., 2018; L. M. Rolland et al., 2010);
the ionospheric signatures of those events have been detected (Occhipinti et al., 2013) and explored to
estimate the tsunami risk (Manta et al., 2020), the seismic magnitude (Occhipinti et al., 2018), as well
as the oceanic displacement during tsunami propagation off-shore (Rakoto et al., 2018). Recent stud-
ies have shown the possibility of detecting tsunami-driven gravity waves in real-time, opening toward
the possibility to a future implementation of ionospheric TEC monitoring to the existing tsunami early
warning systems (Savastano et al., 2017; Savastano et al., 2019). The analysis of TEC has also revealed
perturbations after volcanic eruptions at Pinatubo Volcano (Cheng & Huang, 1992; Igarashi et al., 1994),
Asama Volcano (Heki et al., 2006), Soufriere Hills Volcano (Dautermann et al., 2009), Calbuco Volcano
(Shults et al., 2016), and Kelud Volcano (Nakashima et al., 2016). However, the relationship between the
TEC perturbation induced by the volcanic acoustic gravity waves and the corresponding magnitude and
explosiveness of the eruption has not yet been analyzed.

We have recently shown that the ratio between the maximum level of power spectral density of the TEC
perturbation, produced by the tsunami genesis, and the mean background level (or Ionospheric Tsunami
Power Index) quantifies the power of an earthquake, providing additional information on the volume of the
maximum water displaced during the seismic rupture and proving the potential role of ionospheric moni-
toring in tsunami risk estimation (Manta et al., 2020). Following the same approach of Manta et al., (2020),
in this work, we define the Ionospheric Volcanic Power Index (IVPI), evaluating the relationship between
the TEC perturbation and the volcanic eruption characteristics. With this investigation, we are able to de-
termine the feasibility of using ionospheric sounding techniques to infer the style of volcanic eruptions.
We compare the TEC perturbations observed during 22 different eruptive events to different parameters
commonly related to the magnitude of the eruption (reported VEI, plume height, reduced seismic ampli-
tude, and acoustic power). We investigate events that occurred at 12 different volcanoes, located at different
latitudes, to include the effects of the magnetic field on the TEC perturbations (Astafyeva, 2019; Occhip-
inti et al., 2008; L. M. Rolland et al., 2013). The results of this work provide insight into the feasibility of
using ionospheric sounding techniques to complement current volcano monitoring systems. The potential
to remotely gain additional information by GNSS-TEC observations can be especially valuable for isolated
volcanoes where monitoring is limited or non-existent.

2. Materials and Methods
2.1. GNSS-TEC Data

Our data set comprises the GNSS signals recorded during 22 volcanic events between 2003 and 2018 (Fig-
ure 1), as listed in Table 1. These include 4 events which are reported in the literature to have induced per-
turbations in the ionosphere: Soufriére Hills volcano 2003, Montserrat (Dautermann et al., 2009); Asama
volcano 2004, Japan (Heki et al., 2006); Calbuco volcano 2015, Chile (Shults et al., 2016); Kelud volcano
2014, Indonesia, (Nakashima et al., 2016). To identify variations in the TEC data recorded from the stations
operating at the time of each eruption, we compare the TEC signal of six quiet days prior to the eruptions
to the signal recorded at its onset.

The TEC is the total electron content measured by GNSS receivers, originally proposed by Mannucci
et al. (1993) as a new method for monitoring the ionosphere. The TEC corresponds to the integral of the
electron density along the line-of-sight between the receiver and the satellite measured in TEC Units (1
TECU = 10'° el/m?). Following the methodology described in Manta et al. (2020), we computed the TEC as:

TEC = (Ll — L2) ﬁ2f22 (1)
403 f2- £

where L1 and L2 are the carrier phase, corrected for phase ambiguities using the program Ninja within the
GPS-Inferred Positioning System and Orbit Analysis Simulation Software developed by the Jet Propulsion
Laboratory (JPL), California Institute of Technology (Blewitt, 1990, 2000; Lichten & Border, 1987) and f; and
f> are the high and low GPS frequencies, respectively.
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Figure 1. Map showing the locations of the 12 volcanoes analyzed in this work. We chose volcanoes at different latitudes to consider the possible effects of the
magnetic field on the TEC signals. TEC, total electron content.

We considered the area located around the height of the maximum of ionosphere ionization (the F2 layer,
fixed at the altitude of 300 km), as the main contributor to the observed TEC variations. Therefore, the
observed perturbations are visualized at the ionospheric pierce point (IPP), which represents the intersec-
tion of the line-of-sight between each GNSS satellite-receiver pair and the ionospheric layer of maximum
ionization. The TEC time series for all the satellite-station pairs were filtered with bandpass finite impulse
response Butterworth filter with a range of 2 mHz-10 mHz, to remove the contributions from daily iono-
spheric variabilities, satellite motions, and instrumental biases. Spectrograms are then calculated with 30-
min moving windows and 99% overlap.

We then introduced the Ionospheric Volcanic Power Index (IVPI), to quantify the intensity of the distur-
bances induced by the eruptions in the ionosphere. We highlight that Equation 2 is the same as the one
described by Manta et al. (2020) with a different alias to imply the different area of application (volcanic
explosion parameters estimation rather than tsunami risk estimation), and it is defined as:

IVPI =
[ MBL

- lj x 100, 2
PSDyax corresponds to the maximum level of power spectral density of the TEC recorded during the event,
and MBL is the mean background level. MBL is defined as the average maximum level of PSD of the TEC
recorded by the same satellite-station pair during a 2-h window, starting from the event onset time, of the
6 days preceding the event. The size of the time window has been chosen based on previous studies that
show the presence of an important ionospheric response during the first 2 h of the eruptions (Dautermann
et al., 2009; Heki et al., 2006; Nakashima et al., 2016; Shults et al., 2016). We averaged the maximum PSD
calculated in the 6 days before the event by the total number of days to further limit the effect of perturba-
tions unrelated to the event.

For each event, among all the available TEC time-series recorded by the different GNSS satellite-receiver
pairs, we selected for further analysis those which meet the following criteria: (1) presence of continuous
recording during the event; (2) IPPs distance from the source <1,000 km. If these criteria were met, we vis-
ually inspected the TEC time-series and chose those showing less background noise in the 6 days before the
event, to limit the effect of meteorological perturbations.

Furthermore, we investigated the effects caused by different geometrical parameters on the amplitude of
the TEC signal, such as: the distance between the volcano and the GNSS receiver; the elevation angle of
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compare the IVPI values measured for the different events analyzed in this work, we selected satellite-sta-

between the satellite-receiver line-of-sight and the gravito-acoustic wavefront propagation. To be able to
tion pairs with similar geometric characteristics.

the satellite-receiver raypath; the distance between the volcano and the IPP; as well as the incidence angle

MANTA ET AL.



/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2020B020726

2.2. Explosiveness, Seismic, and Infrasonic Measures

We collected information from the literature on several parameters related to the intensity of the eruptions.
In particular, we used, when available, the Volcanic Explosivity Index (VEI), reported plume height, seis-
mic Peak Ground Velocity (PGV), and infrasonic acoustic power. VEI is determined by different factors,
including the ejecta volume, plume height, eruption duration, and other qualitative observations (Newhall
& Self, 1982). The events that we analyzed have VEI values in the range from 2 to 4 as reported by the Smith-
sonian Institution's Global Volcanism Program (GVP) (Global Volcanism Program, 2012).

Another parameter used to characterize the explosivity of eruptions is the plume height. It is measured
by ground-based sensors, including radars (Donnadieu, 2012; Donnadieu et al., 2016; Schneider & Ho-
blitt, 2013), LiDAR (Marenco et al., 2011), lightning detectors (Cimarelli et al., 2016), satellite-based sensors
and infrasound (Perttu Taisne et al., 2020; A. J. Prata & Grant, 2001). We used plume height values reported
in the literature, obtained from direct measurements and modeling (see Table 1 for references). The plume
height for the 2016 Sinabung event, Indonesia (SI03), is based on the report issued by the Volcanic Ash
Advisory Center (VAAC) in Darwin.

Further, we collected and analyzed broadband seismic data available from GEOFON and IRIS data centers.
For each event, we analyzed the data coming from a single seismic station with distances ranging from
32 km to 330 km. Following Zobin (2012), we measured the amplitude of the PGV of the first arrival extract-
ed from the vertical component of the sensors filtered between 0.5 and 8 Hz. PGV values were adjusted to
the reference distance of 10 km from the source to take into account the attenuation caused by geometric
spreading and the loss of energy due to the anelasticity of the medium (Aki & Richards, 2002). The am-
plitude of the waves-function at the epicentral distance, r, is expressed following Battaglia and Aki (2003):

A(r) = 4 lﬂe‘f”, ®3)
with
57 @

where Ay is the source amplitude, fis the frequency, § is shear wave velocity, Q is the quality factor, and n
is the exponential factor controlling the amplitude decay of the seismic signal. According to experimental
data, n varies between about 0.3 and 3, depending on the type of seismic wave and distance range consid-
ered (Bormann et al., 2012). Considering the generally large distances of the recording stations from the
sources analyzed in this study, we assume that the surface waves are the dominant features, consequently
n = 0.5. We use f = 4.25 Hz which represents the mean value of the frequency range (0.5-8 Hz) to filter the
data. We use the range of shear wave velocities between 2 and 3 km/s. We chose quality factors in the range
of values obtained by Koyanagi et al. (1995) for Kilauea Volcano, and De Natale et al. (1987): For events
measured at distance <70 km, we used Q = 50, which better represents the highly fractured and weakened
volcanic edifice; and Q = 300 for the events recorded at distance greater than 70 km considering the pres-
ence of more competent rocks.

Therefore, the PGV measured at r was adjusted as:

PGV (@10km) = PGV (r) ée"*("“‘)). (5)

Finally, we analyzed the infrasound signal recorded at the single station for each eruptive event. For each
event-station pair the source acoustic power E, was calculated following Dabrowa et al. (2011):

222,
E, = P(t) de, 6
PaCa t;[tl ( ) ©

where P is the acoustic pressure amplitude measured from the single sensor or calculated from the beam-
form obtained for the stations in array configuration. The source to sensor distance is denoted as r, p, is the
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Figure 2. (a) Map of the ionospheric pierce points (IPPs) at the time of the 22 December 2018 Anak Krakatau eruption (KR01) for three satellites (PRN 3,

7, and 23, depicted with different colors and shapes), in relation to 21 GNSS stations (hollow black circles) from the Sumatran GPS Array (SuGAr). Arrows
show the 3-h trajectories of the IPPs, starting 30 min before the event (b) Hodochrone of the TEC perturbation observed by the 63 GPS satellite-receiver pairs
following the December 22, 2018 eruption of Anak Krakatau, which shows the perturbations in the ionosphere induced by the two phases of the event as color
bands. (c) Filtered ionospheric TEC time series and related spectrogram (d) extracted from observations of satellite PRN3 with respect to station LNNG. Dashed
vertical lines represent the time of the 2 eruptive phases at 20:40 and 22:20 local time. The dashed red line indicates the time of the flank collapse at 20:55 local
time. The horizontal dashed line in (d) corresponds to the Briint-Vaisalla frequency that represents the limit between gravity and acoustic domains. An acoustic
component is visible in correspondence with the earthquake, a gravity component is observed after the second pulse, attributable to the presence of a sustained
plume in the atmosphere. TEC, total electron content.

atmospheric density, ¢, is the atmospheric sound speed, and ¢ is the time window of the signal. This equation
assumes energy attenuation through hemispherical spreading, and for the remote detections (r > 250 km)
this is therefore the estimate and not the expected actual acoustic power of the event, as the complexity of
atmospheric propagation has not been accounted for. Nevertheless, our estimate of acoustic power is used
to compare events following Dabrowa et al. (2011). Acoustic power was calculated at the vent, and at the
reduced distance of 1 km and 10 km from the vent. In the case of multiple stations, the station with the
maximum acoustic power was used for comparison (Table S1).

3. Results and Discussion

We used the available GNSS datasets to determine whether ionospheric TEC could provide useful informa-
tion to volcano observatories and to the VAACs for mitigation of volcanic ash hazards.

3.1. GNSS-TEC and IVPI

For each event, we measured the TEC for all the satellites orbiting close to the volcano and we analyzed TEC
measurements in both time and frequency domains to better detect the perturbations.

In Figure 2, we report an explanatory example of the analysis of the Anak Krakatau flank collapse and
eruption on the December 22, 2018 (KR01) which triggered a tsunami that caused widespread losses
and damage to the nearby communities (Perttu, Caudron et al., 2020). We analyzed data from 23 GNSS
stations (21 stations from SuGAr with 15-s temporal resolution shown in Figure 2a, and 2 stations
operating at 30-s resolution from the IGS network) paired with 13 GPS satellites. Among the satellites
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dB] that satisfied the criteria for the analysis of IVPI, we used the ones
that showed stronger TEC perturbations (PRN 3, 7, and 23, shown in
Figure 2a) to visualize the oscillation pattern in the hodochrone (Fig-
ure 2b). Tsunami are known to produces atmospheric internal gravity
waves that can reach the ionosphere approximately 40 min after the
event (e.g., Occhipinti et al., 2013). For this reason, we applied a band-
pass Butterworth filter between 1 and 10 mHz in order to preserve any
low frequency signal that can be linked to gravity waves attributable
to the tsunami triggered by the Anak Krakatau flank collapse. The
time series and spectral analysis of the TEC signal recorded by sat-
ellite PRN3 with respect to station LNNG (Figures 2c and 2d) show
the two different perturbations induced in the ionosphere, and more
generally visible in the hodochrone (Figure 2b): the first one traveling
at the horizontal speed of ~1 km/s with origin time corresponding to
the time of the flank collapse and a frequency content between 1 and
4 mHz; and the second one, propagating at the same speed (~1 km/s)
but with stronger in amplitude than the first one, appearing around
22:30 (local time) in conjunction with the second and stronger pulse
and a frequency content below 2 mHz. The first perturbation coincides
with the strong infrasound signal recorded throughout the region and
is mostly related to the My, 5.1 earthquake (20:55 local time, NW-SE
trending focal plane) recorded by the regional seismic network and
triggered by flank collapse (GEOFON Program website, Perttu, Cau-

24:00 01:00 02:00

21:00 22:00 23:00 X
Local time UTC+7 dron et al., 2020b). According to Perttu, Caudron et al., (2020) the
tsunami generated by the flank collapse reached the coast of Java,
Figure 3. Spectrograms of the filtered TEC signal recorded by the pair Indonesia at 21:30 (local time). Considering the estimated propaga-

of station BAKO and satellite PRN20 at the time of Kelud eruption, KLO01
(Indonesia) over seven consecutive days starting on February 7, 2014. The
signal is filtered with a bandpass Butterworth filter with a range of 2 mHz-

tion velocity of 1 km/s and the first arrival of the second perturbation
(22:30, local time), the stronger gravity component observed in the

10 mHz. The vertical solid line in the lower panel indicates the onset of second pulse can be attributed to the presence of a sustained plume in
the eruption occurred on February 13, 2014 (local time: 22:46 UTC + 7). the atmosphere, rather than with the genesis of the tsunami. Indeed,
The ionospheric perturbation generated by the eruption is characterized by  the rise of the eruptive plume, constituted by a mixture of hot gas and

a high power of the spectrum with a frequency component ranging from
2 mHz to 10 mHz, visible between 24:00 and 02:00 local time. TEC, total

electron content.

particles, can displace the atmospheric medium inducing the prop-
agation of gravity-waves (De Angelis et al., 2011; Prata et al., 2020;
Ripepe, De Angelis, Lacanna, & Voight, 2010).

We applied the same approach to analyze all the eruptions reported in

Table 1. The analysis of the available GNSS data revealed 13 events out of
22 with clear signatures in the ionospheric TEC. For these events, Table 1 reports the measure of the IVPI
index as well as other parameters linked to the size of the eruptions such as VEI, plume height, PVD, and
acoustic power.

Figure 3 shows an example of the spectral analysis of the TEC signal recorded during the week preceding
the 2014 Kelud eruption, KL01 (Indonesia) used to calculate the IVPI. It is possible to see how, in compari-
son to the quiet days preceding the event, the eruption is marked by high power of the spectrum, with a fre-
quency component ranging from 2 mHz up to 10 mHz. As reported by Nakashima et al. (2016), oscillations
in the ionosphere are visible from 24:00 to 2:00 (local time).

Interestingly, it was possible to remotely detect the 2011 Cleveland volcano eruption, CLO1 (Alaska, USA).
In this region, many active volcanoes are not monitored by ground-based instrumentation, consequently
the use of remote techniques is crucial. Regional-scale seismic and infrasound observations have been al-
ready reported in the literature (De Angelis et al., 2012), showing the potential of infrasound detection in
this remote region to detect the volcanic explosion about 50 min after the beginning of eruptive activity.
We have also shown that the ionospheric TEC is capable of detecting the event as early as 40 min after the
eruption started (Figure 4b), confirming the potential of ionospheric TEC monitoring as a complementary
technique to the existing early warning system.
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Figure 4. (a) Infrasound detection of the December 29, 2011 Mt.
Cleveland explosion, CLO1 (Alaska, USA), made at the IMS station 144RU

located at around 2000 km from the source. (b) Filtered ionospheric

[dB]

TEC time series and related spectrogram (c) extracted by observations
of satellite PRN9 with respect to station AV06 at the time of the volcanic

explosion. Solid red and white vertical lines indicate the time of the

events. The TEC data shows the detection of the event with a timing of
40 min after the explosion confirming the infrasound detection. TEC, total

electron content.

Another interesting result is the detection of the 2008 Okmok eruption,
Alaska (OK01). The observation of gravity waves induced by the rising
plume was detected analyzing the ultra long-period (ULP) signal at
OKFG seismic station (De Angelis et al., 2011).

For some of the events, the detection by ionospheric sounding has been
limited due to different factors, resulting in low or negative IVPI values
(see Table 1 and Figure 5). The strongest influences affecting the compu-
tation of TEC and consequent IVPI are: the observation geometry (e.g.
the elevation angle of the satellite-receiver raypath, the distance of the
GNSS receiver from the source, and the distance of the IPPs from the
source), the wind direction, and the local geomagnetic field. The raypath
geometry between the satellites and the GNSS receiver affects the quality
of the detection as discussed by Cahyadi and Heki (2015), who observed
that the strongest TEC signal is recorded when the IPP is located between
the epicenter and the GNSS station so that the line-of-sight crosses main-
ly the positive part of the wavefront. Moreover, satellites at low elevation
angles have a better detection capability (Occhipinti et al., 2013).

Moreover, the orientation of the local geomagnetic field plays an im-
portant limiting factor in the detection of volcanic ionospheric distur-
bances. Previous studies (Astafyeva, 2019; Heki & Ping, 2005; Occhipinti
et al., 2008; L. M. Rolland et al., 2013; Sunil et al., 2015) have investigated
the effects of the magnetic field on the propagation of ionospheric distur-
bances showing an important attenuation of the signal in regions where
the perturbation is traveling in the same direction of the magnetic field.
Bagiya et al. (2019) defined a parameter named Non-Tectonic Forcing
Mechanisms which allows to evaluate the joint effect on the quality of
the TEC detection of the local geomagnetic field orientation (Geomag-
netic field—Neutral wave orientation Factor; GNF), the GNSS network
geometry (Satellite Geometry Factor; SGF), and the effects of ambient
electron density (Electron Density Factor; EDF) as:
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Figure 5. Relationship between IVPI and VEI (a), plume height (b), seismic amplitude of the first arrival at 10 km of
distance from the epicenter (c), and acoustic power from infrasound (d). Horizontal dashed lines represent the zero
level. The horizontal solid gray line in (a) represent the separation between different VEI values. See Figure 1 and
Table 1 for legend reference and terminology. IVPI, ionospheric volcanic power index; VEI, volcanic explosivity index.
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NTFM(4,¢,h) = GNF(4,,h) x EDF(4,0,h) x SGF(A,0,h) (7)

where 4, ¢, and h depict the geographic longitude, latitude, and terrestrial altitude respectively.

In some cases, the small number of GNSS stations drastically reduces the possibility to detect the event due
to a lack of TEC observations in the area around the source. Indeed, the IPP should be inside a radius of
1,000 km in order to detect the propagation of ionospheric disturbances. Another parameter that may affect
the detectably of volcanic ionospheric disturbances is the impact of horizontal atmospheric winds (Shults
et al., 2016), which, however, has not being quantitatively investigated so far.

The complex dynamics of the eruption, in addition to an unfavorable observation configuration (limited
network, network geometry, wind direction, and magnetic field), can further reduce the possibility of de-
tecting ionospheric perturbations related to volcanic eruptions. The Tolbachik volcano eruption in 2012 is a
clear example: the TEC analysis does not reveal the peak of intensity related to the onset of the event. The
eruption at Tolbachik Volcano was less energetic at the onset, the November 27, 2012, and gained intensity
between late 28th and early 29th November as showed by the detection at the IS44 array (Albert et al., 2015).

3.2. Relationship Between IVPI and VEI

The VEI, proposed by Newhall and Self (1982), is a practical and widely used metric for categorizing the
scale of explosive eruptions and accounts for both eruption magnitude (volume) and intensity (plume
height). For the event discussed in this paper, we used values of VEI as reported by the Smithsonian In-
stitution's GVP. For some of the events analyzed, the VEI was not reported because the specific eruption
is considered part of a sequence of explosions and is therefore excluded from Figure 5a. The relationship
between this metric and the IVPI is shown in Figure 5a, where it is possible to notice a strong positive corre-
lation (Pearson's r = 0.95; p < 0.001). Interestingly, the 3 events (AS01, AS02, and SI01) displaying a VEI = 2
show a negative IVPI corresponding to the detection of a weaker TEC perturbation compared to the average
daily variability normally present in the ionosphere. The three eruptions are very different in terms of PGV
(Figure 5c) and all have small plume with maximum height of 5 km (Figure 5b).

Further, the analysis showed that all the most powerful events considered (VEI = 4) produced strong TEC
perturbations apart from the Tolbachik Volcano. While this might be surprising at first glance, the low IVPI
can be explained by considering the fact that the event was less energetic at the onset, as mentioned in the
previous section. Indeed, also seismic data recorded at 17:15 (local time), shown in Figure 5c, suggests that
the event was not energetic enough. This is also confirmed by infrasound data, revealing why the acoustic
signals did not propagate at large distances (Fee & Matoza, 2013).

In optimal conditions, with favorable geometry of the GNSS network available and a sufficient number of
satellite-receiver pairs, the IVPI metric correlates with the VEI: if IVPI < 4.5, it is more likely that the event
has VEI = 2, while a IVPI between 4.5 and 10 might suggest a VEI = 3 event, and finally VEI = 4 when IVPI
> 10. A more precise threshold estimate can be validated with additional observations, which will be the
subject of future study.

3.3. Relationship Between IVPI and Plume Height

Figure 5b shows the relationship between the IVPI and the plume height (Pearson's r = 0.81, p < 0.001),
where two groups of events can be distinguished: those with small associated plumes (height < 6 km), clus-
tered at the left of the plot, and the remaining 10 events producing greater plumes and presenting a nicer
linear correlation. The presence of these two different trends can be attributed to the fact that small explo-
sive eruptions, accompanied by smaller plumes, generate acoustic-gravity waves characterized by higher
frequency content. These are strongly attenuated before reaching ionospheric heights, causing only very
small or no perturbation in the GNSS-TEC (Sutherland & Bass, 2004). Indeed, the low values of IVPI shown
by the first group of events indicate that acoustic-gravity waves generated by explosions with small plume
height are trapped in the lower atmosphere and do not reach the ionosphere. On the contrary, large explo-
sive eruptions, generally accompanied by higher plumes, generate waves comprising a lower frequency
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Figure 6. Comparison between filtered ionospheric TEC and related spectrograms for the three explosive events
occurred at Mt Etna, Italy, between 3 and 4 December 2015. The observations of (a) satellite PRN25 with respect to
station LUZZ at the time of ET01 event, (b) satellite PRN22 with respect to station LUZZ at the time of the ET02 event
and (c) satellite PRN12 with respect to station CETR at the time of ET01. Despite the important altitude reached by the
plume during these events (12, 14, and 10 km, respectively) no considerable perturbations are visible in ionospheric
TEC, probably due to their low seismic activity. Solid red and white vertical lines indicate the time of the events and
horizontal dashed lines are the Briint-Vaisalla frequency that represent the limit between gravity and acoustic domains.
TEC, total electron content.

range that are less affected by the atmospheric absorption of sound (Dabrowa et al., 2011). Therefore, for
larger events, given the dependency of the VEI on the plume height, the IVPI can provide useful informa-
tion on the explosive nature of the eruptions. However, among the second linear group, we observe that
despite the considerable altitude reached by the ash emitted by the Etna eruptions (between 10 and 15 km
of altitude), these events caused limited perturbations (Figure 6) and two of these events display a negative
IVPL

Mt. Etna volcano is one of the major degassing volcanoes in the world (Allard et al., 1991), and the events
in this study are part of a rapid sequence of summit eruptive episodes observed in December 2015. The
high-energy events, or paroxysms, were characterized by Strombolian activity followed by high lava foun-
taining and abundant tephra emission (Corsaro et al., 2017). Electromagnetic perturbations were also ex-
pected in the upper atmosphere, especially for the ET01 event, which was accompanied by lightning activity,
linked to electrostatic discharges in the ash plume as the eruption columns can carry significant electrical
charge (M. R. James et al., 1998; M. James et al., 2000; Mather & Harrison, 2006). In addition, this event
happened at night, during which the optimal conditions for the detection of ionospheric disturbances are
found (Rozhnoi et al., 2014). However, these events were all accompanied by low seismic activity, with the
ETO1 event characterized by lowest PGV (Figure 5c), suggesting that this event did not emit strong acous-
tic-gravity waves detectable in the ionosphere as compared to ET02. Moreover, the reason why the large
plumes seen in the Etna events produced a small ionospheric signal can be linked to a different infrasound
production mechanism compared to the other events. Previous studies have suggested that the relationship
between plume height and acoustic energy, which leads to perturbation in the TEC signal, is dependent on
different factors according to the eruptive style. Indeed, the Plinian and sub-Plinian eruptions are accompa-
nied by greater acoustic energy linked not only to the volume of emitted material such as in the case of the
Etna events, but also to the gas-thrust region of the volcanic plume.

From Figure 5b we can also notice that when considering each volcano separately, the IVPI positively corre-
lates with the ash column heights. This behavior is observed at Mt Etna, Calbuco and Merapi: in the case of
Calbuco, the two events analyzed were characterized by a plume height of 17 km (CA01) and 21 km (CA02)
and we measured a IVPI of 17.3 and 21.6, respectively; for Merapi, the two plumes reached an altitude of
4.5 km (MEO1) and 17 km (ME02), and the corresponding IVPI was 4.7 and 12 (see Table 1).

Interestingly, the IVPI demonstrated that under favorable conditions, explosive events for which there are
not information about the VEI, such as Cleveland Volcano, 2011; and Sinabung in 2013 were detectable with
only 6 km of plume height.
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A specific relationship between IVPI and ash plume seems to characterize the volcanic activity and further
studies are warranted to identify the individual correlation between eruption plumes at different volcanic sys-
tems and to unveil the physical and chemical properties controlling the amplitude of ionospheric disturbances.

3.4. Relationship between IVPI and Peak Ground Velocity (PGV)

We evaluated whether the energy transferred by the events to the ionosphere, quantified using the IVPI is
proportional to the PGV measured for the vertical component of the broad-band seismic station, which is
linked to the power of the eruptions (Nishimura et al., 2012). The relationship between IVPI and the log
value of PGV is shown in Figure 5c. The regression analysis showed a moderate correlation between the two
metrics in linear scale, as confirmed by Pearson's r = 0.60 (p < 0.004).

An inspection of the events that did not cause greater ionospheric perturbations than the disturbances re-
lated to normal fluctuations in TEC (IVPI < 0), showed an unexpected trend for the three events recorded at
Sinabung, an Indonesian stratovolcano awakened in 2010 after 1,200 years of quiescence. SI01 refers to one
of the first activities recorded after the initial small phreatic eruption of August 28, 2010 that marked the
beginning of his active state. Among the events analyzed at this volcano, SI01 has the greatest PGV, recorded
during an ash explosion that followed the volcano-tectonic earthquake swarm (Gunawan et al., 2017), but
the lowest IVPI. SI02 is part of the second episode of small explosions that began on September 15, 2013
which, however, is associated with the highest IVPI and the smallest PGV. The difference between the
Sinabung events is that SI01 was mainly accompanied by deep volcano-tectonic earthquakes, that were ab-
sent during the SI02 event. The SI02 event was characterized by only shallow volcano-tectonic earthquakes
(Gunawan et al., 2017). The greater IVPI of SI02 can be related to the evidence that TEC is especially influ-
enced by shallow earthquakes, which lead to disturbances in the sensitive F2 layer of the ionosphere (Shah
& Jin, 2015). It has also been shown that seismo-ionospheric disturbances related to a shallow hypocenter
cause greater disturbances as compared to deep hypocenter earthquakes (Kon et al., 2011; Lin, 2013; Liu
et al., 2006).

Another surprising result is that similar PGVs are accompanied by a large variation of IVPL This is especial-
ly visible when comparing KLO01, KR01, and SI03, which have an IVPI of 18.4, 4.4, and —3.4, respectively,
despite a range of PGV between 0.7 and 1.2 mm/s. The relationship between the two metrics seems more
complex compared to the other measurements discussed, as seismic data are affected by many parameters.
The nature and amplitude of the ground motions at a certain distance from the epicenter depends on the
tectonic regime, magnitude, magnitude-dependent attenuation, and differences in crustal structure, to cite
a few. Further, a more rapid attenuation of amplitudes with distance is observed at volcanoes displaying
shallow crustal seismicity (McVerry et al., 2006). For these reasons, a more precise relationship between
seismic information recorded during volcanic eruptions and the IVPI could be established by taking into
account more variables such as earthquakes magnitude, depth, duration, and wave profiles.

3.5. Relationship Between IVPI and Infrasound

Infrasound detection of volcanic activity is dependent not only on the magnitude of the acoustic source,
and therefore the type of activity, but also on the atmospheric conditions and relative location between the
source and infrasound sensors. Volcanic infrasound can be recorded with local networks (<15 km), regional
stations or arrays (15-250 km), or remote arrays (>250 km) (Fee & Matoza, 2013). While local networks can
provide information on the dynamics of simple volcanic explosions and their source mechanisms (John-
son, 2019; Kim et al., 2012) or other volcanic activity like lahars, pyroclastic density currents, or degassing
(Delle Donne et al., 2014; J. B. Johnson & Palma 2015; J. B. Johnson & Ronan 2015), remote infrasound
arrays are more suitable to detect large eruptions (Caudron et al., 2015).

Generally, eruptions that produce higher plumes also result in higher acoustic power and lower frequency
infrasound (Dabrowa et al., 2011; Fee, Steffke et al., 2010; Fee, Steffke et al., 2010; R. S. Matoza et al., 2009).
Figure 5d shows the correlation between IVPI and the acoustic power recorded at the source. With the
publicly available infrasound data, we were able to analyze only 10 over 22 events. The data show propor-
tionality between the maximum acoustic power recorded at the source, and the intensity of the ionospheric
perturbation expressed in IVPI values.
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As discussed in the previous section, while small explosive events produce acoustic waves characterized by
high frequency content (0.5-4 Hz, Fee, Graces et al., 2010, Tungurahua), large explosive events produce a
broader range of frequencies. In particular, as the total acoustic energy increases, the lower limit of detect-
able frequencies decreases (Matoza et. at., 2019). Moreover, lower frequencies of infrasound (e.g. Okmok
Volcano, 0.01-0.5 Hz) are observed in presence of large ash plumes typically associated with Plinian erup-
tions (Fee, Steffke et al. 2010).

According to Sutherland and Bass (2004), the attenuation of acoustic energy in the atmosphere varies with
the height and is frequency dependent. The energy decreases approximately with frequency to the power of
2 (Fee & Matoza, 2013). The relationship between IVPI and the acoustic power showed in Figure 5d reflect
this behavior, showing the increase of IVPI with the power of the logarithm of the acoustic power according
to the following function (Pearson's r = 0.81):

IVPI = 0.25 - log(E)’. ®)

The events with the largest IVPIs such as Calbuco (CA01 and CA02), Kelud (KLO01), and Okmok (OKO01) are
also associated with the strongest infrasonic signal and are all Plinian and sub-Plinian eruptions (VEI = 4).
On the other side, the events with VEI < 3 clustered on the left lower side of the graph, and three of them
display negative values of IVPI (AS02, ET01, and TOO01).

4. Conclusions

In this work, we evaluated the possibility of exploiting remote sensing techniques based on ionospheric
seismology to complement volcanic surveillance. To this end, we investigated the relationship between the
IVPI, a new metric that captures the magnitude of the ionospheric perturbations, to several parameters that
are commonly used to quantify the volcanic explosive energy. We found that our metric strongly correlates
with the VEI and the ash plume height, allowing a quick risk assessment especially for those volcanoes
where a well-developed ground-based network is not yet available, and other techniques cannot be applied
(e.g. lack of instruments or clouds coverage). In the optimal situation, the acoustic-gravity waves generat-
ed by a volcanic explosion can be detected after 8 min from the event, allowing a quick estimation of the
height of the plume. A deeper examination is required to understand the link between the Peak Ground
Velocity (PGV) and the IVPI. The relationship between acoustic power measured from the well-established
infrasound technique and IVPI supports the idea that the new index can complement volcano monitoring
where infrasound stations are not available or regions where the wind noise limits their use. The results
confirm the potential of the proposed tool to be applied to complement existing monitoring techniques.
The proposed method showed an efficient applicability in remote areas such as the Aleutian volcanic arc,
Alaska, and in tropical regions, such as the Sunda volcanic arc, Indonesia, where harsh weather conditions
and almost persistent cloud coverage can limit the applicability of the existing satellite-based techniques.
We will carry out further examination of the relationship between IVPI and other parameters used to quan-
tify explosive energy, such as mass eruption rate and infrasound, to support the applicability of ionospheric
monitoring to remotely access the magnitude of large explosive events.

Data Availability Statement

The datasets generated during and/or analyzed during the current study are available in the DR-NTU repos-
itory, https://doi.org/10.21979/N9/GIP5TJ
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