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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 groundbased 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.
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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 important threat to the wealth and safety of the world population and the development of modern society (Fekete, 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 Eyjafjallajökull, 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 reliable information to support the Volcanic Ash Advisory Centers (VAACs). 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 appropriate network geometry) the real-time monitoring of minor magmatic movements (Dzurisin, 2006; McNutt, 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 energy 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 necessary 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 volcanic 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 (SO2), that is assumed to follow a similar atmospheric dispersion pattern than the ash. SO2 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 SO2.
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 Organization 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 volcanic 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 especially 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 geometry 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 explosions, generate acoustic-gravity waves that propagate upward in the atmosphere and perturb the ionospheric 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 electron 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., Artru 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 studies 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), Soufrière 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 monitoring 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 determine 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 amplitude, 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; Occhipinti 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 (Figure 1), as listed in Table 1. These include 4 events which are reported in the literature to have induced perturbations in the ionosphere: Soufrière 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 = 1016 el/m2). Following the methodology described in Manta et al. (2020), we computed the TEC as:

 L1  L 2  f12 f 22 ,
(1)
TEC 
40.3
f12  f 22
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 f1 and
f2 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 intersection 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 ionospheric variabilities, satellite motions, and instrumental biases. Spectrograms are then calculated with 30min moving windows and 99% overlap.
We then introduced the Ionospheric Volcanic Power Index (IVPI), to quantify the intensity of the disturbances 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:
 PSDMAX

IVPI 

 1  100 ,
(2)
 MBL


PSDMAX 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 perturbations 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 visually 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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Table 1. List of Events Discussed in This Paper, With Associated Values of the Parameters Evaluated
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the satellite-receiver raypath; the distance between the volcano and the IPP; as well as the incidence angle
between the satellite-receiver line-of-sight and the gravito-acoustic wavefront propagation. To be able to
compare the IVPI values measured for the different events analyzed in this work, we selected satellite-station pairs with similar geometric characteristics.
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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, seismic 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 Smithsonian 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 & Hoblitt, 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 extracted 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 amplitude of the waves-function at the epicentral distance, r, is expressed following Battaglia and Aki (2003):
1
A  r   A0 n e  Br ,
(3)
r

with

f
B
,
(4)
QB
where A0 is the source amplitude, f is the frequency, β 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 considered (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 presence of more competent rocks.
Therefore, the PGV measured at r was adjusted as:
r  B  r 10
(5)
PGV  @10km   PGV  r 
.
e
10

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):
2 r 2 t  t2
2
Eac 
(6)
 P  t  dt ,
 a ca t  t1

where P is the acoustic pressure amplitude measured from the single sensor or calculated from the beamform obtained for the stations in array configuration. The source to sensor distance is denoted as r, ρa 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 Brünt-Vaïsalla 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, ca is the atmospheric sound speed, and t 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 information 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
MANTA ET AL.

7 of 17

Journal of Geophysical Research: Solid Earth

Figure 3. Spectrograms of the filtered TEC signal recorded by the pair
of station BAKO and satellite PRN20 at the time of Kelud eruption, KL01
(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–
10 mHz. The vertical solid line in the lower panel indicates the onset of
the eruption occurred on February 13, 2014 (local time: 22:46 UTC + 7).
The ionospheric perturbation generated by the eruption is characterized by
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.

10.1029/2020JB020726

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 (Figure 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 bandpass 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 satellite 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 Mw 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, Caudron et al., 2020b). According to Perttu, Caudron et al., (2020) the
tsunami generated by the flank collapse reached the coast of Java,
Indonesia at 21:30 (local time). Considering the estimated propagation velocity of 1 km/s and the first arrival of the second perturbation
(22:30, local time), the stronger gravity component observed in the
second pulse can be attributed to the presence of a sustained plume in
the atmosphere, rather than with the genesis of the tsunami. Indeed,
the rise of the eruptive plume, constituted by a mixture of hot gas and
particles, can displace the atmospheric medium inducing the propagation 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 comparison to the quiet days preceding the event, the eruption is marked by high power of the spectrum, with a frequency 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, CL01 (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 already 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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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 computation 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 mainly the positive part of the wavefront. Moreover, satellites at low elevation
angles have a better detection capability (Occhipinti et al., 2013).

Figure 4. (a) Infrasound detection of the December 29, 2011 Mt.
Cleveland explosion, CL01 (Alaska, USA), made at the IMS station I44RU
located at around 2000 km from the source. (b) Filtered ionospheric
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.

Moreover, the orientation of the local geomagnetic field plays an important limiting factor in the detection of volcanic ionospheric disturbances. 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 disturbances 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 (Geomagnetic 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:

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   ,  , h   GNF   ,  , h   EDF   ,  , h   SGF   , , h 
(7)

where λ, φ, 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 detecting 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 Institution'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 correlation (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), clustered 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 explosive 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 explosive eruptions, generally accompanied by higher plumes, generate waves comprising a lower frequency
MANTA ET AL.
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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 Brünt-Vaïsalla 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 information 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
IVPI.
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 fountaining and abundant tephra emission (Corsaro et al., 2017). Electromagnetic perturbations were also expected 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
ET01 event characterized by lowest PGV (Figure 5c), suggesting that this event did not emit strong acoustic-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 accompanied 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 correlates 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 (ME01) 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 systems 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 related 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 absent 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 influenced 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 IVPI. This is especially visible when comparing KL01, 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 (Johnson, 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 proportionality 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 detectable 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 eruptions (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):
2

(8)
IVPI
 0.25  log  E  .
The events with the largest IVPIs such as Calbuco (CA01 and CA02), Kelud (KL01), and Okmok (OK01) 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 TO01).

4. Conclusions
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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 generated 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 quantify 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 repository, https://doi.org/10.21979/N9/GIP5TJ

References
Aki, K., & Richards, P. G., (2002). Quantitative seismology. Published by University Science Books, ISBN 0-935702-96-2
Albert, S., Fee, D., Firstov, P., Makhmudov, E., & Izbekov, P. (2015). Infrasound from the 2012–2013 Plosky Tolbachik, Kamchatka fissure
eruption. Journal of Volcanology and Geothermal Research, 307, 68–78. https://doi.org/10.1016/j.jvolgeores.2015.08.019
Allard, P., Carbonnelle, J., Dajlevic, D., Le Bronec, J., Morel, P., Robe, M. C., et al. (1991). Eruptive and diffuse emissions of CO2 from
Mount Etna. Nature, 351(6325), 387. https://doi.org/10.1038/351387a0
Artru, J., Ducic, V., Kanamori, H., Lognonné, P., & Murakami, M. (2005). Ionospheric detection of gravity waves induced by tsunamis.
Geophysical Journal International, 160(3), 840–848. https://doi.org/10.1111/j.1365-246X.2005.02552.x

13 of 17

Journal of Geophysical Research: Solid Earth

10.1029/2020JB020726

Astafyeva, E. (2019). Ionospheric detection of natural hazards. Reviews of Geophysics, 57(4), 1265–1288. https://doi.
org/10.1029/2019RG000668
Bagiya, M. S., Sunil, A. S., Rolland, L., Nayak, S., Ponraj, M., Thomas, D., & Ramesh, D. S. (2019). Mapping the impact of non-tectonic
forcing mechanisms on GnSS measured coseismic ionospheric perturbations. Scientific Reports, 9(1), 1–15. https://doi.org/10.1038/
s41598-019-54354-0
Battaglia, J., & Aki, K. (2003). Location of seismic events and eruptive fissures on the Piton de la Fournaise volcano using seismic amplitudes. Journal of Geophysical Research, 108(B8). https://doi.org/10.1029/2002JB002193
Blewitt, G. (1990). An automatic editing algorithm for GPS data. Geophysical Research Letters, 17(3), 199–202. https://doi.org/10.1029/
GL017i003p00199
Blewitt, G. (2000). Geodetic network optimization for geophysical parameters. Geophysical Research Letters, 27(22), 3615–3618. https://
doi.org/10.1029/1999GL011296
Bluth, G. J., Doiron, S. D., Schnetzler, C. C., Krueger, A. J., & Walter, L. S. (1992). Global tracking of the SO2 clouds from the June, 1991
Mount Pinatubo eruptions. Geophysical Research Letters, 19(2), 151–154. https://doi.org/10.1029/91GL02792
Bormann, P., Engdahl, B., & Kind, R. (2012). Seismic wave propagation and earth models. In New manual of seismological observatory
practice 2 (NMSOP2) (pp. 1–105). Deutsches GeoForschungsZentrum GFZ. https://doi.org/10.2312/GFZ.NMSOP-2_ch2
Brenot, H., Theys, N., Clarisse, L., Van Geffen, J., Van Gent, J., Van Roozendael, M., et al. (2014). Support to aviation control service (SACS):
An online service for near real-time satellite monitoring of volcanic plumes.. https://doi.org/10.5194/nhess-14-1099-2014
Cahyadi, M. N., & Heki, K. (2013). Ionospheric disturbances of the 2007 Bengkulu and the 2005 Nias earthquakes, Sumatra, observed with
a regional GPS network. Journal of Geophysical Research: Space Physics, 118(4), 1777–1787. https://doi.org/10.1002/jgra.50208
Cahyadi, M. N., & Heki, K. (2015). Coseismic ionospheric disturbance of the large strike-slip earthquakes in North Sumatra in 2012: M
w dependence of the disturbance amplitudes. Geophysical Journal International, 200(1), 116–129. https://doi.org/10.1093/gji/ggu343
Calais, E., & Minster, J. B. (1995). GPS detection of ionospheric perturbations following the January 17, 1994, Northridge earthquake.
Geophysical Research Letters, 22(9), 1045–1048. https://doi.org/10.1029/95GL00168
Campus, P., & Christie, D. R. (2010). Worldwide observations of infrasonic waves. In Infrasound monitoring for atmospheric studies (pp.
185–234). Dordrecht: Springer. https://doi.org/10.1007/978-1-4020-9508-5_6
Carn, S., Clarisse, L., & Prata, A. J. (2016). Multi-decadal satellite measurements of global volcanic degassing. Journal of Volcanology and
Geothermal Research, 311, 99–134. https://doi.org/10.1016/j.jvolgeores.2016.01.002
Caudron, C., Taisne, B., Garcés, M., Alexis, L. P., & Mialle, P. (2015). On the use of remote infrasound and seismic stations to constrain the eruptive sequence and intensity for the 2014 Kelud eruption. Geophysical Research Letters, 42(16), 6614–6621. https://doi.
org/10.1002/2015GL064885
Cheng, K., & Huang, Y. N. (1992). Ionospheric disturbances observed during the period of Mount Pinatubo eruptions in June 1991. Journal
of Geophysical Research: Space Physics, 97(A11), 16995–17004. https://doi.org/10.1029/92JA01462
Christie, D. R., & Campus, P. (2010). The IMS infrasound network: design and establishment of infrasound stations. In Infrasound monitoring for atmospheric studies (pp. 29–75). Dordrecht: Springer. https://doi.org/10.1007/978-1-4020-9508-5_2
Cimarelli, C., Alatorre-Ibargüengoitia, M., Aizawa, K., Yokoo, A., Díaz-Marina, A., Iguchi, M., & Dingwell, D. (2016). Multiparametric observation of volcanic lightning: Sakurajima Volcano, Japan. Geophysical Research Letters, 43(9), 4221–4228. https://doi.
org/10.1002/2015GL067445
Corsaro, R. A., Andronico, D., Behncke, B., Branca, S., Caltabiano, T., Ciancitto, F., et al. (2017). Monitoring the December 2015 summit
eruptions of Mt. Etna (Italy): Implications on eruptive dynamics. Journal of Volcanology and Geothermal Research, 341, 53–69. https://
doi.org/10.1016/j.jvolgeores.2017.04.018
Cronin, S. J., Lube, G., Dayudi, D. S., Sumarti, S., & Subrandiyo, S. (2013). Insights into the October–November 2010 Gunung Merapi eruption (Central Java, Indonesia) from the stratigraphy, volume and characteristics of its pyroclastic deposits. Journal of Volcanology and
Geothermal Research, 261, 244–259. https://doi.org/10.1016/j.jvolgeores.2013.01.005
Dabrowa, A., Green, D., Rust, A., & Phillips, J. (2011). A global study of volcanic infrasound characteristics and the potential for long-range
monitoring. Earth and Planetary Science Letters, 310(3–4), 369–379. https://doi.org/10.1016/j.epsl.2011.08.027
Dautermann, T., Calais, E., Lognonné, P., & Mattioli, G. S. (2009). Lithosphere-atmosphere-ionosphere coupling after the 2003 explosive eruption of the Soufrière Hills Volcano, Montserrat. Geophysical Journal International, 179(3), 1537–1546. https://doi.
org/10.1111/j.1365-246x.2009.04390.x
De Angelis, S., Fee, D., Haney, M., & Schneider, D. (2012). Detecting hidden volcanic explosions from Mt. Cleveland Volcano, Alaska with
infrasound and ground-coupled airwaves. Geophysical Research Letters, 39(21). https://doi.org/10.1029/2012GL053635
De Angelis, S., McNutt, S. R., & Webley, P. (2011). Evidence of atmospheric gravity waves during the 2008 eruption of Okmok volcano from
seismic and remote sensing observations. Geophysical Research Letters, 38(10). https://doi.org/10.1029/2011GL047144
De Carlo, M., Ardhuin, F., & Le Pichon, A. (2020). Atmospheric infrasound generation by ocean waves in finite depth: Unified theory and
application to radiation patterns. Geophysical Journal International, 221(1), 569–585. https://doi.org/10.1093/gji/ggaa015
De Natale, G., Iannaccone, G., Martini, M., & Zollo, A. (1987). Seismic sources and attenuation properties at the Campi Flegrei volcanic
area. Pure and Applied Geophysics, 125(6), 883–917. https://doi.org/10.1007/BF00879360
Delle Donne, D., Ripepe, M., De Angelis, S., Cole, P. D., Lacanna, G., Poggi, P., & Stewart, R. (2014). Thermal, acoustic and seismic signals
from pyroclastic density currents and Vulcanian explosions at Soufrière Hills Volcano, Montserrat. Geological Society, London, Memoirs,
39(1), 169–178. https://doi.org/10.1144/M39.9
Donnadieu, F. (2012). Volcanological applications of Doppler radars: A review and examples from a transportable pulse radar in L-band.
In Doppler radar observations-weather radar, wind profiler, ionospheric radar, and other advanced applications. IntechOpen. https://hal.
archives-ouvertes.fr/hal-00720525.
Donnadieu, F., Freville, P., Hervier, C., Coltelli, M., Scollo, S., Prestifilippo, M., et al. (2016). Near-source Doppler radar monitoring of
tephra plumes at Etna. Journal of Volcanology and Geothermal Research, 312, 26–39. https://doi.org/10.1016/j.jvolgeores.2016.01.009
Dzurisin, D. (2006). Volcano deformation: New geodetic monitoring techniques. Chichester: Springer Science & Business Media. Praxis,
Publishing LTD.
Fee, D., Garces, M., Orr, T., & Poland, M. (2011). Infrasound from the 2007 fissure eruptions of Kīlauea Volcano, Hawai'i. Geophysical
Research Letters, 38(6), https://doi.org/10.1029/2009JD013621
Fee, D., Garces, M., & Steffke, A. (2010). Infrasound from Tungurahua volcano 2006–2008: Strombolian to Plinian eruptive activity. Journal
of Volcanology and Geothermal Research, 193(1–2), 67–81. https://doi.org/10.1029/2009JD013621
Fee, D., & Matoza, R. S. (2013). An overview of volcano infrasound: From Hawaiian to Plinian, local to global. Journal of Volcanology and
Geothermal Research, 249, 123–139. https://doi.org/10.1016/j.jvolgeores.2012.09.002

MANTA ET AL.

14 of 17

Journal of Geophysical Research: Solid Earth

10.1029/2020JB020726

Fee, D., Steffke, A., & Garces, M. (2010). Characterization of the 2008 Kasatochi and Okmok eruptions using remote infrasound arrays.
Journal of Geophysical Research, 115(D2).
Fekete, A. (2011). Common criteria for the assessment of critical infrastructures. International Journal of Disaster Risk Science, 2(1), 15–24.
https://doi.org/10.1007/s13753-011-0002-y
Global Volcanism Program. (2012). Report on Cleveland (United States) (1). Bulletin of the Global Volcanism Network. Retrieved from
https://doi.org/10.5479/si.GVP.BGVN201201-311240
Gunawan, H., Budianto, A., Prambada, O., McCausland, W., Pallister, J., & Iguchi, M. (2017). Overview of the eruptions of Sinabung
eruption, 2010 and 2013–present and details of the 2013 phreatomagmatic phase. Journal of Volcanology and Geothermal Research. 382,
103–119. https://doi.org/10.1016/j.jvolgeores.2017.08.005
Hanstrum, B., & Watson, A. (1983). A case study of two eruptions of Mount Galunggung and an investigation of volcanic eruption cloud
characteristics using remote sensing techniques. Australian Meteorological Magazine, 31, 131–177.
Hedlin, M. A. H., Walker, K., Drob, D. P., & de Groot-Hedlin, C. D. (2012). Infrasound: Connecting the solid earth, oceans, and atmosphere.
Annual Review of Earth and Planetary Sciences, 40, 327–354 https://doi.org/10.1146/annurev-earth-042711-105508
Heki, K., Otsuka, Y., Choosakul, N., Hemmakorn, N., Komolmis, T., & Maruyama, T. (2006). Detection of ruptures of Andaman fault segments in the 2004 great Sumatra earthquake with coseismic ionospheric disturbances. Journal of Geophysical Research, 111(B9) https://
doi.org/10.1029/2005JB004202
Heki, K., & Ping, J. (2005). Directivity and apparent velocity of the coseismic ionospheric disturbances observed with a dense GPS array.
Earth and Planetary Science Letters, 236(3–4), 845–855. https://doi.org/10.1016/j.epsl.2005.06.010
Igarashi, K., Kainuma, S., Nishimuta, I., Okamoto, S., Kuroiwa, H., Tanaka, T., & Ogawa, T. (1994). Ionospheric and atmospheric disturbances around Japan caused by the eruption of Mount Pinatubo on 15 June 1991. Journal of Atmospheric and Terrestrial Physics, 56(9),
1227–1234. https://doi.org/10.1016/0021-9169(94)90060-4
James, M. R., Lane, S., & Gilbert, J. (1998). Volcanic plume monitoring using atmospheric electric potential gradients. Journal of the Geological Society, 155(4), 587–590. https://doi.org/10.1144/gsjgs.155.4.0587
James, M., Lane, S., & Gilbert, J. S. (2000). Volcanic plume electrification: Experimental investigation of a fracture-charging mechanism.
Journal of Geophysical Research, 105(B7), 16641–16649. https://doi.org/10.1029/2000JB900068
Jenkins, S. (2010). Observations of the explosive Eyjafjallajökull eruption. Cambridge Architectural Research Ltd. Architectural Research
Ltd. Retrived from http://www.carltd.com/sites/carwebsite/files/Observations%20of%20the%20Eyjafjallajokull%20Eruption.pdf
Jenkins, S. F., Wilson, T. M., Magill, C., Miller, V., Stewart, C., Blong, R., et al. (2015). Volcanic ash fall hazard and risk. In S. C. Loughlin, R.
S. J. Sparks, S. K. Brown, et al. (Eds.), Global volcanic hazards and risk (pp. 173–222). Cambridge: Cambridge University Press. https://
doi.org/10.1017/CBO9781316276273
Johnson, J., Le Pichon, A., Blanc, E., & Hauchecorne, A. (2019). Local volcano infrasound monitoring. In Infrasound monitoring for atmospheric studies (2nd ed., pp. 989–1022). Dordrecht: Springer
Johnson, J. B., & Palma, J. L. (2015). Lahar infrasound associated with Volcán Villarrica's 3 March 2015 eruption. Geophysical Research
Letters, 42(15), 6324–6331. https://doi.org/10.1002/2015GL065024
Johnson, J. B., & Ronan, T. J. (2015). Infrasound from volcanic rockfalls. Journal of Geophysical Research: Solid Earth, 120(12), 8223–8239.
https://doi.org/10.1002/2015JB012436
Kim, K., Lees, J. M., & Ruiz, M. (2012). Acoustic multipole source model for volcanic explosions and inversion for source parameters.
Geophysical Journal International, 191(3), 1192–1204. https://doi.org/10.1111/j.1365-246X.2012.05696.x
Kon, S., Nishihashi, M., & Hattori, K. (2011). Ionospheric anomalies possibly associated with M⩾ 6.0 earthquakes in the Japan area
during 1998–2010: Case studies and statistical study. Journal of Asian Earth Sciences, 41(4–5), 410–420. https://doi.org/10.1016/j.
jseaes.2010.10.005
Koyanagi, S., Aki, K., Biswas, N., & Mayeda, K. (1995). Inferred attenuation from site effect-correctedT phases recorded on the island of
Hawaii. Pure and Applied Geophysics, 144(1), 1–17. https://doi.org/10.1007/BF00876471
Kristiansen, N. I., Prata, A., Stohl, A., & Carn, S. A. (2015). Stratospheric volcanic ash emissions from the 13 February 2014 Kelut eruption.
Geophysical Research Letters, 42(2), 588–596. https://doi.org/10.1002/2014GL062307
Lechner, P., Tupper, A., Guffanti, M., Loughlin, S., & Casadevall, T. (2017). Volcanic ash and aviation—The challenges of real-time, global
communication of a natural hazard. In Observing the volcano world. Springer. https://doi.org/10.1007/11157_2016_49
Lichten, S. M., & Border, J. S. (1987). Strategies for high-precision Global Positioning System orbit determination. Journal of Geophysical
Research, 92(B12), 12751–12762. https://doi.org/10.1029/JB092iB12p12751
Lin, J.-W. (2013). Is it possible to detect earlier ionospheric precursors before large earthquakes using principal component analysis
(PCA)?. Arabian Journal of Geosciences, 6(4), 1091–1100. https://doi.org/10.1007/s12517-011-0419-z
Liu, J.-Y., Chen, Y., Chuo, Y., & Chen, C.-S. (2006). A statistical investigation of preearthquake ionospheric anomaly. Journal of Geophysical
Research, 111(A5). https://doi.org/10.1029/2005JA011333
Luterbacher, J., & Pfister, C. (2015). The year without a summer. Nature Geoscience, 8(4), 246. https://doi.org/10.1038/ngeo2404
Manta, F., Occhipinti, G., Feng, L., & Hill, E. M., (2020). Rapid identification of tsunamigenic earthquakes using GNSS ionospheric sounding. Scientific Reports, 10(1), 1–10. https://doi.org/10.1038/s41598-020-68097-w
Mannucci, A. J., Wilson, B. D., & Edwards, C. D. (1993). A new method for monitoring the Earth's ionospheric total electron content using the
GPS global network. http://hdl.handle.net/2014/36277
Marchese, F., Lacava, T., Pergola, N., Hattori, K., Miraglia, E., & Tramutoli, V. (2012). Inferring phases of thermal unrest at Mt. Asama
(Japan) from infrared satellite observations. Journal of Volcanology and Geothermal Research, 237, 10–18. https://doi.org/10.1016/j.
jvolgeores.2012.05.008
Marenco, F., Johnson, B., Turnbull, K., Newman, S., Haywood, J., Webster, H., & Ricketts, H. (2011). Airborne lidar observations of the 2010
Eyjafjallajökull volcanic ash plume. Journal of Geophysical Research: Atmosphere, 116(D20). https://doi.org/10.1029/2011JD016396
Mather, T., & Harrison, R. (2006). Electrification of volcanic plumes. Surveys in Geophysics, 27(4), 387–432. https://doi.org/10.1007/
s10712-006-9007-2
Matoza, R. S., Fee, D., Garcés, M. A., Seiner, J. M., Ramon, P. A., & Hedlin, M. A. H. (2009). Infrasonic jet noise from volcanic eruptions.
Geophysical Research Letters, 36(8). https://doi.org/10.1029/2008GL036486
Matoza, R. S., Fee, D., Green, D. N., Le Pichon, A., Vergoz, J., Haney, M. M., et al. (2018). Local, regional, and remote seismo-acoustic observations of the April 2015 VEI 4 eruption of Calbuco Volcano, Chile. Journal of Geophysical Research: Solid Earth, 123(5), 3814–3827.
https://doi.org/10.1002/2017JB015182
Matoza, R., Fee, D., Green, D., & Mialle, P. (2019). Volcano infrasound and the international monitoring system. In Infrasound monitoring
for atmospheric studies (pp. 1023–1077). Cham: Springer. https://doi.org/10.1007/978-3-319-75140-5_33

MANTA ET AL.

15 of 17

Journal of Geophysical Research: Solid Earth

10.1029/2020JB020726

Matoza, R. S., Le Pichon, A., Vergoz, J., Herry, P., Lalande, J. M., Lee, H. I., et al. (2011). Infrasonic observations of the June 2009 Sarychev
Peak eruption, Kuril Islands: Implications for infrasonic monitoring of remote explosive volcanism. Journal of Volcanology and Geothermal Research, 200(1–2), 35–48. https://doi.org/10.1016/j.jvolgeores.2010.11.022
Matoza, R. S., Vergoz, J., Le Pichon, A., Ceranna, L., Green, D. N., Evers, L. G., et al. (2011). Long-range acoustic observations of the Eyjafjallajökull eruption, Iceland, April–May 2010. Geophysical Research Letters, 38(6). https://doi.org/10.1029/2011GL047019
McCausland, W. A., Gunawan, H., White, R. A., Indrastuti, N., Patria, C., Suparman, Y., Putra, A., et al. (2017). Using a process-based
model of pre-eruptive seismic patterns to forecast evolving eruptive styles at Sinabung Volcano, Indonesia. Journal of Volcanology and
Geothermal Research, 382, 253–266. https://doi.org/10.1016/j.jvolgeores.2017.04.004
McNutt, S. R. (2002). Volcano seismology and monitoring for eruptions. In W. H. Lee, H. Kanamori, P. C. Jennings, et al. (Eds.), International handbook of earthquake and engineering seismology (Vol. 81, pp. 383–406). New York, NY: Elsevier.
McVerry, G. H., Zhao, J. X., Abrahamson, N. A., & Somerville, P. G. (2006). Crustal and subduction zone attenuation relations for New
Zealand earthquakes. Bulletin of the New Zealand Society for Earthquake Engineering, 39(1).
Mikumo, T., & Watada, S. (2010). Acoustic-gravity waves from earthquake sources. In Infrasound monitoring for atmospheric studies (pp.
263–279). Dordrecht: Springer. https://doi.org/10.1007/978-1-4020-9508-5_9
Nakashima, Y., Heki, K., Takeo, A., Cahyadi, M. N., Aditiya, A., & Yoshizawa, K. (2016). Atmospheric resonant oscillations by the 2014
eruption of the Kelud volcano, Indonesia, observed with the ionospheric total electron contents and seismic signals. Earth and Planetary Science Letters, 434, 112–116. https://doi.org/10.1016/j.epsl.2015.11.029
NDRRMC. (2018). Chronological of events and eruption notifications from 13 January to 1 March 2018. (SitRep No. 52 re Mayon volcano
eruption). Retrieved from http://www.ndrrmc.gov.ph/attachments/article/3293/SitRep_No_52_re_Mayon_Phreatic_Eruption_As_
of_02MAR2018_0800H.pdf
Newhall, C. G., & Self, S. (1982). The volcanic explosivity index (VEI) an estimate of explosive magnitude for historical volcanism. Journal
of Geophysical Research: Oceans, 87(C2), 1231–1238. https://doi.org/10.1029/JC087iC02p01231
Nishimura, T., Iguchi, M., Kawaguchi, R., Hendrasto, M., & Rosadi, U. (2012). Inflations prior to Vulcanian eruptions and gas bursts detected by tilt observations at Semeru Volcano, Indonesia. Bulletin of Volcanology, 74(4), 903–911. https://doi.org/10.1007/s00445-012-0579-z
Occhipinti, G. (2011). Tsunami detection by ionospheric sounding: New tools for oceanic monitoring. Tsunami: A Growing Disaster, 19.
https://doi.org/10.5772/24246
Occhipinti, G. (2015). The seismology of the planet Mongo: the 2015 ionospheric seismology review. Subduction Dynamics: From Mantle
Flow to Mega Disasters. Geophysical Monograph Series, 211, 169–182. https://doi.org/10.1002/9781118888865
Occhipinti, G., Aden-Antoniow, F., Bablet, A., Molinie, J.-P., & Farges, T. (2018). Surface waves magnitude estimation from ionospheric signature of Rayleigh waves measured by Doppler sounder and OTH radar. Scientific Reports, 8(1), 1555. https://doi.org/10.1038/
s41598-018-19305-1
Occhipinti, G., Kherani, E. A., & Lognonné, P. (2008). Geomagnetic dependence of ionospheric disturbances induced by tsunamigenic
internal gravity waves. Geophysical Journal International, 173(3), 753–765. https://doi.org/10.1111/j.1365-246X.2008.03760.x
Occhipinti, G., Lognonné, P., Kherani, E. A., & Hébert, H. (2006). Three-dimensional waveform modeling of ionospheric signature induced by the 2004 Sumatra tsunami. Geophysical Research Letters, 33(20). https://doi.org/10.1029/2006GL026865
Occhipinti, G., Rolland, L., Lognonné, P., & Watada, S. (2013). From Sumatra 2004 to Tohoku-Oki 2011: The systematic GPS detection of
the ionospheric signature induced by tsunamigenic earthquakes. Journal of Geophysical Research: Space Physics, 118(6), 3626–3636.
https://doi.org/10.1002/jgra.50322
Oppenheimer, C(2015). Eruption politics. Nature Geoscience, 8(4), 244. https://doi.org/10.1038/ngeo2408
Ouden, O. F. C., Assink, J. D., Smets, P. S. M., Shani-Kadmiel, S., Averbuch, G., & Evers, L. G. (2020). CLEAN beamforming for the enhanced detection of multiple infrasonic sources. Geophysical Journal International, 221(1), 305–317. https://doi.org/10.1093/gji/ggaa010
Pavolonis, M. J., Feltz, W. F., & Heidinger, A. K. (2006). Improved satellite-based volcanic ash detection and height estimates. Paper presented
at the 12th Conference on Aviation Range and Merospace Meteorology. Atlanta, GA.
Perttu, A., Caudron, C., Assink, J. D., Metz, D., Tailpied, D., Perttu, B., et al. (2020). Reconstruction of the 2018 tsunamigenic flank collapse
and eruptive activity at Anak Krakatau based on eyewitness reports, seismo-acoustic and satellite observations. Earth and Planetary
Science Letters, 541, 116268. https://doi.org/10.1016/j.epsl.2020.116268
Perttu, A., Taisne, B., De Angelis, S., Assink, J. D., Tailpied, D., & Williams, R. A. (2020). Estimates of plume height from infrasound for regional volcano monitoring. Journal of Volcanology and Geothermal Research, 402, 106997. https://doi.org/10.1016/j.jvolgeores.2020.106997
Prata, A. (1989). Infrared radiative transfer calculations for volcanic ash clouds. Geophysical Research Letters, 16(11), 1293–1296. https://
doi.org/10.1029/GL016i011p01293
Prata, A. T., Folch, A., Prata, A. J., Biondi, R., Brenot, H., Cimarelli, C., et al. (2020). Anak Krakatau triggers volcanic freezer in the upper
troposphere. Scientific Reports, 10(1), 1–13. https://doi.org/10.1038/s41598-020-60465-w
Prata, A. J., & Grant, I. F. (2001). Determination of mass loadings and plume heights of volcanic ash clouds from satellite data. CSIRO Atmospheric Research. https://doi.org/10.13140/RG.2.1.4405.2327
Rakoto, V., Lognonné, P., Rolland, L., & Coïsson, P. (2018). Tsunami wave height estimation from GPS-derived ionospheric data. Journal
of Geophysical Research: Space Physics, 123(5), 4329–4348. https://doi.org/10.1002/2017JA024654
Ripepe, M., De Angelis, S., Lacanna, G., & Voight, B. (2010). Observation of infrasonic and gravity waves at Soufrière Hills Volcano, Montserrat. Geophysical Research Letters, 37(19). https://doi.org/10.1029/2010GL042557
Rolland, L. M., Occhipinti, G., Lognonné, P., & Loevenbruck, A. (2010). Ionospheric gravity waves detected offshore Hawaii after tsunamis.
Geophysical Research Letters, 37(17). https://doi.org/10.1029/2010GL044479
Rolland, L. M., Vergnolle, M., Nocquet, J. M., Sladen, A., Dessa, J. X., Tavakoli, F., et al. (2013). Discriminating the tectonic and non-tectonic contributions in the ionospheric signature of the 2011, Mw7. 1, dip-slip Van earthquake, Eastern Turkey. Geophysical Research Letters,
40(11), 2518–2522. https://doi.org/10.1002/grl.50544
Rozhnoi, A., Solovieva, M., Levin, B., Hayakawa, M., & Fedun, V. (2014). Meteorological effects in the lower ionosphere as based on VLF/
LF signal observations. Natural Hazards and Earth System Sciences, 14(10), 2671–2679. https://doi.org/10.5194/nhessd-2-2789-2014
Savastano, G., Komjathy, A., Shume, E., Vergados, P., Ravanelli, M., Verkhoglyadova, O., et al. (2019). Advantages of geostationary satellites
for ionospheric anomaly studies: Ionospheric plasma depletion following a rocket launch. Remote Sensing, 11(14), 1734. https://doi.
org/10.3390/rs11141734
Savastano, G., Komjathy, A., Verkhoglyadova, O., Mazzoni, A., Crespi, M., Wei, Y., & Mannucci, A. J. (2017). Real-time detection of tsunami ionospheric disturbances with a stand-alone GNSS receiver: A preliminary feasibility demonstration. Scientific Reports, 7, 46607.
https://doi.org/10.1038/srep46607

MANTA ET AL.

16 of 17

Journal of Geophysical Research: Solid Earth

10.1029/2020JB020726

Sawada, Y., Tateishi, M., & Ishida, S. (1987). Geology of the Neogene system in and around the Samburu Hills, northern Kenya. African
study monographs. Supplementary issue (Vol. 5, pp. 7–26). Kyoto University: The Research Committee for African Area Studies. https://
doi.org/10.14989/68339
Schneider, D. J., & Hoblitt, R. P. (2013). Doppler weather radar observations of the 2009 eruption of Redoubt Volcano, Alaska. Journal of
Volcanology and Geothermal Research, 259, 133–144. https://doi.org/10.1016/j.jvolgeores.2012.11.004
Senyukov, S. L., Nuzhdina, I. N., Droznina, S. Y., Garbuzova, V. T., Kozhevnikova, T. Y., Sobolevskaya, O. V., et al. (2015). Reprint of "Seismic monitoring of the Plosky Tolbachik eruption in 2012–2013 (Kamchatka Peninsula Russia)”. Journal of Volcanology and Geothermal
Research, 307, 47–59. https://doi.org/10.1016/j.jvolgeores.2015.07.026
Shah, M., & Jin, S. (2015). Statistical characteristics of seismo-ionospheric GPS TEC disturbances prior to global Mw≥ 5.0 earthquakes
(1998–2014). Journal of Geodynamics, 92, 42–49. https://doi.org/10.1016/j.jog.2015.10.002
Shimbori, T., Aikawa, Y., & Seino, N. (2009). Operational implementation of the tephra fall forecast with the JMA mesoscale tracer transport model. CAS/JSC WGNE Research Active Atmosphere. Oceanic Modell, 39, 0529–0530.
Shults, K., Astafyeva, E., & Adourian, S., (2016). Ionospheric detection and localization of volcano eruptions on the example of the April
2015 Calbuco events. Journal of Geophysical Research: Space Physics, 121(10), 303–315. https://doi.org/10.1002/2016JA023382
Smets, P. S. M. (2018). Infrasound and the dynamical stratosphere: A new application for operational weather and climate prediction. https://
doi.org/10.4233/uuid:517f8597-9c24-4d01-83ed-0f430353e905
Sunil, A. S., Bagiya, M. S., Reddy, C. D., Kumar, M., & Ramesh, D. S. (2015). Post-seismic ionospheric response to the 11 April 2012 East
Indian Ocean doublet earthquake. Earth Planets and Space, 67(1), 1–12. https://doi.org/10.1186/s40623-015-0200-8
Surono, Jousset, P., Pallister, J., Boichu, M., Buongiorno, M. F., Budisantoso, A., et al. (2012). The 2010 explosive eruption of Java's
Merapi volcano—A ‘100-year' event. Journal of Volcanology and Geothermal Research, 241, 121–135. https://doi.org/10.1016/j.
jvolgeores.2012.06.018
Sutherland, L. C., & Bass, H. E. (2004). Atmospheric absorption in the atmosphere up to 160 km. The Journal of the Acoustical Society of
America, 115(3), 1012–1032. https://doi.org/10.1121/1.1631937
Taisne, B., Perttu, A., Tailpied, D., Caudron, C., & Simonini, L. (2019). Atmospheric controls on ground-and space-based remote detection
of volcanic ash injection into the atmosphere, and link to early warning systems for aviation hazard mitigation. In Infrasound monitoring for atmospheric studies (pp. 1079–1105). Springer. https://doi.org/10.1007/978-3-319-75140-5_34
Voight, B., Widiwijayanti, C., Mattioli, G., Elsworth, D., Hidayat, D., & Strutt, M. (2010). Magma-sponge hypothesis and stratovolcanoes:
Case for a compressible reservoir and quasi-steady deep influx at Soufrière Hills Volcano, Montserrat. Geophysical Research Letters,
37(19). https://doi.org/10.1029/2009GL041732
Zobin, V. M. (2012). Introduction to volcanic seismology (Vol. 6). New York, NY: Elsevier.

MANTA ET AL.

17 of 17

