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A B S T R A C T   

The atmospheric injection of gas and material produced by an explosive volcanic eruption determines a rapid 
compression of the atmosphere, which subsequently propagates as longitudinal elastic waves (sound). The size of 
the source, generally greater than tens of meters, and its duration, longer than a few seconds, result into an 
emitted signal that is particularly rich in low frequencies (f < 20 Hz), thus determining an efficient infrasound 
radiation. Thanks to the low spectral content and the reduced attenuation in the atmosphere, infrasound is 
capable of propagating for very large distances. 

In this study we show how the infrasonic monitoring at regional distances (> 100 km) is efficient in recording 
and characterizing volcanic events. For the purpose of our study, infrasound signal radiated from Yasur volcano 
(Tanna Island, Vanuatu) was studied for a period of twelve years (January 2008 – December 2019). Signals from 
Yasur were registered at a source-to-receiver distance of 400 km by the IS22 infrasound array, located in New 
Caledonia, part of the Comprehensive Nuclear-Test-Ban Treaty (CTBT) International Monitoring System (IMS). 
The predominantly explosive Strombolian activity of this volcano makes it a perfect subject to be studied by 
infrasound technology. Detections of volcanic infrasound are modulated according to the seasonal variation of 
stratospheric winds and corrected for attenuation accounting for real atmospheric specification between the 
source and the receiver to retrieve the pressure at the source. Next, they are used to evaluate long-term (yearly) 
and short term (hourly) variations of activity over the period of analysis. Results are compared with thermal 
anomalies recorded by the MODerate resolution Imaging Spectroradiometer (MODIS) installed on NASA's Terra 
and Aqua satellites. 

We show that even at regional distances (400 km) it is possible to follow the long term (yearly) fluctuations of 
ordinary explosive activity during periods of optimal propagation of infrasonic waves in the atmosphere. In 
addition, we show that the time resolution retrieved from the signal analysis allows to follow variations of 
volcanic activity at hourly time scale, thus representing a valuable source of information, in particular in areas 
where local geophysical observations are missing.   

1. Introduction 

On Earth there are about 1500 active volcanoes, most of which are 
not instrumentally monitored: due to the cost and difficulty to maintain 
instrumentation in volcanic environments, less than half of the poten
tially active volcanoes are monitored with ground-based sensors, and 
even less are considered well-monitored (Valade et al., 2019). Volcanoes 
can produce far-reaching hazards that extend to distances of tens or 
hundreds of kilometers for large eruptions, or, under certain conditions, 

also for smaller eruptions (Brown et al., 2017). For example, the VEI 3 
eruption of Augustine Volcano, Alaska, in 2006, destroyed much of the 
monitoring network (Dabrowa et al., 2014); this example demonstrates 
the need, where possible, to monitor volcanoes from a range of 
distances. 

Satellite remote sensing can definitely provide crucial observations 
when ground-based monitoring is limited or lacking (Valade et al., 
2019). Volcanic eruptions are often (but not always) preceded by pre
cursor signals which may last from a few hours to a few years, indicating 
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a state of unrest; these signals include changes in seismicity, ground 
deformation, gas emissions, and/or thermal anomalies (Pallister and 
McNutt, 2015; Sparks et al., 2013; Phillipson et al., 2013). Apart from 
seismicity, all of these can be monitored from space by exploiting 
various wavelengths across the electromagnetic spectrum: Synthetic 
Aperture Radar (SAR) is widely used for the quantification of surface 
deformation (Pinel et al., 2014; Dzurisin, 2003), infrared (IR) for the 
quantification of heat radiation (Harris, 2013), and ultraviolet (UV) for 
the quantification of SO2 degassing (Carn et al., 2017; Theys et al., 
2019). Today, a growing number of new Earth Observation (EO) satel
lites is providing freely available imagery, with global coverage at un
precedented spatial and temporal resolutions: this is a game changer for 
volcano monitoring. In particular, the Copernicus Sentinel missions, 
launched by the European Space Agency (ESA), operate a range of in
struments which provide the potential for a comprehensive monitoring 
of volcanic unrest and eruptive dynamics, opening pathways to global, 
multi-sensor volcano monitoring (Berger et al., 2012). However, still 
some limitations exist, related mostly to cloud cover, that might prevent 
event detection, or sampling interval, that limits satellite observations 
only to long term (>hours) variations of the activity. 

Volcanic eruptions emit a considerable amount of acoustic energy in 
the infrasonic frequency band (f < 20 Hz) that, given the low attenuation 
in stratospheric waveguides (Drob et al., 2003), can be recorded from 
local (<15 km) to global (thousands of km) distances (e.g., Campus and 
Christie, 2010; Dabrowa et al., 2011; Matoza et al., 2011a; Matoza et al., 
2017). Infrasound recordings allow, under favourable atmospheric 
conditions, detection, location (Campus and Christie, 2010) and quan
tification of volcanic emissions short after (tens of minutes) the event 
occurrence also from large distance (> several hundreds of km) obser
vations (e.g. Fee and Matoza, 2013; Matoza et al., 2019; Marchetti et al., 
2019). A number of studies have used infrasound data recorded by the 
International Monitoring System (IMS) of the Comprehensive Nuclear 
Test Ban Treaty Organization (CTBTO) for investigating volcanic erup
tions worldwide (e.g. Arnoult et al., 2010; Fee et al., 2010, 2011; Matoza 
et al., 2011b; Fee et al., 2013; Dabrowa et al., 2014; Taisne et al., 2019; 
Perttu et al., 2020; Rose and Matoza, 2021; De Negri et al., 2022). 
Among the others, Garcés et al. (2008) showed how acoustic remote 
sensing may complement seismic observations and satellite remote 
sensing to improve continuous monitoring of wide regions of potential 
eruption hazard. Fee et al. (2011) reiterated the utility of using remote 
infrasound arrays for the detection of hazardous emissions and charac
terization of large volcanic eruptions, and demonstrated how, under 
typical meteorological conditions, remote infrasound arrays can provide 
an accurate representation of the acoustic source. 

Indeed, Dabrowa et al. (2011) showed a limited correlation between 
the height of the eruption plume and the distance at which infrasonic 
detections can be recorded, with the furthest stations capable of 
detecting events located downwind, as noted also by Matoza et al. 
(2011a) for the Sarychev Peak eruption. This confirms the impact of 
atmospheric dynamics on infrasound propagation. In fact, either Assink 
et al. (2012) and Assink et al. (2013) suggested that infrasound obser
vations may be used to reduce uncertainty in the knowledge of the at
mospheric specifications in the upper atmosphere and to provide wind 
model updates. 

Recently, Perttu et al. (2020) used long-range infrasound waves, 
recorded by the SING array in Singapore and by the IMS infrasound 
network, to estimate the height of volcanic plumes first for the May 
30th, 2014 eruption of volcano Sangeang Api (Indonesia), and then for 
the January 2020 eruption of Taal volcano (Philippines). Such quanti
tative assessments require however the proper modelling of propagation 
effects in order to retrieve from the recorded waveforms the unknown 
acoustic source parameters of the explosion (e.g. Kim et al., 2015), as 
long range infrasound signals from volcanic explosions comprise source 
and propagation effects along the source-to-receiver path (e.g., topog
raphy, atmospheric conditions). Indeed, in order to study the 
2016–2017 eruption sequence at Bogoslof volcano (Alaska), Schwaiger 

et al. (2020) constructed a model of the atmospheric conditions for each 
of the eruptive events from sea level to an altitude of 150 km to properly 
account for propagation effects. 

Despite many studies focused already, successfully, on selected vol
canic eruptions, only few studies investigated so far the long-range event 
detectability, over multiple years, and accounted for false alerts. Indeed, 
multiple sources of infrasound, including persistent microbaroms, and 
local turbulence overlap with observations of individual infrasound ar
rays, lowering the signal-to-noise ratio and limiting the potential of 
infrasound for long-range monitoring. Matoza et al. (2017) used the 
detections list of all operational IMS infrasound arrays from 2005 to 
2010 to investigate the potential of identifying volcanic explosions with 
multiple arrays, using back-azimuth cross-bearing. This analysis, how
ever, allowed to identify only three eruptions in six years, because of the 
existence of multiple sources and low signal-to-noise ratio at the arrays. 
More recently, Marchetti et al. (2019) used an approach based on range 
corrected amplitude of signals recorded by a single array to monitor low 
energy (VEI ≤2) at Etna volcano from a source-to receiver distance of 
~600 km with a good reliability. Similarly, Ortiz et al. (2021) charac
terized the eruptive activity of Ecuadorian volcanoes at regional dis
tances (~15–250 km ranges) with a single array using Progressive Multi- 
Channel Correlation array processing, and validated their study with 
satellite observations from the MODIS volcano detection algorithm 
(MODVOLC). 

In this study we present the analysis of the persistent, strombolian 
activity at Yasur volcano (Vanuatu) between January 2008 and 
December 2019, from infrasound array data recorded at IS22 array in 
New Caledonia, at a source to receiver distance of 400 km. We discuss 
the potential of infrasound to follow long-term fluctuations of activity, 
as well as to track single explosive events, as a complementary infor
mation to thermal infrared satellite data. We first introduce Yasur vol
cano and its main eruptive features. Section 3 describes the data used for 
the study, namely the infrasonic detections recorded by the IS22 array in 
New Caledonia, and the array processing put in place to derive the 
pressure at the source of Yasur volcano; the thermal data provided by 
MODIS satellites is also introduced. Results from comparison between 
infrasound and thermal data are shown in Section 4, and are eventually 
discussed in Section 5 both for short and long term monitoring 
perspectives. 

2. Yasur Volcano 

Yasur volcano (19.52S, 169.42E, 361 m above sea level) is an active 
and persistently explosive volcano (Bani and Lardy, 2007) located on the 
Island of Tanna, in the Vanuatu archipelago (southwest Pacific) (Fig. 1). 
Its activity is typically characterized by frequent, violent strombolian 
explosions from multiple active vents within two main craters, driving 
scoria-rich emissions up to an elevation of 300–400 m above the craters 
and sometimes ejecting meter-sized bombs outside the crater rim, 
together with less frequent, but sustained, ash emissions, lasting up to 
20 s and reaching heights of several hundreds of meters (Marchetti et al., 
2013). Eruption rates at Yasur are high, with up to several explosions per 
minute (Battaglia et al., 2016; Meier et al., 2016). 

This explosive activity generates high amplitude (> 100 Pa at 1 km 
distance) infrasound transients. Waveform characteristics, strongly 
asymmetric with a sharp positive peak followed by a longer lasting 
wavetrain, and the propagation velocity of the wavefront within the 
crater (Marchetti et al., 2013) suggest that the pressure wave is radiated 
as a supersonic blast converting to infrasound once the source-to- 
receiver distance increases. 

Due to its persistent activity and easy access, several field works were 
performed at Yasur volcano during the last 20 years, focusing on the 
hydrothermal system and structural setting (Peltier et al., 2012) or on 
the geophysical description of the explosive source process (e.g. Mar
chetti et al., 2013; Spina et al., 2015; Battaglia et al., 2016; Jolly et al., 
2017). Seismic and visual monitoring of Yasur volcano is performed by 
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the Vanuatu Meteorology and Geo-Hazard Department (VMGD), which 
is providing an alert level (https://www.vmgd.gov.vu), and by the 
Vanuatu Geohazard Observatory (VGO). However, a long-term assess
ment on the activity level is missing and useful information might be 
obtained from remote thermal and infrasound observations. 

Yasur, as previously mentioned, has an overall sustained activity, 
with alternating periods of high or low number of explosions. The VMGD 
and the VGO periodically issue bulletins regarding Yasur's activity, with 
particular reference to the alert level (Vanuatu Volcanic Alert Level, 
VAAL), which ranges from 0 (insufficient monitoring to make assess
ment) to 4 (very large eruption, island-wide danger), as specified by the 
Global Volcanism Program (GVP, 2022, https://volcano.si.edu/). Due to 
the limited monitoring facilities, the VAAL issued by VMGD and VGO is 
based also on sparse direct observations of the activity; hence the need of 
additional monitoring solutions. Although the information in the bul
letins is not comprehensive, we managed to identify the general varia
tions of the volcanic activity level during our studied period (January 
2008 – December 2019). 

In August 2008 local seismic and infrasound observations showed 
violent Strombolian activity; as observed by Marchetti et al. (2013), the 
rate of infrasound transients produced by that activity was as high as one 
explosion per minute, with peak amplitudes exceeding 80 Pa at 1 km 
distance from the vent. Similar activity was documented during March, 
May, June, and July 2009, before a general decrease of activity starting 
from July 2010. In 2011, satellite images from Ozone Monitoring In
strument (OMI) and MODIS as well as seismic observations and assess
ments made by VGO indicated degassing and explosive activity above 
ordinary levels from all three active vents, starting from May, with a 
relative decrease in June/July. The 2012 volcanic activity was charac
terized by sporadic episodes in May–June, with strong explosions 
ejecting bombs; ash emissions were recorded in July (GVP). In 2013, a 
general increase of explosive activity was reported starting from April 
(the VAAL being 2) in agreement with a strong SO2 emission measured 
in May by the OMI satellite. During 2014 and most of 2015 a long lasting 
period of low explosive activity was reported and the VAAL was 
decreased to 1, to be raised back to 2 starting from November 2015, 

based on VGO observations and assessments. The VAAL remained at 2 
during 2016 and the activity slightly decreased in early 2017. A new 
increase of activity and of the alert level started since June 2017 and 
remained high throughout 2018 and 2019. 

3. Data and method 

3.1. Infrasound data recorded by I22FR array 

The IS22 infrasound array (22.19◦S, 166.84◦E), deployed in New 
Caledonia (Fig. 1), is part of the global infrasound network of the 
Comprehensive Nuclear-Test-Ban Treaty (CTBT) International Moni
toring System (Christie and Campus, 2010). Deployed in early 2000, the 
IS22 4-elements array has a triangular geometry with a central element, 
an aperture of 2.3 km and is equipped with four MB2000 micro
barometers (Le Pichon et al., 2005a, 2005b). The MB2000 has been 
designed to operate from DC up to 27 Hz with an electronic noise level of 
2 mPa RMS in the 0.02–4 Hz frequency band. In order to minimize the 
effect of winds, each sensor is connected to an 18-m-diameter wind noise 
reducing system (WNRS) equipped with 32 inlet ports that significantly 
improve the detection capability above 1 Hz (Alcoverro and Le Pichon, 
2005). Infrasound data from the four array elements are sampled 
continuously at 20 Hz, with data being transmitted to the CTBT Inter
national Data Centre (IDC) in Vienna. 

The array is optimally located to record data from Yasur volcano, 
having a source-to-receiver distance of 400 km and a back-azimuth of 
42.7◦ respective to North. The infrasound array is also located in an ideal 
position to record activity from other active volcanoes in the Vanuatu 
archipelago. Le Pichon et al. (2005a, 2005b), showed that IS22 has 
continuously recorded infrasound data from Yasur volcano during the 
Austral summer (from September to March), when high-altitude (50 km) 
westward winds enhance stratospheric ducting from Yasur towards the 
array. This allowed to use the seasonal deviation (up to 15◦) of the ray- 
path to evaluate the real amplitude of high-altitude winds. 

Fig. 1. Geographical map of New Caledonia and Vanuatu archipelago (a), showing the positions of the active (yellow triangles) and quiescent volcanoes (red tri
angles) as well as the IS22 array in New Caledonia (black dot). (b) Map showing the position of the four microbarometers part of the IS22 station. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.1.1. Array processing 
In order to identify infrasound signal from noise, we apply the pro

cedure described in detail by Ulivieri et al. (2011), and calculate 
amplitude and time delay from cross-correlation between infrasound 
data recorded within a given time window by all possible sensor triplets. 
A detection of coherent infrasound signal is defined when time residual 
among cross correlation time shift is minimal, below a threshold value 
that strongly depends on the array aperture and expected signal fre
quency (Garces and Hetzer, 2002). Once a detection is defined, we 
calculate back-azimuth (Baz) and apparent velocity (ca) from the time 
shift of the signal recorded at the different array elements, as well as 
amplitude (Prs) and peak frequency (Fp) of delay and stacked infrasound 
signal. 

The propagation back-azimuth indicates the direction where the 
infrasound wave is coming from and is related to the location of the 
source. The apparent velocity is the velocity the wave would have if it 
would propagate in the same plane as defined by the array: it is linked to 
the incident angle of the infrasound wave (γ) and, therefore, to the 
altitude of the source (Ulivieri et al., 2011) or to the returning height in 
case of long range propagation in atmospheric ducts (Le Pichon et al., 
2005a,b). With a sampling rate of 20 Hz, the expected resolution at 1 Hz 
is of the order of 0.5◦ for the azimuth and of 5 m/s for the apparent 
velocity (Le Pichon et al., 2005a, 2005b). 

The array processing adopted here provides the same basic wave
front properties (Baz, ca, Prs, Fp) provided by the Progressive Multi- 
Channel Correlation (PMCC) algorithm (Cansi, 1995) adopted already 
in many studies (Le Pichon et al., 2005a, 2005b; Le Pichon et al., 2010; 
Matoza et al., 2011b; Ortiz et al., 2021; De Negri et al., 2022), or by the 
open-source multiple sequential narrow-band least-squares processing 
tool for infrasound array data presented by Iezzi et al. (2022). It differs 
however from these algorithms, as we consider infrasound data in a 
single frequency band and a fixed time window of analysis, that are 
chosen according to the signal of interest and the desired time 
resolution. 

In agreement with the peak frequency of infrasound detections from 
Yasur and identified at IS22 array with broadband PMCC analysis by Le 
Pichon et al. (2005a, 2005b), our multichannel correlation analysis is 
applied to infrasound data, band-pass filtered between 1 and 3 Hz. To 
describe the long-term (months/years) variations of infrasound signal 
recorded at the array we consider a time window of 60 s with a time shift 
of 10 s (Fig. 2). The analysis, providing a total of 565,177 detections 
(137 detections/day), highlights a marked seasonality: infrasound 

detections with peak pressure of 0.3 Pa at the array are mostly recorded 
during the Austral summer (between September and March), when 
westward propagation is enhanced in the southern hemisphere by 
stratospheric winds. Detections are showing a recurrent back-azimuth of 
37–49◦N (Fig. 2b), and apparent velocity < 360 m/s (Fig. 2c), which are 
in good agreement with infrasound propagation through the strato
spheric duct from Yasur volcano, positioned at the real back-azimuth of 
42.7◦N from IS22. Two major gaps in the analysis are reported for 
April–June 2011 and between August 2017 and February 2018, prob
ably due to temporary malfunctions of the array. 

The window length used for the cross-correlation analysis strongly 
controls the analysis time resolution, and prevents to discriminate 
discrete transient events spaced in time less than the selected time 
window itself. Here, while Fig. 2 can be used to describe the long-term 
variation of explosive activity at Yasur volcano, mostly in terms of the 
recorded maximum amplitude, it might not properly reflect the rate of 
explosive events, that was observed from local infrasound investigations 
to be high as several events per minute (Battaglia et al., 2016; Meier 
et al., 2016). 

In order to test the potential of long-range infrasound for detecting 
events closely (<1 min) spaced. 

in time, we applied the multichannel correlation analysis to band 
pass (1–3 Hz) filtered infrasound recorded. 

over 10 s long time windows with a time shift of 1 s (Fig. 3). De
tections obtained between February 16th, 2014 and February 18th, 
2014 show a signal amplitude that is highly modulated through time as a 
function of local noise at the array, that strongly reduces during the 
night (between 06 and 19 UT) when the signal-to-noise ratio increases 
and signals from Yasur volcano are recorded. Zoom into 1.5 h of data 
(Fig. 4) shows that infrasound from discrete transient events, with the 
back-azimuth consistent with Yasur volcano, can be clearly identified 
and suggests occurrence of discrete explosive events repeating every 
2–10 min. This is used to compute the number of explosions (reaching 
the maximum of 20) per hour over the day-long sample period (Fig. 3). 

3.1.2. Filtering of infrasound detections 
An infrasound transient is recorded at a distant array as a long-lasting 

signal that will be identified following the array processing described in 
Section 3.1.1 as a cluster of detections closely spaced in time. These 
might show a trend or variation in back-azimuth and/or apparent ve
locity, according to the various ray-paths reaching the station, but will 
be characterized by a persistency through time. 

Fig. 2. Pressure amplitude (a), back-azimuth (b) and apparent velocity (c) of infrasound detections at IS22 infrasound array in the 1–3 Hz frequency band. The 
dominant azimuth corresponds to the Yasur volcano – IS22 direction (42.7◦N). 
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In order to identify and extract infrasound detections related to the 
persistent explosive activity of Yasur volcano we first grouped clusters of 
detections into discrete events and then extract only events coming from 
the direction of the volcano. We considered only groups of >6 de
tections, with a maximum 30 s time difference between successive 
detection tolerated. Considering the processing parameters of 60-s-long 
time window of analysis and 10-s of shift, this corresponds to signals 
lasting >1 min. Shorter-duration events at the array, that are likely not 
consistent with any infrasound signal propagating from large distances, 
are therefore removed from the long-term array analysis of explosive 
activity presented in Fig. 5. 

The azimuthal filtering of detections was applied considering solely 
detections that are recorded at the array within a 10-degree tolerance 
from the real back azimuth to the volcano (Baz = 42.7◦ +/− 10◦

respective to N). This azimuthal interval allowed accounting for errors 
and propagation effects deviating the ray propagation in the atmo
sphere, while removing detections coming from different directions. The 
azimuthal tolerance was chosen in accordance with a previous result by 
Le Pichon et al. (2005a, 2005b), that showed the marked variability of 
back-azimuth of infrasound from Yasur recorded at IS22 (Antier et al., 
2007), in good agreement with modeled azimuthal deviation due to the 
seasonal reversibility of the zonal stratospheric wind. 

Fig. 5 shows that propagation is not only affecting the detectability of 
the signal, but also the wave parameters, such as back-azimuth, 
apparent velocity and pressure amplitude recorded during the Austral 
summer. Maximum values of pressure amplitude (>10− 1 Pa) are 

recorded at the array between January and February, with lower values 
of back-azimuth (40–42◦N) and higher apparent velocity (370–380 m/ 
s). From March to November, pressure amplitude (between 10− 1 and 
10− 2 Pa and < 10− 2 Pa) and apparent velocity (340–350 m/s) tend to be 
lower while the back-azimuth tends to be larger (43–45◦N). 

3.1.3. Retrieving the pressure at the source 
The arrival times, back-azimuth and apparent velocity of pressure 

waves recorded by infrasonic arrays allow the location of explosive 
sources that detonated in the atmosphere, but infrasound propagation is 
not constant in all directions, as it follows the dynamics of the atmo
sphere: there is significant spatial and temporal variability in the 
physical properties of the atmosphere (Drob et al., 2003). A full 
description of infrasound propagation would then require the knowl
edge of the dynamical atmosphere from the ground to the thermosphere 
(up to 150 km), combining numerical weather prediction models with 
empirical models of the temperature and wind in the upper atmosphere 
(Schwaiger et al., 2019), in order to compute a 3D ray-tracing to define 
the real path of the infrasonic ray and to eventually infer the pressure 
amplitude at the source. However, for the specific case of infrasound 
produced by Yasur volcano, Le Pichon et al. (2005a, 2005b) showed that 
the majority of infrasound energy recorded at IS22 array is actually 
confined within the stratospheric duct with a maximum returning height 
of 40–50 km. 

For the purpose of this study, atmospheric propagation effect is 
described using ECMWF data (http://www.ecmwf.int/). ECMWF global- 

Fig. 3. Bandpass (1–3 Hz) infrasound data recorded by the 4 elements of the IS22 infrasound array for February 16th, 2014 and February 18th, 2014 (a). Amplitude 
(Prs, b), back-azimuth (Baz, c), apparent velocity (ca, d) of infrasound detections at the array calculated condiering a time window of 10 s and a shift of 1 s. Number of 
explosions/h inferred from long range detections (e). Red lines represent the recording times of MODIS infrared thermal images. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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scale GRIB ERA-Interim data were retrieved for each month, with a 
horizontal resolution of 1◦, for a time period between 2008 and 2019. 
We retrieved all the relevant parameters (temperature, humidity, hori
zontal wind speed and pressure) and computed the effective sound speed 
(the adiabatic sound speed summed to the wind component along the 
ray-path) for an infrasound wave radiated from Yasur volcano and 
recorded at IS22 array. 

In this study we adopt for simplicity the effective sound speed ratio 
(Ceff-ratio, Fig. 6b), defined as the ratio between the effective sound speed 
calculated at a given altitude and the sound speed at the ground level (Le 
Pichon et al., 2012), as the most relevant parameter to study wave 
propagation When the effective sound speed at a given altitude exceeds 
the velocity at ground level (Ceff-ratio > 1), a return of infrasound energy 
to the ground is expected due to refraction. This might lead to ducting of 
infrasound waves in atmospheric waveguides, where attenuation is 
minimal, making infrasound propagation more efficient. 

For this specific case, being infrasound from Yasur recorded at IS22 
due to stratospheric ducting (Le Pichon et al., 2005a, 2005b), we 
calculate the Ceff-ratio considering the maximum Ceff expected at an 
altitude between 30 and 60 along ray propagation and the one at the 
ground. For distances of >200 km this approach predicts two main 
scenarios: (I) upwind propagation, when Ceff-ratio < 1: thermospheric 
paths dominate (no stratospheric ducting); (II) downwind, when Ceff-ratio 
> 1: atmospheric conditions enable long-range propagation through the 
stratospheric waveguide, with stratospheric arrivals being recorded as 
first arrivals (Le Pichon et al., 2012; Tailpied et al., 2016). Ceff-ratio at 
Yasur volcano, in the direction of propagation towards IS22 array, is 

usually >1 from mid-November to mid-March due to the favourable 
winds, while it is smaller than 1 from mid-March to mid-November due 
to the winds blowing against the source-to-receiver direction of propa
gation (Fig. 6). This explains the seasonal variation of infrasound de
tections at the station (Fig. 5). 

To calculate the expected attenuation of infrasound waves, we used 
the equation of Le Pichon et al. (2012), where attenuation is a function 
of frequency (f), distance between the source and the array (R) and 
effective sound speed ratio (Ceff-ratio). In our case, the distance of 400 km 
between Yasur and IS22 and an average frequency of 2 Hz were 
considered. This is in agreement with the frequency content of infra
sound from Yasur recorded at IS22 (Le Pichon et al., 2005a, 2005b) and 
allows to enhance stratospheric arrivals that are typically characterized 
by the largest amplitude in the high frequency band (1–5 Hz), where the 
amplitude of persistent coherent signals, such as microbaroms, is basi
cally absent (Pilger et al., 2018). The attenuation is generally low (− 50 
dB) between the beginning of November and the end of March of each 
year, while it reaches about − 90 dB during the Austral winter between 
April and October (Fig. 6). 

Fig. 6 shows the range of corrected infrasonic amplitudes at Yasur 
volcano during the whole period of analysis, accounting for propagation 
effects derived from real atmospheric conditions between the volcano 
and the IS22 array at the time of the event. It is obtained by dividing the 
amplitude of infrasound detections (Fig. 2a/Fig. 6a) for the attenuation 
derived for infrasound waves propagating through the stratospheric 
duct (Fig. 6c) when the Ceff_ratio is larger than 1 and a stable duct is 
present. For any time, the development of a duct is not expected (Ceff_ratio 

Fig. 4. Same as Fig. 3a-d, but zoom into data recorded between 08:00 and 09:30 UT on February 18th, 2014, showing discrete explosions recorded at the array and 
identified as discrete clusters of infrasound detections. Bandpass (1–3 Hz) infrasound data recorded by the 4 elements of the IS22 infrasound array (a). Amplitude 
(Prs, b), back-azimuth (Baz, c), apparent velocity (ca, d) of infrasound detections. 
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Fig. 5. Amplitude (a, d), back-azimuth (b, e) and apparent velocity (c, f) of infrasound detections at the IS22 infrasound array in the 1–3 Hz frequency band and 
extracted according to detection clustering and azimuthal filtering in order to reflect possible infrasound radiated by Yasur volcano, shown over the entire obser
vation period (left) and plotted as a function of day of the year (right). 

Fig. 6. Pressure amplitude registered at the IS22 array (a), Effective sound speed ratio Ceff_ratio (b) and attenuation (c) calculated from ECMWF ERA-Interim data by 
applying the equation proposed by Le Pichon et al. (2012) for a source-to-receiver distance of 400 km and a frequency content of 2 Hz. (d) Range-corrected pressure 
of infrasound signals produced by Yasur and recorded at the IS22 array. 
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< 1), the attenuation of the direct wave is applied (− 60 dB). This allows 
to limit overestimating signals recorded during upwind propagation 
conditions, that might actually results from additional sources than 
Yasur or reflect unusual propagation conditions that are not entirely 
described by the NWP model. The pressure amplitudes recorded by the 
IS22 array are below 1 Pa for all the periods taken under consideration, 
whereas the range corrected amplitudes span two orders of magnitude, 
between few Pa to ~100 Pa. 

3.2. Space-born thermal infrared data, MIROVA 

Space-borne thermal infrared observations are routinely used to 
evaluate and monitor volcanic activity at large scale. Thermal data 
provide information about the presence, or absence, of thermal anom
alies (i.e., hotspots) associated with the observed phenomena (Ramsey 
et al., 2012; Harris, 2013) and generally allows deriving information on: 
(I) the location of the hotspot(s), (II) the area and temperature of the 
heat source, (III) the excess of radiance or heat flux, and (IV) the mass or 
volume flux. 

The ElectroMagnetic (EM) radiation with wavelengths longer than 
those of visible light is called InfraRed (IR) radiation. This range of 
emissions spans from 0.74 μm to 250 μm and includes the thermal ra
diation emitted by the volcanic products, such as lava and hot ash. The 
most useful spectral regions for observing the thermal signature of 
volcanic bodies are those between 1.4 and 12 μm, subdivided in three 
main atmospheric windows: SWIR (Short Wave InfraRed; 1.1–3 μm), 
MIR (Middle InfaRed: 3–5 μm), and TIR (Thermal InfraRed: 8–13 μm). 
Among these, the MIR radiation shows the lowest attenuation levels by 
the atmosphere (resulting from absorption by gases and scattering by 
particles, wavelength dependent) and is commonly used by the main 
hotspot detection systems. 

Geostationary and polar satellites provide infrared data with 
different spatial and temporal resolutions. Spinning Enhanced Visible 
InfraRed Imager (SEVIRI) on board of Meteosat Second Generation 
(MSG) satellites, for example, provides thermal data every 15 min, with 
a resolution of >4 km. On the contrary, sensors such as MODIS, mounted 

on board NASA's Terra and Aqua polar satellites, acquire data approxi
mately four times per day (2 daytime and 2 nighttime) with a spatial 
resolution of 1 km. Terra's orbit around the Earth is timed so that it 
passes from north to south across the equator in the morning, while 
Aqua passes south to north over the equator in the afternoon (extracted 
by MODIS, NASA). Some higher resolution sensors such as Landsat 8 or 
ASTER instead provide TIR images at resolutions of ~100 m, but with 
return times generally longer than a week. 

Several efforts have been made to provide a near-real time moni
toring system of volcanic activity based on space-borne thermal infrared 
data provided by MODIS satellites, such as MODVOLC (Wright et al., 
2002) and Middle InfraRed Observation of Volcanic Activity (MIROVA) 
(Coppola et al., 2016a); its temporal frequency makes these observations 
perfect for monitoring any activity on land. The data have a variety of 
resolutions: a wide spectral range (0.42–14.24 μm), 1–2 days in time, 
and a high spatial resolution channel (250 m, bands 1–2; 500 m, bands 
3–7; 1000 m, bands 8–36) (Khan et al., 2009; Zhang and Reid, 2009; 
Acharya and Sreekesh, 2013). 

In this study we use MODIS nighttime data (2 nighttime images/ 
day), elaborated by MIROVA algorithm which proved useful for 
detecting Yasur's thermal activity associated to the repeated strombolian 
explosions (Coppola et al., 2016b). 

Fig. 7 shows the Volcanic Radiative Power (VRP, in Watt) for Yasur 
volcano, which is calculated from the radiance of pixels with thermal 
indexes anomalously high with respect to the background and therefore 
depends both on the areal extension and the amplitude of the thermal 
anomaly. We limit our analysis to nighttime, which is unaffected by 
solar heating and reflection processes and thus allows a more inclusive 
interpretation. 

Fig. 7a shows that the measured VRP between 2008 and 2019 varies 
3 orders of magnitude from 2 × 105 to 2 × 108 W (mean 2 × 107 W, std. 
= 2 × 107 W). In total 1976 thermal anomalies are detected, roughly 
corresponding to 0.45 alerts/day, or between 10 and > 20 detections 
every month (Fig. 7b). In general, the sustained number of alerts/month 
and the persistent values of the VRP are suggesting a persistent volcanic 
activity through time. 

Fig. 7. Volcanic Radiative Power (a) of thermal anomalies calculated at Yasur volcano by MIROVA between January 2008 and November 2019. The red line shows 
the median value of thermal anomalies over a time period of one month. (b) Number of thermal anomalies detected by MIROVA each month. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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4. Results 

In order to evaluate long-term variation of explosive activity at Yasur 
volcano, we computed the Infrasound Parameter (IP) as defined by 
Ulivieri et al. (2013) and modified by Marchetti et al. (2019), for long- 
range infrasound propagation. The IP (IP = Ndet ⋅ Prs) is defined as the 
product between the mean infrasonic amplitude (Prs) and the number of 
detection with a back-azimuth consistent with Yasur volcano recorded 
in a given time window (Ndet) (Marchetti et al., 2019). It is strongly 
related to the persistence of the infrasound signal and increases with the 
number of detections per minute and with excess pressure (Ripepe et al., 
2018) Fig. 8a shows the maximum, range-corrected infrasound pressure 
amplitude, calculated every 6 h, from range corrected detections 
(Fig. 6d), the normalized number of detection (Ndet, Fig. 8b) and the 
corresponding IP (Fig. 8c). The normalized number of detections (Ndet, 
Fig. 8b) varies between 0 and 60, peaking when signal from Yasur vol
cano is recorded continuously through time (Marchetti et al., 2019). 
Ndet is below 5 the 8% of the time, while it increases up to >20 the 
~30% of the time, mostly in 2014 and from 2016. 

From Fig. 8 it is clear that despite infrasound observations are 
basically absent during the Austral winter due to high attenuation of 
infrasound waves (Fig. 6), both the IP and Ndet suggest a relatively 
lower intensity of explosive activity of Yasur between 2009 and 2013, a 
relative peak of activity in 2014 and an increased level of activity 
starting from the end of 2015 that persisted until the end of our obser
vation period. 

Similarly to the VRP (Fig. 7a), the IP (Fig. 8c) appears quite persis
tent through time, in agreement with the sustained Strombolian activity 
reported for Yasur and discussed in Section 2. A better comparison on 
the long-term can be obtained from the cumulative amplitude of the two 
parameters that highlights better than raw data the variation in the rate 
of event occurrence in terms of cumulative distribution's slope. Fig. 9 
shows the superposition of cumulative radiated heat energy from Yasur 
volcano (black) and cumulative IP (red) calculated between January 
2008 and December 2019; both curves are calculated on a weekly 
average of the values. We used here the cumulative curve of thermal 
energy radiated weekly from Yasur, calculating the average weekly VRP 

and multiplying it by the number of seconds in a week. The curve thus 
obtained is in Joule, not Watts. Differently from the heat energy, that is 
continuous through time, the IP is not defined during unfavourable 
propagation conditions (i.e. from April to October), and its cumulative 
distribution is therefore highly discontinuous. 

While infrasound is a direct consequence of the pressurized volcanic 
gas released in the atmosphere, able to drive magma fragments and ash 
within a volcanic plume, thermal infrared energy reflects the presence of 
hot material and might arise not only from the hot ash and lapilli 
injected in the atmosphere and accumulating nearby the vents, but also 
from the presence of a lava lake or flow without infrasound energy being 
radiated (Coppola et al., 2012). For the specific case of Yasur volcano 
both cumulative datasets share a common trend and are characterized 
by distinct slopes that increase from 2008 to 2015 to 2016–2019, thus 
indicating a general increase of activity, both in terms of infrasound and 
thermal energy, starting from the beginning of 2016. This conclusion is 
in general agreement with the activity level inferred from GVP and VGO 
observations and assessments (Section 2). 

5. Discussion 

Results presented in this study show that array observations of 
infrasound signal radiated by Yasur volcano and recorded at IS22, at a 
source-to-received distance of 400 km, can be used both to quantify the 
long-term (multi-year) variations in the intensity of its persistent 
explosive activity, and to provide, during favourable propagation con
ditions and low noise periods at the array, a timely description of the 
explosive activity, such as the time of occurrence of the discrete events 
and their range corrected excess pressure. 

5.1. Long period monitoring 

Despite affected with uncertainties, remote infrasound observations 
are particularly useful for Yasur volcano, as its persistent explosive ac
tivity fluctuated through time between low- and high-intensity explo
sions, but without clear trends highlighted from reports or local 
observations. Here, long-term remote infrasound records, in general 

Fig. 8. Range corrected mean infrasound amplitude (a), normalized number of detections (b) and Infrasound parameters (c) calculated every 6 h for Yasur volcano 
over the whole observation period. 
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agreement with space-borne infrared thermal imagery suggest a clear 
increase of explosive intensity after 2016 (Fig. 9). 

Presented results highlight however how seasonal propagation ef
fects (Fig. 6) and noise at the array (Fig. 3) might strongly limit the ef
ficiency of long-range infrasound for the detection of volcanic activity 
(e.g. Fee et al., 2011; Ortiz et al., 2021; De Negri et al., 2022). 

An additional limitation relies in the ability to properly correct 
pressure recorded at a distal array for propagation effects. Fig. 5 clearly 
shows that recorded infrasound amplitude at the array (at 400 km from 
the source) is approximately constant between November and April, 
when stable high altitude winds facilitate propagation of infrasound 
from Yasur to the array, while it appears to be systematically lower 
around the equinoxes. Once corrected for propagation effects, this trend 
remains (Fig. 6d), suggesting that atmospheric models around the 
equinoxes are less able to properly reflect the real atmospheric condi
tions, or that the amplitude correction adopted here for calculating the 
attenuation is underestimating the real effect (Le Pichon et al., 2012). 
This aspect is particularly important for our study, that focuses on 
persistent explosive activity of low intensity, while it is less critical for 
higher energy explosive eruptions. Nevertheless, the use of the IP 
parameter (Fig. 8), that combines both the range corrected pressure and 
the persistency of the signals, allows to minimize such effect, and pro
vide more reliable results for a long-term (multi-years) assessments, as 
shown by the general agreement between the IP and the thermal activity 
(Fig. 9). 

5.2. Short period monitoring 

Although long-range infrasound is strongly controlled by propaga
tion effects (Fee et al., 2011; Le Pichon et al., 2012) and is, therefore, 
commonly usable only during specific time periods, results presented in 
this study shows that it is very efficient to follow short-term variations. 
The high temporal resolution of infrasound data, compared to satellites 
infrared thermal data, allows to distinguish between subsequent ex
plosions and to follow the real explosive activity in near-real time. This 
is clearly demonstrated by Fig. 4, which shows waveforms recorded at 
the four microbarometers of the IS22 array (a), as well as amplitude (b), 

back-azimuth (c) and apparent velocity (d) of infrasound detections at 
the array between February 16th, 2014 and February 18th, 2014, pro
duced by discrete explosive events at Yasur volcano. This allows to 
evaluate variations in the intensity of discrete explosive events, in terms 
of amplitude at the source, as well as to evaluate the number of explo
sions per hour almost in near-real time and with a delay of approxi
mately 20 min, due to the source-to- receiver propagation time (400 km) 
with a mean celerity of stratospheric arrivals of 320 m/s. 

Due to the low amplitude of infrasound waves generated by Yasur 
explosions and recorded at IS22 and after undergoing high attenuation 
along the source-to-receiver path, the main limitation of such approach 
is linked to the noise levels at the array (Dabrowa et al., 2014). From 
Fig. 3 it is evident that during the local daytime (19:00–06:00 UTC) the 
noise is too high and completely overlaps with the infrasound transients 
produced by Yasur explosions. At night time, when the noise at the 
station reduces and the signal-to-noise ratio increases, infrasound sig
nals from volcanic explosions are more clearly detected and allow 
identification of individual explosive episodes. 

From the same figure, however, we see how the MODIS thermal 
infrared data used to obtain the VRP and the thermal energy is flawed in 
its short-term monitoring (red lines in Fig. 3) due to the sparse sampling 
time of satellite-borne imagery. Having an anomaly every one or two 
days, the VRP takes a picture of the situation at that precise moment, but 
it is not able to give information about the short-term (minutes/h) ac
tivity of the volcano. 

5.3. Implementation of operational monitoring solutions 

Infrasound stations located at regional or global distances from 
active volcanoes cannot replace local monitoring networks, that provide 
an all year-round detailed description of volcanic activity with high time 
resolution. Nevertheless, long-range infrasound has the potential of 
providing quantitative information on explosive volcanic activity, even 
of low energy. 

As discussed in detail, such an approach requires however to inte
grate array processing of infrasound data, necessary to identify volcanic 
infrasound from additional sources, with atmospheric studies, required 

Fig. 9. Cumulative Infrasound Parameter (orange) and cumulative weekly radiated heat energy in Joule (black) for Yasur volcano in the period January 2008 – 
August 2019. 

R.S. Morelli et al.                                                                                                                                                                                                                               



Journal of Volcanology and Geothermal Research 432 (2022) 107707

11

to correct pressure recorded at the array for propagation effects. In the 
specific case of Yasur volcano, previous analysis of broadband infra
sound array observation and propagation modelling (Le Pichon et al., 
2005a, 2005b) allowed us to rule out thermospheric arrivals, and we 
therefore computed the expected attenuation simply accounting for the 
Ceff_ratio within the stratospheric duct. However, extrapolation of such an 
approach would require modelling the full 3D ray propagation to 
properly estimate the real signal attenuation. 

Additionally, presented results clearly show that for the specific case 
of Yasur volcano and IS22 array, long-range infrasound is almost 
completely prevented during unfavourable propagation conditions, as 
infrasound energy is largely attenuated and therefore not discernible. 
This depends both on the mostly East-West mutual position of the vol
cano and the array, strongly affected by stratospheric jets, and on the 
limited energy of the source. For Yasur volcano this limitation might be 
reduced with an additional infrasound array east of the Vanuatu archi
pelago, in order to record signals when the IS22 array is operating under 
unfavourable wind conditions. Several network performance studies 
(Tailpied et al., 2016, 2022) focused specifically on this topic and should 
be considered when considering the potential of long range infrasound 
for volcano monitoring. 

For example, Assink et al. (2013) uses a set of two arrays for the 
study, integrating observations coming from satellites, which might be 
affected by lack of high-resolution data, in particular in areas where the 
deployment of local monitoring networks is difficult or impossible. This 
might contribute significantly to the monitoring and hazard assessment 
of many volcanoes around the world. 

6. Conclusions 

In this study we showed that long-range (> several hundreds of km) 
infrasound monitoring is possible and efficient, in the context of remote 
volcano monitoring, but only during favourable propagation conditions 
in the volcano-receiver direction. We analysed twelve years (January 
2008 – December 2019) of infrasound data recorded at the IMS IS22 
infrasound array in New Caledonia, in order to investigate infrasound 
radiation by persistent Strombolian explosive activity at Yasur volcano 
located on Tanna Island (Vanuatu) at a source-to-receiver distance of 
400 km from the array. 

During periods of low noise at the array, discrete infrasound tran
sients related to explosive events at Yasur volcano were recorded in New 
Caledonia and allowed to evaluate monitoring parameters such as the 
intensity of explosive events and the number of events per hour. The 
time resolution of long-range infrasound is comparable with local 
monitoring systems and is exceeding significantly the one of satellites, 
but is limited to specific time periods, when propagation from the source 
to the receiver is favourable and the noise levels at the array are low. 

The use of long-range infrasound strongly depends on the possibility 
to account for propagation effects. In the specific case of Yasur volcano 
and IS22 array, infrasound energy is almost entirely confined to 
stratospheric ducts (Le Pichon et al., 2005a, 2005b), that enhance 
propagation between November and April. Infrasound detections from 
Yasur at IS22 are almost missing otherwise, despite persistent explosive 
activity is ongoing. This specific propagation conditions allowed us to 
compute attenuation simply considering the Ceff_ratio within the strato
spheric duct. Results allow to track the multi-year variation of explosive 
intensity, but fail investigating seasonal variations due to larger un
certainties around the equinoxes, when wind reverse and models are less 
reliable (Assink et al., 2014). 

Results of this study showed however that for Yasur volcano a 
quantitative assessment of the variation of explosive intensity can be 
achieved by considering the maximum range corrected pressure and the 
persistency of the signal (IP), that suggest a clear increase of explosive 
activity starting from 2016; it is tracked also with satellite-borne ther
mal infrared imagery. Such an information, which is not that evident 
from local observations and assessments, might reflect a slight variation 

in the gas/magma input rate that is driving the sustained persistent 
explosive activity of the volcano and might provide a useful constraint 
for additional local investigations and hazard assessments. 

Despite being site specific, results presented in this confirm that long 
range infrasound can provide quantitative information on the activity 
level at a low energy, persistent, explosive volcano, such as Yasur, at 
time scales varying from minutes (time of occurrence and amplitude of 
single explosions) to decades (mean energy release). Corroborating 
more and more studies on the operational use of long-range infrasound 
for volcano monitoring (e.g. Matoza et al., 2011b; Fee et al., 2013; 
Coombs et al., 2018; Marchetti et al., 2019; Le Pichon et al., 2021; Ortiz 
et al., 2021, among the others), presented results remind how long-range 
infrasound might be consider to integrate satellite observations for 
active volcanoes around the world in areas that are missing local 
monitoring systems, and could be used routinely for integrated volcano 
monitoring solutions at regional scales. The International Civil Aviation 
Organization (ICAO) expressed an interest in the potential of global and 
regional infrasound networks to provide eruption notifications to the 
aviation community through the existing international Volcanic Ash 
Advisory Centre (VAAC) framework (http://www.ssd.noaa.gov/VAAC/ 
vaac.html) (Garcés et al., 2008). 
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