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The Inaudible Rumble of
Volcanic Eruptions

Volcanic eruptions produce powerful infrasound that can be used to moni-
tor and mitigate volcanic hazards.

Introduction and Context

There are approximately 1,500 volcanoes worldwide that are considered potentially
active, defined as a volcano at which an eruption has occurred within the past
10,000 years (Global Volcanism Program, 2013; Figure 1). Eruptions are common;
for example, more than 50 eruptions have occurred in the United States in the
past 31 years (National Academies of Sciences, Engineering, and Medicine, 2017).
Approximately 500 million people worldwide are directly exposed to volcanic haz-
ards. This number is steadily increasing as population density grows in areas near
volcanoes. Fortunately, many eruptions are preceded by unrest, and volcano-mon-
itoring scientists use an array of different ground-based, airborne, and spaceborne
techniques to detect this unrest, track eruption progression, build understanding
of how volcanoes work, and provide timely warnings where possible. However,
many potentially active volcanoes are located in remote and inhospitable regions
of the planet where it is challenging to install and maintain dedicated local moni-
toring instruments. Although such volcanoes may be located in sparsely populated
areas, explosive eruptions at these remote volcanoes can inject large volumes of
ash into heavily traveled aviation routes, posing a major societal and economic
hazard (Casadevall, 1994). Volcanic ash consists of tiny particles (<2-mm grain
size) of solid rock, with a melting temperature below the operating temperature of
jet engines. Encounters between volcanic ash and aircraft have resulted in engine

Figure 1.Global potentially active volcanoes (eruption in past 10,000 years; red triangles),
tectonic plate boundaries (black lines: solid, ridge plate boundary type; dashed, trench plate
boundary type; dotted, transform plate boundary type), and the planned 59-station Interna-
tional Monitoring System (IMS) infrasound network (open inverted triangles). At present, 49
stations are operational. Each infrasound station consists of a small array of infrasonic sensors
deployed in a variety of spatial configurations with maximum dimensions of 1-2 km across the
ground surface. The average station spacing for the complete network will be about 2,000 km.
Modified from Matoza et al. (2017), with permission.
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failure and damage to commercial airlines; consequently,
volcanic ash clouds lead to extensive flight cancellations, de-
lays, and economic losses (e.g., the 2010 eruption of Eyjafjal-
lajokull, Iceland).

For example, Alaska is home to 130 potentially active vol-
canoes, of which more than 50 have erupted in historical
times (Figure 2). Volcanoes in this region are capable of
sudden, explosive, ash-cloud forming eruptions, which are
potentially hazardous to aircraft along this heavily traveled
air corridor. Monitoring of these volcanoes is performed at
the Alaska Volcano Observatory (AVO) by integrating mul-
tiple ground-based and satellite-monitoring technologies.
However, Aleutian Island volcanoes along the western part
of Alaska (Figure 2a) in particular represent a formidable
monitoring challenge because of their remote locations and
harsh weather. Thus, many Aleutian volcanoes are not in-
strumented.

Infrasound is atmospheric sound with frequencies between
~0.01 and 20 Hz, that is, below the lower frequency limit of
human hearing. The infrasonic frequency band contains the
majority of acoustic energy emitted by volcanoes. Over the
past two decades, infrasound technology has emerged as a new
ground-based method to detect and quantify volcanic erup-
tions at both local and remote distances from volcanoes.

The recent progress in volcano-infrasound research has
been driven in part by the opening for signature of the
Comprehensive Nuclear-Test-Ban Treaty (CTBT) in 1996.
The treaty calls for a verification regime to be established,
of which the International Monitoring System (IMS) is one
element. The IMS infrasound network (Figure 1, open in-
verted triangles) is designed to detect atmospheric nuclear
explosions anywhere on the planet (Christie and Campus,
2010). Construction of the IMS has led to rapid advances in
infrasound technology (e.g., improvements in instrumenta-
tion, signal-processing methods, and infrasound propaga-
tion modeling), which have been transferred and adapted to
volcanology.

The IMS infrasound network regularly records signals from
large explosive volcanic eruptions worldwide. In addition,
numerous other infrasound stations have been deployed
near volcanoes or in volcanic regions to study and monitor
volcanoes. Sensor acquisition geometries have included net-
works of individual infrasound sensors, infrasound arrays,
networks of infrasound arrays like the IMS, and colocated
seismic and acoustic (seismo-acoustic) stations. For exam-
ple, the EarthScope USArray Transportable Array has now
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Figure 2. a: Map of historically active Alaska volcanoes and cur-
rent infrasound stations. Inset: 210 EarthScope Transportable Array
(TA) colocated seismic and infrasound stations spread across Alaska.
b: Satellite image of Bogoslof volcano, Alaska, in June 2017. Image
courtesy of Alaska Volcano Observatory (AVO)/US Geological Ser-
vice (USGS). Image data acquired with the Digital Globe NextView
License. The 0.5- to 5-Hz filtered waveforms (c) and spectrogram (in
dB re 20 pPa; d) for the January 31, 2017, eruption of Bogoslof as
recorded on an infrasound array 60 km away (named OKIF).

been established in Alaska with 210 seismo-acoustic stations
at roughly 85 km spacing (Figure 2a, inset), bringing the
densest ever seismo-acoustic network to one of the world’s
most active volcanic regions.

Explosive Volcanic Eruptions

Volcanism occurs in a great variety of styles, ranging from
so-called effusive processes (a passive outpouring of lava
onto the Earth’s surface, such as the lava flows that are ex-
emplified by Hawaiian volcanoes) to highly explosive (vio-
lent, energetic eruptions such as at Mount St. Helens in
1980). Volcanoes erupt explosively because trapped volatiles
(mostly water, CO,, and SO,) rapidly come out of solution
and undergo huge volume expansions as magma ascends



from depth to the surface and depressurizes. For example,
at depth in the Earth, a 1-m® volume of a common magma
(rhyolite) at 900°C may contain about 5 percent water by
weight. As this magma approaches the surface, this quantity
of water would expand enormously to about 670 m’ of vapor
(Sparks et al., 1997). The degree of explosivity of a volcano is
thus controlled to the first order by two main factors: volatile
content and magma viscosity (low-viscosity magmas allow
volatiles to escape more easily; high-viscosity magmas resist
volatile escape and allow larger pressures to build).

Low-viscosity magmas characteristically exhibit long-lived
effusive eruptions punctuated by short explosive bursts,
along with occasional gas-rich lava fountaining episodes.
On the other end of the spectrum, high-viscosity magmas
and magmas containing a high concentration of volatiles
typically erupt explosively. It is these eruptions, most com-
monly associated with the tall, steep-sided volcanoes termed
stratovolcanoes (e.g., Mount Fuji, Mount St. Helens, Mount
Vesuvius) that send up the tall eruptive columns of ash into
the atmosphere that can endanger aircraft (these eruption
columns are called plinian eruption columns). Interactions
of magma with subsurface groundwater systems at volca-
noes can also have explosive results.

Seismo-Acoustic Signatures of
Explosive Volcanic Eruptions

Explosive eruptions are seismo-acoustic phenomena, gen-
erating large-amplitude acoustic (infrasound) and seismic
waves, with the infrasound commonly recorded out to great-
er distances (Figure 3). Volcano-seismic disturbances that
precede eruptions (e.g., Figure 3a) are thought to be pro-
duced by a variety of processes, including interactions be-
tween subsurface magma and water, magma degassing, the
brittle behavior of the magma itself, and ordinary earthquake
faulting processes in solid rock related to magma movement
and pressure changes (Chouet and Matoza, 2013). Seismic
signals are also produced by the explosive eruption itself,
as magma fragments (breaks into small pieces) and ash col-
umns are ejected through volcanic vents and craters. The
typical seismic expression of a sustained explosive erup-
tion is a broadband signal (~0.1 to 20 Hz) called eruption
tremor. Seismic signals that precede and accompany erup-
tions usually have a limited propagation distance, typically
a few tens of kilometers or up to a few hundred kilometers
for larger eruptions. In contrast, similar-sized explosive
eruptions produce powerful broadband (~0.01 to 20 Hz) in-
frasound signals (Figure 3b) that can be ducted efficiently
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Figure 3. Seismic vertical component velocity (a) and infrasonic
pressure (b) recordings of the March 9, 2005 (Julian day 68), phreatic
(steam-driven) explosion of Mount St. Helens, Washington, USA.
Forty-eight hours of waveform data are shown, beginning at 00:00
on March 8, 2005 (day 67). The broadband seismometer was colo-
cated with the central element of a 4-element infrasound array in a
quiet forest site ~13.4 km from the source (Matoza et al., 2007). In
each case, we show data from £1 day spanning the event on March 9,
2005 (day 68), at ~01:26:17 UTC (blue arrows). The seismic tremor
accompanying the phreatic explosion has a similar amplitude to seis-
micity before and after. A large unambiguous infrasound signal de-
lineates the explosive eruption timing (Matoza et al., 2007). See text
for further discussion.

over long ranges (thousands of kilometers) in atmospheric
waveguides. These infrasound signals are now routinely
detected on sparse ground-based infrasound networks
such as the IMS. In remote volcanic regions, infrasound is
sometimes the only ground-based technology to record an
explosive eruption and can therefore provide vital informa-
tion to complement satellite data and estimate ash-release
parameters for improving aviation safety. At seismically in-
strumented volcanoes, infrasound data reduce ambiguity
in explosion detection by clearly delineating the timing and
duration of the explosive eruption. This is particularly useful
when the volcano is visually obscured by cloud cover.

An example of how seismic and infrasound recordings com-
plement one another is shown in Figure 3, which displays
seismic and infrasound waveforms from a colocated seismo-
acoustic station deployed 13.4 km from Mount St. Helens
volcano, Washington, USA (Matoza et al., 2007). This is
called a helicorder plot and mimics traditional seismograph
recordings that were originally made on a piece of paper
wrapped around a rotating drum. Time progresses from the
upper left in the figure to the lower right, with each 60-min-
ute waveform progressing from left to right in the figure and
the next 60-minutes plotted directly below. Mount St. Helens
underwent continuous eruptive activity from 2004 to 2008.

The figure shows a 2-day record around a phreatic (steam-
driven) explosion that occurred on March 9, 2005 (all times
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reported in Universal Time [UT]). The seismometer (Figure
3a) records a near-continuous sequence of rhythmic volca-
no-seismic disturbances called long-period events (LPs), a
volcano-seismology term that refers to signals with domi-
nant frequencies from 0.5 to 5 Hz. At the beginning of the
plot before the steam explosion, the LPs occur in cyclic regu-
larity, with a prominent peak in the interevent time distribu-
tion (Matoza and Chouet, 2010). During the steam explosion
that begins on March 9, 2005 (day 68), at 01:26:17 (Figure
3a, blue arrow), the seismic LPs merge closer together in
time and transition into continuous eruption tremor as fluid
(primarily steam and entrained ash) is ejected into the at-
mosphere. After the steam explosion, the LP rate decelerates
and returns to the background rate within about 90 minutes.

The 2004-2008 eruption of Mount St. Helens was closely
monitored with multiple types of instrumentation. Thus,
we have accurate knowledge of how the seismic recordings
relate to the eruption process. However, without any other
data, it might have been difficult to determine exactly when
(and even if) an explosive eruption had occurred because
similar seismic sequences as those shown in Figure 3a can
be recorded even in the absence of an explosive eruption.
However, the infrasound data (Figure 3b) reduce this am-
biguity and provide clear evidence that an eruption has
occurred (Matoza et al., 2007). Before and after the steam
explosion, the infrasound data record only ambient noise.
A clear signal begins coincident with the ejection of fluid
into the atmosphere and continues to indicate the sustained
jetting of fluid for a total of about 53 minutes. Thus, the in-
frasound data delineate the timing and duration of the ex-
plosive eruption process.

Long-Range Atmospheric

Propagation of Volcanic Infrasound
Low-frequency sound from volcanoes has long been known
to propagate great distances. The powerful 1883 Kraka-
toa (located in present-day Indonesia) eruption produced
acoustic-gravity waves that circumnavigated the globe mul-
tiple times and were recorded on weather barometers (Ga-
brielson, 2010). Long-range infrasound propagation occurs
for two main reasons. First, absorption is relatively low at
these frequencies, about 5 x 10> dB/km at 1 Hz compared
with about 2 dB/km at 500 Hz (Sutherland and Bass, 2004).
Second, strong vertical gradients in the temperature and
horizontal winds create infrasonic waveguides in the tropo-
sphere (approximately 0 to 15 km altitude), stratosphere (ap-
proximately 15 to 60 km), and thermosphere (approximately
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85 to 120 km). Substantial spatiotemporal atmospheric vari-
ability, particularly changes in wind speed and direction,
create variability and complexity in infrasound propagation.
For example, numerous studies have found that the seasonal
stratospheric winds (typically blowing to the east in the win-
ter hemisphere and to the west in the summer hemisphere)
largely control global infrasound propagation and detection
(e.g., Le Pichon et al., 2009). Moreover, there has recently
been a focus on creating better, more accurate, and seamless
atmospheric models from the ground through the thermo-
sphere to more accurately model infrasound propagation
at long ranges (Blanc et al., 2017). Similarly, because long-
range infrasound propagation is sensitive to wind and tem-
perature changes, certain volcanoes that radiate infrasound
near continuously have shown promise as a tool to passively
detect changes in atmospheric structure that would other-
wise be unobservable (e.g., Assink et al., 2013).

Remote Detection of

Volcanic Infrasound

The data shown in Figure 3 were collected as part of a project
to evaluate the potential of remote infrasound arrays to pro-
vide useful information about explosive eruptions (Garces et
al., 2008). In addition to the local data shown from Mount St.
Helens, an identical infrasound array was deployed approxi-
mately 250 km to the east, at a location where infrasound
ducted in the stratosphere can be expected to return to the
ground during typical winter conditions (Matoza et al., 2007).
Similar waveforms were recorded at the near and distant ar-
rays, indicating that remote infrasound observations can rep-
resent an accurate record of the source. The utility of long-
range infrasound signals has been confirmed by numerous
observations of eruption signals on remote infrasound arrays.

Larger and more energetic eruptions produce more power-
ful infrasound signals that can be recorded farther from the
source. The June 2009 eruption of Sarychev Peak volcano
on a remote, uninhabited island in the Kurile Islands (a vol-
canic island chain stretching between Japan and the Kam-
chatka Peninsula of Russia) provides an illustrative example
(Matoza et al., 2011; Figure 4). Due to the remote location,
local ground-based geophysical observations were nonexis-
tent and the eruption did not register on any remote seismic
stations (e.g., seismic stations at distances of 352 km, 512
km, and 800 km). The first indication that an eruption had
occurred was in satellite data acquired on June 11, 2009, that
showed a thermal anomaly and weak ash emissions. Subse-
quently, at 22:16 on June 12, 2009, spectacular photographs
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Figure 4. a: Infrasonic waveforms recorded at IMS station IS44 (Ka-
mchatka) for the June 2009 eruption of Sarychev Peak, Kurile Islands
(5 days: June 11-16, 2009, or Julian days 162-167 2009). Each wave-
form shows one full day of data. Infrasound array data have been
beamformed (waveforms aligned and stacked for azimuth of Sary-
chev Peak and acoustic velocity) using a time-delay beamformer and
filtered 0.5-5 Hz. Arrows mark the beginning of signals from individ-
ual explosive eruptions from the volcano. b: Infrasonic source loca-
tion for the June 2009 eruption of Sarychev Peak (large red triangle)
via back-azimuth cross bearings using the closest three IMS arrays:
IS44, 1845, and 1S30 (inverted blue triangles). The source location
solutions (dots) are colored as a function of time. Black star, mean
source centroid. Dashed ellipse shows 90% confidence for source lo-
cation. Modified from Matoza et al. (2011), with permission.

of an eruption column issuing from the volcano were taken
by astronauts aboard the International Space Station who just
happened to be passing by (Figure 5). These unique photo-
graphs also captured ash dispersed at altitude from previous
eruptions and pyroclastic flows in the process of descending
the mountain (pyroclastic flows are rapid ground-hugging
flows of hot gas and volcanic debris; the term pyroclastic is
derived from the Greek words for “fire” and “broken” and
refers to material that is erupted explosively from a volcano).
Whereas remote seismic stations did not record the Sarychev
Peak eruption, infrasound signals registered at 7 infrasound
arrays located at distances from ~640 to 6,400 km (Matoza
et al,, 2011). Figure 4a shows infrasound waveforms at IMS
station 1544, located 643 km from Sarychev Peak in Pet-
ropavlovsk-Kamchatsky, Kamchatka, Russia. Retrospective
analysis shows that the remote 1S44 infrasound waveforms
provide a detailed record of the explosion chronology that

Figure 5. NASA photograph of the June 2009 eruption of Sarychev
Peak, Kurile Islands, taken by astronauts aboard the International
Space Station. The image shows the vertical plinian eruption col-
umn and simultaneous ground-hugging pyroclastic flows descend-
ing the mountain. The smooth white cloud at the top of the erup-
tion column has been interpreted as a pileus cloud, that is, water
condensation resulting from rapid rising and cooling of the air mass
above the eruption column. Image from NASAs Earth Observatory.
For more information and an animation of image sequences, see
https://earthobservatory.nasa.gov/IOTD/view.php?id=38985.

has higher temporal resolution than was possible to derive
with the available satellite data (much of the eruption was
obscured in satellite data by a meteorological cloud layer).
In addition, by combining the direction-of-arrival (back-az-
imuth) information at multiple arrays, it is possible to locate
the source using back-azimuth cross bearings. By modeling
atmospheric propagation paths using 3-D ray tracing with
atmospheric specifications from the European Centre for
Medium-Range Weather Forecasting (ECMWFE), it is pos-
sible to locate the source using the 3 closest arrays to within
15 km of the true source location. The source-location error
ellipse of ~100 km likely results from unresolved details of
atmospheric propagation, source complexity, and back-azi-
muth estimation uncertainty (Figure 4b).

Source Mlechanisms of

Volcanic Infrasound

We have shown examples of how infrasound recordings at
local (<15 km), regional (15-250 km), and global (>250 km)
distances from volcanoes can be used to detect, locate, and
provide detailed chronologies of explosive eruptions. These
acoustic constraints on the basic parameters of explosive
eruptions are already improving the prediction accuracy of
numerical models of ash transport and dispersal and aiding
with aviation safety. Ongoing research aims to better under-
stand the source mechanism of volcanic infrasound, with
the goal of providing detailed, quantitative parameters of the
eruption based on infrasound observations.
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Figure 6. a: Example infrasound waveforms from sustained explosive volcanic eruptions. Scale bars (right) indicate time scale for each

waveform (e.g., for the top waveform from Mount St. Helens, the time

between the arrowheads is 0.1 hour). y-Axis, acoustic pressure (in Pa).

Each trace is annotated with the name of the volcano, date of eruption, and infrasound recording range (r). “M” on third axis is the Mount
St. Helens signal (top trace) at the same scale for comparison. b: Comparison of infrasound pressure power spectral density (PSD) to the jet-
noise similarity spectra (Tam et al., 1996; Matoza et al., 2009). FST, fine-scale turbulence spectrum; LST, large-scale turbulence spectrum (the
two types of jet mixing noise). Solid lines, eruption signals; dashed lines, samples of the ambient noise before the eruption signal. c: Example

long-range infrasound from eruptions at Nabro volcano, Eritrea, and

Calbuco volcano, Chile, showing asymmetric positively skewed wave-

forms similar to those associated with the crackle phenomenon in audible jet noise from jet engines and rockets.

Significant progress in understanding volcano infrasound
has been made through dedicated local deployments in tan-
dem with other observation systems (e.g., seismometers, vi-
sual and thermal cameras, gas sensors, ground deformation
sensors). Recordings of volcanic infrasound have now been
made at numerous volcanoes worldwide (Fee and Matoza,
2013). As described in Explosive Volcanic Eruptions, volca-
nism is highly variable, representing a spectrum of processes
ranging from effusive to explosive behavior. Consequently,
volcanoes produce a great diversity of infrasound source
mechanisms and signals.

Infrasound is thought to be produced by resonance in shal-
low magma and gas-filled cavities; by explosive bursts of
large bubbles of gas (called “slugs”) at the magma surface in
low-viscosity magmas; by explosive magma-water interac-
tions; by the sudden explosive failure of a solid cap rock that
was sealing a pressurized gas pocket; by sustained turbulent
flow of ash-laden gas jets in the atmosphere; by turbulent
ground-hugging pyroclastic flows of dense hot gas and par-
ticles; and by rock falls, mudflows, and explosive blowout of
gas-charged blocks, just to name some examples. The dura-
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tion of volcano-infrasound waveforms ranges from short-
duration events lasting ~1 second to sustained tremor sig-
nals lasting months to years (tremor is a catchall term for
sustained signals, as differentiated from transient signals).
Amplitudes span a wide dynamic range, from small signals
approaching the noise level of infrasound sensors (on the
order of millipascals) to larger explosions producing nonlin-
ear shock waves with overpressures exceeding atmospheric
pressure (>10° Pa). Topography and volcanic crater mor-
phology modify the signals and create additional variety in
the observed waveforms. Despite source process diversity
and waveform complexity, wavefield modeling and inver-
sion techniques have been used to infer eruption source pa-
rameters and processes (Fee and Matoza, 2013).

Effusive eruptions and roiling lava lakes have been observed
to produce near-continuous broadband and/or harmonic in-
frasound with pronounced spectral peaks. Kilauea Volcano,
Hawai’i, is a well-studied example, with prodigious broad-
band and harmonic infrasonic tremor and occasional short-
duration explosions. Cavities and gas-filled conduits above
degassing magma bodies also appear to substantially shape



the infrasonic signature. In one example, a ~200-m deep
gas-filled cavity above the Halemauma'u lava lake at Kilauea,
Hawai’i, was successfully modeled as a large Helmholtz reso-
nator producing a sustained spectral peak at ~0.5 Hz (Fee et
al,, 2010). Flow-induced oscillations through shallow volcanic
cavity structures have also been hypothesized as a source of
harmonic infrasound (Matoza et al., 2010). Although of inter-
est for improving understanding of how Hawaiian volcanoes
work and contributing to local volcano monitoring systems,
these types of signals are generally weaker and do not tend to
propagate long distances in the atmosphere.

At the other end of the spectrum is explosive volcanism.
However, even within the general category of “explosive vol-
canism,” there is a great variety of processes and infrasound
signals. These processes range from discrete blasts lasting
only a few seconds to sustained jetting activity that can last
for tens of minutes to hours in duration (Figure 6a).

Perhaps the most well-known explosive eruption style is
termed plinian, which produces the tall eruptive columns of
pyroclasts reaching high in the atmosphere, first described by
Pliny the Younger for the AD 79 eruption of Vesuvius. Volca-
nologists schematically divide plinian eruption columns into
three altitude regions. The lowermost section of a plinian vol-
canic eruption column represents a momentum-driven, tur-
bulent, free-shear jet flow. Above the jet-flow region (termed
the gas-thrust region), the flow transitions with altitude into
a thermal buoyancy-driven volcanic plume (the convective
region), which rises higher in the atmosphere by entraining
surrounding air (Figure 5). Eventually, neutral buoyancy is
achieved and the flow transitions into a laterally spreading
umbrella region dominated by advection and diffusion.

Recent work has suggested that the gas-thrust region of plin-
ian eruptions, a large natural jet flow, generates a low-frequen-
cy (infrasonic) form of the aeroacoustic jet noise produced
by smaller scale anthropogenic jets, such as the exhausts of
jet engines and rockets (Matoza et al., 2009, 2013; Fee et al,,
2013; Taddeucci et al., 2014). Jet noise is the noise generated
by a turbulent jet flow itself. Jet noise has been characterized
in laboratory and field aeroacoustics studies by considering
how acoustic signal properties vary as a function of angle to
the jet axis and jet operating parameters such as the jet veloc-
ity, diameter, temperature, density, and nozzle geometry. The
spectral shapes of observed volcano infrasound signals are in
approximate agreement with the spectra of laboratory jets but
shifted to lower frequencies (Matoza et al., 2009; Figure 6b).
However, the observed volcanic signals have additional com-
plexities not present in the pure-air laboratory data. These

features may result from multiphase flow containing solid
particles and liquid droplets, very high temperatures, and
complex volcanic vent morphology (Matoza et al., 2013). In
addition, similarity between waveforms from volcanic erup-
tion infrasound and jet flow from supersonic jet engines and
solid rocket motors has been observed (Fee et al., 2013). Erup-
tions from Nabro volcano, Eritrea; Stromboli volcano, Italy;
and Calbuco volcano, Chile, produced infrasound waveforms
consisting of asymmetric, shock-like pressure pulses with
positive waveform skewness, similar to those associated with
the “crackle” phenomenon in audible noise from superson-
ic, heated jet and rocket engines (Gee et al., 2007; Fee et al.,
2013; Goto et al., 2014; Figure 6¢). High-speed visual (Yokoo
and Ishihara, 2007; Genco et al.,, 2014) and infrared (Delle
Donne and Ripepe, 2012) video has been employed to im-
age supersonic shock waves emanating from explosions and
reconstruct the resultant acoustic waves. Differencing of im-
ages from sustained volcanic jets has revealed repeated shock
waves emanating from the edges of the jet (Genco et al., 2014;
Taddeucci et al., 2014).

The infrasound produced by volcanic jet flows is in some
ways similar, but is not perfectly analogous, to the jet noise
produced by laboratory jets and flight-vehicle exhaust. To
further develop understanding of volcanic jet aeroacous-
tics, laboratory (e.g., Médici and Waite, 2016) and numeri-
cal (e.g., Cerminara et al., 2016) studies are required. Labo-
ratory and numerical studies will also need to be coupled
with novel field deployments that improve observational
constraints on volcanic jet noise. For instance, volcanic jet
flows are vertically oriented, such that sampling directivity
in the acoustic wavefield of a volcanic jet is challenging. In-
frasound sensors are usually located on the ground surface
and thus sample the acoustic wavefield in a limited angular
range in the upstream jet direction.

Toward this goal, a recent field experiment employed infra-
sound sensors aboard a tethered aerostat (a helium balloon-
kite hybrid) at the active Yasur volcano, Vanuatu (Jolly et
al., 2017). The aerostats carried 2-3 infrasound sensors sus-
pended on a string with 10-20 m vertical spacing, with each
aerostat deployment lasting ~20 min to an hour. The sensors
were lofted to a position ~200 to 300 m above the active vent
and <100 m above the crater rim at 38 tethered positions,
sampling angular ranges of ~200° in azimuth and ~50° in
takeoft angle. Comparison with synchronous recordings of
ground-based infrasound sensors enabled determination
of an anisotropic radiation pattern that may be related to
path effects from the crater walls and/or source directional-
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ity. Yasur volcano was chosen for this experiment because
it is highly active and offered the chance to test the novel
aerostat-based acquisition system. The coincident ground-
based seismo-acoustic deployment lasted only about 8 days
but recorded more than 8,000 infrasound explosion signals
and more than 10,000 volcanic earthquakes. Infrasound sig-
nals exceeded 500 Pa at 300 m from the vent.

Current State of Volcano

Infrasound Vlonitoring

At present, numerous volcano observatories are using infra-
sound to detect, locate, and characterize volcanic eruptions.
The recent eruption of Bogoslof volcano, Alaska (Figure 2),
produced over 60 powerful explosions in a span of 8 months
(see www.avo.alaska.edu). No local monitoring was possible
due to the hazard and small size of this remote island, yet each
eruption produced volcanic emissions that posed a danger to
aircraft, passing ships, and a nearby fishing port. In conjunc-
tion with seismic, satellite, and lightning data, AVO used data
from multiple infrasound arrays in the region, at distances
from 60 to 820 km, to detect and characterize eruptions in
near-real-time. Automated array-processing algorithms en-
abled detection of both short-duration explosions and lon-
ger duration jetting, with relevant AVO personnel receiving
eruption alerts via text message and email. Infrasound was
particularly useful in this scenario due to the remoteness of
Boglosof and the complex nature of this eruption.

Figure 2, ¢ and d, shows the waveforms and spectrogram
of a Bogoslof eruption on January 31, 2017, as detected on
an infrasound array (named OKIF) on Umnak Island 60 km
away. The eruption begins with a number of short-duration,
impulsive explosions and then transitions to multiple jet-
ting phases. AVO observed these various eruptive phases in
near-real-time and inferred a change in eruption style from
subaqueous to subaerial that was later found to be consistent
with other observations. The source depth is a key compo-
nent used in estimating the volcanic emissions hazard.

Major progress has been made in using infrasound to under-
stand and monitor volcanic eruptions, and the technology
has matured into an essential tool for many volcano scientists.
However, numerous questions remain. Quantitative source
models are only available for a limited range of volcanic pro-
cesses. Further developed quantitative models of the infra-
sonic source have the potential to improve estimates of criti-
cal eruption characteristics such as the amount, location, and
type of volcanic emissions. Infrasound propagation modeling
also continues to improve through refinements in atmospher-
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ic specifications and numerical models and through increases
in computational capacity. For example, wind is often ne-
glected in full-waveform infrasonic modeling but can signifi-
cantly affect the wave propagation. Dense networks of high-
quality infrasound sensors deployed at various distances and
azimuths from the volcanic vent will provide valuable data to
test source and propagation models. Continued development
of algorithms for local and remote automated detection, asso-
ciation, and location of volcanic eruption infrasound signals
will improve hazard monitoring.
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