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V O L C A N O  A C O U S T I C S
Harmonic tremor

Infrasonic pulses

Explosions

Explosions

Explosions with jetting

Sub-plinian Eruption

Sub-plinian to Plinian Eruption

Fee and Matoza, 2013

• Detect 

• Locate 

• Determine duration 

• Characterize 

• Confirm subaerial activity 
(particularly useful for remote 
volcanoes)



W H AT  V O L C A N O  E R U P T E D ?  

W H E N  D I D  T H E  E R U P T I O N  
S TA R T ?  A N D  E N D ?  

D O E S  T H E  E R U P T I O N  C H A N G E  
T H R O U G H  T I M E ?  A N D  H O W ?

Photo credit: Craig Powell, 2019

2019 Eruption of 
Ulawun Volcano, Papua New Guinea



A I R P L A N E S  &  V O L C A N I C  A S H

https://volcanoes.usgs.gov/volcanic_ash/ash_clouds_air_routes_effects_on_aircraft.html

Volcanic ash deposits on a parked 
McDonnell-Douglas DC-10-30 during the 
1991 eruption of Mount Pinatubo, causing 
the aircraft to rest on its tail.

Global Commercial Flight Paths

60,000 passengers/day and 60,000 planes/year pass over Alaska, Kamchatka, and 
Kuril Island volcanoes



R A I K O K E  V O L C A N O ,  K U R I L  I S L A N D S  
2 1  J U N E  2 0 1 9  E R U P T I O N

IS44 array






R A I K O K E  V O L C A N O  -  2 1  J U N E  2 0 1 9  E R U P T I O N
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Figure 4. Cartoon illustrating the brute-force, grid-search, cross-bearings algorithm. Three stations are indicated
by stars, and trial source locations on the Earth’s surface are indicated by circles. The figure shows one array detection
(e.g., a PMCC pixel) at each station. The backazimuth of the detection is used to define a sector on the Earth within a
specified azimuth deviation tolerance and for a maximum great-circle distance. In this example, blue, yellow, and red
trial source nodes (grid points) have values of 1, 2, and 3, respectively. The numerical values of each grid point
accumulate as further detections are considered from all stations.

variability in station noise levels and station data quality, e.g., timing errors that may degrade array process-
ing results). We parse the station detection lists using a specified minimum, maximum, and mean frequency
(fmin, fmax, and fmean, Table 1). Pixels contributing to PMCC families define f fam

min , f fam
max, and f fam

mean for the family in
our input detection lists, and we require that f fam

min ≥ fmin; f fam
max ≤ fmax; and f fam

mean ≤ fmean (all three conditions
must be satisfied). Values of fmin and fmax (Table 1) are chosen to capture broadband detections (e.g., based
on eruption signals from Sarychev Peak [Matoza et al., 2011a]); signals with fmean above about 2 Hz are
less likely to have propagated long range and are more likely to be local sources [Brachet et al., 2010]. We
experiment (Table 1) with setting fmin = 0.1 Hz to reduce the effect of known persistent sources, primarily
microbaroms (microbarom frequency range extends below 0.1 Hz). We note that these constraints do not
necessarily permit broadband signals only; provided the conditions are satisfied, a narrowband signal will
pass but will have lower weight in the algorithm because of the small number of contributing pixels.

3. For each time interval ! , we perform a new grid search over the latitude-longitude grid of trial source nodes.
For every trial source node, we sort all available stations with respect to distance from the trial source node.
We then progress through the stations, starting with the closest.

4. For each station, we proceed through all detections. We time adjust the detections with the assumed
celerity given the trial source-receiver distance. In a grid function G(!), we count the number of detec-
tions (number of pixels) that can be associated with the trial source node from the station during the
time interval ! , within the allowed azimuth deviation and a maximum distance dmax (5000 km) from each
station (Figure 4). We sum the results from all stations. The values in G(!) gradually accumulate as the
corresponding trial source nodes are associated with more detections from more stations.

5. As we progress through the stations, we also keep track of the number of pixels linking to a trial source node
from the current station. We define a minimum number of pixels m to consider that a station is linked with
a trial source node (we use m = 500 for most runs; Table 1). If the nearest nnear functioning stations (nnear

varied between 0, 1, and 2; Table 1) do not link with the current trial source node, the trial source node is
no longer considered (we exit out of the loop over stations so that more distant stations are not considered
for this grid node). Thus, we require that the closest nnear functioning stations to a trial source must detect.
This also reduces processing time by not searching on additional stations unless a near-station detection
warrants further consideration for a trial source node.

6. We store additional grid functions to keep track of the number and distribution (azimuthal gap) of stations
linked to each source node. Azimuthal gap is the largest open azimuth between azimuthally adjacent
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R A I K O K E  V O L C A N O
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R A I K O K E  V O L C A N O
2 1  J U N E  2 0 1 9  
E R U P T I O N

- Lighting, plume height, and 
infrasound correlate well 

- Lightning, plume height, and 
infrasound data capture the 6 initial 
pulses of the eruption and the main 
Plinian phase 

- The Plinian phase shows decrease in 
infrasound peak frequency, increase in 
lightning stroke rate, and an increase 
in plume height

Lightning Rate

Infrasound

Lightning Current

Plume Height 
Mass Eruption Rate



U L A W U N  V O L C A N O ,  PA P U A  N E W  G U I N E A
2 5  J U N E  2 0 1 9

~11,000 people fled the eruption

IS40 array



U L A W U N  V O L C A N O  2 5  J U N E  2 0 1 9  E R U P T I O N

Lightning Audible roaring

Lightning

f22 km from true  
Array distances: 113 km 
and 2328 km



U L A W U N  V O L C A N O  2 5  J U N E  2 0 1 9  E R U P T I O N
TROPOMI SO2
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U L A W U N  V O L C A N O
2 5  J U N E  2 0 1 9  
E R U P T I O N

- Lighting, plume height, and 
infrasound correlate for the Plinian 
phase of the eruption 

- Infrasound detections start earlier 
than satellite and lightning

Lightning Rate

Plume Height

Lightning Current

Mass Eruption Rate

Infrasound
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V O L C A N O  J E T  N O I S E
MATOZA ET AL.: VOLCANIC JET AEROACOUSTICS

Figure 2. (a) Cartoon illustrating the dominant radiation directions of the two sources of jet mixing
noise as a function of angle from the jet axis ! , as determined from laboratory experiments [Tam et al.,
1996; Tam, 1998; Tam et al., 2008]. The two jet mixing noise sources are the fine-scale turbulence (FST)
and large-scale turbulence (LST). Laboratory jet noise characteristics are highly directional, i.e., a strong
function of angle from the jet axis ! . (b) In the case of volcano acoustics field experiments, sampling of
the hypothesized volcanic jet noise as a function of angle from the jet axis (arc with arrowheads) is not
usually possible; we are typically restricted to observations at a limited angular range, e.g., the infrasound
sensor indicated as a black triangle (see also Figure 3). The figure is modified from Tam et al. [2008].

seen for military jet or rocket noise [Neilsen et al., 2013a].
Laboratory-scale measurements suggest that the broad-
band shock-associated noise saturates while the mixing
noise continues to increase with temperature [Viswanathan
et al., 2010].

[15] We also do not consider noise generation processes
involving the interaction of a jet flow with solid boundaries
such as vent walls, considering only the case of a free jet.
While volcanic jets probably interact with the shallow con-
duit structure and vent walls (see section 5), this additional
complication is beyond the scope of the present study.

[16] For jet mixing noise (1), laboratory data support a
two-source model, composed of the noise from (a) fine-
scale turbulence (FST), and (b) large-scale turbulence (LST)
[Tam et al., 1996]. The primary difference between modern
jet noise studies and studies based on the acoustic analogy
is the recognition of the importance of coherent structures
within the jet flow. In the acoustic analogy framework, sound
results from small-scale and incoherent turbulent eddies. In
contrast, LST noise is modeled by the growth and decay of
stochastic instability waves (coherent structures) propagat-
ing downstream at the edge of the jet flow in the shear layer
between the jet flow and ambient atmosphere (Figure 2a)
[Tam and Burton, 1984].

[17] We point out for clarity that LST noise, which was
proposed as a source mechanism by Matoza et al. [2009a], is
not quadrupole radiation. This is incorrectly cited in several
recent papers [e.g., Caplan-Auerbach et al., 2010; Kim et al.,
2012; Delle Donne and Ripepe, 2012; Ripepe et al., 2013;
Johnson et al., 2013].

2.4. Acoustic Power vs. Gas Exit Velocity in Acoustic
Analogy Theory

[18] In the original acoustic analogy formulation,
Lighthill [1962, 1963] performed dimensional analysis. The
dimensional analysis predicts that the total acoustic power
(… or OAPWL; see Appendix A) radiated by a jet varies
with the eighth power of jet velocity; this is known as the V8

law. More specifically, the total acoustic power is predicted
to have a linear relationship with the Lighthill parameter

"0d 2V 8

c5 , (7)

where "0 is the ambient air density, d is a characteristic
dimension of the flow, V is the jet velocity, and c is the
ambient sound speed. A similar analysis by Curle [1955]
predicted that the total acoustic power radiated by a flow
past a solid boundary varies like V 6. These results were
used by Woulff and McGetchin [1976] (equations (2)–(3)).
Equations (2)–(3) can be written more generally

… = K"0Avc3
!Vj

c

"n
, (8)

where n is 4, 6, or 8 and K is an unknown acoustic power
coefficient (see section 4.2).

[19] In sections 3 and 4, we reconsider these relationships
(equation (8)) in light of modern aeroacoustics research. We
address two fundamental and related issues. The first issue,
which we address in section 3, concerns how the acous-
tic power … (the quantity appearing on the left-hand side
of equation (8)) is estimated. Woulff and McGetchin [1976]
estimated … by assuming isotropic radiation. They used
a spherical spreading correction of 4#r2 to obtain …
from a point microphone measurement (i.e., they used
equation (A4) in Appendix A). More recent infrasound stud-
ies have used a hemispherical correction of 2#r2 [Garces
et al., 2013]. In section 3 and Appendix A, we show
that both of these assumptions (hemispherical or spheri-
cal correction) lead to incorrect results if the underlying
source is not isotropic but actually directional. Jet noise is
known to be highly directional (Figure 2a); thus assum-
ing isotropic radiation in order to estimate … will lead to
erroneous results.

[20] The second issue, which we address in section 4,
is that the relations between acoustic power and jet veloc-
ity shown in equation (8) have been revised and replaced
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Figure 2). In the case of eruption A, only one 6.6 min data
segment was used due to the relatively brief duration of
high-amplitude eruption signal. The solid red and gray lines
in Figure 2 represent the empirically-derived similarity
spectra [Tam et al., 1996] for large-scale and fine-scale
turbulence respectively. These empirical functions represent
a curve-fit to 1900 audible noise spectra measured at the
NASA Langley Research Center for axisymmetric, pure-air
jets sampling a wide range of Mach number and tempera-
ture [Tam et al., 1996]. The overall shape and curvature of

the similarity spectra are fixed, while the two free param-
eters are the position of the peak frequency, and the sound
pressure level (SPL) in dB. The similarity spectra should fit
the entire measured spectrum. With this constraint, the best
fits to the observed spectra were found for a peak frequency
of 0.2 Hz for eruption A (Figure 2a), and 0.4 Hz for
eruptions B-D, excluding the last hour of eruption C
(Figures 2b–2d). The peak frequency for the last hour of
eruption C is below the low frequency response of the

Figure 2. Power spectra of signals shown in Figure 1. Spectra expressed as sound pressure level (SPL) at the array in
dB re 20 mPa. (a) 8 March 2005 MSH eruption (eruption A), (b) 14–15 July 2006 Tungurahua eruption (eruption B),
(c) 16–17 August 2006 Tungurahua eruption (eruption C), (d) 6 February 2008 Tungurahua eruption (eruption D). Solid
black lines represent the progressive ensemble averaged PSD of 10 min data segments (only one 6.6 min data segment in
a). Dashed lines represent the background noise spectra immediately prior to or after each eruption signal (peak at
!0.2 Hz in ambient noise for a and c is the microbarom peak). Blue lines in c represents the final hour of signal. The
spectra have been corrected for instrument response. Vertical dashed lines indicate lower frequency limit of flat
instrument response (3 dB point). Solid red and gray lines show the large-scale and fine-scale turbulence similarity
spectra [Tam et al., 1996] respectively, with peak frequency and power adjusted for comparison to data.
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1980 eruption of Mount 
St. Helens Volcano, USA



C H A N G E  I N  P E A K  F R E Q U E N C Y

St =
fDj

Uj

Raikoke Volcano

Before After

Before

After After

Ulawun Volcano

f = Peak Frequency

Dj =

Uj =

Jet diameter

Jet velocity

St = Strouhal Number



S U M M A R Y

• Infrasound provides high time resolution of timing and intensity 
and maybe useful for anticipating Plinian phase 

• Observe infrasound frequency drop for both eruptions 

• Decrease in infrasound frequency likely due to increase in vent diameter 

• Pre- and post-eruption satellite imagery show increase in crater 
diameter supporting interpretation of infrasonic frequency changes 

• Increase in crater diameter relative to decrease in infrasonic frequency 
suggests volcanic jet velocity also increased


