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Abstract

The ongoing activity of Mount St. Helens provides an opportunity to study the infrasonic wavefield produced by an active,
silica-rich volcano. In late October 2004, as a pilot experiment for the Acoustic Surveillance for Hazardous Eruptions (ASHE)
project, we deployed two infrasound arrays, each co-located with a broadband seismometer and weather station, to continuously
record seismo-acoustic signals from Mount St. Helens. The nearest array, Coldwater, was deployed on the northern flank of the
volcano, ∼ 13 km from the summit. The second array, Sacajawea, was deployed ∼ 250 km east of the volcano, at a distance where
stratospherically ducted acoustic waves may be expected during the winter. This paper presents an overview of the experimental
setup, and preliminary results from this unique data set. Eruptions on January 16th 2005 and March 9th 2005 produced strong
infrasonic signals. The aseismic January 16th eruption signal lasted ∼ 9.4 min beginning at ∼ 11:20:44 01/16/05 UTC, while the
March 9th eruption signal lasted ∼ 52.8 min beginning at ∼ 01:26:17 03/09/05 UTC, with the main steam and ash venting stage
probably lasting ∼ 7.2 min. The March 9th signal was an order of magnitude larger than the January 16th signal, and was clearly
recorded 250 km east at the Sacajawea array. Infrasonic expressions of long period (LP) seismic events (‘drumbeats’) have also
been intermittently observed, and are recorded as acoustic waves mimicking the waveform and temporal sequence of their seismic
counterparts. These acoustic observations provide important constraints for source models of long period events and eruptions.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In this document, infrasound refers to acoustic
energy traveling through the atmosphere at frequencies
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below the 20 Hz hearing threshold of the human ear. A
large variety of natural and man-made phenomena pro-
duce infrasound, including avalanches, meteors, ocean
waves, tornadoes, auroras, earthquakes, atmospheric
nuclear tests, rockets, and supersonic aircraft (Bedard
and Georges, 2000; Hedlin et al., 2002). The study of
infrasound produced by volcanoes has a long history
tracing back to 1883, when low frequency pressure
signals from the eruption of Krakatoa were recorded on
barometers distributed around the globe (Strachey,
1888). Almost a century later, infrasound radiated
from the 1980 Mount St. Helens eruption was used to
estimate the explosive yield of the main blast (e.g. Reed,
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1987). The utility of dedicated infrasonic observations
close to volcanoes has now been well established (e.g.
Yamasato, 1997; Garcés and Hansen, 1998; Garcés
et al., 1998, 1999; Hagerty et al., 2000; Ripepe and
Marchetti, 2002; Johnson et al., 2003; Garcés et al.,
2003; Johnson et al., 2004; Green and Neuberg, 2005;
Johnson and Aster, 2005). However, to date, most
volcano-infrasound studies have focused on small
Strombolian-type explosions, simply because this type
of activity is most abundant and reliable. Consequently,
very little is known about the infrasound produced by
large eruptions from silica-rich volcanoes. In addition, a
large number of volcano-infrasound studies have
acquired data using networks of low-cost microphones
deployed near active vents (Johnson et al., 2003). Data
acquired in this way are prone to wind noise and have
a limited ability to discriminate volcanic sources of
infrasound from other sources, although some progress
has been made in this area (Johnson et al., 2006).
Furthermore, microphones deployed close to vents are
at risk of being destroyed during eruptions (Moran et al.,
in press), causing data loss at critical moments. The use
of infrasound arrays as remote monitoring systems
yields significant advantages in wind noise reduction
and signal discrimination, as well as the ability to
observe explosive eruptions at a safe distance.

The 2004–2006 eruption of Mount St. Helens
(Dzurisin et al., 2005) has come at a time when the
science of infrasound is modernizing rapidly. The 1996
Comprehensive Nuclear Test Ban Treaty (CTBT) has
resulted in the ongoing deployment of a 60-station
global network of infrasound arrays comprising part of
the International Monitoring System (IMS) (Hedlin
et al., 2002). After the third international workshop on
volcanic ash and aviation safety in Toulouse (2003), the
International Civil Aviation Organization (ICAO)
requested that State Signatories of the Comprehensive
Nuclear Test-Ban-Treaty (CTBT) investigate the use of
the IMS for eruption warnings. In response, the
Geological Survey of Canada (GSC), in collaboration
with US infrasound experts in academia, developed the
ASHE project as a proof of concept experiment to
determine if timely eruption information could be
provided to the Washington DC Volcanic Ash Advisory
Center (VAAC). Mount St. Helens is currently an ideal
active volcano with which to test the ASHE concept.
Therefore, in late October 2004, the University of
California, San Diego (UCSD), in collaboration with the
GSC, began a pilot experiment consisting of two
infrasound arrays recording seismo-acoustic signals
from Mount St. Helens. This deployment has resulted
in an excellent and unique volcano-acoustic data set.
Mount St. Helens is also one of the most closely
monitored volcanoes in the world, observed by almost
every geophysical and geological method. Consequent-
ly, the ongoing eruption of Mount St. Helens provides a
unique opportunity to use state-of-the-art infrasound
arrays to study pre-eruption and eruption signals pro-
duced by a silicic volcano, with the aim of integrating
and cross-correlating these observations with existing
seismic, geodetic, visual, and gas measurements. In this
paper, we outline the experimental setup and present
preliminary results from this infrasound data set. The
research described in this paper was conducted with the
support of the ASHE program, and adds to the growing
body of literature on this subject, including work by
researchers in Indonesia, Madagascar, France, Australia
and the US who have studied the acoustics of volcanoes
in the Indian Ocean and the Pacific for ash monitoring
and basic research (Brown et al., 2005; Fee et al., 2005;
Rambolamanana et al., 2005; Guilbert et al., 2005).

2. Data acquisition

In late October 2004, UCSD, in collaboration with
the GSC, deployed two infrasound arrays to record
signals from Mount St. Helens. The nearest array, Cold-
water, was deployed on the northern flank of Mount St.
Helens (Fig. 1), ∼ 13 km from the summit. This array is
located in a young forest owned by the Weyerhaeuser
forest products company and provides a direct line-of-
sight into the crater, as well as excellent low-noise
recordings of acoustic signals from the volcano. The
second array, Sacajawea, was deployed in Sacajawea
State Park near Kennewick, WA, ∼ 250 km east of the
volcano (Fig. 1 inset). At this location, ray tracing for a
typical winter atmosphere predicts that stratospherically
ducted acoustic waves from Mount St. Helens would be
recorded at the array. Each array consists of four
MB2000 (DASE/Tekelec) broadband aneroid micro-
barometers arranged in a centered triangle with an
aperture of ∼ 100 m (Fig. 2). The array element loca-
tions are known to within 50 cm accuracy by differential
GPS. Connected to each microbarometer are four
∼ 15 m microporous hoses, which act as a spatial filter
to preferentially sum coherent acoustic energy, and filter
out spatially uncorrelated noise from wind turbulence
(Hedlin et al., 2003). The central element is co-located
with a Guralp CMG-40T broadband seismometer and
Vaisala temperature, ultrasonic wind velocity, and wind
direction sensors. The infrasound data sampled at 40 Hz
have a flat response between 100 s and 17 Hz. The data
are digitized using a 24-bit Nanometrics Polaris Trident
digitizer and transmitted in real-time to a hub in Ottawa,



Fig. 1. Location of the Coldwater array (red triangle) with direct line-of-sight to Mount St. Helens ∼ 13 km away. Black lines indicate the range of
azimuths corresponding to Mount St. Helens as observed at Coldwater. Inset shows the location of both Coldwater and Sacajawea arrays in relation to
Mount St. Helens and the northwestern US.
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Canada and then to UCSD for archiving and analysis.
Both arrays were withdrawn from the field on March
27th 2005 as the equipment was needed for another
experiment. They were reinstalled on August 13th 2005,
and continue to operate at the time of writing.

3. Advantages of infrasound arrays

Microbarometer arrays offer significant advantages
over conventional networks of microphones. Primarily,
arrays have the ability to discriminate signals on the
basis of azimuth, and conventional or adaptive beam-
forming techniques may then be applied to boost the
signal to noise ratio of signals from a particular azimuth.
Secondly, arrays yield the ability to estimate the phase
velocity of signals, and therefore separate purely acous-
tic energy from mechanical shaking of the sensor by
seismic energy. This ability to detect, discriminate, and
enhance faint signals allows the array to be located at
greater distance from the volcanic edifice. In turn, this
enables more flexibility in site selection, so the array
may be located in a wind-protected site such as a forest
(Garcés et al., 2003). In contrast, sensors placed on top
of a volcanic edifice are typically exposed to strong and
variable winds, often obscuring the signals of interest.
The microporous hoses attached to each array element
also serve an essential role in suppressing wind noise,
which exists at smaller spatial scales than coherent
infrasound (Hedlin et al., 2003). This combination of
spatial filters, wind-protected site selection, and array
processing, is fully effective in separating coherent
infrasound from incoherent wind noise.

4. Array processing with the progressive
multichannel correlation method (PMCC)

The ambient infrasound field is rich and diverse,
consisting of many forms of coherent and incoherent
‘noise’ that are simultaneously recorded with volcanic
infrasound. We use the term clutter to describe coherent
infrasound from sources other than the one of specific
interest. To separate volcanic signals of interest from this
background clutter, we use the progressive multichannel
correlation method (PMCC). A detailed description of



Fig. 2. Schematic of the Coldwater array geometry. Four MB2000
microbarometers (black triangles) are arranged in a centered triangle
(depicted by red dashed lines). The central MB2000 is co-located with
a Guralp CMG-40T broadband seismometer (blue triangle) and met
station. Connected to each microbarometer are four ∼ 15 m
microporous hoses (not shown) acting as a spatial filter. The Sacajawea
array has a similar layout.
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the PMCC algorithm can be found in Cansi (1995),
Cansi and Klinger (1997), and Garcés et al. (2003).
PMCC uses correlation in the time domain to determine
the time-delayΔt between different groupings of sensors
i, j, k. Detections are assessed by seeking small values of
r in the closure relation:

rijk ¼ Dtij þ Dtjk þ Dtki

A detection is registered if the consistency r is below
a threshold value. This calculation is initially performed
on a subset of three array elements, resulting in an initial
azimuth and slowness estimate. Additional subsets of
array elements are then progressively included in the
calculation. If this results in a significant variation in the
azimuth, velocity, or origin time estimate of a particular
detection, the detection is discarded. The PMCC
calculation is repeated for a series of time windows, at
a designated number of frequency bands. The final
result is a list of arrival times, azimuth of arrival,
frequency content, speed, and amplitude of any coherent
energy traveling across the array. PMCC provides an
easy way to identify signals of interest from a very large
amount of data. Once identified, we take a closer look at
the waveforms using beamforming and other conven-
tional signal processing techniques.

Array processing with the PMCC algorithm provides
the ability to discriminate between signals from Mount
St. Helens and clutter because each source of infrasound
arrives with a unique azimuth, frequency content, ampli-
tude, and speed.We primarily use arrival back azimuth to
initially identify infrasound sources. For example, Fig. 3
shows a summary of PMCC detections at the Coldwater
array between November 1st and 16th 2004 in the
frequency band 1–5 Hz. The plot is typical of the data
collected throughout the entire deployment. At all times
we observe high frequency (3.5–5 Hz) cultural noise at
∼ 200° (city of Portland) and ∼ 240° (town of Kelso/
Longview), and lower frequency (∼ 1 Hz) signals from
the Pacific Ocean (between 250° and 360°). The 2–3 Hz
detections at ∼ 153°, most notably between Julian days
313 and 318, turned out to be swarms of LP signals from
Mount St. Helens (discussed below). The degree of
scatter in the azimuth values for the separate sources is a
complicated function of array response (array geometry),
signal frequency content, signal to noise ratio, signal
duration, wind conditions, source–receiver distance, and
point source vs. distributed source effects, and is beyond
the scope of this paper.

5. Results

5.1. Overview

The Coldwater and Sacajawea arrays were deployed
at different distances to observe signals at close proxim-
ity and long range, respectively. The aim of this con-
figuration was to demonstrate infrasonic monitoring at
regional distances as part of the ASHE project. This
paper presents results from the first deployment
(October 30th 2004 to March 27th 2005). Data from
the second deployment (August 13th 2005 to present)
are not discussed in this paper. Observations at the
Coldwater array have included: (1) infrasound associ-
ated with long period (LP) seismic events (‘drumbeats’);
(2) infrasound associated with well-documented erup-
tions on January 16th and March 9th 2005 and (3)
infrasound occurring prior to the January 16th 2005
eruption, which may be linked to pre-eruptive processes.

The Coldwater array also recorded clutter in the form
of low frequency noise from the direction of the Pacific
Ocean, and high frequency cultural infrasound noise
coming from the direction of the city of Portland, and
other surrounding settlements (Fig. 3). Given the∼ 1 Hz
frequency content of the Pacific detections, these signals
are likely surf generated infrasound (Arrowsmith and
Hedlin, 2005; Garcés et al., 2006). The signals from the
urban areas (Portland and Kelso/Longview) could be
generated by a number of sources, including airplanes
during takeoff and landing at airports, power plants,
traffic noise, or other industrial activity.



Fig. 3. Summary of PMCC detections at the Coldwater array, showing the arrival azimuth and frequency content (color) of coherent infrasound
signals between Nov 1st and 16th, 2004 in the band 1–5 Hz. The continuous stream of high frequency (3.5–5 Hz— red dots) infrasound detections at
∼ 200° and ∼ 240° point directly at the nearby settlements of Portland (OR) and Kelso/Longview (WA). The lower frequency (1 Hz — dark blue
dots) detections from a distributed source to the West (between 250° and 360°) point towards the Pacific Ocean. The bursts of 2–3 Hz detections at
∼ 153° (especially between JD 313 and 318), turned out to be swarms of LP signals from Mount St. Helens. Plots like this give an overall picture of
the characteristics of all of the separate infrasound sources recorded by the array at a given time, allowing one to identify signals of interest for detailed
data analysis.
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The Sacajawea array clearly recorded the March 9th
2005 eruption signal — the largest of signals produced
by the volcano during the deployment (Figs. 8b and 9b).
Sacajawea was subject to continuous infrasound from a
nearby wind farm. This noise took the form of
continuous droning propeller noise appearing at multi-
ple discrete frequencies (Fig. 8b). This wind farm clutter
was not loud enough to obscure the March 9th 2005
eruption signal, and was unambiguously detected using
array processing.

5.2. Infrasonic long period events (drumbeats)

Seismicity during the 2004–2006 eruption of Mount
St. Helens has been characterized by a sustained
sequence of long period (LP) seismic events (0.5–
5 Hz, Chouet, 1996) occurring beneath the dome. More
specifically, the events are hybrid LP events (Lahr et al.,
1994) owing to their broader band signal onset. These
hybrid LP events have also been named seismic
‘drumbeats’ because of their highly repetitive and regu-
lar nature and constant delay time between successive
events (Moran, 2005). Our observations show that these
LP events have intermittent infrasonic twins. We define
infrasonic twins as infrasonic arrivals with waveforms
mimicking the seismic event waveforms and arriving
after the seismic event with a velocity and time-delay
appropriate for an acoustic wave. A clear example of
this occurred in November 2004. Fig. 3 shows a sum-
mary of PMCC detections between November 1st and
16th 2004 in the frequency band 1–5 Hz. Bursts of
2–3 Hz detections coming from the direction of Mount
St. Helens (∼ 153° — see Fig. 1), occur between Julian
days 313 and 318 (November 8th and November 13th
2004). To examine these detections more thoroughly,
Fig. 4a shows 1 h of beamformed infrasound data from
November 11th, 2004, compared with the co-located
vertical seismic record. Both the infrasound and seismic
data were filtered 2–4 Hz to isolate the LP signals. The
infrasound beam is computed using a conventional time-
delay beamformer (DeFatta et al., 1988), where the array
gain in signal amplitude due to beamforming has been
set to unity. The same beamformer is used throughout
this article. Fig. 4b shows an expansion of 500 s of the
record shown in Fig. 4a (indicated by box in Fig. 4a). In
the lower box of Fig. 4b, the acoustic and seismic
records have been amplitude-normalized, and the
acoustic trace has been time-advanced by 38 s, the
approximate time-delay for an acoustic wave following
a seismic wave if both were simultaneously sourced at
the volcano 13 km away. Once aligned in this manner,
the infrasound signals mimic the seismic waveforms in



Fig. 4. (a) One hour of vertical seismic (top, red) and beamformed infrasound (bottom, black) recordings of LP events (drumbeats), on November
11th, 2004. Both series are filtered 2–4 Hz. The similarity of the two records is striking. Box indicates the time range covered in (b). (b) 500 seconds
of vertical seismic (top, red) and beamformed infrasound (middle, black) LP events from the time indicated in (a). In the bottom panel, both signals
have been amplitude-normalized, and the infrasound beam (black) has been time advanced by 38 s (predicted time-delay for the 13 km distance) and
overlain with the co-located vertical seismic data (red). The infrasound waveforms mimic the seismic waveforms in amplitude and relative arrival
time — indicative of a common source mechanism.
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amplitude, sequencing, and duration. However, the
characteristic long period coda observed in the seismic
waves is less prominent in the infrasonic records. PMCC
results and beamforming at a range of velocities show
that the signals are propagating at acoustic velocities and
are not caused by vibration of the pressure sensor by
passing seismic waves. The amplitudes of the infrasonic
LP events are typically ∼ 8×10−3 pascals (Pa).

Not all seismic LP events have associated infrasonic
twins. In November 2004 (Fig. 3), the infrasound twins
were observed for 5 days between November 8th and
November 12th. For the following 2 days they were



Fig. 5. Infrasound beam and its corresponding spectrogram (upper two panels), compared to the co-located vertical seismic channel and
corresponding spectrogram (lower two panels) for the January 16th, 2005 eruption observed at Coldwater. The time series data are shown filtered
1–10 Hz. The eruption is distinguished by a clear infrasonic signal between ∼ 1300 s and ∼ 1800 s. The eruption is preceded ∼ 500 s prior by two
seismic LP events without infrasonic twins. No significant seismicity is associated with the eruption.

Fig. 6. Summary of PMCC detections spanning ∼ 36 h prior to the eruption on January 16th 2005. Each coherent infrasound detection is plot at its
arrival azimuth and color-scaled for its mean frequency. The main eruption is observed as a small cluster of blue (∼ 2–3 Hz) dots at the appropriate
time. Beginning at ∼ 00:00 01/16/05 UTC, a stream of coherent infrasound events are detected for ∼ 7 h from the direction of Mount St. Helens
(∼ 160°).

255R.S. Matoza et al. / Journal of Volcanology and Geothermal Research 160 (2007) 249–262



Fig. 7. PMCC analysis of a 20-minute selection of the pre-January 16th eruption infrasound detections depicted in Fig. 6. The top four panels show
the frequency content of the signal vs. time, color-shaded according to the parameter labeled on the right-hand side. Correlation is that between
different sensors of the array. Amplitude, azimuth, and speed describe how the signal propagated across the array. The lowermost four panels show the
sensor time series data. The events have low signal to noise ratio and cannot be distinguished in the raw waveform data. However, PMCC clearly
detects coherent energy at ∼ 2–3 Hz coming from the direction of Mount St. Helens (∼ 160° indicated by lime green in the azimuth panel).
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absent, after which they reappeared for a further day on
November 14th. The seismic channel was constantly
recording LP events during this time.

5.3. Eruption infrasound

Two eruptions occurred during the November 2004–
March 2005 deployment: on January 16th and March 9th
2005. The January 16th 2005 eruption occurred during the
night, while the volcano was visually obscured by cloud
cover. This eruption was effectively aseismic, so the only
evidence that an eruption had occurred was loss of radio
contact with USGS instruments deployed in the summit
region, and visual evidence of ash deposits the following
morning (http://vulcan.wr.usgs.gov). TheMarch 9th 2005
eruption was a larger, dominantly phreatic (Moran et al.,
in press), explosive eruption that produced a plume of
steam and ash in the atmosphere extending∼ 9 km above
the dome. The infrasonic signals from both of these
eruptions were recorded in full, with an excellent signal to
noise ratio, on all four sensors of the Coldwater array
(Figs. 5,8a,9a). The March 9th eruption was also clearly
recorded on all four sensors of the Sacajawea array (Figs.
8b and 9b). In each case, PMCCprocessing yields a signal
arriving directly from the direction of the summit area
(Figs. 6 and 9).

5.3.1. January 16th 2005 eruption
Fig. 5 shows the beamformed infrasound data,

compared with the co-located vertical seismic channel
from the Coldwater array during the January 16th 2005
eruption. The data are shown filtered 1–10 Hz. The
infrasound signal from the January 16th eruption, lasted
∼ 9.4 min starting with an emergent onset at ∼ 11:21:22
UTC and ending at ∼ 11:30:47 UTC. Note that the
travel time for infrasound from the volcano to the array
is ∼ 38 s, so the inferred eruption onset is ∼ 11:20:44
UTC. The maximum amplitude of the infrasound signal
at Coldwater was ∼ 0.065 Pa.

The January 16th eruption was also preceded by
∼ 7 h of coherent infrasound detections coming from the
direction of Mount St. Helens. Fig. 6 shows a summary

http://vulcan.wr.usgs.gov


Fig. 8. (a) Waveforms and spectrograms for the March 9th 2005 eruption sequence observed in co-located infrasound (top) and vertical seismic
(bottom) sensors at the Coldwater array. The seismic data consist of highly repetitive, discrete LP events occurring before and after the eruption, and
merging much closer together during the eruption. In contrast, the infrasound data consist of a quasi-continuous ‘roar’ of sound observed only during
the eruption. An initial ∼ 7.2-minute stage with increasing amplitude might result from rapid gas thrusting. This amplitude drops off suddenly and is
replaced by a ∼ 45.6-minute coda with three distinct sections (see text) which may reflect the subsequent evolution of the gas plume or less vigorous
venting from the volcano. Much of this coda contains spectral peaks at ∼ 1.5 Hz, ∼ 2.5 Hz and other frequencies. (b) The March 9th 2005 eruption
signal as observed at the Sacajawea array,∼ 250 km east of Mount St. Helens. The beamformed infrasound data are shown filtered 1–5 Hz. Impulsive
signals at the beginning of the record are noise on one channel of the array (see Fig. 9b). The lines of constant frequency present in the spectrogram are
continuous harmonic windfarm propellar noise. However, a clear signal originating from the direction of Mount St. Helens begins at ∼ 2500 s
(∼ 01:40 UTC), and lasts ∼ 18 min until ∼ 3500 s (∼ 01:58 UTC).
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of PMCC detections at the Coldwater array, spanning
∼ 36 h prior to the eruption. Each coherent infra-
sound detection, regardless of amplitude, is plotted as
a dot and color-coded for its frequency content. The
main eruption is observed as a small cluster of light blue
dots (∼ 2–3 Hz) at ∼ 11:21:22 UTC. Beginning at
∼ 00:00 01/16/05 UTC, a stream of coherent infrasound
events are detected for ∼ 7 h from the direction of
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Mount St. Helens (∼ 160°). The detections are not
associated with an increased level of seismicity and are
not infrasound twins of LP events. The main burst of
activity ends∼ 5 h prior to the eruption. Fig. 7 shows the
results of detailed PMCC analysis on 20 min of these
signals. The events are of low signal to noise ratio and
cannot be distinguished in the raw waveform data.
However, PMCC is capable of detecting signals with a
low signal to noise ratio. Further work will be required
to unravel the significance of these detections.

5.3.2. March 9th 2005 eruption
Fig. 8a shows data recorded at Coldwater during the

March 9th 2005 eruption. The top two panels show the
beamformed infrasound data and its corresponding
spectrogram, while the lower two panels show the co-
located vertical seismic channel and its spectrogram.
The time series data are shown high pass filtered N1 Hz.
Fig. 9a shows the results of detailed PMCC analysis on
this time window. The March 9th 2005 eruption signal
was initially observed at Coldwater at 01:26:55 UTC,
with a coherent signal detectable for ∼ 53 min until
02:19:48 UTC. Themajority of the energy is below 5Hz,
though the signal is fairly broadband across the
infrasound range. The lower amplitude detection at
∼ 01:20 UTC is not sourced byMount St. Helens (wrong
azimuth). The waveform is constructed of about four
distinct stages. The first stage lasts ∼ 430 s between
01:26:55 UTC and 01:34:06 UTC (1615 s to 2045 s on
Fig. 8a), and consists of a rapid increase in pressure
oscillation amplitude up to a maximum of ∼ 0.54 Pa,
followed by a sudden drop in pressure amplitude. We
interpret this to be the duration of rapid gas thrusting,
during which the volcano was ejecting steam and ash at
high velocity. At 2045 s, a second broadband packet of
energy is present, abruptly terminating at 2515 s. This
is followed by a third, lower amplitude stage (2515 s
to 3520 s) with spectral structure evolving between
∼ 2900 s and 3520 s to include higher frequencies.
Finally, after 3520 s, a low amplitude coda rings on for
∼ 20 min, which is clearly identified in the PMCC
analysis (Fig. 9a).

There is some spectral structure evident in the latter
three stages. Well-defined spectral peaks at ∼ 1.5 Hz,
Fig. 9. (a) Detailed PMCC analysis of the March 9th, 2005 eruption signal. T
the frequency content of the signal vs. time, color-shaded according to the
different sensors of the array. Amplitude, azimuth, and speed describe how the
sensor time series data. A coherent signal associated with the eruption, and co
panel) is detected for ∼ 52.8 min from 01:26:55 UTC until 02:19:48 UTC. Th
not sourced by Mount St. Helens (wrong azimuth). (b) Detailed PMCC anal
array,∼ 250 km fromMount St. Helens. A coherent signal associated with the
the azimuth panel) is detected for ∼ 18 min from ∼ 01:40 UTC until ∼ 01:
and ∼ 2.5 Hz are present in every stage after the initial
∼ 430 s ‘gas thrusting’ stage along with other transiently
appearing spectral peaks. The peaks at ∼ 1.5 Hz and
∼ 2.5 Hz are most visible in the final ∼ 20-minute stage
(Fig. 8a). These subsequent stages may correspond to
either the evolution of the gas plume as it continued to
generate infrasound by turbulent convection, or a lower
amplitude jetting noise associated with slower, steadier
venting.

Fig. 8b shows the beamformed infrasound at Sacaja-
wea. The time series is shown bandpass filtered between 1
and 5 Hz. Impulsive signals at the beginning of the record
are noise local to channel 1 of the array (Fig. 9b). The lines
of discrete constant frequency present in the spectrogram
are a record of continuous windfarm propeller noise.
However, a clear signal originating from the direction of
Mount St. Helens begins at ∼ 01:40 UTC, and lasts
∼ 18 min until ∼ 01:58 UTC. The signal is easily
distinguished from the background noise by the arrival
azimuth derived from PMCC and its spectral signature
(Fig. 9b). The signal has essentially the same frequency-
domain characteristics as that recorded at the Coldwater
array, though much of the energy above 10 Hz has been
attenuated. In the time domain, approximately the same
waveform structure is apparent, though the amplitude has
diminished to ∼ 0.05 Pa, and the detectable signal is
shorter. The signal arrives at Sacajawea ∼ 13 min later
than at Coldwater, which is consistent with the 250 km
geographic distance between the array sites. A more
detailed look at these arrival times and relative amplitudes
using propagation through atmospheric velocitymodels is
necessary to discern the exact propagation path and
attenuation characteristics of the pressure wave. This is
beyond the scope of this paper and will be addressed in a
future publication.

6. Discussion

6.1. Infrasonic long period events

The observation that the source that generates LP
events also generates infrasound is of high significance.
In November 2005, an observer standing in the summit
region reported feeling seismic LP events, and hearing
ime range is identical to that shown in Fig. 8. The top four panels show
parameter labeled on the right-hand side. Correlation is that between
signal propagated across the array. The lowermost four panels show the
ming from the direction of Mount St. Helens (lime green in the azimuth
e lower amplitude detection preceding the eruption at ∼ 01:20 UTC is
ysis of the March 9th, 2005 eruption signal observed at the Sacajawea
eruption, and coming from the direction of Mount St. Helens (purple in
58 UTC.
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associated acoustic ‘booms’ (Seth Moran, CVO/USGS,
personal communication). This suggests that close to the
volcano, at least some of the energy is also in the audible
acoustic range (N20 Hz). LP events are often modeled
by an initial pressure excitation mechanism, followed by
a coda resulting from resonance in a fluid-filled conduit
or crack (Chouet, 1985, 1988, 1992, 1996; Garcés,
1997; Neuberg et al., 2000). LP events may also be
considered the impulse response of the resonant tremor-
generating system (Chouet, 1985), although the excita-
tion mechanisms involved in both cases remain
incompletely understood (Chouet, 1996). The absence
of a prominent infrasound coda (Fig. 4b) may indicate
that the infrasound is more representative of the
excitation mechanism of LP events. Also, one must
explain the observation that not all seismic LP events
have associated infrasonic twins (Fig. 3, or compare
Figs. 4 and 5).

Infrasound twins of LP events could be sourced in
three ways: 1) direct seismo-acoustic coupling at the
ground–air interface by a ground-piston effect; 2) a
pressure excitation function in a fluid that produces
acoustic oscillations in the fluid (leading to seismic LP
events), and a pressure wave in the air (leading to
infrasound twins) or 3) a pressure disturbance accom-
panied by a rapid release of gas, which travels to the
surface through a permeable medium and generates
infrasound twins.

In case (1), the cessation and reemergence of infra-
sound twins could be attributed to factors influencing
the propagation of the seismic wave to the surface.
Examples of factors include changes in the source depth,
or magnitude, or changes in the impedance contrast at
the ground–air interface.

In cases (2) and (3), the switching on and off of LP
infrasound may reflect changes in the vesicularity and
permeability of the system, or contain information about
the fragmentation dynamics (Garces et al., 2004). Ob-
servation of infrasound twins would indicate that the
pathways for infrasound or gas transmission are more
open, while absence of infrasound twins would indicate
that the pathways are sealed. Further work will need to
focus on the role of earthquake magnitude and location
(particularly depth) in influencing seismic to acoustic
coupling, and a more detailed comparison of the seismic
LP events and their infrasonic counterparts in the time
and frequency domains is required.

Alternatively, variations in the detection of infrasonic
LP events may be controlled by variations in atmospher-
ic conditions between the volcano and the Coldwater
array, or a change in the background noise level at the
array. However, in many cases infrasonic LP events
emerge and disappear without correlation with wind
speed or direction, temperature, or a change in the
background noise level at the array, and without change
in detections from other sources (Fig. 3). This suggests
that this is a source effect, and not a propagation or a
detection (signal:noise ratio) effect. Moderate winds
induce azimuthal scatter in all detections at the array
simultaneously, while very strong winds result in the loss
of all coherent signal. This said, the wind sensor is co-
located with the array in the dense forest, and is
somewhat protected from regional winds. Therefore,
data on the atmospheric conditions along the propaga-
tion path between the volcano and the Coldwater array
are needed to fully rule out propagation effects. This
question could be addressed with the addition of an
exposed wind sensor between the volcano and the
Coldwater array, and perhaps the addition of infrasonic
sensors placed closer to the volcano. An array of sensors
would enable distinction between acoustic energy and
vibration of sensors by seismic ground motion (Moran
et al., in press) since the seismic — acoustic time-delay
would be shorter closer to the source.

6.2. Eruption infrasound

The observation of clear infrasonic signals associated
with the January 16th and March 9th 2005 eruptions is
encouraging from both a scientific and monitoring
perspective. Infrasound places tight constraints on the
exact timing of eruptive activity because a drastic surge in
infrasonic energy coincides with the eruption period. The
January 16th eruption further demonstrates the utility of
infrasound observations for monitoring, as the eruption
was essentially aseismic, and visually obscured by cloud
cover. In contrast, the acoustic record reveals a 7-hour
duration of heightened infrasound activity prior to the
eruption, and a clear record of the eruption itself. Equally,
the observation of the March 9th eruption at Sacajawea
(∼ 250 km away) indicates that infrasound can be used as
a long range monitoring tool for modest-sized eruptions,
even with relatively small aperture arrays.

Infrasound also provides a means to quantitatively
compare the power of eruptions (Johnson et al., 2003).
At Coldwater, the January 16th eruption signal reached
a maximum amplitude of ∼ 0.065 Pa. Assuming a
spherical spreading factor of 1/R for the 13.41 km
distance from volcano to array, the sound pressure level
∼ 1 m from the source would have been ∼ 872 Pa, or
∼ 153 dB re 20 μPa. If this sound were in the audible
frequency range, it would be as loud as a jet engine
during takeoff. The amplitude of the March 9th eruption
signal reached 0.54 Pa, an order of magnitude larger
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than that of the January 16th eruption. In this case, using
1/R to correct for spherical spreading, the sound
pressure level ∼ 1 m from the source would have
been ∼ 6571 Pa, or ∼ 171 dB re 20 μPa.

Figs. 5 and 8a also reveal that acoustic signatures of
eruptions are notably different from their seismic
signatures. For the March 9th eruption (Fig. 8a), the
acoustic signature was a four-stage, quasi-continuous
signal with evolving spectral structure. In contrast, the
seismicity consisted of an intense swarm of individual
LP events, merging closer together in time during the
eruption. The acoustic data may therefore represent the
shallower processes of pressure release, gas and ash
venting, and perhaps subsequent evolution of the
volcanic plume, and not the deeper processes that act
as seismic sources. In this respect, joint seismic and
acoustic studies are capable of reconstructing the entire
wavefield generated by the volcano. Waveform model-
ing of joint infrasound and seismic observations can
therefore lead to an enhanced understanding of the
physics of the eruption process.

7. Conclusions

Infrasound observations complement seismic obser-
vations, allowing one to record the complete wavefield
radiated by volcanoes. Mount St. Helens almost
continuously generated infrasound during the Novem-
ber 2004–March 2005 deployment. Infrasound twins of
long period (LP) events are closely related to their
seismic counterparts and must be sourced simultaneous-
ly, though not necessarily by simple seismo–acoustic
coupling. Future models of the source mechanism for
LP events should therefore explain the radiated infra-
sound. In contrast, infrasound observed during eruptions
is distinctly different from simultaneous seismic obser-
vations. The active gas and ash venting stage of the
eruption generates a very large, unambiguous surge in
infrasonic energy, which can be detected at long range
(at least 250 km). In contrast, the seismicity observed
during the eruption is of about the same amplitude as the
preceding seismicity. Infrasound can therefore play a
key role in separating surface processes from deeper
processes, and in identifying the timing and vigor of
eruptions. The infrasound array deployment at Mount
St. Helens will continue, and analysis of the resulting
data set will be further developed in future work.
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