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Abstract Data collected by a pressure sensor provide
new insights into the 1999 eruption of Shishaldin volcano,
Unimak Island, Alaska. On 19 April 1999, after 3 months
of unrest and an extended period of low-level Strombolian
activity, Shishaldin experienced a Subplinian eruption
(ash plume to >16 km), followed by several episodes of
strong Strombolian explosions. Acoustic data from the
pressure sensor allow us to investigate the details of an
eruption which was instrumentally well recorded, but
with few visual observations. In the 12 h prior to the
Subplinian phase, the pressure sensor detected a series of
small, repeated pulses with a constant spectral peak at 2–
3 Hz. The amplitude and occurrence rate of the pulses
both grew such that the signal became a nearly continuous
hum just before the Subplinian eruption. This humming
signal may represent gas release from rising magma. The
main Subplinian phase was heralded by (1) the abrupt end
of the humming signal, (2) several pulses of low-
frequency sound interpreted as ash bursts, and (3) a
dramatic increase in seismic tremor amplitude. The
change in acoustic signature at this time allows us to
precisely time the start of the Subplinian eruption,
previously approximated as the time of strongest tremor
increase. The 50-min Subplinian phase actually contained
several bursts of signal, each of which may represent a
discrete volume of magma passing through the system.
Following the Subplinian event, the pressure sensor
recorded four discrete episodes of Strombolian gas
explosions on 19–20 April and another on 22–23 April.
Four of the five episodes were accompanied by strong
seismic tremor; the fifth has not been previously recog-
nized and was not associated with anomalous tremor

amplitudes. In time series these events are similar to
explosions recorded at other volcanoes but in general they
are much larger, with maximum amplitudes of >65 Pa at
6.5 km from the vent, and they have low (0.7–1.5 Hz)
peak frequencies. These large explosions occurred at rates
of 3–20 per minute for 1–5 h in each episode. The
explosions were accompanied by a small (<5 km above
sea level) ash plume and only minor amounts of ejecta
were produced. Thus, the explosion activity was domi-
nated by gas release.

Introduction

Shishaldin volcano is one of six volcanoes comprising
Unimak Island, the easternmost island in the Aleutian arc.
Although the exact number of eruptions is uncertain,
Shishaldin has erupted at least 29 times since 1755,
placing it among the most active volcanoes in Alaska
(Miller et al. 1998). The most recent eruption took place
in April 1999, and was well documented by a seismic
network, remote-sensing satellites, a pressure sensor and
field visits.

There are two populated regions near Shishaldin
(Fig. 1). The nearest community, False Pass, is only
32 km away but its view of Shishaldin is blocked by
Roundtop volcano. As a result, most visual observations
of the 1999 eruption came either from the town of Cold
Bay, 90 km from the volcano (Fig. 1), or from pilot
reports (Nye et al. 2002). Observations of the eruption
were further limited by poor weather. Thus, understand-
ing the dynamics of Shishaldin’s eruptive behavior relies
on analysis of telemetered seismic, acoustic and satellite
data.

Studies of the 1999 eruption have focused on its
seismicity (Thompson et al. 2002; Moran et al. 2002),
geology (Stelling et al. 2002), appearance in satellite data
(Dehn et al. 2002) and eruption response (Nye et al.
2002). This paper presents data from the eruption as
recorded by a pressure sensor positioned on the volcano’s
north flank. We begin with an overview of the data and a
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summary of the eruption sequence as detected by a
variety of monitoring tools. Next we present several types
of acoustic signals recorded on the pressure sensor, and
interpret them in the context of the overall eruption. We
then use the acoustic data to develop a new detailed
chronology of the 1999 Shishaldin eruption, and to
evaluate the transition between Strombolian and Sub-
plinian eruptive activity. In short, data from the pressure
sensor offer a more detailed view of the 1999 eruption of
Shishaldin, and provide a window into eruptive processes
which could not be determined by other volcanic
monitoring tools.

Data collection

In July 1997, a network of six short-period seismometers
and one pressure transducer was deployed on Shishaldin
volcano, between 5 and 19 km from Shishaldin’s central
vent (Fig. 1), by the Alaska Volcano Observatory (AVO).
An additional six-station network was installed on
Westdahl volcano, west of Shishaldin (Fig. 1) in 1998.
Five of the six seismometers on Shishaldin are short
period (T= 1 s), vertical component geophones. The
station at SSLS is a three-component station with 0.5-s
period. The instrument used for detection of acoustic
signals is a Setra 239 differential pressure sensor co-
located with station SSLN on the volcano’s north flank
(Fig. 1). The pressure sensor has a flat response for
frequencies <100 Hz and sensitivity of 0.2 mV/Pa. It is
mounted on the eastern side of the instrument hut with a
downward-pointing intake tube. This is usually the
downwind side of the hut and, from this vantage point,

the instrument has a line of sight to the volcano’s summit.
Although the relative insensitivity of this instrument is
unfortunate (other pressure transducers used for volcanic
infrasound have sensitivities of ~10–500 mV/Pa), it
means that volcanic signals detected by the pressure
transducer were of significant (>5 Pa) amplitude. Data for
all instruments are telemetered to AVO in Fairbanks,
where they are digitized at 12 bits and sampled at 100 Hz.
The seismic data are analyzed at AVO in real time using
the IceWeb system (Benoit et al. 1998). Further analyses
for this paper were performed on archived data using
MATLAB and Datascope software.

Satellite monitoring by AVO is achieved via satellites
sensitive to thermal anomalies and volcanic plumes.
High-resolution data (1.1 by 1.1 km pixel size at zenith)
from an advanced very high resolution radiometer
(AVHRR) sensor are collected approximately 10–12
times per day. Geosynchronous operational environmen-
tal satellite (GOES) data are acquired approximately
every 15 min. The combination of seismic and satellite
data allow AVO to monitor the volcano’s activity even
when local visual observations are not possible.

Eruption onset and chronology

Eruption chronology is best documented by the seismic
and pressure data, both of which provide continuous
signals. The seismic signal consists of volcanic tremor
and earthquakes, whereas the pressure data consist of
three types of signal described below. Tremor amplitude
is represented by the reduced displacement (Dr), a
parameter which corrects for geometric spreading with

Fig. 1 Map of Shishaldin vol-
cano and Unimak Island, the
easternmost island in the Aleu-
tian arc. The seismic stations
surrounding Shishaldin and
Westdahl volcanoes are marked
with closed circles. Closed tri-
angles represent the two com-
munities nearest Shishaldin,
False Pass and Cold Bay. The
pressure sensor is co-located
with station SSLN on Shishal-
din’s north flank. The inset map
shows the location of Unimak
Island within the Aleutian chain
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distance to the seismometer. Dr has been shown to
correlate positively with volcano explosivity index (VEI)
and ash column height (McNutt 1994). Seismic tremor
was first observed on Shishaldin in February 1999,
coincident with observations of a puffing steam plume
at Shishaldin’s summit (Nye et al. 2002). In hindsight,
faint tremor was identified as early as January 1999, but at
the time was not distinguished from wind noise. A
thermal anomaly first seen at Shishaldin on 9 February
(all dates and times in UTC) persisted throughout the
period of unrest (Nye et al. 2002). Throughout the months
of March and April 1999, Dr steadily increased until 7
April when it reached levels commonly associated with
VEI=2 eruptive activity (5–7 cm2; Fig. 2). Unfortunately,
poor weather precluded visual or satellite observations of
the volcano at that time, so there was no confirmation that
an eruption accompanied this heightened activity. Tremor
amplitude returned to background levels (1–2 cm2) by 8
April. An increase in Dr was once again observed on 17
April and, on 18 April, AVO staff equipped with a
forward looking infrared radiometer (FLIR) observed
Strombolian eruptive activity on an overflight of
Shishaldin (Nye et al. 2002; Fig. 2).

Tremor amplitudes continued to rise throughout 19
April, with rapid increase beginning at 19:30 UTC
(Fig. 2). In the absence of visual observations to confirm
the timing of events, this increase in tremor amplitude has
been designated the initiation of the Subplinian eruption
(Thompson et al. 2002). Satellite imagery traced the
development of the resulting plume from 19:45–22:30
UTC as it rose to >16 km (Schneider et al. 1999). Dr
values decreased dramatically from 23 to 1 cm2 after the
Subplinian eruption, but increased again three times on
19–20 April, then once more on 22 April, eventually
surpassing the Dr values recorded prior to the 19 April
eruption. The strongest tremor recorded at Shishaldin
occurred between 5:00 and 10:00 UTC on 23 April
(Dr=43 cm2), after which time Dr values subsided
dramatically. Satellite data also indicate the strongest
thermal anomaly on 23 April – a 31-pixel anomaly
recorded by the AVHRR satellite (Dehn et al. 2002). With

corrections for zenith angle and topography, this trans-
lates to an area of ~25 km2, and confirms that hot material
was ejected at least 3–4 km from the summit. GOES
imagery at this time shows a small, ash-poor eruption
plume (Schneider et al. 1999; Nye et al. 2002). Tremor
levels remained low (<2 cm2) after 23 April, although
several small ash and steam plumes were observed in late
April and May. Although Strombolian activity was
observed a number of times during the month of April,
the Subplinian eruption of 19 April is believed to be
responsible for the vast majority of erupted material and
only a single deposit could be discerned in the field
(Stelling et al. 2002).

The combination of seismic and satellite data provide
significant insight into an eruption which was largely
hidden from visual observations. However, it is not
certain what kind of physical processes led to and
followed the main Subplinian eruption. Furthermore,
because seismic energy passes through the earth, it offers
a filtered view of source processes. To better address
these issues, we examine data collected by the pressure
sensor, which provides a more direct view of source
processes.

Acoustic data

There are three different signals detected by the pressure
sensor in 1999 which were associated with eruptive
activity. These are (1) a steady, 2–3 Hz hum; (2) a diffuse
broadband signal at the time of the Subplinian eruption;
and (3) discrete, repeating pulses lasting 1–3 s (Fig. 3).
We investigate each of these signals in turn to determine
their relationship to the volcano and what they indicate
about the eruption. We also use these data to determine
first-order conduit processes active during the eruption,
although a full quantitative analysis of these processes is
the subject of another paper.

Before deciding that a signal detected by the pressure
sensor is of volcanic origin, we must consider the
contribution of other sources to the pressure sensor

Fig. 2 Chronology of tremor
amplitude for April 1999. Three
main phases of tremor increase
occurred on 7–8, 18–20, and
21–23 April. Also noted are
times when eruptive activity or
thermal anomalies were ob-
served
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record. The pressure transducer was deployed in such a
way as to diminish wind noise, with a hose to the pressure
port oriented toward the ground and thus away from the
wind. Even so, wind cannot be completely ruled out as a
source of acoustic signals. Wind speeds are typically high
in the Aleutians, and background Dr has been shown to
correlate with wind strength measured at Cold Bay, 90 km
from Shishaldin (Nye et al. 2002). Cold Bay is the nearest
meteorological station, and we assume conditions there
are similar to those at Shishaldin. The appearance of wind
noise in the pressure record is therefore not well known.
Cold Bay wind data are collected hourly, so short-period
gusts are not reflected in the record, and wind azimuth is
recorded only once per day. Acoustic signal strength was
intermittently high during strong winds (>15 knot) on 19
and 21 April, but other days with high winds (e.g., the
afternoon of 24 April when wind speed in Cold Bay
exceeded 20 knot) show no anomalous pressure signal.
Most of the pressure signals discussed in this study
occurred only during times of known eruptive activity and
are believed to be directly associated with the volcano.

As a further check of a pressure signal’s volcanic
origin, we attempted to correlate signals detected by the
pressure sensor with signals found in the seismic record.
This process was complicated by the fact that during
much of the 1999 eruption, the seismic traces were
saturated (clipped), often masking individual signals.
Although seismic tremor amplitude generally increased

during the 2–3 Hz humming signal, no notable peak at
that frequency band is visible in the seismic data. Tremor
frequency was typically a broad peak between 0.5 and
3.5 Hz. The broadband signal which we attribute to the
Subplinian eruption is visible in both the acoustic and
seismic records. Furthermore, an increase in tremor
amplitude was observed whenever explosion signals were
seen in the acoustic data. Although saturation of the
seismic records was problematic, air waves correlating
with explosive signals were visible for some events on
one of the farther seismic stations, ISNN (Fig. 4). Because
ISNN is located ~8 km farther from the vent than is
station SSLN, the seismic data are offset by the approx-
imate travel time for an acoustic signal with velocity of
~320 m/s. We hoped to identify the preceding ground
waves associated with each air wave, but such events
were masked by strong tremor.

Humming signal

We begin by discussing the signal which most directly
preceded the Subplinian eruption. At ~7:00 UTC on 19
April, the pressure sensor recorded a low-amplitude,
nearly continuous “humming” signal (Fig. 3a). This signal
is strongly band-limited between 2 and 3 Hz. Between
7:00 and 19:30 UTC, signal amplitude increased by a
factor of 2, achieving maximum amplitudes of ~5 Pa at

Fig. 3a–c Time series and
spectrograms for the three dif-
ferent acoustic signals detected
by the pressure sensor during
the 1999 Shishaldin eruption.
a 2–3 Hz humming signal,
19 April 1999. Time series
begins at 19:00 UTC. b Broad-
band signal associated with the
main Subplinian eruption,
19 April 1999. Time series
begins at 19:35 UTC. c Discrete
events interpreted to be gas
explosions, 23 April 1999. Time
series begins at 7:30 UTC. For
all spectrograms, blue repre-
sents weak signal, yellow inter-
mediate, and red strong signals.
Note that the time series have
different horizontal and vertical
scales, whereas spectrograms
have the same vertical (fre-
quency) scales
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6.5 km from the vent in the half hour preceding the
eruption (Fig. 5). The strong spectral peak at 2–3 Hz
never changed throughout this time period (Fig. 6).

Closer examination of the hum shows that it is
composed of a series of explosion-like pulses (Fig. 7)
several seconds apart. Unlike other discrete signals
detected on the Shishaldin pressure sensor, most of these
events cycle through several wavelengths; other explosion
signals attenuate after a single wavelength. This suggests
either a source process which resonates for several cycles

or energy passage through a medium with relatively poor
attenuation.

To determine whether the signal was indeed repetitive,
we performed cross-correlation analysis and extracted all
events between 10:00 and 19:30 UTC which were similar
(coherence >0.9) to a reference event. We chose 10:00 as
the start time for the cross-correlation analysis because of
the relatively weak signal strength prior to that time. A
pulse which occurred just prior to the end of the humming
episode was selected as the reference event because it had

Fig. 4 Explosions detected by the pressure sensor (SSLN) and
airwaves recorded at seismic station ISNN. Explosions are marked
with an x and airwaves are marked with an a. The pressure sensor
trace begins at 10:03:10 UTC. The trace for station ISNN begins at
10:03:35, offset by 25 s (the travel time difference for air waves
arriving at the two stations) relative to the upper trace, so that the

explosion events are aligned. The seismic trace has been highpass-
filtered above 5 Hz to diminish signal from tremor and amplify the
appearance of the air waves. Ground waves resulting from the
explosions are masked by tremor and cannot be identified in the
seismic time series

Fig. 5 Number and amplitude
of “hum” events, 19 April for
the time period between 10:00
and 19:35 UTC. Both the num-
ber per unit time and amplitude
of these events increased with
time. The signal abruptly ended
4 min before the Subplinian
eruption at 19:39 UTC. The
events shown here are a subset
of hum events which were
selected for their similarity; all
events shown here were similar
(coherence>0.90) to a reference
event which occurred shortly
before the Subplinian phase
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Fig. 6 Power spectra for the
2–3 Hz hum. Spectra are cal-
culated for 30-min windows
preceding the Subplinian erup-
tion at 19:39 UTC on 19 April.
The amplitude of the humming
signal increases over the 4.5 h
shown, but the peak frequency
of 2–3 Hz remains constant

Fig. 7 Plots showing the 245
overlaid time series of normal-
ized 2–3 Hz signal in acoustic
data, and the stack of these 245
pulses. The signal retained its
waveform and power spectrum
throughout the ~12 h period
during which it was observed
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a strong signal-to-noise ratio, and the start and end times
were easy to define.In all, 245 events meeting these
criteria were found, and we observe that their amplitude
and occurrence rates increase with time (Fig. 5). In the
half hour prior to the end of the humming signal, the
pulses occur so frequently that they become nearly
continuous. We note that there may be other pulses
contained within the continuous record which do not
exceed the coherence criteria. Furthermore, because the
reference event occurred near the end of the episode, the
increase in event occurrence rate may simply reflect a
temporal change in event appearance toward that of the
reference event. Such a trend would suggest a source
slowly changing with time. Humming pulses which
occurred near the beginning of the episode were too
small to extract from the data without the cross-correla-
tion method and therefore could not be used as effective
reference events. However, we were able to repeat the
analysis for a reference event which occurred midway
through the sequence, and noted the same general
increase of amplitude and occurrence rate. Thus, the
analysis appears to be robust.

Subplinian phase

On 19 April at 19:25 UTC, after more than 13 h of
continuous amplitude increase, the 2–3 Hz hum began to
decline (Fig. 8, time A). At this time, several low
frequency (~1–2 Hz) bursts appeared in the pressure
record. This time precisely coincides with a dramatic
increase in tremor amplitude (Fig. 8). These data together
suggest a change in physical process. By 19:35 UTC, the
2–3 Hz hum has disappeared, and tremor amplitude
continues to build. At 19:39 UTC (Figs. 3b and 8, time B),
the pressure record reveals a strong, 14-min signal unlike
any of the signals previously detected by the instrument.
This signal is composed of a relatively broadband (1–
10 Hz) background over which is superimposed a series
of strong, low-frequency pulses at 1–2 min intervals. The
low-frequency (<1.5 Hz) portion of this signal continues
until ~20:30 UTC (Fig. 8, time C), at which point the
pressure record shows a shift to slightly higher (0.5–3 Hz)
frequencies. Seismic records show a similar pattern – a
strong broadband signal at 19:39 UTC, tapering to lower
frequencies and decreasing dramatically by 20:30 UTC.
Because satellite records indicate that this time period
coincides with the main ash-producing episode of the

Fig. 8 Spectrograms for the 3.5 h surrounding the Subplinian
eruption of 19 April 1999. The top panel shows data from the
pressure sensor. The bottom panel is seismic station ISNN for the
same time period (station SSLN, co-located with the pressure
sensor, clipped during this time period). Spectra are calculated for a
1,024-point signal (10.24 s), with 80% overlap. The data have been
highpass-filtered at 0.1 Hz to reduce microseism noise. Time A
(19:25) marks the end of the 2–3 Hz hum and the beginning of low-

frequency signals believed to be small ash bursts. Time B (19:39)
marks the broadband signal interpreted to be the onset of the main
Subplinian eruption. Time C (19:15) represents the tapering of the
second Subplinian pulse. Time D (20:28) denotes the beginning of
discrete signals interpreted to be Strombolian gas explosions. A
second burst of explosions begins at time E. Note the increase in
tremor amplitude coincident with the end of the 2–3 Hz humming
signal just after time A

411



eruption, we conclude that this ~50-min period represents
the Subplinian phase of the eruption.

Explosions

At 20:30 UTC, the broadband signal ceases and is
replaced by a series of discrete, impulsive pulses which
we interpret to be explosions caused by bursting gas
bubbles in the magma (Fig. 8, times D and E). Waveforms
for these events generally exhibit an initial low-frequency
oscillation often followed by a low-amplitude, higher-
frequency coda (Fig. 9). Explosion strength varies, but the
largest events on 19 April have amplitudes of ~10 Pa at a
distance of 6.5 km from the vent (Table 1). The

explosions occur at irregularly spaced intervals of 3–
20 s. Each explosion has a 1–3 s duration, so some events
with complicated waveforms may result from two or more
explosions closely spaced in time (<1 s), or may indicate a
more complex source process. We see no apparent
relationship between recurrence interval and event am-
plitude. These events are low frequency, with spectral
peaks between 0.7 and 0.8 Hz (Table 1).

The explosion signals continue until 23:45 UTC on 19
April. Similar explosions were recorded twice more in
this phase of the Shishaldin eruption – at 1:30–2:30 UTC
and at 7:55–9:30 UTC on 20 April (Table 1). Each of
these time periods corresponds to an increase in tremor
amplitude and decrease in tremor mean frequency, as
reported by Thompson et al. (2002). Thompson et al.

Fig. 9. a One-minute time series for explosions recorded on 19
April 1999, beginning at 23:06:10 UTC. These signals have a low-
frequency (0.7–0.8 Hz) onset. No coda is visible over background
noise. b One-minute time series for explosions recorded on 23 April
1999, beginning at 09:59:15 UTC. Most signals begin with a low-
frequency (1.3 Hz) pulse, followed by a higher-frequency (2–4 Hz)

coda. Vergniolle and Brandeis (1994) suggest that the low-
frequency signals represent gas bubbles vibrating at the magma–
air interface and that the high frequencies result from the bubble
popping. Although more explosions are visible for this particular 19
April segment, in general all eruptive episodes had similar event
occurrence rates

Table 1 Explosion data, Shishaldin volcano 1999 eruption

Episode start
time (UTC)

Episode
duration

Estimated
number
of eventsa

Event rate
(events per
minute)

Event peak
frequency
(Hz)

Event mean
amplitude
(Pa)

Event maximum
amplitude
(Pa)

Episode 1 19 April, 20:25 15 min 110 6.9 0.7 4 10
Episode 2 19 April, 21:00 2.75 h 1,090 6.6 0.7 4 8
Episode 3 20 April, 01:33 1 h 310 1.7 1.1 2 10
Episode 4 20 April, 07:55 2 h 530 4.6 1.3 1.5 5
Episode 5 22 April, 22:30 1.5 h 590 3.3 1.3 1.5 8

23 April, 00:00 3 hb 850 4.7 1.5 2 7
23 April, 05:00 5.25 h 2,200 7.0 1.3 10 66

a Events selected using short-term average/long-term average ratio b Few explosions visible at 03:00–05:00 on 23 April; pressure record
appears noisy at 0.5–3 Hz
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(2002) suggest that the frequency decrease indicates a
drop in the velocity of compressional waves in the
conduit, potentially related to an increase in magma gas
content (increasing the gas content changes the bulk
compressibility, thereby lowering the acoustic velocity in
the magma). The presence of explosions in the acoustic
data recorded during these time periods supports this
view.

Similar explosions were again recorded on the pressure
sensor on 22 and 23 April, at a time when Dr values were
escalating (Table 1). In fact, Dr values calculated on 23
April were the strongest ever recorded by AVO, exceed-
ing 43 cm2 (Thompson et al. 2002). The largest thermal
anomaly recorded during the eruption was observed in
AVHRR data at this time, indicating that hot material
covered ~25 km2 of Shishaldin’s flanks (Dehn et al.
2002). Explosion signals are common in the pressure
record after 22:30 UTC on 22 April, and continue until
10:15 UTC on 23 April (Table 1). Between 03:00 and
05:00 UTC on 23 April, few explosions are observed in
the pressure record, perhaps owing to a strong, 0.5–3 Hz
signal which is indistinguishable from noise. The explo-
sions recorded on 22–23 April are larger than explosions
recorded on the 19th or 20th, with maximum amplitudes
>60 Pa on 23 April, although they have higher peak
frequencies (~1–1.5 Hz; Table 1). Satellite data confirm
that a small ash plume was generated at this time, but no
distinct fall deposit was identified (Stelling et al. 2002). It
is probable that the explosions of 22–23 April did not
generate much ash but ejected small bombs and lava
fragments over much of the volcano’s flanks. This
widespread hot debris from both the observed ash plume
and Strombolian explosion ejecta accounts for the broad
thermal anomaly observed at that time (Dehn et al. 2002).

Discussion

The 1999 Shishaldin eruption is important for volcanol-
ogy in part because three types of eruptive activity
occurred – Strombolian eruptions were observed on 18,
21 and 22 April, a Subplinian eruption took place on 19
April, and strong Strombolian explosions caused by
magma bubble bursts were acoustically recorded on 19–
20 and 22–23 April (Fig. 2). It is important to note that
while all of the Strombolian phases of the eruption were
composed of discrete gas and magma bursts, the activity
on April 18 was significantly weaker and was not detected
by the pressure sensor. By contrast, the activity following
the Subplinian phase consisted of much more vigorous
explosions, each of which generated a strong acoustic
signature. Other small ash plumes were observed during
the period of unrest but only one, on 23 April, was timed
with sufficient precision to correlate with digital records
(no anomalous acoustic signal was observed at that time,
perhaps owing to the low sensitivity of the pressure
transducer). The fact that Shishaldin exhibited not only a
change from Strombolian to Subplinian activity, but also
returned to Strombolian behavior makes these transitions

particularly intriguing. It also suggests that Strombolian
behavior is the norm for Shishaldin (a point also cited by
Miller et al. 1998), and that something anomalous
occurred to trigger the Subplinian phase. The humming
signal recorded by the pressure sensor provides a small
window into the processes which triggered this explosive
phase.

The processes by which a basaltic volcano may exhibit
Subplinian or Plinian behavior are poorly understood.
When rocks from the 1999 eruption were sampled, no
distinction could be made between deposits produced
during the separate eruptive phases (Stelling et al. 2002).
Although it is possible that not all of the phases were
sampled, we infer that the magmatic chemistry did not
change significantly over the course of the eruption.
Instead, we believe that the different eruptive processes
resulted from changes in gas content, gas exsolution
processes or magma ascent rate.

Subplinian basaltic eruption mechanisms

Subplinian or Plinian basaltic eruptions have been
observed on only a few volcanoes, including Masaya
(Williams 1983), Tarawera (Walker et al. 1984), and most
notably Etna which has experienced 24 Plinian or
Subplinian eruptions in the past 13 ka (Coltelli et al.
1995). Sable et al. (2001) suggest that microlite crystal-
lization within the Etna conduit could result in an increase
in magma viscosity, thereby forming a cap rock and
trapping gasses within the fluid until the resulting
overpressure causes it to erupt explosively. While scoria
clasts from the 1999 Shishaldin eruption are microlite
rich, the relative paucity of microlites at the rims shows
that these crystals probably formed in flight and not
within the conduit (J. Gardner, personal communication
2002). Another concern with this model is that the
destruction of cap rock may be expected to generate a
significant impulsive infrasonic signal (Morrisey and
Chouet 1997), yet none is evident in our data. Another
possibility is that the vent at Shishaldin was blocked by
debris falling back into the summit crater, which then
blocked the escape of gas. However, the persistence of
Strombolian activity and the strong summit thermal
anomalies recorded in the days prior to 19 April (Dehn
et al. 2002) makes it unlikely that material within the vent
could cool sufficiently to block gas release. Coltelli et al.
(1995) and Houghton et al. (2001) propose that basaltic
Plinian eruptions may be caused by the rapid ascent of
magma, resulting in delayed and rapid vesiculation. The
possibility that magma ascent rate changed at Shishaldin,
such that bubbles and magma no longer rose differential-
ly, has also been discussed by Stelling et al. (2002). This
model is further supported by the increase in tremor
amplitude observed before the Subplinian event (Thomp-
son et al. 2002).
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Acoustic record of eruption transitions

But is this model supported by data from the pressure
sensor? The dominant signal in the 10 h leading up to the
Subplinian phase is the 2–3 Hz hum. The relative timing
of the 2–3 Hz hum and the Subplinian eruption, combined
with the gradual increase in the amplitude of each signal
pulse, strongly suggests that the hum results from a
volcanic process related to the impending Subplinian
eruption. Furthermore, the hum was not detected at any
time after the Subplinian phase, implying either that the
source of the hum was destroyed in the eruption or that its
source process was specific to the conditions preceding
the Subplinian phase. Although wind speed in Cold Bay
also increased during this time period, the end of the
humming signal does not appear to correlate with a
change in wind speed. We also note that while seismic
tremor amplitude did increase immediately prior to the
Subplinian phase, there does not appear to be any
significant change in tremor frequency or amplitude
during the time period in which the humming signal was
detected. Furthermore, although tremor is strong between
1 and 4 Hz, there is no notable peak at 2–3 Hz in the
seismic record (Fig. 8). No air phases are evident in the
seismic record, but any such signals may have been too
small to be detected over the strong seismic tremor
present at the time.

A potential cause of the humming signal is the opening
of a crack or valve near the top of the conduit, through
which gas can escape. In this model, a fracture is
repeatedly opened under pressure from rising gas within
the conduit. This model is appealing in that it explains the
similarity of the humming pulses (the same source is
operative throughout the humming episode). It is also
reasonable to expect that, as more gas rises through the
conduit, the valve opens more frequently. The nearly
continuous nature of the hum suggests that the valve was
set into continuous vibration just before the Subplinian
eruption. A similar phenomenon has been invoked for
“chugging” events at Karymsky volcano (Johnson and
Lees 2000). The geometry of such a source at Shishaldin,
however, is difficult to envision, given that Strombolian
eruptive activity was observed at the vent the day before,
and vent materials may not have cooled sufficiently to
form a coherent fracture.

A second possibility is that the pulses represent a
repeated bubble source such as that proposed for the
explosions which occurred after the Subplinian phase. In
contrast with the later explosions, however, the 2–3 Hz
pulses occur so close together that they overlap in time
series, effectively becoming continuous. This requires a
series of small bubbles rising simultaneously, rather than
individual bubbles which fill the conduit. Furthermore,
the appearance of the 2–3 Hz events in time series differs
from the explosions – each humming pulse has three
strong oscillations with a gradually tapering coda,
whereas the strongest part of the explosion signal rapidly
attenuates after a single cycle (compare Figs. 7 and 9).
This implies that if these signals are due to bubbles, they

were able to oscillate at the magma–air interface for
several cycles prior to bursting. Gas within these bubbles
is probably less overpressured during the hum than the
gas released in the later Strombolian phase of activity,
suggesting that the hum represents exsolution at shallower
depths. This signal may therefore represent the formation
of a gas-rich foam within the conduit, with small bubbles
of gas coalescing within the foam and rising more rapidly.
As the foam rises, more gas is exsolved, and more bubbles
leave the rising magma. The similarity in the waveforms
suggests that the bubbles coalesce to a similar size before
bursting. GOES images taken at 19:15 and 19:30 UTC
show the formation of a small steam plume well before
the Subplinian phase. We contend that this plume is the
product of 12 h of continuous degassing in the humming
phase.

At 19:35 UTC, the humming signal stops and the
pressure sensor records a few low-frequency pulses. This
change also coincides with a dramatic increase in seismic
tremor amplitude (Fig. 8). We infer that at this time, the
gas bubbles and magma rose at the same rate, with no
differential movement of discrete bubbles. Consequently,
a significant amount of activity was occurring within the
conduit but little acoustic energy was transmitted into the
atmosphere. The low-frequency pulses at this time may
represent preliminary ash bursts before the main Sub-
plinian phase.

In the absence of visual observations, the increase of
tremor at 19:35 UTC was originally interpreted as the
start of the Subplinian phase (Thompson et al. 2002). We
contend that the strongest burst of the Subplinian eruption
began at 19:39 UTC, when a strong broadband (1–10 Hz)
signal was recorded by both the pressure sensor and the
seismic network (Fig. 8, time B). Another possibility is
that the main Subplinian burst took place at 19:35 UTC,
but was not heard at the location of the pressure sensor.
During the 1980 eruption of Mt. St. Helens, a 100-km
“zone of silence” resulting from refraction of acoustic
waves in the atmosphere was formed around the moun-
tain, in which no noise from the eruption could be heard
(Fairfield 1980; Dewey 1985; Johnson and Malone 1997).
However, the presence of other signals from the
Shishaldin eruption show that sounds generated at the
summit of Shishaldin easily reached the sensor, rendering
this explanation less likely. Thus, we conclude that the
Subplinian eruption began at 19:39 UTC.

The Subplinian phase, as recorded by the pressure
sensor, continues for 49 min (Fig. 8, time period B–D),
corresponding to the time period designated as “Subplini-
an tremor” by Thompson et al. (2002). This time period
may be further divided into a broadband (1–10 Hz)
pressure signal lasting until 19:53, followed by ~10 min
of relative quiescence and then a 25-min low-frequency
(0.5–3 Hz) signal. Although there were no visual
observations of the vent at this time, we suggest that
these periods represent two consecutive bursts of magma.
Satellite observations also show several pulses of activity.
GOES images taken at 19:30 and 19:45 UTC show an
ash-poor plume whereas those taken after 20:00 UTC
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show a strong, ash-rich component. Observations of the
eruption plume by local pilots also suggest that the
Subplinian phase was composed of two bursts (Stelling et
al. 2002). It is possible that the broadband signal
corresponds to the ash-poor plume but it is more likely
that the first visible plume corresponds to gas release
prior to 19:39 UTC. The two bursts visible in the acoustic
record are likely not distinguishable within the satellite
imagery. Within each of these time periods, the acoustic
signal may be further decomposed into smaller units.
Again, we propose that each of these subevents represents
the eruption of a small volume of magma. No other data
are available to confirm whether the Subplinian phase was
in fact composed of multiple bursts, but a small ash plume
videotaped on an AVO overflight of Shishaldin on 23
April clearly erupts several discrete pulses of gas and ash
1–3 min apart.

During the final minutes of the Subplinian phase,
~20:25 UTC (Fig. 8, time C), the seismic record shows a
decrease in tremor amplitude. Signal persists at the
pressure sensor throughout this time, implying that energy
is being transmitted efficiently through the air but less so
into the ground. We suggest that this period represents a
transition time when no new magma was moving through
the conduit, but acoustic signals were still being generated
in the atmosphere by a previous pulse, now erupted. The
combination of data from seismic and acoustic sensors
thereby offers a means by which the progress of magma
may be traced as it rises through the volcano and
eventually loses coupling with the ground.

Gas bubble explosions

When the second low-frequency pulse diminishes at
20:28 UTC, it is replaced by the discrete pulses which we
interpret to be gas explosions (Fig. 8, time D). A short
episode of Strombolian explosions begins at time D with a
second, more prolonged episode initiating at time E.
There is no apparent difference in the pulses generated at
these times; they have identical power spectra and are
similar in time series. The first explosive episode,
however, is associated with weak seismic tremor (low
Dr) whereas the second and third pulses correlate with
high Dr values. This implies that the explosions which
took place in between 20:28 and 20:40 UTC coupled
poorly with the ground. This could indicate bubbles
bursting at the surface of a lava volume in Shishaldin’s
vent, while later explosions initiated deeper within the
conduit. We note that these episodes differ from the
periods of explosivity discussed by Thompson et al.
(2002) – the first pulse discussed in that paper is the one
initiating at time E. Thus, we have identified a new phase
of the eruption which was not previously known to have
occurred.

The explosions recorded on 19, 20, 22 and 23 April
bear strong resemblance to signals recorded at Stromboli,
Etna, Karymsky, Erebus, Sakurajima and Arenal volca-
noes, associated with gas explosions at the vent

(Vergniolle and Brandeis 1994, 1996; Ripepe et al.
1996; Rowe et al. 1998; Garces et al. 1999; Hagerty et al.
2000; Johnson and Lees 2000; Ripepe et al. 2001). In fact,
when viewed in time series, the waveforms of some
Shishaldin explosions exhibit sequences of compressions
and dilatations identical to explosions recorded at Strom-
boli in 1991 (Vergniolle and Brandeis 1994). In both
cases the time series shows a low-frequency oscillation,
with a small, higher-frequency signal superimposed just
after the first cycle (Fig. 9). The remarkable similarity
between the two pressure records suggests that the same
source process is at work on both Shishaldin and
Stromboli. Vergniolle and Brandeis (1994) suggest that
the signal is caused by a rising gas bubble, and that the
initial low-frequency signal is caused by oscillations of
the bubble rim at the magma–air interface.

Several methods have been proposed by which acous-
tic waveforms may be used to quantify gas flux at
volcanoes. Some of these methods (Firstov and Krav-
chenko 1996; Johnson 2000) are based on the relationship
described by Lighthill (1978), which states that pressure
fluctuations are proportional to the rate of change of mass
flux at the source. Thus, the second time integral of the
waveform, and the use of appropriate constants should
yield the amount of mass released. This method, however,
assumes that the entire waveform results from changing
rates of mass flux. If, in fact, the pressure trace is
generated by an oscillating bubble which has not yet
popped, the net gas flux is zero. Consequently, use of the
integrated waveform will overestimate the amount of gas
released by as much as several orders of magnitude. A
precise estimate of mass flux requires detailed modeling
of the bubble burst waveforms and is the subject of
another work. Here, we perform a semi-quantitative
comparison between the Shishaldin signals and those
recorded at other volcanoes.

Comparing acoustic signals recorded at different
volcanoes at different distances from the source requires
that they be measured on some standard scale. Johnson
(2000) recommends use of the “sound pressure level”
(SPL), a measure of signal strength at a fixed location
relative to the vent and measured in dB. SPL is defined by

SPL ¼ 20 log
DP

2� 10�5

� �
ð1Þ

where DP is excess pressure at a defined distance of 100 m
from the vent (Johnson 2000). A 10-Pa signal recorded by
the Shishaldin pressure transducer 6.5 km from the vent
(an average value for the 19 April Strombolian activity)
would have excess pressure of ~650 Pa at 100 m from the
vent, and a corresponding SPL of 150 dB. The largest
Shishaldin signals on 23 April, with DP=65 Pa, corre-
spond to an SPL of 166 dB. Johnson (2000) cites SPL
levels at 100 m for a range of volcanoes including Erebus
(SPL=145 dB), Karymsky (SPL=132 dB), and Sakurajima
(SPL=136 dB). The only example of a volcano with SPL
comparable to Shishaldin is the 1976 eruption of
Tolbachik (Firstov and Kravchenko 1996), with
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SPL=160 dB. Thus, even without detailed quantification
of gas flux, we can be certain that bubble bursts at
Shishaldin occurred at significantly higher pressures than
those at other volcanoes.

The second distinction between Shishaldin explosions
and those observed elsewhere is the spectral content.
Bubble bursts at Shishaldin have spectral peaks between
0.7 and 1.5 Hz (Table 1). By contrast, spectral peaks are
at 4–7 Hz at Stromboli (Vergniolle and Brandeis 1994),
3 Hz at Erebus (Rowe et al. 1998), and 2.5 Hz at
Karymsky (Johnson et al. 1998). This suggests that gas
bubbles at Shishaldin are significantly larger than those at
these other volcanoes, with radii estimated at 5 m and
lengths >10 m (Caplan-Auerbach et al. 2002). Although
the exact conduit geometry is not known at Shishaldin,
photographs taken on an overflight of the summit crater in
2000 show that the uppermost portion of the conduit is at
least 25 m in diameter (P. Stelling, photograph and
personal communication 2001). We assume that the
conduit flares near the summit, but still has a radius of
at least 5 m at depth. Even larger bubbles (~10 m radius)
have been occasionally observed at Erebus (Johnson
2000), so we feel confident that a 5-m radius is reasonable
for bubbles at Shishaldin.

Finally, we compare the occurrence frequency of
Shishaldin explosions to other events in the literature.
Shishaldin bubble bursts occur 3–20 times per minute
with an average of 6–7 events per minute (Table 1). More
frequent small signals may be lost in noise. Signal
amplitudes and recurrence intervals do not appear to
correlate. Some signals overlap in time series, suggesting
that two gas bubbles occupied the conduit simultaneously,
or that some bubbles underwent more than one oscillation
prior to bursting. In comparison, acoustic signals recorded
at Erebus occur several times per day, with occasional
swarms of several per hour (Rowe et al. 1998). Similar
bubble bursts at Stromboli and Etna have been recorded at
intervals of 1–2 s (Ripepe et al. 1996, 2001), although
several per hour are typical for Stromboli. Thus,
Shishaldin gas bubbles are larger, oscillate with larger
amplitude, and occur more frequently than bubbles at
these other volcanoes. They are therefore more energetic
and likely have higher gas flux. Although bubble bursts at
Stromboli and Etna may occur more often than at
Shishaldin, the gas bubbles are smaller and have lower
amplitude. Erebus bubbles are comparable in size but
occur less often.

In summary, an evaluation of Shishaldin acoustic
activity suggests that this volcano has a wide conduit and
is capable of producing large, energetic gas bubbles. We
believe that the large amount of gas and acoustic energy
released in the 1999 eruption explains the strong seismic
tremor recorded at that time. In many eruptions, tremor
amplitude has been found to correlate with VEI and ash
column height (McNutt 1994). The Shishaldin eruption of
23 April, however, was associated with very strong
tremor (Dr=43 cm2) but only a small, ash-poor plume.
The strength of the signal recorded on the pressure sensor
suggests that for Strombolian eruptions, reduced displace-

ment may be a better indicator of gas flux than ash
column height. A more complete understanding of
infrasonic signals is necessary before any of these signals
may be used in a predictive capacity, but the data hint at a
new means by which the state of the magmatic system
and ensuing eruptive behavior may be evaluated in near-
real time.

Conclusions

In spite of the fact that few visual observations were made
of the 1999 eruption of Shishaldin, a great deal of
information has been interpreted from seismic, satellite
and acoustic data. This combination of instruments
enabled us to monitor the transition from Strombolian
to Subplinian, then back to Strombolian eruptive phases.
In particular, the pressure sensor allowed us to investigate
the specific timing and nature of these transitions. A 10-h
period of 2–3 Hz acoustic humming at Shishaldin
preceded the Subplinian phase, and may represent the
release of a volume of gas from rising magma preceding
the explosive Subplinian phase. Following the 49-min
Subplinian eruption, which produced a broadband acous-
tic signal, the volcano returned to what appears to be a
more common eruptive mechanism for Shishaldin – a
Strombolian phase with massive gas bubble bursts. Four
episodes of Strombolian activity ensued on 19–20 April,
one of which was not associated with strong tremor and
thus was not previously recognized. An additional period
of explosivity occurred on 23 April, with explosions
which were significantly larger and more frequent than
similar events observed at other volcanoes. We suggest
that the strongly reduced displacement of volcanic tremor
recorded on 23 April may have been an indicator of high
gas flux, rather than ash column height. Shishaldin
exhibited an unusually wide range of eruptive behavior
over a period of 4 days. Future efforts will seek to model
the different phases of activity in greater detail.
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