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Abstract Tremor signals associated with the eruption of
Shishaldin Volcano on 19 and 23 April 1999 were the
strongest recorded anywhere in the Aleutian Arc by the
Alaska Volcano Observatory (AVO) in its 10-year histo-
ry. Reduced displacements (Dg) reached 23 cm? on 19
April and 43 cm? on 23 April. During the activity, Dg
and spectral data with a frequency resolution of 0.1 Hz
were computed and put on the World Wide Web every
10 min. These data are analyzed here. The general tem-
poral patterns of seismicity of these eruption events were
similar, but the eruptions and their effects quite different.
The 19 April event is known to have culminated in a
sub-Plinian phase, which gected ash to an altitude of
16 km. Despite higher amplitudes and the largest hotspot
from satellite data, the 23 April event produced little ash
reaching only 6 km altitude. For severa hours prior to
the sub-Plinian phase on 19 April, tremor with a peak
frequency of 1.3 Hz intensified. During the sub-Plinian
phase the peak frequency increased to 4-8 Hz. However,
in 15 h after the eruption, three episodes of stronger
tremor occurred with a lower 1.0-Hz peak, aternating
with weaker tremor with a 1.3-Hz peak. These transi-
tions correspond to Dg=~8 cm2. Although these strong
tremor episodes produced higher Dy, levels than the sub-
Plinian phase, data from a pressure sensor show that only
strong Strombolian explosions occurred. The suite of ob-
servations suggests three distinct tremor regimes that
may correspond to slug flow, bubbly flow, and sustained
strong eruptions, or a cyclic change in source parameters
(e.g., geometry, sound speed, or ascent rate). This behav-
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ior occurred at Shishaldin only during the April 1999 se-
guence, and we are not aware of similar behavior at oth-
er volcanoes.

Keywords Alaska - Shishaldin Volcano - Volcanic
tremor

Introduction

Shishaldin is the most active volcano on Unimak |Is-
land, and the second most active in the Alaska/Aleutian
Arc (Miller et al. 1998). A new seismic network was
installed by the Alaska Volcano Observatory (AVO) in
July 1997 (Fig. 1), consisting of six short-period seis-
mic stations; six additional stations were installed at
nearby Westdahl Volcano (60 km WSW) in July 1998.
A single pressure sensor is co-located with seismic sta-
tion SSLN (Fig. 1). These stations permit the first ob-
servations of seismic and acoustic activity associated
with an eruption of Shishaldin. In this paper, we give
an overview of volcanic tremor, focusing on data asso-
ciated with the initial stages of the explosive eruption
on April 1999.

Seismic and thermal unrest were noted in Janu-
ary—February 1999 (Nye et al. 2002, this volume), and
intensified in March when a vigorous earthquake
swarm occurred 15 km to the west (Moran et al. 2002,
this volume). On 7 and 14 April seismicity increases
may have been associated with small eruptions. Strom-
bolian lava fountaining was observed on 17 April (Nye
et al. 2002, this volume), and a sub-Plinian phase oc-
curred on 19 April lasting 50-80 min, followed by
three additional strong Strombolian phases. On 23
April, another eruption event occurred, producing a
large thermal anomaly (Dehn et al. 2002, this volume)
but only a weak ash plume. Mild eruptive activity con-
tinued until May 1999.

Vol canic tremor, a continuous vibration of the ground,
was observed before, during, and after the 1999 eruption
of Shishaldin. Tremor is a ubiquitous signal at active
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Fig. 1 Map of volcanoes (triangles), seismic stations (circles),
and settlements (squares) on Unimak Island, Alaska. All stations
have 1-Hz vertical geophones except SSLS, which has 2-Hz
3-component geophones. Station SSLN also has a pressure sensor.
The Westdahl network (not shown) is 47 to 63 km to the south-
west from Shishaldin's summit. Contour interval 3000 ft (914 m)

volcanoes and has been observed at over 160 volcanoes
worldwide (McNutt 1994b). Shishaldin tremor was first
observed at very low levels on 9 January 1999, and was
strong enough to be definite on 9 February 1999. The
tremor was more or less stationary from February to
April, gradually increasing in amplitude. Tremor in-
creased abruptly on 7 April to levels comparable to those
associated with eruptions elsewhere (reduced displace-
ment Dg=8 cm?), however, no confirmation of eruption
could be obtained due to poor weather. Tremor then re-
turned to lower levels, and began to increase again on 15
April. Visual confirmation of Strombolian activity was
obtained on 17 April, when the tremor level was
Dgr=2-3 cm?, again similar to values observed elsewhere
in association with minor eruptions. Examples of tremor
seismograms are shown in Fig. 2.

The VEI =3 eruptions that began on 19 and 23 April
had similar temporal patterns of seismicity, with slow
tremor buildups and abrupt ends, but the former pro-
duced a significantly larger ash column and the only sig-
nificant tephra deposit. During the 23 April event, trem-
or was strong enough to be recorded on the Westdahl,
Akutan and Pavlof Volcano seismic networks, the latter
two each about 160 km from Shishaldin. Reduced dis-
placement plots (Fig. 3) and spectrograms (Fig. 4) show
three distinct regimes of tremor suggestive of different
styles of eruptive activity from 19 to 23 April. Further,
the pressure sensor data also show different behavior for
the three regimes. Detailed analyses of the 19 April
tremor seguence are the main focus of this paper.

Data

AV O operates a network of six short-period seismic sta-
tions on Shishaldin. All stations have T=1 s vertical
component geophones (Mark Products L-4C) except
SSLS, which has T=0.5 s, 3-component geophones
(Mark Products L-22). All data are FM-radio telemetered
to the nearby towns of Cold Bay and King Cove, then
transmitted by telephone lines to AVO in Fairbanks.
There the analog signals are digitized at 12 bits and re-
corded continuously at a sample rate of 100 Hz on sever-
al different computer systems. A pressure Sensor is oper-
ated at one site, SSLN (Fig. 1). The data are telemetered
and recorded in the same manner as the seismic data.
Times given in this paper are UTC (Universal Time Co-
ordinated) and AST (Alaska Standard Time) where AST
=UTC-8h.

Shishaldin is one of 23 volcanoes that are monitored
in near-real-time using the lceWeb system (Benoit et a
1998; Thompson et a., in preparation). This system com-
putes frequency spectrograms and reduced displacement
(Dg) for three to six stations at each volcano, then up-
loads plots of these data to the World Wide Web every
10 min. Spectra are computed for 10-s windows of data
with 5-s overlap. Theindividual spectraare then replotted
as spectrograms of 10 min duration. Plots have a frequen-
cy resolution of 0.1 Hz. Dg is an absolute measure of
tremor amplitude (see the Appendix), equa to the maxi-
mum sustained rms ground displacement corrected for
geometrical spreading (Aki and Koyanagi 1981; Fehler
1983), and is related to ash column height (McNutt
1994a). IceWeb Dy plots show one data point every
10 min using a different color for each station. The verti-
cal scale of the web plots is logarithmic to help identify
eruption onsets, for which the signals are often observed
to increase exponentially, thus appearing as a straight line
on the plots. For this paper, data were replotted with alin-
ear vertical scale (see Fig. 3). Both spectral and Dy data
are archived and tools exist for creating plots of these da-
ta for any time period (e.g., Figs. 4 and 5). The pressure
data were not automatically processed on the Web, but,
instead, selected portions of data were analyzed to help
answer guestions posed during this study. A full treat-
ment of the pressure data will be the topic of a future
study (Caplan-Auerbach and McNutt, submitted).

Analyses and results

Spectrograms and Dg plots were available for seismic
data for the entire precursory and eruptive episodes.
Therefore, we examined the co-eruptive data in detail
and performed additional analyses on selected portions.
Spectrograms (Fig. 4b) hint at a change in the dominant
frequency of the tremor signal to a lower frequency after
the 80-min-long sub-Plinian phase on 19 April. When
these spectral data were analyzed in more detail it was
clear that there were several spectral peaks that varied in



537

oS |t s A ettt pom i A

sig WWWMWWWWM
ISTK SHZ - WW“WWWMMWWWW | \r/\\l'\f

4000cts —f
H40.0

SSLN SHP :_m it - TP -
ssm;jg ::mwwwwnfmfu VWA FWWMIWWWWN
sus i ettt e

4000cs —]

SSLS EGE :;W”WWWWWWWWWWWW’WW HWQWMTM'WW\
ssus sz e AN 1 o o o
BRPK SHZ {Wwﬁw
= SN S S N
ISHNEEIE {"\"ﬁw ‘ | i
ISTK SHZ W"u \N\FW\PW“’\WMJ\MMWM
ssmws('ﬁ;; | | i
ssu.s?jé - WWMMWMMWWWMWW
ssis T {W\/‘WWMWW i) W«fw i MW“ ol U \f'\w i N\
SSLw:H: {MWWWWMWWWW\!J\WW&W

Fig. 2a, b Examples of seismograms for Shishaldin volcanic Station locations are shown in Fig. 1; SSLN SHP is a pressure
tremor on 28 March 1999. Thirty-five (35) seconds of data are  sensor.
shown. a Normalized amplitudes. b True relative amplitudes.
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Fig. 3 Reduced displacement (Dg) for 4-24 April 1999 at Shish-
aldin Volcano. Data are from station SSLW. Dy has units of cm?
and is an absolute measure of tremor amplitude. The surface wave
formulation was used for this plot (see the Appendix). Strong Dg
accompanied eruptions on 19 and 23 April. AST =UTC-8h

Fig. 4a—c Spectrograms for the
three eruptive sequences on

7 April 19 April and 23 April.
Red for strong signal, blue for
weak signal, yellow for inter-
mediate values. Tremor fre-
quencies were dominantly
1-2.5 Hz. a Abrupt onset, grad-
ual fade. Dy, levelsindicate
VEI=2 eruption. No corre-
sponding deposits have been
identified. b Gradual onset
marked by Strombolian activi-
ty. Climaxed in a VEI=3 erup-
tion, which sent ash up to an al-
titude of ~16 km. Three pulses
of high-amplitude tremor after
initial phase. Abrupt end.

¢ Morerapid onset. Produced
the strongest tremor of the
Shishaldin unrest and the larg-

Strombolian
enuption

ISNN
Frequency (Hz)

1STK
Fraguancy (Hz)

their relative amplitudes, making it difficult to evaluate
if the suspected drop in frequency was real. However,
the spectrograms do suggest that the broad spectral ener-
gy was shifted to a lower frequency, and the best way to
investigate this is to look for changes in the mean fre-
guency of the signal.

Mean frequency (fmean) data were computed for
three stations — SSLW (10.1 km), ISTK (17 km), and
ISNN (14.8 km)- for a 36-h period beginning at 00:00
UTC on 19 April (16:00 h AST 18 April). These data are
remarkably well correlated (Fig. 6). The fmean on SSLW
is ~ 10% greater than that on ISTK and ~ 20% greater
than that on ISNN, perhaps because of path or site ef-
fects, but the patterns are amost identical and clearly re-
flect a strong source effect for the tremor. These data
show that rather than a single shift in tremor frequency
after the sub-Plinian phase on 19 April, there were in
fact several shifts over the following 16 h. Data from
outside the 0.5-5-Hz frequency band were excluded

Strombalian aruptions

est observed thermal anomaly,
but little ash. Two pulses of
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from this study to reduce non-tremor signal from ocean
microseisms and wind. Station SSLS stopped transmit-
ting data during the sub-Plinian phase on 19 April; it was
probably struck by lightning from the ash cloud. Station
SSLN was saturated (clipped) and so is excluded from
our analysis. These five stations were the only stations
on the lceWeb system and so are the only stations for
which the continuous spectral data exist.

These fmean signals were stacked to increase the sig-
nal-to-noise ratio and to enhance the source effect, and
plotted against a stacked reduced displacement trace for
the same three stations (Fig. 5). Four tremor signals were
identified from comparison of these fmean and Dy, traces
and are henceforth referred to as Strombolian, sub-Plin-
ian, vigorous Strombolian, and background tremor re-
spectively (see Table 1). The term “vigorous Strombol-
ian” is arelative term used only in this paper, for reasons

Fig. 4a—c (continued)
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explained below. Strombolian tremor occurred between
00:00-19:00 h UTC on 19 April (16:00 h 18 April to
11:00 h AST 19 April) and was characterized by slowly
increasing D <8 cm2, and fmean ~ 2.0 Hz. Sub-Plinian
tremor lasted from ~19:30-20:20 h UTC (11:30-12:20 h
AST) and was marked by a broadband (hence the rela-
tively high fmean ~ 2.4 Hz) tremor signal with maximum
Dr=23 cm2. Between 21:00 h UTC 19 April (13:00 h
AST) and 12:00 h UTC the following day (04:00 h AST
20 April) there then followed several cycles of alternating
vigorous Strombolian tremor (Dg>20 cm?, fmean
~1.7 Hz) and background tremor (Dg <8 cm?, fmean
~2.0 Hz). Tremor on 23 April was the strongest observed
by AVO in its 10-year history, and reached Dg=43 cm2.
(Data for station SSLW, shown in Fig. 3, were partialy
saturated on 23 April. Thisis the reason the plotted value
in the figure differs from that cited in the text.)
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Fig. 4a—c (continued)
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Dg isastandard method of normalizing volcanic trem-
or recorded at varying distance from a volcano to a com-
mon scale. Table 2 shows Dy values computed using both
the surface wave and body wave formulations (Aki and
Koyanagi 1981; Fehler 1983). For details of these calcu-
lations, see Appendix 1. We chose the surface wave for-
mulation as the long-term default; therefore, the plots
shown in this paper, and in Nye et a. (2002, this volume)
and Schneider et al. (1999) al use this default. However,

Fig. 5 Mean frequency (top) and reduced displacement (bottom)
versus time (AST=UTC -8 h) using stacked data from stations
SSLW, ISTK, and ISNN. The sub-Plinian eruption is characterized
by a high-amplitude signal with a high mean frequency. Prior to
thisis a gradually increasing signal with constant mean frequency.
After the eruption, bands of high-amplitude, low-mean-frequency
signal alternate with bands of low-amplitude, higher-mean-fre-
quency signal
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Table1 Parameters of volcanic tremor and explosions at Shishaldin, January to April 1999
Date Phase Dg2 Freg. Erupted volume Explosion rate, Explosion amplitude,
(cm?) (H2) (%108 m3) no. per 3 min, counts, stn. SSLN-P
stn. SSLN-P
Jan.—6 April Background 0.5-2 1-25 Negligible 0 -
7 April Strombolian 16 1-25 Not known 0 -
8-19 April Strombolian 0.5-5 1-25 Minor 0 -
19 April Sub-Plinian 46 3584 14 1-6 100
19 April Vigorous Strombolian | 48 0.9-1.2 Minor 48 120
19 April Background | 7 1-25 Negligible 0 40
19 April Vigorous Strombolian |1 40 12 Minor 26 130
19 April Background 11 5 1-25 Negligible 0 50
19 April Vigorous Strombolian Il1 36 0.8-1.2 Minor 23 90
19 April Background 111 <5 1.6 Negligible 1 60
23 April Vigorous Strombolian 89 1.2 Minorb 30 1,000

aPreferred values for reduced displacement (Dg) shown here; see
text and Table 2

preliminary analyses of waveforms on three-component
data show both body wave and surface wave contribu-
tions. Hence, our preferred values are averages of the two
and are shown in Tables 1 and 2. We have retained the
default values for the plots to avoid confusion with the
original data. Conclusions, however, are based on consid-
eration of all dataincluding the preferred values.

Based on frequency and Dg, Strombolian tremor be-
fore 19 April and low-amplitude tremor after the sub-
Plinian eruption may be the same. This conclusion is

b A large hot spot was observed in satellite data, but no discrete
deposit was found

supported by further spectral analyses. Spectral data for
each tremor signal were stacked to produce representa-
tive (smoothed) spectra (Fig. 7a). Spectral ratios were
also examined, using the Strombolian tremor as a refer-
ence spectrum (Fig. 7b). Spectra for both the Strombol-
ian and low amplitude tremor show a main peak around
1.3 Hz and the spectral ratio is close to 1 at al frequen-
cies. The high amplitude tremor signal has a much lower
frequency main peak from 0.9-1.0 Hz and is relatively
narrow-band. The sub-Plinian tremor signal is relatively
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Table 2 Shishadin Volcanic

tremor reduced displacement Date Phase Dg using surfacewaves  Dg using body waves — Preferred mean Dy
(Dg) April 1999 (cm?) (cm?) (cm?)
7 April Strombolian 8 24 16
19 April Sub-Plinian 23 69 46
23 April Vigorous 43 134 89
Strombolian

Fig. 7 a Smoothed spectra for
each tremor signal. b Spectral
ratios for strong tremor relative
to Strombolian tremor for the
19 April sequence. During the
sub-Plinian eruption, dominant
frequencies were 3.5-8.4 Hz,
with aminor peak at

0.9-1.0 Hz. During the three
later episodes of high-ampli-
tude tremor the 0.9-1.0-Hz
peak was dominant and a broad
secondary peak is evident be-
tween 4.5-6.3 Hz. Low-ampli-
tude tremor is essentially iden-
tical to Strombolian tremor as
indicated by the flat spectrum.
Data are from station ISNN
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Fig. 8a—f Pressure time series
500

543

SSLN:SHP 1999-04-19 1B:00:00

and spectrograms from station
SSLN pressure sensor.

a 19 April at 18:00h UTC
(10:00 h AST); Strombolian
activity. b 19 April at 19:50 h

UTC (11:50 h AST); sub-Plin- :l—-—-*—v.—#-—ump-n—
ian phase. ¢ 19 April at 23:05 h '

UTC (15:05 h AST); vigorous ‘
Strombolian explosions.

d 20 April at 01:00 hUTC

(17:00 h AST 19 April); back- |

ground Strombolian. e 20 April ""‘?ca;m
at 01:47 hUTC (17:47 h AST
19 Apiril); vigorous Strombol-
ian. f 23 April at 10:01 h UTC
(02:01 h AST); strongest ob-
served Strombolian explosions

Frequency (Hz)

16:01 18:02 18:03

UTC Time

18:01 18:02 18:03

UTC Tima

SSLN:SHP 1985-04-19 18:50:00

Frequency (Hz)

broad-band with the maximum spectral ratio occurring at
~6 Hz, and significant energy between 3.5 and 8.4 Hz.
This was determined by measuring the frequency band-
width at 50% of the amplitude of the maximum peak in
Fig. 7b.

The pressure sensor data provided key information
to resolve the differences in the tremor. Selected data
from each of the eruption phases described above were
analyzed by producing standard size time series plots

19:53
UTC Time

UTC Time

and spectrograms (Fig. 8, Table 1). Explosions could
be recognized as distinct pulses in the time series cor-
responding to ~1 Hz pulses in the spectrograms. We
found no explosions strong enough to be recognized
during the Strombolian activity on 19 April. No explo-
sions occurred during most of the sub-Plinian phase,
with a few recorded near the end (Table 1). When the
tremor frequency dropped and the amplitude increased
after the sub-Plinian phase, in every case explosions
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Fig. 8a—f (continued)
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occurred at high rates of 23 to 48 per 3 min (the win-
dow length in Fig. 8), and with high amplitudes (Ta-
ble 1). When the explosions stopped, the tremor fre-
quency returned to 1.3 Hz and the Dy declined. On 23
April, explosions occurred at a rate of 30 per 3 min,
and pressure amplitudes were nearly an order of mag-
nitude higher than on 19 April (Table 1). This provides
an explanation for the strong volcanic tremor observed

o:02 01:03
UTC Time

on 23 April, but accompanied by only a small plume to
6 km; vigorous Strombolian explosions were occurring
every 6 s, but the local seismic data were all saturated
so the airwaves could not be seen. In all cases the ex-
plosions produced significant energy at and below
1 Hz, both seismically and acoustically (Fig. 8 spectro-
grams), providing an explanation for the frequency re-
duction seen in the seismic data (Figs. 4, 5, 6, and 7).
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Discussion

The existence of three distinct tremor spectra and their
systematic relation to Dg suggests there may be three
distinct tremor source mechanisms. This was confirmed
by systematic differences of explosions in pressure data.
We infer that these correspond to different flow regimes
such as slug flow (Strombolian activity), sustained strong
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explosions with fracturing of vent fill (sub-Plinian
phase), and gas-rich bubbly flow (vigorous Strombolian
activity 19 and 23 April). The transition from one flow
or eruption regime to another may be caused by varia-
tions in gas flux, magma ascent rate, viscosity, or other
parameters (e.g., Jaupart and Vergniolle 1988; Parfitt and
Wilson 1995). Unfortunately, there is no record of how
any of these parameters varied during the course of the
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eruption. The tephra from the eruption formed a single
deposit with no discernible internal structure or varia-
tionsin clasts (Stelling et al. 2002, this volume).

These tremor signals could also be interpreted in
terms of a resonator model. Transition from high fre-
guency to low frequency tremor could be caused by ei-
ther an increase in the resonant length of the conduit or a
decrease in the sound speed of the fluid in the conduit.
Although the sub-Plinian eruption may have modified
the near-surface conduit geometry (we consider it to be a
“vent-clearing phase,” lasting only 80 min, but produc-
ing nearly al the erupted volume), this could only ac-
count for a single change in tremor frequency and would
be a non-repeatable source. However, a change in the
resonant length of the conduit does not necessarily imply
a change in conduit geometry. In order for resonance to
occur, pressure waves must be reflected at some upper
and some lower boundary. If the upper boundary is as-
sumed to be the vent, the lower boundary could move.
This lower boundary might reflect a sharp transition in
fluid properties, such as a bubble nucleation front.

The spectra from the 19 April sub-Plinian phase re-
semble spectra from earthquakes in that they are relative-
ly rich in higher frequencies (3.5-8.4 Hz). We speculate
that extensive fracturing of the conduit fill material may
have occurred. Under this scenario it is appropriate to
consider the volume change associated with seismic mo-
ment release as postulated by McGarr (1976). To do this
we computed the total seismic moment for the 80-min
eruption using the relation given by Fehler (1983). This
yielded a value of 15.3x10% N-m. Using the M, to vol-
ume relation of McGarr (1976) gives a volume of
13.3x10% m3, which is within about 10% of the volume of
the deposit (14x10°% m3; Stelling et a. 2002, this volume).
This calculation does not prove that fracturing occurred,
but the close agreement with the theoretical result helps
to establish plausibility. McGarr's relation has previously
been used to estimate cumulative M, for earthquakes as-
sociated with caldera collapse at Fernandina (McGarr
1976) and Katmai (Abe 1992) with good agreement. It
has not previously been used for tremor. We use it here
because of the spectral similarities of the sub-Plinian
tremor with earthquakes, and recognize that it may not be
appropriate to use this formulation for all tremor.

An additional possibility would be a change in the ve-
locity of the magma/gas mixture within the conduit. A
decrease in sound speed would occur if the volume den-
sity of bubbles in the conduit increased (Kieffer 1977).
This implies that during high-amplitude tremor bands,
the volume density of bubbles is higher than during
bands of low-amplitude tremor. This could either be be-
cause of decompression or a higher gas content. The
large explosions present in the pressure data strongly
suggest that this is indeed the reason for the lowering of
frequencies observed in tremor during the strong phases
following the sub-Plinian phase on 19 April. The pres-
sure data show the same low frequencies as the tremor.
The pressure data are not contaminated by path effects
that modify the seismic tremor, but instead are a more di-

rect measure of magmatic conditions at the vent. The
seismic and pressure data together provide a consistent
picture of some features of the eruptive processes, as has
been observed elsewhere (Garcés et al. 1998)

Conclusions

Volcanic tremor at Shishaldin was stationary from its first
appearance in January 1999, through an inferred small
Strombolian eruption 7 April, and up to 10:00 h UTC
(02:00 h AST) on 19 April 1999. Tremor signals recorded
in the hours prior to and immediately after a sub-Plinian
eruption at Shishaldin on 19 April 1999, show completely
different patterns of behavior. Prior to this event, tremor
with a constant spectrum gradually increased in ampli-
tude, and was observed to accompany Strombolian erup-
tive activity. After the 19 April event, alternating bands
of high-amplitude tremor and low-amplitude tremor oc-
curred. Further analysis of these aternating bands shows
that dramatic changes in tremor frequency occurred at the
same times. Tremor reduced displacements below ~8 cm?
correspond to a peak at 1.3 Hz. Tremor amplitudes above
~ 15 cm? correspond to a peak at 1.0 Hz. The systematic
changes in both amplitude and frequency coincided with
the occurrence of strong explosions as indicated by pres-
sure data. This pattern of seismicity did not occur at any
other time at Shishaldin, nor has it been noted at any oth-
er volcanoes known to us.

These tremor signals are intriguing as they may
reflect changes in eruptive style and flow regime within
the conduit. Further analyses of seismic and pressure sen-
sor data from the 19 April sequence may elucidate the re-
lationship between tremor amplitude and flow re-
gime/eruptive activity and provide valuable information
about how the transition from Strombolian to sub-Plinian
activity occurs. We also intend to study the geometry of
the magmatic system, and whether or how it was modi-
fied during the sub-Plinian eruption on 19 April 1999.
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Appendix
Calculation of reduced displacement

Reduced displacement (DR) is a normalized measure of the ampli-
tude of volcanic tremor, designed so that it can be compared from
one volcano to another. Normalization is performed by multiply-
ing the root-mean-square displacement seismogram by a geometri-
cal spreading correction factor. For body waves (spherical wave-



fronts), the geometrical spreading correction factor is r (Aki and
Koyanagi 1981), where r= distance from source to seismic station.
For surface waves (circular wavefronts), the geometrical spreading
correction factor is VAr (Fehler 1983) where |= wavelength.

In order to compute DR from digital data, we took 10.24 swin-
dows of the continuous data, and for each window we calculated a
displacement spectrum (with spectral resolution of 0.1 Hz) by fast
Fourier transform. We then multiplied this by a geometrical spread-
ing correction factor, to obtain an estimate of the reduced displace-
ment spectrum. We then isolated the tremor signal by choosing the
maximum spectral peak between 0.8 and 10 Hz as our volcanic
tremor DR. At Shishaldin, the evidence for surface waves versus
body waves was inconclusive (both appear to be present), so we
chose the surface wave formulation as a default for plots. However,
we also calculated the body wave values, and then averaged the re-
sults to give preferred values (see Table 2). For body and surface
waves we assumed speeds of 4 and 2 km/s, respectively. The depth
of the tremor source was assumed to be shallow (<2 km).

The formulations for DR are valid only for a point source re-
corded in the far field and attenuation and site effects are ignored.
Near field effects dominate at distances less than 1 wavelength
from the source, and result in faster decay of amplitude than pre-
dicted by geometrical spreading. The stations used in this study
were 10-17 km from the source. For a peak tremor frequency of
1 Hz, thisimplies that stations were at least 2.5 wavelengths from
the source for body waves, and 5 wavelengths for surface waves.
Hence near field effects are likely to be negligible for surface
waves, and have only a small effect on body waves.

Attenuation is not included in DR calculations, which is per-
missible because station distances at many volcanoes are similar
(about 5-15 km), thus providing a consistent basis for comparison.
However, attenuation is a well known effect and can be estimated
from exp(—prf/Qc; e.g., Del Pezzo et al. 1989). We did not calculate
Q from our data, but based on other studies (McNutt 1986; Del Pe-
zz0 et al. 1989), a surface wave Q of 50, and a body wave Q of 300
seem reasonable. Hence at a distance of 17 km, a surface wave
would be attenuated by 1-exp(—.17.1/50.2)=41%, and a body
wave by 1-exp(—p.17.1/300.4)=4.%. When surface wave and body
wave DR are averaged, the result would be an under correction by
about 20%, which is well within the uncertainty due to site effects.
In any case, Q isvery poorly constrained, so we feel it would bein-
appropriate to apply a correction for attenuation to our data. Its ne-
glect does not affect any of the conclusions of this paper.
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