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Abstract

The relative elastic energy partitioning during Strombolian eruptions can be estimated from acoustic pressure and seismic
velocity records. We outline methods for determining acoustic and seismic energies for sensors deployed within several
kilometers of erupting vents. We use these energies to introduce the concept of the volcano acoustic—seismic ratio (17, or VASR),
which is the ratio of elastic energy propagated through the atmosphere and into the earth. Eruption VASR is a physical
diagnostic of explosive degassing that is appropriate for comparing eruption mechanisms at individual and between various
volcanoes. Here we assess acoustic and seismic energies and corresponding VASR for discrete Strombolian explosive events at
Karymsky and Erebus Volcanoes. We attribute the relatively high and stable VASR at Erebus (=8, standard deviation 41%) to
repeatable source conditions occurring at the surface of a persistent lava lake, with accompanying strong coupling to the
atmosphere. Lower and more variable VASR at Karymsky (7=0.18 in 1998 to #=1.51 in 1991, with standard deviations of
93% and 313%, respectively) is attributed to changing conditions within a narrow, partially choked conduit. Variable seismo-
acoustic energy partitioning for Karymsky, as manifested by the large VASR standard deviation, suggests that conduit
conditions affecting VASR, which include magma properties, conduit obstruction, or fragmentation depths can evolve both
during the course of an explosion and between successive events.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 2003; Johnson et al., 2003; Rowe et al., 2000),
Stromboli (Ripepe et al., 1993), Karymsky (Johnson

Researchers at several active volcanoes, including and Lees, 2000) and Shishaldin (Caplan-Auerbach
Langila (Mori et al., 1989), Arenal (Garces et al., and McNutt, 2003), have noted widely variable par-
1998a; Hagerty et al., 2000), Erebus (Aster et al., titioning of seismic energy propagated into the
ground and acoustic energy propagated into the at-
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opposed to time-varying earth or atmospheric propa-
gation effects. Here we discuss some general issues
affecting this elastic energy partitioning using data
collected at two Strombolian-type volcanoes, Kar-
ymksy in Russia and Erebus in Antarctica. These
volcanoes have been selected because of the exis-
tence of quality seismo-acoustic data for a large suite
of discrete explosive events.

The first volcano, Karymsky, is the most active
volcano of Kamchatka’s eastern volcanic zone and
has generated both Strombolian and Vulcanian acti-
vity in recent decades. Most of the symmetric 800-m-
tall andesitic edifice has been constructed within the
last 2000 years (Ivanov et al., 1991). Since 1996,
Karymsky has been persistently in eruption, produc-
ing ash and ballistic-rich Strombolian-type explosive
events 5 to 20 times each hour (Johnson and Lees,
2000) and occasional block lava flows which have
reached the base of the cone.

The second volcano, Erebus, is another persistent-
ly active Strombolian-type volcanic system located
on Ross Island, Antarctica (Kyle, 1994). For at least
several decades Erebus has maintained an exposed
conduit in its inner crater, which appears as a small
(up to 40-m-diameter) lava lake of phonolitic com-
position (Dibble, 1994). Strombolian-type eruptions
at Erebus are readily seen in video records
corresponding to the intact delivery of single, or
occasionally multiple, slugs of gas with diameters
of up to ~7 m (Aster et al., 2003; Rowe et al.,
2000).

Simultaneous and co-located infrasonic and seis-
mic data have been collected at both Erebus and
Karymsky for several field seasons, with seism-
ometers and acquisition systems loaned by the Pro-
gram for Array Seismic Studies of the Continental
Lithosphere (PASSCAL). The infrasonic sensors
have been designed and constructed with help from
Pat McChesney of the University of Washington
(Johnson et al., 2003). Fig. 1 provides deployment
maps for the seismo-acoustic installations used in
these studies. Data presented here come from cam-
paign-style experiments conducted in Dec—Jan. of
20002001 (Erebus) and September 1998 and 1999
(Karymsky). During these experiments explosions
occurred at Erebus on average several times each
day and at Karymsky on average 5 to 20 times
each hour.

In principle, the relative elastic energies of acous-
tic and seismic wavefields may be quantified from
seismic ground motion and infrasonic pressure data
and used to provide physical constraints and general
insight into fundamental aspects of volcano degas-
sing. Here we explore how relative energy partition-
ing may be strongly controlled by the geometry of
the conduit/vent system, the volatile and multiphase
characteristics of the magma, the physical dimen-
sions of the source, and the extent to which the
system is disrupted. Although apparent variations
in seismo-acoustic energy partitioning may also be
caused by changing atmospheric conditions (Pierce,
1981), explosive events at volcanoes, such as those
at Karymsky (Johnson, 2000) and Arenal (Hagerty et
al., 2000), demonstrate systematically variable
seismo-acoustic energy partitioning over time scales
of only a few tens of seconds. These variations are
too rapid to be attributed to changing weather (i.c.,
atmospheric propagation effects).

Although elastic energy comprises only a few
percent of the total energy budget transferred during
explosive eruptions (McGetchin and Chouet, 1979),
radiated seismic and acoustic signals present conve-
nient observables for quantifying eruption conditions
and intensity. Most infrasonic microphones currently
used for volcano monitoring are capable of reliably
recording high-amplitude pressure perturbations in
the near-infrasound range (several seconds to 20
Hz) (Johnson et al., 2003). This is the bandwidth
that appears to contain the highest spectral energy
density for atmospheric airwaves due to small and
moderate-sized volcanic eruptions (Johnson et al.,
2004; M. Garces pers. comm., 2003; Vergniolle
and Brandeis, 1994). In the analysis presented
here we acknowledge that the frequency response
of our microphones (low-end corner frequency from
0.27 to ~4.5 Hz) may be somewhat limiting. How-
ever, we contend that consistent recording of the
eruptions with similar microphones permits robust
acoustic energy comparisons. We do not attempt to
quantify the absolute acoustic efficiency (ratio of
acoustic energy to explosive yield) for these erup-
tive events.

For seismic energy, the frequency response of
portable broadband seismometers, such as those
used in our campaigns, is adequate to record both
high-frequency (to tens of Hz) ground motions as
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Fig. 1. Maps of seismo-acoustic sensor deployment at: A) Erebus and B-C) Karymsky Volcanoes (1998 and 1999). Inverted triangles indicate co-sited broadband seismometers and
infrasonic microphones. Large triangles, marked ECON (2080 m from vent), KRY1 and KRM1 (1620 m from vent), KRM3 (1760 m from vent), and KRM9 (1820 m from vent),
denote sensor sites for data used in this study.
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well as very long period (VLP; 5 s and longer)
energy associated with explosion earthquakes. Exam-
ples of erupting volcanoes with observed VLP events
include Stromboli (Neuberg et al., 1994), Erebus
(Aster et al., 2003), Popocatepetl (Arcineiga-Ceballos
et al., 1999), and Merapi (Hidayat et al., 2002). VLP
events have been successfully modeled in Strombo-
lian systems as near-field signals caused by conduit
system mass transport processes (e.g., Chouet et al.,
1997). However, their energy content, compared to
the high-frequency bandwidth, is generally very low
and does not significantly increase seismic energy
estimates.

2. Estimation of acoustic energy

Acoustic energy radiated during volcanic eruptions
is relatively straightforward to evaluate from infraso-
nic pressure traces under simplifying assumptions.
Atmospheric infrasound propagates with a relatively
fixed velocity, ranging from 306 m/s at —40 °C to 355
m/s at 40 °C. For large eruptions in excess of Volcano
Explosivity Index 3 (VEI) (Newhall and Self, 1982),
such as Mount St. Helens (Mikumo and Bolt, 1985)
and Pinatubo (Tahira et al., 1996), significant atmo-
spheric gravity waves with periods of hundreds of
seconds may also be excited. However, high-intensity
gravity waves are not observed for small-scale Strom-
bolian and Vulcanian activity. Here we present and
analyze data from very small (VEI 0-1), discrete
eruptive events recorded across multi-element infra-
sound networks that have been installed within a few
kilometers of the vent. At these distances, infrasound
is well correlated across network elements, appears
non-dispersive, and suffers negligible source—receiver
intrinsic attenuation e.g., (Bedard and Georges, 2000).
A more detailed description of the deployed micro-
phone networks (Fig. 1), which included 3 and 5
microphones during the Karymsky experiments and
6 microphones at Erebus, is given in Johnson et al.
(2003).

Low-amplitude infrasound propagates with an
energy density that is proportional to the square of
the excess pressure (AP) divided by the air density
(Pammos) and sound speed (camos) (Pierce, 1981). As-
suming isotropic radiation, as from a point source
monopole, we can space—time integrate over a hemi-

spherical surface to estimate the total acoustic energy
radiated into the atmosphere e.g., (Firstov and Krav-
chenko, 1996; Johnson, 2003; Vergniolle et al., 2004):

27 2 /AP (1)

PatmosCatmos

Eacoustic =

To characterize the acoustic energy corresponding
to discrete Strombolian explosive events, we integrate
over a time window spanning the entire duration of
the acoustic transient. The integral is thus calculated
from the signal onset until the time when both seismic
and acoustic amplitudes have decayed to background
levels.

It is important to note that Eq. (1) assumes linear
sound propagation (infinitesimal excess pressure with
respect to ambient pressure), but non-linear propaga-
tion is conceivable in the near field for very energetic
explosions (Myagkov, 1998; Raspet, 1998; Reed,
1987). For non-linear pressure disturbances, radial
propagation will not yield a simple inverse relation-
ship between distance and excess pressure (Kinney
and Graham, 1985). In this situation, viscous and
molecular heat dissipation induce a rapidly decaying
acoustic pressure, invalidating Eq. (1) at distances less
than the linear elasticity radius. For intense eruptions,
non-linear atmospheric propagation may then result in
underestimation of the explosive source energy im-
parted to the atmosphere. It is also important to note
that Eq. (1) assumes a monopole source. Non-mono-
pole volcano acoustic sources have been proposed by
Woulff and McGetchin (1975).

Sound velocity anisotropy in the atmosphere is
another potential complication because inhomoge-
neous temperature and wind structure can very sig-
nificantly refract acoustic energy (e.g., Garces et al.,
1998b; Pierce, 1981; Reed, 1987). At distances
greater than a few kilometers, these effects can
cause excess pressure amplitude to be diminished
by several orders of magnitude or even induce
acoustic shadow zones (Reed, 1987). In these cir-
cumstances acoustic energy estimates would invari-
ably need to incorporate more detailed acoustic
propagation modeling. Nevertheless, isotropic radia-
tion may be suitable in many cases for microphones
deployed within a few kilometers of the vent. For
instance, during typical recording conditions at Kar-
ymsky and Erebus, the maximum peak-to-peak in-
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frasonic pressure amplitudes across the microphone
networks did not vary by more than a factor of ~2
within 2.5 km of the vent (Johnson, 2000; Johnson
et al.,, 2003). In practice, gain corrections may be
applied as weather-dependent site responses for
acoustic pressure sensors.

Acoustic and seismic background noise is nonli-
nearly correlated with wind speed (Hedlin et al.,
1999; Withers et al., 1996) and represents a perpetual
problem especially at volcanic infrasound installa-
tions. Array design and wind filters can minimize,
but not eliminate broadband wind noise (Hedlin and
Berger, 2002; Olson and Wilson, 1999). Nevertheless,
it is usually feasible via spectral analysis and multi-
disciplinary correlation (e.g., with seismic, video, and
microphone arrays/networks) to easily verify whether
infrasonic pressure transients should be attributed to
volcanic processes or to pulses of wind. For the
acoustic energy calculations presented in this manu-
script, we have taken care to select only low wind
noise acoustic data.

Finally, the limited frequency response of micro-
phones may influence estimates for acoustic energy
calculated from raw data. This is not a significant
issue when comparing energy estimates for a suite
of explosions at a single instrument, assuming a linear
system. However, the finite bandwidth must be
accounted for during the comparison of suites of
explosions recorded with a variety of different micro-
phones. Thus, for our data, known transfer functions
have been applied to the raw acoustic trace data. For
example, such an adjustment to extend the effective
corner frequency of the ECON microphone (from a
single pole corner frequency originally at ~4.5 Hz to
one at 0.25 Hz) accounts for an approximate three-
fold increase in acoustic energy values calculated at
this station. At Karymsky an approximate 1.05, 1.05,
and 1.8 factor increase in acoustic energy is registered
at KRY1 (corner at 0.27 Hz), KRM3 (corner at 0.27
Hz), and KRM1 (corner at ~2.5 Hz). These energy
scaling factors vary only slightly for different acoustic
waveforms depending upon the frequency content of
the infrasound. For the infrasonic data presented in
this paper, frequency responses and microphone sen-
sitivities (ranging from 42 to 200 mV/Pa) were both
determined in a calibration chamber utilizing an ab-
solute pressure transducer with known sensitivity and
flat response.

3. Estimation of seismic energy

Radiated seismic energy is more difficult to esti-
mate than the radiated infrasonic energy because the
elastic propagation Green’s functions are considerably
more complex, particularly in the complicated impe-
dance structures common in volcanic systems. An
additional complication is that the seismic field
includes P and S body waves as well as surface
waves. Furthermore, strong seismic site responses
created by near-surface conditions are common (e.g.,
Ruiz, 2003). Acknowledging these difficulties, we
adopt an approach that assumes velocity waveforms
are representative of the seismic kinetic energy den-
sity at a specific location on the volcano. Due to
equipartitioning, potential energy density is equivalent
to the kinetic energy density. Thus the total seismic
energy is proportional to the product of the volcano
density (pearn) and the squared particle velocity (U?)
integrated over the volcano volume. An elastic energy
equation analogous to Eq. (1), for an isotropic source
located at the top of a homogeneous half space can be
written as (e.g., Boatwright, 1980):

1
Escismic = 27T7’2peanhccarth2 /S2 U(t)zdf (2>

This equation incorporates corrections for seismic
site response (S) and attenuation (4), which are fixed
at unity for the datasets analyzed in this paper. To
characterize the seismic energy associated with a dis-
crete Strombolian event, we integrate over a time
window that corresponds to the entire duration of the
seismic transient. The integral is thus calculated from
the signal onset until the time when seismicity returns
to background levels. This interval may include sev-
eral discrete pulses as well as extended-duration trem-
or-like signal, but it provides a standardized method
for comparing discrete explosive events. For the data
presented in this paper, velocity traces were primarily
analyzed within a wide bandwidth of interest (0.5 to 12
Hz) to remove microseism noise and potential VLP
contributions, and to match the infrasound bandwidth.
Instrument sensitivities at Erebus (Guralp CMG-3 ESP
seismometers) were 2000 V/m/s and at Karymsky
(Guralp CMG-40 T seismometers) were 800 V/m/s.

Aside from site response uncertainty (uncon-
strained S), errors associated with Eq. (2) will arise
from: 1) the treatment of seismic velocity traces as
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pure body waves, 2) the assumption of radial, isotro-
pic seismic radiation, 3) assumption of negligible
attenuation, and 4) the assignment of a single fixed
P-wave wave velocity (Cearh)-

We adopt assumption #1 and 4 for processing
simplicity and because reduced displacement ampli-
tudes (Aki and Koyanagi, 1981; Fehler, 1983;
McNutt, 1994) recorded across the network of stations
at Erebus show a better fit for body wave estimates
than for surface wave estimates (Johnson, 2000).
However we acknowledge that ground motions pro-
duced during volcanic eruptions are a complex amal-
gamation of wave types and scattered energy. To
properly identify and differentiate the contributions
from body and surface waves produced during volca-
nic eruptions multi-element seismic arrays should be
utilized. For instance, a ~100-element seismic array at
Stromboli Volcano, a potential analog for Karymsky
and Erebus, indicated that body waves dominate be-
tween 0.5 to 2.5 Hz and surface waves dominate at
higher frequencies (for a sensor array located a com-
parable distance ~1.7 km from the vent) (Chouet et
al., 1998). At another volcano, Masaya, shallow
source seismic tremor radiation was found to be dom-
inated by body waves at close offsets (<1.5 km) and
by surface waves at further offsets Metaxian et al.
(1997).

Scattering of seismic energy invites further error
because Eq. (2) assumes radial propagation. Assump-
tion #2 is only appropriate if the scatterers are located
relatively close to the source (Hellweg, 2000). Ideally,
non-radially propagating seismic wavefield compo-
nents should have their corresponding apparent
wave speeds suitably reduced. Although seismic scat-
tering brings about this complication, it also acts as a
homogenizing influence in time-averaged observa-
tions because it compensates for azimuthal variations
caused by source directivity, anisotropy, and/or inho-
mogeneous structures. To encourage tractable seismic
energy estimates, we consistently process the Kar-
ymsky and Erebus seismograms assuming a predom-
inance of compressional body waves, with the bulk of
the energy propagating radially away from the explo-
sion source. This is consistent with the analysis of
eruption signals at Erebus by Dibble (1994) which
suggested that explosion seismic signals were domi-
nated by leaky trapped P-waves in the conduit system.
Because our energy estimates therefore correspond to

a P-wave-dominated seismic wavefield, they should
be strictly considered upper bounds. The seismic en-
ergy content will be overestimated if there is a large
surface wave component, if energy is not propagating
radially outwards, or if body wave velocity is over-
estimated. Confirmation of isotropic radiation and
wave type can be ideally realized through deployment
of seismometer networks at various distances and
azimuths from the seismic source. Experiments con-
ducted at Piton de la Fournaise indeed show clear
radial amplitude decay patterns with little azimuthal
dependence (Aki and Ferrazzini, 2000). The geomet-
ric amplitude decay for body waves is sufficiently
predictable that it can be used to locate source epi-
centers at this volcano, including long period events,
tremor, and rockfall (Battaglia and Aki, 2003).
Radiated seismic energy will dissipate due to both
intrinsic attenuation and scattering (e.g., Del Pezzo et
al., 2001). For the data presented here, which is
recorded at sites less than 2.1 km from the vents, we
assume this dissipation to be small. However, proper
assessment of attenuative energy loss will be necessary
for seismic stations located further from the vent. Not
accounting for geometric spreading, the attenuation of
a wave may be expressed by A(r) = e~/ (canQ)
where f'is the wave frequency and Q is a quality factor
often determined from experimental data (Aki and
Richards, 1980). Quality factors recovered at Etna
and Masaya are frequency dependent (i.e., Q=10 at
f=2Hz) (Del Pezzo etal., 2001; Metaxian et al., 1997).
Applying typical O values recovered from these vol-
canoes, we discover that omission of attenuation will
not likely diminish our seismic energy estimates by
more than a factor of 1.3 for the furthest station used in
the study (ECON, 2080 m from the Erebus vent).
Finally, we note that the seismicity may be contam-
inated by additional source processes, internal or ex-
ternal to the volcano, that may not be directly
associated with an eruption. VLP signals at Erebus,
for instance, precede the fragmentation event by se-
veral seconds and are attributed to buoyancy, reaction
force, and gravitational disequilibrium processes asso-
ciated with mass transport (Aster et al., 2003). For the
purpose of seismic energy calculations at Erebus, this
VLP seismicity often has only a small energy contri-
bution due to its corresponding low velocity ampli-
tude. For similar reasons, we attempt to disregard the
potential seismic contributions caused by ground-cou-



340 J.B. Johnson, R.C. Aster / Journal of Volcanology and Geothermal Research 148 (2005) 334-354

pled atmospheric airwaves. These high-frequency sig-
nals are commonly observed during Strombolian-type
eruptions (e.g., Ripepe et al.,, 2001), but have low
energy content in the Karymsky and Erebus datasets.
Ground-coupled airwaves are generally evident only in
seismic waveforms that have been high-pass filtered
(above 4 Hz) and even when so filtered comprise only
a few percent of the total waveform energy.

4. The Volcanic Acoustic—Seismic Ratio (VASR)

Using estimates of both acoustic energy (£,) and
seismic energy (Es), we can characterize the relative
partitioning of elastic energy into the atmosphere and
into the solid earth by introducing a volcanic acous-
tic—seismic ratio (VASR):

=2 6)
S
VASR is a non-dimensional parameter that may pro-
vide insight into the evolving eruption source, magma
characteristics, or conduit geometry for explosive
eruptions. It can be calculated for either the entire
duration of a discrete explosive event (as presented
in this paper) or as a time-varying quantity for ex-
tended-duration events. VASR offers potential to fa-
cilitate the inter-comparison of explosive behavior at
different volcanoes and to examine changing condi-
tions within a suite of explosive events at a single
volcano. Fig. 2 illustrates VASR alongside acoustic
and seismic energy estimates for examples of discrete
explosive events at Erebus and Karymsky. In these
analyses, and in subsequent figures, acoustic and
seismic energies have been calculated from calibrated
acoustic and seismic waveforms that have been band-
pass filtered between 0.5 and 12 Hz. Additional para-
meters used in our energy calculations are: paumes (1.2
Kg/m?), Cammos (340 M/S), Pearn (2000 kg/m?), and
Cearth (2500 m/s). Fig. 2C demonstrates the temporally
variable nature of VASR during an extended-duration
degassing event at Karymsky. Although a composite
VASR is calculated for this event using a 120-s win-
dow, it is readily apparent that if the two pulses were
separated into two separate discrete events (indicated
by the thick gray lines in Fig. 2C), they would indicate
dramatically different energy partitioning occurring
over very short time scales (~60 s). The rapid changes

n

in VASR suggest that the variations are source-related
and not due to changeable atmospheric structure, which
presumably occurs over longer time scales. For certain
long-duration events, it may be illustrative to calculate
VASR for successive time windows to examine the
time evolution of acoustic/seismic coupling.

Because VASR is sensitive to estimates of both
seismic and acoustic energy, it is important to consider
possible errors associated with each energy calcula-
tion. In the previous two sections, we outlined the
primary assumptions associated with energy calcula-
tions. For the acoustic wavefield, weather-dependent
anisotropic propagation will introduce the most sig-
nificant errors. An effective way to check for the
severity of this effect is to have multiple microphones
deployed at different azimuths and distances from the
vent. Fig. 3A compares acoustic energy estimates for
42 events at Karymksy recorded at two microphones
that were spatially separated by more than 2.5 km and
100° relative to the vent. During these time intervals,
the plume was affected by generally low winds (esti-
mated <10 m/s) and conditions at each recording site
were relatively calm. For the broadband acoustic sig-
nals (0.5 to 12 Hz), average acoustic energy estimated
at the two microphones varies by a factor of 1.2,
which is very small compared to the overall scatter
in VASR. Variations in calculated acoustic energy are
more notable for the high-frequency (4 to 12 Hz)
filtered acoustic signals. This is likely due to dimin-
ished signal-to-noise content of the high frequency
energy, but may also be caused by site effects,
which can preferentially filter shorter wavelengths.

For the seismic wavefield, uncertain site response,
unconstrained attenuation, and possible variations in
source radiation directionality, which could vary from
event to event, likely all contribute to errors in the
seismic energy calculations. Fig. 3B compares seismic
energy estimates for the same 42 events at three seism-
ometers (KRM1, KRM3, and KRM 9) situated on three
different sides of the volcano (Fig. 1C). The low degree
of scatter in Fig. 3B strongly suggests that preferential
source radiation direction is small for these eruptive
events. Furthermore, relative site responses are also
shown to be small as evidenced by the linear appear-
ance and near-unity slope of data points in Fig. 3B. On
average, KRM1 energies are 0.5 times smaller than
KRM3 energies and KRMO energies are 1.3 times as
large. Although site responses induced by localized
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Fig. 2. A) Small and B) large Erebus explosive events tend to produce consistent volcano acoustic—seismic ratios (7 =7.7 and =7.5 calculated according to Egs. (1), (2) and (3)). For
each explosion, acoustic and three-component seismic traces are plotted along with the corresponding cumulative energy flux (from Egs. (1) and (2)). VASR is the ratio of cumulative
acoustic and seismic energy for an individual discrete event across an equivalent frequency band. C) Karymsky double-pulsed explosion demonstrating variable energy partitioning
during a single event. The trace data depicted are characterized here as a single episode (7 =0.21), because seismic and acoustic amplitudes never drop to background levels between
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A) Acoustic Energy Comparison B) Seismic Energy Comparison
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Fig. 3. Consistency of A) acoustic energies calculated at two different Karymsky stations in 1999 (Fig. 1C). Acoustic data are from KRM3
(1760 m) and KRM1 (1620 m) and include 42 low-noise events from Sep. 11-12. Station azimuthal orientation (relative to the vent) is ~100
degrees. Energies are calculated for broad and high-frequency bandwidths (0.5-12 and 4—12 Hz) and indicate poorer correlation for the higher
frequency data. Calculated broadband acoustic energy values average 1.2 times as high at KRM3 compared to KRM1. B) Seismic energies
calculated at three different Karymsky stations (Fig. 1C) corresponding to the same events. For the broadband seismic data, average energies are
0.5 times as high at KRM1 compared to KRM3 and 1.3 times as high at KRM9 (1820 m). In both plots, solid line is unity slope with zero
intercept.

shallow structure may be substantial in certain cases Due to variable site responses, in which seismo-
(e.g., Mora et al., 2001), seismic site response variation meter KRM3 appears about twice as sensitive as
in the studies at Karymksy or Erebus appear to affect KRMI, the calculated average VASR (for the suite
VASR values by a factor of three or less this study. of 42 events at these two stations) differs by a factor
A) VASR at KRM3 B) vasr at krm1
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Fig. 4. VASR calculated for two different seismo-acoustic stations at Karymsky in 1999 (Fig. 1C). Data is from A) KRM3 (1760 m) and B)
KRMI (1620 m) and include 42 high signal-to-noise events from Sep. 11 and 12 (same events shown in Fig. 3). Azimuthal station separation
(relative to the vent) is ~100 degrees (Fig. 1). VASR at both sites show comparable median values and scatter. Median energies are reduced by
about one order of magnitude for the high-pass filtered data (4—12 Hz). Average VASR values for the broadband data are a factor of two greater
for KRMI than for KRM3 (1=2.2 and n=1.1). Variability in both panels is consistent and is significantly greater than the scatter in the
consistency plots shown in Fig. 3, indicating that variable VASR at Karymsky is largely a source effects.
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of 2 depending upon which station is used (Fig. 4).
However, because the scatter in VASR values is com-
parable at both stations, we conclude that variable
VASR is largely a reflection of variable source pro-
cesses. It is also important to recall that seismic
energy estimates (and corresponding VASR values)
may be frequency dependent. Both Figs. 4 and 5
depict energy values for consistently filtered seismic
and infrasound signals. For high-pass filtered signals
(4-12 Hz), both acoustic and seismic energies appear
to decrease by about an order of magnitude relative to
the broad-band signals (0.5—12 Hz). If either acoustic
or seismic traces are preferentially filtered, VASR
values would also reflect the change. For this reason,
we suggest that energies should be compared from

signals, which are as broadband as possible, yet which
exclude external noise (i.e., microseisms and wind).

Fig. 5 provides an overview of calculated VASR
corresponding to discrete explosive events from suites
of activity recorded at both Karymsky (1998 and
1999) and Erebus (1999-2000). Calculated VASR
values for the Erebus dataset appears to remain rela-
tively consistent despite three orders of magnitude
variation in radiated total elastic energy. The general
trend, which shows a correlated increase of both
seismic and acoustic energies, is attributed to varia-
tions in explosive yield (eruption magnitude).

From data presented in Fig. 5, it is noteworthy that
Erebus Volcano appears to radiate acoustic energy far
more efficiently than Karymsky. Though caution must

Erebus 1999 2000

Comparison of Acoustic and Seismic Energies for Three Different Datasets
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Fig. 5. Seismic and acoustic energies for 69 Erebus events (dark) recorded at ECON (2080 m from the vent), 344 Karymsky 1998 events (grey)
recorded at KRY'1 (1620 m from the vent), and 157 Karymsky 1999 events (white) recorded at KRM3 (1760 m from the vent). Individual
events, indicated by A, B, and C, correspond to the examples shown in Fig. 2.
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be practiced when comparing VASR from different
volcanoes to assure that seismic energy estimates are
not overtly biased by specific instrumentation or site
responses, average Erebus VASR is found to be more
than an order of magnitude greater than at Karymksy.
Because the deployment conditions are similar (com-
parable epicentral distances and site conditions), we
contend that the mean VASR for each dataset likely
represents a systematic difference in eruption source
conditions between the two volcanoes. This inference
is supported by visual observations at both volcanoes.
While Erebus explosions have been observed as bub-
ble bursts rupturing the surface of a lava lake (Aster et
al., 2003), Karymsky eruptions emanate from a scoria-
choked conduit. The lack of blockage and
corresponding acoustic shielding at the Erebus vent
thus offers one possible explanation for the dramatic
VASR difference.

The rightmost panels in Fig. 5 highlight VASR
differences between the suites of explosions. While
events at Erebus obey a relatively linear relation
between radiated acoustic and seismic energies, Kar-
ymsky events display significant scatter, especially
during 1999. The relatively consistent partitioning of
seismo-acoustic energy at Erebus reflects highly re-
peatable, self-reconstructing source conditions (Aster
et al., 2003; Johnson et al., 2003; Rowe et al., 2000,
1998), whereas variable VASR at Karymsky may
conversely indicate changing conditions at or near
the source.

5. Mechanisms for variable VASR

VASR variations have been inferred and inter-
preted at other active volcanoes. For example, Mori
et al. (1989) examined explosive eruptions at Langila,
Papua New Guinea, comparing seismic displacements
with the amplitudes of associated air phases (acoustic
airwaves coupled to the ground). They noticed signif-
icant variability in the ratio of seismic and acoustic
amplitudes and proposed variable transferal of explo-
sive energy into the mechanical energy required to
blast dense material from the vent. Ripepe et al.
(1993) observed that the ash-rich explosive eruptions
at Stromboli, Italy were generally associated with
relatively low amplitude seismic signals and proposed
that less ground shaking occurs during a well-formed

vertical eruption because less ejecta momentum is
imparted laterally to the wall rocks. Garces et al.
(1998a) argued that variable seismo-acoustic parti-
tioning at Arenal, Costa Rica, could be explained by
time-varying melt properties which dramatically affect
impedance contrasts. Rowe et al. (2000) employed a
similar mechanism to explain the variations in seis-
mic/acoustic partitioning for the smallest explosions at
Erebus, where very small superficial bubble bursts
may be seismically isolated from the high impedance
wall rock and/or deeper portions of the lava lake.
Thompson et al. (2002) and Caplan-Auerbach and
McNutt (2003) investigated acoustic waves associated
with both Plinian and Strombolian eruptions at
Shishaldin and associated larger acoustic signals
with later eruptive stages when both the vent and
conduit were relatively open (S. McNutt pers.
comm., 2000).

Systematic explanations for variable VASR in var-
ious eruptive systems are presently speculative, but
have potential merit for improving understanding of
eruptive processes. We next quantify simplified ver-
sions of some of these models to explain the observed
VASR temporal variability at Karymsky Volcano and
general differences between Karymsky and Erebus.
For each eruptive process we consider that potential
energy from pressurized volatiles is transmitted into
the surrounding media (atmosphere and volcano) as
elastic energy. Additional potential energy contribu-
tions, due to accumulated gravitational or elastic
strain, are neglected in this simplified energy budget
analysis. For the adiabatic, isentropic expansion of
pressurized gases (Pinital — Prinal), the total available
potential energy (explosive yield) can be calculated
using Kinney and Graham (1985):

=1
M RTitial ( Pinal )_
E losion = — —————— [
explosion m y— 1 Phnitial

_ 6 Pf'mal o

where M is the mass of volatiles, m is the volatile
molecular weight (0.018 kg/mole for water vapor), R
is the gas constant (8.314 J/mol/Kelvin), Tiiar 1S the
compressed gas temperature (1000 °C for magmatic
volatiles), and 7 is the heat capacity ratio (fixed at 1.1
for hot gases).
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During volcanic eruptions, the conversion of poten-
tial energy stored as pressurized gas to elastic energy in
the form of seismic and acoustic waves is expected to
be a highly inefficient process. At Karymsky and
Erebus, the measured elastic energy (according to
Egs. (1) and (2)) is several orders of magnitude smal-
ler than the yield for an expected explosive outflux of
thousands of kilograms of compressed gas (Fig. 6).
This inefficiency is comparable to that of tectonic
earthquakes, where radiated seismic energy is typical-
ly only a few percent or less of the total energy budget
(e.g., Dobrovol’skiy, 1994; Duvall and Stephenson,
1965). During volcanic eruptions, the vast majority of
energy is thought to be lost through heat transfer, as
kinetic energy imparted to erupted products, and/or
through inelastic deformation of erupted products and/
or vent structures (McGetchin and Chouet, 1979).
Calculation of the absolute acoustic and seismic effi-
ciency, defined as the ratio of radiated elastic energy
to explosive yield, is beyond the scope of this paper.

Available Explosive Energy and Typical Radiated Elastic Energies

== notential energy
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Fig. 6. Illustration of the potential energy available during gas
expansion as a function of volatile mass and initial gas pressuriza-
tion (thick gray lines; calculated from Eq. (4)). The estimated
explosive yield for typical Strombolian events is likely to lie
above the uppermost gray curve, which would correspond to ex-
plosive gas fluxes in excess of 10° kg (Chouet et al., 1974; Johnson,
2000). Calculated average and maximum elastic energies for dis-
crete Erebus and Karymsky explosive events (black lines;
corresponding to data shown in Fig. 5) show that potential energy
transferal into the seismic and acoustic wavefield is a highly inef-
ficient process.

In the following discussions, we make the assump-
tion that the majority of elastic energy is radiated
during individual bubble or bubble foam fragmenta-
tion processes. When bubble walls are disrupted
within the melt, confining surface tension and rem-
nant viscous overpressures are dramatically reduced
(Proussevitch and Sahagian, 1996), allowing an im-
pulsive expansion of gas and entrained particles. For
an eruption source situated near the free surface, an
accelerating multi-phase fluid can easily perturb the
atmosphere, producing intense sonic and infrasonic
disturbances (Gabrielson, 1998; Johnson, 2003;
Lighthill, 1978; Ripepe and Gordeev, 1999; Yama-
sato, 1997). At Karymsky and Erebus we choose to
attribute volcanic infrasound to this gas expansion
model because eruption onset times, as determined
with time-synced video, appear to coincide with the
impulsive infrasound origin at the vent. However, we
note that other, more complex models have been
proposed to explain the production of volcanic infra-
sound recorded at various volcanoes. At Arenal, for
instance, it has been suggested that rapid bubble
coalescence, or explosions immersed within the
melt, can radiate elastic waves that displace the free
surface and produce low-frequency sound (Bucking-
ham and Garces, 1996; Garces and McNutt, 1997).
At Stromboli and Shishaldin, an alternative model
suggests that oscillatory vibrations of bubbles rising
within a magma column, or situated at the free sur-
face, can perturb the atmosphere sufficiently to ge-
nerate high-amplitude infrasound (Buckingham and
Garces, 1996; Garces and McNutt, 1997; Vergniolle
et al., 2004; Vergniolle and Brandeis, 1994; Vergniolle
et al., 1996).

Though the corresponding seismic source is even
less well understood, clear temporal correlation be-
tween the onset of short period seismicity and infra-
sound (Johnson and Lees, 2000; Johnson et al., 1998;
Rowe et al., 2000) indicates that a simultaneous
seismo-acoustic explosion source mechanism is prob-
able. Reaction forces, which may be responsible for
generating the seismic wavefield, include a thrust
response due to upward mass evacuation (Brodsky
et al., 1999) and/or rebound of tensional strain and
gravitational collapse caused by infilling magma (Dib-
ble, 1994). This second possible contribution to the
seismic wavefield is not explicitly figured as a poten-
tial energy source in Eq. (4).
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6. Mass-dependent transfer of explosive energy
into acoustic energy

The hypothesis of Mori et al. (1989) for variable
VASR is that dense ash-rich eruptions are associated
with diminished acoustic radiation. We attempt to
justify this observation by assuming that there is a
quasi-linear relationship between explosive yield
(compressed gas potential energy), seismic energy
radiated during the eruption (as calculated by Eq.
(2)), and kinetic energy of erupted products (i.e., gas,
ash, and ballistics). We next show that radiated acous-
tic energy (as calculated by Eq. (1)) is not necessarily
proportional to the kinetic energy of erupted products,
because it depends upon the volumetric acceleration
of the atmosphere. In linear acoustic theory, the far-
field atmospheric pressure perturbations (AP) are pro-
portional to the change in volumetric outflow due to
an equivalent fluid injection. In the case of an acoustic
monopole, the excess pressure is (Dowling, 1998;
Lighthill, 1978)

AP()= L4(t—r/c) 5)

where ¢ is the rate change in volumetric flux (accel-
eration) in units of m*/s%, r is the distance from the
acoustic source, and ¢ is the sound speed.

Given a fixed explosive yield, we compare two
end-member eruption models (Fig. 7A), a low-den-
sity (pg), pure gas eruption and a high density
(Pg+c), ash and ballistic-laden eruption. In this sim-
plification, the multi-phase emissions, including gas
and condensed phases, are assumed to behave as a
well-mixed, homogeneous flow. If we consider iden-
tical integrated mass flux histories of erupted mate-
rial for both types of eruptions (i.e., My =My ),
then the kinetic energy history may be equivalent,
but the volumetric accelerations (¢§) and resultant
excess pressure recorded at a fixed distance will be
proportionately smaller for the high-density gas
plume, because:

APg+c _ q(t - r/c)ngc

APgys Gt —=7/¢) gus

Mg+c/pg+c _ _Pe <1 (6)
Mgas/pg pg+c

The volume of a multi-component flow is equal to
the combined volume of each individual phase,

allowing us to redefine the dense plume (pg ) in
terms of its gas and condensed phases:

M+ M. _ My | M.

(7)
pg+c pg Pe

Assuming that M./p.<M,/p, (i.e., the volume of
the condensed phase is much less than the volume of
the gas phase), we can simplify the excess pressure
ratio:

10280 ) )
APy, pe My ) \ M, + M, Mgy + M,
(8)

For eruptions with equivalent kinetic energies, the
corresponding acoustic energy ratio dense eruption
plumes and pure gas plumes is then:

Entgre) z( M, >2 9)

En(gas)  \ Mg+ M.

Photoballistic studies at Stromboli, which may be
considered an analog for volcanic activity at Kar-
ymsky, give estimates of M. on the order of 10% to
10* kg and M, on the order of 10% kg for discrete
events (Chouet et al.,, 1974; Ripepe and Gordeev,
1999). For this activity, variations in acoustic energy
would vary by two orders of magnitude according to
Eq. 9).

Though plume density is shown here to be inverse-
ly proportional to the volumetric perturbation of the
atmosphere, it remains to be determined how an ex-
plosion source is able to accelerate its high-density
and low-density components. Uniform acceleration of
homogenous products is clearly an idealization that
may only occur under special conditions, such as for
flow in a narrow conduit where heterogeneous flow is
inhibited. In this scenario, a plug of capping material,
which may be massive but volumetrically insignifi-
cant, could be accelerated at the head of the expanding
gas volume. Alternatively, explosive eruptions, such
as those observed at Langila (Mori et al., 1989), may
also be candidates for relatively uniform acceleration
of ejecta if the fine-grained ash is well mixed within
the eruptive column. For such ash-rich eruptions, it is
possible to envision a spectrum of values for M./M,,
dependent upon the corresponding mass of entrained
ash, that produce a range of radiated acoustic energy.
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A) Density-Dependent Kinetic Energy Transfer
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Fig. 7. Conceptualization of four important variables that may influence VASR. Gray arrows denote acoustic propagation in the atmosphere and
black arrows indicate seismic propagation in the earth. Relative acoustic and seismic amplitudes are indicated. Decreased VASR might be
expected for: A) dense eruption plumes, B) high lava lake magma impedance, C) deep fragmentation sources recessed within a narrow conduit,

or D) large source dimension.

If seismic moment is relatively insensitive to
plume density variations and is only dependent
upon kinetic energy, then VASR may primarily be
a function of how efficiently the atmosphere is
displaced. To explain explosions with exceptionally
high VASR, pressurized volatiles may expand ex-
plosively without accelerating dense cap rock or
entraining much ash. This appears to be the case
for explosions at the Erebus lava lake, where the

rupture of a thin (<50 cm) bubble film (P. Kyle
pers. comm., 2001) allows the nearly immediate and
relatively unimpeded escape of pressurized gas into
the atmosphere. Relatively little energy is expended
in the acceleration of denser materials. Vent/conduit
geometry and the overlying weight of capping ma-
terial thus play a significant role in determining
how dense materials and gases are preferentially
accelerated.
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7. Effects due to impedance contrasts

Garces and McNutt (1997) provide a formulation
for the seismo-acoustic wavefield generated by a point
source submerged in a conduit. Garces et al. (1998a)
and Hagerty et al. (2000) utilize this foundation to
explain variable seismo-acoustic energy partitioning
at Arenal Volcano. Their primary thesis is that a
melt-filled conduit can change from low void frac-
tion, high impedance (acoustic velocity of ~2500 m/
s) to high void fraction, low impedance (acoustic
velocities<100 m/s) over very short time intervals
(Sturton and Neuberg, 2003). Assuming that associ-
ated magma densities range from 600 kg/m> (bubbly
melt at 75% vesicularity (Sparks, 1978)) to 2500 kg/
m® (dense magma with zero vesicularity), the acous-
tic impedance (z=pc) may vary by more than two
orders of magnitude. While an immersed seismo-
acoustic explosion source model (Garces and
McNutt, 1997) and vibrating bubble modes (Verg-
niolle et al., 1996) are fundamentally different from
the free-surface gas expansion source that is our
postulated mechanism at Karymsky and that clearly
occurs at Erebus (Johnson et al., 2003), changing
magma impedance will still influence the relative
amount of elastic energy transmitted across the con-
duit walls.

We address the potential effect of changing impe-
dance contrasts by invoking a very simple plumbing
geometry as an illustration (Fig. 7B). Consider an
isotropic elastic radiator located at the contact be-
tween two fluid spaces (atmosphere impedance z;
and magma impedance z,), in which the magma
volume is surrounded by solid volcano with uniform
impedance z3. For a finite explosive yield, compres-
sional waves are propagated into the magma and
atmosphere with initial intensities:

_ kA dEexplosion
2w r? dt

A (10)
kS dEexplosion

= _— 11
2mr? dt (11)

that depend upon acoustic and seismic source cou-
pling factors (ka and k). These coupling factors are
functions of initial gas pressurization and density,
source dimension, impedance contrasts, and other
factors (Nicholls, 1962). In the interest of providing

Is

a simple and illustrative example, we assume the linear
situation, where radiated elastic energy into both
media is proportional to the explosive yield. Acoustic
energy will then radiate through the atmosphere with
minimal attenuation, dispersion, or scattering, but
seismic energy imparted to the lava lake/conduit
must subsequently be transmitted into the surrounding
volcano. For both elastic energy and intensity
(power), the P-wave transmission coefficient is at a
maximum for normal incidence (Crocker, 1998).

7 4zz3  4pycapses (12)

(22 + 23)2 (pyc2 + ,0303)2

For the range of impedances proposed by Sturton and
Neuberg (2003), the maximum possible transmission
coefficient ranges from near unity (for dense magma)
down to a lower estimate of 10~ °. But at oblique
incidences, such as those created by the refraction of
ray paths within the strong near-surface velocity gra-
dient of a vesiculated magma conduit (Dibble, 1994),
the power transmission coefficient may be substan-
tially reduced (Aki and Richards, 1980). Reflected
elastic energy will thus tend to be trapped within
the conduit/lava lake and will leak into the surround-
ing solid volcano only through subsequent transmis-
sions to wall rocks and atmosphere, or be lost via
intrinsic attenuation. Rowe et al. (2000) suggested
that impedance isolation in the uppermost vesiculated
portion of the Erebus lava lake offers an explanation
for why very small bubble bursts (smaller than those
observed in 1999-2000) exhibit anomalously high
VASR. The hypothesis is that velocity stratification
inhibits seismic energy from being transmitted to the
deeper portions of the lake and/or higher impedance
wall rock. Seismic wavefield calculations and simula-
tions for a source imbedded within a fluid magma
support the idea of continuing slow leakage of trapped
elastic energy into the volcanic edifice (Dibble, 1994;
Neuberg and O’Gorman, 2002). Together with seis-
mic scattering in the solid media, trapped energy in
the magma likely contributes to short-period seismic
explosions signatures, which are greatly extended in
time compared to their associated infrasound (e.g.,
Johnson and Lees, 2000; Rowe et al., 2000; Verg-
niolle and Brandeis, 1994).

Radiated seismic energy, which we measure and
incorporate into our VASR calculations, will be in-
fluenced both by impedance contrasts and by attenu-
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ation characteristics of the magma. Higher attenua-
tion, which is conceivable in gas-rich, compressible
magmas (O’Connell and Budiansky, 1978), combined
with severe impedance contrasts, will serve to effec-
tively reduce the seismic energy radiated into the wall
rocks. If the Erebus lava lake were composed of a
frothy, low-velocity fluid, we might expect dimi-
nished seismic radiation. Although this would be a
mechanism to explain the generally higher VASR
observed at Erebus relative to Karymsky, there is
currently no evidence to support that the Erebus pho-
nolitic lava lake possesses lower impedance than the
andesite of Karymsky.

8. Viscous flow losses

As suggested in Fig. 6, the potential energy re-
leased during 10° kg of gas expansion is orders of
magnitude greater than the typical measured acoustic
and seismic energies at Karymsky and Erebus.
Though there are many possible explanations for the
inefficient transferal of potential energy into elastic
energy, including physical deformation of wall rock
and/or non-isentropic and phase changes to the erup-
tion products, we limit this discussion to a single type
of dissipative process, energy loss due to viscous
upward flow in the conduit. During an eruption, over-
pressure at the fragmentation depth may be substan-
tially greater than overpressure at the vent orifice
owing to a head loss within the conduit. If the orifice
marks the location of the infrasound radiator, then the
decrease in pressure at the vent is proportional to
viscous and gravitational losses within the conduit.
At the same time, turbulent conduit flow may impose
stresses upon the conduit wall rock, which can con-
tribute to the seismic wavefield in nonlinear ways
(Julian, 1994). Generally, flow within a wide,
smooth-walled conduit is expected to experience
less viscous resistance than flow through a narrow
tephra-choked conduit.

For isothermal, turbulent gas flow, the steady-state
pressure gradient due to gravitational body forces and
wall friction comes from the momentum equation
(Fay, 1995):

dP_ pef 2
iy (13)

where py¢ is the fluid density, g is gravity (—9.8 m
s~?), D is the conduit diameter, ¥ is the average flow
velocity, and f'is a dimensionless frictional factor. The
axis orientation (%) is defined here as positive up-
wards. The amount of power expended to push the
fluid up through the cylindrical conduit of length (L)
is:

dEnoy _ dP (7LD
dt— dh \ 4

o

Accurate estimates of energy loss during conduit flow
are difficult to evaluate from Eq. (14) because of
unknown parameters, such as: pg, D, ¥, L, and espe-
cially f. Estimates of f, which depend upon the Rey-
nold’s Number of the two-phased flow and empirical
coefficients, have been suggested by Dobran (1992)
and Wilson (1980), but the context of these studies
has typically been wide conduits (> 10 m radius) with
very energetic, quasi steady-state, Plinian eruptions.
For flow in a cylindrical conduit with smooth walls, f
may be approximated by the Darcy friction factor,
which is itself dependent upon the kinematic viscosity
(v) (Fay, 1995):

64v
f:ﬁ' (15)

For flow through narrow conduits with rough
walls, the Darcy frictional factor will probably be
insignificant compared to a wall friction term, in
which case (Fay, 1995):

f=log? (i—?) (16)

Here the wall roughness ratio (¢/D) is defined as
the average dimension of protuberances (¢) divided by
the conduit diameter (D).

For Karymsky-type Strombolian activity, we can
very roughly estimate viscous flow losses by combi-
ning Egs. (14) and (16). For demonstration purposes,
we select a conduit diameter of 10" m, flow velocity
of 107 m/s, homogeneous flow density of 10° kg/m°,
conduit length of 10" m, and wall roughness ratio of
10~ ". Under these flow conditions, the head loss (Eq.
(13)) becomes almost equally dependent upon both
viscous and gravitational terms. The expended rate of
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work to overcome these losses is calculated to be ~10°
J/s, which is approximately equivalent to the explo-
sive power produced by a 10° kg/s gas flux with an
initial overpressure of 10° Pa.

This calculation suggests that it is possible for a
substantial portion of the explosive yield to be dis-
sipated before pressurized gas reaches the vent. For
infrasound generated from the vicinity of the vent,
the volumetric perturbation of the atmosphere and
associated infrasound production may be comparably
reduced. Furthermore, a portion of the energy lost
during conduit flow may be transferred to the con-
duit walls, increasing seismic radiation. The combi-
nation of diminished acoustic efficiency and
heightened seismic efficiency would thus decrease
VASR.

At Karymsky, we envision that viscous dissipation
during conduit flow may be quite significant given
rapid flow velocities, lengthy conduits, and high wall
friction factors, caused by partial conduit blockage.
However, for Erebus lava lake activity the gas does
not escape through conduits or cracks, and viscous
wall dissipation during bubble rupture should be mi-
nimal. Individual Karymsky events, which exhibit
increasing VASR through time (see Fig. 2C for an
example), hint that the conduit may change (e.g.,
become more open) during the course of an extended
period of eruptive degassing. April 1999 eruptions at
Shishaldin also appeared to progress from low VASR
to high VASR, consistent with vent clearing during a
sub-Plinian phase (Thompson et al., 2002). These
observations suggest that changing wall and conduit
friction may be an important temporally evolving
factor in diverse eruption situations that is easily
monitored by VASR (Fig. 7C).

9. Dependence on source dimension

Idealized point sources are more efficient at
radiating broadband elastic energy than dispersed
source regions. In particular, high-frequency energy
is inefficiently radiated for source regions compara-
ble to, or larger than, a wavelength. Because cha-
racteristic volcanic infrasound has wavelengths that
are relatively small (e.g., 340-34 m for 1-10 Hz
energy) compared to characteristic seismic wave-
lengths (e.g., 2500-250 m for 1-10 Hz P-wave

energy (Chouet et al, 1997; Dibble, 1994), a
large source region could preferentially result in
diminished radiated acoustic efficiency at higher
frequencies. To illustrate this effect, consider a
baffled circular piston of radius (a) as an acoustic
radiator. In the plane of the piston surface, far-field
acoustic intensity will depend wupon the cha-
racteristic frequency (f) according to (Dowling,
1998):

2 (2maf /) |

2waf /¢

where J; denotes a Bessel function of the first kind.
In the case of @ — 0, the acoustic source reduces to
a monopole radiating into a halfspace. But for
larger source dimensions, acoustic intensity will
be diminished due to destructive interference of
the higher frequency components. The band-limited
(f1, f>) acoustic intensity for baffled pistons can be
numerically calculated from Eq. (17) using

](f) = Imonopolc (17)
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For flat source spectra between 1 and 10 Hz and
fixed sound speed (c=340 m/s), the acoustic effi-
ciency, with respect to a monopole, decreases to
50% for a piston radius of 16 m, 25% for a radius
of 28 m, and 10% for a radius of 51 m.

To the extent that a piston-type acoustic radiator
can suitably represent certain types of volcanic
eruptions, we may expect an order-of-magnitude
change in radiated acoustic efficiency for very
large sources (50 m as opposed to those of a few
m) in the above frequency range. Other types of
source geometries are also conceivable as volcanic
acoustic radiators (e.g., a ring source corresponding
to crater rim diffraction or line source for a fissure
eruption). However, these geometries will also in-
duce diminution in frequency-dependent acoustic
efficiency comparable to the baffled piston model.
Moreover, based upon visual observations, vent
dimensions in excess of a few tens of meters are
unlikely for the eruptive activity discussed here at
either Karymsky or Erebus. Thus, order-of-magni-
tude variations in acoustic efficiency at Karymsky in
the observed frequency band are probably not due
to variable source dimensions.
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10. Discussion

We propose that VASR is an easily obtained quan-
tity with potentially significant utility for monitoring
and improving understanding of key aspects of erup-
tion dynamics. One of VASR’s primary attributes is
that it is a quantitative, repeatable measure of volcanic
activity that is not dependent upon subjective mea-
sures of eruption magnitude for assessing changes in
an erupting conduit system. In this preliminary inves-
tigation, we have identified four potential processes
that are capable of influencing VASR, when consi-
dered individually. We note that changes in density-
dependent mass transfer, viscous dissipation, and
source dimension may affect the relative acoustic
efficiency of an eruption. Similarly we have demon-
strated that impedance contrasts and viscous dissipa-
tion can affect the relative seismic efficiency. In these
scenarios, an increase in the relatively acoustic effi-
ciency, without a corresponding augmentation in seis-
mic efficiency, leads to greater VASR, whereas
increased seismic efficiency without increased acous-
tic efficiency is linked to decreasing VASR. Based
upon visual observations of a remarkably well-ex-
posed vent system, we attribute the relatively higher
VASR at Erebus to the nearly unimpeded explosive
degassing that occurs at the surface of the lava lake.
For Karymsky, on the other hand, we believe that
relatively diminished VASR results from fragmenta-
tion sources occurring at some depth, resulting in
dampened volumetric accelerations at the free surface
due to viscous flow losses within a narrow, partially
obstructed conduit. Evolving conduit conditions at
Karymsky are likely to be controlled by the quantity
of material choking the vent and/or the depth of the
fragmentation source. These conditions will influence
VASR and are likely changeable over short time
intervals (seconds to minutes), both between indivi-
dual discrete explosive events and during the course
of extended-duration degassing.

For both Karymsky and Erebus, acoustic and
seismic data show a substantial positive correlation
between measured seismic and acoustic energy (Fig.
5), but explosive yield has a complex relation to the
total radiated elastic energy and to the relative parti-
tioning of acoustic and seismic energy. Future
seismo-acoustic studies, which can integrate quanti-
fiable observations of eruption intensity with other

key observables of vent geometry and evolution (e.g.,
through video, gas flux, radar, or thermal studies),
could contribute significantly to advancing the inter-
pretation of VASR, and will ultimately lead to im-
proved estimates of absolute elastic efficiencies. With
proper modeling, it may then be possible to robustly
estimate the magnitude of an eruption or explosive
yield based upon radiated elastic energy, which re-
main observable even in ash-or weather-shrouded
vent conditions. It may also be possible to accurately
assess changing conduit conditions, source mechan-
isms, or magma properties based solely upon seismic
and/or acoustic records.

11. Conclusion

We introduce a concept for evaluating the ratio of
radiated elastic energy propagated into the atmosphere
and solid earth using infrasonic pressure waveforms
and seismic velocity traces. This ratio, the volcanic
acoustic—seismic ratio (VASR), is an easily estimated
and robust parameter for characterizing eruption
sources and their elastic coupling with the volcano
and atmosphere. As examples, we calculate VASR for
suites of Strombolian-type explosions at Erebus and
Karymsky with sensors at ranges up to several km.
We show that VASR may be used to compare the
changing nature of explosive eruptions from a single
volcano or to intercompare eruption physics between
different volcanoes.

Variable VASR at Strombolian-type systems sug-
gests that conduit conditions vary over time as a
result of elastic coupling changes with either the
earth or atmosphere. If an explosion is occurring at
depth within a conduit, the perturbation of the atmo-
sphere may be appreciably reduced by viscous losses
within the conduit and/or kinetic energy losses due
to the fracturing of a cap rock and acceleration of
denser material. A deep source may also impart
correspondingly increased energy to the wall rocks
and seismic wavefield through these conduit interac-
tions, resulting in low VASR. The opposite scenario
(i.e., high VASR) is expected for an unimpeded
explosion occurring at, or very near, the free surface.
At Karymsky we observe a large range of VASR
values, hinting that conditions within the conduit are
temporally variable during the observation period. At
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Erebus, on the other hand, we see relatively consis-
tent seismo-acoustic partitioning and relatively en-
hanced VASR. We conclude that the explanation for
consistently heightened VASR at Erebus, relative to
Karymsky, is the exposed, shallow location of the
gas expansion source coupled with a highly repeat-
able eruptive process.
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