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During the 2009 eruption of Redoubt Volcano, Alaska, gliding harmonic tremor occurred prominently before six
nearly consecutive explosions during the second half of the eruptive sequence. The fundamental frequency re-
peatedly glided upward from b1 Hz to as high as 30 Hz in less than 10 min, followed by a relative seismic quies-
cence of 10 to 60 s immediately prior to explosion. High frequency (5 to 20 Hz) gliding returned during the
extrusive phase, and lasted for 20 min to 3 h at a time. Although harmonic tremor is not uncommon at volcanoes,
tremor at such high frequencies is a rare observation. These frequencies approach or exceed the plausible upper
limits ofmanymodels that have been suggested for volcanic tremor.We also analyzed the behavior of a swarmof
repeating earthquakes that immediately preceded the first instance of pre-explosion gliding harmonic tremor.
We find that these earthquakes share several traits with upward gliding harmonic tremor, and favor the expla-
nation that the gliding harmonic tremor at Redoubt Volcano is created by the superposition of increasingly fre-
quent and regular, repeating stick–slip earthquakes through the Dirac comb effect.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Harmonic tremor is a continuous seismic and sometimes acoustic
signal that often accompanies unrest on volcanoes of varying composi-
tions and behaviors. Several narrow, evenly spaced peaks dominate the
frequency spectrumof the signal: a fundamental tone and its overtones,
with the fundamental tone usually in the range of 1 to 5 Hz (Neuberg,
2000; de Angelis and McNutt, 2007). Frequencies of the peaks often
change with time, forming “gliding spectral lines” on spectrograms.

Behavior of harmonic tremor is highly variable from volcano to
volcano, but can be roughly grouped by style of eruption. Harmonic
tremor during times of high explosive activity can be complex,
but upward gliding of harmonic tremor immediately prior to an
explosion has been observed at Arenal Volcano, Costa Rica (Lesage
et al., 2006), and Soufrière Hills Volcano, Montserrat (Powell and
Neuberg, 2003). In both cases, the fundamental tone rose nearly
monotonically from 1 to 3 Hz in the span of a few minutes. Chugging
is a subset of harmonic tremor immediately following steam or
Strombolian explosions, and is often accompanied by audible sounds
and pulsed acoustic recordings. Chugging has been observed fol-
lowing Strombolian explosions at Mt. Semeru Volcano, Indonesia
(Schlindwein et al., 1995), Arenal Volcano, Costa Rica (Benoit and
McNutt, 1997; Hagerty et al., 2000; Lesage et al., 2006), Karymsky
Volcano, Russia (Ozerov et al., 2003; Lees et al., 2004), Reventador
Volcano (Johnson and Lees, 2000), Sangay Volcano (Lees and Ruiz,
on, Department of Earth and
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2008), and Tungurahua Volcano (Ruiz et al., 2006), Ecuador, and fol-
lowing Vulcanian explosions at Sakurajima Volcano, Japan (Maryanto
et al., 2008). The fundamental tone shifts both up and down in the
range of 0.5 and 4 Hz, and lasts on the order of seconds to minutes.
Alternatively, harmonic tremor can last minutes to hours during
times of low explosive or eruptive activity. The fundamental tone
remained steadily around 1 Hz for 18 h at Lascar Volcano, Chile
(Hellweg, 2000), for at least 6 h at Veniaminof Volcano, Alaska (de
Angelis andMcNutt, 2007), and for almost 2 h at Erebus Volcano, Ant-
arctica (Rowe et al., 2000). Reventador Volcano produced multiple
cases of harmonic tremor with a fundamental tone of 2 Hz that glided
slightly, and lasted tens of minutes to hours at a time (Lees et al.,
2008). Periods of gliding from 5 to 9 Hz, and perhaps as high as
20 Hz, lasted for almost an hour at Stromboli Volcano, Italy, during a
non-explosive phase of eruption (Ripepe et al., 2009).

Although gliding harmonic tremor is relatively common on active
volcanoes, the mechanism producing the signal is still debated. A wide
variety of models have been proposed that are capable of producing
harmonics. The first model invokes the resonance of a fluid-filled
crack, described by Chouet (1985). In this model, a hydrothermal
crack, or the volcanic conduit itself, acts like a tube bell or flute, and
harmonic overtones are produced by the multiple standing waves in
the tube. Other models involve the resonance of gas-filled bubbles
(Maryanto et al., 2008), or the vibration of the volcanic conduit inside
an annulus (Jellinek and Bercovici, 2011). Another set of models utilizes
the Dirac comb effect, inwhich the Fourier transform of a comb of even-
ly spaced, discrete pulses in timewill produce evenly spaced harmonics
in the frequency domain (mathematical details in the Appendix A).
Often, non-linear fluid flow (Hellweg, 2000) or non-linear responses
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Fig. 1. Timeline of explosive events during the 2009 eruption. Height of plume is from FAA Nexrad radar and/or USGS radar at Kenai (Ekstrand et al., 2013). Events without numbers
were identified upon reanalysis. Events preceded by a short silence are highlighted and discussed in later sections. After Schaefer (2012).
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to fluid flow (Julian, 1994) are invoked as the source of these highly
regular pulses. Eachmodel has useful specific implications about condi-
tionswithin the volcano, which are often difficult to constrain. A prima-
ry goal of this study is to identify themost plausiblemodels that explain
the observations of harmonic tremor from the 2009 eruption of Re-
doubt Volcano.

2. Gliding harmonic tremor

2.1. Summary of observations on Redoubt Volcano

Redoubt Volcano explosively erupted in March 2009 after 20 years
of quiescence. Intermittent seismic activity began in January 2009,
and some reports of degassing date back to July 2008 (Schaefer,
2012). This behavior is in stark contrast to the mere 23 h of pre-
eruptive seismicity that heralded the 1989 eruption (Power et al.,
1994; Power et al., 2013). The eruptive sequence began March 23,
2009, with a series of five major Vulcanian explosions spaced just
over an hour apart. A second pulse of closely spaced explosions
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Fig. 2. Seismic network map. The black triangle marks approximate location of the active ven
broadband stations.
followed between March 26 and March 29, 2009, most of which
were preceded by upward gliding harmonic tremor. The entire se-
quence lasted two weeks, consisted of more than eighteen Vulcanian
explosions with plume heights ranging from 4 to 18.8 km, and culmi-
nated in a major dome collapse on April 4, 2009 (Bull and Buurman,
2013). Fig. 1 shows a timeline of the explosive events, their associated
plume heights, and the numbering scheme used to reference specific
explosions of interest throughout this paper. A dome-building phase
followed the last explosion, and began with unusually high extrusion
rates (Bull et al., 2013; Diefenbach et al., 2013). This phase lasted until
July 2009, and was also accompanied by periods of harmonic tremor
and drumbeat earthquakes (Buurman et al., 2013).
2.1.1. Seismic instrumentation
The Alaska Volcano Observatory (AVO) operates a permanent

seismic network near Redoubt Volcano of one L22 and seven L4
short-period seismometers (Fig. 2) (Dixon et al., 2010). Of these sta-
tions, REF and RED are 3-component, and remaining stations have
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only a vertical channel. The existing network was supplemented by
six Guralp CMG-6TD 3-component broadband seismometers. RDJH
was installed on February 4, 2009, and RDW-B on February 24,
2009; both were telemetered. Additional campaign stations (RD01,
RD02, RD03, and RDW-C) were deployed on March 21, 2009, during
the pre-eruptive sequence. Actual station coverage during the entire-
ty of the eruptive sequence is poorer than the station map in Fig. 2
implies. Both RSO and RDJH went offline on March 25, 2009, and
RED was often saturated with noise. DFR is co-located with an acous-
tic microphone that recorded infrasound of the explosive events.

2.1.2. Seismic signal characteristics
The focus of our study is gliding harmonic tremor present immedi-

ately prior to six nearly consecutive explosions on March 27 and 28
(Fig. 3), spanning Events 9 through 15. Many explosive events in
the latter half of the eruptive sequence had a marked increase in seis-
micity in the minutes to hours before explosion, either as tremor or
earthquake swarms (Buurman et al., 2013) followed by a seismic qui-
escence, but only six show gliding clearly. Table 1 summarizes these
observations for Events 9 through 18.

Gliding tremor was recorded across the local network, and as far
away as 90 km at both Spurr and Iliamna volcanoes for Events 9 and
13. Frequencies above 15 Hz were not recorded at more distant sta-
tions due to attenuation, but tremor frequencies approaching 20 to
25 Hz were apparent on multiple stations near the summit, and as
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Fig. 3. Velocity spectrograms of the pre-explosive gliding harmonic tremor on station RD01, t
using a 2-second 50% overlapping window. Times are aligned to the approximate explosion
Bright vertical lines are earthquakes.
high as nearly 30 Hz at short-period station REF. Despite these high
frequencies, the same evolution of harmonic tremor is seen on both
campaign and telemetered stations, so we can rule out station noise
and path effects as causes. Integer harmonic overtones exist for
most events, but are usually weaker than the fundamental tone, and
many events have only one overtone visible even at the closest sta-
tions. Harmonic tremor was never recorded infrasonically at DFR,
but the associated explosions had energetic acoustic signals (Fee
et al., 2013).

Pre-explosive gliding occurs on consecutive explosions between
Events 9 and 15, with the possible exception of Events 10 and 11.
Event 10 occurred just a fewminutes after Event 9, so any gliding pre-
ceding this explosion might be buried in the previous explosion
signal. Gliding prior to Event 11 is difficult to detect due to strong
nonharmonic tremor that dominates the signal. Weak, upward glid-
ing energy from 10 to 25 Hz exists across most of the network and
up to 30 Hz at REF in the last 2 min before this explosion, followed
by 30 seconds of relative quiescence. Because this behavior is gener-
ally consistent with the other events, we consider Event 11 to be
part of the sequence.

The spectral evolution of gliding on Redoubt Volcano is reminis-
cent of, but at significantly higher frequencies than, pre-explosive
gliding from 1 to 3 Hz on Soufriére Hills Volcano, Montserrat in
1999 (Powell and Neuberg, 2003). Over the six explosions, the funda-
mental tone spans the range of less than 1 Hz to upwards of 30 Hz,
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onset at t=0, and frequency is plotted up to the broadband Nyquist frequency of 25 Hz.



Table 1
Summary of gliding events. Plume heights from Bull et al. (2013). Lowest frequency with harmonics visible using a 10-second, 50% overlapping FFT window on any station. Highest
frequency observed on station REF. Quiescence measured from time of highest observed frequency to explosion onset on REF, and rounded to the nearest 5 s. Repeating earthquakes
are considered present if they can be correlated via waveform cross-correlation. Furthest distance is measured from furthest station where tremor is visible to dome. For Event 18,
this applies to visibility of repeating earthquakes rather than harmonic tremor.

Event
#

Time
(UTC)

Plume height
(km asl)

Explosion acoustic
onset

Lowest harmonic
frequency
(Hz)

Highest harmonic
frequency
(Hz)

Approx. pre-explosive
quiescence
(s)

Repeating
earthquakes
detected

Furthest distance
recorded
(km)

9 03/27 07:47 12.5 Emergent 0.8 10 30 Yes 86
11 03/27 06:39 15.6 Impulsive ? 30 15 Yes 22
12 03/28 01:34 14.6 Impulsive 0.5 28 70 Yes 22
13 03/28 03:24 15.2 Impulsive 2 23 30 Maybe 86
14 03/28 07:19 14.6 Impulsive 7 30 45 No 4
15 03/28 09:19 14.6 Impulsive 10 25 180 No 3
17 03/28 03:29 12.5 Impulsive 0.5 ? 240 Maybe 22
18 03/29 03:23 14.6 Emergent n/a n/a 180 Yes 12
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and changes by as much as 20 Hz in 1 min. Both frequency range and
rate of frequency change are similar for Events 12 through 15. Fig. 4
illustrates the high degree of repeatability in time evolution of the
fundamental spectral line for these events, as well as its similarity
to the simple rational function f=1/T, where T is period, which is a
linearly decreasing function of time. We also notice that harmonic
tremor seems to start, or at least become visible, at higher frequencies
for each new explosion. Due to low amplitudes at the highest fre-
quencies, it is difficult to constrain how the highest frequency is
changing from event to event.

After the tremor rises in frequency then fades, there is a quiet in-
terval in the range of 15 to 270 s before an explosion. There is no con-
sistent correlation between duration of the quiet time and either
order of explosion, plume height, maximum frequency, or tremor am-
plitude. It is possible that the frequency of the tremor continues to
climb unobserved, but because there is no evidence that is the case,
we assume the interval is aseismic. Although they do not have the
same dramatic gliding as earlier events, Events 17 and 18 also have
similar quiet intervals prior to explosion. Harmonic tremor with fun-
damental frequency on the order of 0.5 Hz abruptly begins approxi-
mately 40 min prior to Event 17, but it eventually degrades into
nonharmonic tremor that abruptly decays in amplitude immediately
before the explosion. Small, increasingly frequent earthquakes that
also abruptly stop precede Event 18. There is no clear silence before
Event 16, 19, or any other previous explosion.

Because gliding tremor shares so many behavioral features among
explosive events, we suspect a common, non-destructive source. Fun-
damental frequencies observed as high as 30 Hz strongly constrain
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models to explain the tremor. Surprisingly, such high frequencies
are not exclusive only to the explosive phase, as extended periods
of high-frequency gliding were also observed beginning April 5,
while the volcano was actively extruding a lava dome (Fig. 5). During
this time, the fundamental tone remained over 15 Hz for nearly
20 min in multiple instances, compared to just a few seconds prior
to the explosions. The fundamental tone oscillates wildly, gliding
both up and down in frequency, although there seems to be a prefer-
ence toward downward gliding. Tremor continues sporadically in
two- to three-hour bursts until April 10, 17:30 UTC, and is accompa-
nied by continuous swarms of earthquakes.

Although the temporal behavior of extrusive-phase gliding is differ-
ent than that of pre-eruptive gliding, the unusually high frequency con-
tent suggests that the same or similar source may be at work for both
time periods. Therefore, we require a model that can produce har-
monics with a fundamental frequency up to 30 Hz, permits the domi-
nant frequency to change monotonically in a matter of minutes, can
stably remain at high frequencies for extended periods of time, can sur-
vive or be easily reestablished betweenmultiple explosions, and is seis-
mically powerful enough to have harmonics be recorded at distances of
20 to 100 km. If possible, the model should permit conditions expected
in both the pre-explosive and extrusive phases of volcanic activity.

2.2. Evaluation of models

Many explanations for the source of harmonic peaks in volcanic
tremor invoke resonance of a fluid-filled pipe or crack, such as the
volcanic conduit (Chouet, 1985; Benoit and McNutt, 1997; de
Angelis and McNutt, 2007; Maryanto et al., 2008). Gliding is attribut-
ed to changes in properties of a resonator, most often fluid acoustic
velocity or effective resonator length (Neuberg, 2000; Jousset et al.,
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the extrusive phase, beginning April 5, 2009 08:00 UTC. Spectrogram was made using
a 10-second 50% overlapping sliding window, and is plotted on the same color scale
as in Fig. 3. Harmonic tremor with fundamental tones consistently above 5 Hz contin-
ued sporadically until April 10. This tremor was observed on several other stations in
the network, both telemetered and untelemetered, but at lower amplitude.
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2003). Although it is easy to visualize the rise and fall of a bubbly
magma within the conduit as similar to a slide whistle, the excitation
mechanism for the resonance itself is usually left unspecified.

Following these models we can calculate reasonable dimensions
of the crack for a given frequency using the general equation for res-
onance of a tube with matched end conditions (open-open or closed-
closed): f=v/(2 L), where f is frequency, v is acoustic velocity, and L is
the length of the tube. The equation implies that if acoustic velocity
alone changes, it must increase to 30 times its initial value for the
case of Redoubt Volcano's tremor. This range is roughly equivalent
to the difference in P-wave velocity between air and the upper man-
tle, but could be feasible for acoustic velocities well below 1 km/s if
two-phase flow is involved. Alternatively, if we assume that acoustic
velocity remains constant at that of bubbly water or gas-rich
magma (roughly 1 km/s, after modeling by Jousset et al., 2003), a
crack of 250 m length would produce 2 Hz harmonic tremor, and a
crack of 16 m length would produce 30 Hz harmonic tremor. For
Events 12 through 15, the crack must be consistently shortening at
a rate of approximately 0.5 m/s, and perhaps closer to 2 m/s to repro-
duce the gliding at the end of Event 9. These lengths are for the
matched end condition case; the lengths would be half as much for
unmatched (open-closed) end conditions and produce only odd har-
monics, which we do not observe. If we consider the resonating body
to be the volcanic conduit, an acoustically impermeable layer, such as
a bubble nucleation level, could be rising quickly and shortening the
resonating portion of the conduit. Conversely, the resonating body
could also be a thin hydrothermal crack that is collapsing on one or
both ends, perhaps from increased pressure, and is then propped
open again after each explosion (B. Chouet, personal communication,
2010). Although we only present the end members, it is possible that
a linear combination of change in acoustic velocity and length oc-
curred simultaneously.

The magma wagging model of Jellinek and Bercovici (2011) also
describes conduit processes, but the frequency of tremor depends pri-
marily on the width and properties of the annulus surrounding the
conduit. However, for realistic combinations of conduit geometry,
the range for which magma wagging is viable is 0.1 to 5 Hz, which
is well below the range of observed frequencies at Redoubt Volcano.
The model also requires the conduit to bend or other nonlinear effects
to produce harmonic overtones (D. Bercovici and M. Jellinek, personal
communication, 2011).

An alternative suite of models focuses on the flow of fluids
through cracks. Julian (1994) proposes that harmonic tremor is a
non-linear response to fluids flowing through constricted pathways,
and that damping of the system will produce periodic oscillations. Al-
ternatively, the harmonic nature of the signal could arise from con-
stricted flow of the fluid itself, not unlike the whistle of a teakettle,
with eddy shedding of steam being the most reasonable mechanism
for our range of observed frequencies (Hellweg, 2000). Choked flow
of gas near the surface can be consistent with the seismic and acoustic
observations of chugging (Johnson and Lees, 2000). The choked flow
mechanism might also be supplemented with feedback control
through conduit resonance (Lesage et al., 2006). These models have
mostly been applied to chugging, or to extended periods of tremor
around 1 Hz in frequency. All these theories imply that higher flow
rates are required for higher frequencies, and are heavily dependent
on assumptions about flow dimension and Reynolds number. For Re-
doubt Volcano, this implies that the extended periods of high fre-
quency tremor represent extended periods of high velocity fluid
flow. The lack of acoustic signal suggests the source may not be gas
escaping at the surface, but does not exclude the possibility of flow
deeper within the edifice. It may also be that flow is poorly acoustical-
ly coupled or that the signal to noise ratio for the single microphone is
too high to detect the gas release.

While fluid flow and degassing are ways of generating highly reg-
ular pulses of seismic energy, they are not necessarily the only ways.
For example, iceberg harmonic tremor is generated by repetitive
stick–slip events as icebergs rub against each other in collisions
(MacAyeal et al., 2008) or against the sea floor in shoaling events
(Martin et al., 2010). The individual energy pulses are small, stick–
slip icequakes, and the velocity of the drifting iceberg modulates the
inter-event rate. Previous studies involving spectral character have
indicated that low-frequency earthquakes and volcanic tremor
may share a common source (Fehler, 1983). The sources of low-
frequency and hybrid earthquakes are often also closely linked to
the influence of fluids (Chouet, 1988; Matoza et al., 2009). Modeling
has also indicated that at least some of the low-frequency content
and spurious source mechanisms may be partly due to near-surface
path effects (Malone and Haulter, 2003; Bean et al., 2008), and others
have suggested brittle-failure as a mechanism (Iverson et al., 2006;
Neuberg et al., 2006; Harrington and Brodsky, 2007). Regardless of
source, multiple observations exist of swarms of low-frequency
earthquakes merging into tremor on Soufriére Hills Volcano,
Montserrat (Neuberg et al., 1998; Neuberg, 2000), and Miyakejima
Volcano, Japan (Fujita et al., 2009), and both in and out of tremor
on Mount St. Helens, Washington (Malone and Qamar, 1984), and
Augustine Volcano, Alaska (Power and Lalla, 2010). The highly repet-
itive and periodic nature of some earthquake swarms, such as “drum-
beat” swarms on Mount St. Helens (Moran et al., 2009), seem to
mimic the periodic nature of harmonic tremor but at much slower
rates.

3. Closely repeating earthquakes and harmonic tremor

A large swarm of repeating earthquakes preceded the first onset of
harmonic tremor before Event 9 (Buurman et al., 2013). While this
observation alone is not extraordinary, we find that earthquakes
comprising the swarm prior to Event 9 occur increasingly frequently
as the time approaches the explosion, until they blend into harmonic
tremor. Event 11 also had a small swarm prior to nonharmonic trem-
or, and Event 12 had a swarm prior to and concurrently with harmon-
ic tremor. The simplest hypothesis proposes that the earthquakes and
tremor are related, and possibly even resulting from the same physi-
cal process.

The first test of our hypothesis is that the earthquakes all must
originate from a single source. If the earthquakes were widely distrib-
uted in space, at each station the waveforms and arrival times would
differ from earthquake to earthquake, and may be too irregular to
form harmonics. However, if the earthquakes share the same location,
timing will only depend on when the earthquakes actually occurred,
and their waveforms will be highly similar if we assume they also
share the same source mechanism. We measure waveform similarity
using waveform cross-correlation, following previous studies that
employed cross-correlation and multiplet analysis on volcanic earth-
quake swarms, especially those of low-frequency nature (e.g.,
Stephens and Chouet, 2001; Caplan-Auerbach and Petersen, 2005;
Green and Neuberg, 2006; Umakoshi et al., 2008; Buurman and
West, 2010; Thelen et al., 2010).

Of the earthquakes in the swarm preceding Event 9, 267 were
large enough to be located with the permanent local network by
AVO (Dixon et al., 2010). We high pass filtered the seismograms
from those earthquakes above 0.5 Hz to reduce microseism noise
on the broadband stations, and then cross-correlated over a 15-
second, amplitude-normalized window starting on the P-wave ar-
rival. Approximately 95% of these seismogram pairs have normalized
correlation coefficients greater than 0.85, and at least 75% correlate
with coefficients in excess of 0.95. In fact, those earthquakes that
do not correlate as highly generally contain more than one earth-
quake within this time window. Closer analysis of broadband data
revealed many additional earthquakes with visually similar wave-
forms that were missing from the AVO catalog. To make the catalog
with repeating earthquakes from this family more complete, we
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used the largest earthquake on the vertical component of broadband
station RDW-C as a template to find other similar earthquakes. We
scanned the continuous data over a 3-second sliding window, and
set the threshold for a potential match at a generous correlation co-
efficient of 0.5. This is a variation of a method used to find repeating
long-period earthquakes prior to the 1989 eruption of Redoubt
Volcano (Stephens and Chouet, 2001), and was also utilized for
repeating coupled earthquakes at Shishaldin Volcano, Alaska
(Caplan-Auerbach and Petersen, 2005), and repeating explosions of
Pavlof Volcano, Alaska (Haney et al., 2009).

We found 1691 additional matches with correlation coefficients
greater than 0.5, with 483 of these having coefficients greater
than 0.75 during this swarm. The largest earthquakes correlate best
with few exceptions. That is, as amplitude decreases, so too does
the signal-to-noise ratio and correlation coefficient (Fig. 6). We note
that there is a bimodal amplitude distribution, with alternating
large and small earthquakes that appear to be part of the same family.
The detector only seemed to miss the smallest earthquakes for which
only a small S-wave was visible, or when earthquake waveforms
began to significantly overlap in the last hour leading up to the glid-
ing. Between 5 and 50 additional matches, depending on coefficient
cutoff and window size, were found within the harmonic tremor
where the amplitude of individual events was large enough to over-
power the harmonics. It is also worth noting that the amplitudes of
the small earthquakes increase smoothly with time until they are
consistent with the amplitude of the harmonic tremor. This detector
was also applied to the earthquakes prior to Event 12, but we found
a much more complicated time series with lower amplitudes and
cross-correlation coefficients. Therefore, we focus on Event 9 because
it has the clearest matches, and is the most temporally regular swarm.

A second test of our hypothesis is that the changing periodicity of
the earthquakes should be compatible with the frequencies at which
we observe tremor. That is, the inverse of the smallest inter-event pe-
riod measurable from between earthquakes should be just slightly
lower than the lowest fundamental frequency of the harmonic trem-
or. We measured the P-wave arrival time for each earthquake at
station RD01 through waveform cross-correlation of matched earth-
quakes down to a correlation coefficient of 0.5 over a 3-second win-
dow. RD01 was chosen for its clear, impulsive arrivals for both large
and small earthquakes. First arrival times were supplemented in the
9 8 7 6 5 4 3 2 1 0

Time Before Explosion (hr)

10-3

10-2

10-1

100

N
o

rm
al

iz
ed

 A
m

p
lit

u
d

e

v

0.5

C
o

rr
el

at
io

n
 C

o
ef

fi
ci

en
t

0.9

Fig. 6. Normalized amplitude and correlation coefficient with respect to largest earth-
quake from before Event 9, marked with a ‘v’. Amplitude is based on the maximum ve-
locity amplitude of the S-wave, and is then normalized to the amplitude of the largest
earthquake. Correlation coefficient is computed over a 3-second window beginning on
the P-wave arrival. Longer window times do not significantly decrease the coefficient
except where earthquakes begin to overlap. Color scale has been cropped between
0.9 and 0.5 to highlight the smooth gradient between correlation coefficient and ampli-
tude. The relative amplitude of the subsequent harmonic tremor ranges from approx-
imately 5×10−2 to 1×10−1.
last 2 h by hand picks where we had reason to believe that the detec-
tor skipped an earthquake. Most of these missed earthquakes were
buried in the surface waves of larger events or were small; they
were objectively identified by simultaneously looking at a spectro-
gram, a high-pass filtered trace at 0.5 Hz, and a second high-pass fil-
tered trace at 10 Hz. Where visible, the first P-wave motion was
hand picked. In many cases, the P-wave was not clearly visible, but
the S-wave arrival was. For these cases, we assumed the P-wave ar-
rived 1 second before the S-wave. Hand picking became difficult
around 20 min prior to explosion, where the time between earth-
quakes approached the time between the arrival of the P- and S-
waves.

Fig. 7 shows quantitatively how the timing between individual
earthquakes decreases as a function of time. Although the timing er-
rors in hand picked arrivals and skipped earthquakes increases with
time in the sequence, the earthquakes seem to become more regular-
ly spaced with time. The percent error in periodicity, defined as the
standard deviation of the periodicity divided by the mean periodicity
for a bin of 100 earthquakes, reaches a minimum at 25%, but likely
overestimates the actual variation. Regardless of these errors, our
measurements should still provide useful first-order estimates of
the change in period with time. We sampled the fundamental fre-
quency of the harmonic tremor during Event 9 from a spectrogram
on the same station, and then plotted its inverse, or period, on the
same axes as the earthquakes. The average inter-earthquake time
approaches the period of the tremor. Remarkably, a least squares
linear trend of the inter-earthquake period has a slope of roughly
−0.001 s/s, which is the same slope used to fit the period of gliding
tremor from Events 12 through 15 in Fig. 4.

We further tested our hypothesis that the tremor is comprised of
regularly repeating earthquake signals through a series of synthetic
experiments. We verified that earthquakes that repeat with sufficient
regularity could produce harmonics through the Dirac comb effect, in
which frequency of the fundamental tone is inversely related to the
timing between sources (Powell and Neuberg, 2003). We summarize
the mathematical underpinnings of this effect in the Appendix A.
Powell and Neuberg (2003) state in a similar analysis that in order
to produce harmonics through the comb effect, the error in periodicity
of the sources must be less than 2% to reproduce features of the trem-
or observed on Lascar, and Hagerty et al. (2000) attest that the error
must be less than 1% to reproduce the tremor on Arenal. Harmonic
tremor at Redoubt had fewer overtones than Lascar and Arenal, so
we reconsider the allowable variability in timing and amplitudes of
repeating earthquakes necessary to be consistent with the tremor
we observe.
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We constructed synthetic harmonic tremor by convolving an
earthquake from a swarm prior to Event 9 with a pulse train of line-
arly decreasing recurrence interval with time, from 0.4 to 0.02 s
over 6 min (Fig. 8). Variability in timing was included by adding
Gaussian noise centered on the period between each earthquake,
such that the percentage variation of interval remains constant de-
spite changing frequency. We find for harmonic tremor with few
overtones, as we see on Redoubt Volcano, that the period may vary
by as much as 10% without destroying the first overtone, and by near-
ly 20% without destroying the fundamental tone. It is also important
to note, especially for lower frequencies, that the choice of FFT win-
dow length affects the resolution of the harmonics. The spectrum be-
comes more peaked as more repeating pulses are included in the
window, but becomes less harmonic if the time between these pulses
changes sufficiently over the window.

We also evaluated the allowable variation in amplitude by adding
Gaussian noise to the amplitude of the pulse train, and found that
even 100% noise in amplitude does not significantly alter the harmon-
ic nature of the signal. While we cannot separate individual earth-
quake signals during the interval in which we observe the harmonic
tremor, the variability of the earthquake inter-event periods and am-
plitudes measured in the hours leading up to the tremor decreases
with time such that just prior to the tremor it is of the order of the
20% and 100% limits, respectively, inferred in our synthetic tests.
Moreover, even for spectrograms constructed with longer windows
we do not observe harmonics prior to the last few minutes. In other
words, the synthetic tests are consistent with the observations.
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Fig. 8. Synthetic harmonic tremor was made by convolving a comb function of linearly
decreasing period with time and a sample earthquake from the Event 9 swarm on sta-
tion RDW-C. Error in periodicity of the comb with standard deviation of (a) 5%, (b) 10%,
and (c) 15% degrades the harmonic nature of the signal. Random amplitude variation
did not significantly alter the signal, but a few significantly larger outliers of the
same family, as in (d), creates the appearance of simultaneous earthquakes and har-
monic tremor. Purely horizontal bands across the spectrogram match the source earth-
quake's spectrum. The weak fundamental tone between 1 and 2 min coincides with a
trough in the earthquake spectrum, giving the illusion of a missing fundamental tone.
Physically they imply that in the hours leading up to the explosions
the earthquakes occur both with increasing rate and regularity.

Our hypothesis that the tremor is comprised of repeating earth-
quakes also predicts that the two signals should also share the same
spectral characteristics in the nonharmonic portion of the spectrum,
since the total spectrum of tremor is the combination of the earthqua-
ke's spectrum and a comb (Garces and McNutt, 1997). Thus, our third
test makes an effort to compare the tremor spectrumwith a single re-
peating earthquake's spectrum. Fig. 9 shows the normalized spectrum
of one of the repeating earthquakes with the average spectrum of
10 min of harmonic tremor immediately prior to Event 9. We aver-
aged the tremor spectra over a time period when the harmonic
peaks change dramatically to let the nonharmonic character domi-
nate the spectrum, even though harmonics are present in shorter
time windows. In this case the tremor spectrum should simply be
the sum of multiple copies of the spectrum of a single earthquake,
and the comb effect is reduced because the time between copies is in-
sufficiently regular over the longer time period. Although the relative
amplitudes of spectral peaks are slightly different, the earthquake and
tremor spectra share highly similar shapes across the network.

Given that the earthquakes in the swarm prior to Event 9 appear
to merge into harmonic tremor, and may indeed comprise it, we in-
vestigated the possible source mechanism of these earthquakes by
further analyzing the spectra of the signals they generate. We note
that the spectral content of these earthquakes is rich in frequencies
above 5 Hz, and that many stations located on the volcano proper
have waveforms with clearly impulsive arrivals. Based on classifica-
tion of volcanic earthquakes by Lahr et al. (1994), these earthquakes
most closely resemble shallow volcano-tectonic (VT) earthquakes.
Often, VT earthquakes are attributed to brittle failure, and should the-
oretically have the same source spectra as non-volcanic earthquakes
of the same size. Following Prejean and Ellsworth (2001), we com-
puted fits of the P-wave spectra for large, similarly sized repeating
earthquakes on multiple stations to both ω2 and ω3 source models
(Brune, 1970) for a range of corner frequencies and seismic quality
(Q) factor. Because uncorrected path effects may heavily contaminate
spectra and because impulsive high-frequency earthquakes can have
non-double couple moment tensors (e.g., Foulger et al., 2004), we use
this analysis as a simple test to explore general consistency with the
models, rather than to establish specific source parameters. Spectral
fits were checked for consistency across the network. We find the
best fitting source spectra for these Md 1.0–1.7 earthquakes are con-
sistent with an ω2-source model with a corner frequency above
20 Hz and Q between 6 and 30 depending on seismic station used.
Unfortunately, there is a heavy tradeoff between corner frequency
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Fig. 9. Normalized spectrum of a single repeating earthquake (thin line) vs. 10 min of
tremor (thick line), both from prior to Event 9 on station RDW-C. Spectrum for the
earthquake was calculated over a 30-second window, and the spectrum for tremor
was averaged over 30-second long, 10-second overlapping sliding windows to enhance
the nonharmonic part of the spectrum.



Table 2
List of first motions and P/S ratios used in the determination of focal mechanism.

Station First motion P/S ratio

DFR Down 0.31
INE Up –

NCT Down 1.70
RD01/REF Down 0.28
RD02/RDN Down 0.28
RD03 Up 0.14
RDE Down 0.87
RDT Down 0.44
RDW-B Up 0.57
RDW-C Up 0.23
RED Up 0.53
SPU Down –

96 A.J. Hotovec et al. / Journal of Volcanology and Geothermal Research 259 (2013) 89–99
and Q, where lower Q will yield higher corner frequency. Q is not well
constrained, though stations with consistently low-Q fits had broad-
band sensors installed temporarily on unconsolidated ash. Addition-
ally, the Nyquist frequency for the broadband instruments is 25 Hz
and the close short-period stations clipped on these earthquakes, so
little reliable data are available to fully constrain the high corner fre-
quencies one might expect for this magnitude range.

To further constrain the earthquake source properties, we stacked
similar waveforms to resolve clear first motions on 12 stations, which
included one station from both Spurr and Iliamna volcanoes, 90 km
distant. First motions were mixed, with first compressional motion
on stations to the north and east, and dilatational to the south and
west (Fig. 10). These mixed first motions contrast observations of
repeating long-period earthquakes with all dilatational first motions
during the previous eruption of Redoubt Volcano in 1989–90
(Chouet et al., 1994), and the 2004 eruption of Mount St. Helens
(Matoza et al., 2009). Fortuitously, many of the earthquakes in this
swarm were large enough to be located, enabling us to solve for a
focal mechanism. According to double difference relocations by
Wessale et al. (2010), earthquakes in this swarm locate approximate-
ly 250 m WSW of the surface vent, roughly 300 m below sea level,
and within 200 m of each other. We determined takeoff angles by as-
suming the average double-difference location and depth (Wessale
et al., 2010), then traced rays through AVO's local 1-D velocity
model for Redoubt Volcano (Dixon et al., 2010). We first solved for
an initial double-couple fault plane solution with FPFIT (Reasenberg
and Oppenheimer, 1985), and then further constrained the possible
focal mechanism with P/S ratios for the closest stations using HASH
v1.2 (Hardebeck and Shearer, 2002). Table 2 lists the motions and
P/S ratios used in this inversion. The resulting fault plane solution is
close to pure dip-slip (Fig. 10). However, although we can easily fit
a double-couple mechanism to these earthquakes and the spectral
fits are consistent with a double-couple mechanism, we do not have
enough station coverage to perform a reliable full moment tensor
inversion.

4. Discussion

We believe the best explanation for the observed gliding tremor at
Redoubt Volcano is that it is composed of repeating earthquakes. We
base this on observations of a smooth transition between the inter-
event times of discrete earthquakes and frequency of harmonic
NCT (12.2 km)

SPU (85.9 km)

RED (8.0 km)

RDW-C (3.5 km)

RDW-B (4.7 km)

Fig. 10. Stack of repeating earthquakes prior to Event 9 at multiple stations showing differen
long, and normalized to the same maximum amplitude. Respective first motions are plotte
tremor prior to Event 9, the similarity in spectrum of the tremor win-
dow and an earthquake, and the fact that we can reproduce all the
features of the observations with synthetic time series. Although
Event 9 has the clearest supporting evidence, it is possible to explain
the behavior of the following explosions in terms of this model. For
Event 11, the majority of the pre-explosive tremor is nonharmonic,
with only faint high frequency gliding visible near the end. A small
swarm of earthquakes is visible prior to tremor, but with less regular-
ity than Event 9. Our model is consistent with this event if earth-
quakes comprising the tremor were too irregularly spaced in time
to form harmonics until the end. Event 12 had a large swarm of re-
peating earthquakes prior to and concurrent with gliding up to the
onset of explosion that at times would blend in and out of harmonic
tremor if long enough windows were used. Like Event 9, there
seems to be a bimodal amplitude distribution based on waveform
cross correlations, with small, more frequent earthquakes comprising
tremor, and larger earthquakes of the same family individually visi-
ble. However, the behavior is much less regular in time than Event
9 for reasons we do not understand. Events 13 – 15 have few, if any,
visibly repeating earthquakes. Thus consistency between our model
and these events requires that the swarms become large enough to
be detected when the inter-event rate is too high to see individual re-
peaters. The explosion associated with Event 16 had different acoustic
character from the previous explosions (Fee et al., 2013), and we sup-
pose that the source either did not have time to re-establish itself or
was even destroyed in this event. Event 17 marks the return of
1 sec

RD02 (4.0 km)

RDT (21.5 km)

RD01 (3.8 km)

ce in first motions and character of signal with both distance and azimuth. Traces are 5 s
d on the best fitting focal sphere constrained by both first motion and P/S ratio.
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repeating earthquakes and low-frequency harmonic tremor, but the
signal eventually degrades into nonharmonic tremor. We interpret
that the nonharmonic tremor is still composed of repeating earth-
quakes with irregular periodicity, as was possibly the case for Event
11. Event 18 has some repeating earthquakes that become more fre-
quent, but do not become frequent enough to form harmonic tremor
over our chosen window length before explosion. Finally, although
frequency of tremor during the extrusive phase is considerably
more variable with time than that of pre-explosive tremor, differ-
ences in behavior may be related to changes in extrusion rate
(Diefenbach et al., 2013), eruptive style, or magma properties
(Coombs et al., 2013) and subsequently on processes controlling
earthquake repeat rate.

Proximity of repeating earthquakes to the inferred location of the
conduit and high-angle faulting make a case for slip at or near the
edge of the conduit wall. Stick–slip phenomena in the conduit have
been attributed to cyclic eruptive activity (Denlinger and Hoblitt,
1999) and chugging (Ozerov et al., 2003), but these are on longer
time scales than we observe. We suppose that slip in our case could
represent brittle failure of viscous magma at the conduit wall itself
as the magma ascends, as has been proposed as a possible mechanism
for hybrid and long period earthquakes (Iverson et al., 2006; Neuberg
et al., 2006; Harrington and Brodsky, 2007). Conceptually, as magma
rises in the conduit, it cools near the top and along the edges, and may
fracture under high enough strain-rate. Tuffen et al. (2008) demon-
strated this phenomenon for magma in the lab at 900 °C, and showed
that this fracture mechanism produces similar seismic signals as tec-
tonic earthquakes. If we believe that our repeating earthquakes are
similar to tectonic earthquakes of comparable size, the stressing
rates required to have even a few earthquakes per second still seem
abnormally high. It is possible that unusual material properties in
the conduit region violate traditional assumptions about earthquake
source mechanics such as stress drop. It is also unclear at this point
exactly what force is causing the rate of occurrence to increase and
become more regular immediately prior to these explosions. Acoustic
character (Fee et al., 2013) and ashfall analysis (Wallace et al., 2013)
of this subset of explosions indicates that the magma that erupted was
possibly more viscous than in earlier explosions. Although viscosity
may play a strong role in this model, there are many other variables
that could conceivably control the rate of earthquake repetition, but a
thorough investigation of these poorly constrained degrees of freedom
is beyond the scope of this paper. However, it is clear that the process
is repeatable between explosions, and returnswhenmagma is extruded
at the surface during dome building.

We infer that part of the repeatability between explosions has to
do with the depth of the earthquakes, and therefore the harmonic
tremor. Although the earthquakes are located near the conduit, they
are relatively deep (Wessale et al., 2010). When the volcano erupts
in a Vulcanian explosion, the conduit drains down the top 0.5 to
2 km (Druitt et al., 2002). If we believe the earthquakes locate at
300 m below sea level, or roughly 3 km below the surface vent, the
earthquake and tremor source would be well below the fragmenta-
tion front, and remain intact through the explosion. The process re-
peats again in similar fashion as the conduit refills, and conditions
for failure are met.

A curious and significant detail we have not yet discussed is the
nearly aseismic period between the highest frequency tremor and
the onset of explosion. One could imagine that the frequency of the
fundamental tone actually exceeds 30 Hz, and is attenuated away or
too low in amplitude to be recorded. Although we could argue this
may be the case for Event 12, where earthquakes occur even during
the otherwise quiet pause, the earthquakes prior to Event 18 clearly
cease 3 min before the explosion. Whether this cessation in seismicity
is caused by a temporary transition from stick–slip to aseismic sliding,
a pause in movement, or whether some other pre-explosive process is
at work is still an open question.
Even though we have presented evidence to support the hypoth-
esis that harmonic tremor is composed of repeating earthquakes,
we are still left with several other important and unanswered ques-
tions regarding this model. For example, why are the repeat rates
and tremor frequencies for Redoubt Volcano so much higher than
other, similar volcanoes? For that matter, what stressing rate is re-
quired to produce upwards of 30 small earthquakes per second, and
is that feasible to apply to both phases of eruption? Why is the de-
crease in the period between the earthquakes and the period of the
harmonic tremor linear? Interestingly, the linearly decreasing period
in harmonic tremor does not appear to be unique to Redoubt Volcano
alone, as the upward gliding harmonic tremor from Soufriére Hills
Volcano also has a nearly linear shape when plotted in terms of peri-
od. Soufriére Hills Volcano also exhibited a linear increase in number
of earthquakes over several swarms prior to dome failure (Hammer
and Neuberg, 2009), which was proposed to be in line with the mate-
rial failure law (Voight, 1988). With more study, we hope similar ob-
servations of gliding tremor can be applicable to forecasting behavior
of other volcanoes in the short term.

5. Conclusions

Redoubt Volcano produced repeatable, upward gliding harmonic
tremor preceding six explosive events, for which the fundamental
tone spanned from b1 Hz to 30 Hz. Harmonic tremor with fundamen-
tal frequencies consistently above 10 Hz returned for several hours
during the early extrusive phase. This frequency range greatly ex-
ceeds other observations of harmonic tremor, and has implications
for the applicability of previously proposed tremor sources that
work in the 1 to 5 Hz range. We find that the most likely source of
harmonic tremor for Redoubt Volcano is that of repeating earth-
quakes through the Dirac comb effect, based primarily on the obser-
vation of a smooth transition between the inter-event time of
repeating earthquakes and fundamental period of harmonic tremor
prior to Event 9. Further investigation into the source of these earth-
quakes points toward a shear source near the conduit, deep enough to
survive a series of explosions. Although we do not have a complete
explanation for why the earthquake rate speeds up and becomes
more regular prior to explosion, we believe these observations can in-
form future studies of pre-explosive conduit dynamics.
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Appendix A

A Dirac comb is an infinite series of evenly spaced Dirac delta func-
tions in time, which has the special property that its Fourier trans-
form is a comb function in frequency as well. The spacing of the
delta functions in frequency is the inverse of the period between
delta functions in time.

We can represent a comb function as a series of incrementally
phase shifted delta functions:

g tð Þ ¼ δ tð Þ þ δ t−τð Þ þ δ t−2τð Þ þ ⋅⋅⋅þ δ t−Nτð Þ þ ⋅⋅⋅ ðA:1Þ
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whose Fourier transform can be represented as a geometric series:

G ωð Þ ¼ 1þ e−iωτ þ e−iω2τ þ ⋅⋅⋅þ e−iωNτ þ ⋅⋅⋅ ðA:2Þ

Strictly speaking, a true comb function contains an infinite num-
ber of phase shifted delta functions. In practice, we only have a limit-
ed number of copies within a finite time window. Let us consider the
case where we have only N+1 pulses with period τ over the window
t=0 to t=Nτ. We can simplify the first N+1 terms of a geometric
series as:

G rð Þ ¼ 1þ r þ r2 þ r3 þ ⋅⋅⋅þ rN ¼ 1−rNþ1

1−r
ðA:3Þ

where in our case:

r ωð Þ ¼ e−iωτ ðA:4Þ

By substituting Eq. (A.4) into Eq. (A.3), and using both Euler's for-
mula (eix=cos x+ i sin x) and the double angle formulae, we find
that the spectrum of a sequence of N+1 equally spaced delta func-
tions is:

G ωð Þ ¼ e−
1
2iωτ sin 1

2ω N þ 1ð Þτ� �

sin 1
2ωτ
� � ðA:5Þ

The ratio of the two sin functions is essentially a periodic sinc
function, with maxima where (1/2)ωτ=π. This occurs at integer fre-
quencies f=n/τ, the same as the true Dirac comb. Unlike the Dirac
comb, the peaks of G(ω) have finite width, which can be approximat-
ed as Δf≅1/(Nτ), and finite maximum amplitude N+1. Clearly, the
larger N is (more repeats) the narrower the peaks become and the
more harmonic the spectrum appears.

In our model, the repeating function is not a delta function, but
a repeating earthquake. Thus, the total spectrum is the product
of G(ω) and the spectrum of an earthquake. The harmonic frequen-
cies of the spectrum are governed completely by the repeat interval,
τ, but provide information about the earthquake spectrum where
G(ω) is nonzero. It should be noted that earthquake spectra have fi-
nite bandwidths, typically decreasing with increasing frequency
above some ‘corner frequency’ fc. Finally, the harmonic nature of the
signal may not be discernable for low values of N, even for perfectly
timed repetitions, given the finite width and lower amplitude of the
‘comb’.
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