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            Strongly gliding harmonic tremor during the 2009 eruption of Redoubt Volcano Alicia J. Hotovec a, ⁎, Stephanie G. Prejean b , John E. Vidale a , Joan Gomberg c a University of Washington, Department of Earth and Space Sciences, Box 351310, Seattle, WA 98195, USA b United States Geological Survey, Volcano Science Center, 4210 University Dr., Anchorage, AK 99508, USA c United States Geological Survey, University of Washington, Department of Earth and Space Sciences, Box 351310, Seattle, WA 98195, USA abstract article info Article history: Received 2 June 2011 Accepted 5 January 2012 Available online 15 January 2012 Keywords: Harmonic tremor Gliding spectral lines Repeating earthquakes Redoubt Volcano Volcano seismology 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 b 1 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 of many models that have been suggested for volcanic tremor. We also analyzed the behavior of a swarm of 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 spectrum of 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, 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 and McNutt, 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, in which the Fourier transform of a comb of even- ly spaced, discrete pulses in time will 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 Journal of Volcanology and Geothermal Research 259 (2013) 89–99 ⁎ Corresponding author at: University of Washington, Department of Earth and Space Sciences, Box 351510, Seattle, WA 98195, USA. Tel.: +1 206 619 3958. E-mail address: [email protected] (A.J. Hotovec). 0377-0273/$ – see front matter © 2012 Elsevier B.V. All rights reserved. doi:10.1016/j.jvolgeores.2012.01.001 Contents lists available at SciVerse ScienceDirect Journal of Volcanology and Geothermal Research journal homepage: www.elsevier.com/locate/jvolgeores 
        

        
    






				            

        

    









                    
                        
							Upload: others
                            Post on 23-Jun-2020

                            19 views

                        

                        
                            Category:
 Documents


                            0 download

                        

                    


                    
                        
                            Report
                        

                                                
                            	
                                    Download
                                


                        

                                            


                    
                        
                        
                            
                                    
Facebook

                        

                        
                        
                            
                                    
Twitter

                        

                        
                        
                            
                                    
E-Mail

                        

                        
                        
                            
                                    
LinkedIn

                        

                        
                        
                            
                                    
Pinterest

                        
                    


                    
                

                

                    
                    
                        Embed Size (px):
                            344 x 292
429 x 357
514 x 422
599 x 487


                        

                    

                    

                    

                    
                                        
                        TRANSCRIPT

                        Page 1
                        

Journal of Volcanology and Geothermal Research 259 (2013) 89–99
 Contents lists available at SciVerse ScienceDirect
 Journal of Volcanology and Geothermal Research
 j ourna l homepage: www.e lsev ie r .com/ locate / jvo lgeores
 Strongly gliding harmonic tremor during the 2009 eruption of Redoubt Volcano
 Alicia J. Hotovec a,⁎, Stephanie G. Prejean b, John E. Vidale a, Joan Gomberg c
 a University of Washington, Department of Earth and Space Sciences, Box 351310, Seattle, WA 98195, USAb United States Geological Survey, Volcano Science Center, 4210 University Dr., Anchorage, AK 99508, USAc United States Geological Survey, University of Washington, Department of Earth and Space Sciences, Box 351310, Seattle, WA 98195, USA
 ⁎ Corresponding author at: University of WashingtSpace Sciences, Box 351510, Seattle, WA 98195, USA. Te
 E-mail address: [email protected] (A.J. Hotovec).
 0377-0273/$ – see front matter © 2012 Elsevier B.V. Alldoi:10.1016/j.jvolgeores.2012.01.001
 a b s t r a c t
 a r t i c l e i n f o Article history:Received 2 June 2011Accepted 5 January 2012Available online 15 January 2012
 Keywords:Harmonic tremorGliding spectral linesRepeating earthquakesRedoubt VolcanoVolcano seismology
 During the 2009 eruption of Redoubt Volcano, Alaska, gliding harmonic tremor occurred prominently before sixnearly 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 theextrusive 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 upperlimits ofmanymodels that have been suggested for volcanic tremor.We also analyzed the behavior of a swarmofrepeating 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 acousticsignal that often accompanies unrest on volcanoes of varying composi-tions and behaviors. Several narrow, evenly spaced peaks dominate thefrequency 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 oftenchange with time, forming “gliding spectral lines” on spectrograms.
 Behavior of harmonic tremor is highly variable from volcano tovolcano, but can be roughly grouped by style of eruption. Harmonictremor during times of high explosive activity can be complex,but upward gliding of harmonic tremor immediately prior to anexplosion has been observed at Arenal Volcano, Costa Rica (Lesageet al., 2006), and Soufrière Hills Volcano, Montserrat (Powell andNeuberg, 2003). In both cases, the fundamental tone rose nearlymonotonically from 1 to 3 Hz in the span of a few minutes. Chuggingis a subset of harmonic tremor immediately following steam orStrombolian explosions, and is often accompanied by audible soundsand 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 andMcNutt, 1997; Hagerty et al., 2000; Lesage et al., 2006), KarymskyVolcano, Russia (Ozerov et al., 2003; Lees et al., 2004), ReventadorVolcano (Johnson and Lees, 2000), Sangay Volcano (Lees and Ruiz,
 on, Department of Earth andl.: +1 206 619 3958.
 rights reserved.
 2008), and Tungurahua Volcano (Ruiz et al., 2006), Ecuador, and fol-lowing Vulcanian explosions at Sakurajima Volcano, Japan (Maryantoet al., 2008). The fundamental tone shifts both up and down in therange of 0.5 and 4 Hz, and lasts on the order of seconds to minutes.Alternatively, harmonic tremor can last minutes to hours duringtimes of low explosive or eruptive activity. The fundamental toneremained steadily around 1 Hz for 18 h at Lascar Volcano, Chile(Hellweg, 2000), for at least 6 h at Veniaminof Volcano, Alaska (deAngelis andMcNutt, 2007), and for almost 2 h at Erebus Volcano, Ant-arctica (Rowe et al., 2000). Reventador Volcano produced multiplecases of harmonic tremor with a fundamental tone of 2 Hz that glidedslightly, 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 as20 Hz, lasted for almost an hour at Stromboli Volcano, Italy, during anon-explosive phase of eruption (Ripepe et al., 2009).
 Although gliding harmonic tremor is relatively common on activevolcanoes, the mechanism producing the signal is still debated. A widevariety of models have been proposed that are capable of producingharmonics. The first model invokes the resonance of a fluid-filledcrack, described by Chouet (1985). In this model, a hydrothermalcrack, or the volcanic conduit itself, acts like a tube bell or flute, andharmonic overtones are produced by the multiple standing waves inthe tube. Other models involve the resonance of gas-filled bubbles(Maryanto et al., 2008), or the vibration of the volcanic conduit insidean annulus (Jellinek and Bercovici, 2011). Another set of models utilizesthe Dirac comb effect, inwhich the Fourier transform of a comb of even-ly spaced, discrete pulses in timewill produce evenly spaced harmonicsin the frequency domain (mathematical details in the Appendix A).Often, non-linear fluid flow (Hellweg, 2000) or non-linear responses
 http://dx.doi.org/10.1016/j.jvolgeores.2012.01.001
 mailto:[email protected]
 http://dx.doi.org/10.1016/j.jvolgeores.2012.01.001
 http://www.sciencedirect.com/science/journal/03770273
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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 numberswere 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 highlyregular 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 explainthe 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 yearsof 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 justover 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 venbroadband stations.
 followed between March 26 and March 29, 2009, most of whichwere preceded by upward gliding harmonic tremor. The entire se-quence lasted two weeks, consisted of more than eighteen Vulcanianexplosions 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 associatedplume heights, and the numbering scheme used to reference specificexplosions of interest throughout this paper. A dome-building phasefollowed the last explosion, and began with unusually high extrusionrates (Bull et al., 2013; Diefenbach et al., 2013). This phase lasted untilJuly 2009, and was also accompanied by periods of harmonic tremorand drumbeat earthquakes (Buurman et al., 2013).
 2.1.1. Seismic instrumentationThe Alaska Volcano Observatory (AVO) operates a permanent
 seismic network near Redoubt Volcano of one L22 and seven L4short-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 bysix Guralp CMG-6TD 3-component broadband seismometers. RDJHwas 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, duringthe pre-eruptive sequence. Actual station coverage during the entire-ty of the eruptive sequence is poorer than the station map in Fig. 2implies. Both RSO and RDJH went offline on March 25, 2009, andRED 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 characteristicsThe 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 inthe latter half of the eruptive sequence had a marked increase in seis-micity in the minutes to hours before explosion, either as tremor orearthquake swarms (Buurman et al., 2013) followed by a seismic qui-escence, but only six show gliding clearly. Table 1 summarizes theseobservations for Events 9 through 18.
 Gliding tremor was recorded across the local network, and as faraway as 90 km at both Spurr and Iliamna volcanoes for Events 9 and13. Frequencies above 15 Hz were not recorded at more distant sta-tions due to attenuation, but tremor frequencies approaching 20 to25 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, tusing a 2-second 50% overlapping window. Times are aligned to the approximate explosionBright vertical lines are earthquakes.
 high as nearly 30 Hz at short-period station REF. Despite these highfrequencies, the same evolution of harmonic tremor is seen on bothcampaign and telemetered stations, so we can rule out station noiseand path effects as causes. Integer harmonic overtones exist formost events, but are usually weaker than the fundamental tone, andmany 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 (Feeet al., 2013).
 Pre-explosive gliding occurs on consecutive explosions betweenEvents 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 explosionsignal. Gliding prior to Event 11 is difficult to detect due to strongnonharmonic tremor that dominates the signal. Weak, upward glid-ing energy from 10 to 25 Hz exists across most of the network andup to 30 Hz at REF in the last 2 min before this explosion, followedby 30 seconds of relative quiescence. Because this behavior is gener-ally consistent with the other events, we consider Event 11 to bepart of the sequence.
 The spectral evolution of gliding on Redoubt Volcano is reminis-cent of, but at significantly higher frequencies than, pre-explosivegliding from 1 to 3 Hz on Soufriére Hills Volcano, Montserrat in1999 (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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 xplosion (min)
 o the east of the vent. All spectrograms are plotted on a common logarithmic color scaleonset at t=0, and frequency is plotted up to the broadband Nyquist frequency of 25 Hz.
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Table 1Summary 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. Highestfrequency 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 earthquakesare 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 acousticonset
 Lowest harmonicfrequency(Hz)
 Highest harmonicfrequency(Hz)
 Approx. pre-explosivequiescence(s)
 Repeatingearthquakesdetected
 Furthest distancerecorded(km)
 9 03/27 07:47 12.5 Emergent 0.8 10 30 Yes 8611 03/27 06:39 15.6 Impulsive ? 30 15 Yes 2212 03/28 01:34 14.6 Impulsive 0.5 28 70 Yes 2213 03/28 03:24 15.2 Impulsive 2 23 30 Maybe 8614 03/28 07:19 14.6 Impulsive 7 30 45 No 415 03/28 09:19 14.6 Impulsive 10 25 180 No 317 03/28 03:29 12.5 Impulsive 0.5 ? 240 Maybe 2218 03/29 03:23 14.6 Emergent n/a n/a 180 Yes 12
 92 A.J. Hotovec et al. / Journal of Volcanology and Geothermal Research 259 (2013) 89–99
 and changes by as much as 20 Hz in 1 min. Both frequency range andrate of frequency change are similar for Events 12 through 15. Fig. 4illustrates the high degree of repeatability in time evolution of thefundamental spectral line for these events, as well as its similarityto the simple rational function f=1/T, where T is period, which is alinearly decreasing function of time. We also notice that harmonictremor seems to start, or at least become visible, at higher frequenciesfor each new explosion. Due to low amplitudes at the highest fre-quencies, it is difficult to constrain how the highest frequency ischanging 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 eitherorder of explosion, plume height, maximum frequency, or tremor am-plitude. It is possible that the frequency of the tremor continues toclimb unobserved, but because there is no evidence that is the case,we assume the interval is aseismic. Although they do not have thesame dramatic gliding as earlier events, Events 17 and 18 also havesimilar 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 intononharmonic tremor that abruptly decays in amplitude immediatelybefore the explosion. Small, increasingly frequent earthquakes thatalso abruptly stop precede Event 18. There is no clear silence beforeEvent 16, 19, or any other previous explosion.
 Because gliding tremor shares so many behavioral features amongexplosive events, we suspect a common, non-destructive source. Fun-damental frequencies observed as high as 30 Hz strongly constrain
 12 13 14 15
 0601201802400
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 Fig. 4. Fundamental frequencies of four consecutive gliding events plotted on an arbi-trary time axis, so that they align at f=18 Hz. The lines are traced from a spectrogramof short period station REF, which has a Nyquist frequency of 50 Hz. The lines have re-peatable shapes, though there is some variation in slope. Thick shaded line is a simplerational function, f=1/(−0.001 t), where f is frequency (Hz) and t is time (s).
 models to explain the tremor. Surprisingly, such high frequenciesare not exclusive only to the explosive phase, as extended periodsof high-frequency gliding were also observed beginning April 5,while the volcano was actively extruding a lava dome (Fig. 5). Duringthis time, the fundamental tone remained over 15 Hz for nearly20 min in multiple instances, compared to just a few seconds priorto the explosions. The fundamental tone oscillates wildly, glidingboth up and down in frequency, although there seems to be a prefer-ence toward downward gliding. Tremor continues sporadically intwo- 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 bothtime 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, canstably 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 of20 to 100 km. If possible, the model should permit conditions expectedin both the pre-explosive and extrusive phases of volcanic activity.
 2.2. Evaluation of models
 Many explanations for the source of harmonic peaks in volcanictremor invoke resonance of a fluid-filled pipe or crack, such as thevolcanic conduit (Chouet, 1985; Benoit and McNutt, 1997; deAngelis and McNutt, 2007; Maryanto et al., 2008). Gliding is attribut-ed to changes in properties of a resonator, most often fluid acousticvelocity or effective resonator length (Neuberg, 2000; Jousset et al.,
 Time (min)10080604020
 Fre
 qu
 ency
 (H
 z)
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 25
 Fig. 5. Two-hour representative sample of harmonic tremor on station RDW-C duringthe extrusive phase, beginning April 5, 2009 08:00 UTC. Spectrogram was made usinga 10-second 50% overlapping sliding window, and is plotted on the same color scaleas 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 inthe 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 bubblymagma within the conduit as similar to a slide whistle, the excitationmechanism for the resonance itself is usually left unspecified.
 Following these models we can calculate reasonable dimensionsof 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 isthe length of the tube. The equation implies that if acoustic velocityalone changes, it must increase to 30 times its initial value for thecase of Redoubt Volcano's tremor. This range is roughly equivalentto 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 iftwo-phase flow is involved. Alternatively, if we assume that acousticvelocity remains constant at that of bubbly water or gas-richmagma (roughly 1 km/s, after modeling by Jousset et al., 2003), acrack of 250 m length would produce 2 Hz harmonic tremor, and acrack of 16 m length would produce 30 Hz harmonic tremor. ForEvents 12 through 15, the crack must be consistently shortening ata 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 thematched end condition case; the lengths would be half as much forunmatched (open-closed) end conditions and produce only odd har-monics, which we do not observe. If we consider the resonating bodyto be the volcanic conduit, an acoustically impermeable layer, such asa bubble nucleation level, could be rising quickly and shortening theresonating portion of the conduit. Conversely, the resonating bodycould also be a thin hydrothermal crack that is collapsing on one orboth ends, perhaps from increased pressure, and is then proppedopen again after each explosion (B. Chouet, personal communication,2010). Although we only present the end members, it is possible thata linear combination of change in acoustic velocity and length oc-curred simultaneously.
 The magma wagging model of Jellinek and Bercovici (2011) alsodescribes conduit processes, but the frequency of tremor depends pri-marily on the width and properties of the annulus surrounding theconduit. However, for realistic combinations of conduit geometry,the range for which magma wagging is viable is 0.1 to 5 Hz, whichis well below the range of observed frequencies at Redoubt Volcano.The model also requires the conduit to bend or other nonlinear effectsto produce harmonic overtones (D. Bercovici and M. Jellinek, personalcommunication, 2011).
 An alternative suite of models focuses on the flow of fluidsthrough cracks. Julian (1994) proposes that harmonic tremor is anon-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 mechanismfor our range of observed frequencies (Hellweg, 2000). Choked flowof gas near the surface can be consistent with the seismic and acousticobservations of chugging (Johnson and Lees, 2000). The choked flowmechanism might also be supplemented with feedback controlthrough conduit resonance (Lesage et al., 2006). These models havemostly been applied to chugging, or to extended periods of tremoraround 1 Hz in frequency. All these theories imply that higher flowrates are required for higher frequencies, and are heavily dependenton 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 fluidflow. The lack of acoustic signal suggests the source may not be gasescaping at the surface, but does not exclude the possibility of flowdeeper 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 istoo 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 repetitivestick–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 theinter-event rate. Previous studies involving spectral character haveindicated that low-frequency earthquakes and volcanic tremormay share a common source (Fehler, 1983). The sources of low-frequency and hybrid earthquakes are often also closely linked tothe influence of fluids (Chouet, 1988; Matoza et al., 2009). Modelinghas also indicated that at least some of the low-frequency contentand spurious source mechanisms may be partly due to near-surfacepath effects (Malone and Haulter, 2003; Bean et al., 2008), and othershave suggested brittle-failure as a mechanism (Iverson et al., 2006;Neuberg et al., 2006; Harrington and Brodsky, 2007). Regardless ofsource, multiple observations exist of swarms of low-frequencyearthquakes merging into tremor on Soufriére Hills Volcano,Montserrat (Neuberg et al., 1998; Neuberg, 2000), and MiyakejimaVolcano, Japan (Fujita et al., 2009), and both in and out of tremoron Mount St. Helens, Washington (Malone and Qamar, 1984), andAugustine 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 tomimic the periodic nature of harmonic tremor but at much slowerrates.
 3. Closely repeating earthquakes and harmonic tremor
 A large swarm of repeating earthquakes preceded the first onset ofharmonic tremor before Event 9 (Buurman et al., 2013). While thisobservation alone is not extraordinary, we find that earthquakescomprising the swarm prior to Event 9 occur increasingly frequentlyas the time approaches the explosion, until they blend into harmonictremor. 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 andtremor are related, and possibly even resulting from the same physi-cal process.
 The first test of our hypothesis is that the earthquakes all mustoriginate from a single source. If the earthquakes were widely distrib-uted in space, at each station the waveforms and arrival times woulddiffer from earthquake to earthquake, and may be too irregular toform 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 alsoshare the same source mechanism. We measure waveform similarityusing waveform cross-correlation, following previous studies thatemployed 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 andWest, 2010; Thelen et al., 2010).
 Of the earthquakes in the swarm preceding Event 9, 267 werelarge enough to be located with the permanent local network byAVO (Dixon et al., 2010). We high pass filtered the seismogramsfrom those earthquakes above 0.5 Hz to reduce microseism noiseon 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 normalizedcorrelation coefficients greater than 0.85, and at least 75% correlatewith coefficients in excess of 0.95. In fact, those earthquakes thatdo not correlate as highly generally contain more than one earth-quake within this time window. Closer analysis of broadband datarevealed many additional earthquakes with visually similar wave-forms that were missing from the AVO catalog. To make the catalogwith repeating earthquakes from this family more complete, we
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 used the largest earthquake on the vertical component of broadbandstation RDW-C as a template to find other similar earthquakes. Wescanned the continuous data over a 3-second sliding window, andset 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 repeatinglong-period earthquakes prior to the 1989 eruption of RedoubtVolcano (Stephens and Chouet, 2001), and was also utilized forrepeating coupled earthquakes at Shishaldin Volcano, Alaska(Caplan-Auerbach and Petersen, 2005), and repeating explosions ofPavlof Volcano, Alaska (Haney et al., 2009).
 We found 1691 additional matches with correlation coefficientsgreater than 0.5, with 483 of these having coefficients greaterthan 0.75 during this swarm. The largest earthquakes correlate bestwith few exceptions. That is, as amplitude decreases, so too doesthe signal-to-noise ratio and correlation coefficient (Fig. 6). We notethat there is a bimodal amplitude distribution, with alternatinglarge and small earthquakes that appear to be part of the same family.The detector only seemed to miss the smallest earthquakes for whichonly a small S-wave was visible, or when earthquake waveformsbegan to significantly overlap in the last hour leading up to the glid-ing. Between 5 and 50 additional matches, depending on coefficientcutoff and window size, were found within the harmonic tremorwhere the amplitude of individual events was large enough to over-power the harmonics. It is also worth noting that the amplitudes ofthe small earthquakes increase smoothly with time until they areconsistent with the amplitude of the harmonic tremor. This detectorwas also applied to the earthquakes prior to Event 12, but we founda much more complicated time series with lower amplitudes andcross-correlation coefficients. Therefore, we focus on Event 9 becauseit has the clearest matches, and is the most temporally regular swarm.
 A second test of our hypothesis is that the changing periodicity ofthe earthquakes should be compatible with the frequencies at whichwe observe tremor. That is, the inverse of the smallest inter-event pe-riod measurable from between earthquakes should be just slightlylower than the lowest fundamental frequency of the harmonic trem-or. We measured the P-wave arrival time for each earthquake atstation 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 largeand small earthquakes. First arrival times were supplemented in the
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 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 largestearthquake. Correlation coefficient is computed over a 3-second window beginning onthe P-wave arrival. Longer window times do not significantly decrease the coefficientexcept where earthquakes begin to overlap. Color scale has been cropped between0.9 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 wereburied in the surface waves of larger events or were small; theywere 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 washand picked. In many cases, the P-wave was not clearly visible, butthe S-wave arrival was. For these cases, we assumed the P-wave ar-rived 1 second before the S-wave. Hand picking became difficultaround 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 individualearthquakes decreases as a function of time. Although the timing er-rors in hand picked arrivals and skipped earthquakes increases withtime in the sequence, the earthquakes seem to become more regular-ly spaced with time. The percent error in periodicity, defined as thestandard deviation of the periodicity divided by the mean periodicityfor a bin of 100 earthquakes, reaches a minimum at 25%, but likelyoverestimates the actual variation. Regardless of these errors, ourmeasurements should still provide useful first-order estimates ofthe change in period with time. We sampled the fundamental fre-quency of the harmonic tremor during Event 9 from a spectrogramon the same station, and then plotted its inverse, or period, on thesame axes as the earthquakes. The average inter-earthquake timeapproaches the period of the tremor. Remarkably, a least squareslinear 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 glidingtremor from Events 12 through 15 in Fig. 4.
 We further tested our hypothesis that the tremor is comprised ofregularly repeating earthquake signals through a series of syntheticexperiments. We verified that earthquakes that repeat with sufficientregularity could produce harmonics through the Dirac comb effect, inwhich frequency of the fundamental tone is inversely related to thetiming between sources (Powell and Neuberg, 2003). We summarizethe mathematical underpinnings of this effect in the Appendix A.Powell and Neuberg (2003) state in a similar analysis that in orderto produce harmonics through the comb effect, the error in periodicityof 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 errormust be less than 1% to reproduce the tremor on Arenal. Harmonictremor at Redoubt had fewer overtones than Lascar and Arenal, sowe reconsider the allowable variability in timing and amplitudes ofrepeating earthquakes necessary to be consistent with the tremorwe observe.
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 Fig. 7. Change in period between earthquakes (black dots) and period of tremor (opengray circles) over the last hour leading up to Event 9, with least squares linear trendline fit to the full ten-hour swarm of slope −0.001 s/s and thickness 25% of period(bold gray line). Period of tremor was measured by taking the inverse of the frequencyof the fundamental tone from Fig. 3.
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 We constructed synthetic harmonic tremor by convolving anearthquake 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 sover 6 min (Fig. 8). Variability in timing was included by addingGaussian 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 fewovertones, as we see on Redoubt Volcano, that the period may varyby as much as 10% without destroying the first overtone, and by near-ly 20% without destroying the fundamental tone. It is also importantto 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 thewindow, but becomes less harmonic if the time between these pulseschanges sufficiently over the window.
 We also evaluated the allowable variation in amplitude by addingGaussian noise to the amplitude of the pulse train, and found thateven 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 harmonictremor, the variability of the earthquake inter-event periods and am-plitudes measured in the hours leading up to the tremor decreaseswith time such that just prior to the tremor it is of the order of the20% and 100% limits, respectively, inferred in our synthetic tests.Moreover, even for spectrograms constructed with longer windowswe do not observe harmonics prior to the last few minutes. In otherwords, the synthetic tests are consistent with the observations.
 0 1 2 3 4
 0 1 2 3 4
 0 1 2 3 4
 0 1 2 3 4
 0
 10
 20
 0
 10
 20
 0
 10
 20
 0
 10
 20
 Time (min)
 Fre
 qu
 ency
 (H
 z)
 (d)
 (c)
 (b)
 (a)
 Fig. 8. Synthetic harmonic tremor was made by convolving a comb function of linearlydecreasing 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 variationdid not significantly alter the signal, but a few significantly larger outliers of thesame 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 atrough in the earthquake spectrum, giving the illusion of a missing fundamental tone.
 Physically they imply that in the hours leading up to the explosionsthe 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 samespectral 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 thirdtest makes an effort to compare the tremor spectrumwith a single re-peating earthquake's spectrum. Fig. 9 shows the normalized spectrumof one of the repeating earthquakes with the average spectrum of10 min of harmonic tremor immediately prior to Event 9. We aver-aged the tremor spectra over a time period when the harmonicpeaks change dramatically to let the nonharmonic character domi-nate the spectrum, even though harmonics are present in shortertime windows. In this case the tremor spectrum should simply bethe 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 relativeamplitudes of spectral peaks are slightly different, the earthquake andtremor spectra share highly similar shapes across the network.
 Given that the earthquakes in the swarm prior to Event 9 appearto merge into harmonic tremor, and may indeed comprise it, we in-vestigated the possible source mechanism of these earthquakes byfurther analyzing the spectra of the signals they generate. We notethat the spectral content of these earthquakes is rich in frequenciesabove 5 Hz, and that many stations located on the volcano properhave waveforms with clearly impulsive arrivals. Based on classifica-tion of volcanic earthquakes by Lahr et al. (1994), these earthquakesmost 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 earthquakesof the same size. Following Prejean and Ellsworth (2001), we com-puted fits of the P-wave spectra for large, similarly sized repeatingearthquakes 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 contaminatespectra and because impulsive high-frequency earthquakes can havenon-double couple moment tensors (e.g., Foulger et al., 2004), we usethis analysis as a simple test to explore general consistency with themodels, rather than to establish specific source parameters. Spectralfits were checked for consistency across the network. We find thebest fitting source spectra for these Md 1.0–1.7 earthquakes are con-sistent with an ω2-source model with a corner frequency above20 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 oftremor (thick line), both from prior to Event 9 on station RDW-C. Spectrum for theearthquake was calculated over a 30-second window, and the spectrum for tremorwas averaged over 30-second long, 10-second overlapping sliding windows to enhancethe nonharmonic part of the spectrum.
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Table 2List of first motions and P/S ratios used in the determination of focal mechanism.
 Station First motion P/S ratio
 DFR Down 0.31INE Up –
 NCT Down 1.70RD01/REF Down 0.28RD02/RDN Down 0.28RD03 Up 0.14RDE Down 0.87RDT Down 0.44RDW-B Up 0.57RDW-C Up 0.23RED Up 0.53SPU Down –
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 and Q, where lower Q will yield higher corner frequency. Q is not wellconstrained, 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 Hzand the close short-period stations clipped on these earthquakes, solittle 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 stackedsimilar waveforms to resolve clear first motions on 12 stations, whichincluded one station from both Spurr and Iliamna volcanoes, 90 kmdistant. First motions were mixed, with first compressional motionon stations to the north and east, and dilatational to the south andwest (Fig. 10). These mixed first motions contrast observations ofrepeating long-period earthquakes with all dilatational first motionsduring 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 thisswarm were large enough to be located, enabling us to solve for afocal mechanism. According to double difference relocations byWessale 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 (Wessaleet al., 2010), then traced rays through AVO's local 1-D velocitymodel for Redoubt Volcano (Dixon et al., 2010). We first solved foran initial double-couple fault plane solution with FPFIT (Reasenbergand Oppenheimer, 1985), and then further constrained the possiblefocal mechanism with P/S ratios for the closest stations using HASHv1.2 (Hardebeck and Shearer, 2002). Table 2 lists the motions andP/S ratios used in this inversion. The resulting fault plane solution isclose to pure dip-slip (Fig. 10). However, although we can easily fita double-couple mechanism to these earthquakes and the spectralfits are consistent with a double-couple mechanism, we do not haveenough station coverage to perform a reliable full moment tensorinversion.
 4. Discussion
 We believe the best explanation for the observed gliding tremor atRedoubt Volcano is that it is composed of repeating earthquakes. Webase 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 differenlong, 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 thefeatures of the observations with synthetic time series. AlthoughEvent 9 has the clearest supporting evidence, it is possible to explainthe behavior of the following explosions in terms of this model. ForEvent 11, the majority of the pre-explosive tremor is nonharmonic,with only faint high frequency gliding visible near the end. A smallswarm 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 timeto form harmonics until the end. Event 12 had a large swarm of re-peating earthquakes prior to and concurrent with gliding up to theonset of explosion that at times would blend in and out of harmonictremor if long enough windows were used. Like Event 9, thereseems to be a bimodal amplitude distribution based on waveformcross correlations, with small, more frequent earthquakes comprisingtremor, and larger earthquakes of the same family individually visi-ble. However, the behavior is much less regular in time than Event9 for reasons we do not understand. Events 13 – 15 have few, if any,visibly repeating earthquakes. Thus consistency between our modeland these events requires that the swarms become large enough tobe detected when the inter-event rate is too high to see individual re-peaters. The explosion associated with Event 16 had different acousticcharacter from the previous explosions (Fee et al., 2013), and we sup-pose that the source either did not have time to re-establish itself orwas 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 sd 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 thesignal eventually degrades into nonharmonic tremor. We interpretthat the nonharmonic tremor is still composed of repeating earth-quakes with irregular periodicity, as was possibly the case for Event11. Event 18 has some repeating earthquakes that become more fre-quent, but do not become frequent enough to form harmonic tremorover our chosen window length before explosion. Finally, althoughfrequency of tremor during the extrusive phase is considerablymore 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 controllingearthquake repeat rate.
 Proximity of repeating earthquakes to the inferred location of theconduit and high-angle faulting make a case for slip at or near theedge of the conduit wall. Stick–slip phenomena in the conduit havebeen attributed to cyclic eruptive activity (Denlinger and Hoblitt,1999) and chugging (Ozerov et al., 2003), but these are on longertime scales than we observe. We suppose that slip in our case couldrepresent brittle failure of viscous magma at the conduit wall itselfas the magma ascends, as has been proposed as a possible mechanismfor hybrid and long period earthquakes (Iverson et al., 2006; Neuberget al., 2006; Harrington and Brodsky, 2007). Conceptually, as magmarises in the conduit, it cools near the top and along the edges, andmayfracture under high enough strain-rate. Tuffen et al. (2008) demon-strated this phenomenon for magma in the lab at 900 °C, and showedthat this fracture mechanism produces similar seismic signals as tec-tonic earthquakes. If we believe that our repeating earthquakes aresimilar to tectonic earthquakes of comparable size, the stressingrates required to have even a few earthquakes per second still seemabnormally high. It is possible that unusual material properties inthe conduit region violate traditional assumptions about earthquakesource mechanics such as stress drop. It is also unclear at this pointexactly what force is causing the rate of occurrence to increase andbecome more regular immediately prior to these explosions. Acousticcharacter (Fee et al., 2013) and ashfall analysis (Wallace et al., 2013)of this subset of explosions indicates that the magma that erupted waspossibly more viscous than in earlier explosions. Although viscositymay play a strong role in this model, there are many other variablesthat could conceivably control the rate of earthquake repetition, but athorough investigation of these poorly constrained degrees of freedomis beyond the scope of this paper. However, it is clear that the processis repeatable between explosions, and returnswhenmagma is extrudedat the surface during dome building.
 We infer that part of the repeatability between explosions has todo with the depth of the earthquakes, and therefore the harmonictremor. Although the earthquakes are located near the conduit, theyare relatively deep (Wessale et al., 2010). When the volcano eruptsin a Vulcanian explosion, the conduit drains down the top 0.5 to2 km (Druitt et al., 2002). If we believe the earthquakes locate at300 m below sea level, or roughly 3 km below the surface vent, theearthquake 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 conditionsfor failure are met.
 A curious and significant detail we have not yet discussed is thenearly aseismic period between the highest frequency tremor andthe onset of explosion. One could imagine that the frequency of thefundamental tone actually exceeds 30 Hz, and is attenuated away ortoo low in amplitude to be recorded. Although we could argue thismay be the case for Event 12, where earthquakes occur even duringthe otherwise quiet pause, the earthquakes prior to Event 18 clearlycease 3 min before the explosion. Whether this cessation in seismicityis caused by a temporary transition from stick–slip to aseismic sliding,a pause in movement, or whether some other pre-explosive process isat 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 ratesand tremor frequencies for Redoubt Volcano so much higher thanother, similar volcanoes? For that matter, what stressing rate is re-quired to produce upwards of 30 small earthquakes per second, andis that feasible to apply to both phases of eruption? Why is the de-crease in the period between the earthquakes and the period of theharmonic tremor linear? Interestingly, the linearly decreasing periodin harmonic tremor does not appear to be unique to Redoubt Volcanoalone, as the upward gliding harmonic tremor from Soufriére HillsVolcano also has a nearly linear shape when plotted in terms of peri-od. Soufriére Hills Volcano also exhibited a linear increase in numberof earthquakes over several swarms prior to dome failure (Hammerand 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 behaviorof other volcanoes in the short term.
 5. Conclusions
 Redoubt Volcano produced repeatable, upward gliding harmonictremor preceding six explosive events, for which the fundamentaltone spanned from b1 Hz to 30 Hz. Harmonic tremor with fundamen-tal frequencies consistently above 10 Hz returned for several hoursduring the early extrusive phase. This frequency range greatly ex-ceeds other observations of harmonic tremor, and has implicationsfor the applicability of previously proposed tremor sources thatwork in the 1 to 5 Hz range. We find that the most likely source ofharmonic 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 ofrepeating earthquakes and fundamental period of harmonic tremorprior to Event 9. Further investigation into the source of these earth-quakes points toward a shear source near the conduit, deep enough tosurvive a series of explosions. Although we do not have a completeexplanation for why the earthquake rate speeds up and becomesmore regular prior to explosion, we believe these observations can in-form future studies of pre-explosive conduit dynamics.
 Acknowledgements
 We thank multiple AVO seismologists who first noted glidingtremor during the eruption, including Matt Haney and Glenn Thomp-son. We also thank John Power, Helena Buurman, Steve Malone, CliffThurber, Silvio de Angelis, Cyrus Read, Wes Thelen, Bernard Chouet,Michelle Coombs, and the rest of the AVO staff for the useful discus-sions and assistance. The manuscript was greatly improved bythoughtful reviews by Jackie Caplan-Auerbach, Matt Haney, and ananonymous reviewer. A. Hotovec was supported by USGS ARRAfunds for 3 months in 2010.
 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 thedelta functions in frequency is the inverse of the period betweendelta functions in time.
 We can represent a comb function as a series of incrementallyphase 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 thecase where we have only N+1 pulses with period τ over the windowt=0 to t=Nτ. We can simplify the first N+1 terms of a geometricseries as:
 G rð Þ ¼ 1þ r þ r2 þ r3 þ ⋅⋅⋅þ rN ¼ 1−rNþ1
 1−rðA: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 findthat the spectrum of a sequence of N+1 equally spaced delta func-tions is:
 G ωð Þ ¼ e−12iωτ sin 1
 2ω N þ 1ð Þτ� �
 sin 12ωτ� � ðA:5Þ
 The ratio of the two sin functions is essentially a periodic sincfunction, 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 Diraccomb, the peaks of G(ω) have finite width, which can be approximat-ed as Δf≅1/(Nτ), and finite maximum amplitude N+1. Clearly, thelarger N is (more repeats) the narrower the peaks become and themore harmonic the spectrum appears.
 In our model, the repeating function is not a delta function, buta repeating earthquake. Thus, the total spectrum is the productof 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 whereG(ω) is nonzero. It should be noted that earthquake spectra have fi-nite bandwidths, typically decreasing with increasing frequencyabove some ‘corner frequency’ fc. Finally, the harmonic nature of thesignal may not be discernable for low values of N, even for perfectlytimed repetitions, given the finite width and lower amplitude of the‘comb’.
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