
Using infrasound to characterize volcanic emissions
at Tolbachik, Karymsky, and Sakurajima volcanoes

Item Type Thesis

Authors Albert, Sarah

Download date 23/05/2023 22:20:37

Link to Item http://hdl.handle.net/11122/6069

http://hdl.handle.net/11122/6069


USING INFRASOUND TO CHARACTERIZE VOLCANIC EMISSIONS AT

TOLBACHIK, KARYMSKY, AND SAKURAJIMA VOLCANOES

By

Sarah Albert

RECOMMENDED:

Dr. Curt Szuberla

Dr. Carl Tape 

 ^
Advisory Committee Chair

Dr. /t^aui ivicu^rrny 
Chair, Department of Geosciences

APPROVED:





USING INFRASOUND TO CHARACTERIZE VOLCANIC EMISSIONS AT

TOLBACHIK, KARYMSKY, AND SAKURAJIMA VOLCANOES

A

THESIS

Presented to the Faculty 

of the University of Alaska Fairbanks

in Partial Fulfillment of the Requirements 

for the Degree of

MASTER OF SCIENCE

By

Sarah Albert, B.S.

Fairbanks, Alaska

August 2015



Abstract

The work presented herein includes one main body of research on infrasound from Tol- 
bachik Volcano and suggestions for future work on eruption dynamics using infrasound from other 
volcanoes. We use both regional and local infrasound data to track the dynamics of the 2012
2013 eruption of Tolbachik Volcano, Kamchatka, Russia. Analysis of regional data recorded at the 
IMS array IS44 in southern Kamchatka, ~384 km from the vent, focuses on the eruption onset in 
November 2012, while analysis of local data recorded 100-950 m from the vent focuses on activity 
in February and August 2013. Signals recorded from Tolbachik suggest an increase in eruptive 
intensity occurred from November 28-29, 2012. Local infrasound data are characterized primarily 
by repeated, transient explosion signals indicative of gas slug bursts. Three methods are employed 
to pick slug burst events in February and August, with all methods proving to be effective. The 
nature of slug bursts makes a monopole acoustic source model particularly fitting, permitting vol
ume outflux and slug radius calculations for individual events. Volume outfluxes and slug radii 
distributions provide three possible explanations for the eruption style of Tolbachik Volcano from 
mid-February to late August. Cumulative outflux for slug bursts (i.e. mass of emissions from indi
vidual bursts) derived by infrasound for both February and August range from <100 to 3000 kg. 
These values are greater than infrasound-derived emissions calculated at Pacaya Volcano, but less 
than those calculated at Mt. Erebus Volcano. From this, we determine slug bursts at Tolbachik 
Volcano in February and August were larger on average than those at Pacaya Volcano in 2010, but 
smaller on average than those at Mt. Erebus in 2008.

Suggestions for future work are also given after analysis of acoustic waveforms from local 
infrasound data collected at Karymsky and Sakurajima Volcanoes. Activity at both of these vol
canoes ranges from short-duration ash-rich explosions to longer-duration ash-rich explosions. A 
multiparameter dataset collected at Karymsky Volcano in August 2011 includes infrasound data, 
gas and ash data, and thermal imagery from eruptive events. Content of gas vs. ash, general 
plume characteristics, plume altitude above the vent, plume temperature, and SO2 emission rates 
are correlated with acoustic waveform families identified at each volcano using a cross correlation 
method. This preliminary analysis shows promise for correlating acoustic waveforms with eruptive 
activity and can likely be improved with future work.
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Introduction

I.1 Importance of Volcanic Emissions

Volcanic ash, gas, and tephra (rock fragments), referred to collectively as volcanic emissions, 
pose hazards to humans, livestock, and vegetation, are able to alter the climate as a whole, and 
can cause devastating effects to aircraft. The eruption of Mt. St. Helens in 1980 provided context 
for the destructiveness of volcanic ashfall on humans and sparked increased interest in the subject. 
Volcanic ash particles suspended in air have the ability to affect water quality, to affect soil toxicity 
for grazing animals, and to create physical and mental health challenges for humans (Cronin et al., 
2000; Fraunfelder et al., 1983; Horwell and Baxter, 2006; Shore et al., 1986). Volcanic emissions 
can also contribute to a decrease in solar heating, essentially causing a global cooling effect (Soden 
et al., 2002).

Volcanic emissions pose a threat to jet aircraft, a pressing issue due to the amount of air 
traffic routes near potential volcanic ash paths. Ash from the 1989-1990 eruption of Redoubt Vol
cano, Alaska was intercepted by both commercial and military jet aircraft resulting in damages 
estimated to cost about $80 million (Casadevall, 1994). Similarly destructive encounters between 
jet aircraft and volcanic ash also occurred during the 1991 eruption of Mt. Pinatubo, Philippines, 
damaging 10 jet engines (Casadevall et al., 1996). In both the Redoubt and Mt. P inatubo erup
tions, serious damage and engine failure was a severe threat to passengers on commercial aircraft 
(Casadevall, 1994; Casadevall et al., 1996). The April 2010 eruption of Ejyafjallajokull Volcano in 
Iceland grounded and altered European air traffic due to hazards posed to aircraft intercepting the 
plume. The disruptions lasted 5 days, costing the aviation industry an estimated $250 million each 
day (Gudmundsson et al., 2010)

Monitoring volcanic emissions can give insight into the particular characteristics of a vol
canic eruption, allowing for a better understanding of the associated hazards. Various geophysical 
techniques are useful in studying volcanic emissions and help provide insight into what drives and/or 
sustains an eruption. For example, concentrations of individual gases can be directly measured to 
infer the temperature and chemical composition of the magmatic reservoir (Aiuppa et al., 2002; 
Lambert et al., 1985). Remote sensing of CO2 and SO2 emissions from an eruption give insight 
into the depth of the magma body and other volcanic phenomena (Casadevall et al., 1994; Fischer, 
2008; Werner et al., 2013). Volcanic tremor resulting from the movement of magmatic fluids within 
the crust, studied using seismometers, gives insight into volcanic emissions before they reach the 
surface (Aki et al., 1977; Chouet, 1985). Infrasound, or low frequency sound between ^0.02-20 Hz, 
has been proven useful in tracking temporal changes in volcanic plume dynamics such as volume 
outflux of emissions and eruption style (Fee and M atoza, 2013; Johnson and Ripepe, 2011).
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I.2 Motivation for Infrasound Studies

Infrasound has proven useful in the analysis and detection of volcanic eruptions. Volcano 
infrasound studies have given insight into eruption dynamics, including eruption type and esti
mates of emissions (Fee and Matoza, 2013; Firstov, 1996; Johnson and Ripepe, 2011). Atmospheric 
perturbations from various volcanic processes often produce characteristic infrasound signals. Ex
solution of gases can produce both short duration explosions and longer duration tremor. More 
violent, sustained eruptions produce signals characteristic of volcanic jets and plumes (Fee and 
M atoza, 2013).

It has been shown tha t different types of volcanic eruptions produce noticeably different 
infrasound signals (Fee and M atoza, 2013). Figure I.2.1 a-g shows examples of various infrasound 
signals produced by volcanoes. It is important to note tha t these eruptions differ in ash and gas 
content, viscosity of eruptive products, and other characteristics. While the differences in infra
sound signals cannot yet be linked directly to individual eruption characteristics such as gas or ash 
content, the differences in overall shape of the signals are apparent. Fee and Matoza (2013) provide 
a comprehensive list of eruptive activity, general infrasound characteristics, and acoustic source 
processes in order to link differences in infrasound characteristics with differences in eruption type.

Volcano infrasound signals can be divided into three subcategories based on the distance 
signals are recorded from the source. Local infrasound, collected < 15 km from the eruptive source, 
is useful for investigating source processes due to its short propagation path and relatively low 
attenuation. Numerous studies have shown this through the use of source inversion methods, al
though complex source processes are still poorly understood. In cases with a “simple source” , or a 
source “without any directional nature” (Lighthill, 1978) a monopole source inversion method can 
be used to estimate the volume and size of individual explosions (Dalton et al., 2010; Firstov and 
Kravchenko, 1996; Johnson et al., 2008). Kim et al. (2012) made use of a more complicated source 
model at Tungurahua Volcano, Ecuador and found reliable estimates of volume outfluxes from ex
plosive events, showing promise for studying complex source processes using local infrasound.

The collection of regional and global infrasound data (collected 15-500 km and > 500 km 
from the source, respectively) was greatly improved by the establishment of the Comprehensive 
Nuclear-Test-Ban Treaty (CTBT). This treaty, formed by the United Nations in 1996, was created 
in order to ban nuclear weapons testing. The CTBT established the International Monitoring 
System (IMS), a global network of seismic, infrasound, hydroacoustic, and radionuclide sensors 
used to verify compliance with the treaty. Under preferential conditions, atmospheric waveguides 
and low attenuation allow infrasound to propagate far from the source, permitting global detection 
of large volcanic eruptions. The IMS network has proven particularly useful for the detection

2



and characterization of remote eruptions where other monitoring technologies are limited (Fee and 
M atoza, 2013). Regional infrasound from eruptions of Tungurahua Volcano was used to create an 
automated detection and notification system for volcanic hazards (Fee et al., 2010; Steffke et al., 
2010). IMS arrays as far as ^5000 km from the volcano collected infrasound during the 2008 
eruption of Kasatochi Volcano in Alaska. These data allowed for investigation of infrasonic “jet 
noise” , a newer area of research in the field (Fee et al., 2010).

3
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Figure I.2.1: Examples of various eruption types and their corresponding acoustic signals. The 
volcano and recording distance, r, are listed next to each plot. a) Acoustic tremor from the 
Halema’um a’u Vent, Kilauea Volcano, Hawaii. The initial blast corresponds to an impulsive explo
sion tha t cleared the vent. b) Infrasonic pulses recorded at Mt. St. Helens. Event durations are 
~10 s and have been correlated with seismic “drum beat” events. c) Short-duration explosive events 
at Stromboli Volcano, Italy. d) Explosions followed by harmonic tremor at Tungurahua Volcano, 
Ecuador. e) Strombolian-like signals from Karymsky Volcano, Russia. These infrasound signals 
differ from typical Stombolian-type in their larger compression and smaller rarefaction. The longer 
duration of these explosions suggests volcanic jetting occurred. f) Another eruption at Tungurahua 
Volcano, but this one is subplinian in nature (i.e. larger than the eruption in d). Multiple pulses 
of longer-duration infrasound with large short-duration explosions occur. g) A larger, subplinian- 
plinian eruption of Tungurahua Volcano. Here the infrasound signal is sustained and gradually 
builds up to its highest pressure at hour 11.75. The height of the plinian phase lasts ~45 minutes. 
It is important to note tha t f-g represent 14 hours of data while a-e represent 1 hr of data. (Fee 
and M atoza, 2013).
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I.3 Thesis Work

This thesis presents one main body of research and suggestions for future work that effec
tively provide insights into eruption dynamics at various volcanoes. The main body of research 
focuses on the 2012-2013 eruption of Tolbachik Volcano. Strombolian-type activity, or frequent 
short-duration explosions, characterized this eruption. These short-duration explosions occur from 
large gas bubbles tha t rise through the volcanic conduit. The bubbles expand as they rise, reach 
the surface of a lava lake, and then burst to create explosions. Four sets of infrasound data were 
collected during the eruption. These consist of single sensor data collected February 12-14, 2013 
and three-sensor data collected August 14-19, 2013 though not continuously, resulting in three data 
segments. Multi-sensor data in August allows for comparison of various explosion-picking methods 
in order to gain accuracy in analyses. Upon identifying explosions, a well-established method is 
implemented to estimate total volume of emissions from each individual explosion. From these 
calculations, three possible scenarios are presented for the eruption dynamics at Tolbachik Volcano 
from mid-February to late August 2013: the first being tha t the eruption stays consistent through 
time, the second representing a transition from larger explosions in February to a mixture of smaller 
and larger explosions in August, and the third representing a transition from larger explosions in 
February to a mixture of smaller and larger explosions in August, but with fewer explosions over
all. Regional infrasound data are used to investigate eruptive intensity near the beginning of the 
Tolbachik eruption as no local data are available. Particularly noticeable in the regional infrasound 
data is the absence of an infrasound signal on November 27, 2012, the presumed onset (Gordeev 
et al., 2013; Zelenski et al., 2014). The appearance of infrasound about a day later suggests an 
increase in eruptive intensity occurred on November 28-29, 2012. Chapter 1 provides the submitted 
manuscript tha t further details this work.

Additional results and suggestions for future work are presented in the Conclusions section. 
The additional analysis focuses on local infrasound data collected at Karymsky and Sakurajima 
Volcanoes. Both of these volcanoes range in volcanic activity from discrete, short-duration ash- and 
gas-rich explosions to longer-duration, ash-rich explosions. Infrasound data collected at Karymsky 
Volcano in August 2011 are complemented by concurrent gas data and thermal imagery of the 
explosions. The variation in eruptive styles at both volcanoes makes the multiparameter dataset 
from Karymsky particularly useful in understanding how eruption characteristics affect acoustic 
waveforms. Eruption characteristics, such as relative concentration of gas vs. ash, general plume 
characteristics, plume altitude above the vent, plume temperature, and SO2 emission rates likely 
play a role in affecting the shape of the acoustic waveform resulting from an eruption. We find 
tha t waveform shape can be roughly correlated to eruption characteristics at Karymsky Volcano in 
Kamchatka, Russia. The Conclusions section presents these promising results and offers ideas for 
future work.

5



Understanding volcanic emissions results in better preparedness for the associated hazards 
posed to humans, livestock, vegetation, and aircraft. Various methods can be used to study these 
emissions, including ground-based sampling of ash and pyroclasts, remote sensing for temperature 
and gas, and seismic, geodetic, and infrasound observations. Of these methods, infrasound is 
particularly promising because of its source generation location within the shallow conduit or just 
above the vent. The source location allows for infrasound observations to be directly correlated with 
both direct and remote observations of volcanic emissions produced at the vent (Fee and Matoza, 
2013). This thesis presents current research and suggestions for future work on volcano infrasound 
tha t investigate volcanic eruption dynamics at three volcanoes.
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Chapter 1 Infrasound from the 2012-2013 Plosky Tolbachik, Kamchatka Fissure Eruption3

1.1 Introduction

Infrasound, or low frequency sound between ^0.02-20 Hz, has proven useful in the analysis 
and detection of volcanic eruptions. Volcano infrasound studies have given insight into eruption 
dynamics, including eruption type and estimates of emissions (Fee and Matoza, 2013; Firstov, 1996; 
Johnson and Ripepe, 2011). It is well known tha t atmospheric perturbations from various volcanic 
processes can produce characteristic infrasound signals. Exsolution of gases can produce both short 
duration explosions and longer duration tremor. More violent eruptions produce signals character
istic of volcanic jets and plumes (Fee and M atoza, 2013).

Local infrasound (collected <15 km from the source) and seismicity from short duration 
explosions have been studied extensively at various volcanoes including Sakurajima and Unzen 
Volcanoes in Japan (Garces et al., 1999; Yamasato, 1998), Soufriere Hills Volcano, Montserrat 
(Green and Neuberg, 2005), Mt. Etna, Italy (Gresta et al., 2004; Ulivieri et al., 2013), Arenal Vol
cano, Costa Rica (Hagerty et al., 2000), Mt. Erebus, Antarctica (Johnson et al., 2008), Shishaldin 
Volcano, Alaska (Petersen and M cNutt, 2007; Vergniolle et al., 2004), and Tungurahua Volcano, 
Ecuador (Kim et al., 2012; Ruiz et al., 2006). Some of these short duration explosions are the result 
of gas slug bursts. It was originally proposed tha t an explosion may occur when a bubble rises 
through the conduit and quickly undergoes expansion once it reaches a lower density zone (Buck
ingham and Garces, 1996). Additional infrasound-derived slug burst explosion models involve a 
rising gas slug oscillating at the surface of the lava lake and then bursting (Brandeis et al., 1994). 
While infrasound signals from slug bursts do vary, the typical impulse-like signal of an explosion 
consists of a compression (a wave which provides a large increase in pressure) followed by an almost 
equal rarefaction (an area of low pressure which follows). Similar slug burst events occurred during 
the recent 2012-2013 eruption of Tolbachik Volcano in Kamchatka, Russia.

Along with local infrasound from an eruption, regional infrasound data (collected ^15-500 
km from the source) can be used to track changes in eruptive activity through time (Fee and Ma- 
toza, 2013). The Comprehensive Nuclear-Test-Ban Treaty (CTBT) was designed by the United 
Nations in 1996 to ban nuclear weapons testing and in turn  created the International Monitoring 
System (IMS). The global IMS network consists of seismic, infrasound, hydroacoustic, and radionu
clide sensors. Under preferential conditions, atmospheric waveguides and low attenuation allows 
infrasound to propagate far from the source, thus permitting global detection of volcanic eruptions 
using the IMS infrasound network. This network has proven particularly useful for the detection

3C hapter 1 is intended for publication in the Journal of Volcanology and Geotherm al Research and has already 
been subm itted to  the journal. It is presented here under the knowledge and approval of co-authors.
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and characterization of remote eruptions (Fee and M atoza, 2013). One of the IMS infrasound ar
rays, IS44, is located in Kamchatka, Russia ~384 km south of Tolbachik Volcano (Fig. 1.1.1a). 
This array recorded infrasound signals near the onset time of the 20122013 eruption of Tolbachik 
Volcano.

In this manuscript we use local and regional infrasound data to gain insight into the eruption 
dynamics of Tolbachik Volcano. D ata collected at the IMS array in Kamchatka, Russia provides 
constraints on the eruption onset. The presence or absence of an eruption signal at the regional 
infrasound array helps give insight into how energetic the eruption was in late November 2012. Local 
infrasound sensors, deployed hundreds of meters from the active vent in February and August 2013, 
recorded frequent, repetitive explosions. These repetitive explosions are assumed to be a result of 
near-continuous bursting of large gas slugs. The volume outflux from each gas slug burst can 
provide insight into the eruption size and how it changes through time. The nature of these gas 
slug bursts allows for the assumption of a ’’simple source” , or a source ’’without any directional 
nature” (Lighthill, 1978). This type of source radiates pressure equally in all directions and is known 
as an acoustic monopole. Estimates of individual gas slug volume and size can be calculated when 
an acoustic monopole source model is assumed (Dalton et al., 2010; Firstov and Kravchenko, 1996; 
Johnson et al., 2008). By using the acoustic data acquired from this eruption we 1) explore the 
adequacy of slug burst event-picking methods, 2) estimate the total volume outflux of emissions 
and the slug radius for each event, and 3) identify any temporal changes in both the local and 
regional infrasound in order to better understand the dynamics of this particular eruption.

1.2 Tolbachik Volcano

The Tolbachik Volcanic complex, created 40,000-50,000 years ago, consists of two volcanoes: 
Ostry Tolbachik, a stratovolcano creating the highest peak, and Plosky Tolbachik, a shield volcano 
tha t lies east of the summit (Fedotov et al., 2011). Currently, only Plosky Tolbachik is active and is 
referred to as Tolbachik Volcano or Tolbachik in this paper, as it is commonly referred. Tolbachik 
Volcano lies 3,085 m above sea level and is characterized by a summit caldera ~3.5 km in diameter. 
There are two zones of cinder cones, which formed 10,000 years ago. These zones reach out 20 km 
to the northwest and 50 km to the southwest of the volcanos summit. The magmatic plumbing 
system stems from the Klyuchevskoy Volcano Group and is characterized by a magma chamber 
tha t lies directly below Tolbachik Volcano at a depth of ~2 km and with a volume of 40-70 km3 
(Fedotov et al., 2011).

The most recent activity at Tolbachik Volcano is characterized by large eruptions in 1941, 
1975-76, and 2012-13. The 1975-76 eruption was very large, being referred to as The Great Tol
bachik Fissure Eruption. It began in late June 1975 as weak explosions from the summit crater.
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Just over a week later, three cones began to form north of the summit along with fissure activity. 
Activity lasted ~72 days, producing a total erupted volume of 1.18 km3, consisting of tephra de
posits and lavas. Eruptive activity north of the summit was similar to the activity tha t occurred in 
1941 (Braitseva et al., 1997; Fedotov et al., 2011; Inbar et al., 2011). During the 1975-76 eruption, 
a cone also formed south of the volcano’s summit. Weak Strombolian-type activity at the southern 
cone, superimposed on the continuous effusive activity, lasted for ~450 days. This single cone 
produced 0.968 km3 of lava (Fedotov et al., 2011; Inbar et al., 2011). The 2012-2013 eruption of 
Tolbachik Volcano was no exception to the historical activity. It began as a fissure eruption at 5:15 
UTC on November 27, 2012 and continued into late September 2013, though most of the activity 
occurred before August 24, 2013 (Gordeev et al., 2013; Zelenski et al., 2014). After a few days 
the fissure eruption transitioned to a discrete vent along the volcano’s flanks. By December the 
eruption had largely transitioned to a second discrete vent where Strombolian activity dominated. 
Each vent produced a lava flow. By December 13, 2012, Gordeev et al. (2013) estimate volumes of 
erupted lavas from both vents to be 0.0207 km3 and 0.208 km3, respectively. During the eruption 
a lava lake was also present in the crater. Slug bursts were frequent within the lava lake (Gordeev 
et al., 2013; Zelenski et al., 2014). Preliminary calculations by Firstov et al. (personal communica
tion, March 1, 2015) estimate the average mass outflux of emissions from slug bursts in February 
2012 was ~250 kg/s. During this time, visual observations suggest explosions occurred every 3-5 
seconds on average.

1.3 Data

1.3.1 Local Infrasound

In collaboration with the Kamchatka Branch Geophysical Surveys (KBGS) and Institute 
of Volcanology and Seismology (IVS), a single National Center for Physical Acoustics (NCPA) 
infrasound sensor placed ~100 m from the active vent collected data from February 12-14, 2013 
(Fig. 1.1.1b). This sensor uses piezo-ceramic sensing elements with a 24-bit digitizer. Timing is 
given by Global Positioning System. The sensors have a flat frequency response between ^0.02-250 
Hz and can reach pressures of ±1190 Pa. Three Hakusan Corporation infrasound sensors (models 
SI102 and SI103) located ^825-955 m from the vent collected data from August 14-20, 2013, though 
not continuously (Fig. 1.1.1b). Both Hakusan Co. models have a flat frequency response between 
^0.1-1000 Hz. During both deployments a lava lake was present in the active crater. Slug bursts oc
curred in the lava lake and are confirmed by video data collected Feb. 12-14, by visual observations 
(Fig. 1.4.1), and are seen in the infrasound data by their characteristic shape (Fig. 1.4.2). Local 
infrasound data shows repetitive bursts occurring frequently with varying amplitudes (Fig. 1.4.2). 
Similarities are present between this data and acoustic signals from Mt. E tna in 2006-2013 (Ulivieri 
et al., 2013). During this period, Mt. E tna produced repetitive explosions similar to those occurring 
at Tolbachik Volcano in mid-February and late August 2013, but with much higher amplitudes.
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These repetitive explosions are assumed to be the result of near-continuous gas slug bursts.

Our data and analyses are primarily limited by single sensor data in February and noise 
contamination in the form of roiling within the lava lake in August. Therefore, it was necessary 
to explore various filtering and cross correlation methods to extract information on the eruption 
dynamics. We experimented with band-pass and high-pass filtering methods and examined cross 
correlation values between sensors in three August datasets. A windowed cross correlation method 
was implemented to find events in the August data using a master waveform. These methods are 
further detailed in Section 1.4.1.

1.3.2 Regional Infrasound

Regional data were recorded by the IMS array, IS44, located in southern Kamchatka, Russia 
(Fig. 1.1.1a). IS44 is located ~384 km to the southwest of Tolbachik Volcano. The array recorded 
continuous data before the eruption, during the eruption from November 27, 2012 through Septem
ber 2013, and after September 2013. This manuscript, however, focuses on only the data collected 
at the IS44 array during the first few days of the Tolbachik eruption, November 27-30, 2012. The 
IMS data are contaminated by wind so the pure-state filter is employed to remove noise (Olson, 
2004). Usage of the pure-state filter is further detailed in section 1.4.3.

1.4 Methods

Figure 1.4.1: Tolbachik’s active vent. a) Monopole point source model and radiation pattern. The 
slug burst acts as a point source from which acoustic waves radiate equally in all directions. The 
line-of-sight infrasound sensor allows for direct collection of waveforms from the source. Slug burst 
explosions create simple, sinusoidal, waveforms as shown in the circle emanating from the sensor. 
b) A picture of a slug burst occurring at the active vent in February 2013.
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1.4.1 Explosion Picking Methods

We explore multiple methods to detect slug burst events. The repetitive nature and simi
larity of the explosions allowed for the use of a windowed cross correlation (WXC) method to pick 
explosions from a ~1 second “master” waveform, chosen to isolate explosive events in each dataset 
(Anstey, 1964; Petersen, 2007; Petersen and M cN utt, 2007). The master waveform is chosen to 
be characteristic of the explosion data in tha t it exhibits the typical compression and rarefaction 
signals of a slug burst (Fig. 1.4.1a, 1.4.2). The master waveform is then cross-correlated across 
the data in 1 second windows with 50% overlap. The short time window is necessary to capture 
individual events. Windows tha t produced a cross correlation value of 0.9 or greater are chosen as 
slug burst events from Tolbachik Volcano. The February data included video and visual observa
tions, which aided in identifying a master waveform for a typical slug burst. The August data did 
not have accompanying video data, therefore a waveform with a high correlation value between all 
three sensors was chosen as the master.

Due to the availability of three-sensor data in the three August 2013 data, two filtering 
methods were employed in event-picking and sensor cross correlation. D ata was first delayed based 
on the speed of sound and the distance from source to sensor. The speed of sound was determined 
by the highest signal power from delay and sum beamforming. For the first filtering method, we 
chose to band-pass filter the data between 0.55 Hz in order to avoid signal contamination from 
the microbarom (~0.2 Hz signals tha t occur from natural processes related to ocean waves) (Donn 
and Rind, 1972). A high-pass filter (>5 Hz) was also experimented with due to the increased 
signal-to-noise ratio of slug bursts at higher frequencies. After filtering the data, windowed cross 
correlation was performed across all three sensors using a ~1 second window with 50% overlap. The 
August data did not have accompanying video data, therefore a waveform with a high correlation 
value between all three sensors was chosen as the master. Windows tha t produced a mean cross 
correlation value of 0.9 or greater are chosen as slug burst events. For the duration of this paper 
these filtering and explosion picking methods will be referred to as the BPSC (Band-pass Filter 
and Sensor Cross Correlation) and HPSC (High-pass Filter and Sensor Cross Correlation) methods. 
It is important to note tha t the BPSC and HPSC methods are unique to the three August data 
because of the availability of three-sensor data.
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a)
1 hr. Raw Data (Feb. 14 2013)

Time (HH:MM:SS)

30 sec. Band-pass Filtered Data

Time (HH:MM:SS)

b)
1 hr. Raw Data (Aug. 14 2013)

Time (HH:MM:SS)

30 sec. Band-pass Filtered Data

Time (HH:MM:SS)

30 sec. H igh-pass Filtered Data

Time (HH:MM:SS)

Figure 1.4.2: Sample of raw and filtered infrasound data recorded a) February 14, 2013 and b) 
August 14, 2013. D ata are characterized by frequent slug burst events tha t produce repeated 
short-duration infrasound signals. 1 hour segments of raw data for both February and August are 
characterized by many short duration events. 30 second raw and filtered samples of data show 
events tha t display the characteristic shape of slug bursts with varying amplitudes. Band-pass 
filtering data for February makes slug burst events more evident. Both band-pass and high-pass 
filtering data in August makes slug burst events more evident.

1.4.2 Monopole Source Modeling

During February and August 2013, explosions from Tolbachik Volcano’s discrete vent gen
erally produced simple, impulsive, signals (Fig. 1.4.2). These signals were a product of atmospheric 
acceleration and can be likened to the bursting of a spherical balloon or a “symmetric chemical 
explosion” (Johnson et al., 2008). Figure 1.4.1 shows a schematic of the slug burst process and
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the expected acoustic waveform. The simplicity of the waveforms and the assumed source process 
(repeated slug bursts) makes a monopole source model particularly fitting for our analysis (Dalton 
et al., 2010; Firstov and Kravchenko, 1996; Johnson et al., 2003, 2008). In some volcanic contexts 
the acoustic radiation from an eruption is not completely defined by a monopole source, but rather 
a combination of monopole and dipole sources. Kim et al. (2012) made use of this “multipole” 
source model at Tungurahua Volcano, Ecuador and found reliable estimates of volume outfluxes 
from explosive events with high signal-to-noise ratios. Explosions at Tungurahua Volcano are larger 
and more complex than the activity described in our study. Therefore, we assume tha t the eruptive 
source contains only a monopole component due to the simple nature of the slug burst events at 
Tolbachik Volcano. The far-field excess pressure radiated by a monopole source is given by the 
equation:

P -  Po = ^  (1.4.1)

where p — p0 represents the excess pressure recorded by the acoustic sensor, q(t — r/c) rep
resents the first derivative of the mass outflux (also known as the monopole source strength) at 
time t — r/c, r is the distance from the source to the sensor, and c is the speed of sound (~0.344 
km/s) (Lighthill, 1978). For our experiment the speed of sound is determined from delay-and-sum 
beamforming for the highest signal power in August 2013. The volcanic context does not allow for 
complete spherical pressure radiation because of the E arth ’s surface. Therefore, a half space model 
is employed (using only half of the sphere) and the denominator of the monopole equation becomes 
2nr. From Equation (1.4.1), it is easy to see tha t the source strength, q, can be solved for directly 
from the acoustic data. q (kg/s2) is then integrated once to find the mass outflux (kg/s) and then 
again to find the cumulative mass outflux (kg).

It is perhaps easier to visualize the amount of emissions from each explosion as volume
outflux rather than as cumulative mass outflux. Total volume outflux of emissions can be related
to the cumulative mass outflux by the following equation:

Q =  —  S (t) (1.4.2)
pair

where Q is total volume outflux, pair =  1.14 kg/m 3 (at 1500 m above sea level and 20 degrees 
C), and S(t) is cumulative mass outflux for a particular explosion (Kim et al., 2012). Cumulative 
mass outfluxes were converted to total emissions volumes for each explosion and the equation for 
the volume of a sphere was employed to solve for the individual slug radius, assuming the slug 
exploded as a spherical bubble (Dalton et al., 2010; Johnson et al., 2008).
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1.4.3 Regional Infrasound Analysis

Regional infrasound are analyzed between November 27-30, 2012. The data were first band
pass filtered between 0.5-5 Hz in order to remove microbarom effects. Upon band-pass filtering the 
data, the pure-state filter was employed to reduce background noise. This filtering method was 
chosen because of its effectiveness in filtering isotropic, uncorrelated, noise usually seen in infra
sound array data. The spectral matrix from the data (the outer product of the Fourier transform 
of the time series data and its Hermitian conjugate) is used to estimate the degree of polarization, 
or “generalized coherence” . D ata with a high degree of polarization, P 2, are treated as coherent 
and are unperturbed by the filter. In turn, frequencies with a low P 2 value, or those characterized 
by noise, are suppressed (Olson, 2004).

After filtering, signal back-azimuths and trace velocities as well as a measure of signal-to- 
noise ratio (Fisher Statistic) were calculated in order to find infrasound signals from Tolbachik 
Volcano. Least squares estimation was implemented to find the back-azimuths and trace velocities 
of plane wave acoustic signals traversing the array in 20 s windows with 50% overlap (Szuberla and 
Olson, 2004). The Fisher Statistic (F-statistic) was used to give a measure of the signal-to-noise 
ratio (SNR) and was also computed for each 20 second window. The F-statistic is related to the 
SNR by SNR =  ((F  — statistic  — 1 )) /N , where N  is the number of samples (Blandford, 1974). A 
SNR threshold of 1 (i.e. F > 5), back-azimuth of 27 ±  8 degrees, and trace velocity of 0.34 ±  0.10 
km /s were used in order to identify time windows with signals originating from Tolbachik Volcano.

1.5 Results

1.5.1 Comparison of Explosion-Picking Methods

The WXC, BPSC, and HPSC methods were experimented with in order to identify slug 
burst events within the three August datasets, and to examine the adequacy of the WXC method 
used in the February dataset. Figure 1.5.1 shows a comparison of probability density functions 
(PDFs) of the selected waveforms for the February data and each of the August datasets using 
each filtering method. The beginning date of each dataset and the explosion picking methods are 
denoted in the title of each plot. The numbers in each plot correspond to the cross correlation value 
between the highest probability line (white dashed line) and the master waveform (black dashed 
line) used in the WXC method for that data. 95% confidence intervals for the waveform probability 
densities are shown as grey lines. The master waveforms from the WXC method are plotted as a 
reference of how well the highest probability matches an actual event. Amplitudes are normalized.
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Figure 1.5.1: Comparison of probability density functions (PDFs) of the selected waveforms for 
each data set and explosion-picking method. The beginning date of each dataset and the explosion 
picking methods are denoted in the title of each plot. The numbers in each plot correspond to 
the cross correlation value between the highest probability line (white dashed line) and the master 
waveform (black dashed line) used in the WXC method for tha t data. 95% confidence intervals 
for the waveform probability densities are shown as grey lines. Amplitudes are normalized. The 
highest probabilities derived from each PDF both qualitatively and quantitatively match their 
corresponding WXC master waveforms well.
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1.5.2 Total Emissions Values
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Figure 1.5.2: Number of explosions per hour for datasets using the following methods: a) WXC, 
b) BPSC, and c) HPSC. The WXC method shows a relatively consistent trend for all datasets. 
The BPSC and HPSC methods show noticeable decreases in number of explosions per hour for the 
August 1620 datasets. Table 1 provides a comprehensive list of the average number of explosions 
per hour and the recurrence intervals for each data set and method.

5

We now investigate the timing between slug burst events. Video observations made ~100 
m from the vent in February give estimates that slug burst explosions occurred every 3-5 seconds. 
The WXC method suggests an average number of ^1910 explosions per hour, which translates 
into a recurrence interval of 1.9 seconds per explosion (Fig. 1.5.2). The three methods employed 
in the August data show average number of explosions per hour ranging from 345-5560, or recur
rence intervals ranging from every 0.6 s up to every 10 s depending on the method (Fig. 1.5.2). 
The number of events per hour stays relatively consistent for all four datasets when the WXC 
method is employed (Fig. 1.5.2a). Both the BPSC and HPSC methods show noticeable variations 
(Fig. 1.5.2b-c). The WXC method shows the most consistency with on average 1910, 2610, 2470, 
and 2210 explosions per hour (every 1.9 s, 1.4 s, 1.5 s, and 1.6 s) for the data beginning February 
12, August 14, August 16, and August 19 respectively. The highest variance for the average num
ber of explosions occurring per hour results from the HPSC method. This method gives average 
values of 3190, 1400, 345 explosions per hour (every 1.1 s, 2.6 s, and 10 s) for the data beginning 
on August 14, August 16, and August 19. The BPSC method gives average values of 5560, 3160, 
and 1330 explosions per hour, or every 0.6 s, 1.1 s, and 2.7 s for the data beginning August 14, 
August 16, and August 19 respectively A comprehensive list of total number of explosions, average
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number of explosions per hour, and average recurrence intervals per hour is displayed in Table 1.5.1.
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Figure 1.5.3: Total volume outflux of emissions per hour using the following methods: a) WXC, b) 
BPSC, and c) HPSC. As in Figure 5, the WXC method shows a relatively consistent trend for all 
datasets, whereas the BPSC and HPSC methods show noticeable decreases in total volume outflux 
per hour for the August 1620 datasets. Table 1 provides a comprehensive list of the total volume 
outflux per hour for each dataset and method.

0

We now estimate the total volume outflux of emissions and solve for gas slug radius for each 
event found in the four datasets using the WXC, BPSC, and HPSC methods. Figure 1.5.3a shows 
the total volume outflux per hour from the events identified using the WXC method, while Figure 
6b-c shows the same calculations using the BPSC and HPSC methods. Similar trends are present in 
the total volume outflux as in the number of explosions (Fig. 1.5.2, 1.5.3). When the WXC method 
is employed, the total volume outflux per event stays relatively stable for each dataset. The BPSC 
and HPSC methods show tha t the highest total volume outflux per hour generally results from the 
data beginning August 14, 2013 while the lowest total volume outflux per hour results from the 
data beginning August 19, 2013 (Fig. 1.5.3b-c). A comprehensive list of total volume outflux is 
displayed in Table 1.5.1.

Slug radii values were calculated for each event. Figure 1.5.4 shows the distribution of slug 
radii values for the three methods. In these plots the August data are represented by blue bars 
and have been grouped into one distribution because of their proximity in time. Even though the 
WXC method was the only method employed on the February data, the distribution of radii values 
are plotted as red bars in each plot for use as a reference. Radii values calculated from events
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picked using the WXC method show a normal distribution with a mean of 3.36 m and 3.76 m for 
the February and August data respectively. The BPSC and HPSC methods produced many radii 
values tha t fall near zero. The smallest mean radii value for the August data comes out of the 
usage of the BPSC method and is 2.77 m. The HPSC method falls in the middle, giving a mean 
slug radii size of 3.51 m. Table 1.5.1 provides a comprehensive list of the number of explosions, 
total volume outfluxes, mean slug radii values, and average number of explosions per hour for the 
February and August datasets and methods.
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Figure 1.5.4: Slug radii distribution for the a) WXC, b) BPSC, and c) HPSC methods. The 
distribution of the total calculated radii for each method is displayed by the white bars. The 
distribution of the February radii values calculated from the WXC method are displayed by the red 
bars, while the August radii values calculated using the BPSC and HPSC methods are displayed 
in blue. August radii calculations have been grouped due to the proximity in time of the datasets. 
Radii values calculated from events picked using the WXC method show a normal distribution with 
a mean of 3.36 m and 3.76 m for the February and August datasets, respectively. The BPSC and 
HPSC methods produced many radii values that fall near zero. The smallest mean radii value for 
the August dataset originates from the BPSC method and is 2.77 m. The HPSC method falls in 
the middle, giving a mean slug radii of 3.51 m.
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1.5.3 Results from Regional Infrasound

Array processing results from least squares and F-statistic analysis show numerous infra
sound signals from Tolbachik Volcano detected at IS44 between November 28-29, 2012 (Fig. 1.5.5). 
It is known from seismic observations tha t the eruption began at approximately 05:15 UTC on 
November 27, 2012 and tha t the fissure eruption transitioned to a discrete vent within a few days 
(Gordeev et al., 2013; Zelenski et al., 2014). A trace velocity of 0.34 ±  0.1 km /s and a back 
azimuth of 27 ±  8 degrees is expected for signals from Tolbachik Volcano. No clear infrasound
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arrivals are detected at IS44 on November 27 (Fig. 1.5.5). Therefore, the eruption onset cannot 
be seen in the regional infrasound data. However, signals with the correct trace velocities and 
back-azimuths for Tolbachik Volcano, as well as relatively high SNRs, are evident November 28 
beginning around 00:00 UTC and continue into early November 29, 2012 (Fig. 1.5.5b-c). Filtered 
infrasound amplitudes during these periods are generally quite low (<0.1 Pa).

Table 1.5.1: Monopole calculations for windowed cross correlation, band-pass filter sensor corre
lation, and high-pass filter sensor correlation. August data have been grouped because of their 
nearness in time.

Average #
Average 

recurrence 
interval (s)

Total Average

Data Method # o f
explosions

of
explosions 
per hour

volume
outflux
(km3)

slug
radius

(m)

02/12
05:53:32 
- 02/14 WXC 241,765 1913 1.9 0.033 3.36

23:26:08

08/14 
21:00:38 
- 08/16 
04:50:09

WXC
BPSC
HPSC

83,776
177,969
102,209

2618
5562
3194

1.4
0.6
1.6

0.021
0.028
0.019

3.65
2.45
2.73

08/16 
21:29:09 
- 08/17 
21:29:09

WXC
BPSC
HPSC

59,150
75,824
33,730

2465
3159
1405

1.5
1.1
2.7

0.015
0.015
0.010

3.71
2.77
3.63

08/19 
21:29:09 
- 08/20 
12:27:08

WXC
BPSC
HPSC

33,217
19,962
5,173

2215
1331
345

1.6
2.6
10.

0.010
0.0055
0.0022

3.92
3.09
4.16

1.6 Discussion

1.6.1 Adequacy of Explosion Picking Methods

PDFs of events picked using all three methods (Fig. 1.5.1) generally show waveforms char
acteristic of slug bursts as suggested by their simple and sinusoidal shape. A compression and a 
relatively equal rarefaction can be seen in the highest probability lines. The highest probabilities 
derived from each PDF both qualitatively and quantitatively match their corresponding master or 
mean waveforms well. This can be seen in the very high cross correlation values present between 
the highest probability lines and the master or mean waveforms from each dataset (all above 0.95)
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Figure 1.5.5: Regional infrasound analysis for 27-30 November 2012. a) Infrasound data from 
IS44 filtered using a pure-state filter (Olson, 2004). b) trace velocity and c) back-azimuth for 20 s 
windows. D ata segments are colored by the F-statistic, a measure of the SNR. Lava flows occurred 
from two centers and ash emissions were occurring at Tolbachik Volcano during this period (Gordeev 
et al., 2013a). The high SNR at this time along with the back-azimuths and trace velocities suggest 
signals from Tolbachik Volcano were picked up at the IS44 array between November 28 00:00 early 
November 29. Late November 29 November 30 shows fewer events from Tolbachik Volcano. The 
lack of a signal at the eruption’s onset (November 27 5:15 UTC) and after early November 29 
suggests a smaller eruptive intensity during these times.

(Fig 1.5.1a-j). Also, all master or mean waveforms either entirely or almost entirely lie within 
the 95% confidence limits of the probability densities for each dataset and method. Qualitatively, 
it is easy to see a compression and a relatively equal rarefaction in the highest probability lines 
(Fig. 1.5.1a-j).

Possible sources of error in the explosion picking methods include the short window length 
and picking of non-slug burst events or other non-volcanic infrasound signals. A longer window 
length is usually preferable because it allows for the cross correlation of more information. However, 
the 1 second window length was necessary for identifying slug burst events due to the simplicity of 
the signal. In our study, non-slug burst events may be attributed to roiling within the lava lake, 
especially when using the BPSC and HPSC methods. Roiling of a lava lake degassing has been 
found to be a significant source of infrasound (Fee and M atoza, 2013).

Even though sources of error are possibly present, the high cross correlation values between 
the highest probability lines and the actual events suggest most events were identified correctly.
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Both the BPSC and HPSC methods identify smaller events, as seen in the distribution of slug radii 
sizes. Due to the high cross correlation value between the sensors, we deduce that these small 
events may be related to roiling within the lava lake as a result of persistent degassing. Because 
of the likelihood that all events detected in the three methods are indeed actual volcanic degassing 
events, the next section explores three possible eruption styles from mid-February to late August 
2013: 1) the eruption stays consistent through time, 2) the eruption transitions from dominantly 
slug bursts in February to a mixture of roiling within the lava lake and slug bursting in August, or 
3) the eruption transitions from dominantly slug bursts in February to a mixture of roiling within 
the lava lake and slug bursting in August, but fewer explosions occur overall.

1.6.2 Eruption Characteristics Through Time

Regional infrasound analyses can give insight into eruption dynamics at the beginning of 
the eruption. Results from this study are particularly promising for regional infrasound interpre
tation between November 28 and early November 29, 2012. It is known from visual observations 
tha t lava flows occurred from two centers and ash emissions were occurring at Tolbachik Volcano 
during this period (Gordeev et al., 2013). The relatively high SNR at this time along with the 
back-azimuths and trace velocities suggest signals from Tolbachik Volcano were picked up at the 
IS44 array between November 28 00:00 - November 29 2:00 UTC. November 29-30 shows fewer 
events from Tolbachik Volcano.

The eruption onset time, derived from seismic observations, is not seen in our regional in
frasound data. This suggests it was not energetic enough for acoustic signals to propagate large 
distances (Fee and M atoza, 2013). Because signals from Tolbachik Volcano are seen in the regional 
data on November 28 to early November 29, the eruption likely increased in intensity during this 
period. The eruptive intensity must have returned to lower levels on November 30 because the 
signal is no longer seen. While it is unlikely atmospheric effects changed significantly during this 
study period, future detailed acoustic propagation modeling could give more detailed information 
into signal propagation from the volcano to the infrasound array on November 27 and 30. However, 
current results provide evidence for an increase in eruptive intensity from November 28 to early 
November 29, 2012.

Of the three methods employed on the local infrasound data, the WXC method shows the 
least change through time. D ata from the WXC method suggests the number of explosions per 
hour, the total volume of emissions, and the slug radii size stayed consistent from February to Au
gust (Fig. 1.5.2a, 1.5.3a, 1.5.4a). Thus, these results suggest there was no change in the eruption 
from mid February 2013 to late August 2013. However, video and other observations from February 
and August suggest the eruption did change significantly. Video data from February could only be
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taken at a distance because of the large and frequent explosions. Even so, discrete, large, explosions 
can clearly be observed. Video from August could be taken from the edge of the vent and shows 
smaller slug bursts and roiling within the lava lake. The consistency in the number of explosions and 
total volume of emissions through time occurs because this method ignores other signals produced 
from the lava lake. Unlike the other BPSC and HPSC methods, the WXC method only searches 
for signals tha t resemble large slug burst events. Because this method shows consistency in radii 
sizes through time and only identifies large slug bursts, the WXC method likely underestimates the 
total volume outflux in all data, but serves as a lower bound.

Alternatively, the BPSC method shows numerous small amplitude events along with a larger 
number of slug burst explosions overall (Fig. 1.5.2b, 1.5.3b, 1.5.4b). It is likely these smaller events 
are related to the roiling of the lava lake. Assuming the monopole calculations serve as an adequate 
estimate, the number of explosions and total volume outflux per hour decreased rapidly between 
August 14-20, 2013 (Fig. 1.5.2b, 1.5.3b). Due to the numerous small amplitude events, this method 
suggests the eruption in February and August consisted of a mixture of small amplitude roiling of 
the lava lake and larger amplitude explosions from slug bursts.

The third method, HPSC, generally shows a smaller number of events occurred overall 
(Fig. 1.5.2c, 1.5.3c, 1.5.4c). Results suggest a trend similar to tha t which is seen when imple
menting the BPSC method. This method also suggests the number of explosions and total volume 
outflux per hour decreased rapidly between August 14-20, 2013. However, the HPSC method finds 
fewer events with radii near zero (Fig. 1.5.4c). Therefore, the results from the HPSC method sug
gest the eruption was a mixture of roiling within the lava lake and larger slug burst explosions, but 
fewer events occurred overall.

As mentioned above, video observations show that roiling of the lava lake occurred in late 
August. We suggest this roiling can be modeled assuming a monopole source because it is essentially 
a combination of small bubble bursts. However, the nature of monopole source inversion suggests 
tha t it is likely that all methods underestimate the total volume of emissions. They do, however, 
provide a lower bound on the eruption emissions during mid February and mid to late August.

1.6.3 Implications for Volume Flux Calculations

Infrasound-based inversions for volume flux using a monopole assumption have been com
monly used, although a number of assumptions must typically be made. These include the as
sumption that the source radiates sound equally in all directions and tha t the sound travels as a 
plane-wave in a homogeneous half-space. The assumption that the sound radiates equally in all 
directions allows for the attenuation of acoustic amplitude as 1 /r (where r is the distance from
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source to sensor). This is generally an adequate assumption when studying local infrasound unless 
significant topography is present (Fee and M atoza, 2013). This 1 /r attenuation is in (1.4.1) as part 
of the spherical acoustic radiation pattern. Figure 1.6.1a-c shows the WXC master waveforms and 
their corresponding mass and cumulative mass outfluxes from the February and August data. Since 
the sensor in February is located only ~100 m from the vent and the August sensors are located 
^825-955 m from the vent, the amplitudes of events in August must be ~8.3-9.5 times smaller 
than those in February (i.e. their maximum amplitude must be less than 1.55-1.80 Pa) in order 
to obtain a similar cumulative mass outflux. While the master waveform from the data beginning 
August 14, 2013 fits the 1 /r spreading rule, the master waveforms from the data beginning Au
gust 16 and August 19, 2013 are clearly greater than 1.80 Pa. Therefore, the calculations for the 
master waveforms from August 16 and 19 give greater values for total cumulative outflux. This 
phenomenon could explain why greater total volume outflux per hour (Fig. 1.5.3a) and larger av
erage slug radii (Table 1.5.1) are seen in the August data when using the WXC method. However, 
we are confident tha t monopole source inversion is an adequate method to provide lower bounds on 
estimates of volume outfluxes for our data. Therefore, we postulate that these larger amplitudes 
are due to local propagation effects, to the contribution of a non-monopole component during this 
period, or to a deviation from spherically symmetric radiation. However, understanding the local 
propagation effects, the contribution of a non-monopole component, and/or the radiation pattern 
requires a more robust infrasound sensor configuration.

Similar studies have been done at other volcanoes, including Mt. Erebus, Antarctica 
(Firstov and Kravchenko, 1996; Johnson et al., 2008, 2004), Pacaya Volcano, Guatemala (Dal
ton et al., 2010), and Mt. St. Helens, USA (Moran et al., 2008). D ata collected at Mt. Erebus, 
Antarctica by Johnson et al. (2008) displays slug burst signals with slight variations from the typ
ical signal. This variation is likely due to some horizontal directional component of the source 
mechanism. Even so, explosions at Mt. Erebus between January 6 - April 13, 2006 were modeled 
using a monopole source model and show the cumulative outflux values from each explosion ranged 
from <1000 kg to ^20,000 kg, with a median value of 5,000 kg (Johnson et al., 2008). Results 
from Pacaya Volcano in 2010 produced smaller slug bursts that gave cumulative flux values ranging 
from 12 kg to 962 kg. Moran et al. (2008) also used a monopole source inversion method, but on 
a rockfall instead of a volcanic eruption. Results from the rockfall show a cumulative outflux of
7.5 x 106 kg, far larger than values calculated from the volcanic eruptions. Ranges in cumulative 
outflux values for individual slug bursts from our data are listed in Table 1.6.1. For all datasets 
and methods the Tolbachik slug bursts show a per event cumulative outflux range greater than 
tha t calculated from measurements at Pacaya, less than those calculated from measurements at 
Mt. Erebus, and far less than those calculated from a rockfall at Mt. St. Helens. From this, we 
determine the slug bursts at Tolbachik volcano during February and August 2013 must have been
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Figure 1.6.1: Infrasound-derived mass outflux calculations for the selected master waveforms. Plots 
show a) pressure traces of master waveforms from each dataset (noted by its distance, r, from the 
vent), b) corresponding mass outflux calculations, and c) cumulative mass outflux calculations. To 
obey the the 1 /r spreading rule that describes the spherical acoustic radiation pattern based on 
distance from the source, the amplitudes of events in August must be ~8.3-9.5 times smaller than 
those in February (i.e. their maximum amplitude must be less than 1.55-1.8 Pa) in order to obtain 
a similar cumulative mass outflux. Only the dataset beginning August 14 has this relationship. 
This could explain why greater total volume outflux per hour and larger average slug radii are 
seen in the August data when using the WXC method. Larger amplitudes in the August data are 
possibly due to local propagation effects, the contribution of a non-monopole component, and/or 
a deviation from the assumed spherically symmetric acoustic radiation pattern.

larger on average than those at Pacaya Volcano in 2010, but smaller on average than those at Mt. 
Erebus in 2008.

1.7 Conclusions

Both regional and local infrasound data were analyzed to track and characterize the erup
tion dynamics of Tolbachik Volcano. Regional data focused on the eruption onset in late November 
2012, while local data focused on eruptive activity in February and August 2013. Regional data 
gives insight into the intensity of the eruption from the presence or absence of the eruption sig
nal. The eruption at Tolbachik Volcano was likely less energetic at the onset (November 27, 2012) 
and gained intensity at the time when it is first seen at the IS44 array (late November 28 - early 
November 29). After early November 29 the disappearance of the signal in the regional infrasound 
suggests that the eruption became less energetic once again. Three methods were employed to pick 
slug burst events from four local infrasound data, one in February and three in August. Each indi
vidual slug burst event was assumed to result from an acoustic monopole, allowing us to calculate 
the volume outflux and slug radius per event, as well as total volume outfluxes per hour for each 
dataset. Estimated emissions outfluxes and slug radii distributions provide three possible eruption 
styles for the eruption dynamics of Tolbachik Volcano from mid-February to late-August: 1) the 
eruption stays consistent through time, 2) the eruption transitions from dominantly slug bursts in
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Table 1.6.1: Comparison of cumulative outflux values at various volcanoes.

Volcano (and/or method)
Range of cumulative outflux 

values (kg)

Mt. Erebus 01/06/06 - 04/13/06 < 1000 - 20,000

Pacaya 12 - 962

Mt. St. Helens Rockfall 7.5 x 106

Tolbachik Total (Range of all data) < 100 - 3910

Tolbachik
02/12/13 05:53:32 - 02/14/13 23:26:08 < 100 - 1539

Tolbachik 
08/14/13 21:00:38 - 08/16/13 04:50:09

WXC < 100 - 1805
BPSC < 100 - 1947
HPSC < 100 - 1802

Tolbachik 
08/16/13 21:29:09 - 08/17/13 21:29:09

WXC < 100 - 1847
BPSC < 100 - 2352
HPSC < 100 - 2352

Tolbachik 
08/19/13 21:29:09 - 08/20/13 12:27:08

WXC < 100 - 3048
BPSC < 100 - 3910
HPSC < 100 - 2072
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February to a mixture of roiling within the lava lake and slug bursting in August and 3) the erup
tion transitions from dominantly slug bursts in February to a mixture of roiling within the lava lake 
and slug bursting in August, but fewer explosions occurring overall. The last two eruption styles 
most closely match visual observations. While emissions outfluxes from the WXC method likely 
underestimate the actual total emissions from Tolbachik Volcano during the study time periods, 
they do provide a lower bound. Cumulative outflux of emissions per event in both February and 
August range from <100 to ^3000 kg for all methods. These values are greater than emissions 
calculated at Pacaya Volcano, but less than those calculated from emissions at Mt. Erebus Volcano 
(Table 1.6.1). From this, it is determined that slug bursts at Tolbachik Volcano in February and 
August were larger on average than those at Pacaya Volcano in 2010, but smaller on average than 
those at Mt. Erebus in 2008.

Although the infrasound data collected from Tolbachik were adequate for the methods used 
in this paper, it is not unusual to suggest future studies of this sort that employ the use of more 
infrasound sensors and attem pt to place them in other configurations. Additional infrasound sen
sors, particularly in February, would have provided the ability to track changes from February to 
August solely using the BPSC and HPSC methods. In August the sensors were aligned towards 
the vent, which allowed for good temporal resolution. However, Johnson et al. (2008) and Kim 
et al. (2012) have shown tha t it is useful to place sensors around the vent in order to improve 
the spatial resolution and stability of the inversion. Using this configuration, one can investigate 
the possibility of a non-monopole component in the slug bursts. If such a component is found in 
the slug burst events, then a more complex source model would give more accurate source estimates.

Collecting gas measurements as a means to “calibrate” the monopole source inversion is also 
suggested. Dalton et al. (2010) show that making concurrent gas and acoustic measurements allows 
for a comparison between calculated and observed total emissions values. At Pacaya the results 
were promising, falling within an order of magnitude of one another. Obtaining a multiparameter 
dataset at Tolbachik Volcano would have allowed for emissions correlation, and would ultimately 
have given insight into the adequacy of the monopole source inversion method. Future work along 
these lines is suggested to validate infrasound-based emissions calculations.
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Conclusion
Chapter 1 presents research at Tolbachik Volcano tha t gives insight into the total volume of 

emissions from individual gas slug burst events. These volumes provide three possible scenarios for 
eruption dynamics at Tolbachik Volcano from mid-February to late August 2013: 1) the eruption 
stays consistent through time, 2) the eruption transitions from dominantly slug bursts in Febru
ary to a mixture of roiling within the lava lake and slug bursting in August and 3) the eruption 
transitions from dominantly slug bursts in February to a mixture of roiling within the lava lake 
and slug bursting in August, but fewer explosions occurring overall. Total emissions volumes were 
calculated for individual slug burst events and are smaller than those calculated from infrasound 
measurements at Mt. Erebus Volcano, Antarctica in 2006, but larger than those calculated at 
Pacaya Volcano, Guatemala in 2010.

Future studies in volcano infrasound will likely investigate eruption dynamics using many 
different approaches. Understanding eruption dynamics allows for a better understanding of vol
canic processes and is key to hazard mitigation. Infrasound studies will likely aid in a better 
understanding of eruption dynamics. Acoustic waveforms may hold the key to understanding erup
tion dynamics, and if so would allow for quick and informed decision making to mitigate hazards.

An adequate event picking method to detect volcanic eruptions is essential in these studies. 
In the “Additional Analysis and Future Work” section we implement the Short Term Average 
Long Term Average event picking method, though others methods may be useful as well. After 
picking events, waveform families are determined using waveform cross correlation. Families are 
then correlated with observed activity at the volcano in order to determine a relationship between 
acoustic waveforms and eruption characteristics. The next section offers additional details and 
suggestions, as well as suggestions for future work.

C.1 Additional Analysis and Future Work

In August 2011 a multiparameter dataset was collected at Karymsky Volcano, Kamchatka, 
Russia (Fig. C.1.1a) tha t includes infrasound data, gas and ash data, and thermal imagery from 
eruptive events (Lopez et al., 2013). Lopez et al. (2013) determined four distinct eruption styles at 
Karymsky Volcano during this time period using these data. The knowledge of four eruption styles 
at Karymsky Volcano presents a rare opportunity to investigate the relationship between infra
sound waveforms and a wide variety of volcanic processes. A well-understood relationship between 
infrasound waveforms and eruption characteristics would prove particularly useful at difficult-to- 
monitor volcanoes. Here we present additional analysis tha t explores the multiparameter dataset 
from Karymsky Volcano in August 2011 and infrasound data collected at Sakurajima Volcano 
(Fig. C.1.1b) in July 2013. Infrasound data array data were collected from four sensors at Karym-
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sky Volcano during August 15-21, 2011. Five infrasound sensors, placed in a network configuration 
around Sakurajima Volcano, collected data from July 18-26, 2013 (Fee et al., 2014). However, 
only three of these sensors are used due to the effects of complicated topography surrounding the 
vent. The three sensors we used, HAR, KUR, and SVO, showed the least complications when 
time-aligning using cross correlation. Karymsky infrasound array data are processed in the same 
way as the Sakurajima data in order to maintain consistency in our methods.

Correlations between acoustic waveforms and plume characteristics give insight into how an 
acoustic waveform reflects various eruption processes. Lopez et al. (2013) determined relationships 
between these parameters for all four types of activity at Karymsky volcano. Similar relationships 
are determined from this study with individual waveforms. Acoustic waveform families are corre
lated with the plume characteristics, including temperature, maximum and mean thermal energies, 
amount of ash, and emission rates of SO2. We also attem pt to characterize Sakurajima waveform 
families using emissions data from Karymsky waveform families. We suggest that current and 
future research explore whether infrasound waveform correlation is a viable tool for eruption char
acterization. Knowing the general shape and frequency content of an infrasound waveform from 
a particular eruption style would be useful for hazard mitigation at difficult-to-monitor volcanoes 
with strategically placed regional infrasound arrays. This would essentially allow for near real-time 
eruption characterization.

Figure C.1.1: Study area locations. a) Karymsky Volcano, Kamchatka, Russia and b) Sakurajima 
Volcano, Japan. In both maps the location of the active vent is given by a red triangle.
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C.2 Methods

C.2.1 Event Family Classification

The variety and similarity of eruptive styles at Karymsky and Sakurajima volcanoes makes 
a family classification scheme desirable. Previous seismic waveform classification studies have given 
insight into the relationship between family occurrence and volcanic activity (Green et al., 2013; 
Green and Neuberg, 2006; Petersen, 2007; Stephens and Chouet, 2001). However, this has yet to 
be done with volcano infrasound data, possibly due to large variations in acoustic waveforms. Ma
toza et al. (2014) did a similar analysis at Sakurajima, Karymsky, and Tungruhua Volcanoes using 
infrasound characteristics to characterize explosive complexity, but do not go into great detail on 
how waveform shape is affected by volcanic emissions.

Following the method of Green and Neuberg (2006), tour initial step is to identify a master 
waveform for the first family. This is done by finding the autocorrelation and cross correlation coef
ficients for each event with all other events. The event with the highest mean correlation coefficient 
(i.e. the event tha t is most similar to all events) is chosen as the master waveform for Family 1 
(Green and Neuberg, 2006; Stephens and Chouet, 2001). All events that show a high correlation 
with the master waveform are regarded as belonging to Family 1. In this study a cross correlation 
coefficient greater than 0.6 is enough to consider an event part of the family. The members of 
Family 1 are extracted from the event matrix in order to find new master waveforms for subsequent 
families (Green and Neuberg, 2006; Stephens and Chouet, 2001). A similar selection procedure 
is then used to determine additional waveform families. Figure C.2.1 shows an example of the 
waveform family classification process.

When first implementing this method on all of the events detected at Karymsky Volcano, 
distinct families did not emerge. Instead, to identify waveform families from each eruption type, 
we choose to focus on the events occurring during the time periods described by Lopez et al. (2013) 
as characteristic for a particular eruption type. During August 2011 only three types of eruptive 
activity occurred: discrete ash explosions, pulsatory degassing, and explosive eruptions (Lopez 
et al., 2013). These three time periods contain only one waveform family each. By applying the 
aforementioned method we find that during these three time periods only one waveform family exists 
for each. Once waveform families are determined for each specific time period, the master waveforms 
from each family are cross correlated with all Karymsky events identified between August 15-22, 
2011. Events with a cross correlation value greater than 0.8 (or 0.9 for the explosive eruptions) are 
grouped into the corresponding master waveform’s family of ash explosions, pulsatory degassing, 
or explosive eruptions.

31



Event Number Time (sec) Event Number

Figure C.2.1: Cross correlation using a master waveform. a) All events are cross correlated with 
one another (including themselves). The event with the highest mean cross correlation value is 
chosen as the first master waveform (shown by the magenta boxes). b) Events that display a cross 
correlation value greater than 0.6 are chosen as members of the first family. The black line shows 
the master waveform and the gray lines show the members of the family. Waveform amplitudes 
are normalized. c) Members of the first family are removed from the cross correlation matrix. The 
process begins again with a new master waveform. In this case, there are no similar waveforms to 
make up a second family.

C.2.2 Event Identification

D ata are first band-pass filtered using limits selected to avoid waveform contamination by 
the filtering process. When filter limits are close to dominant signal frequencies, artifacts from 
filtering can be seen in waveform onsets (Scherbaum and Bouin, 1997). These filtering artifacts 
are so highly correlated that they alter the construction of waveform families. Therefore, filtering 
limits are set as far as possible from dominant signal frequencies while still avoiding noise contam
ination. Filtering limits for explosive eruptions and ash-rich explosions are 0.3-5 Hz and 0.5-5 Hz 
for pulsatory degassing events. These limits are listed in Table C.2.1.

The nature of large amplitude event onsets at Karymsky and Sakurajima Volcanoes allows 
for a relatively simple detection method. The Short Term Average Long Term Average (STA/LTA) 
ratio is used to identify events at Karymsky and Sakurajima volcanoes. The STA/LTA ratio can 
be defined by the following equations:

x2 _  x2
STA =  i / -Nsta +  STAi-i (C.2.1)

Nsta 
x 2 x 2

LTA =  i-Nsta-i i-Nsta-Nlta-i +  LTAi-i (C.2.2)
Nlta

where x corresponds to the time series dataset, i is the time index (1, 2 , 3 , . . . ,  n =  length of
dataset), and Nsta and Nlta correspond to the STA and LTA window lengths respectively (Withers
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et al., 1998). Typically values for STA window lengths correspond to the average duration of an 
event while values for LTA window lengths correspond to the average duration of noise between 
events. However, for both the Karymsky and Sakurajima data, Nsta =  1 s, N lta =  120 s. Events at 
both volcanoes last longer than 1 s, but we choose to focus on the first second of each eruption as

Sakurajima are too numerous to be picked by hand, but are easily identifiable by eye. Therefore, 
an STA/LTA threshold is determined using the easily identifiable events as a guide. A threshold 
of 1 is set to identify events at Karymsky Volcano. At Sakurajima Volcano the threshold is higher, 
chosen as 30. Event length is determined from a user-defined pre event time (PEM) and post event 
time (PET). Therefore, the onset time of the event is equal to the time where the ratio exceeds 
the threshold minus the PEM. For events at both volcanoes, PEM and PE T  values are 10 s and 
16 s, making events 26 s in duration. The PEM and PE T  parameter values were chosen using a 
few randomly selected events in the data. Automatic picks were manually inspected to determine 
adequate values.

After identification using the STA/LTA, the signal-to-noise ratio (SNR) of each possible 
event is analyzed. Because the STA/LTA method uses only one sensor out of the group of infrasound 
sensors, this is done to mitigate the possibility of a false trigger. The Fisher Statistic (F-statistic) 
gives a measure of the signal-to-noise ratio (SNR) and is computed for each event. The F-statistic 
is defined as:

where Ui(t) is the time-shifted output of sensor i at time t, u(t) is the mean of the outputs 
from N  sensors at time t, and M  corresponds to the number of points in the window (Blandford, 
1974). The F-statistic is related to the SNR by SNR =  N (F  — 1). A F-statistic threshold of 5 (i.e. 
SNR > 1) is used in order to identify events from Karymsky Volcano. An F-statistic threshold of 
4 (SNR > 1) is used to detect events from Sakurajima Volcano. After events are identified, they 
are stored in a matrix for subsequent analysis. Filtering limits, STA/LTA inputs, and F-statistic 
thresholds for each volcano and/or event type are summarized in Table C.2.1.

C.3 Results

Three waveform families are identified at Karymsky Volcano and one family is identified at 
Sakurajima Volcano using the previously described methods. The waveform families at Karymsky 
Volcano correspond to those eruption types identified by Lopez et al. (2013) and were expected 
to arise out of the usage of the previous methods and time periods. The waveform family for 
ash explosions displays a compression followed by a small rarefaction. Distinct “double troughs”

this contains the least attenuated part of the waveform. The number of events at Karymsky and

F
N

(C.2.3)
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Table C.2.1: Analysis inputs for event identification at Karymsky and Sakurajima Volcanoes.

Inputs Karymsky Volcano Sakurajima Volcano

Explosive Eruptions: 0.3 - 5 Hz
Filter Limits Ash-rich Explosions: 0.3 - 5 Hz 

Pulsatory Degassing: 0.5 - 5 Hz
0.1 - 10 Hz

STA Window 1 second 1 second

LTA Window 120 seconds 120 seconds

Pre-Event Time 
(PEM) 10 seconds 10 seconds

Post-Event Time 
(PET) 16 seconds 16 seconds

Trigger 1 20

F-statistic 5 2Threshold

are present in the rarefaction and the dominant frequency is 0.2-10 Hz (Fig. C.3.1a). Pulsatory 
degassing waveforms are characterized by a sharp compression followed by a smaller rarefaction. 
The dominant frequency for these waveforms is 1-10 Hz (Fig. C.3.1b). The waveform family from 
the explosive eruptions shows a sharp compression and an equal rarefaction (Fig. C.3.1c). These 
events were large in amplitude and two consequently clipped the sensors where amplitudes were 
greater than 125 Pa. These clipped events were removed from the waveform family matrix prior 
to plotting. Only one waveform family is identified at Sakurajima Volcano. This family shows a 
sharp compression followed by a slightly smaller rarefaction. Waveforms in this family show a lower 
dominant frequency of 0.3-0.5 Hz (Fig. C.3.1d). The waveform family from Sakurajima Volcano 
does not correlate well with any of the three families from Karymsky Volcano.

Infrasound and emissions correlation at Karymsky Volcano allows for conclusions to be 
drawn about the possibility of eruption characteristics correlating with the shape of an infrasound 
waveform. Master waveforms from each family are correlated with the emissions data from Lopez 
et al. (2013) for the corresponding eruption type. Ash explosions at Karymsky are characterized 
as discrete ash-rich explosions occurring from the vent. Ash explosions at Karymsky are described 
as discrete ash-rich explosions occurring from the vent. Plume heights reach 500-1500 m with max
imum temperatures of 230 ±  60 ° C. The mean SO2 emission rate for ash explosion events is >0.7 
±  0.4 kg/s. Pulsatory degassing events show little to no ash and occur as individual pulses. Plume 
heights reach 100-200 m altitude with a maximum plume tem perature of 160 ±  40 °C. Mean SO2 
emission rate for pulsatory degassing events is 1.4 ±  0.8 kg/s. Explosive eruptions are ash-rich and
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contain ballistics. Often there is a period of quiescence prior to the explosions. Plume heights reach 
>2000 m with maximum temperatures >350 °C. Mean SO2 emission rate is 0.3 ±  0.3 kg/s (Lopez 
et al., 2013). Table C.3.1 provides a comprehensive list of emissions data and acoustic waveforms 
for each eruption type at Karymsky Volcano.
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Figure C.3.1: Waveform families at Karymsky and Sakurajima Volcanoes. Waveform family mem
bers (gray) with master waveforms (black), plots showing amplitudes of waveforms for each family, 
and stacked spectra from each family for a) ash explosions, b) pulsatory degassing, and c) explosive 
eruptions at Karymsky Volcano, and d) Family 1 at Sakurajima Volcano. All waveform amplitudes 
are normalized.
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Table C.3.1: Emissions correlation with Karymsky waveforms.

Eruption Type Ash Explosions
Pulsatory
Degassing Explosive Eruptions

Gas/Ash Content Ash-rich Little to no ash Ash-rich, ballistics

General
Characteristics

Discrete 
explosions from 

the vent
Individual pulses Quiescence followed by 

large explosion

Altitude Above 
Vent

500 m - 1500 m 100 m - 200 m > 2000 m

Maximum Plume 
Temperature 230° ±  60° C 160° ±  40 C > 350° C

Mean SO2  

Emission Rate > 0.7 ±  0.4 kg/s 1.4 ±  0.8 kg/s 0.3 ±  0.3 kg/s

Acoustic
Waveform See Fig. 3.5a See Fig. 3.5b See Fig. 3.5c

C.4 Discussion

The presence of three families for three distinct eruption types at Karymsky Volcano gives 
promising results for the future of eruption characterization using acoustic waveforms. Three dis
tinct waveform families correspond to the three different event types observed at the volcano during 
this time period: ash explosions, pulsatory degassing, and explosive eruptions. Results suggest that 
individual eruption characteristics related to the three different event types affect the shape of an 
acoustic waveform. Only one waveform family is found at Sakurajima Volcano. The master wave
form from this family does not correlate well with any of the families found at Karymsky Volcano. 
This is surprising as the eruption style of Sakurajima Volcano is similar to tha t of Karymsky Vol
cano. Activity at both volcanoes ranges from short-duration, ash-rich, explosions to longer-duration 
ash-rich explosions (Lopez et al., 2013). Not much can be determined from the Sakurajima family 
alone until future work allows for better waveform comparison.

While only one family was found from eruptive events at Sakurajima Volcano, visual ob
servations (Matoza et al., 2014) suggest there are likely more event types tha t occurred but were 
not identified, such as volcanic jetting. However, volcanic jetting may not have a characteristic 
waveform associated with it. Even if volcanic jetting did have a characteristic waveform shape, 
the STA/LTA picking method is not adequate for picking events such as this because it is de
signed to identify impulsive onsets (Matoza et al., 2014). Therefore, only large explosive events are 
picked using the current inputs and method. Different STA/LTA inputs and/or implementing a
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different event picking method may provide families for other activity types at Sakurajima Volcano.

While we cannot yet draw solid connections between waveform shape and eruption charac
teristics, these results give us a glimpse of future possibilities. For example, the distinct ’’double 
trough” shape of the ash explosions family at Karymsky Volcano may be correlated with activity 
tha t occurs as discrete ash-rich explosions occurring from the vent. The occurrence of this family 
might indicate that the plume rises 500-1500 m above the vent, has a maximum temperature of 
230 ±  60 °C, and a mean SO2 emission rate of 0.7 ±  0.4 kg/s. The presence of the pulsatory 
degassing waveform may indicate tha t individual pulses are occurring with little to no ash. This 
might indicate that the plume is 100-200 m above the vent, have a maximum temperature of 160 
±  40 °C, and a mean SO2 emission rate of 1.4 ±  0.8 kg/s. The presence of the third waveform 
family, the explosive eruptions, may indicate a large ash-rich explosion with ballistics. This may 
suggest that the plume is >2000 m above the vent, has a maximum temperature >350 °C, and a 
mean SO2  emission rate of 0.3 ±  0.3 kg/s. We attem pted to correlate these eruption characteristics 
with the waveform family from Sakurajima. This family, however, did not correlate with any of 
the three families from Karymsky because it has a lower dominant frequency. Therefore, results 
from this study do not yet allow for the knowledge of whether the master waveforms from the 
three families at Karymsky Volcano apply to similar eruption styles at other volcanoes. However, 
more studies such as this one must be completed at other volcanoes before any solid relationships 
between waveform shape and eruption characteristics can be drawn.

Results from this study do not yet allow for the knowledge of whether the master waveforms 
from the three families at Karymsky Volcano apply to similar eruption styles at other volcanoes. 
The three families from Karymsky are not well correlated with the waveform family from Sakura- 
jima Volcano because of its lower dominant frequency. Knowing the general shape and frequency 
content of an infrasound waveform from a particular eruption style would be useful for hazard mit
igation at difficult-to-monitor volcanoes with strategically placed regional infrasound arrays. This 
would essentially allow for near real-time eruption characterization. However, more studies such as 
this one must be completed at other volcanoes before any relationships between waveform shape 
and eruption characteristics can be drawn.

C.5 Suggestions for Future Work

Preliminary results suggest that acoustic waveforms show promise as a tool for eruption 
characterization at Karymsky Volcano. Three independent waveform families are correlated with 
three different eruption styles, showing tha t the shape of acoustic waveforms is related to the gen
eral eruption style. Waveform family characterization and emissions correlation should be further 
investigated at these and other volcanoes. This would allow for determination of the usefulness of 
acoustic waveforms in characterizing eruption dynamics.
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It is essential that future studies implement multiparameter datasets such as the one col
lected at Karymsky Volcano in August 2011. This will allow for investigating the effect of eruption 
characteristics on acoustic waveforms. Studies like this must be done at a variety of volcanoes 
and on a variety of eruption styles. This will facilitate the use of acoustic waveforms as tools for 
eruption characterization.

Determining a relationship between acoustic waveforms and eruption characteristics would 
be particularly useful at difficult-to-monitor volcanoes. Knowing the propagation paths of infra
sound in the atmosphere allows for regional arrays to be placed in areas that allow for the detection 
of infrasound from specific difficult-to-monitor volcanoes. Therefore, a regional array can be placed 
in a pre-determined location that allows for eruption detection for a particular volcano. If a rela
tionship between eruption characteristics and waveform shape were known, the infrasound signal 
could be analyzed almost immediately to estimate plume height, temperature, and ash content as 
well as mean SO2 emission rate and general eruption type. Essentially this would allow for near 
real-time eruption characterization and may hold the key to remote hazard characterization and/or 
mitigation using infrasound.

It is essential that future studies implement multiparameter datasets such as the one col
lected at Karymsky Volcano in August 2011. This will allow for investigations on the effects eruption 
characteristics have on acoustic waveforms. Studies like this must be done at a variety of volcanoes 
with a variety of eruption styles in order to allow for the opportunity of using acoustic waveforms 
as tools for eruption characterization. Determining a relationship between acoustic waveforms and 
eruption characteristics would be useful at difficult-to-monitor volcanoes with strategically placed 
regional arrays tha t allow for adequate atmospheric propagation of infrasound. This would allow 
for near real-time eruption characterization and may hold the key to remote hazard characterization 
and/or mitigation.
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