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ABSTRACT
Distinct sub-events can be identified and located during long duration (>50 s) and short
duration (<50 s) volcanic eruptions by utilizing time-domain cross-correlation data from
a three-station infrasound network at Santiaguito Volcano, Guatemala. Cross-correlation
between each station pair using two-second time windows overlapping by 1.6 s allows
determination of accurate acoustic interstation phase delay-times. Phase delay-times are
used to calculate and locate time-varying source locations over the duration of an
eruption. The mapped Santiaguito acoustic sources are considered to be a superposition
of spatially and temporally distinct explosions (sub-events) within the body of an eruptive

signal. By identifying each sub-event it is possible to track the evolution of an eruption.

Santiaguito eruptions are complex, and the corresponding infrasound is relatively long in
duration (10s of s) and is generated over a source area that is large (~200 m) compared to
the characteristic acoustic radiation wavelength (e.g., 120 m for 3 Hz energy). Sound
waves from Santiaguito’s large and distributed vent region radiate asymmetrically. The
observed waveforms not only vary in arrival time but also in appearance across the
network, leading to differences in the number of correlated sub-events. The waveform
variations make it necessary to locate distinct sub-events for each eruption, as a single

event location does not accurately represent the entire spatial extent of the eruption.
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INTRODUCTION

Volcanologists are looked upon to supply local and national governments with accurate
assessments of active and potentially active volcanoes. Currently this is done with an
assortment of geophysical tools such as strain meters, seismometers, GPS, radar, etc. In
recent years a new type of volcano monitoring technique has made its way into
mainstream science. Acoustic surveillance has become more common among volcano
researchers, [Garces et al., 2003; Johnson et al., 2004a; Johnson, 2007; Johnson et al.,
2008a; Jones et al., 2008; Matoza et al., 2007; Petersen et al., 2006; Ripepe and
Marchetti, 2002; Sahetapy-Engel et al., 2008], because it provides additional source
constraints beyond seismic, geodetic, remote sensing, gas and thermal measurements.
Acoustic methods compliment these data because they are sensitive to volcanic unrest in
frequencies that can potentially go unnoticed by many of these technologies [Johnson et

al., 2004a].

Broadband seismometers, global positioning system (GPS), interferometric synthetic
aperture radar (InNSAR), and acoustic microphones operating in the infrasonic band are
used to understand volcanic unrest. Although beneficial, each tool has its limitations. For
example, GPS requires stations at the exact point where the measurement is needed.
Seismometers can detect internal volcanic motions in the solid Earth, whereas infrasound
can detect the energy after it has been transferred to the atmosphere. Thermal remote
sensing requires a relatively clear field of view, while infrasound can be detected even in

low visibility situations. Acoustic sensors have the benefit of being able to detect



eruptions continuously and at longer distances (several kilometers to tens of kilometers

and beyond, but raypaths in the atmosphere may be very complex [Drob et al., 2003].

Infrasound monitoring is especially useful in understanding the mechanics of explosive
eruptions, because waves traveling through the air, particularly at distances of up to a few
km, have simpler Green’s functions than those for comparable seismic frequency waves
traveling through rock. In this paper, infrasound sensors were used to study low
frequency sound waves filtered between 0.25 and 2 Hz from Santiaguito volcano,
Guatemala. Unlike seismic waves, which are strongly affected by the inhomogeniety of
rock, particularly in highly heterogeneous volcanic locals, infrasound is propagated in a
relatively homogeneous medium (air). Infrasound is gaining popularity as a monitoring
technique, because it can easily be used to determine where and when an explosive event
occurred [Johnson, 2005]. This is especially useful in areas that have multiple vents that
cannot be monitored visually at all times [Johnson, 2005; McGreger and Lees, 2004].
Infrasound sensors can be deployed close enough to active vents to minimize most
atmospheric propagation effects. Compared to seismology, near-surface sources can

commonly be located with much greater spatial-temporal accuracy using infrasound.

Sound radiated by volcanic activity has been studied since the 1960’s [Wilson et al.,
1966] but has only recently become a more common volcano monitoring technique
[Dibble, 1989; Hagerty et al., 2000; Hurst and Vandemeulebrouck, 1996; Richards,
1963; Rowe et al., 2000; Wilson et al., 1966]. Analysis of infrasound allows for the
location of events, determining source overpressure, and estimating gas flux [Fernandes
et al., 2007; Johnson et al., 2004a; Vergniolle et al., 2004]. More recent studies have

resolved source locations from various infrasound sources from a few meters to 10°s of



meters using three or more sensors in network or array configurations [Jones et al., 2008;

Ripepe et al., 2009b].

Infrasound sensors can be deployed using varying tactics. Like seismometers, infrasound
sensors can be usefully deployed in arrays, networks, or as a single stand-alone sensor.
Infrasound arrays are typically deployed farther away from a source than networks and
the acquired data are useful for back azimuth calculations and event size measurements,
although they can be influenced by propagation effects from the atmosphere such as
refractions from different temperature layers [Diamond, 1963; Garces et al., 1998].
Arrays can be deployed at safe distances (away from volcanic hazards) in areas where
wind noise is significantly mitigated. This allows for more options when considering
sensor placement, such as in high foliage or other sheltered areas [Matoza et al., 2007].
Networks are especially valuable for event localization because of the azimuthal
distribution of the sensors around a vent system and can be utilized to determine source
locations from both short, impulsive eruptions (1 to 4 s) [Johnson et al., 2008a; Jones et
al., 2008] and long-duration eruptions (50 s to 3 minutes) [Johnson et al., 2004b; Johnson
et al., 2007]. This thesis highlights sub-event source localization achievable through
network deployments around a vent. Single, stand-alone sensors cannot be used to
determine back azimuth to a source or for locating events. To achieve source localization,
at least 3 sensors must be used, however, using only one sensor can give a size estimation
of event magnitude [Petersen et al., 2006; Vergniolle et al., 2004; Vergniolle and
Caplan-Auerbach, 2004], when the source location is known. Mini-arrays of infrasound

sensors with apertures of a few meters can be useful in a network configuration because



the signals from each mini-array can be summed to reduce wind noise and thus increase

the quality of the signal.

Infrasound has been used to study different eruption types from volcanoes around the
world, such as strombolian eruptions at Mt. Erebus, Antarctica [Aster et al., 2004,
Dibble, 1989; Johnson et al., 2008a; Jones et al., 2008; Rowe et al., 2000], and
Stromboli, Italy [Johnson, 2005; Johnson et al., 2008a; McGreger and Lees, 2004;
Ripepe and Marchetti, 2002; Ripepe et al., 2009b], volcanic tremor events at Hawai’i
[Garces et al., 2003], and explosive eruptions at Mount St. Helens, Washington [Matoza
et al., 2007] and Augustine, Alaska [Fernandes et al., 2007; Petersen et al., 2006]. Data
from an infrasound array at Soufriere Hills Volcano, Montserrat was recently used to
track pyroclastic density currents as they traveled down the flanks of the volcano [Ripepe
et al., 2009a]. Data from a four-station infrasound array at Stromboli, Italy were used to
calculate the back azimuth to the source to determine which vent was producing the
eruptions [Johnson, 2005; Ripepe and Marchetti, 2002]. Also at Stromboli, data from a
small aperture three-element array were used to locate sources from different vents using
forward modeling of infrasonic arrivals [Johnson, 2005]. Because the vents were
spatially distinct from one another it was possible to robustly differentiate which vent

produced the eruption using either method.

This thesis focuses on tracking evolving sources from long duration eruptions from
Santiaguito Volcano, Guatemala. Infrasound data from long duration events (50 s to 3
minutes) at Santiaguito, Guatemala [Johnson et al., 2004b; Johnson et al., 2007;
Sahetapy-Engel et al., 2008] are lower in amplitude (< 1 to 4 Pa at 1 km) compared, for

example, to impulsive Strombolian events recorded at Mt. Erebus (5 to 120 Pa at 1 km).



Long duration events from Santiaguito have been studied previously [Johnson et al.,
2004b; Johnson et al., 2007; Sahetapy-Engel et al., 2008]; yet little has been done to
actively locate the eruptions as a function of time. Using cross-correlated data from at
least three infrasound sensors in a network configuration it is possible to locate spatially
distinct sub-events over the course of an eruption lasting less than 10 s to over 200 s. The
techniques described in this thesis are generally applicable to active volcanoes to monitor

dangerous eruptions from safe distances at any time of day in near real-time.

BACKGROUND

Figure 1. Map of Central America showing Guatemala (outlined in red) and
Santiaguito Volcano (red icon).



Santiaguito Volcano (Figure 1) is located in southwestern Guatemala. It lies inland of an
offshore trench and is considered to be part of an arc complex [Rose, 1972]. The
Guatemalan forearc complex is currently moving at the same velocity as the North
American forearc (Figure 2). Extension in Guatemala occurs in distinct rift structures
behind the main arc and is accommodated by deformation zones between the forearc and
the Caribbean plate. Extension behind the arc is considered to be a result of the
interaction of the Caribbean-North American plate boundary and the Middle American

Arc [Phipps Morgan et al., 2008].



Figure 2. Tectonic map of Central America centered on Guatemala (blue) and
Santiaguito Volcano (red volcano symbol). Arrows show absolute plate motion in
mm/yr. [Phipps Morgan et al., 2008]

In 1902, Santa Maria volcano, Santiaguito’s composite cone, explosively erupted
approximately 5.5 km® of material over a span of two days [Rose, 1972]. Periodic
extrusion of the dome complex began in the explosion crater immediately following the
eruption but did not erupt continuously until 1922. Currently Santiaguito Volcano is
comprised of multiple domes from several vents following the start of dome-building

activity. El Caliente is the central vent and La Mitad, EI Monje, and El Brujo are the three



lateral vents (Figure 3). Since 1977 the majority of the activity is centered on the El
Caliente vent, the original location of the 1922 eruptive sequence [Harris et al., 2002;
Rose, 1972; 1987]. The ~1.1 km?® extrusive dome complex lies inside the large explosion
crater created by the 1902 eruption on the southwestern slope of Santa Maria Volcano
[Rose, 1972; 1987]. Santiaguito has been one of the most active Central-American
volcanoes during the past 150 years and the most active in the last 50 years [Rose, 1972].
There are fourteen lava and volcanic domes in this complex, which have erupted
approximately 0.7 km?® of total material between 1922 and 1972 [Rose, 1972]. The

primary eruptive product is a calc-alkaline soda-rich dacite. [Rose, 1972].

Recent eruptions from the El Caliente dome are small explosive exhalations of gas and
ash. They occur frequently from every five minutes to upwards of several hours. The ash
columns reach heights of one to three kilometers. The ash columns erupt from ring
fractures located around and within the 200-meter dacitic vent region and occasionally
collapse, producing small pyroclastic density currents. Non-explosive effusive eruptions
are also manifested from the dacitic block lava flow on top of the dome. [Bluth and

Rose, 2004; Harris et al., 2002].



Figure 3. Photo of the Santiaguito dome complex viewed from Santa Maria showing
El Caliente on the far left and EI Monje on the far right. Photo courtesy Nick Varley
2007.

Infrasound has been used regularly since 2003 to study eruption dynamics and
characteristics at Santiaguito. Acoustic signals range from impulsive short duration
pulses to emergent longer duration signals lasting more than 50 s. Other work at
Santiaguito includes studies of thermal and heat loss of the summit crater [Sahetapy-
Engel and Harris, 2009], long period earthquakes and dome inflation [Johnson et al.,
2008b], SO, gas emissions [Rodriguez et al., 2004], and the evolution of phenocrysts and

their melt inclusions [Bardinizeff et al., 1980].



METHODS

Instrumentation

The Santiaguito data analyzed here were acquired during a field deployment in January
2009. Six stations were distributed azimuthally in a network around the active Caliente
vent at ranges from 330 meters to 3150 m (Figure 4). The distances are measured from

the center of the vent.

Figure 4. Topographic map of Santiaguito Volcano. (left) Each station has been
located and plotted on a 30 meter resolution contour plot using coordinates from the
GPS antenna at each site. (Right) A zoomed in plot showing the active dome area in
red.

The locations for the stations were chosen based on accessibility and azimuthal
distribution around the vent. Each station included one broadband seismometer (CMG
40T, 3T or 3ESP) and from one to three custom-built infrasound sensors. At stations
where three infrasound sensors were present, one sensor was co-located with the
seismometer and the other two were spaced up to 35 meters away from the central unit.
Multiple sensors at each station provided redundancy, as well as the option to sum the

signals collected from each sensor to reduce noise while processing.
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Each infrasound sensor incorporates an AllSensors pressure transducer in differential
mode with a dynamic range of £250 Pa. These sensors have a 50 micron, 2 cm-long
capillary tube on one differential port creating a mechanical single-pole high pass filter (3
dB corner at 0.02 Hz) to allow barometric fluctuations in the atmosphere (microbaroms)
to be equilibrated. Complete microphone specifications can be found at

http://infravolc.nmtgeop.net/microphones/InfraNMT xxC.pdf.

The infrasound data were collected using Guralp RT-130 digitizers set to record
continuously at 24-bits with a gain of 32 and sample rate of 100 Hz. The entire data set

contains four days of nearly continuous data.

Data Processing

Data were converted to SEG-Y format for initial analysis. The IRIS PASSCAL Quick
Look (PQL) software package was used to view the raw data traces in order to pick the
start times and durations of the eruptive events and compile them in a catalog (Table 1).
The events that were selected for this study had amplitudes greater than 0.1 Pa to ensure
high signal to noise, and durations longer than 10 s to provide sufficient signal to locate

correlated sub-events.

11



Table 1. Catalog of all events. Events on January 1 at 20:54:30 and January 3 at
08:22:40, shown in bold italics, are the representative examples of a long and short
duration event and are explained in more detail in the data analysis section.

12



Table 1 continued

The catalog consists of 53 events between January 1 and January 4, 2009. The events
range in amplitude from 0.1 Pa to 3.5 Pa (measured as a maximum pressure amplitude at
station CAR) and in duration from 12 s to 190 s. Figure 5 shows the catalog graphically
as a function of the sub-event time density. The slope is sub-event time density, the
number of sub-events vs. time for every event from the catalog. A high slope represents

an event that has a lot of sub-events occurring in a short period of time while a low slope

13



suggests that the temporal density of sub-events is low over time. This shows the event
catalog graphically split up by duration. There are no events during the study interval that

were longer than 200 s. Forty-nine of the fifty-three events lasted between 30 and 200s.

Figure 5. Figure showing the number of sub-events plotted against the sub-event
time density for every event. Events with a high number of sub-events occur over
longer periods of time, while the events with lower numbers of sub-events tend to
have fewer sub-events per time.

A static shift is applied to the arrival times from each station to account for differences in
the distance from the station to the source. Three stations (CAR9, CAL9, DOM9) were
chosen because of their good azimuthal distribution around the vent region. A flat

instrument response and digitizer conversion was applied to the raw signal. To convert

14



from the raw digital signal to pressure in Pa we use the following equation, where AP is
excess pressure in counts:

. -6
A to D Conversion 1 _AP 1.6x10 Xi )

AP (Pa) = AP (raw) x X ——— — =APx 5
Instrument Response %, Digitizer Gain 21107 Y 32

The following parameters were chosen based on the results of a sensitivity study
(discussed later in this paper) in which parameters were varied individually to ascertain
the best values for the bandpass filter, correlation window, window overlap, correlation

threshold, consistency and geographic filter. These terms will now be defined.

The bandpass filter is intended to filter out portions of the signal that contain noise while
enhancing the part of the signal with the most useful information. Commonly a volcanic
infrasound signal is partially obscured by low frequency microbaroms from ocean waves
[Bowman et al., 2005] and high frequency wind noise. The correlation window refers to
the number of samples used in a moving window cross-correlation. Longer windows are
good at detecting longer wavelength, lower frequency events. However, in this study a
short, (2 s) window is used to break up the signal and look at sub-events occurring across
the entire duration of the eruption. The window overlap is the step between successive
cross-correlation windows. Correlation threshold is the minimum correlation value that
any sub-event must have before it can be located and must exceed the threshold for all
three acoustic traces. Consistency threshold refers to the maximum number of samples
that each phase lag time for each station pair can be different and still be considered a
consistent, locatable sub-event. If a phase lag time does not exceed the consistency
threshold then the correlated event is not consistent across each and every station pair.

The geographic filter refers to a 300-meter diameter circle on the map that completely

15



encompasses the 200-meter vent region plus extra room for sub-events that locate near
the boundaries of the vent. The 300-meter diameter circle is centered around the median
value of sub-event locations for all 53 eruptions. If a sub-event is located outside this
region it is considered spurious and is most likely not due to a volcanic source. These
sub-events are flagged for later evaluation (and are not used in the study). It is also
possible that sub-events occurring outside of the geographic filter can be indirectly
related to the volcanic event being studied, such as rock fall induced by the block lava

flow. While this is an indirect volcanic event, it is not the focus of this paper.

A two-pole Butterworth bandpass filter between 0.25 and 2 Hz was applied to each signal
to decrease wind noise and to filter out low frequency barometric pressure disturbances.
Time-domain cross-correlation was used to assess variations in phase lag. In order to
identify the phase delay time between each station, CAL9 was correlated with station
CAR9, DOM9 with CAL9 and CAR9 with DOM9 using a 2 s window with an overlap of
1.6 s. A correlation threshold of 0.6 was applied to every correlation value for each
station pair. The same correlation must be exceeded at each station pair for a correlation
to be considered robust and not randomly correlated noise. When a phase lag time
exceeds both the correlation and consistency thresholds it is deemed a robust, potentially

locatable, sub-event.

Source Localization
Acoustic sources are located using a modified earthquake location method by iteratively

solving for the source position in the x (Easting) and y (Northing) directions while

16



minimizing the residual error after each iteration (e.g., earthquake location inverse
problem described by [Stein and Wysession, 2003]). The linearized general acoustic
inverse problem can be stated by Am=GAd. The variable Ad is the data vector of x and
y direction misfits that occur at origin time (t), location x =(X,Y,z) recorded by acoustic

stations at positions x; =(X;,Y,,Z), written as:

A, =T(x,x)~t, =2[(x= )2+ (Y- y)* + (z-2)]" -t 2)

The travel times are only dependent on the absolute value of the distances between the
source and the receiver. The model adjustment parameters are represented by
Am=(x,y,zt), where X, y, and z are the location coordinates and t is the origin time
and is constantly being updated for each iteration so that Am=GAd. For an ideal case
there would be at least as many acoustic stations as there are model parameters to solve
for, but there is only data from three stations and there are four parameters (X,Y,zt) to
solve for. This makes the G matrix underdetermined. By fixing the elevation (z) and
using the three acoustic stations the G matrix becomes square and invertible. This
provides the best solution for a least squares fit with zero misfit. The velocity of sound
waves traveling in the air is also fixed and is assumed to be 330 m/s (based on an air
temperature of -2°C near the summit) and the z coordinate of the sub-event location is
fixed because the elevation of the source region is known to be 2550 m based on the
DEM map of the vent. With the two variables fixed, the G matrix contains only the
partial derivative elements of the data vector Ad (equation 2) that are being varied with

respect to the model parameters Am. The partial derivative equation for G is:

17



G; = — 3)

and can be expanded as follows:

d . ‘ ¥ , , -
Gilzj_n{l:%:m(;;x') =X VX')[(x—xi) +(y-y)?+(z-2)*° (4)
Go= =T = O = G x) (- )+ (- 2) ©

_od, _od _
o m, ©

After each iteration the parameters were adjusted and a location was found that was better
than the previous iteration’s location. Each iteration’s updated model parameters were fit
into the forward model until the misfit data and the residual approached zero. The RMS
error was computed by taking the square root of the sum of the squares of Ad. For each
location the RMS error converged to zero within five iterations or less. The errors are
plotted as ellipses of +0.02 s (2 samples) where the long axis is in the direction of least
sensor coverage. The ellipses are arbitrary and do not represent the actual travel time
error because the RMS error converged to zero. A more detailed discussion of this error

can be found in the error analysis section.

Sub-event Analysis
Sub-events from 53 eruptions were used to locate and track evolving source locations

during the eruptive events. Figure 6 and Figure 7 show three typical (normalized)

18



waveforms for both a long and short duration event from CAR, CAL and DOM observed

during the study period.

Figure 6. Normalized waveform from each station (CAR, CAL and DOM) for a
short duration event on January 3, 2009 at 08:22:40 UTC. The signal has been
bandpass filtered between 0.25 and 2 Hz. The numbers correspond to peak-to-peak
pressure in Pa at recording site.

Well-correlated (>0.6 correlation threshold) sub-events were located for every eruption in
the catalog using the methods described above. Sub-event spatial variation can be
displayed graphically using a correlogram. A correlogram is a graphical representation of
the phase lag time between each station pair associated with peak cross-correlation values

plotted as a function of time.
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Figure 7. Normalized waveform from each station (CAR, CAL and DOM) for a long
duration event on January 1, 2009 at 20:54:30 UTC. The signal has been bandpass
filtered between 0.25 and 2 Hz. The numbers correspond to peak-to-peak pressure
in Pa at recording site.

Figure 8 shows an example correlogram for a trace comprised of two synthetic events.
The first event arrives at channel two before channel one and is graphically represented
by a difference in time (lag time) of -0.25 s, shown in dark red. The color bar represents
the degree of correlation between the two signals. The second event arrives at channel
one ahead of channel two by 0.25 s. This means that the two events came from two

geographically distinct locations.

20



Figure 8. Example correlogram for synthetic signals consisting of two distinct
synthetic events shown at 3 and 9 s, representing two geographically different
source locations recorded at two stations.

By using the lag times from at least three station pair correlations it is possible to
“triangulate” the source of each sub-event and spatially locate it. The correlogram for the
long duration event on January 3 at 08:22:40 (Figure 9) shows a long (120 s), well-

correlated (threshold greater than 0.6) signal.
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Figure 9. Correlogram from a characteristic long duration event on January 3, 2009
at 08:22:40. The three time lag delay plots show varied sub-event locations at the
onset of the eruption and evolve into constant sub-event locations shown by white

plus signs.
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The long duration correlogram shows a sharp onset and higher amplitude relative to the
rest of the signal. The correlated sub-events are not consistently locating in one position
until ~50 s after onset (Figure 9). The lag times for this event only vary by about +0.2 s
(~70 m) as shown by the correlogram and corroborated by relatively tight locations on

the location map (Figure 10).

Figure 10. Sub-event locations for the long duration event on January 3, 2009 at
08:22:40. Map contour is 50 meters and the blue circle is the 300-meter diameter
geographic filter.
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In contrast to the numerous and well correlated sub-events from the long duration
eruption, the short duration eruption shows more scatter in both the lag times as well as
the corresponding sub-event locations. The short duration correlogram for an event on
January 1, 2009 at 20:54:30 shows a sharp onset, high amplitude (compared to the rest of
the signal) eruption that fades to background levels within 30 s after onset. The
correlogram also shows that there are fewer correlated sub-events compared to the long
duration event (Figure 11). The decreased number of locatable sub-events is partially due
to the overall duration of the signal. It could also be because the parameters for this study
were chosen such that they would apply to both long and short duration events instead of
using separate parameters for each event type. This is explained in more detail in the

discussion section.

The waveforms from short duration events do not correlate as well as the coda portion of
the signal from long duration events. The lag times for the short duration event vary by

+0.5 s as seen in the correlogram and in the sub-event location plot (Figure 12).
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Figure 11. Correlogram from a characteristic short duration event on January 1,
2009 at 20:54:30. The correlogram shows fewer correlated lags during the short
extent of the event.
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Figure 12. Location plot for the event on January 1, 2009 at 20:54:30. There are
fewer sub-event locations due to the short duration of the signal and low number of
correlated lag times. Map contour is 50 meters and the blue circle is the 300-meter
diameter geographic filter.

The two sub-event locations that lie away from the main cluster are considered to be
spurious events. When shown on the correlogram they have a delay time of about -0.5 s.
The two spurious sub-events are shown on the correlogram at times 22 and 40 s (Figure

13).
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Figure 13. Zoomed in correlogram showing two spurious events with lag times of
about -0.5 s. This could be an artifact of the window length during cross-correlation.

A third style of event has also been observed at Santiaguito. This multiple or mixed type
of event is identified when an eruption has characteristics of both long and short duration
events (Figure 14). The mixed type of events are long duration events that appear to have

short duration impulsive signals scattered throughout the length of the event.

27



Figure 14. Correlogram showing a long duration eruption with multiple short
duration events scattered throughout the sequence on January 2, 2009 at 10:30:00
UTC.
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The locations for the mixed type of event show a degree of scatter over the extent of the
vent region (Figure 15). In this case there are two distinct clusters of sub-events. One
cluster could correspond to the impulsive portion of the signal and the other could

represent the long duration nature of the signal.

Figure 15. Sub-event locations for the mixed type of event on January 2, 2009 at
10:30:00. Map contour is 50 meters and the blue circle is the 300-meter diameter
geographic filter.

29



Sensitivity Study

The goal was to achieve a standard parameter set that would result in a high percentage of
accurate sub-events locations inside a 300-meter diameter geographic filter around the
vent region for long and short duration events, as well as events displaying characteristics
of both. The metric for determining the quality of the sub-event locations will be the
geographic ratio and is the percentage of sub-events locating within the geographic filter.
There are many parameters that can be varied to achieve optimal sub-event locations. The
parameters include, bandpass filter, correlation threshold, correlation window, correlation
window overlap, and consistency threshold. Assessment of the parameters was
determined by analysis of sub-events that were mapped inside and outside of the
geographic filter corresponding to the vent region. This was done to minimize spurious
locations and maximize the number of volcano related sub-events. The geographic filter

was designed by determining the median location of sub-events from all 53 eruptions.
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Figure 16. Sub-event locations for all 53 eruptions during the study period. The 300
meter diameter circle is centered around the median of all plotted events and
encircles the 200 meter vent region. Events locating within the circle are plotted in
green while any event plotting outside of the circle is shown in red. Map elevation
contour is 50 meters.

All of the parameters were held constant (Table 2) except for the bandpass filter
frequencies. The bandpass filters ranged from 0.125 and 20 Hz as follows: 0.125 to 2 Hz,
0.25t0 2 Hz,0.5t0 1 Hz, 0.5 to 2 Hz, 0.5 to 3 Hz, 0.5 to 5 Hz, 0.5 to 10 Hz, 0.5 to 20 Hz,
5 to 10 Hz, and 10 to 20 Hz. The threshold was set to 0.6, the window to 2 s, the
consistency to 2 and the window overlap was fixed at 0.8 for the entire study. Changing
the overlap value had little to no impact on the results. The results indicate in Table 2 that

while the total number of sub-events located within the geographical filter was greatest at
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a filter range of 0.5 to 1 Hz, the geographic ratio was greatest at 0.25 to 2 Hz. As the
lower corner frequency of the filter increased beyond 0.5 Hz the number of sub-events
inside the geographical area decreased until there were no sub-events that passed the
parameter criteria. A filter range of 0.25 to 2 Hz was chosen because the geographic ratio
was highest at 79% for the short duration trial event. Even though the filter range of 0.5
to 1 Hz produced more events inside, it also produced more events that located outside of
the geographic filter, which are treated as spurious events. This frequency filter band also
produced the best geographic ratio for the long duration trial event at 99% of events

locating within the geographic filter.

Using the fixed bandpass filter of 0.25 to 2 Hz the correlation window value was varied
from 0.5 seconds to 10 seconds by 1-second increments. For the long duration events, a
window length of 0.5 or 1 second produced the highest geographic ratio at 100%, but
yielded ratios of 7% and 72% respectively for the short duration event. A window length
of 2-seconds was chosen because it resulted in a greater number of sub-events with a
minimal number of spurious events for both long and short duration eruptions. By
selecting a window length of 2-seconds the geographic ratio for the long duration event

only reduced to 99% but increased the short duration ratio to 79%.

By fixing the bandpass filter and the correlation window, the consistency threshold was
varied between 0.6 and 0.9. For long duration events the geographic ratio increased as the
correlation threshold increased from 98% to 100% at a correlation threshold of 0.8. For
the short duration event the opposite was true. The geographic ratio decreased from 79%
to 0% over the same values. For both events, a correlation threshold of 0.9 resulted in no

sub-events being located because the correlation threshold was too high. Even though the
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geographic ratio increased to 100% for the long duration event, the actual number of sub-
events decreased from 287 to 100. A correlation value of 0.6 was selected to achieve a

high geographic ratio and maximize the number of sub-events.

For the consistency threshold study the three previous parameters were held constant.
The consistency threshold value was varied from 1 to 3. As the consistency threshold
increased, the total number of sub-events for both the long and short duration events
increased. The geographic ratio for both events peaked at 2 samples. A consistency
threshold value of 2 samples was chosen because both the geographic ratio and total

number of sub-events was high for this value.

The results of this sensitivity study illustrate and provide justification for the parameters
that were used to locate sub-events and are the best single set of parameters possible for
both long and short duration events from Santiaguito. If only one type of event were used
(i.e. long duration events) it would make more sense to tailor the filter to achieve the best
results for that one type of event. This will result in fewer spurious events locating
outside of the geographic filter. Since all of the events in this study were processed using
a standard set of parameters it is possible that some sub-events fell below the minimum

correlation threshold and were not located and should be explored further in future work.
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Table 2. Results of sensitivity study. Conducted by fixing all of the parameters while
varying one at a time to achieve the best results. The best parameters used for this
paper were a broadband filter of .25 to 2 Hz, a 2 second correlation window with
80% overlap, correlation threshold of 0.6, and a consistency threshold of 2 samples.

Error Analysis

The error ellipses plotted for the locations in this study are not conventional errors. The
plotted error ellipses of 20 ms do not represent actual error because the RMS error is
zero. Instead they show the potential of an arbitrary 2-sample (20 ms) error around the
absolute location. To illustrate the potential for error in timing, a standard error of 200 ms

was introduced and plotted over the 20 ms error ellipses (Figure 17). An error of 20 ms
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corresponds to ~6.6 m while 100 ms corresponds to 33 m. For an error of 33 m to occur a
temperature change of approximately +16° C would be necessary. This could be a valid
error for eruptions that occur during the day vs. at night where the diurnal temperature

varies.

Figure 17. Consistency error location plot showing sub-events from all 53 eruptions
for different consistencies. Blue ellipses correspond to a consistency of 2 samples (20
ms) and the green ellipses are for a consistency of 10 samples (100 ms).

Another way to assess error in this study is to show the effects of air temperature and
sound wave velocity on the sub-event locations. This study assumes a homogeneous
temperature model where the temperature does not change systematically based on the

time of day or weather conditions. Figure 18 shows the sub-event locations for all 53
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eruptions corresponding to different sound wave velocities. As the temperature increases
from -18°C to 14°C so do the velocities (320 — 340 m/s) causing the locations to migrate

in a northerly direction.

Figure 18. Velocity error location plot showing sub-events from all 53 eruptions for
different velocities. Red ellipses correspond to a velocity of 320 m/s, blue ellipses
correspond to 330 m/s and the green ellipses correspond to 340 m/s. The large stars
represent the median values for each set of sub-event velocity locations.

In future deployments it would be useful to include atmospheric data so that the locations
can be adjusted based on the temperature at any given time of day or weather condition.
Figure 18 shows that the locations are strongly affected by temperature such that the
median location varies by ~30 m for each temperature range, with a total spatial variation

of ~60 m. Another source of temperature related error comes from the eruptive plume.
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The erupting plume is much hotter than the surrounding air and will influence the
velocity of the waves traveling through the plume. This would lead to differences in sub-
event localization. A future study of local temperature effects would be helpful to assure

the best possible sub-event locations.

When plotting all of the sub-event locations on a map a linear spatial distribution of
events can be seen radiating out from the center cluster of events (Figure 16, Figure 17,
Figure 18). This trend results from side lobes due to cross-correlation artifacts and finite
bandwidth filtering. Peak cross-correlation values are sometimes associated with a side
lobe maximum for finite band infrasound traces. These side lobe peaks radiate from the
central vent region as linear spokes and are considered to be spurious sub-events.
Increasing the broadband filter can help to mitigate this, however, it will affect the

number of spurious sub-events.

Video Analysis

When available it is useful to utilize all available means of observation. For this study
two high definition video cameras were installed on the summit of Santa Maria and used
to corroborate the correlated sub-event locations. The four panel sequence below (Figure
19) is from an eruption on January 4, 2009 at 14:09:00 UTC. Each panel shows the sub-
event locations at times 3, 38, 48 and 100 s after the onset of the event with the
corresponding video frame for that time. The location map is oriented so that the vertical
direction is aligned with the viewing angle of the camera on Santa Maria summit. The

eruption starts in the upper right hand side of the map frame (panel 1). The corresponding
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location is circled in the video frame. The eruption is then observed lower in the frame
toward the camera (panel 2). Next, the eruption moves horizontally to the left (panel 3)
and finally returns to the location from panel 2 (panel 4). The video illustrates the
benefits of infrasound in spatially extensive degassing situations where the plume can
obscure visual observations and make it necessary to use alternate methods to detect

energy in other parts of the vent region.
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Figure 19. Video sequence and locations for an eruption on January 4, 2009 at
14:09:00 UTC. Each panel shows the sub-event locations at times 3, 38, 48 and 100
seconds with the corresponding video frame for that time. The horizontal field of
view for the video screenshot is approximately 219 meters. Panel 1. The eruption
starts in the upper right hand side of the map frame and the corresponding location
is circled in the video frame. Panel 2. The eruption then activates lower in the frame
toward the camera. Panel 3 and 4. The energy moves slightly to the left and finally
back to the right. Panel 5 shows the look direction of the camera. Map contour is 50
meters.
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DISCUSSION
By studying the infrasound signals recorded during a field study at Santiaguito VVolcano
in Guatemala, two main eruption types have been identified. The first type is the short
duration event. These events are typically short in duration (<50 s) and have a sharp, high
amplitude onset compared to the rest of the signal. This is followed by a relatively quick
decay of the signal to background levels. When performing cross-correlation of short
duration events they tend to have fewer correlated sub-events. The sub-event locations

for short duration events tend to be more scattered compare to the long duration events.

The long duration events typically last longer than 50 s and can have a sharp, high
amplitude onset similar to the short duration event and quickly evolve into a long
duration coda before fading to background levels after as much as 190 s from onset. It is
interesting to note that the long and short duration events are similar because of the sharp
onset, but differ where the long duration event signal quickly evolves into the highly
correlated coda. Compared to the more distributed source locations from the short
duration events where the gas is escaping in multiple places, it is possible that the tight
clustering of events observed during the coda of the long duration events could be from

the majority of gas escaping in only one spot.

Not every event recorded at Santiaguito during this study interval fits cleanly into either
the long duration or short duration category. Many long duration events appear to be
comprised of impulsive, short duration bursts superimposed on the long duration event.
For example, some events are overall long in duration but have short duration events
dispersed throughout the signal. Other events have the impulsive and large amplitude

beginning of the short duration event and evolve into a very long (>50 s) event. The
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infrasound indicates the succession of small explosive events during the course of a long

duration eruption (Figure 14) and is an example of a mixed type event.

The character of the mixed event type suggests that there is a more complex eruptive
process at work to produce a long duration event with energetic impulsive blasts
throughout. There may be two methods that allow gas to escape the vent region. The first
is a distributed source that allows multiple gas sources to vent simultaneously over the
200-meter region. This produces the long duration events and shows a wide distribution
of sources when observed in the video records. The other method is a confined source
that allows only small spurts of gas to escape episodically in a geographically confined

region where the vent cannot sustain a continuous release of pressure.

The parameters discussed in the sensitivity study are optimized to find sub-events from
both long and short duration events instead of short duration or long duration events only.
By tailoring a set of parameters to each eruption type it is possible to increase the number
of correlated sub-events that are located. Also, by decreasing the length of the correlation
window and lowering the correlation threshold it will increase the number of correlated
sub-events. However, this will also increase the number of spurious events that must be

considered, but can be managed using the geographic filter.

There appears to be a fundamental difference between the long and short duration
eruptions that can be seen when looking at the statistics for the geographic ratio. There
are a higher number of correlated sub-events for long duration events compared to short
duration events (Figure 20). This could be due to the fact that the one event is naturally

longer than the other, allowing more time for correlated sub-events to be detected.
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However, this may also be due to the nature of the event itself and how it is being erupted
from the vent. It is possible that short duration events would be easier to locate and have
fewer spurious events and better correlations because the event is very short (<50 s) and
the signal is more impulsive and less complicated compared to the long duration events.
This is not the case for the Santiaguito events. The average geographic ratio for both
short and long duration events is 82%. This average cutoff was used to determine the
percentage of both long and short duration events that are above the average geographic
ratio. For the long duration events, 66% are above the average geographic ratio as

compared to 33% of short duration eruptions.

Figure 20. Histogram showing the geographic ratio for long and short duration
events. There are a greater number of long duration events that have values above
the average geographic ratio of 82%.
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This statistic directly relates to the accuracy of the cross-correlation location program
used for this study. The parameters favor long duration events and by changing the
parameters, or having a separate set of parameters for each event type, it could increase
the short duration geographic ratio, especially when analyzing data from other volcanoes

with drastically different eruptive types.

Santiaguito eruptions can be considered complex due to the source dimensions of the
vent (~200 meters) compared to the wavelength of the sound (~120 meters) radiated by
the eruptions, causing the sound to radiate asymmetrically. In this case the waveform will
vary not only in arrival time, but also in appearance at each station. This must be taken
into consideration when using acoustic data from multiple stations at Santiaguito because
the waveforms will differ between each station. This could cause a lower number of
correlated sub-events. In contrast, the exposed lava lake at Mt. Erebus, Antarctica,
produces single impulsive events that are easy to locate because the majority of the
infrasound waves originate at only one compact location [Jones et al., 2008]. With a
wavelength that is large (~160 meters) compared to the dimensions of the source (<40
meters), the events can be treated as a point source [Johnson et al., 2008a]. Each station

will record nearly the same waveform across the network and will be easier to locate.

Jones et al. 2008 used a grid search method for locating impulsive events at Mt. Erebus.
Because the events at Erebus are much shorter in duration than those at Santiaguito the 2-
second correlation window used in this study may not be the best choice when analyzing
Erebus infrasound data. Because Erebus events are treated as point sources it is
acceptable to constrain the entire duration of the signal in one or two correlation

windows. This would result in a single maximum correlated sub-event corresponding to

43



the single impulsive event. The technique described in this paper could be useful for
cases when there are two or more impulsive signals very close in time. By reducing the

correlation window length each pulse could be distinguished from the other and located.

When utilizing only seismic data it is possible to see that an eruption is occurring while
the energy is contained in the ground, but it does not always produce an accurate location
(within a few meters) on the surface once the majority of the energy is transferred to the
air. When infrasound and video are used in conjunction with seismic data it becomes
possible to observe that the eruptions at Santiaguito neither occur in the same location
from event to event nor do they remain spatially stable during the course of one eruption.
It is important to utilize video records whenever possible to ensure that the locations that
are being found for each eruption are real and accurate. By utilizing these techniques it
becomes possible to better understand what is occurring during long and short duration

eruptions, regardless of weather, visibility or direct observation.

The technique in this paper can be applied to Erebus to identify single robust locations
and in the case of Santiaguito is applied to both impulsive and long duration explosive
signals to locate and track evolving source locations. While locating single impulsive
events has been done in the past, tracking sub-events in long duration signals is a
relatively new idea and has great application to other eruptive systems where the source

vent region is spatially extensive relative to the infrasonic wavelengths.

It is important to realize that the sub-events that were located and tracked for this study
represent the primary source of energy during each correlation window. When viewing

many the eruptions on video the entire 200 m vent region is obscured by the plume,
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indicating that gas is being released over the entire area. There could be more that is
occurring during each eruption that this study was not set to observe, such as where the
rest of the gas is being released and whether or not they converge to release at one point.
Future research should look into how the rest of the infrasound is distributed around the

vent system.

To expand on the processing part of this study there are many other parameters that can
be modeled to more effectively locate sub-events. For example, this study used a simple
atmospheric model that assumed a constant temperature and a homogeneous atmosphere.
In reality the temperature will vary depending on the time of day as well as during the
course of an eruption. The eruptive plume is much hotter than the surrounding air and
will affect the propagation of the waves. The ash particles in the plume will also act to
affect the velocity of the infrasound waves. Tests should be performed such that a

suitable model can be used when locating these sub-events.

CONCLUSION

By utilizing time-domain cross-correlation across a three-station network it is possible to
locate and track spatially and temporally evolving sub-events during eruptions at
Santiaguito Volcano in Guatemala. From an infrasonic deployment in January 2009, 53
events were analyzed to determine how sources from a distributed source region evolve
over time. Three acoustic stations were successfully used to locate and track sub-event

sources during the course of both long (>50 s) and short (<50 s) duration eruptive events.
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The events observed and analyzed for this study fell into two primary categories, long
and short duration events, and a third, mixed event category. The long duration events
had sharp, impulsive onsets with long, well correlated signals that lasted, in some cases,
for over 150 s. In contrast, the short duration events had an impulsive onset and faded to
background levels within 50 s. The long duration events had a larger number of
correlated sub-events compared to the short duration events (Table 2). The long duration
eruptions also had a higher geographic ratio with 66% of the long duration eruptions
above the average geographic ratio. Only 33% of the short duration eruptions were above
the geographic ratio (Figure 20). A third type of event observed at Santiaguito contained
elements of both the long and short duration events. These mixed type of events were
long in duration and contained impulsive events throughout the duration of the event. The
long duration aspect of these events correlated very well with sub-events that located in
tight groups similar to the standard long duration event. They also had sub-events that

were more scattered because of the impulsive portion of the signal.

When using the technique from this study for sub-event localization it is important to
recognize that not all events from one source are the same. There can be short duration
events, long duration events, and a combination of both at any given time from the same
source. As shown in Table 2, the number of sub-events that locate within the geographic
filter are controlled by the parameters that are selected. By varying each parameter, the
number of real sub-events increases or decreases depending on which parameter is being
considered and the nature of the variation. Most of the spurious sub-events can be
attributed to artifacts of the correlation process and can be disregarded. For Santiaguito

there are no other sources that have been observed apart from the 200 m vent region that
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could be causing consistent, correlated infrasound across the network. It is more likely

that wind noise is being correlated in these cases.

The goal was to find a standard set of parameters that could be used to locate and track
sub-events from all types of events. This study successfully demonstrated that a single set
of correlation parameters could be chosen that both maximized real sub-events and

minimized spurious locations.

Whenever possible it is beneficial to use as many instruments as are available so that the
results can be corroborated by a variety of scientific methods. The video from Santiaguito
illustrates the need for multiple observing techniques. It can be difficult to observe the
intricate superposition of sub-events occurring during an eruption and once the column of
ash obscures the opposite end of the vent region it becomes necessary to use infrasound
sensors to observe the eruption. The Santiaguito video has shown that the sub-event
localization technique described above can be used to accurately track an eruption as it

evolves both spatially and temporally.

Infrasound is a unique and effective tool for volcano monitoring with important
applications in real-time instrumentation of volcanoes in populated areas as well as
purely scientific endeavors. The technique outlined in this study can not only be applied
to both short and long duration events observed at Santiaguito but to other volcanoes with

multiple eruptive styles around the world.
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Appendix 1
The following figures are sub-event location plots for all long duration events (50 s or
longer) from the catalog. The blue circle represents a 300-meter diameter geographical
filter where sub-events that are within the filter are plotted in green, and those outside are

plotted in red.
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The following two figures are the corresponding waveforms for every long duration (50 s

or longer) eruption in the catalog.

60



The following figures are sub-event location plots for all short duration events (less than
50 s) from the catalog. The blue circle represents a 300-meter diameter geographical filter
where sub-events that are within the filter are plotted in green, and those outside are

plotted in red.

61



62



63



The following figure shows the corresponding waveforms for every short duration (less

than 50 s) eruption in the catalog.
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