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Abstract

Volcanic activity can pose a threat to the public and infrastructure. This threat is
mitigated by monitoring volcanoes and volcanic activity. In many places this can be
hindered by remote location and high cost. Satellite remote sensing is a tool that can be
used to safely monitor volcanic activity and aid in the mitigation of hazards and the
implementation of hazard preparedness. Small scale explosive activity is often a
precursor to periods of heightened volcanic activity. This activity is typified by distinct
small explosions that eject hot material onto the flanks of a volcano and can be detected
as thermal anomalies by satellite sensors. The aim of this study is to develop a monitoring
tool to detect changes in the frequency of small explosions leading up to periods of
activity with ash plumes and other volcanic activity. Development of this method was
carried out on Stromboli Volcano in Italy, a very reliably eruptive volcano with a wide
variety of other monitoring instrumentation collecting data. Once developed, the method
was applied to three remote volcanoes in the North Pacific: (1) Chuginadak (Mt.
Cleveland) and (2) Shishaldin in Alaska, USA; and (3) Karymsky Volcano in
Kamchatka, Russia. The results produced at all four of these volcanoes showed distinct
trends in activity, unique to each volcano, prior to periods of heightened eruptive activity.
The method provides a baseline for the detection of precursory activity and these trends

can be used on other volcanoes undergoing similar types and patterns of eruptive activity.
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Chapter One
Introduction

1.1 Background

Volcanic activity can pose a threat to population centers, air traffic, and human
infrastructure (Neal et al., 1997). Monitoring this activity offers a chance to implement
safety plans and warn the public about what dangers a particular volcano poses. Many
methods of monitoring are used on volcanoes around the world. Seismic networks are
used to monitor the level of earthquake activity near volcanoes, as well as subsurface
processes such as fluid movement and rock fracturing (McNutt, 1996). Infrasound arrays
can detect explosions and other acoustic signals (Fee and Matoza, 2013). Field based
cameras and field observations can detect changes in snow cover, ground temperature,
steaming, and other visual cues that may develop prior to an eruption. The one thing all
these methods have in common is a requirement for a person to be near a volcano; which
can be a dangerous prospect at an active volcano. For many volcanoes this can also be a
very costly endeavor. For this reason, the development of monitoring methods based on

remote sensing data from sensors aboard satellites is a beneficial and valuable enterprise.

1.2 Remote Sensing as a Monitoring Tool

Satellite remote sensing is a tool commonly used to monitor volcanic activity (Dehn et
al., 2000; Harris et al., 2000; Dean et al., 2002; Webley et al., 2009; Dehn and Harris,
2014), though the focus is usually on viewing and analyzing images after some delay to
detect activity. There has not been a great deal of work done on using satellite remote

sensing as a tool to try and forecast what activity might occur in the future.

The mid-infrared wavelengths available on some sensors are especially useful in the
detection of thermal activity (Wright et al., 2004; Dehn and Harris, 2014). Hot features,

such as deposits from active volcanoes, are detectable in these wavelengths and can be



characterized and tracked by determining the size of the deposit, duration of visibility,

and temperature of the material (Harris, 2013).

1.3 Activity of Interest: Small Scale Explosive Activity

Small scale explosive activity is one of the most common types of activity on Earth and
can occur at shield, composite, and cinder cone volcanoes (Simkin and Siebert, 1994;
Siebert and Simkin, 2002). It can occur in conjunction with fissure eruptions, dome
destroying explosions, and other types of activity. This activity can be part of a larger
eruptive suite, but can also be an indication of a change in the activity of a volcanic
center. It is characterized by small explosions, potentially caused by gas slugs reaching
the top of an open volcanic conduit system (Harris and Ripepe, 2007) or a volcanic
system breaking the overpressure of a vent plugging dome. These explosions consist of
ash, gasses, and juvenile volcanic material being ejected from a single vent. This material
is either deposited on the flanks of the volcano or can fall back into the crater and cover
the active vent, depending on the geometry of the specific volcano (Patrick et al., 2007).
When the hot material is deposited on the flanks of the volcano it is potentially visible to
satellites as a thermal anomaly, a feature that is detectably warmer than the typical
background temperature. The transient nature of small explosions means that each
detected thermal anomaly can be counted as a discrete event when determining the

frequency of explosive activity.

1.4 Aim of Research

The ability to monitor volcanic activity is of importance to ensure the safety of
populations and infrastructure located near volcanoes. Unfortunately in many locations
the ability to monitor volcanoes is hindered by hard to reach locations at remote
volcanoes, costly monitoring, and the general unsafe nature of working on or near an

active volcano.



The second chapter of this thesis will deal with the development of a monitoring method.
This was achieved by working on a reliably eruptive volcano in a relatively easy to

access and work area. Easy access to multiple monitoring methods in addition to satellite
data from sensors that image the entire Earth provides an opportunity to connect eruptive

activity in a way that will be useful at a number of volcanoes.

The third chapter will focus on using the method developed and molding it for specific
use at remote volcanoes in the North Pacific, where field measurement can be a difficult,
dangerous, and costly undertaking. Three volcanoes were chosen for this portion of the

research as each volcano has a distinct geologic setting and activity level.

The fourth chapter will cover the general conclusions of the development process, the
application of the methodology to other volcanoes, and the prospect of future work on

this topic.

1.5 Experimental Setting (\Volcanoes)
A set of volcanoes were chosen based on their characteristic activity as well as the timing

of this activity and their specific location and accessibility:

e Stromboli, Italy
Stromboli Volcano is located in the Aegean Sea, North of Sicily and is one of the
most active volcanoes in the world (Judd, 1881; Rosi et al., 2000) (Figure 1.1).
The summit is composed of a number of active vents nestled within a shallow
crater. The eruption currently underway began in 1934 (Barberi et al., 1993) and
is characterized by regular explosions every 30 minutes or so with only a few

short breaks or changes in activity (Bertagnini et al., 2011).
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Figure 1.1: Map of Stromboli Volcano (modified from Bertolaso et al., 2009).

Mt. Chuginadak (Cleveland), Alaska, USA

Mt. Cleveland is located on the western half of Chuginadak Island in the Aleutian
Arc of Alaska (Figure 1.2). It is a stratocone volcano with a single active vent
within a moderately shallow summit crater. Though the volcano is quite distant
from large population centers, there are a number of small villages nearby. In
addition, the airspace above Mt. Cleveland is the daily home to more than 10,000
passengers and millions of dollars in cargo on numerous air traffic routes (Neal et
al., 1997). Mt. Cleveland is the most consistently active volcano in the Aleutian
Arc (AVO, 2014a; GVP, 2014a) and has produced ash plumes up to 10 km above
sea level (a.s.l.) during major eruptions with many lower level plumes occurring
throughout its eruptive cycles (GVP, 2006, 2008, 2010). Lava flows, mud flows,
dome building and destruction, and small summit explosions have also been

reported at Cleveland.



e Shishaldin, Alaska, USA
Shishaldin is the highest peak (at 2857 m asl) in the Aleutians as well as one of
the most active volcanoes in the arc (Neal et al., 1995) (Figure 1.2). Shishaldin
volcano has had 27 recorded eruptions since 1775 including 2 dozen in the 20"
century (Miller et al., 1998; Neal et al., 2004), most of which have involved small
scale explosive activity, ash, and steam emissions (Neal et al., 1995). This
volcano is a stratocone with a deep, steep sided summit crater, the site of the
single active vent (Dehn et al., 2002). Shishaldin is unique in the set of volcanoes
being studied here as it is fairly close to a number of population centers, posing a
threat to people and infrastructure should a large eruption occur. Shishaldin is also
the only volcano in this sample set with permanent seismic and infrasound
networks (Caplan-Auerbach and McNutt, 2003), lending an interdisciplinary
approach to volcano monitoring.

R
L/ )}‘:‘ 1
Ring of Fire ..
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Figure 1.2: Map of the North Pacific volcanic region with the three volcanoes chosen for this
study highlighted (modified from Hansell et al., 2006; Steinbeck and Fuller, 2004).



Karymsky, Kamchatka, Russia

Karymsky volcano is located on the Kamchatka Peninsula (Figure 1.2). The
volcano sits on the edge of a lake created by a large eruption nearly 8000 years
ago (Braitseva et al., 1995). The stratocone has a single active vent within a
shallow summit crater. There are numerous small towns and airports throughout
the Kamchatka Peninsula, each within 600 km of the volcano. Karymsky is the
most consistently active volcano in the Kamchatka Peninsula (KVERT, 2013;
GVP, 2014c) and is a part of a volcanic complex with Academia Nauk and Maly
Semiachik. The ongoing activity has been mostly made up of continuous small
scale explosive activity accompanied by periods of effusive activity, pyroclastic
flows, and frequent ash emissions (Ozerov et al., 2001). Regular explosions have
been seen to send ash and gas to an altitude of 2 — 3 km above the vent (Izbekov,
2004). In the case of larger eruptions, ash can travel to heights of up to 10 km asl
(KVERT, 2013).



Chapter Two
Freguency Based Detection and Monitoring of Small Scale Explosive Activity*

2.1. Abstract

Thermal activity is a common precursor to explosive volcanic activity. The ability to use
these thermal precursors to monitor the volcano and obtain early warning about
upcoming activity is beneficial for both human safety and infrastructure security. By
using a very reliably active volcano, Stromboli VVolcano in Italy, a method has been
developed and tested to look at changes in the frequency of small scale explosive activity
and how this activity changes prior to larger, ash producing explosive events. Thermal
camera footage was used to designate parameters for typical explosions at Stromboli (size
of spatter field, cooling rate, and frequency of explosions) and this information was
applied to characterize explosions in satellite imagery. Satellite data from The National
Aeronautics and Space Administration’s (NASA) Moderate Resolution Imaging
Spectroradiometer (MODIS) and US/Japan designed Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER) for numerous periods in 2002 to 2009
were analyzed for thermal features which were used to calculate an estimate of the level
of activity during the given time period. The results at Stromboli showed a high level of
small scale explosions that stop completely prior to large paroxysmal eruptive episodes.
This activity also corresponds well to seismic and infrasonic records at Stromboli,
indicating that this thermal infrared monitoring method may be used in conjunction with
other detection methods where available, and also indicates that it may be a useful
method for volcano monitoring when other methods (e.g. seismic instrumentation,

infrasound arrays, etc.) are not available.

Y Worden, A., Dehn, J., Ripepe, M., and Delle Donne, D. (2014). Frequency based detection and
monitoring of small scale explosive activity. Journal of Volcanology and Geothermal Research.

(Submitted to Journal of Volcanology and Geothermal Research).



2.2. Introduction

Satellite remote sensing has proved to be a useful tool in the monitoring of volcanoes
(Dehn et al., 2000; Harris et al., 2000; Dean et al., 2002; Webley et al., 2009; Dehn and
Harris, 2014). This tool becomes especially useful at remote volcanoes where field work
is not always feasible or ground observations are not available. Satellite sensors collect
data that cover larger areas more frequently than is possible for researchers in the field.
This data can be analyzed to monitor activity at volcanoes all over the world, regardless

of location, activity, and instrumentation logistics.

In order to use the remote sensing capabilities to their fullest, it is important to develop a
method using data/images from a variety of satellite sensors to determine the type and
frequency of activity occurring on the ground. In developing this method, the use of a
well studied, monitored, and frequently erupting volcano was essential. For this reason,
Stromboli Volcano in Italy was chosen as our ‘test-case’. In addition, beginning with a
well known and monitored volcano allows for identification of factors that could have a
large impact at non-instrumented volcanoes. It is important to have a continuous data set,
a known record of eruptive history, good temporal resolution, and appropriate spatial
resolutions to get the optimal results with the best data set. A continuous baseline is also
very important when considering the detection of changes in eruptive character and
frequency. For most volcanoes, there are archives of satellite data available for use in the
creation of such baselines; such as at the Alaska VVolcano Observatory (AVO) Remote
Sensing (RS) (Dean et al., 2002), National Oceanic and Atmospheric Administration
(NOAA) Comprehensive Large Array-data Stewardship System (CLASS) website
(NOAA CLASS, 2013), National Aeronautical and Space Administration (NASA)
Moderate Resolution Imaging Spectroradiometer (MODIS) Rapid Response website
(2013), MODVOLC System (Wright et al., 2004) ; it simply requires a consistent method
for sorting through the data, analyzing the activity and statistically comparing them. The



aim is to better monitor the volcanoes, improve our understanding of the volcanic

processes, and making use of any data made available.

2.2.1 Background

Stromboli Volcano is located in the Aegean Sea, North of Sicily (Figure 2.1). This island
has been referred to as the “Lighthouse of the Mediterranean” due to its regular and
spectacular eruptive activity over the past 2000-2500 years (Judd, 1881; Rosi et al.,
2000). A period of nearly continuous eruptive activity began in 1934 (Barberi et al.,
1993) and has only been interrupted for short periods of time, usually associated with a

slight change in eruptive behavior (Bertagnini et al., 2011).

The volcanism in the Tyrrhenian region has resulted from a complex series of subduction,
rifting, basin formation, and extension (Ferrari and Manetti, 1993). Stromboli is the
northernmost island in the Aeolian Arc, a portion of the larger Calabrian Arc, which is
largely related to the subduction of the African Plate beneath the Eurasian Plate (Ferrari
and Manetti, 1993). During the past 100,000 years the main eruptive centers on Stromboli
have been focused in the central part of the cone at about 750-800m a.s.l. (Hornig-
Kjarsgaard et al., 1993). The main cone is built up of calc-alkaline, potassic, and most

recently, shoshonitic basalts (Francalanci, 1993).

The summit crater of Stromboli is composed of a dynamic complex of active and inactive
vents (Chouet et al., 1974; GVN, 1988; GVN, 1990; GVN, 1991a; GVN, 1993; GVN,
1997; GVN, 2003). During the field work for this study (summer of 2010), there were a
total of five vents, three of which were explosively active with the remaining two a fairly
consistent source of gas puffing and emission (Figure 2.1b). Two vents (North-East crater
1 [NE1] and North-East crater 2 [NE2]) were chosen for focus in this study due to their
eruptive nature, frequently depositing spatter fields onto the inner and outer flanks of the

volcano.
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Figure 2.1: Location map of a) Stromboli Volcano, Italy (modified from Bertolaso et al., 2009)
and b) a detailed sketch of the summit crater area during the 2010 field campaign. Locations of
thermal camera deployment are marked with triangles in (a). Both camera locations were chosen
to view NE1 and NE2 and were 250-400 meters from the vents. c) Stromboli is a stratovolcano in
the Mediterranean Sea with an elevation of 924 m a.s.l.

2.2.2 Small Scale Explosive Activity — Strombolian Explosions

Small scale explosive activity is some of the most common volcanic activity on Earth,
occurring at a large number of volcanoes around the world (e.g. Pacaya, Guatemala
(GVN, 2007); Etna, Italy (Andronico et al., 2005); Paricutin, Mexico (Pioli et al., 2008);
Villarrica and Llaima, Chile (Aguilera, 2005)). This type of activity occurs at shield,
composite, and cinder cone volcanoes and can occur in conjunction with fissure
eruptions, dome destroying explosions, and other types of activity. This activity can be
part of a larger eruptive suite, but can also be an indication of a change in the activity of a
volcanic center. For this latter reason, it is important to be able to monitor for the
introduction or change in the character of small scale explosive activity, as these changes
can lead to heightened levels of volcanism which can in turn threaten populations,

communities, environments/habitats, and human infrastructure.
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Small-scale explosive activity at Stromboli is characterized by transient explosions
throwing molten material, as well as entrained edifice material, tens to hundreds of
meters above the crater (Blackburn et al., 1976; Patrick et al., 2007; Harris and Ripepe,
2007). These explosions can also contain ash and volcanic gases. The ash portion of
small explosions can be a product of fragmented juvenile material, but is more likely due
to the mechanical erosion of edifice material or cooled crater infill from previous
explosions. There are multiple possible mechanisms for small explosions. Some
explosions are due to large gas slugs rising through a volcanic conduit and bursting at a
free surface (dubbed strombolian explosions, due to the typical activity seen throughout
history at Stromboli VVolcano; Lacroix, 1904; Walker, 1973; Wohletz and Heiken, 1992).
At other volcanoes, small explosions may be due to a buildup of pressure blowing a small
plug or dome out of the vent ;e.g. Cleveland, Alaska, (D. Schneider, Pers. Comm., 2012);
Redoubt, Alaska, (S. Prejean, Pers. Comm., 2009); Galeras, Columbia, (Stix et al., 1997);
and Soufriere Hills, Montserrat, (Diller et al., 2006). There is also the possibility of a
mixture of these two mechanisms, as each volcano has unique activity, crater geometry,

magma plumbing system, and magma supply.

In the case of Stromboli VVolcano, normal activity is similar to the description of typical
strombolian activity above. However, violent strombolian activity and strombolian
paroxysms are periods of activity including cessation of small explosions, lava flows, and
much larger ash producing explosions (Macdonald, 1972; Barberi et al., 1993; Calvari et
al., 2006; Rosi et al., 2006; Ripepe and Harris, 2008). The small explosions at Stromboli
have been broken into two classes by Patrick et al. (2007). Type 1 explosions are mainly
made up of coarse ballistic particles. Type 2 explosions contain some portion of ash, with
Type 2a containing ash and ballistic material, and Type 2b having no ballistic material.

These explosion types will be discussed in more detail in following sections.
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2.2.3 Source and Transience of Thermal Anomalies

2.2.3.1 Thermal Source

Small scale explosions produce spatter fields of hot, semi-molten bombs and other tephra.
These spatter fields are the main component of the thermal signal that can be seen from
various satellite platforms and their associated sensors (Dehn et al., 2000). These signals
are indicative of a very recent eruption due to the fast cooling rate of material once it is
deposited post-eruption. A feature is considered a thermal anomaly if any area of pixels
in an image appear to be significantly (or detectably) brighter (and therefore warmer)
than the background (Dehn et al., 2000; Dean et al., 2002). When processing data,
considerations are made for viewing angle, volcano geometry, and other factors (Dehn
and Harris, 2014). The visually detected anomalies indicate larger explosions that can
change the radiant temperature of a pixel enough for detection. Smaller explosions are

much more common and much harder to detect, though not impossible.

Patrick et al. (2007) describe the types of explosions at Stromboli and characterize them
as either Type 1 or Type 2 explosions depending on their character and deposits (Figure
2.2). Type 1 explosions are dominated by coarse ballistic particles, incandescent material,
and spatter with no associated ash emission. These explosions are likely the product of
gas slug bursts at the surface of the magma column in an open vent scenario. Type 2
explosions are further broken into Type 2a, explosions with an optically thick ash plume
in addition to ballistic particles, and Type 2b, explosions with an optically thick ash
plume but no accompanying ballistic material. Both 2a and 2b explosions are the result of
the bursting gas slug at the surface of the magma column in a choked vent scenario. In
these instances, cooled material has filled in the vent area and limits the power of the
explosion. This infill will also be the source of the ash portion of the explosion, as the
energy released breaks up the material and forces it out of the vent. Types 1 and 2a will
produce a spatter field on the volcanoes flanks and may be detectable by satellite sensors,

though in Type 2a explosions ash plumes may obscure a sensors’ view of the spatter.
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Figure 2.2: Loose, brittle backfill sitting atop the magma column is one of two scenarios that can
lead to ash-rich strombolian eruptions (the other scenario, rheological changes due to degassing,
is not depicted in this figure). Type 1: Gas slug bursts at unobstructed free surface, ejecting
coarse ballistics. This will produce a relatively dense spatter field. An example explosion is
shown from crater NE2 at Stromboli Volcano, June 7, 2010. Type 2a: High overpressure slug
burst produces large scale disruption of backfill, producing ash and ballistics. These explosions
were observed to produce a more diffuse and smaller spatter field. Views from sensors may also
be obscured by drifting ash cloud. An example explosion is shown from crater NE1 at Stromboli
Volcano, June 7, 2010. (Diagrams modified from Patrick et al., 2007).
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2.2.3.2 Spatial Distribution

The size of a spatter field is a direct result of the size of the explosion, the existence and
amount of pre-eruptive crater infill, crater geometry, and the type of material erupted. For
a Type 1 explosion the spatter field will consist of large semi-molten blobs, hot rocks,
and other coarse ballistic material and may be quite large, as all the explosive energy is
used to deposit this material (Harris and Ripepe, 2007; Patrick et al., 2007; Harris et al.,
2013; Figure 2.2, Type 1). Type 2a explosion will likely form a small spatter field, but its
size will depend on the amount of eruptive energy used to break through any crater infill.
Type 2b explosions, resulting from an explosion through a vent completely choked with
infill, will not produce a spatter field at all, as the only material to leave the vent will be
gas and ash (Patrick et al., 2007). In these cases, all of the spatter is either constrained
beneath the crater infill, or the energy required to break up the crater infill causes too

weak an explosion to significantly distribute any juvenile material (Figure 2.2, Type 2a).

The size (or energy capacity) of an explosion will also be a large factor in the size of the
resultant spatter field. A small, or low energy, explosion may not make it out of the
crater, and therefore not create much of a spatter field. The size of an explosion and depth
of crater go hand-in-hand in this respect, as a deeper crater will require an explosion of

higher energy to create a detectable spatter field.

2.2.3.3 Cooling Rate

While spatter fields are the source of the thermal signals they will cool quickly due to the
high surface area of the bombs and ejecta combined with any environmental effects (such
as wind, rain, and crater geometry). Modeled explosions as well as explosions at
Stromboli Volcano during the 2010 field campaign were seen to cool below the detection
threshold of thermal imagery within seconds to a few minutes (Figure 2.3). This rapid
reduction of the thermal signal greatly limits the ability of satellite detection of these
events. A spatter field produced from a small scale explosion will only stay hot (relative

to its surroundings) for a short amount of time, a minute or two (Harris et al., 2013). As
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an example, a volcano with 70 explosions per day will have hot material visible on the
surface for approximately 70-140 minutes, or ~5-10% of the day. As this is a very small
portion of the day, it is understandable that not all explosions will be detected in satellite
imagery. However, by analyzing the number of explosions imaged and observing a
volcano with multiple ground based sensors, the percentage of explosions detected in
satellite data each day can be determined.

Stromboli Explosions: June 7, 2010, 13:24:43
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Figure 2.3: Cooling curve of two explosions from crater NE1 on June 7, 2010. The green line
indicates the thermal detection threshold of the MODIS sensor. Only temperature above this line
will be detectable in satellite images.

The duration of an explosion will play a part in determining the cooling rate of the spatter
field. In some cases, an explosion would deposit material for up to 30 seconds to one
minute. The thermal signal from these explosions would not only include the cooling
spatter field, but would incorporate all the time during the explosion when hot material is
constantly being supplied. There were very few of these explosions measured at
Stromboli during the 2010 field campaign, but they can occur at other volcanoes with
different vent geometry and conduit conditions.
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2.3 Materials and Methods

2.3.1 Materials

2.3.1.1 Satellite Data

NASA’s MODIS sensor is aboard the polar orbiting Earth Observing System (EOS)
satellites Terra and Aqua. MODIS collects data in 36 spectral bands from 0.62um-
14.385um. Two subsets of this spectral window collect images in the thermal- and mid-
infrared wavelengths and are used for the detection of thermal features on the ground
(Wright et al., 2004; Dehn and Harris, 2014). Bands 20-22 collect data from 3.66um-
3.989um and bands 31 and 32 collect data from 10.78um-12.27um (NASA MODIS
Web, 2013). The MODIS sensors have a temporal resolution that images the entire
surface of Earth every one to two days. This provides approximately 3 - 6 images a day at
Stromboli (LP DAAC MODIS Overview, 2013).

The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) is a
US/Japan designed sensor also aboard NASA’s EOS Terra satellite. As this sensor is co-
located with a MODIS sensor, time coincident images can be captured from this satellite.
ASTER is equipped to collect data in 15 spectral bands from 0.52um-11.65um. The
short-wave infrared (SWIR) bands (measuring from 1.6um-2.43um) are no longer
functioning on ASTER with data only available prior to April, 2008 (NASA/JPL, 2009).
This data can be used for retrospective analysis of very hot targets. The long-wave
(thermal) infrared bands (TIR_Band 10-14) are still collecting data at 8.125um-11.65um,
which is a spectral window comparable to some of the infrared bands collected by
MODIS (Abrams et al., 2002). The ASTER sensor is a tasked sensor, meaning that it
only records images when they are requested (Duda et al., 2009). At times of elevated
volcanic activity the ASTER sensor can be scheduled to capture imagery of the area
(NASA ASTER Urgent Request Protocol) (Duda et al., 2009). This was carried out at
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Stromboli in 2003 and 2006 during the larger eruptions which included explosive
activity, ash plumes, and lava flows. (LP DAAC ASTER Overview, 2013)

Spatial Resolution and Pixel Averaging

The MODIS data used has a satellite pixel size of 1km at nadir (Figure 2.4a). As the
sensor moves from nadir, the pixel size will be distorted (Patrick, 2002; Lillesand et al.,
2008). Stromboli Island has a surface area of about 12.5 km and is represented by 12 — 15
pixels (whole and partial) in each MODIS satellite image. For moderate and larger sized
explosions, the majority of activity seen historically (GVN, 1989; GVN, 1991b; GVN,
1994; GVN, 2000), this spatial resolution is adequate to detect a thermal signal, though
the smallest explosions are likely missed. The size of a spatter field is a direct result of
the size of the explosion, the existence or amount of crater infill, crater geometry, and the
type of material erupted. Smaller explosions and deep craters will lead to less detectable
spatter fields. The angle and velocity at which debris is erupted will impact the size and
emplacement of the spatter fields (Figure 2.4b); a smaller eruption angle will produce a
smaller field, a low velocity explosion will cover less area and remain close to the vent.
The topography of the volcanic edifice will influence a spatter field and how it is imaged
by a sensor. Steeply sloping flanks combined with a varying look angle can lead to

differing degrees of pixel distortion (Dehn et al., 2002).

The ASTER sensor has a spatial resolution of 90 m (at nadir) in the bands used for the
detection of volcanic thermal anomalies (Figure 2.4a). This creates a counter problem
from the lower resolution satellites, in that as this resolution is so small it will almost
always show hot pixels related to elevated ground temperature unassociated with
eruptions, fumaroles, degassing, and cooling material (Harris and Stevenson, 1997). This
occurs because the smaller resolution means that more area of each pixel will be filled
with the hot target and so the pixel averaging (if any) will result in a much warmer
temperature. In some locations, this is a big advantage in detecting thermal activity.

However, at Stromboli, it can be a hindrance as the activity is frequent and there are
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many constantly active fumarolic vents (Harris and Stevenson, 1997; Harris and Ripepe,
2007).

One important factor to consider when discussing the spatial coverage of the spatter
fields is the process of satellite pixel averaging. When a sensor captures an image of an
area, it breaks the information into pixels. The MODIS sensor represents thermal
information in elliptical pixels of 1 km diameter (0.785 km? area). This means that the
temperatures of any features within that pixels area will be averaged to produce the single
temperature value assigned to that pixel. For example, if there is a cool (0°C) background
covering 0.735km? and a small hot (500°C) feature, like a lava flow, covering the

remaining 0.05km?, a pixel temperature value of only 25C will occur.

2.3.1.2 Thermal Camera Imagery

A FLIR (Forward Looking Infrared Radiometer) Systems ThermaCAM™ S40 camera
was used from May 29 — June 9, 2010 to record explosions from craters NE1 and NE2 at
Stromboli Volcano in Italy (Figure 2.1). The camera uses an uncooled microbolometer to
detect and record images in a thermal band at 7.5 - 13 um and at a temperature range of 0
- 500°C and frequency of 7.5 Hz. The camera was located at multiple locations at a
distance of 250 - 400 meters from the active vents, producing a field of view (FOV)
ranging (320 x 240 pixel) from 100 - 150 meters across with a single pixel measuring
33.2-53.1 cm across, respectively (Figure 2.4b and Figure 2.5). The camera was focused
so that the FOV would capture the volcano flank and spatter field with little of the image

taken up by sky. Approximately 130 explosions were recorded and analyzed.
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Figure 2.4: Theoretical (a) and actual (b) pixel and field of view (FOV) size comparison.(b) Area
of MODIS Pixel: at nadir (pink) = 0.785 km?, at 40° sat. zen. (purple) = 1.74 km?. Area of ASTER
Pixel at nadir (blue) = 0.006 km®. Area of FLIR Field of View (FOV) (white) = ~0.017 km®.
Orange Circle = Rocetta Camera location. Yellow Circle = Pizzo Camera Location. Note the
skewing of FLIR pixels when seen from overhead. The views from Rocetta and Pizzo show a
rectangular FLIR FOV, but when the view is adjusted to overhead, the rectangles are greatly
skewed due to topographic effects.
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Thermal camera images were also obtained from periods during the summers of 2002,
2003, and 2008 (see Harris et al., 2005; Calvari et al., 2005; Patrick et al., 2007). Though
these images are not used here for specific spatter field analysis (due to frame of view
focus), they are used to compare location and magnitude of explosive activity at
Stromboli over the years, thus enhancing the temporal resolution of the dataset collected
in 2010.

Satellite FOV

e

S (e

Z.A. = Satellite Zenith Angle
FOV = Field of View

A, = Spatter field area

A, =FLIR view area

A= Satellite pixel area

Ea = Ejection Angle
Ev = Ejection Velocit

Figure 2.5: Schematic diagram showing the geometries of FLIR sensor and satellite sensors as
they relate to the work performed at Stromboli Volcano. A satellite will record data/images at a
variety of zenith angles, causing different degrees of pixel stretching. Thermal camera images
will remain at a constant field of view, though that view will be dependent on the topography of
the area of interest. Pixel stretching due to zenith angle can also be seen in Figure 2.2(b).
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2.3.1.3 Other Data

At Stromboli Volcano, there is a long, near-continuous, record of seismic and infrasonic
activity (Neuberg and Luckett, 1996; Ripepe et al., 2007; Harris and Ripepe, 2007) as
well as an analog recording of thermal activity from the north-east (NE) vents since 2003
recorded by the Dipartimento di Scienze della Terra at Universita di Firenze (UF)
(Ripepe et al., 2008). The network deployed and utilized by the Scienze della Terra at UF
currently operates four seismo-acoustic stations (Neuberg and Luckett, 1996), two
thermal imaging cameras (Ripepe et al., 2008), three tilt-meters, one weather station, a
five element infrasound array, 2 geochemical/radon sensors, and one wave monitoring
sensor located off the coast of Punta dei Corvi (UF, 2011). Data is collected from these
sensors and is then reported in an information release by Universita degli Studi di
Firenze, Departmento di Scienze delle Terra. This extensive multi-disciplinary network
allows the best use of the limited satellite data for the statistical method of frequency
detection, which will be discussed here, along with the known record of explosive

activity to map out a comprehensive history of volcanic activity at Stromboli.

The thermal cameras used by UF are focused on the area above the vents to capture
explosions, not necessarily the area where the spatter fields are deposited. For this study,
no actual data collected by this network is used directly, but the frequency counts from
the eruption reports are used to fill in a background data set for Stromboli (see time series
in Figure 2.6). This assists the analysis to create a more robust time series as well as to
allow detection of changes in activity before, during, and after the two paroxysms to be

examined at Stromboli when our satellite datasets are sparse.

The number of explosions per day are reported and counted by using the thermal camera
and seismic data each day. Figure 2.6 has been populated by using these daily event
counts to create a time series covering all the activity since the implementation of the
monitoring system (as set up by UF, Instituto Nazionale di Geofisica e Vulcanologia -

Osservatorio Vesuviano, and others). Some trends are clearly evident in this data, such as
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the lead up to and occurrence of paroxysmal episodes. Paroxysms cause a complete
cessation of small scale explosive activity in both 2003 (April 5) and 2007 (March 15)
(Bertagnini et al., 2011). Explosive frequency tends to increase until periods of
paroxysmal activity when small explosions completely stop. When explosive activity
resumes, there are few explosions per day and numbers increase steadily over time until
they reach typical background levels of activity, roughly 75-125 explosions per day
(Figure 2.6).

The counts reported by UF are not an absolute number of explosions, as the thermal
camera only viewed a portion of the active vents and small explosions can go undetected.
Hence, the UF data would give a lower end estimate of the number of explosions. The
seismic instruments deployed by UF, INGV, and others (Neuberg et al., 1994; Marchetti
and Ripepe, 2005) certainly detect events that are too small to be seen in thermal satellite
or FLIR data. These events may in fact not breach the crater rim (occurring within the
conduit or under a significant amount of crater infill), resulting in an elevated seismic

event count relative to other datasets (Table 2.1).

Table 2.1: Detection statistics for multiple methods at Stromboli showing average number of
events per day during periods of possible monitoring. The discrepancy between numbers reflects
the capability of different methods in the detection of small scale explosion. Discrepancies consist
of (but are not limited to) spatial resolution, temporal resolution, field of view, and instrument
sensitivity. (Data compiled from: Stromboli eruption Activity Bulletins from Universita degli
Studi di Firenze, Departmento di Scienze delle Terra; This study; UAF/GINA satellite image
database).

Sensor ' Average # of Events per Day

Thermal Camera (UF) 77 (24 hrs/day over 7 years)

Thermal Camera (this study) 146 (extrapolated from 5 days of recorded
explosions)

MODIS satellite sensor (this 0.35 (available database data)

study)




23

Stromboli Activity, Universita de Firenze

~—— Database Counts
= 2007 Paroxysm
s 2003 Paroxysm
'1 Month' Moving Average

300

Events Per Day

100

;ﬁ

2003 ' 2009

Date

Figure 2.6: Database from Universita de Firenze showing the number of explosions recorded per
day for a continuous time period spanning 2003-2010. The number of events reported here are
from detection with a thermal camera located approximately 400 yards from the active vents.
Data collected and combined from: D. Delle Donne (UF), Unpublished data; Bertagnini et al.,
2011; Information releases from Italy Civil Protection; Stromboli eruption Activity Bulletins from
Universita degli Studi di Firenze, Departmento di Scienze delle Terra; Calvari et al., 2006; Rosi
et al., 2006; Ripepe and Harris, 2008.

2.3.2 Methods

2.3.2.1 Database Retrieval

The University of Alaska, Fairbanks (UAF) and the Geographic Information Network of
Alaska (GINA) have a large database of archived satellite imagery from the Advanced
Very High Resolution Radiometer (AVHRR) and MODIS sensors, mainly centered on
North Pacific volcanoes (Dean et al., 2002). However, there is also a subset of MODIS
and ASTER data from Stromboli VVolcano including data from the time periods listed in
Table 2.2.
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When developing a method for detecting changes in frequency of small explosions or
explosive activity at a volcano, the ability to sample and analyze from a continuous
dataset covering many years is a key component. However, in many cases this is not
possible. For Stromboli Volcano, the UAF/GINA catalog consists of a large amount of
data over many years, though not continuously. This data was used in this study with the
knowledge of the data omissions and the wealth of other instrumentation on the island.
Ideally MODIS data would have been collected over the entire 8 years included in this
study, though only 22% of these days are available in the archive.

Table 2.2: Available data/images of Stromboli Volcano in the UAF/GINA satellite image

database.
Sensor Year Dates

MODIS | 2002 | October 23 — December 31
2004 | September 7 — March 30
2006 | Full Year

2009 | February 19 — March 3,
May 19, November 29
ASTER | 2003 | February 23

March 13

2006 | April 13

November 16

All metadata for the satellite imagery was accessed and downloaded from
UAF/Geophysical Institute (Gl)/Alaska VVolcano Observatory (AVO) online archive. For
Stromboli, this included the satellite identification, date and time of acquisition, but no
data about pixel properties. All images were viewed and analyzed in the UAF-GI/AVO
online remote sensing webtools 40 x 40 viewer (see description in Dehn et al., 2000;
Dean et al., 2002; Webley et al., 2009). This tool shows a 40 pixel by 40 pixel view
centered on the georeferenced location of the target volcano. The tool gives information
on all spectral bands of each sensor as well as a number of band subtraction products
used to indicate ash plumes, removal solar influence, and highlight thermal features,
Table 2.3.
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Table 2.3: Band math products in UAF-GI/AVO webtools and/or UAF/GINA satellite imagery
database. For MODVOLC methods see Wright et al., 2004, BTD method as described in Prata
1989a, 1989b; Corradini et al., 2008; Webley et al., 2009. Solar influence methodology based on
method described in Dozier, 1981.

Name Band Math Purpose

20a21 | B20 =saturation, then B21 20 unless saturated, then 21
20m31 B20-B31 Mitigate solar influence
20nd32 B20-B32/B20+B32 Similar to MODVOLC method
22nd32 B21-B32/B21+B32 Similar to MODVOLC method
31m32 B31-B32 Ash detection, BTD method

2.3.2.2 Development of Processing Routine

Multiple steps were applied to the original dataset in order to cull the data to relevant and
viable images. The MODIS data for Stromboli VVolcano included information on
acquisition date and time, viewing geometry, and spectral bands 12, 17, 20 - 22, and 28 -
32. Further processing is automatically performed to create a number of band math
images listed in Table 2.3. The original datasets contained 2065 images recorded over
653 days from 2002 - 2009. In some cases, duplicate images are saved separately. These
images are removed to reduce the chance of double identification of thermal features. The
remaining images were then subjected to a number of character tests, described below, to

ensure the data can be used in a statistical monitoring method.

Each satellite image has a unique set of geometries that can affect the detectability of
features on Earth’s surface. For this study, the most critical of these geometries is the
satellite zenith angle (Figure 2.5) — or the angle from nadir at which the satellite is
viewing the volcano. There is a correlation between the satellite zenith angle and the
geometry of the actual pixels in any given image (Patrick, 2002; Patrick et al., 2005;
Lillesand et al., 2008). As the zenith angle increases the individual pixels become
‘stretched’. A MODIS pixel at nadir has a 1 km diameter, but when viewed at a satellite
zenith angle of 40°, the pixels dimensions change to roughly 1.7 km by 1.3 km
(increasing the pixel area from 0.79 km? to 1.74 km?). When the zenith angle exceeds

40°, the pixels will overlap to a point where unique data is no longer adequately



26

represented, as illustrated by Patrick et al. (2005). All data acquired at a satellite zenith
angle higher than 40° was removed from the dataset (Patrick et al., 2005; Dehn and
Harris, 2014).

The geometry of the volcanic edifice and crater will also dictate viable zenith angles. In
cases of a high zenith angle (farther from nadir), the sensor may not be able to detect
thermal signals from within a volcanic crater. An ideal zenith angle would be close to
zero, or nadir, indicating that the sensor is directly above the volcano. The eruptive vents
at Stromboli Volcano each sit in a shallow crater within and around a larger summit
depression. Due to the shallowness of the crater a larger zenith angle will still produce
useful imagery. All data acquired at a satellite zenith angle higher than 30° was removed
from the dataset.

This analysis method required that each image be individually analyzed to ensure that
any anomalous feature would be tagged, as well as offering the ability to determine the
weather and other atmospheric factors that could affect each image. Weather is a
significant hindrance, when viewing thermal infrared data, as the wavelengths in these
bands cannot detect thermal signals from the ground surface through clouds or heavy
water vapor (Watson and Prakash, 2014). Weather for each image was evaluated on a
graded scale as clear (95), mostly clear (75), partly cloudy (50), mostly cloudy (25),
cloudy (5), and NAN (0) for any data that was unusable due to pixel corruption and noise.
After this step, a weather statistic was calculated by creating a weighted average of the
assigned grades and the number of images on a weekly basis. This statistic was then used
to calculate the probability of detecting a thermal anomaly in the satellite data and to

assist in weighting weather compromised images.

The remaining images were then individually analyzed for thermal anomalies. While
thermal anomalies were selected mainly by manual analysis and visual recognition,

reviewing of several images verified that observed anomalies tended to be a pixel or
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group of pixels with a temperature ~5 - 10° (C) above the background temperature.

Images were grouped by week and the number of thermal anomalies was summed for the

entire week. The final dataset consisted of 33.6% of the original images found in the
UAF/GINA database and had 227 observed anomalies out of 694 images (Table 2.4).

Table 2.4: Results from multiple steps of the processing routine showing the number of MODIS
images for Stromboli through steps of data clipping, from initial data to usable image and
observed thermal anomalies. SZSwath for Stromboli was set at 40° from nadir and SZCrater at

30°.

Daysw/ Initial | SZSwath SZCrater %o of Initial Observed Thermal

Data Images Clip Clip Images Anomalies

2002 69 301 132 100 33.2% 37
2003 | NoData | No Data | No Data No Data No Data No Data
2004 115 152 87 65 42.7% 9
2005 90 130 56 43 33.1% 12
2006 365 1465 656 482 32.9% 167
2007 No Data | No Data | No Data No Data No Data No Data
2008 | NoData | No Data | No Data No Data No Data No Data
2009 14 17 6 4 24% 2
Total 653 2065 937 694 33.6% 227

2.3.2.3 Statistical Analysis

Once all of the images had been individually analyzed, the collected information was

used to produce a statistical matrix of the estimated number of explosions per day and per

week. These calculations and statistical data take into account the weather, the number of

observed explosions, the number of passes, residence time of the sensor, and cooling rate

of a spatter field.

The first step of the statistical portion of this study was to use the weather grade assigned

to each image to calculate a weighted average for a week’s worth of data at a time. This

weather statistic is used to calculate an estimate for the amount of minutes per week a

satellite has a good/clear view of the volcano. This is calculated by multiplying the

number of satellite passes per week by the weather statistic, and then multiplying this by
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the residence time of the spatter field, i.e. the amount of time that a sensor could detect
the hot target (Equation 2.1). From this point, the minimum and optimal number of
events per week can be determined. The minimum number of events per week is the
number of observed thermal anomalies in the data. The optimal number of events is an
estimated number based on the minimum number of events, the amount of good satellite
views per week, and the number of minutes in a week (Equation 2.2). The minimum
number and optimal number of events are then averaged and this is the estimated average
number of events per week (Equation 2.3) value that is reported in Results and Figure 2.7.

WeatherStatistic

Clear View Minutes Per Week = ([{#PassesPeﬂi-’eek:] X ( ]] * Res:'drmceﬂ":'me]

100
Equation 2.1
Ontimal Events Per Weelk = MinimumEventsPerWeek
prima Events fer et = (SateiEiteMinutesPerWeek / )
[24 x 60 x 7]
Equation 2.2

(MinimumEventsPerWeek + Optimal EventsPeriWeek)
2

Average Events Per Week =

Equation 2.3

2.3.2.4 Thermal Camera and Satellite Comparisons

In order to verify the ability of the satellite sensors to detect spatter fields, the thermal
flux was calculated for the detectable thresholds of the sensors used and for a selection of
spatter fields recorded with the thermal camera. An explosion can only be detected by
satellite sensors if the thermal output is high enough to overcome the detection threshold.
Each satellite has a different thermal detection threshold, based on wavelength measured,
pixel size, and temperature of the target area. The detection capability of the satellite
sensor is calculated using a modified Planck function (Equation 2.4) (Kreith and Bohn,
1993).
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Equation 2.4

Where Ey; is the radiance (W-sr™"-m™) measured by the satellite, Ay is the area (m?) of
the satellite pixel, h is Planck’s constant (6.626x107%* J-s), ¢ is the speed of light (3.00x10®
m-s™), 1 is the wavelength measured (1.10x107° m), k is the Boltzmann constant
(1.3806x107%% J-K'%), and T is the temperature (K) of target pixel.

When examining the thermal camera video data a different method is used to calculate
the irradiance from the spatter fields. This is performed using the radiant energy equation
(Equation 2.5) (Kreith and Bohn, 1993). This number (irradiance) is a measurement of
the amount or thermal energy reflected from an object in all directions (Kreith and Bohn,
1993). While each particle in a spatter field will produce a thermal signal, all particles are
summed to produce a thermal flux for the entire field. This thermal flux will also include

non-thermally anomalous areas (background) and the ambient temperature of this area.

Q= ocetA(Ty' - T¢)
Equation 2.5

Where Q; is the radiative heat (W) measured by the thermal camera, o is the Stefan-
Boltzmann constant (5.6704x10® W-m2-K™®), ¢ is the emissivity (0.95), 7 is the
atmospheric transmissivity (accounted for by FLIR internal corrections for temperature),
¢ is the shape factor (ignored for this work), A is the area (m?) of spatter field (including
interstitial background area), Ty, is the temperature (K) of hot material, and T is the

background temperature (K).
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Then equations 2.4 and 2.5 are used to calculate the irradiance and the radiance of a
thermal feature. In order to compare the radiance calculated for the satellite sensors
thermal detection thresholds and the irradiance (thermal output) calculated for the FLIR
data spatter fields, the irradiance is converted from a lambertian (in all directions)

reflector to a per steradian (in one specific ray path) reflector (Equation 2.6).

Ev.= Q- (- 12.57)
Equation 2.6

2.4 Results

2.4.1 Spatter Field Measurements

During the field campaign, 130 explosions from 2 vents (NE1 and NE2) were recorded
using the FLIR thermal camera. The majority of explosions were Type 1 (Patrick et al.,
2007, Figure 2.2) and produced spatter fields. There were also a number of Type 2a
explosions, also producing spatter fields (Figure 2.2). There were very few Type 2b
explosions during the recording period, and as these explosions produce no spatter field,
they are not used for this study.

Spatter fields from NE2 ranged from 9 m to 105 m diameter (average diameter of 54 m).
The material from an average sized explosion had a spatial distribution of around 2300
m? with material covering ~15 - 20% of that area. The explosions that were measured
from NE1 range in diameter from 7 m to 135 m (average diameter of 48 m). Spatter fields
were mostly located within the crater at Stromboli, though some explosions (mainly from
NE1) did send material down the Sciarra del Fuoco (see location in Figure 2.1). Sciara
focused explosions pose a difficulty in measurement due to the obliqueness of the camera
angle and because the vast majority of material continually rolls down the slope,

dispersing and therefore ‘dimming’ (effectively cooling) the spatter field. This steeper
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slope also geometrically constrains the view, making a smaller target for an overhead

view (from a satellite).

2.4.1.1 Spatter Field Thermal Flux

The thermal flux was calculated for 38 explosions spread over 4 days from multiple
locations and look angles using equations 2.4 and 2.5 (Table 2.5a). Thermal flux was
calculated for two periods of time during each explosion; the time of the maximum
temperature reading and then again 60 seconds after the point of maximum temperature.
This will assist in determining the factor that cooling rate plays in the detection of spatter
fields by satellite sensors. The detection thresholds of the satellites used were also

calculated in order to determine if spatter fields would be visible (Table 2.5b; Figure 2.3).

Table 2.5a: Radiance values for two points in time during the eruption and cooling of spatter
fields.

Camera

Location

Average Radiance at

Maximum Temperature

Average Radiance at 60

Seconds Post-Eruption

8.46x10° W-sr -m’ 1.57x10° W-sr ~-m’
Pizzo 3.6x10° W-sr -m? 9.61x10° W-sr m™
SPSN1 1.55x10° W-sr *m? 1.49x10°> W-sr ~m>
SPSN2 9.83x10° W-sr -:m? 1.44x10°> W-sr ~m>

Table 2.5b: Detection thresholds for MODIS and ASTER sensors. Spatter fields must have a
radiance which exceeds these thresholds in order to be detected.

Sensor | Detectability Thresholds
MODIS

2.23x10° W-sr -m’
ASTER 1.71x10° W.sr tm?

When comparing spatter field radiance to the detectable thresholds of the satellite,
initially, almost all spatter fields have radiances exceeding satellite thresholds. After sixty
seconds, the spatter fields have cooled to a point where only the very largest explosions,
generally emplaced on a gently sloping surface, are still observable by satellite detection
methods (Figure 2.3).
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2.4.2 Results of Statistical Analysis

The results of the processing routine are reported in Table 2.4. After data clipping steps,
33% of the original data set was used in the statistical analysis. By plotting the statistical
analysis results over time, an estimate of the number of events per week is shown (Figure
2.7). This estimate shows the relative frequency of explosions and can indicate changes
in the character of the volcanic activity. The number of estimated events per week is
calculated for the periods when satellite data was available; leaving gaps where data was
absent (The capability to determine explosive frequency when no satellite data was
available was beyond the capabilities of this current study). The weather for the area and
two instances of strombolian paroxysms are also plotted in Figure 2.7. These paroxysms
represent two periods of time when there was heightened volcanic activity at Stromboli
Volcano, resulting in large explosions, ash columns and plumes, and lava flows (Harris et
al., 2008; Bertolaso et al., 2009; Bertagnini et al., 2011). The two paroxysms are
important as they match up with changes in activity. Prior to each paroxysm regular
strombolian activity first increases in frequency and then ceases completely. This
occurred in both 2002 - 2003 and 2007 eruptions and may be a key indicator of future
paroxysms. If monitoring based on the above method is continued, it may be possible to
see when the frequency of explosions changes and determine possible upcoming
paroxysmal events. The trends detected using the single-source satellite method (Figure
2.7) match trends in activity seen in the larger source time series (Figure 2.6).
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Figure 2.7: Frequency plot for satellite based estimated activity from 2002 through 2010. The
number of estimated events per week is calculated for the periods when satellite data was
available; leaving gaps where data was absent (no effort was made to determine explosive
frequency when no satellite data was available). This plot was created with data from 227
thermal anomalies.

2.5 Discussion

2.5.1 Feasibility of Method

When using period data to determine possible future activity, this method of monitoring
volcanic activity proves to be fairly useful. There are a number of requirements in order
for high quality data and statistically significant results to be produced and one must
acknowledge that all results are averages and/or estimates. This method does not
specifically count discreet events at a volcano. However, it should be robust and
internally consistent enough to provide a very good indication of the relative change of
activity within a volcanic system; be it in frequency, size, temperature, or severity of

events.
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When used at Stromboli VVolcano, the method was able to verify changes in activity prior
to strombolian paroxysms and was able to replicate data determined using other ground-
based sensors and personal observations and records. The ability to replicate other
research methods is particularly useful because it means that this method can be adapted
and used at volcanoes where no ground-based systems are present to provide some
measure of monitoring, detection, and possibly forecasting. The link was reinforced
between the cessation of small scale explosive activity and an impending paroxysm at
Stromboli. This pattern was seen in the satellite data for both the 2003 and 2007 events

and has been documented for multiple paroxysms in the history of Stromboli.

When the counts of explosions per day collected by UF (collected from thermal camera
data) are compared to the average estimated number of explosions determined by the
above described satellite method, the results show a correlation of activity frequency in
the data (Figure 2.8). The results must be scaled to account for the differing detection
thresholds between thermal camera data and satellite derived data. The two sets of data
show numerous correlations in peaks of activity. Though the satellite derived result was
created using a non-continuous dataset, resulting in gaps where no data is available, for
the periods of time when both data sets were populated the relative intensities of

explosive activity are complimentary to one another.
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Figure 2.8: Scaled comparison of the thermal camera detected explosions and the satellite
method estimates of explosions per day. The results have been scaled to reflect the difference in
the detection method; thermal camera detection has a lower threshold of detection than the
satellite method, and will therefore detect higher activity rates.

Knowledge of the typical type of activity at a volcano is an important factor in the
application of this method. As developed here, the method fits best to a volcano with
frequent small scale explosive activity. While other infrequent types of activity will not
necessarily degrade the information on small explosive frequency, more frequent cases of
lava flows and large ash plumes may mask the smaller explosive events; in effect, over-
saturating the method with continuous thermal data. Other factors that will affect the
validity of application of this method are the availability of a continuous and continually
populated dataset, appropriate sensor resolutions, a recorded history of the volcanoes
previous activity, and, if available, some ground-based monitoring system (for example;
seismic, infrasound, thermal camera, and webcam).

2.5.2 Factors for a Statistically Valid Methodology
As mentioned above, there are a number of requirements for this method to produce high
quality data, be statistically valid and reliably provide consistent analysis of the volcanic
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signals. Though not all factors are vital to the implementation of this method, they each

enhance the value of data created.

2.5.2.1 Continuous and Continually Populated Dataset

At Stromboli Volcano, only a partial dataset was used, with many time gaps in the
satellite imagery. This meant a truly continuous time series of eruptive activity was not
possible. However, at Stromboli, the presence of other monitoring systems filled in some
of the temporal gaps and the well documented history and eruptive activity record
indicated that the satellite data that was available covered periods prior to and following

the major paroxysms.

At other locations where ground-based systems are not available, such as Cleveland
Volcano in Alaska (AVO, 2013), it will be much more important to have a continuous
satellite dataset. Any temporal gaps in data at these volcanoes will mean a complete
absence of any data, and therefore no conclusions/assessments can be made about the
eruptive activity during that time or for a period of time following renewed access to the
satellite data. This continuous record is vital in the creation of a baseline of activity at a
volcano. This baseline will serve as a reference point to determine if there have been any

significant changes in the behavior of the volcano.

One factor, nearly as important as a continuous dataset, is a database that is continually
being updated with new data. Having background knowledge of the volcano and its
activity levels allows for the creation and population of a historical time series. However,
it hinders the ability to build an extensive future extrapolation of activity. With a
continually populated database, new images can be analyzed and added to the time series
to keep track of the current status of the volcano. As the background data is used to
determine indications of changes in activity, the new activity can be analyzed to detect
those indicators ahead of eruptive episodes.
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2.5.2.2 Appropriate Satellite Resolutions (Spatial and Temporal)

Appropriate spatial and temporal resolutions are needed for the production of a robust
time series. Spatial resolution will be mainly dependent upon the target volcano and its
activity. Like at Stromboli, a volcano with constant fumarolic activity and frequent small
explosions producing spatter fields, a small spatial resolution will not be very useful, as it
will tend to show smaller and cooler thermal features than other sensors. A sensor with
too coarse a spatial resolution will also be impractical as a small spatter field will be
averaged across the larger pixel with too much cool background, and will not be detected

as a thermally anomalous pixel.

The temporal resolution of a satellite is important in the creation of a continuous and
robust dataset. If satellite overpasses are extremely limited, i.e. single passes with days in
between, activity can easily go undetected completely or misidentified. If there is only a
single image, a small lava flow may look similar to a spatter field or a small lava dome
(Dehn et al., 2000). For the work on Stromboli VVolcano, satellite passes were available
on an average of ~5 images per day, during the time windows for which ground data has
been collected (prior to any data clipping). This number is adequate for the use of our
applied monitoring method, though there would be no negative side effects at volcanoes

with more frequent passes.

2.5.2.3 Recorded History of Volcano

One final piece that is not necessarily required, but can help to expand a time series, is a
well documented history of the activity at a volcano. A written record of prior activity
can assist to fill in a time series and give relative timeframes for heightened activity. The
database at UAF/GINA only contains satellite data as far back as 1993 for the North
Pacific and no further back than 2002 for Stromboli. Fortunately, Stromboli has been a
heavily studied and documented volcano. Its activity has been recorded as far back as
6000 B.C. using magnetism and radiocarbon data, and 350 B.C. via historical records
(Barberi et al., 1993).
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2.5.2.4 Ground Based Monitoring Systems

At Stromboli Volcano, the wealth of ground based monitoring equipment serves to fill in,
verify, and correct much of the data calculated from the satellite statistical method. For
this location, the data makes the monitoring system more reliable as well as serving as a
methodology check. For most volcanoes on Earth, this abundance of data is not normal,
reasonable, or even possible. Short term field campaigns may offer a solution and serve

to calibrate and validate satellite data.

2.5.3 Potential for Future Work

This method has been developed at a very well known and monitored volcano in order to
test its feasibility for use at less monitored volcanoes. There are numerous volcanoes
around the world that exhibit small explosive activity, and many of these volcanoes are
also not suited for ground-based monitoring system deployment. A large number of these
volcanoes are located in the North Pacific area, and that is the region that has been

chosen for future work and refinement of this method.

2.6 Conclusion

By using a volcano that is heavily monitored and with a comprehensive recorded history
a tool for monitoring the frequency of explosive activity has been created in an effort to
gain indications to a change in volcanic activity and possible larger eruptions. Using a
singular source (space-borne infrared imagery), a time series of eruptive activity for
Stromboli was created. This time series is complementary to, and in some cases is able to
simulate or duplicate, information gathered from a variety of ground based systems. The
frequency of small scale explosions at Stromboli show an increase in number of
explosions prior to a cessation of activity which then leads to a large, ash producing
paroxysmal eruption. These results highlight the capability of satellite remote sensing to

become a single source monitoring tool.
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The method described here could be useful in an operational setting. It can be especially
useful when applied to remote volcanoes that have the potential to impact populations,
infrastructure, and the aviation community. Important factors that will affect the validity
of application of this method are the availability of a continuous and continually
populated dataset, appropriate sensor resolutions, a recorded history of the volcanoes
previous activity, and, if available, some ground-based monitoring system (e.g. seismic,
infrasound, thermal camera, and webcam). This method can be first applied using a
database of past images and then be continually updated to help track changes in the

volcanic setting and any fluctuations in the level of volcanic (thermal) activity.
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Chapter Three

Frequency Based Satellite Monitoring of Small Scale Explosive

Activity at Remote North Pacific VVolcanoes®

3.1. Abstract

Monitoring of volcanoes in the North Pacific can be an expensive and sometimes
dangerous task, specifically for those located in Alaska (USA) and Kamchatka (Russia).
An active frequency detection method previously used at Stromboli, Italy, uses the
thermal- and mid-infrared wavelength bands from the Moderate Resolution Imaging
Spectroradiometer (MODIS) satellite data to detect anomalies at a volcano. This method
focuses on small scale explosive activity, often referred to as strombolian activity which
can produce small spatter fields near a volcano’s active vent. In the North Pacific, there
are a number of volcanoes which exhibit small scale explosive activity and three are the
focus of this study: Chuginadak (Mt. Cleveland) and Shishaldin in Alaska, and Karymsky
Volcano in Kamchatka. Satellite images from the Advanced Very High Resolution
Radiometer (AVHRR) were used to monitor the frequency of thermal features as well as
the occurrence of ash plumes at each volcano. This data was then used to produce a time
series spanning 2005-2010 for all three volcanoes. During this time period, each volcano
underwent a series of eruptive cycles including background levels of activity, heightened
frequency of small explosions (identified as precursory activity), and heightened activity
typified by ash plume-producing eruptions. Each location has a unique precursory signal,
both in timing and magnitude. The use of a previously developed method on a new
sample set of volcanoes has proved the validity of this method as a monitoring tool for
volcanoes with small scale explosive activity. This method should be applied to a larger
set of volcanoes to continue the development and database production for its use as a

volcano monitoring tool.

! Worden, A., Dehn, J., Webley, P. (2014). Frequency Based Satellite Monitoring of Small Scale
Explosive Activity at Remote North Pacific Volcanoes. Journal of Volcanology and Geothermal
Research. (Submitted to the Journal of VVolcanology and Geothermal Research).
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3.2. Introduction

Monitoring of volcanoes in the North Pacific can be an expensive and sometimes
dangerous task, specifically for those located in Alaska (USA) and Kamchatka (Russia).
The Northern Pacific region, although often thought of as remote, is both populated and a
highly traveled air traffic route with more than 10,000 passengers and millions of dollars
in cargo flying over this volcanic region each day (Neal et al., 1997), demonstrating the
need for consistent methods of monitoring. Satellite remote sensing offers a safe,
relatively inexpensive method for monitoring large areas where field work is logistically
unrealistic (Lillesand et al., 2008). A method has been developed (Worden et al., 2014)
that uses satellite imagery to review and determine the activity at remote volcanoes. This
method focuses on small scale explosive activity, often referred to as strombolian activity
(Lacroix, 1904; Walker, 1973; Wohletz and Heiken, 1992), which can produce small
spatter fields near a volcanoes active vent. These spatter fields are detectable in satellite
data as “thermal anomalies”, i.e. groups of pixels with a temperature elevated over the
background temperature (Harris, 2013). Their frequency and duration can be detected,
monitored, and analyzed to give insights into changing volcanic systems.

The frequency detection method developed by Worden et al. (2014) uses the thermal- and
mid-infrared wavelength bands from satellite data to detect anomalies at a volcano. Once
the number of these ‘thermal’ anomalies has been determined, then an assessment is
made of the weather conditions across the region and a number of other geometric and
spectral factors impacting remotely sensed images. The information on thermal
anomalies, cloud conditions, and spectral/geographic conditions of data acquisition is
then used to calculate an estimated number of explosions that may have occurred on a
weekly interval in an effort to normalize the results. This number represents the average
frequency of explosions and can give an indication of the typical activity at a volcano. In
addition, as the frequency fluctuates, this method can be used to track changes in the

volcanic system and used to detect indications of increasing activity.
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In the North Pacific, there are a number of volcanoes which exhibit small scale explosive
activity that are the focus of this study. The volcanoes of interest are: (1) Chuginadak
(Mt. Cleveland) and (2) Shishaldin in Alaska, USA, and (3) Karymsky Volcano in
Kamchatka, Russia. All three of these volcanoes have a recorded history of small scale
explosive activity, though at varying intensities and frequencies (Cleveland - McGimsey
et al., 2007; Shishaldin - Dehn et al., 2002; Karymsky — Izbekov et al., 2004). Changes in
the frequency of explosions indicate changes in the systems and can be a useful
monitoring tool by analyzing weekly patterns rather than daily fluctuations that can be
affected by changes in weather, satellite sensor viewing geometry and the timing of

satellite overpasses.

3.3. Background

Volcanism in the North Pacific represents the northern most border of the Ring of Fire
(Figure 3.1). This region exists due to the subduction of the Pacific Plate beneath the
North American Plate. This subduction environment exists for most of the Aleutian Arc,
but switches to a more strike-slip margin in the western portion of the arc (Ryan and
Scholl, 1993). This transitions back to a subduction environment in Kamchatka as the
Pacific Plate again subducts beneath the North American Plate. The Aleutian Arc meets
the Kamchatka Peninsula at a triple junction between the Pacific plate and two lesser
tectonic plates - the Okhotsk Plate and the Komandorsky Plate (Scholl, 2007; Volynets et
al., 2010) near the location of Shiveluch, Kliuchevskoi, Bezymianny, and Ushkovsky

volcanic complexes.

The Aleutian Arc is made up of over 40 volcanoes (Wallace et al., 2000), stretching from
Mount Spurr in the northeast to Buldir Island, 1580 miles to the west (Coats, 1962).
Activity at these volcanoes ranges from ash plumes reaching 18 km a.s.l. (Waythomas et
al., 2010) at Kasatochi volcano, interfering with air traffic and posing threats to
populations, to quiescent lava flows in areas far from human habitation, such as the

emplacement of lava flows on Yunaska Volcano (Simkin and Siebert, 1994).
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Kamchatka, Russia is home to over 70 volcanoes, producing ash plumes, lava flows, and
caldera forming explosions (Braitseva et al., 1995; Schneider et al., 2000; Ramsey and
Dehn, 2004). The volcanoes of Kamchatka are divided into the Central Kamchatka
Depression (including the Kliuchevskoi group of volcanoes) and the Eastern VVolcanic
Front (including Karymsky and the town of Petropovlovsk-Kamchatsky, located only 30

- 35 km from active volcanoes Avachinsky and Koryaksky).

3.3.1 Volcanoes that Exhibit Small Scale Explosive Activity

Though there is a vast range of volcanic activity types present in the North Pacific, from
the ash plumes of Kasatochi volcano in 2008 (Waythomas et al., 2010) to the lava flows
of Tolbachik volcano in 2012 - 2013 (BGVN, 2012), this work aims to provide a
monitoring and detection tool for small scale explosive activity as a precursor to larger
scale explosions and activity. This type of activity, similar to Strombolian type
explosions, occurs at many volcanoes in the North Pacific, perhaps most notably
Chuginadak (Mount Cleveland) (Reeder, 1990a; McGimsey et al., 1995; McGimsey et
al., 2007) and Shishaldin (Reeder, 1990b; Dehn et al., 2002; Siebert and Simkin, 2002;
Beget et al., 2003) in the Aleutian Islands, and Karymsky in Kamchatka (Izbekov, 2004).

All three volcanoes are near the center of their respective arcs.
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Figure 3.1: Map of the North Pacific volcanic region (modified from Hansell et al., 2006;
Steinbeck and Fuller, 2004). Red triangles indicate the volcanoes chosen for this study. The
diamonds are the locations of the regional infrasound arrays in the North Pacific; blue —
Fairbanks, yellow — Dilligham, green — Okmok..

3.3.1.1 Chuginadak (Mt. Cleveland), Alaska

Mt. Cleveland is a stratovolcano that is located on the western half of Chuginadak Island
in the Aleutian Arc of Alaska (Miller et al., 1998) as seen in Figure 3.2. The volcano is
roughly 8.5 km in diameter, symmetrically conical and rises to an elevation of 1730 m
a.s.l. (Simpson et al., 2002; Dean et al., 2004). Though the volcano is quite distant from
large population centers (Anchorage, the largest city in Alaska, is 1500 km (950 miles)
away), there are small villages nearby, the closest being Nikolski at 72 km (45 miles) to
the east-northeast with a permanent population of 18; and Unalaska at 257 km (160
miles) with a permanent population of 4376 (as of the 2010 census, USCB [2014])
(Figure 3.2). However, the airspace above Mt. Cleveland is the daily home to more than
10,000 passengers and millions of dollars in cargo on numerous air traffic routes (Neal et
al., 1997). Mt. Cleveland is the most consistently active volcano in the Aleutian Arc
(AVO, 2014a; GVP, 2014a) and has produced ash plumes up to 10 km asl during major
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eruptions in 1998 and 2001 (Reeder, 1990a; Dean et al., 2004), with many lower level
plumes occurring throughout its eruptive cycles (GVP, 2006a, 2008, 2010a).

The first recorded eruption at Mt. Cleveland occurred in 1893 and though it was a
confirmed eruption, there is no available information about the nature of the activity
(Reeder, 1989). The first well described eruptive activity took place in 1932 and was
comprised of ashy emissions accompanied by minor explosive activity (Jaggar, 1932).
Since then, a number of active eruptive periods lasting multiple years have been reported,
mainly made up of small explosions and ash emissions, though periods of major activity
have occurred at which time large explosions, ash plumes, lava flows, tephra plumes,
lahars, pyroclastic flows, and debris avalanches have been reported (McGimsey et al.,
2004).
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Figure 3.2: a) Location map of Mt. Cleveland (red dot) and surrounding volcanoes and towns
(Nikolski is indicated with the yellow dot, Unalaska is indicated with a yellow triangle). b)
Location of Cleveland inset map in relation to the Aleutian Arc. ¢) Mt. Cleveland is a
stratovolcano in the Aleutian Arc with an elevation of 1720 m a.s.l. and a roughly 8.5 km
diameter. The volcano occupies the western half of Chuginadak Island. Photo: S. Smith,
USGS/AVO
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Despite the active nature of Mt. Cleveland, its remote location has prohibited large
amounts of petrologic and geologic research. Unpublished data from field campaigns by
K. Nicolaysen and others (personal communication; AVO, 2014a) indicates that most of
Mt. Cleveland lavas are basaltic andesite to andesite in composition, with few dacites.
There are also a number of satellite cinder cones composed of andesitic material (59-63

wt% silicone dioxide) (Nicolaysen, 2013).

Though there is no seismic network on Mt. Cleveland, there are seismic networks set up
on nearby volcanoes - Okmok, Makushin, and Korovin networks range from 140 to 290
km from Cleveland (Brantley et al., 2009). These networks are sometimes able to detect
large explosions/eruptions from Mt. Cleveland, though smaller explosions go unseen
(Dixon et al., 2012). The seismic network at Okmok Volcano, ~ 140 km from Mt.
Cleveland, has been able to detect ground-coupled acoustic signals during periods of
heightened activity (larger explosions) (De Angelis et al., 2012). There are a number of
infrasound sensors and arrays deployed throughout the Aleutian Arc and on the Alaska
mainland as can be seen on Figure 3.1 (Arnoult et al., 2010; De Angelis et al., 2012).
Explosions at Mt. Cleveland during the 2011-present eruptive period were detected at the
Okmok array (140 km to the east northeast), Dillingham array (1000 km to the northeast),
and Fairbanks array (1830 km to the northeast) (De Angelis et al., 2012). These large
explosions were the result of the destruction of a number of domes that plugged the
summit vent of the volcano (AVO, 2011). Activity at Cleveland is ongoing and, given its
location, monitoring this activity and providing assessment of developing hazards are

based heavily on the use of satellite remote sensing.

3.3.1.2 Shishaldin, Alaska

Shishaldin Volcano is located on Unimak Island on the Southwestern tip of the Alaska
Peninsula (Figure 3.3). The island is also home to Westdahl volcano (last explosive
activity in 1991; McGimsey et al., 1995), Fisher Caldera (last reported activity in the

early 1800’s; Veniaminov, 1840), Isanotski Volcano (last reported activity in the early
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1800’s; Veniaminov, 1840; Coats, 1950), and Roundtop (last active in 7600 BC; GVP,
2014d). Shishaldin has shown activity (small explosions, thermal signatures, and
fumerolic and steam activity) at frequent intervals as recently as 2008 (Neal et al., 2011),
though the last major activity (such as ash plume, lahars, incandescence) was reported in
1999 (AVO, 2014b; GVP, 2014b).
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Figure 3.3: @) Location map of Shishaldin Volcano (red dot) and surrounding volcanoes and
towns (False Pass is indicated with a yellow dot, Cold Bay is indicated with a yellow triangle,
and King Cove is indicated with a yellow star). b) Location of Shishaldin inset map in relation to
the Aleutian Arc. ¢) Shishaldin is a stratovolcano in the Aleutian Arc with an elevation of 2857 m
a.s.l. The volcano sits on Unimak Island on the Southwestern tip of the Alaska Peninsula. Photo:

USGS/AVO.
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Shishaldin is a stratocone volcano that is the highest peak (at 2857 m a.s.l.) in the
Aleutians as well as one of the most active volcanoes in the arc (Neal et al., 1995). In
addition, this volcano also has an especially deep crater compared to other volcanoes with
similar eruptive activity, approximately 400 m from the active vent to the crater rim. This
depth and the steepness of the walls affects the spatial distribution and overall detection
capabilities of small explosions from the volcano (Dehn et al., 2002). Shishaldin volcano
has had 27 recorded eruptions since 1775 including 2 dozen in the 20" century (Miller et
al., 1998; Neal et al., 2004), most of which have involved small scale explosive activity,
ash, and steam emissions (Neal et al., 1995). Presently, the volcanic cone (Holocene in
age) sits atop the remnants of an older volcanic edifice which remains exposed on the
northeastern and southern flanks (Nye et al., 2002). It is tholeitic in nature (Fournelle,
1988) and has produced basaltic andesites (Nye et al., 2002), high alumina and
magnesian basalts, as well as some dacites, at 62-67 wt% silica (Fournelle and Marsh,
1991). Older lava flows, possibly associated with the somma on the western flank, are
high magnesium basalt, daciterhyodacite, high alumina-titanium basalt and minor
andesite (Fournelle, 1988).

Shishaldin is unique in the set of volcanoes being studied here as it is fairly close to a
number of population centers, posing a threat to people and infrastructure should a large
eruption occur. It is located ~675 miles (1000 km) southwest of Anchorage, Alaska’s
largest city, between the Alaska Peninsula National Wildlife Refuge and the Alaska
Maritime National Wildlife Refuge. Other nearby population centers include False Pass
(40 km away, population 64), Cold Bay (95 km away, population 108), and King Cove
(110 km away, population 938) (USCB, 2014; Figure 3.3). Shishaldin is also the only
volcano in this sample set with permanent and functioning seismic and infrasound
networks (Caplan-Auerbach and McNutt, 2003).
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3.3.1.3 Karymsky, Kamchatka

Karymsky volcano is located on the Kamchatka Peninsula (Figure 3.4), about 125 km (80
miles Northeast of the town of Petropavlovsk-Kamchatsky with a population of 180,000
(FSSS, 2011). There are numerous small towns and airports throughout the Kamchatka
Peninsula, each within 600 km of the volcano: Paratunka (150 km southwest with a
population of 1,767), Esso (200 km to the north-northwest with a population of 1,965),
Palana (550 km north with a population of 3,155) (FSSS, 2011; see Figure 3.4).
Karymsky is the most consistently active volcano in the Kamchatka Peninsula (KVERT,
2013; GVP, 2014c) and is a part of a volcanic complex with Academia Nauk (a vent
located on the rim of an intracaldera lake with a single recorded eruption — 1996; Ivanov
et al., 1991) and Maly Semiachik (last eruptive activity in the 1950’s following 100 years
of inactivity; lvanov et al., 1991). Karymsky is a stratovolcano that occupies most of a 5
km diameter caldera which formed 7900 years ago as the result of a catastrophic eruption
that produced 5-7 km? of dacite (Braitseva et al., 1995). The summit of Karymsky is at
~1500 m a.s.l. with a summit crater that is approximately 225 - 250 m across (lvanov et
al., 1991).

For the past 500 years, Karymsky has erupted andesites of very uniform composition
(lvanov et al., 1991; Ozerov et al., 2001; Izbekov, 2002; 1zbekov et al., 2004). In the last
century there have been eruptive periods spanning 1908-1915, 1921-1925, 1929-1935,
1943-1947, 1952-1967, 1970-1982 ((Ivanov, 1970; Tokarev, 1989) from Izbekov et al.,
2004 and Izbekov, 2002), 1996-2000, and 2001-present (GVP, 2014c). The typical
behavior at Karymsky consists of persistent small scale explosive activity following a
paroxysmal onset (Johnson et al., 1998). The ongoing activity has been mostly made up
of continuous small scale explosive activity accompanied by periods of effusive activity,
pyroclastic flows, and frequent ash emissions (Ozerov et al., 2001). Regular explosions
have been seen to send ash and gas to an altitude of 2 — 3 km above the vent (Izbekov et
al., 2004). In the case of larger eruptions, ash can travel to heights of up to 10 km asl
(KVERT, 2013).
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Figure 3.4: Location map of Karymsky Volcano (red dot) and surrounding volcanoes and towns
(Petropavlovsk-Kamchatsky is indicated with a yellow dot, Esso is indicated with a yellow
triangle). b) Location of Karymsky inset map in relation to the North Pacific. c) Karymsky is a
stratovolcano on the Kamchatka Peninsula with an elevation of ~1500 m a.s.l. Photo: A.
Belousov.

There have been a number of campaign networks set up for both seismic and acoustic
studies at Karymsky (see Johnson et al., 1998; Johnson and Lees, 2000; Lees et al., 2004;
Johnson, 2007). These campaign networks are typically only in the field for a number of
days to weeks, usually during periods of increased activity. The Kamchatka Volcano
Eruption Response Team (KVERT) is responsible for a permanent seismic network at
Karymsky that is used for daily monitoring of volcanic activity. However, at the time of
this research, the quality of, and access to, seismic data is limited and is mainly used by
KVERT for daily monitoring of volcanoes (KVERT, 2013).
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3.3.2 Thermal Anomalies: Determination of Source and Transient Nature

3.3.2.1 Small Scale Explosive Activity

This type of volcanic activity occurs in many volcanic regions (e.g. Pacaya, Guatemala
(GVP, 2007); Etna, Italy (Andronico et al., 2005); Paricutin, Mexico (Pioli et al., 2008);
Villarrica and Llaima, Chile (Aguilera, 2005)) and is some of the most common volcanic
activity on Earth (Simkin and Siebert, 1994; Siebert and Simkin, 2002). It can occur at
almost all types of volcanoes (such as shields, stratovolcanoes, and cinder cones) and can
occur along side fissure eruptions, dome building eruptions, and larger volcanic
explosions. Often these small explosions are part of a larger eruptive period, such as at
Cleveland in 2001 (Dean et al., 2004), but can occur as the sole activity at a volcano,
such as the consistent typical activity at Stromboli (Barberi et al., 1993; Rosi et al., 2000).
Due to the variance in occurrence, concurrence, and scale of these explosions, it is
important to be able to detect and monitor them for the introduction or change in
character of small scale explosive activity. These types of changes can lead to heightened
levels of volcanism which in turn can pose a threat to populations, communities,

environments/habitats, and human infrastructure (Mothes, 1992; Wilson et al., 2007).

3.3.2.2 Thermal Source

Small scale explosive activity deposits a spatter field composed of juvenile lava blobs,
bombs, and fragmented edifice material (Blackburn et al., 1976; Patrick et al., 2007;
Harris and Ripepe, 2007). This debris is significantly hotter than the surrounding area
immediately following the explosion, cooling exponentially after it is deposited around
the vent and possibly flanks of the volcano (Harris et al., 2013; Worden et al., 2014).
Erupted material from these small scale explosive events can be around 700°C (~1200°F).
The elevated temperature material relative to its surroundings is the main component of
the thermal signal that can be detected by various satellite platforms and their associated
sensors (see Dehn et al., 2000). A thermal signal detected in mid infrared satellite data is

indicative of a very recent small explosion, due to the rapid cooling of deposits and the
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wavelengths available on current sensors. These explosions are most detectable if they
are spatter rich, as opposed to being dominated by ash or broken up edifice material
(Patrick et al., 2007). A feature is classified as a thermal anomaly if it appears to be
significantly (or detectably) brighter (and therefore warmer) than the background (see
work by Dehn et al., 2000; Dean et al., 2002). For this study, the classification of thermal
anomalies was performed manually for each remotely sensed image. When manually
analyzing satellite images, considerations must be made for viewing angle, crater
geometry, and other factors that can influence the apparent temperature of a feature on
the ground (Dehn and Harris, 2014). These factors can influence the spatial extent of the
thermal anomaly as well as problems with pixel overlap (Patrick et al., 2005) and over

estimation of anomaly size.

3.3.2.3 Spatial Distribution

The spatial distribution of the spatter field will play a role in the detection of the thermal
anomaly in satellite data. For a satellite sensor with the spatial resolution of 1 km at nadir,
such as the National Oceanic and Atmospheric Administration (NOAA) polar orbiting
satellite carrying the Advanced High Resolution Radiometer (AVHRR) sensor and the
National Aeronautics and Space Administration (NASA) satellites carrying the Moderate
Resolution Imaging Spectroradiometer (MODIS) sensor, the thermal radiance of a single
pixel will represent the radiant temperature of everything within that area on the ground
(NOAA, 2013). This means that all features, hot and cold, will be averaged to provide a
single pixel radiance value. Spatter fields from small explosions were seen to be smaller
than the pixel size in area and did not have 100% ground cover. In locations like
Stromboli Volcano in Italy, a location known for its regular and consistent small scale
explosive activity (Judd, 1881; Barberi et al., 1993; Hornig-Kjarsgaard at al., 1993; Rosi
et al., 2000), a single explosion can cover an area averaging 475 m? with 5 - 15%
coverage (Worden et al., 2014). This means that this hot material, making up only a small
portion of the (at nadir) 1 km by 1 km pixel will be averaged with cooler, background
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material, giving a pixel radiance (converted to radiant temperature) that, while elevated,

will be much cooler than the actual erupted material.

The spatial distribution of a single spatter field will depend on: (1) the size and energy of
the explosion; (2) the existence or amount of pre-eruptive crater infill; (3) crater
geometry; and (4) the type of material erupted. In some cases, these factors can be hard to
constrain, as there may not be ground observations of the physical appearance of the
volcanic edifice. Small, low-energy explosions may be constrained within the crater and
therefore create a very small spatial feature (Dehn et al., 2002). At a volcano with a vent
located deep within a crater (similar to Shishaldin volcano), even a large explosion will
be unable to deposit material on the outer flanks of the edifice. The type of explosion that
has occurred will also produce different amounts of eruptive material. If the energy from
an explosion is expended in blasting through a significant amount of crater infill, the

resulting energy left to deposit hot material will be diminished.

3.3.2.4 Cooling Rate

Through lab experiments and observations collected at Stromboli VVolcano, Italy, both
Harris et al. (2013) and Worden et al. (2014) determined that spatter fields produced by
small scale explosive activity tend to cool within seconds to a few minutes after the
explosion (Figure 2.3). Similar sized spatter fields from volcanoes that exhibit small scale
activity in the North Pacific will likely act similarly, though during the winter months,
local environmental temperatures (i.e. much colder ground surface for hot material to be
deposited upon) may increase the cooling rate. This short residence time limits the
probability of the timing of a satellite overpass corresponding to a new active, hot deposit
on the ground. Even at a very active volcano (like Stromboli volcano), say one that
experiences about 70 explosions per day, the amount of time that deposits will be hot
enough to be detected in the satellite data is only about 70-140 minutes, or 5-10% of the
day. For this reason, one is able to infer that not all explosions will be detected in satellite

imagery. Fortunately, it may be possible to analyze the number of explosions detected in
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satellite data and use this information to estimate the amount of explosions that actually

occurred on each day.

The duration of a single explosion is unique for each volcano and each explosion. When
observing a single volcano (i.e. Stromboli) explosion durations ranging from 20-90
seconds were noted consecutively from a single vent (Worden et al., 2014). Longer
duration explosions will increase the time that hot material is available for possible
imaging by the satellite sensor, as hot material will be present both during the eruptive
event and then also during the time it takes for the deposits to cool below the detection
capability of the sensors. These extended explosions will also deposit a larger volume of
hot material onto the flanks. Field observations are often the best way to determine the
length of explosions; however, this data is not available at the three volcanoes
investigated here, due to their remote location. For this reason, the duration of explosions
cannot be directly accounted for in our analysis and the residence time of a single

explosion will be designated by an average cooling rate.

3.4 Available Data and Methodologies Applied

3.4.1 Available Data

3.4.1.1 Satellite Remote Sensing

The AVHRR sensor is aboard multiple polar orbiting NOAA satellites. There are
currently, circa early 2014, five sensors collecting images of the North Pacific (N15,
N16, N18, N19 presently collecting images; N17 ended service in April 2013 [where N
represents NOAA] but provided information for our analysis; NOAA, 2013). The
AVHRR sensors record data in a number of spectral bands, in particular the mid-and
thermal-infrared bands of interest for detection of thermal features. Band 3 is a mid-
infrared band, collecting imagery from 3.55 - 3.93 um (NOAA, 2013). Band 4 is a
thermal-infrared band, collecting imagery from 10.5 - 11.3 um (NOAA, 2013). All



66

bands record circular pixels with a spatial resolution (diameter) of 1.09 km at nadir
(Patrick, 2002; NOAA, 2013). The five polar orbiting sensors capture an average of 30
images of the North Pacific region each day (Dean et al., 2002).

This study was carried out with the use of a continuous data set provided by UAF/GI
Remote Sensing which includes all AVHRR images captured of the target areas for a
period spanning 2005-2010 (Dean et al., 2002). This continuous dataset will provide a
near seamless view of the activity of the volcanoes, interrupted only by outages in the
satellite systems themselves (which are very rare for the periods and locations of

interest).

3.4.1.2 Other Data Available for Study

For our target volcanoes, we are able to obtain some data from the following additional
sources: (1) webcams; (2) infrasound sensors; (3) seismic networks; and (4) first hand
observations of activity. Every piece of non-satellite derived data is an important key
piece of information in linking activity on the ground to the signals seen in the satellite
imagery. Although there are not direct observations at all volcanoes for each eruption, the
volcanoes chosen in our analysis exhibit similar patterns of activity and so generalities
can be drawn between field observations at one volcano to satellite observations at

another volcano.

In July of 1997, a network of 6 short period (SP) and one broadband (BB) sensors was
deployed around Shishaldin volcano. All stations were located between 5 and 19 km from
the active vent (Caplan-Auerbach and McNutt, 2003). Data is continuously telemetered
to the Alaska Volcano Observatory (AVO) to be analyzed, reported on, and stored.
Seismic networks are capable of detecting a variety of signals from different sources,
such as regional earthquakes, volcanic tremor, and fluid movement (Caplan-Auerbach
and McNutt, 2003; De Angelis, 2011; Gottsmann et al., 2011). These instruments are also



67

capable of detecting ground movement related to small scale explosive activity (Ripepe et
al., 2002).

Additionally at the volcano, an infrasonic pressure sensor is co-located with SP seismic
station SSLN, 6.4 km from the vent (Caplan-Auerbach and McNutt, 2003). Infrasound
signals are composed of low frequency pressure waves (<20 Hz) below the range of
human hearing. In volcanic systems, explosive activity produces pressure waves that can

be detected hundreds of kilometers from the volcano (Fee and Matoza, 2013).

Infrasound arrays can also be found at Okmok, Dillingham, and Fairbanks (Arnoult et al.,
2010). These sensors have all proved capable of picking up signals from explosions at
volcanoes in the Aleutian Arc, specifically the most recent activity at Cleveland (De
Angelis et al., 2012). These sensors can be susceptible to wind noise and other
environmental factors, but do serve as a good indicator of the occurrence of an explosion
even as a tool used in hindsight (De Angelis et al., 2012; Fee and Matoza, 2013).
Numerous campaign infrasound arrays have been carried out during heightened eruptive
activity at Karymsky, though no permanent stations exist (Johnson et al., 1998; Johnson
and Lees, 2000; Lees et al., 2004; Johnson, 2007). No campaign surveys were deployed
during the time subset chosen from the satellite image archive. Infrasonic signals seen at
distant sites are most likely due to larger explosions and therefore, for our study, the

usefulness of infrasound as a tool for identifying small scale explosive activity is limited.

Seismic networks are located on and around numerous volcanoes in the Aleutian arc and
Kamchatka (Brantley et al., 2009; KVERT, 2013). The network at Shishaldin provides a
vital data set to be analyzed in conjunction with the satellite data for this study. Seismic
signals from Cleveland and Karymsky volcanoes are harder to analyze in comparison to
the satellite archive due to availability and distant locations of the stations from each
volcano. The nearest arrays to Cleveland are located approximately 140 km away at

Okmok volcano (Brantley et al., 2009). Karymsky has a closer seismic network



68

maintained by KVERT, but this data was not available at the time of this study. Similar to
distant infrasound arrays, the distant seismic stations may pick up larger explosions but
tend to miss all small scale activity that is the focus here (Fee and Matoza, 2013). For this
reason, there will be no seismic component used for the analysis of Cleveland and

Karymsky volcanoes.

AVO actively maintains webcams directed towards Shishaldin (located ~10 km from the
summit) and Cleveland volcanoes (located in Nikolksi, 70 km from the active vent,
Figure 3.2). These webcams have both captured eruptions from the volcanoes, though
only larger, ash producing eruptions are seen due to distance from the volcano (in the
case of Cleveland) and depth of crater (in the case of Shishaldin). For the period of our

study, there was no webcam viewing Karymsky volcano.

3.4.2 Methodology Applied to Satellite Data
Given the similar mid- and thermal infrared data available on the MODIS and AVHRR
sensor, we have adapted the Worden et al. (2014) method for use with AVHRR data for

this study at the three volcanoes in question.

3.4.2.1 Description of Satellite Method

Worden et al. (2014) developed a method for the use of MODIS thermal data for
analyzing thermally anomalous activity originally for Stromboli volcano in Italy. Satellite
images were sorted, analyzed, and quantified to develop a time series of small scale
explosive activity, changes in activity, and indicators of larger eruptive episodes. This
method has been proven to be useful in monitoring volcanic activity (Worden et al.,
2014) and in our study, the general methodology will be applied to use with AVHRR
satellite data. In the case of the North Pacific test locations, AVHRR data is a more
abundant and reliable data source, and was therefore chosen for use in this study. Though
AVHRR is a different sensor, it collects similar data (both in spatial and spectral



69

resolution) to produce very similar information when compared to the MODIS sensor

across the same spectral range (Table 3.1).

Table 3.1: Comparison of the spatial, spectral, and temporal resolutions of the AVHRR and
MODIS sensors. (NOAA, 2013). MODIS channels 21 and 22 cover a duplicate spectral range but
each has a separate gain setting, allowing better detection of higher temperature targets in
channel 21.

Attribute AVHRR MODIS

Spatial Resolution
At nadir (km) 109 !

Channel 20 3.66-3.84
Band 3 | 3.55-3.93 | Channel 21 3.929-3.989
Channel 22 3.929-3.989

Spectral Resolution

(um) Band4 | 10.3-11.3 | Channel 31 | 10.78-11.28

Band5 | 11.5-12.5 | Channel 32 11.77-12.27

Temporal Resolution Up to 28 overpasses Up to 6 overpasses from 2
(in North Pacific) from 5 satellites satellites

3.4.2.2 Database Retrieval

Satellite data was obtained from the archives maintained by University of Alaska,
Fairbanks (UAF) and the Geographic Information Network of Alaska (GINA) (see
description of the system in Dean et al., 2002; Bailey et al., 2010; Webley et al., 2013).
This archive contains AVHRR, MODIS, and other satellite imagery, mainly centered on
the North Pacific region (Dean et al., 2002). The data available for the North Pacific
spans a time period of 1993-present, with few periods of data omission and is being
added to every day. For this study, a subset of data from 2005-2010 was chosen for
Cleveland, Shishaldin, and Karymsky. The number of images included in these subsets

throughout the progress of the study is summarized in Table 3.2.
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Table 3.2: Summary of the available data for Shishaldin, Cleveland, and Karymsky volcanoes
through multiple steps in the processing of satellite imagery.

Volcano Year Initial  Final Image % of Initial Observed
Count Images Thermal Anomalies
2005 3881 411 10.59 0
2006 7305 581 7.95 0
2007 7005 568 8.1 0
i .| 2008 5296 553 10.44 6
Shishaldin 5500 T 6329 695 10.98 53
2010 5335 537 10.06 1
Total 35151 3345 9.69 60
(average)
2005 3496 384 10.98 10
2006 5351 577 10.78 31
2007 5113 520 10.17 55
Cleveland 2008 4952 557 11.25 56
2009 5960 688 11.54 6
2010 5032 521 10.35 68
Total 29904 3247 10.85 226
(average)
2005 1617 184 11.38 70
2006 2497 271 10.85 122
2007 3276 381 11.63 141
Karymsky 2008 3227 434 13.44 109
2009 3789 548 14.46 203
2010 3583 538 15.02 238
Total 17989 2356 12.8 883
(average)

The data gathered from the archive contained information on all spectral bands available
from the satellite as well as a number of special band math products. These include bands
that indicate the presence of ash and steam, basic cloud cover, solar influence, and special
thermal considerations (Table 3.3). Additionally, metadata was available on the position
of the satellite, the satellite zenith angle, and the time and date of data capture. This data

was viewed using the online webtools viewer (Bailey et al., 2010). This tool subsets each
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image to a 40 km by 40 km area centered on the georeferenced location of the volcano of
interest (Dehn et al., 2000; Dean et al., 2002; Webley et al., 2009). In addition to

displaying the spectral bands and band math products, this tool also indicates the amount
of cloud cover, areas of problematic solar reflection, and thermal anomalies as calculated
by the Okmok algorithm (Dehn and Harris, 2014), and areas where corrupted or null data

pixels occur.

Table 3.3: Band math products available for AVHRR data. For MODVOLC methods see Wright
et al., 2004. For split-window methods see Prata, 1989.

Name Band Math/Spectral Purpose
Range

Ch2 0.725 pm to 1.00 pm Solar reflectance test

Ch3 3.55 pm to 3.93 um Thermal feature detection (near infrared)

Ch4 10.3 pm to 11.3 pm Thermal feature detection (thermal infrared)

Chb 11.5 umto 12.5 ym Cloud cover

3m4 Ch3 -Ch4 Evidence of elevated MIR temperatures above the
TIR data

3nd5 Ch3-Ch4/Ch3+Ch4 Equivalent to MODVOLC data

4m5 Ch4 —Ch5 Indicates presence of ash, similar to split-window
products

3.4.2.3 Processing Routines Applied to Satellite Data

In our study, multiple steps were applied to the original satellite dataset before the
imagery was used for our frequency calculations. These steps were used to remove null
data and determine how images were impacted by cloud cover, solar radiation, and
unfavorable geometrical characteristics. The bands utilized throughout these steps were
AVHRR band 2 (to indicate solar reflection), AVHRR band 3 (to classify thermal
features and manually estimate cloud cover), and AVHRR band 4 (used to obtain
background temperature information). See Worden et al. (2014) for more details on the

processing sets applied here.
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Each satellite image has a unique set of characteristics that will impact how features on
the surface are detected. One of the most critical characteristics in the satellite scene is
the satellite zenith angle, or the angle off of nadir from which the satellite measures the
signals omitted by the volcano. At nadir, each pixel of an AVHRR image will be 1.09 km
in diameter. As the satellite zenith angle increases, these pixels will be deformed and
begin to overlap (Patrick, 2002; Patrick et al., 2005; Lillesand et al., 2008). If there is too
much pixel overlap, the retrieved radiance value represented by the pixel will no longer
be unique to that single pixel, as it may be shared by neighboring pixels, and a satellite
zenith angle of 40° is the cut-off chosen for this method to limit the amount of overlap
(Patrick et al., 2005; Dehn and Harris, 2014). All images in the original dataset that have

a satellite zenith angle exceeding 40° are removed.

The satellite zenith angle is also important when considering the geometry of a specific
volcano and the sensor’s capability to detect activity. In order for a satellite view to
observe the active vent, it must be able to retrieve signals from below the crater rim. If
the volcano is very shallow (such as Stromboli, Italy and Karymsky, Russia) acceptable
satellite zenith angle can be as high as 30° and still provide signals from within the crater.
As the crater deepens, the satellite zenith angle must be reduced appropriately to still
provide a signal that comes from within the crater. The zenith angles chosen for the target
volcanoes in this study are: Karymsky - 30°, Cleveland - 25°, and Shishaldin - 20°.

This analysis method requires images to be individually examined to determine the cloud
cover (Worden et al., 2014). Cloud cover is determined on an individual image basis
because even in an image with 99% cloud cover, the summit of a high elevation volcano
can poke above the cloud deck, allowing for the detection of a thermal anomaly. The
weather for each image was assigned as clear (95), mostly clear (75), partly cloudy (50),
mostly cloudy (25), cloudy (5), and not-a-number or NAN (0). This value is later used to

calculate a weather statistic for use in the statistical processing.
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The final step in this process is to individually analyze each image to determine if a
thermal anomaly is present. Each thermal anomaly was selected by manual analysis and
interpretation. It was characterized as a single or group of pixels with a temperature of 5 -
10°C above the background temperature in the MIR data. Finally, images were grouped
into weekly periods and the total number of images and observed thermal anomalies were
summed across these time periods. For each volcano examined, only 10 - 13% of the
original images remained at the completion of the processing routine (see numbers in
Table 3.2).

3.4.2.4 Statistical Analysis

After each image had been analyzed and evaluated for geometry, weather, and thermal
characteristics, the information was used to produce a statistical matrix to calculate the
estimated number of explosions each day and week. This method takes into account
weather, observed number of explosions, the number of satellite passes, the residence
time of the sensor, and the residence time and cooling rate of the spatter field. The
method is described in detail in Worden et al. (2014) and uses a series of statistical
calculations to produce an estimated average number of events per week value that is
reported in Results and Figures 3.5, 3.6, and 3.7. These plots also display the color code
for each volcano during the period of study. This code is assigned by AVO based on the
work of Gardner and Guffanti (2006) and signifies the level of danger posed by the

volcano, mainly for the aviation community.

3.5 Results

3.5.1 Chuginadak (Mt. Cleveland), Alaska

Mt. Cleveland is the most active volcano in the Aleutian Arc (AVO, 2014a; GVP, 2014a)
and this is seen in the data collected from satellite imagery over the 6 year time period
chosen for analysis. A total of 226 thermal anomalies were observed during the time span

(7% of all images viewed showed evidence of recent small scale explosive activity)
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(Table 3.2). There were also 105 manually observed ash plumes relating to heightened

levels of eruptive activity.

In multiple instances, there is an increase in the frequency of small scale explosions just
prior to a period of ash plume producing eruptions (prior to 2006 - 2008, prior to activity
in 2008, Figure 3.5). This means that the small explosion increase is indicative of

increasing activity and will likely lead to larger explosions.

Cleveland 2005-2010 —s— Estimated Events Per Week * Weather (Cloudy=100, Clear=0)
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Figure 3.5: Plot of estimated number of explosions per week from 2005 through 2010 at
Cleveland Volcano. This plot was created with data from 226 thermal anomalies and 105 ash
plumes.

3.5.2 Shishaldin, Alaska

Though Shishaldin is the third most active Aleutian volcano (AVO, 2014b; GVP, 2014b),
it showed the lowest amount of activity using this method; only 60 thermal anomalies
seen (under 2% of images had thermal activity) (Table 3.2). It is important to note that
this is only the result of this method, and may not be a precise indicator of the activity
occurring on the ground. As discussed earlier, the depth of Shishaldin’s crater makes
viewing the active vent quite difficult. There were also few ash plumes relating to
heightened activity, only 14, indicating a much lower level of large scale activity. One
final consideration is the distinct lack of detected activity during the 3 years prior to
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2008. This provides evidence of the quiet nature of this volcano. Despite the low
background activity, this method is still able to detect precursory activity with the short

period of quiescence prior to the first detected thermal features in 2008.

At Shishaldin there is only one larger eruptive period occurring during 2009. The first
signs of unrest were observed thermal anomalies associated with small explosions early
in the year. These explosions increased in frequency until their peak in the 28" week of
2009 (Figure 3.6). Soon after this peak there were multiple large ash producing

explosions which transported ash to unconfirmed altitudes (McGimsey et al., 2014).
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Figure 3.6: Plot of estimated number of explosions per week from 2005 through 2010 at
Shishaldin Volcano. This plot was created with data from 60 thermal anomalies and 14 ash
plumes.

3.5.3 Karymsky, Kamchatka

Karymsky is by far the most active volcano in this sample set (Figure 3.7). During the 6
year period chosen for analysis, the volcano had 883 observed thermal anomalies (almost
40% of the images showed recent small scale explosive activity) (Table 3.2). There were
also over 200 manual observations of ash producing eruptions during this time period.
These large explosions correspond to (changes/increases) in frequency of small

explosions.
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Figure 3.7: Plot of estimated number of explosions per week from 2005 through 2010 at
Karymsky Volcano. This plot was created with data from 883 thermal anomalies and over 200
ash plumes.

3.6 Discussion

3.6.1 Trends in Activity

For each volcano in this study, a distinct trend in activity was observed. In order to
determine the timing of precursory activity, the magnitude of plume-producing eruptive
periods was calculated and compared to the amounts of thermal activity one, two, three,
and four weeks prior to those plumes. This was done based on a Bayesian method of
rating the magnitude of the plumes observed at the volcano. Points were assigned to the
plumes based on their existence, the length of the plume (or distance from the volcano, if
the plume is drifting), if the plume is visible in multiple subsequent images (indicating a
sustained plume), if there was more than one plume detected in a day (indicating an
extended period of heightened activity), and finally based on the optimal satellite zenith
angle (40°). Once this rating process was complete, the numbers were summed on a
weekly basis producing a weekly plume magnitude (Figure 3.8). The thermal feature ratio
(Figure 3.8) was calculated by looking at the number of observed thermal anomalies in

the satellite imagery for the week during plume activity and then comparing that to the
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number of observed thermal anomalies during one, two, three, and four weeks prior to the

plume activity.

In each case, the frequency of small scale explosive activity showed an increase prior to a
period of plume producing eruptions (indicating a heightened level of eruptive activity)
(Figure 3.8). Though all three volcanoes show a similar general trend, they present at
different scales and time periods. At Shishaldin, the increase in activity is quite striking
due to the low level of background activity. At Cleveland, and even more so at
Karymsky, it is a bit harder to determine the increases in activity prior to plume-
producing eruptions, though they are still detectable. These plots also well illustrate the

level of activity that can be considered background at the volcano.

The timing and existence of precursory activity can also say something about how the
entire volcanic system reacts to an influx of new magma. For each volcano, there is a
point (when the plume magnitude is around 8 - 10) below which the small scale explosive
activity is not indicative of impending larger eruptive activity. In these smaller cases, the
thermal features are functioning at background levels and do not indicate increased
magma supply and the plumes produced are low altitude, generally single plumes, and
short lived. Above this point, (plume magnitude greater than 10-15), the number of small
explosions is more of an indicator that a larger eruption is forthcoming, typically multiple
high altitude plumes during an extended period (multiple days) of eruptive activity. This
breaks down to mean that the larger eruptive periods are seen by increases in small scale
explosive frequency, but the smaller plume periods do not have the same effect on the

number of small scale explosions.

3.6.1.1 Cleveland
At Cleveland, the strongest thermal activity occurs one week prior to a plume-producing
period of activity (Figure 3.8). There is also a slight increase two weeks prior to plume

activity, but no discernible trend previous to that. At most, Cleveland typically gives one



78

to two weeks of warning to an increase in eruptive activity. The background activity at
Cleveland is very few eruptions per week, near zero, though there are periods of small
scale explosive activity, which, while detectable, does not necessarily indicate impending
larger plume-producing eruptions.

3.6.1.2 Shishaldin

Though activity is infrequently detected at Shishaldin there were enough plumes to create
6 data points, with multiple overlapping at a plume magnitude of 1 (Figure 3.8). At
Shishaldin volcano the precursory activity begins much sooner, showing the strongest
increase in activity three weeks prior to a period of plume-producing activity. The
background level of activity is very near zero explosions per week, which makes the
detection of precursory activity relatively uncomplicated.

3.6.1.3 Karymsky

The precursory activity at Karymsky is harder to pinpoint due to a higher background
level of activity. However, a slight increase in activity can be seen three weeks prior to a
period of plume-producing activity (Figure 3.8). This increase is of a lower intensity than
the increases at either of the other volcanoes. The trend line at Karymsky indicates that
the background level of activity there is higher than Cleveland and Shishaldin, with
activity occurring constantly. This constant level of activity makes the detection of

precursory activity more complex.

The activity at Karymsky shows well the split between lower plume magnitudes and
higher plume magnitudes. This matches well with work by others that indicates that there
are separate shallow and deep systems causing activity (Eichelberger and Izbekov, 2000;
Izbekov, 2002; 1zbekov et al., 2004; Lopez et al., 2013). The lower plume magnitudes
relate to thermal ratios that are very spread out, indicating that this thermal activity is not
directly related to plume activity. The higher plume magnitudes correlate quite closely
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with the thermal ratios, and indicate that these thermal precursors are due to activity from

the deep system, which is more likely to create activity involving plumes (Figure 3.8).
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Figure 3.8: The strongest trends in activity are highlighted, indicating the period of time prior to
large eruptive activity when thermal precursors are the strongest. The time periods represented
are denoted as: to — the week including the plume activity, to/tl — the week prior to plume
activity, to/t2 — two weeks prior to plume activity, and to/t3 — three weeks prior to plume activity.
Linear trends are best fit lines to the data available for weekly plume magnitude. The circled
Karymsky data appears to indicate a deeper source mechanism than the lower plume magnitude
data.

3.6.2 Factors for a Statistically Valid Methodology

As discussed in Worden et al. (2014) there are a number of important factors for having a
statistically valid methodology. These factors are a continuous and continually populated
dataset, appropriate satellite resolutions (both spatial and temporal), a recorded history of
the volcano, and ground based observations and monitoring system(s). While some of
these factors are satisfied at these three volcanoes, no location can consistently offer all

aspects for creating an ideal system.
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Cleveland:

Continuously populated dataset averaging 15 - 20 images per day.

Satellite resolution that is appropriate for detection of small-scale explosive
activity.

A partial recorded history. Much of the early history was passed down through
native oral tradition and is not confirmed elsewhere. There has also not been any
carbon dating of deposits.

There are no ground-based systems located on Cleveland to gather data. There is a
webcam that is sporadically functional located about 70 km from the volcano (for

location see Figure 3.2).

Shishaldin:

Continuously populated dataset averaging 15 - 25 images per day.

Satellite resolution that is appropriate for detection of small-scale explosive
activity.

Good confirmed record of historic activity including multiple results from carbon
dating of deposits.

There is a seismic network located at Shishaldin and an infrasound array available
for detection of ground movement and eruptive activity. There is a webcam that is

sporadically functional located about 10 km from the volcano.

Karymsky:

Continuously populated dataset averaging 5 - 15 images per day.

Satellite resolution that is appropriate for detection of small-scale explosive
activity.

Good confirmed record of historic activity including multiple results from carbon

dating of deposits.
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o All seismic networks and infrasound arrays deployed at Karymsky are focused on
campaign studies and do not collect data continuously. There is no ground based

visual resource at this time.

3.6.2.1 Dataset Population

In the North Pacific, AVHRR, MODIS, the Multi-Functional Transport Satellite
(MTSAT), and the Geostationary Operational Environmental Satellite (GOES) data is
collected for the region (Dean et al., 2002). AVHRR and MODIS were used for this study
based on their spatial resolution. These two sensors provide anywhere from 5 - 30 images
per day, depending on the location of the volcano. This data is collected and stored at
UAF/GI, providing a fairly dense dataset for the North Pacific starting in 1993 and that is
constantly being added to with few interruptions due to system issues and outages (Dean
et al., 2002; Bailey et al., 2010). Data lost during outages of receiving stations is typically
added to the database when the system is repaired.

3.6.2.2 Spatial and Temporal Resolution

As stated previously, the AVHRR sensor was chosen based largely on the spatial
resolution of 1.09 km at nadir. Issues can arise from sensors with smaller pixel size, as an
active volcano will typically have a consistently warmer summit area. This warmer
temperature could potentially overshadow small explosions. Adversely, a too coarse pixel
size will hinder the detection of small explosions due to pixel averaging. One sensor that
collects data in the North Pacific, the GOES sensor, records images with a pixel size near
5 km by 7 km (Dean et al., 2002). At this pixel size, even a large single explosion (larger
than those studied here) can be diminished by cold background temperatures. With the
AVHRR sensor chosen, there are likely some explosions that are too small to be detected:;
but the important choice is to find a sensor that allows the detection of most small

explosions without an abundance of sensor saturation.
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The temporal resolution of the AVHRR sensors provide about 5 - 30 images each day
(depending on volcano location). This is sufficient to provide a good representation of
what is occurring at the volcano from day to day. There are sensors that have a more
frequent temporal resolution, such as GOES with an image nearly every 15 minutes;
however they are all of a much coarser spatial resolution, and are therefore not ideal for

the reasons previously highlighted.

3.6.2.3 Recorded History

As discussed earlier, all three volcanoes have a recorded history, though to varying
extents. As they are remote volcanoes, they were not observed from the ground easily or
frequently, which creates a sporadic historical timeline. Also, much of the information
about their history was kept by native groups relying heavily on an oral tradition and who

may not have passed the information along in a well documented manner.

There is recorded observed activity at each volcano in this study as far back as the 1700’s
[Cleveland — 1893 (GVP, 2014a), Shishaldin — 1775 (GVP, 2014b), and Karymsky —
1771 (GVP, 2014c)]. There are also some records of activity obtained through
radiocarbon dating of deposits for Shishaldin (7550 BCE (GVP, 2014b)) and Karymsky
(6600 BCE (GVP, 2014c)). Unfortunately, Cleveland has no available data from
radiocarbon dating, so the first documented activity remains in the late 1800’s.

3.6.2.4 Ground-Based Observations and Monitoring

At Cleveland volcano, there are no ground based measurements and the only field
observations are possible via a webcam located 70 km from the volcano (near Nikolski),
which is often obscured by cloud cover and periodically non-operational. Karymsky is
more frequently visited (Johnson et al., 1998; Johnson and Lees, 2000; Lees et al., 2004;
Johnson, 2007), but there is no permanent ground-based monitoring system or webcam
available (KVERT, 2013). Shishaldin has seismic and infrasound networks (Caplan-
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Auerbach and McNutt, 2003) as well as a webcam (AVO, 2014c), making it the most

highly monitored volcano of the set.

The extra information gained from the seismic and infrasound networks at Shishaldin
allows for cross referencing activity and producing further methods for monitoring the
state of volcanic activity. For example, at Shishaldin there was a period of tremor
detected by the seismic networks that coincided with the increase in frequency of
explosions (Caplan-Auerbach and McNutt, 2003). These two activity types occurred just
prior to the plume-producing eruption in 2009. From this information, it can be inferred
that an increase in small explosions will also present itself as a period of tremor,

especially useful when weather obscures satellite views of the summit vent.

3.7 Conclusion

Small scale explosions from active volcanoes can be observed using remote sensing
methods. The method first developed and tested by Worden et al. (2014) provides good
results when tested for use on North Pacific volcanoes. As seen on Stromboli, smaller
explosions are still likely to be missed, so all results are a lower level estimate. Though
this method does miss detection of the fraction of smallest events, the more important
aspect is the analysis of changes in the relative frequency. The results shown here
indicate that the three volcanoes in question have a detectable signature of activity prior
to larger eruptions. Satellite data can be continuously monitored and analyzed for
detection of this signature, leading to the possibility of emergency planning and hazard

awareness in times when heightened activity is expected.

The importance of a few factors has been highlighted by studying these three volcanoes.
A continuous and continually populating database is important in order to have a clear
view of the activity of a volcano and to be able to determine what future activity may
occur. The spatial and temporal resolution of the sensors chosen must be suitable for

detection of small explosions and provide data without long gaps in data acquisition. A
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recorded history of the activity at the volcano is important to have a better understanding
of the normal background behavior, spanning time periods prior to the era of space-based
sensors. Finally, some ground-based monitoring instrumentation is very beneficial to be

able to correlate activity seen in satellite images to activity occurring on the ground.

More of these types of volcanoes, with activity similar to Cleveland, Shishaldin, and
Karymsky, should be studied using this method to determine how the trends in frequency
of smaller explosive activity relates to differing sizes and durations of plume activity.
Some other volcanoes to consider would be Sakurajima, Popocatepetl, Etna, Merapi, and
Kliuchevskoi. Some of these volcanoes have a very high level of background activity as
well as more complex patterns and types of eruptive activity (e.g. lava flows and
fountains at Etna, GVP, 2013; lava flows and gas emission at Kliuchevskoi, GVP, 2010b;
dome building and pyroclastic flows at Merapi, GVP, 2006b). This would produce a
larger database of volcanoes that can be used to assess the applicability of the method to
all environments. Until then, the work shown here has illustrated the capability for high-
latitude volcanoes, with very different local environmental conditions to the results of
Worden et al. (2014).
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Chapter Four
Conclusions

4.1 Summary of Findings

Satellite remote sensing has proved to offer a useful, safe, and relatively inexpensive
method for monitoring large areas where field work is logistically unrealistic, costly, and
potentially dangerous (Harris et al, 1997; Dehn et al., 2000; Harris et al., 2000; Dean et
al., 2002; Webley et al., 2009; Dehn and Harris, 2014). It is possible that by using
satellite remote sensing the portion of the smallest explosions at these volcanoes is being
missed. However, the sensors are able to detect the major portion of explosions; those
which appear to be of a size that tends to effect and represent larger scale changes in the
volcanic systems, eventually relating to ash producing periods of extended eruptive
activity. As new sensors are developed, the ability to detect activity improves so that a
system to gauge the frequency of volcanic activity from space provides a useful

monitoring tool.

Four volcanoes were chosen for development and testing of a method to monitor activity.
The first volcano was chosen to develop a baseline model which was then applied to the
final three volcanoes as an assessment of the method. Each volcano studied had a unique
signature of precursors that became evident after the processing of three to five years of
back-logged data. Though the type and timing of precursory activity was unique for each
volcano, it was identifiable when viewing the results obtained during this research. The
most useful method of determining the precursory activity was to characterize the
magnitude of plume events (weekly plume magnitude) and compare that value to the
thermal activity (thermal feature ratio) one, two, three, and four weeks prior to plume
activity (Figure 4.1). Stromboli volcano showed a cessation of small scale explosions
prior to larger eruptive periods, though because plume data at Stromboli was not

available, the plume magnitudes could not be calculated. Cleveland, Shishaldin, and



102

Karymsky each showed changes in the frequencies of small scale explosions prior to
periods of heightened activity, though each volcano had a unique timing (one to two
weeks prior for Cleveland; strong increases three weeks prior for Shishaldin; and minor
increases three weeks prior for Karymsky).
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Figure 4.1: The strongest trends in activity are highlighted, indicating the period of time prior to
large eruptive activity when thermal precursors are the strongest. The time periods represented
are denoted as: to — the week including the plume activity, to/t1 — the week prior to plume
activity, to/t2 — two weeks prior to plume activity, and to/t3 — three weeks prior to plume activity.
Linear trends are best fit lines to the data available for weekly plume magnitude. The circled
Karymsky data appears to indicate a deeper source mechanism than the lower plume magnitude
data.

4.2. Method Development

The method developed on data from Stromboli worked well and was able to produce
good results. The basis of choice of location for the development of a monitoring tool
was key: a reliably erupting volcano with a comprehensive recorded history and a well

maintained system of ground-based measurements. By developing a time series of
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activity, it was possible to identify trends in activity prior to larger eruptive periods. By

identifying these characteristics, it is possible to have some period of warning for activity

in the future.

The method described here could be useful in an operational setting, especially when

applied to remote volcanoes that have the potential to impact populations, infrastructure,

and the aviation community. A number of important factors will affect the validity of

application of this method, and are met to varying degrees by the four volcanoes chosen.

They are:

The availability of a continuous and continually populated dataset. For Stromboli
Volcano only a partial dataset was available. This covered periods from 2002 —
2010 with significant gaps throughout. For Cleveland, Shishaldin, and Karymsky,
a full, continuous data set was available for the period from 2005 - 2010.
Appropriate and reasonable sensor resolutions. The spectral resolution best for
identifying thermal features is in the mid-infrared spectrum, ~3.5-4 um. This
range is collected by both the MODIS and AVHRR sensors. These two types of
sensors also have similar spatial resolution at nadir, 1 — 1.1 km, which was
suitable for the detection of small scale explosive activity. AVHRR has a slightly
higher temporal resolution than the MODIS sensor, though this is dependent on
the region.

A recorded history of the volcano’s previous activity. This is an important factor
when trying to create a time series for a volcano and characterize background
activity. For Stromboli VVolcano, the history is very well recorded for the past
2000 — 2500 years (Judd, 1881; Rosi et al., 2000). The volcanoes of the North
Pacific are less well reported on. Shishaldin and Karymsky both have confirmed
historical activity reported in the late 1700’s (GVP, 2014b; GVP, 2014c,
respectively). Cleveland, however, does not have an extensive reported history,

with the first confirmed eruptions in the late 1800’s (GVP, 2014a).
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e If available, some ground-based monitoring system (such as seismic, infrasound,
thermal camera, and webcam). Stromboli Volcano is very well monitored, with
seismic, infrasound, digital and thermal cameras, and gas measurements
maintained on the summit. The volcanoes of the North Pacific are less monitored.
Cleveland and Karymsky have no permanent stations of any kind, with only
intermittent webcam footage available (KVERT, 2013; AVO, 2014c). Shishaldin
does have a functioning seismic network and infrasound array, as well as
intermittent webcam views (Caplan-Auerbach and McNutt, 2003; AVO, 2014c).

4.3. Method Application

When the method developed at Stromboli was applied to volcanoes in the North Pacific it
again produced good results. Time series for three volcanoes, Cleveland, Shishaldin, and
Karymsky, were produced and at each volcano a trend in small scale explosive activity
was detectable a period of time prior to larger eruptive events. A major result when
applied in the North Pacific was the realization that the method could help with the
identification of different types of precursory activity as well as varying lengths of time

prior to larger eruptive activity.

Complications due to the signal to noise ratio at some volcanoes became evident during
this process. At volcanoes with a high level of background activity (noise), it will be
harder to detect changes in explosive frequency that act as precursors (signal) to larger
eruptive events. Karymsky shows a very high level of background activity and so
detection of precursors there was difficult. Shishaldin, on the other hand, has an almost
null level of background activity, meaning that any sort of precursory activity was very

easy to detect with this method.

By using the method on three volcanoes with differing activity, it was proven that this
monitoring tool could be applied to a wide range of volcanoes and still produce useful

and robust data.
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4.4. Future Work

The method developed here and the results that have come from its application to a
sample set of volcanoes indicate that it is a useful tool, and should be applied to more
volcanoes around the world. Though this method was tested specifically at volcanoes that
are remote and not otherwise well monitored, it should be noted that this could also be a
very useful tool at volcanoes that are surrounded by populations and infrastructure as

well as volcanoes that are heavily monitored with other methods.

A further step towards work in the North Pacific would be to calculate plume magnitudes
for all volcanoes with reported plume activity. This could be done using the UAF/GI
satellite database, which has plume reports dating back to 2005. This method of plume
characterization can indicate types and magnitudes of precursory activity, as well as
internal volcanic mechanisms responsible for larger eruptive phases at North Pacific

volcanoes.

The method used here deals specifically with the detection of small scale explosive
activity. There are many other types of activity that occur as either precursory activity or
as activity within an eruptive episode; e.g. lava flows, dome growth and collapse,
phreatomagmatic explosions. These types of volcanic activity would be the next step for
the development of this method, though preliminary consideration holds some
conclusions about the effectiveness. Lava flows are effusive activity which typically
continually emit thermal energy. This type of activity does not typically act as a precursor
to impending explosive activity (Dehn et al., 2000), with few exceptions (e.g. paroxysms
at Stromboli; Barberi et al., 1993; Calvari et al., 2006). Dome growth can be a very clear
indication of precursory activity, depending on the volcano. Many volcanoes that
undergo dome growth are known to have a cycle of dome growth and dome destruction
due to large explosions (van Manen et al., 2010). This activity can be viewed in thermal
satellite data as a sustained thermal source leading up to an ash-plume producing

explosion. Phreatomagmatic activity would likely not lead to thermal precursors
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detectable in satellite images. This type of activity results from a fluid interaction with a
volcanic system, typically subsurface. These fluids are very efficient at transferring heat,
dissipating it quickly through fluid movement and flash steaming. This would not allow
enough heat to transmit to the surface to produce thermal anomalies in satellite imagery.
Of course, there will also be volcanoes that do not show any sort of thermal precursory
activity. The eruptions of Kasatochi (Waythomas et al., 2010; Neal et al., 2011) and
Okmok (Larsen et al., 2009) in Alaska in 2008 were both Plinian eruptions with no
thermal precursors. At Kasatochi, there was no active monitoring and seismic warning
came from United States Fisheries and Wildlife Services researches on the island one
week before the eruption (Waythomas et al., 2008). At Okmok, there was only a short

period of seismic precursory activity which was noted in hindsight.

There are dozens of volcanoes with small scale explosive activity at varying intervals
and intensities. Some of these volcanoes also have other types of activity coincident with
the small explosions, which, while adding another variable to the monitoring method
developed, would serve to advance the method for more robust and reliable results.
Volcanoes like Sakurajima (Japan), Popocatepetl (Mexico), Etna (Italy), and Merapi
(Indonesia) would be informative to begin with as they are known for distinct eruptive
activity and fulfill a number of the factors for reliable use of this method (recorded
history of the volcanoes previous activity, ground-based monitoring systems, etc.). These
volcanoes are also each located in unique volcanic and geologic settings, producing a
larger and more diverse database of volcanoes where the method could prove useful.
However, until future research is possible, the work shown here has served to illustrate
the capability of this method and monitoring tool for use at both Mediterranean (mid-

latitude) and North Pacific (high-latitude) volcanoes.
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