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Many volcanoes produce some level of precursory activity prior to an eruption. This activity may or may not be
detected depending on the available monitoring technology. In certain cases, precursors such as thermal output
can be interpreted to make forecasts about the time and magnitude of the impending eruption. Kamchatka
(Russia) provides an ideal natural laboratory to study a wide variety of eruption styles and precursory activity
prior to an eruption. At Bezymianny volcano for example, a clear increase in thermal activity commonly occurs
before an eruption, which has allowed predictions to be made months ahead of time. Conversely, the eruption

5?1,!;?1?{2% of Tolbachik volcano in 2012 produced no discernable thermal precursors before the large scale effusive eruption.
Thermal However, most volcanoes fall between the extremes of consistently behaved and completely undetectable, which
ASTER is the case with neighboring Kliuchevskoi volcano. This study tests the effectiveness of using thermal infrared
AVHRR (TIR) remote sensing to track volcanic thermal precursors using data from both the Advanced Spaceborne Ther-
Precursory mal Emission and Reflection Radiometer (ASTER) and Advanced Very High Resolution Radiometer (AVHRR) sen-

Kliuchevskoi sors. It focuses on three large eruptions that produced different levels and durations of effusive and explosive

behavior at Kliuchevskoi. Before each of these eruptions, TIR spaceborne sensors detected thermal anomalies
(i.e., pixels with brightness temperatures >2 °C above the background temperature). High-temporal, low-
spatial resolution (i.e., ~hours and 1 km) AVHRR data are ideal for detecting large thermal events occurring
over shorter time scales, such as the hot material ejected following strombolian eruptions. In contrast, high-
spatial, low-temporal resolution (i.e., days to weeks and 90 m) ASTER data enables the detection of much
lower thermal activity; however, activity with a shorter duration will commonly be missed. ASTER and AVHRR
data are combined to track low-level anomalies months prior to an eruption and higher-energy events prior to
large eruptions to develop a monitoring approach for this eruption style. Results show that strombolian eruptions
produce enough energy in the pre-eruptive phase to trigger an AVHRR detection. Paired with ASTER data, the re-
sults can be extended back in time to develop a precursory timeline, which captures subtle changes in volcanic
activity that would commonly go unnoticed in a single data set. Although these precursors may be volcano
and eruption specific, the now sixteen-year-old database from ASTER allows this methodology to be repeatable
at other volcanoes to establish a quantitative precursory baseline, which would be an improvement over current
eruption classifications.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

With 29 currently active volcanoes, the Kamchatka Peninsula is one
of the most volcanically active regions on Earth. Volcanic hazards such
as lahars, pyroclastic flows, earthquakes, and ash-clouds have been as-
sociated with eruptions in this area. This moderate/high level of volca-
nic activity has long been an area of interest (e.g., Gorshkov, 1959;
Fedotov, 1984; Fedotov and Masuerenkov, 1991; Casadevall, 1993;
Belousov et al., 1999; Ramsey and Dehn, 2004; Carter and Ramsey,
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2009). This subduction zone also contains a slab window between the
Pacific, Komandrsky, and Okhotsk plates, occurring at the point where
the Aleutian island arc meets Kamchatka, which leads to this increased
volcanic activity and can alter magma compositions over relatively
short distances (e.g., Yogodzinski et al., 2001; Portnyagin et al., 2005;
Jiang et al., 2009; Koloskov et al., 2014). Carbon dating and detailed
mapping of historic flows determined the activity at each volcano for
the past 10 Ka-50 Ka (Braitseva et al., 1995), which identifies the
most historically active volcanoes as: Kliuchevskoi, Bezymianny,
Tolbachik, Kizimen, Sheviluch, Alny, and Gamhen volcanoes (Fig. 1).
Many of these same volcanoes remain some of the most active in the re-
gion today. The hazards associated with these eruptions create a limited
local risk due to the low population concentration (Rose and Ramsey,


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jvolgeores.2016.04.027&domain=pdf
http://dx.doi.org/10.1016/j.jvolgeores.2016.04.027
mailto:kar121@pitt.edu
Journal logo
http://dx.doi.org/10.1016/j.jvolgeores.2016.04.027
http://www.sciencedirect.com/science/journal/03770273
www.elsevier.com/locate/jvolgeores

KA. Reath et al. / Journal of Volcanology and Geothermal Research 321 (2016) 18-30 19

Ahey‘

Kliuchevskoi ¢
Bezymianny

Ichinsky 48

Fig. 1. Location map of the volcanoes found in the Kamchatka Peninsula with Kliuchevskoi volcano denoted in bold font. Modified from Rose and Ramsey, (2009).

2009). Larger scale eruptions, however, produce ash-clouds that pose an
increased risk to the approximately 200 aircraft and 200,000 people that
fly over the area daily (Miller and Casadevall, 2000). Recent volcanism
in the region has been monitored with spaceborne data by the Kam-
chatka Volcano Emergency Response Team (KVERT) and the Alaskan
Volcano Observatory (AVO).

Precursory activities of the volcanoes in this region (Fig. 1) are var-
ied. For example, Bezymianny volcano tends to be somewhat predict-
able, with thermal energy released from the summit that gradually
increases until an eruption occurs (Carter et al., 2008; Sobolevskaya
and Senyukov, 2008; van Manen et al., 2010; van Manen et al., 2013).
Conversely, Tolbachik volcano has a history of large scale fissure erup-
tions occurring with little to no interpretable thermal precursory activ-
ity (Edwards et al., 2013; Kugaenko et al., 2014). Kliuchevskoi volcano
consistently produces precursory activity, however this activity has
had limited application to predicting the size and duration of an upcom-
ing larger eruption. With the current methods available to monitor ther-
mal activity, only precursors days to weeks prior have been linked to an
upcoming eruption at Kliuchevskoi. This type of activity is common to
many volcanoes throughout the world (e.g., Francis and Rothery,
1987; Oppenheimer et al., 1993, Harris et al., 1997a; Dehn et al., 2002;
Pergola et al., 2004; Pergola et al., 2009; Marchese et al., 2014). A
more detailed study of the precursory history of Kliuchevskoi using
the current suite of spaceborne TIR sensors could provide a methodo-
logical approach for volcanoes world-wide.

1.1. Monitoring of North Pacific volcanoes

During the 1989-1990 eruption of Redoubt volcano in Alaska, AVO
developed a color-coded alert system for monitoring volcanoes and

the associated risks (Guffanti and Miller, 2013). This system more effec-
tively communicated volcanic activity levels to non-scientists. It has
been modified in subsequent years and adopted by the International
Civil Aviation Organization (ICAO) as the recommended alert-system
for all volcano observatories world-wide. Although still somewhat qual-
itative, the AVO system is the only standardized international volcano
alert protocol currently in use (Fearnley et al., 2012). The color codes
used in this system (Green, Yellow, Orange and Red) represent lower
to higher levels of concern and shorter time frames for the expected
onset of eruption. The United States Geology Survey (USGS) now em-
ploys a similar system where the terms Normal, Advisory, Watch, and
Warning replace Green, Yellow, Orange, and Red.

In Kamchatka, KVERT provides status reports of volcanic activity to
the local authorities and international community regarding any immi-
nent volcanic risk (Heiken et al., 1992; Schneider et al., 2000; Neal et al.,
2009). These status updates are determined using an array of monitor-
ing instruments, including seismic and GPS stations, ground-based vi-
sual and web camera observations, and low-spatial, high-temporal
resolution orbital satellite data. The satellite data are collected and
maintained by several groups such as the Moderate Resolution Imaging
Spectroradiometer (MODIS) volcano archive (MODVOLC) used by
KVERT (Dehn et al., 2000; Schneider et al., 2000; Wright et al., 2004).
In addition, AVO and the University of Alaska Fairbanks (UAF) monitor
data from the Geostationary Operational Environmental Satellites
(GOES) sensor, which collects thermal infrared (TIR) data with an aver-
age pixel size of 4 km acquired every 15 min, the MODIS sensor with a
1 km TIR pixel size acquired every 4 to 6 h, and the AVHRR sensor,
with 1 km TIR pixel size acquired every 15 min to 6 h.

Due to the large pixel size of these sensors, smaller and weaker ther-
mal anomalies are not detected by these sensors. Therefore, subtle
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changes in thermal flux, such as what is commonly produced in the ini-
tial stages of precursory activity, or spatially small thermal features,
such as the appearance of new fumaroles at the summit, commonly
go undetected. In some cases, however, seemingly random and isolated
peaks in thermal activity are detected months to weeks before the onset
of an eruption. These peaks in thermal output have been observed at
Kliuchevskoi. Dehn et al., (2000) proposed that these are likely the re-
sult of strombolian activity, suggesting that a large sudden increase in
thermal energy is produced from fresh material expelled during a
strombolian eruption. The material then rapidly cools, resulting in a
rapid decrease in thermal output. Therefore, examining changes in ther-
mal activity with a sensor unable to detect lower levels of thermal out-
put results in these singular and seemingly isolated spikes being the
only indication of an eruption. In order to capture the entire thermal
flux record related to the many styles of subtle thermal precursory ac-
tivity, a sensor with a higher-spatial resolution and better radiometric
accuracy is required.

1.2. ASTER

The ASTER sensor is one of the five instruments on the National
Aeronautics and Space Administration (NASA) Terra satellite, which
was launched in December 1999. ASTER has 15 m per pixel spatial res-
olution with three wavelength channels in the visible/near infrared
(VNIR) and 90 m per pixel spatial resolution with five wavelength chan-
nels in the TIR. With this high spatial resolution and a 60 km swath
width, the temporal resolution is limited to 1-5 days at higher latitudes
and 16 days at the equator (Yamaguchi et al., 1998; Ramsey and Dehn,
2004). The ASTER TIR sensor has a modeled noise equivalent delta tem-
perature (NEAT) of between 0.15-0.3 °C, allowing accurate tempera-
tures to be derived following atmospheric correction and
temperature/emissivity separation. (Gillespie et al., 1998). Another
unique aspect of ASTER is that it is scheduled daily, which affects the
amount of coverage acquired and later processed. This schedule is cre-
ated by individual user requests, global mapping campaigns, and emer-
gency requests for acquisitions (Yamaguchi et al,, 1998). In late 2006 the
ASTER Urgent Request Protocol (URP) was implemented, which allows
an automatic request for ASTER data to be triggered by the detection of
thermal anomalies from an array of low spatial resolution sensors
(Ramsey, 2015). For example, whenever the AVHRR senor detects a vol-
cano related thermal anomaly via the AVO monitoring program cur-
rently in place, the URP system is triggered and an ASTER observation
is scheduled for the next available overpass (Ramsey and Dehn, 2004;
Duda et al., 2009; Ramsey et al., 2004). Whereas this system does not
provide real-time data, it does expedite the ASTER scheduling/acquisi-
tion/processing pathway, providing data to users as quickly as possible
(Carter et al., 2008; Ramsey, 2015). This increase in temporal resolution
of ASTER data has improved the sensors efficiency to capture thermal
flux data over the given time span. That, combined with the moderately
high spatial and accurate radiometric resolution of the ASTER TIR array,
makes the data more sensitive to thermal flux from these smaller anom-
alies, thus improving the detection of thermal precursory activity prior
to an eruption.

1.3. Data hybridization

The ASTER, AVHRR and MODIS instruments have strengths and
weaknesses that impact the analysis of thermal infrared data for precur-
sory activity. The high spatial resolution of ASTER allows detection of
subtle changes in low-grade thermal energy output and also produces
a more detailed thermal image of the surface (Fig. 2A). The high tempo-
ral resolution of both the AVHRR and MODIS instruments greatly im-
prove the ability to capture events occurring on shorter time scales.
Both MODIS and AVHRR data are less useful for differentiating back-
ground temperatures unaffected by volcanogenic activity from those as-
sociated with thermal anomalies (Fig. 2B and 2C). However, valuable

Fig. 2. Thermal infrared brightness temperature data of Kliuchevskoi volcano
(temperatures in degrees C). (A) ASTER data acquired on April 25, 2009 at 10:51 UTC.
(B) MODIS band 21 (3.96 pm) data acquired on April 26, 2009 at 09:53 UTC. (C) AVHRR
band 3 (3.74 pm) data acquired on April 26, 2009 at 09:13 UTC. The images in Both B
and C are retrieved from the Okmok algorithm used to monitor volcanoes in the North
Pacific and are tiled to better differentiate pixels. The white arrows in images B and C
denote the location of Kliuchevskoi, with the white box in C showing the area in A.

information can be extracted from the combined datasets of all these in-
struments. The presence of detectable thermal anomalies in the AVHRR
and MODIS data are the result of brief large outputs of thermal energy,
which have been interpreted to be associated with strombolian erup-
tions. Where compared to ASTER data, these strombolian events com-
monly coincide with variations in the trend of thermal flux at the
summit, this correlation plays an important role in understanding pre-
cursory mechanisms.

1.4. Strombolian eruptions

Strombolian eruptions are commonly observed during periods of ac-
tivity at Kliuchevskoi (Menyailov, 1975; Rose and Ramsey, 2009; van
Manen and Dehn, 2009; Smithsonian Global Volcanism Program,
2013). Past research on these eruptions has shown that they likely orig-
inate from the bursting of a gas slug at the magma free surface
(Macdonald, 1972; Chouet et al., 1974; Blackburn et al., 1976; Ripepe
et al., 1993; Vergnioelle and Brandies, 1996; Patrick et al., 2007).
Whereas the exact method of the formation of this gas slug is a point
of debate each method shares several common points (Parfitt, 2004).
First, the volcanic gases within the magma form bubbles that eventually
coalesce into an expanding gas slug (Parfitt and Wilson, 1995;
Vergnioelle and Brandeis, 1996). As the gas slug moves up the volcanic
conduit, it continues to gain volume and expand from the continued ad-
dition of gas (Kirchdorfen, 1999; Chouet et al., 1999). Finally, once the
gas slug reaches a shallow depth with a minor amount of over pressure
(~0.5-4 bar, Ripepe and Marchetti, 2002) the slug bursts through the
magma surface, resulting in an eruption of ballistics and increased out-
put of gas (Blackburn et al., 1976). After the expulsion of the slug, the
upward driving mechanism and the additional volume from the gas
have been removed. Therefore, the height of the magma in the conduit
will drop, which may lead to backfilling of the conduit from the
slumping of inner crater walls (Calvari and Pinkerton, 2004) or from
the rollback of explosion ejecta into the vent (Booth and Walker,
1973; Self et al., 1974; Francis, 1993). This backfill increases the over-
pressure and can lead to additional eruptions which, clear the vent pro-
duce ballistics and ash (Patrick et al., 2007).

1.5. Kliuchevskoi eruptions of interest

Of the 29 active volcanoes in Kamchatka, Kliuchevskoi is one of the
most active, producing an average of 6.0 x 107 tons of material per
year (Fedotov et al., 1987; Fedotov and Masurenkov, 1991; Ozerov
et al., 1997). In the past 21 years flank, summit, and paroxysmal type
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eruptions have all been recorded (Fedotov and Masurenkov, 1991; Rose
and Ramsey, 2009). Sixteen flank eruptions have occurred since 1907
and the last paroxysmal summit eruption was in 1994. Eruptions from
the summit crater are the dominant type, occurring every 1-2 years in
the past century (Fedotov and Masurenkov, 1991; Smithsonian Global
Volcanism Program, 2013). These eruptions vary from strombolian to
plinian in scale and have a longer duration than flank eruptions
(Gushchenko, 1979; Rose and Ramsey, 2009; Smithsonian Global
Volcanism Program, 2013).

In 2005, 2007 and 2009 Kliuchevskoi produced eruptions large
enough to be classified as a Volcanic Explosive Index (VEI) of 2, and in
the case of both the 2005 and 2009 eruptions, a VEI 1 eruption was be-
lieved to have reached its conclusion 6-8 months before the VEI 2 erup-
tion of interest (Smithsonian Global Volcanism Program, 2013). In 2007,
a relatively long period of time of assumed inactivity passed before the
onset of the eruption. Seemingly random and isolated thermal anoma-
lies (e.g., Dehn et al., 2000) were seen in the AVHRR data before each
of these eruptions. However, without higher spatial resolution data,
these anomalies were not linked to the onset of a larger eruption. The
onset of each eruption was not predicted for a period longer than days
to a week before according to analysis of the AVO daily reports and
Dehn and Harris, (2015). Although this does allow for a warning to be
issued before large eruptions, mitigation of potential hazards beyond
evacuation or avoidance becomes extremely difficult in this time scale.
This study therefore seeks to improve this time by improving our under-
standing of the precursory period and the activity therein by incorporat-
ing ASTER data into the existing satellite-based monitoring dataset. A
more complete understanding of the eruptive precursors should allow
the warning time to an eruption onset to be greatly extended, thus low-
ering the associated risks.

2. Methods
2.1. Data collection

All data acquired by orbital instruments during the precursory time
periods for the Kliuchevskoi eruptions were initially inspected using the
US Geological Survey (USGS) Global visualizer viewer (Glovis) and Uni-
versity of Alaska Fairbanks (UAF) Volcanic Ash Detection, Avoidance,
and Preparedness for Transportation (V-ADAPT, Inc.) program. All avail-
able cloud-free scenes over the summit were selected. In the case of the
AVHRR and MODIS data, only images where a summit thermal anomaly
could be distinguished from background were included.

2.2. Period of analysis

The thermal activity produced at the summit of Kliuchevskoi prior to
the large eruptions in 2005, 2007, and 2009 was analyzed in detail. The
data were constrained to a time period in which thermal activity can be
directly related to the precursory activity of these eruptions. This time
period in both the 2005 and 2009 events occurs between the inactivity
preceding, the VEI class 1 eruption and the onset of the VEI class 2 erup-
tion. This chosen time period precludes thermal anomalies related to
prior eruptive phases from being classified as precursory activity. This
time period extends from September 15, 2004 to January 20, 2005 and
from April 16, 2009 to August 1, 2009 (Smithsonian Global Volcanism
Program, 2013) respectively for the 2005 and 2009 events. The precur-
sory period of the 2007 eruptive phase is different than the other two
eruptions. In 2007, there was no VEI 1 eruption 4-6 months before
the onset eruption on February 15, 2007. The prior eruptive cycle was
classified as inactive on April 7, 2005 (Smithsonian Global Volcanism
Program, 2013), resulting in an inactive period of approximately
21 months between eruptions. This presented a unique opportunity to
greatly extend the period of precursory analysis, which was chosen to
be one year to quantify the inactive phase of Kliuchevskoi as well as
the onset of precursory activity. Within this one-year period, enough

data were captured to positively define all 3 phases of precursory
activity.

2.3. Data processing

ASTER radiance-at-sensor data were atmospherically corrected to
surface radiance using the standard Level 2 (AST_09T) product
(Thome et al., 1998; Abrams, 2000). Emissivity and brightness temper-
ature were separated for each pixel using the emissivity normalization
approach (Gillespie, 1985; Realmuto, 1990; Reath and Ramsey, 2013).
This process relates radiance to emissivity and temperature using the
plank equation and produces a unique emissivity image for each of
the five ASTER TIR channels available and one brightness temperature
image for the entire scene. AVHRR and MODIS infrared data were con-
verted directly into radiant temperature in near real time using the
Okmok algorithm and archived by UAF (Dean et al., 1998; Dehn et al.,
2000; Bailey et al., 2010). Only AVHRR band 3 (3.74 um) data (3B in
AVHRR-15 and later) and MODIS band 21 (3.96 um) data were included
in this analysis. These bands correspond to the wavelength region most
commonly used to detect high heat sources, such as volcanoes and fires
(Dehn et al., 2000; Ramsey and Dehn, 2004; Pergola et al., 2004).

A background temperature is first calculated for each brightness
temperature image. In the ASTER data the background temperature is
calculated by averaging the temperatures from an 11 x 11 pixel
(9.8 x 10° m?) region of interest (ROI) within 1 km and at approxi-
mately the same elevation as the observed thermal anomaly. The area
of the ROI was chosen specifically to approximate the size of an
AVHRR and MODIS TIR pixel and capture any smaller-scale pixel to
pixel temperature variations. These ROIs are geolocated at the same lat-
itude and longitude in every ASTER scene and confirmed free of
thermally-anomalous pixels and clouds. Background temperatures for
AVHRR data are determined by calculating the temperature of a pixel
adjacent to the thermally anomalous area with no perceived tempera-
ture artifacts, such as (1) pixel bleeding, from an adjacent high-
temperature anomaly (Dehn et al., 2002; Harris et al., 1997b, 1999);
(2) a thermal rebounding artifact (“recovery pixel”) created by
miscalculating the radiance value of the pixel directly adjacent to a
thermally-elevated pixel; (3) cosmic ray hits; (4) station mask trans-
mission errors; and/or (5) clouds. Using a single pixel for background
temperatures is a commonly used approach where identifying volcano
thermal anomaly temperatures using the Okmok algorithm (Dean
et al, 1998; Dehn et al,, 2000; Schnieder et al., 2000; Dean et al., 2002;
Dehn et al., 2002; Webley et al., 2013). Due to the multitude of factors
affecting the AVHRR data and the abundance of AVHRR scenes analyzed
in this process, finding a single geo-located pixel to be used as the back-
ground value for every scene was not possible.

The specific criteria needed to classify a pixel as containing a thermal
anomaly are discussed in detail by Pieri and Abrams (2005), who refer
to thermal anomalies as pixels containing elevated thermal activity.
This elevated activity increases the amount of radiant energy, which is
directly related to an increase in brightness temperature from that
pixel. This does not affect the background pixels, if chosen correctly.
The radiometric accuracy for ASTER brightness temperatures using the
emissivity normalization approach is £+ 1-2 °C (Thome et al., 1998)
and + 2.5 °C for AVHRR, both assuming a natural environment with at-
mospheric integrated water vapor (Goita and Royer, 1997). Therefore,
anything less than 2 °C above the derived background temperature
would be indistinguishable from noise and not distinguished in this
analysis. A value of 2 °C above the background temperature was there-
fore chosen as the threshold, above which a pixel is considered ther-
mally anomalous. The distribution of anomaly temperatures in the
ASTER data are determined by including only pixels over the summit
area affected by increased thermal output in an ROI and using the
pixel with the highest temperature in this area. The reason for using
the pixel with the highest temperature rather than the average temper-
ature of the region is twofold. First, the area affected by the thermal
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anomaly does not remain constant. Analyzing the total area would in-
troduce fluctuations in both total area and derived temperature to de-
termine the total amount of heat produced. However, by only
examining the hottest pixel, the area remains constant and only the
most intense thermal output is tracked. Second, vent temperature fluc-
tuations are more extreme than those of the entire thermal anomaly. In
most cases, the vent is captured by one or two of the hottest pixels. This
guarantees that only heat variations from the vent are used.

Thermal anomalies in the AVHRR ad MODIS data were typically
dominated by one pixel, once again producing the highest temperature.
This pixel can be related to the rapid thermal spikes recorded at the
summit of Kliuchevskoi. MODIS and AVHRR capture data at a higher
temporal resolution than ASTER and can therefore be used to increase
the number of measured temperatures in the temporal dataset. The
higher temporal resolution in the AVHRR and MODIS datasets also in-
creases the probability of cloud-free scenes and capturing short-lived/
high thermal output events, such as a strombolian eruption. However,
in this study, confirmed thermal anomalies on the summit of
Kliuchevskoi were only identified by MODIS within a week of the erup-
tion onset. During this period of eruptive activity AVHRR data also pro-
duced abundant results and therefore the inclusion of MODIS data was
deemed unnecessary.

The background temperatures derived in each of these scenes is
subtracted from the thermal anomaly temperature in order to calculate
the thermal anomaly temperature above background (ATy,). The only
factors that would change the derived background temperatures are en-
vironmental (e.g., time of day, season, local slopes, etc.) rather than
volcanogenic. Therefore, the process of subtracting the background
temperature also allows for the removal of these artifacts. These AT,
data are plotted against time for the analysis period to determine the
presence of any volcanic precursors. The plots are analyzed for patterns
that lead to the better understanding of precursory processes, which in
turn can indicate the possibility of an upcoming eruption. Although
AVHRR data are connected in these plots, this is only to improve the
graphic representation of the progression of points through time. Any
period longer than six hours between AVHRR-derived temperatures is
likely the result of no discernible thermal anomaly. In some cases, pat-
terns that are related to events require further analysis. Where this oc-
curred, combined analysis of the ASTER and AVHRR data spanning the
event period proved useful to understand the processes responsible
for these patterns.

In cases that required further analysis, the brightness temperature
data are compared to the next available clear ASTER scene to examine
the smaller-scale spatial variations occurring at the summit. These anal-
yses are both qualitative (e.g., observing the locations of the hottest
pixels) and quantitative (e.g., using the ROI approach to find the total
area and average temperatures). It is likely that, in some cases, AVHRR
recorded a thermal anomaly smaller than its pixel size. In order to pro-
duce an accurate reading of the average temperature of the thermal
anomaly, the integrated pixel equation (Rothery et al., 1988) was ap-
plied to the AVHRR pixels affected by the thermal anomaly:

Ahot ) (Apixel _Ahot>
Toixet = T + T, — . 1
pixel hot ( Apixel cold Apixel ( )

In this equation: Ty = original pixel(s) temperature, Tpo = tem-
perature of hot feature, T, = temperature of cool feature, Ao = area
of hot feature, and Apixel = total area cover by all pixel(s) included in
equation. The equation is solved for Ty, or the temperature of the hot
feature within the pixel of interest. This approach is typically not re-
quired for the higher spatial resolution of the ASTER data as it is as-
sumed that the hot fraction fills most/all of the ASTER TIR pixels.
Therefore ASTER data can provide an area for the hot feature or Ay
and Tq, Or the background temperature is gained from the tempera-
ture of the background AVHRR pixel.

2.4. Analysis of the 3 eruptive cycles

Each eruptive cycle provides a unique insight into what is occurring
during the precursory phase and how the data can be interpreted. It is
important to note that when these two datasets are analyzed, two
very different features are being represented. Due to the small area of
the summit vent (several hundred meters maximum), flux related to
changes in thermal output is only observed with a high spatial resolu-
tion sensor, such as ASTER. AVHRR and MODIS data cannot detect
low-level thermal flux, instead recording short-lived/high temperature
events. As mentioned, these measurements are not continuous. Each
peak in AVHRR thermal output likely corresponds to a single
strombolian event but only one temperature increase is recorded due
to the rapid cooling following the eruption. In order to properly analyze
these datasets, the data from each sensor must be considered indepen-
dently and the differences between ASTER and AVHRR considered
carefully.

The 2009 eruptive cycle contains the most complete dataset and is
therefore analyzed first using the results as the control of a typical
four month period before an eruption. In this dataset, peaks in the
AVHRR-derived temperature data were further analyzed for
strombolian activity. The added time period of the 2007 eruption was
examined in order to extend the transition from inactivity to precursory
activity. It was also used to determine what processes may have caused
this eruption to escalate to a VEI 2 eruption without evidence of an ini-
tial VEI 1 phase seen in the other eruptions. The 2005 eruption data had
the least amount of available data as the eruption occurred prior to the
ASTER URP system being fully implemented. These data were examined
to demonstrate how the URP system improved the understanding of
volcanic processes and how volcanic precursors can be derived from
even a limited amount of ASTER scenes.

3. Results
3.1. 2009 Eruptive cycle

Analysis of the precursory data from the 2009 eruptive cycle re-
vealed several important features (Fig. 3). First, the spike in thermal out-
put recorded in AVHRR data on May 21, 2009 19:32 UTC was analyzed
to determine the possibility that it was the result of strombolian activity.
The ASTER data acquired 11 days prior (May 10, 2009 00:32 UTC) and
five days after (May 26, 2009 00:33 UTC) this event was analyzed. The
difference in thermal activity is apparent on and around the summit
(Fig. 4). In the center of Fig. 4A is the summit of Kliuchevskoi where a
small cooling flow can be observed on the northwest (NW) flank pro-
duced during the previous VEI 1 eruption. No other thermal anomalies
are observed. Later, a large thermally-elevated area on the southeast
(SE) flank of the edifice is observed and the flow seen in the previous
image is larger and more pronounced (Fig. 4B). The maximum pixel
temperature on the SE flank has increased 33 °C from the previous
image and is an average of 17 °C above the background temperature.
Both of these scenes are captured within one minute of each other
16 days apart, thereby eliminating any possibility of environmentally-
related thermal artifacts in the derived background temperature. The
increase in both thermal output and areal extent of thermally-
elevated pixels can only be the result of the deposition of volcanic mate-
rial on the surface. The thermally integrated pixel Eq. (1) was used to
determine whether the activity was intense enough to produce the ob-
served temperature spike in the AVHRR data acquired on May 21, 2009
19:32 UTC. The result equates to an average deposition temperature of
46.4 °C above the background. The deposit also produced enough mate-
rial to be detected as a thermal anomaly 17 °C above background in the
ASTER scene (Fig. 4B). Additionally, a majority of the heat from this
event had dissipated by the next clear AVHRR acquisition, approxi-
mately 1.5 days later on May 27, 2009 20:02 UTC where the average
temperature of deposit had decreased to 5.9 °C above background
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Fig. 3. Temperature versus time plot of the 2009 activity at Kliuchevskoi volcano (dates in US standard format, M/D/Y). The temperature difference represents the elevated crater
temperature minus the background temperature. Data were gathered from April 25, 2009 until the onset of the eruption (August 1, 2009).

temperatures. These temperatures suggest relatively rapid cooling after
the deposit was emplaced. This would result from a thin-mantling de-
posit similar to the spatter common following strombolian eruptions.
It is important to note here that although these flows produce thermally
anomalies, they are not located at the summit and therefore are not di-
rectly related to longer-term thermal output from the system.

With this understanding of the AVHRR temperature data, the AT,
versus time can be examined further (Fig. 3). Over the entire study pe-
riod, the ASTER data records the total thermal flux emanating from the
summit, which results in an overall trend of an increase in temperature
until the onset of the VEI 2 eruption. The AVHRR data are more sporadic
with no observable trend until July 25, 2009, where the temperatures
begin to steadily increase. However, analyzing these two datasets to-
gether reveals more information about the possible events leading up
to the eruption. Importantly, fluctuations between short-term increases
and decreases in ASTER-derived temperature coincide with increases in
both intensity and the rate of thermal spikes in AVHRR data. Assuming
these spikes are the result of strombolian eruptions, a link between
the occurrence of these eruptions and the changes in thermal output
can be observed (Fig. 3). From June 12, 2009 until the onset of the erup-
tion on July 31, 2009 a consistent and rapid increase in thermal output is
observed in the ASTER data, regardless of the trend in the AVHRR data.
This increase in thermal output reaches levels high enough to be finally
be detected in both AVHRR and ASTER data on July 25, 2009. At this
point the precursory activity was detected by the AVO monitoring sys-
tem. Six days before the eruption, AVO staffs were able to confirm that

Fig. 4. ASTER thermal IR brightness temperature data of Kliuchevskoi Volcano collected on
May 10,2009 at 00:32 UTC (A) and May 26, 2009 at 00:33 UTC (B). A strombolian eruption
likely occurred on May 21, 2009 and a region of elevated temperatures on the southeast
flank can be seen, formed by the still-cooling erupted material. The temperature range is
constant in both images (°C above background).

activity at Kliuchevskoi had increased. However, the activity level was
not raised from green to yellow on August 1, 2009 after a tephra
plume was detected.

3.2. 2007 Eruptive cycle

The 2007 precursory data (Fig. 5) produced similar results to the
2009 analysis, with several important distinctions. First, there is a larger
time period between eruptions before this eruptive phase, which allows
the precursory data to be analyzed over a truly inactive period. During
this phase the heat from the vents of the summit maintained a consis-
tent temperature of approximately 10 °C above background for a period
of eight months, lasting from January 3, 2006 to August 7, 2006 (Fig. 5).
This inactive period is hereby referred to as Phase I. The end of Phase I is
marked by a repeat of the variable thermal output observed in the 2009
precursor data. This variable thermal output phase (Phase II) lasts for
approximately 4 months, from August 7, 2006 until December 22,
2006. The final phase (Phase III) last for approximately two months,
from December 22, 2006 to February 15,2007, and is once again charac-
terized by an increase in thermal output at a relatively consistent rate
leading up to the onset of eruption. However, in this case, Phase III
does not increase as consistently as found in the 2009 data. From Janu-
ary 16-29, 2007 there is a 2-week period where the thermal output is
diminished in both ASTER and AVHRR data. With this exception, the
precursory activity of Phase II and IIl behaves nearly identically to be-
havior seen prior to the 2009 eruption. However, in this eruptive cycle
Phase II lasts 2 months longer than in 2009, which is likely the result
of precursory activity being recorded and analyzed over a longer time
period. Phase II transitioned to Phase IIl 56 days before the onset of
eruption in 2007, this same period lasted 49 days in 2009.

Phase III contains one large fluctuation in thermal output (Fig. 5). In
order to further analyze the cause of this rapid drop in thermal activity,
the ASTER TIR scenes acquired directly before the event on January 14,
2007, during the event on January 21, 2007, and directly after the de-
crease in heat on February 15, 2007 were analyzed in more detail
(Fig. 6). Observation reveals that the data captured before the thermal
decrease (Fig. 6A) show a large amount of heat being produced in four
centrally located pixels with a maximum temperature of 38 °C and an
average temperature of 5 °C above the background. The total area of
the thermal anomaly at the crater is 0.75 km?. In the second time
frame (Fig. 6B) the thermal anomaly expanded to 0.79 km?, and the av-
erage temperature decreased to 4 °C above background. In the third
time frame (Fig. 6C) the maximum temperature again increases to
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Fig. 5. Temperature versus time plot of the 2007 activity at Kliuchevskoi volcano (dates in US standard format, M/D/Y). Data were gathered for a period one year before the VEI

classification 2 eruption that occurred February 15, 2007.

41 °C, measured from several pixels in the same location as those ob-
served in the January 14, 2007 scene (Fig. 6A). The thermal anomaly
in Fig. 6C has also decreased in area to 0.67 km? whereas the average
temperature has risen to 6 °C above background. Immediately after
this large decrease in thermal output, temperatures at the summit
begin to increase rapidly and within ten days a VEI 2 eruption begins.

3.3. 2005 Eruptive cycle

The precursory activity before both the 2009 and 2005 eruptions are
generally similar. In both cases a VEI 1 eruption occurred at least
5 months prior to the subsequent VEI 2 eruption. AVHRR thermal spikes
appear to occur at similar intervals with slightly different intensities.
The significant data difference between the 2005 and 2009 eruptive cy-
cles is the number of ASTER scenes available (Fig. 7). Increased ASTER
data frequency occurred directly after the implementation of the

ASTER URP program, which went into place in late 2005 (Duda et al.,
2009; Carter and Ramsey, 2010; Ramsey, 2015). The benefits of this pro-
gram are evident and provide insights into the benefits of future higher
spatial/higher temporal resolution instruments. Whereas the number of
clear scenes recorded during 2009 allowed for a clear interpretation of
the activity leading to the eruption, only three clear scenes were ac-
quired during in the precursory period in 2005 (Fig. 7). It is therefore
difficult to extract any meaningful trends with so few data points. How-
ever, visually examining the three ASTER scenes does provide some
valuable clues (Fig. 8). In the first scene (Fig. 8A) a single pixel within
the summit thermal anomaly produced an elevated thermal output
compared to the surrounding pixels. In the second scene (Fig. 8B) this
pixel no longer has an elevated temperature and all pixels within the
anomaly have a relatively uniform temperature. The third scene
(Fig. 8C) was acquired less than a week before the onset of the larger
eruption. In this scene, a single pixel of elevated temperature relative

C

Fig. 6. ASTER images centered on Kliuchevskoi volcano captured (A, D) January 14, 2007 at 10:50 UTC, (B, E) January 21, 2007 at 10:56 UTC, and (C, F) February 15,2007 at 10:50 UTC. Two
different temperature ranges, (A-C) —5 to 75 °C and (D-F) —5 to 20 °C above background temperatures are shown to better highlight all surface features.
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to background can once again be seen in the crater. The location of that
pixel has changed, however. Whereas these data to do not provide the
same level of quantifiable data as the 2007 and 2009 data series, thermal
variability can still be observed at the summit.

4. Discussion
4.1. Precursory phases

Fluctuations in the thermal output over time (Phase II) prior to the
onset of eruption were observed in each of the case studies. Whereas
the lack of ASTER data before the 2005 eruption prevented these fluctu-
ations from being as clearly tracked as the 2007 and 2009 eruptions, ex-
amination of the individual ASTER scenes suggest that these
fluctuations were still occurring. Furthermore, a pattern can be distin-
guished in the precursory activity of all three eruptions. During the res-
tive phase (Phase I) there is a consistent, low-level thermal output from
the summit crater only detectable with ASTER data. These periods last
from months to years. The ASTER data gathered during the 2007 precur-
sory period showed that thermal variations were present approxi-
mately 6 months prior to the eruption (Phase II).

Following this phase, the thermal output from the summit begins to
increase as gas begins to build in the conduit and a gas slug is formed.
The gas slug expands with time and rises, driving the magma higher
in the conduit. This results in an increase in thermal output and a larger
thermal anomaly at the summit. After the strombolian eruption, this
gas slug becomes depleted. As a result the height of the magma in
the conduit and the thermal output both decrease. This cycle appears
to repeat periodically throughout Phase Il in some cases. In others,

:

when this drop in magma height occurs, backfilling of the conduit
from slumping of the inner crater walls or the rollback of explosive
ejecta, produces a transition from a decreasing thermal output to an
increasing one. This backfill is cleared from the conduit once the gas
slug has been reestablished in the conduit. Patrick et al. (2007)
describes that these eruptions should be accompanied by a small ash
cloud, which may be occurring and visible at the site. However, such a
cloud was not large enough to be detected by either ASTER or AVHRR.
Once this backfill has been cleared, the gas slug and magma levels
once again rise in the conduit and the cycle repeats (twice in 2009
and 2.5 times in the 2007).

After several sequences of Phase Il activity, the volcanic activity tran-
sitions to Phase III. Here, thermal output consistently increases until the
onset of eruption. The ASTER data suggests that Phase IIl begins approx-
imately 2.5 months prior to the onset of the large, ash-producing VEI 2
eruption in 2009 and approximately 2 months before the onset in
2007. In the 2007 data, increased temporal resolution and numerous
clear scenes at the time of this transition from Phase II to Phase III
allowed the ASTER and AVHRR data to be directly compared. During
this transition in ASTER data, a large strombolian eruption was recorded
in the AVHRR data. This eruption most likely cleared and/or expanded
the conduit allowing for a decrease in the confining (or lithostatic/over-
burden) pressure on the magma chamber, causing the ascent of magma
toward the surface. As the magma rose in the conduit, thermal output
increased and the driving mechanism controlling magma height shifts
from the gas slug to consistently rising magma in the conduit. In prior
studies, similar Phase III behavior has been noted by Pieri and Abrams
(2005) in their observations of the precursory activity at Chikurachki
volcano in 2003 using ASTER data.

Fig. 8. ASTER image data centered on Kliuchevskoi volcano captured (A) September 2, 2004 at 10:49 UTC, (B) December 5, 2004 at 11:01 UTC, and (C) January 15, 2005 at 10:55 UTC. The

temperature range is constant in all images (degrees C above background).
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These three phases produce distinctly different thermal variability
over time due directly to the differing precursory activity. Examining
the ASTER time series for a particular phase allows the current hazard
state to be assessed and the approximate time before a larger eruption
to be determined. Evaluating the transition from a constant thermal
output (Phase I) and a variable thermal output (Phase II) can be accom-
plished easily given a large enough dataset. Once the ASTER-derived
temperature at the crater varies more than 2 °C per week, activity tran-
sitions to Phase II. However, the transition between Phase Il and Phase
IIl is more subtle. In the 2007 data, a large thermal spike in the AVHRR
data was observed at the same time the ASTER data transitioned to a
consistent increase in thermal output. This spike is greater than any pre-
viously recorded in the cycle, suggesting a larger strombolian eruption.
This eruption likely cleared and expanded the volcanic conduit reducing
the confining pressure on the magma chamber, allowing magma to as-
cend and resulting in a consistent increase in thermal output. Because
this larger strombolian eruption initiates this magma driven ascent,
the indicator that signifies the transition to Phase III is the large spike
in thermal output in the AVHRR data, followed by a steady increase in
thermal output in the ASTER data, which lasts longer than 21 days.
Whereas this transition is observable in the 2007 ASTER data due to
the increased number of available scenes, the 2009 data presents a chal-
lenge for determining this transition to Phase III. From June 12 to July 4,
2009 there were no cloud-free ASTER scenes acquired. Solely based on
the 2009 ASTER data (Fig. 3) one would conclude that the precursory ac-
tivity transitions from Phase II to Phase Il on 12 June 2009. However, by
including the higher temporal resolution AVHRR data, there is a much
improved opportunity for capturing a cloud-free scene. For example, a
large thermal detection was observed in the AVHRR data on June 20,
2009. The event corresponds with a large strombolian eruption equiva-
lent to the one that indicated the transition to Phase Il in the 2007 pre-
cursory activity. ASTER data cannot confirm this transition point
directly; however, it is clear based on the 2009 dataset, that if more
clear ASTER data were available in 2007, the large conduit-clearing
event on June 20, 2007 would mark the actual transition from Phase II
to Phase III. With definitions of these transition points and intensity of
thermal activity in each phase, it is possible to distinguish the precur-
sory activity phase and time before the onset of a larger eruption.

Including ASTER data in the precursory activity timeline allows the
period of fluctuations associated with the onset of an eruption to be in-
creased from six days to four months. Within this four-month period
two distinct phases were identified. Consistent fluctuations in thermal
output occur with a minimal rise in the average of thermal output
were detected approximately two to four months before the eruption.
Approximately 2 months before to the onset of the 2009 eruption, the
activity shifts to a consistent increase in thermal output. Similar activity
was also observed before both the 2005 and 2007 eruptions; however
the consistent increase is less obvious for reasons explained in this
study. This distinction in activity occurs as the eruption cycle nears its
onset can also be used to improve the accuracy in predicting the time
of eruption.

4.2. Implementation into volcano monitoring

Many geophysical and remote sensing networks are currently used
to monitor volcanic activity, including seismic, deformation, hydrology,
gas as well as ground-based and orbital remote sensing datasets. The
USGS assesses the capability of thermal remote sensing in volcanic
monitoring, acknowledging its importance in monitoring increased
heat flow that may result from magma ascent (Freymueller et al.,
2008). It also mentions that tracking the thermal emission over time
could play an important role in understanding volcanic unrest. How-
ever, when this report was written, thermal monitoring was confined
to low spatial/high temporal resolution orbital data to classify particular
types of volcanic activity after an eruption had begun. Including a higher
spatial resolution sensor such as ASTER to the existing monitoring

system provides a guideline for Phase II to Phase III activity. These
guidelines are: (1) a change of more than 2 °C in thermal output at
the summit in less than 1 week (Phase Il transition); and (2) a sustained
increase in thermal output lasting more than 21 days that is preceded by
a large spike in thermal output in AVHRR or MODIS data (Phase III
transition).

Currently, no quantitative values relating to the time before an erup-
tion or the degree of activity are assigned to the color code levels used to
communicate the eruptive state of a volcano. The limitation with these
color coded systems is that the distinction between Green (normal con-
ditions), Yellow (unrest), and Orange (heightened unrest with expecta-
tion of eruption) is a judgment call by the observatory scientists
(Guffanti and Miller, 2013). However, including ASTER data into an al-
ready established monitoring system using AVHRR and MODIS data,
precursory activity can be classified and quantitative values assigned
to each color codes. For example, Phase I would be equivalent to green
(normal) activity, Phase II to yellow (advisory), and Phase III to orange
(watch). The criteria for the red (warning) level would not change as
it signifies the eruption onset (Fig. 9). The inclusion of these data there-
fore should provide a quantitative transition to the next color code as
well as provide insight into the potential hazards associated with each
code as well as a good approximation of the eruption timing.

4.3. Phase IIl activity in 2007

The precursory activity for the 2007 VEI 2 eruption showed slight
differences from the 2005 and 2009 eruptions. In both the 2005 and
2009 eruptions a period of VEI 1 eruptions preceded the VEI 2 eruption
by approximately 4-6 months. The constant presence of precursory ac-
tivity between these active periods indicates that the prior VEI 1 erup-
tions were linked to the later VEI 2 eruptions. Before the 2007
eruption there was no VEI 1 period. Also, during Phase III of the 2007
eruption there existed a period of lower thermal output lasting approx-
imately two weeks. This preceded a large increase in thermal output
followed by the eruption approximately 10 days later. Closer observa-
tion of the summit region in the ASTER data provides evidence of
what may be occurring (Fig. 6). The majority of thermal output is
being detected in four pixels centered on the primary vent within the
crater (Fig. 6A). One week later (Fig. 6B/E), these four pixels are no lon-
ger thermally-elevated, likely due to the conduit being blocked by back-
fill. During this period the size of the thermal anomaly expanded by a 5%
despite the average temperature drop. This increase in total area is likely
the result of the expansion of the crater fumarole field, which would
provide new pathways for gas now blocked at the primary vent. The
total heat released during this period is lower than that recorded earlier,
indicating pressure and heat is being blocked. As pressure builds below
the blocked vent, a threshold is reached and a large strombolian/
volcanian vent-clearing eruption occurs, likely expanding the diameter
of the conduit and increasing the thermal output. The newly cleared
vent is visible three weeks later (February 15, 2007). In Fig. 6C the 4 hot-
test pixels have temperatures once again higher than the surrounding
pixels. However, in this case the area encompasses more than four
pixels and reaches temperatures as high as 75 °C above background.
The production of an expanded dominant vent also reduces in the size
of the thermal anomaly to 0.67 km?. This suggested that previous
smaller (and more widely distributed) fumarole pathways are no longer
active (or greatly reduced in activity as not to be detected by ASTER). A
somewhat similar process was described in the Oppenheimer et al.,
(1993) analysis of Lascar volcano. It was believed that the explosive
event that occurred in August 1986 at Lascar was triggered following
the emplacement and solidification of a lava dome, which was proposed
to impeded the degassing from fumaroles. An increase in pressure oc-
curred as a result of the presence of the dome which then triggered an
explosive eruption. At Kliuchevskoi, no dome was present that would
have impeded the thermal output. However, it is possible the rollback
of ejecta in the vent from the strombolian eruptions detected in the
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Fig. 9. Plot of 2009 and 2007 precursory activity shown together with the color code levels. The correlation between the thermal precursory phases and the color codes can be seen.

TIR data prior to the decrease in thermal output or the slumping of the
inner conduit, destabilized from strombolian eruptions, walls may have
blocked or partially blocked the dominant pathway. Once this blockage
was cleared and the vent expanded, confining pressure on the magma
chamber was greatly reduced, allowing for a rapid rise in magma height
and the subsequent VEI 2 eruption.

4.4. Detection of strombolian eruptions

Many strombolian eruptions have been observed at Kliuchevskoi
(Gushchenko, 1979; Rose and Ramsey, 2009; Smithsonian Global
Volcanism Program, 2013). Research performed on Stromboli Volcano
by Worden et al., (2014) demonstrates that in order to record a thermal
increase from a strombolian eruption, a satellite overpass must occur
within one minute of that eruption. This demonstrates that with the av-
erage number of strombolian eruptions that occur daily, a sensor with at
least five overpasses per day to record this thermal signal. The temporal
resolution of AVHRR (15 min to 6 h depending on the latitude and

orbital configuration of the satellites carrying the AVHRR sensors)
therefore suggests a strong likelihood that data are acquired soon after
recently-deposited material at Kliuchevskoi. The spatial resolution of
AVHRR constrains thermal detection to relatively large eruption events.
Each spike in the AVHRR data therefore likely corresponds to a
strombolian eruption of varying intensities (Dehn et al., 2000). This
can now be confirmed with the addition of the ASTER data captured be-
fore and after one of these transient thermal events, which shows a
large thermal anomaly at the summit quickly cooling over time. For ex-
ample, on May 21, 2009 AVHRR data detected a larger than average
thermal increase that was shown in ASTER data acquired five days
later to have a size, shape and temperature profile expected for a
moderately-size strombolian event. This same material was not evident
11 days before the AVHRR detection. Furthermore, a day after the ASTER
image was acquired; AVHRR detected a thermal anomaly found to be
5.9 °C above background using the thermally integrated pixel Eq. (1).
This material is cooling quickly, suggesting that it is thick enough to ra-
diate heat to produce a thermal anomaly in AVHRR for close to a week.
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4.5. Limitations

The combined use of both AVHRR and ASTER data does improve the
fidelity of the TIR precursory interpretations, however there are limita-
tions. For example, in some cases the lack of temporal resolution of the
ASTER sensor reduces the ability to make more accurate interpretations
(e.g., the precursory period before the 2005 eruption). This could be the
case at other volcanoes that have persistent cloud cover or where the
ASTER URP program has not acquired improved temporal datasets. Im-
portant information may still be gained from these sparse data through
visual examination. This would be made more difficult however, if the
data were examined without knowledge of the precursory patterns dur-
ing a pre-established time period. Of concern are volcanoes in locations
closer to the equator that are not observed under the URP program. This
lack of data could be exacerbated by a combination of the poorer tempo-
ral frequency at the equator coupled with the common increased
amount of clouds in tropical regions. Although it is still possible to col-
lect enough clear ASTER scenes to make use of this precursory interpre-
tation method, its likelihood is decreased in these situations.

4.6. Future precursory detection

A concern with the use of any ASTER data is the age of the sensor. It
has exceeded its original six-year mission life by over ad decade at the
time of this study. One ASTER subsystem, the shortwave infrared
(SWIR), failed in 2008. There is, therefore, a great need for reliable,
high-resolution, accurate TIR data from orbit. One possible solution is
the planned Hyperspectral Infrared Imager (HyspIRI) sensor, which
has not been officially approved by NASA and is subject to the outcome
of the next NASA Earth Science decadal survey. The notional design of
HyspIRI is to have a combined multispectral TIR sensor and a
hyperspectral VSWIR sensor. The spatial resolution could be as small
as 30 m and the TIR temporal resolution would improve to five days
at the equator and one day closer to the poles (Roberts et al., 2012).
This would be a substantial increase in both spatial and temporal reso-
lutions, with both being critical to the approach presented here. A
more complete high spatial resolution dataset, similar to the ASTER
URP data now available for the northern Pacific volcanoes, would be
possible in an increased amount of locations (Ramsey et al., 2013).
The HyspIRI TIR dataset would reduce the temporal gaps and provide
coverage of volcanoes in tropical regions, thus allowing this approach
to be expanded to active volcanoes throughout the world. Furthermore,
the improved spatial resolution would produce more accurate visual
and thermal interpretations of smaller-scale activity, critical for precur-
sory studies.

5. Conclusions

This study focused on three specific eruptions of Kliuchevskoi vol-
cano and identified three distinct phases of precursory activity leading
up to a larger eruption. In Phase I the thermal output produced at the
crater remains relatively constant, similar to the heat produced during
the typical, restive state of the volcano. In Phase II the thermal output
becomes more variable, likely driven by the creation and rise of gas
slugs causing magma levels in the conduit to rise. The transition from in-
creasing to decreasing thermal output are marked by a series of
strombolian eruptions that expel the gas, erupt hot material onto the
flanks, and allow conduit magma levels to drop thereby reducing the
thermal output. This cycle is detected up to six months prior to the
larger eruption and typically ends approximately six weeks prior to
that eruption. In Phase III the thermal output will consistently increase
until the onset of the eruption. In this phase confining pressure in the
magma pressure is reduced to the point where magma consistently
rises in the conduit. Each of these phases can also be placed into the con-
text of the current color codes for volcanic monitoring. Phase I corre-
sponds to green (normal) conditions; Phase II to yellow (advisory)

conditions; Phase III to orange (watch) conditions; and the actual erup-
tion onset to red (warning) conditions. Coupling these phases with the
warning codes in place provides a more quantitative reference frame to
implement these codes, allowing them to be correlated with thermal
output, the levels of activity, and the time before an eruption.

The approach presented here may not be universally applicable to all
volcanoes depending on the data availability and style of precursory ac-
tivity. However, similar thermal precursory studies are needed on a
range of volcanoes, with different eruptive styles, locations, and data
availability to confirm this statement. In doing, the warning period be-
fore future eruptions could be increased, giving local populations
greater time to prepare, evacuate and reduce the risk to life and
property.

The ability to accurately interpret volcanic precursory activity prior
to an eruption improves the chances of accurately forecasting the later
onset of a larger eruption. There are volcanoes that produce interpret-
able thermal precursory activity months to weeks prior to a larger erup-
tion and by carefully monitoring and interpreting current satellite-
based data, this activity can be tracked. Many volcanoes, however, pro-
duce seemingly random heat patterns before an eruption, which may
not be clearly identified as precursory activity until very near the erup-
tion onset. The precursory approach of this study tries to improve the
interpretations of these seemingly random heat patterns by combining
high temporal resolution data (e.g., AVHRR and MODIS) with high spa-
tial resolution data (e.g., ASTER). The results show that the accuracy of
forecasting a larger eruption and the lead time needed to do so is greatly
improved. Data availability will continue to worsen, however, with the
current fleet of aging and/or failing (e.g., Landsat 8 TIRS) high spatial
resolution TIR sensors and no firm commitment for replacement.
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