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ABSTRACT

Shiveluch is one of the largest and most 
active andesitic volcanoes of the Kuril-Kam-
chatka arc. It commonly alternates between 
Vulcanian explosive eruptions and periods of 
dome growth and subsequent dome collapse–
driven block-and-ash fl ows. The volcano was 
in an extended period of heightened activity 
for most of the period 2004–2010. We ex-
amined this activity in detail using thermal 
infrared (TIR) remote sensing as part of the 
urgent request protocol (URP) program of 
the Advanced Spaceborne Thermal Emis-
sion and Refl ection Radiometer (ASTER) 
instrument and confi rmed the results with 
ground-based photography and airborne 
TIR camera data. High-spatial-resolution 
TIR images were collected during both day-
time and nighttime satellite overpasses prior 
to and following the large explosive event/
eruption of 27 February 2005 and the dome 
growth that followed. During a fi eld cam-
paign in August 2005, a helicopter overfl ight 
designed to acquire visible and TIR data of 
the active dome was performed. This was a 
nadir-looking, low-altitude overfl ight and the 
fi rst ever of Shiveluch volcano involving non-
Russian scientists. The image data revealed 
an active crease structure in the center of the 
dome with a distinctly different, crescent-
shaped, high-temperature (>380 °C) zone 
roughly perpendicular to the crease. In order 
to provide a time context and estimate extru-
sion rates, the airborne data were compared 
to the spaceborne ASTER data and long-
distance ground-based photography of the 
dome acquired by our Russian colleagues. 
The presence of a crease structure and the 
complex thermal pattern on the surface were 
both unexpected discoveries that reveal the 

way in which exogenous dome growth was oc-
curring at the time. This highly active period 
at Shiveluch provides a unique example to 
better understand silicic lava dome growth 
using TIR data. The results also demon-
strate a straightforward approach for fus-
ing ground, air, and spaceborne image data, 
which could be applied to other active domes 
around the world.

INTRODUCTION

The surfaces of recently emplaced silicic to 
intermediate lava domes are commonly de-
stroyed by explosions or covered by younger 
lava lobes. However, subtle changes in the sur-
face texture, composition, and/or temperature 
can signal new additions of lava, a change in 
the eruptive state, and/or the potential for fur-
ther explosive activity (Anderson and Fink, 
1990, 1992; Ramsey and Fink, 1999). Previous 
studies have shown that surface textures are a 
good indicator of the volatile distribution (and 
hence potential for explosive behavior) and in-
ternal structure of silicic lava domes (Fink and 
Manley, 1987; Fink et al., 1992; Anderson et al., 
1995; Ramsey and Fink, 1999). Aerial photo-
graphs and ground-based sample collection of 
inactive fl ows and domes allow for a qualitative 
assessment of these textures, but such distinc-
tions cannot be easily made for active domes 
due to changing conditions and safety concerns.

Although one of the most active volcanoes 
in the world, Shiveluch is infrequently visited 
and studied because of its remote location in 
northern Kamchatka, Russia, and the danger it 
poses to fi eld-based researchers in close prox-
imity. However, the variability in eruptive style 
and the threat it poses to aircraft routes in the 
North Pacifi c make Shiveluch an important tar-
get for quantitative monitoring. The Kamchatka 
Volcano Eruption Response Team (KVERT) 
and the Kamchatka Branch of Geophysical Sur-

veys (KBGS) have monitored Shiveluch and 
the other active volcanoes in Kamchatka since 
1993 (Kirianov et al., 2002; Neal et al., 2009). 
KVERT uses a combination of satellite and 
seismic monitoring as well as ground-based 
data collection (e.g., seismic, photography, web 
camera, geologic sample collection and map-
ping). In addition, daily satellite observations 
of Advanced Very High Resolution Radiom-
eter (AVHRR) and Moderate Resolution Imag-
ing Spectroradiometer (MODIS) data by both 
KVERT and the Alaska Volcano Observatory 
(AVO) are used to detect thermal anomalies and 
ash clouds, usually within hours after the onset 
of activity (Dehn et al., 2000). In 2005, frequent 
satellite data coverage combined with helicopter-
supported aerial surveys and excellent fi eld 
access allowed for unprecedented acquisition 
of high-resolution visual and thermal infrared 
(TIR) wavelength observations of the active 
andesitic lava dome at Shiveluch 5 mo after its 
largest explosive eruption in over 40 yr.

Thermal infrared data have been used in the 
past for temperature, composition, and thermo-
physical studies of geologic surfaces, including 
active volcanic targets. The TIR region is gener-
ally defi ned from 6 to 100 μm, although Earth’s 
atmosphere limits that window to ~8–12 μm. 
Within this clear region, emitted energy from the 
surface can be accurately detected from ground-
based, airborne, and satellite instruments. The 
emitted energy is a function of both the surface 
temperature (integrated over the area of the 
instrument’s fi eld of view) and the emissivity, 
which is related to the vibrational frequencies 
of the Al-Si-O and Ca-O bonds within the min-
erals. TIR remote sensing is therefore an ex-
cellent technique for the study of silicate and 
carbonate rocks (Lyon, 1965; Salisbury and 
Walter, 1989; Ramsey and Christensen, 1998; 
Ramsey and Fink, 1999).

In order to analyze the surface composition in 
a quantitative way, multiple spectral bands are 
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required in the TIR region. Subtle mineralogical 
detection, large-scale compositional mapping, 
and determination of micron-scale textures 
can be made with increased spectral resolution 
of an instrument. For example, Ramsey et al. 
(1999) and Scheidt et al. (2011) used airborne 
and spaceborne (respectively) TIR data to map 
the mineralogical diversity and sediment source 
inputs in large eolian systems, and others have 
applied similar approaches to determine the 
composition of igneous and metamorphic rocks 
(Ruff, 1998; Feely and Christensen, 1999; 
Hamil ton and Christensen, 2000; Wyatt and 
McSween, 2002).

If fewer spectral bands are available, TIR 
data are commonly used for surface tempera-
ture and thermophysical studies. For example, 
the pixel-integrated temperature has been used 
to determine the thermal inertia or the resistance 
to temperature change. Thermal inertia can be 
combined with other thermophysical model-
ing to make geological interpretations and de-

termine the particle size and soil moisture of 
a surface (Gillespie and Kahle, 1977; Edgett 
and Christensen, 1991; Scheidt et al., 2010). 
The remote determination of temperature and 
its change over time are particularly important 
to active volcanic studies (Harris et al., 1997; 
Dehn et al., 2002; Wright et al., 2002; Ramsey 
and Dehn, 2004; Carter et al., 2008). However, 
combining airborne and spaceborne TIR data 
together to capture the various spatial and tem-
poral scales of ongoing volcanic activity is not 
as common. This paper presents those data in 
combination with long-distance ground-based 
photography to capture the dynamic behavior 
of the lava dome at Shiveluch during this time 
period . These data sets of silicic lava domes 
have never before been acquired synergistically, 
and they show how similar observations are 
rele vant to a better understanding of the changes 
in the appearance, extrusion rate, and thermal 
output of other active lava dome–forming vol-
canoes around the globe.

BACKGROUND

Shiveluch Volcano

Shiveluch volcano is located at 56.65°N, 
161.36°E, and it is the northernmost volcano 
in the Kurile-Kamchatka arc (Fig. 1). It is the 
most active and one of the largest in Kamchatka, 
erupting several times per year on average 
(Fedotov and Masurenkov, 1991). Activity can 
range from andesite dome growth and Merapi-
style collapse, to Vulcanian explosions that 
produce ash and gas clouds, to infrequent large 
explosive eruptions occurring every 100–300 yr 
on average. A 9-km-diameter south-facing sum-
mit caldera formed by a large eruption in the 
late Pleistocene is the center of current activ-
ity at Shiveluch (Ponomareva et al., 1998). The 
most recent large Plinian eruption occurred in 
1964 and began with the formation of a large 
debris avalanche deposit that covers much of the 
unvegetated zone south of the volcano (Fig. 2). 

Figure 1. Landsat Enhanced 
Thematic Mapper Plus (ETM+) 
image acquired on 22 Septem-
ber 2000 showing the location 
of Shiveluch volcano and the 
surrounding area, including 
the village of Klyuchi (46 km 
southwest of the volcano). The 
map of the Kamchatka Penin-
sula is shown in the inset, and 
the white box indicates the area 
covered by the Landsat image.
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Within the last 10,000 yr, at least 13 of these 
catastrophic eruptions have occurred, producing 
distinct debris avalanche deposits to the south 
(Belousov, 1995; Ponomareva et al., 1998; 
Belousov  et al., 1999).

Shiveluch is divided into the older, inactive con-
struct (Stary Shiveluch) and the younger, active  
dome complex (Molodoy Shiveluch). The eleva-
tion varies from 3283 m above sea level (a.s.l.) 
at the older summit to ~2800 m at the currently 
active lava dome. Activity within the caldera is 
dominated by the near-continuous emplacement 
of multiple andesite lava domes/fl ows, subse-
quent collapse events and attendant block-and-
ash fl ows, and interspersed larger eruptions that 
produce sustained vertical eruption columns and 
drifting ash clouds (Dirksen et al., 2006). This 
near-constant state of eruptive activity makes 
Shiveluch a high-priority target for hazard moni-
toring in the North Pacifi c region. Locally, ash-
fall can disrupt day-to-day activity in the villages 
within several hundred kilometers of the volcano. 
More importantly, drifting ash clouds commonly 
extend eastward over the Bering  Sea and Pacifi c 
Ocean and into the routes of inter national passen-
ger and cargo aircraft.

2005 Eruption

Beginning in May 2004, Shiveluch entered 
a continual state of unrest, producing intermit-
tent explosive events, above-background-level 
seismicity, lava dome growth with associated 
collapse, and frequent ash clouds that drifted 
hundreds of kilometers to the east (BGVN, 
2005a). An example of this unrest took place 
in the latter part of 2004 and continued into 

early 2005. An explosion on 6 September 2004 
produced small pyroclastic fl ows and a 5.5-km-
high ash plume. During 23–29 September, 
numerous shallow earthquakes up to M 2.3 
were recorded (BGVN, 2005a). Explosive, ash-
forming eruptions occurred on numerous occa-
sions from September 2004 to February 2005. 
Soon after, thermal anomalies were detected 
with both low-spatial-resolution, high-tem-
poral-resolution instru ments such as AVHRR 
and MODIS, as well as high-spatial-resolution, 
lower-temporal-resolution instruments such as 
Advanced Spaceborne Thermal Emission and 
Refl ection Radiometer (ASTER) and the En-
hanced Thematic Mapper Plus (ETM+). The 
satellite data confi rmed ground-based obser-
vations from KVERT and KBGS that a new 
lava dome was once again forming (McGimsey 
et al., 2007). This activity was typical behavior 
of the many months/years of activity at Shive-
luch, and therefore did not indicate that a larger 
explosive event was imminent.

The 27 February 2005 explosive eruption 
produced the largest erupted volume at Shive-
luch since the 1964 event. An ~24,800 km2 
pyroclastic fl ow deposit was emplaced, which 
was dominated by pumice and blocks of the old 
dome that extended to the south/southwest of 
the summit (BGVN, 2005a). This large deposit 
was hot enough to be recorded as a 45 pixel ther-
mal anomaly in AVHRR data. Ash-fall was de-
posited in the villages of Klyuchi (46 km south) 
and Ust-Kamchatsk (250 km east). Ash clouds 
were detected extending more than 360 km over 
the western half of Kamchatka and the Pacifi c 
Ocean. Soon after this large eruption, new lava 
began to extrude at the summit caldera and con-

tinued throughout much of the remainder of 
2005 (BGVN, 2005b). Prior to this eruption, 
the only local seismic station close to Shiveluch 
(SVL) was located ~8 km from the active vent. 
Unfortunately, the SVL station was destroyed 
by pyroclastic fl ows during the explosive event 
(Senyukov et al., 2009). The next closest sta-
tion over the subsequent 8 mo was ~50 km from 
the volcano. However, seismicity from nearby 
Kliuchevskoi  volcano dominated the seis-
mograms from this station throughout much of 
2005, revealing little about events at Shiveluch 
(Senyukov et al., 2009; Girina et al., 2007).

Despite the lack of seismic and deformation 
data, studies of the eruption deposits began 
almost immediately. The Russian Institute of 
Volcanology and Seismology (IVS) conducted 
a fi eld reconnaissance of the deposit on 2 March 
2005. The dome was not visited due to safety 
concerns. However, the temperatures, block 
sizes, and numerous photographs of the pyro-
clastic fl ow deposit were recorded (O. Girina, 
2005, personal commun.). The large column-
collapse–induced pyroclastic fl ow was mapped 
~11.5 km to the southwest and another ~7.5 km 
to the west before terminating. Large (several 
meters in diameter) blocks of the lava dome 
were deposited over 10 km from the summit 
and attest to the energy of eruption and resulting 
pyroclastic fl ow.

The ASTER sensor was immediately tar-
geted, and the fi rst clear ASTER acquisition took 
place on 12 March 2005, after several earlier at-
tempts failed to image the summit due to heavy 
clouds. The image was processed within 4 h 
of acquisition and found to contain the largest 
volcanic thermal anomaly by area ever detected 
by ASTER during the lifetime of the mission. 
The saturated pixels in ASTER Shortwave 
Infra red (SWIR) band 5 (2.17 µm) indicated 
the presence of hot material at the summit, but 
the pyro clastic fl ow deposit had already cooled 
below the SWIR detection threshold at that 
time of year and at the high northern latitude. 
However, ASTER TIR data still contained ther-
mally elevated temperatures above the average 
background temperature over a month after the 
emplacement of the pyroclastic fl ow (Ramsey 
et al., 2008). ASTER data were acquired 
throughout the summer, including within a 
week of the fi eld campaign. Unfortunately, due 
to a scheduling error, that overpass imaged the 
pyroclastic fl ow deposit but not the dome itself.

Thermal Infrared Data for 
Eruption Monitoring

Thermal infrared imaging of active volcanoes 
has become an increasingly important tool for 
monitoring and documenting dynamic volcanic  

Figure 2. Helicopter-based photograph looking north toward the summit of Shiveluch taken 
on 21 August 2005 by M. Ramsey. The older Stary Shiveluch is seen in the background with 
moderate snow cover, and the younger active dome complex of Molodoy Shiveluch is in the 
foreground. Debris avalanche and numerous smaller block-and-ash-fl ow deposits make up 
the unvegetated plain to the south of the breached, horseshoe-shaped summit caldera.
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processes. In remote locations and/or in areas 
without the resources to deploy seismic and 
deformational monitoring instrumentation, 
commonly TIR remote sensing is the only quan-
titative tool available. Therefore, a quantitative 
understanding of its results in relation to the ac-
tive volcanic processes is critical. Routine satel-
lite-based monitoring by volcano observatories 
and other institutions typically occurs using 
low-spatial-resolution (kilometer-scale pixels), 
high-temporal-resolution (multiple images per 
day) TIR data from spaceborne sensors such 
as AVHRR, MODIS, Along Track Scanning 
Radiometer (ASTR), and Geostationary Opera-
tional Environmental Satellites (GOES) imager 
(Harris et al., 1997; Dehn et al., 2002; Wright 
and Flynn, 2003; Bailey et al., 2010). These 
data work well for detecting the large thermal 
changes that sometimes precede an eruption, as 
well as drifting ash clouds that commonly fol-
low. However, higher-spatial-resolution data are 
required to detect the more subtle temperature 
changes and surface variability that are common 
during precursory unrest or ongoing extrusive 
activity. Satellite sensors such as ASTER and 
ETM+ provide this higher-spatial-resolution 
TIR data (e.g., tens of meters), although at much 
lower temporal resolution (e.g., days to weeks; 
Flynn et al., 2001; Ramsey and Dehn, 2004; 
Vaughan and Hook, 2006; Carter et al., 2008; 
Wessels et al., 2009). Airborne or ground-based 
thermal imaging cameras provide the highest 
spatial resolution (centimeters to meters) with a 
variable temporal resolution depending on the 
access and study design (Harris et al., 2005; 
Ball and Pinkerton, 2006; Rose and Ramsey, 
2009; Schneider et al., 2009; Wessels et al., 
2010). Combining high-resolution TIR from 
the ground with that from space can document 
precursory changes in existing thermal features 
as well as track deeper-seeded changes indi-
cated by the development of new fumaroles, hot 
fractures, springs, and/or the melting of snow 
and ice (Calvari et al., 2005; Schneider et al., 
2009; Wessels et al., 2010). These data can also 
be used to effectively observe passive/active 
SO

2
 plumes (Watson et al., 2004; Bailey et al., 

2010), to document lava dome and fl ow dynam-
ics and effusion rates (Ramsey and Dehn, 2004; 
Harris et al., 2005), and to describe pyroclastic 
fl ow emplacement and the resulting deposits 
(Carter et al., 2007).

TIR data from spaceborne sensors have 
proven benefi cial for describing the radiant 
temperature, surface composition, and passive 
SO

2
 fl ux as well as changes in these proper-

ties at volcanoes over time (Pieri et al., 1990; 
Oppenheimer and Rothery, 1991; Harris et al., 
1998; Watson et al., 2000; Wright et al., 2005). 
That information can be translated into heat 

fl ux and extrusion rate of the lava and gas emis-
sions. This level of detail at the meter scale has 
only become possible with the spatial and spec-
tral resolution of the ASTER TIR instrument. It 
is the fi rst widely available commercial orbital 
TIR sensor with a spatial resolution better than 
100 m/pixel that has more than two wavelength 
channels in that spectral region. ASTER was 
launched in December 1999 on the Terra satel-
lite and measures the top of atmosphere radi-
ance in 14 spectral channels (Yamaguchi et al., 
1998). These are collected by three subsys-
tems, each at a different spatial resolution: the 
visible and near-infrared (VNIR) sensor with 
three channels (0.56–0.81 µm) at 15 m spatial 
resolution, the short-wave infrared (SWIR) 
sensor with six channels (1.65–2.4 µm) at 30 m 
spatial resolution, and the TIR sensor with fi ve 
channels (8.2–11.3 µm) at 90 m spatial reso-
lution. Since April 2009, data from the SWIR 
sensor are no longer available due to a failed 
cooling system.

A program sponsored by the National Aero-
nautics and Space Administration (NASA) 
has been in place since 2004 to acquire better 
ground and spaceborne VNIR and TIR data of 
the volcanoes in Russia and Alaska (Ramsey and 
Dehn, 2004; Carter et al., 2007, 2008; Rose and 
Ramsey, 2009; Duda et al., 2009). The urgent 
request protocol (URP) program automates the 
ASTER sensor’s ability for targeted observations 
using data from higher temporal sensors (i.e., 
AVHRR) as a scheduling trigger in a  sensor-web 
concept. The URP program allows data acquisi-
tion frequency as high as night-day-night obser-
vational triplets approximately every 3 to 4 wk 
and day-night pairs approximately every 7 to 
10 d during periods of high eruptive activity for 
volcanoes in Kamchatka. Once received from 
the sensor, the data are automatically processed, 
staged, and made available to the URP program 
scientists, KVERT, and AVO. The ongoing 
multi-agency research and operational collabo-
ration have proven highly successful, facilitating 
faster data availability and improved situational 
awareness during eruptions in the North Pacifi c 
region. The availability of frequent data is also 
critical in order to record rapid changes in ac-
tivity and to compensate for the obscuration by 
heavy/recurring cloud cover.

As of mid-2011, over 110,000 individual 
ASTER scenes have been collected for Earth’s 
~1000 most active volcanoes, averaging ~5 day-
time and 6 nighttime scenes per volcano per 
year. For Shiveluch, the average is much higher: 
13 daytime and 17 nighttime images per year or 
at least one ASTER image of the volcano every  
12 d on average (Carter and Ramsey, 2010). 
The higher temporal frequency of ASTER for 
volcanoes in Kamchatka has been facilitated by 

the closely spaced satellite overpasses at high 
latitudes and specifi c data acquisition programs 
such as the URP (Ramsey et al., 2004; Duda 
et al., 2009).

METHODOLOGY

Ground-Based Photography

In addition to the regular satellite observa-
tions of Shiveluch analyzed by KVERT and 
AVO, long-distance ground-based photography 
and web camera observations have been used 
for many years to document ash plumes and 
monitor changes in the dome position and its 
linear growth rate (Fig. 3). Ground-based pho-
tography is conducted from the village of Klyu-
chi and provides a relatively straightforward 
means by which to monitor changes in the dome 
over time and to calculate the linear growth rates 
in m/d (Girina et al., 2004). These rates and doc-
umented changes provide the best calibration 
source for satellite and airborne observations. 
However, clouds commonly obscure the dome 
complex during extended periods of the year, 
which makes a consistent time series diffi cult to 
produce. Therefore, the ability to provide regu-
lar and more quantitative observations of the 
dynamic dome growth, using, for example, TIR 
observations from space, is critically important.

2005 Field Campaign

Plans were made for a fi eld campaign in Au-
gust 2005 in order to validate the ASTER data, 
acquire air- and ground-based thermal imaging 
of the new dome and pyroclastic fl ow deposits, 
and to collect samples where possible. Previous 
collaboration among researchers at the Univer-
sity of Pittsburgh, AVO, and IVS provided rapid 
logistical access for travel and allowed the fi eld 
team to access Shiveluch, which is normally 
very diffi cult because of the remoteness of the 
volcano and the danger due to the near-constant 
activity. During the 2 wk fi eld campaign in Au-
gust 2005, nearby recently active Bezymianny 
and Kliuchevskoi volcanoes were also visited 
and sampled (Carter et al., 2008; Rose and 
Ramsey, 2009).

Data and geologic samples collected at 
Shiveluch during the fi eld campaign provided 
observational validation for the satellite analy-
ses. This information also allowed landscape 
changes over the previous 5 mo to be described. 
In particular, this work enabled a quantitative 
analysis of the new pyroclastic fl ow deposit’s 
surface textures and temperatures to be de-
scribed (Ramsey et al., 2008). Simultaneous 
TIR camera data, digital visible photographs/
video, and global positioning system (GPS) 
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data were acquired during multiple helicopter 
overfl ights of both the pyroclastic fl ow depos-
its and the active summit dome. The altitude 
of each fl ight varied from 500 to 800 m above 
ground level (AGL), and a port in the fl oor of 
the helicopter allowed nadir imaging using the 
handheld TIR and visible cameras. Additional 
oblique photographs and video were also ac-
quired during the fl ights.

During the helicopter overfl ights of Shiveluch 
in 2005, the TIR imaging system was a handheld 

FLIR ThermaCAM S40 infrared camera. The 
camera utilizes a 320 by 240 microbolometer 
detector array that is sensitive from 7.5 to 13 µm 
to convert TIR-emitted radiance from the sur-
face and atmosphere into calibrated brightness 
temperature. The system has an integrated 24° 
lens with an instantaneous fi eld of view (IFOV) 
of 1.3 mrad, which produced a pixel resolution 
of the dome’s surface of 1.04 m from an eleva-
tion of 800 m above. This resolution improved 
to 0.65 m/pixel at 500 m elevation above the 

surface. The S40 camera has a noise equivalent 
delta temperature (NEΔT) of 0.08 °C at 30 °C 
and an accuracy of ±2 °C (±2%). The data can 
be acquired in three temperature ranges: −40 
to 120 °C, 0 to 500 °C, and 350 to 1500 °C to 
prevent saturation. Data were acquired either in 
a single-image mode, storing the data to an in-
ternal compact fl ash card, or at high frame rates 
between 15 and 30 Hz using a Firewire connec-
tion to a laptop computer for storage. One ad-
vantage of the high frame rate is that features on 
the ground are highly oversampled, and there-
fore frames with image blur due to helicopter 
or human  movement could be discarded without 
the loss of surface coverage.

The total radiant energy (Lt) measured by the 
FLIR camera is a combination of the energy 
emitted/refl ected from the surface as well as the 
energy emitted and scattered by the intervening 
atmosphere. It can be described simply by:

 Lt = εsτaLs + (1 – εs)τaLr + (1 – τa)La, (1)

where εs is the emissivity of the surface, τa is 
the atmospheric transmission, Ls is the radiant 
emission from the surface, Lr is the refl ected 
emission onto the surface from nearby sources 
(including the sky), and La is the direct emission 
from the atmosphere into the fi eld of view of the 
camera. The camera measures Lt and converts 
this energy to a temperature for each pixel us-
ing a series of internal calibration coeffi cients 
and data input by the user. A fi rst-order correc-
tion for the atmospheric emission and transmis-
sion terms is made by measuring the distance 
to target, ambient air temperature, and relative 
humidity. A broadband average emissivity of the 
surface is assumed (typically between 0.96 and 
1.0 for most silicate rocks). Air temperature and 
humidity were measured during each overfl ight. 
The distance to target was calculated from the 
difference between the time-synchronized GPS 
helicopter position and the estimated position 
of the feature being imaged. Clear, nonblurred 
TIR image frames were later extracted from the 
FLIR video fi les, composited together using 
the FLIR ThermaCAM Researcher software, 
and draped over the corresponding high-reso-
lution visible camera images in order to corre-
late the thermal distribution on the surface with 
the visible morphology. The color scale for the 
FLIR images represents a linear scaling for 98% 
of the data and not the full temperature range.

In addition, aerial photographs and video 
(both nadir and oblique) were acquired simul-
taneously for comparison with the TIR data. 
Because the size of the FLIR pixels could be 
precisely determined, the higher-resolution 
visi ble images could also be scaled by compar-
ing geomorphic features in each data set. This 

Figure 3. Ground-based photographs of the Shiveluch lava dome complex following the 
10 May 2004 eruption (courtesy of Y. Demyanchuk, Russian Institute of Volcanology and 
Seismology [IVS]). The images were used here to document a linear growth rate of 4–6 m/d 
of the new lava dome. (A) 21 May 2004. (B) 28 July 2004.
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allowed  the dome, individual blocks, and the 
central crease structure to be measured accu-
rately to within 50 cm.

ASTER Data Analysis

In order to document changes from the early 
and later phases of dome emplacement, the FLIR 
and ground-based photography were compared 
to two ASTER images acquired within 1 mo of 
the February eruption. Changes in the size, ex-
trusion rate, and location of the maximum tem-
perature of the dome in each TIR image were 
calculated. The ASTER TIR data were derived 
from the calibrated, at-sensor (level 1B) radi-
ance data. These data were fi rst corrected for 
atmospheric absorption/emission using the stan-
dard approach for ASTER, with specifi c correc-
tions for the image location and the time of year 
of acquisition (Thome et al., 1998). In order 
to extract accurate pixel-integrated brightness 
temperature and emissivity data from the atmo-
spherically corrected radiance data, the down-
welling sky radiance refl ected off the surface 
must also be removed. This is accomplished 
using an iterative approach, which separates the 
brightness temperature and emissivity for each 
pixel using the temperature-emissivity separa-
tion (TES) approach (Gillespie et al., 1998). 
The processed (level 2) surface temperature and 
surface emissivity data products are distributed 
by the NASA Land Processes Distributed Ac-
tive Archive Center (LP DAAC).

ASTER TIR radiance data can be directly 
impacted by the magnitude and distribution 
of surface temperatures in each pixel. For ex-
ample, hot areas on active lava fl ows are typi-
cally smaller than the area covered by a 90 m 
TIR pixel. As a result, the radiance measured 
is an area-weighted sum of the multiple-sub-
pixel radiating components (Wright and Flynn, 
2003). Depending on the range of temperature 
differences in a given pixel, this averaging can 
produce large underestimation of the actual 
high-temperature components and major errors  
in the derived surface emissivity (Rose and 
Ramsey, 2009; Rose et al., 2010). These pixels 
are easily identifi ed by a signifi cant decrease 
in the slope of the emissivity spectra at longer 
wavelengths, which can be corrected using data 
from other wavelength regions (e.g., the SWIR 
and VNIR). Temperatures derived from these 
mixed radiance data are therefore commonly 
denoted as pixel-integrated temperatures. For 
ASTER TIR data, saturation of the pixels oc-
curs where the detected radiance becomes 
large enough to exceed a value corresponding 
to a pixel-integrated brightness temperature of 
~97 °C. In these situations, useful data can be 
extracted using the at-sensor radiance from the 

higher-spatial-resolution SWIR channels, which 
are sensitive to pixel-integrated brightness tem-
peratures from 100 °C to 467 °C (Urai et al., 
1999; Rose and Ramsey, 2009).

The fi rst clear ASTER daytime scene acquired 
on 12 March 2005 was followed 17 d later by 
the fi rst clear nighttime data on 29 March 2005 
(22:50:08 local time). The daytime scene con-
tained VNIR, SWIR, and TIR data, and as is 
typical for ASTER nighttime acquisitions, the 
29 March scene only contained SWIR and TIR 
data. These ASTER URP data sets were initially 
analyzed within 4 h of acquisition, and the infor-
mation was shared with AVO and KVERT. The 
images were precisely georeferenced, and the 
number of signifi cantly anomalous SWIR and 
TIR pixels was summed to assess the size of the 
dome and its linear growth rate from 12 March 
to 29 March. The same process was used to 
compare the 29 March data with the FLIR TIR 
data acquired in the fi eld on 21 August (146 d 
later). Specifi cally, the higher-spatial-resolution 
SWIR data were used to identify pixels with 
pixel-integrated temperatures >300 °C, which 
were likely locations of active lava extrusion or 
lobe collapse on the dome. The TIR data were 
used to assess the overall dome size/temperature 
as well as the pyroclastic fl ow deposit character-
istics. Movement of the hottest pixel in the TIR 
data sets, which in most cases represents the 
talus-producing fl ow front of the growing dome, 
was used to estimate the dome growth direction 
and rate. This information was then compared to 
the values reported by KVERT using the long-
distance ground-based photography. Because 
of the lack of any other geophysical data sets, 
the ground-based photography provided the 
only other independent data for comparison to 
the TIR data.

RESULTS

Ground-Based Photography

The new dome was initially detected using 
long-distance photographic surveys conducted 
by IVS/KVERT. It appeared a week after the 
large eruption and continued to grow episodi-
cally throughout the following months (Fig. 3). 
The photographic observations do not allow 
for a precise eruption rate estimate (in m3/d) 
or volumetric change (in m3) of the dome be-
cause the photographs are taken from a single 
vantage point. The average linear growth rate 
reported by IVS/KVERT was 4–5 m/d (Girina 
et al., 2004).

The February 2005 eruption demolished 
the preexisting 2004 dome, which had repre-
sented its largest volume since August 1980. 
The new dome was emplaced in the northwest 

quadrant of the caldera, which is the same lo-
cations as dome extrusions from 2001 to 2004 
(Zharinov and Demyanchuk, 2008). The lava 
dome continued to grow during the month 
of March, interspersed with several episodes of 
ash-and-gas plumes that rose to a maximum 
of ~2.8 km above the dome (BGVN, 2005b). 
Observations from April 2005 confi rmed the 
position and relatively small size of the dome 
(Fig. 4A). Throughout April and May, the vent 
migrated west and south, and that portion of the 
dome grew dramatically, failing several times 
to form block-and-ash fl ows (BGVN, 2005b). 
This movement of the eruptive center of the 
dome was also confi rmed in later observations 
(Zharinov and Demyanchuk, 2008). The fl ows 
continued during June and July, were large at 
times, and corresponded with a change in extru-
sion direction of the dome to the south, where it 
progressed over a slope and became more prone 
to failures at the leading edge of the dome. On 
15 July, an ash cloud accompanying a dome 
collapse spread more than 700 km to the west, 
reaching the Sea of Okhotsk (BGVN, 2005c). 
Long-distance photography acquired on 8 Au-
gust 2005 prior to the fi eld campaign confi rmed 
the change of extrusion direction and increasing 
size of the dome (Fig. 4B).

Airborne FLIR/Visible Observations

The overfl ight of Shiveluch’s active dome 
took place on 21 August 2005 and consisted of 
two north-south passes at ~500 m and 800 m 
above the Molodoy Shiveluch caldera. The 
most noticeable feature in the visible camera/
video data (Fig. 5) was the presence of a blocky, 
active lava dome bisected by a single dominant 
crease structure (Anderson and Fink, 1992). 
Large smooth blocks fl anked the crease, with 
the remainder of the dome consisting of a more 
scoriaceous texture. This textural distribution 
was identical to that reported by Anderson and 
Fink (1990) for the dacitic lava emplaced on the 
growing dome during the 1980–86 Mount St. 
Helens eruption (Fig. 6). The Shiveluch dome 
was nearly circular in plan, roughly cylindri-
cal in cross section, and located in the sloping 
southern quadrant of the caldera. Dome rock 
from earlier stages of emplacement encircled 
newer dome material on the west, north, and 
east fl anks (Fig. 3). Small fumaroles and dif-
fuse areas of fume were seen in the caldera 
to the north of the dome. The higher-spatial-
resolution visible camera images from the 
overfl ight were scaled to the FLIR data, and 
the new dome was calculated to be 335 m by 
410 m in diameter, with a height of 32 m (deter-
mined from the shadow length and solar angle). 
The volume of the new dome at the time of the 
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data collection (calculated using the volume of a 
cylinder with an average radius of 187 m) was 
~3.5 ± 0.8 × 106 m3.

Individual images with no motion blur were 
extracted from the high-speed FLIR video fi les 
and used to create a mosaic base from which to 
geolocate the visible images. The data were fi rst 
corrected for atmosphere and look angle through 
input of the air temperature, relative humidity, 
and angular distance of the camera above the 
dome, as well as an estimation of the broadband 
emissivity of the dome rocks. The atmospheric 
and positional data were measured separately 
during the overfl ight, and the broadband emis-
sivity value (εmax = 0.97) was used based upon 
laboratory emissivity data of samples collected 
in the fi eld. The combined VIS- TIR airborne 
fused data set was then georeferenced to the 
ASTER VNIR image acquired on 29 March 
2005 in order to have one calibrated, scaled, and 
geolocated data set in all wavelength and spatial 
scales for the analysis (Fig. 7A).

The FLIR data over the lava dome had a 
temperature range from −5 °C to 405 °C, with 
the maximum scene temperature located in the 
northernmost axial valley of the crease structure 
(Fig. 7B). Much of the rest of the dome’s cara-
pace was cool (at or below the average back-
ground temperature of 22 °C). However, two 
other thermally elevated zones were detected 
away from the active crease structure. The fi rst 

zone was nearly as hot as the crease itself and 
was located at the southernmost region of the 
caldera in the area of downslope dome spread-
ing and active rockfall from the active lobe. The 
second zone was a triangularly shaped area of 
fumaroles northeast of the dome at the base 
of caldera rim, which was cooler but still ele-
vated above the background temperature. In ad-
dition, a thin thermal anomaly was also detected 
extending from the northern tip of the crease 
structure on the dome, through older dome 
rock, toward the second warm zone (Fig. 7B). It 
continued northeast, eventually intersecting the 
fuma role fi eld. This thin anomaly marks a series 
of fractures that parallel the larger-scale tectonic 
orientation (NE-SW) in the region. It is likely 
that this orientation infl uences the vent geom-
etry and hence the morphology of the caldera 
and overall emplacement of the dome.

Interestingly, the temperature distribution 
on the dome surface was neither symmetrical 
about the dome itself nor the crease structure. 
A crescentic thermal boundary existed on the 
active dome between cooler rock to the north 
and hotter material to the south (Fig. 7B). This 
boundary pointed in the downslope direction of 
dome growth and intersected the northern extent 
of the crease structure, the hottest area detected 
in the FLIR data. The boundary was most likely 
an incipient detachment surface that delineated 
a secondary active spreading zone (in addition 

to the lateral extrusion of lava in the crease) that 
was controlled by the topography of the caldera 
fl oor. Within the crease structure, the thermal 
gradient from the crease fl oor to the tip of the 
large smooth slabs was only 2.8 ± 0.3 °C/m, 
indi cating that very little cooling had occurred 
and that slab extrusion from the crease was ac-
tive at the time of image capture. Therefore, 
during the time of the overfl ight, there was ex-
ogenous dome growth occurring laterally in the 
crease at the same time that the dome was grow-
ing in the downslope direction.

ASTER Data Analysis

Several of the initial ASTER images of the 
caldera and dome complex were selected to 
compare the growth and movement of dome 
immediately following the eruption as well 
as months later following the aerial FLIR 
data captured in August 2005. The clear day-
time (12 March 2005) and nighttime scenes 
(29 March 2005) were used for this analysis. 
The L2 TIR kinetic temperature image for 
12 March had four TIR pixels (32,400 m2) that 
were thermally elevated to a signifi cant degree 
(>70 °C). This number increased to 11 TIR 
pixels  (89,100 m2) 17.5 d later, which was used as 
a proxy for the growth rate, calculated to be 3.2 × 
103 m2/d. The hottest pixel in each scene was 
also identifi ed and assumed to be the location of 

Figure 4. Changes in the size and position of the Shiveluch lava dome 
following the February 2005 eruption (courtesy of Y. Demyanchuk, 
Russian Institute of Volcanology and Seismology [IVS]). (A) 26 April 
2005. (B) 8 August 2005. The dome and the center of extrusion/direc-
tion of lobe development have migrated to the south (toward the camera) 
over time similar to what was seen in the thermal infrared data (see 
Fig. 7C). Images are approximately 10 km wide.

Figure 5. Nadir-view visible wavelength photo-
graph mosaic of the Shiveluch lava dome 
taken on 21 August 2005, ~800 m above the 
caldera. The newest dome rock is darker 
with a scoriaceous texture, and a prominent 
central crease structure is oriented approxi-
mately north-south. White rectangle de-
notes the area shown in Figure 8.
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the fl ow margin, where frequent rockfalls would 
expose hot interior material. The distance be-
tween the hottest pixels in the two March scenes 
was 108 m, resulting in a linear growth rate of 
6.2 ± 0.3 m/d. If the maximum thickness of the 
dome is assumed to be approximately equal to 
that observed in August (32 m), then the upper 
bounds on change in the volume of the dome 
could be calculated to be from 1.04 × 106 m3 to 
2.85 × 106 m3 in 17.5 d (a rate of 1.2 m3/s). How-
ever, based on the past behavior of the dome at 
Shiveluch, it is likely that the extrusion rate was 
higher and some of the extruded material was 
being removed by small explosions and dome 
collapse events as the dome grew larger.

In order to compare the temperature and ex-
trusion rate of the dome immediately after the 
large eruption to similar values later in the year, 
the ASTER TIR data from March were super-
imposed on the geolocated FLIR data from Au-
gust (Fig. 7C). As in the previous comparison, 
the position of the hottest pixel was assumed ei-
ther to be the location of new exogenous mate-
rial or the active dome front where rockfall was 
exposing hot material. In either case, the move-
ment of this position can be used as a proxy for 
the linear growth of the dome. During the 146 d 
from the ASTER TIR to the FLIR acquisition, 
the hottest pixel tracked 510 m ± 45 m to the 
southeast, resulting in an average advance rate 

of 3.5 ± 0.3 m/d. This growth direction is con-
sistent with the ground-based fi eld photography, 
which showed that the dome initially began to 
extrude in the northwest portion of the caldera 
and later progressed south, eventually extend-
ing over the southern fl ank (Fig. 4). However, 
this linear growth rate is somewhat less than 
that derived from either the earlier photographic 
measurements or from the earlier ASTER data 
in March (i.e., 4–6 m/d), indicating a slowing 
of dome growth in the subsequent months. Even 
with this slower linear growth rate, the volume 
of the dome continued to increase from an es-
timated 2.85 × 106 m3 to 3.50 × 106 m3 from 
March to August, indicating that lava continued 
to be added to the dome, likely by a combina-
tion of exogenous (i.e., the crease structure) and 
endogenous growth during this time period.

DISCUSSION

The long-distance images collected by 
KVERT in 2004 and 2005 following the two 
large eruptions reveal new dome growth com-
mencing within days to weeks. With the destruc-
tion of the only local seismic station following 
the 2005 eruption, these photographs typically 
would provide the only long-term record of 
dome extrusion rates. The average linear growth 
rate for the weeks following the 2005 eruption 

was calculated to be 4–5 m/d using this tech-
nique. This growth and movement of the dome’s 
position were also detected by examining geo-
located ASTER data sets over the same time 
period. By comparison, using ASTER images 
acquired 17.5 d apart in March 2005, the linear 
growth rate was calculated to be 6.2 m/d. The di-
rection of the fl ow front, as indicated by tracking 
the hottest pixel(s) in the TIR data, progressed 
from north to south, with the dome eventually 
fl owing over steeper topography and collaps-
ing to produce block-and-ash fl ows (Fig. 4). 
The rate calculated from the ASTER data de-
creased to 3.5 m/d from 29 March to 21 August 
2005. These values are likely more accurate 
than the ground-based photographic measure-
ments because the entire dome was imaged by 
the TIR data. The variability is also expected 
because many active lava domes experience 
episodic growth (e.g., Swanson et al., 1987; 
Rose, 1987).

If the dome thickness is assumed to be simi-
lar to that measured in August (32 m) over the 
months following the 2005 eruption, the volume 
increased from an estimated 1.04 × 106 m3 to 
2.85 × 106 m3 to 3.50 × 106 m3 from 12 March 
to 29 March to 21 August. This translates to a 
decreasing extrusion rate from an average of 
1.2 m3/s in March to 0.05 m3/s between March 
and August. These values are on the low side of 
the extrusion rate range calculated from other 
silicic  lava domes, such as 0.6–1.9 m3/s for the 
1922 to present Santiaguito dome (Rose, 1987), 
1.4–40.3 m3/s for the 1980–1986 Mount St. 
Helens dome (Anderson and Fink, 1990), and 
2.2–35 m3/s for the fi nal 2009 Redoubt volcano 
dome (Diefenbach et al., 2012). However, the 
extrusion rates calculated for Shiveluch should 
be considered minimum estimates because it 
is likely that some amount of dome material 
was also being removed during explosive and 
collapse events between March and August. 
Therefore, it would be unlikely for the dome to 
have maintained a constant thickness and rate of 
growth over that time period.

Another approach exists to estimate lava 
extrusion rates using thermal cooling models 
and TIR data from sensors with low spatial 
resolutions (e.g., 1–10 km). This has been done 
by deriving a simple heat budget in which all 
heat supplied to the lava fl ow is lost from the 
fl ow surfaces by way of convective and radia-
tive heat transfer (Pieri and Baloga, 1986; Crisp 
and Baloga, 1990; Harris and Stevenson, 1997; 
Harris et al., 2007). Estimating the volume fl ux 
necessary to account for cooling will yield time-
averaged discharge rate (Wright et al., 2001). 
Application of this satellite-based technique 
has been demonstrated to correlate well with 
independent methods for estimating lava fl ow 

Figure 6. Mount St. Helens lava 
dome showing both scoriaceous 
and smooth lava textures with a 
central crease structure (photo-
graphs courtesy of the U.S. Geo-
logical Survey). (A) December 
1980 southeast lobe. (B) Close-
up view of the crease structure 
of the same lobe taken earlier 
than photo in A. Incandescent 
lava can be seen at the base of 
the crease valley.
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extrusion rates at many volcanoes (Harris et al., 
2007). However, the combination of a mostly 
cooled carapace, endogenous and exoge nous 
dome growth, and the frequent rockfalls at 
Shiveluch would produce a large underestimate 
of lava fl ux using this approach. The radiant 
heat fl ux values derived from lava crusts with a 
strong fl ow-front thermal signature and/or near-
background crust temperature introduce signifi -
cant error and variability in derived extrusion 
rate values.

Crease structures in domes over the vent 
area typically expose smooth, dense lava from 
the fl ow interior, creating a dome with the dis-
tinct textural progression from smooth to scori-
aceous (Fig. 6A). Lava immediately below 
smooth crease structure walls is able to remain 
hot beneath the dense crust, eventually breaking 

through as the smooth walls move outward from 
the central valley of the crease (Fig. 6B). The 
ability of this dense material to retain heat as it 
moves outward allows underlying material to 
remain hot and plastic enough for vesicu lation 
to occur, and this is refl ected in the low thermal 
gradient measured outward from the central 
valley (Anderson and Fink, 1992). Once the 
vesicular material breaks through the smooth 
walls and is exposed at the surface, heat loss is 
increased through the greater surface area pro-
vided by the scoriaceous carapace, thus explain-
ing the low overall temperatures observed in 
areas away from the active crease.

The formation of a crease near the summit of 
the dome and the creation of a predominantly 
scoriaceous surface texture away from the 
crease provide clues to the surface stress regime 

of the dome and degassing processes occurring 
during its formation (Fig. 8). Crease structures 
emplaced during the 1980–1986 eruption of 
Mount St. Helens formed either on lobes situ-
ated on the relatively fl at crater fl oor, or on the 
fl at summit portion of lobes on steeper slopes 
(Anderson and Fink, 1992). Anderson and Fink 
(1992) suggested that a tensional stress regime 
was required for crease structure formation, and 
it would occur if the surface crust of the fl ow 
could spread laterally. At Shiveluch, Figure 3B 
shows a relatively fl at dome summit area ap-
proaching nearly 200 m across, suffi cient to 
form a large crease structure.

The predominantly scoriaceous carapace that 
formed on the remainder of the Shiveluch dome 
is similar to that found during the fi rst 2 yr of 
the 1980–1986 Mount St. Helens dome and the 

Figure 7. Visible/thermal infrared composite images showing the 
spatial and thermal distribution of the active lava dome at Shiveluch 
volcano in 2005. (A) Visible color photograph taken during the heli-
copter overfl ight of the summit on 21 August 2005 several seconds 
after the photograph shown in Figure 5. The image has been geo-
located to the Advanced Spaceborne Thermal Emission and Refl ec-
tion Radiometer (ASTER) visible and near-infrared (VNIR) image. 
(B) Composite of three 21 August 2005 FLIR images (60% trans-
parent) draped over photo in A, showing the thermal distribution of 
the dome surface and surrounding area. Dashed white arrows denote 
a thin thermally elevated zone that extends from the active dome/
crease structure to a warm zone and fumarole fi eld to the northeast 
of the dome. (C) ASTER thermal infrared (TIR) data from 29 March 
2005 (60% transparent) draped over photo in B. The hottest area 
detected in the FLIR data (i.e., orange/white pixels) had migrated 
~510 m ± 45 m to the southeast (white dashed arrow) over the 146 d 
since the ASTER acquisition.
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2009 Redoubt dome. During the fi nal 2 yr, lobes 
of the Mount St. Helens dome displayed very 
little scoriaceous textures, being dominated by 
smooth lobes. Anderson and Fink (1990) sug-
gested that during the fi rst 2 yr, the relatively 
small dome provided little resistance to lava 
moving to the surface, allowing new material 
to arrive at the surface in a fairly gas-rich state, 
thus leading to vesiculation near or at the sur-
face (i.e., faster extrusion rates correlate with 
more scoriaceous textures). As the dome grew 
and its surface strengthened, the amount of 
endoge nous growth that occurred before lobe 
extrusion increased dramatically (Fink at al., 
1992), allowing new material rising toward the 
surface to more thoroughly degas, limiting sur-
face vesicu lation, and forming denser/smoother 
lava (Anderson and Fink, 1990). At Shiveluch, 
the young, small, and predominantly scoria-

ceous surface suggests that the dome itself was 
providing little resistance to new lava emplace-
ment and vesiculation at the time of the over-
fl ight 6 mo after the large eruption.

CONCLUSIONS

Although this study focused on the analysis 
of one large eruption at Shiveluch, the method-
ology could be exported to any dome-forming 
volcano. The use of ASTER only or a combi-
nation of ASTER plus FLIR TIR data has been 
shown to be a valid and promising approach to 
dome monitoring where other TIR-based tech-
niques would be far less effective. In addition to 
the broader approach, this work presented data 
from the fi rst-ever FLIR overfl ight of the active 
dome at Shiveluch volcano. These data detected 
an actively forming crease structure on the new 

dome as well as resolved the thermal distribu-
tion of the dome and other features within the 
caldera. By comparing the high-spatial-resolu-
tion FLIR data to the lower-resolution ASTER 
TIR data collected 146 d prior, it was possible 
to describe the changes in the size, morphology, 
and position of the active vent area. The average 
linear growth rate of the dome in the early phase 
of the eruption was calculated to be 6.2 m/d by 
tracking the movement of the hottest ASTER 
pixel. This rate decreased to 3.5 m/d in the later 
phases, and both of these rates compare well to 
the 4–5 m/d rate calculated by long-range digital 
photography of the dome, which represented the 
only other independent data available following 
the large explosive blast.

Ground-based monitoring of silicic lava dome 
growth on active volcanoes can be dangerous; 
however, the data collected are critical to deter-
mine the future hazard potential. Long-distance 
visual photographic observations are one way 
to accomplish this monitoring in a relatively 
safe way, but they become impossible in times 
of poor weather, at night, and during vigorous 
eruptive activity. Furthermore, these images 
have limited views and would not work well on 
volcanoes with partially obstructed views of the 
growing dome. The airborne data are more ex-
pensive to acquire and subject the team to higher 
risks; however, these data provide a planimetric 
complement to the oblique photography. Similar 
data from space have a poorer spatial resolution, 
but they can be acquired regularly and provide 
additional wavelengths for more accurate tem-
perature, compositional, and textural analysis 
(Ramsey and Dehn, 2004; Vaughan et al., 2005; 
Carter and Ramsey, 2009). Currently, this high-
temporal-frequency, high-spatial-resolution data 
acquisition is only possible over short time in-
tervals with the ASTER URP program in the 
North Pacifi c region (Duda et al., 2009; Carter 
and Ramsey, 2010). However, it is now be-
ing expanded worldwide using alerts from the 
MODVOLC program (Wright et al., 2002).

The use of high spatial/temporal TIR data 
from space to estimate the thermal fl ux and ex-
trusion rate of the silicic lava dome at Shiveluch 
compares well with more traditional methods. 
It also provides a complementary monitoring 
and forecasting tool to ground-based methods 
such as seismic and deformation measurements 
when they are available. However, for such data 
to be useful for both scientifi c analysis and more 
accurate monitoring, as well as limiting the im-
pact of poor weather conditions, the temporal 
resolution must be more frequent than even 
the URP-augmented ASTER data can provide. 
Future  TIR sensor development should focus on 
improvements in both spatial and temporal reso-
lution to make this type of volcanic monitoring 

Figure 8. Highest-resolution photograph of the active 2005 lava dome and crease structure 
(extent of the active dome noted by the dotted white circle). The spreading crease structure 
is the main structural feature in the growing dome. The asymmetric thermal boundary, 
detected only with the FLIR data, is also noted and is most likely a detachment surface of 
active dome growth, but it could also have been a fracture formed when growth of the dome 
encountered a steeper slope to the south. The solid white arrows denote the most likely 
growth direction of the active dome.
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and science a possibility. For example, the fu-
ture Hyperspectral Infrared Imager (HyspIRI) 
is proposed to have increased capabilities from 
that of ASTER (e.g., 60 m/pixel spatial reso-
lution, eight spectral bands, and 1 d temporal 
resolution over the volcanoes in the northern 
latitudes) (NRC, 2007). If integrated into a rapid 
response system using other data sets, such an 
instrument could provide daily, detailed data 
of disruptive and hazardous eruptions. High-
spatial-resolution and high-spectral-resolution 
TIR data would bridge the gap between sensors 
such as AVHRR and MODIS with ideal tem-
poral resolution, and that of fi eld-based FLIR 
data with ideal spatial resolution. They would 
also provide a wealth of scientifi c information 
on lava fl ows, dome growth, pyroclastic fl ow 
and lahar emplacement, and plume dynamics at 
other volcanoes around the world.
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