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The Augustine Volcano is a conical-shaped, active stratovolcano located on an island of the same name in Cook
Inlet, about 290 km southwest of Anchorage, Alaska. Augustine has experienced seven significant explosive
eruptions—in 1812, 1883, 1908, 1935, 1963, 1976, 1986, and in January 2006. To measure the ground surface
deformation of the Augustine Volcano before the 2006 eruption, we applied satellite radar interferometry using
Synthetic Aperture Radar (SAR) images from three descending and three ascending satellite tracks acquired
by European Remote Sensing Satellite (ERS) 1 and 2 and the Environment Satellite (ENVISAT). Multiple
interferograms were stacked to reduce artifacts caused by atmospheric conditions, and we used a singular
value decomposition method to retrieve the temporal deformation history from several points on the island.
Interferograms during 1992 and 2005 show a subsidence of about 1-3 cm/year, caused by the contraction of
pyroclastic flow deposits from the 1986 eruption. Subsidence has decreased exponentially with time. Multiple
interferograms between 1992 and 2005 show no significant inflation around the volcano before the 2006 eruption.
The lack of a pre-eruption deformation signal suggests that the deformation signal from 1992 to August 2005 must

have been very small and may have been obscured by atmospheric delay artifacts.
Key words: Surface deformation, atmospheric effects, interferograms, pyroclastic flow deposits, subsidence.

1. Introduction

The “eruption cycle” of a volcano can be conceptualized
as a series of events from deep magma generation to surface
eruption that include such stages as partial melting, initial
ascent through the upper mantle and lower crust, crustal as-
similation, magma mixing, degassing, shallow storage and,
finally, ascent to the surface (Dzurisin, 2003). This pro-
cess is complex and varies from one eruption to the next
and from volcano to volcano. In many cases, volcanic
eruptions are preceded by pronounced ground deformation
in response to increasing pressure from magma chambers
or the upward intrusion of magma (Dvorak and Dzurisin,
1997). Therefore, surface deformation patterns have the po-
tential to shed important insights into the structure, plumb-
ing, and state of restless volcanoes (Dvorak and Dzurisin,
1997; Dzurisin, 2003) and can be the first sign of increas-
ing levels of volcanic activity, preceding swarms of earth-
quakes or other precursors that signal impending intrusions
or eruptions. The ability to map surface deformation as-
sociated with volcanic events is the key to protecting pub-
lic welfare as well as furthering scientific understanding of
these dynamic processes.

Roughly 10% of the world’s active volcanoes are located
in Alaska. Although the frequency of eruptions in Alaska
is high, particularly in the Aleutian arc, these volcanoes re-
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main poorly studied due to their remote location. Surface
change monitoring that consists of sparsely distributed con-
tinuous Global Positioning System (GPS) stations or spo-
radically occupied campaign GPS sites can be prohibitively
expensive, logistically challenging, and often not adequate
for characterizing the complex deformation patterns asso-
ciated with hazardous volcanic processes. This limitation
poses a significant problem for studying volcanoes in the re-
gion, and more cost-effective strategies are required to com-
prehensively monitor these and similar remote and poorly
understood volcanoes.

Interferometric Synthetic Aperture Radar (InSAR) (e.g.,
Massonnet and Feigl, 1998; Rosen et al., 2000; Zebker et
al., 2000) from space-based platforms can provide an im-
portant complementary capability for ground-based mon-
itoring of surface deformation. InSAR images provide a
synoptic view that encompasses the volcano and surround-
ing area. The successful application of InSAR to volcanoes
has been demonstrated at numerous locations around the
world, including sites in Alaska (e.g., Lu et al., 2003; Lu,
2007). In addition to volcano-wide deformation related to
magma injection and eruption, InSAR has revealed local de-
formation associated with young lava and pyroclastic flows
(Briole et al., 1997; Stevens et al., 2001; Lu et al., 2005).
The deformation of erupted material can provide insights
into the post-emplacement behavior of lava and pyroclastic
flows and suggests the need for caution in the interpretation
of volcano-wide deformation patterns at active volcanoes.

Augustine Volcano is a 1250-m-high and 90-km?’-size
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Fig. 1. (a) Augustine Island is located in the southwestern portion of the
Cook Inlet, Alaska, about 290 km southwest of the city of Anchorage.
(b) Geologic map showing the distribution of deposits of Augustine
Volcano eruptions from the first documeted eruption in 1812 through
to the 1986 eruption. Pyroclastic flow deposits emplaced in 1986 are
located primarily in the north northeastern part of island.

island stratovolcano in southwestern Cook Inlet, about
290 km southwest of Anchorage, Alaska (Fig. 1). Augus-
tine Island was formed on Jurassic and Cretaceous sedimen-
tary strata and overlain by granitoid glacial erratics and vol-
canic hyaloclastites (Miller et al., 1998).

Augustine Volcano is one of the youngest and most active
volcanoes in Cook Inlet (Begét and Kowalik, 2006), having
experienced significant explosive eruptions in 1812, 1883,
1935, 1963, 1976, 1986 and, most recently, in 2006. The
most violent of these eruptions was in 1883, when a debris
avalanche generated a small tsunami in Cook Inlet (Miller
et al., 1998). Most eruptions of Augustine began with an
initial series of vent-clearing explosions with pyroclastic
flows, surges, and lahars on the volcano flanks, followed by
the extrusion of andesitic lava from the volcano’s summit
(Waythomas and Waitt, 1998). Pyroclastic flows generated
by the 1986 eruption covered a fan-shaped region on the
north-northeast flank of the volcano with lithic-rich pumice
deposits.

Preliminary results based on a limited number of InSAR
images have indicated an active deformation of the north
flank of Augustine Volcano between 1992 and 1999 (Lu et
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al., 2003). This region of deformation corresponds to the
area covered by the 1986 pyroclastic flow deposits, and, ac-
cordingly, the subsidence has been attributed to the post-
emplacement behavior of the unit. Using an InSAR image
of Augustine spanning 1992—-1993, Masterlark et al. (2006)
constructed finite element models that simulated the post-
eruptive thermoelastic contraction of the initially hot and
geometrically complex 1986 pyroclastic flow deposits. By
combining the 1992-1993 InSAR image, the finite element
model, and an adaptive mesh algorithm to iteratively opti-
mize the geometry of the deposit, Masterlark et al. (2006)
determined an initial excess temperature for the pyroclastic
flow unit of 640°C and an average thickness of 9.3 m.

In this study, we systematically processed all of the
available InSAR images for the Augustine Volcano be-
tween 1992 and 2005 using Synthetic Aperture Radar
(SAR) images acquired by the European Remote sensing
Satellite (ERS)-1, ERS-2, and the Environment Satellite
(ENVISAT). Our goal was to investigate: (1) how the sub-
sidence of the 1986 pyroclastic flow evolved between 1992
and 2005, and (2) whether or not volcano-wide deforma-
tion preceded the unrest and eruption of 2005-2006, as is
expected based on InNSAR observations from other Alaskan
volcanoes (Lu et al., 2003; Lu, 2007).

2. InSAR Observations and Analysis
2.1 SAR images and digital elevation model

InSAR images used in this study (Table 1) consist of:
(1) about 630 interferograms from five independent tracks
of C-band (wavelength = 5.66 cm) ERS-1 and ERS-2 SAR
images spanning the period from June 1992 to August 2005,
and (2) about 120 interferograms from six different tracks
of C-band (wavelength = 5.63 cm) ENVISAT SAR data
between 2003 and August 2005, all of which are from beam
mode 2 with the same imaging geometry as that for ERS-1
and ERS-2. Most of the InSAR pairs have baselines of less
than 250 m. The SAR data were collected during sub-arctic
summers and autumns (mid-June to mid-October) to avoid
any potential loss of coherence due to snow and ice accumu-
lation. The images are from both descending and ascending
passes. To correct the interferograms for topographic ef-
fects, we used the 1-arc-second (about 30-m posting) Shut-
tle Radar Topography Mission (SRTM) Digital Elevation
model (DEM), which has a relative vertical accuracy of bet-
ter than 10 m and an absolute vertical accuracy of better
than 16 m. DEM errors of this magnitude would result in
no more than 6 mm of line-of-sight (LOS) range error in the
interferograms (e.g., Massonnet and Feigl, 1998).
2.2 InSAR time-series inversion

Inspecting all of the ERS and ENIVSAT InSAR images,
we found that coherence can be maintained reasonably well
over most of the volcano in interferograms spanning 2
years or less, except in the northwest part of Augustine Is-
land where vegetation is the thickest. Coherence decreased
markedly in interferograms spanning more than 2 years. We
therefore only used interferograms that span roughly 2 years
or less in our analysis (Table 1). From the resulting dataset
of almost 630 InSAR images, we made two key observa-
tions. First, most of the deformation observed in the inter-
ferograms occurred over the northern part of the volcano
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Table 1. C-band ERS-1, ERS-2, and ENVISAT SAR images over Augustine Volcano acquired between 1992 and August 2005, including 184 images
which were used to construct about 630 interferograms from three descending and three ascending tracks.

ERS-1/ERS-2 (5 tracks)

Envisat (6 tracks)

Track SLC images Interferograms Track SLC images Interferograms
22! 229 (B 2
o 48 213 ? (Beam 2) 7 8
(6/21/92-8/31/05) (6/18/03-8/31/05)
501 501 (Beam 2)
42 235 5 3
(6/5/92-8/15/05) (8/30/04-8/15/05)
164 164 (B 2
6 19 58 64 (Beam 2) 8 11
(6/30/95-8/27/05) (7/19/03-7/23/05)
207 207 (Beam 2)
18 39 5 6
(8/7/95-8/30/05) (7/6/04-8/30/05)
436 436 (Beam 2)
19 41 7 7
(6/14/95-8/11/05) (6/17/04-8/11/05)
272 (Beam 2) 6 7
(6/21/03-7/30/05)
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Interferograms from European Remote Sensing Satellite (ERS)-1 and -2, and Environment Satellite (ENVISAT) Synthetic Aperture Radar

(SAR) data from six different (ascending and descending) tracks that span about 1 year. The observed subsidence on the north-northeast flank of
the volcano is due to the cooling of pyroclastic flow deposits from the 1986 eruption. Each fringe (full color cycle) represents 28.3 mm/year of
line-of-sight (LOS) range change between the ground and the satellite. Areas that lack interferometric coherence are uncolored.

and was most likely associated with post-emplacement de-
formation of the 1986 pyroclastic flows (Lu et al., 2003;
Masterlark er al., 2006). Second, the observed deforma-
tion fringes are often contaminated by atmospheric delay
anomalies that can be as large as about 1 fringe (2.83 cm)
around the volcano. Past studies have shown that atmo-
spheric delay anomalies can be severe in the Alaskan en-
vironment (e.g., Lu et al., 2005). Consequently, it is impor-
tant to reduce atmospheric contamination in the InSAR data
in order to reveal any possible volcano-wide deformation.
An important question is whether or not the deformation
occurred primarily in the vertical direction. Because each
interferogram can only sense the deformation along the
satellite’s LOS direction, interferograms from three distinct
imaging geometries are required to determine the three-
dimensional deformation field (Wright et al., 2004). Even
though this is not possible for Augustine (because only two
imaging geometries, ascending and descending, are avail-
able), the interferograms can still shed light on the spatial
and temporal patterns of deformation. Figure 2 shows six
interferograms from six independent tracks (three ascend-
ing and three descending). All of these span a time interval
of about 1 year. Because these interferograms show very
similar deformation patterns, we conclude that the defor-

mation over the 1986 pyroclastic flow is primarily vertical.
In other words, the deformation is not caused by the down-
slope (i.e., mostly horizontal) movement of the pyroclastic
flow unit, but instead by a contraction of the deposit itself.

Next, we investigated how the subsidence over the 1986
pyroclastic flow evolved with time and whether or not
volcano-wide deformation occurred during 1992-2005. To
accomplish this goal, it was necessary to mitigate atmo-
spheric artifacts in the InNSAR images (e.g., Zebker et al.,
1997). Using interferograms from the same tracks that span
about 2 years or less and overlap in time, we employed a lin-
ear time-series inversion approach to estimate the temporal
evolution of subsidence of the 1986 pyroclastic flow (Be-
rardino et al., 2002; Usai, 2003; Schmidt and Biirgmann,
2003; Lundgren et al., 2004). Although the least-squares
inversion method does not directly remove the effects of at-
mospheric artifacts, which are usually associated with par-
ticular epochs and are not correlated through time, it com-
bines interferograms that overlap in time. As a result, the
atmospheric artifacts are averaged, and their effects on sur-
face deformation history are mitigated.

In this study, we adopted the singular-value decompo-
sition (SVD) model for linear time-series inversion devel-
oped by Berardino et al. (2002) and summarized by Usai
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Fig. 3.
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ENVISAT : 08 2.815¢m

Observed high-coherence interferograms from track 229 ERS-1, ERS-2, and ENVISAT images. Each fringe (full color cycle) represents

28.3 mm/year of LOS range change between the ground and satellite. Areas that lack interferometric coherence are uncolored.

(2003). In a generic least-squares approach, it is commonly
assumed that deformation velocity is constant over the time
bracketed by a pair of SAR images (e.g., Usai, 2003). In
the SVD method, the deformation velocity between two
consecutive SAR image acquisitions is assumed to be con-
stant. By assuming a constant deformation rate over shorter
time periods, the SVD method can prevent large discontinu-
ities in deformation estimates often produced by the generic
least squares method. The overall effect is that the SVD
method can provide a physically sound deformation history
(Berardino et al., 2002).

The SVD method was implemented through a slight
modification from the conventional linear inversion

methodology described by Menke (1989):

Gv=¢/At ey

where v is the unknown deformation velocity, ¢ is the mea-
sured deformation phase during a time interval A¢, and G is
the data kernel reflecting deformation velocity at individual
SAR acquisition times (Berardino et al., 2002). The mean
velocity at each instance can be obtained as follows:

v=[G"G] ' G"¢/At. )

The time-series of deformation is obtained by incremen-
tally integrating the deformation velocity at the times of in-
dividual SAR acquisitions.
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Fig. 4. Averaged InSAR image from 229 tracks created by stacking all the unwrapped 1-year interferograms between 1992 and 2005. The time-series
deformation histories for several points are shown. At each point, time-series graphs consist of deformation histories (in cm) from both track 229
and track 501 interferograms during 1992 and 2005. The most significant deformation is shown by points 19, 6, and 14, which exhibit subsidence
ranging from 19 to 37 cm during the 13-year interval. We attribute this deformation to thermal contraction of the 1986 pyroclastic flow deposits. The
graphs for points 7, 11, 16, and 17 show a small amount of LOS shortening (3—5 cm). The abrupt range changes during 2001 and 2003 are due to
a lack of coherent interferograms in the time-series inversion. Accordingly, localized atmospheric delay anomalies might still strongly influence the
final results. The graphs for points 10, 12, and 13 show little deformation on the south and west flanks of Augustine Island. Blue lines are the best

second-order polynomial fits to the observed deformation.

We selected high-coherence differential interferograms
from tracks 229 (Fig. 3) and 501, both of which have the
most ERS-1, ERS-2, and ENVISAT image acquisitions, to
derive time-series deformation histories for Augustine vol-
cano between 1992 and 2005. The time-dependent defor-
mation is calculated by the SVD method that solves for the
incremental range change between SAR scene acquisitions.

In Fig. 4, the colored background was created by averag-
ing all the unwrapped interferograms from track 229, which
spanned about 1 year between 1992 and 2005. Deformation
histories estimated by the SVD method for nine selected
points are also shown for both tracks 229 and 501.

3. Discussion

The goal of this study was to investigate the deforma-
tion of the 1986 pyroclastic flow deposits and to identify
whether or not there was any volcano-wide deformation as-
sociated with magma accumulation prior to the 2005-2006
unrest and eruption. Figure 4 summarizes the main findings
of our investigation. The strongest surface displacement
signal was detected on the northeast flanks of the volcano.

This area corresponds to the region covered by pyroclastic
flow deposits from the 1986 eruption (Fig. 1). The defor-
mation histories at three representative points, P6, P14, and
P19, show a total deformation of about 21 cm, 37 cm, and
19 cm between 1992 and 2005, respectively (Fig. 4).

The deformation at these points is most likely caused by
thermal contraction of 1986’s pyroclastic flow deposits, and
differences in subsidence magnitude among different parts
of the flow are probably due to varying thicknesses of the
unit (Masterlark et al., 2006). We do not attribute the per-
sisting subsidence to the compaction of the loosely consol-
idated deposits because compaction-related poroelastic de-
formation effects occur soon after deposition (Turcotte and
Schubert, 1982).

The time-series analysis suggests an exponential de-
crease in the subsidence rate from 1992 to 2005. The time
constants range from 5 years to 20 years, with the thickest
flow having the largest time constant. Assuming the sub-
sidence before 1992 follows the pattern determined for the
1992-2005 period, we infer that the subsidence might have
reached about 25 cm/year in the 19861997 period. This
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rate is similar to the magma contraction rate at Okmok vol-
cano, where the 1997 lava flows contracted about 12 cm in
88 days, 4 months after the emplacement (Lu et al., 2005).

The southwest flanks of Augustine Island show no signif-
icant deformation from 1992 through 2005 (e.g., P10, P12,
and P13). However, we observed apparent range shorten-
ing over the areas just outside of the 1986 pyroclastic flows.
In Fig. 4, points P7, P11, P16, and P17, showed trends of
apparent volcano inflation with a maximum magnitude of
about 5 cm between 1992 and 2005. The deformation rate is
less than 4 mm/year over the 13-year time span. We do not
fully understand the source that brought out this apparent
uplift, which may be volcanic or tectonic signal. Alterna-
tively, this apparent deformation may be caused by the pres-
ence of atmospheric delay anomalies that survived the SVD
inversion. Therefore, we cannot conclusively prove or rule
out the presence of volcano-wide deformation caused by
magma accumulation between 1992 and 2005. The absence
of pre-eruptive deformation is not uncommon, and has also
been observed in Shishaldin Volcano, Alaska (e.g., Moran
et al., 2006) and Lascar Volcano in Chile (e.g., Pritchard
and Simons, 2002). Future work that incorporates atmo-
spheric delays into our SVD inversion will enhance the ac-
curacy of InSAR measurements at Augustine.

4. Conclusions

We studied the surface deformation of Augustine Vol-
cano, Alaska, using ERS-1/2 and ENVISAT data acquired
between June 1992 and August 2005. Using a singular
value decomposition method, we reduced deformation ar-
tifacts caused by atmospheric path delays and assembled a
time-series of deformation. The 1986 pyroclastic flow de-
posits over the northeast flank of Augustine Volcano expe-
rienced the most significant deformation. The subsidence
rate was about 1-3 cm per year, with a rate that decreased
with time. The subsidence was most likely caused by ther-
mal contraction of the initially hot material, and spatial
heterogeneity was probably associated with differences in
the thickness of the pyroclastic flow deposit. Augustine
Volcano showed no significant volcano-wide uplift during
1992-2005, suggesting that if such deformation did occur,
it was insignificant and may have been obscured by atmo-
spheric delay anomalies in the InSAR results.
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