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Abstract

Okmok Volcano, in the eastern Aleutian Islands, erupted in February and March of 1997 producing a 6-km-long
lava flow and low-level ash plumes. This caldera is one of the most active in the Aleutian Arc, and is now the focus of
international multidisciplinary studies. A synthesis of remotely sensed data (AirSAR, derived DEMs, Landsat MSS
and ETM+ data, AVHRR, ERS, JERS, Radarsat) has given a sequence of events for the virtually unobserved 1997
eruption. Elevation data from the AirSAR sensor acquired in October 2000 over Okmok were used to create a 5-m
resolution DEM mosaic of Okmok Volcano. AVHRR nighttime imagery has been analyzed between February 13 and
April 11, 1997. Landsat imagery and SAR data recorded prior to and after the eruption allowed us to accurately
determine the extent of the new flow. The flow was first observed on February 13 without precursory thermal
anomalies. At this time, the flow was a large single lobe flowing north. According to AVHRR Band 3 and 4 radiance
data and ground observations, the first lobe continued growing until mid to late March, while a second, smaller lobe
began to form sometime between March 11 and 12. This is based on a jump in the thermal and volumetric flux
determined from the imagery, and the physical size of the thermal anomalies. Total radiance values waned after
March 26, indicating lava effusion had ended and a cooling crust was growing. The total area (8.9 km?), thickness (up
to 50 m) and volume (1.54x 108 m?) of the new lava flow were determined by combining observations from SAR,
Landsat ETM+, and AirSAR DEM data. While the first lobe of the flow ponded in a pre-eruption depression, our
data suggest the second lobe was volume-limited. Remote sensing has become an integral part of the Alaska Volcano
Observatory’s monitoring and hazard mitigation efforts. Studies like this allow access to remote volcanoes, and
provide methods to monitor potentially dangerous ones.
© 2003 Elsevier B.V. All rights reserved.
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1997 producing a 6-km-long lava flow and inter-
mittent low-level ash plumes (<9 km above sea
level (asl)). Due to its remote setting and the short
duration of activity, co-eruptive field data were
limited to a single set of photographs taken on
a serendipitous overflight of the island by Nation-
al Oceanographic and Atmospheric Administra-
tion (NOAA) marine mammal researchers (J.
Sease, personal communication). This dearth of
field data, along with the lack of any seismic
or geodetic network on the island, made re-
motely sensed imagery the sole source of in-
formation available to characterize the eruptive
activity at a regular frequency and judge its
hazard potential. Throughout the eruption, the
Alaska Volcano Observatory (AVO) utilized
real-time Advanced Very-High-Resolution Radio-
meter (AVHRR) data to analyze the dimensions
of plumes and thermal anomalies in order to pro-
vide warnings for North Pacific air traffic as well
as the town of Nikolski (population 35), 72 km
west of the caldera, and the ranch on the former
Fort Glenn military base 16 km east of the cal-
dera (Dean et al., 1998; McGimsey and Wallace,
1999).

In order to refine our understanding of the na-
ture of the eruption, remotely sensed data from a
range of time periods and a variety of sources
were compiled (Tables 1 and 2). For the pre-erup-
tion period, Landsat 3 Multispectral Scanner
(MSS) imagery, as well as several European
Remote Sensing satellite (ERS-1 and ERS-2)
Synthetic Aperture Radar (SAR) images, were

Table 1
Remotely sensed imagery

acquired. The pre-eruption surface was charac-
terized by a digital elevation model (DEM) cre-
ated through SAR interferometry (Lu et al., in
press). Data acquired during the eruption were
limited to AVHRR imagery, whose thermal infra-
red channels and high temporal resolution permit-
ted quantitative heat flux analysis at a high fre-
quency (Dean et al., 1998; Dehn et al., 2000).
These data were re-examined in greater detail to
extract as much information as possible about the
course of the eruptive activity. Post-eruptive con-
ditions were gleaned through a suite of post-erup-
tion imagery, which included a Landsat 7 En-
hanced Thematic Mapper Plus (ETM+) scene,
SAR imagery from ERS-1 and ERS-2, Radarsat
and Japanese Earth Resources Satellite (JERS)
sensors, and recently collected high-resolution
AirSAR DEM data (Moxey et al., 2001; Lu et
al., in press). Together, these data offer the first
complete picture of the 1997 eruption.

2. Background

Okmok Volcano lies within the northeastern
portion of Umnak Island, at the eastern end of
the Aleutian volcanic chain (Fig. 1). The caldera
complex is the result of two caldera-forming erup-
tions, aged at 8200 and 2400 years BP, as well as
subsequent post-caldera activity involving lava ef-
fusion and cone building (Byers, 1959; Black,
1975; Miller and Smith, 1987). The caldera mea-
sures approximately 10 km in diameter and con-

Period Acquisition time(s) Sensor

Pre-eruption

Pre-eruption

Pre-eruption

Syn-eruption
Post-eruption
Post-eruption
Post-eruption
Post-eruption
Post-eruption
Post-eruption
Post-eruption

August 3, 1983
April 10, 1994
October 26, 1995
6-8 times daily
April 3, 1997
April 7, 1997
July 17, 1997
August 2, 1997
November 5, 1997
August 17, 2000
October 5, 2000

Type Pixel size
(m)

Landsat 3 MSS Multispectral 60-120
ERS-1 SAR 25
ERS-2 SAR 25
AVHRR Multispectral 1100 (nadir)
ERS-2 SAR 25
Radarsat-1 SAR 30
ERS-2 SAR 25
Radarsat-1 SAR 30
JERS-1 SAR 18
Landsat 7 ETM+ Multispectral 15-60
AirSAR SAR 5
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Fig. 1. Location of Okmok Volcano. Okmok Volcano is situated in the eastern Aleutian Islands, approximately 120 km west of
Dutch Harbor. The volcano occupies most of the eastern end of Umnak Island (right). All historic activity has been restricted to
within the caldera, and appears to all have originated from Cone A, in the southwest corner. The 1997 lava flow is outlined in
black in the JERS SAR image.

Table 2
Sensor characteristics
Sensor Channels Pixel size
(m)
Landsat 3 MSS 1: 0.5-0.6 um 60
2: 0.6-0.7 um 60
3: 0.7-0.8 um 60
4: 0.8-1.1 ym 60
5:10.4-12.6 um 120
ERS 1+2 C-band (5.6 cm) 25
AVHRR 1: 0.58-0.68 um 1100 (nadir)
2:0.725-1.1 um 1100 (nadir)
3:3.55-3.93 um 1100 (nadir)
4:10.3-11.3 um 1100 (nadir)
5:11.4-12.4 um 1100 (nadir)
Radarsat-1 C-band (5.6 cm) 30
JERS-1 L-band (23.5 cm) 18
Landsat 7 ETM+ 1: 0.45-0.52 pm 30
2: 0.52-0.60 um 30
3: 0.63-0.69 um 30
4: 0.76-0.90 pm 30
5: 1.55-1.75 ym 30
6a: 10.4-12.5 um (high gain) 60
6b: 10.4-12.5 um (low gain) 60
7: 2.08-2.35 um 30
8: 0.5-0.90 um 15

AirSAR C-band (5.6 cm) 5
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tains a number of cinder cones. All historic activ-
ity seems to have originated from Cone A, located
in the southwest corner of the caldera. In addition
to several poorly documented explosive events,
such as the 1817 eruption which buried a nearby
Aleut village, recent major eruptions have been
recorded in 1945 and 1958 (Coats, 1950; Miller
et al., 1998). Both of these 20th century eruptions
were effusive in nature and involved extrusion of
blocky basaltic lava flows, with the 1958 flow tra-
versing nearly the entire span of the caldera to
impound a lake against the far wall. Minor ex-
plosive events, originating from Cone A, were re-
ported by pilots in 1981, 1983 and 1987 (Simkin
and Siebert, 1994; Miller et al., 1998).

The latest eruption began around February 11,
1997 when pilots observed steam and a possible
ash plume originating from inside the caldera
(McGimsey and Wallace, 1999). Moderate Ha-
waiian and Strombolian activity and small ash
plumes emanating from Cone A on February 13
were confirmed by additional pilot reports and
satellite imagery. On February 20, Fort Glenn
ranchers observed a red glow reflected off clouds,
indicating lava effusion, and several days later a
rancher climbed to the rim to observe a flow ex-
tending approximately 1-1.5 km. The thermal

anomaly in AVHRR imagery continued to en-
large in size, eventually covering much of the cal-
dera. NOAA researchers photographed the flow
on February 28, at which point one lobe of the
compound flow extended almost 6 km. On March
11, a pilot observed an ash plume up to 9 km, the
highest of the eruption, leading to an air traffic
advisory. By March 27 visual observations indi-
cated that activity had declined markedly, and
this was confirmed by satellite imagery. Major
activity had ceased by mid April according to
pilot reports, satellite imagery, and observers on
the ground while steam emissions and occasional
minor ash explosions occurred for several more
months. Products of the eruption included several
ash plumes and associated ash-fall, and the 6 km
long basaltic a’a lava flow, composed of two ma-
jor lobes (Figs. 2 and 3). The first (east) lobe ex-
tended to the base of and slightly beyond Cone D,
while the second (west) lobe traveled along the
base of Cone E.

3. Pre-eruption imagery

Pre-1997 data were used to assess the state of
the caldera before the eruption. Multispectral

Second lobe

First lobe

Cone F
Q@

Cone A

Minor
lobe

Fig. 2. Features of Okmok caldera. The panchromatic Band 8 Landsat 7 ETM+ image on the left offers a detailed view of the
volcano. On the right is a simple map of the equivalent area showing the major features, and the major lobes of the 1997 flow.
The first lobe flowed until it compressed against the terrace at the base of Cone D. The second lobe skirted the base of Cone E.
A minor lobe, extruded in the very initial stages of the eruption, traveled a short distance west of Cone A.
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Fig. 3. Photographs of the 1997 eruption and flow. (A) Lava fountaining inside Cone A on February 28, 1997. Courtesy of John
Sease, NOAA. (B) Flow front of the second lobe of the 1997 flow. Backpack for scale. Courtesy of Doerte Mann, AVO. (C)
View down the nascent first lobe, towards Cone A, on February 28, 1997. Note extensive steaming at the flow front. Courtesy of
John Sease, NOAA. (D) Distal ends of the second lobe (foreground) and first lobe (background), looking towards Cone D from

Cone E.

(Landsat MSS) and SAR (ERS-1 and ERS-2) im-
agery afforded views of the caldera floor showing
the 1958 and 1945 flows, and permitted us to see
what surfaces were later inundated during the
1997 eruption. The 1995 ERS-2 image (Fig. 4)
shows a large high-backscatter portion within
the caldera extending from the southwest (near
Cone A) to the northeast (near the outlet of the
caldera). This region of high backscatter coincides
with a lava flow field composed of the 1958 and
1945 flows, the latter shown on Byers’ (1959) geo-
logic map. The 1958 flow forms the bulk of this
area, and is fringed on the east by the narrow
1945 flow. Comparing the known position of the
1997 flow (Fig. 2) to the 1995 ERS-2 image, it is
clear that the 1997 flow moved directly over the
existing lava field, following the same route of the
other recent flows down the prevailing NE-trend-
ing slope.

Lu et al. (in press) produced a series of four
DEMs from a total of eight ERS-1 and ERS-2
images acquired between August 1993 and Octo-
ber 1995. In order to eliminate errors unique to a
single DEM, a baseline-weighted approach was
used to combine the four individual DEMs into
a single composite DEM.

4. Co-eruption imagery

With large-scale effusion lasting just one
month, the available imagery covering the effu-
sion period was limited. AVHRR data provided
the best coverage due to its relatively high tempo-
ral resolution (up to eight passes daily over the
Aleutians) at 1.1 km spatial resolution at nadir
(Table 1; Kidwell, 1991). These data are received
by a ground station at the Geophysical Institute,
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Fig. 4. ERS-2 SAR image of Okmok Volcano, from October
26, 1995. Cone A is visible in the SW corner, and the long
1958 flow can be seen traversing nearly the entire diameter
of the caldera. The 1945 flow comprises a sliver of lava on
the east side of the 1958 flow.

University of Alaska Fairbanks, in real time
(Dean et al., 1998; Dehn et al., 2000). One or
two Landsat Thematic Mapper scenes (with a re-
peat period of about 16 days) should have been
available during the eruption, however, TM data
were not archived over the Aleutian arc for most
of the 1990s. Geostationary Operational Environ-
mental Satellite (GOES) data are received at a
frequency of 15 min at AVO, but the oblique
look angle at high latitudes renders a pixel size
much larger than the nadir dimension of 4 km.
Though effective at characterizing large ash
plumes, GOES data did not prove useful for sur-
face temperature measurement in this study be-
cause of the excessively large pixel size. Finally,
no SAR imagery was acquired over the caldera
during February or March. As a result, AVHRR
was our sole source of information during the
effusion period.

The AVHRR data were analyzed in two ways.
First, the morphological aspects of the thermal
anomalies were examined. Second, a time series
of maximum band temperature in each image
was produced and analyzed.

4.1. Morphology of the thermal anomalies

The five spectral channels of AVHRR span the

visible, near-infrared and thermal infrared por-
tions of the spectrum (Table 2). We concentrate
on Band 3 (3.55-3.93 um) and Band 4 (10.4-11.4
um), as these bands are closest to the peak emit-
tance wavelengths of active lava and cool ground,
respectively. Fig. 5 shows the relationship between
the area of active lava in a pixel and the resulting
pixel-integrated temperature, which is the result of
an area-weighted average of background radiance
(background temperature is 0°C in Fig. 5) and
lava radiance. Three values are shown for lava
surface temperature, which span the range of pos-
sible values for average lava surface temperature
(which itself is an area-weighted composite of the
radiance of incandescent cracks and cooling
crust; Crisp and Baloga, 1990). A temperature
of 1000°C would approximate a fully incandes-
cent surface, while a value of 250°C would repre-
sent an a’a lava surface with a well-developed
crust (Crisp and Baloga, 1990). Since Band 3 is
highly sensitive to radiance from hot surfaces
(hundreds of degrees Celsius), very little of the
hot surface is required to produce a pixel-inte-

AVHRR Band 4

AVHRR Band 3
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Fig. 5. Sensitivity of AVHRR Bands 3 and 4 to high-temper-
ature surfaces. For an assumed background temperature of
0°C, the pixel-integrated temperature is shown here for three
high-temperature surfaces (1000, 500, 250°C), for both Bands
3 and 4. Band 4 requires a much higher percentage of hot
material than Band 3 (two orders of magnitude for
Ty =1000°C) for a given pixel-integrated temperature. Band
4, therefore, is better suited to study areal extent of erupting
lava. Band 3 tends to reach saturation (~ 50°C) for even
very small areas of hot material, rendering it less useful.

-
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grated saturation temperature of 50°C (Harris et
al., 1997b). Pixels which are highly radiant in
Band 3, therefore, may contain only minuscule
portions of hot material, meaning the size of the
Band 3 anomaly may be a vast overestimate of
the area of active lava. Band 4, however, is less
sensitive than Band 3 to high-temperature radi-
ance and requires much more hot surface area
to significantly elevate the pixel-integrated tem-
perature, leading to the Band 4 anomaly size
being a more accurate representation of recently
emplaced lava coverage. It is not the aim here to
measure lava flow area from pixel counts, as
warned against by Harris et al. (1999) for a vari-
ety of reasons including pixel footprint overlap,
but rather to simply estimate the rough extent
of the lava using the radiant response of the pix-
els.

Fig. 6 shows the spatial variations of the ther-
mal anomalies in selected AVHRR imagery. The
eruption began without measurable precursory
thermal activity on February 13, with a Band 3
thermal anomaly just a few pixels in size. No
Band 4 anomaly was evident at this point, attest-
ing to the superiority of Band 3 for detecting
eruption commencement involving emergent ther-
mal features. Harris et al. (1997c) have also
shown that infrared satellite imagery can be ex-
tremely effective at detecting eruption onsets. The
Band 3 anomaly had enlarged significantly by
March 7, and a small Band 4 anomaly appeared.
In both bands, elongation of the anomaly was
generally directed to the northeast of Cone A,
indicating growth of the first lobe. The February
28 visit by NOAA personnel confirmed that at
least up to February 28, only the first lobe was
extruding (Fig. 3C). By March 11, the Band 3
anomaly had increased in size and the Band 4
anomaly had lengthened, from further growth of
the first lobe. On March 12 the Band 3 and 4
anomalies widened and extended more to the
north of Cone A, which we interpret to represent
eruption of the second lobe. This is supported by
the March 11 pilot report of the highest ash
plume of the eruption occurring on this date,
pointing to a major effusive event around this
time. In subsequent images, the pixel tempera-
tures over the first lobe remained elevated, sug-

gesting this lobe remained active during the erup-
tion of the second lobe. By mid March the
anomaly reached its maximum size and large-scale
effusion appears to have ended, and was certainly
over by March 25. The anomaly then began rap-
idly diminishing in intensity as a result of cooling
of the flow surface (Patrick et al., in review).
Faint thermal anomalies were observed regularly
throughout the next 6 months, with the last re-
corded anomaly of 1997 occurring in October.

4.2. AVHRR maximum temperature time series

The sequence of the eruption is also expressed
in time series plots of the maximum pixel-inte-
grated radiant temperature at the volcano in
Bands 3 and 4 (Fig. 7). These values were ex-
tracted manually from all cloud-free, nighttime
images over the volcano, as opposed to the auto-
mated technique (Dean et al., 1998; Dehn et al.,
2000) which occasionally registers cloud-top tem-
peratures. Temperature values are calculated by
inserting the at-satellite radiance into the inverse
Planck function, and are meant only to be ap-
proximations of the integrated surface tempera-
ture as they lack atmospheric and emissivity cor-
rections. The Band 3 values show a sudden rise in
maximum temperature on February 13 resulting
from the first scene with anomalous activity and
represent the onset of the eruption. The temper-
atures rise from background (around 5°C) to ap-
proximately 49°C, which marks the sensor satura-
tion point in Band 3 (Harris et al., 1995). Band 4
values drop around March 25, while Band 3 val-
ues drop approximately 2 weeks later, around
April 10. Determining the point at which large-
scale effusion ceased once again requires consid-
eration of the differential sensitivity of Bands 3
and 4 to high temperatures. Because Band 3 is
more sensitive to extremely small, high-tempera-
ture targets, it would more readily respond to the
minor near-vent activity which was observed by
pilots around Cone A following lava emplace-
ment. The Band 4 data, however, will experience
very little response from the vent activity due to
the small areas involved. In this case, the drop in
maximum Band 4 temperature will more likely
represent cooling of the flow surface and the
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Feb 13: Start of
eruption

Mar 7: Eruption of
first lobe

Mar 11: Lengthening
of first lobe

Mar 12: Eruption of
second lobe

Mar 25: End of
eruption

Fig. 6. Chronology of the eruption in AVHRR. The first thermal anomaly in AVHRR appeared in an image acquired at 1350
UTC on February 13. The anomaly is just a few pixels in size in Band 3, with no significantly anomalous pixels in Band 4. By
March 7, the Band 3 anomaly had enlarged significantly and anomalous radiance had emerged in Band 4. Notice the Band 4
anomaly is limited to the area northeast of Cone A, representing eruption of the first lobe. On March 11 the Band 3 anomaly
had enlarged further, and the Band 4 anomaly had lengthened but was still directed northeast of Cone A. March 12 marked a
change in the shape of the anomaly. The Band 3 anomaly is roughly similar to the March 11 anomaly in size, but the Band 4
anomaly had widened, extending more to the north than the previous day. This change in shape size of the Band 4 anomaly
marks the beginning of eruption of the second lobe. By March 25, the Band 3 and Band 4 anomalies had decreased in size and
intensity, indicating that large-scale effusion had ended and the flow had begun cooling.

end of large-scale effusion around March 25, by March 27. Relating these data to the visual
agreeing with the date determined by the spatial observations, it appears that for this eruption
inspection of the anomalies in Section 4.1. This there were essentially two stages to eruption ces-
also agrees with visual observations from the sation. The first entailed the end of large-scale

ground pointing to large-scale activity declining effusion, when lava was no longer being erupted,
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Fig. 7. Maximum band temperature in each nighttime, rela-
tively cloud-free AVHRR image acquired during the eruption
and subsequent cooling period. Temperatures in Band 3,
which are sensitive to very small amounts of high-tempera-
ture material, rose dramatically on February 13 marking the
start of the eruption. Band 3 immediately reached saturation
(~50°C). Band 4, requiring more area of hot material to
raise its temperature, approached its saturation (~ 60-70°C)
only when the flow attained its maximum size towards the
end of the eruption (~ March 20). At this point, Band 4 val-
ues dropped marking the end of lava effusion. Band 3 tem-
peratures remained elevated until April 10 due to events at
Cone A. From about March 25 onward, the bulk of the lava
flow began cooling.

and the second involved the end of remnant high-
temperature activity that was observed near the
vent. While the extreme sensitivity of Band 3 is
useful for determining the absolute end of the
latter, as shown by Aries et al. (2001), this case
demonstrates that Band 4 data better represent
changes in large-scale effusive behavior. The end
of effusion is a more relevant parameter for our
purposes here, and probably more relevant in gen-
eral, compelling a re-examination of the utility of
Band 3 data for eruption cessation. The anomaly
steadily declined in intensity throughout the
summer and by October had diminished to within
a few degrees of background, being barely visible.

Using time series of both the imagery and their
extracted maximum temperatures the rough chro-
nology of the eruption was determined from our
AVHRR data collection. Activity began suddenly
around February 13 with the eruption of the first
lobe, and it appeared to be fed throughout the

majority of the eruption. This activity escalated
until the eruption of the second lobe around
March 12, enlarging the flow field and the resulting
thermal anomaly. By March 25, large-scale lava
effusion had ceased and the flow began cooling.

5. Post-eruption imagery

High-spatial-resolution imagery permitted a de-
tailed assessment of the post-eruptive landforms
in Okmok caldera. SAR and Landsat ETM+ im-
agery were used to investigate the extent of the
lava flow, and a high-resolution AirSAR DEM
was used to measure lava surface features.

5.1. SAR data

An ERS-2 image, acquired on April 3, 1997
provided the first high-resolution view of the
new lava flow (Fig. 8). Along with subsequent
SAR imagery that year, the image clearly showed
the two-lobed flow extending to the northeast of
Cone A, approximately across two thirds of the
length of the caldera. The April SAR images,
from both ERS-2 and Radarsat sensors, show
the 1997 flow exhibiting a higher level of back-
scatter compared to the 1958 flow. ERS-2 and
Radarsat imagery from two to three months later
(midsummer) lack this contrast, and show virtu-
ally no backscatter difference between the 1958
and 1997 flows, suggesting the differing level of
backscatter in the April scenes was due to differ-
ences in snow cover. Confirming this, aerial pho-
tographs from an April overflight show a contin-
uous blanket of snow covering all of the caldera
with the exception of the newly formed, and still
warm, 1997 flow. A similar condition was ob-
served in a March 19, 1992 SAR image over the
newly erupted lava flow at Westdahl volcano in
the Aleutian Islands (Dean et al., 2002b).

The JERS image (Fig. 8), at 24 cm wavelength
(L-band), shows particularly high backscatter
contrast between lava (the 1997, 1958 and other
flows) and the remainder of the caldera surfaces,
which are primarily composed of ash and alluvi-
um. The C-band data (ERS-2 and Radarsat) lack
such contrast between lava and ash/alluvium, con-
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Fig. 8. Post-eruption SAR imagery. An ERS-2 SAR image
(top), acquired on April 3, 1997, was the first SAR image to
be acquired after the eruption. The 1997 flow exhibits higher
backscatter than other features in the caldera, as well as the
other recent lava flows, due to its absence of snowcover. A
JERS-1 SAR image from November 5, 1997 (bottom), shows
the high backscatter for all the recent lava flows compared
to the rest of the caldera, due to differences in surface rough-
ness.

sistent with the observations of Gaddis (1992) at
Pisgah volcanic field. Backscatter is a function of
a number of factors, including roughness, slope,

dielectric properties, and instrument parameters
such as wavelength, polarization and incidence
angle. With other factors being equal, surfaces
with a large amount of wavelength-scale rough-
ness features will exhibit higher backscatter. Gad-
dis (1992) found that L-band data provided the
best discrimination of lava flows due to the range
of roughness dimensions on pahoehoe and a’a
flows. Whereas most of the surface in the Pisgah
volcanic field were uniformly rough at 5.6 wave-
lengths, making them less distinct in C-band im-
agery, scattering differences in L-band imagery
were more pronounced. The situation appears to
be similar in our collection of SAR data over
Okmok.

Variations in backscatter have been investi-
gated as a tool to garner relative ages of lava
flows under the premise that older, more weath-
ered lava flows will have a measurable difference
in surface roughness compared to newly effused
flows (Dean et al., 2002b; Gaddis, 1992). Gaddis
(1992), however, warned that simply comparing
backscatter returns may yield ambiguous results
if emplacement textures and modification process-
es are not considered. For recent lava flows with
similar morphology, backscatter has been shown
to generally decrease with age (Dean et al.,
2002b). It is interesting to note, therefore, that
in the JERS imagery there is only the most subtle
difference in backscatter between the 1997 and
1958 flows, suggesting that in this environment a
weathering period of 40 years may be close to the
threshold for producing noticeable backscatter
differences.

5.2. Landsat 7 ETM+

The panchromatic Band 8 (15 m pixel size), as
well as the several bands at 30 m pixel size, on the
ETM-+ sensor provided a reasonably good view of
the areal extent of the flow (Fig. 2). This image,
along with the NOAA overflight photos, was used
to delineate the two main lobes and determine
their respective length and area. The first lobe
extends approximately 6.0 km northeast of Cone
A, wrapping around the terrace at the base of
Cone D. The second lobe extends 5.1 km in a
more northerly direction. A subordinate lobe ex-
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tends just 1.4 km northwest of Cone A. Topo-
graphical constraints on the flow are also well
exhibited. The first lobe appears to have been
ponded against the terrace at the base of Cone
D, around which it was partially diverted. The
second lobe encountered a series of small pyro-
clastic cones at its distal end that successively bi-
furcated the flow front, resulting in a multi-fin-
gered terminus. Using the ETM+, we determine
the total lava flow area to be approximately 8.86
km?, of which the first lobe comprises about 5.29
km?2, the second lobe 3.31 km?, and the subordi-
nate lobe about 0.26 km?.

5.3. AirSAR DEM

The AirSAR radar data used here were ac-

quired by the TOPSAR sensor, which is a two-
antenna system flown aboard a DC-§ aircraft at
approximately 9 km asl. The baseline of the two
antennas is 2.5 m, and the radar look angles range
between 30° and 55° of vertical (Lu et al, in
press). The data were collected at C-band (wave-
length of 5.7 cm) operating at 40 MHz range
bandwidth. The resulting DEM has a pixel size
of 5 m, and an RMS height error of about 1-
3 m (Zebker et al., 1992; Madsen et al., 1995).
The high spatial resolution and small vertical
error in the DEM allowed a high-precision exami-
nation of the surface topography of the 1997 flow
(Fig. 9). The most notable feature uncovered with
these data was the large channel system that fed
the first lobe (Fig. 9B). The main channel extends
at least one half the total length of the first lobe,

Fig. 9. Perspective views of the 1997 flow. (A) Merge of Landsat 7 ETM+ and 5-m AirSAR DEM. This view looks up Crater
Creek, the entrance into the caldera, directly towards Cone A. The relatively fresh lava of the 1997 flow exhibits slightly less al-
bedo, resulting in its darker shade in this image. Arrows and letters show the viewing direction of subfigures B-D. (B) Looking
up the proximal half of the first lobe towards Cone A, the main channel is evident. Levee heights approach 10 m. (C) From
Cone D, the impressive expanse of the first lobe is clear. In the foreground area, the flow approaches a thickness of 50 m. (D)
The second lobe bifurcated at its flow front when it encountered a series of small hills.
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and no doubt facilitated the extreme thickening of
the distal end. The channel width averages ap-
proximately 200 m and levee heights extend up
to 10 m. Distinct levees are present on the second
lobe only at the very proximal portions, within
1 km of Cone A, where underlying slopes are very
steep (6-17°). Subtle levees exist on the remainder
of the second lobe where the slope is more sub-
dued (1-3°), but do not exceed 4 m in height.
Another significant feature of the 1997 flow is
the apparent layering that is present in the first
lobe. Particularly visible at the very distal por-
tions of the first lobe, the flow exhibits a thin first
layer (~5-10 m) overlain by a more massive top
layer (often greater than 10 m) that does not com-
pletely cover the first layer. Comparing the
NOAA overflight photos with the spatial extent
of the first and second layers, it appears that at
least the first layer was largely emplaced by the
time of the photos (February 28). The main chan-
nel, well established at this point, then continued
to supply the overriding layers.

6. Analyses

These initial observations from the imagery
provide a rough sequence of events and a context
into which we can place a more refined analysis of
the eruption. In particular, we were interested in
using our pre- and post-eruption DEMs to exam-
ine the 1997 lava flow in three dimensions, as well
as extracting as much information as possible
from the AVHRR radiance data to determine a
quantitative chronology of the eruption.

6.1. DEM subtraction

Accurate thickness data, incorporated with the
Landsat 7 ETM+ image, provided an estimate for
the overall volume of the flow, and were used to
judge the accuracy of the AVHRR-derived effu-
sion rates (Section 6.2). Until recently, an accu-
rate estimate of the variations in thickness of the
1997 flow was lacking, as only a few field mea-
surements had been made of the margin height in
the years following the eruption. Furthermore, no
post-eruption DEM existed and the pre-eruption

DEMs were of low resolution. Fortunately, the
newly produced aforementioned pre- and post-
eruption DEMs are of sufficient precision for
quantitative comparison. Lu et al. (in press) sub-
tracted the pre-eruption DEM from the post-
eruption DEM to produce a map of lava flow
thickness (Fig. 10). Considering the areal extent
of the flow calculated from Landsat 7 ETM+ im-
agery along with this thickness map, they deter-
mined the total volume of the lava flow at 1.54
(£0.25)x 108 m>.

The difference in thickness between the first and
second lobes is immediately obvious. Whereas the
second lobe does not exceed 30 m in thickness, the
first lobe ranges up to 50 m (Fig. 11). Of the total
lava volume, approximately 70% is comprised by
the first lobe while it accounts for 60% of the total
lava area. The extreme thickness of the distal end
of the first lobe, adjacent to the base of Cone D,

Fig. 10. Thickness of the 1997 lava flow in meters from Lu
et al. (in press). These values were produced by a subtraction
of the pre-eruption DEM from the post-eruption DEM. The
thickness map shows the striking difference in thickness be-
tween the first and second lobes, as well as the extreme
thickening that occurred at the distal portion of the first lobe
due to lava ponding. The dotted lines refer to profiles in
Fig. 11.
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Fig. 11. Thickness profiles for the 1997 lava flow. Profiles
A-A’ and B-B’ are along the course of the flow, while C-C’
cuts across the flow — see Fig. 10 for locations. The first lobe
reached nearly 50 m in thickness, while the second lobe did
not exceed 30 m in thickness. The extreme thickening of the
first lobe was largely due to a pre-eruption depression (see
C-C’) near Cone D.

is impressive in itself. Analysis of the pre-eruption
DEM indicates a large depression at this location,
indicating that ponding was the main thickening
mechanism. Surface folding at this distal end sug-

gests that compression against the Cone D terrace
also contributed to thickening. Thickness values
up to 50 m are particularly surprising considering
that the maximum flow margin thickness, mea-
sured in the field in August 2001, does not exceed
20 m. The DEM-derived thickness map, therefore,
with its consideration of the now hidden pre-erup-
tion topography, was absolutely essential for ac-
curate thickness estimates.

6.2. AVHRR effusion rate calculations

Radiant heat flux was calculated from AVHRR
imagery in order to quantitatively assess the erup-
tion. Only nighttime, relatively cloud-free images
with scan angles less than 40° were used for this
purpose. From a total of over 250 images span-
ning the estimated length of the eruption (Febru-
ary 13-March 25), these criteria reduced the num-
ber to 14 useable images. Anomalous pixels in
these images were defined as those having a
brightness temperature of 10°C or more over
background. To convert the at-satellite radiance
to ground surface radiance, we corrected for
transmissivity of the atmosphere and emissivity
of the surface, as well as upwelling atmospheric
radiance. Reflected radiance was assumed to be
negligible in these nighttime images. The MOD-
TRAN 4 model (Berk et al., 1999) was used to
estimate transmissivity and upwelling radiance,
using a sub-arctic winter atmosphere. Emissivity
of the surface was assumed to be that of basalt, at
0.95 (Salisbury and D’Aria, 1994).

Harris et al. (1997a, 1998, 1999) demonstrated
that relatively accurate effusion rates can be esti-
mated using thermal satellite imagery. Wright et
al. (2001a) showed that the results of this ap-
proach are actually indicative of lava flow area,
and not necessarily instantaneous effusion rate.
The good agreement in Harris et al. (1997a,
1998, 1999) between satellite-based effusion rates
and field-measured values was due to the strong
empirical correlation between eruption rate and
lava area (Pieri and Baloga, 1986), and not the
postulated link between satellite-derived thermal
losses and actual lava flux. Regardless of its the-
oretical basis, the method of Harris et al. (1997a)
has provided reasonably accurate effusion rates,
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and understanding the aforementioned limita-
tions, we use it to garner a rough estimate of
eruption rates in order to fill in the basic lack of
knowledge on this parameter.

Using the method of Harris et al. (1997a), erup-
tion rates were calculated using the selected
AVHRR imagery described earlier (Fig. 12). In
the approach, the total heat flux (both radiant
and convective) is calculated and assumed to be
balanced with the heat released through lava cool-
ing, revealing mass flux (effusion rate). The effu-
sion rate is given by:

_ Qlava + Qconv
' PICAT + ¢ci]

where Qpva and Qcony are the radiative and con-
vective heat flux, p, Cp, cL, ¢ are density, specific
heat, latent heat of crystallization, and the frac-
tion of crystallization of the lava, respectively,
and AT is the change between effusion tempera-
ture and solidus. The values adopted for each var-
iable are shown in Table 3. Radiative heat loss is
given by:

Qlava = Z(O'SAx[chTgx =+ Phx Tﬁx])
x=1
where o is the Stefan-Boltzmann constant
(5.67x1078 W m~2 K™*), £ is emissivity, Tiyx
and T are the temperatures for the molten and
crusted parts of the flow surface in each pixel, and
pnx and pe are their respective fractional areas.
Convective heat loss is given by:

Ocony = 0.14 A1k (gap /1K) AT

where Aj.y, 1s area of the lava, g is the accelera-
tion due to gravity (9.8 m/s?), k, o, p, u, k are the
thermal conductivity, cubic expansivity, density,
dynamic viscosity, and thermal diffusivity of air
at the mean temperature of air and lava.

The results show an increase of effusion rate
between February 13 and March 24, correspond-
ing to enlargement of the thermal anomaly and
growth of the first lobe (Fig. 12). This rise is in-
terrupted by a sharp spike of high values around
March 12 and March 13, agreeing with our mor-
phological inspection (Section 4.1) for the time of
eruption of the second lobe. After March 24, val-
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Fig. 12. Effusion rate calculation results. Although Wright et
al. (2001a) have shown this space-based effusion rate calcula-
tion approach to be indicative of active lava area rather than
instantaneous effusion rates, we used the technique to see if
plausible estimates could be garnered. Calculations were per-
formed using three assumed values for the temperature of
the cooling crust. Unfortunately, the substantial ponding of
the first lobe resulted in effusion rate results being incorrect
by almost an order of magnitude. Still, the trend of the erup-
tion is shown well, with the distinct rise and gradual increase
in effusion, interrupted by a spike of high values which cor-
responds to the time of eruption of the second lobe. After
March 25, the values drop dramatically, representing the end
of the eruption.

ues decrease dramatically indicating the end of the
eruption.

Integrating these effusion rates produces total
volume estimates ranging between 3.3x 107 m?
for T,=100°C and 7.2x 107 m? for T,=500°C,
which are, at best, approximately one half the
erupted lava volume determined by the DEM-
produced thickness map. Indeed, to produce the
thickness-derived volume the average eruption
rate would have to be approximately 46 m?3/s for
an eruption duration of 39 days (February 13-
March 24), which is much higher than the average
effusion rate determined from satellite imagery
(~8-16 m’/s). One or more of the following
causes may be responsible for this discrepancy:

(1) A portion of the difference can be attributed
to the volume difference between dense rock and
bulk rock, with the former being representative of
the lava in the effusion rate calculations, and the
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latter being the lava analyzed in the DEM sub-
traction. Using a generic correction factor of 25%
volume reduction from bulk rock to dense rock
(Rowland et al., 1999; Wolfe et al., 1987), a vol-
ume of 1.16x10® m? can be estimated for the
dense rock equivalent of the DEM subtraction.
While closer to the effusion rate volume results,
this value is still almost two times higher than the
maximum volume estimated with that method.

(2) A plausible source of error in the effusion
rate calculations originates from this method’s
link to lava area rather than actual volume flux
(Wright et al., 200la). In the case of the 1997
Okmok flow, substantial ponding at the distal
end of the first lobe resulted in a lava flow surface
area disproportionate to lava flux, leading to a
breakdown in the Harris et al. (1997a) method.
The lower than expected volume calculated here
by their method can be explained by the flow sur-
face area being smaller than that which would
have occurred if the flow had been unimpeded.
This phenomenon should be considered for future
applications of the method on ponded flows.

(3) Harris et al. (2000) discuss another impor-
tant reason as to why time integration of the ef-
fusion rate values may not produce realistic vol-
ume estimates. Due to the limited frequency at
which the satellite data is acquired, whether due
to the inherent repeat period of the satellite or the
availability of cloud-free views, the imagery may
not sample representative instances of the effusive
behavior. It is possible that anomalously high ef-

fusion rates may have occurred between satellite
passes. The integration, and subsequent averaging
of effusion rate values between sample points,
would result in a lower volume estimate. This is
especially relevant to the results here, where the
lack of cloud-free scenes due to the ubiquitous
cloud cover in the Aleutians has reduced the num-
ber of useable scenes to just 14 over the course of
60 days.

(4) AVHRR Band 3 is highly prone to satura-
tion, reaching a maximum at a pixel-integrated
temperature of about 49°C (Harris et al., 1995).
In the 14 images that were used for the effusion
rate calculations there was a total of 260 anom-
alous pixels, and of these, 126 were saturated in
Band 3. The method of Harris et al. (1997a) does
not disregard these pixels, but rather relies on the
Band 4 data only. When using just one band,
however, the unknowns must be reduced, and
this is accomplished by assuming that the radiant
contribution of the hot component (p,) is insig-
nificant in Band 4 due to its typical small size.
This assumption is generally valid, but invites
the possibility of error should the hot component
area be larger than expected.

6.3. Flow-limiting factors

The thickness map (Fig. 10) and Landsat 7
ETM+ image (Fig. 2) indicate that the first lobe
attained its impressive thickness through a combi-
nation of ponding in a pre-eruption depression

Table 3

Effusion rate variables

Lava

Density* P
Specific heat capacity® Cp
Latent heat cL
Fraction crystals 1]
Temperature change AT
Emissivity £
Air

Thermal conductivity
Cubic expansivity
Density

Dynamic viscosity
Thermal diffusivity

AED Q

1950 kg/m?
860 J/(kg K)
290000 Jikg
0.35

150 K

0.99

2.43E+04 W/(m K)
0.00371 K™!
1.278 kg/m?
1.72E+09 N s/m?
1.92E+07 m?/s

4 Vesicle-corrected.
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and compression against the Cone D terrace, and
these mechanisms ultimately inhibited the forward
progress of the flow front. The second lobe, how-
ever, did not encounter a substantial pre-eruption
depression and could thus be either volume-lim-
ited or cooling-limited. To determine the limiting
factor, we used the Gratz number and flow front
cooling calculation to characterize the state of the
lobe upon its termination (Wright et al., 2001b;
Pinkerton and Wilson, 1994). Due to the uncer-
tainty in many of the input variables, we solved
over a range of plausible values. To be cooling-
limited, the flow front would require sufficient
time to solidify, and this time span can be esti-
mated by (Kilburn, 2000):

(S/pg)(pCp/eaT?)
sinf8

=

where S is the energy per unit volume for failure
(2Xx10* Pa), p is the density of the lava crust
(2000 kg/m?, considering vesicles), g is the accel-
eration due to gravity (9.81 m/s?), C, is the spe-
cific heat capacity (1150 J/kg), € is the surface
emissivity (0.9), o is the Stefan-Boltzmann con-
stant (5.67Xx 1078 W m~2 K™%), T is the eruption
temperature, and [ is ground slope (degrees).
Choosing a single value for ground slope is trou-
blesome, since the values range from 19° (proxi-
mal) to less than 1° (distal) (Fig. 11). Slopes great-
er than 3°, however, are limited solely to the first
kilometer of the flow, suggesting it may be suit-
able to solve for two mean slope values: the total
mean (4.2°) and the mean for distances between 1
and 5 km (1.8°). Furthermore, since eruption tem-
perature is not well known, we solved between
1300 K and 1400 K. For a temperature of 1300
K, the flow front solidification time is 7.7 days for
a mean slope of 1.8°, and 3.3 for a mean slope of
4.2°. For a temperature of 1400 K, the solidifica-
tion time is 6.2 days for a mean slope of 1.8° and
2.6 days for a slope of 4.2°. Due to the absence of
high-resolution imagery acquired during the erup-
tive period, there is no way to establish precisely
the effusive duration of the second lobe, but the
AVHRR imagery limits it to less than approxi-
mately 14 days.

We then calculated the Gratz number, which is

used to characterize the amount of heat con-
ducted from the interior of the flow. Cooling-lim-
ited flows have been shown to have Gratz num-
bers around 300 (Pinkerton and Wilson, 1994). Of
the several ways to calculate the Gratz number,
we chose the form best suited to the information
available to us:

Gr = (nd)?/xt

where d is the mean flow thickness (~15 m for
the second lobe), n=d./d where d. = 2w.d)/(w.+d)
and w, is the mean channel width, xis the thermal
diffusivity, and ¢ is eruptive duration. Solving over
a range of channel widths (100-200 m, based on
the DEM) and eruption durations (1-15 days)
produces a maximum Gratz number of 12877
and minimum of 750, far above the expected
Gratz number of ~ 300 for a cooling-limited flow.

The high Gratz numbers indicate that a cool-
ing-limited situation was improbable, and, there-
fore, the flow was likely volume-limited. In this
case, flow front solidification would not have
been a limiting factor and our calculations suggest
that emplacement occurred in less than 3-8 days,
which is well within the 14-day maximum time
period established by AVHRR. If volume-limited,
and if emplacement took place within 8 days, then
the second lobe may have been starved of its lava
supply before the end of the eruption, while the
first lobe continued to be fed. This situation is not
unreasonable, as analysis of the co-eruptive pho-
tographs shows that the first lobe and a small
initial lobe of lava that would later be overrun
by the second lobe were each supplied by inde-
pendent clefts in Cone A. Thus, it is conceivable
that the spillway feeding the second lobe became
inactive or was blocked, while that supplying the
first lobe remained active and clear.

7. Conclusions

Integrating satellite data from various sensors
allowed a detailed examination of the eruption
and its lava flow that would not have been possi-
ble otherwise. AVHRR data were used to create a
time series of the flow growth and effusion rates,
and to determine the time of extrusion of the first
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and second lobes. The AirSAR DEM, in conjunc-
tion with a pre-eruption ERS SAR-derived DEM,
provided a detailed map of flow thickness and
lava volume, as well as lava surface morphology.
SAR and Landsat ETM+ imagery were used to
determine the precise aerial extent of the flow.

The important information extracted from
these images includes the timing of the eruption
phases, the extent and characteristics of the flow
and the total volume of the lava. From an erup-
tion start around February 13, activity increased
until around March 25, punctuated by eruption of
the second lobe around March 11. The resulting
flow covered approximately 8.9 km?, and differed
in nature between its two main lobes. The first
lobe exhibited substantial channeling and ponded
in a pre-eruption depression to reach a thickness
of about 50 m. The second had subdued channel-
ing and did not exceed 30 m in thickness, and
was probably volume-limited. The total bulk
lava volume was approximately 1.54 (£0.25)X
108 m3.

Whereas satellite data have traditionally proven
a useful supplement to other monitoring tech-
niques, this study demonstrates how the data
can be used to effectively track and measure effu-
sive activity in the absence of ground-based data.
Lascar volcano is another example of the stand-
alone utility of remotely sensed data. Due to its
isolated setting, much of what is known of its
effusive and explosive activity over the past 25
years has been constrained solely from remotely
sensed data (Oppenheimer et al., 1993; Wooster
and Rothery, 1997; Matthews et al., 1997; Glaze
et al., 1989).

The AVO’s seismic network currently covers 25
volcanoes, leaving approximately 16 active volca-
noes which must be monitored solely with satellite
imagery. The eruption of Mt. Cleveland, another
volcano lacking seismic coverage, in February
2001 and the successful tracking of its dramatic
ash plume is another recent example of the effec-
tiveness of remote sensing for monitoring Alas-
ka’s active volcanoes (Dean et al., 2002a). Satellite
data provide easy access to the remainder of Alas-
ka’s remote volcanoes, and studies like this offer
methods to better understand their eruptive be-
havior and products.
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