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Abstract The 1998 eruption of Volcan Cerro Azul,
Isla Isabela, Galdpagos Islands, was observed in near
real-time by the Geostationary Operational Environ-
mental Satellite-8 (GOES-8) weather satellite. Due to
the remote location of the eruption site, 3.9-um radi-
ance values derived from GOES band 2 provide the
best timing of the start and termination of the erup-
tion, which occurred on 15 Sept. and 21 Oct., respec-
tively. Throughout the 36-day long eruption, a total of
1335 thermal infrared images were collected, of which
851 were cloud-free and permitted the thermal
anomaly to be detected. A detailed chronology includ-
ing 77 separate events was assembled from the GOES
data and field observations. Numerous attributes of
the eruption were observed from the GOES data,
including the sizes and dispersal of seven eruption
plumes and the occurrence and timing of intra-caldera
effusive activity. The growth of a lava flow on the SE
flank, the formation of smoke and volcanic haze from
the flank vent, and burning of vegetation caused by
lava flows entering vegetated areas were monitored
both on the ground and with the satellite data. In
most cases GOES images were processed as they were
received every 30 min and were then distributed over
the Internet within minutes of reception. These data
provided timely high-temporal information to field

Editorial responsibility: C. Newhall

Peter J. Mouginis-Mark (£)

Hawaii Institute of Geophysics and Planetology, and Hawaii
Center for Volcanology, University of Hawaii,

2525 Correa Road, Honolulu, HI 96822, USA

e-mail: pmm@pgd.hawaii.edu

Fax: +1-808-9566322

Howard Snell
Charles Darwin Research Station, Puerto Ayora, Isla Santa
Cruz, Galdpagos, Ecuador

Rachel Ellisor
Department of Geology, University of Idaho, Moscow, Idaho
83844, USA

parties as well as enabled the documentation of the
eruption. The GOES observations of Cerro Azul serve
as a further example of the way in which the remote
sensing community and field volcanologists can collab-
orate during future eruptions, and permit the temporal
and spatial resolution requirements for future satellites
systems to be better defined.
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Introduction

Prior to the 1998 event described herein, Volcan
Cerro Azul on Isla Isabela in the Galdpagos Islands
(0.90°S, 91.42°W; Fig. 1) last erupted in February
1979, with activity on the southeastern flank that
lasted several weeks (McClelland et al. 1989, p 532).
Monitoring of this 1979 eruption was difficult because
of the remote location of the volcano, which is
~30 km from the only inhabited part of the island and
is distant from the usual routes taken by tour boats.
Thus, when an eruption of Cerro Azul took place in
1998, a new opportunity arose to test the utility of
near real-time data from geostationary weather satel-
lites for volcano monitoring to complement ground
activities. Here we use data from the Geostationary
Operational Environmental Satellite (GOES) to doc-
ument the 1998 eruption of Volcan Cerro Azul, use
field observations made during the eruption to further
define the chronology of events, and provide a per-
spective on the future use of satellite observations in
documenting other similar eruptions.

The satellite data set

Harris et al. (1997, in press) have shown that GOES
data can be used for frequent observations of erupting
volcanoes. In the case of the 1998 Cerro Azul erup-
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Fig.1 Location map of the Galdpagos Islands (modified from
Rowland 1996) shows the approximate location of the Sept.
1998 Cerro Azul vent (asterisk). Islands are in shaded tone, with
subaerial contours at 200-m intervals. Bathymetric contours
(generalized) are at a depth of 100 m and then multiples of
1000 m. The town of Villamil is indicated by V. Insets show at
left the location of Ecuador in South America (arrow) and at
right the Galdpagos Islands (arrow) to the west of Ecuador
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tion, the GOES-8 satellite imaged the activity every
30 min. Only during special events, such as the pas-
sage of Hurricane Georges through the Caribbean and
SE United States in late Sept. 1998, was this routine
coverage interrupted in order to provide higher tem-
poral coverage over other portions of the GOES field
of view. As a result, fewer than ten daytime images of
the Galédpagos Islands were obtained on 21, 23, and 29

Fig. 2ab Some observations
of the eruption could be made
even when clouds covered
almost all of Isla Isabela. a In
this early morning band-1
scene obtained on 10 Oct.
1998 (06:28 local time), a
small plume has penetrated
the cloud layer. b The coinci-
dent band-2 thermal infrared
data show that the cloud was
sufficiently thin to enable the
thermal anomaly of the active
flow to be observed. The field
of view in both images is the
same as in Fig. 4

a)

Fernandina
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Sept. Images of the Cerro Azul eruption were proc-
essed and displayed within a few minutes of their
acquisition on the University of Hawaii’s web site
(http://volcanol.pgd.hawaii.edu).

Despite the high temporal coverage, there were
many days when few cloud-free images of the eruption
were obtained. Although there were many instances
when a thermal anomaly could be detected through
thin cloud (Fig. 2), approximately 36 % (484) of all
the scenes (day and night) could not be used due to
excessive cloud cover. Cloud cover also precluded the
acquisition of high-resolution (10-30 m/pixel) views of
the surface from the SPOT 4 and Landsat 5 spacecraft
during the eruption. In addition, no Local Area Cov-
erage (LAC) data were obtained by the Advanced
Very High Resolution Radiometer (AVHRR) instru-
ments on the polar-orbiting National Oceanic and
Atmospheric Administration (NOAA) weather satel-
lites, so that the GOES data presented here represent
the highest spatial resolution satellite data available
for this eruption.

Band 1 GOES data (0.52-0.72 um) are particularly
useful for the morphological analysis of plumes during
daytime, since these data have a spatial resolution of
1 km per picture element (“pixel”) and the plumes
can be easily identified by virtue of their high reflec-
tivity compared with that of the ocean. Although
GOES data collected between 3.78 and 4.03 pum (band
2) and 10.2-11.2 pm (band 4) have a spatial resolution
of 4 km/pixel, they are the most useful bands for
detecting effusive eruptions due to the high radiance
values (Harris et al. 1997; Harris and Thornber 1999).
A wide range of area/temperature combinations exist
for the surface that will saturate bands 2 and 4, but
the pixel-integrated saturation temperature for each
band is ~50°C (Harris et al. 2000). In instances where
the active lava flow occupies an area that is smaller
than the entire pixel, the subtraction of brightness
temperatures derived from band 4 from those derived
from band 2 highlights sub-pixel hotspots and reduces
the effects of solar heating (Harris et al. 1995, 2000).
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The GOES-8 satellite collected 520 visible and
thermal daytime images, and 815 nighttime thermal
images, during the 36-day eruption of Cerro Azul. For
correlation with field observations, the image acqui-
sition times given in this paper are local times (i.e.,
6 h behind Universal Time). These times have also
been corrected for the 13-min time difference between
the start of each new scene acquisition by the GOES
Imager (the image is constructed from scan lines that
start at the north pole) and the specific scan start time
for the latitude of the Galdpagos Islands.

Observations of the eruption

Table 1 provides a 77-point summary of the major fea-
tures of the eruption, including both satellite and field
observations. The eruptions took place within the
5-km diameter caldera, and on the eastern flank of
the volcano ~5.5 km from the eastern caldera rim.
Several lava flows were formed, the largest of which
was ~16 km long. This flow formed a broad flow
field ~2 km wide at the vent but narrowed to ~700 m
at its distal end.

Numerous features of the eruption were observed
in the GOES data, including eruption plumes, thermal
anomalies due to intra-caldera activity, and thermal
anomalies due to active lava flows on the eastern
flank. However, due to the low spatial resolution of
bands 2 and 4, the summit activity could not always
be identified as a separate event after the flank erup-
tion commenced. At some times either the caldera or
the flank were obscured by clouds, whereas at other
times the low spatial resolution of the data may have
caused the anomalies to merge. Retrospective analysis
of field observations also indicates that other aspects
of the eruption were seen in the GOES data, including
smoke from burning vegetation at the edge of the
active flows and haze plumes produced from degassing
at the vents.

The onset of the Cerro Azul eruption was first
noticed from the GOES data by C. Okubo (University
of Hawaii) within an hour of the eruption beginning
using the University of Hawaii’s near real-time hot-
spot website and automatic “eruption alert algorithm”
(Harris et al. 2000). Four additional successive images
after this initial detection were studied prior to con-
tacting the authorities in the Galdpagos Islands (see
Appendix for the criteria that we used to confirm this
eruption). This notification was given ~8.5 h before
independent confirmation from the town of Villamil
reached the Charles Darwin Research Station (CDRS)
on the adjacent island of Santa Cruz.

Because no air or field observations were made
until the next day, the GOES observations made on
15 Sept. have proven to be most important for recon-
structing the earliest sequence of events. In particular,
GOES band-2 radiances allowed the timing and loca-
tion of the first activity to be accurately determined.
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Fig. 3 Plot of all band 2 (3.78-4.03 pm) radiance values for the
onset of the Cerro Azul eruption. The eruption began on 15
Sept. 1998. Prior to this time, radiance values follow the normal
diurnal heating cycle for the volcano. The spike early on 13
Sept. is an instrument artifact. Note that bands 2 and 4 of the
GOES sensor were saturated for all observations except where
cloud cover obscured part of the eruption site

No thermal anomaly was detected at 12:28 on 15
Sept., but 31 min later an anomaly was present
(Fig. 3). By 13:28 a bright (high reflectivity) anomaly
in the band-1 image had formed at the caldera
(Fig. 4a) and a two-pixel band-2 thermal anomaly was
present. The band-1 image collected at 13:58 showed
that a broad plume (plume 1) was spreading in a 90°
arc (from almost due north to due west) and that
there was a prominent circular cloud (plume 2) over
the volcano (Fig. 4b). Shadow-length measurements
indicate that plume 2 rose to an altitude of ~8 km (C.
Okubo, pers. commun.). No altitude could be derived
for plume 1 due to the lack of a prominent shadow, so
it is inferred that plume 1 was at a lower altitude than
plume 2. We believe that the thermal anomaly was
located within the caldera since it was co-located with
the point of origin of the eruption plumes, as deter-
mined by manually retracing the trajectories of plumes
1 and 2 on hard-copy versions of the band-1 images.
The GOES data also define the time of onset of
activity at the SE flank vent. The critical satellite
observation was made prior to the arrival of field
observers, although distant sightings of an indeter-
minate form of activity were reported from the town
of Villamil on 15 Sept. around 17:00. During late eve-
ning on 15 Sept., a prominent thermal anomaly com-
prising two GOES band-2 pixels was located at the
site of the daytime thermal anomaly (Fig.5). This
thermal anomaly had been in the same position since
the beginning of the eruption, although it had been
decreasing in size since 20:28 on 15 Sept. From the
GOES data, we interpret this anomaly to be located
within the caldera. However, between 03:58 and



Table 1 Chronology of significant events
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Date Local time Day/night Event

15 Sept. 12:58 Day First saturated band-2 pixel ( ~ 6.9 x 10° watts/m per square meter) detected
within caldera

15 Sept. 13:28 Day Bright flash over caldera, plume 1 forming

15 Sept. 13:58 Day Plume 2 starting to form

15 Sept. 14:58 Day Plume 1 reaches Isla Fernandina, 30 km to north

15 Sept. 15:58 Day Plume 2 appears to be stopping

15 Sept. 17:00 Day First visual eruption observations from town of Villamil

15 Sept. 17:28 Day Plume 2 no longer visible

15 Sept. 21:00 Night GOES eruption notification sent to CDRS?

16 Sept. 04:28 Night A new band-2 thermal anomaly detected to SE of original anomaly

16 Sept. 05:30 Dawn Reports of visual sightings reach CDRS

16 Sept. 05:38 Dawn CDRS distributes announcement of eruption

16 Sept. 06:28 Dawn Bright “plume tower” observed over vent

16 Sept. 06:58 Day Plume 3 extends to west for 50 km. Possibly two sources?

16 Sept. 11:00 Day GNPSP crew flies over sites; radial fissure confirmed on SE flank

16 Sept. 15:58 Day Plume 3 extends 75 km to west. Two distinct thermal anomalies; implies
intra-caldera activity and flank eruption

16 Sept. 18:58 Night Large band-2 anomaly on SE flank; fountaining?

17 Sept. 06:28 Dawn Plume 4 visible over vent

17 Sept. 09:28 Day New eruption forms plume 5

17 Sept. 12:00 Day Radial 1-km-long fissure on flank located from air. Fresh intra-caldera
flows/extensive steam plumes identified from air

17 Sept. 12:30 Day Flow from flank vent reaches point 8 km east of radial fissure

17 Sept. 15:28 Day Possible plume 6

17 Sept. 18:28 Night Saturated band-2 thermal anomaly on SE flank

18 Sept. 01:28 Night Two distinct band-2 thermal anomalies; implies intra-caldera activity

18 Sept. 16:28 Day Plume 6 extends to NW >60 km

19 Sept. 00:59 Night Large band-2 anomaly on SE flank; fountaining?

20 Sept. 00:59 Night Two distinct band-2 thermal anomalies observed for next 5 h; implies intra-
caldera activity for this period

20 Sept. 05:58 Night GOES indicates probable activity both within and outside caldera

20 Sept. 06:58 Day No plume visible despite cloud-free conditions

20 Sept. 20:58 Night Two distinct band-2 thermal anomalies; implies intra-caldera activity

21 Sept. 00:58 Night Two distinct band-2 anomalies observed for next 3 h; implies intra-caldera
activity during this period

21 Sept. 06:28 Dawn Plume 7 extends ~ 30 km to south

21 Sept. 20:58 Night Two distinct band-2 thermal anomalies; implies intra-caldera activity

22 Sept. 02:00 Night Visual observations of flank eruption from offshore SE coast

22 Sept. 20:58 Night Last confident observation of ongoing intra-caldera activity

23 Sept. All night Night Field observations of fountaining and active lava channels

24 Sept. 08:28 day Vog plume extends to Fernandina. Smoke from flow edge?

24 Sept. 09:28 day Large band-2 anomaly on SE flank; fountaining?

25 Sept. 08:58 Day Large vog plume extends beyond Fernandina

25 Sept. 13:30 Day Last field confirmation of ongoing intra-caldera activity

26 Sept. 06:28 Dawn 10-km plume extends SW from summit

26 Sept. 08:58 Day Thin plume extends 50 km to WSW

26 Sept. 09:00 Day Flow to SSE appears to threaten nesting habitat of endangered tortoises

26 Sept. 15:58 Day Extensive vog plume visible at low-Sun angle

27 Sept. 06:58 Day 20 x 10-km vog cloud over vent area

27 Sept. 09:00 Day GNPS and CDRS decide to remove 15 tortoises from area to create a cap-
tive breeding population

28 Sept. 18:58 Night First observation without prominent intra-caldera band-2 anomaly

30 Sept. 17:28 Dusk 10-km plume heading NNW above cloud cover

1 Oct. 15:00 Day Over-flight of caldera confirms summit no longer active

1 Oct. 16:58 Day 5-km plume heading NNW above cloud cover

2 Oct. 06:58 Dawn 10-km plume heading NNW above cloud cover

2 Oct. 15:00 Day Field observations of flows east of vent confirms lower level of activity.
Active flows south of vent continue until at least 19:00 on 7 Oct.

4 Oct. 05:58 Dawn Plume over vent area

5 Oct. 12:00 Day Field parties complete removal of 15 tortoises

5 Oct. 15:58 Day Probable smoke plume from flow. Vog from vent

6 Oct. 06:28 Dawn 5-km plumes from vent and flow

8 Oct. 06:58 Dawn 5-km plumes from vent and flow

8 Oct. 13:58 Day Possible vog over northern part of volcano

8 Oct. 15:28 Day Prominent vog plume to 50 km north of volcano

9 Oct. All afternoon Day Field observations of prominent fountains at vent

9 Oct. 16:28 Day Vog plume extends 40 km west of volcano summit

9 Oct. 17:28 Dusk 10-km plume extends SW from vent above cloud deck
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Table 1 (Continued)

Date Local time Day/night Event

10 Oct. 06:28 Dawn 20-km plume extends SW from vent above cloud deck

11 Oct. 21:58 Night Large band-2 anomaly on SE flank; fountaining?

11 Oct. 21:00 Night Last field observation of active flows

12 Oct. 06:28 Dawn 30-km plume extends SW from vent above cloud deck

13 Oct. 06:28 Dawn Small plume just to east of summit seen above cloud deck

13 Oct. 21:58 Night Large band-2 anomaly on SE flank; fountaining?

16 Oct. 02:58 Night Large band-2 anomaly on SE flank; fountaining?

17 Oct. 06:28 Dawn Small plume over vent

17 Oct. 07:28 Day Large band-2 anomaly on SE flank; fountaining?

17 Oct. 08:58 Day Narrow plume extends to SW for 50 km

21 Oct. 05:28 Night Last saturated band-2 pixel (~7 x 10° watts/m per square meter). End of
eruption?

21 Oct. 14:28 Day Band-2 radiance ~ 5.6 x 10° watts/m per square meter

22 Oct. 03:58 Night Band-2 radiance ~ 3.9 x 10° watts/m per square meter

23 Oct. 07:28 Day Band-2 radiance ~ 1.3 x 10° watts/m per square meter

24 Oct. 10:58 Day Band-2 radiance ~1x 10° watts/m per square meter. No obvious daytime
anomaly

26 Oct. 00:58 Night Band-2 radiance ~5.5x 10° watts/m per square meter

Events listed in italics are from observations made by field crews in the Galdpagos

2Charles Darwin Research Station
®Galdpagos National Park Service

04:28 on 16 Sept., a new extension of the anomaly
developed to the SE (Fig. 5). This extension was seen
as a strong band-2 minus band-4 thermal anomaly that
grew to be four pixels in size by 05:58 and remained
prominent for many days (Table 1). Two early morn-
ing band-1 GOES images on 16 Sept. also show that
two plumes had formed, one from the summit and
one from the SE flank. We interpret this change in
the size and shape of the GOES thermal anomaly as
marking the start of the flank eruption, although we
caution that the large size of the GOES band-2 pixels
(4 km) makes it difficult to be certain of this interpre-
tation. Support for this idea nevertheless comes from
the observed extension of similar GOES thermal
anomalies during eruptions at Kilauea volcano, which
have been shown to be due to the features related to
the growth of lava flows (Harris et al.,, in press).
Strong thermal anomalies (at least one saturated
GOES band-2 pixel) were associated with the eastern
flank for all subsequent cloud-free scenes through 21
Oct., strongly suggesting that the flows were active for
the entire period. This persistent lava flow activity was
also seen in the field until the end of observations on
11 Oct.

Key field studies of the Cerro Azul eruption aug-
ment the satellite data and provide a more complete
characterization of the activity. Airborne observations
were made on 16, 17, and 18 Sept., and on 1 Oct., and
field data were collected by us and by personnel of
the Galdpagos National Park between 21 Sept. and 11
Oct. (Table 1). In particular, our flight on 17 Sept.
identified a radial fissure vent at the 600- to 640-m
elevation level on the volcano at 0° 57.277'S, 91°
19.773'W, and that an active flow had already traveled
8 km east to 0° 57.224'S, 91° 15.479'W. Given that the
start time of the flank eruption was 04:15+15 min on

16 Sept., this implies that the fissure-fed flow traveled
8km in 38 h+15 min, at an average speed of
~210 m/h. Further estimates of the location of the dis-
tal end of the flow were made from the air on 18 Sept.
and showed that the flow had progressed an addi-
tional ~2.3 km in the following 23 h, implying a now-
slowing lava flow with an average speed of ~ 100 m/h.
We note that due to the spatial resolution of the
GOES data, no comparable speed estimates could be
made from the satellite data.

Although the GOES data have insufficient spatial
resolution to study the geometry of the flow or its rate
of advance, the general characteristics of the activity
can be identified and correspond well with the field
observations. Figure 6a is our earliest aircraft observa-
tion of the flank vent, taken ~36 h after the start of
the flank eruption. Particularly vigorous activity,
defined as occurring when the thermal anomaly com-
prised more than ten saturated band-2 pixels, was
detected by GOES on 17 Sept. (18:28) almost concur-
rent with the observed fire fountains along an active
fissure (Fig. 6a). Additional large thermal anomalies
(all more than ten band-2 pixels) were also detected
by GOES on seven other days (Table 1) and most
likely corresponded to fountaining events at the vent
(Fig. 6b) and active lava channels (Fig. 6¢). Similar
variations in radiant intensity in GOES observations
are modeled in detail for Kilauea volcano by Harris
and Thornber (1999) who showed that such variations
can indeed be related to these types of surface activi-
ty. Thus, we infer that valid general interpretations of
the Cerro Azul eruption can be made when GOES
data are the only information available.

Other features of the eruption were also seen in
the GOES data. Five additional plumes were identi-
fied between 16 and 22 Sept. (Table 1). These plumes



Fig. 4a-f Band 1

(0.52-0.72 pym) GOES obser-
vations of the first two erup-
tion plumes detected on 15
Sept. 1998. Images were
obtained at the following local
times: a 13:28; b 13:59; ¢
14:28; d 14:58; e 15:28; and £
15:58. No plume was present
in the 12:59 image (not
shown). Note that in the final
image (f), the edge of plume 2
is becoming distorted. The
next image in this series (not
shown) indicates that the
event producing this plume
had shut off and that the
plume was dissipating. The
field of view is the same as in
Fig. 2

may have been associated with continuing activity,
rather than separate new thermal events, but are iden-
tified here as separate features since the plumes could
not be observed at night in the GOES data. Band-1
images indicate that the plumes all originated from
the caldera, were much narrower (<5 km wide) than
plumes 1 and 2, and had no detectable shadows (and
hence were low-altitude plumes). This suggests that
they were associated with low-energy events rather
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S. coast of
Is. Fernandina

than explosive high-energy eruptions. Based on our
observations from the air, we interpret these plumes
to have been the result of the lava flows entering the
caldera lake. We speculate that the different sizes of
the “steam plumes” thus formed could have been
driven by the emplacement of different volumes of
lava, or that a decrease in plume size with time
reflected the decrease in lake size as the water had
been progressively boiled off by previous activity.
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06:58 07:58 08:58 09:58

Fig. 5 Time series of GOES band-2 minus band-4 observations
of the onset of flank activity on Cerro Azul during the early
hours of 16 Sept. Positive anomalies are shown in lighter shades.
The first two images are from late on 15 Sept., and the first
seven scenes (20:28-03:58) are shown to characterize the early
activity that is interpreted to be intra-caldera activity. All images
show the same area as the location map in the first panel, with
the asterisk indicating the approximate location of the vent on
the SE flank. Scale bar is 50 km

All of the instances where two discrete band-2
anomalies were present in the GOES images were
limited to the first 7 days of the eruption (Table 1),
suggesting that the intra-caldera activity was a tran-
sient early phase. During our flight on 17 Sept. we
noted fresh flows within the caldera and extensive
plumes of steam coming from the caldera lake. Our
airborne observations on 1 Oct. (ca. 15:00) confirmed
that the intra-caldera vents were no longer active.

Haze was also observed in daytime GOES band-1
images acquired during late September and early
October (Table 1). For instance, on 25 and 26 Sept.,
volcanic haze (“vog”) was seen to extend >50 km to
the north of Cerro Azul. Although vog was not seen
from the ground at these times because of low cloud
cover (which often obscured the summit), colorful
sunsets were observed on the ground throughout these
periods of high haze, suggesting reflection from dense
vog. In band-1 GOES images obtained on 6 and 8
Oct. at sunrise, two separate plumes were seen: one
from the summit area and one from an area to the
east of the summit. These two plumes are interpreted
to have formed by degassing from the flank vent, and
to be smoke from fires at the front and/or sides of the
active lava flow, respectively.

Fig. 6 a Vent on SE flank of Cerro Azul, taken from the over
flight on 17 Sept., approximately 36 h after onset of the flank
eruption. Note the extended active fissure with “curtain of fire”
activity and a broad smoke plume rising from the fissure. The
height of these fire fountains is estimated to be ~200-300 m.
View is looking upslope toward the west. b, ¢ Ground photo-
graphs looking upslope at the vent on the SE flank, on 24 Sept.
These images were taken at approximately 08:30 a.m. and are
believed to be correlated with a large band-2 thermal anomaly
on the flank detected by GOES. Lava fountain estimated to be
~70-100 m high. Note at right in ¢ the active lava channel and
the large amount of fume from the edge of the flow. Prolific
amounts of fume from the cone and flow can also be seen these
images. (All photos by H. Snell)

End of the eruption

During the eruption considerable debate took place
between our field and remote sensing investigators as
to how to identify the end of the eruption. It was
believed that field observations would be the only
confident way in which the end of the eruption could
be identified because, even when no new lava was
being erupted, the hot lava flows would produce
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Fig. 7 The termination of the eruption was abrupt, but the exact
timing is difficult to determine due to cloud cover, as shown by
this band-2 radiance plot. Sometime between 05:28 and 07:58
on 21 Oct. the eruption of new lava ceased and almost immedi-
ately the surface of the flow started to cool. This cooling contin-
ued smoothly until the early hours of 24 Oct., when a slight
increase in radiative flux took place

anomalous band-2 GOES pixels. As it transpired, the
high cost of field activities meant that no field obser-
vations were being made when the activity ended in
late October, although occasional sightings from off-
shore of smoke near edges of the flows continued
through mid-December.

Experience with the termination of activity at
Kilauea volcano Hawaii (Harris et al. 1997; Harris and
Thornber 1999) suggests that a marked decrease in
the radiative flux from the lava flow would be
detected by GOES almost immediately after the end
of the eruption. Even if the lava flow continued mov-
ing, thereby exposing fresh hot material from the inte-
rior of the flow, the net radiative flux from the Cerro
Azul flow should decrease as the lava crusts thicken
and cool. This indeed proved to be the case (Fig. 7).

The period 20 to 26 Oct. had several periods of
almost 100% cloud-free conditions over the flank
eruption, so that these observations could be used to
confirm the end of the flank eruption (Table 1).
The last saturated band-2 pixel (i.e., radiance
~7x10° watts/m per square meter) was observed at
05:28 on 21 Oct., which we interpret to be the end of
the eruption. Decreasing radiance values were
observed over the next 3 days (Fig. 7). Clouds masked
the flow early on 23 Oct., but a less intense thermal
anomaly (~1.3x10° watts/m per square meter) was
detected when the clouds cleared. By 24 Oct. no dis-
tinct daytime anomaly could be seen in cloud-free
images and the band-2 radiance had dropped to
~1.0x10° watts/m per square meter. Comparable
information was obtained from nighttime scenes that
show no obvious clouds over the vent and flow areas.
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A persistent, low-intensity, band-2 thermal anomaly
(<5 x 10° watts/m per square meter) was observed on
nighttime data collected after 26 Oct., indicating that
the vent was now inactive but that the flows were still
warm. We note that we can also rule out a change in
the style of the eruption, including the formation of
active tube-fed flows, because there was no high-tem-
perature anomaly at the distal end of the flow such as
the one observed at Kilauea volcano using GOES-9
data (Harris et al. 1997, in press).

Lessons for the identification and monitoring of new
eruptions using GOES

The use of GOES data to monitor the Volcan Cerro
Azul eruption shows that investigators many thou-
sands of kilometers away from an eruption site can
provide timely information to local officials, as well as
document critical aspects of the eruption before (and
after) field parties reach the eruption site. In particu-
lar, the GOES data allowed five important aspects of
the 1998 Cerro Azul eruption to be determined: (a)
the timing of the initial eruption; (b) the lateral
dimensions and dispersal patterns of the eruption
plumes; (c) the confirmation that the first activity was
within the caldera rather than on the flanks of the vol-
cano; (d) the timing of the onset of flank activity; and
(e) the date and time of the end of the eruption. Con-
sistent with studies of other eruptions using GOES
data (Glaze et al. 1989; Harris et al. 1997; Davies and
Rose 1998), our analysis shows that the most impor-
tant attribute of the GOES data was the high tem-
poral resolution of the satellite observations, since
many of these events were transient in nature. Neither
the adverse weather conditions during parts of the
eruption, nor the low spatial resolution of the data,
precluded useful information being collected.

Indeed, even on well-monitored volcanoes, field
observations may not always be available so that the
temporal coverage provided by GOES is a valuable
addition to monitoring capabilities. Without the
detailed chronology of the Cerro Azul eruption pro-
vided by the GOES satellite observations, it is likely
that the first phase of effusive activity would have
been misinterpreted to be on the SE flank. Reports
from the town of Villamil suggested this location and
the overflight the next morning confirmed an active
fissure on the flank. Prior to 15 Sept., the lack of field
observations and seismic data meant that there was no
indication of an impending eruption of Cerro Azul;
however, the automatic eruption system developed for
the analysis of the GOES data sets (Harris et al. 2000)
provided a rapid indication that an event was under-
way. Retrospectively, it appears that excessive caution
was used in using the GOES data as an eruption alert,
since the initial phases of the activity were very pro-
nounced. However, the possibility that the thermal
anomaly and plumes were due to fires (Flynn and
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Mouginis-Mark 1995) was also high on this part of
Isla Isabela. For example, in April 1994 the crew of a
Space Shuttle observed a fire’s smoke plume on the
western side of the adjacent Volcan Sierra Negra that
they first interpreted to be an eruption plume (T.
Jones, pers. commun.). Comparable caution was also
used in the identification of the end of the eruption.
To assist in the analysis of future eruptions studied
with GOES data, we list the criteria that we used for
eruption detection, and for the identification of the
cessation of activity, in the Appendix.

Finally, because GOES-8 is a geostationary satel-
lite, the images acquired throughout the day have a
wide range of lighting geometries. For the Cerro Azul
eruption, observations made just after sunrise (06:00)
or just before sunset (17:50) were found to favor the
detection of small plumes over the vent or from burn-
ing vegetation, because the low-lighting geometry near
the terminator illuminated the high clouds while keep-
ing the ground in twilight (Fig. 2). Solar reflection off
of the ocean near local noon, and solar warming of
inactive flows, increased the difficulty of observing the
smaller eruption plumes over the ocean or smaller
thermal anomalies due to active flows. From inspec-
tion of the GOES images, it was evident that the local
weather patterns during the eruption favored less
cloudy conditions toward mid-afternoon, with daytime
band-1 observations between 12:28-16:58 generally
less cloudy than between 06:28-10:58. Thus, it was
easiest to use the GOES data collected during the late
afternoon to observe the distribution of low-altitude
plumes and haze. Such features might well have been
missed at other times of day when sun glint affected
image contrast.

Implications for future real-time observations of
eruptions

For several aspects of the Cerro Azul eruption, the
GOES satellite observations were one of the primary
sources of information about the activity and they
complemented well the field observations. Thus, the
methodology developed here may aid in the analysis
of future eruptions using GOES. Particularly impor-
tant was the development of working collaborations
between the remote sensing specialists and local scien-
tists prior to the eruption. The display and analysis of
the GOES data took place in near real-time, which
provided important context information for the field
investigations. The high degree of caution developed
here for the identification of the start and termination
of activity (see Appendix), as well as temporal vari-
ations in the ongoing activity (Harris et al. 1997; Har-
ris and Thornber 1999), reflected our concerns for the
release of misleading information. A similar level of
caution will almost certainly contribute to the success-
ful satellite monitoring of future eruptions in the
Galapagos Islands and elsewhere.

This collaboration between different groups ena-
bled the release of information concerning the erup-
tion by individuals in the Galdpagos Islands, and it
prevented potentially conflicting information reaching
the media. The collaboration also enabled local eco-
logical issues to be included in the media releases at
the earliest opportunity. Communications between
Hawaii and the Galdpagos depended completely on
electronic communication and the Internet. Infor-
mation extracted from the GOES images, field obser-
vations, and communications with volcanologists
knowledgeable of Galdpagos eruptions allowed the
Galdpagos National Park Service and the Charles
Darwin Research Station to respond quickly by airlift-
ing a rare subspecies of Galdpagos tortoise out of the
area when the lava flows threatened the animals’ nest-
ing habitat. The GOES data also enabled the ongoing
eruption to be monitored by collaborators at the Uni-
versity of Idaho in order to plan the field activities.

The high temporal resolution of the GOES data
was essential for the analysis of this eruption, and this
fact has important implications for the general use of
satellites to study active volcanoes in the future. Sev-
eral of the plumes from Cerro Azul were visible for
less than 8 h, implying that they may not have been
seen by sensors on polar-orbiting satellites. Each
AVHRR instrument (on the NOAA satellites) obtains
only one daytime image per day, and the Landsat
Thematic Mapper (TM) obtains one daytime image
every 16 days. The implication is that high spatial res-
olution satellite sensors may have missed much of the
activity at Cerro Azul. Analysis of the GOES images,
and field observations of the distribution of clouds
made throughout the day, also indicate that the erup-
tion site was often cloudy between 09:30-10:30 when
high-resolution sensors, such as the TM, acquire data.

Although the GOES data greatly enhance the capa-
bility of observing eruptions in North and South
America (Harris et al. 2000), the monitoring described
herein cannot currently be conducted on a global
scale. Only the GOES-8 and GOES-10 geostationary
satellites have the 3.9-um band which is required for
the hotspots to be detected and monitored. Thus, this
type of thermal monitoring cannot be carried out in
the western Pacific, because the only data set of this
area provided by a geostationary satellite (the Japa-
nese GMS-5 spacecraft) lacks the appropriate mid-in-
frared coverage. Similarly, coverage of Europe and
Africa by the European METEOSAT satellite does
not include mid-infrared data. Other spacecraft, such
as the polar orbiters flown by NOAA, carry instru-
ments that can extend the area of coverage. However,
the NOAA polar orbiters only make observations of
any particular area of the Earth once every 4-12 h
depending on the latitude. In addition, the geometry
is different for successive images, so that the auto-
mated detection of the initial eruption becomes a
more difficult task. Our experience with the Cerro
Azul eruption shows that a new set of geostationary



satellites located at additional longitudes around the
equator would be needed to provide comprehensive
near-global monitoring of volcanoes for rapid changes
during an eruption. Whereas the GOES band-2 (4 km/
pixel) data were adequate for studying this eruption,
any increase in spatial and temporal resolution (to
~1 km/pixel every 5-10 min) from future satellites
would further enhance this system without causing a
prohibitive increase in the transmitted data rate. Data
would have to include observations in the mid-infrared
(3.9 um) portion of the spectrum to enable the vol-
canic hotspots to be uniquely identified. These satel-
lite data would have to be provided over the Internet
in almost real-time in order for the remote sensing
community to provide the best assistance to field vol-
canologists monitoring the volcanoes. Efforts to pro-
vide such information for additional parts of the world
are currently underway within the remote sensing
community.

Appendix: Criteria for eruption detection

The following criteria were applied to the 15 Sept.
GOES data for the Cerro Azul eruption in order to
avoid a “false eruption alarm™:

1. The thermal alert had to remain at the same geo-
graphic location in several GOES frames to ensure
that there were no random sensor errors producing
false high radiance values. Five successive images
were checked prior to the confident identification
of the eruption. Because the GOES satellite col-
lects data for the Galdpagos Islands every 30 min,
this criterion had the effect of delaying the pro-
vision of eruption notification to the local author-
ities by more than 2 h.

2. The shape of the GOES band-2 thermal anomaly
had to be similar to that of previously observed
eruptions. In particular, the distribution of sat-
urated “alerted” pixels associated with a new active
lava flow had to be either a point source or tightly
confined to a small area.

3. Confidence was increased that a real eruption had
been observed at Cerro Azul because two large dis-
tinct plumes (plumes 1 and 2) were seen in band-1
images. These plumes both formed over the summit
caldera and had different altitudes soon after the
detection of the first band-2 thermal anomaly.
Smoke plumes from fires could therefore be dis-
counted because it is expected that a fire smoke
plume would not form two well-defined discrete
plumes in such a short interval of time between the
initial GOES observations at 13:28 and 13:59. The
sustained duration of these two distinct plumes in
the band-1 GOES images collected at 13:59,
14:28, and 14:58 (Fig. 4b-d) also increased our
confidence of an eruption.
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Criteria for the identification of eruption termination

The following characteristics of the GOES data were

used to identify the end of the Cerro Azul eruption:

1. There had to be cloud-free conditions over the
eruption site during the daytime in order for a real
decrease in radiance to be confirmed. Nighttime
band-2 data were not sufficient to confidently pre-
clude the undetected occurrence of thick cloud
cover over the active site.

2. The decrease in radiance had to be long-term (sev-
eral days) so that the trend in decreasing activity
could be confidently identified. Radiance values (in
watts/m per square meter) were automatically cal-
culated by the University of Hawaii GOES website
so that changes in the energy emitted by the active
flow could be quantified. A decreasing trend in
band-2 radiance from the pixel-saturated value of
~7 % 10® watts/m per square meter could be identi-
fied after only two or three observations, but
because of our criterion for a long-term trend, the
end of the eruption was only identified retrospec-
tively after three additional days. We note that this
criterion would have meant that we would have
missed any short pause in the eruption had one
occurred.

3. The thermal anomaly, which at times was more
than six saturated thermal (band-2) pixels, had to
show a decrease in spatial extent as well as a pro-
gressive decrease in intensity around a central
“core.” This criterion was applied in order to
ensure that tube-fed flows were not still active.
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