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ABSTRACT

The 1989-90 eruptions of Redoubt Volcano, Alaska,
generated ash clouds that reached altitudes of as much as
12 km and provided an opportunity to test and refine the
use of the advanced very high resolution radiometer
(AVHRR) for satellite remote sensing of volcanic eruption
clouds. Severa aircraft encountered dispersed volcanic
clouds, including a Boeing-747 that temporarily lost power
from al four engines. Such near-tragic incidents high-
lighted the need for improved methods of discriminating
and tracking volcanic clouds.

Thirty-one AVHRR images from various stages of the
Redoubt eruption were examined. In the early, more ener-
getic phases of the eruption, the Redoubt volcanic clouds
could be discriminated by a technique that employs an
apparent temperature difference between bands 4 and 5 of
AVHRR. Thismethod was particularly successful in clouds
that were older than 1 hour, demonstrating that slight aging
of the cloud during dispersal enhances its discrimination by
this method. In the later stages of Redoubt activity, this
method fails, probably because of environmental variables
associated with the changing character of the eruption. The
ash clouds associated with dome collapses that marked the
later Redoubt cloudswere of small volumeand may not have
contained as high a proportion of fine ash particles.

Laboratory biconical reflectance measurements were
conducted to determine the spectral variability of ash that
fell out of the Redoubt clouds. The results show that ash
reflectanceis controlled more by particle size than by parti-
cle composition, but these alone do not explain the variabil-
ity we observed in the satellite data.

INTRODUCTION

Satellite remote sensing of volcaniccloudsisan impor-
tant tool for scientists and those engaged in mitigating natu-
ral hazards. The total 0zone mapping spectrometer (TOMS)
has been used to measure the SO, released by eruptions
(Krueger, 1983; Krueger and others, this volume), and

multispectral image processing of advanced very high reso-
[ution radiometer (AVHRR) data has succeeded in discrimi-
nating volcanic clouds from weather clouds (Hanstrum and
Watson, 1983; Prata, 1989a; Holasek and Rose, 1991). Per-
fection of image-processingagorithmsand identification of
primary physical parameterscontrolling success of the algo-
rithms could lead to operationa use of AVHRR data in
reducing dangerous encounters between aircraft and volca-
nic clouds (Rose, 1987; Casadevall, 1990; Steenblik, 1990)
and for monitoring the global dispersion of large atmo-
sphericinjectionsby volcanoes.

Thispaper attemptsto advance satellite-based volcanic-
cloud sensing through analysis of AVHRR data collected
during the Redoubt eruptions of 1989-90. In particular, it
tests a volcanic-cloud-discrimination algorithm developed
by Holasek and Rose (1991) for the 1986 eruption of Augus-
tine Volcano. Redoubt and AugustineV olcanoes, located in
the Cook Inlet area of Alaska (Kienle, this volume), both
erupted during the winter and early spring and have similar
chemical compositions.

AVHRR satellite images collected during various
stagesof the Redoubt eruption were analyzed to test the util-
ity of cloud-discriminationalgorithms. In addition, the spec-
tral variability of the Redoubt volcanic clouds were
investigated through analysis of biconical reflectance mea-
surements of samples of ash fallout and crushed pumice,
glass, and minerals separated from Redoubt Vol cano.

AVHRR SENSOR

The AVHRR sensor, aboard the National Oceanic and
AeronauticsAdministration(NOAA) polar-orbitingweather
satellites since 1978, has been used in the study of severa
eruptions (Kienle and Shaw, 1979; Hanstrum and Watson,
1983; Matson, 1984; Malingreau and Kaswanda, 1986;
Glaze and others, 1989; Holasek and Rose, 1991). AVHRR
datafrom NOAA-10 and NOAA-11 were used to study the
Redoubt eruptions. This sensor images a 2,800-lan-wide
swath with a spatial resolution of 1.1 km at the nadir. The
AVHRR sensor aboard NOAA-10 has four bands; band 1,
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visible (0.58-0.68 pm); band 2, near-infrared (0.73-1.10
um); band 3, mid-infrared (3.55-3.93 pm); and band 4, ther-
mal-infrared (10.3-11.3 um), whereas the AVHRR sensor
aboard NOAA-11 contains the previous bands plus band 5,
thermal-infrared (11.5-12.5 pm). Each satellite passes over
apoint on the ground twice per day, with more frequent cov-
erage occurring at high latitudes wherethe orbitsconverge at
the poles. The large swath width, frequent coverage, and
multispectral capability make the AVHRR sensor a useful
instrument for studying volcanic clouds.

THE 1989-90 ERUPTION OF
REDOUBT VOLCANO

Redoubt Volcano is an andesitic composite volcano
located in the Cook Inlet region of Alaska, approximately
200 km southwest of Anchorage (fig. 1). In mid-December
1989, Redoubt erupted for the first time since 1966. During
the next 5 months, there were more than 20 eruptive epi-
sodes, which produced ash clouds reaching greater than 12-
km altitude (table 1) (Brantley, 1990). Scott and McGimsey
(in press) estimate the total tephra-fal volume to be
2x107-4x107 m3, dense-rock equivalent, and note that two
different tephra typeswere produced. Pumiceous tephrawas
generated by magmatically driven explosions on December
14 and 15, and fine-grained lithic-crystal tephra was erupted
starting on December 16 and during al later events. The
lithic-crystal tephra was generated by two processes: hydro-
volcanic explosions dominated from December 16to 19, and
pyroclastic flows, resulting from dome collapse, became an
increasingly important process from January 2, 1990, to the
end of eruptive activity in April. Pyroclastic flows were the
only mechanism generating tephra during the last five erup-
tive episodes (Scott and McGimsey, in press).

Morethan 60 percent of Alaska's population livesinthe
Cook Inlet region. Mgjor ail facilities are also located in this
region, and Anchorageis amajor hub of air traffic between
Asia and Europe. There were four incidents of commercia
aircraft encountering volcanic clouds, including oneincident
in which aBoeing 747 carrying 246 people lost power from
all four engines after flying through a cloud (Casadevall,
1990). Theaircraft lost morethan 4 km of atitude beforetwo
engines were restarted at 5.2 km—the remaining engines
were restarted at about 4.1 km (Przedpelski and Casadevall,
this volume). The aircraft was extensively damaged (Steen-
blik, 1990), and the incident highlighted the need for new
techniquesto detect and track volcanic clouds.

MULTISPECTRAL IMAGE
PROCESSING OF THEAVHRRIMAGES

More than 30 images of the Redoubt region were col-
lectedfrom thearchiveat the NOAA National Environmental

Tablel. Chronology of the1989-90 eruptionaf Redoubt Volcano.

[Modified from Brantley (1990). X, volcanicactivity occurred; na, not applicable; 2,
volcanic activity uncertain; cont., continuous; ft., from]

Type of volcanic activity

Day Time! Explosion? Domecollapse  Plume height
December 1989
14 9:47 X(17) na >10 km
15 1:40 X(12) na ?
3:48 X(10) na ?
10:15 X(40) na >12 km
16-18 (Nearly cont. gection of tephrafr. crater) <7 km
19 6:30 X(9) na >9 km
January 1990
2 17:48 X(26) X >12 km
19:27 X(61) X >12 km
8 10:09 X(15) X >12 km
11 10:01 X(5) ? >9 km
13:42 X(12) ? ?
16 22:48 X(13) ? >11 km
February 1990
15 4:10 X(20) X >10 km
21 12:32 X(6) X 9 km
24 5:05 X(4) X 9km
28 9:47 X(5) X 8 km
March 1990
4 20:39 X(8) X 12 km
9 9:51 X(10) X 10 km
14 9:47 X(14) X 12 km
23 4:04 X(8) X >10 km
29 10:33 X(7) X ?
April 1990
6 17:23 X(7) X 9 km
15 14:49 X(8) X >10 km
21 18:11 X(4) X >8 km
! Alaska Standard Time.

2 Numbers in parentheses indicate duration of explosive
activity in minutes, based on seismicity.

Satellite Data and Information Service (NESDIS) and from
the University of Alaska's Geophysical Institute following
the eruption; 11 images are described in detail in this paper
(table 2). In severa cases, eruptive episodes are recorded in
multiple images, providing an opportunity to track the ash
cloudsfrom theinitial eruption through the dispersion of the
volcanic clouds.

Image processing of the AVHRR sceneswas conducted
using Erdasand Terascan on aSparc- 1+ workstation. Images
of the Redoubt region were extracted from the full scene; the
thermal channel swere calibrated using the procedure of Kid-
well (1991); and the images were georeferenced to a com-
mon projection. Following the technique of Prata (1989a)
and Holasek and Rose (1991), algebraic manipulations were
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Table2. Satlliteimagesof Redoubt volcanic cloudsusad in this
study.

[LUT (look-up table) represents image channel color rendition in red (R), green (G),
and blue(B}]

Date and Color, LUT Satellite  Cloud type2

starttime (GMT!) R G B

12/16/8912:18 4m5 3 4 NOAA-11 1
12/16/89 13:59 4mS5 3 4 NOAA-11 1
12/18/8921:55 4mS5 3 4 NOAA-11 1
12/18/89 23:37 4m5 3 4 NOAA-11 1
01/08/90 19:28 4 4 4 NOAA-10 2
01/08/9023:13 3m4 3 4 NOAA-11 3
02/15/90 13:17 4 4 4 NOAA-11 2
02/15/90 1826 3m4 2 1 NOAA-10 3
03/23/90 13:25 4 4 4 NOAA-11 2
03/23/90 18:11  3m4 2 1 NOAA-10 3
03/23/90 2324 3m4 2 1 NOAA-11 3

! Greenwich Meen Time. Loca timeis GMT minus 9 hours.
2 Seetext for discussionof cloud types.

performed on AVHRR bands 4 and 5 to enhance the vol canic
clouds and distinguish them from weather clouds. Ratios of
band 4 to band 5 and differences between band 4 and band 5
were caculated and evaluated. The subtraction process
results in an "apparent temperature difference,” which we
find particularly useful. The term " apparent temperature dif-
ference" is defined as the difference between temperature
values derived from emitted energy measured at 10.5-11.3
pm (band 4) and 11.5-12.5 pm (band 5). The temperature
difference isnot real, but rather it isthe result of differential
emission of energy at thesetwo wavelengths. When the emit-
tance is converted to a temperature value, it produces an
apparent temperature difference. An example of the band-4-
minus-band-5 operation isshown in figure 2. In figure 24-B,
the single-band images are quite similar, and the volcanic
plume is not very distinct. The plume is greatly enhanced by
the band subtraction operation (fig. 2C), which generally
produced better results, in terms of plume discrimination,
than the ratio operation. When these operations were not suc-
cessful, or when using data from NOAA-10 (which does not
contain band 5), ratios and differences of band 3 and band 4
were calcul ated.

The results of these mathematical operations were
visually evaluated to determine their ability to enhance vol-
canic clouds. False-color composites were generated on
24-hit graphic monitors by displaying agebraic enhance-
ments along with several of the AVHRR bands in the red,
green, and blue image planes of the monitor. False-color
composites are helpful in interpreting the extent of the vol-
canic cloud because data from the individual bands interact
to increase enhancement of the cloud. The various band
combinations used to produce the false-color composites
areshown intable 2.
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OBSERVATIONSOF THE
AVHRR IMAGES

For the purpose of description and discussion, the
Redoubt volcanic clouds shown in the satellite images are
divided into three classes that are chosen on the basis of cloud
spectral properties, morphology, and size. It isnot implied
that these cloud typeswill be produced by eruptions of other
volcanoesor that they arethe only typethat will be produced.
The classes include:

Type-l volcanic clouds.--Clouds generated by mag-
matic explosions during the first week of activity (while there
was a nearly continuous ejection of tephra from the crater).
These clouds were low (< 7 km) and extended for hundreds
of kilometers from the vent. Examples of this cloud type are
shown in figure 3.

Type-2 volcanic clouds.--Clouds generated in part by
dome collapse and subsequent pyroclastic flows (Scott and
McGimsey, in press). These short-duration, discrete eruptive
events were imaged within minutes of the onset of eruption.
Thetype-2 clouds are higher (>10-12 km) than type-1 clouds
and have a distinctive, circular morphology. Examples of
these clouds are shown in figure 4.

Type-3 volcanic clouds.—Dispersed type-2 clouds.
These clouds were imaged severa hours after the initid
eruptive event and show the dispersion of clouds produced
by a single eruptive pulse. Examples of these clouds are
shown in figure 5.

Although volcanic clouds were discriminated from
weather clouds in many cases, no single algorithm was suc-
cessful in enhancing all three cloud types. For the type-1
clouds, the band-4-minus-band-5 operation of Prata (1989a)
and Holasek and Rose (1991) worked to discriminate portions
of the volcanic cloud from the weather clouds (fig. 3A-D).
This operation was successful for both daytime and nighttime
images, but the discrimination is enhanced in the daytime
images when band 3 data are included. All of the false-color
composites in figure 3 were produced using identical band
combinations (table 2), but a dramatic difference can be seen
between the nighttime imagesfrom December 16 (fig. 3A-B)
and the daytime images from December 18 (fig. 3C-D). Band
3 of the AVHRR sensor (3.53-3.93 pm) is a hybrid band,
measuring therma emittance at night and a combination of
reflectance and emittance during the day. In the nighttime
images, the enhanced portion of the volcanic cloud is red,
indicating that the enhancement is solely caused by the band-
4-minus-band-5 subtraction operation. By contrast, the volca-
nic cloud in the daytime imagesis yellow, indicating that the
enhancement is aresult of both the subtraction operation and
high band 3 reflectance of the volcanic cloud with respect to
the weather clouds.

The distal portions of two of the type-1 volcanic clouds
were enhanced more than the proximal portions (fig. 3A-B).
Near the vent, the volcanic cloud is spectrally similar to the
weather clouds seen at the bottom of the image—the
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subtraction operation issuccessful once the cloud disperses.
Note that, in both cases, the subtraction operation is suc-
cessful once the cloud has been transported approximately
100 km, or about 1 hour, from the vent. A z-shaped bendin
the unenhanced portion of the volcanic cloud (east of
Kenai) seen in figure 3A can be seen in figure 3B as an
enhanced portion of the volcanic cloud. This image was
collected about 1 hour after the previous image (fig. 3A)
and shows that the discrimination becomes more distinctive
asthe volcanic cloud disperses.

In some cases, the effectiveness of the band-4-minus-
band-5 operation in discriminating dispersed volcanic
cloudsis influenced by the underlying surface. Holasek and
Rose (1991) found that their algorithm was more successful
in discriminating volcanic clouds over water than over
land, and effects of the underlying surface are observed in
severa images from Redoubt. In figure 3A, the discrimina-
tion of the volcanic cloud is distinct where the cloud passes
over the western Kenai Peninsula and over the water of
Prince William Sound, but the cloud is not apparent where
it passes over the snow-covered mountains. In figure 3C,
the discrimination of the cloud is reduced where it overlies
low clouds over land.

Whereas the band-4-minus-band-5 difference was suc-
cessful in discriminating type-1 volcanic clouds, this opera-
tion was not successful with type-2 clouds. These clouds are
shown in figure 4 as band-4 thermal images, and they were
identified by their anomalously low temperature
(220°-230°K), their circular morphology, and their location
relative to the vent. An inverted grayscale has been applied
to theimages in figure 4 so that details of the cold volcanic
clouds are discernible.

These images were collected between 7 and 21 minutes
after the onset of the eruption, as determined by seismicity
(Brantley, 1990), and show that the cloud is detached from
the vent, supporting the interpretation of Scott and McGim-
sey (in press) that these volcanic clouds were generated by

Figure 2 (right). NOAA-I1 AVHRR images demonstrating the
discrimination of a volcanic eruption cloud from weather clouds.
Image was collected on December 18, 1989, at 23:37 GMT. All im-
ages are shown with an inverted grayscale, so that cold objects are
bright and warm objects are dark. A, AVHRR band-4 image show-
ing an indistinct plume from Redoubt and weather clouds through-
out the scene. B, AVHRR band-5 image. C, The result of a band-4-
minus-band-5 operation. Note that the volcanic plume is a bright
feature and that the weather clouds appear gray to black.
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Figure3 False-color composite AVHRR imagesof type-1 eruptioncloudsfrom Redoubt VVolcano. All of the color compositeswere pro-
duced using band 4 minus band 5in red, band 3 in green, and band 4 in blue. Seetext for descriptionof cloud types. A, NOAA-11image
collectedon December 16, 1989, at 12:18 GMT. B, NOAA-11 image collected on December 16, 1989, at 13:39 GMT. C, NOAA-11image
collected on December 18,1989, at 21:55 GMT. D, NOAA-11 image collected on December 18,1989, at 23:37 GVIT.
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dome collapse and pyroclastic flows. Dispersal of these
clouds and transformation into type-3 clouds are monitored
in subsequent images, and the observations of these clouds
are discussed below.

Even though it appears that the volcanic clouds show
variation in cloud-top topography, this cannot be quanti-
fied. It is possible to determine cloud-top elevation and
topography by relating the temperature of the cloud, as
determined by one or more therma bands of the satellite
sensor, with a temperature profile of the atmosphere as
determined by radiosonde or other methods. Altitude values
for each cloud pixel can be determined in this manner.
Whereas this method is useful for tropospheric clouds, it is
unsuccessful at higher atitudes due to the temperature
inversion that defines the tropopause. All of the type-2 vol-
canic clouds penetrated the stratosphere, which starts at
about 10-km altitude during the Arctic winter, limiting
height estimates of clouds to aminimum value and prevent-
ing the determination of cloud-top topography.

The frequent coverage of the NOAA satellites provided
opportunities to observe the transport and dispersion of the
Redoubt volcanic clouds. These dispersed, type-3, volcanic
clouds were enhanced by a band-3-minus-band-4 operation.
The dispersed volcanic cloud from the January 8, 1990,
eruptive episode is seen in figure 5A. This image was col-
lected about 5 hours after the start of the eruption seeninfig-
ure 4A and shows a yellow, comma-shaped cloud extending
from north of Anchorage to the southern coast of the Kenai
Peninsula and a more dilute, hazy cloud extending back
toward the vent. Thevolcanic cloud isshownin yellow, indi-
cating that the enhancement results from a combination of
the band-3-minus-band-4 operation and high band-3 reflec-
tance of the volcanic cloud with respect to weather clouds.

Figure 4 (left). Inverted grayscade AVHRR band-4 thermal im-
ages of type-2 eruption clouds from Redoubt Volcano. See text for
description of cloud types. A, NOAA-10 image collected on Janu-
ary 8, 1990, at 19:28 GMT. B, NOAA-I | image collected on Feb-
ruary 15, 1990, at 18:26 GMT. C, NOAA-11 image collected on
March 23, 1990, at 13:25 GMT.

Figure5 (following pages). False-color composite AVHRR im-
ages of type-3 eruption cloudsfrom Redoubt Volcano. Seetext for
description of cloud types. All of the color composites, except A,
were produced using band 3 minus band 4 in red, band 2 in green,
and band 1 in blue. A, NOAA-1I image collected on January 8,
1990, at 23:13 GMT. This color composite was produced using
band 3 minus band 4 in red, band 3 in green, and band 4 in blue. B,
NOAA-10 image collected on February 15, 1990, at 18:26 GMT.
C, NOAA-10 image collected on March 23, 1990, at 18:11 GMT.
D, NOAA-11 image collected on March 23, 1990, at 23:24 GMT.
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The band-4-minus-band-5 operation was not successful in
discriminatingthis cloud, and theories regarding the failure
of this operation are included in the discussion.

Another type-3 cloud, from the February 15, 1990,
eruptive episode, is seen in figure 5B. The image was col-
lected about 5 hours after the initial eruption seen in figure
4B and consists of alinear, light-red cloud extending from
the bottom of the image back toward the volcano, in the
upper left of theimage. At thistime, the cloud front had trav-
eled more than 800 km to the southeast over the Gulf of
Alaska. Even though the band-3-minus-band-4 operation
was useful in enhancing the volcanic cloud, some of the
weather clouds have a similar spectral signd. In this case,
manual imageinterpretationis needed to define the limitsof
the volcaniccloud. Thisimagewas collected by NOAA-10,
which contains one thermal band, so it was not possible to
attempt the band-4-minus-band-5 operation.

A third type-3 volcanic cloud, from the March 23,
1990, eruption, is seen in two successive images, one
NOAA-10image collected 5 hours after theinitial eruption
(fig. 5C) and a NOAA-11 image collected 5 hours later
(fig. 5D). In figure 5C, the circular volcanic cloud front has
traveled about 450 km, and a tail trails back toward the
vent. The band-3-minus-band-4 operation was used to
enhance the volcanic cloud, but the clarity of the enhance-
ment is diminished by multiple data line dropout along the
northern boundary of the volcaniccloud.

Inthe NOAA-11imageacquired5 hourslater (fig. 5D),
the continued dispersal of the volcanic cloud can be seen.
The cloud front now extends for more than 825 km, from
near the vent to the Bering Sea. Once again, the band-3-
minus-band-4 operation helped to enhance the volcanic
cloud, but it did not discriminateit from the weather clouds
aong the top of the scene. The northward bend in the cloud
seeninthisimageisalso apparentin the previousimage (fig.
5C) and may be due to wind shear. Ash falout from this
eruptionisvisible as a dark band that trends west for about
300 km and is correlated to the distribution of ash on the
ground as mapped by Scott and McGimsey (in press).

REFLECTANCE SPECTRA OF
VOLCANICASH

The reflectance properties of 19 volcanic ash samples
from Redoubt wereinvestigatedto see how they varied with
transport, and how they varied throughout the eruption.
These samples were collected by personne of the Alaska
Volcano Observatory in the weeksto months following the
eruption. All of the ash samplesused in this study were col-
lected from snowpits throughout Alaska (fig. 1) and were
correlated by Scott and McGimsey (in press) to eruptive
events by their stratigraphic position. The ash was separated
from the snow by meltingand filtration, eliminating any sul-
furic-acid coatingsthat may have been present.

VOLCANICASH AND AVIATION SAFETY: PROCEEDINGS, FIRST INTERNATIONAL SYMPOSIUM

To ad in interpretation of the ash reflectance spectra,
glassand minera separateswere dso prepared. Pumicefrag-
ments from the December 15, 1989, eruptive event were
crushed mechanically,and glass and crystalswere separated
using heavy-liquid-separation techniques. The pumice, crys-
tal, and glass separateswere sieved to producea 0.25-mm to
0.088-mm sample, and subsets of these samples were
crushed to produceasampleof lessthan 0.088 mm. Thiswas
done to reflect the reductionin grain size and the fraction-
aion of the crystalswith respect to glassthat occursas vol-
canic clouds age and are transported. The crystal separates
were composed primarily of plagioclase, with lesser
amounts of hornblende and pyroxene.

Laboratory biconical reflectance measurements were
conducted on the ash samples and mineral separates by the
Jet Propulsion Laboratory (JPL) (J. Crisp, JPL, oral com-
mun., 1991). Althoughthe AVHRR sensor measuresemitted
energy, reflectance measurements can be related to emit-
tance, whichisdifficultto measurein thelaboratory (Bartho-
lomew and others, 1989). Kirkoff’s law states that, for a
given temperature and wavelength, emittance and reflec-
tance are complementary. This law only applies to solid
objects because scattering is ignored. Although this is a
magjor simplification,we use it to correl ate reflectancemea
surementsto the emittancerecorded by the satellite sensor.

Biconical reflectance spectra of ash fallout from erup-
tions on December 15, 1989, December 16, 1989, and from
January 8, 1990, are shown in figure 6A-C. These reflec-
tance spectraaretypical of the 19 ash sampl esthat weremea-
sured and show two reflectance peaks of interest to this
study. Thefirst peak extendsfrom 3 um to 5 um and contains
AVHRR band 3, whereas the second peak extends from 8
pm to 12 pm and contains AVHRR bands 4 and 5. In the
region containing AVHRR band 3, the reflectancevaries by
10-15 percent between eruptive episodes, and, for the
December 15, 1989, event, the reflectance increases by 20
percent as the distance from the vent increases. In contrast,
all of the samplesshow a broad similarity in reflectancein
the region containing AVHRR bands4 and 5, except for the
sample suite from the December 15, 1989, event, wherethe
reflectanceincreasesby 1-2 percentwithincreasingdistance
from the vent.

The reflectance spectraof the pumice and theglassand
crysta separatesare showninfigure 7A-B. All of thecoarse-
grained samples(fig. 7A) show areflectance peak at 9 pm.
Thereflectance at 9 um isless prominent for the crystal sep-
arate and the pumice sample, and the glass separate has a
smaller reflectance peak at 11.5 pm. The fine-grained sam-
ples(fig. 7B) show amuch-diminishedreflectance peak at 9
um for the glass separate and none for the pumice sample
and crystal separate. The peak at 11.5 um is most prominent
for the glass sample, but the pumice and crystal separates
also have a broad peak in this region. These spectra show
that reflectance is influenced more by particle size than by
particle composition.
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DISCUSSI ON

The spectral discrimination of volcanic cloudsis com-
plicated by dynamic processes that occur during the erup-
tion, transport and dispersion of the cloud —these processes
may prevent the use of a single image-processing algorithm
for use on al volcanic clouds. Previous researchers (Prata,
1989a, 1989b; Holasek and Rose, 1991) have utilized differ-
ences and ratios of AVHRR bands 4 and 5 to discriminate
volcanic clouds from weather clouds, but these operations
wereonly partially successful at Redoubt. It has been shown
that the band-4-minus-band-5 subtraction operation pro-
duces positive apparent temperature differences (AT) for
weather clouds and negative apparent temperature differ-
ences for volcanic clouds (Yamanouchi and others, 1987;
Prata, 1989b). However, positive apparent AT's can occur
for volcanic clouds if the cloud contains a large amount of
water or if the particlesizeislarge (Prata, 1989b).

The early eruptions of the Redoubt series (type-1
clouds) more closely resemble the kinds of ash clouds that
are likely to be of most concern to aviation safety than do
the later ones. Two important features of these early clouds
are the success of the discrimination agorithm based on
apparent AT determined from bands 4 and 5 and theindica-
tion that, for success of the agorithm, the cloud must have
aged (dispersed freely in the atmosphere) for 1 hour or
more. Severa observations point to the role of fine silicate
particles in explaining these phenomena. Biconical reflec-
tance data suggest that fine particle size may enhancethe 4-
minus-5 effect, and magmatic explosions resulting from
explosive vesiculation may be more likely to produce fine
ash than dome collapse. Aging of a volcanic cloud will
result in decreasing the grain size of suspended ash because
fallout will remove larger particles, and it will also tend to
reduce the water or ice in the cloud, thereby enhancing the
relative importance of the fine ash particles. Because the
largest and most broadly hazardous ash clouds are mag-
matic (and are likely to generate drifting ash clouds that
contain significant concentrations of fine ash) these obser-
vationsare likely to be of general applicability.

The band-4-minus-band-5operation produced positive
AT's for both volcanic and weather cloudsinimagesof type-
2 volcanic clouds from Redoubt, which were collected
within 30 minutesof the start of the eruption. Thesevolcanic
clouds probably contained |arge amountsof water, dueto the
entrainment of moist air from the lower atmosphere, and
wereidentified in band-4 thermal images by their proximity
to Redoubt, their circular morphology, and cold temperature
(fig. 44-C). Volcanic clouds of thistype could be confused
with convectiveweather clouds, but thisisunlikely in winter
Arctic images. In two of the images (fig. 3A-B) of type-1
clouds, the band-4-minus-band-5 operation produced posi-
tive AT's for the proximal portion of the cloud and negative
AT's for distal portions of the cloud. The region of negative
AT isshownin redin figure 3A-B. Weattribute the change

in the spectral signature of this volcanic cloud to a decrease
in particlesize and water content during transport. Analysis
of wind-speeddatafor this eruptionindicates that the transi-
tionfrom positiveto negativedifference valuesin the volca-
nic cloud took about 1 hour.

Type-3 volcanic clouds were difficult to discriminate,
perhaps due to their relatively small volume and the disper-
sion and sedimentation of ash that occurred before they
were imaged. Whereas many volcanic clouds can be dis-
criminated using the band-4-minus-band-5 operation, the
concentration of ash required to produce a detectable signal
is unknown. Another factor that affects the subtraction
operation is particlesize. The type-3 clouds may have con-
tained fewer fine particles than the type-1 clouds because
they were produced as part of a dome collapse, rather than
from a purely explosive, voldtile, effervescent mechanism,
thus reducing the ash signal .

The band-3-minus-band-4 operation was useful in
enhancing type-3 clouds, but it did not discriminate them
from weather clouds. This operation was more successful
during the daytime hours, when band-3 backscatter isimpor-
tant, than at night, when this band has alarger thermal com-
ponent. Althoughthisisauseful operation, itisdifficult to
make general observations regarding its success becausethe
reflectance is dependent on a number of factors, including
particle size, shape and abundance, sun azimuth and eleva-
tion, and the location of the cloud and the satellite rel ativeto
the sun. However, this operation, used in conjunction with
observations of cloud morphology, can be used to interpret
the extent of probablevolcanic clouds.

The use of ash falout reflectance measurements as
"ground truth" for interpreting satellite imagery has several
shortcomings. One fundamental problem isthat the reflec-
tance measurementswere made on ash fallout, which by def-
inition is not what is in the volcanic cloud. Very fine
particlesare probably the most important, yet their collection
isdifficultbecausetheir fallout may betoo light to be distin-
guished on the ground, and the particles fall out long dis-
tancesfrom the vent over very broad areas. Another problem
liesin relating the reflectance measurementsto the emittance
recorded by the sensor. Volcanic clouds are heterogeneous
assembl agesof particlesand gases; therefore, subtracting the
reflectancemeasurementsfrom ablack body of the appropri-
ate temperatureis a poor approximation. Additional work
needs to be done to determine the most effective way of
using reflectance measurements of ash falout as "'ground
truth" for image interpretation.

In spite of these difficulties, the mineral separate spec-
tra show that reflectanceis controlled more by particlesize
than by the particle composition. In a volcanic cloud, this
would imply that the discrimination of distal clouds would
be controlled more by the reductionin the size distribution of
the particlewith transport than by theincreasein the propor-
tions of volcanic glass in the cloud due to eolian fraction-
ation. Although the exact relationship of reflectance to
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emittance is unknown, the effects of particle size, particle
shape, and particle composition would probably be enhanced
for suspended particles. In this case, the complex shape of
glass particles compared to crystals may have an important
effect on the emittance of volcanic clouds.

This study has shown that the discrimination of volca-
nic clouds using AVHRR imagery is more complex than
previously thought and has identified severa parameters
that contribute to this complexity. These include cloud
water content and particle size, concentration, and compo-
sition. Additional factors not included in this study include
the role of acid aerosols (Prata, 1989a) and sensor viewing
geometry. The relative importance of each of these parame-
ters can be investigated in laboratory experiments utilizing
an imaging radiometer to observe simulated volcanic
clouds. Images can be collected at the same wavelength
intervals as the AVHRR sensor, and image-processing
operations similar to the ones described in this paper can be
conducted. Results of the laboratory studies can be used to
guide future work on therma imaging and particle and gas
sampling of actual volcanic clouds.

CONCLUSIONS

Volcanic clouds of a variety of types and scales were
observed and mapped by AVHRR images during the
Redoubt eruptions of 1989-90. These examples broaden the
experience on volcanic cloud tracking and discrimination
using multispectral image-processing techniques and pro-
vide insight on additional work that needs to be conducted.

A magjor conclusion of this paper isthat volcanic clouds
have natura variability that is reflected in satellite images
and that affects the methods used to discriminate and map
their dispersion. This variability is magnified for activity
like that of Redoubt Vol cano, which changed eruptive mech-
anism during its period of activity. Most ash-producing
eruptions from other volcanoes, particularly the larger ones,
are more likely to resemble the early (type-1) clouds of
Redoubt. Thisisencouraging because the simple method of
discrimination of volcanic clouds using apparent tempera-
ture differences between AVHRR bands 4 and 5 works well
on type-1 clouds; therefore, the simplest methodology is
likely to be useful in many of the most serious cases. Dis-
crimination of volcanic clouds using the band-4-minus-
band-5 operation is difficult or impossible for very young
cloudswith high water content and (or) alarge particle size,
but it is very useful for drifting volcanic clouds. A magjor
uncertainty of this method is the particle concentration
required to produce a measurable signal.

Ash reflectance is controlled more by particle size than
by particle composition. Thefractionation of glassand crys-
talsin avolcanic cloud are not likely to produce reflectance
and emittance differences on their own, but fractionation
will operatein conjunction with the proportional increase of

fine particles asthe cloud disperses. Laboratory reflectance
measurements are inadequate to explain the spectra vari-
ability observed in the imagery of the Redoubt volcanic
clouds. Emittance measurements need to be made of simu-
lated volcanic clouds in the laboratory and in situ measure-
ments and particle sampling need to be conducted on actual
volcanic clouds to provide " ground truth” for interpretation
of satellite imagery.
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