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ABSTRACT

Satellite images, wind measurements, and ground
observationswere used to track and map gas cloudsand ash
cloudsemitted by Redoubt Volcano, Alaska, on 15 Decem-
ber 1989. This eruption resulted in a nearly catastrophic
encounter between airborneash and aBoeing 747 jet aircraft
(most of southern Alaskawas completely covered by clouds
onthat day). Four satelliteimageswere analyzed using com-
plex digital-processing techniquesto locate geographicfea
tures and to distinguish eruption-related gas clouds from
meteorological clouds. Thetechnique of subtractingthermal
infrared bands to detect ash clouds was applied to three
images but was only successful on the 13:42 Alaska Stan-
dard Time (AST) image. The 13:42 imagereveaed the pres-
ence of two ash clouds near Fairbanks and Delta Junction
that may have been involved in the encounter with the 747
aircraft earlier that morning. Ground samples from the two
ash clouds help quantify the characteristics of ash clouds
detected by satellite sensors. The eruption at 10:15 AST
appears to be the origin of the ash involved in the aircraft
encounter.

INTRODUCTION

On 14 December 1989, Redoubt Volcano, located 177
km southwest of Anchorage, Alaska (fig. 1), erupted and
expelled a huge eruption cloud composed of ash and gasto
atitudesgreater than 10 km (Brantley, 1990). For the next 4
months, 24 additional eruptionsresultedin the deposition of
ash throughout southern Alaska (Scott and McGimsey,
1991). Cloudsof ash and gas from Redoubt Volcano drifted
hundredsof kilometersto locationsbeyond Fairbanks, Delta
Junction, and Glennallen.

The danger to airlinetraffic posed by airborne ash was
exemplified on 15 December at 11:45 Alaska Standard
Time, when aBoeing 747 jet flew into an ash cloud at an alti-
tude of 7,600 m (25,000 ft) northeast of Talkeetna, Alaska.
All four engines shutdown within minutes after the aircraft
entered the cloud but were restarted about 8 minutes later,

narrowly avertingacatastrophe(Brantley, 1990; Casadevall,
in press). The ability to detect, monitor, and predict the
movement of volcanic plumesand ash cloudswould help to
minimizethe possibility of aircraft encounterswith ash. Sat-
ellite images are one potential source of this information.
The 15 December 1989 chronology of events and National
Oceanographic and Atmospheric Administration (NOAA)
advanced very high resolution radiometer (AVHRR) satel-
liteimagesusedin our analysisare givenintable 1.

NOAA AVHRR satellite images have been used to
monitor and analyze eruption clouds from Redoubt (Dean
and others, 1990; Kienle and others, 1990); from Augustine
(Holasek and Rose, 1991); from Colo, Indonesia(Maligreau
and Kaswanda, 1986); from Mt. Galunggung, Indonesia
(Hanstrum and Watson, 1983); from El Chichén, Mexico
(Matson, 1984); and from Mount St. Helens (Matson and
Staggs, 1981). Techniques have been developed to distin-
guish ash clouds from meteorological clouds and other air-
borne volcanicconstituents(Prata, 1989; Holasek and Rose,
1991). Images from the Earth observing system (EQS)
spacecraft will become an additional source of data for ana
lyzing volcanoesin the near future(Mouginis-Mark and oth-
ers, 1991).

Imagesfrom the AVHRR sensor aboard the polar-orbit-
ing NOAA-10 and NOAA-11 (N-10, N-11) satellites are
recorded for the Cook Inlet region more than 10 times per
24-hour period. This high temporal resolution is unique to
high latitudesdue to extensive overlap on each image swath
from adjacent orbits. The datahave aspatial resolutionof 1
km and aswath width greater than 2,000 km. Theimagesare
recorded in five wavelengths: visible band 1 (0.58-0.68
pm), near-infrared band 2 (0.72-1.1 pm), thermal-infrared
band 3 (3.55-3.93 um), thermal-infrared band 4 (10.3-11.3
pm), and thermal-infrared band 5 (11.5-12.5 pm). How-
ever, on even-numbered NOAA satellites up to but not
including N-12, band 5 is a duplicate of band 4. The five-
band coverage can detect both volcanic and non-volcanic
cloud formationsduring both day and night.

In this paper, clouds composed of gas and ash emitted
by a volcano are referred to as eruption clouds. Eruption
clouds may havea conica shape with an apex ending at the
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volcano indicating that it is still being emitted, or the apex
may be adrift and not connected to the volcano. An ash
cloudisthat portion of an eruptioncloud containingvolcanic
ash that damages aircraft and other mechanical devices.
Both ash and gas components of eruption clouds can be
detected on satelliteimages, but they may not awaysbe dis-
tinguishablefrom each other.

OBJECTIVES

The objective of thisanalysisis to use satelliteimages
to identify and monitor eruption clouds, including the ash
cloudsresponsiblefor the near-downing of an aircrafton 15
December 1989. AVHRR images are used to distinguish
eruption clouds from surrounding meteorological clouds, to
map thetragjectory and distributionof eruptionclouds, and to
detect and track the movement of the ash cloud that the air-
craft encountered.

METHODS
SATELLITEANALYSIS

Three eruptionsoccurred on the morning of 15 Decem-
ber: at 01:40, 03:48, and 10:15 AST. Four satelliteimages
were recorded at 03:28, 05:09, 09:28, and 13:27 AST (table
1) and show that most of southern Alaska was completely
covered by clouds. To relatecloud structuresto ground loca-
tions, the images were registered to an Albers equa-area
map projection, and geographic features were digitaly
superimposed. The values of individua pixels were

Tablel Chronology of Eventson 15 December 1989.

[AST, Alaska Standard Time]

Time(AST) Event
01:40......ccvnin.. Eruption, 12 minutes duration
0328 ..o Image NOAA-11; orbit no. 6305
0348 Eruption, 10 minutesduration
05:09 .o, Image NOAA-11; orbit no. 6306
0928 .o, Image NOAA-1G; orbit no. 16851
1025, Eruption, 40 minutes duration
1045 Aircraft-ash doud encounter
1327 i, Image NOAA-11; orbit no. 6311

transformed to temperature and albedo using coefficients
provided with the data as described in the NOAA polar
orbiter data users guide (Kidwell, 1991). Contrast was
enhanced to optimize the detection of eruption-related gas
cloudsand ash clouds. Individual bands of satellitedatawere
combined to distinguish gas clouds, ash clouds, and other
plume constituentsfrom meteorological clouds using estab-
lished experimental techniques. Theseincluded:

e  Subtraction between bands 5 and 4 to distinguish ash
cloudsfrom meteorological clouds,

e  Subtractionbetween bands2 and 1 to help distinguish
the water-vapor portion of eruption cloudsfrom other
plume constituents, and

e Principal-component analysis to distinguish eruption
cloudsfrom meteorological clouds.

Color composite imageswere generated using various com-
binations of raw images, band subtractions, and principal
component images.

Images that result from the subtraction of two bands of
data may detect distinct properties of eruption clouds. The
image that resultsfrom subtracting the two thermal infrared
bandson AVHRR data (bands4 and 5on NOAA-9, 11, and
12 satellites) detects ash clouds (Prata, 1989; Holasek and
Rose, 1991). Theimage that resultsfrom subtracting visible
and near-infraredbands may help to distinguish water vapor
from other plume constituents (Dean and others, in press).
Theseband-subtractiontechniqueswereusedinthisanalysis
to help distinguish plume components.

The principal-component-analysis technique creates
new images by performing coordinate transformations that
recognizethe maximum variancein multispectral data. This
technique generates new images referred to as “principal-
componentimages” (PC1, PC2, PC3, etc.). Thefirst princi-
pal-component image is a weighted-average picture: the
remaining principal-component images are similar to pair-
wise differences between bands (Sabins, 1987; Siegal and
Gillespie, 1980). The principal-component images were
used to help distinguish subtle eruption-cloud signatures
from meteorological clouds.

Altitudesof theeruption cloudswereestimated by com-
paring their temperatureswith the temperature profile of the
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amosphere. The eruption cloud, which is hot when first
emitted by the volcano, will rise due to buoyancy hut isalso
mechanically lifted by the force of the eruption. These two
factors often propel eruption cloudsto altitudeshigher than
many cloud masses(Sparks and others, this volume; Woods
and Kienle, this volume; Dean and others, in press) where
they rapidly cool to the temperature of the surrounding air.
Thetemperature of the upper surface of the eruption cloudis
derived from the thermal -infrared (band 4) satelliteimages.
The thermal profile of the atmosphere is derived by the
National Weather Service (NWS) from radiosonde observa-
tions and compared to the eruption-cloud temperature to
determine an estimate of eruption-cloud height. These esti-
matesare subject to errors(Woodsand Self, 1992). The per-
spective view of the upper cloud surface was generated
based on these principlesand isshownin figure 2.

Eruption clouds have some attributesthat distinguish
them from many meteorological clouds. They are often
higher and, hence, colder; they often have a larger dbedo
and are thus brighter; and, eruption clouds often have an
gpex startingat avolcano. A perspective view to the north-
east was generated to show some of thesedifferences(fig. 2)
based onthe 13:27 AST satelliteimage using a combination
of the visible(band 1) and therma-infrared (band 4) bands.
In this example, the volcanic plume seen emanating from
Redoubt Volcano was not at a greater height than the sur-
rounding clouds, even though it is shown that way on this
image, but it was brighter dueto its high albedo on the visi-
ble-band data.

Figure2 Pergpectiveview, looking goproximetdy northeedt, of
doudtopsgeneratedfrom an AVHRR satdlliteimagedf south-cen-
trd Alaska, 13:27 AST, 15 December 1939. The plume extends
from Redoubt Vol canotothenortheast and isbrighter (high dbedo)
then mogt of the surroundingdouds  Codk Inletisoutlined on the
right-hand sdedf thefigure; refer tofigure 1.

Figure3 AVHRR satdliteimagedf south-central Alaska, 03:28
AST, 15 Decamber 1989. Suspected eruption clouds appear as
green and red acrossthe center of theimage The imagei's gpprox-
imatdy 500km onaside. Theflight of theaircraft that encountered
the ash doud is shown as draight line ssgments in the upper and
centrd parts of thefigure. Seetext for explanationd A, B, C, D,
adE

Theflight path of the aircraft that encounteredthe ash
cloudisshownonfigures3through 7. Label salongtheflight
pathindicatethe position of theaircraftat thetimeof critical
events (Casadevall, in press):

& A—(1146 AST)—Ash cloud encountered at 7,600 m
(25,000 ft),

e B—(11:48 AST)—Engine shutdown at 7,600 m
(25,000 ft),

s C—(11:50 AST)—Exit ash at 6,000 m (20,000 ft),

¢ D—(11:52 AST)—Restart two engines at 5,200 m
(17,200ft),

o E—(11:55 AST)—Restart two engines at 4,100 m
(13,300 ft).

RESULTS

Thefirst AVHRR image (NOAA-11, orbit no. 6305),
was recorded at 03:28 AST, 2 hours after the 01:40 AST
eruption. A color composite image was generated to opti-
mize differencesin morphol ogy and spectral responsewithin
theoverlying cloud layer using PC3 asred, thermal-infrared
band 3 as green, and PC1 as blue (fig. 3). Thisimageshows
a cloud structure (green and red) that may be an eruption
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Figure4. AVHRR satdliteimaged south-central Alaska, 05:09
AST, 15 December 1989. The sugpected eruption doud hes an
gpex a Redoubt VVolcanoand gopears as ydlow acrossthe center of
theimege Theimageisapproximatdy 500km onasde. Theflight
peth of the arcraft that encountered the agh doud is shown as
draight line ssgments in the upper and centrd parts of the figure.
Setext for explanationdf A, B, C, D, ad E

cloud that starts northeast of Redoubt Volcano and extends
to the east over Anchorage and beyond, to Prince William
Sound, south of Vadez. The suspected eruption cloud was
presumably emitted by the 01:40 AST eruption and appears
to be in three segments, possibly indicating a discontinuous
event comprised of threedistinct eruptions. A subtraction of
bands 5 and 4 was not successful in detectingthe ash clouds.

Thesecond AVHRR image(NOAA-11, orbit no. 6306)
was recorded at 05:09 AST, 1.5 hours after the 03:48 AST
eruption. A color composite image was generated to opti-
mize differencesin the morphology and spectral response
within the overlyingcloud layer. The optimal combinations
used the thermal-infrared band 3 as red, therma-infrared
band 4 as green, and PC1 asblue (fig. 4). Thisband combi-
nation shows a suspected eruption cloud (yellow), with an
apex near Redoubt Volcano, extending to the northeast and
east, beyond Vadez. The eastern portion of this cloud is
dightly detached and may be aremnant from the 01:40 AST
eruption. A subtractionof bands5 and 4 was not successful
in detectingthe ash clouds.

Thethird AVHRR image (NOAA-10, orbit no. 16851)
was recorded at 09:28 AST, 6 hours after the 03:48 AST
eruption and about 45 minutes before the 10:15 AST erup-
tion. A color compositeimagewasgeneratedto optimizedif-
ferencesin the morphol ogy and spectral responsewithin the

overlyingcloudlayer with PC1 asred, thermal-infraredband
4 asgreen, andtherma-infrared band 5 as blue (fig. 5). This
image shows a suspected eruption-cloud (green and yellow)
northeast of Redoubt Volcano that extends beyond Td-
keetnaand across the flight path of the aircraft that encoun-
tered an ash cloud. This cloud does not have an apex at
Redoubt Volcano. Two possible volcanic-related clouds
(yellow) can aso be seen south of Glennallenand between
Takeetna and Fairbanks. Detection of ash clouds using the
subtraction between bands 4 and 5 could not be applied
becausethese bandsareidentical onthe NOAA-10 satellite.

Thefourth AVHRR image (NOAA-11, orbit no. 6311)
was recorded at 13:27 AST, 3.25 hoursafter the start of the
10:15 AST eruption. A color composite image was gener-
ated to detect the plume and ash clouds using PC3 as red,
subtraction of band 1 from 2 as green, and subtraction of
band 4 from 5 asblue (fig. 6). Thisisthefirst 15 December
image that unquestionably shows a volcanic plume despite
the cloud layer and reveal san eruption cloud still emanating
from Redoubt Volcano (yellow and green in the lower |eft
portion of fig. 6) 2.5 hoursafter the end of the seismicevent
defining the 10:15 AST eruption. This plume trends north-
east and east, endingjust short of Anchorage, andisbrightest

Figure5. AVHRR sadliteimegedf south-centra Alaska, 09:28
AST, 15 December 1989. The sugpected eruption cloudsare green
and ydlow featuresthat extend from Redoubt VValcano to Glenn-
allen. The ydlow features acrossthe upper third of the figure mey
a0 be volcanicemissons Theimegeis goproximeatdy 500 km on
asde Theflight peth of theaircraft thet encountered theash doud
isshown as draght line ssgmentsin the centra part of the figure.
Seetext for explanationof A, B, C, D, adE
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Figure6. AVHRR satdliteimaged south-central Alaska, 13:27
AST, 15 December 1989. The eruptiondoud (light green) hesan
goex a Redoubt Volcanoand extendsto Anchorage Theash clouds
(purple), which are south of Farbanks and Deta Junction, mey
have ben invalved in the aircraft encounter. The imageis gpprox-
imatdy 500km onaside. Theflight peth of theaircraft thet encoun-
tered the ash doud isshown as sraight line ssgmentsin the central
part of thefigure. Seetext for explanationof A,B, C, D, ad E.

onthe band-2-minus-band-1image, suggesting that its com-
positionis somethingother than water vapor (Dean and oth-
es, in press). To the north, near Fairbanks and Delta
Junction, two clouds(purpleand pink) were observed in the
band-5-minus-band-4 image, suggestingthat they are com-
posed of ash, asindicated by the signaturegenerated by this
band combination(Prata, 1989; Holasek and Rose, 1991).

DISCUSSION

GROUND ASH DISTRIBUTIONAND
ERUPTION-CLOUD TRAJECTORIES

To show more clearly the scenario of events on 15
December 1989, a summary image was compiled that inte-
grated all of the'" eruptionclouds” observed on satellitedata.
The maximum extent of these clouds was extracted from
individual images and transferred to a cloud-free reference
image (fig. 7). Colors designate the image from which the
suspected eruption clouds wereextracted: green, 03:28 AST
image; red, 05:09 AST image; blue, 09:28 AST image; yel-
low, 13:27 AST image. This integrated image shows that

Figure7. Artifiddly integrated satelliteimege that shows all of
the possble eruption cloudson 15 December 1989. Colorsdesig-
nete the imege from which the eruption clouds were extracted:
green, 03:28 AST image red, 05:09 AST imege; blue, 09:28 AST
imege yellow, 13:27 AST imege. Theflight pathof thearcraftthet
encountered the ash doud isshawn as traight line ssgmentsin the
upper and centrd partsof thefigure. Seetext for explanationaof A,
B,C,D,adE

three of thefour suspected eruption clouds have an eastward
trg ectory andthat thereisanorthward progressionin thetra-
jectory of the early-morning eruption cloud, a northeast
trend at 09:28 AST, and a northeast to eastward trend at
13:27 AST.

The predominantly eastward trgj ectory of the suspected
eruption clouds does not agree with the distribution of sur-
face ash collected by the U.S. Geological Survey (Scott and
McGimsey, 1991). Surface ash deposited by the 15 Decem-
ber 1989 eruption is found northeast of Redoubt Volcano,
not to the east, as the eruption cloud seen on the images
would indicate. This suggests that either the suspicious
clouds are not volcanic or that, as the ash falls from the
plumes, it isswept northward by winds at adifferentaltitude
and that the clouds seen on the images do not contain ash.
The elongated shape of the clouds with apexes at Redoubt
Volcano (possibly two of four suspected plumes), geo-
graphic position, soft texture, and spectral signaturesof these
cloud structures indicate that they may be plumes, although
absolute quantifying datais not available.

The second explanation is possible because winds
below about 7-km altitudeareto the north; at 7 to 12 km, the
windsareto the northeast; and at 12 to 28 km, the winds are
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to the northeast and east (03:00 AST, 15 December 1989,
Anchorage radiosonde data). The wind directionsindicate
that theashisinthelower air mass(below 7 km) andisbeing
swept northward, whereas the eruption clouds seen on the
images are in a higher air mass and are being transported
northeast and east.

AIRCRAFT-ASH CLOUD ENCOUNTER

Redoubt Vol cano erupted three times during the morn-
ing of 15 December 1989: at 01:40, 03:48, and 10:15 AST.
In order toidentify which eruptioncloud wasinvolved in the
encounter with the jumbo jet, we compare the velocity
required to transport an ash cloud from Redoubt Volcano to
the site where the encounter occurred to the wind velocity
and direction obtained from radiosonde data from Anchor-
age International Airport. The required azimuth from
Redoubt Volcano is approximately 40°, and the encounter
occurred at an altitude of 7.6 km (25,0001t).

The 10:15 AST eruption occurred 90 minutes prior to
the aircraft-ash encounter at a point approximately 280 km
northeast of Redoubt Vol cano (Casadevall, in press). Based
on these conditions, the ash cloud requiresa velocity of 55
m/s to reachthesite. Thewind at 8 km altitudehasavelocity
of 55 m/s and a heading of 47° (15:00 AST sounding, 15
December 1989, Anchorage). Thus, measured wind param-
eters closely correlate with the transport of ash emitted by
the 10:15 AST eruption.

ASH CLOUD AT FAIRBANKSAND DELTA
JUNCTION

The 13:27 AST AVHRR image (fig. 6) showstwo ash
clouds near Fairbanks and Delta Junction, approximately 3
hoursafter the 10:15 AST eruption. One or both of theseash
cloudsmay be the onethat the aircraft encounterednear Tal-
keetna, |1.75 hoursearlier. Back-tracking of cloud movement
usingwind datafrom Fairbanksatmospheric soundingswere
used to test this hypothesis.

The aircraft encountered ash at 7.6 km (25,000 ft) alti-
tude (point A, figs. 3-7), 200 km from Fairbanksand Delta
Junction. Temperature-heightcorrelationsof the cloudin the
Fairbanksarearange from 1.5 to 7 km (5,000 to 23,000 ft),
and the height of the Deltacloud range from 2.5 to 13.5 km
(8,000 to 44,500 ft) (15:00 AST sounding, 15 December
1989, Fairbanks). The range of heightsof the cloud at Delta
Junction spans the height of the encounter, and the upper
height of the cloud near Fairbanksis slightly lower.

To transport the ash cloudsfrom point of the encounter
with the aircraft, to the Fairbanksand Delta Junction area, a
velocity of 32 m/s and a northeast-blowing wind are
required. Veocity calculations based on ground reports of
ashfall are 31 m/s and show a northeast direction of move-
ment (R. McGimsey, oral commun., 1992).

M eteorol ogi cal measurementsindicate that wind direc-
tion at approximately 7-km altitude would move the ash
cloud that the aircraft encountered to either the Fairbanksor
Delta Junction position. Wind at that altitude has a velocity
of 31 m/s, with the wind blowing to the northeast. It does
appear that either or both of these ash cloudswere involved
in the aircraft encounter, although the height of the cloud
near Fairbanks is dightly lower than the atitude of the
encounter.

Ground samplesof ash from these ash clouds collected
in the Fairbanks area had a mass of 0.1 g/m? (C. Nye, ora
commun., 1991). Approximately 85 percent of the ash parti-
cles that fell from the Delta Junction cloud were in the
0.0039- to 0.0625-mm size range, based on two samples(R.
Combellick,oral commun., 1991), and were composed pre-
dominantly of very angular glass and plagioclase (C. Nye,
oral commun., 1991). The glass shards made up greater than
75 percent of the total ash weight.

CONCLUSIONS

The 15 December 1989 eruption of Redoubt Volcano
resulted in a near-fatal encounter of a jumbo jet passenger
aircraft (Boeing 747) withthe ash cloud from the 10:15 AST
eruption. Despitethe almost total cloud cover over south and
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central Alaska, eruption clouds were observed on several
satellite images. However, the position of the clouds seen on
theimages did not always agree with ground observations of
fallen ash, probably due to height differences between the
ash component and gas component of the eruption cloud
(and the air massesthat transported those parts). A technique
of using multiple thermal bands to distinguish ash clouds
from other clouds was successful on only one out of three
possibleimages(fig. 6). Thisimage, recorded at 13:27 AST,
detected ash clouds near Fairbanks and Delta Junction. One
or both of these ash clouds were very likely involved in the
aircraft encounter at 11:45 AST.

Validation analyses of eruption clouds observed on sat-
elliteimages have been minimal. It isnot known how opac-
ity, plume composition, particle size, and particle density
affect the signatures observed on the satellite images. A
thorough understanding of these factors would significantly
improve the utility of satelliteimages for tracking and mon-
itoring eruption clouds.
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