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Description of Thermal Anomalies on Two Active
Guatemalan Volcanoes Using Landsat Thematic

Mapper Imagery
Robert J. Andres and William l. Rose

Abstract
Santiaguito Dome, Guatemala, continuously extru de d dacite
lava and underwent daily, vertical, phreatomagmatic erup-
tions during 19BG to 1gBB. Three Landsat satellite Thematic
Mapper (ru) subscenes recorded this activity.ovet a two-year
peiioa. The subscenes show a stationary, high-temperature
ihermal anomaly around the active vent, Caliente. Two of
the subscenes depict vertical ash eruptions, one of which
reached 4.5 to 5'km above the dome. The subscenes provide
evidence that a recently detected, deep ercsional episode on
the dome did not begin significantly before February 1988.

At Pacaya Volcano, Guatemala, a basaltic cone -in neatly
continuous'eruption since 1967, a single subscene shows a
larg,e, hieh-temperature thermal anomaly with the character-
istlcs of a basaitic lava flow. Periodic processing of ru im-.
ages con provide a valuable, supplemental monitoting tool .

for active volcanoes, particularly _when on-site monitoring is'Iimited 
by economic or personnel resources.

lntroduction
A minimum of 158 volcanoes erupted from 1975 to 1985.
During this time, approximately 50 more volcanoes showed
unresialthough eruptions did not occur (McClelland ef o,1.,
1989). Limited econbmic and personnel resources do not aI-
low for close, on-site monitoring of all of these potentially
dangerous volcanoes."Thit pup". further demonstrates the use of commercially
available iatellite imagery to supplement on-site volcano
monitoring by combining several existing techniques and ex-
oanding t[e ii.ttitt of some of these techniques (Francis and
itothery, 1987r Rothery et a1., 19BB; Mouginis-Mark et o.l ' ,
1989; Abrams et al., 1991; Mouginis-Mark et al., 1'g9f i Moug-
inis-Mark and Francis, 1992). Satellite images are relatively
inexpensive, as compared to field campaigns to active volca-
noes^, and can be analyzed by one person' Also, daily to bi-
weekly coverage can be obtained of an area dependjng upon
the tvpe of satellite used. Four Landsat Thematic Mapper
(rv) zubscenes of two active Guatemalan volcanoes portray
volcanic phenomena not directly observed on the ground by
the local monitoring agencies. The morning Landsat orbits
precede the buildup of orographic clouds around these vol-
ianoes (Lil lesand and Kiefer, 1987).

Background GeologY
Santiiguito Dome [t+"q+'N, 91'34'W, 2520 m) has been
eruptiig dacite since it began to grow in'1922 (Rose, 1972)'
The malmatic temperature is about 850'C, based on petrogra-
ohv and Fe-Ti oxide data at domes of similar composition

iRose, rgzz). The focus of dome extrusion has wandered be-
i*e"., se.reral vents over the years. The currently active vent,
Caliente, is the site of frequent vertical ash eruptions which
eive rise to water-rich plumes that contain varying amounts
6f volcanic ash (Andres, 1992; Andres et ol ', '19s2).

Pacaya (14'22'N, 90'36'w, 2552 m) is an active volcano
on the south side of a 100-km'z caldera (Eggers, 1971; Wun-
derman and Rose, 1984)' It has erupted basalts in a series of
eruptions which have created and destroyed a series of com-
posite and cinder cones (Eggers,1'97L: Eggers, 1983; Born-
lrorst ef al., tg}q; A. MacKenney, personal communication)'
More complete descriptions of recent activity at these two

volcanoes can be found in Andres (1992).

Landsat lmages
Landsat satJlites provide regular, nearly global coverage and
their TM sensor provides 30-m ground resolution in six-spe^c-
tral bands (three visible, one near-infrared, and two mid-infra-
red) and 120-m ground resolution in one band (thermal

infrared) (Lillesa-nd and Kiefer, 1987). Four Landsat TM sub-
scenes of two active Guatemalan volcanoes were acquired'
Each subscene was 512 rows by 512 columns (approximately
15 km by 15 km) centered on the volcanic edifice' The data
*ere radiometrically corrected to account for detector gain
and offset, and geometrically corrected to a space oblique mer-
cator map projection (cct-p format)' Tle geometric correction
involved'n'earest-neighbor resampling for the 1986 images and
cubic convolution resampling for the 1987 and 19BB images'
Cubic convolution resampling tends to minimize the extremes
in the data set, resulting in possible errors in the magnitude
and location of thermaf anomalies. Therefore, nearest-neighbor
resampling is preferred because origin^al-radiance values are
preserved; ho*ever, some duplicate "fiIl" pixels may occur

iGlaze et o1., lg8ga; Oppenheimer et al., 1'993).
Image processing of the subscenes was performed with

Decisiorilmages software, Release 4.2, on a 386 PC and with
ERDaS software, Version 7.4, o^ a color Sun 3/60 system'
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Pfate 1. TM subscene, generalized geologic map, and temperature map of the 25 October 1987 Santiaguito Dome thermal
anomaly. The thermal anomaly appears as the bright orange area in the center of the image. The 7.3- by 7.1-km subscene
displays TM bands 7, 5, and 4 in the red, green, and blue image planes, respectively. This band combination also portrays
volcanic rocks in tones of brown, orange, or gray; jungle foliage in blue; and agricultural areas in yellow or green.

The geologic map of the area shows the various exogenous units which comprise the dome, many of wnicfr lsnaOeO
units) can be clearly seen at the 3O-m resolution of the ru subscene. During the two-year period covered by the three TM
subscenes, a dacite flow has rapidly advanced down the Rio Nima ll watershed. The map shows three successive field-ob-
served flow-fronts. The 1987 subscene allows for another flow front determination, approximately 25O m down slope of the
June 1987 field observation. Map modified from SEAN (1988).

Each square on the temperature map represents one pixel of the ru subscene and is approximately 30 m on a side.
The upper number in each square represents the thermal anomaly temperature in degrees C. The lower number in each
square is the corresponding f or fraction of the pixel at that emitting temperature. Lighter squares indicate cooler tempera-
tures, ranging from > 7oo"c, 4oo-70o'c, to > 3O0'C. Empty squares do not contain any significant thermal anomaly.

Both software packages were used to take advantage of spe-
cific image processing functions unique to each.

Thermal Anomalies
Thermal anomalies in the scenes were located through the
thermal infrared band o (10.4 to 12.s pm) which is quantita-
tively sensitive to temperatures up to 100"C. Above IOO"C,
the TM sensor for this band saturates and becomes non-ouan-
titative for whole pixel temperature evaluations. Band 6iatu-
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rated pixels were then examined for their kinetic
temperature, T, by using the radiances recorded in mid-infra-
redbands 5 (1.5s to 1.25 pm) and 7 (z.o8 to 2.35 pm) and
the graphical method presented in Rothery ef oi. (19SS). This
method relies upon the ru sensor radiance calibration con-
stants (Markham and Barker, 19BG) and a rearranged version
of Planck's radiation law: i.e..

T : cz / \ln([ec,i{/zlR^]+t)
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where c, : 0.0144 m K, i : wavelength (m), e : emissivity
of the radiating surface, c, : 3.742 X 10-16 W m', f i^ = spec-
tral radiance (W m ' pm-r sr-1 (calculated from Equation 1 of
Markham and Barker (1986)). An emissivity : 0.8 was used
for all calculations and is representative of emissivities used
in other studies (Francis and Rothery, L987; Rothery ef 41.,
19BB; Abrams et al., 1991). A | 0.2 change in emissivity
equates to less than a + 15'C change in temperature. Radi-
ances used in this study were corrected for incident sunlight
by subtracting the averaged measured radiance in non-ther-
mally emitting pixels of similar composition and slope as-
pect in the scene. See Rothery ef 01. (1988) for a more
iomplete description of the method and the inherent errors.

This equation allows for determination of the tempera-
ture of subpixel sized thermal features by substituting e/ for
e, where /: fraction of the pixel emitting. Under clear sky
conditions, reasonable temperatures were obtained for all / >
0.0005 or for ground areas greater than 0.4 m'. Smaller val-
ues oflor the presence of clouds gave unrealistically high
pixel temperatures. For some pixels, both bands 6 and 7
were saturated. For these pixels. radiances recorded in near-
infrared band 4 (0.76 to o.go um) and band 5 were used to
determine their temperature; only one of these pixels had /
> 0.0005 and a reasonable pixel temperature.

Derived temperatures on Santiaguito Dome for a cloud-
free TM subscene acquired on 25 October 1,987 (scene to
number Y4192715505) are shown in Plate 1. The maximum
temperature measured in the thermal anomaly is 790'C and
the minimum is 300'C. The anomaly stretches 180 m contin-
uously in the east-west direction. The main region of the
anomaly extends 150 m from north to south with one iso-
lated hot pixel lying outside of this continuous region.

This 180- by 150-m thermal anomaly agrees with visual
observations of the Caliente vent. The vent consists of ts0-
by 150-m area covered by rubble through which 600 to
850"C gases pass (Stoiber and Rose, 1969; Stoiber and Rose,
1970; W. Rose, unpublished data). Rock walls of the cracks
in zones of high gas emission rates glow red (> 600"C); these
zones probably correspond to the pixels with the highest
subpixel temperatures. The high gas emission rate zones are
surrounded by a region of lower gas emission rates, lower
temperatures, and non-glowing rocks; this region is recorded
in the TM subscene as pixels with lower subpixel tempera-
tures. The isolated hot pixel lying outside of the continuous
thermal anomaly may represent a fumarole field located just
outside of the main vent area.

The 14 February 19BB Santiaguito subscene (scene In
number Y4203915550) shows a broad thermal anomaly cen-
tered on the dome (Plate z). It also shows an eruption cloud
emanating from the Santiaguito vent. Surrounding the dome
is a thin swirl of another cloud, likely erupted a short time
prior to the time of the image. The eruption clouds partially
obscure the thermal anomaly surrounding the Santiaguito
vent and orohibit accurate temperature determinations ex-
cept for oire pixel not obscured by the clouds. This pixel re-
cords a temperature of 77o"C with an associated f : o.oosq
or 2.8 m2. It has a temperature similar to that occurring in
the corresponding pixel of the 1987 subscene as revealed by
image rectification and registration (see next section). The
temperatures estimated with other pixels in this image and
associated with the thermal anomaly are all unrealistically
high (T > 850"C) and have associated, /s < 0.002. These tem-
peratures, higher than any observed or expected at Santia-
guito, likely reflect effects of partial cloud coverage (as
explained later), not thermal effects.
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The 14 Apri l  1986 Santiaguito subscene (scene lD num-
ber Y50774154g3) contains a large eruption cloud r ising above
the dome (Plate 2). This cloud obscures the dome thermal
anomaly; thus, no temperatures were determined.

The oresence of the eruption cloud in the 19BB and 1986
Santiaguiio subscenes causei the measured radiances to in-
crease and thus give anomalously high temperatures for pix-

els containing such clouds. Calculations using the
atmospheric electromagnetic energy propagation model, I-ow-

TRANT (Kneizys et o1., rgaa), show that the presence of the
eruption cloud increases multiple scattering in the atmos-
phele. This scattering increases the amount of energy_which-
is propagated upwards in the atmosphere and, thus, detected
by the satellite TM sensor. This gives rise to elevated, calcu-
lated radiance levels and, thus, anomalously high tempera-
tures. Cloud-free pixels allow this same energy to travel to

the ground surface. Along this path, this energy is absorbed
because of the rapidly increasing water vapor concentrat ions
as the ground surface is approached (Gao and Goetz, 1991).

Deiived temperatures on Pacaya for a cloud-free TM sub-
scene (scene ID number Y5o774154$) acquired on 14 April
L986 are shown in Plate 3. The maximum temperature meas-
ured in the thermal anomaly is 820"C and the minimum is

210'C. The discontinuous anomaly stretches 720 m in the
east-west direction and s90 m in the north-south direction.
One pixel temperature was derived with bands 4 and 5; this

resulied in a temperature of 750'C with an associated /
:  0.0115. This was necessary because both bands 6 and 7
were saturated and may represent the first time the tempera-
ture of a volcanic feature has been determined with these
two bands.

The thermal anomaly in the Pacaya subscene is inter-
preted to be an active, basaltic lava flow. An on-site report,
one month previous to the satel l i te acquisit ion date, indi-
cates that ai active lava flow was being issued from the
northwest flank of Pacaya (SEAN, 1986). A flow erupted on
this flank of the volcano would be channeled to the west and
south by the existing topography. This report supports the
interoretation of the thermal anomalv as a lava flow in both
its oi igin and subsequent downhil l  movement.

The discontinuous nature of the Pacaya thermal anomaly
is also consistent with the style of lava flows commonly is-
sued from Pacaya. In general, the flow averages a surface
temoerature of 400 to 500"C with areas of less than 270'C
separating the warmer portions of the flow. AIso, cooler tem-
peiatures occur around the warmest parts of the flow. This
[hermal fingerprint is characteristic of aa and pahoehoe flows
which are flowing downhill over irregular topography. As
the underlying topography steepens, the flow velocity in-
creases, and the cooled crust on top of the flow thins and
cracks. This allows for more heat to escape from the interior
of the flow over areas of steeper slope; thus, the surface tem-
perature of the flow may be higher in some cases then the
near-vent temperature. Similar downflow temperature
increases have been observed in the 1989 Lonquimay flow,
and these also were partially ascribed to changes in topogra-
phy (Oppenheimer, 1991).- 

Similar results for the size and temperature of thermally
anomalous pixels in these images were obtained using the al-
ternative method presented by Oppenheimer el 01. (19s3).

This method assumes the temperature of the high tempera-
ture feature and calculates its area and the average tempera-
ture of the remaining portion of the pixel. This alternative
methodology is used because of the important influence on
calculated temperatures of large fractions of cool ground ap-
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Plate 2. rM subscene of the 14 February 1988 Santiaguito Dome thermal anomaly (left). Display information is the same as
in Plate 1. The thermal anomaly is partially obscured by the rising eruption cloud. The associated shadow (yellow to white)
appears bifurcated because a higher, more dispersed, sunlit, previously erupted cloud overlies it. The overlying cloud was
originally carried west by the winds, but is swirled towards the east when the cloud had risen above a ridge just outside and
to the west of the subscene. Another cloud (meteoric) is visible at the summit of Santa Maria and also casts a long shadow.

TM subscene of the 14 April 1986 Santiaguito Dome thermal anomaly (right). Display information is the same as in Plate
1. The four main lobes of a rising eruption cloud are numbered. To the left is the associated shadow. The orange thermal
anomalies occur at the base of the cloud.

pearing in each pixel. The good agreement between the two
methods suggests that a sharp border exists between the
warmer and cooler regions in each pixel. Field observations
support this suggestion as it is common to find thermally un-
perturbed ground very close, oftentimes within a metre, to a
high temperature feature, such as a fumarole field or lava
flow,

Temporal Changes of the Santiaguito Themal Anomaly
Image rectification and registration were used to examine the
series of three Santiaguito subscenes to determine if the
shape and distribution of the thermal anomalies changed
over the two-year period. Rectification is the process of
warping the image to a map projection; in this study, two of
the Santiaguito subscenes were rectified to the map projec-
tion of the third. Registration is the process of overlaying
two images so that similar features on each image lie atop
each other. Rectification and registration were necessary be-
cause, despite being portrayed in the same map projection,
each image was displayed with different projection parame-
ters by EOSAT. This occurred because the images were taken
from iwo different satellites which have diffefunt orbital
characteristics.

After registration, the subscenes were examined for
changes in the appearance of thermal anomalies by examin-
ing bands 5, 6, and 7 individually. For example, the red im-
age plane contained band 5 of the 1986 subscene, the green
image plane contained band s of the t9B7 subscene, and the
blue image plane contained band 5 of the LgBB subscene.
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The areal extent of the thermal anomalies for each year were
then mapped and changes were noted.

Because rectification can change the radiance value re-
corded in each pixel, rectified subscenes were only used to
determine the change in size and shape of thermal anoma-
lies. They were not used to determine temperatures of these
anomalies because of the potential problems of working with
doubly resampled data (Lillesand and Kiefer, 1987).

Although the eruption cloud did not allow accurate tem-
perature determinations in the 1986 Santiaguito subscene, it
did not completely obscure the location of the thermal
anomaly on the dome. Unfortunately, only band 7 maps the
extent of the thermal anomalies; bands 5 and 6 are obscured
by the cloud. Band 7 shows four distinct regions of elevated
temperature on the dome in 1986: all are in the Caliente vent
region (Figure 1). By 1987, three of these anomalies have dis-
appeared and the remaining anomaly doubled in size. An
anomaly also appeared southeast of the main anomaly, but it
disappeared by 1988. The other anomaly of tgaz also halved
in size by 1988.

This series of subscenes begins to create a baseline by
which to judge future thermal anomaly changes. Because
volcanic activity at Santiaguito remained relatively constant
in both frequency and intensity from 1986 to 1988, we con-
clude that the areal extent of the Santiaguito thermal anom-
aly has not changed significantly over this same period.
Continued monitoring of the Santiaguito thermal anomaly
may forecast significant changes in eruption location, inten-
sity, or style.



PEER.REVIEWED ARTICTE

3 7 0 3 9 0
o . o t o 5 t , 2 f o

I

5 A O

o . o o 0

2 7 0

I 1 t
3 6 0

o . o o 7 4

5 3 0

o . 0 0 7 3

2 7 0

I

, 2 7 0

I

, 2 7 0

1

4 1 0

t

4 1 0

1:

>270

1

r a 1 0

I
,410

i

340

o . o 1  1 a

3 1 0
o . t  6

t ? 7 0 ,270 '4to 419
!

4 1 9
t

2 7 0
I

3 2 0
o.2g

>270

1

t c

7

1 4 t o I4,ro 110

1

, ? 7 O

1

>270

I

, 2 7 0

t

4 1 9

t
1 4 1  0 f41O

. 1 :

, 2 7 0

i t :o: to!

270
I I

, 4 1 o

I

4Io
1

3 3 0

o . 0  t o 5

, 2 7  0

i

, 2 7  0
I

4 t o 4 t o
t

480.
o,f  

"1

I s 6 o
q . 0 0 4

6 2 0
o.oo 19

2 1 0

0 . 9 7 3 3

570

, .o033

a70

0.00  r2

2 7 0

0 . 8 1 1 5

t 2 7 0

I

'270

1

' 270

1

5 6 0 4AO

0 , o l 2 a

4qo
) . 0  t  1 t

3 2 0

0.o17

> 4 1 0

1

r 2 7 0

1

r 4 1 0

I

4 1 0

I

r 4 1 0 2 f o , 2 7  0

t

, 2 7

I

2 7 0

2 7 0
1

270
I

4 1 0

0 . 0 7 6

Plate 3. TM subscene and temperature map of the t4 April 1986 Pacaya thermal anomaly. The 6.& by 6.4km image was
created by portraying TM band 5, 2, and 1 in the red, green, and blue image planes, respectively. The thermal anomaly
appears as the red linear feature in the image and is interpreted to be an active lava flow traveling from near the Pacaya
summit (on the right) downslope (to the left). This band combination also displays unvegetated lava flows in dark tones,
forest in blue, and agricultural areas in yellow. Band 7 was not used in this image reproduction due to its saturation by the
lava flow which manifests itself as streaks in the image.

Each square on the temperature map represents one pixel of the TM subscene and is approximately 30 m on a side.
The upper number in each square represents the thermal anomaly temperature in degrees C. The lower number in each
square is the corresponding f or fraction of the pixel at that emitting temperature. Lighter squares indicate cooler tempera-
tures, ranging from > 700'C, 4O0-70O'C, to > 270"C. Empty squares do not contain any significant thermal anomaly. Pixels
with saturated bands are reported as T > 27O"C and T > 410'C when bands 7 and 5 are saturated, respectively. These are
the minimum, whole-pixel temperatures which would saturate these bands, but would not allow more accurate temperature
determinations with bands 5 and 4 or 4 and 3, respectively. The paired adjacent pixels which contain 820, 80O, and 530oC
features may repres'ent duplicate fill pixels:
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Figure 1. Temporal changes of the Santia-
guito thermal anomaly as mapped in ru
band 7. The lone square in the map repre-
senting the southernmost extent of the
1986 thermal anomaly corresponds to one
pixel in the TM image and represents a 30-
by 30-m area. North is at the top of the
map. Band 7 was used to create the map
because it records the location of the ther-
mal anomaly in all three subscenes. The
shape and extent of the thermal anomalies
shown in the map are approximate; absolute
shape and extent are impossible to define at
this 30-m resolution.

Image rectification and registration also allowed for ex-
amination of the ongoing erosion of the northern face of San-
tiaguito Dome. Field reports indicate significant erosion of
this face began since July 1989 (GVN, 1990; GVN, 1992).
Photographs taken from the nearby Santa Maria summit in
)anuary 1988 show that some erosion was in progress by that
date (I. Fink, unpublished data). The timing of the beginning
of this erosive event is poorlv constrained. The satellite im-
ages show that no signihcani erosion occurred between April
1986 and February 1988. Therefore, the erosive event proba-
bly began shortly before the |anuary 19BB photos. The ero-
sion is significant because an enormous amount of material
is being washed down the local drainages, altering the local
fluvial and transportation networks.

Eruption Cloud Heights
Two methods were used to determine eruption cloud
heights. Because a Landsat image is essentially a static pic-
ture of a dynamic plume which may not have completed its
rise, the calculated heights are minimal eruptive heights.

The first method used band 6 radiances to calculate tem-
peratures of the cloud tops and the land surface. This

Tnare 1. Sarutrncurro Enuprtot CLouo HrtcHrs

Heisht (km) as determined by

Year Lobe atmospheric lapse rate shadow method

5* (maximum)

1.6 (maximum)

* shadow method used on lobe L only.
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method assumes that the cloud tops are in thermal equilib-
rium with the surrounding atmosphere. The difference in
temperature was then divided by the average atmospheric
lapse rate of 6.4"C/km (Cooper and Alley, 1986).

The second method determined plume height by the
length of the shadow it cast on the sloping ground and the
sun angle (Iqbal, 1983). This method gives a maximum
plume height because a vertically rising plume is assurt because a vertically rising plume is assumed.

rdow method was used bv Glaze et o1. (1989b)A similar shadow method was used by et o1. (1989b)
to determine plume heights from GOES satellite data. This
method can be used to check the thermal equilibrium as-
sumption of the atmospheric lapse rate method. Comparison
of absolute plume temperature with radiosonde data was not
done in this study because of the distance to the nearest ra-
diosonde release point (approximately 120 km from Santia-
guito and in a distinctly different climatic setting).

The large eruption cloud in the 1986 Santiaguito sub-
scene contains four main lobes (Plate 2). Band 6 derived
temperatures show that three of these lobes are the same
temperature (r0'C) and that the fourth lobe is 3 degrees
warmer. Assuming the cloud tops are in thermal equilib-
rium with the surrounding air, the three lobes are at the
same altitude. The atmospheric lapse rate gives a rise for
these lobes of +.6 km. The fourth lobe rose 4.1 km. The
shadow method for the tip of lobe 1 gave a plume height of
5.0 km. The shadow plume height is an overestimate be-
cause the plume has bent towards the west-southwest by
the local winds.

The atmospheric lapse rate method calculates a plume
height of r.S km for the small eruption cloud in the 1988
Sanliaguito subscene. The shadow method calculates a maxi-
mum plume height of 1.6 km. Although the plume appears
to be rising vertically in this subscene, solar azimuth calcula-
tions show that it is actually rising at an angle approximately
10o west of north because of the local winds. The thin swirl
of clouds also present in the subscene supports this local
wind direction, Thus, the height calculated by the shadow
method is an overestimate of the true plume height. Table 1
contains a summary of the eruption cloud heights deter-
mined by both methods at Samined by both methods at Santiaguito. Similar eruption
cloud heights have been observed at Santiaguito.d heights have been observed at Santiaguito.

In the 1986 Santiaguito subscene, the similar lobe top
)eratures and the distance between the lobe toos andtemperatures and the ce between the lobe tops and

their associated shadows suggest that these Iobes have under-
gone similar eruptive dynamics and are all at nearly the
same altitude (Table 1). Their identical temperatures suggest
that they are all in equilibrium or are all in the same state of
disequilibrium with the sunounding atmosphere.

The multi-lobed appearance of the rising plume may
have been caused by the irregular geometry of the Calien
vent. A well-defined pit does not exist at Caliente: instea

iente

1986

1988

4 . 6
4 . 7

1 . 3

t - J

vent. A well-defined pit does not exist at Caliente; instead,
vertical ash eruptions are emitted from a rubble-filled depres-
sion. The rubble disrupts the leading edge of the escaping
gases. Multi-lobed eruptive plume tops are commonly ob-
served at Santiaguito.

The fourth lobe is the smallest and was likely erupted
after the three lobes discussed above (Table 1). This is sup-
ported by its relative upwind location, closer to the vent.

The eruption cloud heights in the 19BB Santiaguito sub-
scene also agree well (Table 1). For both subscenes, the erup-
tion cloud heights calculated by the average atmospheric
lapse rate and shadow methods agree to within 0.a km. The
close agreement between the two independent methods sug-
gests that the eruption clouds were in thermal equilibrium
with the surrounding air.

PE&RS
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Conclusions
Landsat ttvt imagery is regularly acquired by satellite and of-
fers a supplementary tool to monitor active volcanoes, espe-
cially those not frequently visited. In general, TM data can
provide

r a view of the activity of a volcano and its changes since the
last on-site visit or imaging date;

. the location, size, shape, and temperature of thermal anoma'
lies (i.e., lava flows, fumarole fields, ...); and

. data on the minimum intensity of eruptions.

Results from examination of the four subscenes from
1986 to 19BB of Santiaguito and Pacaya Volcanoes, Guate-
mala, include

o the approximate location, size, shape (within the 3o-m reso-
Iution of the data), and temperature of the thermal anomaly
on the Santiaguito dome over a two-year period when in the
absence of obscuring clouds;

o Santiaguito eruption cloud heights of up to 5 km;
. better constraint on the beginning of the erosional episode on

the north face of Santiaguito; and
o the approximate location, size, shape, and temperature of the

active lava flow on Pacaya.

The use of TM data for supplemental monitoring of ac-
tive volcanoes could be enhanced by development of better
algorithms and applications of the data. For example, if the
inierfering effects of eruption clouds could be modeled and
thus removed, then more temperature determinations could
be made. This modeling might also allow calculation of wa-
ter vapor emissions as suggested by Andres (1992)' Also, the
two-band method presented in Rothery et o1. (1988) needs
more rigorous verification through field studies (Flynn ef 41.,
L989; Oppenheimer and Rothery, 1991; Andres, 1994). This
would allow for a better assessment of errors associated with
the method.

Added Note
Santa Maria Volcano has been designated as a Decade Vol-
cano by the International Association of Volcanology and
Chemistry of the Earth's Interior as part of the International
Decade for Natural Disaster Reduction. Because of this and
the success of this preliminary report, a comprehensive
study of a variety of remote sensing techniques at this vol-
cano is beginning, with the overall objective of mitigating
hazards there.
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