
Infrared satellite monitoring at Popocatépetl:
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[1] Since December 1994, activity at Popocatépetl has evolved through two main phases.
The first was characterized by elevated seismic activity, degassing, and emissions of
predominantly lithic ash. However, in March 1996 the volcano entered a magmatic phase,
which has involved the emplacement of at least eight lava domes within its summit crater.
We have used infrared radiance data acquired by the GOES meteorological satellite
alongside ground-based geophysical data sets to analyze aspects of this activity. We
develop a technique to identify magmatic activity at the volcano. In the absence of a
volcanic heat source the radiance emitted from the ‘‘hottest’’ pixel (Pr) contained within a
10 � 10 pixel GOES subscene centered on Popocatépetl’s summit is well correlated with
the average radiance emitted by the remaining pixels (Br) because at any given time all
pixels within the target box have similar temperatures, varying as a function of season,
cloud cover, and solar irradiance. However, during periods of heightened volcanic activity
the radiance emitted by the hottest pixel varies as a function of a time-independent
volcanic heat source and changes in Pr and Br become decorrelated, allowing volcanic
activity to be identified. Exhalations (intermittent ash emissions) cannot be identified by
routine analysis of GOES data because of the low intensity of the associated thermal
anomalies. Explosions, however, produce distinctive radiance signatures and can be
reliably documented. Two dome growth episodes occurred during our study period, one in
November–December 1998 and the other during February 2000. Although the techniques
we describe identified the 1998 dome event, the 2000 dome went undetected. This is
explained in terms of their contrasting emplacement styles. The 1998 dome was apparent
to GOES due to the explosions that disrupted its cool carapace, scattered hot bombs
around the summit cone, and exposed its hotter interior to the satellite sensor. In contrast,
the February 2000 dome was not apparent because elevated explosive activity did not
accompany its emplacement. INDEX TERMS: 8419 Volcanology: Eruption monitoring (7280); 8494

Volcanology: Instruments and techniques; 8414 Volcanology: Eruption mechanisms; KEYWORDS:

Popocatépetl, remote sensing, GOES, lava domes

1. Introduction

[2] Popocatépetl is a large andesitic stratovolcano located
within the central region of the Trans-Mexican volcanic
belt, �60–70 km southeast of downtown Mexico City
(Figure 1). During the past several hundred years the
volcano has existed in a state of relative quiescence, with
only sporadic episodes of low-level activity. Today, how-
ever, more than 100,000 people live in an area that would
be directly affected by a major eruption, while a further
20 million live within a radius that would be impacted by

falling ash [De La Cruz-Reyna and Siebe, 1997]. However,
three catastrophic eruptions have occurred at Popocatépetl
in the last 3000 years [Siebe et al., 1996]. As the interval
between the two most recent Plinian eruptions (1038 to
1622 years) is potentially greater than the time elapsed
between the last eruption and the present-day (1178 years),
the prospect of a similar eruption at Popocatépetl cannot be
discounted [Siebe et al., 1996].
[3] A period of cyclic dome growth between 1919 and

1927 was followed by almost 70 years of relative quies-
cence. Then, on 21 December 1994 a series of explosive
eruptions showered ash onto the city of Puebla and resulted
in the temporary evacuation of 75,000 people. Since this
time Popocatépetl has remained in a state of unrest. After an
initial period characterized predominantly by phreatic emis-
sions of ash, March 1996 saw the volcano enter into a
magmatic phase that continues at the time of submission. At
least eight dacitic lava domes have been emplaced within
the summit crater. Explosive activity has accompanied lava
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extrusion as each dome was emplaced and subsequently
destroyed. The largest explosion, on 30 June 1997, resulted
in an ash cloud 13,000 m high, fallout from which tempo-
rarily closed Mexico City’s airport.
[4] The aim of this work was to determine how infrared

radiance data acquired by geostationary weather satellites
could be used to provide near-real-time information regard-
ing magmatic activity in Popocatépetl’s summit crater
which, at present, cannot be routinely monitored in any
other way. The current activity makes the life expectancy of
any instrument located on the rim too short to be worth-
while. A secondary aim was to see if interpretation of the
satellite data alongside conventional ground-based geo-
physical data sets (e.g., sulfur dioxide flux and real-time
seismic amplitude data) would allow the behavior of the
volcano during the current period of activity to be better
understood.

2. A Brief Geological History

[5] The following summarizes descriptions of the history
of Popocatépetl provided by Robin and Boudal [1987],
Boudal and Robin [1989], and Siebe et al. [1995, 1996,
1997]. Standing on a sedimentary cretaceous basement, the
large (5452 m above sea level (asl)) Popocatépetl cone is the
second highest volcano in México. Its inactive neighbor is
the older Iztaccı́huatl (maximum height, 5285 m asl), an
elongated complex volcano measuring about 10 km in the
north-south direction, whose summit stands about 17 km
north of Popocatépetl.
[6] Popocatépetl is composed of three main units pro-

duced during two distinct periods. At the base lies the
original volcano. This predominantly effusive structure
(10–40 m thick lava flows of basic andesite to dacite

composition) forms the northwestern and western flanks
of the contemporary Popocatépetl, and is less than 1 Myr
old. At least three debris-avalanche deposits extend to the
south and are evidence for gravitational collapses that
predate the contemporary Popocatépetl. The last large
collapse probably occurred between 24,000 and 22,000
years ago and marks the transition between the two main
periods of construction. A second andesitic phase produced
block lavas which filled and overflowed the resulting
caldera. These lavas form the basis for, and were partly
contemporaneous with, the construction of the third unit, the
terminal cone. The cone itself is composed of two volca-
noes, El Fraile and the contemporary Popocatépetl, and is
almost symmetrical, except for a deep amphitheater, Bar-
ranca de Nexpayantla, which cuts the northwestern flank.
The headwall of this structure represents the remnants of an
older volcano. The present cone is formed by interlayered
lavas and pyroclastic flow deposits of andesitic and dacitic
composition. In the ice ages, both Popocatépetl and Iztaccı́-
huatl were heavily glaciated, and summit glaciers still
remain. Popocatépetl has an elliptic summit crater, about
800 � 600 m, with the major axis oriented east-northeast to
west-southwest. The highest point of the crater rim (5452 m)
is in the west-southwest, the lowest (5250 m) is in the east-
northeast.
[7] In the last 20,000 years, at least seven Plinian

eruptions have produced extensive pumice fall and ash flow
deposits. The most recent of these explosive eruptions
occurred within the period of human settlement and cultural
development in the surrounding region. Buried archaeolog-
ical remains provide evidence for catastrophic events which
occurred circa 5000, 2500, and 900 years B.P.
[8] In the last 500 years, Popocatépetl has produced

about 13 minor eruptive episodes. The last of those events

Figure 1. Landsat 7 enhanced thematic mapper+ band 8 (0.52–0.90 mm) panchromatic image showing
the geography of Popocatépetl and its surroundings. Pixel size is 15 m. Popocatépetl is located at the
southern end of the Sierra Nevada, evident here as an elongate group of dark pixels extending north-south
across the image. Inset shows the terminal cone of the volcano. The summit crater is visible in the center
of the image.
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began on 21 December 1994, and it continues to the time of
this submission. The previous event, between 1919 and
1927, was very similar to the current one: dome growth and
destruction episodes accompanied by moderate explosions
and frequent exhalations.

3. Volcanic Activity at Popocatépetl Since 1994:
Targets for Analysis

[9] After nearly 70 years of quiescence, increased seis-
micity and degassing heralded the reawakening of Popoca-
tépetl in 1993, which culminated in several small explosive
eruptions on 21 December 1994. Activity has consequently
evolved through two main phases. The first was character-
ized by the production of nonjuvenile ash plumes, elevated
seismic activity and prodigious degassing. Since March
1996, however, activity has become magmatic and has
involved the extrusion (and subsequent destruction) of at
least eight dacitic lava domes, along with several significant
explosive events.
[10] The current ground-based monitoring system at

Popocatépetl is comprehensive. Eight tri-axial telemetric
seismic stations, four electronic tiltmeters, a system
designed to detect lahars associated with melting of the
summit glacier, and three geodetic networks plus a variable
number of in-site broadband seismometers cover the edifice.
Regular correlation spectrometer (COSPEC) campaigns
document SO2 emissions [Delgado-Granados et al.,
2001]. Visual and thermal infrared video cameras (located
at the Altzomoni station, �11 km north of Popocatépetl, at
an altitude of 4000 m), along with a Doppler radar instru-
ment, monitor the summit to record information regarding
plume properties. An archive of activity reports is updated
daily (along with real-time Web cam images of the vol-
cano), and is available from the Centro Nacional de Pre-
vención de Desastres (CENAPRED) (http://www.cenapred.
unam.mx/mvolcan.html).
[11] In comparison, activity within the summit crater

itself is less well monitored. Even prior to the recent
explosions the descent into the crater was very difficult
and could only be attempted by experienced climbers. The
elevation of Popocatépetl (5452 m asl) also poses problems
for helicopters attempting to fly in the very thin atmosphere,
and airborne observations can be infrequent due to weather
conditions and special aircraft requirements. As a result,

activity in the summit crater cannot be observed routinely.
Thus a significant part of this work deals with our attempts
to use high temporal resolution weather satellite data
provided by the Geostationary Operational Environmental
Satellite (GOES) to fill this information gap.
[12] Aside from the increase in seismicity, there are four

main facets to the activity observed at Popocatépetl since its
recent reactivation: passive degassing, exhalations, explo-
sions and dome extrusions. Since 1994 Popocatépetl has
been one of the largest producers of volcanic gases in the
world [De La Cruz-Reyna and Siebe, 1997; Goff et al.,
1998; Delgado-Granados et al., 2001]. SO2 fluxes have
typically been <5000 t d�1, although on several occasions
(e.g., during January 1997 and September–December 1998)
emissions have reached 40,000–50,000 t d�1. The spectral
range of GOES is inappropriate for detecting SO2 from
space, although the EOS Terra moderate resolution imaging
spectroradiometer (MODIS) and advanced spaceborne ther-
mal emission and reflection radiometer (ASTER) will help
to perform such a role [Realmuto, 2000]. We therefore
concentrated our GOES analysis on searching for evidence
of those phenomena for which we can expect to see a
radiant expression at the volcano’s surface: exhalations,
explosions, and active lava domes. The GOES archive at
our disposal extends from August 1998 to the present
(November 2000). As a result, although eight domes are
known to have grown since 1994, the following analysis
covers only the two most recent: November to December
1998 and February 2000.

3.1. Exhalations

[13] Exhalations are short duration (3–90 min) ash-rich
gas plumes (Figure 2). CENAPRED provide daily Web-
based activity updates in which exhalations are classified as
small, moderate, or large on the basis of their duration and
resultant plume height. Plumes can rise as much as 5000 m
above the crater rim but are generally smaller. Exhalations
are common and as many as several tens can occur each
day. The ash they transport may be nonjuvenile in nature
(possibly with a juvenile component since March 1996
when lava extrusion began), and exhalations are thought
to be the result of intermittent high-pressure gas streams that
scour rock fragments from the conduit walls. Thermal video
images, which measure the amount of radiation emitted in
the 8–14 mm region of the electromagnetic spectrum

Figure 2. (a) Video still of an exhalation event at Popocatépetl. (b) Thermal infrared video image of the
same event. Plume temperatures range from 12�C at the center to 5�C at the periphery. Source is
CENAPRED Web site (http://www.cenapred.unam.mx/mvolcan.html).
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(Figure 2), indicate that by the time the plumes have
reached the altitude of the crater rim, the ash-gas mixture
is generally of a very low temperature (9–12�C at the plume
exterior) due to the rapid entrainment of air at ambient
temperatures.

3.2. Explosions

[14] Explosions are less frequent than exhalations. They
result in larger, darker ash plumes, with bombs often thrown
clear of the crater to form a high-temperature ejecta blanket
on the upper slopes of the volcano (Figure 3). The plumes
most commonly reach heights of between 3000 and 5000 m
above the crater rim, although several larger explosions
have occurred during the recent activity. The explosion of
30 June 1997, for example, was the largest recorded since
1922 and generated a plume 13,000 m high. Although
explosions during the recent activity have been most com-
mon during periods of dome growth, they have also been
observed during periods when no magmatic activity has
been observed on the crater floor.

3.3. Dome Extrusion

[15] The second, magmatic phase of the concurrent
activity at Popocatépetl has been characterized by the
emplacement of a series of lava domes within the summit
crater. Lava was first observed in late March 1996.
Although all of these domes are believed to have been
dacitic in composition, the domes have exhibited marked
differences in dimensions, eruption rates and morphology,
the latter thought to reflect differences in lava viscosity
and hence eruption temperature. Lava at one point filled
38% of the craters volumetric capacity, although this has
varied due to removal of dome material during periods of
heightened explosive activity. The recent phase of dome
building is similar to the last which occurred between
1919 and 1927. It is thought that the current phase of
dome extrusions represents output of remnant melt from
the last Plinian phase, triggered by the injection of mafic
magma into a preexisting silicic chamber [Goff et al.,
1998].
[16] Exhalations, explosions and dome extrusions pro-

vide an anomalous thermal signature. The next section
describes our attempts to isolate the radiance signals relating

to these processes in low spatial, but very high temporal
resolution, GOES satellite data.

4. Identifying Magmatic Activity at Popocatépetl
in GOES Radiance Data

[17] The first volcanological applications of GOES data
involved analysis of the shape and dispersal of eruption
plumes [e.g., Glaze et al., 1989; Holasek and Self, 1995].
More recently a great deal of valuable work has been
concerned with the use of GOES to operationally monitor
and analyze the properties of volcanic ash clouds [Rose and
Schneider, 1996; Davies and Rose, 1998; Rose and May-
berry, 2000]. Recently, however, a series of papers have
outlined the value of GOES as a tool with which to study
changes in thermal emission from active volcanoes [e.g.,
Harris and Thornber, 1999; Harris et al., 1997a, 2000].
Section 4.1 reviews the properties that make GOES suitable
for this purpose.

4.1. The GOES Imager and Its Use in Detecting
Volcanic Activity

[18] Two GOES satellites (GOES 8 and GOES 10) cur-
rently monitor the Earth’s surface from geostationary orbits
(i.e., circular with 0� inclination) at longitudes of 75�W and
135�W, respectively. The spatial resolution of GOES is
coarse, with a nominal pixel size of 1 km for its visible
channel and 4 km in the thermal infrared (Figure 4). How-
ever, the corollary of poor spatial resolution is that GOES has
very high temporal resolution. This is because the increased
number of photons emitted or reflected from large pixels
when compared to small pixels means that a low spatial
resolution satellite sensor can achieve an acceptable signal-
to-noise ratio with a shorter sampling duration. GOES data
for Popocatépetl are acquired at least 3–4 times per hour,
although this can rise to eight acquisitions per hour during
periods of severe weather in North America, when GOES
switches to a hurricane-warning mode [Harris et al., 2000].
[19] Harris et al. [1997a] and Harris and Thornber

[1999] showed that despite their poor spatial resolution
(4-km pixels), GOES channels 2 and 4 (which operate at
wavelengths of 3.78–4.03 mm and 10.2–11.2 mm, respec-
tively) provide a means to detect and document effusive

Figure 3. (a) Video still of an explosion at Popocatépetl. Note how the plume is larger and darker when
compared to that produced during an exhalation. (b) Nighttime video still of an explosion. Bright returns
in the center of the image denote an ejecta blanket composed of high-temperature bombs. Source is
CENAPRED Web site (http://www.cenapred.unam.mx/mvolcan.html).
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volcanism at Kilauea, Hawai’i, with �15 min resolution.
The spectral radiance, Ll, recorded by a satellite sensor is a
weighted average of that emitted from all thermal compo-
nents present within the sensors’ field of view at the time of
sampling. The weighting that an individual component has
depends on both its temperature and the fractional area of
the pixel that it occupies. The relative importance of
temperature and area is a function of wavelength. As the
amount of radiance emitted at 10.7 mm is relatively insensi-
tive to differences in the of the surfaces present temperature
(Ll / T2 [Wooster and Rothery, 1997]) the signal detected
in channel 4 is predominantly a function of the temperature
of those surfaces that occupy the greatest area within the
pixel. Low spatial resolution 10.7 mm data can, therefore,
provide useful data regarding spatially extensive lava flows,
as Harris et al. [1997b] and Harris and Thornber [1999]
found. However, channel 4 will not usually provide infor-
mation relating to comparatively small features such as lava
domes, as they occupy such a small fraction of the pixel. In
such instances, the channel 4 radiance is essentially a
function of the temperature of the surrounding ground and
not the volcanic feature itself.
[20] Whereas the wavelength sampled by GOES channel

4 (10.7 mm) coincides with the wavelength of peak emission
for surfaces at ambient Earth surface temperatures (e.g.,
300 K) GOES channel 2 measures radiation in the wave-
length region (3.9 mm) of peak emission for high-temper-
ature volcanic radiators (e.g., 1000 K). The amount of
radiance emitted at 3.9 mm is more sensitive to differences
in temperature (Ll / T 4) within the pixel. As a result, the
integrated radiance recorded in channel 2 is weighted more
toward the temperature of the subpixel components than
their area. Thus even if a lava feature with a temperature of
several hundred degrees is very small at the pixel scale it
will contribute a disproportionately large amount of radi-
ance to the at-satellite signal. As a result, features such as
lava domes and degassing vents, which are relatively
invisible in channel 4, can emit enough radiance to become
evident in channel 2 data [Harris et al., 2000]. Our analysis
is therefore based on searching for temporal variations in
the amount of channel 2 radiance, attributable to a volcanic
heat source, emitted from Popocatépetl.

[21] Satellite viewing geometry can be an important con-
sideration in a study of this kind. Wooster et al. [1998]
describe the effect that topographic shielding (e.g., of a lava
dome by the crater walls that surround it) can have on
radiance time series acquired by Polar-orbiting satellites.
Here, the volcanic target is imaged at different positions
across the sensors’ imaging swath during different orbits
and, depending on the crater geometry, shielding can affect
data acquired on some orbits but not on others. If data are
acquired from a geostationary orbit, however, the viewing
geometry is constant creating the possibility that no useful
data may be obtained. We have used data from GOES 8 in
this study (satellite nadir at 0�, 75�W) and our calculations
indicate that�90% of Popocatépetl’s crater floor is visible to
the sensor. This includes the site of the 1919–1927 craterlet,
where activity has been centered since 1994. However, a
future concentration of activity to within�150 m of the base
of the eastern wall of the crater would compromise the utility
of GOES 8 as a monitoring tool. This could be alleviated by
using GOES 10 which views the crater from the west.

4.2. Methodology

4.2.1. A new method for identifying volcanic radiance
signals in GOES satellite data
[22] The Hawai’i Institute of Geophysics and Planetology

host a Web-based volcano monitoring tool which displays
the results of near-real-time analysis of GOES data (http://
goes.higp.hawaii.edu). Our automated software scans the
GOES data stream on reception, and logs and displays (in
image format) information regarding thermal anomalies
present at a range of active volcanoes (see Harris et al.
[2000] for a full description). Our aim here was to develop
an approach that would allow for simple and objective
analysis of the large quantities of data that GOES provides,
that did not rely on qualitative visual inspection of images.
[23] We recorded the highest channel 2 pixel radiance

value within a 10 � 10 pixel box centered on Popocatépetl’s
summit (19.02�N, 98.62�W). This is referred to as the
‘‘peak’’ radiance value, Pr. We also record the mean
channel 2 radiance of all pixels in this box, excluding the
value of the previously defined peak pixel. This is referred
to as the ‘‘background’’ radiance value, Br.

Figure 4. GOES channel 1 (0.52–0.72 mm) and channel 2 (3.78–4.03 mm) images of eastern Mexico,
acquired at 1745 UT on 2 February 2000. Channel 1 pixels are �1 km across, whereas channel 2 pixels
are �4 km across. The Sierra Nevada range is visible in the center left portion of the images.
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[24] In the absence of a volcanic heat source we expect Pr

and Br to be similar, as any 4 km pixel within the 10 � 10
box will tend to heat up and cool down as much as any other
(with slight departures due to inter-pixel variations in
average emissivity). Pr and Br should also be correlated
through time, as the driving force for this heating and
cooling (sunrise and sunset), will affect both in the same
way. Figure 5 shows and example of Pr and Br calculated
for Iztaccı́huatl, an inactive volcano 20 km north of Popo-
catépetl, between 20 and 25 January 1999. GOES channel 2
covers a region of the electromagnetic spectrum where both
solar reflected and terrestrially emitted radiation contribute to
the recorded flux. The radiance trends presented in Figure 5
show that over this 5-day period channel 2 radiance is a
function of changes in solar irradiance during the day and

radiative cooling at night. In the absence of a volcanic heat
source Pr and Br are well coupled.
[25] The presence of a volcanic radiator should result in

decoupling of the Pr and Br signals, as although Br will still
be a function of the diurnal cycle of solar irradiance and
nighttime cooling, Pr will be a function of a time-independ-
ent volcanic heat source. Clearly, any heat source located
within target box could be responsible for such decoupling
but, by spatial association, we assume that when analyzing
active volcanoes the source is volcanic. Volcanic radiance
signals should therefore be detectable by comparing the
degree to which Br and Pr trends are coupled, expressed as
r2; the correlation coefficient of Pr and Br.
[26] Figure 6 shows Pr and Br recorded at Popocatépetl

during November–December 1998, a period when an

Figure 5. Pr and Br calculated for Iztaccı́huatl between 20 and 25 January 1999. The approximate times
of sunrise and sunset at this time of year are shown.

Figure 6. Pr and Br calculated for Popocatépetl and Iztaccı́huatl for the period 26 November to 1
December 1998, when an active lava dome is known to have been present. Volcanically forced
decoupling of Pr and Br at Popocatépetl is evident on each night (dashed circles). Pr and Br for each
volcano are presented on the same radiance scale but are offset for clarity.
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actively growing lava dome is known to have been present.
There is clear decoupling of Pr and Br at Popocatépetl,
especially evident at night, which we therefore interpret as
thermal evidence of the dome. Decoupling can be conven-
iently described in terms of the degree to which Pr and Br

are correlated. Figure 7 shows r2 values calculated for
Popocatépetl and its inactive neighbor, Iztaccı́huatl,
between September 1998 and January 1999. Each data
point represents a 3-day moving average. Clearly, variation
in r2 at Iztaccı́huatl cannot be volcanic in origin, and must be
due to other factors that will be discussed later, such as cloud
effects. Calculating r2 at Iztaccı́huatl allows us to quantify
the decoupling that can be expected at a nearby inactive
volcano, and defines a detection threshold; how low r2

values may fall due to purely nonvolcanic factors. A fall in
r2 observed at Popocatépetl (i.e., increased decoupling
between Br and Pr) must be distinct from this threshold if
it is to be considered volcanically forced. For example, the
November–December 1998 lava dome emplacement pro-
duces a large decrease in r2 at Popocatépetl, significantly
below the level of natural variability defined by Iztaccı́huatl.
A similar fall in r2 at Popocatépetl also occurs in mid-
September 1998 (Figure 7), due to a large explosion that
occurred at 1725 UT on 22 September. However, in order to
firmly establish that the source of any decoupling is volcanic
in origin it is also necessary to compare trends in r2

computed for Popocatépetl and Iztaccı́huatl. For example,
the November–December dome growth event and the Sep-
tember explosion both result in large falls in r2 at Popoca-
tépetl, but not at Iztaccı́huatl, indicating that the source of the
decorrelation is unique to Popocatépetl. Figure 7 reveals
several other instances where r2 at Popocatépetl falls below
the level of natural variability. However, these deviations are
unlikely to have been volcanically forced as they are not
unique to Popocatépetl with r2 trends at dormant Iztaccı́huatl
showing essentially the same decrease. This conclusion is
supported by the fact that significant magmatic activity was
not observed at Popocatépetl during these periods.

4.2.2. Nonvolcanic sources of variability
[27] As a first approximation, we assume that Pr and Br

should be similarly well correlated at both Popocatépetl and
Iztaccı́huatl and that departures from this can be attributed
to the presence of a volcanic heat source at the former.
Inspection of Figures 6 and 7 reveals that a certain amount
of decorrelation occurs at Iztaccı́huatl that cannot be vol-
canic in origin and it must be assumed that a similar amount
occurs at Popocatépetl. This is most likely to be due to the
effect that passing clouds have on the at-satellite radiance.
Figure 5 depicts cloud-free conditions. Under cloudy con-
ditions the smooth diurnal variation in Pr and Br breaks
down, as channel 2 often records the temperature (and by
day, also the reflectance) of clouds that intermittently
obscure the ground (Figure 8). Our analysis indicates that
cloud-induced decorrelation can result in individual r2

values as low as 0.85 (Figure 7). However, because Popo-
catépetl and Iztaccı́huatl have similar height and location the
effects of regional weather fronts and orographic cloud
formation appear to affect both in similar ways, evidenced
by the similarity of the Pr:Br relationships presented in
Figure 8. Thus it appears that while cloud effects can reduce
the level of r2, they do so in a manner that is consistent
between both volcanoes. As a result, cloud-induced changes
in r2 (which affect Popocatépetl and Iztaccı́huatl) can be
distinguished from those associated with volcanic sources
(which affect Popocatépetl alone). Clearly, periods of pro-
longed and total cloud cover will prevent any useable data
being acquired.
[28] A source of decorrelation that is not consistent

between the two volcanoes is that associated with the
intensity of high energy particles that strike the GOES
satellite whilst in orbit. The impact of these particle on
the GOES imaging instrument produces isolated radiance
‘‘spikes’’ in the GOES data, which are often of high
magnitude but can be of any intensity. If such an impact
occurs while the GOES imager samples the 10 � 10 pixel
target box, an anomalously large Pr will be recorded, and

Figure 7. Correlation between Pr and Br at Popocatépetl and Iztaccı́huatl calculated for the period
September to December 1998, inclusive. Decreases in the calculated r2 at Popocatépetl relative to that
calculated at Iztaccı́huatl indicate decoupling of the Pr and Br signals and are indicative of elevated
volcanic thermal activity at Popocatépetl; r2 and sr2 define the mean and standard deviation of the
Iztaccı́huatl data, respectively.
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result in unpredictable decorrelation in r2. The data we
present have been manually screened, and the larger, very
obvious, impact signals have been removed prior to analy-
sis. However, smaller impact signals will undoubtedly
remain in the data set and will result in a certain degree
of nonvolcanic decorrelation, although their presence does
not affect the veracity of our method. The unpredictable
intensity of these events means that although the larger
intensity events could be easily removed automatically, the
lower intensity events cannot.

5. Results

[29] On the basis of GOES data analysis (as outlined) and
upon ground observations we have examined the radiance
time series at our disposal to determine whether GOES can

unambiguously identify and distinguish the different types
of thermal activity that have characterized Popocatépetl
since 1994.

5.1. Exhalations

[30] Figure 9 shows a 5-day GOES channel 2 radiance
time series. Field reports indicate that low intensity exhala-
tions occurred throughout this period (http://www.cenapred.
unam.mx/mvolcan.html). That we see no evidence of exha-
lations in our data set may be because none have actually
coincided with image acquisition. However, even if GOES
did image an exhalation it would be unlikely to register in
the radiance trends we present due to the fact that exhala-
tions will not produce significant thermal anomalies.
[31] By the time that the ash plumes associated with

exhalations reach the rim of the crater their external temper-

Figure 9. Pr and Br calculated for Popocatépetl and Iztaccı́huatl for the period 6–11 December 1999.

Figure 8. Pr and Br calculated for Popocatépetl and Iztaccı́huatl for the period 22–27 September 1998.
Note the absence of the smooth cyclic pattern evident in Figure 5, indicative of cloudy conditions. The
dashed circle indicates volcanically forced decoupling of Pr and Br due to an explosion on 23 September.
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atures have fallen to �9–12�C (Figure 2). Prins and Menzel
[1992] showed that subpixel-sized fires could be identified
by subtracting the brightness temperature recorded by GOES
channel 4 from that recorded in channel 2, a technique later
applied to the analysis of volcanic features by Harris et al.
[1995]. Ideally the result,�T, is zero if the pixel is thermally
homogenous. In reality,�Twill always be slightly greater or
less than zero due to factors such as elevated atmospheric
absorption and upwelling radiance in channel 4, relative to
channel 2. This effect becomes less important with increased
altitude as atmospheric density, and therefore absorption and
emission, decreases, and is unlikely to significantly influence
�T values at Popocatépetl’s summit. However, GOES exhib-
its temperature fluctuations equivalent to detector noise of as
much as ±1�C (channel 2) and ±0.5�C (channel 4), over the
range 0�C to 30�C (Regional and Mesoscale Meteorology
Team (RAMM), GOES 3.9 mm channel tutorial, http://
www.cira.colostate.edu/ramm/goes39/cover.htm, 1996). As
a result, a fundamental �T noise floor of �1.5�C always
exists for the kind of brightness temperatures observed at
Popocatépetl.
[32] Increasing thermal heterogeneity within a pixel will

eventually cause �T to exceed this threshold. In a 4 km
GOES pixel, there will always be a certain degree of
heterogeneity due to variations in ground temperature with
altitude and, in the case of Popocatépetl, the presence of a
summit glacier that is intermittently blanketed by ash and
washed clean by rain or meltwater. However, variations in
the amount of cloud within the pixel will result in the
greatest nonvolcanic variation in �T, as this is likely to
produce the greatest temperature contrasts within the pixel.
Figure 10 shows the potential range of �T assuming that it
is a function of the size and temperature of two thermal
components within the pixel; ground at ambient temperature
and colder clouds. In this simple case, natural variation in
�T of up to 6�C can be expected due to cloud effects. This

is consistent with a value of 5�C determined by Prins and
Menzel [1994] in their analysis of biomass burning in South
America. This value of �5–6�C is a function only of
thermal contrast within the pixel and is therefore represen-
tative of nighttime variation in �T. During the day, this
value will be greater due to the contribution that reflected
sunlight makes to the channel 2 radiance. Our analysis of
GOES data at Iztaccı́huatl indicates that in the absence of
any volcanic heat source daytime �T can be as much as
15�C, consistent with the value of 10–15�C determined by
Harris et al. [2001] for daytime analysis of GOES data at
Kilauea, Hawaii.
[33] As there is no way of knowing how much subpixel-

sized cloud a 4 km GOES pixel contains, 5–6�C must be
considered the level of natural nighttime�T variability. Ball-
park estimates of how large and hot a subpixel-sized volcanic
feature must be before it yields a �T in excess of this
detection threshold can be produced, by modeling the most
simple case in which the pixel contains the active feature and
ground at ambient temperature. From Figure 11 it is apparent
that exhalations with temperatures in the range observed at
Popocatépetl (9–12�C, obtained from infrared video images)
will always result in �T of <1�C, insufficient to make them
thermally distinct from either the instrument noise (�1�C) or
the nonvolcanic background variation (�5–6�C). This
explains why we do not see thermal evidence for their
existence in the GOES data. It appears therefore, that
exhalations cannot be automatically identified in GOES data
on the basis of their thermal properties. However, the plumes
themselves are often large enough to be seen through visual
inspection of daytime GOES channel 1 images.

5.2. Explosions

[34] Explosions produce ejecta blankets composed of hot
debris. At Popocatépetl such ejecta may be intracratal or
extracratal. Field spectrometer measurements made at Mount

Figure 10. The range of �T that can be expected due to the presence of subpixel sized clouds within an
otherwise thermally homogenous 4-km GOES pixel. Curves are plotted for several cloud and ground
temperatures.
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Etna confirm that the radiance signature of an explosion
should be characterized by a short waxing phase of emitted
radiance, as a large amount of hot material is ejected from the
vent, followed by a longer waning phase, as a fixed mass of

bombs cools within the sensors field of view (R. Wright,
unpublished data, 1998). We identified several examples of
such spectra (Figure 12) all of which were later found to be
coincident with the approximate timings of explosions
determined from seismic data. Figure 12 shows the clear
decoupling of Pr and Br with the waxing and waning pattern
we expect. It is important to note however that GOES cannot
‘‘see’’ explosions that occur under cloudy conditions.
[35] Comparing the exact timing of the explosions (deter-

mined from seismic and video camera data) with GOES-
derived timings allowed us to determine whether there were
any thermal precursors to the explosions themselves. No
thermal precursors were resolved by GOES. In each case,
ground data confirmed that Pr:Br decoupling lagged
�25 minutes min behind the actual explosions. Thus the
upward limb of the radiance signatures evident in Figure 12
is not a waxing phase caused prior to or during the explosion
itself but is instead the upper part of the waning phase that
depicts cooling of the ejecta blanket. It appears that GOES
can be used to reliably document explosions at Popocatépetl.

5.3. Dome Growth

[36] Two periods of dome growth have occurred during
our monitoring period. The November–December 1998
dome is identified by GOES using the techniques described
in this paper (Figure 7). The second, which grew during

Figure 12. Examples of explosions identified in GOES data. Radiance traces show the Pr and Br

decoupling that resulted from each explosion, shown in the adjacent video frame. (Source of explosion stills
is http://www.cenapred.unam.mx/mvolcan.html). Each data point is separated by a 15-min time interval.

Figure 11. The range of �T that can be expected due to
the presence of an exhalation plume within an otherwise
thermally homogenous 4-km GOES pixel. Curves are
calculated assuming a ground temperature of 0�C and the
range of plume temperatures commonly observed at
Popocatépetl. �T reaches a maximum when the plume
covers 50% of the pixel (8 � 106 m2).
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February 2000, is not (Figure 13) even though air photos
and high spatial resolution satellite images confirm its
presence. Figure 14 shows GOES channel 2 and channel 4
brightness temperatures (along with resultant �T ) recorded
for the pixel corresponding to the summit of Popocatépetl,
for five cloud-free periods. Figures 14a and 14b show data
coincident with the December 1998 and February 2000
domes, respectively. Figures 14c–14f show data acquired
during periods when no dome growth was reported and
therefore represent the �T that can be expected in the
absence of an active dome. By night, these periods are
characterized by mean �T of 2–5�C with standard devia-
tions of 1–2�C, of the order of variation in the expected
natural (e.g., cloud-induced) nighttime �T of <5�C. This
indicates that any thermal activity prevalent at Popocatépetl
during these periods, such as that associated with variations
in passive gas venting, is indistinct in the GOES data from
nonvolcanic variation.
[37] Inspection of the same parameters computed for a

2-day cloud-free period during February 2000 (Figure 14b),
when the dome is known to have been forming, indicates
that any radiance signal it generated was insufficient to raise
the nighttime�T (�T � 2:5�3:7, s�T� 1.7–1.8) above the
level of natural variation. In comparison, nighttime �T
associated with the November–December 1998 dome
(Figure 14a) which was detected using the techniques we
describe are much higher, attaining values of 10–15�C.
Differences in the nature of the two domes explain why
the December 1998 dome was detected by GOES, while the
February 2000 dome was not. These differences can be
summarized in terms of the effect that emplacement style
has on the source of the radiant signal.
[38] Figure 15 shows the �T that can be expected for a

GOES pixel containing a range of subpixel-sized volcanic
heat sources. The curves are computed on the basis of the

assumption that the pixel contains only two thermal com-
ponents; the volcanic heat source and ground at ambient
temperature. The radiance emitted by such a surface is
calculated at wavelengths equivalent to GOES channels 2
and 4, from which brightness temperatures at each wave-
length, and subsequently �T, are derived. Figure 15 is
unsuitable for inverting measured �T to compute, for
example, the exact size and temperature of a specific dome.
GOES data are noisy, and the volcanic radiance is virtually
impossible to isolate accurately. Furthermore, the results of
such an inversion are entirely model dependent and would
vary with the ground temperature assumed and whether the
measured �Twas affected by subpixel-sized clouds, both of
which cannot be accurately constrained. However, Figure 15
is suitable for deriving ball-park estimates of the �T that
can be expected for a range of volcanic features observed in
GOES data.
[39] The November–December 1998 and February 2000

domes were both �50 m in diameter, with a surface area of
�2000 m2. An integrated temperature of �300�C for the
surface of the February 2000 dome surface can be derived
from thermal infrared video camera images. Figure 15
reveals that a dome covering an area of 2000 m2 with an
average surface temperature of 300�C can be expected to
yield a �T in the region of �3�C, well within the envelope
of nonvolcanic �T variation, and below our detection limit.
The passive existence of such a feature would, therefore, be
insufficient to be detected by GOES above natural radiance
variations.
[40] However, radiance signals detected during dome

growth episodes are not necessarily just a function of the
temperature of the dome’s carapace. Figure 6 shows that
volcanic radiant signals during November–December 1998
are detected on some nights but not on others. However,
the Br:Pr patterns indicate cloud-free conditions persisted

Figure 13. Volcanically forced radiant decorrelation calculated for the period January to March 2000,
inclusive. Although Landsat 7 ETM+ data and an air photo (left and right inset images, respectively)
confirm that a dome was present during this period, no radiant decorrelation is evident (compare to the
radiant decorrelation caused by the November–December 1998 dome shown in Figure 6). Landsat
ETM+ image was acquired on 2 February 2000, while the air photo (source is CENAPRED) was
acquired on 25 February 2000.
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throughout this period, making it unlikely that this inter-
mittence is due to occasional blocking of a permanent heat
source by plume or cloud. The data support an interpretation
that the November–December 1998 dome was identifiable
by elevated radiance associated with transient processes
affecting the dome, rather than simply the passive presence
of the dome itself. Although the initial eruption temperature
of dome material can be high, its surface will cool quickly
on exposure to the atmosphere, becoming less radiant with
time. The cooler surface crust will hide a significant and
variable amount of thermal energy stored within the dome
from any remote sensing instrument. Satellite monitoring of
lava domes therefore relies to a large extent on the operation
of processes that either expose this internal energy reservoir
to the atmosphere or generate a surface response to its
presence. Such transient processes may include cyclic
magma supply causing pulses of exogenous growth, varia-
tions in degassing and fracture dilation through the dome
exterior, gravitational collapse and explosive disruption.
These processes are likely to be interrelated.
[41] Ground observations have allowed us to determine

that the explosive disruption which accompanied the
emplacement of the December 1998 dome is the main
source of the radiant signal that made this event distinct
to GOES, while a lack of similar activity during February

2000 explains why this dome went undetected. The next
section describes the mechanisms by which such a differ-
ence in eruptive behavior between the two domes can be
explained.

Figure 15. �T that can be expected from a 4-km GOES
pixel containing a subpixel sized volcanic radiator
surrounded by otherwise thermally homogenous ground
(at 0�C). The capacity of Popocatépetl’s summit crater is
marked.

Figure 14. Brightness temperatures recorded in GOES channels 2 and 4 for the 4-km pixel
corresponding to the summit of Popocatépetl for six 2-day periods. �T is also shown. Vertical dashed
lines show the approximate times of sunrise and sunset in each case, and highlight strong diurnal
variation in �T. (a) On 3–4 December 1998; (b) 2–3 February 2000; (c) 10–11 April 1999; (d) 24–25
May 1999; (e) 29–30 October 1999; (f ) 23–24 November 1999.
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5.3.1. Contrasting emplacement styles during recent
dome growth events at Popocatépetl
[42] Figure 16a shows how real-time seismic amplitude

measurements (RSAM) relate to radiant decoupling
observed by GOES. RSAM data record relative changes
in seismic wave amplitude [Endo and Murray, 1991]. Each
RSAM value we use here was averaged over a 10 min.
interval. The solid gray curve shows RSAM values aver-
aged for each day. A peak in the mean RSAM on 23
November corresponds to the onset of sustained tremor.
This probably represents resonance of cracks pressurized by
the high fluid pressures and degassing associated with the
initial dome emplacement event [Chouet, 1996; Sparks,
1997]. Endo and Murray [1991] report similar increases

in measured RSAM prior to three dome extrusion events at
Mount St. Helens during the mid 1980s.
[43] Figure 16a also shows, summed for each day, the

RSAM corresponding to each individual explosion that
occurred during the period. Three histograms (black, gray
and white) define three distinct periods of heightened
explosive activity. Three periods of radiant decorrelation
are apparent in the GOES data (Figure 14a). None of them
coincide temporally with the aforementioned peaks in mean
daily RSAM. However, each one coincides with a period of
heightened explosive activity, as defined by the summed
daily RSAM. This indicates that the November–December
1998 dome was visible to GOES as a result of explosive
activity that produced high-temperature ejecta blankets and

Figure 16. (a) Comparison of real-time seismic amplitude measurements with GOES-derived volcanic
radiance signals for the period November–December 1998, inclusive. The gray curve at the bottom
describes the RSAM (daily average) recorded by a triaxial telemetric seismometer �1 km from the
summit of Popocatépetl. The vertical bars show the total amount of seismic energy recorded per day (at
the same seismometer) by explosions that occurred during the period. Three clusters of explosions are
highlighted (black, gray, and white vertical bars) that correspond to three distinct clusters of volcanic
radiance (denoted by black, gray, and white squares in the Popocatépetl r2 trace, respectively),
determined from GOES. (b) COSPEC-derived SO2 fluxes (daily averages) observed at Popocatépetl
during the same period. Decreases in measured SO2 flux immediately precede periods of heightened
explosivity (identified by GOES). Elevated SO2 emission would also have occurred concurrent with the
explosions. However, the time-scale over which SO2 is released during an explosion is relatively short,
reducing the chances that a syneruptive SO2 peak would be sampled.
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exposed the hot interior of the dome to the sensor. The area
under the RSAM histograms that define each cluster of
explosions decreases over the course of the episode. This
corresponds to a general decrease in the area between the
GOES Pr:Br r2 curve and the �2s threshold of natural
variation that defines each explosive period. This indicates
that the space-based technique we describe may allow
qualitative inferences to be drawn regarding the seismic
energy released during such cycles of explosive activity.
[44] Insight can also be gained into the nature of eruption

dynamics during the November–December 1998 dome
growth event. Figure 16b compares the radiant decorrelation
observed by GOES, suggested in the last section to be a
crude proxy for levels of explosive activity, with SO2

emissions obtained by vehicle-based COSPEC observations
[Delgado-Granados et al., 2001]. Each COSPEC value
represents between one and five traverses beneath the plume.
Two, and possibly three, periods of explosive activity are
immediately preceded by decreases in measured SO2 flux.
[45] Several authors have described cyclic activity at

dome-forming silicic volcanoes [Oppenheimer et al.,
1993; Matthews et al., 1997; Denlinger and Hoblitt, 1999;

Voight et al., 1999]. The reasons advanced for the cyclicity
vary. Oppenheimer et al. [1993] describe cycles of explo-
sive activity at Lascar volcano, Chile, between 1984 and
1992. They postulate that these cycles result from the
generation of gas overpressures caused by cyclic collapse
of the growing lava dome. This explanation was later
confirmed, refined and extended by Matthews et al.
[1997]. They describe how each cycle lava dome extrusion
is accompanied by vigorous degassing through fumaroles
on the dome surface. The dome then subsides back into the
conduit inhibiting gas loss and resulting in the generation of
an overpressure that eventually results in an explosive
eruption. Voight et al. [1999] explain cyclic dome growth
at Soufriere Hills volcano, Montserrat, in the period 1996 to
1998 as being the result of the unsteady conduit flow of
volatile-rich magma resulting from gas exsolution, rheolog-
ical stiffening and pressurization. At a more general level,
Denlinger and Hoblitt [1999] prescribe a generic model
which indicates that oscillatory behavior of magma in silicic
volcanoes can be explained in terms of Newtonian flow of
compressible magma along the conduit combined with a
stick-slip condition at the conduit wall.

Figure 17. (a) Comparison of RSAM (daily averages; gray curve) with GOES-derived volcanic
radiance signals for the period January to March 2000. Axes are scaled to allow direct comparison with
the dome growth event of November–December 1998, shown in Figure 16. Horizontal dashed lines at
the top and bottom of Figure 17b define the mean and two standard deviations from the radiant
decoupling of Iztaccı́huatl and the measured SO2 flux, respectively. (b) Comparison of COSPEC-derived
SO2 fluxes with GOES-derived volcanic radiance signals for the period January to March 2000.
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[46] Although our data do not permit detailed interpreta-
tions of the eruptive behavior of Popocatépetl during the
two periods of dome growth we analyze, Figure 16 provides
some evidence of cyclic behavior at Popocatépetl during the
November–December 1998 dome growth episode. The
three periods of heightened explosive activity (Figure 16)
are preceded by large decreases in measured SO2 flux. This
pattern is consistent with the model proposed by Matthews
et al. [1997] to explain cycles of explosive eruptions at
Lascar.
[47] During February 2000 GOES reveals relatively little

thermal evidence for the existence of the active dome. In
light of the previous discussion, we attribute this to the fact
that no explosions were observed during this period (http://
www.cenapred.unam.mx/mvolcan.html), and that the dome
would otherwise have been too cold and small to radiate
enough energy to become distinct in the radiance time
series. During this period, COSPEC data reveal an order-
of-magnitude decrease in SO2 flux between 8 and 15
February 2000, which was not followed by explosive
activity (Figure 17). Voight et al. [1999] report how over-
pressure generated at Montserrat was dissipated either via
explosive eruptions or dome extrusion. RSAM data show
very little variation in seismic activity at Popocatépetl
during the period January to March 2000 (Figure 17a).
Our data indicate that if any overpressure did result from the
aforementioned decrease in SO2 flux, it was not dissipated
by explosive activity, yet any dome extrusion must have
been essentially aseismic. Voight et al. [1999] describe how
aseismic dome growth was achieved at Montserrat via slip
along ductile faults. This may also explain the absence of
explosive activity after a large decrease in SO2 flux at the
end of December 1998 (Figure 16b).

6. Conclusions

[48] Since its reactivation in December 1994, activity at
Popocatépetl has been characterized by two distinct phases.
The first, between December 1994 and February 1996, was
dominated by prodigious degassing, elevated seismic activ-
ity and nonjuvenile ash emissions. In March 1996, however,
Popocatépetl entered into a potentially more hazardous
magmatic phase that has included the emplacement of eight
dacitic lava domes.
[49] Using the techniques we present in this paper, we

find that exhalations are thermally indistinct within the 4-km
GOES pixels due to their low temperature (9–15�C), and
cannot be identified on the basis of their thermal properties.
Explosions on the other hand exhibit distinctive radiance
signatures that allow us to time explosion onset to within
�25 min.
[50] Two dome growth events occurred during the mon-

itoring period. The first, in November–December 1998 was
identified by GOES, whereas the second, in February 2000,
was not. Through interpretation of RSAM and COSPEC
SO2 flux data alongside the GOES time series, we conclude
that this is due to differences in the emplacement styles of
each dome. Volcanically forced radiance signals identified
by GOES during November–December 1998 correlate with
periods of heightened explosive activity. The high-temper-
ature ejecta blankets produced during the explosions, and
the exposure of the hot dome interior that this would cause,

are the source of these signals. COSPEC-derived SO2

measurements record decreases in gas flux immediately
prior to each period of explosivity. This pattern can be
compared with that described by Matthews et al. [1997] to
explain cyclic explosive activity at Lascar volcano, and it is
possible that during this period Popocatépetl behaved in a
similar way.
[51] Although GOES could not identify the radiance

passively emitted by this dome, its existence was identified
by higher spatial resolution satellite data acquired by Land-
sat 7. Several currently operational satellite systems (e.g.,
Landsat 7 ETM+, Terra ASTER and MODIS, NOAA
AVHRR, ERS ATSR) provide data at the appropriate wave-
lengths and spatial resolutions necessary to identify even the
smallest of domes that may be encountered at Popocatépetl.
Thus a system based on routine near-real-time analysis of
GOES weather satellite data, with more occasional satellite
snapshots acquired at higher spatial resolution should allow
all dome growth episodes at Popocatépetl to be fully
documented.
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