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Resumen

El monitoreo volcanico utilizando imagenes de
satélite constituye un método econdémico y ruti-
nario. Las mediciones obtenidas con este método
permiten obtener informacion periddica sobre
las fluctuaciones de las emisiones de gases tales
como el SO,, que es relacionado con los procesos
internos del volcan. En este estudio se analiza un
periodo de 36 dias (10 de mayo al 15 de junio
de 2005), donde se analizaron 113 imdagenes
MODIS para la deteccién de SO,. En este periodo
también fue posible detectar y cuantificar 8 de
15 eventos explosivos reportados por la VAAC
de Washington. Tomando a las imagenes de
satélite como herramienta para el monitoreo de
emisiones volcanicas, fue posible estudiar tres
casos relacionados con las cenizas volcanicas:
1) seguimiento de ceniza volcanica y gases
transportados por el viento, 2) calculo del tiem-
po de residencia de la nube de ceniza en la
atmosfera, 3) efectos de los vientos cortantes
en el ascenso de una columna de ceniza.
En cuanto al monitoreo continuo de las emisiones
pasivas de SO,, existe una relacién entre los
eventos explosivos y los picos de incremento
de emisiones de SO, que sugiere una diferencia
de aproximadamente 2 dias entre los dos
acontecimientos que podria indicar el tipo de
comportamiento del volcan.

Palabras clave: percepcidon remota, emisiones
volcanicas, MODIS, imagen de satélite, volcan
de Colima, nube volcanica.
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Abstract

Volcano monitoring using satellite images may
provide periodic information on gas emission
fluctuations such as SO, emissions related to the
processes occurring inside volcanoes. This study
analyses a period of 36 days (May 10 to June 15,
2005) of processing 113 MODIS images for the
detection of SO,. Within this period it was also
possible to detect and quantify 8 of 15 explosive
events reported by the Washington VAAC. With
the satellite images as tools for monitoring the
volcanic emissions, it was possible to determine
three cases related to volcanic ashes: 1) follow
up of volcanic ash and gases transported by
wind, 2) calculation of ash-cloud residence time
in the atmosphere, 3) effects of shearing winds
during the ascent of an ash plume.

Regarding the continuous monitoring of passive
emissions of SO,, there is a relationship
among explosive events and increasing peaks
of SO, emission suggesting a difference of
approximately 2 days between the two events
that may anticipate the type of behavior of the
volcano.

Key words: remote sensing, volcanic emission,
MODIS, satellite image, Colima volcano, volcanic
cloud.
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Introduction

Development and application of remote sensing
techniques for studying and monitoring volcanic
emissions is much needed at very active
volcanoes. Such techniques may allow following
up eruptive activity and become valuable tools
due to the capability to observe large areas
rapidly and safely. Other advantages are the
relatively low-cost of remote sensing laboratories
set up and data acquisition (when access to raw
data is permitted).

Some satellite sensors like the Total Ozone
Mapping Spectrometer (TOMS) are capable
to detect ash and SO,, but it is not possible to
quantify the ash burden of a volcanic cloud.
On the other hand, by using Advanced Very
High Resolution Radiometer (AVHRR) data it is
possible to detect and quantify ash emissions but
SO, cannot be detected due to the spectral range
of the satellite.

Moderate Resolution Imaging Spectrometer
(MODIS) instrument aboard the TERRA and
AQUA satellites can detect the thermal infrared
in a range of 8-12 um wavelength (band
27 to band 32), and the signatures of ash,
S0O,, sulfates, and ice are present in these
bands (Watson et al., 2004). By using MODIS
imagery it is possible to detect and quantify ash
concentrations and ash-cloud areas (Wen and
Rose, 1994), and SO, concentrations and SO,-
plume areas (Realmuto et al., 1994; Watson et
al., 2004). The use of MODIS can constitute a
robust monitoring technique allowing a constant

surveillance, in order to build up databases that
may help to study the temporal behavior of the
volcanic emissions. The combination of regular
monitoring of emissions along with other sources
of volcanic information like seismicity can help
to understand eruptive activity and the goal is
to have long-standing databases that eventually
allow having medium to short term forecasting
of ash emissions or large-scale eruptions.

In this study, MODIS was used as a tool to
initiate a volcanic-emission database that allows
the analysis of long standing degassing trends
and comparing explosive activities characterized
by ash emissions, by looking for a signal or
patterns that may lead to forecast events.

Setting of Volcan de Fuego de Colima

Volcan de Fuego de Colima (VFC; 19°30'45”
N, 103°37' W, 3860 m asl) is the most active
volcano in Mexico (Medina-Martinez, 1983; Luhr
and Carmichael, 1990; De la Cruz-Reyna, 1993;
Breton et al., 2002). Several small- and medium-
size towns and cities of Colima and Jalisco
states lie in the surroundings, and have their
main airports around the volcano (Figure 1).
Approximately 390,000 people live within 40 km
of the volcano (Bretdn et al., 2002). The closest
and most important urban concentration (Colima
City) is located 32 km SSW from the vent. During
past eruptions of VFC, other important cities like
Guadalajara (located approximately 150 km N,
see inset of Figure 1) have been affected by
ash fallout (Saucedo et al., 2010). The airport
of Colima City is located approximately 30 km S
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from the vent and some small local airports near
the zone might be affected in case of ash fall
events. Furthermore, volcanic products injected
into the atmosphere can be transported by the
wind several thousands of kilometers away
affecting commercial airways (see, Aeronautical
Chart edited by JEPPESEN, LA (H/L) 1). With the
increase of aeronautical operations, the hazard
to civil aviation is always present. Reports of
several accidents, without casualties but with
several millions of dollars spent in reparation and
maintenance do exist (e.g., Casadevall, 1994).

The monitoring system deployed by the
Universidad de Colima and the Universidad de
Guadalajara consists of 5 seismological stations,
2 video monitoring stations, 12 stations for
deformation monitoring (3 benchmarks and 9
reflectors) (Zobin et al., 2002). Measurements
are complemented with remote monitoring
techniques of gases such as COSPEC measure-
ments (Taran et al., 2002) and ash cloud detection
using satellite images (Galindo and Dominguez,
2002). Some studies have characterized the
volcano activity (Galindo and Dominguez, 2002
and 2003, Stevenson and Varley, 2008; Zobin
et al., 2002 and 2007). Galindo and Dominguez
(2002) for instance, reported the presence
on October 31, 1997 of a thermal anomaly of
25°C at the summit of the volcano detected by
AVHRR data, and identified a small ash cloud on
November 15, 1997. Using this technique several
ash and SO, clouds were detected.

Activity of Volcan de Fuego de Colima and
emissions

VFC historical data shows that more than 30
explosive eruptions have been identified in the
past ~500 years, with major eruptions occurring
in 1585, 1606, 1622, 1690, 1818, 1890, 1903
and 1913 (De la Cruz-Reyna, 1993; Bretoén
et al., 2002). After the most recent Plinian
eruption, the January 1913 eruption, six lava-
emission episodes have occurred: in 1975-76
(Luhr and Carmichael, 1990), 1981-82 (Luhr
and Carmichael, 1990), 1991-94 (Bretoén et al.,
2002), 1998-1999 (Zobin et al., 2002; Macias et
al., 2006), 2004-2005 (Macias et al., 2006) and
2007 to date (Engberg, 2009).

Saucedo (1997) and Saucedo et al. (2010)
describe the eruption of January 20, 1913 as
characterized by a volcanic column of 15 to 20
km above the volcano summit, the ash piled up
to a thickness of 15 cm at towns ~26 km away
from the volcano (e.g., Ciudad Guzman, Zapotiltic
and El Rincén) and fine ash reached the city of
Saltillo, ~720 km NNE from VFC (inset Figure 1).

Since then, the VFC presented moderate
activity until late 1997 when the volcano began a

period of strong activity with eruptions. This period
was well documented by Macias et al. (2006).
From the formation of a lava dome in 1998, VFC
has been in a state of continuous activity.

The eruptive period that began in November
1997 was followed in late 1998 with several
effusive events, with the collapse of the lava
front producing several block-and-ash flows.
Taran et al. (2002) measured emission rates
of 400 and 1600 ton/day, respectively, in late
October and mid-November, 1998. These were
the highest emission rates measured in 3 years.
On November 26, the VFC discharged more than
20,000 tons/day of SO, (Taran et al., 2002). A
large explosion on February 10, 1999 followed
the elevated SO, emission rates. This explosion,
which produced an ash cloud covering an area of
~150 km?, was the first large explosion of VFC
in the last 80 years. The February 10 explosion
marked the end of the effusive phase. The
explosive period ended with the most violent
explosion of the period on July 17, 1999; which
formed a column with a height of 10 km (Macias
et al., 2006). In late 2001 the eruptive phase
changed to effusive again, now characterized by
the appearance and growth of a new lava dome
(maximum volume 1.49 x 10° m?3) and formation
of pyroclastic flows (Varley et al., 2004). This
phase ended in March 2003 with an increase in
the number and energy of Vulcanian explosive
events. Macias et al. (2006) reported a new
explosive period began in late 2004. In March
and April, 2005 were reported eruptions with
columns reaching heights of about 3 km. In the
year 2005 VFC had one of the largest explosive
events of the last 25 years, as reported by
Volcén de Fuego de Colima Observatory (CVO).
This phase began on May 7, 2005 and finished
on July 7, 2005. In an effort to correlate SO,
flux levels with volumes of ash released during
this explosive phase, we studied MODIS data
acquired between May 10 and June 15, 2005.

Data and methods
MODIS imagery

Images from NASA’'s MODIS-Terra and MODIS-
Aqua instruments were used in this study. The
sensors measure 36 spectral bands in the visible
and infrared region of the electromagnetic
spectrum (0.405 - 14.385um), and acquire data
at three spatial resolutions 250m, 500m, and
1,000m. The Terra and Aqua satellites are in a
polar orbiting path at 705km in altitude above
sea level with a swath width of 2,330km (Watson
et al., 2004; Matiella et al., 2008). The region of
the spectrum used for observing volcanic clouds
corresponds to bands 27, 28, 29, 31 and 32 of
the MODIS sensor. These five bands are within
the thermal infrared (TIR; 6.535 - 12.270um)

APRrIL - JuNE 2011 201



J. C. Jiménez-Escalona, H. Delgado Granados and V. Realmuto

and are sensitive to several volcanogenic species
(Watson et al., 2004).

Each MODIS instrument acquires 288 images
around the Earth every day, passing over certain
area approximately twice a day. In the case of the
area of interest for this study, an image is obtained
once at night time, between the 23:00 hrs and 4:00
hrs local time, and another during daytime, between
11:00 hrs and 15:00 hrs local time. MODIS images
were downloaded from NASA website (NASA,
LAADS Web, 2009). This website permits the user
to select the desired satellite data according to
location (based on latitude and longitude), and time
of the image.

We got a total of 148 MODIS images
corresponding to the localization of the volcano
within the period of analysis. 76% of these scenes
were cloud-free, 6% had partial clouds-cover on
the area of interest, and 18% with an oblique
view of the VFC. Thus, 113 cloudless passes from
MODIS-Terra and MODIS-Aqua were used for
volcano monitoring and ash cloud detection.

Eight eruptive events with ash emission were
detected in 12 MODIS images for the period
of analysis. Eruptions on May 16, 25 and June
10, 2005 were imaged by both instruments,
providing information of the same emission
events at different times. The June 7 event was
detected by the MODIS-Terra in the first pass of
the day at 5:05 UTC and was identified again
during the second pass of the same day at
17:15. The explosive events on May 24 and 30,
and June 2 and 5 events, were only detected by
one of the instruments.

The Volcanic Ash Advisor Center (VAAC) in
Washington reported these 8 events, confirmed
later by using the wind direction of the volcanic
cloud at the estimated altitude. Events during
the period of analysis are shown in Table 1.

Table 1. Date and time of events occurred
at Volcdn de Fuego de Colima, and images
acquisition times. Shaded data correspond to the
same eruption caught by two different MODIS
image 12 hrs after.

Satellite EVENT TERRA-I AQUA-I
TIME

Date 16/05/2005 02:13  05:40 08:25

and 24/05/2005 00:11  04:50

times 25/05/2005 15:35 17:45 20:50
30/05/2005 08:30 08:35
02/06/2005 05:02 09:05
05/06/2005 19:20 20:30

07/06/2005 03:50 05:05
07/06/2005 03:50 17:15
10/06/2005 02:54  05:35 08:15

202 VoLuMme 50 NuMBER 2

Heights of the clouds were obtained from
brightness temperature of MODIS channel 29,
checked against atmospheric radiosonde data
and compared with VAAC reports and trajectory
analysis obtained using the HYbrid Single-
Particle Lagrangian Integrated Trajectory model
(HYSPLIT) from NOAA developed by Draxler and
Hess (1997).

Methods
Ash emission estimation

The infrared retrieval scheme used in this work is
described by Watson et al. (2004) and Matiella et
al. (2008). Each image was analyzed for detecting
ash emission signature using the technique
developed by Prata (1989a, b); and Wen and
Rose (1994). In MODIS TIR images the ash is
detected by using the brightness temperature
difference (BTD), between bands 31 (11 pm) and
32 (12 um). The brightness temperature was
obtained modifying the Planck Function formula.

Radiative transfer calculations were used
with a semitransparent cloud model based on
three assumptions: 1) the shapes of the particles
are spherical, 2) the particle size distribution is
uniform and monodisperse within each pixel, and
3) the cloud forms a well-defined homogeneous
single layer in each pixel (Wen and Rose, 1994).
The BTD retrieval method assumes that the
particle sizes are within the Mie region (about
1-15 um diameter) (Prata, 1989b). Accurate
retrievals of silicates require knowledge of re-
fraction index data for the silicate minerals. The
resulting BTD is negative in volcanic ash clouds
but positive in meteorological clouds, as shown
in Figure 2a.

For retrieval of total mass and area of a vol-
canic cloud from the MODIS images we use
RADIANNET model developed by Wen and Rose
(1994). The values in metric tons of the each
total cloud ash burden for the eight explosive
events studied in this work are shown in Table 2.

S0, emission estimation

The SO, retrieval is also based on the wavelength
dependence of absorption features. In order to
identify the SO, plume we used the technique
described by Realmuto et al. (1994) and Watson
et al. (2004). The SO, plume is evident in the
MODIS image with a color combination Red
(b29), Green (b32) and Blue (b31), as shown
in Figures 2b and 4b. For retrieval of the total
SO, mass and area from the MODIS image, the
MAP_SO2 model developed by Realmuto et al.
(1994) was used.
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Table 2. Ash total concentration retrieves from RADIANNET.

Satellite TIME EVENT TERRA-I CONC AQUA-I CONC
(tons) (tons)
Date 16/05/2005 02:13 05:40 11711 08:25 3891
24/05/2005 00:11 04:50 3215
25/05/2005 15:35 17:45 201 20:50 44
30/05/2005 08:30 08:35 229
02/06/2005 05:02 09:05 4499
05/06/2005 19:20 20:30 2430
07/06/2005 03:50 05:05 4538
07/06/2005 03:50 17:15 105
10/06/2005 02:54 05:35 11731 08:15 944

The use of HYSPLIT was an important tool to
identify possible trajectories of the ash and SO,
plumes. It helped to find and select the analysis
area in the satellite image. This model runs
starting from the approximate time of emission
for 24 hrs at several altitude levels according to
the volcanic event.

Figure 2. Volcanic ash cloud of June 10, 2005 from
VFC. a) Ash cloud obtained by brightness temperature
difference (b31-b32) from a MODIS image taken at
5:35. b) R(b29) G(b32) B(b31) color image showing
the extent of the SO, plume. c) Air parcel trajectories
obtained with the HYSPLIT model. This helps to visual-
ize the possible volcanic plume trajectory and confirm
the wind data required for ash or SO, retrievals.

Comparing the HYSPLIT and MODIS brightness
temperature difference, it is possible to predict
the ash and SO, clouds dispersion (Figure 2b and
20).

VFC SO, Cloud

Mass total = 2,800 tonnes
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NOAA HYSPLIT MODEL

Forward trajectories starting at 0300 UTC 10 Jun 05

GDAS Meteorological Data
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Figure 2. c) Air parcel trajectories obtained with
the HYSPLIT model. This helps to visualize the
possible volcanic plume trajectory and confirm

S0, emission rate estimation

In order to get an approximate figure of SO,
emission rate in the commonly used units of tons
per day, we developed a methodology similar to
that used for the COSPEC. In the case of COSPEC,
several transects are made beneath and across
the plume in order to calculate the average
emission rate for the period of measurement
(for COSPEC methods see Delgado-Granados et.
al., 2001). In fact, COSPEC obtains an average
value for every measured transect. After that,
the estimation of the emission is done using the
average of the all plume transects. In contrast,
when working with satellite images, we obtain a
snap-shot of the plume. Here, we calculate the
average emission rate for the MODIS image by
considering the total area covered by the plume,
the total mass of SO, as estimated with MAP_
S02, the length of the plume along its dispersion
axis, and the wind speed at plume altitude. The
SO, emission rate can be estimated in tons per
day as follows:

Fitd) = o SO Cﬁ(v)

where Sc stands for the total mass concentration

in tons retrieved from MODIS image, v stands

204 VoLume 50 Numeer 2

the wind data required for ash or SO, retrievals.

for the speed of wind, which represent the SO,
plume speed in m/s. L stands for the length
along the plume SO, in km, and a is a constant
to adjust the values and units to tons per day

- km - s

Results
Ash cloud monitoring

During the study period, the Washington VAAC
reported 15 eruptive events. Eight of these
eruptions were captured with the MODIS ima-
ges, and 4 of them were captured by two images
at different hours as shown in Table 1. The
other 7 events were not detected by MODIS,
either because the eruption occurred shortly
after the image was acquired, or because the
ash burden in the volcanic clouds resulting from
the explosions was not high enough to survive
through the time. For instance, the event of
May 26 which was reported at 21:28 UTC, the
MODIS-Aqua took the image by 19:55, just 1:33
hours before the event and the next image taken
by the MODIS-Terra at 5:20 UTC, ~8 hours after
the event. We could not detect the ash cloud in
the Terra image, possibly due to dilution of the
ash cloud.
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One advantage of satellite-based monitoring
is the possibility to study some special cases that
were not well characterized by COSPEC. Due to the
high cost and complicated logistics of ground-based
campaigns, there are only 2-3 COSPEC campaigns
per month. For our period of study we identified three
aspects that required more frequent measurements:

a) Mapping drifting gas and ash clouds. In
this case, the resulting cloud from large volcanic
emissions is identified and quantified after being
transported horizontally by the dominant winds at
a certain height. It is observed when there is a
constant gas and ash emission for a period of time,
long enough to form a large plume of volcanic
products traveling in the atmosphere (Figure 2a).
Thus, satellite monitoring, combined with HYSPLIT
trajectory models, provide a more detailed analysis
on the concentration, dispersion, and transport
in the atmosphere. For risk assessment and civil
protection, this vital information is used to identify
the zone prone to be affected and make a forecast
on the transport and alert to air navigation. This
type of volcanic plumes extends for tens and even
hundreds of kilometers, reaching populated areas

115" W

N b

NS

M0

several kilometers from the volcano. An example
for this case occurred on June 10 when an explosive
event at 2:54 was reported by VAAC and CVO,
and detected by MODIS at 05:35 UTC (Figure 2a
and 2b), the plume reached an altitude of 10,700
m and was dispersed to the SSE at approximately
11 m/s, attaining a length of approximately 200
km in the 2.5 hr between the start of the event
and detection by the MODIS sensor.

b) Analysis of ash cloud residence in the
atmosphere. This case consists of tracking ash
clouds in order to analyze time residence in the
atmosphere. The volcanic cloud of an eruption
reported on May 16 at 2:13 UTC was detected
by two MODIS images (Figure 3), first of them
at 5:40 UTC (image from MODIS-Terra), and the
second image was taken at 8:25 UTC (MODIS-
Aqua). The ash mass calculated for the first one
was ~11,700 tons, covering an area of ~3,200
km?, and found at ~80 km east of the volcano
(between 19° 44'to 19° 19’ N and 102° 6’ to 100°
39’ W). The Washington VAAC reported a cloud-
altitude of approximately 7,600 m asl, displacing
at 15 m/s. The second image shows the ash cloud
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Figure 3. Ash cloud detected by two MODIS

images, one at 5:40 UTC (by Terra-I sensor)

and the second at 8:25 UTC (Aqua-I sensor),

produced by an eruption that occurred on May
16, 2005 at 2:13 UTC.
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95 km further east from the observed position of
the volcanic cloud in the previous image but with
an ash mass-load of ~4,000 tons covering an
area of ~1,600 km2. In 2 hours and 45 minutes,
the ash cloud lost 67% of its mass and 50% of its
area, indicating an ash fall of ~5 g/m?2. This rate
is similar to the ash fall reported for Sakurajima
volcano (Japan) at >50 km from the vent (Eto,
2001) and same order-of-magnitude as the ash
fall estimated for violent Strombolian to Plinian
eruptions at Vesuvius (Italy) (Macedonio et al.,
2008). The ash fall rate of ~8" 10° g/s is less
than in the case of Sakurajima volcano (~21" 10°
gr/s). The ash accumulation rate was calculated
in ~5° 10° gr/m?2:s.

Ash cloud dispersion depends on the altitude,
size particle, form, and the atmospheric dynamics
(Pfeiffer et al., 2005). These figures are important
because estimating the weight settling over the
area may help in prevention of roof collapsing
for instance, and also it may help to estimate the
actual magnitude of the explosive event.

Volcan de Fuego
de Colima

WVFC Ash Cloud
0505 UTC 07 Jun 05
Mass total = 4,538 tonnes

Volcan de Fuego |
de Colima |

== = Km

=0 ~‘ bi
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c) Effects of shearing winds on volcanic
clouds. In this case a volcanic plume raises or
sinks vertically very fast finding shearing winds
during the ascent at different altitudes. This
effect makes the cloud to “screw” and vertically
moving in the same area but at different heights.
This effect should be taken into account while
analyzing MODIS images because the plume
becomes apparently thicker whereas actually,
the plume is passing over the same area twice
at different altitudes and moving directions
but being only one plume. It is important to
note that optically, the plume will be thicker, as
there is more ash in the optical path between
the sensor and the ground. An example of this
case was observed during the event of June 7.
An explosive event began at 3:50 UTC and was
detected by the MODIS satellite at 5:05 UTC
as shown in Figure 4. In this case the shearing
winds changed the plume direction (Figure 4c).
As plume forms and leaves the vent, it raises
quickly and is taken by high altitude winds
(<5,000 masl) towards the south, as the ash

NOAA HYSPLIT MODEL
Forward trajectories starting at 0400 UTC 07 Jun 05
GDAS Meteorclogical Data
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Figure 4. Eruptive event of June 07, 2005 at 3:50 UTC,

the plume raised very fast finding shearing winds at dif-

ferent altitude. As a consequence, the plume changes

in direction during sinking (see text). At “x” the plume

is moving above 4,000 m asl in a southern direction but
at ~2,000 m asl moves eastwards.
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plume gets colder and gets away from the vent,
it sinks and is caught by lower winds (<4,000
masl) “screwing” down to be driven by winds at
nearly 2,000 masl (VFC is 3,860 m high) towards
the east. This effect should be taken into account
for proper calculation of ash or SO, burden.

Values of ash mass concentration for the period
of observation are shown at Table 2. Six ash
emissions are over 2,000 tons, and two of them
are over 10,000 tons (reported as the largest
events during the studied eruptive period).

Monitoring SO, emissions and their relationship
to explosive events

The use of volcanic plume detection as a
continuous monitoring method at active volca-
noes allows generation of time series. These
data may help to understand the internal
behavior of the volcano. Therefore, the analysis
of SO, emission patterns serves as an insight
to the magma behavior inside the volcano as
well as the conditions in the plumbing system,
particularly if this information is coupled with
data from other sources and input to models that
may help forecast volcanic eruptions.

Each ash emission can be linked with a
peak in SO, emission (about 2 or 3 days before
the explosive event) as shown in Figure 5.
For instance, the SO, fluxes reported using
the MODIS method for May 10 and May 11
were 5,500 and 8,000 tons/day, respectively.
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However, on May 13, 3 days before the large
explosion and ash emission, a large scale
degassing occurred with an SO, flux of 40,000
tons/day and a plume covering an area of 126
km? (plume was dispersed towards the north at 9
m/s, and at an estimated altitude of 6 km). After
the event, the gas emissions fell to very low
values. This was possibly due to partial sealing
of the conduit system, and/or changes in magma
viscosity after a strong degassing restricting
gas emissions but increasing the pore pressure
of the magma. A change in viscosity may have
caused gas accumulations with a subsequent
internal pressure build up (Newhall et al., 1994).
Three days later (16 May 2005), the system
was opened with an emission of ash and a SO,
plume. The SO, mass was estimated in 575 tons,
covering an area of 308 km?, and the emission
rate was calculated in 21,000 tons/day. Before a
large ash emission, a large SO, emission occurs,
an effect observable during the ash emissions of
May 24, June 02, 05 and10.

Figure 6 shows correlation of the MODIS ash
retrievals to the MODIS SO, flux derived of the
MAP_SQO2 technique. Figure 6a compares the
SO, flux data obtained during the same day
of explosive activity. The comparison between
measurements displayed with an index of
correlation of approximately r2 = 0.6. On the
other hand, Figure 6b shows the comparison
of flow measurements obtained from the data
SO, estimated three days prior to the explosive
activity. In this case we observe that the
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Figure 5. Ash concentration (black triangle) and SO, flux emissions (bars) obtained by MODIS retrievals.
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Figure 6. Correlation of the ash concentration and SO, flux. (a) Data from the same MODIS image. (b) SO, data
from three days before the eruption.

correlation coefficient increases (r? = 0.75),
suggesting that the relationship between the data
of SO, three days before an eruption is better
than that obtained with data taken the same day.
This could indicate a connection between strong
degassing during explosive events.

Conclusions

The new technology based on information
from satellite images allows obtaining data
that are not possible to check with punctual
or mobile methods, like plume area and total
mass at a specific time. With these images
and new programs is possible to obtain a good
approximation with the real data, although it is
yet not an exact method. Currently, there are
different kinds of problems, such as the image
resolution, particle size, or shape, etc. Another
problem is the time gaps between images, this
is because sometimes images are taken before
an explosive event occurs, for example May 25
when the volcano activity started at 10:00 UTC
but the MODIS images were taken at 5:35 UTC
(Terra) and 8:15 UTC (Aqua). For this reason,
it was only possible to calculate SO, emission
in both images, but the ash emission was not
possible to retrieve in the next images at 17:45
UTC (Terra) and 20:50 UTC (Aqua).

In the period of analysis there were several
cases of plume development while in the
atmosphere. Sometimes a puff is emitted and
forms a cloud that is dispersed by the wind in
the high atmosphere. In other cases, when the
emission is constant, it produces a long plume
that is easy to observe and record. A third case
is found when there is wind shear in the vertical
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structure of the atmosphere. These three cases
should be analyzed with special care.

An important application of retrieving these
data is the possibility to monitor gas emissions at
active volcanoes, calculating and estimating the
areas, dispersion and mass concentration in a
way that might be carried out at low cost. These
databases can be used to identify behavioral
patterns of internal activity of the volcano and
thus, constitute an important element in the
generation of predictive models of explosive
events. In Mexico the potential monitoring is
at the two most active volcanoes, VFC and
Popocatépetl volcano.
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