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Early evolution of a stratospheric volcanic eruption cloud as observed 
with TOMS and AVI-IRR 

David J. Schneider •, William I. Rose, Larry R. Coke, and Gregg J.S. B luth 
Department of Geological Engineering and Sciences, Michigan Technological University, Houghton 

Ian E. Sprod 2 and Arlin J. Krueger 
NASA Goddard Space Flight Center, Greenbelt, Maryland 

Abstract. This paper is a detailed study of remote sensing data from the total ozone mapping spec- 
trometer (TOMS) and the advanced very high resolution radiometer (AVHRR) satellite detectors, 
of the 1982 eruption of E1Chichtn, Mexico. The volcanic cloud/atmosphere interactions in the first 
four days of this eruption were investigated by combining ultraviolet retrievals to estimate the mass 
of sulfur dioxide in the volcanic cloud [Krueger et al., 1995] with thermal infrared retrievals of the 
size, optical depth, and mass of fine-grained (1- 10 gm radius) volcanic ash [Wen and Rose, 1994]. 
Our study provides the first direct evidence of gravitational separation of ash from a stratospheric, 
gas-rich, plinian eruption column and documents the marked differences in residence times of vol- 
canic ash and sulfur dioxide in volcanic clouds. The eruption column reached as high as 32 km 
[Carey and Sigurdsson, 1986] and was injected into an atmosphere with a strong wind shear, which 
allowed for an observation of the separation of sulfur dioxide and volcanic ash. The upper, more 
sulfur dioxide-rich part of the cloud was transported to the west in the stratosphere, while the fine- 
grained ash traveled to the south in the troposphere. The mass of sulfur dioxide released was esti- 
mated at 7.1 x 109 kg with the mass decreasing by approximately 4% 1 day after the peak. The mass 
of fine-grained volcanic ash detected was estimated at 6.5 x 109 kg, amounting to about 0.7% of the 
estimated mass of the ash which fell out in the mapped ash blanket close to the volcano. Over the 
following days, 98% of this remaining fine ash was removed from the volcanic cloud, and the effec- 
tive radius of ash in the volcanic cloud decreased from about 8 gm to about 4 gm. 

1. Introduction 

Satellite sensors are now the only consistently available tools to 
synoptically and comprehensively measure volcanic eruption 
clouds, which are an important natural hazard to aircraft [Casade- 
vail, 1994] and which host important chemical reactions, leading 
to the formation of atmospheric sulfate aerosols [Self et al., 1981; 
Rose and Chesner, 1987; Pinto et al., 1989; Tabazadeh and Turco, 
1993]. Data from the total ozone mapping spectrometer (TOMS) 
are used to calculate the mass of SO2 in volcanic clouds for several 
days to weeks after eruption [Krueger et al., 1995], while the 
advanced very high resolution radiometer (AVHRR) and GOES- 8 
and GOES- 9 can detect and measure the sizes and masses of ash 

particles in volcanic clouds for similar, although shorter periods 
[Wen and Rose, 1994; Schneider et al., 1995; Rose and Schneider, 
1996]. Although data from both TOMS and AVHRR have been 
available since about 1981, to date most studies have focused on 
only one sensor. However, combined use of these sensors allows 
for evaluation of some possible reactions in volcanic clouds [Rose 
et al., 1995]. In this paper we present a comprehensive application 
of comparative TOMS and AVHRR data by applying them to the 
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1982 eruption of E1 Chichtn, Mexico, one of two eruptions in the 
past 20 years with atmospheric aerosol loading estimated at 
greater than 10 Tg [McCormick et al., 1994]. 

Comparison of 10 AVHRR images and five TOMS images are 
presented in this paper (Table 1). They document the injection, 
movement, and removal of SO2 and fine-grained (1-10 gm radius) 
volcanic ash from April 4 to April 7, 1982. This comparison 
clearly demonstrates that within the first day after eruption E1 
Chichtn's volcanic cloud separated into two: one stratospheric 
cloud contained SO2 and very little volcanic ash, while the second 
had little SO2, with comparatively large masses of ash, and resided 
in the troposphere. Although the TOMS instrument has provided a 
systematic measurement of the emission of SO2 since 1979, there 
have not been similar measurements of the amount of volcanic ash 

released by explosive eruptions. This paper contains the first sys- 
tematic application of the volcanic cloud retrieval algorithm of 
Wen and Rose [1994] to a time series of AVHRR satellite data. 
Height estimates of the clouds are made by comparing cloud 
movement to a trajectory model developed by Schoeberl et al. 
[ 1992] (Figure 1). A gravitational settling model is proposed, and 
ash particle settling calculations are presented. The significance of 
the separation of ash and SO2 to atmospheric processes and volca- 
nic hazards is discussed. 

Three major explosive eruptions of E1 Chichtn (17.33 ø N; 
93.20øW) occurred on March 29, 1982 at 0532 UT, April 4, 1982 
at 0135 UT, and April 4, 1982 at 1122 UT and have been desig- 
nated on the basis of tephra fall deposits as the A-1, B, and C erup- 
tions, respectively [Sigurdsson et al., 1984; Varekamp et al., 1984] 
(Table 2). These events together were observed and mapped using 
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Table 1. List of 1982 Satellite Data Used in This Study. 

Date Time, UT Detected Sensor Plate 

April 4 0805 and 0945 Ash AVHRR la 
April 4 1820 SO2 TOMS lb 
April 4 2100 Ash AVHRR 1 c 
April 5 0755 and 0930 Ash AVHRR ld 
April 5 1700 and 1840 SO2 TOMS le 
April 5 2045 and 2230 Ash AVHRR If 
April 6 1720 and 1900 SO2 TOMS 1 g 
April 6 2035 and 2215 Ash AVHRR lh 
April 7 0915 and 1050 Ash AVHRR li 

geostationary satellite data [Matson, 1984], and the stratospheric 
cloud was tracked for 3 weeks using both visible and thermal 
infrared bands of the GOES-E, GOES-W, and NOAA 7 satellites 

[Robock and Matson, 1983]. The B and C eruptions together 
injected an estimated 7.0 (+ 2.1) x 10 9 kg of SO2 [Bluth et al., 
1992] into the atmosphere and produced an estimated global tem- 
perature decrease of about 0.2øC [Pinto et al., 1989]. 

Mapping of the tephra fall deposits showed that the heaviest 
deposition from the B and C events occurred ENE of the vent [Sig- 
urdsson et al., 1984; Varekarnp et al., 1984], and normal grading in 
the deposits indicate that the maximum column height occurred at 
the start of each event, and then decreased with time [Carey and 
Sigurdsson, 1986]. 

2. Detection and Measurement of Volcanic Ash 

Using AVHRR 

Thermal image data from two channels of the AVHRR were 
used in this study. Band 4 (10.3 to 11.3 gm) minus band 5 (11.5 
to 12.5 gm) brightness temperature differences (BTD) are used to 

detect the volcanic cloud and distinguish it from meteorological 
clouds. Semitransparent volcanic clouds are known to have nega- 
tive band 4 minus 5 BTD [Prata, 1989; Wen and Rose, 1994; 
Schneider et al., 1995], while meteorological clouds generally 
have positive BTD [Yamanouchi et al., 1987]. The cloud optical 
depth and the size and mass of particles in the clouds were 
retrieved using the technique of Wen and Rose [1994], and the 
results are shown in Plate 1 and Table 3. The retrievals are model- 

dependent and assume a single-layer, partially transparent cloud, 
composed entirely of spherical andesite ash particles having a log- 
normal size distribution, which is parallel to a homogeneous 
underlying surface, with a clear atmosphere above the cloud as 
well as between the cloud and the surface beneath it. The limita- 

tions of results obtained for volcanic clouds using these assump- 
tions are discussed in a later section. 

3. Detection and Measurement of Sulfur Dioxide 
Using TOMS 

The sulfur dioxide index was calculated by the technique out- 
lined by Krueger et al. [1995], and is shown in Plate 1. TOMS 
measures the Earth's ultraviolet (UV) albedo, which is the ratio of 
backscattered Earth radiance to incoming solar irradiance, in six 
bands centered at 312.5,317.5,331.2, 339.8, 360.0, and 380.0 nm. 
The total column abundance of SO2 is determined by its character- 
istic attenuation of the UV albedo in the four shortest TOMS 

bands. The tonnage of SO2 over a given region is obtained by mul- 
tiplying the column amounts by their ground surface areas, which 
vary from 2500 km 2 at the nadir to 19,000 km 2 at the edge of the 
swath. Empirical corrections are used to offset the linear effects 
that variations in ozone, surface reflectance, and scan bias can 
impart on the SO2 calculations. Sulfur dioxide concentrations are 
presented in Dobson units (DU), which are equivalent to milliat- 
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Figure 1. Trajectory plot of air parcels from 11.8 to 30.4 km altitude, from the model of Schoeberl et al. [ 1992]. The 
trajectories start at the volcano at 1200 UT on April 4, 1982, and continue for 48 hours, with dots along each trajec- 
tory path corresponding to a 12 hour time increment. 
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Table 2. Chronology of 1982 Eruptions of E1 Chich6n. 

Start Time, UT Fall Duration, h Fallout Mass, Column 

Unit kg Height, km 

March 29, 0532 A-1 6 2.6 X 1011 20 to 27 
April 4, 0135 B 4.5 4.9 X 1011 24 to 32 
April 4, 1122 C 7 4.2 X l0 ll 22 to 29 

Sigurdsson et al., [1984]; Varekamp et al., [1984]; Carey and Sig- 
urdsson [ 1986]. 

mosphere centimeters, the column thickness of the gas at standard 
temperature and pressure. Mass estimates are reported with an 
estimated error of +30%. There are currently two different algo- 
rithms that are used in TOMS SO2 retrievals, called version 6 
[Krueger et al.,1995] and version 7 respectively. Version 7 has 
some inherent improvements because it also measures an "aerosol 
index" which shows the distribution of silicate ash, but does not 
fully quantify it [Sefior et al., 1997; Krotkov et al., 1997]. In this 
study we used version 6 only because as of this writing version 7 
is still being refined for volcanic cloud study. For example, version 
7 cannot in its current state measure pixels with >205 DU 
[McPeters et al., 1996], and these are abundant in the E1 Chich6n 
clouds. 

4. Cloud Height and Trajectory Estimates 

In the tropics north of the equator in the spring winds are typi- 
cally westerly in the troposphere and easterly in the stratosphere. 
Because it seemed that the detected volcanic clouds would reflect 

differences in winds at different levels, we needed to verify this 
condition, at least qualitatively. Although 1982 National Meteo- 
rological Center (NMC) wind field data is rather poor for the trop- 
ics, we nonetheless applied the trajectory model described by 
Schoeberl et al. [1992]. In this model, parcels are advected by 
winds derived from the NMC's balanced wind equation and inter- 
polated to isentropic (constant potential temperature) surfaces. 
The winds at a given time are interpolated from the previous and 
subsequent data sets, which are available every 12 hours (0000 and 
1200 UT). The range of potential temperature surfaces, corre- 
sponding to altitudes from about 12 to 30 km, is shown in Figure 
1. The altitudes plotted in the diagram are only approximate (• 1-2 
km) because the height range estimates change with time and loca- 
tion. Here we use them only to show what the atmosphere motion 
may have been. 

The trajectories start at the volcano at 1200 UT on April 4, 
1982, and continue for 48 hours, with dots along each trajectory 
corresponding to a 12 hour time increment. Although they con- 
tain large errors which are hard to quantify, the trajectory analysis 
shows NE to easterly winds at altitudes of about 23-30 km, north- 
erly to NW winds at about 19-23 km, and westerly winds at about 
12-19 km altitudes. This highly approximate pattern of wind 
shear is generally consistent with the observed movement of 
clouds as shown in Plate 1, with the tropopause at about 17-18 km. 
In spite of the poor NMC data and uncertainty in the actual 
heights, we think it is unlikely that the relative positions of the 
wind vectors are incorrect. 

5. TOMS and AVHRR Observations 

The first AVHRR images of the volcanic ash cloud from the B 
eruption are shown in Plate 1 a as a composite of images collected 
at 0805 and 0945 UT (0205 and 0345 local time), approximately 

6.5 to 8 hours after the start, and 2.5 to 4 hours after the end of the 

B event. Although several previous researchers [e.g., Matson, 
1984] have shown that the volcanic ash cloud dispersed in two 
main directions, east-northeast (ENE) and west-southwest 
(WSW), the AVHRR retrievals show that the main mass of fine- 
grained (1-10 gm radius) silicate ash was transported ENE of the 
vent, with lesser amounts moving WSW. The region of the cloud 
with the highest retrieved mass correlates to the area with the 
thickest tephra fallout on the ground: however, this is coincidental, 
reflecting the rapid fallout (within 4-8 hours from the onset of B) 
of the bulk of the E1 Chich6n ash toward the ENE. AVHRR 

detects ash which is fine-grained, and therefore did not fall out 
quickly to become incorporated in the tephra deposits, and the 
image (Plate 1 a) maps fine ash (1-10 gm in radius) which was still 
at elevated altitude. The mass of fine ash in an opaque region of 
the cloud (extending eastward from the vent to the Guatemala bor- 
der) could not be determined due to its high optical depth, but this 
is likely the region with the greatest mass. The mass retrieved 
(Table 3) is therefore a minimum that greatly underestimates the 
true ash volumes (see also section 7). The trajectory analysis (Fig- 
ure 1) suggests that the altitude of the ENE portion of the cloud 
was between 16 and 20 km and that the WSW portion of the vol- 
canic cloud was most likely higher than 25 km. 

The first TOMS image of the sulfur dioxide cloud (Plate lb) 
was collected on April 4 at 1820 UT (1220 local time), near the 
end of the C eruption. This image shows the bidirectional spread- 
ing of the SO2. Unlike the ash dispersal mapped by AVHRR, the 
highest concentration of SO2 extends to the west of the vent, with 
lesser amounts extending to the east. Assuming that the SO2 at the 
leading edges of the cloud was emitted at the start of the B event, 
the velocity of the western edge of the SO2 cloud is approximately 
12 m/s, and the velocity of the eastern edge is about 25 m/s. The 
maximum height of the SO2 cloud likely extends from approxi- 
mately 14-16 km in the ENE direction to greater than 25 km in the 
WSW direction. 

The volcanic ash cloud mapped from AVHRR data collected on 
April 4 at 2100 UT (about 2.5 hours after the end of the C erup- 
tion) shows that the main mass of ash from the B and C eruptions 
extends to the east of the vent, with lesser amounts extending 
toward the west (Plate l c). Ash from the B eruption (which had 
ended 15 hours earlier) had separated into two clouds. The main 
mass of ash from the B event is observed over Honduras, Guate- 

mala, and the Gulf of Mexico, following a trajectory with is con- 
sistent with an altitude of approximately 18-20 km (Figure 1). The 
velocity of the western edge of the cloud is 12 rn/s which is iden- 
tical to the velocity of the western edge of the SO2 cloud shown in 
Plate 1 b. The main mass of ash from the C eruption extends east of 
the vent, with a subsidiary mass extending to the west (Plate 1 c). 
Note that the mass of a significant portion of the cloud, over the 
Yucatan Peninsula (red dotted outline) could not be determined in 
this image due to its high optical depth, and that presumably this is 
the region with the greatest silicate mass. The trajectory analysis 
(Figure 1) suggests that the altitude of the ENE portion of the 
cloud was between 16 and 20 km and that the WSW portion of the 
volcanic cloud was most likely higher than 25 km. 

By the time of the next AVHRR scene (April 5 at 0755 and 
0930 UT), the entire volcanic cloud had become partially transpar- 
ent, allowing for a mass retrieval of the whole cloud (Plate l d). 
Two ash clouds are seen in this image: a small cloud over the 
Pacific Ocean (centered at 18øN and 107øW), and the main cloud 
extending for 2500 km from 80øW to 100øW and from 12øN to 
21øN. Although it was not easily identified in the previous 
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AVHRR image (Plate 1 c), the small cloud over the Pacific Ocean 
is likely from the start of the B eruption. Analysis of the tephra fall 
deposits by Carey and Sigurdsson [ 1986] indicated that the maxi- 
mum cloud height of the B and C eruptions was at the start of the 
event, and that the cloud height decreased with time. Thus it is 
likely that the small cloud from over the Pacific Ocean is ash from 
the start of the B eruption, and that it is likely higher than the main 
cloud over Central America. The main mass of ash (located over 
Guatemala and Belize) moved SE of the vent at an altitude of 
approximately 19-21 km. Sheafing of the top and bottom of the 
cloud transported ash to the SW in the stratosphere and to the NE 
in the troposphere. 

Separation of the ash and sulfur dioxide is more pronounced in 
subsequent images. Plate le is a composite map of two successive 
TOMS swaths collected at 1700 and 1840 UT on April 5. Three 
discrete regions of high SO2 values can be observed in this image. 
Region 1, the most westerly edge of the plume, is 2200 km from 
the vent and extends from 14øN to 20øN and from 114øW to 

105øW. If this region of SO2 was emitted at the start of eruption B, 
the velocity of the leading edge would be about 15 m/s. Compari- 
sons between the rate of cloud movement and radiosonde wind 

data indicate that the altitude of this portion of the cloud is approx- 
imately 26-28 km, which is consistent with lidar measurements 
from the Mauna Loa Observatory, Hawaii, taken on April 9, 1982 
[DeLuisi et al., 1983], with airborne and ground-based lidar mea- 
surements of stratospheric aerosol from June 1982 until January 
1984 [McCormick et al., 1984], and with balloon-borne sampling 
from May to December 1982 [Hofmann and Rosen, 1983]. 
Another high SO2 concentration in Plate l e is centered at 18øN 
and 98øW, and is designated region 2. Its leading (westward) edge 
is difficult to define, but the center of the cloud is located about 
500 km west of the vent. A third area of high SO2 extends 200 km 

Plate if is a composite map from AVHRR data collected at 
2045 and 2230 UT on Apfil.5. By this time the patterns shown by 
the two detectors differ sharply. An area of volcanic ash from the 
start of the B eruption is detected at 14øN to 22øN, 116øW to 
105øW, in the same area as the most westerly SO2 concentration in 
Plate 2e. This indicates that some of the SO2 and ash from the B 

event traveled together for at least 45 hours. The main mass of vol- 
canic ash from the C event is centered over southern Guatemala, 

Honduras, and E1 Salvador, with a "tail" extending to the west. 
The trajectory of this portion of the cloud indicates an altitude of 
19-21 km (Figure 1). Sheafing of the bottom of the cloud by 
westerly tropospheric winds has greatly diminished from the pre- 
vious image (Plate ld), and the fallout of coarser ash has likely 
occurred, so that the residual ash cloud is virtually neutrally buoy- 
ant. The top of the cloud continues to be sheared by strong easterly 
stratospheric winds, resulting in the production of the "tail". A 
third area of ash is detected near the vent, possibly due to addi- 
tional eruptive activity following the C event. 

By April 6 (Plate lg and lh), the SO2 and ash clouds continue 
to move in different directions. In general, the main mass of SO2 
moved to the west, and the main mass of ash moved toward the 

south. The western edge of the SO2 cloud (region 1) had moved to 
the west beyond the field of the image at a rate of 15 m/s. The cen- 
ter of the SO2 mass designated as region 2 moved to the northwest 
from its location on April 5 at a rate of 9 m/s, and developed a 
plume structure extending southwest for more than 700 km. The 
center of the SO2 mass designated as region 3 moved slowly (2 m/ 
s) to the northeast from its location on April 5 and developed a 
plume extending to the southwest for more than 1300 km. The 
development of the plume structures is likely due to shear at the 
top of the SO2 clouds by strong northeasterly winds (10-20 m/s) at 
altitudes from 23.8 to 26.5 km (radiosonde wind data from Ver- 

west of the volcano, and is designated region 3. Lower values of acruz, Mexico on April 5 and 6). Lower concentrations of SO2 
SO2 extend to the east from the vent, probably reflecting SO2 mov- extend to the east, reflecting SO2 carried in the troposphere. The 
ing in the troposphere from both the B and C eruptions. volcanic ash from the C eruption continued to move to the south 

Plate 1. The E1 Chich6n volcanic ash and sulfur dioxide clouds from April 4-6, 1982, as seen with imagery from the 
advanced very high resolution radiometer (AVHRR) (Plates la, lc, ld, lf, and lh) and the total ozone mapping spec- 
trometer (TOMS) (Plates lb, 1 e, and 1 g), respectively. The mass of volcanic ash was determined using the technique 
of Wen and Rose [ 1994], and is shown in kg/km 2. Total column abundance of sulfur dioxide is given in Dobson units 
(see Krueger et al. [ 1995] for details). Note that the color scale changes to account for the decrease in sulfur dioxide 
and volcanic ash over time. The location of the volcano (17.33øN; 93.20øW) is indicated by the circled crosshain (a) 
Composite of two AVHRR images of the volcanic ash cloud from the B eruption on April 4, 1982. The portion of the 
cloud east of approximately 91 øW was collected at 0805 UT, and the portion to the west was collected at 0945 UT. 
The mass of volcanic ash cannot be determined for the opaque region of the cloud (optical depth>4), and presumably 
contains the greatest mass. (b) TOMS image of the sulfur dioxide cloud from the B and C eruptions on April 4, 1982 
at 1820 UT (c) AVHRR image of the volcanic ash cloud from the B and C eruptions on April 4, 1982 at 2100 UT 
The mass of volcanic ash cannot be determined for the opaque region of the cloud (optical depth>4). This region is 
indicated by the dashed outline, and presumably contains the greatest mass. (d) Composite of two AVHRR images of 
the volcanic ash cloud from the B and C eruptions on April 5, 1982. The portion of the cloud east of approximately 
88øW was collected at 0755 UT, and the portion to the west was collected at 0930 UT (e) Composite of two TOMS 
images of the sulfur dioxide cloud on April 5, 1982. The portion of the cloud east of approximately 91 øW was col- 
lected at 1700 UT, and the portion to the west was collected at 1840 UT. Three regions of high sulfur dioxide are 
identified (see text for discussion). (f) Composite of two AVHRR images of the volcanic ash cloud on April 5, 1982. 
The portion of the cloud east of approximately 107øW was collected at 2045 UT, and the portion to the west was col- 
lected at 2230 UT. (g) Composite of two TOMS images of the sulfur dioxide cloud on April 6, 1982. Three regions of 
high sulfur dioxide are identified (see text for discussion). The portion of the cloud east of approximately 101øW was 
collected at 1720 UT, and the portion to the west was collected at 1900 UT. The masses of sulfur dioxide shown for 
April 6 in Figure 2 includes all the cloud regions, even region 1, which is located west of the area shown. (h) Com- 
posite of two AVHRR images of the volcanic ash cloud on April 6, 1982. The portion of the cloud east of approxi- 
mately 106øW was collected at 2035 UT, and the portion to the west was collected at 2215 UT. (i) Composite of two 
AVHRR images of the volcanic ash cloud on April 7, 1982. The portion of the cloud east of approximately 112øW 
was collected at 0915 UT, and the portion to the west was collected at 1050 UT. 
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and developed a westerly tail. A small volcanic ash cloud also 
extends to the south from the vent, indicating continued eruptive 
activity. 

The last ash retrieval which we present in this paper is in shown 
in Plate 1 i, a composite of two images collected at 0915 and 1050 
UT on April 7, 1982. The main mass of ash moved south from its 
location in the previous scene (Plate l h). The "tail" has become 
more discontinuous and continues to travel to the west. Although 
the volcanic cloud was visible for at least three more days in 
AVHRR imagery using the band difference technique, complex 
meteorological cloud layers under the volcanic cloud prevented 
the retrieval of the mass of fine volcanic ash. 

6. Mass Retrievals Using TOMS and AVHRR 

The results of the TOMS and AVHRR mass retrievals are 

shown in Figure 2 and document the injection and removal of sul- 
fur dioxide and volcanic ash. Error bars for the TOMS sulfur diox- 

ide retrievals are estimated at + 30%. The AVHRR ash mass 

retrievals are subject to errors of at least + 30% (see discussion, 
below) and reflect at least uncertainties such as determining the 
temperature of the surface underlying the cloud, particle size dis- 
tribution assumptions, refractive index data for specific ashes, and 
particle shapes [Wen and Rose, 1994]. The timing and duration of 
the B and C eruptive events are indicated. Note that the first two 
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ash retrievals are minimum values, because it was not possible to 
determine the mass of opaque regions of the volcanic clouds 
shown in Plates l a and l c. The sulfur dioxide mass includes 

regions of the cloud that had been transported beyond the area 
shown in Plate 1. 

The mass of fine (1-10 gm radius) volcanic ash retrieved at 
2100 UT on April 4 (2.5 hours after the end of the C event) was 
estimated at approximately 6.5 x 109 kg, or about 0.7% of the mea- 
sured mass of the B and C tephra fall deposits (9.1 x 10 • kg, see 
Table 2) [Carey and Sigurdsson, 1986], and decreased to approxi- 
mately 1.2 x 108 kg by 1000 UT on April 7. The mass of sulfur 
dioxide increased from 4.4 x 109 kg on April 4 to 7.1 x 109 kg on 

apparent slight decrease. All three days of SO 2 mass estimates are 
within the absolute margin of error estimated above (+ 30%), 
although the relative changes may be of some interest. 

The sensitivity of the AVHRR ash retrieval to variability in the 
temperature boundary conditions was tested, and the results are 
shown in Table 3. The retrieval uses a single value for the cloud 
top temperature (To) and the underlying surface (Ts), so if there is 
inhomogeneity in these parameters the results will be adversely 
affected. Observations have shown that the retrievals are much 

more sensitive (5 to 10 times) to variations of T., than To. In order 
to evaluate the effect of uncertainty in the Ts boundary condition, 
multiple retrievals were conducted for the range of values appro- 

April 5, and was estimated at 6.8 x 109 kg on April 6, which is an priate to each scene, and the results are shown in Table 3. The vari- 
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ations in the retrieved mass due to an inhomogeneous background 
are scene specific, but generally range from 10 to 35%. The sensi- 
tivity increases as the cloud ages, and the optical depth decreases. 
In one case (April 5 at 2045 UT), the volcanic cloud was retrieved 
in two parts, the portions underlain by water and by land, to incor- 
porate the effects of Ts differences. 

7. Discussion 

7.1. SO2 Mass Determinations 

One of the difficulties in interpreting TOMS imagery is that a 
cloud is only imaged once per day, and it is sometimes hard to 
relate cloud features to specific eruptive activity. Combined use 

of TOMS and AVHRR data allows for a more complete observa- 
tion and analysis of eruptive activity than could be accomplished 
using a single sensor. The April 5 and 6 TOMS images (Plates le 
and lg) show three distinct regions of high SO2, which could not 
be distinguished in the image collected on April 4 (Plate lb). 

One interpretation is that the B eruption produced the SO2 
observed in region 1, the C eruption produced the SO2 observed in 
region 2, and that emissions following the C eruption produced the 
SO2 observed in region 3. However, the SO2 observed in region 3 
on April 5 accounts for the 60% increase in detected SO2 from 
April 4 to April 5, and it seems unlikely that emissions following 
C could inject that much SO2 to stratospheric heights. 

An alternate interpretation is that the SO2 observed in region 1 
was emitted at the start of the B eruption, that the SO2 observed in 
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region 2 was emitted during the main part of the B eruption, and 
that the SO2 observed in region 3 came from the C eruption. If this 
interpretation is correct, then the approximate rate of movement of 
SO2 would be 15 m/s for region 1, 9 m/s lbr region 2, and 2 m/s for 
region 3. Comparisons to a radiosonde wind profile collected at 
Veracruz, Mexico at 0000 UT on April 5 indicate an approximate 
height of 25 km Ibr region 1, 23 km for region 2, and 22 km for 
region 3. This interpretation is supported by the evidence pre- 
sented by Carey and Sigurdsson [1986] that the B eruption pro- 
duced a higher cloud than the C eruption and that the peak height 
occurred at the onset of the eruption and decreased with time. This 
interpretation is also supported by our AVHRR observations, 
which show an ash cloud from the start of the B eruption (Plates 

l d and If) lollowing the same trajectory as the SO 2 found in 
region 1. 

We speculate that the increase in the mass of detected SO2 from 
April 4 to April 5 was due in part to the timing of the April 4 
TOMS image, which was collected near the end of the C eruption 
but did not measure a peak mass. Another possibility is that the 
TOMS algorithm underestimates the amount of SO2 in clouds with 
very high concentrations. Ash in volcanic clouds causes an over- 
estimate of SO2 [Krueger et al., 1995], so ash in the cloud would 
tend to mitigate any underestimate due to high SO2. Luhr [1990] 
suggested that a majority of the S released from E1 Chich6n could 
have been H2S, rather than SO2. It seems unlikely that the mass 
increase was due to the emission of significant amounts of H2S 
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Table 3. Summary of AVHRR Ash Retrievals. 

Date Time, UT Eruption Ts, K Tc, K Silicate Mass, kg Mean Optical Depth, Mean Effective Radius, 
unitless gm 

April 4 0945 B 

April 4 2100 both B and C 

April 5 0755 and 0930 both B and C 

April5 0930 start of B 

April 5 2045 both B and C 

April 5 2228 start of B 

April5 2034 and 2214 both B and C 

April 6 2214 start of B 

April 7 0915 and 1050 C 

290 
293 
295 
310 

315 
320 

291 
295 
298 

295 
296 

297 
land: 295 

water: 294 
land:300 

water: 295 
land: 305 

water: 296 
291 
292 
293 
292 

293 
294 

283 
284 

285 

east: 291 
west:290 
east: 292 
west: 291 
east: 293 
west 292 

205 
205 
205 

193 

193 

193 

193 
193 
193 
226 

226 

226 

193 

193 

193 

226 
226 
226 
193 

193 

193 

226 

226 
226 

193 

193 

193 

1.66 x 109 0.57 7.6 
2.20 x 109 0.63 8.0 
2.47 x 109 0.66 8.5 
5.81 x 10 9 0.93 7.7 
6.54 x 10 9 1.01 8.1 
7.20 x 109 1.08 8.3 

3.13 x 109 0.37 6.8 
4.05 x 109 0.45 7.4 
4.71 x 109 0.50 7.7 
1.91 X 108 0.14 4.8 
2.21 X 108 0.16 5.5 
2.86 X 108 0.18 6.3 

total: 8.06 x 108 land: 0.27 land: 4.8 
water: 0.19 water: 6.1 

total: 1.10 x 109 land: 0.35 land: 6.0 
water: 0.21 water: 6.4 

total: 1.42 x 109 land: 0.43 land: 6.9 
water: 0.22 water: 6.6 

5.69 x 107 0.05 2.0 
9.55 x 107 0.07 3.1 
1.52 x 108 0.09 4.1 
1.88 x 108 0.06 3.6 
2.48 x 108 0.07 4.2 
3.32 x 108 0.09 4.8 

1.67 x 107 0.01 1.2 
1.91 x 107 0.01 1.2 
2.22 x 107 0.01 1.3 

total: 7.46 x 107 east: 0.05 east:2.7 
west: 0.02 west: 2.6 

total: 1.18 x 108 east: 0.06 east:3.6 
west: 0.03 west: 3.8 

total: 1.95 x 108 east: 0.08 east: 5.0 
west: 0.05 west 5.1 
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Figure 2. Mass retrievals of volcanic ash and sulfur dioxide from AVHRR and TOMS, respectively. The timing and 
duration of the B and C eruptive events are indicated (see text for discussion). 

along with the SO2, because the sulfur dioxide in region 3 (the 
youngest part of the cloud in Plate 1 e) accounts for the majority of 
the mass increase. If a significant amount of H2S was erupted dur- 
ing the B and C eruptions, one would expect the mass to increase 
throughout the entire cloud, unless the conversion of H2S to SO2 is 
very rapid (less than --1 hour l/e). Based on Graedel [ 1977], H2S 
is thought to have a lifetime of about 1 day in the troposphere and 
converts to SO2. 

We speculate that the hypothesis applied to Pinatubo involving 
a separate vapor phase of SO2 [Gerlach et al., 1996] could be a 
factor in enhancing separation of E1 Chich6n eruptions B and C, 
because the ash-poor, SO2-rich phase might escape first and per- 
haps rise higher in the early part of each eruption. We have no way 
to prove such a process with our data, but our data are consistent 
with it. 

7.2. Retrievals of mass of fine ash using AVHRR 

The ash detection method used here differs from the one 

employed by Robock and Matson [1983] even though both are 
based on data from weather satellites. They looked at scattering of 
the visible wavelengths and most likely detected smaller (<1 gin) 
particles, perhaps including sulfate aerosols, while the thermal 
infrared band subtraction method we employ is most sensitive to 
ash and sulfate particles between 1 and 10 gm in radius. 
Although, theoretically, the technique we employ cannot uniquely 
distinguish silicate ash from sulfate aerosol [Prata, 1989; Wen and 
Rose, 1994], there is strong evidence that the cloud detected by the 
AVHRR was composed primarily of ash. 

We considered what type of sulfate particles could produce the 
observed AVHRR signal if no silicate ash particles were present in 
the volcanic cloud. A model volcanic cloud retrieval, using the 
refractive index for a 75% H2504/25% H20 aerosol (rather than 

andesite), gives a particle mean effective radius of 1.75 gm for the 
cloud imaged by the AVHRR on April 4 (Plate 1 c), a value which 
is 1-2 orders of magnitude too large. Hofmann and Rosen [1983] 
sampled the cloud at 24.5-25.5 km, 45 days after the eruption, and 
found that the sulfate aerosol had a bimodal particle distribution. 
The smaller particles (mode radius near 0.02 gm) consisted of 
newly nucleated sulfate droplets, and the larger particles (mode 
radius near 0.70 gm) were believed to have been formed by the 
growth of the preeruption aerosol due to the accretion of sulfuric 
acid vapor. In addition, model results by Turco et al. [1983] show 
that "pure" sulfate aerosols can only grow to a size of about 
0.02-0.20 gin. Comprehensive study of the 1991 Pinatubo aero- 
sol [Russell et al., 1996] shows that 65-80% H2504 was the com- 
position of most Pinatubo sulfates and that their effective radii 
were generally 0.1- 0.2 gm during the first month and grew to as 
large as 0.5- 0.6 gm after several months, reflecting coagulation 
processes. However, even if the E1 Chich6n cloud was composed 
of sulfate particles with a radius of 1.75 gin, the settling velocity 
of particles of that size is too low for them to have fallen far 
enough to produce the observed separation. In addition, analysis 
of TOMS reflectivity data by Seftor et al. [1997] detected a volca- 
nic ash cloud in the same location as the cloud detected by the 
AVHRR. They used a two-channel reflectivity difference (340 - 
380 nm) to distinguish absorbing particles, such as volcanic ash, 
desert dust, and smoke, from nonabsorbing particles, such as sul- 
fate aerosol and meteorological clouds. Thus it is likely that the 
signal measured by the AVHRR is dominated by silicate ash, and 
not sulfate. 

The mass estimates computed with two-band IR data from 
AVHRR give information about the sizes, optical depths, and 
masses of particles that scatter within the Mie range of 10-12 gm 
electromagnetic energy. This means that the retrieval model is 
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Figure 3. Fall distances for spherical, 0.1-50 gm radius, volcanic ash particles as a function of time. The local vis- 
cosity was determined from a radiosonde temperature profile collected at Veracruz, Mexico (380 km NW of E1 
Chich6n) on April 5 at 0000 UT 

only sensitive to particles with radii between about 1 and 10 gm, 
and the mass retrieved is only a part of the total particle mass in 
the cloud. 

Large (>50 gm) particles are the largest (>95%) fraction of the 
total mass of erupted silicates in eruptions, but these particles fall 
out very quickly (<5 hours) and none of these is sensed by 
AVHRR. In order to demonstrate the effects of particle settling 
on the retrieved mass of volcanic ash, fall times were computed 

using Stokes' law for a range (0.1-50 gm) of particle radii, and the 
results are shown in Figure 3. The gravitational settling velocity of 
ash particles in a laminar regime (low Reynolds number) is gov- 
erned by the particle density, size, shape, and local viscosity of the 
medium (air) [Fuchs, 1989]. We assume the ash to be spherical 
particles having a specific gravity of 2.6 (dense trachyandesite) 
and an initial cloud height of 20 km. The local viscosity was deter- 
mined from a radiosonde temperature profile collected at Ver- 
acruz, Mexico (380 km NW of E1Chich6n) on April 5 at 0000 UT. 
Actual ash particles may fall more slowly than these calculations 
indicate, due to turbulence, and increased drag as a result of their 
nonspherical shape. Mackinnon et al. [1984] calculated fall rates 
for nonspherical particles using Wilson-Huang equations [Wilson 
and Huang, 1979] and found that the terminal velocity was a fac- 
tor of 2 slower than for spheres, and thus these calculations pre- 
sented here may represent maximum fall rates. Particles between 
10 and 50 I.tm radius are not sensed by AVHRR, but Figure 3 sug- 
gests that a significant fraction of particles in this size range would 
be expected to remain in the ash cloud up to tens of hours after the 
eruptions and go undetected. It is one of the challenges of volca- 
nic remote sensing to figure out a way to detect particles in this 
size range. The fast fallout rate of large particles is nevertheless 
likely to be the main explanation for the observation that the 
retrieved fine particle masses (1-10 gm radii) in the E1 Chich6n 
clouds are only slightly less than 1% of the mass measured in the 
fall deposit. It is also possible that there is a missing (undetected 

by AVHRR) mass of larger silicate particles (perhaps aggregates 
as the works of Sorem [1982] and Mackinnon et al. [1984] sug- 
gest) in the E1 Chich6n clouds. 

We find the gravitational settling of small particles under 1 gm 
to be negligible (under 20 m) over the duration of interest (2-3 
days). However, the settling is significant for ash particles with 
radii in the 1-10 gm radius range, the size range that can be 
detected and retrieved using AVHRR. The greatest decrease in 
detected mass occurred between the images shown in Plates l d 
and If, and we speculate that fallout is an important factor in the 
mass decrease, rather than just dispersion of the cloud until it was 
no longer detected. The ash cloud shown in Plate l d, is being 
sheared at the top, to the SW, by stratospheric winds, and at the 
bottom, to the NE, by tropospheric winds. However, the ash cloud 
shown in Plate 1 f, is only being sheared at the top, indicating that 
masses of ash at lower levels had decreased considerably. Subse- 
quent observations only show shear to the west. Our contention 
that fallout is a dominant factor in the observed mass decrease is 

supported by a decrease in the retrieved particle size over time 
(Figure 4), which reflects the removal of a coarser size fraction. 
We speculate that precipitation from the tropospheric volcanic 
cloud may have been occurring, accelerating particle fallout. Dis- 
persion of the cloud beyond the limit of detection is likely to be a 
progressively more important factor in the mass trend as the thin- 
ning cloud ages, however. 

The retrieved mass from AVHRR data is not a good way to esti- 
mate the total amounts of missing distal fallout as discussed by 
many volcanologists [Rose, 1993; Bonadonna et al., 1998]. There 
are at least three reasons for this: First, there are limitations in 

sizes or particles sensed, as discussed above. Second, particles 
may aggregate and not behave as isolated scatterers in volcanic 
clouds [Sorem, 1982; Carey and Sigurdsson, 1982; Gilbert and 
Lane, 1994]. Third, simplifying assumptions of the retrieval model 
are not achieved in a real situation: (1) spherical shapes for cloud 
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Figure 4. Mean effective radius of the volcanic ash from the E1 Chich6n clouds, as a function of time. Error bars 
indicate uncertainty in the surface temperature boundary condition. The timing and duration of the B and C eruptions 
are indicated (see text for discussion). 

particles, (2) a single cloud layer, (3) a simple background for the 
cloud with a uniform higher temperature, (4 a cloud that is semi- 
transparent, (5) a lognormal particle size distribution with a sort- 
ing that resembles ash fallout, and (6) a clear atmosphere above or, 
in fact, below the volcanic cloud. We know that many of these 
assumptions are not valid: (1) ash particles are not spherical, (2) 
many volcanic clouds are not single layers, (3) backgrounds are 
frequently very complex, consisting of clouds and land or water at 
various heights and temperatures, (4) clouds are sometimes 
opaque (e.g., Plate l a), and (5) the lognormal assumption is not 
well supported by volcanic cloud particle sampling data. Carey 
and Sigurdsson [1986], using estimates of eruption rates based on 
heights of columns and area thickness data extrapolations, esti- 
mated that more than half of the total volume of E1 Chich6n fallout 

deposit was deposited outside of the last measured isopach map 
contour. Because of the uncertainties about the quantitative mass 
retrievals, we hesitate to emphasize the significance of the low 
mass proportion of fine ash retrieved in E1Chich6n clouds (0.7%). 
Instead, we think retrieval results are more meaningful in a relative 
sense (compared to each other) where they demonstrate rapid 
decline of masses, optical depths, and particle sizes with time over 

Helens eruption [Bluth et al., 1997]. In contrast to TOMS, the 
AVHRR retrievals show a rapid decrease in the mass of detected 
ash following the eruption. It decreased by 25% in the 15 hours 
after the end of the C eruption, and by 98% in 64 hours. In general, 
the mass of SO2 detected by TOMS decreases as a t•nction of time 
due to the chemical conversion of SO2 to sulfate, and the mass of 

volcanic ash decreases due to the fallout of ash particles, perhaps 
aided by meteorological precipitation. In addition, the mass of 
each constituent can decrease due to physical dispersion of the 
cloud at its edge to levels beneath the detection limit. An impor- 
tant factor in the rapid relative decline of particle mass is the fact 
that silicate ash was mainly tropospherically dispersed, while SO2 
was emplaced in the stratosphere. 

7.3. Separation of the E! Chich6n Clouds 

We interpret the observations of separation described above to 
be the result of the vertical segregation of SO2 and volcanic ash, 
possibly due to gravitational processes. Holasek et al. [1996] 
showed experimentally that sedimentation of ash particles in 
plumes can produce vertical separation of gas-rich and particle- 
rich portions. In their experiments, the gas-rich portion of the 

a 3-day period. plume ascended and the denser, particle-rich portion descended 
The mass retrievals demonstrate dramatic differences in the res- until it reached its neutral buoyancy height. The presence of the 

idence times of volcanic ash and sulfur dioxide in the atmosphere strong wind shear during and following the eruption of E1 Chich6n 
(Figure 2). Following the increase in the mass of detected SO2 resulted in very different trajectories for sulfur dioxide and volca- 
from April 4 to April 5, the TOMS retrievals show a 4% decrease nic ash. Our observations show that the principal mass of SO2 
in the mass from April 5 to April 6. Although the decrease is moved to the west of the vent at heights of approximately 22-26 
small compared to the errors of measurement, a slow decreasing km, and the principal mass of ash moved to the east and south of 
trend for SO2 mass is typical of volcanic clouds emplaced in the the vent at heights of about 19-21 km. 
stratosphere [Bluth et al., 1992], and increases 1 day after eruptive Separation of SO2 and ash is important for the mitigation of air- 
events have also been noted in the cases of all three 1992 Spurr craft hazards, and it also is potentially important in understanding 
events [Bluth et al., 1995] and for the May 18, 1980, Mount St. the reactions that occur in volcanic clouds. The TOMS instrument 
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may be used for tracking volcanic clouds which are hazardous to 
aircraft, but this needs to be done with caution, because it is volca- 
nic ash which poses the greatest hazard to aircraft engines [Casa- 
devall, 1994]. The presence of volcanic ash probably affects the 
conversion rate of SO2 to sulfate and provides a substrate for 
chemical reactions [Turco et al., 1983]. Separation of the gas and 
the ash could slow the rate of conversion of SO2 into sulfate aero- 

sol and may tend to decrease the scavenging of volcanic aerosol by 
ash [Rose, 1977; Tabazadeh and Turco, 1993]. We note that the 
radiative transfer model used to determine the amount of SO2 from 

the TOMS data does not account for the presence of ash. Krueger 
et al. [1995] reported that the ash in volcanic clouds will result in 
overestimation of SO2, so separation must affect the TOMS SO2 
calculations. 

Evidence for separation of ash and gas in several volcanic 
clouds of Galunggung was noted by Bluth et al. [1994], and we 
speculate that it may be common in many eruptions. The presence 
of a strong wind shear is a primary factor in determining whether 
the separation will be observed in satellite images. Although a 
comparison between TOMS and AVHRR of clouds from and the 
August 1992 eruption of Mount Spurt [Krotkov et al., in press] 
showed that the gas and ash followed similar trajectories, these 
clouds were transported mainly in the upper troposphere. Separa- 
tion is most likely observed if the maximum height of an eruption 
column reaches a level a few kilometers above the level of the 

wind shear. For the E1 Chich6n example, the ash from the start of 
the B eruption was too high for early separation to be observed 
because the sedimentation in the column occurred in the stable, 

unsheared stratosphere. However, the majority of the ash from the 
latter part of B and from the C eruptions only reached a height 
near, or a few kilometers above, the tropopause. Subsequent sedi- 
mentation of the ash through a significant shear allowed for a 
striking separation to be observed. 

The TOMS and AVHRR observations described above provide 
new insights into the balloon-borne sampling of the E1 Chich6n 
aerosol conducted by Hofinann and Rosen [1983] in the months 
following the eruption. They found two distinct sulfate aerosol 
layers, centered at 25 km and 18 km, separated by a clean region, a 
nonvolatile layer (presumably ash) at approximately 16 km. More- 
over they report that the layer at 25 km was more sulfur-rich (- 
80% ['J2SO4 solution) than the layer at 18 km (- 60-65% H2SO4 
solution). They proposed that the higher layer may have been pro- 
duced by the C eruption, while the layers at 18 km and 16 km may 
have been produced by the A-1 and (or) the B eruption(s). 
Although the observations presented in this paper support the 
hypothesis of Hofmann and Rosen that the aerosol layers were 
produced by two different eruptions, we believe that the majority 
of SO2 from both the B and C eruptions was emplaced at 22-23 
km, and that ash from both of these events produced the nonvola- 
tile layer observed at 16 km. We note also that the 1980 Mount 
St. Helens eruption column was stratospheric in height, but most 
of its dispersal was in the troposphere [Holasek and Self, 1995; 
lg{vods et al., 1995]. 

8. Conclusions 

This paper demonstrates the utility of using multiple satellite 
sensors to analyze explosive volcanic activity. Until recently, very 
few direct comparisons have been made between TOMS and 
AVHRR. However, there is a 15 year archive of data, and a large 
potential for future work. The comparisons presented in this paper 
document the separation of sulfur dioxide and volcanic ash in the 

atmosphere, possibly due to the vertical segregation of the volca- 
nic cloud constituents by gravitational processes. A theory of 
gravitational separation has been developed from experimental 
evidence [Holasek et al., 1996], but never before evaluated with 
satellite imagery. The presence of a strong wind shear is a primary 
factor in determining whether the separation will be observed in 
satellite imagery. Separation is most likely observed if the maxi- 
mum height of an eruption column reaches a level a few kilome- 
ters above the level of the wind shear. Mass retrievals of sulfur 

dioxide and ash highlight the difference in residence times of these 
constituents in the atmosphere. Mostly in the troposphere, the 
mass of fine (1-10 gm) volcanic ash decreased by 98% in 64 
hours, while the mass of sulfur dioxide in the stratosphere declined 
much more slowly. More work needs to be done to determine how 
representative the E1 Chich6n results are of the fate of volcanic ash 
in the atmosphere. The separation of ash and SO2 is important to 
the study of atmospheric reactions and the mitigation of volcanic 
hazards. 
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