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Detection of volcanic ash clouds from Nimbus 7/total ozone 

mapping spectrometer 

C. J. Seftor, • N. C. Hsu, • J. R. Herman, 2 P. K. Bhartia, 2 
O. Torres, • W. I. Rose, 3 D. J. Schneider, 3 and N. Krotko½ 

Abstract. Measured radiances from the Version 7 reprocessing of the Nimbus 7/total 
ozone mapping spectrometer (TOMS) 340- and 380-nm channels are used to detect 
absorbing particulates injected into the atmosphere after the E1 Chichon eruption on April 
4, 1982. It is shown that while the single-channel reflectivity determined from the 380-nm 
channel is able to detect clouds and haze composed of nonabsorbing aerosols, the spectral 
contrast between the 340- and 380-nm channels is sensitive to absorbing particulates such 
as volcanic ash, desert dust, or smoke from biomass burning. In this paper the spectral 
contrast between these two channels is used to detect the volcanic ash injection into the 
atmosphere and to track its evolution for several days. The movement of the ash clouds is 
shown to be consistent with the motions expected from the National Centers for 
Environmental Prediction (NCEP)-derived balanced wind fields in the troposphere and 
lower stratosphere. The movement of the volcanic SO2 cloud detected from TOMS data 
was also in agreement with the NCEP wind at higher altitudes of up to 100-10 mbar. The 
vertical wind shear in the neighborhood of the eruption site resulted in a clear separation 
of the ash and SO2 clouds. The location and movement of the ash cloud are consistent 
with information obtained by the advanced very high resolution radiometer (AVHRR) 
instrument on board the NOAA 7 satellite and to ground reports of ash fall. 

1. Introduction 

Atmospheric radiance information from the Version 7 Nim- 
bus 7 and Meteor 3 total ozone mapping spectrometer 
(TOMS) data sets has been used to generate a 16-year record 
of ozone changes. Of the six wavelength channels available on 
these instruments, the three that are insensitive to the amount 

of ozone in the atmosphere (340, 360, and 380 rim) can be used 
to determine the effective reflectivity of the lower boundary, 
R x. R x can be determined by comparing the measured up- 
welling radiance to the atmospheric backscattering from a pure 
Rayleigh atmosphere over a Lambertian surface. If clouds are 
present, two different Lambertian surfaces are assumed, one 
representing the ground and one representing clouds. The 
calculated reflectivity using the 380-rim channel radiance is a 
measure of the presence of clouds, haze, or a reflective ground 
surface such as snow or ice. The recalibration of Nimbus 

7/TOMS in the Version 7 data set permits the wavelength 
dependence of the effective reflectivities to be calculated with 
an accuracy of about 0.1% and the absolute reflectivities to be 
calculated to better than 1%. Details of the algorithm used to 
generate the Version 7 data sets are given by McPeters et at. 
[1996]. Details of the Version 7 calibration of the Nimbus-7 
TOMS instrument are given by Wettemeyer et at. [1996] and of 
the Meteor 3 TOMS instrument are given by Seftor et at. 
[1997]. 
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On the basis of radiative transfer calculations in a Rayleigh 
scattering atmosphere, the presence of aerosols changes the 
spectral dependence in the radiances. Depending on the char- 
acteristics of the aerosols, they can be either absorbing or 
nonabsorbing in the UV spectral region [DMtmeida, 1987; 
Patterson, 1981; Patterson et at., 1983; Patterson and McMahon, 
1984]. The spectral dependence is most pronounced for UV- 
absorbing aerosols, which cause R x to increase with wave- 
length. While the ozone retrieval algorithm is designed to 
minimize the spectral dependence from clouds, other types of 
nonabsorbing aerosols, under certain conditions, can cause R x 
to decrease with wavelength. TOMS data can therefore be 
used to clearly distinguish between absorbing particulates (e.g., 
smoke from biomass burning, desert dust, and volcanic ash) 
and nonabsorbing particulates (e.g., water clouds, haze, and 
volcanic H2SO 4 aerosols). 

In practice, the spectral contrast is measured and tracked 
through a quantity known as the aerosol index: 

A = -100 log10 I3807 .... q- 100 log10 I38ø/] calc' 
where (I34o/I38o) .... is the measured spectral contrast be- 
tween the 340- and 380-nm radiances and (1340/1380)calc is the 
spectral contrast between the 340- and 380-nm radiances cal- 
culated using a Rayleigh scattering atmosphere and reflectivity 
determined from the 380-nm channel. 

Since the effective reflectivity is determined by requiring 
(138o) .... : (138o) calc, 

A = - 100 log10 [ (I340) .... /(I340) calc]' (2) 

Without additional information about the absorbing particu- 
lates observed in the TOMS data (e.g., the refractive index and 
particle size distribution), the aerosol index can be used to 
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determine their location and the relative amount of particulate 
matter [Herman et al., 1997]. 

This paper is one of a series of papers reporting on the 
ability of TOMS instruments to detect tropospheric aerosols. 
Previous papers have described using TOMS data to detect 
biomass burning [Hsu et al., 1996] and map the global distri- 
bution of UV-absorbing aerosols [Herman et al., 1997]. Subse- 
quent papers will detail the theoretical radiative transfer as- 
pects of detecting tropospheric and volcanic aerosols at TOMS 
wavelengths. 

In this paper the detection of volcanic ash is demonstrated 
by looking at the April 4, 1982, eruptions of E1 Chichon. The 
development of the ash cloud is mapped and its motion is 
followed. Since the TOMS wavelength channels can also be 
used to derive the total column amount and geographical dis- 
tribution of SO2 in the atmosphere [Krueger et al., 1995], com- 
parisons are made between the motion of the ash cloud and the 
SO2 cloud. The ash cloud motions are confirmed from infrared 
satellite observations obtained by the NOAA 7 advanced very 
high resolution radiometer (AVHRR). Finally, in order to 
demonstrate the ability to determine optical depths from such 
data, a sample calculation is performed for April 6, 1982, from 
a radiative transfer model using aerosol parameters consistent 
with volcanic ash. 

2. The El Chichon Eruption and Resulting 
SO2 Cloud 

Two of the E1 Chichon eruptions occurred on April 4, 1982, 
at 0135 and 1122 UT, respectively [Sigurdsson et al., 1984]. 
These two eruptions (which, along with a smaller one on 
March 28) injected 7 (___2) x 109 kg of SO2 [Bluth et al., 1992] 
to levels as high as 20-26 km in the atmosphere [Carey and 
Sigurdsson, 1986]. The SO2 effects were significant for a period 
of a few weeks and then decreased as the SO2 became con- 
verted into H2SO 4. The H2SO 4 aerosol persisted in the strato- 
sphere and troposphere for several years before gradually fad- 
ing back to pre-emption amounts. This same phenomenon was 
also observed by TOMS after the Mount Pinatubo eruption in 
June 1991 [Torres et al., 1995]. 

The ability to determine the presence of SO2 from TOMS 
radiance measurements has long been known, and an algo- 
rithm designed to detect SO2 was contained in previous ver- 
sions of the TOMS processing system [Krueger, 1983]. For the 
Version 7 processing of TOMS data an improved algorithm to 
detect SO2 was implemented. This algorithm routinely pro- 
duces an index, called the sulfur dioxide index (SOI), which is 
related to the amount of SO2 in the atmosphere. Radiative 
transfer studies indicate that the Version 7 SOI is an accurate 

measure of the amount of SO2 for ash-free plumes in the 
atmosphere up to 100 Dobson units (DU) (with an SOI of 1 
being equivalent to 1 DU). The SOI begins to lose some 
accuracy between 100 and 200 DU and becomes unreliable 
above 200 DU. The presence of ash causes the SO1 to under- 
estimate the amount of SO2; the underestimation is propor- 
tional to the ash optical thickness. Details of the algorithm are 
given by McPeters et al. [1996]. For this work an upper limit of 
200 was placed on the SO1, and it was used to determine the 
geographical location and extent of the SO2 cloud. 

The SO2 cloud represented by the SO1 for April 4 is shown 
in Figure la. The areal coverage ("footprint") of the TOMS 
measurements has been approximated by rectangles. TOMS is 

a scanning instrument, and the size of the footprint and cor- 
responding size of the rectangle increase with the scan angle. 

Figures la-ld show the derived SO2 cloud for four days, 
April 4, 5, 6, and 8 (data were missing on April 7) as TOMS 
passed overhead at local noon (1800 UT). Figure la shows that 
the initial SO2 cloud covered an area extending east past the 
Yucatan Peninsula and west to the Atlantic Ocean. Winds 

derived from NCEP data indicate predominantly westerly 
winds in the troposphere and easterly winds in the strato- 
sphere. The zonal spreading of the cloud indicates shearing of 
the vertical column of SO2 by these winds. On April 5 and 6 the 
displacement of the SO2 cloud was mainly toward the west and 
northwest, following the winds at roughly 10-30 mbar. These 
motions are comparable to those seen in other observations 
[Barth et al., 1983] and in previous versions of the TOMS data 
[Krueger, 1983]. Krueger also indicated that the amount of SO2 
released into the atmosphere reached values higher than 700 
DU; the upper limit of 200 placed on the SO1 precludes a 
comparison with values obtained from the Version 7 algo- 
rithm. 

3. The Ash Cloud 

Ash from the eruption of E1 Chichon was seen to circum- 
navigate the globe [Robock and Matson, 1983] and was ob- 
served to spread vertically between 15 and 35 km over Mauna 
Loa [De Luisi, 1982]. TOMS was able to track the formation 
and dispersion of the ash for the first few days after each 
eruption. The distribution of the TOMS detected ash cloud 
after the April 4 eruptions, as represented by positive values of 
the aerosol index, is shown in Figures 2a-2d. In these figures, 
measurement artifacts such as sea glint, which can be easily 
determined from geometry, have been removed. The areal 
coverage of the ash cloud on April 4 (Figure 2a) agrees well 
with the coverage seen by the GOES satellite, using both vis- 
ible (0.55-0.75 /xm) and thermal infrared (10.5-12.5 /xm) 
bands, at approximately the same time [Matson, 1982]. Exten- 
sive field studies of ash fall were coducted at 99 locations 

covering an area of about 45,000 km 2 [Varekamp et al., 1982]. 
These studies indicate that ash from the April 4 eruption was 
deposited primarily in an eastward direction, with the 1-mm 
isopach at approximately 210 km. These results are consistent 
with the area of extent determined by TOMS. 

While the displacements of both the ash cloud and the SO2 
cloud were roughly the same on April 4, there was a significant 
geographical separation of the ash cloud from the SO2 cloud 
by April 5. The ash cloud itself separated into two clouds, one 
moving north and one moving south. 

The movements of the ash cloud were compared with tra- 
jectories calculated from NCEP balanced wind data; the winds 
were calculated on a 2 ø latitude by 5 ø longitude grid. Figures 3a 
and 3b show the NCEP balanced winds at various altitudes for 

April 4, 5, and 6. The latitude and longitude of the winds 
shown are the grid points closest to the center of the two ash 
clouds. The winds speed and directions indicated in Figure 3a 
coincide with the movement of the northern cloud, while those 
in Figure 3b coincide with the southern cloud. Since there was 
only one ash cloud on April 4, the wind speed and directions 
for this day are duplicated in Figures 3a and 3b. 

As shown in Figure 2a, a strongly positive index was detected 
by TOMS over the E1Chichon eruption site (17.33øN, 93.2øW) 
on April 4. Because the TOMS measurements were made 
more than 6 hours after the eruption, a considerable spread of 
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Figure 1. The derived SOI cloud, as seen by TOMS, for (a) April 4, (b) April 5, (c) April 6, and (d) April 
8, 1982. April 7 is not shown because a data gap severely limited areal coverage. The areal coverage of each 
TOMS scan-element measurement is approximated by rectangles; the size of the field of view (and the 
corresponding rectangle) increases with scan angle. 

the ash cloud from the source was observed. The ash cloud was 
transported in the east-west directions covering most of the 
area in southern Mexico and northern Guatemala. These mo- 
tions are consistent with the 1200 UT NCEP balanced wind, 

shown in Figure 3a, in the neighborhood of the eruption site 
and at approximately 70-200 mbar (near the tropopause). 

On April 5 (Figure 2b), one section of the ash cloud moved 
north into the Gulf of Mexico, while the bulk of the ash cloud 
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Figure 1. (continued) 

drifted slightly to the south. According to the NCEP wind 
pattern in Figure 3a, the northward movement was only pos- 
sible in the lower troposphere at an altitude at or below 850 
mbar. The tropospheric nature of this cloud is also indicated in 

radiosonde data from Veracruz [Matson, 1982; Matson and 
Robock, 1982]. Reports of a low-altitude (1.5-2 km) cloud were 
reported blowing over the southern Texas coast on April 5, and 
a light ashfall occurred in Houston during the night of April 7 
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a Aerosol Index for April 4, 1982 
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[Smithsonian Institution Scientific Event Alert Network (SEAN), 
1989]. These reports also indicate that the northern cloud seen 
by TOMS is contained in the low troposphere. 

Figure 3b shows the vertical profile of horizontal wind vec- 

tors at 14øN and 90øW on April 5. The weak south-southeast 
movement of the ash cloud is in agreement with NCEP winds 
at approximately 50-70 mbar, and Veracruz radiosonde data 
also indicate that this cloud is stratospheric [Matson, 1982]; 
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Figure 2. (continued) 

the SO 2 cloud follows the NCEP wind pattern at about 
10-30 mbar. 

On April 6 (Figure 2c) the bulk of the ash cloud detected 
previously in the Gulf of Mexico on April 5 was still visible and 
only drifted slightly to the west. Again, this is consistent with 

the lower troposphere winds for April 6 depicted in Figure 3a. 
The bulk of the ash cloud observed in the coastal region near 
the Pacific Ocean on April 5 moved to the southwest, as seen 
by TOMS on April 6, again under the influence of strato- 
spheric winds. This ash cloud continued to travel to the west, 
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Figure 3. NCEP balanced winds at locations and altitudes consistent with the movement of the (a) northern 
ash cloud and (b) southern ash cloud. 

following the wind circulation in the lower stratosphere on 
April 7; it then was split by the northerly and southerly flow in 
the region near 12øN and 98øW, as shown in Figure 2d. 

The separation of the ash cloud from the SO2 cloud for the 
E1 Chichon eruption appears to have resulted from the vertical 
wind shear in the altitude region where the two clouds resided. 
This separation is consistent with lab experiments performed 
to study gas-ash separation processes [Holasek et al., 1996]. 

Data from AVHRR instruments can also be used to detect 

volcanic ash. If the temperature contrast between the ash cloud 

and the surface is large enough, brightness temperatures de- 
termined from band 4 (10.3-11.3 txm) and band 5 (11.5-12.5 
txm) are used to discriminate volcanic ash clouds from mete- 
orological ones [Wen and Rose, 1994]. These data can be used 
to retrieve optical depth and effective radius of volcanic ash 
particles, and ash burdens and mass retrievals can also be 
performed (D. J. Schneider et al., Observations of sulfur diox- 
ide and volcanic ash in the April 4-7, 1982, E1 Chichon volca- 
nic cloud as seen with total ozone mapping spectrometer and 
advanced very high resolution radiometer, submitted to Jour- 
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Figure 4. The ash cloud, as seen by AVHRR through the difference in brightness temperature, for (a) April 
4, (b) April 5, and (c) April 6. Note the shift in scale in Figure 4c. 
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Figure 5. The calculated optical depth calculated for April 6, 1982. The aerosol model used in the radiative 
transfer calculation is given in the text. 
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nal of Geophysical Research, 1997) (hereinafter referred to as 
Schneider et at., submitted manuscript, 1997). For this paper, 
only the original brightness temperature differences are pre- 
sented. Figures 4a-4c show the movement of the E1 Chichon 
ash cloud as seen by AVHRR on board the NOAA 7 satellite 
between 2030 and 2230 UT. 

The development of the cloud and its movement generally 
agree with that observed by TOMS. The ash signal detected by 
the AVHRR in the Gulf of Mexico is very weak and is cut off 
when converted to mass fraction. This might be due to the fact 
that the cloud is very low in elevation, leading to a very small 
temperature contrast between it and the underlying surface. 

Many of the differences between the two data sets can be 
explained by the fact that the AVHRR observations are 2-3 
hours later than those from TOMS. An area of disagreement 
not explained by the time difference exists south of Baja Cal- 
ifornia on April 5. AVHRR detects a sizable area of ash in this 
area, yet there is no indication of such a cloud from the TOMS 
measurement. Since the ash burden of this cloud, as deter- 
mined from the AVHRR measurements (Schneider et at., 
submitted manuscript, 1997), is an order of magnitude lower 
than the main cloud to the southeast, the amount of ash is 
possibly too low for TOMS to detect. 

4. Optical Depth for April 6, 1982 
The aerosol index observed by TOMS may be converted to 

optical thickness using radiative transfer calculations provided 
that an adequate aerosol optical properties model is available. 
The most critical parameters are the effective radius of the size 
distribution and the complex index of refraction. Knowledge of 
the ash vertical distribution and the reflectivity of the under- 
lying surface is also required. 

To illustrate the feasibility of deriving ash optical depth from 
the TOMS measured aerosol index, radiative transfer calcula- 
tions were carried out using an assumed aerosol model con- 
sisting of a potydispersion of silicate ash composed of spherical 
particles with a lognormal particle size distribution of mode 
radius (to) 1.5/x and width (or) 1.5. The complex refractive 
index at 340 and 380 nm was taken to be 1.5-0.0023i and 

1.5-0.0018i, respectively, based on reported measurements 
[Patterson, 1981; Patterson et al., 1983]. The ash vertical distri- 
bution is represented by a Gaussian function with a peak at 15 
km above sea level (approximately 700 mbar). The derived 
optical depth is shown in Figure 5. It should be emphasized 
that the validity of the optical depth derived from this calcu- 
lation is closely tied to the assumptions of the input aerosol 
model; any deviations between the actual aerosol properties of 
the E1 Chichon ash cloud and those of the aerosol model would 

lead to differences in the actual optical depth and the one 
calculated. 

5. Conclusion 

The Version 7 reprocessing of the Nimbus 7/TOMS data set 
contains accurate information about the spectral contrast be- 
tween the 380- and 340-nm channels which can be used to 

detect absorbing atmospheric particulates. In this work an 
aerosol index has been defined and used to map and track the 
motion of the volcanic ash cloud from the April 4, 1982, vol- 
canic eruption of E1 Chichon. For this eruption the evolution 
of the ash cloud (until April 8) is presented and shown to be 
largely consistent with NCEP balanced wind fields and with ash 

maps derived from AVHRR. For this volcanic event, TOMS 
data showed that the ash cloud motions were different from the 

SO2 cloud motions due to vertical wind shear. When the data 
are used in conjunction with information on the optical prop- 
erties of absorbing particulates (layer altitude, size distribution 
of the ash, and refractive index), radiative transfer calculations 
can be used to estimate the ash optical thickness. 

Although the current Earth Probe and ADEOS TOMS in- 
struments do not have a 340- or 380-nm wavelength channel, 
an aerosol index constructed from the spectral contrast be- 
tween the 331- and 360-nm channels has also been shown to be 

effective in detecting and tracking absorbing tropospheric 
aerosols such as volcanic ash. 

The use of TOMS radiance measurements to detect both 

SO2 and ash clouds not only provides a way of comparing the 
distribution of gas and ash within an eruption cloud using the 
same satellite sensor, but the results obtained can be compared 
to laboratory studies designed to examine the processes in such 
gas-ash separations [Holasek et al., 1996]. Furthermore, the 
detection of ash clouds from TOMS complements AVHRR 
measurements in areas where the temperature contrast be- 
tween the cloud and the surface is small and AVHRR cannot 

detect such clouds. Finally, the ability of TOMS to detect the 
injection of volcanic ash into the atmosphere and to track the 
motion of the resulting ash cloud during the days following 
future eruptions will provide useful information for emergency 
planning as well as for air flight operations [Heffter, 1993]. 
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