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ABSTRACT 

Sulfur dioxide clouds from three explosive erup- 
tions of Crater Peak vent of Mount Spurr during the 
Summer of 1992 were detected, tracked, and measured 
by NASA's Total Ozone Mapping Spectrometer 
(TOMS). From the TOMS data we calculated that the 
August 18 eruption produced the largest sulfur diox- 
ide emission of the three events at 4OOf 120 kilotons 
(kt) SO2, followed by the September 16-17 and June 
27 eruptions (230f70 kt and 200f60, respectively). 
The June SO2 plume remained primarily over eastern 
Alaska and Canada's Yukon province, and it was ob- 
served by TOMS for 7 days. The August cloud drift- 
ed southeast along Canada's Pacific coast before be- 
ing carried eastward, and after 8 days it was finally 
viewed passing over England. The September cloud 
traveled the most rapidly of the three: southeast across 
Canada and the northern United States, then north- 
east over Toronto, and finally over Greenland 5 days 
later. TOMS data for the August and September erup- 
tions revealed that the two gas plumes increased in 
SOz amounts over the first 2 days-well after the erup- 
tions had ceased. The TOMS data and other available 
evidence suggest that significant quantities of hydro- 
gen sulfide, in addition to sulfur dioxide, may have 
been explosively outgassed by these two eruptions. 
The maximum injection altitudes of the ash clouds, 
matching of SO2 cloud positions to known wind con- 

ditions, and the dispersion rates of the gas clouds all 
suggest that at least half of the sulfur dioxide emit- 
ted by the Crater Peak eruptions reached the lower 
stratosphere. 

INTRODUCTION 

Mount Spurr, Alaska (61°30'N, 152O25'W) had 
been inactive since 1953 but during the Summer of 
1992 erupted violently three times and sent large 
amounts of ash and gas into the atmosphere. Because 
of prevailing meteorological conditions, each eruption 
cloud followed unique dispersal paths. The SO2 pro- 
duced by these three eruptions was observed by the 
Total Ozone Mapping Spectrometer (TOMS), on board 
NASA's Nimbus-7 satellite. We used the TOMS data 
to analyze the eruption clouds for their SO2 contents, 
areal extents, and dispersion patterns. 

The Nimbus-7 satellite is in a polar sun-synchro- 
nous orbit and crosses the equator every 26 degrees 
(2,800 km) of longitude at local noon, observing the 
whole Earth once a day (13.7 orbits per day). Scans 
consisting of 35 data scenes cover the 2,800-km-wide 
orbit swaths; each scan takes about 8 seconds to com- 
plete. The ground resolution of the TOMS ranges from 
50 km at nadir to approximately 200 km at the orbit 
edges (average resolution is 66 km). The TOMS in- 
strument has provided global SO2 and ozone data since 
late 1978 by measuring the ultraviolet albedo, which 
is the ratio of backscattered Earth radiance to incom- 
ing solar irradiance (Krueger, 1983). The amount of 
SO2 is calculated on the basis of characteristic atten- 
uation of the ultraviolet signal. The TOMS instrument 
gives no direct indications of SO2 cloud altitude; al- 
titude can be derived by comparison of cloud move- 
ment to known or modeled wind velocity and direc- 
tions (see Schoeberl and others, 1993). 

Sulfur dioxide concentrations are calculated in 
milli-atmosphere centimeters (matm-cm), which ex- 
press the column thickness of the gas at standard tem- 
perature and pressure (STP). The tonnage of SO2 over 



Mount Spurr 
W 
00 

Sulfur Dioxide 

NIMBUS- 7 TOMS 

NIIM/GSFC 

Figure 1. Total Ozone Mapping Spectrometer (TOMS) images of the SO2 cloud for 4 days after the June 27, 1992, eruption of Crater Peak vent of Mount Spun in 
Alaska. The SO2 scale is in milli-atmosphere centimeters, a measure of the total SO2 gas present in a column between the satellite and the reflecting surface (Earth). 
These measurements are then converted to a mass of SO2. Approximate overpass times, in ADT, are: June 27: 10:49 a.m.; June 28: 9:25 a.m.; June 29: 9:41 a.m.; 
June 30: 9:58 a.m. (ADT = UT - 8 hours). Mount Spun location is shown by a filled triangle. 
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a given region is then obtained by multiplying the 
column amounts by their ground surface areas. Em- 
pirical corrections are used to offset the linear effects 
that variations in ozone and surface reflectance can 
impart on the SO2 calculations. Eruption cloud ton- 
nages are estimated from measurements of the SO2 
cloud compared to background measurements. Back- 
ground data are taken adjacent to the SO2 cloud to 
minimize latitudinal (such as, solar zenith angle and 
climatological variations) differences, and they are also 
taken in identical scan positions to avoid scan bias 
(such as, changes in instrument resolution from nadir 
to scan-edge positions). 

The typical TOMS detection limit of a fresh, tight- 
ly constrained eruption cloud is roughly 5 to 10 kilo- 
tons (kt) SO2. Older, more dispersed clouds are diffi- 
cult to discern because of low signal-to-noise ratios. 
Uncertainties arising from background variations and 
theoretical limitations of the SO2 algorithm combine 
to give a typical total error of approximately 30 per- 
cent in cloud tonnage, as calculated by Krueger and 
others (1990). The location of Mount Spurr in the north- 
ern latitudes makes TOMS data collected there more 
difficult to analyze owing to high solar zenith angles 
(the longer path lengths increase background noise), 
but it is also advantageous in that more observations 
are possible because of orbit overlap. 
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JUNE 27 ERUPTION 

This first violent eruption of Mount Spurr be- 
gan at 7:04 a.m. Alaskan daylight time (ADT = UT - 
8 hours), and it lasted over 4 hours (Power and oth- 
ers, 1992). A composite image of TOMS observations 
is shown in figure 1. The first TOMS overpass oc- 
curred 10:49 a.m. ADT, and it caught the SO2 emis- 
sion in progress. A second view of the erupting cloud 
was obtained in the subsequent, overlapping orbit, at 
approximately 12:23 p.m. ADT. The gas cloud was 
observed initially drifting northward and its movement 
was consistent with a 10-km altitude, as determined 
from wind data from the National Meteorological Cen- 
ter (NMC). By the next day the cloud was elongated 
and had begun to drift to the east and southeast. By 

June 29 the cloud became further elongated; it stretched 
from Point Barrow, Alaska, to Edmonton, Alberta, in 
Canada. However, on June 30 the cloud unexpectedly 
ceased its southeastward drift, and it rotated about 
10" clockwise from its position on the previous day. 
The SO2 cloud became more difficult to discern from 
background, but observations over the next 3 days in- 
dicated that the cloud continued its slow clockwise 
rotation. From NMC data, the shearing action on the 
29 and 30 and subsequent cloud motions of the cloud 
suggested that the upper portion of the SO2 cloud had 
reached altitudes of around 12 km. The last recogniz- 
able view of the cloud was obtained July 3 when it 
was oriented along 140°W longitude and stretched from 
Dawson in the Yukon province to the Gulf of Alaska. 

AUGUST 18 ERUPTION 

The Crater Peak vent of Mount Spurr erupted 
again at 4:42 p.m. ADT on August 18 for approxi- 
mately 3.5 hours (McGimsey and Dorava, 1992). The 
SO2 cloud emitted from this eruption drifted south- 
east, and it was observed by the TOMS instrument at 
10:51 a.m. ADT on August 19 as a discrete mass over 
the Gulf of Alaska (fig. 2). By the next day the cloud 
had begun to spread and show evidence of shearing 
on both southern and northeastern fronts. On the Au- 
gust 21 TOMS image, the SO2 cloud consisted of a 
main portion located off the coast of Oregon, and an 
elongated section that extended over 3,000 km to the 
east over Lake Winnipeg, Canada. The western edge 
of the cloud could not be delineated because of TOMS 
data losses during that particular overpass (for com- 
parison with the extent of the ash component of the 
cloud on this day, see Schneider and others, this vol- 
ume). By August 22, the elongated eastern section had 
separated from the main cloud mass, and it was bare- 
ly detectable near Hudson Bay. NMC data suggest that 
this part of the cloud had been sheared away by winds 
at an approximately 14-km altitude. The main cloud 
was located over Oregon and showed an eastward drift 
that indicated an altitude of about 12 km. On subse- 
quent days this main cloud mass elongated and fol- 
lowed a tortuous route along the jet stream northeast 
over Hudson Bay, south of Greenland, then across the 
Atlantic. The last remnant of the cloud visible to TOMS 
was observed over England on August 26. 

SEPTEMBER 16-17 ERUPTION 

At 12:03 a.m. ADT (September 17), the third 
major eruption of Mount Spurr began, and it also lasted 
for approximately 3.5 hours (Alaska Volcano Obser- 
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Figure 2. SO2 cloud progression from the August 18, 1992, eruption of Crater Peak vent of Mount Spurr in Alaska. Approximate overpass times, in ADT: August 19: 
10:51 a.m.; August 20: 11:07 am.;  August 21: 9:41 a.m.; August 22: 9 5 7  a.m. This cloud was tracked for several more days as it crossed the Atlantic and reached 
England on August 26. Mount Spurr location is shown by a filled triangle. 
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vatory, 1993). The SO2 cloud drifted eastward into 
Canada, then southward over the United States at a 
remarkable rate; it reached North Dakota (nearly 3,700 
km away) approximately 34 hours after the eruption 
began (fig. 3). The cloud remained fairly compact dur- 
ing this time, and its behavior was consistent with 
NMC wind patterns over a range from 12 to 16 km. 
NMC data located the SO2 cloud on a high-pressure 
ridge during the first 2 days after the eruption. How- 
ever, by the following day the cloud was drawn into 
a region of high vertical shear, the steep wind gradi- 
ent between high- and low- pressure systems over the 
Great Lakes area on the 19th. Accordingly, in the Sep- 
tember 19 image the cloud changed drastically; it 
formed a 2,000-km-long arc from Detroit to northern 
Quebec. The extent of shearing observed was consis- 
tent with the SO2 cloud extending from 12 to 16 km 
in altitude. The following day's image showed the 
shearing had abated, but the cloud continued its north- 
easterly drift over the Labrador Sea. The last day the 
SO2 cloud could be discerned was on September 21 
as a small mass off the east coast of Greenland. 

DISCUSSION 

Relations of cloud tonnage and area as a func- 
tion of time can be useful in monitoring the physical 
and chemical processes that affect an erupted SO2 
cloud. The amount of TOMS-observed SO2 generally 
decreases because of both chemical conversion of SO2 
to H2S04 and physical dissipation of SO2 at cloud 
margins to below the TOMS detection limits. The 
(chemical) decay rate of SO2 gas can ideally be de- 
scribed by an exponential decay function, with an el2 
or e-folding time.   or large eruption clouds emplaced 
in the stratosphere, in which chemical processes dom- 
inate physical effects, the TOMS measurements can 
be used to derive an e-folding time for the cloud (for 
example, approximately 35 days for the 1991 Mount 
Pinatubo SO2 cloud; Bluth and others, 1992). How- 
ever, the dispersion rate of SO2 is altitude dependent; 
it is typically more persistent if emplaced in the rela- 
tively drier, less turbulent, and less reactive strato- 
sphere rather than in the troposphere. Sulfur dioxide 
dispersion is also dependent on cloud size and shape; 
the larger the surface area to mass ratio, the greater 
the effects of dissipation and chemical reaction at cloud 
boundaries. 

Because TOMS observes volcanic SO2 clouds for 
only a short period of their total lifetimes in the at- 
mosphere, the clouds' dispersion rates within this time 
can be approximated by a linear daily decrease. Em- 
pirically, SO2 clouds emplaced in the stratosphere gen- 
erally decrease in mass by about 10 percent per day 

(Doiron and others, 1991; Bluth and others, 1992), 
whereas tropospheric clouds can decrease by up to 
50 percent per day (Bluth and others, 1994). In con- 
trast, cloud area typically increases for the first few 
days, reflecting expansion of the gas cloud. As dis- 
persion processes become more prevalent, the areal 
extent of SO2 observable by TOMS then decreases 
owing to chemical conversion and physical dissipa- 
tion. Rapid changes in area and (or) SO2 amount gen- 
erally indicate that the clouds have undergone physi- 
cal changes as a result of wind shear and other tur- 
bulence. The daily tonnages and areal extents of the 
SO2 clouds for the three Crater Peak eruptions are 
shown-as a function of time in figure 4. 

The eruption of June 26 was in progress when 
initially observed by TOMS, and the first two SO2 
and area values in figure 4A show that the eruption 
cloud was still developing. Two more observations were 
made on June 27, but the second orbit missed ap- 
proximately 5 to 10 areal percent of the cloud's lead- 
ing edge, as reflected by the small drop in SO2 amounts 
determined from one orbit to the next. Both the SO2 
mass and area of the June cloud decreased at fairly 
constant rates; these decreases, along with the NMC 
wind data and relatively minor amount of observed 
drift, suggest that the local meteorological conditions 
were fairly stable at that time. 

Both the August and September eruption clouds 
showed marked variations in area as they underwent 
fairly drastic changes as a result of wind shear (figs. 
4B and 4C). But the most remarkable pattern observed 
for these two eruptions is in the daily SO2 tonnages. 
After both eruptions, measured SO2 increased from 
the first to second day, followed by gradual cloud dis- 
persion. In contrast to the June eruption, both erup- 
tion clouds were observed after complete separation 
from the volcano-accordingly, there was no possi- 
bility that the increase could have occurred from ad- 
ditional outgassing after the TOMS overpass. Nor was 
there evidence of severe physical disturbance during 
this time. 

We can offer several reasons why measured SO2 
may have increased in the clouds. First, the data vari- 
ation falls within our stated accuracy of cloud ton- 
nage estimations ( f30  percent; however, we do not 
believe the pattern is an artifact of the uncertainty in 
TOMS data or analysis. When analyzing cloud ton- 
nages on successive days, the relative precision of the 
TOMS on these daily measurements of an SO2 cloud 
is approximately 10 percent. Thus, the SO2 increases 
observed for these eruption clouds are probably well 
above uncertainty levels. 

Second, the SO2 retrieval on the first day may 
have been incomplete because of interference from 
co-erupted ash. Data from the Advanced Very High 
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Figure 3. Composite image of the September 16-17, 1992, SO2 cloud, observed for 5 days after the eruption of Crater Peak vent of Mount Spun in Alaska. 
Approximate overpass times for each cloud observation, in ADT: September 17: 10:47 a.m.; September 18: 9:16 a.m.; September 19: 6:07 a.m.; September 20: 4:45 
a.m.; and September 21: 3:20 a.m. Mount Spun location is shown by a filled triangle. 
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Figure 4. Comparisons of cloud sulfur dioxide mass (open circles) and 
area (filled circles) as a function of time after 1992 eruptions of Crater 
Peak vent of Mount Spurr in Alaska. A ,  June 27 eruption. 
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Figure 4. Continued. B. August 18 eruption. 
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Figure 4. Continued. C ,  September 16-17 eruption. 
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Resolution Radiometer (AVHRR; Schneider and oth- 
ers, this volume) show that the geographic positions 
and dimensions of the ash clouds were remarkably 
similar to the gas clouds. Because of the coincidence 
of the two, ultraviolet (UV) light scattering by the 
ash may have partially masked detection of SO2. How- 
ever, TOMS reflectivity data (taken at two wavelengths 
where ozone and SO2 are nonabsorbing) showed no 
evidence of UV attenuation from ash particles. The 
fact that only the first TOMS observations were af- 
fected, 18 hours (August) and 12 hours (September) 
after eruption, may also provide some constraints based 
on the fallout rates of the tephra. For instance, the 
slow fallout rate of micron-sized particles in the cloud 
(Rose, 1993) suggests that their effect on TOMS mea- 
surements should have lasted for weeks, rather than 
only a single day. One of the keys to understanding 
the effect of ash on SO2 detection is determining the 
UV absorption by the variously sized particles in the 
cloud. 

A third possibility is that significant amounts of 
H2S gas were emitted, along with sulfur dioxide, from 
the Crater Peak eruptions. Doukas and Gerlach (this 
volume) report on evidence and a possible mechanism 
for H2S emissions from the volcano, and Graedel (1977) 
calculated that H2S in the atmosphere, derived from 
oxidation reactions, has a lifetime of approximately 
1 day. If significant quantities of H2S were emitted, 
the oxidation of this species to SO2 subsequent to the 
first day could explain the tonnage increases. The 
amount of H2S required to produce the SO2 pattern 
observed in the TOMS data is roughly 75 kt H2S for 
the August eruption (a 3:l SO2-H2S ratio), and 25 kt 
H2S for the September eruption (a 6:l SO2-H2S ratio). 

This pattern of SO2 signals from an eruption cloud 
was observed previously in the TOMS data after the 
eruption of Mount St. Helens in 1980. The TOMS SO2 

data for this eruption showed an increase of about 10 
percent from the first to the second day of observa- 
tion, then decreasing tonnage measurements on the 
following days (unpub. data). On May 18, only hours 
after the major eruption, Hobbs and others (1981) Sam- 
pled the eruption cloud and reported high concentra- 
tions of H2S. However, we do not have enough data 
to make definitive conclusions regarding TOMS de- 
tection of H2S gas emissions from either the Mount 
St. Helens or the Crater Peak eruptions. 

The characteristics of the three eruptions of Mount 
Spurr are summarized in table 1. The emitted SO2 is 
calculated from the TOMS data, assuming a linear daily 
loss of SO2. Data from each day were used until cloud 
losses through shearing were evident. A best-fit line 
was determined using 7 days after the June eruption, 
days 2 through 4 for each of the August and Septem- 
ber eruptions, and projected back to the approximate 
end point of the eruption. 

The August eruption was calculated from the 
TOMS data to have produced the greatest amount of 
SO2, at 400+120 kt. The September eruption produced 
230+70 kt, and the June eruption emitted 200+60 kt 
SO2. There was no apparent correlation of gas pro- 
duction with tephra emission that the Alaskan Volca- 
no Observatory estimated for the June, August, and 
September eruptions. These estimates were 12, 14, and 
15 million m3, respectively (W. Rose, oral commun., 
1993). 

The Mount Spurr SO2 tonnage data correspond- 
ed to a 20 to 30 percent daily loss of SO2 for each of 
the three eruptions; this loss suggests the clouds were 
injected at middle altitudes between purely stratospheric 
and purely tropospheric layers. At the latitudes of Alas- 
ka and southern Canada, the summertime tropopause 
height fluctuates but is generally around 12 km alti- 
tude. The maximum injection altitudes of the June, 

Table 1. Observations of SO, clouds produced by the 1992 eruptions of Crater Peak vent, Mount Spurr, Alaska. 

TOMS data 
--  - 

Days Maximum Estimated SO2 cloud Max ash Emitted 
Eruption observed areal extent SO2 emitted altitude 1 altitude2 tephra3 

June 27 7 480,000km2 2 0 0 + 6 0 k t  1 0 - 1 2 k m  14.5km 1 2 x l 0 6 r n 3  
August 18 8 5 10,000 400 +I20  12-14 13.7 14 
September 16- 17 5 340,000 230 k70 12-16 13.9 1 5  

lcalculated f rom NMC wind data and actual cloud positions f rom TOMS data 

2 ~ o s e  and others (this volume) 

3Alaska Volcano Observatory (1993) 



4. EXPLOSIVE EMISSIONS OF SULFUR DIOXIDE FROM 1992 CRATER PEAK ERUPTIONS 

August, and September ash clouds ranged from 13.7 
to 14.5 k m  (table 1,  modified from Rose and others, 
this volume). Each of these eruptions should there- 
fore have reached the lower stratosphere; however, 
comparisons of daily wind data to actual cloud posi- 
tions indicate the SO2 clouds are most accurately con- 
sidered to extend several kilometers vertically. The 
June SO2 cloud corresponded to the lowest altitude 
(10-12 km) on the basis of its drift speed and direc- 
tions, and most of this cloud probably remained in 
the troposphere. In contrast, most of the September 
cloud (ranging from 12-16 km by our calculations) 
was in the lower stratosphere. A large part of the Au- 
gust cloud (12-14 km) also appears to have reached 
the stratosphere. From the available data we there- 
fore estimate that at  least half of the SO2 emitted by 
the three Crater Peak eruptions was emplaced in the 
stratosphere. 

SUMMARY 

During the summer of 1992, Mount Spurr end- 
ed  a 39-year period of quiescence and emitted large 
clouds of gas and ash during three separate eruptions 
within a 3-month period. The TOMS data suggest that 
the August 18 eruption was the largest of the three 
with 400+120 kt  SO2 emitted, followed by the Sep- 
tember 16-17 (230k70 kt) and June 27 eruptions 
(200+60 kt). Data for the August and September erup- 
tions suggest that either co-emitted ash affected the 
TOMS measurements, or that significant quantities of 
H2S (25-75 kt), in addition to SO2, may have been 
explosively outgassed by these two eruptions. How- 
ever, TOMS does not measure H2S, and thus we can 
only, at  this time, infer this possibility from SO2 data. 
Based on the maximum injection altitudes of the ash 
clouds, matching of ash and gas cloud positions to 
known wind conditions, and the dispersion rates of 
the gas clouds, the explosive eruptions of Crater Peak 
vent of Mount Spurr injected at  least 50  percent of 
their SO2 into the lower stratosphere. 
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