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Stratospheric Aerosol Effects from Soufriere Volcano as 
Measured by the SAGE Satellite System 

Abstract. During its April 1979 eruption series, Soufriere Volcano produced two 
major stratospheric plumes that the SAGE (Stratospheric Aerosol and Gas Experi- 
ment) satellite system tracked to West Africa and the North Atlantic Ocean. The 
total mass of these plumes, whose movement and dispersion are in agreement with 
those deduced from meteorological data and dispersion theory, was less than 0.5 
percent of the global stratospheric aerosol burden; no signgcant temperature or 
climate perturbation is therefore expected. 

The first major 1979 eruption of Sou- 
friere, St. Vincent, took place on 13 
April, and on this and the next few days 
several eruptions sent debris to a height 
of about 16 km. On 17 April, the most 
powerful eruption of the series sent an 
eruptive column to heights of 18 to 20 
km, as estimated from a NASA aircraft 
(1). After this, only one more eruption, 
on 22 April, sent debris into the strato- 
sphere (2). NASA's SAGE (Stratospher- 
ic Aerosol and Gas Experiment) satellite 
was launched on 18 February 1979 to 
provide global measurements of the ver- 
tical profile of aerosols in the strato- 
sphere (3). The instrument makes solar- 
intensity measurements at four different 
wavelengths for each satellite sunrise 
and sunset; these measurements are in- 
verted to give profiles of aerosol extinc- 
tion that have a vertical resolution of 1 
km and an accuracy of about 10 percent 
near the peak of the stratospheric aero- 
sol layer. These data are also inverted to 
give ozone and nitrogen dioxide concen- 
trations as a function of altitude. Mea- 
surements made on successive orbits are 
separated by about 24" of longitude and 
about 0.2" to 0.3" of latitude. As the 
satellite orbit precesses, geographical 
coverage between approximately 65"N 
and 65"s is obtained, a cycle taking 
about 1 month to complete. 

Lidar (light detection and ranging) 
measurements made during the Soufriere 
eruption of 17 April are also available. 
These measurements were taken from an 
airborne system onboard a NASA P-3 
research aircraft returning from a SAGE 
underflight mission in Brazil. The air- 
craft was directed to the neighborhood of 
the volcano, approaching it at the time 
of the 17 April eruption. Special mis- 
sions were flown on 18 and 19 April to 
determine the height and location of 
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the new stratospheric aerosol plumes (4). 
When Soufriere first erupted, the 

SAGE satellite was making measure- 
ments in the Southern Hemisphere (ap- 
proximately 45"s). On 23 April, the satel- 

lite was at the latitude of the volcano. 
Figure l a  shows a normal aerosol extinc- 
tion profile as observed by SAGE on 24 
April. No high-altitude cloud is present, 
and the extinction decreases fairly slow- 
ly as the altitude increases from about 15 
to 22 km. Figure l b  shows the profile 
obtained on the same day, when SAGE 
was close to St. Vincent. This profile has 
a maximum at an altitude of about 20.5 
km, which is approximately four times 
greater than the normal value. Such en- 
hanced values at heights above the tro- 
popause were observed on at least eight 
occasions in April 1979 near Soufriere 
(Fig. lc). Two groups of events were 
seen, one over West Africa and the other 
over the Atlantic Ocean. These two 
groups are believed to have been related 
to separate volcanic eruptions. 

In order to estimate the mass of ma- 
terial injected into the stratosphere 
and its dispersion, one must first relate 
the SAGE observations to the individu- 
al volcanic eruptions. To analyze the 

- 

- 
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Fig. 1. (a) Normal aerosol extinction profile as determined by the SAGE satellite system. (b) 
Enhanced aerosol profile observed near Soufriere on 24 April 1979. (c) Map showing SAGE 
measurements near Soufriere in April 1979. The latitudes for each day of SAGE measurements 
are shown by the dashed lines. Events showing enhanced aerosol extinction in the stratosphere 
(50 percent or more above normal) are marked by x's; the altitude (in kilometers) of each layer 
peak is shown. 
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Table 1. Stratospheric extinction and mass loading for the April 1979 eruptions of Soufriere and 
for the global aerosol background. 

- 

Aerosol Area Vertical Integrated Estimated 

component covered thickness extinction mass loading 
(km2) (km) (km2) (metric tons) 

West African plume 3.1 x lo6 1.4 6.3 x lo2 5.8 x 10' 
Caribbean-North 7.7 x lo6 2.1 18.8 x 10' 1.7 x lo3 

Atlantic plume 
Total 10.8 x lo6 1.9 25.1 x lo2 2.3 x lo3 

Background 5.1 X lo8 Stratosphere 6.1 x lo5 5.5 x lo5 
global value (tropopause + 

2 km upward) 

movements of the stratospheric plumes 
in detail, it is desirable to have as much 
high-altitude meteorological information 
as possible from the neighborhood of the 
volcano and along the plume trajectory. 
Unfortunately, much of the observed 
trajectory is over the Atlantic Ocean 
where there are no meteorological sta- 
tions. We have therefore used the stan- 
dard global maps of temperature and 

geopotential height provided by the Na- 
tional Oceanic and Atmospheric Admin- 
istration (NOAA) (5). These maps have 
been supplemented with high-altitude 
wind data from Barbados (150 km east of 
St. Vincent) and Trinidad (250 km south 
of St. Vincent). 

Trajectories calculated on the basis of 
the geopotential height data indicate that 
the material from the eruptions of 13 and 

Fig. 2. (a) Calculated wind trajectory at the 50-mbar pressure level (20.7 km), for the period 19 
to 22 April 1979. The starting point for the trajectory is based on the lidar data of 18 April. (b) 
High-altitude pressure map at the 70-mbar level at 0600 LCT on 26 April 1979. The cross- 
hatched area shows the position of the stratospheric plume. The heights shown are geopotential 
altitudes. 
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14 April (treated as a single event) 
moved eastward across the Atlantic 
Ocean and reached the coast of Africa on 
about 20 April. The material from the 
eruption of 17 April began moving east- 
ward but then turned north after it had 
reached 42"W. Both trajectories agree 
qualitatively with the plume positions 
over West Africa and over the Atlantic 
Ocean as determined by SAGE, but the 
trajectory analysis predicts the arrival of 
material at these locations too early. 
Moreover, the trajectory for the eruption 
of 17 April does not correspond with the 
airborne lidar observations. This dis- 
agreement is believed to arise because 

15ON 

1 OON 

global maps tend to emphasize larger 
scale features of the flow fields and to 
neglect local fluctuations, and also be- 

65OW 60°W 55OW 

cause the geostrophic approximation 
used in calculating the trajectory appears 
to overestimate wind speeds when used 
closer to the equator than about 15"N. 

A somewhat simpler analysis, based 
on data from the local Caribbean rawin- 
sonde stations, may be used to plausibly 
identify the origins of the two plumes. 
Because of the velocity of movement 
required, the plume seen over West Afri- 
ca on 23 and 24 April clearly cannot be 
associated with the eruption of 22 April. 
The plume could, however, have origi- 
nated from either of the eruptions of 13 
and 14 April or 17 April. If it originated 
from the earlier eruption, a velocity of 
7.4 m sec-I would be required; if from 
the later eruption, a velocity of 12.1 m 
sec--'. The relative plausibility of these 
two values has been examined in terms 
of data from Caribbean stations for the 
period just after these eruptions. For the 
19.5-km (60-mbar) height at which the 
cloud was observed over West Africa 
and for the mean latitude of about 16"N 
at which the movement took place, 12.1 
m sec-I is an unreasonably high mean 
wind velocity. On the other hand, 7.4 m 
sec-' is in good agreement with the 
observed wind velocities, an indication 
that the cloud originated from the erup- 
tion of 13 and 14 April. This explanation 
for the origin of the cloud is further 
substantiated by a detailed examination 
of the daily zonal wind behavior at Bar- 
bados and Trinidad. On 15, 16, and 17 
April, strong easterly winds (5 to 15 m 
sec-') were observed at the 50- and 70- 
mbar levels. On 18, 19, and 20 April, the 
mean zonal wind was almost zero, which 
would have prevented any systematic 
eastward drift of the cloud produced by 
the eruption on 17 April. 

If the West African cloud originated at 
St. Vincent on 13 and 14 April, the 
problem of identifying the source of the 
other and larger cloud still remains. 
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Backward extrapolation of the SAGE 
events shown in Fig. l c  would indicate 
that the plume extending over the North 
Atlantic Ocean originated at the volcano 
on 22 April, coincident with the final 
major eruption. This conclusion ignores 
the question of what happened to the 
cloud from the eruption of 17 April, 
which produced the highest column 
height of the series. For this eruption, 
the lidar measurements showed that the 
initial movement of the stratospheric 
part of the plume was in a southerly 
direction (4) ,  in agreement with the local 
meteorological data. 

Figure l c  shows that the North Atlan- 
tic plume originated near St. Vincent at a 
mean altitude of 20.4 km. In order to see 
whether this plume could be related to 
the 17 April eruption, we analyzed the 
air movements at a pressure level of 50 
mbar (20.7 km), using, as before, rawin- 
sonde data from Barbados and Trinidad. 
The starting point for the trajectory has 
been taken as 12"N, 60°W at 2000 LCT 
(6) on 18 April, on the basis of the lidar 
observations of the plume at this height, 
position, and time. Figure 2a shows sub- 
sequent movements to 0637 LCT on 22 
April, when the final major eruption took 
place. The total movement from St. Vin- 
cent, between 17 and 22 April, is only a 
few degrees in both latitude and longi- 
tude; this pattern of movement would 
place the plume very close to the loca- 
tion of the SAGE observation of 23 
April. Furthermore, the dispersion of the 
plume over this time period would allow 
it to extend back to the volcano, thus 
overlapping any plume produced by the 
eruption of 22 April. The SAGE observa- 
tion of 23 April, therefore, is probably 
the plume from the eruption of 17 April, 
but the prevailing winds and the proximi- 
ty to the volcano make it impossible to 
rule out some contribution from the 
eruption of 22 April. After 23 April, the 
cloud then apparently began to move 
rapidly northeast across the Atlantic 
Ocean because of the arrival of a low- 
pressure weather system, which, after 23 
April, moved slowly northeast across the 
Atlantic and abated on 28 April. Figure 
2b shows this meteorological situation 
on 26 April. The final date on which the 
plume was observed agrees with that on 
which the low-pressure region abated; 
the required speed of movement of about 
8 m sec-I is typical for this altitude and 
latitude. 

Figure l c  indicates that the cloud ex- 
tending northward over the Atlantic de- 
scended as it moved. The descent is in 
agreement with meteorological data, 
which shows that air parcels warmed as 
they moved northward, almost certainly 
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Table 2. Estimates of aerosol mass loading into the stratosphere for recent volcanoes. 

Aerosol 

Date Volcano injected 
(metric 
tons) 

Refer- 
ences 

March 1963 Agung, Bali 3 x lo7 (10, 11) 
October 1974 Fuego, Guatemala 6 X 106 (10, 11) 
October 1974 Fuego, Guatemala 3 x loh (12) 
January 1976 Augustine, Alaska 6 x 105 (11) 

because of adiabatic compression that 
resulted from downward motion. Calcu- 
lations of the amount of vertical move- 
ment expected indicate a descent of 1 to 
2 km, in agreement with the SAGE mea- 
surements. 

A procedure for calculating the disper- 
sion of a cloud before it reaches the scale 
of the large-scale circulation has been 
described by Justus and Mani (7). We 
used this procedure to determine wheth- 
er it was reasonable for SAGE to have 
observed these clouds at the various 
locations and times after the eruptions. 
The horizontal half-width of the cloud is 
determined as a function of time by 
numerical integration; this integration is 
based on prescribed vertical shears of 
the horizontal wind, vertical stability, 
viscosity, turbulent length scales, initial 
cloud size, and a heat transfer parame- 
ter. The results of these calculations 
indicate that, after approximately 1 day, 
the cloud size probably attained the syn- 
optic scale and subsequently expanded 
as the square root of time. We estimate 
that, after 5 days, the cloud had a radius 
(to half-concentration) of roughly 1000 
km, and after 10 days a radius of 1400 
km. These figures are in good agreement 
with the cloud sizes actually observed. 
Use of the same analysis to determine a 
value for the growth of the cloud in the 
first few hours, however, produced a 
much smaller value than the 100-km radi- 
us measured from an aircraft 2 hours 
after the eruption of 17 April (1). 

Figure l c  can be used, in conjunction 
with the actual aerosol extinction values, 
to provide an estimate of the total mass 
of aerosol injected into the stratosphere. 
As far as the geographical extent of the 
plume is concerned, we have assumed 
that the extinction measured in each of 
the eight stratospheric events is repre- 
sentative of the aerosol spread over a 
rectangular area, whose dimensions are 
given by the longitudinal separation of 
SAGE events and the latitudinal separa- 
tion of SAGE tracks (approximately 24" 
longitude by 5" latitude). 

The results of the calculations are 
shown in Table 1, where the West Afri- 
can and Caribbean-North Atlantic 
plumes have been listed separately. The 

vertical thicknesses of the plumes have 
been determined from the extinction pro- 
file shape, and both thicknesses have 
been used to calculate the integrated 
extinction produced by the plume. This 
quantity is a volume integral of the ex- 
tinction carried out over the area of the 
earth's surface covered by the plume and 
through the vertical thickness of the 
plume itself. The background global val- 
ue of the integrated extinction was calcu- 
lated from a point 2 km above the tropo- 
pause rather than from the tropopause 
because of the uncertainty about the 
tropopause height and the possible con- 
tamination from tropospheric clouds. On 
a global scale, the Soufriere event is seen 
to be small, contributing less than 0.5 
percent to the total integrated extinction. 

Conversion of these extinction values 
to mass-loading values that are usable by 
a broader segment of the science com- 
munity requires a conversion factor that 
is derived from a knowledge of aerosol 
characteristics such as composition and 
size distribution. A model recently used 
for the stratospheric aerosol is one that 
consists of a mixture of a 75 percent 
solution of sulfuric acid droplets and 
ammonium sulfate crystals in a ratio of 
approximately 3 : 1 (8). This model was 
developed from the SAM I1 and SAGE 
ground-truth programs and is repre- 
sentative of the pre-Mount St. Helens 
background aerosol in the upper tropo- 
sphere and stratosphere. It includes a 
variability with altitude and latitude. Mie 
scattering calculations have been carried 
out for various representative particle 
size distributions used in the model 
matched to stratospheric dustsonde mea- 
surements. These calculations yield a 
value for the aerosol extinction-to-mass 
ratio at a wavelength of 1 km (the center 
wavelength of the primary SAGE aero- 
sol spectral channel) that varies from 
0.75 x lo3 to 1.45 x lo3 m2 kg-'. A 
mean value of 1.1 x lo3 m2 kg-', taken 
in conjunction with the value for the 
integrated extinction given in Table 1, 
yields the total global aerosol mass load- 
ing of 5.5 x lo5 metric tons. This value 
is comparable with that of 5 x lo5 met- 
ric tons given by Penndorf (9). Use of 
the same conversion factor with the Sou- 



friere extinction values gives a strato- 
spheric aerosol mass loading of 2.3 x lo3 
metric tons. It is normally assumed that 
part of the newly injected aerosol con- 
sists of fine ash that has a considerably 
higher refractive index (10). Even if all 
the injected material consisted of fine 
ash with the same particle size distribu- 
tion, which is very unlikely, the total 
mass would be reduced by only 25 per- 
cent to about 2 x lo3 metric tons. 
Regardless of these uncertainties, the 
injected mass is undoubtedly small as 
compared with that estimated for the 
volcanoes listed in Table 2, most of 
which had an atmospheric input that was 
greater by two orders of magnitude or 
more than that of Soufriere (10-12). We 
do not expect, therefore, that Soufriere 
will induce any significant long-term 
temperature perturbation either in the 
stratosphere or at the earth's surface, 
nor will it represent a climate perturba- 
tion (13). 

This study represents the first oppor- 
tunity to use the SAGE satellite system 
to study the effects of a volcanic eruption 
on the stratosphere. Although the April 
1979 Soufriere eruption is not expected 
to cause any long-term climatic change, 
its study has demonstrated the capability 
of SAGE to identify, track, and provide 
quantitative estimates of the mass load- 
ing of stratospheric volcanic plumes, 
even when these are produced by rela- 
tively small volcanic eruptions, and thus 
to provide useful information for inputs 
to multidimensional transport models 
and models for climate change. 

The SAGE satellite has continued to 
make observations of the stratospheric 
aerosol and has detected the effects of at 
least three other volcanic eruptions, Si- 
erra Negra in the Galapagos Islands, 
Mount St. Helens in Washington, and 
Ulawun in Papua New Guinea, all of 
which produced much more significant 
stratospheric perturbations than Soufri- 
ere. 
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Fine Particles in the Soufriere Eruption Plume 

Abstract. The size distributions offine particles measured at tropospheric altitudes 
in the periphery of the eruption plume formed during the 17 April 1979 elwption of 
Soufriere Volcano and in the low-level efluents on 15 May 1979 were found to be 
bimodal, having peak concentrations at geometric mean diameters of 1 . I  and 0.23 
micrometers. Scanning electron microscopy and energy-dispersive x-ray analysis of 
the samples revealed an abundance of aluminum and silicon and traces of sodium, 
magnesium, chlorine, potassium, calcium, and iron in the large-particle mode. The 
submicrometer-sized particles were covered with liquid containing sulfur, assumed 
to be in the form of liquid sulfuric acid. 

On 17 April 1979, a NASA research 
aircraft carrying an airborne lidar (light 
detection and ranging) system (1) and an 
in situ aerosol sensor approached St. 
Vincent to investigate Soufriere Volca- 
no, which had erupted several times 
since 13 April. The largest eruption of 
the series took place at approximately 
1657 LCT (2) on 17 April, when the 
aircraft was approaching the island from 
Barbados. The eruption plume, a very 
thick, dark-gray cloud, rose to about 18 
to 20 km while moving east-northeast 
(3). The aircraft flew westward south of 
St. Vincent at an altitude of about 3 km, 
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Fig. 1. Mass concentration plotted as a func- 
tion of particle diameter for the outer edges of 
the 17 April 1979 Soufriere eruption plume at 
an altitude of about 3 km; in the light plume 
over the crater on 15 May 1979, at an altitude 
of about 1.8 km; and in ambient air near 
Barbados on 11 April 1979, at an altitude of 
about 3 km. 
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coming to within about 45 km of the 
visible plume before turning northwest. 
A quartz crystal microbalance (QCM) 
cascade impactor (4 ) ,  in operation during 
the period of closest approach, sampled 
particles in the periphery of the cloud. 
A return sampling mission, using the 
same instrumentation, was conducted on 
15 May 1979, after the eruptions had 
ceased but while the volcano was still 
fuming light steamlike puffs. On this sec- 
ond mission, the aircraft flew over the 
crater and through patches of the light 
plume. 

The QCM is a multistage cascade im- 
pactor that classifies particles into ten 
size intervals by inertial impaction. The 
particle diameters (the impaction effi- 
ciency is 50 percent), as determined from 
the theory of Ranz and Wong (5), are as 
follows: stage 1, > 25 ym; stage 2, 12.4 
ym; stage 3, 6.2 ym; stage 4, 3.0 ym; 
stage 5, 1.4 pm; stage 6, 0.78 ym; stage 
7, 0.39 pm; stage 8, 0.28 ym; stage 9, 
0.19 pm; and stage 10, 0.18 pm. Each 
impactor stage is composed of a piezo- 
electric microbalance that measures 
size-fractionated mass as the particles 
impact. The QCM retains the impacted 
particles for postflight examination by 
scanning electron microscopy (SEM) 
and energy-dispersive x-ray analysis 
(EDXRA) to determine morphology and 
elemental composition for elements hav- 
ing atomic numbers of 11 or more. The 
QCM was first used to sample volcanic 
effluents from Fuego and Santiaguito in 
Guatemala in 1978 (6). 

Figure 1 shows size-distribution plots 
(AClAlog D as a function of D) obtained 
from measurements in the periphery of 
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