
oceanic tholeiites, which are presumably 
derived from the asthenosphere. We 
conjecture that mantle plumes must arise 
in the mantle below the asthenosphere. 
The source materials for the Hawaiian 
volcanic rocks have higher 3He/4He and 
lower 40Ar/36Ar ratios than those of the 
oceanic tholeiites. If we assume that the 
primordial components of rare gases are 
depleted in the source region of the 
oceanic tholeiites, we can explain the 
isotopic differences between the two 
sources. Such a model is compatible 
with the concept of a "depleted mantle" 
for the source region of the oceanic tho- 
leiites (13). In this case, the source re- 
gion from which a mantle plume arises 
still retains a relatively primordial char- 
acter, including high 3He/4He and low 
40Ar/36Ar ratios. 

Our results also provide evidence of 
mixing between the mantle plume and 
the source materials of the oceanic tho- 
leiites (materials of the asthenosphere or 
lithosphere, or both) as observed in the 
Hawaiian volcanic rocks. The strontium, 
lead, and neodymium isotopic ratios in 
the Hawaiian volcanic rocks may also be 
interpreted in this way. 
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Stratospheric Sulfuric Acid Layer: 
Evidence for an Anthropogenic Component 

Abstract. Recent measurements of small aerosol particles in the stratosphere over 
Laramie, Wyoming, indicate low-concentration background conditions. A com- 
parison of measurements made some 20 years ago with the present background con- 
centration reveals the possibility of an increase of 9 percent per year. Since the 
aerosol particles are predominantly sulfuric acid droplets which form in the strato- 
sphere from tropospheric sulfur-containing gases, such an increase may be related 
to man-made sulfur emissions. 
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A layer of small aerosol particles has 
been known to be present in the strato- 
sphere for some time. Although volcanic 
eruptions appear to increase the concen- 
tration of these particles, the question of 
whether such a layer would still be pres- 
ent in the absence of such volcanic activ- 
ity has never been answered, to our 
knowledge. In this report we present 
measurements which address this ques- 
tion. 

The stratospheric aerosol concentra- 
tion has been measured by balloon-borne 
particle counters at Laramie, Wyoming 
(41?N), since 1971. Measurements at 
varying latitudes revealed the global time 
behavior of the aerosol layer during a 
low-concentration period in 1972 and 
1973 (1-4). The enhancement of the 
stratospheric aerosol layer, due to the 
volcanic eruption of Fuego Volcano, 
Guatemala (14?N), in late 1974, was also 
studied in detail by means of particle 
counter measurements at Laramie (5). 
Continuation of the measurements dur- 
ing 1977 through 1979 has revealed an- 
other volcanically quiescent period, this 
time of greater duration than that in early 
1974. These latter measurements now 
appear to have established the current 
background stratospheric aerosol con- 
centration. The determination of such a 
background concentration is important 
because, being related to tropospheric 
sulfur-containing gases, it may be a mea- 
sure of anthropogenic effects on the 
stratosphere and, because of the fre- 

quency and slow decay of large volcanic 
eruptions, this background concentra- 
tion is probably reached, on the average, 
only every 10 or 20 years. 

The layer of aerosol particles, which 
girdles the globe at a height of about 20 
km, is responsible for the predawn and 
postsunset purple atmospheric glow and 
has become known as the stratospheric 
aerosol layer, sulfate layer, or Junge lay- 
er after its discoverer. Using particle im- 
pact samplers on balloons and aircraft 
during the period 1957 through 1960, 
Junge's group determined that for parti- 
cles of radii 0.1 to 1.0 /tm a relative con- 
centration maximum exists in the alti- 
tude range from 18 to 23 km. Sample 
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analysis revealed sulfur as the pre- 
dominant element, and Junge and his co- 
workers postulated that a tropospher- 
ic sulfur-containing gas (such as SO2 
or H2S), injected into the stratosphere, 
underwent a gas-to-particle conversion 
process (6). 

Junge's pioneering measurements ter- 
minated shortly thereafter. Other re- 
searchers verified the existence of the 
layer, studied its composition, and delin- 
eated its structure (7). The substantial 
eruption in 1963 of Agung Volcano on 
Bali (8?S), considerably altered strato- 
spheric conditions, increasing the strato- 
spheric particulate loading by at least an 
order of magnitude in the Northern 
Hemisphere and probably more in the 
Southern Hemisphere (7). The observa- 
tion of higher stratospheric aerosol con- 
centrations for several years after 1963 
cast suspicion and doubt on the consid- 
erably more conservative values Junge 
had measured before 1963. However, it 
now appears that during certain non- 
volcanic periods the stratospheric aero- 
sol concentration does decrease to very 
low but finite values and that Junge's 
measurements were probably correct. 

The instrument that we used detects 
aerosol particles in situ during balloon 
ascent with a vertical resolution of about 
250 m to an altitude of about 28 km. 
Through analysis of light scattered by in- 
dividual particles as they are drawn 
through the instrument, the concentra- 
tions of particles in two size ranges, 
r > 0.15 tm and r - 0.25 gtm, are deter- 
mined. A detailed description of the in- 
strument has been given in (1). 

The time history of the maximum in 
the stratospheric particle mixing ratio 
(number of particles per milligram of air) 
from monthly balloon soundings through 
1979 at Laramie is given in Fig. 1. The 
altitudes at which these maxima oc- 
curred were generally in the range of 18 
to 23 km. The enhancement due to the 
Fuego eruption in late 1974 is apparent in 
Fig. 1, as is the accompanying change in 
size distribution; that is, the volcanic 
aerosol is characterized by a ratio of the 

mixing ratios for r > 0.15 gm to r 0.25 
gm of about 3, whereas for nonvolcanic 
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periods this ratio is about 5.5. It appears 
that aerosol that could be identified with 
Fuego was probably absent by mid-1977, 
and we are apparently now observing the 
natural stratospheric aerosol background 
with peak mixing ratios of 6 particles per 
milligram for r :> 0.15 itm and 1.1 parti- 
cles per milligram for r ?- 0.25 /m (con- 
centrations of 0.5 cm-3 and 0.1 cm-3 at 
20 km, respectively). As shown in (8), 
the concept of a background aerosol con- 
centration is supported by the fact that, 
when subtracted from the observed mix- 
ing ratio during the period of excess 
aerosol due to Fuego, the mixing ratio 
shows an exponential decay. This is the 
pattern one would expect the time varia- 
tion to display for simple diffusion and 
sedimentation which holds throughout 
most of the volcanic aerosol decay 
phase, as indicated by the variation in 
size distribution. 

Most current models of stratospheric 
aerosol formation are based on the 
known H2SO4 composition of the aerosol 
and assume that H2SO4 vapor is formed 
in the stratosphere from tropospheric 
sulfur-containing gases and that the 
vapor condenses on preexisting con- 
densation nuclei to form the aerosol (9). 
In the case of violent volcanic eruptions, 
sulfur reaches the stratosphere directly, 
probably in the form of SO2, and after 
oxidation and hydration forms H2SO4 
(9). We argue that the background aero- 
sol is probably not due to direct volcanic 
injections because it has remained con- 
stant for nearly 2 years; the lifetime of 
these particles in the stratosphere is 
about 8 to 10 months (8). The possibility 
of small volcanic eruptions to the strato- 
sphere occurring at the proper frequency 
and magnitude to sustain this back- 
ground concentration now appears slim. 
Even the substantial eruption of La 
Soufriere, St. Vincent Island (14?N), in 
April 1979 (10) has not had any apparent 
effect on the 20-km stratospheric aerosol 
layer at northern mid-latitudes. 

It is reasonable to postulate that the 
background aerosol is due to gaseous 
sulfur sources other than eruptive vol- 
canic sources, that is, ones having a con- 
stant or at least very slowly varying time 
dependence. If one could show that this 
background does not vary with time, the 
possibility of anthropogenic contribu- 
tions could be eliminated. On the other 
hand, if one could discern a slow time 
variation, future background concentra- 
tions could be predicted. 

Among time-invariant tropospheric 
sources, we can identify sulfur-contain- 
ing gases such as dimethyl sulfide 
[(CH3)2S] and CS2 from the oceans (11), 
H2S from marshy areas, and SO2 from 
20 JUNE 1980 
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Fig. 1. Maximum in the stratospheric aerosol mixing ratio versus time from 87 balloon sound- 
ings at Laramie, Wyoming. 

the average of all quiescent volcanic 
fumaroles and minor eruptions (7). Car- 
bonyl sulfide (OCS) also may be a mem- 
ber of the latter component, although the 
volcanic source of OCS in minor erup- 
tion plumes was observed to be trivial in 
comparison to other sulfur compounds 
(12). Slowly varying sources would in- 
clude most anthropogenic releases of 
sulfurous gases, primarily SO2, OCS, 
and CS2, the latter two from industrial 
sources such as coal combustion, coal 
gasification, refinery sulfur recovery 
plants, NO, catalytic converters used in 
power plants and automobiles, oil shale- 
processing plants, and, in the case of 
CS2, various commercial applications. It 
is estimated that 108 kg of CS2 were re- 
leased to the atmosphere by industrial 
processes in the United States in 1973 
(13). 

Although violent volcanic eruptions 
are quite capable of directly injecting 
SO2 into the stratosphere, the eddy dif- 
fusion process which must be invoked to 
place quiescent tropospheric SO2 emis- 
sions into the stratosphere is too slow to 
permit a gas as reactive and water-sol- 
uble as SO2 to survive in appreciable 
concentrations (14). Consequently, sul- 
fur must be transported into the strato- 
sphere in the form of a gas other than 
SO2 during volcanically quiescent peri- 
ods. 

Crutzen (14) suggested the possible 
stratospheric importance, during non- 
volcanic periods, of OCS and CS2, ar- 
guing that SO2, H2S, and (CH3)2S react 
very strongly with the hydroxyl radical 
(OH) and that these compounds have es- 
timated lifetimes in the troposphere of 
only a few days; the reaction of OCS 
with OH has a lifetime of about 500 days 

(15). According to Crutzen's mechanism 
of stratospheric aerosol formation, OCS 
diffuses into the stratosphere where it is 
photodissociated and eventually forms 
SO2, thus avoiding the natural tropo- 
spheric SO2 filter; CS2 could also con- 
tribute to this mechanism, as both SO2 
and OCS are photolysis products of CS2 
(16). 

Tropospheric concentrations of OCS, 
as determined by gas chromatographic 
analysis of air samples, seem uniformly 
in the 500-pptv (parts per trillion by vol- 
ume) range globally (17). Stratospheric 
measurements of OCS (18), also deter- 
mined by gas chromatographic analysis 
of collected samples, indicated values of 
about 15 pptv at 31 km whereas at 15 to 
20 km values consistent with ground-lev- 
el measurements (200 to 500 pptv) were 
observed. Spectroscopic measurements 
of stratospheric OCS (19) are in essential 
agreement with these data and confirm 
that the photodissociation process oc- 
curs predominantly between 20 and 30 
km, just above the peak in the aerosol 
distribution. 

Models of stratospheric aerosol forma- 
tion suggest that OCS contributes a large 
fraction of the aerosol sulfur during non- 
volcanic periods (20). In terms of budget- 
ary considerations, 500 pptv of OCS at 
15 km corresponds to a flux into the 
stratosphere of about 107 molecule cm-2 
sec-l (14), a value similar to that re- 
quired to sustain the seasonal variations 
of the stratospheric aerosol during peri- 
ods of volcanic inactivity (1). 

Since OCS and CS2 appear to be tro- 
pospheric sulfur sources of greater im- 
portance than SO2 for the quiescent 
stratosphere and since their source may 
be largely anthropogenic, it appears 
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worthwhile to investigate the possibility 
that the background aerosol is being 
formed predominantly by anthropogenic 
sulfur sources. One would expect the 
changes from such a source to be rather 
slow. From our data alone, a time var- 
iation in the background cannot yet be 
determined. The present 2-year back- 
ground period is not long enough to per- 
mit a slope to be determined; and the 
previous low period in 1974, just prior to 
the eruption of Fuego (see Fig. 1), can- 
not be conclusively designated as a back- 
ground period, as the mixing ratio did not 
level off. In order to investigate the pos- 
sibility of a long-term variation, we must 
look to earlier periods when the strato- 
sphere may have been in a background 
condition. This leads us to a consid- 
eration of the original measurements of 
Junge in 1959 to 1960. That this may 
have been a background period is sug- 
gested not only by the low concentra- 
tions measured by Junge but also by the 
fact that in 1977 normal incidence solar 
radiation at Mauna Loa Observatory in 
Hawaii very nearly returned to values 
measured in the period from 1958 to 1962 
(21). These conditions had not been ob- 
served during the intervening period. 

It was necessary to thoroughly review 
Junge's measurements to ascertain that 
they are indeed comparable to our data. 
We have determined that data obtained 
with custom-built, altitude-independent 
impactors in 1959 and 1960 best repre- 
sent background conditions for r > 0.15 

tam aerosol (8). The data obtained with 
these impactors, measured on balloon 
flights between November 1959 and Oc- 
tober 1960 at middle northern latitudes 
(22), are shown in Fig. 2 along with 19 
background r - 0.15 tm profiles that we 
measured between March 1978 and Janu- 
ary 1980. Except for one sounding, the 
1960 profiles appear quite uniform with a 
peak concentration of about 0.1 ? 0.03 
cm-3 at 20 km (a mixing ratio of about 
1.1 + 0.3 mg-'). Figure 2 suggests that 
the 20-km aerosol concentration has ap- 
parently increased by a factor of about 5 

during the approximately 20-year period. 
The average upper tropospheric (10 to 

12 km) aerosol concentrations have also 
apparently increased (and possibly by 
more than an order of magnitude) during 
the 20-year period (Fig. 2). It is difficult 
to reconcile this conclusion with the 
short tropospheric lifetimes involved. 
Even at the South Pole where local per- 
turbations should be as small as one 
might find anywhere, we have found the 
tropospheric minima for r - 0.15 tm to 
be - 0.1 cm-3 (4). Another possible ex- 
planation for this apparent discrepancy 
is that the size calibration of the custom- 
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Fig. 2. Comparison of Junge's aerosol conce 
tration profiles (broken lines) of 1959 to 191 
and 19 r - 0.15 ,um profiles measured b 
tween March 1978 and January 1980. 

built impactor was seriously in erro 
however, an analysis of the calculate 
efficiency, based on the use of current 
known aerosol parameters, did not r 
veal any sizable errors (8). Calibratiom 
with aerosols of known size indicate 
that the impactors were functioniI 
properly (6). For these reasons, the 19( 
measurements are quite probably repr 
sentative of r > 0.15-tum particle co 
centrations in the stratosphere for th 
period, but the lowest (12 km) points, o 
tained below the tropopause, rema 
questionable. 

If we assume that Junge's observatic 
of 1.1 + 0.3 mg-1 for r 0.15 gtm repr 
sents a background condition for 1 Jan 
ary 1960 and that 19 years later it had i 
creased to 6 ? 0.5 mg-', the time co 
stant, if the increase proceeded exp 
nentially, is 11.5 + 2 years or an i 
crease of 9 + 2 percent per year. 

In the measurements of atmospher 
transmission at Mauna Loa, there was 
possibility of a long-term decrease 
about 0.2 percent from 1958 to 1976 (21 
The albedo due to the stratospheric aer 
sol layer has been calculated to be abo 
0.1 to 0.15 percent for present aeros 
concentrations and would have be( 
about one-fifth as much in 1960 or neg 
gible (3, 8). This would at least appear 
be consistent with the atmospheric tran 
mission trend. 

There is some evidence that the bac 
ground stratospheric aerosol concentr 
tion may have been increasing during tl 
past 20 years at a rate of about 9 perce 
per year. This corresponds to a doublii 
time of about 71/2 years so that, if conti 
ued, an order of magnitude increase ov 
present values could be expected in 
years. Such an increase would be simil 
to that caused by the eruption of Fuel 
in 1974 and would cause a considerab 

enhanced twilight. Further sulfur emis- 
sions could result in permanent strato- 
spheric temperature increases and sur- 
face temperature reduction, as apparent- 
ly occurred in a transient but non- 

E negligible fashion after the eruption of 
Agung in 1963 (23). 

A future increase in sulfur emission to 
E the atmosphere does not seem unreason- 

able in view of the expected continued 
increase in coal utilization, catalytic con- 
version, and oil shale-processing with 
the resulting emission of OCS and CS2 
and the consequent stratospheric im- 
pact. Thus, if we are indeed present- 
ly observing the stratospheric aerosol 

,n- 
0 background concentration and if even 

e- only a small part of this is anthropogenic, 
then the problem merits scrutiny. Care- 
ful monitoring of OCS, CS2, and back- 
ground stratospheric aerosol concentra- 

)r; tions appears essential. 
ed D. J. HOFMANN 
ly J. M. ROSEN 

e- Department of Physics and 
ns Astronomy, University of Wyoming, 
ed Laramie 82071 
ng 
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