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ABSTRACT

A major fraction of the large-size population of the Junge aerosol layer is comprised
of sulfates thought to be of terrestrial origin. In order to obtain direct evidence con-
cerning the importance of various contributing sulfur sources, as well as the significance
of in situ gas-to-particle reactions, we undertook an extensive study of the sulfur con-
centration and isotopic ratio of particles, collected from 1962 to 1971 in the lower
stratosphere over a wide range of latitudes. The data show that the major perturba-
tions to the low-level persistent aerosol layer result from a few explosive volcanic
eruptions. The extent of the initial tephra contribution to the layer gradually subsides,
but particles are continuously replenished by aerosols formed from the gaseous portion
of the eruptions. Trends in §S?* enrichment following an event are consistent with a
simple one-dimensional model accounting for both transport and chemical reaction.
During periods of comparative volcanic quiescence, the isotopic ratios of stratospheric
sulfates in both Hemispheres exhibit a similar value, suggesting continual input from

a common equatorial source.

Introduction

Although optical effects had long suggested
the existence of occasional dust clouds in the
upper atmosphere, it wasn’t until the direct
sampling studies of Junge et al. (1961) that a
persistent and globally distributed stratospheric
aerosol layer was verified. Subsequent to this
work, the nature of the layer has been the sub-
ject of intense investigations and its general
physical and chemical properties are now rea-
sonably well documented. Junge et al. (1961a,
1961Db) established that sulfur was the predomi-
nant elemental constituent of the large size
fraction of these aerosols and, from an observa-
tion of a minimum in the particulate concentra-
tion at the tropopause, concluded that the par-
ticles were probably generated in situ by the
photo-oxidation of trace sulfur containing gases.

1 Based on a paper delivered by A. W. Castleman,
Jr at the International Symposium on Atmospheric
Trace Gases, Mainz, Germany, April 2-6, 1973.

? This work was performed under the auspices of
the U.S. Atomic Energy Commission and was sup-
ported by the Environmental Protection Agency
under an interagency agreement.

The general distribution of this aerosol layer
was further documented by Friend (1966), Bigg
et al. (1970), and later by Lazrus et al. (1971),
each of whom reconfirmed the predominance
of sulfate anions. There is conflicting evidence
about the relative importance of ammonium
compared to hydrogen as the cation, but it
appears that observational evidence of the
former may have at least partly arisen from
tropospheric contamination of the samples be-
fore their analyses (1973).

Because of both size range and location,
stratospheric aerosols lead to scattering of the
earth’s incident radiation and could have a
direct influence on its albedo. Since there is
evidence (Koide & Goldberg, 1971), that the
tropospheric sulfur burden has increased during
the latter half of this century, primarily due
to rising industrial emissions, particular concern
exists regarding the relative importance of the
various possible sources of sulfur compounds
contributing to the layer. This raises the possi-
bility that man’s activities could have a long-
term influence on the global climate, and it is
clearly imperative that the significance of the
various sources be properly identified.
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Although some investigators consider explo-
sive volcanic eruptions to be the only source
with sufficient energy to penetrate the tropo-
pause to any great extent, attempts (Hogg,
1963; Volz, 1965; Volz & Goody, 1962) to cor-
relate both the physical properties and the con-
centration of these aerosols with voleanic ac-
tivity have met with only limited success.
Nevertheless, the major perturbation to the
total stratospheric dust layer which resulted
from the catastrophic eruption of Mt. Agung
(84° S, 1154° E) in March 1963 is well docu-
mented. Subsequent to the eruption of 18 March
1963, a marked change was noted in the nature
and concentration of aerosols collected in the
stratosphere of both the Northern and Southern
Hemispheres. Mossop (1964) reported as much
as a ten times increase in number concentration
of aerosols collected in the Southern Hemi-
sphere following the eruption, and obtained
evidence of insoluble particles within the drop-
let-like phase which comprised the major por-
tion of the aerosol. Friend (1966) found a three
times increase in particle number concentra-
tions for stratospheric samples collected during
the same time period at midlatitudes in the
Northern Hemisphere.

Concurrently, other investigators making at-
mospheric optical measurements in both the
Northern (Meinel & Meinel, 1963) and Southern
Hemispheres (Hogg, 1963) reported enhanced
scattering. Volz (1965) summarized a number of
such optical measurements and, in addition,
reported independent measurements of twilight
intensity at a fixed angle of elevation prior to
(Volz & Goody, 1962) and following the Agung
eruption. His data have the advantage of
utilizing the same observational method both
before and after the eruption and show that
atmospheric turbidity increased by up to a
factor of 20 during the latter part of 1963.

A direct quantitative comparison of data ob-
tained by wvarious direct and optical sampling
methods is difficult to make, and the extent to
which voleanoes have contributed to the Junge
layer has, until recently (Castleman et al.,
1973), remained unresolved. Prior to the recent
work, Cronin (1971) reviewed the subject and
suggested that disagreement is also due to a
failure among investigators to recognize the
varied character and location of volcanic erup-
tions. He discussed the significance of two
major belts of voleanic activity located in the
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arctic and equatorial latitudes, and noted that
eruptions in the arctic latitudes where the tropo-
pause is lower need be of considerably less
magnitude than those in equatorial regions to
be of comparable importance. However, since
there is a general poleward stratospheric cir-
culation, this suggestion would have to be
modified if the particles arise primarily from
relatively slow gas-to-particle reactions. In fact,
Rosen et al. (1972) recently investigated the
effect on the stratosphere of the eruption of
Alaid (51° N, 1553° E) and found that the 20
km aerosol layer was unperturbed by this event.

In order to obtain direct evidence for the
primary sources of the sulfur component of
stratospheric aerosols, we undertook a study of
sulfur concentrations and the S2%2/83¢ isotopic
ratios of selected stratospheric aerosol samples.
A comparison of the relative values and ob-
served trends with the dates and locations of
major volcanic eruptions (Cronin, 1971; Lamb,
1970; Friend, private communieation), has pro-
vided important new evidence concerning the
origin and production mechanisms of the aero-
sol layer. Isotopic ratios are sensitive to both
the source of the sulfur compounds and, be-
cause of the mass dependence of reaction rates,
subsequent chemical and physical conversions
during transport. Thus, the technique provides
unique and definitive data on which to base a
model of stratospheric aerosol formation. This
paper details our findings.

Experimental

- The Health and Safety Laboratories of the
AEC (HASL) and the Department of Defense
(DOD), have routinely collected stratospheric
particulate samples at various altitudes and
geographic locations for over a decade. During
this period there have been a number of vio-
lently explosive volcanic eruptions (Cronin,
1971; Lamb, 1970; Friend, private communica-
tion) which are thought to have penetrated the
tropopause. )

The archives of HASL and DOD contain
samples whose analyses provide an invaluable
record of the stratospheric sulfate burden. In
order to implement the present study, appro-
priate stratospheric aerosol samples were se-
lected from the existing libraries with due regard
to considerations of time, geographic location,
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Fig. 1. Loeation of some important explosive vol-
canic eruptions of the past decade.

and collection altitude with respect to the height
of the tropopause. The samples were subjected
to mass spectrometric analyses in our labora-
tory for isotopic enrichment; subsequently, con-
centration measurements were also made.
Samples were selected both for periods of ac-
tive voleanic eruptions and at times when the
volcanic contributions to the stratospheric
aerosol layer would be expected to be at a
minimum.

The collection media for these samples was
Institute of Paper Chemistry (IPC) 1478 filter
paper, impregnated with dibutoxyethylphalate.
This paper was specially designed as a sampling
medium and has good small particle retention
properties for the conditions under which it was
used. The physical properties of these filters
have been well characterized by other inves-
tigators (The Institute of Paper Chemistry,
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1960; Stern et al., 1960) and will not be dis-
cussed here.

The two most abundant stable isotopes of
sulfur, 822 and S3%%, were utilized in making the
present study. For purposes of comparison, it is
convenient to express relative changes in isotope
ratio in terms of a del value, defined by the
well known relationship

" (s”/s“‘ (standard) )
M=\ ——————~—-1}1000
§%/8% (sample)

Del is expressed in units of parts per mil and,
in the case of sulfur, is customarily referred to
the standard ratio for meteoritic sulfur, namely
22.210. Clearly, a sample with a higher abun-
dance of the S3¢ isotope will have a positive del
relative to the standard, while one with a lower
abundance of the S3¢ isotope will exhibit a
negative del value.

The location and approximate date of some
important eruptions which took place during
the past decade are shown in TFig. 1. Those
eruptions which are either known or believed
to have penetrated the tropopause are indicated
as closed points, while those about which there
is some doubt are shown as open points. Efforts
were made to bracket each eruption with a
number of high volume samples. In practice
this proved difficult and in many cases impos-
gible since many samples had either been used
by the collecting agency, or had insufficient
quantity for a meaningful isotopic analysis.
‘Wherever possible, in order to minimize sample
inhomogenities, whole filters were used for our
analyses. In no instance was less than } a filter
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Fig. 2. Sulfate concentration, Southern Hemisphere, 0° S to 43° 8.
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Table 1. Southern Hemisphere isotope ratios and concentrations

Determined from Determined from

blank average

Lati- Longi-

tude tude Alti- Concen- Concen-

(De- (De- tude tration tration
Mo. Day  Year grees) grees) (km) (ug/scm) 8% (ug/sem) 6934
Oct. 9 1962 404 8 145 E 18.3 — — 0.07 N.D.
Mar. 11 1963 4034 8 146 E 15.2 0.05° +11.62 0.21 + 7.5
Mar. 12 1963 423 8 147 E 19.8 0.7% + 6.0% 1.03 + 5.2
May 21 1963 414 8 1463 E 18.3 4.4% +16.4% 4.6 +15.8
May 21 1963 41 S 1463 E 15.2 3.9% + 4.6% 4.1 + 4.6
Sep. 10 1963 413 8 146} E 15.2 7.7 +11.8 7.9 +11.6
Sep. 11 1963 41 S 146 E 18.3 25.7 + 7.8 26.1 + 7.7
Apr. 26 1964 17 8 145 E 19.8 38.7 0 40.8 + 0.1
Apr. 26 1964 17 8 145 E 19.8 35.4 - 1.5 37.3 - 1.2
Oct. 6 1964 42 8 1463 E 18.3 10.8 -17.3 11.8 —-15.5
Oct. 6 1964 411 S 146 E 15.2 12.8 - 2.5 13.2 - 2.4
Jan. 26 1965 40 S 145} B 15.2 — — 6.6 — 6.4
Jan. 26 1965 40 S 146 E 18.3 — — 7.0 —20.4
Feb. 23 1965 40 S 146} E 15.2 —_ — 3.9 - 6.0
Apr. 6 1965 423 S 147 E 19.2 — — 2.7 —19.8
Apr. 7 1965 403 8 147 E 15.2 — — 3.2 - 8.7
May 18 1965 423§ 147 E 18.3 — — 5.0 —24.4
Oct. 5 1965 423 8 1473 E 18.3 11.3 N.D. 10.6 - 3.9
Jan. 25 1966 423 S 147:+ & 15.2 — — 4.4 + 2.1
Jan. 10 1967 37 S 68 W 15.2 1.6 - 3.1 1.2 ~ 3.6
July 17 1967 374 8 68 W 18.3 1.8 N.D. 2.1 N.D.
Nov. 6 1967 47 8 68 W 19.2 11.6 + 3.3 9.4 + 3.1
Nov. 6 1967 35 8 68 W 19.2 6.4 + 2.9 5.0 + 2.6
Nov. 6 1967 47 8 68 W 18.3 0.6 N.D. 4.2 + 2.5
Nov. 8 1967 18 8 4 W 18.3 5.9 + 0.9 7.5 + 1.5
Jan. 8 1968 37 8 69 W 15.2 — — 1.5 + 4.6
Jan. 18 1968 18 S 74 W 18.3 1.2 0 1.6 + 4.8
Jan. 19 1968 31 8 68; W 18.3 2.6 + 1.5 3.4 + 4.1
Jan. 18 1968 18 8 4 W 19.2 0.7 N.D. 1.2 + 2.0
Jan. 19 1968 38 S 68 W 19.2 2.0 + 0.7 2.8 + 6.4
Jan. 19 1968 47 8 68 W 19.2 3.6 - 1.4 3.8 +0.3
Apr. 2 1968 18 8§ 74 W 18.3 — — 1.8 - 9.4
June 5 1968 18 81 W 19.2 2.5 0 0.7 N.D.
Feb. 20 1969 27 S 71 W 18.3 — — 0.8 - 1.3
July 28 1969 423 S 68 W 19.2 4.2 - 0.7 3.6 - 1.9
Aug. 30 1970 363 S 4 W 18.3 1.5 + 0.2 11 - 0.8
June 3 1970 34 S 65 W 15.2 0.1 N.D. 0 N.D.
Aug. 15 1971 29 8 76 W 18.3 1.4 + 2.4 1.3 + 2.5

% Determined from an average of selected papers.

used and in the majority of these cases oppos-
ing quadrants were analyzed. These precau-
tions are believed to have minimized errors
likely to arise due to non-uniform sample col-
lection on the airfoils.

The detailed analytical procedure used in our
investigation has been given elsewhere (Tucker,
1969). Briefly it consists of the following steps:
sulfate is leached from the filter, precipitated,
and quantitatively measured. The precipitate is
then converted to AgS, which is subsequently
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combusted to SO,. The isotopic composition of
the sample 80,, and ‘“standard” SO, obtained
from meteoritic sulfur, are compared using a
Nuclide Associates dual-beam mass spectro-A
meter.

The IPC foils used in this study were not
specifically intended to sample stratospheric
sulfates, and blank filters were found to contain
trace sulfur contamination. Thus, it was neces-
sary to correct the measured isotope ratios and
concentrations for this background. The re-
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Fig. 3. Sulfate concentration, Northern Hemisphere, 0° N to 34° N latitude, 18.3 km to 19.8 km altitude.

quisite correction was made in two different
ways: If available, a primary blank filter was
obtained and processed at the same time as
the sample. In many cases, however, the age
of the filters precluded obtaining blank ma-
terial, and it was necessary under these circum-
stances to make corrections using only average
values for the blank. Wherever possible each
sample was corrected by both methods. The
blank isotope ratio and concentration values
proved to be reasonably consistent, and good
agreement was usually obtained for those
samples subjected to the two methods of cor-
rection. In order to minimize local inhomo-
genities in stratospheric composition, long dura-
tion, high volume samples were deliberately
selected for analysis; this selection method serv-
ed the dual function of minimizing background
correction errors.

Results

A plot of the sulfate concentration for strato-
spheric aerosols collected in the Southern Hemi-
sphere from 1962 through 1971 is given in Fig.
2. (Numerical data are given in Table 1.) Con-
centrations are corrected for background and
expressed as micrograms of sulfate per standard
cubic meter of filtered air (ug/secm). The con-
centration values were computed using air vol-
umes supplied by the collection agenecies. Sam-
ples corrected for background using a primary
blank are plotted with triangular points, while
data evaluated using an average blank are de-
signated by a circle.

A clear correlation between sulfur conecentra-
tion and voleanic activity can be seen from the
data. The perturbation to the total stratospheric
dust burden by the paroxysmal eruption of Mt.
Agung has been well documented, and as can
be seen from our data, there was a large change
in the sulfate concentration as well. The data
show that the Southern Hemisphere sulfate
concentration increased two orders of magni-
tude within a year after the eruptions. A small
perturbation is also wvisible following Taal
(14° N, 121° E) with lesser contributions from
Awu (33°N, 125%° E) and Fernandina (3°S,
92° W).

A similar effect can be seen in Fig. 3 regard-
ing the increase in sulfate concentration of
aerosols collected in the stratosphere of the
Northern Hemisphere from 1962 to 1969. Ap-
propriate data are given in Table 2. It appears
that the eruptions of Taal, Awu, and Fernan-
dina made a more significant contribution to
the stratospheric sulfur inventory of the North-
ern than the Southern Hemisphere. Unfortu-
nately, due to the sample requirements of the
respective collection agencies, there is a paucity
of appropriate samples available for this time
period in the Southern equatorial latitudes.

The del values obtained from an analysis of
the aerosols collected in the Southern Hemi-
sphere are plotted in Fig. 4 and tabulated in
Table 1. The data show an abrupt decline in §S3¢
concentration subsequent to the eruption of
Agung, and a somewhat lesser decline in magni-
tude after the eruption of Fernandina.

As discussed in the next section, data on the
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Table 2. Northern Hemisphere isotope ratios and concentrations

Determined from Determined from

blank average

Lati- Longi-

tude tude Alti- Concen- Concen-

(De (De- tude tration tration
Mo. Day  Year grees) grees) (km) (ug/sem) 3§83 (ug/sem) 5834
Apr. 2 1962 7 N 80 W 18.3 — —_ 0.11 +1.0
Oct. 9 1962 7 N 784 W 18.3 — — 0.2 +3.0
May 16 1963 7 N 78k W 18.3 3.7% +5.7% 3.9 +5.6
Oct. 22 1963 84 N 79 W 18.3 10.4 +6.2 11.0 +6.0
Apr. 7 1964 83 N 79 W 18.3 9.3 +8.5 10.8 +17.9
Jan. 13 1965 8 N 79 W 18.3 — — 4.1 -1.2
Apr. 19 1965 8 N 79 W 18.3 — — 2.8 -2.2
June 28 1965 8 N 80 W 19.2 — — 5.8 -5.9
Oct. 20 1965 8 N 80 W 18.9 11.1 -24
Jan. 26 1966 8§ N 80 W 18.9 — — 6.4 -2.7
May 31 1966 3N 8 W 18.3 — — 4.4 +1.1
Jan. 10 1967 3N 80 W 19.2 10.1 +0.6 9.4 +0.3
Aug. 1 1967 73 N 80 W 18.3 8.2 +1.8 7.7 +1.6
Aug. 2 1967 18 N 854 W 19.2 6.3 -1.0 5.1 -2.8
Jan. 21 1968 7 N 79 W 18.3 —_ — 3.2 +5.0
Apr. 2 1968 7 N 80 W 19.2 3.0 +0.9 4.1 +1.6
June 6 1968 11 N 80 W 18.3 —_— — 0.7 N.D.
Oct. 1 1968 20 N 85 W 18.3 5.9 +4.5 7.3 +4.4
Feob. 17 1969 10 N 80 W 19.8 8.7 -34 18.8 +2.4
Apr. 9 1969 34 N 108 W 18.3 1.9 -2.8 1.0 -2.9
July 21 1969 74N 80 W 19.5 4.4 +1.7 3.7 +0.8

% Determined from an average of selected papers.

sulfur isotopic ratio for these samples provides
additional evidence for the major source of
sulfur compounds contributing to the Junge
layer, as well as important chemical and trans-
port processes operative after injection.

The data plotted in Figs. 2 and 4 largely re-
present samples collected at altitudes ranging
from 18.3 to 19.8 km; some data points at
42° S were obtained from those collected at
15.2 km. However, in all cases the samples
were taken above the respective tropopause of
the local region. Data representing lower (15.2
km) and upper (18.3 to 19.8 km) altitudes are
differentiated using darkened and open points,
respectively. At a given time, the samples taken
at different altitudes show mnearly the same
sulfate concentration values, but there is a
definite bias in del values, lower ones existing
preferentially at the upper altitudes.

The del values for aerosols collected in the
stratosphere of the Northern Hemisphere are
given in Fig. 5 and Table 2; these data also
display a rise followed by a significant decrease
in del value following an important volcanic

Tellus XXVI (1974), 1-2

eruption. The cyclic trend in del value from
1966 to 1969 is not as regular as that seen
directly after Agung, undoubtedly because of
the short-time interval between the eruptions
of Taal and Awu. Nevertheless, the same
general trends are seen in both Hemispheres.
Other samples, collected in the arctic strato-
sphere from 58° N to 72° N and covering the
time period 1962 to 1967, exhibit the same in-
crease in sulfate concentration and decline in
8% enrichment, as a function of volcanic ac-
tivity. The results of the analyses of these
samples are shown in Fig. 6a, 6b, and tabulated
in Table 3. The three predominant eruptions-
are Surtsey (63° N, 204° W), Sheveluch (563° N,
162° E) and Mt. Redoubt (604° N, 153° W).

Discussion and comparison
with other work

Junge (1963) sampled the sulfate aerosol
layer from 40° S to 70° N latitude in 1959 and
reported absolute concentrations of sulfur be-
tween 1 and 4 x 10-% g/om?® at 20 ko altitude
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Fig. 4. Sulfur isotopic ratio, del 348, Southern Hemisphere, 0° S to 43° 8.

prior to Agung. This corresponds to a sulfate
concentration of 0.04 to 0.15 ug/sem of air. The
results of our analyses of four pre-Agung strato-
spheric samples are 0.05, 0.07, 0.11 and 0.20
pg/sem. Although perhaps fortuitous, the data
are seen to be in good agreement with Junge’s
concentration measurements. It should be
noted, however, that a total of twelve pre-
Agung foils were analyzed and eight of these
yielded a result less than or equal to background.
At the pressures and velocities of the present
study, the IPC foils have a collection efficiency
of greater than 80 9, for Aitken nuclei. Therefore,
these data tend to discount speculation that
Junge’s values were unrealistically low due to

the supposed inefficiency of impactors for col-
lecting Aitken particles.

Volz’s (1969) twilight color ratio measure-
ments indicate that stratospheric aerosol con-
centrations over the last two decades were at
a minimum prior to the eruption of Agung. The
concentration trends observed in our work are
generally in good agreement with the optical
trends, and also support this belief.

As seen in Fig. 3, subsequent to the Agung
eruption, the sulfur concentration of the North-
ern Hemisphere increased, reached its peak in
late 1963, and generally declined until the Sep-
tember 1965 eruption of Taal. Grams & Fiocco
(1967), using optical radar based at Lexington,
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Massachusetts, observed the same generally
decreasing trend in total stratospheric dust
burden through the early summer of 1965.

On February 5, 1965 Shedlovsky & Paisley
(1966) collected stratospheric aerosols on a
polystyrene filter at 39°N latitude and an
altitude range between 19 and 21 km. They re-
ported a sulfur concentration of 3.75 x 10-12 g/cc

Table 3. Arctic region isotope ratios and concentrations

at S.T.P., corresponding to a sulfate concentra-
tion of 11.3 ug/sem. This value probably repre-
sents an upper limit because their measurement
was subject to some uncertainty due to possible
chloride ion interference with the sulfur analysis.
Values ranging from 2.8 to 5.8 ug/scm were
obtained in this study at 8° N latitude at about
the same time.

Determined from Determined from

blank average

Lati- Longi-

tude tude Alti- Concen- Concen-

(De- (De- tude tration tration
Mo. Day  Year groes) grees) (km) (ug/sem) 0334 (ug/sem) 8%
Apr. 10 1962 713 N 143 W 18.3 — — 0.05 N.D.
Feb. 5 1963 70 N 144 W 15.2 —_ — 0.6 +10.0
June 18 1963 70 N 143t W 15.2 0.9 N.D. 1.4 + 3.3
Sep. 24 1963 70 N 144 W 18.3 — — 0.6 + 7.3
Dec. 30 1963 70 N 144 W 18.3 6.1 + 3.8 7.2 + 3.7
Jan. 14 1964 70 N 144 W 15.2 2.6 + 6.2 3.1 + 5.7
Aug. 10 1964 70 N 144 W 18.3 1.2 +29 2.5 +15.7
Dec. 28 1964 73 N 143t W 18.3 — — 3.8 N.D.
Jan. 12 1965 724 N 143} W 15.2 — — 4.6 -5.7
Aug. 9 1965 72 N 143 W 18.9 — — 8.8 +3.8
Dec. 1 1965 70 N 144 W 15.2 -— — 0.8 24%
Jan. 25 1966 73 N 1433 W 18.9 — 6.2 —~ 4.5
Apr. 19 1966 68 N 145 W 15.2 — — 2.5 - 5.9
Aug. 23 1966 68 N 145 W 15.2 1.6 - 9.7 1.1 —-16.4
Jan. 9 1967 69 N 1443 W 18.3 4.7 - 15 2.7 - 7.0
July 25 1967 724 N 1431 W 15.2 0.4 + 0.7 0.06 -31¢

¢ Not plotted.
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The sulfate concentration of the Southern
Hemisphere reached its maximum value early
in 1964 and subsequently declined. As expected,
a comparison of the relative concentrations of
the respective Hemispheres shows that the
largest effects of the Agung eruption occurred
in the Southern Hemisphere. This is in agree-
ment with measurements of atmospheric optical
properties (Grams & Fiocco, 1967; Dyer of
Hicks, 1968) in the respective Hemispheres.

The explosive eruption of the Taal volcano
on September 28, 1965 caused the stratospheric
sulfur inventory to again abruptly increase; this
is seen from the data plotted in Fig. 3. On
August 12, 1966 the explosive eruption of Awu
injected still more sulfur into the stratosphere.
Other investigators have generally overlooked
the importance of this latter event which had
a total eruptive duration of less than one day.
However, the observed height of the eruption
cloud was more than 10 km and, in fact, the
ash blanketed a ship in the Celebes Sea (at
2°40" N, 122°28" E) to a depth of one-half inch
(Cronin, private commuunication).

Rosen (1968) has compared the particle con-
centrations measured over Panama (10° N lati-
tude) in September of 1966 with those over
Minneapolis (45° N) in April 1965, and Churchill
(60° N) in June 1966, and noted a decrease in
dust concentration with latitude. He attributed
the observed profiles to an equatorial dust
source. As readily discerned from Figs. 3 and 6a,
occassional voleanic eruptions (with ensuing
poleward airflow) were probably responsible for
the concentration gradient. He reports a total
aerosol concentration of about 10-*? g/fem?® (pre-
sumably at ambient conditions) over Panama,
which corresponds to a total mass of about 14
ug/sem. This value for total dust concentration
is in good agreement with the values obtained
in this study for the total sulfate concentration,
and therefore his conclusion that sulfur com-
prised only about 0.3% of the total mass is
subject to question.

After the considerable increases caused by
Taal and Awu, the stratospheric sulfate con-
centrations of both the Northern and Southern
Hemisphere again declined. This trend was re-
versed by the explosive eruption of Fernandina
in June of 1968. The major explosion of June 11
dissipated an estimated 102! ergs of energy and
was - detected by infrasonic apparatus over a
wide area (Simkin & Howard, 1970). It was in
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all probability the largest explosive volcanic
event since Agung, and the eruption undoubt-
edly vented large quantities of gas to the strato-
sphere. The resultant perturbations to both
conecentration and isotopic ratios, as found by
the present study, are clearly attributable to
this event.

The sulfate concentration data amassed in
this study clearly show that major perturba-
tions to the stratospheric aerosol layer have re-
sulted from a few infrequent voleanic eruptions
of large magnitude. In addition to the concen-
tration data, a consideration of the correspond-
ing trends in the del values of the aerosols pro-
vides additional information on the source and
subsequent transport of material entering the
stratosphere. Since these ratios are sensitive to
chemical and physical conversions following in-
jection, they are useful in assessing the relative
quantity of sulfate injected directly, compared
to that resulting from 4n situ oxidation processes.

In order to interpret the significance of the
isotopic ratios plotted in Figs. 4, 5, and 6b, due
consideration must be given to the quantity,
chemical state, and initial isotopic composition
of the injected material, as well as that of pre-
existing material already in residence. The del
values of sulfur compounds resulting from bio-
genic and inorganic processes vary over a wide
range, and it is erroneous to conclude that spe-
cific values can be used as a ‘“fingerprint’’ to
establish the significance of a given source.
Samples of volcanic sulfur compounds range
from —20 to +20, the actual specific values
depending on location and oxidation state of
the emanating products. Nevertheless, given
processes generally lead to similar trends in
isotopic enrichment.

We made a very limited isotopic ratio study
of particles and tephra collected from several
volecanoes, and found all values to be positive
(see Table 4). Although there is no a priori
reason to suppose that this will be the fact in
all cases, the results of stratospheric samplings
directly after all major eruptions show a ten-
dency toward positive values.

Immediately after an eruption, the majority
of the material collected in particle sampling
consists of finely divided tephra. The magnitude
of the positive del values of the stratospheric
aerosols collected shortly after the eruptions
vary somewhat as expected; undoubtedly they
represent a weighted average of the values of
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Table 4. Sulfur isotopic ratios for volcanic tephra

Source Description 5534 9,
Hekla Sulfate collected from
fume of Hekla volcano +1.8
Hekla Ash collected 9 km north
of vent +1.8
Blanco
Fracture
Zone, Oregon  Undersea volcanic lava +0.9
Mt. Mayon Lava—Dblown into atmos-
phers from 1968 eruption +6.3
Mt. Arenal Fine ash from nuee
ardente—Aug. 1, 1968 +2.6
Kilauea Basaltic pumice—1961
eruption +1.0

the injected tephra together with those of the
background stratospheric aerosol and the lim-
ited quantity of particles formed by the con-
version of gases to particles in the rising plume.
It should be noted that an extensive study
(Lazrus et al., to be published) of the del value
of stratospheric aerosols collected in times of
volecanic quiescence showed the values average
2.6 +:0.3%, over wide ranges of latitudes in both
the Northern and Southern Hemispheres.

It is expected that the particulate matter
initially injected into the stratosphere by the
eruption cloud would gradually diminish via
settling processes; the rate of elimination from
the stratosphere is determined by particulate
size and injection altitude, as well as overall
stratospheric-tropospheric global exchange pro-
cesses. Several-tenth micron particles in the
lower stratosphere generally have average resi-
dence times of 1 to 1} years. Therefore, it is
reasonable to expect that aerosols sampled at
progressively later times subsequent to an erup-
tion would contain an ever decreasing amount
of tephra and an increasing amount of aerosol
formed in the stratosphere from the gaseous
portion of the eruption eloud.

In the present study, aerosols sampled at
progressively later times exhibited an ever in-
creasing degree of depletion of the S3*isotope (de-
creasing 6S3%¢) with respect to the “‘standard”.
For short intervals following major eruptions,
the additional sulfate contributed by all other
processes is comparatively negligible and the
observed continual change in sulfur isotopic
composition for stratospheric aerosols is clearly
the result of fractionation processes. In situa-
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tions with negligible further input and under-
going reactions such as gas-to-particle conver-
sion, as the reaction proceeds to completion,
the sulfate product would be expected to ex-
hibit an unidirectionally changing isotopic com-
position. The direction that this change would
take, however, is difficult to assess.

Trudge & Thode (1950) have calculated equi-
librium constants from partition function ratios
for sulfur exchange reactions. These calcula-
tions indicate that the S%¢ isotope tends to con-
centrate in the sulfate. Non-equilibrium situa-
tions involving complex molecules are particu-
larly difficult to assess from first principles.
However, for the case of SO, conversion to
sulfate particles in power plant plumes where
tracing the direct course of the reaction heas
been effected, a decrease in the del value of the
unreacted gas has been observed (Tucker, 1969).
This trend is also borne out by the present
study. On the basis of the foregoing findings,
as the injected volcanic gases diffuse npward
in the stratosphere they would be expected to
continually convert to particles from gas whose
del value is progressively decreasing. Assuming
that relaxation times for the operative chemical
processes are not much faster than those for
the transport processes, the gas (which even-
tually becomes converted to particulate matter)
with progressively lower del values should pre-
ferentially concentrate at the higher altitudes.

Considerations of chemical reaction
and transport

Further interpretation requires an assess-
ment of the rates of transport and chemical
reaction for SO, after injection into the strato-
sphere. An accurate calculation of this sulfate
distribution as a function of time and altitude
requires the solution of a set of simultaneous
equations; these include the three dimensional
equation of motion, coupled with an equation
for conservation of mass including appropriate
expressions for the important chemical reac-
tions. Based on present incomplete knowledge
of stratospheric motions as well as the concen-
trations of potentially important reaction spe-
cies, and even the rates of many of the possible
chemical reactions of some import, such sophis-
tication is impossible, and indeed, unwarranted.
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A simple one-dimensional model, while naive,
is instructive in gaining further insight into the
origin of the Junge layer in terms of the present
findings.

Several authors (Scott et al., 1969; Mohnen;
Friend et al., 1973) have postulated chemical
reaction schemes to explain the formation of
the layer by n situ reactions. The hypotheses
may generally be eclassified in four groups: (1)
photoexcitation of the SO, molecule, followed
by subsequent oxidation steps, (2) surface reac-
tions on preexisting particles, (3) reaction with
existing free radicals, or (4) direct reaction be-
tween NH, and SO,.

The low quantum yield for the direct photo-
lysis of SO, found in recent experiments (Friend
et al., 1973) suggests that (1) is not the predomi-
nant mechanism, especially since there areseveral
possible free radical reactions which are almost
certainly faster. Although the rates of various
postulated mechanisms falling under the fourth
clagsification have not been completely assessed,
recent work (Friend et al., 1973; Castleman)
tends to discount this as a serious contender
compared to (3). Likewise, it can be shown that
(2} 1s also likely to be negligible compared to {3)
for the particle concentrations of <1 cm—2 exist-
ing in the lower stratosphere.

At one time, the three body oxidation of SO,
by O atoms was believed to be rapid, and it
was thought that SO, would have a relatively
short life-time in the stratosphere. Recently,
Davis (1973) remeasured the appropriate reac-
tion rate coefficients and showed that, with
N, as the third body, the reaction rate was
much lower than previously thought. His
work also showed the reaction to have a positive
activation energy. Based on the redetermined
rates, and assuming [O]~10% atoms cm=3,
the relaxation time for SO, oxidation by this
mechanism would be more than 10° seconds.

Davis (1973) has also determined a value for
the oxidation of 8O, by HO,, giving an approxi-
mate rate constant of 9 x 10-1¢ cm3 molecule—?
sec—! for a two-body reaction leading to the
formation of SO,. During the course of labora-
tory studies (Castleman), we observed that OH
radicals also lead to SO, oxidation. However,
the value of the rate constant has not been
definitely established as yet, and the importance
of this mechanism cannot be assessed at this
time. Using calculated values for the HO, con-
centration of ~ 10® molecules em=-2, (two orders
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of magnitude higher than the predicted con-
centration for OH), we estimate a relaxation
time for SO, of ~ 107 seconds.

The trends in the del value data given in the
prior section clearly suggest an in situ oxidation
process rather than merely the redistribution
of aerosols. The latter process, by itself, would
show no isotopic dependence with time or alti-
tude. An in situ oxidation mechanism is further
substantiated by the concentration data which
usually displays a peak value at times longer
than 107 seconds after an eruption. This is far
in excess of times required for circumferential
global mixing; the latter should be an order of
magnitude faster. Therefore, these delay times
are also indicative of a gas-to-particle conver-
sion mechanism with a time constant in the
neighborhood of 107 seconds. The reason that
the delay times are not the same after each
eruption is not clear, but may be attributable
to the composition of the individual volcanic
effluents which could, in turn, influence reac-
tion times.

It is instructive to estimate the average ver-
tical distance which SO, might be expected to
diffuse during the period of time required for
its conversion to SO, and subsequent nuclea-
tion to particles. One dimensional diffusion
models contain, in a series expression, an expo-
nential of the dimensionless term Dt/l?. Here,
¢t is time, D the eddy diffusion coefficient, and
! a measure of the diffusion distance. Taking
Dtjl2~ %, the mean distance traversed during a
given time may be computed. Using an appro-
priate value (Junge et al., 1961a) for D, and the
relaxation time for SO, oxidation given above,
it is estimated that on the average, the SO,
molecule will diffuse vertically several kilometers
from the point of injection. This is consistent
with the altitude dependence of the isotopic
ratio findings of the present study.

It should be noted that the altitude depend-
ence of the del values is governed not only by
the simultaneous transport and reaction of the
S0, isotopes, but also by the settling of the
particles of varying isotopic composition sub-
sequent to their formation. The average time
of the particle spent at a particular altitude
sampled, even with due allowances for sampling
height variations between missions, is compara-
tively very short. Therefore, it can be expected
that particles collected at progressively later
times following an eruption represent those
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formed at higher altitudes which have eventually
settled into the sampling region. Settling veloc-
ities for particles of the mean size found in the
stratosphere are about 10-2 cm/sec, and the
particles formed at 18-19 km should not in-
fluence the del value of those in the 15-16 km
region until about 3 x 107 seconds after their
formation. This is reasonably consistent with
the displacement in cyclic trends for the data
given in Fig. 4. The cyclic trend in these del
values exhibits an upturn toward the end of
1965. This is possibly & manifestation of the
influence of tephra from the Taal eruption.

Invariably, the del value of particles sampled
at any specific attitude after an eruption is ob-
served to decrease with time. This trend is con-
sistent with the relationship

8, = 6, +1000f[nz —1]

where § is the fractional difference in the rate
constants of the heavier and lighter isotopes, x
is the fraction of the SO, converted for each
time interval, and J, is the del value of the
particles formed from gas injected into the
stratosphere with original value ¢, This rela-
tionship is readily derived for an irreversible
first-order reaction and is valid for the pulse
injection of gases followed by incremental con-
version and subsequent particle removal. Here,
n represents the nth incremental conversion
step. At progressively later times, the influence
of the volcanically injected material becomes
negligible, and the del value again rises to an

average established by other contributing
sources.
Conclusions

The data given in this paper clearly show
that volcanic emissions represent the major
source perturbing the sulfate concentration of
the stratosphere. The remaining question con-
cerns the origin of the sulfate which contributes
to the persistence of the Junge layer in times of
relative voleanic quiescence. Newell et al. (1969)
has shown that tropical upwelling is a major
mechanism of tropospheric air-mass transport
into the stratosphere at levels above 100 mb
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(163 km). Tropical regions are rich in biogenic
sulfur and it is reasonable to assume that trop-
ical upwellings would also be a major con-
tributor to the persistant ‘‘background’ strato-
spheric aerosol. Our data lend considerable sup-
port to this contention.

The data show that the concentration of the
stratospheric aerosol layer always returns to
low values of several tenths of a microgram per
standard cubic meter after several years with
no major volcanic input. The surprisingly con-
sistent isotopie del value of 2.6 +0.3%, found in
both Hemispheres away from the equatorial zone
clearly suggests a common source of background
stratospheric sulfate and indicates transport via.
upwellings from an equatorial zone.

Man’s activities contribute {Kellogg et al.,
1973; Friend, 1973) ~40% of the tropo-
spheric sulfur burden in the Northern Hemi-
sphere, but only about 59 in the Southern
Hemisphere. Tt is to be expected, then, that
the sulfur isotopic composition of SO, above
haze layers and effusing upward toward the
tropopause would be considerably different in
the two Hemispheres. Sulfate in the Junge layer
would be expected to display this difference if
continued input by eddy diffusion over the
entire globe was a significant contributor. This
conclusion that input by tropical upwelling pre-
dominates over eddy diffusion could be con-
firmed by comparing background del values for
S0, gas in the vicinity of the tropopause in each
Hemisphere, and awaits further research.
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U3O0TOITHBIE NCCIENOBAHUA KOMIIOHEHT, COOEPHAINX CEPHI,
B CJIOE CTPATOC®EPHOI'O ABPO30JIA

OCHOBHOIl uyacThbl KpymHOR ¢pakuuum aspo-
sonbHOrO cioa IOHre asnawrcA cynbdarTsl, Io-
BUIUMOMY, BEMHOTO IMPOUCXOMEeHura. UToOwt
HONYUYUTh NPAMOE MOATBEpPIKIEHUE BAKHOCTU
Pa3NUUHBIX HCTOYHUKOB Cepbl, TAKME KAK U
BHAYUMOCTH JIOKAJbHBIX peakLuii rasoB ¢ ya-
CTHIAMM, MBI NPeJUPHHANHN IIMPOKOE MCCIENO-
BaHME KOHIEHTPAUMI cepbl M M30TONHBIX OTHO-
meHnit yacTui, co0paHHBIX B HIIKHell cTparo-
¢fepe B TeueHue 1962-71 rr. B MMpOKOM MHTEp-
BaJle MUPOT. [JaHHbe YKABHBAIT, YTO OCHOBHEIE
BO3MYINEHUA NOCTOAHHOrO CJIOA a3pO030JIA HU3-
KOr'0 yPOBHA HPOMCXOAAT 0JarogapA HeMHOTHM
B3PHIBHEIM BYJIKAHHYECKUM H3BepeHuaM. Pas-

MepH MePBOHAYAIBHOrO BKIAAA TBEPLOTO aspo-
80JIA B BTOT CJOH IIOCTENEHHO yMEHBIUAITCH, HO
YACTHIEL IIOCTOAHHO BaMELIAIOTCH a3pPO30JAMM,
POpMUPYEMBIMU M3 I'A30BHIX BKJIANOB U3BEpiKe-
Huit. TpeHgsl B oforaumeHnn ¢ S3, cuepylomue
8a COGBITHEM, COTJIACYIOTCH C IIPOCTOH OfHOMED-
HOHl MOMesIbI0, OMNCHBAWLIEN KAK MEPEeHOC, TaK
U XUMHUYECKYI0 PeaKknuio. B TeueHue IepuonoB
OTHOCHUTEJBHOTO0 BATHINbH BYJKAaHOB, M30TOI-
HEIE OTHOIIEHHA CTparocepHbx cynbdaToB B
000HX MONYIMIAPUAX MMEKT AHAJOTHYHbLIE 3HA-
YeHUA, YTO IPEANoJaraeT IMOCTOAHHHIM IPUTOK
13 00Iero HKBATOPNAIBHOI0 MCTOYHMKA.
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