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ABSTRACT

Artificial radioactivity which persists in the stratosphere on a time scale of years is
shown to be associated with particles below 0.02 y radius above 27 km and with
particles very nearly 0.1 u radius between 21 km and the tropopause. Assuming the
artificial radioactivity to be associated with natural aerosols at each level, the radio-
active particle size data provide insight on the size distribution of micrometeorites
and other particulates in the upper stratosphere and their interaction with sulfate

particles in the lower stratosphere.

The decrease in specific radioactivity with increased sulfate particle radius near
20 km suggests that the photochemical oxidation of SO, may not be the important
mechanism for large particle formation at this level. Chemical factors and residence
time considerations support the view that Aitken nuclei in the upper troposphere
are sulfate particles of sufficient size and population to account for the production
of large sulfate particles near and above the tropopause by Aitken nuclei coagulation.
Approximate estimation of the total sulfate mixing ratio with altitude above 5 km
indicates a broad maximum in the upper troposphere. Photochemical and radio-
chemical evidence for the rapid oxidation of 80, in the stratosphere reinforces these
views. It is tentatively concluded that Aitken particles in the troposphere account
for most of the sulfate in the atmosphere and that there is no stratospheric sulfate
layer but only a stratospheric “large particle” layer.

Introduction

Knowledge of the size distribution of radio-
active aerosols at various levels of the atmos-
phere is fundamental to our understanding of
the mechanisms of formation, transport and
removal of radioactive aerosols and to their
suitability as atmospheric tracers. Such infor-
mation is also essential to the design of efficient
particle collection systems for use in radioactive
aerosol tracer and fallout studies. It is the
purpose of this paper to discuss the limited
available data on the size distribution of arti-
ficial radioactive aerosols in the stratosphere
and their interaction with natural aerosols in
the upper and lower stratosphere, together
with some interesting implications with respect
to the distribution of micrometeorites, the
mechanism of the stratospheric large particle
sulfate layer formation, the composition of
Aitken nuclei and the atmospheric distribution
of sulfate.

Published information on the physical and
chemical properties of nuclear explosion debris

in the atmosphere is limited. Abpams, FaArLow
& ScueLL (1959) have discussed the formation
of local fallout particles from surface shots
which involve the association of radioactive
bomb products with unvaporized particles of
surface materials, mainly in the size range
exceeding tens of microns in radius. The occur-
rence and characteristics of very high specific
radioactivity particles ranging from about 1 to
10 u radius in early fallout following large
yield air shots has been reported by SrrTrUs
(1959), EDVARSON et al. (1959), S1sEFskyY (1961)
and others. It is suggested that these particles
may be formed by condensation of radioactive
bomb products on tropospheric aerosols carried
up in the convective system associated with
the rising fireball and its outgrowth cloud.
Faliout particles in this 1 to 10 u radius size
range will settle rapidly out of the stratosphere
and exhibit atmospheric half-residence times
on the order of weeks to months.

A large percentage of the radioactive debris
from high yield surface shots and most of the
radioactivity from large air shots was observed
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TaBLE 1. Size distribution of radioactive aerosols in the siratosphere (Drevinsky & Martell, 1962).

Fraction of total - activity

Altitude Stage 2
interval Stage 1 (0.15 to Stage 3
Flight date (km) (>0.15 p rad.) 0.02 gy rad.) (<0.02 u rad.)
Minneapolis, Minnesota
7 June 1960 9-15 0.90 0.02 0.08
15-21 0.03 0.86 0.11
21-27 0.01 0.64 0.35
27-30 0.01 0.42 0.57
11 Oct. 1960 9-15 0.16 0.74 0.11
15-21 0.10 0.85 0.05
21-27 0.05 0.71 0.24
27-30 0.13 0.24 0.63
15 Feb. 1961 ~20 (0.29)° (0.57)% (0.14)%
18 June 1961 ~ 20 (0.86)° (0.13)% 0.01)?
Hyderabad, India
13 April 1961 15-21 0.15 0.75 0.10
21-27 0.54 0.04 0.42
27-28 ~0.15 ~0.15 ~0.70
20 April 1961 15-21 0.13 0.72 0.15
21-27 0.09 0.59 0.32
27-30 0.05 0.17 0.78

¢ Impactor cutoffs adjusted to 0.18 and 0.0075 u radius.
b Impactor cutoffs adjusted to 0.05 and 0.025 g radius.

to persist in the stratosphere on a time scale
of years. Thus it has been evident that the
bulk of stratospheric radioactivity resides in
particles below a few tenths of a micron in
radius. Data on the size distribution of radio-
active aerosols at several levels in the lower
stratosphere have been reported by DREVINSKY
& MARTELL (1962), DREVINSKY, MARTELL &
Lar (1962) and DreviNsgy & Prccr (1965).
Some of these results and their implications
are discussed below.

Radioactive aerosol size distribution

The approximate size range of radioactive
fallout aerosols at several stratospheric levels
was investigated by DREVINSKY & MARTELL
(1962) in a series of balloon flights over Minnea-
polis, Minnesota and Hyderabad, India, during
the period June 1960 to April 1961. The balloon
borne sampler consisted of a two stage impactor
backed up by a high efficiency polystyrene
microfiber filter. Four collectors were used on
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each balloon flight, programmed for obtaining
4 samples during ascent over the altitude
intervals 9 to 15, 15 to 21, 21 to 27 and 27 to
30 kilometers. For the profile collections, the
impactors were calibrated to give a 50 per cent
collection efficiency at 0.15 x4 and 0.02 u radius
for the first and second stages, respectively, at
mid-altitude interval for a particle density of 2.
The design, calibration and operation of the
impactors has been reported by ZeLLER (1960).
The polystyrene filter, with fibers about 0.1 to
1.0 u diameter, provided for the collection of
the submicron aerosols which pass the second
stage of the impactor with nearly 100 per cent
efficiency. The results, in terms of the activity
fraction in each size range for each altitude
interval, are summarized in Table 1. Details of
the radioactivity measurements are reported
elsewhere (DREVINSKY & MARTELL, 1962).
The results, Table 1, show a number of
interesting features for the radioactive aerosols
which persisted in the stratosphere a minimum
of 1.5 to 2.5 years following their production
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in nuclear tests (i.e., tests in October 1958 or
earlier). At this time most of the artificial radio-
activity above 27 km was associated with
particles below 0.02 u radius. By comparison,
radioactive debris only several months old in
this altitude range shows most of the radio-
activity on particles between 0.02 x and 0.15 u
radius (DrEVINSKY & Prcci, 1965). The fall
speeds for spherical particles in still air can be
estimated using the Stokes-Cunningham for-
mula (Davis, 1945). By such ecalculation, a
particle of density of 2.5 g em—® and radius
0.1 u requires about one year to settle from 30
to 20 km altitude and nearly a decade to fall
from 20 to 10 km. Thus the role of sedimentation
in the downward transport of artificial radio-
activity within the lower stratosphere diminishes
with time and should be unimportant for old
debris.

In the lowest layers of the stratosphere in
the region of the large-particle sulfate layer,
most of the radioactivity, Table 1, was associa-
ted with particles of about 0.1 g radius. That
the radioactivity was confined to a very narrow
size range near 0.1 u is clearly indicated by the
results from the 16 June 1961 flight for which
a small downward adjustment of the first im-
pactor stage cutoff shifted most of the radio-
activity from the second stage to the first.
The results for the two lowest altitude intervals
on 7 June 1960 gives striking evidence of a
very narrow size distribution. In this case the
apparent shift in size distribution with altitude
may be due to a small drift in the effective
cutoff radius for the first stage of the impactor.

Particles below 0.02 x4 radius would be
expected to undergo fairly rapid depletion by
attachment to each other and to larger particles
(ZEBEL, 1958; JUNGE, 1963). The persistence of
artificial radioactivity above 27 km on particles
below 0.02 u radius on a time scale of years
testifies to the low concentration and the small
size of both the radioactive particles and the
natural aerosols to which they become attached
above this altitude. The gradual shift to larger
sizes for old radicactive debris as it mixes down
into the lower stratosphere, Table 1, must be
due to attachment of the small radioactive
particles to the natural aerosols at these levels.
The remarkable concentration of the radio-
activity in particles of a narrow size range
near 0.1 g radius in the lowest levels of the
stratosphere indicates a sharp peak in the
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population of natural aerosol near 0.1 u radius,
a result not inconsistent with observations for
sulfate particles in the lower stratosphere. The
association of the radioactivity with natural
stratospheric aerosols on the basis of population
would also occur if the radioactive particles
served as nuclei for sulfate aerosol growth.
However, such a process might be expected to
yield a broader size distribution of radioactive
perticles below 0.1 4 radius in the lower strato-
sphere than observed, especially for the 7 June
1960 and 16 June 1961 flights, Table 1. Thus
it is likely that the smaller radioactive particles
mixing down from above become associated
with the natural aerosol population in the lower
stratosphere by direct attachment. The conse-
quences of this result to the question of the
mechanism of the stratospheric large particle
sulfate layer formation will be considered follow-
ing a brief review of the distribution of natural
aerosols. The possible association of artificial
radioactivity with micrometeorites at altitudes
above 25 km is also considered later in this

paper.

Natural aerosol distribution

Results of comprehensive experimental study
of the properties and distribution of natural
aerosols in the upper troposphere and lower
stratosphere up to 30 km were reported by
Juncee, CHAGNON & Manson (1961), Vertical
profiles obtained with impactors showed that
large particles (i.e., particles in the size range,
0.1 to 1.0 u radius) increased in concentration
with altitude in the upper troposphere and
lower stratosphere, with a broad maximum
between 3 and 9 km above the tropopause and
reduced concentrations at higher levels. Vertical
profiles of Aitken nuclei (particles below 0.1 u
radius) showed a marked decrease in concentra-
tion above the tropopause up to about 20 km
(JuNcE, 1961). An extension of these studies
by use of rod impactors on aircraft near 20 km
altitude from 72° N to 63° S (JuNGE & MANSON,
1961) indicated that the large particle layer
was fairly stable and constant in time and
space and was composed mainly of suifate
particles. Additional data on the vertical dis-
tribution of large particles and Aitken nuclei
were obtained over Hyderabad, India (CHAG-
NON & JUNGE, 1962; JUNGE, 1962). The approxi-
mate mean vertical distribution of Aitken nuclei
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and large particles, based on the results of
JunGeE (1961) and CHAGNON & JUNGE (1961),
are summarized in Figure 1.

The size distribution of natural aerosols in
the lower stratosphere is not very well estab-
lished. Junce (1963) indicates that the log
radius number distribution is approximately
inversely proportional to the square of the
radius for particles between 0.1 and 1 u radius.
The sharp drop observed in the particle popula-
tion between 1 and 2 u indicates the approxi-
mate upper limit in the size distribution. In
his discussion of a model size distribution for
stratospheric aerosols at 1 and 4 km above
the tropopause JUNGE (1963) assumes an average
radius of 0.03 ux for the Aitken nuclei. Mossop
(1965) shows a considerably different size dis-
tribution for the large particles at 30 km, with
a maximum in the number distribution near
0.15 u radius and a decrease in particle con-
centration above 0.4 u radius by about the
fourth power of the radius. Other recent studies
by FrIEND et al. (Defense Atomic Support
Agency, 1964) show that the size spectrum of
stratospheric aerosols is somewhat variable from
sample to sample. These authors indicate about
0.3 p radius as the maximum in the large
particle number distribution.

Consideration of mechanisms of large sulfate
particle formation, below, indicates that Aitken
nuclei coagulation may be the primary process.
On this basis the maximum in the large particle
number distribution would increase with atmos-
pheric residence time, and, thus, with altitude.
Therefore, complex and variable large particle
size spectra would be expected in regions and
periods of rapid vertical exchange.

Stratospheric large particle formation

JUNGE, CHAGNON & MANSON (1961) MANSON
et al. (1961) and JuNGE (1963) propose that the
large particle sulphate layer in the lower strato-
sphere must be due mainly to the photochemical
oxidation of SO, and H,S in the stratosphere.
They conclude that the shape of the vertical
profile of large particles excludes the possibility
that the stratospheric large particle layer can
be due to direct upward mixing from the tropo-
sphere, except for the unlikely process of
equatorial injection and spread by a Brewer-
Dobson type circulation. Thus they attributed
the increase in large sulfate particles to the in
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Fia. 1. The average vertical distribution of Aitken
nuclei and large particles in the troposphere and
lower stratosphere (JUNGE 1961; CHAGNON & JUNGE,
1961).

situ photoxidation of SO, and H,S, followed
by attachment of molecular SO; and H,SO, to
Aitken particles of about 0.03 u radius.

The possibility that attachment to natural
aerosol accounts for the observed change in the
size spectrum of the radioactive particles mix-
ing down into the lower stratosphere, Table 1,
imposes some difficulties for the mechanism of
stratospheric sulfate particle formation proposed
by Junge et al., as described above. If 8O, or
H,80, molecules, formed by the photochemical
oxidation of SO, at stratospheric levels, give
rise to the continuous growth of large sulfate
particles by attachment to Aitken particles,
the process should be very similar to that for
attachment of the minute radioactive particles
which are continuously mixing down into the
layer from above. Thus in the steady state
transport of radioactivity down through the
lower stratosphere, there should be a nearly
constant specific radioactivity throughout the
stratospheric sulfate aerosol if the latter grew
in situ by SO, photochemical oxidation. The
result that the specific radioactivity of sulfate
particles decreases markedly with increasing
radius between 0.1 to 1.0 u (Manson, 1963)
suggests a different mechanism or different
region for production of the sulfate aerosol.

Some characteristics of the stratospheric
aerosol distribution are also difficult to explain
on the basis of the in situ stratospheric produc-
tion proposed by Junge et al. The concentration
of sulfate in the stratospheric large particle
layer near 20 km shows little variation with
latitude and season (MaNsoN, JuNGeE & CHAG-
NON, 1961). The persistence of the characteristic
large sulfate particle layer concentration in the
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lower stratosphere at high latitudes during
periods of rapid vertical exchange in late winter
seems difficult to account for by the proposed
photochemical oxidation of H,S and SO, at
altitude. Furthermore, the vertical distribution
of large particles in the lower stratosphere at
middle latitudes, Figure 1, is not unlike that
observed for radioactive aerosols for sources
injected into the stratosphere at various levels
at both higher and lower latitudes (FEELY &
SPAR, 1963; Defense Atomic Support Agency,
1959). Thus the vertical distribution of the
stratospheric sulfate may very well be the con-
sequence of atmospheric mixing processes with
some contributing effect from particle coagula-
tion and sedimentation, as is the case for radio-
active aerosols at similar stratospheric levels.

These considerations indicate the possibility
that the sulfate aerosol is produced in the
troposphere and is introduced into the strato-
sphere by mixing. Thus it was suggested
(MArTELL, 1964) that the stratospheric large
particle layer may be due to upward transport
of tropospheric aerosols by convective mixing
both in large convective storms and in locations
and periods with a quite different vertical pro-
file of large particles than that found by
CHAGNON & JUNGE (1961, 1962). JUuNGE (1965)
considered the possible role of convective storms
in the formation of the stratospheric layer. He
pointed out a number of difficulties due to
cloud washout, chemical considerations and the
volume and height distribution of convective
storms, and concluded that this process cannot
be important for stratospheric aerosol produe-
tion.

In this paper it is proposed that a likely
mechanism for the formation of the stratosphe-
ric large particle layer is the coagulation of
Aitken nuclei in the upper troposphere and
lower stratosphere. Chemical considerations
discussed below indicate that the Aitken nuclei
in the troposphere above 5 km may have
essentially the same composition as strato-
spheric sulfate aerosol and thus must be pro-
duced by SO, and H,S oxidation at tropospheric
levels. On this basis the Aitken nuclei and large
particles comprise one broad distribution of
sulfate particles and the increase in the large
particle population with altitude above 10 km
can be explained by coagulation of the Aitken
particles. This possibility is considered in further
detail below. It will also be shown that the total

E. A. MARTELL

sulfate mixing ratio must exhibit a broad
maximum in the troposphere. If these tentative
results are correct, there would be no strato-
spheric sulfate layer but only a stratospheric
“large particle” layer.

Aitken nuclei coagulation

For uncharged particles of uniform size, the
approximate rate of decrease in number can be
estimated using the SMoLUCHOWSKI (1917) rela-
tion for aerosol coagulation in still air:

1/n —1/n, = Ki, (1)

where n, and » are the initial and final number
concentrations in particles per cm?, ¢ is the
time in seconds and K is the coagulation coeffi-
cient in units of em?® sec!. K is defined by
equation (2):

K =4kTg/3u, (2)

where k is the Boltzmann constant (1.38 x 10-1¢
erg deg~!), T is the absolute temperature, g is
the coefficient of viscosity and g is the Fuchs
correction term (Fucus, 1964; Hipy & Brock,
1965).

For a steady state population, n,, of Aitken
particles in the atmosphere, the differential
form of equation (1) gives the approximate
coagulation rate:

—dn/dt = Knj. (3

The corresponding population turnover time,
or average particle lifetime, 7, due to coagula-
tion is given by the relation:

7, =1/Kn, = 3u/4kTfn,. (4)

Using this equation, the average coagulation
times for Aitken nuclei in the atmosphere were
estimated and are given in Table 2. The Aitken
particle population, n,, was taken from Figure 1.
The arbitrary values assumed for the Aitken
particle radii, Table 2, increase with aerosol
residence times, 7,, and therefore with altitude.
The magnitude and trend of the assumed radii
are qualitatively justified by coagulation con-
siderations and by the results. The correspond-
ing ratios of mean free path to particle radius,
A/R, are in the range 5 to 10 for which present
theories indicate maximum, but uncertain,
coagulation rates (Hipy & Brock, 1965).

The approximate mean atmospheric residence
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time 7, for aerosols at various atmospheric
levels based on radioactive aerosol studies is
given in the last column Table 2 and also in
Figure 2. This atmospheric residence time, 7,,
takes into account all atmospheric removal
processes and thus indicates the average time
available for particle coagulation at each level.
Based on radioactive aerosol studies of BLIFFORD
et al. (1952), HAXEL & ScHUMANN (1955) and
BurTON & STEWART (1960), the mean residence
times for atmospheric aerosols are taken to be
~0.5 weeks in surface air and ~4.5 weeks at
the tropopause for purposes of discussion in
this paper. Although there is less agreement
about residence times for stratospheric aerosols
(MARTELL & DREVINSKY, 1960), a value of 1
year for the 20 km altitude level is assumed.

The estimated coagulation times, 7., are longer
than the residence times, 7,, at corresponding
altitudes, Table 2. However, the coagulation
times will decrease somewhat due to turbulence,
can be influenced by particle charging effects,
and would be reduced considerably by large
non-uniformities in the aerosol concentration
distribution. For particles of a given size and
altitude the mean time of coagulation varies
inversely with particle population, as indicated
by equation (4). Thus if the Aitken nuclei are
irregularly distributed, the coagulation times,
7., will be reduced and may approach the magni-
tude of the residence times, 7,, near the tropo-
pause. NEWKIRK & EppY (1963) observed that
natural aerosols in the lower stratosphere are
distributed in extremely thin laminae of par-
ticles. Also it has been suggested that Aitken

TaBLE 2. Estimated mean coagulation life for
Aitken nuclei vs. altitude.

Average Assumed
Altitude population. radii (% 1,9
(km) (n/cm?) {cm) (wks) (wks)
5 350 2x10-° 2.8 0.75
10 250 3x10-8 4.2 1.0
12.5 100 4 x10-° 11.5 2.5
15 14 5x10-¢ 83 5.0
20 1 6x10-¢ 1620 50

(%} 7, =1/ny K = 3u/4kTfn,, mean coagulation life
in seconds.

(%) 7, is the approximate atmospheric residence
time.

nuclei in the troposphere are produced by the
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Fic. 2. The approximate number distribution and
residence time of large particles vs. altitude. Since
7 is the average atmospheric life of a particle at
each level, the curve n’t/t represents the total
number of large particles mixed into and produced
at each level, or the total number removed, in the
time interval ¢.

evaporation of small cloud droplets. Thus their
production distribution is likely to result in a
highly irregular distribution of Aitken particles
at tropospheric levels. Noting that the popula-
tion of Aitken particles per unit volume, STP,
decreases by a factor of only 50 between 10
and 20 km altitude, it becomes apparent that
the coagulation of Aitken nuclei can be an
important mechanism for the production of
large particles in the upper troposphere and
lower stratosphere.

Sulfate in the troposphere

In the absence of representative data on the
vertical distribution of H,S and SO; in the
troposphere and lower stratosphere the vertical
distribution of sulfate aerosol production is not
readily assessed. However, published informa-
tion on the tropospheric distribution of sulfate
aerosol provides some insight on the possibilities
for the sulfate production distribution at lower
atmospheric levels.

JuNGE (1963) shows that both NH; and SO7
are prominent constituents of large particles
(i.e., 0.1 to 1.0 u particles) in continental surface
air but that they contribute on the average
only a fraction of one per cent of the total dust
load of continental surface air in both urban
and rural areas. In sea salt, SO; is present at a
concentration of 7.7 per cent by weight. Be-
cause sea salt particles are present in the
atmosphere in relatively low number concentra-
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tion and mainly as giant particles (i.e., 1 to
10 x radius and larger) they should decrease
rapidly with altitude relative to Aitken nuclei
and large particles, due to the sedimentation
of giant particles and to the continuous atmos-
pheric production of Aitken nuclei and large
particles by chemical and coagulation processes.

PopzIMEK et al. (1963), JUNGE (1963), GEOR-
cir & WEBER (1964) and others have discussed
many aspects of the chemistry of precipitation.
This work indicates the presence of SO; to
the extent of from 5 to 50 per cent of the total
non-volatile inorganic constituents in precipi-
tation. Georgii and Weber show a marked
enrichment of SO, relative to other constituents
for continuous rains in comparison to light
showers, for rains collected at higher elevations
and for snows in comparison with rains. The
S0O; /Cl-ratio for continental rains ranges from
about 1 to 10, compared to only 0.14 for sea
salt, indicating the minor contribution of ma-
rine SO, to aerosols in the lower troposphere.
Nat/Cl- ratios indicate that the loss of chloride
as gaseous HCI or Cl, cannot explain the SOy
enrichment. Because an appreciable fraction of
the precipitation constituents are accumulated
below cloud level from continental surface
aerosols of low sulfate content, the enrichment
of SO; in aerosols at cloud level must exceed
that observed in rains. Further, the sedimenta-
tion of the giant sea salt particles during the
longer residence times in the upper troposphere
contributes to the further enrichment of SO;
at these levels. These considerations indicate a
continuous enrichment of SO relative to surface
generated aerosols with increasing altitude in
the troposphere.

Some aspects of the chemical production of
SO; in the lower atmosphere and in cloud
droplets have been studied by several investi-
gators. GERHARD & JoHNsTON (1955) indicate
a fairly rapid photochemical oxidation of SO,
in sunlight which may proceed by the suggested
reactions:

SO,+h, -> SOF

807 +0,+M — S0,+M
$0,+0, — 80,+0,

LreicaTOoN (1961) points out that, while the
absorption coefficients over the range 32003900
A are higher for SO, in water solution than for
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gaseous SO,, the fraction of atmospheric SO,
in fog and cloud droplets is negligibly small,
thus indicating that the gas phase reactions
must play the decisive role with respect to
production of SO; by photochemical oxidation.
Once formed, the SO, molecules are rapidly
hydrolyzed to H,SO, molecules which attach
rapidly to aerosols and cloud droplets. JuncE
& Ryan (1958) and Van DN HEUVEL &
Masox (1963) have proposed that the catalytic
oxidation of 8O, adsorbed in cloud and fog drop-
lets may account for most of the production of
S0, in the lower atmosphere. MEETHAM (1950)
and JUNGE (1960) have suggested half-lives for
atmospheric SO, of 11 hours and 4 days,
respectively, but these estimates are very un-
certain. The remarkable enrichment of SO, in
sea fog, with SO, /Cl- ratios ranging up to 14
(JunGge, 1963), and the comparably high en-
richment of SO, in precipitation (LopaEr, 1960;
Erirsson, 1959) testify to the rapid oxidation
of H,S and SO,. Thus the SO, distribution in
the lower troposphere may be very dependent
on the H,S and SO, source distribution. It also
seems clear that the production of SO; must
be rapid and continuous (in daylight) at all
levels of the troposphere, decreasing with alti-
tude as H,S and SO, are consumed or removed
by chemical and physical processes.

The approximate vertical distribution of large
particles and Aitken nuclei, Figure 1, and the
estimated atmospheric residence times, 7,, vs.
altitude, Figure 2, provide some additional
insight on the vertical distribution of sulfate
production. In Figure 2, the monthly integral
of large particles vs. altitude is given by the
curve labeled n't/t, and constructed with ¢ equal
to 1 month. This curve represents the approxi-
mate number of large particles mixed into or
produced at each level, or alternatively, the
number removed by all processes at each level
within one month. Because the surface of the
earth is the only sink for large particles, the
integral of large particles must decrease with
altitude. Intermediate values of 7, were adjusted
accordingly. Undoubtedly the actual vertical
distribution of large particles and their resid-
ence time profile will differ appreciably from
values given in Figure 2. The large particle
population is increasingly uncertain below 10
km and may vary widely with season, latitude
and other factors at levels below 5 km. It is
shown below that Aitken nuclei, not large
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TaBLE 3. Approximate aerosol mixing ratio vs.
altitude.

Estimated Approximate

Aitken large Estimated total

particle particle aerosol mixing

Altitude volume(®?) volume(®) ratio (0,=2.5)
(km) (em? x 10'%) (em?® x 1018)  (g/g dry air)
5 21.8 0.9 4.1 x10-11
10 109 1.2 17.3 x 10-1t
12,5 153 2.0 23.7 x 10-11
15 63 3.5 10.1 x 10-11
20 18.2 26 6.7 x 10-11

¢ Based on Aitken particle populations and radii
given in Table 2.
b Particle volume per cm? of air, STP.

particles, must account for most of the sulfate
at all tropospheric levels.

It is obvious that a very substantial amount
of sulfate aerosol must be produced in the
troposphere to explain the enrichment of SO;
relative to surface generated aerosols with
increased altitude in the lower atmosphere. As
S0, is oxidized in the troposphere the molecular
S0, and its hydrolysis product, H,80,, quickly
attach to fog and cloud droplets or to the large
population of Aitken nuclei at all tropospheric
levels. Thus it seems reasonable to assume that
Aitken nuclei undergo changes in composition
with altitude and above 5 km are composed
mainly of sulfate. On this basis, the volume
coneentration of sulfate vs. altitude between 5
and 20 km would be determined by the com-
bined volume distribution of Aitken nuclei and
large particles. For Aitken particles with the
radii listed in Table 2 and large particles with
a mean radius of 0.15 x 10-* cm (Mossorp, 1965),
both of density 2.5, the approximate total
aerosol mixing ratio at levels between 5 and 20
km can be estimated and are given in Table 3.
The combined mixing ratio of Aitken particles
plus large particles, Table 3, indicates & broad
maximum in the upper troposphere. Assuming
that the Aitken particles are sulfate and that
their assumed radii, Table 2, are not seriously
overestimated, they can account for about one
to two orders of magnitude more sulfate than
the large particle population.

The only available data on the SO, concen-
tration above surface levels is that of GEORGII
& JosT (1964) who find about 8 ug SO, per m?
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at 5 km over Germany, corresponding to an
S0,-sulfur mixing ratio of about 5.5 x 10-? g/g.
The complex distribution of surface sources and
the short atmospheric lifetimes for H,S and SO,
should result in their highly variable distribu-
tion in the lower troposphere. If the estimated
atmospheric half-life of about 4 days or less
for SO, is correct, the SO, concentration at
5 km over Germany is unlikely to provide a
representative 5 km value for the northern
hemisphere. The expected rapid oxidation of
any SO, that mixes up into the lower strato-
sphere {see below) suggests that the average
SO,-S mixing ratio must fall rapidly below
that of the total SO;-S mixing ratio in the
lower stratosphere (Table 3). It is clear that
the global average vertical distributions of SO,
and SO; must be determined experimentally
before we can assess the relative importance
of SO, oxidation or Aitken particle coagulation
as mechanisms for large-particle production in
the lower stratosphere.

S0, oxidation in the stratosphere

In addition to the photoxidation of 8O, in
the presence of O, which can occur at all atmos-
pheric levels, any SO, and H,S which mixes
up into the lower stratosphere should be even
more rapidly destroyed by reaction with ozone
and atomic oxygen. For the reaction, SO, +0O +
M—>80; +M, KaurMaN (1958) reports a fast
reaction with a rate constant ~3 x10!® cm?®
mole~? sec~l. In a more recent study of the
same reaction, Powers & CapLE (1965) found
it to proceed with nearly zero activation energy,
with a rate constant about an order of magni-
tude smaller than reported by Kaufman. Thus
the reaction is fast and nearly independent of
temperature. Although the average concentra-
tion of atomic oxygen in the troposphere and
lower stratosphere is negligibly low, the con-
tinuing production of atomic oxygen by ozone
dissociation may contribute significantly to the
oxidation of SO, in regions of relatively high
ozone concentration. CADLE (1965) suggests an
atmospheric mean life for SO, as low as 2 weeks
and 2.4 days at 15 and 20 km respectively due
to reaction with ground state atomic oxygen.
The distribution and reactions of atmospheric
H,S are less well understood (JuNGE, 1963). In
a recent study of the reaction, H,S + 04—
H,0 +S0,, CapLe & Leprorp (1965) obtain
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Fra. 3. Residue after dialysis of water-soluble ma-
terial; collection of 31 January 1963. (S. C. Mos-
sop, 1965, Stratospheric particles at 20 km altitude,
Geochim. et Cosmochim. Acta, 29, p. 201.)

results which set upper limits on the rate of
reaction of H,S with O, in the atmosphere.

The “hot atom’ chemistry of sulfur and the
chemical fate of the 87 day half-life sulfur-35
radioisotope produced by cosmic-ray spallation
of argon in the atmosphere provides further
insight on the atmospheric chemistry of sulfur.
However, there is incomplete understanding of
the initial chemical distribution for S3% resulting
from its hot atom reactions in the atmosphere.
Hyper & Margowrirz (1964) find that the
S34(n,y)8% reaction on H,S, SO, and other
gases of sulfur in the presence of oxygen, argon,
or other additive gases gives 8320, as the main
reaction product. However, CHIOTAN et al. (1964)
indicate that C1%(n,p)S3% on KCI crystals.yields
a very reactive form of atomic sulfur which
apparently goes directly to S3*O, in the presence
of water. It is suggested that S2°0, will be the
main product of hot atom sulfur reactions in
the atmosphere by the proposed primary reac-
tion process:

E. A. MARTELL

$*+0, — SOy — S0+0
S0+0, — 80,+0

] 4

E— —— 803

Undoubtedly some S32Q, will also be formed
in the hot atom reactions.

Direct measurements of S35 activities collec-
ted on IPC filters by aircraft (BHANDARI &
Rama, 1963; Rama & Howxpa, 1961) showed
nearly secular equilibrium produection amounts
of S% to be present on the filters at altitudes
of 18 to 20 km. Since $3%0, would pass through
the filters, the initially formed 820, must have
been almost completely oxidized to sulfate.
This result indicates a lifetime for SO, in the
lower stratosphere that is short compared to
the 87 day half-life of 8%. However, the 83
data are inconclusive because the fraction
initially in the form of S2°0, is uncertain and
because retention of 820, by the cellulose fibers
of IPC filters may be important. Clarification
of the hot atom chemistry of sulfur in the
atmosphere and further data on the chemical
distribution of 838 in the stratosphere is needed.

Aerosols above 25 km

An indication of the size distribution of
natural aerosols above 25 km is provided by
the radioactive particle size range data, Table 1.
It is obvious that debris from thermonuclear
explosions which persists in the stratosphere
must contribute only a negligible fraction of
the total stratospheric aerosol volume. Therefore
it is possible that most of the radioactivity in
the 27-30 km range, Table 1, has become
attached to natural stratospheric aerosols as
it mixed down from higher levels. On this basis
it is indicated that the natural aerosol popula-
tion above 25 km is made up mainly of particles
below 0.02 u radius, the size range in which
most of the radioactivity is found, Table 1.

Mossor (1965) has identified insoluble inclu-
sions in stratospheric sulfate particles collected
by aircraft near 20 km altitude between 16°
and 45° South, during the period 29 January
to 14 March 1963. The samples were collected
on electron-microscope grids coated with nitro-
cellulose and carbon films. Dialysis of the coated
grid specimens by floating them on purified
water left an enlarged ring of undialyzed mate-
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rial plus one or more insoluble particles. Typical
results, illustrating the appearance of the majo-
rity of such particles are shown in Figure 3.
Particles at higher magnification are shown in
Figure 4. Because nearly all stratospheric sulfate
particles contained at least one insoluble inclu-
sion, Mossop concluded that the insoluble par-
ticles must serve as nuclei upon which sulfate
is deposited in the stratosphere.

A different interpretation of Mossop’s ob-
servations is more consistent with the radio-
active size data, Table 1. The radioactivity
mixing down from above 27 km is associated
with aerosols below 0.02 y radius, presumably
insoluble micrometeoritic particles. The insol-
uble inclusions in sulfate particles at 20 km,
Figures 3 and 4, appear to be clusters of par-
ticles both larger and smaller than 0.02 u in
radius. It is suggested that the insoluble inclu-
sions are clusters of small particles which were
dispersed at higher stratospheric levels and
which became attached to the surface of the
large sulfate particles in the lower stratosphere.
During the process of melting, hydrolysis and
dialysis of the stratospheric sulfate particles,
the numerous small insoluble particles became
attached to each other due to surface tension,
either in the surface layer or within the solution
droplet to form the observed-irregular aggre-
gates. This process can explain why nearly
every stratospheric sulfate particle holds one
or more insoluble inclusions.

Although little is known of the composition
and origin of these insoluble inclusions it is
reagonable to assume that they are mainly
meteoritic, with a small admixture of nuclear
explosion debris and other contaminants and
natural aerosol present in the atmosphere above
25 km. The possibility that the insoluble mate-
rial originates at the surface of the earth can
be ruled out as unlikely using an argument
similar to that applied to sodium (JUNGE,
OLDENBERG & WassoN, 1962). The particles
studied by Mossor (1965) were collected before
the Mt. Agung volcanic explosion on 17 March
1963, making volcanic dust an unlikely source
for the observed insoluble inclusions. SHED-
Lovsky & Paistevy (1965) have investigated
the composition of stratospheric aerosols at 20
km by analysis of selected neutron activation
products of particles collected on high-purity
polystyrene filters. Their results give some
preliminary information on the composition of
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Fic. 4. Residue after dialysis of water-soluble
material. Collection of 14 February 1963, showing
highly irregular “fluffy” particles of low electron
density. (8. C. Mossor, 1965, Stratospheric particles
at 20 km altitude, Geochim. et Cosmochim. Acta, 29,
p. 201.)

the insoluble constituents and allow better
estimation of the meteoritic component of
stratospheric aerosols.

Dispersed as individual particles of <0.02 u
radius above 25 km, the insoluble material
present in aerosols at 20 km suggests an Aitken
particle population which increases with alti-
tude above 25 km due to the longer atmospheric
residence times and the less complete coagula-
tion of the meteoritic material and other aero-
sols at higher stratospheric levels. Thus it is
indicated that Aitken particles above the stra-
tospheric large particle layer are probably
meteoritic of the order of 0.01 u radius while
those below the layer may be mainly sulfate
particles of nearly 0.1 u radius.

Concluding remarks

This paper began in an attempt to explain
the few available experimental data on the size
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distribution of radioactive debris in the strato-
sphere in terms of the interaction of the radio-
active particles with natural aerosols at strato-
spheric levels. As it turned out, the radioactivity
is useful to trace the behavior of the natural
aerosols to which the radioactivity is attached.
In addition, atmospheric residence times based
on radioactive aerosol studies provide an index
to the time available for coagulation and for
other physical and chemical processes at each
atmospheric level. Cosmic ray produced S3:,
an 87 day half-life radioisotope, has special
application to the atmospheric suifur distribu-
tion. Some of the tentative coneclusions arrived
at from such considerations gre at odds with
widely accepted views, particularly with respect
to the formation mechanism and the very
existence of the stratospheric sulfate aerosol
layer. Due to the lack of adequate experimental
data, the conclusions reached are far from final
but should prove useful as a guide to further
experimental work. A brief summary of these
preliminary findings follow:

Artificial radioactivity which persists above
25 km is associated with particles, presumably
micrometeorites, mainly below 0.02 u radius.
Upon mixing down into the lower stratosphere
these small particles become attached to sulfate
particles of very nearly 0.15 u radius. Gravita-
tional sedimentation rates, estimated by the
Stokes-Cunningham formula, are slow compared
to atmospheric exchange times for aerosols of
these sizes at these altitudes.

The decrease in specific radioactivity with
increasing sulfate particle size near 20 km sug-
gests that the photoxidation of SO, in the
stratosphere may not be the important mecha-
nism of formation for the large particles in the
lower stratosphere. The coagulation of Aitken
nuclei in the upper troposphere and lower
stratosphere provides a good alternative forma-
tion mechanism. Chemical considerations sup-
port the view that both Aitken nuclei and large
particles in the troposphere above 5 km are
sulfate aerosols of nearly the same composition
as large particles in the lower stratosphere. On
this basis the total sulfate mixing ratio was
estimated, Table 3, and indicates a broad
maximum in the troposphere. This result raises
doubts about the existence of a stratospheric
sulfate layer.
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Evidence from the chemistry of SO, and
from the chemical distribution and hot atom
chemistry of cosmic ray produced S suggests
that 80O, is rapidly oxidized in the lower strato-
sphere. On this basig, the SOy —sulfur mixing
ratio is indicated as an upper limit for the
SO,—sulfur mixing ratio in the lower strato-
sphere.

Much experimental work remains to be done
to confirm these conclusions or to discover
better alternatives. The total sulfate mixing
ratio from surface levels to 20 km will be in-
vestigated using high purity filter collections
and neutron activation analysis methods de-
scribed by SHEDLOVSKY et al. (1965). SO, and
H,S measurements should be extended to the
upper troposphere and lower stratosphere in
order to assess the vertical distribution of
sulfate aerosol production. Stable isotope stu-
dies of atmospheric H,S, SO, and SOj are
necessary to an improved understanding of the
source distribution and other features of the
atmospheric sulfur cycle. Further work on the
hot atom chemistry of sulfur in air and on the
chemical distribution of 8% in the atmosphere
should provide supplemental information on
the rate of SO, oxidation and its variation in
time and space.

It is clear that we are only on the threshold
of understanding the origin, distribution, reac-
tions and role of sulfur compounds in the
atmosphere. In this connection it is noted that
the proposed concentrated layer of sulfate
aerosol over the broad altitude range from 5 to
20 km may play an important role in the phy-
sics and chemistry of clouds and in the che-
mistry and removal of gaseous and particulate
trace constituents of the troposphere and
lower stratosphere.
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B3AUMOJENCTBUE U PACIPEJEJEHME I10 PABMEPAM PAJTUOAKTUBHEBEIX U
ECTECTBEHHBIX ADPO30JIENI B CTPATOC®EPE

Ilokaza#o, 4TO HCKYCCTBEHHAad pagUOaKTHB-
HOCTb C XaPAKTEpPHLIM BpeMeHeM HAXOKIeHUS B
crpatocepe MOpPAAKA HECKOJBKUX JIeT CBA3aHA
Ha BwicOTe Goablelt 27 KM ¢ yacTHLAMM pagu-
ycoMm meHbuiuM, uem 0,02 u u Ha BHICOTE HMMKE
21 KM, BKJ0OYAA TPONONAY3y C YaCTHIAMM pa-
anycom oxono 0,1 u. Ilpemmomomus, uto B
KaMKIOM YDOBHe HCKYCCTBeHHAadA paZUOAKTHUB-
HOCTb CBA3AaHA C €CTEeCTBEHHHIMH a3pPO30JIAMHU,
MBI MOKeM [0 JaHHBIM O pasMepax pajgHoaK-
THBHRIX YaCTHUI] TNpPeACTABUTL paclpenelieHne
MHUKPOMETEOPUTOB M HAPYTMX YacCTUL 10 pas-
MepaM B BepXHell crparocepe U UX B3aUMO-
gefictBue c yactTuuamMu cyiabdaTa B HUMKHe
crparocgepe.

YMeHbIlIeHNEe YIEJIbHOW PaAMOAKTUBHOCTH C
pOCTOM pajuyca Yactul cyiabdarta Ha BHICOTE
oxoxo 20 KM HABOAMT Ha MHCAb, 4YTO ¢oTo-
xuMuueckoe okxuciaeHue SO, He MOMxeT OHITH
BaKHHEIM MeXaHM3MOM 1JA olpaszoBaHusA 06Olb-
HINX YacTUIl HA 5TOM ypoBHe. PaccMoTpeHnme xu-

MHYeCKMX (AKTOPOB M BPEMEHUM HAXOKACHUSA
YacTUll NOATBep:Kaaer, 4To Axpamu Aitken’a B
BepxHell Tpomochepe ABIAIOTCA YACTHIH CYJib-
¢$ara, KOTOpsle MMEITCA B TOCTATOYHOM KOJHU-
yecTBe M HeoO6XomuMoro pasmepa, 4TOOH 006b-
ACHUTL 06pa3oBanue GOIBIIMX YACTUH cyabdarTa
B OKPECTHOCTH M BHIIIE TPONMOMAY3H ¢ IOMOILbIO
coenuHeruss Agep Aitken’a. IlpnGiamxeHHble
OIleHKM pacnpefeleHNd MOJHO#l KOHIEHTPAHNN
cyn1pdaToB ¢ BHICOTO, HAUYMHAA ¢ b KM, JAOT
IIUPOKUIT MAKCHMYM B BepXHeit Tpomocdepe.
®oToXMMUYECKHE H PajuOXMMHUYeCKHUe JAHHHE
o cropoctn okucaenus SO, B crpatocdepe
TMOATBEPKAANT BTy TOUKYy 3peHusa. Ha ocHoma-
HUM SKCHEPUMEHTOB BaKJIOYAaEM, YTO OCHOBHAA
4acThb cyabfara B armMocdepe oGBACHAETCA Ha-
auyreM vactuy Aitken’a B Tpomocdepe, m UTO.
HeT cTpartocdepHOro cynbPaTHOro CJIO0M, & €CTh.
TOJIbKO crpaTocepHEA CaoM «GoNBIIMX Ya-.
CTHI.
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