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ABSTRACT

The physical appearance, size distributions and concentrations of particles impacted
on electron microscope grids at altitudes between 20 and 37 km in the course of 17
flights extending over 14 months are described. It is concluded that many of the par-
ticles consist of sulphuric acid with varying degrees of ammoniation, which is least
at the lower levels. Many particles at the higher levels had liquid or semi-liquid coat-
ings and contained inclusions which are probably micrometeoritic. It is concluded that
the coatings arise from reactions near the mesopause. There was little variation of
median diameter with altitude in the range investigated, equivalent sphere diameters
being estimated at 0.1 to 0.4 u. Concentrations, expressed in numbers per cubic centi-
metre reduced to sea level pressure and temperature, ranged from 2 to 8 (uncorrected
for collection efficiency) in the height interval 27 to 37 km, but were significantly less
between 24 and 27 km and much more variable below 24 km. There is evidence of the
loss of volatile constituents which may have led to an underestimate of particle dia-

meters or concentrations.

Introduction

The existence of a relatively high concentra-
tion of large particles in the lower stratosphere
was first demonstrated by direct collection by
Junge, Chagnon and Manson (1961) and Chag-
non and Junge (1961). The predominant de-
tectable element which they found in particles
collected by impaction during the ascent of
balloons was sulphur. They assumed it was
present in the form of sulphate and speculated
that ammonium or sodium were the most prob-
able cations associated with it. Further col-
lections made from high-flying aircraft (18 km)
and described by Junge & Manson (1961) con-
firmed the results and led them to suppose that
ammonium sulphate was directly involved but
that there was an excess of sulphate over am-
monium. From the combined experiments they
concluded that this stratospheric sulphate
layer was world-wide and at much the same
altitude everywhere and that maximum con-
centrations were very similar everywhere,
about 100 I-! of particles > 0.1 u diameter.

Friend (1961), Feely et al. (1963) and Friend
(1966) reported further evidence of the com-
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position of these particles showing that they
were sometimes ammonium sulphate, some-
times ammonium persulphate and at other
times mixtures of the two. Size distributions
were slightly different from those given by
Junge and his colleagues and concentrations
were more varied, having a median value of
66 I-' at about 18 km. This is equivalent to
about 0.8 em~? at sea-level pressures.

Mossop (1963, 1965) using an aircraft flying
at 20 km and fitted with probes like those
used by the above authors, found similar con-
centrations of 40 to 90 I-! in 1963 and 17 to
42 17! in 1965. These are equivalent to 0.7 to
1.6 cm~2 and 0.3 to 0.7 cn—? at sea-level pres-
sure. His electron microscope photographs
showed far more detail than those in the ear-
lier works and illustrated the curious, eroded
appearance of some of the common particles.
His most important contribution was to show
that each sulphate particle contained one or
more insoluble electron-dense inclusions. Size
distributions obtained for the sulphate particles
agreed with Friend’s. In another paper Mossop
(1964) described the very marked changes in
the stratospheric aerosol which followed a
major voleanic eruption in 1963. A year after
the eruption predominantly liquid particles
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Fig. 1. Performance of pumps used for high-altitude
sampling.

were collected instead of the squashy solids
typical of the pre-eruption period.

Our aim in this paper is to present consider-
ably more detail of the physical appearance as
seen in an clectron microscope of stratospheric
particles collected from a wide range of high
altitudes as a background for studies of their
origin, growth, fallout and meteorological im-
portance.

EqQuipMENT

The Australian Department of Supply re-
leases balloons and retrieves their payvloads on a
regular basis for the Fallout Studies Branch of
the Health and Safety Laboratories of the
US Atomic Energy Commission, from Mildura
in Australia (latitude 34° S, longitude 142° E).
Through the generosity of these organizations
we have been allowed to carry up to about 20
kg of equipment on these flights. Our first suc-
cessful particle collections were made in March
1968 and are still continuing.

For particle collection we have used a simple
impaction system in which air is drawn through
a 1 mm diameter hole, 1 mm below which is
located a 3 mm diameter electron microscope
grid. A solenoid operated vaccum pump (the
“Reciprotor’’) was used because of its excel-
lent low pressure performance, high flow rate,
light weight, robustness and modest power re-
quirements (50 W). It was turned on only when
the balloon reached its constant altitude level
and was turned off again before the payload
was cut down. The collection surface was pro-
tected by a series of baffle plates from acci-
dental contamination, which is particularly
likely when the payload lands. Large particles
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which might destroy the thin nitrocellulose and
carbon film on the electron microscope grid
are lost in traversing this baffle.

Auxiliary equipment included a half-frame
35 mm camera which photographed the hori-
zon in colour at 500 m height intervals during
ascent. Its purpose was to find the height of
greatest aerosol concentration and to study
qualitatively the vertical distribution of light-
scattering material.

Performance of the pump and impactor

The type of pump used achieves an approxi-
mately constant volume per second to an alti-
tude of at least 25 km. Direct measurement of
flow rates at atmospheric pressure is easy, but
at very low ambient pressures is difficult. They
were calculated instead from a knowledge of
the differential pressure produced by the va-
cuum pump across the impactor at appropriate
environmental pressures and the flow rate
measured at atmospheric pressure of an air
leak required to produce the same differential
pressure across it at the same absolute pres-
sure. Several pumps were used in these experi-
ments and their performances at low tempera-
tures may have been slightly difterent from those
in laboratory tests. Fig. 1 shows the expected
range of flow rates, for a 1 mm impactor aper-
ture.

The impactor’s collection efficiency may be
estimated from the formulae given by Ranz &
Wong (1952) for this type of sampler and veri-
fied experimentally by them. They give curves
for collection efficiency in terms of a dimen-
sionless inertial parameter:
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Fig. 2a. Collection efficiencies for particles of dif-
ferent diameters as a function of altitude.
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Fig. 2b. Distribution of particles larger than 0.1 u
diameter impacted at an altitude of 20 km.

v =C o, v, Dp/18 u D,

where g,, D), are particle density and diameter
respectively. v, is the velocity of the air jet, p
is the viscosity of the air and D, the diameter
of the impactor’s aperture. C is a factor de-
pendent on particle diameter and mean free
path, which assumes considerable importance
at the altitudes in which we are interested.

21 D,
C=1+ - |{1.23+0.41 exp | —0.44
D, l

where [ is the mean free path.

Fig. 2a shows as a function of altitude the
particle sizes which escape collection entirely,
have a 509, chance of collection, or arc com-
pletely collected.
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The calculation is based on the assumption
that the air velocity is simply the flow rate divid-
ed by the cross-sectional area. In fact, central
velocities will be higher and peripheral ones
lower leading to a broader spectrum of particle
sizes for which there will be some capture.

Fig. 2b shows the way in which particles of
diameter =>0.1 u are distributed beneath the
aperture. There is considerable size differentia-
tion, the larger particles being found closer to
the centre. This means that size distributions
cannot be accurately estimated unless a cross-
section through the impacted spot is taken.
As we shall see. it is in any case rare in our ex-
perience for the particles to have a nature which
allows much confidence in size distributions.

PHOTOGRAPHY OF THE HORIZON

Photographs of the horizon taken at 500 m
intervals as the balloon ascended showed that
the light scattercd from above the tropopause
usually reached a maximum at about 16 km
and at this altitude stratification of the aero-
sols in layers a few hundred metres thick was
usually very clear. It was best obscrved with
the camera looking within about 30° of the
sun. Contrast between neighbouring layers was
often great. as shown in Fig. 3. which is quite
typical, except that layering is visible to a
greater height (25 km) than usual. This photo-
graph was taken at latitude 23°8 on 11 No-
vember 1968 from an altitude of 30.6 km. In-
tensc scattering between 13 and 17 km and in

Fig. 3. Light-scattering layers photographed from an altitude of 30.6 km on 11 November 1968.
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Fig. 4. Type 1: A circular group of small discrete satellites surrounding a central particle. Electron-
dense areas appear black.

a thin layer at 21 km is readily visible on the quite unrepresentative of the stratosphere as
colour original together with much fine detail. a whole. At altitudes above about 24 km, the

The immediate lesson to be learned is that lower absolute concentration of particles caus-
concentrations, size distributions or possibly es scattering to be barely detectable with the
even types of aerosols at any one level may be exposures we have used, but the different na-
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Fig. 5. Type 2: A central particle (or group of particles) surrounded by a continuous ring or stain.
The smaller photographs have been reversed to make electron-dense areas appear white.

tures, sizes and concentrations of particles ob-
tained on different occasions suggests that the
conclusion is generally applicable.

CLASSIFICATION OF PARTICLES

In order to describe simply the nature of the
particles collected, it is necessary to have some
system of classification. Ideally this should be
based on composition but, as this is not yet
possible, we have based it on physical appear-
ance in an electron microscopic examination.
A carbon-coated nitrocellulose film on a cop-
per mesh 3 mm in diameter formed the sub-
strate for the particles. After exposure it was
placed in a vacuum chamber in which a gold-
palladium alloy was evaporated to form a thin
film on it. The evaporated atoms arrived at an
angle of 30° to the plane of the grid, so that
elevated particles cast a ‘‘shadow” allowing
their heights to be estimated.

Since much of the material collected was
liquid or semi-liquid, its appearance was un-
doubtedly modified by impaction, storage,
“shadowing” and examination.

Particles are classified into three types:

Type 1: A central particle surrounded by a
circular group of smaller discrete satellites.
Type 2: A central particle surrounded by a
nearly circular ring or stain but without dis-
crete satellites.

Type 3: Simple particles without ring, stain or
satellites.

The variety observed in types 1, 2, and 3
can be seen in Figs. 4, 5, and 6, in which overall
particle diameters are of the order of 1 u.
Clearly a further subdivision is necessary and
this is based on the appearance of the central
particle. L denotes a liquid central particle (not
applicable to type 2), F a flattened one, sug-
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Fig. 6. Type 3: Particles which show no satellites, rings or stains. In the third and fourth rows electron-
dense areas are white while in the remainder they are black.

gesting a squashy solid, and D an eloctron-
dense nature, together with an appreciable
vertical extent. (Some of the apparently liquid
types which wet the surface are electron-dense
80 that this qualification is added.) M is ap-
plied to mixed central particles (not applicable
to type 3). Special cases are: no central particle
but a circular ring of satellites—type 1N, a

Tellus XXII (1970), 5

stain with no particle (2N) and a crystalline
centre, types 1X or 2X. A special and rather
common variety of type 2F consisting of a
flattened particle looking like an eroded land-
scape neatly framed in a smooth ecircular ring
has been given the title 2FE. Type 3D also
needs further subdivision because of its three
common and very different types. Chains of
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small spheres are called 3DC, single spheres,
3DS, and angular irregular lumps, 3DA.
Often type 2D has so little liquid material that
the nature of the central particle can be seen
and the same subdivisions can be applied.

Volatile components

As well as the numerous particles with satellite
rings, there are many indications of volatile
components which condense on parts of the
grid not occupied by captured particles, or on
the perimeters of type 1 particles.

A common form, shown in Fig. 6 and called
type 3V, has a semi-crystalline appearance and
because it is sometimes found in greater num-
bers after electron beam examination of nearby
areas, it is assumed to be due to recondensation
of material evaporated in the electron beam.
On the other hand some of these marks could
be the residue of particles collected at altitude
which have subsequently evaporated. They
have never been found to cast a shadow. An-
other common form is a series of electron-dense
dots around the perimesters of type 1 particles
and an example can be seen in Fig. 4, row 3
column 1, and row 2 column 2. Sometimes these
dots completely fill the spaces between particles
suggesting the recondensationof an important
constituent. None has ever been observed to
leave a shadow, so that it is not clear when they
were actually deposited. Occasionally more
electron-dense patches are observed in type 1
satellite rings in a pattern reminiscent of
electron diffraction spots. Their origin is also
unknown.

Some of the stains observed with type 2
particles are faint but extensive, suggesting the
spreading of some chemical which either reacted
with the carbon substrate or altered its re-
sponse to being shadowed with metals.

These observations imply that we may be
considerably underestimating the number and
sizes of the actual stratospheric residents. Some
method of fixing the deposit as soon as it is
captured is obviously desirable.

Contamination problems

Impaction on a small spot has one great ad-
vantage—material collected during the flight
is concentrated almost exclusively on 109 of
the total area of the electron microscope grid,
so that particles outside the impaction spot
give a good indication of what has been col-
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lected during handling, impact of the payload,
or its recovery. Of course, there are always a
few particles collected in flight and deposited
outside the control spot by turbulence but they
are always small compared to those in the
centre. In none of the flights to be described
has the central density been so low that the
impaction area has been hard to find, although
sometimes it has been too densely populated
for accurate counting.

In-flight collection does not automatically
mean that the particles are stratospheric in
origin, since it is possible for the balloon and
equipment above the sampler to shed particles
collected elsewhere. We have on ocecasions, for
example, found a few large spheres, and on one
occasion with a leaking balloon, large numbers
of them, which were electron-dense, had no
rings or satellites and appeared transparent
under an optical microscope. They were found
to be polythene spheres used for lubrication of
the balloon. On occasions when these were col-
lected other type 3 particles must also be re-
garded with suspicion, but did not in fact ap-
pear to have been more numerous than usual.
Any of the liquid or semi-liquid particles col-
lected by the balloon or associated equipment
are most unlikely to be released subsequently
gince their small sizes will ensure tenacious ad-
hesion to the surface. The most probable forms
of contaminant are therefore types 3DC, 3DS
and particularly 3DA which includes most
terrestrial dusts. However, when type 3 par-
ticles are present which closely resemble the
centres of simultaneously collected types 1 and
2 then it is a reasonable assumption that the
former were also collected in the stratosphere.

Relation to previous work and identification

Electron microscope photographs of particles
in the publications of Junge and his colleagues
did not reproduce well so that classification of
their particles within our scheme is difficult.
The particles in Fig. 5, Junge & Manson (1961)
appear to be mostly type 1L. However, Friend
showed recognizable type 1L and 1F, 3DC and
3DA particles. Mossop’s excellent pictures are
mainly type 2FE (1963 and 1965) with one
type 2M. An illustration of the particles col-
lected shortly after the Bali eruption showed
type 2FE, 1DA and 2DA4, while those collected
a year later were almost exclusively type 1L.

The nature of type 1L particles such as that

Tellus XXII (1970), &
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Table 1
Total
concentration It
Maximum Median —_—m—m—m—
diameter, u© diameter, u Am-
Altitude ~ ~ bient 760 mm
Date (km) Types % Group Sphere Group Sphere pressure pressure
(1) (2) (3) (4) (5) (6) (7 (8) (9) (10
13 March 1969 36.2 2F 60 2 0.7 1 0.3
2FE 15 2 0.7 0.9 0.3
2D 11 2 1.5 0.8 0.4
3L 5 3 0.8 1.1 0.3
2X 5 3 0.9 1.1 0.4 20 4000
3DC 2 4 0.8 1.5 0.4
3DS 1 0.5 0.5 0.4 0.4
3p4 1 4 3.5 2 1.5
3F <1 — — —
21 March 1968 36.0 3V 90 0.9 — 0.3 — Excluded
2F 10 0.8 0.2 0.4 0.1
2D 1 6.0 1.5 0.5 0.2 40 8 000
3DA 1 1.2 1 0.5 0.4
1D, 38 <1 — — — —
11 Nov. 1968
(Lat. 23°8) 32.2 1L 100 1.5 0.3 1 0.2 40 5 000
21 May 1969 32.1 1M 70 2.5 0.4 1.2 0.2
1D 20 2 0.3 1.2 0.2 20 2 500
1L 10 1.5 0.2 0.7 0.1
14 Aug. 1968 31.9 2D 100 >4 — >1.5 — >20 >2 000
Too dense in centre
28 Mar. 1968 31.6 2F 50 2 0.7 0.4 0.1
2FE 30 2 0.7 0.7 0.2
2D 10 1.5 0.5 0.6 0.2
3DA 8 2 1.5 0.5 0.3 40 4 500
3DC <1 2
3DS <1 0.4 0.4
1D <1 1 0.4
26 Mar. 1969 31.3 2F 50 0.8 0.2 0.3 <0.1
2FE 32 1.3 0.3 0.6 0.2
2D 6 0.7 0.2 0.6 0.2 45 5 500
3DC 5 1.0 0.1 0.5 <0.1
1N 5 0.8 <0.1 0.5 <0.1
1F 2 0.8 0.1 0.5 <0.1
5 Mar. 1969 27.2 1F 95 4 0.8 1.5 0.3
1X 5 4 0.6 15 03 70 4 000
17 Mar. 1968 26.7 3V 98 04 — 0.2 — Excluded
2D 2 0.5 0.2 0.2 <0.1 >2 > 100
1D <] 0.4 0.1 0.1 — (centre torn)
29 Nov. 1968 26.3 1L 97 4 0.7 2 0.3
1F 2 — — — —_ 10 500
1X 1 — — — —
1 Apr. 1969 24.7 1D 30 1.5 0.4 0.5 0.2
3p4a 30 0.4 0.3 0.2 0.2
1L 20 1.3 0.3 0.5 0.2 10 400
2D 15 0.5 0.3 0.3 0.2
2X 4 0.6 0.3 0.3 0.2
3DS 41 0.4 0.4
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Tabl> 1 (continued)
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(1) (2) (3) (4) (5) (6) (7 (8) (9) (10)
8 Aug. 1968 24.2 1L 65 7 1 0.5 0.1
(lat. 23° 8) 1D 25 4 1 0.5 0.2 > 150 >5 000
1X 5 5 1 0.5 0.1 Too dense
3DA 5 1 0.8 0.2 0.1
14 Nov. 1968 24.2 1L 60 2.5 0.2 1 0.1
(Lat. 23° 8) 17 30 2.5 0.2 1 0.1 10 250
3F 10 0.5 0.2 0.3 0.1
6 Mar. 1969 24.1 1F 100 3 1.5 0.5 0.2 6 100
19 Sept. 1968 23.8 1D 30 1 0.4 Insufficient particles photographed
3DA 20 0.4 0.3 for reliable estimates
2N 20 1.5 —
2D 20 1.0 0.3
1F 10 0.3 0.4
12 Aug. 1968 22.7 3DA 90 0.7 0.6 0.2 0.2
(Lat. 23° S) 1D 10 L7 04 1 0.2 } 400 10000
7 Dec. 1968 20.3 1L 99 3 0.6 1.2 0.3
ix 1 3 0.6 - o } 150 3 000

in Fig. 4, row 1 column 2, has been well esta-
blished in the literature as sulphuric acid,
which is relatively common in polluted atmo-
spheres. Frank & Lodge (1967) discuss this
identification and an excellent photograph is
also given by Lawther, Ellison & Waller [1968).
Type 1L, 1F and 1X collected in the Antarctic
atmosphere have been illustrated by Cadle,
Fischer, Frank & Lodge (1968) and assumed by
them to be sulphuric acid with varying degrees
of ammoniation.

In recent flights we have exposed 4 grids
simultaneously, and on one occasion when
perticle type 1L was common, one of the dupli-
cate grids was kept in an ammonia atmo-
sphere for 24 hours. There was a complete
transition to type 1F of both central particle
and satellites. This makes it fairly certain that
the distinction between the two types is only
the extent to which free sulphuric acid has
reacted with ammonia. It also shows that the
satellites are on the grid before vacuum shadow-
ing.

Friend has commented on type 3DC which
he has likened to a “‘bunch of grapes’. Particles
with a similar appearance are typical of com-
bustion products (Lawther et al. show some
good examples) and are frequently found at
ground level in high concentrations. Many of
those which we have caught at altitudes as
high as 36 km are surrounded by liquid rings
and have clearly acted as nuclei in the sulphat-

ing process. It therefore seems probable that
products of meteor ablation or recombination
assume this form, for if they were instead of
tropospheric origin we would expect to find
considerably greater concentrations of the
flat, angular clay particles which are in general
much more common in the troposphere.

Concentrations and size distributions

In estimating concentrations, we have assumed
that in particle groups such as those of type 1
only one primary particle was responsible for
the entire group. Type 3DC aggregates are also
considered as only one particle. The volume
sampled is known within reasonable limits from
Fig. 1 as are sampling times, which are known
accurately. An estimate of concentration may
then be made from photographs of the central
part of the deposit, using Fig. 2b. No correc-
tion has been made for collection efficiency.

Size distributions are much more difficult to
assess. Friend assumed that all his flattened
particles with diameters >0.4 u had heights
of 0.2 u, while Mossop assumed that they were
discs with heights one-seventh of their dia-
meter. OQurs were generally less well behaved
and many of them were too flat to cast measur-
able shadows, even with low angle shadowing.
Those which did, resembled spherical caps
rather than discs. Because our grids were rarely
flat the shadowing angle was variable and a
measurement of height required the presence
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Fig. 7. Particle concentrations estimated on each
flight. The apparent increase with altitude is partly
due to the improved collection efficiency of the im-
pactor.

of spherical or nearly spherical particles in the
vicinity. For particles of the common type,
2FE, the height was found to be typically
one-tenth of the diameter. Assuming a spherical
cap the diameter is then three times that of
the equivalent sphere. This conversion factor
is twice that used by Mossop, but because of
the large spread in flattening that we have
found and the fact that our impaction veloci-
ties and collection altitudes were higher, there
is not necessarily any inconsistency here.

A conversion factor was guessed for particles
whose heights could not be measured, by com-
parison with the most similar particles whose
heights had been measured. Obviously there is
scope for an error of a factor of two in the esti-
mate of the equivalent sphere’s diameter.

For particles of type 1 it was assumed that
all the satellites were originally part of the
central particle and the possibility of evapora-
tion ignored.

Resurts oF PArTICLE COLLECTIONS

In Table 1 the local dates of each flight and
the mean altitude of collection (usually there

Tellus XXII (1970), 5

559

was very little variation during sampling) are
given. The types of particle according to our
classification scheme and a rough estimate of
the percentages of each are then given. Two
measures of maximum and median diameters
are then given; the latter is calculated by ig-
noring particles for which the collection effi-
ciency of the equivalent sphere is less than 509,
The first measure gives the diameter of satel-
lite ring (type 1) or stain (type 2) or long di-
mension (type 3) and the second the diameter
of the equivalent sphere as described above.
Concentrations (number per litre) are given
for ambient pressure and temperature and
also sea-level pressure and temperature. The
latter is more useful for comparing concentra-
tions at different levels, and for comparison
with previous work.

Discussion oF TaBLE 1

The median concentrations which we have
found are quite similar to those reported by
others at 20 km but their variability is greater.
Since our samples were collected at constant
altitude following almost the same parcel of air
while the others were made from aircraft over
long flight paths, this result is to be expected
in view of the observed complex stratification.
To make the results clearer, the concentrations
(normalized to sea-level conditions) are plot-
ted in Fig. 7, where each flight is represented
by a point. Rough limits of concentrations are
indicated by the shaded region. The apparent
concentration increase with altitude can be
partially accounted for by the increasing effi-
ciency of collection of small particles with in-
creasing altitude. Note the apparent decrease
in variability of concentrations with increasing
altitude.

Free sulphuric acid appears to have been
more common at lower altitudes. Of the eight
collections obtained from below 26.5 km type 1
particles formed the majority in seven, while
of the nine higher samples they dominated in
only three and were virtually absent in the
two highest flights. There is a possibility of
seasonal bias in this result, since six of the nine
highest flights were in the month of March.

Perhaps the most important collection was
that of 13 March 1969 obtained at an altitude
of 36.2 km. It contained not only the most
diverse set of particles that we have obtained
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but included many liquid particles in which
the electron-dense nucleus could be clearly
seen. Examples are included in Fig. 5, rows 2
and 3 and Fig. 6, rows 3 and 4. It is almost
certain that these particles were collected at
altitude for there were none away from the
impaction spot and no indication of contami-
nation from the balloon. Because of their
relatively large size and the altitude it is also
almost certain that they did not diffuse up-
wards from some lower altitude. We are there-
fore looking at either the material of which
micrometeors are made, or the ablation or re-
condensation products of large meteors. In a
few cases the electron-dense inclusions are
crystalline and these might instead be reaction
products.

Now these particles and their liquid or semi-
liquid coatings, some of which by analogy
with Mossop’s identifications are ammonium
sulphate, posc new problems. At what levels
did the coatings originate? Because the tem-
perature increases quite rapidly between 36
km and 50 km, the mixing ratio of any sub-
stance with an appreciable vapour pressure and
near saturation would have to be unreasonably
high to allow direct condensation. The main
possibilities appear to be: (1) adsorption of
sulphur trioxide followed by reaction with am-
monia; (2) a meteoric input of ammonium
sulphate, or its constituents. In the first case,
residence times increase rapidly with decreas-
ing altitude so that most of the coatings would
be expected to occur near the level of collec-
tion. However, there is little evidence of a
diminution in coating thickness with increas-
ing altitude in the collections described, which
would be a necessary consequence of this hypo-
thesis.

NATURE AND ORIGIN OF THE PARTICLES

Existing theories of their origin

Junge, Chagnon & Manson (1961) suggested
that oxidation of sulphur-bearing gases diffus-
ing upwards from the ground formed sulphur
trioxide and the intervention of water vapour
and ammonia led to the observed ammonium
sulphate particles. Martell (1966) produced a
different interpretation, supposing instead that
the sulphate formation took place in the tro-
posphere and that the particles were then car-
ried into the stratosphere by air interchange.

E. K. BIGG ET AL.

They were trapped in this region, in just the
same way as is debris from nuclear explosions,
by the lack of efficient removal mechanisms.

The ocecurrence at all altitudes up to 36.2
km of similar particles to those found at 20
km is strong evidence against Martell’s theory,
for appreciable upward transport is unlikely
in this region and a normalized concentration
such as we have found which is at least sta-
tionary and possibly increasing with altitude
is quite impossible for a source at lower levels.
We shall therefore consider exclusively the
possible chemical reactions which may be in-
volved, although recognizing that Martell’s
theory may account for part of the aerosol be-
low the heights where we have collected our
samples.

Chemical reactions in the stratosphere

Reactions which do not involve atomic oxygen
or ozone, such as those between sulphur di-
oxide and ammonia as considered by Scott,
Lamb & Duffy (1969), are more likely to occur
in the temperature minimum nearest the source
of the gases—that is, near the tropopause, than
in the higher stratosphere and are therefore
probably irrelevant to particle formation in the
altitude range which we have considered here.

The wide range of particle types which we
have found, and Friend’s identification of am-
monium persulphate as a major constituent of
the aerosol, suggests however that Junge,
Chagnon & Manson’s theory needs some further
elaboration.

Cadle & Powers (1966) showed that the reac-
tion of sulphur dioxide to sulphur trioxide
would occur with ground state atomic oxygen
rather than with ozone as Junge had assumed.
They suggested that the balance between in-
creasing amounts of atomic oxygen and de-
creasing amounts of sulphur dioxide as the
height, increased might be one cause of the ob-
served stratification of the particles.

While the concentration of sulphur dioxide
in the stratosphere is unknown, it is unlikely
that the mixing ratio will be very much higher
than in the troposphere, where on an average
it appears to be much less than one part per
million. Vapour saturation requires a mini-
mum SO, concentration of about 100 ppm.
Thus particle formation must take place through
adsorption on existing particles, reaction with
adsorbed water vapour to form sulphuric acid
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and further adsorption. The vapour pressure
of sulphuric acid has not been recorded at low
temperatures, but by extrapolation will be
considerably less than that of ice, so that in
its cooler regions the atmosphere may be
saturated with sulphuric acid vapour. Prob-
ably the existence of free sulphuric acid to an
altitude of 32 km suggests near-saturation at
the appropriate temperature (about - 35°).

Consequences of the presence of persulphate

Friend’s identification of ammonium persul-
phate (also known as peroxydisulphate) as the
main constituent of the collected aerosol on
several occasions complicates very consider-
ably the range of chemicals which may be
important. If its formation proceeds by way
of persulphuric acid, then the reversible re-
action products, peroxymonosulphuric acid
(Caro’s acid, H,SO;) and hydrogen peroxide,
are also likely to be present. The ammonium
compound itself is subject to hydrolysis, par-
ticularly in the presence of metallic ions, and
possible products include ammonium bisulphate
(NH,HSO,), hydrogen peroxide, ammonium
peroxymonosulphate (NH,),HSO,), ammonium
sulphate, nitric and sulphuric acids. It is in-
teresting to note that Murcray et al. (1968)
claim to have identified nitric acid by a spectral
feature at an altitude of 30 km.

All of the compounds mentioned should be
stable at stratospheric temperatures (except
perhaps to photolysis) and with the possible
exceptions of nitric acid and hydrogen peroxide
to have low enough vapour pressures to exist
in particulate form for appreciable times.

Although early literature claims that sul-
phur tetroxide could readily be formed in a
glow discharge in a sulphur dioxide-oxygen
mixture, Wannagat & Schwarz (1956) have
shown that it can exist only in polymer form.
They also state that the properties usually
quoted for the tetroxide are in fact the proper-
ties of a mixture of this polymer and dinitro-
syl disulphate ((NO),S,0,) which is formed
when a trace of nitrogen is present. The ionic
and atomic species expected in a glow dis-
charge are not all present in the lower strato-
sphere but may be found in the lower jonosphere.
If this compound should indeed be formed in
the higher atmosphere, the various possible
nitrosylsulphuric acids will complicate the
chemistry even further.
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RELATED OBSERVATIONS

Two types of cloud are observed in the
stratosphere. Both are seen only when the
atmosphere below them is dark and both are
relatively rare. The majority of reports have
come from high northern latitudes but a few
from high southern latitudes suggest that this
may be due to the distribution of observers.

Noctilucent clouds

The higher of the two types, noctilucent
clouds, occur almost exclusively in the polar
summers near an altitude of 80 km. Their
relatively rapid formation suggests condensa-
tion, and since the temperature at 80 km in
the polar summer is often lower than anywhere
else in the atmosphere at any other time, con-
densation of water vapour has remained a
popular (though not the only) explanation.

Hemenway, Soberman & Witt (1964) have
published photographs of particles actually
captured with the help of a rocket in a noc-
tilucent cloud display, which show rings of sa-
tellite particles which they originally attribut-
ed to water. However, the photographs on
pages 98, 101, and 108 of this reference are
quite clearly indistinguishable from some of
our type 1D, 1M and 3D particles respectively.
Skrivanek (1966) has already come to the con-
clusion that sulphuric acid is probably involved,
both because of the appearance of the particles
and the fact that sulphur was the only detect-
able element in a direct analysis of these par-
ticles.

This suggests that the particles which we
have observed above about 25 km could have
received their coatings at the mesopause. Such
particles are probably present there all the
time but exceptional circumstances are required
for them to become large enough or numerous
enough to form a visible cloud.

Mother-of-pearl, or nacreous, clouds

According to Hesstvedt (1957) these wave
clouds, which show brilliant iridescence and
occur only in the late winter at high latitudes
are formed only in the altitude range 17 to 30
km, with a most frequent height of just over
20 km. They must therefore incorporate the
type of particles which we have described.
Some excellent colour photographs have ap-
peared in the journal Weather (19, 117, 1964),
and Hallett (1967) has attempted an explana-
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tion in terms of the condensation of sulphur
trioxide and its conversion to sulphuric acid
droplets. Since this is precisely the altitude
range in which we find free sulphuric acid his
theory is supported by our collections. How-
ever, as we have pointed out, the direct con-
densation of sulphur trioxide from a saturated
vapour would require an improbably high
concentration and a combined adsorption-
reaction process seems more likely. The wind-
ward edges of some of the clouds are so sharply
defined that it is hard to imagine that direct
condensation is not involved. Perhaps some of
the unknown relatively volatile substances
which we have collected are responsible.

METEOROLOGICAL IMPORTANCE
OF STRATOSPHERIC PARTICLES

This work was initiated because there was
some evidence that a significant proportion of
ice nuclei (i.e. particles having the property of
producing ice crystals in a supercooled cloud)
was of stratospheric origin, as described by
Bigg & Miles (1962). We have since found the
ice nucleus concentrations in the stratosphere
to be highly variable, probably because of the
extent to which the particles have been in-
volved in chemical reactions. However, the
possibility is still open that air interchange be-
tween stratosphere and troposphere leads to
natural cloud seeding.

The free acid and sulphate particles, too,
could play a part in cloud microphysics under
special conditions since they should be very
active condensation nuclei. Their contribution
is probably outweighed by aerosols of tropo-
spheric origin except near regions of air inter-
change.

Water vapour measurements in the stratosphere

Measurements of water vapour in the strato-
sphere made by keeping a deposit of frost in
equilibrium on a cooled substrate make the
assumption that there are no other condensible
vapours which might interfere with the result.
The existence of free sulphuric acid on particles
up to about 30 km shows this to be a dubious
proposition, for the acid has a measurable
vapour pressure and would presumably evapo-
rate from the particles if the atmosphere was
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not saturated with its vapour. Even sulphur
trioxide is probably present in sufficient con-
centrations to condense at temperatures 20°
below ambient, up to 25 km.

These considerations may account for the
rather surprising increase in humidity from
just above the tropopause to an altitude of
about 25 km found by Sissenwine, Grantham &
Salmela (1968).

FUTUuRE RESEARCH

The obvious deficiencies in our work are: (1)
a complete cross-section in altitude of particle
types and concentrations would be far more
informative than the fixed altitude collections
which we have made; (2) identification of the
chemical composition of the particles is lacking
in most cases; (3) we have failed to ensure that
volatile components have not been lost.

Starting early in 1969 we have rectified the
first defect by installing an impactor in which
electron microscope grids rotate beneath the
impaction hole thus producing a continuous
record of particles as a function of altitude. It
is quite clear from the first results that very
much larger particles are found just below the
lowest collection level deseribed here. Results
will be presented in a later paper when suffi-
cient have been accumulated.

The remaining problems still await solution
but will have to be solved before a complete
understanding of the nature and origin of the
particles can be reached.
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ABPO30JIb HA BBICOTAX MEKIY 20 11 37 KM

ONUCHBAIOTCA BHJ, pAacHpefeleHue IO pas-
MepaM U KOHIEHTPAllMM 4YaCTHL, YJIOBJEHHHEIX
HA pellleTHY dJEKTPOHHOr0 MHKPOCKONA HA BHI-
corax mMemny 20 u 37 xm Bo Bpema 17 noneros,
MPONCXOMMBIINX B TedeHue 14 wmecaAnen. [e-
Jaetrcs BRIBOJ, YTO MHOTME YacTUIEI COCTOAT M3
CepHO# KHCJOTHI € PA3JHYHON CTENeHbIO IPH-
MeCcH aMMHaKa, KOTOpaA HAaWMeHbIIAas HA HHK-
HNX YpPOBHAX. MHOTHMe 4YacTHIHI HA BepXHUX
YPOBHAX MMET KHUAKNE UIU NOJIYKUAKHE 000-
JIOYKHM ¥ COJepraT BKIKYEHNA, BEPOATHO,
MHKDPOMETeOPUTHOTO mHpomMcxokpeHud. Ilpen-
CTaBIIAETCA, YTO 9TH 00OJOYKHN BO3HMKAIT Oia-
rogapA peaknusaM BOauM3u Mesonayss. Ha-
Oaoganuchk JuNIb HeGOJNbIIMEe BapHAaUA Me-
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AMAHHOTO0 AMAMETPA YacTUI{ ¢ BHCOTON B HC-
ClefyeMoM HHTepBajle, IpUYeM Ipeeis gua-
MeTpOB SKBUBAJEHTHHIX cep OLEHUBAKTCA OT
0,1 mo 0,4 mxm. HoHueHTpanuu, BEpaeHHbIE B
4ucje YacTUI| Ha cm3, IPUBEeHHbIE K TaBIEHUIO
U TeMIeparype HA YPOBHe NMOBEPXHOCTH MOPH,
MeHAITCA OT 2 10 8 (6es mompaBoK Ha addex-
TUBHOCTL ¢0opa dYacTMil) B MHTEepBAaJie BBICOT
27-37 km, HO 3HAYUTENBHO MEHbIIE QA BLICOT
24-27 xm ¥ BBIABJAAIOT CYHmIeCTBEHHO O6JbpLINME
BapHanuu Humke 24 rm. lMewTca yRasaHHA HA
YTepHn HUCHAPAIIGUXCA KOMIOHEHT, YTO MOMKET
NPHUBECTH K HeJOOIeHKE AMaMeTPOB YACTHL{ UJIH
WX KOHIeHTpaluil.



