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ABSTRACT 

The ice nucleus content of stratospheric air was measured at one height in the range 
13 to 27 km, on each of 13 experiments, by means of a vacuum pump and filters 
carried on large balloons. 

The concentrations were in close agreement with those found by TELFORD (1960) 
using an expansion cold chamber in an aeroplane and, per unit mass of air, were 
comparable with the extreme maxima recorded at the ground in long sequences of 
measurements in Australia. I t  is suggested that localised rapid transfer of air from 
stratosphere to  lower troposphere is a probable cause of some ice nucleus storms at 
the ground. The source of the stratospheric ice nuclei is uncertain but reasons are 
given for supposing the nuclei to be of extra-terrestrial origin. 

Introduction 

TELFORD (1960) has described measurements 
of ice nucleus concentrations above and below 
the tropopause using an expansion cold chamber 
which showed the existence of a surprisingly 
large concentration of ice nuclei in the stratos- 
phere. 

To appreciate fully the significance of his re- 
sults it is necessary to present them in a slightly 
different form. If the curves of best f i t  of nurn- 
ber of ice crystals per N.T.P. litre against tem- 
perature are constructed from his table 1, and 
averaged into two height groups, Fig. 1 is ob- 
tained. In  order to compare the results with 
those to be described, they are multiplied by 
the ratio of mixing cold chamber counts to 
expansion cold chamber counts given by KLINE 
(1961). (BIGG, MOSSOP, MEADE and THORNDIKE 
(1962) have shown that ice nucleus concentra- 
tions derived from sampling with the millipore 
filters used in the present experiment are closely 
comparable to those found with mixing cold 
chambers.) 

On the diagram also are shown both the mean 
and maximum concentrations of ice nuclei meas- 
ured during lengthy sequences of observations 
with mixing chambers at various times and 
places. This figure shows that all the nuclei 
measured a t  the ground could have been derived 
from the stratosphere if suitable mixing condi- 

tions prevailed. It is surprising that ground 
values exceeding these are not more frequent 
since nucleus concentrating mechanisms exist in 
the lower troposphere BIGG, (1961). 

The implications of Telford’s experiment are 
so important that it is essential to test them by 
an independent method. BIGG, MILES and HEF- 
FERNAN (1961) have described a preliminary 
attempt a t  this which unfortunately was not 
quantitative owing to lack of information on 
the effective volumes of air sampled. 

This paper describes a new experiment using 
balloons as the vehicle, which has provided 
quantitative information on stratospheric con- 
centrations, and also allowed us to determine a 
vertical profile which gives some indication of 
the source of the nuclei. 

The Equipment 

Our equipment formed part of the payload of 
the “Project Hibal” balloons released a t  lat. 
34’s  long. 142” E by the Australian Depart- 
ment of Supply for the U.S. Atomic Energy 
Commission, and used their 28 volt power supply. 
The balloons rose a t  about 5 m/sec to nominal 
heights of 15, 18,21, 24, and 27 km in successive 
flights, where they floated at constant altitude 
for a period until “cut down”, when the payload 
was parachuted to the ground. A spotting air- 
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FIG. 1. Comparison of Stratospheric and ground measurements of ice nuclei. ( 1 )  Telford, 13 km (aircraft 
pressure 7.9 km) (2) Telford, 7.6 km (aircraft pressure 4.6 km) (3)  Highest ground concentrations recorded 
in Australia and Antarctic, 8 series. (4)  Ground concentrations lat 78's 1 Dec. 1961-10 Feb. 1962 (5)  
Ground concentrations lat 34' S 1 Nov. 1956-1 Feb. 1957 (6)  Ground concentrations lat 27's 5 Nov. 
1956-1 Feb. 1957 (7)  Balloon experiments 13-27 km, - 15°C (8) Balloon experiments 13-27 km, - 10'C. 

FIG. 2. Balloon-borne air sampler. 
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FIQ. 3. The dependence of ice nucleus concentrations at - 15OC on altitude. 

craft directed a ground team to retrieve the 
apparatus and recovery was usually very rapid. 
The filters, in sealed containers, were mailed to 
the Radiophysics Laboratory for processing. 

Portion of the sampling apparatus is shown 
in Fig. 2 and consists of a timer, a 28 volt 
electric motor driving a vane-type vacuum pump 
which drew air through the filters, and a device 
for sealing the filters after sampling had ceased. 
Sampling was carried out only when the balloon 
was at constant altitude and the exact volume 
of air filtered was measured by a revolution 
counter attached to the shaft of the pump. Vo- 
lumes sampled varied from about 400 1 per filter 
in the lower to 2000 1 in the higher flights and 
the times of operation from 20 to 130 min. 

On several flights the door failed to seal com- 
pletely and a certain amount of' ground dust 
entered on landing. This appeared to make no 
difference to the ice nucleus count at -15'G, 
and while the results could have been eliminated 
from the analysis it seems pointless since they 
agree with the remainder. They are marked 
with an X in Fig. 3. 

The Measurements 

The measurements made at - 15°C have been 
marked on Fig. 1 and are a striking confirmation 
of Telford's results. One might suppose from the 
agreement that the ice nucleus concentration of 
the stratosphere is relatively constant, but we 
must remember that the earlier experiments 
although only qualitative, showed some occa- 
sions with very low concentration of ice nuclei. 
More recent measurements by Mossop and Hef- 
fernan (60 far unpublished) from high-flying 
aircraft have often given considerably lower 
concentrations. The stratospheric concentrations 
of ice nuclei are therefore probably very variable 
and the present series may have been excep- 
tional. 

In  Fig. 3 the concentrations measured at 
- 15°C are plotted as a function of height, and 
it suggests that a lower boundary of the high 
ice nucleus concentrations may have existed, 
which on one occasion was above 15 km and on 
another below 13 km. In  Telford's winter meas- 
urements it was clearly below 13 km. The con- 
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stancy with height shown by this figure is inter- 
esting, but the stratification of other types of 
aerosols, which will be discussed in a separate 
paper, suggests that the ice nucleus concentra- 
tions should vary very greatly with height on 
some occasions, and constant level sampling 
may then give quite unrepresentative results. 
It is probable therefore that Fig. 3 represents a 
particular rather than a general distribution of 
nuclei with height. 

At - 10°C the fluctuations in concentration 
in the present experiment were more conspi- 
cuous than at - 15°C. The mean concentration 
was 0.4/N.T.P litre, the value 1/1 being exceeded 
twice while six of the flights returned less than 

Filters from a flight which failed to ascend 
due to icing in cloud were exposed at heights 
between 2 km and the ground and showed only 
0.02/1 at -10°C and 0.2/1 a t  -15°C. As the 
protecting door also failed to seal, this flight 
illustrated that contamination from ground 
sources may be negligible at the temperatures 
of measurement. 

O.l/l. 

Discussion 

We have seen that stratospheric concentra- 
tions of ice nuclei can be comparable with the 
maximum values encountered in ground meas- 
urements in Australia, or about 10 times as high 
as the mean values. It has been demonstrated 
by DANIELSEN (1959), STALEY (1960) and KROE- 
NINU and NEY (1962) that rapid transfer of 
stratospheric air to the lower troposphere may 
take place in localised regions. When that air 
contains high concentrations of ice nuclei and 
leakage into the troposphere occurs, troposphe- 
ric ice nucleus storms would be expected. Many 
of the phenomena of ice nucleus storms discove- 
red by BIGG (1961), appear to be consistent with 
this mechanism of their generation. 

The problem of the origin of ice nuclei is not 
thereby solved, and this information shows only 
that stratospheric residence may be one stage 
in their history. 

The main possibilities are that the stratos- 
pheric nuclei (1) originate as terrestrial dusts, 
(or possibly industrial pollution) which are car- 
ried up to the stratosphere by convection or 
entrainment into streams of air ascending into 
the stratosphere, and become concentrated there 
due to the infrequency of effective removal 
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mechanisms; (2) have been generated in the 
stratosphere e.g. they may be the sulphate par- 
ticle discovered by JUNGE (1960); and (3) are of 
extra-terrestrial origin. 

In the northern hemisphere evidence has ac- 
cumulated that there are a number of terrestrial 
sources producing ice nuclei operative above 
- 20°C but in the southern hemisphere no signi- 

ficant source has been discovered in spite of very 
widespread measurements. To explain the ob- 
served stratospheric concentration of ice nuclei 
in the southern hemisphere it would be necessary 
on the first hypothesis to demonstrate that either 
local dusts become activated in the Stratosphere 
or that there is a transfer of air across the equa- 
tor. 

The second possibility has been ruled out by 
the observation that the hygroscopic material 
caught in the stratosphere is apparently inactive 
as an ice nucleus at temperatures above - 20°C. 

The third suggestion originated from Bowen’s 
theory based on rainfall statistics, that meteor 
dusts are active ice nuclei and arrive at the 
ground about 30 days after a meteor shower. 
A major controversy arose, criticism being direc- 
ted at both the statistics and the physics of the 
theory, but it is now becoming clear that it is 
sound in principle although some modifications 
to the “free-fall” assumption of the transfer of 
the dust through the atmosphere may be requi- 
red. As far as ice nuclei are concerned measure- 
ments have supported Bowen’s theory without 
providing a conclusive demonstration of its cor- 
rectness. However, a new development-the 
rediscovery, in a most convincing fashion by 
BRADLEY, WOODBURY and BRIER (1962) and 
ADDERLEY and BOWEN (1962) that rainfall ie 
closely linked with the phase of the Moon-bas 
at last provided strong evidence in its favour. 
The following discovery by BIUG (1962) that ice 
nuclei in the southern hemisphere summer show 
a similar lunar modulation with the remarkable 
mean range of about three to one now makes 
it almost certain that they are of extra-terres- 
trial origin. While the mechanism of the lunar 
modulation of incoming meteors or microme- 
teors is not yet known, BOWEN (1962) has shown 
that it is certainly present even in the relatively 
large meteors detected by a radar set. Combined 
with the implausibility that the demonstrably 
negligible lunar influences on the troposphere 
and stratosphere could be the cause of the 
changes in concentration of ice nuclei of ground 
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origin, it  now seems certain that the nuclei are 
predominantly extra-terrestrial. 

Conclusions 

The most important result of the experiments 
has been to give a quantitative measurement 
of some of the ice nucleus concentrations en- 
countered in the stratosphere. These have on 
some occasions been far higher than one normally 
finds at the ground leading to the supposition 
that ice nucleus storms in the troposphere could 
originate from subsidence and mixing of stratos- 
pheric air. The interesting possibility arises that 
we could use ice nuclei as tracers of stratospheric 
air. Unfortunately this would be confined to 
regions where ground sources of nuclei are unim- 
portant, and this might rule out many areas of 
the northern hemisphere. 

The probable extra-terrestrial origin of the 
stratospheric nuclei of the southern hemisphere 
by its unexpectedness emphasises our lack of 
knowledge of mixing and transfer processes in 
the upper atmosphere. A solution of such prob- 
lems as the requirement of a fixed time delay 
between the arrival of particles in the mesos- 
phere and in the troposphere is a stimulating 
experimental and theoretical challenge. 
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