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ABSTRACT

Freezing nucleus contents of samples of rain and hail were
determined from the freezing temperatures of millimeter-sized drops
on a cold stage. Concentrations of nuclei in hail were found to be
higher than in rain. Ten to eighty percent of the nuclei are smaller
than 0.0l in diameter. Nucleus spectra and proportions of small
nuclei in suspensions of surface soils are similar to those in
precipitation, suggesting soil origin of atmospheric nuclei. Capture
of small nuclei by diffusion to cloud droplets and collection of
large nuclei by falling precipitation can account for observed concen-
trations. Freezing temperatures of cloud droplets and raindrops were
derived. Estimated concentrations of ice pellets agree with reported
values. Concentrations of nuclei in updrafts were derived from water

budgets typical of large storms and the nucleus content of precipi-

tation: in hailstorms 100 nuclei per m3 are active at -6 C, 1000 m-3
at -10 C.
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SUMMARY

The freezing nucleus content of precipitation and its relation
to the formation of ice in convective storms and to the nucleus
content of the air in which clouds and precipitation develop have
been investigated. Nucleus contents of samples of rain and of hail
were determined from the freezing temperatures of millimeter-sized
drops on a cold stage, and the concentrations are described in terms
of differential and cumulative nucleus spectra. From ten to eighty
percent of the nuclei were found, from filtration experiments, to
be smaller than 0.01,~ in diameter. Nucleation'temperatures are
shown to be relatively stable properties of the particles.

The observed concentrations of nuclei in precipitation can be
accounted for if it is assumed that nuclei smaller than 0.01 p
diameter are captured by diffusion to cloud droplets, and that the
larger nuclei are collected by falling precipitation.

The freezing temperatures of cloud droplets and of raindrops are
derived from the nucleus spectra of the precipitation.

The concentrations of nuclei in the cloud are estimated from
the measurements on the precipitation and are found to be higher
than indicated by previous measurements. The discrepancy is shown
to be due to the inefficiency Jf cloud chambers for detection of

small nuclei active at warm temperatures.



Surface soils were found to contain large numbers of freezing
nuclei active at temperatures around -6 C, and comparisons with
the nucleus contents of clay minerals indicate that the nuclei in
surface soils originate in their organic and not in their mineral
components. Similarities between the nucleus spectra of surface
soils and the nucleus spectra of some hail and rain samples strongly
suggest that the nuclei in these precipitation samples are of soil
origin,

The flux of nuclei into a hailstorm is estimated to be of the
order of 1010 sec-1 for nuclei active at temperatures warmer than

12 sec-1 for nuclei active above -10 C. These estimates

-6 C, and 10
can serve to establish the requirements for artificial sources of

nuclei if hail modification is to be attempted by augmentation of

the natural concentrations of ice nuclei.
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I. INTRODUCTION

When a liquid is cooled, the temperature at which freezing commences
is always lower than the melting temperature. The theoretical work of
Gibbs (1906) and of Volmer (1929) showed that the initiation of freezing
by the formation of singularities in a homogeneous liquid can be expected
to occur only at temperatures well below the melting point. Although
observations show that water seldom remains unfrozen at temperatures
colder than a few degrees below O C, freezing temperatures can be lowered
for given specimens of water by the removal of suspended impurities.

It is also observed that when any volume of water is divided into smaller
volumes, the freezing temperatures of most of the portions are lower than
the freezing temperature of the whole, cloud droplets often remaining
unfrozen at temperatures as cold as -40 C. It has therefore been con-
cluded that freezing in most cases is attributable to the presence of
foreign bodies, and that varieties of nucleating particles exist, those
capable of initiating ice formation at small supercoolings being less
abundant than those active at lower temperatures. Nucle#tion by impur-
ities is said to be heterogeneous and nucleation in pure substances is
said to be homogeneous.

Nucleation involves the cooperative action of a fairly large
number of water molecules under the influence of the nucleating substrate,
and cannot be treated adequately by the methods of molecular physics.
Theoretical analyses of nucleation have therefore been restricted to
a thermodynamical approach relating nucleation probability to the free

energy of formation of ice embryos. This approach provides only



a gross description of the nucleation of ice, which experiments show
to be strongly influenced by the chemical and surface properties of
the substrate. At present, nucleation of ice cannot be discussed
theoretically in terms of concentrations and types of impurities in
the water; direct measurements are necessary. However, although the
formation of ice is readily observable, it has not been found possible
so far to unambiguously determine where the nucleation occurs. Most
current research, including this thesis, is therefore concerned with
the determination of the frequencies with which nuclei of differing
degrees of effectiveness occur in air or in water, and tries to
establish some relation between this nucleus content and the character-
istics of the aerosol or the suspended particles.

The nucleus content of air is usually determined by observing the
number of ice particles that develop when a cloud is formed in a cloud
chamber. The nucleus content of water is found by observing the freezing
temperatures of large numbers of drops. There are difficulties in both
types of measurements. In cloud chambers the activation of nuclei is
influenced by a mgltitude of experimental variables, such as supersat-
uration, cloud droplet sizes and concentrations, the length of time the
temperature of activation is maintained, and others. In additiomn it is
uncertain whether the formation of ice in cloud chambers is initiated
by sublimation or freezing. The droplet-freezing experiments have to
cope with the fact that only one nucleus per drop can be detected,
although invariably each drop contains a variety of nuclei of differing
activities, but at least these experiments are unambiguous as to the

mode of ice formation.



For the study of atmospheric processes cloud chamber measurements
have been generally preferred, chiefly because of the supposed similar-
ity of the experiments to natural processes. However, because of the
uncertainties mentioned above, it has been difficult to assess the
adequacy of the simulation of nafural conditions. Agreement between
the results of these measurements and the observed behaviour of clouds
is not notably good, with especially large discrepancies at temperatures
not far below O C.

The work reported in this thesis was undertaken to establish the
relation between the nucleus content and the freezing temperatures of
drops of water, and to investigate the possibility of determining the
freezability of cloud water from the nucleus content of precipitation.
This approach seemed to offer two advantages:‘ Drop-£freezing experiments
can provide information on nuclei active at temperatures close to 0 C,
and results that reflect conditions in the active regions of the clouds
are obtained. Formation of ice at relatively warm temperatures is
generally thought to be an important factor in the development of hail;
the results would therefore have especial relevance to hail studies.

Freezing has been studied by droplet experiments for both the
homogeneous and heterogeneous nucleation of metals (Vonnegut, 1948),
polymers (Burns and Turnbull, 1966), water (Dorsch and Hacker, 1950;
Bigg, 1953; Langham and Mason, 1958; Hoffer, 1961, among others), and
other substances. For homogeneous nucleation the interpretation of
the experiments in terms of the rate of formation of critical embryos

and the stochastic nature of the process can be given. If nucleation



is due to suspended impurities the freezing temperatures of the drops
are determined by the statistical distribution of nuclei of various
degrees of effectiveness among the drops and by the temperature-depend-
ence of the probability of nucleation for each nucleus. It was shown
by Vali and Stansbury (1966) that for a given nucleus the probability
of nucleation increases sharply as the temperature is lowered through

a temperature characteristic of the nucleus, so that to a first
approximation the nucleus can be said to nucleate at its characteristic
temperature. From the observed freezing temperatures of drops one can
therefore find the concentrations of nuclei of differing characteristic
temperatures, that is the nucleus spectrum (Vali, 1967, and Chapter III).
The nucleus spectra of samples provide complete descriptions of the
nucleus content and permit meaningful comparisons between samples.

From these spectra the freezing temperatures of drops of any size can
be found. Therefore, if the spectra of precipitation samples are
determined, estimates of the freezing temperatures of cloud droplets

and of raindrops can be made.

It was known from previous work (Barklie, 1960; Stansbury, 1961),
and confirmed in recent measurements, that the concentrations of nuclei
active at temperatures warmer than -10 C are frequently found to be
quite high in precipitation samples, more frequently in hail than in
rain or snow. The degree of cloud glaciation that these nucleus concen-
trations imply has been worked out by Hitschfeld and Douglas (1963) on
the basis of the stochastic theory of nucleation (Stamsbury, 1961).

The description of nucleus content in terms of the nucleus spectra

required a re-examination of these results.



Another relevant property of nuclei is their size or diameter.
Nucleus is of significance not only from the point of view of basic
understanding of the nucleation process, but also because the processes
by which nuclei enter the precipitation are strongly dependent on the
sizes of the particles. Previous research had indicated that nuclei
were about 0.1 y in diameter. Particles of 0.1, to 1); diameter are
removed from the air least efficiently however (Greenfield, 1957);
the high nucleus concentrations in precipitation seemed to be incompat-
ible with this. It was therefore desirable to determine experimentally
the sizes of the nuclei in precipitation samples. Recently, attempts
have been made to identify the nuclei of snow crystals and to measure
their sizes directly by electron microscopy (Byers, 1965). Such
methods would be very unreliable for the detection of nuclei among the
many particles present in a drop; the observation of changes in nucleus
content that result from the removal of particles larger than certain
selected sizes seemed therefore to be a more practical approach.

The plan for this work was to determine the concentrations and
sizes of freezing nuclei in precipitation and to construct a model to
account for these observations in terms of the capture of the nuclei
by cloud droplets and precipitation. 1In Chapters III to V the exper-
imental results on the general properties of freezing nuclei and on
the nucleus content of the precipitation are presented. The factors
influencing the transfer of nuclei from the air into the precipitation
are discussed in Chapter VI and the distribution of nuclei in space
and time are examined in Chapter VII. The estimated glaciation of

clouds is described in Chapter VIII and the concentration of nuclei



in air, inside clouds, is estimated in Chapter IX.

Freezing due to suspended particles is the only glaciating
mechanism considered; the results therefore represent estimates of
the contribution made by freezing nucleation to the overall glaciation,
but the roles of other processes have not been clearly demonstrated
so far. There is evidence, however, that freezing occurs more readily
than sublimation at small supercoolings (Bryant et al., 1959; Mason
and van den Heuvel, 1959; Maybank and Barthakur, 1966; Isaka and Sou-
lage, 1966), and the available in~-cloud observations are found to be

in reasonable agreement with the predictions of the model here developed.



II. TECHNIQUES AND PROCEDURES

The experimental technique employed in this work is a develop-
ment of that described by Stansbury (1961) and Vali (1964). Small
modifications only have been made, so that the earlier and the more
recent measurements are all comparable and constitute a large body
of observations; the internal consistency of the various aspects of
these observations permits considerable confidence to be placed in
the results. The principal merits of this experimental approach are
that the observations of freezing events are clear-cut at any tempera-
ture, and that experimental conditions are defined by temperature
alone.

The nucleus content of water samples is determined in these
experiments from the freezing temperatures of drops produced from the
sample. The drops are placed on a coated metal surface, the tempera-
ture of which is gradually lowered until all drops are frozen. One
hundred to three hundred drops of i to 2 mm diameter are frozen for
each sample, so that samples of 2 cm3 or more are necessary. From 50
to 150 drops are produced by dispensing water from a syringe and are
arranged in a regular array upon a cold stage of 36 cm2 working area.

*
The surface in contact with the drops is a film of silicone varnish

General Electric Co. Dri-Film No. 88. 1In earlier experiments a hydro-
carbon 0il was used; identical results are obtained with the use of
either surface. The change has been made only because the silicone is
more hydrophobic and thus if water condenses from the air onto the sur-
face, between the drops, this condensate forms tiny droplets rather
than a film of water, and the possibility of ice spreading along the
surface is reduced. Some freezing of the condensed droplets is observed
at temperatures below -30 C which is beyond the range of temperatures
used. Drying of the air in the apparatus thus becomes unnecessary.



which is applied as a solution onto a thin sheet of aluminium covering
the cold stage. A new surface is prepared for each new set of drops.

The cold stage is cooled by thermoelectric heat pumps; the rate of
cooling is 2 deg min-1 at all temperatures. A photographic record

is made of the array of drops after every 0.2 deg decrease in temperature.
The accuracy of the temperature sensors and indicators is £0.1 deg.

The absence of influence from the supporting surface on the
freezing temperatures of the drops was demonstrated by refreezing
drops after they had been moved to new positions on the surface., The
drops were frozen, then melted, shifted to new positions and frozen
again. The correlation between the first and second freezing tempera-
tures of drops was found to be the same as that for drops refrozen with-
out change in position (cf. Chapter IV, Section 3). Contamination of
the drops from the air was found to be negligible; drops which were
unfrozen when a temperature of -20 C was reached remained unfrozen for
hours while the temperature was maintained at -20 C.

Only plastic storage containers, syringes and filter holders were
used. Containers were not reused; syringes and filter holders were
boiled in distilled water and rinsed before using for a new sample.
Stainless steel syringe needles were cleaned in similar manner. Syringes
and needles, and filter holders if used, were tested by usinglthem to
produce a number of drops of distilled water which were then frozen
simultaneously with drops from the sample under investigation.

Precipitation samples were collected in Montreal and in Alberta,
where a network of collectors (112 stations over a 3600 sq mi area)

as well as a mobile sampling unit have been operated for one season.



One of each type of plastic collector used was tested in the laboratory
by simulating rainfall with distilled water and measuring the nucleus
content of the sample obtained. No appreciable contamination was
apparent. The collectors were kept sealed while in the field and were
to be uncovered only whu.n precipitation was occurring at the station.
Samples were frozen in the container in which they were received imme-
diately after collection. They were transported in the frozen state
to the laboratory where they were melted just before analysis. No
changes in nucleus concentrations with time could be detected for
samples kept frozen, and the rate of change for melted samples, at
temperatures below 10 C, was found to be small enough to produce negli-
gible changes only over the few day period the melted samples were
stored (cf. Chapter 1IV).

Further details of specific experimental procedures are described

at relevant places in the following chapters.
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I1I. DERIVATION OF NUCLEUS SPECTRA FROM DROP-FREEZING EXPERIMENTS

The basic observation in an experiment in which drops of equal
volume and of the same sample of impure water are cooled to temperatures
below O C is that the drops all freeze at different temperatures, with
an apparently random spread of freezing temperatures over a range of
several degrees. The factors influencing the freezing femperatures
are the origin of the sample, the volume of the drops, and the rate of
cooling.

It was shown by Vali and Stansbury (1966) that in heterogeneous
nucleation the rate of cooling is a relatively minor factor (over the
range 0.5 to 10 deg min_l), with the average freezing temperatures of
samples changing less than 1 deg for a tenfold change in the rate of
cooling, and therefore as a first approximation freezing temperatures
can be considered time-independent. The negligible time-dependence
of freezing éemperatures signifies that molecular fluctuations are of
secondary importance in determining the temperature at which ice stably
forms on a nucleating particle, the nature of the nucleus providing the
dominating influence.

With large numbers of particles of varying nucleating abilities
present in a sample of water, the freezing temperature of a drop of
water is determined by the most effective nucleus (i.e. the nucleus
with warmest nucleating temperature) that was apportioned to that drop
by chance on division of the water into drops. By observing the freezing
temperature of a drop, one therefore obtains information on only one

nucleus in that drop, all other nuclei remaining undetected. Observation
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of the freezing of many drops is thus required in order to find the
concentrations of nuclei of differing characteristic temperatures,
i.e. the nucleus spectrum. The nucleus spectrum can be obtained from
the freezing temperatures of drops on the assumption that the fraction
of unfrozen drops that is observed to freeze in a given temperature
interval represents the fraction of all drops, frozen and unfrozen,
that contain a nucleus active in that temperatﬁre interval. This
assumption implies that the probability of finding a nucleus of a
certain type in a drop is the same for all drops and independent of the
presence of other, more active, nuclei. Drops that are already frozen
at the temperature in question froze due to the presence of more active
nuclei, but this affects only the possibility of detection and not the
presence of the less active nuclei. If N(©) denotes the number of
Agnfrozen drops at temperature © (Celsius), the fraction, —AN/N, that

freezes when the temperature is decreased by A© should equal the number

of nuclei per unit volume active in a one degree interval, k(@), times

the volume of the drops, V, times A®O:

- —Aﬁ"i =k() V. a8

The nucleus spectrum, k(0), can thus be obtained from the observed

(1)

quantities AN, A© and N. This nucleus spectrum is referred to in the
following as a differential spectrum to distinguish it from the cumu-
lative spectrum which describes the concentrations of nuclei active at

*
temperatures warmer than the temperature considered.

This distinction has not been made in the previous literature. The
nucleus spectra derived from cloud chamber experiments are cumulative
spectra since by counting the number of crystals developing in the
chamber at some temperature 6, the count includes nuclei active at all
temperatures warmer than 6. Differential spectra cannot readily be
obtained from cloud chamber measurements.
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The cumulative spectrum, K(6), can be obtained by integrating equation

(1) to yield

___t . N8 2)
K® =-~ T

where N(O) stands for the total number of drops in the sample. Equation
(2) is idehtical in form to the expression that would result from
considering K(©) as the probability that at least one nucleus active

at some temperature above @ will be found in a drop of volume V, and
equating this probability to the fraction of drops that are observed to
be frozen at ®O.

The two types of spectra, differential and cumulative, have different
uses: the differential spectrum gives information on the types of nuclei
in the sample, the cumulative one describes the freezing of a sample as
it is cooled from O C (as it invariably is) towards colder temperatures.
Consequently, when discussing the nucleus content of a sample, the
differential spectrum will be used, but when the freezing temperatures
of drops are to be found, the cumulative spectrum provides the necessary
information.

Figure 3-1 (b) and (c) show examples of the two types of spectra
for a sample of 162 drops of melted hail. These were calculated from
the observed distribution of freezing temperatures which is presented
in Fig. 3-1 (a) as a histogram.

The values plotted for the differential spectrum have been smoothed
by taking the running mean of the concentrations calculated for three
adjacent temperature intervals (of 0.25 deg). The cumulative spectrum

is obtained by summation of the non-smoothed concentrations. The
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curves in both cases were fitted subjectively. Objective methods

for fitting curves are not readily applicable, because of the different
statistical significance of each point. Each point for such spectra
is obtained from a ratio: AN/N(8) or N(8)/N(0) for the two types

of spectra respectively. The values of AN are usually small when
small temperature increments (0.25 deg) are chosen and are especially
small at the extremes of the temperature range of the freezing events;
N(B) is small at the lower end of the temperature range. The statis-
tical significance of the points is consequently highest in the middle
portions of the spectra. The spectra were fitted to the points with
these factors taken into consideration, especially in cases where
narrow peaks or dips occurred in the spectrum.

By increasing the number of drops used for a given sample, the
resolution of the nucleus spectra can be improved and th; uncertainties
in the nucleus concentrations can be reduced. In order to establish a
reasonable compromise between sample size (number of drops) and accu-
racy of nucleus spectrum, computer-simulated experiments for 72, 180,
600 and 3000 drops were performed for an assumed nucleus spectrum.
Figure 3~2 shows the arbitrary nucleus spectrum and the results for
different numbers of drops. As indicated by this graph, a spectrum can
be determined with fair reliability from as few as 72 drops and improve-
ment in resolution is slow with increasing numbers of drops. In general,
no less than 150 drops were used in the experiments for which results
are reported in the following chapters.

Ten computer-simulated spectra, for 150 drops each, were found to

lie within the band shown in Fig. 3-3; the boundaries given are the
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envelopes of the lowest and highest values at all temperatures. The
maximum variation in concentrations occurs at the warm temperature

end of the spectrum, whereas the maximum range in temperatures for a
given concentration to be reached is in the middle part of the spectrum.
Similar experiments for a simple exponential spectrum resulted in ten
spectra that were all within a factor of 1.35 of one another at all
temperatures. The degree of confidence that can be placed in the
concentrations indicated by a spectrum is thus seen to be dependent on
the shape of the spectrum. 1In general, differences of about a factor

1.5 or greater can be said to reflect true differences if present over

o]
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Figure 3-3. Envelopes for minimum and maximum concen-
trations given by ten simulated experiments.
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fairly large portions of the spectra. Over small intervais, only
differences exceeding factors of 3 or 4 are reliable when the spectra
are based on 100 to 300 drops.

The majority of experiments have been performed with drops of
0.01 cm3 volume (2.7 mm equivalent diameter) and with approximately
150 to 250 drops per sample; the values were chosen for experimental
convenience and expediency. With such experiments, nucleus concentra-

3 deg.-1 and 3 x 102 cm-3 deg-1 are detected. 1In

tions between 10V cm”
order to extend this range towards higher concentrations, drops of
smaller volume or diluted samples must be used. Reduction of the drop

size below 10-3

cm3 (1.2 mm diameter) is not possible with the present
experimental arrangement, and therefore only a one decade extension can
be achieved this way. Dilution with distilled water can be used to
find concentrations of any magnitude but only at temperatures above
that at which the concentrations of nuclei of distilled water become
dominant.

Figure 3-4 shows nucleus spectra for two hail samples in which
extensions towards higher concentrations have been obtained by the use
of 1% dilutions of the original samples. In addition, small drops of
the diluted sample were used in one case to obtain a further extension
of one decade. The gap which appears systematically at the junctions
of the spectra is caused by inaccuracies in the volumes of the drops,
which result in overestimates of low concentrations and underestimates
of high nucleus concentrations when the concentrations are calcuiated

on the basis of nominal drop volume.
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Extensions of spectra towards lower concentration can be obtained
by the use of larger numbers of drops or drops of larger volume.
Partial evaporation of water has been unsuccessful as a means of
increasing the nucleus concentrations. Increasing the number of drops
is difficult, as a tenfold increase in the number of drops frozen would
be required for each decade of extension of the spectrum. Experiments
with large drops are also inconvenient due to the limited size of the
cold stage and the small number of drops that can be handled simultane-
ously. In addition?_phe temperature gradients across large drops become
appreciable and lead to uncertainties in the nucleation temperatures.
In a few cases such experiments wefe performed; Fig. 3-5 shows the
'tésuits‘of one experiment in which 162 drops 0.01 cm3 in volume

(in 2 runs) and 189 drops 0.2 cm3 in volume (in 21 runs) from a sample

10
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Figure 3-5. Nucleus_spectra obtained with 0.0l cm
and with 0.2 cm” drops for sample of rain.



20

of rainwater were frozen. The two spectra differ by a factor two,
uniformly over the range of temperatures where the two curves overlap.
No explanation has been found for this discrepancy; in part it may be
due to inaccuracies in the volumes of the drops.

In summary, it has been shown that the concentrations of freezing
nuclei of different temperatures of activity can be determined from

drop-freezing experiments. Concentrations between 10-1 cm-3 deg-1 and

103 cm-3 deg-1 can be measured by using 100 to 300 drops of 10-3 cm3 to
10° cm3 volume; higher concentrations can be measured for nuclei
active above -22 C by dilution. The nucleus spectra provide complete

descriptions of the concentrations of nuclei and permit meaningful

comparisons betweeen samples.
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Iv. PHYSICAL PROPERTIES OF FREEZING NUCLEI

Freezing nuclei are observed in the drop freezing experiments through
their action. Clearly, it would be most desirable to identify these
nuclei as well, and to determine their physical and chemical natures.
Direct identification and analysis of the nuclei is not feasible, however,
because freezing nuclei can be smaller than 0.0l w in diameter, and the
total number of particles of comparable sizes in a typical sample of water
may be 1010 to 1012 times greater than the number of freezing nuclei
active at -10 C. The evidence for the small sizes of the nuclei is
presented in Section 1 of this chapter, and their rarity is examined in
Section 2. |

The reproducibility of the temperature at which a given nucleus
becomes effective has been tested. The results given in Section 3 point
to the fact that nuclei retain their effectiveness over considerable
periods of time (while exposed to air, suspended in water or frozen into
ice) and over numerous cycles of freezing and melting. .

Experiments with a small number of soil samples revealed unexpect-
edly high nucleating abilities for certain surface soils. These results,
and evidence that some components other than the basic clay minerals are

the nucleating substances in the soils, are presented in Section 4.
1. SIZES OF FREEZING NUCLEI

It has been generally believed that atmospheric ice nuclei are
about 0.1/A in diameter, and that 0.02/& is the smallest particle capable
of promoting ice formation at temperatures warmer than -10 C. Theoretical

considerations by Fletcher (1958, 1966) and by Miloshev and Krastanov (1965),
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as well as experiments by Kumai (1951) and others have pointed to such
a conclusion,

The theoretical approach is to calculate the frequency with which
ice embryos of critical size appear on the nucleus with the assumptions
that nuclei are spherical particles, and that the interface energies
are known. Figure 4-1 shows the results of such a calculation for
nucleation from supercooled water. The surface parameter m is defined

by the relation
Guw - Gu1

m =

where Opyy Gyr and &gy are the interface energies of nucleus-water,

nucleus-ice and ice-water surfaces respectively.

m=1-0
Or
m=08
~ -IOF =
S m=0-5
& -20
=~ m=03
-
<
W -301
a
=
[3%]
- -40r
-50 1 ] 1 ! J
ToRAN o L To LN o LI o I o1
NUCLEUS DIAMETER (p)
Figure 4-1, Temperature at which a spherical nucleus

of given diameter and surface parameter (m) will
nucleate ice from water in one second. (After Fletcher,
1966)
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M

diameter rapidly lose effectiveness (nucleate at colder temperatures)

According to this graph, particles below about 5x 10

with decreasing particle size, but the loss in activity when particle
diameters decrease from 10-1/; to 10-2/L is only a few degrees. The
limitations of this theoretical approach have been summarized by
Fletcher (1966). The main difficulty is that the chemical bonding and
crystallographic factors that would have to be taken into account in
order to calculate the interface energies from first principles are
not well known. These difficulties are compounded by the fact that
one is really interested in the values of the relevant parameters over
regions comparable in size with the size of the critical ice embryo,
and such small scale local situations might be significantly different
from ideal surfaces. The usefulness of the thermodynamic theory of
nucleation in its present state of development is consequently rather
limited.

A number of investigators have attempted to identify the nuclei
responsible for the formation of natural and artificial snow crystals,
by locating the large central particles (where such were to be found)
in the crystals. Summaries of such observations were given by Byers (1965)
and Dufour (1966). The particles found in the crystals were mostly of
clay minerals and were between 0.1 g and 10,5 in size. However, the fact
that these particles, rather than one of the many smaller particles which
were invariably present, were the nuclei responsible for the formation
of the crystals has not yet been firmly established.

Georgii and Kleinjung (1967) reached the conclusion that atmos-

pheric ice nuclei active at -21 ¢ are between 0.4/& and 4,A in diameter
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from a long series of daily measurements of the concentrations of ice
nuclei, large particles (')0.1.ﬁg) and of Aitken nuclei. A cloud
chamber, an impactor and an expansion chamber were used for the three
types of measurements respectively. The concentrations of ice nuclei

and the concentrations of large particles were found to vary in closely
parallel fashion, whereas no correlation between Aitken nucleus and ice
nucleus concentrations was evident. On the other hand, Langer (1967)

and Rosinski (1967) have found that in measurements obtained with continu-
ously recording equipment, the correlation between ice nucleus concen-
trations and Aitken nucleus concentrations appeared to be better than
between ice nucleiland large particles. The contradictions of these
findings and the reservations that are expressed in Chapter VII regarding
the efficiency of cloud chambers for the detection of small freezing
nuclei render these results inconclusive.

Bigg and Meade (1959) used a continuously operating cloud chamber
with the input air alternately passed into the chamber directly or through
three different sedimentation boxes. The latter were designed to remove
particles greater than 1.6 Mo 4/.:; and 22,; diameter respectively. By
this method 397 of nuclei active at -18 C were found to exceed 4 dia-
meter and 407, were larger than 1.6 M - However, these results must be
held incoﬁclusive, because the sedimentation boxes, in addition to
removing particles above a certain size by sedimentation, also remove
particles smaller than about 0.1/; diameter by diffusion of the particles
to the plates.

In order to obtain information on the sizes of the freezing nuclei

whose activity is observed in the drop freezing experiments, filtration
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experiments were conducted in which the nucleus content of samples of
water was determined after the samples were passed through filters
of various pore sizes.

Membrane filters (manufactured by Millipore Ltd.) were used in
plastic holders. The filters are made of mixed esters of cellulose,
and have nominal pore sizes from 0.01/* to 8)‘ for the different types.
Pore sizes are specified by the manufacturer on the basis of a mercury
intrusion measurement and the stated variations are *10% for 0.1 pore
filters and £20% for the 0.01/* pore filters. Eighty percent of the
filter volume is taken up by the pores which go from one surface to the
other in a winding path.

The filter holders were attached directly to the syringes used to
produce the drops on the cold stage. In this way a minimum of extra
handling was necessary. Control runs, using distilled water, showed no
discernible increase in the concentration of nuclei due to contamination
from the holder.

The efficiency of the filters for the capture of aerosols has been
measured by Megaw and Wiffen (1963) and foﬁnd to be 100% for particles
greater than the pore size and also for particles below 0.02/; in
diameter. The tests were made with a 0.8/4 pore size filter. The small
particles are thought to be caught by diffusion to the walls of the pores.
No data is available for the performance of these filters in water, and

therefore it will be assumed in the following that particles larger than
.the nominal pore size are retained and all particles smaller than the
pore size pass through. The filter will, in fact, retain some of the

particles which are smaller than the pore size; the fraction retained
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could become appreciable if the concentration of large particles in the

water were high and the pores became partially obstructed. Increases in

the

pressure required to produce flow through the filters indicated that

clogging was occurring on some occasions. Loss by attachment of the

small particles to the intricately curving walls of the pores could also

be appreciable.

In order to evaluate the performance of the filters, a sample of

soil suspension, from which large particleé were allowed to settle out,

was

tested after one and after two filterings with 0.01,* pore size

filters. Figure 4-2 shows the nucleus spectra obtained.

CONCENTRATION OF NUCLEI(cﬁsdeiU
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Figure 4~2. Nucleus spectra for unfiltered and filtered
samples. Curves 1 to 3: soil suspension without filter-
ing and after one and two filterings with 0.01 s pore size
filters. Curve 4: distilled water rinse of second filter.
Curves 5 and 6: unfiltered and filtered distilled water.
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Curves 1, 2 and 3 are for the unfiltered, once-filtered and twice-
filtered samples respectively. The second filter, after use, was
reversed in its holder and distilled water passed through it; the
nucleus spectrum for the rinse water is shown in curve 4 in Fig. 4-2.
These spectra show that the second filtering produced about 50%
reduction in nucleus concentrations at temperatures above -10 C. There-
fore, the concentrations of nuclei smaller than 0.01,5 in the original
sample may have been twice as high as shown by the spectrum obtained
after the first filtration, although this would then mean that all
the nuclei in this sample were smaller than 0.0l 4. (for temperatures
above -10 C). At temperatures colder than -12 C, the reduction in
nucleus concentration produced by the first filtration was greater, and
that produced by the second filtration smaller than at temperatures
above -10 C. The first reduction indicates that larger proportions of
these nuclei were greater than 0.0l Mo than for nuclei active above
-10 C. The differences in the observed reductions of nucleus concen-
trations on second filtering for the different temperature ranges cannot
be explained on the basis of particle size alone. Generally, the results
shown in Fig. 4-2 indicate that there is no sharp lower limit in particle
size for the retention of particles by the filter, and therefore in the
unfiltered samples concentrations of particles (or nuclei) smaller than
the pore size are higher than the measured concentrations indicate.
Figure 4-2 also shows the nucleus spectra for unfiltered and filtered
distilled water (0.0l a filter). The change in concentration is less than

a factor 1.5, which is comparable to the experimental uncertainty for

samples of the size used.



Both sets of curves shown in Fig. 4-2 show a feature that has been
found to be common to all samples tested: no systematic difference
exists between the warm and cold ends of the nucleus spectra with
respect to the reduction that is obtained on filtering. Thus it is
found, that nuclei active at the warmest freezing temperatures observed
can also be as small as 0.01 u . This result clearly contradicts the
theoretical predictions given by Fig. 4-1. Due to the steepness of
the measured spectra at the warm end, it is difficult to assess whether
or not the argument can be extended to temperatures above -5 C.

A number of samples were tested by filtering portions of these
' with 1.2 Mo 0.1}& and 0.01,; filters. The concentrations of nuclei in
the filtered samples were observed to decrease with decreasing pore

sizes of the filters. An example is shown in Fig. 4-3.
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Figure 4-3. Nucleus spectra for a sample of hail after

filtration with filters of different pore sizes.
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These experiments confirm the absence of any direct relation between
the sizes and the effective temperatures of freezing nuclei over the
ranges involved, in that no upper temperature limits become apparent
when the nucleus sizes are limited by an upper threshold (the filter
pore size).

For the majority of samples, only the unfiltered sample and a
part filtered with a 0.0l u pore size filter were tested. Figure 4=4
shows three pairs of nucleus spectra for a soil suspension, for a
melted hailstone and for a rain sample. The curves for hail and rain
are representative of the 8 samples of hail and of the 10 samples of

rain and snow that were tested. In no case was the concentration reduced

CONCENTRATION OF NUCLEI (cm>deg')
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Figure 4-4. Concentrations of freezing nuclei before
and after filtration in rainwater (a), hail (b) and
soil suspension (c).
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by more than a factor of ten, at any point in the spectrum, the mean
reduction being a factor of four. It can be seen from these data that
freezing nuclei found in natural hail, rain and snow and in some soil
suspensions, which are active at temperatures between -5 C and -20 C,
have size distributions such that over 10%, and in some cases 50-80%,

of the nuclei are smaller than 0.01 s and that no major variation exists
in this proportion with the temperature of activity.

The acceptability of these results can be supported.to some extent
by the following argument. Since ice embryos in the supercooled water
form on the surfaces of the nucleating particles, the probability of
finding a nucleating site on a given particle can be expected to be.
proportional to the surface area of the particle.* Assuming that such
a relation holds for particles down’ to a diameter of about 0.01}; and
approximating the size distribution of particles in the water with the
type of distribution observed for aerosols, the probabilities that
nucleation will be initiated in a sample by particles smaller than some

chosen valué or by those greater than this value can be obtained.

*
The proportionality of nucleation probability to surface area is

likely to hold well for particles which are large compared to the
critical size of the ice embryo, but there is no satisfactory way to
assess the validity of this relation for particles which are comparable
in size to the critical embryo. Estimates for the size of the critical
embryo are also uncertain; the calculated values are based on the quasi-
thermodynamic theory and bulk values are used for the various pagimeters.
A calculatg value for the critical diameter at -5 C is 1.2 x 10 M s
and 6 x 10 e at -10 C.
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Taking the size distribution of particles to be given (after

Junge, 1963) by the function

dN -3
—_— =, d 1
d(toga) W

where N is the concentration of particles with diameters greater

than d, and cy is a constant, the distribution of surface areas (s)

will be
4S5 _ cp ok (2)
o (log o)

with c, as another constant (assuming all particles to have similar
shapes).

Calculating from this equation the total surface area 6f particles
between 5 x 10-3}k and 10-2/; in diameter, and also the total surface
area for particles between 10-2,4 and 100}A in diameter, the former is
found to be 1.5 times the latter. Other choices of the limits for the
two size-groups would give different numerical values for the ratio of
surface areas, but the only point that needs to be made here is that
the particles smaller than 0.01 p2 diameter can probably have as much,
or more, surface available for nucleation as the larger ones. The
measured nucleus spectra show that the ratio of the number of freezing
nuclei below 0.01,; in diamete;.to the number greater than this size is
from 0.1 to 0.5. Comparing this ratio to the calculated ratio of surface
areas, it appears that, even i1f the ratio of the areas is revised downward,
or if in fact small particles are less efficient than their surface areas
would indicate, the experimentally determined proportions of small to
large nuclei are not unreasonable.

Vali and Stansbury (1966) have argued that the tendency for most

nucleus spectra to rise exponentially may be taken as an indication that
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the probability that a nucleating site active at a given temperature
will be found on a particle increases in proportion to the surface area
of the particle. Coupled with an exponential distribution of particle
sizes (as an approximation to a log-normal distribution), this was
thought to lead to an exponentially increasing number of nuclei with
decreasing temperature. There is a fallacy in this argument, since
the amount of surface area of the particulates which is exposed to the
water is the same at all temperatures, and the rise in nucleus concen-
trations is related to the rise in probability for a nucleating site to
be found within that area and not to the sizes of the particles, provided
that nucleation occurs on sites that are small compared to the sizes of
the particles, as has been maintained to be the case so far. One could
give up this latter condition and assume a direct éorrespondence between
particle size and nucleation temperature, in which case the type of
argument given by Vali and Stansbury (loc. cit.) may be renewed, but at
present the assumption that nucleation takes place on sites that are
smaller than the particle sizes appears to be more compatible with the
idea that nucleation is a consequence of aﬁ interaction at the substrate
surface requiring special properties at the nucleating sites. However,
until the critical sizes of ice embryos and the actual sizes of nucleating
particles become known, this question remains a matter of speculation.
For the problem on hand, estimation of cloud glaciating behaviour,
the experimental evidence for the predominance of freezing npclei less
than 0.01,* in size is the important conclusion to draw. The unresolved

problem of how this comes about does not affect the final results.
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2. RELATIVE ABUNDANCE OF FREEZING NUCLEI

In this section the measured concentrations of freezing nuclei are
Acompared with the total particulate content that is generally found in
rain and hail. This topic is included here merely as it relates to the
question of probability of nucleation by particulates and to their
possible identification. The problem of the entry of these particles
into the atmospheric precipitation will be taken up in Chapter VI.

The measﬁred concentrations of freezing nuclei, showing the number
of nuclei in a sample as a function of temperature, are presented for a
variety of samples in the next chapter. Taking values from these data,
the concentrations of nuclei active at temperatures warmer than, say,

3 in hail and 1 to 10 cm-3 in rain or snow.

The corresponding value for distilled water is 0.1 cm-3.

-10 C are: 10 to 100 cm

In view of the small sizes of many of the freezing nuclei (cf.
Section 1), the concentrations of nuclei should be compared to the
concentrations of particles of similar sizes, that is, about 0.01}&.
Few published figures are available on this type of measurement.

Rumai (1951), examining replicas of snowflakes with an electron micro-
scope, found that in addition to a large (0.1,* to 10 }A) particle which
he thought to be the ice nucleus on which the snowflake grew, and which
was present in about 60% of the cases, there were numerous small particles
of the sizes of Aitken nuclei (about 10-2,A ) present in every case. He
estimated the concentration of these to be 1012 cm-3.

The only supporting evidence for Kumai's result is in the work of

Rosinski (1967) who measured the concentrations of particles 1.5 @ to

100;* diameter in rain and hail samples. By extrapolating these data,
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the concentrations of 0.01 4. particles is indicated to be in the range

1010 cm-3 to 1014 cm'3 for the various samples. Since these values

bracket the value suggested by Kumai, 1012 cm-3 may be taken as a first
estimate for the conceﬁtration of particles in precipitation samples.
Using this value and taking the concentration of freezing nuclei

(at -10 C) in precipitation to be typically 10 cm-3, the fraction of

11. At a

particles that act as freezing nuclei is found to be 10~
temperature of -25 C, this fraction increases to about 10-8. These
ratios illustrate the rareness of particles that are capable of effect-
ively promoting the formation of ice embryos. Whether the nuclei are
composed of a rare substance or are infrequent configurations of other-
wise abundantly-present.components is a crucial question for which the
answer has not yet been found.

The magnitudes of the figures presented above constitute the main
reason why it appears to be futile to atteﬁpt the direct identification
of the nucleating particles; these nuclei can be distinguished from the
inert particles only by actually testing‘their ability to form ice.
Thus, although the presence of a freezing nucleus in a drop of water can

be detected with ease, it seems unlikely that the nucleus itself could

be found and subjected to testing.
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3. REPRODUCIBILITY OF FREEZING TEMPERATURES

As pointed out in Chapter III, the freezing temperature of a
drop of impure water is determined by one of the particles in the. -
drop, the particle which can initiate nucleation at the smallest
supercooling. The freezing temperature of a drop can therefore be
equated to the characteristic temperature or temperature of activity
of a nucleus. This section describes experiments which were performed
to determine whether these characteristic temperatures are permanent
or readily altered properties of the nucleating particles.

The reproducibility of the freezing temperatures of individual
drops has been examined by freezing, melting and then refreezing sets
of drops on the cold stage. Figure 4-5 shows the correlation between
the first and second freezing temperatures of 144 drops. The average
freezing temperature of the 14& drops was 0,02 deg warmer in the second
run than in the first. The average change in freezing temperature
(irrespective of direction) was 0.6 deg, and the freezing temperatures
of 907 of the drops changed by less than *1.6 deg. This result is
typical of the results of a number of such experiments.

The first question raised by these observations is whether two
freezing temperatures of a drop in successive runs are due to the
actions of the same nucleus or of two different nuclei. To answer
this question, it may be recalled from the definitions given in Chapter III
that the probability of finding a nucleus active between temperatures
and € +A© in a drop of volume V is given by the nucleus spectrum as
V- k(8) - A6. This probability is independent of the presence of

other nuclei and is therefore equal to the probability that a drop
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Figure 4-5. Correlation between first and second

freezing temperatures of 144 drops.
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originally freezing at 6 and then at © + A® may have been nucleated
by two different nuclei on the two occasionms. The probability for
two competing nuclei to be present within a temperature interval of
1.6 deg for the nucleus spectrum of the sample used is thus found to
be 0.1 at -10 C, 0.5 at -22 C and 0.9 at -23 C. For temperatures
warmer than -23 C, it is therefore likely that the observed changes
in freezing temperatures of drops reflect changes in the temperature
of activity of the nucleating particle, and not the alternate actions
of two nuclei. The facts that the freezing temperatures change in
both directions with about the same frequencies at warm and at cold
temperatures, and that the magnitudes of the changes are approximately
the same in all temperature regions, point to this same conclusion.
One can therefore look upon the changes shown in Fig. 4-5 as changes
in the activities of nuclei, for all except the coldest temperatures;
the results indicate that the temperatures of activity of individual
nuclei are remarkably constant in comparison with the differences
between the temperatures of activity of various nuclei.

With several cycles of freezing and melting of drops, interesting
patterns emerge for the changes in freezing temperatures. Figure 4-6
presents typical results obtained in experiments in which 30 to 60
cycles of freezing and melting were carried out. It is seen from
this figure that some drops have very reproducible freezing tempera-
tures, some show abrupt changes, and some change their freezing tem-
peratures irregularly. The changes in the average freezing temperature
of 144 drops are also shown in Fig. 4-6, demonstrating that the changes

in the freezing temperatures of individual drops tend to cancel, and
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that no systematic shift of freezing temperatures occurs. 1In these

data there appears to be no systematic grouping in the.types of changes
that occur for drops freezing at warm or at cold temperatures, but this
aspect needs further analysis. Some variations of the freezing tempera-
tures must result from the statistical nature of the nucleation process
even for unchanged nuclei, and it may be thought that the freezing tem-
peratures of drops which show the least degree of fluctuation reflect
this effect.

Refreezing experiments with samples filtered through 0.01 o filters
gave similar results to the experiments using unfiltered samples. Ninety
percent of the changes in freezing temperatures fell within intervals of
+1.2 C tox1.7 C for the various samples. Nuclei less than 0.01,*
diameter are thus found to retain their activity to the same extent as
larger nuclei.

By introducing a 16-hour period between first and second freezings,
during which time the drops were left on the cold stage under a loosely-
fitting cover and kept at +20 C, the deviations between freezing tempera-
tures increased somewhat so that 857 of the changes were less than*1.6 C
and the 907% range increased to +2.6 C (warmer) and'-1.7 C (colder). The
average freezing temperatures of the two runs differ by 0.1 deg. The
increase is slight and is caused mainly by a rise in the freezing tem-
peratures of a few drops which originally froze at temperatures below -22 C.

The effects of drying of the nuclei and of exposure to air have been
studied in the following manner: After the first freezing, the drops
were evaporated under reduced pressure. The residues left by the drops
on the supporting surface were then allowed to come in contact with air

for various perlods of time., The supporting plate and the residues were
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at room temperature during these intervals. After placing drops of
distilled water over each residue, a second freezing experiment was

carried out. The results of these experiments are summarized in

the table below:

PERIOD OF CHANGE IN PERCENT OF
EXPOSURE TO AVG, FREEZING CHANGES LESS
AIR TEMPERATURE THAN *+1.6 C 90% RANGE
3 hr -0.3 C 797 {+2.1 c
-2.9 C
18 hr +0.1 ¢ 85% *1.9 C
4 day -1.3 ¢ 52% {4-2.0 d
-4.5 C

These data indicate that there is some loss of activity with time.
Although the 3-hour and 18-hour experiments do not show progressively
increasing effects, the 4-day delay is the only case of major change
observed. 1In that experiment, equal reductions in freezing temperatures
occurred at all temperatures. From the works of Birstein (1960) and
Georgii (1963), it is known that deactivation of nuclei can be caused
by adsorbed gases, and the possibility that some contamination occurred
in our experiments cannot be excluded.

The aging characteristics of individual nuclei are observed in
the drop refreezing experiments. The extension of these experiments
to periods longer than a few days was impractical, and therefore the
overall changes in nucleus content after long periods of storage were

studied instead. The nucleus content of samples which were kept frozen
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was found to remain unchanged even after years of storage in closed
containers at -20 C. On the.other hand, the nucleus content of
samples of liquid water diminishes with time. This effect has already
been noted by Stansbury and Vali (1965).

Figure 4-7 shows two spectra for a sample of melted hail, one
obtained immediately following melting, and the other after a period
of six weeks, during which time the sample was at temperatureé.between
20 C and 25 C. This example shows the'most“severe case of aging that
was observed for comparable periods. In other samples the reductions
in nucleus concentration were about a factor 2 to 4, with most of the

' change occurring within the first week. Figure 4-8 shows nucleus

spectra for two portions of a sample of rain after 10 weeks of storage,

one part having been stored frozenm, the other at room temperature.
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Figure 4-7. Nucleus spectra for sample of hail before
and after 6 weeks' storage at room temperature.
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Nucleus spectra for sample of hail before
and after 5 weeks' storage at 5 C.
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The changes in nucleus concentrations after 5 weeks of storage at
5 C are shown for a sample of hail in Fig. 4-9. The maximum reduction
in nucleus concentration is a factor of 2 (at -1l C), and the average
reduction is about a factor of 1.5.

From the foregoing, it appears that the nucleus concentrations
of water samples are reduced when stored for long periods of time,
and that the rate of reduction increases with increasing temperatures
of storage. The dependence of the rate of loss of nuclei on temperature .
indicates that the effect is due mainly to changes in the nucleating
abilities of particles, rather than to sedimentation, as the rate of
sedimentation does not depend appreciably on temperature. The increase
found in Fig. 4-7 for the concentrations of nuclei at colder temperatures
also supports this conclusion. 1In any case, the changes in nucleus
concentrations are small; the corresponding average reductions in
nucleating temperatures are about 1 deg for samples stored at room
temperatures and about 0.5 deg for samples stored at 5 C (after 5 weeks).

It is evident from these results that for the majority of freezing
nuclei the ability to nucleate ice is a permanent property of the
nucleating particle. The temperature at which nucleation occurs is
defined by the characteristics of the nucleus, and its nucleating ability
is little affected by long periods of exposure to air or by repeated
nucleation. Some alterations of nucleating ability are observed and
occasionally the changes are large; further exploration of these effects
is required and could lead to better understanding of the nucleation

process and of the nature of the nucleating particles. One may also
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conclude that the freezing characteristics observed in the laboratory
can be used to describe the action of freezing nuclei in the atmosphere
unless additional influences not present in the experiments (such as
radiation, electric fields, adsorbed contaminants) are found to be of

ma jor importance.



45

4. SOURCES OF FREEZING NUCLEI

Since soils are among the most important sources of atmospheric
particulates, the effectiveness of soils as ice nuclei has been exten-
sively investigated (see summaries by Bigg, 1961; Mossop, 1963; and
Dufour, 1966), however mostly by means of cloud chambers and by testing
the mineral components of soils only. Because our technique of measure-
ment of nucleating activity is different, and because it was thought
desirable to test soils in their natural form, a number of soils were
examined on a comparative basis.

The soils were used in the form in which they were collected from
the field,* with no special treatment except for light crushing of
large agglomerates. Each sample was prepared for testing by adding
0.02 g of soil to 40 g of distilled water. Freezing experiments were
conducted with each sample within a few hours after the preparation of
the samples, but some sedimentation usually occurred even during this
time. Since the size distributions of particles in the samples were
not known and were evidently quite varied from sample to sample, the
extent of sedimentation is just one aspect of differences in character-
istics. . Uniformity of procedures was maintained, however, ensuring
comparability of the results.

Figure 4-10 shows a number of nucleus spectra that were obtained
for samples of surface soils. The origins of the temperature scales
are displaced for each spectrum in order to separate the curves, and

the temperatures are given at which the nucleus concentrations reach

*
The samples were obtained from the Department of Soil Science,
Macdonald College of McGill University.
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100 cm-3 deg-l. In Fig. 4<11, nucleus spectra for samples of pure
clays are presented in a similar manner. It is immediately evident
from a comparison of these two figures that the surface soils contain
more nuclei active at warm temperatures than the clay samples.
Especially remarkable are the high concentrations of nuclei active near
-5 C in samples D to H in Fig. 4-10. The main difference between the
pure clay and the surface soil samples is that the surface soils in
general contain a variety of different substances in addition to the
basic clay particles that make up the soil. The highest nucleus con-
centration at -5 C was given by a sample of peat soil (H in Fig. 4-10)
which had the highest content of organic matter among the samples tested;
it is possible that nucleus content and organic components of soils are
related.

Experiments have also been performed with two pairs of samples,
each pair of which originated from the same location but from two different
depths below the surface. The nucleus spectra obtained for one of these
pairs is shown in Fig, 4-12. Also shown in this figure are the spectra
obtained for these samples after filtration with 0.0l pore-size filters.
The other pair of samples gave closely similar results. The nucleus
contents of the surface samples were in both cases higher than the samples
from greater depth, This result tends to confirm the indication given by
Figs. 4-10 and 4-11 that the most active nuclei in the samples were asso-
ciated with substances found mainly in the surface layers of soils.

The difference in nucleating ability between surface and sub-surface

soils is in the wrong direction to be explained on the basis of particle
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sizes. Clays are generally composed of particles between 0.1,A and
lm in diameter, whereas the surface soils are mainly of larger aggre-
gates (1-10 0 ). Visibly stronger sedimentation was observed, in the

samples of surface soils.
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Figure 4-12, Nucleus spectra for surface and sub-surface

soil samples from same location.

Filtration experiments revealed that for the nuclei active near
-5 C the proportions of nuclei less than 0.0l u in diameter were higher
than for the nuclei active at temperatures 6f -10 C or lower. Figure
4-13 shows the nucleus spectra obtained for the sample of peat soil
(curve H in Fig. 4-10) without filtration and after filtration with a
0.01 . pore filter. The reduction in nucleus concentrations resulting
from the removal of particles larger than 0.01,L is very small for

temperatures above -8 C, a factor of 2 approximately, but increases
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to a factor of 20 at temperatures near -16 C. Figure 4-13 is typical
of the results that were obtained with the five samples which exhibited
high nucleus concentration at temperatures close to -5 C (samples D, E,
F, G and H in Fig. 4-10). Examples for the reductions in nucleus
concentrations that result from the filtering (with 0.01 m pore size
filters) of surface soils which do not have high nucleus concentrations
at warm temperatures are shown in Fig. 4-12. The reduction factors in
this case vary from 50 to 100; in other similar samples the reduction
factors were from 10 to over 100,

After filtration of the suspensions of clays I, J, K, L. and M, the
nucleus concentrations of these samples did not exceed the concentrations
of nuclei in the distilled water. This is in agreement with the generally
applicable particle sizes for clays, and indicates that no appreciable
amounts of very small particles of clay, or of other substances, capable
of promoting nucleation at temperatures warmer than -20 C were present.

The experimental results described in this section differ from
results on the nucleating ability of soils that were reported by
Pruppacher and Sanger (1955), by Mason and Maybank (1958), and by
Paterson and Spillane (1967), principally in that warmer nucleation
temperatures were found in our experiments. These authors reported
"threshold temperatures" of -12 C for most minerals and -7 C for only
one sample, The small sizes of the nuclei, which we have found to prevail,
contrasts with the sizes (0.1 p or larger) that they reported to be
required for nucleating particles. Schulz (1948) and Nagy (1966) have
reported nucleation in suspensions of sand, calcite, barytine and mica

at temperatures of -3 C to -5 C, but these experiments utilized millimeter-
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Figure 4-13. Concentrations of freezing nuclei in 0.05%
suspension of peat soil, with and without filtration
through filters of 0.01,.4, pore size.
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sized particles. No detailed explanation can be given for these
disparate findings, because of differences in experimental techniques
and conditions, and because of variations in the substances tested.

In general, one can point to the fact that in our experiments composite
soils were used, whereas previous work was mainly done with the mineral
components of soils only.

In summafy, the most significant finding of these experiments is
that five out of the eight samples of surface soils tested were found
to contain high concentrations of freezing nuclei active at temperatures
close to -5 C, and that these nucleil are smaller than 0.0l p+ in diameter.
- Since clay samples were found not to contain such active nuclei, and the
proportions of nuclei less than 0.01,& size were found to be small in
these samples, the most active nuclei in the surface soil samples appear
to be associated with some minor (perhaps organic) component of these
soils,

For the freezing nucleus content of the atmogphere the activity and
the small sizes of the nuclei in surface soils are likely to be of major
importance. Similarities between soil suspensions and precipitation
samples, with respect to the rapidly rising nucleus concentrations at
temperatures between -5 C and -6 C, and with respect to the high pro-
portions of small nuclei, strongly suggest that the freezing nuclei
active at temperatures above -10 C in precipitation samples are of soil
origin. The most active nuclei were found in the‘types of surface soils
which under dry conditions are subject to strong wind erosion and are
fairly common to most areas. These soils are therefore very likely to
be among the major sources of atmospheric ice nuclei. The transport
and collection mechanisms that can provide for the entry of particles

of soil origin into the precipitation are discussed in Chapter VI.
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V. FREEZING NUCLEUS CONTENT OF PRECIPITATION

Research on atmospheric ice nuclei has been based chiefly on
measurements of the nucleus content of air. These measurements rely
on the activation of the airborne nuclei by some manner of humidifica-
tion and cooling. Comparatively little attention has been paid to
the nucleus content of natural precipitation, although such measure-
ments would be more direct indicators of conditions within the clouds.
Soulage (1957) devised a method to reactivate the residues of
evaporated snow crystals. However, only about 1 out of 10-crystals
could be re-formed at -21 C, even though the original crystals were
formed at temperatures between -12 C and -19 C. Hoffer and Braham (1962)
captured frozen cloud droplets from an aircraft, melted them and observed
the temperatures at which the droplets froze when cooled again. They
found the mean freezing temperatures of the drops to be -25 C for drops
of 100 diameter and -22 C for drops of 500 s diameter. Since the
coldest temperatures in the clouds in which the collections were made
were warmer than -15 C, they concluded that the freezing of the droplets
in the cloud did not result from the action of nuclei within them.
Measurements on the nucleus content of precipitation have been
under way at McGill University since 1959. Nucleus content is determined
from observations of the freezing temperatures of drops of rain, hail
and snow. The results of these measurements have been reported by
Barklie and Gokhale (1959), Barklie (1960), Stansbury (1961), Vali (1964),

Stansbury and Vali (1965), Schlien (1967) and Bishop (1968).
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The most important findings of.these experiments, based on the analysis
of about 100 samples of precipitation, are:
(1) The nucleus content of hail samples is higher than
that of rain and snow (Barklie, 1960; Schlien, 1967).

(ii) Hail from western Canada has higher concentrations of
nuclei than hail from eastern Canada (Stansbury and
vali, 1965; Schlien, 1967).

(iii) There is no major variation in the nucleus content of rain
and snow with geographical origin. Samples obtained from
13 stations across Canada have shown no systematic differ-
ences (Schlien, 1967).

Collection of the samples is one of the major problems in work
with natural precipitation.l The need for collection methods that do
not influence the samples, gnd the unpredictability of times and loca-
tions of precipitation (especially for hail) lead to contradictory
requirements for the collection methods. In addition, since no inde-
pendent evaluations of nucleus content have been available for comparison,
it has been difficult to assess the reliability of the results.-

The data presented in this chapter have been obtained in order to-
augment the observations of the previous series of experiments, and to
establish the reliability of the collection techniques,

Figures 5-1 and 5-2 present the nucleus spectra for hail samples
collected in 1965 and in 1967 respectively. The ranges in which the
majority of the spectra lie and the spectra for a few samples of
exceptionally high or low nucleus content are shown. The individual
spectra are shown in Figs. 5-3 and 5-4. All samples except one (65-A)

originate from the southwestern part of Alberta.
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Figure 5-1. Range of nucleus concentrations for hail

samples collected in 1965 in Alberta and in Ontario

(sample 65-A). The thin line indicates nucleus content
of distilled water for comparison.
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Figure 5-2. Range of nucleus concentrations for hail
samples collected in Alberta, summer of 1967.
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Figure 5-3.

collected in 1965.
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These are summarized in Fig. 5-1.
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Figure 5-4. 1Individual nucleus spectra for hail

collected in 1967.

These are summarized in Fig. 5-2.
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The concentration of nuclei in sample 65~A from southeastern Ontario

is lower than in the majority of samples from Alberta, in agreement
with previous findings. In 1965 the hailstones were all obtained

from volunteer collectors who collected the hailstones from the ground
after the storms. In 1967 the samples were collected in plastic-lined
baskets. Some of these samples were obtained from a network of farmer-
operated stations, but most were collécted by the créw of a mobile
sampling unit. The network collectors were kept covered and the covers
were removed just before or during the passage of the storm, the mobile
collectors were assembled just before use with new liners. Each liner
was used only once. There appears to be some tendency for the 1967
samples to have lower concentrations of nuclei, but the difference is
not a major one. Sharp increases in concentration with decreasing
temperature appear in the spectra at about -6 C for samples from both
years.

The concentrations of freezing nuclei in 40 samples of rain
collected from intense showers during the summer months in Alberta
were found to lie within the range indicated by the solid lines in
Fig. 5-5. The spectra for 23 samples collected by the mobile unit are
distributed fairly uniformly within the whole band shown in this figure,
while spectra for the 17 samples obtained from the farmer network fall
within the narrower range indicated by broken lines. All collections
were made with identical equipment, small bags with plastic funnels
which were uncovered only after the onset of rain, but differences in
handling could have occurred. The fact that the less well controlled
collections by farmers yielded samples comparable to the samples obtained

by trained personnel is a reassuring indication of the realibility of

sampling.
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Figure 5-5. Range of nucleus concentrations in 40
samples of rain from Alberta, summer 1967.
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On the whole, the concentrations of nuclei in hail appear to
be higher than in rain. In Fig. 5-6 the ragges of concentrations
for 9 samples of hail and 40 samples of rain are replotted from
Figs. 5-2 and 5-5. All these samples originated from the same season

and geographical area, but not from the same storms.
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Figure 5-6. Ranges of nucleus concentrations in hail
and in rain from Alberta (summer of 1967).

From three storms in 1967, samples of both rain and hail have
been collected. Spectra for 2 samples of rain and 4 samples of hail
from one of these storms are shown in Fig. 5-7. Hail samples 1, 2
and 3, as well as both rain samples, were taken from the drain of a
6' x 15' plastic-coated tray (on top of a truck). Sample B is from
a plastic-lined basket set out about 100' away from the tray collector,

and had some rain mixed with the hail. The numbering of the samples in
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- Figure 5-7. Nucleus spectra for sequences of four

hail samples and two rain samples collected on August
6, 1967 from same storm.

the figure indicates the order in which they were collected; the
relative timing of the rain and hail samples is not known. At the
sampling location, the storm lasted 12 minutes. The average rain
intensity during this time was about 50 mm hr-1 and the maximum record-
ed rate was 130 mm hr-l. The hailstones were about 0.5 cm diameter.
The higher nucleus content of hail samples 1, 2 and 3, compared to the
rain, is quite evident from this figure, and it is most unlikely that
this difference would have resulted from the manner of collection. The
lower nucleus content of sample B may indicate that some contamination
from the collecting tray was occurring, but one would expect rain to
be affected more seriously by such contamination than hail. The other
two pairs of samples showed similar differences. The nucleus content
of hail thus appears to be higher than that of rain, even if both

originate from the same storm.
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Eleven of the forty rain samples (cf. Fig. 5-5) originated from
storms which produced hail within an area of 3 mi radius around the
collection point and with the duration of hailfall at least partially
overlapping the duration of rain collection. No grouping of these
samples within the general range is evident, as shown in Fig. 5-8.

This finding also points to an association of high nucleus concentra-
tions with hail specifically and not with the storm as a whole, which
means either that hail develops whenever the air entering the storm

has high concentrations of nuclei active at warm temperatures, Or that
differences in the growth processes of rain and of hail lead to different

proportions of nuclei to water mass in hail and in rain.
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Figure 5-8. Nucleus spectra for 11 rain samples from

hailstorms (full lines). Broken lines indicate range
of concentrations for 40 samples collected from all
storms.
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Figure 5-9. Nucleus spectra for five samples of hail

from storm of August 27, 1965. Relative positions of

collection points and average hail sizes are shown by
insets.

Two cases in each of which samples of hail were obtained from five
different locations along the storm swath were available for analysis.
Spectra obtained for one of these cases are shown in Fig. 5-9. The
results for the other occasion have been reported by Schlien (1967)
and are very similar to those shown here. All samples for these sets
were collected from the ground by farmers. As shown by Fig. 5-7, the
maximum variation in concentration is about a factor of ten, and the
differences in temperatures at fixed concentrations are about three
degrees. The maximum differences among samples in general (Figs. 5-1

and 5-2) are considerably larger than this.
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Simultaneously collected pairs of rain‘samples from the same
locations were obtained in 9 cases. These collections were planned to
provide a measure of the consistency of the collection technique.
Figure 5-10 shows the spectra for 3 representative pairs of these
samples, indicating that although variations of up to factors of four
occur, the differences between the simultaneous samples are smaller
than the differences between samples from separate occasions. It thus
appears that the nucleus spectra for the rain samples reflect the
properties of the samples, but that there is a minor influence from
the collectors. Bishop (1968) found that with large plastic bags used
for collection, the variation between the nucleus concentrations of
simultaneously collected samples is less than a factor of 1.5. This
collection technique has the advantage that no part of the collecting

device is used more than once.
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Figure 5-10. Nucleus spectra for three pairs of rain
samples. Pairs collected simultaneously with duplicate
equipment.
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Samples of rain from convective type storms were also collected
at two stations in the Montreal area. Each location lies about 15
miles from the center of the city and is outside the area of severe air
pollution. Some of the collections were made by the use of funnels and
some by large plastic bags. The range covered by the nucleus spectra
of 7 samples of summer rain is shown in Fig. 5-11. No difference is
evident in these spectra between samples collected by the two different
methods. Also shown in Fig. 5-11 is the range of the nucleus spectra
for the rain samples from Alberta. The higher nucleus content of
precipitation in Alberta is evident from this diagram. This is in

accord with the difference found for hail.
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It may be concluded from the foregoing that the new measurements
confirm the conclusions reached previously, namely, that the nucleus
content is higher in hail than in rain, and that for both hail and
rain, higher concentrations are found in samples from Alberta than in
samples from Quebec and Ontario. The rapid change in nucleus concentra-
tions between -4 C and -6 C appears to be characteristic of hail from
Alberta. This feature also appears to a smaller extent in some of the
rain samples from Alberta,.but it has not been found in any of the
other samples tested. Large changes in éoncentrations within narrow
temperature intervals have been found in four cases at temperatures
other than the range noted above. Three of these occur between -9 C

and -10 C: a tenfold increase for a hail sample from Alberta, and
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Figure 5-12. Nucleus spectra exhibiting abrupt changes;
1 and 4: hail from Alberta; 2 and 3: hail from Colorado.
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3 deg-1 in identical

abrupt changes from 10 cm-3 deg-1 to 4 x 103 cm
manner for two hail samples from Colorado. A very rapid increase of
nucleus concentrations was found in one hail sample from Alberta:
from 100 cm"3 deg-1 at -14 C to over 105 cm-3 deg-1 at -16 C. The
nucleus spectra for these samples are shown in Fig. 5-12. Since the
nucleus spectra for most samples were determined for the range 10o to
103 cm-3 deg-1 only, features such as those shown in Fig. 5-12 occurring
beyond this range would not have been detected; such increases may be
more common than indicated by the available data.

Peaks in the nucleus spectfa of suspensions of surface soils near
-5 C and the high concentrations of nuclei in hail at similar temperatures
strongly suggést that the nuclei ih the hail are generally of soil origin.

The presence of other peaks in soil suspension has not been observed in

the small number of soil samples that have been tested (cf. Chapter IV).
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VI. RELATION BETWEEN MEASURED ICE NUCLEUS CONCENTRATION
AND THE NUCLEUS CONTENT OF CLOUD WATER .

The preceding two chapters have summarized the observational
results on the concentrations of freezing nuclei in precipitation
collected at the ground. It has also been shown that large fractions
of these nuclei are smaller than 0.01 i in size. We now turn to the
problem of how these observations can be related to the atmospheric
processes that led to the results obtained, and what inferences can
be drawn about the formation of the ice phase in clouds. Specifically,
the contribution of freezing nuclei to the formation of ice will be
examined; other processes, involving sublimation nuclei, fragmentation, "
acoustic and electrical effects, are not considered. Neither is an
attempt made to follow the development of ice particles beyond their
initial appearance.

A model to describe the entry of freezing nuclei into the precipi-
tation will be developed and then used to estimate the freezing tem-
peratures of cloud droplets and of raindrops. Attention is concentrated
on convective summer storms typified by hailstorms in Alberta. The
model is essentially this: Freezing nuclei are lifted from the surface
into the cloud where diffusion to cloud droplets provides an efficient
mechanism for the capture of these nuclei. The concentrations of
freezing nuclei in cloud droplets and in raindrops are taken to be the
same as the concentrations measured in the precipitation at the ground,
and the freezing temperatures of raindrops and the concentrations of

frozen cloud droplets are estimated on this basis.
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The first step towards setting up the model outlined above is
to examine the origin of the freezing nuclei that are found in the
precipitation. This is a matter that requires consideration of the
distribution of freezing nuclei in the atmosphere, and an examination
of the processes of scavenging by the precipitation. To start with,
it is assumed that freezing nuclei have a common origin with the
majority of the atmospheric aerosols, at the surface, and that in
general they folloﬁ the behaviour of other particulates. (The argu-
ments thaﬁ can be offered in support of this assumpfion are quite
meagre at present; one can point to the similarity between the nucleus
spectra of some precipitation samples and the spectfa of nuclei for
certain soil samples, to the reasonableness of the derived estimates
of glaciation in light of available observations, and to the lack of
well-founded alternatives. Further discussions on these points are
presented in Chapter VII.) On this basis, the problem of the distribution
and collection of freezing nuclei is made part of the more general problem
of aerosol distribution and scavenging. These questions are therefore
examined in some detail, with special emphasis on particles smaller than
0.01 jo in diameter (see Sections 1 and 2 below). It is found that the
concgntrations of small particles are, from latest measurements, higher
than was previously thought, and that reasonable account can be given of
the particulate content of precipitation in terms of the aerosol content
of the air in which the precipitation developed. The process mainly
responsible for the collection of particles smaller than 0.0l,; diameter
and theréfore of the majority of freezing nuclei is diffusion of the

particles to cloud droplets.
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With in-cloud capture of the freezing nuclei predominating,
the possibility is raised that the freezing nucleus concentrations
measured in the collected precipitation samples may be used to assess
the freezing nucleus content of cloud water, and therefore to estimate
the freezing temperatures of cloud droplets and of raindrops. 1In
Section 3 different aspects of the processes of precipitation develop-
ment are examined, to determine the extent of the agreement that can

be expected between laboratory results and events in the clouds.
1. ATMOSPHERIC CONCENTRATIONS OF 0.0l x DIAMETER PARTICLES.

The most useful information, from our point of view, comes from
measurements of Aitken nuclei, as the technique of measurement is
relatively simple, and thus a considerable body of data has been accumu-
lated. At the high supersaturations used in these measurements, particles
10-3}; and larger can serve as centers of droplet growth; the measured
concentrations can therefore be taken to give a total particle count
(only small ions being excepted).

Typical results obtained by Hogan (1966), using contiﬁuous recording
instruments, are shown in Fig. 6-1. This graph indicates the variability
of the concentrations of Aitken nuclei both in space and in time. The
measurements for Fig. 6-1 were all obtained at the surface, and the
relation of the results to the type of environment and to seasons is well

represented here.
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Figure 6-1. Cumulative frequency distributions of

Aitken nucleus concentrations at different locations.

Observation frequencies varied from a few minutes to
hours. (After Hogan (1966)).

Aitken nucleus concentrations in the free air under average
conditions were measured by Wigand (1919) and by Weickmann (1957) up
to altitudes of 6 km, and Junge (1961) reported on measurements from
6 to 27 km altitude. An average profile of the concentrations,
reconstructed from these sources, is shown in Fig. 6-2. There are two
layers of rapidly decreasing concentration; just above the surface and
above the tropopause. The first of these is a clear indication that
the surface is the major source of the Aitken nuclei, the second
indicates a discontinuity in the mechanisms of upward transport of

nuclei. Between 5 and 10 km and again over 20 km the concentration is

fairly constant. Junge (1961) explains the main features of the tropo-
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Figure 6-2. Smoothed profile of Aitken nucleus
concentrations between the surface and 27 km
altitude.
spheric part of the profile qualitatively on the basis of upward trans-
port through mixing and convection, with coagulation and capture by
precipitation as the removal processes.

The variation of average Aitken-nucleus concentrations with location
is from < 102 cﬁ-3 in Alaska (Kumai, 1965) to )105 cm-3 in populated
areas. Variations of up to two orders of magnitude are observed at any
given place with changing weather conditions. There is also a pronounced
diurnal variation observable at all locations, as shown by Hogan (1966)
and Clark and Whitby (1967) for populated areas, and by Went, Slemmons

and Mozingo (1967) for remote areas. This latter paper also demonstrates

that Aitken nuclei, at places away from anthropogenic sources, are produced
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by photochemical processes from volatile plant products (mainly
terpenes). Variability is also evident at higher altitudes in the
free air (Fenn, Gerber and Weickmann, 1965; Weickmann 1957, 1966).

As mentioned earlier, Aitken nucleus measurements can be taken to
represent the total concentrations of particles. The lower threshold
for the sizes of particles involved is difficult to ascertain, and is
in fact variable, depending on the composition of the aerosol and on
the experimental technique. Hosler (1950) set this limit at 5 x 10-3)~
from electronmicroscope examination of the droplet residues. Since
the concentration of pafticles decreases rapidly above 10—2}; diameter
(see next paragraph), the Aitken nucleus count is nearly equivalent to
the concentration of particles from 5 x 10-3ﬁh to 10_2}* diameter.

Information on the size distributions of aerosols smaller than
10_2’L has only recently become available. Clark and Whitby (1967)
reborted on the measurementé of particle concentrations in an urban
environment over the size range 10-3l* to 3 Mo These were obtained
by the simultaneous use of three different types of instruments, each
covering a different part of tﬁe size spectrum. Figure 6-3 shows one
such spectrum. Particle concentrations increase with decreasing particle
size even for particles smaller than 10-2 Mo in notable contrast with :
the results of several previous investigators (Junge, 1963; Pasceri and
Friedlander, 1965). Inefficiency of the older methods for the detection

of small particles was suggested as the explanation for this disparity.
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Figure 6-3, Particle size distribution after Clark
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the readings: A - condensation nucleus counter,

O - electrical counter, + - optical counter.

The distribution in Fig. 6-2 describes the long-term equilibrium
concentrations that are established through numerous processes. For
consideration of the cloud-aerosol interaction in a developing cloud,
it is necessary to take into account the short-term evolution of the
aerosol as the air carrying it rises from the surface up to cloud
levels, where the environmental concentration of particles may be 100
times lower than at the surface. There are three factors that affect
the concentration and the size distribution of the aerosol in ascending
air before formation of cloud: expansion, mixing and coagulation.

Expansion reduces the total concentration by a factor of less than two
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for the average height of summer storms. Mixing will tend to reduce
the total cbncentration of the aerosol, but the importance of mixing
can be expected to diminish with increasing size of the storm. Expan-
sion and mixing affect equally particles of all sizes.

The theoretical treatment of the changes in size distribution that
occur in a closed system due to coagulation was given by Junge (1957);
the results of his computations are shown in Fig. 6-4. As shown by
this graph, the concentrations of very small particles diminish rapidly
with time; however, for particles greater than 5 x 10-3,~ diameter,
the reduction in one hour would not be more than a factor of two. The
reductions in the concentrations of small particles in air lifted from

"the surface would, in fact, be even smaller than indicated by this figure
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for three reasons: (i) If there is a reduction of the total particu-
late content of the air due to mixing, the rate of coagulation is
reduced. - (ii) There is some ﬁroduction of small particles even above
the surface; condensation of gaseous constituents provides one such
source (Went et al., 1967). (iii) The initial concentrations of small
particles are higher, according to Fig. 6-3, than what was assumed in
Fig. 6-4, and the rate of coagulation decreases with increasing negative
slope of the spectrum. Distributions of the type presented in Fig. 6-3
were shown by Clark and Whitby (loc. cit.) to be "self-preserving" or
time-independent. It thus appears unlikely that the size distribution
of an aerosol would be greatly modified in the 10-30 min time interval
that air takes to rise from the surface to cloud heights.

Measurements of the concentrations of Aitken nuclei in the atmos-
phere provide evidence that high aerosol concentrations are associated
with convective activity. Selezneva (1965) reported that the concen-
trations of Aitken nuclei, on days with cumulus clouds, decreased
with height (to 6 km altitude) in an exponential form with a decay-
constant of 1 km. This is about 3 times greater than the average decay-
constant in Fig. 6-2, for heights up to 2 km. At a typical cloud base
height of 1.2 km (in Alberta) the concentration of particles would thus
be about 30% of the concentration at the surface. These measurements
were obtained in cloud-free spaces; the concentrations are likely to be
even higher directly in an updraft, before the formaticr of cloud.

Weickmann (1966) reported that inside small cumuli the concentra-
tions of Aitken nuclei were about 4 times higher than in the surrounding

air. Admirat and Soulage (1966) found ice nucleus concentrations 10 times
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higher than ambient concentrations at the bases of clouds. Auer (1967)
measured the concentrations of condensation nuclei just below the bases
of fair weather cumuli and found that the concentrations of nuclei
active at supersaturations of 1% were as high as 103 cm-3 on occasion.
According to Jiusto (1967), particles active at 1% supersaturation are
about 0.1 XS in diameter, so that the concentrations of 0.01}; diameter
particles would be about 106 cm-3.

In light of the foregoing, the total concentration of particles in
a convective parcel of air may be expected to be of the same order of

magnitude as concentrations measured at the ground: 104 to 106 particles

3
per cm  can be realized, particularly with strong winds and with dry and

loose soil at the surface.

2. SCAVENGING OF AEROSOLS BY CLOUD DROPLETS AND PRECIPITATION

In this section the roles which different processes play in pro-
ducing the concentrations of freezing nuclei found in the precipitation
are examined in order (i) to estimate the extent to which the observed
final concentrations reflect the concentrations of nuclei in the cloud
and raindrops aloft and (ii) to estimate the rate at which particles
are collected by the cloud droplets in a developing cloud.

It has been shown by Greenfield (1957), Hess (1959) and Junge (1963)
that the most important processes for the removal of particulates from
the air in precipitating clouds are: the capture of particles smaller
than 0.1 diameter due to diffusion to cloud droplets, and the collec-
tion of particles larger than 1l u diameter by falling raindrops and ice
particles. The contributions of these processes to the freezing nucleus

content of precipitation are discussed in parts (a) and (b) of this section.
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a) Concentrations of freezing nuclei in the precipitation at the
eground and in the clouds.

Since it is proposed to estimate the glaéiating behaviour of clouds
from the concentrations of freezing nuclei in precipitation collected at
the surface, it is important to establish the extent to which such con-
centrations are affected by the nuclei collected in the sub-cloud layer
by the falling precipitation.

The collection efficiencies of falling raindrops are negligible
for particles below about 1 m diameter, due to the streamline flow of
the small particles around the drops. Calculations by Langmuir (1948)
and by Pearcey and Hill (1957) show that the collection efficiency of
millimeter-sized drops exceeds 10% only for particles which are larger
than 4 w diameter, and reaches 807 for particles approximately 10w
in diameter. Experimental work by Goldsmith et al. (1963) on the radio-
activity of precipitation (originating mostly from 0.1 m to 1,* particles)
and by Georgii (1965) on the ion content of rain suggest that collection
efficiencies are in fact higher than calculations indicate, but no
quantitative results are available. The overall effect of washout depends
also on the type of precipitation (dropsize distribution, rain intensity
and duration) and on the rate of re-geﬁeration of the aerosol in the sub-
cloud layer.

In view of these complications, it might be useful to first assess
what the maximum effect could be. To this end, let us assume 100%
collection efficiency for particles greater than 1 u diameter and take
the concentrations of particles of these sizes to be 1 cm-3 everywhere

below the cloud (see Fig. 6-3). One cm3 of collected rainwater, if it
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originated in 1 mm raindrops which fell from the cloud base at 1.5 km,

and assuming no overlap of the spaces swept by the drops, would then
contain about 106 particles. Recalling from Chapter IV that the
probability for a 0.01;; diameter particle to be an active nucleus at
temperatures above -10 C is about 10-11, and again assuming this proba-
bility to vary in proportion with the surface area of the particle, it

is estimated that 1 out of 107 particles of 1 i size would be active
freezing nuclei. Thus, the maximum possible concentration of freezing
nuclei (at =10 C) in rain which could result from sub-cloud washout is

of the order of 0.1 cm-3. Measured concentrations of nuclei at -10 C

in rain are from 0.1 cm-3 to 10 cm-s, indicating that washout is possibly,
but not likely, a significant factor in influencing the nucleus concentra-
tions at the ground.

The fact that only large particles are expected to be collected by
the falling raindrops provides a convenient way to estimate what contribu-
tion to the freezing nucleus content is made by sub-cloud collection.
Filtering the samples through filters of 1.2 o pore size has been found
to result in reductions of nucleus concentrations which did not exceed
a factor of 2, with no noticeable variation in the degree of reduction
at different parts of the nucleus spectra. Since some of the observed
reduction on filtering is due to the removal of particles smaller than
the pore size, the change in concentrations between filtered and non-
filtered samples is an upper limit for the contribution of large particles

to the nucleus content of precipitation samples.
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A doubling of nucleus concentrations thus appears to be the
maximum effect that can be expected due to sub-cloud collection of
nuclei., For a typical nucleus spectrum, a factor 2 change in concentra-
tion corresponds to a 1 deg difference in temperature. It can therefore
be concluded that the assumption that the nucleus content of cloud water
is the same as the nucleus content of rain collected at the ground does
not lead to errors greater than 1 deg in the freezing temperatures
estimated for the cloud.

In an experiment designed to confirm the conclusion reached in
the previous paragraphs, a sample of cloud water was collected by means
of a collector attached to an aircraft. This sample was found to have
higher concentrations of freezing nuclei than most precipitation samples.
No simultaneous sample at ground level was available and the collection
method used in the aircraft has not been tested previously; the experi-
ment is therefore not conclusive, but the feasibility of this type of
experiment has been demonstrated and further effort in this direction
seems warranted.

The amount of particulate matter collected by hailstones during
fall from cloud base to ground is negligible for two reasons: the
collection efficiency of hailstones larger than 5 mm diameter for all
micron-sized particles is minute and the large mass of the stones would
tend to mask the effects of contamination on the surface when the
stone's melt is analyzed. In any case, the outer layers of hailstones
were removed before analysis, so that the measured concentrations of
nuclei in hailstones are certainly good indicators of the nucleus content

of the cloud water from which the stones developed.
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b) Rates of capture of particles by diffusion.

Coalescence of the particles with cloud droplets due to Brownian
diffusion is the major process for capture of particles below 0.01 pn
in size.

Following Greenfield's (1957) modification of the diffusion equation
derived by Whytlaw-Grey and Patterson (1932), the rate of change of the
concentration of particles, np (cm-3), in a cloud with droplet concen-
tration n_ (cm-3) is

where KB is the coagulation constant and is given by the expression

KB = 7:8:({0_“ —%\—: (‘ + ‘-“\7-;;0-5) (cm‘ss«:')
with’dp and dc denoting the diameters of the particles and of the cloud
droplets respectively (in cm). The form of KB given above is valid for
dp re4 dc' The numerical constants are given for a pressure of 525 mb
and a temperature of -10 C (corresponding to typical conditions in
Alberta at 4.25 km altitude). The physical interpretation of KB is
that it gives the volume of space from which particles of the size
considered are removed by one cloud droplet in every second. For con-
sideration of the rate at which particles are removed from the air, it
is convenient to define the average life of the particles:

B8 Ne
Figure 6-5 shows the relation between average life, particle size and

| (se<)

cloud parameters for selected ranges of the variables.
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The effect of particle size on the rate of capture is better
illustrated in Fig. 6-6 which gives the fraction of particles collected
in the times indicated by a cloud with n = 200 em3 and d, = 10 .
The collected fraction of particles of different sizes changes fairly
abruptly with size, and the size at which this "cut-off" occurs
increases with time. The formation of precipitation in convective
storms takes place fairly rapidly, in 15-60 minutes; the importance of
particle size for efficient removal by the cloud is therefore pronounced,
This point is further dealt with in the next section.

To demonstrate that capture by diffusion can account for the
concentrations of particles in the precipitation, the concentrations
in the air and in the precipitation gaﬁ be compared. The concentration
of particles below 0.01;; size in rain and hail is 1010 to 10]'2 cm-3
(cf. Chapter IV). 1In the updraft of a storm the coﬁcentration of

particles is estimated to be 104 to 106 cm'-3 (cf. Section 1 of this

chapter). Taking the amount of precipitation that originates in 1 m3

of air as 1 cm3, and assuming 15 min for the time of mixing of the

aerosol with the cloud (20% of particles collected according to Fig. 6-6),

the concentration of particles in the precipitation resulting from capture
9 -3 11

by diffusion is found to be 2 x 10" em ~ to 2 x 10 cm-3, in agreement

with the observed range of concentrations.

From the foregoing considerations, it may be concluded that diffusion
to cloud droplets is the major source of small particles for the precipi-
tation. Because of the large numbers of small particles relative to

larger ones, the majority of freezing nuclei are small, even though the
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chance for a particle to Pe a freezing nucleus decreases with size

(cf. Chapter IV). Thus, diffusion to cloud droplets provides the

main mechanism for the entry of freezing nuclei into the precipitation.
Other processes are of minor importance only. Sub-cloud accretion by
falling raindrops and hailstones has already been discussed. 1In addition,
large ( » 0.01/* ) particles may enter the precipitation by coalescence
with cloud droplets due to turbulent diffusion or by serving as conden-
sation nuclei. The first of these processes has been shown by Greenfield
(1957) to give rise to the scavenging of less than 10% of the available
particles in the air under typical conditions. Condensation.nuclei are
mostly soluble, although Jiusto (1967) found that many other types of
particles can act as condensation nuclei, contrary to expectations based
on the macroscopic properties of these substances. Some‘particles may
therefore be expected to serve both as condensation nuclei and freezing
nuclei. In any event, the contribution that these processes make to

the freezing nucleus content of precipitation can be separated from the
freezing nuclei caught by diffusion on the basis of particle sizes.

The nucleus spectra obtained with filtered samples represent the freez-
ing nucleus content of cloud water, and the differences between the
concentrations of nuclei in unfiltered and filtered samples are the
contributions of sub-cloud collection and other processes. The important
point established in the preceding sections is that the observed high
proportions of small nuclei can be explained on the basis of the relative

efficiencies of the different scavenging processes.
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3. FREEZING NUCLEUS CONTENT OF DEVELOPING PRECIPITATION.

In the previous sections we have examined the ways in which freez-
ing nuclei are most likely to enter the precipitation. It was found
that diffusion of particles of less than 0.0l p diameter to cloud
droplets is the most important of the collection processes. The pre-
dominance of this process raises the possibility that the results of
the laboratory determinations of the freezing nucleus content of pre-
cipitation may be used to estimate the freezing temperatures of cloud
elements. It will now be examined whether a one-to-one correspondence
between the number of freezing nuclei that are found to be active above
some temperature in a sample of precipitation and the number of nuclei
that initiate freezing in a cloud at the same temperature can reason-
ably be expected to exist or not. In other words, those influences
which the processes of precipitation development themselves have on the
formation of ice particles will be considered, given that the process
for the capture of ice nuclei is diffusion to cloud droplets.

If a long time were available between the formation of a cloud
and the onset of the further processes of precipitation formation,
so that complete scavenging could take place, and if the precipitation
mechanisms were simple rearrangements of drop sizes with the freezing
of some of the drops as the temperature is lowered, a description of
the freezing characteristics of this cloud could be readily given.

Real situations, in which the details of the precipitation processes

cannot be neglected, present a number of complications:

(a) The rates of capture of nuclei are not negligible with

respect to the development times of precipitation.
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(b) The liquid water content of clouds is not constant
throughout the formation of precipitation.

(c) The growth of precipitation elements may lead to the
preferential collection of frozen or non-frozen hydro-
meteors.

(d) Freezing nuclei may be subject to influences that result
in different performances in the laboratory experiments
and in the cloud.

The approximate magnitudes of these effects are considered in the

following sections.

a) Effect of scavenging rate on freezing nucleus content.

The rate of capture of particles by diffusion to the cloud droplets
has been calculated in Section 2b of this chapter (cf. Fig. 6-5). A
typical value for the average life of 0.01 . diameter particles, in a
cloud with 400 droplets per cm3 and of 10,; diameter, is 20 minutes.
Under these conditions, it would take 46 minutes to have 90% of the
nuclei available in the air caught by cloud droplets. For smaller
particles and for denser clouds this time would be reduced.

The growth of precipitation, from the time cloud forms at the
condensation level to the time the precipitation falls out of the cloud,
takes approximately 15 min to 1 hour in convective storms, and probably
longer in continuous types of precipitation. During its growth, a
raindrop, for example, collects cloud droplets which have had differ-
ing times available for the collection of ice nuclei; thus part of the
raindrops' volume originates from cloud drops that have collected

relatively few particles (freezing nuclei) and part from cloud droplets
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that were in regions of cloud where practically complete scavenging
has taken place.

Taking 30 minutes as the average time of mixing of cloud and aerosol,
the reduction of the nucleus content of the precipitation, compared to
what an estimation of nucleus content based on total scavenging of nuclei
in the air would yield, amounts to 22%. This is a minor factor, and it
seems reasonable to neglect it.

In order to estimate freezing behaviour in the clouds from the
nucleus concentrations measured in the precipitation, the nucleus content
of the precipitation at the end of its development should be compared
with the nucleus content of the cloud water at intermediate stages of
precipitation development. Taking fivé minutes as the time required for
a cloud to be lifted from the condensation level to a height where the
temperature is -5 C, the concentration of nuclei in the cloud water when
this level is reached is only 20% of the concentration that the precipi-
tation acquires after total scavenging of nuclei has taken place.

b) Dilution due to continued condensation.

Precipitation elements continually grow by condensation as they
are lifted in an updraft. This constitutes a dilution of the concentra-
tions of captured particles compared to the concentrations that would be
reached for a droplet of unchanged volume.

Typical values of the liquid water contents in the cores of convective
storms in Alberta are 1 g m-3 at the freezing level (3 km above surface)
and a maximum of 3 g m-3 occurring at approximately 7 km altitude. Com-
bining this increase with the fact that due to the expansion of the air
there are fewer drops in each m3 of air at the higher altitude, the volume

increase of drops resulting from condensation is found to be approximately

five-fold.
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The increase in the sizes of the cloud droplets enhances their
rate of collection of particles, but since this rate is proportional
to the diameter of the droplet and does not balance the volume
increase, the concentration of particles in a drop will be lower
after growth than.it would be without the additional condensation.

The further development of the precipitation will not greatly
modify the concentration of particles. Some condensation may be taking
place even after the droplets are removed from the updraft, due to the
temperature lag of falling drops, but is likely to be a relatively
minor factor.

It is seen from the foregoing thaé the continued scavenging of
nuclei in the cloud leads to higher nucleus concentrations in the pre-
cipitation than those existing in the cloud water just after formation,
and that dilution has the opposite effect. The magnitudes of the effects
depend on cloud conditions; however it may be assumed that the net effect
of the two processes is small.

¢) Preferential collection of frozen or non-frozen cloud droplets.

If, during the development of precipitation, only liquid or only
solid hydrometeors could contribute to the growth of a precipitation
element, a bias would be introduced into the spectrum of freezing nuclei
in the precipitation by excluding or amplifying the relative proportions
of nuclei that were active at temperatures warmer than the temperature
in the region of cloud in which this type of growth occurred.

The development of frozen hydrometeors could lead to preferential
collection through the collection of supercooled droplets and the

rejection of frozen ones. Hailstones developing from a cloud droplet
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that froze at a fairly warm temperature are important examples for

this effect. Calculations of hail growth by English (1966, private

communication) indicate that hailstones reach 30-60% of their final

volume while the growth is dry (i.e. all of the hailstone is frozen

and it is usually assumed that during dry growth only liquid droplets

can be accreted. The higher figure of 60% applies to growth in high

concentrations of accumulated rainwater, The lower figure,- 30%,applies

if the growth environment consists of cloud droplets. The temperatures

at the transition points, where the falling hailstones enter the wet

growth regime, are -8 to -15 C for growth in high liquid water content

environments and -15 to-20 C for growth without high rain concentrations.

From these figures it appears that in the most extreme case, the inner

60% of a hailstone's volume may be devoid of freezing nuclei active

above -15 C, except for the one nucleus which initiated the hail form-

ation. However, no such effect was evident from the examination of the

freezing nucleus contents of different layers of hailstones, indicating

that either the growth conditions that gave the extreme values quoted

are unrealistic, or that frozen droplets are also accreted by hailstones.
A raindrop growing by coalescence will remain liquid until it reaches

the temperature of activity of one of the freezing nuclei in the drop

or until it collides with a frozen cloud droplet. During growth in the

liquid state, no preferential collection occurs. Rain, in general, might

originate from graupel, small hail or snow, as well as from liquid drops,

and it seems rather difficult to assess the possible importance of biased

collection in these rain-forming processes.
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Aggregation of snowflakes may constitute a preferential collection
of frozen particles (crystals) which would lead to an undue increase
in the concentrations of nuclei active at temperatures warmer than the
temperature of the growth region.

For hail and for rain (other than that originating as snow) the
overall effect of preferential collection is clearly to lead to lower
concentrations of nuclei in the precipitation than in the cloud water.
The concentrations of freezing nuclei in hail are usually higher than
in rain or snow. The effect here discussed would tend to cause differ-
ences in the opposite direction. To resolve this contradiction, attempts
should be made to relate the nucleus content of hailstones with structural
evidence for dry growth.

d) Changes in activity of freezing nuclei.

Freezing nucleus concentrations determined from the laboratory
experiments have been assumed to be representative of the performance
of nuclei in the natural environment. There seems to be little cause
for doubting the validity of this assumption, but some secondary effects
may be pointed out.

It has been confirmed repeatedly that the measurements reflect the
properties of the samples investigated and are not influenced by the
experimental arrangements (cf. Chapter II). There is no evidence to
indicate that drops in free fall would behave differently from stationary
drops with respect to freezing initiated by nuclei suspended in the drops.
Electrical fields in the clouds may have an effect on freezing nuclei,

but this has not been investigated so far.
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Aging of freezing nuclei, reduction in activity with time,has
been observed for water samples stored at temperatures above 10 C, but
the reduction in concentrations usually amounted to only about a factor
of 2 after periods of weeks. This rate of aging is quite negligible.
However, the rate of aging for a nucleus within the first few minutes,
or'perhaps seconds, after its immersion is still unknown.

The development of nucleation activity of immersed particles by
etching of the surfaces of particles, or by breakup and consequent
exposition of new surfaces may also occur.

It has been suggested by Bigg (1965) that freezing nuclei may get
coated in the atmosphere with hygroscopic material, which produces a
brine when humidity is increased, and the nucleus therefore becomes
active only when the drop grows sufficiently large to reduce the
concentration of the dissolved material. However, in our model the
most likely way for freezing nuclei to produce ice particles is the

capture of the nuclei by cloud droplets; the effect of contaminants in

this case would be minimal.

To summarize the findings of this chapter, the following points
may be emphasized:
1) 1In an updraft, the concentration and size distribution of
the particulate content of the air will not be greatly
modified in the time the air moves from the surface to
cloud heights.
2) The observed average proportions of small ( ¢ 0.01 g diameter)

and large freezing nuclei in precipitation are in agreement
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with the concentrations estimated on the basis of capture of
small particles by diffusion to cloud droplets and the collec-
tion of larger particles by falling precipitation.

The influence of the process of precipitation development on
the nucleus content may be neglected as a first approximation,
and the nucleus content of cloud water and of raindrops may be
taken to be the same as the nucleus content measured in the

precipitation collected at the ground.
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VII. DISTRIBUTION OF ATMOSPHERIC ICE NUCLEI

Before proceeding to use the model which was developed in the
previous chapter to describe the entry of freezing nuclei into the
precipitation, it seems important to reconcile this model with the
observations on atmospheric ice nuclei. We have assumed that freezing
nuclei form part of the general particulate matter in the atmosphere
with respect to distribution and collection by precipitation. On the
other hand, the presently available literature on atmospheric ice nuclei
suggests that the general pattern of behaviour of particulates is not
followed by ice nuclei. Possible ways to resolve this conflict are
examined in this chapter.

Mossop (1963) and Dufour (1966) have given exhaustive surveys of
the large variety of observations concerned with atmospheric ice nuclei.
The main conclusion on the spatial distribution of ice nuclei is that a
fair degree of world-wide uniformity of concentrations seems to exist.
Bigg (1965) found no appreciable differences in the concentrations
measured at widely different points around the globe. Kline (1963)
detected maximum differences of one order of magnitude in the average
concentrations of nuclel at ten stations across continental U.S.A.
Mossop (1963) reported that no systematic decrease of ice nucleus con-
centrations with altitude could be deduced from measurements in the free
air. Experiments on mountain peaks (Georgii, 1959, Price and Pales, 1964)
have not given significantly different results from low altitude meésure-
ments. Simultaneous increases of concentfations (approximately three-
fold) over distances of several hundred kilometers have been reported by

Droessler (1965) and Soulage (1966).
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Fluctuations of ice nucleus eoncentrations measured at fixed
locations have been reported by numerous investigators. In measure-
ments taken few minutes apart, the concentrations of nuclei usually
vary within a factor of less than ten. Occasionally, increases of
greater magnitude (up to factors of 100) and lasting for periods of
1-10 hours have also been noted (see summary by Bigg, 1961). Smaller
increments, factors 2 to 5, have been shown to coincide with dust storms
in a number of cases (Schaefer, 1954; Ison6 et al., 1959; Gagin, 1965).
Diurhal and annual cycles of variations have also been reported, but
not firmly established.

The overall picture that thus emerges from the literature on
atmospheric ice nuclei is not a very clear one. It is evident, however,
that on the one hand the measurements indicate much greater constancy
for the concentrations of ice nuclei than exists for most other meteor-
ological variables, and on the other hand, fluctuations exist which are
more rapid and more intemsive than the variations of other known para-
meters. This is not the case for the total parg}culate content of the
atmosphere, as the main features of the variations in concentrations
of Aitken nuclei (which well represent the concentrations of all particles)
are fairly well understood in terms of their origin and transport mech-
anisms. It is therefore often stated that ice nuclei do not follow the
patterns of the distribution of particulates. Simultaneous measure-
ments of the concentrations of ice nuclei and of particles have been
mostly inconclusive; weak correlations with one or another component
of the aerosol content have been.found in some experiments, but were

lacking in others. The explanation frequently suggested for this lack of
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correlation is that ice nuclei enter the troposphere from strato-
spheric storage regions (possibly from extraterrestrial sources) in
contrast to the surface origin of particulates (Bigg, 1965;

Droessler, 1965). It has also been suggested that interactions

between ice nuclei and other components of the atmospheric aerosols

may occur in such a way that a neﬁ balance is established for the con-
centrations of effective ice nuclei. However, another aspect of the
problem is brought out by our results: arguments will be given below

to show that from the freezing nucleus content of precipitation samples,
correlation between particulates and freezing nuclei can be expected

to be strongest for nuclei active at temperatures warmer than about

-15 C, and the techniques of ice nucleus measurements used in the past
were inadequate for the efficient detection of such nuclei. It is there-~
fore suggested that there should be a close relation between ice nuclei
and particulates of surface origin, and that this relation has not been
observed in the past mainly because of deficiencies in the observational
techniques. Extraterrestrial or stratospheric sources and ice nucleus-
aerosol interactions may be important in establishing the concentrations
of ice nuclei active at temperatures below -15 C, although it would seem
likely that the process responsible for the generation of more active
nuclei (particulates of less than 0.01/& size and qf soil origin) would
also exert an influence at the lower temperature regions. The details

of these arguments are presented in the following paragraphs.



A re-examination of the results of atmospheric ice nucleus
measurements is warranted on the basis that there are major differ-
ences between our approach to the problem and those previously used.
Three points can be mentioned in this regard:

(i) Measurements of the concentrations of ice nuclei in the air
reflect the environmental conditions in which the precipitation
develops. Our measurements on the freezing nucleus content of

precipitation provide information on the final product of the

precipitation process. Determining the properties of the preci-

pitation, rather than of the ambient air in which the precipi-
tation developed, has the advantage that the precipitation

contains information directly from the region of its origin;

this could be matched only by measurements of airborne concentra-

tions directly in the air in which a cloud is about to be formed.

(ii) The majority of previous results originated from cloud chamber
experiments, and some from the so-called millipore filter

technique (Mossop et al., 1966). The action of ice nuclei in

these techniques is greatly influenced by such factors as super-

saturation, concentration of hygroscopic particles, the density

and persistence of the cloud, and other minor factors. Due to

these, it is difficult to determine whether the ice crystals that

develop have been initiated by freezing nuclei (from the liquid

phase) or by sublimation nuclei (from the vapour phase). It is

equally difficult to estimate how natural processes would compare

with the experiments with respect to the factors mentioned. In

our drop freezing experiments there is no ambiguity to the mode

95
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of ice formation - nucleation is by particles suspended in the

bulk water. Furthermore, the efficiency of detection of nuclei

is not dependent on temperature in these experiments and there-

fore reliable information can be obtained at any temperature

below O C. The sensitivity of cloud chamber and millipore

techniques is adequate only below about -12 C.

(1i1)Our results indicate that particles smaller than 0.0l . contri-
bute large fractions of the freezing nucleus content of preci-
pitation samples. Previous measurements have been biased
towards larger sizes on the belief that ice nuclei are larger
than 0.1 u .

On the basis of these considerations, it is believed that measurements

of the freezing nucleus contents of precipitation samples reveal

aspects of the distribution and activity of atmospheric ice nuclei

that could not be obtained by other presently available methods.

From an examination of the measured nucleus spectra presented in
Chapter V, it is immediately evident that there is a wide range of
variation in concentrations for the different samples. The range of
concentrations at -10 C is from 1 cm-3 to 500 cm-3. However, no
correlations between these variations and other relevant parameters has
been established so far. An attempt by Schlien (1967) to find geograph-
ical differences in nucleus content, by examining samples from a network
of collecting stations across Canada, has given negative results.

Bishop (1968) has found differences of one order of magnitude in concen-

tration between samples collected from the same storm 15 minutes apart.
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It is noteworthy that the greatest differences in the nucleus
content of precipitation samples are found at temperatures above
-12 C. The high nucleus contents at warm temperatures are always
associated with S-shaped nucleus spectra - a levelling off of the
spectra at around -10 C followed by more rapid rise at temperatures
below -15 C (cf. Chapter V). These spectra are quite similar to those
obtained for soil samples containing efficient freezing nuclei.

From the large variations in nucleus content, especially at warm
temperatures, it would appear that the ice nucleus content of the tropo-
sphere is by no means homogeneous. Some of the variations are undoubt-
edly caused by differences in the effectiveness of the scavenging pro-
cesses in different clouds, but this effect is expected to be small for
particles below 0.0l u in size due to the fast rate of removal of these
particles by cloud droplets (cf. Chapter VI). It seems more likely that
the variations in nucleus content are related to variations in the par-
ticulate content of the air in which the clouds formed. The tendency of
hail samples to have higher concentrations of nuclei than rain, and of
summer rain to have higher concentrations of nuclei than winter rain
(Bishop, 1968), support this idea and point to the importance of
convection in transporting nuclei originating at the surface to the
clouds.

Some of the results from other investigations can be interpreted
as evidence for the kind of variations that appear to be present in
precipitation samples. Bigg and Meade (1959), Bourquard (1963), Price
and Pales (1964) and Isaac (1968), among others, have detected fluctu-

ations in concentrations of ice nuclei up to a factor of 100 over periods
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of minutes. 1Isaac's results were obtained during thunderstorms.
Precipitation samples frequently contain numerous freezing nuclei
active at temperatures between -5 C and -16 C. It is estimated
(cf. Chapter IX) from these measurements that the concentration of
nuclei in the air in which the precipitation formed may have been as
high as 103 m-3 for nuclei active above -10 C and 102 m-3 for activity
at -6 C. Cloud chamber measurements usually do not detect measurable
activities at these temperatures, and the above concentrations are
reached only at temperatures of -15 C or colder., The reasons for this
disparity would appear to be that high concentrations such as those
detected in the hail samples probably occur only in very limited regions,
such as intense updrafts, and in the inefficiency of the cloud chamber
(and millipore) methods at warm temperatures. The main cause of this
inefficiency is that the time of mixing of the aerosol with the cloud in
the instruments is short compared to what would be required for the
small freezing nuclei to be captured by the cloud droplets. Warner and
Newnham (1958) have measured the rate at which the number of ice crystals
increased in a chamber in which the cloud was continually maintained and
found this to increase roughly exponentially with a time constant of 6
minutes. The time constant for the collection of 0.0l s diameter par-
ticles is given by Fig. 6-6 for the reported cloud conditions as 10
minutes; the closeness of the two rates would indicate that the time lag
in nucleation may have been almost entirely due to the gradual capture of
the nuclei. Most cloud chambers use approximately 2-minute observation

times with the clouds persisting for even shorter times in some cases.
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The clouds usually employed are also less dense than that used by Warner
and Newnham, especially at warm temperatures. It thus seems inevitable
that most cloud chamber measurements yield results that are underesti-
mates, with the efficiency decreasing towards warmer temperatures.*
This conclusion is supported by the observations of Georgii (1959) and
Rau (1955) who, by using long measuring times with their cloud chambers
and continually maintaining the cloud within them, obtained temperature
spectra very similar to the S-shaped spectra of freezing nuclei in hail
samples. Tentative evidence of the inefficiency of a cloud chamber for
the detection of freezing nuclei was also presented by Vali (1967) from
a comparison of cloud chamber measurements on an aerosol with those
obtained by transferring the aerosol to bulk liquid for drop freezing
experiments.

Emphasis has been put in this chapter on the variability of freez-
ing nucleus concentrations and on the possibility that this is related
to the surface origin of the nuclei. One should add to this the finding
that some surface soils have been found (cf. Chapter IV) to be very
good sources of nuclei active above -8C, with considerable fractions of
these nuclei falling into the size range below 0.0l » . These soils
would appear to be very likely sources of the nuclei that are found in
some precipitation samples.

In summary, the evidence seems to indicate that the high and

variable concentrations of nuclei active at warm temperatures which are

* Since cloud conditions are usually not well controlled, the

efficiency of detection can vary and mask some of the real
variations in ice nucleus concentrations.
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found in precipitation samples reéflect the existence of high concentrations
of nuclei in the air in which the precipitation formed, and that these
high concentrations in the air were not observed previously becausé of
the inadequacy of instruments for the detection of nuclei effective at
temperatures above -12 C. At temperatures below -15 C, precipitation
samples show less variation in nﬁcleus concentration, which is perhaps
connected with the uniformity of average nucleus concentrations in air
that have been reported. Correlation between ice nucleus concentrations
and the distribution of particulates in general was thought in the past
to be lacking; the model here presented assumes that such correlation
exists at least for nuclei that are active at temperatures above -10 C.
The problem can perhaps be finally resolved when ice nucleus measurements
with improved equipment and the concentrations of particles smaller than

0.01 o size can be obtained simultaneously.
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VIII. ESTIMATED GLACIATING BEHAVIOUR OF CLOUDS

Attention in this chapter will be concentrated on the appearance
of the ice phase in convective storms with only cursory mention of
other types of precipitation. The picture that emerges from the con-
siderations of the previous chapters for the initial appearance of ice
particles in some convective clouds is that high concentrations of poten-
tial freezing nuclei are swept up by the updraft, these nuclei are ra-
pidly captured by cloud droplets after condensation has taken place, and
in this way frozen cloud droplets are produced. The frozen cloud drop-
lets can be expected to grow fairly rapidly, by the combination of
vapour growth and coalescence, developing into larger ice pellets presum-
ably within a few minutes. Only the initial step, the formation of
frozen cloud droplets, is considered here quantitatively, the details
of their further development being either neglected or bypassed in re-
lating the derived estimates to observations.

The groundwork for the subject of this chapter has been laid in
Chapter VI, where the distribution of small particle aerosols and their
capture by cloud and raindrops was treated. As shown there, in-cloud
scavenging is the most important of the processes that contribute to
the freezing nucleus content of precipitation, and the concentrations
of freezing nuclei in cloud droplets and raindrops can be taken to be
‘ the same as the concentrations measured in the precipitation samples
collected at the ground. On this basis, the concentrations of ice
particles in the clouds can be estimated from the experimentally deter-

mined nucleus spectra.
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Nucleus spectra are determined from the freezing temperatures of
drops of known sizes, as described in Chapter III. The problem now is
the reverse: the calculation of the fractions of various size drops
that are frozen at different temperatures, given the measured nucleus
spectrum for the bulk water. 1In accordance with remarks made in
Chapter III, the fraction of drops of volume V frozen at temperature 6 is

-V-K(8)
flev)=1\-e e8]
where K(8) is the cumulative concentration of nuclei. (i.e. the number
active above 0) This expression is based on the Poisson probability
of finding in a drop at least one nucleus of the type whose average
number per drop is V:K(8). Figure 8-1 shows the relation between drop

size, concentration of nuclei and fraction of drops frozen in graphical

from. Selected values are also given in table 1.
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Figure 8-1. Fractions of drops of different sizes
frozen at indicated concentrations of freezing nuclei.
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TABLE 1

Values of K(8) (cm ) for indicated
drop sizes and fractions frozen

Drop Fraction Frozen
Diameter 10% 507 90%

10 2.0 x 10 1.3 x 10° bt x 107
30m | 7.4 % 10 4.9 x 107 1.6 x 10

100 p 2.0 x 10° 1.3 x 10° 4.4 x 10°

300 p 7.4 x 103 4.9 x 10 1.6 x 10°
lm | 2.0 x 10 1.3 x 103 4.4 x 10°
3am | 7.4 x 10° 4.9 x 10" 1.6 x 10°

f
i

For polydisperse clouds with drop-size distribution Nb the size

distribution of frozen drops is given by the expression

~Ep k(e
Ny { (0,K) - 4y (1= €7 4E) (2)

A further quantity of interest is the fraction of condensed water mass

that is frozen at temperature 6. This can be evaluated from the

O EELE RTINS
T (D Ny D 3

which is a weighted mean of the frozen fractions of different sizes.

relation:

In principle, expressions (1) to (3) contain the answers sought
in this section, but their use is limited by the restricted range of
the K(©) - values which can be derived from the experiments. As shown
in Chapter JIT, the maximum range to which the temperature spectra have
been successfully extended is 10-1 cm-3 to 105 cm-3. Comparison with

Table 1 reveals that these concentrations will suffice to describe the

freezing frequencies in drops of 300}; diameter or larger. The reason



104

for this limitation is that the experiments were performed using milli-
meter-sized drops and the technique did not lend itself to the use of
smaller droplets. For smaller drops, extrapolated values of K(®) would
have to be used. It is felt that extrapolation of the measured spectra
over four or five orders of magnitudes is too uncertain to be useful,
but as an inspection of the measured spectra (Chapter V) would indicate,
concentrations of 108to 109 cmv"3 would not be reached above -30 C in
any case. Thus, appreciable glaciation of cloud droplets cannot be
treated successfully by the method developed in this section. ‘The

initial appearance of rare ice particles at warmer temperatures will

be treated by a different approach later on.

a) The freezing of raindrops

For rain, the application of formulas (1) to (3) is straightforward.
The required inputs are the measured nucleus spectra and the drop-size
distribution. For the latter, the distributions proposed by Marshall

and Palmer (1948) were used. These are of the form

~«xD 4
Np = 0.08 & (em”) (%)
-0
« = 4k

with )
where R is the rainfall rate in mm hr-1 and D is the drop diameter in
cm, so that ND stands for the number of drops per cm3 of air with
diameters within unit interval of D. The number and mass distributions
of frozen drops corresponding to a rainfall rate of 3 mm hr-1 are shown
in Fig. 8-2. Similar distributions, but for R = 100 mm hr-1 are shown

in Fig. 8-3. 1In these graphs, the straight lines for the number distri-

butions and the outer curves for the mass distributions show the total
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(frozen and unfrozen) distributions. The parameter K(O) was given

values from 10-1 cm-3 to 104 cm-3; the temperatures that correspond

to these concentrations can be found from the measured nucleus spectra
for each particular sample. As seen from Figs. 8-2 and 8-3, the
maximum number concentrations of frozen drops occur for drops between
‘0.1 and 0.2 cm diameter, whereas the maximum contribution to the

frozen mass comes from drops between 0.2 and 0.4 cm diameter.

Np- f(D.K) em?

| - 1 1 i | il | 1 1 | B |
(0] Ol 02 03 04 05 0 (o3} o2 03 04 05
D cm : D cm

Figure 8-2. Number distribution (left) and_mass distribution
(right) of frozen drops in 3 mm hr = rain.
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Figure 8-3. Number distribution (above) and mass distribution
(below) of frozen drops in 100 mm hr * rain.
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FRACTION-OF RAINWATER FROZEN
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Figure 8-4. Fraction of rainwater frozen as a function of
the concentration of freezing nuclei.

The fractions of total water mass that are expected to be
frozen at different nucleus concentrations (different temperatures)
are shown in Fig. 8-4 for four different values of R. The water
contents corresponding to these rainfall intensities are given in

the table below.
TABLE 2

Liquid Water Content M for
Different Rainfall Rates R

R (mm hr-l) M(g m-3)
3 0.20
10 0.55
30 1.5
100 4.3

Based on M = 72 RO'88

(Marshall and Palmer, 1948)
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At any given nucleus concentration the fraction of water frozen
increases with rainfall rate according to Fig. 8-4. This is due to
the fact that in the drop size distributions used, the total concentra-
tion of drops changes very little, whereas the concentrations of larger
drops increase rapidly for higher rainfall rates. Thus, even with the
same number of nuclei per cm3 of water, the fraction of water that
is frozen is higher where nuclei have the chance to be found in large
drops and therefore contribute heavily to the amount of ice present.

Figure 8-5 shows the fraction of water frozen as a function of
temperature for five different nucleus spectra using the size distri-
bution corresponding to R = 100 mm hr-l. As shown in the figure,
there is a fairly close relation between the shape of the nucleus
spectrum and the rate at which the frozen fraction increases with
decreasing temperature. The major fraction of the water content can
be seen to freeze in a temperature interval which varies from about
2 deg to 10 deg for the different samples.

The use to which information such as that presented in Fig. 8-5
can be put is illustrated by the influence that the relative propor-
tions of supercooled water and of ice have on the growth of hailstones.
Fig. 8-6 shows three different curves for the fractions of rain frozen
and three hail trajectories that were computed for identical conditions
except for the nucleus content of the rainwater. The model on which
the calculation of the hail trajectories was based was described by
English (1966). As Fig. 8-6 shows, the ultimate size of the hailstone
is not influenced greatly, this being dependent mostly on the updraft

velocities, but there are major differences in the amount of unfrozen
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Figure 8-5. Cumulative nucleus spectra (above) and

corresponding fractions of rainwater frozen (below)
for five different hail samples.
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water in the stones at tﬁe,end of their trajectories. For trajectory 1
the resulting hailstone would be 40% liquid, for trajectories 2 and 3
the unfrozen water content would be 20% and 10% respectively. High
nucleus content and corresponding early freezing of the rainwater

are thus seen to reduce the wetness of the model hailstones.

The method described and used above is quite generally applicable
and could prove to be useful in modelling a variety of cloud physical
processes. The size distribution of drops was assumed to be known in
the foregoing, and also it was taken to be invariant with time while

in reality the size distributions change continually and the onset of

|
6— 3 )
Lo -
£y
- | B i
X <
O4- x
w g
-
=
m -
'_ .
3 i
(o] ] ] 1 b ] 1 1 L1
0 02 04 06 08 10 O 05 I-0 5 20 25

FRACTION OF HAIL DIAMETER (cm)
RAINWATER FROZEN ‘

Figure 8-6. Hail growth (right) for different degrees

of glaciation of the ambient rainwater (left). The

growth curves show the diameter of the growing stone at

different positions along its up and down path in the

cloud. Arrows indicate the points at which the hail
growth changes from "dry" to "wet".
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freezing will affect the development too. However, these interactions
can perhaps be considered secondary, in which case the results presented
here should be reasonably good approximations.

b) The formation of ice in clouds

Returning now to the problem of the first appearance of ice in
a fresh cloud, at temperatures around -10 C, a method different from
that used for rain is needed. As mentioned earlier, appreciable
fractions of cloud droplets which are less than about 100 s in diameter
are not expected to freeze above -30 C. At warmer temperatures the
same cloud will have a very small fraction of its dropletg frozen, but
due to the abundance of droplets, the number of frozen‘droplets may
still be significant for consideration of hail initiation and growth
and indeed for the development of precipitation in general.

Instead of considering the probability of finding a nucleus in
a given drop as was done for raindrops, it will now be simpler to use
the assumption that the number of nuclei that become active above
some temperature © in a given volume of water is independent of how
the water is dispersed. If the water is dispersed into very small
droplets, then there is a one-to-one correspondence between number of
nuclei and number of frozen droplets. Therefore, to estimate the
volume concentration of ice particles in the air, it is only necessary
to know the amount of water present in a given volume of air and the
concentration of nuclei per cm3 of water. Since in this way the actual
manner of dispersal, the size distribution, is not considered, one

estimates the number of ice particles irrespective of size.
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It should be pointed out at this point that for the initial
appearance of ice particles in a cloud, the probability for a given
cloud droplet to be frozen is not proportional to its volume, as is
the case for raindrops. Since the assumed process for the collection
of ice nuclei is diffusive capture from the air by the cloud droplets,
the probability for the freezing of a cloud droplet is determined by
the probability for the d?oplet to capture an ice nucleus, which
varies linearly with droplet diameter. For the small range of drop-
let diameters involved, this variation is probably negligible, so
that almost no size-dependence exists for the first appearance of
frozen cloud droplets. Once frozen, however, the droplets will grow
more rapidly, so that if an observation is made, the ice particles
are likely to be found larger than the supercooled drops; but this
is a consequence and not the cause of these drops being frozen.

It was shown in Chapter VI that the concentrations of nuclei in
precipitation samples represent reasonable first approximations to the
nucleus contents of the clouds from which the precipitation developed.
On this basis, the cumulative nucleus spectrum for a precipitation
sample may be interpreted as a relation between temperature and the
number of ice particles that develop in the cloud within the volume
of air in which 1 g of cloud water is dispersed. With known or
assumed values of the liquid water content of the cloud, the concentra-
tions of ice particles per tn3 of air can then be obtained. Figure 8-7
shows two sets of curves, one typical of hail and one of rain, giving
the concentrations of ice particles for assumed liquid water contents

of 0.5 to 4 gm-3. Taking 2 gm-3 as an average value for the liquid
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CONCENTRATION OF ICE PELLETS IN AIR (m>)
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Figure 8-7. Estimated concentrations of frozen cloud

droplets for two typical nucleus spectra and with

different values assumed for the liquid water contents
of the clouds.

water contents of a convective cloud, Fig. 8-7 indicates that if the
sample represented by the "hail" curve had indeed come from a cloud
with such liquid water content, then ice pellet concentrations of
103 m may have been reached at -10 C in that cloud.

Braham (1965), in summarizing the findings of Project Whitetop,
reported that about 1/3 of summer clouds in Missouri develop snow
pellets or graupel if the cloud tops reach -10 C, and that pellet
concentrations of 103 to 104 m-3 were frequent in clouds whose top
was at or below -10 C. He further reported that most pellets appeared
to be rimed cloud droplets. These observations are in good agreement

with the predictions of the previous paragraphs, although the applica-

bility of the nucleus spectrum used to clouds in Missouri remains
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hypothetical. Similar recent observations were reported by
MacCready et al. (1965) and by Mossop et al. (1967).

The dilemma caused by the apparent contradiction of observations
such as Braham's with the ice nucleus concentrations that are
measured at temperatures around -10 C in cloud chambers has been a
major source of debate regarding the glaciation mechanisms of clouds
(Koenig, 1965, for example). It appears from the foregoing that
freezing of cloud droplets may well be the generating mechanism for
the ice particles at warm temperatures, provided that the high aerosol
concentrations postulated and the time required for capture of the
nuclei by the cloud droplets are available.

As pointed out earlier, the experimental information on the
concentrations of freezing nuclei has its greatest importance, for the
prediction of the initial formation of the ice in a cloud at temperatures
above -10 C or perhaps -15 C, and for the estimation of the relative
proportions of frozen and supercooled rainwater in clouds. These are
of particular relevance for the development of héil, the former as its
starting point and the latter as the enviromment in which the hail grows,
but the formation of ice pellets at warm temperatures may also influence

the rain-generation processes.
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IX. THE FREEZING NUCLEUS BUDGET OF STORMS

The water budget of storms has been investigated by several
-workers and the efficiency of storms, that is the ratio of the mass
of precipitation to the mass of water vapour input, estimated as
from 10% to 507 for storms of various sizes. For a hailstorm,
Newton (1966) estimated that the influx of water at the base of the
storm is 8.8 kton sec-1 or 8.8 x 109 g sec-1 and that the precipitation
reaching the ground is 4 x 109 g sec-l. These estimates were given for
the type of storm that occurs on the central plains of the United
States; Chisholm (private communication) estimates that even though
Alberta hailstorms, being somewhat smaller and developing in a drier
environment, may have input and output rates from 1/4 to 1/2 as great
as those given by Newton, their efficiencies are comparable or perhaps
even higher. Fifty percent may thus be taken as a representative value
for the efficiency of hailstorms at their mature stage. Holtz (1968)
has shown that the efficiency of a large storm varies with time: from
10% at the time high concentrations of precipitation inside the storm
begin to develop to 50% at the peak intensity of the storm. Ten to
fifty percent thus represents the rangé of efficiencies for storms of
different sizes, as well as the range of variation with time of the
efficiency of a large storm.

Given the water vapour content of the air feeding the storm, the
figures for the water budget can be converted to an estimate of the
volume.of air from which a given amount of precipitation develops. The

nucleus content of the input air can then be calculated from: the nucleus
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content of the precipitation, on the assumption that the precipitation
contains all the nuclei that enter the storm. With capture of nuclei
by cloud droplets as the scavenging mechanism, almost total transfer
of nuclei from the air to cloud can be expected, and since droplets
that freeze at relatively warm temperatures have the best chance for
developing into precipitation, the precipitation will contain the
majority of active freézing nuclei that were in the air. This argument
might not be valid if the concentrations of active nuclei are high so
that not all frozen cloud droplets can grow }arge enough to precipitate.
The ranges of concentrations of nuclei in precipitation are given
in Table 1 for temperatures of -6 C, -10 C and -14 C. These data are

taken from results presented in Chapter V.

Table 1

CUMULATIVE CONCENTRATIONS OF FREEZING
NUCLEI IN PRECIPITATION (cm )

LOW HIGH

-6 C 1 x 10° 4 x 10
-10 ¢ 6 x 10° 1 x 105
14 ¢ 3 x 10% 2 x 10%

The number of nuclei that would be required per unit volume of air

to account for these observed concentrations in the precipitation

are given in Table 2 for different values of storm efficiencies and
water vapour contents of the air. The different combinations of storm

efficiencies and water contents account for at most a tenfold variation
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Table 2

CONCENTRATIONS OF NUCLEI IN AIR ENTERING STORM

STORM WATER CONCENTRATION OF NUCLEI
TEMPERATURE EFFICIENCY CONTENT -3
OF AIR (m )
(© (%) (g m'3) LOW HIGH
5 5x 1071 2 x 10t
10
10 1 x 10° 4 x 10°
-6 0 2
5 2x 10 1 x10
50 5 -
10 5% 10 2 x 10
0 2
10 5 3x 10 5 x 10
10 6 x 10° 1x10°
-10
5 1 x 10t 2 x 105
50
10 3 x 101 5 x 103
5 1 x 10! 1 x 10°
10
1 4
14 10 3 x 10 2 x 10
5 6 x 101 4 x 104
50 ; -
10 2 x 10 1x 10

Note: Water content and nucleus concentration are given for unit
volume of air at the surface.
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in the nucleus content. This is smaller than the ratio of the "low"
and "high" concentrations, indicating that the large differences in
nucleus content among precipitation samples are caused mainly by differ-
ences in the nucleus content of the air entering the storm.

The nucleus concentrations given in Table 2 are plotted in Fig. 9-1
as vertical bars, labelled H and L for the "high" and "low" values
respectively. Also shown on this graph are some nucleus spectra obtained
by other workers from cloud chamber measurements. Curves 1, 2, 3 and 4
represent the highest concentrations reported by Smith and Heffernan
(1954), Isono (1965), Rau (1954) and Bigg (1961) respectively, Curve 5
represents the average of about 30 observations by Bourquard (1963);
individual spectra differ by about +1 deg from the average. Curve 6 is
reported by Bigg (1965) as the concentration that is representative of
average conditions at many widely differing places. The range of concen-
trations between curves 5 and 6 is generally believed to represent
typical atmospheric conditions. As shown by Fig. 9-1, the agreement
between "high'" estimates and the extreme concentrations, and between '"low'"
estimates and typical concentrations, is fairly good at temperatures colder
than -10 C. At warmer temperatures, cloud chambers do not have sufficient
sensitivity to measure the atmospheric concentrations of nuclei (cf.
Chapter VII). The points that should be emphasized are (i) the concen-
trations of nuclei derived from measurements on the precipitation are in
most cases higher than the generally accepted typical atmospheric concen-
trations, and (ii) a nucleus concentration of 102 m-3 may be reached in
some cases at temperatures as warm as -6 C, whereas the same concentration

is reached in most cloud chamber measurements only at -15 C.
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Figure 9-1. Estimated and measured concentrations of

freezing nuclei in air. Vertical bars are estimated

concentrations from Table 2. Measured concentrations:

1 - Smith and Heffernan (1954); 2 - Isono (1965);

3 - Rau (1954); 4 - Bigg (1961); 5 - Bourquard (1963);
6 - Bigg (1965).
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From the estimated nucleus concentrations and storm inflow rates,
the rates at which nuclei enter a storm can readily be obtained,
Newton (1966) gave a value of 7 x 108 m3 sec-1 as the rate of air intake
by a storm. For Alberta hailstorms updraft areas of 50 km2 and updraft
speeds of about 5 m sec“1 may be taken as typical, giving 3 x 108 m3 sec -1
as the air influx. The flux of nuclei into the storm can therefore be
estimated as well as the total numbers of nuclei that enter a storm

during its lifetime; figures are given in Tablz 3 for a typical Alberta

hailstorm of 3 hr duration, and for the "nhigh" concentrations from Table 2.

Table 3

FLUX AND TOTAL NUCLEUS INTAKE
FOR HATLSTORM

TEMPERATURE | FLUX TOTAL
(©) (secly
10 1
-6 6 x 1000 | 6 x 10t
-10 2 x 1012 | 2 x 1016
14 3x 1083 | 3 x 10!

The figures in Table 3 could have been obtained directly as the amount
of precipitation produced by the storm times the concentration of nuclei
in the storm. An average rainfall rate of 50 mm hr-1 over a 100 km2
area corresponds to 109 g sec—1 precipitation or 1013 g over the life of
the storm. Combining these figures with the concentrations given in

Table 2 yields values for the flux and total intake which agree with

those given in Table 3.
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The concept of cloud seeding for hail modification is to increase
the concentrations of ice nuclei in the clouds by one or perhaps two
orders of magnitude over the naturally-occurring concentrations. The
estimates given above for the number of natural nuclei that enter a
hailstorm can serve to indicate the fluxes of artificial nuclei that
would be needed to achieve such increases in concentration. According
to Fukuta (1967) the outputs of airborne generators of silver iodide

nuclei are about 109 nuclei per second for activity at -6 C and 1011 to

1012 sec-1 for activity at -10 C. The output of a generator of metal-

dehyde nuclel is reported by Fukuta (loc. cit.) as 2 x 1012 sec-1 and

3x 1013 sec-1 for nuclei active at -6 C and -10 C respectively.
Comparing these figures to the estimated fluxes of natural nuclei given
in Table 3, it is seen that the outputs of present-day silver iodide
nucleus generators fall short of even equalling the natural flux of
nuclei into a large hailstorm. The metaldehyde generator provides a

six to tenfold increase over the natural flux. Such a direct comparison
of natural flux and generator outputs assumes that the entire output of
artificial nuclei from the generator is delivered to the core of the
storm, and that the cloud chamber measurements, from which the quoted
outputs are derived, are representative of the effectiveness of the nuclei
in a natural cloud. The degree of correspondence that can be expected
between the laboratory and natural conditions in this respect depends on
the mode of action of the nuclei (sublimation or freezing), on how the
nuclei are captured by cloud droplets (for freezing nuclei) and on the
rate of deactivation of the nuclei with time, but the behaviour of silver
iodide, metaldehyde and other nucleating substances in these respects is

not well known at present,
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The nucleus concentrations inside storms and the rates of inflow of
nuclei into the storm were estimated in the foregoing from the concen-
trations of nuclei in the precipitation. These estimates were obtained
without consideration of the details of the precipitation process.
However, it was shown in Chapters VI and VII that natural freezing
nuclei, large fractions of which are smaller than 0.01,* diameter, are
captured efficiently by cloud droplets, and therefore the nucleus concen-
trations derived in this chapter represent with reasonable accuracy the
concentrations that occur in clouds. The results may be said to be
more realistic than the information presently available by other means
in that ice nucleus measurements inside active storms have not been
obtained so far and the measurements that have been made, at the ground
or near storms, were made with cloud chambers which are inefficient for

the detection of nuclei active at temperatures warmer than -10 C.



123

REFERENCES

Admirat, P., and G. Soulage, 1966: Rapport technique No. 8. G.I.E,F.A.

Auer, A.H., Jr., 1967: A cumulus cloud design for continental airmass
regimes. J. Rech. Atm., III(1), 91-100.

Barklie, R.H.D., 1960: Nucleation measurements on rain and melted
hail. McGill Univ. Stormy Weather Group Sci. Rep. MW-34, 33-46.

Barklie, R.H.D., and N.R. Gokhale, 1959: The Freezing of supercooled

water drops. McGill Univ. Stormy Weather Group Sci. Rep. MW-30,
43-64.

Bigg. E.K., 1953: The supercooling of water. Proc. Phys. Soc., B, 66,
688-694.

Bigg, E.K., 1961: Natural atmospheric ice nuclei. Science Progress,
49, 458-475.

Bigg, E.K., '1965: Problems in the distribution of ice nuclei. Proc.
Intnl. Conf, Cloud Physics, Tokyo, 137-139.

Bigg. E.K., and R.T. Meade, 1959: Continuous automatic recording of
ice nuclei. Bull. Obs. Puy de Dome, No. 4, 125-138.

Birstein, S., 1960: Studies of the effect of chemisorbed impurities
on heterogeneous nucleation. Amer. Geophys. Union Monograph,
No. 5, 247.

Bishop, D., 1968: Temperature spectra of freezing nuclei in precipitation.
M. Sc. Thesis, Dept. of Meteorology, McGill University, Montreal.

Bourquard, A.D., 1963: Ice nucleus concentrations at the ground.
J. Atm. Sci., 20, 386-391.

Braham, R.R. Jr., 1965: The aerial observation of snow and rain clouds.
Proc. Intnl. Conf. Cloud Physics, Tokyo, 492-501.

Bryant, G.W., J. Hallett and B.J. Mason, 1959: The epitaxial growth

of ice on single-crystalline substrates. J. Phys. Chem. Solids,
12, 189-195.

Burns, J.R., and D. Turnbull, 1966: Kinetics of crystal nucleation in
molten isotactic polypropyleme. J. Appl. Phys., 37, 4021-4026.



124

Clark, W.E., and K.T. Whitby, 1967: Concentration and size distribu-
tion measurements of atmospheric aerosols and a test of the

theory of self-preserving size distributions. J. Atm. Sci.,
24, 677-687.

Dorsch, R.G., and P.T. Hacker, 1950: Photomicrographical investigation
of spontaneous freezing temperatures of supercooled water droplets.
U.S. Nat. Adv. Comm. Aero. Tech. Note 2142.

Droessler, E.G., 1965: The distribution and origin of atmospheric
ice nuclei. Proc. Intnl. Conf. Cloud Physics, Tokyo, 131-136.

Dufour, L., 1966: Noyaux glocogenes and l'atmosphere. Ciel et Terre,
82, 1-34.

English, M., 1966: A new program for the calculation of hail growth,
McGill Univ. Stromy Weather Group Sci. Rep. MW-47, 29-50.

Fenn, R.W., H.R. Gerber, and H.K. Weickmann, 1965: Distribution of
aerosol particles in the troposphere. Proc. Intnl. Conf. Cloud
Physics, Tokyo, 62-66. )

Fletcher, N.H., 1958: Size effect in heterogeneous nucleation.
J. Chem. Phys., 29, 572; 31, 1136.

Fletcher, N.H., 1966: The freezing of water, Sci. Prog., Oxf., 54
227-241.

Fukuta, N., 1967: Review of physics of ice nucleation and its application
to weather modification. Report No. MR167, FR-497. Meteorology
Research Inc.

Gagin, A., 1965: 1Ice nuclei, their physical characteristics and possible
effect on precipitation initiation. Proc. Intnl. Conf. Cloud
Physics, Tokyo, 155-162.

Georgii, H.W., 1959: Uber die Eiskeimbildung in unterkuhlten Wolken und
ihrer Abhangigkeit von atmospharischem Aerosol. Ber. Deutsch.
Wetterd., Nr. 58, 43 pp.

Georgii, H.W., 1963: Investigations on the deactivation of inorganic
and organic freezing nuclei. Zeit. Angew. Math. Phys., 14,
503-509.

Georgii, H.W., 1965: Untersuchungen uber Ausregnen und Auswaschen
atmospharischer Spurenstoffe durch Wolken und Niederschlag.
Ber. Deutsch. Wetterdienst., Nr. 100, 23 pp.

Georgii, H.W., and E. Kleinjung, 1967: Relations between the chemical
composition of atmospheric aerosol particles and the concen-
tration of natural ice nuclei. J. Rech. Atm., III(1), 145-156.



125

Gibbs, J.W., 1906: Scientific Papers I. Longmans, Green, New York,
pp 55-353.

Greenfield, S.M., 1957: Rain scavenging of radioactive particulate
matter from the atmosphere. J. Met., 14, 115-125.

Hess, P., 1959: Untersuchungen uber den Ausfall von Aerosolpartikeln
durch Niederschlage und Wolkenbildung. Ber. Deutsch. Wetterd.,
Nr. 51, 67-73.

Hitschfeld, W., and R.H. Douglas, 1963: A theory of hail growth based
on studies of Alberta storms. Z. Angew. Math. Phys., 14,
554-562.

Hoffer, T.E., 1961: A laboratory investigation of droplet freezing.
J. Meteor., 18, 766-778.

Hoffer, T.E., and R.R. Braham, Jr., 1962: A laboratory study of
atmospheric ice particles. J. Atm. Sci., 19, 232-235.

Hogan, A.W., 1966: Some characteristics of Aitken nuclei concentra-
tions. J. Rech. Atm., II (2), 87-93.

Holtz, C.D., 1968: Ph. D. Thesis, Dept. of Meteorology, McGill Univ.,
Montreal. To be submitted.

Hosler, C.L., 1950: 'Preliminary investigation of condensation nuclei

under .the electron microscope. Trans. Amer. Geophys. Un., 31,
707.

Isaac, G., 1968: M. Sc. Thesis, McGill University. To be completed.

Isaka, H., and G. Soulage, 1966: Etude expérimentale de 1l'action
glacogdne de 1l'iodure d'argent & la sous-saturation par rapport
2 1l'eau. C.R. Acad. Sci., B262,1405-1408.

Isono, K., 1965: Variation of ice nucleus concentration in the atmos-
phere and its effect on precipitation. Proc. Intnl. Conf.
Cloud Physics, Tokyo, 150-154.

Isono, K., M, Komabayasi, and A. Ono, 1959: The nature and the origin
of ice nuclei in the atmosphere. J. Met. Soc. Japan, 37, 211-233,

Isono, K., M. Komabayasi, T. Takahashi, and T. Tanaka, 1966: A physical
study of solid precipitation from convective clouds over the sea.
Part II. J. Met. Soc. Japan, 44, 218-225.

Jiusto, J.E., 1967: Nucleation factors in the development of clouds.
Ph.D. Thesis, Dept. of Meteorology, Pennsylvania State University.



126

Junge, C.E., 1957: Remarks about the size distribution of natural
aerosols. Artificial Stimulation of Rain, Pergamon, London,
3-17.

Junge, C.E., 1961: Vertical profiles of condensation nuclei in the
stratosphere. J. Met., 18, 501-509.

Junge, C.E., 1963: Air Chemistry and Radioactivity. Academic Press,
New York, 117.

Kline, D.B., 1963: Evidence of geographical differences in ice nuclei
concentrations. Monthly Weather Review, 91, 681-686.

Koenig, L.R., 1965: Ice-forming processes in relatively warm clouds.
Proc. Intnl. Conf. Cloud Physics, Tokyo, 242-246.

Kumai, M., 1951: Electron-microscopy study of snow-crystal nuclei.
J. Met., 8, 151-156.

Kumai, M., 1965: The properties of marine air and marine fog at Barrow,
Alaska, Proc. Intnl, Conf. Cloud Physics, Tokyo, 52-56.

Langer, G., 1967: Summary of NCAR ice nucleus studies. Paper presented
at International Workshop on Cloud Nuclei, Lannemezan, France.

Langham, E.J., and B.J. Mason, 1958: The heterogeneous and homogeneous
nucleation of supercooled water. Proc. Roy. Soc. A, 247, 493.

Langmuir, I., 1948: The production of rain by a chain reaction in
cumulus clouds at temperatures above freezing. J. Met., S,
175.

MacCready, P.B. Jr., D.M. Takenchi, and C.J. Todd, 1965: Droplet
distribution and precipitation mechanisms in a particular
convective cloud system. Proc. Intnl. Conf. Cloud Physics,
Tokyo, 87-91.

Marshall, J.S., and W. McK. Palmer, 1948: The distribution of raindrops
with size. J. Met., 5, 165-166.

Mason, B.J., and J. Maybank, 1958: Ice nucleating properties of some
mineral dusts. Q. J. Roy. Met. Soc., 84, 235-241.

Mason, B.J., and A.P. van den Heuvel, 1959: The properties and behaviour
of artificial ice nuclei. Proc. Phys. Soc., 74, 744-755.

Maybank, J., and N.N.Barthakur, 1966: The ice nucleation behaviour of
amino-acid particles. Can. J. Phys., 44, 2431-2445.



127

Megaw, W.J., and R.D. Wiffen, 1963: The efficiency of membrane
filters. Int. J. Air Wat, Poll., 7, 501-509.

Miloshev, G., and L. Krastanov, 1965: On the thermodynamics of the
heterogeneous formation of crystal embryos in supercooled
water drops. Proc. Intnl. Conf. Cloud Physics, Tokyo,
Supplement, p. 116,

Mossop, S.C., 1963: Atmospheric ice nuclei. Zeit. Angew. Math. Phys.,
14, 456-486.

Mossop, S.C., A. Ono, and K.J. Heffernan, 1967: Studies of ice crystals
in natural clouds. J. Rech. Atm. III (1), 45-64,

Mossop, S.C., N.S.C. Thorndike, R.T. Meade, and K.J. Heffernan, 1966:
The use of membrane filters in measurements of ice nucleus

concentrations: II. Comparisons with cloud chambers. J. Appl.
Met., 5, 703-709.

Newton, C.W., 1966: Circulation in large sheared cumulonimbus.
Tellus, 18, 699-713.

Pasceri, R.E., and S.K. Friedlander, 1965: Measurement of the particle
size distribution of the atmospheric aerosol: II. Experimental
results and discussion. J. Atm. Sci., 22, 577-584.

Paterson, M.P., and K.T. Spillane, 1967: A study of Australian soils
as ice nuclei. J. Atm. Sci., 24, 50-53.

Pearcey, T., and G.W. Hill, 1957: A theoretical estimate of the
collection efficiencies of small droplets. Quart. J. Roy.
Met. Soc., 83, 77.

Price, S., and J.C. Pales, 1964: 1Ice nucleus counts and variations at
3.4 km and near the sea. Monthly Weather Review, 92, 207-221.

Pruppacher, H.R., and R. Sdnger, 1955: Mechanismus der Vereisung
unterkihlter Wassertropfen dur disperse Keimsubstanzen. Zeit.
Angew. Math, Phys., 6, 407-416.

Rau, W., 1954: Die Gefrierkerngehalte der Verschiedenen Luftmassen.
Met. Rdsch., 7, 205.

Rau, W., 1955: Wirkungsbereiche und Haufigkeit der naturlichen
Gefrierkerne. Arch. Met. Geophys. Biokl., A, 8, 185-203,

Rosinski, J., 1967: Insoluble particles in hail and rain. J. Appl.
Met., 6, 1066-1074.



128

Schaefer, V.J., 1954: The concentration of ice nuclei in air passing
over the summit of Mt. Washington. Bull. Am. Met. Soc., 33,
310.

Schlien, J., 1967: Temperature spectra of ice-nuclei in Canadian hail,
rain and snow. M.Sc. Thesis, Dept. of Meteorology, McGill Univ.

Selezneva, E.S., 1959: Distribution of condensation nuclei in the
atmosphere on days with convective clouds. Studies of Clouds,
Precipitation, and Thunderstorm Electricity, AMS Translation
1965, 105-109.

Smith, E.J., and K.J. Heffernan, 1954: Airborne measurements of the
concentration of natural and artificial freezing nuclei.
Q.. J. Roy. Met. Soc., 80, 182-197.

Soulage, G., 1957: Les noyaux de congelation de 1'atmosphére.
Ann. Geophys., 13, 103-134, 167-185.

Soulage, G., 1966: Counting and electron microscope study of European
ice nuclei. J. Rech. Atm., II (2), 219-229.

Stansbury, E.J., 1961: Stochastic freezing. McGill Univ. Stormy Weather
Group Sci. Rep. MW-35, 43-52.

Stansbury, E.J., and G. Vali, 1965: Experiments on the nucleation of
jce 1961-63. McGill Univ. Stormy Weather Group Sci. Rep. MW-46,
11 pp.

Vali, G., 1964: Nucleation in supercooled water. M.Sc. Thesis, Dept.
of Physics, McGill Univ., Montreal.

Vali, G., 1966: Sizes of atmospheric ice nuclei. Nature, 212, 384-385.

Vali, G., 1967: Estimates of jnitial cloud glaciation from nucleation
experiments. Proc. Conf. Severe Local Storms, St-Louis, 154-160.

vali, G., 1968: Filter elutrition experiments for the measurement of
airborne freezing nuclei. J. Rech. Atm. To be published.

Vvali, G., and E.J. Stansbury, 1966: Time-dependent characteristics of
the heterogeneous nucleation of ice. Can. J. Phys., 44, 477-502.

Vittori, 0.A., and V. Prodi, 1967: Scavenging of atmospheric particles
by ice crystals. J. Atm. Sci., 24, 533-538.

Volmer, M., 1929: Ueber Keimbildung und Keimwirkung als Spezialfalle
der Heterogenen Katalyse. Ztschr. Elektrochem., 33, 555-561.



129

Vonnegut, B., 1948: Variation with temperature of the nucleation rate
of supercooled liquid tin and water drops. J. Coll. Sci., 3,
563-569.

Warner, J., and T.D. Newnham, 1958: Time lag in ice crystal nucleation
in the atmosphere. Part I. Experimental. Bull. Obs. Puy de
Dome, No. 1, 1-10.

Weickmann, H., 1957: Recent measurements of the vertical distribution
of Aitken nuclei. Artificial Stimulation of Rain, Pergamon,
London, 81-88.

Weickmann, H.K. 1966: Aitken nuclei as tracer in cloud physics
research. J. Rech. Atm., II (2), 153-158.

Went, F.W., D.B. Slemmons, and H.N. Mozingo, 1967: The organic nature
of atmospheric condensation nuclei. Proc. Natl. Acad. Sci.,
58, 69-74.

Whytlaw-Grey, R.W., and H.S. Patterson, 1932: Smoke, E. Arnold and
Co., London, 192 pp.

Wigand, A., 1919: Die Vertikale Verteilung des Kondensationskerne
in der freien Atmosphdre. Ann. Phys., Lp2, 39, 689.



