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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 raine

Ten to eighty percent of the nuclei are smaller

th an O. 01,AA 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 concentrations.

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 precipi3
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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

~

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 df cloud chambers for detection of
small nuclei active at warm temperatures.

Surface soils were fcund to contain large numbers of freezing
nuclei active at temperatures around -6 C, and comparisons with
the nucleus contents of clay mineraIs indicate that the nuclei in
surface soils originate in their organic and not in their mineraI
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 10

10

-6 C, and 10

12

sec

-1

sec

-1

for nuclei active at temperatures warmer than
for nuclei active above -10 C.

These estimates

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 0 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 who le, cloud droplets often remaining
unfrozen at tempe ratures 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.

Nucleation 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
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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 de termine 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 characteristics 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.
types of measurements.

There are difficulties in both

In cloud chambers the activation of nuclei is

influenced by a multitude of experimental variables, such as supersaturation, cloud

dropl~t

sizes and concentrations, the length of time the

temperature of activation is maintained, and others.

In addition 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.
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For the study of atmospheric processes cloud chamber measurements
have been genera11y preferred, chief1y because of the supposed simi1arity of the experiments to natura1 processes.

However, because of the

uncertainties mentioned above, it has been difficu1t to assess the
adequacy of the simulation of natura1 conditions.

Agreement between

the resu1ts of these measurements and the observed behaviour of c10uds
1s not notab1y good, with especia11y large discrepancies at temperatures
not far be10w 0 C.
The work reported in this thesis was undertaken to estab1ish the
relation between the nucleus content and the freezing temperatures of
drops of water, and to investigate the possibi1ity of determining the
freezabi1ity of cloud water from the nucleus content of precipitation.
This approach seemed to offer two advantages:

Drop-freezing experiments

can provide information on nuc1ei active at temperatures close to 0 C •
and resu1ts that ref1ect conditions in the active regions of the c10uds
are obtained.

Formation of ice at re1ative1y warm temperatures is

genera11y thought to be an important factor in the deve10pment of hai1;
the resu1ts wou1d therefore have especia1 re1evance to hai1 studies.
Freezing has been studied by drop1et experiments for both the
homogeneous and heterogeneous nuc1eation of meta1s (Vonnegut, 1948),
po1ymers (Burns and Turnbu11, 1966), water (Dorsch and Hacker, 1950;
Bigg, 1953; Langham and Mason, 1958; Hoffer, 1961, among others), and
other substances.

For homogeneous nuc1eation the interpretation of

the experiments in terms of the rate of formation of critica1 embryos
and the stochastic nature of the process can be given.

If nuc1eation
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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-depe~d

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 (Stansbury, 1961).
The description of nucleus content in terms of the nucleus spectra
required a re-examination of these results.
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Another relevant property of nuc1ei is their size or diameter.
Nucleus is of significance not on1y from the point of view of basic
understanding of the nuc1eation process, but a1so because the processes
by which nuc1ei enter the precipitation are strong1y dependent on the
sizes of the partic1es.

Previous research had indicated that nuc1ei

were about O.lfA in diameter.

Partic1es of O.lp.. to 1}J- diameter are

removed from the air 1east efficient1y however (Greenfie1d, 1957);
the high nucleus concentrations in precipitation seemed to be incompatible with this.

It was therefore desirab1e to determine experimenta11y

the sizes of the nuc1ei in precipitation samp1es.

Recent1y,attempts

have been made to identify the nuc1ei of snow crysta1s and to measure
their sizes direct1y by e1ectron microscopy (Byers, 1965).

Such

methods wou1d be very unre1iab1e for the detection of nuc1ei among the
many partic1es present in a drop; the observation of changes in nucleus
content that resu1t from the remova1 of partic1es 1arger than certain
se1ected sizes seemed therefore to be a more practica1 approach.
The plan for this work was to determine the concentrations and
sizes of freezing nuc1ei in precipitation and to construct a mode1 to
account for these observations in terms of the capture of the nuc1ei
by cloud drop1ets and precipitation.

In Chapters III to V the exper-

imenta1 resu1ts on the genera1 properties of freezing nuc1ei and on
the nucleus content of the precipitation are presented.

The factors

inf1uencing the transfer of nuc1ei from the air into the precipitation
<t• • •

are discussed in Chapter VI and the distribution of nuc1ei in space
and time are examined in Chapter VII.

The estimated glaciation of

c10uds is described in Chapter VIII and the concentration of nuc1ei
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in air, inside c1ouds, is estimated in Chapter IX.
Freezing due to suspended partic1es is the on1y glaciating
mechanism considered; the resu1ts therefore represent estimates of
the contribution made by freezing nuc1eation to the overa11 glaciation,
but the ro1es of other processes have not been c1ear1y demonstrated
so far.

There is evidence, however, that freezing occurs more readi1y

than sublimation at sma11 supercoo1ings (Bryant et al., 1959; Mason
and van den Heuve1, 1959; Maybank and Barthakur, 1966; Isaka and Soulage, 1966), and the avai1ab1e in-cloud observations are found to be
in reasonab1e agreement with the predictions of the mode1 here deve1oped.
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II.

TECHNIQUES AND PROCEDURES

The experimenta1 technique emp10yed in this work is a deve10pment of that described by Stansbury (1961) and Va1i (1964).

Sma11

modifications on1y have been made, so that the ear1ier and the more
recent measurements are a11 comparable and constitute a large body
of observations; the interna1 consistency of the various aspects of
these observations permits considerable confidence to be p1aced in
the resu1ts.

The principal merits of this experimenta1 approach are

that the observations of freezing events are c1ear-cut at any temperature, and that experimenta1 conditions are defined by temperature
a10ne.
The nucleus content of water samp1es is determined in these
experiments from the freezing temperatures of drops produced from the
samp1e.

The drops are p1aced on a coated meta1 surface, the tempera-

ture of which is gradua11y 10wered unti1 a11 drops are frozen.

One

hundred to three hundred drops of 1 to 2 mm diameter are frozen for
each samp1e, so that samp1es of 2 cm3 or more are necessary.

From 50

to 150 drops are produced by dispensing water from a syringe and are
2
arranged in a regu1ar array upon a co1d stage of 36 cm working area.

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

*

General E1ectric Co. Dri-Fi1m No. 88. In ear1ier experiments a hydrocarbon oi1 was used; identica1 resu1ts are obtained with the use of
either surface. The change has been made on1y because the silicone is
more hydrophobic and thus if water condenses from the air onto the surface, between the drops, this condensate forms tiny drop1ets rather
than a film of water, and the possibi1ity of ice spreading a10ng the
surface is reduced. Some freezing of the condensed drop1ets is observed
at temperatures be10w -30 C which is beyond the range of temperatures
used. Drying of the air in the apparatus thus becomes unnecessary.
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which is app1ied as a solutiononto a thin sheet of aluminium covering
the co1d stage.

A new surface is prepared for each new set of drops.

The co1d stage is coo1ed by thermoe1ectric heat pumps; the rate of
coo1ing is 2 deg min

-1

at a11 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 me1ted, 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 without change in position (cf. Chapter IV, Section 3). Contamination of
the drops from the air was found to be neg1igib1e; drops which were
unfrozen when a temperature of -20 C was reached remained unfrozen for
hours whi1e the temperature was maintained at -20 C.
On1y plastic storage containers, syringes and fil ter ho1ders were
used.

Containers were not reused; syringes and fil ter ho1ders were

boi1ed in disti11ed water and rinsed before using for a new samp1e.
Stain1ess steel syringe need1es were c1eaned in simi1ar manner.

Syringes

and need1es, and fil ter ho1ders if used, were tested by using them to
produce a number of drops of disti11ed water which were then frozen
simu1taneous1y with drops from the sample under investigation.
Precipitation samp1es were co11ected in Montreal and in Alberta,
where a network of col1ectors (112 stations over a 3600 sq mi area)
as we11 as a mobile sampling unit have been operated for one season.
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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.
apparent.

No appreciable contamination was

The collectors were kept sealed while in the field and were

to be uncovered only

wh~~

precipitation was occurring at the station.

Samples were frozen in the container in which they were received immadiately after collection.
to the

laborato~y

They were transported in the frozen state

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 negligible changes only over the few day period the melted samples were
stored (cf. Chapter IV).
Further details of specifie experimental procedures are described
at relevant places in the following chapters.

e
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III.

DERIVATION OF NUCLEUS SPECTRA FROM DROP-FREEZING EXPERlMENTS
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 0 C is that the drops aIl freeze at different temperatures, with
an apparently random spread of freezing temperatures over a range of
several degrees.

The factors influencing the freezing temperatures

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

-1

), 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 temperatures 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 ta 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, aIl 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 nuc1ei 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
interva1 represents the fraction of a11 drops, frozen and unfrozen,
that contain a nucleus active in that temperature interva1.

This

assumption imp1ies that the probabi1ity of finding a nucleus of a
certain type in a drop is the same for a11 drops and independent of the
presence of other, more active, nuc1ei.

Drops that are a1ready frozen

at the temperature in question froze due to the presence of more active
nuc1ei, but this affects on1y the possibi1ity of detection and not the
presence of the 1ess active nuc1ei.

If N(S) denotes the number of

unfrozen drops at temperature S (Celsius), the fraction, -AN/N, that
freezes when the temperature is decreased by AS shou1d equa1 the number
of nuc1ei per unit volume active in a one degree interva1, k(S), times
the volume of the drops, V, times AS:
(1)

The nucleus spectrum, k(S), can thus be obtained from the observed
quantities AN, âS and N.

This nucleus spectrum is referred to in the

fo1lowing as a differential spectrum to distinguish it from the cumulative 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 S, the count inc1udes nuclei active at all
temperatures warmer than S. Differentia1 spectra cannot readi1y be
obtained from cloud chamber measurements.
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The cumulative spectrum, K(9), can be obtained by integrating equation
(1) to yie1d

~ le, = - ....L t~ N ta\
V

(2)

N(O)

where N(O) stands for the total number of drops in the samp1e.

Equation

(2) is identica1 in form to the expression that wou1d resu1t from
considering K(9) as the probabi1ity that at 1east one nucleus active
at some temperature above 9 will be found in a drop of volume V, and
equating this probabi1ity to the fraction of drops that are observed to
be frozen at 9.
The two types of spectra, differentia1 and cumulative, have different
uses:

the differentia1 spectrum gives information on the types of nuc1ei

in the samp1e, the cumulative one describes the freezing of a samp1e as
it is coo1ed from 0 C (as it invariab1y is) towards co1der temperatures.
Consequent1y, when discussing the nucleus content of a samp1e, the
differentia1 spectrum will be

use~

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 examp1es of the two types of spectra
for a samp1e of 162 drops of me1ted hai1.

These were ca1cu1ated from

the observed distribution of freezing temperatures which is presented
in Fig. 3-1 (a) as a histogram.
The values p10tted for the differentia1 spectrum have been smoothed
by taking the running mean of the concentrations ca1cu1ated
adjacent temperature interva1s (of 0.25 deg).

fo~

three

The cumulative spectrum

is obtained by &ummation 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.
is obtained from a ratio:
of spectra respectively.

Each point for such spectra

bN/N(9) or N(9)/N(O) for the two types
The values of àN 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(9) 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 i.nto 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 the uncertainties
in the nucleus concentrations can be reduced.

In order to establish a

reasonable compromise between sample size (number of drops) and accuracy 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 improvement 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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enve10pes of the lowest and highest values at a11 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 midd1e part of the spectrum.
Simi1ar experiments for a simple exponentia1 spectrum resulted in ten
spectra that were a11 within a factor of 1.35 of one another at a11
temperatures.

The degree of confidence that can be p1aced in the

concentrations indicated by a spectrum is thus seen to be dependent on
the shape of the spectrum.

In genera1, differences of about a factor

1.5 or greater can be said to ref1ect true differences if present over

~ 1000

::>

,15
....
z
Cl:

~

w

....

a:
w

100

Q.

z

o

~
....z
a:

w

(,)

z
o(,)

10

w

>

fi

-1

W

a:

I~----~----~----~----~----~
-14
-12
-10
-8

TEMPERATURE
Figure 3-3.
Enve10pes for minimum and maximum concentrations given by ten simu1ated experiments.

17

ï",

~ 104
'Eu

If)

lU
...J
0

:J
Z
IL

0

3
10

Z

0

~a::
~

z

lU
0
Z

0

2

10

0

100~__~____~__~~__~____~__~~__~
-18
-16
-8

(C)

Figure 3-4.
Extended nucleus spectra for samp1es of
hai1. Original and 100 times di1uted samp1es4wer~3used_1
to obtain curves for 100 to 10 2 and 102 to 10 cm
deg
nucleus concentrations respective1y.

1-

18

fair1y large portions of the spectra.

Over sma11 intervals, oüly

differences"exceeding factors of 3 or 4 are re1iab1e when the spectra
are based on 100 to 300 drops.
The majority of experiments have been performed with drops of
0.01 cm

3

volume (2.7 mm equiva1ent diameter) and with approximate1y

150 to 250 drops per samp1e; the values were chosen for experimenta1
convenience and expediency.
tions between 10

U

With such experiments, nucleus concentra-

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

In

order to extend this range towards higher concentrations, drops of
sma11er volume or diluted samp1es must be used.

Reduction of the drop

size below 10-3 cm3 (1.2 mm diameter) is not possible with the present
experimenta1 arrangement, and therefore on1y a one decade extension can
be achieved this way.

Dilution with disti11ed water can be used to

find concentrations of any magnitude but on1y at temperatures above
that at which the concentrations of nuc1ei of disti1led water become
dominant.
Figure 3-4 shows nucleus spectra for two hail samp1es in which
extensions towards higher concentrations have been obtained by the use
of 1% dilutions of the original samp1es.

In

additio~sma11

drops of

the di1uted samp1e were used in one case to ob tain a further extension
of one decade.

The gap which appears systematica11y at the junctions

of the spectra is caused by inaccuracies in the volumes of the drops,
which resu1t in overestimates of 10w concentrations and underestimates
of high nucleus concentrations when the concentrations are ca1cu1ated
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 simultaneously.

In addition, the temperature gradients across large drops become

appreciable and lead to uncertainties in the nucleation temperatures.
In a few cases such experiments were performed; Fig. 3-5 shows the
-results of one experiment in which 162 drops 0.01 cm 3 in volume
(in 2 runs) and 189 drops 0.2 cm

'aI

-8

II)

lE

Icr

3

in volume (in 21 runs) from a sample

o-O'Olcm 3 DROPS
x-O'2 cm 3 DROPS

u

ex>

2
10-2'=-O---:':18:--:-1'-:-6---:L14"'-!-1~2
---:L:IO,.---J-8~_"&'-6-...1_4

TEMPERATURE (C)

Figure 3-5.
Nucleus spectra obtained with 0.01 cm
and with 0.2 cm 3 drops for sample of rain.

3
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of rainwater were frozen.

The two spectra differ by a factor two,

uniform1y over the range of temperatures where the two curves over1ap.
No exp1anation 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
nuc1ei of different temperatures of activity can be determined from
drop-freezing experiments.
10

-3
-1
-3
3
cm
deg
can be measured by using 100 to 300 drops of 10
cm to

3

10-

Concentrations between 10- 1 cm- 3 deg- 1 and

1

3
cm volume; higher concentrations can be measured for nuc1ei

active above -22 C by dilution.

The nucleus spectra provide complete

descriptions of the concentrations of nuc1ei and permit meaningfu1
comparisons betweeen samp1es.

21

IV.

PHYSICAL PROPERTIES OF FREEZING NUCLEI

Freezing nuc1ei are observed in the drop freezing experiments through
their action.

C1ear1y, it wou1d be most desirab1e to identify these

nuc1ei as we11, and to determine their physica1 and chemica1 natures.
Direct identification and ana1ysis of the nuc1ei is not feasib1e, however,
because freezing nuc1ei can be sma11er than 0.01

~

in diameter, and the

total number of partic1es of comparable sizes in a typica1 samp1e of water
10
12
may be 10
to 10
times greater than the number of freezing nuc1ei
active at -10 C.

The evidence for the sma11 sizes of

th~

nuc1ei is

presented in Section 1 of this chapter, and their rarity is examined in
Section 2.
The reproducibi1ity of the temperature at which a given nucleus
becomes effective has been tested.

The resu1ts given in Section 3 point

to the fact that nuc1ei retain their effectiveness over considerable
periods of time (whi1e exposed to air, suspended in water or frozen into
ice) and over numerous cycles of freezing and me1ting.
Experiments with a sma11 number of soi1 samp1es revea1ed unexpected1y high nuc1eating abi1ities for certain surface soi1s.

These resu1ts,

and evidence that some components other than the basic clay minera1s are
the nuc1eating substances in the soi1s, are presented in Section 4.
1.

SIZES OF FREEZING NUCLEI
It has been genera11y be1ieved that atmospheric ice nuc1ei are

about

0.1~

in diameter, and that

0.02~

is the sma11est partic1e capable

of promoting ice formation at temperatures warmer th an -10 C.

Theoretica1

considerations by Fletcher (1958, 1966) and by Mi10shev 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 calcula te 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

nuc1eation from supercoo1ed water.

The surface parameter

~

is defined

by the relation

where

G/'J\oI' G'tJ:I: and

Ei:t",

are the interface energies of nuc1eus-water,

nuc1eus-ice and ice-water surfaces respective1y.

m=I·O

0

m=0·8

-

-10

m=0·5

0

LAJ

0:: -20

m=0·3

:::l

~

ex

0::

LAJ

-30

Q..

~

LAJ
~

103

102

lOi

NUCLEUS DIAMETER

Figure 4-1.
Temperature at which a spherica1 nucleus
of given diameter and surface parameter (m) will
nuc1eate ice from water in one second. (After Fletcher,
1966)
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According to this graph, particles below about 5 x 10-3~
diameter rapidly lose effectiveness (nucleate at colder temperatures)
with decreasing particle size, but the loss in activity when particle
diameters decrease from 10

-1 ~ to 10 -2 JA 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 weIl 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.
and Dufour (1966).

Summaries of such observations were given by Byers (1965)
The particles found in the crystals were mostly of

clay mineraIs and were between O.lfL and 10

~

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 atmospheric ice nuclei active at -21 C are between 0.4fA and

4~

in diameter
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from a long series of daily measurements of the concentrations of ice
nuclei, large partic1es () 0.1 fI-) and of Aitken nuclei.

A cloud

chamber, an impactor and an expansion chamber were used for the three
types of measurements respective1y.

The concentrations of ice nuc1ei

and the concentrations of large partic1es were found to vary in c10sely
para1lel fashion, whereas no correlation between Aitken nucleus and iee
nucleus concentrations was evident.

On

the other hand, Langer (1967)

and Rosinski (1967) have found that in measurements obtained with continuous1y recording equipment, the correlation between ice nucleus concentrations and Aitken nucleus concentrations appeared to be better than
between ice nuc1ei and large partic1es.

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
nuc1ei render these results inconc1usive.
Bigg and Meade (1959) used a continuously operating cloud chamber
with the input air alternate1y passed into the chamber directly or through
three different sedimentation boxes.
particles greater than 1.6

The latter were designed to remove

JI-' 4 rand 22 JI'" diameter respective1y.

this methoà 30% of nuclei active at -18 C were found to exceed
meter dnd 40% were larger than 1.6

~.

4~

By
dia-

However, these results must be

held inconc1usive, because the sedimentation boxes, in addition to
removing particles above a certain size by sedimentation, also remove
partic1es smaller than about 0.1f4 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

25

experi ments were condu cted in which the nucleu s conten
t of sampl es of
water was determ ined after the sampl es were passed throug
h filter s
of variou s pore sizes .
Membrane filter s (manu factur ed by Millip ore Ltd.) were
used in
plast ic holde rs.

The filter s are made of mixed esters of cellul ose,

and have nomin al pore sizes from O.OlfA to

8~

for the differ ent types.

Pore sizes are speci fied by the manuf acture r on the basis
of a mercu ry
intrus ion measu remen t and the stated varia tions are
filter s and ±20% for the 0.01

14 pore filter s.

~10%

for

O.l~

pore

Eighty perce nt of the

fil ter volum e is taken up by the pores which go from one
surfac e to the
other in a windi ng path.
The fil ter holde rs were attach ed direc tly to the syring
es used to
produ ce the drops on the cold stage .
handl ing was neces sary.

In this way a minimum of extra

Contr ol runs, using distil led water , showed no

disce rnible increa se in the conce ntrati on of nucle i due
to contam inatio n
from the holde r.
The effici ency of the filter s for the captu re of aeros
ols has been
measu red by Megaw and Wiffen (1963) and found to be 100%
for partic les
greate r than the pore size and also for partic les below
diame ter.

0.02~

The tests were made with a 0.8f' pore size fi1ter .

in
The small

partic les are thoug ht to be caugh t by diffus ion to the
wa1ls of the pores .
No data is availa ble for the perfor mance of these fi1ter
s in water , and
theref ore it will be assumed in the follow ing that partic
les large r than
the nomin al pore size are retain ed and aIl partic les sma1l
er than the
pore size pass throug h. The fil ter will, in fact, retain
some of the
partic les which are small er than the pore size; the fracti
on retain ed
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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

smaii particles to the intricately curving walls of the pores could also
be appreciabie.
In order to evaluate the performance of the fiiters, a sample of
soil suspension, from which large particles were ailowed to settle out,
was tested after one_
fiiters.

.~.nd

after two filterings with 0.01fA- pore size

Figure 4-2 shows the nucleus spectra obtained.
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Figure 4-2. Nucleus spectra for unfiltered and filtered
samples. Curves 1 to 3: soil suspension without filtering and after one and two filterings with 0.01 fA- 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 unfi1tered, once-fi1tered and twicefi1tered samp1es respective1y.

The second fi1ter, after use, was

reversed in its ho1der and disti11ed 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 fi1tering produced about 50%
reduction in nucleus concentrations at temperatures ab ove -la C.

There-

fore, the concentrations of nuc1ei sma11er than O.OlfA in the original
samp1e may have been twice as high as shown by the spectrum obtained
after the first filtration, a1though this wou1d then mean that a11
the nuc1ei in this samp1e were sma11er than
above -la C).

0.01~

(for temperatures

At temperatures co1der than -12 C, the reduction in

nucleus concentration produced by the first filtration was greater, and
that produced by the second filtration smal1er than at temperatures
above -la C.

The first reduction indicates that 1arger proportions of

these nuclei were greater than 0.01
-la C.

~,

th an for nuclei active above

The differences in the observed reductions of nucleus concen-

trations on second filtering for the different temperature ranges cannot
be exp1ained on the basis of particle size a10ne.

General1y, the resu1ts

shown in Fig. 4-2 indicate that there is no sharp lower limit in particle
size for the retention of particles by the fi1ter, and therefore in the
unfiltered samples concentrations of particles (or nuc1ei) smal1er than
the pore size are higher than the measured concentrations indicate.
Figure 4-2 also shows the nucleus spectra for unfiltered and fi1tered
disti11ed water

(0.01~

fi1ter).

The change in concentration is 1ess than

a factor 1.5, which is comparable to the experimental uncertainty for
samples of the size used.
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Both sets of curves shawn in Fig. 4-2 show a feature that has been
found to be common ta a11 samp1es tested:

no systematic difference

exists between the warm and co1d ends of the nucleus spectra with
respect ta the reduction that is obtained on fi1tering.

Thus it is

found, that nuc1ei act-ive at the warmest freezing temperatures observed
can a1so be as sma11 as 0.01

~.

This resu1t c1ear1y contradicts the

theoretica1 predictions given by Fig. 4-1.

Due ta the steepness of

the measured spectra at the warm end, it is difficu1t ta assess whether
or not the argumen-t -can be extended ta temperatures above -5

c.

A number of samp1es were tested by fi1tering portions of these
with 1.2 fi. ' 0.1]A- and 0.01 fi" filters.

The concentrations of nuc1ei in

the fi1tered samp1es were observed ta decrease with decreasing pore
sizes of the fi1ters.

An examp1e is shawn in Fig. 4-3.
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Figure 4-3.
Nucleus spectra for a samp1e of hai1 after
filtration with fi1ters 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 nuc1ei over the
ranges invo1ved, in that no upper temperature 1imits become apparent
when the nucleus sizes are 1imited by an upper thresho1d (the fil ter
pore size).
For the majority of samp1es, on1y the unfi1tered samp1e and a
part fi1tered with a 0.011'" pore size filter were tested.

Figure 4-4

shows three pairs of nucleus spectra for a soi1 suspension, for a
me1ted hailstone and. for a rain samp1e.

The curves for hai1 and rain

are representative of the 8 samp1es of hai1 and of the 10 samp1es of
ra in and snow that were tested.
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Figure 4-4.
Concentrations of freezing nuc1ei before
and after filtration in rainwater (a), hai1 (b) and
soi1 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.
freezing nuc1ei found in

It can be seen from these data that

natura1 hai1, rain and snow and in some soi1

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 nuc1ei are sma11er th an

0.01~

and that no major variation exists

in this proportion with the temperature of activity.
The acceptabi1ity of these resu1ts can be supported to some extent
by the fo110wing argument.

Since ice embryos in the supercoo1ed water

form on the surfaces of the nuc1eating partic1es, the probabi1ity of
finding a nuc1eating site on a given partic1e can be expected to be.
proportiona1 to the surface area of the partic1e. * Assuming that such
a relation ho1ds for partic1es down'to a diameter of about O.Olfl and
approximating the size distribution of partic1es in the water with the
type of distribution observed for aeroso1s, the probabi1ities that
nuc1eation will be initiated in a samp1e by partic1es sma11er than some
chosen value or by those greater th an this value can be obtained.

*

The proportiona1ity of nuc1eation probabi1ity to surface area is
like1y to hold well for particles which are large compared to the
critical size of the iee 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 a1so uncertain; the ca1culated values are based on the quasithermodynamic theory and bulk values are used for the various paE~meters.
A calculat~~ value for the critical diameter at -5 C is 1.2 x 10 ~,
and 6 x 10 JI'- at -10 C.
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Taking the size distribution of particles to be given (after
Junge, 1963) by the function
-~

= ctel

(1)

where N is the concentration of particles with diameters greater
than d, and cl is a constant, the distribution of surface areas (8)
will be
-1
:: C1. cÂ

with c

2

(2)

as another constant (assuming aIl particles to have similar

shapes).
Calculating from this equation the total surface area of particles
between 5 x 10

-3

and 10-2 }' in diameter, and also the total surface

~

-2
0
area for particles between 10 fl and 10 ~ 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 po 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~

from 0.1 to 0.5.

in diameter to the number greater than this size is

Comparing this ratio to the calculated ratio of surface

areas, it appears that, even if 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 ri se exponentially may be take~ as an indication that

32

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 aIl temperatures, and the rise in nucleus concentrations 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 correspondence 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 an 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 nuclei less
than O.OlfA 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

compared 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 measured 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,
-10 C are:

10 to 100 cm-

3

in hail and 1 to 10 cm-

3

in rain or snow.

The corresponding value for distilled water is 0.1 cm

-3

•

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.
Kumai (1951), examining replicas of snowflakes with an electron microscope, found that in addition to a large

(O.l~

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

12
-3
estimated the concentration of these to be 10
cm .

The only supporting evidence for Kumai's result is in the work of
Rosinski (1967) who measured the concentrations of particles 1.5
100~

diameter in rain and hail samples.

~

to

By extrapolating these data,
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the concentrations of

0.01~

particles is indicated to be in the range

10
-3
14-3
10
cm
to 10
cm
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 concentration 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
particles that act as freezing nuclei is found to be 10

-11

•

temperature of -25 C, this fraction increases to about 10 -8 •

At a
These

ratios illustrate the rareness of particles that are capable of effectively promoting the formation of ice embryos.

Whether the nuclei are

composed of a rare substance or are infrequent configurations of otherwise 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 attempt 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 al tered 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 144 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 90% of the drops changed by less than tl.6 deg.

This result is

typical of the results of a number of su ch 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 S
and

e+AS

in a drop of volume V is given by the nucleus spectrum as

V· k(S) . AS.

This probability is independent of the presence of

other nuclei and is therefore equal to the probability that a drop
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origina11y freezing at

e

and then at

e~Ae

may have been nuc1eated

by two different nuc1ei on the two occasions.

The probabi1ity for

two competing nuc1ei to be present within a temperature interva1 of
1.6 deg for the nucleus spectrum of the samp1e 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 1ike1y that the observed changes
in freezing temperatures of drops ref1ect changes in the temperature
of activity of the nuc1eating partic1e, and not the a1ternate actions
of two nuc1ei.

The facts that the freezing temperatures change in

both directions with about the same frequencies at warm and at co1d
temperatures, and that the magnitudes of the changes are approximate1y
the same in a11 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 nuc1ei, for a11 except the co1dest temperatures;
the resu1ts indicate that the temperatures of activity of individua1
nuc1ei are remarkab1y constant in comparison with the differences
between the temperatures of activity of various nuc1ei.
With severa1 cycles of freezing and me1ting of drops, interesting
patterns emerge for the changes in freezing temperatures.

Figure 4-6

presents typica1 resu1ts obtained in experiments in which 30 ta 60
cycles of freezing and me1ting were carried out.

It is seen from

this figure that some drops have very reproducib1e freezing temperatures, some show abrupt changes, and some change their freezing temperatures irregu1ar1y.

The changes in the average freezing temperature

of 144 drops are a1so shawn in Fig. 4-6, demonstrating that the changes
in the freezing temperatures of individua1 drops tend ta cancel, and
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that no systematic shift of freezing temperatures occurs.

In these

data there appears to be no systematic grouping in the.types of changes
that occur for drops freezing at warm or at co1d temperatures, but this
aspect needs further ana1ysis.

Some variations of the freezing tempera-

tures must resu1t from the statistica1 nature of the nuc1eation process
even for unchanged nuc1ei, and it may be thought that the freezing temperatures of drops which show the 1east degree of fluctuation ref1ect
this effect.
Refreezing experiments with samp1es fi1tered through

0.01~

fi1ters

gave simi1ar resu1ts to the experiments using unfi1tered samp1es.

Ninety

percent of the changes in freezing temperatures fe11 within interva1s of
±1.2 C to

~1.7

C for the various samp1es.

Nuc1ei 1ess than

0.01~

diameter are thus found to retain their activity to the same extent as
1arger nuc1ei.
By introducing a 16-hour period between first and second freezings,
during which time the drops were 1eft on the co1d stage under a 100se1yfitting cover and kept at+20 C, the deviations between freezing temperatures increased somewhat so that 85% of the changes were 1ess

than~1.6

and the 90% range increased to +2.6 C (warmer) and -1.7 C (co1der).
average freezing temperatures of the two runs differ by 0.1 deg.

C

The

The

increase is slight and is caused main1y by a rise in the freezing temperatures of a few drops which origina11y froze at temperatures below -22 C.
The effects of drying of the nuc1ei and of exposure to air have been
studied in the fo110wing manner:

After the first freezing, the drops

were evaporated under reduced pressure.

The residues 1eft by the drops

on the supporting surface were then a110wed to come in contact with air
for various periods 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:
PERlon OF
EXPOSURE TO
AIR

CHANGE IN
AVG. FREEZING
TEMPERATURE

PERCENT OF
CHANGES LESS
THAN ±.1.6 C

3 hr

-0.3 C

79%

{ +2.1 C
-2.9 C

18 hr

+0.1 C

85%

:!:1.9 C

-1.3 C

52%

t"2.0 C
-4.5 C

4 day

90% RANGE

These data indicate that there is some loss of activity with time.
Although the 3-hour and l8-hour experiments do not show progressively
increasing effects, the 4-day delay is the only case of major change
observed.

In that experiment, equal reductions in freezing temperatures

occurred at aIl 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 c10sed
containers at -20 C.

On the other hand, the nucleus content of

samp1es of 1iquid water diminishes with time.

This effect has a1ready

been noted by Stansbury and Va1i (1965).
Figure 4-7 shows two spectra for a samp1e of me1ted hail, one
obtained immediate1y .fo11owing me1ting, and the other after a period
of six weeks, during which time the samp1e was at temperatures between
20 C and 25 C.

This examp1e shows the most severe case of aging that

was observed for comparable periods.

In other samp1es 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 samp1e of rain after 10 weeks of storage,
one part having been stored frozen, the other at room temperature.
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The changes in nucleus concentrations after 5 weeks of storage at
5 C are shown for a samp1e of hai1 in Fig. 4-9.

The maximum reduction

in nucleus concentration is a factor of 2 (at -11 C), and the average
reduction is about a factor of 1.5.
From the foregoing, it appears that the nucleus concentrations
of water samp1es 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 10ss of nuc1ei on temperature

indicates that the effect is due main1y to changes in the nuc1eating
abi1ities of partic1es, rather than to sedimentation, as the rate of
sedimentation does not depend appreciab1y on temperature.

The increase

found in Fig. 4-7 for the concentrations of nuc1ei at co1der temperatures
a1so supports this conclusion.

In any case, the changes in nucleus

concentrations are sma11; the corresponding average reductions in
nuc1eating temperatures are about 1 deg for samp1es stored at room
temperatures and about 0.5 deg for samp1es 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 partic1e.

The temperature at which nucleation occurs is

defined by the characteristics of the nucleus, and its nucleating abi1ity
is little affected by long periods of exposure to air or by repeated
nucleation.

Some alterations of nuc1eating abi1ity are observed and

occasional1y the changes are large; further exploration of these effects
is required and cou1d lead to better understanding of the nuc1eation
process and of the nature of the nucleating partic1es.

One may a1so
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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
major importance.
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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 extensively investigated (see summaries by Bigg, 1961; Mossop, 1963; and
Dufour, 1966), however mostly by means of cloud chambers and by testing
the mineraI 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 characteristics .. Uniformity of procedures was maintained, however, ensuring
comparability of the resu1ts.
Figure 4-10 shows a number of nucleus spectra that were obtained
for samp1es of surface soi1s.

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 -1

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 fOD 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

0.01~

The other pair of samples gave closely similar results.

pore-size filters.
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 associated 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.
l~

Clays are generally composed of particles between 0.1f4 and

in diameter, whereas the surface soils are mainly of larger aggre-

gates (1-10 J.I" ).

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

0.01~

in diameter were higher

than for the nuclei active at temperatures ôf -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 fJ'- 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, Gand H in Fig. 4-10).

Examples for the reductions in nucleus

concentrations that result from the filtering (with

0.01~

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 l, 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), principa11y 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 sma1l sizes of the nuc1ei, which we have found to prevail,

contrasts with the sizes (0.1 fA- or larger) that the y 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 uti1ized millimeter-
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sized partic1es.

No detai1ed exp1anation can be given for these

disparate findings, because of differences in experimenta1 techniques
and conditions, and because of variations in the substances tested.
In genera1, one can point to the fact that in our experiments composite
soi1s were used, whereas previous work was main1y done with the minera1
components of soi1s on1y.
In summary, the most significant finding of these experiments is
that five out of the eight samp1es of surface soi1s tested were found
to contain high concentrations of freezing nuc1ei active at temperatures
close to -5 C, and that these nuc1ei are sma11er than

0.01~

in diameter.

Since clay samp1es were found not to contain such active nuc1ei, and the
proportions of nuc1ei 1ess than 0.01

~

size were found to be sma11 in

these samp1es, the most active nuc1ei in the surface soi1 samp1es appear
to be associated with some minor (perhaps organic) component of these
soi1s.
For the freezing nucleus content of the atmosphere the activity and
the sma11 sizes of the nuc1ei in surface soi1s are 1ike1y to be of major
importance.

Simi1arities between soi1 suspensions and precipitation

samp1es, with respect to the rapid1y rising nucleus concentrations at
temperatures between -5 C and -6 C, and with respect to the high proportions of sma11 nuc1ei, strong1y suggest that the freezing nuc1ei
active at temperatures above -10 C in precipitation samp1es are of soi1
origin.

The most active nuc1ei were found in the types of surface soi1s

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 nuc1ei.

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

PRECIPI~TION

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 humidification and cooling.

Comparatively little attention has been paid to

the nucleus content of natural precipitation, although such measurements would be more direct indicators of conditions within the. c10uds.
Soulage (1957) devised a method to reactivate the residues of
evaporated snow crystals.

However, only about 1 out of 10·crysta1s

could be re-formed at -21 C, even

t~ough

the original crysta1s were

formed at temperatures between -12 C and -19 C.

Hoffer and Braham (1962)

captured frozen cloud droplets from an aircraft, me1ted them and observed
the temperatures at which the drop1ets froze when coo1ed 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)4 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 drop1ets
in the cloud did not result fram the action of nuclei within them.
Measurements on the nucleus content of precipitation have been
under way at McGi11 University since 1959.

Nucleus content is determined

fram observations of the freezing temperatures of drops of rain, hail
and snow.

The results of these measurements have been reported by

Barklie and Gokha1e (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 ana1ysis
of about 100 samp1es of precipitation, are:
(i)

The nucleus content of hai1 samp1es is higher than
that of ra in and snow (Bark1ie, 1960; Sch1ien, 1967).

(ii)

Hai1 from western Canada has higher concentrations of
nuc1ei th an hai1 from eastern Canada (Stansbury and
Va1i, 1965; Sch1ien, 1967).

(iii) There is no major variation in the nucleus content of rain
and snow with geographica1 origin.

Samp1es obtained from

13 stations across Canada have shown no systematic differences (Sch1ien, 1967).
Collection of the samp1es is one of the major prob1ems in work
with natura1 precipitation.

The need for collection methods that do

not influence the samp1es, and the unpredictabi1ity of times and locations of precipitation (especia11y for hai1) 1ead to contradictory
requirements for the collection methods.

In addition, since no inde-

pendent eva1uations of nucleus content have been avai1ab1efor comparison,
it has been difficu1t to assess the re1iabi1ity of the resu1ts.·
The data presented in this chapter have been obtained in order to
augment the observations of the previous series of experiments, and to
estab1ish the re1iabi1ity of the collection techniques.
Figures 5-1 and 5-2 present the nucleus spectra for hai1 samp1es
co11ected in 1965 and in 1967 respective1y.

The ranges in which the

majority of the spectra lie and the spectra for a few samp1es of
exceptiona11y high or low nucleus content are shown.
spectra are shown in Figs. 5-3 and 5-4.

The individua1

A11 samp1es 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.

Figure 5-2.
Range of nucleus concentrations for hail
samples collected in Alberta, summer of 1967.
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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.
baskets.

In 1967 the samples were collected in plastic-lined

Some of these samples were obtained from a network of farmer-

operated stations, but most were collected by the crew 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.
was used only once.

Each liner

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 ra in
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
whicb 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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On the who1e, the concentrations of nuc1ei in hai1 appear ta
be higher than in rain.

In Fig. 5-6 the ranges of concentrations

for 9 samp1es of hai1 and 40 samp1es of rain are rep10tted from
Figs. 5-2 and 5-5.

A11 these samp1es originated from the same season

and geographica1 area, but not from the same storms.
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Figure 5-6.
Ranges of nucleus concentrations in hai1
and in rain from Alberta (summer of 1967).
From three storms in 1967, samp1es of both rain and hai1 have
been co11ected.

Spectra for 2 samp1es of rain and 4 samp1es of hai1

from one of these storms are shown in Fig. 5-7.

Hai1 samp1es 1, 2

and 3, as we11 as bath rain samp1es, were taken from the drain of a
6' x 15' p1astic-coated tray (on top of a truck).

Samp1e B is from

a p1astic-lined basket set out about 100' away from the tray co11ector,
and had sorne rain mixed with the hai1.

The numbering of the samp1es in
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Figure 5-7.
Nucleus spectra for sequences of four
hai1 samp1es and two rain samp1es co11ected on August
6, 1967 from same storm.
the figure indicates the order in which they were co11ected; the
relative timing of the rain and hai1 samp1es is not known.
samp1ing location, the storm 1asted 12 minutes.
intensity during this time was about 50 mm hr1
ed rate was 130 mm hr- .

1

At the

The average rain
and the maximum record-

The hai1stones were about 0.5 cm diameter.

The higher nucleus content of hai1 samp1es 1, 2 and 3, compared to the
rain, is quite evident from this figure, and it is most un1ike1y that
this difference wou1d have resu1ted from the manner of collection.

The

10wer nucleus content of samp1e B may indicate that some contamination
from the co11ecting tray was occurring, but one wou1d expect rain to
be affected more serious1y by such contamination than hai1.
two pairs of samp1es showed simi1ar differences.

The other

The nucleus content

of hai1 thus appears to be higher than that of rain, even if both
originate from the same storm.
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Eleven of the fort y rain samples (cf. Fig. 5-5) orig!nated 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 concentrations 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

concentra~i?ns

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.

62

·e

3
10

i
i

,

\\

'i

.~

~~

II)

\

\

~\

'E
u
I&J
..J
U

~

-4
1

\
\\

67-2 .~4 6'"
2
10

IN

6- -5
1 10mi

'\~

\'-

,

'",.

~

Z

aL

0

Z

SAMPLE

0

i=

Cl
0::
t-

101

Z

1&.1

U
Z

67-2
3
4
5
6

AVG.
HAlL DIA.
H;em
3'5em
1'5em
O'Sem
0'5em

0

u
0
10

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.

AlI 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 th an 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.

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 samplës 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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summer rain from the Montreal are a and from Alberta.
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It may be conc1uded from the foregoing that the new measurements
confirm the conclusions reached previous1y, name1y, that the nucleus
content is higher in hai1 th an in rain, and that for both hail and
rain, higher concentrations are found in samp1es from Alberta th an in
samp1es from Quebec and Ontario.

The rapid change in nucleus concentra-

tions between -4 C and -6 C appears to be characteristic of hai1 from
Alberta.

This feature a1so appears to a sma11er extent in some of the

rain samp1es from A1berta,but it has not been found in any of the
other samp1es tested.

Large changes in concentrations within narrow

temperature interva1s have been found in four cases at temperatures
other than the range noted above.
and -10 C:

Three of these occur between -9 C

a tenfo1d increase for a hai1 samp1e from Alberta, and
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Figure 5-12.
Nucleus spectra exhibiting abrupt changes;
1 and 4: hai1 from Alberta; 2 and 3: hai1 frOID Colorado.
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abrupt changes from 10 cm-

3

deg

-1

to 4 x 10

manner for two hai1 samp1es from Colorado.

3

-3

cm

deg

-1

in identica1

A very rapid increase of

nucleus concentrations was found in one hai1 samp1e from Alberta:
from 100 cm- 3 deg-

1

1
5
at -14 C to over 10 cm- 3 deg- at -16 C.

nucleus spectra for these samp1es are shown in Fig. 5-12.

The

Since the

nucleus spectra for MOst samp1es were determined for the range 10° to
10 3 cm -3 deg -1 on1y, features such as those shown in Fig. 5-12 occurring
beyond this range wou1d not have been detected; such increases May be
more common than indicated by the avai1ab1e data.
Peaks in the nucleus spectra of suspensions of surface soi1s near
-5 C and the high concentrations of nuc1ei in hai1 at simi1ar temperatures
strong1y suggest that the nuc1ei in the hai1 are genera11y of soi1 origin.
The presence of other peaks in. soi1 suspension has not been observed in
the sma11 number of soi1 samp1es that have been tested (cf. Chapter IV).
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VI.

RELATION BE'lWEEN MEASURED ICE NUCLEUS CONCENTRATION
AND THE NUCLEUS CONTENT OF CLOUD WATER

The preceding two chapters have summarized the observationa1
resu1ts on the concentrations of freezing nuc1ei in precipitation
co11ected at the ground.

It has a1so been shown that large fractions

of these nuc1ei are smaller than 0.01 J4 in size.

We now turn to the

prob1em of how these observations can be re1ated to the atmospheric
processes that 1ed to the resu1ts obtained, and what inferences can
be drawn about the formation of the ice phase in c10uds.

Specifica11y,

the contribution of freezing nuc1ei to the formation of ice will be
examined; other processes, invo1ving sublimation nuc1ei, fragmentation,··
acoustic and e1ectrica1 effects, are not considered.

Neither is an

attempt made to follow the deve10pment of ice partic1es beyond their
initial appearance.
A mode1 to describe the entry of freezing nuc1ei into the precipitation will be deve10ped and then used to estimate the freezing temperatures of cloud drop1ets and of raindrops.

Attention is concentrated

on convective summer storms typified by hai1storms in Alberta.
mode1 is essentia11y this:

The

Freezing nuc1ei are 1ifted from the surface

into the cloud where diffusion to cloud drop1ets provides an efficient
mechanism for the capture of these nuc1ei.

The concentrations of

freezing nuc1ei in cloud drop1ets 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 drop1ets are estimated on this basis.
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The first step toward s settin g up the model outlin ed above
is
to exami ne the origin of the freezi ng nucle i that are found
in the
preci pitati on.

This is a matte r that requir es consi derati on of the

distri butio n of freezi ng nucle i in the atmos phere, and
an exami nation
of the proce sses of scaven ging by the preci pitati on.

To start with,

it is assumed that freezi ng nucle i have a common origin
with the
majorit~

of the atmos pheric aeros ols, at the surfac e, and that in

gener al they follow the behav iour of other partic ulate s.

(The argu-

ments that can be offere d in suppo rt of this assum ption
are quite
meagr e at prese nt; one can point to the simil arity betwe
en the nucleu s
spect ra of some preci pitati on sampl es and the spect ra of
nucle i for
certa in soil sampl es, to the reason ablene ss of the derive
d estim ates
of glacia tion in light of availa ble obser vation s, and to
the lack of

\

well-f ounde d altern atives .

Furth er discu ssions on these point s are

pre~ented

On this basis, the proble m of the distri butio n

in Chapt er VII.)

and collec tion of freezi ng nucle i is made part of the more
gener al proble m
of aeroso l distri butio n and scaven ging. These quest ions
are theref ore
examin ed in some detai l, with speci al empha sis on partic
les small er than
O.Ol~

in diame ter (see Sectio ns land 2 below ).

It is found that the

conce ntrati ons of small partic les are, from lates t measu
remen ts, highe r
than was previo usly thoug ht, and that reason able accou nt
can be given of
the partic ulate conten t of preci pitati on in terms of the
aeros ol conte nt
of the air in which the preci pitati on develo ped. The proce
ss mainl y
respo nsible for the collec tion of partic les small er than
O.Ol~ diame ter
and theref ore of the major ity of freezi ng nucle i is diffus
ion of the
partic les to cloud dropl ets.
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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 co11ected precipitation samp1es may be used to assess
the freezing nucleus content of cloud wa,ter, and therefore to estimate
the freezing temperatures of cloud drop1ets and of raindrops.

In

Section 3 different aspects of the processes of precipitation deve1opment are examined, to determine the extent of the agreement that can
be expected between 1aboratory resu1ts and events in the c1ouds.
1.

ATMOSPHERIC CONCENTRATIONS OF

0.01~

DIAMETER PARTICLES,

The most usefu1 information, from our point of view, comes from
measurements of Aitken nuc1ei, as the technique of measurement is
re1ative1y simple, and thus a considerable body of data has been accumu1ated.
10

-3

At the high supersaturations used in these measurements, partic1es

JUL and 1arger can serve as centers of drop1et growth; the measured

concentrations can therefore be taken to give a total partic1e count
(on1y sma11 ions being excepted).
Typica1 resu1ts obtained by Hogan'(1966), using continuous recording
instruments, are shown in Fig. 6-1.

This graph indicates the variabi1ity

of the concentrations of Aitken nuc1ei both in space and in time.

The

measurements for Fig. 6-1 were a11 obtained at the surface, and the
relation of the resu1ts to the type of environment and to seasons is we11
represented here.
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WINTER
SUMMER

PERCENT OBSERVATIONS LESS THAN

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

1ayers of rapid1y decreasing concentration; just above the surface and
above the tropopause.

The first of these is a c1ear indication that

the surface is the major source of the Aitken nuc1ei, the second
indicates a discontinuity in the mechanisms of upward transport of
nuc1ei.

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

fair1y constant.

Junge (1961) exp1ains 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 transport 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

<10 2

areas.

Variations of up to two orders of magnitude are observed at any

cm-

3

in Alaska (Kumai, 1965) to )10

given place with changing weather conditions.

5

cm-

3

in populated

There is also a pronounced

diurnal variation observable at all locations, as shown by Rogan (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 photochemica1 processes from volatile plant products (main1y
terpenes).

Variabi1ity is a1so evident at higher altitudes in the

free air (Fenn, Gerber and Weickmann, 1965; Weickmann 1957, 1966).
As'mentioned ear1ier, Aitken nucleus measurements can be taken to
represent the total concentrations of partic1es.

The lower thresho1d

for the sizes of partic1es invo1ved is difficu1t to ascertain, and is
in fact variable, depending on the composition of the aeroso1 and on
the experimenta1 technique.

Hos1er (1950) set this 1imit at 5 x 10-3 }4

from e1ectronmicroscope examination of the drop1et residues.
the concentration of partic1es decreases rapid1y above 10

Since

-2 ~ diameter

(see next paragraph), the Aitken nucleus count is near1y equiva1ent to
the concentration of partic1es from 5 x 10

-3

~

to 10

-2

~

diameter.

Information on the size distributions of aeroso1s sma11er than
10

-2 fL has on1y recent1y become avai1ab1e.

Clark and Whitby (1967)

reported on the measurements of partic1e concentrations in an urban
environment over the size range 10

-3

~

to 3

~.

These were obtained

by the simu1taneous use of three different types of instruments, each
covering a different part of the size spectrum.
su ch spectrum.

Figure 6-3 shows one

Particle concentrations increase with decreasing particle

size even for particles smal1er than 10

-2

~,

in notable contrast with ;

the results of severa1 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
and Whitby (1967). The different symbols for the
points denote the types of instruments providing
the readings:
à - condensation nucleus counter,
0- 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 concentration of the aeroso1, but the importance of mixing
can be expected to diminish with increasing size of the storm.

Exp an-

sion and mixing affect equa11y partic1es of a11 sizes.
The theoretica1 treatment of the changes in size distribution that
occur in a c10sed system due to coagulation was given by Junge (1957);
the resu1ts of his computations are shown in Fig. 6-4.

As shown by

this graph, the concentrations of very sma11 partic1es diminish rapid1y
3

with time; however,. for partic1es greater than 5 x 10- 1" diameter,
the reduction in one hour wou1d not be more than a factor of two.

The

reductions in the concentrations of sma11 partic1es in air 1ifted from
the surface wou1d, in fact, be even sma11er than indicated by this figure
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Figure 6-4.
Change of size distribution with time.
Initial distribution (t = 0) was taken from measurements. After Junge (1957).
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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 production of small particles even ab ove

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 ri se from the surface to cloud heights.
Measurements of the concentrations of Aitken nuclei in the atmosphere 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 decayconstant 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.
w~re

These measurements

obtained in cloud-free spaces; the concentrations are likely to be

ev en higher directly in an updraft, before the formativr. of cloud.
Weickmann (1966) reported that inside small cumuli the concentrations 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 c10uds.

Auer (1967)

measured the concentrations of condensation nuc1ei just be10w the bases
of fair weather cumu1i and found that the concentrations of nuc1ei
active at supersaturations of 1% were as high as 10

3

cm

-3

on occasion.

According to Jiusto (1967), partic1es active at 1% supersaturation are
about 0.1

~

in diameter, so that the concentrations of

0.01~

diameter

6
-3
partic1es wou1d be about 10 cm .
In 1ight of the foregoing, the total concentration of partic1es in
a convective parce1 of air may be expected to be of the same order of
magnitude as concentrations measured at the ground:

4
6
10 to 10 partic1es

3
per cm can be rea1ized, particu1ar1y with strong winds and with dry and
100se soi1 at the surface.

2.

SCAVENGING OF AEROSOLS BY CLOUD DROPLETS AND PRECIPITATION
In this section the ro1es which different processes play in pro-

ducing the concentrations of freezing nuc1ei found in the precipitation
are examined in order (i) to estimate the extent to which the observed
final concentrations ref1ect the concentrations of nuc1ei in the cloud
and raindrops a10ft and (ii) to estimate the rate at which partic1es
are co11ected by the cloud drop1ets in a deve10ping cloud.
It has been shown by Greenfie1d (1957), Hess (1959) and Junge (1963)
that the most important processes for the remova1 of particu1ates from
the air in precipitating clouds are:
than

O.l~

the capture of particles smaller

diameter due to diffusion to cloud droplets, and the collec-

tion of particles larger than lfL diameter by falling raindrops and ice
partic1es.

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
ground and in the clouds.
Since it is proposed to estimate the glaciating behaviour of clouds

from the concentrations of freezing nuclei in precipitation collected at
the surface, it is important to establish the extent to which su ch concentrations are affected by the nuclei collected in the sub-c10ud layer
by the fa11ing precipitation.
The collection efficiencies of fa11ing raindrops are neg1igib1e
for partic1es be10w about 1

~

diameter, due to the stream1ine f10w of

the sma11 partic1es around the drops.

Ca1cu1ations by Langmuir (1948)

and by pearcey and Hill (1957) show, that the collection efficiency of
mi11imeter-sized drops exceeds 10% on1y for partic1es which are 1arger
than

4~

diameter, and reaches 80% for partic1es approximate1y

in diameter.

10~

Experimental work by Goldsmith et al. (1963) on the radio-

activity of precipitation (originating most1y from

0.1~

to

1~

partic1es)

and by Georgii (1965) on the ion content of rain suggest that collection
efficiencies are in fact higher th an ca1cu1ations indicate, but no
quantitative resu1ts are avai1ab1e.

The overall effect of washout depends

a1so on the type of precipitation (dropsize distribution, rain intensity
and duration) and on the rate of re-generation of the aeroso1 in the subcloud layer.
In view of these complications, it might be usefu1 to first assess
what the maximum effect could be.

To this end, let us assume 100%

collection efficiency for particles greater than

1~

diameter and take

the concentrations of particles of these sizes to be 1 cm
below the cloud (see Fig. 6-3).

One cm

3

-3

everywhere

of collected rainwater, if it
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originated in 1 mm raindrops which fe11 from the cloud base at 1.5 km,
and assuming no over1ap of the spaces swept by the drops, wou1d then
contain about la

6

probabi1ity for a

partic1es.
0.01~

Reca11ing from Chapter IV that the

diameter partic1e to be an active nucleus at

temperatures above -la C is about 10-

11

, and again assuming this proba-

bi1ity to vary in proportion with the surface area of the partic1e, it
is estimated that 1 out of la
freezing nuc1ei.

7

partic1es of 1}4 size wou1d be active

Thus, the maximum possible concentration of freezing

nuc1ei (at -la c) in rain which cou1d resu1t from sub-c10ud washout is
3
of the order of 0.1 cm- .

Measured concentrations of nuc1ei at -la C

-3
-3
in rain are from 0.1 cm
to la cm ,indicating that washout is possib1y,

but not 1ike1y, a significant factor in inf1uencing the nucleus concentrations at the ground.
The fact that on1y large partic1es are expected to be co11ected by
the fa11ing raindrops provides a convenient way to estimate what contribution to the freezing nucleus content is made by sub-c10ud collection.
Fi1tering the samp1es through fi1ters of 1.2

~

pore size has been found

to resu1t in reductions of nucleus concentrations which did not exceed
a factor of 2, with no noticeab1e variation in the degree of reduction
at different parts of the nucleus spectra.

Since some of the observed

reduction on fi1tering is due to the remova1 of partic1es sma11er than
the pore size, the change in concentrations between fi1tered and nonfi1tered samp1es is an upper 1imit for the contribution ,of large partic1es
to the nucleus content of precipitation samp1es.
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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;
ment is

therefor~

the experi-

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 ~atter 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 aIl
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 br diffusion.
Coalescence of the particles with cloud droplets due to Brownian

diffusion is the major process for capture of particles below

0.01~

in size.
Following Greenfield's (1957) modification of the diffusion equation
derived by Whytlaw-Grey and Pstterson (1932), the rate of change of the
concentration of particles, n
tration n

where

with' d

~

c

(cm

) is

is the coagulation constant and is given by the expression

and d

p

-3

(cm- 3 ), in a cloud with droplet concen-

p

c

denoting the diameters of the particles and of the cloud

droplets respectively (in cm).
d

p

«

d.
c

The form of K given above is valid for
B

The numerical constants are given for a pressure of 525 mb

and a temperature of -la C (corresponding to typical conditions in
Alberta at 4.25 km altitude).

The physical interpretation of K is
B

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:

ft

:=.

'

Ksnc.

(

~c.G)

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

c

= 200

cm

-3

and d c

= 10 fA .

The collected fraction of particles of different sizes changes fairly
abrupt1y with size, and the size at which this "cut-off" occurs
increases with time.

The formation of precipitation in convective

storms takes place fair1y rapid1y, in 15-60 minutes; the importance of
particle size for efficient remova1 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 partic1es in the precipitation, the concentrations
in the air and in the precipitation can be compared.

The concentration

of particles below 0.01~ size in rain and hail is 1010 to 10
(cf. Chapter IV).

cm- 3

In the updraft of a storm the concentration of

. 1 es i s est1mate
.
d to b e 104 to 106 cm- 3 (f
part1c
c. S
ect i
onl
chapter) .

12

0f

t hi s
3

Taking the amount of precipitation that originates in 1 m

3
of air as 1 cm , 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 resu1ting from capture
9
-3
11-3
by diffusion is found to be 2 x 10 cm
to 2 x 10
cm , in

ag~eement

with the observed range of concentrations.
From the foregoing considerations, it may be concluded that diffusion
to cloud drop1ets is the major source of small particles for the precipitation.

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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chanc e for a partic 1e to be a freezi ng nucleu s decre ases
with size
(cf. Chapt er IV).

Thus, diffus ion to cloud drop1 ets provid es the

main mecha nism for the entry of freezi ng nuc1e i into the
preci pitati on.
Dther proce sses are of minor impor tance on1y.

Sub-c1 oud accre tion by

fa11in g raindr ops and hai1st ones has a1read y been discus
sed.
large ( ) 0.01

~)

In additi on,

partic 1es may enter the preci pitati on by coales cence

with cloud drop1 ets due to turbu lent diffus ion or by servin
g as conden sation nuc1e i.

The first of these proce sses has been shown by Green fie1d

(1957) to give rise to the scaven ging of 1ess than 10%
of the avai1a b1e
partic 1es in the air under typica 1 condi tions.

Conde nsatio n nuc1e i are

most1 y solub le, a1thou gh Jiusto (1967) found that many
other types of
partic 1es can act as conde nsatio n nuc1e i, contra ry to
expec tation s based
on the macro scopic prope rties of these substa nces.

Some partic 1es may

theref ore be expec ted to serve both as conde nsatio n nuc1e
i and freezi ng
nuc1e i.

In any event , the contri bution that these proce sses make
to

the freezi ng nucleu s conte nt of preci pitati on can be separa
ted from the
freezi ng nucle i caugh t by diffus ion on the basis of partic
le sizes .
The nucleu s spectr a obtain ed with filter ed sampl es repres
ent the freezing nucleu s conte nt of cloud water , and the differ ences
betwe en the

/

conce ntrati ons of nucle i in unfi1 tered and filter ed sampl
es are the
contr ibutio ns of sub-cl oud collec tion and other proce sses.

The impor tant

point estab1 ished in the preced ing sectio ns is that the
observ ed high
propo rtions of small nucle i can be explai ned on the basis
of the relati ve
effici encie s of the differ ent scaven ging proce sses.
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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.
that diffusion of particles of less th an

O.Ol~

It was found

diameter to cloud

droplets is the most important of the collection processes.

The pre-

dominance of this process rais es the possibility that the results of
the laboratory determinations of the freezing nucleus content of precipitation 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 reasonably 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 1iquid water content of c10uds is not constant
throughout the formation of precipitation.

(c)

The growth of precipitation e1ements may 1ead to the
preferentia1 collection of frozen or non-frozen hydrometeors.

(d)

Freezing nuc1ei may be subject to influences that resu1t
in different performances in the 1aboratory experiments
and in the cloud.

The approximate magnitudes of these effects are considered in the
fo110wing sections.
a)

Effect of scavenging rate on freezing nucleus content.
The rate of capture of partic1es by diffusion to the cloud drop1ets

has been ca1cu1ated in Section 2b of this chapter (cf. Fig. 6-5).
typica1 value for the average 1ife of
cloud with 400 droplets per cm

3

0.01~

and of 10

~

A

diameter partic1es, in a

diameter, is 20 minutes.

Under these conditions, it wou1d take 46 minutes to have 90% of the
nuclei avai1ab1e in the air caught by cloud drop1ets.

For sma11er

partic1es and for denser c10uds this time wou1d be reduced.
The growth of precipitation, from the time cloud forms at the
condensation 1eve1 to the time the precipitation fa11s out of the cloud,
takes approximate1y 15 min to 1 hour in convective storms, and probab1y
longer in continuous types of precipitation.

During its growth, a

raindrop, for examp1e, co11ects cloud drop1ets which have had differing times avai1ab1e for the collection of ice nuc1ei; thus part of the
raindrops' volume originates from cloud drops that have co11ected
re1ative1y few partic1es (freezing nuc1ei) and part from cloud drop1ets
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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 five 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 precipitation 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)

-3
and a maximum of 3 g m occurring at approximately 7 km altitude.

Com-

bining this increase with the fact that due to the expansion of the air
3
there are fewer drops in each m 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 ev en 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 that the continued scavenging of
nuclei in the cloud leads to higher nucleus concentrations in the precipitation 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.
c)

Preferential collection of frozen or non-frozen cloud droplets.
If, during the development of precipitation, only liquid or only

solid hydrometeors cou Id 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 fair1y warm temperature are important examp1es for
this effect.

Ca1cu1ations of hai1 growth by Eng1ish (1966, private

communication) indicate that hai1stones reach 30-60% of their final
volume whi1e the growth is dry (i.e. a11 of the hai1stone is frozen
and it is usua11y assumed that during dry growth on1y 1iquid drop1ets
can be accreted.

The higher figure of 60% app1ies to growth in high

concentrations of accumu1ated rainwater.

The lower figure,·30%,app1ies

if the growth environment consists of cloud drop1ets. The temperatures
at the transition points, where the fa11ing hai1stones enter the wet
growth regime, are -8 to -15 C for growth in high 1iquid 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 hai1stone's volume may be devoid of freezing nuc1ei active
above -15 C, except for the one nucleus which initiated the hai1 formation.

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

freezing nucleus contents of different 1ayers of hai1stones, indicating
that either the growth conditions that gave the extreme values quoted
are unrea1istic, or that frozen drop1ets are a1so accreted by hai1stones.
A raindrop growing by coalescence will remain 1iquid unti1 it reaches
the temperature of activity of one of the freezing nuc1ei in the drop
or unti1 it co11ides with a frozen cloud drop1et.

During growth in the

1iquid state, no preferentia1 collection occurs.

Rain, in genera1, might

originate from graupe1, sma11 hai1 or snow, as we11 as from 1iquid drops,
and it seems rather difficu1t 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 th an 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 Iittle cause

for doubting the validity of this assumption, but some secondary effects
may be pointed out.
It has been confirmed repeatedIy 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 faii 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 nuc1ei, reduction in activity with time,has
been observed for water samp1es stored at temperatures above 10 C, but
the reduction in concentrations usua11y amounted to on1y about a factor
of 2 after periods of weeks.

This rate of aging is qui te neg1igib1e.

However, the rate of aging for a nucleus within the first few minutes,
or perhaps seconds, after its immersion is still unknown.
The deve10pment of nuc1eation activity of immersed partic1es by
etching of the surfaces of partic1es, or by breakup and consequent
exposition of new surfaces May a1so occur.
It has been suggested by Bigg (1965) that freezing nuc1ei May get
coated in the atmosphere with hygroscopic materia1, which produces a
brine when humidity is increased, and the nucleus therefore becomes
active on1y when the drop grows sufficient1y large to reduce the
concentration of the disso1ved materia1.

However, in our mode1 the

MOst 1ike1y way for freezing nuc1ei to produce ice partic1es is the
capture of the nuc1ei by cloud drop1ets; the effect of contaminants in
this case wou1d be minimal.
To summarize the findings of this chapter, the fo11owing points
May be emphasized:
1)

In an updraft, the concentration and size distribution of
the particu1ate content of the air will not be great1y
modified in the time the air moves from the surface to
cloud heights.

2)

The observed average proportions of sma11 (

<0.01)4 diameter)

and large freezing nuc1ei 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 drop lets and the collection of larger particles by falling precipitation.
3)

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 mode1 which was deve10ped in the
previous chapter to describe the entry of freezing nuc1ei into the
precipitation, it seems important to reconci1e this mode1 with the
observations on atmospheric ice nuc1ei.

We have assumed that freezing

nuc1ei form part of the genera1 particu1ate matter in the atmosphere
with respect to distribution and collection by precipitation.
other hand, the present1y avai1ab1e 1iterature on

.~tmospheric

On the
ice nuc1ei

suggests that the genera1 pattern of behaviour of particu1ates is not
fo110wed by ice nuc1ei.

Possible ways to reso1ve this conf1ict are

examined in this chapter.
Mossop (1963) and Dufour (1966) have given exhaustive surveys of
the large variety of observations concerned with atmospheric ice nuc1ei.
The main conclusion on the spatial distribution of ice nuc1ei is that a
fair degree of wor1d-wide uniformity of concentrations seems to exist.
Bigg (1965) found no appreciab1e differences in the concentrations
measured at wide1y different points around the globe.

Kline (1963)

detected maximum differences of one order of magnitude in the average
concentrations of nuc1ei at ten stations across continental U.S.A.
Mossop (1963) reported that no systematic decrease of ice nucleus concentrations with altitude cou1d be deduced from measurements in the free
air.

Experiments on mountain peaks (Georgii, 1959, Price and Pales, 1964)

have not given significant1y different resu1ts from 10w altitude measurements.

Simu1taneous increases of concentrations (approximate1y three-

fo1d) over distances of several hundred ki10meters have been reported by
Droess1er (1965) and Soulage (1966).
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Fluctuations of ice nucleus concentrations 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; lsono et al., 1959; Gagin, 1965).
Diurnal 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.

lt 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 meteorological variables, and on the other hand, fluctuations exist which are
more rapid and more intensive than the variations of other known parameters.

This is not the case for the total particulate content of the
ft

atmosphere, as the main features of the variations in concentrations
of Aitken nuclei (which weIl represent the concentrations of aIl particles)
are fairly weIl understood in terms of their origin and transport mechanisms.

lt 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
lackingin others.

The explanation frequently suggested for this lack of
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correlation is that ice nuc1ei enter the troposphere from stratospheric storage regions (possib1y from extraterrestria1 sources) in
contrast to the surface origin of particu1ates (Bigg, 1965;
Droess1er, 1965).

It has a1so been suggested that interactions

between ice nuclei and other components of the atmospheric aerosols
may occur in such a way that a net balance is estab1ished for the concentrations of effective ice nuclei.
prob1em is brought out by our resu1ts:

However, another aspect of the
arguments will be given below

to show that from the freezing nucleus content of precipitation samp1es,
correlation between particu1ates and freezing nuc1ei can be expected
to be strongest for nuc1ei 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 nuc1ei.

It is there-

fore suggested that there shou1d be a close relation between ice nuc1ei
and particu1ates of surface origin, and that this relation has not been
observed in the past main1y because of deficiencies in the observationa1
techniques.

Extraterrestria1 or stratospheric sources and ice nuc1eus-

aeroso1 interactions may be important in estab1ishing the concentrations
of ice nuclei active at temperatures be10w -15 C, a1though it wou1d seem
1ike1y that the process responsib1e for the generation of more active
nuc1ei (particu1ates of 1ess than

O.Ol~

size and of soi1 origin) wou1d

a1so exert an influence at the 10wer temperature regions.

The detai1s

of these arguments are presented in the fo110wing paragraphs.
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A re-examination of the resu1ts of atmospheric ice nucleus
measurements is warranted on the basis that there are major differences between our approach to the prob1em and those previous1y used.
Three points can be mentioned in this regard:
(i)

Measurements of the concentrations of ice nuc1ei in the air
ref1ect the environmenta1 conditions in which the precipitation
deve1ops.

Our measurements on the freOezing 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 precipitation deve1oped, has the advantage that the precipitation
con tains information directly from the region of its origin;
thts cou1d be matched on1y by measurements of airborne concentrations direct1y in the air in which a cloud is about to be formed.
(ii) The majority of previous resu1ts originated from cloud chamber
experiments, and some from the so-ca11ed mi11ipore fil ter
technique (Mossop et al., 1966).

The action of ice nuc1ei in

these techniques is great1y inf1uenced by such factors as supersaturation, concentration of hygroscopic partic1es, the density
and persistence of the cloud, and other minor factors.

Due to

these, it is difficu1t to determine whether the ice crysta1s that
deve10p have been initiated by freezing nuc1ei (from the 1iquid
phase) or by sublimation nuc1ei (from the vapour phase).

It is

equa11y difficu1t to estimate how natura1 processes wou1d compare
with the experiments with respect to the factors mentioned.

In

our drop freezing experiments there is no ambiguity to the mode
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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 therefore reliable information can be obtained at any temperature
below 0 C.

The sensitivity of cloud chamber and millipore

techniques is adequate only below about -12 C.
0.01~

(iii)Our results indicate that particles smaller than

contri-

bute large fractions of the freezing nucleus content of precipitation samp1es.

previous measurements have been biased

towards 1arger sizes on the belief that ice nuc1ei are 1arger
than 0.1

~

•

On the basis of these considerations, it is be1ieved that measurements
of the freezing nucleus contents of precipitation samp1es revea1
aspects of the distribution and activity of atmospheric ice nuc1ei
that cou1d not be obtained by other present1y avai1ab1e 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 samp1es.
concentrations at -10 C is from 1 cm- 3 to 500 cm-

3

The range of

However, no

correlations between these variations and other relevant parameters has
been estab1ished so far.

An attempt by Schlien (1967) to find geograph-

ical differences in nucleus content, by examining samples from a network
of co11ecting stations across Canada, has given negative resu1ts.
Bishop (1968) has found differences of one order of magnitude in concentration between samples co11ected 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 troposphere is by no means homogeneous.

Some of the variations are undoubt-

edly caused by differences in the effectiveness of the scavenging processes in different clouds, but this effect is expected to be small for
particles below

0.01~

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 particulate 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 fluctuations in concentrations of ice nuclei up to a factor of 100 over periods
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of minutes.

Isaac's results were obtained during thunderstorms.

Precipitation samples frequently contain numerous freezing nuclei
active at temperatures between -5 C and -10 C.
(cf.

It is estimated

Chapter IX) from these measurements that the concentration of

nuclei in the air in which the precipitation formed may have been as
high as 10
at -6 C.

3

-3
2 -3
m for nuclei active above -10 C and 10 m for activity

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 roùghly exponentially with a time constant of 6
minutes.

The time constant for the collection of

0.01~

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 underestimates, 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 freezing 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 -BC, with considerable fractions of
these nuclei falling into the size range below

O.Ol~.

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 samp1es rèf1ect the existence of high concentrations
of nuc1ei in the air in which the precipitation formed, and that these
high concentrations in the air were not observed previous1y because of
the inadequacy of instruments for the detection of nuc1ei effective at
temperatures above -12 C.

At temperatures be10w -15 C, precipitation

samples show less variation in nucleus 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 1acking; the mode1 here presented assumes that such correlation
exists at 1east for nuclei that are active at temperatures above -la C.
The problem can perhaps be finally resolved when ice nucleus measurements
with improved equipment and the concentrations of partic1es smaller than
0.01~

size can be obtained simultaneously.
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VIII.

ESTlMATED 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 potential freezing nuclei are swept up by the updraft, these nuclei are rapidly 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 presumably 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 relating 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 determined 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 reverse:

The prob1em now is

the ca1cu1ation of the fractions of various size drops

that are frozen at different temperatures, given the measured nucleus
spectrum for the bu1k water.

In accordance with remarks made in

Chapter III, the fraction of drops of volume V frozen at temperature 9 is

f (e, V)

-v'·~le)

: \- e

(1)

where K(9) is the cumulative concentration of nuc1ei.
active above 9)

(i.e. the number

This expression is based on the Poisson probabi1ity

of finding in a drop at 1east one nucleus of the type whose average
number per drop is V·K(9).

Figure 8-1 shows the

r~lation

between drop

size, concentration of nuc1ei and fraction of drops frozen in graphica1
from.

Se1ected values are a1so given in table 1.
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Figure 8-1. Fractions of drops of different sizes
frozen at indicated concentrations of freezing nuc1ei.
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TABLE 1
Values of K(9) (cm- 3 ) for indicated
drop sizes and fractions frozen
Drop
Diameter

10%

10

2.0 x 10

Fraction Frozen
50%

90%

8

9
1.3 x 10

9
4.4 x 10 .

30 lA

6
7.4 x 10

7
4.9 x 10

1.6 x 10

100 }I-

2.0 x 105

6
1.3 x 10

300 }I-

7.4 x 10

6
4.4 x 10
• 5
1.6 x 10

}A-

3

4.9 x l é

2

1 mm

2.0 x 10

3 mm

7.4 x 10°

1.3 x 10
4.9 x 10

3

8

4.4 x 10

1

3

1.6 x 10

2

For po1ydisperse clouds with drop-size distribution ND the size
distribution of frozen drops is given by the expression

NJ)

{((),)~) =- Nb(l _ë~I>'·K(e))

(2)

A further quantity of interest is the fraction of condensed water mass
that is frozen at temperature 9.
relation:

rtJ f
b

This can be evaluated from the

I>~ t(\), K)

olD

~! D' No J.D

(3)

which is a weighted mean of the frozen fractions of different sizes.
In princip1e, expressions (1) to (3) contain the answers sought
in this section, but their use is limited by the restricted range of
the K(9) - values which can be derived from the experiments.

As shown

in ChapterlII, the maximum range to which the temperature spectra have
-3
been successfully extended is 10 -1 cm-3 to 105cm

Comparison with

Table 1 reveals that these concentrations will suffice to describe the
freezing frequencies in drops of 300 j)- diameter or larger.

The reason
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for this limitation is that the experiments were performed using mi11imeter-sized drops and the technique did not 1end itse1f to the use of
sma11er drop1ets.

For sma11er drops, extrapo1ated values of K(Q) wou1d

have to be used.

It is fe1t that extrapolation of the measured spectra

over four or five orders of magnitudes is too uncertain to be usefu1,
but as an inspection of the measured spectra (Chapter V) wou1d indicate,
8
3
9
concentrations of 10 to 10 cm- wou1d not be reached above -30 C in
any case.

Thus, appreciab1e glaciation of cloud drop1ets cannot be

treated successfu11y by the method deve10ped in this section.

The

initial appearance of rare ice partic1es at warmer temperatures will
be treated by a different approach 1ater on.
a)

The freezing of raindrops
Fo.r 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
_0(

Ni) :. O.os e

D

(c.Wi" )

(4)

-0.1..\

with

0< :. 41· R.

where R is the rainfa11 rate in mm hr-

(5)

1

and D is the drop diameter in

3
cm, so that ND stands for the number of drops per cm of air with

diameters within unit interva1 of D.

The number and mass distributions

of frozen drops corresponding to a rainfal1 rate of 3 mm hr

= 100

mm hr

-1

-1

are shown

in Fig. 8-2.

Simi1ar distributions, but for R

are shown

in Fig. 8-3.

In these graphs, the straight 1ines for the number distri-

butions and the outer curves for the mass distributions show the total
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(frozen and unfrozen) distributions.
values from 10

-1

cm

-3

The parameter K(9) was given

4-3
to 10 cm ; the temperatures that correspond

to these concentrations can be found from the measured nucleus spectra
for each particu1ar samp1e.

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.
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Figure 8-4. Fraction of rainwater frozen as a fun'ction of
the concentration of freezing nuc1ei.
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 rainfa11 intensities are given in
the table be1ow.
TABLE 2
Liquid Water Content M for
Different Rainfa11 Rates R
R(nnn hr

3
10
30
100

-1

)

M(g

-3

m

)

0.20
0.55
1.5
4.3

0.88
Base d on M : 72 R
(Marshall and Palmer, 1948)
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At any given nucleus concentration the fraction of water frozen
increases with rainfa11 rate according to Fig. 8-4.

This is due to

the fact that in the drop size distributions used, the total concentration of drops changes very 1itt1e, whereas the concentrations of 1arger
drops increase rapid1y for higher rainfa11 rates.

Thus, even with the

same number of nuc1ei per cm3 of water, the fraction of water that
is frozen is higher where nuc1ei have the chance to be found in large
drops and therefore contribute heavi1y 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 dis tribution corresponding to R

= 100 mm

hr

-1

•

As shown in the figure,

there is a fair1y 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 interva1 which varies from about
2 deg to la deg for the different samp1es.
The use to which information su ch as that presented in Fig. 8-5
can be put is i11ustrated by the influence that the relative proportions of supercoo1ed water and of ice have on the growth of hai1stones.
Fig. 8-6 shows three aifferent curves for the fractions of rain frozen
and three hai1 trajectories that were computed for identica1 conditions
except for the nucleus content of the rainwater.

The mode1 on which

the ca1cu1ation of the hai1 trajectories was based was described by
Eng1ish (1966).

As Fig. 8-6 shows, the u1timate size of the hai1stone

is not inf1uenced great1y, this being dependent most1y on the updraft
ve1ocities, but there are major differences in the amount of unfrozen
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water in the stones at the. 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
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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

cao 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
are not expected to freeze above -30 C.

100~

in diameter

At warmer temperatures the

same cloud will have a very small fraction of its droplets 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
sorne temperature 8 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
3
concentration of nuclei per cm 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 droplet 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 th an 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 l g of cloud water is dispersed.

With known or

assumed values of the liquid water content of the cloud, the concentra·
t ~ons

0

f ~ce
.

. l es per m3

part~c

0 f·
a~r

can th en b e

0

bt·
d
a~ne.

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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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, th en ice pellet concentrations of
10

3

-3

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 10

3

was at or below -10 C.

to 10

4-3

m

were frequent in clouds whose top

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 applicability 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 weIl 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 hail, the former as its
starting point and the latter as the environment 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 50% 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

9-1
or 8.8 x la g sec
and that the precipitation

reaching the ground is 4 x la

9

g sec

-1

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.

Ho1tz (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 deve10p to 50% at the peak intensity of the storm.

Ten to

fifty percent thus represents the range of efficiencies for storms of
different sizes, as weIl 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 a11 the nuc1ei that enter the storm.

With capture of nuc1ei

by cloud drop1ets as the scavenging mechanism, a1most total transfer
of nuc1ei from the air to cloud can be expected, and since drop1ets
that freeze at re1ative1y warm temperatures have the best chance for
deve10ping into precipitation, the precipitation will contain the
majority of active freezing nuc1ei that were in the air.

This argument

might not be va1id if the concentrations of active nuc1ei are high so
that not a11 frozen cloud drop1ets can grow large enough to precipitate.
The ranges of concentrations of nuc1ei in prec1.pitation are given
in Table 1 for temperatures of -6 C, -10 C and -14 C.

These data are

taken from resu1ts presented in Chapter V.
Table 1
CUMULATIVE CONCENTRATIONS OF FREEZING
NOCLEI IN PRECIPITATION (cm- 3 )
LOW

HIGH

-6 C

4 x' 10 1

-10 C

1 x 10

-14 C

2 x 104

3

The number of nuc1ei that wou1d 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 tenfo1d variation
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Table 2

CONCENTRATIONS OF NUCLEI IN AIR ENTERING STORM

TEMPERATURE
(C)

STORM
EFFICIENCY
(%)

WATER
CONTENT
OF AIR
-3

(g m

5

CONCENTRATION OF NUCLEI
( m-3 )

LOW

)

5 x 10- 1

10
1 x 10

5

2 x 10

10
10
-10
50

10
-14
50

Note:

0

10
-6
50

HIGH

.:>

x 10

0
0
0

2 x 101
4 x 101
1 x 10

2

2 x 10

2
2

5

3 x 10

10

6 x 10

0

3
1 x 10

5

1 x 101

3
2 x 10

10

3 x 101

5 x 10

5

1 x 101

1 x

10

3 x 101

2 x

5

6 x 101

4 x 10

10

2 x 10

2

5 x 10

3

lé
lé
4

5
1 x 10

Water content and nucleus concentration are given for unit
volume of air at the surface.
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in the nucleus content.

This i8 sma11er than the ratio of the "low"

and "high" concentrations, indicating that the large differences in
nucleus content among precipitation samp1es are caused main1y by differences in the nucleus content of the air entering the storm.
The nucleus concentrations given in Table 2 are p10tted in Fig. 9-1
as vertical bars, 1abe11ed H and L for the "high" and "low" values
respective1y.

A1so 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) respective1y.

Curve 5

represents the average of about 30 observations by Bourquard (1963);
individua1 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 wide1y differing places.

The range of concen-

trations between curves 5 and 6 is genera11y be1ieved to represent
typica1 atmospheric conditions.

As shown by Fig. 9-1, the agreement

between "high" estima tes and the extreme concentrations, and between "low"
estima tes and typica1 concentrations, is fair1y good at temperatures co1der
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 shou1d be emphasized are (i) the concen-

trations of nuc1ei derived from measurements on the precipitation are in
most cases higher than the genera1ly accepted typica1 atmospheric concentrations, and (ii) a nucleus concentration of 10

2

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
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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.
l
8 3
Newton (1966) gave a value of 7 x 10 m sec- as the rate of air intake
by a storm.

For Alberta hailstorms updraft areas of 50 km

speeds of about 5 m secas the air influx.

l

2

and updraft

may be taken as typical, giving 3 x 108 m3 sec -1

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 Tab!d 3 for a typical Alberta
hailstorm of 3 hr duration, and for the "high" concentrations from Table 2.
Table 3
FLUX

AND TOTAL NUCLEUS lNTAKE
FOR HAlL STORM

TEMPERATURE

FLUX

(C)

(sec -1 )

-10

10
6 x 10
12
2 x 10

-14

3 x 1013

-6

TOTAL

6 x 10

14

2 x 10

3 x 10

16
17

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 km 2

9
l
area corresponds to 10 g sec- 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

~or

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

estima tes 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
11
9
nuclei are about 10 nuclei per second for activity at -6 C and 10
to
12
-1
10
sec
for activity at -10 C.

The output of a generator of metal-

dehyde nuclei is reported by Fukuta (loc. cit.) as 2 x 10
3 x 10

13

sec-

l

12

sec

-1

and

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 weIl known at present.

122

The nucleus concentrations inside storms and the rates of inflow of
nuclei into the storm were estimated in the foregoing from the concentrations 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 smal1er than

0.01~

diameter, are

captured efficiently by cloud droplets, and therefore the nucleus concentrations derived in this chapter represent with reasonab1e accuracy the
concentrations that occur in c10uds.

The resu1ts may be said to be

more rea1istic than the information presently avai1ab1e by other me ans
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 nuc1ei active at temperatures warmer than -la C.
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