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Surface atmospheric ice nucl?us concentra.tiéns at -20C have

been measured near Montreal, Quebec and Red Deer, Alberta. TFrequency

"

distributions of ice nucleus concentrations at these locations
' 1 ]
and at others in France, Australia and New Zealand, are log-normal

with geometric standard deviations between 2.6 and 3.4. Concentrations

of nuclei at -20C are approximwly the same in both Alberta and

1
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difference in long term means of concentrations between the two (
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large increases in ice nucleus codcentration at -20C occur during

provinces.

precipitation (downdrafts) of Quebec and Alberta convective storms;
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there is no significant difference between hailing and non-hailing

~ storms. If the observed higher ice nucleus concentrations in the ‘

storm downdraft mixed with a storm updraft of 10 m sec™t , 'calculatiohs
indicate that no dramatic change wduld occur in the ice content of

the updraft. 0
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ABSTRACT

ICE NUCLEI AND CONVECTIVE STORMS

I

Surface atmospheric ice nucleus concentrationms at -20C have been

measured near Montreal, Quebec and Red Deer, Alberta. Frequency distributions

b

of ice nucleus concentrations at these locations and at others in France,

Australia and New Zealand, are log-normal with geometnic standard deviations
between 2.6 and 3.4. Concentrations of nuclei at -20C are approximately the

same in both Alberts and Quebec; hour-to-hour wvariations can be greater than

any slight difference in long term means of concentrations between the two
*

~
8

provinces.
Ice nuclei diffuse slowly toward cloud droplets. Cloud residence times

.

in ice nucleus counters are very short; if most atmospheric ice nuclei
activate by contacting or immersing themselves inside a water droplet, then
ice nucleus counters may seriously underestimate the concentration of these
nuclei. A comparison between laboratory and atmospheric clouds has been
made with this’pafiicular problem being considered.

Large increases in ice nucleus concentration at -20C occur during the

. - !

precipitation (downdrafts) of Quebec and Alberta convective storms; there is
no sigﬁificant difference between hailiné and non-hailing storms. If the
observed higher ice nucleuslboncentratigﬁs in the storm downdraft mixed with

8 storm updraft of 10 m sec'l, calcui&@ions indicate that no dramatic change

would occur in the ice content of the updraft.
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: PREFACE
/

i

Most of the data for this thesis was obtained in Alberta during the sum-
o
mers of 1969 ahd,l970, while the author participated in the field program of
the Alberta Hail Studies (ALHAS) of the Research Council of Alberta. The
excellent fac;iitles provided by this organization have enabled ice nucleus
concentrations near a storm to be compared with the radar structure, hail-
fall pattern and surface wind and temperature fields created by the storm.
The author is grateful for the assistance of the Alberta Hail Studies staff,
especially Dr. P.W. Summers gnd Mr. R.H. Renick, in the preparation of the
M #

equipm/ent and in the deployment of the mobyle NCAR Ice Nucleus Counter. Each
su?mér, two assistants helped with the icZKESZleus counter measurements; the “
author is grateful to Mr. B. Wesley and Mr. D. Ristic for their contribution.

The patient counselling by Professor R.H. Douglas, who supervised the
preparation of this thesis, was invﬁluable. Thrgugh private discussions and
their own research, fellow-students Dr. B.L. Barge, Pr. C.W. Warner, Dr. A.J.
Chisholm and Mr. I.I. Zawadzki aided in the presentation of storm radar data.
Dr. Barge also helped in the collection ;nd analysis qf the hail data pre-
sented in section k.3. Mf. Cheng-Wong Chang and Mr. Shue Fan Yip drafted the
_diagrams and Mr. P. Levert.carried out all the photographic reductions.

Mrs. E. Martin proof-read and typed most of the thesis.

The Atmospheric Environment Service, Enyiranment Canada, the National
Research Council of Canada, and the Research Council of Alberta prévided
financial assistance for the author. ’ i

Thé following points are original contributions to scientific knowledge

about the atmosphere, which are a direct result of the Ph.D. research of the

author.
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(a) Frequency distributions of atmospheric ice nucleus dépcentrations,

measured at temperatures between -15C and -21C over time intervals longer

than two weeks, are log-normal with geometric standard deviations between 2.6

and 3.4. This was found to be true using four different techniques at four
1§ A

widely separated geographical 10‘\E ng and has been briefly described by

Isaac and Douglas (1971). Many meteorological parameters a}e distributed log-

normally; for example, it was found that frequency distributions of hailfall (’

1

rates, hailstone dimensions and radar reflectivities of hail samples were lLog-
normal. B

(b) No evidence was found to suggest that ice nucleus concentrations in
Alberta and in Quebec (at -20C) differ significantly either in absolute mag-
nitude or in the scale of fluctuations.

(¢) Large increases in ice nucleus concentrations at -21C are observed
at the surface in the downdraft regibn of convective storms, both in Alberta
and in Quebec. The magnitude of the concentration and -the scale of fluc-
tuations is the same for hailing and non-hailing storms. )

(d) Cloud chambers might seriously underestimate the number of contact-
freezing or immersion-freezing nuclei in the atmosphere. This particular
problem has been mentioned before by Isaac (1968) and Sax and Goldsmith (1972),
but a quantitative evaluation of the problem was first presented by Isaac and
Douglas (1972).

(e) A new, more realistic, model of the transformation of cloud vapour
and water into ice within a severe storm updraft has been developed. The ice
content of a severe storm updraft is directly proportiégﬁl to the ice nucleus
concentration at a speci%ic temperature. If the ice nucleus rich air observed
in a convective storm downdraft mixed directly into the ‘updraft air, the fevel
at which a barticular ice concentration was obtained would be lowered by

approximately 0.75 km for a tenfold increase in nucleus concentratiom.
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% CHAPTER I o
g R INTRODUCTION !

e’ ' '

Ever since Langmuir and Schaefer m;.de their discoveries and, hypotheses
known about ice nuélei and cloud seeding potential, a tremendous amount of
research has been directe;d towards iaentiflrﬁring the sources and chemical com-
po§ition and measuring the c{cmcentratiorfl)s of naturally occurring ice nuclei.
These studies have been difficult for three basic reasons. First, ic;e nuclei

. ;

are small, probably less thgh 1 um in diemeter, and Vali (1966) suggegg%s lefs
than 0.01 um. Second, Junge (1963) shows that a typical sample of inland air
can co‘ﬁtQain 107 particles per litre but a typica.;' concentration of ice nuclei
at -20C might be one per litffe (Mason, 1968). Not.every particle is an effi-
- cient ice nucleus and consequently those particles which are must have some
,ﬁ unique properties. Third, although it has been assumed for simplicity that

ice nucleus concentrations are related only to supercooling,q’it now appears

that cloud supersaturation (Gagin and Aroyo, 1965) and other parameters dis-
cussed in Chapter 5 are lmportant,

Reviews of the literature on ice m::clei have been made by Bigg (l96i),

Soulage (1961), and more recently by Dufour (1966) and Mason (1968). There

_a.re, three source reglons ’for nuclel often mentioned: the surface of the earth,
the stratosphere, and outer space. The surface of the earth is the most likely
source, but the‘othé*r two regioms should not be ignored. Con‘centl;.tions of ice
nuclei at -20C are approximately the same throughout tl;oe world (Mason, 1968)
from the poles‘ to\the equator. Bigg and Stevenson (1570) suggest that '"the 0
range of median concentrations around the wor is smaller than the range of

g.

', daily concentrations at one typical site". 1.1 shows the worldwide data

D ) ~
’
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Ice nucleus concentrations around the world. The
range of median concentrations<for each geographical

group and the group mean are shown. (After Bigg
and Stevenson, 1970) )
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. ¢
of Bigg and Stevenson (1970). All the measurements~weré mage using the Milii-
pore filter technique (Section 2.2) and the fiiteré were processed by the same
method in two laboratories. This analytical procedure was very important,
since wide varialions in concentration can be obtained from different tech-
niques and even from different observers using the same reported technigue.
‘ .
Fig. 1.1 gives an idea of the ranges of concentration that can be expected, as
well as the dependence of nucleus concentratign g@on‘temperature. Since world-
wide variations are small, the theories of authors such as Bowen (1958) about
extraterrestrial or non-tropospherig sources should not be completely ignored.
However, there is little conclusive evidence to indicate either‘the chemical
composition or the source region of atmospheric ice nuclei.

Soulage (1965) has remarked that current ice pucleué measurements should
be labelled as the "pouvoir glacogene de 1l‘'air". That is, the number of ice
nuclei acrtivated is not necessarily equal to the resultfng number of ice‘
crystals. Ice crystals could fragment and splinters of ice might be created
when drops freeze. Mossop (1970) be . summarized some simultaneous.comparisons
of ice nucleus coﬁcentrations and 1cé“crystal concentrations; tﬂe ratio of ice
nuclei to ice crystals is usually much- less than one, although Grant (1968)

*and Gagin (1971) have fou;q ratios approximating one near -20C. This problem
is considered in more detail in Chapter 5.

Many studies have attempted to relate ice nucleus conéentrgtions to pre-~
cipi£ation. .Gagin (1965) found no relationship between ice nucleus counts at
-15C and rainfall; however, by comparing precipitable water and’QH "effective"
nucleus concentratio;, he was able to discriminate between rainy and d;y
weather. Georgii (1960) discovered that showers occurred on days with fiucleus

concentrations sbove average and continuous rain on days below avg;&ge.~ When

3
v
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’
rainfall increased from nil to 30 mm a day, Bigg and Miles (1964) found that

"‘the ice nugleus concentrations at -15C rose from approximately 175 to ¥50 nuclei

per cubic meter. TIsono and Tanaka (1966), B\ya.n%md Scott (1969), and Rosinski
et al. (1971) found mexima in ice. nucleus concentration (at about -20C) during
thunderstorms . During the p?ssage of cold fronts!, Buscaglione (1969) observed
peaks in concentration which he was able to relate to instability. Isono et al.
(1966).found a "close relation between the fallout rate of graupel pellets and
snow crystals and the concentration of 'effective' ice nuclei which are active

above cloud top temperatures". Tt is difficult to prove the hypothesis that
. ) - .

- natural ice nucleus concentrations influence precipitation. The positive

results indicated above may only show that precipitation generates ice nuclei.
-fhis possibility will be discussed further in Chapter 6.

Will seeding cloud with ice nuclei affect precipitation? Two problems
which are related to\a fufure solution of this controversial question are
discussed in Chapters 4 and 7. "The probability that a certain seedfﬁg rate N
will exceed the background concentration of ice nuclei can be estimated from

. \
the data presented in Chapter L. 1In Chapter 7, the possible effect of seeding

severe storm updrafts is discussed using a hypothetical model storm. Little

,attention has been previously given to these specific problems. However,

theoretical studies by Cotton (1970) and Jiusto (1971) suggest possible cloud

seeding effects in small cumulus and layer clouds respectively.

. ~ ’
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CHAPTER II
ICE NUCLEUS COUNTERS -

. I;ieally an ice nucleus counter should model the processes that lead to
ice nucleation in natural atmospheric clouds. Consequently, the éupersatura—
tions and drop size distributions in cloud chambers should be carefully con-
trolled as functions of temperature. Even if these parameters were known for
all types of clouds, t;le;q would be difficult to reproduce; some approximations
to actual cloud conditions must be made. Three differ;mt types of counters,
which activate the nuclei in order to count them, are available. Cloud
ghambers which actually form clouds can be divided into two groups - mixing
and expansiaon. ivuclei ca.n(be captured on supports such as filters or thermal
precipitation slides and then activated and counted by cooling the support.
Nuclei can also be detected in actual precipitation samples; this technique
is restricted to periods where precipitation is occurring, but has the added
advantage of activating nuclei which existed in clouds.
2.1 CLOUD CHAMBER TECHNIQUES

The necessary requirements for cloud chamber iw;eus counters were
outlined by Soulage (1965). Since activated nuclel can settle out of a cloud
quickly, the resulting crystals cannot be counted by any method which assumes
they remaiff suspended. The humidification process which produces the cloud
must be carefully controlled. Since the walls in any chamber collect nuclei
and water drops, a large volume-to-wall-area ratio is needed in order-to
minimize this problem. Because the nucleus concentration increases one order

of magnitude for each 4C drop in temperature, rigid temperature control is

required. All localized cold spots on the chamber walls must be eliminated

e
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Fig. 2.1 The Bigg-§arner Ice Nucleus Counter.
(After Fletcher, 1962)
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or a representative operating temperature will be ‘impossible to maintain, and
‘ the chamber walls must be kept ice f“ree. \
2.1,1 Mixing Chambers : 1
g The one-litre mixing chamber of Bigg (1957) was one of the earliest used.
The inner walls were cooled by an encompassing cylinder containing a glyco;/
water mixture, and were kept frost free by careful wiping with glycerol. \Air
was replaced in the chamber mechanically. A cloud formed, together with.a few
ice crystais which then fell into a supercooled solution (usually sugar), and
the crystals grew in this solution l{ntil they reached a visually countable
size. Although this Chamber was quite shlall, it was further enl”’g.rged and
. developed by Bigg and Meade (1959) and Hervier et al. (1967) into a cor;tinu-
ously Operatéd counter in which the air a;d solution were changed regularly.

~ A photograph of the (sugar) solution provided the record.

\
A very simple mixing chamber method was described by Bigg (1965). A

8]
°

bubble of one- to five-litre capacity can be formed from a sugar solution #
witf;h a little liquid detergent added. This bubble is placed into a cold box,
and ice crystals form and fall onto th; bubble wall and grow to a countable
size. If performed correctly, this technique gives concentmtions which agree
with other ;ni)d.ng chamber methods.

2.1.2 Expansion Chambers

A widely used technique, described by Warner (1957) and Crozier (1969),
cools the air by expansion. ::o-iitre sample (Fig. 2.1) is cooled to -12C

by conduction from the ch 11s, and then is cooled to the desired tem-

perature by allowing the air inside to expand. The sﬁgﬁr solution of Bigg is
+
used to count the crystals. In this chamber (hereinafter called the Bigg-

Warner chamber) the operating temperature can be changed quickly by simply

. N
o




e

9changing‘&he pressure to which the air is initially pumped into the chamber.

12

However, the minimum temperature is achieved only for a few seconds since
heat graduelly seeps through the walls. Another practical difficulty often
encountered involves contamination of the pressurization pump. AgI particles
can quickly embed themselves inEide the pump and cause spuriéusiy high counts
which can only be stopped by replacing this mechanism.
A large cloud c?amber 6 feet in diameter and 9 feet high was constructed
at Colorado State University (Steele and Smith, 1968) to simulate expansion or
ifting of parcels of air under adiabatic conditions. Lapse rates of 0.5 to
OC per minute within a temperature range of +20 to -50C and a pressure range
200 to 1000 mb were possible. Heat transfer through the walls was eliminated
?y cooling. The large volume-to-wall-area ratio and the accurate temperature
;nd pressure control made this chamber quite unique, but the ice crystal detec-
tion techniqu;'made the system unsuitable for measuring low atmospheric ice
nucleus concentrations.
2.2 IMPACTION TECHNIQUES \
Another type of ice nucleus counter captures the nuclei on a support slong
;ith all other atmospheric aerosols. In the thermal precipitator method designed
by Fenn and Weickmann (1959); the particles were collected on the cool plate and
then thé plate waé humidified and cooled; the number of droplets which froze at
a predetermined temperature gave the concentration of ice nuclei. Using a Goetz
Aerosol Spectrometer, a high-speed centrifuge, Gerber et al. (1970) size-sorted
the aerosols and deposited them on a polished chrome foil. By cooling and
supplying moisture, £he foil was processed and the resulting number of crystals
counted. | ‘ 2

»

Bigg et al. (1963) described a method for measuring ice nucleus goncentra-

-6 -
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tions by using Millipore filters. Air was drawn through a Millipore filter
backed with a supporting disk. After exposure, the filters were processed by
two different methods (Bigg and Stevenson, 1970) - a forced ventilation or a
diffusion chamber technique. 'I‘l;e Millipore techniqile is becoming very popular
because of its reliability and the ability to inexpensively sample air at many
remote stations while all the processing uis done ia.ter at one laboratory.

2.3 THE Di‘(OP—FREEZING TECHNIQUE | .

Another teéhnique described by Stansbury and Vali (1965) and Vali (1971a)
measures the nucleus concentration within precipitation samples (snow, rain and
hail). The collected sample is stored frozen until required. Then drops of
the melted sample are put on a copper surface whicg has been covered ;ith
aluminum foil coated with an oil. The oil enables stable semi-hemispheric
drops to form which do not alter shape ;iuring the cooling process, and it
eliminates the possibility that any micro-scratches on the aluminum surface
would act as nué:leating sltes. The copper surface is cooled and its tempera-
ture is recorded as each individual drop freezes. The freezing temperatures
of a sample of N drops can be converted into an ice nucleus concentratiogx by

the following formula:

N(T

ﬁ K(T) = - %o o (2.1)
N(T) = number of unfrozen drops at temperature T (C)
N(0) = total number of drops
K(T) = number of nuclei per unit volume active at

T or above

V = volume of individual drop

..7-




Fig. 3.1
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The NCAR Acoustical Ice Nucleus Counter.
(After Steele et al., 1967)
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CHAPTER III

EQUEPMENT :
. j
3.1 CHARACTERISTICS OF THE NCAR ACQUSTICAL ICE NUCLEU% COUNTER

The preceding chapter has described some equipmentgwhich is geﬁérally
used in measuring ice nucleus concentrations. The BiggTWarner counter was

used for some measurements to be described in section btl, and some pre-

cipitation samples described in Chapter 6 were analyzed| by the q?thod of

vali (1971a). Millipore filter technique measurements ¢f Bigg and Miles (1964)
and mixing chamber results of Hervier et al. (1967) have been re-analyzed

for use in section 4.1. However, the instrument used fo¥ most of the data
presented in Chapters k4 gnd 6 was the NCAR Acoustical Ic; Nucleus Counter;

a brief description of this instrusent follows.

The NCAR Acoustical Ice Nucleus Counter (Langer et al., 1967) is basic-
ally a mixing chamber which uses a new technique for measuring the number of
ice crystals within the chamber. The machine (Fig. 3.1) céntinuously draws
in air, usually at 13 litres per minute, humidifies and cools the sample to
a desired temperature in a 28 litre refrigerated chamber. A élycol/water
mixture circulates gradually through the foam lin;ng in the chamber and pre-
vents frost formation on the walls. After appréximately a two minute mean
residence time, the supercooled cloud, including water droplet; and ice
crystals activated by ice nuclei, is drawn through a small capillary. When
a particle greater tha; some threshold size passes through this capillary,
an audible click results which is detected by a microphéhe and counted by a' .
rate computer. The exact cauyse for this click is unknown, but a theoretical

explanation is proposed by Dr. M. N. Plooster (lLanger, 1966); when a particle

-8 -
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matically displays a reading in counts per minute on the most appropriate

F
leaves the capillary, a sudden shift from laminar to turbulgnt‘flo&/causes
a brief cessation of flow which results in the reflection of a shock wave

up the cdpillary.

Since crystals grow to sizesg greater than hd;undiam;ter, while the
water drops remain considerably smaller, the sensor is designed for a thres-
hold of 40 um. Langer'(1966) has experimentally determined that when the
sensor guction setting 1s from 3 to 7 inches of mercury, tgé generated
signal amplitude is not a function of size for particles greater than 40 um
in diameter. Thenaerosol generator, by bubbling filtered air through a 0.25
pércent salflééiution,lintroduces condensation nuclei into the incoming &ir
to insure the formati;n of & dense cloué with drops smaller £ﬁan 10 pm,
Because approxima?ely 3 litres per minute of filheréd air bubbles through
this aerosol generator, the counter actually sampleg 10 litres of atmospheric
air eveéry minuﬁg. N

An NCAR-Bollay Rate Computer, model 102, wag used as the electronic

N

counting system.’ Thias instrument totalizes the crystals counted and auto-

®

»

of four sceles. The four scales have maximum readings of lOl, 102, 103 and
10& counts per minute, totalizing over 2 minutes, 12 seconds, 12 Séconds
and 1.2 seconds regpectivexy.s The first two scales overload after 20
crystals-are counted while the next two can reach 200. The microphone in
the sensor generates a sine wave pulse which, according to Steele et al.
(1967), decays to 1/10th of ibs original value in 5 ms. To ingg;é that a
crystal is not counted more than once, the rate computer will not detect
anything for a certain "dead time" (3 to 10 ms) after one is counted. To
protect against false readings‘, 50 mv was ‘taken as the threshold level on

the incoming pulse.

q
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Humidification was accomplished by passing the air.over a heated water
‘ .' ‘ ssurface (near 40C) before introducing it into the chamber. Tempefatures in
5 ihe instrument were mea;ured to within 0.25C with a thermocouple connected
tq a Varian recorder. Isaac (1968) has described the chamber tempe}ature
profile; the operaténg temperature specifies the temperature in the lower
three qu;rteis of the chamber. \

Many criticisms have been made of this particular counter. Thege have
been vefy general comments (Bigg, 1970a) which have been unverified experi-
mentally: For example, it has been stated that the humidification System
and aerosol generator create water drops large enough to trigger the se&sor.
The author can filter the incoming air with a Millipore filter and at'-QQQ,
the instrument will not detect more than odne crystaé per 1506 litres; this
is far below background. Langer (1971) has replied to some of.the criticigms
and h;s agree%/tpat the humidification system énd aerosol generation system
used in the‘edhfpment described agove are unsuitable. Langer and Weickmann
§l971) have outlined improvements which should be incarporated. However
even these suégested improvements have never been compared with unmodified ‘ -
equipment. ‘

Bigg (970b), langer (1969) and Steele et al. (1967) have made comparisons
of this machine with other equipment and their reportg suggest correction
factors which could be applied to NEHR Ice Nuclgﬁ£‘Counter measurements. o

e correction factors woyld raise the NCAR Counter readings to a more
"réalis?cic" ‘'value. However, even these correction factors vary a great deal
(3 to 15) and although Langer (1971) suggests the NCAR Counter reads low
because some crystals hit the lower Ehamberhwnlls without going through the

r

. éensor, tge’;ractional percéntage differs from report to report (Langer, 19713

. langer and Weickmann, 1971).

- 10 - ‘
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The lack of any absolute standard for ice nucleus measurements makes
the NCAR Ice Nucleus Counter concentrations only qualitative. ' At the
moment, the NCAR Counter is the only continuous recording instrument;
glthouglg it has many deficiencles, it does detect whether concentrations
are increasing or decreasing. Chapter 4 suggests that the magnitude of
the fluctuati;)ns is identical to those of othér equipment. 1In this thesis,

—————

the %oncentrations as given by the NCAR Cowiter are not considered as '"real"
. '

concentrations of ice nuclei. Although comparison with other equipment”

shows that the instrument records about a factor of 3 to 5 low (Bigg, 1970b),

~this errgr is not considered a serious restriction to the conclusions

gl
presented. .

Lo

.2
L -

\

Most of the measurements presented have been made with a chamber
temperature of -20C. This temperature was chosen because each rate computer

[ : ,
reading was rarely zero at this value., This meant that fluctuations in
-y
toncentration could be detected within at least 2 minutes. . ~7

3.2 MEASUREMENT LOCATIONS’ AND AUXILIARY EQUIPMENT

"
Measurements were ma.de at Macdona.ld College, Quebec and at various places

s .
in Alberta using the NCAR Acoustical Ic€ Nucleus Counter., The Quebec mea-

been extensively re-enalyzed in

' ' v A 4
measure variations/of surface ice nucleus concentrations within and around
\ v .
\ ~ :
Alberta haglsto Consequently, an NCAR Ice Nucleus Counter was mounted
\\ l / B - )
inside-a van«trfick which was also equipped with a portable roof-mounted wind

vane and anemometer me.st, a rooftop rain/hail separator which funnelled
the rain through a ra.ingauge ‘and allowed hail to be collected and tem-
perature and humidity gaugea which were located inaide the truck and were

i > v
ventilated by a powerful fan. During 1969, the humidity gauge wasia simple

.
b

3

¥
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Fig. 3.2 A map of the lochtions where measurements wer in >

Alberta. Each site is '‘labelled with the date .the obser- ’

vations were taken. Range rings at 20 mi intervals fram
“the radar are shown.
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dial instrument accurate to within two percent. In 1970, this gauge was
replaced by a more accurate w;et-bulb thermometer wiggh wa.s identical to
the' standard dry-bulb thermometer (f0.109 . The temperature, humidity and
wind instruments were read every minute. A fast recording raingauge was
used which tipped every 0.17 mm of rain; the event was marked on & chart
ala.dva.ncing at 90 inches per hour. The ALHAS radar (Barge, 1971) was used
t?’ direct the truck into the path of oncoming storms. Radio communic‘a.tions
whre maintained with the radar site (Flg. 3.2) and the truck at all times.
During 1970, a counter was operated in a trailer at Benmalto (Fig. 3.2)
in order to have another site available for measurements if & storm passed
over it, and to determine the diurnal variations in ice nucleus concentration.
However, the intermal temperature ofnthe traller varied from 100F to 50F;
this influenced the chamber temperature by as much as 3C, making the inter—‘
pretation of these results uncertain., Consequently, these readings have
not been inc]gjded in this report. On one occasian, an early morning. storm
passed over the site ;’ these readings are presented since the problem
mentioned above was not critical Yor the short period presented. During
storms observed from the truck, the chamber temperature was measured periocd-
ically and did not change significantly. h

l
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FREQUENCY DTSTRIBUTIONS OF ATMOSPHERIC ICE NUCLEYS CONCENTRATIONS

Frequency distributions of atmospheric ice nucleus concentrations , measured
at some specified temperature, are strongly positively skewed. Consequently the
arithmetic mean is not the best measure of central tendency, although it-is the
one most frequently used in the iitemtare, both in quoting results of experi-
mental measurements and in comparing measurements made at different locationsi
and at different times. Freguency distributions of ice nucleus cancentrations
obtained with four types c;f counters, c‘)perated at several locations and at
various temperatures, were found to be log~normal with geometric standard dew}ia-@,
tions between 2.6 and 3.4%. Consequently, the geometric mean is a more meaning-
ful parameter than the arithmetic mean.

4.1  THE LOG-NORMAL DISTRIBUTION

A log-normal distribution of X is defined by Irani and Callis (1963) as

follows:

i X/X
. /-G] (4.1)

—_— N N
#(x) "XEBx mo exP{ [ﬁAno

where .iG and o are the geometric mean and geametric standard deviation as glven

by K
- 1 .

log X, = § log X, ) (4.2)
1wl ’ -
N ¥ o

(log 0)2 - i (log X, - log X )2 (4.3)

- N 1 G , *

i=1 ’

The usual notation for.a natural logarithm (fn) and the logarithm to the base 10

(1og) has been adopted. In a cumulative distributian of log X, the geometric
f* . 4
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‘Fig. 4.1 Histogram of ice nucleus concentrations at -21C (150 litre
samples) from 6 December 1967 to 26 January 1968. The
break between .95 and 1.0 indicates a change in class interval.
Percentages after .95 have been lowered by a factor of 10

to keep the area proportional to the percent of the total
number, ‘
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resulting line is a direct measure of the geometric standard deviation.

-results; the concentrations are not dependent upon peculiarities, ‘ch as

standard deviation is the ratio of the 50 percentile value to the 16 percentile
value, or the 8k percentile value to the 50 percentile value. If the cumulative
distribution of X were plotted on log-probability paper, the "slope" of "the
0

Fig. 4.1 shows a histogram of nucleus concentrations at -21C measured with
an NCAR Ice Nucleus Counter at Macdonald College, Quebec, from December 6, 1967
to J%nuary 26, 1968 (Isaac, 1968). A total of 3978 samples, each 150 litres in
sizg, are used for the distribution. The arithmetic mean of 6‘.69 per litre is, *,
clearly not the best measure of central tendency of this skewed distribution.
In Fig. 4.2, curve D shows the same data plotted on log-probability paper; with
the exception of a slight irregularity near concentrations of 1 per litre (due
to instrumental reasons), the points fall on a straight lime. The distribution
is log-normal and the best strai@t line fit (by eye) to the points gives a
geametric mean of 0.26 per litre a.r:d a geometric standard deviation of 3.h;
these c;:ompa.re favourably with the values calculated fram the data, viz. 0.30
per litre and 3'.2.

For a two-week interval during the sampling period mentioned above, a
secondtrNCAR Ice Nucleus Counter was operated at the same location under identi-
cal méasu:::ing conditions. Fig. 4.3 shows these ‘simultaneous data (cux:\;es dl

M ®
and d2) s together with curve D (reproduced from Fig. 4.2). During this compar-

ison the geometric standard deviation for both counter distributions was 2.9

while the geoﬁzetric means were 0.23 and 0.18 per litre (as determined from the

graph). Besides showing that the data for these periods are both log-normal,
. ~

Fig. 4.3 also indicates that the NCAR Ice Nucleus Counter produces consistent

undetected wall cold spots, specif‘ic to one instrument.

-
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Fig. 4.2 Frequency distributions for measurements (A, B, C, D and E)

mentioned in the above table. refers to a hypothetical
Poisson distribution calculated using the mean concentration _
of D.
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- Data from other sources have been added to Fig. L.2 to provide additior;al

« evidence that such a distribution is of common occurrence. The measurement

location, technique, temperature of operation and sample volume are listed in
the table accompanying Fig. 4.2; the geometric standard deviations and the
geometric means, determined from the best straight line fit and from calcula-
tions using the actual data (when available), are also tabulated. Curves,B
and C depict simultaneous measureménts with an NCAR and a Bigg-Warner Ice
Nucleus Counter at Penhold, Alberta over a two-week period in 1969; although
there are only 123 samples for each curve, \the digtributions are similar.
Curve A was deduced from the '"no rain'" data of the Millipore filtexi network
of Bigg and Miles (1961+);‘ their. data, compiled from an extensive network of
24 stations in Australia and New Zealand, are probably ttyest avallable.
Curve E was deduced from the modif"ied mixing chamber measurements of Hervier

et al. (1967) in France. Regardless of location, method of measurement, sample

volume, level of concentration and operating temperature, the distributions are

all log-normal with geometric standard deviations between 2.6 and 3.4,
According to the Kolmogorov-Smirnov one-sample test (Siegel, 1956), then
observed data of curves B, C and E of Fig. 4.2 and d, and d, of Fig. 4.3 can
reascnably be thought to come from a population having the log-normal distribu-
tion indicated by their respective straight lines. At one nucleus per litre,
the observed cum:l:tive values of curve D of Fj.g.' 4.2 have a maximum deviation
from the fitted log-normal distribution which is significant at the probabilit}"
level between .05 and .10 (two tailed test). However, the irregularity near

4

one per litre shown on curve D was produced by the scale switching mechanism

3

of the rate computer (see section 3.1). The data of curve D probably fit the
- 15 - N
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1 assumed log-normal distribution better than is indicated.

’ ot According to the Kolmogorov-Smirnov two-sample test (Siegel, 1956), curves

B ;.nd C of Fig. 4.2 are drawn from a population with the same distribution. }
;Zurves dl and d2 of Fig. 4.3 are differe-nt at the .00l significa:nce level as
indicated by the Kolmogorov-Smirnov two-sample test, perhaps because of a
slight difference in operating temperature of less then 0.5C bhetween the two
ice nucleus counters.

While one would expect the geometric standard deviation to decrease with
increasing sample volume, Fig. 4.2 indicates no such tenciency. Pis may %e
explained on‘ the basis of persistence; the autotorrelation coe;ficient of 1oé-
concentration for data.D is 0.84. In the presence of an autocorrelation r, the .
.standard deviation o' of means of successive pairs of observations is: ]

A

\

log 0' = 1log ot(l + r)/E]% (4.4)
’ (M‘mn, 1970)
where N-1 ‘
T Z - =
r = (1sg X, -~ 1log X.)(log X - log X.) (4.5)
N . (N"l) (10g 0)2 i=1 1 G 1+ ¢ : >

3

' Enlarging th‘e sample volume of D from 150 to 1500 litres increases the geome
mean from 0.30 to 0.36 per litre and decreases the geometric standard deviation
and autocoYreleftion coefficient from 3.2 to %.87a.nd from 0.84 to 0.59.respec-
tively. The geometric standard deviation will thus decrease very slowly with
larger sample sizes. Because the geometric mean is depéndent upon sample volume,
this volume must be given when spéqi}fying the other distributi

k.2 THE POISSON DISTRIBUTION

According to Scrase (1935), if ice nuclei were distributed,
a.tmosphere, a Poisson distributj.on of ice nucleus cmcentrationa would be I

Tl
observed. For example, consider n nuclei in a total volume V which has been

3
N .
.
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-
.

Cumdlative frequeficy distributions of ice nucleus
concentrations for the indicated intervals. The
solid lines represent Poisson distributions cal-
culated using the arithmetic mean for each interval.
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divided up irfto small samples v. The volume V consists of V/v samples, and

—_— . ~N

the probabllity Pl of réstricting only one nucleus to a spegific ssmple is:

o
|

n-1 \ n
[E-1 /- 11Q) /)

v fvnhl
ng (-5

P v

1

i

Similarly for two nuclei to’a specific sample:
N P = ngn - 12 (;’-)2(1 - I)n-2
2 2! v \'s

or, for x nuclei to a specific sample:

n=-x

x
P = ;—l,?n(n -1) .ee. (n - x+1)(;‘\r-r) (l-%)

If n> x and v << V

x
1 (v, _-nv/v
P rmr () e

Now the mean concentration m for sample v is nv/V. Thus

P = e ™ n*/x! ' (4.6)

which is a Poisson distribution.

In Fig. 4.2, cuive D is & Poisson distribution based on the arithmetic
mean of the data of curve D. It is clear that the data of D, collected over a
1ongcperiod of otime, are not well described by a Poisson distribution. This is/
not surprising; since sources and sinks of ice nuclei exist in the atmosphere,
me;,summpnts made over long intervals such as a week would not be expected to
fit a single Polsson distribution.: When the data of curve D are broken into
short periods (one to three hours in length), then the data fram each such short
period would be approximated by & Poisson curve, provided that the arithmetic

means of adjacent periods are not increasing or ae,cmasing* Illus%r;tions of

.
. i
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Fig. 4.5 Cumulative distributions of summer and winter rainfall,
* snowfall and hailfall rates.
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Fig.”h.6 Cumulatiye distributions of hail sizes. The distributions
for maximum and minimum dimensions are shown for the data
of Barge and Isaac (1970).
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Fig. 4.7 Cumulative distributions of hail sample reflsctivities
assuming wet and dry hailstones gnd & 10 cm wavelength.
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a few such periods are presented in Fig. 4 k4, but these intervals do not occur
often. rThe examples in Fié. 4.4 are cc;nstructed using 20 litre volumes as
single samples. In 1 (3) hours, only 30 (90) samples can be used for the
distributions.
4.3 OTHER METEOROLOGICAL EXAMPLES OF LO(;*—NOML DISTRIBUTIONS

Many frequency distributions of mete(')rological parameters can be approxi-

. »
mated by log-normal curves. Fig. 4.5 shows the cumulative distributions of

summer and winter rainfall, snowfall, an‘;l hailfall with rate plotted on log-
probability paper. The Mantreal rain curves have been obtained from Weiss (1964),
the Montreal snowfall dg.tt;. from Gunn (1960),. and the Alberta hailfall data from
_the 67 samples of Douglas (1963, 1965). Size distributions of particles are ,
often log-normal (Irani and Callis, 1963), and the hail data of Barge and Isaac
(1970) and Douglas. (1965), as 8hown in Fig. 4.6, can be approximated by log-
normel curves with the same geometric stfndard deviation. Fig. 4.7 shows that
the reflectivities c;f hail samples (Douglas, 1965) can be approximated by log-
normal curves. The calculated geometric fneans and geometric standard deviations
of the hail ﬂdata agree With those predi¢ted from Figs. 4.6 and k.7, but the raw
precipitation rates for snow and rain of Fig. .5 are not availabl! for such a
‘check. The Kolmogorov—Smil';;o:lr one-sgmple -test indicates that the hailfall rate,
hail size, and haill reflectivity distributions of Douglas can reasonably be
represented by their respective\straight lines in Figs. 4.5, 4.6 and L.7.
4.4 A PHYSICAL BASIS FOR THE LOG-NORMAL DISTRIBUTION

Mmn (1970) attempted to explain why log-normal distributions are common
and illustrates his discussion with an example from Zimmer and larsen (1965).
Aitchison and Brown (1957) discuss ma:xy non-meteorological examples of log-

normal distributions and the physical basis of their generation. A brief

% \
-18 -




' Theorem (Aitchison and Brown, 1969; Fisz, 1963), where log XO, €

? <

kS

&
~ .

description of .one of their lines of reasoning follows. If a series*of numbers
{

L eed ‘
(xl, Xos eeee s X 5 «....) is obtained sequentially in time whe(’re X,.follows X,

and X, follows X the difference between any two-of these numbers could be

J J-1°
represented by 3

<

. - X = X. ¢ . b,
. %5751 7 SNa L T

a

where éj is a random and independent variable. The difference depends on the

previous value of the variable. Now

-1 _ . )
X1 3
n n
X, - X
) Ml )
=1 « "3-1 =1 Y
and if the difference between )(‘j and Xj-l is small
e
n - X
) X. - X~ n
Z —1)—(—-3;1- =,f % = log X .- log X_
j=1  "j-1 X, " T

log X = log Xo +eE t e, H € (4.8)

' [ad
Using the additive form of the central limit theorem or the Lindeberg-Ievy

€ veey €
1? 2? > "n

-are independent and random variables which have the same distribution with a

non-zero standard deviation, then log Xn has an asymptotically normal distribu-

tion.

The usual error analysis would show that

-

— SRS ETRS (4:9)
or | xn'= €+ €t ciea €+ xo’ + (k.10)
L 4
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With the same conditions on Xo’ €4, C Gn as above, Xh is asymptotically

1* 2
normally distributed.

The generation of the log-normel distribution, as it was described above,
occurs because the variable follows the law of proportionate effect (Aitchison
and Brown, 1957): "A variatg subject t9 a process of change is said to obey
the law of proportionate effect if the change in the variate at any step of
the process is a random proportion of the previous value of the variate."

Intuitively many meteorological parameters wculd follow this law. For
example, if the liquid water content or the updraft velocity of a storm’
inc}gased or decreased, the corresponding change in the rainfall rate, from
before to after the event, would not be random bug would depend on the previous
value of the rainfall rate. The analogy for lce duclei is difficult to describe
because of the lack of knowledge aBdut variables affecting the activation of
nu?lei. However, ultraviolet radiation, relative humidity, wind speed and
direction, and atmospheric stability are a few of the parameters often men-
tioned as infiuences on ice nucleus concentrations. Sources and sinks of ice
nuclei also exist. If one parameter~chaﬁged (for example, wind speed), the

4

nucleus concentration would not be affected ﬁy a totally random amount as in

i

Eq. (4.9) but would more likely foilow Eg. (L4.6).
4.5 SUMMARY

All ice nucleus measuring techniques appear to produce a log-normal dis--
\

'tribution of concentraticns with the same\geemetric standard deviation.  If

o

one gives an arithmetic mean, the distribution would not be adequately described

for example, 80 percent of the population of D (Fig. 4.2) is less than the arith- °

metic mean of 0.69 per litre.

L]

Ice nucleus concentrations are not as erratic as some authors have des-

——
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cribed. Althoﬁgh concentrations at the same temperature may not be comparable
. =
using difTérenéﬁtechniques, the magnitude of the fluctuationg is similar, thus
yieldi;g a constant standard deviation.
A cloud seeder C9uld use Fig. 4.2 to estimate how much his projected seed-
ing concentration would exceed baclfground. However, it must be cautioned that-

the data presented should not be considered as giving absolute concentrations.

i
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CHAPTER ¥ . ’

‘ COAGUTATION OF ICE NUCLEI WITH CLOUD DROPLETS

— -

Many ingt{ruments used to determine ice nucleus concentrations count the
number of ice crystals that form in an artifical cloud, and these~resplts
are frequently applied to hatural cloués. " This chapter examines the
parameters affecting nucleation and how well the lasboratory cloud simulates
the natural one.

There are at least four different ways in which a particle may behave
as an ice nucleus:

(a) Sublimation - direct deposition of water vapour on the particle.

(v) Condensation-freezing_- a particle serves first as a condensation

nucleus, then as a freezing nucleus.

t

(c) Contact-freezing - a particle initiates droplet freezing upon

contact with the surface of the supercooled droplet.

(a) Immersion—freeziﬁ! - a particle penetrates the droplet, then

initiates freezing.

i

, .
Each ice nucleus can probably activate by any one of the above methods,

but it is unlikely that the nucleating temperatﬁre of the particle will be

the same for each mode of activation. For modes (c) and (d), the particle

- —

must contact a droplet. The probzbility of such a collision in laboratory

and natdfal clouds has been computed. Only a small fraction of aerosol

particiyf‘eVer collidegwith cloud droplets; the size of -the aerosol particles,

the cloud lighid water content, the droplet size disiribution, and the time

available for'coegulation are important variables in this process. Some of

these parameters are usually different in nature and the laboratory. If

most nuclei prefer to activate through mode (c) and mode (d), then serious

o

o
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errors may exist in a measured ice nucleus concentration if it is used for T

predicting the number of ice crystals occurring in a natural cloud.
5.1 COLLISION MECHANISMS

Aer;sol particles collide\with cloud droplets by means of several
mechanisms; s8ix are listed below.

1.) Brownian motion - Rendom motions of the particulates and cloud
droplets cause collisions. {

2.) ‘urbulent motion - Eddy diffusion around the droplets can cause
collisions.

3.) Diffusiophoresis (Stefan flow) - Particulates move toward con-
densing droplets in the accompanying vapour pressure gradient.

ﬁ.) Langmuir collision -~ Falling droplets overtake and collide\with .
particulates. ‘

b

5.) Thermbphbresis - Particles move toward evaporating drops in the

L]

accompanying temperature gradient.

- v ¢
6.) Electrical forces - Charged\?ropleté dnd particulates might —
attract and thus collide with each other? o
Slinn and Hales (1970) show that thermophoresis becomes important for 7/~
below-cloud scavenging of particles 0.0l um to 0.5 um in radius when the
témperature of ﬁhe evaporating drdps is 3C lower than that of the‘su}-
rounding air and the rainfall rate is 10 mm hr . Thermophoresis has been
neglected in this chapter because a large temperature difference between
the cloud air and its droplets is not likely. Both cloud droplets and
aerosol particles are assumed to be electrically neutral; co;aeqpently,
electrical forces are ignored.

The theoretical and experimenial collision efficiencies of Davis and

Sartor (1967), Woods and Mason (1964) and Hidy and Brock (1970) indicate -~
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that capture Uy Langmuir collision can probably be neglected for particleé
le than 0.5 um in radius. For example, in one second, cloud droplets

of radius r, concentrat;on Nc and termipal velocity ¢ collect nrchcE(rp)
of the aerosol in the cloud, where E(rp) is the collision efficiency for
;erosol particles of radius rp. In a cloud of 100C drops cm-3 of radius
‘10 ym, falling at 1 cm sec-l, E(rp) is approximately 10'3 for aerosol
particles 1 um in radius {see Fig. 5.1) and so a fraction 10_6x of the
aerosol is collected in one second, or 10“2 in one hour. For smaller rp,

E(rp) and the fradtion collected due to Langmuir colligion is reduced. -
/
" In most cloud chambers used to count ice nuclei, the cloud-forming

air-is mi;ed with the ice nuclei.and a fraction (E) 5f-the aérosol i; ~
collected due to diffusiophoresis during cloud formation.  Vittéri and

Pro&i (1967) and Goldsmith et al. (1963) have discussed scavenging due to
diffusiophoresis;f A hydrodynamic flow of carri;r gas'e;ists tow;rd (away
from) a condensing (evaporating) surface, in the same direction as the
diffusing vapour; ai;borne particles-are thus carried toward & condensing
surface. However; particles move in the directign of the diffusive flux.

of the heavier gas molecules in a binary gas mixtu;g. For a condensing
surface, the particles have a tendency'tg move away. Taking both mechanisms .

o -

into conaideration at S.T.P., the velocity (Vb) of the particles is given

A ]

by ) K . <
-4 d'Pl ) 4 '
Vé = =1.9 * 10 ax

where the vapour pressure gradient .is expressed in mb cm'}. Ignoring the
diffusive flux would result in an overestimate of V§ by approximately :

20 percent, and the resulting simplé formula would be ‘ .

I
-
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vo--2
P P2dx

Pyy Py = partial pressures of vapour and gas (dynes em™t)
D = diffugion coefficient of vapodr in air.
Now

' @, = R Tdp,

where Py = density of vapour

’

Rw = gas8 constant for water vapour
T = temperature.

f&\\ f

7 am 2 9Py
at - D

where r is the distance from the ‘centre of the droplet. The velocity (vp)

of the particles toward the drop can be expreésed as:

£

L RMa BT,
P P, dr - lehtr dt

- \
The particle flux across the spherical shell is:

nk T
A -

) dt P P2 dt

where n is the particulate concentra.ti'on and N is the number of particles

captured. If one has & droplet concentration s, then ©

Qz-sgz-stnT
dt dt P2 dat
. R Tw
\ N n = noexp(-stTmyPa)-'}'no(l - '%'—)
2

where n is the initial concentration and w is the liguid water content

(gm gm-l). The fraction (E) of particles collected can be ex;;resaed as:
n,=n Rw'l‘w
= aum—— (5.1)

n0 P2

E =

»

For example, in the formation of a cloud at 950 mb and -20C with a 1ligquid

water content of 0.5 gm m',3, the{fractioh of particles' collected due to
<

-
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. diffusiophoresis is 6 x lO-h.

Brownjan and turbulent diffusion are the major mechanisms through
which particles of radius less than l0,000Iz (1 um ) collide with cloud
droplets. According to Greenfield (1957), if Np and N, represent the
concentrations of aerosol (ice nuclei) and cloud drops respectively, then

the rate at which aerosol particles are collected can be written as:

dN
- ;i-§= (Ky + K NN ‘ (5.2)
where:

X5

GR(F + %c +0.9L( 2 + )R, +R)

P s P ¢
Ky = (DR, + R )3 :
L = (kn)(2Pa,)2 !
r SR
R = universa.i gas constarnt
t = coagulation time /
P = pressure
. k = coefficient of viscosity for air
- L = mean free path of air molecules 2
’ C N = Avogadro's number R
, v = gradient ;af air velocity acrc;ss the stre&nes .
v S d, = density of air ’
R,p » R, = radius of nucleus, cloud drbp v -
U Brownian and turbulent motions are specified by the coagulation coefficients
KB and KT respectively. Following\Greenfield, the coagulation rate is
maximized by usi‘;xg the large value of 30 sec":L ‘for v in the expression for '
. Kp. The fraction (F) of particles captured by the cloud drops due to. ‘
. . Brownian and turbulent diffusion, u}a function ‘of time, is given by: . !“?
' - 26 - . ' A
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Fig. 5.2 Fraction F of particles of a specific radius R, thaf will
be collected within the indicated time interval (minutes)
due to Brownian and turbulent diffusion, in clouds with
liquid water_contents of 5.0, 0.5, 0.05 gm m3 and 1000
' . droplets cm3. E indicates the fraction collected due to
diffusiophoresis during cloud formation. .
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i .
. F =1 - exp( -(KB +'KT)th ) (5.3)

} ‘ This equation has been used to derive Figs. 5.2a, 5.2b and 5.2c, which

h

show the fraction (F) of particles of a given radius that will be captured

in a specified time by clouds of 0.05, 0.5 and 5.0 gm m-3

3 -3

respectively,

at -20C consisting of 10~ drops cm ~ of radius 2,3 ym, 4.9 wm and 10.6 um
respectively. For example, 18 percent of particles of radius 100 :\
will be collected in 15 minutes in the clodd of Fig. 5.2b. Although
Fq. (9.3) has been solved for particle radii smaller than 50 ;\, Junge - (1963)
has stated that the above theory is only well-i‘ounded for particles larger
than this size. Calculations done for sizes much smaller than 50 7\ can
be regarded anly as estimates.
Each time-curve in Figs. 5.2 reaches a minimum in the region of ‘ ‘

!
o
3 to 10h A where the fraction collected does not vary much with increasing

10
particle radius. At this point Ky is becoming significant in Eq. (5.2);
that is, turbulence is becoming the dominant mechanism for cepture. Brownian
diffusion pro;rides nearlly all i:he transport at the smaller sist. The
. minimum occurs near a‘particle radius of O.4 um in Fig. 5.2b, but this
size would be increased to 08 um i.,f“ir were ggeduced from 30 sec"l to L4 sec‘l’
a value suggested by Whytla;r-crey and Pattersog (1932). The clouds of
Figs. 5.2 already exist at time zero, but according to K. '-(VS.l) a fraction

(E) of the particles originally present was collected during cloud for-

e ke

mation; this effect has not been cansidered in deriving Figs. 5.2.

Slinn (1971) has dtated tmt Brownian diffusion /u the dominant
coagnlation mechanism for po.rticle radii between 10 A to 1034 A, Alkezweeny
(1971) states that Langmuir collision is the simiﬁcunt mechanism, but his ‘ri*

. colliaim efficiencies are dramatically different than those referenced




] E, (ead) 10* 103 N 10°

¥ (gn ™) 5.0, 0.5  0.05 50 0.5 0.0 50 05 0.05

Pt R

(mb) (atn) (A}
10 1.0 0.99 0.91 0.92 0.6 o.M ol 0.2 o011

950 1 10° 0.13 0.060 0.028 0.031 0,013 0.0061  0.0089 0.0031 0.0013
108 0.006% 0.0019 0,0008 =~ 0.0037 0.0006 0.0002 0.0031 0.000k 0.00006
10" 0.0053 0.0011 0.000%  0.0038 0.0005 0.0001  0.0033 0.0004 0.00005
10 .10 1.0 1.0 1.0 1.0& 1.0 1.0 0.97 0.81

.o 15 10" 0.87 0.60 0.35 0.37 0.8 0.088  0.13 0.0 0.020

’ 108 0.091 0.029 0.013 0.083 0.0095 0.0029 0,04 ©0,0055 0.0010
lo" 0.07T7 0.016 0.0059_ 0.056 0.0080 0.0016 0.048 0.0057 0.0008
10 1.0 1.0 0.99 0.99 0.90 0.66 0.66 0,40 0.21

40 1 1o2 . 0.23 0.11 0.05h4 0.056 0.025 0.012 _0.015 0.005T7 0.0026
10% 0.0076 0.0025 0.0011  0.0039 0.0008 0.0003  ©0.0031 0.000% 0.00008
10" 0.0053 0.0011 0.0Q0% » 0.0038 0.0005 0.6001  0.0033 0,000% O.00005
10 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.97

o 15 107 0.9 ;083 0.6 0.8 0.32 0.16 0.20 0.083 0.038
.10° " 0.11 7 0.037 0.017 0.057 0.011 0.0038 0.0 0.0059 0.0011

<\ 10% 0.077 0.016 0,0060 0.056 0.0080 0.006 0.0 0.0057 0.0008
N
Radius of drop (imm) 4.9 2.3 1.1 0.6 b9 2.3 22.9 10.6 k9

Table 5.1 Fraction (F, Eq. 5.3) of particles of radius

Bg‘ scavenged by a

cloud of specified liquid water cohtent (w), cloud droplet

concentration (N;) and pressure
1, 1= -20c. ‘

v = 30 sec”

JP), in times of 1 and 15 min.
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. above and since he quotes a formula by Slinn, it is unlikely this
conclusion is valid. In the following, Langmuir collision has been
neglected. A few estimates for 'the fraction collected by diffusiophoresis
are included because this mechanism is ‘importa.nt guring the formation of
a cloud and is probably the main cause for coagulation for particle radii -
- between\lo3 and 101& X. in a cloud chamber with a short residence time, such
(a.s the Bigg-Warner instrument. Brownian and turbulent diffusion are con-
sidered the mo8t important causes of nuclei-droplet coagulation.
5.2 COLLISION EFFICIENCY FOR ICE NUCLEI
According to Fletcher (1962), a spherical particle ‘must have a radius
of &t least 10 .X. in order to nucleate in one gsecond whethex: by mode (b) or
mode (d). \Less than 70 percent of particles of this size enter the cloud
droplets of Fig. 5.2b in one minute. Fletcher (1962) has '‘also shown that
a sublima.ltion nucleu;, mode (a), must be at least 100 A in radius in order
to activate in one gecond. Less than 2 percent of'u particles of ihi‘s size
enter the cloud of Fig. 5.2b in one minute. Consequently, particles which
activate efficiently by mode (a) cannot be prevented from doing so by

’

inadvertent introduction into water drops.

\

Table 5.1 summarizes the effect of some bf the relevant parameters.
s

Th® fraction. (F) of particles captured is_shown for four sizes of pa.rticies ’

two exposure times, and two pressures“in nine different clouds at -20C,
The calculations at 950 mb may be taken as representing a cloud chu;xber
clc;ud, and at 450 mb an atmospheric cloud. Since most cloud chambers have
« . residence times less than 15 ‘minutes, computations have been made for

1 minute and 15 minutes. Diffusiophoresis has been neglected (since the

t¥2

X By - - < ~
®  valde of E 18 6 x 1073, 6 x 107 and 6.x 10™° for clouds with liquid water

-, .
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Fig. 5.3 The solution of Eq. (5.3) (solid lines) for various values

of R, using the cloud conditions of Warner and Newnham (1958), .
: whose results (Eq. 5.4) are shown as the dashed line.
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contents of 5.0, 0.5 and 0.05 gm m_3 respectively at 950 mb; at 450 mb,
E increases by only a factor of 2).
Table 5.1 indicates that higher liquid water contents, lower pressures, .
and'higher droplet concentrations make a cloud a more efficient scavenger.
The differences in scavenging efficiency between two clouds are greatest
for the largest particles. It is evident that an ice nucleus counter should
maintain a constant droplgt concentlration as well as a constant ‘liquid water
content. The fraction of particles collected will also depend on the
supersaturation within the cloud; a greater number of condensation nuclei
are activated with increasing supersaturation, creating more cloud drops
with approximately the same liquid water content.
5.3 EXPERIMENTAL OBSERVATIONS
Warner and Newnham (1958) found that the concentration of ice nuclei
increased when their aerosol was allowed to co-exist with the cloud for

periods as long as 20 minutes. They obtained the empirical relation

N
4
ﬁio = 1.0k( 1&exp(-— 3%) ) (5.4)

whe;e Nt and NQO are the concentrations at time t and at 20 minutes. Using
nucleation theory alone, Fletcher (1958) explained this effect by demon-
strating that some nuclei)reéuired a congiderable time to activate, but

his numbers did no£ precisely fit Eq. (5.4). Fig. 5.3 is based upaﬂ ‘ L
Eq. (5.3) using the cloud conditions of w&rneg and Newnham-(3000 drops em™3,

2.0 yum in radius). As Fig. 5.3 shows, the observations summarized by -
Eq. (5.4) could be explained.#y assuﬁing that the nuclei were approximately

30 i in radius and that they would not activate unless they collided with

“

a droplet. The remarkable similarity between Egs. (5.3) and (5.4) ia

*
.
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further evidence that coagulation of nuclei with cloud drops is a possible
explanation of the above observations. <::}

Steele and Davis (1969) found that the measured concentration of Agl -
ice nuclei at -12C increased by a factor o{ 1000 when the liquid water
content of their cloud chamber changed from 0.8 to 2.5 gnm ml?. Although
they tentatively suggested that the effect might be a "contact nucleation
phenomenon", it cannot be completely explained on the basis of the mechanisms
described in Table 5.1, unless the droplet concentrations in the two clouds
were more than a factor 100 apart.

By heating a small amount of Agl in a test tube held iﬁ front of the
NCAR Icg~Nucleﬁs Counter, it was found that the ice nucleus concentration
at -16.5C could be varied from 0.2 to 40O litre ™t by simply raising the
humidifier temperature from 36b to 40C. This effect might be explained
on the basis of a dramati%rch&nge in the liquid water content and the cloud
drop concentration in the chamber. Visually, no appreciable change in
these parameters took place but no instruments were available to confirm
this observation. No dramatic dependence upon humidifier water temperature
was detected with naturally occurr@ng nuclei. Perhaps Agl is also directly
sensitive to the value of supersaturatioh within the cloud. Gagin and
Aroyo (1969) éupport this possible explanatioh in their Millipore filter
technique obse}‘vhtions.

. 5.4 CONCLUSIONS
v As the pressure changes from 950 mb to &59 mb (Tablexﬁ.l), the fzactions \
(F) for 10 X. and 100 .K increase by no more ths.n a factor*of 2, while those

for 1000 A and 10,000 A change even less. Consequently, Figs. 5.2 (for

T

=

950 mb) can be consulted in considening the behaviour of a cloud at “52 mb,

a
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If nucleation occurs by modes (c¢) and (d), then the effect of short (cloud
chamber) versus long (natural cloud) residence times can be estimated

from Figs. 5.2. In natural stable clouds where the residence time may be

of the order of 60 minutes, at least 10 times more particles of radius

50 K to 10,000 R will be captured than in % laboratory cloud where times.
are usually under 2 minutes. Assuming & one-to-one correspondence between
the number of ice crystals in a cloud and the number of ice nuclei that
were initially present, one would observe more ice crystals at a specific
temperature in a natural cloud than could be accounted for by an ice nucleus
counter measurement at the same temperature.

Mossop {1970) has summarized measarements which show thatlice nacleus
concentrations can be much smaller than observed ice crystal concentrations.
Hobbs (1969) and Auer et al. (1969) show that the ratio of ice crystals
to ice nuclei decreases steadily from a value of th at -5C to about 1 at
-25C. The calculgtions summarized in Table 5.1 could explain a portion of
this departure from a oneft?-one corregpondence between measured nucféus
concentrations and observea crystal concentrations. Since nuclei active
at warmer tempep?tures are p;obably larger, and the fraction of aerosol
collected by a ciéqd decreases with increasing particle size, the larger
ratio at -5¢ (10") as compared with that at -25¢ (1) is logical.

Considéring in addition the time lag effect of Fletcher (1958), li%ile .
correlatiqs can be expected to exist between ice nucleus concentrations
and observéd ice crystal concentrations, unless the mechanisms discussed
above are taken into account. Takeda (1968) has shown that if nucleus
measurements from laboratory clouds, existing for ‘1 minute, were applied

to a large updraft of 1k m sec-l, then the Fletcher time lag would not

be serious. It is probable that the effect of a "coagulation" time delay

]

i
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would also be reduced in large updrafts where the time spent betweenr

OC and ~40C is small (approximately 10 minutes in an ;pdra.ft of 10 m sec-l).
lce nuclei which could activate through modes (c) or ( ) would not remain
at any temperature level for very long, and would probably activate through
modes (a) or (b) at lower temperatures. A cloud chamber sutcessfully )
models these conditions, _

For, example, suppose that at a specific temperatture there are 10 éAgI/
contact nuclei, mode (c) or (d), to every Agl sublimti?m or condensation-
freezing nucleus. These nuclei are introduced into an updraft of 10 m sec-1
at a cloud base of +5C; the cloud droplet concentration is assumed to be
1000 drops cm_3. AgI nuclei tend to have a modal size between 102 K and

105 A (Gerber et al., 1970). During 6 minutes in & cloud of 0.5 gm m >,

2 of the 103 A and i02 A radius nuclei respectively

3 x 1073 and 6.5 x 10”
are collected. Similarly, in & cloud of 5 gm m >, 1.8 x 1072 of the 10° A
and 1.% x 107! of the 10° A nuclei are collected in,6 minutes. In these
6 minutes, the air parcel would reach the -15C level and although conta.ct:
nuclei are 10 times more numerous than other nucglei, fewer tha;l 10 percent
of them are collected. Sublimation or cmdemat:{m-freeziné would then
be the main activation mechanism. If howev!!"f' the ratio of contact to
non-contact nuclei is greater than 10, then contact m_zclea.tion would be
the dominant mechanism, ; { :

No quantitat}ve experiments have been conducted to determine\,accurately
this ratio. Sax and Goldsmith (1972) and Slinn (15%1) have discussed in-
a theoretical manner” the nuclei-droplc;t coagulation problem a; it relai:és
to the number of AgI nuclei activated in m{ atmospheric cloud. Sax and

Goldsmith (1972) have also mentioned that cloud chambers might underestimate

4
[} ’ N 3
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the number of atmospheric ice nuclei, but they do not discuss the problem
- ~
quantitatively.

In analyzing precipitation samples by freezing drops, cafe should be
exercised in ajpplying the concentrations obtained to a severe storx)n updraft.
For example, more nucle; are collected af‘ter‘an updraft parcel hat; risen
above the -15C height level than before. If a -5C nucleus is detected,
there is no guarantee that this nucleus was collected and activated at
this temperature.

If the liquid water content or adrop concentration varies in a cloud
chamber, then the readings of the counter will vary if the nucleus
concentration does not; spurious fluctuations can be introduced unless the
cloud is controlled carefully. For example, if the liquid water content
remains stable, but the cloud dro‘p concentration changes by & facdtor of 10,
Table 5.1 indicates that the "obserw”r‘ed" cancentration of ice nuclei could
vary by a factor of L. |

Agl is a very effective c,gntact-freezing nucleus but is relatively
inefficient as an immersion-f;'é;azing n.ucleus (e.g. (hfenadiev, 1970). 1If
Agl is to be used effectively forl clou:;.\ seeding, it must nucleate droplets
by contact at a gpecific tempersture and this process must not ’be pre-~
empted by the prior immersion of the particle within the cloud drop at
8 warmer temperature. This requiren;ent‘poses ma.ny p:ractical delivery
problems. t . ‘ "M) »

Laboraf;ory experiments ‘should be conducted to determine the relative

fraction of ati#spheric ice nuclei which activate by the various modes.

N

1f the percentage which requires contact with cloud drops is amall, then

the time lag des_cribed in the above can be neglected.

~
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CHAPTER VI

S
ICE NUCLEUS CONCENTRATIONS BEFORE, DURING AND AFTER RAINFALL

The questions of\whether» ice nucleus concentrations &ffect precipitatior\l
and whether precipi’tation modifies ice nucleus concentrations were introduced
in Chapter 1. ‘ This chapter examines and illustrates these questions using /
surface measurements of ice nucleus concentrations made before ’ during‘ and e.ftier
rainfalls in Quebec and Alberta. The equipment used has been described in Chap-
ters 2 and 3.

6.1 ICE NUCLEUS CONCENTRATIONS AND QUEBEC RAINFALL
Fig. 6.1 shows the i’ce nticleué concentrations near -20C and the rainfal‘l

rate during 3 convective storms and 2 continuous storms that passed over Mac-

¢

donald College, Quebec in 1967 (Isaac, 1968). The continuous storms are so
labelled because the rainfall rate remains stéady aver & long period of time.
In the storms labelled "convective", sharp and brief peaks in I‘&j‘_l:lf&ll rate
are observed,

The three' thunderstorm (convective) r;in cages of Fig. 6.1 ,a.ll occurred in
association with eastward-moving cold frpnts oriented in a northeast to south-

west line. The most dramatic features of these storms Q’E'e the sharp peaks in

s

ice nucleus concentration which occur almost simulpﬁneousl\v with the rainfall \

rate maxima. In Fig. 6.1a the ice nucleus concentration peak lags behind the

d
rainfall rate peak, but in Figs. 6.1b and 6.1c the pea.ks occur simultdneously.

Dust or ({dirt stirred up from the ground might explain the nucleus concentration
8 ‘ &

wthe first shower at 1630 EDT of Fig.

L

6.1c. However, during subsequent nucleus concentration peaks of Fig. 6.1c and

peak of Fig. 6.1b and that associated with

b 7
that of Fig. 6.la, the surface was wet before:the ice nucleus concentration

v

maximum occurreds ground. dust would not have been stirred uplea.aila(.

‘ -
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Figs. 6.14 and 6.le represent continuous rain cases. Perhaps because the

}

rainfall rates were lower in Fig. 6.le, the nucleus concentration increases
slightly with the onset of rainfall, in comparison with Figs. 6.1la, b and c.
During the continuous rainfall of Fig. 6.1d, the ccncentratit;n decreases with
the onset of rainfall! The decrease of Fig. 6.14 near 2200 EST can probably be
attributed to a wind shift from 140° at 2100 EST to 210° at 2200 EST. This may
mean a change in "air mass" was detected, or the air coming from different direc:
X tions caontains locally-produced but dissimilar aerosols. No dramatic, persistent
wind shift occurred near the nucleus concentration peaks of Fig. 6.1 mentioned
above.p i{ail was not observed during the thunderstorms of Fig. 6.1.
6.2 ICE NUCLEUS CONCENTRATIONS AND ALBERTA STORMS

Fig. 6.2 shows examples of the ice nucleus variations near three Alberta
storms. A mobile NCAR Ice Nucleus Counter mounted in a truck and directed by

the radar provided the readings. Rainfall rates, dewpoint temperatures and rela-

tive humidity have been plotted along witﬁ the ice nucleus read:%ngs. In contrast
Fig. 6.1, the measurements of Fig. 6.2 have been made over a much shorter time
interval. The equipment ha’d ba.rfely enough time to take a few readings before
. fiuctuations took place. If during the storms of Fig.'6.2 a gust front occurred
at the location, it is unlil?e]y that the beginning was detected. Because of the
shortcomings of Fig. 6.2, it was decided that the record should be lengthened,
and the truck was directed to a sgite 30 ;ninutes before the rainfall began.
The radar was an invaluable tool for describing some pertinent features of
the storms wherein measurements were conducted. For emmpl.e , on 11 July 1969
(Fig. 6.2a) the most intense portion of this small storm passed almost directly
overhead, but the storm was weakening at that particular time. On 17 July 1969
(Fig. 6.2c) the most 1ptense portion of the storm passed ph mi south of the
sampling location. The gharp drop in ice nucleus °cmcentra.t1ﬂma during the high
rainfall rate of 16 July 1969 (Fig."6;2b) may have been crea;ted because tvé:

"
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Fig. 6.5 Radar echo at 1603 MST 1k July 1969 (Fig. 6.4).
Ze differs by a factor of 10 between each contour.
&  The circle marks the sampling location for Fig. 6.4,
The dashed line refers to .the f1ight path of the
seeding aircraft.
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storms were passing, one on each side of the observing location, at approximately
1740 MST. - F »

Fig. 6.3) shows th; varia:tions in ide nucleus concentrations during é’ thunder-
storm that passed over the NCAR Counter imstalled in a trailer at Benalto. During
this early morning storm, there was a lag of about 15 minutes between the onset of

P
rain and the peaking of the nucleus conc'é‘ntration; a similar lag is 7€en in PFigs.
6.1a and 6.2a. Consequently, it is probable that high rainfall rates do not

directly produce Mrge concentrations of ice nuclei through an evaporation mechan-

e

ism &8 mentioned by Ryan and Scott (1969). v

Fig. 6.4 spmfs an interesting case of the variations during a seeded Alberta
storm. The storm was seeded from 1547 to ”1602 MST with AgI flares fixed to a
B-26 flying the updraft area at 6000 ft above ground. Fig. 6.5 shows the radar
echo cantours at 3/l+°. elevation at 1603 MST, and the ﬂig{:t path Qf the .aircraft.
The rainfall r;te at the sampling location (marked on Fig. 6.5) was less than
0.5 mm hr-l\?;nce the main core of the seeded cell moved to the SW of the 1603
MST position. ’ r

A diagram with extended scales sim;llar to Fig. 4.2, with curve B extrapolated,
would indicate that con'centrations of 20 per l1itre at -21C would be observed less
than .01 percent of thez time. Since nucleus concentrations of ‘20 per litre were
observe\d on 1k July 1969 (Fig. 6.4) and the concentration Jumped- by a factor 1000
with the &met of rainfall, it is probable that AgI nuclei wereh}de’cecte&. High
ice nucleus concentrations aloft were brought to the ground durﬁxg the storm.
The ice nucleus concentrations remained 31; e 'high level for over h hours because
the winds were very ii@t after the storm had passed.- o

As Fig. 6.9 shows, rain samples (sample B being typical) from this storm
were relatively "dirty". One cannot say that AgI was present in sample B,
although such & presence would be. expected on the basis of the cloud chamber
readings shown in Fig. 6.k. . \
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6.3 A DETAILED STUDY OF ‘WO ALBERTA HAILSTORMS

Data were obtained during two Alberta storms when therebwas & long period
(60 min) of measurements bc.afore the rain commenced and simultaneous measure-
ments of surface wind, dewpoint temperature, and rainfall rate were available
(Figs. 6.6a and 6.6b). Small shot- to pea-size hail fell during the indicated
times at the observation sites, but walnut-size hail was observed in more .
intense portions of the storms. )

The arrival of downdraft air associated with the gust front is easily
recognized at apout 1645 MST on 3 August (Fig. 6.6b) and at about ﬁ181¢O MST on

28 July (Fig. 6.6a) by the dramatic drop in dewpoint, the wind shift and the
o

increase in wind speed. These three parameters - wind speed, wind direction

and dewpoint temperature - all reacted in a& manner observed frequently by Byers
and Braham (1949) during gust fronts. On 28 July, the concentration of ice
nuclei increased simultaneocusly with the gust front; a similar, though less

4

evident increase occurred on 3 August. .
Fig. 6.7 and Fig. 6.8 show the radar echoes for these two storms disp;.ayedé
in HARPI* format (Zawadzki and Ballantyne, 1970) at 1900 MST for 2§ July 1970
arld at 1751 MST for 3 August 1969. In these figures, each section or panel
shows the eci‘xoes in an annular ring, 3.2 km deep (i.e. in range), centered on
the radar range indicated; coordinates are azimuth from the radar and height
above éz‘omd. The secticx;e are so arranged that one can imagine them as pro-
1’5.1es0 of the storm at rdif‘ferem; distances from an observer, incréasing from the
bottom upvards. Fig. 6.8 was prepared electronically, and Fig. 6.7 by hand-
construction, from the appropriate PPI gcans. In both diagrams the:locaticm of

IEX)

the mobile trtfck, where the observations of Fig. 6.6a and Fig. 6.6b were made ,

2

* HARPI: Helght-azimuth-range-position-indicator
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is indicated by an arrow. Radiosonde data, obtained at the radar site at

1530 MST on both days, provided the indicated temperatures. At the time of the
HARPI seétions, rainfall at the observing sites of Figs. 6.6a and 6.6b was near
its p;ak value. ‘

The storms of Fig. 6.7 and, Fig. 6.8 were moving from 280° and 290° respec-
tively and to the right of the wind vecto; at middle levels. On the southern
edge of both storms, an overhang suggests that an updraft!is‘beneath and inside
this portion of the echo, consistent with the arguments of Chishglm (1970) and
Marwitz (1971) as developed through extensive measurements in Alberta. There
is a large gradient of reflectivity in both storms below the overhang.

The core of the intense precipitation passed to the south of the observing
site on 3 August 1969 and north on 28 July 1970. The wind shift was much
sharper and the ice nucleus concentration increase during the precipitatiomr was
greater on the latter occasion (Fig. 6.6a) than on the former (Fig. 6.6b),
although the dewpoint drop of Fig. 6.6b was greater. These differences are
probably due to the gelection of the sampling location within the storm, rather
than any great dissimilarities in structure og radar pattern between the storms.
6.4 DROP-FREEZING MEASUREMENTS

' Fumulative concentrations of ice nuclel within rain samples collected in
Alberta (Fig. 6.9) were determined by the measurement technique described in
section 2.3. This technique is very useful because it specifically detects
only jimmersion-freezing nuclei (see Chapter 5)‘infactusl precipitation s;mples;
the operative nucleation mode is africtly specified.u Cloud chg?ber measurements
for some of the time periods indicated in Fig. 6.9 are documented in sections
6.2 and 6.3. For curves A, B, C, E and G, another sample was collected simul-

taneously about 4 feet away and later analyzed independently by Vali (private
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communication), and the resultant cumulative concentrations agree with the
comparable values of Fig. 6.9 to within a factor of 1.5 for any temperature.
The maximum and average rainfall rate occurring during the collection of

each sample is shown in Fig. 6.9 along with thestime the collection was made.

I
Sample H represents a mixture of rain and hail (shot@ to pea-size). Sample F

&

was collected in rain immediatel& following a hqilfall. Al;hough Vali (1971b)
has suggested that high rainfall. rate samples aﬁd hgil have higher concentras
tions of immersion-freezing nuclei, curves H ané F,,wﬁich fuifil either or both
of these conditions, are relatively-"clean', at temperatures warmer tﬁan -15C.
The "dirty" samples,)A and B, ;Zre both collected during low rainfall rates;
however, sample Bimight have contained AgIl since the 1k July 1969 storm was
seeded (se;tion 6f2). ' '

From this limited number of samplés, it appears that precipitation oncurring
at a very low rainfgll rate may have ?igher concenfrations of immersion-freezing
nuclei at temperatures warmer than -15C than precipitation occurring at high
rainfall rates. This observation is consistent with the data of Engelm;nn ‘and

39

Cl, a cosmogenic radionuclide,

o

Perkins (1971) who found that concentrations of

ingreased with small rainfall rates, Engelmann and Perkins (1971), after
pin pit s ‘3 .
summarizing the obser 2 of other authors, conclude thgt there is a definite

inverse relationship between aerosol concentrations in rgin and rainfall rate.

“ .
t .

\
Rainwater collected during drizzlé-like rain might have a longer cloud residence
time, thus allowing more aerosol particles to coagulate with the cloud drops
s N
(see Chapter 5). This observation of an inverse relation between nucleus con-

-

centration and rainfall rate is in disagreement with the measurements’ of Bishop

°

(1968), but agrees with those of Isaac (1968) for the 28 July 1967 storm.

Cleérly,'interpretation of drop-freeziﬂg measurements/QS difficult.
o : ’, :

-




The ~loud chamber results of Figs. £.2a, 6.2b, 6.2c and Fig. 6.6b can be

oompérod with the droplet-freezing curves I, E, D and F respectively. A higher
level of cloud chamber nucleus concentration measurements would show that more
nucled were available go collide with the precipitation. The égncentrations of
Figs. 6.2b and 6.2c are at least a factor of 10 ;part during their respective
precipitation sample collection times, but the corresponding curves, E ang D of
Fig. 6.9, are very similar. Extensions of the curves H and F would be almost
a factor of 10 ;part at -20C but at, the corresponding collectian times in Figs.
6.2a and 6.6b, the ice nucleus chamber concentrations are almost the same.
There appears to be no correlation between the immersion-freezing nucleus con-
centrations of Fig. 6.9.and the NCAR Ice Nucleus Céunter measurement% during
.the respective sample collection perigd. Considering the nuclei-droplet coagu-\
4

lation problems mentioned in Chapter 5, this lack of correlation should not be

unexpected. s
LSs ‘
£a E

6.5 POéSIBLE EXPIANATIONS OF THE OBSERVATIONS

A few possible capses for ice nucleus concentration increases associated
with the thunderstorms of sections 6.1, 6.2 and 6.3 are discussed below,

1) Air entering the storm through the updraf%, or due to entrainment,
gould have contained large concentrations gf ice nuclei. However, the updraft

D
air would “probably mix with the surface layer, and ground messurements would

s
show a gradual increase before the sto

4
ed into the thunderstorm downdraft. Ice

2) Ice nuclel might be concentrs
nuclei in the incoming air could be trapped in the storm ﬁhen they initiated
drop or crystal formation themselves, or b; coagulation with existing precipita-
?ion; When this precipitation falls out; and drops evap;rate, they would enrich -~

the surrounding air by releasing ice nuclei, The facp'thét peaks in ice nucleus

~
u &
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concentration do not always coincide wikh rainfq%l.rate maximums creates a

' ‘ problem for the above hypothesis.
. ‘ i N .
}l;;gartfcles~placed in the downdraft might be preactivated ice nuclei.
¢ However, it is unlikely these nuclei could survive in the warm surface air.

4) High winds in the vicinity of thunderstorms blow up dust which could
: be a good source of nuclei: This hypothesis has been strongly advocated by
3 " Rosinski et al. (1971), and Vali (1968) has shown théiﬁ:z?Tkgﬁ a relatively
good nucleatiﬁg material. Howeve), both in Quebec and-Alberta, on\dry days
with high winds no great increases in nucieus éoncentration are ob;erved.
During thundewrstorms the additional inhibition of & wet ground surface would
retard any dust pickup by the wind.
5) An unusual change in a meteorological parameter, such as relative
g humidity or tempera£ure, iq.the downdraft might enhance the activity of the
nuclei. No evidence was collected to support this hypétﬁesis, but a change in
the above parameters might modify the cloud characteristics in the cloud chamber,
and according to Chapter 5, change the measured concentration. IbmpeQatures
within the chaﬁfer were monitored and'hid not vary. An artificial source of
condensation nuilei kept the éloud drop concentration constant. The Qewpoint
temperature d}ob during thunderstorms might ;educe the liquid water content in
the chamber, but this would reduce the nuclei-droplet coagulation efficiency
(mgntioqu ;n_Chapter 5) and po§;ibly the ice nucleus concentrations. LThe
observations show the concentration increases; the variations are not due to
}nstrumental rea;ons.
. 6) Gabarashvil% anquﬁrtsivadze (1968, 1969) discuss how both electric '
field and eléctric cﬂarggs influehce ice nucleus formatiqﬁ. In a thunderstorm,

some electrical mechanism such as lightning, by charging particles or creéting )
® .

e
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new ones,- could either produce more. ice /;z‘aclei or more effective nuclei‘.

Isono and Talnaka (1966), Ryan and’ "Scott (1969) and Rosinski et al. (1971)
suggest that the first, second and. fourth mechanisms respecti&ely are the
primary causes of nucleus concentration increase during & thunderstorm. The
first two papers mentioned above each contained one storm example with less
detailed data than any of the A)J‘.bez_'ta or Quebec st;orms documented in this thesis.
Rosinski et al. (19’(‘1)» state that "concentrations of ice-forming nuclei, which
derive from soil particles, increase during storms up to 100 times the pre-storm
value". Some of their data are similar to that in Fig. 6.1, although their data
are not as detailed (time resolution). The theory of Rosinski et al. (1971) is
attractive, but some of the above observations illustrate difficulties with such
8 hypothesis. -

Based upon dt?.ta in this thesis, one ca.nionly canclude that large increases
in surface ice nucleus concentrations are observed during-etorm precipitation.
One cannot state that the storm existed within a region of higher ice nu;:leus
concentrations or that it created the condition. Ragette (1971), using pibal
observations in and around Alberta‘hailstonn‘s » has concluded that downward
motioEs exist throughout most of the radar echo region. The downdraft core was

usually located in the rear portjon of *the echo, although it was once situated

«, in the central portion of the echo. From thé observations of Ragette, it

appears that the high ice nucleus concentraetions occur in the storm downdraft.
The»observa.tion of Ragette, that the downdraft core is usually in the rear por-
" tion of the radar echo, would explain the atendency for the maximum concentration
to occur after the rainfall rate maximum (see Figs. 6.la, 6.2a and 6.3). Figs.
6.6a and 6.6b support the hypothesis that the ice nucleus concentrations in-

crease during the storm downdraft; in these ‘cases, the increase occurred with

the arrival of the gust frant (downdraft ai}). " Fig. 6.4 suggests that Agl

o
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released aloft was bxlought to the surface in a downdraft occurring during the
precipitation.

There does not appear to be any difference betwéen halling and non-hailing
storms in terms of the intensity of the ice nucleus concentration fluctuations
near -20C. This can be seen bx; comparison of Fig. 6.1 with Figs. 6.6 and 6.2a,
if one remembers that the concentration increases by a f?btor 10 for a 4 degree
drop in chamber temperature (Mason, 1968). The Alberta ‘storm concentrations
are very\ similar to the values obtained in Quebec during storms.

Curves D and B of Fig. 4.2 are not directly comparable because D was obtained
during the winter in Quebec while B is formed from summer measurements. Howev;ar,
from 29 July 1971 to 2 August 1971 the geametric mean concentration of 372 samples s
each of 150 litres in size, at Macdonald College, Quebec was 0.28 per litre at
~21C.  Using this short-tevrm measurement of only U4 days, there is no difference
between summer and winter concentrations in Quebec. The summer measurements show
that Quebec concentrations might be a factor 2 higher than in Alberta. This
difference is not considered significant when compared with a geom;tric standard
deviation of 3. Consequently, there is no evidence to suggest that ice nucleus
conce'ntraa.tionsr or fluctuations at -20C in Alberta and Quebec are different. ¢
6.6 A POSSIBLE FEED-BACK MECHANISM IN CONVECTIVE STORMS

Could the increases in ice nucleus concentration feed back ax;d influénce
the st;orm itself? This question is a real Sne if high ice nucleus cmcentmﬁions’
in the downdraft ;lnix with the updraft and thus affect the storm.

For example, Fig. 6.10 shows the 43.4 km HARPI section éor 28 July 1970 at
1900 MST (reproduced from Fig. 6.7). The data of Fig. 6.6a were obtained at

the position indicated by the arrow. The position of the gust front F at 19oo

MST was estimated by assum:l.ng the gust f‘rcut passed the 8ite at approximately

3

1830 MST moving at the storm velocity of 4.5 m sec = from 280 . The height of

sb3-
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the cold dome (hatched area) was taken to be several thousand feet as observed
by .Byers and Braham (1949). Arrows are drawn to indicate the updraft and cold
dome air flow in the plane of the section.

For any storm similar to Fig. 6.10, the observed higher concentration of
nuclei at the surface gust front would probably mix with the updraft air ahead
of the storm. If it is assumed that air within the whole vertical extent of
the cold dome (instead of just at the surfaqe) containg higher concentrations
of ice nuclei, then this nucleus-rich air would mix with the updraft air all
.along the updraft-downdraft shear zone aloft. Chapter 7 examines whﬁt would
happen to the ice coniglt of the updraft if this situatlon occurred. The data
of Figs. 6.6a and 6.6b indicate that, at least for a considerable fraction of.
the time, it is likely that the greater concentrations in the downdraft mix

intoc the storm updraft.
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CHAPTER VII
THE ICE CONTENT OF A SEVERE ,STORM UPDRAFT ’

Three different methods of evaluating the rate of\ roduction of ice within
a storm updraft will be described in this chapter. Jiusty (1968) (section 7.1)

has calculated the critical concentration necessary to increase the ice/water

concentration ratio. Using the drop-freezing technique of section 2.3, and (

known cloud-drop sizes, the fraction of water frozen in a cloud be estimated

’\(section 7.2). These two methods will be compared with the ice content esti-

mated Py activating ice nuclei according to a specified nucleus concehp\ration
versus temperatiire relation, and then growing the~ crystals by sublima.ti;n in a
severe storm updraft (section 7.3). ]
7.1 CRITICAL €ONCENTRATION OF ICE NUCLEI

According to Fletcher (1962) the supersaturation (S) in a convective cloud

)

can be specified as:

ds dm
at - YWY

where Q and Q, are thermodynamic functions evaluated by Squires (1952), v is
the updraft velocity, and %—% is the condensation rate, If %SE equals zero, then ’
am _ 4
at * .
% . |

The growth rate of an ice crystal by diffusion (Fletcher, 1962) is given by:

C

—— - 1
) T 4aCG Sip

1

where G' is a thenizoéynamic function, S, is the supersaturation with re€spect to

i
ice, and Py and C are the ice density and crystal shape factor respectively. If

the supply rete of moisture to the cloud equals the extraction rate due to L

»

-
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A

Rl

T Q,l/Q_2 Vapour supply Critical ice
dm/dt nuclei N

()  (em en™) (en sec™ en™3) Yy

-5 1.285 x 107 6.42 x 101° 340

-10 1.045 5.23 180

-20 0.623 3.12 105

-30 0.323 1.62 85

-4o 0.1k7 0.735 80

Table 7.1 Critical concentraticn of ice nuclei (N.) required

"for the ice/water concentration ratio to increase.
. The crystal radii and updraft velocity are assumed

to be 100 um and 50 cm sec=l
(After Jiusto, 1968)

Ve

respectively,
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plane dendrite crystals (C = g—i—) graw;[né by sublimation, thed

4/
Ye ~Ba'Sp,T
If there is ome crystal created per ice nucleus actiwte§, then Nc represents
the critical concentration of nucleil needed for the i;e/wa.ter concentration
ratio to increase. Jiusto (1968) has computed N, for an updraft velocity of
50 cm sec T and a plane dendrite crystal of radius 100 um; his results are
presented in Table T.1. At -20C one needs approximately 100 crystals per litre,
and if the updraft velocity is increased to 10 m sec-l, 2000 per litre are b
required. The critical concentration of crystals increases if the crystal siée
is reduced. Normally there is one ice nucleus per litre at -20C (Mason, 1968).
Since the c”oncentratioh of ice nuclel increases by & factor 10 for every uiC
dropy in temperature, the ice nucleusg concentrati&on would approach the critical
concer'ltra.tion of Teble 7.l near -30C. In an updraft of 10 m sec'l', with a
realistic crystal diameter of 20 um, one, would nee;d 2 x 10h times normal back-
ground ice nucleus concentration in order for the critical concentration to
occur at -20C. .
T7.2. THE DROP~FREEZING ESTIMATE OF THE ICE CONTENT
The tota%:lmmber of drops frozen in a cloud can be eétimatéd using the
results of the drop-freezing experiments described in section 2.3 and agsuming

the droplets have a volume V. Using Bq. (2.1), the fraction £(T) of drops

frozen within a cloud can be specified as Vali (1968):

r(r) - MUL=FI L - expl-wk(n)] .

By specifying K(T) as in the dashed line of Fig. 6.9

K(1) = ¢, expl0.576(273 - 1)) ” >

(Y . =

&



¢, (nuclei em J) -khe -40C -36C -32C -28C “2lC -20C

7.14 x 1073 0.95 0.26 0.03 0.003  0.0003 0.00003 O.000003
7.14 x 1072 1.0 0.95  0.26  0.03 0.003  0.0003 0:00003

7.14 x 105 1.0 1.0 1.0 1.0 1.0 1.0 0.95

i

Table 7.2 Fraction of drops (20 pm) frozen for a few values of
temperature and Cl'
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whére C, equals 7.1k x 1072 nucled cm-?. For a drop diameter of 20 um, Table

7.2 indicates the fraction frozen for seven temperature levels as well as three

values of Cl. The two lower values of C1 cover thé range of conceﬁtratiqga*o?/

Fig. 6.9. Increasing the drop dia.meter by a _factor Ol/3 has the same effeét

as increasing C. by a. factor 10. From Table 7.2, it is apparent that in" order

1
to freeze the entire clo.ud at -2OC one would need a value of. 7.1k x 103 for Cl
or ].O5 3 specified by the

times the number of immersion-freezing nuclei per cm

dashed line of Fig.,6.9. . ' f;’ N
. ’ _ \
7.3  UPDRAFT ICE CONTENT VERSUS HEIG " o

There are a few defects in the models of sections 7.1 and T.2.- The criti-

N
\

cal concentration method of Jiusto suffers because the crystal size must be
v g
specified, and in a severe storm updraft where‘\ime is limited, a realistic

value 1is d'ifficult to estimate. Although the rate of moiature supply equals ’

C - - Q ‘v

the extrhction at critical concentration, the time required to freeze the entire
¢ +

cloud may bg’ significant. The drop-freezing téchnique does give an estimate of
the ice content, but it is not directly dependent upon updraft velocity. If

the agsumed cloud drople%' radius were held Z:cnsta.nt an updra:t‘t; of 1 cm sec"l

i

would glaciate at the same level as a severe storm upd.raf‘t The drop~freezing

model does not consﬁer the effect of a.lready-frozen drops growing either by

[
&

sublimation or accretiom. S

A simple model was developed to help solve some of the a.bove problems. A
e
pa.rcel of air was assumed .to rise at 10 n sec + in a water-saturated envirenment’
with a lapsé rate of 6.6C~km l. The. melting level (0C) was taken to be 650 mb..

Spherical crystals grew by diffhsicn according to'

am (T ,T) hnD(T)p /pg | B, 3
< o~ _ | s = M T, Y3 L (7.
- ar 1+ 0(T) L va' [P (T) - ] [ Ps] ‘ ( zFletcher, 19%2)

K(T)

iy . J ® A




where:
MC(TO,T) = mass of crystal (activated at To) at temperature T
T = temperature ’ o
Pw(T) = saturation vapour pressure over water at temperature T .
Pi(T) = saturation vapour pressure over ice at tempe T
R = universal gas constant )
D(T) = diffusivity of water vapour in air
L = lat;x\t heat of sublimation
P, = density of ice (0.9 gn cm—3) o~
f}y = density of vapour
Mw = molecular weight of water
t = time

The initial radius was assumed ato be 1 um. The number N(To) of ice nuclei
activated in a specific 1C temperature interval was determined from: ’
N(TO) = 8.7 x 1073 [exp (0.576) - 1] exp [03.576(272.5 - T)] (7.2)
nuclei/kg |

whic;l was calculated using the assumptions that there exists 1 nucleus per litre
at -20C and 900 mb and ‘that the‘ con:entration increases by a factor 10 f;>r every
4C drop in temperature. These assumptions form the basis for the generally
accepted ice nucleus spectrum between -10C and -30C (Mason, 1968; see also Fig.
1.1). The assumed concentration at -20C does not correspond to the values pre-
sented in Fig. 6.2 and Fig. 6.6 or Fig. 4.2, but the NCAR Ice Nucleus Counter ¢
is agsumed to produce a low reading and co;lsequently, the more acceptable
standard of 1 per litre found around the worldﬁhas been adopt;d.

"The ice content Ic(T) at a specific temperature T in the updraft can be

expressed as: T ’ -

(M = ) M(T,,D) K1) ov/ke (7.3)
) TO=O )

L8 : ‘
- - :
.



A

TEMPERATURE(C)

J

o
O

RERNE

7

'I\.,
)

¥ |0"2
ICE CONTENT (gm m3)

Ice content Io(T) of an updraft of 10 m‘sec-l.
Jepresents a different ice nucleys concentration vs tem-
When I.(T) approaches the cloud liquid
water content, the model becames meaningless.

perature relation.

e;c (km)

. Ol
" HEIGHT ABOVE

10

Each curve

S




[

o

Pig. 7.1 shows the results of a computer solution of Eq. (7.3) obtained by

~ o

-mtegratlngﬂq (7 1) for t1_me SIQS equlvalent to 1C temperature intervals.

q

I (T) has been conver,t&l into the more useful units of ;gm m 3. Thei curve

1abellgd "background' shows the amount of 1@ the cloud wole contain usisg

the nucleus spectrum of Eq. (7.2). Fhe curves label],ed 10, 103 and 106

indlcate the 'ice content Wyen the background’ ice nuclet\s concentratlorx (1 nucleus

’ o

_per litre at -20C) is multiplied by this factor. These curves represent seeded’
N .

o

updrafts. ’ ) b ~ N ‘ ) <

The ' above model (Eq.F7.3) can be clarified by introduction of the following

Al

-

four mlations: . .o®
aT .
) —&E - -Kl (a')
R 4 N = Noe'K2T (b) , .
. , _ \ - ’ (7.4)
. -g—t - v ()
aM /3 \
. ax - ,K3Ml (d) : - .

i
5

Kl’ K2 and KS\ are constants, v is the updraft veiocity, ’z 1s the height above the
-~ 0C level, M is dn individual crystal mass, and N represents the concentration of
nucleh active at temperature T {Celsius) or above. ‘No is equivalent to the value

\ - .
of 8.7 x 10 3 in K. (7.2), if K, equals 0.576.. Egs. (7.4) lead to the follow-

2
" K
ing:
“ 'a,

. : 'EK K, 2 , ’
PO 1(2) - 3{; (MK) “ne?l s

Eq. (7.5) differs from By. (7.3) (used for the computer soiﬁtion) only in that

4 4

K3 is assumed consta.nt Since over the tempé’ﬁrature range -10C to -4OC, K3, as

iy

N -def':'med by Eq. (7. 1), variesg by only a factpr of 1 .5, this assumption does nat

introduce large -errors im ‘the d’omputation of I .

£

2



As Eq. (7.3) and Fig. 7.1 show, increasing N(TO) for all T by a,factor,
of 10 S1imply increases the i?e eontent,{{c at a specifit temperature level ten-
f'old. 'This obsexvation is independent of the assumptions usefd in computing
MC—(TO,T\ and of the value of 0.576 used in the exponent of N(TO) . The ice
content for each curve of Fig. 7.1 increases exponentially with height. Not
only does the approximation K. (7.5) verify thg_ tv'ro above conclusions, but
this equation predicts that an increase in updraft velocity by na factor of 100
would decrease the ice content at any level by a factor of 1000. Further rom-
puter calculations _have shown that this prediction is Vt;.lid when K3 is not
held constant but is specified as in Eg. (7.1). |

)

The height at which a glven concentration of iée is obtained (Fig. 7.1)
decreases by approximately 0.75 km (i.e. L4.5C) for each tenfold increase in
nucleus concentration. The ice content at any level in Fig. 7.1 is directly
prop?rtionai to the ice nucleu§ concentration at any temperature (Eq. ?.3).
7'.14 MODE?, ASSUMPTIONS . |

2 L)
‘Many variables ‘used in the model of section 7.3 (such as updraft velocity,

L2
the lapse rate, the value of 0.576 in Eq. (7.l), supersaturation, and the

crystal shape (spherical) and dengity) have been assumed constant and indepen-
dent of tempera.tuf’e or heighf;. Cloud droplets were not allowed to freeze, and

crystal growth by accretion was neglected. Most of the above assumptions ‘were

checked to test whether their inclusidn radically changed the results of the

‘
\

model., .

+
» ‘ @

The loaded moist adiabatic updraf‘t velocities determined by Chisholm (1970) -

%
uSually increase from the melting level but rarely exceed affactor of 2 or 3.4
of the -5C value. Since ].O m sec (used in Meg. 7.1) is a typical value for

the storm updrai’t core between oc and -5C for either & Bmal_l, medium or high

N

PN . ’
3 Ay , .
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energy storm (Chisholm, 1970), the updraft at lower temperz;tures would be
slightly: higher. Eq. (7.5) predicts that if the updraft velocity between -5C
and -hoccwas up to a factor of 3 higher, the ice content at: these temperatwres
would decrease by a maximum of & factor of 33/2. ‘
The,value of 0.576 in Eg. (7.2) was obtained by assuming that the ice
nucleus concentration increased by'a factor of 10 for a 4C drop in temperature.
"Fig. 1.1 shows this is a reajsonable assumption for North America, and Isaac

(1968) showed that ice nucleus ¢oncentrations in Quebec followed & similar

L4
temperature dependencé between -15C and ~30C., Some ice nucleus temperature

24 [
fal ¢ >
< W

spectra obtained in Alberts in 1970 suggest a®Pactor of 10 inclrea.se for z;. 3¢
drop in temperature between -15C and -30C. Holding the‘co;xcentra.tion at -20C
constant, Eq. (7.5) predicts that if the temperatu‘re dependence took the,form
of a tenfold increase in concentration for a 3C or a 5C drop in 'temperatt‘lre,
the ice content at -40C would increase by a factor of 30 and decre‘ase by a
factor of 7 respectively from the - 2lues of Fig. 7.1, whiles that at -20C would
remain within a factor of 2. The assumed nucleus concentration at -20C would
'still have to be increased by a ;‘actor 105 in order to completely gla.ciate‘ the
cloud. A serious difficulty in the .selection of the V&iue‘ of 0.576 in Eg. (7.1)
is the 1a.c3<, of mea;wements between -30C to -40C where ice contents become
appreciable; measurements from -10C to -30C must be extra,pola:ted to lower
temperatures. Tﬁe drop-freezing technique for determining "fraction frozen"'
also suffers from this lack of data. ¢ g

The air was assumed to be saturated with respect to water. Although in a
severe storm updraft s]..ig‘htly supersaturated air with respect to water can be"

‘expected, the “value of supersaturation with respect to ice would not‘ be modi-

fied enough to.si!gnificantly affect the crystal growth rate. 1In a sevene

4 €
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Alberta storm, the concentration of water and ice combined can range from

-3

7

2.5 gmnm S to 5 gnm S (Chisholm, 1970). When the value of ice content in
Fig. 7.1 approaches this combined ice and water concentration, the air will *
no longer remain saturated with respect to water but will approach saturation
with respect to ice; at this point the model becomes meaningless.

For a given value of ice‘content , the ice crystal size distribution is
approximately the same for any of. the curves of Fig. 7.1. If the sl;>pe> of the
background curve of Fig. 7.l changes at a particular value of 1_(T), aue to
coagulation or Splintering of the crystals or even depletion of the cloud water
(resulting in unsaturated aif with respect to water), the 10x-curve would change
by a.n equal a.mount at the same value of ice content the two curves would main-
tain the same separation. Coagulation or splintering ‘of the crystals, or even
depletion of the cloud water, would not greatly affect the conclusion that the
height at which a specific ice content is obté.ined decrea.s:es by O0.75 km for a

o L

factor 10 increase in nucleus cacentrafion.
. _ 2
2
The above “model considered sublimational growth of spherical crystals.

°

Another model was used, in which the crystals were planar, and growth was by
riming as well as by sublimation. The® following masgs- size relaticmships we;gs/

used, following Nakaya and Terada (1934):

-

Crystal Type . Mass-Size Relation R 4
' = » 1/2 - ~
1. Planar ungimed | LTy = (mc/0.00152) | .
2. Partially rimed r, = (mc/0.0108)1/ 2
3. Heavily rimed rc‘ = (mc/o'.52)l/ 3

m, and T, aré the crystal mass (gm) and radius (em) re@ect;:lvefy, and approin:i-
ate expressions for growth rates by riming or sublimation (Jiusto, 1971) were ‘e

ugsed. Planar unrimed crystals were grown exclusively by sublinn’tim. When

v




the calculated growth rate for accretion exceeded that for sublimation,

»

growth proceeded by riming alone, assuming the second mass-size relation listed
above and a liquid water content of 5‘ gm m-3. Af'ter the crystal mass reached

4 x 10_3 gm, riming growth continued using the third mass-size relation above.:

L

The terminal grystal velocities were calculated using an expression démved
by Langleben (1954). Jiusto (197‘1) has used the apove model, with the three
crystal mass-size relations, to describe crystal development and glaciatipn in
a layer cloud with a constant temperature. His restrictions were relaxed in
this study; the crystals were assumed to be growing in a water s?,tura.ted parcel
rising at 10 m sec” ! with ice nuclei being activated according to Eq. (7.2).

At -4OC, crystals which had activated between ~1C and -11C were "heavily

rimed", those activated between -12C and -27C were-"partially rimed" , and the
rest were still growing by sublimation. The greatest concentration of ice mass
was due to crystals still growing by sublimation, because they were far more

numerous. The curves of Fig. 7.1 remain valid since, using. the above model,

LA

IC(T) would incredse less than lp peércent for all heights; thus, growth by

riming can be neglected in the calculation of the ice content of the updraft.

4
»

However, crystals grew as large as 0.5 cm in diameter, with an estimated fail .
veiocity of 1.3 m sec—l. The model of .Fig. 7.1 cannot be extended to low

updraft velocities where crystals l\growr large enough to start falling out of

i

the cloud. .o
7.5 -SUMMARY . ' ' .

Two usef‘ul conclusiong, which do not depenq critically on the assumptlons,

.

can be obta.lned from the mod?( of Fig. 7.1, , :

1. ) The updraft ice contpnt ‘at any level or tempera.ture is directly

> »

proportiona.l to the concentration of ice nuclei : v

) , ’ ,'53,'




|
® 2.) To completely freeze all the water at -20C, in an updraft of

3

10 m sec“l witﬁﬁgn adiabatic liquid water content of 5.0 gm m , the normal

background concentration of nuclei must be increased by a factor between 105

and 106.

¢

Since the increase in concentration oBserved in the storm downdréfts
v

(described in Chapter 6) was never mich more than a factor of 10, mixing the ’
updraft and downdraft air gpuld increase the up&i&ft ice nucleus content by
g smaller factor; according to Figl 7.1, the ice Eontent at any temperature
level would not change more than tenfolh. | § |

sBecaQse the higher nucleus -concentrations in the dougaraft might latér
mix with the upar&ft,~the growth of hail ;ould be affected. English (1972)
has shown that, for a medium energy storm (Chisholm, 1970), Qecreasing the
"freezing level" by QF would reduce the diameter of hail whi¢h had trajectories
reaching, -35C by more tha# a factor of 2 in diameter. The largest hail never
reaches the -35C level and remains uninfluenced. To reduce heil completely,
al} the cloud water must freeze by -20C in a ‘medium energy storm. It is.
unlikely that ; factor of 10 increase in ice nucleus concentration’within the
updraftuwodid fre€ze enough cloud waéer to dramatically affect hail preduction.
The effect on weaker storms might be more pronounced. The concentration of
hail embryos might iﬁc}ease, but this possibility has’not been studied.

Fig. 7.1 indicates that in order to freeze all the cloud witer at -20C in
a l0ms c°1 updraét, one would have to supply between 105 and lO6 times the
normal goncentration of nuclei. The drop-freezing f;chnique {section 7.2)
in&icatls that the qﬁcleus concentration in the cloud droplets would have to be

increaged by the sﬁme amount. The critical concentration method (section 7.1)

predicts that 2 x th times background is necessary for the icefwater concen-
u ) 4 ! ' . ! s
tration ratio to increase at -20C.’ o -

- ¢
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CHAPTER VIII .
CONCLUSIONS

This cha’pter briefly summarizes conclusions which have bcfen described
in sections 4.5, 5.&, 6.5 and 7.5. These and other appropriatq:fections
are referenced in the followiang discussion.

Ice nucleus.concentrations near -20C have been measured with an NCAR
Ice Nucleus Counter; although this instrument has many defects ,c measurements
described in section 4.1 indifate that th.e magnitude of fluctuat‘:ions in
concentration is similar to data obtained using other techniques. Four
different types of ic;e nucleus counters i)roduce log-normal distx"ibutions of
ice nucleus concentrations, with approximately the same geor;xetric standard

°

deviation, when measurements are made over a sufficiently long period such as
several weeks. Over periods of one to three hqurs, when the concentration
appears steady, the theoretically expected Poisson distribution was found‘to
fit the 'data (\section l&.,2). Many meteoroa.o:;ical parameters are distributed
log-normally; ;‘or exdmple, it was found that frequency distributions of hail-
fall rates, hailstone dimensiong and rag;a.r- reflectivities of hail samples were
" log-normal (section 4.3). , i

In Chapter 5 it was shown that aerosols of ice nucleus size require a .
considerable time t6 coagulate with cloud drops. Ice x;/ué/]:eus cjoud chamber CT
qour;te‘rs, with short cloud residence times, m:{ght seriously underestimate

concentrations of immersion-freezing or contact-freezing nuclei which woul
‘ ‘ rM’
activate in long lasting stable atmospheric clouds. However, thege cloud

" chambers probably estimate realigtically the nimber of ice nuclei activated in

' severe storm updrafts (section 5.4).

v -

4 . . ! v
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Large increases (factor 6f 10 or higher) in-ice nucleus concentrations
at -20C are measured during precipitation in,Quebec andAAiberta thunderstorms.
Ragette (1971) states that downdrafts are present in the precipitation region
of Alberta storms and evidence’was presented in Chapter 6 to show that ‘the
observed high ice nucleus concentrations’are ;ssociated with these downdrafps.
Variations in ice nucleus cqﬁcentrationg and the level of concentration are: °
similar in both Alberta and Quebec thunderstorms and for 'hailing and non- |

hailing storms (section 6.5). ., . . t

No evidence was found to guggest that -ice nucleus concentrations in Alberta

- and in Quebec (at -20C) differ significantly either in absolute magnitude or

in the scale of fluctuations. Hour-to-hour variations can be greater than any

slight difference in long term means of concentrations between the two”

“ provinces {section 6.5). : .

If the hig@pr ice nucleus concentration in a storm downdraft mixes with
the storm updraft, no dramatic change in ice content of the updraft core is to
be expected (section 7.5). A tenfold increase in ice nucleus concentration

would increase the ice content at any level by the-same proportion; the level

. ‘.
', -

at Which any given ice content is found is lowered'ﬁy 0.75 km. In ordertio
seed a ‘storm updraft of 10 m gec-1 and complétely glﬁciatefthe‘c}oud by -20C,
105 to 106'times the ngrmal background concentration of ice nuclei is required.
These conclusions were obtained from the model developed in section T-35.
calculations usiné the drob-freezing model of section 7.2 and the critical
boncen;ration meihod of section 7.1 indicate that.these conclusions are

. °

reasonsable.

.t ~
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