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Surface atmospheric ice nucleus concentrations at -2OC have . 
f 

been measured near Montr,eal, Quebec and Red Deer, Alberta. Frequency 

distributions of ice nucleus concentrations at these locations 
~ 

and a t others in France 1 Aus tralia and New Zeala.nd, are log-normal 

w~th geometric standard deviations between 2.6 and 3.4. Concentrations 

of nuclei at -2OC are apprOXi",ly the SaIne in both Alberta and 

Quebec; hour-to-hour var~ations can be greater than any slight 
~ 

difference in long term means of concentrations between the two 

provinces. 

Large J ' \ 0-
increases in ice nucleus co centration at -2OC occur dur1ng 

precipitation (downdrafts) of Quebec and Alberta convective atormB; 

there 18 no significant differenee between hailing and non-hail1ng 

storms. If the observ~d ~igher iee nucleus concentrations in the 

-1 storm downdraft mixed with a storm updraft of 10 m sec 1 Icaleulatiohs 

indieate that no dramatic cbang~ wou1d occur in the ice content of 

the updraft. o 
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ABSTRACT 

ICE NUCLEI AND rONVECTIVE STORMS 

, 
Surf'~ce atmospheric ice nucleus concentratltlfl..S. al -20C have been 

measured near Mont~eaî, Quebec and Hed Deer, Alberta. Frequency dlstribulions 

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

Australia and ijew Ze~land, are log-normal with geomet~ic standard deviations 

belween ~.6 and 3.4. Conceptrations of nuclei at -2OC are approximately the 

same in bath Alberta and Quebec; hour-to-hour~ariations can be greater than 

any slight difference in long term means of concentrations between the two 
t:. 

proVln~es. 

Ice nuclei diffuse slow]y toward cloud droplets. Cloud residence times 
.'/ 

in ice nucleus counters are very short; if niost atmospheric ice nuclei 

activate by contacting or lmmersing themselves inside a water droplet, then 

ice nucleus counters may seriously underesfimate the concentration of these 

nuclei. A comparison belween laboratory and atmospheric clouds has been 

made wlth this·~iticu1ar problem being considered. 

Large increases in ice nucleus concentration at -2OC occur during the 

precipitation (downdrafts) ~f Quebee and Alb~rta convective storma; there is 
, . 

no significant difference between hailing and non-hailing storma. If the 

observed higher ice nucleus'èoncentrati6As in the storm downdraft mixed with 

-1 
a storm updraft of 10 m sec , calcula*iona indicate that no dramatic change 

would occur in the ice content of the updraft . 
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PREFACE 

Most of the data for this thesls was obtained in Alberta during the sum-

mers of 1969 and, 1970, while the author participated in the field program 'of 

the Alberta Baii Studies (ALHAS) of the Research Council of Alberta. The 

excellent fac~litles provided by this organization ha~e enabled ice nucleus 

J 
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, 

especia~~ Dr. P.W. Summers ~d Mr. R.H. Renick, in the preparation of the 
~ ~ 

equipment and in the deployment of the mo~e_NCAR Ice Nucleus Counter. 

summer, two assistants helped with the ice n~cleus counter measurements; 
• 

Each 

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 invaluable. Thrt)lugh private discussions and 

their own research, fellow-students Dr. B.L. Barge, Dr. C.W. Warner, Dr. A.J. 

Chisholm and Mr. 1.1. Zawadzki aided in the presentation of storm radar data. 

Dr. Barge a180 helped in the collection and analy8is of the hail data pre-

sented in section 4.3. Mr. Cheng-Wong Chang and Mr. Shue Fan Yip drafted the 

o . diagrams and Mr. P. Levert -carried out a.11 the photographie reductions. 

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

The Atmospherie Environment Service, EnyirClnment Canada, the Nationa.l 

Research COUReil of Canada, and the Researeh Couneil of Alberta provided 

financial ~sistance for the author. 

-
The following~o1nt8 are original contributions to se~entifle knowledge 

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

author. 
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(a) 
, ~, ~ 

Frequency distributions of atmospheric ice nucleus c~centrations, 

measured at temperatures between -l5C 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 'a.t t'OUl' 

widely separated geographical l~ ~d has been bri~fly described by 
. 

Isaac and Douglas (1971). Many meteorological parameters are distributed log-

normally; for e~ple, it was found that frequency distributi?ns of hai~all r' 
rates, hailstone dimensio~s and radar reflectivities of hail samples were log-

normal. 

(b) No evidence was found to suggest that ice nucleus concentrations in 

Alberta and ln Q.uebec (at -2OC) differ significantly either in absolute mag-

nitude or in the scale of fluctuations, 

(c) Large increases in ice nucleus concentrations at -21C are observed 

at the surface in the downdraft region of convective storms, both in Alberta 

and in Q.uebec. The magnitude of the concentration and-the Bcale of fluc-

" tuations is the same for hai1ing and non-hailing storms. 

(d) Cloud chambers might Berious~ 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 waa firat presented by Isaac and 

Douglas (1972). 

(e) A new, more realistic, 'model of the transformation of cloud vapour 

and water into iee within a severe storm updraf"t bas been developed. The iee 

-----content of a Bevere 8to~ updraft 1s' directly proporti~nal to the iee nucleus 

concentra tian at & specifie temperature. If the ice nucleus rich air observed 

in a convecti ve 8to~ downdraft mixed directly into the 'updraft air, the 1evel 

at which a Particular ice concentration ~ obtained would be lowered by 

approximately 0.75 km for a tenfold increase in nucleus concentration. 
o 
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CHAPTER l 

INTRODUCTION 

. , 

Ever since Langmuir and Schaefer made their discoveries an<\. hypotheses 

1 
knCJ!oTIl about ice nuelei and cloud seeding potential, a tremendous am01.mt of . 

research has been directed towards identifying the Bources and chemical com-

position and measuring the concentrations of naturally occurring iee nuelei. 
<r " 

l, 

These studies have been diffieult for three basic reasons. First, ice nuclei 
~\J{ • 
~\\,. l " 

are small, probably less thBh l ~ in diameter, and Vali (1966) suggests less 
~ 

than 0.01 1JlIl. Second, J1.Ulge (1963) shows that a typieal samp1e of in1and air 

can contain 107 particles per litre but a typica~ concentration of ice nuclei 
\ "" 

at -2OC might be one per litfe (Mlson, 1968). Not,every particle ois an effi-

cient i,ce nucleus and consequently those particles which are must have sorne 

unique properties. Third, a1though it has bee~ as~umed for simplicity that 

ice nucleus concentrations are re1ated only ta supercoo1ing, ~ï t now appears 

that cloud supersaturation (Gagin and Aroyo, 1969) and other parameters dis-
6 

cussed in Chapter 5 are important~ 

Reviews of the 1tterature on ice nuc1ei have been made by Bigg (1961), 

Soulage (1961), and more recently by Dufour (1966) and M:LsCfl (1968). There 

a~ three source regions for nuc1ei often mentioned: the surface of the earth, 

the stratosphere, and outer space. The surface of the earth is the most likely 

source, but the othm- wo regians should not be ignored. Cancent~tions o:r.iC4! 

nuc1ei at -2OC are approximately the seme throughout the world (*soo, 1968) 
• 0 

~ 

t"rœ the poles to the equator. Mgg and stèvenson (1.970) suggest that "the 

"range of median concentrations..- aroWld the worra i8 smaller than the range of 

, daily concentrations at one typical 'Jsite ". rlg. l.1 shows the worÙlwlde data 
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c 
of Bigg and st~venson (1970). AU the measurements ·were made using the Milli-

pore filter technique (Section 2.2) and the filter~ ~ere processed by the same 

method in two laboratories. This analytical procedure was very important, 

sinee wide variations in concentration can be obtained from different tech-

niques and even from different observers using the same reported technique. 

Fig. 1.1 gives an idea of the ranges of concentration that can be expected, as 

weil as the dependence of nucleus concentration upon temperature. Sin ce world-
'() ,- ' 

wide variations are small, the theories of authors such as Bowen (1958) about 

extraterrestrial or non-tropospheri? sources should 'not be completely ignored. 

Hawever, there is little conclusive evidenqe to indicate either~the çhemical 

composition or the source region of atmospherie iee nuelei. 

Soulage (1965) has remarked that eurrent ice ~uc~eus measurements should 

be iabelled as the "pouvoir glacogene de l'air". That i5, the .number of iee 

-nuclei artivated is not necessarily equal to the resulting number of iee 

crystals. Ice crystals could fra~nt and splinters of ice might be created 

when drops freeze. Massop (1970) hp ~ summarized sorne simultaneous camparisons ... 

of. ice nucleus concentrations and ice crystal concentrations; the ratio of iee 

nuclei to ice crystals is usua!ly muç~ less than one, although Grant (1968) 
-î 
• and Gagin (1971) have foun~ ratios approximating one near -20C. 'lhis problem 

is considered in more detail in Chapter ,5. 

Many studies have attempted to relate ice nucleus concentrations to pre-

cipitation. ,Gagin (1965) found no relationship between.ice nucleus ~ounts at 
, . 

-15C and rainfall; however, by comparin'g precipitable water and an "effective" . 
nucleus concentration, he w&s able ta discrim1nate between rainy ~d dry 

weatherw Georgii (1960) discovered that showers occurred on days with nucleus 
o • . . 

concentrations above average and cantinuous rain on days below average. _ When 
/ . \ 

. \ , 

- 2 -
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• 
r~infall in~reased from nil to 30 ~ a ~, Bigg and Miles (1964) found that 

'i l, 

'the iee nu~leus concentrations at -15C rose from approximately 175 to ~50 nuclei 

per cubic meter. 1sono and Tanaka (1966), Ryan'~d Scott (l~69), and Rosinski 

et al. (1971) found maxima in ice.nucleus co~centration (at about -20C) during 

thundérstorms 7 During the passage of eold frontS", Buseaglione (1969) observed 
• . 

peaks in concentration which he was able to relate ta instability. 1sono et al. 

(1966) found a "close relation between the fallout rate of graupel pellets and 

snow crystals aQd the concentration of 'effective' iee nuclei wh~ch are active 

above cloud top teniperatures". 'Tt is difficult to prove the hypothesis that 
\ -

natural iee nucleus concentrations influence precipitation. The positive 

results indicated above may only show that precipitation generates iee nuelei. 
r 

.Thi~ possibility will be discussed further in Chapter 6. 

Will seeding cloud with ice nuclei affect precipitation? TWo problems 

which a~ re1ated t~ future solution of this controversial question are 

diseussed in Chapters 4 and 7. 'The probability that a certain seeding rate ~ 

will exceed the background concentration of ice nuclei can he estimated fram 

the data presented in Chapt~r 4. 
, 

In Chapter 7, the possible effect' of seeding 
1 < 

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

attention has been previously given to these specifie prob1ems. However~ 
"" -
theoretical studies by Cott~n (1970) and Jiusto (1971) suggest possible c~oud 

i seedwg effeets in sma11 cumulus and layer c10uds respectively • 

J 
~ 3 -
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CHAPI'ER II 

ICE NUCLEUS COUNTERS ' 

Ideally an ice nucleus counter should model the processes that lead to 

iee nucleation in natural atmospheric clouds. Corlsequently, the 'supersatura-

tions and drop size distributions in cloud chambers should be carefully con-

trolled as functions of tempe rature . Even if these parameters were known for 
... 

aIl types of clouds, theX would be difficult to teproduce; sorne approximations 

to actual cloud condi tians must be made. Three different types of counters, 

whtch activate the nuclei in order to count them, are available. Cloud 

... 
chambers which actually form clouds can be divided into two groups - mixing 

( 

and expansion. Nuclei can be captured on supports such as filters or thermal 

precipitàtlon slides and then activated and counted by cooling the support. 

Nuclei can also be detected in actual precipitation samples; this technique 

ls 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 i~eus counters were 

outlined by Soulage (1965). Since activated nuclel can settle out of a cloud 

quickly, the resulting crystals cannot he counted by any method which assumes 

~hey rematn' suspended. ·The humidification process vhich produces the cloud 

1 
must be carefully controlled. Sin ce the valls in any chamber collect nuclei 

and water drops, a large volume-to-wall-area ratio ia needed in order·'to 

minimize this problem. Because the nucleus concentration increases one order 

of' magnitude for each 4C drop in tem:perature, rigid temperature control la 

required. AU locallzed cold spots on the chamber valls must be ellminated 

( - 4 -
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or a representative operating temperature will be impossible to maintain, and 

the ehamber walls must be kept iee ~ree. 
, 

2.1.1 Mixing Chambers 

The one-litre mixing chamber o~ Bigg (1957) was one of the earliest used. 

The inner walls were cooled by an encompassing cylinder containing a gly~bl/ 
;; f , " 

water mixture, and were kept frost ~ree by care~ wiping with glycerol. Air 

was replaced in the chamber mechanically. A cloud ~ormed, together wi th. a fe~ 
" 

iee crystals which then ~ell into a supercooled solution (usually sugar), and 

the crystals grew in this solution until they reached a visually countable 

size. 
Il • ~ 

Although this chamber was quite small, it was ~ther en~~rged and 
. . 

\ developed by Bigg and Meade (1959) and Hervier et al. (1967) in~o a continu-

ously operated counter in which the air and 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 

bubble of one- to five-litre capacity can be ~onned frorn a sugar solution, fi' 

with a little liquid detergent added. This bubble is placed into a cold box, 
1 

and ice crystals forrn and fall onto the bubble wall and grow to a countable 

size,. If performed correctly, this techniqv.e gives concentrations which agree 

wi th other rnixing éhamber methods. 

2.1.2 Expansion Chambers 

A widely used teèhnique, described by Warner (1957) and Crozier (1969), 

cools the air bY expansion. ~O-litre sa.mple 

by conduction fram the Ch~llS, and then 

perature by allowing the air inside to expand • .. 

(Fig. 2.1) 18 cooled to -12C 

18 cooled to the desired tem-
J 

'!he ~r solutlœ of mgg ls . 
used to cOÙllt the cry8tals. In thls chamber (hereina:tter called the Bigg-

"'arner chamœr) the ~rating tempe rature CM be changed quicltly by simply 

o 5 -

... 
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, ~ Ch8n~ng -1:he pressure to which the air is initially ~ed into the chamber. 

However, the minimum tempe rature is achieved only for a few seconds since 

heat gradually seeps through the walls. Another practical difficulty often 

encountered involves contamination of the pressurization pump. AgI particles 
1 

can quickly embed themselves inside the pump a.nd cause spuriously high counts 

which can only be stopped by replacing this mechanism. 

A large cloud chamber 6 feet in diameter a.nd 9 feet high was constructed 
1 

at Colora'do 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 wi th in a tempe rature range of +20 to -50C and a pressure range 

200 to 1000 mb were possible. Heat transfer through the waHs was eliminated 

cooling. The large volume-to-wall-area ratio and the accurate tempe rature 
v 
and pressure control made this chamber quite unique, but the ice crystal detec-

tion technique made the system unsuitable for measuring law atmospheric ice 

nucleus concentrations. 

-
2.2 IMPACTICfi TECHNIQUES 

Another type of ice nucleus counter captures the nuclei on a support along 

with aIl other atmospheric aerosols. In the thermal precipitator method designed 

by Fenn and Weic~ (1959), the particles were collected on the cool plate and 

then th~ plate vas humidified and cooled; the number of droplets which froze at 

a predetermined temperature gave the concentratioo of ice nuclei. Using a Goetz 

Aerosol Spectrometer, a high-speed centrifuge, Gerber et al. (1970) slze-aorted 

the aeroaols and deposi ted them on a polished chrome foil. ~ cooling and 

supplying molsture, the f,'oil was_processed and the resulting number of crystals 

cotmted. 

Blgg et al. (1963) described a meth"od for measuring ice nucleus ccncentra­;,. 

- 6 -
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tions by using MilUpore filters. Air was drawn through a Millipore fil ter 

backed wi th 8. supporting disk. After exposure, the filters were processed by 

~o different methods (Rigg and stevenson, 1970) - 8. forced venti1atipn or a 

diffusion chamber technique. The Millipore technique is becoming very popular 

because of its re1iability and the ability to inexpensively sample air at many 

remote stations while all the processing is done later at one laboratory. 

2.3 THE DROP-FREEZmG TECHNIQUE 

Another technique described by Stansbury and VaU (1965) and VaU (1971a) 

measures the nuc1~us concentration within precipitation samples (snow, rain and 

hail). The collected samp1e i8 stored frozen until required. Then drops of 
o 

the melted sample are ~put on a copper surface which has been covered with 

a1uminum foil coated wi th an oi1. The oil en8.bles stable semi-hemispheric 

drops to form which do not alter shape during the cooling process, and i t 

eliminates' the possibility that any micro-scratches on the aluminum surface 

would act as nucle8.ting sites. The copper surface is cooled and i ta tempera-

ture is recorded as each individual drop freezes. The freezing temperatures 

of a samp1e of N drops can be converted into an iee nucleus concentration by 

the fOllowing formula: 

1!il'tl 
K(T) = - V ln NroY 

N(T) 

N(O) 

K(T) 

= number of unfrozen drops at temperature T (C) 

= total number of drops , 

= number of nuclei per unit volume active at 

T or above 

v = volume of individual drop 

- 7 -
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CHAPTER III 

EQ~IMENT 
j 

3.1 CHARACTERISTICS OF THE NCAR ACOUSTICAL ICE NUCLEUJ COUNTER 
1 

i / 
The preceding chapter has described some equipment!WhiCh is generally 

used in measuring ice nucleus concentrations. The Biggrwarner counter was 

used f"oT seme measurements to ,he described in section 4\1. 1 , and some pre­

cipitation samples described in Chapter 6 were analyzed by the method of 

Vali (19'71a). Millipore filter technique measurements if" Bigg ~d Miles (1964) 

and mixing chamber results of Hervier et al. (1967) havJ been re-analyzed 

for use in section 4.1. However, the instrument used fO~ most of the data 

presented in Chapters 4 and 6 was the NCAR Acoustical Ice Nucleus Caunter; 

a brief description of this instrument follow&. 

The NCAR Acoustical Ice Nucleus Counter (Langer et a~., 1967) i8 basic-

ally a mixing chamber which uses a new technique for measuring the numbér of 

ice crystals wi thin the chamber. The machine (Fig. 3.1) continuously draws 

in air, usually a t 13 litre s per minute, humidi:fie s and cools the sample ta 

a desired temperature in a 28 litre re:frigerated cha.mber. A glycal/water 

mixture circulates gradually through the :foam lining in the chamber and pre­

vents :frast :formation on the walls.. A:fter apprbximately a wa minute mean 

residence time, the supereoaled cloud, including water droplets and iee 

crystals aeti vated by ice nuclei, i8 drawn through a small capillary. When 

a particle greater than seme threshold size passes through this capil~ry, 
. 

an audible click results whieh is detected by '8. microphone and counted by a 

rate computer. 'lbe exact ca'IJ.se :for this click i8 unknawn, but a theoretlcal 

explanat10n 18 propased by Dr. M. N. Plooster' (Langer, -1966); when a particle 
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leaves the capillary, a sudden shift from Iaminar tor~bulent~law causes , / 

a brief cessation of flow which results in the reflection of a shock wave 

up the câpillary. 

Since crystals grow to sizes greater than 40 ~ diameter, while the 

water drops remain considerably smaller, the sensor is designed for a thres­

hold of 40~, Langer·(1966) has experimental~ deterrndned that whe~ the 
<r 

sens or suction setting is fr~ 3 to 7 inches of mercury, the generated 

signal amplitude is not a runction of size for particles greater than 40 ~ 

in diameter, The aerosol generator, by bubbling filtered air through a 0.25 
, 1 _ 

percent salt solution, introduces condensation nuclei into the incorning air , ' 

to insure the formation of a dense clou& with drops smal1er {han 10 ~, 

Because approximate~ 3 litres per minute of fil~red air bubhIes through 

this aerosol generator, the counter actually samplef 10 litres of atmospheric 

air ev~ry minute, 
( 

An NCAR-Bollay Rate Computer, modef 102, wa~ used ~s the electronic 
Î' 

counting system,' This, instrument totalizes the c~stals counted and auto-

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

of four scaies. The four scales have maximum rea.dings of 101 , 102
, ~03 and 

10
4 

counts per minute, totalizing over 2 minutes, 12 seconds, 12 seconds 
d 

and 1.'2 seconds respectively. The first two scales overload afœr 20' 

crystals are counted while the next two oan reach 200. The microphone in 

the sens or generates a sine wave pulse ~nich, according to St~ele et al. 

(1967), decays to l/lOth of its original value in 5 ma. To insut~ that a 
'"Y .. 

crystal Is not counted more than once, the rate computer will not detect 

anything foi a certain "dead time" (3 to 10 ms) &fter one la counted. To' 

protect against false readings, 50 mvwas taken as the threshold level on 

the incoming pulse. 

. 
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Humidification was accomplished by passing the air.over a heated water 

,>surface (near 4oC) before introducing it into the chamber. Temperatures in 

,the instrument were measured to within O.25C with a thermocouple connected 

t<?l a Var1.an recorder. Isaac (1968) has described' the chamber temperature 
) 

profile; the operating temperature specifies the temperature in the lower 

three quarters of the chamber. 

Many criticisrns have been made of this particular counter. TheQê have 

been very ~eneral 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 sensor. 

The author'can filter the incoming air with a MQllipore filter and at -2OC, 
\ 

o 

the instrument will not detect more than one crystal per 1500 litres; this 
• 

is far below back~round. Langer (1971) has replied to Borne of the critici~ 

and has agree~t the humidification system and aerosol generation system 
. " . 

used in the e~yipment described above are unsuitable. Langer and Weickmann 

(1971} have outlined imPlovements which should be incarporated. However, 

even these suggested improvements have never been campared with unmodified 

equipment. 
~ 

B:i&g (\l970b), Langer (1969) and Steele et al. (1967) have made cœnparisons 

of this machine with other equipment and their reports suggest correction 

fa~rs which could be applied to N~ Ice NUC1~-' Counter measufements. 

J
e correction factors wo~ld raise the NCAR Counter readings to a more 

"réa~is~,iC" 'va.~uè. However, .even these correction factors vary a ~reat deal 

'(3 to 15) and although Langer (1971) suggests the NCAR Counter reads low 
< 

because some crystals hit the lower chamber valls wlthout going through the 

sensor, 
t r) 

tge fractional perc~ntage differa from report to report (Langer, 1971; 

Langer and Weickmann 1 1971). 

\ 
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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 ls the only continuous recording instrument; 

although it ha~ many deficlencies, it does detect whether concentrations 
b 

are increasing or decreasing. Chapter 4 suggests that the magnitude of 

the fluctuations is ldentical to those of other equipment. In this thesis, 

the ,oncentra tions ,as gi ven by the NCAR Courlter are not, cansidered as "real" 

concentrations of tce nuclei. Although comparison wi th othe~ equipmen-(' 

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

,·this erl1\r is not cansidered- a serious restriction ta the conclusions 
l' 

presented. 
<1\. • -~ 

Most of the measurements presented have been made with a chambe:r: '\ 

temperature of -2OC. 'Ibis t.emperature was chosen because each ~te computer 

• 
reading was rarely zero at this value. This meant that fluctuations in 

.... 
toncentration could he detected within at least 2 minutes . 

• 
3.2 }fFASUREMENT LOCATIONS' (QlD AUXILIARY EQUloo:NT 

<co 
J. , \, 

~asurements were made at Macdonald College, Quebec and at variouB 'places 
( . 
in Alberta using the NCAR Acoustica1 Icè Nucleus Counter. The Quebec mea-

rr--:-ure~nts de.cribed by r .... e' (1968) ~been extensively re-analyzed in 

, this \-eport. An attempt ws made ciu'~.k.~e sl.Ulll1ers of 1969 and".,1970 to 

, \ .' '" f 
measure \rariations of surface ice nucleus concentra~als vi th in and arotmd 

\ ~I- • Alberta hài1Qto Coosequently, an NCAR Ice Nucleus CO'I.mter was mO'lUlted 
\ 1 /" ~ 

inside ... a v.~ ck which vas alao equipped vith a portable roof-mO\mted vind 

vane and anemometer but, a roof'top rain,!hail separator which t'unnelled 
1 

th~ rain through a ratngauge -àhd allowed hail to be collected, and tem .. 
. 

perature and humidity gauges which vere located inside the truck. and vere 

• 
1 

ventll,ted by a ~rf'ul fan. During 1969, the humidi ty gauge walfl a s1mp;t.e 
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dial instrument accurate to within Wo percent. In 1970, t~is »uge was 

replaced by a more accurate wet-bulb thermometer w~h was identical to 

the' standard dry-bulb thennometer (~0.lC1. The temperature, humidityand 

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 

advancing at 90 inches per hour. The ALHAS radar (Blrge, 1971) was used 

t;;' direct the truck into the path of oncoming storms. Rè,dio communications 
,f 

w'~re main tained wi th the radar si te (F"lg. 3.2) and the truck a t aIl time s • 

During 1970, a counter was operated~in a trailer at Benalto (Fig. 3.2) . 
in arder ta have another site available for measurements if a storm passed 

~ 

ov~r it, and to determine the diurnal variations in ice nucleus concentration. 

However, the internal tempe rature of the trailer varied from lOOF to 50F; 
, 

this influenced the chamber tempe rature ?y as mueh as 3C, making the inter-

pretation of these results uncertain. Consequently, these readings have 

not been inc~ed in this report. On one occasion, an early morÎling, storm 

passed over the site; these readings are presented since the problem 

mentianed ab ove was not c~itical ~or the short period presented. During 

storms observed from the truck, the ehamber tempe rature was measured period-

ically and did not change significantly • . ' 

\ 
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CHAPTER IV 

FREQUiNCY DISTRIBUTIONS OF ATMOSPHERIC ICE NUCWffl CONCENTRATIONS 

l"requen('y distributions of atmospheric iee nueleus concentration:l, measured 

at sorne specified temperature, are strongly positively skewed. CQnsequently the 
1) ~ c> 

arithmetic mean is not the oost measure of cent:ral tend.ency, althougb it· is the 

one most frequently used in the literature, bath in quoting results of experi-

mental measurements and,,in o.œxparing measurements made at d1~t'erent locations 

and at different times. Frequency distributions of lee nucleus concentrations 

obtained with four types of counters, operated at several locations and at 
\ 

various tempe rature s, were found ta he log-normal wi th geanetric standard deviaw' 

tions between 2.6 and 3.4. Cansequently, the geometric mean ia a more meaning-

fuI parameter than the ari tbmetic mean. 

1~.1 TlŒ LOC-NOOOL DISTRIBlfflON 

A log-normal distribution of X lB defined by Irani and Caliis (1963) as 

fol10101s: 

1 { [Jn x,lXG J 1 
f(x) = X -Ji;" ln cr exp - .fi ln aJ J (4.1) 

where X
G 

and 0 are the geametric mean and geœetric standard deviation &s given 

by: 
N 

log la = ~ L log Xi 
b.l 

N u 

c 

(log 0)2 = ~ 2: (log. Xi - log XG)2 

1=1 

(4.2 ) 

(4.3) 

'lbe usu&~ notation for~& naturaJ. losarithm. Cm) and the logar1tbm to the base 10 

(iog) bas been adopted. In a cUlllUl.a.tive distributicm of log X, the geaœtr1c 
~ ~ 
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samples) frOlll 6 De'cember ,1967 to 26 January 1968. The 
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standard deviatian i8 the ratio of the 50 percentile value to the 16 percentile 
, 

value, or the 84 percentile value to the 50 percentile value. If tpe cumulative 

distribution 0:(' X were plotted on log-probabili ty paper, the "slope Il of' 'the 
, ~ 

resulting line is a direct measure of the geometric standard deviation. 

Fig. 4.1 shows a histogram of nucleus coocentrations ai; -21C measured with 

an NCAR Ice Nucleus Counter ai; ~cdonald College, Quebec, from December 6, 1967 

to January 26, 1968 (Isaac, 1968). A total ot 3978 samples, ea.d1 150 litres in 
o • 

size, are used for the distribution. 
... 

i 

The arithmetic mean of cf.69 per litre is, 

clearly not the best measure of central tendency of this skewed distribution. 

In Fig. 4.2, curve D shows the sa.me data plotted on log-probability paper; w1 th 

the exception of a slight irregularity near concentrations of 1 ,~r litre (due 

to instrumental reasons), the points fail on a straight line. '!he distribution 

18 log-normal and the best straight Une fit (by eye) to the points gives a 
~ -\ 

geometric mean of 0.26 per ,litre and a geometric standard deviatlan of 3.4; 

these compare favourably with the values calculated t'rao the data, viz. 0.30 

per litre and 3.2. 

For a two-week interval during the sampling period mentioned above, a 

second NCAR Ice Nucleus Counter vas operated at the same location Wlder identi-

• 
cal measuring candi tions. Fig. 4.3 shows these -simultaneouB data (curves d.-

~ o~ .. -~ 

and ~), together vith curve D (reproduced t'ran Fig. 4.2). ~ing this ccxnpar-

ison the geaœtrlc standard deviation for bath cotUlter distributions vas 2.9 

~ vhile the geometric me8lls vere 0.23 and ,0.18 per litre (as d.etèrmined t'ran t~e 

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

1 

. , 
Fig. 4.3 also' indicates thè,t the NCAR _Iee. Nucleus Coun,ter pr~ee8 consistent 

.resultsj the cœcentratiœs are not dependent upon peculi$.rities, yh &8 . 

tUldetected wall cold spots, specif'1c to ale instrument. 
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I8ta from other sources have been added to Fig. 4.2 to provirÇt.e addition_al 

~ evidence that such a distribution is of comman occurrence. The measurement 

location, technique, tempe rature of operation and samp1e volume are listed in 

the table accompanying Fig. 4.2; the geom.etric standard deviatibns and the 

geometric means, determined fran the best straight line fit, and :t'rom calcula­

tians using the actual data (when avallable), are also tabulated. Curves,B 

and C depict simultaneous measuremlmts wi th an NCAR and a Bigg-Warner Ice 

Nucleus Counter at ~nhold, Alberta over a two-week period in 1969; although 

there are only 123 samplès for each curve, the distributions' ar'e similar. 

Curve A was deduced fram the ''no rain Il data of the Millipore fllter network 

of Bigg and Miles (1964); their,data, campiled from an extensive network of 

24 stations ~ Australia and New Zealand, are probably trst avallable. 

Curve E was deduced fram the modified mixing chamber measurements of Hervier , 

et al. (1967) in France. Regard1ess of location, method of measurement, sample 

volume, leve1 of concentration and operating tempe rature , the distributions are 

a11 log-normal with geometric standard deviations between 2.6 and 3.4. 
li 

Accord1.pg to the XOlmogorov-SminlOv one-sample test (Siegel, 1956), the 

observed data of curves ,B, C and E of' Fig. 4.2 and dl an~ d2 of Fig. 4.3 cari 

1" reasonably be thought to cane from a population having the log-normal distribu-

tion indicated by their respective straight line8. At one nucleus per litre, 
r 

the observed cumulative values of curve D of Fig. 4.2 have a maximum deviaticn 

fram the :fitted log-normal distribution which i8 si8l'1iticant at the probability 

level between .05 and .10 (wo t&i1ed test). However. the 1rregul.arity near 

one per litre shawn on curve D vas produced by the 8cale sri tching mecbanism 

of the rate cCDputer (see secticn 3.l.). 'lhe data of curye D p:fobably fit the 
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assumed ~og-no~l distribution better ~han is tndicated • 

According to the Ko~ogorov-Smirnov two-sample test (Siegel, 1956), curves 

B and C of' Fig. 4.2 are drawn- f'rom a population with the same distribution. 

Curves dl and d
2 

of Fig. 4.3 are different at the .001 significance level Las 

indicated by the Kolmogorov-Smimov two-sarnple test, perhaps because of a 

slight dif'f'erence in operating tempe,;r-ature of' less t~ 0.5C between the wo 

ice nucleus counters. 

While one woll;ld expect the geODletric standard deviation to de~ase vith 

mena.mg samP1e volume. 'Fig. 4.2 mdieate. no .ueh ten~eney. _"ris may te _ 

explained on the basis of persistence; the auto~orrelation coefficient of log­

concentration fdr data -D iB 0.84. ' In the presence of an autocorrelation r, the 

,standard deviation cr 1 of means or successive pairs of observations is: 

lqg cr' = ~Og cr (Cl + r )/2]-b (4.4) 
(Munn, 1970) 

where 
N-l 

1 ' l (log Xi - log X
G

) (log. Xi +l - log X
G

) (4.5) r = 2 
(N-l) (log cr) i=l 

'~ 
Enlarging the from 150 to f 1500 litres increases ' -sample volume of D the geome . 

mean from 0.30 to 0,.36 per litre and decreases the ~ometric standard deviation 

, and autocot-relittion coefficient frclm 3.2 to 2.8 and f'rom 0.84 to 0.59, respec-
-./ ' 

tively. 
, 

The geometric standard deviatilon will thUg decrease very slowly vith 

larger sample sizes. Because th~ geanetr1c mean is dependent upan semple volmœ, 

this volume must be given when Spèç$Ying the other dis:ributl ra.meters. 

4.2 
J 

THE POISSœ DISTRIBUTICfi 
. ) 

According :te Sera se (1935), if iee nuclei were distributed, da.aly in the, 
~ 

atmosphere, a }lt)isson di8tribut~œ ot tee nucleus eaneentrat100s would be 
. "It.. . 

observed. For e..-mple, coosider n nucle1 in a total vol\Dllle V wbieh .~. been 
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divip.ed up lIfto small samples v. The volume V consists of v/v sa.mples, and 

the probability Pl of restricting anly one nucleus to a spe~if1c sample ia: 

n-l n 
[ (y - l) ln - l: JI [ (y) ln:] 

v v 

n"l 
P - n! (1 - !) 

1 - V V 

Simi~arly for two nuclei to a specifie sample: 

, n-2 
P
2 

= n(n 2: 1) (~)2 (l - ~) " 

or, for x nuclei to a specifie semple: 

1 x n-x 
Px :z: -; n(n - 1) ..•• (n - x + l)(!) (1 - y.) 

x. V V 

If n» ~ and v« V 

P =..l. (!I!. ( e -nv Iv 
x x! V 

New the Mean concentration m for semple v ls nv Iv. 

-m XI P = e m x! 
x 

which is a Poisson distributioo. 

'!hua 

(4.6 ) 

, , 
In Fig. 4.2, cui-ve D Is a Poisson distribution ba.sed on the arithmetic 

p 

meM of the data of' curve D. It ia clear that the data of D, eollected over a 
, 

o 

long period of time, are not well descr1bed Dy a Poissan distribution. 'Ibis is 
& 1 .. 

not su'rprising; since sources and sinks of' iee nuclei ex1st in the atmosphere, 

measure~nts made over long intervals such as a week woul.d not be expected to 

fit a single Poissoo distributioo.' When the data of curve:D are broken into 
. 

short periods (ane to three hours in len8th), th~n the data :t'rein eacb such s~t 
~ ~ ./ _ "'1 

perlod yould be appro~ted br a Poisson CUl"fe, Jrovlded that the ar1~}:lIaetlc 
", . . " 

means of adjacent perlods are not 1ncrea.ing or ~cz:eaa1ng,... Illustrations of 

. . • 'Ii' 
n . 
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Fig. 4.5 Cumulative distributions of summer and winter rainfall, 
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a .t'ew such periods are presented in Fig. 4.'4, but these intervals do not occur ., 
often. The examples in Fig. 4.4 are constructed using 20 Utre volumes as 

single samples. In l (3) h9urs, only 30 (90) samples can be used for the 

distributiops. 

4.3 OTHER METEOROLOGlCAL EXAMPLES OF LQGl-NORMAL DISTRIBUTIŒS 
! 

Many frequency distributions of meteorological parameters can be approxi­.. 
mated by log-normal CUI"Ves. Fig. 4.5 shows the cumulative distributions of 

sununer and winter rainfall, snowfall, and hailf'all with rate plotted on log­

probability paper. '!he Montreal rain curves have been obtained fram. Weiss (1964), 

the Montreal snowfall data from Gunn (1960), and the Alberta haillall data from 

, the 67 samples of Douglas (1963, 19(5). Size distributions of particles are 1 

\ often log-normal (Irani and CalUs, 1963), and the hail data of ~rge and Isaac 

(1970) and Douglas (1965), as shawn in Fig. 4.6, can be approximated by log­
~ 

nonnal curves wi th the same geometric st dard deviation. Fig. 4.7 shows that 

the reflectivities of hail samples (Dou s, 1965) ean be approximated by log-

normal curves. 'lbe calculate.d geometric eans and geometrie standard deviatloos 
1 

or' the hail da ta agré~ those predieted from Figs. 4.6 and 4.7, 'but the raw 

p~cipitation rates for snow apd rairl of F:!g. 4.5 are not availabll for sueh a 

'check. 
'\ 

The Kolmogorov-Smirnov one-s~le,test indieates that the hailfall rate, 

hail size, and hail refîectivity distributions of Douglas can reasonably be 
\ 

represented by their respective straight 11nes in Figs. 4.5, 4.6 and 4.7. 

4.4 A PHYSlCAL BASIS FOR THE LOG-NOIl4AL DISTRIBUTIŒ 

Munn (1970) attemptecf to explain why log-normal. distributions are CODlnon 

and illustrates his diseu8siœ vith an examp1e rran Z1mer and Larsen (196?). 

AitchisCll and Brown (1957) diseuss many non-meteorol.ogica1 examples of log-
~ , 

normal distributions and the physica1 basis of their generatiœ. A brier 

\ 

18 

... 

.:, -., , 



• 
( 

~ 

• 

ù " 

description of,one of their lines of re~soning follows. 

(~, X2 , •••• , Xj , ..... ) is obtain~d seqUential~ in 

'. 

If a seriesAof numbers 

time ~re ~. folloW's Xl 
<) 

and X
j 

follews X
j

_l , ~he difference between any twooof these numbers could be 
~). 

represented by D-

= \ {~.7\ 
The dif'ference depends on the " where ~. is a random and independent variable. 

J 

previous value of the variable. New 

x. - X " 
s:! j-1 = Ej X

j
_
l 

n n 

I X. - X
j

_
1 I J = E. 

j=l , 
X

j
_
l j=l J 

... 

and if the difference between X
j 

and X
j

_
l 

is sma11 

n « 

l~ X - Xj_l =.Jn dX J log X 0- log X X
j

_
l X = 

j=l X n 0 

" 0 ", 
.( 

• 

log Xn = log X 0 + €tl + E2 + ••• + €~ (4.8) . 

Using the additive form of the cent.ral limit theorem or the Lindeberg-TIevy 

, 'Ibeorem (Aitchison and Bralffl, 1969; Fisz, 1963), where log Xo' El' €2' ••• , 

·are independent and random variables which ha~ the same distribution with a 

€ 

r-

n 

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

tion. 'o' 

'!he usUal error analysis would show that 

or "n = El + E2 + ••••• En + Xo . (4.10) 

" 
/ 
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With the same conditions on Xo' El' C2 

normally distributed. 

" 

.. ,. , E as above, X ia asymptotically 
n n 

The generation of the 10g-n9rmal distribution, as it was described above, 

occurs because the variable follows the law of proportionate effect (Aitchison 

and Brown, 1957): "A variate subject to 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." 

Intui tively many meteorologieal parameters would follow this law. For 

example, if the liquid wate~ content or the updraft velocity of a storm' 

incr~ased or decreased, the corresponding change in the rainfall rate, from 

be fore to after the event, would not be randpm but would depend on the previous 

value of the rainf'all rate. 'lbe analogy for ,tce nuclei fs diffieult to q,escribe 

because of the lack of knowledge aoout variables affecting the activation of 

nuclei. Howev~r, ultraviolet radiation, relative humidi ty, wind speed and 

direction, and atmospheric stability are ,a few of the parametera orten men-

tioned as influences on ice nucleus concentrations. Sources and sinks of ice 

nuclei also exist. If one parameter' chMged (for example, rlnd speed), the 

'" 
nucleus concentration would not be affected by a totalLY random ~ount as in 

Eq. ( 4 .9) but woul?- more llke ly foUow El:!. ( 4.6 ) . 

4.5 SUMMARY 

AIl iee nucleus measuring,techniquea appear t~ ~roduc~ a log-normal dis-' 

-----------tributian of concentrations with the same~tric standard deviatian. ,If 
- (\. ' 

one gives an arithmetic mean, the distributi'oo. would not be adequately descri~d; 

for exampl~, 80 percent of the populatioo. of D (Fig. 4.2) is less tban the a.rith- u 

metic mean of 0.69 per litre. 

Ice nucleus concentrations are not &s erratic as SaDe authors bave des-



, , 

\ 

j 

- \ 

.~ 

.. 

cribed. Althovgh concentrations at the sa.me tempe rature ma-:r not be comparable 
~(~ 

using different techniques, the magnitude oi' the fluctuation~ ls similar, thus 

yielding a constant standard de1iiation. 

A cloud seeder could use Fig. 4.2 to estimate haw much his projected seed~ 
• 

ing concentration"would'exceed bac~ground. However, ",it must he cautioned that. 

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

", 

/ 

( 
/ 
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CHAPl'ER •• 

\' 
COAGUIATION OF ICE NUCLEI WITH CLOUD oo.OPLETS 

Many in~~ruments used to determine iee nucleus concentrations eount the 

number of ice crystals that form in an artifical cloud, and these -res,ults 

are frequently applied to natural clouds. This ehapter examines the 

parameters affecting nucleation and how well the laboratory cloud simulates 

the natural one. 

There are at least four different ways in which a particle may behave 

as an ice nucleus: 

(a) SublimatiÔn - direct deposition of water vapour on the partiele. 

(b) Condensation-freezing - a particle serves first as a condensation 

nucleus, then as a freezing nucleus. 

~ (c) Contact-freezing - a particle initiates droplet freezing upon , 
:. 
f contact with'the surface of the supercooled droplet. 

ImmerSion-freezi~ - a particle penetrates the droplet, then 

initiates freezing. 
') 

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

but It ls unliKely t~t the nucleatfng temperature of the partiele will be 

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

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

and nat~al clouds has been compu:ed. Only a small fraction of aerosol 

partici~ 'ever cqll1de4lw1th cloud droplets; the size of -the aerosol particles,­

the cloud liq~) water content, the droplet size distribution, and the tilDe 
\ ~ , , 

available for coagulation are important variabl~s in this process. Seme of 

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

most nuclei prefer to activate through lII.Ode ( c) and mode (d), then serious 
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err6rs may exist in a measured ice nucleus concentration i~ It la used for 

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

5.1 COLLISION MECHANISMS 

Aerosol particles collide with cloud droplets by means of several 

mechanismB; six are liated belaw. 

1.) Brownian motion - Random motions of the particulates and cloud 

droplets cause collisions. 

2.) Turbulent motion - Eddy diffusion around the droplets can cause 

collisions. 

3.) Diffusiophoresis (Stefan flow) - Particulates move toward con-

densing droplets in the accampanying vapour pressure gradient. 

4.) Langmuir collision - Falling drop1ets overtake and co11ide with ~ 

particulates. 

5.) Thermbphbresis Particles move toward evaporating drops in the 

accampanying temperature gr.adient. 
, 

6.) Electr~cal forces - Charged drople~8 ànd particulates might 
. ... ~ -----. 

attract and thus collide with each other. 

Slinn and Hales (1970) show that thermophoresis becomes important for 

belaw-cloud scavenging of particles 0.01 lJ.Dl to O. 5 ~ in radius when the 

temperature of the evaporating dr~ la 3C lover tban that of the 's~­

rounding air and the rainfal1 rate ls 10 mm br -1. Thermophoresis bas been 

neglected in this chapter because a large temperature dilference between 

the cloud air and its droplets la not likely. Both cloud droplets and 

aerosol particles are' uaumed to be electrically neutral; cOI1seql1ently', 

electrical forces are ignored. 

The theoretical and experimental collision eftic1encies ot Davis and 

Sartor (1967) 1 Woods and"Muoo (1964) and Hidy and Brock (1970) ind1cate 
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that captur~ Ly Langmuir collision cao probably be neglected for particles 

le~ than 0.5 ~ in radius. For exampl~, in ane second, cloud droplets 

of radius r, concentrat~on N and terminal velocity c collect nr
2

cN E(r ) c, c P 

of the aerosol in the cloud, where E(r ) ia the collision effici~ncy for 
p 

aerosol partic1es o~ radius r. In a cloud of 1000 drops cm-3 of radius 
p 

'lO~, falling at l cm sec-l, E(r ) la approximately 10-3 for aerosol 
p 

~ -6 
partic~es l ~ in radius lsee Fig. 5.1) and so a fraction 10 ~ of the 

---2 aeroso1 i8 col1ected in one second, or 10 in one hour. For smaller r , 
p 

E(r ) and the fraètion collected due to Langmuir collision ia reduced. , 
p 1 

. In most cloud chambers used to cOWlt ice nuclei, the cloud~orming 
!..< 1 1 

air'is mixed vith the ice nuclei,and a fraction (E) ~f·the aJrosol is 

collected due to diffusiophoresis during cloud formation .. VittÔri and 
f, 

Predi (1967) and Gold~mith et al. (1963) have dis~ussed scavenging due to 

diffus'iophoresis~ ~ A hydrodynamic flow of carri,rr gas 'exista toward (away ,. 

from) a GOndenaing (evaporatingl,s~face,o in the same direction as the 
• ! 

diffusing vapeur; airborne partic1es'are thus earried toward a condensing 

surface. However, particles ~ove in the direction of the diffusive flux, 

of the heavier gas molecu1es in a binary gas mixtur,e. For a condensing 

surface, the partic1ea have a tenden:y ' t~ move away. Taking both mecbanisms .. 

into consideration at S.T.P., the velocity (Vp) of the ~rtic1es ia given 

by 

-1 where the vapeur pressure gradient .is expressed in. mb cm '. Ignoring tpe 
. 

diff'usi ve flux would resul,t in an overestimate of V by approx1ma.te~ 
- .p 
~ . 

20 percent, and the r~su1ting simple formui. would be 
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D dPI 
Vp = .. P2 di"'" 

Pl' P 2 = partial press\U'es of vapour and ga.s (dynes cm -1) 

D = diffu~ion coefficient of vapour in air. 

New 

dPl~ RwTdpl 
• < 

where Pl -:: density of vapour 

R :: gas constant for water vapour w 

T :: tempera ture. 
.r-

where r is the distance fram the <centre of the droplet. 

of the particles toward the drop c~ be expressed as: 

. \ 

The particle flux across the spherical shell ls: 
; 

~ _ ~r2nv = nRw
T 

è 
dt - P P2 dt 

The velocity (v ) 
p 

where n i9 the particulate concentrati;>n and N is the number of particles 

captured. If one has a droplet concentration s, then 

~ = -8 g[ = _ sRwnT È. 
dt dt P2 dt 

~ _t RTw 
n = n exp(-sR 'l'm,7P2)~n (1 - ; ) 

o w '0 2 
, 

. 
where n ia the initial concentration and w la the 11quid water content o 

(gm. gm.-l). The fraction (E) of particles collected can be expressed as: 

For exa.lllfIe, in the fOl'DlLt1on of a cloud at 950 !Db and .. 2OC vith .. liquid , 

water cœtent of 0.5 gal ~~3, the\fractioD or part1clea\ collec~ due to 

1... 

", . ."~' 

" 
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6 -4 diffusiophoresis is x 10 . 

Brownjan and turbulent diffusion are the major mechanisms through 
o 

which particles of radius less than 10,000 A (1~) col1ide with cloud 

droplets. According to Greenfie1d (1957), if N And N represent the p '"7.l", c 

concentrations of aerosol (ice nuclei) and cloud drops respectively, then 

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

dN -dt = (~ + K.r}NpNc 

where: 

+ 0.9L( ~ + ~»(R + R ) 
.. peP c 

R .~ universal gas constant 

t ~ coagulatibn time 

P = pres,sure 

~ = coefficient of Viscosity for air 

L : mean'iree path of air molecules 

N = Avogadro's number 

j v = gradient of air veloci ty across the stre~' ines \ 

d = density of air a 0 

R ,R = radius of nucleus 1 cloud drOp 
P c \" 

Brownian and tlltl'bulent D)t1ons are specified by the coagulAt1on coefficients . . 

Ka and ~ respectivel?'" FolJ,av1ng\Greenfield, the coagulation rate la 

maximized by us1hg the large value of 30 sec·l ~or v in the expression for 

~. The tract>ion (F) of particlea captur,ed by the cloud drops <lu.e to. 

Brownian and turbulent dif'fualon, U· ~ tunctlœ or time, ls g1.ven by: 

26 - .. 
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Fig. 5.2 Fraction F of partic1es of a specifie rad~us Rn tbat will 
be co11ected within the indicated time intèrva1 (minutes) 
due to Brownian and turbulent diffusion, in clouds vith 
llquid water contents of 5.0, 0.5, 0.05 gm in-3 and 1000 
drop1ets cm-3. E indicates the fractiOn collected due to 
dif-fusiophoresis durlng cloud formation. 
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This equation has been used to derive Figs. 5.2a, 5.2b and 5.2c, which 
), 

show the fraçtion (F) of partic1es of a given radius that will be captured 

in a specified t1me by c10uds of 0.05, 0.5 and 5.0 gm m- 3 respective1y, 

at -2OC consisting of 103 drops cm- 3 of radius 2.3 1JUl,' 4.9 ~ and 10.6 lJDl 
o 

respel'tively. For exam:p1e, 18 percent of pe.rtiC'les of radius 100 A 

wt 11 Il{' \'ollc'<, Led in 1:; minutes in the elOlÎd of Fig. 5 .2b. A1though 
o 

f·.!q. ('J.~) has heen solvcd for particle radi1 smal1er than 50 A, Junge' (1963) 

has stated that the above theory la only we1l-founded for partieles 1arger 
o 

than this size. Ca1eulaticns done, for sizes mueh amal1er than 50 A CM 

be regarded only as estimates. 

Each time-curve pt Figs. 5.2 reaches a minimum in the region of 

3 4 0 
10 to 10 A where the fraction collected does not vary much w1th increasing 

partic1e radius. At· thls point ~ la becoming signi:f1cant in Eq. (5.2); 

that is, turbulence is becoming the daninant mechanism for capt~e. Brownian 
) 

< 1 
diffusion provides nearlly a11 'the transport at the sma11er sizea. '!he 

1 , , 

minimum occurs near a partiele radius of 0.4 ~ in Fig. 5.2b, but this 

8 
,~ -1-1 

size would he increased to I~. lJDl if~v vere ~duced :t'rom 30 sec to 4 sec , 
,> D 

a value suggested by Whytlaw-Grey and PattersOIl (1932). 'lbe clouds' of 

Figs. 5.2 all'eady exist at time zero, bu~ according to Bl. :(5.1) a fractioo 

(E) of the partieles originally present vas collected during cloud for­

mation; this effe'c~ has no~ been cCllsidered in dériving Figs. 5.2. 

Sllnn (1971) bas dtated ~b&t BroImian dittustœ J8 the daDinant 

coagul.attœ mecbanism for partiele radii ,between 19 Â to 103 Â. Alkezweeny 

(1971) states that Lanpuir colllslem i8 thé si8lll:t1cant _chantal, but his 

colliatœ etticlenciea are eù'aDatically. 411'terent tb&n tho8e re'terenced 
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c e 

f' Re (cm-3) 10" 103 ~ 102 

" (gIIIlI-3) 5. 0,.. 0.5 O.a, '.0 0.5 O.a, 5.0 0.5 O.a, . 
P t R 

(lIIb) (Idn) (.\~ 
0.91 0.67 0.41 0.41 

'l'ab J e 

10 1.0 0.99 0.91 0.22 0.11 

950 1 102 0.13 0.060 0.026 0.031 0.013 0.0061 O.~ 0.0031 0.0013 

103 0.0064 0.0019 O.~ 0.0037 0.0006 0.0002 0.0031 O.~ 0.00006 
10" 0.0053 0.0011 o.~ 0.0038 0.0005 0.0001 0.0033 0.0004 0.00005 

10 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.97 0.81 
,.., 

0.87 0.60 0.1.8 O.~ 0.01+6 
'):.0 15 

lU' 0.35 0.37 0.13 0.020 

10'~ 0.091 0.029 0.013 0.05'3 0.0095 0.00fC!9 0.045 0.0055 0.0010 

10" O.on 0.016 0.0059 0.056 0.0060 0.0016 0.0118 0.0057 O.~ 

10 1.0 1.0 0.99 0.99 0.90 0.66 0.66 0.1tO 0.21 

450 1 102 0.23 0.11 O.a," 0.056 0.025 0.012 0.015 0.0057 0.0CJ26 

103 .. 
-

0.0076 0·0925 0.0011 0.0039 0.0008 0.0003 0.00:31 O.~ o. ()()()â3 

104 0.0053 0.0011 0.0Q04 • 0.0038 0.0005 0.0001 0.0033 o.~ 0.00005 

10 1.0 1.0 1.0 1.0 1.0 1.0 1.0- 1.0 0.97 

450 15 
1if 0.96 / 0.83 0.56 0.58 0.32 .9.16 0.20 0.<:63 0.038 

.~03 / 6.0038 

\ 
' 0.11 0.037 0.017 0.057 O.OU 0.0116 0.0059 o.oou 

10" O.OTT 0.016 0.0060 0.0,6 O.~ 0.0016 0.Q118 0.0057 0.0008 

\ 
Ra4i\.ll of drop (~) 4.9 2.3 1.1 10.6 4.9 2.3 22.9 10.6 4.9 

).1 l''raction (F, Eq. 5. 3) o~ partic1es of radius ~ scavenged by a 
cloud of specif1ed liquid water content (w), coud drop1et 
concentration (Nc ) and pressure JP), in times of 1 an~ 15 min. 

-1 T 20C ' v = 30 sec , = - • 

, . 

',J •• , 
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above and since he quotes a fo~u1a by Slinn, it is unlikely this 

conclusion is va1l.d. In the, following, Langmuir collision has 'been 

neglected. A few estimates for the fraction collected by diffusiophoresis 

are ineluded because this mechanism i8 important during the formation of 

a cloud and is probably the ma~n oause for coagulation for particle radii 

between-103 and 10
4 A in a cloud chamber with a short residence time, 8uch 

( 
as the Bigg-Warner instrument. Brownian and turbulent diffusion are con-

sidered the most important causes of nuclei-droplet coagulation. 

5.2 COLLISION EFFICIENCY FOR ICE NUCLEI 

According to Fletcher (1962), a spherica.l particle l'must have a. radius 
• 

o 
of at least 10 A in order to nucleate in one second whether by mode (b) or 

mode (d). Less than 70 percent of partic1es of this stze enter the cloud 
\ 

droplets of Fig. 5.2b in one minute. Fletcher (1962) has 'also shawn that 
o 

a sublimation nucleus 1 JOOde (a.), must be at least 100 A in radius in arder 
Q 

ta a.ctivate in one Qecond. Less the.n 2 percent of particles of thïs size 

enter the cloud of Fig. 5.2b in one minute. Cansequent~, partic1es ypich 

activate efficient~ by mode (a.) cannot be prevented fram doing so by 

inadvertent introduction into water drops. 
, 

Table 5.1 summarizes the effect of some of the relevant parameters. 
/ t 

.. 

J 

Th~ fraction. (F) of particles captured is- shawn for four sizes ot particles, 

two exposure tilDes, e.nd wo pressures"'ln nine àiff"erent cloucls a.t -2QC. 

The ca1culat1ons at 950 mb may be taken &8 representing a cloud cba.mber 

cl~ud, and at 450 mb an atmospber~c cloud. Since most cl.oud chambers have 

- res1dence time& les& tban 15 1I1nutes, computations bave been D&de for 

l minute and l.5 minute.. Dit~U8iopboresi8 baa been nealected' (sinee th, 

~ 4 
valtk.e of E ia 6 x 10-3, 6 x 10- and 6,x 10"5 for clouda vith llquid vatel' 

~ 1 • 

. 
\ 
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Fig. 5.3 
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The solution o~ Eq. (5.3) (solid lines) for various values 
of Rp using the cloud conditions of Warner and Newnham (1958), 
whose results (Eq. 5.4) are shawn as the dashed Une. 
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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 erriciency between two clouds are greatest 

for the largest particlea. It it evident that an ice nucleus counter should 

maintain a constant droplet concenttation as weIl as a constant'liquid water 

content. The fraction of particles collected will also de pend 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) 'round 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 

Nt t t 
N
20 

= 1.04( l~exp(- ~) ) 

where Nt and N20 are the concentrations at time t and at 20 mdnutes. Using 

nucleation theor,y a1one, Fletcher (1958) explained this effect by demon-

strating that some nuclei required a considerable time to activate, but 

his numbers did not precisely fit Eq. (5.~). Fig. 5.3 i8 based upon 

Eq. (5.3) using the cloud conditions of Wlmer and N~(3000 drops cm-3, 

2.0 l-IDl in radius). As Fig. 5.3 shows, the observa tioos sUDllllarized by 
.. 

Eq. (5.4) could be exp1alned ~y &ssumtng tbat the nuclei vere approximately 
o 

30 A in radius and that they vould not activate unles8 the.y collided vith 

a droplet. The rearkable s1milarity between Eqll. (5.3) and (5.4) la 
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further evidence that coagulation of nuclei with cloud drops is a possible 

explanation of the above observations. o 
Steele and Davis (1969) found that the measured concentration of AgI h 

ice nuclei at -12C increased by a factor of 1000 when the liquid water . 
content of their cloud chamber changed from 0.8 to 2.5 gm m~3. Although 

l' 

they tentati vely 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 AgI in a test tube held in front of the 

NCAR Ice,Nuc1eüs Counter, it was found that the ice nucleus concentration 

-1 at -16.5C could be varied fram 0.2 to 400 litre by simply raising the 

humidifier temperature from 30C to 4oc. This effect might be explained 

on the basis of a dramatic change in the liquid water content and the cloùd 
0/ 

drop concentration in the chamber. Visually, nO'appreciable change in 

these parameters took place but no instruments were availab1e to confirm 

tais observation. No dramatic dependence upon humidifie~ water temperature 

was detected with naturally occurring nuclei. Perhaps AgI is also directly 

sensitive to the value of supersaturation within the cloud. Gagin and 

Aroyo (1969) support this possible explan~tioh,in their Millipore ·filter 

technique obseJvations • 

. 5.4 CONCLUSIONS 

~ As the pressure changes tram 950 mb to 450 mb (Table,5.1), the ~actions 
/ - i-~ ... ~ 

00_ 

(F) for 10 A and 100 A increase by no !DOre than a factor "Of 2, while those 
o 0 

for 1000 A and 10",000 A change even le88. Cœaequent~, Fig8. 5.2 (for 

950 mb) CSIl be cOD.8ulted in consideJ:.1ng the behaviour ot a cloud at 450 mb • 
~ 
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If nucleation occurs by modes (c) and (d), th en the effect of short (cloud 

c~ber) versus long (natural cloud) residence times can be estimated 

fran Figs. 5.2. In natural stable c10uds where the residence time may b,e 

of the order of 60 minutes, at least 10 times more particles of radius 
o 0 

50 A to 10,000 A will be captured than in a laboratory cloud where times , 
are usually under 2 minutes. Assuming a one-to-one correspondence between 

the number of ice crystals in a cloud and the number of ice n~clei that 

were initially present, one would observe more ice crystals at a specifie 

temperature in a natural cloud than could be accounted for oy an ice nucleus 

counter meas~rement at the same temperature. 

Mossop (1970) has summarized meas~rements which show that ice n'-1cleus 

concentrations cao be much smaller than observed ice crystal concentrations. 

Hobbs (1969) and A~er et al. (1969) show that the ratio of ice crystals 

4 
to ice nuclel decreasea steadily from a value of 10 at -5C to about l at 

-25C. The calculations summarized in Table 5.1 could explain a portion of 
• .. 

this departure from a one-to-one correspondence between measured ~ucleus 
".. ( 

concentrations and observed crystal concentrations. Since nuclei active 

at warmer temperatures are probably larger, and the fraction of aerosol 
- 1 

col1ected by a ci~d decreases with increasing particle size, the larger 

ratio at -5C (104;:a8 compared ~~ith t~t at -25C (1) ls logical. 

"­Considering in addition the time lag effect of Fletcher (1958), little 

correlation cao be expeèted to exist between 1ce nucleus concen,trations 
\ 

and observed ice crystal concentrations, unless the mechanisms discussed 

above are taken into account. Takeda (1968) has shawn that 11' nucleus 

measurements from l.aboratory clouds, existing for '1 minute, vere applied 

4 -1 to a large updratt of 1 m sec 1 then the Fletcher time 1&8 would not 

be serious. It is probable that the ettect ot a "coagulation" time delq 
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would also he teduced in large updrafts where the time spent between 

OC and -4OC ls sman (approxima.tely 10 minutes in ân updraft of 10 m sec -1). 

lee nudei "hieh couM acti vate through modes (c) or ~ would not r.main 

at any tempe rature level for very long, and would probably activate through 

modes (a) or (b) at lower temperatures. A cloud chamber stlCces~fully 

models these conditions. 

For example, suppose that at a specifie temperature there are 10 fogI 

contact nuclei, mode (c) or (d), to every AgI sublimatibn or condensation-
1 

-1 freezing nucleus. These nuclei are introduced into an updraft of 10 ID sec 

at a cloud base of +5C; the cloud droplet concentration i~ assumed to be 

3 - 2 0 

1000 drops cm -. AgI nuclei tend to have a modal size between 10 A and 

103 A (Gerber et al., 1970). During 6 minutes in a cloud of 0.5 gm m-3, 
3 -2 3 0 ' 2 0 3 x 10- anq 6.5 x 10 of the 10 A and 10 A radius nuclei respectively 

are col1ected. Simi larly , in a cloud of 5 gm m-3 , 1.8 li 10-2 of the 103 A 
4 -1 2 0 

~d 1. x 10 of the 10 A nuclei are collected in, '6 minutes. In these 

6 minutes, the air parcel would reach the -15C 1evel and although contact 

nuc1ei are 10 times more numerous than o*er nuclei, fewer tban 10 percent 

of them are collected. Sublimation or condensation-freezing wou1d then 

be the min activation mechanism. If. hOW'e~ the ratio of contact to 

non-contact nuclei la greater than 10, then contact nucleation would be 
, ' 

the daninant mechanism. 

No quantitative experiments have been conducted to determine ~ccurately 
\ 

this ratio. Sax and Goldsmith (1972) and Slinn (1971) bave discus~ed in' 
.., 

a theoretical manne~ the nuc1ei-droplet cOLgUlatiao problem as it relates 
. r 

to the number or AgI nuclei ,activated in an atmospheric cloud. Sax and 

Goldsmi th (1972) have alsQ mentioned that cloud chambers might underestima.te 
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the number of atmospherie iee nuelei, but they do not discuss the problem 

quantitatively. 

In analyzing precipitation samples by freezing drops, care should be 

exer~ised in applying the concentrations obtained to a severe storm updrart. , 

For exa.mple, more nuclei are collected arter an updraft parcel has risen 

above the -15C height level than before. I~ a -5C nucleus is detecte~, 

there ls no guarantee that thls nucleus was co1lected and actlvated at 

this tempe rature • 
~ 

If the liquid water content or drop concentration varies in a cloud 

chamber, then the readings of the counter will vary if the nucleus, 

concentration does not; spurlouB fluctuations can he introduced un1ess the 

cloud i8 controlled carefu1ly. For example, if the liquid water content 

remain8 stable, but the cloud drop concentration changes by a factor of 10, 

Table 5.1 ind.icates that the "observed" concentration of ice nuclei could 

vary by a factor of 4. 

AgI iB a very effective contact-t'reezing nucleus but is relative~ 
':l 

" l' • 

ineffic1ent as an immersion-freezing nucleus (e.g. GUenadiev, 1970). If 

AgI 18 to he u8ed effectivèly for cloud seeding, ft must nucleate drop1ets 

by contact at a specifie temperature and this process must not be pre-

0: '-
empted by, the prior :iJrmersion of the panicle with1n the cloud drop at 

a wanner tem:perature. 'Ibis requirement poses many practical deUvery 
.... 

problems. 
, . 

IAboratory ex:per1ments should be canducted to determine the relative 

fiaction of atlIbspherie iee nuclei which ,"ctlvate by the various modes. 
" . 

lf the percentage whi~h requires ,contact with cloud dXops 18 amall, then 

the tilDe lag descriœd in the above .can. be neglected. 
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CHAPTER VI 

ICE NUCLEUS COOCENTRA TtŒS BEFORE, DURTIiG AND AFI'ER RAINFALL 

'lbe questions of whethep ice nucleus concentrations :êffect precipitation 

and whether precipitation modifies {ce nucleus concentrations were introduced 

in Chapter 1. This chapter examines and i1lustrates these questions using 1 

surface measurements of iee nucleus concentrations made before, during and a:fter 
• 0 

rainfa1ls in Ouebec and Alberta. The equipment used has been described- in Chap-

ters 2 and 3. 

6.1 ICE NUCLEUS CctiCmTRATIONS AND QUE~ RAINFALL 

F~g. 6.1 shows the ice nucleus concentrations near -2OC and the rainfa11 , 

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

donald College, Quebec in 1967 (Isaac, 1968). The continuous storms are so 
, 

labelled because the rainfal1 rate remains steady over a long period of time. 

In the storms labe11ed "convective", sharp and brief peaks in rainfall rate 

are observed. 

The three'thunderstorm (conve~tive) rain cases of' fig. 6.1 aIl oeçurred in 

association with eastward-moving cold frpnts oriented in a northeast to south-

west line. The moat dramatic features of these storms ~~ .the sharp peaks in 
, ' ) /-J-

iee nucleus concentration flhich occui- almost simul~eoU8ly with the rainfall \ 
, 

rate maxima. In Fig. 6.1a tne ice nucleus concentration peak lags behind the 
J: ". ,/ 

rainf'all rate peak, but in Figs. 6.1b and 6.lc the peaks occur simultâneously. 

Dust or ldirt stirred up fran the ground might expla1n the nucleus concentration 
4.# 

peak of' Fig. 6.1b and that associated w1th ... the f'1rst °shower at 163ê EDT ~f Fig. 
l' ( 

6.lc. However, during subsequent nucleus concentrat1œ peaks of' Fig. 6.1c and 
~ 

? 

that of' Fig. 6 .1a, the surf8.ce was vat bef'ore~ the ice nucleus cOilcentrat~on 
, , 

• maximwJl occurredj,. ground. dust would not have been" st1rred up'" eas11l. .. . 

, . 
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Figs. 6.1d and 6.1e represent continuous rain cases. Perhaps because the 

rainfall rates vere lover in Fig. 6.1e, the nucleus concentratioo increases 

slightly vith the onset. of rainfall, in canparison vith Figs. 6.1a, b and c. 

During the continuous rainfal1 of Fig. 6.ld, the coocentratiœ decreases vith 

the onset of rainfa11! The decrease of Fig. 6.1d near 2200 EST can pr?bably be 

attributed to a vind shi:ft tram 140
0 at 2100 EST to 2100 at 2200 EST. This may 

Mean a change in "air mass Il vas detected, or the air coming from different direc-

tions cantains 10cally-produced but dissimilar aerosols. No dramatic, persistent 

vind shi:rt occurred near the nucleus concentration' peaks of Fig. 6.1 mentioned 

above. Hat1 was not observed during the thlmderstorms of :r1g. 6.1. 

6.2 ICE NUCLEUS C<JiCmTRATICfiS AND ALBERTA STORMS 

Fig. 6:2 shows examples of the ice nucleus variations near three Alberta 

stonns. A mobile NCAR Ice Nucleus Counter mounted in a truck and directed by 

the radar provided the readings •. Rainfa11 rates, d.ewpoint temperatures and ~la-. 
tive humidity have been Plottef along vith ~he ice nucleus readings. In contrast 

't Fig. 6.1., the measuremen ta of Fig. 6.2 have been made over a DI\lch shorter t1me 

in1erva1. The equipœnt hlta ~~ly enough time to take a fev readings before 
\ . 

f1uctuaticns took place. If during the storms of Fig. ~6.2 a guet front occurred 

at the location, it 1s unli1&ly that the beginning vas detected. Bec&use of the 

shortcamings of Fig. 6.2, it was decided that the record should be 1.engthened, 

and the truck vas d1J"ected to & aite 30 minutes before the rainfal+ began. 

The radar vas an invaluab1e taol for describing sane pertinent features of 
• 

the storms wherein measurements vere cœducted. For example J on il July 1969 

(Fig. 6.2&) the IIOst intense portion of this smali storm passed almost directly 

overhead, but the .storm vas nakening at that particular t1me. Ch 1.7 July 1969 

(Fig. 6.2c) the most ~tense portico of the atpI'lll pasaed 4 mi south of the 
~ 6. 

samp1ing locatiOll. 'lbe sharp drop in iee nucleus cœcentratiœ& during the high 
~ . 

rainfall rate of 16 Ju4r 1969 (Fig. '> 6.2b) .,. have beau cre&ted beeauae wo 
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storms were passing, one on each side of the observing locatiqn, at approximately 
l, 

1740 MaT. 

Fig. 6.3 shows the variations in tée nucleus cŒlcentrations during a thunder-

storm that passed over the NCAR Counter ill'stalled in a ~railer at Benalto. During 

this early morning storm, there waa a lag of' about 15 minutes between the onset of 
r 

rain and the peaking of the :puc1eus ~oncehtration; ~ simi1ar 1ag ia ren in Figa. 

6.1a and 6.2a. Consequently, it i8 probable th~t high rainfa1l rates do not 

directly produce ]JJ.rge cCllcentrations of ice nuclei through an evaporation mechan-

ism as mentioned by lG'an and Scott (1969), 

Fig. 6.4 shows an interesting case o:f the variations during a seeded Alberta . 
storm. '!he storm vas seeded fran 1547 ta 1602 MaT with AgI f'lares fixed to a 

B-26 flying the updraft area at 6000 ft aboveo grO\D'ui, Ng. 6.5 shows the radar 

echo contours at 3/4°, e1evati~ st 1603 MaT, and the nisbt path ~f the ,aircr8.ft. 

'!he rainfall rate at the samp1ing location (marked on Fig. 6.5) was les8 than 

-1 0.5 mm hr ~~nce the main core of' the seeded cell moved to the SW of' the 1603 

MST po si tion • 

A diagram vith extended sca1es similar to Fig. 4.2, with curve B extrapolated, 

would indicate that cCllcentrations of 20 per ,litre at -2lC would be observed less 

than .01 percent of the time. Since nucleus cancentra~ians of 20 per litre vere 
" 

observed cm 14 July 1969 (Fig. 6.4) and the cŒcentratiœ jumped' by a factor 1000 
r ~} ~ 

with the œaet of rainfall, it 1s probable that AgI nuclel vere de~cted. Higb 
. 

tce nucleus coocentratiœs $.loft vere brought to the ground during the storm. 

'!he ice nucleus coocentratioos reuained at Il high leve1 tOl.' over 4 hours 'beclluse 
• 

the vinds vere very ligbt atter 1ihe storm bad passed. : 'J 

, 
As Fig. 6.9 shows, rain samples (sample B being t)'plc&.l) traD tbis storm 

'. .' were rel&tively "dirty,". <:me cazu{ot 8&1' ~t AgI vas prelJent in sample B, 
~ ~ , l 

although sucb a presence vould be expected CIl the basia ot the cloud cb8mber 

read1ngs shown in Pla- 6.4. 
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6.3 A DETAlLED STUDY OF "NO ALBERTA HAILSTOlMS 

Data were obtained during wc. Alberta storms when there was a long period 

(60 min) of measurements before the rain ccmnenced and simultaneous measure-

ments of surface wind, dewpoint temperature, and rainfal1 rate vere available 

(Figs. 6.6a and 6.6b). Sma11 shot- to pefl-size hail f~ll during the indicated 

times at the observation sites, but walnut-size hail was observed in more 

intense portions of the storms. 

The arriva1 of downdraft air assoeiated w1th the gust front la easily 

recognized at apout 1645 MST on 3 August (Fig. 6 .6b) and at about 1840 MST on 
~ 

28 July (Fig. 6.00) by the dramatic drop in dewpoint, the wind shift and the 
p 

increase in wind speed. '!bese three parameters - wind speed, vind direction 

and dewpoint tempe rature - a11 reacted in a manner observed frequently by l\Yers 

and Braham (19'49) during gust fronts. en 28 July, the concentration of' iee 

nue1ei inereaséd simultaneously vith the gust front; a simi1ar, though 1ess 

evident increase occurred on 3 August. , 
Fig. 6.7 and Fig. 6.8 show the radar echoes for these two storms disp1ayed 

in ~RPI* fo:rmat (Zawadzk1 and Ballantyne, 1970) at 1900 MaT for 28 July 1970 
1 

azid at 1751 MST for 3 August 1969. In these figures, each section or panel 
. 

shows the echoes in an- annular ring, 3.2 km deep (1.e. in range), centered on 

the radar range indicated; coordinates are azimuth fram the radar and height 

above grO\md. '!he secticms are so arranged that one can imagine them as pro-
o 

files of the storm at dif':f"eren~ distanees fran an observer, incrèas1ng t'ran the 
, 

bottom upwards. Fig. 6.8 vas prepared electrooiCally, and Fig. 6.7 by hand-
• ~ 1') () 

construction, fran the apprapriate PPI'_~.;,ans: In both di~~ thi~ location of 
, 

the mobile truck, where the Ob8~rvations of Fig. 6.6& and Fig. 6.6b were made, 

s:: > 

* HARPI: Height-azimuth-range-poai tiOll-ind1cator ... 

, 
! _ i.'l - , 

. ., ! > • .~.r... l ._ • 
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i8 indicated by an arrow. Radiosonde data, obtained at the radar site at 

1530 MST on both ways, provided the indicated temperatures. At the time of the 

HARPI sections, rainfall at the observing sites of Figs. 6.6& and 6.6b vas near 

i ts peak value. 

The storms of Fig. 6.7 and., Fig. 6.8 vere moving from 280 0 and 290° respec-
t-

tive~ and to the right of the wind vector at middle levels. On the southern 

edge of both stprms, an overhang suggests that an updraft !is beneath and inside 
1 " 

th1s portion of the echo', consistent vi th the arguments of Chisholm (1970) and 

Marwi tz (1971) as developed through extensive measurements in Alberta. There 

ia a large gradient of ref1ectivity in both storms below the overhang. 

The coré of the intense precipitation p&ssed 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 precipitation'was 

greater on the latter occasion (Fig. 6.66) than on the former (Fig. 6.6b), 

although the dewpoint drop of Fig. 6.6b was greater. These differences are 

probably due to the selection of the sampling location within the storm, ratper 

than any great dissimilarities in structure o~ radar pattern between the storma. 

6.4 mOP-FREEZING MEASUREMENTS 

Cumulative concentrations of ice nuclel vithin rain samples collected in 
"f ~ ... 

Alberta (Fig. 6.9) vere deter.mined by the me&surement technique descr1bed in 

section 2.3. 1111s technique is very useful bec8use it specit'ical~ detects . 
on~ immersion-freez1ng nuclei (see Chapter 5) i& actual precipitation samples; . 

'" the operative nucleatlon mode ta strictly spec1fied. Cloud chamber mea.surements 
" 

for seme ot the time periods indicated in Fig. 6.9 $re documented in sections 

6.2 and 6.3: For curves A, B, C, E and G, another eample 1t'&8 collected simul-

taneously about 4 teet/ away and later analyzed independently by Vali (pr1 vate 
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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 collectlon of 

each sample is shawn in Fig. 6.9 along with the [time the collection was made. 
1 

Sample H répresents a mixture of rain and hail (shot O to pea-size). Sample F 

was collected in rain immediately following a ~ilfall. Although Vali (1971b) 

has suggested that high rainfall. rate samples and hail have higher concentra. 

tions of immersion-freezing nuclei, curves H and F"which fulfil either or both 

of these conditions, are relati vely" "clean~ at temperaturli!s warmer than -15C. 
'--' . 

~ 1 

The "dirty" samples, A and B, were both collected during low rainfall rates; 

however, s~ple B'might have contained AgI since the i4 July 1969 storm was 
1 

seeded (section 6.2). 

From thls limlted number of samples, it appears that precipitation o~currlng 

at a veTy low rainfall rate may have ~igher concentrations of immerslon-freezing 

nuclei at temperatures warmer than -15C than precipitation occurring at high 

rainfall rates. This observation is consistent with the data of Engelmann and 
, 

Perkins (1971) who found that concentrations of 39c1 , a cosmogenic 'radionucllde, 

""-"'-~""·"'---.l.i..lJlJ&:..r~~ wi th small rainfall rates \ Engelmann and Perkins (1971), after: 

summarizi~of other authors, conclude' 7:'~ " there is a definite 

inverse relationship between aerosol concentrations in r in apd rainfall rate. 
4 

. ' 

\ 

Rainwater collected during drizzle-like rain might have a longer cloud residence 

time, thus allowing more aerosol particles to coagulate with the cloud drops 

(see Chapter 5). Thjs oQservation of an inverse relation between nucleus con-

centration and rainfall rate is in disagre,ement with the mea'suremerlts' of Bishop 

( 1968), bu't agrees wi th those of Isaac (1968) for the "28 July 1967 s to;m. 

Cle~rly,· ipterpret$tion of drop-freezing measurem~nt8 ~s difficu1t . 
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'l'Iîe f'lfJurl chamher rc:::ult::; of Fi~G. ~.?a, 6.2b, 6.2c and Fig. 6.6b can be 

rompare>!l wi th the droplet-freez ing ('urvc~ Il, E, D and F respectively. A high<::r , 

level of cloud chamber nucleus concentration measurements would show that more 
'-4 

nuclei were available to collide with the precipitation. The concentrations o~ 

Figs. 6.2b and 6.2c are at least a factor of 10 apart during their respective 

precipitation sample collection times, but the correspond~~ curves, E and D o~ 

Fig. 6.9,., are very simi].ar. Extensions of the curves H and F would be almost 
o 

a factor of 10 apart at -2'OC but at,the corresponding collection times in Figs. 

~ .2a and 6 .6b, the ice nucleus chamber concentrations are alJnost the srune; 

There appears to be no correlation between the immersion-freeztng nucleus con-

" eentrations of Fig. 6.9,and the NCAR Iee Nucleus Counter measurements during 

_the respective sample collection periode Considering the nuclei-droplet coagu-\ 
J 

lation problems ment~oned in Chapter 5, this lack of correlation should not be 

unexpected. 

-6.5 POSSIBLE EXPIANATIONS OF THE OBSERVATIONS 

A few possible ca~ses for ice nucleus concentration increases a~sociated 
< 

with tpe thunderstorms'of sections 6.1, 6.2 and 6.3 are discussed below. 
. , 

1) Air entering the storm through the updraft, or due to entrainment, 

could have contained large coocentratlons of ice nuclei. However, the updraft 
~ 

air wou1d~robably mix with the surface layer, and ground rneasurements would , 

./ show a graduaI increase before the sto~. 
2) Ice "nuclei might be eoneent~~tl ioto the thunderstorm downdraft. Ice 

nuclei in the incoming air could be trappe-d 1n the storm when they initiated 
,,') , 

drop or crystal formation themselves, or by coagulation vith existing precipita-
, , 

tion " When this prec'ipi tation ralla out, and drops evaporate, they woUld enrich 

the surrounding air by releasing icê nuclei. 'lbe fac~ 'th~t peaks in iee nucleus 
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concentration do not always coincide wtth rainf'tl rate maximums creates a 

problem for the above hypothesis. 

) 
... ,", 

o ~hcleS-Placed in the downdraft, m:sht he preactivated' iee nuclei. 

However, it 18 un1ikely these nuelei could survive in the warm surface air. 

4) High winds in the vicinity of thl.Ulderstorms blow up dust which' could 

be a good source of nuclei. This hypothesis has been strongly advocated by 

, Rosinski et al. "(1971), and Vali (1968) has shawn the:f~;~ a ~latiVely 
good nucleating material. Howeve), both in Qu~bec and Alberta, on dry days 

ri th high winds no great increases in nucleus concentration are observed. 

During thund~storms the additional inhibition of,a wet ground surface would 

retard any dust pickup by the wind. 

5) An unusual change in a meteorologieal paramet~r, such as relative 

humidity or temperature, in the downdrafTh might enhance the activity of the 

nuc1ei. No evidence vas collected ta support this hyp6thesis, but a change in 

the above parameters might,modifY the cloud eharacteristics in the cloud chamber, 

and aecording to Chapter 5, change the measured concentration. Temperatures 
, 1 

wi thin the chamter vere moni tored and 'did not vary. An artificial source of 

condensation nU}lei kept the cloud drop concentration constant. The dewpoint 
-

temperature drop during thunderstorms might reduce the liquid water content in 

the chamber, but tRis would reduce the nuclei-droplet coagulation efficiency 

(Il\ention;d ~ .Cha~ter 5) and po~ibly the iee nucleus concentrations. The 

observations show the concentration increases; the variations a-re not due to 

instrumental reasens. 

6) Gabarashvila and Kartsivadze (1968, 19(9) discus~ how both electric 
0, .. 

field 8.l1d electric charge.s influence ice nucleus formati(;>l1. In a thpi1derstorm, 

sorne electrical mechanism such as 1ightntng, by charging particles or creating ., 
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". 
new ones; could either produce more. ice ~clei or more erfective nuclei. . //' 

Isono and Tanaka (1966), Ryan aniScott (1969) and Rosinski et al. (1971) 

suggest that the first, second and/f'ourth mechanisms respectively are the 

pF-imary causes of nûcleus concentration increase during a thunderstorm. The 

first two papers mentioned abave each contained one storm example with less 
\ ~ 
detailed data than any of the Alberta or Quebec storms documented in this thesis. 

Rosinski et al. (1971) state that "concentratiœs of ice-forming nuclei, which 

derive from soil particles, increase during storms up to 100 times the pre-stor.m 

value". Sorne of their data. are similar to that i? 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 

a hypothesis. 

Based upon data in this thesis, one can only conclude that large- increases 

in surface ice nucleus concentrations are observe~ during~orm precipitation. 

One cannot stat~ that the storm exi~ted within a region of higher ice nucleus 

concentrations or that ft created the condition. Ragette (1971), using pibal 

observations in and around Alberta hailstorms, has concluded that downward 

motions exist tQroughout most of the radar echo region. The downdraft core was 
.':" 

usually located in the rear port~on of·the echo, although it was once situated 

~ in the central portion of the ecI)o. From the observations of Ragette, it 

appears that the high tee nucleus concentrations occur in the storm downdraft. 

The observation of Ragette, that the downdraft core ia usually in the rear por-
o 

, tion of the radar eCho, would explain the tendency for the maximum concentration 

to occur after the rainfall rate maximum (see Figs. 6.1a, 6.2a, and 6.3). Figs. 

6.6a and 6.6b support the hypothesis that the ice nucleus concentrations in-

creas.e during the storm downdra:f't; in these 'cases; the 1n~rease occurred with 
1 ~ J' 

the arrival of the gust front (downdratt air).' Fig.' 6.4 suggests that AgI 

- 42 -

'-



J 

, 

• 
( 

re1eased aloft vas brought to the surface in a downdraft oeeurring during the 

precipitation. 

'!here does not appear to be any differenee between hai1ing and non-hai1ing 

storms in terms of the intensity of the iee nucleus coo'centration fiuctuaticns 
.. ' Q 

near -2OC. 'Ibis can be seen by compari son of Fig. 6.1 wi th Figs. 6.6 and 6 .2a, 

if one remembers that the concentratiân inereases by a f~tor 10 for a 4 degree 
1 
f 

drop in ehamber tempe rature (*,son, 1968). The Alberta ["storm coocentrations 
. 

are very s1mi1ar to the values obtained in Quebee during storms. 

Curves b and B of Fig. 4.2 are not directly ccmparab1e because D vas obtained 

during the wintE;r in Quebec whi1e B is formed t'rem SUJŒQer measurements. However, 

fram 29 July 1971 to 2 August 1971 the geametric Mean concentration of 372 samples, 

each of 150 litres in size, at lécdona1d College, Quebec wes 0.28 per litre at 

-21C. _ Uaing this short-term measurement of only 4 ds.ys, there ls no difference 

between summer and winter concentraticns in Quebec. '!he summer meas~\Jlents show 

that Quebec cons::entratioos might be a factor 2 higher than i.p Alberta. This 
> 

difference is not cC1lsidered signific811t when ccmpa.red. wi th a geometrie standard 

deviation of 3. Consequently, there is no evldenGe to suggest that ice nucleus 

concentrations or fiuctua.tlcns at -2OC in Alberta and Quebec are different. 

6.6 A POS~~BLE FEEQ-BACK ~HANISM IN C~TIVE STORMS 

Could the increases in tce nucleus concentraticn feed back and influence 

the storm itself? 'Ibis .questioo is a rea1 8ne if high ice nucleus concentrations 

in the downdraft mix vi th ~be updraft and thus affe~t the storm. 

For example, Fig. 6.10 shows the 43.4 km HARPI section for 28 July 1970 at 
'0 

1900 MaT (reproduced fran Fig. 6.7)'. 'Ibe data. of Fig. 6.68. vere obtained at 

the position indlc.a.ted by the .ar~ow. 'Dle positl00 ot the guet froot F at 1900 

',M3T vas estimated by assuming the gust "frœt passed the site at approximately 

-1 0 
1830 MaT moving at the" stonn velocitl' of 4.5 m sec frem 280. 'lbe. height of 
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the eold dome (hatehed area) was taken to be several thousand feet as observed 

by .B;vers 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 concentratiQn ~f 

nuclei at the surface gust front would probably inix with the updraft air ahead 

û of the storm. If it is assumed that air within the whole vertical extent of 

the eold dame (instead of just at the surfa~e) contains higher. concentrations 

of iee nuclei, then this nucleus-rich air would mix with the updraft air aIl 

. along the updraft-downdraft shear zone aloft. Chapter 7 examines whàt would 

happen to the ice cont~t of the updra:rt if this si tuatlon occurred. '!he data 

of Figs. 6.6a and 6.6b indieate that, at least for a considerable fraction of. 

the time, i t i8 likely that the greater concentrations in the dawndraft mix 

into the storm updra:ft • 
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CHAPTER VII 

THE ICE CCfiTmT OF A SEVERE )STORM UPDRAFT ) 

~ 
'lbree different methods of evaluating the rate of rodUction of iee wi thin 

a storm updraft vill be described in thia chapter. Jiust (1968) (section 7.1) 

has calculated the critical concentration necessary to inc se the ice/water 

concentration ratio. Using the drop-freezing technique of sec ion 2.3, and 

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

. (section 7.2). 'lbese wo methods will be cœpared vith the iee con ent esti-
" 
mated ?y activating ice nuclei aceording to a specified nucleus concen~ration 

\ 

versus temperat-llre relation, and then growing the crystals by sublimation in a 

severe storm updra:rt (section 7.3). -

7.1 CRITICAL eONCmTRATICfi OF ICE NUCLEI 

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

can he specified as: 

dB dm 
dt ::: ~v - ~ dt 

, . "­
vhere ~ and ~ are tbermodynamie f'lmctions evaluate~ by Squires (1952), v is 

dm dB the updraft velocity, and dt i8 the eondensat1œ rate. If dt equals zero, thEm 

dm 
dt 

~ 
= -v 
~ 

'!he growth rate of an iee crystal by dif'f\J.aion (Fletcher, 1962) i8 given by: 

dme -dt 

"here G' is a. thel'Ùlodynamic :tunction, Si ia the supersaturation with rêspect to 

ice, and P i and C are the tce density and crystal shape factor re.spectively. If 

the supply "-te of moiature to the cloud equals the extraction rate due to Ne 
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T Q/~ Vapour supply Cri tica1 iee 
dm/dt nue1ei N 

(C) (gm cm -4) (gI!I sec -1 cm -3) (1-1) 
~ 

~ 5 1. 285 x 10-11 6.42 x 10-10 340 
-10 1.045 5.23 180 

-20 0.623 3.12 105 

-30 0.323 1.62 85 

-40 0.147 0.735 80 

Table 7.1 Critica1 concentration of iee nuelei (Nc ) required 
"for the ice/water concentration ratio to increase. 
'!he crystal radii and updraft ve10ci ty are assumed 
to he 100 lJlIl and 50 cm sec-1 respectively .. 
(After Jlusto, 1968) 

/ 

c 

• 

.~ 
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~lane dendrite crystals (C = S!:) grow?ng by sublimation, therl 
ft 

~v/~ 
= 8G'StPir 

.... 
Ir there ls one crystal created per ice nucleus activated, then N represents 

c 

the critical concentration of nuclei needed for the ice/water concentration 

ratio to increase. Jiusto (1968) has canputed N for an upd.re.ft veloci ty of 
c 

-1 
50 cm sec and a plane dendrite crystal of radius 100 ~; his results are 

. 
presented in Table 7.1. At -2OC one needs approximately 100 crystals per litre, 

-1 
and if the updraft veloci ty is incre&sed to 10 m sec ,2000 per litre are 

required. Rie critical concentratioo of crystals increases if the crystal size 

la reduced. NormaUy there ls one iee nucleus per litre at -2OC (lot1.son, 19(8). 

Since the c'oncentrGtion of 1ce nuclei increases by a factor 10 for every 4c 

dr~ in temperature, the ice nucleus concentration 'Would approach the critical 
li-

-l, 
concentration of Table 7.1 near - 3OC. In an updraft of 10 m sec ,wi th a 

, 4 
realistic crystal diameter of 20 ~, one" W'ould need 2 x 10 times normal back-

ground 1ce nucleus coocentrat1on in order for the critical concentration to 

occur at -2OC. 

7.2, THE DROP-FREEZIBG ESTIMATE OF THE ICE CœTENT 
, 0 

'!he tota~~umber of drops frozen in a cloud c~ be estimated ustng the 

results of the drop-freezing experiments descr1bed in section 2.3 and assuming 
11> , -

the droplets have a volume V. Using BI. (2.1), the fractioo f(T) of drops 

frozen Yi th in a cloud CM be specified as VaU (1968): 

f(T) = N(O) - N(T) 
N(T} = 1 - exp[-VK(T)] 

l\Y specif"ying K(T) as in the dashed line of Fig. 6.9 
, 

K(T) = Cl exp[O.576(273 - T)] 

, 
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Cl (nuclei cm -3) -44c -4OC -36c' -32C -28c --24c 

7.14 x 10-3 0·95 0.26 0.03 0.003 0.0003 0.00003 

7.14 x 10-2 1.0 0·95 0.26 0.03 0.003 0.0003 

7.14 x 103 1.0 1.0 1.0 1.0 l.0 1.0 

Table 7.2 Fraction of drops (20 1-IJJ1) frozen for a few values of 
temperature and Cl' 

; , 

-2OC 

0.000003 

0:00003 

0·95 

•• 
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( 
whére Cl equals 7.14 x 10-

2 
nuctei cm - ~ • For a drop di~ter of 20 1JlIl, Table 

7.2 indicates the fraction ,frozen for ~even tempere:ture levels as, well as three 
u , 

values of Cl. The wo lower values of ,Cl, c,over thé ~se: of concen'tratio~o1 

Fig. 6.9. Increasing the drop diameter by a,:ractor)01/3 has the seme effect 
, ' 

as ~creasing Cl by a. factor 10. From' Table 7.2, it is .apparent that in' order 
, '- ' . 3 

to freeze the entire cloud a.t -20C~ one wou1d need a value of. 7'.14·x 10 for Cl 

or 105 times the number of, immeraian-freezing nue lei per em3 specified by the 

'\ 
\ 

There- are a few defects in the models of sections 7.1 ';Ild 7.2." The cri ti-

cal concentration method of Jiusto suffers because the crystal size must be 

speciN~d,' and·in ~ severe storm updra.'ft where,~;e ia limited, a ~aliBtic 
. 

value i8 difficult to estimate. Although the rate of mois,ture supp1y equals 

the extrlction'a~ çr~ti~al 
<l ' .. 

concen tra tion , the ~ime required to freeze the entire 
t" ~ 

cloud may b~ significant. The dron-fTeezing tèchnique does give an estimate of ~ - . 
the ice ccntent, but it is not directly dependent upon updraft velocity'. If 

.. ". -1 
the assumed cloud droplet radius were he Id cOllstant, an up~a:f't of 1 cm sec 

(. 

wou!ld glaciate at the same levei as a severe storm updraft. _ The drop-freezing 
(' 

\ 

model does not cons\rter the effect of already-frozen drops growing either by 

sublimation or accretion. 

A simple model was developed to help 8Qlve BaDe of the ab ove problems. A 

~ -1' ' 
parcel of air vas assumed .to rise at 10 Di sec " in a water"saturated environment' 

- , -1 
with a 1apsè ray,e of 6.6C·~ . 'nle.melting level {OC>.was talten to be 650 mb~. 

'. . 
Spheric~l crystals grew by diff'usion according ta: 

dM (T ,T) 
c 0 

dt 

" . 

= 

. 
" 

o c 

Il 



where: 

M (T ,T) := mass of crystal (aetivated at T ) at temperature T 
c 0 0 

- , 
1 

T := temperature .-' 

fi (T) saturation 
-.. 

over water at tempe rature T vapour pressure 
w .... 

P. (T) = saturation vapour pressure over iee at tempe 
1 

R W1iversal gas constant 
( 

D(T) := di ffusiv it Y of water vapour in air 

L := la~ heat of sublimation 

( 0 '. 9 gxn cm - 3 ) Ps 
:= density of ice 

A.v 
:= densi ty of' vapour 

.\ 

M moleeular weight of water 
w 

t = time 

The initial radius was assumed to be l tJlIl. The number N(T ) of ice nuelei 
o 

activated in a specifie lC tempe rature interval was"determined f'rom: 
J 

N(T) := 8.7 x 10-3 [exp (0.576) - 1] exp [0.576(272.5 - T)] 
o 

which was c~lculate~ using the ass~tions that there exists l nucleus per litre 
~ 

at -20C and 900 mb and -that the concentration increases by a factor 10 for every 

4c drop in temperaturè. These assumptions fom the basis for the generally 

accepted ice nucleus spectruin between -IOC and -3OC (r.tLson, 1968; see also Fig. 

1.1). The assumed concentration at -:2OC does not correspond to the values pre-
" 

sented in Fig. 6.2 and Fig. 6.6 or Fig. ~.2, but the NCAR Ice Nucleus Counter 

ia assumed to produce a low reading and consequently, the more acceptable 

standard of l per litre found around the world has been adopted • 

. '!he iee ccntent l (T) at a specifie tempe rature T in the updraf't can "be 
c 

expreased as: 
T 

le (T) = I Mc (To ' T) ,N~to) HJfl/kg 

T::O 
o 
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~g. 7.I,shows tqe results of'a compute~ s~lution of Eq. (7.3) obtained by 

·integra.ti~g\i'.q. h.l) for ~ime s~S' eq,!iva~ent,t~ lC temp:ratur~ intervals. 

Ic(T) has been, con~r~ into t.he more useful units of ~gm ~-3 Th~ curve 

labell~d ''bac~ground'' shows othe amount of i~ the ~loud v9l'ld contain usü'/g 

" 

, . '. 3 6 
the nucleus spectrum of Eq. (7.2). ~e curves labelLed 10, 10 , and 10 

indicate. the "ice content ,,-en the bac"kground' ice nucleuf~conc~ntratio\ (1 nuéleus 

per litre at -20C) is·multiplied by this factQr. 
, , 

These curves represent seeded , 
updrafts . 

The' above mode l (&i.7.3) be clarified by introduction of' the following caI!. / '. ~ " 
four relations: 

dT -K (a) = dz l 

IJ N 
-K2T (b) == N e 

.' j.. \ 
0 (7.4) 

dz (c) ---- == v 
dt , 

dM 

" » dt '~3~/3 (d) .... 
~ 1 

KI' K
2 and Kk are con,stants, v is the updraft veloci ty, 'z ,is the, height above the 

'> " OC level, M is -l!h ~ndiviüual. 'Crystal mass, and N represents ~h~ concentration of 

",. 

nuclef" active at tempe rature T {Celsius) or above. 'N is equivalent to the value 
o 

~f 8.7 x 10-3 in &1. (7.2 ), îI' K2 equ,ls 0.576., Eqs. (7.4) lead to the follow-

" 

ing; 
<1, 

~ 
'&KJ ~/2 ~K z 

l (z) = ( ) ; N e 1 (7.5 ) c 3vK
I

K
2 0 

Eq. '(7.5') differs from DI. (7.3) (used fOl! the cOmputer soi~tion) o~ly in tba~ 

K3 is assumed constant. Sinee over the temp~ture range -IOC to ,,;,4OC, K3' às 
'. 

,"déT1ned by Eq. (7.Î), varies, byJonly a f'act9r of 1.5, this assumption dces n~t 
.' f v J' ~ f;.... t! ~ 

introduc, la~ge' er~~rs in" the dompu~t1on of I~. . 

" .' 
.' \, , 

." 
/ 

-~ 
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As Eq. (7.3) and Fig. 7.1 show, increasing N(T ) for all T by a~f'actor~ 
o , 0 ~ 

of io ~imp'ly jncreases the iee content fic at a specifié temperature level t~n-

raId. This obsell"'ration i8 independent of the assumptions used in computi,ng 
r 

t-1 (T ,'r) a.nd of the va.lue of 0.576 used in the exponent of N (T ) ~ The ice 
1> co' o. 

c.ontent for each curve of Fig~ 7.1 increases exponentially with heigtlt. Not 

only does the approximation Ell. (7.5) ve~fy th~. wo above conclusions, but 
o 

this equat.ion predicts that, an increase in updraft velocity by a factor of 100 ' 

wOllld decresse the iee content at any level by a factor of 1000. Further C'üm-

puter calculations have shawn that this pre~iction i8 valid when K3 is not 

!l('ld constant but is sp,ecified as in Eq. (7.1). 

The height at which a given concentration or ice is obtained (Fig. 7, .. 1) 

dec1'eases by approximately 0.75 km (Le. 4.5C) for each tenfold increase in 

nucle~s concentration. The ice content at any level in Fig. 7.1 is directly 

proportional to the ice nucleus concentration at any tempe rature '(Eq. 7.3)'.' 

MODEL ASSUMPTIONS 
~ 

o • 
f.ll.ny variables ''used in the moder of Sf'ction 1.3 Jsuch as updraft ve10èity, 

,~ 

the lapse rate, the ~alue of 0.576 in Eq. (7.1), supersaturation, and the 

crystal shape (spherical) and density) have been assumed constant and indepen-
, . 

dent of tempe rature or height. Cloud droplets were not al10wed to fre~ze, and 

crystal growth by accretion was neg1ected. Most of the above assumptions vere 

checked to test whether their inCIUSi~ radicalLY changed the results of the 
\ 

mode 1. 
• 

The loaded moist adiabatic ~pdraft velocities determ1n~d by Chisholm (1970) 1 

~ " . 
usually increase from the melting lev~l but rarely exçe'ed a-tlfactOT of 2 or 3," 

of the -5C value. Sinc'e 10 ~ se<l (used in ~g. 7.1) 18 a ty'pl~al 'value ror 
• co" "" , 

the storm updra,1't· core between OC and -5C t'or el ther à amall, medium or high 

! 
, , 

l, 

, . 
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~nergy storm (Chisholm, 1970), the updraft at lower temperatures would be 

slightly. higher. Eq. (7.5') predicts that if the updraft veloei ty bet'ween -5C 

and -40C'was up to a tactor of 3 higher, the ice content at these temp€rat~res 

would decrease by a maximum of a factor of 33/ 2 . 
( 

The,value of 0.576 in &le (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 ~ reasonable assumption for North America, and Isaac Il 

(1968) showed that ice nucleus èonc'entratidns in Quebec 'followêd a simÙar 

JO 

tempe rature dependencé between -15e and -3OC •. Sorne iee nucleus tempe rature 
<r' .... l') • l, ,.L) 

spectra obtained in AlbertE}. in 1970 suggest a(.\,.f'actor 'of 10 increase fO,r a 3C 

) 

drqp in tempe rature between -15C and -30C. Holding the concentration at -20C 

constant, Eq. (7.5) predicts that if the temperature dependence took the~form 

of a tenfold increase in concentration for a,> 3C or a 5C drop in tempe rature , 

the ice content at -40C would increase by a factor of 30 and decrease by a 

factor of 7 respectively from the . ~lues of Fig. 7.1, while that at -20C would 

,remain wi th in a factor of 2. The assumed nucleus concentration at -20C weuld 

still have to be increased by a factor 105 in order to completely glaciate the . . 
cloud. A serioUs difficulty in the-selection of the value of 0.576 'in Bq. (7.1) 

is the lac~. of measuréments between -3OC to -~OC where ice contents become 

appreciable; measurements fram -lOC to -30C 'must be extrapolated to lower 

temperatures. The. drop-freezing technique for ,determin.ing "fraction frozen Ir· 

aiso suffers from this lack of data. 

Th~ air was assumed to be sa:.turated wi th .respect ta water. Aithough in a 

severe storm updraft slightly supe:saturated air with respect to wàter CM he 
',1 

: expected, the "Jvalue of supersatur.ation -wi th ~spect to iee would n,ot he' modi-

fied enough te> _ significantly affect the cr.ys~l growth rate. In a. severe 
,! . '\ 

". 
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Alberta. stonn, the concentration of water and ice combined can range from 

-3 -3 -
2.5 gm m to ") gm m (Chisholm, 1970). When the value of ice content in 

. 
Fig. 7.1 approaches this combined ice and water cCflcentration, the air will 

no longer remain saturated with respect to water but will approach saturatioI\ 

with respect ta ice; at this point the model becomes meaningless. , 

For a given value of ic~ content, the ice c~stal size distribution is 

approximately the same for any of the curves of Fig. 7.1. If the slope of the 
_ 0 

backgrOlIDd curve of Fig. 7.1 change s a t a particular value of l (T), due to 
c 

coagulatioo or splintering of the crystals ?r even dep1e,tian of the cloud water 

(resulting in unsaturated ait with respect to water,)J the lOx-curve would change 

by an equal amount at the same value of iee eonten;t; the two cl;lrves would main-
, 

tain the sarne separation. Coagulation or sp1intering of the c~sta1s, or ev en 

depletion of the cloud water, would not greatly affect the conclusion that the 
• t 

height a t which a specifie ice content ia obtained decreases by 0.75 km for a 

... 
C!,l:atal Type Maas-Size Relation ·If 

1. Planar un;imed r (m·/o.OO152)1/2 
'. c c 

2. Partially rimed r = (m /0.0108)1/2 
c c 

3. Heavi1y rimed r = (m /Oa. 52 )1/3 
c c 

;' 

PIc and rc are the crystal mass (gm) and radius (cm), re~c~ively, and appropri-

" 

ate expressions for growth rate'i! by riming or sublimation (Jip.sto, 1971) were 
; 

used. Planar unrimed crystals were grown excluslvely by Bubliuatien. When 
1 
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the calculated growth rate for accretion exceeded that for sublimation, 

growth proceeded by riming alone, assuming the second mass-size relation 1isted 

above and a liquid water content of 5 gm rn-3. After the crystal màSS reached 

4 x 10-'3 gIn, rim.ing growth continued using the third mass-size relation above.' 
! 

The terminal crystal velocities ~ere calculated using an expression der~ved 

hy Lang1eben (1954). Jiusto (1971) has used the apove mOdel, with the three 

crysta~ mass-size relations, to describe crystal'development and glaciation 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 saturated parcel 

nsing at 10 m sec-l with ice nuclei being activated according to Eq. (7.2). 
, 

40c 'II At - , crystals which had activated between -lC and -llC.were heavily 

rimed l1
, those act.i vat~d between -l2C and -27C were· "partially rimed", and the 

rest were still growing 6y sublimation. The greate,st concentra<tion of ice mass 

was due to crystals still grùWing by subli~tion, ~ecause they were ~ar more 

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

l (T) would increase less than 10 pércent for all heights; thus, growth by 
c ! • -"10 

riming can ,be neglected in the calcula tion of the ice content of the updraft. 

However, crystals grewas large as 0.5 cm in diameter,'with an estimated faÜ . , 

veioci ty of 1. 3 m sec -1 The model of' ,Fig. 7.1 ciUlnot be extended to low 

updraft velocities where crystals 'grow large enough to start falllng out oi 

the cloud. 

7.5 ,SUMMARY 

'l'wo useful conclusions 1 which do not depen<t cri tically on the a,ss~ptions 1 

" 

can bel obta.in~d fr~ the modf'Of Fig. 7.1: 

1. ) The updr&f't ice contjmt' at a.ny level, c;>r temperature ia directly 

proportional to the concentration of ice n~c~ei. 
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2.) To completely freeze all the wa ter a t ,-2OC, in an. updraft of 

10 m sec-l with~an adiabatic liquid water content of 5.0 gm m-3 , the normal 

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

and 106. 

Since the incr,ease in concentration o~served in the storm downdrafts 

(described in Chapter 6) was never mùch more than a factor of 10, mixing the 

updraft and downdraft air would increase the updraft ice nucleus content by 
:~ 

a smaller factor; according to Fig. 7.1, the ice content ai any temperature 
J 

level would not change more than tenfold. 
... 

.Because the higher nucleus -concp.ntrations in the d~raft I11iglit lat~r 
1 

mix with the updraft,.the growth of hail could be affected. Erlglish (1972) 

has shawn that, for a ~edium ener~ storm (Chisholm, 1970), decreasing the 

"freezing le~el" by 2.C would reduce the diameter of hail whiçh had trajectories 
i 

reachin~ -35C ~y more than a factor of 2 in diameter. The largest hail never 

reaches the -35C level and remaina ~lnfluenced. To réduce hail completelY, 

al~ the cloud water must freeze by -2OC in a~edium energy storm. It ls, 

unlikely that a factor ~f 10 increase in ice nucleus concentration within the 

updraft~would freeze enough cloud water to dramatically affect qail preduction. 

The effect on weaker storms might,be more pro~ounced. The concentration of 

hail embryos. might increase, but this possibility has"not been studied. 

Fig. 7.1 indicates that in 
'1> 

order to freeze all the cloud ~'t~r at -?OC in 

have to supply between 105 and 106 times the 
-1 " 

a 10 m te updraft, one would 

normal oncentration of nuclei. The drop~freezing technique (section 7.2) 

indicat s that the nucleus concentration in the cloud droplets wou~d have to 'be 
1.' , 

incre'!-ied by the s'ame aDlount. The critical concel'ltration method. <~ection 7.1) 

pred~c'tB . U~t 2 ~ 104 'times b8.ck8round ia necessary for the icelwater concen-
1 

tration ràtio to increase al -2OC. 

, . 
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CHAPTER VIII 

, 
CONCWSIONS 

This chapter brief~ summarizes conclusions which have been described 

in sections 4.5, 5,.4, 6.5 and 7.5. T~ese and other appropriati,sections 
/1 

are referenced in the follow\ng discussion. 

Ice nucleus.concentrations near -2OC have been measured with an NCAR 

~ Ice Nùcleus Counter; although th~s instrument has many defects, measurements 

described in section 4.1 indi~ate that the magnitude of (luctuations in 

concent'ration is similar to data obtained using other techniques. Four 

different types of ice nucleus counters produce log-normal distributions of 

icé nQcleuB concentrations, with approximately the same geometric standard 
o 

deviation, when measurements are made over a sufficiently long period sueh as 

several weeks. Over periods of one to three hours, wh en the concentration 

appears steady, the theoretical~ expected Poisson distribution was found to 
, , 

fit the 'da ta (section 4.,2). Many zpeteorological parameters are dis tri buted 

log-normally; for exâmple, it was found that frequency distributions of hail-

fall rates, hailstone dimensions and ra~r-reflectivities of hail samples were 

. log-normal (section 4.3 r. 
In Chapter 5 it was shawn that aerosols of iee nucleus size require a 

considerable time to coagulate vith cloud drops. Ice ~~tl~US c)oud chSmber 

c;oWlters, vi th short c1!oud residence tirnes, might seriou.s'ly Underestimate­

~oncentrations of imm~rsion-freezing or con~ct-freezirig nue lei whieh would 
r~r 

activate fB long lasti~ stable atmospheric clauds. However, the~e cloud, 

chambers probably' estimate realidtieally the n~ber of iee'nuclel activated ln 

severe storm updrafts (sect~on ~.4). 
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largE' increases (factor of 10 or hie;her) in-jce nucleus concentraticme 

at -2OC are measured during precipitation in Quebec and Alberta thùndersLorms. 

Ragette (1971) states that d~ndrafts are prcesent in the precipitation region 

of Alberta storms and evidence was presented in Chapter 6 ta show that 'the 

observed high ice nucleus concentrations are associated with these downdrafts. 

Variations in ice nucleus cO,ncentrations and the level of concentration are' 0 

Slmilar in both Alberta and Quebec thunderstorms and for'hailing and non-

hailing storms (section 6.5). 

No evidence was found to ~uggest that·ice nucleus concentrations in Alb~rta 

and in Quebec (at -2OC) differ significantly ~i ther in absolute magn,i tude 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 ~o· 

'provinces (section 6.5). 

If the hi~q~r ice nucleus concentration in a storm downdraft mixes with 

the storm updraft, no dramatic change in ice conteqt of the updraft co~e 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 l~vel 

at ~hich any given ice content lS found is lowered by 0.75 km. In order to 
-1 . , 

seed a 'storm updraft ?f 10 m ~ec and comp1etelY glaciate,the'c~oud by -2OC, 

5 6' 10 to 10 times the normal background concentration ,of iee nuclei is required. 

These conclusions were o~tained from"the mode1 deve10ped in section 7.3;. 

calcuiations using the dr~p-freezing mod~1 ot ~ection 7.2 and the critical 

concentration method of sectièn 7.1 indicate that the8~ conclusions are 

reasonable • 
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