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ABSTRACT OF THESIS 

ICE CRYSTAL MULTIPLICATION I N  CONVECTIVE ELEMENTS OF WINTER 
OROGRAPHIC CLOUDS 

This  paper p r e s e n t s  t h e  r e s u l t s  of a  s tudy  of fou r  w in t e r  

o rographic  storms which contained p r e c i p i t a t i o n  c e l l s ,  appa ren t l y  

convect ive i n  na tu r e ,  and exh ib i t ed  varying degrees  of i c e - c r y s t a l  

m u l t i p l i c a t i o n .  I c e  c r y s t a l - i c e  n u c l e i  r a t i o s  i n  t h e  c e l l s  were com- 

puted and s tud i ed  i n  r e l a t i o n  t o  cloud-top temperature .  

For a l l  c r y s t a l  types ,  inc lud ing  r e g u l a r s ,  i r r e g u l a r s ,  and f rag-  

ments,  t h e  r a t i o  of i c e  c r y s t a l s  t o  i c e  n u c l e i  exh ib i t ed  a  t r end  t o  

h igher  va lues  a t  warmer temperatures .  The l i n e  of b e s t  f i t  f o r  t h e  

r a t i o  of a l l  i c e  c r y s t a l s  t o  i c e  n u c l e i  ve r sus  cloud-top temperature  

0 
p r e d i c t s  a  r a t i o  of one a t  a  cloud-top temperature  of -30 C, A t  t h e  

4 0 warm end, t h e  r a t i o  reaches  a  va lue  g r e a t e r  than  10 a t  -14 C. 

S imi la r  curves  f o r  r e g u l a r  c r y s t a l s ,  i r r e g u l a r  c r y s t a l s ,  and 

fragments,  i n d i v i d u a l l y ,  showed nea r ly  t h e  same t r end  bu t  had lower 

va lues .  The curve f o r  i r r e g u l a r  c r y s t a l s  had a  s l i g h t l y  reduced s l o p e  

from t h e  o t h e r  types  of c r y s t a l s ,  i n d i c a t i n g  t h a t  i r r e g u l a r  c r y s t a l s  

c o n s t i t u t e  a  g r e a t e r  f r a c t i o n  of t h e  t o t a l  concen t r a t i on  of c r y s t a l s  

a t  co lde r  temperatures .  

The mechanism r e spons ib l e  f o r  t h e  i c e - c r y s t a l  m u l t i p l i c a t i o n ,  

i nd i ca t ed  i n  t h e  s tudy ,  i s  hypothesized t o  be  mechanical f r a c t u r i n g  of 

f r a g i l e  d e n d r i t i c  c rys , t a l s .  One of t h e  fou r  storms s tud i ed  had 

extremely low wind condi t ions  which reduced t h e  l i k e l i h o o d  t h a t  t h e  

high concen t r a t i ons  of fragments observed dur ing  c e l l  passage came 

from any o t h e r  source  bu t  t h e  cloud. 

iii 



I f  t h i s  mechanism is respons ib le  f o r  t h e  i c e  c r y s t a l - i c e  n u c l e i  

r a t i o s  observed, then clouds which conta in  dendr i t ic - type  c r y s t a l s  have 

a  dramat ica l ly  favorable  reg ion  f o r  i ce -c rys t a l  m u l t i p l i c a t i o n .  Seeding 

of convect ive clouds t o  i nc rease  p r e c i p i t a t i o n  w i l l  be l e s s  e f f e c t i v e ,  

a s  w i l l  o the r  storm systems which conta in  convect ive c e l l s .  

Larry Vardiman 
Department of Atmospheric Science 
Colorado S t a t e  Universi ty  
For t  Col l ins ,  Colorado 
Ju ly  1972 
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INTRODUCTION 

General Statement 

Seeding of both orographic and convective clouds to increase 

precipitation is based on the assumption that additional ice crystals 

are required to convert the liquid water, which natural concentrations 

of ice crystals have not utilized, to large ice particles which can 

reach the ground. Ice-crystal concentrations that would correspond to 

observed natural concentrations of ice nuclei would frequently be 

insufficient to utilize all available supercooled cloud water. There is, 

however, increasing evidence that, at least in some clouds, ice-crystal 

concentrations far exceed those to be expected from observed ice-nuclei 

concentrations. Some investigators would argue that this so-called 

"ice-crystal multiplication'' is not caused by abnormally high concen- 

trations of ice crystals above that expected by activation of natural 

ice nuclei, but rather by the inability of the current ice-nuclei 

counters to measure the concentration of ice nuclei which a cloud acti- 

vates. The variability in measurements among different ice-nuclei 

counters produces a feeling of uncertainty in the reliability of ice 

nuclei counters in general, but to date, no systematic error in ice 

nuclei measurements which would explain the observed trend in ice 

crystal-ice nuclei ratios with temperature has been reported. There- 

fore, the need for investigation of ice-crystal multiplication and its 

effect on weather modification has not been eliminated. In particular, 

there is evidence that ice-crystal multiplication is occurring during 

periods of orographic storms,and an investigation of the small-scale 

structure of orographic clouds is needed. 



Background 

For b e t t e r  than f i f t e e n  yea r s  t h e  opinion has been held t h a t  some 

clouds conta in  more i c e  c r y s t a l s  than can be accounted f o r  by t h e  pre- 

sumed concent ra t ion  of heterogeneous ice-forming n u c l e i  a c t i v e  a t  t he  

temperature of t h e  clouds.  Mason (1955) pointed out  t he  apparent  

neces s i ty  f o r  t h e  secondary production of i c e  n u c l e i  during t h e  s teady  

r e l e a s e  of snow from layer-cloud systems. He showed t h a t  i n  order  t o  

supply one nucleus per  c r y s t a l ,  t he  a i r  en t e r ing  t h e  cloud base would 

3 
have t o  conta in  nucleus concent ra t ions  l o 2  - 1 0  t imes higher  than a r e  

normally measured a t  -15 '~  , and suggested t h a t  t h e  a d d i t i o n a l  n u c l e i  

a r e  produced by small  s p l i n t e r s  being t o r n  o f f  t h e  f r a g i l e  d e n d r i t i c  

c r y s t a l s  and t h a t  these  can then serve  a s  n u c l e i  f o r  new c r y s t a l s .  

A s  improved methods of cloud sampling became a v a i l a b l e ,  i n s t ances  

of i ce -c rys t a l  m u l t i p l i c a t i o n  were reasonably we l l  documented. The 

d i s p a r i t y  between i ce -c rys t a l  and ice-nuclei  concent ra t ions  appears  t o  

be t h e  g r e a t e s t  i n  convect ive and maritime clouds and l e a s t  in s t r a t i f o r m  

clouds. Koenig (1963, 1968) and Braham (1964) repor ted  t h a t  summer 

con t inen ta l  cumulus clouds i n  Missouri,  with cloud-top temperatures 

warmer than -10 '~  , o f t e n  conta in  i c e  p a r t i c l e s  i n  concent ra t ions  which 

a r e  s eve ra l  o rde r s  of magnitude g r e a t e r  than would be expected from ice-  

nucleus measurements. Mossop (1967, 1968) repor ted  t h a t  maritime clouds 

a l s o  have l a r g e  d i s p a r i t i e s  between i ce -c rys t a l  and ice-nuclei  concen- 

t r a t i o n s  but ev ident ly  do not  un ive r sa l ly  have t h e  p rope r t i e s  necessary 

f o r  i ce -c rys t a l  m u l t i p l i c a t i o n .  He observed t h a t  only one of s eve ra l  

apparent ly s i m i l a r  t u r r e t s  r i s i n g  from a s t r a t i f o r m  deck contained 

3 abnormally high i ce -c rys t a l  concent ra t ions  on t h e  order  of 10 - 10 
4 

grea t e r  than expected. 



Hobbs (1969) and Auer, -- et al. (1969) found that the differences in 

ice-crystal and ice-nuclei concentrations tend to be greater at warmer 

cloud temperatures. Hobbs determined that the ratio of ice crystals to 

ice nuclei becomes one at a cloud-top temperature of -26'~. Auer, 

et al., found a similar slope but the ratios were somewhat greater at -- 

equalivalent cloud temperatures. Thus, at -25'~ their ratio was 

still 17, versus nearly 1 for Hobbs. 

Hindman (1967) studied winter,orographic storms near Climax, 

Colorado to determine if ice-crystal multiplication was occurring. He 

found that "the average snow crystal and ice-nuclei concentrations 

measured at the ground were approximately equal for the same crystal 

formation temperatures". In his study, Hindman considered only regular 

crystals which formed at temperatures warmer than -20'~ and averaged 

their concentrations over entire storms. He then compared these 

average concentrations with average ice-nuclei concentrations deter- 

mined by a Bigg-Warner chamber and multiplied by a correction factor of 

3.5. Since Hindman's study, the correction factor was found to be 

unnecessary and therefore his ratio of ice crystals to ice nuclei are 

low by a factor of 3.5. In addition, by averaging over an entire storm, 

any effect of ice-crystal multiplication which has occurred during 

short periods of the storm would have been diluted considerably, 

depending upon the extent and duration of the periods of ice-crystal 

multiplication. The neglect of irregular crystals, which comprise more 

than 50% of the ice crystals in most storms at Climax, also eliminates 

an important contribution to the total concentration of ice crystals. 



Obj ec t ives  

Research is i n  progress a t  Colorado S t a t e  University t o  def ine  ice- 

c r y s t a l  mul t ip l ica t ion i n  winter orographic clouds located over the  

cont inenta l  d iv ide  near Climax, Colorado. Evidence of ice-crys ta l  frag- 

mentation associated with peaks i n  p rec ip i t a t ion  i n t e n s i t y  l e d  t o  t h e  

study of mul t ip l ica t ion mechanisms i n  convective cells. 

The purposes of t h i s  study a r e  to: 

1. Compare ice-crys ta l  and ice-nuclei concentrations i n  

convective c e l l s  of winter,  orographic storms a s  a 

function of cloud-top temperature. 

2 .  Discuss the  r e s u l t s  i n  terms of o ther  research and propose 

an hypothesis t o  explain the  e f f e c t .  



THEORY 

Ice-Nuclei Concentrations 

At cloud temperatures warmer than about -40'~ with no artificial 

cloud seeding, no natural seeding by upper-level clouds, and no ice- 

crystal multiplication within a cloud; ice crystals which form in a 

cloud must be nucleated by natural concentrations of heterogenous ice- 

forming nuclei. Not all natural ice nuclei are activated at the same 

temperature but are effective at varying temperatures depending upon 

size and composition. Fletcher (1962) has determined an average ice- 

nuclei spectrum which is representative of a large portion of the globe. 

Figure 1 shows Fletcher's spectrum. In regions where artificial sources 

of ice nuclei are present, or where ice nuclei have been depleted, this 

spectrum will differ considerably. On a day-to-day basis the ice- 

nuclei.spectrum has also been found to change. 

Chappell (1970) determined an average ice-nuclei spectrum for the 

area of the continental divide near Climax, Colorado. His spectrum, 

also shown in Fig. 1, exhibits a reduced slope from Fletcher's. The 

reduced slope predicts greater concentrations of ice nuclei than 

~letcher's spectrum at temperatures warmer than about -19'~ and lower 

concentrations at temperatures colder than -19'~. For Fletcher's 

concentration of activated ice nuclei to change by a factor of ten the 

temperature must change by 4c0 , while Chappell's spectrum requires 

that the temperature change by 5.3~' for the same effect. 

Under natural conditions, concentrations of ice nuclei have been 

found to be reasonably constant with height in the lower atmosphere 

except in the presence of inversions. Therefore, the concentration 
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oE i c e  n u c l e i  a c t i v a t e d  w i t h  h e i g h t  depends o n l y  upon t h e  i c e - n u c l e i  

spectruix. 

Since  t empera tu re  d e c r e a s e s  w i t h  h e i g h t  i n  t h e  atmosphere,  t h e  

c o n c e n t r a t i o n  of i c e  n u c l e i  a c t i v a t e d  i n c r e a s e s  w i t h  a l t i t u d e .  With 

t h e  excep t ion  of i n v e r s i o n  c o n d i t i o n s ,  t h e  c loud t o p  w i l l  be t h e  c o l d e s t  

p o r t i o n  of t h e  c loud and the reby  w i l l  a c t i v a t e  t h e  l a r g 8 2 ~ t  numbers of  

i c e  n u c l e i .  

I ce -Crys ta l  Concen t ra t ions  and Shapes 

The c o n c e n t r a t i o n  of i c e  c r y s t a l s  genera ted  i n  a  c loud by a c t i -  

v a t i o n  o f  heterogeneous  i c e  n u c l e i  should  be  t h e  g r e a t e s t  a t  c loud t o p  

i n  accordance w i t h  t h e  p rev ious  d i s c u s s i o n .  A s  t h e s e  c r y s t a l s  grow and 

a t t a i n  a  f a l l  v e l o c i t y  l a r g e  enough t o  overcome t h e  u p d r a f t  i n  t h e  c loud ,  

they  w i l l  descend i n t o  warmer r e g i o n s  of t h e  c loud  and grow i n  shapes  

determined by t h e  t empera tu re  and s u p e r s a t u r a t i o n .  Hallett  and Mason 

(1958) have r e p o r t e d  one of t h e  l a t e s t  i n  a s e r i e s  of i n v e s t i g a t i o n s  on 

t h e  c r y s t a l  h a b i t s  of i c e  a s  a  f u n c t i o n  of t empera tu re  and s u p e r s a t u -  

r a t i o n .  T h e i r  r e s u l t s  a r e  shown i n  F i g .  2 and Tab le  1. I f  a  c loud  h a s  

0 
a  cloud-top t empera tu re  of -20 C t h e  c r y s t a l s  genera ted  a t  t h e  t o p  

w i l l  grow i n i t i a l l y  as p l a t e s .  A s  they  f a l l  downward th rough  t h e  c loud 

they  w i l l  form s e c t o r l i k e  e x t e n s i o n s  and t h e n  d e n d r i t i c  arms, i f  t h e  

s u p e r s a t u r a t i o n  is  g r e a t  enough. The c r y s t a l s  w i l l  c o n t i n u e  t o  change 

form u n t i l  r each ing  t h e  ground. For c r y s t a l s  which have made a s i n g l e  

t r a v e r s e  through t h e  c loud wi thou t  complicated up and down mot ions ,  t h e  

t empera tu re  and humidi ty  s t r u c t u r e  of t h e  c loud can b e  e s t i m a t e d  from 

t h e  f i n a l  form of t h e  c r y s t a l s .  
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F i g .  2  V a r i a t i o n  of C r y s t a l  Hab i t  w i t h  Temperature and S u p e r s a t u r a t i o n  

Tab le  1 V a r i a t i o n  of C r y s t a l  Hab i t  w i t h  Temperature 

TEMP. RANGE (OC) 

O t o - 3  

- 3  t o  - 5 

- 5 t o - 8  

- 8 t o  -12 

-12 t o  -16 

-16 t o  -25 

-25 t o  -50 

CRYSTAL HABIT 

Thin Hexagonal P l a t e s  

Needles 

Hollow Pr isms 

Hexagonal P l a t e s  

D e n d r i t i c  C r y s t a l s  

P l a t e s  

Ho I low Pr isms 



For a  cloud with a  warmer top a similar sequence occurs ,  but  t h e  

c e n t r a l  co re  of t h e  c r y s t a l  should i n d i c a t e  a  d i f f e r e n t  formation tem- 

pera ture .  For example, a  c r y s t a l  which t raversed  a  cloud whose top was 

0 
-15 C should show d e n d r i t i c  growth i n  t h e  cen te r  wi th  s e c t o r l i k e  

extensions and p l a t e s  on the  ends. 

Ice-Crystal  F r a g i l i t y  

A s ingu la r  l a c k  of information i s  evident  regarding t h e  s t r e n g t h  

of i nd iv idua l  c r y s t a l s  of i c e  under impact condi t ions .  The primary 

impetus f o r  research  i n t o  t h e  mechanical p r o p e r t i e s  of i c e  has  been 

avalanche s t u d i e s  and g l a c i e r  movements. Both of t hese  a r e a s  r e q u i r e  

phys ica l  da t a  on e l a s t i c  p rope r t i e s  and creep  i n  i c e ,  n e i t h e r  of which 

is  s u i t a b l e  f o r  short-period,  i n e l a s t i c  c o l l i s i o n s  between c r y s t a l s  o r  

small-scale turbulence i n  clouds.  The author  is  at tempting t o  ob ta in  

t h e  necessary information from labora tory  s t u d i e s  but  t h e s e  d a t a  a r e  

not  a v a i l a b l e  f o r  t h i s  paper.  A q u a l i t a t i v e  argument w i l l  be of fe red  

ins tead  . 
Assuming t h a t  t he  mechanical s t r e n g t h  of i c e  i s  i s o t r o p i c  f o r  

i n e l a s t i c  processes ,  the  f a c t o r s  which e f f e c t  t h e  s t r u c t u r a l  s t r e n g t h  

of i nd iv idua l  c r y s t a l s  a r e  t h e  moment arm through which f r a c t u r i n g  

fo rces  a c t ,  and the  c ross -sec t iona l  a r e a  of t h e  arm. Although e l a s t i c  

p rope r t i e s  of i c e  have been shown t o  be f a i r l y  i s o t r o p i c ,  i n e l a s t i c  

p rope r t i e s  may not  be i s o t r o p i c  because of t h e  layered s t r u c t u r e  of 

i c e .  However, t h e r e  a r e  no d a t a  on which t o  make a  b e t t e r  assumption. 

Considering only moment arms and c r o s s  s e c t i o n s ,  t h e  d e n d r i t i c  c r y s t a l s  

which form near -15 '~ e x h i b i t  t he  weakest s t r u c t u r e  because of t h e i r  

long moment arms and small  c r o s s  s ec t ions .  A t  warmer and co lder  



temperatures  from t h e  d e n d r i t i c  r eg ion  t h e  c r y s t a l s  appear  s t r o n g e r .  

The p l a t e  c r y s t a l s  appear  so  s t rong  t h a t  i t  would be d i f f i c u l t  t o  

imagine any process  i n  t h e  cloud which would have s u f f i c i e n t  energy t o  

f r a c t u r e  them. In t e rmed ia t e  between t h e  d e n d r i t i c  reg ion  and t h e  two 

0 p l a t e  r eg ions  a t  -12 C and -19'~ a r e  r eg ions  i n  which s e c t o r - l i k e  

ex tens ions  grow. These s e c t o r - l i k e  ex tens ions  a r e  shaped somewhat 

s i m i i a r l y  t o  p l a t e s  bu t  a r e  much th inne r  and could produce fragments 

f o r  high-energy processes .  The need le  c r y s t a l  which forms around - 4 ' ~  

a l s o  e x h i b i t s  a  weak s t r u c t u r e .  It has  t h i n  ex tens ions  on t h e  ends 

which have smal l  c r o s s  s e c t i o n s  and a r e  s u s c e p t i b l e  t o  f r a c t u r i n g .  

The two temperature  reg ions  i n  which f r a c t u r i n g  would most l i k e l y  be 

expected then ,  would be cen te red  around - 4 ' ~  and -15 '~  , a l though  t h e  

0 
-15 C r eg ion  i s  expected t o  be more important .  

The ques t i on  could reasonably be asked;  would one expect  fragmen- 

t a t i o n  of i c e  c r y s t a l s  t o  a f f e c t  t h e  i c e  c r y s t a l - i c e  n u c l e i  r a t i o  f o r  

a l l  c louds which a r e  - 1 5 ' ~  and co lde r  i f  they  c o n t a i n  a  d e n d r i t i c  

formet ion region'? I f  t h e  d e n d r i t i c  reg ion  does ,  i n  f a c t ,  c o n t r i b u t e  

a d d i t i o n a l  i c e  c r y s t a l s  because of f ragmenta t ion ,  one would expect  t o  

see a  maximum r a t i o  of i c e  c r y s t a l s  t o  i c e  n u c l e i  f o r  c louds  w i th  a  

cloud-top temperature  of -15'~.  A t  co lde r  temperatures  t h e  r a t i o  

would dec rea se  slowly t o  one a t  t h e  po in t  where t h e  concen t r a t i on  of 

i c e  n u c l e i  a c t i v a t e d  overweights t h e  i c e -mu l t i p l i c a t i on  process .  For 

example, i f  t h e  number of i c e  c r y s t a l s  produced a t  t h e  -15 '~  l e v e l  

(about . 2  c r y s t a l s / l i t e r )  i s  m u l t i p l i e d  by a  f a c t o r  of l o3  , due t o  

f ragmenta t ion ,  t h e  t o t a l  number of c r y s t a l s  convected up through t h e  

l a y e r  w i l l  be  200 c r y s t a l s l l i t e r .  I f  t h e  cloud-top temperature  i s  

- 3 0 ' ~  , then t h e  expected number of i c e  c r y s t a l s  produced by t h e  



a c t i v a t i o n  of i c e  n u c l e i  a t  c loud t o p  would a l s o  be  abou t  200 

c r y s t a l l l i t e r .  Then t h e  t o t a l  number of i c e  c r y s t a l s  one o b s e r v e s  

would be  o n l y  twice  t h a t  expected wi thou t  t h e  f ragmenta t ion  p r o c e s s .  

0 On t h e  warm s i d e  of t h e  -15 C r e g i o n ,  one would expec t  t h e  r a t i o  

of i c e  c r y s t a l s  t o  i c e  n u c l e i  t o  f a l l  o f f  a lmost  v e r t i c a l l y  towards 

warmer t empera tu res .  T h i s  i s  due  t o  t h e  absence of any i c e - c r y s t a l  

m u l t i p l i c a t i o n  mechanism i n  t h e  c loud .  

0 
I f  t h e  -4 C r e g i o n  is  a l s o  e f f e c t i v e  a s  a c r y s t a l  g e n e r a t i n g  

r e g i o n  by f r a c t u r i n g ,  one would expec t  t o  see a s i m i l a r  t r e n d  w i t h  

t empera tu re ,  a l though  probab ly  n o t  a s  g r e a t .  

F i g u r e  3 shows t h e  t h e o r e t i c a l  d i s t r i b u t i o n  of t h e  i c e  c r y s t a l -  

i c e  n u c l e i  r a t i o  v e r s u s  cloud-top t empera tu re  i f  mechanical  f r a c t u r i n g  

of f r a g i l e  d e n d r i t i c  and needle- type c r y s t a l s  is  t h e  o n l y  mechanism 

r e s p o n s i b l e  f o r  i c e - c r y s t a l  m u l t i p l i c a t i o n .  Abso lu te  magnitudes of t h e  

r a t i o s  a r e  probably  n o t  c o r r e c t ,  b u t  t h e  r e l a t i v e  importance of t h e  

n e e d l e  and d e n d r i t e  r e g i o n s  p l u s  t h e  g e n e r a l  shape of t h e  c u r v e s  a r e  

t h e  main t h r u s t  of F i g .  3. 
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Fig. 3 T h e o r e t i c a l  D i s t r i b u t i o n  of Ice Crystal-Ice Nuclei R a t i o  
Versus  Cloud-Top Tempurature 



PROCEDURE 

General Procedure 

I n  t h i s  s tudy,  i ce -c rys t a l  concent ra t ions  observed a t  t h e  ground 

during passage of convect ive c e l l s  were compared t o  t h e  est imated 

concent ra t ions  of i c e  n u c l e i  which should have been a c t i v a t e d  a t  t h e  

top of t h e  same c e l l s .  Concentrat ions of r e g u l a r  c r y s t a l s ,  i r r e g u l a r  

c r y s t a l s ,  fragments,  and t o t a l  c r y s t a l s  a r e  included.  It is  assumed 

t h a t  t he  major i ty  of t h e  primary i c e  c r y s t a l s  a r e  nucleated a t  t h e  

co ldes t  cloud temperatures near cloud top  and any a d d i t i o n a l  i c e  crys-  

t a l s  observed a r e  due t o  an  ice-mul t ip l ica t ion  process .  Since t h e  ice-  

n u c l e i  measurements were made a t  t h e  ground, i t  is  a l s o  assumed t h a t  

n a t u r a l  i ce-nucle i  concent ra t ions  a r e  uniform wi th  he igh t .  

Ice-Nuclei Concentrations 

Ice-nuclei  concent ra t ions  a t  cloud top  were est imated by observing 

t h e  he igh t s  of cloud top  with r ada r ,  comparing t h e  he igh t s  obtained t o  

temperature soundings ad jus ted  f o r  space and t i m e ,  and equat ing t h e  ice-  

n u c l e i  concent ra t ions  a c t i v a t e d  a t  cloud top  t o  t h e  ice-nucle i  concen- 

t r a t i o n s  measured a t  t h e  ground f o r  t h e  same temperature.  

The r ada r  used t o  observe cloud tops had a beam width of one 

degree and w a s  i nc l ined  a t  an angle of 3' 13 '  above t h e  ho r i zon ta l .  

The beam i n t e r s e c t e d  t h e  cloud tops  a t  va r ious  ranges from t h e  r ada r  

depending upon t h e i r  he igh t .  The cloud top was determined f o r  each 

c e l l  by observing t h e  maximum range a t  which t h e  echo f i r s t  appeared 

on t h e  PPI scope as t h e  c e l l s  moved toward t h e  r ada r  s i t e .  The maximum 

range a t  which an echo could be observed l imi t ed  t h e  he igh t s  of t h e  



clouds which were s tud ied .  The h ighes t  cloud measured was one whose 

top reached t o  6750 f e e t  above t h e  r a d a r .  

The cloud-top temperature w a s  determined by comparing t h e  cloud 

he ight  t o  a sounding r e p r e s e n t a t i v e  of t h e  Climax a r e a .  The soundings 

f o r  Climax were obtained by i n t e r p o l a t i n g  t h e  soundings from Denver and 

Grand Junct ion .  Weighting f a c t o r s  determined by t h e  d i s t a n c e s  from 

Climax were used i n  t h e  i n t e r p o l a t i o n  scheme a s  shown i n  t h e  fol lowing 

equat ion.  

where, 

T c i  ; Temperature a t  l e v e l  i f o r  Climax 

IGi = Temperature a t  l e v e l  i f o r  Grand Junct ion  

T~ i 
= Temperature a t  l e v e l  i f o r  Denver 

= Distance from Climax t o  Denver 

I, -. Distance from Climax t o  Grand Junc t ion  

I n  a d d i t i o n  t o  t h e  i n t e r p o l a t i o n  f o r  d i s t ance ,  t h e  soundings a t  

Climax were then ad jus ted  f o r  v a r i a t i o n  wi th  t ime. Soundings f o r  0800, 

1100, and 1400 MST were obtained by l i n e a r l y  i n t e r p o l a t i n g  t h e  0500 

and 1700 MST Climax soundings. These soundings were then appl ied  t o  

those  po r t ions  of t h e  storms s tudied  t o  determine t h e  cloud-top tempera- 

t u r  e s  . 
An ice-nucle i  a c t i v a t i o n  spectrum f o r  each storm was p l o t t e d  from 

t h e  ice-nucle i  measurements made a t  t h e  ground a t  t h e  High A l t i t u d e  

Observatory (WO). Measurements were made wi th  a Bigg-Warner Chamber 



f o r  a c t i v a t i o n  temperatures ranging from -14 '~  t o  -28 '~  a t  i n t e r v a l s  

of 2c0. The number of measurements f o r  each a c t i v a t i o n  temperature i n  

a  storm var ied  from 1 t o  12.  During t h e  period of a storm, a l l  measure- 

ments a t  a  given a c t i v a t i o n  temperature were averaged and then p l o t t e d  

on semilog graph paper.  The l i n e  of b e s t  f i t  through t h e  d a t a  then 

determined t h e  ice-nucle i  a c t i v a t i o n  spectrum. 

The concent ra t ion  of i c e  n u c l e i  a c t i v a t e d  a t  t h e  top  of an  ind i -  

v i d u a l  c e l l  was then obtained by "picking o f f "  t h e  concent ra t ion  of i c e  

n u c l e i  from t h e  spectrum e f f e c t i v e  a t  t h e  cloud-top temperature.  

Ice-Crystal Concentrations 

Ice-crys ta l  concent ra t ions  were ca l cu la t ed  from t h e  dens i ty  of i c e  

c r y s t a l  r e p l i c a s  on s t r i p s  of 35-mm f i l m  exposed during t h e  storms. The 

i ce -c rys t a l  r e p l i c a t o r  developed by Hindman and Rinker (1967) was posi- 

t ioned a t  HA0 f o r  t h r e e  of t h e  storms and on Chalk Mountain near  t h e  

radar  s i t e  f o r  t h e  o the r  storm. I n  a l l  four  storms t h e  su r f ace  winds 

observed were l e s s  than 5 knots and, f o r  t h e  ma jo r i t y  of t h e  period of 

s tudy,  were calm. 

The r e p l i c a t o r  f i l m  was analyzed by p ro j ec t ing  an image of t h e  f i lm  

onto a  c a l i b r a t e d  su r f ace  where c r y s t a l  types and s i z e s  were determined. 

The c l a s s i f i c a t i o n  scheme used was t h a t  of Magono and Lee (1966) modi- 

f i e d  s l i g h t l y  t o  make computer c a l c u l a t i o n s  e a s i e r .  The d e t a i l s  of t h e  

c l a s s i f i c a t i o n  scheme a r e  shown i n  Appendix A .  When t h e  c l a s s i f i c a t i o n  

and s i z i n g  work w a s  accomplished, t h e  d a t a  were placed on computer ca rds  

which were, i n  t u rn ,  s to red  on magnetic tape .  

A computer program was w r i t t e n  t o  convert  t h e  c rys ta l -dens i ty  d a t a  

t o  concent ra t ions  using t h e  f a l l - v e l o c i t y  equat ions found experimental ly  



by Brown (1970). Fa l l -ve loc i ty  equat ions f o r  i r r e g u l a r  c r y s t a l s  and 

fragments,  which Brown d i d  not  cons ider ,  were derived from consider- 

a t i o n s  of s i m i l a r i t y  t o  o the r  c r y s t a l s .  The f a l l - v e l o c i t y  equat ions 

used i n  t h e  program and a flow diagram a r e  included i n  Appendix B. 

Included i n  t he  program was a s o r t i n g  r o u t i n e  which r e c l a s s i f i e d  a l l  of 

t h e  c r y s t a l  types of t h e  e a r l i e r  c l a s s i f i c a t i o n  i n t o  e i g h t  major group- 

i ngs  and twenty-eight sub-groupings. For t h i s  paper,  t h e  f u l l  resources  

of t h i s  c l a s s i f i c a t i o n  scheme were not  u t i l i z e d ,  but  f u t u r e  s t u d i e s  may 

r e l y  heavi ly  upon t h e  c a l c u l a t i o n s  made a v a i l a b l e  by t h i s  program. 

Only t h e  four  spec i e s  of c r y s t a l s  - r egu la r ,  i r r e g u l a r ,  fragments,  and 

t o t a l  c r y s t a l s  - were used t o  cha rac t e r i ze  t h e  processes  i n  t he  four  

storms s tudied .  

An a u x i l i a r y  program was formulated t o  p l o t  t h e  d a t a  a f t e r  smooth- 

ing  wi th  a f i f teen-minute running mean. These p l o t s  of i ce -c rys t a l  

concent ra t ion  with time aided g r e a t l y  i n  i d e n t i f y i n g  which r ada r  c e l l  

corresponded t o  a given peak i n  i ce -c rys t a l  concent ra t ion .  

The i ce -c rys t a l  concent ra t ion  f o r  an ind iv idua l  c e l l  was determinea 

by averaging t h e  peak concent ra t ion  over a f i f teen-minute period.  Most 

peaks i n  c r y s t a l  concent ra t ion  due t o  c e l l  passages were 30-40 minutes 

wide on t h e  p l o t  of concent ra t ion  versus  t ime. It was f e l t  t h a t  a 

f i f teen-minute average, a l though conserva t ive ,  would b e s t  r ep re sen t  

t h e  maximum concent ra t ion  of i c e  c r y s t a l s  i n  a c e l l  over a s i g n i f i c a n t  

po r t ion  of t h e  cloud volume. 

Convective-Cell I d e n t i f i c a t i o n  

One of t h e  most apparent  c h a r a c t e r i s t i c s  of both r ada r  d a t a  and 

i ce -c rys t a l  concent ra t ion  d a t a  from orographic clouds over t he  



con t inen ta l  d i v i d e  is i t s  pe r iod ic  na ture .  When one s t u d i e s  t h e  

f e a t u r e s  of both types of d a t a ,  i t  becomes evident  t h a t  convect ive 

a c t i v i t y  of some na tu re  must be embedded i n  t h e  genera l  orographic 

cloud during po r t ions  of i t s  exis tence .  It i s  not  immediately apparent ,  

however, which peak i n  i c e - c r y s t a l  concent ra t ion  observed a t  t h e  ground 

corresponds t o  a  given r ada r  c e l l .  

A t r a j e c t o r y  model was developed t o  a i d  i n  i d e n t i f y i n g  where 

c r y s t a l s  o r ig ina t ed  which produced peaks i n  t h e  concent ra t ion .  The 

model considered t h e  he ight  of a cloud,  t h e  average f a l l  v e l o c i t y  of 

t h e  i c e  c r y s t a l s ,  and t h e  ho r i zon ta l  wind speed. When these  parameters 

were put  i n t o  t h e  model, i t  provided a  de lay  t i m e  which predic ted  when 

a  peak i n  i ce -c rys t a l  concent ra t ion  could be expected on t h e  ground 

a f t e r  t h e  appearance of a  c e l l  on t h e  r ada r .  Although t h e  model was 

extremely crude, i t  provided q u i t e  r e l i a b l e  p r e d i c t o r s  when used i n  

conjunct ion wi th  c h a r a c t e r i s t i c  s igna tu re s  of t h e  peaks i n  t h e  ice-  

c r y s t a l  concentrat ion.  A d e s c r i p t i o n  of t h e  model is given i n  Appendix 

C .  



FACILITIES AND DATA SOURCES 

Bigg-Warner Expansion Chamber 

Ice-nuclei  measurements were made with a Bigg-Warner expansion 

chamber posi t ioned a t  HA0 (See F ig .  4 ) .  No correct<.oiz i?as made t o  t h e  

measurements i n  accordance with t h e  r e s u l t s  repor ted  by t h e  Second 

I n t e r n a t i o n a l  Workshop on Condensation and I c e  Nuclei  (1971) held i n  

1970 i n  For t  Co l l i n s .  Figure 5 shows t h e  r e s u l t s  of t h e  workshop f o r  

t h e  measurement of n a t u r a l  i c e  nuc le i .  The s tandard spectrum adopted 

f o r  n a t u r a l  i c e  nuc le i  was an  average between t h e  measurements made by 

Gagin (5) and Ohtake ( 2 ) .  The Bigg-Warner chamber measurements taken 

by Reinking (11) a t  t h e  workshop were completely wi th in  t h e  bounds s e t  

by Gagin and Ohtake's d a t a ,  although measurements made by Carnuth (10) 

with a s i m i l a r  instrument f e l l  somewhat lower. The s tandard adopted 

a t  t h e  workshop may not  be i d e n t i c a l  t o  t h e  concent ra t ion  of i c e  n u c l e i  

t h a t  a cloud a c t i v a t e s  bu t ,  a t  t h i s  s t age ,  t h e r e  i s  l i t t l e  choice but  

t o  assume a reasonable s tandard and proceed. The main d i f f e r e n c e  

among ice-nuclei  counters  appears t o  be t h e  r e l a t i v e  va lues  of i c e  

n u c l e i  measured r a t h e r  than t h e  s lope  of t h e  s p e c t r a  obtained.  The 

magnitude of t h e  e f f e c t  observed i n  t h i s  paper depends upon t h e  a c t u a l  

va lue  of i c e  n u c l e i  a c t i v a t e d ;  but  t he  t rend  wi th  temperature,  which 

i s  t h e  more important a spec t ,  depends upon t h e  s lope  of t h e  ice-nuclei  

spec t r a .  Since t h e  s lope  seems t o  agree  reasonably we l l  among most ice-  

n u c l e i  counters ,  t h e  t rend  seems t o  be assured.  

Continuous Formvar Repl ica tor  

A continuous formvar r e p l i c a t o r  designed by Hindman and Rinker 

(1967) was used t o  ob ta in  a record of i ce -c rys t a l  production from t h e  



Fig. 4 Operation of Bigg-Warner Ice-Nuclei Counter 



F i g .  5 Mean Dependence of Ice-Nuclei  Concen t ra t ion  on A c t i v a t i o n  
Temperature f o r  Var ious  Counters  
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storms (See F ig .  6 ) .  A 4% s o l u t i o n  of formvar i n  e thylene  d i c h l o r i d e  

p lus  to luene  was used i n  t h e  r e p l i c a t o r .  

A d e t a i l e d  s tudy of a  storm on February 14 ,  1969, was made t o  

determine i f  t h e  c r y s t a l  fragments f requent ly  observed were produced 

i n  t h e  cloud o r  by t h e  r e p l i c a t i o n  technique. The wind condi t ions  i n  

t h i s  storm precluded t h e  l i ke l ihood  t h a t  c r y s t a l  fragments had been 

advected t o  t h e  r e p l i c a t o r  from t r e e s  o r  t h e  su r f ace .  Figure 7 shows 

t h e  concent ra t ions  of fragments, i r r e g u l a r s ,  and t o t a l  i c e  c r y s t a l s  a t  

HA0 a s  a  func t ion  of time on February 14 ,  1969. C e l l  #20 showed t h e  

h ighes t  concent ra t ion  of fragments followed by lower concent ra t ions  

wi th  each succeeding c e l l .  The concent ra t ion  of i r r e g u l a r  c r y s t a l s  

between c e l l s  increased throughout t h e  per iod ,  however. F igures  8 ,  9, 

and 10 show t y p i c a l  examples of c r y s t a l  fragments observed. By f a r ,  

t h e  major i ty  of fragments were l i k e  Fig.  9, but  F igs .  8 and 10  were 

included t o  i n d i c a t e  t h e  occurrence of f r a c t u r i n g  and regrowth of t h e  

c r y s t a l s  before  en ter ing  t h e  r e p l i c a t o r .  F igure  8 is  p a r t i c u l a r l y  

i n t e r e s t i n g  a s  it shows a  c r y s t a l  which had one branch broken o f f .  

The two nea re s t  branches grew a t  an increased r a t e  r e l a t i v e  t o  t h e  

o t h e r s  because t h e  missing branch changed t h e  vapor d i f f u s i o n  f i e l d  

around t h e  c r y s t a l .  F igure  10  shows a  c r y s t a l  with regrowth a f t e r  

one branch was broken. 

From t h i s  s tudy,  it was determined t h a t  t h e  d a t a  obtained from 

t h e  r e p l i c a t o r  r e l i a b l y  portrayed t h e  a c t u a l  i c e - c r y s t a l  d i s t r i b u t i o n  

which f a l l s  from an  orographic cloud. The occurrence of l a r g e  concen- 

t r a t i o n s  of fragments co inc ident  wi th  c e l l  passages,  noted i n  t h i s  

s tudy,  was l a r g e l y  r e spons ib l e  f o r  t h e  s t a t i s t i c a l  eva lua t ion  

repor ted  i n  t h i s  paper.  



Fig. 6 Operation of Continuous Formvar Replicator 



Fig.  7 Concentrations of Fragments, I r r e g u l a r s ,  and 
Tota l  Crys t a l s  Versus Time on February 14 ,  1969 



Fig .  8 C r y s t a l  Fragment Observed During Passage of 
Cell /I20 on February 14 ,  1969 

Fig.  9 C r y s t a l  Fragment Observed During Passage of 
C e l l  /I20 on February 14 ,  1969 



Fig. 10 C r y s t a l  Fragment Observed During Passage of 
C e l l  /I20 o n  February 1 4 ,  1969 



Radar 

An SO-12 M/N X-band r ada r  was used t o  observe cloud tops .  It was 

modified f o r  a c i r c u l a r  antenna and a p lan  p o s i t i o n  i n d i c a t o r  (PPI).  

The r ada r  has a beam width of one degree,  which i s  equiva len t  t o  2100 

f e e t  a t  20 n a u t i c a l  mi l e s ,  t h e  maximum d i s t a n c e  a t  which clouds were 

observed. The r ada r  was pos i t ioned  on top  of Chalk Mountain near  

Climax, Colorado a t  an  e l eva t ion  of 12,000 f e e t  (See Fig.  1 1 ) .  

I n  s tudying t h e  c h a r a c t e r i s t i c s  of t h i s  r ada r  i n  orographic storms, 

Furman (1967) found t h a t  "Convective a c t i v i t y  is  cha rac t e r i zed  by 

r e f l e c t i v i t i e s  s t ronger  than those  of t h e  cloud i n  which i t  is  embedded. 

This  d i f f e r e n c e  i n  r e f l e c t i v i t y  is  caused by a higher  concent ra t ion  of 

l a r g e r  p a r t i c l e s " .  He found t h a t  a t t e n u a t i o n  was not  a problem i n  

orographic clouds.  A primary source of e r r o r  i n  t h i s  s tudy  was t h e  

determinat ion of cloud top  by r ada r ,  due t o  t h e  unce r t a in ty  i n  t h e  

d i f f e r e n c e  between r ada r  tops  and a c t u a l  cloud tops .  Less e r r o r  i s  

r e a l i z e d  i n  measuring convect ive cloud tops  than t h e  gene ra l  orographic 

tops  because of t h e  sharper  g rad ien t s  i n  i c e  c r y s t a l  concent ra t ions .  

Even a s u b s t a n t i a l  e r r o r ,  however, does not  a f f e c t  t h e  b a s i c  conclusions,  

a s  w i l l  be discussed l a t e r .  

Temperature Soundings 

The temperature soundings f o r  Climax were obtained by i n t e r p o l a t i n g  

t h e  Denver and Grand Junct ion  Soundings. For s e v e r a l  of t h e  storms a 

sounding was made from Climax which allowed comparison of a c t u a l  

temperatures wi th  t h e  in t e rpo la t ed  soundings. Actual  soundings a t  

Climax were no t  f requent  enough during t h e  po r t ions  of t h e  storms 

s tudied  t o  al low t h e i r  use  exc lus ive ly .  Figure 12 shows t h e  good 



Fig.  11 Radar ' cb se rva t i on  S i t e  on Chalk Mountain Near 
Climax, Colorado 



Interpolated Sounding From 
Grand Junction and Denver 
a t  1700 MST on February 13, 1969 

U-• Actual Sounding From 
Chalk Mountain 
a t  1 6 3 5  MST on February 13,1969 

Fig.  12 Comparison of In te rpola ted  Sounding t o  Actual  Sounding 
a t  Climax, Colorado 



agreement between temperature soundings made a t  Climax and i n t e r p o l a t e d  

soundings during orographic storms. I n  most ca ses  t h e  soundings 

agreed q u i t e  we l l .  

Descr ip t ion  of Orographic Storms 

Four win ter  orographic storms, two i n  1968 and two i n  1969, were 

s tudied .  The fol lowing d e s c r i p t i o n s  provide t h e  important f e a t u r e s  of 

each storm. Ice-nucle i  s p e c t r a ,  i c e - c r y s t a l  concent ra t ions ,  temperature 

soundings, 500-mb maps, and su r f ace  maps f o r  each storm a r e  included i n  

Appendix D . 

January 31, 1968 - This  storm can be cha rac t e r i zed  a s  a co ld  storm. 

The 500-mb. temperature averaged -25 '~ wi th  winds of about 20 knots  

from WSW. Ice-nucle i  concent ra t ions  averaged .8 per  l i t e r  a t  a n  a c t i -  

0 
v a t i o n  temperature of -20 C .  Radar cloud tops  extended t o  a maximum 

of 18,000 f e e t  wi th  t h e  cloud- top  temperatures ranging from -23 .5OC t o  

-26'~. 

Apr i l  18,  1968 - The 500-mb. temperature i n  t h i s  storm averaged -23 '~  

and t h e  winds were about 20 knots  from SSW. The ice-nucle i  concen- 

0 t r a t i o n s  were about .6 per  l i t e r  a t  an a c t i v a t i o n  temperature of -20 C .  

Radar cloud tops  reached a maximum of 18,000 f e e t  and va r i ed  from 

-20.5Oc t o  -22.5Oc. 

January 25, 1969 - This  storm could be charac te r ized  a s  a warm storm 

wi th  low ice-nuclei  concent ra t ions .  The 500-mb. temperature averaged 

-18 '~  wi th  winds as high as 50 knots  from WNW. Ice-nuclei  concen- 

0 t r a t i o n s  averaged .3  per l i ter  f o r  an  a c t i v a t i o n  temperature of -20 C .  



Radar cloud tops  reached a maximum of almost 19,000 f e e t  and cloud-top 

0 0 
temperatures va r i ed  from -17 C t o  -19.5 C .  

February 14, 1969 - This  storm was unique because of t h e  wind condi t ions .  

The 500-mb. wind averaged about 1 0  knots  from WSW and t h e  s u r f a c e  wind 

was calm f o r  nea r ly  t h e  e n t i r e  period of t h e  s tudy.  The 550-mb. 

temperature averaged -12 '~  but  cloud tops  were f a i r l y  low a t  15,000- 

0 
17,000 f e e t .  Cloud-top temperatures var ied  from -16 '~  t o  -20.5 C .  The 

ice-nucle i  concent ra t ions  were .4 per l i t e r  a t  an a c t i v a t i o n  temperature 

of -20°c. 



RESULTS 

Figures  13,  14,  15,  and 16 a r e  p l o t s  of t h e  r a t i o  of c r y s t a l s  

observed a t  t h e  ground t o  t h e  concent ra t ion  of i c e  n u c l e i  which was 

est imated t o  have been a c t i v a t e d  a t  cloud top versus  cloud-top temper- 

a t u r e .  Figure 17 i s  a  composite p l o t  of F igs .  13,  14 ,  15 ,  and 16 with- 

ou t  t h e  d a t a  po in t s .  

A t rend  of g r e a t e r  i c e  c r y s t a l - i c e  n u c l e i  r a t i o s  a t  warmer 

temperatures occurs  f o r  a l l  c r y s t a l  ca t egor i e s .  This  t rend  is  somewhat 

s u r p r i s i n g  f o r  r egu la r  c r y s t a l s  s i n c e  r egu la r  c r y s t a l s  a r e  normally 

assumed t o  have been nucleated and grown without i n t e r f e r e n c e  from 

m u l t i p l i c a t i o n  mechanisms. This  t rend i n  t h e  r egu la r  c r y s t a l s  impl ies  

t h a t  some m u l t i p l i c a t i o n  mechanism is  providing a d d i t i o n a l  c r y s t a l s  

which grow and become ind i s t i ngu i shab le  from those  which were nucleated 

and grew a s  primary c r y s t a l s .  

The d i f f e r e n c e  i n  t h e  s lope  f o r  t h e  i r r e g u l a r  ' c r y s t a l s  shows t h e  

g r e a t e r  prevalence of i r r e g u l a r s  a t  co lder  temperatures.  According t o  

t h i s  p l o t ,  a t  cloud-top temperatures of -27 '~  and c o l d e r ,  almost a l l  

of t h e  i c e  c r y s t a l s  a r e  i r r e g u l a r .  

The curve corresponding t o  fragments e x h i b i t s  a  s l i g h t l y  g r e a t e r  

slope'campared. t o  t h e  i r r e g u l a r s .  A t  warmer temperatures t h e  percent- 

age of fragments i s  g r e a t e r ,  r e l a t i v e  t o  t h e  o the r  c r y s t a l  types,  than 

a t  co lder  temperatures.  This  t rend  is  i n  agreement wi th  t h e  conceptual 

curve shown i n  Fig.  3.  

Since only one c e l l  w a s  warmer than -15 '~  , it is  not  poss ib l e  

t o  determine i f  t h e  observed r a t i o  would drop ab rup t ly  a t  cloud-top 

temperatures on t h e  warm s i d e  of t h e  d e n d r i t i c  reg ion  a s  i t  'does i n  
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Fig .  3 .  However, t h e  t rend  i s  e s s e n t i a l l y  what one would expect on t h e  

co ld  s i d e  of t h e  d e n d r i t i c  reg ion  i f  t h e  m u l t i p l i c a t i o n  process  i s  due 

t o  mechanical f r a c t u r i n g .  

Ex t r apo l a t i on  of t h e  l i n e  f o r  t o t a l  c r y s t a l s  a t  t h e  co ld  end 

i n d i c a t e s  t h a t  t h e  i c e  c r y s t a l - i c e  n u c l e i  r a t i o  beco~.es  one f o r  cloud- 

top temperatures  of - 30 '~  o r  co lde r .  A t  t h e  w a r m  end, t h e  i c e  c r y s t a l -  

4 
i c e  n u c l e i  r a t i o  becomes g r e a t e r  than  10  . 

Cor re l a t i on  c o e f f i c i e n t s  f o r  t h e  s t r a i g h t - l i n e  r eg re s s ion  curves  

a r e  .69 f o r  F igs .  13 ,  14,  and 15 ,  and . 7 3  f o r  F ig .  16 .  



DISCUSSION OF RESULTS 

E r r o r  Ana lys i s  

An e s t i m a t e  of t h e  e r r o r  i n  t h e  r a t i o  of c r y s t a l s  t o  i c e  n u c l e i  i s  

d i f f i c u l t  t o  make because  of t h e  extreme range  i n  e r r o r s  p o s s i b l e .  

Tab le  3 g i v e s  t h e  more impor tan t  f a c t o r s  which are measured t o  c a l c u l a t e  

t h e  r a t i o .  Probably  t h e  most s i g n i f i c a n t  f a c t o r  which was n o t  inc luded  

i n  Tab le  2 i s  t h e  a d d i t i o n a l  c r y s t a l  f ragments  which a r e  blown from 

trees and o t h e r  ground s o u r c e s  i n t o  t h e  r e p l i c a t o r .  T h i s  e f f e c t  was 

shown t o  be  n e g l i g i b l e  f o r  t h e  s torm on February 1 4 ,  1969, under low 

wind-speed c o n d i t i o n s  but  i t  may n o t  be  s m a l l  under o t h e r  c o n d i t i o n s .  

Tab le  2 i n c l u d e s  t h e  extreme e r r o r s  i n  v a r i o u s  f a c t o r s  on t h e  

r a t i o .  The normal method would be  t o  c a l c u l a t e  t h e  e f f e c t  of one 

s t a n d a r d  d e v i a t i o n  i n  t h e  e r r o r  of a  f a c t o r  on t h e  r a t i o ,  b u t  s o  l i t t l e  

in format ion  i s  known about  t h e  d i s t r i b u t i o n  of e r r o r s  i n  some of t h e  

f a c t o r s  t h a t  i t  was thought  t o  be  more meaningful  t o  c o n s i d e r  t h e  

extreme ranges .  

The c o l l e c t i o n  e r r o r  due t o  wind speed i s  s imply t h e  change i n  

d e n s i t y  of i c e  c r y s t a l s  on a  f l a t  s u r f a c e  due t o  t h e  h o r i z o n t a l  wind 

speed.  During calm c o n d i t i o n s  t h e  e r r o r . i s  z e r o ,  and a t  g r e a t e r  wind 

speeds  t h e  c r y s t a l  c o n c e n t r a t i o n  is  underes t imated .  A t  a wind speed 

of f i v e  m i l e s  per  hour t h e  underes t imate  i s  approximately  a  f a c t o r  of 

f i v e .  T h i s  f a c t o r  i s  one of s e v e r a l  which have a n  unsymmetrical  e r r o r  

d i s t r i b u t i o n .  I n  t h i s  c a s e ,  t h e  e r r o r  ranges  from z e r o  dur ing  calm 

wind c o n d i t i o n s ,  t o  f i v e  t i m e s  too  low a t  wind speeds  of f i v e  m i l e s  p e r  

hour .  No i c e - c r y s t a l  c o n c e n t r a t i o n  d a t a  were c o l l e c t e d  when t h e  winds 

were g r e a t e r  than  f i v e  m i l e s  p e r  hour.  
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T l ~ e  f a l l - v e l o c i t y  equa t ions  a r e  q u i t e  s u i t a b l e  f o r  whole r e g u l a r  

c r y s t a l s ,  bu t  fragments,  i r r e g u l a r s ,  and rimed c r y s t a l s  a r e  not s a t i s -  

f a c t o r i l y  modeled by t h e s e  equa t ions .  It is  f e l t  however, t h a t  t h e  f a l l  

v e l o c i t i e s  c a l c u l a t e d  from t h e s e  equa t ions  a r e  no t  i n  e r r o r  by more than 

a f a c t o r  of two e i t h e r  way. 

The peaks i n  i c e - c r y s t a l  concen t r a t i on  were averaged over  a f i f t e e n -  

minute per iod t o  b e t t e r  r e p r e s e n t  a c loud-size  c r y s t a l  popula t ion .  I n  

some reg ions  of t h e  c loud,  a s h o r t e r  averaging per iod may be more 

app rop r i a t e .  Averaging always reduces  t h e  c r y s t a l  concen t r a t i ons ,  

thereby making t h i s  e r r o r  f a c t o r  unsymmetric l i k e  t h e  c o l l e c t i o n  f a c t o r .  

The extreme range of t h e  e r r o r  due t o  averaging i s  es t imated  a t  a f a c t o r  

of two. 

The Bigg-Warner chamber was shown t o  be  i n  e x c e l l e n t  agreement w i th  

t h e  s tandard  f o r  ice n u c l e i  adopted a t  t h e  Second I n t e r n a t i o n a l  Workshop 

on Condensation and I c e  Nuclei  (1971). However, t h e  adopted s tandard  

may no t  be  synonymous wi th  t h e  s p e c t r a  which c louds  a c t i v a t e .  The 

u n c e r t a i n t y  i n  measurements from a Bigg-Warner chamber have been e s t i -  

mated over a wide range depending upon t h e  i n v e s t i g a t o r  b u t ,  f o r  t h i s  

paper ,  t h e  extreme e r r o r  w i l l  be considered a s  a f a c t o r  of f i v e  high o r  

low. 

The cloud t ops  observed by r ada r  a r e  undoubtedly low which causes  

t h e  cloud-top temperature  t o  be high. The extreme e r r o r  i s  es t imated  

t o  be  low by two thousand f e e t  which corresponds t o  a n  e r r o r  i n  t h e  

ice -nuc le i  concen t r a t i on  by a f a c t o r  of t en .  Like t h e  c o l l e c t i o n  and 

averaging e r r o r s ,  t h e  cloud-top e s t ima te  is  unsymmetrical. 



The extreme e r r o r  i n  t h e  temperature sounding i s  est imated t o  

be - + ~ O C .  This  corresponds t o  a  f a c t o r  of f i v e  i n  t h e  c a l c u l a t i o n  of 

t h e  i c e  c rys t a l - i ce  n u c l e i  r a t i o .  

I f  t h e  e r r o r s  were no t  randomly d i s t r i b u t e d  but  were a f f e c t i n g  t h e  

r a t i o  i n  t h e  same d i r e c t i o n ,  t h e  minimum and maximum f a c t o r s  of t h e  

a c t u a l  r a t i o  t o  t h e  ca l cu la t ed  r a t i o  would be 11500 and 500. Even t h i s  

l a r g e  e r r o r  i s  not  s u f f i c i e n t  t o  overcome t h e  high r a t i o  of i c e  c r y s t a l s  

t o  i c e  n u c l e i  a t  warm cloud-top temperatures.  I n  most cases  t h e  e r r o r s  

would be more randomly d i s t r i b u t e d  so t h a t  t h e  t o t a l  e f f e c t  of a l l  t h e  

e r r o r s  i s  much l e s s .  The t rend  i n  t h e  r a t i o  of i c e  c r y s t a l s  t o  i c e  

n u c l e i  i n  F ig .  17 is  not  a f f ec t ed  by these  e r r o r  cons ide ra t ions  although 

t h e  ex t en t  of i ce -c rys t a l  m u l t i p l i c a t i o n  i s  h ighly  dependent upon them. 

S c a t t e r  i n  t h e  Data 

F igures  13,  14,  15,  and 16 e x h i b i t  cons iderable  s c a t t e r  i n  t h e  da t a  

al though t h e  c o r r e l a t i o n  c o e f f i c i e n t s  a r e  near  .70 . The s c a t t e r  i s  

evident  from storm t o  storm and even between c e l l s  w i th in  a  storm. 

It i s  pr imar i ly  due t o  two e f f e c t s  - (1) t h e  e r r o r  i n  measurements 

requi red  t o  c a l c u l a t e  t h e  r a t i o  of i c e  c r y s t a l s  t o  i c e  n u c l e i  and (2)  

t h e  e f f e c t  of f a c t o r s  o the r  than cloud-top temperature on i ce -c rys t a l  

m u l t i p l i c a t i o n .  

Mossop (1967, 1968) pointed out  t h a t  only a  few clouds seem t o  

have t h e  extremely high r a t i o s .  The cu r ren t  s tudy seems t o  bear out  

t h i s  observa t ion .  Neglecting t h e  e r r o r s  which were discussed i n  t h e  

l a s t  s ec t ion ,  t h e r e  may be some e f f e c t  of turbulence due t o  high wind 

speeds and wind shears  on t h e  r a t i o .  This  i s  reasonable i n  l i g h t  of t he  

manner i n  which mechanical f r a c t u r i n g  of i c e  c r y s t a l s  is  thought t o  



occur.  The g r e a t e r  t h e  r e l a t i v e  v e l o c i t i e s  between i c e  c r y s t a l s ,  a s  i n  

t u rbu len t  condi t ions ,  t h e  g r e a t e r  t h e  frequency of high-energy c o l l i s i o n s  

which cause f r a c t u r i n g .  

To es t imate  t h e  e f f e c t  of wind speed on t h e  i c e  c r y s t a l - i c e  n u c l e i  

r a t i o ,  t he  r e s i d u a l  from t h e  cloud-top temperature r eg re s s i cn  was p l o t t e d  

versus  t h e  500-mb. wind f o r  each c e l l .  Figure 18 shows t h e  p l o t  of t h i s  

r e s i d u a l .  There i s  an  obvious t rend  toward higher  r a t i o s  a t  g r e a t e r  wind 

speeds. I f  t u rbu len t  motions i n  t h e  cloud can be r e l a t e d  t o  t h e  500-mb. 

wind speed, t h i s  t rend supports  t h e  mechanism of mechanical f r a c t u r i n g .  

Ice-Crystal-Mult ipl icat ion Hypothesis 

An hypothesis  which has not been proved i n  t h i s  t h e s i s ,  but  only 

s t rengthened,  i s  t h e  a s s e r t i o n  t h a t  t h e  i ce -c rys t a l  m u l t i p l i c a t i o n  

observed is  due t o  mechanical f r a c t u r i n g  of f r a g i l e  d e n d r i t i c  c r y s t a l s  

w i th in  convect ive c e l l s .  Figure 3 shows t h e  expected shape of t h e  r a t i o  

of i c e  c r y s t a l s  t o  i c e  n u c l e i  versus  cloud-top temperature,  if mechanical 

f r a c t u r i n g  i s  t h e  cause of increased i c e  c r y s t a l s  over i c e  nuc le i .  Fig.  

17 shows a very s i m i l a r  curve f o r  a c t u a l  da t a .  The proof t h a t  mechanical 

f r a c t u r i n g  i s  t h e  primary mechanism i s  lacking  because no convect ive 

clouds with tops warmer than t h e  d e n d r i t i c  reg ion  were a v a i l a b l e  from t h e  

Climax d a t a .  However, many f e a t u r e s  i n  t h e  d a t a ,  such a s  t h e  presence of 

c r y s t a l  fragments i n  l a r g e  q u a n t i t i e s  dur ing  passage of convect ive c e l l s ,  

go a long way toward demonstrating t h a t  f ragmentat ion t akes  p l ace  - even 

though proof is  not  p re sen t ly  a v a i l a b l e  t o  show what accounts  f o r  t h e  

t o t a l  discrepancy between i ce -c rys t a l  and ice-nucle i  concent ra t ions .  

Hindman (1967) averaged t h e  r a t i o  of i c e  c r y s t a l s  t o  i c e  n u c l e i  

over s e v e r a l  win ter  orographic storms a t  Climax and found t h a t  t h e  

r a t i o  remained l e s s  than ten .  If t h e  c o r r e c t i o n  f a c t o r  he used t o  
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modify t h e  i c e - n u c l e i  c o u n t s  is  removed and t h e  i r r e g u l a r  c r y s t a l s  a r e  

added, t h e  r a t i o  would probably  r e a c h  50 o r  g r e a t e r  f o r  average  condi-  

t i o n s  i n  h i s  w i n t e r  o rograph ic  s torms.  I n  a d d i t i o n ,  t h e  s torms he  

0 
s t u d i e d  had cloud-top t empera tu res  i n  t h e  range  of -23 C For which t h e  

expected r a t i o  f o r  t h e  c e l l s ,  accord ing  t o  F i g .  1 7 ,  would b e  abou t  100. 

The two f i n d i n g s  a r e  n o t  i n c o n s i s t e n t  when t h e  f requency of c o n v e c t i v e  

c e l l s  a t  t h e  warm tempera tu res  i s  cons idered .  Convect ive  c e l l s  occur ing  

0 
a t  Climax w i t h  cloud-top t empera tu res  n e a r  -15 C are q u i t e  r a r e  s o  t h a t  

t h e  occur rence  of c l o u d s  w i t h  extremely h i g h  i c e  c r y s t a l - i c e  n u c l e i  

r a t i o s  is  low. Also ,  convec t ive  a c t i v i t y  does  n o t  appcar  t o  e x i s t  

throughout  t h e  e n t i r e  l i f e  of a n  o rograph ic  c loud .  Some orograph ic  

c louds  may n o t  c o n t a i n  c o n v e c t i v e  c e l l s  a t  a l l  w h i l e  o t h e r s  seem t o  have 

them throughout  t h e i r  e n t i r e  l i f e t i m e .  On t h e  average ,  o rograph ic  c louds  

appear  t o  c o n t a i n  c o n v e c t i v e  c e l l s  d u r i n g  abou t  one-half of t h e  pe r iod  

of t h e i r  e x i s t e n c e .  Even w i t h  t h e  p resence  of c l o u d s  which have h i g h  

i c e - c r y s t a l  t o  i c e - n u c l e i  r a t i o s  t h e  average  r a t i o  could  s t i l l  remain 

f a i r l y  low - on t h e  o r d e r  of t h e  r a t i o  measured by Hindman. 

S ince  convec t ive  c e l l s  normal ly  r e a c h  c o l d e r  t empera tu res  t h a n  t h e  

t o p  of t h e  non-convective o rograph ic  c loud ,  they  w i l l  n u c l e a t e  g r e a t e r  

c o n c e n t r a t i o n s  of i c e  n u c l e i  t o  seed t h e  lower c l o u d s .  F i g u r e  1 7  

i n d i c a t e s  t h a t  i c e - c r y s t a l  m u l t i p l i c a t i o n  i s  c o n t r i b u t i n g  t o  t h e  gener- 

a t i o n  of i c e  c r y s t a l s  i n  t h e s e  c e l l s  i n  a d d i t i o n  t o  t h i s  e f f e c t .  The 

convec t ive  c e l l s  t h e n ,  a r e  e f f i c i e n t  mechanisms f o r  p rov id ing  add i -  

t i o n a l  i c e  c r y s t a l s  t o  lower o rograph ic  c l o u d s  which do n o t  c o n t a i n  

enough i c e  c r y s t a l s  t o  u t i l i z e  a l l  of  t h e  a v a i l a b l e  mois tu re  a t  c e r t a i n  

t empera tu res .  F i g u r e  1 9  is  a  photograph of a  convec t ive  c e l l  i n  thd  

t o p  of a n  o rograph ic  c loud observed on March 30, 1972. Wind shear  



Fig .  1 9  Example of a Convect ive  Element Embedded i n  t h e  
General  Orographic Cloud on March 30, 1972 



present  a t  t h e  top  of t h e  cloud l aye r  appeared t o  be producing s t reamers  

of i c e  c r y s t a l s  downwind from similar c e l l s .  

Seeding of lower orographic clouds by convect ive c e l l s  agrees  with 

t h e  i n t e r e s t i n g  phenomenon observed by Chappell (1970) t h a t  a r t i f i c i a l  

seeding of orographic clouds pr imar i ly  i nc reases  t h e  du ra t ion ,  r a t h e r  

than t h e  i n t e n s i t y ,  of t h e  p r e c i p i t a t i o n  events .  Since convect ive c e l l s  

a r e  present  dur ing  only a po r t ion  of a storm, t h e  orographic cloud w i l l  

be seeded n a t u r a l l y  and p r e c i p i t a t e  e f f i c i e n t l y  only dur ing  a f r a c t i o n  

of i t s  exis tence .  I f ,  however, t h e  storm is  seeded a r t i f i c i a l l y ;  i t  

w i l l  s t a r t  t o  p r e c i p i t a t e  sooner,  cont inue t o  p r e c i p i t a t e  longer ,  and 

produce g r e a t e r  q u a n t i t i e s  of p r e c i p i t a t i o n .  

Crys t a l  concent ra t ions  vary markedly when a storm changes from non- 

convect ive t o  convect ive condi t ions .  I f  convect ive c e l l s  a r e  seeding 

t h e  genera l  orographic cloud,  t h i s  would expla in  these  abrupt  changes. 

I n  F ig .  D15, a p l o t  of t o t a l  c r y s t a l  concent ra t ion  wi th  t ime i s  shown 

f o r  January 26, 1969. From midnight u n t i l  seven-thir ty ,  t h e  cloud was 

convect ive wi th  a s e r i e s  of convect ive c e l l s  moving through t h e  cloud, 

but  from seven- th i r ty  u n t i l  noon, i t  was non-convective. A s  convect ive 

a c t i v i t y  increased ,  t h e  background i c e - c r y s t a l  concent ra t ion  i n  and 

between c e l l s  increased.  A s  t h e  convective a c t i v i t y  decreased,  t h e  

oppos i te  occurred. This  f u r t h e r  s t rengthens  t h e  suggest ion t h a t  t h e  

convect ive c e l l s  a r e  seeding t h e  orographic cloud i n  which they a r e  

embedded. 

The hypothesis  t h a t  i ce -c rys t a l  m u l t i p l i c a t i o n  is  produced by 

mechanical f r a c t u r i n g  of f r a g i l e  d e n d r i t i c  c r y s t a l s  w i th in  convect ive 

c e l l s ,  and not  i n  t h e  more genera l  orographic cloud, can be t e s t ed  by 

comparing i c e  c r y s t a l - i c e  n u c l e i  r a t i o s  i n  convect ive and non-convective 



orographic clouds.  This  w a s  no t  attempted f o r  t h i s  t h e s i s  because of 

t h e  d i f f i c u l t y  i n  obta in ing  cloud-top d a t a  by r ada r  f o r  non-convective 

orographic clouds. This  i n v e s t i g a t i o n  w i l l  be  attempted a t  a l a t e r  

d a t e .  

Another observat ion which suppor ts  t h e  hypothesis  of i ce -c rys t a l  

m u l t i p l i c a t i o n  i n  convect ive c e l l s  is  t h e  apparent  v a r i a b i l i t y  i n  t h e  

r e s u l t s  of e f f o r t s  t o  seed cumulus clouds t o  i nc rease  p -ec ip i t a t i on  by 

many i n v e s t i g a t o r s .  I f  convect ive clouds a r e  e f f i c i e n t  i n  genera t ing  

t h e i r  own i c e  c r y s t a l s  through i ce -c rys t a l  m u l t i p l i c a t i o n ,  seeding would 

no t  i nc rease  t h e  p r e c i p i t a t i o n  e f f i c i e n c y ,  once t h e  i c e  process  is 

s t a r t e d ,  and may a c t u a l l y  decrease p r e c i p i t a t i o n .  

This  s tudy then,  has presented evidence t h a t  i ce -c rys t a l  m u l t i p l i -  

c a t i o n  is  occurr ing i n  convect ive c e l l s  embedded i n  win ter  orographic 

storms, and t h a t  mechanical f r a c t u r i n g  of f r a g i l e  d e n d r i t i c  c r y s t a l s  

appears  t o  expla in  t h e  t rend  i n  t h e  i c e  c r y s t a l - i c e  n u c l e i  r a t i o  with 

temperature.  Future s t u d i e s  w i l l  extend t h e  s t a t i s t i c a l  s tudy t o  

warmer cloud-top temperatures and w i l l  add a more phys ica l  approach 

by studying t h e  shapes and s i z e s  of a c t u a l  i c e  c r y s t a l s  which f a l l  from 

t h e  convect ive c e l l s .  

Impact on Weather Modif icat ion 

The e f f e c t s  of an  ice-crys ta l -genera t ing  mechanism i n  n a t u r a l  

convect ive clouds can be a very important f a c t o r  i n  t h e  production of 

p r e c i p i t a t i o n  and t h e  p o t e n t i a l  f o r  modif icat ion.  The computation of 

seeding p o t e n t i a l  f o r  orographic clouds must inc lude  t h i s  e f f e c t  i f  i t  

i s  t o  approach r e a l i t y .  The seeding p o t e n t i a l  w i l l  depend upon t h e  



extent of ice-crystal multiplication when convective elements are 

present and the portion of time when the orographic cloud is free of 

convective elements. 



SUMMARY AND RECOMMENDATIONS 

Ice -c rys t a l  and ice-nucle i  concent ra t ions  i n  convect ive elements 

of win ter  orographic storms were compared a s  a func t ion  of cloud-top 

temperature.  The r a t i o  of i c e  c r y s t a l s  t o  i c e  n u c l e i  w a s  found t o  be 

g r e a t e r  by a f a c t o r  of l o 4  a t  cloud-top temperatures i n  t h e  d e n d r i t i c  

c r y s t a l  region than a t  cloud-top temperatures near  -30'~. The d i s t r i -  

bu t ion  of t h e  r a t i o s  was found t o  agree  with a t h e o r e t i c a l  d i s t r i b u t i o n  

which assumes t h a t  mechanical f r a c t u r i n g  of f r a g i l e  d e n d r i t i c  c r y s t a l s  

is  t h e  primary cause of enhanced i ce -c rys t a l  concent ra t ions .  Addi t iona l  

evidence t h a t  mechanical f r a c t u r i n g  is  producing i ce -c rys t a l  m u l t i p l i -  

c a t i o n  i n  convect ive elements,  was t h e  presence of i ce -c rys t a l  fragments 

i n  t h e  peaks of i ce -c rys t a l  concent ra t ions  dur ing  c e l l  passages.  

Two a d d i t i o n a l  s t u d i e s  should be conducted t o  v e r i f y  t h e  hypothesis  

t h a t  i ce -c rys t a l  m u l t i p l i c a t i o n  i s  caused by mechanical f r a c t u r i n g .  

These a r e  (1) t h e  extension of t h e  present  s tudy t o  warmer cloud-top 

temperatures t o  determine i f  t h e  r a t i o  of i c e  c r y s t a l s  t o  i c e  n u c l e i  

becomes l e s s  near -10 '~  where t h e  d e n d r i t i c  reg ion  i s  absent  and (2)  

t h e  determinat ion of t h e  i c e  c r y s t a l - i c e  n u c l e i  r a t i o  i n  non-convective 

orographic clouds t o  determine i f ,  i n  f a c t ,  convect ive elements embedded 

i n  t h e  orographic clouds a r e  t h e  only source of i c e  c r y s t a l s  which 

n a t u r a l l y  seed t h e  genera l  cloud l a y e r .  A f u r t h e r  s tudy,  which should 

i n d i c a t e  i f  mechanical f r a c t u r i n g  i s  t h e  primary cause, would be a 

comparison of i c e  c r y s t a l  d i s t r i b u t i o n s  i n  clouds which a r e  expected t o  

con ta in  f r a c t u r i n g  and those  which should not  con ta in  f r ac tu r ing .  

I f  t h e  hypothesized mechanism is  t r u e ,  ex tens ive  re-examination of 

t h e  e f f i c i e n c y  of n a t u r a l  convect ive clouds is  warranted. ' A r t i f i c i a l  



seeding p o t e n t i a l  of c louds which con ta in  convect ive elements w i l l  

depend upon t h e  i n i t i a t i o n ,  du ra t ion ,  and ex ten t  of i ce -c rys t a l  mult i -  

p l i c a t i o n  due t o  t h i s  mechanism. 
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APPENDIX A 

Ice-Crystal C l a s s i f i c a t i o n  

The r e p l i c a t o r  f i l m s  were analyzed by measuring and counting i c e  

c r y s t a l s  according t o  a  modified Magono-and-Lee c l a s s i f i c a t i o n .  The 

c r y s t a l s  were c l a s s i f i e d  i n t o  ninety-eight  d i f f e r e n t  types ,  shown i n  

Figs.  A 1  and A2. Each c r y s t a l  was assigned a four -d ig i t  number t o  

permit c a l c u l a t i o n s  t o  be made on a computer. The f i r s t  d i g i t  i n d i c a t e s  

t h e  amount of riming. I f  i t  is  "0" , t h e r e  is  no riming but  i f  i t  is  

a  d i g i t  from one t o  n ine ,  t h e  c r y s t a l  is  rimed l o % ,  20%, ..., 90%. I f  

t h e  second d i g i t  is  a  "6" , t h e  c r y s t a l  i s  a fragment of an  iden t i -  

f i a b l e  type of c r y s t a l .  A s p e c i a l  type of fragment i s  t h e  " s e c t o r l i k e  

Fragment". These c r y s t a l s  were c l a s s i f i e d  sepa ra t e ly  because of t h e  

r e l a t i v e l y  l a r g e  quan t i t y  which were found and because they could no t  

be c l a s s i f i e d  a s  a  fragment of a p a r t i c u l a r  type of c r y s t a l .  A number 

of d i f f e r e n t  c r y s t a l  types  have s e c t o r l i k e  extensions and any of them 

could con t r ibu te  fragments t o  t h i s  c l a s s i f i c a t i o n .  The i r r e g u l a r s  

inc lude  only two c l a s s i f i c a t i o n s  but  normally make up t h e  major i ty  of 

i c e  c r y s t a l s  found a t  HAO. "Ice P a r t i c l e s "  a r e  p ieces  of i c e  which 

have l i t t l e  o r  no c r y s t a l l i n e  shape t o  a i d  i n  c l a s s i f i c a t i o n .  

"Miscellaneous" c r y s t a l s  a r e  p ieces  of i c e  which have c r y s t a l l i n e  

shape but  do not  f i t  any of t h e  c r y s t a l  types i n  Tables A 1  and A2. 

A computer program, discussed i n  Appendix B, subdivided t h e  ninety-  

e i g h t  c r y s t a l  types i n t o  e i g h t  genera l  ca t egor i e s  - Plane Dendr i tes ,  

Columns, Needles, P l a t e s ,  Capped Columns, I r r e g u l a r s ,  and Sec to r l i ke  

Fragments. These genera l  ca t egor i e s  a r e  u s e f u l  i n  handling l a r g e  

q u a n t i t i e s  of d a t a  when one needs t o  have some information about t he  



CRYSTAL CLASSIFICATIONS 

PLANE DENDRITES SPATIAL DENDRITES COLUMNS 

Table A 1  Crys t a l  C l a s s i f i c a t i o n s  

. 
@ -  * Germ of Skeleton Form X07 2 

Stellar Crystal 

m14 1 X634 

,315 1 X635 ' 

Ordinary Dendritic 
Crystal 

Fernlike Crystal 

Side Planes 

X051 1 
Scalelike Side Planes 

X052 1 x669 ' 

Combination of Side 
Planes, Bullets, and 
Columns 

X053 I 
- 

Plate Aggregate Combinationof Sheaths 

1 . 

1 
Elementary Sheath 

XI13 1 X648 

Bundle of Elementary 
Sheaths 

XI14 1 X649 

Long Solid Column 

1115 X650 

XI22 I X636 X054 

, * 
, 

e3 
Stellar Crystal with 
Plates at Ends 

,321 1 ,637 

Stellar Crystal with 
Sectorlike Ends 

~ 322 1 ~633 
Dendritic Crystal with 
Plates at Ends 

, Plate with Spatial 
Plates 

X361 X658 

M 

$ X323 1 X639 

Scrolls at Ends - 
X433 X667 . 4 

Combination of Long, 
Solid Columns 

Y 

@ 

Plate with Spatial 

Scroll 

X218 1 X657 

Combinatioa of Bullets 

x2. , 
Combination of Columns 

Dendritic Crystal with 
Sectorlike Ends 

X324 1 X640 

,327 1 X 

Plate with Dendritic 
Extensions 

643 

Two-Branched Crystal Radiating Assemblage 
of Dendrites 

a, 

1 

,123 1 * 

Solid Bullet 

x77 1 

Three-Branched Crystal 

Bu;J.;; 
with Dendrites 

X332 1 X664 

X362 1 X659 
Stellar Crystal with 

X363 I X660 

Spatial Plates 

Stellar Crystal with 
Spatial Dendrites 

b 

@ 
7 2 

Four-Branched Crystal 
LQJ 

X333 

Dendritic Crystal with 
Twelve Branches 

X645 

,364 1 X66 1 

Radiating Assemblage 
of Plates 

X37 1 1 

,213 1 X652 

Hollow Bullet 

Solid Column 

X214 1 X653 

Hollow Column 

X215 1 X654 

Stellar Crystal with 
Needles 

X431 1 X665 

Stellar Crystal with 
Columns 

X432 1 X666 

Stellar Crystal with 



CRYSTAL CLASSIFICATIONS 

NEEDLES PLATES CAPPED COLUMNS 

LEGEND 

Table A2 Crystal Classifications 

Column with Plates 

4 I X662 
,;:4. with Dendrites 

X663 

Multiple Capped Column 

x413 , 
Bul::t with Plates 

I 

& 
I 
1 

IRREGULARS 

Ice Particle 

Elementary Needle 

Xlll 1 X646 

Bundle of Elementary 
Needles 

XI12 1 X647 

8 
0 

X211 

Combination of 
Needles 

Crystal with 
Sectorlike Branches 

,312 1 X632 

Crystal with Broad 
Branches 

X313 1 X633 

Plate with Simple 

0 

Extensions 

Solid Thick Plate 

X06 1 I 
Miscellaneous 

X064 I 

X64 1 

Plate with Sectorlikc 
Extensions 

,326 1 X64 2 

X216 

Csm 

X655 

Thick Plate of 
Skeleton Form 

X217 1 X656 

Hexagonal Plate 

3 1 X631 

~3 
i 

Broad Branch Crystal 
with Twelve Branches 

,334 1 X644 

Plate with Scrolls 
atEnds 

X434 1 X668 

SECTORLIKE FRAGMENTS 

Q Sectorlike Fragment 

X670 



formation reg ion  of t h e  c r y s t a l s .  The formation temperature can be 

est imated from t h e  genera l  c r y s t a l  type by considering Table 1 i n  t h e  

theory sec t ion .  

It is  sometimes d i f f i c u l t  t o  i d e n t i f y  t h e  dimension of a c r y s t a l  

with which one i s  working. Table A3 shows t h e  dimensions of t h e  e i g h t  

genera l  c r y s t a l  ca t egor i e s  and how they were measured. The dimension 

"D" was perpendicular  t o  t h e  "c" a x i s  of t h e  c r y s t a l  and t h e  dimension 

"L" p a r a l l e l 1  t o  t h e  "C" a x i s .  



Table A3 Measurable Crystal Dimensions 

COMMENTS 

"Dl' I S  THE LONGEST 
DIMENSION 

1 

"D" I S  THE LONGEST 
DIMENSION 

"D" I S  THE LONGEST 
CROSS SECTION 

J 

"D" I S  THE LONGEST 
CROSS SECTION 

"D" I S  THE LONGEST 
CROSS SECTION 

I 

"D" I S  THE LONGEST CROSS 
SECTION OF THE "CAP" 

- 

"D" I S  THE LONGEST 
DIMENSION 

"D" I S  THE LONGEST 
DIMENSION 

SCHEMATIC 

4@ 
4% 
Y D F  

, !IF 
,D:I 
@ 
8: 
@ 

CRYSTAL CLASSIFICATION 

PLANE DENDRITES 

SPATIAL DENDRITES 

coLms 

NEEDLES 

PLATES 

CDPED COLUMN 

IRREGULARS 

SECTOP.LIKE FRAGMENTS 



APPENDIX B 

Fal l -Veloci ty ~ ~ A a t  ions  

The f a l l  v e l o c i t i e s  of i c e  c r y s t a l s  have been s tudied  by many 

i n v e s t i g a t o r s .  Nakaya (1954) is  considered t o  be t h e  s tandard f o r  ice-  

c r y s t a l  f a l l  v e l o c i t i e s .  However, Nakaya d id  not  have a  l a r g e  d a t a  

sample, and more r e f ined  techniques a r e  now a v a i l a b l e  f o r  measuring 

f a l l  v e l o c i t i e s .  I n  add i t i on ,  a  number of c r y s t a l  types were not  

s tud ied  by Nakaya . 
Brown (1970) ,. using the  newer techniques and s tudying a l a r g e r  

number of c r y s t a l s ,  provided more r e l i a b l e  equat ions with which t o  

c a l c u l a t e  f a l l  v e l o c i t i e s  f o r  i c e  c r y s t a l s .  Brown d id  no t  s tudy columns, 

fragments,  i r r e g u l a r  c r y s t a l s ,  o r  rimed c r y s t a l s ,  however. 

Table B 1  shows t h e  f a l l - v e l o c i t y  equat ions,  adopted p r imar i ly  

from Brown (1970), which were used t o  c a l c u l a t e  c r y s t a l  concent ra t ions .  

Plane dendr i t e s ,  s p a t i a l  dendr i t e s ,  needles ,  p l a t e s ,  capped columns, and 

t h e  fragments of each, were modeled d i r e c t l y  a f t e r  Brown (1970). 

Although t h e  fragments a r e  not  modeled c o r r e c t l y ,  t h i s  is t h e  bes t  

assumption poss ib l e  a t  t h i s  s t age .  Columns and t h e i r  fragments were 

modeled a f t e r  a  s tudy by Jayaweera and C o t t i s  (1969) and i r r e g u l a r  

c r y s t a l s ,  because of t h e i r  unpredic tab le  shapes and normally high f a l l  

v e l o c i t i e s ,  were modeled with t h e  same equat ion used f o r  capped columns. 

Rimed c r y s t a l s  were modeled by assuming t h a t  t h e  f a l l  v e l o c i t y  was 

simply t h e  unrimed f a l l  v e l o c i t y  mu l t ip l i ed  by a  "rime f ac to r "  depending 

on t h e  type of c r y s t a l  and percentage of riming. This  concept is  v a l i d  

a t  Climax because very  l i t t l e  riming occurs ,  and when i t  does occur ,  



Table R1 Fall-Velocity Equations 

- 

EQUATIONS 
J 

FALL VELOCITY EQUATION 

8.4~~'~'~ 

3 . 7 1 ~ ' ~ ~ ~  

-10.863+. 5707D+3.088~10-~1 
- 8 . 9 5 4 ~ 1 0 - ~ ~ ~ + 4 . 3 7 1 ~ 1 0 - ~ ~ ~  
-1.215~10-~~~ 

2 . 1 7 ~ ~ 0 ~ ~ ~  

1 . 1 0 ~ ~ ~ ~ ~ ~  

0 . 9 2 ~ ~ ~ ~ ~  

8.4~'*~'~[ 1+(13.3P/5.6D 0.377)] 

3.71~~'~~[ 1+(13.3P/2D)] 

[-lo. 863~. 5707~+3.088~10-~~ 
-8.9 54x10-4~24.37 ~ X ~ O - ~ L D  
-1.215~10'~~ ] x [ 1 + 

(13.3P/2D) 1 

2 . 1 7 ~ ~ * ~ ~ ~ [  1+(13.3P/2D)] 

I.~ODO*~*~[ 1+(13.3~/4.04~ 
O.44gl1 

0 . 9 2 ~ ~ ~ ~ ~  [ 1+(13.3P/2D)] 

- 

FALL VELOCITY 

CRYSTAL CLASSIFICATION 

PLANE DENDRITES 
FRAGMENTS OF PLANE DENDRITES 

SPATIAL DENDRITES 
FRAGMENTS OF SPATIAL DENDRITES 

COLUMNS 
FRAGMENTS OF COLUMNS 

NEEDLES 
FRAGMENTS OF NEEDLES 

PLATES 
FRAGMENTS OF PLATES 
SECTORLIKE FRAGMENTS 

CAPPED COLUMNS 
FRAGMENTS OF CAPPED COLUMNS 
IRREGULARS 

RIMED PLANE DENDRITES 
RIMED FRAGMENTS OF PLANE DENDRITES 

RIMED SPATIAL DENDRITES 
RIMED FRAGMENTS OF SPATIAL DENDRITES 

RIMED COLUMNS 
RIMED FRAGMENTS OF COLUMNS 

RIMED NEEDLES 
RIMED FRAGMENTS OF NEEDLES 

RIMED PLATES 
RIMED FRAGMENTS OF PLATES 
RIMED SECTORLIKE FRAGMENTS 

RIMED CAPPED COLUMNS 
RIMED FRAGMENTS OF CAPPED COLUMNS 
RIMED IRREGULARS 



t h e  c r y s t a l s  are normally covered by a  s i n g l e  l a y e r  of rimed d r o p l e t s .  

The t h e o r e t i c a l  d e r i v a t i o n  of t h e  "rime f ac to r "  fol lows.  

The assumption i s  made t h a t  t h e  terminal  v e l o c i t y  of an unrimed 

c r y s t a l  i s  pr+,+rt ional  t o  t h e  square r o o t  of t h e  volume, which i s  

v a l i d  f o r  a  high percentage of t h e  s m a l l  p l a t e - l i ke  c r y s t a l s  a t  Climax. 

Therefore,  

where k = constant  

k '  = new cons tan t  

V = volume of c r y s t a l  

A = a r e a  of c r y s t a l  normal t o  f a l l  d i r e c t i o n  

t = thickness  of c r y s t a l  normal t o  f a l l  d i r e c t i o n  

The f a l l  v e l o c i t y  of a  rimed c r y s t a l  i s  g r e a t e r  by some incremental 

amount than t h a t  of an  unrimed c r y s t a l  of t h e  same s i z e .  

v  (rimed) = v (unrimed) + dv (unrimed) 

But, 

1 -4 1 1 4 d t  dv(unrimed) = - k ' t  d t  = - k t 2 2 t 

Subs t i t u t ing  (1) i n t o  (3) and (3) i n t o  (2 ) ,  t h e  f a l l  v e l o c i t y  of 

a  rimed c r y s t a l  i n  terms of an unrimed c r y s t a l  becomes, 

where d t  = t h e  a d d i t i o n a l  th ickness  of t h e  c r y s t a l  due t o  riming i n  a  
s i n g l e  l a y e r .  



The a d d i t i o n a l  th ickness  of a c r y s t a l  due t o  riming depends upon 

t h e  number of d r o p l e t s  covering t h e  c r y s t a l  and t h e i r  s i z e .  

where n = number of d r o p l e t s  rimed on c r y s t a l  of a r e a  A 

V = volume of rimed d r o p l e t s  
d 

The number of d r o p l e t s  can be est imated by t h e  percent  coverage 

of a c r y s t a l  and t h e  s i z e  of t h e  d r o p l e t s .  

where P = percent  coverage of t h e  c r y s t a l  by d r o p l e t s  

Ad = cross-sec t iona l  a r ea  of a d r o p l e t  

Subs t i t u t ing  (6) i n t o  (51, 

where r = r a d i u s  of d r o p l e t s  

Assuming t h a t  t h e  rimed d r o p l e t s  a r e  20 microns i n  diameter ,  

equat ion (4) becomes, 

~ ( r i m e d )  = ~ ( u n r i m e d )  [1 + 6.65 21 
The only remaining unknown v a r i a b l e  i n  equat ion (8) i s  t h e  

th ickness  of t h e  c r y s t a l s ,  t . Auer and Veal (1970) repor ted  t h e  

r e s u l t s  of a s tudy they made which p r e d i c t s  t h e  expected th ickness  of 

a c r y s t a l  knowing i ts  diameter o r  length .  Using Auer and Veal 's  bes t  



f i t  curves f o r  th ickness ,  t h e  "rime f ac to r "  f o r  each c r y s t a l  type can 

be  obtained.  The lower po r t ion  of Table B 1  shows t h e  app ropr i a t e  

equat ion f o r  each type of rimed c r y s t a l .  

C rys t a l  Concentrations 

Once t h e  f a l l  v e l o c i t i e s  a r e  known, t h e  concent ra t ion  of i c e  

c r y s t a l s  can be determined from t h e  following equat ion,  

where C = concent ra t ion  of c r y s t a l s  

N = number of c r y s t a l s  observed on f i l m  

S  = r a t e  of movement of f i l m  pas t  s l i t  opening i n  r e p l i c a t o r  

W = sl i t  width of r e p l i c a t o r  

v  = f a l l  v e l o c i t y  of i c e  c r y s t a l  

A '  = a rea  of f i lm  inspected 

Equation (9) i s  used t o  determine ind iv idua l ly  t h e  concent ra t ion  

of each type and s i z e  of c r y s t a l  observed on t h e  r e p l i c a t o r  f i lm .  These 

ind iv idua l  concent ra t ions  can then be summed i n t o  any c l a s s i f i c a t i o n  

scheme des i r ed .  Figure B 1  shows one such computation and c l a s s i f i c a t i o n  

rou t ine .  This  computer flow c h a r t  shows t h e  method by which c r y s t a l s  

a r e  so r t ed  by type and s i z e ,  t h e i r  concent ra t ions  computed, and 

r e c l a s s i f i e d  i n t o  28 sub-groupings. An a d d i t i o n a l  t a s k  of t h i s  p a r t i c -  

u l a r  program was t h e  c a l c u l a t i o n  of c o l l i s i o n  f requencies  between 

c r y s t a l s ,  which is  not  discussed i n  t h i s  t h e s i s .  Table B2 shows an 

example of t h e  output  from t h i s  computer program. Such a  l i s t i n g  of 

c r y s t a l  concent ra t ions  was made f o r  each f i v e  minutes during a l l  of 

t h e  storms s tudied .  To f a c i l i t a t e  t h e  a s s i m i l a t i o n  of t h e  huge 



SITE - HA0 DATE - 610214 

TYPE 
0636  
0054 
0 3 1 1  
0311  
0642 
0325 
0635 
1054 
0 3 1 1  
0311  
0633 
0312 
0311  
0321  
0311 
2635 
0670 
0670 
0670 
0670 
0670 
0 0 6 1  
0061 
0061  
0061  

V-VEL 
45.7 
40.8 
20.0 
17.3 
29.0 
3s. 5 
38.5 
39.7 
25.2 
18.2 
33.0 
34.5 
27.2 
41.4 
25.9 
40.5 
11.0 
11.2 
22.4 
25.9 
29.0 
33.3 
45.9 
52.9 
65.6 

LENGTH 
7450. 

550. 
250. 
190. 
510. 
750. 

1110. 
510. 
390. 
210. 
650. 
710. 
450. 

1550. 
410. 

1210. 
110. 
? to .  
310. 
410. 
510. 
250. 
410. 
510. 
710. 

WIDTH NlLITER NUM8R 
0. . I 9 1  1 
0. .223 1 
0. -456  1 
0. -527  1 
0. 3 1 4  1 
0. .256 1 
0. -237 1 
0. -229  1 
0. - 3 6 1  1 
0. -500  1 
0. -276  1 
0. -264  1 
0. .335 1 
0. .220 1 
a. -152 1 
0 .  -225  1 
0. 37.918 54 
0. 12.001 24 
0. 2.853 7 
0. 3.519 10 
D . .h2R 2 
0. .a21 3 
0. -595 3 
0. -144  2 
0. .278 2 

STEMP 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 

TYPE 
0054  
0 6 3 1  
0312  
0325 
0638 
0 3 1 1  
0637 
1635 
1642 
1054 
0313  
0 3 1 1  
0325 
0638 
0327 
0315 
0670  
0670 
0610 
0670 
0 0 6 1  
0 0 6 1  
0 0 6 1  
0 0 6 1  

V-VEL 
47.3 
20.0 
25.9 
37.0 
14.3 
33.0 
20.9 
39.7 
29.6 
36.6 
35.5 
30.2 
30.2 
40.5 
41.1 
42.'1 
15.3 
20.0 
23.8 
27.2 
29.7 
38.3 
48.8 
59.5 

EXPTH 
24.19 
24.39 
24.19 
24.39 
24.39 
24.39 
24.39 
24.39 
24.39 
24.39 
24.39 
24.39 
24.30 
24.39 
24.19 
24.39 
24.39 
24.39 
24.11 
24.19 
24.39 
24.39 
24.39 
24.39 

LENGTH 
810. 
250. 
410. 
810. 
650. 
650. 
350. 

1190. 
510. 
410. 
750. 
550. 
550. 

1410. 
1510. 
1830. 

150. 
250. 
350. 
450. 
21C. 
310. 
450. 
610- 

+ + * t t l * * t + t * * * * * * * * * * * * * * * * , * C * *  TAHLE OF SUMMED COYCFNTRATIONS * * * L * * * * * * * * * * t * * * b * * t * 6 t * * * * b U 8 t * * * t t * t  

STEMP 
-10 
-10 
-10 - 10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10  - 10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 

POENORITE SOENDRITE COLUPNS NEEDLES PLATCS CCOLUMNS I KREGUL4R TOTAL RFGULAR 
654 -416 0.000 0.000 4.786 0.000 5.U14 5.856 

FPDtNOR ITL  FSUCNnRITF FCOLUWN FNEEOLES FPLAIES FCCOLUMNS FStCTIlQS T0TAL FRAGMENTS 
1.231 0.COO 0-000  0.000 1.046 0.000 74.916 77.094 

RPDENORITE RSOENDRITE RCOLUCN RNEEOLES RPLATES RCCOLUMNS PISREGULARS TOTAL RIMED REG. 
O.COr! .479 0.000 0.000 0.000 0.000 0.000 -479  

RFPOENORITE RFSOENORITE RFCOLUMN RFNEEOLES RFPLATES RFCCOLUMNS RFSECTDUS TOlAL RIMED FRAGMENTS 
-455  0.000 0.000 0.000 .3OR 0 -000  0. 000 -762 ........................................................................................................................ 

TPDENDRI TF TSOFNORI TE TCflLUMN TNFEDLES TPLATES TCCOLU!4YS TIqRFLULAXS TOTAL CRYSTALS ALL CRYSTALS 
2.340 . f3& 0.000 0.000 6.140 0.000 5.114 84.191 10.105 

++t++t*+**+******ot****** THERE WEYE 191. TOTAL CRYSTALS t**~t****t*t***~+*t**t**r 

+t*+++*++**t****+***.*tt******t*******+ SUMS OF COLLISION FREQUENCIES +***************+**tt******t******t*t*** 

0. 
POEN-NEOL 
0. 
POEN-PLAT 

-506E-02 
POEN-CCOL 
0. 
POEN-IRRC . 

-288E-07 
POEN-SECT 

-830E-01 

SDEN-SCEN 
-18 lE-04  

SOEN-COLL 
0. 
SDEN-NEOL 
0. 
SDEN-PLAT 

-598E-03 
SOEN-CClJL 
0. 
SDEN-IRRG - 346E-03 
SCFN-SECT 

-744E-02 

CGLL-COLL NEOL-NEOL PLAT-PLAT CCOL-CCOL IRRG-IRRC SECT-SECT 
0. 0 -  -924E-03 0. .954E-03 -193F-01 

COLL-NEDL 
0. 
COLL-PLAT NEOL-PLAT 
0. 0. 
COLL-CCOL NEOL-CCOL PLAT-CCOL 
0. 0. 0. 
COLL-IRRG NEOL-IRRG PLAT-IRRG CCOL-IRRG 
0 -  0 -  -326F-02 0. 
COLL-SECT NEOL-SECT PL4T-SECT CCOL-SECT IRRG-SECT TOTAL COLLISIONS NORMALIZED TOTAL 
0. 0. -214F-01 0. . I 7 7  -197E-02 -314F-01 

Table B2 Example of Output from Crystal-Classification Program 



q u a n t i t i e s  of d a t a ,  t h e  output  from t h i s  program was fed i n t o  another  

computer program which averaged t h e  i ce -c rys t a l  d a t a  over f i f t e e n -  

minute running means and p l o t t e d  them automat ica l ly .  An example of 

such a  p l o t  i s  shown i n  Fig.  D13. 



Crystal and 
Convert it to 

In teger  

Collision Cmss 
and Time 

~ o o d  of Cards 
Alx, Calculates 
Collision Frequency 

and Sums Al l  
Collision Frequencies 

for Every Type. Fall Velocities 

These are Stored 

store A l l  

Fig.  B1 Computer Program Flow Chart 



APPENDIX C 

T ra j ec to ry  Model 

A model which p r e d i c t s  t h e  de lay  time, froin t h e  f i r s t  appearance of 

a  convect ive c e l l  on t h e  r ada r  u n t i l  t h e  subsequent f a l l o u t  of i c e  

c r y s t a l s  i n t o  t h e  r e p l i c a t o r ,  i s  . required i n  order  t o  i d e n t i f y  which 

r ada r  echo produces a  given peak i n  i c e - c r y s t a l  concent ra t ion .  A 

t r a j e c t o r y  model w a s  developed from t h e  geometry of t h e  cloud movements 

shown i n  F ig .  C 1 .  P o s i t i o n  "A" corresponds t o  t h e  poin t  a t  which i c e  

c r y s t a l s  begin t o  f a l l  r e l a t i v e  t o  t h e  ea r th .  The c r y s t a l s  are then a t  

a d i s t ance  "d" from, and a  height  "H" above, t h e  i c e - c r y s t a l  r e p l i -  

c a t o r .  Pos i t i on  "B" corresponds t o  t h e  poin t  a t  which t h e  convect ive 

c e l l  f i r s t  i n t e r s e c t s  t h e  radar  beam and t h e  cloud he ight  determined. 

The i c e - c r y s t a l  t r a j e c t o r i e s  a r e  shown by the  dashed l i n e  and a r e  a t  

a  he ight  "y" above t h e  sur face .  Pos i t i on  "C" is t h e  l o c a t i o n  of 

t h e  r e p l i c a t o r  and t h e  r ada r .  Only a  s l i g h t  c o r r e c t i o n  was requi red  i n  

t h e  subsequent c a l c u l a t i o n s  when t h e  r e p l i c a t o r  was pos i t ioned  a t  HA0 

r a t h e r  than near  t h e  r ada r  on Chalk Mountain. The ho r i zon ta l  wind 

p r o f i l e ,  shown a s  "u" , was determined from synopt ic  observa t ions  and 

radar  cloud movements. 

The following assumptions were made i n  t h e  model. 

1. There w a s  no change i n  t h e  cloud from po in t  A t o  poin t  B .  

2. The i c e  c r y s t a l s  had a cons tan t  f a l l  v e l o c i t y  of 30 cm/sec. 

3 .  The ho r i zon ta l  wind-speed p r o f i l e  was l i n e a r  wi th  he ight  and 

zero a t  t h e  sur face .  

I f  t h e  time a t  point  "A" i s  a r b i t r a r i l y  s e t  equal t o  zero,  then 

t h e  des i r ed  de lay  time i s  given by: 





where 

T = delay  time from t h e  f i r s t  appearance of a c e l l  on t h e  radar  D 
t o  t h e  entrance of t h e  c r y s t a l s  from t h e  same c e l l  i n t o  t h e  
r e p l i c a t o r .  

TF = t o t a l  time of f a l l  f o r  t h e  c r y s t a l s  from po in t  "A" t o  poin t  
"c" . 

TR = elasped time from poin t  "A" t o  po in t  "B" . 
Now, TF may be wr i t t en :  

where 

H = r ada r  height  of t h e  cloud equal  t o  Xtan 8 , where X i s  t h e  
ho r i zon ta l  range of t h e  cloud a t  poin t  "B" and 8 is  t h e  
e l eva t ion  angle of t h e  r ada r .  

v = f a l l  v e l o c i t y  of c r y s t a l s  

Also, TR may be wr i t t en :  

where 

d = t o t a l  ho r i zon ta l  d i s t a n c e  of c r y s t a l  t r a j e c t o r y .  

x = hor i zon ta l  range of cloud a t  po in t  "B" . 
u = hor i zon ta l  speed of cloud 

C 

Now, d is: 

where 

u = hor i zon ta l  speed of t h e  i c e  c r y s t a l s .  



But, u may be wr i t t en :  

u = ky 

where 

k = a cons tan t  determined by observat ion.  

y = H - v t  

Subs t i t u t ing  (5) and (6) i n t o  (4) and i n t e g r a t i n g ,  

Subs t i t u t ing  (7)  i n t o  (3)  and (2) and (3)  i n t o  (1) 

But 

and 

H X = -  
t a n  8 

t he re fo re  

- - + 1 
T~ - 2v k t a n  8 

For a wind p r o f i l e ,  where t h e  ho r i zon ta l  wind i s  25 knots  a t  6000 

f e e t  above t h e  su r f ace ,  t h e  de lay  time as a func t ion  of cloud he ight  is  

shown i n  F i g .  C2. From t h i s  p l o t ,  i t  can be seen t h a t  t h e  delay time 

v a r i e s  from 45 minutes t o  2 112 hours. However, a t  low cloud he igh t s ,  

one would expect t h e  de lay  time t o  approach zero.  This  is  .not t r u e  i n  





t h i s  formulat ion because of t h e  assumed wind p r o f i l e  u  = ky. For 

o the r  p r o f i l e s ,  such a s  u = cons tan t ,  t h e  de lay  time does approach 

zero as H approaches zero,  but  a r e  no t  reasonable i n  o the r  r e spec t s .  

A 1 1  of t h e  clouds t r e a t e d  i n  t h i s  s tudy were 3000 f e e t  o r  more above t h e  

r ada r  so  t h e  formulat ion appeared s a t i s f a c t o r y .  When predic ted  peaks 

were compared wi th  a c t u a l  peaks, t h e  agreement was s u r p r i s i n g l y  good, 

considering t h e  assumptions made i n  t h e  model. 



APPENDIX D 

Data - 

Included i n  t h i s  appendix a r e  t h e  b a s i c  d a t a  which were used i n  

t h e  study. Radar d a t a ,  except f o r  a t a b l e  of cloud tops  f o r  t h e  c e l l s  

s tud ied ,  were not  included because of t h e  volume of d a t a  s tud ied .  The 

Figures  and t h e  Table should be self-explanatory,  and a l i s t i n g  of t h e  

order  i n  which they a r e  arranged i s  given i n  t h e  Table of Contents.  
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Fig. Dl Synopt ic  Maps f o r  January 31, 1968 



I22 APRIL 18, 1968 

Fig. D2 Synoptic Maps for April 18, 1968 



Fig. D3 Synoptic Maps for January 25, ,1969 



Fig .  D4 Synop t i c  Maps f o r  February  14, '  1969 



DENVER-GRAND JUNCTION 
INTERPOLATED SOUNDINGS .C3 

Fig.  D 5  Temperature Sounding and Winds f o r  Climax 
on January 31, 1968 

DENVER -GRAND JUNCTION 
INTERPOLATED SOUNDINGS 
122 APRIL 18, 1968 

Fig.  D 6  Temperature sounding and Winds f o r  Climax 
on Apr i l  18,  1968 



DENVER-GRAND JUNCTION 
INTERPOLATED SOUNDINGS , 
122 JANUARY 26,1969 

F i g .  D 7  Temperature Sounding and Winds f o r  Climax 
on January 25,  1969 

DENVER-GRAND JUNCTION 
INTERPOLATED SOUNDINGS 

Fig.  B 8  Temperature Sounding and Winds f a r  Climax 
on February 14 ,  1969 



ACTIVATION TEMPERATURE (OC) 

Fig. D9 Ice-Nuclei Spectrum for January 31, 1968 
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ICE NUCLEI CONCENTRATIONS 

APRIL 18, 1968 

ACTIVATION TEMPERATURE (OC) 

Fig. Dl0 Ice-Nuclei Spectrum for April 18, 1968 



ICE NUCLEI CONCENTRATIONS 

JANUARY 2 5 ,  1969 
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Fig. Dl1 Ice-Nuclei Spectrum for January 25, 1969 



I C E  NUCLEI C O N C E N T R A T  IONS 

F E B R U A R Y  14, 1969 

A C T I V A T I O N  T E M P E R A T U R E  (OC) 

Fig. Dl2 Ice-Nucle i  Spectrum f o r  Februa ry  1 4 ,  1969 
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TOTAL ICE CRYSTAL CONCENTRATIONS 
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Fig. Dl3 Ice -Crys ta l  V a r i a t i o n  w i t h  Time f o r  January 31, 1968 



Fig. Dl4 Ice-Crystal Variation with Time for April 18, 1968 
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Fig.  Dl6 Ice-Crysta l  Va r i a t i on  w i th  Time f o r  February 14,  1969 
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