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ABSTRACT 

The i n f l u e n c e  of v e r t i c a l  wind s h e a r  on t h e  development and 

s t r u c t u r e  o f  h a i l s t o r m s  o c c u r i n g  i n  N o r t h e a s t e r n  Colorado was 

examined i n  t h i s  s t u d y .  The a v a i l a b i l i t y  of h a i l f a l l  r e p o r t s  from 

t h e  Colorado S t a t e  U n i v e r s i t y  Cooperat ive  Repor t ing  Network made i t  

p o s s i b l e  t o  c l a s s i f y  t h e  days of  t h e  summers o f  1966, 1967, and 1968 

w i t h  regard  t o  h a i l  i n t e n s i t y .  C a t e g o r i e s  of  h a i l  i n t e n s i t y  rang ing  

from no h a i l  t o  heavy h a i l  were e s t a b l i s h e d .  

I n  o r d e r  t o  p o r t r a y  t h e  n a t u r e  of wind s h e a r  i n  t h i s  r e g i o n ,  

th ree -year  mean p r o f i l e s  o f  windspeed and d i r e c t i o n  v e r s u s  h a i l  

i n t e n s i t y  were p repared .  In a d d i t i o n ,  mean wind s h e a r  magnitudes 

f o r  t h e  wind f i e l d  above and below 500 mb were computed f o r  t h e  

summer of 1967. 

The r e s u l t s  showed t h e  n a t u r e  of  t h e  d i r e c t i o n a l  s h e a r i n g  of  t h e  

lower atmosphere below 600 mb a s  w e l l  a s  a g r a d a t i o n  of  i n c r e a s i n g  

windspeeds a t  a l l  l e v e l s  w i t h  i n c r e a s e  of h a i l  i n t e n s i t y .  It was 

a l s o  found t h a t  upper  l e v e l  mean wind s h e a r  was r e l a t i v e l y  c o n s t a n t  

f o r  a l l  of  t h e  days of  t h e  summer of  1967, w h i l e  mean wind s h e a r  

magnitudes between t h e  s u r f a c e  and 500 mb showed t h a t  an i n c t e a s e  

i n  s h e a r  was accompanied by an i n c r e a s e  i n  h a i l  p roduc t ion .  

Radar echo motions measured d u r i n g  t h e  summer o f  1967 a l s o  

showed an i n c r e a s e  i n  speed w i t h  i n c r e a s i n g  h a i l  i n t e n s i t y .  

Mean p r o f i l e s  o f  c loud v e r t i c a l  v e l o c i t y  f o r  20 days of  t h e  

summer of  1967 were d e r i v e d  from environmental  wind and t empeta tu te  

soundings coupled w i t h  t h e  s to rm motion. Aspects  of  Newton's (1959) 

hypothes ized  mechanism of t h e  hydrodynamic i n t e r a c t i o n  between t h e  

s to rm and t h e  environmental  winds were followed. The p r o f i l e s  showed 

t h e  comparative magnitude of t h e  thermal  and hydrodynamic c o n t r i b u -  

t i o n s  t o  c loud  v e r t i c a l  v e l o c i t y  a s  w e l l  a s  a c l e a r  g r a d a t i o n  o f  

i n c r e a s i n g  c loud v e r t i c a l  v e l o c i t y  w i t h  i n c r e a s e  of  h a i l  p r o d u c t i o n .  

The c loud v e r t i c a l  v e l o c i t y  p r o f i l e s  showed t h e  c a p a b i l i t y  of 

s u p p o r t i n g  l a r g e  h a i l  a t  a low l e v e l  i n  t h e  c loud.  





The e f f e c t  of p r e c i p i t a t i o n  p a r t i c l e  accumulations on the  

derived updraf t  p r o f i l e s  was examined i n  order  t o  produce agreement 

with radar  observa t ions  which implied v e r t i c a l  v e l o c i t y  maxima 

beneath the  suspected loca t ions  of h a i l  accumulations. I t  was 

shown t h a t  t he  superpos i t ion  of reasonable concent ra t ions  o f  

p r e c i p i t a t i o n  p a r t i c l e s  on the  derived updraf t  indeed produced 

such p r o f i l e s .  
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I. INTRODUCTION 

Pronounced v e r t i c a l  wind s h e a r ,  implying h igh  winds a l o f t ,  is  

gene ra l ly  c i t e d  as be ing  one of  t h e  more important  agencies  ope ra t ing  

t o  i n t e n s i f y  convect ive s torms and l ead  t o  t h e  product ion of wide- 

spread ,  damaging h a i l .  Wind shea r ,  def ined  by Huschke (1959) as 

"The l o c a l  v a r i a t i o n  of t h e  wind vec to r ,  o r  any of its components 

i n  a  given d i r e c t i o n , "  is  manifested i n  any v e r t i c a l  p l ane  as e i t h e r  

a change i n  d i r e c t i o n  of t h e  wind wi th  h e i g h t ,  o r  a change i n  speed 

of t h e  wind wi th  he igh t ,  o r  bo th ,  as is f r e q u e n t l y  t h e  case  i n  t h e  

lower l e v e l s .  Above 700-600 mb t h e  wind i s  o f t e n  n e a r l y  cons t an t  

i n  d i r e c t i o n  wi th  he igh t ;  t h e r e f o r e  r e f e rences  t o  wfnd shea r  a l o f t  

a r e  gene ra l ly  addressed t o  t h e  inc rease  of wind speed wi th  he igh t  

only. 

The ques t ion  of t h e  degree of i n f luence  of  wind s h e a r  on h a i l  

product ion has engendered r e sea rch  i n t e r e s t  i n  many a r e a s  of t h e  

world a f f e c t e d  by h a i l .  Colorado S t a t e  Un ive r s i t y ,  (CSU) loca t ed  

i n  one of t h e  major hai l -prone a r e a s  of t h e  world, ope ra t e s  a 

coopera t ive  h a i l  r e p o r t i n g  network which h a s  made i t  p o s s i b l e  t o  

s t r a t i f y  h a i l  events  i n  terms of r e l a t i v e  h a i l  i n t e n s i t y .  

This  c a p a b i l i t y ,  combined wi th  t h e  obse rva t iona l  d a t a  obtained 

by t h e  CSU h a i l  modi f ica t ion  p r o j e c t ,  ha s  f a c i l i t a t e d  t h e  p re sen t  

s tudy  by making i t  poss ib l e  t o  assess under comparable cond i t i ons ,  

c e r t a i n  a spec t s  of t h e  v e r t i c a l  wind shea r ,  t h e  wind f i e l d ,  and t h e  

thermal i n s t a b i l i t y .  

Recent Research - 
Studies  a s s o c i a t i n g  high winds a l o f t  w i th  damaging h a i l  occur- 

rences  have been accomplished i n  France, England, Canada, and t h e  

United S t a t e s .  Dessens (19601, i n  France, concluded from statisti-  

c a l  s t u d i e s  of h a i l  events  and upper wind r e p o r t s ,  t h a t  "The presence 

of a  jet s tream, o r  a t  l e a s t  a ve ry  s t r o n g  wind a t  upper l e v e l s ,  is  

t h e  f a c t o r  which determines whether o r  n o t  a  thunderstorm s i t u a t i o n  

w i l l  t ransform i t s e l f  i n t o  a heavy d e s t r u c t i v e  hai ls torm." I n  

England, Browning and Ludlam (1962), and Ludlum and Macklin (1959) 

mapped t h e  r e l a t i o n s h i p s  between reg ions  of v e r t i c a l  wind shea r  



maxima and specific severe hailstorm occurrences over England and 

the Continent. These investigators found close correspondence 

between the positions of the leading portions of the middle-level 

jet maxima, and the location of the specific storms. 

In Canada, Longely and Thompson (1965) studied five years of 

wind flow and hail occurrence over Alberta. The two authors concluded 

that major hail is associated with higher winds at 500 mb than that 

present during minor hail situations. On no hail days the upper winds 

tended to be light, again lending support to Dessen's conclusions. 

Schleusener (1962), in the United States, studied the relationship 

between hail and the upper winds over NE Colorado. He found that 

a 500 mb westerly wind component maxima moved southward along the 

110th meridian in conjunction with hail occurrences. Schleusener 

also found that higher winds aloft were present on severe hail days. 

(Schleusener, 1963). 

Beckwith (1956) in his studies of Denver area hail occurrences, 

found the upper-level jet stream crossing Colorado on only 10 per cent 

of the hail days. Later research increased this number to about 15 

per cent (Beckwith, 1960). 

Ratner (1961) subjected ~essens' theory to a test using U. S. 

rawinsonde data, and concluded that "neither the speed of the winds 

aloft nor the wind shear between 500 and 250 mb appeared to be 

determining factors in occurrences of hail.'' This conclusion appar- 

ently conflicted with the findings of Dessens. Dessens later pointed 

out that they were not comparing the same type of categories (Dessens, 

1961). Dessens stated that he had classified his thunderstorm days 

as days either having, or not having, widely destructive heavy hail- 

storms. The latter category included days ranging from no hail to 

moderate hail. Ratner, however, divided his days into hail days, and 

no hail days. The difference between the results of the two studies, 

Dessens suggested, may have arisen from the differing treatment of 

the moderate hail days. 

Das (1962) developed theoretical support for the view that wind 

shear aloft favors the growth of hail in thunderstorms building under 

its influence. He examined the physical implications of this view 



by performing computations on t h e  growth of h a i l s t o n e s  i n  a  model 

cloud under v e r t i c a l  wind shea r ,  us ing  ~ e c k w i t h ' s  (1960) mean Denver 

h a i l  sounding. Das l s  model u t i l i z e d  shea r  t o  h o r i z o n t a l l y  d i s p l a c e  

h a i l s t o n e  embryos from t h e  genes is  updraf t .  The d isp laced  h a i l s t o n e  

embryos would subsequent ly encounter another  bu i ld ing  u p d r a f t ,  thereby 

lengthening  t h e  t r a j e c t o r y  and t h e  t i m e  of h a i l  growth. Wind shea r  

a l s o  prevented t h e  h a i l s t o n e  embryos from be ing  l i f t e d  i n t o  t h e  

g l ac i a t ed  po r t ion  of t h e  cloud by t h e  genes is  updra f t .  Fur ther  growth 

would be minimal i n  t h i s  reg ion ,  and t h e  h a i l s t o n e  embryo would most 

l i k e l y  be  blown downstream i n  t h e  a n v i l .  

Das concluded t h a t  t h e r e  w a s  a  h igher  p r o b a b i l i t y  of h a i l  wi th  

shear ;  however, t h e  maximum h a i l  s i z e  would be g r e a t e r  i n  clouds 

without  shea r ,  a l l  o t h e r  t h ings  being equal .  Das c r e d i t e d  wind 

shear  wi th  causing a  slower r a t e  of growth by t ak ing  t h e  embryo 

i n t o  a  po r t ion  of t h e  cloud where t h e  l i q u i d  water  conten t  was 

probably less. 

Russian i n v e s t i g a t o r s  (Sulakvel idze,  1965) s t a t e d  t h a t  h a i l  forms 

much more r a r e l y  i n  t he  absence of shea r ,  which is i n  accordance wi th  

t h e  f ind ings  of Das. They suggested,  however, t h a t  t h e  problem 

requi red  f u r t h e r  s tudy.  

While t he  a s s o c i a t i o n  of marked v e r t i c a l  wind s h e a r  and damaging 

ha i l s to rms  i s  gene ra l ly  accepted,  t h e  ques t ion  of what is t h e  n a t u r e  

of t h e  mechanism through which v e r t i c a l  wind shea r  may c o n t r i b u t e  t o  

h a i l  product ion has n o t  y e t  been f u l l y  s e t t l e d .  

Dessens (1960) suggested a  s t r u c t u r e  f o r  t h e  ha i l s to rm a f f e c t e d  

by v e r t i c a l  wind shear .  He envisioned a mechanism whereby updra f t  

a i r  reaching  t h e  top  of t h e  "chimney" w a s  en t r a ined  i n t o  t h e  ho r i -  

zon ta l  environmental flow. High winds a l o f t  would t h e r e f o r e  cause 

t h e  "chimney" t o  "draw," i nc reas ing  t h e  v e r t i c a l  v e l o c i t y  of t h e  

updraf t .  Dessens considered t h e  "chimney" t o  be t h e  l i n k i n g  f a c t o r  

between t h e  k i n e t i c  energy of t h e  high winds a l o f t ,  and t h e  energy 

of thermodynamic o r i g i n  a t  low l e v e l s .  



A more quantitative, theoretical examination of the effect of 

vertical wind shear on cloud growth was made by Newton (1959). He 

proposed a mechanism based on the assumption that a large cloud mass 

acts as an obstacle to the environmental flow at all levels, thereby 

producing a field of hydrodynamic pressures adjacent to the cloud. 

These pressures induced vertical movement of the deflected a i f  in a 
manner to be explained in the section on Procedure and Presentation 

of Results. In this mechanism the vertical transport of momentum .- - - ----- 
by the updraft-downdraft system served to couple the kinetic Cnergy 

of the winds aloft to the lower regions of the storm mass. 

Objectives of the_ P_~e_s-e_n_t. Study 

It is the purpose of this paper to show, through the quantitative 

treatment of hailstorm data collected during the summers of 1966, 

1967, and 1968 in Northeastern Colorado, the following: 

1. the nature of vertical wind shear in Northeastern Colorado 

and its relation to hail production. 

2 .  the influence of vertical wind shear on hailstorm structure, 

following certain aspects of ~ewton's previously mentioned hypothesis 

concerning hydrodynamic interactions between storm mass and envi- 
ronmental wind flow. 

3.  the relative importance of Newton's hypothesized mechanism. 
Knowledge of the relative importance of ~ewton's hypothesized 

mechanism and its evident effect upon storm structure vilh permit 

the drawing of some inferences regarding the establishment, loca- 

tion, and nature of precipitation accumulation regions within the 

storm. 

The model thus projected will prove useful in continuing CSU 

studies directed toward increased understanding of hailstorm dynamics. 

This will facilitate the design and implementation of improved hail- 

storm modification techniques, such as the airborne air-to-cloud 

rocket seeding system described by Sinclair and Marion (1968). 



11. PROCEDURE AND PRESENTATION OF RESULTS 

Summary of the'procedure - 
The following six paragraphs briefly summarize the procedures 

followed in this study. The procedures are described in detail 

in the section on Description of the Computational Procedure. 

Hailfall data from three summers, 1966, 1967, and 1968 were 

classified with regard to hailfall intensity. This permitted 

stratification of the data of this study. 

Mean profiles of windspeed and direction were prepared to show 

the usual nature of summertime vertical wind shear in Northeastern 

Colorado. Winds from three summers, 1966, 1967, and 1968 were 

utilized for this short climatology. The winds were stratified with 

regard to hail intensity before averaging. 

Quantitative values of vertical wind shear for two layers, the 

lower and upper halves of the troposphere, were computed in order to 

show the magnitude and vertical distribution of the wind shear. 

Winds from the summer of 1967 were employed for this purpose. The 

wind shears were stratified with regard to hail intensity, then 

averaged. 

Twenty days from the summer of 1967 were identified as 'suitable 

cases for computing the respective contributions of Newton's (1959) 

hypo:hesized mechanism, and the thermal instability, to cloud devel- 

opment and structure. The contributions of these two effects were 

used to derive rainstorm and hailstorm mean vertical velocity profiles 

for varying hail intensity categories. 

The criteria for selection of the 20 days consisted primarily 

of the cunc~rrect existence of measurements of radar echo motions, 

temperature soundings taken prior to any major overturning, and the 

environmenzel winds. 

The effect of imposed precipitation accumulations on the derived 

updraft strength was examined in an attempt to match the vertical 

velocity profiles with radar observations of suspected precipitation 

accumulation heights. 



The Data -..--- 

The fol lowing d a t a  applying t o  Northeastern Colorado was u t i l i z e d  

i n  t h i s  s tudy.  

H a i l f a l l  Reports --.-.- 

CSU opera tes  a coopera t ive  h a i l  r e p o r t i n g  network i n  Northeastern 

Colorado, and ad jacent  s t r i p s  of Wyoming and Nebraska. The a r e a  

covered i s  shown i n  Fig. 1. Cooperating farmers and ranchers  r e p o r t  

t h e  d a t e  and t i m e  of h a i l f a l l ,  t h e  l o c a t i o n ,  t h e  du ra t ion ,  t h e  maximum 

h a i l s t o n e  s i z e ?  t h e  most common h a i l s t o n e  s i z e ,  t h e  depth of ground 

coverage, and o the r  p e r t i n e n t  information.  This  d a t a  h a s  been com- 

p i l e d  on punch cards  f o r  ready access .  

H a i l f a l l  r e p o r t s  from t h e  summer h a i l  seasons of 1966, 1967, and 

1968 were used t o  c l a s s i f y  those  days wi th  regard  t o  h a i l  i n t e n s i t y .  

A summer h a i l  season was defined t o  be t h e  per iod  from 1 June through 

18 August. The c l a s s i f i c a t i o n  scheme is  presented i n  d e t a i l  i n  t h e  

s e c t i o n  on Cla~~i_f_i~c_a~t..o_n_~-of Th-%Hail Season Days. 

There a r e  s p a r s e l y  populated a r e a s  w i t h i n  t h e  CSU h a i l  r e p o r t i n g  

network where an i s o l a t e d  ha i l s to rm could occur unnoticed. Most of 

t h e  t r a v e l i n g  ha i l s to rms ,  however, w i l l  pass  over  enough of t h e  

cooperators  t o  provide s i g n i f i c a n t  information.  The e f f e c t  of sub- 

j e c t i v i t y  on t h e  p a r t  of t h e  cooperators  is  minimized by a mult i -  

p l i c i t y  of r e p o r t s .  Table 1 shows t h e  s i z e  r e p o r t i n g  scheme used by 

the  coopera tors ,  who s u b j e c t i v e l y  r a t e d  t h e  h a i l  s i z e s  i n  terms of 

f a m i l i a r  o b j e c t s  . 
TABLE 1. 

H a i l s i z e  r epo r t ing  method used by CSU coopera t ive  h a i l  observers .  

Code Size-inches Fami l ia r  Object 
-----------------.-. - .--.. -- -- .- -.-.- -.--,- .-- 

1 114 o r  l e s s  s h o t  

between 114 and 112 

between 112 and 314 

between 1 and 1 114 

between 1 314 and 2 

l a r g e r  than 2 

walnut 

g o l f b a l l  

l a r g e r  than g o l f b a l l  
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Figure 1. General a r e a  of CSU h a i l s t o r m  s t u d i e s .  



The Environmental Wind Data - 

Denver 12 MDT rawinsonde winds from the surface to the 100 mb 

level for the hail seasons of 1966 and 1967, and rawinsonde winds 

taken at Fort Collins in 1968 at 12 MDT were used to produce the 

three year mean profiles of windspeed and direction. Denver rawin- 

sonde reports at 18 MDT from the summer of 1967 were used in the 

determination of the relative winds with respect to the moving cloud 

masses. The relative winds were used to compute non-hydrostatic 

pressures adjacent to the cloud for 20 days of the 1967 hail season. 

The Denver 18 MDT winds for the hail season of 1967 were also 

used for the purpose of computing mean vertical wind shears for the 

entire hail season. 

All of the winds used in this study were measured with radio 

theodolite tracking equipment. The accuracy of the rawinsonde winds 

used in this study are thought to be better than the accuracy 

estimated for pilot balloons by Middleton and Spilhaus (1953). 

These authors suggested an error of +1 mps in speed, and +2 degrees 
in direction for measurements near the surface. They estimated that 

the error would be doubled at 5 km. 

Radar Echo Motios 

Radar echo motions were required for the determinatioa of the 

relative winds with res?ect to the moving cloud masses on 20 days 

of the hail season of 1967. CSU personnel operate an M-33 radar 

site located near Ault, Colorado, and participate in the operation 

of another M-33 at New Raymer, Colorado. Figure 1 shows the location 

of the radars. The radars were operated six days a week during the 

summer of 1967. 

Overlays of the PPI scopes of the two radars were made at varying 

intervals of 10 to 30 minutes during periods of echo activity. Loca- 

tions of the centers of the radar echoes on these overlays were 

plotted and the motion measured. The technique employed was similar 

to that described in the Thunderstorm Project Report (Byers and 

Braham, 1949). The error for this technique is estimated to be 3 0  



degrees f o r  t h e  echo heading, and 5 2  mps f o r  echo speed. It was 

gene ra l ly  not  p o s s i b l e  t o  d i sc r imina te  between t r a n s l a t i o n  and 

propagat ion of t h e  echoes. This  was no t  considered a l i a b i l i t y ,  

a s  i t  is  t h e  average speed of movement of an echo mass which con- 

t r i b u t e s  g r e a t l y  t o  t h e  magnitude of t he  r e l a t i v e  wind. 

Another technique f o r  ob ta in ing  storm motion was developed. 

I n  some cases  p l o t t i n g  of t h e  l a r g e s t  h a i l  s i z e  r e p o r t s  from t h e  

h a i l  r epo r t ing  network showed d e f i n i t e  ha i l swaths .  Fig. 2 shows 

t h e  p l o t  of g o l f b a l l  and l a r g e r  s i z e d  h a i l f a l l  on 7 June 1967. 

Smaller h a i l  f e l l  i n  many a r e a s  of t h e  network on t h a t  day, bu t  

only the  embedded, heavy h a i l f a l l  pa th  showed evidence of t h e  

passage of a d i s c r e t e  storm mass. It was poss ib l e  t o  measure t h e  

r a t e  of progression of h a i l f a l l  o n s e t ,  and these  v e l o c i t i e s  showed 

good agreement with v e l o c i t i e s  measured from t h e  r ada r  scope over- 

l a y s .  Table 2 shows t h e  agreement among t h e  t h r e e  independent 

measurements of s torm movement. Close correspondence among t h e  

measurements is apparent .  

TABLE 2. 

Comparison of storm motion as observed by t h r e e  independent 
methods; two r ada r  i n s t a l l a t i o n s  and t h e  h a i l  r e p o r t i n g  network. 

Radar- Radar- Hailswath- 
Ault  New Raymer 

d i r  speed d i r  speed d i r  speed 
Date deg mPS deg mPS deg mPs 

- 
7 June 1967 - - 285 10.7 300 8.5 

13 230 14.7 240 12.3 255 14.2 

14 - - 230 19 245 17 

17 275 8.4 280 10.5 - - 

1 J u l y  325 9.2 - .  - 340 6.6 - 





Note. This  comparison covers only the  per iod  of t he  summer dur ing  

which s i g n i f i c a n t  ha i l swaths  occurred.  (Table 2)  

Due t o  i n a b i l i t y  of  t he  r a d a r s  t o  i s o l a t e  and t r a c k  embedded 

h a i l  producing c e l l s  w i th in  the  s torm mass on t h e  PPI presen ta t ion ,  

i t  was n o t  poss ib l e  t o  c o r r e l a t e  s u r f a c e  r e p o r t s  of  h a i l  and t h e  

motion of  p a r t i c u l a r  c e l l s  w i th in  observed echo masses. I n  1 3  of 

15  h a i l f a l l  c a ses ,  however, i t  w a s  poss ib l e  t o  c o r r e l a t e  h a i l  r epo r t8  

with t h e  observed echo masses. Deta i led  h a i l  r e p o r t s  were n o t  ava i l -  

ab l e  f o r  t he  two remaining cases .  

There was i n d i c a t i o n  of homogeniety of echo speed and d i r e c t i o n  

dur ing  a p a r t i c u l a r  day, except  i n  t h e  case  of  s p l i t t i n g ,  o r  conver- 

ging echoes. 

Temperature Soundings 

Afternoon soundings taken from the  r ada r  s i t e  a t  New Raymer, 

Colorado, were a v a i l a b l e  f o r  some of t h e  summer days of 1967. Data 

from the  soundings was used t o  de r ive  the  con t r ibu t ion  of  the thermal 

i n s t a b i l i t y  t o  cloud development and s t r u c t u r e  on the  20 case days. 

Denver 18 MDT rawinsonde d a t a  was used whenever New Raymer d a t a  waa 

missing. A comparison between corresponding Denver and New Rayimr 

soundings showed genera l ly  n e g l i g i b l e  d i f f e r ences  above the cloud 

base l e v e l .  The nea r  su r f ace  l e v e l s  u sua l ly  showed v a r i a t i o a .  The 

Denver Soundings u t i l i z e d ,  t h e r e f o r e ,  were ad jus t ed  a t  t h e  s u r f a c e  

wi th  t h e  New Raymer af ternoon maximum temperatures and the  correspon- 

d ing  r e l a t i v e  humidi t ies .  The Denver upper a i r  s t a t i o n  is  loca t ed  

approximately 70 s t a t u t e  miles  southwest of New Raymer. 

The accuracy of rawinsonde temperature measurements has  been 

discussed by Ference (1951). Ference g ives  t h e  maximum e r r o r  f o t  

temperature measurements i n  t h e  t roposphere a s  5 . 5 C .  

C l a s s i f i c a t i o n  of the  Ha i l  Season Days 

Reports from t h e  CSU cooperat ive h a i l  r e p o r t i n g  network were 

s u b j e c t i v e l y  analyzed i n  t h e  fol lowing manner. A l l  days on which 

g o l f b a l l  o r  l a r g e r  s i z e d  h a i l  f e l l  i n  t h e  a r e a  were considered 

heavy h a i l  days. Days on which no h a i l  f e l l  were divided i n t o  two 

groups; one, l a b e l l e d  no hai l -echoes,  cons i s t ed  of days on which 

echoes were repor ted  by the  r ada r s  a t  Au l t ' and  New Raymer, and the  



second group cons is ted  of t h e  remaining no hai l -no echoes days. 

Days on which only s c a t t e r e d  r e p o r t s  of t h e  smal le r  h a i l  s i z e s  

e x i s t e d  were ca tegor ized  a s  l i g h t  h a i l  days. The remaining h a i l  

days were considered t o  be moderate h a i l  days. The moderate h a i l  

days were cha rac t e r i zed  by numerous, widespread r e p o r t s  of a l l  

t h e  h a i l  s i z e s  up t o ,  bu t  n o t  i nc lud ing  g o l f b a l l  s i z e d  h a i l .  

The h a i l  i n t e n s i t y  category r a t i n g  scheme thus  attempted t o  

s t r a t i f y  days p r imar i ly  by h a i l  s i z e ,  and seconda r i ly  by t h e  

q u a n t i t y  of h a i l  produced. Table 3 presen t s  a summary of t h e  r e s u l t s  

of t h e  c l a s s i f i c a t i o n  of  t h e  h a i l  season days of 1966, 1967, and 1968. 

These c l a s s i f i c a t i o n s  were used t o  s t r a t i f y  d a t a  f o r  use i n  a l l  t he  

comparisons and analyses  of t h i s  paper.  

TABLE 3 .  

Summary of t he  r e s u l t s  of t h e  c l a s s i f i c a t i o n  of  t h e  summer 
h a i l  season days i n t o  f i v e  ca t egor i e s  of h a i l  i n t e n s i t y .  

Descr ip t ion  of t he  Computational Procedure 

I n  add i t i on  t o  desc r ib ing  t h e  computational procedure, t h i s  sec- 

t i o n  of t h e  paper provides a d i scuss ion  of t h e  governing t h e o r e t i c a l  

cons ide ra t ions  underlying t h e  t reatment  of d a t a  i n  t h i s  s tudy.  

Resul t s  a r e  presented f o r  r e f e rence  wi th  t h e  d e s c r i p t i o n  of each 

computational procedure. The r e s u l t s  a r e  d iscussed  i n  d e t a i l  i n  

s e c t i o n  111. 

Number of Days 

Category 
- 

heavy ha& 

moderate h a i l  ----.. 

l i g h t  h a i l  

no hai l -echoes - --- ---- 
no hai l -no echoes ------ 
t o t a l  h a i l  days 

t o t a l  no h a i l  days 

I 
t o t a l  days per  season 75 79 78 

t h r e e  year  t o t a l  days 232 

1966 

8 

3 

14 

15  

3 5 - 
25 

5 0 

1968 

5 

7 

31  

16 

- 19 

43 

35 

1967 

2 3 

10 

14 

12 

- 20 
4 7 

3 2 

1966-1968 

36 

l o  
59 

4 3 

- f 4 
115 

117 
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The winds were considered un i -d i r ec t iona l  f o r  t h e  purpose of 

por t ray ing  t h e  t h r e e  year  mean windspeed p r o f i l e s  f o r  eacn h a i l  

i n t e n s i t y  category.  Windspeeds from Denver a t  12 ?DT, f o r  t he  h a i l  

seasons of 1966 and 1967, and from For t  Co l l i n s  a t  12 MDT, f o r  

t he  1968 season,  were s t r a t i f i e d  i n  accordance with t h e  c l a s s i f i c a t i o n  

scheme summarized i n  Table 3 .  Windspeeds a t  each mandatory pressure  

l e v e l  from t h e  su r f ace  t o  100 mb were averaged a r i t h m e t i c a l l y .  

Figure 3 shows the  r e s u l t i n g  p r o f i l e s .  

p~ela-r_a_t~io_n_ f -lleea_nn IwLn_d. Di.rde-c_t.i.on P_r-o_f-LkE 

In  order  t o  por t ray  t h e  usua l ly  sheared cha rac t e r  of t h e  summer-. 

time wind f ie ld  i n  t h i s  reg ion ,  t h r e e  year  mean wind d i r e c t i o n  

p r o f i l e s  f o r  each h a i l  i n t e n s i t y  category were prepared. The wind 

d i r e c t i o n s  a t  each l e v e l  were averaged a r i t h m e t i c a l l y .  The r e s u l t s  

a r e  shown i n  Figure 4.  The method employed i n  producing t h i s  

c h a r a c t e r i z a t i o n  of t he  usua l ly  sheared wind f i e l d  was not  s e n s i t i v e  

t o  t h e  p o s s i b i l i t y  of a  bi-modal d i s t r i b u t i o n  of t h e  upper wind 

d i r e c t i o n s .  Such information was no t  requi red  f o r  t h e  purpose of 

comparing h a i l  i n t e n s i t y  ca t egor i e s  and po r t r ay ing  t h e  genera l  

d i r e c t i o n a l  shear  of t h e  summertime atmosphere i n  t h i s  reg ion .  

P r e ~ a r a t i o n  of Mean Ve-rticalw-i~d- Shears- . - - - - -- -- - - ---. - - - - - - -- - - 

Mean v e r t i c a l  wind shear  was computed f o r  t h e  summer of 1967. 

Denver 18 MDT winds were used i n  order  t o  inc lude  t h e  e f f e c t  of t h e  

5 ighe r  windspeeds a t  t h e  su r f ace  i n  t h e  l a t e  a f te rnoon.  F i r s t  t he  

shear  between t h e  su r f ace  and 500 mb was determined. The zonal  
a u av and meridional  component v e r t i c a l  wind shear  terms --- and ---were 
a P a P 

evaluated f o r  each day and combined v e c t o r i a l l y  t o  y i e l d  a  shea r  

vec to r .  The magnitudes of t h e  shear  vec to r s  f o r  each of t he  days 

i n  a  h a i l  i n t e n s i t y  category were then averaged without  regard f o r  

t h e  plane of t he  shear  vec to r .  This produced a  mean wind shear  

magnitude f o r  each h a i l  i n t e n s i t y  category.  

Yean wind shea r s  were then computed f o r  t he  upper ha l f  of t he  

t r o p o s ~ h e r e  using the  same technique. The l a y e r  500 t o  250 mb was 

chosen because Ratner (1961) had used t h i s  l a y e r  i n  h i s  study of 

upper l e v e l  shear  magnitudes. Table 4 shos.rs t h e  r e s u l t s .  
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F i g u r e  3 .  Mean windspeed p r o f i l e s  from t h e  summers o f  1966 ,  1967 ,  
and 1968.  Denver 1 2  MDT. 



WIND DIRECTION 

F i g u r e  4 .  Mean wind d i r e c t i o n  p r o f i l e s  f rom t h e  summers of 1966 ,  
1967 ,  and 1968.  Denver 1 2  MDT. 



TABLE 4 .  

Mean wind s h e a r  magnitudes f o r  h a i l  i n t e n s i t y  c a t e g o r i e s .  

Mean Me an Comparison 
Shear  Shear  w i t h  Ra tner  

Category sfc-500 mb 500 mb-250 mb 500 mb-250 mb 
- - -  . - - - - - - -  - - - - -  - - - - - - - -- - --------.- ---------- - 

~~FxY- k5-i.i 35 k t s  29 k t s  - A 1  1 
s t a n d a r d  d e v i a t i o n -  k t s  13  1 3  --- H a i l  Day.s_ 

moPsKa_te h e a i l  3 3 2 7 22 k t s  
s t a n d a r d  d e v i a t i o n  1 2  11 

liJ&t-laiL 
s t a n d a r d  d e v i a t i o n  

no ._h_a_i?i le~b.o-e_s_ 
s t a n d a r d  d e v i a t i o n  

A l l  No --- 
H a i l  Days 

30 k t s  

no ha  i l--~-o--e~~_h_o_e~s~ - - -. - - - 24 3 1 
s t a n d a r d  d e v i a t i o n  11 1 4  ---- ------ - 

P r e s e n t a t i o n  of  Mean Radar Echo and Storm Motion . . -- 
The o b s e r v a t i o n s  of r a d a r  echo and s t o r m  motions were  s t r a t i f i e d  

i n t o  h a i l  i n t e n s i t y  c a t e g o r i e s .  The o b s e r v a t i o n s  i n  each c a t e g o r y  

were t h e n  averaged t o  produce mean v a l u e s  of r a d a r  echo and h a i l s w a t h  

speed and d i r e c t i o n .  The r e s u l t s  are p r e s e n t e d  i n  Tab le  5.  Also 

p r e s e n t e d ,  f o r  comparison,  a r e  t h e  cor responding  mean environmental  

winds a t  600 and 500 mb; t h e  l e v e l s  which b e s t  match t h e  mean r a d a r  

echo motions.  The mean environmental  winds p r e s e n t e d  correspond t o  

days  on which r a d a r  echo motions were measured,  and are n o t  mean 

winds f o r  t h e  e n t i r e  h a i l  season.  

Newton's Hypothesized Mechanism of Hydrodynamically Induced Cloud . , . ----- 
D eve l o  p-menr .--- -- 

Newton (1959) assumed t h a t  a l a r g e  c loud  mass cou ld  be , 

approximated by a r i g i d  c y l i n d e r .  H e  hypo thes ized  t h a t  t h e  c y s i n d e r  

would t r a v e l  i n  a sheared  wind f i e l d  w i t h  a mean v e l o c i t y  which w a s  

f a s t e r  than  t h e  lower l e v e l  winds ,  and s lower  than  t h e  upper  l e v e l  

winds.  Newton cons idered  t h a t  v e r t i c a l  t r a n s p o r t  of  conserved 

h o r i z o n t a l  momenta of  t h e  winds by t h e  c i r c u l a t i o n  systems of a 

l a r g e  c loud mass produced a homogenous momentum w i t h i n  t h e  c loud.  

T h i s  caused t h e  c loud  t o  move a t  a l l  l e v e l s  w i t h  approximately  t h e  

same v e l o c i t y .  



TABLE 5. 

Summary and comparison of mean ha i l swath  onset  progress ion  
r a t e ,  mean r ada r  echo motion, and corresponding mean 

environmental wind d a t a  rreasured dur ing  t h e  summer of 1967. 

Categories  

ha i l swath  radar  echo environmental wind ' 

me an me an 600 mb (mean) 500 mb 
d i r  speed d i r  speed d i r  speed d i r  s p e e L  
deg k t s  deg k t s  deg k t s  deg k t &  

h.S-aXY--%L 290 25 
s tandard (6  cases)  
devia t ion-k ts  8  

m e r a t e  h a i l  
s tandard 
devia t ion-k ts  

1-gght h a i l  
s tandard 
devia t ion-k ts  

no hai l -echoes - --- . .. 
standard 
dev ia t  ion-kts  

280 24 
(12 cases)  

8 

300 24 
(5 cases)  

6 

300 15  
(6 cases)  

7 

300 14 
(8 cases)  

3 

Environmental a i r  possessing t h e  h o r i z o n t a l  momentum of t h e  

mid-level winds i s  thought t o  be  incorpora ted  i n t o  t h e  downdraft by 

the  a c t i o n  of p r e c i p i t a t i o n  f a l l i n g  i n t o  c l e a r  a i r  from t h e  upper 

l e v e l s  of t he  cloud. C h i l l i n g  of t h e  usua l ly  d r i e r  environmental a i r  

by the  evaporat ion of p r e c i p i t a t i o n  produces nega t ive  buoyancy and 

s ink ing  (Ludlam, 1963).  Thus a  g r e a t e r  amount of h o r i z o n t a l  momentum 

is  incorporated i .nto t he  downdraft than could be imparted t o  i t  by the  

impingement of t he  environment a t  lower l e v e l s .  The ex i s t ence  of a  

v igorous ,  ho r i zon ta l ly  moving downdraft is  e s s e n t i a l  t o  Newton's 

hypothesis .  

Environmental a i r  possessing the  h o r i z o n t a l  momentum of t h e  

low l e v e l  winds i s  thought t o  be t ranspor ted  by t h e  updra f t  t o  t he  

upper regions of t he  cloud,  where it tends t o  oppose the  motion of 

t he  environment. Thus interchange of lower and h igher  l e v e l  k i n e t i c  

ene rg i e s  of t he  environment wi th in  t h e  cloud,  a long with tu rbu len t  

mixing of these  energ ies .  tends t o  r e s i s t  t he  e f f e c t  of t he  shear ing  

fo rce  of t he  wind f i e l d  on the  cloud mass. 



H i t s c h f e l d  (1960) d i s c u s s e d  r a d a r  o b s e r v a t i o n s  of wel l . .developed 

t h u n d e r s t o r m  which remained u p r i p h t  i n  t h e  p resence  o f  s e v e r e  wind 

s? lear  o f  t h e  o r d e r  of 1r)O k n o t s  from t h e  b a s e  t o  t h e  t o p  of t h e  

c loud .  l;e ?.tinted o u t  t h a t  " t h e  r a p i d  v e r t i c a l  motions w i t h i n  

t h e  s torm ~ i v e  i t  a  semblance of r i ~ i d i t y , "  w i t h  r i s i n g  p a r c e l s  

p a s s i n 2  t h r o u r h  t h e  l e v e l s  of h i e h  winds i n  a s  l i t t l e  a s  s e v e r a l  

n l n u t e s .  The d a t a  of H i t s c h f e l d  i n d i c a t e d  t h a t  t h e  echoes  moved 

a t  a l l  l e v e l s  ; ~ i t h  t h e  same v e l o c i t y .  T h i s  v e l o c i t v  was roughly 

t h a t  of t h e  lower wind between 7 - 10 k f t .  

F iyurs  5 a f t e r  Newton (1959) ,  shows how n o n - h y d r o s t a t i c  p r e s s u r e s  

a r e  develoyed due t o  t h e  wind s h e a r  i n  t h e  c a s e  of wind s h e a r  w i t h  no 

d i r e c t i o n a l  veerin:. I n  S ' i ~ u r e  5 ,  t h e  c loud  is  moving w i t h  mean 

v e l o c i t y  V . The lower p o r t i o n  of t h e  c loud  is  o v e r t a k i n g  t h e  s lower  
C 

environmental  v i n d s .  ~ ~ l l i l e  a t  t h e  upper  p o r t i o n  of  t h e  c l o u d ,  t h e  

environmental  winds a r e  o v e r t a k i n g  t h e  s lower  moving c loud  top .  The 

non-hydros ta t i c  p r e s s u r e  e x c e s s e s  and d e f i c i t s ,  shown as p l u s e s  and 

minuses ,  a r e  f u n c t i o n s  of  t h e  s q u a r e s  of  t h e  r e l a t i v e  wind v e l o c i t i e s .  

R e l a t i v e  wind s t r e a r c l i n e s  a r e  shown t o  i n d i c a t e  t h e  d i r e c t i o n  of 

r e l a t i v e  f low and t h e  r e s p e c t i v e  l o c a t i o n s  of t h e  s t a g n a t i o n ,  o r  

i n g i n r e v e n t ,  p o i n t s  on t h e  c y l i n d e r .  Flow-induced e f f e c t s  on t h e  

f l a n k s  of t h e  c y l i n d e r  have been n e g l e c t e d  t o  s i m p l i f y  i l l u s t r a t i o n  

of t h e  concept .  The r i g i d  c y l i n d e r ,  which is used t o  a p ~ r o x i m a t e  t h e  

c l o u d ,  ex tends  from t h e  c loud t o p  t o  t h e  e a r t h ' s  s u r f a c e  i n  o r d e r  t o  

i n c l u d e  t h e  subcloud updraf t -downdraf t  r eg ion .  

For  t h e  c a s e  of v i n d  s h e a r  w i t h  d i r e c t i o n a l  v e e r i n g ,  Newton 

employed an e m p i r i c a l l y  d e r i v e d  dynamic p r e s s u r e  d i s t r i b u t i o n  around 

t h e  c y l i n d e r  s i m i l a r  t o  t h a t  p r e s e n t e d  i n  G o l d s t e i n  (1938). Tn i s  

p e r i ~ ~ i t t e d  d e t e r m i n a t i o n  of t h e  non-hydros ta t i c  p r e s s u r e  a t  p o i n t s  

l o c a t e d  d i r e c t l v  above t h e  n e a r - s u r f a c e  s t a g n a t i o n  p o i n t  i n  o r d e r  t o  

coE:>ute t h e  v e r t i c a l  g r a d i e n t  of non-hydros ta t i c  p r e s s u r e s .  F i g u r e  6 

shows t h e  t y p i c a l  d i s t r i b u t i o n  of flow-induced n o n - h y d r o s t a t i c  p r e s s u r e  

coefficients on t h e  c y l i n d r i c a l  c loud  mass due t o  v e e r i n g  of t h e  

r e l a t i v e  wind. The p r e s s u r e  c o e f f i c i e n t s  K a r e  t a k e n  from Figure  8 of 

;:er.:iton (1959).  The p r e s s u r e  c o e f f i c i e n t  K r e l a t e s  t h e  s t a g n a t i o n  

; o i n t  r l ressure  (!< = ll.O) t o  t h e  non- , .hydrosta t ic  p ress i l r e  a t  any 





F i g u r e  6 .  T y p i c a l  d i s t r i b u t i o n  of flow-induced p r e s s u r e  
c o e f f i c i e n t s  on a  c loud mass due t o  v e e r i n g  
of t h e  r e l a t i v e  wind. After  Newton (1959).  



po in t  around t h e  circumference of t he  cy l inde r  a t  a  given l e v e l .  

Poin t  "C", l oca t ed  d i r e c t l y  above t h e  near -sur face  flow s t agna t ion  

poin t  "A" , has a  nega t ive  pressure  c o e f f i c i e n t  due t o  i t s  l o c a t i o n  

i n  t h e  flow pa th  around t h e  cy l inde r  a t  t h a t  l e v e l .  

The v e r t i c a l  g rad ien t  of t he  non-hydrostat ic ,  o r  hydrodynamic, 

pressure  i s  taken along l i n e  A-C. A reduct ion  of non-.hydrostatic 

pressure  wi th  he igh t  induces an upward d i r e c t e d  a c c e l e r a t i o n  of t he  

impinging near -sur face  r e l a t i v e  wind flow. Curved l i n e  A-B on the  

su r f ace  of the  cy l inde r  i s  t h e  locus of s t agna t ion  p o i n t s  with he ight  

due t o  t h e  veer ing  of t h e  r e l a t i v e  wind between t h e  two l e v e l s .  Figure 

7 shows the  c h a r a c t e r i s t i c  veer ing  of t h e  r e l a t i v e  wind around a  cloud 

mass whose motion was measured by a  CSU M-33 r e sea rch  r a d a r  l oca t ed  a t  

Aul t ,  Colorado, on Ju ly  25,  1967. The r e l a t i v e  wind i s  the  vec tor  

d i f f e r e n c e  between t h e  environmental wind a t  each l e v e l  and the  radar  

echo motion. 

The magnitude of  t h e  non-hydrostat ic  p re s su re  a t  any l e v e l  and 

a t  any l o c a t i o n  on t h e  periphery of t he  cy l inde r  is  determined by 

mul t ip ly ing  the  s t agna t ion  p re s su re ,  which i s  t h e  same a s  t h e  k i n e t i c  
2 energy per  u n i t  volume, 1/2%, by the  corresponding p re s su re  coef-- 

f i c i e n t  K. The non-hydrostat ic ,  o r  hydrodynamic, p re s su re  i s  
2 designated by the  symbol H,  i . e . ,  H = K 1/2pvR. 

The pressure  c o e f f i c i e n t s  were determined a t  a Reynolds number, 
4 P = pVBD/p; of 3 x 10 . This  corresponds t o  V R =  10 mps, D = 30 km e 

-1 -1 -3 - 3 d i a . ,  = 100 gm.cm s e c  , and p 10 gm.cm , t h e  va lues  used by 

Newton i n  the  1959 ana lys i s .  

In  t he  present  a n a l y s i s  only the  v e r t i c a l  g rad ien t s  of non- 

hydros t a t i c  pressure  were considered. Hor izonta l  g rad ien t s  of non- 

hydros t a t i c  pressure  were p re sen t ,  and t h e  fo rces  produced by them 

tended t o  shear  t he  cloud downwind. Newton (1959) showed t h a t  

smal le r  cumulus clouds l ack  t h e  i n t e r n a l  s t r u c t u r e s  of s t rong ly  

developed downdrafts and rap id  updra f t s  requi red  t o  oppose the  

shear ing  fo rces  of t h e i r  wind environments. Aspects of the  marked 

s loping  of sheared cumuli have been t r e a t e d  i n  d e t a i l  by Malkus 

(1949), and Byers and Bat tan (1949). 



2 0 0  mb 

3 0 0  mb 

400 mb 

he Cloud Mass is 

Represented by Cylinder 

5 0 0  mb 

600 mb 

The Cloud Velocity is 

The Arrows 8 mps from 3 3 0 "  

Horizontal W~nd 
700 mb 

800 mb 

F i g u r e  7 .  A c t u a l  d i s t r i b u t i o n  of t h e  r e l a t i v e  wind v e l o c i t y  
V R  around a c l o u d  mass on 25 J u l y  1967.  



I n  o r d e r  t o  d e r i v e  a  q u a n t i t a t i v e  means of  e x p r e s s i n g  t h e  f o r e -  

going,  and a p p l y i n g  i t  t o  t h e  c o n d i t i o n s  of  N o r t h e a s t e r n  Colorado,  

we beg in  w i t h  t h e  v e r t i c a l  e q u a t i o n  of  motion 

where p i s  t h e  d e n s i t y  of  t h e  a i r  column b e i n g  a c c e l e r a t e d .  
a  

Following Newton (1959) ,  t h e  t o t a l  p r e s s u r e  p of  t h e  a i r  column 

a t  a  g iven l e v e l  is composed of a  h y d r o s t a t i c  component p  and a  h  ' 
hydrodynamic component H: 

p = ph + H. 

S u b s t i t u t i n g  ( 2 )  i n t o  t h e  e q u a t i o n  of motion y i e l d s  

I f  t h e  environment su r rounding  t h e  column of a i r  i s  assumed t o  be i n  

h y d r o s t a t i c  b a l a n c e ,  and i f  p r e s s u r e  c o o r d i n a t e s  are s u b s t i t u t e d  i n  

t h e  r ight-hand s i d e  of ( 3 ) ,  we have: 

e Using t h e  e q u a t i o n  of s t a t e  t o  e x p r e s s  t h e  r a t i o  - i n  terms 
D 

of p r e s s u r e  and t empera tu re  of  t h e  u n d i s t u r b e d  environment,  and of 

t h e  column of a i r  b e i n g  a c c e l e r a t e d ,  t h e  f o l l o w i n g  d e n s i t y  r a t i o  can 

be d e f i n e d :  

The t empera tu re  T of t h e  u p d r a f t  column is  composed of  a n  

environmental  t empera tu re  T and a  d i f f e r e n c e  over  t h e  environmental  
e  ' 

t empera tu re  of AT: 

T = T + AT. 
e  ( 6 )  

The e f f e c t  of m o i s t u r e ,  except  f o r  t h e  pseudo-ad iaba t i c  p r o c e s s  w i t h i n  

t h e  c loud ,  i s  n o t  t aken  i n t o  account  i n  t h i s  a n a l y s i s .  

The h y d r o s t a t i c  p r e s s u r e  p  i s  cons idered  t o  be t h e  same a s  t h e  
h  

env i ronmenta l  p r e s s u r e  p  t h e r e f o r e  from ( 2 ) :  
e  ' 

Ph 
= p . - R = p  

e '  
The s u b s t i t u t i o n  of  ( 6 )  and ( 7 )  i n t o  (5)  g i v e s  



e 
S u b s t i t u t i n g  (8) i n t o  (4) y i e l d s ,  

o r  upon rearrangement: 

Examination of t he  terms wi th in  the  bracke ts  revealed t h a t  t h e i r  

r e l a t i v e  magnitudes var ied  considerably.  S u b s t i t u t i o n  of t y p i c a l  

atmospheric zeasurements i n t o  the terms permit ted the  fol lowing 

comparisons: 

AT = 1 degree K depar ture  from t h e  environment 
(ho r i zon ta l  g r a d i e n t ) ;  

T = 260 degrees K environment temperature (mean 
e 

l a y e r  temperature) 

2 
Sscond term: = 1/2pV /p ;  evaluated f o r  near  t he  s u r f a c e  and again 

R 
f o r  near  the  tropopause. 

Near t he  su r f ace :  
5 -1 -2 p = 800 mb = 8 x 10 gm.cm s e c  

-- 3 o = 1 x 10 gm.cm - 3 

6 2 
= 20 mps: vR2 = 4 x 10 cm s e c  -2 

v~ 
6 2 -- 2 5 - 1 

= 1 /2  (1 x gm. cmY3) ( 4  x 10 cm s e c  ) / 8  x 10 gm.cm secq2 = P 
--4 

2 5- ?(- -1-Q - - 
Near the  tropopause: 

n = 5 -1 -2 200 mb = 2 x 10 gm.cm see  
- 3 c = . 3 2 x 1 0  p . c m  - 3 

VR = 20 mps 



E - -  - 2 5 -1 
- 1 / 2 ( . 3 2  x gm.cn-3)(4 x l o 6  cm ~ e c - ' ~ ) / 2  x 1 0  gm.cm s e c P 2  - 

P - 4 
3L.x-10- . .. 

E AT 
T_h_iirrd - - term : 

- - - - - - 
D T - (. 0025) (. 0039) = 0.098 x 

e 

F-oOuUrt>- t e r m :  e v a l u a t e d  f o r  n e a r  t h e  s u r f a c e ,  and n e a r  t h e  

"'e 

t ronopause.  

Xear t h e  s u r f a c e .  

:, = 800 n b .  VR = 20 mps 

p = 700 mb. V = 10 m p s  
R 

1-1 
800 

= 2.0 mbs 

H700 
= 0 . 5  m b s  

Near t h e  t ropopause :  

p = 300 mb, VR = 1 0  mps 

p  = 200 mb, VR = 20 m p s  

H = 0.23 mb 
300 

H = 0 . 6 4  mb 
200 

F i f t h  - term.: .- -- a t  800 mb--- 



Terns one, two, and fou r  may t h e r e f o r e  be t r e a t e d  without  concern 

£,or t h e  remaining terms, which have been shown t o  be a t  l e a s t  one 

o rde r  of magnitude smal le r .  This o f f e r s  numerical confirmation of a  

s i m i l a r  conclusion reached by Newton. I n  a d d i t i o n ,  Newton considered 

term two t o  be n e g l i g i b l e  f o r  t h e  purposes of h i s  a n a l y s i s .  The 

forepoing c o m ~ a r i s o n s .  summarized i n  Table 6 ,  have shown t h a t  term 

tvo is  t y p i c a l l y  n e ~ l i g i h l e  a t  t he  lower l e v e l s ,  compared wi th  term 

four .  I n  the  uDper h a l f  of t h e  t roposphere,  however. term two can be 

of t he  same order  of magnitude a s  terms four  and one. Term two is  

the re fo re  r e t a ined  i n  t h e  a n a l y s i s .  

It should he noted t h a t  t h e  assumption of AT = 1 C  i n  t h e  

eva lua t ion  of term one i s  conserva t ive .  For t h e  updra f t  core  of a  

w e l l  e s t a b l i s h e d  cumulonimbus capable of a c t i n g  a s  an o b s t a c l e  t o  

t h e  environmental wind, AT = 3 t o  6C may be more r e p r e s e n t a t i v e  of 

a c t u a l  condi t ions .  Sulakvel idze (1965) c i t e s  a  mean AT of 5C. wi th  

va lues  ranging from 2 t o  9C, f o r  a  sampling of ha i l s torms  i n  t he  

Caucasus. 

Equation (10) may now be w r i t t e n  a s  

where t h e  f i r s t  term descr ibes  t h e  con t r ibu t ion  t o  v e r t i c a l  acce lera-  

t i o n  from t h e  thermal buoyancy, and t h e  rerlaining terms desc r ibe  t h e  

con t r ibu t ion  due t o  t h e  hydrodynamic i n t e r a c t i o n  of t h e  cloud with 

t h e  envi ronnenta l  wind. The t h i r d  term i s  s o  def ined  t h a t  a  reduct ion  --.---- - --- 
of t h e  non-hydros t a t i c  pressure  ezcess  with inc rease  i n  h e i g h t ,  o r  

an - increas-inglyY - - +  - ---  ,nYeegaat_iyg non-hydrostatic p re s su re  d e f i c i t  w i th  i nc rease  ---- 

i n  h e i g h t ,  y i e l d s  a  p o s i t i v e .  upward d i r e c t e d  acce l e ra t ion .  

The second term on the  right-hand s i d e  of (11) r ep re sen t s  t he  

r a t i o  between t h e  induced hydrodynamic (non-hydrostatic) pressure  

i n  t he  a i r  column being acce l e ra t ed ,  and t h e  t o t a l  p ressure :  i . e . ,  

t h e  hydrodvnamic p lus  t h e  h y d r o s t a t i c ,  w i th in  t h e  column. The second 

t e r n  a r i s e s  i n  t he  d e r i v a t i o n  of equat ion (11) because of t he  
a P expansion of -- i n t o  h y d r o s t a t i c  and hydrodynamic components. This a z 



TABLE 6 .  

Summarv of t h e  o r d e r  of magnitude e v a l u a t i o n  of  e q u a t i o n  (lo), 

terms w i t h i n  
t h e  h racke  ts 

of eq.  (10) 

n e a r  t h e  
s u r f a c e  

n e a r  t h e  
t ropopause 

one - 

tY.JO . 

t h r e e  H AT, 
P T 

e  

f i v e  - -  !;3H._ A T  
:>? T 

e e 

s i x  -. 

seven - ;3&- H AT 
>P F' T 

e  e  

dw expansion has  t h e  e f f e c t  of r e n d e r i n g  t h e  v e r t i c a l  a c c e l e r a t i o n  .-- 
d t  

dependent on t h e  h o r i z o n t a l  wind v e l o c i t y  as w e l l  as t h e  s t a t i c  

p r e s s u r e  and t empera tu re .  

I t  was found convenient  t o  e s t a b l i s h  t h e  f o l l o w i n g  symbols f o r  

t h e  t e r n s  of  equa t ion  (11) : 



The term A u sua l ly  much smal le r  than  +', s u b t r a c t s  from t h e  
n' 

p o s i t i v e ,  u ~ w a r d  d i r e c t e d  a c c e l e r a t i o n  a t  t h e  lower l e v e l s ,  according 

t o  t h e  s i g n  of t he  second term i n  the  right-hand s i d e  of (11).  A t  

t he  h igher  l e v e l s ,  however, t h i s  term becomes a d d i t i v e .  This  i s  due 

t o  a  s i g n  change of H. The negat ive  s i g n  is a s soc i a t ed  with the  

negat ive  pressure  c o e f f i c i e n t  (4) introduced by t h e  usua l  marked 

veer inx  of t he  r e l a t i v e  winds wi th  he igh t  about a  moving storm. 

It should be again emphasized t h a t  a  major e f f e c t  of marked 

v e r t i c a l  wind shear  is  t o  p o s i t i o n  a l o f t  a  hydrodynamic p re s su re  

d e f i c i t  - -- (-5) d i r e c t l y  above a  hydrodynamic pressure  .e=s_s- (+H) 

near  t he  sur face .  This  markedly inc reases  t h e  magnitude of t h e  

~ r a d i e n t  i n  (14).  

For computational purposes,  (13) and (14) were lumped toge ther  

i n t o  an a c c e l e r a t i o n  f a c t o r  termed . This  term accounted f o r  t h e  
%-I 

f u l l  e f f e c t  of t h e  wind shear  induced con t r ibu t ion  t o  cloud develop- 

ment and s t r u c t u r e .  

The a c c e l e r a t i o n  f a c t o r  qi was computed f o r  each 100 mb l a y e r  

from t h e  su r f ace  t o  t he  300 mb l e v e l ,  and f o r  each 50 mb l a y e r  

above t h a t  l e v e l  t o  t h e  top of t he  cloud. This  computation w a s  

performed f o r  20 days of the  1967 h a i l  season. 

It should be  noted t h a t  t h e  e f f e c t  of t h e  downdraft d iverg ing  

a t  t h e  su r f ace  was included i n  t h e  de te rmina t ion  of t h e  near-surface 

r e l a t i v e  wind, V p ,  f o r  each of t h e  20 cases  of 1967. Following, 

Newton (1959), an assumed 10 mps outflow v e l o c i t y  was added t o  t h e  

near-surface r e l a t i v e  wind f o r  each case.  For a c y l i n d r i c a l  down- 

d r a f t  of 3 km r a d i u s  and a  500 m outflow depth,  t h i s  assumed out- 

flow v e l o c i t y  i s  equiva len t  t o  a  downdraft v e l o c i t y  of 3.4 mps. 

This compares with a  mean downdraft v e l o c i t y  of 7 .1  mps f o r  down- 

d r a f t s  a s soc i a t ed  with r e p o r t s  of h a i l  i n  Ohio. These measurements, 

taken from Ryers and Lraham (1949), apply t o  t h e  l a y e r  between 5,000 

and 10,000 f e e t .  

?ar_~~e_~ Th_ep_ry- 0.f h p r m - d  uoxa*s.x 

The f i r s t  tern of equat ion l11) i s  i d e n t i c a l  t o  t he  expression 

given f o r  t h e  w e l l  known w arc el theorv of buoyancy. The p a r c e l  



theory  expression is derived i n  a n  analogous manner t o  equat ion (IT), 

but  without  expanding t h e  p re s su re  g rad ien t  term of t h e  v e r t n r a l  

equat ion  of motion i n t o  s t a t i c  and dynamic components. Equation (XI? 

degenerates  i n t o  t h e  s imple temperature dependent p a r c e l  theory  

express ion  upon t h e  assumption of V = 0, which impl ies  H = 0, thus  R 
e l imina t ing  t h e  second and t h i r d  terms. 

Pa rce l  theory tends t o  over-estimate t h e  v e r t i c a l  v e l o c i t i e s  

and cloud top  he igh t s  a c t u a l l y  achieved by smaller cumuli. This  i s  

o r d i n a r i l y  c r e d i t e d  t o  t h e  neg lec t  of t h e  entrainment  of dry  environ- 

mental a i r ,  and t o  t h e  neg lec t  of t h e  r e s i s t i v e  f o r c e s  of form and 

f r i c t i o n a l  drag.  The entrainment of dry  environmental a i r  w i l l  

evaporate  condensed moisture,  and, through cool ing ,  reduce t h e  

buoyancy of t h e  updraf t .  

Pa rce l  theory i s  be l ieved  t o  apply more r e a l i s t i c a l l y  t o  updra f t s  

of t h e  very l a r g e s t  storm masses (Malkus, 1960; Ludlam, 1963).  The 

l a r g e r  diameter updra f t s  have a reduced percentage of s u r f a c e  a r e a  t o  

volume compared t o  smal le r  updra f t s .  This  has t h e  e f f e c t  of 

diminishing t h e  f a c t o r  of entrainment and mixing through t h e  cloud 

su r f ace  f o r  t h e  l a r g e r  clouds. Newton (1966) o f f e red  t h e  explana t ion  

t h a t  " the  cores  of updra f t s  a r e  considered t o  be e s s e n t i a l l y  unmixed, 

whi le  t h e i r  ou tershea ths  undergo s t rong  mixing wi th  t h e  environment." 

Ludlam (1966) pointed out  t h a t  t h e  environments a r e  o f t e n  t h e  nearly-. 

s a t u r a t e d  r e s idues  of e a r l i e r  updraf t s .  This  f a c t o r  f u r t h e r  reduces 

the  e f f e c t  of entrainment and mixing. 

The assumption of a continuous plume updra f t  e l imina te s  t h e  

p o s s i b i l i t y  of wake entrainment ,  i . e . ,  entrainment  i n t o  t h e  base of 

a r i s i n g  updra f t  element,  o r  bubble. This form of entrainment  is  due 

t o  t he  r e t u r n  flow of t h e  d isp laced  environmental a i r  i n t o  t h e  wake of 

a r i s i n g  bubble,  where i t  is  incorpora ted  i n t o  t h e  r i n g  vor tex- l ike  

i n t e r n a l  c i r c u l a t i o n  of t h e  bubble. This  mechanism has been t r e a t e d  

i n  d e t a i l  by Scorer and Ludlam, (1953), and Levine (1959). 

The a n a l y s i s  presented i n  t h i s  paper cons iders  only t h e  protectel'  

cores of the  l a r g e s t  updra f t s .  I t  i s  he re  t h a t  t h e  maximum hor izonta  



temperature d i f f e r e n c e s ,  and consequently t h e  h i g h e s t  achievable 

v e r t i c a l  v e l o c i t i e s  a r e  expected t o  e x i s t .  

Temperature soundings taken on t h e  20 case days of 1967 were 

analyzed f o r  mean va lues  of AT, and Te, f o r  each 100 mb l a y e r  from 

the  cloud base t o  t he  300 mb l e v e l ,  and f o r  each 50 mb l a y e r  above 

300 mb t o  t h e  cloud top.  The va lue  AT was measured from the  d i f f e r e n c e  

between t h e  sounding temperature and t h e  app ropr i a t e  moist ad i aba t .  

The cloud base he igh t  and t h e  app ropr i a t e  moist  ad i aba t  were determined 

by l i f t i n g  the  su r f ace  dew po in t  a long t h e  corresponding moisture 

i s o p l e t h  u n t i l  t he  sounding temperature curve w a s  i n t e r s e c t e d .  The 

a c c e l e r a t i o n  f a c t o r  aT w a s  then computed by s u b s t i t u t i o n  of t he  fore-  

going q u a n t i t i e s  i n t o  equat ion (19).  

While and a n a l y s i s  of t h i s  paper cons iders  on ly  t h e  p ro t ec t ed  

cores  of t he  updra f t s ,  i t  w a s  of i n t e r e s t  t o  show t h e  e f f e c t  of 

assumed entrainment  on an updraf t .  The f i v e  no hai l -echoes soundings 

from t h e  20 case  days of 1967 were re-evaluated,  cons ider ing  en t r a in -  

ment a t  a r a t e  of 100 percent  i n  300 mbs. The entrainment  r a t e  chosen 

was i n  t he  middle of t he  range of r a t e s  c i t e d  by Byers and Braham 

(1949) f o r  thunderstorms i n  F lo r ida  and Ohio, and by Stommel (1947) 

f o r  t r a d e  cumuli. The modified a c c e l e r a t i o n  f a c t o r  was designated 
t 

a The graphica l  procedure descr ibed by Aust in (1948) w a s  employed T ' 
t o  modify t h e  soundings. An example of  t he  a p p l i c a t i o n  of t h i s  

procedure is  given by Byers (1959). 

Der iva t ion  of Rainstorm and Hails torm V e r t i c a l  Veloc i ty  P r o f i l e s  

The v e r t i c a l  a c c e l e r a t i o n  f a c t o r s ,  aT, aH, and a where a = C ' C 
a + aH, were each i n t e g r a t e d  incrementa l ly  t o  y i e l d  p r o f i l e s  of 

T 
v e r t i c a l  v e l o c i t y .  The p r o f i l e s  a r e  presented  i n  F igs .  8 through 10. 

The expression used f o r  t he  incremental  i n t e g r a t i o n ,  

i s  we l l  known from Physics  and desc r ibes  t h e  v e l o c i t y  changes of a 

freely-moving p a r t i c l e  i n  r e c t i l i n e a r  motion under t h e  in f luence  of 
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Figure  8. Mean p r o f i l e s  of v e r t i c a l  v e l o c i t y  due t o  thermal  
i n s t a b i l i t y  a lone .  These p r o f i l e s  were d e r i v e d  
from 20 c a s e s  observed d u r i n g  t h e  summer of 1967. 
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Figure 9. Mean profiles of vertical velocity due to the 
hydrodynamic interaction between storm and 
environmental wind considered alone. These 
profiles were derived from the 20 cases of 1967. 



Figure  10. Mean p r o f i l e s  of c loud t o t a l  v e r t i c a l  v e l o c i t y  
due t o  t h e  combined e f f e c t  of  the rmal  and hydro- 
dynamic i n s t a b i l i t y .  These p r o f i l e s  were d e r i v e d  
from 20 c a s e s  observed d u r i n g  t h e  summer of 1967.  
The range of one s t a n d a r d  d e v i a t i o n  i s  shown. 



an a c c e l e r a t i n g  force .  'The symbols Z1 and Z2 a r e  t h e  l imi t s -of -  

i n t e g r a t i o n  boundary he igh t s .  The limits of each success ive  in t eg ra -  

t i o n  were defined by l a y e r s  of  100 mb th ickness  nea r  t h e  top  of t h e  

cloud. The he igh t s  used were those  of t h e  s tandard  atmosphere. 

The a c c e l e r a t i o n  f a c t o r ,  a ,  which was computed f o r  t h e  midpoint 

of each l a y e r ,  was assumed t o  b e  cons tan t  throughout t he  l aye r .  

The i n t e g r a t i o n  of a  t h e  thermally induced a c c e l e r a t i o n  
T ' 

f a c t o r ,  w a s  begun a t  cloud base wi th  an i n i t i a l  v e l o c i t y  of 5 mps. 

This  was a  t y p i c a l  v e r t i c a l  v e l o c i t y  a t  cloud base measured dur ing  

CSU updra f t  s t u d i e s .  The i n t e g r a t i o n  of $, t h e  hydrodynamically 

induced a c c e l e r a t i o n  f a c t o r ,  w a s  begun from t h e  s u r f a c e  wi th  no 

i n i t i a l  v e r t i c a l  v e l o c i t y .  

The cloud top  was def ined  t o  be t h e  l e v e l  a t  which t h e  v e r t i c a l  

v e l o c i t y  became zero ,  neg lec t ing  any overshoot and subsequent 

o s c i l l a t i o n  of t h e  updra f t .  Above t h e  tropopause t h e  f a c t o r  aT i s  

gene ra l ly  nega t ive  and l a r g e  i n  magnitude compared t o  aH. The f a c t o r  

a t h e r e f o r e ,  e s s e n t i a l l y  determines t h e  he igh t  of t h e  claud tap.  T ' 
The E f f e c t  of P r e c i p i t a t i o n  Accumulation on Updraft  S t rength  

The e f f e c t  of t h e  water  condensed dur ing  t h e  a scen t  of a  p a r t i c -  

u l a r  p a r c e l  of updra f t  has  been neglected.  The accumulation of 

p r e c i p i t a t i o n  p a r t i c l e s  formed a l o f t  dur ing  previous updra f t  a scen t s ,  

however, may have a  s i g n i f i c a n t  e f f e c t  on subsequent updra f t s .  

I n  order  t o  determine t h e  e f f e c t  of t h e  accumulation of precip-  

i t a t i o n  on updra f t  s t r e n g t h ,  s e v e r a l  reasonable concent ra t ions  of 

raindrops and h a i l s t o n e s  were superimposed on a previous ly  derived 

updra f t  v e r t i c a l  v e l o c i t y  p r o f i l e .  The assumption was made t h a t  t he  

l a r g e s t  p a r t i c l e s  were loca t ed  between 400 and 500 mb. This he igh t  

is  i n  agreement wi th  p r o f i l e s  of  r ada r  r e f l e c t i v i t y  w i th  h e i g h t ,  

which provide evidence of t h e  presence of  l a r g e  p a r t i c l e s  (A t l a s ,  

1963). Location of a  r e f l e c t i v i t y  maximum a t  t h i s  he igh t  i s  i n  

broad agreement wi th  t h e  f ind ings  of Donaldson (1962), Sulakvel idze 

(1965) and ~ i s c h e r . '  It was f u r t h e r  assumed t h a t  t h e  updra f t  

l ~ i s c h e r ,  R. E . ,  Colorado S t a t e  Univers i ty ,  1968, personal  communica- 
t i o n .  



streamed through t h e  p r e c i p i t a t i o n  accumulation zone, expending some 

of i t s  momentum t o  suspend each p a r t i c l e  encountered. I n  a c t u a l i t y ,  

t h e  f i r s t  p a r t i c l e s  encountered a r e  probably e leva ted .  A s  t h e  

updraf t  i s  dece lera ted  h ighe r    articles encountered s e t t l e ,  tending 

t o  concent ra te  t h e  p a r t i c l e s  i n t o  a  b lanket  of r a t h e r  shal low depth. 

The p r e c i p i t a t i o n  p a r t i c l e  accumulation is  thus  loca ted  immediately 

above an updra f t  v e l o c i t y  maximum. This  process  has been descr ibed 

i n  d e t a i l  by Yar sha l l  (1961), Sulakvel idze (1965), and I r aba rne  

(1968). 

Dece lera t ion  of t h e  updra f t  i s  accompanied by i t s  divergence. I n  

t h i s  a n a l y s i s ,  the  only e f f e c t  of updra f t  divergence i s  t o  change the  

angle of impingement on t h e  suspended p r e c i p i t a t i o n  p a r t i c l e s .  Greater  

divergence would the re fo re  reduce t h e  v e r t i c a l  component of updra f t  

v e l o c i t y .  A t  an impingement angle  of 45 degrees,  t h e  v e r t i c a l  com- 

ponent would s t i l l  be a s  much a s  71 percent  of t h e  diverged a i r  

ve loc i ty .  The e r r o r  due t o  omi t t ing  t h e  e f f e c t  of updra f t  divergence,  

t h e r e f o r e ,  becomes important only f o r  g r e a t  reduct ions  of updra f t  

ve loc i ty .  

The aerodynamic drag on t h e  p r e c i p i t a t i o n  p a r t i c l e s  impart a 

r e t a r d i n g  fo rce  t o  t h e  r i s i n g  updra f t  i n  accordance wi th  t h e  fol lowing 

r e l a t i o n s h i p :  

where V i s  t he  te rmina l  v e l o c i t y  of t h e  p a r t i c l e ,  o r  t h e  v e l o c i t y  of 
T  

t h e  p a r t i c l e  with r e spec t  t o  t h e  updraf t  
P~ 

is  t h e  d e n s i t y  of t h e  

updraf t  a t  450 mb, CD i s  a  drag c o e f f i c i e n t  f o r  t h e  flow of t he  

updraf t  around the  p r e c i p i t a t i o n  p a r t i c l e s ,  A is t h e  c ros s  s e c t i o n a l  

a r e a  of each p a r t i c l e ,  and N i s  t h e  number of p a r t i c l e s  i n  t h e  volume 

streamed through by a u n i t  mass of updra f t .  The p a r t i c l e  s i z e  d i s -  

t r i b u t i o n  spectrum is  assumed t o  be monodisperse. 

The dece l e ra t ion  A of fe red  by t h e  r e t a r d i n g  f o r c e  F a c t i n g  on 
P 

t h e  u n i t  nass  m of updra f t ,  p e r  second, i s  



The f a c t o r  A thus  derived was combined wi th  t h e  a c c e l e r a t i n g  f a c t o r s  
P 

1 

Ac = AT + % - Ape 
1 

The a c c e l e r a t i o n  f a c t o r  A appl ied  only t o  t h e  500-400 mb l a y e r .  
C 

The dece l e ra t ion  f a c t o r  A w a s  determined f o r  a range of p a r t i c l e  
P 

s i z e s  and concent ra t ions  a t  t h e  condi t ions  e x i s t i n g  a t  450 mb. Table 

7 summarizes t he  r e s u l t s  of t h i s  computation. 

TABLE 7. 

Values of A f o r  a range of p a r t i c l e  s i z e s  and water  conten ts .  
P 

The va lue  of t he  a i r  dens i ty  s e l e c t e d  f o r  450 mb was 0.58 x 
-3 gm.cm (-10C). The raindrop terminal  v e l o c i t i e s  were from Gunn and 

Kinzer (1949), and the  raindrop drag  c o e f f i c i e n t s  were abs t r ac t ed  from 

L i s t  (1949). The drag c o e f f i c i e n t s  f o r  t h e  h a i l s t o n e s  were from Fig. 1 

of L i s t  (1961). 

diameter  

d 

r a i n  : --- - 
1 mm 

2 

3 

4 

5 

h a i l  : -- 
2 cm 

5 

te rmina l  
v e l o c i t y  

v~ 

4.0 mps 

6.5 

8 . 1  

8.8 

9 . 1  

25.Omps 

39.0 

C~ 

.67 

.52 

.50 

.56 

.66 

,50 

.50 

water  conten t  gm. M - 3 

1 

- 2 
A = cm.sec 

P 
0.80 

0.82 

0.80 

0.81 

0.82 

5 

4.0 

4.1 

4.0 

4.0 

4.1 

h a i l  concent ra t ions  

1 0  

8.0 

8.2 

8.0 

8 .1  

8.2 

.01 s tones  M - ~  

- 2 
0.8 cm.sec 

25 

20 

2 1  

20 

20 

21  

1 s tone  M - ~  

-2 
2.5 cm.sec 

50 

40 

41 

40 

40 

41 

30 s tones  M - ~  

-2 
74.1 cm.sec 



Hai ls tone  drag c o e f f i c i e n t s  can range from 0.45 f o r  smooth 

spheres ,  t o  0.8 f o r  e l l i p s o i d a l  shapes,  according t o  Ludlam and 

Macklin (1961). W i l l i s  (1964), measured a  drag c o e f f i c i e n t  of 

0.24 f o r  a  roughened, l a r g e ,  dry f r e e - f a l l i n g  i c e  sphere.  The 

Reynolds Number w a s  s u p e r c r i t i c a l  dur ing  t h i s  measurement. W i l l i s  

showed t h a t  drag c o e f f i c i e n t s  could double when t h e  f a l l i n g  s tones  

began melt ing.  He c i t e d  t h e  t r a n s i t i o n  from tu rbu len t  flow t o  the  

laminar flow regime a s  t h e  cause of t he  drag c o e f f i c i e n t  i nc rease .  

Bilham and Relf (1937) measured a  drag c o e f f i c i e n t  Kd = 0.24, 

f o r  spheres  towed by an a i r c r a f t .  The two authors  used the  symbol 

Kd i n  p lace  of 1/2CD. Their  drag c o e f f i c i e n t s ,  t h e r e f o r e ,  should 

be mul t ip l i ed  by two f o r  comparison with t h e  drag c o e f f i c i e n t s  

presented by, f o r  example, Goldstein (1938), o r  Hoerner (1958). 

For t he  present  a n a l y s i s  i t  was assumed t h a t  t he  h a i l  would be wet 

and smooth-textured, with a  CD of 0.5. 

Figure 11 shows t h e  e f f e c t  of v a r i a t i o n  of  C on h a i l s t o n e  D 
t e rmina l  v e l o c i t y .  The te rmina l  v e l o c i t y  i s  reached when the  

weight of t he  h a i l s t o n e  equals  t h e  aerodynamic drag upon it. 

Then t h e  v e l o c i t y  of t h e  h a i l s t o n e  wi th  r e spec t  t o  t he  a i r  remaills 

cons tan t .  The expression f o r  t he  terminal  v e l o c i t y  of t he  h a i l -  

s tone  i s  

where d i s  the  h a i l s t o n e  diameter ,  g i s  the  a c c e l e r a t i o n  of g r a v i t y ,  

and p i s  the  h a i l s t o n e  dens i ty .  Figure 11 was based on t h i s  i 
expression.  The terminal  v e l o c i t i e s  f o r  t he  h a i l s t o n e s  i n  Table 7 

were taken from Figure 11. 

I n  order  t o  show the  e f f e c t  of t he  derived dece l e ra t ion  f a c t o r s  

on a  t y p i c a l ,  heavy h a i l  v e r t i c a l  v e l o c i t y  p r o f i l e ,  A f a c t o r s  f o r  
P 

s e v e r a l  concent ra t ions  of 2 and 5 mm diameter ra indrops ,  and 2 and 5 c m  

diameter h a i l s t o n e s  were s u b s t i t u t e d  i n t o  equat ions (18) and (15).  

Equation (15) was i n t e g r a t e d  incrementa l ly  from 400 mb upward t o  

modify the  p r o f i l e .  The r e s u l t s  of t h i s  procedure a r e  shown i n  

Figure 12.  





Figure 12:  The e f f e c t  of imposed r a i n  and h a i l  
accumulations on a cloud v e r t i c a l  
v e l o c i t y  p r o f i l e .  . 



111. DISCUSSION OF RESULTS 
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The mean windspeed p r o f i l e s  f o r  t h e  h a i l  seasons of 1966, 1967, 

and 1968 a r e  shown i n  Fig. 3. This  comparison shows t h e  r e l a t i v e  

windspeeds a l o f t  f o r  varying ca t egor i e s  of h a i l  i n t e n s i t y .  The 

presence of h igher  mean windspeeds wi th  inc reas ing  h a i l  i n t e n s i t y  

i s  c l e a r l y  shown. 

The phys i ca l  impl ica t ion  of t h e  grada t ion  of t hese  p r o f i l e s  is 

t h a t  correspondingly g r e a t e r  k i n e t i c  energy was a v a i l a b l e  a l o f t  t o  

be u t i l i z e d  i n  t he  i n t e n s i f i c a t i o n  of t h e  ha i l s to rms .  

These r e s u l t s  do no t  f u l l y  confirm Dessen's (1960) f i nd ing  

t h a t  s t r o n g  winds a l o f t  determine whether o r  no t  a  thunderstorm 

s i t u a t i o n  w i l l  t ransform i t s e l f  i n t o  a  heavy d e s t r u c t i v e  ha i l s torm.  

Included i n  t h e  p re sen t  s tudy  a r e  examples of heavy ha i l s torms  

occurr ing  when t h e  r ep re sen ta t ive  maximum wi;nds a l o f t  were a s  l i g h t  

a s  27 knots .  I f  ha i l s torms  i n  t he  heavy h a i l  category of t h i s  s tudy 

could have been f u r t h e r  s t r a t i f i e d ,  t o  cons ider  only rapidly-moving 

ha i l s to rms  accompanied by damaging s q u a l l s ,  then Dessenls  f ind ings  

would very  l i k e l y  have heen s t r o n g l y  supported. 

Schleusener and Auer (1964) s tud ied  wind p r o f i l e s  over North- 

e a s t e r n  Colorado f o r  days of " severe,"  "moderate," and "no h a i l "  

occurrence f o r  t h e  period 15 May-31 J u l y ,  1960-63. The average 

200 mb wind f o r  "severe1' h a i l  occurrence presented i n  t h e i r  d a t a  

was 47 knots .  They c i t e d  a  range of between 30 and 110 knots  maximum 

wind. This  cornnares with an average of 57 kno t s ,  and a  range of 

between 27 and 92 knots  maximum wind a t  200 mbs found dur ing  t h e  

present  s tudy.  The s tandard  dev ia t ions  from t h e  averages presented 

i n  Figure 3 a r e  t y p i c a l l y  l a rge .  The s tandard  dev ia t ion  f o r  t h e  

average 200 mb windspeed of t h e  p re sen t  s tudy  w a s  +18 knots .  

A ~ r i m a r y  d i f f i c u l t y  i n  t he  s tudy  conducted by Schleusener 

and Auer was a  l ack  of success  i n  f i nd ing  a  windspeed p r o f i l e  which 

would d i s t i n g u i s h  days of "moderate" and "no h a i l "  occurrence. It 



has been poss ib l e  t o  show such a d i s t i n c t i o n  i n  t h e  p re sen t  s tudy  

because of t h e  a v a i l a b i l i t y  of improved h a i l f a l l  d a t a  from the  

coopera t ive  r e p o r t i n g  network. 

The r e s u l t s  shown i n  Figure 3 of t h e  p re sen t  s tudy do no t  agree 

wi th  p a r t  of t h e  f ind ings  of Ratner  (1961). H i s  d a t a  i nd ica t ed  t h a t  

t h e  magnitude of t h e  winds a l o f t  was apparent ly  of no importance i n  

determining h a i l  occurrence. Ratner found t h a t  t h e  maximum winds 

showed no preference  f o r  e i t h e r  h a i l  days, o r  no h a i l  days. Comparable 

mean maximum windspeeds from Ratner ' s  s tudy  a r e  shown i n  Figure 3 .  

I n  examining the  windspeed p r o f i l e s  of  Figure 3,  i t  i s  t o  be 

noted t h a t  above 500 mb t h e r e  is  l i t t l e  d i f f e r ence  i n  t he  s lopes  

of t h e  p r o f i l e s  f o r  each of t he  h a i l  i n t e n s i t y  ca t egor i e s .  This 

imp l i e s  no apprec iab le  v a r i a t i o n  i n  t h e  v e r t i c a l  wind shea r  between 

ca t egor i e s  f o r  he igh t s  above 500 mb. Below 500 mb t h e r e  is  

apprec iab le  change i n  both windspeed and d i r e c t i o n  with he igh t .  

It w i l l  be shown i n  the  next  s e c t i o n  t h a t  most of t he  mean d i r e c t i o n a l  

change takes  p lace  below 600 mb . 
Mean Wind Direc t ion  P r o f i l e s  f o r  Northeastern Colorado 

The mean wind d i r e c t i o n  p r o f i l e s  f o r  t he  h a i l  seasons of 1966, 

1967, and 1968 a r e  shown i n  Figure 4. The t r end  dur ing  t h i s  per iod  

was f o r  t he  lower l e v e l  winds t o  be from t h e  sou theas t ,  o r  south ,  

and then t o  s h i f t  sha rp ly  with inc reas ing  he igh t  t o  between southwest 

and west.  The heavy h a i l  p r o f i l e  shows a s l i g h t l y  more southwester ly 

d i r e c t i o n  than t h e  remaining ca t egor i e s ,  which a r e  more wes t e r ly  i n  

d i r e c t i o n  i n  t he  mean. The s tandard  dev ia t ion  i n  degrees from the  

average heavy h a i l  d i r e c t i o n  a t  one r ep re sen ta t ive  l e v e l  i s  shown 

i n  Figure 4. 

Mean V e r t i c a l  Wind Shear f o r  t he  Ha i l  Season of 1967 - 
Mean v e r t i c a l  wind shears  f o r  t he  su r f ace  t o  500 mb l a y e r  were 

computed by averaging the  magnitudes of t h e  shea r  vec to r s  f o r  

i nd iv idua l  days. The r e s u l t s ,  presented i n  Table 4,  show the  mean 

change of v e l o c i t y ,  i n  any p lane ,  wi th  he igh t  i n  t he  lower h a l f  of 

t h e  t roposphere f o r  t he  var ious  ca t egor i e s  of h a i l  i n t e n s i t y .  Also 

presented i s  a comparison of t h e  magnitudes of upper l e v e l  wind shea r  



f o r  t h e  500-250 mb l aye r .  A sys temat ic  i nc rease  of h a i l  i n t e n s i t y  

w i th  i n c r e a s e  of v e r t i c a l  wind shea r  w a s  noted f o r  t h e  lower l e v e l s .  

No such t r end  was apparent  f o r  t he  upper l e v e l  shea r s ,  which showed 

approximately t h e  same shea r  magnitude f o r  a l l  of t h e  h a i l  i n t e n s i t y  

ca t egor i e s .  

The foregoing c l e a r l y  shows t h a t  wind shea r  i n  t he  lower l e v e l s  

was an important  f a c t o r  i n  t h e  increased  product ion of h a i l ,  while  

t h e  upper l e v e l  shear  was apparent ly  n o t  such an important  f a c t o r .  

The Dresence of h igher  windspeeds a l o f t ,  however, a s  prev ious ly  shown, 

was apparent ly  a l s o  important f o r  t h e  increased  product ion of h a i l .  

I n  a comparable f i nd ing  f o r  upper l e v e l  shea r ,  referenced i n  

Table 4, Ratner (1961) shows shea r  t o  have an adverse e f f e c t  on h a i l  

production. Examination of t he  balance of t he  d a t a  from h i s  1961 

paper ,  however, shows t h e  maximum values  of shea r  t o  have no preference  

f o r  e i t h e r  h a i l  days, o r  no h a i l  days. 

Fur ther  evidence regard ing  the  importance of low l e v e l  shea r  i s  

apparent  i n  t he  da t a  of Table 5. This  t a b l e  p re sen t s  c e r t a i n  mean 

environmental d n d s  a t  600 and 500 mb f o r  fou r  ca t egor i e s  of h a i l  

i n t e n s i t y .  It i s  t o  be noted t h a t  t h e  shea r  i n  t h e  600-500 mb l a y e r  

i s  zero f o r  t h e  no h a i l  category,  and inc reases  i n  magnitude wi th  

inc rease  of h a i l  i n t e n s i t y .  

From a phys ica l  po in t  of view, t h e  h igher  va lues  of v e r t i c a l  wind 

shear  i n  t he  lower l e v e l s  imply a marked veer ing  of t h e  environmental 

wind; w i th  h igher  windspeeds a t  t h e  su r f ace  opposing i n  d i r e c t i o n  

h igher  windspeeds i n  t h e  middle l e v e l s .  The in t roduc t ion  of a moving 

storm and i t s  updraft-downdraft system i n t o  t h i s  sheared wind f i e l d  

could p lace  these  a i r  movements i n  d i r e c t  oppos i t ion .  

C l a s s i f i c a t i o n  of t he  Hai l  Season Days - 
The r e s u l t s  of t h e  c l a s s i f i c a t i o n  of h a i l  days of 1966, 1967, and 

1968 a r e  shown i n  Table 3 .  Of t h e  t h r e e  yea r s ,  1967 had t h e  most h a i l  

a c t i v i t y ,  and 1966 the  l e a s t ,  a s  shown by t h e  t o t a l  number of h a i l  and 

no h a i l  days. During t h e  t h r e e  year  per iod analyzed,  t h e  d a t a  shows 



t h a t  almost e x a c t l y  h a l f  of t h e  days experienced h a i l f a l l  somewhere in 

t h e  CSU ha i l s to rm s tudy  a r e a  shown i n  Figure 1. 

Xean Radar Echo -and Storm -?!o-t&-oOnn gu_r~--t_hgt+i~-S_ea_s on 0 f 19  6 7 - -- --- -- -- .. ---- ---- - .- .---- 
Table 5 ~ r e s e n t s  a summary of mean ha i l swath  d i r e c t i o n  and speed,  

mean r ada r  echo motion, and t h e  c o r r e s ~ o n d i n g  mean environmental winds 

f o r  t h e  summer of 1967. The r ada r  echo mean speeds showed an inc rease  

of speed with inc reas ing  h a i l  i n t e n s i t y .  The s tandard  dev ia t ions  from 

t h e  r ada r  echo mean speeds a r e  given f o r  each h a i l  i n t e n s i t y  category.  

The corresponding mean environmental winds have been included 

i n  Table 5 f o r  comparative purposes. It appears t h a t  t h e  environmental 

windspeeds between the  500 and 600 mb l e v e l s  approximately match the  

r ada r  echo speeds and the  hai lswath progress ion  r a t e s .  This i s  i n  

agreement wi th  t h e  f ind ings  of Schleusener and Grant (1961) f o r  

ha i l s torms  i n  t he  no r theas t e rn  Colorado a r e a  dur ing  1961. These 

i n v e s t i g a t o r s  found t h a t  hai lswath t r acks  and r ada r  echoes moved 

wi th  a speed p rea t e r  than the  14.000 foo t  windspeeds, and l e s s  than 

t h e  15,000 foo t  windspeeds. 

How do t h e  mean radar  echo speeds measured i n  1967 compare with 

the  three-year  mean environmental windspeeds of Figure 3 a t  t he  

apparent  s t e e r i n g  l e v e l ?  Assuming t h a t  550 mb is  the  s t e e r i n g  l e v e l ,  

t h e  following com~ar i son  of mean environmental windspeeds t o  mean 

r ada r  echo speeds,  r e spec t ive ly ,  can be made: h-eavy h a i i ,  23 k t s  

versus  24 k t s  echo speed: modg-rra_tehaei_l., 21 k t s  versus  24 k t s ;  

1 9 h t  h a i l ,  15 k t s  versus  15  k t s .  . C - - - -  

This  c o n ~ a r i s o n  proviCes f u r t h e r  i n d i c a t i o n  of t h e  c l o s e  asso- 

c i a t i o n  of r ada r  echo speeds and t h e  middle l e v e l  winds. 

Thermally - - - - - Induced -. - - - - - Cl-o_ujj Ver-t.ical_ VeJ-ocity Y P P ~ ~ f ~ l _ e _ e ~  

F i ~ u r e  8 shows t h e  mean p r o f i l e s  of t h e  thermally induced 

component of cloud v e r t i c a l  v e l o c i t y  f o r  t he  four  h a i l  i n t e n s i t y  

ca t egor i e s .  The inc rease  of v e r t i c a l  v e l o c i t y  with inc rease  of 

h a i l  i n t e n s i t y  i s  c l e a r l y  shown. This  implies  progress ive ly  s t e e p e r  

l apse  r a t e s -  i n  t he  mean, with inc rease  of h a i l  i n t e n s i t y .  



For t h e  -no hahl-ec_h_ogs- ca tegory ,  p r o f i l e s  f o r  both the  undi lu ted  

p a r c e l  a scen t  cond i t i on ,  and an  assumed d i l u t i o n  through entrainment  

condi t ion  have been shown f o r  comparison. The d i l u t e d  no hail-echoes 

p r o f i l e  shows t h e  c a p a b i l i t y  of b a r e l y  suppor t ing  t h e  maximum s i z e d  

ra indrops .  The thermally induced component of cloud v e l o c i t y  f o r  t h e  

undi lu ted  n_o_ha-4il-eech-o_e_s case  was capable of suppor t ing ,  a t  450 mb, 

h a i l  of a ~ ~ r o x i r n a t e l y  1 .2  cm i n  diameter ,  according t o  t h e  C = 0.5 D 
curve of Figure 11. This s i z e  w i l l  mel t  before  reaching the  ground, 

ba r r ing  f u r t h e r  growth between t h e  zero  isotherm and 450 mb. The 

l i g h ~ - - h - a i l  v e l o c i t y  p r o f i l e  could suppor t ,  a t  450 mb, h a i l  of 1.8 cm 

diameter .  This s i z e  would probably reach t h e  ground unmelted, 

according t o  Ludlam (1958), and Sulakvel idze (1965), who showed t h a t  

h a i l  must be  a t  l e a s t  1 .5  t o  2  cm i n  diameter  a t  t h e  zero isotherm 

l e v e l  i n  order  t o  reach t h e  ground unmelted. 

The g9dew-e-  hha-iA1 p r o f i l e  shows t h e  c a p a b i l i t y  of suppor t ing  

h a i l  3 cm i n  diameter  a t  450 mb. The heavy h a i l  p r o f i l e  is  capable 

of suppor t ing  h a i l  3 . 7  cm i n  diameter ,  bu t  no l a r g e r .  Larger h a i l  

would have t o  be supported rnuch h igher  i n  t h e  cloud,  according t o  

t hese  v e l o c i t y  p r o f i l e s .  

gyd-TO$ ynami.a_l.lyY Indu_~~e_g _V_e~t_i-cCal~eelo c  i t y Pro f  i 1 e  s 

Figure 9 s\oes t h e  mean p r o f i l e s  of t h e  hydrodynamically induced 

com?onent of cloud v e r t i c a l  v e l o c i t y  f o r  t he  h a i l  i n t e n s i t y  ca tegor ies .  

These p r o f i l e s  show the  updra f t  v e r t i c a l  v e l o c i t y  s t r u c t u r e s  which 

would be achieved i f  Xewton's hypothesized mechanism of i n t e r a c t i o n  

between t h e  cloud and t h e  environment were opera t ing  alone without  

t h e  thermally induced buoyancy. It i s  seen t h a t  these  v e l o c i t i e s  a r e  

of tile sane order  of magnitude a s  t h e  thermally induced component. 

The p r o f i l e s  shot; t h a t  t h e  h_ea_vyvy&. cases?  i n  t h e  mean, experienced 

the  g r e a t e s t  degree of i n t e r a c t i o n  with the  environment, and t h e  

no h a i l  echoes cases  experienced the  l e a s t .  Newton's hypothesized ------ 
mechanism of i n t e r a c t i o n  was explained i n  d e t a i l  i n  t h e  s e c t i o n  on 

?roc.ed-!_r_~~ -andd PredsSe.nntati-o-?? "02 _R_enuJ-ffs . 



The p r o f i l e s  show a  progress ive  inc rease  of induced v e r t i c a l  

v e l o c i t y  with inc rease  of h a i l  i n t e n s i t y  f o r  t h e  l e v e l s  below 400 mb. 

Above 400 mb, t h e r e  i s  a  r e l a t i v e l y  l a r g e  d i f f e r e n c e  between the  

ha>> and t h e  hse.avyY hs-il p r o f i l e s .  The grqdat ion between t h e  l i g h t t ,  

moder_a_t_e, --- -- and hesxy h a i l  p r o f i l e s .  however. i s  not  a s  w e l l  def ined 

f o r  t he  uDper l e v e l s  of t h e  cloud a s  i t  i s  f o r  t h e  lower l e v e l s .  

The s i g n i f i c a n t  aspec t  of t hese  p r o f i l e s  i s  t h a t  they c l e a r l y  

show t h e  development of high v e r t i c a l  v e l o c i t i e s  of t h e  magnitude 

requi red  t o  a s s i s t  t h e  support  of l a r g e  h a i l  a t  a lower l e v e l  i n  t h e  

cloud. Nearly a l l  of t h e  hydrodynamically induced v e l o c i t y  has  been 

achieved a t  t h e  700 mb l e v e l ,  which is before  t h e  thermally induced 

v e l o c i t y  becomes a  f a c t o r .  

It i s  t h e r e f o r e  i n  t h e  sub-cloud l a y e r  where Newton's hypothesized 

i n t e r a c t i o n  mechanism has r e a l  importance. The v e r t i c a l  motions 

induced above cloud base by t h i s  mechanism a r e  shown t o  be r e l a t i v e l y  

i n s i g n i f i c a n t .  The motion of t h e  storm provides t h e  primary impetus 

f o r  t he  i n t e r a c t i o n  with t h e  environment. The d ivergent  outflow i n  

t h e  sub--cloud l a y e r  caused by thermodynamic processes  w i th in  the  

storm provides a d d i t i o n a l  impetus. The e f f e c t  of marked d i r e c t i o n a l  

shear  of t h e  environmental flow heightens the  magnitude of t h e  i n t e r -  

ac t ion .  

C_o_b-i.n_e_II- .JEff-cc.t C1-?.u_4 Ve~_tical_ 4Ye110_c_iJy_-Profiles- 

Figure 10 shows t h e  mean p r o f i l e s  of cloud v e r t i c a l  v e l o c i t y  f o r  

t h e  va r ious  ca t egor i e s  of h a i l  i n t e n s i t y .  These v e r t i c a l  v e l o c i t i e s  

a r e  due t o  t h e  combined e f f e c t  of t he  thermally and hydrodynamically 

induced buoyant acce l e ra t ions .  The p r o f i l e s  show progress ive ly  

h igher  v e r t i c a l  v e l o c i t i e s  with inc reas ing  h a i l  i n t e n s i t y .  The pro- 

f i l e  f o r  _np -&i-?:e.cho-e-s, which had been reduced by entrainment , is 

shown f o r  comparison. Both t h e  p a r c e l  a scen t ,  and t h e  d i l u t e d  p r o f i l e  

a r e  n e a r l y  t h e  same a t  t he  lower l e v e l s  of t h e  cloud. Only above 

450 mb a r e  t he  p r o f i l e s  s i g n i f i c a n t l y  d i f f e r e n t .  Thus i n  t h i s  analy- 

sis. entrainment cons idera t ions  f o r  t h e  f u l l  cloud depth would not  

g r e a t l y  a f f e c t  t he  v e r t i c a l  v e l o c i t i e s  develored i n  t he  lower l e v e l s .  



The t o t a l  updra f t  v e r t i c a l  v e l o c i t y  p r o f i l e  f o r  t he  =hail-echo= 

cases ,  reduced by en t ra inment ,  i s  n o t  capable of suppor t ing  h a i l  which 

w i l l  reach t h e  ground unmelted from any l e v e l .  The no hai l -echoes 

undi lu ted  v e r t i c a l  v e l o c i t y  p r o f i l e  does have the  c a p a b i l i t y  of 

suppor t ing  a  2 .1  cm h a i l s t o n e  a t  450 mb. A s  p rev ious ly  ind ica t ed ,  

t h i s  s i z e  would probably reach t h e  su r f ace  unmelted. 

The l i ~ h t  hai& p r o f i l e  now has t h e  c a p a b i l i t y  of suppor t ing  a  

3.5 cm diameter h a i l s t o n e  a t  450 mb. The moderate h a i l  p r o f i l e  with 

a  39 mps v e l o c i t y  a t  450 mb, can now support  a  5.0 cm diameter h a i l -  

s tone .  The h e a x h a i I  p r o f i l e  v e l o c i t y  would now support  a  h a i l s t o n e  

of 5.7 cm, o r  approximately 2.3 inches  i n  diameter ,  a t  450 mb, 

according t o  Figure 12. 

How r e a l i s t i c  a r e  these  p r o f i l e s ?  Measurements made i n  updra f t s  

a t  cloud base by a i r c r a f t  of t he  CSU h a i l  modi f ica t ion  p r o j e c t  have, 

on occasion,  been of t he  magnitude ind ica t ed  i n  Figure 11. Auer and 

Sand (1965) c i t e  measurements of 22.5 mps, and 17.5 mps, made f o r  

s h o r t  per iods  under heav i ly -p rec ip i t a t i ng  cumulonimbus clouds. Sub- 

sequent observa t ions  of s i m i l a r  magnitude have been made. 

These observa t ions  suggest  t he  v a l i d i t y  of t he  derived v e r t i c a l  

v e l o c i t y  p r o f i l e s  presented i n  t h i s  paper.  

The E f f e c t  of P r e c i p i t a t i o n  Accumulations on Cloud V e r t i c a l  Veloc i ty  - 
It has  been shown t h a t  t he  combination of thermal and hydro- 

dynamic e f f e c t s  provided t h e  updra f t  v e l o c i t y  of s u f f i c i e n t  magnitude 

t o  support  l a r g e  h a i l  i n  t h e  500-400 mb l a y e r  i n  t h e  s torm cloud mass. 

The hydrodynamic e f f e c t s  a r e  cont ingent  upon a  w e l l  developed down- 

d r a f t  system, which impl ies  t h a t  p r e c i p i t a t i o n  has e x i s t e d  wi th in  t h e  

cloud f o r  some time. The cloud v e r t i c a l  v e l o c i t y  p r o f i l e s  presented 

i n  Figure 10 r ep re sen t  t he  achievement of near  p a r c e l  ascent  condi t ion  

v e l o c i t i e s .  A t  t h i s  s t a g e ,  i t  i s  reasoned, p r e c i p i t a t i o n  formed dur ing  

previous updra f t  a scen t s  may be descending i n t o  newly ascending up- 

d r a f t s .  The process  of cont inuing c o l l e c t i o n  of p r e c i p i t a t i o n  by new 

updra f t s  eventua l ly  r e s u l t s  i n  t he  dampening of updra f t  v e l o c i t i e s  



due t o  t he  accumulated load of p r e c i p i t a t i o n .  The cloud v e l o c i t y  

p r o f i l e  presented i n  Figure 10 i s  perhaps only t r a n s i e n t l y  r e a l -  

i z a b l e .  It i s  the  r e s u l t  of repeated updra f t  a scen t s  i n t o  a p a r t i c -  

u l a r  volume. It is  p r i o r ,  however, t o  apprec iab le  accumulation of 

p r e c i p i t a t i o n  i n  t h i s  volume. 

Observation of r ada r  echo r e f l e c t i v i t y  a l o f t  have provided 

evidence of t he  ex i s t ence  of a h a i l  and p r e c i p i t a t i o n  accumulation 

zone a t  a l e v e l  below 25,000 f e e t .  I n  o rde r  f o r  h a i l  o r  r a i n  t o  

remain i n  t h i s  zone, t h e  updra f t  v e l o c i t y  must decrease r a p i d l y  wi th  

he igh t  above the  l e v e l  of maximum v e l o c i t y .  I f  n o t ,  t he  p a r t i c l e s  

would be e l eva t ed ,  a long wi th  t h e  he igh t  of t he  r e f l e c t i v i t y  maximum. 

Figure 12 shows the  e f f e c t  of s e v e r a l  assumed h a i l  and p r e c i p i t a -  

t i o n  loads concentrated between 400-500 mb on a t y p i c a l  heavy h a i l  

updraf t  p r o f i l e .  Note t h a t  thermal buoyancy fo rces  were s t i l l  

p re sen t  above the  accumulation zone and tended t o  r e - acce l e ra t e  t he  

dampened updra f t .  The accumulations of 2 and 5 cm diameter h a i l s t o n e s  

a t  t h e  concent ra t ions  suggested by Ludlam (1958), had a nea r ly  

n e g l i g i b l e  e f f e c t  on t h e  v e r t i c a l  v e l o c i t y  p r o f i l e .  The concent ra t ion  

of 2 mm diameter raindrops a t  a l i q u i d  water  c conten t  of 10  g.M -3 

did  no t  produce t h e  negat ive  s lope  of t h e  modified v e l o c i t y  p r o f i l e  

requi red  t o  e f f e c t i v e l y  t r a p  t h e  p r e c i p i t a t i o n  p a r t i c l e s  i n  t h e  

accumulation reg ion .  Any ~ r e c i p i t a t i o n  load equa l l i ng ,  o r  exceeding 

the  equiva len t  fo rce  of the  updra f t ,  could modify t h e  v e l o c i t y  p r o f i l e  

such t h a t  the  p r e c i p i t a t i o n  p a r t i c l e s  would be e f f e c t i v e l y  trapped. 

With knowledge of the  updraf t  a c c e l e r a t i o n  f a c t o r  A f o r  t he  l a y e r ,  
C 

an equiva len t  p r e c i p i t a t i o n  concent ra t ion  i n  g . ~ - 3  of l i q u i d  water  

can be ca l cu la t ed .  I n  t h i s  case ,  31 g . ~ - '  o r  more of l i q u i d  water  

equiva len t  would s u f f i c e .  

Thus i t  is shown t h a t  reasonable va lues  of p r e c i p i t a t i o n  

concent ra t ions  can produce a dampened updraf t  v e r t i c a l  v e l o c i t y  

p r o f i l e  c a ~ a b l e  of suspending, bu t  n o t  e l e v a t i n g ,  l a r g e  s i z e  h a i l -  

s tones  a t  a low l e v e l  i n  t he  cloud. 



1 CONCLUDING REMARKS 

General Conclusions 

There is  a c l e a r  t rend of increas ing windspeed magnitudes a l o f t  

wi th  increase i n  h a i l  production, ind ica t ing  t h a t  higher winds a l o f t ,  

e spec ia l ly  i n  t h e  middle l e v e l s ,  may be an important f a c t o r  i n  the  

production of h a i l .  The magnitudes of the  winds a l o f t  serve  a s  an 

index of the  amount of k i n e t i c  energy p o t e n t i a l l y  ava i l ab le  f o r  

l i f t i n g  low l e v e l  a i r  l aye rs  during storm a c t i v i t y .  

There i s  a c l e a r  trend of increas ing storm migration speed with 

increase  i n  h a i l  production. Storm migration speed i n  t h i s  region 

appears t o  roughly match the  middle l e v e l  winds. 

Computed values of mean v e r t i c a l  wind shear  f o r  the  l eve l s  above 

500 mb were approximately the  same f o r  a l l  categories of h a i l  

i n t e n s i t y .  Upper l e v e l  shear ,  therefore ,  was not  an important 

f a c t o r  i n  the  production of h a i l .  Below 500 mb, computed wind 

shear showed a systematic increase with increase  i n  h a i l  production, 

ind ica t ing  tha t  lower l e v e l  wind shear  i s  an important f a c t o r  i n  

h a i l  production. 

It is  near the  surface  where Newton's hypothesis of a hydro- 

dynamic in te rac t ion  mechanism was found t o  be important f o r  ha i l -  

storms i n  Northeastern Colorado. The e f f e c t  a l o f t  has been shown t o  

be i n s i g n i f i c a n t .  

I n  order t o  f ind  general agreement with the radar r e f l e c t i v i t y  

p r o f i l e s  which a r e  believed t o  show the  locat ion of p rec ip i t a t ion  

p a r t i c l e  growth zones a t  the  l e v e l  of maximum r e f l e c t i v i t y ,  v e r t i c a l  

v e l o c i t i e s  s u f f i c i e n t  t o  support l a rge  h a i l  must e x i s t  a t  t h a t  l eve l .  

It has been shown i n  t h i s  paper t h a t  thermal buoyancy alone appeared 

incapable of providing the v e r t i c a l  v e l o c i t i e s  required t o  support 

l a rge  h a i l  a t  the  500 - 400 mb leve l .  

It has been f u r t h e r  shown t h a t  the  process of hydrodynamic i n t e r -  

ac t ion of the  moving storm and a v e r t i c a l l y  sheared wind environment 

i s  capable of producing v e r t i c a l  v e l o c i t i e s  s u f f i c i e n t  t o  support 

l a rge  h a i l  a t  a lower l e v e l  i n  the  cloud. 



The model of  a ha i l s to rm s t r u c t u r e  capable of accumulating h a i l  

i n  t h e  lower middle of t h e  cloud r equ i r e s  a v e r t i c a l  v e l o c i t y  maximum 

beneath t h e  h a i l  zone i n  o rde r  t o  prevent  h a i l  from be ing  e l eva t ed  

i n t o  regions of normally g r e a t e r  v e r t i c a l  v e l o c i t y  a l o f t .  It has 

been shown t h a t  t h e  supe rpos i t i on  of reasonable concent ra t ions  of 

h a i l  and p r e c i p i t a t i o n  upon updra f t  v e l o c i t y  p r o f i l e s  der ived  from 

a c t u a l  cases  indeed produce such p r o f i l e s .  

Recommendations f o r  Future Research 

The p re sen t  research  has  examined the  in f luence  of t h e  

unperturbed wind f i e l d  on developing ha i l s to rms .  The i n t e r a c t i o n  

of a moving ha i l s to rm wi th  the  lower l e v e l  environmental wind w a s  

shown t o  be an important  f a c t o r  i n  t h e  f u r t h e r  development of t he  

storm. The assumption was made i n  t h i s  s tudy  t h a t  the  unperturbed 

winds d i r e c t l y  impinged on the  s torm masses. Severa l  important  

ques t ions  of relevancy a r e  : what e f f e c t  does the  developing 

s torm have on t h e  environmental wind f i e l d ?  What i s  the  poss ib l e  

r o l e  of t h e  s torm i n  inducing convergent c i r c u l a t i o n  systems beneath 

the  storm? How is  the  i n t e r a c t i o n  mechanism, as p r e s e n t l y  envisioned,  

a f f e c t e d  by pe r tu rba t ion  of t h e  environmental winds? 

It  i s  t h e r e f o r e  recommended t h a t  f u t u r e  research  focus upon the  

i n t e r a c t i o n  of t h e  s torm wi th  t h e  subcloud environment i n  g r e a t e r  

d e t a i l ,  with emphasis on the  e f f e c t  of t h e  developing s torm on t h e  

envi  r onmen t . 
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\ . '  
APPENDIX 

L i s t  of Symbols 

A = any v e r t i c a l  a c c e l e r a t i o n .  

A = v e r t i c a l  a c c e l e r a t i o n  of a  cloud updra f t  column due t o  a l l  
buoyant e f f e c t s  . 

A' = v e r t i c a l  a c c e l e r a t i o n  of a cloud updra f t  column modified t o  
inc lude  t h e  e f f e c t s  of an imposed accumulation of  l a r g e  
p r e c i p i t a t i o n  p a r t i c l e s .  

% = v e r t i c a l  a c c e l e r a t i o n  of an updra f t  column due t o  a l l  wind 
shea r  induced hydrodynamic e f f e c t s .  

1 aH 
t h e  v e r t i c a l  a c c e l e r a t i o n  of an updra f t  column due t o  the 

of non-hydrostat ic  p re s su re  with he igh t .  

A = dece le ra t ion  of an updra f t  column due t o  t h e  drag of an imposea 
accumulation of l a r g e  p r e c i p i t a t i o n  p a r t i c l e s .  

% = v e r t i c a l  a c c e l e r a t i o n  of  a  cloud updra f t  column due t o  a 
h o r i z o n t a l  temperature d i f f e r e n c e  between updra f t  and environment. 

! 

AT = t he  term A1, modified by t h e  inc lus ion  of entrainment considera- 
t i o n s .  

CD = t h e  drag c o e f f i c i e n t  f o r  the  flow of  updraf t  a i r  about a 
p r e c i p i t a t i o n  p a r t i c l e .  

D = storm diameter.  

d  = t he  p r e c i p i t a t i o n  p a r t i c l e  diameter.  

F = drag f o r c e  on the  p r e c i p i t a t i o n  p a r t i c l e s ;  equiva len t  t o  t he  
r e t a r d i n g  f o r c e  on the  updraf t .  

g = t h e  a c c e l e r a t i o n  of g rav i ty .  

H = K 1 / 2 p ~ i :  t h e  non-hydrostat ic  p re s su re  a t  any p o i n t  on t h e  cloud 

periphery a t  a  given l e v e l .  

K = t h e  hydrodynamic pressure  c o e f f i c i e n t .  

M = u n i t  mass of 1 kg. 

N = t h e  number of p r e c i p i t a t i o n  p a r t i c l e  i n  t h e  volume occupied by a  
u n i t  mass of updraf t .  

P = t o t a l  p ressure  of an updra f t  column; i . e . ,  t h e  h y d r o s t a t i c  pressure  
p lus  the  non-hydros t a t i c  (hydrodynamic) pressure .  

P = pres su re  of t h e  environment. 
e  

Ph = h y d r o s t a t i c  p re s su re  component of P.  



L i s t  - . of Symbols (continued) 

Re = Reynolds Number. 

T = temperature of t he  updra f t .  

T = mean l a y e r  temperature of t he  environment. e  
u  = t he  zonal component of wind v e l o c i t y .  

v  = t h e  meridional  component of wind v e l o c i t y .  

V = i n i t i a l  v e r t i c a l  v e l o c i t y  of t he  updra f t  a t  t he  base of a  l a y e r  1 
of i n t e g r a t i o n .  

V2 = f i n a l  v e r t i c a l  v e l o c i t y  a t  t h e  top  of t he  l a y e r .  

VC = mean in-cloud h o r i z o n t a l  v e l o c i t y .  

V = environmental wind v e l o c i t y .  e  
V = r e l a t i v e  wind v e l o c i t y  wi th  re ference  t o  a  moving storm. 

R 
V = terminal  v e l o c i t y  of p r e c i p i t a t i o n  p a r t i c l e s .  T 
w = t he  v e r t i c a l  component of wind v e l o c i t y .  

L1 = v e r t i c a l  coord ina te  of t he  base of a  l a y e r  of i n t e g r a t i o n .  

Z2 = v e r t i c a l  coordinate  of the  top of t h e  l a y e r .  

AT = the  temperature d i f f e r e n c e  between the  updraf t  and i t s  
envi  ronmen t . 

'a = t he  dens i ty  of t h e  updraf t  a t  a given l e v e l .  

e  
= t he  dens i ty  of t he  environment a t  a  given l e v e l .  

'i 
= h a i l s  tone dens i ty .  

p = t he  kinematic v i s c o s i t y  of a i r .  

au .-- - 
a P - v e r t i c a l  shear  of t he  zonal  wind expressed i n  pressure  

coord ina tes .  

a' = v e r t i c a l  shear  o f  .the meridional  wind expressed i n  p re s su re  
aP 

coord ina tes .  




