
'FOLIO 
TA1 
ct) 
cee-~4-~~ 
erp· ;i.-

HAILSTORMS IN THE HIGH PLAINS 

by 

Richard A. Schleusener 

and 

August H. Auer, Jr. ~ · 
\ . - g 

n 
c/> 

~ ~ i.:; 
.. t ~ <. g._ C,) 

- :.::. 0 
Final Report, NSF Grant G-2 rt6 :::::: ~ 

Research supported by the Atmospheric S ience ~rogram 
National Science Foundatio 5 , 

c...> • 
L----·-J 

with supplemental support of 
Crop-Hail Insurance Actuarial Association 

Dscember 1964 

Civil Engineering Section 
Colorado State University 
Fort Collins, Colorado 

CER64RAS36 



I. Purpose . 

II . Abstract . 

III. Summary of Project 

Summary of Sponsorship 
List of Project Publications 

IV. Instrumentation and Data Collection 

Cooperators 
Newsletters 
Highway Patrol 
Indicators 
Rainfall Data 
Radars 
Aircraft 
Generators 

V . Project Res ults . 

TABLE OF CONTENTS 

A. Characteristics of Hailstorms in the Colorado State Unive rsity Network, 1960-64 
B . Radar Climatology of Hailstorms 
C. Pos ition of Hailfalls with Respect to Radar Echoes 
D. P hysical Characteristics of Hailstones 
E . Dr oplet Concent rations in a Few Young Cumuli 
F . Effects of Terrain and Low - Level Wind on Hail Genesis 
G . Meteorological Parameters and Hail 
H . Hailfall Data from a Fixed Network for Design of Hail Modification Experiment 
I. Autocorrelation and Regional Correlation of Summer Ra infall 
J. The Vertical Dis tribution of Aitken Nuclei in the Vicinity of Fort Collins, Colorado 
K. Radar Studies 
L. Des ign of Seeding Experiment, 1964 

VI. Conclusion and Recommendations 

VII. Continuing Studies 

Proximity Flights 
Condensation Nucl ei 
Wind Flow 

VIII. Appendices 

-P age 

1 

2 

3 

7 

15 

16 

A. Instrumentation and Data Collection 18 
B. Characteristics of Hailfalls in the Colorado State University Hail Network, 1960 - 64 32 
C . Radar Climatology of Hailstorms in and near Northeastern Colorado, 1961 - 64 39 
D. Position of Hailfall s with Respect to Ra dar Echoes .. . 50 
E. Physical Characteristics of Hailstones 55 
F. Effects of Terrain and Low - Level Wind on Hail Genesis Areas. 69 
G . Meteorological P arameters and Hail Occurrences 72 
H. Radar Studie s . 89 
I. Design of Seeding Experiment, 1964 99 



HAILSTORMS IN T HE HIGH PLAINS 

I . PURPOSE 

The purpose o f this report i s to provid e a 
writte n s ummary of the progress made on a study 
of hails tor ms in the High Plains during the pe riod 
1960 through 1964 in northeastern Colorado. Pri 
mary support for these studies has been provided by 
the Atmospheric Scienc e s program of the National 
Science Foundation, with supplemental support of the 
Crop-Hail Insurance Actuarial Association and the 
Great Western Sugar Company, and thi s support is 
h ereby gratefully acknowledged. 

Ini tial studies of hailfalls and h a il suppression 
a ttempts began in 1959 when the principal investiga 
tor observed a commerical hai l suppression program 
in northeastern Colorado and conducted an evaluation 
of it. While the results of that evaluation were 
m ildly favorable (s l ight indications of less hail and 
more rain ) i t was r ecognized that additional basic 
r esearch of the hail proble m was necessary prior to 
ini tiating a large-scale suppression experiment. The 
hai l storm studies from 1960 th rough 196 3 were to 
dete rmine the chara cteri stics of hails torms and to 
devise appropriate procedures for a s c ientific hail 
suppression experiment . 
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This r eport is a s ummary of these bac k 
g round studies , and includes information on hail 
s torms and hailfalls, and studies which have been 
m ade in the d esign of the ha il suppression experi 
m ent which was begun in 1964. 

This :-eport is intended as a written r ecord 
of these studies , with the hope that they provide the 
backgr ound data on which fu ture nai l suppress ion 
re search can b e continued. 

Acknowledgement is due to the many c oopera
tive observers in northeastern Colorado who have 
provided informat10n on r a infalls and hailfalls, d ata 
fr om which many of the results reported her ein 
have be e n d erived . 



II. ABSTRACT 

T he ins trume ntation and data collec tion system 
us ed in hailstorm studies in northeastern Colorado 
fo r the pe riod 196 0 through 1964 is d e scribed. Basic 
data were derived from coope rative obs erve rs and 
passive hailfa ll indicators to obtain information on 
r ainfa ll and hailfall to supple m e nt the existing sta 
tions. Syste matic efforts were made through news 
letters to inform people in the area of the re search 
work b eing conducted. In 1964, as s istanc e was given 
by the Colorado State Highway Pa tro l in r e porting 
r ainfalls and hailfalls , whi ch proved to b e particular 
ly va luable in establishing negative r e ports of hail 
falls. 

A variety of radar equipment was used to 
establish rada r characteristics of hailstorms. C loud 
s eeding on selected thunde rstorms was done with 
silver iodide ge ne rators in 196 2 and 196 3 in lim ited 
cases . These r esults are reported s e parate ly.* 

The main body of the r e port gives a summary 
of project reports in abbreviated form, and d etailed 
r esults are given in separate ai:pendic e s. T he r e por 
ted r esults are thos e of a ba c kground nature on the 
characteristics of hails torms and rains torms, and the 
associated physical studies that have b een made in the 
pe riod 1960 through 1963 for the purpose of e stablish 
ing the n ecessary background idormation for a scien
tifi c hail suppres sion expe r i m e nt to b e conducted in 
northe astern Colorado. 

The data obtained indicate that such an ex pe ri 
m ent cannot b e conducted on the basis of target and 
control areas, but mus t b e conc ucted by studies of the 
c hange s in hailstorms as a function of time during 
their lifetime. 

Additional physica l stud:es are continuing , as 
well as continuation of th e hail s uppre ss ion experi
m e nt, which was begun in 1964. 

A d etailed r e port of the results of s eeding 
of ind ividual thunders torms is being pre pared as a 
s e parate r e port. 

*Schleusener , R . A., and Sand, W. Summary of Data Fr-om T est Cases of Seeding Thunde r storms 
with Silver Iodide in Northeaste rn Colorado , 1962 -6 3 - 64. P rogress R eport, NSF GP-259 4. December 1964. 
CER64RAS35 . 
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IV. INSTRUMENTATION AND DATA COLLECTION 

In 1960 Colorado State University conceived 
the idea of a cooperator network composed of the 
r anchers and farmers residing in nor theastern 
Colorado. The cooperator network has expanded 
fro m 300 vo lunteers in 196 0 to 500 volunteer repor -
t ers by 1964 . Observers were requested to give in 
formation on date, time , and loca tion of hail occur 
r ence . Othe r information of crop damage , frequency 
of lightning, color and shape of hail was also r eques -
t ed . Newsletters , de fin;_ng obj ectives for the up
co ming season, were issued twice each y ear and 
s tress the importance of the obse rvers' r ain and 
hail r eports in the Colorado State University network. 

In 1964, the observing n etwork was expanded 
by utilizing the mobility of Colorado State P atrol. 
State patrolmen as sisted by completing a reporting 
form each day , giving detail s of r ain and hail encoun 
tered du ring their patrols. T hese reports were par 
ticularly valuable in establishing negative r eports of 
hai l occurrence . 

As an aid in the evaluation of the hail suppres -
sion project, a hail-indicating d evice, yielding hail 
energy input per unit area was developed in 1959 at 
Colorado State University . This statistic of energy 
was considered to be a better measure of hail inten 
s ity than crop damage . D etailed information on hail 
fall has b een obtained in northeastern Colorado by 
establishing a network of these hail - indicating d evices. 

Supporting observat ions of daily rainfall data 
fo r northeastern Colorado have been collected for the 
1960-6 4 seasons through networks of U.S . Weather 
Bureau raingages, standard eight inc h raingages 
ope rated by Great Western Sugar Co., and standard 
a nd r ec_ording eight inch raingages installed and 
o perated by the Colorado State University hail r e 
s earch proj ec t. 

In conjunction with the weather modificat ion 
studies carried on by Colorado State University five 
s eparate radar systems have been utilized . These 
systems we r e a n Atmosphe rics Incorporated 3-cm 
surveillance r adar, M - 33 acquisition radar , M - 33 
tracking radar , a modified SO-12 radar, and an Air 
Force C PS -9 surveillance s ystem . In or d er to estab 
lish a quantitative m eans of determining storm inten
s itie s from radar d ata, all r adars systems, except 
the M - 33, were calibrated for the 1960 - 64 s easons . 

Several aircraft we r e utilized for th e weather 
modification attempts in 1962-64. During the pilot 
s tud ies conducted in 1962 a nd 1963, airborne seeding 
was accomplished using a C essna 180 aircraft . In 
1964, a d eci sion was m a de to utilize North American 
AT-6 's for the aircraft seeding and corrollary air 
craft operations of weather r econnaissance and photo 
graphic documen ation . 

All cloud s eeding ac t ivity during the 1962-64 
s easons was conducted by m eans of airborne silver 
iodide generators . The seeding e quipment used in 
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196 2 was an airborne non-combustion type silver 
iodide generator; the r e lease rate of this ammonia 
s ilver iodide generator was approximately 3. 1 grams 
of silver iodide pe r minute. T he rapid evaporation of 
a mmonic. droplets r e l eases silver iodide crystals 
in to the air from the aircraft. Production of artifi 
cial ice nucle i effective at - 20°C was a t a disappoin 
t ing low rate of 5 . 0 x 10 1 2 nuc lei pe r gram of silve r 
iod ide . 

The equipment used for seeding in 196 3 was 
a n ai r borne silver iodide generator patterned after 
th e Fuquay model , consuming approximately 8 . 3 
grams of silver iodide pe r minute, using (appropria 
t elrJ a 6% solution. This generator produced 1 . 7 x 
10 art ificial n uclei per gram of silver iodide , 
effective at -2 o0c. 

In 1964 a Lohse generator was used as the 
primary seeding equipment. The two generators 
us ed in 1964 bur ned 7. 7 and 6. 3 grams of silver 
iodide per minute, again using (approximately) a 6% 
solution. This generator is unique in that it contains 
no mechanical moving parts necessary for combus -
tion of the a ce tone and silver iodide solution, but 
ra the r u:ilizes- the flow of air through the generator 
to supply solution fo!'.' steady combustion. The Lohse 
generator is conside r ed highly effici ent, yielding 
approxinately 1015 artificial nucle i per gram of 
silver iodide, effect: ve at - 20°c . 



V. P ROJEC T RESULTS 

A. CHARAC TERISTICS OF HAILSTORMS IN THE 
COLORADO STATE UNIVERSITY NETWORK , 
1960 - 64 

Ha il occurrences during 1960-64 were ana 
lyzed to show the characteristi cs of hailstorms as 
observed ove r the Colorado State University hail 
network in northeastern Colorado . Voluntee r obs e r 
vers a nd hail indicators we re the primary source of 
information from the network . This abstract sum 
m arizes some of the information ob ta ined from this 
da ta collection sys tem . 

Investigations of the times of ons et and dura 
tion of hailfa ll r eveal that for the 1960-64 pe riod 
near ly 20 per cent of all reports of hai l occurrence 
li e between the hours of 1600 and 180 0 MST ; i n Ma y 
and June most hailfall occurs between 1600 and 1700 
MST, and by J uly the times of onset moves to 1700 
to 1800 MST. Most repo rts indicate that 25 pe r c ent 
of the ha ilfalls have a duration of 10- 15 minute s , and 
appr oximately 80 pe r c ent of the hail r e ports have a 
duration less than 20 minutes . 

Information on percentage of ground covered 
and hailfall depth was also obtained . D ata were 
bias ed by observer prefe renc e for r e porting common 
pe r centages, i.e ., 50 , 75pe r c ent. Approximate ly 
20 percent of the repor ts indicated tha t the ground 
wa s totally cover ed with hail, and when this occurred , 
the depth of hail was two inches o r less 70 per cent 
of the time . 

Nearly 85 per ce nt of the cooperator hail 
showed the most common stone size equa l to or less 
tha n 1/2" in diameter . However , 60 per cent of the 
m aximum stone s ize obs erved was between 1/ 2" and 
3/4 11 d iameter . If the stone size is compared by 
m onth s for the fi ve year period , it appea rs that the 
most common s tone size for June and J uly is 1/4 " 
large r in diameter than the 1/ 2" d iame ter stones in 
May . In consid e r ing the maximum stone size , both 
May ·a nd June show a frequ en cy of 6 5 per cen t fo r 
maximum stone sizes between 1/2" and 3/4" dia 
m eter, while in J une the frequ ency drops off to 25 pe r 
cent in this size r ange . 

Value s of i m pact energy were computed on the 
basis of obse rved size distributi on of d ents on hail 
indicators in the Colorado State University network. 
For the five year period, nearly 40 pe r cent of all 
r e ports indicated impact energies equal to or less 
tha n 10 f t - lb pe r sq ft. Greate r val ues (up to 2800 
ft - lb per sq ft) a l s o occurred, but at small fr equen 
cies . 

Radar trac ks and speed of movement of echoes 
known to produce hai l were compared to the e nviron
m ental field. Generally all movements of hai lstorms 
in May , J une, and J uly was from the southwest , but 
w ith a dec r eas ing fr equency later in the s eason . The 
cha nge to mo ve m e nt from the northwes t later in the 
s eason is only s light. T his diffe r en ce , though slight, 
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i s be lieved ca used by the changing synoptic pa tterns , 
i. e ., a cha:ige from co:d-fronta l passages and un 
stable waves in May to surface heating and cooling 
aloft i n J une and J uly. Most hail tracks moved in a 
direct io n clockwis e fro m the upper - leve l wind di rec -
tion . J une shows the greatest clockwise movement 
of hail tracks with respec t to wind direction. Speed 
of the ha il tracks was usually faster than that of the 
14 , 000 ft wind. Speed of hail tracks were less than 
the wind speeds at 18,000 feet and only slightly n ega 
tive above . 

B . R ADAR CLIMATOLOGY OF HAILSTORMS 

This study is direc t ed t oward the determina 
tion of hailstor m ge nesis areas, subsequ ent tracks of 
these hailst::Jrms , and knowledge b ene fic ial to possible 
m odification attempts o: these hailstorms . 

Colorado State University began this study in 
1961 using a 3. 2 cm-wave length radar system fur 
n : shed by Atmospherics Incorporat ed of Fresno , 
C alifornia. Radar surveillance was expanded during 
the 196 2- 64 seasons with the addition of a ve r t ica l 
s canning system operated by CSU and a CPS - 9 system 
located at Lowry Air Force Base , Denver . Both the 
Atmospherics and the CSU radar sys:ems were loca 
t ed near the center of tte CSU hail ne twork at New 
R aymer, C olorado . Sixteen - millimeter time laps e 
rr.otion pictures of the PPI scope provided a perma 
n ent re cord of the 80 nautica l mile r adar range of 
the Atmospherics surve illance system. 

E choes tha t passed th rough the Colorado State 
University t a il r e cording networ k wer e classified as 
hail producers if ha il r eports were received from the 
C SU hail r e porting network. Echoes outside the net 
work were c lass ifi ed by comparing a plot of precipita
tion echoes with similar plots of insurance claims, 
local newspape r r e ports, and word - of-mouth r e ports 
tha t were obtained from CSU fi e ld personne l in t he 
ar ea . 

T he radar data from the pe riod 196 1-64 te nd 
to confirm the follo wing observations in the High 
P : a ins hails :orm in northeastern Colora do. 

In 1962 there were more echoes which produce d 
ha il and these echoes developed c loser to the Rocky 
Mountains . In 1961 , 1963, and 1964 the genesis o f 
ha ilstorms was more wide ly dis persed with the least 
number of hail echoes forming in 1964 . 

The fr equency of initial location of rada r 
echoes which later produc ed hail is gre ate r i n areas 
of r apid change of e le va tion of terrair: tha n in flat 
t e r rain. 

Individua l r adar e cho plots indicate a general 
c hange in d i r ection of storm movements during the 
season;in May and J un e echoes move from the west 
or southwest, whi le in J uly they travel from the west 
or northwes t . From the 196 2 hail damage r e ports, 



it appears that movement from the southwest is 
characteristic of high ha il frequen cy . 

T he percentage of tota l number of e choes that 
are hailers is seen to vary only slightly from y ear to 
year. 

The pe riods of late June and ear ly July have 
the greatest percentage of h ai lers when compared to 
the total numbe r of echoes cataloged. 

These results provide a subs ta ntia l beginning 
of d eveloping factural knowledge concerning th e 
cli matology of hailstorms and informa ti on on their 
physical characteris tics . With the con ti nuation of 
data collection , it is hoped that these r esults may b e 
further strength en e d . 

C . POSITION OF HAILF ALL WITH RESPECT TO 
R ADAR EC HOES 

Radar PPI d a ta available for northeastern 
Colorado for 196 1- 64 were analyzed with concurrent 
information on hail from cooperator - observers of the 
Colorado Sta t e Unive rsity hail network. The positions 
of the hailfalls were clas s ifi e d into one of the four 
s ectors of a rada r echo : l e ft front, l eft rear, right 
front , and right rear. For each of the ha ilfalls tha t 
occurr ed in these four sectors, the following da ta 
were obta ine d from the surface network: 

1 . Maximum stone size 
2 . Most common stone s i ze 
3 . Hail impac t energy 

The m ean and maximum values of these parameter s 
for each of the four sectors and the numbe r of cas e s 
within each sector were then d etermined . Since the 
frequency of occurrence of the m axima of the above 
parameters gives a measure of the relative fr eque ncy 
of hail withi n each sector, it also was determined. 

The results indicate that ther e is a favor ed 
tendency for hail on the right-hand side of the radar 
precipitation ec ho . While the most common and maxi 
mum stone sizes show little variat ion b etween sec 
tors , hail impact energy number is consid erably 
greater in the right - hand sectors, both in the m ean 
and maxima. D uring June and July the frequ e ncy of 
occurrence of maxima of the hail parameters li es i n 
the right-hand sector , while for May the freque ncy 
is nearly equal for both the l eft and right -hand sec
tors . 

It thus appears that the right -hand side with 
r espect to cell moveme nt is favored for t he occur 
r ence of ha ilfall as characterize d by the mos t com 
mon stone size, the maximum stone size , and the 
ha il impact energy. 

D . PHYSICAL CHARACTERISTICS OF HAILSTONES 

E ight ha ilstone paramete rs were d e termined 
from s ample s of hail collected in Colorado during 
th e summer of 196 2. The m ean and variance of each 
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ha ·1stone paramete r was d eterm~n ed by va rious 
gr ouping s of g eographica l area and time of y ear. 
C orrelation coeffici e n ts betw een the hails tone 
parameters were d etermined. An analysis of var i
ance us ing th e "F" test was applied to d etermine 
significant difference of hailstone parame te rs 
b etween months and g eographic areas. 

The ave rage hai lstone for the summe r of 
196 2 had the following m ean pa rame ters : 

Siz e (diameter) 
Shape hailstone 
D ensity 
Ic e crystal volume ratio 
Numbe r of dry growth rings 
Number of wet growth rings 
Diameter of embryo 
Shape of embryo 

1. 83 centimeters 
Spheroid or ellipsoid 
.888 
1 

0. 8 centimete rs 
Spheroid or ellipsoid 

On a s easona l basis, Ma y ha d th e smalles t 
m ean hailstone diameter and J dy had the largest . 
J un e had the least d e ns e hailsto nes and J uly had the 
most d e nse hails tone s. The other hailstone parame 
ters (ice crystal volume ratio , embryo diameter, 
and the nu mber of wet and dry growth rings) varied 
little during th e summe r. 

An analysis of variance us ing the F test and 
stud e nts "t" t ests show ed that the re wer e significant 
seasonal d ifferences in hailsto:1e dia meter and d e n
s ity. 

E. DROPLET CONCE NTRATIONS IN A F EW YOUNG 
C UMULI 

The continuous formvar sampling t echnique 
of Me teoro logy R esearch, Inc , Altad e na, C a lifornia, 
was u sed to obtain cloud drople t sample s from 
r egions less tha n 600 m eters above the bas e of ne wly 
developed cumulus clouds ne a r Fort Collins, Colo
rado. Simultaneous recordi ngs of the rate of climb, 
temperature, turbulenc e , liquid water conte nt, and 
a ltitude were m a d e with a special eight channe l 
Brush r e corde r. Only data from the non - fr eezing 
portions of the clouds were analyzed. 

Ana lys es were m a d e cf the droplet conc entra
tion variations and the liquid water content variations 
a s the clouds were transversed. Relationships 
between a ll of the above m ea s ured quantiti e s were 
also presented . 

These clouds that were sample d did not appear 
to b e capable of produc ing rain by coalesce nc e and 
d iffusion in the non-freezing portion (l ess than 1000 
mete rs thick} of the clouds a ccording to presently 
a ccepte d theori e s . 

Samples of droplets concentrations were 
taken near the base of young cumulus clouds. Th e 
pos ition of the samples and the age of these clouds 
influe nced the r esults that we r e obtained . 

The study of the liquid drople t concentration 
variation r e vealed the following : 



a . Small scale variation of droplet concentration 
in the main part of the cloud was indicated to 
be between 6 to 20 meters . Changes in drop 
let growth conditions seemed to occur at 
r egions greater than 6 meters apart but l e ss 
than 20 meters apart. Varia tions between 
r egions more than 20 meters apart were 
always present. At the edges of the clouds, 
turbulence and mixing caused variations on a 
s cale that was less tha n 6 meters. 

b. D ecrease of droplet conc entration was 
observed over d istanced of 1 0 to 400 m e ters 
a t the edges of clouds. These regions were 
r eferred to as transition r egions and were 
caused by the mixing of drier air surrounding 
the cloud with the saturated air causing d rop
lets to evaporate . This type of observation 
was not possible with a "single shot" cl o ud 
dro plet sampler . 

c. Transition regions of some of the clouds 
s ampled containe d a larger pe r cent of the 
s maller diameter clas s of droplets than the 
m ain body of the cloud and a smaller pe r cent 
of th e larger classes than in the main body of 
th e cloud . This indicated that droplet growth 
was d ecreased in the transition regions due to 
m ixing of unsaturate d air with the c l o ud r egion . 

d . Cloud passes that terminate d with the high 
d roplet counts were ob served to have a h igh 
per cent of smaller droplets than the main 
body of the cloud. These smaller droplets 
evaporate d faster leaving a more distinct t er 
m ininatmg point of the cloud than would have 
o ccurre d if more larger d roplets were present. 

e. T h e larger, more d evelope d clouds generally 
have a higher per cent of the total concentra 
tion in the larger two classes of drople ts. 

I 

f. The r e was an indication of a decrease in the 
m ean droplet radius as the average concentra 
tion increas e d which indicated a decr easing 
droplet growth rate. 

g . An increa se in c l oud width gave a general 
increase in droplet concentration which pos 
s ibly corresponded to an increase in cloud 
a ctivity. Greater d ropl e t g rowth (higher per 
c ent of larger d roplets ) was also associated 
with greate r cloud wid th. 

h. Some of the cumulus clouds had peak concentra 
tions of 600 to over 1000 droplets per cubic 
centimeter whi le smaller clouds had conc en 
trations of only 400 (or l ess) drople ts per cubic 
centimeter . Concen rations as high as this 
have been found only rare ly by o ther investi 
gators. Average maritime c loud drople t con 
c entrations have b een given as 100 droplets 
per cubic c entimeter or l ess . T wo of the 
s ampled clouds did not have any apparent 
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p eaks . L arger c louds g e ne rally ha d larger 
average concentrations. 

i. An increase in updraft v elocity indicate d an 
increase i n droplet concentration. This 
would correspond to a higher maximum super 
s aturation whi ch resulte d in a larger number 
of activated nuclei. 

The droplet d iameters ranged from 4 microns 
to 20 microns with a mean diameter of 8 
microns . 

k. The ave rage liquid water content of the larger 
clouds that were sampled was O. 5 to O. 6 g/m 3 

(measured directly and compute d from the 
d roplet dist r ibution) while the smaller clouds 
gave 0 . 1 to 0. 3 g/m 3

• 

F. T HE EFFECT OF TERRAIN AND LOW -LEVEL 
WIND ON HAIL GE NESIS 

In 1961 and 196 2 a study was made in an 
effort to determine what effect the topography of 
northeastern Colorado had on the genesis locations 
of storms that later beca□e identified as hailers . 
During the first two hours of operation each day, th e 
lo cation of new radar echoes genes is areas was r e 
cord ed. The genesis po int for the convective ce ll 
was arbitrari ly determined t e n miles upstream from 
the first radar echo. At this genesis point, and at 
four additional poin ts located in th e cardinal di rec -
tions, a measure of the amount of low - l eve l lift pro 
d uced by topographic effe:::ts was computed. The 
topographic lift equals the elevation diffe rence in feet 
per mile times the wind velocity in miles per hour . 
Fo::- topographic lift to be a significant factor in cloud 
for mation, the lift difference between the genesis 
point and the four surrounding points must b e positive . 
For both 1961 and 196 2 , a comparison was then made 
of this lift parameter at the genesis point and with the 
average of the four surrounding points. The results 
of the study indicate that it i s not possib l e to use 
the topographic lift factor for the prediction of areas 
of first d e velopment of hail-bear i ng thunderstorms. 

G . METEOROLOGICAL PARAMETERS AND HAIL 

An investigation was m a de of certa in meteoro
logi cal parameters and t:-1e occurrence of hail in 
northeastern Colorado, inclu ding a comparison in the 
intensity of hail fall during the 1960 -6 4 period and 
th e mean flow patterns at 70 0- mb; the presenc e of a 
je: m aximum overhead and the o ::: currence of hail; 
relationship of the 500-mb west wind and the occur
rence of hail in the lee of the Rockies; and the 
development of a h ail forecast equation utilizing com
puter t echniques . 

T he years of the study were classified according 
to th e hail intensity observed an::! the following rank
ing r esulted : 1962 , 1960, 1963, 1964 and 1961. The 
difference i n intensity of hail among 1963 , 1964, and 
1961 is very small. The most severe hail year 



occurred in 1962. 

Th l' mean 700-mb charts for the hail season 
during the 1960-64 pe riod were examined. During 
1962, th e long wave trough position lay approximately 
400 nautk :11 miles west of northeastern Colorado; no 
other y ea r in the 1960- 64 period has had such a favor
able me:in position of the long wave trough. 

In 1960 , the year which r anked second in hail 
occurrence, the 700- mb mean long wave was dis
placed c:i::<l of northeastern Colorado, allowing north
westerly flow to dominate. It is thought that thunder
s torm fonn:ition during this period was the result of 
surface ~\ i nn:iss heating with cooling aloft; also 
thunderstl,1·m activity occurs in the center and slightly 
west of the mean trough l ine . 

The year 19 63 gave marked changes in the 
u pper flow µ::itterns . Ha il intensity decreased during 
the y ear::; of 1963, 1964, and 196 1. The predominat
ing fe at111·c• on the m ean 700-mb charts was the west
ward intrn sion of the subtropical high pressure into 
r egions ::;l1utheas t of Colorado. The effect of subsiding 
air du e to the subtropical anticyclone overcame any 
t endency fc1r large areas of upward vertic al motion. 
A slight:· stronge r intrusion of the subtropical high 
remained during the 1964 season . Thunderstorm 
activity in both 1963 and 1964 was limited to short 
wave pas,:;:1gcs over northeas tern Colorado . Conse 
qu ently, tl1<' ent ire Plains area of Colorado was sub 
j ected to sc'\·ere drought conditions during 1963 and 
1964 . 

A third synoptic pattern developed during the 
hail season of 196 1. The mean 70 0-mb charts i ndica 
ted one h11 <i -wave position 1, 000 nautical miles east 
and ano thl't· 1, 500 nautical miles west of Colorado . 
The sub trl1pical high pressure zone was not as influen
tial as in p1·evious dry years; still 1961 ranks as a 
low hail o,.:urrence year. 

No direct reference is made to the existence of 
low level 1:10isture needed for thunderstorm genesis; 
however, :.1~ supply of available moisture is governed 
by the st;c,l,ility and flow patterns mentioned above. 
For exami•k, the presence of troughing to the west 
u sually l'l'S~1lts in weak cyclogenes is in southeastern 
Colorado,,:· southwestern Kansas , thereby feeding 
Gulf mois:·.1:·e into the Plains of Colorado. 

An :malysis of vertical wind profiles was m ade 
for days l,:· severe, moderate, and no hail occurrence 
for the pc':·:,,d 15 May - 31 July , 1960 -6 3. Subjective 
analysis \\ .,s used to classify the daily hailfall intensi -
ties. · 

It \\ .1s found that the presence of a jet maximum 
overhead ,, :· 50 knots during l\1ay and J une coincided 
with the c-:,:1rrence of severe hail damage . In J uly 
this m a:-...i:::::::1 speed fell to 40 knots . Values of the 
wind spec.: .-:._oft for days v:ith moderate ha il exhibited 
slightly s:,,-.\· ~r winds between 40 and 50 knots. A 
primary ,::::·:culty in this study was the inability to 
find a wi1:.: ,,:·ofile which distinguished days of moder
ate and n0 :-.:iil occurrence. In summary, there does 
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a ppear to be a slight tendency for the occurrence of 
hail to favor the wind profiles with faster winds at all 
altitudes to 60,000 fe et MSL. 

An additional study was concerned with the rela
tion of the oc currenc e o: hail during May, J une, and 
J uly in the lee of the Ro :ky Mountains and the l atitu
dinal distritution and strength of the 500-mb west 
wind component along 110 degrees west longitude . 
The la titud inal pos ition of relative maxima and minima 
offers some encouragement for possible use of a 
time-section of zonal wind speed as a forec asting aid, 
p rovided some relationship can be found between the 
zonal weste::-ly wind and the weather phenomenon for 
which forecasts are desired. 

Time sections of the zonal wind speeds at five 
degree latitude intervals along : 10 degrees west 
longitude were prepared for the seasons of 1959 
through 1964 . The data were examined for a qualita
tive relationship between the zonal winds and weather 
phenomena, such as the number of hail reports or the 
number of hail-producing thunderstorms. 

For the purposes of this tudy, a hail day with
in the Colorado State University observing network 
was defined, prior to 1962, as a day on which there 
were three or more reports of hail occurrences in 
northeastern Colorado; for the years 196 2 and after , 
a hail day v.as defined as a day on which two or more 
r adar echo s were classified as hailers. 

Data for the OOOOZ 500-mb west wind calcula
tions was obtained from the U . S. Weather Bureau 
Daily Weather Map. These west wind components 
were comp&red with the normal values obtained from 
the U.S. Weather Bureau Technical Paper ro . 21. 
Since 14-fo~d variations and departures ranging from 
13 percent of normal to 17 6 percent of normal were 
found , it i s evident that a method of comparison is 
necessary which is not influenced by the year - to
year variation in the st::-ength of the zonal wind com 
ponent. 

The f::>llowing procedure was used to define a 
difference in departures from r.ormal in the westerly 
wind compcnent along 110 degrees west longitude : 

where 

E (x - x' ) H _ E (x-x'} NH 

nH nNH 

t:, = difference in departures from normal of the 
geostrophic 500-mb west wind components 
along 110 degrees W. 

x = 500 -mb west wind component fo r a particu
lar day . 

x' = mean 500-mb west wind component deter
mined from U.S. We ather Bureau Techni
c al P aper o . 21. 

n = number of days . 



T he subscripts of H and NH refer to days of hail and 
no ha il, respectively . This parameter t::,. was used in 
s tudies of hail occurrences in the Colorado State 
University network . 

In order to determine the changes that took 
place before a hail event, the values of t::,. were com
pu ted for the day of hail occurrence (D), for the first 
day prior to hail (D-1), and for the second day prior 
to ha il (D-2). 

F or the months of May and June, a gradual in
crease of the west wind component is found in the 
latitudes south of the hail occurrence areas, namely 
40 to 30 degrees north. At D-2, there i s a distinct 
minimum, increasing to near normal for D-1, and 
finally progressing to a most obvious maximum value 
t::,. for the day of hail, D. 

This variation of t::,. with time suggests a wind 
regime in which above normal westerly winds appear 
in lower latitudes without exhibiting continuity from 
higher latitudes . Such an explanation could be that of 
the passage of a 500-mb trough over the 110 degrees 
west longitude. Wind distributions around a trough 
would account for the latitudinal fluctuations of f:::... 
Another possible explanation is the progres s ion of the 
no rthern edge of the subtropical jet to latitudes of 30 
to 35 degrees north (May and June). 

In J uly the values of t::,. do not deviate more than 
four knots from the normal, suggesting either a de
c rease in westerly wind component or an increase in 
northerly wind component for days with hail in July. 

T he tendency for an increased Gradient40 
(change of t::,. at 40 degrees north) is evident in each 
month . 

T he foregoing discussion illustrates specific 
features that appear to be favorable for hail occur
rences : 

1. P assage
1 
of a relative velocity maximum in 

Colorado in May and June. 

2. An increase in the positive anomaly south 
of the l atitude of hail occurrence . 

Neither of these features is found to hold true for hail 
occurrences in J uly. 

These results indicate the importance of in
cluding the broad-scale circulation in connection 
with studies of local phenomena such as hail. 

In efforts to produce a hail forecast equation, 
a stepwise screening regression technique was 
utilized to find meteorological parameters associated 
with hailfall in northeastern Colorado. The stepwise 
equation is of the form : 

whe re Y = log
10 

E , E b eing the maximum 
max max 
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hail impact Ecnergy (ft-lb/ft2) expected; and Xn is the 
appropriate meteorological parameter . A complete 
listing of the constants a?:1d meteorological parameters 
is found in Appendix G. The m eteorological para
meters were divided into groups representing hailfall 
during 15 Mc.y - 30 June, and during 1- 31 July. The 
equations were derived from data gathered in 1960-
1 9 6 2 . Hail forecasts were then made using inde
penden t data from the 1963-64 s easons . These fore 
casts were then compared to the actual maximum hail 
impact energy observed over the Colorado State 
University hail reporting network. 

A paired t test was used to exa:nine the hypo
thesis that no difference existed between the forecast 
and observed hail impact energies. When considering 
either the fo r ecast for all days (1 55 samples ) or only 
those in which the forecast hail impact energy exceed 
ed 10 ft -lb / f: 2 (80 samples ), it was found that a 
difference, significant at the 5 percent level, did exist; 
hence, it wa3 concluded that use of the stepwise 
regression equation did not result in a satisfactory 
hail forecasting equation. 

H. HAILFALL DATA FnOM A FIXED NETWORK 
F OR THE EVALUATION OF A HAIL MODIFI
CATION EXPERIMENT 

Hailfall data collected fro□ a fixed network in 
northeastern Colorado during three seasons (1960-
62) included the estimated impact energy, duration 
of hailfall, r:i.ost common stone size, maximum stone 
size , and number of stones pe r square inch. These 
basic data, X, along with the transformations, lnX, 
,/x, and 1/X, were analyzed by computer methods to 
de termine which parameters could be used in a sta
tis tical anal:1sis of a hail suppression experiment. The 
gamma dis tribution function was fitted to the hailfall 
data by the m e thod of maximum likelihood. A chi 
square goodness of fit was applied to the data, and one 
transformation was tested using a sequential analysis 
technique. 

The conclusions were as follows : 

1. From the 9 hailfall parameters derived from 
da:a on hailfalls collected by the Colorado 
Stcte University h ail network, 6 were elimi
na:ed for use in any statistical analysis of 
hail modification because of bias, non
ho:nogenity between years, or sparcity of 
s a:nples. The remaining parameters were 
impact energy and number of hailstones per 
square inch. 

2. The transformations which produce the f ~i.n 
imum mean coefficient of variation are 
logarithm of impact energy and the square 
ro:>t of the number of stones per square inch. 

3. The hypothesis of dependence between adja 
c ent indicators spaced 2 to 4 miles apart 
cannot b e rejected, even though the correl
ation coefficients are less than 0. 50. 



4 . A period of 3 to 5 years is estimated to be 
r equired to detect scale changes of 10 to 
25 percent in the hail parameters that 
might be a ccomplishe d by modification 
attempts . However , there are practical 
difficulties involved in attaining the condi
tions assumed in the analys i s, one of the 
most difficult being the problem of hand
l ing zero values i f complete ha il suppres
s ion were to be attained . 

5 . Lack of significant correl ation between 
adjacent areas indicates that a target 
c ontrol ana lys i s i s not feasible for 
a ttempting to detect significant changes 
that might result from a hail modification 
experiment. 

6. Of the data colle cted and the transforma 
tions studied, only the data of s quare root 
of number of ha ils tones per square inch c an 
b e fi tted by a gamma dis tribution function 
and it provides only a marginal fi t . 

7. The sequential analysis te s t alone could 
not adequately evaluate th e effectiveness 
of this hail modification experiment. 

I. AUTOCORRELATION AND RBGIONAL 
CORRE LATIO OF SUMMER RAI FALL 

Autocorrelation coefficients were computed 
for point rainfall and m ean rainfall on a north-south 
line conta ining one to seven s tations {line rainfall) 
fo r summer r ainfa ll in northeastern Colorado. This 
line was approxima tely 50 miles in l ength . The r ain
fall was for non- overl apping periods of l ength (1- day, 
2- day, 3-day, 5-day , 10- day , and 15-day). 

T ransects at known times were m ade ac r oss 
the tracks of five thunderstorms to determine the path 
rainfall. 

The following conclus ions were drawn : 

1. Point summer rainfall i s an independent 
time s eri es fo r non-overlapping periods 
of length 1-day to 15-day . 

2. Daily line r ainfall i s not s ignificantly 
correlated at lag one for a 50 mile line 
c ontaining l ess than six stations . 

3. The r egional correlation coefficients of 
point and line rainfall increases as days 
are combined, especially b elow five days . 

4. Four years of July point r ainfall data are 
not sufficient to estimate the regi onal 
correlation coefficients between two points. 

5. The corre l a tion coeffici ent b etween two 
gages a small distance apart is b e tween 
0 . 40 and 1. 00 for summer convective 
daily r ainfall. 
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6. The rela tions hip of regional correla tion co~ 
efficie::it of summe r line rainfall (three 
s tations per line) versus d ' stance between 
lines has a negative second derivative be 
tween ze r o and 100 miles for 1- day through 
15-day precipitation . The relation s hip 
appr oaches linearity for 10-day precipita
tion. 

7. The time to maximu m rain:'all of path rain 
fall from an individual thunderstorm in
c reases as the season progre sses from 15 
May to 15 July. 

From the c.b ove conclus ions one c an draw the 
foll owing inferences concerning the possible techni 
ques of evaluatio:1 of a thunderstorm m odification 
experiment or ope r ation : 

1. Point si.immer r ainfall i s not suitable for a 
target-control analysis because of conclu 
sions 1 and 4 . 

2 . Line r c.infall is more suitable for control 
analysis because of conclusions 2, 3, and 
6. If s everal north-south lines of stations 
were ir_ operation du ring ar_ e xperiment , 
then the l as t line which the thunderstorm 
passes prior to being s eede-d could act as 
the control and the first line crossed after 
s eeding had h a d time to take effect could 
a ct as the t arget. With several lines , one 
could pick a target line and control line 
e ach day according to the location of the 
thunders torms . The possibility of com
bining different lines on different days for 
3- day t:) 5-day precipitation h as not been 
explore d but could be of significant benefit. 

3. If conclusion 7 i s true, then it would appear 
th at if one had several nort:'1 - south high 
density r aingage lir:es then he cculd com 
pute the path rainfall along each raingage 
l ine for each individual seeded thunderstorm. 
One would th en be taking advantage of all 
b enefits i n inference 2 above plu s gaining 
the mobility requi re d to observe thunder 
s torms r e lative to thei r state of develop
m ent. 

J. THE VERTICAL DISTRIBUTION OF AITKEN 
NUCLEI IN THE VICINITY OF F ORT COLLI S, 
COLORADO 

A small pa::-ticle counte r, type CN, :nanufac 
tured by the Gardner Associa tes, Inc, Ins :rumen t 
Compa ny, was u sed for counting Aitken nucle i. 
These nuclei counts were obta ined by aircraft m eas 
u rement from the su rface (5,000 feet MSL ) to 
12, 000 feet MSL for the dates Ju ly 2E, July 29, July 
30 , and J uly 31, 1964 in the vicinity of Fort Collins, 
Colorado. 

Since the Gardner coun: e r i s c a librated only 
for s ealevel conditions and for full v ac uum expan-



sions, a correction factor for varying sampling 
altitudes wa s computed and applied to the instrument's 
readout to more accurately estimate the nuclei con
centrations . It was found that at 5,000 feet MSL with 
Aitken nuclei concentrations of less than 500 
nuclei/ cm3, the Gardner counter indicates concentra
tions too high. For all other altitudes and nuclei con 
centrations, a positive correction must be added to the 
obse rved Ga rdner counter concentrations to obtain a 
m or·e reasonable estimate of the nuclei concentrations. 

All flights were made at 1000 MDT; during all 
fl ights, the only clouds observed were small cumulus 
over the mountains and occasionally a small weak 
cumulus developing overhead . From our limited sam 
ple, there appears a tendency for increasing the local 
Aitken nuclei concentration when the accompanying 
environmental winds aloft are from the soutbwest. 
The presence of northwesterly flow seems to decrease 
th e counts slightly. More pos itive conclusions can 
r esult only from continuing climatology. 

Also , this limited sample suggests that the air 
in the vicinity of Fort Collins may be slightly "cl eaner " 
b elow 8, 500 feet MSL with regard to the total numbe r 
of Aitken nuclei than other a.reas of continental air 
m entioned in the literature . Above 8, 500 feet MSL, 
the total numb er of Aitken nuclei i s still slightly less 
than the other average values quoted in the literature. 

K. RADAR STUDIES IN NORTHEASTERN 
COLORADO, 1961 - 64 

Severe storm surveillance for northeastern 
Colorado was provided by Atmos pherics Incorporated 's 
3-cm radar, an Air Force CPS-9 radar, and a 
vertically scanning SO- 12 radar. A description of 
these radar systems is found in Appendix A, Table l. 

A study using the Atmospherics Inc .. radar system 
as undertaken to determine the average heights, both 

uncorrected and corrected for beam width, of hailers 
and non-hailers in northeastern Colorado. I t was 
found that the average height of an echo identified as 
a hailer is higher than the mean height of the family 
of all echoes and also for the echoes identified as 
non-hailers. A statistical test was applied to the dif
ference b etween the average heights of hailers and the 
average heights of non - hailers (corrected for beam 
width) to determine the existence of any significant 
difference between hailers and non- hailers . A signi
fi cant difference does exist between radar tops of 
echoes identified as hailers and those identified as 
non-hailers for both J une and J uly between the ranges 
of 4-0 to 79 nautical miles . Other significant differ 
ences exist for ranges less than 40 nautical miles in 
J uly and for ranges of 80 to 119 nautical miles during 
J une . 

Cooperative effort betwe en the United States 
Air Force and Colorado Stat e University made possi 
b le the use of the CPS-9 weather radar system 
located at Lowry Air Force Base, Denver, Colorado . 
Earlier studies have shown that it i s pos sible to esti 
mate th nderstorms intensity from radar measure
ments t aken with the CPS-9 "step-gain" system. It 
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is now possible to e3timate the intensity of the storm 
at the time of the radar observation by determining 
the echo top at "O" step gain and the appropriate 
radar reflectivity factor, Z, at 30, 000 feet MSL. 
Given the r eflectivity and echo height criteria, a 
probab ly weather forecast with regard to hail and 
damaging winds may be issu ed. In order to forecast 
the occurrence of severe weather at some time in the 
futur e, a pilot study was undertaken to deter:nine the 
probabili ty that a given echo would persist in time. 
Measured values of RHI tops and 10 log z30 (refl ec 
tivity facwr Z at 30, 000 feet MSL) fr om the CPS-9 
were plotted as a function of time for each cell i.den
tified as hailer or r:on-hailec at some time during 
their life cycle. F::-om these time plot!: the values 
of the RHI tops and 10 log z3 were computed by 
linear interpolation between R1e time that tops first 
exce eded 30,000 feet MSL and the time echo heights 
last exceeded 20 , 000 fe et MSL. The results of the 
1962 pilot study can be summarized as follows : 

1. Radar echoes remained higher than 30, 000 
f eet MSL for approximately 1. 5 to 2. 0 hours. 

2. Radar tops for the hail cas es remained above 
30 , 000 fee : MSL for an average of about 
1. 75 hours , and the non-hailers about 1. 25 
hours . 

3. The average value of 10 log Z30 remained 
above 30 for abou t 1 . 4 hours for echoes 
averaged for the 196 2 season . 

4 . T he average changes in RHI tops for various 
time inter-✓als (1 5, 30, 45 , and 60 minutes ) 
were determined as a function of time after 
the radar tops were firs t observed to exceed 
30,000 feet MSL. 

5. When the echoes fi rst exceeded 30, 000 feet 
MSL, the change in height was po3itive for 
a ll of the : ime increments except 60 minutes; 
fo r 30 minutes lapsed time or longer, all 
increments gave negative changes in RHI 
tops . 

The r esults of this study indicates a strong de 
gree of persistence of echo tops higher than 30, 000 
feet MSL, and the value of 10 log z30 greater than 
30 for time periods of from one to two hours . Both 
of these criteria are indicat ive of probably severe 
weather . From be viewpoint of forecasting severe 
weather, this study indicates that if a thunderstorm 
e cho exceeds 30, 000 feet MSL at step gain " O" , the 
b est forecast is for it to persist for at least one hour. 
and possibly for 1. 5 hours, with some likelihood of 
hail. 

The CPS - 9 n .dar system at Lowry Air Force 
Base was u sed to get measurements of echo tops, 
maximum reflectivity factor Z, elevation of the 
maxi m·..1 m reflectivity factor, and the reflectivity 
factor at 20,000, 30,000 , and 40,000 feet MSL. A 
stat istical analysis, similar to the or.e mentioned 
earlier, was per:·ormed to determine whether signi
ficant diffe rences at the 5 percent confidence l eve l 



occurred in the above mentioned parameters between 
e choes identified as hailers and those i dentified as 
non-hailers . A comparison of the C PS- 9 data with 
that from the Atmosphe r ics Inc , rada r system indicates 
that in most cases the CPS-9 tops arc slightly less 
than the echo tops obtained at New Raymer for the 
r espective classes of storms. This lower value of 
e cho heights at the CPS - 9 may be explained by the 
fact that th e CPS-9 possess a smaller vertical beam 
width (1 °) than does the Atmospherics Incorporated 
s ystem (2° ) . 

A s ignificant difference exists between radar 
tops of echoes i dentified as hailers and those identi 
f ied as non-hailers for both J une and J uly . 

The v alue of reflectivity at 20, 000 feet MSL 
s hows s ignificant differences between h ailers and 
non- hailers for the months of May and J uly only. 

Values of maximum reflectivity and the reflec 
tivity at 30,000 feet MSL are significantly different 
fo r hailers and non-ha ilers for all three months . 

In summary, it c an be said that both the maxi 
mu m refl e ctivity and the reflectivity at 30 , 000 feet 
MSL offer the best method for determining the exist 
ence of hail or no hail in an echo. In Ju ly five of the 
s ix parameters obtained from the C PS-9 indicate 
s ignificant differ ences between hailer and non- hailer 
a t the 5 perce nt confidence level. 

In order to study the vertical structure of 
thunderstorms, a Navy SO- 12 horizonta l scanning 
r adar was modified to g ive vertical scanning capability . 
A study was m ade in 1963 to determine what difference 
exists between the values of the radar reflectivi ty fac 
to r, Z , as measure d with the RHI capabilities of the 
CPS- 9 3- cm weather radar and the modified vertically 
s canning SO-1 2 3- cm system. The SO- 12 was oper 
ated by Colorado State University at New Raymer, 
Colorado. A similar comparison was made between 
the observed radar echo tops using the same radar 
s ets. Compari ·ons were between two r adar systems 
looking at the same identical cell; the identification of 
the observed cell as a hailer or non-hailer did not 
enter into the compar i son. T he most difficult problem 
in such a study is the assurance that both the CPS- 9 
and SO- 12 radars are monitoring the same cell. How 
ever, the resolution of th e SO- 12 hori zontal scan i s of 
such increment ( 1 '!.2 ° ) that the position of a cell tha t 
both radars are nearly simultaneously observing can 
b e accomplished with suffic i ent accuracy. A paired 
t test was used to test fo r significance , at the 5 per 
c ent c onfidence level, th e hypothes i s that the mean 
difference of the radar parameters observed on the 
two radar systems was not different f rom zero . F or 
ou r data , the only significant differences existing be 
tween the two radar systems occurs when observations 
a re made of the m aximum reflectivity factor and the 
r eflectivity factor at 20,000 feet MSL. The fact that 
there is no significant difference in observations of 
e cho tops betwe en the two rada r systems is encourag
ing. T he difference in observations of the elevation 
of the m aximum reflectivity and the value of the re
flectivity at 30 , 000 feet MSL are likewise found not to 
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to b e significa ntly different. 

L . DESIG N OF THE SEEDING EXPERIMENT, 1964 

T hi s abstract summarizes the techniques uti 
lized in the Colorado State University hail suppression 
pro ·ect during the 1964 hail season in nor the as tern 
Colorado . 

T he experimental procedures for the : 964 sea
son were designed to provide comparisons of physical 
parameters of the hailstorms at successive times for 
an interval before, an interval during, and an interval 
after t he seeding o:· storms selected at rand::im and for 
other control storms left unseeded (also selected ran
domly) for corresponding periods . After an accumu
l ation of a significant number of cases , the differences 
between seeded :and unseeded storms are to be evalu 
a ted . 

At the time of development of inc:ividual thunder
storms, the seeding aircraft was advised to proceed 
to a possible seedbg location. When the rada r echo 
was observed to exceed 30 , 000 feet MSL, and at the 
same time to have updrafts in : he vicir.ity of the 
cloud exceeding 500 feet per minute, an order was 
given by the radar controller for the pilot to open an 
envelope containing a random decision to "seed" or 
"not seed. " If the decision wa3 made to seed the 
storm, the pilot attempted to i;lace the silver iodide 
in the strongest updraft of the 5torm. This continued 
u nt il eith er (1) the storm dissipated , (2) passed be 
yond the radar range, or (3) the aircraft and / or gen 
erator ran low of fuel. For a "no seed" decision, a 
similar flight plan was carriec out as :houg:i seeding 
were actually takir.g place. In either situation, the 
test cases were carried on for approximately one 
hour . The pilot and the observer on boar d the seed
ing aircraft were the only personnel that knew at the 
time whether or not the thunderstorm was being 
seeded. 

During the test case operation, extensive radar 
surveillance was mainta ined. P hotographic records 
in the form of 16 mm time lapse movies and 35 mm 
slides were also taken; this enabled any change in the 
cloud appearance to be detected . Fie l d surveys deter 
mined the extent a:1d intensity of hail, maximum stone 
s ize, e stimated impact energy numbers, and precipi
tat ion. The observers in both th e seeding 2.nd obser
vation aircraft too~ numerous 35 mm slides and 8 mm 
movies to document the test case . F ollowing the 
ter mination of see:iing or equival ent time for the "no 
seed" cases, the s eeding aircraft was used for aerial 
r econnai ss::i.nce of areas of rain and h&il on the ground . 



VI . CONCLUSIONS AND R ECOMMENDATIONS 

T he proj ect results to da te (see Section V above) 
have given sufficient information on the observed 
characteristics of hailstorms in the High Plains , thei r 
physic al properties , and climatology to serve as the 
basis for a design for a hail suppression experiment 
involving randomization. This experiment was ini 
tiated in 1964 and i s being continued into 1965. 

Concurrently with the development of the ran
domized cloud seeding experim ent, there has b een 
increased attention to the physical processes involved 
in severe thunde rstorms and in ha ils tone formation. 
Such cloud physics studies are necessary for continu 
ing to improve the prospects for success in hailstorm 
modification . 

In addi tion to the randomized cloud seeding exper 
iment design and the cloud physics studies, there was 
an opportunity in 1963 to seed one thunderstorm with 
large qu alities of silver iodide from a pyrotechnic 
device (Na vy "Alecto" unit) , whi ch gave an indication 
of stimula tion of convection. Continued exploration 
of the effects from such treatments are desirable in 
fu ture ha ilstorm research. 
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The r ecommended course of ac tion for future 
studies inc ludes the following: 

1. Continuation of the randomized cloud seeding 
e xperiment until the accumulation of 2.n 
a dequate number of cases (p robably 50 or 60 ) 
to permit compari sons of the appropriate 
parameters b etween the seeded and the non
seeded catagories . It is estimated that this 
would require approximate ly two additional 
seeding seasons. 

2. Continuation and expansion of the appropria te 
cloud physics and associated studies :o in
crease the understanding of the :nechanisms 
of hailstorm p rocesses. 

3. Des ignation of a portion of the summer sea 
s on to a non-randomized treatment o:· thunder 
storms wi th various cloud seeding devices 
and techniques that are different than those 
employed in the randomized e xi:;eriment fo r 
the pu rpose of detecting obvious changes 
that might occur. 



VII . CONTINUING STUDIES 

C ertain lines of investigation are felt to be 
necessary for an increased comprehe nsion of the 
problem at hand. Following arc some of these 
studies which have been ini tiated and will continue 
in the fu ture . 

PROXIMITY FLIGHTS 

During the 1964 test case flights, an investi 
gation consisting of cloud i:, roximity flights was 
initiated by the Colorado State University hail sup 
pression project. The obje ctive of this investigation 
was to describe th e characteristics (strength, loca
tion relative to cloud, duration) of updrafts, down
drafts, turbulence, and temperature fields in the 
vicinity of cumulus clouds and thunde rstorms , ran
ging in intensity from no rainfall to heavy precipita
tion. 

An inertial lead vertical spe ed indicator 
(IVS!) was installed in the rear cockpit of an S J -4 
aircra ft. The IVS! is a rat e of climb meter; however 
it lacks the characteristic lag of an ordinary rate of 
climb instrument. Also included in the rear seat 
instrumenta ion is an altimeter, magnetic compass, 
air speed indicator, G-meter, temperature readout 
from the the rmistor located on the mid - section of 
the wing, and a stopwatch. 

Two sampling procedures are us ed for the 
cloud proximity flights . First, small cumulus 
clouds , in th e early growing stages and/or those 
showing evidence of virga, were sampled . Here the 
specific mission of the aircraft is updraft sampling. 
For small, non-precipitating cumulus the aircraft can 
fly beneath cloud bas e without endangering the occu 
pants. Secondly , during full operation cases the test 
case in question was sampled during stages of light, 
moderate , and heavy precipitation by the seeding air
craft while the operational flight plan is followed. 
Obviously while seeding is in progress the aircraft 
would seek and attempt to maintain position over 
areas of strong, steady updrafts. On all cloud prox
imity samples taken whil e seeding, the airplane 
would attempt to keep a position slightly below and 
ahead of the cloud base. This does not imply that 
turbulenc e samples can not be validly obtained on the 
flank and trailing edge of the cloud; but rather hat 
samples are generally taken from beneath the cloud's 
base, to be compatible with the seeding flight plan . 

For the 1964 season, a total of 55 observa 
tions, sampli ng 27 clouds, was made. The spectra 
of sampling ranged over I 2 non- precipitating cumulus 
clouds, 8 cases of virga, 9 cases of light precipita 
tion, 17 samples of moderate rain, and 9 cases of 
heavy precipitation . In most instances, after each 
run a 35 mm color slide was taken to show the rela 
tive position of the airc r aft to the cloud and general 
cloud characteristics . 

The 196 5 program of cloud turbulence and up
draft sampling is expected to follow the above outlined 
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procedure. Additional inst umen ation in the rear 
compartment will include a manifold pressure gage 
for determining the aircraft power setting without 
consultation with the pilot. Also the use of a mag
netic ape r ecorder is expe cted to elimin te the con
fus ion in writing down numbers while the sampling is 
in progress. Some penetrations of small cumulus 
clouds w ill be attempted to inves:igate local in-cloud 
changes. 

It is felt that the continuing study of updraft 
positions and their relative location to the cu mulus 
cloud is necessary for revealing where the strongest 
u pdrafts may be expected during the modification 
attempts in orde r that the seeding mater ·a1 can be 
di spe rsed in this area and d rawn directly into the 
cloud. 

WIND FLOW STUDIES 

A M-33 radar system has been used to track 
rawin balloons and super pressure balloons. These 
balloons, released at the radar, are used to deter
mine the wi nds aloft and the characteris: ics of lee 
waves, respectively. Continuing balloon launches on 
the r egular schedule using the M - 33 system are 
planned during 1965. 

Several thunderstorm en·.ri ronmental studies 
have been made in northeastern Colorado with only 
limited success. It is planned to establish a ne t 
work of pilot balloon (pibal) stations in northeastern 
Colo rado during the 1965 season in order to describe 
the wind environmental structure l eading to the 
genesis of the High Plains thunderstorm. A U.S. 
Weather Bureau loan to Colorado State University has 
provided thir teen pibal heodoli tes plus corollary 
equipment for use dur ing July 1965. A total of fif
teen piba l stations will be located on an approximate 
r ec tangular grid measuring 60 mi l es by 110 miles 
north and east of D enver, Colorado. It is expected 
that pibal observations will be taken on a daily basis, 
and on sel ected days at three hour intervals. 

A computer analysis of the da ta will be made 
to determine the mesoscale vorticity, vertical 
velocity field, amoun and diurnal variation of hori
zontal divergence , depth and diurnal variation of 
moisture-carrying southerly wind layers, and the 
interaction and characteristics of Rocky Mountain lee 
waves with the above mentioned synoptic observa 
tions. 

COKDENSATIO NUCLEI 

During the 1964 season, measurements of 
condensation nucl ei were made in the vicinity of Fort 
Collins, Colorado. Observations were taken both on 
the ground and by an airborne counter. A small par 
ticle dectector, type CN, manufactured by the Gard 
ner Associates, Inc., Instrument Company was used 
for he measurements . While the nu mber of obser
vations is still s omewhat l imited for a thorough 



investigation, preliminary results are b eing compiled 
for 1964. Joint observations are planned for th e 1965 
sea son in coope rat ion with D r . Patrick Squire s of the 
Na t ional Center for Atmosphe ric Re s earch. Sa mple s 
of air collected in thund erstorm updra fts will be 
gathered in mylar bags a nd r e turned to the surface 
for analysis of both Ai tk en and cloud nuclei. An es 
tablis hed pat te rn of nuc lei observations in th e vi c ini ty 
of cumulus and cumulonimbus will also be und e r taken 
by the seeding airc raft on all te st case s , using the 
portable Gardner nuc lei counter. 

These nucl e i measure m ents may r eve al an 
answer to the que s tion of whe the r or not cloud char -
a cte ristics are any different ove r this r egion of maxi 
mum hail occurre nce tha n the cloud charac t eris tics 
over other continenta l regions. 
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INSTRUMENTATION AND DATA COLLECTION 
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COOPERATORS 

In 196 0 C olorado State University conceived the 
i dea of a cooperator network composed of the ran
chers and farmers r esiding in northeastern Colorado. 
S ome 300 volun tee r s were r ecruited at that time and 
were r equested to r eport hail occurrences to Colo
r ado State University. By 1964, th e cooperator net 
work has expanded to 500 volunteer reporters . 
Figure 1 shows the reporting form us ed by the co
operators . The cooperators were asked to c omplete 
the r eporting forms immediately after each hail 
occurrence and mail to Colorado State University. 
Though the number of cooperators in northeastern 
Colorado (north and east of Denver} is significant, as 
illustrated in Figure 2, there are areas of lacking 
c overage. These areas are generally in extreme 
northern Colorado where irrigation is not available 
for agriculture . Most cooperator -observers live 
a long and south of the Platte River Valley . 

Twice a year, in the spring and autumn, news 
let ters are mailed to the cooperators. The news
letters define objectives for the upcoming season, 
s tress the importance of the observers' rain and 
h ail r eports in the Colorado State University study, 
and re veal any findings since the last newsletter . 

F igure 1 shows the r eporting form used by the 
cooperator. The observer was r equested to give the 
exact location of the hailfall, da te and day of the week, 
tim e of beginning and duration of hail, and the accur 
acy of his time of obs ervation . In addition the coop
erator was asked to give a size di stribution of the 
hailfall . Using the reporter's comments concerning 
percent of ground coverage by hail and wind velocity, 
a hailfall en e r gy number can be calculated. Other 
information of crop damage, frequency of lightning, 
color and shape of hail was also r equested . Hailfall 
data from the cooperators is used in the evaluation 
of hailfall charac teristics . 

I 

COLORADO STAT E P ATROL 

In 1964, the obs erving network was expanded 
by obtaining repor ts from the Colorado State High
way Patrol. State patrolmen from the district 
offices of Fort Collins, Greeley, Fort Morgan, and 
S terling assisted greatly by completing a reporting 
for m ( Figure 3} each day, giving details of rain and 
hail encountered during their patrols. From exam 
ining Figure 3, it can be seen that the patrolman 
r ecords time and l ocation when encountering any 
e vidence of hail or rain, occurring either at the 
present time or earlier in the day. He was asked to 
m ake an estimate of the intensity (light, moderate, 
or heavy) as found on the back of the form. If no 
evidence of precipitation was encountered along his 
route, th e officer would simply c ircle "no precipi 
t ation" in the space provided for remarks . Each 
o fficer carried the C olorado State University hail 
r eporting sheet on a clip board found in all patrol 
c ars. 

Inform ation for each day from he Colorado 
S tate P atrol was plotted on maps showing the r outes 
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o f each patrol car with its respective obser vation 
t imes . This data complements that of the c ooper
ator network and the Colorado State University hail 
indicator ne twork in evaluating hailfall char acter
is tics . 

In r eturn for this infcrmation, Colorado State 
University atte:npted to ad1,ise the patrol of severe 
thunders tor ms with possible high winds and/ or hail 
in northeastern C olorado. 

INDICATORS 

As an aid in the evaluation of a hail - suppres 
sion proj ect, a hail -indicating device consisting of 
two typ es of abminum foil over styrofoam was de 
veloped in 1959 at Colorado State University . After 
calibration in the laboratory, dents in the indicator 
were in terpreted in terms of hail energy input per 
unit area. This statistic was cons idered to be a 
b ette r measure of intensity of ha il than crop damage . 

Detailed informat ion on hailfall has be en ob
tained in the r ~gion shown in Figure 4 in north
eas tern Colorado by Colorado St ate University from 
1959 through 1962. The locations of the hail indi
c ators are shown on the map in Figure 4. In 1963 
it was shown that the east ha lf of the network can be 
abandoned without significantly affe cting the statisti
cal properties of the indicator data . Hence, for 
logistic and economic reas ons, the eas tern half of the 
network was a':)andoned; this procedure was continued 
through 1964. Figure 5 reveals the location of the 
indicators , including some additional samplers, 
u til i zed in the 1963 and 1954 seasons . 

ADDITIO AL SOURCES 

In addition to the method of gathering r ainfall 
and hailfall mentioned above, supporting obs er 
v ations of daily rainfall data frorr. nor the as tern 
Colorado have b een collected for the 1960- 64 sea 
sons. These addit ional data were provided by: 

a. U. S. Weather Bureau r aingages . 

b . Standard 8" r abgages operated by Great 
Western Sugar Co. 

c. U. S. Forest Service 8"raingages in
stalled and operat d by the Colorado State 
University hail r esearch project in 1963 -
64. 

d. Fer guson 8 11 r ecording raingages installed 
and operated by th e Co:orado State Univer
sity hail r esearch proj e ct in 1963-64. 

e. One -inch diameter plastic bottles installed 
near the hail indicators on the tw o north
sou th lines of the C olorado State Unive r 
sity hail r esearch project for 1963 - 64. 

In 1961 a numbe r of mechanically c ooled 
boxes were added to the existing network for col 
l ection of hailstones . Timing devi ces accurate to 



REPORT OF H.o\lL OCCURRE~CE 

(PLEAS E FILL OUT CO>!PLETE REPORT) 

! :",,'S TR UCTIONS 

z. 

) . 

4 . 

Please fill out one o f these forms for each hail occurrence a1 your ~'lme, no ma11~r ho,, s mall 1hr 
ha11s1ones . 

Mail comple ted form immediatel y to the . .\tmospllL'ric Science Dcpartnn·1u , Colo1·ado St:\I(' llni \·1.•1·i;ity, 
For t Collins , Colorado ; using the at tached self-addressed envelop1.· s . 

If you cannot give all the informatton r equested, plt.>ase send us as much Information as possible 
Any inform t. t1on is t'lelpfu l t o us 

Please give T IME and DURATION of hall as ticcurately a& possible (to the neares t minute, wlll'n 
po!i~tbl t.:) 

Matl1ng 
~Al\tJ::: _ ________________ Addres s _________________ _ 

LOCATIO'l o fhatl occurrence: 1/ 4 __ , Sec . __ T __ N, R __ w. 

UATE of storm: _____ a ___ m _ ________ Day of week: _______________ _ 

TIME hail began _____ ,p. m . DURATION of ha il ______________ m l nut cs . 

ACCU BACY OF TIM E is to neart•s t ( 1, 5, 10, 30, more than 3 0) minutes (circle one) . 

SIZE d1str ibu t1on of had 

a c heck ( ) small~& \ 

h circle (0) mos t com mon 

e mark (x) largest 

0 0 0 0 0 u 
Shot 

I 
Cur-

z 
P•a 

) 
Crape 

4 
Walnut5 Colfball6 

rent I / Z" )/4" , .. 1- 1 , .. .. 1 ·l/ 4 " · Z" 
I / 4 " 

H IJ r ge r than golfba1l, estimate diame 1e r in i nches ____________________ _ 

PllECIPl"l'ATIO~ (total includ1na: ha1 l) _______ .tnche11. 

(PLEASE FILL OUT THE BACK OF THIS REPOR T) 

PERC EN T OF COVERAGE 

Croun.d covered t , 5, lO, 25, 50, 75, 100 pe rcent and 

HARDNESS O F HAILSTONES 

inchu deep. 

What percen t of stones splashed, broke, bounced, or d id not break on •trik ing ground ? 
splashed __ ,., broke __ ,.,, bounced __ ,.,, did not brealc __ 'I', 

WIND VELOCITY accompanyin1 hall 

0 0 No wind 

0 3 Gentle b r eeze (Leaves and •mall tw igs in constant motion} 

0 5 Fres h breeze (Small trees begin to a way) 

0 8 F r esh gale (Breaks twigs off trees) 

Dio S trong wind (Trees uprooted or broken. some atructural d am age) 

012 Sever e wind (Wides pread wind damag~s to trees and buildings) 

CROP DAM.AGE estimat es 

Corn2 

Sugar Bee ts 3 

Oth er" 

LIGHTNING 

Percent damage ___ _ 

Percen t damage ___ _ 

P e r cent damage ___ _ 

Pe r cent damage. ___ _ 

None 
About t Z-10 Oreater tha n I 0 

et t .. nke/min ■trokea/ min 

Before hail 

Dur in..- hail 

AftPr h a il 

SHAPE of ha.H - r ound, fla t, conic, conglom erate, other {circle one }. 

COLOR or hail c lear, milky, all white (circle one}. 

~ 

Check here if you have no more reportln1 form • 0 

et r okes lmtn 

Figure 1. Cooperator r eport form us e d by vol unteer h a il observers in the Colorado State Univers i ty hail network, 1960-64. 
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Figure 2. Location of Colorado State University Hail Reporting Cooperators in Northeastern Colorado, 1964. 



DAILY RE P OR T O F HAIL AND RAI N 
Colorado Stat e University 

Name Date Ca.r No . 
INS TR UC TIO NS ...... ·······················································"······································ 

Please r e port occu r r ence and lnten•lty of hall {a.nd r ain) by flllin r In hlanka and circltnr correc t 

Occurred Earlier Toda:t: Occurring Now ent ries, aa fo llows : 

T i me HA IL Lgt Mod Hvy Lgt Mod Hvy I. G ive tlme and location for each entry. 

Loc a t ion RAIN L gt Mod Hvy Lgt M od Hvy 
2. If no precipitation occu rred earlier today a nd the r e la no preclpitatlon now, circle "No P recip". 

Remarks No Precl 
) . If preclpltatlon occurred e a r lier today bu t none ls occurring now, indicate intensity as follow • : 

Time HAIL Lgt Mod Hvy Lg t M od Hvy HAI L 

Location RA IN Let Mod Hvy Lgt Mod Hvy 
Lgt : any evidence or hail, not e noul[h to cover the ground or cause 11lgnifican1 crop damaa:e. 

Re marks No Preci Mod, Moderate hall, ground covered, ao me damage to c r op• . 
Hvy, Heavy haU, accumulating in dri ft &, seve re crop damage. 

Ti m e HAIL Lgt Mod Hvy Lgt Mod Hvy RA IN 

Location RA IN Lg t Mod Hvy Lgt Mod Hvy 
L g t : Any evidence or r ai n today, but not enoughl to leave r oads or fiel ds muddy . 

Remar ks No Precl Mod, Moderate ra in, fields muddy, bu t no floodi ng. 
nvy: Heavy rain, water runn ing o ff fielde, flooding. 

Time HAI L Lgt Mod Hvy Lgt Mod Hvy .. Jr precipi tation is occurr ing now, indicate intensity, and in remark• desc r ibe t he locat ion 

Location RAIN L g t Mod Hvy Lgt Mod !Ivy where it was firs t encountered a nd where last encountered. 

Remarks No Preci ~ (Give mos t common stone size in remarks) 

Lg t, A few s tones, not enough to cove r the ground. 

"' Time HAIL Lg t Mod Hvy Lg t Mod I-Ivy Mod: Mode r a te hail, enough to cover the g r ound. 
w 

Mod Hvy: Heavy ha.i i, mo r e than enought to cover the ground. Location RAIN Lgt Mod Hvy Lgt Hvy 

Remarks No P r eci RAI N 

Lgt: round wet, l>ul rtdJa uvt 1,iuddy. 
Time HAIL Lgt Mod Hvy Lg t Mod Hvy Mod: Fields muddy, but no flooding. 

Location RAIN Lgt Mod Hvy Lgt Mod I-Ivy !ivy, Heavy r a1 n, water running off fi elds, flood ing . 

Remarks No Preci 5 . If precipita tion is occurr ing now and there is evidence of heavier prec ipitation occurring 
earlier today, fill out both ()) and ( 4) above. 

Time HAIL Lgt Mod flvy Lgt Mod llvy 

RAIN Lgt Mod Hvy Lgt Mod Hvy R~turn of forms : Re turn forms to Atmospheric Sclence Oepa.rtmeot, Colorado S tate Unlver1i1y, F'oothilll Loca:lon 
Campua, Fort Collins, Colorado, Attn: A. A. Schleusener . Mail in envelopeli provided once each week. 

Remark.a No Preci 

Time HAIL Lgt Mod Hvy Lg t Mod Hvy 

Location RAIN Lgt Mod Hvy Lg t Mod !Ivy 

Remarks No Prec i 

Time HAIL Lgt Mod Hvy Lg t Mod Hvy 

Location RAIN Lgt Mod Hvy Lgt MuJ lf vy 

Remarks No Preci 

Figure 3. Hail and rain report form u sed by the Colorado State Patrol in the Colo rado State Univ ersity hail n etwork, 1964. 
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about one - minute were also added at approximately 
100 points to g e t th e time cf beginning of first h ail 
fall. However, du e to mechanical failures and fre 
quent non-malicious vandalism, the use of th e boxes 
and timing devices was abandoned . 

RADARS 

In conjunction with the weather modificat ion 
s tudies carried on by Colorado State Univers i ty fiv e 
r adar systems have bee n u tilized . These systems 
were: Atmosphe rics Incorporated surveillance r adar, 
M-33 acquisition r adar , M-33 tracking r adar, a 
modified SO - 12 r adar, and a CPS - 9 surveillance 
system . A description of these r adars follo ws, and 
a list of each radar system's characteris tics is 
foun d in T able 1. 

Th e pr imary r adar system of the projec t was 
fur nishe d and operated by Atmospherics Incorpor 
a ted, Fresno, California. This was 3-cm equipment 
o pe r ating on a fr equency of 93 75 m egacycles with 
p eak power output of about 40 kilowatts . A max i mum 
r ange of 200 na utical m il es was availab l e with a 
choice of r anges of 4-10-20- 8 0-200 nautical m iles . 
This r adar system employed a t ilt indicator which 
gives the vertical angle of the antenna . The antenna 
was kept on an angle of about + 1 ° for most of the 
g eneral scanning but was occasionally elevated 
through a m aximum of +35 ° during measurements of 
the elevations of precipitation echo tops and studies 
of growth r ates. The system was located about one 
mil e southeast of New Raymer at a n elevation of 
a bout 4800 feet above sea l evel. The Atmospherics 
Incorporated radar was modified slightly in 1964; 
however, the operating characteristics did not sig 
nifica ntly change . 

The M-3 3 r adar system, modified from a M - 33 
Fire Control System, consists of two systems : an 
a cquis ition r adar ( 9. 6 cm) and a tracking rada r (3 . 2 
cm). Both the track and acqu i sition radars of the 
M-33 system have tuneable magnetrons which were 
s et at 3. 2 - and 9 . 6 -cm waveleng th s , r espective l y, 
to correspond as closely as possible to 3. 2 - and 
10. 0- cm wavelengths. The acquisition r adar ope r -
ates w ith a peak pow er output of about 1000 kilowatts, 
whil e the ou tput of the track sys tem lies n ear 300 
kilowatts . Maximum ranges o f the acquisition and 
track r adars are 6 0 nautical miles and 50 nautical 
mil es , r espectively . The tracking r adar ante nn a 
can b e employed to point vertica lly upward through 
the full r ange of 90 °. Attempts to track the hail or 
r ain spikes were not possible because thunderstorms 
were too homogeneous in structure; g e nerally the 
r adar would track downward and look into the g r ound . 
Occas iona lly, w he n a thunderstorm came overhead, 
the tr acking ant enn a was pointed u pward; b ases and 
tops w er e then r ecorded from an expa nd e d A scope. 

In addition, a technique has been develope d with 
wh ich to plac e a no -lift or constant volume balloon 
a ssembly at any desired altitude for the purpose of 
m easuri ng l ee - wave characteristics. The M-33 
r adar was found to b e capable of tracking the balloon 
assemblies to ranges in excess of 20 nautical miles . 
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Th e M-33 was found to be a very sophisticated 
an d i nt r icate sys tern which r equires a s ubstantial 
effort for maintenance . 

During the s ummer :if 1963, th e M - 33 was lo
c ated on a knoll about three and oce - half miles west 
of Fort Collins, Colorado . In 1964 the radar syste m 
was moved to a more suitable surveillance point ap 
proximately te n miles east of Fort Collins; this 
position provided the M -33 with ol::se r vations of t he 
west side of thunderstorms, while the Atmospher ics 
Incorporated system provided r adar coverage of the 
storms fr om the east side. 

In order to study the vertical structure of 
hail-bearing thunderstorms, a Navy SO-1 2 h orizon
tal scanning rada r was modified to give verti cal 
s canning capability . The peak ou put of the SO- 12 i s 
50 kilowa tts, and the operating wavelength i s 3 . 0 
cm. The operating range of this ~HI system was 
norma lly 8 0 nautical miles . When a decision was 
m ade to scan a particular az imuth (based on examin
ation of the PP!), the SO- 12 was employed to make 
v ertical sca ns a long azimuth lines which encompassed 
th e cell of interest. A typical sampling program in 
c luded one seri es of vertical scans through a particu 
lar cell. A step-gain system was incorporated into 
the r adar set for making reflectivity measurements. 
After each vertical sca n, an automatic tripper would 
cha nge the inc rement of attenuati on throu gh five 10 
db s t eps, 10 through 50 db , plu s the norma l gain 
(no attenuation) pos ition. The conversion to reflec 
tivity Z was accomplished by r eference to a suitable 
calibration graph of gain - step vs. Z. This vertical 
scanning radar was also located about one mile south
east of ew Raymer , Colorado, nea r the Atmos 
pherics Incor porated r ada r system. 

The Un i ted Sta tes Air Force pe rmitted access 
by C olorado Sta te University to the CPS - 9 weather 
r adar s ystem located at Lowry Air Force B ase, 
Denver, C olorado from 1962 - 64. Opera ting with a 
pe ak powe r output of 250 }<; ilowatts, this 3. 2 cm 
wave l e ngth r a dar provides detailed stor m surveil 
lance over mo st of northeastern Color ado. T he 
Lowr y CPS-9 was modified in the spr ing of 196 1 
with the addition of a ster; - gain device to r educe the 
r ece iver gain automatically through a seri es of 
eight steps calibrate d fro m step O ( 95 db. ) to step 7 
( 42 db.). P r inc iple r adar i nform ation obtained from 
this sys tern was elevatior. of the echo top, elevation 
of the maxim·.1m r adar r efle ctivity , and r eflectivity 
of 20,0 00 feet, 30, 000 feet , and 40, OOD feet msl. 

In orde r to establish a quantitative m eans of 
d e termining storm intensit ies fr o m r adar d a ta, th e 
r adar systems used by Colorado S t ate University 
during the 196 0-64 seasons were calibrated. With 
the exception of the CPS - 9 and the M-33 r adar 
systems, the method of calib r ation was that recom
m ended by Atlas and Mossop (19 60). The results 
contain inaccurac ies inhe r e nt in the calib r ation 
m ethod, but are c onsidered satisfa ctory for d eter
mining approximate r e fl ectivi ty value s. 



TABLE 1. Characteristics of Radar Systems Used by the Colorado State University Hail Project. 

Parameter Units 
Atm. Inc. A t m. Inc. M -33 M-33 

SO-12 CPS-9 
1961-63 1964 Acq. Track 

pt Peak Transmitted Power kilowatts 30 40 1000 300 50 250 

p Minimum Detectable Signal watts 10-12 10-12 10-13 10-13 1. 1x1o- 13 1. 6x1 0- 13 
m 

e Horizontal Beam Width degree 2. 0 
"' 

2. 0 1, 4 1. 1 2. 0 1 . 0 
...J 

qi Vertical Beam Width degree 2.0 2.0 4. 1 1. 1 1. 5 1.0 

7' Pulse Length µ 8ec 2. 3G 2 . 35 1. 3 0. 25 1. 0 o . fl 

;\ Wavelength centimeter 3. 2 3. 2 9. 6 3. 2 3.0 3.2 

F Pulse R epetition Rate 
-1 

600 400 1000 1000 465 931 sec 

s Antenna Shape Circular C ircular Rect. Circular Rect. Circular 



The Lowry CPS - 9 radar system, 1962-64, and 
the Atmospherics Incorporated system. 1964, were 
c alibra te d with a signal generator {TS-147). Th is 
calibrat ion apparatus is capable of measuring the 
outgoing and incomi.ng power within + 2 db. The 
M-33 radar has yet to be c alibrated against a known 
r eflectivity value; for that reason, all thunderstorm 
i ntensity measurements with this radar h ave thus far 
b een r elative estimates only . 

AIRCRAFT 

S everal aircraft were utilized for the weather 
modificat ion attempts in 1962-64. 

During the pilot studi es conducted in 1962 and 
1963, airborne seeding was accomplished using a 
C essna 180 aircraft. While aircraft performance 
was satisfactory and reliable, it was felt that a more 
s turdy aircraft should be used to withstand thunder
s torm turbulence for the furth e r modification 
a ttempts anticipated. In 1964, the decision was made 
to use Nor th American AT-6's as the seeding air
c raft and weather reconnaissance aircraft, and an 
observational aircraft used for photographic docu
mentation of the modification test cases . All air
c raft performed satisfactorily with only minor 
maintenance problems . 

GENERATORS 

All cloud seeding activity dur ing the 1962-64 
s easons was conducted by means of airborne silver 
i odide generators. 

T he seeding equipment used in 1962 was an air
born e non-combustion type silver iodide generator . 
The release rate of this non-combustion type genera
tor was approximately 3 . 1 grams of silver iodide per 
minute. The practibility of using artificial ice nuclei 
formed by the residue left after the evaporation of 
small carrier droplets was explored as the basis of a 
u sable silver iodide generator for the 1962 pilot study. 
Silver iodide is plated in a container into which l iq 
u id anhydrous ammonia is adde d (approximately two 
grams of silver iodide per gram of anhydrous ammo 
nia) . The solution is stored under medium pressure 
a t ambient temperatures in the liquid state. The 
a mmonia-silver iodide liquid complex is allowed to 
expand through a nozzle to ambient pressure which 
r esults in rapid evaporation of the ammonia . This 
r apid evaporation process releases silver iodide crys
tals into the air from the aircraft. Production of 
a rtificial ice nuclei effective at - 20° C was at a disap
pointing low rate of 5. 0 x 10 12 nuclei per gram of 
s ilver i odide. 

The equipment used for s ee ding in 1963 was an 
a irborne silver iodide generator patterned after the 
Fuguay model , consuming approximately 8. 3 grams 
of silver iodide per minute, using a 6 percent solu
tion . In u se, silver iodide is dissolved in a solution 
of acetone and sodium iodide and pumped by ram 
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pressure and a mechanical pump. This pressurized 
mixture of acetone solut ion is then directed into a 
flame chamber and ignited initially by a momentary 
electric spark. Once ignited, the atomized acetone 
solution burns freely. The volatilized silver iodide 
conde ns es into crystals as the smoke passes from 
the flam e around a quench chamber mou nted beyond 
the flame chamber. This generator produced 
1. 7 x 10 14 artifi cial nuclei p er gram of silver 
iodide, effective at - 20°c. 

T he seeding equipment used in the 1964 cloud 
seeding attempts was a Lohse generator (manufac
t u red by and leased from Ora Lohs e, Valier, 
Montana). The two generators us ec in 1964 had 
burning r ates of 7. 7 and 6. 3 grams of silver iodide 
per minute, using a 6 percent solution. This gener
ator is unique in that it contains no mechanical mov
i ng parts necessary for the combustion of the acetone 
and silver iodide solution. Air enters the front of 
th e g enerator and does a three-fold duty. First, it 
pressurizes the acetone solution in the supply tank. 
In addition, the movement of air through appropriate 
du c ting creates a venturi effect in the vicinity of the 
fuel nozzle, thus drawing the acetone solution out 
through the nozz le. Third, by means of a series of 
fins, the air moving through the vicinity of the nozzle 
a tomizes the acetone solution i nto minute droplets 
s uitable for steady combus tion. This dissolved 
s olution of silver iodide in acetone is then initially 
ignited by a momentary electric spark; o:1ce ignited 
the atomized acetone solution burns freely . This 
L ohse generator is considered highly efficient, 
yielding approximately 10 15 artificial nuclei per 
gr am of silver iodide, effective at -20°c. 



Some of the Equipment Used on the Project 

f · 

A hail energy indica tor . These were scattered 
throughout the northeastern Colorado area during 
1959 through 1964 . 

7 . I 

M-3 3 radar system, ten miles east of Fort Collins, 
Colorado. T his site was used during the 1964 seasons. 
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Radar system, approximately one mile southeast of 
New Raymer, Colorado. This equipment was u sed 
du ring the 1961-64 seasons . 

S0-12 vertically scanning radar system, approxi
mately one mile southeast of New Raymer, Colorado. 
This equipment was used during the 1862-64 seasons . 
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Cessna 180. This aircraft was us ed du r ing the pilot 
seeding studies conducted in 1962 and 1963 . 
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Non-combustion type silver iodide generator . T his 
generator was u sed for the pilot s eeding studies con
ducted in 1962. 
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Nort h American AT -6 . This stur dy a i r craft was 
u sed fo r s eeding operations during 1964. 
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Fuquay generator in flight. This unit was used for 
s eeding ope rations during 1963 . 

Lohse generator on AT-6 wingtip. 
T wo of these generators were used for c loud seeding 

research co:1.duc ted in 1964. 
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INTRODUCTION 

T his appendix is a summary of Civil Engineering 
Report CER61RAS59 , "Characteristics of Hailstorms 
in the Colorado State University Network, 1960 -61 " , 
by Richard A . Schleusener and Lewis 0 . Grant , 
Colorado State University , expanded to include the 
period 1960-64. 
METHODS 

D etailed information on hailfall and rainfall has 
been obtained in northeastern Colorado by Colorado 
State University from 19 G0 through 1964 ; volunteer 
observers were the primary source of information 
from the n etwork (see appe ndix A) . This appendix 
summarizes some of the information obtained from 
this data collection system . 
RESULTS 

The times of onset of hailiall as r epor:ted by 
coope rative observers is shown in Figure 1. Exami 
nation of Figure 1 r eveals that the most common 
t i me of hail onset i s in the middle of the afternoon; 
the average ons et time , bas ed on the five years of 
data , indicates that nearly 20 percent of a ll reports 
of hail oc cur ence lie between the hours of 16 00 and 
1800 MST . There is an increased t e nd ency for hail 
t o occur between the hours of 1600 - 1700 MST for the 
months of May and June , while in July more hail 
fa lls between 1 700 and 1800 MST . The months of 
June and July give a peaked distribution of onset 
times , owing to the fact that many storms are the 
result of summertime afternoon instability; in May 
some small percentage of storms occur in ear ly 
morning hours, providing the clue that many of the 
early season storms are still the result of transi 
tional air mass changes and large scale synoptic 
disturbances . Figure 1 is bas ed on a total of 1, 425 
cooperator reports . 

T he duration of hailfall , in minutes , is pre 
s ented in Figure 2 . This curve , Figure 2, reveals 
that 25 percent of the hailfall reports shows a hail 
duration of 10-1 5 minutes. Approximately 80 per 
cent of the hail reports yield a duration time of l ess 
t han 20 minutes . The minimum percentage that 
o ccurs between 25 and 30 minutes can be attributed 
to observational procedure, since not many volunteer 
observers will record a 25 minute hailfall , but rather 
would round the time off to an even 30 minutes . 
F igure 2 is based on a total of 1, 390 cooperator 
r eports . 

F r om cooperator data , a histogram was plotted 
showing the fraction of ground covered by the hail 
falls ; in addition to indicating complete ground cov 
erage by hail , observers were also reques ted to give 
the d epth of hailfall for those cases whe n the ground 
was completely covered . These histograms are 
shown for five -year period in Figures 3a and 3b , 
respective ly. A strong bias towards reporting 
"favored or familiar" fractional coverage by the 
observers can be seen; for example , note the pre 
ference for fractional coverages of 50 percent and 
75 percent , whil e d efinite subjectivity in obser 
vations prohibits r eports of·, say , 40 percent. Also 
notabl e from Figure 3a is that approximately 20 pe r -
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c ent of the reports r eveals that 100 perc ent of the 
g round was covered with hail. Turning to Figure 
3b , we see that whe n hail :-ias acci.:mulated with 100 
percent covering the ground , nearly 70 percent of 
the volunteer reports indicate a depth of 2" or less . 
Figur e 3a and 3b are based on a t ota l of 1, 385 co
operator reports . 

A survey bas ed on cooperator reports of hailstone 
siz e yields Figures 4a and 4b showing monthly dis
tribution of the most common stone size and the maxi 
mum stone size observed in the hailstorms of that 
month . The histogram plot of most common size 
versus percent reports approximates a positively 
skewed normal distr ibutio::1 for each month; similarly 
the plot of maximum stone size versus percent re -
ports yields a close estimation of a normal frequency 
curve for each month . From Figure 4a, it can b e 
seen that for May nearly 90 percent of hail r eports 
show that the most common stone size is equal to or 
less than 1/2" in diameter ; i n June the 1/2" diameter 
or less stone size accounts for near ly 80 percent , 
whil e in July the percentage r eports indicating 1 / 2" 
diameter or l ess r ecovers to 85 pe rcent. Furthe r 
comparison r eveals from Figure 4a that the most 
common stone size for J une and J uly is 1/ 2" india
meter a s compared to 1 /4" diameter stones of May. 
In cons ider ing the maximum stone size, both May 
and July show a frequ ency of 65 percent for maxi:num 
stone size of the 1 / 2" and 3/ 4" diameter range , 
while for June the frequency drops off to 5 2 percent 
in these size ranges . Both Figures 4a and 4b are 
c omputed using 1 , 289 coope rator r eports . 

Impact energy of hailfall has bee n suggested as 
a m easure of the severity of the hailfall, including 
the effect of wind . A histogram showing the frequency 
of occurrence of impact ene r gy values E is shown in 
Figur e 5 for 1960 - 64 . Values of E were computed 
on the basis of the most common stone size observed , 
attenda nt wind , and the percentage of the ground 
cover ed by hail. Nearly 70 percent of the cooperator 
r eports reveal the hail impact energy to be equal to 
or less than 60 ft-lb pe r square fe e t. Ther e appears 
to be an increase in the perc ent of reports for E 
values of 100 to 200 ft - lb per sq ft; this is believed 
to b e due to the g rouping of a number of reports owing 
to the change in scale of the abscissa at those values. 
Figure 5 is based on 1,3 47 observations. 

T ables 1 through 4 give some information con 
cerning the direction cells moved :hat produced hail 
and their relation to the environmental wind field. 
T able 1 shows that most movemen: of hail paths in 
May, June , and J uly was from the southwest, but 
with a d ecreasing percentage later in the season. 
T he change to movement from the no rthwest later in 
the season is only slight. The decrease in movement 
from th e southwest is probably associated with dif 
fer e nces prevalent in synoptic patterns . In May it 
is common for cold fronts and uns:able waves to af 
fect eastern Colorado . Late in the season frontal 
passages become less corr_mon and hail is received 
frequently with dynamically- induced airmass lifting 
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and surface heating and concurrent cooling aloft from 
northwesterly currents . 

Tables 2, 3, and 4 show the relation of the speed 
and direction of precipitation echoes that produced 
hail to the environmental wind field. The environ 
mental wind fi eld was established from Denver , 
Goodland , and North Platte wind obs ervations . Most 
hail tracks moved in a dir ection clockwise from the 
upper -level wind direction; June shows the greatest 
clock-wise movement of hail tracks with respe ct to 
wind direction. Speed of the hail tracks was usually 
faster than that of the 14 , 000 ft . wind; speed of hail 

tracks was less than the wind speecs at 18 , 000 feet 
a nd higher only for fay and June. In July the dif
f erence in speeds is positive at 18 , 000 fee t and only 
slightly negative above . 

The data presented h erein characterize hailfalls 
in the Colorado State University hail reporting net 
work for 1960-64. These data are being combined 
with physical studies of the hail clouds and their 
environment to ga in a better understanding of the 
hail formation process and procedures for eventual 
modification attempts . 

Table 1. Direction From Which Precipitation Cells 
Moved That Produced Hail 

P ERIOD 
NUMBER OF 

C ASES 

1961-2 - 3- 4 
Monthly Total 

15-31 May 

J une 

J uly 

NU MBER OF CASES WITH 

96 

21 6 

20 0 

T able 2. 

Hail Track Same as Wind Direction 

Hail Track CW from Wind Direction 

Hail Track CCW from Wind Direction 

Speed of Hail Track Wind Speed 

Speed of Hail Track > Wind Speed 

Speed of Hail Track < Wind Speed 

D eviation of Hail T rack from 
Wind Direction , Degrees 

Average (CW) 

Standard D eviation 

Speed , Knots 

Average 

Standard D eviation 

0- 90° 

0 

0 

3 

90- 180° 

5 

5 

6 

P ERCENT OF CASES 

180 - 270° 

67 

55 

4 3 

270 - 360° 

21 

28 

36 

Relation of the Environmenta l Wind Fie: d 
to Speed and Direction of Precipitation 
Echoes Thc..t Produced Hail 
May 1961 - 64 

KFT MSL 
14 18 25 

6 2 

40 56 45 

37 25 37 

3 6 6 

5. 21 14 

33 64 61 

-3 . 1 11 . 1 7.4 

-3 .1 11 . 1 7 .4 

23, 8 25 . 6 27.0 

4.7 - 2. 1 -12 .4 

32. 6 16 . 1 18.0 
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MOVEMENT 
UNCERTAIN 

7 

12 

12 

30 

11 

52 

20 

2 

10 

79 

40.8 

40.8 

28.5 

-1 7.9 

13 . 2 
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Table 3 . Relation of the Environmental Wind Field 
to Speed and Direction of Precipitation 
Echoes tha: P rod·Jced Hail 
June 19 61-64 

KFT MSL 

NUMBE R OF CASES WITH 

Hail Track Same as Wind Direction 

Hail Track CW fro m Wind Direction 

Hail Track CCW fro m Wind Direction 

Speed of Hail Track = Wind Speed 

Speed of Hail Track > Wind Speed 

Speed of Hail Track < Wind Speed 

D eviation of Hail Track from Wind 
Direction, Degrees 

Average (CW) 
Standard D eviation 

Speed , knots 
Average 
Standard D eviation 

14 

23 

11 9 

44 

6 

147 

55 

40,4 
42. 4 

10. 0 
10. 9 

18 

2 

91 

93 

9 

70 

129 

40. 9 
47 . 1 

- 6 . 1 
7 .1 

T able 4 . R e la tion of the Environmental Wind Field 
to Speed and Direction of Precipitation 
Echoes tha t P roduced Hail 
July 1961- 64 

25 

7 

84 

95 

9 

49 

150 

54. 8 
46.0 

- 8 . 2 
8.4 

KFT MSL 

NUMBER OF CASES WITH 

Hail Track Same a s Wind Direction 

Hail Track CW from Wind Direction. 

Hail Track CCW from Wind Direction 

Speed of Hail Tra ck Wind Speed 

Speed of Ha il Track > Wind Speed 

Speed of Hail Track < Wind Speed 

Deviation of Hail Tra ck From Wind 
Direction, Degrees 

Average (C W) 
Standard D eviation 

Spe ed , Knots 
Average 
Standard D eviation 

14 

0 

71 

87 

4 

98 

48 

28 .3 
54. 9 

18. 4 
35 .7 

38 

18 25 

3 3 

79 9 2 

78 67 

8 3 

109 6 3 

76 127 

. 5 8.6 
53 . 6 49 .2 

13. 0 - 2 . 0 
34 . 9 78.2 

30 

96 

89 

7 

41 

160 

33 , 6 
37 . 8 

- 8 . 6 
19 . 2 

30 

2 

80 

68 

13 

55 

125 

26. 6 
52.6 

- 6,4 
49 . 1 
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INTRODUCTION 

This appendix is a compilation of the Civil 
Engineering Reports CER61RAS58, "Hail Genesis 
Areas in and Near Northeastern Colorado , "by 
R. A. Schleusener and T . J. Henderson , Colorado 
State University; CER62RAS79 , "Radar Climatology 
of Hailstorm s In and Near Northeastern Colorado , 
15 May-31 J uly 1962, with Comparative Data for 
196 1, " by R . A . Schleusener and T. J. Henderson, 
Colorado State University; CER6 3RAS69, "Radar 
Climatology of Hailstorms In and Near Northeastern 
Colorado , 15 May - 31 J uly 1963 , With Comments on 
the Relation of Radar Climatology to Se l ec t ed 
Synoptic P aramete!"s, "by R . A . Schleusener , 
T. J. Henderson , and H . Hodges, Colorado Stc1.te 
University; and CER65JDM19, "Radar C limatology 
of Hailstorms In and Near Northeas tern Colorado , 
15 May- 31 July 1964 , "by J . D. Marwitz, T. J . 
Hende rson, and R. A . Schleusener, Colorado State 
University. 

The High Plains region of Eastern Colorado 
a nd Wyoming, and Western Nebraska , suffers 
fro m fr equent damaging hailstorms. Because of the 
fr equent occurrence of hailstorms, this i s an exce l
lent area for studying the origin, genes is, and mo
tion of such storms . Hailstorms originating in this 
r egion frequ e ntly move fur the r to the east and pro 
duce damaging storms in Nebraska and Kansas . 
Since there is little information ava ilable on the 
climatology of hailstorms , a study of the radar 
climatology of hailstorms was undertaken by Colo
rado State University in 196 1 and was continued 
through 1964. 

The obj ectives of this study were as follows : 

1. To d etermine hai lstorms genesis areas. 

2. To d etermine the subsequent track of hailstorm.s 
following their formation . 

3. To gather some insight towards the ultimate 
benefic i al modification of hai l storms. 

METHODS 

In 196 1 , radar equipment for the project was 
furnished by Atmospherics Incorporated of Fresno, 
California. The system was mobile and employed 
a 3. 2 c m radar wave l ength. Three radar systems 
we r e available on the project dur ing the 1962-64 
s easons. The additional systems were the CPS - 9 
system at Lowry Air Force Base near Denve r, and 
a vertical scanning system modified by Colorado 
State University . Both the weather radar system of 
Atmospherics Incorporated and the vertical scanning 
s et of CSU were located near New Raymer, Colorado. 
At an e levation of approximate ly 4800 fe et above 
s ea leve l , this site provided excellent vi ew of the 
project study area, allowing precipitation echoes and 
hail paths to be determined as far west as the C on 
tinental Divide to as far east as the maximum 

4 1 

ZOO-nautical- mile radar range. The first of two 
7" P PI indicators of the Atmos pherics Incorporated 
sys tem was used for g eneral story tracking, while 
the second indicator was ·.1ti li zed for gathering of 
16 mm black and white time -lapse motion pictures. 

Operation of the equipment was very r eliable for 
th e 196 1 - 64 period, with only about eight hours of 
"off the air" time due to lightning strikes nea r the 
radar . 

Echoes t at pass ed through be Colorado State 
University hail recording network we re classified 
a s ha il produ:::ers if hail ::-eports were received from 
the CSU hail r eporting network. To det e rmine 
whether an echo was a "hailer" when it was outside 
the network, a plot of precipitation ec hoes was com 
pared with a similar plot of insurance claims , local 
news paper reports, and word - of-mouth reports that 
were obtained from· CSU fi e ld personnel in the area. 

R ESULTS 

Figures 1-4 show the initial locations of radar 
echoes which later produced hai l for the period 
15 May to 31 July 196 1 - 63 and 1E May to 31 July 
1964. Several facts may b e note :l from comparison 
of these figures : (1) in 1962 th ere were more 
echoes which produc ed ha il ; ( 2} a. l arger fraction of 
the echoes deve loped closer (5500' msl) to the Rocky 
Mountains in 1962; (3) a larger fraction of the echoes 
deve loped approximately 50 miles east (5000'msl) of 
the Rocky Mow1tains in 196 3; ( 4) the initial location 
of hailers is mor e widely dispe rsed over the region 
in 196 1 and 1964; and (5) i n 1964 there were less 
echoes that produced hail. 

The frequency of occurrence , within grid 
squares of 200 , 000 fee t on a sid e , of first echoes 
that later produc ed hail is showr. in Figure 5 . From 
thi s figure a general tendency can be noted for a 
greater number of first e choe s t•::> form west of the 
radar site than east of the radar site. The area 80 
miles east of the north - south lin2 between De nver , 
Colorado , and C heyenne, Wyoming, is found to have 
the highest fr equency of occurrence of fir st echoes 
that become hailers ; in par ticular, the 1600 sq. 
mile area just east of Fort C ollins is outstanding in 
being a region of hailer genesis with almost twice as 
many hai l echoes forming in thiE area as in other 
grid squares . Thus, the fr equency of occurrence of 
initia l locations of radar echoes which later produced 
hail is highe r in the areas of rapid change of eleva 
tion of terrain than in flat t errain . 

T able 1 gives a summary of the radar clima 
to logy of hai lstorms within rang 2 of the radar at New 
Raymer , C olorado, for 196 1- 64 . A comparison of 
the data from T able 1 shows that both the total num
ber of echo es and the number of echoes which were 
known to have produced hail on the ground in 1964 
were considerably l ess than for the three pr evious 
years. This compariso:1 i s a reflection of the 
general drought conditions prevalent in northeastern 
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Table 1. Thunderstorm Ha il Days and he Number of Echoes with Hail Within 
Range of the PP! Radar System at New Ray1ner, C olorado. 

Storm Storm 

Period 
Days Days 

T otal 
With Without 
Hail Hail 

18- 31 May 3 5 8 
1-1 5 June 6 2 8 
16 -30 June 3 4 7 
1-15 J uly 5 4 9 
16-31 July 5 8 1 3 

Total 22 23 45 

15-31 May 9 10 
1-1 5 June 8 0 8 
16-30 June 3 3 6 
1-15 July 6 3 9 
16-31 July 11 2 13 

Total 37 9 46 

15-31 May 11 6 17 
1-1 5 June 9 6 15 
16 -30 J une 10 4 14 
1-1 5 July 11 4 15 
16-31 July 11 3 14 

T otal 52 23 75 

15-31 May 10 2 12 
1-15 June 1 3 0 13 
16-30 June 1 2 9 
1-15 July 8 4 12 
16-31 July 9, 2 11 

I 

Tota l 47 10 57 

Colorado during 1964 . Table 1 also r eveals that the 
number of storm days with hail in 1963 was less tha n 
for the preceding years 196 1 and 196 2, while the 
number of echoes which were known to have pro
duced hail in 196 3 were not greatly different from 
196 1 and 196 2 . This apparent di screpancy is prob
ably due to an improved verification system for 
determining hail occurrences for the years 1962 and 
1963. The 1962 season was one of more severe 
weather , both in terms of a greater number of total 
echoes, and a greater number of echoe s which were 
known to have produced hail at the ground . 

T able 2 summarize s the origin and move ment of 
echoe s ide nt ifi ed as producing hail on the ground. 
The greate s t anomaly appears to b e the number of 
echoes origina ting in Colorado and moving to 

1964 

196 3 

1962 

195 1 

47 

Total 
Number of Echoes 

Echoes 
Which Were Known 

Catalogued 
To Have Produced 

Hail on Ground 

4 4 
57 10 
13 5 
28 7 
36 7 

13 8 33 

11 7 32 
81 42 
25 8 

11 0 30 
165 43 

4 98 15 5 

140 34 
186 37 
194 55 
106 28 
126 29 

752 1 83 

98 26 
124 42 

79 21 
104 43 

99 17 

504 149 

Nebraska in 1962. By comparing : he data for echoe s 
originating in Nebraska and Wyomi ng and moving to 
Colorado and Kansas with the data for echoes origina
ting in Colorado and Kansas and moving to Nebras ka 
and Wyoming, it may be noted that in 196 2 more 
storms traveled from south to nor th and fewer from 
north to south than in 196 1, 1963, or 1964. The in 
dividual radar echo pl ots indicate that a general 
change of d ·r e ,::tion of storm moveme nt exists sinc e 
in May and J une echoe s move from the west or south 
west, while in July they travel fro m the w st or 
northwe st; this is particular ly true in 1962, an 
exceptionally strong hail y ear. It can b e noted that, 
in 1964, 82 pe :-c ent of th e hail-bearing e choe s orig
inating in Colorado and failed to move to neighbor -
ing s t at es. 



Tabl e 2. Orig in and Move m ent of Echoe s Identified a s Producing 
H ail on th e Ground 

Echoes 
Orig inated Year 

In Colorado 

Colorado 196 1 56 
1962 67 
J.963 84 
1964 27 

Kansas 1961 0 
1962 0 
196 3 0 
1964 0 

Nebraska 1961 12 
1962 1 
196 3 2 
1964 

Wyoming 196 1 13 
1962 7 
196 3 2 
1964 3 

Table 3 illustr a t e s the pe rcentage of to tal e choe s 
that were id entified as produc ing hai l on the ground. 
The clas sifi cation i s fo r the y ea rs studi ed. The p er 
centage of hailers to total nu mb e r of echoes i s s een 
to vary slightly from y ear to y ear; for example 31. 1 
perc ent in 196 3 to 2 3. 9 pe r cent in 1964 . It is 

- Echoe s Moved to -

Kans as Nebraska Wyoming 

12 21 3 
5 52 8 
5 22 
0 

7 0 0 
1 3 0 
3 2 0 
0 0 0 

6 11 0 
19 0 

0 12 
0 0 0 

0 7 
0 14 5 
0 16 6 
0 0 0 

surpri s ing that the y ear of gr ea tes t ha i l occu r 
rence , 1962 , exhibi t s only 24 pe r cent of th e 
total numbe r of echoes a s b e ing ha ilers . In s um 
m a ry, T a ble 3 s hows tha t a slightly greater per
centage tha n one ou t of four echoe s tracked produc ed 
ha : l on the ground during the 1961 - 64 pe riod . 

Table 3. Percentag e of Total Echoes Id e nt ified a s Produc ing Ha il 
on th e Ground 

Tota l 
Year Echoe s 

Catal ogued 

196 1 504 
196 2 752 
1963 498 
1964 138 

Total 1892 

Table 4 showns the average semi-monthly pe r
c entag e duri ng 1961-64 of total echoes tha t we r e 
ide ntifi ed a s pr oduc ing h a il on th e g round a t s o m e 
stage in their life cycle . The ave r aging period i s 
divide d into the firs t a nd las t two weeks of eac h 
month of the ha il - study season. The period s t 6-30 
June and 1-1 5 July show th e greates t pe r centage of 

Numbe r of Echoe s 
Which we r e Known 

Percentage 

48 

to Have Produ c ed 
Hai l on Ground 

149 29.6 
189 24 . 3 
155 31. 1 

38 23.9 

52 0 27 .5 

hai lers with 28. 6 pe r c ent and 31. 0 pe rcent, res 
pective ly. Howe ver, the tot al nu m b e r of ech oes 
tracked ove r these two period s i s l ess th an for 
any oth e r c orres pondi ng pe riod in Table 4 . Th e 
interva l 1-1 5 June , whil e e xhibiting th e g r eates t 
number of e choes (6 34) , ha s a pe r cent age of 
h aile rs of only 20 pe r cent . 



Table 4. Average Semi - Monthly Percentage of Total Echo~s 
Identified as Producing Hail on the Ground Dur ing 
196 1-64 

To tal 
P eriod E choes 

r Catalogued . 
15 - 31 May 359 
1-1 5 June 6 34 
16 - 30 June 311 
1-1 5 J uly 348 
16- 31 July 426 

SUMMARY 

The r adar data from the period 196 1- 64 tend to 
confirm the following obs ervations concerning the 
High Plains hailstorms in northeastern Colorado . 

First , in 196 2, there were mor e echoes wh i c h 
produc ed hail and thes e echoes d eve loped close r 
to th e Rocky Mountains . In 196 1, 1963 , and 196 4 the 
g enesis of hai lstorms was more wide ly di spersed 
with the l east number of hail echoes forming in 1964. 

Second , the frequency of initial location of radar 
echoes which late r produced hail is greater in areas 
of rapid change of elevation of terrain ha n in fla t 
terrain, with the area of maxi mum frequ ency lying 
just to the east of Fort Collins , Colorado 

Third, individual rada r echo plo ts indicate a 
g eneral change in dir ection of storm movement 
e xists . In May and J une echoes move from the west 
or southw est, whi le in July they trave l from the 
west o r nor thwest ; this i s particular ly t rue in 196 2, 
an exc epti onally strong h ai l year. As would be 
expec t ed with this type of movement, most echoes 
identified as producing hail on the ground when 
l eaving Colorado enter Nebraska, and nearly one 

Number of Echoes 
Which w e r e Know:1 

P ercentage 

49 

to Have P roduced 
Hai l on Ground 

96 26.7 
131 20 . 7 

89 28 .6 
10 8 31. 0 

96 22.5 

fou rth of this number enter Kansas. T hus , it 
appears that movement from the southwest is char 
acteristic of high hail fr equency. 

Fourth , the pe rcentage of total numbe r of 
echoes that are hailers i s seen to vary only sligh tly 
from year to year . 

Fifth, th e per iods 16 - 30 June and 1-1 5 July have 
th e greatest pe:-cen tage of h ailers ( 2 8 . 6 percent and 
31. 0 pe r cent , r espective ly) whe n compared to the 
tot a l nu mbe r of echoe s cata logued. The inte rval 1-15 
June shown s the least percentage , 20 percent. 

Th ese data provide a substantial begi nning of 
d eve loping factural knowledge concerning the clima 
tology of hailstorms and information on t heir physi 
ca l characteristics. It may be pos sibl e to speculate 
h e re that the common featu res of 196 1 a ri.d 196 2 (years 
of unusually h eavy hail da mage) do not apply to 196 3 and 
1964 {years of l ess intense hail a ctivity) . With the addi 
tion of data frorr_ other seaso:1s of varied hc.il intensity, 
this speculation could b e more positi',e ly discussed . 

The data in this r eport ha ve b een and wi ll continue 
to be used as background for experiments on bene 
ficial modification of hails to rms . 
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APPENDIX D 

POSITIO 1 OF HAILFALL WITH RESPECT TO RADAR ECHOES 

This appendix is a summary of the Civil Engbeer 
ing Report CER62RAS1 , "Observational Data on the 
Position of Hailfall with Respe ct to Precipitation 
Cells ," by R. A . Schleus ener and T . J . Henderson, 
Colorado State Univers ity, expanded to include the 
period 1960-64 . 

Since the processes by which nature produ ces 
hailstones i s not as yet clearly understood, it is of 
interest to examine records of the occurrence of 
hail to attempt to determine the pattern of hailfalls 
with r espect to radar echoes . 

Radar PPI data are available for northeastern 
Colorado for 1961 -6 4 concurrent with information on 
hail from cooperative observers of the Colorado State 
University hail network. The positions of the hail 
fall s were classified into one of four sectors of a 
r adar echo shown in Figure 1. These sectors were 
l eft front (LF). right front (RF), left-rear (LR), and 
right rear (R R) relative to the movement of the r adar 
echo . Projecting time-lapse movies of the rada r PPI 
scope onto a plot of the reports from cooperator 
observers, the position of the hailfall with re spect to 
radar echoes could be determined. For each of the 
hailfalls that occurred in these four sectors, the 
follo wing data were obtained from the surface net 
work: 

1. Maximum stone size (diameter, inches) 

2. Most common stone size (diameter , inches ) 

3 . Hail i mpact energy, f t - lbs / n
2

. 

The mean and maximum values of these para 
meters for ea6h of the four sectors and the number 
of cases within each sector are shown in Figure 1. 
For example , for hailfalls which occurred in the LF 
sector, the mean maximum stone size was 1/2 inch; 
the m ean energy was 18 ft-lb s / rt 2, etc . 
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Each of the above parameters might be consid 
er ed as a m easure of the intensity of hail occurrence. 
Hence, the fr equency of occurrence of maxima of the 
above parameters with each sector gives a measure 
of the relative frequency of hail within each sector . 
T his frequ ency of occurrence is expressed in terms 
of the number of days per month that the maidmum 
value of the parameter occur red . Figure 2 gives the 
frequency of maxima of the parameters of Figure 1 
within each sector LF, LR, RF, and RR. No signi 
fi cance i s attached to a compa rison between front 
(F) and rear (R) s ectors, since any error in the tim
ing of reports from be network observers would 
cause an error i n the sector classification. 

Figures 1 and 2 .s how a favored tendency for hail 
on the r ight-hand side of the radar precipitation echo. 
This observation is consistent with the work of Newton 
(1 960 ), Ludlam (1 961 ) , Fujita (1 963 ), and Browning 
(1964) who have shov. n theor etic al m o dels of a thun -
derstorm with the maximum hail frequency on the 
right - hand side of the storm path . While the most 
common and maximum stone sizes show little varia
tion between sectors (though larger in the right - hand 
s ectors ) it is the hail impact energy numb er that i s 
c onsiderably greater in the right - hand sectors, both 
in the mean and m axima. Figure 2 reveals that the 
number of days on which the maxi:num of the hail 
parameters did occur during 15- 31 May 1961 -64 is 
nearly equal for both the left and right - hand sectors . 
However, during J une and July, the emphasis on 
frequency of occurrence of maxima of the hail para
m eters shifts strong:y to the right-hand s ector . 

Thus , on the basis of the 1 961 -6 4 radar and 
cooperator data fo r northeastern Colorado, i t appears 
that the right-hand s:de with respect to cell move 
m ent is favored for the occurrence of hailfall as 
characterized by the most common stone size, the 
maximum stone size, and the hail impact energy. 
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Figure 1. Characteristics of hailfalls falling within each of the four sectors (LR, LF, RR , and 
RF ) of prec ipitat ion cells. CSU network, period 15 May -3 1 July , 1961 - 64 . 

LR LF 4 6 0 0 2 6 -------1 ~ 
RR RF 4 7 4 5 6 8 

LR + LF 10 0 8 
11--------t--!> 

RR+ RF II 9 14 

LEGEND MAY JUNE JULY 

Figure 2. Fre qu ency of occurrence (number of days ) o f maxima of the parameters (maximum 
stone size, most_ common stone size, and maximum i mpact energy) ob served in 
each sector . 
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Embryo 
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DEFINITIONS 

Definition 

Mass per unit volume, gm cm 

H ailstone diame ter, cm 

Hailstones > 3 cr.i diameter 

-3 

H ailstones < 1. 5 < hailstone diam~t e r < 3 cm 

Hails tone diamete r < 1. 5 cm 

Length dimension .'.:. 0. 3 cm 

L ength dimension > . 3 cm 

Ice made up of s :nall ice crystals 

Ic e m ade up of large ic e crystals 

R atio of the volume of small ice crystals in a h a ilstone divided 
by th e volume of large ice crystals in th e hails tone 

Ice particle serving as the initial growth center of th e h ailstone 
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INTRODUCTION 

This appendix is a summary of the Civil Engi
neering Report CER63RRR38, "Analysis of Hail 
stones from Northeastern Colorado, 1962, 11 by Ron 
R. Robinson and Richard A . Schleusener, Color ado 
State Univers ity . 

A large number of hailstones were collected in 
Northeastern Colorado during th e summer of 1962, 
and certain measurements were made on these stones 
for the purpose of determining their physical char 
a cteristics. Measurements were made of the follow
ing: density, ice crystal volume ratio, number of 
wet and dry growth rings , hailstone size, shape of 
the hailstone, size of the embryo, and shape of the 
e mbryo. 

PROCEDURES 

A. Laboratory Procedures 

While the slicing of hails tones for photograph
ing is a tedious and exacting operation, with s ome 
practice, i t is possible to slice and photograph four 
s tones per hour. 

For slicing a hailstone an apparatus was us ed 
which contained two hot wires attached to an inclined 
plane. These two wires could be adjusted to cut any 
thickness desired. The hailstone w as frozen to a 
brass cart, which was rolled down the inclined plane . 
The hot wires made contact with the hailstone, and 
were adjusted to cut a hail slice three millimeters 
thick. The hailstone slice was then polished on a 
damp chamois to a final thickness of one millimeter. 
Th e slice was then r eady to be photographed for air 
bubble structure. 

Photogra phing a hailstone slice must be done 
at o0c or colder. To accomplish this, a photobox 
was mounted in a refrigerator. The photobox con
tains its own light source, cross-polarized lenses, 
and a Roleflex camera mounted in the top. For black 
and white pictures the film used was Pan-X- 125. In 
t aking the picture of the air bubble structure, only 
one polariz ed lens was used . The hail slice ( one 
m illimeter thick) was placed in the photobox, and a 
time exposure of five seconds was taken. The hail 
s l ic e was then r emoved and furth er polished to a 
th ickness of one tenth of a millimeter. Again the 
h ailstone was placed in the photobox with two polar
ized lenses crossed. For a picture of the crystal 
s tructure of the hail slice, the ti me exposure was 
e ighteen seconds. 

The cross polarized l ens let only the refracted 
light from th e crystals pass through the camera, thus 
giving a pictur e of the crystal structure of th e hail 
s lice. 

For taking color photographs of the crystal 
structure of hailstone slices, a 35 mm single lens 
r eflex camera was used which contained a bellows 
a ttachment wit h magnification of 2. 7 . The bellows 
attachment made it possible to take detailed pictures 
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of s mall hailstone slices . The photobox used for 
t aking colored photographs was m ade cf plexiglass, 
and h ad the dimensions of 6" x 6 11 x 12 11

• For a 
light source, 700 watt photoflood light bulb was moun
ted in th e b ase of the pho tobox. Th e hailstone slice 
was placed eight inches above the base of the photo
box on a glass slide for p:iotographing. One polar
iz ed lens was pla ced one inch above the glass slide 
which held the hails tone slice. The second polarized 
lens was placed 0. 25 inch above the first. These 
lenses were crossed to allow only light refracted 
from the crystals to enter the camera . The top of 
the photobox was left ope n to allow the 35 mm reflex 
camera, which was mounted on a tripod, to be fo 
cus ed on the hailstone slice . The lens setting and 
lens speeds were variable , and depended on the mag
nif ication, thickness of the hailstone slice, and the 
power of the photoflood light in the photobox. The 
s ettings we used were : Lens opening f/ 16, lens 
speed 1 / 4 s econd, type of film Kodachrome II. The 
photoflood light could only be left burning for a few 
s econds, because the heat produced tended to 
melt the hailstone slice. This prohibited time ex
posures of any l ength. 

S everal methods may b e used for measuring 
the densities of hailstones . The method that we used 
was introduced to us by the lat e Dr. Lyle V . Andrews 
of Nebraska State Teachers College. The m aterials 
need e d were one gallon can, a gallon mixture of alco
hol and wate::- with the r atio of 25 p ercent alcohol to 
7 5 percent water, ice, 250 milli liter flask, a bracket 
for holding t:i.e 250 millUter flask, carbon tetra
chloride ( CC l 4) and paint thinne r. The gallon c an 
was us ed to hold the mixture of alcohol, wat e r and 
ic e. Th e 250 milliliter flask containing CC1 4 and 
paint thinner with a density of . 885 was lowere d into 
th e solut ion of alcohol, water and ice. It was held 
in position by a four-pronged br acket (see F ig. 2). 
The mixture of alcohol and ice hold the 250 m illi liter 
flask of CCl4 and paint thinner j ust below o0c ; this 
allowed the hailstone to be placed into the solution of 
CC1 4 and pa int thinner without melting. Whe n a 
hailstone was placed into the 250 milliliter flask con 
taining CC1 4 and paint thinner, it would either sink 
or float. If the hailstone flo ats , the density of the 
solu tion was decreased by adding paint thinner to the 
solution until the hailstone was suspended midway in 
t he solut ion . If the hailstone sinks to the bottom of 
the solution of CCl 4 and paint thinner, then the den
sity of the solution was increased by adding CCl 4 
un til the h a ilston e was suspended midway in the so
lution . Once the hailstone was suspended in the 
solution CC1 4 and paint thinner, the density of the 
solution (and thus that cf the stone) was measured 
with a hydrometer. Once the density kit was in oper
ation, it took ve ry little time to measure densities 
of hailstones. 

Density measurements were always made after 
all other physical operations were completed, since 
i is possible that the soaking of the hailstone in a 
solution of Cl4 and pa int thinner m ay change the 
inner structure of the stone. 
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Figure 1. P hotobox used for photographing hailstone slices. The photobox contains its own 
light source and cross -pola ri zed lens . 
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Figure 2. Dens ity kit us ed for measuring the de nsities of ha ils tones . 
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B. Procedures in the Field 

The maj or ity of hailstones collected during the 
summer of 1962 wer e coll ected by coop erators in 
northeas tern Color ado and southwestern Nebraska . 
Whe n it h ailed, the cooperators would collec t a 
sample, store it in the r efrigerator and mail a Re
port of Hail to Colorado State Unive rs ity . The hail 
samples would then b e picked up and stor ed in a r e
frig ei:-ator. 

A few hail samples were collec ted in cold boxes. 
These cold boxes consist of a small por table r e frig 
erator with a canvas funnel mounted on to p of the por 
table refr igerator in such a manner that the h ail -
s tones would fa ll inside the r efrigerator. Th e adva n 
tage of catching hails tones in a cold box is that it 
allows for a more r andom s ampl e . Cooperators 
tend to pick the larges t and most unusual hailstones . 

Slic ing hailstones in the field was similar to 
the operation performed in the laboratory . Howeve r, 
there were a few minor ch anges . For a powe r supply; 
six volts were obtained from a car battery. To 
freeze th e hailstones to the bras s cart, the brass 
c art was cooled with dry ice. Othe r than th e se 
changes, the slicing was done in the s a m e manner as 
in the laboratory proc edur es. 

Due to the lack of a 11 0 volt power supply, the 
photobox was mounted in a styrofoam ice chest fill ed 
wi th dry i ce. A portable flas h un it was us ed in place 
of the 11 0 volt photoflood light mounted in the base 
of the photobox . Other than these changes the pro
c edures for t aking black and whit e air bubble and 
crys tal pictures was the s ame as th e procedures used 
in the labora tory . 

It was d iscovered that due to the tim e e l ement 
in taking colore d pho tographs (focus ing, changing 
cameras , etc.), it was d ifficult to t ake a colored 
picture, because the ha ilstone slic e would start to 
melt. 

Density mea surements wer e made in the same 
manner a s in the laboratory . Hailstones were used 
to cool th e alcohol and water solu tion. 

ANALYSIS OF HAILSTONE PARA METERS 

Nine di ffe r ent hailstone paramete rs were r e
cor<ie d from ha ilston es collected during the summe r 
of 1962. These parameters are: size, shape, den
s ity, ice crystal volume r atio, nu mbe r of wet growth 
rings, nu mb er of dry growth rings , radius of wet 
embryo, rad ius of dry embryo, and shape of embryo. 

The diamete r of the hailstone was measur ed 
and r ecorded in c entimeters. If the hailstone was 
an ellipsoid or som e odd shape, the greatest length 
of the hailstone was r ecorded . 

Th e hail s tone shapes were designate d by five 
d ifferen t classes . Th ese cl asses were: spheroid, 
ell ipsoid, saucer stone, conical stone, star ston e . 
Th e sauc e r s tone was a hailstone which had a shape 
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s imilar to that of a saucer, and gencraLy had a 
d imple on one or bo th faces . The conic a l hails tone 
h ad the shape of a cone or a tear d::-op . The star 
hailstone had t:ie same basic shape of th e classical 
shapes plus a very distinctive ic icle type proj e ction 
on the surface . 

The density of the hailstones were m easured 
with the de nsity kit. 

The ice crystal volume ratio was calcul ate d 
from color slide s of the hailstone slices when they 
were available, and fr om th e black and whi te photos 
wh en th e color slides were not available . When color 
s l ides were used, the volume of large ice crystals 
and small ice e r ystal s was calc ulated by proj ecting 
the picture of 3. h a ilstone sl ice onto a circular grid. 
The assumpt ion was m ade t hat every hai ls tone was 
m ade up of spherical or elliptical 5hells , c onsisting 
of eithe r "small" or_ "large" ic e crys tals. Wi th this 
a ssumption an d using the grid to find the r adius of 
the different ice crystal shells, th e volume of shell:; 
c omposed of l arge and small ic e crystals was calcu
lated. The photograph of :h e hailstone slice was al
ways cent ered on the grid at th e embryo cente r , 
which is not necessarily the geometr i c center. If 
the shells of small and large ic e crystals were ellip 
tic al, it was assumed that the she_ls wer e ellipsoids 
and the volum e ·of the ellipsoids was c a:. culated. 

If there were no color slides available of a 
h ailstone slice, a black a nd whi te crystal struc ture 
photo was use j for calculating the volumes of "large " 
and "small" crystal s . For black 3.nd white pho os a 
plastic grid was used which con tained fifteen circles 
with a common center. The grid vas placed on the 
h ail slice photogr aph and centerec on th e ha ilstone 
e mbryo. The r a diu s of th e circula r shells of the 
small and l arge ice c rystals was then calculated. 
Knowing the r adius of each different shell the volum e 
of the small and large ice crystal shells was calcu 
lated. The s2me assumptions were used that we r e 
used for calculating the volume of ice crystal shells 
using colored photos . 

It was impossible to slice and photograph small 
h ailstones, but they were cut with a razor blade and 
the ic e crys ta l r atio dete rmined by approx imating 
the volumes of small and large ice crystals by look
ing at the slic ed hailstone through a magnifying glass. 
The density a::id size were th en m easure d. 

The colored slides we r e much b e tter than 
black and white photographs for calculating the vol 
ume of ice crystal she lls, since i t was possible to 
obtain l a rge magnification factor of twelv e was used. 
It was also much easi e r to d istinguis h betwe en s mall 
and l arge ice crysta ls wh en using color slides. 

The i ce crystal volume r atio was determined 
for every h ai : stone analyzed after computations of 
the volumes of l a rge and sma ll crystals were com
pleted . 

From t he colored slides anj bla ck and white 
photographs of the hailstone slic es, the number of 



wet and dry growth rings was r ecorded . 

F rom the colored photographs and th e black 
a nd white photographs, t he r adius of the hailstone 
e mbryo was measured and it was determi ned whethe::
the embryo consisted of l arge or small ice crystals . 
The shape of the embryo was r ecorded according to 
the category to which it b elonged . These categories 
w ere the following: spherical, elliptical, and c onical. 

F or e very s ample containing h a ilstones wi th a 
diameter equal to or greater than 1 . 17 c e ntimeters , 
ten hailstones were analyzed . If there we r e less than 
t en hails tones in th e h ail sampl e, then as many stones 
were ana lyzed as possible. There were very few 
s amples that did not h ave ten h a ilstones a na lyzed. 

F or every sample of hailstones with a diam eter 
less than 1, 27 c e ntimeters , five hai l stones were 
a nalyzed. 

A total of 6 10 hailstones were analyzed for den
s ity, s ize, and ice crystal volume ratio. Of these, 
3 45 were also analyzed for number of wet and d ry 
growth rings , shape of h ails tones, r adius of wet or 
dry h a ilstone embryo, and the sh ape of the embryo . 

The dens ity m easureme n ts were consi dered 
t o be measured to an accuracy of ::_. 002 gm / cm3 • 

T he a ccur acy of our stone data i s as follo ws: 
h ailstone s ize (diameter)::_ 3 milli--n eters, and 
density + . 002. 

R ESULTS 

A. Mean h ailstone properties 

The □ean d en s ity of h ails tones analyzed was 
. 888, and t:ie range was from . 853 to . 916. The 
hailstones with the lowest dens i t ies were predomi 
n antly rime ice. (Small ice crystals s urrounded by 
m any air bubbles.) The h ailstones with the highe r 
dens ities w er e a lmost completely composed of clear 
i c e . 

The □ean diameter of the 6 10 hailstones ana
ly zed was 1. 8 3 c entimeters . 

The hailstones wer e separated into thr ee dif 
ferent categories. The frequ ency of occurrence of 
h a ilstones of each categor y is shown in Table 1. 
T able 1 show s that 68 percent of the individual stones 
w e r e small and medium size. ::Iowever, these data 
a re biased towards the oc curre:1ce of l a r ge hail
stones, because the cooperator3 te nd to collect th e 
largest hai l stones for a h ail sample. Thus the data 
of Table 1 are not r eprese ntative of th e size distri
bu tion of all hails to n es . 

The fr e quency of occurre:1ce of ic e c r ystal 
volum P. r atios large r or smaller than unity was de 
termine d. The r esults a re shown in Table 2. As 
m ay be s een from Table 2, 46 percent of the h ail 
s tones had ice crystal volu me r atios greater than 
unity (hail stones containing a greater volu me of 
s m all ice crystals) and 54 pe r cent had ice crystal 
volu me rat ios smaller : han unity (hailstones c ontain 
ing grea te r volume of 13.rge ice crystals ). 

T able 1. Frequency of occur r ence of small, m edium, an:i large 
hails tones fo r hailstones analyzed for density a nd size . 

Diameter May # Samples J une # Samples July # Samples 
Total Individual 

Stones 

S mall 68% 15 57% 12 53% 26 47 % 302 
( 1, 5 cm) 

Medium 27 % 6 19% 4 14% 7 21 % 139 
(1. 5-3. 0 c m ) 

L arge 5% 24% 5 33% 16 3 2% 208 
(3. 0 cm) 

Total 22 21 4 9 649 
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T able 2. Frequency of occurrence of ice crystal volume 
r atios (r) smaller or larger than unity . 

TOTAL MAY JUNE J ULY 

# Samples # Samples # Samples # Samples 

r< 54% 341 6 3% 
(g;eater 
volume of 
l arge 
crystals) 

r > 1 46% 293 37 % 
(greater 
volume of 
s mall 
c rystals) 

Total 634 

The total vo lume of ice from the 610 ha ilstones 
that were analyzed was 13, 382 cm3 . This volume 
was calculated by assuming each hails tone to be a 
spheroid having a diameter equal to the greatest 
length. T he volume of small ice crystals was 6,415 
c m3, and the volume of the large ice crystals was 
6, 967 cm3 • This indicates that during the summer 
there was a greater volume of hail formed from 
large ice crystals than from small i ce crystals. 

Analysis was made of 257 h ailstones to deter -
mine the nu mbe r of wet and dry growth rings. The 
a verage number for both wet and dry growth rings 
was found to be 1. 3 . This indicates that the mean 
hailstone for 1962 contained about one dry growth 
ring and one wet growth r ing . However, there were 

14 

8 

22 

29% 6 6 1 % 30 

7 1 % 15 39% 19 

21 49 

m ar,y hailstones with 3 growth rings and a few that 
c ontained as many as 8 growth rings . 

The mean embryo diameter for 257 hailstones 
analyzed was 0. 8 centime:ers. The r ange was from 
0. 1 to 1 . 6 cen timeters. 

Analysis of shape was m ade for 427 hailstones. 
Th e results a:-e given in Table 3 . Tab'..e 3 shows 
that the greatest number of hailstones were shaped 
as spheroids or ellipsoids. (S ince it is som etimes 
difficult to distinguish the difference between a 
spheroid and an ellipsoid, the spheroids and ellip 
soids may be considered as one shape . The other 
categories are very easily distinguishable from 
one another .) 

Table 3 . Frequency of occurrence of different shapes o f hailstones. 

percent Nu mber o f stones 

Spheroids 5 6% 240 
E llipsoids 23% 96 
S au cer 15% 66 
Conical 3% 13 
Star 3% 11 

TOTAL 10 0% 426 
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Analysis of shape of embryo w as m ade for 407 
h ailstones. The r esults are s hown in T able 4. The 
"undetermined" shap es are the,hailstones which had 

no di stinguishable embryo. T able 4 s hows that the 
m aj ority of h ailstone embryos wer e shaped as 
spheroids or ellipsoids . 

T able 4. Fre qu e ncy of occurrence of embryo shape for 407 hailstones . 

i: ercent Number of stones 

Spheroids 
Ellips oids 
C onical 
Undetermined 

TOTAL 

T he type of embryo {wet or dry) was analyzed 
from 326 hailstones . Dry embryos were obser ved 
54% of th e t ime and wet embryos 46% of the time . 

68% 
5% 
5% 

22% 

10 0% 

277 
19 
19 
92 

407 

From th e foregoing calcu latio .s , the mean 
h ailstone structure for the summer of 1962 can b e 
summarized as follo ws: 

MEAN HAILSTONE STRUCTURE 

Size (d iameter 
Sha pe 
Density 
Ice crystal volume ratio 
Number of dry growth r ings 
Number of wet growth ri ngs 
Diameter of embryo 
S hape of embryo 

B. Hailstone pa r ameter means and variability 
by m onths 

The h ails tone d a t a were categorized by months. 

1. 83 cm 
Sphe roid or Ellipsoid 
. 888 

or l ess 

0 . 8 cm 
Spheroid or Ellipsoid 

The m ean a nd sta ndard deviation of each parameter 
w ere computed by months , and comparisons made 
b etw een months. The results are shown in Table 
5. 

Table 5. Mean hailstone parameters (~), standard deviations (s) , an:l 
numb e r of samples (N:1 

MAY JUNE JULY 
P arameter 

X s N X s N X s N 

Density . 886 . 01 5 145 . 883 . 014 107 . 895 . 01 2 358 

Ice crys t a l 38 24 145 4.8 8.8 107 4. 6 30,6 358 
ratio, r 

Stone dia. , cm 1. 4 . 6 145 1. 9 1.8 107 2. 2 : . 7 358 

E mbryo dia. 0, 6 75 0.6 67 0.8 310 
{dry ) cm 

Embryo dia . 0. 8 75 1.0 67 0.8 310 
(wet) cm 
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From Table 5 it may b e seen that the h a il 
s tones analyzed for the month of June had the lowest 
d ensity and those analyzed for the month of July had 
the highest density . The differe nce between May and 
June (0. 00 3) is not cons idered significant, since i t is 
of the same order as th e accuracy of measurement . 

If the dens ity m eas urements are correct, one 
would expect that the ic e crystal r atio of the hail -
s tones for May a nd June would be larger than the ice 
crysta l r atio of hailstones for July . The greater the 
a mount of small ice crystals in a hailstone the less 
dense the ha ilstone becomes because th e small ice 
crystals a r e surrounded by many more air bubbles 
tha n are the l arge ice crystals. From Table 5 i t may 
b e s een that May and June do have larger i ce crystal 
r dtios than July, w hich indicates that the hailstones 
in May and June have proportionally more small ice 
crystals than in July . 

Table 5 shows that the mean hailstone diameter 
was smalles t in May ( 1. 4 cm) and l argest in July 
(2 . 2 c m ). These data a r e cons istent with the idea of 
thunde rstorm s i n l ate Ju ne and early July having 
h igher cloud tops and b e i ng m ore vigorous than the 
thunde r storms in May and early June . 

Hailstone diameters were divided into three 
d iffere nt size categories for May, June and J uly. 
The fr equency of occurrence was then determined for 
eac h category for each month . (S ee T able 1.) Fro m 
T able 1 it m ay b e seen that May h ad the greatest 

fr equ ency o f small h ail, and the ~owest fr equency for 
l arge hail. June had l ess small hail faan May, and 
m ore l a rge ha il tha n May, and Ju ly had the l east 
amount of small hail and the greatest amount o f large 
h ail . These data also lend suppor t to the i dea that 
late June and early J uly are t he months with the most 
vigorous thund erstorms. 

From Table 5 it may b e seen that fae diamete r of 
the wet and dry embryos are unifo r mly d istributed 
for the three months . 

SIMPLE CORR E LATIONS 

A. Hailstone parameter correlations for all 
h a ils tones . 

Using the 1620 IBM computer, simple correla 
tions betweer. hailstone size (diameter), de n s ity, ice 
crys tal volume r atio, number of dry growth rings, 
number of wet growth rings, and di amete r of embr yo 
were m ade . These correlations were fir s t made fo r 
all h ail stones analyzed . Th e r esults are given in 
Table 6 . 

L ooking a t T able 6, we see that only two param
eters (number of wet growth rings and th e number of 
d ry growth rings) h ave a significant correlation with 
hailstone diam eter . There i s signific ant negat ive 
correlatio n between ice crystal volume r atio and de n
sity . This r esult ind icates that as the ice crystal 
volume r atio increases , the density of h ai l stones 
decr eases . This r esult is r easonable, s i nce a l a r ge 
ice crystal ratio should mean tha: the r e are more 
s mall ice crys tals than l a r ge ice crystals , and 
the r efore, a lower density . 

Table 6. Simple correlat ion coeffici ents for all ( 257) ha ilstones 

Diameter R atio 
No . o f wet No . of dry Dia m e ter 

Dens ity 
growth r :ngs growth rings of e mbryo 

Diame t er 1. 00 -0.02 6 0 . 145 * 0 . 25 1*"' -0 . 056 0 .040 

Ice cry s tal 1. 00 - 0 .1 23 '-' -0 . 045 -0 . 052 -0. 164 ':'* 
volume ratio 

No. of wet 1. 00 0. 284** -0 . 0 95 0.073 
growth rings 

No . of dry 1. 00 0 . 17 9** 0 . 011 

g rowth rings 

Diameter 1. 00 - . 08 0 
of embryo 

Density 1. 00 

* indicates significance at the 5 percen t level 

** indicat es significance at the 1 perc e nt level 
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There is a significant positive correlation 
between the number of wet growth r ings and the 
number of dry growth rings. 

There is a significant negative correlation 
b etween the number of dry growth rings and the 
d iameter of the embryo . 

B. H ailstone paramete r correlations by months 

C orrelations of each hailstone parameter with 
o ther parameters were made for each month separ 
ately. The number of observations for each month 
was as follo\./"s: May= 27, J une= 5 0, J uly= 180 . 
T l: e results are given in Tables 7, 8 and 9 . 

T able 7. Simple correlation coefficients for May (27 ) hailstones. 

Diameter 

Ice crysta l 
volume ratio 

No . of wet 
g rowth rings 

No. of dry 
growth rings 

Diameter 
of embryo 

Density 

Diameter 

1. 0 0 

R atio 

. 4 33 

1. 00 

No. of wet No . of dry 
growth rings growt h rings 

0 . 200 

-0. 21 7 

t .00 

0 . 115 

0. 077 

1. 00 

Diameter 
of embryo 

0. 175 

-0.2 27 

-0. 31 8 

-0 . 373 

1. 00 

* Indicates significance at the 5 percent level. 

T able 8. Simple correlation coefficients for J une ( 50) hails tones. 

Diameter R ati o 
No. o f wet No. or dry Diameter 
growth rings growtr·_ r ings of embryo 

Diameter 1. 00 0. 17 0 o. 177 0 . 347 * 0.0 38 

Ice crystal 1. 00 -0.20 3 0 . 212 -0. 10 3 
vol ume ratio 

No. of wet 1. 00 0.08 1 -0 . 16 7 
g rowth rings 

No . of dry 1. 00 -o. 45 2,,,, 

growth rings 

Diameter 1. 00 
of embryo 

Density 

* Indicates significance at the 5 percent level. 

*'' Ind ica tes significance at the 1 pe rcent level. 
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Density 

o. 186 

o. 27 3 

0.29 2 

0 . 047 

0.220 

1. 00 

Density 

o. 54 9 ,,,, 

-0. 161 

-0.093 

-0. 033 

-0.30 7* 

1. 00 



T able 9 . Simple correlation coefficients for July ( 180) hailstones . 

Diameter R atio 
No. of wet No . o f dry 

gro·Nth rings growtr_ rings 
Diamete r 

of embryo 
Density 

Diameter 

Ratio 

~o . o f wet 
growth rings 

No. of dry 
growth rings 

Diameter 
of embryo 

Density 

1,00 - 0 . 066 

1. 0 0 

0 _ 1 71 '-' 

-0 _ 11 3 

1. 00 

0, 204*'' -0 , 109 

-0 .0 68 - 0.0 56 

o. 36 8'-''-' -0.054 0,057 

1, 00 - 0 .093 0.0 68 

1. 00 0, 041 

1. 00 

* Indicates significance at the 5 percent level. 
*'-' Indicates significance at the 1 percent l evel. 

Looking at T ables 7, 8 and 9 it may seem that the significant correlations are as follows : 

Diameter vs i ce crystal volume ratio 
Nu mber of wet growth rings ·,s number of dry growth rings. 

June 

Ciameter vs density 
Diameter vs number of dry growth r ings 
Numbe r of dry growth rings vs diameter of embryo (n egative) 
Diameter of the embryo vs density (negative) 

Diameter vs nu mber of wet g::-owth rings 
Diameter vs numb er of dry g::-owth r ings 
Ice crystal volume vs density (negat ive) 
Nu mber of wet growth rings vs number of dry growth rings 

ANALYSIS OF VAR IANCE 

A. F tests 

An analysis of variance was performed to deter
mine if there wer e significant differences in hailstone 
diameter between months. The r esults indicated 
highly significant differences (at the 1 percent l evel) . 

A similar computation indicated highly signifi 
cant diffe r ences in hails t one density between months . 

B . Students "t" tests 

Students "t" tests were then applied to deter 
mine which of the above factors were significantly 
different when considered on an individual bas is . 
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The r es ults of this test applied to the parame 
ter of hailstone diameter indicated that the only sig
nificant difference was between May vs June andJuly. 

The results of the test applied to the hailstone 
density also indicated a significant difference be 
tween May vs June and Ju:y . 

SUMMARY AN D CONCLUSIONS 

Eight hails tone parameters were determined 
from samples of hail collected in Colorado during 
th e summe r of 1962 . The mean and variance of each 
hailstone paran1eter was cetermined by various 
groupings . Cor r elation coefficients between th e 
hailstone parameters were determined. An analysis 
of variance using the "F" test was applied to 



determine sig ific ant di ffe r ence of hailstone par am 
e ters between months and geographic areas . 

Size ( diameter) 
Sha pe h a ilstone 
Density 
Ice c rystal volume r atio 
Number of dry growth 

r ings 
Number of wet growth 

r ings 
Diameter of embryo 
Sha pe of embryo 

On a se'°sonal basis, May h ad the smallest 
me an hailston!! diamete r and July had the largest. 
June h ad the l c: ast dense hailstones and July had the 
most dens e ha lstones . The other h ailstone parame 
ters (ice crys a l volume ratio, embryo diameter, 
and th e numbe:- of wet and dry growth rings) varied 

The ave r age hailstone for the summer of 1962 
h ad the following mean pa r ameters: 

1. 83 c entimeters 
Spheroi d or E llipsoid 
. 888 
1 

O. 8 c entimeters 
Sphe roid or Ellipsoid 

little during the summer. 

An analysis of va::-ianc e t.:si ng the F te s t 
and students "t" tests showed that there were 
significa nt s eas onal diffe r ences i ,1 hailstone diam 
ete r and density . 

~1 cm--.f 

Figure 3. Cross-se ction of a h a ilstone slice under 
cross -polarized light showing concentric 
distributions of la rge and small ice 
crystals. 

68 



, . . 

AP PEND I X F 

THE EFFECT OF TERRAIN AND LOW - LEVEL WIND ON HAIL GENESIS 

69 



INTRODUCTION 

METHOD 

RESULTS 

T abl e 

TABLE OF CONTENTS 

LIST OF TABLES 

Diffe r ence in T opographic Lift Parameter , ft/hr , (Genesis Point Minus Average of 
F our Surrounding Points), and Chi Square Significant Difference T est .. .... . 

70 

71 

71 

71 

71 



INTRODUCTION 

This appendix is a s u mmary of preliminary 
work done by Loren Blandin and r'ir st published in 
the Civ il Engineer ing R e port CER6 1 RAS59, "Charac
teristics of Hailstorms in the Colorado State Unive r 
sity Ne tw ork, 1960-61", by R ichard A. Sc hle usener 
a nd Le wis 0 . Gra nt, Colorado State Unive r s i ty ; 
the work has been expande d to includ e the 196 2 
s eason. 

In 1961 and 1962 a study was made in an effort 
to determine what effect the topography of north
e astern C olorado had on the genesis locations of 
s torms that l ater b ecame identified a s hailers. 

METHOD 

Ne w echoes tha t developed within a 7 5-nautical 
m il e radius of the Atmospherics Incorporated r adar 
located at New Raymer, Colorado, during the first 
two hours of operation each day were examined in a 
study of the effects of terrain and low-level wind 
flow . From data obtained within the C olorado St ate 
University hail network and from examination of the 
c rop-hail insurance claims these echoes were cate 
gorized as hailers or non-hailers. Echoes tha t 
were first r eporte d as lines , or groups of cells , or 
c ells that developed in close proximity to an earlier 
c ell were no t includ e d in this analysis . 

To examine possibl e effe cts of terrain on the 
genes is of these echoes , a genesis point was de t er
mined arbit r arily t en mil es up-motion from the first 
r adar echo. At this genes is po int and at four ad
d itional points located in th e cardinal direct ions on 
a tw enty mile r adius fr om the genesi s point, a topo 
graphic lift factor was computed . This factor is a 
m easure of the amount of low-level lift produced by 

topographic effe cts. The wi nd d i::-e ction and velo·
city at 8, 000 feet msl were deter:nined from a com
binat ion of the st andard upper-leYel wind r eports 
and the spe cial pilot balloon obs e _ vations taken 
r egularly at 0800 MST at Sterling, Colorado. Topo
graphic lift was computec by determining e levation 
d iffe rences between the upw ind and dow nwind sides of 
a point along the 8, 000 foot wind di r ecti on . "Topo
graph ic lift" equals the elevation diffe rences in fe e t 
per mile times the wind velocity in miles per hour. 

The 1962 topographic lift s tudy followed the 
1961 pilot s tudy quit e clos ely, the m a j or change 
b e ing that the computations were accomplished by 
u se of the IBM 1620 computer. The most important 
c hange in the m ethod of calculation was a different 
t echnique of obt aining elevations. In 196 1, indi
vidua l elevations were read directly from the topo
gr aphical ma;:> . In 1962, the area of inte res t was 
d ivided into s quares which were 25 , 000 fe et on a 
side. The boundar i es of these squares were deter 
mine d from be Colorado Plane Coordinate System, 
Northern Zone; and each square was given a pair of 
coord inates accor ding to thi s sys:em. Then a mean 
elevation (to t he nearest ten feet) was determined 
for each squa re by a visual integration of the ele 
vations withi n tha t squ a re. 

R ESULTS 

F or both 196 1 and 1962, a cc,mparison was then 
made of this lift pa ram ete r at the genes is point and 
with the average of the four surrounding points. Re
sults of this ~ 96 1-62 study ar e shown in Table 1. A 
pos itive difference indicates that the topographic 
lift factor was higher over the ar ea wr.ere the radar 
echo first developed than for an average of the s ur
rounding p oin ts . T able 1 shows no signigicant dif
fer ence in the topographic lift parameter at the 
g enesis po int as compared to the average of the 
fo ur surround ing points. It is concluded that it is 
not possible to us e the topographic lift pa r ameter 
for prediction of areas of first development of 
h ail - producir:g echoes. 

TABLE 1. Difference in Topographic Lift P a r ameter, ft/r_r , (Genesis Point l\Cinus 
Average of Four Surrounding Points ), and Chi Squ are Significant Difference 
T est. 

Elevation Class 
Number of C ases Chi Squar e 

Positive Negative Value P robabil ity 

I All Echoes 95 77 1. 02 >. 995 
II B elow 7000 ft. msl 53 45 . 38 > . 995 
HI B elow 5000 ft. msl 38 20 2 .78 >. 955 
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In this section of the report, certain meteorologi
cal parameters are related to the occurrence of hail 
fall. A comparison is made of the intensity of hailfall 
during the 1960-64 period and the mea n flow pa tte rns 
at 70 0 mb, the presence of a jet maximum overhead 
a nd the occurrence of hail, and the relationship of the 
500 mb west wind and the occurrence of hail in the lee 
of the Rockies. Development of a hail forecast equa 
tion is also discussed . 

A . MEAN 700-MB FLOW PATTER 'S 

Using the informa ion obtained from the Colorado 
State University cooperator network, the years 1960 -
64 are classified according to the intensity of hailfall. 
T his classification is based on the number of reports 
of hail received, the number of damaged passive hail 
indicators, the most common stone size observed dur
ing the season, the maximum stone size observed dur
ing the season, and the maximum hail impact energy 
recorded. T able 1 shows the ranking of the years 
1960 -6 4 according to these hail severity parameters. 
Th e results of this classification yield the following 
ranking according to intensity : 1962, 1960, 1961, 
1964, and 1963 . The most severe hail year was 1962 
There was little difference in in tensity among the other 
three years. 

Figures 1-5 show the mean 70 0-mb charts for the 
period 15 May - 31 July for the individual years 1960 -
64. These composite mean 70 0-mb charts for the 
period 15 May - 31 July were derived from the indi 
vidual mean charts for May, June, and July over the 
1960-64 seas~ns (Monthly Weather Review, 1960-64). 
These mean charts illustra te the contour heights (in 
tens of feet) for the western United States, and revea~ 
the position of the long - wave trough during the hail 
season. 

Figure 1 gives the mean 700 mb pattern for the 
most intense hail season, 1962. It can be se en that 
the location of the long-wave trough lies approximately 
400 nautical miles west of northeastern Colorado. 'o 
other year in the 1960-64 period has had such a favor
able mean position of the long- wave trou gh. This posi 
tion of the mean long-wave trough is favorable for 
hail-b earing thunderstorms in north eastern Colorado. 

In 1960, the 700 mb m ean co:-itour pattern is some 
what differen:. In Figure 2 it can be seen that the 
long-wave trough position was displace d east of north
eastern Colorado, allowing northwesterly flow to 
dominate . It may be premis ed here that the thunder 
storm formation was the result of sur:ace airmass 
heating rather than general dynamic lifting of unstable 
air which was exhibited in 1962. Also, some westward 
deviation of the long-wave trough from its mean posi 
tion just east of northeastern Colorado could offer an 
explana tion for thunderstorm activity, since thunder 
storm activity is known to occur in the center and 
slightly west of trough lines. 

The year 196 1 marks the beginning of changes in 
the upper flow patterns and corresponding decreases 
in hail intensity for the three remainbg years of 1961 , 
1964, and 1963. During the 196 1 hail season, anticy
clonic flow patterns developed oveT' northeastern 
Colorado, as given in Figure 3. This ridging is be
lieved to be :he result of the intensification and 
formation of long-wave trough s ysterr.s 1, 000 nautical 
miles to the west and 1, 500 nautical miles to the west 
of Colorado . The subtropical high pressure zone was 
not as influenti al as will be shown for 1963 and 1964; 
however , the mean flow at 700 mb suggests mean sub 
siding motions and an explanation for the absence of 
heavy hail da mage from hail-bee.ring thunderstorms 
in 1961. 

The westward intrusion of the subtropical high 
pressure southeast of Colorado is a primary feature 
of the 1964 ,00 - mb mean flow, shown i n Figure 4. 
The long- wave trough location i s over th e eastern 
Pacific Ocean . While there was evidence of south
wes terly flow over northeastern Colorado, the effect 
of subsiding air due to t:i.e subtropical anticyclone 
overcame any t enden cy for large areas of upward 
ve rtical motion. A similar flow pattern at 700 mb, 
shown in Figure 5, was also witnessed during the 
1963 season . T he intrusion of the subtropical a nti
cyclone was slightly weaker in 1963. Thunderstorm 
activity in both 1963 and 1964 was limited to times of 
passages of moderate -strength short waves over 
northeaster::1 Colorado. Conse~uently, the entire 
Plains area of Colorado was subjected to severe 
drought conditions during these years with both rain 
fall and hailfa ll much below normal. 

T able 1. R anking of years 1960-64 according to hail severity parameters. 

Percentage Pe rcentage Sec.sonal Seasonal Maximum 
of possible of possible average average hail 
number of number of most m aximum impact 
cooperator damaged hail common s tone size energy 

r eports indicators ston e size diameter (in . ) ft- lb / ft 2 
diameter (in. ) 

1962 1. 8 1962 1.0 1962 3 / 4 1960 7/8 1964 2800 

1961 1. 3 1963 0 . 7 1960 5/8 1962 3/ 4 1961 2660 

1960 1. 2 1964 0 . 3 1963 1/2 1963 3/4 1962 2100 

1964 0 . 6 196 1 0 . 3 1964 1/2 1964 3 / 4 1960 2100 

1963 0. 5 1960 0 . 2 1961 1/2 1961 3/4 1963 700 
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No reference i s m a de here to the existence of low 
l evel moisture needed for thunderstorm genesis; how 
ever , the supply of available moisture is governed by 
the stability and flow patterns mentioned above . For 
e xample, the presence of troughing to the wes t usually 
r esults in weak cyclogenesis i n southeastern Colorado 
o r southwestern Kansas, thereby feeding Gulf mois 
tu re into the Plains of Colorado. 

B. WIND PROFILES 

An analysis of wind shear was made for days of 
s evere , moderate , and no hail occu r r ence fo r the 
period 15 May - 31 July , 1960 -63. The average wind 
from the surface to 60 , 000 feet MSL was determined 
for Denver, Colorado; Lander, Wyoming; and North 
P latte , Nebraska. These three stations best describe 
the winds aloft over northeastern Colorado . Subjec 
tive analysis was used to classify the daily hailfall 
intensities. 

Wind profiles for the months of May, June , and 
J uly, 1960-6 3, are shown in Figures 6, 7, and 8 . In 
examining the severe days, the existence of a jet 
m aximum overhead of 50 knots indicates a day of 
s evere rathe r than moderate or no hail occurrence; 
the exception is th e month of J uly with a 40 knot max 
mum. For the severe hail days, the valu e of the jet 
m aximum ranged b etween 30 and 110 knots. Values of 
the wind speed aloft for days with moderate hail exhib 
ited slightly slower winds between 40 and 50 knots. A 
primary difficulty in this study was an inability to find 
a wind profile which distinguished days of moderate 
and no h a il oc currence . A s seen from Figures 7 and 
8 , there was li ttle difference in the jet speeds , the 
value b eing around 40 knots for the months of June a nd 
July. In summary, there does appear to be a slight 
tendency for the occurrence of ha il to favor the wind 
profiles with faste r winds at all altitudes to 60, 000 
feet MSL. 

The fo regoing data indicate sl ightly higher wind 
speeds aloft fo r days with severe hail. These data 
concu r with the fin dings of Dessens (1 960) who postu 
lated that strong wind aloft might b e conducive to pro 
duction of destructive hailstorms. Ratner (1 96 1) 
questions any relationship b etween severe h ail and 
s trong winds aloft in the United States . Newton and 
Newton (1 959) reveal that the importance of vertical 
shear i s th e production of kinetic energy trans port 
which supports vigorous convection assumed necessar y 
fo r ha il formation. 

C . 500-MB WEST WIND COMPO ENT 

This port ion of the appendix is a summary of t he 
Civil Engineering Report CER6 1RAS46, "On the 
R elation of the Latitu de and Strength of the 500-Millibar 
West Wind Along 110 Degrees West Longitude and the 
Occurrence of Hail in the Lee of the Rocky Moun tains" 
by R. A. Schl eusener, Colorado State University, 
expanded to include the period 1959-64 . 

This study is concerned with the r e l ation of the 
occurrence of ha il during Ma y, June, and July in the 
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l ee of th e Rocky Mounta ins and the Latitudina l distri
bution and strength of the 500-mb west wind compo
nent along the 110 degree west longitude. The objec 
tive of this study was to attempt to relate the oc cu r 
r e nce o r non-oc curr ence of ha::.l in portions of the 
r egions ::.n the lee of the Rocky Mountains to the lati
tudinal position and strength of the 500-mb west wind 
a long 110 degrees west longitude . A b etter under
s tanding of this relationship should permit i mproved 
fo ::-ecast of hail as a severe weather ph enomenon as 
increased skill is gained in prediction ::if upper-level 
wind and pressure fi elds. The latitudinal position of 
relative maxima and minima offers some encourage
m ent fo r possible use of a time - section of z onal wind 
s peed as a forecas ting aid, p rovided some r e lation 
ship c an be found between the zonal westerly wind and 
the weather phenoo enon for which forecasts are 
de sired . 

Time sections of the zonal wind sr-eeds at 110 
degrees wes t longitude were prepared for tl:e s easons 
of 1959 through 1964. Figure 9 shows such a time 
section for th e period 1-31 July, 1962. Data such as 
that shown in Figure 9 have been examined for a qual 
itative relationship betwe en the zonal winds and 
weather phenomena, suc:h as the number of hail
producing thunderstorms . 

A ha il day wi thin the Colora do Stat e University 
hail observing netwo rk for purposes of this study 
wa s defbed, prior to 1962, as a day on which the re 
were three or more reports on hail occurrences in 
nor theastern Colorado; for the years 1962 and after, 
a hail day was defined as a day on which two o r more 
r adar echoes were class ified as hailers . 

The basic data for Figure 9 were obtained by 
computing the geostrophic west wind component at 
500 mb along 110 degrees west fo r each five degrees 
of la titude be tween 30 degrees north a r. d 70 degrees 
north. 

Data for the OOOO Z 500-mt west w:.nd calcu lations 
were obta ined from the U. S. Weather Bureau ' s Daily 
Weather Map. T he average values of this west wind 
c omponent for each of the years 1959 through 1964 
a nd for norma l values (U . S. Weathe r Bureau T echni
cal P aper No. 21, 1952) are shown in Table 2. Table 
2 illustrates that marked differences occur fro m 30 
degrees north to 70 degrees north and that l arge 
variations occur from year to year along a part icular 
la titude. For example, at 65 degrees north latitude 
fo r th e month of May, v a riations in the mean wind 
s peed from 1. 7 to 23 . 0 knots occurred du ring the six
yea r interval studied. This is a 14- fo: d variation, 
a d constitu tes a departure from normal, ranging 
fr om 13 percent of normal to 176 perc-=nt of normal. 
From these differences i t i s evident that a method of 
comparison i s necessary which i s not ::. nfluenced by 
the year - to-year variation in th e strength of the zonal 
westerly wind component. In order to compare 
b etween days with ha il and days wi thou t ha il, the fol
lowing procedure was used to de fin e a differe nce in 
de pa rtures from normal in the westerly wind compo
n ent a long 11 0 degrees : 
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1) The average 500-mb geostrophic west wi nd com
ponent (x ' ) was determined (U. S. Weathe r Bureau 
Technic a l Paper No . 21 ); 

2) The actual west w ind component (x} was deter
mine d for each day; 

3) The difference (x -x ') was determined for each day; 

4) Each day was class i fi ed as a hail day or a non
·:" ha il day by methods previously described; 

5) .1:<,or each of these two categories, th e mean differ
ence 6. was determined. This p r ocedure can be 
summarized by the following equation: 

6. = E(x - x' )H _ E(x- x' ) NH 

~ nNH 

where 
6, = difference (knots ) in departures from normal 

of the geostrophic 500-mb west wind compo
n ent a l ong 110 degrees west. 

x = 500- mb west w ind component (knots ) for a 
· particular day. 

x' = m ean 500-mb west wind component (knots ). 

n = nu mber of days. 

The subscripts of H and H refer to days of hail and 
no hail , respectively. This parameter 6. was u sed in 
s tudies of hail occurrences i n the Colorado State 
Univers ity netwo rk . 

In order to determine the changes that took place 
b efore a h ai l event , the valu es of 6. were computed for 
th e day of hail occurrence (D), for the first day p r ior 
to hail (D-1) and for the second day prior to hail 
(D-2) . 

Figu re 10 shows the differences in departures 
from normal (6.) of the westerly wind component at 
500 mb along 11 0 degrees west between days with 
a nd w ithout ha il. 

Figure 10 shows that in May a m aximum valu e 
of 6. e xis ts b etween 5 5 and 60 degrees north for D-2 
T his maximum remains at 60 degrees north for D- 1 
and then moves s lightly to 55 degrees north pos ition. 
This suggests a maximum west wind residing in this 
latitude belt, which is believed t0 be the reflection of 
the polar jet s tream. For D-2 , D-1 , and D, there i s 
evidence of a west wind minimum through the latitude 
b elt of 50-40 degrees nor th . The distribution of 6. fo r 
May y ie lds a gradual increase of the west wind com
ponent i n the latitudes south of the hail o ccurrence 
a reas; namely, 40 to 30 degrees nor th . For D-2 
there i s a distinct minimum, inc reasing to near 
normal for D-1, and fi nally progressing t o a maxi 
m um value in 6. at 30 to 40 degrees north fo r the day 
of hail, D. 

This variation of 6. with time s uggests a wind 
r egime in which above no r m a l westerly winds would 
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appear i n lower l at i tudes without exhib i ting continuity 
from h igher latitudes. Such an explanation cou ld be 
that of the passage of a 500- mb trough over :he 11 0 
degrees west longitude. T his passage would exhibit 
higher values of 6. in the l atituc:e belt 60 to 65 degrees 
north as the prece ding ridge moves eastward two days 
p r ior to hail occurrence (D- 2). At D- 1 the trough is 
now p roviding nearl y all meridianal flow over 110 
degrees we st longitu de account:ng for the observed 
m inimum value of ii. at l atitudes of 45 to 55 degrees 
no::-th; however, s cme wes terly wind component i s 
s till conserved a t be top of the trough. and also west 
wind components are inc reasing at the bot to:n of the 
t rough a s it p rogresses eastward. Finally, on the day 
o f ha il , the trough moves into pos i tion over 110 
degrees west providing a maximum value of 6. at 35 
degrees north . The polar jet stream reflection i s 
s t ill observed at the higher latitudes, which c a n b e 
e xplained by a possibl e cutting - off of the trough. Wi th 
this interpreta tion, . the apparent discontinuity in lati
tudina l movement of maximum va l ues of 6. is account 
ed for . Also, the persistent minimum values of 6. 
can be expl ained since for both D-2 and D :he west 
wind component i s in existence but may be qu i te weak 
be cause of the win d distribution around the trough . 
In th e case of D - 1 , the winds a round the trcugh can b e 
quite str ong, but their stronges t contribution i s in the 
m eridianal directi ,:m not the zonal direction. This 
interpretation seems tolerable in view of the tendency 
of ha ilstorms to move from the west - s outhwest during 
May and J une (Sch leusener 1 963 ). 

Anoth er possible explanation for the observed 
b ehavior of 6. shown i n F i gure 10 could b e that the 
s ubtropical jet may move slightly northward and 
interact with the polar j et. The rapid increase in the 
west wind component above normal values m i ght be 
a ttribute d to the subtropical j e t, since there i s weak 
continuity in the v3.lues of 6. increasing from more 
northerly l atitudes. It i s because of this weak con
tinuity that the i dea of subtropical jet and polar jet 
interaction i s suggested. The rapid r ise i n value of 
6. n ear 35 degrees no rth l atitude woul have to be 
explained by either a generation o f new and stronger 
west winds, o r by a possible merger w i th the subtrop
ical jet. It is unlikely that such a generation of 
stronger west winds wou ld appear in a mean or a ver
age parameter lik e 6. , since a ny generation of strong
e r winds would net favor a particular geogr a phic 
location , but rather wou l d be a function of the dynam
ics of an individual system . Thu s, i t is thought that 
perhaps the progression of the no rthern e dge of the 
subtropical j et to latitudes of 30 to 35 degrees north 
over the p eriod from two days previous to hail to the 
day of hail may b e res ponsible for hail occur r ence in 
northeastern Colorado for the l a tter half of May. 

This phenomenon appe ars again in a similar 
m anner in the mc,nth of J une. For D-2, the we st wind 
m aximum is located a t 65 degrees north , still main
t aining itself between 65 and 60 degrees north for D- 1 , 
then res iding only at 60 degrees north for the day of 
ha il, D. During June the value of 6. is at a minimum 
for each day, D-2 through D; a nd , as in May, there is 
a steady increase in the value of 6. at 35 degrees 
north from D- 2 t,J D. Here again it seems reasonabl e 
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Table 2. Average values of 500-mb west wind component (knots ) for various latitudes at 110 degrees west for 
May, J une, and July. The column titled TP21 cont a ins normal west wind components derived from 
u. S. Weather Bureau Technical P aper 0 . 21. 

MAY 

Lat 1959 1960 1961 196 2 1963 1964 T P21 
Deg 
N 70 6. 6 7.4 14. 1 14. 2 15 . 5 10. 7 12 . 0 

65 17. 3 1. 7 23.0 17.0 22. 1 11. 8 13 . 0 

60 J7.2 3. 1 12. 5 12 . 1 18. 4 16 . 3 18. 0 

55 15. 5 13. 2 7. 9 11. 4 21. 2 15 . 2 20 . 0 

50 9. 6 20. 9 7. 1 6. 1 22. 2 27. 7 17. 0 

45 11. 7 10. 6 20. 4 6. 3 15. 3 22. 5 15 . 0 

40 24.0 14. 4 19 . 2 14 . 7 15. 2 13 . 2 16 . 0 

35 26.4 22.5 17. 2 31. 8 16. 1 17. 6 17 .0 

30 24.2 24. 5 17. 1 35. 1 16.4 17 . 0 18 . 0 

Total 152. 5 118. 3 138. 5 148. 7 163.4 152.0 136.0 
Mean 16. 9 13. 1 15.4 16.5 18 . 2 16 . 9 15. 1 

JUNE 

Lat 1959 1960 1961 1962 1963 1964 TP21 
Deg 
N 

70 5. 7 11. 9 8 . 7 9. 3 11. 6 24.8 13. 0 

65 13. 7 3. 5 13 . 7 5. 1 10 . 6 26 . 8 1~. 0 

60 15 . 5 2.4 12 . 6 7.. 0 12 . 0 14. 5 14. 0 

55 24. 1 13. 0 14. 1 15. 1 16 .4 14 . 3 13 . 0 

50 26 . 3 29. 1 16 .8 20 . 9 20. 2 16.4 12 . 0 

45 22 . 6 29. 6 14 . 2 17. 0 18 . 8 14.6 15 . 0 

40 13.5 20 .8 10. 1 15. l 1 7. 2 1 7. 7 19.0 

35 6. 5 10. 3 4.9 14.0 16 . 7 17.8 18.0 

30 4.8 2. 9 0. 2 10 .6 15 . 5 9. 6 7.0 

Total I 

13 2. 7 12 3. 5 95.3 11 4 .1 139. 0 156 . 5 125 . 0 
Mean 14. 7 13. 7 10 . 6 12. 7 15.4 17 .4 13 .9 

JULY 

Lat 1959 1960 1961 1962 1963 1964 TP21 
Deg 
N 

70 7.9 9.8 11. 6 5.3 17. 6 17. 3 9.0 

65 16 .4 12 . 2 12 . 9 6.9 15. 7 15. 7 13.0 

60 19.9 22. 5 9. 2 8.8 14 . 2 13. 7 16 . 0 

55 20 . 9 24. 9 11. 6 14. 7 16 . 8 17. 8 18.0 

50 25 . 5 24 . 1 20 . 3 24.0 21. 9 27.0 18 . 0 

45 24.0 14 .7 20 . 0 22.4 23. 6 22.8 18.0 

40 13 . 2 8 . 0 9.8 13 . 3 15. 6 9. 0 17 .0 

35 0. 3 0. 1 -1. 2 6. 0 8. 3 4 . 4 10 . 0 

30 -7 . 6 - 4. 1 -8 .8 -0 . 9 6.8 5. 4 0. 0 

Total 120 .5 11 2. 2 85.4 00. 5 140. 5 13 3. 1 11 9. 0 
Mean 13 .4 12. 5 9. 5 11 . 2 15. 6 14.8 13 . 2 
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to suggest that eithe r the pas age of a trough or the 
northward movement on the day of hail of the subtrop
i cal jet may be correlated to hail occurrences in north
eastern Colorado during June. 

These phenomena do not appear in the same man
ner in the month of July. The values of t:,. indicate no 
s trong westerly wind component in existence either on 
D-2, D-1, o r D. The values of t:,. do not deviate more 
than 4 knots from the norma l. The slight decrease in 
va ues of t:,. at 40 degrees north suggests either a 
decrease in westerly wind component or an increase 
in the nor therly wind component for days with hail in 
July. The latter explanation seems more reasonable 
in view of the tendency of hailstorms to move from 
north to south during July (Schleusener, 1963 ). 

For each of the months, May through J uly, it c an 
b e noted that the difference in t:,. values between 35 and 
45 degrees north tends to increase prior to a hail day. 
If one defines the gradient of this difference as 

Gradient 40 = t:i.35 - t:i.45 

where 

G radient40 change 6 at 40 degrees north 

and 

t:i. 35 45 = valu es of t:,. at 35 and 45 degrees north, 

respectively, then one observes an increase in gra
dient as shown in Table 3. This tendency for an 
increased Gradient40 i s eviden t in each month. 

Table 3 . Changes in departures from normal west 
wind component across 40 degrees N lati
tude from the second day prior to a hail 
day (D-2) to a hail day (D) for the months of 
May, June, and July. Hail da ta are from 
northeas tern Colorado. (See text for more 
complete information . ) 

GRADIENT40 t:,.35 - t:,.45 

May J une J uly 

D-2 - 4.5 -0. 7 -1. 2 

D-1 6.5 2. 7 -2 . 1 

D 12.3 12 .4 1. 3 

The foregoing data illustrate a probable relation 
s hip be tween the broad-scale circulation patterns and 
the occurrence of a specific severe weather event, 
hail. It appears that the broad-scale pattern may pro
vide a necessary (but not sufficient) condition for hail 
occurrence in the lee of the Rockies. T he specific 
features that appear to be favorable for hail occur
r ences are: 

1. Passage of relative velocity maxima in 
Colorado in May and June (Figure 10) . 

2 . An increase in the positive anomaly south of 
the latitude of hail occurrence as shown in 
T able 3. 
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Neithe.c of these features was found to hold true 
for hail occurrences in July. 

The data of Table 2 show that large departures 
f :-om normal values of west wind occur from year to 
year. This fact emphasizes the hazard of any direct 
comparisons from one year to another without any 
considera tion of large-scale circulation di:ferences. 

The indication of a relation between a relative 
velocity maxima and the occurrence of hail is c onsist 
ent with the data of Dessens (1 960) who showed a rela 
tion between strong winds aloft and the occurrence of 
large hail. 

The r eason for the association b e tween hail occur
rences and a 500-mb west wind component deserves 
further study. It is possible that the max::.mum 500-
mb west wind is associated with the zone of the polar 
front and, hence , repres ents a latitude for favored 
passages of cyclonic disturbances which, in turn, 
t rigger the severe weather. Fu rther inves tigation 
m ay be in order i1 to the premise that the subtropi-
c al jet may edge slightly northward on days of hail, 
and possibly interacts with the polar jet. Du e to the 
proximity of the Continental Div i de of the Rocky 
Mountains, and other individual high peaks, findings 
concerning the effect of lee-wave modification on 
High Plains thur,dcrstorms should be ascertained. 

Answers to the foregoing questions are required 
in order to proceed from the conventional pressure
pattern prognostic chart presentation to improved 
fo recasts of hail occurrence, though no one single 
m eteorological para:n~ter i s expected to provide 
improved forecasts . 

Fina lly, this study points out the importance of 
considerations of the larger-scale weather patterns, 
even when th e item of particular interes: is of a 
s maller scale, such as the occurrence of hail. 

D. HAIL FORECAST EQUATION 

Stepwise screening regression techniques were 
u tilized in an attempt to derive a hai l forecast equa
tion using meteorological parameters associated 
with hailfa ll in northeastern Colorado . 

The stepwise equat ion i s of the form: 

where Y = log O E ; E being the maximum 
_ max max 

hail impact energy (ft-lb / ft2 ) expected; and X is the 
appropriate meteorological parameter . n 

Meteorological pararr_eters were divide d into 
groups representing hailfa ll du ring 15 May- 30 June 
and during 1-3 1 July. The indepenr!ent variables were 
ob tained from data found on the Department of Com
merce Da ily Weather Map during the 1960-62 sea
son. Equations (2) and (3) are the results of the 
1962 data calculations and r epresent the hail fore
c ast equations for May-June and July, respectively. 
The appropriate constants are listed in Table 4; 



identification of meteorological parameters (Xn} i s 
found in T able 5 . 

May- J une 

Y = K + c l x l + c2 X + C X + C X + C X + 
a a2 33 5 5 77 

Cl OX lO + Cll aX l l + Cl 2a X 12 + C1 3aX13 + C 14aX14 ➔ 

C X + c X + c X + c X 
17 17 18a 18 20 20 21 2 1· (2} 

J uly 

Y = ¾ + c 2bx 2 + c 4x
4 

+ c
6

x
6 

+ c
8

x
8 

+ c
9
x

9 
+ 

c 11bx11 + c1 2bx12 + c1 3bx13 + c1 4bx14 + c 15x15 

+ c16x l 6 + c1 sbx1s + c 19x19 + c22x22· <3> 

Equations (2} and (3) could be programmed to 
give an arbitrary "cutoff" after a specified numb e r of 
v ariables since no further r eduction in variance was 
a ccomplishe d by adding additiona l variables . 

Independent data from the Daily Weather M ap for 
the 1963 and 1964 .seasons were substi:uted into 
equations (2} and (3). These results were then com 
p::i red to the actual m aximu m ha il impact energy 
o serve over the Colorado State University hail 
1·eporting network. (See T able 6.) A paired t test 
\ l '::t S u s e d to examine the hypobesi s tha t no difference 
exists between the for ecast and observed ha il impac t 
energies for the inde pendent d ata . The first compari
,;on for significance included all days for th e 1963 and 
1964 seasons . For a total of 155 samples, it was 
found that a diffe r~nce, signifi c a nt at : he 5 percent 
confidence level , did exist b etween the r espective 
forecas: and observed impact energies . W:ien con -
s· dering only those da ys on which the forecast h ail 
impact energy exceeded 10 ft - lb / ft 2 (i .e ., Y = l oglO 
Emax> 1} , again it was found th at a difference, signi 
fi cant at the 5 p ercent level, did exist for a total of 
8'.l samples. Thus, in conclusion it may be said that 
the u se of the stepwis e r egression eqc.ation r esulted 
in a value of th e forecast hail impact e nergy which 
was s ignificantly different from the actu al '✓alu e of 
the ha il impact ene r gy obs erved in the n etwork and , 
hence, i ndicates that the stepwise equation did not give 
satisfactory foreca sting skill. 

T able 4 . Constants fo r th e St.,:pwise R egression Equations 

May-June 

K 1 2.300 0 a 

C l -0 .0 650 

c 2a -0.0580 

c 3 0.0 205 

c5 -0 . 0 132 

c1 -0.0942 

Clo 0. 1 730 
I 

C l l a 0 . 14 10 

Cl 2a - 0.0 256 

Cl 3a 0.01 96 

c14a 0 . 011 5 

Cl 7 -0 .0084 

c18a 0 . 0495 

c 20 0. 4366 

c 21 -0 . 136 1 

, -, , 

J uly 

Kb 

C 2b 

c 4 

CG 

CB 

c g 

Cllb 

C1 2b 

C l 3b 

C1 4b 

c1 5 

Cl6 

C1 8b 

c1 9 

c 22 

0 . 4630 

0. 0470 

-0 . 0369 

0. 0358 

0 . 0016 

0 . 0 278 

0 . 0 720 

- 0. 0 3;: 4 

0 . 01 : ,8 

0 .02~7 

0 .01 06 

-0.0 258 

0 . 0 666 

-0 .0698 

0. 16 25 



T able 5. Meteorological P arameters Used in Stepwise Regression E quation. All parameters excep t x22 are 
obtained from the Depar tment of Commerce Daily Weather M3.p. Times quote d r : fer to obs e rvation 
t imes {MST) of the Da ily Weather Map. 

24 -hr. change {Today - Yesterday) in the difference of the reduced sea level pressure {mb ) 
be tween Cheyenne, Wyoming, and Trin idad , Colorado (2300 MST ) 

24-hr. cha nge {Today - Yesterday) in the difference of the r educed sea l evel pre s sure (mb ) be 
tween Kansas City, Missouri , and Amarillo, Texas (230) MST ) 

24 -hr . change (Today - Yesterday) in the dew point temperatu re (° F ) at Goodland, Kansas 
{2300 MST) 

24-hr. change (Today - Yesterday) in the dew point temperature (° F ) a t Oklahoma City, Oklahoma 
(2300 MST) 

24-hr. change (Toda y - Yesterday) in the dew point temperature (° F ) at Cheyenne, Wyoming 
(2300 MST) 

24 - hr. change (Today - Yesterday) in the m aximum 500-mb wind (knots ) over Arizona or Ne w 
Mexico (1 700 MST) 

24-hr . change (Today - Yes te rda y ) of the 500 - mb temperature (° C) over Denve:· , Colorado 
(1700 MST) 

24-hr. cha nge (Today - Yesterday) of th e 500-mb h e ight :te ns of fe e t ) over De nver, Colorado 
(1700 MST) 

24 - hr. change (Today - Yesterda y) of the maximum temi:erature (° F ) observed the previous day 
in Wyoming. 

The difference of th e reduced sea level pressure (mb ) b etween Cheyenne , Wyoming, and T rinidad, 
Colorado (2300 MST ) 

The difference of th e r educed sea level pressure (mb) between Ka nsas City, Missouri, and 
Amarillo, T exas (2300 MST ) 

Dew point temper ature (° F ) at Goodland, Kansas (23 00 MST) 

Dew point temperature (° F ) at Ch eyenne, Wyoming (23 00 MST) 

Maximum 500-mb wind (knots ) over Uta'., or Colorado (1700 MST ) 
I 

Maxim um 500-mb w ind (knots ) over Arizona or ew lVIe>:ico (1700 MST) 

The 500-mb ·temperature (° C) over De nver, Colorado (1700 MST ) 

The 500- mb he ight (tens of feet ) over De nver, Colorado (1700 MST) 

Previous day 's m aximum temperature (° F) i n Colorado ( 2300MST) 

Previous day ' s m aximu m temperature (° F ) in Wyoming (2300 MST) 

Previous day's m aximum pre cipitat ion (inches ) in Wyoming (23 00 MST) 

Previous day ' s m aximum precipitation (inches ) in Kansas (23 00 MST) 

Previous day 's log
10 

E (m ax imum hail impact energy, ft -lb/ft2) in Colcrado or Nebraska 
m ax 
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Table 6. Skill scores for forecasting hail impact energy numbers greate r than 1, 
10, and 100 ft-lb / ft 2 , respectively , u sing the stepwise regression equa..: 
tion on independent data. 

E 1 Observed 
. m ax 

yes no 

y es 39 (25%) 111 (72%) 
Forecast 

3 (2%) 2 (1 o/o) no 

E 10 Observed 
m ax 

yes no 

yes 15 (l 0 o/o) 65 (42 %) 
Forecast 

23 (1 5%) 52 (33 %) no 

E 100 Observed 
m ax 

y es no 

yes 3 (2%) 11 (7%) 

n o 24 (1 5%) 117(76%) 
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T his appendix is a summary of investigations 
concerning the radar systems in use for the Colorado 
State University Hail Suppression Project. A descrip 
tion of the radar systems may be found in Appendix A, 
T able 1. 

NEW RAYMER RADAR STUDIES 

Severe storm surveillance by radar for north
e astern Colorado was provided by a 3 - cm radar system 
leased fr om Atmospherics Incorporated. The radar 
site was l ocated about one mile southeast of New 
R aymer, Colorado. T his radar system poss esses a 
vertical beam width of 2 degrees . A study was under 
taken to determine the avera ge heights , both uncor 
rected and corrected for beam width, of hailers and 
non-haile r s in no rtheastern Colorado . T he results of 
this study are shown in T ables 1 and 2. 

T able 1 shows the number of observations, the 
average height (in thousands of feet MSL) uncorrected 
fo r beam width, and the standard devi ation for all 
e choes (Case I) , echoes identified as hailers (Case II) , 
and echoes identified as hailers (Case III) for ranges 
of less than 40 nautical miles, 40 -7 9 n autical miles, 
80- 119 nautical miles , and greater than lzO nautical 
m iles. The period of observation is divide d into 15 -
31 May 196 1- 64 , J une 1961- 64, and J uly 1961 - 64 . It 
c an be seen that in all cases the average h e ight of an 
e cho identified as a hailer is higher than the mean 
h eight of the family of all echoes and also for the ech
oes identified as non-hailers. In most instances the 
s tandard deviation of the echo height i s sma ller for 
the hailers. 

The average heights of the radar echoes are 
reproduced in Table 2 after correction for beam width 

was applied. Beam width correction wa3 determined 
in the following manner . Distances of 30, 60 and 90 
nautical miles were assumed as average dis tances 
valid for the radar r anges of less than 40 , 40 to 7 9, 
and 80 t o 11 9 naut ic a l miles. The height of any echo 
in these respective radar ranges was corrected by 
subtracting the heig:i. t at that r ange due :me-half the 
b eam width (1 ° in this case). T he corre ction at 30 
nautical miles range was 4, 000 feet ; correction at 
60 nautical miles , 7, 000 f eet; corr ection at 90 nauti 
cal miles . 10 , 000 feet. 

In addition, a student's t test was applied to the 
dif:erence between average heigh ts of hailers and the 
average heights of non-haile rs (corrected fo r beam 
wid th) to determine if any significant difference be 
tween hailers and non-hailers existed at the 5 percent 
confidence level. 

T able 3 shows that a significant difference exists 
between height of radar echoes i dentifi ed as hailers 
and those i dentified as non- hailers for both J une and 
J uly between the ranges of 40 to 70 n autical miles . 
Other significant differences exist for ranges less 
than 40 nautical miles in J uly and for ranges of 80 to 
11 9 nautical miles during J une. T he r emaining signi 
ficant difference for radar tops of hailers and non
hailers during May for ranges of 80 to 119 nautical 
miles should be considered in the light that very few 
samples were involved in this statistic. T he under 
s cored echo heights in Table 2 correspond to those 
values of echo heights for h a il ers and non - hailers 
w:-ii ch proved to be significantly different. 

T able 1. Mean Height (thousands of feet , MSL), u ncorrec: ed for beam width, of all echoes (Case I) . hailers 
(Case II) , and non- hailers (Case III) . The numb e r of obs ervatior_s n and the standarc: deviation s 
also accompany the average values of echo heights ~ for the ranges -of less than 40, 40 to 79, 80- to 
11 9, and greater than 120 nautical miles. Observations we r e take n at New Raymer, Colorado by 
Atmospherics, Inc . Radar . 

Case I (All Echoes) 
40-7 9 80-11 9 120 P eriod of Sample 40 

n h s n h s n h s n h s 

May 1961-64 160 36. 2 7 . 5 76 41. 9 6.5 16 47.8 6. 9 5 49. 8 7. 0 

June 1961-64 168 36 . 4 12.0 205 41. 5 6.4 31 49. 7 7. 1 7 56 . 8 . 7 . 5 

July 1961-64 300 37. 1 8 . 1 192 40 . 8 6 . 4 6 52. 1 7. 2 4 52.8 7. 3 

Case II (Hailers ) 
40-7 9 80-11 9 120 

P eriod of Sample 40 
h s n h s n h s n h s n 

May 1961 - 64 122 36.8 6. 6 51 42 . 5 7. 5 15 49 . 3 8. 7 3 63 . 0 11 . 3 

June 1961-64 107 38. 6 6. 6 155 42. 1 8 . 9 23 50 . 7 6 . 7 5 54 .4 7. 4 

July 1961-64 178 39. 0 7 . 8 96 43. 5 8 . 5 4 54 . 8 7. 6 4 52 . 8 5. 7 

Case III (Non-haile rs ) 
40-7 9 80-11 9 120 

P eriod of Sample 40 
n h s n h s n h s n h s 

May 196 1-64 38 34. 3 9 . 3 25 40 .8 11. 3 1 24 . 7 0 . 0 2 30.0 0 . 6 

June 1961 -64 61 32 . 4 17. 2 50 39. 7 E.8 8 46 . 6 6. 4 2 62. 9 4. 7 

J uly 1961 -64 122 34. 5 7 . 7 96 38. 1 7 . 5 2 46. 7 2. 5 0 0 . 0 0. 0 
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T able 2. Mean Height (thousands of feet, MSL) corrected for bea m width, of all echoes , hailers , and non
hailers for the ranges of less than 40, 40 to 79, and 80 to 119 nautical miles observed at ew 
Raymer, Colorado by Atmospheric Inc., Radar. Underlined values indicate significant difference 
e xists between the echo h e i ghts of hailers and non - hailers at the same radar range for the same 
m onth. 

P eriod of All Echoci:: Hailers Non-Hailers 
Sample <40 40-79 80 -1 19 < 40 40-79 80- 11 9 < 40 40-79 80-119 

May 1961-64 32. 2 34 . 9 37 .8 32.8 35 . 5 39. 3 30 .3 33. 8 34. 7 

•June 1961-64 32.4 34. ,5 39. 7 34. 6 35. 1 40. 7 28. 4 32. 7 36. 6 

J uly 196 1-64 33 . 1 33.8 42. 1 35. 0 36. 5 44 . 8 30. 5 .il:...1 36. 7 

T able 3. The Value of the statistic.!. based on the difference b etween the radar echo heights of hailers and non
h ailers at the specific radar ranges (in na utic a l miles ) observed at New Ra ymer , Colorado by 
Atmospherics, Inc., Radar. An Asterisk (~' ) denotes values significant at the 5 percen: confidence 
l evel. 

May 196 1- 64 

June 196 1-64 

July 1961-64 

CPS-9 RADAR STUDIES 

< 40 

1. 538 

0. 887 

4. 940,~ 

Cooperative effort between the United Stat es Air 
Force and Colorado State University made possible 
the u se of the CPS-9 weather radar system l ocated 
a t Lowry Air Forc e Base , Denver, Colorado during 
1962-64 . Previous studies have shown that it is pos 
sible to estimate thunderstorms intensity from rada r 
m easurements taken with the CPS-9 "step-gain" sys 
tem. Using the procedures outlined below, it is pos
s ible to estimate the intensity of the storm at the time 
of the radar observation . 

The following i s the suggested recommended 
p r ocedure for estimating the in tens i ty of a thunder
storm using the CPS - 9 "step-gain" system at Lowry 
Air Force Base. For the l arger and more signifi 
cant cells , determine the echo top at gain step "O"; 
use the A / R scope to determine the top of the cells in 
thous ands of feet MSL. Then select the appropriate 
elevation angle from Table 4 to scan at 30,000 feet 
MSL those echoes which have tops greater than 
30 , 000 fe et MSL. Step through the gain - reduction 
s teps and note the step at which the echo disappears 
from the A/R scope. From Figure 1 relating gain 
s tep versus range, determine the 10 log Z, where 
Z i s the r adar reflectivity factor . The obs ervation 
should b e interpreted according to Table 5. This 
procedure should be limited to ranges less than 100 
statute miles. The interpretation given in Table 5 
should b e considered as an estimate only. 

In order to forecast the occurrence of severe 
weather at some time in the future, it is desirable 
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40-7 9 

0 . 683 

2. 008~' 

4 . 675* 

80-11 9 

ll.031~' 

2. 544* 

1. 942 

T able 4. Elevation Angle Re qu ired 
to give 30,000 feet MSL (CPS-9, Lowry AFB, Colorado 

Range Elevation Angle 
Statute Miles Degrees 

20 13 . 5 
30 8 . 7 
40 6.5 
50 5.0 
60 4. 2 
70 3. 4 
80 2. 9 
90 2.5 

100 2. 2 

to know the probability of a given echo persisting in 
time. A pilot study was undertaken to examine this 
question. Because of lack of sufficient time, the 
results of this study must b e considered prelimin
ary . 

Radar data taken on the Lowry CPS-9 during 
the summer of 1962 were examined in order to de 
termine the t:me sequences of RHI tops measured at 
gain-s tep "O" and reflectivity measured at 30,000 
feet MSL (i.e . , 10 log Z3 ol - Measured values of 
RHI tops and 10 log Z30 were plotted &s a function of 
time for each echo identiLied as "hailer" or " non-
hailer at some time duri::1g the ir life cycle. From these 
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F igure 1. Reflectivity as a function of range and gain step for L owry AFB C PS - 9 

Tabl e 5 . Probable weather expected from radar echoes 
a s a function of radar echo top (KFT MSL) and 
10 l og z30 . 

10 log z30 

30 and / or 

50 and/ or 

E cho top 
Step " 0" 

30 

40 

P robable Weather 

Hail possible 

Ha il and / or damaging winds 
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Table 6. Mean values of six radar parameters, including the numb er of observations~ and the standard deviation ~.for all echoes, hailers only, and 
non-hailers only . Observations were taken at the CPS-9 radar, Lowry Air Force Base. Underlined values indicate significant difference 
exists between the radar parameters of hailers and non-ha ilers. 

ECHO TOPS Elevation of Z 10 log Z 10 log z 20 10logz30 10 log z 40 mx mx 
(thousands of ( thou sands of 

feet, MSL) feet, MSL) 

n h s 11 hZmx s n 10 logZmx s n 10 log z 20 s n 10 log z 30 s n 10logz 40 s 

Mal 1962-64 

ALL ECHOES 134 32.5 5 . 1 134 17. 3 5. 7 134 35.5 9 . 9 133 32.2 10.8 86 28. 2 10 . 7 7 29. 7 8. 2 
HAILERS 18 13.3 6.3 18 18 . 9 4. 8 18 42. 2 6 .4 17 41. 0 5. 7 15 35. 7 9 . 3 4 33 . 3 4 .7 

NON - HAILERS 36 33 . 4 3. 9 36 19 .3 7.0 36 34.9 9. 1 36 33.4 6.0 25 29. 6 7 . 3 0 0.0 0.0 

June 1962 - 64 

ALL ECHOES 596 34.2 5 .3 594 17. 5 4.8 593 39.3 7 .6 586 36.8 7. 8 459 30.3 10. 0 88 24. 6 10. 4 

HAILERS 153 34.4 6. 1 152 17. 2 6.0 152 41. 8 6. 1 147 39. 2 7. 1 125 34 . 2 7.8 28 28. 9 11. 1 

NON-HAILERS 100 33.0 3.8 100 17 .6 3. 9 100 37. 2 6.5 100 34.7 6. 5 73 24. 2 9.5 3 16. 3 6.8 

Ju ly 1962-64 

ALL ECHOES 861 35.9 6 . 1 849 17 .2 5.2 829 42.8 8.8 808 39. 7 9.4 598 36. 2 9. 9 18 7 34.0 9.0 

HAILERS 186 37.8 6.2 186 17. 3 5 . 3 182 47. 7 8. 9 179 45. 3 9 . 2 158 40.8 9.8 75 35 . 5 8 .8 

co NON-HAILERS 162 33. 9 5 . fi 157 16. 1 4.6 149 39. 7 8.4 14 1 35.8 8. 7 79 32.4 8.4 15 32. 9 7 . 3 .,. 



time plots the values of RH! tops and 10 log z 30 were 
compute d by l inear interpolation between the time that 
tops first exceeded 30 ,000 fe et MSL and the t ime the 
e cho heights last exceede d 20, 000 fe et MSL. From 
these data the following results were computed: 

1 . Average RH! tops for hailers by months for 
each fifte en-minute time interval after the 
echo exceeds 30, 000 feet MSL (Figure 2). 

2 . Average RH! tops for hailers and non-hailers 
fo r each fif teen- minute interval after the echo 
fir st exce eds 30, 000 fe et MSL {Figure 3) . 

3 . Average 10 log z 30 for h aile rs by months and 
all season for each fifteen -minute time inter 
val afte r the echo first exceeds 30,000 feet 
MSL {Figure 4). 

4 . Average change in RHI tops of hailers at 
fif teen- minute t ime intervals after the echo 
fi rst exceeds 30 , 000 feet MSL {Figure 5) . 

The results of this 1962 study can be summarized 
a s follows . From F igure 2 it can be seen that the 
cells r emained higher than 30,000 MSL for approxi 
m ately 1. 5 to 2. 0 hours. From Figure 3 it may b e 
s een that the RHI tops for the hail cases remained 
above 30,000 fe et MSL for an average of about 1. 75 
hours, a nd th e non - hailers about 1. 25 hours. The 
average values of 10 log z 30 as a function of time 
after the RHI tops first exceed 30, 000 feet MSL are 
shown i n Figure 4. T he average value of 10 log 2 30 
r emained above 30 for about 1. 4 h ours for echoes 
aver aged for the 1962 season. Figure 5 illustrates 
the average changes in RHI tops for various time in
t erva ls (1 5, 30, 45, and 60 minutes ) as a function of 
time after the RHI tops were firs t observed to exceed 
30 , 000 fe et MSL. Also from Figure 5 i t may b e 
noted that for zero lapsed time, the change in h eight 
was pos itive for all of the time increments except 60 
m inutes. For 30 minutes lapsed time or longer , all 
increments gave negative changes in R HI tops . 

I 
The data of this study were limited to one initial 

condition: the time the RHI echo h e ights first exceed
e d 30, 000 feet MSL. For this condition, the results 
of the study indicate a strong degree of persistence of 
echo tops higher than 30 , 000 feet MSL, and the valu e 
of 10 l og 2 30 greater than 30 for time periods of from 
one to two hours . Both of these cr i teria are indica
tive of p robably severe weather. From th e viewpoint 
o f forecasting severe weather , this study indicates 
that if a thunderstorm echo exceeds 30 , 000 feet MSL 
a t gain-step "O" , the best forecast i s for it to persist 
for at least one hour, and possibly for 1. 5 hours, with 
som e likelihood of hail. 

Using th e C PS - 9 radar system at Lowry Air Force 
B ase, which was equipped with the step gain system, 
m easu rements were made of RHI tops, maximum 
r eflectivity factor Z, elevation of the maximum reflec 
tivity factor, and the reflectivi ty factor at 20 , 000, 
30 , 000 and 40 ,000 feet MSL. A sta tistical analys is, 
s imilar to the one described earlier, was performed 
u sing the Student's _! test t0 determine whether signifi -
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c a nt differences at the 5 percent confidence level 
occurred i n the above - mentioned parame ters between 
echoes identified as hail ers and those i dent:fied as 
non-hailers. The number of cas es, m eans, and stand 
a rds deviations of the various parame:ers are shown 
in Table 6. A comparison of th e CPS-9 echo height 
data (T able 6) i s in o rder with the identical data ob
ta ined utili zing the 3 - cm rada::- system located at ew 
Raymer, Colorado, {Table 1). While the CPS - 9 has 
a r ange of 200 nauti cal miles , i t is utilized most fre
quently in northeastern Colorado at r anges less than 
100 na u tical miles. The compar ison indicates that in 
most cases the CPS-9 tops are slightly less than the 
e c ho tops obtained at ew Raymer for the r espective 
c lasses of storms . This lower value of echo h eights 
a t the CPS- 9 may b e explained in that the CPS-9 pos
.sesses a smaller vertical b eam width (1 ° ) than does 
fae Atmospherics Inc. system (2° ) . 

T able 7 illustrates the values of the statistic t 
for determining the significant diffe rences between -
the means of the radar parameters measured fo r the 
purpose of detecting any diffe::-ences 1:etween hailer 
echoes and non-hailers echoes. As seen from T able 
7, a significa nt difference does e xist between r ada r 
tops of echoes identified as hailers and those identi
fi ed as non-hailers for both J ·Jne and July . There 
a ppears to be no difference in the elevation of the 
naximum r eflec t:vity for hailers and non - hailers. 
The value of the reflectivity at 20 , 000 fe et MSL shows 
!:ignificant differences between hailers anti non-hailers 
fo r the months of May and Ju _y only . Most paramount 
in this comparison i s the fact that the values of the 
m aximum reflectivity and the r eflectivity at 30,000 
feet MSL are significantly di fferent for hailers and 
non-ha ilers for all three months. Statistical tests 
involving the reflectivity factor at 40 , 000 feet MSL 
are not considered satisfactory b ecai.:se very few 
s ampl es are available for the calculations . 

In summary, it can be said tha: both the maxi
mum reflectivity and the reflectivity at 30,000 feet 
MSL offer the method for determining the e x istence 
of hail or no hail in an echo. In July the best ev idence 
for distinguishing between hailers and non -ha ilers 
exists using the C PS-9; five of the six parameters 
studied indicate signifi cant differences at t h e 5 per 
cent confidence level. 

S0-12 RADAR STUDIES 

In order to study the vertical struct'Jre of thun
derstorms, a Navy S0- 12 horizontal scanning radar 
was modified to give vertical scanning capability. A 
s tudy was made in 1963 to determine what difference 
exists between th e values of the radar reflectivity 
factor , Z , as measured with the RHI capa bil i ties of 
the CPS-9 3 - cm weather radar and the modified ver 
tically scanning S0- 12 3-cm system. The S0 - 12 was 
operated by Colorado State University at _ ew Raymer, 
Col orado. A similar comparison was made between 
th e obs erved radar echo tops us ing the same radar 
sites . C ross -sec tiona l profiles of reflectivity were 
obtained by the S0 - 12 radar at New Raymer. 

The comparison was b e tween two radar systems 



Table 7. The value of the statistic.!_ b ased on the difference b etween various rada r echo parameters 
of h ailer s and non-ha ilers observed wi th the CPS-9, Lowl'y Ai r Force Bas e. An asterisk 
(~' ) denotes values signifi cant at the 5 p ercent confidence l eve l. 

P eriod of E cho Top Elev. zmx 
Sample 10 log Zmx 10 l og z 20 10 l og z 30 10 log z 40 

May 1962 - 64 -0 . 061 - 2. 460 3 . 411 * 4. 444* 2. 171 * 

Ju ne 1962-64 2.2 5 1* -0 . 639 5 . 630~' 0 . 51 4 7. 575,, 2. 8 25 

J uly 1962-64 1. 979* 1. 495 8. 3 94,, 9 .415* 5 . 600 ,, 2. 9 21* 

T able 8 . The mean values of th e differe nces in five radar parameters (CPS-9 value - SO-12 valu e) , including 
the numb er of observations n and the standard devi ation s, for simultaneously observed r adar echoes 
i n northeastern Colorado in 1 963. The results of a pa i r;d t test are shown with an asterisk (*) 
denoting valu es significant at the 5 percent confidence l evef 

E cho Top 
(Thousands of Feet ) 

Elev. Z 
m x 

(Thousands of Feet) 

n 
17 

17 

16 

14 

11 

looking at the same i de ntical cell; th e identification of 
th e observed cell as a hailer or non-hailer did not 
enter into the compari son . The mos t difficult pro 
blem i n such a study i s the assurance that bo th the 
C PS - 9 and SO-1 2 radars are monitoring the s ame cell. 
However , the resolution of the SO-12 hori zon al scan 
i s of such increment (1 ° - 2° ) that the pos ition of a 
cell that both r adars are nearly simultaneously ob 
s erving can be accompli shed with sufficient a ccuracy. 

Table 8 show s th e r esults in the compari son of 
the var ious radar parameters b etween the CPS -9 and 
the SO- 12 . A paire d.!_ test was used to test fo r s igni-
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Mean 
0.8 2 

-1. 06 

8 . 00 

9. 36 

3 . 00 

s 
6 .6 

6 . 1 

7 . 1 

5 . 2 

9. 1 

t 
0 .5 14 

-0 . 71 2 

4. 560* 

6. 711 ~< 

1. 100 

c a nce , at the 5 p ercent confid e nce level, th e hypothe 
s is that the mean :iifference o f the radar parameters 
observed on the two r adar systems was not different 
from zero. For our data, Table 8 reveals th at th e 
only significa n t differences existing between the two 
r a dar systems occurs when observations are made of 
th e m aximum reflectivity factor and be reflectivity 
factor at 20 , 000 feet MSL. The fact that there i s no 
signi fica nt difference in observations of echo tops 
between the two r a dar systems i s encouraging. The 
differen ce i n observations of the elevation of the maxi 
m um reflectivity and the value of the r eflectivi ty at 
30 , 000 feet MSL are likewise found not to b e signifi 
ca ntly different. 
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APPErDIX I 

D ESIGN OF THE SEED! G EXPERIMENT , 1964 

T h e eventual purpose of the Colorado State 
University hail suppression research program i s the 
d evelopment of a systematic attempt to modify the 
hail - bearing thunderstorm of northeastern Colorado . 
This appendix summarizes the t echniques used dur 
ing the 1964 hail season. 

The experimental procedures for the 1964 sea 
son were designed to provide comparisons of physical 
parameters of the ha ilstorms at successive times 
for an interval before , an interva l during , and an 
interval after the seeding of storms selected at ran 
dom and for other control storms left unseeded (also 
s e l ected randomly) for corresponding periods . Dif 
ferences between seeded and unseed ed storms are 
to b e evaluated for significance after the accumu
lation of a significant number of cases . 

On days for which hail was forecast the seeding 
aircraft was placed on "stand - by " . At the time of 
devel opment of individual thunderstorms , the air 
craft was ordered airborne and vectored to a l ocation 
for possible seeding . The ai rcraft made measure 
m e nts of upd rafts and downdrafts in the vicinity of 
the thunderstorm which was b e ing observed by radar 
dur ing this preliminary time. When the r adar echo 
was observed to exc eed 30, 000 feet MSL , and at the 
s ame time to have updrafts underneath the cloud 
exceeding 500 feet per minute , a decision order was 
g iven by the r adar controller for the pilot to open a 
fi e ld enve lo pe containing a random d ecision to "seed" 
or "not seed" . If the decis i on r esult ed in seeding 
the storm, the pilot attempted to place the silver 
iodide in the strongest updraft of the storm and 
c ontinued seeding unt il either the storm dissipated, 
passed beyond the radar range , or the aircraft and/ 
or g enerator ran low of fu el. For a "no seed " 
d ecision the pilot remained airborne to observ e 
during the same period of time as though seeding 
were actually taking place . In e ither situation the 
t est cases were ca rried on for approximately one 
hour. The pilot and the observer on board the seed 
ing aircraft were the only personn e l that knew at 
the ti me whether or not the thunderstorm was b e ing 
seeded . 
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Ground radar obsP.rvations during the case period 
inclt:ded the following: radar echo tops , echo maxi 
mum r eflectivity , elevation of maximum r eflectivity , 
and plan position track . Other ground observations 
cons isted of both 16 mm time lapse movies and con 
ventional 35 mm photographic slides; changes in 
cloud appearance were also noted . Field s urveys 
determined the extent and intensity of hail , maximum 
s tone size , esti mated impact energy numbers , and 
precipitation (see Appendix A) . P : lot balloons were 
r e leased to d etermine envir onmen:al air patterns . 

D uring the t es t case the seed i:1g aircraft was 
used to record various types of information . Such 
recorded information was : altitud e , outside air 
temperature , ti me, indicated air s peed , magnetic 
heading , engine power settings, gear and flap 
positions , G - meter readings , and vertical speed. 
Th e observer also took numerous 35 mm slid~s and 
8 mm m ovi es from the aircraft . Following the 
terminat ion of seeding or equivalent time or the 
"no seed" cases , the aircraft was used for aeria l 
r econnaissance of areas of rain and hail on the g round . 

An observation airplane was used in 1964 for all 
test cases . It carried an observer that took photo 
graphs and made observat ions of the t est thunder 
storms being studied . 

Test c:i.ses were se lec t ed on e ight different days 
in 1964 . Four of these days prov ·ded "s eed" test 
cases a nd three of these days provided "no seed" 
t est cases ; on the r emaining day a d eci s ion was 
made to seed , but one generator became inoperative 
after experiencing severe turbulence the day before , 
so thi s day was not consid e r ed to be a test case . 
Also d uring the 1964 season there were two additional 
days of seeding . The ope rations during these days 
consisted of seeding s mall cumubs clouds and ob 
serving them for any effects . 

A d escription of the data and the r es ults obtained 
for the test cases during the 1964 season may be 
found in the report by Schl e usener and Sand ( 1964) . 
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