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Introduction

The High Plains area of eastern Colorado and Wyoming,
and western Nebraska and Kansas, suffers from a dual problem
ol frequent shortages of precipitation and [requent hailstorms
that inflict severe crop losses and property damage. Within this
region, development of irrigation water supplies [rom surface
and underground sources has permitted the development of
irrigated agriculture. A large part of the region, however. does
not have a suitable source ol water for nrigation, and must
depend on precipitation for crop production.

The severity of the hail problem is indicated by Figure 1,
which shows thar this region suffers from the highest average

o

annual number of days with hail in the United States (97,
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Figure l.—Average annual number of days with hail for vears 1899 to
1938, (Source: Climate and Man., Yearbook of Agriculture, U. 8. Depurt-
ment of Agriculture, 1941, p. 730

o PAssistant Rescarch Fngineer, Engincer Research, Colovado State University, Fort Collins,
Colorado,
* Numbers in parentheses refer 1o literature cited.
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‘The economic cost of bail damage is refllected in current
hail mswance rates. The cost Tor erop-hail insurance under a
standard 710 percent deductible”™ insurance policy in this region
ranges upward 1o 822,00 per 5100.00 insurance for a crop such
as wheat (3). {The rate for sugar beets is one-hall that for
wheat, reflecting a greater vesistance to hail damage by the beet
plants.)

A cloudsseeding program was used i 1959 In northeastern
Colorado m an attempt to reduce batl damage. In a “targed”
arca ol about 3400 squave miles clouds were seeded with silver
iodide generators by o conunercial weather modification com-
pany, using five aircralt and abouwt 125 ground generators,

A study was made to evaluate this opevation. This paper.
however, Is Himited 1o background information pertaining to
methodology ol evaluation of changes in hail damage. and to
presentation of data on precipitation anomalies associated with
the cloud-seeding program.
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Figure Z—Location of study area including The Great Western Sugar
factory disiricis and associated beet dumyp areas. A is for the Fort Morgan
factory district and associated beet dumps. O for Sterling, and [ for Ovid.

Procedure

Figure 2 shows the location ol the target area and The Great
Western Sugar Company Districts ol Fort Morgan, Sterling and
Ovid, Colorado. The data {or the study were secured from
observations in and bordering the target avea.

During the study the {ollowing data were collected:

[ Information was obtained [rom a survey mailed to resi-
dents of the area living in or near Secton 8 and 18 in
cach Township in Colorado between Township 3 to 12N
and 42 to HOW inclusive. Cooperators were requested to
report hail occurrences by matl, giving location, time of
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hail ocowrrence, size distributon of hatl, and concurrent
weather phenoniena mcluding wind, lightning and pre-
cipitation wmounts. A total of 389 veports of hatl vecur-
rences ol this type were vecetved between 15 May and
15 September 1959,

20 Data were obtained [vom periodic examimation ol approxi-
mately 250 hail indicating devices located in or near the
target area. Figure 2 shows the routes along which the
devices were located. A total of 358 indicators that had
been darmaged by hail were examined between 15 May
and 15 September. Yigure 3 is o schematic drawing of
the bail indicating device. :

‘Fenct Post

Figure 3.—5chematic diagram of hail indicating device.

5. Reports were obtained from  the Weather Modification
Company on Jocauons and times of ground geverator
operation, and routes and times of seeding by aireralt

1. Information on the amount and type ol hail damage o
sugar beets between 1929 and 1959 was obtained from the
Ovid, Stevling, and Fort Movgan districts of  Fhe Great
Western Sugar Company.

5. Reports of precipitation and othey weather data were ob-
tined from UL S0 Weather Buvean cooperative obscrvers
i and near the area,
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Results
A. Historical Records of Beel Damage
From the inflormation in item 4 above the cumulative relativ

frequency of occurrence ol light, medium, heavy, and total beet
damage® was determined for The Great Western Sugar Company
1)1»111( ts of Ovid, Srerling and Fort Morgan®. lhc results are
shown in Figure 4. Al muoh the sub ]utl\trv of these measure-

ments 1s 1ea<>omud they to be the best historical

records of hdll damage amxla le,
Figure 4 shows dmr highest losses i 1959 were experienced
with lowest losses in the Ovid

are considered

in the Sterling factory district,

factory district.
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Figure 4—Cumulative relative Irequency in percent of hail damage to

sugar beets in the Fort Morgan, Sterling, and Ovid, Colorado, The Great
Abscissa is the percent of acres

Western Sugar Company factory districts
planted that were damaged by hail during one season

B. Huaii-Precipitation Relations
Studies of hail in the Denver arca by Beckwith (1) indicate
that a relationship probably exists in the Denver avea between
the number ol hail days and precipitation for the period from
April to October. A rank correlation test (4) was performed
to determine il a relationship might exist between percent of
normal precipitation and percent ol total acres of beets damaged.
The percent of normal precipitation for May-August for
Sterling and Fort Morgan combined was correlated \\lt[ the
percentages of light, medium, heavy, and total damuage (o beets
of percent of rowl acres planted”) for the Ovid,

{in terms
damame us 25 poercent or less
Choeavy”

S Great \\uwm susur Company officials detined “tight™
feal defeliation: “mediam’ as 25-50 pereent defoliation: and 50 percent or more as
damage. Concerning the application of these standards one manaser commented ol course,
these nmd‘mon\ are subject to the individoual subjective interpretations of cach ficldman re-
porting the damage —~un<1 these variations are often as many as men who view the damage.”
he CFort Morgan” distvict incorporates the fornmer “Brush’™ distrigt, Sinee the analysis
wus done on u percentage basis, « change of arca doos not atfect the analysis,
“ 1t should be noted that use of this definition permits hail damage in excess of 100 per
cent, since it ix pessible 1o experience damage 4t a point more than once dwing the season.
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Sterling, and Fort Morgan {actory districts of The Great Western
Sugar Company. The results of this statistical test indicated that
for all degrees of hail damage there was no significant relation-
ship between percent of normal precipitation and percentage
ol beet acreage damaged. The results of this test are included
in fable 1.

Fable l—Roesults of raok corrclation st Between percentfage of normal precipitation
and percentage of heer acreage duamaged by hail,

N {(Years) ¥ 9%
Povs L 2% .04 (3.3502
o M 2 0,278 0.35%
Povss H Pl .010 0.552
Povs 23 - 0,050 0902
where
P = porcentage of normal precipitation (Mav 1o Aungusty for Stevhing and Fort Morgan com-
bincd.
LM, 1L purcentages of beor acveages planted with light, medium, heavy, und totad

hail damage for Ovid, Sterling, and Fort Mergan {actory distvicts of The Great Western
Sugar Company.

v vank covrelation coelficient.

Figure 5 is a scatter diagram ol hail damage to beews in per-
cent ol acres planted and precipitation in pervcent of normal
for the areas described. The line does not indicate any correla-
tion but is mercly drawn such that one-hall the data are above
the hue, The years that fell above the line were then examined
to find il they had a preponderance of hail days resulting [rom
frontal or non-frontal meteorological conditions {3 From this
analysis it was concluded that a preponderance ol frontal or non-
frontal hail days is not an important factor in determining the
extent of hatl damage. Tt may be noted that nine of the past
thirteen years are positioned above the Jine on Figure 5. This
indicates a possible inconsistency in the data. A possible explana-
tion is that the system used to report beet damage may have heen
unproved in the past few years.

G Haid Intensity Measurements by an Enerey Pavameder

Early in the study, it was decided that a better statistic than
number of days with hail was needed to determine any efleets
that cloud sceding might have on hail intensity and occurrence.
Using indicators as shown in Figure 3, it was found thar a satis
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Figure be——Scatter diagram of total hail damage o sugar bects (Font
Morgan, Sterling and Ovid [actory districts) vs. percent of normal precipita-
tion (May-August) at Fort Morgan and Sterling.

factory approximation ol the energy per square foot delivered
by a hailstorm could be determined from ch number and size
ol the dents left on the aluminum foils (6). This estimate of
the impact energy from the hailstorm, in units of foot-pounds
per square foot, is hereinalrer called an “energy number.”

During field use of these indicators, 1t was observed tha
medivm orop damage  was usually present when the energy
number was between 50 und 100 {t-Ibs per square foor, This iy
only approximate because crop damage is dependent nor only
on the intensity ol the hail, but also on the type and stage o
f_{l‘()‘&\‘['h of the crop. For example, sugar beets are quite sensitive
to hail damage during the seedhing stage and become nmore re-
sistant o hail (Lmlagc as they mature. Whent has difteren
characteristivs, being extremely sensitive to hail damage at
maturity,

From veports of halstone size, number, and atwendant wind
furnished by the cooperative observers, an approximation was
made of the energy number of the hail that fell at the point of
observation®, A mnk correlation test {4} was madde between this
energy numbert and the amount of precipitation concurrent

#Phis estimate was hased on the lahoratory calibration of the hall Indicators, as deseribed
in veference (6.
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with the hail. Tt should be noted that this test differs significantly
from the one desertbed previously, In the former test the vare
ables, hail and precipitation, were compared by the use of
average values covermy large aveas, while the second test com
paves these variables at a large number ol discrete points. The
vesalts of this test indicate that there iy a high pr()b;ll)ili{v ol a
pmm\(* relationship existing between the energy number ol a
occurrence and the precipitation delivered by the storm.
Ihis velationship appears to be present in both seeded and un-
seeded hatlstorms. The results of the test are included 1 "Table 2

Table 2.—Results of rank corvelation test between estimated encrgy per sanare foot
from bail ocenrvences' and the attendant precipitation,

Sceded cases Non-sceded cases
Moenth N T A v
Muy R 0. (83 a3 0.205%
June S 00124 63 0.21g=
July 17 [URSBRPEY 3R G.127%
Aug. N Hos
oo significant at the 95 percent level

significant at the 99 pereent level

v ocorank correlation cocflicient
6 ]2 (Y Ni)?
IRV U
N \\' I)
N Numbers of paivs of observations

CEnergy values were estimated from reports of numbey and sizes of stones and atendant
wind reporred by voluntary observers, -

The energy number is a Tuiction ol the number and size of
stones and their lall velocities. Tt i is hiypothesized that greater
numbers ol ice nuclei are available following cloud seeding, it
should follow that the available water in the cloud would he
distributed v a targer number of drops and that the diameter
of hailstones would be reduced. H one hypothesizes that cloud
sceding could thus reduce the diameters of the stones from d
to &' without changing the total gquantity of precipitation that
falls as hail, then the energy number ol a hail occurrence would
be reduced. Figure 6 shows the effect of various assumed changes
i hailstone diameter on the haitl nmpact energy change ratio,
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l‘f
B where

EK
K" = energy number vesulting from hail alter the hypothe-
sized change in diameter of the stones from d o ¢
I = the energy number resulting from hail belore the
hypothesized change in diameter of the stones from
d to d.
K == a factor associated with the doud seeding. If cloud

sceding produces no change in the total amount of
water appearing as hail, K would be cqual to unity.
{(The value of K is not known.)

Figure 6 shows, for example, that if secding reduced the
hiail dumuer 10 percent (d'/d = (.9) and at the same time in-
creased the total amount of hail 10 percent (K = L. I} the energy
number that would result from the hail loll(mmo the hypothe-
sized changes would be mscmm]ly unchanged. The calculations
[or producing Figure § arve explained in Fiblc 3,
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Figure 6.—The effect of h\pmhesued changes in diamerer of hailstones
on hail impact energy change ratio, (E'/EK). The 0.1 and 0.2 m(h diameter
reduction assumes that each stone is redu(ul by 0.1 or 0.2 inch [rom the
imitial diameter. The diameter reduction factors are the ratios of the
assumed final diameter d’ to the mital diameter d.

The following ;m:tlysis constcers the eifects of various hypo-
thesized changes in hail intensity on damage to crops having
differing susceptibility to h il damage. "The basie data m the
‘malwls are the observed frequencies ol occurrence of encray
numbers in northeastern Colorado, during the summer ol 19549
for hail events not affected by cloud seeding. 'The encrgy nuni-
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bers were obtained {rom measurements of number and sizes of
dents from hail indictors (Figure 3).

Consider the area under the curve of the observed frequency
distribution of cnergy numbers (not shown). For such  curve,
the ordinate is in units of cvents per season, and the abscissa in
units of energy per event, which can be considered the same as
damage pev event i the assumption is made that a crop suffers
damage 1f the given eneregy number is exceeded. Fach observed
energy number in excess of the value for the threshold of crop
damage then represents a unit of hail damage for that hail event.

Table 3.~—~Computaiions for Figure 6.

A plot of hailstone-terminal velociety in still air was preparved using the fluid mechanics
formulas'.

3 R2 s Ca /3 aVil
d = Ee— and R =
20" gp “

where

R . Revnolds number

d = Diamcter of hailstone
u = Viscosity of air
Ca = Cocfficient of dray

p' = Density of hail

oo Gravitatiom! constind
p = Density of air

The total velocity, W, of the stone when it hits the ground was assummed tto he the
vector sum of the terminal velocity in still air, V, plus the concurrent surface wind velocity,

‘The kinetic energy, 1, of a single stone, was then computed as

o= 1/2 mW?

where "
1 1I1dS8S nl' stone
W o= Velodity of stone

For one inch depth of precipitation and a eiven stone size the pumber of stones per
square foot was computed. "The number of stones multiplied Dy the kinectic energy pey stone
vields the energy number for the assumed depth of precipitation and a particular stone diam-
cter. ‘I'he impact encrgv change ratio was computed as the ratio:

0 ; impact energy for stones of diameter Jd7 from one in. depth of warer

EK impact encrgy {or stones of diamceter & from one in. depth of witer

Figure 6 wis computed for the case of sero surface wind, Results would be comparable
tor non-zero surface winds.

' Foster, D. §., and Bates, ¥. C. 1956, A Huil Sire Forecasting Technique. Bull. of the
Am. Mecteor, Soc. 37 (4): 125-141.
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The wrea under the carve o the right of a particular energy
number then represents

damage events damagce

> [ —
event season SCASO1

The ratio of the area under the curve to the right of a particular
cnergy number to the total area under the curve is defined as
“Refative Damage.” The particular energy number for which
crop damage is assumed to begin iy defined as the “Critical
Fnergy Number,” (F.).

Figure 7 shows the relation hetween Relative Damage and
Crivtcal Faergy Number, The line labeled 2 F — 0 1s based on
the observed [requency distribution ol energy numbers for 19549
for hail events affected by clond sceding, and shows that a change
in E. Irom zero to 10 fi-1bs per 17 would reduce the Relative

damage by abowr 50 pereent.
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Figure 7—Relative crop damage as o function ol critical energy number
(E)) for various hypothesized changes in energy number associated with
cloud seeding. Relative damage for the 1959 season (nonseeded cases) is
given by AE = O. H}'}’)e)t‘hesized changes are {a) changing the energy num-
ber ftor each hail event by a fixed amoumt and (b) changing the energy
number for cach hail event by a fixed percentage.

Ler us hypothesize that doud sceding might change the
observed requency distribution of energy numbers. Two types
of changes are hypothesized. For vhe fst, a change in each
energy number of a fixed amount is hypothesized. (& 11— 10,
=20, =30, 100, -+10. 50, Tt 1h/0t2 in Figure 7ab) For the
seccond, a percentage change in cach energy number is hypothe-
sizec. (A T = == 50 percent in Figure 7h) The cffects of such
changes on the velations between Relative Damage and Critical
Fnergy Number are shown in Figure 7. Figure 7a shows decided
changes in relative damage for sensitive crops for a given hypo-
thesized change in energy numbers, while for more hardy crops
the change in Relative Damage is smaller for the same hypo-
thesized changes in energy numbers. For hypothesized changes
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of a bxed perveentage, the cifect on Relative Damage is greater
at higher crvitical encrgy values (Figure 7h).

The Toregoing analysis was based on the asswuption that crop
damage and cnergy number ave divectly related. While physic
ally reasonable, there bas not been an opportunity to study this
problemy in dewil. Figure 8, developed {row laboratory cali-
bration of the hail indicators, shows the possible combinations
of paramcters that will produce @ given energy number. The
parameters are: the mmnber of siones per square inch: the
diamerer of the stone in inches; and the surface wind velocity
in miles per hour. From Figure 8 it may be seen that there is
a wide variety of these parameters that can produce a particular
cnergy mumber,
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Figure 8 —Combinations ol parameters that can produce a given energy
nunther. “

D, Precipitation Anomalics

The total precipitation in and near the target avea for the
months of May-August 1959, 15 shown in Figure 9. The percent-
age of normal precipitation for the same area for the same period
15 shown in Figure 100 Both figures were derived from data
obtained from official UL S, Weathoer Burean cooperative observers.

A Ttarget-control” amalysis was performed  to attemipt o
detect differences in amounts of precipitation reccived in the
target avea as compared with adjacent conwrol areas. The pro-
cedure used to obtain the tansformed normalized precipitation
variables r. {control}y and -, {target) was identical with that

-
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described by Thom (8), except that all storms in the historical
record were used in the analysis. The transformed normalized
values for the target were plotted vs. concurrent values for the
control and fitted with a Jeastsquares line. Confidence bands
of = 1, 2 and 3 standard ervors were computed (7:pl37),
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Figure 9—Total observed precipitation in and near the study area dur-
ing the months of May-August, 1959

Percentase Or Normaw Prreipimarion, May - Avgusr 1959
o5 00

393
108

Figure 10.—Percentage ol normal precipitation in and near the study
area for the period May-August 1959.
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Table 4.—Souree of data used in target-conirel analysis.

Yeurs of Number of  Ceorrciation
Month Target Control record storms coefficient
May Sterling. Ovid, Greeley, 1494248,
Levoy, Holvoke, Fort Collins, 14554 26 077
Fleming Fort Lupton
June Sterting. Ovid, Akron, Yoma. T942-44,
Leroy, Helvole. Wray 104450 40 .90
Fleming
July Steviing, Owvid, Pine Blu#s,
Leroy. Healvoke, Kimball 134450 45 0.66
Fleming :
August Sterling, Ovid, Skron, Yuma, 194246,
1.erov, Holvoke, Wray 104849 36 .65

Fleming

Eleven storms produced precipitation on the target and control
stations between 15 May and 15 September 1959, The valucs
of storm rainfall for these eleven storms were then superimposed
on the diagrams. The results arc shown in Figure 1, and sum-
marized in Table 5.

e -0.029 ‘E
409387, |

+0.5817 |

®

Figure 11.—Target-control analyses for precipitation anomalies. Values
shown are the normalized rransformed precipitation totals for control (r)
and target (r.) stations. Values for 1959 are marked “X.”
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Table 3Numbers of cases of storm procipitation in 1959 that fall within given stand-
ard crrors of ostimate from regression.
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Althougly no single storm event departs by more than two
standard errorvs [rom the vegression, it is of terest to note that
8 out of 10 cases indicate a positive precipitation anomaly. In
the absence of ouwside influences on the distribution of precipita-
tion on the target and control stations, the chances of positive
and negative anomalies would be equally likely. The probability
of getting 8 or more positive anomalies out of ten cases by chance
from an unbiased population is 0.0547.

Summary

A study was made of methodology of evaluating changes in
hail damage and the effecrs of a cloud-seeding program on pre-
cipitation in northeastern Colorado, in 1959, Records ol hail
damage to beets from The Great Western Sugar Company factory
districts were used as historical data to compare with the Toss
experience in 1959, ’

Statistical tests failed ro reveal a significant degree of corre-
lation between seasonal precipitation over the study aren and
hall damage to beets.

An energy parvameter {(unitss [t I1bs per [t9) was used o de-
scribe hail impact energy resulting from a hailstorm. A signifi-
cant positive correlation was found between this paramcter and
comcurrent precipitation at a large number of diserete points,

If 1t is hypothesized that cloud sceding produces a larger
number ol smaller hailstones without changing the total quan-

™
tity of precipitation which falls o the fornm of haill then the hail
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impact energy from a given hailstorm will be decrcased. This
decrease, however, might be offset it seeding were 10 pz‘odui'e i
greater qu1m§ ol precipitation (alling in the Torm of hail

IF it is hypothesized that cloud \(Ldlno can reduce th( hail
impact energy of each hail event by a given amount, then the
greatest benefits from such seeding would acerue o highly sen-
sitive crops. If it is hypothesized that cloud seeding can produce
# percentage reduction in hail hmpact enevgy of cach hail event,
the greatest benehts acerue to the more sturdy crops.

The assumption that hail damage is )i‘nportinn;d to hatl
impa(l energy needs verificarion from furt her studies. since a
given value of hail III]pd(L energy can result from a wide range
of parameters including numbu.s and sizes of stones, and attend
ant wind.

Precipitation in the southern half of the target area for the
period  May-August 1959 was higher than normal and higher
than adjacent areas, except to the northeast.

A target-control analysis for the season indicates that 8 owl

10 storms showed positive precipitation anomalies associated
with the cloud-sceding operation. While results from individual
storms are not significant, the probability of getting these ob-
served numbers of positive anomalies (or individaal storms by
chance [rom an unbiased population is 0.0547
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