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INTRODUCTION 

The basic purpose of Part II of th is Final Report under NSF-1360 is 
to provide a detai led description of various studies carried out under th is 
grant with respect to data used, analyt ical procedures employed, resu l t s of 
analyses, and conclusions. It serves as a single source of a l l findings 
obtained from the various studies undertaken. As reported in Part I, several 
papers have been published in professional journals to summarize resul ts of 
certain s tud ies , and other papers are in preparation for publication in the 
i n t e r e s t of widespread dissemination of the mater ial . However, Part II w i l l 
serve as the only source of information for those s tud ies , such as the I l l i n o i s 
prec ip i ta t ion climatology, considered to be primarily of localized in t e re s t 
in weather modification applicat ions. Other minor studies of i n t e re s t and 
po ten t ia l use in precipi ta t ion modification experiments are also included in 
Part I I . 

DEFINITION OF TERMS USED FREQUENTLY IN REPORT 

A storm is defined as a precipi ta t ion period separated from preceding 
and succeeding precipi ta t ion on the sampling area by 6 hours or more. This 
defini t ion has been found most sui table for separating storms resul t ing from 
different synoptic causes on the various raingage networks. 

Winter refers to the 3-month period, December-February. Spring includes 
March, Apri l , and May. Summer incorporates June, July, and August. September, 
October, and November consti tute Fa l l . 

The growing season or warm season as used in th is report includes the 
5-month period, May-September. The cold season or water supply replenishment 
season encompasses the 7 months from October through April . 

RAINGAGE NETWORKS USED IN RESEARCH 

Data from 5 dense raingage networks operated in I l l i n o i s by the State 
Water Survey were employed in various phases of the research under NSF-1360. 
A description of these networks is provided in Part I of th i s Final Report. 
The network locations are shown in Fig. 1, and the sampling patterns in the 
two networks used most frequently in the research are i l l u s t r a t e d in Fig. 2. 
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Figure 1. Raingage networks used in r e s ea r ch . 
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Figure 2. Sampling p a t t e r n s in two major networks. 
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MESOSCALE SPATIAL VARIABILITY 
IN MIDWESTERN PRECIPITATION 

Introduction 

The existence of re la t ive ly large s p a t i a l and temporal va r i ab i l i ty in 
p rec ip i ta t ion , par t icular ly in thunderstorms and rainshowers, is generally 
recognized among meteorologists and hydrologists . However, data to define 
th is va r i ab i l i ty in quanti tat ive terms have been inadequate, especially with 
respect to small areas and various types of storm conditions. Operation of 
several concentrated raingage networks in centra l and southern I l l i n o i s in 
recent years has provided a unique set of data to 1) determine the mesoscale 
spa t i a l va r i ab i l i ty of natural prec ipi ta t ion in a typical midwestern climate 
and 2) provide quanti tat ive measures of the effects of several meteorological 
variables upon the spa t i a l d is t r ibut ion of p rec ip i ta t ion . Results presented 
here should be generally applicable to other areas of s imilar precipi ta t ion 
climate and topography. 

In hydrometeorology, specif ic knowledge of precipi ta t ion va r i ab i l i ty is 
pert inent in establishing watershed raingaging f a c i l i t i e s and in in terpret ing 
rainfal l -runoff re la t ionships . In weather modification s tud ies , natural 
va r i ab i l i ty must be considered in both the planning and ver i f icat ion of f ie ld 
experiments. Failure to do so may lead to poorly-designed sampling programs 
and inval id in terpre ta t ion of experimental r e s u l t s . Knowledge of the s p a t i a l 
va r i ab i l i ty of natural precipi ta t ion is especial ly pert inent in cloud seeding 
experiments involving target -control comparisons. It is helpful in the 
select ion of experimental areas , in the determination of sampling procedures, 
in the establishment of precipi ta t ion measurement networks, and in the 
s t a t i s t i c a l in terpre ta t ion of the seeding r e s u l t s . As pointed out by McDonald 
(1956), prec ip i ta t ion var iab i l i ty above a l l else has stood in the way of efforts 
to secure an immediate answer to the question of the efficacy of cloud seeding. 

Data Used in Study 

Data from four of the networks shown in Fig. 1 were used in the study. A 
12-yr sample from the East Central I l l i n o i s Network during 1955-1966 provided 
1178 storms in which the areal mean r a i n f a l l exceeded 0.01 inch, the basic 
requirement for inclusion in the va r iab i l i ty study. The Boneyard Network of 
10 gages in 10 mi2 sampled 1066 storms in the 1954-1964 period that were 
included in the study. The L i t t l e Egypt Network of 49 gages in 550 mi2 provided 
964 storms in the 1958-1966 period. The Panther Creek Network yielded data 
for 724 storms in a 7-yr operational period (1954-1960). 

All networks are located in re la t ive ly f l a t t e r ra in which is charac te r i s t i c 
of the major midwestern agr icul tural regions. The two larger networks have 
areas approximately equal to that of the average county in I l l i n o i s . The East 
Central I l l i n o i s Network is located in the heart of the midwestern hybrid corn 
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and soybean region, in which crop yields and farm income are very high in 
years of favorable weather. Consequently, it is a region in which the economic 
benefi ts from successful weather modification could be outstanding under some 
circumstances. 

Analytical Procedures 

The spa t i a l re la t ive var iab i l i ty was obtained by the simple method presented 
by Conrad and Pollak (1950), in which it is defined by: 

V = 100(AD/M) (1) 

where V is the re la t ive var iab i l i ty in percent, M is the mean of the sample, 
and AD is the average deviation from the mean. Investigation was made of storm, 
monthly, seasonal, and extended period var iab i l i ty r e l a t ions . For storms that 
did not have measurable r a in fa l l at some gages in the network, a second 
calculation of re la t ive va r iab i l i ty was made after eliminating the zero or 
trace observations. This provides a more useful va r i ab i l i ty measure for some 
appl icat ions. 

In the storm s tud ies , correlat ion analyses were used to determine the 
degree of relat ionship between storm re la t ive va r iab i l i ty (V), areal mean 
prec ip i ta t ion (P) , maximum network precipi ta t ion (Pm) , and storm duration (D), 
when the storms were grouped by synoptic weather type, precipi ta t ion type, and 
season. Simple and multiple correlat ion coefficients were determined with the 
data expressed in both l inear and logarithmic terms. From these correlat ion 
analyses and graphical plot t ings of the data, decisions were made on the 
regression analyses to be performed with respect to data transformation and 
independent variables . In the monthly and longer s tud ies , re lat ions were 
developed between V, t o t a l prec ipi ta t ion ( P t ) , and area (A). 

Storm Variabil i ty 

In the study of individual storms, correlat ion analyses produced higher 
coefficients with logarithmic transformations than with the l inear var iables , 
as indicated by graphical plots of the data in preliminary s tudies . The 
differences are i l l u s t r a t ed in Table 1 in which l inear and logarithmic 
computations of correlation coefficients ( r ) and coefficients of determination 
( r 2 ) are shown for V, P, and D in summer storms on the East Central I l l i n o i s 
Network. 

Table 1 is typical of the resul ts obtained with the data grouped 
according to season, precipi ta t ion type, and synoptic weather type. As 
indicated in Table 1, only a small improvement in the relat ionships was 
found when V was related to both P and D as opposed to P alone. This is 
due to a re la t ive ly strong correlat ion between P and D; as mean r a in fa l l 
increases , the storm duration also tends to increase. Consequently, it 
was decided to develop regression equations re la t ing the logarithms of V 
and P. 
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Table 1. Correlation between V, P, and D in summer storms 
on East Central I l l i n o i s Network. 

r r2(%) 
Transformation V-P V-D V-P ,D V-P V-D V-P,D 

Linear -0 .60 -0 .54 0.64 36 29 41 
Logarithmic -0.76 -0 .73 0.30 58 53 64 

Regression equations were developed with the data grouped according to 
season, prec ip i ta t ion type, and synoptic weather type. Further analyses 
indicated that the seasonal grouping was strongly related to the frequency 
dis t r ibut ion of precipi ta t ion types in the four seasons. Therefore, the 
prec ip i ta t ion type c lass i f ica t ion was selected for further study. 

Precipi ta t ion type re la t ions . The data were grouped according to the 
four major types, thunderstorms (TRW), rainshowers (RW), steady rain (R), and 
snow (S) . Other types were too few to be included in the study. Where more 
than one prec ip i ta t ion type prevailed during a storm, the storm was assigned 
to the type which was responsible for the major portion of the storm 
prec ip i ta t ion . If t h i s could not be determined, the storm was omitted from 
the study. The data from a l l four networks were combined to obtain regression 
equations (2) through (9) . Eqs. (2) through (5) show rela t ions based upon a l l 
sampling points for TRW, RW, R, and S, respect ively. Eqs. (6) through (9) are 
s imilar equations based upon the use of only those network gages with measurable 
storm prec ip i ta t ion . 
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In Table 2, Eqs. (2) to (9) have been solved for selected values of P 
and an area of 500 mi2 to i l l u s t r a t e the effects of precipi ta t ion type and 
storm magnitude upon spa t i a l va r i ab i l i t y . Table 3 i l l u s t r a t e s the effect of 
increasing sampling area on V. Before discussing these tables further , it 
should be emphasized that snow measurements are subject to re la t ive ly large 
sampling e r ro r s , especially with unshielded gages in strong winds and 
low-density snow. Consequently, the values of V are probably larger than 
the true values in nature, and the snow relat ions should be considered only 
approximations for comparison purposes. Snow values have been omitted for P 
greater than 0.50 inch because of the small number of cases above th i s l eve l . 

The primary importance of Eqs. (2) to (9) is to replace qual i ta t ive 
knowledge with quanti tat ive information on the changes in spa t ia l va r i ab i l i t y 
as storm magnitude (mean ra in fa l l ) and size of sampling area increase and the 
charac ter is t ics of the storm precipi ta t ion vary. Qual i ta t ively, the general 
trend for the re la t ive var iab i l i ty to decrease with increasing mean r a i n f a l l 
and to be greater with unstable types of precipi ta t ion (TRW, RW) as opposed 
to s table types (R, S) is well known. Now it is possible to define these two 
trends in quanti tat ive terms for a typical midwestern region, as i l l u s t r a t e d 
in Table 2. For example, th is table shows the average re la t ive va r i ab i l i ty 
decreasing by a factor of approximately two when the mean ra in fa l l on 500 mi2 

increases from 0.10 inch to 0.50 inch and by a factor of nearly four when the 
mean is increased further to 2 inches. Similarly, the re la t ive ly large 
differences between the spa t i a l va r i ab i l i ty of precipi ta t ion types is portrayed 
in Table 2. The larger r a t io with heavy storms apparently resu l t s from a trend 
for the stable type of precipi ta t ion to approach uniformity s l igh t ly fas ter 
than the unstable type as P increases. 

Table 2. Precipi tat ion type comparisons of average storm 
re la t ive var iab i l i ty on 500 mi2. 
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Table 3 i l l u s t r a t e s quant i ta t ively the effect of increasing sampling area 
on the average spa t i a l va r i ab i l i ty through the use of regression values for a 
0.50-inch storm. The table indicates that TRW var iab i l i ty increases approximately 
30% as the area increases from 10 to 50 mi2 , after which the ra te of change 
decelerates and is approximately double the 10-mi2 value at 500 mi2 . The 
R-increase with area is considerably slower, with the 500-mi2 va r i ab i l i ty about 
60% greater than the 10-mi2 value. 

Table 3. Effect of area on re la t ive var iab i l i ty 
in 0.50-inch storm. 

R e l a t i v e v a r i a b i l i t y (%) f o r g i v e n a r e a ( m i 2 ) 
P r e c i p i t a t i o n 

t y p e 10 50 100 500 

TRW 20 26 29 39 
R . 13 16 17 21 
TRW/R 1.54 1 .63 1 .71 1.86 

The previous discussions have been limited to average re la t ive va r i ab i l i t y , 
since th is is a convenient s t a t i s t i c for comparing the effects of storm 
magnitude, sampling area, and prec ip i ta t ion type on spa t i a l variance. Analyses 
of the I l l i n o i s network data showed the spa t i a l va r iab i l i ty to be an unstable 
prec ip i ta t ion parameter with large differences frequently observed between 
storms of s imilar magnitude and prec ip i ta t ion type. This is i l l u s t r a t e d 
quant i ta t ively in Table 4 which shows the upper and lower 10% ranges about the 
average re la t ive var iab i l i ty in thunderstorms and steady rain on the East 
Central I l l i n o i s Network of 400 mi2 . The d i rec t application of spa t i a l 
va r i ab i l i ty as an evaluation parameter in weather modification experiments does 
not appear feasible in view of i t s great interstorm variance. 

Table 4. Range of re la t ive va r iab i l i ty 
in TRW and R on 400 mi2 . 

R e l a t i v e v a r i a b i l i t y (%) f o r g i v e n mean p r e c i p i t a t i o n ( i n ) 

0 .10 0 . 2 5 0 .50 1.00 . 2 .00 

TRW 

Upper 10% 135 9 5 72 55 42 
Average 74 50 37 27 20 
Lower 10% 27 19 14 11 8 

R 
Upper 10% 90 60 45 33 24 
Average 41 27 20 15 11 
Lower 10% 16 11 8 6 4 
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Seasonal effects . In the preceding analyses, no dis t inct ion was made 
between the var iab i l i ty of specif ic precipi ta t ion types between seasons. 
All data were grouped to obtain a large sample to establ ish the overal l 
d i f fe ren t i a l effects of precipi ta t ion type on spa t i a l va r i ab i l i ty throughout 
the year. It would be desirable to separate each precipi ta t ion type by season 
a l so , since it seems l ikely that for a given precipi ta t ion type stronger 
r a i n f a l l gradients exis t in warm season storms than in cold season prec ip i ta t ion . 
Thunderstorms are too infrequent in winter in I l l i n o i s to provide an adequate 
sample for comparisons despite the re la t ive ly long records on the sampling 
networks. Snow, of course, is absent in summer. Consequently, a comparison 
could be undertaken only for RW and R. 

Seasonal comparisons of RW and R were made on the East Central I l l i n o i s 
Network of 400 mi2 for which the longest record (12 yr) was avai lable. On th is 
area, resu l t s indicated that the average r a in f a l l gradient , as measured by the 
re la t ive va r i ab i l i t y , was approximately twice as large in summer as in winter 
for a given mean prec ip i ta t ion , and was about 60% greater in summer than in 
spring or f a l l . Other considerations being equal, i t is apparent that 
prec ip i ta t ion modification effects could be evaluated s t a t i s t i c a l l y with a 
subs tant ia l ly shorter sampling period in the cold season, when the major 
replenishment of water supply takes place in the Midwest, than in the 
crop-growing season when agriculture would benefit most by successful cloud 
seeding. 

Synoptic type re la t ions . The data were grouped according to six basic 
storm types to obtain a quanti tat ive measure of t he i r d i f ferent ia l effect on 
spa t i a l va r i ab i l i t y . Data from the four networks were then combined and a 
regression equation obtained for each type. Relative var iab i l i ty was re la ted 
to mean precipi ta t ion and area, s imilar to the procedure followed in the 
prec ip i ta t ion type analyses. The resul ts are i l l u s t r a t e d in Table 5 through 
the use of equation values for 500 mi2 . Low centers and occluded fronts were 
combined, because the few cases of occluded fronts appeared similar in V 
charac ter i s t ics to the low center storms. Storm types were obtained from 
synoptic maps published by the U. S. Weather Bureau. 

Table 5. Synoptic storm type comparisons of 
re la t ive va r iab i l i ty on 500 mi2 . 
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Unfortunately, the regression curves from which Table 5 was constructed 
did not produce pa ra l l e l curves for a l l types , so that a simple statement of 
the re la t ive effects of each type cannot be made. Throughout the range of P, 
however, the highest re la t ive va r i ab i l i ty was found with a i r mass storms and 
the lowest with low centers. Air mass storms, in general , are more scat tered 
spa t i a l ly than frontal storms, encompass less area on the average than frontal 
storms, but are frequently characterized by steep r a in fa l l gradients since 
they are usually associated with unstable precipi ta t ion types (TRW, RW). Thus, 
the spa t i a l va r iab i l i ty tends to be considerably greater in these storms. 
Conversely, low centers are more l ikely to be associated with widespread 
prec ip i ta t ion of re la t ive ly long duration over a given sampling area than the 
other storm types of Table 5. Therefore, spa t i a l va r i ab i l i ty tends to minimize 
in such storms. The a i r mass average va r i ab i l i t y is approximately twice that 
of low center storms. 

Stationary frontal storms rank next to a i r mass storms in high va r i ab i l i ty 
over most of the P-range of Table 5. Although these storms are often of 
re la t ive ly long duration, they are frequently associated with intense thunderstorms 
and rainshowers with steep r a in fa l l gradients . Differences in spa t i a l va r i ab i l i ty 
between cold frontal and warm frontal storms appear ins ignif icant . Since high 
spa t i a l va r i ab i l i ty in tensi f ies the problem of rain modification evaluation, i t 
is obvious from Table 5 that the seeding of a i r mass i n s t ab i l i t y showers, such 
as done on Project Whitetop (Decker and Schickedanz, 1965), presents an unusually 
d i f f i cu l t evaluation problem when surface r a i n f a l l is the primary ver i f icat ion 
too l . 

The resu l t s in Table 5, which are based upon data for a l l seasons and a l l 
p rec ip i ta t ion types combined, provide a quant i ta t ive measure of the average 
effects of synoptic types on spa t i a l va r i ab i l i t y on an annual bas i s . The 
re la t ive ly large ra t ios of a i r mass/low center va r i ab i l i ty resu l t par t ly from 
the predominant occurrence of a i r mass storms in the warm season and with TRW 
or RW, whereas low centers are dis t r ibuted more uniformly with respect to 
prec ip i ta t ion type and season. Therefore, an analysis was made of the above 
r a t i o for TRW, which also r e s t r i c t ed the comparison largely to the warm season. 
When th i s was done, the r a t i o ranged from 1.7 to 1.8, compared with the 1.9 to 
2.2 range in Table 5. A similar analysis performed on the cold front/low center 
r a t i o showed insignif icant differences from the values of Table 5, since the 
strong seasonal and precipi ta t ion type bias is not present with these storms. 

Extended Period Variabi l i ty 

For some purposes, knowledge of the r e l a t ive va r iab i l i ty on a given area 
over periods of a month, season, or years is of more i n t e r e s t than storm 
va r i ab i l i t y . One example is the establishment of sampling requirements for 
long-term weather modification experiments. 

Monthly re la t ive var iab i l i ty re la t ions were investigated f i r s t through 
use of the 12-yr sample from the East Central I l l i n o i s Network. This network 
was subdivided to provide data for areas of 50, 100, 200, and 400 mi2 . Months 
were grouped by the four standard seasons (winter , spr ing, summer, f a l l ) . 
This division was made because of the differences in precipi ta t ion character is t ics 
between seasons. Regression equations were then developed for each group of 



- 1 1 -

months by re la t ing the re la t ive va r iab i l i ty to t o t a l monthly prec ip i ta t ion 
(P t ) and sampling area (A). The four equations for winter, spring, summer, 
and f a l l are: 

The spring and f a l l equations yie ld nearly ident ica l va r i ab i l i t i e s for a given 
P t and A. 

The effects of t o t a l p rec ip i t a t ion , area, and season on the monthly spa t i a l 
va r i ab i l i t y are i l l u s t r a t e d in Tables 6 and 7. Table 6 shows a decrease of 2% 
in winter var iab i l i ty as the monthly average precipi ta t ion doubles, whereas a 
doubling of the monthly precipi ta t ion in summer produces a much more pronounced 
decrease in spa t i a l va r i ab i l i t y . The summer-winter difference maximizes at low 
prec ip i ta t ion values. At 1-inch, the summer var iab i l i ty is approximately twice 
the winter value, but with 4-inch monthly t o t a l s , it is only about 45% greater . 
This is re lated to the spotty showers of small areal extent which usually 
characterize the summer r a in fa l l in much below normal months. 

Table 6. Average monthly re la t ive 
var iab i l i ty on 400 mi2 . 

The area effect is i l l u s t r a t e d in Table 7 for a monthly prec ip i ta t ion of 
4 inches in winter and summer. The re la t ive var iab i l i ty increases slowly with 
area. In summer, it increases approximately 2% for each doubling of the area, 
and in winter the change is only 1% as the area doubles. 
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Table 7. Variation of monthly re la t ive va r iab i l i ty 
with area for a 4-inch p rec ip i t a t ion . 

Next, the re la t ive var iab i l i ty was calculated for t o t a l prec ip i ta t ion 
for periods of 3, 6, 12, 24, and 60 months on the 400 mi2 to ascertain the 
length of sampling period required to minimize the re la t ive va r iab i l i ty to 
a constant value. The 3-month and 6-month v a r i a b i l i t i e s were calculated 
s t a r t i ng at each month of the year to determine the seasonal effect . The 
va r iab i l i ty decreased from an average of 9 to 11% for 3-month periods 
(depending upon the s t a r t ing month) to 7 to 8% for 6-month t o t a l s , 6% for 12 
months, and 5% for 24 months. When the time period integrat ion exceeded 24 
months, the average re la t ive var iab i l i ty decreased to a constant value of 4% 
on the 400 mi2 . 

Thus, it was clearly demonstrated that the re la t ive va r iab i l i ty becomes 
minor when prec ip i ta t ion is summed over a period of several years in an area 
of re la t ive ly homogeneous precipi ta t ion climate. This finding does not imply 
that some points or small areas within the larger sampling area cannot show 
signif icant departures from the areal mean. Such occurrences have been shown 
in an e a r l i e r paper by Huff (1966). The resu l t s do, however, imply tha t the 
average departure from the mean of a large number of measurements within the 
sampling area wi l l be re la t ive ly small. 

Summary and Conclusions 

Data from four dense raingage networks in I l l i n o i s were analyzed to 
obtain quant i ta t ive measures of the mesoscale s p a t i a l va r i ab i l i ty for storm, 
monthly, and extended period precipi ta t ion in a typica l midwestern climate. 
Results should provide useful knowledge for c l imatologis ts , hydrometeorologists, 
and those atmospheric s c i en t i s t s concerned with weather modification. 

The spa t i a l r e la t ive var iab i l i ty of storm prec ip i ta t ion was found to be 
re la ted exponentially to mean prec ip i ta t ion . The re la t ion was not s igni f icant ly 
improved by adding other var iables , such as storm duration and maximum storm 
prec ip i ta t ion . The re la t ive var iab i l i ty tends to increase with increasing area 
and was subs tant ia l ly greater with unstable types of prec ip i ta t ion (RW, TRW) 
than with steady types (R, S) . Grouped by synoptic storm type, the highest 
re la t ive va r i ab i l i ty was obtained with a i r mass storms and the lowest with low 
center passages. The re la t ive va r i ab i l i t y , although a useful parameter to 
evaluate the general effects of various meteorological factors upon storm 
spa t i a l v a r i a b i l i t y , displays large differences between storms of s imilar 
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precipi ta t ion volume, precipi ta t ion type, and synoptic storm type; because 
of i t s interstorm i n s t a b i l i t y , i t is not a desirable parameter in i t s e l f for 
the evaluation of weather modification experiments. 

Monthly precipi ta t ion va r iab i l i ty showed l i t t l e difference between f a l l , 
winter , and spring months, but large differences between cold season months 
and summer, when precipi ta t ion to t a l s were l i g h t . Determination of average 
re la t ive var iab i l i ty for extended periods of 3 to 60 months indicated that the 
va r i ab i l i ty minimizes to a constant af ter time periods of 24 months are 
integrated into the calculat ion. The average spa t i a l va r i ab i l i ty becomes 
minor when precipi ta t ion is summed for several years over an area of re la t ive ly 
homogeneous precipi ta t ion climate. 

CLIMATOLOGICAL ASSESSMENT OF NATURAL PRECIPITATION 
CHARACTERISTICS FOR USE IN WEATHER MODIFICATION 

SECTION 1 - CLIMATOLOGICAL CHARACTERISTICS OF STORM PRECIPITATION 

Introduction 

A substant ia l deficiency exis ts in our understanding of the natural 
d is t r ibut ion of prec ip i ta t ion . As a r e s u l t , both the planning and evaluation 
of cloud seeding experiments for the modification of surface precipi ta t ion 
have been made more d i f f i cu l t , and an urgent need created for accumulating 
the necessary knowledge to define the natural d is t r ibut ion adequately. 
Furthermore, understanding of the natural d is t r ibut ion wi l l provide a useful 
tool for evaluating expected benefits from cloud seeding in a given climatic 
region when the capabi l i t ies of weather modification become be t t e r defined 
and operational sk i l l s improved. 

Presently, however, the natural dis tr ibut ions can be used to obtain 
f i r s t estimates of potent ia l future benefits under various assumed capab i l i t i e s , 
as wi l l be i l l u s t r a t e d l a t e r . From such calculat ions , considerable information 
can be obtained re la t ive to the f eas ib i l i t y and/or des i rab i l i ty of incorporating 
seeding-induced precipi ta t ion in to the design of future water supply systems 
and in evaluating future requirements for i r r iga t ion as an agr icul tura l water 
supplement. 

Extensive analyses of I l l i n o i s precipi ta t ion data were undertaken to 
define the natural d is t r ibut ions and to develop techniques for using the 
acquired knowledge in weather modification applications in I l l i n o i s and other 
areas with similar humid, continental climates. As one par t of th is research, 
a study was made of the climatological character is t ics of storm precipi ta t ion 
through use of data from a 12-yr operation of the East Central I l l i n o i s Network 
(Fig. 2). The effects of storm in tens i ty and duration, precipi ta t ion type, 
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synoptic weather type, season, and departure from climatic averages were 
invest igated. Frequency dis t r ibut ions of both r a i n f a l l depth and number of 
storms were developed for various data c l a s s i f i ca t ions , and application of 
these dis t r ibut ions in weather modification i l l u s t r a t e d . Through re la t ing 
areal to point d i s t r ibu t ions , a technique was devised for use in deriving 
precipi ta t ion d is t r ibut ion re la t ions for other cl imatic areas lacking dense 
network data. 

There is no in tent here to provide a unique plan for (1) evaluating 
a l l the potent ia l benefits of cloud seeding or (2) designing and verifying 
weather modification experiments. However, it is the strong conviction of 
the Principal Invest igator that natural d is t r ibut ion studies provide essen t i a l 
background knowledge and a useful meteorological tool for evaluating the 
potent ia l benefi ts of cloud seeding in implementing agr icul tura l and urban 
water supply needs, and in developing optimum s c i e n t i f i c application of cloud 
seeding in any given climatic region. The primary purpose of th i s study then, 
is to show how natural d is t r ibut ions were developed for one region, i l l u s t r a t e 
a few potent ia l applications in weather modification, and, hopefully, stimulate 
others to undertake similar background studies for t h e i r region of i n t e r e s t . 

Data from 1344 storms on the sampling area of 400 mi2 provided the primary 
input to the study. The storm definit ion used in the I l l i n o i s research resul ted 
in most storm days having a single storm period, so tha t findings of this study 
should provide reasonable approximations of daily precipi ta t ion dis t r ibut ion 
cha rac te r i s t i c s . The network data were supplemented by long-term daily 
prec ip i ta t ion data on point r a in fa l l from the climatic network of the U. S. Weather 
Bureau in I l l i n o i s which includes an area of 56,000 mi2 . A t o t a l of 57 s ta t ions 
with complete records for the 50-yr period, 1906-1955, were employed to maintain 
consistency with previous climatological studies performed for the s t a t e . 

Analytical Procedures 

All storms were used in which measurable r a in f a l l was recorded at one 
or more gages on the network. Then, for each grouping or s t r a t i f i c a t i o n of 
storms, the network mean prec ip i ta t ion for a l l qualifying storms was ranked 
from high to low. These ranked data were then plot ted on probabil i ty paper 
and smooth curves drawn through the plot ted po in t s . This provided families 
of cumulative frequency curves, such as shown in Fig. 3a, in which cumulative 
percent of t o t a l annual prec ip i ta t ion is re la ted to the magnitude of the 
areal mean precipi ta t ion in storms s t r a t i f i e d by storm duration. Similar 
cumulative dis t r ibut ions were determined between cumulative percent of t o t a l 
number of storms and areal mean p rec ip i t a t ion , such as i l l u s t r a t e d in Fig. 3b. 
From these two sets of curves, a th i rd set was constructed re la t ing cumulative 
percent of t o t a l prec ipi ta t ion to cumulative percent of the t o t a l number of 
storms (Fig. 4 ) . The foregoing procedure was l a t e r repeated after eliminating 
a l l storms in which the network mean was less than 0.01 inch. 

These three types of curves were used to define the dis t r ibut ion 
charac ter is t ics of areal mean r a i n f a l l . Based on the dense sampling network 
and 12 consecutive years of data, the resul ts presented in th is report are 
considered re l i ab le estimates of the climatological charac ter i s t ics of 
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precipi ta t ion within the l imits defined in each analysis . Obviously, there 
are s t a t i s t i c a l l imitat ions in the data treatment as w i l l be brought out l a t e r . 

The foregoing analyt ical procedure was followed for various groupings of 
the data. These included groupings for (1) a l l storms combined, (2) seasons, 
(3) precipi ta t ion type, (4) synoptic weather type, (5) storm duration, and 
(6) wet and dry periods. Also, several combinations of the above groupings, 
such as sub-grouping of precipi ta t ion types by storm duration, were invest igated. 

Precipi tat ion type c lass i f ica t ions were thunderstorms, rainshowers, 
continuous or intermit tent r a i n , snow, and combinations of the foregoing basic 
types. Synoptic weather types included the various types of f ronts , low center 
passages, a i r mass storms, and squall l i nes . When occasionally more than one 
synoptic type contributed to the storm prec ip i ta t ion , the storm was assigned to 
the type that the analysts indicated was the major contributor. Synoptic 
weather maps and weather observer records were used in the precipi ta t ion type 
and synoptic weather type classifying. The data groupings and analyses were 
dictated both by available climatological knowledge from other I l l i n o i s studies 
and from the size of the data sample. In regions with d i s t inc t ly different 
precipi ta t ion climates, the invest igator should vary the data treatment to f i t 
best the climatological charac ter is t ics of his region. 

Since dense network data are re la t ive ly scarce, undertaking similar 
studies in other areas would be great ly fac i l i t a t ed if point r a in fa l l records 
could be used to estimate precipi ta t ion character is t ics on mesoscale areas in 
which weather modification might be undertaken. Consequently, 3 point records 
in the I l l i no i s sampling network were selected and subjected to the same 
analyses used for the areal study to (1) determine point -areal re la t ionships , 
and (2) evaluate the appl icabi l i ty of point r a in fa l l s t a t i s t i c s for 
characterizing areal p rec ip i t a t ion . 

Frequently, daily precipi ta t ion is used in the evaluation of cloud 
seeding experiments. The resul ts of the I l l i no i s storm study were believed 
to be nearly equivalent to those that would be obtained from using daily t o t a l s . 
After verif icat ion of th i s hypothesis from the network data and evaluation of 
the network point-areal r e la t ionsh ip , long-term point r a in f a l l records from 
the I l l i no i s climatic network of the U. S. Weather Bureau were employed to 
obtain a statewide climatological pattern of the d is t r ibut ion charac ter is t ics 
of daily r a i n f a l l . These pat terns can then be used as a guide in weather 
modification ac t iv i t i e s in any portion of the s t a t e . Similar patterns could 
be determined for other s t a tes from the i r climatic records. 

Effects of Storm Duration, Precipi ta t ion Type, and Synoptic Type on 
Distribution Characterist ics 

The most s ignif icant differences were found between the climatological 
d is t r ibut ion curves when the data were grouped by storm duration. Variations 
in the dis t r ibut ion charac ter i s t ics between the several synoptic types 
resulted primarily from the tendency for some types to have a larger percentage 
of the i r storms with e i the r re la t ive ly long or short durations. For instance, 
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a i r mass storms are usually of short duration compared to low center and warm 
front storms. Similar ly, no strong trend was found for large differences 
between prec ip i ta t ion types. However, these findings could differ substant ia l ly 
in other climatic regions. 

Table 8 shows how the climatological d is t r ibut ion of storm mean 
precipi ta t ion is re la ted to storm duration. For example, reading horizontal ly 
in the upper portion of the table it is seen that with durations of 3 hr or 
less on the network, 28% of the t o t a l p rec ip i ta t ion , on the average, w i l l r e su l t 
from a network mean exceeding 0.50 inch, whereas th is percentage increases 
gradually to 9 5% with durations in excess of 24 hours. Reading ver t ica l ly in 
the upper portion of Table 8 an estimate of the dis t r ibut ion of storm mean 
ra in fa l l in each duration category is obtained. Thus, for storms with durations 
of 3 hr or l e s s , 80% of the r a i n f a l l , on the average, resul t s from network means 
exceeding 0.10 inch compared with 7% in storms exceeding 1 inch. The lower par t 
of Table 8 shows how storm duration affects the re la t ion between storm mean 
r a in fa l l and the frequency dis t r ibut ion of storm occurrences. This table s t resses 
the importance of the storm duration factor in the establishment of the 
dis t r ibut ion charac ter i s t ics of storm precipi ta t ion in th is climatic region. 

Table 8. Average 12-yr dis t r ibut ion of network storm 
prec ip i ta t ion grouped by storm duration. 

Cumulative percent of t o t a l storm occurrences 
for given duration (hrs) 

A further invest igat ion was made of differences in dis t r ibut ion 
charac ter is t ics when the data were grouped according to (1) storm duration and 
precipi ta t ion type, and (2) duration and synoptic weather type. Er ra t ic trends 
resul ted. These may be primarily the resul t of sampling problems resul t ing 
from the much smaller number of cases in each class in te rva l with the double 
grouping and/or the interdependence of the parameters used. In any case, it 
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appeared undesirable to pursue th i s approach further, and additional study-
was confined to the single grouping by storm duration which appeared to 
separate the dis t r ibut ions in a most s ignif icant manner. 

Areal Distribution Characterist ics 

In the f inal analyses of areal d is t r ibut ion cha rac te r i s t i c s , relat ionships 
were developed for grouping of storms by duration using (1) a l l storms in which 
measurable precipi ta t ion was recorded on the network, (2) only storms in which 
the areal mean precipi ta t ion was 0.01 inch or more, and (3) a i r mass storms 
with durations of 3 hr or l e s s . These a i r mass storms occur largely in the warm 
season and are primarily of the afternoon type that resu l t from diurnal heating 
e f fec t s . The a i r mass category was selected for separate at tent ion because 
(1) two major weather modification projects in Arizona (Battan, 1966) and Missouri 
(Braham, 1966) were concerned with nonfrontal convective r a i n f a l l , (2) considerable 
effor t is being devoted presently to convective cloud research in the extensive 
weather modification program of the Bureau of Reclamation (U. S. Department of 
I n t e r i o r , 1968), and (3) a i r mass storms contribute s ignif icant ly to warm-season 
precipi ta t ion in I l l i n o i s and t he i r re la t ive importance appears to increase 
during dry periods, as wi l l be discussed l a t e r . Although the Arizona and Missouri 
experiments did not indicate increases from cloud seeding, Battan (1966) l i s t s 
others who claim success in seeding convective clouds and concludes that 
"addit ional research is needed to resolve the conflicting views on the physics 
of convective precipi ta t ion and on the efficacy of various cloud seeding 
techniques." 

Average annual dis t r ibut ions based upon the complete 12-yr sample are 
shown in Figs. 3-4 for storms grouped by duration. The sample size was 
inadequate for constructing a curve for the few storm durations exceeding 48 
hr . Interpretat ion of these figures was discussed in conjunction with Table 8. 
Fig. 4 provides a measure of the d is t r ibut ion of t o t a l precipi ta t ion with 
respect to the frequency of storm occurrences. All durations exceeding 12 hr 
are incorporated in to a single curve since differences between them were s l i gh t . 

The 3 sets of curves provide quanti tat ive estimates of the average 
dis t r ibut ion character is t ics that may be used for guidance in weather modification, 
hydrological design, and other problems in which such climatological information 
is useful. The effects of storm duration on the dis t r ibut ions are clearly 
evident from the curves and e a r l i e r discussions. Fig. 4 i l l u s t r a t e s well the 
climatological trend for a large percentage of the t o t a l prec ipi ta t ion to occur 
in a small percentage of the storm occurrences. For example, the curves 
indicate that 50% of the t o t a l precipi ta t ion occurring in storms with durations 
of 3 hr or less is recorded in 9% of the storm occurrences in an average year. 

Point-Areal Relations 

In the investigation of the re la t ion between point and areal storm 
d i s t r ibu t ions , three gages on the 400 mi2 were selected for the study. One 
gage (No. 25) was located in the center of the network, another (No. 29) on 



Figure 3. Average annual dis t r ibut ions grouped by storm duration. 
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Figure 4 . Rela t ion between d i s t r i b u t i o n s of t o t a l p r e c i p i t a t i o n 
and storm occurrences . 
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the western edge in a region of re la t ive ly heavy prec ip i ta t ion during the 
12-yr sampling period, and the th i rd (No. 21) on the eastern edge in a region 
of re la t ive ly l igh t average precipi ta t ion with respect to the network. 
Analysis procedures were the same as used in the areal s tud ies , and the same 
types of curves were developed. Sub-areas of 50, 100, and 200 mi2 also were 
selected within the 400 mi2 to provide information on other areas . 

The resu l t s of the point-areal investigation are i l l u s t r a t e d in Table 9 
which shows comparisons of the average annual percent of storm occurrences 
for various in tervals of mean precipi ta t ion on areas ranging from a point to 
400 mi2 . The point values are for the central gage (No. 25). Also, equivalent 
point values are shown at the network center for daily p rec ip i t a t ion , based 
upon the statewide pat tern constructed from long-term climatological records 
of the U. S. Weather Bureau. 

Considering the sampling l imitat ions and sources of observation errors 
in a study of t h i s type, Table 9 indicates that differences in the d is t r ibut ion 
character is t ics are small for areas up to 400 mi2 , and that the dis t r ibut ions 
of point precipi ta t ion for storms and daily amounts are very s imi lar . Similar 
conclusions were reached after examining seasonally s t r a t i f i e d data. Consequently, 
it appears that point prec ip i ta t ion data from climatological s ta t ions may be 
used to obtain estimates of precipi ta t ion dis t r ibut ion character is t ics for 
areas up to several hundred square miles. 

Table 9. Relation between storm precipi ta t ion dis t r ibut ions 
on selected areas. 

Percent of t o t a l precipi ta t ion 
for given area (mi2) 

Fig. 5 i l l u s t r a t e s the application of daily point precipi ta t ion records 
from climatological s ta t ions to obtain estimates of precipi ta t ion dis t r ibut ion 
charac te r i s t i cs . This figure shows the average percentage of t o t a l annual 
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Figure 5. Average annual percentage of t o t a l precipi ta t ion from 
daily amounts of 0.11-1.00 inch. 
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precipi ta t ion from daily amounts in the range from 0.11 to 1.00 inches, a 
range of storm in t ens i t i e s in which seeding increases appear feas ible . 
Fig. 5 is based upon 57 long-term s ta t ions dis t r ibuted throughout the s t a t e . 
The pat tern is quite f l a t with a s l igh t decrease in percentages from north 
to south. 

The point d is t r ibut ion patterns could be defined further by using data 
from recording gage s ta t ions in s t a te climatic networks. Distributions could 
then be derived for storms of various duration similar to those presented 
e a r l i e r in the network s tudies . With th is basic background information, 
quanti tat ive estimates of the benefits of precipi ta t ion modification under 
known or hypothesized seeding conditions could be evaluated. 

SECTION 2 - POTENTIAL APPLICATION OF CLIMATOLOGICAL CHARACTERISTICS 
IN PRECIPITATION MODIFICATION 

In th is highly controversial f i e ld , the va l id i ty of the assumptions and 
resu l t s presented in the author 's i l l u s t r a t i ons in the following paragraphs 
are certain to be challenged. However, it is emphasized that natural d is t r ibut ion 
re la t ions may be used with any hypothesis one wishes to apply with respect to 
his specif ic evaluation of weather modification capabi l i t ies and forecasting 
s k i l l ( i f th is is pert inent to his assessment). The author 's examples, in 
which upper cutoffs in rain in tens i ty are used, could only be accomplished by 
a continuous seeding program on a l l rain-producing clouds. Presently, th is 
would be exceedingly d i f f i cu l t ( i f not impossible), and the resu l t s therefore 
represent seeding benefits with optimum operational efficiency under the assumed 
capab i l i t i e s . However, as wi l l be shown l a t e r , t h i s type of calculation has 
provided certain valuable information re la t ive to the possible future use of 
weather modification in I l l i n o i s . Furthermore, the primary purpose of the 
i l l u s t r a t i ons is to demonstrate to the reader how natural prec ipi ta t ion 
dis t r ibut ions may be applied as a useful tool in weather modification. As 
indicated e a r l i e r , the natural dis tr ibut ions wi l l become increasingly more 
useful as sc i en t i f i c knowledge increases in th i s re la t ive ly crude science of 
weather modification. 

Approach to Climatological Application in Midwest 

Seeding increases in natural ly heavy storms may not be feasible or 
desirable . Furthermore, re la t ive ly large percentage increases in very l igh t 
storms would not produce s ignif icant added amounts for agr icul tura l or water 
supply purposes, especially during dry periods when evaporation and i n f i l t r a t i o n 
are high and runoff is usually ins ignif icant . As a f i r s t approximation to 
i l l u s t r a t e use of the climatological dis t r ibut ions described in Section 1, 
the author has assumed tha t seeding of Midwestern storms which produce 0.10 
inch or less naturally would not s ignif icant ly help the agr icul tura l or water 
supply needs, and that storms capable of producing over one inch of precipi ta t ion 
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are too ef f ic ient naturally for substant ia l increases to r e su l t from seeding. 
In fact , the main desire here would probably be to overseed in wet periods to 
reduce surface damages. 

The two major beneficiaries from successful precipi ta t ion modification 
would be agricul ture and water supply (municipal and i ndus t r i a l ) . In the 
Midwest, the growing season from May through September encompasses the period 
of pr inciple agr icu l tura l needs in years of deficient r a i n f a l l . Similarly, 
the major contribution to water supplies is during the period from October 
through April when evapotranspiration is at a minimum. Consequently, an 
investigation was made of the character is t ics of the precipi ta t ion d is t r ibut ion 
during these two periods. 

Average re la t ions were developed for the 12-yr sampling period on the 
network. Also, separate relat ions were developed for the 3 wettest and 3 
dr ies t seasons to evaluate the i r differences from the average d i s t r ibu t ions . 
Cloud seeding is most l ikely to be undertaken in dry periods, so that the 
dry-season re la t ions are especially pert inent from the standpoint of precipi ta t ion 
modification. A separate analysis of a i r mass storms was performed for the 
growing season. During the 12-yr period there were 675 warm-season storms; 
29% were a i r mass storms and these contributed 17% of the t o t a l r a i n f a l l . 

Table 10 shows comparisons between the two seasons for average, wet, and 
dry conditions. Only small differences ex is t in the average dis t r ibut ion of 
t o t a l prec ip i ta t ion (P t) between the warm and cold seasons; consequently, the 
annual d is t r ibut ion discussed ea r l i e r (Table 8 and Fig. 3) does not depart 
much from the seasonal d is t r ibut ions . With respect to the average d is t r ibut ion 
of storm occurrences (N t ) , appreciable differences ex is t because warm season 
storms have heavier mean r a in fa l l for a given percentage of the cases. The 
average number of cold season storms was 20% greater than the warm season. 
However, the warm season averaged 17.15 inches per year compared with 15.54 in 
the cold season. Thus, fewer storms produce more r a in f a l l in the May-September 
period, and r e su l t in the trends discussed above. 

Analyses indicate that a i r mass storms become re la t ive ly more important 
in dry periods. In the 3 dr ies t years , a i r mass storms accounted for 26% of 
the t o t a l prec ip i ta t ion compared with an average of 17% for the 12-yr sampling 
period and only 7% in the 3 wettest years . 

Surprisingly, average ra in fa l l from a i r mass storms in the 3 dry years 
was considerably greater than the average for the 12-yr sampling period, 
averaging 3.36 inches per year compared with 2.85 inches or 18% above the 
12-yr average. Also, the frequency of a i r mass storms was near average. Only 
moderate drought conditions existed in these dry years , however. The growing 
season r a i n f a l l ranged from 69% to 81% of the average, whereas it is only 30% 
to 50% of the climatic average under severe drought conditions (Huff and 
Changnon, 1963). Consequently, a i r mass shower developments were probably 
helped in the 3 dry years by the climatic combination of below-average frontal 
ac t iv i ty , above-average maximum temperatures favoring the development of 
thermal i n s t a b i l i t y , and the absence of an extremely dry atmosphere. 
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Table 10. Distribution of network mean precipi ta t ion 
in average, wet, and dry years . 

Network mean precipi ta t ion ( in) 
equalled or exceeded 

May - September 

October - April 

* Pt - Total p rec ip i ta t ion , Nt - Number of storms with mean > 0.01 in . 

Other factors being equal, the dry years experienced in the 12-yr 
sampling period appear to have been re la t ive ly favorable for a i r mass seeding 
from the standpoint of frequency and quantity of showers. Here, we are only 
concerned with measuring the po t en t i a l , based upon climatological analyses of 
na tura l data. The actual l ikelihood that any increase could come from seeding 
such dry-year a i r mass storms must await the decision of further cloud physics 
research. 

Use of Natural Precipi tat ion Distributions in Evaluating Cloud Seeding 

In the I l l i n o i s study, nomograms were developed from the precipi ta t ion 
d is t r ibut ions to f a c i l i t a t e the calculation of po ten t ia l benefits of cloud 
seeding during the agr icul tural and water-supply seasons under several assumed 
weather modification capab i l i t i e s . The f i r s t of these nomograms is i l l u s t r a t e d 
in Fig. 6 which shows the effects of 20% increases from hypothetical seeding 
on t o t a l May-September r a in fa l l on the 400 mi2 area for (1) a l l storms combined 
under dry-year conditions, (2) a l l storms combined in an average year , (3) a i r 
mass storms in dry periods, and (4) a i r mass storms in an average year. In 
view of the 3-yr sample and small percentage of t o t a l r a in f a l l from a i r mass 
storms, the a i r mass dry-year nomogram should be used only as a f i r s t approximation 
of typica l dry conditions. 
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The use of the nomogram can be explained best by an example. Assume a 
continuous seeding operation on the target and that cloud seeding is capable 
of producing an average increase of 20% in a l l storms in which the areal mean 
ra in fa l l produced natural ly is 0.5 inch or l e s s , but that seeding storms of 
greater in tens i ty (over 0.5 inch) wi l l have no effect (positive or negative) 
upon the natural r a i n f a l l . The abscissa shows the upper l imit of areal mean 
r a in fa l l for a given assumption, and the ordinate shows the percentage increase 
in t o t a l seasonal r a in fa l l resul t ing from the defined capabi l i ty . Thus, in 
a typical dry-year the curves indicate a real ized r a in fa l l increase of 6.4% 
compared to 5.9% in an average year. From a prac t ica l standpoint, t h i s 
difference is ins igni f icant , considering the sources of errors involved in the 
observation and analyses of r a in fa l l data even under optimum conditions which 
are closely met in these network s tudies . The foregoing example provides an 
estimate of maximum benefits under the assumed seeding capabi l i ty . In p rac t i ce , 
forecasting l imitat ions and operational problems would make it extremely 
d i f f i cu l t to recognize and seed every storm. Thus, if one assumes only 80% 
of the natural storms are seeded, the real ized increase in the example lowers 
from 6% to 5%. 

Fig. 6 can be used also to determine potent ia l seeding benefits within 
specif ic ranges of storm mean r a i n f a l l . For example, assume that only storms 
in which the mean ra in fa l l is greater than 0.10 and less than 1 inch are 
affected by seeding. Then simply subtracting the calculated increases at 
these two levels produces an estimate of the maximum benefi t . Also, the effects 
of other assumed seeding increases, such as 10% or 30%, can be obtained by 
multiplying the nomogram answer by the ra t io of the desired percentage to 20. 
Similarly, the nomogram can be used to calculate the potent ia l effects of 
select ive seeding. For example, one could determine the resu l t s of seeding 
only 20% of the storms in any mean r a in fa l l range and for any assumed percentage 
increase in these seeded storms. If one believes a l l storm in tens i t i e s are 
s ignif icant ly affected by seeding, the 1-inch cutoff in Fig. 6 can be extended 
to include a l l storms. 

If one considers certain storm types affected beneficial ly by seeding and 
others detrimentally, then quanti tat ive precipi ta t ion forecasting s k i l l would 
have a major effect on the benefits and disbenefits of seeding natural storms. 
Until th i s s k i l l is be t t e r defined and seeding technology substant ia l ly advanced 
from i t s present s t a t u s , one can only use the climatological d is t r ibut ions 
developed here for estimating weather modification potent ia l under various 
assumed capab i l i t i e s . 

It was shown ea r l i e r that storm duration has a pronounced effect upon the 
mean r a i n f a l l d is t r ibut ion curves (see Fig. 3). Therefore, nomograms were 
constructed to permit consideration of th is factor in estimating potent ia l cloud 
seeding benefits in I l l i no i s during the agr icul tura l and water-supply seasons. 
These curves are shown in Fig. 7 for average conditions and duration c lass i f ica t ions 
which appeared most desirable from the various analyses performed in t h i s study. 
As shown e a r l i e r , percentage differences between dry and average seasons were 
insignif icant ly small, so only one s e t of nomograms is presented for each season 
based on use of a l l storm data. Since most of the a i r mass storms had durations 
of 3 hr or l e s s , separate duration curves could not be determined r e l i ab ly . Also, 
such storms were too infrequent in the cold season to be t reated separately. 
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Figure 6. Effec ts of 20% seeding- induced inc reases on t o t a l 
May-September r a i n f a l l . 



Figure 7. Effects of 20% seeding-induced increases in storms of 
selected duration on to t a l seasonal p rec ip i ta t ion . 
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Fig. 7 shows that the real ized surface increases in seasonal precipi ta t ion 
are re la t ive ly small, especially in the October-April period, unless storms of 
re la t ive ly long duration can be successfully seeded. This resu l t s from the 
strong trend for precipi ta t ion to increase with increasing storm duration, and 
th i s trend is more pronounced in the colder part of the year when large-scale 
systems and steady types of prec ip i ta t ion are prevalent. Results obtained from 
three point r a in fa l l curves within the network (described e a r l i e r ) agreed quite 
closely with the areal mean values of Fig. 7, further indicating the u t i l i t y of 
point data in natural dis t r ibut ion studies when networks are unavailable. 

The f inal report of the Panel on Weather Modification and Climate of the 
National Academy of Sciences (MacDonald, 1966) s ta ted that considerable 
s t a t i s t i c a l evidence had been found that increases of 10% to 20% can be induced 
by cloud seeding under favorable conditions. Figs. 6-7 show that it would 
be d i f f i cu l t to achieve seasonal increases of th is magnitude in the Midwest 
by seeding on days with natural r a in fa l l unless (1) seeding in tens i f ies heavy 
rainstorms (> 1.0 inch mean) and/or (2) very large percentage increases are 
produced in storms of l ight to moderate in t ens i ty . Soil erosion, reservoir 
s i l t i n g , and flooding may resu l t in more damage than benefits from stimulation 
of heavy storms, especially storms of short duration that deposit t he i r water 
with high ra tes of r a i n f a l l . 

Fig. 6 indicates that seeding of warm-season, a i r mass storms cannot 
subs tant ia l ly increase the growing season ra in fa l l by i t s e l f ; therefore, both 
frontal and non-frontal storms must be seeded under Midwestern climatic 
conditions to achieve substant ia l aid for the farmer. Assuming a 20% seeding 
increase from a l l a i r mass storms which natural ly produce areal means of 
1 inch or l e s s , the t o t a l May-September increase in a typical year would be 
2% to 4% according to Fig. 6. 

Seeding of Non-Precipitating Clouds 

Another poss ib i l i ty for added prec ip i ta t ion which cannot be direct ly 
evaluated from natural r a in fa l l data is that seeding might yield substant ia l 
r a i n f a l l on days with clouds that would not normally prec ip i ta te on the ta rget 
area. The s t a t i s t i c s on natural r a in fa l l d is t r ibut ions do not provide a direct 
answer to the potent ia l resul t s of th is a t tack. Ind i rec t ly , however, some 
conception of the problems involved can be discerned. 

F i r s t , assume tha t only a i r mass conditions are to be seeded (Fig. 6 ) , 
and that an average increase of 20% can be achieved from seeding those storms 
which produce 1 inch or less na tura l ly . The resul t ing increase in a typical 
dry-year is 4%. In the sampling network used here , 26% of the May-September 
r a i n f a l l in an average dry-year comes from a i r mass storms. Then, if a 25% 
increase in the number of a i r mass rain-producing storms could be achieved, and 
these had a mean r a in fa l l d is t r ibut ion s imi lar to the natural d i s t r ibu t ion , the 
t o t a l May-September r a in fa l l would be increased approximately 10% as a r e su l t 
of the additional r a in fa l l from prec ip i ta t ing clouds (4%) and the induced 
prec ip i ta tors (6%). The same r e su l t could be obtained by causing a r a in f a l l 
increase of 50% in natural storms producing means of 1 inch or less (Fig. 6) . 
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The above assumptions were made only for the sake of i l l u s t r a t i o n , and 
the i r f eas ib i l i t y is a problem for the cloud phys ic i s t s . Network r a i n f a l l 
s t a t i s t i c s (Changnon, 1963) and I l l i n o i s cloud climatology (Changnon and Huff, 
1957) indicate that in an average summer there are 3 to 4 times as many hours 
with cumulus clouds as there are hours with r a i n f a l l . 

Summary and Conclusions 

Storm data from a 12-yr operation of a network of 49 recording raingages 
in 400 mi2 in central I l l i n o i s were used to determine the precipi ta t ion 
d is t r ibut ion character is t ics on areas ranging from a point to 400 mi 2 , and to 
demonstrate the use of derived dis t r ibut ion re la t ions in evaluating the 
po ten t ia l effects of cloud seeding on such areas . Distributions were defined 
by re la t ing magnitude of storm precipi ta t ion to both cumulative percent of 
t o t a l prec ip i ta t ion and cumulative percent of t o t a l number of storms per season 
and year. S t ra t i f ica t ions of the data according to storm intensi ty and duration, 
prec ip i ta t ion type, synoptic weather type, and re la t ive wetness or dryness of 
seasonal and annual precipi ta t ion were tes ted to evaluate the i r influences 
upon the d is t r ibut ion charac te r i s t i c s . 

Seasonally and annually the most s ignif icant differences between 
dis t r ibut ion curves were found when the data were grouped by storm duration. 
Variations between synoptic weather types resul ted primarily from the tendency 
for some types to have a larger percentage of t h e i r storms with re la t ive ly 
long or short durations. Similarly, no strong trend was found for large 
differences between dis t r ibut ion curves for precipi ta t ion type. Air mass storms 
were found to become increasingly important in dry periods, accounting for 26% 
of the growing season ra in fa l l in the 3 d r ies t years , compared with 17% for 
the 12-yr sampling period and 7% in the 3 wettest years . 

From the precipi ta t ion d i s t r ibu t ions , nomograms were developed to 
f a c i l i t a t e the calculation of potent ia l benefits from cloud seeding under 
various seeding capabi l i t ies during the growing season (May-September) and 
the water-supply replenishment season (October-April). 

Investigation of the relat ionship between the dis tr ibut ions of point 
and areal mean r a in fa l l and between storm and daily precipi ta t ion were made 
through use of the network data and long-term Weather Bureau climatic s ta t ions 
in I l l i n o i s . Results indicated that for areas up to several hundred square 
miles daily point r a in fa l l to ta l s can be used to obtain a reasonable estimate 
of the precipi ta t ion dis t r ibut ion charac te r i s t i c s , and, consequently, aid in 
the evaluation of potent ia l seeding benef i t s . 

A general conclusion from this study is that cloud seeding must produce 
large increases in r a in fa l l under favorable circumstances and/or i n i t i a t e 
substant ia l r a i n f a l l from non-precipitating clouds, if substant ia l contributions 
are to be made to the agr icul tura l industry and municipal water supplies under 
I l l i n o i s climatic conditions. 
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EFFECTS OF NATURAL RAINFALL VARIABILITY IN 
EVALUATING CLOUD SEEDING EXPERIMENTS 

Introduction 

In an e a r l i e r study, Huff (1966) used data from dense raingage networks 
in I l l i n o i s to invest igate the effect of natural r a in fa l l va r i ab i l i ty upon 
ver i f icat ion of cloud seeding experiments in midwestern, warm season r a i n f a l l 
on areas of county size or l e s s . Hypothetical seeding experiments were made 
on network data for periods of 1 to 5 months during May to September and for 
durations of 1 to 10 years. Both target -control and single-area randomized 
experiments were investigated. A simple grouping of the data in to a i r mass 
storms and a l l storms combined was used in the study. 

Results indicated that the background interference from natura l r a in fa l l 
va r i ab i l i ty is substant ia l in warm season p rec ip i t a t ion , and clearly i l l u s t r a t e d 
the p i t f a l l s in evaluating the effects of cloud seeding from short-term 
experiments. However, a number of questions were raised as a r e su l t of th i s 
e a r l i e r study. These included the comparable effects of natural r a in f a l l in 
other seasons, the influence of areal mean r a in fa l l (storm magnitude) in seeding 
evaluat ions, and the effect of storm duration in verifying modification effects . 
Consequently, the e a r l i e r study was considerably expanded in an effort to 
answer the foregoing questions, the resul ts of which are summarized here . 

In the expanded study, data were used for the 10-yr period, 1955-1964, 
primarily from the East Central I l l i n o i s Network of 49 recording raingages in 
400 square miles (Fig. 2) . For comparative purposes, certain analyses were 
performed on data from the L i t t l e Egypt Network of 49 raingages in 550 mi2 . 

Analytical Procedures 

The data sample consisted of a l l storms which produced measurable 
r a in f a l l at any network gage. The average network prec ip i ta t ion was the 
bas ic measure of storm precipi ta t ion used in the study. 

Two basic types of natural prec ip i ta t ion comparisons were used in the 
va r iab i l i ty s tudies . In the f i r s t , the prec ip i ta t ion data were grouped by a 
randomized sampling procedure in to hypothetically seeded and unseeded storms 
following the procedure of Battan and Kassander (1960) in the Arizona seeding 
experiments. From a chronological l i s t i n g of the storms, the f i r s t storm in 
the ser ies was designated as e i ther a seeded or unseeded storm by random 
selec t ion. The second storm was then placed automatically in the opposite 
group. Succeeding pairs of storms were grouped in a similar manner throughout 
each storm group analyzed. The randomizing procedure was accomplished on a 
IBM-7094 computer, and the randomizing repeated 100 times on each storm group 
to provide a probabili ty d is t r ibut ion of differences between hypothetically 
seeded and unseeded storms. 
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In the second set of comparison t e s t s , the effects of natural r a in fa l l 
va r i ab i l i ty on the familiar ta rget -control type of seeding evaluation was 
invest igated. Primary emphasis was placed upon the randomized, cross-over 
type of seeding described by Gabriel (1967). This seeding technique tends 
to minimize any natural r a in fa l l pattern differences that may be present in 
the selected target and control areas. Again, a computer program was u t i l i zed 
in the randomizing procedure and the randomizing repeated 100 times for each 
data group to provide a probabili ty d is t r ibut ion of the hypothetical seeding 
ef fec ts . 

Single Area Sampling 

F i r s t , the Arizona sampling method was applied to a l l storms combined 
on an annual and seasonal basis for each of two 5-yr per iods, 1955-1959 and 
1960-1964, and for the 10-yr period, 1955-1964. Several weather modification 
experiments have had durations of approximately 5 years , and the 1960-1964 
period coincides with cloud seeding experiments in the neighboring s t a t e of 
Missouri (Braham, 1965). The 10-yr period should provide useful information 
for evaluating the des i rab i l i ty of undertaking exceptionally long-term 
experiments to minimize background interference from natural precipi ta t ion 
va r i ab i l i t y . 

For each data group, the storms were divided into two groups of 
hypothetically seeded and unseeded storms, and comparisons made by summing 
the 5-yr or 10-yr t o t a l ra in fa l l in each. As indicated e a r l i e r , t h i s 
hypothetical randomized seeding experiment was repeated 100 times to obtain 
an estimate of the frequency dis t r ibut ion of the natural precipi ta t ion 
differences between two sets of data drawn from the same population. 

The type of dis t r ibut ion curves resul t ing from the hypothetical seeding 
experiments are i l l u s t r a t ed in Fig. 8 through use of annual and summer storm 
data recorded in the 1960-1964 period. An excellent data f i t was usually 
obtained on logarithmic probabil i ty paper when the various data groups were 
plot ted in th is manner. Results of the s ingle-area sampling study are 
summarized in Tables 11 to 15, which have been derived from curves s imilar 
to those in Fig. 8 for various s t r a t i f i c a t i ons of the data in the 5-yr period, 
1960-1964, and the 10-yr period, 1955-1964. The number of storms in each 
data group is indicated at the bottom of each tab le . The 1955-1959 dis t r ibut ions 
have been omitted in most cases since they lead to the same conclusions as the 
1960-1964 data. 

Seasonal and annual comparisons. Table 11 shows the frequency d is t r ibut ion 
of the hypothetical seeded to unseeded ra t io resul t ing from natural prec ip i ta t ion 
va r i ab i l i ty on a seasonal and annual bas i s . All recorded storm data were used 
in obtaining these re la t ions . 

Interpretat ion of Table 11 and the following tables is i l l u s t r a t e d by 
reference to the annual column for 1960-1964. Here, it is indicated tha t if 
seeding had been carried out in th is area on every precipi ta t ion day in 



Figure 8. Distribution of differences between hypothetically seeded and 
unseeded storms on East Central I l l i n o i s Network. 
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1960-1964 (or a similar 5-yr per iod) , there is a 5-percent probabil i ty that 
an apparent increase of 23% ( ra t io = 1.23), due ent i re ly to natural prec ip i ta t ion 
v a r i a b i l i t y , would have occurred in the sample of seeded storms. Similarly, 
employing th is type of randomized experiment, an 11% apparent increase can be 
expected to occur in 20% of such 5-yr experiments. If seeding is confined to 
the summer months, Table 11 indicates there is a 5-percent chance of a 40% or 
greater apparent increase in the seeded storm sample and a 20-percent 
probabil i ty of an 18% or greater increase produced by natural v a r i a b i l i t y . 

Comparison of the two periods in Table 11 shows that the background 
interference from natural r a in fa l l va r i ab i l i ty decreases substant ia l ly as the 
sampling period is lengthened from 5 to 10 years . For example, the range 
between the 5% to 95% probabil i ty values decreases from 1.23-0.81 to 1.17-0.87 
for annual experiments, from 1.40-0.69 to 1.33-0.78 in summer r a i n f a l l , and 
from 1.50-0.66 to 1.42-0.6 7 in winter p rec ip i ta t ion . However, even af ter 10 
years the background interference from natural precipi ta t ion va r i ab i l i ty remains 
substant ia l on e i ther an annual or seasonal bas i s . Thus, the 1955-1964 data 
indicate a 5% probabili ty of an apparent increase of 17% from natural causes 
if a l l storms during the 10-yr period had been seeded, and th i s apparent 
increase ranges from 33% to 49% if seeding had been r e s t r i c t ed to a pa r t i cu la r 
season. 

The much larger storm sample in the annual group compared with the seasonal 
groups resul ts in a s ignif icant ly lower degree of background interference from 
natural causes in annual probabil i ty d i s t r ibu t ions . For example, the 5% 
probabil i ty shows an apparent increase of 23% annually compared with 40% for 
summer in the 1960-1964 sample. Table 11 clearly i l l u s t r a t e s the d i f f icul ty 
confronting the experimenter who is endeavoring to verify the possible increase 
of a few percent in the natural precipi ta t ion from cloud seeding, when the 
s ingle-area randomized experimental technique is employed under midwestern climatic 
conditions. 

An in teres t ing s t a t i s t i c from Table 11 is that the natural va r i ab i l i t y 
interference is greater in winter than in summer, although the spa t i a l r e la t ive 
va r iab i l i ty in midwestern storms is much grea ter , on the average, in summer 
storms in which thunderstorms and rainshowers usually prevai l (Huff and Shipp, 
1968). The greater interstorm re la t ive var iab i l i ty in winter is re la ted to the 
difference in mean precipi ta t ion charac te r i s t i c s . Other studies of I l l i n o i s 
data have shown t h a t , on the average, summer storms have areal mean r a in f a l l 
approximately twice that of winter storms, although winter storms normally l a s t 
longer and display less spa t i a l va r i ab i l i t y . Also, the smaller number of winter 
storms may be a contributing factor. Regardless of the cause, seasonal difference 
in interstorm var iab i l i ty is a factor which should be considered in the design 
of weather modification experiments. 

Mean precipi ta t ion ef fec t . Tables 12 and 13 have been included to 
provide quanti tat ive information on the effect of storm magnitude in the 
ver i f icat ion of single-area randomized seeding experiments. Here, hypothetical 
seeding has been performed on storms with mean precipi ta t ion of 0.01-0.10 inch 
and 0.11-1.00 inch. The l a t t e r group is one in which seeding-induced increases 
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Table 11. Distribution of seeded to unseeded r a t i o 
in a l l storms combined. 

1960 - 1964 
Prob. 

(%) Annual Winter Spring Summer Fall 

1 1.37 1.78 1.78 1.57 1.89 
5 1.23 1.50 1.50 1.40 1.58 

10 1.19 1.37 1.37 1.30 1.44 
20 1.11 1.22 1.21 1.18 1.29 
30 1.07 1.13 1.07 1.10 1.18 
40 1.03 1.06 1.03 1.04 1.10 
50 1.00 1.00 0.98 0.99 1.03 
60 0.97 0.93 0.92 0.93 0.96 
70 0.94 0.86 0.86 0.88 0.90 
80 0.90 0.80 0.78 0.82 0.83 
90 0.85 0.72 0.70 0.75 0.74 
95 0.81 0.66 0.64 0.69 0.67 
99 0.74 0.55 0.54 0.60 0.56 
N 634 124 206 179 128 

1955 - 1964 

1 1.23 1.67 1.57 1.49 1.74 
5 1.17 1.42 1.39 1.33 1.49 

10 1.12 1.31 1.30 1.26 1.37 
20 1.09 1.18 1.19 1.18 1.25 
30 1.06 1.09 1.12 1.11 1.17 
40 1.03 1.03 1.07 1.06 1.09 
50 1.00 0.98 1.01 1.01 1.02 
60 0.98 0.92 0.97 0.97 0.97 
70 0.96 0.87 0.93 0.93 0.91 
80 0.94 0.81 0.87 0.88 0.85 
90 0.90 0.73 0.80 0.83 0.77 
95 0.87 0.67 0.75 0.78 0.71 
99 0.82 0.57 0.66 0.70 0.61 
N 1144 205 334 367 238 
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may be most effect ive. Unless the seeding-induced increase in lesser storms 
is very grea t , the contribution to surface water would be ins igni f icant . The 
precipitation-producing processes in storms producing over one inch of r a in fa l l 
are l ikely to be too eff ic ient to be s ignif icant ly affected by seeding, and 
could in fact cause more damage than benefit if they were in tensi f ied further. 

Except for winter, Table 12 based on 1960-1964 data shows a substant ia l 
decrease in background interference with the heavier storm means of 0.11 to 
1.00 inch. Table 13 for the 10-yr period shows trends s imilar to those in 
Table 12. Except for the summer and annual periods of 1955-1964, there were 
too few storms with means over one inch to derive a probabil i ty d i s t r ibu t ion . 
In these two cases, the probabil i ty dis t r ibut ions did not depart s ignif icant ly 
from those for 0.11 to 1.00 inch. The additional interference from natural 
va r i ab i l i ty when storms with trace amounts are included in the verif icat ion 
program is shown by comparing Table 11 , which contains a l l storms, with Tables 12 
and 13. The foregoing s t a t i s t i c s show that verif icat ion of seeding effects is 
somewhat easier if in t e res t is primarily in moderate to heavy storms as opposed 
to l igh t storms, and they provide quant i ta t ive estimates of the d i f ferent ia l 
e f fec ts . 

Storm duration effect . Table 14 provides quanti tat ive information on the 
effects of natural va r iab i l i ty when storms are grouped according to storm duration. 
In preparing this t ab le , a l l storms in each period and each storm duration were 
used in the hypothetical seeding experiments. In general , an overall trend is 
indicated for the background interference to decrease with increasing storm 
duration, but th is trend is not consistent between durations. For example, the 
5-percent probabil i ty in the 1960-1964 analysis decreases from 1.52 to 1.43 as 
duration increases from less than 3 hours to 3.1 to 6.0 hours, then increases 
to 1.48 for 6.1 to 12.0 hours, and decreases substant ia l ly to 1.40 in storms with 
durations exceeding 12 hours. Comparison with the "annual" column of Table 11 
shows that the duration s t r a t i f i c a t i o n through separation of the t o t a l sample 
in to smaller groups has created a greater degree of va r iab i l i ty in a l l duration 
classes than was present when a l l storms were t reated as a single sample. 

This leads to the obvious conclusion that duration grouping is undesirable 
in seeding experiments, especially in re la t ive ly short-term experiments, unless 
primary emphasis is being placed on seeding storms within a certain duration 
range. For example, in an a i rc ra f t seeding program it might be economically 
unfeasible or physically impossible to seed continuously in long-duration storms, 
such as those exceeding 6 or 12 hours. Also, future research may show seeding 
is ineffective in such widespread storms. Table 14 then provides quanti tat ive 
estimates of the natural va r i ab i l i ty effect which can be used in planning seeding 
experiments that are r e s t r i c t ed with respect to storm duration. 

Air mass storms. Table 15 summarizes the resul ts of hypothetical seeding 
experiments with nonfrontal a i r mass storms. The a i r mass category was selected 
for special a t tent ion, because some invest igators have suggested that nonfrontal 
convective r a in fa l l offers the greates t opportunity for effective seeding. 
Furthermore, outstanding cloud seeding experiments in Arizona during the period 
1957-1964 (Battan and Kassander, 1960) and in Missouri during 1960-1964 (Braham, 
1966) concentrated on the treatment of convective storms. 
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Table 12. Effect of storm mean precipi ta t ion on dis t r ibut ion 
of seeded to unseeded r a t i o during 1960-1964. 

Mean = 0.01" - 0.10" 

Prob. Ratio equalled or exceeded for given period 
(%) Annual Winter Spring Summer Fall 

1 1.28 1.46 1.66 1.62 1.71 
5 1.20 1.30 1.43 1.41 1.47 

10 1.14 1.22 1.33 1.31 1.33 
20 1.10 1.13 1.22 1.20 1.20 
30 1.06 1.08 1.13 1.12 1.11 
40 1.03 1.04 1.07 1.07 1.04 
50 1.00 1.00 1.01 1.01 0.98 
60 0.98 0.95 0.96 0.96 0.92 
70 0.96 0.91 0.91 0.90 0.86 
80 0.9 3 0.86 0.85 0.83 0.80 
90 0.89 0.80 0.78 0.77 0.72 
95 0.85 0.76 0.72 0.72 0.66 
99 0.80 0.68 0.62 0.62 0.56 
N 268 71 85 62 50 

Mean = 0.11" - 1.00" 

1 1.22 1.74 1.36 1.33 1.47 
5 1.15 1.50 1.24 1.23 1.30 

10 1.11 1.39 1.18 1.17 1.22 
20 1.07 1.27 1.11 1.10 1.14 
30 1.04 1.18 1.07 1.05 1.08 
40 1.02 1.10 1.03 1.01 1.03 
50 1.00 1.05 1.00 0.98 0.99 
60 0.98 1.00 0.96 0.95 0.95 
70 0.96 0.94 0.93 0.91 0.90 
80 0.93 0.88 0.89 0.88 0.86 
90 0.90 0.80 0.84 0.83 0.80 
95 0.87 0.74 0.80 0.78 0.75 
99 0.83 0.64 0.74 0.72 0.67 
N 247 39 86 72 50 
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Table 13. Effect of storm mean precipi ta t ion on dis t r ibut ion 
of seeded to unseeded r a t io during 1955-1964. 

Mean = 0.01" - 0.10" 

Prob. Ratio equalled or exceeded for given period 
(%) Annual Winter Spring Summer Fall 

1 1.23 1.53 1.40 1.33 1.53 
5 1.17 1.35 1.27 1.22 1.35 

10 1.13 1.27 1.20 1.17 1.26 
20 1.09 1.15 1.12 1.10 1.14 
30 1.05 1.09 1.08 1.07 1.09 
40 1.03 1.03 1.03 1.03 1.03 
50 1.00 0.98 0.99 1.00 0.98 
60 0.98 0.93 0.95 0.97 0.93 
70 0.96 0.88 0.91 0.93 0.88 
80 0.94 0.82 0.87 0.89 0.82 
90 0.90 0.76 0.82 0.85 0.76 
95 0.87 0.70 0.77 0.81 0.70 
99 0.82 0.62 0.70 0.74 0.62 
N 462 111 129 128 94 

Mean = 0.11" - 1.00" 

1 1.15 1.55 1.27 1.31 1.37 
5 1.10 1.35 1.19 1.21 1.25 

10 1.08 1.25 1.15 1.17 1.20 
20 1.05 1.15 1.10 1.10 1.12 
30 1.03 1.08 1.05 1.07 1.07 
40 1.01 1.02 1.02 1.03 1.02 
50 1.00 0.97 1.00 1.00 0.97 
60 0.98 0.92 0.98 0.98 0.92 
70 0.96 0.87 0.95 0.95 0.87 
80 0.94 0.82 0.92 0.92 0.82 
90 0.92 0.75 0.89 0.88 0.75 
95 0.90 0.70 0.86 0.84 0.70 
99 0.87 0.61 0.80 0.78 0.61 
N 458 69 150 144 95 
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Table 14. Effect of storm duration on d is t r ibut ion of seeded 
to unseeded r a t i o for a l l storms combined. 

1960 - 1964 

Prob. Ratio for given storm durations (hours) 
(%) 3.1-6.0 6.1-12.0 12.1-24.0 

1 1.79 1.66 1.69 1.60 
5 1.52 1.43 1.48 1.40 

10 1.40 1.31 1.36 1.30 
20 1.37 1.20 1.22 1.20 
30 1.18 1.12 1.14 1.12 
40 1.10 1.05 1.08 1.06 
50 1.03 1.00 1.02 1.01 
60 0.97 0.94 0.97 0.96 
70 0.91 0.88 0.91 0.92 
80 0.85 0.83 0.85 0.86 
90 0.76 0.75 0.77 0.80 
9 5 0.70 0.69 0.71 0.74 
99 0.59. 0.59 0.61 0.65 
N 310 132 9 8 82 

1955 - 1964 

1 1.46 1.53 1.34 1.36 
5 1.30 1.36 1.22 1.25 

10 1.21 1.28 1.17 1.19 
20 1.14 1.19 1.10 1.12 
30 1.08 1.12 1.05 1.08 
40 1.04 1.07 1.01 1.04 
50 1.00 1.02 0.98 1.01 
60 0.96 0.98 0.94 0.98 
70 0.91 0.94 0.91 0.95 
80 0.87 0.89 0.88 0.91 
90 0.81 0.83 0.83 0.86 
95 0.76 0.77 0.78 0.82 
99 0.68 0.68 0.72 0.75 
N 582 218 170 138 
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Spr ing , f a l l , and win te r d i s t r i b u t i o n s have been omit ted in Table 15 
because of the small number of a i r mass storms during these seasons in the 
sampling network. Also , over 70% of the a i r mass storms had dura t ions l e s s 
than 3 h o u r s , and over 50% had a r e a l means l e s s than 0.05 i nch . Consequently, 
dura t ion groupings were not used , and only two mean r a i n f a l l groups were 
i n v e s t i g a t e d . Data for the 5-yr p e r i o d , 1955-1959, have been included in t h i s 
t a b l e to show di f fe rences in the p r o b a b i l i t y d i s t r i b u t i o n s der ived from two 
s e p a r a t e per iods o f equal l e n g t h . In t h i s ca se , the i n t e r s t o rm n a t u r a l 
v a r i a b i l i t y was considerably g r e a t e r in the 1960-1964 p e r i o d . Table 15 shows 
the expected decreasing e f f e c t o f n a t u r a l v a r i a b i l i t y with i nc rea s ing length 
of sampling pe r iod . Comparison of Table 15 with Table 11 provides q u a n t i t a t i v e 
measures of the d i f fe rence in n a t u r a l v a r i a b i l i t y e f f e c t when only a i r mass 
storms are seeded as opposed to seeding of a l l s to rms . 

Cross-Over Targe t -Cont ro l Sampling 

Employing 1960-1964 da t a , h y p o t h e t i c a l seeding was performed on the Eas t 
Cen t ra l I l l i n o i s Network through use of randomized c ross -over t a r g e t - c o n t r o l 
sampling. For t h i s purpose , the sampling network was d iv ided i n t o two areas 
comprising the southwestern and no r theas t e rn h a l v e s . These contiguous 
t a r g e t - c o n t r o l areas provide e s t ima tes of the minimum background i n t e r f e r e n c e 
from n a t u r a l p r e c i p i t a t i o n v a r i a b i l i t y t h a t may be expected in the v e r i f i c a t i o n 
of midwestern cloud seeding exper iments . Under these sampling c o n d i t i o n s , not 
only do the t a r g e t and con t ro l f requent ly come under the inf luence of t h e same 
mesoscale system, bu t are c lose ly r e l a t e d in time and space wi th in the 
mesosystem. 

Only very small c l ima t i c d i f fe rences in p r e c i p i t a t i o n e x i s t w i th in the 
network. Long-term records of the U. S. Weather Bureau i n d i c a t e a normal 
decrease of approximately one pe rcen t in annual p r e c i p i t a t i o n from the southwestern 
to no r thea s t e rn ha lves of the sampling network, with a 2-3% average i nc rea se in 
the growing season (May-September). For the 5-yr sampling p e r i o d , t he dense 
network da ta showed an average decrease of approximately 3% for the growing 
season and 1% for the annual p r e c i p i t a t i o n . During i n d i v i d u a l y e a r s , however, 
the d i f fe rences between the two halves of the network were sometimes s u b s t a n t i a l . 
Differences ranged from -15 to +21% in the f ive i n d i v i d u a l growing seasons . 

Annual and seasona l comparisons. The e f f e c t of length of sampling pe r iod 
in the c ross -over t a r g e t - c o n t r o l method o f v e r i f i c a t i o n i s i l l u s t r a t e d in 
Table 16. Here, p r o b a b i l i t y d i s t r i b u t i o n s are shown for consecutive per iods of 
1, 2, 3, and 5 y e a r s , and these are based upon the use of a l l storms in which 
the network mean p r e c i p i t a t i o n equa l led or exceeded 0.01 i nch . Under the 
condi t ions of t h i s h y p o t h e t i c a l experiment , i t was found t h a t the background 
l e v e l of i n t e r f e r e n c e was r e l a t i v e l y low compared to the s i n g l e - a r e a type of 
v e r i f i c a t i o n discussed e a r l i e r and summarized in Tables 11 to 15. Furthermore, 
t h e n a t u r a l v a r i a b i l i t y e f f e c t decreased only s l i g h t l y when t h e sampling pe r iod 
was inc reased from 1 to 5 y e a r s . Examination of t h e o the r i n d i v i d u a l years 
showed the h i g h e s t v a r i a b i l i t y e f f e c t in 1963 when the r a t i o had a range of 
1.09-0.89 from the 5 to 95% l e v e l s . This would i n d i c a t e t h a t under seeding 
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Table 15. Distribution of seeded to unseeded r a t i o in a i r mass storms. 

Annual, a l l storms Summer, a l l storms 
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Table 15 (cont 'd ) . Distribution of seeded to unseeded 
ra t io in a i r mass storms. 

Annual, mean = 0.11"-1.00" 

Table 16. Time dis t r ibut ion of seeded to unseeded ra t ios in randomized 
cross-over target-control experiments on East Central I l l i n o i s 
Network for storm mean precipi ta t ion 0.01 inch. 
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experiments in which a l l types of storms are seeded l i t t l e is to be gained 
with extension of the experiment beyond 1 to 2 years with t h i s type of 
ver i f ica t ion procedure, if t a rge t and control have very s imilar precipi ta t ion 
climates. 

Table 17 provides quant i ta t ive estimates of the natural va r i ab i l i ty 
effects when seeding is conducted on a seasonal bas i s . In addition to the 
conventional seasons, the May-September and October-April periods have been 
included. A point of in te res t in th i s table is tha t the greates t background 
interference occurs in summer and in the growing season and minimizes in 
winter and during the October-April period. This is d i rec t ly opposite of 
the findings with the single-area ver i f icat ion technique. With the cross-over 
ta rge t -cont ro l method, in which a l l storms are seeded and target and control 
interchanged, the effect of interstorm var iab i l i ty (time var iab i l i ty ) in 
storm mean r a in fa l l has been minimized. With the ta rge t -cont ro l ver i f ica t ion , 
the background interference is governed primarily by the spa t i a l extent and 
in tens i ty of storm r a i n f a l l . As a r e s u l t , the maximum effect is greates t in 
summer when storms are frequently of small areal extent, and large differences 
in in tens i ty occur within short distances. 

Table 17. Seasonal d is t r ibut ion of seeded to unseeded ra t ios in randomized 
cross-over ta rget -cont ro l experiments on East Central I l l i no i s 
Network for storm mean precipi ta t ion 0.01 inch. 

Mean precipi ta t ion effect . Hypothetical seeding experiments with the 
s ingle-area technique indicated decreasing interference from natural prec ipi ta t ion 
va r i ab i l i t y with increasing storm mean r a i n f a l l . That i s , s t r a t i f i c a t i o n of 
experimental data according to storm intensi ty might be helpful in the ver i f icat ion 
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of cloud seeding ef fec ts . Similar experiments with the target-control 
method indicate that there is no advantage in th i s type of s t r a t i f i c a t i o n . 
In fact , the subgrouping through decreasing the number of samples in each 
analyt ical unit could have a deleterious ef fec t , as i l l u s t r a t e d in Table 18. 
Here, storms in which the mean precipi ta t ion was in the range from 0.11 to 
1.00 inch have been separated from the sample used in Tables 16 and 17 which 
included a l l storms with measurable prec ip i ta t ion . The major difference is 
between the summer dis t r ibut ions where an appreciable increase in the natural 
var iab i l i ty effect is indicated for the group of 0.11 to 1.00 inch. In 
general , however, there is l i t t l e difference between the seasonal and annual 
d is t r ibut ions in Tables 16-18. Again, it appears that the appreciable effect 
of mean precipi ta t ion found with the single-area sampling was related to the 
interstorm var iab i l i ty which has been minimized in the target-control method. 

Table 18. Seasonal d is t r ibut ion of seeded to unseeded ra t ios in randomized 
cross-over target-control experiments on East Central I l l i n o i s 
Network for storm mean precipi ta t ion = 0.11 to 1.00 inch. 

Storm duration effect . The effect of storm duration on the dis t r ibut ion 
of hypothetical seeded to unseeded rat ios is i l l u s t r a t e d in Table 19 through 
use of a l l storms during 1960-1964 in which areal means equalled or exceeded 
0.01 inch. The duration effect in the target -control ver i f icat ion technique 
is even weaker than in the single-area method discussed in conjunction with 
Table 14. An appreciable decrease in the natural va r i ab i l i ty effect is indicated 
in Table 19 when storm durations exceed 12 hours. For shorter durations, however, 
the ra t io trends are inconsistent and differences do not appear to be s igni f icant . 
The ra t ios for durations of 12.1 to 24.0 hours in Table 19 are nearly ident ica l 
with those obtained for a l l storms combined in Table 16. 
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Table 19. Effect of storm duration on d is t r ibut ion of seeded to 
unseeded ra t ios in randomized cross-over target -control 
experiments on East Central I l l i n o i s Network. 

1960-1961 

Air mass storms. In Table 20, quanti tat ive estimates are provided for 
the natural va r i ab i l i ty effect in a i r mass storms when the cross-over 
ta rge t -cont ro l ver i f icat ion is used. Estimates are provided only for the 
May-September period for two mean r a in f a l l groups for the reasons s ta ted in 
the single-area sampling discussions. Here, the separation of mean ra infa l l s 
of 0.11 inch to 1.00 inch from the combined storm group has prac t ica l ly no 
effect upon the seeded to unseeded r a t i o s . Comparison of Table 20 with 
Table 16 provides a quanti tat ive measure of the increasing background 
interference from natural r a in fa l l va r iab i l i ty in the separate verif icat ion 
of a i r mass storm seeding e f fec t s . 

As pointed out e a r l i e r , the coinciding target -control areas used in the 
foregoing hypothetical experiments provide optimum conditions for minimizing 
the effect of natural va r i ab i l i ty in the ver i f ica t ion of cloud seeding experiments. 
Because of the contamination problem, coinciding target -cont ro l areas would not 
be acceptable in f ie ld experiments. The resu l t s presented in Table 16 to 20 
should be interpreted as the lowest level of background interference from natural 
prec ipi ta t ion var iab i l i ty to be expected when seeding is carried out on areas 
of county size or smaller. 
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Table 20. Distribution of seeded to unseeded ra t ios in randomized 
cross-over target-control experiments on East Central 
I l l i no i s Network for a i r mass storms during May-
September 1960-1964. 

Distance effect on target-control experiments. In an effort to obtain 
information on the maximum interference from precipi ta t ion va r i ab i l i t y , 
hypothetical target-control experiments were made with the randomized cross-over 
design between the East Central I l l i n o i s and L i t t l e Egypt Networks (Fig. 2 ) . 
These networks are located approximately 125 miles apart and would not normally 
be used as target-control areas. However, they do provide an opportunity for 
estimating the maximum effect that might occur. Since they are not located 
closely in time or space, major differences in precipi ta t ion character is t ics 
may occur from one network to the other as storms pass through them. Normal 
summer r a i n f a l l is nearly ident ica l in the two areas , but the winter normal 
precipi ta t ion is approximately 60% greater in the L i t t l e Egypt Network. 

Table 21 shows the dis t r ibut ion of hypothetical seeded to unseeded 
ra t ios for winter and summer 1960-1964 between the two networks. Only storms 
having means of 0.01 or greater on both networks were used. This insured the 
use of only those synoptic s i tuat ions capable of producing precipi ta t ion in 
both ta rget and control areas , a condition most l ikely to be present under 
target -control seeding experiments. Only re la t ive ly small differences are 
indicated between the two seasons in Table 21 despite the climatic differences 
in winter. This suggests that the cross-over design has been effective in 
minimizing the climatic effect . 

Of most in te res t is the comparison of Table 21 with the winter and summer 
dis t r ibut ions in Table 17. As expected, the values in Table 17, ref lect ing 
optimum conditions for minimizing the natural var iab i l i ty effect , show much 
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smaller background interference than do the ra t ios in Table 21 , which provide 
an estimate of the maximum effect to be expected from natural prec ip i ta t ion 
va r iab i l i ty in target-control experiments u t i l i z i ng a randomized cross-over 
design. 

Table 21. Distribution of seeded to unseeded ra t ios in cross-over 
target-control comparisons between East Central I l l i n o i s 
and L i t t l e Egypt networks, 1960-1964, storm means 

0.01 inch. 

Comparison of Tables 11 and 21 brings out another in teres t ing feature. 
With the wide separation of ta rge t and control in Table 21 , the target -control 
ra t ios are approaching the s ingle-area ra t ios for winter and summer, and are 
much closer to the single-area values than to the optimum target-control 
ra t ios in Table 16. 

Effects of Synoptic Storm and Precipi ta t ion Types 

Other s t r a t i f i c a t i ons of the storm data were made according to 
prec ip i ta t ion type and synoptic storm type. With the s ingle-area sampling 
(Arizona method), both types of s t r a t i f i c a t i o n increased the background 
interference from natural va r i ab i l i ty in a l l groups from that obtained with 
a l l storms combined. That i s , any advantage that may have accrued from the 
s t r a t i f i c a t i o n s was more than offset by the deleterious effect of the smaller 
storm sample in the individual groups resul t ing from the s t r a t i f i c a t i o n s . 
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In the cross-over target-control sampling t e s t s , the effect of the 
s t r a t i f i c a t i ons was pronounced only in the case of a i r mass storms which were 
discussed previously. With th is synoptic storm type, the natural va r i ab i l i ty 
factor is much larger than with frontal storms or low pressure centers , both 
of which showed var iab i l i ty effects similar to those obtained with a l l storms 
combined. Also, s t r a t i f i c a t i on of the target-control data according to 
prec ip i ta t ion type did not cause s ignif icant deviations from the relat ions 
obtained with a l l storms combined in Tables 16 and 17. In general , the resul ts 
of both the single-area and target-control analyses indicate that s t r a t i f i c a t i on 
of the data according to synoptic storm or prec ip i ta t ion type is undesirable 
from the standpoint of s t a t i s t i c a l evaluation. 

Fixed Target-Control Sampling 

In past weather modification e f fo r t s , par t icu la r ly those in which 
commercial cloud seeders were involved, fixed target and control areas were 
sometimes used. In the e a r l i e r study (Huff, 1966), evaluation of the natural 
va r iab i l i ty effects with t h i s method was made for the summer and growing 
season (May-September). In the present study, similar analyses were 
accomplished for the water supply replenishment period, October to April . 

In the f i r s t hypothetical seeding experiment, the southwestern par t of 
the East Central I l l i n o i s Network was used as the control and the northeastern 
part as the t a rge t . Results are shown for the water supply replenishment 
season, October-April, in Table 22, along with May-September resu l t s from the 
e a r l i e r study. Differences in seasonal precipi ta t ion are shown for each year, 
2-yr moving t o t a l s , 5-yr moving t o t a l s , and for the 10-yr sampling period. 
This table indicates that substant ia l differences may ex i s t between target 
and control due to natural va r iab i l i ty for sampling periods of 1 to 2 years , 
but differences reduce to a small percentage for 5-yr periods. For the 
October-April period, differences were found to be generally small after a 
sampling period of 2 years was incorporated in to the experiments. A similar 
hypothetical experiment performed on the southwestern and northeastern parts 
of the L i t t l e Egypt Network in southern I l l i n o i s for the 10-yr period, 195 8-196 7, 
gave very similar r e su l t s . Again, the hypothetical experiments are indicat ive 
of minimum differences to be expected under midwestern climatic conditions, 
since the ta rget and control are side by s ide . More detai led information on 
natural va r i ab i l i ty effects with increasing distance between target and control 
is contained in the e a r l i e r paper (Huff, 1966). 

Summary and Conclusions 

The primary purpose of th is study was to provide quant i ta t ive data on 
natural precipi ta t ion va r iab i l i ty which, in tu rn , may be u t i l i zed in the planning 
and design of cloud seeding experiments to establ ish the capabili ty of producing 
r a i n f a l l increases during the crop growing season and/or those months during 
which water supply replenishment normally maximizes. The study was r e s t r i c t ed 
to areas of county size or smaller for which network prec ip i ta t ion data were 
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Table 22. NE-SW percentage differences in seasonal precipi ta t ion 
on East Central I l l i n o i s Network. 

Difference (%) 

2-year moving t o t a l s 

5-year moving t o t a l s 
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available for accurate definition of the natural r a in fa l l va r i ab i l i t y . For 
eff ic ient agr icul tura l application in periods of l igh t to moderate drought, 
seeding capabili ty on areas of this size must eventually be determined. 
Furthermore, many municipal water supplies are obtained from areas of t h i s 
size or smaller. 

Precipi ta t ion data from two dense raingage networks in I l l i no i s were 
used to evaluate the effects of natural prec ipi ta t ion var iab i l i ty upon the 
ver i f icat ion of cloud seeding experiments. The effects of storm duration, 
areal mean p rec ip i t a t ion , and storm types upon the background interference 
created by natural precipi ta t ion var iab i l i ty were invest igated. This was 
done for both randomized sampling of a single area and target -control types 
of experiments to determine whether the influence of natural r a in fa l l 
va r iab i l i ty can be lowered s ignif icant ly through various s t r a t i f i ca t ions of 
the data. 

Comparison of the effects of natural precipi ta t ion var iab i l i ty on the 
single-area and cross-over, target -control types of experiments indicates 
that the va r i ab i l i t y interference is appreciably less with the target -control 
experiments, as predicted by s t a t i s t i c a l theory, provided that the ta rge t and 
control are close together. As the distance increases , the superiori ty of 
the target -control method decreases. In the I l l i n o i s study, the super ior i ty 
was re la t ive ly small when target and control were separated by 125 mi les , the 
distance between the two dense raingage networks. 

However, when t e s t s of the natural va r i ab i l i ty effect on cross-over, 
target -control experiments were made on adjacent target and control areas 
(SW and NE halves of raingage network), the superiori ty of th i s method over 
the single-area randomizing was very subs tant ia l . For example, in the 
hypothetical seeding of a l l summer storms during the 5-yr period, 1960-1964, 
analyses indicated a 10% chance of an apparent increase of 30% due en t i r e ly 
to natural r a in f a l l va r i ab i l i t y . With the cross-over, target -control t e s t s , 
only an apparent increase of 7% was indicated at the 10-percent probabil i ty 
level . For year-around hypothetical seeding t e s t s , the corresponding apparent 
increases were 19% and 3%, respectively. With adjacent ta rget and control 
areas the contamination problem is acute, and some separation would undoubtedly 
be necessary under operational conditions. The resul ts provided from the two 
networks used here provide estimates of the minimum and maximum effects of 
natural precipi ta t ion var iab i l i ty in target -control experiments. 

Investigation of the effects of s t ra t i fy ing the precipi ta t ion data 
according to areal mean precipi ta t ion indicated some advantage in the s ingle-area 
experiments and no signif icant advantage in the cross-over, ta rget -control t e s t s . 
Storm duration s t r a t i f i c a t i on was found to have a small effect on ver i f ica t ion 
of seeding effects with both techniques. Seasonal s t r a t i f i c a t i on of data had 
a moderate influence. 

In general , it was found that the data s t r a t i f i c a t i ons by decreasing 
the t e s t sample size increased the natural va r i ab i l i ty effect and, therefore , 
intensif ied the problem of verifying seeding effects by s t a t i s t i c a l analyses. 
This was par t icu la r ly t rue with the single-area technique in which interstorm 
var iab i l i ty is a stronger factor than in the cross-over, target-control method. 
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SPATIAL CORRELATIONS OF STORM, 
MONTHLY, AND SEASONAL PRECIPITATION 

I n t r o d u c t i o n 

The problem of accu ra t e ly r e p r e s e n t i n g the s p a t i a l d i s t r i b u t i o n of 
p r e c i p i t a t i o n f requent ly a r i s e s i n hydro logic i n v e s t i g a t i o n s , weather 
modi f ica t ion exper iments , and a g r i c u l t u r a l r e s e a r c h . Un t i l r ecen t y e a r s , 
t he re was a g r e a t def ic iency in the number of dense raingage networks with 
adequate length of records from which sampling requirements could be 
determined s a t i s f a c t o r i l y under var ious meteoro log ica l c o n d i t i o n s . Limited 
s t u d i e s performed in the p a s t were concent ra ted p r imar i l y on r e l a t i n g 
sampling e r r o r to mean r a i n f a l l and s i z e of sampling area to ob ta in e s t ima te s 
of gage dens i ty requi rements . 

In the Midwest, Light (1947) used a 38-storm sample from a network of 
500 ra ingages on 8000 mi2 in Ohio to eva lua te e f f e c t s on sampling e r r o r in 
the range from 500 to 8000 m i 2 . However, he did not define the e f f e c t of 
storm r a i n f a l l amounts. Lins ley and Kohler (1951) used a 68-storm sample from 
an Ohio network to der ive an empi r i ca l equat ion r e l a t i n g sampling e r r o r to 
a r e a l mean r a i n f a l l and number of gages on a f ixed area of 220 m i 2 . Huff and 
Neill (1957) used a sample of 300 storms from s e v e r a l dense networks in 
I l l i n o i s to ob ta in e r r o r r e l a t i o n s h i p s f o r areas of 25 to 400 mi2 and r a i n f a l l 
amounts up to 5 inches in warm season s to rms . McGuinness (1963) used da ta 
from 81 storms c o l l e c t e d on a dense network of 64 gages in an Ohio watershed 
of 7.16 mi2 to obta in r e l a t i o n s between sampling e r r o r , mean r a i n f a l l , and 
gage d e n s i t y . He f u r t h e r combined h i s r e s u l t s with those of previous 
i n v e s t i g a t o r s to cons t ruc t a nomogram fo r e s t ima t ing sampling e r r o r s in 
midwestern storms with gage dens i ty ranging from 0 . 1 to 1000 mi2 per gage. 

More r e c e n t l y , Hershf ie ld (1967) used da ta from 15 heavy ra ins to rms on 
each of 23 densely gaged networks operated by the U. S. Department of 
Agr i cu l tu r e to i n v e s t i g a t e ra ingage spacing needs through use of s p a t i a l 
c o r r e l a t i o n p a t t e r n s . From these p a t t e r n s , based upon sampling pe r iods of 3 to 
7 y e a r s , he concluded t h a t optimum gage spacing v a r i e s cons iderably depending 
upon the c l i m a t i c regime, and t h a t wi th in a given sampling network the 
c o r r e l a t i o n between gages decreases f a s t e r in some d i r e c t i o n s than o t h e r s , 
depending upon storm movement, topography, and o the r f a c t o r s . 

This s e c t i o n of the F i n a l Report desc r ibes and summarizes the f indings 
from an ex tens ive i n v e s t i g a t i o n of sampling requirements in the es tab l i shment 
of p r e c i p i t a t i o n measurement networks . The b a s i c a n a l y t i c a l approach involved 
the use of s t a t i s t i c a l c o r r e l a t i o n t echn iques . Data from t h r e e dense networks 
of ra ingages in I l l i n o i s were used to provide a range of measurements inc lud ing 
1-min and 10-min average r a i n f a l l r a t e s , t o t a l storm r a i n f a l l , monthly 
p r e c i p i t a t i o n , and seasona l p r e c i p i t a t i o n . In the storm s t u d i e s , analyses 
were made of the e f f e c t s of s ea son , synop t i c weather t y p e , p r e c i p i t a t i o n t y p e , 
storm i n t e n s i t y and d u r a t i o n , storm movement, number of r a i n c e l l s , wind flow, 
and o the r f ac to r s in developing the c o r r e l a t i o n r e l a t i o n s h i p s . 
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Data and Analytical Procedures 

Data for the 5-yr period, 1960-1964, from the East Central I l l i n o i s 
Network (ECIN) and the L i t t l e Egypt Network (LEN) in southern I l l i n o i s (Fig. 2) 
were used in the t o t a l storm analysis . As in a l l other s tud ies , a storm was 
defined as a precipi ta t ion period separated from preceding and succeeding 
precipi ta t ion by 6 hours or more. 

For the monthly and seasonal analyses, data from the ent i re 13-yr period 
of record, 1955-1967, on ECIN, and the complete 10-yr record, 1958-1967, on 
LEN were used to obtain the maximum possible sample size for analysis . In 
addit ion, 3142 minutes of data from 29 storms during 1952-1953 on the Goose 
Creek Network (GCN) of 100 mi2 in central I l l i n o i s (Fig. 10c) were used to obtain 
correlat ion patterns for 1-min r a in f a l l amounts, the best available estimate 
of instantaneous r a in fa l l r a t e s , and for investigating average 10-min r a t e s . 
This special network, ins ta l led for radar - ra infa l l research, contained 50 
recording gages with 12.6-inch orif ices and 6-hr gears which permitted reading 
of 1-min amounts (Huff and Ne i l l , 1956). 

I n i t i a l l y , data from ECIN were used to evaluate the effect of data 
transformations on spa t i a l correlat ion pa t te rns . Evaluated were several 
transformations frequently used to normalize precipi ta t ion data, including the 
square root , fourth root , and logarithm of the prec ip i ta t ion . The effect of 
the transformations was inconsistent among the various data s t r a t i f i c a t i o n s . 
No marked superiori ty was obtained in the spa t i a l correlat ions with respect to 
pattern consistency and correlation decay with distance. Consequently, a l l 
correlat ion analyses presented in th is paper were r e s t r i c t ed to untransformed 
data. 

In each network, rows of gages along the western and northern borders 
were used to obtain correlation coefficients in W-E and N-S direct ions . Also, 
correlat ion coefficients were calculated about the central gage in each network, 
in a NW-SE direction from the NW corner of each network, and in a SW-NE direction 
from the SW corner. These combinations were then used to determine direct ional 
effects upon spa t i a l correlat ion which could resu l t from topographical or climatic 
factors . For each direct ional analysis and each data s t r a t i f i c a t i o n , isocorrelat ion 
maps were drawn. From these maps, the variation of correlation coefficient with 
distance was obtained through interpolat ion. 

Total storm data were divided in to the usual two seasonal groups, 
May-September and October-April. Next, within these two seasonal groups, the 
data were separated into three basic synoptic storm types through use of published 
synoptic weather maps of the U. S. Weather Bureau. Types included frontal storms, 
low center passages, and a i r mass storms. Analyses did not show substant ia l 
differences in the patterns associated with the various frontal types and squall 
l i n e s , so a l l were combined in the frontal storm group. 

Synoptic Storm Patterns 

Fig. 9 shows correlat ion pat terns about the central gage on ECIN in 
May-September storms associated with a i r mass i n s t a b i l i t y , low center passages, 
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and fronts . These patterns were derived from 195 frontal storms, 73 a i r mass 
storms, and 28 low center passages. The differences in correlation are s t r i k i n g , 
especially between a i r mass storms and low centers. With low centers , the 
correlat ion coefficient exceeds 0.90 over the en t i re 400 mi2 , whereas in a i r 
mass storms it decreases to less than 0.60 at the southern edge of the network, 
9 to 10 miles from the central gage. The correlat ion pat terns indicate a general 
SW-NE or ienta t ion , although this tendency is less pronounced with a i r mass 
storms. Storms move most frequently across the network from SW or WSW (Huff, 
1967a), and the correlat ion patterns a re , of course, responsive to th is 
climatological charac te r i s t i c . 

Rain Type and Rainfall Rate Patterns 

The difference in correlat ion pat terns between r a in f a l l types is 
i l l u s t r a t e d in Fig. 10 which shows isocorrelat ion maps about the central gage 
for May-September storms in which (10a) thunderstorms or rainshowers dominated 
and (10b) in which steady rain produced the surface p rec ip i ta t ion . The two 
maps are quite comparable to those for fronts and low centers in Fig. 9. This 
is reasonable since most frontal storms occur with the TRW-RW combination, 
whereas steady rain is more l ikely to be associated with low center passages 
in the May-September period. 

Fig. 10 also shows the average correlat ion pat tern of 1-min ra in fa l l 
ra tes about the most central gage on GCN. Most of these storms consisted of 
thunderstorms and rainshowers, and occurred during the warm season. Although 
not a completely representative climatological sample, these storms do provide 
a f i r s t approximation of the correlation decay with distance in the spa t i a l 
d is t r ibut ion of instantaneous r a in fa l l r a t e s . 

The general effects of various meteorological factors on the correlat ion 
decay with distance in storms are i l l u s t r a t e d in Table 23 through the use of 
May-September data from ECIN. In th is t a b l e , correlat ion coefficients are shown 
about the network's central gage. At the bottom of Table 23, relat ions are 
shown for the ungrouped storm data, and for 1-min and 10-min r a in f a l l ra tes from 
the GCN data for comparison with grouped storm r e l a t i ons . 

Storm Duration Effects 

The storm duration relat ions in Table 23 are in t e res t ing . Correlation 
decay decreases with increasing duration with storms las t ing up to 12 hours, 
then the trend reverses. Since th is same behavior was observed in the ECIN 
October-April storms and on LEN, the reversal appears to be rea l rather than 
a sampling vagary present in th is pa r t i cu la r sample of storms. A possible 
explanation is that the long duration storms are usually associated with 
extensive synoptic storm systems, and storm movements across the network are 
more likely to sh i f t during these lengthy storm periods as the weather system 
approaches and passes. 



Figure 9. Cor re l a t ion p a t t e r n s of synopt ic types in May-September storms 
on East Cent ra l I l l i n o i s Network. 



Figure 10. Correlation patterns associated with precipi ta t ion types and rain rates in 
warm season storms on East Central I l l i no i s and Goose Creek Networks. 
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Table 23. Variation of correlation coefficient with distance about 
central gage in East Central I l l i no i s and Goose Creek 
Networks during May-September storms. 

Mean Rainfall Relations 

The mean r a in f a l l groupings in Table 23 indicate that average precipi ta t ion 
within a sampling area has very l i t t l e effect upon point- to-point corre la t ions . 
The trend of correlation is very e r r a t i c with increasing mean r a i n f a l l , and is 
re la t ive ly low in three of the five data groups. Erra t ic trends and re la t ive ly 
low correlation coefficients were also found during the October-April period and 
on LEN for both seasons. 

Standard Error of Correlation Coefficients 

The standard error of the correlation coefficients in Table 23 were 
calculated to provide a measure of the r e l i a b i l i t y of the re la t ions presented. 
For ungrouped storms, the standard er ror increased gradually from 0.002 at 1 
mile to 0.02 at 10 miles. With the TRW-RW s t r a t i f i c a t i o n , a similar d is t r ibut ion 
was obtained. The standard error increased s l ight ly with the re la t ive ly small 
sample of steady rains (R) for which it reached a maximum of 0.03 at 10 miles. 
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In the synoptic weather s t r a t i f i c a t i o n s , the la rges t standard error occurred 
with a i r mass storms in which it increased from approximately 0.01 at 1 mile 
to 0.05 at 10 miles. In the duration groupings, the maxima occurred at 10 miles 
with values of 0.04, 0.05, 0.05, and 0.13, respect ively, progressing from the 
shor tes t to longest duration groups. In general , the standard errors calculated 
for the various groupings were re la t ive ly small; therefore , the average re la t ions 
presented in Table 23 are considered valid and representative of correlation 
decay in May-September storms under the climatic conditions prevail ing in the 
sampling areas . 

Directional Effects 

The direct ional effect on storm r a i n f a l l correlations is i l l u s t r a t e d in 
Table 24 through use of May-September data from ECIN. In th is t ab le , average 
correlat ion coefficients are shown for distances up to 20 miles when the 
correlations are calculated in each of four d i rec t ions . With increasing distance, 
W-E correlations are consistently higher than the N-S values, and explain 10-12% 
more of the variance at distances of 10-15 miles. The SW-NE correlations are 
very close to the W-E values and the NW-SE correlat ions are s imilar to the N-S 
group. The s l igh t ly b e t t e r correlations with the W-E and SW-NE groups re f lec t 
the more frequent movement of storms from these directions compared with the 
other two direct ional groups. Similar May-September re la t ions were found on 
LEN. In the October-April period, the d i rec t ional differences were even smaller 
than in the May-September period on both networks. Overall, th is phase of the 
analyses indicates a s l igh t ly greater sampling density is required in the N-S 
and NW-SE directions to maintain an equivalent measurement e r ror in isohyetal 
patterns of t o t a l storm ra in fa l l throughout a given sampling area. 

The lower par t of Table 24 shows the average spacing of raingages required 
in W-E and N-S directions to maintain selected levels of variance explained. 
These s t a t i s t i c s were calculated from the re la t ions shown in the upper part of 
the t ab le . They may be used as a guide if one wishes to maintain equivalent 
measurement accuracy in various directions within a sampling area. 

Raingage Spacing Requirements 

Table 25 provides a general summary of raingage spacing required on a 
grid pattern to achieve various degrees of average correlat ion ( r ) and, in tu rn , 
percentages of explained variance ( r 2 ) under various conditions. The re la t ions 
are based upon weighted averages of the correlat ion coefficient obtained in the 
direct ional analysis . The 1-min ra in fa l l ra te values are based upon interpolat ion 
of the correlat ion decay curve, since the average network spacing was 1 gage per 
1.4 mile and the average correlat ion coefficient had decreased to approximately 
0.7 at this distance from correlated points . Also, curve interpolat ion was 
involved in obtaining the values for some of the higher correlat ions in the 
other groupings because of the l imiting gage spacing on the networks. A l imiting 
distance of 20 miles has been used in the calculations because of the network 
s i zes . 
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Table 24. Directional effect on correlat ion decay with 
distance in ungrouped May-September storms 
on East Central I l l i n o i s Network. 

Average correlat ion coefficient for given distance (mi) 

Spacing (mi) for given direction 

Ear l ier discussion showed a direct ional bias in corre la t ion, depending 
upon frequency of storm movements. However, it was assumed in preparing 
Table 25 that most users are interested in the average accuracy of storm 
measurements combining a l l d i rect ions . In th is case, the grid pattern would 
be most sui table and raingage spacing could be based upon direct ional averages, 
such as used in Table 25. Directional differences in correlation in I l l i n o i s 
storms (Table 24) were found to be re la t ive ly small so that the averaging 
process is probably acceptable for most purposes. 

In the October-April storms of Table 25, snow (S) has been shown only 
for ECIN because of ( l ) the different editing and analyt ical procedures used 
on LEN which consisted of both recording and non-recording gages, and (2) the 
re la t ive ly small sample of snow storms on th i s southern I l l i n o i s network. 
Snow is usually a s table type of precipi ta t ion in the ECIN area, and correlations 
of i t s water equivalent would be expected to be s imilar to those for steady-type 
ra in (R). However, the snowfall is frequently accompanied by strong, gusty 
winds. As a r e s u l t , the measurement accuracy is very poor with recording 
raingages, and this is reflected in the spacing requirements of Table 25 which 
are similar to those for May-September a i r mass storms. Thus, the ECIN snow 
data provide a measure of the sampling errors associated with wind-driven snows 
when recording gages are used for depth measurements. 

The deteriorat ion in sampling accuracy with snowfall is brought out 
further by the small sample of R + S mixed tha t occurred on ECIN. As shown 
in Table 25, the sampling requirements are intermediate between those of 
steady rain and snowfall. 
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As expected , Table 25 shows t h a t a s u b s t a n t i a l l y g r e a t e r dens i ty of 
ra ingages is needed in the warm season (May-September) than in the colder 
months of the yea r (October-Apr i l ) to mainta in a given l e v e l of expla ined 
v a r i a n c e . For example, assume one wishes to i n s t a l l a network wi th a ra ingage 
spacing t h a t w i l l expla in 90% of the storm v a r i a n c e , on the average , combining 
a l l types of s to rms . Then, re ference to the " a l l s torms" columns shows t h a t 
a gage spacing of 2 mi les is needed in May-September compared with 6 miles 
during October -Apr i l . I f t he user is concerned with a s i m i l a r accuracy in the 
measurement of a i r mass s t o rms , the spacing would be 1 m i l e . However, if a 
p r o j e c t is concerned only with measurements during the passage of low c e n t e r s , 
a spacing of 8-10 miles would be adequate to achieve an expla ined var iance of 
90% in I l l i n o i s s to rms . 

Table 25. Average storm r e l a t i o n between raingage 
spacing and c o r r e l a t i o n c o e f f i c i e n t . 

May-September storms 

October-Apr i l storms 
ECIN 



- 5 9 -

Wind Flow and Rainfall Orientation Effects 

As part of another study, average wind flow in the lower 500 nib of the 
atmosphere had been determined for 1960-196 4 summer storms on LEN. These data 
provided a convenient means for investigating whether correlation decay is 
influenced s ignif icant ly by the wind movement in the lower atmosphere which 
should, of course, exert some control on storm movements across the network. 
This knowledge should be useful in the planning and s t a t i s t i c a l evaluation of 
weather modification experiments. 

Results of the wind movement analysis are summarized in Table 26. Here, 
the average correlat ion coefficient ( r ) change with dis tance, based upon an 
average in a l l d i rec t ions , is shown for a l l summer storms combined. This 
provides an estimate of the average correlation decay with distance for a square 
grid pat tern of raingages. The percentage of the variance explained ( r 2 ) by 
these correlation coefficients is also shown. Then, the difference in explained 
variance between the grid pat tern and each wind movement is presented to 
provide an estimate of the improvement (or deter iorat ion) obtained with wind 
s t r a t i f i ca t ion of the data from synoptic weather maps. 

Table 26 shows appreciable improvement in r2 in four of the six directions 
for which there were suff ic ient data to calculate correlat ion coeff icients . 
Only wind flow from NW showed decreased correlat ion. The increase in correlat ion 
was greatest with SW flow with which a 30% improvement in r2 was achieved at the 
greater distances. The decreases with NW winds may be re la ted to the tendency 
for these storms (usually post-frontal) to be re la t ive ly small in areal extent , 
frequently affecting only a portion of the network. Overall, Table 26 shows 
variable resul ts from wind s t r a t i f i c a t i on but indicates some advantage in using 
this procedure in weather modification experiments and other applied research 
since improvement was obtained in most cases. 

Calculations of the standard error of differences between two correlat ion 
coefficients were made between the coefficients for a l l storms combined and each 
of the direct ional groups in Table 26. This was done to obtain an estimate of 
the strength of the re la t ions presented in th i s t ab le . The differences between 
the coefficients for a l l storms and those with SW wind flow were found to be 
s ignif icant at the 95-% level at a l l distances. The differences associated with 
WNW and WSW winds were s ignif icant at the 9 5-% level for distances up to 8 miles 
and 10 miles, respect ively. Differences did not reach the 95-% level of 
significance with the other wind direct ions . Relatively large standard errors 
in correlation coefficients were obtained with S-SSW and NW winds. Thus, the 
resul ts of Table 26 should be interpreted with caution, par t icular ly for those 
directions with the smallest samples (S-SSW, WNW, NW). 

In an effort to determine why large improvements in correlation were not 
obtained consistently with wind s t r a t i f i c a t i o n , calculations were made of the 
frequency with which the major axis of the network ra in fa l l was in the mean 
direction of the wind flow in the lower atmosphere. Only 22% of the r a in fa l l 
patterns were found to have the i r major axis pa ra l l e l (±10°) to the wind 
movement, whereas 30% were over 10° to the r ight of the wind axis , 32% over 10° 
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to the l e f t , and 16% had complex patterns that provided no d i s t inc t storm 
or ienta t ion. With NW winds, less than 20% of the storms moved p a r a l l e l to 
the wind axis . The common cross-wind movement of the r a in f a l l patterns 
helps to explain the inconsistencies of Table 26. 

Table 26. Effect of wind flow on spa t ia l correlat ion in summer storms. 

The orientat ion of the surface r a in fa l l pat tern provides a measure of 
the direction of storm movement across a sampling network. Therefore, the summer 
storms on LEN were used to determine correlation coefficients pa ra l l e l to the 
major axis of storms. This resul ted in a substant ia l improvement over the 
wind-s t ra t i f ied corre la t ions . The degree of improvement is i l l u s t r a t e d in 
Table 27 which shows r and r2 (%) for W-E oriented r a i n f a l l patterns and wind 
flow. The explained variance increased by 15-20% beginning at the 6-mile distance. 
The correlation coefficient decreased to 0.90 at 3 miles in the wind-oriented 
correlations compared with 6 miles for the r a in fa l l or ienta t ion. 

Summer Patterns 

A further division of the growing season (May-September) was made to 
invest igate correlation patterns in the three summer months of June through 
August. These months are the most important from the standpoint of I l l i n o i s 
crops, and are months in which very intense and frequently spotty rainstorms 
occur. Fig. 11 shows the re la t ion between average correlat ion coefficient 
and distance on the two sampling networks in central and southern I l l i n o i s . 
The correlation decay was greater on LEN which cl imatically receives a 
larger portion of i t s summer r a i n f a l l from scat tered a i r mass storms (Huff, 
1966). Except for the summer months, the correlation pat terns were very similar 
on both networks. 
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Table 27. Comparison between W-E wind-oriented and W-E 
ra infa l l -or iented correlat ion pa t te rns . 

Correlation coefficent 

Wind 44 0.97 0.93 0.87 0.81 0.76 0.73 0.70 0.67 0.65 
Raindfall 49 0.9 8 0.96 0.9 3 0.90 0.87 0.85 0.83 0.81 0.78 

Variance explained (%) 

Wind 44 94 86 76 66 58 53 49 45 42 
Rainfall 49 96 92 87 81 76 72 69 66 61 

Monthly and Seasonal Relations 

For some purposes, knowledge of the spacing requirements for the 
measurement of monthly and seasonal precipi ta t ion is of primary i n t e r e s t . 
Table 28 shows monthly and seasonal correlat ion relat ions for May-September 
on LEN and ECIN, obtained through averaging of the several direct ional pat terns 
which showed only small differences. The two networks were not combined 
because of appreciable differences at the longer distances. Ungrouped storm 
re la t ions have been included in the table for comparison purposes. 

Table 28. Average storm, monthly, and seasonal correlations 
for May-September. 
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Figure 11. Comparison of summer correlations on East Central I l l i no i s 
and L i t t l e Egypt Networks. 
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For both monthly and seasonal r a i n f a l l , the correlation decay with 
distance was less on LEN. Analyses of the standard er ror of difference 
between two correlation coefficients were applied to the monthly and. seasonal 
data of Table 28. The differences were s ignif icant at the 95-% level for the 
monthly correla t ions . However, at most of the distances, the 95-% significance 
level was not reached with the seasonal comparisons. These s t a t i s t i c a l 
calculations indicate climatic differences may exis t in the monthly r a in fa l l 
patterns between the two networks, at l eas t for certain months. The decrease 
in correlation differences with seasonal t o t a l s suggests t h a t , if climatic 
differences are sufficient to substant ia l ly influence the monthly correlation 
pa t t e rns , the effect maximizes in certain months. 

Overall, large differences did not ex is t between storm, monthly, and 
seasonal correlation relat ions so that a t o t a l storm sampling network would 
sat isfy sampling for a l l periods. There would be l i t t l e economic benefit in 
different ia t ing between t o t a l storm, monthly, and seasonal raingage spacing 
requirements, especially if a re la t ive ly high degree of accuracy is desired 
in a l l three measurements. 

Summary and Conclusions 

Data from the three networks, which ranged in size from 100 to 550 mi 2 , 
provided measurements ranging from 1-min rates through t o t a l storm precipi ta t ion 
to monthly and seasonal t o t a l s . Spatial correlat ion patterns were established 
for the data grouped according to season, precipi ta t ion type, synoptic weather 
type, storm intensi ty and duration, storm movement, and other factors . The 
resul ts obtained from th is study should be generally representative of the Midwest 
and other areas with s imilar precipi ta t ion climates. 

Correlation decay with distance, used to indicate sampling requirements 
for establishing ra in fa l l pa t t e rns , was greatest in storms associated with 
thunderstorms, rainshowers, and a i r mass storms. Conversely, minimum decay 
occurred with steady rain and the passage of low pressure centers . Seasonally, 
the correlat ion decay with distance in storms was much greater in the growing 
season, May-September, than during the October-April period when water supply 
replenishment normally maximizes. For 90-% explained variance, on the average, 
in a l l storms combined, a gage spacing of 2 miles is needed in the warm season 
compared with 6 miles in the cold season. However, if s imilar accuracy is 
required in a i r mass storms, the gage spacing must be decreased to 1 mile. If 
measurements are to be made only in low center passages, a spacing of 8-10 miles 
is adequate for the above accuracy leve l . 

Spatial correlation increased, on the average, with increasing duration 
in storms last ing up to approximately 12 hours, after which a reversal in th i s 
trend occurred. Erra t ic trends were found when the storms were grouped 
according to network mean prec ip i ta t ion . General improvement in correlation 
occurred when the storms were grouped by wind direction and storm movement. 

Directionally, s l igh t ly higher correlations were obtained in W-E and 
SW-NE directions compared with those made in N-S and NW-SE directions across 
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the networks. Large differences were not found between t o t a l storm, monthly, 
and seasonal correlat ion r e l a t i ons , so that a t o t a l storm sampling network should 
sa t is fy sampling needs for a l l of these periods. However, sampling requirements 
are much greater when the measurements of r a in fa l l ra te are needed. For example, 
with a minimum acceptance of 75-% explained variance between sampling poin ts , a 
gage spacing of 0.3 mile is needed for 1-min average rates compared with 7.5 
miles for t o t a l storm ra in fa l l in warm season storms. 

CORRELATION OF STORM MEAN PRECIPITATION BETWEEN ADJACENT AREAS 

Introduction 

As another aid in the determination of sampling requirements for weather 
modification experiments, analyses were made of the correlat ion of storm mean 
precipi ta t ion between contiguous and separated sampling areas. Data for the 
5-yr period, 1960-1964, were used in the study. 

The contiguous sampling areas were the southwestern and northeastern 
halves of the 400-mi2 network (Fig. 1) described e a r l i e r in th is report . The 
centers of these contiguous areas are approximately 14 miles apart . Several 
methods of s t ra t i fy ing the precipi ta t ion data were investigated to evaluate 
seasonal and meteorological effects on the degree of correlat ion. The 
analyses were r e s t r i c t ed to storms in which the areal mean equalled or exceeded 
0.01 inch on the 400-mi2 network. 

Correlation coefficients were determined between the 400-mi2 network 
and the Boneyard urban network of 10 mi2 (Fig. 1) to obtain a measure of the 
change in correlation of storm mean prec ip i ta t ion with increasing distance 
between areas. The centers of these networks are approximately 30 miles apart 
in a west-east d i rec t ion, and the i r closest boundaries are separated by 
approximately 16 miles. 

Analyses and Results 

F i r s t , a l l storms in the 5-yr sample on the two adjacent areas of 200 mi2 

were correlated to obtain a measure of the re la t ionship when a l l types of weather 
conditions and prec ip i ta t ion character is t ics are combined. Then, the storms were 
divided in to two seasonal groups, May-September and October-April. For each 
season, correlat ion analyses were performed for a l l storms combined, and for two 
areal means groups separated at 0.50 inch. This was done to obtain a generalized 
measure of the effect of precipi ta t ion volume on the correlat ion between the 
adjacent 200-mi2 areas. Next, the May-September data were divided further into 
smaller groups of network means, as shown in Table 29, to explore the effect of 
storm r a in fa l l volume in more d e t a i l . 
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Table 29. Correlation of storm mean prec ip i ta t ion between SW 
and NE parts of 400 mi2 network, 1960-1964. 

May-September storm duration (hours) 

1. 3 0.88 77 127 
2. 3.1 - 6.0 0.89 79 56 
3. 6.1 - 12.0 0.92 85 30 
4. 12.1 - 24.0 0.91 83 18 

May-September rain type 

1. TRW and RW 0.93 86 178 
2. R 0.99 98 24 

May-September storm type 

1. Air Mass 0.88 77 53 
2. Fronts 0.94 89 160 
3. Low Centers 0.99 9 8 21 

The effect of storm duration was investigated through use of the 
May-September storms grouped into the classes l i s t e d in Table 29. Also, the 
effect of rain type and synoptic storm type were invest igated. 

It should be remembered that the correlation analyses discussed here 
are concerned with areal mean p rec ip i t a t ion , whereas in the previous section 
the analyses were concerned with correlation of point precipi ta t ion with 
increasing distance. Consequently, the effects of the data s t r a t i f i ca t ions 
according to mean prec ip i ta t ion , storm duration, rain type, and synoptic storm 
type are not necessari ly the same. 
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Results of the study of contiguous areas are summarized in Table 29 
which shows the correlation coeff ic ient , variance explained (%), and number of 
storms for each data group used in the study. Under the groupings by storm 
means, correlations are considerably higher in the October-April period than 
in the May-September period for s imilar data s t r a t i f i c a t i o n s . The additional 
groupings for May-September indicate that the correlat ion between adjacent areas 
increases substant ia l ly with increasing mean prec ip i ta t ion in the sampling 
region. This finding is re lated to the greater spott iness in the r a in fa l l 
d is t r ibut ion from l ight showers. 

Table 29 shows a weak trend for the correlation to increase with increasing 
length of storm. However, the standard errors of estimate of the correlation 
coefficients of the longer durations (6-24 hr) are approximately equal to the i r 
difference in correlat ion from the shortest duration ( 3 h r ) . 

Substantial differences are indicated between the two rain types and 
between the three synoptic storm types of Table 29. As expected, a i r mass storms 
show the weakest corre la t ion , and low center storms have the highest correlat ion 
among synoptic types. Steady rains correlate somewhat be t t e r than the shower 
types (TRW, RW). 

Correlation coefficients between the separated areas are shown in Table 30 
for a l l May-September storms in each year of the 1960-1964 period. This table 
serves two purposes. F i r s t , it i l l u s t r a t e s how the degree of correlat ion between 
mean ra in fa l l on two nearby areas may vary subs tant ia l ly between years . Secondly, 
when compared with Table 29, it shows the effect of increasing distance on the 
correlat ion of storm mean r a i n f a l l . 

Table 30. Correlation of storm mean precipi ta t ion 
between separated areas. 

Table 30 shows a 1960-1964 overal l correlat ion coefficient of 0.82 and 
66% of the variance explained between the separated areas. For the contiguous 
areas (Table 29, item 2 ) , the equivalent numbers are 0.94 and 89%. Thus, 
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there was a decrease in the explained variance of 23% when the distance 
between areal centers increased from 14 to 30 miles. 

Conclusions 

The resu l t s indicate that correlation of mean storm precipi ta t ion between 
nearby areas is considerably be t te r in the October-April period than in the 
May-September period. S t ra t i f ica t ion of precipi ta t ion according to areal mean 
r a in f a l l may be desirable in the growing season period for establishing 
verif icat ion procedures in weather modification. However, there appears to be 
no s ignif icant advantage in doing so in the colder par t of the year, according 
to the correlation analyses performed here. 

Also, there appears to be l i t t l e gained by grouping according to storm 
duration, but the resu l t s provide some support for grouping by synoptic weather 
and r a in f a l l types. Air mass storms, which are frequently small in areal 
extent and widely variable in r a in fa l l i n t ens i ty , do not correlate as strongly 
between adjacent sampling areas as frontal storms and low center passages, which 
charac ter i s t ica l ly encompass larger areas than a i r mass showers. 

An example of the verif icat ion problem in weather modification experiments 
during the growing season is brought out by the correlation comparisons between 
the contiguous and separated areas. The time variation in the background 
interference from natural r a in fa l l va r i ab i l i ty is demonstrated also by the yearly 
variations in the degree of correlation between the separated areas. These 
yearly differences further emphasize the problem of verif icat ion in short-term 
experiments and the necessity for extreme caution in the in terpre ta t ion of 
s t a t i s t i c a l data from such experiments. 

NATURAL VARIATION OF POINT PRECIPITATION WITH DISTANCE 

Introduction 

Definition of natural r a in fa l l gradients , along with other charac ter is t ics 
of the surface r a in fa l l d i s t r ibu t ion , is useful in the planning and evaluation 
of rain modification experiments in which surface r a in fa l l measurements are 
employed to verify the resul ts of cloud seeding. It has been the author 's 
experience that many users of r a i n f a l l data are aware that extreme va r i ab i l i t y 
may occur, but they have l i t t l e factual knowledge of the actual magnitude of 
r a in fa l l gradients . 

Several studies have been made in recent years in I l l i n o i s to provide 
quanti tat ive information on ra in fa l l gradients in midwestern storms for those 
involved in weather modification and for other sc i en t i s t s and engineers who 
may have use for such data. Huff (1967b) presented relationships for r a in fa l l 
gradients of t o t a l storm ra in fa l l in warm season storms. Huff, Shipp, and 
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Schickedanz (1969) investigated r a in f a l l gradients of r a in f a l l ra te in warm 
season r a in f a l l through use of 1-minute r a in f a l l amounts from a special network 
of raingages. This data provided a close approximation of the instantaneous 
pat tern of r a in fa l l r a t e s , and, thereby, yielded considerable information on 
the ra te s t ructure in such storms. 

The reader is referred to the above publications for de ta i l s on the 
two s tud ies . Here, we are concerned primarily with reporting the resu l t s of 
a recent study of gradients in monthly and seasonal p rec ip i ta t ion . Along 
with the e a r l i e r s tud ies , these resul ts provide quant i ta t ive estimates of 
prec ip i ta t ion gradients in I l l i n o i s and other regions of the Midwest for time 
intervals ranging from one minute to several months. These studies certainly 
do not answer a l l of the questions which users may have, but they do add to 
our basic knowledge on the natural d is t r ibut ion of prec ip i ta t ion . 

Approach Used in Monthly Analyses 

The basic source of data was monthly isohyetal maps prepared from data 
collected during the 1955-1966 period on the 400-mi2 network (Fig. 2) . Gage 
25 at the center of the network was designated as the comparison gage. A 
c i rcular overlay centered at the comparison gage was placed over each map. 
Amounts were then read at 1-mile intervals at 8 points of the compass to 
obtain a representative sample about the comparison gage. Next, the 8-direction 
average was tabulated for each in te rva l . A range of 10 miles about the 
comparison gage was provided by the network. 

In the analyses, the monthly data were divided into two groups. The 
f i r s t included the growing season months of May through September, and the 
second contained the months of October through April . 

For each seasonal grouping, the monthly precipi ta t ion was grouped further 
according to to t a l amount at the comparison gage. At each distance in t e rva l , 
the difference of the 8-point average from the comparison gage was determined 
in both inches and percent. The comparison gage amounts were divided in to 
monthly to t a l s having (1) less than 2.00 inches, (2) 2.00-3.99 inches, and 
(3) 4.00 inches or more. The sample size was not considered adequate for a 
more detai led division according to monthly prec ip i ta t ion . The above groupings 
provide estimates for months with re la t ive ly l i gh t , moderate, and heavy 
prec ip i ta t ion in the experimental area. 

Results of Monthly Analyses 

Results of the monthly analyses are summarized in Figs. 12-13. In these 
f igures , the sol id curves show the average difference from the comparison gage 
in percent with increasing dis tance. The extreme gradients (dashed l ines) are 
defined by the upper 95% confidence band (2 standard deviat ions) . Because 
differences were small and exhibited an e r r a t i c t rend, the October-April curves 
for monthly precipi ta t ion of less than 2.00 inches and 2.00-3.99 inches have 
been combined. Examination of U. S. Weather Bureau monthly normals for 1931-1960 
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indicate maximum climatic differences of less than 5% in monthly prec ip i ta t ion 
in the 10-mile radius about the comparison gage. Maximum differences occur at 
8-10 miles. Because of the small climatic differences, no effort has been made 
to correct the curves for climatic variation across the network. 

Fig. 12 shows relat ions for the growing season months of May through 
September when thunderstorms and rainshowers produce most of the p rec ip i t a t ion . 
Consequently, spa t i a l r e la t ive var iab i l i ty is re la t ive ly large but tends to 
decrease with increasing precipi ta t ion (Huff and Shipp, 1968). This is reflected 
in the curves which show a general trend for the percentage differences to 
decrease as the monthly t o t a l at Gage 25 increases. 

However, Fig. 13 for the months of October through April shows the 
opposite trend. Reference to data for individual months showed that this trend 
resu l t s primarily from the dominance of steady-type precipi ta t ion in the la te 
f a l l and winter months which contribute a majority of the samples in the l igh t 
precipi ta t ion group (less than 2 inches). Conversely, the months with re la t ive ly 
heavy precipi ta t ion (4 inches or more) resu l t primarily from unstable types of 
precipi ta t ion (TRW, RW) whether they occur in f a l l , winter, or early spring. 
Therefore, spa t i a l re la t ive va r i ab i l i ty tends to be large. Although heavy 
precipi ta t ion shows larger differences in the cold season months than in the 
growing season, it only contributes 17% of the t o t a l October-April cases compared 
with 30% of the May-September months. 

The major difference in the monthly precipi ta t ion gradients between the 
growing and cold seasons is with the re la t ive ly l ight amounts ( less than 2 
inches). Here, the growing season exhibits substant ia l ly larger gradients . 
From the extreme gradient curves it is apparent that t o t a l monthly precipi ta t ion 
does not exert a strong control on the variation of point r a in f a l l with distance 
from a sampling point . Furthermore, correlation analyses indicated re la t ive ly 
low correlation between the variat ion of precipi ta t ion with distance (D) and 
both monthly precipi ta t ion (P) and distance between points (M). Simple and 
multiple correlation coefficients are shown in Table 31. 

Table 31. Correlation coefficients between D, P, 
and M in monthly prec ip i ta t ion . 

Season D - P D - M D - P ,M 

May - September 0.44 0.23 0.53 
October - April 0.61 0.17 0.63 

The multiple correlat ion coefficients indicate only 28% of the variance 
explained by P and M in the growing season months and 40% in the cold season. 
A major cause of the low correlat ion is that the monthly precipi ta t ion gradients 
are determined by the areal storm pa t te rns , par t icular ly the heavy storm pat te rns . 
Consequently, the monthly summation of these patterns can produce a re la t ive ly 
large range of differences with distance from a given sampling point (raingage) 
in specif ic months, although long-term means over the sampling area may be 
s imilar . 
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Figure 12. Variation of monthly prec ip i ta t ion with distance in 
May-September period. 
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Figure 13. Var ia t ion of monthly p r e c i p i t a t i o n with d i s tance in 
October-Apri l pe r iod . 
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Figs. 12-13 provide quant i ta t ive information on the natural variat ion 
of monthly point r a in fa l l with dis tance, and, consequently, provide guidance 
for establishing sampling networks for various purposes in I l l i n o i s and areas 
of similar climate and topography. The necessity for dense networks to 
determine small changes in precipi ta t ion with distance in specif ic months is 
apparent from these curves. For example, they indicate that the average 
monthly difference during the growing season reached 10% at a distance of 
approximately 2 miles for monthly to t a l s less than 2 inches at the comparison 
gage and at 3 miles for amounts of 2.00-3.99 inches. However, the extreme 
gradient curves indicate that the difference with a l l monthly amounts may 
occasionally exceed 10% at ranges of 1 to 2 miles from a raingage. 

Seasonal Analyses 

Seasonal to ta ls for the 5-month growing season, May-September, were 
used to obtain a measure of the point r a in f a l l gradient on a seasonal b a s i s . 
Results are summarized in Fig. 14. All data were combined, since there were 
12 complete samples with equivalent gage density, and p lo t t ing of the data 
indicated an e r r a t i c trend between seasonal t o t a l prec ip i ta t ion and variat ion 
with distance. As expected, the percentage variat ion in precipi ta t ion with 
distance from the comparison gage decreased substant ia l ly from that in 
monthly prec ip i ta t ion . In the 12-yr period sampled, the average percentage 
variat ion with increasing distance remained essent ia l ly constant after reaching 
a value of 6% at 3 miles. However, the extreme gradient curve shows the 
typica l increasing variat ion with distance. 

For comparison purposes, Tables 32 and 33 obtained from the e a r l i e r 
studies of storm r a i n f a l l gradients (Huff, 1967b) and ra in fa l l ra te gradients 
(Huff, Shipp, and Schickedanz, 1969) are presented. Used in conjunction with 
Figs. 12 and 13, they provide information on the natural variation of r a i n f a l l 
with distance, on the average, as the time integrat ion increases from one 
minute to a 5-month season. For example, the average percentage difference 
in point r a i n f a l l rates 2 miles apart with a moderate summer ra te of 0.50 
inch/hour is 63% (Table 32). With a moderate monthly ra in fa l l of 3.50 inches 
in the May-September per iod, the average difference at 2 miles is only 8% 
(Fig. 12). The seasonal curve for May-September (Fig. 14) shows a 2-mile 
average difference of 5%. 

Table 32. Average variation of 1-minute r a in fa l l 
rates with distance. 



- 73 -

Figure 14. Variation of seasonal precipi ta t ion with distance. 
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Table 33. Average variation of storm r a in fa l l with 
distance in warm season storms. 

Conclusions 

The development of monthly and seasonal relat ionships for estimating 
precipi ta t ion gradients in the Midwest, along with the resu l t s of e a r l i e r 
studies of t o t a l storm r a i n f a l l and 1-minute r a in f a l l ra te gradients , 
provide background knowledge of natural spa t i a l variat ions that should be 
useful in the establishment of weather modification verif icat ion programs. 
This knowledge should also be of in te res t to c l imatologis ts , hydrologis ts , 
a g r i c u l t u r i s t s , and others concerned with the establishment of r a in f a l l 
measurement networks. 

Extremely dense raingage networks would be required to measure 
accurately the spa t i a l d is t r ibut ion of instantaneous r a i n f a l l r a t e s . The 
operation, data col lec t ion , and data reduction would be extremely d i f f i cu l t 
with an adequate network of gages extending over hundreds or thousands of 
square miles as would be required in most weather modification pro jec t s . 
Unless radar can be adapted to the measurement of r a in f a l l r a t e s , the rate 
parameter is not too promising as an evaluator of weather modification 
effects through quanti tat ive comparisons of r a i n f a l l in tens i ty pat terns or 
point in t ens i t i e s in seeded and non-seeded s i tua t ions . Areal comparisons 
are t rea ted in another section of th i s report . 

The problem lessens gradually as time integrat ion increases , and the 
background interference from natural variations becomes re la t ive ly small 
with seasonal r a i n f a l l . Therefore, comparison of seasonal patterns and point 
r a in fa l l difference on a seasonal basis should be useful in the ver i f icat ion 
of seeding-induced ef fec ts . 

TIME DISTRIBUTION MODELS OF STORM RAINFALL 

Previous Research 

Huff (1967a) used data from 261 storms on the 400-mi2 network in east 
central I l l i n o i s (Fig. 2) to derive time dis t r ibut ion r e l a t ions . The time 
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dis t r ibut ions were expressed as cumulative percentages of storm ra in fa l l 
and storm duration to enable valid comparisons between storms and to simplify 
analyses and presentation of data. Relations were developed for point r a in f a l l 
and for areal mean r a in fa l l on areas of 50 to 400 mi2 . Rainfall d is t r ibut ions 
were grouped according to whether the heaviest r a in f a l l occurred in the f i r s t , 
second, t h i rd , or fourth quarter of a storm. 

Other analyses showed storm duration and storm mean ra in fa l l explaining 
only a small portion of the variance between storms, when the time dis t r ibut ions 
were c lass i f ied by quar t i le and expressed as percentages of t o t a l storm duration 
and r a i n f a l l . Part of the effects of duration and mean ra in fa l l are absorbed 
in the quar t i le groupings, which showed a trend for the longer, heavier storms 
to dominate the fourth quar t i le grouping, whereas short duration storms accounted 
for a major portion of the f i r s t and second quar t i l e groups. As a resu l t of 
these analyses, it was considered more log ica l , as a f i r s t approximation, to 
determine average r a in fa l l dis t r ibut ions for point and areal mean ra in fa l l by 
quar t i le group only. 

Areal groupings showed only small changes in the time dis t r ibut ion with 
increasing size of sampling area from 50 to 400 mi2 . Thus, an average 
relat ionship for areas of 50 to 400 mi2 combined was determined, and specif ic 
area dis t r ibut ions expressed as departures from the average in presenting the 
r e su l t s . 

The time dis t r ibut ions were expressed in probabil i ty terms because of 
the great va r i ab i l i ty in the character is t ics of the dis t r ibut ion from storm to 
storm. Numerous factors contribute to the storm variance, but no single parameter 
dictates the character is t ics of the d is t r ibu t ion . Among the factors are the 
stage of development of the storm, the size and complexity of the storm system, 
r a in fa l l type, synoptic storm type, location of the sampling area with respect 
to the storm center, and the movement of the storm system across the sampling 
region. Probabili ty dis tr ibut ions allow select ion of a time dis t r ibut ion most 
appropriate for a par t icu la r application. 

In the study discussed above, smoothed time dis t r ibut ions were obtained 
from 30-minute r a in fa l l to ta l s throughout each storm. Furthermore, the re la t ions 
were based upon heavy storms in which areal mean r a in fa l l exceeded 0.50 inch 
and/or point amounts of 1 inch or more were recorded in the sampling area. Thus, 
the appl icabi l i ty of the resul ts to storms of l esse r in tensi ty and to those in 
which the r a in f a l l was accumulated over shorter in tervals of time was questionable. 

The foregoing questions were c lar i f ied considerably in a l a t e r study of 
the time dis t r ibut ions character is t ics of 1-minute r a in fa l l amounts in a 50-storm 
sample. This sample was comprised primarily of warm season storms and contained 
storms varying in in tens i ty from l ight to moderate to heavy (Huff, Shipp, and 
Schickedanz, 1969). Following the same procedure used in the 196 7 study, excellent 
agreement was found between the time dis t r ibut ion properties of 1-minute r a in f a l l 
and t o t a l storm r a i n f a l l . 

Therefore, it was concluded that the resu l t s of the ea r l i e r study of 261 
storms is applicable, as a f i r s t approximation, for deriving the time d is t r ibu t ion 
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charac ter i s t ics of a l l types of storms in which unstable types of rain 
predominate. The large sample of 261 storms provides a more re l iab le 
determination of model time dis t r ibut ions with various probabi l i t ies of 
occurrence. 

Time Distribution Models 

S t a t i s t i c a l models of time dis t r ibut ions for each quar t i le are shown 
in Figs. 15 to 18 for areas of 50 to 400 mi2 combined. These are considered 
typica l of midwestern, warm season storms or cold season storms in which 
unstable r a in fa l l types are the major rain producers. Combining a l l a reas , 
33%, 33%, 23%, and 11%, respect ively, of the storms were c lass i f ied as f i r s t , 
second, t h i rd , and fourth quar t i le storms. No d i s t i nc t trend in quar t i le 
types was found with increasing area, although there was considerable 
fluctuation between areas. The s t a t i s t i c a l models are smooth curves ref lect ing 
the average r a i n f a l l d is t r ibut ion with time and, therefore , do not exhibit 
the burst character is t ics of a mass r a in f a l l curve. Probabili ty levels from 
10% to 90% are shown, but the 50% level (median) has been s t ressed by a 
heavier l i n e , since it is probably the most useful s t a t i s t i c from the standpoint 
of most users of r a i n f a l l data. 

Interpretat ion of the curves can be i l l u s t r a t e d by referr ing to the 
f i r s t quar t i le d is t r ibut ions in Fig. 15. The 10% curve is typical of storms 
in which the r a in fa l l is concentrated in an unusually short portion of a storm. 
It indicates a chance of 1 in 10 that a f i r s t quar t i le storm wi l l have at 
l e a s t 89% of i t s r a i n f a l l in the f i r s t quarter of the storm period and over 
95% in the f i r s t one-half of the storm. The 50% curve shows 63% and 86% of 
the r a i n f a l l at 25% and 50% of the storm period. The 90% curve ref lec ts an 
unusually uniform dis t r ibut ion for f i r s t quar t i le storms. It may be 
interpreted as the d is t r ibut ion that wi l l occur in 10% or less of the storms. 
Thus, this curve shows tha t in 10% of the storms, 39% or less of the rain wi l l 
occur in the f i r s t quarter of the storm and 57% in the f i r s t one-half of the 
storm. 

The curves at the various probabil i ty levels reveal character is t ics of 
cer ta in storm types. For example, the 10% probabil i ty curve of f i r s t quar t i le 
storms discussed above is most frequently associated with re la t ive ly short 
duration storms, such as the passage of an in tense , prefrontal squall l ine in 
which l igh t rain fa l l s from the middle cloud deck system for substant ia l 
periods following the major rain burs t s . Similarly, the dis t r ibut ion at the 
90% level is most l ikely to be associated with longer duration storms, in 
which the rain is more evenly d is t r ibuted during the storm period, and is often 
dominated by a ser ies of rainshowers or a combination of showers and steady 
ra in . 

In the fourth quar t i l e storms, the d is t r ibut ion at the 10% level is 
common to the passage of a large-scale weather system with warm frontal 
r a i n f a l l at the s t a r t of the storm and more intense cold frontal r a in fa l l 
near the end. The 90% dis t r ibut ion may be associated with the approach and 
passage of a low pressure center through or near the sampling region, when 
l i gh t r a i n f a l l may precede the center passage for several hours and the 
r a i n f a l l in tens i ty maximizes as the center passes. 



Figure 15. Time dis t r ibut ion of f i r s t - q u a r t i l e storms. 



Figure 16. Tine dis t r ibut ion of second-quartile storms. 



Figure 17. Time dis t r ibut ion of th i rd-quar t i l e storms. 



Figure 18. Time dis t r ibut ion of fourth-quart i le storms. 
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In concluding the discussion of time dis t r ibut ion cha rac te r i s t i c s , it 
is emphasized that the re la t ions presented here are empirically derived. They 
are not submitted as exact mathematical re la t ionships , but rather as f i r s t 
approximations of a hydrometeorlogical parameter for which quanti tat ive 
knowledge is sparse. 

Figs. 19 and 20 provide additional information on the time character is t ics 
of storm r a i n f a l l . Fig. 19 shows median quar t i le curves for point r a in f a l l and 
Fig. 20 shows how the f i r s t quar t i le point curve differs from that for the 
largest area studied (400 mi ). The point curve indicates larger percentages 
of the t o t a l r a in fa l l at the s t a r t of storms. This tendency appears logical for 
rain on smaller areas. If one assumes a storm of given intensi ty and areal 
extent moving across two areas of appreciably different s i z e , the smaller area 
wi l l receive a larger percentage of i t s areal mean ra in fa l l in the early part 
of the rain period, par t icu la r ly if the storm is smaller than the network in 
areal extent . Table 34 i l l u s t r a t e s the differences between the average curve 
for 50 to 400 mi2 and specif ic areas in f i r s t quar t i le storms. 

Table 34. Differences between average curve and specif ic areas 
for 50% probabil i ty level in f i r s t - q u a r t i l e storms. 

Conclusions 

The time dis t r ibut ion character is t ics of storm ra in fa l l in midwestern 
warm season storms have been defined quanti tat ively in considerable de t a i l by 
the s t a t i s t i c a l models presented in th is study. Application of these models 
as a verif icat ion too l in weather modification experiments does not appear 
promising at th is time because of the large va r i ab i l i t y in storm time dis t r ibut ions 
that resu l t s from multiple causes. That i s , the interference level of natural 
va r iab i l i ty is too great for the detection of modest changes resul t ing from 
cloud seeding within a reasonable length of time. 



Figure 19. Median quar t i le curves Figure 20. Differences between point 
of point r a i n f a l l . and 400 mi2 curves. 
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USE OF DIURNAL RAINFALL PROPERTIES IN EVALUATING SEEDING EXPERIMENTS 

Climatologically, the diurnal dis t r ibut ion of r a in fa l l is characterized 
by maxima and minima in the hourly dis tr ibut ion of r a in f a l l in areas of similar 
precipi ta t ion climate. The dis t r ibut ion of maxima and minima may vary somewhat 
between seasons in a given area. For example, I l l i n o i s studies have been made 
of the diurnal d i s t r ibu t ion , based on records from 30 s ta t ions in the 10-yr 
period, 1948-195 7. These studies have shown that the dis t r ibut ion of hourly 
mean r a in fa l l is characterized by a well-defined winter maximum occurring during 
the night. In most areas of the s t a t e , a winter minimum occurs in la te forenoon 
or early afternoon. In summer a well-defined minimum is found near noon in 
a l l sect ions. The primary maximum in summer occurs during the la te afternoon 
or evening in the southern part of the s t a te and during early morning in the 
northern pa r t . 

If the diurnal d is t r ibut ion for a given region and season remained 
re la t ive ly stable from year to year and cloud seeding substant ia l ly al tered 
the magnitude and/or time sequence of the maxima and minima, then the diurnal 
d is t r ibut ion could serve as a valuable tool in the verif icat ion of weather 
modification experiments. Cloud seeding is frequently performed in la te forenoon 
and afternoon to attack developing cumulus in summer when agr icul tura l requirements 
for water maximize. This seeding, if e f fec t ive , would very l ikely affect the 
in tensi ty and, perhaps, the time dis tr ibut ion of the afternoon maxima. 

A limited invest igat ion was made of the appl icabi l i ty of diurnal r a in f a l l 
d is t r ibut ions in the evaluations of weather modification experiments. For th i s 
purpose, data from two hypothetical cloud seeding targets were used. These 
were the two dense networks in central and southern I l l i n o i s (ECI and LEN) which 
include areas of 400 and 550 mi2 . ECI is typical of the precipi ta t ion climate 
of the North Central Section (Fig. 19), whereas LEN is within the Southeast 
climatic sect ion, as defined by Huff and Neil l (1959). All recording gages in 
each network were used to obtain average dis t r ibut ions of mean hourly ra in fa l l 
during summer for the 5-yr period, 1960-1964. These dis t r ibut ions were then 
compared with the 10-yr sect ional dis tr ibut ions obtained in the e a r l i e r study 
(1948-1957) described above. 

Fig. 21 shows the diurnal distr ibutions obtained in the 1948-1957 and 
1960-1964 analyses. Normalization of the curves was achieved by expressing each 
hourly amount as a percentage of the mean for a l l hours of the day. This was 
done merely to f a c i l i t a t e interpretat ion of the r e l a t ions . Some smoothing of 
the curves in each case was obtained by using 3-hourly moving averages. 

A much greater fluctuation in mean r a in fa l l between hours is shown in the 
network curves, especial ly in the North Central Section. However, the network 
curves are derived from a shorter sampling period and averaging is over a very 
small area compared with the climatic sect ions. Otherwise, there is considerable 
s imi lar i ty between the time sequences of maxima and minima on comparable curves. 
The major maximum and minimum on ECI correspond closely in time with those in the 
North Central Section. The ECI afternoon maximum is quite pronounced, whereas 
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Figure 21. Comparison of diurnal d is t r ibut ions between climatic 
sections for two sampling periods. 
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the climatological average shows l i t t l e evidence of a secondary maximum. 
The major maximum on LEN corresponds quite well with the Southeast major peak; 
otherwise, there is considerable difference in the occurrence of peaks and 
valleys in the diurnal d is t r ibut ion . Overall, Fig. 21 indicates substant ia l 
differences between the network and climatic section curves, but the variations 
appear to be no greater than has been observed with other precipi ta t ion 
parameters. 

Of primary in te res t in weather modification experiments, however, would 
be the s t a b i l i t y of two or more samples of diurnal d is t r ibut ions drawn from the 
same storm population. For example, samples from seeded and non-seeded days 
during an experiment are used to verify seeding effects . The problem of natural 
va r i ab i l i ty between such samples is t reated in the section of th is report 
dealing with downwind effects from the Project Whitetop experiments. Consequently, 
those resu l t s wi l l not be repeated here. 

The overall conclusion from the diurnal studies is that na tura l va r iab i l i ty 
is a major problem in verifying cloud seeding effects through use of diurnal 
r a in f a l l d i s t r ibu t ions . However, i t i s also concluded that natural va r i ab i l i ty 
is no more of a problem than it is with other r a in fa l l parameters that are or 
could be used in verifying seeding ef fec ts . Therefore, it is recommended that 
s t a t i s t i c a l evaluation of seeding effects on diurnal dis t r ibut ions serve as one 
of several tools used in evaluating changes in surface prec ip i ta t ion produced by 
cloud seeding. 

SEQUENTIAL VARIABILITY AND LAG CORRELATIONS 
OF STORM PRECIPITATION 

Sequential Variabil i ty 

Interstorm var iab i l i ty of areal mean precipi ta t ion was investigated 
through calculations of sequential var iab i l i ty (Conrad and Pollack, 1950). 
As employed in this study, the sequential va r iab i l i ty (D) was obtained by 
dividing the summation of consecutive differences in storm mean r a in fa l l 
by N - 1, where N is the number of storms in the sample. D takes account 
of both the magnitude and sequence of the sample mean precipi ta t ion (P) in 
characterizing the time va r i ab i l i t y . Therefore, it was considered preferable 
to the standard deviation or average deviation of P, which are more commonly 
used measures of time var iab i l i ty that evaluate only the magnitude of the 
items in a time se r i e s . 

Dividing D by P and multiplying by 100 provides a measure of the time 
re la t ive var iab i l i ty (Vd) which is useful for comparing D among various storm 
samples. In the I l l i n o i s study, th is var iab i l i ty measure was used to compare 
the interstorm var iab i l i ty between seasons and years. 
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Data for the period January 1960 through April 1965 from the East 
Central I l l i n o i s Network (Fig. 2) were used in the study. The storm data 
were grouped in to the two seasons, May-September and October-April, used 
throughout this report . Also, the same storm definit ion was used. 

Results of the D study are summarized in Table 35 for each season in 
each of the 5 years . Vd had a s l igh t ly smaller median and yearly range of 
values in October to April than in May to September. However, the difference 
is not considered large enough to attach climatic significance to i t . The 
major conclusion apparent from Table 35 is that interstorm var iab i l i ty is 
re la t ive ly large in a l l seasons. 

Table 35. Sequential va r i ab i l i ty of storm prec ip i ta t ion . 

Number 
of May-September 

Year s t o r m s D ( i n ) P ( i n ) Vd (%) 

1960 68 0 .35 0 . 2 6 135 
1961 49 0 .59 0 . 4 6 128 
1962 50 0 .46 0 .36 128 
1963 40 0 . 3 5 0 .30 117 
1964 46 0 .39 0 . 3 3 118 

Median 49 0 .39 0 . 3 3 128 

O c t o b e r - A p r i l 

1960 53 0 . 3 7 0 .30 123 
1961 66 0 . 3 3 0 . 2 5 132 
1962 65 0 . 2 5 0 .20 125 
1963 6 3 0 . 3 8 0 . 3 0 127 
1964 52 0 . 4 1 0 . 3 3 124 

Median 63 0 . 3 7 0 .30 125 

Lag Correlations 

The presence of time trends in storm mean prec ip i ta t ion was investigated 
through calculation of lag correlations for lags of 1 to 30 storms in the 
1960-1965 sample. The data were again divided into the two seasons, May-September 
and October-April, for th i s invest igat ion. Results are summarized in Fig. 22 
which shows graphically the correlat ion pat terns for each season in each of the 
five sampling periods. 
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Figure 22. Lag correlations of storm precipi ta t ion grouped by season. 
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Examination of Fig. 22 shows a consistent trend for a posi t ive peak in 
the correlat ion between storm separations of 26 to 28 in the May-September 
period, and a less pronounced trend at the same separation in the October-April 
storms. This corresponds approximately to a time lag of 25 to 30 storm days 
with the storm defini t ion used here. Several weak trends in correlat ion can 
be discerned, but may merely ref lec t the vagaries of storm sampling over a 5-yr 
period. 

Primarily, the graphs in Fig. 22 s t ress the lack of correlat ion between 
consecutive storms. A rapid drop in correlation to values in the range of 0.0 
to 0.2 with a 1-storm lag occurred in a l l years except 1963 in both seasons. 
However, in 1963 the 1-storm lag correlations were less than 0 . 3 , and thus , 
explain less than 10% of the variance. 

Even within storms the lag correlat ion decreases rapidly. In an e a r l i e r 
study (Huff, Shipp, and Schickedanz, 1969), the lag correlat ion coefficients 
of 1-minute point and areal mean r a in f a l l on 100 mi2 were found to approach zero 
at an average lag of 15 minutes in warm season storms. 

Conclusions 

The large sequential va r iab i l i ty and the lack of correlat ion between 
consecutive storms further support the conclusions of the previous section 
regarding the l imited use of time dis t r ibut ion parameters as ver i f icat ion 
tools in precipi ta t ion modification experiments. 

SAMPLING ERRORS IN MEASUREMENT OF MEAN PRECIPITATION 

Introduction 

The accurate measurement of mean precipi ta t ion is important in weather 
modification applications and other f i e ld s , such as hydrology, and agr icul tura l 
research. Evaluation of sampling requirements under various meteorological 
conditions has been hampered great ly in the past by the lack of dense raingage 
networks to provide sui table data for th i s purpose. Several invest igators 
have made limited studies in which sampling error was re la ted to storm mean 
r a in f a l l and size of sampling area to obtain estimates of gage density 
requirements. Among these were Light (1947), Linsley and Kohler (1951), Huff 
and Neil l (1957), and McGuinness (1963). 

This paper summarizes resu l t s of a study extending the e a r l i e r work of 
Huff and Nei l l (1957) in I l l i n o i s . In the present study, the effects of season, 
precipi ta t ion type, synoptic weather type, and storm duration on the sampling 
error of storm mean r a in fa l l estimates have been inves t igated, in addition to 
the usual parameters, mean prec ip i ta t ion and size of sampling area. Also, the 
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study has been extended to include ra in fa l l r a t e , monthly, and seasonal 
r e l a t ions . The resu l t s should be considered representative only for the 
Midwest and other areas of similar climates. For example, the resu l t s are 
not transposable to the arid climates of southwestern United States . 

Data Used 

Data from the two dense networks in central and southern I l l i n o i s 
(Fig. 2) were used in the storm, monthly, and seasonal analyses. Data from 
a special network of 50 recording gages in 100 mi2 were used in the r a in f a l l 
ra te analyses. These gages, operated during 1952-1953, were equipped with 
an enlarged orif ice and 6-hour charts to permit measurement of 1-minute amounts 
(Huff and Nei l l , 1956). ECIN was subdivided also to provide data for areas of 
50, 100, and 200 mi2 . The storm study was based primarily on data for the 5-yr 
period, 1960-1964. Data available on ECIN for the 5-yr period, 1955-1959, were 
used for comparison with resul ts of the 1960-1964 storm study. The ECIN data 
for 1955-1966 were used in the monthly and seasonal analyses. The ECIN analyses 
were r e s t r i c t ed to the warm season since the network was reduced to 25 gages 
from la te f a l l to spring. LEN operated without reduction throughout the year. 

Data from the Shawnee and L i t t l e Egypt combined networks (SHLEN) were 
available for a 3-yr period, 1965-1967. These data were used to obtain f i r s t 
approximations of sampling requirements for areas of the order of 1000 mi2 . 
This network (Fig. 1) consisted of 62 gages on 1125 mi2 , or approximately one 
gage per 18 mi2. 

Analytical Procedures 

On LEN the data were divided into the two seasons used throughout th i s 
report ; these are the major growing season (May-September) and the period of 
maximum water supply replenishment (October-April). The ECIN analyses had 
to be limited to the May-September period because winter gage density was 
considered inadequate for this study. Within each season, the storm data were 
analyzed further after s t ra t i fying by precipi ta t ion type and synoptic weather 
type. 

Storm sampling er ror was re la ted to mean prec ip i ta t ion , storm duration, 
and gage density within each grouping l i s t ed above. Since storm r a i n f a l l is 
not normally d is t r ibuted, several data transformations were investigated to 
ascertain the best method of approaching normalization of the data. 
Transformations included logarithms, square roo ts , cube roots , and combinations 
of these transformations in the empirical regression equations used to f i t 
the data. Transformations used were based upon ea r l i e r studies of the author 
and other invest igators mentioned e a r l i e r . 

The e a r l i e r studies of Huff and Nei l l (1957) and others did not include the 
storm duration factor. However, Huff and Shipp (1968) have shown that storm duration 
has a s l igh t influence on the spa t ia l va r i ab i l i ty beyond that explained by mean 
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prec ip i ta t ion alone; therefore , it was included since the sample was considered 
adequate to evaluate the duration effect . 

The ECIN sample included 296 storms in the 1960-1964 period, whereas LEN 
had 333 storms in the May-September period and 316 during the October-April 
period. The ECIN had 285 storms in the May-September period, 1955-1959. Storms 
varied in duration from less than 1 hour to approximately 48 hours. 

1960-1964 Storm Relations 

Data transformation t e s t s based upon multiple correlat ion analyses 
indicated a s l igh t superior i ty for logarithms, followed by cube roo t s , square 
roo t s , and the logarithm-square root combination used by Huff and Nei l l in 
t h e i r e a r l i e r study. Table 36 i l l u s t r a t e s the transformation comparisons in 
each season on the two networks of 400 and 550 mi2 for a l l storms combined. 
Most of the discussions that follow wi l l be r e s t r i c t ed to resu l t s obtained 
from the general equation 

where E is the average sampling error in inches, P is the areal mean 
prec ip i ta t ion in inches, G is gage density in mi2/gage, T is storm duration in 
hours , and a, b, c, and d are constants. E represents the difference between 
the best estimate of the t rue mean (P) , obtained from the maximum density of 
raingages on each network, and the sample mean precipi ta t ion (Pg) calculated 
from the gage amounts for a given value of G. For example, assume tha t the best 
estimate of mean r a in fa l l in a storm on the 400 mi2 network, as measured by a l l 
49 gages, was 1 inch (P) , whereas a reduced network of 25 gages (G = 16) 
indicated a mean of 0.9 inch (Pg). Then, E is equal to 1.0 - 0.9, or 0.1 inch. 

Table 36. Multiple correlat ion coefficients for empirical 
equations using various data transformations. 
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For each season on each area, individual equations were developed. 
These were determined for a l l seasonal data combined and for the seasonal 
data grouped by precipi ta t ion and synoptic storm type. Table 37 shows 
intercepts and regression constants for each May-September equation on each 
sampling area during the 1960-1964 period. All available r a in fa l l data were 
combined in obtaining these equations. Also, the LEN equation for October-April 
is shown at the bottom of the t ab le . Standard errors for the various 
regression constants are included to indicate the r e l i a b i l i t y of the computed 
values. The standard error increases with decreasing area and is greates t on 
the regression constant for gage density. 

Table 37. Logarithmic equation constants derived 
from 1960-1964 data. 

Sampling . Regression constants area 
(mi2) Intercept P_ G_ T_ 

May-September 

50 -2.0040 0.66 0.57 -0.17 
100 -2.9287 0.67 1.24 -0.20 
200 -2.7583 0.68 0.97 -0.28 
400 -2.4720 0.64 0.69 -0.23 
550 -2.5587 0.68 0.73 -0.26 

October-April 

550 -2.9092 0.57 0.70 -0.17 

A combined equation representing a l l of the sampling areas would be 
desirable for interpolating between the specif ic areas used here , and for 
smoothing the relat ions obtained from separate areas located in the same or 
very similar climatic and physiographic regions. Inspection of Table 37 
indicated no definite trend in the May-September regression constants with 
increasing area. Therefore, it was decided to combine a l l network data into 
a single expression. This resulted in the following equation: 

where A is area and the other variables are the same as in Eq. 14. Standard 
errors of estimate for the regression coefficients on P, G, T, and A were 
re la t ive ly small with values of 0 .01 , 0.04, 0.04, and 0.02, respect ively. 
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Difference obtained between the individual area and combined equations 
are i l l u s t r a t e d in Table 38 for G = 50 mi2/gage, P = 1.0 inch, and T = 6 
hours. Except for the 100-mi2 area that had disrupted a logical trend between 
the several individual equations, the agreement between the combined and 
individual equations is excellent in view of the natural spa t ia l va r i ab i l i t y 
of precipi ta t ion data (Huff and Shipp, 1968). Consequently, the combined 
equation is recommended for use instead of the individual equations. 

Table 38. Comparison between individual and combined equations 
in May-September storms for P = 1.0 i n , T = 6 h r , 
and G = 50 mi2/gage. 

Average sampling er ror (in) for given area (mi2) 
Equation 50 100 200 400 550 

Individual 0.07 0.11 0.06 0.03 0.03 
Combined 0.09 0.07 0.05 0.04 0.03 

At th is point , it may be of i n t e r e s t to inspect the differences obtained 
between equations based on logarithmic and cube root transformations, since 
the l a t t e r was a close second choice in the equation se lec t ion . Table 39 
i l l u s t r a t e s the degree of difference, based upon individual equations for LEN 
in May-September storms for P = 1.0 inch and T = 6 hours. Only small differences 
occur with the cube root equation yielding s l igh t ly larger values. This 
comparison is typical of differences found for other areas and other values 
of P and T. 

Table 39. Comparison of sampling errors on 400 mi2 from logarithmic 
and cube root transformations in May-September storms 
for P = 1.0 in , and T = 6 hr . 

Gage 
density 

(mi2/gage) 
Average sampling error ( in) 
Logarithmic Cube root 

25 0.02 0.03 
50 0.03 0.04 

100 0.05 0.07 
200 0.09 0.11 
400 0.14 0.16 
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Sampling errors calculated from Eq. 15 are shown in Fig. 23 for selected 
gage densities and storm durations on an area of 400 mi2 (ECIN). This figure 
i l l u s t r a t e s quant i ta t ively how the sampling error increases with increasing 
mean ra in fa l l and decreases with increasing sampling density and storm duration. 

Eq. 15 provides estimates of the average sampling e r ro r . However, 
the r a in fa l l gradient and, consequently, the sampling e r ror of storm mean 
precipi ta t ion wi l l vary greatly between storms of s imilar volume and duration, 
par t icu lar ly during showery types. For example, in tens i ty and spa t i a l 
d is t r ibut ion of the individual storm cells comprising a storm wi l l affect i t s 
areal pattern uniformity. As shown by Huff and Stout (1952), the location of 
the storm center with respect to the sampling area s ignif icant ly affects the 
s p a t i a l va r i ab i l i t y . The direction of movement and or ientat ion of the storm 
axis also influences the pat tern charac te r i s t i cs . Precipi ta t ion type and synoptic 
storm type affect the sampling e r ro r . Except for mean p rec ip i t a t ion , duration, 
and average in tens i ty , i t is d i f f i cu l t , if not impossible, to express these 
sampling error factors in quanti tat ive terms. Thus, unless huge samples are 
available to permit grouping of the data according to a l l of these various factors , 
the sampling error with a given gage density in a pa r t i cu la r storm cannot be 
defined with a high degree of accuracy. 

The great amount of va r iab i l i ty about the average sampling error is 
i l l u s t r a t e d in Fig. 24. Here, sampling error (%) has been plot ted against 
network mean ra in fa l l (inches) for a l l May-September storms in the 1955-1964 
period in which the areal mean was 0.01 inch or more and storm duration was 
3 hours or l e s s . Since sampling error changes slowly with storm duration, 
th i s duration grouping should contribute only a small portion of the interstorm 
variat ion shown in the graph. The sampling errors are for a gage density of 
16 mi2/gage (25 gages) on the 400-mi2 network. The sol id l ine represents 
the median and the dash l ines encompass 95% of the observations. Although 
the absolute sampling e r ro r increases with increasing mean ra in fa l l (Fig. 23), 
the percentage er ror decreases as shown in Fig. 24. 

Fig. 24 shows the sampling error ranging from less than 1% to 60% in the 
95-% envelope for a storm mean of 0.01 inch. Similarly, for a 1-inch mean the 
sampling error ranges from near zero to 14% with a median of 2.5%. The diff icul ty 
in defining the sampling error accurately in specif ic storms is emphasized by 
th is data p lot . As the gage density becomes l e s s , the variat ion about the mean 
becomes greater . For example, a similar plot for a gage density of 50 mi2/gage 
showed the 95-% envelope of sampling errors for a 1-inch mean ranging from less 
than 1% to nearly 40%. 

Data from LEN (49 gages in 550 mi2) were used to make comparisons 
between sampling requirements during the May-September and October-April 
periods. Showery precipi ta t ion prevails and small-scale a i r mass storms are 
frequent in the May-September period, whereas large-scale systems and steady 
precipi ta t ion types are much more frequent from October to April . Using the 
seasonal equations for 550 mi2 (Table 37), Table 40 was constructed for 
comparison purposes. In th i s t a b l e , the r a t i o of the average sampling er ror 
in May-September 6-hour storms to that in similar October-April storms is 
shown for selected values of G and P. The average r a t i o ranges from 1.8 to 
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Figure 23. Sampling error re la t ions on 400 mi 
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Figure 24. Sampling e r r o r s with gage dens i ty of 16 mi2 /gage in 
May-September storms on 400 mi 2 . 
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2.4 with increasing P. At P = 0.50 inch, the average e r ro r for May-September 
is double the October-April value. Other calculations showed that the gage 
density must be approximately doubled to maintain the same r e l i a b i l i t y in the 
measurement of l igh t r a in f a l l amounts (0.10 inch) in changing from cold season 
to warm season conditions. With heavy mean ra in fa l l s of 1 to 2 inches, the 
gage density must be approximately t r ip l ed . 

Table 40. Comparison of average sampling errors in 
May-September and October-April storms 
on LEN. 

Next, the 1960-1964 seasonal data were subdivided by precipi ta t ion type 
and equations determined for each. Only those types with 30 or more observations 
were used in these comparative analyses. Consequently, the May-September 
comparisons were r e s t r i c t ed to unstable rain types, thunderstorms (TRW) and 
rainshowers (RW), and steady rain (R). Typical r e su l t s are i l l u s t r a t e d in 
Table 41 in which seasonal comparisons are shown for LEN, P = 0.5 inch, T = 6 
hours, and G varying from 25 to 400 mi2/gage for each precipi ta t ion type and 
for a l l storms combined. The climatic network operated by ESSA in I l l i n o i s 
averages approximately 225 mi2/gage. Therefore, average percentage errors for 
th i s network are closely approximated by G = 200 in Table 41. 

When the gage density is 50 mi2/gage or l e s s , Table 41 indicates that 
nearly twice as many gages are needed for shower types than for steady rains 
to obtain the same measurement accuracy in May-September storms. In October-April 
storms, there appears to be l i t t l e difference in the measurement accuracy among 
the several prec ip i ta t ion types un t i l G reaches 100, af ter which the TRW-RW 
group errors become substant ia l ly larger than the o thers . Consequently, 
prec ip i ta t ion type need not receive serious consideration in designing a dense 
network for cold season operations in t h i s climatic region. 

The sampling errors for a l l storms combined in the May-September period 
are close to those for the TRW-RW group since 85% to 90% of a l l storms f a l l in to 
th is group in central and southern I l l i n o i s . The combined storm equation for 
October-April is not biased strongly to any type because the storm types are 
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more evenly dis t r ibuted than in the warm season. From the resu l t s presented 
in Table 41, it appears that the seasonal equations for a l l storms combined 
should be sat isfactory for estimating sampling requirements for most raingaging 
projects . 

Table 41. Comparison of average sampling errors in LEN storms 
grouped by season and precipi ta t ion type for 
P = 0.5 in and T = 6 hr . 

Average sampling error (%) for given precipi ta t ion type 

Synoptic storm types were investigated for t he i r comparative effects 
on sampling e r ro rs . Storms were divided into the three general types used by 
Huff and Shipp (1968). These included frontal storms, a i r mass storms, and 
low pressure center passages. The various frontal types were not separated 
because d i f ferent ia l effects were small. Results of th is investigation are 
i l l u s t r a t e d for LEN in Table 42 in which the format is the same as in Table 41. 
The largest sampling errors were found with a i r mass storms in both seasons, 
whereas those for fronts and low centers were nearly equal. 

Table 42. Comparison of average sampling errors in LEN storms 
grouped by season and synoptic storm type for 
P = 0.5 in and T = 6 hr . 

Average sampling error (%) for given storm type 
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Comparison of Successive Sampling Periods 

For ECIN, a 5-yr se t of data, 1955-1959, was available for the May-September 
period. These data were used for comparison with the 1960-1964 resu l t s to 
ascertain the s t a b i l i t y and, consequently, the r e l i a b i l i t y of the 1960-1964 
re la t ions for establishing network sampling requirements. Eq. 16 is the individual 
equation for 400 mi2 , and Eq. 17 is for a l l areas combined. 

Parameters and constants have the same interpreta t ion as in previous equations. 

Comparisons of the 1955-1959 equations with the 1960-1964 equations 
(Table 37, Eq. 15) show the regression coefficient of P remaining re la t ive ly 
constant between periods. However, a substant ia l change occurs in the regression 
coefficient on G, and the coefficients of T and A show major differences. In 
the 1960-1964 storms, T has considerable weight in determining sampling er ror 
(E), whereas in the 1955-1959 sample, T has very l i t t l e influence. In the 
combined equations incorporating a l l areas , A has a much stronger influence on 
sampling error in the 1955-1959 sample than in the following 5 years . 

The net effect of the equation changes is i l l u s t r a t e d in Table 43, in 
which values are shown for various gage densit ies in 1-hour and 24-hour storms 
with a mean r a in f a l l of 0.5 inch on 400 mi2 . The combined Eqs. 15 and 17 were 
used in the calculat ions. Obviously, T has prac t ica l ly no effect upon E in 
the 1955-1959 equation. Also, th is equation estimates larger sampling errors 
for a given gage density, and the difference becomes greater with increasing 
storm duration. 

Table 43. Comparison of effect of T-change between 
1955-1959 and 1960-1964 equations for 
P = 0.5 in and A = 400 mi2 . 

Sampling er ror ( in) for given period 
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Examination of the dis t r ibut ion of storm durations between the two 
sampling periods showed a substant ia l difference. A higher percentage frequency 
of short duration storms ( 3 hours) occurred in 1960-1964. However, these 
differences do not necessarily explain why storm duration was a more important 
factor in determining sampling errors in the 1960-1964 storms. No sa t i s fac tory 
explanation has been found for this d i f fe rent ia l effect between the two periods. 

In an effort to obtain an explanation of the differences in sampling 
error obtained from the 1955-1959 and 1960-1964 equations, calculations were 
made of the average storm prec ip i t a t ion , storm duration, and sampling e r ror 
for various gage densit ies in the two periods. Then, the standard deviat ion, 
index of skewness, and index of kurtosis were determined for each of the 
three parameters. 

Results are i l l u s t r a t e d in Table 44 for a gage density of 16 mi2/gage 
(25 gages) on the 400 mi2 . In this t a b l e , average precipi ta t ion is based 
upon the 49 gages comprising the network. is the average storm duration 
combining a l l storms in each sampling period, and is the average sampling 
error for a l l storms combined. is defined as the difference between the 49-gage 
mean, the best estimate of the true mean, and the 25-gage mean. 

The average storm ra in fa l l was nearly ident ica l for the two per iods, but 
the average sampling er ror was appreciably less in the 1960-1964 period, as 
reflected in Eqs. 15 and 17 derived from the data. Also, the standard deviation 
of the average sampling error is nearly equal in both periods. The lower value 
of for 1960-1964 indicates a tendency for more uniform storm r a i n f a l l patterns 
than in 1955-1959, since is dependent upon the difference between the 25-gage 
and 49-gage means. That i s , the less dense network measured the mean r a in f a l l 
more accurately in 1960-1964. 

Table 44. S t a t i s t i c a l comparisons of 1955-1959 and 1960-1964 
storm data for May-September on ECIN. 

*Posit ively skewed and leptokurt ic in a l l cases. 
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Table 44 shows much higher values of skewness and kurtosis for and 
in the 1960-1964 sample, thereby indicating substant ia l differences in the 
d is t r ibut ion charac ter is t ics between the two 5-yr periods. Table 44 also shows 
that storms tended to l a s t longer in 1955-1959 in which the average duration 
was 5.3 hours compared with 3.8 hours in 1960-1964; however, skewness and 
kurtosis were very s imi lar . Based solely upon the duration means, one would 
have expected smaller errors in the 1955-1959 period, since the sampling error 
tends to decrease with storm duration, other factors being equal. 

The foregoing s t a t i s t i c s indicate that basic differences existed in the 
areal d is t r ibut ion of storm r a i n f a l l between the two sampling periods. These 
differences were then reflected in the sampling er ror relat ionships developed 
from the data for each period. 

The next question is what caused the differences. The major difference 
revealed from further analyses was that a i r mass storms were more frequent in 
the 1955-1959 period. In this period, they accounted for 33% of the storms 
with mean r a i n f a l l of 0.01 inch or more compared with 23% in 1960-1964. There 
were 82 such storms in the e a r l i e r period and 54 in 1960-196 4, or approximately 
50% more in 1955-1959. 

As shown by Huff and Shipp (1968), the spa t i a l re la t ive va r i ab i l i t y is 
considerably grea ter , on the average, in a i r mass storms than in f ronta l storms, 
squal l l i n e s , and low center storms. In general , a i r mass storms are more 
scat tered spa t i a l ly and are frequently characterized by steep r a in f a l l gradients . 

During 1955-1959, the number of frontal and squal l l ine storms with areal 
means of 0.01 inch or more was 143 compared with 173, a r a t i o of 0.83. The 
lower percentage of these storms in the 1955-1959 period would have tended also 
to produce larger sampling errors of mean r a in fa l l than in 1960-1964. Examination 
of the frequency of various r a i n f a l l types showed very similar d is t r ibut ions in 
the two periods, so it is concluded that th is was not a major source of the 
observed differences. 

The foregoing comparisons of sampling errors derived from consecutive 
5-yr periods i l l u s t r a t e the differences tha t may ar ise from natural variat ions 
in the charac ter is t ics of the r a i n f a l l d is t r ibut ions between such sampling 
periods in the same sampling area. Consequently, one must in te rpre t sampling 
er ror re la t ions with caution when they are based upon sampling periods of 5 
years or l e s s . The evaluations made with the 1960-1964 sample serve only as 
quant i ta t ive approximations, although the trends indicated by the data are 
believed to be r e l i a b l e . 

Monthly and Seasonal Rainfall Sampling 

The ECIN monthly to t a l s for May-September, 1955-1966, were used, and the 
network was subdivided to provide data for areas of 50, 100, 200, and 400 mi2 . 
As a r e su l t of t e s t s s imilar to those employed in the storm study, a monthly 
equation combining data from a l l four areas was rated best for the warm season 
resu l t s presented here . The equation has the same in terpre ta t ion as Eq. 15 in 
the storm studies except that Pm is monthly r a in fa l l in Eq. 18. 
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Table 45 i l l u s t r a t e s the magnitude of the average sampling error in 
percentage of monthly r a i n f a l l during the warm season for selected values of 
Pm, G, and A. The 95-% envelopes of sampling errors (2 standard deviations) 
are approximately 2.5 times the values in Table 45. 

Table 45. Comparison of average sampling errors in monthly r a i n f a l l . 

Average sampling error (%) for given 
areal mean ra in fa l l (inches) Gage density 

(mi2/gage) 0.5 1.0 2.0 4.0 6.0 8.0 10.0 

50 mi2 

25 
50 

7 6 5 4 4 3 3 
11 9 8 7 6 5 5 

100 mi2 

25 
50 

100 

5 4 3 3 2 2 2 
8 6 5 5 4 4 4 

11 10 9 7 7 6 6 

200 mi2 

25 
50 

100 
200 

3 3 2 2 2 1 1 
5 4 4 3 3 2 2 
9 7 6 5 5 4 4 

15 12 10 8 7 7 6 

400 mi2 

25 
50 

100 
200 
400 

2 2 2 1 1 1 1 
4 3 3 2 2 2 2 
6 5 4 3 3 3 3 

10 8 7 5 5 4 4 
16 14 11 9 8 8 7 

The 12-yr sample on ECIN was used also to obtain an estimate of the 
seasonal sampling errors for the t o t a l May-September r a i n f a l l . The following 
equation was obtained: 
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Table 46 is similar to Table 45 and shows sampling errors of seasonal 
r a i n f a l l for selected values of the equation parameters. Eqs. 18 and 19 provide 
guidance in establishing raingage networks when user i n t e r e s t is primarily in 
monthly or seasonal t o t a l s . This would occur in certain hydrologic and 
agr icul tural appl icat ions. Emphasis may be placed on these periods also in 
evaluating precipi ta t ion modification operations that involve municipal water 
supplies or agr icul ture . 

Table 46. Comparison of average sampling errors in seasonal r a i n f a l l . 

50 mi2 

100 mi2 

200 mi2 

400 mi2 

Comparison of Storm, Monthly, and Seasonal Sampling Errors 

Table 47 shows a comparison of average sampling errors for storm, monthly, 
and seasonal r a i n f a l l on the 400-mi2 network in the May-September period, based 
upon Eqs. 15, 18, and 19. Storm durations span the range of those most frequently 
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observed in I l l i n o i s . The r a in f a l l values were selected to encompass l i g h t , 
moderate, and heavy amounts. Gage density varies from re la t ive ly dense (25 
mi2/gage) to the approximate climatic network gage density in I l l i n o i s (200 
mi2/gage). Sampling errors are expressed as percentages of the storm, monthly, 
or seasonal mean r a in f a l l as measured by the 49-gage network. 

Table 47. Comparison of average sampling errors in 
May-September ra in fa l l on 400 mi2 for 
selected time in te rva l s . 

Error (%) for given 1-hour r a i n f a l l (inches) 

Error (%) for given 6-hour r a i n f a l l (inches) 

Error (%) for given 24-hour r a i n f a l l (inches) 

Error (%) for given monthly r a in f a l l (inches) 

Error (%) for given seasonal r a i n f a l l (inches) 
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Table 47 provides quant i ta t ive estimates of the variat ion of sampling 
error with changes in gage densi ty, r a in f a l l volume, and time in te rva l included 
in the r a in fa l l measurements. The expected trend for the average sampling 
e r ror to decrease with increasing duration of r a i n f a l l is evident. The average 
e r ror becomes small in a l l r a i n f a l l groups for seasonal r a i n f a l l , as shown 
by values less than 5% even for the climatic network density. The seasonal 
sampling errors with 200 mi2/gage are equivalent to those for 25 mi2/gage in 
6-hour storms. Table 47 i l l u s t r a t e s well how the sampling requirements decrease 
as the time integrat ion of r a i n f a l l increases on a fixed sampling area. 

Rainfall Rate Sampling Errors 

Table 48 i l l u s t r a t e s the magnitude of the sampling er ror when the time 
in te rva l of measurement is reduced to 1-minute, so tha t a close approximation 
of the instantaneous ra te in a storm unit is obtained. The r a in f a l l ra te 
values in th is table were calculated from Eq. 20 which was derived from warm 
season storms on the 1952-1953 special network of 50 gages on 100 mi2 (Huff, 
Shipp, and Schickedanz, 1969). In th is equation, 

R is r a in f a l l ra te in inches/min., G is gage density in mi2/gage, and E is the 
average sampling error in inches. For comparison purposes, Table 48 also 
includes sampling errors for a 3-hour storm, monthly, and seasonal r a in fa l l on 
an area of 100 mi2 . 

Storm Sampling Errors on Larger Areas 

The Shawnee network, which includes over 50% of the SHLEN area in Fig. 1, 
differs from the other I l l i n o i s networks in that it is subject to re la t ive ly 
large variations in annual precipi ta t ion within i t s boundaries. These variations 
are apparently re la ted to sudden changes in elevation between the Mississippi 
River Valley and the steep bluffs to the eas t . In f ac t , the network was 
ins ta l l ed to study this effect that has been noted in long-term weather records 
in the region. As a resu l t of th i s condition, the s p a t i a l va r i ab i l i ty in SHLEN 
storms tends to be greater than in the f la t land storms. Consequently, one 
would expect that a more dense network would be required in the SHLEN area to 
maintain a given level of sampling er ror . 

The expected trend was found in the 3-yr sample. Table 49 shows average 
sampling errors for storms in the May-September period for selected gage densit ies 
and storm durations, based upon the 3-yr sample of 215 storms. The SHLEN 
equation obtained from th is data is 



-105-

Table 48. Comparison of average sampling errors 
in May-September r a in fa l l on 100 mi2 

for selected time intervals 

Sampling er ror (%) for given 1-minute mean rate ( in /hr ) 

Sampling er ror (%) for given 3-hour storm r a in fa l l (in) 

Sampling er ror (%) for given monthly r a in fa l l ( in) 

Sampling er ror (%) for given seasonal r a in fa l l (in) 
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Table 49. Average sampling errors on SHLEN 
in May-September storms. 

Summary and Conclusions 

Data from dense networks of raingages in I l l i n o i s were used to investigate 
sampling errors in the measurement of areal mean prec ip i ta t ion on areas of 50 
to 550 mi2 . Tests of several data transformations on storm data indicated a 
s l igh t superiori ty for logarithms, followed closely by cube roots . Average 
sampling errors obtained from equations using logarithms and cube roots were only 
s l igh t ly different . 

Storm sampling er ror was found to increase with increasing areal mean 
precipi ta t ion and to decrease with increasing sampling density (gages per unit 
area) and storm duration. Relatively large differences were found frequently 
in the sampling errors between storms of apparently s imilar charac te r i s t i c s . 
This emphasizes the di f f icul ty in predicting sampling errors for specif ic storms 
with a given sampling density. The interstorm va r i ab i l i t y resu l t s from the 
dependency of the sampling error upon numerous fac tors , some of which cannot 
be readily expressed in mathematical terms. 

Other factors being equal , a i r mass storms require the greates t sampling 
density among synoptic storm types to maintain a given e r ror l eve l . In the 
warm season, rainshowers and thunderstorms were found to require nearly twice 
as many gages as steady rain for a given measurement r e l i a b i l i t y . Also, the 
May-September sampling density requirements are two to three times those needed 
in the October-April period. 
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Considerable d i f fe rence in the magnitude of storm sampling e r r o r s during 
the May-September pe r iod was found between consecut ive 5-yr per iods on the same 
network. Analyses i n d i c a t e d tha t the d i f fe rence r e s u l t e d p a r t i a l l y , a t l e a s t , 
from a much h igher number of a i r mass storms in one pe r iod . Consequently, one 
must i n t e r p r e t sampling e r r o r r e l a t i o n s with caut ion when they are based upon 
obse rva t iona l pe r iods of 5 years or l e s s . 

Sampling requirements for the measurement of monthly and seasonal r a i n f a l l 
are l e s s s t r i n g e n t than for storm p r e c i p i t a t i o n . With seasona l r a i n f a l l and a 
r e l a t i v e l y sparse dens i ty of 200 mi 2 / gage , the average sampling e r r o r was found 
to be l e s s than 5% for the e n i t r e range of seasona l r a i n f a l l s . For a 6-hour 
r a i n f a l l with a mean of 0.5 inch , the average e r r o r is 14%. Thus, s u b s t a n t i a l 
decreases in sampling requirements occur as the time i n t e g r a t i o n of r a i n f a l l 
i nc rea se s on a f ixed sampling a rea . 

Conversely, excep t iona l ly dense sampling networks are requi red for the 
accura te measurement of a r e a l mean r a i n f a l l r a t e . Thus, for a moderate 1-minute 
r a t e of 0.5 i n / h r , the average sampling e r r o r in warm season storms on a 
sampling area of 100 mi2 i nc reases from 33% with 25 mi2 /gage to 66% with 100 
mi 2 / gage . As po in ted out in an e a r l i e r r e p o r t (Huff, Shipp, and Schickedanz, 
1969) , i f r a i n f a l l r a t e i s to serve as a v e r i f i c a t i o n t o o l in weather modi f ica t ion 
exper iments , e f f o r t s must be made to u t i l i z e a combination of radar and ra ingages 
to eva lua te s h o r t - p e r i o d r a t e p r o p e r t i e s and t h e i r changes in space and time 
wi th in midwestern convective s torms. 

The a n a l y t i c a l r e s u l t s and r e l a t i o n s p resen ted here may be used as a guide 
in the es tab l i shment of raingage networks in the Midwest and o ther areas of s i m i l a r 
p r e c i p i t a t i o n c l ima te . 

PRECIPITATION DETECTION ON FIXED SAMPLING AREAS 

In t roduc t ion 

Questions have been r a i s e d concerning the frequency and i n t e n s i t y of 
storms so small t h a t they are undetected by the raingage networks normally used 
for c l i m a t o l o g i c a l and hydro log ica l purposes . This study attempts to answer 

   such questions by employing data from several  raingage networks of various 
dens i ty on f ixed sampling areas of 10 to 550 m i 2 . The network records range 

   in length from 9 to 12 years. 

Network Data Used 

Data from the 10-gage Boneyard Network on 10 mi2 in the urban area of 
Champaign-Urbana, I l l i n o i s (F ig . 25) were used to develop r e l a t i o n s for a reas 
of t h i s s i z e . The pe r iod of record used in the study was 1955-1966 during 
which 1233 storms were recorded. 
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Figure 25. Sampling networks for de t ec t ion s tudy . 
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Data from 1344 storms for the period, 1955-1966, on the East Central 
I l l i n o i s Network of 49 recording raingages in 400 mi2 (1 gage per 8 mi2) were 
used to invest igate the areal extent of storms in areas of 50, 100, 200, and 
400 mi2 . Square-shaped subareas of 50, 100, and 200 mi2 were established in 
the centra l part of the network. 

Data from the L i t t l e Egypt Network in southern I l l i n o i s were used to 
invest igate the areal extent of precipi ta t ion on 550 mi2 . This 49-gage network 
provided approximately 1200 storms in the 9-yr period, 1958-1966. 

Method of Analyses 

The analyses were based upon the assumption that a l l prec ipi ta t ion areas 
are detected by the dense networks described above. Data from radar observations 
of storm dimensions, such as those of the Thunderstorm Project (Byers and 
Braham, 1949), indicate that very few storms, if any, would be unrecorded by 
these networks. If occasionally extremely small shower cel ls should elude a l l 
gages, they would produce network mean r a in f a l l in the trace category. 

All recorded storms were used in which one or more gages recorded 0.01 
inch or more. In each storm on each network, the gage density was gradually 
reduced un t i l only one gage near the center of the network remained to determine 
the detection capabil i ty. In selecting groups of gages for the various densit ies 
on the s ix networks, the s p a t i a l d is t r ibut ion was kept as uniform as possible. 
The various density of gages used on each network is shown in Table 50. For 
each density, a simple "yes" or "no" entry was made on a tabulation sheet . The 
network mean r a i n f a l l , based on a l l network gages, also was tabulated for l a t e r 
data grouping. 

Table 50. Gage groups used in detection analyses. 

The tabulated data were f i r s t subdivided according to network mean 
r a i n f a l l in to the following groups: t r a c e , 0.01-0.05 inch, 0.06-0.10 inch, 
0.11-0.15 inch, 0.16-0.20 inch, 0.21-0.30 inch, 0.31-0.40 inch, 0.41-0.50 
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inch, and over 0.50 inch. Inspection of the tabulation sheets showed that 
a l l storms with network mean exceeding 0.40 inch had been detected by the 
minimum 1-gage density on a l l sampling areas. Every storm with a mean 
exceeding 0.20 inch was detected on a l l sampling areas (10-550 mi2) by a l l 
except the minimum 1-gage network. Only three storms with means over 0.10 
inch were undetected by other than the 1-gage network on the s ix sampling 
areas. Since the sample exceeded 1200 storms on two sampling areas and 1300 
storms on four areas, the three undetected storms consti tute an ins ignif icant 
percentage of the nearly 8000 samples. 

As the next s t ep , curves were constructed from the tabulations to show 
the re la t ion between cumulative percentage of detected storms and gage density 
for each sampling area. Separate probabil i ty curves were constructed for 
network mean precipi ta t ion of a t r ace , 0.01-0.05 inch and 0.06-0.10 inch. Since 
the detection capabil i ty was nearly 100% on a l l areas ranging from 10 to 550 mi2 

for network means exceeding 0.10 inch and more than one gage per sampling area, 
probabil i ty curves were not drawn for these s i tua t ions . Curves were constructed 
for a l l storms combined and for storms further subdivided according to season. 

Since the data analyses indicated the detection problem maximizes in 
summer and minimizes in winter, further discussion wi l l be r e s t r i c t ed to these 
two seasons. The annual curves merely ref lected an average of the seasonal 
detection s t a t i s t i c s . An example showing the summer plots for 400 mi2 is given 
in Fig. 26. The number of summer storm samples ranged from 350 to 500 among 
the networks and the winter samples from 210 to 265. 

Results of Analyses 

Further examination of the individual detection curves for each sampling 
area showed that the resul ts could be represented most accurately and conveniently 
by an exponential re la t ion between size of sampling area and gage density for 
a given probabil i ty of storm detection. This has been done in Fig. 27 for 
detection capabi l i t ies of 80% to 99% for appropriate mean prec ip i ta t ion groups 
in summer and winter. These curves can then be used as a guide in determining 
sampling requirements for precipi ta t ion detection under midwestern climatic 
conditions. Gage density requirements for a detection capabili ty below 80% 
have been omitted, since it is extremely doubtful that potent ia l users would 
find a network acceptable tha t l e f t 20% of the storms undetected. Only one 
curve is shown for winter since the number of "trace" storms was too few to 
derive a re l i ab le probabil i ty curve, and only one storm with mean exceeding 0.05 
inch was undetected on any of the s ix sampling areas. 

Application of Fig. 27 can perhaps best be i l l u s t r a t e d by an example. 
Assume that a cloud seeding experiment is being conducted during the summer in 
I l l i n o i s and that the invest igators specify 99% detection of a l l rainstorms in 
a ta rget area of 400 mi2 as one of t h e i r ver i f icat ion needs. Then, referr ing 
to the family of summer " t race" curves, one finds that a density of one gage 
per 12 mi2 would be required. If the user would be sa t i s f ied with detecting 90% 
of a l l storms, the gage density would lower to one gage per 20 mi2 . Now, if 
the user could l imit his detection requirements to 99% detection of storms with 
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Figure 26. Summer d i s t r i b u t i o n s on 400 m i 2 . 
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Figure 27. Sampling requirements for precipi ta t ion detection. 
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a r e a l means exceeding 0.05 i n c h , t he summer curves for 0.06-0.10 inch show 
a requ i red dens i ty of only one gage in 90 m i 2 . However, t h i s dens i ty is s t i l l 
considerably g r e a t e r than the normal c l i m a t i c network dens i ty which averages 
approximately one gage per 225 mi2 in I l l i n o i s . The foregoing examples 
i l l u s t r a t e how sharply the sampling requirements lower as the minimum storm 
i n t e n s i t y i s i nc reased . 

The win t e r curves in F ig . 27 show how much sampling requirements a re 
lowered in t h e cold season when storms tend to be more widespread and the 
p r e c i p i t a t i o n much more f requent ly of the s t a b l e type compared with summer. 
Thus, if one is s a t i s f i e d with 99% de tec t ion of a l l storms with means 
exceeding 0 .01 inch in w i n t e r , the 400 mi2 dens i ty requirement is one gage 
pe r 80 mi2 compared with one gage per 30 mi2 in summer under the same 
de tec t ion requirement . The win t e r curves for 0 .01 to 0.05 inch are nea r ly 
i d e n t i c a l wi th the summer curves for 0.06 to 0.10 i nch . 

AREAL EXTENT OF STORM PRECIPITATION ON FIXED SAMPLING AREAS 

In t roduc t ion 

Another f ac to r of importance in the de terminat ion of measurement 
requirements on f ixed sampling areas is the a r e a l e x t e n t of storm p r e c i p i t a t i o n . 
This is a primary concern when knowledge of the d i s t r i b u t i o n c h a r a c t e r i s t i c s of 
l i g h t amounts and storms of smal l a r e a l ex t en t is p e r t i n e n t . Hydrometeorological 
s t u d i e s in I l l i n o i s with dense raingage networks have shown t h a t convective 
storms of smal l a r e a l e x t e n t , such as summer a i r mass showers, are occas iona l ly 
not recorded by sampling d e n s i t i e s s e v e r a l times g r e a t e r than those of the normal 
c l i m a t i c network. 

As p a r t of our i n v e s t i g a t i o n of p r e c i p i t a t i o n measurement requ i rements , 
a study was made of the a r e a l ex t en t of storm p r e c i p i t a t i o n on fixed sampling 
areas of 10 to 550 mi 2 . This study was accomplished through the use of da ta 
from dense networks in I l l i n o i s with records ranging from 9 to 12 years in 
l e n g t h , as descr ibed in the previous s e c t i o n on p r e c i p i t a t i o n d e t e c t i o n . The 
r e s u l t s should be usefu l to those engaged in weather modif ica t ion exper iments , 
p a r t i c u l a r l y if warm season , a i r mass showers are to be seeded and storm 
p r e c i p i t a t i o n measurements used in v e r i f i c a t i o n p rocedures . The information 
should be usefu l a l so for var ious c l ima to log i ca l purposes . 

Ana ly t i c a l Procedures 

The p r e c i p i t a t i o n da ta were grouped according to season and a r e a l mean 
p r e c i p i t a t i o n . Al l storms were used in which one or more of the raingages 
recorded measurable p r e c i p i t a t i o n . I t was assumed t h a t the dense network of 
gages was adequate to d e t e c t a l l storms with measurable p r e c i p i t a t i o n in the 
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sampling area. Based upon published information on rain ce l l sizes (Byers 
and Braham, 1949) and I l l i n o i s studies of storm charac ter i s t ics and sampling 
requirements (Huff and Ne i l l , 1957), th is assumption should not resu l t in 
subs tan t ia l errors in the findings. The major poss ib i l i ty of er ror would be 
in the underestimation of the number of cases with " t race" averages in summer, 
and these are the leas t important category in the study. 

After considerable experimentation with the data samples, it was decided 
to group the data into the class in tervals of areal mean precipi ta t ion l i s t ed 
below: 

Trace 0.16"-0.20" 0.51"-0.75" 
0.01"-0.05" 0.21"-0.30" 0.76"-1.00" 
0.06"-0.10" 0.31"-0.40" Over 1.00" 
0.11"-0.15" 0.41"-0.50" 

These class in tervals are small enough so that the s p a t i a l d is t r ibut ion 
charac ter is t ics do not vary s ignif icant ly with them; at the same time, they 
usually provide an adequate sample in the most important class intervals to 
construct a re l iab le probabil i ty curve. For each season and for a l l seasons 
combined, the number of storms in each class in te rva l was then tabulated to 
show the percentage of the area enveloped by p rec ip i t a t ion . 

From the tabulated data, frequency dis t r ibut ion curves were constructed 
in which the cumulative percentage of storms was re la ted to the percentage of 
the area enclosed by prec ip i ta t ion . This was done for each mean precipi ta t ion 
group on each sampling area for each season and a l l seasons combined. Fig. 28 
i l l u s t r a t e s the p lo t t ing method on the sampling area of 400 mi2 for several 
mean precipi ta t ion groups in which a l l seasonal data have been combined to 
obtain mean annual curves. The log normal d is t r ibut ion shown here provided 
the best overall f i t throughout the numerous data groups. 

From the frequency dis t r ibut ion curves for the six sampling areas , curves 
were constructed to show the areal extent re lat ionship with increasing area in 
each mean precipi ta t ion group. An example of average annual curves for mean 
precipi ta t ion of 0.01 to 0.05 inch is shown in Fig. 29. For a given sampling 
area, the family of curves shows the re la t ion between the minimum percentage 
of sampling area enveloped by precipi ta t ion and the percentage of a l l network 
storms. Thus, Fig. 29 shows that for a sampling area of 100 mi2 , 20% of the 
storms, on the average, w i l l envelop 100% of the area. Similar ly, 50% of the 
storms wi l l envelop 75% or more of the 100 mi2 , and 95% of the storms wi l l 
enclose at leas t 21% of the sampling area. 

Results of Analyses 

The relat ionship in the various data groups was found to be closely 
approximated by the logarithmic f i t t i n g i l l u s t r a t e d in Fig. 28. From these 
curves, Tables 51 to 61 have been constructed to summarize conveniently the 
areal extent relat ionships for various data groupings. 
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Figure 28. Frequency dis t r ibut ion of storm areal extent on 400 mi2 network. 
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Figure 29. Relation between storm areal extent and size of sampling 
area for mean precipi ta t ion of 0.01 to 0.05 inch. 
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Tables 51 to 55 show average annual re la t ions based upon the t o t a l 
storm sample for mean precipi ta t ion groups through 0.21 to 0.30 inch. For 
heavier p rec ip i t a t ion , the number of storms in which the en t i re sampling 
area was not subject to precipi ta t ion was too few to construct a re l i ab le 
frequency d is t r ibu t ion . For example, in the range of 0.31 to 0.50 inch 
there were no storms with less than 100% coverage on the sampling area of 
10 mi2 , less than 1% on the 200 mi2 , 9% on the 400 mi2 , and approximately 
15% on the 550 mi2 . However, the 15% on the 550 mi2 includes only 10 
storms or less than 1% of the t o t a l sample of over 1200 storms. 

Tables 56 to 59 show summer re la t ions for mean precipi ta t ion groups 
having suff icient cases with less than 100% coverage, and Tables 60 and 61 
present appropriate winter r e l a t ions . Spring and f a l l re lat ions have been 
omitted since the i r values are between those for summer and winter. Also, 
traces have been omitted in the summer and winter r e l a t ions . The summer 
dis t r ibut ions are very similar to the annual and winter traces with less 
than 100% areal coverage were too infrequent to derive a r e l a t ion . 

Table 51. Areal extent d is t r ibut ion in a l l storms with 
sampling area means of t r ace . 
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Table 52. Areal extent d is t r ibut ion in a l l storms with 
sampling area means of 0.01 to 0.05 inch. 

Table 53. Areal extent d is t r ibut ion in a l l storms with 
sampling area means of 0.06 to 0.10 inch. 
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Table 54. Areal ex ten t d i s t r i b u t i o n in a l l storms with 
sampling a rea means of 0 .11 to 0.20 inch . 

Table 55. Areal ex ten t d i s t r i b u t i o n in a l l storms with 
sampling a r ea means of 0 .21 to 0.30 inch . 

Table 56. Areal ex ten t d i s t r i b u t i o n of summer storms with 
sampling area means of 0 .01 to 0.05 inch . 
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Table 57. Areal ex ten t d i s t r i b u t i o n of summer storms with 
sampling area means of 0.06 to 0.10 inch . 

Table 58. Areal ex t en t d i s t r i b u t i o n of summer storms with 
sampling area means of 0 .11 to 0.20 inch . 

Table 59. Areal ex t en t d i s t r i b u t i o n of summer storms with 
sampling area means of 0 .21 to 0.30 inch . 
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Table 60. Areal extent d is t r ibut ion in winter storms with 
sampling area means of 0.01 to 0.05 inch. 

Table 61. Areal extent d is t r ibut ion in winter storms with 
sampling area means of 0.06 to 0.10 inch. 

SAMPLING REQUIREMENTS IN THE VERIFICATION OF 
PRECIPITATION MODIFICATION EXPERIMENTS 

This section describes an investigation of the use of storm mean 
precipi ta t ion in the verif icat ion of weather modification experiments. Analyses 
were based upon the 12-year sample of 1344 storms from the East Central I l l i n o i s 
Network. Areal mean and areal maximum precipi ta t ion were selected as the 
verifying parameters. 
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The primary purpose of this study was to use highly accurate measurements 
of the natural time and space d is t r ibut ion of storm precipi ta t ion to ascertain 
the efficacy of various s t a t i s t i c a l designs which have potent ia l app l icab i l i ty 
in verifying the resul ts of precipi ta t ion modification experiments in the Midwest. 
It was desired also to establ ish the theore t ica l frequency d is t r ibu t ion(s ) that 
should be used in f i t t i ng storm precipi ta t ion data in the midwestern type of 
climate. Frequently, cloud seeding is not conducted on a l l types of storms, and 
seeding se lec t iv i ty is l ike ly to increase as knowledge advances in the science 
of weather modification. Consequently, it was deemed desirable to evaluate 
sampling requirements when the precipi ta t ion data are s t r a t i f i e d according to 
season, precipi ta t ion type, storm type, and precipi ta t ion in tens i ty . 

Analytical Procedures 

Areal mean prec ip i ta t ion was determined for those storms which had 
measurable amounts recorded at one or more raingages in the network ( 0 .01) . 
Areal means for the qualifying storms were then s t r a t i f i e d in to storms with means 
greater than 0.005 inch ( t r a c e ) , 0.10 inch, 1.00 inch, and 0.01 inch. In 
addit ion, the maximum point r a in f a l l was determined for a l l qualifying storms. 
These data were then s t r a t i f i e d in to warm and cold season storms, and into seven 
synoptic types and three precipi ta t ion types. For detai ls on the method of 
classifying precipi ta t ion and synoptic types, the reader is referred to Huff 
(1967a). 

Next, theore t ica l frequency dis t r ibut ions were f i t t ed to the above data 
and the dis t r ibut ions used to obtain sample size requirements for five s t a t i s t i c a l 
designs using the various types of data. These designs included: (1) random 
experimental which involves randomization of days over a single ta rget area in to 
seeded and non-seeded days with non-seeded days being the control; (2) random 
h i s t o r i c a l in which a random choice is made of days to be seeded over a single 
ta rget with the h i s t o r i c a l record as control ; (3) continuous h i s t o r i c a l in 
which a l l rain days within a given s t r a t i f i c a t i o n are seeded, with the h i s t o r i c a l 
record as control ; (4) cross-over target -control which requires seeding a target 
chosen at random with another area being the control (random interchange of 
ta rget and contro l ) ; and (5) fixed ta rge t -cont ro l in which a l l po ten t i a l rain 
days are seeded in a fixed target area with a nearby area serving as a fixed 
control. 

In the s t a t i s t i c a l s tud ies , both the non-classical (sequential) and 
the c lass ica l (non-sequential) analyses were employed. The components of the 
par t icu la r t e s t being used were computed for the non-seeded d i s t r ibu t ions ; 
then, with assumed changes in the d is t r ibu t iona l parameters, the sample size 
was computed through algebraic r e l a t ions . These values were computed for the 
log-normal 1- and 2-sample t e s t s and for the Gamma 2-sample t e s t s . 

Theoretical Frequency Distributions 

The log-normal d is t r ibut ion was f i t t ed to the various data types shown in 
Table 62. A non-truncated log-normal d is t r ibut ion was used for the samples of 
mean storm r a i n f a l l 0.005 inch, storm mean r a i n f a l l in which gage amounts were 
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Table 62. Probabili ty values for the goodness-of-fit 
t e s t for the log-normal d i s t r ibu t ion . 

Probabili ty level (a) for "goodness-of-fit" 

Areal mean r a in fa l l for 
qualifying storms* 

* Storms which had trace amounts for at leas t one gage in network. 
** Sample size too small for computation. 
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greater than 0 .01 , and for maximum point r a i n f a l l . However, for the s t r a t i f i e d 
samples involving mean storm r a in fa l l greater than 0.10 and 1.00 inch, a truncated 
dis t r ibut ion was obtained by making the transformation (× - 0.10) and (× - 1.00) 
on the truncated samples of areal mean r a in f a l l greater than 0.10 and 1.00 inch, 
respect ively. The log-normal mean and variance were then estimated from the 
transformed samples in each case. 

The Kolmogorov-Smirnov goodness-of-fit t e s t was applied when sample sizes 
were equal to or greater than 40 (Schickedanz et a l . , 1969). The resul t ing 
probabil i ty levels (s ize of the t e s t ) are shown in Table 62. When a l l warm season 
storms are considered as one sample, a poor f i t was obtained for a l l five types 
of data. All probabi l i t ies were less than 0 .01 , except for areal mean r a in fa l l 
greater than 1.00 inch, for which the probabil i ty was 0.04. When a l l cold season 
storms were grouped together in one sample, a good f i t was obtained for means 
greater than 0.10 and 1.00 inch but poor f i t s were obtained for the other cases. 

At this point , further analysis was r e s t r i c t ed to precipi ta t ion and synoptic 
types which are more l ikely to be seeded during a ra in modification experiment. 
A most l ikely candidate in the Midwest is the summer a i r mass storm which tends 
to be more isola ted and slower moving than other synoptic types. This was the 
type of storm seeded in the Whitetop experiment (Braham, 1966). Among precipitati< 
types, the thunderstorm is the major source of water during the warm season. 
Since frontal storms are the major producer of warm season r a i n f a l l among the 
various synoptic types , cold fronts were selected for analysis . During the cold 
season, low centers and steady rain were se lected, since they are major producers 
of winter prec ip i ta t ion in the Midwest. The average number of storms for each 
of these types is shown in Table 63, based upon the network sample of storms. 

Table 63. Average number of storms expected for selected 
data types, storm types, and season (based on 
12-yr sample). 

The gamma dis t r ibut ion was f i t t ed to a l l cases shown in Table 63. A 
comparison of the gamma and log-normal goodness-of-fit probabi l i t ies are shown 
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in Table 64. For those cases in which the log-normal dis t r ibut ion did not f i t 
(6 out of 25) the gamma dis t r ibut ion provided a good f i t for three of these. 
The three cases were warm season thunderstorms (mean 0.005 and maximum ra in fa l l ) 
and warm season cold fronts (probabi l i t ies of 0.13, 0 .11 , and 0.39, respect ively) . 

Altogether, the gamma dis t r ibut ion provided a poor f i t for 13 out of 25 
cases. This leaves 3 out of 25 cases in which poor f i t s were obtained for both 
the log-normal and gamma dis t r ibut ions . These were warm season thunderstorms 
(areal means 0.10, areal means for gages 0.01) and warm season a i r mass storms 
(maximum point r a i n f a l l ) . 

Experimental Design and Tests of Hypothesis 

The storm was used as the experimental unit in the various designs. The 
number of storms required to obtain significance in a rain modification experiment 
was computed for the various designs and t e s t s . The normal 1-sample and 2-sample 
t e s t s were used with a l l of the experimental designs. For purposes of sample 
size computations, it was assumed that a l l of the cases in Table 64 were log-normal 
dis t r ibuted, although there were 6 out of 20 with probabi l i t ies less than 0.05. 
The following formula was used to obtain the number of observations required for 
the 2-sample non-sequential t e s t (Davies, 1954): 

where: 

Various increase of = 0.05, 0.10, 0.20, 0.40, 0.60, and 0.80 were assumed and 
applied to the non-transformed precipi ta t ion data. The corresponding scale change 
was affected on the transformed scale by the addition of the logarithm of (1 + ). 
The variances were assumed to be equal, since the variance of the log-normal 
dis t r ibut ion is unaffected by scale changes in the va r ia te . Equation 22 was then 
applied with S2 equal to the variance of the logarithms and D equal to the 
logarithms of (1 + ). For the 1-sample t e s t of random h i s to r i ca l design, 
Equation 22 is used direct ly to compute sample s i z e . For the 1-sample t e s t of 
continuous h i s to r i ca l design, Equation 22 is divided by 2.0. With the experimental 
design, both samples must be obtained from the same area. Therefore, Equation 22 
must be multiplied by 2.0. 

Under the assumption of log-normal precipi ta t ion and equal log-normal 
variance in an area near the network area, the number of storms needed for the 
cross-over design involving the two areas can then be determined from Equation 23 
(Schickedanz et a l . , 1969): 



Table 64. Comparison of gamma and log-normal 
goodness -o f - f i t p r o b a b i l i t i e s . 

Storm type and season 

L.N. - Log-Normal 
G. - Gamma 
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C = [ ( 1 - R)S]/2 (23) 

where: 

S = number of observat ions requi red for an experimental random design 
R = t h e c o r r e l a t i o n coe f f i c i en t between the two areas 
C = the number of observat ions r equ i red for the c ross -over design 

For t h i s s t u d y , the c o r r e l a t i o n coe f f i c i en t (R) between network storm means in 
two adjacent areas was assumed to be 0 . 7 5 . This value was based on a previous 
study of c o r r e l a t i o n between adjacent areas d i scussed elsewhere in t h i s r e p o r t . 
The number of storms requ i red for the t a r g e t - c o n t r o l design can then be computed 
from Equation 24 (Schickedanz et a l . , 1969): 

TC = (1 - R2) S (24) 

where: 

R = c o r r e l a t i o n coe f f i c i en t between the two areas 
S = the number of observat ions r equ i red fo r the exper imental design 
TC = the number of observat ions r equ i red for the t a r g e t - c o n t r o l design 

Equations 22, 2 3 , and 24 were appl ied to a l l da ta groups shown in Table 62 to 
obta in the number of storms requ i red to ob ta in s ign i f i cance for the var ious 
designs and t e s t s . 

The r e s u l t s for a s e q u e n t i a l t e s t with the log-normal d i s t r i b u t i o n can 
be obtained by using the s e q u e n t i a l t e s t method of Wald (1947) for the t e s t i n g 
of the reduc t ion of a mean from a normal d i s t r i b u t i o n . Al l t h a t is r equ i r ed 
is a s l i g h t modificaition to allow for the logar i thms . To apply t h i s t e s t , one 
must assume t h a t the h i s t o r i c a l record is indeed the popula t ion for each a r ea . 
The equat ions for average sample number were appl ied to the da ta from the 
s t r a t i f i c a t i o n s in Table 64, and the sample s i z e computed for the random 
h i s t o r i c a l and continuous h i s t o r i c a l designs through use of the 1-sample t e s t . 

Sample s i z e s were a l so computed for the non- sequen t i a l gamma t e s t in 
those cases in which the log-normal d i s t r i b u t i o n did not f i t . The number of 
observa t ions r equ i red for the 2-sample, non- sequen t i a l gamma t e s t is given 
by r e l a t i o n s provided by Schickedanz e t a l . , (1969) . Using these r e l a t i o n s , 
the number of storms requ i red by the exper imenta l random design was computed. 

Sampling Requirements 

Fig . 30 shows the number of storms r equ i r ed (de t ec t ion a b i l i t y ) to obta in 
s i g n i f i c a n c e for a 20% increase in p r e c i p i t a t i o n under assumed seeding e f f e c t s 
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Figure 30. Number of storms required to obtain significance with 20% 
increase in warm season a i r mass storms (α = 0.05, β = 0.20). 
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for various designs and data types for a i r mass storms. The graph suggests 
that the s t r a t i f i c a t i on of the areal means produced s t r a t a in which the storms 
were more homogeneous than the ent i re sample. This is ref lected in the fact 
that fewer storms are required to detect a 20% increase with the samples in 
which means were greater than 0.01 and 1.00 inch than with the sample which 
included a l l means greater than 0.005 inch. 

Approximately the same number of storms are required when a l l storms 
with areal means 0.005 inch are used as when areal means based on gage 
amounts > 0.01 inch are used. As the design becomes less e f f ic ient (requires 
more storms) the difference between types varies considerably. For example, 
the difference between maximum r a i n f a l l and a l l storms with means 0.005 
inch for the cross-over design is only 18 storms (82 vs 100), whereas for the 
experimental-random design it is 144 storms (662 vs 806). A most important 
point brought out in Fig. 30 is that the choice of design in detecting a 20% 
increase in a i r mass storms is a very important factor . Although the 
random-experimental design requires the longest verif icat ion time, it should 
be noted that in the s t a t i s t i c a l sense, it is the most val id , since no 
h i s t o r i c a l data are required and prac t ica l ly no assumptions are viola ted. 

Fig. 30 is a presentation of the detection ab i l i ty of a pa r t i cu la r design 
in relat ion to data type. However, the number of storms per year or season 
varies considerably among data types; therefore, one type of storm may have a 
high detection a b i l i t y , and yet require a long time ( rea l time) to obtain 
significance for a given increase in r a i n f a l l . Fig. 31 is a presentation of 
the number of years required to obtain significance based on the average number 
of storms per year from Table 63. In rea l time, the a i r mass sample of areal 
means > 1.00 inch requires the longest amount of time to obtain significance 
for a 20% increase because of the infrequent occurrence of storms of th i s 
magnitude. In th is rea l time s i t ua t i on , the mean ( 0.005 inch) and maximum 
ra in fa l l are nearly the same for the cross-over design, but the maximum ra in fa l l 
becomes a s l igh t ly be t t e r ve r i f i e r than the mean as the design becomes less 
e f f ic ien t . 

At this point , it should be emphasized that the use of maximum ra in fa l l 
as a verifying parameter is possible through use of a dense network (such as 
the East Central I l l i n o i s used he re ) , which provides a re l i ab le estimate of th is 
parameter. In the normal climatic networks, measurement of the areal maximum 
would be too inaccurate for use. An excellent correlation between mean and 
maximum ra in fa l l was obtained on our network of 49 gages in 400 mi2 as shown 
in Table 65. Correlation coeff ic ients , which are shown for various synoptic 
storm types in the warm season, range from a re la t ively high 0.86 for s t a t i c 
fronts to a very high 0.9 8 for low centers . 

Fig. 32 shows the number of storms required for different synoptic and 
precipi ta t ion types. These graphs indicate that differences in sampling 
requirements between synoptic and precipi ta t ion types become more pronounced 
as the design efficiency decreases. The detection requirements for summer a i r 
mass storms vary the most between data types and thunderstorms vary the l e a s t . 
Overall , steady rain in the cold season has the lowest sampling requirements. 
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Figure 31. Number of years required to obtain significance with 20% 
increase in warm season a i r mass storms (α = 0.05, β = 0.50). 



- 1 3 1 -

Figure 32. Number of storms required to obtain significance with 20% increase 
in various precipi ta t ion and synoptic types (α = 0.05, β = 0.20). 
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Table 65. Correlation between mean and maximum precipi ta t ion 
on 49-gage, 400 mi2 network for several synoptic 
storm types. 

Storm Correlation 
type coefficient 

Low centers 0.98 
Air mass 0.87 
Cold fronts 0.9 3 
Warm fronts 0.9 3 
Occluded fronts 0.92 
S t a t i c fronts 0.86 
Squall l ines 0.89 

Fig. 33 shows the r e a l time requirement for the various synoptic and 
precipi ta t ion types. Whereas the detection capabili ty was variable between 
data types in Fig. 32, a clear-cut trend emerges in the rea l time graphs of 
Fig. 33. For a l l designs, the a i r mass storm in summer requires the most 
time, followed by cold fronts (warm season), steady ra in (cold season), low 
centers (cold season). Thunderstorms (warm season) require the l eas t time 
because of t he i r much greater frequency (see Table 63). 

Fig. 34 shows the number of years required to obtain significance for 
various increases in area l mean r a i n f a l l for different synoptic and precipi ta t ion 
types according to s t a t i s t i c a l design. It is immediately obvious why there 
has been controversy in many 5-year weather modification experiments. For the 
random-experimental design, more than 80% increase in a i r mass storms is required 
to obtain significance in a 5-year experiment. 

For the case of steady rain and low centers during the cold season, 60% 
increases would be detectable in a 5-year period using the random-experimental 
design. An increase of 80% would not be detected in cold front storms and a i r 
mass storms using the random-experimental design. For steady rains and low 
centers , a 20% increase would be detected in 5 years using the cross-over design. 
A 40% increase would be detected in summer a i r mass and cold front storms and a 
20% increase would be detected within 5 years for warm season thunderstorms with 
th i s design. From Fig. 34 it is evident that the larger the seeding effect the 
less important the choice of design becomes. 

The cross-over design requires the smallest number of years to obtain 
significance. The historical-random design using a sequential t e s t requires 
less than the ta rge t -cont ro l design, but for those increases which are detectable 
in a 5-year experiment the difference between the two is a maximum of 1 year. 
An important conclusion from this graph is if one desires to detect increases 
of 40% or less in the mean r a in fa l l within a 5-year experiment, some design other 
than random-experimental must be used. 
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Figure 33. Number of years required to obtain significance with 20% increase 
in various prec ip i ta t ion and synoptic types (α = 0.05, β = 0.50). 



Figure 34. Number of years required to obtain significance for various increases in areal mean 
r a i n f a l l (means 0.005) according to synoptic type, precipi ta t ion type, 

and experimental design (α = 0.05, β = 0.50). 
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As i n d i c a t e d e a r l i e r , the c ross -over requirements are based upon a 
c o r r e l a t i o n c o e f f i c i e n t of 0.75 between t a r g e t and con t ro l p r e c i p i t a t i o n . 
This assumes a d i s t ance of approximately 30 miles between t a r g e t and c o n t r o l . 
As the d i s tance i n c r e a s e s , the c o r r e l a t i o n decreases and sampling length 
would i n c r e a s e . For example, with a c o r r e l a t i o n c o e f f i c i e n t of 0 .50 , the 
sampling time is approximately double t h a t i n d i c a t e d in the preceding 
d i s c u s s i o n s . 

Under some c i rcumstances , i t would be d e s i r a b l e to seed a l l types of 
storms during a pe r iod of d e f i c i e n t p r e c i p i t a t i o n in I l l i n o i s . Table 66 
provides e s t ima te s of the sampling requirements for th ree designs during the 
warm and cold seasons for assumed seeding-induced inc reases of 20, 40 , and 60%. 
I t i s assumed t h a t a l l storms w i l l be seeded and mean r a i n f a l l i s the ve r i fy ing 
parameter . Table 67 shows the same information based upon only those storms 
with means exceeding 0.10 inch . 

Table 66 . Number of years r equ i red to ob ta in s i gn i f i c ance 
combining a l l storms in warm and cold seasons 
(α = 0 . 0 5 , β = 0 .50 ) . 

Years r equ i r ed for given inc rease (%) 

Table 67. Number of years requ i red to obta in s ign i f i cance 
in warm and cold seasons based upon use of a l l 
storms with means > 0.10 inch (α = 0 . 0 5 , 
β = 0 . 5 0 ) . 

Years r equ i r ed for given increase (%) 
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At th i s time, it should be pointed out that the length of sampling period 
discussed in th i s section is based upon seeding of a l l storms within a given 
s t r a t i f i c a t i o n . Obviously, th i s would not normally occur in most seeding 
experiments. The estimates in the graphs and tables can be readily modified to 
provide sampling lengths under any estimated seeding efficiency. For example, 
if an invest igator estimates only 50% of the natural ly occurring storms w i l l be 
included in his seeding experiment, then the sampling length is doubled. If 
only 25% are to be included, the sampling time is four times the number obtained 
from the graphs. 

Fig. 35 depicts the same information as Fig. 34 except maximum ra in fa l l 
is used as the precipi ta t ion measurement rather than mean r a i n f a l l . The number 
of years required are generally s imilar to those for mean r a i n f a l l although the 
maximum r a i n f a l l is a s l igh t ly be t t e r predictor . This difference is largely 
due to the fact that the average number of storms for maximum precipi ta t ion is 
s l igh t ly greater than for mean r a i n f a l l (Table 63). This is because in the mean 
r a i n f a l l sample only storms with areal means 0.005 inch were used. 

There were three cases from Table 64 in which the data could be f i t t ed 
by the gamma dis t r ibut ion and not by the log-normal d i s t r ibu t ion . For those 
cases the number of years required by the gamma t e s t was computed and compared 
with the number of years required by the log-normal t e s t . It was found that 
the number of years required for the gamma t e s t was approximately the same as 
that of the log-normal. 

Overall Conclusions 

1) For the five types of precipi ta t ion and synoptic types emphasized 
in this study, the log-normal dis t r ibut ion provided a be t t e r f i t 
than the gamma d i s t r ibu t ion . 

2) The cross-over design requires the leas t amount of time to obtain 
significance for a given increase, followed by the continuous 
h i s t o r i c a l ( sequent ia l ) , continuous-historical (non-sequential) , 
random-historical ( sequent ia l ) , fixed ta rge t -cont ro l , and 
random-historical (non-sequential). The most time is required 
by the random-experimental design. 

3) In terms of years , the difference between continuous-historical 
( sequent ia l ) , continuous-historical (non-sequential) , 
random-historical (sequential) and fixed ta rge t -con t ro l , i s , in 
general , 2 years or less when a seeding increase of 40% or more 
is present in the data. However, the difference between the 
cross-over and random-experimental design may be large. 

4) The larger the seeding increase becomes, the less important the 
choice of design and type of data measurement becomes. 

5) Mean and maximum ra in fa l l require approximately the same amount 
of time to obtain signif icance. 



Figure 35. Number of years required to obtain significance for various increases in maximum point 
r a in fa l l according to synoptic type, precipi ta t ion type, and 

experimental design (α = 0.05, β = 0.50). 
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6) The s t r a t i f i c a t i o n of mean areal prec ip i ta t ion in to samples 
of greater than 0.10 and 1.00 inch increases the amount of time 
to obtain significance. 

7) To detect increases 40% in areal mean storm r a i n f a l l , some 
design other than random-experimental must be used. 

USE OF AREA-DEPTH RELATIONS IN THE EVALUATION OF 
PRECIPITATION MODIFICATION EXPERIMENTS 

Introduction 

A study of the use of area-depth re la t ions in the design and evaluation 
of prec ip i ta t ion modification experiments is a logical extension of the study-
discussed in the previous section in which the use of two parameters, areal 
mean and maximum point p rec ip i ta t ion , were examined. Area-depth curves, 
frequently used in hydrologic analyses, provide a simple mathematical expression 
of the spa t i a l d is t r ibut ion of precipi ta t ion in a raingaged area. With a 
recording gage network, a basic requirement for a sui table s c i en t i f i c experiment, 
a measurement of the time variation in the spa t i a l d is t r ibut ion within a storm 
can be obtained. The curve provides a measure of the mean and maximum prec ip i ta t ion , 
r a in f a l l gradient , and skewness of the d i s t r ibu t ion . The above properties make 
it potent ia l ly useful in weather modification research, in which quanti tat ive 
assessments of cloud seeding effects upon the s p a t i a l and temporal d is t r ibut ions 
are essen t i a l for proper evaluation of benef i t s . Also, area-depth analyses 
provide information indirect ly on physical changes produced in prec ip i ta t ing cloud 
systems (Huff, 1968b). 

The primary purpose of the study described in th i s section was to determine 
whether the three area-depth parameters, mean r a i n f a l l , maximum r a i n f a l l , and 
r a i n f a l l gradient , can be used together to provide supporting evidence in the 
ver i f icat ion of rain modification experiments. If so , t h e i r use can f a c i l i t a t e 
ver i f icat ion and improve the r e l i a b i l i t y of s t a t i s t i c a l evaluations of seeding 
resu l t s beyond that achieved with analyses of a single parameter, point or areal 
mean r a i n f a l l , which has been used most frequently in past experiments. A 
228-storm sample of moderate to heavy rainstorms was used in this f eas ib i l i t y 
study. This sample was used because area-depth curves were available from an 
e a r l i e r study (Huff, 1968a). In actual modification experiments, storms of 
l igh ter in tens i ty would of necessity be included a l so . 

As part of the evaluation of the area-depth technique, studies were made of 
1) methods of curve f i t t i ng and the s u i t a b i l i t y of the area-depth transformation 
(Huff, 1968b) for defining area-depth relat ions in a l l types of storms, 2) the 
degree of correlat ion between the three area-depth parameters, 3) theore t ica l 
frequency dis t r ibut ions applicable to the parameters, and 4) calculation of the 
number of storms required to obtain significance for various seeding-induced 
changes in mean r a i n f a l l , maximum ra in fa l l and curve slope ( r a in fa l l gradient) 
for various sampling designs and data s t r a t i f i c a t i ons that might be used in rain 
modification experiments. 
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Data and Analytical Procedures 

The area-depth curve is an expression of the average r a in f a l l depth as 
a function of areal s i ze . The individual average r a in f a l l depths from which 
the curve is constructed are usually computed from an isohyetal map using the 
following equation (Light, 1947): 

Where Ai is an increment of area between two successive isohyets , Yi is the 
r a i n f a l l value mid way between two successive isohyets, n is the number of areas 
encompassed by a pair of successive isohyets , and is the average r a i n f a l l 
depth over a par t i cu la r areal s i z e . The summation is in descending order of 
magnitude of prec ip i ta t ion . If the dis t r ibut ion of gages is uniform and the 
increment of area between two isohyets is proportional to the number of gages 
enclosed between two successive isohyets , then the values can be obtained for 
successive increments of area from a ranking of the gage ra in fa l l storm amounts 
(Huff, 1968a). A regression re la t ion is then obtained between the variables 
and Ai which can be expressed in the form: 

where is the average r a in f a l l depth in inches over a par t icu la r increment 
of area, Ai is the areal s ize in mi2 of the increment of area, ymax is the 
regression intercept and is a constant representing the hypothetical maximum 
point r a in fa l l at the center of the storm, and S is the slope of the regression 
l ine and is a constant representing an integrated r a in f a l l gradient. When 
is the value corresponding to the ent i re area in which the curve has been 
derived, it is simply the areal mean and wi l l be referred to as in the remainder 
of th is paper. 

Huff (1968a) used an 11-year continuous record from the 49 recording 
raingages on the East Central I l l i n o i s Network to derive charac te r i s t ic area-depth 
re la t ions in heavy rainstorms on areas of 50, 100, 200, and 400 mi2 . The study 
was limited to those storms in which the areal mean r a in fa l l exceeded 0.50 inch 
and/or in which one or more of the gages recorded a r a in f a l l amount equal to or 
exceeding 1 inch. Since parameters from this sample of storms were already 
avai lable , these parameters constituted the basic data sample for the area-depth 
s tud ies . This selection provided 228 storms with durations ranging from 1 to 
48 hours; of these storms, 77 were in the cold season (October-April) and 151 
were in the warm season (May-September). 
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Parameters for eight different forms of the area-depth equation were 
available from the sample thus selected. These forms involved various 
transformations on the variable and Ai. A study of the adequacy of the 
square-root equation to describe th is par t i cu la r sample of storms showed 
that a l l correlat ion coefficients ( i . e . , the correlat ion between average 
r a in fa l l depth and area) ranged from -0.88 to -1.00 for the square-root 
re la t ion . Among the various storm durations and areas tes ted , a few had 
higher correlat ion coefficients with other than the square-root transformation, 
but the maximum difference between the percentage of variation unexplained 
by the square-root transformation and the other transformations was only 4.8% 
for the curves derived from the 400-mi2 area. This was viewed as jus t i f i ca t ion 
for using the square-root re la t ion exclusively in the subsequent s tud ies . 

The 228 storms were f i r s t par t i t ioned into warm and cold season storms 
and then s t r a t i f i e d in to three precipi ta t ion types and seven synoptic conditions. 
The s t r a t i f i c a t i ons are shown in Table 68. Steady rain includes storms with 
steady rain (R) and storms in which steady rain and rainshowers (R & RW) 
occurred together. Likewise thunderstorms include storms which were primarily 
thunderstorms (TRW) and those in which thunderstorms and rainshowers (TRW & RW) 
occurred together. For de ta i l s of the precipi ta t ion and synoptic typing method, 
the reader is referred to Huff (1967a). 

Major emphasis in th i s study is placed on the 400-mi2 area. However, 
some resu l t s on the sample sizes required to obtain s t a t i s t i c a l significance 
for the 50-, 100-, and 200-mi2 areas are included for comparison purposes. 

Theoretical Frequency Distributions 

The log-normal dis t r ibut ion was f i t t ed to the intercepts (ym a x) and to 
the slope parameters (S) of the 228 storms for the 50-, 100-, 200-, and 400-mi2 

areas. The log-normal dis t r ibut ion was also f i t t e d to the areal mean r a i n f a l l 
in each of the four areas. For purposes of dis t r ibut ion f i t t i ng and 

subsequent s t a t i s t i c a l analysis the absolute value of the S's was used. The 
Kolmogorov-Smirnov goodness-of-fit "test was applied when sample sizes were less 
than 40, and the chi square t e s t was applied when sample sizes were equal to or 
greater than 40 (Schickedanz et a l . , 1969). The resul t ing significance levels 
(size of the t e s t ) are shown in Table 68. In general , the data are well 
described by the log-normal d i s t r ibu t ion . For the individual types, cold fronts 
(warm) and thunderstorms (warm) are the only cases in which the goodness-of-fit 
probabil i ty is less than 0.05. Furthermore, one would expect 1 out of 20 
dis t r ibut ion to have a goodness-of-fit probabil i ty less than 0.05. For the 
maximum ra in fa l l data there are 2 out of 16 dis t r ibut ions which have probabi l i t ies 
less than 0.05 or 2 out of 48 (considering a l l d is t r ibut ions) in the table with 
probabi l i t ies less than 0.05. These factors were viewed as jus t i f i ca t ion for 
using the log-normal parameters in the subsequent calculations of sample s i ze . 
Table 69 shows the average number of storms expected per year in each category. 

When a l l of the warm season storms were grouped together, the slope data 
were s t i l l described sa t i s fac to r i ly by the log-normal dis t r ibut ion whereas the 
maximum and mean data were not. However, when cold season storms were grouped 
together, a l l three types of data were described adequately by the log-normal 
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d is t r ibu t ion . Thus, it would appear that the physical makeup of the different 
types in summer storms may be d i s t inc t ly diss imilar , whereas in winter storms 
they are quite s imilar . 

Table 68. Goodness-of-fit significance levels 
for the log-normal d is t r ibut ion . 

Significance level (a) for goodness-of-fit 
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Table 69. Average number of storms expected per year of the 
different precipi ta t ion and synoptic types. 

Average 
S t ra t i f i ca t ion number of storms 

Warm season 13. 7 

Synoptic type 
Low centers 0.8 
Air mass 2.9 
Cold fronts 3.6 
Warm fronts 1.9 
Occluded fronts 0.6 
Stationary fronts 2.3 
Squall l ines 1.7 

Precipi ta t ion type 
Steady rain 0.9 
Rain showers 1.4 
Thunderstorms 11.4 

Cold season 7.0 

Synoptic type 
Low centers 2.3 
Cold fronts 2.2 
Warm fronts 0.8 

Precipi ta t ion type 
Steady rain 1.5 
Rain showers 2.0 
Thunderstorms 3.6 

Various groupings of synoptic and precipi ta t ion types for the warm 
season were then made in order to increase the number of storms in the various 
s t r a t i f i c a t i o n s . Furthermore, seeding of more than one type of storm is l ike ly 
to occur in e i ther s c i e n t i f i c experiments or commercial operations. It is 
then of in t e re s t to know which types are homogeneous enough to be grouped in to 
one sample. For ymax, the synoptic types of warm, cold, and stat ionary fronts 
can be grouped together to form another sample. For mean r a i n f a l l , the low 
centers could also be grouped with the warm, cold, and s ta t ionary fronts to 
form one sample. For precipi ta t ion types, steady rains and rain showers could 
be grouped together for both Vmax and The slope parameters were similar 
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enough t h a t a l l of the warm season parameters could be grouped t oge the r 
(Table 68) . The p r o b a b i l i t i e s t h a t the above samples are log-normal were a l l 
g r e a t e r than 0 .05 . 

The r e l a t i o n s h i p between and y m a x can be approximated by (27) 

where C1 and C2 are the l e a s t square e s t ima tes of the i n t e r c e p t and s lope 
for the r eg re s s ion of on y m a x . The r e l a t i o n s h i p between S and ymax can be 
approximated by (28) 

where C3 and C4 are the l e a s t square e s t ima te s of the i n t e r c e p t and s lope 
for the r eg re s s ion of S on ymax. The cons tan ts C1, C2 , C3 , and C4 fo r the 
summer season as w e l l as t h e i r corresponding c o r r e l a t i o n coe f f i c i en t s ( r ) 
are given in Table 70. 

Table 70. Regression and c o r r e l a t i o n c o e f f i c i e n t s between the area-depth 
parameters for warm-season synop t i c and p r e c i p i t a t i o n t y p e s . 
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Experimental Design and Tests of Hypothesis 

In the area-depth study the storm was used as the experimental unit in 
the various designs. The size of sample necessary for the detection of a 
specified increase in the area-depth parameters due to seeding effects was 
computed for five experimental designs that might be employed in a weather 
modification experiment. These designs and the methods of computing sample 
s izes are the same as those employed in the previous section of t h i s report 
on sampling requirements for areal mean r a i n f a l l . 

Results of Analyses 

Sample sizes were computed for seven synoptic types and three precipi ta t ion 
types during the warm season and for three synoptic types and three precipi ta t ion 
types during the cold season. However, resu l t s are only presented for those 
cases most l ikely to be seeded in a weather modification experiment. These are 
the same as those used in the previous sect ion. 

Comparisons of sample sizes required for the various designs in a i r mass 
storms are shown in Fig. 36 for the three area-depth parameters on 400 mi2 and 
for mean r a in f a l l on 50, 100, and 200 mi2. The number of storms required for 
significance for ym a x and S (400 mi2) are nearly the same, whereas the number 
for the average r a i n f a l l is somewhat larger . The increase in sampling time 
is dramatic as the sampling area decreases from 100 to 50 mi2 . Conversely, 
there is l i t t l e change as the area increases from 200 to 400 mi2 . The number 
of years to obtain significance according to design type is of the same order 
as found previously for areal mean precipi ta t ion when a l l storm in tens i t i e s 
( l i g h t , moderate, and heavy) were included (see previous sec t ion) . The cross-over 
design requires the l ea s t number of storms and the random experimental design 
requires the most time. The number of years required to obtain significance with 
a i r mass storms is presented in Fig. 36 (lower). 

A comparison of the number of years to obtain significance for various 
designs according to weather types is presented in Fig. 37. This figure 
i l l u s t r a t e s that the weather type makes very l i t t l e difference when using the 
most e f f ic ient design (cross-over) , but as the design becomes less eff ic ient 
the weather type becomes an important factor. For example, 20% seeding increases 
in a l l five weather types would be detected in a 5-year period using the 
cross-over design, but for the random-experimental design, 20% seeding increases 
would go undetected. Among storm and precipi ta t ion types , thunderstorms require 
the l eas t amount of time to obtain s ignif icance, primarily because of t he i r 
greater frequency of occurrence. The resul ts for a i r mass storms are an 
excel lent example of the valuable additional information available throught the 
use of area-depth curves. For these storms, which tend to be isola ted and have 
small areal extent , changes in slope and maximum amounts are eas ier to detect 
than the mean. For cold f ronts , maximum ra in fa l l and mean r a i n f a l l are b e t t e r 
predictors than the slope, and again the use of a l l three parameters would yie ld 
useful supporting information in seeding evaluations. 



-145-

Figure 36. Number of storms and years required to obtain significance for 20% 
increase in a i r mass storms for different area-depth parameters 

(α = 0.05, β = 0.50). 
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Figure 37. Number of years r equ i r ed to obta in s i g n i f i c a n c e fo r 
d i f f e r e n t weather types (α = 0 . 0 5 , β = 0 . 5 0 ) . 
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Equations 27 and 2 8 were used to determine the percentage changes in 
and S related to a 20% change in ym a x under natural conditions and these changes 
are shown in Table 71. The table shows tha t , in general, a 20% change in ym a x 
produces smaller changes in and S. This means that not only does ym a x require 
smaller sample sizes for a given percentage increase, but that larger increases 
are more l ikely to occur in ym a x than in the other parameters. 

Table 71. Percentage increase in and S associated with 20% 
increase in ym a x under natural conditions. 

Percentage increase 

The number of years required to obtain significance for various increases 
in maximum ra in fa l l is shown in Fig. 38. Thunderstorms (warm) require the leas t 
amount of time to obtain significance mostly because of the large number of 
storms expected in th is category (Table 69). Increases of 60% or more would be 
detected for a l l designs and a l l weather types with a 5-year period. Increases 
of 40% would be detected in thunderstorms (warm), cold fronts (warm), low 
centers (cold) , for a l l designs within 5 years , and with the exception of the 
random experimental design in a i r mass (warm) and low centers (cold) . For 
thunderstorms, 20% increases would be detected in 5 years with every design 
except the experimental random, and for th is design a 20% increase would be 
detected in 6 years . For a i r mass storms, steady ra in , and low centers , the 
20% change would only be detected using the cross-over design but in the cold 
front storms, the 20% increase would be detected in both the cross-over and the 
random h i s to r i ca l designs. 

Fig. 39 shows the number of years required to obtain significance for 
various increases in the slope parameter and Fig. 40 shows the number of years 
for mean r a in f a l l . A comparison of Fig. 39 and Fig. 40 with Fig. 38 reveals 



Figure 38. Number of years required to obtain significance for various increases in maximum 
ra in fa l l according to synoptic type, prec ip i ta t ion type, and 

experimental design (α = 0 . 0 5 , β = 0 . 5 0 ) . 



Figure 39. Number of years required to obtain significance for various increases in the slope 
parameter according to synoptic type, precipi ta t ion type, and 

experimental design (α = 0.05, β = 0.50). 



Figure 40. Number of years required to obtain significance for various increases in mean 
r a in f a l l according to synoptic type, precipi ta t ion type, and 

experimental design (α = 0.05, β = 0.50). 
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useful information concerning the two area-depth parameters and mean r a i n f a l l . 
For a i r mass storms, the slope parameter requires the leas t amount of time to 
obtain signif icance, followed by the maximum r a i n f a l l and the mean. For 
thunderstorms, cold f ronts , and steady ra in , the l eas t amount of time is required 
with maximum r a i n f a l l , followed by the mean and the slope parameter. For low 
centers, the maximum ra in fa l l requires the leas t amount of time followed by the 
slope parameter and the mean. Again, the type of supporting evidence available 
in using a l l three parameters is i l l u s t r a t e d . The fact that the re la t ion between 
the detection power of the data types varies according to the weather type that 
is seeded makes the use of additional parameters even more important. 

Fig. 41 shows the number of years required to obtain significance for 
certain data types when synoptic and precipi ta t ion types are combined. By 
combining the warm, cold, and stat ionary fronts for maximum ra infa l l in Fig. 41a, 
a reduction in sample s ize over cold fronts alone was obtained (see Fig. 38c). 
With this frontal combination, 20% seeding increases would be detected with the 
target-control designs in a 5-year experiment, whereas they would not have been 
detected with the cold front storms alone. 

The combination of warm., cold, and stat ionary fronts with low centers 
(Fig. 41) for mean ra in fa l l produced smaller sample sizes than cold fronts alone 
(Fig. 40). With th is combination, 20% seeding increases would be detected with 
the random h i s t o r i c a l and target-control designs in a 5-year experiment, whereas 
they would not be detected with cold front storms alone. The number of years 
for the random h i s t o r i c a l design was reduced from 20 to 9. 

For cold season storms, a l l synoptic and precipi ta t ion types could be 
combined which reduces the sample size over the individual weather types. 

Optimum Parameters, Designs and Tests 

How is one to use the area-depth parameters? The resu l t s presented here 
indicate that the maximum ra in fa l l parameter is the most eff icient and the slope 
parameter is the l eas t eff icient for moderate to heavy rainstorms. The maximum 
ra in fa l l parameter is the most eff ic ient for two reasons. F i r s t , it produces 
smaller sample s izes for the same percentage increase than the other parameters. 
Secondly, if the natural re la t ion between the parameters remains the same under 
seeding, then the percentage changes in the maximum r a i n f a l l wi l l be larger than 
in the other parameters (see Table 71). If the re la t ions between the parameters 
were not the same in the seeded sample, this change could be used 1) as a t e s t 
of the effectiveness of the seeding, and 2) as an indication of the type of 
physical changes being produced. 

Thus, if in a seeding experiment, one chose to use the mean ra in fa l l 
parameter for the chief source of ver i f ica t ion, then the maximum ra in fa l l 
parameter would provide extra information at a smaller significance l eve l , and 
the slope parameter would provide extra information at a larger significance 
level . 



Figure 41. Number of years required to obtain significance for various combinations 
of synoptic and prec ip i ta t ion types (α = 0.05, β = 0.50). 
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Overall Conclusions 

Although evaluation of the area-depth technique was based upon analyses 
of moderate to heavy rainstorms, there is reason to believe the method wi l l be 
applicable throughout the in tens i ty spectrum of storm mean r a i n f a l l s . This 
assumption is lent support by the findings in the previous section in which two 
of the three area-depth parameters, mean and maximum r a i n f a l l , were tes ted for 
a l l i n t ens i t i e s of storm r a i n f a l l and found to have approximately equal power 
in detecting seeding-induced precipi ta t ion increases. Spatial re la t ive va r iab i l i ty 
and skewness tend to increase with decreasing mean prec ip i ta t ion ; therefore , a 
data transformation other than the square root used in the heavy rainstorm study 
may be more applicable in l igh t storms. However, an excellent area-depth curve 
f i t can usually be obtained in any type of storm if one is not inf lexible in 
the general equation used for f i t t i ng the data (Huff, 196 8b). 

Other conclusions from resul ts of the area-depth study include: 

1) Prac t ica l ly a l l of the area-depth r a in fa l l s t r a t i f i ca t ions used 
in this study can be described by the log-normal d i s t r ibu t ion . 

2) There is a high degree of correlat ion between the mean and maximum 
r a i n f a l l (0.92 or greater in the various s t r a t i f i ca t i ons ) in the 
storm sample used in th is study. 

3) As the s ize of sampling area decreases the number of years 
required to obtain significance increases. 

4) Maximum ra in fa l l requires less time to obtain significance then 
mean r a in f a l l for the storm sample used in th is study. 

5) The re la t ive rank order of the two area-depth parameters and 
mean r a in f a l l in respect to the power of detection varies according 
to synoptic type and other factors . Thus, it is very informative 
to use a l l three parameters in a verif icat ion program to provide 
addit ional information. 

6) Many of the synoptic and precipi ta t ion types can be combined to 
reduce the amount of time required to obtain significance. 

7) The cross-over design requires the l eas t amount of time to obtain 
significance for a given increase, followed by the continuous h i s t o r i c a l 
(sequent ia l ) , continuous h i s t o r i c a l (non-sequential) , random h i s t o r i c a l 
( sequent ia l ) , fixed ta rge t -cont ro l , and random h i s t o r i c a l (non-sequential) . 
The most time is required by the random experimental design. 

8) In terms of years , the difference between a l l designs excluding 
cross-over and random experimental is two years or less for a 40% 
seeding increase. 

9) The larger the seeding increase becomes, the less important the 
choice of design becomes. 
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RAIN CELL CHARACTERISTICS AND THEIR USE IN 
WEATHER MODIFICATION EXPERIMENTS 

Introduction 

A limited investigation was made of the character is t ics of individual 
rain cel ls in warm season storms and how measurements of ce l l parameters might 
be u t i l i zed as a ver i f icat ion tool in precipi ta t ion modification experiments. 
Recording raingage data from the combined L i t t l e Egypt and Shawnee Networks 
(Fig. 1) were used in the study. Isohyetal analyses were performed to i so la te 
and trace the movement of cel ls across the network. A rain ce l l was defined 
as a closed isohyetal system in the surface r a i n f a l l pat tern with a defini te 
break in time and space continuity from other isohyetal systems in the sampling 
network. Only those rain cel ls which were completely contained in the network 
during the i r l i f e history were used in the study. Several examples of rain 
ce l ls from the storm of June 6-7, 1965, are shown in Fig. 42. Isohyetal pa t t e rns , 
ce l l movement, and average speed are indicated. 

This i n i t i a l study was r e s t r i c t ed to the 3-month period, June-August 1965, 
because of time and personnel l imi ta t ions . The isola t ion and tracking of a ce l l 
across the network is very tedious and time-consuming. Careful examination must 
be made of each s ignif icant change in r a in fa l l ra te on each raingage chart and 
these rate changes related to each other to determine the locat ion, movement, and 
other per t inent character is t ics of the c e l l s . Considerable meteorological 
knowledge and experience in storm isohyetal analyses is required to perform this 
task wel l . 

With the r e s t r i c t ion of complete network enclosure, a t o t a l of 335 rain 
cel ls on 21 rainy days were obtained for analyses during the 3-month sampling 
period. This represented 45% of the t o t a l number of cel ls that produced the 
network r a i n f a l l . Because of the shape and orientat ion of the network and the 
enclosure r e s t r i c t i o n , there is a sampling bias toward cel ls moving in a SW-NE 
direct ion. However, this is the most frequent direction of movement of I l l i n o i s 
storms, and maximum sampling of ce l l l i f e h i s to r i e s for a given s ize of network 
is obtained with an orientat ion such as that used with the Shawnee Network. 

Rain Cell Climatology 

Although the sampling period was quite short and certain sampling 
res t r i c t ions were imposed in th is study, the 21-storm, 335-cell sample should 
be useful as a f i r s t approximation of the climatological character is t ics of 
warm-season rain cel ls in I l l i n o i s . Consequently, a number of sample s t a t i s t i c s 
are provided in the following paragraphs. 

Table 72 is a summary of ce l l occurrences by storm. The number of ce l ls 
sampled in each storm, the mean storm ra in fa l l and r a in fa l l duration in each 
storm sampled, and the synoptic storm types are shown. This table shows that 
a wide range of storm in tens i t i e s (mean r a in fa l l ) and storm durations were 
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Figure 42. Examples of r a i n c e l l s on June 6 -7 , 1965. 
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sampled in summer 1965; th is is a desirable feature from the standpoint of 
sample representat iveness. 

Table 72. Rain ce l l summary for June-August 1965. 

* S - Stationary front; C - Cold front; W - Warm front; 
Q - Squall l i n e ; A - Air mass. 

The ce l l parameters analyzed included mean, maximum, and minimum r a i n f a l l , 
r a in f a l l duration, t o t a l area enveloped by each ce l l during i t s l i f e , and the 
volume of r a i n f a l l produced by each ce l l . Data were pooled from a l l 335 cel ls to 
obtain probabil i ty dis t r ibut ions for each parameter. Table 73 shows the median 
values obtained from th i s analysis , along with those bounding the upper and lower 
5% l imi t s . The primary purpose of th is table is to i l l u s t r a t e the wide range in 
the dis t r ibut ion propert ies of rain cel ls under na tura l conditions. 

An i l l u s t r a t i o n of the variation in ra in ce l l charac ter is t ics within a 
specif ic storm is provided in Table 74. Here, the ce l l d is t r ibut ion proper t ies , 
based upon 47 c e l l s , are shown for selected frequencies. Thus, the mean r a in fa l l 
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in the cell-enveloped areas ranged from 0.46 inch or greater in 5% of the 
rain cel ls to a median of 0.12 inch and a 95% envelope value of 0.03 inch. 
Between the 5% l imi t s , rain durations varied from 18 to 110 minutes, the rain 
enveloped areas ranged from 18 to 130 mi2 , and ce l l r a in f a l l volume varied 
from 33 to 2886 acre feet . 

Table 73. Rain ce l l d is t r ibut ion character is t ics 
in 1965 summer storms. 

Table 74. Rain ce l l dis t r ibut ion properties on June 2, 1965. 

Value equalled or exceeded for given parameter 
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In rain modification experiments, it is often necessary to l imit seeding 
operations to daylight hours when a i rc ra f t seeding is involved. Consequently, 
the diurnal frequency dis t r ibut ion of rain cel ls would be of major importance 
in planning experiments involving rain ce l l seeding. An examination of the time 
of occurrence showed a maximum frequency of 25% in the 1500-1800 period. In 
view of diurnal d is t r ibut ion character is t ics of I l l i n o i s r a i n f a l l (discussed 
elsewhere in th is report) this peak period is to be expected in extreme SW 
I l l i n o i s where the Shawnee Network is located. Table 75 shows the percentage 
d is t r ibu t ion by 3-hour periods. 

Table 75. Diurnal d is t r ibut ion of rain ce l l occurrences. 

Time Percent 
(CST) of cells 

00-03 7 
03-06 8 
06-09 9 
09-12 13 
12-15 14 
15-18 25 
18-21 10 
21-24 14 

Analytical Procedures Used in Evaluating Verification Applicabil i ty 

The rain ce l l study provided expressions of the na tura l differences 
between temporally re la ted rain c e l l s . These data were then used to determine 
the required sample size to verify potent ia l r a in fa l l modification experiments 
that might be based on rain ce l l data from a pa i r of s imilar c e l l s , where one 
member of the pa i r is randomly seeded. To more nearly simulate an actual f ie ld 
experiment, certain limiting c r i t e r i a were defined for select ing rain cel ls for 
comparison. 

F i r s t , any two cel ls had to have s t a r t times occurring within 30 minutes 
of each other before they were compared. This resul ted from a basic assumption 
that any cel ls occurring in the sampling area within a 30-minute period were 
l ikely to have been derived from separate convective clouds that had similar 
meteorological character is t ics pr ior to t he i r production of ra in . Table 76 shows 
the number of c e l l pairs obtained with the above l imi ta t ions . Each pair was 
uniquely determined. That i s , once a pair was formed, the members of that pa i r 
could not be used for further pairing of c e l l s . 

Once the cel ls were paired, the difference between the individual members 
of each pair was obtained for various r a in fa l l parameters. These parameters 
were the mean and maximum ra in fa l l values for each c e l l , the duration of the ce l l 
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on the network, i t s areal extent , and the volume of r a in fa l l produced by i t . 
The maximum value was taken to be the maximum raingage amount in a given c e l l . 
The mean was obtained by averaging the gage amounts within the rain cel ls and 
the area of each ce l l was obtained with the use of a planimeter. The duration 
was determined to be the l i fe history of the ce l l on the network and the volume 
was obtained from the mean ra in fa l l and the area enveloped by ce l l r a i n f a l l . 

Table 76. Number of rain ce l l pairs obtained on each storm date. 

Number of 
Date p a i r s 

6/2 23 
6/3 1 
6/6-7 6 
6/8 4 
6/10 0 
6/23 7 
6/30 5 
7/2 5 
7/9 24 
7/14 3 
7/19 11 
7/31 9 
8/1 8 
8/6 8 
8/7 2 
8/8 7 
8/18 4 
8/19 2 
8/24 4 
8/26 1 
8/31 9 

143 

I t i s w e l l to note again a t t h i s po in t t h a t the 1-summer sample may no t 
be t r u l y r e p r e s e n t a t i v e of the long-term c l i m a t o l o g i c a l d i s t r i b u t i o n . Furthermore, 
only 45% of the r a i n c e l l s were analyzed because of the r e s t r i c t i o n for complete 
containment wi th in the sampling network. This e l imina ted very la rge and 
long-dura t ion c e l l s with o ther than SW-NE movements. Also , c e l l s moving from 
a wes te r ly d i r e c t i o n were d i s p r o p o r t i o n a l l y sampled because of the r e l a t i v e l y 
narrow width of the network. However, as s t a t e d e a r l i e r , the information from 
t h i s s tudy does provide a f i r s t approximation of the c l i m a t o l o g i c a l d i s t r i b u t i o n , 
and furnishes i n s i g h t i n t o the use of r a i n c e l l s in r a i n modif ica t ion exper iments . 
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Experimental Design and Empirical Frequency Distributions 

In the paired storm design, a pai r of clouds are selected with s imilar 
cha rac t e r i s t i c s , and one member of the pa i r is then chosen at random to be 
seeded. The associated rain cel ls of the 143 pairs from Table 76 were assumed 
to have been produced from clouds meeting the paired storm design c r i t e r i a . 
One member of each pai r was selected at random and designated as seeded. The 
differences between the various seeded and non-seeded rain ce l l measurements 
were then computed and the cumulative ogives for the empirical d is t r ibut ions of 
differences were formed. These dis t r ibut ions were designated as the natural 
d i s t r i bu t ions , that i s , the dis t r ibut ions expected if seeding had not occurred. 
The values of the seeded cel ls of each pa i r were then increased 20, 40, 60, 
and 80% and the respective cumulative ogives were formed (Fig. 43). The 
differences between the natural and hypothetically seeded curves are assumed 
to be the effect that seeding would have on the natural differences. 

Test of Hypothesis 

Because of the dependence between members of p a i r s , an appropriate t e s t 
to use is the Wilcoxin matched-pairs signed-ranks t e s t . To derive the number 
of pairs to obtain significance for assumed increases of 20, 40, 60, and 80%, 
sample values were generated from the curves of Fig. 43 using a Monte Carlo 
procedure. As each sample was generated, a tabulation was made of whether 
significance was obtained for the Wilcoxin matched-pair t e s t . This was continued 
u n t i l a specified number of values had been generated. The process was then 
repeated, so that a frequency dis t r ibut ion of the number of runs s ignif icant at 
a pa r t i cu la r sample size was obtained. The percentage number of s ignif icant 
runs at each sample size is then equivalent to the power of the t e s t . 

Results of S t a t i s t i c a l Tests 

The number of rain ce l ls as well as the number of years to obtain 
significance for various rain ce l l measurements are shown in Fig. 44. The 
sample of pairs used in th is study occurred on 20 days during the June-August 
period. The number of years to obtain significance was obtained by assuming 
that on an operational basis only one pai r would be sampled, or 20 such cases 
during the 3-month period. 

A comparison of the various rain ce l l measurements reveals that 
prec ip i ta t ion duration requires the least amount of time to obtain s ignif icance, 
followed by ce l l area of r a i n f a l l , mean r a i n f a l l , maximum r a i n f a l l , and rain 
volume. For a 20% increase, duration is the only measurement detectable in 
a 5-year period. For 60% and 80% increases , a l l types of rain c e l l measurements 
would be detected in a 5-year period. For a 40% increase, a l l measurements 
except the maximum ra in fa l l and volume of r a i n f a l l would be detected. 

It should be noted tha t many assumptions had to be made to obtain the 
yearly numbers. For example, the amount of time to obtain significance would 
be reduced by one-half if two pairs of rain cel ls could be sampled on each 
operational day. 
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Figure 43. Empirical dis t r ibut ions of differences between rain ce l l pa i r s . 
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Figure 44. Sample size required to obtain significance for 
paired rain cel ls (α = 0.05, β = 0 .50) . 
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Overall Conclusions 

How applicable are these rain ce l l measurements to a rain modification 
experiment? As shown above, duration required the leas t amount of time to 
obtain significance. However, th is may have been affected s ignif icant ly by 
the limiting conditions imposed by the area of the sampling network. That 
i s , the requirement for each rain ce l l used in the study to remain over the 
network during i t s l i fe may have produced a re la t ive ly small variation in 
duration simply because long-duration storms were not sampled. Similarly, 
storms of very large area l extent could not be sampled. However, mean and 
maximum ra in fa l l amounts should have been measured adequately by the sampling 
network. In general , the sample was biased towards shorter duration storms 
and SW-NE ce l l movements. 

S t r ic t ly from a s t a t i s t i c a l evaluation standpoint, the rain ce l l 
comparison method is a potent ia l ly powerful evaluation technique. From 
prac t i ca l considerations of present s c i en t i f i c knowledge and capab i l i t i e s , 
however, i t s use may be d i f f i cu l t . F i r s t , the method assumes the experimenter 
has the capability to identify accurately and consistently those cloud pairs 
which have similar character is t ics and which wi l l culminate in the production 
of surface r a i n f a l l . Hopefully, th is capability may be developed be t t e r in 
the future. 

Secondly, a very dense network of recording raingages over hundreds 
or thousands of square miles would be needed to identify and accurately measure 
the various precipi ta t ion parameters at the surface. It is estimated that a 
gage density of approximately one per 5 mi2 would be needed. The surface 
measurement problem could be pa r t i a l ly al leviated through radar measurements; 
however, it is s t i l l not possible to measure r a in f a l l amounts and in tens i t i es 
with acceptable accuracy with radar (despite the occasional glowing report from 
case studies described in the meteorological l i t e r a t u r e ) . 

The rain ce l l comparisons in the Midwest would only be consistently 
feasible in a i r mass storms in which isolated convective clouds appear most 
frequently. There is generally too much clustering and interact ion between 
convective units in frontal storms. Since a i r mass storms produce only a 
small portion of the t o t a l p rec ip i ta t ion , i t is pert inent to place major 
emphasis on frontal storms in evaluating the efficacy of cloud seeding and 
the potent ia l benefits from modification operations in I l l i n o i s and other 
midwestern areas. 

The limited s t a t i s t i c a l analyses performed in th i s 1-summer study do 
provide f i r s t approximations of the general range of sample sizes that would 
be required with the paired storm design. This should provide useful information 
for those who wish to incorporate th is evaluation method into future modification 
experiments. The rain ce l l climatology should also be useful for planning 
purposes. 
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ESTIMATING NATURAL DISTRIBUTION OF STORM PRECIPITATION 
IN TARGET AREAS FROM CONTROL AREA DATA 

Introduction 

Nason and Lopez (1967) have investigated the f eas ib i l i t y of using 
control area precipi ta t ion patterns in storms to predict target patterns in 
the ver i f icat ion of cloud seeding experiments. This is an application of a 
technique proposed by Wadsworth (1951). Essen t ia l ly , th i s involves f i t t i ng 
a plane or some higher order mathematical surface to the control area 
precipi ta t ion data and extending this surface through the target area. The 
target predictions are assumed to represent the r a in f a l l pattern expected 
with no seeding. These values are then compared with measured amounts to 
determine seeding effects . Nason and Lopez limited t he i r i n i t i a l investigation 
to cold season storms in Oklahoma, and indicated favorable resul ts for the 
technique with th is type of storm. Hereafter, th is design wi l l be referred 
to as the control- target extrapolation design. 

In our study, further evaluation of the Nason and Lopez approach to cloud 
seeding evaluation was made through use of data from a dense network of raingages 
in central I l l i n o i s . The invest igat ion included equivalent samples of steady 
and unstable types of p rec ip i ta t ion , since spa t i a l va r iab i l i ty differs substant ia l ly 
between these two basic types (Huff and Shipp, 1968). Results of the study provide 
additional knowledge helpful in assessing the f ea s ib i l i t y of verifying seeding 
effects from comparison of individual storm dis t r ibut ions in target and control 
areas. 

Three types of analysis were performed. In the f i r s t , the surface f i t t i ng 
technique was employed. In the second analysis , it was assumed that the best 
prediction of the precipi ta t ion pat tern in a ta rget area would be obtained by 
extension of the adjacent control area isohyetal pa t t e rn , taking into account 
pat tern configurations and gradients established in the control isohyetal analysis . 
The th i rd analysis was r e s t r i c t ed to predicting ta rge t mean precipi ta t ion from 
a simple averaging of the nearest control area observations, under the assumption 
that storm mean prec ip i ta t ion remains re la t ive ly uniform over distances of a few 
miles. 

Data Used 

Two samples of 20 storms each from the East Central I l l i n o i s Network of 
49 recording raingages in 400 mi2 (Fig. 2) were used in the study. These were 
selected from a group of 260 storms analyzed for area-depth re la t ions (Huff, 
1968a) in which the network mean exceeded 0.5 inch or point amounts exceeding 
1 inch were recorded within the network. Thus, they represent storms of above 
normal in tens i ty and/or r a i n f a l l volume. The f i r s t sample consisted of storms 
in which thunderstorms and/or rainshowers were the prime producers of the 
network prec ip i ta t ion . The second sample included storms in which steady types 
of precipi ta t ion dominated. The 20-storm sample of unstable precipi ta t ion 
(TRW, RW) was selected so t ha t a proportional number of each synoptic type was 
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included through random selection from synoptic type groupings of storms. 
Synoptic types used were cold, warm, s ta t ionary , and occluded f ronts , a i r mass 
storms, low pressure center passages, and prefrontal squall lines (Huff and 
Shipp, 1968). The steady precipi ta t ion sample was res t r i c t ed to four synoptic 
storm types that accounted for nearly a l l of th i s precipi ta t ion type in the 
260-storm sample. These included cold, warm, and stat ionary fronts along with 
low centers. Network mean precipi ta t ion ranged from 0.15 inch to 1.78 inches 
in the sample of unstable p rec ip i ta t ion , and from 0.30 inch to 1.84 inches in 
the s table group of storms. 

Method of Analysis 

I n i t i a l l y , the target consisted of 100 mi2 at the downwind edge of the 
network, with the r e s t of the network being the control , as shown in the 
i l l u s t r a t i o n in Fig. 45. For each storm, the direction of storm ce l l movement 
had been obtained previously from analyses of synoptic weather maps and 
consecutive 30-minute isohyetal maps constructed throughout each storm (Huff, 
1967a). The target area was then assigned on th is bas i s . Thus, if the ce l l 
movement was W-E, the target was placed at the eastern edge of the network as 
in Fig. 45; if movement was from the SW, the target was at the northeastern 
edge of the 400 mi2 . This was done, since it was assumed that assignment of a 
target area in s c i en t i f i c cloud seeding experiments would be based upon analysis 
of flow patterns expected during the seeding period. The target-control 
arrangement shown in Fig. 45 provides a measure of target prediction capabili ty 
under optimum sampling conditions. Because of the contamination problem, 
l a t e ra l ly coinciding target and control areas would be d i f f icu l t to use in f ie ld 
experiments. However, increasing the distance between target and control would 
tend to increase the target prediction er ror with the methods employed here . 

In the surface f i t t i ng method, a l l gages in the control area of 300 mi2 

were used to construct the surface that was then extended through the ta rge t 
area to obtain the predicted storm precipi ta t ion at each sampling point (raingage). 
The 100 mi2 target contained 12 raingages, whereas the 300 mi2 control had 37 
raingages. 

Two surfaces were used. The f i r s t was a simple plane described by 
equation 29: 

where P is the precipi ta t ion at a sampling point (raingage) in the network and 
the variables X and Y are the coordinates of the sampling point , and a, b1, and 
b2 are leas t squares regression constants for the plane determined from control 
data alone. The second surface was a quadratic surface described by the following 
equation: 
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Figure 45. Sampling areas used in target-control estimations. 
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where P, X, and Y are defined as before and a, b1, b 2 , b 3 , b4, and b5 are 
least squares regression constants determined for the quadratic surface from 
control data alone. 

As indicated e a r l i e r , the isohyetal pattern in the ta rget areas was 
obtained through extension of the exist ing pattern from the control area. With 
the isohyetal analyses, a ta rge t area of 50 mi2 and a point ta rge t were also 
tested to determine whether the target prediction would improve s ignif icant ly 
as the area decreased in size with respect to the adjacent control area. These 
targets were also selected at the downwind edge of the 400 mi2 network in the 
same manner as the 100 mi2 t a rge t . Naturally, some analyst subject ivi ty was 
involved, so two experienced analysts were used to make the ta rge t est imates. 
Since only small average differences occurred in the 100 mi2 t a rge t predictions 
by the two analysts , only one was used for the point and 50 mi2 analyses. 

In determining target mean precipi ta t ion from averaging the nearest 
control gages, the target means were based upon use of (1) the f i r s t ring of 
gages adjacent to the t a rge t , and (2) the f i r s t two rings combined. The 
100 mi2 rings are shown in Fig. 45. Analyses were made also for targets of 
50 mi2 . 

Results of Analyses 

Table 77 shows a comparison between the prediction errors of target mean 
precipi ta t ion when each of the three methods of estimation was used on the 
100 mi2 t a rge t . The percentage errors were obtained by substracting the predicted 
mean from the 12-gage average of recorded prec ip i ta t ion , dividing by the recorded 
average, and multiplying by 100. The percentage errors were f i t t ed to a log 
normal d is t r ibut ion . An example is shown in Fig. 46 for unstable precipi ta t ion 
with the isohyetal extension method. From the log normal curves, the smoothed 
percentage dis t r ibut ions presented in Table 77 were obtained. 

With unstable p rec ip i t a t ion , Table 77 indicates that the p lane-f i t t ing 
and isohyetal methods are nearly equal in prediction capabi l i ty , and both do 
be t t e r than the gage averaging or the quadratic. Use of a single ring of 
control gages nearest to the ta rget was similar to the use of the quadratic 
surface and both proved superior to the 2-ring combination in the averaging 
method. Thus, the prediction er ror increased as gages more dis tant from the 
target were added. 

Overall, prediction errors were considerably smaller with stable 
prec ip i ta t ion . For example, the p lane-f i t t ing median was 13% with unstable 
precipi ta t ion compared with 4% for the stable type. 

With unstable precipi ta t ion and the two best prediction methods, errors 
equalled or exceeded 30% in 20% of the storms, and approximately 20% in 30% of 
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the storms. In weather modification experiments in which seeding-induced 
changes of 10% to 20% must be ver i f ied , the prediction capability does not 
appear to be sa t i s fac tory . With steady prec ip i ta t ion in which the prediction 
e r ror exceeded 20% in only about 10% of the storms, the p lane-f i t t ing and 
isohyetal methods may provide a useful ver i f icat ion procedure. 

Table 77. Comparison between three methods of predicting 
mean precipi ta t ion on 100 mi2 t a rge t . 

Unstable precipi ta t ion 

Error (%) equalled or exceeded for given method Percent 
of Surface f i t t i n g Isohyetal Gage averaging 

storms Plane Quadratic extension 1-Ring 2-Ring 

10 44 80 53 67 9 5 
20 29 44 29 38 53 
30 21 29 19 25 35 
40 17 19 14 18 25 
50 13 14 10 13 18 
60 10 10 7 9 13 
70 8 7 5 7 9 
80 6 4 3 4 6 
90 4 2 2 2 3 

Steady precipi ta t ion 

10 18 23 19 15 22 
20 11 14 13 10 12 
30 8 10 10 8 8 
40 5 8 8 6 6 
50 4 6 6 5 4 
60 3 4 5 4 3 
70 2 3 4 3 2 
80 1 2 3 2 1 
90 <1 1 2 1 <1 

Other analyses indicated that the prediction errors tend to be largest 
with a i r mass storms, followed by s t a t i c front storms. No substant ia l difference 
appeared between warm front , cold front , and low center e r ro r s . Additional 
t e s t s indicated that the prediction error is ins ignif icant ly affected by r a i n f a l l 
volume with unstable p rec ip i t a t ion , and weakly re la ted with the steady type. 
This is indicated by correlat ion coefficients of -0.12 and -0 .33 , respect ive ly , 
between mean r a i n f a l l and prediction error for the unstable and steady types on 
the 100 mi2 ta rget for the isohyetal method. Therefore, no allowance was made 
for the mean r a in f a l l factor in Table 77, since it is intended only to provide 
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Figure 46. Distribution of prediction errors with isohyetal method. 
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a f i r s t estimate of the size of the prediction error when the control pat tern 
is used to determine the target mean r a in f a l l under na tura l precipi ta t ion 
conditions. 

Using the isohyetal method with steady prec ip i ta t ion , no s ignif icant 
change was found in the prediction error as the ta rget area was reduced from 
100 mi2 to 50 mi2 and then to a point . However, with unstable p rec ip i t a t ion , 
the er ror was found to decrease with decreasing size of t a r g e t , as i l l u s t r a t e d 
in Table 78 for the isohyetal method. 

Table 78. Effect of ta rge t area on prediction er ror with unstable 
precipi ta t ion using isohyetal method. 

Percen t 
of E r r o r (%) equa l l ed or exceeded 

storms 100 mi2 50 mi2 Po in t 

10 53 38 27 
20 29 22 16 
30 19 15 11 
40 14 11 8 
50 10 8 6 
60 7 6 4 
70 5 4 3 
80 3 3 2 
90 2 2 1 

On the 100 mi2 t a r g e t , an evaluation was made also of how accurately the 
maximum point r a in f a l l could be predicted from the control isohyetal pat tern 
extension. In the 20 storms with thundershowers and rainshowers, the median 
percentage difference between the actual and predicted r a in f a l l was 13 and 
ranged from 1 to 50. Similarly, the 20-storm median for steady precipi ta t ion 
was 7% with a range from 0 to 40%, Comparison of the maximum ra in fa l l prediction 
errors with those for mean r a in f a l l in Table 77 showed a nearly equivalent 
prediction accuracy for the two precipi ta t ion parameters in these heavy storm 
samples. 

Using the isohyetal method, average differences in inches between 
predicted and actual point values in the areal target were calculated for each 
se t of storms. These provide a measure of prediction capabil i ty of point 
r a i n f a l l in the target from extension of the control isohyetal pa t t e rn . The 
average difference for each storm was then expressed as a percentage of the 
target mean r a in f a l l to obtain a s t a t i s t i c for comparison between storms. The 
dis t r ibut ion of these point r a i n f a l l percentage errors for the 100 mi2 t a rge t 
is summarized in Table 79 for each precipi ta t ion type. Median differences of 
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23% and 10%, respect ively, are shown for the unstable and steady types, and 
these differences increase to 72% and 21% at the 90-% level . 

Table 79. Average differences (%) between predicted 
and observed point r a in fa l l s in 100 mi2 

target using isohyetal method. 

Percent Percent differences of 
storms Unstable Steady 

10 7 5 
20 11 6 
30 15 7 
40 19 9 
50 23 10 
60 29 12 
70 37 14 
80 48 17 
90 72 21 

In a further evaluation of the point r a i n f a l l prediction capabili ty 
within a target area, the root mean square of the 12 differences between the 
predicted and observed point r a in f a l l was calculated for each storm on the 
100 mi2 ta rget for both stable and unstable types of precipi ta t ion with the 
isohyetal method. Root mean square differences and mean precipi ta t ion are 
shown in Table 80 for selected points along the log-normal dis t r ibut ion curves 
derived from the data. Both precipi ta t ion types were combined for the mean 
precipi ta t ion dis t r ibut ion because of insignif icant differences. 

Using the surface extension theory developed by Nason and Lopez (1967) 
an estimate was made of the average length of sequence needed to verify 10% 
and 20% increases in the actual gage amounts in the target area. The method 
was only applied to the plane since it had smaller prediction errors than the 
quadratic surface. The resul ts of the application of the t e s t are shown in 
Table 81. The table indicates that both percentage increases would be detected 
well within a 1-year period. Storms were selected from a sample which has an 
average of 24 storms per year (260 storms in a 11-year period). Nason and 
Lopez (1967) obtained values of 7.1 and 3.0 for 10% and 20% increases, based on 
data from the Washita network in Oklahoma. They also applied a fract ional 
power transformation to the data which was not applied in the present study. 

Are these numbers r ea l i s t i c ? The ent i re method is dependent upon (1) the 
extrapolation of a regression equation beyond the range of the or iginal 
observations, and (2) the use of error formulas for the individual estimate 
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predicted from a regression equation. Eziekel (1959) s ta tes that the estimate 
of an individual value beyond the range of values represented from a regression 
equation in the or iginal sample is subject to a hazard beyond the usual error 
formulas. He also s ta tes that the usual e r ro r formulas only give accurate values 
of the probable error of an individual estimate within the range represented by 
the or ig ina l sample. Extrapolation of the regression equation or curves beyond 
that range of values represents an extension into unknown f i e l d s , where sudden 
changes in the nature of re la t ions might conceivably occur. In the present 
problem, the range of the or iginal observations are those in the control area, 
and the observation beyond the sample range represent those in the target area. 

Table 80. Distribution of root mean square differences and target mean 
precipi ta t ion on 100 mi2 t a rge t using isohyetal method. 

10 0.09 0.04 0.25 
20 0.12 0.06 0.50 
30 0.15 0.08 0.67 
40 0.19 0.09 0.82 
50 0.22 0.11 0.96 
60 0.26 0.14 1.10 
70 0.32 0.18 1.25 
80 0.40 0.23 1.42 
90 0.54 0.32 1.67 

Table 81. Average length of storm sequence needed 
to reach significance using the plane 
extrapolation method. 

10% 20% 
Category Increase Increase 

All storms 11.0 3.2 
Steady rainstorms 13.0 3.2 
Unstable rainstorms 16.0 3.2 
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Table 77 shows the range of predicted values of the mean in the ta rget 
area. But, an even more important question is whether the errors are s imilar 
in the target and control areas? The standard error of estimate ( i . e . , the 
standard deviation of the actual values from the predicted values) for storms 
in the control area was compared with the standard error of estimate for storms 
in the target area. The average of these errors for steady rainstorms was 0.17 
and 0.15, respect ively, for the control and target areas, and the average for 
the unstable rainstorms was 0.25 and 0 .21 , respect ively, for the ta rget and 
control areas. Thus, for this pa r t i cu la r sample, the errors were nearly the 
same for the target and control areas , but th is would not be necessari ly true 
in a l l cases. In pa r t i cu la r , if the target and control areas were far ther 
apart the errors could be considerably different in the two areas. 

Another important consideration is how the target and control areas are 
selected. Nearly optimum conditions were used in th is study in which a target 
area was assumed contiguous to a much larger control area on a l l except the 
downwind side of the ta rge t . This is an impractical experimental design, since 
the contiguous control would be subject to possible contamination, and the 
ab i l i t y to i so la te the target area with respect to wind flow accurately and 
consistently is doubtful. Also, the 20-storm sample had an abnormal number of 
storms with heavy r a i n f a l l , and such storms have less re la t ive va r i ab i l i t y , on 
the average, than storms with l ight to moderate r a i n f a l l s . Thus, the l imitat ions 
involved in the selection of ta rget and control areas with respect to distance 
and direction detracts from the small sample sizes obtained when optimum 
conditions are met. 

Overall Conclusions 

The plane f i t t i ng method may have appl icabi l i ty as an evaluation technique 
in weather modification experiments. However, ta rge t and control areas must be 
selected so that the target w i l l not be contaminated and at the same time be 
close enough to the control area to permit a r e a l i s t i c extrapolation of the plane. 
This problem detracts from the usefulness of the method. Additional research 
should be conducted to define be t t e r the predication capabili ty on the target as 
i t s distance increases from the control area. 

The prediction error of the ta rget area mean can be large under some 
circumstances. For example, despite the extremely favorable conditions, reference 
to the p lane-f i t t ing and isohyetal estimates of ta rget mean precipi ta t ion in 
Table 77 for unstable precipi ta t ion shows a predication error of 10% or more in 
50% of the storms, and th is error increased gradually to exceed 44% in 10% of the 
storms. Unless cloud seeding produces re la t ive ly large percentage changes in 
ta rge t p rec ip i ta t ion , ver if icat ion of the seeding effect would be extremely 
d i f f icu l t even under these very favorable conditions. 

With steady prec ip i ta t ion , Table 77 indicates that the technique may be 
useful , since the prediction errors are s ignif icant ly smaller in the 50% of 
storms with the largest e r ro r s , and only exceed 20% in approximately 10% of 
the storms. However, again it must be s tressed that prediction errors would 
probably be much larger under acceptable target -control operating conditions. 
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The extension of the procedure to a l l storms in the spectrum would 
l ikely increase the problems considerably. This is because some gage amounts 
may be zero (especially in unstable p r ec ip i t a t i on ) , and the surface of the 
r a i n f a l l pattern wi l l no longer be a smooth surface. The rat ionale underlying 
the select ion of storms used in th is study was that if the method is feas ib le , 
it should show favorable resul ts on the heavier storm sample since the r a in f a l l 
surfaces are re la t ive ly smooth. An inkling of the diff icul ty which might be 
involved was experienced by one of the authors in an attempt to f i t planes to 
daily r a i n f a l l data from USWB stat ions in five 600 mi2 areas in Missouri. It 
was found that the plane would often estimate negative values or d i s t o r t the 
confidence in terva ls in the v ic in i ty of zero gage amounts, so that it was 
d i f f icu l t to apply the usual regression er ror formulas. It does appear that 
for the method to work effectively on storms, the target area must be small and 
one must have a dense network of raingages. 

For the sample used in th is study, the quadratic surface gave larger 
percentage prediction errors in the t a rge t areas than the plane did, although 
the standard er ror of estimate in the control area tends to be less than with 
the plane. Thus, it appears that the greater refinement of the surface in 
the control area led to larger errors in the t a rge t area, because greater 
r e s t r a in t s were placed upon the surface curving and this made the matching of 
the target precipi ta t ion to the extended control surface more d i f f i cu l t . 

The method does show considerable promise for pattern recognition when the 
surfaces are re la t ive ly smooth. Thus, if one is attempting to determine, for 
example, whether a high in an isohyetal pat tern of monthly r a in fa l l data is due 
to random chance or some other contributing fac tor , one could conceivably use 
th is method very effect ively. The individual months could be t reated as storms, 
the isohyetal high as the t a rge t , and the surrounding area as the control . In 
this way, p robabi l i s t i c statements could be attached to the high. Research along 
these l ines is highly recommended. 

CLIMATOLOGICAL DISTRIBUTION OF AREAL MEAN PRECIPITATION 

Under GA-1360, analyses were made of the climatological d is t r ibut ion of 
prec ip i ta t ion on the East Central I l l i n o i s Network when the data were s t r a t i f i e d 
in various ways. This was done to provide background knowledge for use in 
planning potent ia l weather modification projects which might be undertaken in 
the s t a t e at some future date. In the i n t e r e s t of condensing a mass of s t a t i s t i c a l 
data, r esu l t s of several of these studies have been presented in the form of tab les . 

Amount-Frequency Relations 

In planning a precipi ta t ion modification experiment, it would be desirable 
to have a r e a l i s t i c quanti tat ive estimate of how t o t a l areal prec ip i ta t ion is 
dis t r ibuted with respect to storm in tens i ty . Information on this d is t r ibut ion is 
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provided in Tables 82 to 84 for the two seasons, May-September and October-April, 
and on an annual summation bas i s . This has been done for areas of 50 and 400 mi2 

to provide a measure of how the dis t r ibut ion varies with increasing sampling area. 

In Table 82, the cumulative percent of t o t a l prec ipi ta t ion in the 1955-1966 
period has been related to storm mean prec ip i ta t ion . For example, on the -50 mi2 

area in May-September, 5% of the t o t a l p rec ip i ta t ion , on the average, occurs in 
storms with means of 2.85 inches or more. The storm mean r a in fa l l equalled or 
exceeded decreases to 0.87 inch at the median level (50%) and to 0.10 inch when 
95% of a l l storms are included. Diffe rences between the 50 and 400 mi areas are 
re la t ive ly small. 

Table 82. Relation between mean precipi ta t ion and percent of 
t o t a l prec ipi ta t ion in a l l storms for a given 
season and given area, ECI, 1955-1966. 

In Tables 83 and 84, cumulative percent of storm occurrences has been 
re la ted to storm mean prec ip i ta t ion . The relat ions in Table 83 are based upon 
use of a l l storms, whereas those storms in which the areal mean was only a trace 
have been eliminated in constructing Table 84. Interpretat ion of these tables 
is s imilar to Table 82. Thus, referring to May-September and 50 mi2 in Table 83, 
it is seen that 5% of the storms have mean ra in fa l l of 1.35 inches or grea ter , 
50% have means of 0.11 or more, and 5% resul ted in only t r ace s . Naturally, when 
traces are eliminated in Table 84 the values increase at a given cumulative 
percent of the t o t a l occurrences. 
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Table 83. Distribution of areal mean precipi ta t ion in a l l storms for 
a given season and given area, ECI, 1955-1966. 

Table 84. Distribution of areal mean precipi ta t ion in storms for given 
season and given area (traces el iminated), ECI, 1955-1966. 
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From examination of Tables 82 to 84, it is apparent that a large 
percentage of the I l l i n o i s precipi ta t ion occurs in a small percentage of the 
storms. Quantitative estimates of th is re la t ion are provided in Table 85 in 
which cumulative percent of t o t a l precipi ta t ion has been related to percent 
of t o t a l storm occurrences. This table shows t h a t , on the average, approximately 
50% of the t o t a l prec ipi ta t ion is recorded in 11% of the storms in both the 
warm and cold seasons. Approximately 95% of a l l prec ip i ta t ion occurs in 50% 
of the storms. 

Table 85. Percentage dis t r ibut ion of t o t a l precipi ta t ion in storms 
for a given season and given area, ECI, 1955-1966. 

Storm Duration - Synoptic Type - Precipi tat ion Type Relations 

Next, an invest igat ion was made of how I l l i n o i s precipi ta t ion is 
dis t r ibuted with respect to storm duration. In Table 86, percent of t o t a l 
precipi ta t ion and percent of t o t a l storm occurrences have been shown in the 
warm and cold seasons for selected groups of storm durations on the 400 mi2 

sampling area. In both seasons, storm durations of 3 hours or less are most 
frequent. During May-September, a greater percentage of the t o t a l prec ipi ta t ion 
occurs in re la t ive ly short durations. For example, 43% is indicated for 
storms of 6 hours or l e s s , whereas only 20% of the October-April precipi ta t ion 
is recorded in storms of th i s length. 
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Another evaluation of the re la t ion between storm frequency and storm 
intens i ty is presented in Table 87. Here, the percent of t o t a l prec ipi ta t ion 
has been re la ted to percent of t o t a l storm occurrences on an annual basis with 
the precipi ta t ion data s t r a t i f i e d by storm duration. As expected, a greater 
percentage of the t o t a l prec ipi ta t ion occurs in a small percentage of the 
storms with short-duration storms than in those of long-duration. For example, 
50% of the storms account for 91% of the t o t a l prec ip i ta t ion in storms of 3 
hours or l e s s , compared with 78% in storms last ing 12 to 24 hours. 

Table 86. Average dis t r ibut ion of prec ip i ta t ion on East Central 
I l l i n o i s network grouped by storm duration. 

Table 87. Annual re la t ion between storm frequency and precipi ta t ion 
volume for various storm durations. 
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Tables 88 and 89 show the precipi ta t ion dis t r ibut ion when s t r a t i f i e d 
according to synoptic storm types. From these t ab l e s , it is apparent that 
cold fronts are the primary producer of r a in fa l l in the warm season among 
synoptic types, whereas the passage of major low pressure systems is the 
major cold season type. Thunderstorms strongly predominate among warm season 
r a in f a l l types. Frequently, thunderstorms are the major producer of storm 
r a i n f a l l , but are intermingled with rainshowers during l ighter rain periods. 
On the East Central I l l i n o i s Network, the combination of thunderstorms and 
rainshowers accounted for 88% of the May-September r a in fa l l in the 1955-1966 
period and were associated with 87% of the storm occurrences. In the cold 
season, the rainshower-thunderstorm combination were associated with 40% of 
the storm occurrences, but accounted for 55% of the t o t a l seasonal p rec ip i ta t ion . 
Stable-type rains accounted for approximately 30% of the precipi ta t ion and 
storm occurrences in the October-April period. Snow and snow mixed with rain 
were recorded in 30% of the storms but accounted for only about 14% of the 
t o t a l seasonal p rec ip i t a t ion . 

Table 88. Average distr ibution of May-September r a in fa l l 
on East Central I l l i n o i s Network grouped by 
synoptic storm type. 

Synoptic Percent of Percent 
type t o t a l r a i n f a l l of storms 

Cold Front 39 36 
Warm Front 14 11 
Sta t ic Front 21 17 
Occluded Front 2 2 
Low Centers 7 8 
Air Mass 17 26 

Table 89. Average dis t r ibut ion of October-April precipi ta t ion 
on East Central I l l i no i s Network grouped by 
synoptic storm type. 

Synoptic Percent of t o t a l Percent 
type precipi ta t ion of storms 

Cold Front 29 28 
Warm Front 7 6 
S ta t ic Front 13 10 
Occluded Front 5 7 
Low Centers 43 46 
Air Mass 3 3 
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Table 90 defines further the relat ionship between precipi ta t ion and 
synoptic storm types. In th i s t a b l e , the re la t ion between cumulative percent 
of storm occurrences and cumulative percent of t o t a l precipi ta t ion is shown 
for the major synoptic types on an annual summation bas i s . 

Table 90. Annual re la t ion between storm frequency and precipi ta t ion 
volume for synoptic storm types. 

Cumulative percent of t o t a l precipi ta t ion 
Cumulative 
percent of Cold S ta t ic Warm Low Air 

storms Front Front Front Center Mass 

5 29 29 29 36 38 
10 48 48 46 53 59 
20 70 70 66 74 78 
30 83 83 78 85 88 
40 91 91 86 92 94 
50 94 94 91 95 96 
60 96 96 94 96 97 
70 97 97 97 97 98 
80 98 98 98 98 98+ 
90 99 99 99 99 99 
95 99+ 99+ 99+ 99+ 99+ 

The character is t ics of the precipi ta t ion dis t r ibut ions presented in 
Tables 82 to 90 should be useful to the planner of precipi ta t ion modification 
experiments in I l l i n o i s and nearby regions, especially where intentions are 
to operate in a pa r t i cu la r season or selected types of storms. 

Wet Day Sequences 

Another climatic factor useful in planning precipi ta t ion modification 
experiments is the sequential d is t r ibut ion of wet days that occur na tura l ly . 
This type of information is especially useful in those experiments where the 
res idual effects of seeding on a ta rget are of concern. Tables 91 and 92 show 
the dis t r ibut ion of wet day sequences on the East Central I l l i n o i s and L i t t l e 
Egypt Networks during 10-year sampling periods for seasonal and annual 
summations. In these t a b l e s , the frequency dis t r ibut ion is provided for 
sequences of one to five consecutive days and for s ix days or longer. Both 
t o t a l number of occurrences and percent of t o t a l cases are shown for each 
wet day sequence. 

On an annual b a s i s , the differences between the two networks located in 
the central and southern portions of the s t a t e are ins igni f icant . In the 
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May-September period, there is a trend indicated for more storms last ing three 
days or longer on the L i t t l e Egypt Network in southern I l l i n o i s . Thus, there 
were 22% of the cases with three-day or longer rain periods in the southern 
I l l i n o i s network compared with 16% in central I l l i n o i s . This trend reverses in 
the cold season (October-April) during which 10% of the storms las ted three days 
or longer in the central par t of the s ta te compared with 7% in the south. In 
both networks and both seasons one-day storm periods predominate. 

Table 91. Wet day sequences on L i t t l e Egypt Network, 1958-1967. 

Table 92. Wet day sequences on East Central I l l i n o i s 
Network, 1955-1964. 
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DISTRIBUTION OF POINT PRECIPITATION IN ILLINOIS 

Additional climatological s t a t i s t i c s for use in planning and evaluating 
precipi ta t ion modification experiments are presented in th is section. Results 
are summarized from analyses of the frequency dis t r ibut ion of point prec ip i ta t ion 
on a daily and hourly basis in I l l i n o i s , based upon records from U. S. Weather 
Bureau s t a t ions . Data from 57 climatological s ta t ions with weather records 
spanning a l l or most of the 50-year period, 1906-1955, were used in the daily 
study. Data from 30 s ta t ions with recording raingages during the 10-year period, 
1948-1957, were used in the hourly analyses. Also, a br ief discussion of 
snowfall climatology is included. 

Daily Precipi tat ion Distributions 

F i r s t , an investigation was made of the frequency dis t r ibut ion of mean 
annual precipi ta t ion according to daily prec ip i ta t ion amounts at each s t a t ion . 
Concurrently, an analysis was made of the frequency dis t r ibut ion of days with 
various daily amounts. Results are summarized in Figs. 47 and 48. Table 93 
shows typical s ta t ion dis t r ibut ions for the northern, cent ra l , and southern 
par ts of the s t a t e . 

Table 93. Average percentage dis t r ibut ion of annual precipi ta t ion 
based on daily prec ip i ta t ion . 

Percent of t o t a l prec ip i ta t ion from given daily amount ( in) 

Station 0.01-0.10 0.11-0.50 0.51-1.00 > 1.00 

Chicago 8 35 28 29 
Peoria 5 32 29 34 
St . Louis 5 29 28 38 
Cairo 4 26 28 42 

Percent of days with given daily amount (in) 

Chicago 48 36 11 5 
Peoria 43 37 13 7 
St. Louis 41 38 13 8 
Cairo 39 36 15 10 
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Figure 47. Distribution of average annual precipi ta t ion grouped 
by daily amounts. 
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Figure 48. Distribution of average annual precipi ta t ion grouped 
by frequency of daily amounts. 
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From the maps and t a b l e s , it is evident t h a t , whereas daily prec ip i ta t ion 
fa l l s most frequently into the l igh t c l a s s , 0.01-0.10 inch, only a very small 
amount of the t o t a l annual precipi ta t ion is accounted for on these days. Thus, 
if weather modification could e i ther s ignif icant ly increase the number of these 
occurrences or increase the r a in fa l l amounts by 10 to 20%, or even 50%, the net 
r e s u l t , on the average, would be only a small percentage increase in t o t a l 
p rec ip i ta t ion . Climatologically, s ignif icant modification of precipi ta t ion on 
those days with amounts from 0.11 to 0.50 inch would appear to be most rewarding, 
since th is group of storms accounts for over one-third of the to ta l annual 
precipi ta t ion and nearly one-third of the annual occurrences. A subs tant ia l 
portion of the annual precipi ta t ion resu l t s from days with over one inch, but 
these days are re la t ive ly infrequent and the des i rab i l i ty of further increasing 
prec ip i ta t ion on these days of heavy storms is questionable, even if it were 
feasible . 

The frequency dis tr ibut ions presented to th is point are for average 
conditions. An obvious question concerns the type of precipi tat ion experienced 
in dry periods. Huff (1969) has discussed resu l t s obtained from analyses of 
the dis t r ibut ion of mean precipi ta t ion during average, wet, and dry years in a 
12-year network study in I l l i n o i s . Further indication of dry-period conditions 
was obtained from study of two droughts: 1) a widespread severe drought affecting 
large portions of the s t a te in the 1953-1954 period (Huff and Changnon, 1963); 
and 2) a localized drought in the corn and soybean be l t of east central I l l i n o i s 
during the 1969 growing season. 

Fig. 49 i l l u s t r a t e s conditions in the 12-month drought, August 1953-July 
1954. Isol ines show the percent of normal number of days with prec ip i ta t ion of 
0.50 inch or more. This drought was most severe in the south central part of 
the s t a te where the 12-month precipi ta t ion was less than 50% of normal, as shown 
by the cross-hatched area in Fig. 49. Note that the maximum deficiency of heavy 
precipi ta t ion days, those with 0.5 inch or more, nearly coincides with the area 
experiencing the most severe drought. Near normal to s l ight ly above normal 
prec ip i ta t ion was recorded in the northern par t of the s ta te where the 0.50-inch 
frequency is normal or s l igh t ly higher. The above findings are reasonable and 
log ica l , based upon Fig. 47, which show tha t approximately two-thirds of the 
annual precipi ta t ion in south central I l l i n o i s , on the average, occurs on days 
with precipi ta t ion exceeding 0.50 inch. However, only about one-fourth of a l l 
precipi ta t ion days normally have precipi ta t ion of th i s magnitude. 

Fig. 50 shows the percent of normal r a in f a l l in the 3-month period, 
May-July 1969, in which a severe localized drought occurred in east central 
I l l i n o i s . Most of the s t a te had above normal r a in fa l l during this period. 
Only about 5% of the s t a t e had less than 75% of normal and s l ight ly over 1% 
experienced the severe drought shown by the 60% isol ine in Fig. 50. It would 
seem reasonable to expect that weather modification might be useful in 
a l leviat ing such localized deficiencies, whereas in the widespread drought 
(such as the 1953-1954 case) large-scale atmospheric conditions are l ike ly to 
prevent much al leviat ion from cloud seeding. 

As in the large-scale 1953-1954 drought, there was a definite deficiency 
in the number of rainy days with 0.50 inch or more and 1.00 inch or more. 
Analyses indicated that within the 60% area of Fig. 50, there were an average 
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Figure 49. Distribution on 12-month 
precipi ta t ion in a large-scale 

severe drought. 

Figure 50. Percent of normal r a in fa l l 
in a severe localized drought of 

3-month duration. 
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of four days with 0.50-inch or more r a i n f a l l , compared with 10-15 days in the 
areas with above normal r a i n f a l l . Similarly, the dry area averaged only one 
day with r a in f a l l over 1.00 inch, compared with four to eight days in the above 
normal regions. Based on 165 I l l i n o i s s t a t i o n s , the correlat ion coefficient 
between May-July 1969 ra in fa l l and number -of days with more than one inch of 
r a i n f a l l was a re la t ive ly high 0.79. The correlation coefficient reduced to 
0.6 8 when days with r a in fa l l exceeding 0.50 inch were correlated with the 3-month 
t o t a l . 

Hourly Precipi ta t ion Distributions 

As part of the I l l ino i s climatic s tud ies , 10 years of data from 30 
recording raingage stat ions in and near I l l i n o i s were used to determine the 
frequency dis t r ibut ion of hourly precipi ta t ion on a seasonal, annual, and 
diurnal basis throughout the s t a t e . For th is study, the s t a t e was divided 
into four sections of similar prec ip i ta t ion climate (Huff and Ne i l l , 1959), 
and average dis t r ibut ions were developed for each sect ion. Locations of the 
four sections (northwest, north cen t ra l , south cent ra l , southwest) are shown 
in Fig. 49. 

The annual and seasonal dis t r ibut ions of hourly precipi ta t ion are 
summarized in Table 94. Precipi ta t ion modification undertaken in any season 
would be performed predominately on storms in which hourly amounts are 0.10 
inch or l e s s . An appreciable percentage of the hourly amounts exceed 0.25 inch 
only in summer, when the average is 12 to 13%. The s t a t i s t i c s of Table 94 
indicate that in I l l i no i s and similar climatic regions seeding operations would 
usually need to be carried on successfully for several consecutive hours on 
storm days to achieve substant ia l increases in t o t a l p rec ip i ta t ion . Hourly 
dis t r ibut ions can be easi ly determined for other areas from U. S. Weather Bureau 
published data. These can then ass i s t in determining potent ia l benefits from 
cloud seeding and in planning seeding operations. 

The diurnal dis t r ibut ion of hourly precipi ta t ion during winter and summer 
for the four sections of the s t a te is summarized in Tables 95 to 97. Table 95 
shows the percentage of the t o t a l seasonal precipi ta t ion for 3-hour periods in 
each climatic sect ion. Similarly, Table 96 shows the frequency of occurrence 
of measurable precipi ta t ion by 3-hour periods. Table 97 shows average hourly 
r a t e s . 

Changes in the diurnal d is t r ibut ion are most pronounced between sections 
during summer, and are most prominant between the Southeast and the two northerly 
sections (Northwest and North Central) . 

Snowfall Distribution 

The natural dis tr ibut ion of snowfall is of major importance in the 
planning of precipi ta t ion modification experiments during the cold season. 
For example, intensif icat ion of natural ly heavy snowstorms would normally 
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Table 94. Annual and seasonal d is t r ibut ion of hourly prec ip i ta t ion . 

Percent of t o t a l hours with given 
hourly amounts (in) 

Average number 
of hours 0.01- 0.11- 0.26- 0.51- Over 

Period per year 0.10 0.25 0.50 1.00 1.00 

Northwest Section 

Winter 127 93.4 5.6 0.8 0.1 0 . 1 -
Spring 155 86.2 10.6 2.4 0.7 0.1 
Summer 99 71.8 16.4 7.1 3.5 1.2 
Fal l 87 83.5 12.5 2.8 0.9 0.3 
Annual 468 84.6 10.8 3.1 1.1 0.4 

North Central Section 

Winter 135 90.7 7.6 1.2 0.3 0 . 1 -
Spring 151 84.8 11.2 3.0 0.8 0.2 
Summer 90 72.1 15.0 8.0 3.7 1.2 
Fal l 89 84.2 11.4 3.4 0.9 0.1 
Annual 465 83.8 11.1 3.5 1.3 0.3 

South Central Section 

Winter 126 84.9 11.7 2.3 0.8 0.3 
Spring 137 81.6 13.6 3.5 1.1 0.2 
Summer 79 72.4 15.1 7.3 3.9 1.3 
Fal l 94 78.2 15.6 4.6 1.3 0.3 
Annual 436 80.0 13.8 4.1 1.6 0.5 

Southeast Section 

Winter 189 
Spring 146 
Summer 83 
Fal l 104 
Annual 522 

82.3 
77.6 
71.7 
76.2 
78.0 

13.1 3.6 0.8 0.2 
15.5 5.2 1.4 0.3 
15.6 7.8 3.9 1.0 
16.5 5.5 1.5 0.3 
14.9 5.1 1.6 0.4 
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Table 95. Average diurnal dis tr ibut ion of t o t a l precipi ta t ion 
by section and season. 

Percent of t o t a l precipi ta t ion for given section and season 
3-Hours 
ending North- North South South-
(CST) West Central Central East 

Winter 

03 11.7 12.9 13.4 14.4 
06 13.5 13.5 13.4 15.2 
09 12.7 12.3 11.5 11.3 
12 13.0 13.8 11.1 10.8 
15 10.5 10.1 10.9 9.9 
18 13.0 12.6 12.5 10.2 
21 11.6 12.1 13.1 12.3 
24 14.0 12.7 14.1 15.9 

Summer 

03 13.0 15.6 16.2 10.3 
06 17.4 13.4 16.2 11.4 
09 15.6 13.3 10.8 14.0 
12 7.8 9.2 9.2 11.9 
15 9.8 9.8 10.5 16.7 
18 11.3 11.9 12.7 15.9 
21 12.9 13.5 11.7 9.5 
24 12.2 13.3 12.7 10.3 
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Table 96. Average diurnal d is t r ibut ion of precipi ta t ion 
occurrences by section and season. 

Percent of t o t a l occurrences for given section and season 
3-Hours 
ending North- North South South-
(CST) West Central Central East 

Winter 

03 13.4 13.5 14.5 15.0 
06 13.4 13.5 14.1 14.1 
09 12.0 13.2 12.0 12.0 
12 13.8 13.3 11.8 11.2 
15 11.2 11.8 11.2 10.4 
18 12.2 11.4 12.0 11.1 
21 12.0 11.8 12.3 12.6 
24 12.0 11.5 12.1 13.6 

Summer 

03 13.5 14.1 15.3 11.4 
06 15.4 12.5 14.7 11.9 
09 15.2 14.5 13.3 14.1 
12 11.4 12.9 11.7 13.6 
15 10.1 11.0 11.7 14.8 
18 11.3 11.2 11.7 13.4 
21 11.5 11.4 10.4 10.6 
24 11.6 12.4 11.2 10.2 
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Table 97. Diurnal dis t r ibut ion of average hourly ra in fa l l 
ra te by section and season. 

Mean ra te ( in /hr) for given section and season 
3-Hours 
ending North- North South South-
(CST) West Central Central East 

Winter 

03 0.035 0.044 0.056 0.065 
06 0.042 0.046 0.058 0.074 
09 0.043 0.043 0.058 0.064 
12 0.038 0.048 0.057 0.064 
15 0.038 0.043 0.060 0.065 
18 0.043 0.051 0.063 0.063 
21 0.039 0.047 0.064 0.066 
24 0.047 0.051 0.071 0.080 

Summer 

03 0.116 0.146 0.128 0.102 
06 0.135 0.133 0.132 0.108 
09 0.122 0.114 0.098 0.111 
12 0.092 0.089 0.095 0.090 
15 0.110 0.110 0.108 0.128 
18 0.120 0.132 0.132 0.135 
21 0.134 0.140 0.138 0.102 
24 0.126 0.133 0.137 0.121 
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be an overal l disbenefi t . Changnon (1969) has indicated tha t severe winter 
storms which usually produce heavy snowfall in excess of 6 inches produce 
more damage in I l l i n o i s than any other form of severe weather. In areas where 
snowfall is the major form of p rec ip i t a t ion , however, seeding of snowstorms 
would be required for subs tant ia l seeding-induced prec ip i ta t ion . 

Snowfall contributes only a small portion of the annual precipi ta t ion 
in I l l i n o i s . Table 98 indicates the average percentage decreases gradually 
from 8.5 in the Northwest section (see Fig. 49) to 3.0 in the Southeast sect ion. 
Other I l l i n o i s studies have shown that the average number of days with 1-inch 
or greater snowfalls per year decreases from a high of 13 in the extreme 
northwestern part of the s t a t e to 4 in the extreme south (Changnon, 1969). The 
average number of 2-day periods with 4 inches or more snowfall decreases from 
2-3 per year in the northern par t of the s ta te to 1 per year in the south. 

Since snowfall is not a major contributor to I l l i n o i s p rec ip i ta t ion , it 
should not present a major problem in seeding experiments. The few days with 
po ten t ia l for heavy snowfall could probably be avoided in most seeding programs 
without severely hampering the experiment. 

Table 9 8. Percent of average annual prec ip i ta t ion 
from snowfall. 

Average 
Section percentage 

Northwest 8.5 
North Central 6.1 
South Central 4.2 
Southeast 3.0 

FREQUENCY DISTRIBUTION OF VARIOUS STORM FACTORS 

Huff (1967a) used a 261-storm sample (discussed e a r l i e r ) on the East 
Central I l l i n o i s Network (Fig. 2) to investigate the frequency dis t r ibut ion 
of various factors that might aid in defining the d is t r ibut ion charac ter i s t ics 
of storms of moderate to heavy in tens i ty . Investigation was made of (1) burst 
cha rac te r i s t i c s , (2) storm center d i s t r ibu t ions , (3) time continuity of 
prec ip i ta t ion in storms, (4) effects of rain type, storm type, and storm 
duration on the time dis t r ibut ion of p rec ip i ta t ion , and (5) storm shapes and 
or ienta t ions . 
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Frequency of Bursts 

A number of analyses were performed to define the r a in f a l l burst 
charac te r i s t i c s . The f i r s t problem was to define a burs t , and this definit ion 
must necessarily be conditional to a pa r t i cu la r in te rpre ta t ion . After 
considerable probing, definitions were selected to portray most r e a l i s t i c a l l y 
definite changes in r a in f a l l in tensi ty which were associated with s ignif icant 
changes in the atmospheric precipi ta t ion process, such as the development of 
new rain ce l ls over the sampling area, a major change in the rainout 
character is t ics of the existing storm over the network, or ar r ival of a new 
storm system. For the purposes of the I l l i n o i s study, bursts were separated 
by (1) a complete cessation of r a in fa l l on the sampling area, (2) a change in 
successive 30-minute r a in fa l l amounts of 100% or more, provided that these 
amounts involved 5% or more of the t o t a l storm r a i n f a l l , and (3) changes in 
percent of t o t a l r a in f a l l from 3, 4, or 5% to less than 1% between successive 
30-minute periods. Changes between successive periods ranging from 0.1 to 2% 
of the storm t o t a l were not considered separate burs t s . 

An evaluation was made of the number of bursts associated with storms 
s t r a t i f i ed by quar t i le (see section on time dis t r ibut ion models). Combining 
a l l storms, those with two, three , or four bursts accounted for 53% of the 
cases on the 400 mi2 network. In the f i r s t - q u a r t i l e storms, two or three bursts 
were found most frequently and accounted for approximately 48% of the occurrences. 
One to three bursts occurred in 60% of. the second-quartile storms. Three to 
five bursts were found most commonly with the th i rd-quar t i l e storms and accounted 
for 52% of the cases. The fourth-quarti le storms showed a strong preference for 
four bursts which were associated with 35% of the storms. 

In general , the number of bursts was found to range from 1 to 14 in 
I l l i n o i s storms, and the maximum burst occurred anywhere from the f i r s t to 
eighth burst within the storms. The percentage of the t o t a l r a in fa l l occurring 
in the maximum burst ranged from less than 20% to 100 % on each of the areas 
investigated. 

Next, the effect of t o t a l storm duration on the number of bursts was 
evaluated. It was found that with durations less than 3 hours, s ingle-burst 
storms predominated, accounting for 52% of the cases. In storm durations 
ranging from 3 to 12 hours, double-burst storms predominated with 38% of the 
t o t a l cases. Storms with 3 to 5 bursts were found with nearly equal frequency 
with durations of 12 to 24 hours and accounted for 71% of the cases. With 
durations exceeding 24 hours, 6-burst storms occurred most often and were found 
in 30% of the occurrences. Thus, as one would expect, the number of bursts 
tends to increase with increasing storm duration. Since the heavier areal mean 
ra in fa l l s tend to occur with the longer r a i n f a l l durations, analyses showed the 
expected trend for the number of bursts to increase with volume of r a i n f a l l , on 
the average. 

Maximum Burst Relations 

Other information valuable to understanding of the burst character is t ics 
of storms include what percentage of the rain occurs pr ior to and during the 
maximum burst and how much of the t o t a l storm time has ensued prior to and during 
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the maximum burs t . A large volume of s t a t i s t i c s was compiled on these burst 
charac ter is t ics for a point and areas up to 400 mi2 for each of the quar t i le 
storms. In Table 99, resu l t s of these bursts analyses have been i l l u s t r a t e d 
for storms based upon the median value of each parameter for a point at the 
center of the network and for areas of 50 to 400 mi2 combined, since differences 
between these areas were small. For each q u a r t i l e , the cumulative percent of 
the storm period which had ensued before the s t a r t of the maximum burs t is 
shown, along with the cumulative storm time at the end of the burs t , the percent 
of the t o t a l storm ra infa l l p r ior to the s t a r t of the maximum burs t , and the 
percent of the t o t a l r a in f a l l in the maximum burs t . 

Table 99. Median values for maximum storm b u r s t s . 

Percent of t o t a l 
Percent of storm time storm r a i n f a l l 

Star t End Prior 
Area, of of to During 
mi2 burst burst burst burst 

F i r s t -qua r t i l e storms 

Point 0 36 0 71 
50-400 0 37 0 77 

Second-quartile storms 

Point 17 67 14 70 
50-400 16 62 8 79 

Third-quarti le storms 

Point 42 78 24 62 
50-400 46 82 25 69 

Fourth-quartile storms 

Point 73 100 43 57 
50-400 72 96 39 59 

The strong trend indicated e a r l i e r for a major portion of the t o t a l 
storm r a i n f a l l to occur in the maximum storm burst is apparent in Table 99. 
The point percentages are somewhat smaller than the areal values, but may be 
due to sampling vagaries. From the standpoint of duration, the maximum burst 
time was shortes t for the fourth-quart i le storms which also had the smallest 
percentage of t o t a l r a in fa l l in the maximum burs t . 
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Storm Center Distributions 

The dis t r ibut ion of storm centers and the influence of storm mean r a in f a l l 
and r a in f a l l duration on the number of centers were invest igated. Analyses were 
made for areas of 50 and 100 mi2 and durations of 30 minute to 48 hours. Centers 
as used here refer to e i ther a closed isohyet or , if there were no closed 
isohyets in the sampling area, the region of heaviest r a in f a l l was considered 
the storm center. 

On the 400-mi2 area, 1 to 3 centers were the most frequent with a l l 
durations. The number of centers varied from 1 to 6. With increasing duration, 
there was a trend for a greater percentage of the storms to have 4 to 6 centers. 
The percent of t o t a l cases with 1 to 3 centers decreased gradually from 90% 
with 1-hour storms to 70% with 24-hour r a in f a l l s . Except for very heavy ra in fa l l 
with areal means of 2 inches or grea ter , 1 to 3 centers were found most often in 
the mean r a in f a l l groupings. 

Only 1 or 2 storm centers were found on the 50 mi2 in a l l cases due to 
the small area encompassed. For a l l r a in f a l l durations, single centers dominated 
with no strong trend for change indicated with increasing duration. Also, no 
strong trends were observed with varying mean r a i n f a l l . 

Time Continuity of Precipi tat ion in Storms 

An analysis was made to determine what percent of the t o t a l storm period 
experiences r a in f a l l . This revealed an expected trend. The percentage of the 
t o t a l storm period with r a in f a l l somewhere on the sampling area increased with 
increasing area and decreased with increasing storm duration, as shown by the 
median values in Table 100. 

Table 100. Percent of t o t a l storm period with prec ip i ta t ion . 

The foregoing discussion and s t a t i s t i c s on bursts emphasize the great 
va r i ab i l i ty found in the i r character is t ics under various storm conditions. 
This is typical of almost any r a i n f a l l parameter examined in midwestern 
rainstorms, par t icu lar ly those of the warm season which produce most of the 
intense r a i n f a l l s . 
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Relations Between Rain Type, Storm Type, and Time Distributions 

Rain type. The dis t r ibut ion of rain type by quar t i le was examined to 
determine if any par t icu la r type dominated within the four qua r t i l e s . Results 
are summarized in Table 101 in which percentage frequencies are shown for each 
of seven precipi ta t ion types. For storms in which the major burst occurred in 
the f i r s t , second, or th i rd q u a r t i l e , thunderstorms were the most frequent 
rain type, par t icu la r ly in the f i r s t - q u a r t i l e and second-quartile storms. In 
the fourth-quart i le storms, the combination of rainshowers and thunderstorms 
predominated. These storms tend to l a s t longer than the other quar t i le storms 
and, thus , frequently consist of a number of individual storms of varying 
in tens i ty . 

Table 101. Distribution of storms by quar t i le and 
rain type on 400 mi2 . 

* R - Continuous r a in , S - Snow, RW - Rainshower, TRW - Thunderstorm, A - Hail 

Storm type. An examination of synoptic storm types was made to ascertain 
whether specif ic types predominated in the various quar t i le storms. Storms were 
c lass i f ied into six basic types and percentage frequencies determined for each 
type in each qua r t i l e . Storm types used were cold front , warm front, s ta t ionary 
front, occluded front , low pressure centers , and a i r mass storms. Analyses 
showed no strong trend for a par t i cu la r type of storm to dominate in a par t i cu la r 
qua r t i l e . However, a trend was noted for a much larger percentage of the 
fourth-quart i le storms to be associated with combinations of the storm types 
than occurred with the other quar t i le types, which might be expected since these 
storms are longer (see below) giving more chance for several storm types to occur. 

Quartile-Duration Relations 

As shown in Table 102, a major percentage of the fourth-quart i le storms 
occurred with durations greater than 24 hours, whereas the f i r s t - q u a r t i l e and 
second-quartile storms occurred most frequently with durations less than 12 hours, 
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and the th i rd-quar t i l e storms had the greates t number of cases in the duration 
group of 12 to 24 hours. Combining a l l storms, 42% f e l l into the duration 
grouping of less than 12 hours, 33% in the 12- to 24-hour group, and 25% exceeded 
24 hours in duration. 

Table 102. Percentage dis t r ibut ion of quar t i le types. 

Percent of cases for given duration (hr) 
Quartile 

Quartile <12 12-24 >24 frequency (%) 

1 45 29 26 32 
2 50 33 17 34 
3 35 42 23 25 
4 22 26 52 9 

All storms 42 33 25 100 

Storm Shape and Orientation 

An invest igat ion of the shape factor in I l l i n o i s storms was made with 
data for areas of 50 to 400 mi2 . Because of t he i r s i z e , storm shapes could not 
be determined with r e l i a b i l i t y in many cases on the areas smaller than 400 mi2 . 

For r a in fa l l periods of 1 to 12 hours on the 400 mi 2 , e l l i p t i c a l patterns 
were found to predominate, accounting for 51% of the cases. Storms without a 
closed center that showed an elongated pattern of isohyets outward from a single 
region of heaviest r a in fa l l near the network border were considered e l l i p t i c a l 
in addition to the typica l closed center storms of e l l i p t i c a l shape. Mult icel lular 
pa t te rns , those characterized by several closed isohyets within the network, 
ranked second with 25% of the cases. Banded pa t t e rns , which produce two or more 
bands of r a in fa l l separated by areas of re la t ive ly l ight r a i n f a l l , accounted for 
19% of the storms in the 1- to 12-hour group. Indefinite pa t te rns , those too 
complex or too f l a t to c lassify, accounted for the other 5%. 

As the r a in fa l l durations increased to 24 hours, the three major patterns 
( e l l i p t i c a l , mul t ice l lu lar , banded) occurred with nearly equal frequency. 
Examination of the influence of r a in fa l l volume (storm mean ra infa l l ) on the 
shape of the pat tern revealed a strong domination by e l l i p t i c a l patterns with 
areal means up to 1.50 inches; in this range, they were found in 59% of the cases. 
For storms with means in the range from 1.50 to 1.99 inches, there was l i t t l e 
difference in the frequencies for each of the three major pa t te rns . With areal 
means of 2 inches or greater , banded patterns became the most frequent type and 
accounted for approximately 50% of the cases. Thus, there exis ts a trend for 
the storm patterns to become more complex with increasing ra in fa l l duration and 
ra in fa l l volume. The data were grouped according to storm type a lso , but no 
definite differences were noted among the several types. 
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With the smaller areas , especially 50 mi2 , only a small par t of a major 
storm center or storm zone would extend over the sampling area frequently, so 
that assignment of a pattern shape was most d i f f i cu l t . When it was possible 
to assign a shape to the smaller areas , it was found that the e l l i p t i c a l shapes 
predominated strongly for a l l storms regardless of mean r a i n f a l l or storm 
duration. 

The movement of storms was found to be closely associated with the 
orientat ion of the storm pa t t e rns . Investigation of the network storm 
orientations indicated that approximately 45% of the storms moved from the 
SW or WSW. Complex movements in which individual showers moved from two 
or more directions during the storm period ranked next with 17% of the cases. 
Table 103 shows the percentage frequency dis t r ibut ion of the storm pattern 
or ienta t ions . Again, storm type did not appear to influence storm orientations 
subs tant ia l ly . 

Table 103. Percentage frequency of storm pat tern or ienta t ions . 

Direction 

S 
SSW 

SW 
WSW 

W 
WNW 
NW 

NNW 
Complex 

Percent 

1 
11 
22 
23 
12 

5 
6 
3 

17 

The resul ts in Table 103 are in close agreement with other I l l i n o i s 
s tudies . An analysis of 106 storms in which mean r a in f a l l exceeded 0.50 inch 
on the urban network of 10 mi2 (Fig. 1) during a 10-year period also showed 
orientations most frequently from the SW and WSW. A study of the large-scale , 
outstanding flood-producing storms in I l l i n o i s (Huff and Semonin, 1960) 
revealed the most frequent orientat ion of the storm centers was from WSW 
through W to WNW. A detai led study of 10 large-scale storms in the period 
from 1951-1960 in which the 12-hour ra in fa l l exceeded 8 inches at the storm 
center revealed a median orientat ion of 270 degrees with an average wind 
direction in the layer from 5,000 to 20,000 ft of 255 degrees. A study of 
radar-depicted prec ip i ta t ion l ines (Changnon and Huff, 1961) also showed a 
WSW orientation and movement most frequently. 

Two per t inent facts were brought out by the or ientat ion study. F i r s t , 
as the intensi ty and areal extent of the storms increase, the orientation of 
the storm core veers from SW-WSW toward W. Secondly, the storm pattern is 
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oriented, on the average, approximately 15 degrees in a clockwise direct ion 
from the average wind flow in the steering layer. This displacement l ikely 
resu l t s from the recognized trend for new cel ls to develop on the r igh t 
flank of the exist ing storm mass (Newton and Newton, 1959), and the new ce l l 
development in tens i f ies with increasing storm strength. The trend for the 
rotat ion of the storm pattern in a clockwise direction in large intense storms 
is believed to resu l t from the greater influence of high-level winds on 
steering the storms, since the more intense storms tend to build to higher 
leve ls . This trend is supported by resu l t s of the Changnon-Huff study of 
radar precipi ta t ion lines mentioned above. 

Conclusions 

The s t a t i s t i c s provided in th is study provide useful background 
information on character is t ics of storms of moderate to heavy in tens i ty . 
Unfortunately, time and personnel l imitat ions have not permitted a s imilar 
study of l igh t storms. The analyses performed in the study discussed here 
did not reveal any unique properties of the natural r a in fa l l d is t r ibut ion 
that substant ia l ly lessen the problems encountered in the verif icat ion of 
weather modification experiments. 

AN EVALUATION OF DOWNWIND SEEDING EFFECTS 
FROM THE WHITETOP EXPERIMENT 

Introduction 

The poss ib i l i ty of downwind seeding effects on r a in fa l l has been 
suggested by Braham (1965), Brown and E l l i o t (1968), Brier (1966), Adderley 
(1968), and Neyman et a l . (1969). Indications of both posi t ive and negative 
seeding effects have been found at distances from 40 to 250 mi downwind of 
the seeding area. Braham has suggested that the downwind effects resu l t from 
a stat ionary wave-like perturbation which spreads outward and downstream with 
a wave length of 30-50 mi. This downwind wave then creates regions in which 
dynamic interact ion between clouds and the i r environment may produce further 
effects on prec ip i ta t ion . Brown and E l l i o t have suggested that the equivalent 
of a heat mountain is created in the ta rget area, and convective i n s t a b i l i t y 
is then released as t r a i l i ng jump l ines emanating from the equivalent heat 
mountain. They have also suggested that overseeding close to the seeding source 
may produce cirrus which then d r i f t downwind and seed the underlying cel ls with 
large ice p a r t i c l e s . 

Since indications of downwind effects have been found in some experiments 
and since working hypotheses have been suggested to explain apparent downwind 
e f fec t s , the present study was i n i t i a t e d to investigate further the poss ib i l i ty 
of downwind seeding effects through the use of data and analyses not previously 
employed. The analyses involved primarily the establishment of s t a t i s t i c a l 
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probabi l i t i es of the existence of downwind increases or decreases in r a i n f a l l 
associated with the 1960-1964 Whitetop seeding project in Missouri. Attention 
was given also to the problem of natural r a i n f a l l va r i ab i l i ty which interferes 
with and may lead to spurious conclusions in seeding evaluations when it is not 
properly understood and incorporated into the ver i f icat ion procedures. 

The area surrounding and downwind of the Whitetop experiment was selected 
for study because of the careful at tention given to randomization and because 
the existence of a negative seeding effect was established in the Whitetop 
target area (Braham, 1966; Decker and Schickedanz, 1966; Flueck, 1968). Thus, 
it is logica l to t e s t the hypothesis that th i s decrease may have been extended 
downwind. 

Data and Analytical Procedures 

F i r s t , average monthly r a in f a l l data from Weather Bureau Cooperative 
s ta t ions for the seeding period, 1960-1961, and for the previous 5-year 
non-seeding period (1955-1959) were used to invest igate the existence of downwind 
seeding ef fec ts . A ci rcular sampling area of 300 mi about the center of the 
Whitetop ta rge t area in southeastern Missouri was studied. Secondly, daily 
ra in fa l l s for the seeded and non-seeded days from these s ta t ions were used to 
i so la te further the differences between ra in fa l l on seeded and non-seeded days. 

In the th i rd phase, plume analyses using wind t ra jec tor ies in the lower 
500 mb were performed for the year 1961 to obtain a b e t t e r estimate of the area 
which could have been affected on each operational day. This permitted a more 
detai led study of downwind effects for that year in which previous analyses 
(Decker and Schickedanz, 1966) indicated a major seeding effect ( r a in fa l l decrease) 
in the Whitetop experimental region. 

Next, the study was expanded to incorporate average areal r a i n f a l l for 
each hour on operation days in the 1961 evaluation to f a c i l i t a t e in terpre ta t ion 
of r e s u l t s . Final ly , hourly r a in f a l l on two dense raingage networks, located 
approximately 175 and 290 mi downwind from the center of the Whitetop area, 
were examined 1) for evidence of extensive downwind effects in the 1960-1964 
period and 2) to aid in evaluating the degree of na tura l va r i ab i l i t y pollut ing 
the analyt ica l r e s u l t s . 

Except in the dense network analyses, evaluation of downwind effects was 
dependent upon r a in fa l l measurements from the Weather Bureau climatic network 
which averages one gage per 300 mi2 in the study area. Such densi t ies are far 
from optimum for determining areal mean r a in f a l l on Whitetop operational days; 
however, these are the only data available. Consequently, th is measurement 
deficiency must be considered in the in terpreta t ion of r e s u l t s , especially when 
isola ted departures from the general trend of the findings are noted. 

Large-Scale Analysis of Monthly Rainfall Patterns 

It is sometimes desirable from technical , economic, and p o l i t i c a l 
considerations for cloud seeding effects to extend over a large area, and 
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to be reflected in the monthly r a i n f a l l , especially during the c r i t i c a l 
growing-season months. If the seeding effect can be found in monthly data, 
which have numerous factors confounded with the seeding effect , one can then 
begin to attach economic importance to the seeding operations. Therefore, 
comparisons were made between the monthly r a in fa l l values of various areas 
in and surrounding the Whitetop research area. These comparisons were made 
for the 5-year period pr ior to the seeding experiment, for the 5-year period 
during the seeding experiment, and between corresponding areas in the two 
periods. 

The sampling area used is shown in Fig. 51. Circles concentric to the 
radar s i t e at 50-mile intervals and the location of major c i t i e s are shown 
for convenience in analyses and presentation of r e s u l t s . The Whitetop 
experimental area, hereafter designated the research c i r c l e , is indicated by 
the 60-mile radius. In order to compare areas of equal s i ze , a grid with 
100-mile spacing was superimposed on the sampling area. For each grid area 
and for the two 5-year periods the areal average monthly r a in fa l l for the 
summer months was determined. In addition, average monthly percent of normal 
values were computed for each gr id . 

The average monthly r a in fa l l values were then computed for the " target" 
area enclosed by grids 13, 14, 19, 20 (some Whitetop area in each grid) and 
for the "control" area enclosed by a l l of the other grids (no Whitetop area 
in g r ids ) . The years 1955-1959 were designated as the non-treatment period 
and the years 1960-1964 as the treatment period. The 5-year averages for each 
area and period are shown in Table 104. These averages show that the average 
monthly r a i n f a l l in the Whitetop research ci rc le and the surrounding area 
(40,000 mi2) was less than the r e s t of the grid area shown in Fig. 51 
(280,000 mi 2) . Long-term normals were used to compute percent of normal values. 
These are l i s t ed in Table 104 and also indicate that the 4-grid area had less 
r a i n f a l l . 

The average monthly r a in f a l l values were then computed for the area 
enclosed by grids 8-10, 13-16, 19-22, and 26-28 (an area generally downwind 
"target-downwind") and for the area enclosed by grids 1-4, 5-7, 11-12, 17-18, 
23-25 and 29-32 ("west-control"). These values are also included in Table 104. 
During the treatment period the "target-downwind" value was 7% less than the 
"west-control" and during the non-treatment period it was 1% more. 

The large-scale monthly analysis indicated that the average monthly 
r a i n f a l l in summer during the 1960-1964 period was less (93% of normal) in 
the " target" area than it was in the r e s t of the large region shown in Fig. 51; 
th i s suggests a possible seeding effect within the " target" . The average 
monthly r a in f a l l in the "target-downwind" area, however, was only s l igh t ly 
less than in the "west-control" region (99% vs 101% of normal). 

From the information presented in Table 104, it is concluded that there 
is no strong evidence of downwind seeding effects in the monthly data. However, 
the downwind effect would need to be quite large to be readily discernible , 
since both seeded and non-seeded days are included in the monthly t o t a l s . 



Figure 51. Sampling area used in large-scale monthly analyses. 
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Table 104. Average monthly ra in fa l l and percent of normal 
during summer months for treatment and 
non-treatment periods. 

Equal-Area Analyses of Daily Rainfall Patterns 

The procedures followed in the Whitetop experiment provided excellent 
conditions under which to analyze daily* r a in fa l l in the downwind** areas 
ranging from North clockwise through South. Because of the randomization 
procedure, any downwind region has two random samples of seeded and non-seeded 
days. Thus, valid and meaningful s t a t i s t i c a l inferences can be drawn 
concerning the existence of seeding effects provided the sample size is 
suff ic ient ly large. The sampling areas used in the daily analysis are shown 
in Fig. 52. 

In general, the seeding material should spread l a t e r a l l y and become 
more diffuse as the distance from the source increases. Areas A, B, and C 
were selected and oriented so that the seeding material would be more diffuse 
in those areas far thest from the source, but yet be equal in area to the 
Whitetop research ci rc le (11,310 mi2) . To perform further analysis in certain 
downwind areas some were e i ther divided in half or were combined to get areas 
twice tha t of the research c i r c l e . The areas An, Bn , Cn, As, B s , and Cs are 
one-half the size of the research ci rc le whereas the areas A t, B t , and C t are 
twice the size of the research c i rc le . Also, the n and s areas were combined 
to form the areas Ao, Bo, and Co which are again equal to the area of the 
research c i r c l e . 

* The daily r a in f a l l data used here are the 24-hour to t a l s from 0700 to 
0700 of the following day. 

** The downwind areas are assumed to be those east of the seeding l i ne . 



Figure 52. Sampling area used in daily r a in f a l l analyses. 
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The data from the At, Bt, and Ct areas and the various subdivisions of 
these areas ( to ta l ing 15 areas) were analyzed for each year. The non-seeded 
sample mean was greater than the seeded mean (rainy day averages†) in 6 out 
of 15 areas in 1960, 14 out of 15 in 1961, 11 out of 13 in 1962, 3 out of 15 
in 1963, and 3 out of 15 in 1964. This indicates t h a t , in general, there was 
a negative tendency in the years 1961 and 1962 and a posi t ive tendency in the 
years 1960, 1963, and 1964. The non-seeded mean was greater than the seeded 
mean (operational day averages††) for 3 out of 15 areas in 1960, 14 out of 
15 in 1961, 11 out of 15 in 1962, 6 out of 15 in 1963, and 2 out of 15 in 
1964. Again the negative tendency appears in the years 1961 and 1962. The 
means for some of the areas are shown in Fig. 53. 

The log-normal dis t r ibut ion was then f i t t ed to the seeded and non-seeded 
daily r a in fa l l data from a l l 15 areas. A good f i t was obtained for a l l areas 
except Ct and Bo on non-seeded days. The probabil i ty of the dis t r ibut ions 
being log-normal was greater than 0.05 for a l l other areas. 

Two s t a t i s t i c a l t e s t s of hypothesis were then used to t e s t for differences 
between seeded and non-seeded means of the various areas. The "t" t e s t was 
used to t e s t the differences between seeded and non-seeded log-normal means on 
rainy days. The Mann Whitney non-parametic U t e s t was used to t es t for 
differences between seeded and non-seeded means on rainy days and the means 
on operational days. Since recent research indicates that both seeded and 
non-seeded effects are possible , the nu l l hypothesis (Ho) was chosen to be that 
the seeded and non-seeded means are equal while the a l ternat ive hypothesis (Ha) 
was chosen to be that the seeded and non-seeded means are different . 

For two-ta i l probabi l i t ies the only values s ignif icant at the 0.05 level 
are the t e s t s t a t i s t i c s for area C (Prob. = 0.048) in 1964, and for the smaller 
area Cn (Prob. = 0.01) and Bs (Prob. = 0.02) for 1962. The difference for 
area C is posi t ive (seeded greater than non-seeded) and is a comparison involving 
operational day means. The difference for Cn is posi t ive while the difference 
for Bs is negative (non-seeded greater than seeded) and these are in the rainy 
day comparisons. These differences could be due to random chance or to seeding. 
Area C (Fig. 52) extends 247 to 360 miles from West P la ins , areas Cn and Bn are 
more than 180 miles from West Plains , and the 30-mile seeding line is approximately 
45 miles upwind of West Plains. Therefore, it is d i f f icu l t to a t t r ibu te these 
differences to seeding. Furthermore, there is no clustering of these areas in 
time and space, and out of 150 t e s t comparisons (5-year x 15 areas x 2 t e s t s ) 
only 3 had probabi l i t ies less than 0.05. It is more l ikely that these differences 
occurred by random chance, even though the probabil i ty associated with each of 
the 3 individual comparisons is low. The t e s t s t a t i s t i c s and probabi l i t ies for 
some of the areas are shown in Fig. 54. 

In Fig. 55, the research circle and the areas A, An, and At have non-seeded 
5-year means for the period 1960-1964 that are greater than the seeded means for 

† Based on the t o t a l r a in fa l l from 0700 through 0 700 the following day. 
Operational (seed or non-seed) days without rain during this period were excluded. 

†† Operational as used here and l a te r includes days with and without ra in . 



Figure 53. Daily average r a in f a l l for seeded and non-seeded days during individual years . 



Figure 54. Test of significance for difference between means on seeded 
and non-seeded days for individual years . 



Figure 55. Areal means for research and downwind areas during 1960-1964. 
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both rainy day and operational day averages. However, Fig. 55 also shows 
that many of the 5-year areal means are greater on seeded days than on 
non-seeded days. Thus, there is no clear-cut evidence for downwind ef fec ts . 

The daily r a in f a l l data for a l l 5 years were grouped to form seeded and 
non-seeded 5-year samples for each area shown in Fig. 55. The log-normal 
d is t r ibut ion was f i t t ed to these data and a good f i t was obtained for a l l areas. 
The " t" and "U" tes t s were then applied to t e s t for differences between the 
seeded and non-seeded samples as was done with the individual years . None of 
the 15 downwind areas were s ignif icant at the 0.05 probabil i ty l eve l . Indeed 
a l l two-ta i l probabi l i t ies were greater than 0.10. The t e s t s t a t i s t i c s and 
two-tai l probabi l i t ies are shown in Fig. 56. For the overall 5-year period, 
the equal-area analysis indicates that none of the seeded and non-seeded 
differences are s ignif icant . 

Plume Analyses in the Downwind Area 

Wind trajectory analyses were performed using upper a i r s ta t ions and 
special wind observations taken at West Plains during the Whitetop experiment. 
Braham (1966) constructed a composite plume based on the most divergent winds 
from the seeding level to 14,000 f t , whereas Decker and Schickedanz (1966) 
constructed a plume based on seeding level winds only. These plumes were only 
constructed for the research c i r c l e . However, in th is downwind study it was 
necessary to extend the plume to the edge of the sampling area shown in Fig. 52 
to obtain an estimate of i t s time d i s t r ibu t ion , location, and areal extent in 
downwind areas. 

Because of the large amount of work required, it was decided to r e s t r i c t 
the plume analysis i n i t i a l l y to the year 1961. The fact that most of the 
downwind areas had negative differences made this a desirable choice. Comparison 
of plume resul ts with those obtained from the equal-area analysis would then 
determine the des i rab i l i ty of extending the plume analysis to other years . In 
1961, the downwind plume analysis was done on 23 days and the plumes were 
basical ly defined in 3 different ways. These were composite moving plumes, 
composite plume envelopes, and f l igh t - leve l plumes. The composite envelope 
plumes were then divided into regions 0-100 mi, 100-200 mi, and 200-300 mi for 
further comparisons. In order to obtain some out-plume control data for 
comparisons, the composite envelope plume was displaced to posit ions upwind 
of the research ci rc le and to posit ions to the l e f t and r ight in the downwind 
direct ion. Furthermore, because of the possible error involved in determining 
the l imits of the plume in time and space, the plume's boundary was reduced by 
0.5 of i t s width and then increased by 0.5 of i t s width to form "contracted" 
and "expanded" plumes. 

Composite plumes were obtained by f i r s t constructing 700 mb, 500 mb, 
and seeding-level plumes for each hour through use of mean wind t ra jec tor ies 
for these levels . The composite plume was then determined from the maximum 
extent of the plumes at the three leve ls . These hourly plumes were extended 
in space and time un t i l 1) the plumes reached the 300-mile radius shown in 
Fig. 52 or un t i l 2) 7 a.m. the following day. The composite moving plume for 



Figure 56. Test of significance for differences between 5-year means on 
seeded and non-seeded days during 1960-1964. 
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1200, 1500, 1800, 2100, and 2400 CST on July 20 and for 0300 and 0500 CST on 
July 22, 1961 are shown in Fig. 57. The composite plume envelope was defined 
as the t o t a l area enveloped by the moving plumes for a 24-hour period or un t i l 
the time the distance l imit of 300 miles was reached. 

Because of the scarci ty of recording raingages within the hourly plumes it 
was impractical to obtain average areal r a in fa l l for every hour. Instead, the 
areal average was determined for the area encompassed by the plume in each 
3-hour period un t i l the time l imit (0700 the following day) or distance l imit 
(300 miles) was reached. The 3-hour areal means were then averaged to obtain 
the daily seeded and non-seeded in-plume averages. The log-normal dis t r ibut ion 
was f i t t ed to the daily averages and a good f i t was obtained in a l l cases. The 
" t" t e s t was used to t e s t for differences between the log-normal seeded and 
non-seeded means on a l l plumes defined above. 

The seeded and non-seeded differences were s ignif icant at the 0.05 two-tai l 
probabil i ty level for the composite envelope plume in the region 100-200 miles 
downwind. For the contracted plumes, the composite envelope plume had a two-ta i l 
probabil i ty less than 0.10 for the 0-100 miles region and a two-tai l probabil i ty 
less than 0.20 in the 100-200 miles region. All other probabi l i t ies were too 
large to be of any consequence. This suggests possible seeding effects in the 
region extending 100-200 miles downwind in the year 1961. The two-tai l probabi l i t ies 
and the i r corresponding t e s t s t a t i s t i c for the various plumes are shown in Fig. 58. 

Hourly r a in fa l l from the 100-200 mile zone of the A, An, As, Ao, and At 
areas shown in Fig. 52 was used to check further the resu l t found above. The 
application of significance t e s t s produced a probabili ty value of 0.08 for the 
100-200 mile zone in area A. All other probabi l i t ies were greater than 0.20 
and of no consequence. 

In general , the 1961 plume analysis leads to the same conclusions as the 
equal-area analysis , and indicates that the equal-area resu l t s (pract ica l ly no 
s ignif icant increases or decreases) are val id. This also indicates that the 
complicated downwind analysis for the other four years would produce l i t t l e or 
no additional information. 

Analyses of Dense Raingage Network Data 

Data from two dense raingage networks in I l l i n o i s were examined (1) for 
evidence of extensive downwind effects from Whitetop seeding, and (2) to aid 
in evaluating the natural r a in fa l l va r iab i l i ty that may have interfered with 
and possibly led to erroneous conclusions in the Whitetop seeding evaluations. 
The L i t t l e Egypt Network (LEN) consisted of 49 gages in 550 mi2 approximately 
175 miles ENE of the Whitetop operations center (Fig. 51), and the East Central 
I l l i n o i s Network (ECIN), located about 290 miles NNE, contained 49 gages in 
400 mi2 . 

Fig. 59 is a portrayal of the diurnal dis t r ibut ion of 3-hourly mean 
r a in f a l l on seeded and non-seeded operational days for both networks, along 
with a plot for the remaining non-operational days on ECIN. Some curve 
smoothing was achieved by using 3-hour moving t o t a l s . 
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Figure 57. Location of downwind plumes for July 20-21, 1961. 



Figure 58. Test of significance for differences between plume areal averages 
on seeded and non-seeded days in 1961. 



Figure 59. Diurnal dis t r ibut ion of network mean r a i n f a l l . 
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Immediately, attention is drawn to the early morning recognized 
climatological maximum on the ECI curves. The maxima are s t r ik ingly s imilar 
for the non-seeded and non-operational curves (no-effect hours) , but both 
show much heavier r a in fa l l than does the curve for seeded days. This is 
especially in teres t ing since the early morning maximum occurs at a time when 
Whitetop seeding material or other seeding-induced effects would most l ikely 
reach ECI, based on wind speed climatology. Thus, the ECI curves indicate a 
strong poss ib i l i ty that a re la t ively large percentage reduction in r a i n f a l l 
occurred nearly 300 mi downwind as a resu l t of Whitetop seeding. 

However, the LEN curves show ra in fa l l differences of a similar magnitude 
in the early afternoon during the 3-4 hours immediately following the s t a r t ing 
time of Whitetop seeding. Such a pronounced downwind seeding effect at 175 mi 
is very unlikely to occur so rapidly or consistently enough to produce this 
anomaly. Thus, it is concluded that it resul ted from natural va r i ab i l i ty between 
the two samples drawn from the 1960-1964 r a i n f a l l population. The LEN anomaly 
raises a question as to whether the ECI early morning differences merely re f lec t 
a sampling vagary. 

Results of the 1961 plume analyses were used to investigate further the 
probabil i ty of the ECI anomaly being natural or seeding-induced. The 1961 
analyses for f l igh t level to 500 mb showed that there was a likelihood of a 
Whitetop plume reaching ECI on only 5 of 37 operational days (14%) and on two 
of these days no rain occurred on ECI. However, with i t s closer and more 
s t ra teg ic pos i t ion , LEN could have been reached by plumes on 76% of the 1961 
operational days. Consequently, it would be expected that if a seeding effect 
was present it would be more evident on LEN and should be most prominent 
between 1500 and 0300 CST, when winds would be most l ikely to bring Whitetop 
seeding mater ia l , clouds, or seeding-induced mesosystems in to the network. 
However, the two LEN curves in Fig. 59 are very similar during th is period, 
thus indicating l i t t l e or no seeding effect . 

Assuming that the 1961 plume d i s t r ibu t ions , in which the calculated areal 
extent of the plumes was doubled in the network areas to allow for computational 
e r ror , are reasonably representative of plume movements in the 1960-1964 period, 
it is very d i f f icu l t to conclude that downwind seeding effects were the cause of 
the early morning anomaly shown by the ECI curves. It is more l ikely a consequence 
of natural r a i n f a l l var iab i l i ty such as produced the early afternoon anomaly on 
LEN. Huff (1966) has shown that large differences may occur in two samples drawn 
from the same storm population in a 5-year period because of natural r a in fa l l 
va r i ab i l i t y . 

The Wilcoxin ranked pairs t e s t was employed in conjunction with the hourly 
data on LEN and ECI to evaluate the s t a t i s t i c a l significance of the differences 
between the hourly averages for seeded and non-seeded days and between the 
hourly averages for seeded and non-operational days. Results are summarized in 
Table 105. F i r s t , t e s t s were made on a 25-hour period s ta r t ing at 0600 CST which 
included hours of potent ia l effect and hours of no effect from the Whitetop 
seeding. Next, the network time dis t r ibut ions were divided into two parts (based 
on wind climatology) to include the overall range of hours in which a Whitetop 
seeding-induced effect may have reached the networks and those hours during which 
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it was unlikely for any seeding effect to have been present. The no-effect 
hours were 06-17 on ECI and 06-15 on LEN, whereas the potent ia l effect hours 
were 17-07 on ECI and 15-07 on LEN. 

Assuming that any probabil i ty of 0.05 or less is s ign i f ican t , Table 105 
shows no indication of downwind seeding effect on LEN, approximately 175 miles 
downwind of Whitetop. However, highly s ignif icant probabili ty values (0.01 or 
less) were obtained not only for the hours of po ten t ia l downwind effect on ECI, 
290 miles from Whitetop, but for the no-effect period (06-17) in the seeded vs 
non-operational comparison. Also, a value close to significance (0.06) was 
obtained in the 25-hour period bracketing effect and no-effect hours in the 
seeded vs non-seeded comparisons. 

Table 105 provides an excellent example of the high degree of s t a t i s t i c a l 
significance that may be obtained with differences between two samples drawn 
from the same r a in fa l l population. One may i n s i s t , despite evidence to the 
contrary presented by the authors, tha t the highly s ignif icant t e s t s t a t i s t i c s 
for 17-07 (effect hours) on ECI were caused by downwind seeding ef fec ts . 
However, there s t i l l remains the highly s ignif icant 0.01 probabil i ty for the 
no-effect hours in the seeded vs non-operational comparisons on th i s network. 

Table 105. Probabi l i t ies for the Wilcoxin paired ranks t e s t 
s t a t i s t i c for hourly r a i n f a l l differences on 
seeded, non-seeded, and non-operational days 
on ECI and LEN. 

Overall Summary and Conclusions 

1) Detailed plume analyses indicated a s t a t i s t i c a l l y s ignif icant 
probabil i ty of a seeding effect in an area 100-200 miles downwind during the 
year 1961; overa l l , however, the evidence for downwind effects derived from 
the plume analyses was very weak. 

2) There was a tendency for some individual years to have both posi t ive 
and negative effects in isolated areas of which a few were s t a t i s t i c a l l y s igni f icant . 
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However, lack of continuity of the s ignif icant differences in time and space 
imply these were the resu l t of random sampling. 

3) The tendency for negative differences (seeded minus non-seeded) was 
limited mostly to the years 1961 and 1962. Positive differences dominated the 
other 3 years in downwind areas . 

4) No s t a t i s t i c a l l y s ignif icant seeding effects were present in the 
downwind areas when data for a l l 5 years were combined. 

5) Detailed hourly analysis of dense raingage network data indicate that 
large differences in the time dis t r ibut ion of r a in fa l l may occur between seeded 
and non-seeded days as a r e su l t of natural r a in fa l l va r i ab i l i ty and lead to 
spurious conclusions if not thoroughly evaluated. Thus, on the ECI network 
nearly 300 miles downwind a highly s ignif icant probabil i ty was obtained between 
seeded and non-seeded cases in the early morning hours following Whitetop 
operations, and th is time period coincided with hours in which seeding mater ia l , 
seeded cloud systems, or other seeding-induced mesosystems would most l ikely 
arrive on the network, based on time of t r ave l . However, further analysis , 
employing resul ts of the 1961 plume analyses, indicated that because of i t s 
direction from the seeding source th i s network would be within the Whitetop 
downwind plume only infrequently. Furthermore, differences of s imilar magnitude 
were obtained on another network (LEN) during hours when downwind seeding 
effects could not occur because of t ime-of-travel considerations. 

The findings in the downwind study show that one should be very cautious 
when evaluating seeding r e s u l t s , especially in an area other than that for which 
the experiment was designed. Also, the problems of sampling density in the 
experimental area par t i t ioning of the area, and type of data used in evaluation 
are a rea l concern. For example, would the par t i t ioning of the Whitetop research 
c i rc le of 11,310 mi2 into 2 8 areas with the size and gage density of the ECI 
network (400 mi2) also have produced some extreme differences between seeded and 
non-seeded days such as found on that network? 

Upon consideration of a l l analyses performed in th is research, it is the 
overall conclusion of the authors that the evidence for downwind effects from 
the Whitetop experiment is very weak. 

A FEASIBILITY STUDY PERTAINING TO THE "EVALUATION OF POTENTIAL 
BENEFITS OF WEATHER MODIFICATION ON WATER SUPPLY 

Introduction 

Major progress has been made in recent years in acquisit ion of the 
s c i en t i f i c knowledge and in development of the engineering technology necessary 
for application of weather modification to increase water supplies. In view of 
these advances, quant i ta t ive evaluation of the potent ia l benefits (and possible 
damage) of cloud seeding programs under various weather conditions is extremely 
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pert inent at th is time. Although this need has been recognized for some time 
and considerable debate on the subject has ensued, the l i t e r a tu r e provides 
l i t t l e concrete information upon which to base quant i ta t ive est imates. This 
s i tua t ion arises from several causes, among which is the lack of previous 
concentrated effort in th i s di rect ion, which, in tu rn , has been discouraged to 
some extent by the lack of readily available techniques and methods to solve 
the problem. As par t of the NSF-1360 research, a p i l o t study was made to 
evaluate the f eas ib i l i t y of undertaking the desired evaluations. 

Approach to Problem 

Evaluation of water supply potent ia l was r e s t r i c t ed in t h i s p i lo t study 
to cold-season runoff, since in the Midwest and most of the United States the 
major contribution is during this season when evapotranspiration is at a 
minimum. In I l l i n o i s , the period from October through April is of primary 
importance. Step-wise correlat ion and multiple regression techniques were 
used to ascertain the optimum relat ionship between cold-season runoff and various 
meteorological parameters for two basins selected to provide examples of different 
climatic conditions, physiography, and geomorphology. 

The p i lo t study has indicated that approximately 85% to 90% of the variance 
in the precipi tat ion-runoff re la t ion during the cold season can be explained 
through appropriate select ion of weather parameters that determine the runoff 
charac te r i s t i c s . This has been achieved by including not only the t o t a l seasonal 
precipi ta t ion and an antecedent moisture index (the more or less "standard" 
procedure) but numerous other weather parameters. These additional parameters, 
although not independent of the t o t a l seasonal prec ip i ta t ion in s t a t i s t i c a l 
terminology, do exert s ignif icant influence on the magnitude of the seasonal 
runoff, as w i l l be shown l a t e r in an example of analyses on an I l l i n o i s basin. 

Although the best correla tor with seasonal runoff is t o t a l seasonal 
p rec ip i ta t ion , it is obvious that the nature and magnitude of the seasonal 
runoff is also dictated to a large extent by how the t o t a l precipi ta t ion is 
d is t r ibuted throughout the season. Through step-wise correlat ion the various 
parameters were tested for the i r importance in defining the seasonal runoff 
for a given basin. Step-wise regression then established the basin runoff 
re la t ion by progressively insert ing additional variables in to the equation, 
based upon the i r ab i l i ty to reduce the standard error of est imate, un t i l a l l 
were included. Those which had l i t t l e effect upon improvement of the regression 
equation were then discarded, and the po ten t ia l benefits of precipi ta t ion 
stimulation assessed with th is "bes t - f i t " equation. 

It is important to pursue the foregoing analyt ical procedure in cloud 
seeding evaluation s tud ies , not only to es tabl ish the most re l i ab le equation 
upon which to base the seeding benef i t , but to es tabl ish those individual weather 
parameters whose modification can materially affect the runoff under given 
conditions of climate, physiography, and geomorphology. For example, th is p i lo t 
study shows that modification of the seasonal snowfall in the Big Muddy basin 
in southern I l l i n o i s would have negligible effect on the cold-season runoff; 
however, increasing the January prec ip i ta t ion , which climatologically exerts the 
strongest influence on the winter precipi ta t ion in that region, would substant ia l ly 
increase the runoff under certain sequences of cold-season weather events. 
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The step-wise correlat ion and regression technique not only provides a 
means of evaluating seeding po ten t i a l , but provides information on the re la t ive 
effects of various precipi ta t ion dis t r ibut ion factors on seasonal runoff. 
Therefore, it can contribute also to be t t e r understanding of the rainfal l -runoff 
re la t ion and to be t t e r prediction of runoff from precipi ta t ion data. The 
re la t ive effects of the dis t r ibut ion parameters wi l l vary between watersheds with 
different conditions of climate, physiography, and geomorphology. Therefore, 
in any future comprehensive s tud ies , basin grouping must be done according to 
these factors , and possibly others , such as basin s i z e . 

Once a basin equation is es tabl ished, one can then return to the computer 
and calculate runoff increases that would resu l t under various combinations of 
the independent var iables , assuming various percentage increases in them through 
cloud seeding. The combinations to be used are determined from a climatological 
study of the combinations which have occurred under natural conditions during 
the past . The frequency dis t r ibut ion of these combinations (climatological 
models) then serve as a valuable tool in the evaluation, providing a logical 
sequence of weather events to analyze. 

Application of Technique 

The foregoing description of the analyt ical technique is i l l u s t r a t e d 
in the following example for Henderson Creek, a basin of 428 square miles in 
northwestern I l l i n o i s with continuous runoff records dating back to 1935. This 
basin has an average precipi ta t ion of 16.20 inches, and an average runoff of 3.95 
inches during the October-April period. Snowfall averages 27 inches (approximately 
2.7-inch water equivalent) and the winter temperature mean (December-February) 
is 26.6°F. 

In establishing the basin equation, tes t ing was made of the effects of 
t o t a l cold-season p rec ip i t a t ion , f a l l , winter, and spring precipi ta t ion t o t a l s , 
individual monthly p rec ip i ta t ion , snowfall, number of precipi ta t ion days, 
maximum monthly precipi ta t ion during the cold-season, monthly and seasonal 
temperatures (indexes of ground condition), and September runoff (index of ground 
saturat ion at s t a r t of season). The step-wise correlation and regression 
analyses indicated that t o t a l seasonal precipi ta t ion (P) , September runoff (R), 
seasonal snowfall (S ) , winter precipi ta t ion (W), and maximum monthly precipi ta t ion 
(M) were the most important parameters, and the addition of others did not 
substant ia l ly improve the runoff relat ionship for th is basin. These parameters 
explained 85% of the variance. The variance explained increased from 62% with 
t o t a l seasonal precipi ta t ion alone, to 69% with the addition of September 
runoff, 75% with inclusion of seasonal snowfall, and 85% with the addition of 
winter precipi tat ion and maximum monthly prec ip i ta t ion . Addition of 14 addit ional 
variables only increased the variance explained to 90%. The basin runoff (Q) 
in inches is given by: 
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Next, a climatological study was made of the occurrence of various 
combinations of the five variables in the basin region. These provided weather 
models for which a frequency of occurrence could be assigned. In deriving the 
climatological models, the data for each climatic element was divided into 
three groups with approximately equal number of cases. These were designated 
below normal (B), near normal (N), and above normal (A). A five-element 
combination was then obtained for each cold season of record. From these 
five-element models, the frequency dis t r ibut ion of each model was determined. 
Effects of modifying these models were then calculated by (1) assuming a l l 
cold-season prec ip i ta t ion could be increased by certain percentages through 
cloud seeding, and (2) assuming only certain events , such as snowfall or winter 
precipi ta t ion were amenable to seeding. Seeding under the second assumption 
may prove to be the most p r ac t i c a l , as the science of weather modification 
becomes be t t e r understood. Table 106 shows resu l t s of applying a climatological 
model that is defined by below normal to ta l seasonal p rec ip i t a t ion , September 
runoff, and maximum monthly precipi ta t ion and near normal snowfall and winter 
p rec ip i ta t ion . 

This model occurs na tu ra l ly , on the average, once in eight years in the 
Henderson Creek Basin. Average runoff for the model is 2.29 inches, or 58% 
of normal (3.95 inches). Results are shown for (1) assumed increases of 10%, 
20%, and 30% in P, S, W, and M by cloud seeding and (2) for the seeding applied 
only to winter prec ip i ta t ion . 

A similar study was made for the Upper Big Muddy Basin of 753 mi2 in 
southern I l l i n o i s . This basin has average prec ip i ta t ion of 22.89 inches and 
average runoff of 9.15 inches during the cold-season. The mean winter temperature 
is 35.4°F. Snowfall accounts for only 6% of the cold-season t o t a l p rec ip i ta t ion . 
Three variables accounted for 83% of the variance. These were (1) t o t a l 
cold-season prec ip i ta t ion , (2) September precipi ta t ion (an antecedent moisture 
index), and (3) January prec ip i ta t ion . Ranking next in importance but improving 
the equation pred ic tab i l i ty only s l igh t ly were September runoff (another 
antecedent moisture index), maximum monthly prec ip i ta t ion in the cold-season, 
and April prec ipi ta t ion (end of cold-season). 

Table 106. Effect of precipi ta t ion increases on cold-season runoff 
on Henderson Creek for a selected weather model. 
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Conclusions 

Results of th i s f eas ib i l i t y study indicate the problem is solvable and 
that it would be desirable to undertake comprehensive regional invest igat ions . 
I l l i no i s is representative in climate, topography, and food production of the 
midwestern agr icu l tura l region. Previous research and data collection by the 
I l l i no i s State Water Survey and other s ta te and federal agencies have provided 
in readily available form the data required for derivation and test ing of the 
evaluation techniques that have been described. Lack of time and funds have 
prevented the undertaking of a comprehensive study for I l l i n o i s under NSF-1360. 
No provision was made for th i s study under the foregoing grant . 
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