
EVALUATION OF PRECIPITATION MODIFICATION EXPERIMENTS 
FROM PRECIPITATION RATE MEASUREMENTS 

Prepared by 

F. A. Huff, W. L. Shipp, and P. T. Schickedanz 
Illinois State Water Survey 

Urbana, Illinois 

FINAL REPORT 

Contract INT 14-06-D-6575 

Sponsored by 

U. S. Department of Interior 
Bureau of Reclamation 

Office of Atmospheric Water Resources 

April 30, 1969 



- i i -

CONTENTS 

Page 

ILLUSTRATIONS iv 

TABLES vi 

ACKNOWLEDGMENTS 1 

ABSTRACT 2 

INTRODUCTION 3 
Data Used in Studies 3 
Approach to Problem 4 
Representativeness of 29-Storm Sample 7 

PART I. TIME DISTRIBUTION STUDIES 

TIME DISTRIBUTION MODELS OF STORM RAINFALL 12 
Previous Research 12 
Rainfall Rate Distributions 13 
Time Distribution Models 13 
Conclusions 20 

SEQUENTIAL VARIABILITY 22 
Approach to Problem 22 
Results of Analyses 23 
Effects of Rain and Storm Type 28 
Summary and Conclusions 29 

LAG CORRELATION ANALYSES 30 
Analytical Results 30 
Conclusions 35 

STORM RAINFALL DISTRIBUTION RELATIONS 35 
Relation Between Mean Rainfall Rate and Total Storm Rainfall 35 
Percentage Distribution of Storm Rainfall 37 
Comparison of Point and Areal Storm Durations 41 

PART II. SPACE DISTRIBUTION STUDIES 

ONE-MINUTE RAINFALL RATE SPATIAL CORRELATIONS 44 
Analytical Procedures 44 
Analytical Results 44 
Conclusions 51 



- i i i -

AREA-DEPTH RELATIONS 53 

Area -Dep th Enve lope R e l a t i o n s 53 

Average Area -Dep th R e l a t i o n s 60 

Summary and C o n c l u s i o n s 62 

RELATIVE VARIABILITY OF RAINFALL RATES 63 

RAINFALL RATE PROFILES 65 

Frequency D i s t r i b u t i o n o f P r o f i l e R a t e s 6 5 

I n d i v i d u a l Storm P r o f i l e s 6 7 

Summary and C o n c l u s i o n s 69 

VARIATION OF RAINFALL RATE WITH DISTANCE 71 

SAMPLING ERRORS IN MEASUREMENTS OF STORM MEAN RAINFALL RATES 73 

STORM OF JULY 5, 1953 78 

PART I I I . STATISTICAL TESTS 

USE OF RAINFALL RATE MEASUREMENTS FOR THE EVALUATION OF WEATHER 
MODIFICATION EXPERIMENTS 91 

T h e o r e t i c a l F requency D i s t r i b u t i o n s 9 2 

E x p e r i m e n t a l Des ign and T e s t s of H y p o t h e s i s 100 

R e s u l t s 105 

Summary and Conclusions 113 

PART IV. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

OVERALL SUMMARY AND CONCLUSIONS 117 
RECOMMENDATIONS 120 
REFERENCES 121 

Page 



- i v -

ILLUSTRATIONS 

Figure Page 

1 Ramgage Networks 5 
2 Time D i s t r i b u t i o n of F i r s t Qua r t i l e Storms 16 

3 Time D i s t r i b u t i o n of Second Quar t i l e Storms 17 
4 Time D i s t r i b u t i o n of Third Qua r t i l e Storms 18 
5 Time D i s t r i b u t i o n of Fourth Q u a r t i l e Storms 19 
6 Median Qua r t i l e Curves of Point R a i n f a l l 21 
7 Differences Between Point and 400 mi2 Curves 21 
8 Log Normal D i s t r i b u t i o n s of and Vdr  24 
9 Rela t ion Between and Sd in 50 Storms 26 

10 Rela t ions Between                      S d  
, S  r  26 

11 Rela t ions Between  ,  Vd
 ,        , V

dr  26 
12 Frequency D i s t r i b u t i o n s of , and in 1952-195 3 

Storms 27 

13 Average Lag Cor re l a t ion P a t t e r n s in 29 Storms 31 
14 Lag Cor re la t ion P a t t e r n s in Se lec ted Storms 34 
15 Rela t ion Between R a i n f a l l R a t e , Percent of To ta l Storm R a i n f a l l , 

and Percent of Storms 36 
16 General Re la t ion Between R a i n f a l l Rate and Percent of Storm 

R a i n f a l l 38 
17 General ized Curves of R a i n f a l l Rate and Percent of Storm 

R a i n f a l l 38 
18 Percentage D i s t r i b u t i o n of Storm R a i n f a l l 40 
19 Average Cor re la t ion P a t t e r n of R a i n f a l l Rate in 29 Storms . . . . 45 
20 Comparison Between Cor re l a t ion Decay with Distance of 1-Minute 

Mean R a i n f a l l Rate and Tota l Storm R a i n f a l l 52 

21 Frequency D i s t r i b u t i o n of Area-Depth Envelope Values 55 
22 Area-Depth Envelope D i s t r i b u t i o n s Derived from Median, Extreme, 

and Average Values 57 
23 Area-Depth Envelope Storm Models Based on Median and Average 

Values 59 
24 Average Area-Depth Storm Models for 25 and 100 mi2 Derived from 

29 Storms 61 
25 Time D i s t r i b u t i o n of Rates for SW-NE P r o f i l e on 7/5/53 70 



- V -

Figure Page 

26 Ef fec t of Gage Density on Sampling Errors of 1-Minute Rates on 
100 mi2 Network 75 

27 Time D i s t r i b u t i o n of Areal Mean Rate on 7/5/53 80 
28 Time D i s t r i b u t i o n of Poin t Rate on 7/5/53 82 

29 Sequen t ia l V a r i a b i l i t y in Mean Rate on 7/5/53 83 
30 S p a t i a l Cor re l a t ion P a t t e r n on 7/5/53 84 
31 Time-Space C h a r a c t e r i s t i c s o f Rain D i s t r i b u t i o n on 7/5/53 . . . . 85 
32 R a i n f a l l Rate Sampling Rela t ions on 7/5/53 88 
33 Frequency D i s t r i b u t i o n s of Average 1-Minute Ra in fa l l Amounts 

fo r Se lec ted Times During Storms 94 
34 P r o b a b i l i t y of Rain f o r Various Minutes During a Storm 9 8 
35 Rela t ion of Various D i s t r i b u t i o n a l Parameters with Time from 

S t a r t of Storm on 100 mi2 Area 103 
36 Comparison Between the Transformed Standard Deviat ion and the 

Number of Years to Obtain S ign i f i cance for Various Increases 
in Average R a i n f a l l Rate on 100 mi 2 106 



- v i -

TABLES 

Table Page 

1 Comparison of Mean R a i n f a l l Rate Frequency D i s t r i b u t i o n s in 
14- and 29-Storm Samples on 100 mi2 9 

2 Comparison of Point R a i n f a l l Rate Frequency D i s t r i b u t i o n s in 
14- and 29-Storm Samples 9 

3 Comparison Between 14-Storm and 29-Storm Cor re l a t ion P a t t e r n s 
About Network Cen t ra l Gage 10 

4 Comparison of Average Time D i s t r i b u t i o n s on Goose Creek and 
Eas t Cen t r a l I l l i n o i s Networks 14 

5 Differences Between Average Curve and Spec i f i c Areas for 50% 
P r o b a b i l i t y Level in F i r s t - Q u a r t i l e Storms 20 

6 Cor re l a t ion of Basic Time V a r i a b i l i t y Parameters 23 
7 Comparison of Mean R a i n f a l l Rate Lag Cor re la t ions Between 

Synoptic Storm and Rain Types on 100 mi2 Network 33 
8 Comparison of Point and Areal Storm Durations on 100 mi2 . . . . 42 
9 Average Cor re l a t ion Decay with Distance of 1-Minute Mean Ra in fa l l 

Rates Grouped by Di rec t ion 46 
10 Average Cor re l a t ion Decay with Distance of 1-Minute Mean R a i n f a l l 

Rates Grouped by Rain and Storm Type 148 
11 Average Cor re l a t i on Decay with Distance of 1-Minute Mean R a i n f a l l 

Rates Grouped by Storm Mean R a i n f a l l 48 
12 Average Cor re la t ion Decay with Distance of 1-Minute Mean R a i n f a l l 

Rates Grouped by Number of Rain Centers on Network 49 
13 Average Cor re l a t ion Decay with Distance of 1-Minute Mean R a i n f a l l 

Rates Grouped by Storm Or i en t a t i on 50 
14 Comparisons of S p a t i a l Co r r e l a t i on of 1-Minute, 5-Minute, and 

10-Minute Mean R a i n f a l l Rates 51 
15 Frequency D i s t r i b u t i o n of Re la t ive V a r i a b i l i t y of 1-Minute 

R a i n f a l l Rates on 100 mi2 Network 64 
16 Frequency D i s t r i b u t i o n of P r o f i l e Mean R a i n f a l l Rates in 29 

Storms 66 
17 Median Re l a t i ve V a r i a b i l i t y Along SW-NE P r o f i l e Based on 3142 

Rain Minutes in 29 Storms 67 
18 Time V a r i a b i l i t y of 1-Minute Rates in 1952-1953 Storms for 

SW-NE P r o f i l e 68 
19 Average Var i a t ion of Point R a i n f a l l Rates with Distance 72 



- v i i -

Table Page 

20 Percentage Sampling E r r o r of Storm Mean Rate fo r G = 10 
mi2 /gage 76 

21 Regression Constants fo r Storm Equations 77 
22 General ized Est imates of Percentage Sampling Er ro r of 1-Minute 

Mean Rate 78 
23 Cor r e l a t i on of Sampling Er ror with 1-Minute Mean R a i n f a l l Rate 

and Gage Density in I n d i v i d u a l Storms 79 
24 Average 1-Minute Area-Depth Rela t ions During Per iod of Heaviest 

R a i n f a l l on 7/5/53 86 

25 One-Minute Area-Depth Envelope Rela t ions During Per iod of 
Heavies t R a i n f a l l on 7/5/53 87 

26 Sample Est imates of t h e Log-Normal D i s t r i b u t i o n fo r the Various 
Areas and fo r Gage 29 95 

27 Sample Est imates of the Gamma D i s t r i b u t i o n for the Various 
Areas and for Gage 29 96 

28 Goodness-of-Fi t Test for the Log-Normal and Gamma D i s t r i b u t i o n s . 99 
29 Comparison of the Computed and Actual Log Standard Deviat ions 

fo r the 100 mi2 Area 107 
30 P r o b a b i l i t i e s of Rain for a Spec i f i c Minute for the Various 

Areas and Gage 29 108 
31 Sample Size Required to Obtain S ign i f i cance for a l l Increases 

and for a 1-Sample Test 109 
32 Sample Size Required to Obtain S ign i f i cance for a 20 and 60% 

Inc rease and for a 1-Sample Normal Test 110 
33 Comparison of NZS with ESS for a l l Areas and for a 1-Sample 

Normal Test Using 20% Increase             111 
34 Comparison of ESS fo r a 20% Increase and 20% Decrease for the 

100 mi2 Area with 1-Sample Normal Test and Random Design . . . . 112 
35 Comparison of ESS for Di f fe ren t Type I and Type II Er ro r s fo r 

Minute 20 and 100 mi2 Area 113 

36 ESS Required to Detect a Change in R a i n f a l l Rate to a Uniform 
R a i n f a l l Rate Within Given Er ro r Bands of 0.25 i n / h r f o r the 
100 mi2 Area 114 



-1-

ACKNOWLEDGMENTS 

This research program was carried out under the general direction of 
G. E. Stout, Head, Atmospheric Sciences Section. Robert Sinclair merits 
special credi t for development of numerous computer programs used in the 
various s tudies . Marvin Clevenger was responsible for computer processing 
of the data. Dr. J. C. Nei l l was consulted on s t a t i s t i c a l problems. Most 
of the routine analyses were accomplished by Marian Adair, Elmer Schlessman, 
and Donald Sa t te r f ie ld . Mrs. W. L. Busch ass is ted in the s t a t i s t i c a l 
analyses. 

KEYWORDS AND DESCRIPTORS 

1. Rainfall Rate 
2. Weather Modification 
3. Time Distribution of Rainfall Rates 
4. Space Distribution of Rainfall Rates 
5. Rainfall Rate Sampling 
6. Rainfall Rate Climatology 



- 2 -

ABSTRACT 

An investigation of the natural time and space character is t ics of 
1-minute r a in fa l l rates in warm season storms of the Midwest was made. The 
potent ia l appl icabi l i ty of ra te d is t r ibut ions in the ver i f icat ion of cloud 
seeding effects was evaluated from the analyt ical resu l t s within the l imits 
permitted by the s t a t i s t i c a l sample. Analyses were based upon a 50-storm 
sample of 1-minute amounts collected with two dense networks of raingages 
on areas of 60 mi2 and 100 mi2 during 1951-1953. Attention was given to the 
effects of rain type, synoptic storm type, and other meteorological parameters 
on the time-space d i s t r ibu t ions . Time character is t ics were defined primarily 
through the development of storm time dis t r ibut ion models, calculation of 
sequential va r i ab i l i t y , and determination of lag correlat ion r e l a t ions . 
Spat ial d is t r ibut ion charac ter i s t ics were based largely upon studies of 
area-depth r e l a t ions , spa t i a l correlat ion pa t te rns , and re la t ive va r i ab i l i ty 
calculat ions . S t a t i s t i c a l theory and tes t ing were applied to the data to 
obtain estimates of sampling time required to verify cloud seeding effects 
through use of three experimental designs and two s t a t i s t i c a l t e s t s , and 
based upon various assumed changes in r a i n f a l l ra te resu l t ing from seeding. 
Overall, it was concluded tha t r a i n f a l l ra te may be one of several useful 
r a in f a l l measurement tools in weather modification evaluations, but t h a t , by 
i t s e l f , it is not very effective unless pronounced changes in the ra te 
s t ructure are produced by seeding. 
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INTRODUCTION 

On May 1, 1968, the I l l i n o i s S t a t e Water Survey en t e red i n t o a 12-month 
contract with the Bureau of Reclamation. Under th is contract , research has 
been conducted on the natura l space and time dis t r ibut ion of r a i n f a l l ra tes 
in warm season storms and the potent ia l u t i l i z a t i on of r a i n f a l l ra te measurements 
in the verif icat ion of cloud seeding ef fec ts . 

One of the key problems encountered in precipi ta t ion modification 
projects has been the evaluation of the seeding effects . A logical expectation 
in cloud seeding undertaken to stimulate the production of surface r a in f a l l 
is substant ia l modification of the natural r a in f a l l r a t e ; that i s , the ra te 
that would have occurred in the given meteorological s i tua t ion in the absence 
of a r t i f i c i a l stimulation. Thus, the u t i l i za t ion of r a i n f a l l ra te measurements 
in the verif icat ion of seeding effects is highly desirable . However, th i s 
cannot be done un t i l a much be t t e r understanding of the space and time 
dis t r ibut ion character is t ics of r a i n f a l l ra te under na tura l conditions is 
achieved and the various r a t e parameters are evaluated with respect to t h e i r 
appl icabi l i ty in weather modification ver i f ica t ion . 

The 1-year research under this contract was undertaken specif ical ly as 
a p i lo t study to obtain f i r s t approximations of the space-time propert ies of 
r a in fa l l rate in midwestern storms and to determine t he i r potent ia l 
appl icabi l i ty in weather modification experiments. The p i l o t study was based 
upon an extensive se t of 1-minute r a in f a l l amounts obtained with two dense 
raingage networks. Although midwestern data were employed in the study, the 
methods, techniques and general findings should be applicable throughout the 
United Sta tes . 

Data Used in Studies 

The two dense networks are shown in Fig. 1. The upper i l l u s t r a t i o n is 
a 33-gage network in 60 mi2 operated on the Goose Creek watershed in 1951. A 
t o t a l of 21 storms during the warm season was sampled on th i s network in 
conjunction with the radar - ra in fa l l s tudies being carried on at tha t time. 
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The lower i l l u s t r a t i o n in Fig. 1 shows a 50-gage network on 100 mi2 

operated during 1952-1953. This was an expansion of the 1951 network and 
provided a sample of 29 storms in which 3142 minutes of ra in were included. 
This network was subdivided to provide information on areas of 25 and 50 mi2 . 
Furthermore, data from the most central gage were used to develop point 
r a i n f a l l re lat ions for comparison with the areal d is t r ibut ion r e l a t ions . 
This 29-storm sample was used in the majority of the studies described in 
th i s repor t . 

An enlarged (12.6-inch) orif ice and 6-hour gears were used on the 
recording gages during 1951-1953. This provided measurement accuracy of point 
and areal mean r a i n f a l l r a t e s , spa t i a l pa t te rns , and time dis t r ibut ions not 
a t ta inable with standard orif ice gages operating with daily or weekly recording 
charts (Huff and N e i l l , 1957). 

In the time dis t r ibut ion s tud ies , limited use was made also of data from 
the East Central I l l i n o i s Network of 49 standard-type recording gages in 
400 mi2. This network was operated in the 1955-1966 period and was located 
in the same general region as the Goose Creek Networks of Fig. 1 (Huff, 1967). 
All networks were located in f l a t ru ra l areas. 

In several s tudies described in t h i s repor t , the data for the 60 mi2 in 
1951 and the 50 mi2 subarea in 1952-1953 have been combined. In such cases, 
the sampling area is referred to as 50-60 mi2. 

Approach to Problem 

Major emphasis was placed upon development of quanti tat ive measures of 
the time and space dis t r ibut ions of 1-minute r a i n f a l l ra tes in warm season, 
convective storms. In these s tud ies , the effects of r a i n f a l l type, synoptic 
storm type, storm mean r a i n f a l l , storm duration, and other factors upon the 
d is t r ibut ion of ra tes were evaluated to the extent permitted by the data. 

In the time d is t r ibut ion s tud ies , non-dimensional time dis t r ibut ion 
models of storm r a i n f a l l were developed in which cumulative percent of t o t a l 
storm r a i n f a l l was re la ted to cumulative percent of storm time. These models 
were expressed in the form of families of probabil i ty curves to reveal both 
interstorm va r i ab i l i ty and individual storm charac ter i s t ics under average and 
extreme conditions for basic storm types . 
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Figure 1. Raingage networks 
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Further definit ion of the time dis t r ibut ion of r a in fa l l ra tes was 
obtained through determination of the sequential va r iab i l i ty in storms and 
from lag correlation r e l a t ions . The sequential var iab i l i ty provides a 
quant i ta t ive measure of the ra te of change of rain in tensi ty with time in 
storms, and takes into account both the magnitude and sequence of ra tes in 
characterizing the time d is t r ibut ion of r a in fa l l in tens i ty . Lag correlat ion 
analyses were performed to define further the time dis t r ibut ion charac ter is t ics 
and to ascertain whether the r a in f a l l ra te s t ructure under na tura l conditions 
shows cyclic or osci l la tory properties within storms. 

In the spa t i a l d is t r ibut ion s tud ies , use was made of area-depth r e l a t i o n s , 
spa t i a l correlation pa t t e rns , r a in f a l l ra te variat ions with distance, and 
spa t i a l re la t ive var iab i l i ty calculations in defining spa t i a l charac te r i s t i c s . 
Area-depth curves of average and enveloping r a i n f a l l r a t e , a basic too l in 
hydrology, were studied in considerable d e t a i l . These two types of curves 
provide a mathematical expression of the r a in fa l l gradient, maximum point 
r a i n f a l l , volumetric d is t r ibut ion over the sampling region, and information 
re la t ive to the type and degree of skewness in the ra in fa l l d is t r ibut ion 
(Huff, 1968). The area-depth approach also provided a means of establ ishing 
models of areal r a i n f a l l ra te d i s t r ibu t ion . 

Spatial correlat ion pat terns yielded pert inent information on the 
s t a b i l i t y of the ra te d is t r ibut ion with increasing distance and on sampling 
requirements for the definit ion of rate pa t te rns . Analyses of the variat ion 
of point r a i n f a l l with distance provided a quanti tat ive definit ion of spa t i a l 
va r i ab i l i ty and additional information on sampling requirements. The spa t i a l 
r e l a t ive var iab i l i ty also provided a means of quant i ta t ively expressing the 
s p a t i a l va r i ab i l i t y . 

Rainfall ra te profi les were studied to obtain additional quanti tat ive 
measures of the space-time d is t r ibut ion character is t ics of r a in f a l l r a t e . A 
prof i le portrays the ra te d is t r ibut ion along a l ine of s ight through a storm. 
The profi le for any minute provides a measure of the spa t i a l v a r i a b i l i t y , and 
the change along a prof i le from minute-to-minute aids in definit ion of the 
time va r i ab i l i t y . 

Other investigations of r a in f a l l ra te character is t ics resul ted in the 
development of curves re la t ing r a t e , percent of storm r a i n f a l l , and percent of 
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storms. In order to obtain information of sampling requirements for the 
measurement of areal mean r a in fa l l rates with various degrees of accuracy, 
empirical re la t ions were developed in which sampling e r ro r , gage density, 
and areal mean rate were re la ted . 

Representativeness of 29-Storm Sample 

In a majority of the analyses performed in th i s research pro jec t , 
r e su l t s were based upon the 29-storm sample obtained on the 100 mi2 network 
in 1952-1953. This sample contained 3142 minutes having r a in f a l l within the 
network. As stressed throughout th is repor t , the 29-storm sample for 
1952-1953 and the 50-storm sample on 50-60 mi2 in 1951-1953 provide much-needed 
quanti tat ive information on the space and time character is t ics of r a i n f a l l 
r a t e s , but the resu l t s must be considered f i r s t approximations in view of the 
sampling l imi ta t ions . 

Examination of the 29-storm sample for 1952-1953 indicated that it 
conformed quite well to the climatic dis t r ibut ion of warm season storms. This 
is i l l u s t r a t e d by several comparisons with s t a t i s t i c s obtained from a 12-year 
sample on 100 mi2 in the same climatic area (Huff, 1969) during 1955-1966. 
Thus, the 1952-1953 sample shows 21% of the storms with 100 mi2 mean r a i n f a l l 
equalling or exceeding 0.50 inch, 42% with means in the range from 0.11 to 
0.49 inch, and 38% with means equal to or less than 0.10 inch. Comparable 
s t a t i s t i c s for the 12-year sample of 675 storms in the warm season (May-September) 
are 20%, 41%, and 40%, respect ively. In the 12-year sample, 88% of the storms 
were thunderstorms and/or rainshowers compared with 93% in the 1952-1953 
limited sample of 29 storms. Synoptically, 69% of the 1952-1953 storms were 
frontal or squal l - l ine types compared with 66% in the 12-year sample. Air 
mass storms accounted for 25% of the cases in 1955-1966 and 21% in 1952-1953. 
Low center passages were associated with 10% of the 1952-1953 storms and 9% 
of the 12-year sample. 

In an effort to obtain a more definite estimate of the representativeness 
of the 29-storm sample, two analyses were performed. In the f i r s t , standard 
randomization procedures were employed to se lec t two samples of 14 storms each 
from the 29-storm sample. This select ion procedure was repeated 10 times. 
Comparisons were then made between the frequency dis t r ibut ions of r a in f a l l rate 
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in the 14-storm samples and those in the 29-storm sample. These comparisons 
were made for point r a i n f a l l ra tes at gage 29 near the network center and for 
the 100 mi2 mean r a t e s . 

Results of th i s analysis are summarized in Tables 1 and 2. In these 
t ab l e s , equivalent frequency values are shown for the two 14-storm sets 
(Groups A and B) and the 29-storm sample. These values were obtained from 
frequency curves constructed from the data in each case. Comparisons are 
shown for (1) the f i r s t of the 10 random selections made when dividing the 
29-storm sample in to two 14-storm samples, and (2) 10-selection averages of 
the two 14-storm samples. 

Interpreta t ion of the resu l t s is i l l u s t r a t e d by the following examples. 
In Table 1 for 100 mi2 , the frequency dis t r ibut ion of 1-minute rates for the 
29-storm sample shows 92% of the t o t a l minutes with r a in fa l l ra tes equalling 
or exceeding 0.01 inch/hour. This decreases gradually to 20% of the minutes 
for ra tes of 0.25 inch/hour or more and only 4% of the minutes for 1 inch or 
greater r a t e s . Equivalent values obtained from the Group A curve in the 
f i r s t randomization were 91%, 19%, and 5%, respect ively. For the 10-selection 
average in Group A, the equivalent percentages were 92, 20, and 5. 

Table 1 shows only small differences between the 14-storm frequency 
dis t r ibut ions of r a i n f a l l rates and those for the 29 storms. Thus, the 
frequency dis t r ibut ion of ra tes became re la t ive ly s table af ter 14 randomly 
selected storms were sampled. This suggests that the quant i ta t ive estimates 
obtained from the 29-storm sample provide reasonably accurate definit ions of 
the time dis t r ibut ion charac ter i s t ics of r a in f a l l ra te in warm season storms. 

Table 2 indicates larger differences between the 14-storm and 29-storm 
samples when point r a i n f a l l is the measurement considered. Consequently, point 
relat ionships developed from the 29-storm sample must be considered less 
r e l i ab le than the areal r e l a t i ons . However, at the re la t ive ly heavy r a i n f a l l 
r a t e s , the 14—storm and 29-storm point differences are small. 

In another examination of the representativeness of the 29-storm sample, 
spa t i a l correlat ion pat terns were compared between two 14-storm samples 
selected by randomization procedures and the 29-storm sample on 100 mi2 . This 
provides a measure of space dis t r ibut ion differences in these samples. Results 
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Table 1. Comparison of mean r a i n f a l l r a t e frequency d i s t r i b u t i o n s 
in 14- and 29-storm samples on 100 mi2. 

Percentages of minutes in which given r a t e 
( inch /hour ) was equa l l ed or exceeded 

0 .01 0.05 0.10 0.25 0.50 0.75 1.00 1.50 

29 storms 92 65 44 20 12 8 4 1+ 
14-storm groups 

Group A - f i r s t 
s e l e c t i o n 91 63 44 19 11 8 5 3 

Group B - f i r s t 
s e l e c t i o n 93 69 46 20 11 7 4 1-

Group A -
1 0 - s e l e c t i o n 
average 92 65 45 20 12 8 5 1+ 

Group B -
1 0 - s e l e c t i o n 
average 92 66 46 19 11 8 4 1+ 

Table 2. Comparison of po in t r a i n f a l l r a t e frequency 
d i s t r i b u t i o n s in 14- and 29-storm samples. 

Percentages of minutes in which given r a t e 
( inch /hour ) was equa l l ed or exceeded 

0.10 0.20 0.30 0.50 1.00 2.00 3.00 5.00 

29 storms 76 40 28 17 12 6 3 0.5 
14-storm groups 

Group A - f i r s t 
s e l e c t i o n 80 50 39 28 19 8 4 0.6 

Group B - F i r s t 
s e l e c t i o n 77 38 26 20 12 4 2 0 .3 

Group A -
10 - se l ec t i on 
average 74 46 35 24 15 6 3 0 .4 

Group B -
1 0 - s e l e c t i o n 
average 78 43 32 22 13 5 2 0 .3 
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are summarized in Table 3 which shows average c o r r e l a t i o n c o e f f i c i e n t s and 
var iance expla ined (%) in each sample about the most c e n t r a l gage (No. 29) . 

R e l a t i v e l y small d i f fe rences are shown between t h e 14-storm and 29-storm 
samples in Table 3. The var iance exp la ined by t h e c o r r e l a t i o n c o e f f i c i e n t s 
d i f f e r s by l e s s than 10% at a l l d i s t ances between t h e th ree samples. Thus, 
t h e c o r r e l a t i o n p a t t e r n changed very l i t t l e between t h e 14-storm and 29-storm 
samples . This i s evidence t h a t t h e 29-storm sample provides r e l i a b l e e s t ima tes 
o f the s p a t i a l 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 o f r a i n f a l l r a t e s i n convective 
s torms. 

Numerous o the r analyses could have been performed to t e s t f u r t h e r the 
r e p r e s e n t a t i v e n e s s of t h e 29-storm sample, bu t time and personnel l i m i t a t i o n s 
p reven ted f u r t h e r concen t ra t ion on t h i s s u b j e c t . The r e s u l t s of the two t e s t s 
performed are encouraging with r e s pec t to the r e l i a b i l i t y of the 29-storm 
sample in c h a r a c t e r i z i n g the space and time 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 
r a i n f a l l r a t e s in warm season s to rms . 

Table 3. Comparison between 14-storm and 29-storm c o r r e l a t i o n 
p a t t e r n s about network c e n t r a l gage. 

Cor re l a t i on c o e f f i c i e n t f o r given sample 

Distance 14 storms 
Distance 
(mi les ) Group A Group B 29 storms 

1 0.73 0.75 0.78 
2 0.54 0.59 0.60 
3 0.42 0.50 0.48 
4 0.36 0.44 0.40 
5 0.32 0.39 0.35 
6 0.30 0.33 0 .31 

Variance expla ined (%) 

1 53 56 61 
2 29 35 36 
3 18 25 23 
4 13 19 16 
5 10 15 12 
6 9 11 10 



PART I 

TIME DISTRIBUTION STUDIES 
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TIME DISTRIBUTION MODELS OF STORM RAINFALL 

Previous Research 

In an earlier study, Huff (1967) used data from 261 storms on a dense 
raingage network of 400 mi2 in east central Illinois to derive time 
distribution relations. The time distributions were expressed as cumulative 
percentages of storm rainfall and storm duration to enable valid comparisons 
between storms and to simplify analyses and presentation of data. Relations 
were developed for point rainfall and for areal mean rainfall on areas of 
50 to 400 mi2. Rainfall distributions were grouped according to whether the 
heaviest rainfall occurred in the first, second, third, or fourth quarter of 
a storm. 

Other analyses showed storm duration and storm mean rainfall explaining 
only a small portion of the variance between storms, when the time 
distributions were classified by quartile and expressed as percentages of total 
storm duration and rainfall. Part of the effects of duration and mean rainfall 
are absorbed in the quartile groupings, which showed a trend for the longer, 
heavier storms to dominate the fourth-quartile grouping, whereas short-duration 
storms accounted for a major portion of the first and second quartile groups. 
As a result of these analyses, it was considered more logical, as a first 
approximation, to determine average rainfall distributions for point and areal 
mean rainfall by quartile group only. 

Areal groupings showed only small changes in the time distribution with 
increasing size of sampling area. Thus, an average relationship for areas of 
50 to 400 mi2 combined was determined, and specific areas distributions were 
expressed as departures from the average in presenting the results. 

The time distributions were expressed in probability terms because of 
the great variability in the characteristics of the distribution from storm 
to storm. Numerous factors contribute to the storm variance, but no single 
parameter dictates the characteristics of the distribution. Among the factors 
are the stage of development of the storm, the size and complexity of the 
storm system, rainfall 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. Probability distributions allow selection of a 
time distribution most appropriate for a particular application. 
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In the study discussed above, smoothed time dis t r ibut ions were obtained 
from 30-minute r a in fa l l t o t a l s throughout each storm. Further, the re la t ions 
were based upon heavy storms in which areal mean r a in f a 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 resu l t s to storms of lesser intensi ty and to 
those in which the r a i n f a l l was accumulated over shorter in tervals of time was 
questionable. Therefore, it was considered desirable to invest igate the time 
dis t r ibut ion character is t ics further through use of the 50-storm sample of 
1-minute r a i n f a l l amounts available for the 1951-1953 period. 

Rainfall Rate Distributions 

Investigation showed 12, 22, 11 , and 5 storms, respect ively, in the 
f i r s t , second, t h i rd , and fourth quar t i le types. These data were used to 
calculate average time dis t r ibut ions for the 50-60 mi2 sampling areas from 
the 1-minute r a in fa l l amounts in each storm. 

The 5-storm, fourth quar t i le sample was not considered adequate to 
derive an average d i s t r ibu t ion . The three average dis t r ibut ions derived 
from the 1-minute data on the Goose Creek Network were then compared with 
those for 50 mi2 obtained from the 261-storm sample of 30-minute amounts on 
the East Central I l l i n o i s Network. Results are summarized in Table 4. 

As shown in th i s t a b l e , time dis t r ibut ions for second quar t i le storms 
from both studies are almost i den t i ca l , and except at the 10% value, are 
nearly equal in f i r s t quar t i l e storms. With the th i rd quar t i le storms, there 
are some signif icant differences in the middle parts of the storm models. 
Overall , however, there appears to be excellent agreement when one considers 
the re la t ive ly small sample of 1-minute storm data. Therefore, it was 
concluded that the resu l t s of the e a r l i e r study of 261 storms are appl icable , 
as a f i r s t approximation, for deriving the time dis t r ibut ion 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. 2 to 5 for areas of 50 to 400 mi2 combined. These are considered typica l 



Table 4. Comparison of average time distributions on Goose Creek 
and East Central Illinois Networks. 

Cumulative percent of mean rainfall for given percent of storm time 
Number 

Network of storms 5 10 20 30 40 50 60 70 80 90 95 

First Quartile Storms 
East Central Ill. 95 5 20 47 68 78 84 89 93 97 99 99+ 
Goose Creek 12 4 11 46 68 79 85 90 93 96 98 99 

Second Quartile Storms 
East Central Ill. 69 1 4 13 29 51 71 83 92 96 99 99+ 
Goose Creek 22 1 4 12 29 55 71 83 90 95 98 99 

Third Quartile Storms 
East Central Ill. 63 2 4 10 14 17 27 50 74 90 97 99 
Goose Creek 11 1 2 5 10 20 37 63 83 92 97 99 
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of midwestern, warm season storms or cold season storms in which unstable 
r a i n f a 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 inc 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 lec t ing the average r a in f a l l 
d is t r ibut ion with time and, therefore, do not exhibit the burst charac ter i s 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 . 

Interpretat ion of the curves can be i l l u s t r a t e d by referring to the f i r s t 
quar t i le dis t r ibut ions in Fig. 2. The 10% curve is typical of storms in which 
the r a i n f a l l is concentrated in an unusually short portion of a storm. It 
indicates a chance of 1 in 10 that a given f i r s t quar t i le storm w i l l have at 
leas t 89% of i t s r a in 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 re f 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 tha t wi l l occur in 10% or less of the storms. Thus, th i s curve 
shows that 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 
certain 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 ight 
rain f a l l s from the middle cloud deck system for substant ia l periods following 
the major rain bu r s t s . Similarly, the d is 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 dis 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 le storms, the d is t r ibu t 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 



Figure 2. Time distribution of first quartile storms 



Figure 3. Time distribution of second quartite storms 



Figure 4. Time distribution of third quartile storms 



Figure 5. Time distribution of fourth quartile storms 
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p r e s s u r e c e n t e r t h r o u g h o r n e a r t h e s a m p l i n g r e g i o n , when l i g h t r a i n f a l l may 

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

maximizes a s t h e c e n t e r p a s s e s . 

I n c o n c l u d i n g t h e d i s c u s s i o n o f t i m e 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 , i t 

i s emphas i zed t h a t t h e r e l a t i o n s p r e s e n t e d h e r e a r e e m p i r i c a l l y d e r i v e d . They 

a r e n o t s u b m i t t e d a s e x a c t m a t h e m a t i c a l r e l a t i o n s h i p s , b u t r a t h e r a s f i r s t 

a p p r o x i m a t i o n s o f a h y d r o m e t e o r o l o g i c a l p a r a m e t e r f o r which q u a n t i t a t i v e 

knowledge i s s p a r s e . 

F i g s . 6 and 7 p r o v i d e a d d i t i o n a l i n f o r m a t i o n on t h e t i m e c h a r a c t e r i s t i c s 

o f s t o r m r a i n f a l l . F i g . 6 shows median q u a r t i l e c u r v e s f o r p o i n t r a i n f a l l and 

F i g . 7 shows how t h e f i r s t q u a r t i l e p o i n t cu rve d i f f e r s from t h a t f o r t h e 

l a r g e s t a r e a s t u d i e d (400 m i 2 ) . The p o i n t cu rve i n d i c a t e s l a r g e r p e r c e n t a g e s 

o f t h e t o t a l r a i n f a l l a t t h e s t a r t o f s t o r m s . Th i s t e n d e n c y a p p e a r s l o g i c a l 

f o r r a i n o n s m a l l e r a r e a s . I f one assumes a s t o r m o f g i v e n i n t e n s i t y and a r e a l 

e x t e n t moving a c r o s s two a r e a s o f a p p r e c i a b l y d i f f e r e n t s i z e , t h e s m a l l e r a r e a 

w i l l r e c e i v e a l a r g e r p e r c e n t a g e o f i t s a r e a l mean r a i n f a l l i n t h e e a r l y p a r t 

o f t h e r a i n p e r i o d , p a r t i c u l a r l y i f t h e s t o r m i s s m a l l e r t h a n t h e ne twork i n 

a r e a l e x t e n t . Tab le 5 i l l u s t r a t e s t h e d i f f e r e n c e s be tween t h e a v e r a g e cu rve 

f o r 5 0 t o 400 m i 2 and s p e c i f i c a r e a s i n f i r s t q u a r t i l e s t o r m s . 

Tab le 5 . D i f f e r e n c e s be tween a v e r a g e cu rve and s p e c i f i c a r e a s 
f o r 50% p r o b a b i l i t y l e v e l i n f i r s t - q u a r t i l e s t o r m s . 

D i f f e r e n c e (%) f o r g i v e n c u m u l a t i v e p e r c e n t 
o f s t o r m d u r a t i o n Area 

( m i 2 ) 10 20 30 40 50 60 70 80 90 

P o i n t -9 -1 +5 +6 +6 +6 +5 +4 +3 
50 - 2 +3 +3 +2 +2 + 2 + 1 0 0 

100 - 2  -3 0      0                0 0                 0               0 0 
200 - 2  -3  -2  -1  -1           0 0 0 0 
400 +6 +4 - 1 - 2 - 2 -1  -1 0 0 

C o n c l u s i o n s 

The t i m e 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 o f s t o r m r a i n f a l l i n m idwes t e rn 

warm s e a s o n s t o r m s have b e e n d e f i n e d q u a n t i t a t i v e l y i n c o n s i d e r a b l e d e t a i l b y 

t h e s t a t i s t i c a l models p r e s e n t e d i n t h i s s t u d y . A p p l i c a t i o n o f t h e s e models 



Figure 6. Median quartile curves 
of point rainfall 

Figure 7. Differences between 
point and 400 mi2 curves 
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as a v e r i f i c a t i o n t o o l in weather modif ica t ion experiments does not appear 
promising a t t h i s time because of the l a rge v a r i a b i l i t y in storm time 
d i s t r i b u t i o n s t h a t r e s u l t s from mul t ip l e causes . That i s , the i n t e r f e r e n c e 
l e v e l o f n a t u r a l v a r i a b i l i t y i s too g r e a t for the d e t e c t i o n of modest changes 
r e s u l t i n g from cloud seeding w i th in a reasonable pe r iod of exper imenta t ion . 

SEQUENTIAL VARIABILITY 

Approach to Problem 

The time r a t e of change in storm r a i n f a l l i n t e n s i t y was i n v e s t i g a t e d 
through c a l c u l a t i o n of t h e s e q u e n t i a l v a r i a b i l i t y (Conrad and P o l l a k , 1950) a t 
a p o i n t and on a reas of 25 , 50, and 100 mi 2 . As employed in the I l l i n o i s s t u d y , 
the s e q u e n t i a l v a r i a b i l i t y was obta ined by d iv id ing the summation of 

consecut ive 1-minute d i f f e rences in r a i n f a l l r a t e by N - l , where N is the number 
of minutes of r a i n f a l l in the s torm. The s e q u e n t i a l v a r i a b i l i t y takes account 
of both magnitude and sequence of r a i n f a l l r a t e s in c h a r a c t e r i z i n g the time 
d i s t r i b u t i o n o f r a i n f a l l i n t e n s i t y . The re fo re , i t was considered p re f e r ab l e t o 
the s t anda rd dev ia t ion of r a i n f a l l i n t e n s i t y , a more commonly used measure of 
the time v a r i a b i l i t y which eva lua t e s only magnitude of the i tems in a time s e r i e s . 
Knowledge of t h e time r a t e of change of r a i n f a l l i n t e n s i t y provides use fu l 
background informat ion for weather modif ica t ion exper iments , e s p e c i a l l y those 
in tended to change the n a t u r a l t ime d i s t r i b u t i o n p r o p e r t i e s . 

The s t anda rd dev ia t ion (S d ) of the 1-minute d i f fe rences about was then 
c a l c u l a t e d . Dividing and mul t ip ly ing by 100 provides a measure of the 
time r e l a t i v e v a r i a b i l i t y (V,) which i s use fu l for comparing the s e q u e n t i a l 
v a r i a b i l i t y between storms of s i m i l a r t y p e s . Another d e f i n i t i o n of the time 
r e l a t i v e v a r i a b i l i t y (V, ) was obta ined by d iv id ing the average 1-minute 

r a i n f a l l r a t e for the s torm, and again mu l t i p ly ing by 100 to ob ta in a percentage 
exp re s s ion . This express ion provides a measure of t h e e f f e c t of o v e r a l l storm 
i n t e n s i t y on t h e s e q u e n t i a l v a r i a b i l i t y o f r a i n f a l l r a t e . I t i s a d e s i r a b l e 
means of def in ing time r e l a t i v e v a r i a b i l i t y , s ince are s t r o n g l y r e l a t e d , 

as i n d i c a t e d in Table 6 by t h e i r c o r r e l a t i o n c o e f f i c i e n t s of 0 . 9 7 , 0 . 9 3 , and 
0 .98 on sampling a reas of 25 , 50-60, and 100 m i 2 , r e s p e c t i v e l y . 

d

dr
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Table 6 . Cor re la t ion of b a s i c time v a r i a b i l i t y pa ramete r s . 

Cor re l a t ion c o e f f i c i e n t for given a rea (mi2 ) 
25 50-60 100 

0.97 0.93 0.98 

0.95 0.88 0.97 
0.90 0.85 0.89 
0.96 0.94 0.93 
0.95 0.96 0.96 

For comparison purposes , a t h i r d measure of the time r e l a t i v e v a r i a b i l i t y 
(V r ) was obta ined through c a l c u l a t i o n of the c o e f f i c i e n t of v a r i a t i o n of 

t h e 1-minute r a t e s in each s torm. R e c a p i t u l a t i n g , Vd is dependent upon the 
s e q u e n t i a l d i f fe rences in r a i n f a l l r a t e , V r i s determined s t r i c t l y by the 
nonsequen t i a l magnitude of the f l u c t u a t i o n s in 1-minute r a t e s , whereas Vdr , 
i nco rpo ra t e s both the e f f e c t s of s e q u e n t i a l d i f fe rences and storm i n t e n s i t y on 
time r e l a t i v e v a r i a b i l i t y . 

Resu l t s of Analyses 

The storm samples fo r 1951-1953 i n d i c a t e d t h a t the major 
measures of time v a r i a b i l i t y used in the s t u d y , c lose ly approach log normal 
d i s t r i b u t i o n s . This i s i l l u s t r a t e d in F i g . 8 in which da ta p l o t s for t h e 
50-storm sample on the combined areas of 50 and 60 mi2 are shown. An e x c e l l e n t 
f i t is shown for the log normal d i s t r i b u t i o n of V, . Although t h e r e is more 
s c a t t e r about the curve of V, , the po in t s appear to form a log normal d i s t r i b u t i o n . 
There is some tendency for the p o i n t s to depar t from t h e log normal curve of 
a t the upper end; otherwise the f i t i s q u i t e s a t i s f a c t o r y , expec i a l l y cons ider ing 
the r e l a t i v e l y smal l number of storms which may r e s u l t in cons iderable sampling 
e r r o r . a l s o appeared to be c lo se ly approximated by a log normal 

d i s t r i b u t i o n . 
Based on the 50-storm sample, t h e s e q u e n t i a l v a r i a b i l i t y ranges 

from 0.13 inch /hour at the 5% l e v e l through a median value of 0.026 inch /hour 



Figure 8. Log normal distributions of  
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to 0.005 inch/hour at the 95% probabili ty (Fig. 8). This is a fivefold 
difference between the median and the 5% probabil i ty values. 

The dis t r ibut ion of V also i l l u s t r a t e s well the time va r i ab i l i t y in 
r a i n f a l l rates in warm season storms. Fig. 8 indicates a median time re la t ive 
va r iab i l i ty of 145%, however, the curve indicates tha t th is percentage may 
reach as high as 235% or as low as 90% in 5% of the warm season storms. 

V in Fig. 8 i l l u s t r a t e s further how the time var iab i l i ty may change 
radical ly between warm season storms. Here, we find a median of 33% which 
increases to 83% in 5% of the storms and lowers to 13% at the 95% leve l . 

were found to vary exponentially with the 
1-minute mean r a i n f a l l ra te in storms. Fig. 9 is a scattergram i l l u s t r a t i n g 
the re la t ion between in 50 storms on the 50 and 60 mi2 areas during 
the 1951-1953 sampling period. The trend is quite apparent, but considerable 
s ca t t e r exis ts about the regression curve. The dashed l ines enclose 95% of 
the values and show a sixfold range between these l im i t s . However, a correlation 
coefficient of 0.85, explaining 72% of the variance, was obtained between  
and Sd (Table 6) . 

Regression curves re la t ing various parameters to R on the 50 and 60 mi2 

areas are shown in Figs. 10 and 11 to i l l u s t r a t e the magnitude of the change in 
time var iab i l i ty with increasing r a i n f a l l in tensi ty in warm season storms. 
Thus, for example, Fig. 11 shows Vdr, decreasing from 61% at an areal mean 
r a in f a l l rate of 0.01 inch/hour to 34% at 0.10 inch/hour and 19% at 1.0 inch/hour. 

The preceding discussion has been concerned with the time va r i ab i l i ty 
on combined areas of 50 and 60 mi2 during 1951-1953. Available data from 29 
storms for point and areal mean r a i n f a l l on areas of 25, 50, and 100 mi2 during 
1952-1953 were analyzed to determine the general effect of size of sampling area 
on time va r i ab i l i t y . A strong trend was found for the va r iab i l i ty to increase 
with decreasing area. For example, V on 50 mi2 exceeded the 100 mi2 value in 
28 of the 29 storms, and the 25 mi2 values also exceeded those on 50 mi2 in 28 
cases. 

Interstorm differences in time var iab i l i ty and further defini t ion of the 
areal effect are shown in Fig. 12. Frequency dis t r ibut ions of 
are shown for point r a i n f a l l and each of the three sampling areas used in the 
study. Also, an average frequency dis t r ibut ion of is shown in Fig. 12, 

d

dr

_

dr



Figure 9. Relation between 
and Sd in 5O s t o r m s   

Figure 10. Relations between 
and     

Figure 11. Relations between 
and Vr, Vd, Vdr 



Figure 12. Frequency distributions of and in 1952-1953 storms 
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since only very small differences existed between the dis t r ibut ions at the 
centra l point and over the three small areas . Again, it is emphasized that 
these frequency dis t r ibut ions should be considered only f i r s t approximations 
of the various re la t ionships because of the sample size from which they were 
derived. Nevertheless, they do provide quant i ta t ive information on a subject 
of sparse knowledge, and, consequently, should be useful in meteorological 
and engineering applications involving r a i n f a l l r a t e . 

Fig. 12 shows D for a point 3 to 4 times greater than the 100 mi2 values. 
Similarly, the 25 and 50 mi2 values are approximately 1.7 and 1.3 times greater 
than those for 100 mi2 . On the Vd, curves (Fig. 12) , median r a t ios of 2.0, 1.3, 
and 1.1, respect ively , are indicated between 100 mi2 and the point , 25, and 
50 mi2 values. Equivalent r a t ios on the Vdr, curves (Fig. 12) are 5.6, 1.9, and 
1.4. Thus, the foregoing curves provide quant i ta t ive estimates of the change 
in absolute va r i ab i l i t y (D) and re la t ive va r i ab i l i t y (Vd, Vdr ) as the sampling 
areas increases progressively from a point to 100 mi2 in warm season storms. 

As mentioned e a r l i e r , Fig. 12 provides quant i ta t ive estimates of the range 
in absolute and re la t ive va r i ab i l i t y that is l ike ly to be encountered between 
storms in warm season prec ip i ta t ion on areas up to 100 mi2 . For example, D 
at the 5% level for point r a i n f a l l is 6 times the median value, whereas the 95% 
value is less than 20% of the median D. These differences are s l igh t ly lower 
with areal mean r a in f a l l on 25 to 100 mi2 . 

Similarly, Fig. 12 shows Vdr approximately 2.5 times greater at the 5% 
level than at the median (50%) value, whereas the 95% re la t ive var iab i l i ty is 
about 40% of the median value. Fig. 12 shows V ranging from nearly 500% at 
the 5% leve l to 135% at the 95% level with point r a i n f a l l . Similar values for 
100 mi2 are 210% and 84%. All the foregoing s t a t i s t i c s i l l u s t r a t e further the 
large differences in time va r i ab i l i t y occurring between storms whether it is 
evaluated in absolute or r e l a t i ve terms. 

Effects of Rain and Storm Type 

The 50-storm sample for 50-60 mi2 was subgrouped according to the ra in 
and synoptic storm types described previously, to search for obvious changes 
in the time va r i ab i l i t y charac ter i s t ics associated with such data s t r a t i f i c a t i o n s . 
Steady rain was too infrequent in the warm season sample to evaluate i t s time 
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variability characteristics. Rainshowers and thundershowers were found to have 
nearly identical time variability characteristics, both conforming very closely 
to the average warm season relations. This similarity is not surprising since 
both are unstable types of rainfall. 

Examination of the synoptic weather types showed no significant differences 
in time variability characteristics among the several types. Although squall 
lines did indicate a tendency for slightly lower than average time variability, 
the small sample of five storms makes this observation inconclusive. S, for 
these five storms had an average departure of 12% from the mean storm curve of 
Fig. 10. On the basis of the existing storm sample, one must conclude that 
there is little difference in time variability properties among synoptic weather 
types during warm season storms. Therefore, such data stratification is 
undesirable since it lowers analytical sample sizes. 

Summary and Conclusions 

The magnitude of both the absolute and relative time variability shows a 
wide range among convective storms. The variability parameters were found to 
fit closely a log normal distribution. Consequently, it was possible to 
construct first approximation probability distributions of these parameters 
which should aid in evaluating their utility in weather modification applications. 

A strong trend was found for the time variability to increase with 
decreasing area. With respect to average storm rainfall intensity, the time 
relative variability (percentage distribution) decreases with increasing 
intensity, whereas the absolute variability increases as the mean intensity 
increases; however, there is a large amount of variance in the relations between 
storms. Large differences in time variability properties were not found between 
rain and synoptic storm types. 

Because of the large interstorm variability, it is concluded that time 
variability relations would be useful as a verification tool only in those 
weather modification experiments aimed at substantially changing the time 
distribution properties of natural rainfall. The natural time variability is 
much too great to detect reliably any small changes resulting from seeding. 
Because time variability decreases with increasing sampling area, the optimum 
use of this rainfall property would be with experiments on relatively large 
target areas. 
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LAG CORRELATION ANALYSES 

Lag c o r r e l a t i o n analyses were performed on t h e 29 storms in the 1952-1953 
sample. This was done to define f u r t h e r the time 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 
and to a s c e r t a i n whether the r a i n f a l l r a t e s t r u c t u r e shows c y c l i c o r o s c i l l a t o r y 
p r o p e r t i e s wi th in s torms . 

Lag c o r r e l a t i o n s were made f o r success ive lags of 1 to 60 minu tes , or 
to the end of the storm if t he du ra t ion was l e s s than 60 minutes . Since the 
number of observat ions producing the l ag c o r r e l a t i o n c o e f f i c i e n t s decreased with 
i n c r e a s i n g l a g , the r e s u l t s must be i n t e r p r e t e d with cau t ion . This i s t r ue 
p a r t i c u l a r l y for lags exceeding 30 minutes . Approximately 25% of the storms had 
du ra t ions l e s s than 60 minutes . However, only t h r e e storms had dura t ions l e s s 
than 45 minutes . 

A n a l y t i c a l Resul t s 

Analyses were performed on both the 1-minute mean r a i n f a l l r a t e for the 
100 mi2 network and for t h r e e s e l e c t e d p o i n t s w i th in the network. F i g . 13 
shows the average lag c o r r e l a t i o n p a t t e r n i n - t h e 29-storm sample for the a r e a l 
mean r a i n f a l l r a t e and for a p o i n t observa t ion nea r the cen te r of the network. 
Both the po in t and a r e a l curves show the same gene ra l p r o p e r t i e s . There is a 
r e l a t i v e l y r ap id decrease in c o r r e l a t i o n as the time l ag i n c r e a s e s . In both 
c a s e s , the c o r r e l a t i o n c o e f f i c i e n t , on the ave rage , reaches zero with a time 
l ag of approximately 15 minutes . The l a r g e s t nega t ive c o r r e l a t i o n s then occur 
at lags of 25 to 30 minutes . 

The crossover from p o s i t i v e to nega t ive c o r r e l a t i o n c o e f f i c i e n t s at a lag 
of 15 minutes i n d i c a t e s the average e x t e n t of p e r s i s t e n c e in p o i n t and a r e a l 
mean r a i n f a l l r a t e s . Examination of t h e 29-storm sample , however, showed a 
l a r g e degree of v a r i a b i l i t y in t h e c rossover . For example, with 100 mi2 mean 
r a t e s , t he range extended from 5 to 50 minutes and had an average dev ia t ion 
of 7 minutes . The crossover of t h e p o i n t r a i n f a l l c o r r e l a t i o n ranged from 9 to 
43 minutes with an average dev i a t i on of 6 minu tes . 

Another measure of the p e r s i s t e n c e f a c t o r t h a t may be more meaningful was 
ob ta ined by determining the d i s t r i b u t i o n of t imes a t which the lag c o r r e l a t i o n 
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Figure 13. Average lag correlation patterns in 29 storms 
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f i r s t decreased below 0.71 (50% of variance explained). For the 100 mi2 mean 
r a t e , the average was 5 minutes with an average deviation of 2 minutes, compared 
with an average of 1.8 minutes and an average deviation of 0.7 minute for the 
point r a in fa l l sample. Thus, the persistence was considerably less at a point 
than on the 100 mi2 for short l ags , but was not completely eliminated any sooner. 
The areal correlat ions provide a measure of the average ra te persistence in 
storm systems, such as the passage of a squal l l ine or a thunderstorm complex 
across the network, whereas the point persistence is determined by the ce l lu la r 
charac ter i s t ics within a storm passing the s t a t ion . 

When the lag correlat ion becomes negative, it indicates that the r a i n f a l l 
ra tes being compared are out of phase; that i s , one se t is increasing while the 
other is decreasing. In the 29-storm sample, the mean ra te for 100 mi2 showed 
the bes t negative correlat ion at an average lag of 30 minutes. However, there 
was, again, high va r i ab i l i t y in th is s t a t i s t i c which showed a range from 13 to 
60 minutes with an average deviation of 11 minutes. In 19 of the 29 storms, 
the negative correlat ion coefficient exceeded -0.5 (25% variance explained). 
In 12 storms it exceeded -0.7 and in 5 storms was greater than -0.9 at i t s best 
negative value. Thus, r e l a t ive ly strong inverse relat ionships occurred frequently, 
but not with a pronounced regular i ty in lag time. 

After becoming negative, the lag correlat ions reversed and became posi t ive 
again in several storms. This reversal was associated with the a r r iva l of new 
storms on the network or redevelopment of storms within the network. If 
consecutive storms are s imi lar in t h e i r r a i n f a l l ra te time d i s t r ibu t ions , the 
correlat ions between them may reach re la t ive ly high posi t ive values. A reversal 
to posi t ive correlations was observed in 7 of the 29 storms. In 5 of these the 
lag correlat ion of mean ra te on the 100 mi 2 network exceeded +0.5 and was greater 
than +0.7 in 3 storms. The average lag of secondary posi t ive correlat ion peaks 
was 50 minutes, with a range from 32 to 60 minutes. These secondary maxima, of 
course, were based upon fewer observations than the other s t a t i s t i c s . Both the 
strong negative and posi t ive lag correlations were associated most frequently 
with well-defined storm systems with durations less than 90 minutes on the network. 

Fig. 14 i l l u s t r a t e s typica l examples of individual storm correlat ions of 
mean r a i n f a l l ra te on the 100 mi2 . Fig. 14a is a rainshower associated with a 
s ta t ionary front tha t produced a network mean r a in f a l l of 0.45 inch over a 2-hour 
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period on August 3, 1952. Fig. 14b shows two thunderstorms associated with a 

cold front that produced an average rainfall of 0.14 inch on the network in an 

October 1952 storm. Fig. 14c shows the lag correlation pattern for the storm 

of July 5, 1953. This was a squall-line storm that deposited an average of 

0.83 inch during 54 minutes. 

The lag correlation data were grouped according to synoptic weather types 

and rain types to investigate differences that might exist between such groups. 

Results are summarized in Table 7, in which median correlation coefficients for 

each group have been tabulated at selected lag intervals. Since there were only 

three low center and two steady rainstorms, they have not been included. As 

shown in the table, the 29-storm sample was biased strongly toward the occurrence 

of frontal storms and thunderstorms, so that the comparisons can serve only as 

a f i r s t approximation of the group characteristics. 

Table 7. Comparison of mean rainfall rate lag correlations between 
synoptic storm and rain types on 100 mi2 network. 

Median correlation coefficient for given group 

Time lag Air Squall 
(minutes) Fronts mass lines TRW RW 

1 0.96 0.94 0.98 0.97 0.97 
2 0.92 0.90 0.95 0.94 0.93 
5 0.71 0.75 0.79 0.77 0.77 
10 0.28 0.35 0.43 0.33 0.39 
15 0.01 0.05 0.09 0.03 0.10 
20 -0.29 -0.04 -0.33 -0.33 -0.18 
25 -0.42 -0.16 -0.37 -0.39 -0.35 
30 -0.45 -0.15 -0.59 -0.40 -0.46 
35 -0.49 -0.07 -0.58 -0.23 -0.51 
40 -0.36 0.24 -0.57 -0.27 -0.44 
45 -0.30 0.23 -0.65 -0.25 -0.40 
50 -0.22 -0.23 -0.36 -0.50 -0.10 
55 -0.19 -0.07 -0.39 -0.30 0.11 
60 -0.26 -0.28 -0.35 -0.28 -0.14 

Number of storms 15 6 5 19 8 

Within the limits of sampling variation expected in samples of the size 
used here, Table 7 does not indicate marked differences between storm and rain 
types. In all types, the lag correlation of areal mean rainfall rate decreased 



Figure 14. Log correlation patterns in selected storms 
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r a p i d l y in the f i r s t 5 minutes , and the var iance expla ined was only 50% at a 
lag of 5 to 6 minutes . Furthermore, in every group a crossover from p o s i t i v e 
to negat ive c o r r e l a t i o n s took p lace at median lags of 15 to 18 minutes . 

Conclusions 

From l a g c o r r e l a t i o n analyses of the 29-storm sample, no evidence was 
found of r e g u l a r o s c i l l a t i o n s in the r a i n f a l l r a t e time d i s t r i b u t i o n of 
convective storms a t a po in t or over smal l a r e a s . Consequently, i t i s concluded 
t h a t r a i n f a l l r a t e time d i s t r i b u t i o n s could serve as one of s e v e r a l v e r i f i c a t i o n 
t o o l s i n weather modif ica t ion exper iments , e s p e c i a l l y those u t i l i z i n g p e r i o d i c 
seeding of r e l a t i v e l y l a r g e - s c a l e storm systems as an i n v e s t i g a t i v e t e chn ique . 
I f e f f e c t i v e , the p e r i o d i c r a i n f a l l i n t e n s i f i c a t i o n should be d i s c e r n i b l e when 
s u f f i c i e n t experiments are made to overcome spur ious cycles or o s c i l l a t i o n s t h a t 
may be c rea ted in a smal l sample of storms due to random n a t u r a l v a r i a b i l i t y . 

The lag c o r r e l a t i o n analyses a l so provide another measure of the l a rge 
v a r i a b i l i t y o f the r a i n f a l l r a t e d i s t r i b u t i o n wi th in very small i n t e r v a l s o f 
time in shower-type p r e c i p i t a t i o n . As shown in F ig . 13 , the average l ag 
c o r r e l a t i o n between consecutive 1-minute r a i n f a l l r a t e s at a po in t was only 
0 .72 , and 100 mi2 average r a t e s showed a s i m i l a r decrease in c o r r e l a t i o n in 
consecutive 5-minute i n t e r v a l s . 

STORM RAINFALL DISTRIBUTION RELATIONS 

An unders tanding of the r e l a t i o n s h i p between t o t a l storm r a i n f a l l and 
r a i n f a l l r a t e d i s t r i b u t i o n s w i th in storms i s p e r t i n e n t t o the even tua l use o f 
r a i n f a l l r a t e da ta as a v e r i f i c a t i o n t o o l in weather modif ica t ion exper iments . 
Therefore , as p a r t of the r a i n f a l l r a t e r e s e a r c h , an i n v e s t i g a t i o n was made 
of t h i s r e l a t i o n s h i p in warm season storms for po in t r a i n f a l l and fo r mean 
r a i n f a l l on areas of 25 , 50, and 100 mi2. 

Re la t ion between Mean R a i n f a l l Rate and T o t a l Storm R a i n f a l l 

Tabulat ions of 1-minute storm da ta were used to determine the frequency 
d i s t r i b u t i o n s of r a i n f a l l r a t e in the var ious storm samples. A family of 
curves developed fo r the 100 mi2 network is shown in F ig . 15. These curves 
show the cumulative percentage of t o t a l s torm r a i n f a l l occurr ing at va r ious 
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Figicre 15. Relation between rainfall rate percent of 
total storm rainfall, and percent of storms 
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rainfall rates in various percentages of the storms. For example, in 50% of 
the storms, 10% of the total rainfall occurred at rates of 0.33 inch/hour or 
greater, 50% at 0.21 inch/hour or more, and 90% at 0.09 inch/hour or greater. 

For comparisons between areas, a normalization procedure was used in 
which the rainfall rate along each curve was expressed as a ratio to the median 
rainfall for that curve. Thus, in the above example for the 50% curve of 
Fig. 15, the ratio at 10% of the total rainfall is 0.33/0.21 or 1.57. When 
this was done, it was noted that these rainfall rate ratios remained essentially 
constant for the numerous curves making up the family. Furthermore, within 
the small range of areas investigated (25-100 mi 2), there was little change 
with increasing area, so all data were combined for the purposes of a first 
approximation of the distribution characteristics of rainfall rate in warm 
season storms. However, area should have some effect upon the distribution 
of storm rainfall as shown by Huff (1967). Therefore, if the range of sampling 
areas increases much beyond those investigated here, it would be necessary to 
derive relations that include the area parameter. 

The average ratio curve for areas of 25 to 100 mi2 is shown in Fig. 16, 
along with a similar curve derived from point rainfall data. The expected 
greater range in relative variability of point rainfall is indicated by the 
point ratio range of 3.6 to less than 0.1 between 2% and 98% of storm rainfall 
compared with a range of 1.8 to 0.15 for areal mean rainfall. 

Assuming the curves of Fig. 16 are reasonably representative of the 
regional climatic average, they can be used to construct average rainfall rate 
distributions for various median rates of rainfall in warm season storms. This 
has been done for areal mean rainfall of selected rates in Fig. 17. These 
curves then provide typical rate distributions within convective storms and 
another measure of the variability of storm rainfall rates. Actually, Figs. 16 
and 17 merely provide a generalization and smoothing of the various areal 
relations derived from the raw data, such as those shown in Fig. 15 for 100 mi2. 

Percentage Distribution of Storm Rainfall 

Another method of describing the time distribution of storm rainfall is 
shown in Fig. 18. Here, curves have been drawn relating cumulative percentage 
of total rainfall to cumulative percentage of rain time for point rainfall and 



Figure 16. General relation between 
rainfall rate and percent 

of storm rainfall 

Figure 17. Generalized curves of 
rainfall rate and percent 

of storm rainfall 
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for areal mean r a in fa l l on 25, 50, and 100 mi2 . These are average curves based 
upon 29 storms during the warm seasons of 1952 and 1953. The curves were derived 
from ranking of the 1-minute r a in fa l l amounts in each storm from high to low, 
and, therefore, are not " real" time d is t r ibu t ions . They were made to show what 
percentage of the r a i n f a l l is accounted for by a given percentage of the minutes 
with rain in an average storm. 

Fig. 18 shows t h a t , on the average, 10% of the storm point r a in f a l l occurs 
in less than 2% of the minutes it is ra ining, 50% of the t o t a l rain occurs 
during 11% of the time rain is f a l l i n g , and 90% of the t o t a l rain occurs in 37% 
of the time that it is ra ining. Thus, it is apparent that warm season r a in f a l l 
tends to occur in strong burs t s ; that i s , most of the rain occurs in a small 
portion of the storm. 

Fig. 18 shows tha t as area increases it takes longer to obtain a given 
percentage of the t o t a l storm r a i n f a l l . Thus, as the area increases from a 
point to 100 mi2 , the percentage of rain time accounting for 50% of the t o t a l 
rain increases from 11% at a point to 13% at 25 mi2, 15% at 50 mi2 , and 18% at 
100 mi2. 

Since Fig. 18 is based upon only 29 storms, it can only be used as a f i r s t 
approximation of the climatological relat ionship in warm season storms. However, 
as s ta ted e a r l i e r in th i s report , the storm sample does not depart greatly from 
long-term averages with respect to the percentage d is t r ibut ion of point and mean 
r a in f a l l amounts. 

An examination was made of the 29 storms grouped by rain type and synoptic 
storm type. Although only two storms were c lass i f ied as steady r a i n , the 
expected trend was found for thunderstorm ra in fa l l to rank f i r s t in time 
concentration of t o t a l storm r a i n f a l l , followed by rainshowers and steady ra in . 
Thus, on the 100 mi , 50% of the thunderstorm r a i n f a l l was found to occur in 
16% of the r a in f a l l minutes, whereas 18% of the rainshower minutes and 26% of 
the steady rain minutes accounted for 50% of the r a i n f a l l in t h e i r groups. 

Only small differences were found in the dis t r ibut ions for f ronts , squall 
l i ne s , and a i r mass storms. Low centers, which were associated with only three 
storms, had a less concentrated time d i s t r ibu t ion , as expected. For example, 
on the 100 mi2 , 50% of the t o t a l r a i n f a l l occurred in 24% of the minutes in low 
center storms compared with 16% to 18% of the minutes in the other synoptic 
storm types. 



Figure 18. Percentage distribution of storm rainfall 
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Fig. 18 has certain implications in weather modification. From the 
natural d i s t r ibu t ions , one must conclude tha t subs tan t ia l surface increases in 
r a i n f a l l from cloud seeding would occur if the treatment modestly in tensi f ied 
the r a i n f a l l intensi ty during the major rain-producing period of convective 
storms. However, the des i rab i l i ty of further in tens i f ica t ion is doubtful in 
natural ly intense storms (provided it could be achieved). If th is is not 
accomplished, however, cloud seeding success must depend upon (1) great ly 
increasing the r a in fa l l in tens i ty during the re la t ive ly large percentage 
of the storm time with l igh t r a t e s , or (2) substant ia l ly extending the duration 
of the heavy intensi ty period within storms. The l a t t e r poss ib i l i ty would 
appear to be more l ikely to be accomplished. 

Comparison of Point and Areal Storm Durations 

Table 8 shows the re la t ion between cumulative percentage of storms and 
the r a t i o of point to areal r a in fa l l duration in the 29 storms on the 100 mi2 

network during 1952-1953. It provides an estimate of the probabili ty of any 
point in the area experiencing r a in fa l l in any given minute during which rain 
is occurring somewhere within the 100 mi2 . Thus, the median r a t i o is 0.34, 
indicating that in 50% of the storms rain w i l l be fa l l ing at a selected point 
approximately one-third of the time or less when rain is being recorded within 
the 100 mi2. Similarly, in 5% of the storms, the average point duration is 
12% or less of the t o t a l areal rain t ime, and in 25% of the storms the point 
duration is 22% or less of the areal duration. This analysis i l l u s t r a t e s the 
small areal extent of many warm season storms. Furthermore, it emphasizes the 
necessity of a dense raingage network or radar for the detection and location 
of summer showers, par t icu la r ly if accurate space and time information on a l l 
storms in a sampling area is required. 
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Table 8. Comparison of point and areal 
storm durations on 100 mi2. 

Cumulative Ratio of point 
percent to areal 
of storms rain duration 

5 0.12 
10 0.15 
25 0.22 
50 0.34 
75 0.52 
95 0.95 



PART II 

SPACE DISTRIBUTION STUDIES 
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ONE MINUTE RAINFALL RATE SPATIAL CORRELATIONS 

The s p a t i a l c o r r e l a t i o n of r a i n f a l l r a t e and the sampling requirements 
r e s u l t i n g from var ious degrees of c o r r e l a t i o n are of primary importance in the 
es tab l i shment of ra ingage networks used for weather modi f ica t ion exper iments . 
In t h i s s t u d y , da t a from the 3142 minutes of r a i n f a l l in 29 warm-season storms 
during 1952-1953 were used to ob ta in i n i t i a l e s t ima tes o f t h e s p a t i a l c o r r e l a t i o n 
r e l a t i o n s i n storm r a i n f a l l . 

A n a l y t i c a l Procedures 

I n i t i a l l y , t he e f f ec t o f s e v e r a l da ta t ransformat ions to normalize the 
r a i n f a l l r a t e d a t a , and hence , improve the c o r r e l a t i o n p a t t e r n s was i n v e s t i g a t e d . 
Transformations inc luded the square r o o t , four th r o o t , and logar i thm of the 
r a i n f a l l r a t e s . The e f f e c t of the t r ans fo rmat ions was i n c o n s i s t e n t among the 
s e v e r a l da ta s t r a t i f i c a t i o n s used in the a n a l y s e s , and no marked s u p e r i o r i t y was 
ob ta ined . O v e r a l l , a s l i g h t t r e n d was noted for the c o r r e l a t i o n c o e f f i c i e n t to 
decrease more slowly with d i s t a n c e when a c t u a l r a i n f a l l r a t e s were used. 
Consequently, f u r t h e r analyses and a l l m a t e r i a l p resen ted in t h i s r e p o r t were 
r e s t r i c t e d t o untransformed d a t a . 

In the 100 mi2 network, rows of gages along t h e western and nor the rn 
borders were used to obta in c o r r e l a t i o n c o e f f i c i e n t s in W-E and N-S d i r e c t i o n s . 
Also , c o e f f i c i e n t s were c a l c u l a t e d about the c e n t r a l gage in the network, in a 
NW-SE d i r e c t i o n from the NW corner of the network, and in a SW-NE d i r e c t i o n from 
the SW corner . These combinations were then used to determine d i r e c t i o n a l 
e f f e c t s upon s p a t i a l c o r r e l a t i o n which could r e s u l t from topograph ica l or 
c l i m a t i c f a c t o r s . For each d i r e c t i o n a l a n a l y s i s and each d a t a s t r a t i f i c a t i o n , 
i s o c o r r e l a t i o n maps were drawn. From these maps, v a r i a t i o n of c o r r e l a t i o n 
c o e f f i c i e n t ( r ) with d i s t ance was obta ined through i n t e r p o l a t i o n . 

A n a l y t i c a l Resu l t s 

F i g . 19 shows the average c o r r e l a t i o n p a t t e r n fo r the 29 storms about a 
gage nea r the c e n t r a l p a r t of t h e network. Within l e s s than 2 miles in a l l 
d i r e c t i o n s , t he average c o r r e l a t i o n decreased to 0 . 8 , o r an exp la ined 
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Figure 19. Average correlation pattern of rainfall rate in 29 storms 
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var iance (r ) of 64%. The o r i e n t a t i o n of the c o r r e l a t i o n p a t t e r n r e f l e c t s the 
c l i m a t o l o g i c a l t r e n d f o r storm c e l l s to move most f requent ly from a southwes ter ly 
d i r e c t i o n . 

Table 9 shows the average decay of c o r r e l a t i o n with d i s t a n c e from the 
p o i n t of c o r r e l a t i o n , based upon d i r e c t i o n a l grouping of the d a t a . Cor re l a t i on 
r e l a t i o n s are shown fo r a l l 3142 minutes of da ta in (1) W-E and N-S d i r e c t i o n s 
in which the d i f f e rences were g r e a t e s t , and (2) for a l l d i r e c t i o n s combined. 
Also shown is the average decay us ing only those minutes in which a l l gages in 
the 100 mi2 recorded measurable r a i n f a l l . These 137 minutes provide a measure 
of the c o r r e l a t i o n decay in warm-season storms of l a r g e a r e a l e x t e n t , whereas 
the 3142-minute sample r e f l e c t s average condi t ions during convective storms 
which usua l ly do not completely envelop the 100 mi2 network in any given minute . 

Table 9. Average c o r r e l a t i o n decay with d i s t ance of 1-minute 
mean r a i n f a l l r a t e s grouped by d i r e c t i o n . 

Cor re l a t i on c o e f f i c i e n t for given condi t ion 

A l l d i r e c t i o n s combined 

Distance North- West- Rain at 
(mi les) South East A l l minutes a l l gages 

1 0.76 0.63 0 .71 0.76 
2 0 . 64 0 . 4 8 0 . 5 8 0 .65 
3 0 . 5 7 0 . 3 7 0 .50 0 . 5 8 
4 0.50 0.28 0 .41 0 .51 
5 0.45 0.20 0.34 0.45 
6 0.40 0.13 0.28 0.39 
8 0.30 0.02 0.16 0.27 

10 0.20 

Number of minutes 3142 3142 3142 137 

Comparison of the W-E and N-S directions shows differences in r2 of 16 to 
18% at distances of 1 to 5 miles. This reflects the tendency for storm cells 
to move more frequently from a southerly direction; with the entire network 
seldom enveloped by rainfall at a given time, the average correlation is better 
along the N-S lines. Comparison of all storm minutes with the 137 having 

2

- - - - - - - -- - - -
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r a i n f a l l over the ent i re network shows an average of 8 to 9% more for r2 in 
the large-scale storms. Thus, the improvement in variance in the large-scale 
storms appears to be re la t ive ly small. 

Table 9 provides an opportunity to obtain some f i r s t approximations of 
gage density requirements for the measurement of r a in fa l l rate patterns in 
convective storms. For example, assume one wished to combine a l l data and 
keep the average value of r2 between observation points at a minimum of 50% 
(r = 0.71). Table 9 shows a gage spacing of 1 mile would be required. If 
i n t e r e s t was only in those minutes with r a i n f a l l at a l l gages in the sampling 
area, the 50% minimum could be maintained with a gage spacing of 1.5 miles. 
In e i ther case, a very dense network would be needed. If the accuracy 
requirements were increased s t i l l more to obtain a high degree of precision in 
the establishment of spa t i a l pa t t e rns , the gage requirements for most research 
projects would become intolerable operationally. This is based upon the 
assumption that sampling areas would extend over hundreds of square miles in 
most weather modification experiments. 

In Table 10, the data were s t r a t i f i e d according to r a i n f a l l and synoptic 
storm types, and correlation pat terns of average decay with distance were 
determined. There were too few steady rain cases to construct a re l iab le 
correlat ion curve. As expected, thunderstorms (TRW), which tend to extend over 
greater areas than rainshowers (RW), had a slower ra te of correlation decay 
with distance. On the average, the rainshower correlation approached zero at 
a distance of 6 miles. Table 10 also shows average correlation decay with 
distance for the two synoptic weather types that exhibited the greatest 
differences in warm-season storms. Frontal storms which tend to have greater 
areal extent than a i r mass storms show a s l igh t ly slower decay r a t e . Low center 
passages were too few to include in the analys is , and squall l ine properties 
were nearly ident ica l with the frontal re la t ionship . 

In Table 11, an evaluation has been made of the effect of storm magnitude 
(areal mean r a in fa l l ) on the correlat ion pa t te rn . As clearly indicated, the 
heavier , more intense storms showed a slower ra te of decay with distance than 
the l ight storms which frequently extend over only a small portion of the 100 mi2 

network at a given minute. For example, at a distance of 2 miles, the average 
correlat ion coefficient ranges from 0.61 in the heaviest storm class to 0.34 in 
storms with means of 0.10 inch or l e s s . 
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Tab le 1 0 . Average c o r r e l a t i o n decay w i t h d i s t a n c e 
o f 1 -minute mean r a i n f a l l r a t e s g rouped 
b y r a i n and s t o r m t y p e . 

C o r r e l a t i o n c o e f f i c i e n t f o r g i v e n t ype 

Rain t y p e Storm t y p e 

D i s t a n c e A i r mass 
( m i l e s ) TRW RW F r o n t s s to rms 

1 0 .72 0 . 6 3 0 .70 0 .64 
2 0 .59 0 . 4 8 0 . 5 7 0 . 5 1 
3 0 . 5 1 0 .36 0 . 4 7 0 .42 
4 0 . 4 4 0 .26 0 .40 0 .34 
5 0 . 3 8 0 . 1 4 0 . 3 3 0 .26 
6 0 . 3 1 0 . 0 3 0 .26 0 . 1 8 
8 0 .17 0 . 1 3 0 .02 

10 0 . 0 4 

Number of m i n u t e s 1957 1008 1665 859 

Tab le 1 1 . Average c o r r e l a t i o n decay w i t h d i s t a n c e 
o f 1 -mmute mean r a i n f a l l r a t e s g rouped 
by s t o r m mean r a i n f a l l . 

C o r r e l a t i o n c o e f f i c i e n t f o r g i v e n mean r a i n f a l l ( i n ) 

Distance           0.11- 0 . 2 6 - 0 . 5 1 -
( m i l e s ) 0 . 2 5 0 .50 1.00 

1 0 . 5 4 0 . 6 3 0 . 6 8 0 . 7 4 
2 0 . 3 4 0 . 4 5 0 .53 0 . 6 1 
3 0 .19 0 . 3 1 0 . 4 3 0 .53 
4 0 . 0 7 0 .20 0 .35 0 .46 
5 0 . 0 1 0 .10 0 .26 0.39 
6 0 . 0 3 0 . 1 8 0 .32 
8 0 .02 0 . 1 8 

10 0 .05 

Number of m i n u t e s 883 783 805 671 

- - - -
- - - - - - - - - - - -

- - - -
- - - - - - - -

- - - -- - - -- - - -
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Table 12 shows correlation decay patterns in storms in which the network 
was under the influence of 1 to 4 cel ls or storm centers. These centers could 
be e i the r closed centers within the 100 mi2 or open centers at the border of 
the network with the central intensi ty somewhere off the network. Here, the 
outstanding charac te r i s t ic is the higher correlat ion as the number of centers 
increases. Under these circumstances, the network is more l ikely to be 
encompassed completely by r a i n f a l l , and more l ikely to have heavier storm 
t o t a l s . The s imilar i ty between the 4-center re la t ions of Table 12 and those 
for mean r a in f a l l of 0.50 to 1.00 inch of Table 11 lends support to the foregoing 
statement. 

Table 12. Average correlat ion decay with distance 
of 1-minute mean r a i n f a l l ra tes grouped 
by number of rain centers on network. 

Correlation coefficient for given number of centers 
Distance 
(miles) 1 2-3 4 

1 0.64 0.69 0.77 
2 0.50 0.55 0.65 
3 0.39 0.45 0.57 
4 0.28 0.34 0.51 
5 0.18 0.25 0.46 
6 0.11 0.18 0.42 
8 0.03 0.10 0.33 

10 0.06 0.24 

Number of minutes 939 1845 275 

In Table 13, the effect of storm orientation was investigated. The storm 
orientation refers to the azimuth of the major axis of the total storm pattern. 
Thus, SW refers to a major axis oriented from SW to NE. As indicated, no 
significant differences were found in the correlation patterns for storm 
orientations from SW through W. Correlation decay was somewhat less with NW 
oriented storms, but whether this is a true characteristic of these storm types 
or merely a sampling vagary has been undetermined at this time. 

- - - -
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Table 13. Average correlation decay with distance of 1-minute 
mean ra in fa l l rates grouped by storm orientation. 

Correlation coefficient for given orientation 

Distance 
(miles) NW S W , WSW, W 

1 0.77 0.69 
2 0.65 0.56 
3 0.57 0.46 
4 0.50 0.38 
5 0.45 0.32 
6 0.40 0.25 
8 0.30 0.14 

10 0.20 0.03 

Number of minutes 762 2059 

Table 14 shows comparisons between the spa t ia l correlations of 1-minute, 

5-minute, and 10-mmute average rates for a l l minutes and a l l directions 

combined. The 5-minute and 10-minute rates were obtained by calculating running 

averages throughout each storm. That i s , the 5-mmute means were obtained 

from averages of minutes 1 through 5, 2 through 6, e t c . , un t i l the l a s t minute 

of the storm was included. The 5-minute and 10-minute mean rates were calculated 

to determine if the spa t ia l var iab i l i ty was decreased significantly by the 

averaging procedure. 

Table 14 indicates s l ight improvement in the spa t ia l correlation at short 

distances with 10-minute averages, but the increase in r2 is only 8% at 1 mile 

and decreases to zero at 4 miles, after which the 1-minute r2 is s l igh t ly 

greater . The 5-mmute rates showed an even faster correlation decay with 

distance than the 1-mmute r a t e s . The reason for th i s behavior is not known. 

From the 29-storm sample, one must conclude that the spat ia l correlations of 

r a in fa l l rate are not changed significantly by averaging over intervals of 5 to 

10 minutes instead of using the nearly instantaneous rates provided by the 

1-minute ra infa l l amounts. 
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Table 14. Comparxsons of s p a t i a l c o r r e l a t i o n of 1-minute, 
5-minute, and 10-minute mean r a i n f a l l r a t e s . 

Cor re l a t i on coe f f i c i en t for given time pe r iod 

Distance 
(miles) 1-min 5-min 10-min 

1 0 .71 0.72 0.77 
2 0.58 0 .51 0 .61 
3 0.50 0.37 0 .51 
4 0 .41 0.29 0 .41 
5 0.34 0.24 0.32 
6 0.28 0.20 0.25 
8 0.16 0.13 0.15 

At t h i s p o i n t , i t i s i n t e r e s t i n g to b r ing out the g r e a t d i f fe rences in 
c o r r e l a t i o n decay between 1-minute r a i n f a l l r a t e and t o t a l storm r a i n f a l l . 
As p a r t of an e a r l i e r I l l i n o i s s t udy , c o r r e l a t i o n p a t t e r n s of t o t a l storm 
r a i n f a l l were cons t ruc ted for approximately 300 storms on the East Cen t ra l 
I l l i n o i s Network (ECIN) of 49 gages in 400 mi 2 . A comparison of the r a i n f a l l 
r a t e curve based on a l l 1952-1953 data with a s i m i l a r curve for the 
May-September storms on ECIN is shown in Fig . 20. Based on these two curves 
and an assumed requirement fo r an r2 of 50%, on t h e average , a gage spacing 
of approximately 1 mile would be needed for r a i n f a l l r a t e p a t t e r n d e f i n i t i o n 
compared with a spacing of more than 10 miles fo r t o t a l storm r a i n f a l l . If 
an r2 of 75% between observat ion po in t s was r e q u i r e d , then a spacing of about 
0.3 mile for 1-minute r a i n f a l l r a t e would be needed compared with approximately 
7,5 miles with t o t a l storm r a i n f a l l . 

Conclusions 

I n gene ra l , t he c o r r e l a t i o n analyses i n d i c a t e d b e t t e r s p a t i a l c o r r e l a t i o n 
o f r a i n f a l l r a t e (1) in sou th-nor th d i r e c t i o n s than in w e s t - e a s t d i r e c t i o n s , 
(2) in thunderstorms than in ra inshowers , (3) in f r o n t a l storms than in a i r mass 
s to rms , (4) in heavy storm r a i n f a l l s than in l i g h t s to rms , and (5) in 
m u l t i c e l l u l a r storms than in s i n g l e - c e l l s to rms . No s i g n i f i c a n t improvement 
was obtained when 5-minute and 10-minute average r a t e s were used in p lace of 
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Figure 20. Comparison between correlation decay with distance 
of 1-minute mean rainfall rate and total storm rainfall 
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1-minute r a t e s . In a l l da t a groupings the c o r r e l a t i o n decay with d i s t ance 
was r a p i d . Therefore , ra ingage networks with sampling d e n s i t i e s adequate to 
define accura te ly ins tan taneous r a i n f a l l r a t e p a t t e r n s a t the sur face for use 
in weather modif ica t ion experiments may be beyond ope ra t i ona l and/or economic 
f e a s i b i l i t y . I f i n t e r e s t i s only in mean r a i n f a l l r a t e over an a r e a , then 
the sampling requirements w i l l decrease s i g n i f i c a n t l y , a sub jec t t r e a t e d in 
another sec t ion o f t h i s r e p o r t . 

AREA-DEPTH RELATIONS 

A convenient method of desc r ib ing the s p a t i a l d i s t r i b u t i o n of storm 
r a i n f a l l r a t e s i s through the computation of area-depth r e l a t i o n s . Consequently, 
area-depth curves of average and enveloping r a i n f a l l r a t e s , a b a s i c t o o l used 
in hydrologic design problems, have been s t u d i e d to a id in the d e f i n i t i o n of 
the s p a t i a l c h a r a c t e r i s t i c s and t o d e t e c t p r o p e r t i e s p o t e n t i a l l y u se fu l i n 
p r e c i p i t a t i o n modif ica t ion exper iments . For a given sampling a r e a , these two 
types of area-depth curves provide a measure of the r a i n f a l l g r a d i e n t , maximum 
po in t r a i n f a l l , volumetr ic d i s t r i b u t i o n , and information r e l a t i v e to the 
skewness in the r a i n f a l l d i s t r i b u t i o n (Huff, 1968). 

Area-Depth Envelope Rela t ions 

Considerable use has been made of area-depth envelope curves in the s p a t i a l 
s t u d i e s . From these curves the r a i n f a l l r a t e equa l led or exceeded over any 
f r a c t i o n a l p a r t of the sampling a rea can be determined. In a uniformly d i s t r i b u t e d 
network of r a ingages , the curve is cons t ruc ted from a ranking of ra ingage values 
from high to low. Otherwise, the curve is determined from p lan imete r ing of 
network i s o h y e t a l maps. 

In t h i s s tudy , primary emphasis has been p laced upon analyses of area-depth 
envelope r e l a t i o n s obta ined from the 29-storm, 3142-minute sample on the 50-gage 
network of 100 mi2 operated in 1952-1953. Area-depth curves were c a l c u l a t e d for 
each 1-minute r a i n f a l l in each s torm. 

F i r s t , a frequency d i s t r i b u t i o n of area-depth envelope r e l a t i o n s on the 
100 mi2 was determined from the 3142-minute sample. Resul ts are summarized in 
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Fig . 21 in which the r a i n f a l l r a t e equal led or exceeded i s r e l a t e d to 
cumulative percentage of the sampling a rea for var ious percen tages of the 
minutes making up the sample. Thus, the 5% curve shows the r a i n f a l l r a t e 
equa l led or exceeded in the 5% of the minutes with the h e a v i e s t r a i n f a l l r a t e s 
for any f r a c t i o n a l p a r t of the a rea enveloped in the range from 2% to 98% of 
the a rea . I t should be understood t h a t the f r a c t i o n a l a reas in F ig . 21 a re 
not f ixed . That i s , t h e 2% of the area with heav ie s t r a t e s may change in 
l o c a t i o n from minute- to-minute wi th in storms as we l l as between s torms. I t 
s p e c i f i e s the h e a v i e s t r a t e s experienced any place on the network in a given 
minute. 

I n t e r p r e t a t i o n of F ig . 21 is i l l u s t r a t e d by r e f e r r i n g to t h e 2% of the 
a rea with h e a v i e s t 1-minute r a t e s in the 29 s torms. There, i t is seen t h a t 5% 
of the 3142 minutes had r a t e s equa l l i ng or exceeding 4.6 inches /hour . This 
decreased gradua l ly to 0.36 inch/hour in the 50% of the minutes with h e a v i e s t 
r a t e s , and to 0.04 when 95% of a l l minutes were inc luded . S i m i l a r l y , over 
50% of the a r e a , 5% of the minutes had a r a t e of 0.5 inch/hour or g r e a t e r , and 
t h i s decreased to 0.03 inch/hour fo r the upper 50% of the minutes , and to l e s s 
than 0 .01 inch /hour when 95% of t h e 3142 minutes were inc luded . 

F ig . 21 does not inc lude a s u f f i c i e n t number of storms to accept i t as 
a t r ue frequency d i s t r i b u t i o n of r a i n f a l l r a t e s . However, as i n d i c a t e d in 
o the r a n a l y s e s , i t does serve as a f i r s t approximation of the frequency 
d i s t r i b u t i o n in warm season s to rms . Also, i t provides q u a n t i t a t i v e information 
on the s p a t i a l v a r i a b i l i t y of r a t e s wi th in a f ixed a rea of 100 mi2 and t h e 
degree of time var iance of r a t e s . For example, the 5% curve shows a s p a t i a l 
range from 4.6 to 0.07 inches /hour as the a rea for which the enveloping r a i n f a l l 
r a t e is determined inc reases from 2 to 98 mi2 . S i m i l a r l y , for the 2% of area 
with the heav i e s t r a t e s in t h e 3142 minutes , the r a t e ranges from 4.6 inches /hour 
to 0.04 inch /hour between 5% and 95% of the t o t a l minutes . 

The 3142-minute sample from 29 storms was used in making o t h e r analyses 
t o define f u r t h e r the s p a t i a l 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 o f r a i n f a l l r a t e , 
with p a r t i c u l a r emphasis on the time v a r i a b i l i t y in the s p a t i a l d i s t r i b u t i o n . 
One r e s u l t of these analyses is summarized in F ig . 22a ( l e f t f i g u r e ) . This 
f igure shows a family of median area-depth envelope curves on t h e 100 mi2 fo r 
s e l e c t e d percentages of the s to rms . The family was der ived in the fol lowing 
manner. For each s to rm, area-depth envelope curves of r a i n f a l l r a t e were 



- 5 5 -

Figure 21. Frequency distribution of area-depth envelope values 
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calculated for each minute during the storm. At selected fractions of the 
100 mi2 area, the 1-mmute r a in f a l l ra tes for the storm were ranked from high 
to low. The median values from each storm were then used to construct the 
family of curves in Fig. 22a. These curves were found to f i t closely an 
equation of the form. 

(1) 

where Re is the enveloping r a i n f a l l r a t e , A is area enclosed, and a and b are 
regression constants. 

Fig. 22a provides a s t a t i s t i c a l model of typica l area-depth curves of 
1-mmute r a in fa l l ra te in warm season storms of various in tens i ty . Thus, the 
median r a i n f a l l ra te dis t r ibut ion in the most intense storms in the 29-storm 
sample is portrayed by the curve for 5% of the storms. This curve shows the 
enveloping r a in fa l l rate ranging from 3.8 inches/hour over the 2 mi2 of 
heaviest intensi ty to 0.03 inch/hour over the en t i re 100 mi2. Similarly, the 
50% curve shows a range from 0.43 inch/hour to less than 0.01 inch/hour. These 
individual percentage curves provide a quant i ta t ive measure of the spa t i a l 
va r i ab i l i t y in storms of varying in tens i ty . 

For some purposes, one may be more in teres ted in extreme rates rather than 
median or average r a in fa l l rates to be expected in storms. The ranked 1-minute 
data for each storm can be used also to obtain a measure of the dis t r ibut ion of 
heavy r a t e s , and th is has been done in Fig. 22b (center f igure) . Here, the 
area-depth envelope curves for the 10% of the minutes with heaviest r a in fa l l in 
each storm were used to derive the family of curves. Interpretat ion of th is 
family is the same as for Fig. 22a. Thus, in 10% of the storms sampled the 
area-depth envelope curve for the 10% of the storms with heaviest in tens i t i e s had 
enveloping r a in f a l l rates decreasing from 5.8 inches/hour at 2 mi2 to 0.3 
inch/hour over the ent i re 1-0 mi2 . All storms (100%) had rates of 0.42 inch/hour 
or more on 2 mi2 during the heaviest par t of the storm but less than 0.01 
inch/hour when the ent i re 100 mi2 is included. Together, Figs. 22a and 22b 
provide quanti tat ive estimates of median and extreme rates l ikely to occur in 
typica l warm season storms. 



Figure 22. Area-depth envelope distributions derived from median, extreme, and average values 
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Fig. 22c (r ight figure) shows a family of curves similar to those in 
Fig. 22a. Method of determination was the same, except average rates rather 
than median ra tes were employed in development of Fig. 22c, since some users 
may be more in teres ted in th i s s t a t i s t i c . In th is case, the family of curves 
were found to f i t an equation of the form 

( 2 ) 

Because of the extreme skewness in the dis t r ibut ion of 1-minute r a i n f a l l 
ra tes in the 29 storms, substant ia l differences ex is t between the average and 
median sets of curves. In most cases, the average curves show substant ia l ly 
higher r a i n f a l l ra tes for a given area and given percentage of storms. 

Fig. 23a ( le f t figure) shows a median space-time dis t r ibut ion of storm 
r a in fa l l ra tes derived from the 29-storm sample. It was obtained in the 
following manner. For each storm an area-depth envelope curve of r a in f a l l ra te 
was obtained for each minute. Thus, a family of curves similar to Fig. 22a was 
obtained for each storm. Then, the median curve for each 10% of the minutes 
from the 29 storms was used to construct Fig. 23a. Based on the 29-storm sample, 
Fig. 23a can be interpreted as a typical space-time frequency dis t r ibut ion in 
warm season storms. Fig. 23b ( r ight figure) provides the same type of information, 
but is based upon averages ra ther than medians. 

An effort was made to evaluate the effects of rain type and synoptic 
storm type on area-depth envelope r e l a t ions . Grouping of the data resul ted 
in most types having too few samples to define quant i ta t ively re la t ions for 
each type with a sat isfactory degree of accuracy. With only two steady 
rainstorms, l i t t l e can be said about the general character is t ics of t he i r 
s p a t i a l d i s t r ibu t ion . However, it did appear, as one might expect, that the 
steady rains had less spa t ia l v a r i a b i l i t y , and, therefore, smaller r a i n f a l l 
gradients than the TRW and RW types. Similarly, a i r mass storms tended to 
have more intense r a i n f a l l gradients than f ronta l storms, but less areal extent . 

The storms were also grouped according to quar t i le in which the heaviest 
r a i n f a l l occurred and mean area-depth curves developed for each of the four 
q u a r t i l e s . The heaviest i n t ens i t i e s were found to occur with the f i r s t and 
second quar t i le storms, whereas the fourth quar t i le storms had the l i gh t e s t 
r a t e s , in general. 
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Figure 23. Area-depth envelope storm models based on median and average values 
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2 Area-depth envelope re la t ions were developed also for 25- and 50-mi2 

areas within the 100-mi2 network. Characterist ics of the envelope curves 
were s imilar to those for 100 mi2 . Consequently, they have not been included 
in th i s repor t , pa r t i cu la r ly since such small areas are seldom ( i f ever) 
employed as targets in weather modification experiments. 

Average Area-Depth Relations 

Average area-depth re la t ions of 1-minute r a i n f a l l ra tes were investigated 
also. This is the standard hydrologic area-depth presentation in which the 
basin r a i n f a l l is ranked from high to low and averaged from the area of heaviest 
in tens i ty to the area of l i gh te s t r a i n f a l l . The in tercept of the resu l t ing 
curve represents the maximum point r a i n f a l l , the end-point of the curve is the 
areal mean r a i n f a l l , and the curve slope is an integrated measure of the 
r a i n f a l l gradient. 

Storm models derived from the 29-storm sample are shown in Figs. 24a and 
24b for areas of 25 and 100 mi2 . These families of area-depth frequency curves 
were based upon median values from the storms, and were derived in the same 
manner as the envelope frequency curves of Fig. 23. In both f igures , the slope 
of the curves is smallest with the heaviest areal mean r a i n f a l l s . That i s , the 
spa t i a l re la t ive va r i ab i l i t y tends to minimize with the heaviest mean rates on 
a given sampling area. 

The wide range of r a in f a l l ra tes normally experienced in convective storms 
is i l l u s t r a t e d by Fig. 24. For example, on the 100 mi2 , the network mean ranges 
from 0.05 inch to 1.25 inches between the 5% and 95% l imits of the typica l 
storm curve. Thus, the heavier 100 mi2 mean rates are approximately 25 times 
greater than the re l a t ive ly l ight ra tes in the typ ica l warm season storm derived 
in th is study. Over the 10 mi2 of heaviest r a i n f a l l ra tes on the 100 mi2 , the 
range is from 0.22 inch to 4.10 inches, a r a t i o of 18 to 1. Similarly, on the 
25 mi2 the network mean ra te ranges from 0.04 inch to 1.32 inches between the 
5% and 95% limits of the typical storm curve. 

Figs. 24a and 24b provide considerable information on the typ ica l variat ion 
of r a i n f a l l ra tes with both time and area within warm season storms. Of course, 
r e l a t ive ly great interstorm var iab i l i ty existed, so that in individual storms 
large differences from the typical storms of Figs. 24a and 24b, based upon median 



Figure 24. Average area-depth storm models for 25 and 100 m2 derived from 29 storms 
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median values of 29 storms, may occur. For example, the 100 mi2 mean rate 
for the 5% of the minutes with heaviest rates in individual storms ranged 
from 0.07 to 1.54 inches/hour. Moving up the 5% curve to 10 mi2 where the 
typica l curve shows a rate of 4.10 inches/hour, the 29-storm range in rates 
was 0.18 to 5.70 inches/hour. 

Summary and Conclusions 

Area-depth curves of average and enveloping ra in fa l l ra tes were derived 
to aid in the definit ion of the space-time charac ter i s t ics of 1-minute r a t e s . 
These curves provide measures (d i rec t ly or indi rec t ly) of the r a in f a l l gradient , 
maximum point r a i n f a l l , areal mean r a i n f a l l , and skewness of the d i s t r ibu t ion . 
In weather modification experiments, it is important not only to determine 
average prec ip i ta t ion in the target and control areas , but also to ascertain 
other charac ter i s t ics of the spa t i a l d is t r ibut ion that may be affected by 
seeding. The area-depth curves provide one means of acquiring additional 
information. When calculated for specif ic in tervals of time throughout a storm, 
a convenient time-space dis t r ibut ion measure is provided by a single family of 
curves, and th i s d is t r ibut ion can be expressed mathematically if desired. 

This study was devoted primarily to determining the natural r a in fa l l 
propert ies of area-depth relat ions in warm season storms of the Midwest. 
Definition of the re la t ions in natural r a i n f a l l must be made before they can 
be applied effectively in weather modification. 

A frequency dis t r ibut ion of area-depth envelope re la t ions was determined 
from the 29-storm sample. This provides a f i r s t approximation of the frequency 
dis t r ibut ion of area-depth envelope values in convective-type storms. Also, 
th is d is t r ibut ion provides quant i ta t ive information on the spa t i a l va r i ab i l i ty 
of ra tes within a fixed area of 100 mi2 and the degree of time variance in 
these r a t e s . Typical area-depth curves were derived from the data to provide 
quanti tat ive estimates of median, average, and extreme rates l ike ly to occur 
in warm season storms with respect to the i r space and time dis t r ibut ion 
charac ter i s t ics between and within storms. As expected, subs tant ia l va r i ab i l i ty 
was found in the area-depth re la t ions from minute to minute within storms and 
between storms of similar type. 
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With r e spec t to a p p l i c a t i o n in weather mod i f i ca t ion , the a rea-depth curve 
is one of s e v e r a l useful t o o l s t h a t may be employed in the v e r i f i c a t i o n of 
seeding exper iments . Because of the g rea t space-t ime v a r i a b i l i t y in n a t u r a l 
r a i n f a l l , i t i s extremely doubtful t h a t any s i n g l e p r e c i p i t a t i o n parameter o r 
measurement w i l l uniquely define seeding e f f e c t s . Since i t provides information 
on s e v e r a l a r e a l p r e c i p i t a t i o n p r o p e r t i e s , the area-depth curve should be u t i l i z e d . 
As po in ted out by Huff (1968) , it can he lp answer ques t ions (1) regard ing 
changes t h a t seeding may be producing in the time d i s t r i b u t i o n of r a i n o u t from 
the a s s o c i a t e d cloud system (2) concerning tendencies for seeding to i n t e n s i f y 
or decrease the average r a i n f a l l g rad ien t in t r e a t e d s to rms , and (3) regard ing 
changes in the skewness of the d i s t r i b u t i o n r e s u l t i n g from seeding . 

RELATIVE VARIABILITY OF RAINFALL RATES 

Another measurement of the s p a t i a l d i s t r i b u t i o n of r a i n f a l l r a t e s can be 
obta ined through c a l c u l a t i o n s of the r e l a t i v e v a r i a b i l i t y . This was done for 
1-minute r a t e s in the 29 storms of 1952-1953 on the 100 mi2 network. The s p a t i a l 
r e l a t i v e v a r i a b i l i t y was obtained by the simple method presen ted by Conrad and 
Pollak (1950) , in which i t i s defined as 

V = 100(S/M) (3) 

where V is the r e l a t i v e v a r i a b i l i t y in p e r c e n t , M is the mean of t h e sample, 
and S the average dev ia t ion from the mean. 

F i r s t , t he v a r i a b i l i t y was ca l cu l a t ed for only those minutes during which 
r a in f e l l a t every network gage. This provides a measure of the r a i n f a l l r a t e 
d i spe r s ion during the passage of r e l a t i v e l y l a r g e - s c a l e p r e c i p i t a t i o n systems. 
There were only 137 minutes , 4.4% of the t o t a l 3142 minu tes , which met the 
above requirement . These minutes occurred in 11 of t h e 29 s torms. 

Next, the r a t e d i spe r s ion wi th in r a i n areas in a l l types of storms was 
i n v e s t i g a t e d by c a l c u l a t i n g V a f t e r e l i m i n a t i n g a l l network gages with no 
measurable r a i n f a l l (1-minute r a t e l e s s than 0.06 i n c h / h o u r ) . A t h i r d v a r i a b i l i t y 
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c a l c u l a t i o n was made through use of a l l ra ingage values ( inc lud ing zeroes) 
during r a i n f a l l on the network. This provides a measure of s p a t i a l r e l a t i v e 
v a r i a b i l i t y over a f ixed sampling a rea of 100 mi . 

The average r e l a t i v e v a r i a b i l i t y fo r the 137 minutes with r a i n over t h e 
e n t i r e network was 52% with a s t andard dev ia t ion of 16%. Table 15 summarizes 
r e s u l t s fo r the l a r g e r samples invo lv ing a l l gages and only those gages wi th 
measurable r a i n f a l l . Resu l t s are p resen ted in the form of frequency d i s t r i b u t i o n s 
o f r e l a t i v e v a r i a b i l i t y . 

Table 15. Frequency d i s t r i b u t i o n of r e l a t i v e v a r i a b i l i t y of 
1-minute r a i n f a l l r a t e s on 100 mi2 network. 

V (%) for given cumulative pe rcen t of minutes 
5_ 10 20 30 40 50 60 70 80 90 95 

Al l gages 196 193 188 176 164 144 125 103 80 61 51 
Gages with 
measurable 
r a i n f a l l 95 88 78 71 64 57 50 43 36 31 27 

Thus, when only gages with measurable r a i n f a l l were used in the c a l c u l a t i o n s , 
the r e l a t i v e v a r i a b i l i t y ranged from 95% for the h ighes t 5% of t h e minutes to a 
median value of 57%, and then decreased to 27% for the lowest 5% of t h e c a s e s . 
As expec ted , the r e l a t i v e v a r i a b i l i t y i n c r e a s e s g r e a t l y when i t i s c a l c u l a t e d for 
the f ixed a rea of 100 mi2 through use of a l l 50 gages , s i nce f requen t ly a 
cons iderab le po r t i on of the network w i l l have no measurable r a i n f a l l in a given 
minute in sma l l - s ca l e convect ive s to rms . Thus, the f ixed area median is 144% 
compared with 57% for the ra in -enve loped a r e a s . As mentioned e a r l i e r , only 4% 
of the minutes in the 29-storm sample had r a i n f a l l a t a l l gages. 

S t r a t i f i c a t i o n of the da ta according to mean r a i n f a l l r a t e was no t done 
s ince the r e l a t i o n s h i p was very weak. For example, c o r r e l a t i o n analyses i n d i c a t e d 
t h a t the va r iance expla ined by mean r a i n f a l l r a t e s was approximately 5% fo r the 
137 minutes in which the e n t i r e network had r a i n . On the b a s i s of a l l network 
gages on the f ixed area of 100 m i 2 , the var iance in V expla ined by mean r a t e 
was only 3%. When only gages with measurable r a i n f a l l were used, the var iance 
expla ined inc reased to 20%. O v e r a l l , a weak t r e n d for the r e l a t i v e v a r i a b i l i t y 
to decrease with i n c r e a s i n g mean r a t e was observed. 
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RAINFALL RATE PROFILES 

Ano the r method o f e v a l u a t i n g s p a c e and t ime 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 

o f r a i n f a l l r a t e s i s t h r o u g h t h e a n a l y s e s o f s t o r m p r o f i l e s . A p r o f i l e p o r t r a y s 

t h e r a i n f a l l r a t e d i s t r i b u t i o n a l o n g a l i n e o f s i g h t t h r o u g h a s t o r m . P r o f i l e 

a n a l y s e s were p e r f o r m e d on t h e 2 9 - s t o r m sample of 1952-1953 on t h e 100 mi 2 

n e t w o r k . The p r o f i l e f o r any minu te p r o v i d e s a measure o f t h e s p a t i a l v a r i a b i l i t y . 

The change a long a g i v e n p r o f i l e from m i n u t e - t o - m i n u t e a i d s in d e f i n i t i o n o f 

t h e t ime v a r i a b i l i t y . 

Frequency D i s t r i b u t i o n o f P r o f i l e Ra t e s 

F i r s t , a n a l y s e s were pe r fo rmed t o d e t e r m i n e w h e t h e r t h e f r e q u e n c y 

d i s t r i b u t i o n o f r a i n f a l l r a t e s d i f f e r e d s u b s t a n t i a l l y a l o n g p r o f i l e s i n 

d i f f e r e n t d i r e c t i o n s . I n v e s t i g a t i o n s were made o f f o u r p r o f i l e s a c r o s s t h e 

n e t w o r k . These were o r i e n t e d S-N, SW-NE, W-E, and NW-SE. A f r e q u e n c y 

d i s t r i b u t i o n o f mean r a i n f a l l r a t e s a l o n g each p r o f i l e was made a t 1 . 5 - m i l e 

i n t e r v a l s f o r t h e 3142 m i n u t e s o f r a i n f a l l i n t h e 2 9 s t o r m s . That i s , t h e 

d i s t r i b u t i o n was d e t e r m i n e d f o r t h e f i r s t 1.5 m i l e s from t h e s t a r t i n g p o i n t , 

t h e n f o r t h e f i r s t 3 .0 m i l e s , c o n t i n u i n g i n l i k e manner a c r o s s t h e n e t w o r k . 

R e s u l t s i n d i c a t e d o n l y s m a l l d i f f e r e n c e s i n p r o f i l e v a l u e s f o r t h e f o u r 

d i r e c t i o n s f o r any g i v e n d i s t a n c e a l o n g them. C o n s e q u e n t l y , a l l f o u r d i r e c t i o n s 

were combined t o o b t a i n a n o v e r a l l f r equency d i s t r i b u t i o n o f r a t e s a l o n g 

p r o f i l e s t h r o u g h warm s e a s o n s t o r m s . 

Examina t ion o f t h e p r o f i l e s f o r each d i s t a n c e i n d i c a t e d t h e a v e r a g e p r o f i l e 

r a t e d e c r e a s i n g w i t h i n c r e a s i n g d i s t a n c e f o r a g i v e n p e r c e n t a g e o f t h e r a i n 

o c c u r r e n c e s . For e x a m p l e , t h e a v e r a g e 3 -mi le r a t e f o r 10% o f t h e r a i n m i n u t e s 

t e n d e d t o b e g r e a t e r t h a n t h e 6 -mi l e o r 9 - m i l e r a t e s . T h i s t r e n d i s i l l u s t r a t e d 

i n Table 1 6 which shows t h e f r e q u e n c y d i s t r i b u t i o n o f p r o f i l e r a t e s f o r s e l e c t e d 

o c c u r r e n c e i n t e r v a l s . 

I n t h e lower p a r t o f Tab le 1 6 , a n o r m a l i z a t i o n p r o c e d u r e h a s been used 

i n which t h e r a t e f o r any g i v e n p e r c e n t a g e o f m i n u t e s and d i s t a n c e i s e x p r e s s e d 

a s a r a t i o t o t h e median r a t e f o r t h e g i v e n d i s t a n c e . These r a t i o s show a 

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

q u a n t i t a t i v e measure o f s p a c e - t i m e v a r i a t i o n s i n r a i n f a l l r a t e s . 
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T a b l e 16 . F requency d i s t r i b u t i o n o f p r o f i l e mean 
r a i n f a l l r a t e s i n 2 9 s t o r m s . 

R a i n f a l l r a t e ( i n c h / h o u r ) e q u a l l e d o r 
P e r c e n t e x c e e d e d f o r g i v e n d i s t a n c e ( m i l e ) 

o f 
m i n u t e s 1.5 3.0 4 . 5 6 .0 7 .5 9 . 0 

2 3 . 0 8 2 .64 2 . 4 4 2 . 3 5 2 .20 2 .09 
5 1.90 1.78 1 .63 1.50 1.39 1.28 

10 1.26 1.14 0 . 9 6 0 . 8 8 0 . 8 2 0 . 7 8 
20 0 .60 0 .50 0 . 4 4 0 . 4 0 0 . 4 0 0 . 3 7 
30 0 .30 0 . 2 7 0 . 2 2 0 . 2 1 0 .20 0 .20 
50 0 . 1 2 0 . 1 1 0 .10 0 .10 0 .10 0 . 1 0 
75 0 . 0 9 0 .06 0 . 0 5 0 . 0 4 0 . 0 3 0 . 0 3 
95 0 .06 0 . 0 3 0 . 0 2 0 . 0 1 0 . 0 1 0 . 0 1 

R a t i o t o median r a i n f a l l r a t e 

1.5 3.0 4 . 5 6 .0 7 .5 9 . 0 

2 2 5 . 7 24.0 2 4 . 4 2 3 . 5 2 2 . 0 2 0 . 9 
5 1 5 . 8 16 .2 1 6 . 3 1 5 . 0 1 3 . 9 1 2 . 8 

10 1 0 . 5 1 0 . 4 9 . 6 8 .8 8.2 7 . 8 
20 5 .0 4 . 5 4 . 4 4 .0 4 .0 3 . 7 
30 2 . 5 2 .5 2 . 2 2 . 1 2 .0 2 . 0 
50 1.0 1.0 1.0 1.0 1.0 1.0 
75 0 . 8 0 . 5 0 . 5 0 . 4 0 . 3 0 . 3 
95 0 . 5 0 . 3 0 . 2 0 . 1 0 . 1 0 . 1 

I n T a b l e 1 7 , t h e median r e l a t i v e v a r i a b i l i t y a l o n g t h e SW-NE p r o f i l e o n 

t h e ne twork i s shown f o r a l l s t o r m s combined and f o r t h e d a t a g rouped a c c o r d i n g 

t o t h e major r a i n t y p e s and s y n o p t i c s t o r m t y p e s e x p e r i e n c e d i n t h e 2 9 s t o r m s . 

Th i s p r o f i l e r e p r e s e n t s t h e mos t f r e q u e n t d i r e c t i o n o f s t o r m movement o n t h e 

n e t w o r k . The r e l a t i v e v a r i a b i l i t y u s e d i n t h i s t a b l e was o b t a i n e d b y d i v i d i n g 

t h e s t a n d a r d d e v i a t i o n b y t h e mean and m u l t i p l y i n g b y 100 . I t i s b a s e d upon 

d a t a from s i x gages l o c a t e d a l o n g t h e SW-NE p r o f i l e . The l a r g e d e g r e e o f 

skewness i n t h e d a t a does n o t p e r m i t i n t e r p r e t a t i o n o f t h e s t a n d a r d d e v i a t i o n 

and r e l a t i v e v a r i a b i l i t y s t r i c t l y i n a c c o r d a n c e w i t h s t a t i s t i c a l t h e o r y . 

However, t h e r e l a t i v e v a r i a b i l i t y a s c a l c u l a t e d from t h e s e skewed d i s t r i b u t i o n s 

does p r o v i d e a n i n d e x o f t h e p r o f i l e v a r i a b i l i t y o f r a i n f a l l r a t e t h r o u g h warm 

s e a s o n s t o r m s . 



- 6 7 -

Among synopt ic storm types and r a i n t y p e s , the r e l a t i v e v a r i a b i l i t y was 
g r e a t e s t with a i r mass storms and sma l l e s t with s q u a l l l i n e s . L i t t l e d i f f e rence 
was i n d i c a t e d between thunderstorms and ra inshowers , the major r a i n types in 
the warm season. 

Table 17. Median r e l a t i v e v a r i a b i l i t y along SW-NE p r o f i l e 
based on 3142 r a i n minutes in 29 s torms. 

Number 
of Rela t ive 

Group minutes v a r i a b i l i t y (%) 

Al l storms 3142 122 
Air mass 859 155 
Squal l l i n e s 389 91 
Fronts 1665 128 
Thunderstorms 1957 117 
Rainshowers 1008 122 

I n d i v i d u a l Storm P r o f i l e s 

P r o f i l e analyses along the SW-NE l i n e were made fo r each storm in the 
1952-1953 sample. Distance i n t e r v a l s were the same as in the frequency 
d i s t r i b u t i o n analyses descr ibed p r e v i o u s l y . Average storm r a t e s were c a l c u l a t e d 
for each of f ive d i s tance i n t e r v a l s . The average d e v i a t i o n , a measure of the 
time v a r i a b i l i t y from minute - to -minu te , was then determined. The r e l a t i v e 
time v a r i a b i l i t y in percentage was c a l c u l a t e d a l s o by d iv id ing the average 
dev ia t ion by the average storm r a t e and mul t ip ly ing by 100. 

Resul t s are summarized in Table 18 which shows the t h r e e s t a t i s t i c s 
(average r a t e , average d e v i a t i o n , and r e l a t i v e v a r i a b i l i t y ) in each storm for 
po in t r a i n f a l l near the SW corner of the network and for mean r a t e over d i s t ance s 
of 5 and 10 mi l e s . In each s torm, only those minutes in which r a i n f a l l 
occurred at the given po in t or d i s t ance were used. That i s , i f in a 60-minute 
storm t h e 5-mile path was enveloped completely by r a i n f a l l in only 30 minu tes , 
then the s t a t i s t i c s would be based on the 30 r a i n minutes only. Three storms 
in which the number of minutes with r a i n along the SW-NE p r o f i l e were too few 



Table 1 8 . Time v a r i a b i l i t y o f 1-minute r a t e s i n 1952-1953 s t o r m s f o r SW-NE p r o f i l e . 

P o i n t r a i n f a l l 5 -mi le p r o f i l e 1 0 - m i l e p r o f i l e 

Avg. Avg. R e l . Avg. Avg. R e l . Avg. Avg. R e l . 
Storm r a t e dev . v a r . r a t e dev . v a r . r a t e d e v . v a r . 
d a t e ( i n / h r ) ( i n / h r ) (%) ( i n / h r ) ( i n / h r ) (%) ( i n / h r ) ( i n / h r ) (%) 

7 / 2 /52 0 . 4 2 0 . 4 8 114 0 .42 0 . 4 8 114 0 . 2 4 0 . 2 4 100 
7 / 3 /52 0 . 1 2 0 . 0 6 50 0 .12 0 . 0 6 50 0 .06 0 . 0 2 33 
7 / 7 /52 0 . 6 6 0 . 8 4 127 0 . 2 4 0 . 2 4 100 0 . 1 2 0 . 1 8 150 
7 / 8/52 0 . 1 8 0 .12 67 0 . 1 8 0 . 1 8 100 0 . 1 8 0 . 2 4 133 
7 / 1 6 / 5 2 0 . 1 8 0 . 1 2 67 0 . 1 8 0 . 2 4 133 0 .06 0 . 0 4 67 
8 / 3 /52 0 . 4 8 0 .36 75 0 . 5 4 0 . 5 4 100 0 .60 0 .90 150 
8 / 2 0 / 5 2 0 . 2 4 0 . 2 4 100 0 . 1 8 0 . 2 4 133 0 . 2 4 0 . 1 8 75 
9 / 1/52 0 . 1 2 0 . 0 3 25 0 . 1 8 0 . 1 8 100 
9 / 1 4 / 5 2 0 . 5 4 0 .30 56 0 .90 0 . 5 4 60 
9 / 1 8 / 5 2 0 . 4 8 0 .36 75 0 . 8 4 0 .72 86 1.02 0 . 8 4 80 

1 0 / 1 4 / 5 2 0 . 1 8 0 . 1 2 67 0 . 1 8 0 . 1 2 67 0 . 2 4 0 . 1 8 75 

4 / 9 / 5 3 0 . 1 2 0 .06 50 0 . 2 4 0 .12 50 
4 / 2 4 / 5 3 0 . 1 2 0 .02 17 0 .06 0 .06 100 
5 / 6 / 5 3 0 . 1 2 0 .06 50 0 . 1 8 0 .12 67 0 . 1 2 0 . 0 6 50 
6 / 5 / 5 3 0 . 5 4 0 . 4 8 89 0 . 7 2 0 . 5 4 75 0 .96 0 .60 63 
6 / 8 /53 0 . 5 4 0 . 4 8 89 0 .72 0 .36 50 0 .90 0 . 5 4 60 
6 / 2 5 / 5 3 1.14 0 . 8 4 74 1.98 1.26 64 1.26 0 . 8 4 67 
7 / 2 / 5 3 0 .36 0 .42 117 0 .42 0 .42 100 0 .36 0 .36 100 
7 / 5 / 5 3 1 .08 1.02 94 1.56 0 .90 58 1.86 1.20 65 
7 / 1 6 / 5 3 0 .66 0 . 7 8 118 0 .60 0 . 5 4 90 0 . 2 4 0 .36 150 
7 / 1 7 / 5 3 0 .36 0 .30 83 0 .36 0 . 2 4 67 0 . 0 6 0 . 2 4 400 
8 / 7 / 5 3 0 .66 0 .72 109 0 .66 0 .60 90 0 .90 0 .60 67 
8 / 8 /53 0 . 4 8 0 .30 63 
9 / 6 / 5 3 0 . 1 8 0 . 1 2 67 0 .12 0 .12 100 0 .12 0 .06 50 
9 / 1 8 / 5 3 0 . 1 8 0 .12 67 0 .12 0 .12 100 

1 1 / 2 0 / 5 3 0 . 0 6 0 . 0 2 33 0 . 1 8 0 . 1 8 100 

- - - -
- -- - - -

- -

- -
- - - -

- - - -
- -

- -- -- -- -- -- -

- -
- - - -

- - - -
- -
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to determine the three s t a t i s t i c s sa t i s fac to r i ly have been omitted from 
Table 18. Several of the 10-mile calculations have been omitted in the table 
also because of insufficient samples. The frequent repet i t ion of certain ra tes 
in the table resu l t s from the round-off of 1-minute amounts to three decimal 
p laces , this resu l t s in rates being expressed to the nearest 0.06 inch/hour. 

Table 18 provides quanti tat ive estimates of the time var iab i l i ty in 
r a i n f a l l rates along a given path in a typical group of warm season storms. 
It also i l l u s t r a t e s the large interstorm differences in the profi le proper t ies . 

Fig. 25 is a typica l example of the time var iab i l i ty in r a in fa l l ra te 
along a storm prof i l e . In this i l l u s t r a t i o n from the storm of July 5, 1953, 
the variation in point r a in fa l l ra te from minute-to-minute is shown for a gage 
near the SW corner of ' the network. Above this is shown the time var iab i l i ty 
in average r a in f a l l rate for the f i r s t 5 miles s t a r t i ng at the SW corner. The 
top graph is for a 10-mile profi le beginning at the SW edge of the network. 
The time var iab i l i ty becomes less pronounced as the distance used in the 
calculations increases. However, successive minute differences exceeding 
0.5 inch/hour occur during several periods when the ra te is averaged over the 
10-mile p rof i l e . 

Summary and Conclusions 

Analyses were made of both the frequency dis t r ibut ion of r a in fa l l ra tes 
along storm prof i les and the properties of individual storm profi les to obtain 
quanti tat ive estimates of the time-space charac ter is t ics of r a i n f a l l ra te 
dis t r ibut ion along l ines of sight through warm season storms. The frequency 
dis t r ibut ion of profi le rates was found to vary insignif icant ly with profi le 
direct ion in the 29-storm sample. However, s ignif icant differences were found 
in the frequency dis t r ibut ion properties with increasing length of storm 
p ro f i l e . As expected, minute-to-minute va r i ab i l i ty of average rates within 
individual storms was re la t ive ly large in many cases, as was the range in ra tes 
along the profi le in a specif ic minute. Large interstorm var iab i l i ty in the 
prof i le properties was observed. 

Again, storm prof i les are only one of several r a in fa l l measurement tools 
tha t may be useful in weather modification application under certain circumstances. 
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Figure 25. Time distribution of rates for SW-NE profile on 7/5/53 
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The t ime-space v a r i a b i l i t y in p r o f i l e s c rea tes a s t rong background i n t e r f e r e n c e 
l e v e l t h a t would make i t d i f f i c u l t to s epa ra t e induced from n a t u r a l e f f e c t s . 
Major changes in the space- t ime c h a r a c t e r i s t i c s of r a i n f a l l r a t e would have to 
be induced by cloud seeding to be d iscerned r e a d i l y by p r o f i l e ana ly se s . 

VARIATION OF RAINFALL RATE WITH DISTANCE 

As another measure of the s p a t i a l v a r i a b i l i t y of r a i n f a l l r a t e , an 
i n v e s t i g a t i o n was made of the v a r i a t i o n of 1-minute r a t e s with d i s tance between 
observat ion p o i n t s . Data from the 29 storms on the 100 mi 2 network in 1952-1953 
were used in t h i s s tudy of r a i n f a l l r a t e g rad ien t s in warm-season s to rms . 

The most c e n t r a l gage (No. 29) was used as the comparison gage. Average 
d i f fe rences in 1-minute r a i n f a l l amounts between the c e n t r a l gage and the gages 
wi th in 1-mile i n t e r v a l s were made. Thus, the re was an average d i f fe rence for 
each minute in each storm for var ious range i n t e r v a l s s t a r t i n g with 1 mi l e . 
There were no gages in the 0-1 mile range . Minutes with no r a i n f a l l at the 
c e n t r a l gage were not used in the c a l c u l a t i o n of the d i f f e r e n c e s . This r e s t r i c t i o n 
r e s u l t e d in a sample of 2000 minutes in t h e 29 s to rms . 

On the b a s i s of p l o t t i n g and t e s t i n g of the da ta and previous experience 
with s i m i l a r problems, i t was decided to f i t the 1-minute da ta to an equat ion 
of the form. 

( 4 ) 

where D is the average difference (inch/minute) at a given point at distance 
M (mile) from the comparison gage, R, with its rainfall rate expressed in inches 
per minute. Combining all data from the 29 storms, the following equation was 
obtained. 

(5) 
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A m u l t i p l e c o r r e l a t i o n c o e f f i c i e n t o f 0 . 8 1 , e x p l a i n i n g 66% o f t h e v a r i a n c e , 

was o b t a i n e d f o r t h i s e q u a t i o n . 

Tab le 1 9 , o b t a i n e d from t h e above e q u a t i o n , shows t h e a v e r a g e v a r i a t i o n 

o f 1-minute p o i n t r a i n f a l l r a t e s w i t h i n c r e a s i n g d i s t a n c e from a g i v e n r e f e r e n c e 

p o i n t f o r v a r i o u s r a t e i n t e n s i t i e s and d i s t a n c e s . D i f f e r e n c e s have been 

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

and m a i n t a i n c o n s i s t e n c y w i t h o t h e r a n a l y s e s pe r fo rmed u n d e r t h i s r e s e a r c h 

p rog ram. 

Table 1 9 . Average v a r i a t i o n o f p o i n t r a i n f a l l 
r a t e s w i t h d i s t a n c e . 

Average d i f f e r e n c e (%) f o r g iven d i s t a n c e ( m i l e ) 
S t a r t i n g p o i n t 

r a t e ( i n A i r )       1 2 4 6 8 1 0 

0 . 1 64 74 81 87 90 93 
0 . 2 61 69 78 82 85 87 
0 . 5 56 63 71 75 77 79 
1.0 52 58 65 69 72 74 
2 .0 49 54 60 64 67 69 
5 .0 45 49 55 58 60 62 

Tab le 1 9 shows t h e e x p e c t e d a v e r a g e t r e n d f o r t h e r a i n f a l l r a t e p e r c e n t a g e 

d i f f e r e n c e s t o i n c r e a s e w i t h d i s t a n c e and d e c r e a s e w i t h i n c r e a s i n g r a i n f a l l 

i n t e n s i t y . However, t h e p r i m a r y i m p o r t a n c e o f E q u a t i o n ( 5 ) and T a b l e 1 9 i s 

t h a t t h e y p r o v i d e some q u a n t i t a t i v e e s t i m a t e s o f t h e s e d i f f e r e n c e s a s d i s t a n c e 

and r a i n f a l l i n t e n s i t y v a r y i n warm-season s t o r m s . F u r t h e r m o r e , t h e y p r o v i d e 

i n f o r m a t i o n o n t h e a v e r a g e g r a d i e n t s o f r a i n f a l l i n t e n s i t y i n c o n v e c t i v e c e l l s , 

and t h i s knowledge s h o u l d b e o f i n t e r e s t t o c l o u d p h y s i c i s t s c o n c e r n e d w i t h t h e 

mechanisms o f p r e c i p i t a t i o n deve lopment i n c l o u d s . 

The r e l a t i v e l y l a r g e p e r c e n t a g e d i f f e r e n c e s a t 1 m i l e i n Tab le 1 9 i n d i c a t e 

t h a t a n e x t r e m e l y dense r a i n g a g e ne twork would b e r e q u i r e d i f a h i g h l y a c c u r a t e 

measurement o f t h e a r e a l r a i n f a l l r a t e p a t t e r n i s r e q u i r e d i n w e a t h e r 

m o d i f i c a t i o n e x p e r i m e n t s o r i n o t h e r a p p l i e d r e s e a r c h p r o b l e m s . I n t h e a u t h o r ' s 

o p i n i o n , d e t a i l e d measurements o f r a t e p a t t e r n s c o u l d b e a c h i e v e d b e s t w i t h a 
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combination of ra ingages and 10-cm r ada r . The ope ra t i on , da ta c o l l e c t i o n , 
and da ta reduc t ion with raingages alone would be extremely d i f f i c u l t with the 
r equ i r ed dens i ty of gages ( in the o rder of one per mi2) extending over s e v e r a l 
hundred square m i l e s . 

SAMPLING ERRORS IN MEASUREMENTS OF STORM MEAN RAINFALL RATES 

One f a c t o r governing the use of r a i n f a l l r a t e in the v e r i f i c a t i o n of 
weather modif ica t ion experiments i s the raingage sampling dens i ty needed to 
measure r e l i a b l y the average r a t e over a given t a r g e t a rea at any s p e c i f i e d 

2 t ime. Therefore , da ta from t h e 29-storm sample on 100 mi were used to 
obta in q u a n t i t a t i v e es t imates of sampling e r r o r s a s soc i a t ed with var ious 
sampling d e n s i t i e s . The r e s u l t s obtained provide a p a r t i a l answer to the 
problem ou t l i ned above. 

In the approach used h e r e , average sampling e r r o r was r e l a t e d to 1-minute 
mean r a i n f a l l r a t e and raingage dens i ty by an equat ion of t h e form: 

(6 ) 

where E is the average sampling er ror in inches, R is 1-minute ra te in 
inches/minute, G is gage density in mi2/gage, and a, b, and c are regression 
constants. The form of the equation was determined by (1) graphical p lots 
of the raw data, (2) evaluation of the effects of various data transformations 
in achieving normalization of the r a in fa l l data, and (3) application of 
knowledge gained in previous r a i n f a l l s tud ies , such as those of Huff and 
Neil l (1957). 

A separate equation was determined for each storm through use of a l l 
minutes in which r a in f a l l occurred on the network. The various equations 
were then grouped by rain type, storm type, t o t a l storm r a i n f a l l , storm 
duration, and storm mean intensi ty to investigate further the re la t ive effects 
of these factors upon the magnitude of the sampling error for a given gage 
density and 1-minute mean rate on the 100 mi2 . None of these factors showed 
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strong trends to indicate major importance in defining the sampling e r ro r , 
although a l l undoubtedly exert some influence. The 29-storm sample is too 
small to ascertain these influences with a high degree of accuracy and only 
general effects can be determined. 

Among storm types, s l igh t ly lower percentage errors were obtained with 
squal l - l ine and low center storms than with frontal and a i r mass storms. No 
trend could be discerned among the rain types; however, the number of steady 
rains was too small to es tabl ish r e a l e f fec ts . Storm duration showed a weak 
trend for the percentage sampling errors to decrease with increasing duration. 
Er ra t i c trends were obtained with the groupings by t o t a l storm prec ip i ta t ion 
and average storm in tens i ty , with some evidence of a s l igh t decrease in 
percentage sampling errors with increasing values of the two parameters. 

Other factors also affect the sampling er ror with a given gage density, 
area, and frequency dis t r ibut ion of 1-minute r a in f a l l rates in a storm. Among 
these are the location of the storm center with respect to the center of the 
sampling area, the direction of movement and orientat ion of the major axis of 
the storm, and the number and dis t r ibut ion of individual storm ce l l s at any 
given time in the sampling area. Consequently, unless huge samples are available 
to permit groupings according to a l l of the various factors influencing the 
r a i n f a l l pattern cha rac te r i s t i c s , the sampling e r ror with a given gage density 
may vary considerably between storms which are s imilar in many respects . 

This sampling error va r i ab i l i t y between storms is i l l u s t r a t e d in Fig. 26 
which was constructed from the 29 individual storm equations. For easier 
in te rp re ta t ion , the sampling error has been expressed in percent and 1-minute 
r a i n f a l l ra te in inches/hour. In th i s i l l u s t r a t i o n , the frequency dis t r ibut ion 
of the average percentage sampling error (E) has been shown for selected 
gage densit ies (G) and a 1-minute mean rate (R) of 0.20 inch/hour on the 100 mi2 

network. Fig. 26 also provides a measure of the ra te of increase of E with 
decreasing G. 

With a gage density of 50 mi2/gage, over four times the average climatic 
network density in I l l i n o i s , E ranges from over 100% in 5% of the storms to 
17% or greater when 95% of the storms are included. Referring to the median 
(50%) value on the abscissa, E increases from 16% with G = 5 mi2/gage to 38% 
with 25 mi2/gage, 53% with 50 mi2/gage, and 76% with 100 mi2/gage. 
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Figure 26. Effect of gage density on sampling errors of 1-minute rates 
on 100 ml2 network 
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T a b l e 20 . P e r c e n t a g e s a m p l i n g e r r o r o f s t o r m mean 
r a t e f o r G = 10 m i 2 / g a g e . 

1 -minute 
mean Average p e r c e n t a g e e r r o r s from e q u a t i o n f o r g i v e n s t o r m s 
r a t e 

( i n / h r ) 7 / 2 / 5 2 9 / 1 8 / 5 2 6 / 8 / 5 3 7 / 5 / 5 3 

0 .05 19 33 40 22 
0 . 1 17 28 30 19 
0 . 2 16 23 23 16 
0 . 5 14 18 16 13 
1.0 13 15 12 11 
2 .0 12 12 9 9 

R 0 . 2 2 0 . 3 1 0 . 5 2 0 .92 
T 181 181 71 54 
P 0 . 6 7 0 . 9 4 0 . 6 1 0 . 8 3 

Storm t y p e Warm Cold S q u a l l S q u a l l 
f r o n t f r o n t l i n e l i n e 

Gage d e n s i t y r e q u i r e m e n t s a r e i l l u s t r a t e d f u r t h e r i n Tab le 2 0 which shows 

p e r c e n t a g e s a m p l i n g e r r o r s w i t h v a r i o u s 1-minute mean r a t e s and G = 10 m i / g a g e 

i n f o u r s e l e c t e d t h u n d e r s t o r m s . Storm t y p e , s t o r m mean i n t e n s i t y ( R ) , 

d u r a t i o n ( T ) , and t o t a l s t o r m r a i n f a l l (P) a r e a l s o shown. These s t o r m s show 

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

1-minute r a i n f a l l r a t e . However, i n some s t o r m s t h e o p p o s i t e t r e n d was 

o b s e r v e d , a s shown i n T a b l e 2 1 which c o n t a i n s t h e r e g r e s s i o n c o n s t a n t s o f each 

i n d i v i d u a l s t o r m e q u a t i o n , a s a p p l i e d t o E q u a t i o n ( 6 ) . Both T a b l e s 2 0 and 2 1 

s t r e s s t h e v a r i a b i l i t y i n s a m p l i n g e r r o r w i t h a g i v e n gage d e n s i t y be tween 

s t o r m s o f t h e same g e n e r a l t y p e . 

From t h e i n d i v i d u a l s t o r m e q u a t i o n s , a median e q u a t i o n was d e r i v e d : 

Log E = - 1 . 5 2 2 + 0 . 8 7 Log R + 0 .52 Log G ( 7 ) 

i n which t h e p a r a m e t e r s have t h e same i n t e r p r e t a t i o n a s i n E q u a t i o n ( 6 ) . T h i s 

e q u a t i o n may b e u s e d t o d e r i v e g e n e r a l i z e d e s t i m a t e s o f t h e a v e r a g e s a m p l i n g 

e r r o r of 1-minute mean r a i n f a l l r a t e s on 100 m i 2 . Tab le 22 was c a l c u l a t e d from 

t h i s e q u a t i o n t o i l l u s t r a t e t h e magni tude o f t h e p e r c e n t a g e e r r o r s w i t h t h i s 

g e n e r a l i z e d e q u a t i o n . 

_

_
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Table 21 . Regression cons tants for storm equat ions 

Date Log i n t e r c e p t R-exponent G-exponent 

7/ 2/52 -1.889 0.86 0.76 
7/ 3/52 -2.622 0 .61 0.58 
7/ 7/52 -0.905 1.09 0.69 
7/ 8/52 -1.352 1.02 0.57 
7/16/52 -0.160 1.31 0.47 
8/ 3/52 -1 .114 1.07 0.79 
8/ 3/52 -1 .534 0.92 0.68 
8/20/52 -1 .811 0.84 0.48 
9/ 1/52 -1.516 0.85 0 .51 
9/14/52 -1 .068 0.92 0.35 
9/18/52 -1 .751 0.72 0.42 

10/14/52 -2 .334 0.70 0.60 

4/ 9/53 -0 .721 1.10 0 .51 
4/24/53 -3.243 0.39 0.45 
5/ 6/53 -2 .381 0.66 0.56 
6/ 5/53 -1 .374 0.88 0.38 
6/ 8/53 -2.180 0.59 0.52 
6/25/53 -1 .154 0.95 0.43 
7/ 2/53 -2 .013 0.82 0.63 
7/ 5/53 -1.805 0.76 0 .41 
7/16/53 -1.529 0.97 0.57 
7/17/53 -1 .178 0.92 0 .38 
8/ 3/53 -1.182 0.95 0.62 
8/ 7/53 -1.635 0.83 0.46 
8/ 8/53 -1.275 1.02 0.74 
9/ 6/53 -1 .044 1.02 0.52 
9/18/53 -1.763 1.08 0.48 

11/20/53 -1.740 0.78 0.52 

The median 1-minute r a t e from the 1952-1953 storm sample was 0.2 inch /hour . 
Table 22 i n d i c a t e s an average sampling e r r o r with t h i s r a t e ranging from 16% 
with G = 5 mi 2 /gage , i n c r e a s i n g gradual ly to 38% at 25 mi2/ gage , and to 76% 
at 100 mi 2 /gage . This example i l l u s t r a t e s the extremely dense network t h a t 
would be needed to der ive 1-minute mean r a t e s with a high degree of accuracy 
f o r a s p e c i f i c minute of time wi th in a s torm. I f r a i n f a l l r a t e is to serve 
as a v e r i f i c a t i o n t o o l in weather modi f i ca t ion , i t appears more l o g i c a l to 
t u r n to a combination of ra ingages and 10-cm r ada r to eva lua te s h o r t - p e r i o d 
r a i n f a l l 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 to rms . The i n i t i a l cos t and o p e r a t i o n a l requirements would be 
p r o h i b i t i v e in most experiments to support the necessary ra ingage network d e n s i t y . 
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Table 22. Generalized estimates of percentage sampling 
error of 1-minute mean r a t e . 

1-minute 
mean Percent sampling error for given gage density (mi /gage) 
rate 

( in/hr) 5 10 25 50 100 

0 . 0 5 20 29 46 66 94 
0 . 1 18 26 42 59 84 
0 . 2 16 23 38 53 76 
0 . 5 14 20 33 46 66 
1.0 13 18 29 42 60 
2 . 0 12 17 26 38 54 
5 .0 10 14 23 33 46 

Table 23 further defines the sampling problem. This table shows 

multiple correlation coefficients in each storm between E and the two 

independent variables, R and G, of Equation (6) . The variance explained in 

percent is also l i s ted for each storm, along with to t a l storm ra infa l l and 

storm duration. The unexplained variance must then be attr ibuted to various 

other factors influencing the sampling error , including the several 

mentioned ea r l i e r . Over 50% of the variance is unexplained in 50% of the 

storms shown in Table 23. 

STORM OF JULY 5, 1953 

The storm of July 5, 1953, has been selected to i l l u s t r a t e several 

characterist ics of the 1-minute rate distr ibutions in an individual storm. 

The i l lus t ra t ions are based primarily upon average rates for the 100 mi2 

network. This storm was associated with thunderstorms accompanying a squall 

line passage. It had a network duration of 54 minutes, an average to t a l 

storm ra infa l l of 0.83 inch, and an average 1-minute rate of approximately 

0.92 inch/hour. 

Fig. 27 shows the distr ibution of areal mean ra infa l l rates with 

advancing time through the storm. Basically, it was a single-l ine storm. 

2
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Table 23. Correlation of sampling error with 1-minute mean rainfall 
rate and gage density in individual storms. 

Correlation Variance Total Storm 
Date coefficient explained (%) rainfall (in) duration (min) 

7/ 2/52 0.71 50 0.67 181 
7/ 2/52 0.86 74 0.04 120 
7/ 3/52 0.60 36 0.03 83 
7/ 7/52 0.83 69 0.10 74 
7/ 8/52 0.51 26 0.22 275 
7/16/52 0.60 36 0.26 257 
8/ 3/52 0.72 52 0.11 46 
8/ 3/52 0.82 67 0.45 131 
8/20/52 0.60 36 0.25 226 
9/ 1/52 0.59 35 0.05 29 
9/14/52 0.82 67 0.10 76 
9/18/52 0.70 49 0.94 181 
10/14/52 0.57 32 0.14 87 

4/ 9/53 0.80 64 0.05 39 
4/24/53 0.45 20 0.11 88 
5/ 6/53 0.53 28 0.26 154 
6/ 5/53 0.83 69 0.36 79 
6/ 8/53 0.58 34 0.61 71 
6/25/53 0.72 52 0.75 80 
7/ 2/53 0.73 53 0.49 100 
7/ 5/53 0.66 44 0.83 54 
7/16/53  0.64 41 0.61 104 
7/17/53 0.64 41 0.14 61 
8/ 3/53 0.77 59 0.05 51 
8/ 7/53 0.76 58 0.39 84 
8/ 8/53 0.77 59 0.10 70 
9/ 6/53 0.67 45 0.08 141 
9/18/53 0.77 59 0.08 164 
11/20/53 0.61 37 0.03 36 

Median 0.70 49 0.14 84 
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Figuve 27. Time distribution of areal mean rate on 7/5/53 
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Fig. 28 shows the time dis t r ibut ion at gage 29 near the center of the network. 
At th is point , there are indications of the passage of two strong cel ls within 
the squal l l i n e , the f i r s t peaking in in tensi ty about 13 minutes after the 
s t a r t of r a in fa l l and the second at 22 minutes after the storm began. The peak 
1-minute rate was 6.0 inches/hour at gage 29 compared with a 2.7-inch peak 
average over the 100 mi2 about the same time. 

Fig. 29 shows the average time ra te of change in r a in fa l l ra te (sequential 
va r iab i l i ty ) from minute-to-minute throughout the storm on the 100 mi . The 
sequential va r i ab i l i ty (D) was 0.11 inch/hour in th is storm. The re la t ive 
var iab i l i ty of D was 110% in the July 5 storm. Similar s t a t i s t i c s for gage 29 
were 0.42 inch/hour for the sequential va r i ab i l i ty and 147% for the re la t ive 
va r i ab i l i t y . 

The spa t i a l correlation pat tern about gage 29 is i l l u s t r a t e d in Fig. 30. 
Typically, the correlation coefficient decreases quite rapidly with dis tance, 
especially westerly from the correlating point . The correlation pattern for 
th i s storm is quite similar to the average pat tern for the 29 storms in 
1952-1953 shown in Fig. 19. 

Fig. 31a was constructed from Fig. 27 to define further the time d is t r ibut ion 
character is t ics of the storm and to normalize and type the time dis t r ibut ion 
for comparison and combining with other storms. This is an example of a second 
quar t i le storm, one in which the heaviest r a i n f a l l occurs in the second 25% of 
the storm period. 

Table 24 shows average area-depth re la t ions of 1-minute r a in fa l l ra te on 
the 100 mi2 during 10 minutes of the heaviest r a i n f a l l . These data i l l u s t r a t e 
both the re la t ive ly rapid change in areal mean r a in f a l l ra te within a given 
area and the time variation in rate on the area from minute-to-minute. As 
pointed out e a r l i e r , the area-depth presentation provides a measure of both the 
spa t i a l and time var iab i l i ty in one set of curves (or t ab l e s ) . Table 25 shows 
area-depth envelope relat ions for the same 10 minutes. Interpretat ion of th i s 
table can be i l l u s t r a t e d by referr ing to minute 20. During th is time, the 2 mi2 

with heaviest r a in fa l l had ra tes equalling or exceeding 4.2 inches/hour. This 
decreased gradually to 1.8 inches/hour over the 50% of the 100 mi2 with 
heaviest r a t e s . By the time a l l 100 mi2 was included, the enveloping ra te was 
down to 0.1 inch/hour. This presentation also provides both a space and time 
measure of the variation in r a i n f a l l rate in a single family of curves. 
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Figure 28. Time distribution of point rate 
on 7/5/53 
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Figure 29. Sequential variability in mean rate on 7/5/53 
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Figure 30. Spatial correlation pattern on 7/5/53 



Figure 31. Time-space character is t ics of rain distribution on 7/5/53 



Table 24 . Average 1 -m i nu te a r e a - d e p t h r e l a t i o n s d u r i n g p e r i o d 
o f h e a v i e s t r a i n f a l l o n J u l y 5 , 1 9 5 3 . 

Average r a i n f a l l r a t e ( i n / h r ) f o r g i v e n minu te 
Area 10-min 10-min 
( m i 2 ) 2 0 2 1 2 2 2 3 2 4 2 5 2 6 2 7 2 8 2 9 median r a n g e 

2 4 .20 5.76 4 .80 5 .04 6 .30 6 .00 5.10 5.46 6 .96 6 .90 5.6 4 . 2 - 7.0 
10 3 .75 4 . 7 8 4 . 5 1 4 .10 4 .69 4 .85 4 .72 4 .69 5 .83 5.10 4 . 7 3 .7 - 5 . 8 
20 3 .32 4 .32 4 .15 3.62 4 . 3 4 4 . 2 8 4 .36 4 .06 5 . 2 1 4 .55 4 . 3 3 .3 - 5 .2 
30 3 .00 3.89 3 .88 3 .34 4 . 1 1 3 .90 4 .06 3 . 7 1 4 .66 4 .19 3.9 3 .0 - 4 . 7 
40 2 .79 3 .50 3 .56 3 . 1 4 3 .85 3.60 3.80 3 . 4 8 4 . 1 7 3.89 3 .6 2 . 8 - 4 . 2 
50 2 .60 3 .24 3 .32 2 . 9 7 3.59 3.36 3.60 3 .28 3 . 8 1 3 .64 3 .3 2 .6 - 3 8 
60 2 .40 2 . 9 8 3 .05 2 . 7 8 3 .35 3 .15 3 .42 3.10 3 .53 3 .42 3 . 1 2 . 4 - 3 .5 
70 2 .19 2 . 7 3 2 .80 2 . 5 7 3 . 1 3 2 . 9 8 3 .24 2 . 9 4 3.29 3 .19 2 .9 2 . 2 - 3 . 3 
80 1.99 2 . 5 1 2 . 5 7 2 . 3 7 2 . 9 1 2 .80 3 .07 2 .80 3 .06 2 . 9 8 2 . 8 2 . 0 - 3 . 1 
90 1 . 8 1 2 .30 2 .35 2 .19 2 . 6 8 2 . 6 3 2 .90 2 . 6 7 2 . 8 7 2 . 7 8 2 . 7 1 .8 - 2 .9 

100 1.65 2 . 1 1 2 .15 2 . 0 3 2 . 4 7 2 .45 2 . 7 1 2 . 5 4 2 .70 2 . 5 8 2 . 5 1.6 - 2 . 7 
(Network 
mean r a t e ) 
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Table 2 5 . One-minute a r e a - d e p t h e n v e l o p e r e l a t i o n s d u r i n g p e r i o d 
o f h e a v i e s t r a i n f a l l o n J u l y 5 , 1 9 5 3 . 

R a i n f a l l r a t e ( i n / h r ) e q u a l l e d o r e x c e e d e d f o r g i v e n m i n u t e 
Area 10-min 
( m i 2 ) 20            21          22           23           24        25           26          27          28            29 median 

2 4 .2 5 . 8 4 . 8 5.0 6 . 3 6 .0 5 . 1 5 .5 7.0 6 .9 5 .6 
10 3 .3 4 . 3 4 . 2 3.5 4 . 3 4 . 2 4 . 4 3.6 5 . 1 4 . 3 4 . 3 
20 2 . 7 3 .6 3.6 3.0 3 .9 3.5 3 . 8 3 . 1 4 .2 3 .8 3 .6 
30 2 . 3 2 . 7 3.0 2 . 7 3.6 3 .0 3 . 3 2 .9 3 . 3 3 .3 3 .0 
40 2 . 1 2 . 3 3 .4 2 . 4 3.0 2 .6 3 .0 2 . 7 2 .5 2 . 7 2 .6 
50 1.8 2 . 1 2 . 1 2 . 1 2 . 4 2 . 3 2 . 7 2 . 4 2 . 3 2 . 5 2 . 3 
60 1.2 1 .4 1.5 1.7 1.9 2 . 1 2 . 4 2 . 1 2 . 1 2 .0 2 .0 
70 0 . 8 1.2 1.2 1.2 1.6 1.8 2 . 1 1.9 1.7 1.7 1.7 
80 0 . 5 0 . 8 0 . 7 0 .9 1.1 1.5 1.8 1 .8 1.5 1.4 1 .3 
90 0 . 4 0 . 5 0 . 5 0 . 7 0 . 7 1 .1 1.4 1.5 1.3 1 .1 0 .9 

100 0 . 1 0 . 3 0 . 1 0 . 4 0 . 5 0 . 5 0 . 6 1.2 0 .9 0 . 3 0 . 5 

F i g . 31b shows t h e f r e q u e n c y d i s t r i b u t i o n o f a v e r a g e a r e a - d e p t h r e l a t i o n s 

f o r 1-minute i n t e r v a l s t h r o u g h o u t t h e s t o r m . T h u s , d u r i n g t h e m i n u t e o f maximum 

i n t e n s i t i e s , t h e r a t e a v e r a g e s 2 . 8 i n c h e s / h o u r o v e r t h e 100 m i 2 , i n c r e a s i n g t o 

6 .0 i n c h e s / h o u r o v e r t h e 1 0 m i 2 o f h e a v i e s t r a i n f a l l w i t h i n t h e n e t w o r k , and t o 

7 .4 i n c h e s / h o u r i n t h e 2 m i 2 a t t h e i n t e n s i t y c e n t e r o f t h e s t o r m . S i m i l a r l y , 

10% of t h e m i n u t e s h a d 100 m i 2 mean r a t e s e q u a l l i n g o r e x c e e d i n g 2 . 4 i n c h e s / h o u r . 

The mean r a t e d e c r e a s e d to 0 . 6 7 i n c h / h o u r when 50% of t h e m i n u t e s a r e i n c l u d e d , 

and to l e s s t h a n 0 . 0 1 i n c h / h o u r when 70% o f t h e m i n u t e s a r e e n v e l o p e d . 

F i g . 32 shows an example of t h e e f f e c t of gage d e n s i t y on s a m p l i n g t h e 

a v e r a g e r a i n f a l l r a t e on t h e 100 m i 2 d u r i n g t h e 54-minu te s t o r m . H e r e , we have 

r e l a t e d s ampl ing e r r o r i n p e r c e n t a g e t o mean r a i n f a l l r a t e ( i n c h / h o u r ) f o r 

s e l e c t e d s a m p l i n g d e n s i t i e s o f g a g e s . The a s s u m p t i o n was made t h a t t h e 50 gages 

p r o v i d e d a ve ry c l o s e a p p r o x i m a t i o n o f t h e t r u e mean, a n d , b a s e d upon p r e v i o u s 

e x p e r i e n c e w i t h s i m i l a r s t u d i e s , t h e d a t a were f i t t e d t o a n e x p o n e n t i a l 

r e g r e s s i o n e q u a t i o n . F i g . 3 2 i n d i c a t e s t h a t u n d e r t h e c o n d i t i o n s o f t h i s s t o r m 

( o r s to rms o f s i m i l a r c h a r a c t e r i s t i c s ) , 1 gage in t h e 100 m i 2 would have h a d an 

a v e r a g e e r r o r o f n e a r l y 30% in m e a s u r i n g mean r a i n f a l l r a t e s o f 1 i n c h / h o u r . 

Th i s s a m p l i n g e r r o r g r a d u a l l y d e c r e a s e s t o 21% w i t h 50 m i 2 p e r g a g e , 11% w i t h 

10 m i 2 p e r g a g e , and 8% w i t h 5 m i 2 p e r g a g e . 



Figure 32. Rainfall rate sampling relations on 7/5/53 
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This storm provides an excellent example of the time and space va r i ab i l i ty 
in re la t ive ly intense thunderstorms during the warm season in the Midwest. 
Typical differences in point and areal time dis t r ibut ions have been shown in 
Figs. 27 and 28. A convenient method of typing time dis tr ibut ions has been 
i l l u s t r a t e d in Fig. 31a. The sequential va r i ab i l i t y , shown in Fig. 29, further 
defines the time dis t r ibut ion and emphasizes i t s great var iab i l i ty from 
minute-to-minute. Spatial character is t ics are portrayed by the correlat ion 
pattern of Fig. 30 and the area-depth re la t ions presented in Tables 24-25 and 
Fig. 31b. The problem of measuring areal mean r a in f a l l rates accurately is 
brought out by the gage density requirements shown in Fig. 32. 



PART III 

STATISTICAL TESTS 
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USE OF RAINFALL RATE MEASUREMENTS FOR THE EVALUATION 
OF WEATHER MODIFICATION EXPERIMENTS 

The eva lua t ion of a cloud seeding experiment to i nc rease or decrease 
p r e c i p i t a t i o n is a problem of tremendous complexity. Although many p h y s i c a l 
and b i o l o g i c a l experiments can be conducted under var ious con t ro l l ed 
c o n d i t i o n s , in the weather modif icat ion exper iment , many of the important 
v a r i a b l e s such as p r e s s u r e , t empera tu re , and wind cannot be c o n t r o l l e d . 
Fu r the r , p r e sen t day fo recas t ing methods are not s e n s i t i v e enough to p r e d i c t 
the amount of r a i n t h a t would have f a l l e n had cloud seeding not been conducted. 

To reso lve the eva lua t ion problem, experimenters have turned l a r g e l y 
to one of two b a s i c exper imental plans with t h e i r var ious modif ica t ions in 
order t o a t t ach s t a t i s t i c a l s ign i f i cance to the r e s u l t s . The f i r s t o f these 
i s the t a r g e t - c o n t r o l method. In t h i s des ign , the r a i n f a l l in one a rea ( the 
"seeded" or t a r g e t a rea) i s compared with t h a t in another a rea ( the "non-seeded" 
or con t ro l a rea) in which i t is assumed t h a t none of the seeding agent is 
p r e s e n t . The comparison is usua l ly achieved through the use of an " h i s t o r i c a l " 
r eg re s s ion l i n e . I f a success fu l app l i ca t i on of t h i s method is to be made, 
there must be a high degree of c o r r e l a t i o n between the r a i n f a l l of the two 
a r ea s . An of ten used v a r i a t i o n in t h i s method is to cons t ruc t a r e g r e s s i o n 
l i n e for both t h e seeded and non-seeded years and t e s t to determine i f the two 
l i n e s coincide (Dennis and Kr iege , 1966). 

The second f requent ly used plan employs randomization of seeded and 
non-seeded days over a s i n g l e ( t a r g e t ) a r ea . This plan allows for proper 
randomizat ion, and s e v e r a l s t a t i s t i c a l t e s t s may be employed. The Arizona 
experiment (Ba t t an , 1966) and the P ro j ec t Whitetop experiment (Braham, 1966) 
were designed along these l i n e s . A modif ica t ion of t h i s method, c a l l e d c rossove r , 
is one in which two nearby exper imental a reas are seeded with random choice of 
a rea (Smith e t a l . , 1965). P r a c t i c a l l y a l l eva lua t ion schemes using these 
methods have involved a summation of the r a i n f a l l over an increment of t ime 
(usua l ly a day or a storm) in a p a r t i c u l a r a rea so t h a t a t o t a l or average 
r a i n f a l l value is obta ined. This average is then used as the exper imental un i t 
in the subsequent s t a t i s t i c a l a n a l y s i s . Hence, t he re may be no e f f e c t on the 
average a r e a l r a i n f a l l , bu t sub t l e changes may be occurr ing in the r a i n f a l l 
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ra te which may be producing benef ic ia l or detrimental effects on the industry 
and/or agriculture of the region. 

It is the objective of th i s section to determine the f eas ib i l i t y of using 
changes in r a in fa l l rate to evaluate the effect of seeding. In th i s study, 
three experimental designs and two s t a t i s t i c a l t e s t s were used to define the 
duration of an experiment needed to detect various degrees of change in r a in f a l l 
ra te that might be produced by seeding e f for t s . 

Theoretical Frequency Distributions 

The 1-minute r a in fa l l amounts for every 5 minutes from the s t a r t of each 
storm in the 29-storm sample for the 25, 50, and 100 mi2 areas and gage 29 
were grouped together to form frequency d i s t r ibu t ions . Thus, a " typical" warm 
season storm was formed in which the frequency dis t r ibut ions were specified 
for every 5 minutes. This par t i t ion ing included the zero r a in fa l l amounts from 
the end of each storm in the 29-storm sample u n t i l the end of minute 130. The 
zero r a in fa l l amounts during certain minutes within each storm were also 
included in the sample, thus providing 29 1-mmute amounts(I.e. , r a in f a l l ra te ) 
for every 5 minutes. A mixed d is t r ibut ion function was then estimated on the 
basis of two assumptions. F i r s t , there is a non-zero probabil i ty of rain on 
every 5 minutes from the s t a r t of the storm. Secondly, when rain does occur, 
the 1-minute amount of r a in fa l l is dis t r ibuted as a log-normal or gamma variable . 
The general form of the mixed d is t r ibut ion function can be written as: 

( 8 ) 

where: 
P(X < a) = probabili ty of receiving less than a specified 1-minute amount 

of rain at the end of a given 5-minute period 
P(X = 0) = probabili ty of receiving no rain at the end of a given 5-minute 

period and is equal to the number of zero r a in f a l l amounts 
divided by 29 

P(X > 0) = probabil i ty of receiving some rain at the end of a given 5-minute 
period and is equal to the number of non-zero 1-minute r a in fa l l 
amounts divided by 29 
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P(X < a | X > 0) = p r o b a b i l i t y of r ece iv ing l e s s than a s p e c i f i e d 1-minute 
amount of r a i n given t h a t r a i n has occurred at the end of a given 
5-minute pe r iod 

The term P(X < a | X > 0) is given by: 

(9 / 

The dens i ty func t ion , f ( x ) , can be s p e c i f i e d as any d i s t r i b u t i o n . For t h i s 
s tudy , mixed d i s t r i b u t i o n s wi th the log-normal and gamma dens i ty funct ions 
were used. The log-normal and gamma dens i ty funct ions were then f i t t e d to 
the a rea and po in t d a t a , and t h e da ta from the 100 mi2 a r ea are shown in 
Fig . 33. The dens i ty funct ion for the log-normal d i s t r i b u t i o n i s ; 

(10) 

where: 
y = In x 
µy = mean of the In x 
oy = s tandard dev i a t i on of the In x 

The dens i ty funct ion for the gamma d i s t r i b u t i o n i s : 

(11) 

The symbols ß and γ are l o c a t i o n and shape f a c t o r s , r e s p e c t i v e l y , and are 
es t imated by the method of maximum l i ke l i hood (Thorn, 1958). The sample 
e s t ima tes of the log-normal parameters are l i s t e d in Table 26 and those for 
the gamma parameters are shown in Table 27. 



Figure 33. Frequency distributions of average 1-minute rainfall amounts 
for selected times during storms 
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Tab le 26 . Sample e s t i m a t e s o f t h e l o g - n o r m a l d i s t r i b u t i o n 
f o r t h e v a r i o u s a r e a s and f o r gage 2 9 . 

µ y - l o g mean  o y - l o g s t a n d a r d d e v i a t i o n 

Min. from 
s t a r t of 25 mi2 50 mi2 100 mi2 Gage 25 mi2 50 mi2 100 mi2 Gage 

s t o r m a r e a a r e a a r e a 29 a r e a a r e a a r e a 29 

1 - 8 . 8 0 6 - 8 . 8 6 4 - 9 . 4 1 6 — .763 1.292 1.216 
5 - 7 . 4 7 0 - 7 . 7 6 1 - 8 . 2 7 0 — 1.184 1.342 1 .558 

10 - 6 . 6 1 1 - 7 . 3 1 6 - 7 . 1 9 8 - 4 . 9 8 7 1.815 1.882 1.723 1.055 
15 - 6 . 0 2 6 - 6 . 3 8 8 - 6 . 5 1 1 - 5 . 2 5 4 1.554 1.648 1 .663 1 .148 
20 - 6 . 0 1 4 - 5 . 9 9 8 - 6 . 1 4 1 - 5 . 1 0 9 1.793 1.705 1.742 1.200 
25 - 5 . 3 1 0 - 5 . 5 7 4 - 5 . 7 6 1 - 4 . 7 9 4 1.513 1.476 1 .623 1.152 
30 - 5 . 6 2 4 - 5 . 5 4 2 - 5 . 7 4 2 - 4 . 8 6 1 1.642 1.320 1.472 1.440 
35 - 5 . 6 4 5 - 5 . 9 3 4 - 6 . 0 1 2 - 5 . 2 0 2 1.636 1.607 1 .558 1 .168 
40 - 5 . 9 6 4 - 6 . 0 3 0 3 - 6 . 2 4 1 - 5 . 5 4 5 1.660 1 .571 1.659 1.335 
45 - 6 . 2 8 9 - 6 . 1 2 1 - 6 . 2 6 3 - 5 . 6 4 6 1.575 1.573 1 .718 1 .163 
50 - 6 . 5 8 1 - 6 . 6 6 4 - 7 . 1 7 6 - 5 . 5 5 4 1 .691 1.655 1.985 1 .351 
55 - 6 . 4 4 3 - 6 . 7 9 2 - 7 . 1 0 7 - 5 . 7 8 4 1.093 1.583 1.705 .967 
60 - 6 . 3 7 5 - 7 . 1 7 9 - 7 . 4 5 6 - 6 . 0 5 5 1 .308 1 .978 2 . 0 9 3 .672 
65 - 7 . 2 4 4 - 7 . 6 1 2 - 7 . 9 0 7 - 6 . 1 2 5 1.303 1.533 1 .621 . 7 2 3 
70 - 7 . 4 7 4 - 7 . 8 9 1 - 8 . 1 9 0 — 1.369 1.569 1 .558 
75 - 7 . 3 9 4 - 7 . 6 0 1 - 8 . 2 8 7 — 1.157 1.282 1.845 
80 - 6 . 9 8 4 - 7 . 6 1 4 - 7 . 8 2 8 - 6 . 1 3 4 1.189 1.448 1.576 .162 
85 - 6 . 9 7 4 - 7 . 0 8 2 - 7 . 7 0 5 - 6 . 1 2 5 .999 1.092 1.714 1.047 
90 - 7 . 0 2 5 - 7 . 1 4 8 - 7 . 4 2 4 - 6 . 4 2 6 .865 1.105 1.445 .500 
95 - 6 . 8 5 0 - 7 . 7 3 9 - 7 . 7 8 2 - 5 . 4 5 9 1.120 1 .633 1.717 1.100 

100 - 7 . 3 0 2 - 7 . 9 6 6 - 8 . 0 6 2 - 6 . 0 8 9 1.387 1.670 1.774 .530 
105 - 6 . 4 8 6 - 6 . 5 6 9 - 7 . 1 7 3 — .782 .959 1.550 
110 - 6 . 4 5 0 - 6 . 5 6 4 - 7 . 4 9 4 — .528 .692 1.660 
115 - 7 . 2 1 2 - 7 . 5 1 0 - 7 . 6 5 7 - 6 . 6 3 1 1.023 1.359 1 .291 .555 
120 - 7 . 3 1 5 - 7 . 7 1 5 - 7 . 5 3 7 - 6 . 4 1 1 .939 1 .068 .880 .432 
125 - 7 . 5 0 5 - 7 . 4 1 8 - 7 . 5 1 9 — 1.218 .966 .937 
130 - 6 . 4 8 6 - 7 . 2 6 7 - 8 . 1 9 2 — .495 1.022 1 .593 

From Tab le 2 6 i t i s s een t h a t t h e maximum l o g mean r a i n f a l l r a t e o c c u r s 

a t minu te 30 f o r t h e 50 and 100 mi a r e a s and at minu te 25 f o r t h e 25 mi 2 a r e a . 

F o r t h e a r e a l d a t a t h e means a r e ve ry s t a b l e u p t o minu te 120 . The i n s t a b i l i t y 

from t h i s p o i n t o n i s l a r g e l y due t o d e c r e a s i n g sample s i z e . From m i n u t e 130 

o n t h e t r e n d becomes e r r a t i c and t h e sample s i z e i s t o o s m a l l t o a t t a c h 

m e a n i n g f u l c o n c l u s i o n s t o t h e d a t a . Th i s i s t h e r e a s o n f o r fo rming d i s t r i b u t i o n s 

o n l y f o r m i n u t e s l e s s t h a n o r e q u a l t o m i n u t e 130 . For t h e p o i n t d a t a , 

r e p r e s e n t e d b y gage 2 9 , t h e l o g - n o r m a l mean t e n d s toward g r e a t e r i n s t a b i l i t y 

- -
- -

- -
- -

- -
- -

- -
- -

2
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and was e s t i m a t e d from a s m a l l e r number of n o n - z e r o r a i n f a l l amount s . When 

t h e number o f n o n - z e r o r a i n f a l l amounts were l e s s t h a n 5 f o r a g i v e n m i n u t e , 

t h e l og mean i s n o t i n c l u d e d i n t h e t a b l e b e c a u s e o f t h e u n r e l i a b i l i t y o f 

t h e e s t i m a t e . 

For a l l a r e a s , and f o r gage 2 9 , t h e l og s t a n d a r d d e v i a t i o n i s v e r y 

u n s t a b l e and t h e p a t t e r n o v e r t ime t e n d s toward a random s e r i e s . 

Tab le 2 7 . Sample e s t i m a t e s o f t h e gamma d i s t r i b u t i o n 
f o r t h e v a r i o u s a r e a s and f o r gage 2 9 . 

γ = gamma shape p a r a m e t e r ß = gamma l o c a t i o n p a r a m e t e r 

Mm. from 
s t a r t of 25 mi 50 mi2 100 mi2 Gage 25 mi2 50 mi2 100 mi2 Gage 

s t o r m a r e a a r e a a r e a 2 9 a r e a a r e a a r e a 2 9 

1 1.604 . 724 .798 — .0001 .0005 .0002 
5 .999 . 913 .684 — .0010 .0009 .0010 

10 .597 . 548 .613 1 .464 .0070 .0042 .0036 .0068 
15 .696 .654 .642 .936 .0086 .0069 .0064 .0106 
20 . 6 5 1 .720 .677 .963 .0105 .0083 .0082 .0116 
25 .085 . 8 2 1 .765 1.012 .0123 .0098 .0098 .0146 
30 .652 .795 .733 .715 .0149 .0107 .0103 .0262 
35 .715 . 6 8 8 .720 1 .034 .0120 .0097 .0082 .0094 
40 .676 .697 .675 . 628 .0098 .0086 .0075 .0176 
45 .676 .707 .669 .938 . 0 0 7 1 .0076 .0074 . 0071 
50 .628 .555 .479 .549 .0063 .0074 . 0 0 7 1 .0237 
55 1.024 . 618 .564 1 .141 .0028 .0053 .0048 .0045 
60 .744 .525 .523 2 . 5 6 3 .0053 .0054 .0042 .0011 
65 .733 .665 .545 1.740 .0023 .0020 .0019 .0017 
70 .750 .638 .630 — .0017 .0016 .0012 
75 1.034 .987 .397 — . 0 0 1 1 .0009 .0019 
80 1.165 . 853 .815 35 .330 .0013 .0012 .0010 .0006 
85 1.674 1.689 .798 . 9 8 1 .0008 .0007 .0012 . 0041 
90 1.920 1.329 .829 4 .180 .0006 .0009 .0015 .0004 
95 .968 .625 .558 .978 .0020 .0020 .0025 .0080 

100 .677 . 498 .463 3.820 .0026 .0029 .0033 .0007 
105 1.602 1.105 .671 — .0013 .0022 .0030 
110 3 .353 1.915 .745 — .0006 .0010 .0018 
115 1 .431 1 .061 1.119 2 . 7 5 4 .0008 .0009 .0007 .0006 
120 1.280 1.169 1.839 5 . 6 6 8 .0008 .0006 .0004 .0003 
125 1.122 1.532 1.749 — .0082 .0006 .0004 
130 4 .143 1.593 .777 — .0004 .0006 .0008 

2

- -
- -

- -
- -

- -
- -

- -
- -
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Table 27 reveals that the maximum of the gamma location parameter 8 
occurs at minute 30 for a l l areas and for gage 29. Again, more i n s t ab i l i t y 
occurs with smaller areas and with gage 29, and the pat tern of (3 over time 
is very stable up to minute 70. 

The behavior of the shape factor y is very e r r a t i c and tends toward a 
random ser ies similar to the log standard deviation. 

The probabi l i t ies of r a i n , P(X > 0) , for non-zero 1-minute r a in f a l l amounts 
at the end of each 5-minute period of the "typical" storm were then computed 
as described in Equation 8. A plot of P(X > 0) for each area and for gage 29 
versus the time from the s t a r t of the storm is i l l u s t r a t e d in Fig. 34. F i r s t , 
it is seen that the probabil i ty of rain at the end of a given 5-minute period 
is la rges t for the time period 15-20 minutes from the s t a r t of the storm. 
Secondly, the larger the area, the larger the probabil i ty of rain becomes. 
Final ly, for gage 29, and for the 25 and 50 mi2 areas, the probabil i ty of 
1-minute r a in fa l l amounts for a given time at the beginning of the storm is 
approximately the same as it is for the period 80 to 130 minutes a f te r the s t a r t 
of the storm. Equation 8 and Table 26 or 27 can be used to obtain the probabil i ty 
of specif ic r a i n f a l l rates at the end of any 5-minute period. The term 
P(X < a | X > 0) can be obtained from tables of the log-normal d is t r ibut ion 
and the incomplete gamma d i s t r ibu t ion .* 

The log-normal and gamma dis t r ibut ions were then tes ted to ascertain how 
well they f i t the prescribed data. The Kolmogorov-Smirnov "goodness of f i t " 
t e s t was used because it is more valid for small samples than is the chi square 
t e s t . Since both parameters of each dis t r ibut ion are estimated from experimental 
data, the more common tables of Dn were not used, nor are they val id. Liffiefors 
(1967) has recently computed new tables which take th i s factor in to consideration. 
The t e s t s t a t i s t i c Dn (the maximum departure of the cumulative probabi l i t ies 
of the theore t ica l dis t r ibut ion from that of the actual d is t r ibut ion) was computed 
and the resul t ing probabi l i t ies P(D > Dn) ( i . e . , the probabil i ty of obtaining 
a larger difference from random sampling) are tabulated in Table 28 for a l l areas 
and for gage 29. 

* IBM 360 computer programs for computing these probabi l i t ies are available 
upon request from the I l l i n o i s State Water Survey. 
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Figure 34. Probability of rain for various minutes during a storm 
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Tab le 2 8 . "Goodness o f f i t " t e s t f o r t h e l o g - n o r m a l 
and gamma d i s t r i b u t i o n s . 

Log-normal Gamma 
Min. from 
s t a r t of 25 mi2 50 mi2 100 mi2 Gage 25 mi2 50 mi2 100 mi2 Gage 

s t o r m a r e a a r e a a r e a 2 9 a r e a a r e a a r e a 2 9 

1 > .20 > .20 > .20 — > .20 .118 > .20 
5 > .20 > .20 > .20 — > .20 > .20 > . 20 

10 > .20 > .20 > .20 > .20 > .20 > .20 > .20 > .20 
15 > .20 > .20 > .20 > .20 > .20 > .20 > .20 > . 20 
20 .05 > .20 > .20 > .20 > .20 > .20 > .20 > .20 
25 > .20 .12 > .20 > .20 > .20 > .20 > .20 > .20 
30 > .20 > .20 > .20 > .20 > .20 > .20 .124 > .20 
35 > .20 > .20 > .20 > .20 > .20 > .20 > .20 > .20 
40 > .20 > .20 > .20 .189 > .20 > .20 > .20 < . 0 1 
45 > .20 > .20 > .20 > .20 > .20 > . 20 > . 20 > . 20 
50 > .20 > .20 > .20 > .20 > .20 .188 > .20 .05 
55 > .20 > .20 .10 > .20 > .20 .20 > .20 > .20 
60 > .20 .19 .19 > .20 .07 > .20 > .20 > .20 
65 > .20 > .20 > .20 > .20 > .20 > .20 > .20 > . 20 
70 > .20 > .20 > .20 — > .20 > .20 > .20 
75 > .20 > .20 > .20 — > .20 > .20 .112 
80 > .20 .10 < . 0 1 > .20 > .20 .183 .029 < . 0 1 
85 > .20 . 1 3 < . 0 1 > .20 > .20 > .20 .144 > .20 
90 > .20 > .20 > .20 > .20 > .20 > . 20 > . 20 > . 20 
95 > .20 > .20 > .20 > .20 > .20 > . 20 > . 20 > . 20 

100 > .20 > .20 > .20 > .20 > .20 .143 > .20 > .20 
105 > .20 > .20 .19 — > .20 > .20 > .20 
110 > .20 > .20 > .20 — > .20 > .20 > .20 
115 > .20 .09 > .20 > .20 > .20 > .20 > .20 > .20 
120 > .20 > .20 > .20 > .20 > .20 > .20 > .20 > .20 
125 > .20 > .20 > .20 — > .20 > .20 > .20 
130 > .20 > .20 > .20 — > .20 > . 20 > .20 

The t a b l e i n d i c a t e s t h a t t h e r a i n f a l l r a t e d a t a can b e f i t t e d extremely-

w e l l b y t h e l o g - n o r m a l and gamma d i s t r i b u t i o n s . S ince most o f t h e p r o b a b i l i t i e s 

a r e g r e a t e r t h a n 0 . 2 0 , and s i n c e b o t h d i s t r i b u t i o n s a p p e a r t o f i t t h e d a t a 

e q u a l l y w e l l , i t was d e c i d e d t o use t h e l o g - n o r m a l d i s t r i b u t i o n i n s u b s e q u e n t 

s t u d i e s o f sample s i z e r e q u i r e m e n t s . The on ly two d a t a s e t s t h a t d o n o t f i t 

t h e l o g - n o r m a l d i s t r i b u t i o n a t t h e o f t e n c i t e d 0 . 0 5 s i g n i f i c a n c e l e v e l a r e t h e 

- -
- -

- -
- -

- -
- -

- -
- -
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data sets for minute 80 and 85 from the 100 mi2 area. These two sets of data 
were then f i t t ed by truncated log-normal d is t r ibut ions and it was discovered 
that truncation points of a = 0.00101 and a = 0.00061 were required to obtain 
a f i t . Six values were truncated from the 80-minute sample and three from the 
85-minute sample out of the non-truncated samples which had 14 and 12 values, 
respectively. The resul t ing p robab i l i t i e s , P(D > D ), were greater than 0.20 
for the 80-minute sample and equal to 0.181 for the 85-minute sample. The 
truncated log means were -8.355 and -7.936 for the 80- and 85-mmute samples, 
respect ively, as compared with or iginal values of -7.828 and -7.705. The 
truncated log standard deviations were 1.327 and 1.596 compared with or iginal 
values of 1.576 and 1.714 for the 80- and 85-minute samples. By random chance, 
one would expect only 19 out of 20 dis t r ibut ions to f i t . For this reason, and 
for the fact that the differences between truncated and non-truncated parameters 
were small, the log-normal d is t r ibut ion was used exclusively in the computations 
of sample s i ze . 

Experimental Design and Tests of Hypothesis 

The number of storms and years required to obtain significance was computed 
for three designs and two t e s t s using the r a in fa l l ra te data. These designs 
included (1) randomization of storms over a single target area into seeded and 
non-seeded storms with the non-seeded storms being the control , (2) random choice 
of storms to be seeded over a single ta rget area with the h i s t o r i c a l record being 
the control, and (3) continuous seeding (on a l l potent ia l storm days) with the 
h i s t o r i c a l record being the control . 

Another design considered was the ta rge t -cont ro l continuous seed regression 
design wherein the data from the seeded days are compared with the data from a 
nearby control area. A small correlat ion coefficient eliminates the effectiveness 
of a target-control approach. As noted e a r l i e r in th is r epor t , the correlation 
of r a in fa l l ra tes decreases rapidly as the distance between observational points 
increases (Table 9, Fig. 19). 

The f inal design considered was the crossover design wherein the area to 
be seeded on a par t icu lar day is chosen at random. However, for r a in fa l l ra tes 
the correlation coefficient is essent ia l ly zero for distances that would be 
required between areas in a crossover design. Under these conditions, the sample 
s ize requirements for the crossover design are ident ica l to design (2) above. 

n
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In the s t a t i s t i c a l ana lys i s the c l a s s i c a l (non-sequen t i a l ) ana lys i s was 
employed. The components of the p a r t i c u l a r t e s t being used were computed for 
the non-seeded d i s t r i b u t i o n s , t hen , with assumed changes in the d i s t r i b u t i o n 
parameters , t he sample s i z e was computed through a l g e b r a i c r e l a t i o n s . In t h i s 
ana lys i s the storms which formed the d i s t r i b u t i o n s of r a i n f a l l r a t e for the 
var ious minutes were t r e a t e d as the exper imental u n i t s . 

The normal 1-sample and 2-sample t e s t s were used with a l l of the 
exper imental de s igns . Under the assumption t h a t the r a i n f a l l r a t e data were 
log-normal d i s t r i b u t e d , the following formula was used to obta in the number of 
observat ions r e q u i r e d for the 2-sample non-sequen t ia l t e s t (Davies , 1954): 

(12) 

where* 
µa = the normal devia te for a p r o b a b i l i t y l e v e l 
µß = the normal devia te for ß p r o b a b i l i t y l e v e l 

D = d i f fe rence in means i t is des i red to d e t e c t 

s2 = the var iance 

Various reduc t ions of 6 equal to 0 . 0 5 , 0 .10 , 0 .20 , 0 .40 , 0 .60 , and 0.80 were 
assumed and app l i ed to the non-transformed d a t a . The corresponding sca le change 
was made on the transformed s c a l e by the add i t ion of t h e logar i thm of ( 1 - 6 ) . 
The var iances were assumed to be e q u a l , s ince the var iance of the log-normal 

d i s t r i b u t i o n is unaffec ted by sca l e changes in the v a r i a t e . Equation 12 was 
 then appl ied with s equal to the variance of the logari thms and D equal to 

the logari thm of ( 1 - o ) . For the random 1-sample t e s t , Equation 12 is used 
d i r e c t l y to compute sample s i z e . For the 1-sample continuous des ign , Equation 12 
is d ivided by 2 . 0 . With the da i ly s i ng l e area random des ign , both samples 
must be obta ined from the same a rea , t h e r e f o r e , Equation 12 must be m u l t i p l i e d 

by 2 .0 . 
At t h i s p o i n t , some thought should be given to how the da ta would a c t u a l l y 

be co l l ec t ed in t h i s type of scheme fo r ve r i fy ing changes in r a i n f a l l r a t e f o r 

s e l e c t e d times during the s torm. In most seeding exper iments , the da ta are 
c o l l e c t e d for the seeded and non-seeded samples , and then a t e s t of s i g n i f i c a n c e 

2
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IS made between the parameters of the resul t ing seeded and non-seeded 
d i s t r ibu t ions . In th i s method, many of the more subtle changes are masked, 
and the end resu l t is an attempt to verify the resu l t s by changes in the 
overal l average of these ef fec ts . For example, once the r a i n f a l l rate data 
were collected in an experiment, a l l of the non-seeded 1-minute r a in fa l l 
amounts would have formed one d i s t r ibu t ion , the seeded 1-minute r a in fa l l amounts 
would have formed another d i s t r ibu t ion . 

The proposal being set forward here is to form a seeded and non-seeded 
dis t r ibut ion for every 5 minutes of the " typical" storm discussed previously. 
For the data in our 29-storm sample, th is would mean 27 seeded and 27 non-seeded 
dis t r ibut ions since there are 27 dis t r ibut ions of 1-minute amounts when every 
5 minutes through minute 130 are considered. The data would be collected in 
the same manner as described above, but once the data were col lected, they would 
then be s t r a t i f i e d to form the dis t r ibut ions for the various minutes. This 
method eliminates the sequential analysis approach (Schickedanz, Changnon, and 
Lonnquist, 1969) since the en t i re sample would be collected before the par t i t ion ing 
can occur. Thus, one is limited to the c lass ica l non-sequential approach for 
the r a in f a l l ra te experiment. 

Fig. 35 i l l u s t r a t e s the trend of the various d i s t r ibu t iona l parameters for 
a 100 mi2 area during the " typical" warm season storm in I l l i n o i s . For the f i r s t 
seeding model (model A) it is proposed that the average r a in f a l l rate (upper le f t 
hand figure) could be increased at the end of every 5-minute increment during 
the storm. An a l ternate to model A is to decrease the r a in f a l l rate at the end 
of each 5-minute increment. 

The major emphasis in th is report is on seeding model A. However, it has 
been suggested by some experimenters that seeding produces r a i n f a l l rates that 
are more uniform than those that occur natural ly under similar meteorological 
conditions. Therefore, limited computations were performed to obtain a f i r s t 
approximation of the sampling requirements involved in verifying this type of 
seeding effect . In t h i s model (model B), the r a in f a l l ra te regime was changed 
to an average constant r a in fa l l ra te over the en t i re ty of the storm. This 
would effectively f la t ten the mean ra in fa l l ra te curve in Fig. 35. 

For our p i lo t study of model B, the sample size requirements were computed 
for changing the r a in f a l l ra te to a constant ra te of 0.25 inch/hour. It is 



Figure 35. Relation of various distributional parameters with time from 
start of storm on 100 mi1 area 
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real ized that this is not a very r e a l i s t i c physical model, but computations 
based on th i s assumption do provide a f i r s t approximation of the magnitude of 
the sampling requirements. Time was insuff icient to evaluate further other 
r a i n f a l l r a t e s . The ra te of 0.25 inch/hour was chosen for tes t ing because it 
would provide beneficial quant i t ies of water for agr icu l tu ra l and hydrologic 
purposes in warm season storms, and it is not an uncommon ra te in such storms. 

At a given minute in time, the sample size as computed by Equation 12 for 
a given a and ß l eve l , and for a given increase or decrease, is independent of 
the magnitude of µy  (the log mean). Thus, for seeding model A, the sample 
s ize is d i rect ly proportional to the log standard deviation. In model B, the 
magnitude is important because this determines the size of increase or decrease 
that is required to obtain a specified r a i n f a l l r a t e . For e i the r model, the 
prediction of oy (the log standard deviation) from µ (the non-transformed mean) 
and u is of i n t e r e s t , and can be estimated by the following re la t ion 
(Schickedanz, 1967). 

(13) 

where   is equal to 1/n, n being the sample s i ze . Equation 13 was used to 
compute  for each of the log-normal d is t r ibut ions in the various areas and 
for gage 29. Table 29 contains a l i s t i ng of the actual and computed values of 
 y along with the percentage differences for the 100 mi2 area. It is seen that 
the minimum departure is 0.09% and the maximum departure is 20.94%. The 
average departure is 10.33%. The average departures for the 50 and 25 mi2 

areas and gage 29 are 11.07%, 11.60%, and 17.26%, respect ively. This indicates 
tha t one can estimate y in f i r s t approximation from p and u. This becomes 
important since the sample size is then d i rec t ly proportional to y . 

In the computation of sample size for the r a in f a l l ra te experiment, a l l 
values must be adjusted to obtain the "effective" sample s i ze . For example, 
if minute 1 requires 60 storms with non-zero amounts to obtain significance, 
and minute 25 requires 50 storms with non-zero amounts to obtain significance, 
how many storms are required for each minute to insure that both minutes wil l 

y
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have sufficient sample size? The number would not be 60 or 50 since the 
probabilities of obtaining a non-zero rainfall amounts for the 100 mi2 area 
is 0.724 for minute 1 and 0.931 for minute 25. The effective sample size 
(ESS) can be computed by the following relation: 

(14) 

where: 
NZS = is the non-zero sample size for a specific minute 
P(X > 0) = is the probability of rain for a specific minute 

Thus, for the above example, 42.2 would be the effective sample size for 
minute 1 and 53.7 for minute 25. Hence, 54 storms would be required to insure 
that both minutes would have sufficient sample sizes to obtain significance. 
The probabilities of rain for each minute of al l three areas and for gage 29 
are tabulated in Table 30. 

Results 

The number of years required to obtain significance was computed for al l 
tests and designs. Fig. 36 is a comparison of the number of storms required 
to obtain significance for various decreases and for the type I error (a) 
of 0.05 and type II error (ß) Of 0.50. The upper scales represent the number 
of years to obtain significance for al l three designs. If one is interested 
in detecting a 40% increase in the log mean, and y is increased from 1.0 to 
2.0, the sample required for detection is increased by 5 years for the 2-sample 
random test , 2.5 years for the 1-sample random tes t , and 1.3 years for the 
1-sample continuous test . In order to detect a 20% increase, the corresponding 
numbers are 16, 8, and 2, respectively. The 5% curve required such exorbitant 
sample sizes that it was not included on the figure. If one knows the profile 
of X and   through the storm, y can be estimated from Equation 13 and then 
the sample size can be determined from Fig. 36. The other alternative is to 
compute   (the standard deviation of the logarithms) directly. Once the sample 
size is computed from this figure or from Equation 12, the ESS (the effective 
sample size) must be computed using Equation 14 and Table 30. 

σ

σ σ

σy



Figure 36. Comparison between the transformed standard deviation and the 
number of years to obtain significance for various increases 

vn average rainfall rate on 100 mi2 
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Tab le 29 . Comparison o f t h e computed and a c t u a l l o g 
s t a n d a r d d e v i a t i o n s f o r t he 100 mi 2 a r e a . 

Min. from 
s t a r t o f  (computed) P e r c e n t a g e 

s t o r m y ( a c t u a l )  (computed) -  ( a c t u a l ) d i f f e r e n c e 

1 1.216 1.305 .089 7 . 2 8 
5 1.558 1.1+19 - .139 8 .91 

10 1.723 1 .521 - .202 1 1 . 7 3 
15 1.663 1.474 - .190 1 1 . 4 1 
20 1.742 1.424 - .317 1 8 . 2 1 
25 1.623 1.373 - .250 1 5 . 4 1 
30 1.472 1 .361 - . 1 1 1 7 . 5 3 
35 1.558 1.379 - .179 1 1 . 5 1 
40 1.659 1.444 - .215 1 2 . 9 7 
45 1.718 1 .463 - .255 1 4 . 8 4 
50 1.985 1.809 - .177 8.89 
55 1.905 1.629 - .277 1 4 . 5 3 
60 2 . 0 9 3 1.714 - .379 1 8 . 0 8 
65 1 .621 1.509 - . 1 1 1 6 . 8 8 
70 1.558 1.530 - . 028 1.79 
75 1.845 1.583 - .262 14 .20 
80 1.576 1 .321 - .255 1 6 . 1 7 
85 1.714 1.355 - .359 2 0 . 9 4 
90 1.445 1.335 - .110 7.60 
95 1.717 1.714 - . 003 .20 

100 1.774 1.949 .175 9 .86 
105 1.550 1.614 .064 4 . 1 4 
110 1.660 1.494 - .165 9 . 9 7 
115 1 .291 1.144 - .147 1 1 . 3 8 
120 .880 . 8 8 1 .00 8 .09 
125 .937 .905 - .032 3.40 
130 1.593 1.419 - .174 1 0 . 9 3 

Tab le 3 1 l i s t s t h e number o f n o n - z e r o amounts r e q u i r e d f o r each m i n u t e , 

as w e l l as ESS f o r t h e 100 mi2 a r e a and f o r a = 0 . 0 5 , ß = 0 . 5 0 . The ESS 

have been d i v i d e d by 60 ( t h e a v e r a g e number o f s to rms f o r t h e warm s e a s o n , 

May-September , p e r y e a r ) t o o b t a i n t h e ESS i n t e rms o f y e a r s r a t h e r t h a n s t o r m s . 

From t h i s t a b l e i t i s s e e n t h a t t h e number o f y e a r s r e q u i r e d i s q u i t e l a r g e f o r 

i n c r e a s e s of 20% or l e s s . Fo r a 20% i n c r e a s e , t h e minimum ESS is 5 .5 y e a r s . 

The maximum ESS f o r t h e 20% i n c r e a s e i s 2 6 . 9 y e a r s which r e p r e s e n t s t h e number 

o f y e a r s r e q u i r e d t o i n s u r e t h a t s i g n i f i c a n c e would b e o b t a i n e d f o r a l l m i n u t e s . 

σ
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The minimum sample s i z e f o r t h e 40%, 60%, and 80% is 1 . 6 , 0 . 8 , and 0 . 5 , 

r e s p e c t i v e l y . The maximum number f o r t h e s e i n c r e a s e s ( a l s o t h e number o f 

y e a r s r e q u i r e d t o i n s u r e s u f f i c i e n t sample s i z e f o r a l l m i n u t e s ) i s 7 . 9 , 4 . 0 , 

and 2 .6 y e a r s , r e s p e c t i v e l y . 

T a b l e 30 . P r o b a b i l i t i e s o f r a i n f o r a s p e c i f i c m i n u t e 
f o r t h e v a r i o u s a r e a s and gage 2 9 . 

Min. from  P(X > 0) - P r o b a b i l i t y of r a i n f o r g i v e n minu te 
s t a r t o f 

s t o r m Gage 29 25 mi 2 a r e a 50 m i 2 a r e a 100 mi 2 a r e a 

1 — .207 .310 .724 
5 — .345 . 4 4 8 . 9 3 1 

10 .172 .586 . 7 2 4 .966 
15 .310 .897 .966 1.000 
20 .552 . 931 .966 1.000 
25 .552 .793 .897 . 931 
30 .586  .862 .862 .89 7 
35 . 4 8 3 .724 .862 .862 
40 .414 .655 . 724 .759 
45 .345 . 6 2 1 .655 .655 
50 .345 .586 .690 .793 
55 .310 .517 . 6 2 1 .690 
60 . 2 4 1 .483 .655 .690 
65 . 1 3 8 .517 . 6 2 1 .690 
70 . 1 3 8 .448 . 5 1 7 .586 
75 .172 .379 .379 . 483 
80 . 2 4 1 .345 . 4 4 8 .483 
85 .207 .348 .345 .414 
90 .172 .276 .345 .379 
95 .172 .276 .379 .379 

100 .103 .310 .379 .379 
105 . 138 .207 . 2 0 7 . 2 4 1 
110 .172 .207 . 2 0 7 .276 
115 .172 . 2 4 1 .276 .310 
120 . 103 . 2 4 1 .276 .276 
125 .069 . 2 4 1 . 2 4 1 .276 
130 — .172 . 2 4 1 .310 
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Table 31. Sample size required to obtain significance for a l l 
increases and for a 1-sample normal t e s t . 

2 
100 mi area random design, a = .05, ß = .50 

Min. from Number of years 
s t a r t of 
storm 5% 10% 20% 40% 60% 80% 

1 76.9 20.2 5.5 1.6 .8 .5 
5 98.2 25.8 7.0 2.1 1.0 .7 

10 115.7 30.3 8.3 2.4 1.2 .8 
15 104.2 27.3 7.4 2.2 1.1 .7 
20 114.2 29.9 8.2 2.4 1.2 .8 
25 108.5 27.9 7.6 2.2 1.1 .7 
30 91.0 23.8 6.6 1.9 1.0 .6 
35 106.0 27.8 7.6 2.2 1.1 .7 
40 136.5 35.8 9.8 2.9 1.5 .9 
45 169.8 44.4 12.1 3.6 1.8 1.2 
50 187.1 49.0 13.4 3.9 2.0 1.3 
55 198.1 51.9 14.2 4.2 2.1 1.4 
60 239.0 62.7 17.1 5.0 2.6 1.6 
65 143.3 37.6 10.2 3.0 1.5 1.0 
70 155.9 40.9 11.2 3.3 1.7 1.1 
75 265.2 69.5 19.0 5.6 2.8 1.8 
80 193.5 50.8 13,9 4.1 2.1 1.4 
85 267.2 70.0 19.1 5.6 2.9 1.8 
90 207.4 54.4 14.8 4.3 2.2 1.4 
95 292.9 76.8 21.0 6.1 3.1 2.0 

100 312.5 81.9 22.3 6.8 3.4 2.1 
105 375.3 98.4 26.9 7.9 4.0 2.6 
110 375.7 98.5 26.9 7.9 4.0 2.6 
115 202.4 53.1 14.5 4.2 2.2 1.4 
120 105.7 27.7 7.5 2.2 1.1 .7 
125 119.8 31.4 8.6 2.5 1.3 .8 
130 308.2 80.8 22.1 6.5 3.3 2.1 

In Table 32 there is a comparison of ESS for a 20% and 60% increases for 

a l l areas and for gage 29. For ear l ier minutes there is a tendency for the ESS 

to increase as the size of the area decreases, and a tendency for gage 29 to 

have larger values. For most other minutes there is l i t t l e or no trend, with 

the exception of the la ter minutes in which there is an indication of a reversal 

in the previous trend. The reason for these patterns is that the probabilit ies 
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o f r a i n f o r t h e s m a l l e r a r e a s and f o r gage 2 9 a r e s m a l l e r t h a n f o r t h e 100 m i 2 

a r e a ( T a b l e 3 0 ) . F o r t h e l a t e r m i n u t e s , t h e e f f e c t o f t h e s e p r o b a b i l i t i e s a r e 

masked b y t h e t e n d e n c y f o r t h e s m a l l e r a r e a s and gage 2 9 t o have s m a l l e r l o g 

s t a n d a r d d e v i a t i o n v a l u e s ( T a b l e 2 6 ) . T h u s , i t c a n n o t b e conc luded t h a t t h e 

s m a l l e r a r e a s , and gage 2 9 , r e q u i r e l a r g e r ESS v a l u e s t h a n t h e l a r g e r a r e a s . 

Table 32 . Sample s i z e r e q u i r e d to o b t a i n s i g n i f i c a n c e f o r a 20% and 
60% i n c r e a s e s and f o r a 1-sample n o r m a l t e s t . 

Random D e s i g n , a = . 0 5 , ß = .50 

ESS ( e f f e c t i v e sample s i z e i n y e a r s ) 

Min. from 20% I n c r e a s e 60% I n c r e a s e 
s t a r t o f 

s t o r m Gage 29 25 mi2 50 mi 2 100 mi2 Gage 29 25 mi2 50 mi2 100 mi2 

1 — 7.6 1 4 . 5 5 . 5 — 1 .1 2 . 2 . 8 
5 — 10 .9 1 0 . 8 7 .0 — 1.7 1.6 1.0 

10 1 7 . 4 1 5 . 1 1 3 . 2 8 .3 2 . 6 2 . 3 1.5 1.2 
15 1 1 . 4 7.2 7 .6 7 . 4 1.7 1 .1 1 .1 1 .1 
20 7 .0 9 . 3 8 . 1 8 .2 1.0 1.4 1.2 1.2 
25 6 . 5 7 .8 3 . 5 7.6 1.0 1.2 .9 1 .1 
30 9 . 5 8.4 5 . 4 6 . 6 1.4 1.3 . 8 1.0 
35 7 .6 10 .0 8 . 1 7 .6 1 .1 1.5 1.2 1 .1 
40 1 1 . 6 1 1 . 3 9 . 2 9 . 8 1.7 1 .7 1.4 1.5 
45 1 0 . 6 1 0 . 8 1 0 . 2 1 2 . 1 1.6 1.6 1.5 1.8 
50 1 4 . 3 13 .2 1 0 . 7 1 3 . 4 2 . 1 2 . 0 1 .4 2 .0 
55 8 . 1 6 .2 1 0 . 9 1 4 . 2 1.2 .9 1.5 2 . 1 
60 4 . 9 9 . 6 1 6 . 1 1 7 . 1 .7 1.4 2 . 3 2 .6 
65 1 0 . 1 8.8 1 0 . 2 1 0 . 2 1.5 1 .3 1.4 1.5 
70 — 1 1 . 3 1 2 . 8 1 1 . 2 — 1.7 1.9 1.7 
75 — 9 . 5 1 1 . 7 19 .0 — 1.4 1.4 2 . 8 
80 . 3 1 1 . 1 1 2 . 6 1 3 . 9 . 1 1.7 1.7 2 . 1 
85 1 4 . 2 7 .7 9 . 3 1 9 . 1 2 . 1 1.2 1.2 2 .9 
90 3 .9 7 . 3 9 . 6 1 4 . 8 .6 1 . 1 1.3 2 . 2 
95 1 9 . 0 12 .2 1 9 . 0 21 .0 2 . 8 1 .8 2 . 8 3 . 1 

100 7 . 3 1 6 . 7 1 9 . 8 2 2 . 3 1 .1 2 . 5 3.0 3 .4 
105 — 8.0 1 1 . 9 2 6 . 9 — 1.2 1.5 4 .0 
110 — 3 . 7 3 .9 2 6 . 9 — . 5 . 7 4 .0 
115 3 . 4 1 1 . 7 1 7 . 7 1 4 . 5 . 7 1 .7 2 . 4 2 .2 
120 2 . 1 9 . 8 1 1 . 1 7 .5 . 7 1.5 1.7 1 .1 
125 — 16 .6 1 0 . 5 8.6 — 2 . 5 1.4 1.3 
130 — 3 .8 1 1 . 7 2 2 . 1 — .6 1.4 3 .3 
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In Table 33 t h e r e is a comparison of ESS with NZS ( t h e non-zero sample 
s i z e of 1-minute amounts for a s p e c i f i c t ime) for a 20% increase in t h e var ious 
a r e a s . Here , the e f f e c t of P(X > 0) on the ESS is c l e a r l y ev iden t . The 
maximum sample s i z e before making the p r o b a b i l i t y adjustment was 5 . 6 , 8 .9 , 1 0 . 6 , 
and 11.8 fo r gage 29 and the 25 , 50, and 100 mi2 a r e a s , r e s p e c t i v e l y . After 
the p r o b a b i l i t y adjustment was made, these maximum values were inc reased to 
1 9 . 1 , 1 6 . 7 , 1 9 . 8 , and 26.9 y e a r s , r e s p e c t i v e l y . To insure t h a t one can obta in 
s i g n i f i c a n c e for each minute , t he maximum number of years us ing the p r o b a b i l i t y 
adjustment would be r e q u i r e d . 

Table 33. Comparison of NZS with ESS for a l l a reas and for a 
1-sample normal t e s t us ing 20% i n c r e a s e . 

Random des ign , a = . 0 5 , g = .50 

Min. from  NZS (yea r s ) ESS (years ) 
s t a r t of 

storm Gage 29  25 mi2  50 mi2 100 mi2 Gage 29  25 mi2  50 mi2 100 mi2 

1 -- 1.6 4.5 4.0 — 7.6 14.5 5.5 
5 — 3.8 4 .8 6.5 — 10.9 10.8 7.0 

10 3.0 8.9 9.5 8.0 17.4 15 .1 13.2 8.3 
15 3.5 6.5 7.3 7.4 11.4 7.2 7.6 7.4 
20 3.9 8.7 7.8 8.2 7.0 9 .3 8.1 8.2 
25 3.6 6.2 5.9 7 .1 6.5 7.8 6.5 7.6 
30 5.6 7.3 4.7 5.9 9.5 8.4 5.4 6.6 
35 3.7 7.2 7.0 6.5 7.6 10.0 8.1 7.6 
40 4 .8 7.4 6.6 7.4 11.6 11.3 9.2 9.8 
45 3.6 6.7 6.7 7.9 10.6 10.8 10.2 12 .1 
50 4.9 7.7 7.4 10.6 14.3 13.2 10.7 13.4 
55 2.5 3.2 6.7 9 .8 8.1 6.2 10.9 14.2 
60 1.2 4.6 10.6 11.8 4.9 9.6 16 .1 17.1 
65 1.4 4.6 6 .3 7 .1 10 .1 8.8 10.2 10.2 
70 -- 5.0 6.6 6.5 — 11.3 12.8 11.2 
75 — 3.6 4 .4 9.2 — 9.5 10.7 19.0 
80 . 1 3.8 5.6 6.7 .3 11 .1 12.6 13.9 
85 2.9 2.7 3.2 7.9 14.2 7.7 9 .3 19.1 
90 .7 2.0 3.3 4.6 3.9 7.3 9.6 14.8 
95 3.3 3.4 7.2 7.9 19 .1 12.2 19.0 21.0 

100 .7 5.2 7.5 8.5 7.3 16.7 19.8 22.3 
105 -- 1.4 2.5 6.5 -- 8.0 11.9 26.9 
110 - - .7 .8 7.4 ~ 3.7 3.9 26.9 
115 .8 2 .8 4.9 4.5 3.4 11.7 17.7 14.5 
120 .5 2.4 3 .1 2 . 1 2 . 1 9.8 11 .1 7.5 
125 — 4.0 2.5 2 .4 — 16.6 10.5 8.6 
130 - - .7 2 .8 6 .8 — 3.8 11.7 22 .1 
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In Table 34 t h e r e is a comparison of ESS f o r a 20% inc rea se and a 20% 
decrease . On the average , 4.6 more yea r s are r equ i r ed to ob ta in a 20% inc rease 
than a 20% decrease . 

Table 34. Comparison of ESS for a 20% inc rease and 20% 
decrease for the 100 mi2 a rea for 1-sample 
normal t e s t and random des ign . 

Number of yea r s Min. from 
s t a r t of storm 20% Increase 20% Decrease 

1 5.5 3.7 
5 7.0 4.7 

10 8.3 5.5 
15 7.4 5.0 
20 8.2 5.5 
25 7.6 5 .1 
30 6.6 4 .8 
35 7.6 5 .1 
40 9 .8 6.5 
45 1 2 . 1 8.1 
50 13.4 8.9 
55 14.2 9.5 
60 1 7 . 1 11.4 
65 10.2 6.9 
70 11.2 2 .7 
75 19.0 12 .7 
80 13.9 9 .3 
85 19 . 1 13 . 8 
90 14 .8 9.9 
95 21.0 14.0 

100 22.3 14.9 
105 26.9 17.9 
110 26.9 18.0 
115 14.5 9.7 
120 7.5 5.0 
125 8.6 5.7 
130 2 2 . 1 12.2 

What happens when o the r values of the type I e r r o r a re s e l e c t e d and when 
more s t r i n g e n t requirements are imposed on the type II e r r o r ? From Table 35 
it is seen t h a t for a 20% inc rease and for a 8 value of 0 . 50 , the e f f e c t of 
varying a from 0.10 to 0 .01 is a d i f f e rence of 11.5 y e a r s . At an a value of 
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0 . 0 5 , the number of years r equ i r ed to de t ec t a 20% increase v a r i e s from 8.2 
to 18.7 years as 8 is inc reased from 0.50 to 0 .20 . Hence, t he degree of accuracy 
des i r ed by the experimenter is an important f a c t o r in the number of yea r s 
requ i red to conduct an experiment . 

Table 35. Comparison of ESS for d i f f e r e n t type I and type II 
e r r o r s for minute 20 and 100 mi2 a rea . 

1-sample t e s t , random design 

Type II e r r o r (ß) 
Type I e r r o r (a) Increase 0.50 0.20 

0.10 20% 5.0 13.7 
60% .8 2 .1 

0.05 20% 8.2 18.7 
60% 1.2 2.8 

0 .01 20% 16.5 30.6 
60% 2.5 4.6 

Table 36 l i s t s the ESS values r equ i r ed to d e t e c t a change in r a i n f a l l 
r a t e to uniformity wi th in c e r t a i n e r r o r bands of 0.25 inch/hour (0.00417 
inch /minu te ) . I f , in a cloud seeding experiment , the seeder could produce an 
average uniform r a t e at the end of each 5-minute per iod which was 0.25 ± 0.10 
inch /hour , i t could be de tec ted wi th in 2 .1 y e a r s . The number would be 2.6 years 
for a r a t e of 0.25 ± 0.05 inch/hour and 12.8 years for a r a t e of 0.25 ± .025 
inch /hour . Hence, such a change (seeding model B) , although perhaps more 
d i f f i c u l t to ob ta in than changes based on seeding model A, might be e a s i e r to 
d e t e c t . 

Summary and Conclusions 

A study was made i n t o the f e a s i b i l i t y of using r a i n f a l l r a t e as the 
exper imental u n i t in a weather modif ica t ion experiment . To t h i s end, the 
1-minute r a i n f a l l amounts for every 5 minutes from the s t a r t of each storm in 
the 29-storm sample were grouped t oge the r to form frequency d i s t r i b u t i o n s . 
This was done fo r the 25, 50, and 100 mi2 a reas and fo r gage 29. This r e s u l t e d 
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Table 36. ESS requ i red to d e t e c t a change in r a i n f a l l r a t e to 
a uniform r a i n f a l l r a t e wi th in given e r r o r bands 
of 0.25 inch /hour fo r the 100 mi 2 a r ea . 

1-sample t e s t , random des ign , a = . 0 5 , ß = .50 

Number of years 
Min. from 

s t a r t of storm . 2 5 / i n / h r ± .10 .25 i n / h r ± .05 .25 i n / h r ± .025 

1 .02 .02 .02 
5 .07 .07 .07 

10 .67 .67 .67 
15 No change r e q u i r e d No change r equ i r ed No change r equ i r ed 
20 " .10 .10 
25 .72 .72 .72 
30 .61 .61 .61 
35 2.13 2.13 2.13 
40 No change r equ i r ed No change r equ i r ed 9.05 
45 " " 12.81 
50 " " 11.22 
55 " 2.57 2.57 
60 1.35 1.35 1.35 
65 .17 .17 .17 
70 .13 .13 .13 
75 .21 .21 .21 
80 .18 .18 .18 
85 .30 .30 .30 
90 .34 .34 .34 
95 .59 .59 .59 

100 .73 .73 .73 
105 1.65 1.65 1.65 
110 .66 .66 .66 
115 .17 .17 .17 
120 .08 .08 .08 
125 .09 .09 .09 
130 .20 .20 .20 
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in a " typical" warm season storm for which the frequency dis t r ibut ion was 
specified for every 5 minutes. The dis t r ibut ions were found to be well f i t t ed 
by the log-normal and gamma d i s t r ibu t ions . The log-normal dis t r ibut ion was 
then used to obtain estimates of the number of storms and years required to 
obtain significance for various changes in the r a in fa l l rate regime and for 
three designs and two s t a t i s t i c a l t e s t s of significance. 

The resul t ing sample sizes certainly leave something to be desired. For 
a 20% increase and for a = 0.05, ß = 0.50, in the log-normal mean, 27 years are 
required to obtain significance; for a 60% increase, 4 years are required. To 
verify a change in the r a i n f a l l ra te to uniformity within 0.25 t 0.05 inch/hour 
requires 2.6 years; for a rate of 0.25 ± 0.025 inch/hour, 12.8 years are required. 

It is possible to reduce these sample sizes somewhat. One way would be 
to use a continuous seeding design which would reduce the sample size by a factor 
of 2.0. The use of a larger area would increase the number of storms in the 
sample which might decrease the sample s i z e , provided there was not a corresponding 
increase in the log standard deviation. Combining the t e s t s of significance 
for the different d i s t r ibu t ions , should reduce the sample s ize . If the correlat ion 
coefficients are large between the r a i n f a l l data in two areas which could be 
used in a crossover design, the sample size could then be decreased by the use 
of the crossover design. It is also possible that sample sizes based on the 
gamma dis t r ibut ion might be smaller. 

It is concluded that useful information concerning the dis t r ibut ion of 
r a in f a l l ra tes can be obtained from th is study. However, the r a i n f a l l ra te 
does not appear to be an effective unit to use in the verif icat ion of weather 
modification experiments unless one can produce large changes of 60% or greater 
in the r a in fa l l rate regime. 



PART IV 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
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OVERALL SUMMARY AND CONCLUSIONS 

A 1-year research project was carried out to obtain f i r s t approximations 
of the natural space and time properties of r a in fa l l ra tes in midwestern storms 
and to evaluate the potent ia l appl icabi l i ty of r a i n f a l l ra te measurements in 
the ver i f icat ion of cloud seeding effects . Basic data used in the research 
were 1-minute r a in fa l l amounts from 50 storms sampled on two dense raingage 
networks in cent ra l I l l i n o i s during 1951-195 3. Investigation was made of ra te 
character is t ics for point r a in fa l l and for areas ranging from 25 to 100 mi2 

under warm season conditions. Within l imits permitted by the sample s i z e , the 
effects of ra in type, storm type, and other meteorological parameters upon the 
space-time dis t r ibut ions of r a in f a l l rate were evaluated. Raingage sampling 
requirements for the measurement of rate pat terns and areal mean ra tes were 
investigated a lso . 

Final ly , s t a t i s t i c a l theory and tes t ing procedures were employed to obtain 
estimates of the experimental sampling requirements for ver if icat ion of cloud 
seeding effects when ra in fa l l rate measurements are used as the verif icat ion 
too l . Three experimental designs and two s t a t i s t i c a l t e s t s were used to define 
the duration of an experiment to detect various degrees of change in r a i n f a l l 
ra te produced by seeding. Results were based upon the assumption that the 
r a in fa l l rate dis t r ibut ions derived from the available data sample are 
climatologically representat ive. 

As a f i r s t step in the research program, s t a t i s t i c a l models of the time 
dis t r ibut ion of storm ra in fa l l were derived to aid in the definition of storm 
charac te r i s t i c s . It was concluded that application of these models as a 
verif icat ion too l in cloud seeding experiments is not promising at th is time 
because the interference level from natural va r i ab i l i ty is too great for the 
detection of modest changes from seeding in a reasonable length of time. 

Sequential va r iab i l i ty analyses were employed to define further the 
absolute and re la t ive time var iab i l i ty in warm season storms. Because of the 
large interstorm va r i ab i l i t y , i t was concluded that sequential va r i ab i l i ty 
measurements would only be useful as a ver i f icat ion tool in those seeding 
experiments aimed at substant ia l ly changing the time dis t r ibut ion properties of 
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natura l r a in fa l l . Furthermore, the optimum use would be with experiments on 
re la t ive ly large target areas because of the observed property for the sequential 
va r i ab i l i ty to decrease with increasing sampling area. 

Lag correlation analyses of 1-minute r a i n f a l l ra tes at a point and over 
an area of 100 mi2 did not reveal the presence of any regular osc i l la t ions in 
the time dis t r ibut ion of r a t e s . Consequently, it was concluded that these 
dis t r ibut ions could serve as one of several ver i f icat ion tools if periodic seeding 
techniques in re la t ive ly large storm systems were employed. 

An investigation of the percentage d is t r ibut ion of storm ra in fa l l showed 
that a ma]or portion of the t o t a l storm r a i n f a l l tends to occur in a small 
percentage of the storm time in convective storms. This analysis suggests that 
substant ia l surface increases in r a i n f a l l from cloud seeding would occur if the 
treatment modestly increased the r a in f a l l in tens i ty during the major rain-producing 
period of convective storms, but the des i rab i l i ty of th is is doubtful in 
natural ly intense storms, otherwise, seeding success must depend upon large 
percentage increases in the l igh t ra tes that prevai l during a large portion of 
most storms, or upon substant ia l extension of the duration of the heavy in tens i ty 
period. 

Spatial correlat ion analyses revealed a rapid decay in correlat ion of 
ra tes with increasing distance from the point of ra te measurement, and no 
s ignif icant improvement in correlat ion was achieved when 5-minute and 10-minute 
ra tes were used instead of 1-minute r a t e s . At a distance of 1 mile from the 
point of rate measurement, the average correlation coefficient has decreased to 
0.7, thereby explaining only 50% of the variance. Therefore, it was concluded 
that raingage networks with sampling densit ies adequate to define accurately 
instantaneous r a i n f a l l ra te pat terns for use in weather modification experiments 
may be beyond operational and/or economic f e a s i b i l i t y . 

Area-depth analyses were employed in defining spa t i a l d is t r ibut ion 
charac te r i s t i c s . As expected, subs tant ia l va r i ab i l i ty was found in the area-depth 
re la t ions from minute-to-minute within storms and between storms of s imilar 
type. With respect to application in weather modification, it can only be said 
that the area-depth curve is one of several useful tools that could be employed 
in the verif icat ion of seeding experiments. Because of the great space-time 
va r i ab i l i ty in natural r a i n f a l l , i t is extremely doubtful that any single 
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precipi ta t ion parameter or measurement wi l l uniquely define seeding ef fec ts . 
The area-depth curve can help answer questions regarding changes that seeding 
may be producing in the time d is t r ibu t ion , tendencies for seeding to intensify 
or decrease r a in f a l l gradients in t rea ted storms, and changes in skewness of 
the areal d is t r ibut ion result ing from seeding. 

In some cases, i n t e r e s t might be primarily in average rates over an area 
from minute-to-minute. Investigation of sampling errors in the measurement of 
storm mean rates on the 100 mi2 network indicate tha t extremely dense networks 
would be needed to achieve the high degree of accuracy necessary to identify 
small percentage increases from seeding. If r a in f a l l rate is to serve as a 
ver i f icat ion tool in weather modification, it appears more logical to turn to 
a combination of raingages and 10-cm radar to evaluate short-period ra te 
properties and the i r changes in space and time in warm season storms. 

S t a t i s t i c a l t e s t s of three seeding experimental designs were made. These 
have been used in the past and may l ikely be employed in the future. The 
designs include (1) randomization of storms over a single target area in to seeded 
and non-seeded storms with the non-seeded storms being the control , (2) random 
choice of storms to be seeded over a single ta rge t area with the h i s t o r i c a l 
record as the control , and (3) continuous seeding on a l l po tent ia l storm days 
with the h i s t o r i c a l record being the control. The normal 1-sample and 2-sample 
tes t s were performed for log normal dis t r ibut ions of the data. 

Results of these s t a t i s t i c a l t e s t s , based on the average of the r a in f a l l 
rates at a given minute within the storm, indicate sampling requirements tha t 
may not be acceptable operationally. For example, if seeding is producing a 
20% increase in r a i n f a l l r a t e , there is a 50% probabil i ty that th is increase 
wi l l not be proven at the 95% confidence level af ter 27 warm seasons of seeding 
under design (2) described above. However, th i s reduces to 4 warm seasons for 
a 60% increase under the above specif icat ions. 

In general, it was concluded that r a in fa l l r a t e , by i t s e l f , does not appear 
to be a very effective meteorological parameter for the ver i f icat ion of seeding 
experiments unless changes of 60% or greater can be produced in the r a i n f a l l 
rate regime. However, used in conjunction with other r a in fa l l parameters, it 
could probably aid in solving some of the ver i f icat ion problems. 
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RECOMMENDATIONS 

Despite the problems brought out in t h i s repor t , time and space parameters 
of r a in f a l l ra te could be among the useful verif icat ion tools , provided cloud 
seeding causes pronounced changes in the in tens i ty charac te r i s t i c s . If seeding 
produces a less intense, more uniform space-time d i s t r ibu t ion , the rate 
measurements would be very useful . Such changes have been suggested in the 
l i t e r a tu r e in the pas t . Furthermore, analyses of drop size dis t r ibut ions in 
seeded and unseeded rainstorms in the Flagstaff area by Jones (1969) indicate 
d i s t inc t differences in raindrop concentrations and maximum drop sizes between 
the two storm types. 

Before the use of r a i n f a l l rate as a verif icat ion tool can be properly 
evaluated, more knowledge must be obtained with regard to ra te changes produced 
by seeding. Therefore, as a f i r s t step in th i s d i rec t ion, it is recommended 
that consideration be given to analyses of r a in f a l l ra te dis t r ibut ions from 
recording raingage data collected in conjunction with the Project Whitetop 
experiments in the 1960-1964 period. 

Analyses of the r a i n f a l l ra te data from daily recording raingage charts 
within and outside the downwind plume on operational days should provide 
considerable information on the magnitude of the seeding effects on r a in fa l l 
r a t e . The daily charts can provide average 10-minute ra tes which should reveal 
any pronounced changes from seeding. 

As a r esu l t of th i s 1-year study, it is not considered desirable at th is 
time to extend the present studies to the 400 mi2 network in east central I l l i n o i s 
for which additional 1-minute ra te data could be processed from exist ing chart 
records. It is believed that only re la t ive ly small gains in seeding ver i f icat ion 
with r a in f a l l rates would be achieved with s t a t i s t i c a l t es t ing over the larger 
area. 

If r a in f a l l ra te measurements are found to be desirable in seeding 
ver i f icat ion tes t s in the future, a combination of 10-cm radar and raingages 
should be employed to define more accurately the space-time patterns of 
instantaneous r a t e s . 
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