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INTRODUCTION 

During the pe r i od 1948-55 , the S ta te Wate r 
Survey Meteoro logy Subdivis ion o p e r a t e d s e v e r a l 
concen t r a t ed r a i n gage ne tworks on s m a l l a r e a s 
to col lec t de t a i l ed p r ec ip i t a t i on d a t a which can 
fu r the r our knowledge of the w a t e r r e s o u r c e s 
of I l l inois . The col lec ted da ta have b e e n used in a 
n u m b e r of s tud ies to obtain in fo rmat ion on p r e c i p i 
ta t ion pe r t inen t to hydro log ic a n a l y s i s , de s ign , and 
p lanning. Th i s bul le t in p r e s e n t s c u r r e n t r e s u l t s of 
s e v e r a l of t h e s e s t u d i e s . Some of the s tud ies a r e 
of a continuing n a t u r e and as addi t ional da t a b e c o m e 
ava i l ab l e , r e f i n e m e n t s will be pub l i shed . However , 
i t i s felt that adequa te a n a l y s i s has now been com
ple ted to p r e s e n t r e s u l t s that may be benef ic ia l to 
hyd ro log i s t s and e n g i n e e r s ac t ive ly engaged in the 
field of wa te r r e s o u r c e s . 

Although t h e s e s tud ies a r e b a s e d on I l l inois 
d a t a , the r e s u l t s should be a p p r o x i m a t e l y r e p r e 
sen ta t ive of condi t ions in the Midwest and of o the r 
a r e a s having s i m i l a r c l i m a t e and topography . The 
s tud ies to da te have been c o n c e n t r a t e d on the ana ly
s i s of ra infa l l dur ing the sp r ing to fall t hunde r 
s t o r m s e a s o n o n r e l a t i ve ly sma l l a r e a s ranging 
f rom l e s s than one s q u a r e m i l e to 400 s q u a r e m i l e s . 
The e x t r e m e va r i ab i l i t y in p r e c i p i t a t i o n e x p e r i 
enced dur ing the t h u n d e r s t o r m s e a s o n c r e a t e s dif
ficult p r o b l e m s for the hydro log i s t c o n c e r n e d with 
s m a l l w a t e r s h e d s , which a r e subject to f lash floods 
and rapidly affected by drought cond i t i ons . The 
m a j o r por t ion of the s u r f a c e - w a t e r supp l i e s for 
m u n i c i p a l i t i e s in the s ta te a r e obta ined f rom lakes 
having w a t e r s h e d a r e a s under 400 s q u a r e m i l e s . 

Included in this bu l le t in a r e r e s u l t s of s tud ies 
on: the r e l a t i v e va r i ab i l i t y of s t o r m and monthly 
ra infa l l ove r s m a l l a r e a s : the d i s t r i b u t i o n of point 
and a r e a l m e a n ra infal l r a t e s i n s h o w e r - t y p e p r e 
c ip i ta t ion; a r e a - d e p t h r e l a t i ons on s m a l l w a t e r 
s h e d s ; the v a r i a t i o n of point ra infa l l with d i s t a n c e ; 
the a r e a l r e p r e s e n t a t i v e n e s s of point ra infa l l in 
m e a s u r i n g a r e a l m e a n ra in fa l l on a s t o r m , weekly, 
and monthly b a s i s ; the combined effect of s t o r m 
s i z e , a r e a , and n u m b e r of r a in gages on the accu 
r a c y o f s t o r m m e a n ra infa l l e s t i m a t e s ; r e l a t i ons 
dur ing pe r iods of e x c e s s i v e ra infa l l o v e r a 100-

s q u a r e m i l e ba s in ; the r e l a t i on be tween point and 
a r e a l m e a n ra infa l l f r e q u e n c i e s ; and m i c r o - m e t e 
o ro log i ca l v a r i a t i o n s in s t o r m ra in fa l l . 

ACKNOW LEDGMENTS 
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f o r m e r Chief, and H. E. Hudson, J r . , f o r m e r Head 
of the Eng inee r ing Subdivis ion, for sugges t ions and 
guidance in the e a r l y phases of the r e s e a r c h in
c o r p o r a t e d in the bu l l e t in . 

Within the Meteoro logy Subdiv is ion , spec ia l 
c r e d i t i s due Douglas M. A. J o n e s , who s u p e r v i s e d 
a m a j o r por t ion of the data co l l ec t ion and Caro l 
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po r t i on of the r o u t i n e a n a l y s i s . Draf t ing of the i l 
l u s t r a t i o n s and c o v e r was done by John Wesselhoff. 
N u m e r o u s r e s e a r c h a s s i s t a n t s he lped with the in
s t a l l a t ion and s e r v i c i n g of r a i n g a g e s , col lec t ion 
and tabula t ion of d a t a , and compu ta t i on . 

C r e d i t is due L e s t e r P f i s t e r , P r e s i d e n t of the 
P f i s t e r Hybrid C o r n Company , the U. S. Soil Con
s e r v a t i o n S e r v i c e , and the Civi l E n g i n e e r i n g De
p a r t m e n t of the U n i v e r s i t y of I l l i no i s , who provided 
s o m e of the r a i n gages for the s tud ies Opera t ion 
of the Goose C r e e k ne twork and da ta col lec t ion 
w e r e sponso red in pa r t by the Signal Co rps En
g inee r ing L a b o r a t o r i e s , B e l m a r , New J e r s e y under 
C o n t r a c t DA-36-039 SC-42446 . The A g r i c u l t u r a l 
E n g i n e e r i n g D e p a r t m e n t of the U n i v e r s i t y of I l l i 
no is furnished da ta f rom i t s 4 0 0 - a c r e r a i n - g a g e 
ne twork . 

C e r t a i n phases of the a n a l y s e s w e r e g rea t ly ex
pedi ted through u s e of fac i l i t i e s at the S ta t i s t i ca l 
S e r v i c e Unit and the Digital C o m p u t e r L a b o r a t o r y 
at the Un ive r s i t y of I l l ino is . 
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FIGURE 1 REFERENCE MAP 
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RAIN-GAGING FACILITIES 

Rainfal l da ta f rom seven r a i n - g a g e ne tworks 
loca ted in c e n t r a l I l l inois w e r e ava i l ab le for s tud ies 
d e s c r i b e d in th is bul le t in . Gene ra l ly , the ne tworks 
w e r e in full ope ra t i on du r ing the w a r m s e a s o n 
f rom A p r i l th rough O c t o b e r , after which they w e r e 
c losed or r educed to r e l a t i v e l y few gages for the 
win te r s e a s o n . The n e t w o r k loca t ions within the 
s ta te a r e shown on the r e f e r e n c e m a p in F i g u r e 1. 
The 1948 El P a s o ne twork which is not i l l u s t r a t e d 
was a sou thward and wes twa rd ex tens ion of the 
P a n t h e r C r e e k ne twork . The Goose C r e e k ne twork 
was loca ted in the s o u t h e a s t e r n por t ion of the p r e s 
ent e a s t c e n t r a l I l l inois ne twork . The C r a b O r 
c h a r d ne twork in sou the rn I l l inois was not ins ta l l ed 
until the fall of 19 54. Da ta from it have not been 
ana lyzed adequate ly to be p r e s e n t e d in th i s bul le t in . 

The t e r r a i n within the cen t ra l I l l inois e x p e r i 
m e n t a l a r e a s i s r e l a t i v e l y flat with no d i s t inc t 
t opograph ic f e a t u r e s to inf luence s t o r m behav io r . 
All gages w e r e located with open e x p o s u r e s . The 
r e c o r d i n g g a g e s , f rom which the m a j o r i t y of the 
ana ly t i ca l da ta w e r e obta ined , w e r e s e r v i c e d by 
t r a i n e d t e c h n i c i a n s . The n o n - r e c o r d i n g gages w e r e 
in s t a l l ed by Wate r S u r v e y t e c h n i c i a n s , and the 
m e a s u r e m e n t s w e r e t aken by nearby r e s i d e n t s who 
had been carefu l ly i n s t r u c t e d in the p r o p e r o p e r a 
t ion of the g a g e s . In m o s t c a s e s , t he se c o o p e r a t i v e 
o b s e r v e r s w e r e f a r m e r s having a l ive ly i n t e r e s t 
in the m e a s u r e m e n t of r a in fa l l . 

S t a t i s t i c a l t e s t s w e r e p e r f o r m e d t o d e t e r m i n e 
the homogene i ty of data obtained f rom the v a r i o u s 
n e t w o r k s . T h e s e t e s t s indica ted that no s ignif icant 

FIGURE 2 EL PASO NETWORK, 230 SQUARE MILES 

d i f f e rences ex i s t ed , thus p e r m i t t i n g u t i l i za t ion of 
combined ne twork da ta for the de r iva t ion of v a r i o u s 
e m p i r i c a l ra infa l l r e l a t i o n s . 

E l P a s o Network 

The f i r s t of t h e s e r a i n - g a g e ne tworks loca ted 
on an a r e a of 280 s q u a r e m i l e s in the v ic in i ty of 
El P a s o , I l l inois (F ig . 2) was e s t ab l i shed in the 
sp r ing of 1948. Dur ing 1948 and 1949 a to ta l of 17 
r e c o r d i n g and 31 n o n - r e c o r d i n g gages , or an a v e r 
age of one gage p e r 5.8 s q u a r e m i l e s , was o p e r a t e d 
on t h i s a r e a . 

FIGURE 3 PANTHER CREEK NETWORK, 100 SQUARE MILES 

P a n t h e r C r e e k Ne twork 

The ne twork in the E l P a s o a r e a was r educed 
in s i z e at the c lose of the 1949 t h u n d e r s t o r m s e a 
son. Beginning in the sp r ing of 1950, a n e t w o r k of 
100 s q u a r e m i l e s within the El P a s o ne twork was 
cont inued on the P a n t h e r C r e e k w a t e r s h e d . Th i s 
a r e a had been gaged with 6 r e c o r d i n g and 14 non-
r e c o r d i n g gages du r ing the 1948 and 1949 s e a s o n s , 
c o r r e s p o n d i n g to an a v e r a g e of one gage p e r 4.75 
s q u a r e m i l e s . Employ ing both r e c o r d i n g and non-
r e c o r d i n g gages , the P a n t h e r C r e e k n e t w o r k was 
expanded to 40 gages in 1950. Dur ing 1951-53 , the 
n e t w o r k of 25 r e c o r d i n g gages i l l u s t r a t e d in F i g 
u r e 3 was ma in ta ined . In 1954, the P a n t h e r C r e e k 
n e t w o r k was reduced to 10 r e c o r d i n g g a g e s , s ince 
the gages w e r e needed e l s e w h e r e and 10 was con
s i d e r e d a sufficient n u m b e r for the P a n t h e r C r e e k 
s tudy. 
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FIGURE 4 GOOSE CREEK NETWORK, 100 SQUARE MILES 

Goose C r e e k Ne twork 

D u r i n g the s p r i n g of 19 5 1 , a ne twork w a s in
s t a l l e d ove r an a r e a of 50 s q u a r e m i l e s on the 
G o o s e C r e e k w a t e r s h e d in t h e v ic in i ty of Deland, 
I l l i n o i s . This n e t w o r k c o n s i s t e d of 33 r e c o r d i n g 
r a i n gages which w e r e equipped with 12 .65- inch 
d i a m e t e r c o l l e c t o r s and with cha r t d r u m s mak ing 

FIGURE 5 EAST CENTRAL ILLINOIS NETWORK, 400 SQUARE MILES 

one revo lu t ion e v e r y s i x h o u r s . The G o o s e C r e e k 
n e t w o r k was en la rged du r ing Ju ly 1952 to inc lude 
100 s q u a r e m i l e s ( F i g . 4) . A tota l of 50 r e c o r d i n g 
r a i n g a g e s , equipped w i th the 12 .65- inch d i a m e t e r 
c o l l e c t o r and the 6 - h o u r cha r t d r i v e , w a s o p e r a t e d 
on th is a r e a dur ing the r e m a i n d e r of the 1952 
t h u n d e r s t o r m s e a s o n and dur ing the 1953 t h u n d e r 
s t o r m s e a s o n . This ne twork w a s r e o r g a n i z e d 
s o m e w h a t in 1954; h o w e v e r , the a r e a of the n e t w o r k 
was m a i n t a i n e d at 100 s q u a r e m i l e s . A to ta l of 48 
r e c o r d i n g gages was u s e d dur ing the 19 54 s e a s o n . 

E a s t C e n t r a l I l l inois N e t w o r k 

In o r d e r to obtain d a t a over an a r e a l a r g e r than 
100 s q u a r e m i l e s , the Goose c r e e k n e t w o r k was 
r e o r g a n i z e d and expanded north and w e s t d u r i n g 
the. s p r i n g of 1955. The new ne twork ( F i g . 5) in
c l u d e s an a r e a of 400 s q u a r e m i l e s . A to t a l of 49 
r e c o r d i n g gages was u s e d on this a r e a d u r i n g the 
1955 t h u n d e r s t o r m s e a s o n . 

FIGURE 6 BONEYARD CREEK NETWORK, 8.5 SQUARE MILES 

Boneya rd C r e e k Ne twork 

A 12-s t a t ion ne twork for s amp l ing an a r e a of 
a p p r o x i m a t e l y 8.5 s q u a r e mi l e s on the B o n e y a r d 
C r e e k w a t e r s h e d a t C h a m p a i g n - U r b a n a , I l l ino i s i s 
shown in F i g u r e 6 . Th i s ne twork h a s been o p e r a t e d 
s ince the fall of 1948 in coope ra t ion with the Civ i l 
E n g i n e e r i n g D e p a r t m e n t , Un ive r s i t y of I l l i no i s . 
The m a j o r i t y of the ra in fa l l a n a l y s i s h a s b e e n 
confined to da ta f rom an a r e a of 5.5 s q u a r e m i l e s 
within the w a t e r s h e d ( c r o s s - h a t c h e d in F i g . 6) . 
S t r eamf low m e a s u r e m e n t s a r e m a d e o n t h i s a r e a , 
and the r a i n gage d e n s i t y i s g r e a t e r than o v e r the 
r e m a i n i n g por t ion of the w a t e r s h e d . 



FIGURE 7 MONTICELLO NETWORK, 400 ACRES 

Mont ice l lo N e t w o r k 

The Mont ice l lo ne twork (F ig . 7) cons i s t ing of 400 
a c r e s (0.6 sq . mi . ) i s ope ra t ed by the A g r i c u l t u r a l 
E n g i n e e r i n g D e p a r t m e n t , U n i v e r s i t y of I l l i no i s . 
F o r the Su rvey s tud ies s ix r e c o r d i n g gages w e r e 
used f rom th i s ne twork , which h a s been o p e r a t e d 

13 

s ince 1949. Data f rom the n e t w o r k w e r e m a d e 
ava i l ab l e to the a u t h o r s for a n a l y s i s and inc lus ion 
in th i s bul le t in . 

FIGURE 8 AIRPORT NETWORK, 19 ACRES 

A i r p o r t N e t w o r k 

Dur ing 1953-55 , a m i c r o - n e t w o r k of 18 non-
r e c o r d i n g gages was o p e r a t e d a t the Un ive r s i ty of 
I l l inois A i r p o r t , s ix m i l e s south of Champa ign-
Urbana . This n e t w o r k c o n s i s t e d of p a i r s of gages 
spaced six feet a p a r t a t each of nine s t a t i o n s . 
T h e s e s ta t ions w e r e loca ted at i n t e r v a l s of 300 
feet to form a s q u a r e g r i d p a t t e r n on 19 a c r e s 
(0.03 sq . mi . ) as shown in F i g u r e 8 . 
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RAINFALL VARIABILITY 

In t roduc t ion 

The g r e a t va r i ab i l i t y of t h u n d e r s t o r m and r a i n -
s h o w e r p r e c i p i t a t i o n within r e l a t i ve ly s h o r t d i s 
t a n c e s i s gene ra l l y r e c o g n i z e d by m e t e o r o l o g i s t s 
and h y d r o l o g i s t s . H o w e v e r , in fo rmat ion c o n c e r n 
ing the d e g r e e of this v a r i a b i l i t y i s l i m i t e d , e s 
pec i a l l y for s m a l l w a t e r s h e d s . Obvious ly , ra infa l l 
v a r i a b i l i t y i s pe r t i nen t to hyd ro log i s t s and m e t e 
o r o l o g i s t s conce rned wi th ra in gaging of w a t e r 
sheds and the i n t e r p r e t a t i o n of ra infa l l da ta for 
app l i ca t ion to hydro log ic a n a l y s i s . F o r e x a m p l e , 
the a r e a - d e p t h r e l a t i o n and, consequen t ly , the 
ra in fa l l - runof f r e la t ion a r e c lose ly r e l a t e d to the 
v a r i a b i l i t y within a given w a t e r s h e d . 

Data f rom two c o n c e n t r a t e d n e t w o r k s , the 280-
s q u a r e m i l e El P a s o n e t w o r k (Fig.2) and the 100-
s q u a r e m i l e P a n t h e r C r e e k ne twork (F ig . 3 ) have 
been used for a l im i t ed study on t h u n d e r s h o w e r 
and r a i n s h o w e r v a r i a b i l i t y . Data for 1948-49 on 
the El P a s o ne twork and for 1948-53 on the P a n 
t h e r C r e e k ne twork w e r e used in the s tudy. 

Rainfa l l Re la t ive V a r i a b i l i t y 

The r e l a t i v e v a r i a b i l i t y for t he se a r e a s was 
obta ined by ca lcu la t ing the coefficient of v a r i a t i o n 
in each s t o r m on each ne twork . T h e r e w e r e 48 
gages in the El P a s o n e t w o r k and 20 gages on the 
P a n t h e r C r e e k ne twork u s e d for c a l c u l a t i o n s . F o r 
conven ience , the v a r i a b i l i t y fac tor (coefficient of 
va r i a t i on ) was e x p r e s s e d in pe r cent and was ob
ta ined f rom the following equation: 

w h e r e CV is the coeff ic ient of v a r i a t i o n in p e r 
cen t , SD is the s t anda rd dev ia t ion of a l l the ne twork 
o b s e r v a t i o n s , and P is the a r e a l m e a n ra in fa l l . 

The va r i ab i l i t y fac to r is a m e a s u r e of the d i s 
p e r s i o n of point ra in fa l l va lues about the a r e a l 
m e a n ra infa l l . In addi t ion to the ac tua l v a r i a t i o n s in 
the s t o r m ra infal l the v a r i a b i l i t y fac to r inc ludes 
the effects of i n s t r u m e n t a l or o b s e r v a t i o n a l e r r o r s 
and gage n o n - r e s p r e s e n t a t i v e n e s s . However , no 
d i s t i nc t topograph ic f e a t u r e s ex i s ted in the e x p e r i 
m e n t a l a r e a , and al l g a g e s w e r e loca ted with open 
e x p o s u r e s . T h e r e f o r e , the effect of gage n o n - r e p r e 
s e n t a t i v e n e s s i s e l im ina t ed for a l l p r a c t i c a l pu r 
p o s e s . A c lo se c h e c k was ma in ta ined on the 
o p e r a t i o n of the r a in g a g e s , so the v a r i a b i l i t y data 
should be r ea sonab ly a c c u r a t e and r e p r e s e n t a t i v e . 

R e s u l t s of Ana lys i s 

The data w e r e f i r s t ana lyzed to d e t e r m i n e the 
g e n e r a l effects of s t o r m m e a n ra infal l and a r e a 
on r e l a t i v e v a r i a b i l i t y . The r e s u l t s of th i s ana ly
s i s a r e s u m m a r i z e d in T a b l e s 1 and 2. Both t ab le s 
c l e a r l y ind ica te that for a given bas in the r e l a t i v e 
v a r i a b i l i t y t ends to d e c r e a s e with i n c r e a s i n g s t o r m 
m e a n ra in fa l l . This t endency is accounted for by 
the n a t u r e of s h o w e r - t y p e rainfal l and the loca t ion 
of the h e a v i e r s t o r m c o r e s with r e s p e c t to the 

b a s i n . Cons ide r ing the m u l t i - c e l l u l a r n a t u r e o f 
t h u n d e r s t o r m s , i t a p p e a r s logical that an a r e a 
c o m e s under the inf luence of m o r e c e l l s with 
heavy ra infa l l and, consequen t ly , a tendency ex i s t s 
for g r e a t e r r e l a t i v e uni formi ty in the ra infa l l 
p a t t e r n . I t was found on the T h u n d e r s t o r m P r o j e c t ( 1 ) 

that s i n g l e - c e l l e d t h u n d e r s t o r m s w e r e g e n e r a l l y 
weak c o m p a r e d to the m u l t i - c e l l u l a r s t o r m s . The 
expec ted tendency for the var iab i l i ty to i n c r e a s e 
with a r e a is a p p a r e n t f rom a c o m p a r i s o n of a v e r a g e 
v a l u e s in Tab les 1 and 2. The m a x i m u m and m i n i 
m u m va lues in t he se t a b l e s a r e the e x t r e m e s ob
s e r v e d for i n d i v i d u a l s t o r m s i n e a c h m e a n 
ra in fa l l c l a s s . 

FIGURE 9 STORM RAINFALL VARIABILITY 

T a b l e 3 shows the r e l a t i v e va r i ab i l i t y ca lcu
la ted on a monthly b a s i s for the 1 0 0 - s q u a r e mi l e 
d r a i n a g e b a s i n . C o m p a r i n g Tab le s 1 and 3, i t is 
s een tha t the r e l a t i ve va r i ab i l i t y tends to d e c r e a s e 
as the ra infa l l i n c r e a s e s and the to ta l iz ing per iod 
is i n c r e a s e d . F i g u r e 9 is a s c a t t e r d i a g r a m for the 
1 0 0 - s q u a r e mi l e b a s i n , i l l u s t r a t i ng the r e l a t i o n 
ship be tween s t o r m m e a n ra infa l l and r e l a t i v e 
v a r i a b i l i t y based on 185 c a s e s . The t r e n d for the 
r e l a t i v e va r i ab i l i t y to d e c r e a s e with i n c r e a s i n g 
m e a n ra in fa l l i s a p p a r e n t . However , a c l o s e c o r 
r e l a t i o n does not ex i s t as shown by the amount of 
s c a t t e r on the d i a g r a m . Other f a c t o r s , such as 
s t o r m dura t ion , m o v e m e n t of s t o r m with r e s p e c t 
to b a s i n , and the i n t e r n a l s t r u c t u r e of t h u n d e r 
s t o r m s and ra in s h o w e r s undoubtedly con t r ibu ted 
to the o b s e r v e d s c a t t e r . 
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T A B L E 1 

STORM R A I N F A L L VARIABILITY 

100 SQ. MI. AREA 

Mean Coeff icient of V a r i a t i o n (% ) N u m b e r 
Ra infa l l (in.) Av. Max. Min. of C a s e s 

0.01 - 0.20 72 200 14 75 
0.21 - 0.50 48 133 9 44 
0.51 - 1.00 30 100 7 42 
1.01 - 2.00 25 37 6 18 

Over 2.00 14 20 9 6 

T A B L E 2 

STORM R A I N F A L L VARIABILITY 

280 SQ. MI. AREA 

M e a n Coeff ic ient of V a r i a t i o n (% ) N u m b e r 
Ra infa l l (in.) Av. Max. Min. of C a s e s 

0.01 - 0.20 81 127 23 17 
0.21 - 0.50 56 78 16 14 
0.51 - 1.00 42 64 22 15 
1.01 - 3.00 31 47 14 5 

T A B L E 3 

MONTHLY RAINFALL VARIABILITY 

100 SQ. MI. AREA 

Mean Coeff ic ient of Va r i a t i on (% ) N u m b e r 
Ra in fa l l (in.) Av. Max. Min. of C a s e s 

0.01 - 2.00 31 37 16 6 
2.01 - 4.00 15 19 9 9 
4.01 - 6.00 18 26 12 4 
6.01 - 8.00 12 25 8 7 
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FIGURE 10 EXAMPLES OF RAINFALL VARIABILITY 

The tendency for the relative variability to 
decrease with increasing mean rainfall and with 
the length of observation period is i l lustrated in 
Figure 10. This figure shows the isohyetal maps 
for s torm, weekly, monthly, and seasonal (June-

August) rainfall during the summer of 195i on the 
Panther Creek network. In the illustration, is the 
mean rainfall and CV is the coefficient of varia
tion. 
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FIGURE 11 ONE-MINUTE MEAN RATES 

Figure 11 shows some examples of relative 
variability in thunderstorms when mean rainfall is 
calculated on a very short time basis . The four 
isohyetal maps a re for one-minute periods meas
ured on the Goose Creek network during 1953, using 
special recording rain gages (see previous section 
and Figure 4). Isohyetal values in Figure 11 repre
sent one-minute amounts expressed in rainfall rate 
in inches per hour. P represents the mean rainfall 
rate and CV the coefficient of variation. Since the 

rainfall values on the maps represent nearly in
stantaneous values, the isohyetal patterns a r e ap
proximately representative of the instantaneous 
pattern of rainfall within thunderstorms. The great 
variability existing in the internal s t ructure of 
thunderstorms is apparent and helps explain the 
great variability observed in total s torm rainfall 
in thunderstorms and the scatter in the coefficient 
of variation shown in Figure 9. 
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A. 1605-06 CST B. 1609-10 CST 

C. 1613-14 CST D. 1617-18 CST 

FIGURE 12 TIME VARIATIONS IN RAINFALL PATTERN 

F i g u r e 12 is a s e r i e s of o n e - m i n u t e i sohye ta l 
m a p s spaced four minu t e s a p a r t in an in tense 
t h u n d e r s t o r m and i l l u s t r a t e s the rap id changes 
which m a y take p l a c e in the in t e rna l s t r u c t u r e of 
t h u n d e r - s t o r m s . 

The effec ts of s t o r m rainfal l v a r i a b i l i t y wil l 
be d i s c u s s e d in the sec t ion on a r e a - d e p t h c u r v e s , 
w h e r e i t s app l i ca t ion to hydro logic a n a l y s i s and 
des ign will be shown. 
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Effect of Gage Dens i ty on M a x i m u m Reco rded 
Point Rainfal l 

The peak ra infa l l o c c u r r i n g w i t h i n b a s i n s t o r m s 
is a useful fac tor in hydro log ic a n a l y s i s . Obv ious ly , 
the m a x i m u m r e c o r d e d r a i n f a l l i n s h o w e r - t y p e 
s t o r m s is c lo se ly r e l a t e d to the gage dens i ty on a 
given b a s i n . 

Using ra infa l l da ta co l lec ted f rom 70 s t o r m s on 
the P a n t h e r C r e e k B a s i n d u r i n g 1948-50, a s tudy 
was m a d e of the effect of gage dens i ty on the o b 
s e r v e d m a x i m u m point ra infa l l within an a r e a . To 
s tudy th is effect , point ra infa l l r e c o r d e d a t the m o s t 
c e n t r a l l y - l o c a t e d s ta t ion in the 1 0 0 - s q u a r e m i l e 
b a s i n was c o m p a r e d with the m a x i m u m point r a i n 
fall obta ined by i n c r e a s i n g the ne twork p r o g r e s s 
ively to 3, 5, 10, and 20 g a g e s . T h e s e n e t w o r k s , 
c o r r e s p o n d i n g to gage d e n s i t i e s of 33, 20, 10, and 5 
s q u a r e m i l e s p e r gage , w e r e chosen to give the 
m o s t un i fo rm d i s t r i bu t ion of gages p o s s i b l e . 

F o r each of the four gage d e n s i t i e s in e a c h 
s t o r m , the ra t ion of ne twork m a x i m u m to s ing l e 
gage amount was d e t e r m i n e d f r o m the r a i n - g a g e 
c h a r t s . T h e s e data w e r e then g rouped , b a s e d upon 
c l a s s i n t e r v a l s for s ingle gage ra infa l l of 0.01 -
0.20, 0.21 - 0.50, 0.51 - 1.00 and 1.01 - 2.00 in 
c h e s . The grouped da ta w e r e then used to obta in an 
e m p i r i c a l r e l a t i on be tween n e t w o r k m a x i m u m r a i n 
fa l l , s ingle gage ra in fa l l , and gage dens i ty . The e m 
p i r i c a l equat ion obtained i s 

w h e r e R m i s the m a x i m u m r e c o r d e d point r a in fa l l 
( in . ) , R s i s the c e n t r a l gage amoun t (in.) and G is 
the gage d e n s i t y ( sq . m i . / g a g e ) . The developed r e 
la t ion i s i l l u s t r a t e d in F i g u r e 13. 

R e f e r e n c e to F i g u r e 13 shows the e x p e c t e d 
t r e n d for the m a x i m u m r e c o r d e d point r a in fa l l to 
i n c r e a s e s ignif icant ly a s the gage dens i ty d e 
c r e a s e s ( n u m b e r o f gages i n c r e a s e s ) . The a v e r a g e 

r a t i o of m a x i m u m r e c o r d e d to c e n t r a l gage r a i n 
fall was found to i n c r e a s e f r o m 1.15 at a gage den 
s i ty of 50 s q u a r e m i l e s p e r gage to 1.38, 1.58 and 
1.83 at gage d e n s i t i e s of 20, 10 and 5 s q u a r e m i l e s 
p e r gage , r e s p e c t i v e l y . 

FIGURE 13 EFFECT OF GAGE DENSITY ON 
MAXIMUM RECORDED POINT RAINFALL 
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FREQUENCY OF POINT AND AREAL 
MEAN RAINFALL RATES 

In t roduct ion 

Dur ing 19 52 -53 , one minu te ra infa l l t o t a l s for 
a n u m b e r of s t o r m s w e r e t abu la ted in conjunct ion 
with a p ro jec t c o n c e r n e d with the inves t iga t ion of 
the ut i l i ty of r a d a r for quan t i t a t ive ra infa l l m e a s 
u r e m e n t s . ( 2 ) Use of spec ia l r e c o r d i n g r a i n gages 
with 12.6 - inch d i a m e t e r o r i f i c e s and s i x - h o u r 
c h a r t s enabled r e c o r d i n g of o n e - m i n u t e a m o u n t s 
o v e r an a r e a of 100 s q u a r e m i l e s . In format ion on 
the d i s t r i bu t ion of rainfal l r a t e s wi th in s t o r m s 
should be of i n t e r e s t to h y d r o l o g i s t s , e s p e c i a l l y to 
t hose conce rned wi th s ed imen ta t i on . A r e a l d i s t r i 
bu t ions of o n e - m i n u t e r a t e s , which c l o s e l y a p p r o x i 
m a t e the ac tua l p a t t e r n of ra infa l l r a t e s within 
s t o r m s , a r e p e r t i n e n t in s tudying the phys i ca l 
s t r u c t u r e of s t o r m s . In format ion on s h o r t - p e r i o d 
r a t e s i s a l s o va luab le in eva lua t ing r a d a r for quan
t i t a t ive p r e c i p i t a t i o n m e a s u r e m e n t s a n d o the r 
m e t e o r o l o g i c a l u s e s , s ince p r e c i p i t a t i o n a t t enua 
t ion is p r o p o r t i o n a l to the ra in fa l l r a t e s wi thin a 
s t o r m , and a t tenua t ion p r e s e n t s an outs tanding 
p r o b l e m in applying r a d a r to the m e a s u r e m e n t of 
ra in fa l l in tensi ty . ( 3 ) Consequen t ly , an a n a l y s i s 
was m a d e of the f requency of o c c u r r e n c e of point 
and a r e a l m e a n ra in fa l l r a t e s . The ava i l ab l e data 
w e r e r e s t r i c t e d t o s h o w e r - t y p e ra in fa l l o c c u r r i n g 
du r ing the t h u n d e r s t o r m s e a s o n f rom l a t e s p r i n g to 
e a r l y fall . 

Data Used in A n a l y s i s 

O n e - m i n u t e ra in fa l l a m o u n t s f r o m 19 s t o r m s 
dur ing 1952-53, t abu la t ed in conjunct ion with the 

r a d a r - r a i n f a l l p r o j e c t ment ioned p r e v i o u s l y , w e r e 
used in the s tudy. The o n e - m i n u t e a m o u n t s w e r e 
obtained f rom 50 r e c o r d i n g gages loca t ed on the 
1 0 0 - s q u a r e m i l e Goose C r e e k N e t w o r k ( F i g . 4 ) . * 
The d i s t r i bu t ion of gages on the n e t w o r k was a p 
p r o x i m a t e l y u n i f o r m , the un i fo rmi ty be ing l im i t ed 
only by ex i s t ing road s y s t e m s and su i t ab le expo
s u r e s . The ne twork t e r r a i n i s r e l a t i v e l y flat with 
no d i s t inc t t opograph ic f e a t u r e s to inf luence s t o r m 
b e h a v i o r . 

Careful a t t en t ion was given to s y n c h r o n i z i n g the 
gages so . that o n e - m i n u t e ra infa l l p a t t e r n s and a r e a l 
m e a n s could be r e l i a b l y r e p r e s e n t e d . All c locks 
w e r e checked for a c c u r a t e t iming be fo re i n s t a l l a 
t ion each s p r i n g . Before p r o c e e d i n g to the ne t 
w o r k t o change c h a r t s , o b s e r v e r s s y n c h r o n i z e d 
t h e i r wa tches with a m a s t e r c lock , which was 
checked da i ly with t i m e s igna l s f r o m r ad io s t a t ion 
WWV, the Nat iona l B u r e a u of S t a n d a r d s Sta t ion 
a t Washington, D.C. When ins t a l l ing and r e m o v i n g 
c h a r t s f rom the d r u m , the o b s e r v e r m a d e a v e r t i -
c le t ima check m a r k with the pen on the c h a r t and 
e n t e r e d the exac t "on" or "off" t ime f r o m h is wa tch . 
C h a r t s w e r e changed a f t e r each s t o r m and twice a 
week dur ing p e r i o d s of no ra in to m i n i m i z e any 
c lock t iming e r r o r s . When a r a i n - g a g e r e c o r d in
d i ca t ed the gage c lock had gained or lo s t a s m a l l 
amount of t i m e , the e r r o r was p r o r a t e d ove r the 
pe r iod of r e c o r d . As a fu r the r check , a f te r i s o h y e -
ta l m a p s w e r e plot ted for each m i n u t e of a s t o r m , 
gage c h a r t s w e r e r e e x a m i n e d i f doubtful v a l u e s 
a p p e a r e d at any s t a t ions on a o n e - m i n u t e m a p . 

FIGURE 14 DISTRIBUTION OF POINT RAINFALL RATES IN INDIVIDUAL STORMS 

*Opera t ion of the ne twork and data r educ t ion w e r e sponso red in p a r t by the Signal C o r p s E n g i n e e r i n g 
L a b o r a t o r i e s , B e l m a r , New J e r s e y under c o n t r a c t DA-36-039 SC-42446 
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F r e q u e n c y of Poin t Rainfa l l R a t e s 

The f requency with which v a r i o u s point r a in fa l l 
r a t e s o c c u r r e d i n each s t o r m was ca l cu la t ed f i r s t , 
us ing the da ta f rom al l 50 g a g e s . F i g u r e 14 shows 
cumula t ive f r e q u e n c y c u r v e s for the ten 1953 
s t o r m s . The g raph shows c u m u l a t i v e p e r c e n t a g e s 
plot ted aga in s t ra in fa l l r a t e in i nches p e r h o u r , 
based upon o n e - m i n u t e a m o u n t s f r o m al l 50 g a g e s . 
F o r e x a m p l e , in the s t o r m for Ju ly 2 , 50 pe r cen t 
of the ra in fa l l o c c u r r e d at r a t e s exceed ing 0.90 
inch per h o u r , while for the s t o r m of June 25, 50 
pe r cent of the total r a in fa l l o c c u r r e d a t r a t e s e x 
ceeding 3.10 inches p e r h o u r . 

Examina t i on of the 19 s t o r m s ind ica ted that the 
group should be a p p r o x i m a t e l y r e p r e s e n t a t i v e of 
condi t ions e x p e r i e n c e d d u r i n g the w a r m s e a s o n in 
the Midwest . Consequen t ly , the data w e r e combined 
to d e t e r m i n e the f r equency of point ra infa l l r a t e s 
under a v e r a g e condi t ions d u r i n g a w a r m s e a s o n . 
Resu l t s of th i s a n a l y s i s a r e shown in co lumns 1 and 
2 of Tab le 4. It will be noted that on the a v e r a g e , 
based on o n e - m i n u t e r a t e s in the 1 9 - s t o r m s a m p l e , 
50 per cent of the w a r m s e a s o n ra infa l l o c c u r s at 
r a t e s exceed ing 1.45 inches p e r h o u r . H o w e v e r , 
the med ian r a t e in indiv idual s t o r m s in the 1 9 - s t o r m 
sample was highly v a r i a b l e , r ang ing f rom 0.10 to 
3.10 inches p e r hour . 

F o r c o m p a r i s o n p u r p o s e s , the p e r cent o f to t a l 
s t o r m ra infa l l o c c u r r i n g a t v a r i o u s ra infa l l r a t e s 
when these r a t e s a r e b a s e d on 5 - , 10- , 1 5 - , and 
30 -minu te s u m m a t i o n p e r i o d s was d e t e r m i n e d . 
Obviously , the a v e r a g i n g p r o c e s s s u p p r e s s e s d e 
ta i l s of the high r a t e s o c c u r r i n g du r ing the a v e r 
aging p e r i o d . Most s tud ies in the pas t , such as 
those of Y a r n e l l ( 4 ) and the U.S. Wea the r B u r e a u ( 5 ) 

on which eng inee r ing d e s i g n has b e e n b a s e d , w e r e 
ca lcu la ted on the b a s i s of p e r i o d s f rom five m i n u t e s 
upward . H y d r o l o g i s t s have found tha t ra infa l l r a t e s 
for p e r i o d s l e s s than 10 to 15 m i n u t e s se ldom have 
p r a c t i c a l s igni f icance with r e s p e c t to runoff f rom a 
d r a i n a g e a r e a . Howeve r , a s men t ioned p r e v i o u s l y , 
s h o r t e r p e r i o d r a t e s have app l i ca t ion in s e d i m e n 
tat ion s t u d i e s , in gaining an u n d e r s t a n d i n g of the 
phys ica l s t r u c t u r e of s t o r m s , and in the eva lua t ion 
of r a d a r for m e t e o r o l o g i c a l p u r p o s e s . In the p r e 
sent s tudy, an a t t empt was m a d e to a s c e r t a i n the 
effect of the a v e r a g i n g p r o c e s s on the o b s e r v e d 
f requency of ra infa l l r a t e s . 

FIGURE 15 DISTRIBUTION OF POINT RAINFALL 

RATES DURING AVERAGE SEASON 

TABLE 4 

FREQUENCY OF POINT RAINFALL RATES 
CALCULATED FROM DIFFERENT BASE PERIODS 

Rainfall Rate ( in /hr ) Equaled or Exceeded Fo r 
Several Base P e r i o d s (Min.) 

Cumulative 
P e r Cent 1 5 10 15 30 

Max. 13.80 7.50 5.72 4.20 2.45 
5 5.35 4.10 3.25 2.64 1.62 

10 4.20 3.35 2.80 2.34 1.41 
20 3.25 2.58 2.13 1.93 1.15 
30 2.45 2.02 1.75 1.42 0.88 
40 1.90 1.52 1.34 1.07 0.69 
50 1.45 1.16 0.97 0.82 0.56 
60 1.05 0.83 0.70 0.62 0.44 
70 0.68 0.54 0.46 0.41 0.33 
80 0.37 0.28 0.25 0.23 0.21 
90 0.15 0.12 0.11 0.11 0.10 
95 0.08 0.07 0.07 0.07 0.06 

P e r Cent of 1-Min. Rate for Severa l Pe r iods (Min.) 

Cumulative 
Pe r Cent 5 10 15 30 

Max. 54 41 30 18 
5 77 61 49 30 

10 80 67 56 34 
20 79 66 59 35 
30 82 71 58 36 
40 80 71 56 36 
50 80 67 57 39 
60 79 67 59 42 
70 79 68 60 48 
80 76 68 62 57 
90 80 73 73 67 
95 87 87 87 75 

R e s u l t s a r e i l l u s t r a t e d i n F i g u r e 1 5 a n d T a b l e 4 . 
I n T a b l e 4 ( u p p e r p a r t ) i t i s s e e n t h a t w h e n o n e -
m i n u t e t o t a l s a r e u s e d , 5 0 p e r c e n t o f t h e r a i n w a s 
found t o o c c u r a t r a t e s e x c e e d i n g 1.45 i n c h e s p e r 
h o u r . W h e n a f i v e - m i n u t e b a s e p e r i o d w a s u s e d , t h e 
5 0 p e r c e n t v a l u e d r o p p e d t o 1.16 i n c h e s p e r h o u r 
a n d t h e n t o 0 . 9 7 i n c h p e r h o u r f o r a 1 0 - m i n u t e b a s e 
p e r i o d , 0 . 8 2 i n c h p e r h o u r f o r a 1 5 - m i n u t e b a s e 
p e r i o d , a n d 0 . 5 6 i n c h p e r h o u r f o r a 3 0 - m i n u t e b a s e 
p e r i o d . A l s o , i n T a b l e 4 n o t e t h e r a p i d d e c r e a s e i n 
t h e m a x i m u m o b s e r v e d r a i n f a l l r a t e w h e n t h i s r a t e 
i s b a s e d o n v a r i o u s a v e r a g i n g p e r i o d s . T h e a v e r 
a g i n g e f f e c t i s f u r t h e r i l l u s t r a t e d i n t h e l o w e r p a r t 
o f T a b l e 4 , w h e r e t h e l o n g e r p e r i o d v a l u e s h a v e 
b e e n e x p r e s s e d a s p e r c e n t a g e s o f t he o n e - m i n u t e 
v a l u e s . 

FIGURE 16 TIME DISTRIBUTION OF POINT RAINFALL 
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The t i m e d i s t r i bu t ion of point r a in fa l l was 
s tudied next , combining da ta f rom all 19 s t o r m s . 
R e s u l t s of this a n a l y s i s a r e shown in F i g u r e 16 
w h e r e p e r cent of to ta l t i m e of ra infa l l in the 19 
s t o r m s has been plot ted aga ins t pe r cent of to ta l 
r a in fa l l in these s t o r m s . F r o m this c u r v e i t i s 
seen tha t 10 p e r cent of the s e a s o n r a in fa l l , based 
on the 1 9 - s t o r m s a m p l e , o c c u r s in a p p r o x i m a t e l y 
one p e r cent of the t i m e it is r a in ing , 50 p e r cent 
of the r a i n o c c u r s du r ing about 9 pe r cen t of the 
t i m e tha t r a in is fal l ing, and 90 per cen t of the 
total r a i n o c c u r s in 50 p e r cent of the t i m e that i t 
i s r a i n i n g . T h u s , i t i s a p p a r e n t that w a r m s e a s o n 
ra in fa l l tends to o c c u r in s t rong b u r s t s within a 
s t o r m per iod ; that i s , m o s t of the r a i n tends to 
o c c u r in a sma l l po r t ion of the s t o r m . 

FIGURE 17 POINT RAINFALL TIME-RATE RELATION 

F i g u r e 17 shows a t i m e - r a t e r e l a t ion for point 
r a in f a l l d e r i v e d f r o m the combined data fo r the 19 
s t o r m s . This g raph fu r the r e m p h a s i z e s the b u r s t 
n a t u r e o f s h o w e r - t y p e r a i n f a l l . R e f e r e n c e t o 
F i g u r e 17 shows that r a t e s equal l ing or exceed ing 
1.45 i n c h e s pe r hou r , which accounted for 50 pe r 
cent of the tota l ra infa l l a c c o r d i n g to F i g u r e 15, 
o c c u r r e d only 9 p e r cent of the t i m e i t was ra in ing . 
S i m i l a r l y , r a t e s exceed ing 4.25 inches p e r hour 
o c c u r r e d only one pe r cent of the t i m e r a i n was 
fa l l ing , while r a t e s exceeding 0.14 inch p e r hour 
w e r e r e c o r d e d dur ing 50 p e r cent of the t i m e i t was 
r a i n i n g . 

F r e q u e n c y of A r e a l Mean Rainfal l Ra tes 

The foregoing d i s c u s s i o n h a s been c o n c e r n e d 
with the f requency of point ra infa l l r a t e s . Often, 
h y d r o l o g i s t s a r e m o r e c o n c e r n e d with a r e a l than 
with point r e l a t i o n s h i p s . Consequent ly , da t a f rom 
the 50 -gage ne twork on the 1 0 0 - s q u a r e m i l e a r e a 
w e r e fu r the r ana lyzed to obtain a r e a l f requency 
r e l a t i o n s h i p s . F o r th is p u r p o s e , the 1 0 0 - s q u a r e 

m i l e ne twork was subdivided to give a r e a s of 10, 
25 , and 50 s q u a r e m i l e s for c o m p a r i s o n s with a r e a l 
m e a n s t o r m rainfal l r e l a t i o n s on the 1 0 0 - s q u a r e 
m i l e ne twork . O n e - m i n u t e a r e a l m e a n r a t e s w e r e 
ca l cu l a t ed for each m i n u t e in each s t o r m for each 
of the a r e a s ment ioned above . 

FIGURE 18 DISTRIBUTION OF AREAL MEAN RAINFALL RATES 

All 19 s t o r m s w e r e combined to obta in a v e r a g e 
r e l a t i o n s h i p s for the v a r i o u s a r e a s . The r e s u l t s a r e 
s u m m a r i z e d in Tab le s 5 and 6 and F i g u r e 18. 
R e f e r e n c e to Table 5 shows the expec ted t r e n d . F o r 
e x a m p l e , 50 per cent of the point r a in fa l l was 
found to o c c u r at a r a t e exceeding 1.45 inches p e r 
h o u r , while 50 p e r cent of the a r e a l m e a n ra in fa l l 
o c c u r r e d at r a t e s of 1.02, 0.96, 0.78 and 0.66 inches 
p e r h o u r , r e s p e c t i v e l y , for the 1 0 - , 2 5 - , 5 0 - , and 
1 0 0 - s q u a r e mi l e a r e a s . Table 6 i l l u s t r a t e s the 

v a r i a t i o n in the t ime d i s t r i b u t i o n of ra in fa l l r a t e s 
as the a r e a i s i n c r e a s e d . F o r e x a m p l e , 50 p e r cent 
of the point ra infa l l was found to o c c u r d u r i n g 9 p e r 
cent of the t i m e i t was r a in ing . At 25 s q u a r e m i l e s , 
50 p e r cent of the a r e a l m e a n ra infa l l o c c u r r e d in 
11 pe r cent of the t i m e , while for 100 s q u a r e m i l e s 
50 pe r cent o c c u r r e d in 12 per cent of the r a i n t i m e . 
Th i s t ab le shows a t endency for the t i m e d i s t r i b u 
t ion to change only v e r y slowly with i n c r e a s i n g 
a r e a . 

D i s c u s s i o n of R e s u l t s 

Although the r e s u l t s in this study a r e b a s e d upon 
a r e l a t i v e l y s m a l l s a m p l e , the v a r i e t y of s t o r m s 
i n c o r p o r a t e d in the 1 9 - s t o r m s a m p l e should m a k e 
the r e s u l t s a p p r o x i m a t e l y r e p r e s e n t a t i v e o f a v e r 
age w a r m s e a s o n cond i t ions . I t would have been 
d e s i r a b l e t o have inc luded m o r e s t o r m s ; h o w e v e r , 
the g r e a t amount of hand tabulat ion r e q u i r e d did not 
p e r m i t it . I t i s hoped tha t the r e s u l t s wi l l p rove 
useful in evaluat ing the ac tua l d i s t r i b u t i o n of r a i n 
fall r a t e s in w a r m s e a s o n ra infal l in I l l ino is and 
the Midwes t . A t the p r e s e n t t i m e , m a c h i n e p r o c e s s 
ing of the r a i n - g a g e c h a r t s is be ing i n v e s t i g a t e d , 
and if i t is f eas ib le , t he p r e s e n t i nves t iga t ion can 
be g r e a t l y expanded s i n c e a l a r g e a m o u n t of un
p r o c e s s e d data a r e a v a i l a b l e which w e r e co l l ec t ed 
f rom 1951-54. 
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TABLE 5 
FREQUENCY OF AREAL MEAN RAINFALL RATES 

C u m u l a t i v e Rainfa l l Ra te ( i n / h r ) Equa led or P e r Cent of Po in t Rate 
P e r Cent E x c e e d e d for Given A r e a (Mi.2 ) 

of Ra infa l l Poin t 10 25 50 100 10 25 50 100 

Max. 13.80 4.08 4.02 3.18 2.88 30 29 23 21 
5 5.50 3.48 2.82 2.52 2.40 63 51 46 44 

10 4.20 3.18 2.55 2.22 1.86 76 61 53 44 
20 3.25 2.28 2.22 1.74 1.35 70 68 54 42 
30 2.45 1.80 1.77 1.32 1.11 73 72 54 45 
40 1.90 1.26 1.26 1.02 0.90 66 66 54 47 
50 1.45 1.02 0.96 0.78 0.66 70 66 54 46 
60 1.05 0.72 0.72 0.54 0.48 69 69 51 46 
70 0.68 0.48 0.48 0.36 0.28 71 71 53 41 
80 0.37 0.25 0.26 0.18 0.16 68 70 49 43 
90 0.15 0.11 0.12 0.10 0.08 73 80 67 53 
95 0.08 0.07 0.07 0.05 0.04 87 87 62 50 

TABLE 6 

TIME DISTRIBUTION OF A R E A L MEAN 
R A I N F A L L RATES 

P e r Cent of Tota l R a i n T ime Account ing 
for Given P e r Cent of Tota l Ra infa l l 

A r e a (Mi. ) 10 25 50 75 90 

P o i n t 1 3 9 25 48 
10 1 3 10 26 51 
25 1 4 11 27 53 
50 1 4 12 28 55 

100 1 4 12 30 58 
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A R E A - D E P T H RELATIONS 

In t roduct ion 

F o r eng ineer ing des ign p u r p o s e s , a knowledge 
of de t a i l ed a r e a - d e p t h r e l a t i o n s for s m a l l a r e a s 
i s often e s s e n t i a l . F e w de ta i l ed data for a r e a l units 
unde r 300 s q u a r e m i l e s have been publ i shed . Rain-
gage ne tworks of sufficient dens i ty to define a r e a -
depth r e l a t i ons a c c u r a t e l y f rom i sohye ta l m a p s for 
such s m a l l a r e a s a r e u n c o m m o n . While publ ica t ions 
of the Miami C o n s e r v a n c y D i s t r i c t ( 6 ) and the U.S. 
Co rps of E n g i n e e r s ( 7 ) inc lude data on s m a l l wa
t e r s h e d s , the data a r e b a s e d on r e l a t i ve ly s p a r s e 
spac ing of r a in g a g e s . The concen t r a t ed ne tworks 
employed in th is s tudy w e r e des igned for co l lec t ing 
m o r e p r e c i s e da ta . 

To obtain de t a i l ed in fo rma t ion on the c h a r a c 
t e r i s t i c s of the a r e a - d e p t h c u r v e for s m a l l w a t e r 
s h e d s , t h u n d e r s t o r m and r a i n s h o w e r data co l lec ted 
on four d e n s e l y - g a g e d n e t w o r k s in c en t r a l I l l inois 
have been ana lyzed . T h e s e t h r e e ne tworks cons i s t 
of the 2 8 0 - s q u a r e m i l e El P a s o ne twork (F ig .2 ) , 
the 1 0 0 - s q u a r e m i l e P a n t h e r C r e e k (F ig . 3) and 
Goose C r e e k (F ig . 4) n e t w o r k s , and the Boneyard 
C r e e k ne twork of 5.5 s q u a r e m i l e s (F ig . 6). The 
n e c e s s i t y for c o n c e n t r a t e d n e t w o r k s , which can be 
used to obtain de t a i l ed i sohye t a l p a t t e r n s and t h e r e 
by m i n i m i z e in t e rpo la t ion e r r o r s in the cons t ruc t i on 
of a r e a - d e p t h c u r v e s , is i l l u s t r a t e d by the s e r i e s of 
i sohye t a l m a p s in F i g u r e 19. T h e s e m a p s were 
d r a w n f o r the s a m e s t o r m on the 1 0 0 - s q u a r e mi le 
P a n t h e r C r e e k w a t e r s h e d us ing the v a r i o u s gage 
d e n s i t i e s ind ica ted . 

A n a l y s i s and R e s u l t s 

M o s t p r ev ious inves t iga t ions of a r e a - d e p t h r e 
l a t ions have been c o n c e r n e d with r e l a t i v e l y l a rge 
w a t e r s h e d s , employing l e s s dense n e t w o r k s than 
those ut i l ized in th is s tudy. I t has been o b s e r v e d 
that a r e a - d e p t h c u r v e s de r ived f rom i sohye ta l 
m a p s s o m e t i m e s a p p r o a c h s t r a igh t l ines o r flat 
c u r v e s when the l o g a r i t h m o f a r e a i s plotted 
aga in s t a v e r a g e r a i n f a l l . ( 8 ) Th i s often r e s u l t s 
f rom a l i b e r a l enve lopment of po in t s . C u r v e d l ines 
w e r e obtained with the I l l ino i s a r e a - d e p t h data in 
m o s t c a s e s by plot t ing the data on s e m i - l o g a r i t h m i c 
p a p e r with depth on the l i n e a r s ca l e and a r e a on the 
l o g a r i t h m i c s c a l e . 

S ince a s t r a i g h t - l i n e r e p r e s e n t a t i o n is d e s i r a b l e , 
s e v e r a l hypo theses w e r e inves t iga ted in an effort 
to ob ta in an eas i ly computed s t r a i g h t - l i n e r e l a t i on . 
Within the l i m i t s t e s t ed for the four s m a l l a r e a s , i t 
was found that the data con fo rmed c lo se ly to the 
g e n e r a l equat ion ( 9 ) 

Y = a + b X 1 / 2 ( 1 ) 
w h e r e Y is a v e r a g e ra in fa l l depth in i n c h e s , X is 
the a r e a enveloped in s q u a r e m i l e s , and a and b a r e 
cons t an t s r e p r e s e n t i n g m a x i m u m s t o r m point ra in
fall and mean ra infa l l g r ad i en t , r e s p e c t i v e l y . 

The a r e a - d e p t h cu rve is a t w o - d i m e n s i o n a l 
r e p r e s e n t a t i o n of ra infa l l d i s t r i bu t ion o v e r a r e a , 
in which va lues of a v e r a g e ra infa l l within an isohyet 
a r e plotted aga ins t the a r e a enveloped. The a r e a -

depth c u r v e i s c o n s t r u c t e d as though the h ighes t 
value of ra infa l l o c c u r r e d at one point , and lower 
v a l u e s a p p e a r e d (in an i sohye ta l r e p r e s e n t a t i o n ) 
roughly c o n c e n t r i c a l l y a round the h igher v a l u e s . 

Chow ( 1 0 ) has poin ted out that Equa t ion (1) in
d i c a t e s that the t h r e e - d i m e n s i o n a l r e p r e s e n t a t i o n 
of the ra infa l l i s o h y e t s , which he c a l l s the " s t o r m 
p i l e , " o f t h u n d e r s t o r m s o r r a i n s h o w e r s i s ve ry 
c l o s e to the form of a cone . He indica ted that addi
t ional t e r m s of h ighe r o r d e r s of X' m u s t be con
s i d e r e d when the s t r a i g h t - l i n e r e l a t i onsh ip of the 
depth plot ted aga ins t the s q u a r e root of the a r e a 
does not apply to s t o r m s cover ing l a r g e r a r e a s , 
that i s m o r e than 300 s q u a r e m i l e s . 

Within the " s t o r m p i l e , " point ra infa l l i s a l s o 
l i n e a r l y r e l a t ed to the d i s t a n c e f rom the c e n t e r of 
the s t o r m as r e p r e s e n t e d by the following equat ion 

y = A + Br (2) 

w h e r e y is the point ra in fa l l at a d i s t a n c e , r, f rom 
the c e n t e r of the s t o r m , and for a given s t o r m , A 
and B a r e c o n s t a n t s , r e p r e s e n t i n g m a x i m u m point 
ra infa l l and point r a in fa l l g rad ien t . A n a l y s i s ( 1 1 ) 

h a s shown that A = a in Equat ion (1) and b = 0 .376B, 
so that 

Y = A + 0.376B X 1 / 2 (3) 

Equa t ions (1) to (3) can be used to c o n s t r u c t 
hypo the t i ca l a r e a - d e p t h c u r v e s for des ign p u r p o s e s 
on s m a l l b a s i n s , when the m a x i m u m point ra infa l l 
of the s t o r m c e n t e r can be obtained f rom f requency 
da t a , such as those ob ta ined by Yarne l l , ( 4 ) p rov ided 
that the ra infa l l g r a d i e n t or m e a n ra in fa l l on the 
b a s i n can be e s t i m a t e d f r o m a local r a i n - g a g e net
work . Development of a r e l a t i o n s h i p for ra infa l l 
g r a d i e n t will be d i s c u s s e d l a t e r . 

Equa t ion (1) was t e s t e d on s t o r m s rang ing f rom 
one to 24 hou r s d u r a t i o n on the four a r e a s . Only 
s t o r m s in which the a r e a l mean ra infa l l equaled or 
exceeded 0.50 inch w e r e used . T h e s e inc luded 126 
s t o r m s on the two 1 0 0 - s q u a r e mi l e n e t w o r k s , 72 
on the 5 .5 - squa re m i l e a r e a , and 19 on the 280-
s q u a r e mi l e ne twork . R e s u l t s for the h e a v i e s t 
s t o r m s i n each a r e a a r e i l l u s t r a t e d i n F i g u r e s 
2 0 - 2 2 . 

To m a k e the a r e a - d e p t h r e l a t i on deve loped in 
Equa t ion (1) m o r e app l i cab le for eng inee r ing des ign 
p u r p o s e s , data f rom the 5.5- and 1 0 0 - s q u a r e mi le 
a r e a s w e r e ana lyzed fu r the r t o d e t e r m i n e the r e 
l a t i onsh ip be tween the c u r v e s lope ( r a in fa l l g rad 
ient) and o the r s t o r m p a r a m e t e r s . A n a l y s i s was 
not a c c o m p l i s h e d for the 2 8 0 - s q u a r e m i l e a r e a 
due to the l imi t ed da ta ava i l ab le . E x a m i n a t i o n of 
the da ta for the two s m a l l e r a r e a s ind ica ted that 
the b e s t fit would be obtained with a r e l a t i o n s h i p 
of the form 

b = K P 1 T m (4) 
w h e r e b is the m e a n ra infa l l g rad ien t in Equa t ion 
(1) , P is a r e a l m e a n ra in fa l l , T is s t o r m d u r a t i o n , 
and K, 1, and m a r e c o n s t a n t s . 
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2.4 sq.mi. per gage 4.75 sq. mi. per gage 

9.5 sq.mi. per gage 19.5 sq. mi. per gage 

U.S. Weather Bureau Climatological Network, 225 sq. mi. per 
gage. 

FIGURE 19 EFFECT OF GAGE DENSITY ON ISOHYETAL PATTERN 
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FIGURE 21 AREA-DEPTH RELATIONS FOR HEAVIEST STORMS, 
100 SQUARE MILE AREA 

R e s u l t s of this study yie lded Equa t ions (5) and 
(6) for the 100- and 5 . 5 - s q u a r e mi le b a s i n s , r e 
spec t i ve ly , 

b = 0.094 P . 83 T - .28 (5) 

b = 0.169 P . 8 9 T - . 1 5 (6) 

As expec t ed , the da ta ind ica ted c o n s i d e r a b l e v a r i a 
b i l i ty in the ra infal l g r a d i e n t among s t o r m s of 
s i m i l a r m e a n ra infal l and dura t ion . Obv ious ly , 
t h e r e a r e o t h e r f ac to r s in addit ion to s t o r m s i z e 
and s t o r m d u r a t i o n , that a r e not eas i ly r e d u c e d to 
m a t h e m a t i c a l e x p r e s s i o n , which affect the c a l c u 
la ted ra infa l l g rad ien t within s t o r m s . F o r e x a m p l e , 
the a r e a - d e p t h c u r v e for a given bas in wil l be in 
f luenced by the locat ion of the s t o r m c o r e with r e 
spec t to the bas in , m o v e m e n t of the s t o r m with 
r e s p e c t to the ax i s of the b a s i n , and the i n t e r n a l 
s t r u c t u r e of the s t o r m . A mul t ip le c o r r e l a t i o n co 
efficient of 0.65 was obta ined f rom Equat ion (5) 
and a coefficient of 0.55 for Equat ion (6). T h e s e 
r e l a t i v e l y low coeff icients ref lec t the high v a r i a n c e 
of the da ta . 

FIGURE 20 AREA-DEPTH RELATIONS FOR HEAVIEST STORMS, 
5.S SQUARE MILE AREA 

FIGURE 22 AREA-DEPTH RELATIONS FOR HEAVIEST STORMS, 
280 SQUARE MILE AREA 
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FIGURE 23 AVERAGE AREA-DEPTH RELATIONS, 5.5 SQUARE MILE 
AREA, MEAN RAINFALL = 1.00 INCH 

Applying the r e l a t i o n s for the c u r v e s lope or 
r a in fa l l g rad ien t in Equat ions (5) and (6) to Equa-. 
t ion (1) , a v e r a g e a r e a - d e p t h r e l a t i ons w e r e deve l 
oped for the two a r e a s and a r e i l l u s t r a t e d in F i g 
u r e s 23 to 26. F i g u r e s 23 and 24 show 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 for v a r i o u s s t o r m d u r a t i o n s 
b a s e d on an a r e a l m e a n ra infa l l of one i nch . F i g 
u r e s 25 and 26 show 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 
for s t o r m s of v a r i o u s magni tude ( m e a n rainfal l ) 
for a s t o r m d u r a t i o n of s ix h o u r s . Obvious ly , the 
deve loped equa t ions can be used in ca l cu la t ions 
for o t h e r s t o r m s i z e s and d u r a t i o n s . 

FIGURE 25 AVERAGE AREA-DEPTH RELATIONS, 5.5 SQUARE MILE 
AREA, 6-HOUR STORM DURATION 

All da ta for both a r e a s a r e for s t o r m d u r a t i o n s 
up to 24 h o u r s ; consequen t ly , t he i r c u r v e s should 
not be u s e d for l onge r pe r iod s t o r m s . I t should 
a l s o be pointed out that the m e a n r a in fa l l s t e s t e d 
for the 5 . 5 - s q u a r e m i l e a r e a did not exceed 3.5 
i n c h e s . Excep t for two s t o r m s , a l l s t o r m s ob
s e r v e d on the 1 0 0 - s q u a r e mi le n e t w o r k s had l e s s 
than 5- inch m e a n s . Consequen t ly , u p p e r l i m i t s of 
3 - inch and 4 - inch m e a n s have been used in F i g u r e s 
25 and 26. 

FIGURE 24 AVERAGE AREA-DEPTH RELATIONS, 100 SQUARE MILE 
AREA, MEAN RAINFALL = 1.00 INCH 

FIGURE 26 AVERAGE AREA-DEPTH RELATIONS, 100 SQUARE MILE 
AREA, 6-HOUR STORM DURATION 
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FIGURE 27 EXTREME AREA-DEPTH RELATIONS, 5.5 SQUARE MILE 
AREA, MEAN RAINFALL = 1.00 INCH 

FIGURE 28 EXTREME AREA-DEPTH RELATIONS, 100 SQUARE MILE 
AREA, MEAN RAINFALL = 1.00 INCH 

FIGURE 29 EXTREME AREA-DEPTH CURVE SLOPES, 5.5 SQUARE 
MILE AREA, SELECTED AREAL MEAN RAINFALLS 

The c u r v e s in F i g u r e s 23 to 26, of c o u r s e , a r e 
for a v e r a g e va lues of ra infal l g r a d i e n t ( cu rve 
s lope ) . F o r both Equa t ions (5) and (6) , 95 p e r cent 
conf idence bands w e r e d e t e r m i n e d . The uppe r 95 
p e r cent confidence band in both c a s e s has been 
used in F i g u r e s 27 and 28 to show e x t r e m e a r e a -
depth r e l a t i o n s for the two b a s i n s with a m e a n 
ra infa l l of one inch. F i g u r e s 29 and 30 show ex
t r e m e c u r v e s lopes for d u r a t i o n s of 1 to 24 h o u r s 
and for v a r i o u s m e a n r a i n f a l l s . T h e s e f igu res may 
be used in conjunction with Equat ion (1) to obta in 

FIGURE 30 EXTREME AREA-DEPTH CURVE SLOPES, 100 SQUARE 
MILE AREA, SELECTED AREAL MEAN RAINFALLS 
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ext reme area-depth curves under var ious condi
t ions. Whether average or extreme values should 
be used depends upon the purpose for which a r e a -
depth relations are to be utilized. Again, the large 
differences between the average curves in F igures 
23-24 and the extreme curves in F igures 27-28 r e 
sult from the large variability in rainfall gradients 
among s to rms of s imilar size and duration. 

In Equations (5) and (6) for the slope of a r ea -
depth curves , it is interest ing to note the relat ive 
weight of the two p a r a m e t e r s , mean rainfall and 
s to rm duration. The relat ive importance of mean 
rainfall is grea ter in the equations for both basins 
as i l lus t ra ted by the exponents on P and T. Results 
indicate that, as the a r e a dec reases , s to rm dura
tion becomes less important in determining ra in
fall gradients within the basin. Charac te r i s t i c s of 
the s to rm passing over the basin a re perhaps of 
greates t importance h e r e . 

The relative weights of P and T in determining 
the charac te r i s t i c of the area-depth curve a re fur
ther i l lustrated in Table 7 where part ial co r r e l a 
tion coefficients between b and P and between b and 
T a re given for the two a r e a s . 

TABLE 7 

CORRELATION COEFFICIENTS 

Basin Areas 
Type Items 5.5 Sq. Mi. 100 Sq. Mi. 

Partial b vs. P 0.45 0.60 
Partial b vs. T 0.21 0.38 
Multiple b vs. P, T 0.55 0.65 

While the resu l t s of the area-depth study a re 
based on Illinois data, the relations should be 
generally applicable to shower-type rainfall in the 
Midwest or other a r ea s having s imilar c l imate and 
topography. 

Limited tes ts made on published area-depth 
data for the 8000-square mile Muskingum Basin (8 ) 

indicated that Equation (1) is not applicable to 
large basins . Chow ( 1 0 ) has suggested that an equa
tion of the form 

1/2 3/2 
Y = a + b X + cX + dX +. . . (7) 

maybe more applicable to larger basins, the num
ber of higher terms depending on the basin size. 
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VARIATION OF POINT RAINFALL 
WITH DISTANCE 

In t roduc t ion 

The va r i a t i on of ra infa l l with d i s t a n c e is an 
i m p o r t a n t f ac to r in hydro logic and a g r i c u l t u r a l 
s t u d i e s where a n a l y s i s of p r ec ip i t a t i on effects is 
r e q u i r e d . Due to the o r d i n a r y spacing of ra in g a g e s , 
e s t i m a t e s of point ra infa l l a r e f requent ly needed 
for loca t ions which may be s e v e r a l m i l e s f rom the 
n e a r e s t ra in gage . The U.S. Weather B u r e a u (8 ) has 
p r e s e n t e d s o m e l imi t ed r e s u l t s for d i s t a n c e s up to 
four m i l e s , b a s e d upon data from five s t a t ions on 
L i t t l e Mill C r e e k in Ohio. O t h e r w i s e , l i t t le infor
m a t i o n on the subject is ava i l ab le . 

As a p a r t i a l solut ion to the p r o b l e m of d e t e r 
m i n i n g rainfal l va r i ab i l i t y with d i s t a n c e , a study 
w a s unde r t aken , us ing s t o r m data co l l ec t ed on two 
c o n c e n t r a t e d r a i n - g a g e n e t w o r k s . Da ta f rom 25 
g a g e s on the 1 0 0 - s q u a r e m i l e P a n t h e r C r e e k net 
w o r k (F ig . 3) for 1950-54 and f rom 50 gages on 
the 100 s q u a r e mi l e Goose Creek n e t w o r k (F ig . 4) 
for 1952-54 w e r e used in the s tudy. T h e s e ne t 
w o r k s provided data for d i s t a n c e s up to 1 1 m i l e s 
f r o m a total of 186 s t o r m s having point ra infa l l 
a m o u n t s ranging f rom 0.01 inch to 9.15 inches and 
a r e a l m e a n ra infa l l s va ry ing from a t r a c e to 7.21 
i n c h e s . Ana lys i s was confined to w a r m s e a s o n o r 
s h o w e r - t y p e ra infa l l o c c u r r i n g from s p r i n g to fall . 

A n a l y s i s of A v e r a g e Dif fe rences 

The ra in gage n e a r e s t the c e n t e r of the a r e a 
in each ne twork was des igna ted as the c o m p a r i s o n 
g a g e . F o r each s t o r m on each ne twork , d i f fe rences 
w e r e ca lcu la ted be tween the total s t o r m ra infa l l 
a t the c o m p a r i s o n gage and that r e c o r d e d at each 
of the o the r ne twork g a g e s . The da ta w e r e f i r s t 
g rouped acco rd ing to d i s t ance from the c o m p a r i 
son gage . At each d i s t a n c e , the d i f f e rences be tween 
the va r ious ne twork gages and the c o m p a r i s o n 
gage w e r e fu r the r grouped in c l a s s i n t e r v a l s a c 
co rd ing to point ra infa l l amounts ( s t o r m size) a t 
the c o m p a r i s o n gage . 

Graph ica l p lots of the grouped da t a ind ica ted 
one of the two following gene ra l equa t ions would 
p rov ide the be s t data fit: 

Log E = k + 1 Log P + m Log D (1) 

Log E = k + 1 P n + m Log D (2) 

In Equat ions (1) and (2), E r e p r e s e n t s the a v e r a g e 
d i f fe rence be tween the tota l s t o r m ra infa l l a t the 
c o m p a r i s o n gage and at points loca ted at d i s t a n c e 
D f rom the c o m p a r i s o n gage , when the point r a i n 
fall r e c o r d e d at the c o m p a r i s o n gage is P. The 
r e g r e s s i o n cons tan t s a r e r e p r e s e n t e d by k, 1, m 
and n. 

The data f rom both ne tworks w e r e then com
bined to obtain the e m p i r i c a l e x p r e s s i o n s : 

Log E = -0 .796 + 0.49 L o g P + 0 . 3 2 Log D (3) 

Log E = -1.359 + 0.51 P 0 5 + 0.31 Log D(4) 

w h e r e E and P a r e in inches and D is in m i l e s . 

Confidence L i m i t s 

F o r p r a c t i c a l appl ica t ion , an e s t i m a t e of s t o r m 
ra in fa l l at s o m e point at a d i s t a n c e D f rom the 
c o m p a r i s o n gage is m o r e useful i f an i n t e r v a l or 
r a n g e about the e s t i m a t e can be d e t e r m i n e d with 
s o m e m e a s u r e of confidence that the e s t i m a t e 
is within th is r a n g e . The 95 p e r cent confidence 
bands a r e f requent ly used for th is p u r p o s e . To 
e s t a b l i s h confidence l i m i t s , an e s t i m a t e of the 
s amp l ing s t a n d a r d deviat ion i s r e q u i r e d . Con
sequen t ly , e x p r e s s i o n s for an e s t i m a t e of the s t an 
d a r d devia t ions of the d i f fe rences be tween the 
c o m p a r i s o n gage ra infal l and that o c c u r r i n g at 
v a r i o u s d i s t a n c e s f rom the c o m p a r i s o n gage w e r e 
obta ined f rom the s a m e data used in de r iv ing 
E q u a t i o n s (3) and (4). The e x p r e s s i o n s obta ined a r e 

Log s = -0 .398 + 0.49 Log P + 0.32 Log D (5) 

Log s = -0 .961 + 0.51 P0.5 + 0.31 Log D (6) 

The 95 p e r cent confidence b a n d s for P w e r e e s 
t i m a t e d by taking two t i m e s the s t a n d a r d devia t ion 
and adding and sub t r ac t i ng f rom the c o r r e s p o n d i n g 
value of P. 

Equa t ion C o m p a r i s o n s 

Mult iple c o r r e l a t i o n coeff ic ients of 0.74 and 
0.78 w e r e obtained f rom Equa t ions (3) and (4), 
r e s p e c t i v e l y . T h e s e c o r r e l a t i o n coeff ic ients indi
ca t e t h e r e is l i t t le di f ference in the goodness of 
fit p rov ided by t h e s e two equa t ions . Graph ica l 
p lo t s of the grouped data ind ica ted that Equat ion 
(4) gives a somewha t b e t t e r fit at high and low 
v a l u e s of P, while Equat ion (3) fits b e s t at the in
t e r m e d i a t e va lues of P. 

A c o m p a r i s o n is given in Tab le 8 of the E va lues 
obta ined for v a r i o u s P values at a d i s t a n c e (D) of 
five m i l e s . Only s m a l l d i f fe rences in E a r e ob
ta ined f rom the two e m p i r i c a l equa t ions below P 
v a l u e s of t h r e e i n c h e s . Above t h r e e i n c h e s , Equa 
t ion (4) p r o d u c e s app rec i ab ly h igher va lues of E 
than Equat ion (3). However , only a s m a l l por t ion 
of the point ra infa l l o b s e r v a t i o n s f rom which the 
e m p i r i c a l equa t ions w e r e d e r i v e d exceeded t h r e e 
i n c h e s . 

TABLE 8 

COMPARISONS BETWEEN EQUATIONS (3) AND (4) 

E (in.) at 5 Mi. 
P (in.) Eq. (3) Eq. (4) 

0.10 0.08 0.10 
0.25 0.14 0.13 
0.50 0.19 0 17 
1.00 0.27 0.23 
2.00 0.38 0 38 
3.00 0.45 0.55 
5.00 0.59 1.00 

F r o m the hydro log ic s tandpoint , a t l e a s t , the 
v a r i a t i o n of ra infal l with d i s t a n c e in heavy s t o r m s 
is usua l ly of g r e a t e r i n t e r e s t than ra infa l l v a r i a 
t ions in light s t o r m s . Since Equa t ions (3) and (4) 
p r e d i c t s ignif icant ly different va lues of E above P 
va lues of t h r e e i n c h e s , an effort was m a d e to de-
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t e r m i n e which equat ion a p p e a r s mos t app l i cab le 
at high va lues of P. Although the data used in the 
study indica ted Equa t ion (4) p rov ided a b e t t e r fit 
at the high P v a l u e s , i t was d e s i r e d to fu r the r t e s t 
the r e l a t i o n with independent d a t a . 

F o r t h i s p u r p o s e , data w e r e used f rom two 
unusua l ly heavy I l l inois s t o r m s : the July 9 , 1951 
s t o r m i n Nor th C e n t r a l I l l i n o i s , ( 1 2 ) a n d the 
Ju ly 18-19 , 1952 s t o r m in Rockford and v ic in i ty . ( 1 3 ) 

The Wate r Survey conducted ex tens ive field s u r 
veys following t h e s e s t o r m s which p rov ided 
adequa te ra in fa l l data for c o n s t r u c t i n g de t a i l ed 
i sohye t a l m a p s . A r e c t a n g u l a r g r id ove r l ay was used 
with the i sohye t a l maps f rom these two s t o r m s to 
obtain da ta on ra infa l l v a r i a t i o n s with d i s t a n c e . 
E a c h 3 -mi l e i n t e rva l on the g r i d ove r l ay was con
s i d e r e d an o b s e r v a t i o n point and rainfal l d i f f e r ences 
w e r e obtained f r o m the unde r ly ing i sohye ta l m a p 
at d i s t a n c e s of t h r e e , s ix , and nine m i l e s f r o m 
each o b s e r v a t i o n point in each of four d i r e c t i o n s -
n o r t h , e a s t , south and wes t . T h i s method p roduced 
a total of 760 o b s e r v a t i o n s in the two s t o r m s . 
Poin t ra infal l va lues a t the o b s e r v a t i o n poin ts 
ranged f rom 2.0 to 10.6 i n c h e s . Equa t i ons (3 ) 
and (4) w e r e then tes ted by d e t e r m i n i n g how m a n y 
of the 760 o b s e r v a t i o n s fell within the 95 p e r cent 
confidence bands for each equa t ion . It was found 
that 94 p e r cent of t he se o b s e r v a t i o n s fell within 
the 95 p e r cent confidence bands of Equa t ion (4) 
c o m p a r e d to 80 p e r cent for Equat ion (3) . T h e s e 
r e s u l t s ind ica te that Equa t ion (4) i s m o r e r e l i a b l e 
for p r ed i c t i ng d i f f e rences in point ra infa l l with 
d i s t a n c e in heavy s t o r m s , as sugges ted e a r l i e r by 
g r aph i ca l p lots of the o r ig ina l da ta upon which the 
two e m p i r i c a l equa t ions w e r e b a s e d . 

FIGURE 31 VARIATION OF POINT RAINFALL WITH DISTANCE 

FIGURE 32 95 PER CENT CONFIDENCE RANGE FOR VARIATION 
OF POINT RAINFALL WITH DISTANCE 

A graph de r ived f rom Equa t ion (4) for p red i c t i ng 
the a v e r a g e d i f fe rence in s t o r m ra infa l l be tween 
points a t v a r i o u s d i s t a n c e s i s given in F i g u r e 31 . 
The 9 5 p e r cent c o n f i d e n c e b a n d s , b a s e d upon 
Equat ion (6) , for s e l ec t ed va lues of D a r e p r e 
sented in F i g u r e 32. The g r e a t v a r i a b i l i t y in s h o w e r -
type ra in fa l l i s well i l l u s t r a t e d in F i g u r e 32. F o r 
e x a m p l e , within a d i s t a n c e of one m i l e f rom a gage 
r e c o r d i n g a ra infal l of one inch, d i f f e rences up to 
0.35 inch or 35 per cent a r e ind ica ted by the 95 p e r 
cent l i m i t s ; at five m i l e s , d i f f e rences up to 0.55 
inch o c c u r ; and at 10 m i l e s , d i f fe rences r e a c h 
0.70 inch. 

C o n s i d e r a t i o n of Addit ional V a r i a b l e s 

In an e a r l i e r , l imi t ed study us ing data for 33 
s t o r m s o v e r the Goose C r e e k ne twork du r ing 
1953 ( 1 4 ) a n a l y s i s was p e r f o r m e d to d e t e r m i n e if a 
m o r e efficient equat ion migh t be obtained by s u b 
s t i tu t ing o t h e r independent v a r i a b l e s into Equa t ion 
(1) in addi t ion to P and D. The da ta had not been 
fitted to Equa t ion (2) at the t ime of this a n a l y s i s . 

The only p r a c t i c a l v a r i a b l e s which can be used 
in an e x p r e s s i o n such as Equat ion (1) a r e those 
which can be read f rom the r a i n - g a g e c h a r t a t the 
o b s e r v a t i o n gage . I t was r e a s o n e d that c o n s i d e r a 
tion of s t o r m dura t ion (T) , m e a n r a t e of ra infa l l 
(Ra) , and m a x i m u m ra t e of ra infa l l (Rm) migh t 
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improve the prediction efficiency of expressions 
such as (3) and (5) which utilize only P and D. The 
maximum 5-minute rainfall rate for each storm 
was used to represent the maximum storm rate. 

Multiple correlation coefficients between stan
dard deviation (s) and various combinations of P, 
D, T, Ra, and Rm were computed to determine 
whether the correlation would improve from con
sideration of the three additional variables. The 
various coefficients are shown in Table 9. The 
squares of the coefficients, expressed in per cent, 
are also shown. These values indicate the relative 
efficiency of the various combinations of inde
pendent variables. 

The results presented in Table 9 indicate that 
the three additional variables are about equal in 
efficiency. Since the product of RaandTis equiva
lent to P, their use as variables in an expression 
already containing P appeared doubtful. However, 
to more thoroughly explore the problem, tests 
involving these two variables in conjunction with P 
were made. Table 9 shows that including Ra and T 
with P increased the efficiency by only eight per 
cent (42 to 50). The same efficiency was obtained 
by using Ra and T without P (last line of Table 9). 
Using T, Ra and R m i n c o n j u n c t i o n w i t h P a n d D 
i n c r e a s e d t h e p r e d i c t i o n e f f i c i e n c y b y o n l y 1 0 p e r 
c e n t . 

C o n s i d e r i n g t h e r e l a t i v e l y s m a l l i m p r o v e m e n t , 
i n e f f i c i e n c y s h o w n b y t h e m o r e c o m p l e x e x p r e s 
s i o n s a n d t h e a d d i t i o n a l w o r k i n v o l v e d i n g e t t i n g 
d a t a t o u s e w i t h t h e m , E x p r e s s i o n s (3) t o (6) a p p e a r 
m o r e p r a c t i c a l f o r p r e d i c t i o n p u r p o s e s . U n d o u b t e d 
l y t h e r e a r e o t h e r f a c t o r s w h i c h w o u l d b e u s e f u l i n 
i n c r e a s i n g t h e e f f i c i e n c y o f E q u a t i o n s (3) t o ( 6 ) . 
A n i m p o r t a n t f a c t o r , f o r i n s t a n c e , i s t h e s t o r m 
p a t h w i t h r e f e r e n c e t o t h e l o c a t i o n o f t h e m e a s u r e 
m e n t g a g e . H o w e v e r , i t i s i m p o s s i b l e t o e s t i m a t e 
t h e s t o r m p a t h f r o m a s i n g l e g a g e , a n d o n l y f a c t o r s 
w h i c h c o u l d b e o b t a i n e d f r o m a s i n g l e r e c o r d i n g g a g e 
w e r e i n v e s t i g a t e d i n t h i s s t u d y . 

TABLE 9 

MULTIPLE CORRELATION COEFFICIENTS 

Independent Multiple 
Var iab les Corre la t ion (C) C2 (% ) 

P D 0.65 42 
PDR m 0.71 50 
PDT 0.70 49 
PDR a 0.70 49 
PDRm T 0.71 50 
PDRm Ra 0.71 50 
P D T R a 0.71 50 
PDRm TR a 0.72 52 
DTR 0.71 50 

a 
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AREAL REPRESENTATIVENESS OF 
POINT RAINFALL 

In t roduct ion 

The a c c u r a c y with which a point ra infa l l m e a s 
u r e m e n t r e p r e s e n t s the m e a n ra infal l for a r e a s of 
v a r y i n g s i z e s in the vicini ty of the point o b s e r v a 
t ion is pe r t inen t to the des ign of r a i n - g a g e ne tworks 
for v a r i o u s p u r p o s e s and in the i n t e r p r e t a t i o n of 
d a t a f rom ex i s t ing n e t w o r k s . In format ion r e g a r d i n g 
the r e l a t ion be tween point rainfal l and a r e a l m e a n 
s t o r m rainfal l i s e s p e c i a l l y appl icable to hydro lo -
gic p r o b l e m s . 

The l ack of c o n c e n t r a t e d r a i n - g a g e ne tworks 
o v e r a r e a s o f v a r i o u s s i z e , which a r e n e c e s s a r y 
for de r iv ing p o i n t - a r e a l m e a n r e l a t i o n s , has in the 
p a s t l imi ted deve lopmen t of e m p i r i c a l r e l a t i o n s . 
S o m e l imi ted da ta for a r e a s of 375, 1500 and 8000 
s q u a r e m i l e s have been provided by the U.S. 
W e a t h e r B u r e a u . ( 8 ) 

As a p a r t i a l solut ion to the above p r o b l e m , 
ra in fa l l data co l l ec ted on s e v e r a l c o n c e n t r a t e d 
n e t w o r k s in c e n t r a l I l l inois have been ut i l ized to 
d e r i v e e m p i r i c a l r e l a t i ons be tween point and a r e a l 
m e a n ra infal l for a r e a s ranging f rom 0.03 to 400 
s q u a r e m i l e s . Point ra infa l l was m e a s u r e d a t the 
c e n t e r of each a r e a and e m p i r i c a l equa t ions d e v e l 
oped for s t o r m , weekly , and month ly p e r i o d s . In 
addi t ion , s t o r m da ta for a r e a s of 10 to 100 s q u a r e 
m i l e s were used to obtain an e m p i r i c a l r e l a t i on 
b e t w e e n point and a r e a l m e a n ra infa l l for condi 
t ions when the point ra infa l l is m e a s u r e d at a gage 
d i s p l a c e d f rom the a r e a l c e n t e r by v a r i o u s d i s t a n c e s . 

Ava i l ab le Data 

Data used in th is study were co l lec ted on the 
n e t w o r k s i l l u s t r a t e d i n F i g u r e s 2 - 8 , c o m p r i s i n g 
a r e a s ranging f rom 0.03 to 400 s q u a r e m i l e s . 
In addi t ion, the Goose C r e e k and P a n t h e r C r e e k 

FIGURE 33 25, 50 AND 100 SQUARE MILE AREAS, GOOSE CREEK 1954 

n e t w o r k s were subdivided to p rov ide data for 
a r e a s of 10, 25, and 50 s q u a r e m i l e s . The v a r i o u s 
n e t w o r k s provided da ta for nine a r e a l s i z e s f rom 
which a tota l of 1900 s t o r m o b s e r v a t i o n s w e r e 
ava i l ab l e for de r iva t i on of e m p i r i c a l r e l a t i o n s . The 
s amp l ing s c h e m e i s i l l u s t r a t e d in F i g u r e 33, us ing 
the 1954 Goose C r e e k network . 

All data used in the study w e r e co l l ec ted dur ing 
s p r i n g , s u m m e r , and ea r ly fal l ; consequen t ly , the 
deve loped r e l a t i ons a r e mos t app l i cab le to s h o w e r -
type r a i n f a l l . While the r e s u l t s a r e b a s e d o n 
I l l inois da ta , they should be a p p r o x i m a t e l y r e p r e 
sen ta t ive for the Midwes t , in g e n e r a l , and for o t h e r 
a r e a s having s i m i l a r c l i m a t e and topography . 

A c c u r a c y of A r e a l Rainfal l E s t i m a t e s F r o m a 
C e n t e r e d Gage 

A v e r a g e E r r o r . Var ious g r a p h i c a l p lots w e r e 
m a d e of data for each a r e a l s i z e , r e l a t i n g point 
r a in fa l l at the c e n t e r of each a r e a to the d i f ference 
be tween the point obse rva t ion and the a r e a l m e a n 
ra in fa l l as m e a s u r e d by al l gages within that 
p a r t i c u l a r a r e a . Inspec t ion of t h e s e g r aph i ca l p lots 
ind ica ted that one of the following g e n e r a l equa
t ions would fit the data bes t : 

Log E = k + 1 Log P (1) 

Log E = k + 1 P m (2) 

In t he se e x p r e s s i o n s , P is the point ra infa l l for 
e i t h e r the s t o r m , weekly , o r month ly o b s e r v a t i o n 
at the c e n t e r of a given a r e a ; E r e p r e s e n t s the 
d i f fe rence be tween point and a r e a l m e a n ra infal l 
in the given a r e a ; and k, 1 and m a r e r e g r e s s i o n 
c o n s t a n t s . Values for k and 1 for s t o r m , weekly , 
and monthly ra infa l l a r e shown in T a b l e 10 for 
e ach ne twork b a s e d on Equat ion (1). 

TABLE 10 

REGRESSION CONSTANTS FOR STORM, WEEKLY AND 
MONTHLY EQUATIONS ON VARIOUS AREAS 

Area Storm Weekly Monthly 
(sq. mi.) k 1 k J k 1 

0.03 -2.155 0.46 -2.097 0.61 -2.301 0.72 
0.60 -1.538 0.46 -1.469 0.61 -1.347 0.38 
4 -1.377 0.47 -1.260 0.73 -1.252 0.86 
10 -1.377 0.36 -1.229 0.62 -1.268 0.84 
25 -1.222 0.52 -1.051 0.68 -1.252 0.78 
50 -1.167 0.51 -1.060 0.78 -1.174 0.80 
100 -1.131 0.50 -1.065 0.66 -1.131 0.74 
280 -0.914 0.45 -0.783 0.69   
400 -0.932 0.53     

The va lues of 1 va ry at r a n d o m , w h e r e a s the 
k v a l u e s show an i n c r e a s i n g t r e n d with a r e a . Con
sequen t ly , i t was felt that the da ta f rom a l l ne tworks 
could be combined into a s ingle e x p r e s s i o n of the 
f o r m : 

Log E = k1 + l1 Log P + n Log A (3) 

r e l a t i n g the m e a s u r e m e n t e r r o r o f a r e a l m e a n 
ra in fa l l to the point ra infa l l (P) r e c o r d e d a t the 
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FIGURE 34 STORM RELATION BETWEEN POINT AND AREAL MEAN RAINFALL BASED ON AVERAGE DEVIATIONS 

FIGURE 35 WEEKLY RELATION BETWEEN POINT AND AREAL MEAN RAINFALL BASED ON AVERAGE DEVIATIONS 
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FIGURE 36 MONTHLY RELATION BETWEEN POINT AND AREAL MEAN RAINFALL BASED ON INDIVIDUAL DEVIATIONS 

c e n t e r of the a r e a and to the s ize of the a r e a (A). 
The c o n s t a n t s k1 , 11 , and n were d e t e r m i n e d by the 
m e t h o d of l e a s t s q u a r e s , and the following e m p i r i 
ca l equa t ions for s t o r m , weekly , and monthly r a i n 
fall w e r e obta ined. 

(10) a n d a r e p r e s e n t e d i n T a b l e 1 1 . T h e s e c o r r e 
l a t i o n c o e f f i c i e n t s i n d i c a t e t h e r e i s n o s i g n i f i c a n t 
d i f f e r e n c e i n t h e g o o d n e s s o f fi t p r o v i d e d b y E q u a 
t i o n s (3) a n d ( 7 ) . T h e s m a l l e r c o r r e l a t i o n c o e f f i c i e n t 
o b t a i n e d w i t h t h e m o n t h l y d a t a i s d u e p r i m a r i l y t o 
t h e f a c t t h a t a n a l y s i s w a s p e r f o r m e d o n u n g r o u p e d 
d a t a , w h e r e a s t h e s t o r m a n d w e e k l y a n a l y s e s w e r e 
p e r f o r m e d o n g r o u p e d d a t a . T h e n u m b e r o f i n d i v i d 
u a l m o n t h l y o b s e r v a t i o n s d i d no t p e r m i t g r o u p i n g . 
T h e r e w e r e o n l y 2 5 5 m o n t h l y v a l u e s c o m p a r e d t o 
6 6 3 w e e k l y t o t a l s a n d 1900 s t o r m o b s e r v a t i o n s . 

G r a p h i c a l p l o t s o f t h e g r o u p e d d a t a u s e d i n 
E q u a t i o n s ( 4 ) , ( 5 ) , ( 8 ) , a n d (9) i n d i c a t e d t h a t E q u a 
t i o n s (8) a n d (9) p r o v i d e a s o m e w h a t b e t t e r fit a t 
h i g h a n d low v a l u e s o f P . A s i m i l a r o c c u r r e n c e 
w a s n o t e d b e t w e e n t h e s e t w o g e n e r a l t y p e s o f 
e q u a t i o n s i n t h e s t u d y o f t h e v a r i a t i o n o f p o i n t 
r a i n f a l l w i t h d i s t a n c e d i s c u s s e d i n t h e p r e v i o u s 
s e c t i o n o f t h i s b u l l e t i n . 

TABLE 11 

MULTIPLE CORRELATION COEFFICIENTS 

Equation Corre la t ion Rainfall 
Number Coefficient Type 

(4) 0.89 Storm 
(8) 0.90 Storm 
(5) 0.85 Weekly 
(9) 0.85 Weekly 
(6) 0.62 Monthly 

(10) 0.60 Monthly 

Log E = -1 .341 + 0.50 Log P +0 .29 Log A 
(Storm) (4) 

Log E = -1 .285 + 0.58 Log P + 0.20 Log A 
(Weekly) (5) 

Log E = -1.559 + 0.71 Log P +0 .26 Log A 
(Monthly) (6) 

Log E = -2 .011 + 0.54 P0.5 + 0.29 Log A 

Log E = -1 .853 + 0.51 
(Storm) 

P0.5 + 0.18 Log A 
(8) 

Log E = -1 .889 + 0.37 
(Weekly) 

P0.5 + 0.25 Log A 
(9) 

(Monthly) (10) 

F o r c o m p a r i s o n p u r p o s e s , the da ta w e r e next 
fi t ted to an e x p r e s s i o n of the form: 

Log E = k 2 + 1 2 P m + n1 Log A (7) 

in which E, P, and A r e p r e s e n t the s a m e quan t i t i e s 
as in Equa t ion (3), and k 2 , l 2 , m , and n 1 a r e again 
r e g r e s s i o n c o n s t a n t s . The r e s u l t i n g e m p i r i c a l 
equa t ions a r e : 

Mult iple c o r r e l a t i o n coefficients w e r e then 
d e t e r m i n e d for Equa t ions (4), (5), (6) , (8), (9) , and 



38 

A c o m p a r i s o n of the E va lues obtained for v a r i 
ous P va lues f rom Equa t ions (4) and (8) for s t o r m 
ra infa l l on an a r e a of 100 s q u a r e mi l e s is p r e s e n t e d 
in Tab le 12. Only s m a l l d i f f e rences in E a r e ob
ta ined f rom the two e m p i r i c a l equat ions below P 
va lues of t h r e e i n c h e s . Above t h r e e i n c h e s , Equa
tion (8) p r o d u c e s a p p r e c i a b l y h igher va lues of E 
than E q u a t i o n (4). A s men t ioned p r e v i o u s l y , 
i nd ica t ions a r e that e m p i r i c a l equat ions d e r i v e d 
f rom E x p r e s s i o n (7) fit heavy rainfal l da ta b e t t e r . 
Since heavy ra infal l is of p r i m e i n t e r e s t to the 
hyd ro log i s t , fu r the r a n a l y t i c a l efforts have been 
c o n c e n t r a t e d on th is f o r m of equat ion. Equa t ions 
(8), (9) and (10) a r e r e p r e s e n t e d g r aph i ca l l y in 
F i g u r e s 34, 35, and 36. 

TABLE 12 

COMPARISONS BETWEEN EQUATIONS (4) AND (8) 

E (in.) for 100 Square 
Mile Area 

P (i".) Eq. (4) Eg. (8) 

0.10 0.04 0.06 
0.25 0.07 0.07 
0.50 0.10 0.09 
1.00 0.14 0.13 
2.00 0.20 0.22 
3.00 0.25 0.32 
5.00 0.32 0.60 

A c o m p a r i s o n of E va lues obtained f rom the 
s t o r m , weekly and month ly equat ions is shown in 
Table 13. As expec ted , a l l t h r e e equa t ions show 
that the a v e r a g e d i f f e rence be tween point and a r e a l 
m e a n ra in fa l l (E) i n c r e a s e s a s the s t o r m s i z e , r e 
p r e s e n t e d by the point m e a s u r e m e n t a t the a r e a l 
c e n t e r , i n c r e a s e s . F o r a point ra infal l m e a s u r e 
men t of a given m a g n i t u d e , a t r end ex i s t s for E to 
d e c r e a s e with i n c r e a s i n g sampl ing t ime a s r e p r e 

sen ted by s t o r m , weekly and monthly v a l u e s . T h i s 
t r e n d b e c o m e s m o r e p ronounced a s the point r a i n 
fall a t the a r e a l c e n t e r i n c r e a s e s . I t would a p p e a r , 
t h e r e f o r e , that a c e n t e r e d gage m e a s u r e s a r e a l 
m e a n ra in fa l l with an i n c r e a s i n g d e g r e e of a c c u r a 
cy as the s a m p l i n g p e r i o d i n c r e a s e s . Such a t r e n d 
is to be expec ted . The weekly ra infa l l i s u sua l ly 
the r e s u l t of s e v e r a l s t o r m s and the mon th ly to ta l 
o r d i n a r i l y conta ins m o r e s t o r m s than the week ly 
to ta l . In the a b s e n c e of s ignif icant t opograph ic or 
c l ima t i c f e a t u r e s , the a r e a l d i s t r i bu t ion of r a i n 
fall will t end to b e c o m e m o r e uni form as the n u m 
b e r o f s t o r m s i n c r e a s e s , b e c a u s e indiv idual s t o r m s 
tend to t r a v e l in v a r i o u s paths a c r o s s a g iven 
a r e a . 

TABLE 13 

COMPARISON BETWEEN STORM, WEEKLY AND 
MONTHLY RELATIONS 

Av. Difference (in.) Between Point and 
Point Mean Rainfall for 100-Square Mile Area 

Rainfall (in.) Storm Weekly Monthly 
0.25 0.07 0.06 0.06 
1.00 0.13 0.10 0.10 
2.00 0.22 0.17 0.14 
4.00 0.45 0.34 0.22 

Conf idence L i m i t s . An e s t i m a t e , P , o f the 
a r e a l m e a n ra infa l l b e c o m e s m o r e meaningfu l 
when s o m e m e a s u r e i s m a d e o f the p o s s i b l e e r r o r 
in the e s t i m a t e . I t i s d e s i r a b l e to d e t e r m i n e an 
i n t e r v a l about P with s o m e m e a s u r e of conf idence 
that the a r e a l m e a n i s in that i n t e r v a l . To e s t a b 
l i sh conf idence l i m i t s , an e s t i m a t e of the s a m p l i n g 
s t a n d a r d e r r o r was r e q u i r e d . Th i s was m a d e f r o m 
14 g ro u p s of s t o r m s having about the s a m e P 
v a l u e s . T h e s e c l a s s e s , e x p r e s s e d i n i n c h e s , a r e 
shown in T a b l e 14 A s t a n d a r d devia t ion was c o m 
puted for each of the c l a s s i n t e r v a l s in Tab le 14. 
The c o n s t a n t s k, 1, m and n w e r e aga in d e t e r -

FIGURE 37 STORM RELATION BETWEEN POINT AND AREAL MEAN RAINFALL BASED ON STANDARD ERRORS 
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FIGURE 38 WEEKLY RELATION BETWEEN POINT AND AREAL MEAN RAINFALL BASED ON STANDARD ERRORS 

mined for equat ions of the f o r m r e p r e s e n t e d by 
E x p r e s s i o n (7). The r e s u l t i n g equat ions for s t o r m 
and weekly rainfal l a r e : 

Log s = -1 .843 + 0.48 P0.5 + 0.27 Log A 
(S to rm) (11) 

Log s = -1 .731 + 0.46 P0.5 + 0.19 Log A 
(Weekly) (12) 

In t he se equa t ions , s ( inches ) r e p r e s e n t s the 
b e s t e s t i m a t e of the s t a n d a r d e r r o r , P ( inches) 
r e p r e s e n t s the' m id -po in t of the c l a s s i n t e r v a l s , 
and A r e p r e s e n t s the a r e a in s q u a r e m i l e s . Mul t i 
ple c o r r e l a t i o n coeff icients for Equa t ions (11) and 
(12) w e r e 0.85 and 0.82, r e s p e c t i v e l y . F i g u r e s 37 
and 38 show a g raph ica l r e l a t i o n be tween A and s 
for s e v e r a l P va lues for s t o r m and weekly r a in fa l l . 
An insuff icient n u m b e r of mon th ly to t a l s p r even t ed 
the d e t e r m i n a t i o n of a month ly r e l a t i o n s h i p . 

The 9 5 p e r cent conf idence l imi t s for s t o r m and 
weekly a r e a l m e a n rainfal l w e r e e s t i m a t e d by c o m 
puting p ± 2 s f rom Equa t ions (11) and (12). The 
r e s u l t i n g l i m i t s a r e p r e s e n t e d for s e v e r a l va lues 
of A in F i g u r e s 39 and 40. O t h e r confidence l i m i t s 
may be d e t e r m i n e d i f d e s i r e d . F o r e x a m p l e 70, 
80, 90 and 99 pe r cent conf idence l im i t s for s t o r m 

TABLE 14 

STORM GROUPS (IN.) USED IN STANDARD 
ERROR COMPUTATIONS 

0.01-0.10 0.41-0.50 0.81-0.90 2.01-3.00 
0.11-0.20 0.51-0.60 0.91-1.00 3.01-4.00 
0.21-0.30 0.61-0.70 1.01-1.50 
0.31-0.40 0.71-0.80 1.51-2.00 

and weekly a r e a l m e a n ra infa l l m a y be e s t i m a t e d 
by mul t ip ly ing s f rom Equa t ions (11) and (12) by 
1.05, 1.30, 1.67 and 2.66, r e s p e c t i v e l y , and adding 
and s u b t r a c t i n g f rom P . 

A r e a l Rainfal l E s t i m a t e s f rom an Off-
C e n t e r Gage 

F r e q u e n t l y , r a i n gages a r e not loca ted a t o r 
n e a r the c e n t e r of the a r e a of i n t e r e s t . The n e a r 
est gage m a y even be ou t s ide the boundary of the 
a r e a . It is logical to expect that a r a i n gage which 
is loca ted at a d i s t a n c e f rom the a r e a l c e n t e r will 
on the a v e r a g e give a l e s s a c c u r a t e e s t i m a t e of the 
a r e a l m e a n than a gage loca ted at the c e n t e r . The 
following p a r a g r a p h s s u m m a r i z e an ana ly s i s to 
d e t e r m i n e the a c c u r a c y o f s t o r m a r e a l m e a n r a i n 
fall e s t i m a t e s f rom gages loca ted a t v a r i o u s d i s 
t ances f r o m the c e n t e r of s e v e r a l a r e a s of d i f fe r 
ent s i z e s . 

Data f r o m a r e a s of 10, 25, 50, and 100 s q u a r e 
m i l e s w e r e ana lyzed . Ana lys i s t echniques w e r e 
s i m i l a r to those used in c o m p a r i n g a r e a l m e a n 
ra infal l with the ra infa l l amount obtained f r o m a 
c e n t r a l l y - l o c a t e d gage . An examina t ion of g r a p h i 
cal plots of the data ind ica ted that an e x p r e s s i o n 
of the f o r m 

Log E = a + b P c + d Log A + e Log D (13) 

followed the t r end of the data s a t i s f a c t o r i l y . In th is 
e x p r e s s i o n , E r e p r e s e n t s the a v e r a g e of the d i f fer 
e n c e s , A is the ne twork a r e a , D is d i s t ance f rom 
the a r e a l c e n t e r , ' P r e p r e s e n t s ra infa l l amoun t s a t 
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FIGURE 39 95 PER CENT CONFIDENCE RANGE FOR STORM RAINFALL 
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FIGURE 40 95 PER CENT CONFIDENCE RANGE FOR WEEKLY RAINFALL 

the observation gage; a, b, c, d, and e are regres 
sion constants. 

The equation obtained by fitting Expression 
(13) to the data is: 

Log E = -1.411 + 0.51 P 0 . 5 

-0.01 Log A + 0.37 Log D (14) 

In this equation E and P are in inches, A is in 
square miles and D is in miles . The relation is 
i l lustrated for an area of 100 square miles in 
Figure 41. 

Within the limits of the data used, the magni
tude of the coefficient of Log A suggests that a rea 
was not an important variable in the analysis. This 
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FIGURE 41 EFFECT OF GAGE LOCATION ON SINGLE GAGE 
ESTIMATES OF MEAN RAINFALL ON 100 SQUARE MILE AREA 

r e s u l t i s r a t h e r difficult t o r a t i o n a l i z e . H o w e v e r , 
i t m a y be due to the fact that a gage loca ted at any 
given d i s t a n c e f r o m the c e n t e r of two a r e a s of dif
f e ren t s i z e is r e l a t i v e l y c l o s e r to the c e n t e r of the 
l a r g e r a r e a . Consequen t ly , the gage m a y be in an 
equal ly good pos i t ion for s a m p l i n g the m e a n r a i n 
fall in both a r e a s . 

An e m p i r i c a l equat ion for the s t a n d a r d d e v i a 
t ion was d e t e r m i n e d for use in e s t i m a t i n g conf idence 
l i m i t s . Th i s equa t ion i s : 

Log s = -1 .179 + 0.41 P0.5 

- 0.01 Log A + 0.30 Log D (15) 

w h e r e s is in i n c h e s and P, A, and D have the s a m e 
def ini t ion and uni t s of m e a s u r e m e n t as they had in 
Equa t ion (14). The 95 p e r cent confidence l i m i t s 
for v a r i o u s va lues of P, A, and D m a y be c o m 
puted f r o m P ± Z s. 

Since A c o n t r i b u t e s v e r y l i t t le to the value of E 
and s in Equa t ions (14) and (15), the a r e a v a r i a b l e 
could be omi t t ed without s ignif icant e r r o r wi th in 
the l i m i t s of a r e a t e s t e d in t h i s study. T h e s e equa 
t ions would then be of the s a m e form as Equa t ions 
(4) and (6) in the v a r i a t i o n of ra infa l l wi th d i s t a n c e 
study d i s c u s s e d in the p r e v i o u s sec t ion of th is 
bu l l e t in . The coeff icient of P0 . 5 is the s a m e and 
the coefficient of Log D n e a r l y equal in both s t u d i e s . 
T h e s e r e s u l t s sugges t that the e s t i m a t o r s P and 
D give p r a c t i c a l l y the s a m e m e a s u r e m e n t e r r o r 
in both a n a l y s e s . 
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RELIABILITY OF STORM MEAN 
RAINFALL ESTIMATES 

In t roduc t ion 

In the p r e v i o u s s e c t i o n , the a c c u r a c y of a r e a l 
ra infa l l e s t i m a t e s obta ined f r o m a s ingle gage at 
or n e a r the c e n t e r of an a r e a was i nves t i ga t ed . 
However , an e s t i m a t e of a v e r a g e rainfal l m a y be 
r e q u i r e d for an a r e a on which m o r e than one gage 
o c c u r s . Consequen t ly , an a n a l y s i s was made to 
d e t e r m i n e an e s t i m a t e of both the a v e r a g e e r r o r 
and the s t a n d a r d e r r o r involved in m e a s u r i n g a r e a l 
m e a n ra infa l l by m e a n s of v a r i o u s gage d e n s i t i e s 
within s e v e r a l a r e a s of d i f fe ren t s i z e . 

Data Used 

Data f r o m the P a n t h e r C r e e k , Goose C r e e k , E l 
P a s o and e a s t c e n t r a l I l l ino is ne tworks were in 
cluded in the a n a l y s i s . Only shower and t h u n d e r 
s t o r m ra infa l l w e r e c o n s i d e r e d . The 1 0 0 - s q u a r e 
m i l e Goose C r e e k n e t w o r k was subdivided in to 
ne tworks c o m p r i s i n g 25 and 50 s q u a r e m i l e s for 
the 1952, 1953, and 1954 s e a s o n s . Two 2 0 0 - s q u a r e 
m i l e n e t w o r k s w e r e chosen ; one from the 280-
s q u a r e m i l e El P a s o n e t w o r k ( F i g . 2) o p e r a t e d in 
1948 and 1949, and the o t h e r f rom the 4 0 0 - s q u a r e 
m i l e eas t c e n t r a l I l l inois ne twork (F ig . 5) o p e r 
a ted in 1955 and 1956. T h e s e da ta p e r m i t t e d an 
a na ly s i s for a r e a s of 25 , 50, 100, 200, a n d 400 
s q u a r e m i l e s . 

Sampling P r o c e d u r e s 

More than one s a m p l i n g plan was c o n s i d e r e d 
to a s c e r t a i n the m o s t app l i cab le plan for s amp l ing 
a r e a l m e a n ra infa l l . T h r e e sampl ing plans w e r e 
t r i e d on a 1 0 0 - s q u a r e m i l e ne twork . These in
cluded the r a n d o m s t a r t , a p lan which combined 
cen t r a l l y l o c a t e d s a m p l e s with r andom s t a r t 
s a m p l e s , and a s ingle b e s t - c e n t e r e d sampl ing p lan . 

A r a n d o m sampl ing p r o c e d u r e (not used in t h i s 
study) a l lows the s e l ec t i on of gages in each s a m p l e 
to be d e t e r m i n e d e n t i r e l y by chance . A s t r a t i f i ed 
r andom s a m p l i n g plan p r o v i d e s a m o r e c o n s i s t e n t 
ly uni form d i s t r ibu t ion of gages in each s a m p l e 
than that obtained by a pu re ly r andom plan, but 
a l lows the se lec t ion of gages to be d e t e r m i n e d 
m o r e by chance than does a r andom s t a r t s a m p 
l ing plan, for e x a m p l e . Sampl ing plans which in
volve the se lec t ion of c e n t r a l l y located gages in 
cont iguous a r e a s r e q u i r e the o m i s s i o n of a c o n 
s i d e r a b l e n u m b e r of o b s e r v a t i o n s from the a n a l y 
s i s . A r a n d o m s t a r t s y s t e m a t i c sampl ing p r o c e d u r e 
p rov ides a plan for s p r e a d i n g the sample o b s e r v a 
t ions o v e r the ne twork , and a t the s a m e t i m e , 
p e r m i t s the use of da ta f rom al l gages . 

Random S t a r t . The s a m p l i n g p r o c e d u r e for the 
r andom s t a r t s y s t e m a t i c sampl ing plan can be 
i l l u s t r a t e d by r e f e r e n c e to F i g u r e 42. When the 
total n u m b e r of gages in a ne twork is 48 and it is 
d e s i r e d to take s a m p l e s of 3 g a g e s , the 48 g a g e s 
a r e divided into 16 cont iguous groups of 3 g a g e s 
each . A c c o r d i n g to the r a n d o m s t a r t plan, a s t a r t 
ing pos i t ion is s e l ec t ed in one group of gages . One 
gage in a p p r o x i m a t e l y the s a m e locat ion is a u t o 
m a t i c a l l y des igna ted in each of the o the r g roups to 
comple te the o b s e r v a t i o n s in each s a m p l e . In a 

FIGURE 42 GROUPS OF GAGES FROM WHICH 3 RANDOM START 
SYSTEMATIC SAMPLES OF SIZE 16 WERE SELECTED 

n e t w o r k of 48 g a g e s , t h e r e a r e t h r e e p o s s i b l e 
s a m p l e s of 16 which a r e t r e a t e d as having equal 
p robab i l i t y of being an ac tua l s ample of 16 g a g e s . 
O t h e r s a m p l e s i z e s may be des igna ted in a s i m i l a r 
m a n n e r . 

Combined Sampl ing P l a n . The r a n d o m s t a r t 
s amp l ing plan does not p rov ide for a s ing le gage 
s a m p l e . When the s amp le s i z e i s d e c r e a s e d to one 
gage , the r a n d o m s t a r t plan of dividing the ne t 
w o r k into g roups of cont iguous gages b e c o m e s the 
s a m e as s e l e c t i n g one obse rva t i on a t r a n d o m . The 
v a r i a n c e of these e s t i m a t e s would be equ iva len t 
to the pu re ly r andom sampl ing v a r i a n c e for s ingle 
gage s a m p l e s . T h e r e is a l s o a tendency for the 
r a n d o m s t a r t s y s t e m a t i c s ampl ing plan to a p p r o a c h 
r a n d o m sampl ing for o ther s m a l l s a m p l e s , b e c a u s e 
the s p r e a d of o b s e r v a t i o n s in each s a m p l e b e c o m e s 
l e s s un i fo rm ove r the a r e a s a s the s a m p l e s i ze d e 
c r e a s e s . T h i s f ea tu re of the r andom s t a r t plan a l 
lows s a m p l i n g e r r o r s for the s m a l l s a m p l e s i z e s 
which a r e somewha t l a r g e r than would be o b s e r v e d 
n o r m a l l y in ac tua l p r a c t i c e , for the r e a s o n that 
gages in an ope ra t i ng ne twork usua l ly a p p r o a c h 
a un i fo rm d i s t r i b u t i o n . 

When one is des igning a ne twork , each r a i n 
gage would logica l ly be p laced r e l a t i ve ly c lo se to 
the c e n t e r of the a r e a to be gaged. A c e n t r a l l y -
loca ted gaging plan should p e r m i t s amp l ing e r r o r s 
of a magn i tude l e s s than a p lan in which gage l o c a 
t ions w e r e left p a r t i a l l y or wholly to c h a n c e . Th i s 
a r g u m e n t m a y be advanced for r a n d o m s t a r t s y s 
t e m a t i c s a m p l e s i z e s of 2, 3, 4, and poss ib ly 6 and 8 
gages in 100 s q u a r e m i l e s . Consequen t ly , a s a m p 
ling plan was t r i e d which involved s a m p l e s i z e s of 
1, 2, 3, 4, 6, and 8 which were obta ined f rom a 
c e n t r a l l y loca ted plan as i l l u s t r a t e d in F i g u r e s 
43-A th rough 4 3 - F . 
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FIGURE 43 COMBINED SAMPLING PLAN FOR SAMPLES OF SIZE 1, 2, 3, 4, 6 AND 8 



4 5 

FIGURE 44 BEST-CENTERED SAMPLING PLAN FOR PANTHER CREEK NETWORK 

F o r s a m p l e s of s i z e 1 , five gages w e r e s e l e c t e d 
within 1-1 /4 mi l e s of the geograph ic cen te r of the 
ne twork to r e p r e s e n t the p o s s i b l e s a m p l e s for t h i s 
s i z e . F o r s a m p l e s of s i z e 2, 3, 4, 6, and 8 the n e t 
work was divided into 2, 3, 4, 6, and 8 s e c t i o n s , 
r e s p e c t i v e l y . Gages loca t ed n e a r the c e n t e r s of 
t he se s e c t i o n s w e r e d e s i g n a t e d a s o b s e r v a t i o n 
s t a t ions . As the s a m p l e s i z e i n c r e a s e d beyond 
eight , i t b e c a m e i m p o s s i b l e to s e l e c t s a m p l e s 
which would be m o r e c e n t r a l l y loca ted than the 
r andom s t a r t s a m p l e s . Consequen t ly , the r a n d o m 
s t a r t s y s t e m a t i c p lan was used for de s igna t ing 
s a m p l e s having m o r e than eight g a g e s . 

B e s t - C e n t e r e d . The t h i rd sampl ing plan which 
was s e l e c t e d was that defined as the one bes t s u b -

s a m p l e for each gage d e n s i t y , tha t i s , a p p r o x i 
m a t e l y a un i fo rm grid or c e n t e r e d s y s t e m a t i c 
s a m p l e . This s ampl ing p lan h a s one advan tage 
o v e r e i t h e r of the o the r two d e s c r i b e d , b e c a u s e i t 
m o r e c lose ly a p p r o a c h e s the p r a c t i c a l n e t w o r k 
d e s i g n . The b e s t - c e n t e r e d plan has the advan tage 
of p rov id ing data that a l low for e a s y c a l c u l a t i o n of 
e i t h e r the a v e r a g e o r the s t a n d a r d e r r o r o f m e a n 
ra in fa l l . However i t has the d i sadvan tage of be ing 
dependent on a s ingle sub jec t ive s e l e c t i o n of a 
b e s t s a m p l e . Th i s plan does not u t i l i ze i n f o r m a t i o n 
that was ga the red at al l the o t h e r gages of the ne t 
work excep t in the e s t i m a t i o n of the n e t w o r k a v e r 
a g e . Gage loca t ions used for th is s amp l ing plan a r e 
shown in F i g u r e s 44A th rough 44D. 
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Ana ly t i ca l P r o c e d u r e 

The m a i n p r o b l e m in the a n l y s i s was the e s t i 
m a t i o n of the t r ue v a r i a n c e of the e s t i m a t e d a v e r 
age p r e c i p i t a t i o n , P , about the t r ue a v e r a g e p r e c i 
p i ta t ion for the ne twork a r e a unde r c o n s i d e r a t i o n . 
An e s t i m a t e of th is v a r i a n c e l e ads to an expec ted 
m e a s u r e of the e r r o r involved in s a m p l i n g with 
each d i f ferent gage dens i t y . The computa t ion con
s i s t e d ma in ly of two s t e p s . The f i r s t s t ep w a s the 
d e t e r m i n a t i o n of the dev ia t ions f rom the n e t w o r k 
m e a n by the following fo rmula 

w h e r e d r e p r e s e n t s the abso lu te value of the d i f fe r 
ence be tween P , the s a m p l e m e a n ra in fa l l f r o m a 
s a m p l e of N gages , and the a r e a l m e a n ra infa l l 
b a s e d on the total n u m b e r of gages in the n e t w o r k . 

The second s t e p in d e t e r m i n i n g an e s t i m a t e of 
the e r r o r involved the fitting of a r e g r e s s i o n s y s 
t e m to the dev i a t i ons . The r e g r e s s i o n l ines p r o v i d e 
v a l u e s which a r e de s igna t ed as the e s t i m a t e of the 
e r r o r of P about A d i s c u s s i o n of the r e g r e s s i o n 
s y s t e m fol lows. 

F r o m graph ica l plots of the da ta i t was ob
s e r v e d , in g e n e r a l , tha t the devia t ion of the s a m p l e 
e s t i m a t e f rom i n c r e a s e d as P i n c r e a s e d , a l 
though t h e r e was c o n s i d e r a b l e f luctuat ion in th is 
upward t r end . A l so , the dev ia t ions g e n e r a l l y in
c r e a s e d as the n u m b e r of o b s e r v a t i o n s ( r a in gages ) 
i n the s a m p l e d e c r e a s e d . Undoubtedly , t h e r e a r e 
many o t h e r fac tors which con t r ibu te to the v a r i a 
b i l i ty of these dev ia t ions f rom s t o r m to s t o r m , 
such as the (1) m e t e o r o l o g i c a l f ac to r s c a u s i n g the 
s t o r m , (2) locat ion of the s t o r m c o r e with r e s p e c t 
to the c e n t e r of the ne twork , (3) d u r a t i o n of the 
s t o r m , and (4) r a t e of r a in fa l l . However , i t is 
difficult to e x p r e s s (1) and (2) quan t i t a t ive ly and 
P is a function of (3) and (4). 

G r a p h i c a l plots ind ica ted that the a v e r a g e 
magn i tude of the dev ia t ions was a l s o a function of 
N. M a t h e m a t i c a l e x p r e s s i o n s of the f o r m 

Log s = a + b Log P + c Log N (2) 

and 

Log s = a + b P m + c Log N (3) 

a p p e a r e d to provide the bes t fit to the d a t a . In t h e s e 
e x p r e s s i o n s , s r e p r e s e n t s the s t a n d a r d dev ia t ion 
of the abso lu te v a l u e s of d f rom E x p r e s s i o n (1). 
The goodness of fit of E x p r e s s i o n (2) was d e t e r 
m i n e d in p r e l i m i n a r y a n a l y s e s . 

R e s u l t s of Ana lys i s on 100-Square Mile Ne twork 

R a n d o m S t a r t . When E x p r e s s i o n (2) was fitted 
to the dev ia t ions obta ined by the r andom s t a r t s y s 
t e m a t i c s ampl ing p lan , the mul t ip le c o r r e l a t i o n 
coeff ic ient was 0 .52 . Although this c o r r e l a t i o n is 
s ign i f i can t , a c o r r e l a t i o n of g r e a t e r d e g r e e is 
d e s i r a b l e for p r ed i c t i ng the expec ted dev ia t ion 
be tween the s amp le and the a r e a l m e a n ra in fa l l . 

It was felt that a par t of the va r i a t i on not a c 
counted for by the r e g r e s s i o n s y s t e m was due to 

v a r i a t i o n in the d i s t r i b u t i o n of r a in fa l l over the 
n e t w o r k a m o n g s t o r m s o f s i m i l a r m e a n ra infa l l . 
A p r a c t i c a l quan t i t a t ive m e a s u r e of a r e a l ra infal l 
d i s t r i b u t i o n which can be included in E x p r e s s i o n 
(2) is difficult to obta in . It was thought that the 
d u r a t i o n of ra in fa l l migh t p a r t i a l l y r e f l e c t the a r e a l 
d i s t r i b u t i o n , s ince the d i s t r i b u t i o n of point ra infa l l 
a m o u n t s m a y depend upon the s t o r m d u r a t i o n f ac 
t o r . Consequen t ly , the du ra t ion f a c t o r , T , was 
added to E x p r e s s i o n (2) and the g o o d n e s s of fit of 
an e x p r e s s i o n of the f o r m 

Log s = a1 + b1 Log P + c1 Log N + e1 Log T (4) 

w a s d e t e r m i n e d . F i t t i ng E x p r e s s i o n (4) to the da ta 
r e s u l t e d in a m u l t i p l e c o r r e l a t i o n of 0 .53 . It is 
ev iden t that the d u r a t i o n v a r i a b l e did not s ignif i
can t ly i n c r e a s e the eff iciency in p r ed i c t i ng the 
expec ted dev ia t ion . Consequen t ly , i t w a s felt that 
adding the d u r a t i o n f ac to r to the r e g r e s s i o n s y s t e m 
did not w a r r a n t the e x t r a work involved. 

Combined Sampl ing P l a n . When E x p r e s s i o n (2) 
w a s fitted to the da t a for the d e v i a t i o n s obtained 
f r o m the combined s a m p l i n g plan, the r e su l t ing 
m u l t i p l e c o r r e l a t i o n coeff icient was 0 .70 . This in
c r e a s e in the c o r r e l a t i o n coefficient f r o m 0.52 for 
the r andom s t a r t p lan a p p a r e n t l y r e f l e c t s a gene ra l 
i n c r e a s e in s t ab i l i ty of the s a m p l e e s t i m a t e s f rom 
the m o r e un i fo rm d i s t r i b u t i o n of g a g e s for the 
s m a l l s a m p l e s i z e s . 

Another independent v a r i a b l e was then i n t r o 
duced into the p r e v i o u s r e g r e s s i o n s y s t e m i n o r d e r 
to examine m o r e thorough ly the e s t i m a t e of the 
s a m p l i n g v a r i a t i o n . An e x p r e s s i o n of the following 
f o r m 

was fitted to the d a t a , w h e r e s is the s t anda rd 
devia t ion of the e n t i r e ne twork of gage r e a d i n g s , 
e is a cons t an t , and the o t h e r s y m b o l s r e p r e s e n t 
the s a m e quan t i t i e s a s they did in p r e v i o u s d i s 
c u s s i o n s . T h e s v a r i a b l e r e p r e s e n t s the b e s t ava i l 
a b l e e s t i m a t e of v a r i a t i o n in the a r e a l p r e c i p i t a 
t ion pa t t e rn . The s a m p l i n g e r r o r for v a r i o u s s a m 
p le s i z e s should depend c o n s i d e r a b l y upon the 
v a r i a b i l i t y of the p r e c i p i t a t i o n p a t t e r n . When E x 
p r e s s i o n (5) was fi t ted to the data the mul t ip le 
c o r r e l a t i o n was i n c r e a s e d f rom 0.70 to 0.84. The 
s i m p l e c o r r e l a t i o n coeff ic ients be tween log s and 
log P , log N , and l o g w e r e 0.40, 0 .58 and 0 .65 , 
r e s p e c t i v e l y .  

F r o m the p r e c e d i n g c o r r e l a t i o n coeff ic ients i t 
i s evident that the expec ted s a m p l i n g e r r o r i s 
h ighly dependent upon the va r i a t i on in ra infa l l , as 
m e a s u r e d by the s t a n d a r d devia t ion of a r e l a t ive ly 
d e n s e ne twork of r a i n g a g e s . I t i s a l s o evident , as 
would be expec t ed , that the s amp l ing e r r o r has a 
h i g h e r d e g r e e of c o r r e l a t i o n with v a r i a t i o n of r a in 
fall than with e i t h e r m e a n ra infa l l o r gage dens i ty . 

I t should be noted that the i n s e r t i o n of the s t an 
d a r d devia t ion of point ra infa l l to ta l s f r o m all gages 
in to the equat ion p r o d u c e s an e s t i m a t e that is not 
p r a c t i c a l f rom the hydro log ic s t andpo in t . Dense 
n e t w o r k s of r a i n gages a r e se ldom u s e d except in 
r e s e a r c h . The hyd ro log i s t f requent ly n e e d s a m e a n s 
of e s t i m a t i n g the s a m p l i n g e r r o r for m e a n rainfal l 



a m o u n t s which have been obtained f r o m a s p a r s e 
ne twork of gages . Consequent ly , the s t a n d a r d devia
t ion , sp of point ra infa l l amoun t s inc luded in each 
s a m p l e was i n s e r t e d into E x p r e s s i o n ( 5) in p lace of 

F o r e x a m p l e , if five gages w e r e inc luded in a 
s a m p l e , sp would be the s t anda rd devia t ion of the 
five point r a in fa l l a m o u n t s . The magni tude of sP is 
a m e a s u r e of the p r e c i s i o n of a s a m p l e m e a n r a i n 
fall va lue . T h i s v a r i a b l e should have an influence 
upon e s t i m a t e s of the sampl ing e r r o r for a r e a l 
m e a n ra infa l l v a l u e s . In se r t ing this v a r i a b l e into 
the e x p r e s s i o n r e s u l t e d in a mul t ip le c o r r e l a t i o n 
of 0 . 7 1 . Th i s is a v e r y s m a l l i n c r e a s e ove r the 
0.70 coeff icient which was obtained f r o m E x p r e s s i o n 
(5). Consequen t ly , i t m u s t be concluded that the sp 
v a r i a b l e is not useful as a th i rd independent v a r i 
a b l e . The ineff icacy of sP p robab ly r e f l e c t s the fact 
tha t the v a r i a t i o n of s a m p l e s t anda rd devia t ions 
wi thin s t o r m s a p p r o x i m a t e d the v a r i a t i o n in the 
s t a n d a r d dev ia t ions of a p a r t i c u l a r se t of gage 
r e a d i n g s f r o m s t o r m to s t o r m . Ef fec t iveness of 
the s amp le s t a n d a r d devia t ion v a r i a b l e i n c r e a s e d 
a s s a m p l e s i z e i n c r e a s e d . However , the l a r g e r 
v a r i a t i o n a s s o c i a t e d with s m a l l s a m p l e s i z e s off
s e t m o s t of the effect of the s t a n d a r d dev ia t ions 
for l a r g e r s a m p l e s i z e s . The efficiency of s tan
d a r d devia t ion as a th i rd independent va r i ab l e 
r e a c h e d a m a x i m u m when al l gages w e r e included, 
as was the c a s e when the v a r i a b l e was used . 

B e s t - C e n t e r e d . A s t anda rd devia t ion of d va lues 
f r o m E x p r e s s i o n (1) was obta ined by an ad jus tmen t 
s i m i l a r to tha t used by L ins l ey and Kohle r in t he i r 
a n a l y s i s of da ta f rom a concen t ra t ed ne twork n e a r 
Wi lmington , Oh io . ( 1 5 ) S t o r m data w e r e grouped 
in to c l a s s e s on the b a s i s of sample m e a n ra infal l 
as m e a s u r e d by a s a m p l e of N gages . A s t anda rd 
dev ia t ion was computed for each c l a s s . E x p r e s s i o n 
(2) was then fi t ted to the da ta , using the s t anda rd 
dev ia t ion for each c l a s s as the dependent v a r i a b l e . 
The s a m p l e s i z e and the mid -po in t of the rainfal l 
for each c l a s s w e r e the independent v a r i a b l e s . A 
mu l t i p l e c o r r e l a t i o n coefficient of 0.86 was ob
ta ined with t h i s r e g r e s s i o n s y s t e m . 

FIGURE 45 COMPARISON OF STORM SAMPLING PLANS 
ON A 100 SQUARE MILE AREA 
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Comparison of Results from Three Sampling Plans 

A comparison of sampling e r r o r equations for 
the three sampling plans can be made by reference 
to Figure 45. It is evident that the random star t 
plan will predict considerably higher sampling 
e r r o r s than either of the other plans. The other 
two sampling plans resulted in e r r o r s which a re 
very s imilar in magnitude within the range of data 
used. The a and c values for the bes t -centered and 
the combination plan are almost identical. The 
differences between the b values could be attributed 
to sampling variation. 

Results of Analysis for Areas of Different Size 

Average E r r o r . The best -centered sampling 
plan approaches the practical situation which hy-
drologists must contend with in using the results 
of sampling e r ro r analyses. In addition, this plan 
ranked well in the comparison with other sampling 
plans which were considered. Consequently, the 
bes t -centered s a m p l i n g plan was chosen for a 
more complete analysis of data involving a reas of 
25, 50, 100, 200, and 400 square mi les . 

As noted previously in the sections on variation 
of point rainfall with distance and areal representa
tiveness of point rainfall, graphical plots of the data 
indicated that an equation for average e r r o r , E, of 
the form 

Log E = a3 + b 3 P0.5 + c 3 Log N (6) 

would provide a bet ter fit to the data at high and 
low values of P than an expression of the form 
given in (2). Consequently, an expression of the 
form shown in (6) was applied to data for all five 
a r e a s . The values of a3, b3, and c3 a r e tabulated in 
Table 15. 

TABLE 15 

REGRESSION CONSTANTS 

Area Log E Log S 
(Sq. M i . ) a3 b3 c3 a4 b4 c4 

25 -1.720 0.65 -0.73 -1.556 0.60 -0.63 
50 -1.597 0.56 -0.55 -1.421 0.53 -0.60 

100 -1.439 0.59 -0.65 -1.275 0.49 -0.63 
200 -1.305 0.49 -0.56 -1.220 0.50 -0.58 
400 -1.356 0.54 -0.48 -1.198 0.50 -0.54 

More data should be added to the analysis to 
substantiate the t rends in b 3 and c3 The Water 
Survey has rain-gage networks in operation which 
will furnish these data. 

Since gage density is a more commonly used 
variable than the sample size variable, the con
stants a3 and c3 presented in Table 15 were ad
justed to express the sample size factor in terms 
of gage density by the substitution 

Log N = Log A - Log G (7) 

where G is in square miles per gage. Equations 
for Log E with the adjusted constants are shown in 
Table 16. 

Although the computed E tends generally to in
crease with area, the individual equations permit 



48 

T A B L E 16 

EQUATIONS FOR AVERAGE AND STANDARD DEVIATIONS 

A r e a 
(Sq. Mi.) 

Log E = a 5 + b 4 p 0 . 5 + c 5 Log G 

25 = -2.740 0.65 0.73 
50 = -2 .531 0.56 0.55 

100 = -2.739 0.59 0.65 
200 = -2.594 0.49 0.56 
400 = -2 .605 0.54 0.48 

Combined = -2.642 + 0.794 A - . 0 7 P0 . 5 + 0.966 A - . 1 2 Log G 

Log s = a 6 + b 5 P 0 . 5
 + c 6 Log G 

25 = -2.395 0.60 0.63 
50 = -2.440 0.53 0.60 

100 = -2.535 0.49 0.63 
200 = -2 .555 0.50 0.58 
400 = -2.603 0.50 0.54 

C o m b i n e d = -2 .506 + 0.692 A - . 0 6 P 0 . 5 + 0.746 A - . 0 5 Log G 

FIGURE 46 RELATION BETWEEN SAMPLING ERROR, STORM SIZE, AND GAGE DENSITY ON 100 SQUARE MILE AREA 
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FIGURE 47 95 PER CENT CONFIDENCE RANGE OF STORM MEAN RAINFALL FOR VARIOUS GAGE DENSITIES 
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r a n d o m f luc tua t ions in th is t r e n d . A combined equa
tion which would r e p r e s e n t a l l five a r e a s was 
d e s i r e d for the purpose of smooth ing and for in
t e r p o l a t i n g be tween a r e a s . Since the c o n s t a n t s 
r e p r e s e n t e d by a5 vary at r a n d o m , an a v e r a g e of 
t h e s e v a l u e s m a y be used in a combined equa t ion . 
As p r e v i o u s l y noted, t h e r e is a t endency for the 
va lues of b 4 and C 5 to d e c r e a s e in m a g n i t u d e as 
the a r e a i n c r e a s e s . Consequen t ly , the va lues of 
the b 4 a n d c r w e r e e x p r e s s e d as a function of a r e a 
by e x p r e s s i o n of the following f o r m : 

b 4 = k A 1 (8) 

and 

c 5 = k 1 A 1 (9) 

The combined equat ion for L o g E which r e p r e s e n t s 
a l l five a r e a s in the a n a l y s i s is shown in T a b l e 16. 
Re la t ions for a 1 0 0 - s q u a r e m i l e a r e a obta ined f r o m 
the combined equat ion a r e p r e s e n t e d in F i g u r e 46. 

Confidence L i m i t s . To e s t a b l i s h conf idence 
l i m i t s , an e s t i m a t e of the s a m p l i n g s t a n d a r d d e v i a 
t ion was r e q u i r e d . Th i s e s t i m a t e was obtained by 
r ep lac ing Log E in E x p r e s s i o n (6) of Log s and 
fitt ing the r e su l t i ng e x p r e s s i o n to the da t a , as w a s 
done for Log E. 

S t anda rd dev ia t ions w e r e computed for the s a m e 
c l a s s i n t e r v a l s u s e d in d e t e r m i n i n g Log E . T h e 
cons tan t va lues a r e shown in Tab le 15. The v a l u e s 
of a 4 and c 4 w e r e ad jus ted for the gage d e n s i t y 
fac to r and the r e s u l t i n g equa t ions for individual 
a r e a s and for all a r e a s c o m b i n e d a r e shown i n 
Table 16. 

The combined a r e a l equa t ion for Log s can be 
used to e s t a b l i s h conf idence l i m i t s for a r e a l m e a n 
ra infa l l . The 95 p e r cent confidence l i m i t s for P 
w e r e e s t i m a t e d s imp ly by taking 2s and adding 
and s u b t r a c t i n g f r o m the c o r r e s p o n d i n g value of P . 
The r e s u l t i n g bands a r e r e p r e s e n t e d for s e l e c t e d 
va lues of G for the 1 0 0 - s q u a r e m i l e a r e a in 
F i g u r e 47 . 
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E X C E S S I V E R A I N F A L L R E L A T I O N S O N 
1 0 0 - S Q U A R E M I L E A R E A 

D a t a c o l l e c t e d f r o m 2 0 r e c o r d i n g r a i n g a g e s 
d u r i n g 1 9 5 0 - 5 3 o n t h e 1 0 0 - s q u a r e m i l e P a n t h e r 
C r e e k w a t e r s h e d ( F i g . 3 ) w e r e u s e d i n a l i m i t e d 
a n a l y s i s o f e x c e s s i v e r a i n f a l l r e l a t i o n s . T h e f o l l o w 
i n g e x c e s s i v e r a i n f a l l d e f i n i t i o n o f t h e U . S . W e a t h 
e r B u r e a u w a s u s e d i n t h e s t u d y 

R = T + 20 (1) 

w h e r e R i s t h e r a i n f a l l d e p t h i n i n c h e s a n d T i s t h e 
p e r i o d o f o b s e r v a t i o n i n m i n u t e s . E x c e s s i v e r a t e s 
f o r p e r i o d s o f 3 0 , 6 0 , a n d 120 m i n u t e s w e r e i n v e s t i 
g a t e d . T h e a b o v e d e f i n i t i o n g i v e s l o w e r l i m i t s o f 
0 . 5 0 , 0 . 8 0 , a n d 1.40 i n c h e s f o r t h e 3 0 - , 6 0 - , a n d 
1 2 0 - m i n u t e p e r i o d s , r e s p e c t i v e l y . I n a d d i t i o n t o 
t h e P a n t h e r C r e e k d a t a , d a t a f r o m 4 8 g a g e s o n t h e 
1 0 0 - s q u a r e m i l e G o o s e C r e e k n e t w o r k ( F i g . 4 ) 
w e r e a v a i l a b l e f o r 1 9 5 3 - 5 4 , a n d t h e s e h a v e b e e n 
u t i l i z e d t o a l i m i t e d e x t e n t i n t h e a n a l y s i s . 

G a g e D e n s i t y t o O b s e r v a t i o n a l F r e q u e n c y 
R e l a t i o n s 

T h e e f f e c t o f g a g e d e n s i t y u p o n t h e f r e q u e n c y o f 
o b s e r v a t i o n o f e x c e s s i v e r a i n f a l l v a l u e s i n a 1 0 0 -
s q u a r e m i l e a r e a w a s e x a m i n e d f i r s t . F o r t h i s 
p u r p o s e , t h e P a n t h e r C r e e k n e t w o r k w a s s u b d i v i d e d 
i n t o n e t w o r k s o f 10 , 5 , 2 , a n d 1 g a g e s , k e e p i n g t h e 
d i s t r i b u t i o n i n e a c h s e t a s u n i f o r m a s p o s s i b l e . 
S i m i l a r l y , o n t h e G o o s e C r e e k a r e a , n e t w o r k s o f 
2 4 , 1 2 , 6 , 3 , a n d 1 g a g e s w e r e s e l e c t e d . T h e n u m 
b e r o f e x c e s s i v e a m o u n t s r e c o r d e d b y o n e o r m o r e 
g a g e s f o r e a c h o f t h e v a r i o u s n e t w o r k s w i t h i n b o t h 
a r e a s w a s t h e n t a b u l a t e d . U s e o f s p e c i a l r e c o r d i n g 
r a i n g a g e s h a v i n g 1 2 . 6 - i n c h d i a m e t e r o r i f i c e s a n d 
6 - h o u r c h a r t s e n a b l e d r e c o r d i n g o f 1 5 - m i n u t e e x 
c e s s i v e a m o u n t s o n t h e G o o s e C r e e k a r e a , i n 
a d d i t i o n t o t h o s e f o r t h e 3 0 - , 6 0 - , a n d 1 2 0 - m i n u t e 
p e r i o d s . 

R e s u l t s o f t h i s f i r s t p h a s e o f t h e s t u d y a r e 
s h o w n i n T a b l e 17 . T h e e x p e c t e d t r e n d f o r t h e o b 
s e r v a t i o n a l f r e q u e n c y o f e x c e s s i v e a m o u n t s t o 
i n c r e a s e w i t h i n c r e a s i n g g a g e d e n s i t y i s a p p a r e n t . 
O f p a r t i c u l a r i n t e r e s t a r e t h e d a t a f o r 2 4 a n d 4 8 
g a g e s i n t h e G o o s e C r e e k n e t w o r k . T h e v e r y s l i g h t 
i n c r e a s e i n f r e q u e n c y i n g o i n g f r o m 2 4 t o 4 8 g a g e s 

TABLE 17 

RELATION BETWEEN EXCESSIVE RAINFALL 
FREQUENCY AND GAGE DENSITY 

Number Number of Cases for 
of Given Time Per iod (Min.) 

Gages 15 30 60 120 Total 

Goose Creek Network. 100 Sq. Mi.. 1953-54 

1 14 14 5 2 35 
3 22 19 14 3 58 
6 24 22 14 3 63 

12 28 25 18 5 76 
2 4 33 28 21 6 8 8 
48 34 28 22 7 91 

Panther Creek. 100 Sq. Mi.. 1950-53 

1 - - 21 14 5 40 
2 - - 34 17 10 61 
5 -- 41 25 14 80 

10 - - 49 31 15 95 
20 - - 52 33 18 103 

i n d i c a t e s t h a t t h e o p t i m u m g a g e d e n s i t y f o r a 1 0 0 -
s q u a r e m i l e a r e a , c o n s i d e r i n g a l l f a c t o r s , i s p r o b 
a b l y b e t w e e n 2 0 a n d 3 0 g a g e s . I t a p p e a r s t h a t 
s t o r m s o f a d e q u a t e i n t e n s i t y t o p r o v i d e e x c e s s i v e 
v a l u e s f o r t he t i m e p e r i o d s i n v e s t i g a t e d a r e o f 
s u f f i c i e n t a r e a l e x t e n t a n d o f s u f f i c i e n t d u r a t i o n t o 
b e a l m o s t a l w a y s o b s e r v e d b y a n e t w o r k o f 2 0 t o 
3 0 g a g e s . 

E f f e c t o f G a g e D e n s i t y o n O b s e r v e d M a x i m u m 

T h e e f f e c t o f g a g e d e n s i t y o n t h e m a x i m u m 
o b s e r v e d e x c e s s i v e a m o u n t s w i t h i n a 1 0 0 - s q u a r e 
m i l e a r e a w a s i n v e s t i g a t e d n e x t , u s i n g t h e 1 9 5 0 - 5 3 
d a t a f o r P a n t h e r C r e e k . F o r t h i s p u r p o s e , n e t w o r k s 
o f 2 0 , 1 0 , 5 , a n d 2 g a g e s w i t h i n t h e 100 s q u a r e 
m i l e s w e r e u s e d . F o r e a c h s t o r m , a r a t i o o f t h e 
m a x i m u m a m o u n t o b s e r v e d o n t h e n e t w o r k t o t h e 
a m o u n t o b s e r v e d a t t h e c e n t r a l g a g e i n t h e n e t w o r k 
w a s c o m p u t e d . T h i s w a s d o n e f o r e a c h n e t w o r k a n d 
f o r 3 0 - , 6 0 - , a n d 1 2 0 - m i n u t e p e r i o d s w h e n e v e r 
e x c e s s i v e v a l u e s w e r e r e c o r d e d b y o n e o r m o r e 
o f t h e 2 0 g a g e s m a k i n g u p t h e n e t w o r k o f m a x i 
m u m d e n s i t y . A v e r a g e r a t i o s w e r e t h e n c a l c u l a t e d 
f o r e a c h o f t h e s e v e r a l n e t w o r k s w i t h i n t h e 1 0 0 -
s q u a r e m i l e a r e a . T h e r e s u l t s o f t h i s s t u d y a r e 
s u m m a r i z e d i n T a b l e 1 8 w h e r e t h e a v e r a g e r a t i o s 
f o r e a c h n e t w o r k w i t h i n t h e 1 0 0 - s q u a r e m i l e a r e a 
a r e p r e s e n t e d f o r 3 0 - , 6 0 - , a n d 1 2 0 - m i n u t e p e r i o d s . 
T h e r e l a t i o n i s f u r t h e r i l l u s t r a t e d i n F i g u r e 4 8 . 

FIGURE 48 EFFECT OF GAGE DENSITY ON MAXIMUM 
OBSERVED EXCESSIVE RATES 

TABLE 18 

E F F E C T OF GAGE DENSITY ON OBSERVED 
MAXIMUM AMOUNTS 

Number Av. Ratio, Maximum Obse rved /Cen t ra l Gage 
of Amount for Given Time Per iods (Min.) 

Gages 30 60 120 

20 1.89 1.75 1.52 
10 1.70 1.62 1.40 
5 1.50 1.43 1.30 
2 1.27 1.21 1.13 
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As expected the r a t i o t ends to i n c r e a s e with in
c r e a s i n g gage d e n s i t y . The r a t io a p p e a r s t o b e s t i l l 
i n c r e a s i n g a t an a p p r e c i a b l e r a t e when the m a x i 
m u m ne twork of 20 gages is r e a c h e d . 

P o i n t - A r e a l Mean R e l a t i o n s 

Next , the r e l a t i o n be tween point e x c e s s i v e and 
a r e a l m e a n e x c e s s i v e a m o u n t s was i n v e s t i g a t e d . 
The a r e a l m e a n w a s obta ined in each s t o r m by 
a v e r a g i n g the h e a v i e s t amoun t o b s e r v e d a t each of 
the 20 r a i n - g a g e s t a t i o n s for the p e r i o d s of 30, 60, 
and 120 m i n u t e s . T h a t i s , the individual amoun t s 
m a k i n g up the m e a n m a y have o c c u r r e d a t different 
t i m e s a t the v a r i o u s ne twork s ta t ions a l though a l l 
o c c u r r e d i n the s a m e s t o r m pe r iod . T h i s defini t ion 
o f the m e a n was c o n s i d e r e d m o r e d e s i r a b l e than 
that obta ined by c a l c u l a t i n g m e a n s at a given t i m e 
d u r i n g the s t o r m for al l g a g e s . The c o r e of heavy 
r a in fa l l , e s p e c i a l l y in t h u n d e r s t o r m s , f requent ly 
c o v e r s a r e l a t i v e l y s m a l l a r e a ; consequen t ly , the 
h e a v i e s t s t o r m r a t e s o c c u r a t d i f ferent t i m e s i n 
mov ing a c r o s s an a r e a of 100 s q u a r e m i l e s . Since 
such f ac to r s a s so i l e r o s i o n and s e d i m e n t a t i o n a p 
p e a r to be c l o s e l y r e l a t e d to the s h o r t - p e r i o d , 
h e a v y ra infa l l r a t e s e x p e r i e n c e d i n s t o r m s , the 
me thod used for c a l c u l a t i n g the m e a n s was con
s i d e r e d to have the m o s t p r a c t i c a l app l i ca t ion . 

FIGURE 49 RELATION BETWEEN POINT AND AREAL MEAN RATES 
UNDER EXCESSIVE RATE CONDITIONS 

F i g u r e 49 i l l u s t r a t e s the r e l a t i ons be tween the 
point ra infa l l o b s e r v e d a t the c e n t r a l gage and 
a r e a l m e a n ra in fa l l for 3 0 - , 6 0 - , and 120-minu te 
p e r i o d s . The t h r e e p e r i o d s w e r e c o m b i n e d into one 
r e l a t i o n a f te r s e p a r a t e g r a p h i c a l p lo t s ind ica ted 
ins ign i f i can t d i f f e r ences a m o n g the r e l a t i o n s for 
individual p e r i o d s . P o i n t s in F i g u r e 49 inc lude a l l 
c a s e s in which an e x c e s s i v e amount was r e c o r d e d 
by one or m o r e g a g e s in the 20 -gage n e t w o r k . The 
r e g r e s s i o n equat ion i n d i c a t e s that the po in t ra infal l 
o b s e r v e d a t the c e n t e r of a 1 0 0 - s q u a r e m i l e a r e a 
i s s l igh t ly above the a r e a l m e a n ra in fa l l when ex
c e s s i v e a m o u n t s a r e e x p e r i e n c e d (above 0.50 inch) . 
T h i s t r end i s t o be e x p e c t e d when s t o r m m o v e m e n t 

i s c o n s i d e r e d . F o r e x a m p l e , a s s u m e two t h u n d e r 
s t o r m s of the s a m e s i z e and s a m e i n t e n s i t y , one 
p a s s i n g o v e r the n e t w o r k with i t s c o r e p a s s i n g 
t h rough the c e n t e r of the ne twork , whi le the c o r e 
o f the o t h e r s t o r m p a s s e s a long o r n e a r the b o r d e r 
of the n e t w o r k . Obvious ly , the h e a v i e s t r a t e s will 
be o b s e r v e d a t the c e n t r a l gage when a given s t o r m 
p a s s e s th rough o r n e a r the c e n t e r o f the n e t w o r k 
and t h e s e s t o r m s wi l l a l so p rov ide the m o s t f r e 
quent a r e a l m e a n e x c e s s i v e r a t e s . A c o r r e l a t i o n 
coeff ic ient of 0.96 w a s obtained b e t w e e n the 20-
gage m e a n and the c e n t r a l - g a g e point r a in fa l l . 

O b s e r v a t i o n s used in the p r e c e d i n g a n a l y s i s of 
p o i n t - a r e a l m e a n r e l a t i o n s included a c o n s i d e r a b l e 
n u m b e r in which n e i t h e r the c e n t r a l - g a g e amount 
n o r the a r e a l m e a n ra infa l l r e p r e s e n t e d a n ex
c e s s i v e a m o u n t , s i n c e only one e x c e s s i v e value 
a m o n g the 20 gages w a s r e q u i r e d for i nc lu s ion in 
the a n a l y s i s . To d e t e r m i n e whe the r the i nc lu s ion of 
va lues be low the e x c e s s i v e l eve l m a t e r i a l l y affected 
the p o i n t - a r e a l r e l a t i o n , ano the r a n a l y s i s w a s m a d e 
in which only t hose c a s e s with an e x c e s s i v e 
amoun t a t the c e n t r a l gage w e r e i nc luded . Th i s 
a n a l y s i s r e s u l t e d in deve lopmen t of a r e g r e s s i o n 
equa t ion given by 

Y = 0.11 + 0.78 X (2) 

w h e r e Y is the a r e a l m e a n ra infa l l in i n c h e s and X 
i s the c e n t r a l gage a m o u n t in i n c h e s . T h i s equat ion 
i s ins ign i f i can t ly d i f ferent f r o m the one i l l u s t r a t e d 
in F i g u r e 49. A c o r r e l a t i o n coeff icient of 0.97 was 
ob ta ined c o m p a r e d to 0.96 for the c u r v e in F i g u r e 
4 9 . R e s u l t s i nd i ca t e tha t F i g u r e 49 can be used for 
e s t i m a t i n g the a r e a l m e a n m a x i m u m o r a r e a l m e a n 
e x c e s s i v e ra infa l l on a 1 0 0 - s q u a r e m i l e b a s i n for 
s h o r t p e r i o d s within s t o r m s , when a point ra in fa l l 
o b s e r v a t i o n is a v a i l a b l e a t or n e a r the c e n t e r of 
the a r e a . 

A s tudy of the d a t a indica ted the c e n t r a l gage 
g ives a v e r y good m e a s u r e of the f r equency of ex
c e s s i v e a r e a l m e a n r a in fa l l . F o r e x a m p l e , o n P a n 
t h e r C r e e k d u r i n g 19 50-53 the n u m b e r of a r e a l 
m e a n e x c e s s i v e va lues was p r a c t i c a l l y the s a m e a s 
the n u m b e r o b s e r v e d a t the c e n t r a l g a g e . F o r a 
3 0 - m i n u t e p e r i o d , 21 e x c e s s i v e a m o u n t s w e r e ob
s e r v e d on both a po in t and a r e a l b a s i s . F o r a 60-
m i n u t e p e r i o d t h e r e w e r e 1 4 point e x c e s s i v e 
a m o u n t s and 13 a r e a l e x c e s s i v e a m o u n t s , whi le for 
a 120-minu te p e r i o d t h e r e w e r e 5 e x c e s s i v e va lues 
for both c a s e s . Combin ing a l l t h r e e p e r i o d s , t h e r e 
w e r e 4 0 e x c e s s i v e a m o u n t s o b s e r v e d a t the c e n t r a l 
gage c o m p a r e d to 39 c a s e s of e x c e s s i v e a r e a l m e a n 
r a i n f a l l . Howeve r , t h i s does not m e a n tha t the point 
and a r e a l m e a n r a t e s all o c c u r r e d i n the s a m e 
s t o r m s . By c o m p a r i s o n , i t was found tha t e x c e s s i v e 
a r e a l m e a n s o c c u r r e d 17 out of the 21 t i m e s that 
e x c e s s i v e a m o u n t s w e r e o b s e r v e d a t the c e n t r a l 
gage . S i m i l a r l y , 11 out of 14 point e x c e s s i v e a m o u n t s 
o c c u r r e d i n conjunct ion with e x c e s s i v e a r e a l m e a n 
v a l u e s for the 6 0 - m i n u t e p e r i o d , whi le a l l five of 
the point and a r e a l e x c e s s i v e a m o u n t s co inc ided 
for the 120-minu te p e r i o d . 

F i g u r e 50 is an i l l u s t r a t i o n of the o c c u r r e n c e 
of e x c e s s i v e ra in fa l l amoun t s o v e r the ne twork 
d u r i n g a n excep t iona l l y heavy s t o r m d u r i n g the 
even ing of June 8, 1951 . Heavy e x c e s s i v e a m o u n t s 
w e r e o b s e r v e d a t a l l s t a t ions within the n e t w o r k 



during the s torm period. An area l average of 7.21 
inches fell during the entire s torm which lasted 
about four hours. Figure 51 i l lustrates the d is t r i 
bution of excessive rainfall in the area by means 
of area-depth curves. It is interesting to note that 
the square-root relation for total storm rainfall 
discussed in the section on area-depth relations 
provides a good fit in these cases of unusually 
heavy short-period amounts within a storm. 

FIGLRE SO 30-MINUTE EXCESSIVE RATES, JULY 8, 1951 

53 

FIGURE 51 EXCESSIVE RATE AREA-DEPTH RELATIONS, JULY 8, 1951 
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RELATION B E T W E E N POINT AND AREAL 
RAINFALL FREQUENCIES 

Although much in fo rma t ion has been pub l i shed 
on point ra in fa l l f r e q u e n c i e s , l i t t le data a r e p r e 
sen t ly ava i l ab le in the l i t e r a t u r e on a r e a l ra infa l l 
f r e q u e n c i e s . The following p r e s e n t s l im i t ed in for 
m a t i o n on the subjec t , obta ined f rom a 20 -gage 
n e t w o r k on the 1 0 0 - s q u a r e mi le P a n t h e r C r e e k 
w a t e r s h e d du r ing the pe r iod 1948-53 . 

Using da t a f rom this ne twork , c o m p a r i s o n s have 
been m a d e be tween point and a r e a l m e a n ra in fa l l 
f r equenc i e s for the above 6 - y e a r pe r iod for a r e a s 

of 25 and 50 s q u a r e m i l e s within the 1 0 0 - s q u a r e 
m i l e ne twork . B e c a u s e of m i n o r changes in s o m e of 
the gage loca t ions f r o m y e a r to y e a r , i t w a s not 
p o s s i b l e to obtain a 6 - y e a r c o m p a r i s o n for the 100-
s q u a r e m i l e a r e a . H o w e v e r , da ta w e r e ava i l ab le for 
a 3 - y e a r c o m p a r i s o n and the se r e s u l t s a r e a l s o 
given. 

Within each a r e a , the point ra infa l l f r equenc i e s 
w e r e ob ta ined f rom the r a i n gage in the c e n t e r of 
the a r e a . A r e a l m e a n ra in fa l l was ca lcu la ted f r o m 

FIGURE 52 COMPARISON BETWEEN POINT AND AREAL MEAN RAINFALL AT EQUAL FREQUENCIES ON 25 SQUARE MILE AREA 
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the a r i t h m e t i c a l a v e r a g e of al l gage o b s e r v a t i o n s . 
Within the 25 - and 5 0 - s q u a r e mi l e a r e a s s tudied, 
t h e r e w e r e 6 and 12 g a g e s , r e s p e c t i v e l y . To obtain 
c o m p a r i s o n s b e t w e e n point and a r e a l f r e q u e n c i e s , 
a l l s t o r m s for e a c h a r e a w e r e r anked by m e a n 
r a in fa l l . S i m i l a r l y , s t o r m point r a in fa l l to ta l s a t 
the c e n t e r o f each a r e a w e r e r anked . T h e rank ings 
then provided a f requency d i s t r i bu t i on of point and 
a r e a l m e a n ra in fa l l within a 6 - y e a r p e r i o d for the 
25 - and 5 0 - s q u a r e m i l e a r e a s and wi th in a 3 - y e a r 
p e r i o d for the 1 0 0 - s q u a r e m i l e a r e a . R e g r e s s i o n 
equa t ions and c o r r e l a t i o n coeff ic ients w e r e ob
t a ined be tween point and a r e a l m e a n ra in fa l l f r e 
q u e n c i e s for each a r e a , t r e a t i n g equal pos i t i ons of 
r a n k as p a i r s of o b s e r v a t i o n s . To i l l u s t r a t e the 
p a i r i n g p r o c e d u r e , the h ighes t point r a in fa l l ob
s e r v e d a t the c e n t e r of the 2 5 - s q u a r e m i l e a r e a , 
8.22 i n c h e s , was p a i r e d with the h ighes t m e a n r a in 
fall for th is a r e a du r ing the 6 - y e a r c o m p a r i s o n 
p e r i o d , which was 8.16 i n c h e s . Obv ious ly , the 
p a i r e d o b s e r v a t i o n s i n m a n y c a s e s o c c u r r e d in 
d i f fe ren t s t o r m s , s i nce the da ta w e r e p a i r e d on a 
f requency d i s t r i b u t i o n b a s i s . 

Re la t ions w e r e deve loped for s t o r m ra in fa l l , 
in which a s ing le s t o r m w a s defined as a l l ra infa l l 
u n s e p a r a t e d by a b r e a k in p r e c i p i t a t i o n of six h o u r s 
o r m o r e . Consequen t ly , s e v e r a l s h o w e r s w e r e 
f requen t ly inc luded in a s t o r m as def ined in th i s 
s tudy. The r e s u l t s a r e p e r h a p s a l so ind ica t ive of 
da i ly ra infa l l . The study was confined to shower -
type ra infa l l , the type of s t o r m f rom which f lash 
floods on s m a l l a r e a s o c c u r . The r e s u l t s a r e con

s i d e r e d ind ica t ive and not defini t ive of p o i n t - a r e a l 
f r equency r e l a t i o n s . 

The r e g r e s s i o n equa t ions obta ined for the 25-
and 5 0 - s q u a r e m i l e a r e a s w e r e Y = 0.96X and 
Y = 0.94X, r e s p e c t i v e l y . The 6 - y e a r p o i n t - a r e a l 
c o m p a r i s o n for the 2 5 - s q u a r e m i l e a r e a i s i l l u s 
t r a t e d in F i g u r e 52. 

R e s u l t s of the s tudy ind ica te that an exce l l en t 
r e l a t i o n s h i p ex i s t s b e t w e e n point and a r e a l ra infa l l 
f r e q u e n c i e s . A c o r r e l a t i o n coefficient of 0.99 was 
obta ined be tween po in t and a r e a l ra in fa l l for both 
the 25 - and 5 0 - s q u a r e m i l e a r e a s . F o r the 100-
s q u a r e m i l e a r e a , a c o r r e l a t i o n coeff ic ient of 0.99 
was obtained and the r e g r e s s i o n equa t ion was 
Y = 0.97X, v e r y c l o s e to the equa t ions ob ta ined for 
the 25 - and 5 0 - s q u a r e mi l e a r e a s . I nd i ca t i ons a r e 
that a r e a l m e a n r a in fa l l f r equenc ie s a r e c l o s e to, 
but s l ight ly l e s s t han , equivalent point r a in fa l l f r e 
q u e n c i e s for s m a l l a r e a s . 

A 3 - y e a r c o m p a r i s o n for a n o t h e r s e t of 2 5 - and 
5 0 - s q u a r e m i l e a r e a s within the 1 0 0 - s q u a r e mi l e 
w a t e r s h e d p roduced r e g r e s s i o n s of Y = 0.97X for 
both a r e a s , a g r e e i n g c lose ly with the 6 - y e a r c o m 
p a r i s o n s . A 3 - y e a r f r equency c o m p a r i s o n was a lso 
m a d e us ing data on ly for e x c e s s i v e ra in fa l l r a t e s , 
b a s e d on the def in i t ion of e x c e s s i v e ra in fa l l given 
in the p r e v i o u s s e c t i o n of this bu l l e t in . Combining 
da ta for e x c e s s i v e 30 - and 6 0 - m i n u t e a m o u n t s , a 
r e g r e s s i o n equa t ion , Y = 0.92X, was ob ta ined . 
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A MICROMETEOROLOGICAL STUDY OF 
RAINFALL VARIABILITY 

In t roduct ion 

A n a l y s e s of r a in fa l l da ta f rom s e v e r a l concen
t r a t e d r a i n - g a g e n e t w o r k s in c e n t r a l I l l inois dur ing 
r e c e n t y e a r s have r e v e a l e d the f requent p r e s e n c e 
of ra infa l l g r a d i e n t s exceed ing 0.25 i n c h p e r mi le in 
s h o w e r - t y p e ra infa l l . The r e l a t ion be tween ra infa l l 
v a r i a b i l i t y and e i t h e r d i s t a n c e o r a r e a i s p e r 
t inent in the d e t e r m i n a t i o n of gage d e n s i t y r e q u i r e 
m e n t s for specif ic p u r p o s e s , such a s : the co l l ec t ion 
of s m a l l s c a l e c l ima to log ica l da ta , hydro log ic p r o 
j e c t s involving runoff and sed imen ta t ion i nves t i ga 
t i o n s , a g r i c u l t u r a l r e s e a r c h , and s tud ies c o n c e r n e d 
with e s t ab l i sh ing the ut i l i ty of r a d a r for quant i ta t ive 
p r ec ip i t a t i on m e a s u r e m e n t s . A l so , the magn i tude 
of ra infa l l v a r i a b i l i t y with d i s t a n c e should be con
s i d e r e d in d e t e r m i n i n g the s ens i t i v i t y and c a l i b r a 
tion a c c u r a c y r e q u i r e d for r e c o r d i n g r a i n g a g e s , 
e s p e c i a l l y t hose employed in rout ine o b s e r v a t i o n a l 
p r o g r a m s w h e r e c o n c e n t r a t e d n e t w o r k s a r e not 
f ea s ib l e . 

As pa r t of a p r o g r a m to i nves t i ga t e the quant i 
ta t ive r e l a t i o n s e x i s t i n g b e t w e e n ra infa l l v a r i a b i l i t y 
and d i s t a n c e , a m i c r o - n e t w o r k of r a i n gages was 
e s t a b l i s h e d in 1953. Since the g r e a t e s t v a r i a t i o n in 
r a in fa l l with d i s t a n c e n o r m a l l y o c c u r s with s h o w e r -
type r a in fa l l , data w e r e co l lec ted d u r i n g the s p r i n g , 
s u m m e r and fall s e a s o n s of 19 53-54 . S i m i l a r ob
s e r v a t i o n s on a m e s o m e t e o r o l o g i c a l s c a l e w e r e 
ava i l ab le for c o m p a r i s o n p u r p o s e s f rom o t h e r ne t 
w o r k s d e s c r i b e d in the sec t ion on r a i n - g a g i n g 
f ac i l i t i e s . 

D e s c r i p t i o n of Ne twork 

A m i c r o - n e t w o r k of 18 gages was e s t a b l i s h e d 
on l eve l meadow land at the U n i v e r s i t y of I l l inois 
A i r p o r t . I ts des ign w a s based upon ava i l ab l e infor

m a t i o n c o n c e r n i n g ra in fa l l g rad ien t s obta ined f rom 
r a i n f a l l s t u d i e s o n s e v e r a l c o n c e n t r a t e d w a t e r s h e d 
n e t w o r k s d u r i n g 1948-52 . The ne twork c o n s i s t e d of 
p a i r s of 8 - inch n o n - r e c o r d i n g gages spaced six 
feet a p a r t a t e ach of n ine s ta t ions which w e r e l o 
ca t ed at i n t e r v a l s of 300 feet to f o r m a s q u a r e g r id 
p a t t e r n (F ig . 8) . In fo rmat ion on s t o r m d u r a t i o n a n d . 
ra in fa l l i n t ens i ty was obtained from a r e c o r d i n g 
r a i n gage i n s t a l l e d ad jacen t to the m i c r o - n e t w o r k . 
Wind data w e r e ob ta ined f rom an A e r o v a n e s y s t e m 
loca ted about 0.5 m i l e f r o m the ne twork . 

The c a l i b r a t i o n of each gage was checked b e 
fo re i n s t a l l a t i on . The level of e ach gage was 
checked p e r i o d i c a l l y and the gages kept as f ree of 
d i r t , i n s e c t s and o the r fore ign m a t e r i a l a s p o s s i b l e . 
M e a s u r e m e n t s o f ra in fa l l w e r e m a d e for each o c 
c u r r e n c e o f p r e c i p i t a t i o n . T h e s e m e a s u r e m e n t s 
w e r e m a d e as soon as poss ib le a f t e r the end of 
e a c h s t o r m t o m i n i m i z e evapora t ion e f fec t s . C a r e 
ful a t t en t ion was given to gage e x p o s u r e s , m a i n 
t e n a n c e , and o b s e r v a t i o n a l t e c h n i q u e s . To m i n i 
m i z e the r ead ing e r r o r , expe r i enced o b s e r v e r s 
r e a d the r a i n - g a g e a m o u n t s to the n e a r e s t .001 inch. 

A n a l y s i s of Data 

Data w e r e co l l ec t ed f rom 93 s t o r m s f rom M a r c h 
to N o v e m b e r , d u r i n g 1953 and 1954. F o r each s t o r m , 
a v e r a g e p r e c i p i t a t i o n d i f fe rences w e r e ca lcu la ted 
for the v a r i o u s s e t s of gages loca ted 6, 300, and 
600 feet a p a r t on the gr id pa t t e rn . R e s u l t s of th is 
a n a l y s i s , c l a s s e d b y s t o r m s i ze , a r e shown in 
Tab le 19. The m e a n m a x i m u m d i f f e rences shown 
in Tab le 19 a r e the a v e r a g e s for the h i g h e s t d i f fer 
ence o b s e r v e d in each s t o r m . The abso lu t e m a x i 
m u m i s the h ighes t r ead ing obtained dur ing the 
1953-54 t e s t p e r i o d for each c l a s s of s t o r m s i z e , 
a s m e a s u r e d by the ne twork m e a n r a in f a l l . 

T A B L E 19 

D I F F E R E N C E S B E T W E E N GAGE PAIRS 

Di f fe rences (in.) for Given S t o r m Sizes (in.) 

0 .01-0 .19 0 .20-0 .49 0 .50-0 .99 1.00-1.99 

6 -Foo t P a i r s 

A v e r a g e 0.003 0.005 0.009 0.020 
Mean M a x i m u m 0.009 0.013 0.022 0.047 
Absolu te M a x i m u m 0.015 0.046 0.041 0.110 
N u m b e r of S t o r m s 46 19 15 13 

3 0 0 - F o o t P a i r s 

A v e r a g e 0.005 0.009 0.013 0.027 
M e a n M a x i m u m 0.013 0.025 0.034 0.079 
Absolu te M a x i m u m 0.026 0.049 0.048 0.165 
N u m b e r of S t o r m s 46 19 15 13 

6 0 0 - F o o t P a i r s 

Ave rage 0.006 0.012 0.016 0.038 
M e a n M a x i m u m 0.015 0.027 0.034 0.087 
Absolu te M a x i m u m 0.034 0.047 0.070 0.231 
N u m b e r of S t o r m s 46 19 15 13 
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R e f e r e n c e to Table 19 shows that a v e r a g e 6-
foot d i f f e rences for s t o r m s having m e a n r a in fa l l up 
to 0.50 inch a r e r a t h e r ins ign i f i can t . H o w e v e r , 
a p p r e c i a b l e d i f fe rences w e r e usua l ly o b s e r v e d 
with the h e a v i e r s t o r m s and o c c a s i o n a l l y with 
l ight s t o r m s . Since the d i f f e r e n c e s have a def in i te 
t endency to i n c r e a s e with s t o r m s i z e , they canno t 
be a t t r i b u t e d sole ly to r ead ing e r r o r . A n o t h e r f ac 
t o r which may have con t r ibu ted to the d i f f e r e n c e s 
o b s e r v e d be tween the 6-foot p a i r s i s the t u r b u l e n c e 
c r e a t e d in the wind flow about the g a g e s . T h e r e was 
no way in which to s e p a r a t e the effects of r e a d i n g 
and t u r b u l e n c e e r r o r s f r o m the r e a l d i f f e r e n c e s 
o c c u r r i n g in the s u r f a c e ra in fa l l p a t t e r n . Con
s i d e r i n g the carefu l a t t en t ion which was g iven to 
gage e x p o s u r e s , gage m a i n t e n a n c e , and o b s e r v a 
t ional t e c h n i q u e s , i t i s be l i eved that the d i f f e r e n c e s 
which w e r e obtained be tween the 6-foot p a i r s r e p r e 
sent the m i n i m u m to be expec ted in s h o w e r - t y p e 
ra infa l l . F o r the 6-foot p a i r s a c o r r e l a t i o n coeff i 
c ient of 0.79 was obta ined be tween a v e r a g e s t o r m 
d i f f e rences and s t o r m s i z e . 

The t r e n d for the a v e r a g e d i f fe rence to inc r e a s e 
with i n c r e a s i n g s t o r m s i z e and with d i s t a n c e i s 
fu r the r i l l u s t r a t e d by the s u m m a r i z e d data for the 
300-foot and 600-foot p a i r s in Tab le 19. A c o r r e 
la t ion coefficient of 0.80 was obta ined b e t w e e n 
a v e r a g e d i f fe rence and m e a n r a in fa l l for the 300-
foot p a i r s . S i m i l a r l y , a c o r r e l a t i o n coeff ic ient of 
0.72 was obtained with the 600-foot p a i r s . 

The da ta w e r e fu r the r e x a m i n e d for d i f f e r e n c e s 
be tween 6-foot gage p a i r s a r i s i n g f rom m e t e o r 
ologica l f a c to r s o the r than m e a n ra in fa l l . T h e s e 
f ac to r s inc lude s t o r m d u r a t i o n , m e a n ra in fa l l r a t e , 
and wind. Resu l t s of th is p h a s e of the s tudy a r e 
p r e s e n t e d in Tab le 20, w h e r e the r e l a t i v e v a r i a 
bi l i ty of the a v e r a g e d i f f e r ences has been r e l a t e d 
to each m e t e o r o l o g i c a l f ac to r . The v a r i a b i l i t y 
fac tor was obtained for e ach s t o r m by d iv id ing the 
a v e r a g e d i f fe rence for p a i r s a t a given d i s t a n c e 
by the a r e a l m e a n ra in fa l l and mul t ip ly ing by 100 
to conve r t the fac to r to p e r cen t . 

TABLE 20 

RELATIVE VARIABILITY TRENDS FOR 
6-FOOT GAGE PAIRS 

Av. Variability (%) for Given Size of Event 

Mean Rainfall, in. 

0.01-0.09 0.10-0.19 0.20-0.49 0.50-0.99 1.00-1.99 

6.1 2.5 1.9 1.4 1.3 

Storm Durations, hrs . 

0.1-2.0 2.1-4.0 4.1-6.0 6.1-12.0 12.1-24.0 

5.8 1.9 2.1 1.9 2.0 

Mean Rainfall Rate, in/hr 

0.01-0.05 0.06-0.10 0.11-0.20 0.21-0.30 Over 0.30 

5.8 2.7 2.3 2.2 1.8 

Wind Speed, mph 

0-5 6-10 11-15 16-20 21-30 

3.6 3.7 2.8 2.8 2.4 

E x a m i n a t i o n of Table 20 shows that the r e l a 
t ive v a r i a b i l i t y tends to d e c r e a s e with i n c r e a s i n g 
m e a n r a in fa l l , th is t r end being m o r e p ronounced 
for the l ight s t o r m s . A s i m i l a r t r end was o b s e r v e d 
for s t o r m d u r a t i o n up to four h o u r s , a f te r which , 
t h e r e a p p e a r e d to be no s ignif icant change in the 
a v e r a g e r e l a t i v e v a r i a b i l i t y with i n c r e a s i n g s t o r m 
d u r a t i o n . Mean ra infal l r a t e p roduced i ts g r e a t e s t 
effect upon the re la t ive v a r i a b i l i t y a t low v a l u e s . 
A s l ight t r e n d was o b s e r v e d for the r e l a t i v e v a r i 
abi l i ty to d e c r e a s e with i n c r e a s i n g m a g n i t u d e of 
wind speed , the a v e r a g e r e l a t i v e v a r i a b i l i t y t end ing 
to level off with high va lues of wind speed . 

B e c a u s e of the magn i tude of the c o m p u t a t i o n s 
involved, no a t t e m p t was m a d e to combine a l l the 
p o s s i b l e v a r i a b l e s into a m u l t i p l e r e g r e s s i o n equa 
t ion, e s p e c i a l l y s ince a r e l a t i v e l y high c o r r e l a t i o n 
was ob ta ined be tween the v a r i o u s d i f f e r e n c e s and 
s t o r m s i z e o f m e a n r a in f a l l . Sca t t e r d i a g r a m s r e 
la t ing the 6-foot r e la t ive v a r i a b i l i t y to m e a n r a i n 
fa l l , wind speed , s t o r m d u r a t i o n , and m e a n 
ra in fa l l r a t e a r e i l l u s t r a t e d i n F i g u r e 53. 

F o r c o m p a r i s o n with the s m a l l s c a l e d i f f e r e n c e s 
in Tab le 19, s o m e r e s u l t s f rom the s tudy d i s 
c u s s e d in the sec t ion on the va r i a t i on of point r a i n 
fall with d i s t a n c e a r e s u m m a r i z e d in T a b l e 2 1 . 
The r e l a t i o n s shown in t h i s tab le w e r e ob ta ined 
f rom o b s e r v a t i o n s in s h o w e r - t y p e ra in fa l l c o l l e c t e d 
on the P a n t h e r C r e e k and Goose C r e e k n e t w o r k s 
shown in F i g u r e s 3 and 4. 

The magn i tude of the v a r i a b i l i t y be tween 6-foot 
300-foot and 600-foot p a i r s on a mon th ly and s e a 
sonal b a s i s is i l l u s t r a t e d in Table 22. A t r e n d for 
a v e r a g e d i f f e r ences be tween gage p a i r s t o i n c r e a s e 
with d i s t a n c e and with a r e a l m e a n ra in fa l l was 
found for both monthly and s e a s o n a l p r e c i p i t a t i o n . 
Th i s t r e n d was l e s s p ronounced than that found 
be tween a v e r a g e d i f f e rences and s t o r m m e a n r a i n 
fa l l . C o r r e l a t i o n coeff ic ients of 0 .60, 0 .58 , and 
0.48 w e r e obta ined be tween monthly ra in fa l l and 
a v e r a g e d i f f e r ences of 6-foot , 300-foot and 600-foot 
p a i r s , r e s p e c t i v e l y . Al though a m a x i m u m m o n t h l y 
d i f f e rence of 0.27 inch was o b s e r v e d be tween 600-
foot p a i r s on one occas ion , a v e r a g e month ly d i f fe r 
e n c e s w e r e g e n e r a l l y l e s s than 0.05 inch . 

Compu ta t i ons w e r e m a d e of the a c c u r a c y with 
which the c e n t r a l gage wi thin the g r id p a t t e r n 
m e a s u r e d the s t o r m m e a n ra infal l for the e n t i r e 
a r e a . R e s u l t s a r e s u m m a r i z e d in T a b l e 23 w h e r e 
the a v e r a g e , s t a n d a r d and m a x i m u m e r r o r s have 
been r e l a t e d to s t o r m s i z e . Mean ra in fa l l w a s ob
ta ined f r o m the a r i t h m e t i c a l a v e r a g e of al l g a g e s . 
The e r r o r s w e r e found to i n c r e a s e with i n c r e a s i n g 
s t o r m s i z e , a l though r e m a i n i n g r e l a t i v e l y s m a l l . 

TABLE 21 

VARIATION OF POINT RAINFALL WITH DISTANCE 

Storm Size (in.) Av. Difference (in.) at Given Distance 

At Given Point 1 Mile 3 Miles 

0.10 0.06 0.09 
0.25 0.08 0.11 
0.50 0.10 0.14 
1.00 0.14 0.20 
1.50 0.18 0.26 
2.00 0.23 0.33 
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TABLE 22 

MONTHLY AND SEASONAL DIFFERENCES BETWEEN GAGE PAIRS 

Difference (in.) for Given Distance 
Mean 6-Ft 300-Ft 600-Ft 

1953 Rainfall, in. Av. Max. Av. Max. Av. Max. 
April 1.30 0.022 0.067 0.023 0.054 0.032 0.094 
May 1.53 0.022 0.047 0.028 0.078 0.028 0.059 
June 3.39 0.016 0.034 0.032 0.100 0.039 0.079 
July 3.15 0.036 0.057 0.032 0.080 0.036 0.066 
Aug. 0.59 0.012 0.032 0.016 0.036 0.021 0.040 
Sept. 0.41 0.006 0.016 0.008 0.031 0.014 0.039 
Oct. 1.74 0.028 0.061 0.039 0.120 0.055 0.123 
1954 

March 1.18 0.013 0.034 0.023 0.060 0.023 0.044 
April 4.61 0.043 0.083 0.083 0.234 0.145 0.270 
May 4.34 0.026 0.053 0.025 0.081 0.029 0.074 
June 2.59 0.050 0.112 0.044 0.122 0.055 0.102 
July 2.79 0.020 0.036 0.037 0.090 0.054 0.125 
Aug. 4.51 0.028 0.055 0.027 0.088 0.025 0.083 
Sept. 0.30 0.007 0.014 0.013 0.032 0.025 0.036 
Oct. 4.51 0.032 0.057 0.028 0.076 0.044 0.110 
1953 
Apr.-Oct. 12.11 0.053 0.092 0.102 0.234 0.167 0.327 

1954 

Mar.-Oct. 24.83 0.113 0.219 0.175 0.429 0.200 0.482 

TABLE 23 

RELATION BETWEEN AREAL MEAN RAINFALL AND 
CENTRAL GAGE POINT RAINFALL 

Storm Mean Rainfall, in. 

0.01-0.09 0.10-0.19 0.20-0.49 0.50-0.99 1.00-1.99 

Average E r r o r 0.003 0.003 0.005 0.007 0.013 
Standard E r r o r 0.004 0.004 0.007 0.009 0.017 
Maximum Er ro r 0.013 0.011 0.017 0.025 0.044 
Number of Storms 28 18 19 15 13 
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FIGURE 53 EFFECT OF SEVERAL METEOROLOGICAL FACTORS ON RELATIVE VARIABILITY OF STORM RAINFALL 
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