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STUDIES OF THUNDERSTORM RAINFALL WITH 
DENSE RAINGAGE NETWORKS AND RADAR* 

by 

H. E. Hudson, J r . , Head 
G. E. Stout and F. A. Huff, Meteorologists 

Engineering Subdivision 
State Water Survey 

Urbana, Illinois 

SUMMARY 

The results of three years ' work on concen­
t ra ted ra ingage ne tworks and on r a d a r rainfall 
extent and intensity measurements are described. 
Thunderstorm rainfall is shown to be multicellular, 
so that the application of area-depth data is more 
complex than is usually assumed. 

The orientation, duration, and path of s to rm 
cells a re shown to have marked effects on a r e a -
depth curves for a given basin . Data on a r e a -
depth relationships a re presented for networks of 
5 .2- , 95-, and 280-square-mile a reas . 

Effects of gage density on mean rainfall e r r o r s 

are investigated. Heaviest s torms were found to 
be associated with cold fronts. 

Theory and development of radar for rainfall 
measurement a r e reviewed. Available methods 
of m e a s u r i n g ra infa l l by r a d a r a r e d i scussed . 
Data collected in the study on radar signal strength 
and rainfall intensity are presented and analyzed 
using a new analytical approach. It is concluded 
that radar is able to depict rainfall extent bet ter 
than raingaging, and that radar can measure ra in­
fall intensit ies as well as the raingage networks 
generally used. 

INTRODUCTION 

The standard raingage that has provided engi­
nee r s with limited rainfall data may be replaced 
in this age of electronics. Radar, a high frequency 
radio device which became a reality during World 
War II, has since been used by the Illinois Water 
Survey to detect, track and quantitatively measu re 
rainfall over the nor the rn half of Il l inois. The 
detection and tracking of rainfall was recognized 
by the mil i tary use rs of r ada r , but has not been 
deeply explored for i ts application in the field of 
hydro-meteorology. 

Present raingaging techniques do not provide 
the accuracy des i red by engineers and m e t e o r ­
ologists. On the smaller watersheds under study 
in I l l inois p r i o r to 1948, gage dens i t i e s of 15 
square miles per gage were employed, but large 
differences of rainfall were encountered, espec i ­
ally when the precipitat ion occurred in the form 
of local showers or t h u n d e r s t o r m s . In Illinois 
the bulk of the y e a r ' s precipi ta t ion comes from 
such s t o r m s . If the density of the network was 
increased tenfold, it would not be able to depict 
the details of rainfall from small s to rms . F u r ­
thermore, the task of collecting and compiling al l 
the data would be huge. 

When rainmaking activities boomed in 1947, 
the Survey ga thered data on this new water r e ­
source of Illinois. Interest was so great that the 
Pfister Hybrid Corn Company of El Paso, I l l inois, 
in cooperation with the Water Survey, organized 
a program to evaluate the possibilities of induced 
precipitation. A war-surplus AN/APS-15 r a d a r 
set was purchased by the cooperating group to be 
used for the tracking of both aircraf t and rainfall 
during any rainmaking attempts. Gradually, while 
ra inmaking did not seem to prove n e c e s s a r y in 
Illinois, the utility of the radar unit at El Paso for 
portraying the areal extent of the rainfall became 
evident. It was thought that the quantity of r a in ­
fall could be determined as well as the a r e a l ex­
tent with this equipment. Practical ly it appeared 
that a r a d a r scanning a r ad ius of 70 m i l e s or 
15, 000 square mi les could also give the quantity 
of rainfall deposited in that a rea and thus supple­
ment or even eliminate the standard raingage. 

As a check on the possibi l i t ies of the cloud 
seeding work planned, a raingage network was 
installed in the vicinity of El Paso in Spring 1948. 
This network, continued in revised form in 1949 
and 1950, proved of little value for radar s tudies , 
due to "ground c lu t te r" appear ing on the r ada r 
scope, caused by t r e e s and s t r u c t u r e s close to 
the r a d a r . However , the El P a s o network did 
produce much thunderstorm rainfall data. 

*This paper was presented at the Houston Convention 
of the American Society of Civil Engineers on February 22, 
1951. 
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RAINFALL STUDIES 

GAGE NETWORKS USED 

Three raingage networks were available for 
the p a s t t h r e e y e a r s to enable a n a l y s i s of the 
character of the s torms involved in these s tudies . 

T h e s e n e t w o r k s a r e shown in F i g u r e 1-3. 
The 2 8 0 - s q u a r e - m i l e network in the vicinity of 
El P a s o , Ill inois (F igure 1) was ini t iated in the 
spring of 1948. It was reorganized at the close 
of the 1949 thunde r s to rm season. Beginning in 
the spring of 1950, the 95- square -mi le Panther 
Creek network (F igure 2) has been operated in 
conjunction with a detai led hydrologic study on 
that watershed. To obtain more rainfall data for 
this type of watershed, a different area of the same 
size and shape was chosen from the 280-square -
mile network in the area of maximum gage density. 
T h e r e a r e no d i s t i nc t topograph ic or c l imatic 
features in the region. The super imposed a r ea 

is shown by the dashed outline in Figure 1. The 
5. 2 - s q u a r e - m i l e network, located on Boneyard 
Creek at Champaign-Urbana, I l l inois, is shown 
in F i g u r e 3 . T h i s ne twork has been operated 
since the fall of 1948 in cooperation with the Civil 
Engineering Depar tment , Universi ty of I l l inois. 

The 280-square-mile area gaged in 1948-1949 
contained a total of 29 stick and 17 recording gages , 
or an average of one gage per 6. 1 square m i l e s . 
Within this area was the 95-square-mile a r ea that 
had 14 stickand 6 recording gages during the 1948-
1949 seasons, corresponding to an average of one 
gage pe r 4. 75 s q u a r e m i l e s . During the 1950 
thunders torm season, 30 stick and 26 recording 
gages w e r e loca ted on or in the vicini ty of the 
95-square-mile watershed. The Boneyard wa te r ­
shed included 7 recording gages or an average of 
one gage per 0. 7 square mile . 

FIG. 1. 1948-49 PANTHER CREEK RAINGAGE NETWORK. 
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FIG. 2. 1950 PANTHER CREEK RAINGAGE NETWORK. 

AREA-DEPTH RELATIONSHIPS 

For many engineering design purposes, a de ­
tailed knowledge of duration-area-depth relat ion­
ships for s m a l l a r e a s is e s s e n t i a l . Very few 
published data are available for a rea l units under 
100 square miles. Raingage networks of sufficient 
density to permi t a rea-depth extrapolations with 
a r easonab le degree of accu racy to such smal l 
a r ea s have seldom existed. Rainfall data, col­
lected on three networks of 5.2, 95, and 280 square 
miles in Centra l I l l inois, have been analyzed in 
an attempt to furnish some concrete information 
on the characterist ics of the area-depth curve for 
small watersheds in thunderstorm rainfall. The 
present analysis is concerned chiefly with the 95-
square-mile basin for which three years ' data a r e 
available. More limited data for the 280- and 5. 2-
square-mile a reas have been used to supplement 
this study. Only data for the thunderstorm season, 
May-September, have been used in the analys is . 

Effect of Gage Density on Area-Depth Curve. 
During the summer of 1950, 40 gages were located 

on or within the boundaries of the 95-square-mi le 
P an the r Creek wa te r shed . F o r the 1948-1949 
s e a s o n s , when a much l a r g e r a r e a was gaged, 

FIG. 3. BONEYARD CREEK RAINGAGE NETWORK, 
URBANA-CHAMPAIGN, ILL. 
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only 20 gages could be included in an a rea of the 
size and shape of Panther Creek. The question 
immediately a rose as to the comparabili ty of the 
data; that i s , what differences exist in the a r e a -
depth curve for a 95-square -mi le a r ea when the 
results a re based on a 40-gage network as against 
a 20-gage network. 

Gage density in the following discussion r e ­
fers to the average a rea per gage. The 40-gage 
network corresponds to 2. 4 square miles per gage 
and the 20-gage network to 4. 75 square miles pe r 
gage. To check the effect of gage densi ty, the 
eight storms of the 1950 thunderstorm season hav­
ing an a rea l mean rainfall in excess of 0. 50 inch 
were analyzed using raingage networks of 40 and 
20 gages on the 95-square-mile watershed. Area -
depth curves for each s torm were determined by 
planimetering isohyetal maps. The 20-gage net ­
work gave the true area-depth relationship. In ter ­
polation was not extended below 10 square m i l e s , 
since it was felt that the 20-gage networks were 
not dense enough for this purpose . (There is a 
tendency to underestimate the mean rainfall con­
siderably for small units of area where gage den­
s i t i es a r e insufficient to sample sma l l intense 
cores of rainfall with accuracy. ) 

Percentage differences summarized in Table I 
were determined by comparing the 10-, 25 - , 50- , 
75- and 9 5 - s q u a r e - m i l e points on a r e a - d e p t h 
curves for 20- and 40-gage networks . Although 
the 20-gage network did not give quite as detailed 
isohyetal patterns, the variation in the constructed 
a r e a - d e p t h cu rves was minor within the l imits 
tested. It was felt, therefore, that the 1948-1949 
network of 20 gages pe r 95 square mi l e s (4. 75 
sq. m i . /gage) could be used for analysis with a 
good degree of confidence in the r e su l t s . 

Since the 20-gage network appeared to give 
a rea -dep th curves very close to the t rue curve, 
it was decided to further investigate the effect of 
gage density upon the area-depth curve obtained. 
To do this, area-depth curves obtained from gage 
densities of 4. 75, 9. 5, and 19. 5 (20, 10, 5 gages) 
for the 15 heaviest s to rms during the 1948-1950 
period were compared. The 9. 5 and 19. 5 r e su l t s 
were expressed as percentage differences from 
those obtained with the 4. 75 gage density. Table 2 
summar izes the resu l t s . The resu l t s indicated, 
as would be expected, an increas ing e r r o r with 
decreasing gage density, the e r r o r being g rea tes t 
at the smaller units of area. Departures from the 
t rue mean were predominately negative, demon­
strat ing the tendency of the s p a r s e r networks to 
miss or underestimate the heavier cores of r a in ­
fall. The 5-gage network was not extrapolated 
below 25 square miles since it corresponds to but 
one gage per 19. 5 square mi les . 

Thunders torm Rainfall. Before proceeding 
further with the discussion of the area-depth anal ­
ysis , it would appear desirable to review the na­
ture of thunderstorm rainfall. Byers and Braham 
(1) have shown as a result of radar - thunders to rm 

studies in Ohio and Florida that the thunders torm 
is normal ly mul t i ce l lu la r in na tu re . Usually a 
thunderstorm consists of three or more cells ad­
jacent to each other , each manifest ing itself in 
the su r f ace r a in fa l l p a t t e r n . They found that 
s ingle , i sola ted thunders to rm cel ls were com­
para t ive ly r a r e , and genera l ly weak when they 
did occur . The durat ion of mode ra t e or heavy 
ra in from a single cell of a s t o r m was found to 
v a r y from a few minutes to a lmos t an hour de­
pending upon the life of the cel l . 

The t h u n d e r s t o r m squa l l s p reced ing cold 
fronts, probably the most frequent source of heavy 
rainfall in the Panther Creek region and much of 
the Midwest, were found in the p re sen t study to 
be composed m o s t frequently of s eve ra l squall 
lines comprising a squall zone rather than a single 
line of thunderstorms. This leads to the conclu­
sion then that the surface rainfall pat tern will be 
dependent upon several factors including the num­
b e r , s ize and longevi ty of the individual cells 
affecting the area, and their distribution of showers 
within the a r e a of in te res t . 

The t h u n d e r s t o r m pro jec t found that these 
cells may vary anywhere from one to more than 
th i r ty mi les in d i ame te r . Consequently, these 
factors will be reflected in the area-depth curve. 
The complexity of the rainfal l pa t te rn will tend 
to i n c r e a s e with a r e a and d e c r e a s e with t ime. 
That is , the number of cores or centers of heavy 
rainfall assoc ia ted with the individual cells will 
tend to increase with area , especially with squall 
line conditions. The increasing number of cells 
crossing an a rea with progress ing time will usu­
al ly tend to make the to ta l s t o r m pa t t e rn more 
uniform due to the overlapping effect. For r e l a ­
tively large basins and short s torm durations, the 
a rea -dep th curve will often ref lect a composite 
effect of several rainfall cores or centers within 
the a rea ra ther than a pat tern of high rainfall at 
one place decreasing progressively outward from 
the single center. 

SOME FACTORS AFFECTING AREA-DEPTH 
RELATIONSHIPS ON INDIVIDUAL BASINS 

The a rea -dep th curve will be influenced by 
the s ize and shape of the bas in , the orientation 
of the storm with respect to the basin, topography, 
duration of storm, and type of storm. The Panther 
Creek studies have been chiefly concentrated on 
the s u m m e r t h u n d e r s t o r m type of rainfal l over 
this watershed, which is comprised of relat ively 
flat terra in with no distinct topographic features . 
For this investigation, therefore, three var iables , 
s ize and shape of basin, genera l type of s torm, 
and topography, are fixed. The efforts have been 
concentrated on the effects of s torm duration and 
s torm location with respect to the basin. 

With respect to storm location, it may be said 
that a given s to rm consisting of a single rainfall 
core or s to rm center t ravel ing along the minor 
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F I G . 4 . P E R C E N T A R E A - D E P T H CURVES FOR T H R E E 
S T O R M D U R A T I O N S . 1948-50 DATA. 

axis of a rectangular basin, will produce an a r e a -
depth curve of greater slope than the same s to rm 
having its center coinciding with the major axis 
of the basin. That is , the range of rainfall values 
from the lower end to the upper end of the curve 
will be grea ter . Similarly, when the s torm axis 
p a s s e s n e a r or outside the basin boundary, the 
slope will be greater than when the s torm center 
passes through or near the basin center . 

Table 3 i l lustrates these effects, using data 
from the July 16 to 17, 1950, s to rm, which was 
the heaviest recorded during the t h r e e - y e a r ob­
se rva t ion pe r iod . Three conditions have been 
illustrated using a 12 x 8. 3 rectangle (100 sq. mi . ) 
superimposed on the storm rainfall pattern. F i r s t , 
the major axis of the rectangle was made to coin­
cide with the storm axis. In the second case , the 
minor basin axis was made to coincide with the 
storm core, and third, the rainfall core was placed 
along the basin boundary parallel to the basin m a ­
jor axis. This was done for the total storm period 
and for the three-hour period of maximum rainfall 
within the over -a l l s torm to i l lus t ra te the effect 
of duration as well as location on the a rea -dep th 
curve. The area-depth values in each case have 
been e x p r e s s e d on a percentage b a s i s to be t te r 
i l l u s t r a t e the re la t ive var ia t ion . The effect of 
s torm position and duration are readily apparent , 
the variation being least with the longer duration 
and with the s t o r m axis pass ing along the basin 
major axis. The effect m a y be greater or smal l e r 
than the i l lustrated example, depending upon the 
basin cha rac te r i s t i c s , s to rm core locations and 
durations involved. 

Area-Depth Analysis, 95-Square-Mile Water­
shed, 1948-1950. Twenty-eight s t o r m s having 
mean rainfall in excess of 0. 50 inch for the 95-
square-mile watershed during the 1948-1950 period 
were used in the study. Of these, 14 had the axis 
of the rainfall core passing near the center of the 
bas in , while the remain ing 14 p a s s e d near the 

boundary of the basin. As would be expected, the 
heaviest area rainfalls occurred with those s t o r m s 
having their area of heaviest rainfall near the basin 
center. Since these are the storm types producing 
the heaviest rainfall for a given a r ea , they have 
been analyzed separately. The resul ts should be 
quite typical of area-depth relationships in heavy 
rain s torms. 

Percentage area-depth relationships for these 
14 s t o r m s have been l i s ted in th ree c l a s se s in 
Table 4, cor responding to rainfal l durat ions of 
over 12 h o u r s , 6 to 12 h o u r s , and l e s s than 6 
hou r s . F igure 4 shows mean percentage depth 
curves for each of the durat ion class i f icat ions . 
Pa r t i a l s torm periods for severa l of the heavier 
s to rms have been utilized in the analys is , since 
they compr i sed unit s t o r m s within the over -a l l 
s to rm period represent ing the passage of squall 
l ines or zones . A fur ther breakdown involving 
the orientation of s torm cores with respect to the 
basin axis was not possible with the limited data. 
In t he se c a s e s , however , it should be a minor 
factor, since the basin is not of an elongated na­
t u r e , being roughly equivalent to a 9 x 11 r e c ­
tangle. 

Figure 4 indicates that the slope of the a r e a -
depth curve tends to d e c r e a s e considerably as 
ra infa l l dura t ion i n c r e a s e s . This tendency i s 
most pronounced when proceeding from the r e l a ­
t ive ly s h o r t d u r a t i o n (1-5 hour s ) to modera te 
durat ions (6-12 hours ) . Variat ions between the 
percentage area-depth curves for individual s t o r m s 
became smaller as the rainfall duration increased. 
F o r a specific duration, the var ia t ions between 
individual s to rms were less for large a r e a s than 
small a reas . Considering the nature of thunder­
s t o r m ra infa l l , t hese indicated tendencies a r e 
quite logical. As pointed out earl ier , the thunder­
storm is multicellular in nature, so that as s to rm 
duration inc reases and the number of individual 
cells crossing a given a rea increases , there will 
be an increasing tendency toward uniform a r e a l 
rainfall . 

F I G . 5 . S T O R M C E N T E R L O C A T I O N A N D A R E A -
D E P T H D I S T R I B U T I O N . 
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Table 5 and Figure 5 show a comparison be­
tween 14 storms with s torm axis located near the 
boundary of the 9 5 - s q u a r e - m i l e watershed with 
six s to rms having their core of heaviest rainfall 
near the cen t ra l pa r t of the bas in . Comparison 
could only be made for s t o r m s of l ess than six 
hours duration, since all 14 boundary s to rms fell 
into th i s c lass i f icat ion. As would be expected, 
the slope of the boundary-storm curve is g rea te r 
as a ru le . With respec t to a basin, the rainfall 
gradient decreases most ly in one direction in the 
boundary s torms. As a result , the mean rainfall 
for the total a r ea d e c r e a s e s considerably com­
pared to the same s t o r m pass ing near the basin 
center. However, the maximum rainfall remains 
as high or nea r ly so as when the s to rm core is 
well within the watershed boundar ies . This , of 
course , r e su l t s in a g rea te r slope for the a r e a -
depth curve with boundary s t o r m s . 

It should be mentioned he re that the l imited 
data did not permit a thorough analysis of possible 
effects of the magnitude of s t o r m rainfall on the 
s lope of the a r e a - d e p t h c u r v e . The Weather 
B u r e a u s tudy (2) of 38 s i x - h o u r p a r t i a l s to rm 
periods found no evidence of.any significant change 
in slope with increased mean rainfall in these six-
hour per iods . The l imited data in Table 4 point 
in the same direction. Comparing the three s t o r m s 
of g r ea t e r than 12-hour durat ion, no significant 
differences in percentage values a re evident, a l ­
though m e a n ra infa l l v a r i e s f rom 2. 57 to 5. 22 
inches . S imi la r ly , for the five s t o r m s of 6-12 
hours ' durat ion, t he r e appea r s to be no signifi­
cant c o r r e l a t i o n with m e a n ra in fa l l , although 
amounts range from 1.14 to 2.77 inches. A s imi ­
lar conclusion may be drawn from examination of 
the storms of less than six hours' duration. Rain­
fall durat ion appears to be m o r e important than 
to ta l t h u n d e r s t o r m ra infa l l in de te rmining the 
slope of the area-depth curve. 

The tendency for the area-depth curve to de­
crease in slope with increasing duration of ra in­
fall is further il lustrated in Table 6 and Figure 6, 
where pe rcen tage a r e a - d e p t h re la t ionships for 
three-hour intervals in the storm of July 17, 1950 
a re compared with the same values for the total 
n ine -hou r s t o r m p e r i o d and with those for the 
o v e r - a l l s t o r m . T h i s s t o r m cons i s ted of two 
t h r e e - h o u r pe r iods of r e l a t ive ly heavy rainfall 
s e p a r a t e d by a t h r e e - h o u r pe r iod of re la t ive ly 
light precipitation. In connection with this table, 
it is interesting to note that the three-hour period 
of light rainfall having the grea tes t slope showed 
the heaviest rainfall amounts near the edge of the 
watershed, while the ax is of the rainfall core in 
the two heavy storms passed well within the water ­
shed boundar ies . 

Compar ison of 5. 2 - , 95 - , and 280-Square-
Mile Watersheds. Comparison of area-depth data 
for the 95-square-mile watershed was made with 
that collected from the Boneyard watershed of 5. 2 
square m i l e s and the 2 8 0 - s q u a r e - m i l e Panther 

Creek area. Comparison between the three a r e a s 
was possible only for storms of less than six hours ' 
duration since insufficient data for the Boneyard 
were available for longer durations. Table 7 and 
Figure 7 show this comparison for s torms whose 
heaviest rainfall was located near the central pa r t 
of the watersheds . Table 8 shows a comparison 
of a v e r a g e p e r c e n t a g e a r e a - d e p t h values for 
storms having their rainfall cores near the wa te r ­
shed boundary with those having cores well within 
the basin a r e a for each of the th ree wate rsheds . 
Table 9 shows percentage area-depth relationships 
for the 280-square-mile a rea for three s to rms of 
longer duration with s to rm cores near the basin 
center . 

From Table 7 and Figure 7, the tendency for 
s torm rainfall variability to increase with i n c r e a s ­
ing bas in a r e a is apparent . This var iabi l i ty is 
i l lustrated in another manner in Figure 8, where 
each basin is treated as a unit area and mean p e r ­
centage a r e a - d e p t h cu rves cons t ruc ted for the 
three basins. In referring to Figure 7, it should 
be remembered that the average relationships for 
the 5. 2 - s q u a r e - m i l e watershed a r e not s t r ic t ly 
r e p r e s e n t a t i v e of the max imum 5 - squa re -mi l e 
area relationships in the larger watersheds. With 
increasing basin area, the number of thunderstorm 
c e l l s , and consequent ly the n u m b e r of intense 
co re s of ra infa l l , tends to i n c r e a s e . This will 
resu l t in a t rend toward l e s s e r variabil i ty in the 
a rea -dep th curve within the very smal l a r e a s of 
heaviest rainfall in the l a rge r wate rsheds . 

The dashed portions of the curves in Figure 7 
r e p r e s e n t e s t i m a t e d r e l a t i o n s h i p s . Since the 

FIG. 6. PERCENT AREA-DEPTH COMPARISONS FOR 
PARTIAL STORM PERIODS AND TOTAL STORM, JULY 17, 
1950. 
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FIG. 7. AREA-DEPTH CURVES FOR THREE NETWORKS IN ILLINOIS. Storm cores near a rea 
center. Durations less than 6 hours. 

th ree cu rves for the individual watersheds a r e 
s t r ikingly s i m i l a r in shape, the curves for the 
5 . 2 - and 9 5 - s q u a r e - m i l e b a s i n s were used as 

FIG. 8. E F F E C T OF NETWORK AREA ON STORM 
RAINFALL VARIABILITY. Durations less than 6 hours . 

guides in extrapolating the 280-square-mile basin 
curve. This was done by plotting the n e c e s s a r y 
port ions of the 5 .2 - and 95-square mile curves 
at the upper end of the 2 8 0 - s q u a r e - m i l e curve . 
Similar ly , the 5 . 2 - s q u a r e - m i l e curve was used 
as a guide in ext rapola t ing the 9 5 - s q u a r e - m i l e 
curve. The resul ts a re presented as an approxi ­
mation of the actual relationships in the absence 
of more concrete data. As stated before, apply­
ing d i r e c t l y the ac tua l pe rcen tage va lues for a 
small watershed to the upper end of a curve for a 
la rger watershed would tend to give e r roneous ly 
high values. As an example, the ratio of the one-
square-mile rainfall to the a rea mean determined 
for the 9 5 - s q u a r e - m i l e bas in would be 1.71 by 
this method, while that obtained by the ext rapola­
tion method was 1. 64. 

The Muskingum data in Figure 7 r e p r e s e n t s 
average values obtained from an ana lys i s of 38 
s t o r m s on the Muskingum Basin in Ohio by the 
U. S. Weather Bureau Hydrometeorological Sec­
tion (2). Figure 9 expresses the area-depth data 
for the 5 . 2 - , 9 5 - , and 280-square-mi le bas ins 
as a percentage of the maximum one-square-mi le 
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mean rainfall . This type of curve is somet imes 
u sed for des ign p u r p o s e s . The 9 5 - and 280-
square-mile curves again a re presented as close 
approximations, since the value of the one-square-
mile mean may not be s tr ict ly accura te . 

Table 8 indicates that a rea-depth curves for 
boundary storms ordinarily show greater var ia t ion 
with decreasing a r ea than do central ized s t o r m s 
in a l l t h ree wate rsheds . This effect min imizes 
when proceeding from small units of area to large 
units in a given watershed. The effect of the sma l l 
intense cores of rainfall decreases as greater a r ea 
is encompassed on the area-depth curve. 

Table 9 gives some limited percentage a r e a -
depth data for longer duration s to rms in the 280-
s q u a r e - m i l e b a s i n . Compar i son with Table 7 
values for s torms under six hours ' duration again 
indicates decreas ing var iabi l i ty with increas ing 
rainfall durat ion. 

GAGE DENSITY-MEAN RAINFALL 
RELATIONSHIPS 

It is important to know the reliability of mean 
rainfall values obtained from raingage networks 
of varying density which may be used for de t e r ­
minat ion of bas in ra in fa l l - run off re la t ionships . 
This is especially t rue for small watersheds with 
thunderstorm rainfall where only limited informa­
tion is available, since raingage networks o rd i ­
nari ly employed do not provide sufficient data for 
such an investigation. Except for those provided 
by Light (2), Langbein (3), and Linsley (4), ve ry 
few data a re available on the e r r o r s involved in 
the computation of a r ea l mean rainfall . 

Although the data collected from the concen­
t ra ted networks used in this study are too l imited 
to establish definite quantitative relat ionships, it 
is believed that they do show the general magni-

FIG. 9. MEAN PERCENTAGE AREA-DEPTH CURVES. 
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tude of e r ror associated with different gage dens i ­
ties for the size and type of watersheds inves t i ­
gated. The invest igat ion is being continued to 
gather further information. 

Data from the 95-square-mile basin descr ibed 
in the sec t ion on a r e a - d e p t h re la t ionsh ips and 
shown in Figures 1-2 were used in the study. Ob­
se rva t ions from 20 gages on this exper imenta l 
area were available for May-September 1948-1949 
and from 40 gages for the same period in 1950. 

Analys is of Data. It was a s sumed that the 
true mean rainfall was determined by the network 
of 20 gages on the 9 5 - s q u a r e - m i l e watershed. 
This co r responds to an average density of 4. 75 
square miles per gage. Although the assumption 
necessari ly involved some e r ro r , it was believed 
that it would be of small magnitude. As a pa r t i a l 
check on the assumption, a comparison of r e su l t s 
from 40- and 20-gage networks on the 95-square -
mile watershed for 1950 was made . This com­
parison is summar ized in Table 10, where it is 
seen tha t both m e a n differences and maximum 
differences obtained from the two networks were 
of relatively small magnitude. 

Mean Error vs. Gage Density. The reliabil i ty 
of mean rainfall as determined from networks of 
10, 5, 3, and 1 gages on the 9-square-mile wa te r ­
shed was investigated next. These networks cor ­
respond to average densities of 9. 5, 19. 5, 32, and 
95 square miles per gage. Stations were chosen 
to give as uniform a network as possible in each 
case. Where only one gage was used, it was the 
most cen t ra l ly located one. Mean rainfall was 
classified into four intervals , . 0 1 - . 2 0 , . 2 1 - . 5 0 , 
. 5 1 - 1 . 0 0 , and 1 .01-3.00 inches , to de termine 

the effect of s torm magnitude upon the e r r o r in­
volved with each raingage network. The e r r o r 
in each case was determined from the difference 
between the 20-gage mean rainfal l and that ob­
tained from the network in quest ion. 

The results are shown in Table 11 and F igures 
10 and 11, where the mean e r r o r for each mean 
rainfall classification and each raingage network 
has been expressed in both inches of rainfall and 
as a percentage of the true mean or 20-gage a v e r ­
age rainfall. It can be seen that while the absolute 
magnitude of the e r r o r (inches) i n c r e a s e s with 
i n c r e a s e d m e a n r a in f a l l , i t i s p ropor t iona l ly 
s m a l l e r with the heav ie r s t o r m s . Based on an 
average for a number of s to rms , the mean e r r o r 
is relatively small, except for the heavier s to rms 
with the single gage. For general cl imatic pur ­
poses, therefore, it would appear that concentrated 
ne tworks , such as employed in the t h r e e - y e a r 
period studied are not just if iable. 

Frequency Distribution of E r r o r s . To further 
investigate the occurrence of e r r o r s in the de t e r ­
mination of mean rainfall, frequency distributions 
of these e r r o r s for the different gage densi t ies 
and mean rainfall classifications used in Table 11 
were computed from the 1948-1950 data. The r e ­
sults a r e s u m m a r i z e d in Table 12. Data were 
too l imited to justify a m o r e deta i led analys is . 
It is apparent from the resu l t s that the p e r m i s ­
sible e r r o r should d e t e r m i n e the gage density 
employed in any situation. Much detail is lost in 
isohyetal patterns as the gage density is decreased, 
due to the s m a l l a r e a l extent of t hunde r s to rm 
c e l l s . F i g u r e 12, showing i sohye ta l pa t terns 
drawn for the July 16-17, 1950 s torm using gage 
densities of 2. 4, 4. 75, 9. 5, and 19. 5 square mi les 

FIG. 10. E F F E C T OF GAGE DENSITY AND MEAN 
STORM RAINFALL ON MEAN ERROR. 95-sq. -mi . a rea , 
1948-50. Assuming 4. 75 sq. mi. /gage gave true area mean. 

FIG. 11. EFFECT OF GAGE DENSITY ON PERCENT 
ERROR FOR VARIOUS STORM RAINFALLS. 95-sq.-mi. a rea . 
1948-50. Assuming 4. 75 sq. mi. /gage gave true mean area . 
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FIG. 12. EFFECT OF GAGE DENSITY ON ISOHYETAL PATTERN. 
Storm of July 16-17, 1950. 
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per gage, illustrates this point. The gage density 
employed, the re fo re , will a l so depend upon the 
detai l des i r ed in the isohyetal pat tern. 

Er ror vs . Gage Density, Monthly and Seasonal 
Basis . Table 13 shows a summary of the e r r o r s 
for different gage densities on a monthly and sea­
sonal basis . The data -indicate that, for monthly 
ra infal l , one gage pe r 95 square mi l e s gives a 
mean error less than 10 per cent most of the t ime , 
especially with the heavier a rea l rainfalls. Since 
the greatest e r r o r s would ordinarily occur during 
the thunders to rm season, i t appears that a ne t ­
work of one gage per 100 square miles should be 
sufficient for the d e t e r m i n a t i o n of monthly or 
seasonal mean rainfall for most purposes. Monthly 
and seasonal accuracy improves but slightly with 
i nc r ea s ing gage densi ty. The e r r o r s a r e p r e ­
dominately negative, i l lustrating the tendency of 
the less dense networks to miss or underest imate 
a r ea s of most intense rainfall. This, of course , 
is also t rue for s torm rainfall. 

STORM TYPE AND RESULTANT RAINFALL 

Area l Mean Rainfall v s . Storm Type. The 
frequency dis tr ibut ion of a r e a l mean rainfall by 
s to rm types over the 9 5 - s q u a r e - m i l e basin for 
the thunderstorm seasons 1948-1950 was invest i ­
gated. Storm precipitation was divided into five 
c l a s se s for this study. These c l a s s e s included 
rainfall occurring with cold fronts, pre-cold frontal 
squall l ines, warm fronts or warm a i r overrun­
ning, warm air mass instability, and cold a i r m a s s 
instability. 

The s torm type associated with each rainfall 
occurrence was determined from U. S. Weather 
Bureau daily synoptic maps. For the purpose of 
th i s invest igat ion: (1) Cold front precipi tat ion 
was defined as that occurring from 100 mi les in 
advance of the front until ending of the rainfall 
with the f ronta l p a s s a g e . (2) P r e - c o l d frontal 
squall lines included those occurring in the warm 
a i r m a s s f rom approximate ly 100-300 mi les in 
advance of a cold front and were cons idered to 
be indirectly associated with cold fronts. (3) The 
warm front type rainfall included that associa ted 
with the approach and passage of warm fronts or 
warm air overrunning from stat ionary fronts lo­
cated to the south. (4) Warm air mass instability 
rainfall was defined as that occurring in warm a i r 
m a s s e s in the a b s e n c e of f ronts and included 
thermal convection and nocturnal thunder showers . 
(5) Cold a i r m a s s ins tabi l i ty showers included 
those occur r ing in the cold a i r m a s s well after 
the passage of the cold front, usually assoc ia ted 
with the passage of a trough aloft. 

All s to rms resulting in an a r ea l mean ra in ­
fall of 0. 01 inch or m o r e were included in the 
analysis . In cases where a warm front passage 
was fol lowed by a cold front p a s s a g e within a 
few hours , the rainfall associated with each s y s ­

tem was determined from a study of the synoptic 
maps and the recording gage records . A s imi la r 
procedure was followed with fronts which became 
s ta t ionary over sou the rn Il l inois after passing 
through the experimental a rea as cold fronts. 

In Table 14, a comparison between storm type 
and a r e a l mean ra infa l l has been summar ized . 
As should be expected in the region in which the 
exper imenta l a r ea l i e s , precipi ta t ion was mos t 
frequently associa ted with cold fronts during the 
t h u n d e r s t o r m s e a s o n . S i m i l a r l y , the l a rges t 
proportion of the a r e a l mean rainfall was either 
directly or indirectly associated with cold fronts. 
During the three-year period, cold fronts and p r e -
cold frontal squall lines accounted for 50 percent 
of the to t a l s t o r m s and 66 p e r c e n t of the total 
rainfall. 

Pe rhaps more significant to the hydrologist 
and meteoro log is t is the frequency distr ibution 
of the heavier area l mean rainfalls by storm type. 
Table 15 shows a comparison between storm type 
and a r e a l mean ra infa l ls of 0. 50 inch or m o r e . 
It can be seen that cold frontal and pre-cold frontal 
squall lines were again dominant, accounting for 
80 percent of the s to rm rainfalls of 1. 00 inch or 
more and 71 percent of those equaling or exceed­
ing 0. 50 inch. It is i n t e r e s t i ng to note that no 
warm air mass type, which includes heat convec­
tion thunders torms, gave an a r ea l mean rainfall 
of 1. 00 inch or more . Although the heat convec­
tion t h u n d e r s t o r m s may produce heavy rainfall 
intensities, they normally consist of scat tered or 
i so la ted s t o r m ce l l s of s m a l l a r e a l extent and 
shor t dura t ion . Oppor tuni t ies for heavy a r ea l 
rainfall on a 95-square-mi le watershed a r e con­
siderably greater with the multicellular thunder­
storm lines or zones associated with the approach 
and passage of cold f ronts , where rainfall may 
continue for s eve ra l hours . 

Rainfall Intensity vs . Storm Type. A study 
was made of the excessive rainfall ra tes recorded 
on the 9 5 - s q u a r e - m i l e w a t e r s h e d during May-
September, 1948-1950. Only data from recording 
gages could be used for this purpose. During the 
1948-1949 seasons , 8 recording gages were in­
cluded in the 20-gage basin network. The number 
of r eco rd ing gages was i n c r e a s e d to 24 during 
1950. 

Excessive rainfall rates were determined from 
the following U. S. Weather Bureau formula for 
shor t -per iod , high intensi ty s t o r m s : 

R = 0.01 (t + 20), 

where R is r a in fa l l in inches and t is t ime in 
minutes . 

E x c e s s i v e r a t e s were de t e rmined for 30-
minute, 1-hour, and 2-hour storm periods. Since 
weekly recording charts were used on the gages, 
analysis of excess ive r a t e s for smal le r units of 
t ime was not p rac t i ca l . Excess ive r a t e s for 30 
minutes, 1 hour, and 2 hours correspond to 0. 50 
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inch, 0.80 inch, and 1.40 inches respect ive ly . 
During the three thunderstorm seasons, t he re 

was a total of 25 s to rms in which excess ive 30-
minute r a t e s were r e c o r d e d by one or m o r e of 
the recording gages (Table 16). Similarly, there 
were 19 s to rms in which excessive 1-hour r a t e s 
occu r r ed , and 9 s t o r m s with excess ive 2-hour 
r a t e s . 

Storms associated either directly or indirectly 
with cold fronts were the chief source of heavy 
intensities. Cold fronts and pre-cold frontal squall 
lines accounted for 75 percent of the s to rms with 
excess ive 30-minute r a t e s , 84 percen t of those 
with excessive 1-hour rates , and 89 percent of the 
s to rms with excessive 2-hour ra tes . The max i ­
mum intensities recorded by an individual station 

o c c u r r e d with a p r e - c o l d frontal squal l line on 
July 16, 1950. A 30-minute total of 1. 46 inches 
was r e c o r d e d by one station, while another r e ­
corded 1-hour and 2-hour to ta ls of 2. 25 inches 
and 2. 72 inches respec t ive ly . This s to rm was 
also the source of the most widespread occurrence 
of excess ive r a t e s . Table 17 shows the occur ­
rence of 30-minute amounts exceeding 1. 00 inch. 
Again, the cold front s y s t e m s w e r e dominant, 
accounting for 7 out of 8 storms with one or m o r e 
stations recording over 1. 00 inch in 30 minutes . 
Thus, s t o r m s assoc ia ted e i ther d i rec t ly or in­
direct ly with cold fronts were the most frequent 
s o u r c e of r a in fa l l , the s o u r c e of the heavies t 
mean storm rainfalls, and the source of the heav i ­
est rates of rainfall in the 95-square-mile expe r i ­
mental a r e a . 

RADAR STUDIES 

The very close correspondence between the 
s torm pattern shown by the radar and the rainfall 
pat tern occurr ing on the ground has been e s t ab ­
lished; but the possible application of this r e l a ­
tionship in engineering meteorology has not been 
explored. Prominent studies were carr ied out by 
the Massachusetts Institute of Technology Weather 
Radar Research Project, whose report of Decem­
ber 1946 (5) summarized the resul ts to date. 

The U. S. Signal Corps has played a leading 
role in sponsor ing the M . I . T. work as well as 
carrying on a number of separate studies (6, 7, 8). 
The Bri t ish, through Ryde (9), and Marshal l and 
others of the Canadian Army Operational Research 
Group (10) have contributed much to the theoret ical 
knowledge of the relation of radar echo to rainfall 
and other meteorological parameters . 

In the application of r ada r for s to rm de tec­
tion, the Army-Navy-National Advisory Committee 
on Aeronautics - Weather Bureau Thunders torm 
Pro jec t explored the s t ruc tu re and dynamics of 
the thunderstorm in great detail. In a pre l iminary 
study the possible use of r adar in estimating the 
amount of r a in fa l l over a s m a l l a r e a (11) was 
established by Byers et al. The Ail-Weather F ly ­
ing Division of the Air Force recognized the pos s i ­
ble uses of radar in aviation meteorology and Atlas 
combined the theore t ica l and empir ica l weather 
radar equations to form the basis for a simplified 
Radar Rain Intensity Computer (12). 

However, none of the above-mentioned projects 
have provided sufficient data and conclusions to 
establish radar as a dependable quantitative in s t ru -
ment. 

PRINCIPLE OF RADAR 

The radar set emits a short, intense pulse of 
energy which may be focused into a nar row beam 
and which t r a v e l s at the speed of light. If the 

beam st r ikes an object, such as an airplane or a 
r a in s to rm, a small portion of the energy is r e ­
flected and r e tu rns as an "echo" to the point of 
t ransmission. It is then amplified and presen ted 
on a cathode ray tube. The range and bear ing of 
the object are readily determined. The beam gen­
eral ly t r ave l s along a "l ine-of-sight , " hence the 
radar cannot detect distant subjects that a r e n e a r 
the ear th 's surface. 

Theory. Studies in this field indicate that the 
radar echoes from precipitation a r e the resu l t of 
scattering of radio energy by water drops falling 
through the a tmosphere or suspended by s trong 
ve r t i ca l c u r r e n t s . The theo re t i ca l express ion 
that has been developed (13) ind ica tes that the 
energy (power) received from precipi tat ion ( r e ­
flected back to the r ada r antenna), 

where Pr = received power 

C = constant for the equipment used 
h = r a d a r p u l s e width (dura t ion , ex­

p re s sed as a distance) 
P t = peak pulse t r ansmi t t ed power 
N = number of raindrops per unit volume 
a6 = mean sixth power of the radi i of the 

rain drops 
R = square of the distance to the object 

o r 

where K1 absorbs a number of the constants . 
F r o m data collected by Laws and Parsons (14) 

which indicate a re la t ionsh ip between ra indrop 
size and intensity of rainfall, R. Wexler (15) has 
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concluded that, 

where I represents the rainfall intensity expressed 
in mm. /hour ; hence 

The problem in using r ada r for rainfall in­
tensity measurement therefore appears to center 
around determining the power received (P r ) , since 
that is a function of the intensity of the rainfall. 

Radar Storm Presentation. Figure 13a r e p r e ­
sents a hypothetical s t o r m of 5 mi l e s depth, of 
which the n e a r e s t edge is 15 m i l e s eas t of the 
radar. The contours represent lines of equal rain 
intensity, the core of heavy rain being the inner­
most a r e a . When the r ada r antenna is d i rected 
along axis AB, F igure 13b rep resen t s the hypo­
thetical received-power curve, corrected for range 
and attenuation. The "A" scope, a cathode-ray 
tube presentation used in many r a d a r s , por t rays 
the observed data in a s imi la r form. However, 
the receiver sensitivity is normally maintained at 
a high level so that light rain may be observed. 
As a resu l t the amplitude of the received power 
curve exceeds the capacity of the rece iver c i r ­
cuits, distorting the signal so that moderate rain 
intensities and cores of heavy rain cannot be d i s ­
tinguished. 

The portion of the received-power curve the 
radar operator observes on the "A" scope is shown 
in Figure 13c. At maximum receiver sensitivity 
only the base of the received-power waveform is 
presented. This represents the area of light rain 
but the heavier rainfall drives the circuits to satu­
ration, thus flattening the top of the received-power 
curve. When the receiver sensitivity is reduced, 
greater received power is necessary to reach the 
th reshold of vis ibi l i ty . It is n e c e s s a r y for the 
rain intensity to be greater to produce a detectable 
signal. Thus the a rea of medium rainfall is p r e ­
sented. The receiver sensitivity may be reduced 
until only the r ece ived -power from the core of 
heaviest rain is perceptible. The received-power 
that will cause a barely-perceptible image on the 
scope is readily measurable . 

A different type of presenta t ion is obtained 
with the PPI (plan position indicator) scope. As 
the rotating antenna scans all the area around the 
r ada r , the P P I p r e s e n t s an image of the s to rm 
as if it were laid out on polar coordinates. The 
a rea of ra in glows while the r e s t of the face of 
the scope is dark . Thus the location and a r e a l 
extent of the s to rm is readi ly observed. Figure 
14 shows such a view. 

The outline of the image at different r ece ive r -
sensitivity levels should correspond to a rainfall 

intensity contour. If the image on the PPI is r e ­
corded a t s e v e r a l r e c e i v e r - s e n s i t i v i t y levels , 
superimposing the a r ea s enables construction of 
radar - ra in intensity contours that should coincide 
with actual rain intensity contours. 

FIG. 13. RECEIVED POWER PROFILES. 
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FIG. 14. SCOPE AND DATA OF 
AUGUST 28, 1950, 1501 C. D. T. 

FIG. 15. RADAR RAIN INTENSITY CONTOURS AS PRESENTED ON THE 
PPI WITH THE AUTOMATIC SENSITIVITY CONTROL CIRCUIT. T h e r e is a 10-
second in te rva l be tween each photo. 
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Methods Available. Two methods of varying 
the r e c e i v e r sens i t iv i ty were used by the All-
Weather Flying Division (12, 16). 

In one method the receiver-sensitivity control 
was calibrated in t e rms of echo power n e c e s s a r y 
for threshold of visibility of the PPI. The operator 
manually changed the sensi t ivi ty, photographed 
the PPI image on each setting, and recorded the 
rece iver sensitivity setting for each p ic ture . A 
picture taken at maximum sensitivity showed the 
outline of the entire storm while at minimum sen­
sitivity the picture showed the location of the cores 
of heavy rain. 

The second method used by the All-Weather 
group, the video-inversion method, p resen t s the 
s torm structure as al ternate bands of bright and 
dark a r e a s . The light rain around the outside of 
the s torm (area between contours 1 and 2 in F ig ­
ure 13a) would appear bright. Heavier rain (con­
tours 2 to 3) would show as a dark a rea while the 
core of the heaviest rain (inside contour 3) would 
appear as a bright area for the center of the s t o r m . 
This method necessi ta tes considerable additional 
c i rcu i t ry . 

Neither method seemed to fill all the immedi ­
ate r equ i remen t s . The video- invers ion method 
requ i res a large number of additional tubes and 
associated circui ts . Manual recording of s ens i ­
tivity set t ings appeared laborious when seve ra l 
pictures were taken every minute. Since an auto­
matic system of film recording was already in use , 
an automatic system of receiver sensitivity con­
t ro l opera t ing in synchron ism with the camera 
was developed. 

METHOD USED 

The r a d a r set in the Pf i s te r Building at El 
Paso is located 15 miles east of the F a r m Creek 
raingage network (Figure 16). An AN/APS-15 
3-cm. r a d a r was used for the study. This unit 
is ca l ibra ted in nautical m i l e s . Its peak power 
output ave rages 35 kw. 

For this study receiver sensitivity was var ied 
by predetermined steps and the s to rm pat tern on 
the P P I scope was recorded on 16 mm. moving 
picture film. An automatic photographic r e c o r d ­
ing and sensitivity stepping circui t was devised. 
Known values of receiver power were put into the 
equipment to cal ibrate the c i rcui t . A s e r i e s of 
negatives exposed on August 30, 1950 (Figure 15) 
show the effect of stepwise r ece ive r sensit ivi ty 
changes on the image on the PPI scope. The ent i re 
ser ies was taken in a period of one minute. 

The first picture is on step No. 1. The range 
mark ing c i r c l e s a r e at in t e rva l s of 10 nautical 
miles . "Ground clutter" due to reflections from 
buildings extends out to about eight mi l e s . The 
main a r e a of the rain is the black portion to the 
northeast. A small area extends from five to ten 
mi les due eas t and four showers a r e c lus te red 
about 10 miles to the south. In the second picture 

the sensitivity is reduced to step No. 2. Note how 
the areas of the rainfall images are reduced. The 
a reas of light rain become impercept ible . Each 
successive step reduces the a r e a of r a in that is 
visible. On step No. 4 the core of only one of the 
four showers to the south is visible. On step No. 5 
the core of heavy rain in the shower eight mi les 
eas t is the only rain visible. 

All rainfall detected on the radar scope during 
June through Sep tember 1950 was r e c o r d e d on 
film. The equipment was kept in read iness for 
operation 24 hours per day, and round-the-clock 
operators were on hand whenever synoptic condi­
t ions indicated the poss ib i l i ty of precipi ta t ion. 
Figure 14 is a photograph showing a heavy rain 
near Galesburg, Illinois, 80 miles from the r ada r . 
For observing summer thunderstorm rainfall, the 
equipment used seemed to have an effective range 
of approximate ly 75 m i l e s . To the r ight of the 
scope in this photo may be seen the date card, 24-
hour watch used to r eco rd t ime of observat ion, 
the antenna t i l t indicator , and the s tep-posi t ion 
indicator light s ignals . 

Rainfa l l M e a s u r e m e n t s . To get rel iable 
rainfall data outside the zone of ground clut ter , a 
network of weighing-bucket raingages was placed 
in service in July 1950 in the vicinity of Washing­
ton, Illinois. The network of 31 gages covers the 
watershed area of F a r m Creek (a t r ibutary of the 
Illinois) and some adjacent area above East Peo r i a . 
The gages a re generally spaced about 1 l /2 mi les 
apart (see Figure 16). Collectors of 12.648-inch 
diameter were used instead of the standard 8-inch 
units. This expanded the sensitivity of the gages 
2 l/2 times. The standard drum clock was geared 
for one d r u m revolu t ion in a s i x - h o u r period. 
Thus, 5-minute rainfall amounts were easily de te r ­
mined, and one-minute rates of fall were computed 
with fair accuracy. A laboratory check is being 

F I G . 16. F A R M C R E E K R A I N G A G E N E T W O R K , 1950. 
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conducted to check on lag in the operation of the 
gages. 

Rain fell on 18 days of the 74-day period of 
operation of the F a r m Creek network. On 10 of 
these days the a v e r a g e amount for the network 
was less than 0. 10 inch. On the remaining 8 days 
of ra in , the daily tota ls were as follows: 0. 12, 
0 .25 , 0 . 3 1 , 0 . 6 1 , 0 . 7 5 , 1.33, 1.47, and 2. 54 
inches. Widespread shower activity which p r o ­
duced rainfall between the network and the r ada r 
set occurred on several days. This introduced an 
attenuation effect such that only two of the r a in ­
storms could be used in the analysis described in 
this paper . On seve ra l occasions the radar set 
was not functioning p rope r ly and data collected 
then were e l iminated. The data from rainfal ls 
of September 19, 20, and 21 were usable. 

There were no cases of rainfall over the F a r m 
Creek network that the r ada r did not detect and 
record. On a number of the light rains only a po r ­
tion of the network received rainfall . 

ANALYSIS OF DATA 

The data f rom the ra ingage ne twork were 
compiled into form readily available for any type 
of analys is r equ i red . Mean five-minute to ta ls , 
the maximum rate during each five-minute period, 
and one-minute ra tes were tabulated and plotted 
for selected ca se s . Isohyetal maps were drawn 
for f ive -minu te and frequent ly for one-minute 
periods of precipi tat ion over the network. 

The r a d a r data were t r a n s c r i b e d from the 
16 mm. film onto a 11 x 17 inch base map by p r o ­
jecting the photograph through a m i r r o r sys tem 
and a g l a s s - topped copy tab le . The total a r ea 
covered during each one- and five-minute per iod 
for each different receiver sensitivity setting was 
drawn. These m a p s were t e r m e d " r a d a r echo 
contour m a p s . " F igu re 17 shows a one-minute 
radar echo contour map and the corresponding p r e ­
cipitation map. Disc repanc ies between the two 
patterns can be attributed to (1) the failure of the 
radar to detect the ent i re depth of the s to rm due 
to a t t enua t ion , (2) t i m e lag due to t ime of fall 
from the elevat ion where the r a d a r detects the 
r a indrops , to the ea r th , (3) l a t e r a l drift of the 
ra indrops in fall ing, and (4) evaporat ion of the 
raindrops while falling. Thus, the a r ea l extent 
of the precipitation as observed by radar c o r r e ­
lates very well with the measured rainfall pat tern . 

Atlas (16) found that there was a significant 
correlation between the intense rainfall cores as 
observed in the lower 5 000 feet of the atmosphere 
and that measured on the ground below. His best 
correlation resulted when the surface rainfall was 
measured at the core of the corresponding p r e c i ­
pitation pat tern as the average ra te over a five-
minute interval immediately after the radar obse r ­
vation. 

To compensate for the fall t ime and drift of 
raindrops from the average height of 2000-3000 

feet observed by the radar, successive one-minute 
maps of radar contours and surface rainfall were 
used. The one-minute rainfall ra tes were de te r ­
mined from the slope of the curve on the raingage 
char t . With the sensit ive ra ingages , it was not 
difficult to observe rainfall amounts as smal l as 
. 005 inch with a t ime resolut ion of one minute. 
Every change of slope, either large or small was 
considered valid and used in the evaluation.* 

The direction and amount of drift were de te r ­
mined from the movement of the radar cores for 

FIG. 17. STORM PATTERN AS SEEN BY RADAR, AND 
BY RAINGAGE NETWORK. One-minute period. O denotes 
raingage. 

*In most cases , very minor i r regular i t ies did not have 
to be considered since fairly consis tent ra tes pers is ted for 
at least 2 to 3 minutes . 
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several consecutive minutes. The fall time of the 
raindrops was approximated by comparing a chosen 
one-minute r a d a r profi le along an appropr ia te 
radial from the radar station with consecutive one-
minute surface rainfall profi les along the same 
radial, after applying a drift correction to the su r ­
face rainfall pattern. 

The successive one-minute rainfall profiles 
w e r e c o m p a r e d with the r a d a r prof i le until a 
matching of peaks for location was obtained (Fig­
ure 18). Only those c a s e s where the indicated 
time lag was less than five minutes with drift not 
grea ter than one and one half mi les were used in 
the ana lys i s . Cases involving intervening rain 
and core centers moving off the network were ex­
cluded. Where the operators' log showed the pos­
sibility of inst rumental e r r o r or other observa­
tional inconsistencies, the data were discarded. 
Examples of very light shower activity were not 
considered. When more than one core of rainfall 
existed, it was often found that the time lag and /or 
drift varied for each cell. Since the development 
stage of adjacent cel ls m a y vary considerably, 
this should be expected. 

FIG. 18. PROFILES OF RADAR RECEIVED POWER 
AND RAINFALL INTENSITIES. 

Table 18 summarizes the data available. For 
comparison with published measurements, a func­
tion of the received power was used for correlation. 

Values of were plotted against the surface 

rainfal l in tens i t i es , I s , in F igure 19. A curve 
was fitted to the median values of the groups of 
values . 

DISCUSSION 

At r a in fa l l r a t e s below 0. 7 inch pe r hour 
the re is good a g r e e m e n t between the observa­
tions ga thered in this study and those of At las . 
For higher rainfall r a t e s , there a re significant 
d i f f e rences in r e t u r n e d s ignal s t reng th . The 
Illinois data fail-to indicate the expected exponen­
t ial relat ion between rainfall intensit ies and r e ­
ceived power. 

P r e v i o u s s t u d i e s have ind ica ted that the 
received power from ra ins to rms should closely 
follow the Rayleigh scat ter ing effect. The bes t 
ava i lab le in format ion on d rop s ize (17) would 
indicate that received power should be exponen­
tially r e l a t ed to rainfal l intensi ty. These drop 
size measurements were made at the ground s u r ­
face, however, and the high received-power values 
at higher rainfal l r a t e s may indicate that la rge 
drops a r e present in higher concentrations at the 
elevations observed by the radar . 

The scatter of actual measured rainfall r a t e s 
(by r a ingage) shown in F i g u r e 19 was further 
analyzed to see whether the depar tures from the 
curve were such as to indicate any significant lack 
of correlation with signal strength and range m e a s ­
urements . To do th is , the mean rainfall depar ­
tures from the values indicated by the curve were 
compared with the e r r o r s found under var ious 
raingage densit ies. 

The dashed lines in Figure 20 show the mean 
e r r o r (variation from the t rue mean) assoc ia ted 
with mean storm rainfall calculations when r a in ­
gage networks of various density were employed 
on a 95-square-mile basin (Figure 11). The solid 
line represents the mean variation associated with 
radar determinations of point rainfall in tensi t ies . 
The plotted points a re mean values obtained from 
data for each of the five steps used in determining 
the Illinois curve of Figure 19. These mean values 
were calculated from the following equation: 

where V = mean variation, D = deviation of r a i n ­
gage rainfall intensity from the experimental curve 
value, R = raingage rainfall intensity, N = number 
of observations. 

Despite the limitations of the equipment used, 
the radar appeared capable of determining point 
rainfall in tens i t ies as accura te ly as a raingage 
network of one gage per 100 square miles m e a s ­
ured the mean a rea l rainfall. 

Experience gained in this study indicated that 
the radar was equivalent to gage networks having 
about one gage per three square miles for de t e r ­
mining the a r e a l extent of rainfal l . As further 
work is done, it is expected that increasingly close 
correlations between radar observations and r a in ­
fall intensi t ies will be obtained. 
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FIG. 19. RECEIVED POWER AND RAINFALL INTENSITY. 
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FIG. 20. C O M P A R I S O N O F MEAN O B S E R V A T I O N A L 
E R R O R S , AREA MEAN R A I N F A L L F R O M RAINGAGE N E T ­
WORKS VS. POINT R A I N F A L L I N T E N S I T I E S F R O M RADAR 
OBSERVATIONS. 

Utility of Radar. During the summer of 1950, 
regular r ada r - ra in fa l l r epo r t s were provided to 
industry, ag r i cu l t u r e , and the public through a 
local radio station. It is planned to expand this 
service in 1951 to include quantitative data. The 
U. S. Weather Bureau put the radar observations 
on the te le type to augment i ts information. In 
highway construction in central Illinois it was found 
that the precise rainfall location data often enabled 

extension of operation beyond the usual per iods of 
pouring concre te . Special shor t range rainfall 
forecasts were made for the operations of Pf i s te r 
Hybrid Corn Company, for the University of Illinois 
commencement e x e r c i s e s , and for the 1949 and 
1950 Illinois State F a i r s . 

Radar can depict precipitation patterns a s s o ­
ciated with flash floods, large floods, tornadoes , 
hurr icanes, frontal weather, and freezing rain in 
winter . It will doubt less be used to study drop 
s ize and i t s effect on eros ion . It should prove 
useful in irrigation works, and in controlling water 
supply reservoi rs and hydroelectric plants. 

Within the next few years , radar will provide 
the answers to the area-depth questions that engi­
neers ask. 
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A P P E N D I X 

Table 1 

E F F E C T OF GAGE DENSITY ON AREA-DEPTH CURVES 
FOR INDIVIDUAL STORMS 

40 GAGES VS. 20 GAGES, 95-SQUARE-MILE AREA 
(Assuming 40 Gages or 2. 4 Sq. Mi. /Gage Gave True Mean) 

Table 2 

EFFECT OF GAGE DENSITY ON AREA-DEPTH CURVES 
INDIVIDUAL STORMS. 95-SQUARE-MILE AREA 

(Assuming 20 Gages or 4. 75 Sq. Mi. /Gage Gave True Mean) 
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Table 3 

PERCENTAGE AREA-DEPTH COMPARISONS FOR DIFFERENT LOCATIONS 
OF STORM RAINFALL CENTER WITH RESPECT TO BASIN AXIS 

100-SQUARE-MILE RECTANGLE (12 x 8. 3) JULY 16-17, 1950 STORM 

Table 4 

PERCENTAGE AREA-DEPTH RELATIONSHIPS, DIFFERENT STORM DURATIONS 
RAINFALL CORES NEAR AREA CENTER 

95-SQUARE-MILE BASIN, 1948-1950 
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T a b l e 5 

C O M P A R I S O N O F 
A V E R A G E P E R C E N T A G E A R E A - D E P T H R E L A T I O N S H I P S 

IN S T O R M S W I T H R A I N F A L L C O R E S NEAR BOUNDARY 
WITH T H O S E HAVING C O R E S N E A R BASIN C E N T E R 

T a b l e 6 

P E R C E N T A G E A R E A - D E P T H R E L A T I O N S H I P 
P A R T I A L S T O R M P E R I O D VS. T O T A L ST O RM P E R I O D 

JULY 1 6 - 1 7 . 1950 
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Table 7 

PERCENTAGE AREA-DEPTH COMPARISONS 
5 . 2 - , 95- , 280-SQUARE-MILE BASINS 

RAINFALL CORES NEAR AREA CENTER 
(Storm Durations under 6 Hours) 
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Table 8 

COMPARISON OF 
AVERAGE PERCENTAGE AREA-DEPTH RELATIONSHIPS 

STORMS HAVING RAINFALL CORES NEAR BASIN BOUNDARY 
VS. STORM CORES NEAR BASIN CENTER 

5 .2 - , 95- , 280-Square-Mile Basins 

Table 9 

PERCENTAGE AREA-DEPTH RELATIONSHIPS 
RAINFALL CORES NEAR AREA CENTER 

(Rainfall Duration 6 Hours or More) 

Table 10 

MEAN STORM RAINFALL DIFFERENCES 
40 GAGES VS. 20 GAGES 

95-SQUARE-MILE WATERSHED, 1950 
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T a b l e 11 

R E L A T I O N B E T W E E N M E A N S T O R M R A I N F A L L AND M E A N E R R O R 
F O R D I F F E R E N T GAGE D E N S I T I E S 
9 5 - S Q U A R E - M I L E A R E A , 1 9 4 8 - 1 9 5 0 

T a b l e 12 

F R E Q U E N C Y D I S T R I B U T I O N O F E R R O R S FOR D I F F E R E N T GAGE D E N S I T I E S 
ASSUMING 20 GAGES (4 . 75 SQUARE M I L E S P E R GAGE) 

GAVE T R U E M E A N R A I N F A L L , 9 5 - S Q U A R E - M I L E 
A R E A , 1948-1950 
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T a b l e 13 

R E L A T I O N B E T W E E N M E A N M O N T H L Y AND S E A S O N A L R A I N F A L L 
AND C O M P U T A T I O N E R R O R F O R D I F F E R E N T G A G E D E N S I T I E S 

9 5 - S Q U A R E - M I L E A R E A , 1948-1950 
( A s s u m i n g 20 G a g e s o r 4 . 75 S q u a r e M i l e s p e r G a g e G a v e T r u e Mean) 

T a b l e 14 

A R E A L M E A N R A I N F A L L VS. STORM T Y P E 
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T a b l e 15 

A R E A L M E A N R A I N F A L L VS. S T O R M T Y P E 
S T O R M R A I N F A L L E Q U A L T O O R 
G R E A T E R THAN 0. 50" AND 1. 0 0 " 

T a b l e 16 

EXCESSIVE R A I N F A L L R A T E S VS. S T O R M T Y P E 
. 3 0 - M I N U T E , 1-HOUR, AND 2-HOUR P E R I O D S 

T a b l e 17 

3 0 - M I N U T E A M O U N T S E X C E E D I N G 1. 0 INCH 
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Table 18 

SUMMARY OF RADAR-RAINFALL DATA 
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