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SURFACE RUNOFF FROM AGRICULTURAL WATERSHEDS 

W. H. Potter' 

S Y N O P S I S 

The hydrologic behavior of s m a l l watersheds i s mater ia l ly different f r o m that of large 
watersheds Because of these dif ferences , many analytical procedures and e m p i r i c a l 
formulae used success fu l ly m estimating runoff f rom large watersheds have been found to 
be unsatisfactory when applied to the s m a l l watershed. 

Attempts to supplement short- t ime runoff records with long-time ra in fa l l r ecords by 
use of: (1) d irect relationships between ra infa l l intensity and rates of runoff; (2) 
rational method; (3) unit hydrograph; and (4) infiltration theory have not proved s a t i s 
factory when applied to the s m a l l watershed. 

Probabil i ty studies integrate the frequency of occurrence of var ious watershed condi
tions with the frequency of occurrence of var ious ra infa l l mtensit ies and patterns and a r e , 
therefore, especial ly useful m estimating peak rates of runoff f r o m s m a l l watersheds that 
may be expected for var ious r e c u r r e n c e mtervals . 

T h e theory of extreme va lues , developed by D r . E . J . Guml>el a s sumes a distribution 
of peak rates such that the coefficientof skew does not have to be calculated as i s the case 
with the Hazen and F o s t e r probability curves . F o r this reason the Gumbel curve i s very 
wel l suited for use in probability studies of skewed distributions as those of ra infa l l and 
runoff data. 

Probabil i ty studies based on shor t - t erm runoff records are re l iable only if the ra infa l l 
for the short period i s a good sample of a much longer period. T h r e e normalcy tests 
should be applied to the ra infa l l and probability curves should be corrected when ra infa l l 
for the period of runoff r e c o r d i s found to be ^ n o r m a l . 

Probabil i ty studies have been completed for seven physiographic a r e a s and the r e c o m 
mended peak rates of runoff for use in the design of conservation s tructures have been 
published m Techn ica l Publications of the Soi l Conservation Serv ice . These recommended 
peak rates are s u m m a r i z e d for f ive of the seven areas . 

There is no f ixed l i m i t that can be 
ascribed to the maximum size of a 
small watershed, but i t is probably safe 
to say that most areas smaller than 20 
sq. mi . w i l l have the characteristics 
of the small watershed while thpse 
larger V-vi 100 sq. mi . can be classed 
as large . atersheds. The area between 
these l i m ts may be thought of as a 
transition zf.ne. 

Small agri-cultural watersheds pres
ent a special Held f o r the hydrologist. 
Such factors as soil type, soi l depth, 
size of watershed, shape of watershed, 
topography, vegetal cover, and ante
cedent soil moisture, have marked 
effects on amounts and peak rates of 
surface runoff f r o m small watersheds 

'Head, Section of Hydrology, Div i s ion of 
D r a u a g e and Water Contro l , R e s e a r c h , Soi l 
Conservat ion S e r v i c e , U . S. Department of 
Agricul ture 

that are discernible only to a much 
lesser degree on large watersheds. 
This is because the range of d i f f e r 
ences in any of these factors on a small 
watershed at the beginning of any storm 
is usually small . The large watershed, 
however, is composed of many small 
watersheds that may d i f fe r materially 
with each other in any or al l of the 
above factors. Since the runoff f r o m 
the large watershed is dependent on the 
runoffs f r o m the smaller tributary 
watersheds the net effect of any factor 
on amounts and rates is comparatively 
small . For example, the high rates 
and amounts of runoff f r o m one t r i b 
utary row-crop area could be offset by 
the much lower values f r o m another 
t r ibutai7 where the vegetal cover was 
woods or grass. 

Two other factors contribute to 
differences in runoff characteristics 
between large and small watersheds. 
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In large watersheds, drainage channels 
are usually well defmed and channel 
storage is appreciable, whereas m 
small watersheds this is seldom the 
case. Channel storage acts as a de
tention reservoir , tending to flatten the 
peaks of tr ibutary stream f low and to 
increase the uniformity of the main
stream hydrograph. The other factor, 
closely allied to channel storage, is 
the increased time of concentration of 
the large watershed. Because of this, 
peak rates of runoff f r o m large water
sheds are not l ikely to be affected by 
short mtense ra infa l l or by the time of 
occurrence of such intense ra infa l l with 
respect to the beginning of the storm 
period (storm pattern), both of which 
materially affect runoff f r o m smal l 
watersheds. 

As a consequence of these d i f f e r 
ences in runoff, many procedures and 
empirical formulae used successfully 
in estimating runoff f r o m large water
sheds have been found to be unsatis
factory when applied to the small ag
r icul tura l watershed. 

P r io r to 1931, data on runoff f r o m 
small agricultural watersheds were 
practically nonexistent. During the 
period, 1931-34, the Soil Conservation 
Service established eight conservation 
eiqperiment stations where measure
ments were begun of the runoff f r o m 
watersheds ranging in size f r o m 1 to 
35 acres. During the period, 1937-39, 
runoff measurements were started at 
three e^qperimental watersheds located 
at Coshocton, Ohio, Hastings, Nebras
ka, and Waco, Texas. The watersheds 
at each of these locations ranged in 
size f r o m one to approximately 5,000 
acres and were r e p r e s e n t a t i v e of 
various types of vegetal cover and 
tillage practices. Since 1939, runoff 
measurements f r o m additional water
sheds have been made f o r various 
periods of t ime, f o r the most part f r o m 
watersheds of f r o m 1 to 300 acres. 

PROCEDURES BASED ON RAINFALL 
VERSUS RUNOFF RELATIONSHIPS 

Since a l l hydraulic structures to 
control surface runoff are so designed 

that their capacities may be e j e c t e d 
to be exceeded once in some specified 
period, analysis of hydrologic data to 
be of maximum use should be expressed 
in terms of recurrence mtervals. 
Because of the short periods of runoff 
records, early analysis of these data 
attempted to establish relationships 
between ra infa l l and runoff. This 
relationship would then have been 
applied to long-time Weather Bureau 
records to supplement the short runoff 
records. These attempts can be group- * 
ed under four headings; (1) direct 
relationship between amounts and i n 
tensity of ra infa l l with corresponding 
amounts and intensity of ra infa l l with 
corresponding amoimts and rates of 
r imoff; (2) rational method; (3) unit 
hydrograph, and (4) inf i l t ra t ion theory. 

Direct Relationships-Maximum average 
ra infa l l intensities f o r the estimated 
time of concentration of a watershed 
are determined f o r each storm and 
plotted against the corresponding peak 
rates of runoff. This procedure results 
in a wide spread of the plotted points as 
is shown in Figure 1. Here, the peak 
rates of runoff f r o m a 2,000-acre 
mixed cover watershed were plotted 
against 90-min. ra infa l l intensity f o r 
the 8-yr. period, 1939 to 1946. I t w i l l 
be noted that there were 11 occurrences 
of ra infa l l mtensity between 0. 70 and 
0.90 in. per hr. with resulting peak 
rates of runoff varying f r o m a few 
thousandths of an inch an hour to 0.18 
in. per hr. 

The reason fo r this wide variation 
in the value of peak rates f o r a given 
ra infa l l intensity is that factors affect
ing r imoff , such as type and density of 
vegetal cover, im t i a l soi l moisture, 
and storm pattern d i f fer materially 
f r o m storm to storm. Figure 1 shows 
how this variation could be reduced by 
considermg three runoff conditions. 
The maximum condition curve would 
indicate the relationship between ra in 
f a l l intensity and peak rates of runoff 
at times when the moisture content of 
the soil at the time of the beginning of 
the storm was high; when the vegetal 
cover was poor or nonexistent, as after 
harvest or seeding; and vrhen the storm 
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pattern was such that the maximum 
intensity occurred near the end of the 
storm. Likewise, the minimum con
dition curve would represent the re la
tionship when soil moisture was low; 
when the crop was making most rapid 
growth and of a type that afforded good 
cover; and when the high intensity ra in
f a l l occurred near the beginning of the 
storm. 

For these reasons, i t was found thkt 
estimates of runoff conditions f o r 
storms that had occurred p r io r to the 
period of runoff record could not be 
made with any degree of accuracy. 
Smce the same difficult ies were expe
rienced when attempts were made to 
establish relationships between amouots 
of ra infa l l and amounts of resuUant 
rimoff, this method of analysis was 
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Figure 1. P r e l i m i n a r y Curves Showing R e l a t i o n s h i p Between R a i n f a l l I n t e n s i t y and Peak 
Rates o f Runoff for W8 

Soil moisture varies not only f r o m 
day to day but also, f o r any one day, 
f r o m one location m a watershed to 
another and vert ical ly throughout the 
depth of the soil prof i le . Likewise, 
crops are rotated f r o m year to year and 
f r o m f i e ld to f i e ld and vary greatly as 
to times of planting, cultivating, and 
harvesting as wel l as to density of 
foliage and area protection afforded. 

found to be unsatisfactory. 

The Rational Uettiod -The rational meth
od assumes that the difference between 
maximum rainfal l mtensity f o r the time 
of concentration of a watershed and the 
resultant peak rate of runoff can be 
e:q)ressed as a constant. An examina
tion of Figure 1, shows how fa r this 
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comes f r o m bemg true (14)'. For m -
tensities of f r o m 0. 80 to 1. 00 in. per 
hr. the values of C vary as much as 
470 percent. If the values of C are 
l imi ted to maximum runoff conditions, 
i t then becomes necessary to determme 
the proportion of storms of given 
intensity that would occur when runoff 
conditions were maximum. Referring 
again to Figure 1, i t w i l l be noted that 
f ive storms occurred with maximum 
90-min. intensities between 0.80 and 
1.00 m. per h r . , yet, only two of these 

result in structures that are greatly 
overdesigned. Suppose, fo r example, 
that i t was desired to build a highway 
culvert that could be expected to be 
overtopped on an average of once m 10 
yr . Suppose that the culvert was de
signed f d r a peak rate determmed by 
substitutmg the once in 10-yr. ra infa l l 
intensity and C f o r maximum runoff 
conditions in the rational formula 
Q = CIA. If the ra infa l l mtensity that 
occurred once i n 10 years resulted in 
maximum runoff only once in 10 occur-

300 400 500 600 700 
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Figure 2. Frequency Curve for Watershed W-1 (1938-1948), S o i l Conservation S e r v i c e 
Rlacklands Experimental Watershed, Waco, Texas 

occurred when runoff conditions were 
maximum. The diff icult ies in determin
ing the proportion of storms that might 
be e:q>ected to result in maximum r i m -
off have already been discussed in the 
preceding paragraph. 

If the frequency of peak rates of n m -
off determined by using C fo r maximum 
runoff conditions is taken to be the same 
as that of the maximum ra infa l l inten
sity, then f o r any frequency the peak 
rates of runoff w i l l be too high. For 
small structures, such as terrace out
lets, culverts, and spillways f o r f a r m 
ponds where the design frequency is 
usually f r o m 10 to 50 y r . , the use of 
these high values of peak rates may 

' F i g u r e s In parentheses r e f e r to re ferences 
l i s ted at the end of the paper. 

rences, then the culvert would have 
been overdesigned and could be e:q>ect-
ed to be overtopped on an average of 
only once in 100 years. If the structure 
had been the spillway fo r a large f lood-
control dam and due to an e r ror m 
frequency i t had been built f o r a capacity 
that could be e3q>ected to be exceeded 
once every 1,000 years instead of once 
in 500 years, the percent difference in 
Q would have been small in comparison 
with the difference between the once in 
10-yr. and the once in 100-yr. values 
of our example. This is because in a 
frequency curve the rate of change in Q 
decreases rapidly as the recurrence 
interval increases. This is i l lustrated 
in Figure 2, which shows a typical 
frequency curve f o r a 176-acre c u l t i 
vated watershed. In our culvert ex-
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ample, the precent e r ro r introduced by 
the use of the once m 100-yr. Q instead 
of the one to be expected once in 10-yr. 
would have been 

7. Q - 4.1 
4 .1 

or approximately 71 percent. In the 
case of the flood-control spillway, the 
e r ro r would have been 

9. 9 - 8. 9 
8.9 

or only 11 percent. 
F rom the foregoing discussion, i t 

should be concluded that the rational 
method w i l l give accurate results only 
if the values of C are taken f o r maxi
mum runoff conditions and modified to 
compensate f o r the difference between 
ra infa l l and runoff frequencies. I t 
provides a logical f ramework iq>on 
which to base estimates of Q in areas 
where no runoff measurements are 
available but its use should be res t r ic t 
ed to those who are thoroughly fami l i a r 
with ra infa l l and runoff relationshqis 
within the physiographic region in which 
i t I S to be applied. 

The Unit Hydrograph -The same d i f f i c u l 
ties that have been discussed in connec
tion with the two preceding analytical 
procedures were e n c o u n t e r e d when 
attempts were made to apply the luiit 
hydrograph in the analysis of runoff 
data f r o m small agricultural water
sheds. 

For a given storm pattern of unit 
duration, the unit hydrograph theory 
assumes that the runoff characteristics 
of a watershed are constant and may be 
e:q)ressed m the f o r m of a hydrograph 
of 1 in . of runoff. The following dis
cussion w i l l show that this assumption 
I S rtot satisfactory when applied to a 
small watershed. 

For the same unit s torm, the excess 
rainfal l or runoff can vary considerably 
(Fig. 1), depending on runoff conditions. 
When runoff conditions are maximum, 
the ra infa l l excess w i l l also be maxi
mum as w i l l the depth and hence the 

velocity of both overland and channel' 
f low. When runoff conditions are 
minimum, the velocity of runoff w i l l 
also be minimum. Other factors bemg 
equal, the time lag or time between the 
occurrence of the center of the unit 
storm period and the peak rate of runoff 
w i l l be dependent on the velocity of the 
surface runoff. I t would be expected, 
therefore, that the unit hydrograph fo r 
a storm occurring when runoff con
ditions were maximum would have a 
short time lag and a sharp peak. Con
versely, the same storm occurring 
when runoff conditions were minimum 
would have a longer time lag and a 
f la t ter peak. 

For runoff conditions other than 
maximum, the effect of vegetal cover 
is to decrease ra infa l l excess and hence 
reduce the velocity of both overland 
and channel flow. For any watershed 
condition, vegetal cover reduces the 
velocity of overland f low, due to the 
impediment offered by i ts stems. In 
small watersheds, the ratio of length of 
overland f low to the length of channel 
f low I S large. A reduction in the 
velocity of overland f low, therefore, 
materially mcreases the total travel 
time of runoff and has an appreciable 
effect on the shape of the unit hydro-
graph. Smce the ratio of overland f low 
to channel flow becomes smaller as the 
length of channel f low mcreases, the 
effect of a reduction in the velocity of 
overland f low on total travel time is 
probably negligible on a large water
shed. 

Because vegetal cover reduces the 
velocity of overland f low, watersheds 
that are planted to row crops in some 
years have different unit hydrogr^hs 
than in other years when the crop may 
have been changed to close-growmg 
vegetation, such as grass. Also, 
watersheds in which meadows are 
rotated f r o m f i e l d to f i e l d have different 
unit hydrographs, depending on the 
position of the meadow fields with r e 
spect to the watershed boundaries. 

If i t were assumed that peak rates 

'channel flow for the purposes of this paper 
Is defined as flow in that portion of a channel 
that is not cultivated. 
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of runoff were determined by developing 
a unit hydrograph f o r a s torm period in 
which the intensity distribution was such 
as to produce maximum runoff and that 
cover. Ideation of grassland, and soil 
mois ture 'on the watershed were also 
optimum f o r maximum runoff, then i t 
would s t i l l be necessary to determine 
the frequency of occurrence of such a 
set of conditions. As pointed out in the 
discussion of the rational method, the 
assumption that the frequency of the unit 
storms are the same as the frequency 
of maximum runoff results in consider
able e r ro r when used in connection with 
hydraulic structures designed f o r a 
fa i lure of once in 10 to 50 years. 

Infiltret Ion Theory - T h e inf i l t ra t ion 
theory assumes that the runoff f r o m a 
watershed can be determined by the 
establishment of relationships between 
such factors as ra infa l l rate, trans
mission velocity, i n f i l t r a t i o n rate, 
percolation rate, and soil moisture. I t 
i s not the purpose of this paper to r e 
view the procedures that have been 
developed by various engineers and 
hydrologists but to point out that the 
application of the theory has been tested 
on only a few very small single-cover 
watersheds. I t may well be that future 
development of this theory w i l l produce 
a simple and useful tool f o r the analysis 
of runoff data. Much work, however, 
remains to be done liefore this can be 
accomplished, not only in testing the 
{4>plication of the theory to a much 
wider range of f i e l d conditions, but also 
i n unifying and simplifying the present 
procedures. 

PROBABILITY STUDIES 

The use of probability studies to 
determine peak rates of runoff was 
e]q)lored because i t was fe l t that this 
type of analysis should integrate the 
frequency of occurrence of various 
watershed conditions with the frequency 
of occurrence of various ra infa l l inten
sities and patterns. 

Classes of Probabi I ity C u r v e s - I n gener
al , probability curves used in connection 

with hydrologic data may be divided 
into two classes. The f i r s t class con
siders a l l occurrences above a p re 
determined base. The probable f r e 
quency of occurrence is computed in 
terms of the average number of times 
that a given value w i l l be equaled or 
exceeded in some interval of time. 
Thus, a frequency of occurrence of 
once in 5 years would mean that a 
designated value could be e^^ected to be 
equaled or exceeded by an average of 
one occurrence every 5 years. 

In the second class, only the maxi 
mum value per unit of time is consid
ered. The frequency of occurrence is 
computed in terms of the average 
number of time units during which a 
given value may be expected to be 
equaled or exceeded in some time 
period. Thus, when one year i s taken 
as the t ime unit, a frequency of occur
rence of once in f ive years would mean 
that there would be an average of one 
year every f ive years during which a 
designated value could be expected to 
be equaled or exceeded. 

I t has been found that peak rates of 
runoff determined by the two classes of 
probability c u r v e s are practically 
identical f o r recurrence intervals of 
10 years o r more (2). Since hydraulic 
structures to control runoff f r o m small 
agricultural watersheds are designed 
f o r frequencies of fai lure of not more 
than once in 10 years, and since the 
work involved in computing the proba
bi l i ty curve is much less f o r the second 
class curve, probability studies of peak 
rates of runoff have been l imi ted f o r the 
most part to maximum annual values. 
Probability curves as used in the 
balance of this paper refer , therefore, 
to curves of this class. 

Hazen and Foster ProbabiIity Curves -
Foster 's Types I and I I I probability 
curves developed by H. A. Foster (4) 
in 1924 and the Hazen curve developed 
by Allen Hazen (12) were probably the 
best known and most widely used prob
ability curves p r io r to 1941. These 
curves are s imi lar in that they are a l l 
f i t t ed curves based on a normal d i s 
tribution of peak rates. Since ra infa l l 
and runoff phenomena do not occur as 
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normal distributions but are consider
ably skewed, these curves are then 
corrected in accordance with coef
ficients of skew computed f r o m the 
original data. 

In 1936, J. J. Slade, Jr. (23), 
tested the significance of these skew 
coefficients and showed conclusively 

e}q>ected f r o m these areas. 

Guabel Probability C u r v e s - D u r i n g the 
period 1941-45, E. J. Gumbel (5 to 10) 
published several papers in the various 
technical journals in \tiiichhe developed 
a new concept of probability as applied 
to ra infal l and runoff data. He computed 

Water
shed 

Area in 

Uean Q 
in Cubic 
Feet per 

TABLE 1 

DEPARTURE FHOM MEAN Q FOR MIXED COVER WATERSHEDS 

Area of Application 
Upper Miss Centrsl North Ap- High Plains Coastal 

Valley Great Plains palachian of Colorado Plains of 
Loessial ofKansssand Region and N . J . . Del 

Areas Nebraska'* Ne« Mexico' and Md.** 

Acres Second " Percent of Area i n Grass 

50 20 50-75 50 25-50 

Departure from Mean 1 ? in Percent oi r Mean 

10 37 16 • 8 _ 40 • 14 • 35 
20 61 IS • 3 - 31 • 16 * 30 
30 83 16 - 1 25 • 16 • 25 
40 102 - 16 - 3 21 • 16 * 24 
SO 121 16 - 6 - 17 + 16 • 22 

100 198 - 14 -10 - 14 + 17 • 21 
SOO 586 - 10 -14 - 25 + 26 * 23 

1,000 926 - 8 -15 - 31 • 28 * 26 
1,500 1,136 - 1 - 8 - 29 38 
2,000 1,370 - 1 - 7 - 31 • 39 
2,500 1,566 + 1 • 8 • 33 + 40 
3,000 1,7S0 + 3 - 9 35 + 41 
3, SOO 1,918 + 3 - 8 - 36 + 41 
4,000 2,088 + 3 - 8 - 37 + 41 
4, SOO 2,255 + 4 - 8 - 37 • 41 
5,000 2,390 • S -10 - 37 42 

" A l l valnes are for a recurrence in te rva l of 10 years. 

^For wateraheds with a meander factor of 1 00 

^Average of reconmended values for 4 s o i l and slope conditions 

''Aversge of recommended values for 3 s o i l and slope conditions 

"that skewness is never a truly signif
icant characteristic when the sample 
f r o m which i t is computed has less than 
about 140 items . . . and that i t is 
quite meaningless to use this measure 
when there are 50 or fewer items. " 
Since the length of record f o r most 
small agricultural watersheds is 10 
years or less, i t is obvious that the 
Foster or Hazen curves could be of litUe 
use in making probability studies of the 
peak rates of runoff that might be 

the frequency f o r the highest and lowest 
peak rates in a sample of N years as 
those of the modal or most frequent 
values of an infinite number of samples 
of N years. These frequencies of the 
highest and lowest values he e;q>ressed 
in terms of N. Frequencies inter
mediate peak rates could then be obtain
ed by prorating the difference between 
the frequencies of the highest and 
lowest values. 

In 1943, R. W. Powell (21) developed 
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a special graph paper on which peak 
rates of runoff plotted in accordance 
with Gumbel's frequencies would J^-
proach a straight line. 

The f o r m of distribution of peak 
rates assumed by Gumbel is such that 
the coefficient of skew does not have to 
be calculated, as is the case with the 
Hazen and Foster curves, but i s i m 
plied as a constant of 1.139. For this 
reason, his probability curve is very 
well suited f o r use in probability stud
ies of skewed distributions as those of 
ra infa l l and runoff data. 

To compute a probability curve of 
peak rates of nmoff by the Gumbel 
method, maximum annual peak rates 
are arranged in ascending order of 
magnitude. Frequencies of the highest 
and lowest values are determmed f r o m 
Tables 1 and 2 (9, 10, 18) and the 
frequencies of intermediate peaks by 
prorating between these extreme v a l 
ues. Peak rates are then plotted against 
corresponding frequencies on special 
probability paper. For each plotted 
point a corresponding value is deter
mined on the linear or "reduced var -
iate" scale. Usmg these values as X 
and the peak rates as Y, a least squares 
straight line is then computed. Figure 
3 shows an example of such a curve. 

A simplification of this procedure 
was developed by the author (18) that 
involves only the calculation of mean Y, 
(Y), and the coefficient of variation, 
(Cv)- A series of curves was developed 
to express the relationship between 
Y/Y^ and Cy f o r various values of N and 
f o r v a r i o u s recurrence intervals. 
Knowing N and Cv, values of Y/IT may 
be selected f r o m these curves f o r 
desired recurrence intervals. These 
values multiplied by Y give the peak 
rate that may be eiqpected to be Equal
ed or exceeded fo r each recurrence 
interval. 

USE OF GUMBEL PROBABILITY 
CURVE IN ANALYSIS OF 

RUNOFF DATA 

A probability curve is reliable only 
insofar as i t is a representative sample 

of what has taken place in the past and 
of what may be e;q)ected to take place 
in the future. If we were dealing with a 
long runoff record of say 50 or 75 years 
f r o m a watershed in which the physio
graphic features, land use, and tillage 
practices had been f a i r l y constant, i t 
would probably be safe to say that our 
sample was representative of past nmoff 
conditions. And, i t there was no reason 
to suspect that any of these factors 
would be materially changed, i t would 
be reasonable to assume that the sample 
also was representative of future runoff 
conditions. I f , however, our nmoff 
record was f o r only 8 or 10 years, i t 
IS obvious that no such assumptions 
could be made with any degree of safety. 
Smce most of the records of runoff 
f r o m small agricultural watersheds are 
included in this latter range, i t is 
evident that some test of their normalcy 
must be made before they can be used 
to estimate future runoff values. 

In formulating a test of normalcy 
f o r short runoff records, two assump
tions were made: (1) that i f the ra in 
f a l l f o r the period of runoff record is 
representative of that f o r a much longer 
period, then the runoff sample is also 
representative of that period; (2) that 
i f there is no reason to suspect that the 
physiographic features, land use, or 
tillage practices of the watershed w i l l 
be materially changed, then the runoff 
record is also a representative sample 
of what might be e j e c t e d in the future. 

The three tests of ra infa l l selected 
were: (1) comparisons of monthly and 
annual amounts of ra in fa l l ; (2) com
parisons of maximum average ra infa l l 
intensities fo r various time intervals; 
and (3) comparisons of monthly and 
annual number of excessive storms. 
These ra infa l l factors were selected 
f o r test because they not only have a 
material effect on peak runoff rates 
but also are readily available f r o m 
long-term Weather Bureau records. 
I t is recognized that other factors, 
such as ra infa l l pattern, soil moisture, 
and inf i l t ra t ion rate, also affect runoff. 
However, until such time as long-term 
records of these additional factors 
become available, normalcy tests must 
necessarily be l imi ted to the three tests 



29 

more f u l l y described as follows: 

Rainfall Amounts - (19) Comparisons of 
monthly and annual ra infa l l can be made 
by computmg probability curves fo r 
these values fo r the period of runoff 
record and comparing values f o r like 
recurrence intervals with those derived 
f r o m long-term Weather Bureau rec
ords. Records of monthly and annual 

record may be compared to s imi lar 
curves c o m p u t e d f r o m long-term 
Weather Bureau records. 

P r io r to 1935, ra infa l l intensity data 
f r o m f i r s t -o rde r Weather Bureau Sta
tions were included in the Annual Report 
of the Weather Bureau and beginning in 
1935 in the Meteorological Yearbook. 
P r io r to 1935, these data were pub
lished as accumulative amounts f o r each 

TABLE 2 

HECOMMENDED Q FOfi CULTIVATED AND PASTURE AREAS EXPRESSED AS A PERCENT OF Q FDR MIXED COVER 

Area of Application 

Upper Miss 
Valley 

L o e s s i a l 
Areas 

Central 
Great P l a i n s 
of Kansas 

and 
Nebraska 

North 
Appalachian 

Region 

High P l a i n s 
of Colorado 

and 
New Mexico' 

Coastal 
P l a i n s of 
N J , Del. 
and Hd 

Q(CultiTated Area) 
Q(Mized Cover Area)'= 

Percent 

Range in Watershed 
S i t e , Aerei^ 

Q(Pasture Area) 
Q(Mixed CoTer Area)<= 

Percent 

Range in Watershed 
S u e , Acret^ 

130 

2-100 

65 

2-100 

116 

2-400 

72 

2-200 

170 

S-10,000 

60 

5-10,000 

113 

2-250 

82 51 

2-5,000 10-200 

'Average of recommended values for 4 s o i l and slope conditions 

^Average of recommended values for 3 s o i l end slope conditions 

"^All values are for a recurrence i n t e r v a l of 10 years 

''Above r a t i o s applicable only for indicated range in watershed s u e 

ra infal l f r o m the beginning of record to 
1930 may be found fo r a l l stations in 
"Summary of the Climatological Data 
f o r the United States, by Sections," 
United States Weather Bureau, Bullet'in 
W. Similar data fo r the period subse
quent to 1930 are published in the current 
year books of "Climatological Data. " 

Rainfall Intensity -(19) A comparisonof 
maximum rainfa l l intensities f o r various 
time mtervals can be made m a manner 
s imilar to that described fo r ra infa l l 
amounts. Probability curves based on 
highest average intensities fo r each 
time period fo r each year of runoff 

5 min. of excessive ra infa l l . Since 
changes in ra infa l l intensity did not 
necessarily coincide with these 5-min. 
division points, maximum intensities 
computed f o r various time intervals 
f r o m Weather Bureau tabulations f o r 
this period are usually less than the 
true maximum. Yarnell (24) found this 
difference to be 8 to 10 percent of the 
computed f igure f o r 5-min. periods and 
4 to 5 percent fo r periods of one hour. 

Number of Excessive Storms - ( 1 9 ) As 
origmally d e f i n e d by the Weather 
Bureau, an excessive storm is one in 
which the amount of rain that f e l l durmg 
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any 5-min. period was equal to or 
greater than 0. 25 in . or in which the 
amount that f e l l during any period in 
excess of 5 mm. was equal to or greater 
than 0.25 in. plus 0.01 m. fo r each 
minute in excess of 5. In 1935, the 
amounts defined by this definition were 
increased f o r the Southern States, i n 
cluding North Carolina, South Carolina, 
Georgia, Florida, Alabama, Miss is
sippi, Tennessee, Arkansas, Lou i s i 
ana, Texas, and Oklahoma, and San 
Juan, Puerto Rico. Under the new 
definition a storm was not considered 
excessive unless the amount of rain 
in inches that f e l l during any time 
period of f ive or more minutes was 

f r o m Yarnell 's (24) 30-yr. totals and 
compared with s imi lar averages f o r the 
period of runoff record. Since Yarnell 's 
totals were based on Weather Bureau 
intensities published pr ior to 1935, and 
smce these intensities were less than 
the true maximums, i t follows that the 
number of excessive storms based on 
these lesser values must also be less 
than the actual number. As a result of 
comparisons made f r o m e]q)eriment sta
tion records at eight different locations 
(19), i t was concluded that Yarnell 's 
30-yr. totals must be increased by 16 
percent to approximate the actual total. 

Correction for Abnormal Rainfall - If the 

Uttumnrad 

siz.0 

ReducBl lento* 

Figure 3. Frequency of Maximum Peak Rates of Bunoff from Watershed D-3 at Conservation 
Experiment Station, Bethany, Mo., 1933-1942 

equal to or greater than twice the time 
period in minutes e;q>ressed in hun
dredths of an inch plus 0. 30 in. Care 
must, therefore, be exercised in mak
ing comparisons of excessive ra infa l l 
in these States to be sure that al l storms 
are classified in accordance with the 
same defmition. 

Average monthly and annual numbers 
of excessive storms can be obtained 

ra infa l l f o r the period of runoff record 
is fovmd to be materially different f r o m 
that f o r a long-time period, then the 
peak rates computed f r o m a probability 
curve should be adjusted to what they 
would have been had the runoff record 
been a good sample of past conditions 
(20). A methodology fo r making such a 
correction was developed by the author 
fo r an 8-yr. period of record on two 
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watersheds located at the Central Great 
Plains Experimental Watershed near 
Hastings, Nebraska. A relationship 
was established between the three 
ra infal l factors tested and the peak 
rates as computed by a probability 
curve. I t was foimd that the amount of 
annual ra infa l l multiplied by the annual 
number of excessive storms determined 
the frequency of maximum runoff condi
tions, whereas the intensity of the ra in 
f a l l determined the magnitude of the 
runoff peak f o r any runoff condition. 
Although much work remains to be done 
in testing this method f o r other physio
graphic and meteorologic conditions, 
i t is fe l t that this method or some 
modification can be p e r f e c t e d fo r 
adjusting probability curves f o r ab
normal ra infa l l . 

The runoff records of small exper
iment station watersheds can usually be 
supplemented by U. S. Geological Survey 
records of larger watersheds with 
physiogr^hic features and land use 
s imi lar to those at the experiment 
station. To eliminate, msofar as 
possible, a l l factors other than size of 
watershed that might account f o r d i f 
ferences m peak rates of rimoff, prob
ability curves fo r these larger water
sheds should be computed f o r the same 
period of record as that of the e ^ e r -
iment station. These probability curves 
should then be corrected to compensate 
f o r differences between ra infa l l factors 
that existed at the large watersheds 
during the period of record and those 
previously determined f o r the experi
ment station f r o m long-time Weather 

Nota 
voluet ore for o recurranc* interval of 10 years 
Nota 
voluet ore for o recurranc* interval of 10 years 

0 1,000 2 ,000 3 ,000 4 ,000 S.OOO 6,000 7,000 B,000 9,000 lOjOOO 

Area (acres) 

Figure 4. Relationship Between Peak Hates of Runoff and Area for Mixed Cover Watersheds 
in the North ^palachian Region 

Area of Hater shea Versus Peak Rate of 
Runoff -For the same recurrence i n 
terval , the peak rate of runoff per unit 
area decreases as the area of the water
shed increases. Figure 4 shows that 
this decrease is very rapid f o r water
sheds of less than 2,000 acres. The 
next step then in the analysis of the 
runoff data f r o m the watersheds at any 
experiment station is to determine the 
relationship between the peak rates fo r 
any recurrence interval and the size 
of watershed. 

Bureau records. In making these 
corrections the same procedures may 
be followed as those developed f o r 
correcting the probability curves of 
small experiment station watersheds. 

The corrected peak rates f o r a 
once-in-lO-yr. recurrence interval can 
now be plotted against the corresponding 
size of watershed on log-log paper. 
As the corrected probability curves f o r 
a l l watersheds are now representative 
of rimoff as i t would have occurred if 
each watershed had be&i subjected to 
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the same ra infa l l (that determmed f o r 
the experiment station f r o m long-term 
Weather Bureau records) and as the 
physiographic features and land use f o r 
a l l watersheds are s imi la r , any d i f f e r 
ence in peak rates can be ascribed to 
the effect of watershed size. The 
relationship between peak rates and 
watershed size can, therefore, be ex-

raphy, and land use are s imi lar to 
those of the experimental watersheds. 

This last step was made possible 
when the Soil Conservation Service in 
1943 prmted a map of the United States 
showing "Basic Land Resource Areas. " 
This map was developed p r imar i ly on 
physiographic features determined by 
conservation surveys and divides the 

Q High P l o l n j , ® C e n t r o l G r e a t P l o i n s , ( D Upper M i s s i s s i p p i Volley L o a s s l o l A r a o s , 

© N o r t h Appolochlon R e g i o n , ® R i d g e s end V o l l e y s of V i r g i n i a , ® C o a s t a l Plolns 

0Claypan Proir iei 

Figure 5. Areas of Application for Recommended Peak Rates of Runoff 

pressed by computing a statistical curve 
f r o m the coordinates of the plotted 
points. This relationship is assumed 
constant fo r a l l recurrence intervals 
and when applied to the probability 
curves of the experiment station water
sheds gives the peak rate that may be 
expected f r o m any size watershed f o r 
any desired recurrence interval. 

Area of AppI ication -One o t h e r step 
remains to be taken in our analysis; 
namely, that of determinmg the area of 
application fo r the computed peak rates 
of runoff. This mvolves the outlining 
of the area or areas m which physio
graphic features such as parent geologic 
formation, principal soil types, topog-

country into nine physiographic regions, 
68 major subdivisions, and numerous 
minor subdivisions. Revisions are 
made f r o m time to time as additional 
surveys are c o m p l e t e d . Detailed 
descriptions of each subdivision have 
been prepared and may be used in 
conjuction with the map t a select areas 
where physiographic features, insofar 
as they affect runoff, are s imi lar to 
those of the e}q)erimental watersheds. 

Although physiographic and cultural 
features of the area selected generally 
w i l l be s imilar to those of the experi-
mental watersheds, small local areas 
can usually be found within the area 
of application where these features 
are materially different. No attempt 
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was made to delmeate a l l of these local 
exceptions and i t is le f t to the judgment 
of the f i e l d techmcian as to whether or 
not recommended peak rates should be 
increased or decreased because of these 
differences. 

SUMMARY OF RUNOFF STUDIES 
COMPLETED TO DATE 

Analysis of runoff data has been 
completed fo r s e v e n physiographic 
areas and the recommended peak rates 
of runoff f o r use m the design of con
servation structures have been published 
in Technical Publications of the Soil 
Conservation Service (Fig. 5), ( 1 , 3, 
11, 13, 16, 17, and 22). The procedures 
used m these analyses in general f o l 
lowed those outlmed in the preceding 
pages of this paper (15). In a l l cases, 
i t was found that the three ra infa l l 
factors experienced during the period 
of runoff record was equal to or greater 
than those determined f r o m long-term 
Weather Bureau records. No correc
tions were applied to compensate f o r 
ra infa l l differences as the methodology 
f o r accomplishing this had not yet been 
developed. I t is hoped that later reports 
w i l l include such corrections. 

I t should be pointed out that a l l of 
these publications are prel iminary r e 
ports ttiat w i l l be revised as more data 
become available. Also, that a l l of the 
reports are not based on the same 
completeness of data. The peak rates 
f o r the High Plains of Colorado and 
New Mexico; the Coastal Plains of New 
Jersey, Delaware, and Maryland; the 
Ridges and Valleys of Virg in ia , and 
the Claypan Prair ies were determined 
p r imar i ly f r o m small watersheds of 
f r o m 2 to 300 acres. Additional data 
on peak rates f r o m watersheds having 
a greater range In size are needed in 
these areas to more accurately establish 
the peak rate versus area relationship. 

In the Ridges and Valleys of Virginia , 
the small e^qperimental watersheds are 
underlain by shattered limestone and 
result in extremely low rates of runoff. 
I t is f e l t that a large proportion of the 
water absorbed by ,the limestone on 
these small watersheds may appear as 

base f low runoff on larger areas. To 
test this possibility and to establish a 
more reliable peak rate versus area 
relationship, three additional water
sheds ranging in size f r o m 500 to 6,000 
acres have been located on Bel l Creek 
near Staunton, Va. Data f r o m these 
watersheds are bemg collected as a 
cooperative project of the Soil Conser
vation Service and the U. S. Geological 
Survey. 

In Table 1, the peak rates f o r a 
mixed-cover watershed and a recur
rence interval of 10 years are e:qpressed 
as percent departures f r o m the mean f o r 
al l physiographic areas shown on Figure 
5 with the exception of the Ridges and 
Valleys of Virginia and the Claypan 
Prair ies . The Ridges and Valleys of 
Virgin ia was not included because i t 
was fe l t that insufficient data existed 
to determine accurately the effect of 
the underlying limestone on runoff 
peaks. Peak rates f o r the Claypan 
Prai r ies were determined only f o r 
recurrence intervals of 25 and 50 years. 
As the land use f o r the watershed is 
essentially the same f o r each area 
(mixed cover), the departures f r o m the 
mean shown in the table can be ascribed 
To differences in ra in fa l l and physio
graphic factors. 

For the same f ive years, Table 2 
shows the peak rate fo r a cultivated 
and pasture watershed f o r a 10-yr. 
recurrence interval eiqpressed as a 
percentage of that f o r a mixed-cover 
watershed. Since ra infa l l and physio
graphic factors were the same f o r a l l 
three types of land use at any one area, 
the indicated increase or decrease in 
peak rates f o r that area can be ascribed 
to the effect of land use. The reduction 
in peak rates that may be affected by 
a change in land use i s dependent td' 
some extent on existing ra infa l l and 
physiographic factors. This i s ev i 
denced by the difference in the percent
ages shown in Table 2 fo r different 
areas. 

CONCLUSIONS 

It is hoped that this paper w i l l help 
direct the attention of the engineer and 
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hydrologist to the differences in the 
hydrologic behavior of large watersheds 
as compared to that of the small ag r i 
cultural watershed. 

I t IS fe l t that a recognition of these 
differences w i l l lead to the development 
and increased use of such analytical 
procedures as the probability study, as 
a means of more accurately integrating 
the effects of the many factors that 
affect surface runoff. 

I t is fe l t that the use of such i m 
proved analytical procedures w i l l make 
possible more accurate and economical 
designs of small hydraulic structures. 

And, f ina l ly , i t is hoped that greater 
cooperative efforts among interested 
Federal and State agencies w i l l relieve 
the present sparsity of runoff data f r o m 
small agricultural watersheds. 
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