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ABSTRACT 

Individual flood hydrographs observed on 
agricultural and range land throughout the United 
States of America were described by a three-para-
meter mathematical model. The values of the three 
hydrograph parameters were related to topography, 
land use and rainfall associated with each flood event. 

Three separate multiple regressi ons were 
developed, each for predicting one of the hydrograph 
parameters from three independent variables. 
Thirty -six independen"t variables were tested including 
many which have been suggested by previous workers 
and which are incorporated in current design methods . 

Multiple linear regression, with three inde-

pendent variables, accounts for 80 percent and 61 
percent of the variance in the volume and peak rate 
of runoff respectively. The third parameter a time 
variable, which also defines the hydrograph recession, 
can be predicted by a logarithmic relationship in-
volving only soils, land use and topography so that 
about 60 percent of its variance is explained. 

Due to the sample size being limited to forty-
seven flood events , the developed regressions do not 
provide a rigorous formula for design. They are 
presented rather to show that this approach provides 
a simple method by which hydrographs could be 
synthesized. The discussion suggests that a large-
scale study could provide the desired accuracy, and 
indicates ways of achieving this . 
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Chapter 1 

INTRODUCTION 

Many efforts {19) * have been made towards 
rationalizing flood flow estimation for very small 
watersheds within the past five years. A large num-
ber of peak-flow estimates are still being made by 
inadequate means. Firstly, there is a paucity of hy -
drographs observed on watersheds within the range 
of one-third to four square miles. Secondly, the sub-
ject is confused by the many design methods cited in 
handbooks without reference to their regional restric-
tion and limited basis. 

The time seems appropriate to associate the 
flood hydrograph with the causative rainstorm. The 
intensity-frequency-duration regime for rainfall in 
the United States of America has been thoroughly in-
vestigated by the Weather Bureau (11). Designers 
should be provided with methods for estimating flood-
hydrographs with commensurate accuracy. 

Objectives 

The purpose of this study was to describe 
flood hydrographs observed on small agricultural and 
range land watersheds by a mathematical model with 
three parameters. These hydrograph parameters 
were then correlated to other numerical variables 
which describe: the rainstorm causing each particu-
lar flood, the topographic characteristi cs of the 
watershed, and the soil and current land use. If this 
could be successfully achieved it would provide a 
means of synthesizing flood hydrographs for ungaged 
watersheds. The present work should be viewed as a 
pilot study to test the validity of the approach on 
readily available data. Its success should signal the 
analysis of a large quantity of unpublished hydrologic 
data . This pilot study could greatly reduce the ex-
pense of such a large-scale follow up by establishing 
techniques and by showing which variables do not 
warrant further study. 

The multiple regressions obtained at the con-
clusion of this study only represent tentative relations. 
Their reliability can best be judged by seeing how 
well they predict results in a new set of observed 
data. Truer regressions with narrower confidence 
intervals will doubtless aris e as more and more data 
become available. 

Delineations 

The forty-seven hydrographs and hyetographs 
used in this study were observed by the U.S. Agri-
cultural Research Service (23) on fourteen watei:;,.sheds. 
Arranged according to the code numbers given them 

*Numbers in parenthesis refer to items in the 
"Bibliography. " 

by the Agricultural Research Service, all watersheds 
are listed in Table 1. They were located in the 
following e leven widely spaced states: Virginia, 
Illinois, Iowa, Ohio, Wisconsin, Texas, Nebraska, 
Arizona, New Mexico, Washington and Mississippi. 

The largest watershed studied had an area of 
2086 acres ( 3. 26 square miles). The smallest was 
290 acres (0. 45 square miles}. Beyond this arbi-
trary size range , the next-smaller and next-larger 
watersheds for which the A . R. S. had published data 
were 187 acres(. 292 square miles) and 4430 acres 
( 6. 9 3 square miles). Thus one may generalize by 
saying that the present study aimed at pres enting r e -
sults applicable to watersheds within the general size 
range from one-third to four square miles. 

Only floods caused by rainstorms were con-
sidered. This is justified on very small watersheds, 
since the flood series (21} from these stations shows 
the annual maxima to occur almost exclusively in the 
summer months, and not to be due to snow melt. 

Certain watersheds seem to produce a charac-
teristic double-peaked hydrograph. Although the 
mathematical model fitted was single peaked, not all 
the observed double peaks were excluded from the 
study. The approach was rather to approximate them 
with a broad-crested theoretical hydrograph whose 
parameters could hopefully be related to the particu-
lar basin characteristics responsible for this unusual 
watershed response (28, 29, 30). Only one hydro-
graph with clearly separated peaks was omitted from 
the study. It was the result of a storm moving trans -
versely across a small belt of long twin tributaries. 
The peak rate was considerably l ess than for the 
three hydrographs actually used for this watershed. 
From the point of view of predicting design floods its 
omission seems desirable . Furthermore, uneven 
areal distribution is an undesirable feature for this 
study of very small watersheds. 

The basic approach was to use the total ob-
served runoff. That is to say , groundwater and 
interflow were not subtracted as in the unit hydro-
graph attempt to isolate "surface runoff." A simple 
adjustment was made to the observed hydrographs to 
account for antecedent flow when this was present. 

It should be stressed that the forty-seven 
hydrographs originally selected from the available 
fifty were retained for the remainder of the study. 
The degree to which the mathematical model could 
be fitted to the corrected "observed" hydrographs, 
in no way affected their retention in the study. Like-
wise no further adjustments were made to the 
corrected "observed" hydrographs in an attempt to 
influence the regressions. Whatever deviations 



Table 1. Na.mes, locations and areal extent of experimental watersheds 
together with the dates of storms used in this study. 

Watershed Identification Water- Years Date of shed of Flood ARS Code Locality Area, Record Event Number Acres 

15.1 W-I, Staunton, 390 8 8 Sept. 1 48 
Virginia., 13 Apr. '49 

Bell Creek 7 June '55 
17.4 W-4, 290 18 27 Mey •38 

Edwardsville, 21 June 1 42 
Illinois 31 March '52 

2 July '52 
21.1 Ralston Creek, 1,926 34 l June '43 

Iowa City, 21 July 1 48 
Iowa 1 July '50 

18 July •56 
26.30 Watershed 196, 303 24 16 June '46 

Coshocton, 16 Aug. '47 
Ohio 1 Sept. '50 

12 June '57 
29.1 W-I, 345 13 28 Jucy 1 49 

Colby, 13 ~ •56 
Wisconsin 4 June •58 

31.1 W-I, 330 24 12 Aug. '43 
Fennimore, 11 July '44 

Wisconsin 28 June '45 
24 June '49 

42.3 Watershed D, 1,110 18 10 June '41 
Riesel (Wet.co), 15 June '42 

Texas I5 July '50 
24 April '57 

44.1 W-3, 481 23 20 June '39 
Hastings, 10 July '51 

Nebraska 7 June '53 
15 June '57 

44.3 W-8, 2,o86 23 10 July '51 
Hastings, 7 June '53 

Nebraska 29 Aug. '57 
45.2 W-II, 21 26 July '4o 

Safford, 28 Sept. 1 41 
Arizona 7 Aug. '42 

9 Aug. '113 

48.2 W-2, 610 6 28 July '39 
Mexican Springs, 24 Aug. '39 

Nev .Mexico 26 Aug. '39 
5 Sept. '4o 

6o.6 Watershed Q.5. 8 11"72 8 13 April '37 
Pullman, 25 Jan. '41 

Washington 3 March '41 
6 June '41 

62.1 W-4, 2,0CX> 22 May '57 
Oxf'ord, 

Mississippi 
62.2 W-5, 1,130 22 Jan. '57 

Oxford, 
Mississippi 



remained in the hydrograph fitting and unexplained 
variance of the regressions were assumed to be 
mainly sampling error and random fluctuations. It 
is recognized that spatial variations in rainfall, cover, 
and other factors constitute the physical reasons for 
some of the aberrations. 

Need for the Study 

The design of an ever increasing number of 
hydraulic structures involves the estimation of flood 
runoff from sIIRll watersheds. As road building and 
headwater flood control programs gain momentum, 
more and more capital will be involved in culverts, 
valley fills and small spillways. Most of these struc-
tures are not costly enough to warrant detailed indivi-
dual hydrologic investigations. Yet the cost of per-
fecting a universal method which could be applied 
quickly and easily to each field situation would bring 
about considerable savings. Currently much public 
and private capital is wasted on hydraulic structures, 
many of which are either overdesigned or fail due to 
the underestimation of floods. 

By virtue of temporary storage behind road 
fills and above the spillway level of dams, flood out-
lets may sometimes be designed to discharge less 
than the inflow hydrograph's peak. With a view to 
such future refinements in design, an estimation pro-
cedure which predicts the shape of the hydrograph 
would be more valuable than one merely giving the 
peak rate. 

A need also exists to move away from the 
regional flood frequency approach. Both it and en-
velope curves for flood peaks assume adequate spatial 
sampling and a certain degree of homogeneity through-
out the region. Anomalous results will always be pre-
sented in the adjacent belts of two such regional syn-
theses, Relationships involving the causal elements 
such as rainfall intensity, land slope and soil pro-
perties would be far more realistic. In fact such 
regressions could reasonably be used beyond the 
region where the hydrographs were obtained. In the 
era of American technical aid to underdeveloped 
countries, such rational methods could be used over-
seas, since the topographic, soil and rainfall informa-
tion can be obtained far more readily than can flood 
observations, 

Recent Related Studies 

The most closely related work to the proposed 
study was reported by Gray (9, 10) in 1960. In that 
study forty-six watersh eds ranging in size from 0. 27 
to 32. 64 square miles were studied from the unit 
hydrograph approach. Their range in size far ex -
ceeded that in the present study. On the other hand 
Gray's hydrographs came exclusively from Illinois, 
Iowa, Missouri, Nebraska, Ohio, Wisconsin and 
North Carolina where th e climatic range is far 
narrower than that encompassed by the present study's 
watersheds, which represent eleven states. In con-
trast to Gray's approach, this investigation does not 
involve a representative distribution graph for each 
watershed. Individual differences between hydro-

3 

graphs observed on the same watershed have been 
retained here and accounted for by rainfall peculiari-
ties. Another difference between the two studies is 
that Gray employed a two-parameter gamma distribu-
tion whereas the present investigation fits a three-
parameter equation , which should be far more flex-
ible, to the observed hydrographs . 

Benson (2) showed, as has been suggested by 
Nash ( 1 7) and others, that after three or four inde-
pendent meteorologic and physiographic variables 
have been us ed, further variables do not appreciably 
decrease the standard error in estimating floods. 
Benson's analysis e liminates the effect of variation 
of individual storms since flood peaks, of specified 
return periods, obtained from a frequency analysis 
of annual maxima were used as his dependent variable. 
The main-channel slope was found next in importance 
to drainage-area size. Benson's study has little 
application to very small watersheds, since only 
three of the 170 New England stations which he 
studied possessed areas of less than ten square miles. 

Hickok, Keppel and Rafferty ( 12) made a sig-
nificant contribution to hydrograph synthesis. They 
studied about 130 hydrographs and hyetographs from 
fourteen watersheds ranging in size from 11 to 790 
acres in the arid Southwest. Lag time was related to 
watershed area, average land slope and drainage 
density. The estimated lag time was used to predict 
the hydrograph peak rate for an assumed total vol-
ume of runoff. Finally the entire synthesized hydro-
graph could be obtained from a generalized hydro-
graph , expressed dimensionlessly in terms of lag 
time and peak rate. Their dimensionless hydrograph 
appeared to be independent of rainfall pattern and of 
soil and cover condition. This simplification pro-
bably resulted from their four research localities 
possessing similar climatic and cover conditions. 

A recent article by Chow ( 3) presents a 
m ethod for determining peak discharges from rural 
watersheds which are smaller than 6000 acres. By 
trial and error the method enables one to ascertain 
which duration of rainfall excess gives the maximum 
rate of runoff and to estimate the latter by applying 
four charts . The method involves runoff curve num-
bers and relationships presented by the U. S. Soil 
Conservation Service ( 24). Combined with this is the 
concept of a peak-reduction factor which is defined as 
the ratio of the peak discharge to the equilibrium 
direct discharge . Although the charts presented are 
exclusively for Illinois, these first two phases of the 
method are entirely general and could be applied 
universally with rainfall data ( 11). To complete the 
procedure it is necessary to express the peak reduc-
tion factor as a function of the ratio of the duration of 
rainfall excess to lag time . The lag time must there-
for e also be estimated from watershed characteristics. 
Chow obtained these two relationships from fifty-
three storms covering twenty small watersheds in the 
Midwest. Until similar relationships are available 
for other climatic and topographic areas the method 
will be regionally restricted. 



Potter ( 18) has recently consolidated much of 
his earlier work into a very clear method of estimat-
ing floods from areas ranging in size between O. 16 
and 25 square miles. Peak rates of runoff with re-
turn periods from ten to fifty years can be obtained 
from a topographic index and the 10-year 60-minute 
rainfall. Four graphical correlations are presented, 
each applicable to a zone of characteristic underlying 
rock formation. Based, as it is, on ninety-five gaged 
watersheds the method represents considerable uni-
fication over most of the United States east of the 105° 
meridian, to which it applies . 

A recent discussion of unit hydrograph shapes 
for watersheds of 27. 2, 50 and 290 acres has been 
presented by Minshall ( 14). He shows that the "unit 
hydrograph" is not a constant for one small water-
shed but that its peak rate and the time from begin-
ning of excess rainfall to peak rate of runoff may be 
related to rainfall intensity and storm {time) pattern. 

4 

Nash (16) has discussed various methods of 
determining the relation between effective rainfall 
and storm runoff as particular cases of the general 
unit-hydrograph theory. His remarks are valuable 
to anyone relating physical characteristics of a catch-
ment to its indical response. 

No review of literature would be complete 
without m entioning some of the attempts to arrive at 
hydrographs purely from mathematical considera-
tions. Although apparently overlooked by many later 
writers, the three parts which Zoch (28 , 29, 30) pub-
lished of an incomplete series, twenty-five years ago, 
showed great promise. Commencing with simplifying 
assumptions of rectangular or triangular watersheds 
and uniform rainfall rates he progressed through to 
the development of complex mathematical expressions 
for runoff under various complex conditions. More 
recent examples of this approach are papers by 
Doege (5) and Edson (6) . 



Chapter 2 

MATHEMATICAL TECHNIQUES 

In this chapter some of the mathematical 
equations basic to this analysis of the hydrograph 
will be developed. The application of certain common 
statistics to the description of a rainstorm will be 
discussed. Finally a brief description will be pre-
sented of the regression analysis technique, which 
will be applied to the data in the next two chapters. 

Hydrograph Model 
Equation and its integration - It was decided 

to pursue the assumption of Yevdjevich ( 27) and 
attempt to fit the three parameter Pearson type III 
function to the discharge hydrographs. For the pur-
pose of the present study this is expressed by the 
equation 

. . . . . ( 1) 

where the symbols are explained in Fig. 1. * Inte-
grating gives the total volume of runoff, 

W= dt . 

-m 

Let t + m = u , then dt = du 

m ~r ro ~ [muf du. and W = q0 e e J 
0 

u 
Let y = G 

and 

Whence W= 

G y = u and G dy = du , 

Gi
ro m 

-y G e y dy. 

0 

m 

~ [G]G q
0 

e in Gr [1 + ~] ..... (2) 

because by definition r ( 1 + x) fro e-y yx dy 

0 

*Besides their definition in the text, frequently used 
symbols are listed along with their units and dimen-
sions in Table 14 of the Appendix. 

5 

Apart from the ordinate q and abscissa t , 
equation ( 1) contains parameters q , m and G. 

0 

Three parameters must therefore be specified to 
determine the particular shape of this model. It 
therefore possesses more flexibility with which it 
may be fitted to observed hydrographs than do the 
two parameter models employed by earlier workers 
(6, 9) . 

Interchangeability of time parameters, G 
and m - Equation ( 2) shows that if the volume of 
runoff, W , is given as well as q , then G and 

0 

m are uniquely interrelated. Consequently m may 
be omitted and G used as the final definitive para-
meter, along with W and q . This change is de-o 
sir able in practice, since m is difficult to ascertain 
and G has a physical significance. 

Graphical determination of hydrograph para-
meters - Equations ( 1) and { 2) uniquely determine q 
as a function of t , for each set of values of q 

0 ' 
G and W . Complexity of the mathematical rela-
tions precludes an explicit solution, but the following 
graphical solution was found satisfactory: 

Equation (2) may be rewritten as 

a = 
[{-j 

G 
( 3) 

m 

where a= e ~ [ ~] G r [1 + ~] ...... {4) 

W over q
0 

is grouped within parentheses in equa-

tion (3) since it represents a fixed quotient for each 
hydrograph of known volume and peak. Various 
values of G were tried and each will specify a dif-

ferent hydrograph for the particular W ratio. 
qo 

The selection of each G fixes the value of 
a from equation (3). This, in turn, assigns a unique 

m value to G according to equation { 4). To obviate 

the repeated trial and error solution for the latter 
from the tables, the relationship was expressed 
graphically as illustrated in Fig. 2. Thus for each 

G selected only one ratio of ~ satisfied equations 

(3) and (4) simultaneously. In summary, many paired 
values of G and m are available which satisfied 
equation { 2) for each hydrograph of fixed W and q . 

0 



q inches/hour 

• C 

m -•--14 G~ t hours 

m = time from corrunencement of runoff to peak discharge rate, 
measured on the negative side of the origin. 

C = center of gravity of hydrograph. 
G = time between center of mass of runoff and peak discharge 

rate. 
q = discharge rate from watershed in inches per hour; discharge 

rates at the outlet have been divided by the area of the 
watershed and converted to depth per unit time. 

q = peak rate of discharge; converted to inches per hour as 
0 described above. 

co 

W =J q .dt = total runoff volume in inches: consistent 
- with the above treatment of q and q , division by . o vo1.ume 

Fig. 1 

watershed area has reduced the units to --- = length. area Nevertheless, the popular usage of the term 
"hydrograph volume" has been retained. 

Mathematical model of flood hydrograph . 
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Preparing each trial mathematical hydrograph in-
volved substituting pairs of m and G values into 
equation ( 1) to determine a series of q values at 
various times for plotting. 

Statistical Parameters Describing Rainstorms 

The manner in which rainfall intensity varied 
with time was published ( 23) as a hyetograph along 
with each hydrograph studied. Two such diagrams 
are reproduced in Fig. 3. Also noted on the figure 
are the three statistics , mean time, standard devia-
tion, and skewness , which summarize the major 
features of the time distribution of the storm, They 
comprise a new attempt at describing important 
characteristics of a rainstorm with a few values. 
One may visualize a skew bell -shaped curve with the 
same statistical parameters of skewness, standard 
deviation, mean, etc. as presenting a smoothed 
version of the hyetograph . This elimination of very 
short angular peaks and breaks in intensity is desir-
able since these steps occur at different times at 
different points throughout the watershed. The over-
all input to the watershed is more likely to approach 
a smooth curve than it would the steplike pattern 
published for a single gage, Furthermore the natural 
watershed immediately begins to destroy these angu-
lar peaks by storage . 

Thus the computation of moments , and thence 
the standard deviation of time and skewness were 
undertaken. It was considered that the statistical 
parameters , s1 , s

2 
, and s

3 
, adequately describe 

for the watershed generally whether the storm was: 
extremely peaked or relatively uniform in time, early-
peaking or late-peaking. To reflect the amount of 
rain, the storm total and the average rainfall inten-
sity were added to the set. Three antecedent rainfall 
amounts complete the statistical rainfall parameters 
as listed under section IV of Table 2, 

Mean time, s1 - This may be regarded as 

fixing the center of gravity of the hyetograph along 
the time axis, Moments for each block of rainfall 
about the starting time were summed and divided by 
storm total to obtain this statistic s1 . It established 

the axes MM in Fig, 3 about which the first moments 
summed to zero. 

Standard deviation about mean time and skew-
~ - These Statistical Rainfall Parameters , s2 and 

s
3 

, were computed from the hyetograph in a similar 

way that they would be derived from a frequency his t -
ogram. If vk , the k th moment about A (an 

k ~f.(x. - A) 
arbitrary reference value), is 1 

; ; then 

v
0

= 1, v 1 = ;Z" - A ,and v 2 =f(A) withaminimum 

at A = i . If µk , the k th moment about i , is 
- k ~f.(x. -x) 

1 l 
F 

8 

then: the variance , 

µ 3 =v 3 - 3v 1 v 3 +2vf 

the standard deviation, S2 = er = -iu; 
Q'3 1 "'lf"ii'";' 

the momenta! skewness , S 
3 

= 2 = 2 V 7 
Table 3 outlines a typical c alculation. x is the mean 
tim e described in the pr eceding section. The com -
putations were perform ed on a digital computer , as 
rainfall data had been punched on cards for other 
purposes. The program transformed the data so that 
A b ecame zero; whence v 1 = i = s1 

Multiple Linear Regression Analysis 

In broad perspective the entire study was 
composed of three facets. 

1. It was necessary to describe each ob -
served hydrograph by ascribing numeri -
cal values to the three parameters W , 
q

0 
, and G . 

2, Another set of variables had to be evalu-
ated which described the characteristics 
of the watershed topography , of the soil 
and curr ent land use, of the rainstorm 
causing each particular flood , and of the 
antecedent conditions measured by pre-
ceding rainfall. 

3. The final facet was to relate variables 
obtained in 1 above to those obtained in 2, 

The basic approach to be used in this third facet will 
be discussed in the remainder of this chapter. 

More specifically, regression equations had to 
be developed from which each of W , q , and G 

0 
could be predicted (as a dependent var iable ) from a 
few of the many so - called independent variables which 
described the storm, the environment, and the ante-
cedent moisture conditions . The technique chosen to 
establish the relationships between variables from 
the two sets was the stepwise multiple regression 
analysis . A description of this statistical technique, 
given before proceeding to the next chapter on data 
analysis, should provide an understanding of why 
many of the parameters were included as independent 
variables . 

Generalized procedure - The technique of 
multiple regression analysis establishes a functional 
relationship by which the dependent variable may be 
approximately predicted from a number of independent 
variables. An anticipated relationship is set up and 
the least squares criteria is applied to empirical 
observations of both dependent and independent vari-
ables. This results in a system of equations which 
have to be solved simultaneously for the coefficients 
of each term. Since there is one equation for each 
variabl e , the computations become so cumbersome 
as to require a digital computer. No attempt will be 
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Table 2. Symbols and definitions of independent variables for stepwise 
multiple regression analyses. 

*D 1 

*D 5 

I. Topographic Parameters 
Watershed area, acres. 

Length of the l ongest collector from the gaging station 
carried out to the watershed perimeter, L feet. 
Length along the main stream from the gaging station to the 
point nearest the mass center of area, L feet. 

C 
Fall over watershed, H feet. 

Average main-channel slope, S feet/foot, is the slope of 
a straight line drmm through cthe gaging point on the 
longitudinal section of the longest collector such that the 
area between it and the horizontal. axis equals the area 
below the longitudinal section. 
Average land slope, percentage. 

L/-VS:-. 
C 

Drainage density, in feet of mapped channel per acre. 

Time of concentration, computed from the Soil Conservation 
Service nan.ograph involving H and L, in hours. 

II. Design Indices Depicting Land Use and Soils 

Infiltration capacity after one hour of continuous rainfall 
according to A.s.c.E. (21) tables of soil and coven inches/hour. 

s.c.S.'s intermediate runoff curve number (14). 

s.c.s.•s curve number after correction for antecedent rainfall (14). 

Runoff volume expected from S.C.S. relationship with rainfall and 
corrected curve number, inches. 

Watershed leg from Mockus' nomogram (22) which includes s.c.s. 
curve number, hours. 

Cook's EW from runoff producing characteristics (23) such as 
soils, land use and topography. 

n8 Turner's C (24) for use in Q = CIA. 

* Denotes parameters which were used in the final regression equations. 



Table 2. (Continued) Symbols and de!initions of independent variables 
for stepwise multiple regression analyses. 

III. Conventional Rainfall Parameters 
*11_ Storm total, inches. 

p 0/10 

p 10/20 

P 20/30 

R5 p 0/30 

R6 p 30/60 

Rainfall amounts received during 
sequential periods of storm, inches. 

~ Initial intensity, inches/hour. 

*11_1 I30 

11_2 I60 

Maximum rainfall intensities during 
consecutive numbers of minutes, inches/hour. 

11_
3 

Minutes after which intensity equals or exceeds 2 inches/hour. 

5-day ) 
3-day 

1-day 

Antecedent rainfalls, inches: 
(Used with III and IV). 

IV. Statistical Rainfall Parameters 
s1 Mean time in minutes after commencement of rain. 

Standard deviation about the mean time, minutes. 
a3 ~ Momental skewness of time = - = -

2 za3 
s4 Average rainfall intensity, inches/hour. 

s
5

, s6 , s
7 

Antecedent rainfalls, defined above. 

Storm total = inches. 

* Denotes parameters which were used in the final regression equations. 



Table 3 - Specimen calculation of statistical rainfall parameters 

Rainfall lncremen-
intensity , tal duration , 
inches/ 1 hour "-.7 ~ ,<\ i I 

0, 12 5 

0,60 4 

3, 60 3 

2,00 3 

2.40 5 

1, 80 2 

1, 20 3 

0, 48 5 

o. 12 5 

Summations !: f . 

v 1 = x = Si 

!: f . x .2 

l l 
V : 

2 F 

!: f . x~ 

!: f . x. 
l l 

F 

= 288, 12 

15 , 91 

l l = 5,784.27 V : 
3 F 

3 v 1 v
2 

= 13,751.97 

2 v 3 = 8,054. 54 1 

= a3 Momental skewness = s3 2 

Average rainfall intensity = S4 

l 

Time from 
increment 
center to 
start of 
rainstorm, 
minutes 

x . 
l 

2,5 

7,0 

10, 5 

13, 5 

17, 5 

21, 0 

23,5 

27 , 5 

32,5 

= F" 

1 --~ 
2 VT 

F 
Total time 

12 

Amount 
of rain, 
inches f . X . f. X. 2 
f. = id l l l l 

l 

0,60 1. 50 3. 75 

2.40 16 . 80 117 , 60 

10, 80 113, 04 1 , 186, 92 

6, 00 81. 00 1,093.50 

12,00 210,00 3,675,00 

3. 60 75 , 60 1,587,60 

3, 60 84,60 1 , 988. 10 

2, 40 66, 00 1 , 815.00 

0 , 60 19.50 633, 75 

42,00 668,04 12,1 01. 22 

V z = 25 3 13 1 . 

µ = V - V z • 34, 99 2 2 1 

S2 = er= ~ = 5. 9152 

cr 3 = 206 , 97 

v3-3v1 v2=-7,967.70 

+ 0.210 

42,0 
35 = 1. 2 inches/hour 

f . X . 3 
l l 

9, 38 

823, 20 

12, 462, 66 

14 , 762, 25 

64,312,50 

33,339,60 

46 , 720,35 

49 , 912. 50 

20, 596, 88 

24 2, 939 , 32 



made here to list the formulae involved in the com-
putation. Attention will rather be focused on how the 
technique can be applied to draw maximum informa-
tiog from a prescribed set of data. 

Stepwise analysis - The stepwise multiple re-
gression procedure adds one independent variable at 
a time into the regression equation. The program 
automatically selects the next variable which will, in 
combination with those variables previously included 
in the regression, reduce the unexplained variance 
the most in a single step. Output from the computer 
contains the regression equation applicable at each 
step, For the sake of discussion, this would be given 
by equation (5). 

Y = a 3 + b 3x 1 + c 3x 2 + d 3x 3 . (5) 

Y = a4 + b4x 1 + c4x 2 + d4x 3 + e4x4 . (6) 

All the coefficients and the constants will change when 
the next step gives equation (6), with one more vari-
able. 

Transformations for non-linear regression -
It is entirely possible that a dependent variable is 
closely correlated with four independent variables, 
but could nevertheless not be predicted by a linear 
relationship such as equation ( 6) . The true relation-
ship may rather be multiplicative involving different 
exponents as in equation ( 7). 

b C d e Y = a x 1 x 2 x 3 x4 . . . . . . . . . . (7) 

Equation ( 8) shows how this type of relationship can 
be readily evaluated by the linear regression analysis 
if all variables are transformed into logarithms 
before feeding them into the same linear regression 
program. 

log Y = log A + b log x 1 + c log x 2 + d log x 3 + 

+ e log x4 .. ..... . .. . ( 8) 

1 3 

This and many other transformations are easy to 
incorporate into the data processing. The different 
types and combinations of transformations are vir-
tually limited only by the cost of computing . For the 
purposes of the present study the log transformation 
was the only one run besides the straight data. 

Comparing the efficiency of different equations -
Besides evaluating the constants and coefficients in 
such equations as (5 ) , (6) and (8), it is necessary to 
know the relative precision with which the alternate 
equations predict the hydrograph parameters. The 
computer p;:ints the unbiased standard error of ,t,'!).~ 
estimate, Sey , after adding each variable in the 
Xtepwise procedure. As more variables are included, 
Sey decreases rapidly at first, then more slowly to 
a minimum from which it rises slightly in an oscilla-
tory fashion . The standard error of any parameter 
y of hydrogr~ph data before any regression has been 
introduced, SY. , is also given by the program. The 
rate at which s'ey decreases with respect to ~y pro-
vides an indication as to whether the addition of an 
extra variable ~ the prediction equation is warranted 
or not. Since Sy i s different for W , q and G , 

0 

as well as for any of their logarithms the above 
approach will, however, not provide a universal 
standard of comparison. 

In comparing the efficiency of a linear multi-
ple regression equation such as (6) to that of one in-
volving a log transformation li}e { 8) the unbiased 
coefficient of determination, R 2 

, is most useful. 
It specifies the ratio of the variance explained by the 
prediction equation to the total variance of the depen-
dent variable. Thus an ~ 2 of 0. 80 signifies that 
only 20 percent of the variance in the sample is un-
explained by that particular regression equation. At 
every step in the regression analyses values of R 2 

were obtained by applying: 
"' 2 R2 =1-[~;] ... . ..... . (9) 

This statistic compensates for different sample sizes 
and for different numbers of variables in the regres-
sion equations. Hence a universal standard of com-
parison is provided . 



Chapter 3 

ANALYSIS OF DATA 

This chapter describes the procedural details 
involved in analyzing the data obtained from the 
Agricultural Research Service (22, 23} publications. 
Here again the three major divisions present them-
selves. 

1. It was necessary to study the observed 
hydrographs with a view to fitting the 
mathematical model to them. 

2. The numerous parameters which describe 
the topographic, storm and other possible 
flood influences required presentation. 

3, The way in which the regression analysis 
was applied to relating factors from 1 and 
2 needs discussion. 

Hydrograph Fitting 

The object here was to find what value of the 
recession parameter G produced a mathematical 
model which b est approximated the shape of the ob-
served hydrograph. Criteria for acceptance will be 
discussed in another section of this chapter before 
proceeding to evaluate how well the model simulates 
the prototype. Prior to this, however, it is neces-
sary to describe how antecedent flow was separated 
from some observed hydrographs so that every run-
off event could be associated with the corresponding 
rainstorm. 

Total runoff considered rather than surface 
component - There was no attempt made in this 
study to separate surface runoff from ground water 
or interflow. The analysis merely sought empirical 
relationships and was not subject to any of the unit 
hydrograph assumptions which dictate separation. 
The assumption that ground-water flow is negligibly 
small on watersheds of these sizes was borne out by 
the fact that the flow was zero prior to twenty-seven 
of the forty-seven storms studied. For the remaining 
cases antecedent flow was usually less than one per-
cent of the peak rate. The ratio of antecedent dis-
charge to peak discharge of a particular return period 
increases with an increas e in drainage area. Hence 
the simple separation permissible here could become 
invalid on large r watersheds . 

Once a flood is in progress it is immaterial 
for the present purpose what proportions of the water 
travel as either surface runoff, interflow or ground-
water flow. The objective is to provide the designer 
with a method of predicting the total flood hydrograph. 
The contention that "surface" runoff alone would 
produce more uniform hydrographs does not appear 
to offset the disadvantage of each designer having to 
add back an unknown quantity of base flow after 
estimation. 
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The aim was therefore to consider total run-
off wherever possible and relate it to the soil , storm, 
and other factors which may affect its distribution 
with time. Thus it was felt that if a certain type of 
land use or soil gave rise to considerable interflow 
this would be reflected in a lengthening of G , which 
in turn would be related through the regression to the 
causative elements. The ideal of describing the total 
hydrograph provides a unifying criterion which all 
investigators could strive for. In contrast, separa-
tion of surface runoff is executed by different methods 
and to varying degrees by those who have to subjec-
tively apply it. 

Separation of antecedent flow - The only 
separation employed in the present study was the 
elimination of antecedent runoff. The object of this 
was to correct the "observed" hydrographs to give a 
discharge rising from zero after the inception of 
rainfall. Thereby the dir ect effect of rain which fell 
prior to the storm unde r study was removed . This 
separation consisted of s ubtracting a constant runoff 
rate throughout the entire hydrograph. This adjust-
ment was made in twenty cases, for which it averaged 
only 0. 7 perc ent of the peak rate. Its magnitude only 
exceeded one percent for five cases , while its maxi-
mum was four percent. 

A more severe correction was applied to the 
record of 31 March 1952 for watershed 17.4. which 
involved a slightly different condition. This event 
comprised two bursts of rainfall separated by about 
one and a half hours. Rather than discard the result-
ing double-peaked hydrograph completely, it was 
decided to consider only the second runoff peak and 
its relation to the second burst of rainfall. Runoff 
separation was executed according to the previous 
paragraph, which led to the subtraction of a constant 
discharge of eight and a half percent of the peak rate . 
The earlier rainfall was added to the antecedent rain-
fall . As was done in the other twenty cases of separ-
ation, the corrected hydrograph was simply termi-
nated when the final depletion fell below the subtrac-
tive correction. Thus a single-peaked curve was 
included in the analysis, which hopefully would bring 
into the regressions the effect of high antecedent 
moisture. 

One other hydrograph (19 July 1953 for 
watershed 15 . 1) was completely omitted from the 
study because its rising limb was badly distorted by 
an incipient peak of magnitude of about one-third that 
of the final peak. The above correction was unable 
to handle this unusual situation. 

The hydrograph from watershed 62. 2 on 6 
December 1957 was omitted partly because the above 
method could not separate the intens e discharge which 
was superimposed on a broader flood due to protracted 



lighter rainfall . Furthermore , the rainfall intensity 
data in this case had only been averaged over one 
hour durations. So it was felt that too much informa-
tion was missing from this case to warrant its inclu -
sion. 

Hydrograph peak , q
0 

- In all but six cases 

the maximum ordinate of the mathematical hydrograph 
model was made equal to the peak of the corrected 
observed hydrograph. This was done to satisfy the 
mathematics described at the beginning of the previ-
ous chapter , which required q

0 
to be one of the 

three fixed parameters . Moreover this is physically 
desirable as it forces a close coincidence of the peak 
portion which is most important for flood applications. 

Figure 4 presents an example of those few 
cases in which it was beneficial to use a smaller q

0 

for the mathematical model than the actual observed 
peak rate of runoff. In this example the aberrant 
little peak which preceded the main mass of flood 
water is inconsequential. It is of more importance 
to simulate the hydrograph shape in the broader 
region of the flood crest . The narrow high observed 
surge only lasted for about two minutes. The small 
volume of water which it represented could be expect-
ed to be absorbed in temporary storage behind what-
ever structure is being designed. Moreover in routing 
applications , which would involve its progression 
through storage this almost instantaneous surge would 
be rapidly attenuated . 

Most reductions were less than five percent 
of the peak rate. The most extreme reduction was 
twenty percent and was involved in the attempt to 
approximate the double-peaked hydrograph of 28 
July 1939 from 48. 2. The other hydrographs con-
cerned with this type of peak reduction were: 26 July 
1940 from 45. 2; 10 July 1951 from 44. 3; 4 June 1958 
and 13 May 1956 from 29. 1, 

Runoff volume , W - A far more arbitrary 
decision had to be made regarding the volume of 
runoff than was required for the preceding parameter. 
As a result of the exponential depletion it was impos -
sible to read one absolute value of W from the hy-
drograph as could be done with q

0 
• For the pur-

poses of flood hydrology the long tail of low flows is 
unimportant . The exact tirre at which to terminate 
the integration is arbitrary, however. 

In this study two or three observed values of 
W were tried in the process of fitting the math e mati-
cal model, each with a number of G-values . W was 
simply read from the table of progressive runoff 
volumes at times when the hydrograph tail had be-
come unimportant to flood considerations . In c:i.ses 
where the aforementioned separation had been applied 
the appropriate rectangle at the base of the hydro -
graph, was subtracted so as to remove the runoff not 
due to the storm under study. A number of mathe-
matical models were computed for each of these 
arbitrary W's . The best fitting models from each 
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subgroup were compared. The W of the very best 
fitting model was used as the parameter for that flood 
even throughout the rest of the study. Generally the 
smaller values of W gave better fitting hydrographs. 

It is conceded that there is considerable scope 
for refining this selection. The basic criteria, of 
using a W-value which could generate a mathematical 
model which c losely approaches the observed hydro-
graph , seems sound. The expense and effort devoted 
to each subphase of the study had to be proportioned 
according to the overall scope and accuracy of the 
approach. 

Criteria of acceptance - It has already been 
seen in Fig . 4 that the selected mathematical model 
does not follow all the serrations of the observed hy-
drograph exactly. The inflow -outflow computation 
and routing in which these estimates will be used 
requires rather a reliable representation of the rapid-
ly rising section and of the early recession of the 
hydrograph. The exact form of the early rise, while 
discharge rates are relatively low, and that of late 
depletion when discharges have dropped below dan-
gerous rates are relatively unimportant. 

No statistical test is available for evaluating 
how well the mathematical model fits the observed 
hydrograph in terms of hydrological acceptance . 
Gray (9) has pointed out the need for developing such 
methods. If such numerical tests become available 
then digital computers will be able to make exacting 
selections of the best-fitting model with great speed. 
For the present study a visual comparison between 
the observed and numerous computed hydrographs 
had to suffice. By way of example Fig. 5 shows the 
best mathematical models which could be fitted to 
three of the observed hydrographs. According to the 
arbitrary classification depicted in Fig . 5 one may 
rank the goodness with which all hydrographs were 
fitted as follows: very good in eleven instances , good 
in twenty-seven instances and poor in nine instances. 

Another criterion which was applied , was that 
the theoretical line approximately crossed the ob -
served rising limb in such a way as to keep the areas 
lost and gained almost equal. At the same time, it 
was attempted to equalize the slopes over all but the 
lower values of the rising limb. The way in which 
these requirements were met can be seen for all three 
cases in Fig. 5. Unfortunately cases occasionally 
arose where the satisfactory fitting of the rising limb 
produced a model which was too wide in the general 
region of the peak. Case C of Fig. 5 illustrates such 
an instance . The us e of such a model would afford 
extra safety in spillway capacity. 

Attempts to get good fits - It has been shown 
in the first section of the preceding chapter why it 
was necessary to hold q

0 
and W constant while sub-

stituting matched pairs of G and m , which simul-
taneously satisfied equations ( 3) and ( 4), into the 
hydrograph definition equation ( 1). Figure 6 shows 
four of the resulting models with q

0 
and W constant 
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and with G varied in the above fashion . It has been 
mentioned earlier in this section that sets of m odels 
were produced for various W's and in a few cases 
even q

0 
was varied. The IBM 16 20 electronic com -

puter was employed to calculate q and t coordinates 
for the four hundred and twenty curves tried in the 
fitting process. 

Although the peak of the model happens to cor -
respond in time to that of the observed hydrograph 
for all cases shown in Figs. 5 and 6, this was not a 
rigid requirement . The general shape of the peak 
section and its width down to about two-thirds of peak 
rate were given precedence. This point is illustrated 
by Fig. 7, in which the model's peak was position ed 
twelve and a half minutes to the right of the observed 
peak. Thereby a bette r representation could also be 
obtain ed of the rising limb and early recession. Such 
shifting is permissibl e as neither the research 
method nor the application of the results involve the 
lag time between rainfall and runoff. All that is re-
quired is a reproduction of the hydrograph shape 
itself. Such lateral shifting was necessary in fitting 
twelve of the forty - seven hydrographs. 

Table 9 in the appendix lists the variables W , 
q

0 
and G for the best fitting model hydrographs for 

the forty-seven flood events studied. 

Parameters Considered as Independent Variables 

For the purpose of regression analysis one 
refers to the variables from some of which one hopes 
to predict the three hydrograph parameters as "inde-
pendent variables". They are actually not independent 
of each other . For example geomorphic processes 
have coupled the "length of the longest collector" to 
the "watershed area" and have set the "average 
channel slope" according to the "fall over the water-
shed" . Likewise the rainfall intensities for various 
short ch rations are related to each other. All m em-
bers of such groups of parameters have been included 
in the study so that the step-wise multiple regression 
analysis can indicate exactly which members corre -
late most strongly with each of the hydrograph para-
meters . In the final regressions only the more im-
portant "independent variables II were used in th e pre -
diction equations . 

The thirty-six independent variables are listed 
and defined in Table 2 according to four groups. Input 
to the regression analysis never involved more than 
thirty - two of these variables simultaneously. Befor e 
proceeding to discuss these so-called independent 
variables another point will be discussed which a lle -
viates possible problems of interrelated "independent 
variables" . The final regression equations e ach in-
volved only one or two independent variables from 
each group. As an example the prediction of W re -
quires values of (1) infiltration capacity, (2) time of 
concentration , and ( 3) storm total. According to the 
way in which these terms were defined in this study 
they are physically independent of each other , or 
practically so. Hence the coefficient of determination 
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for this equation need not be further reduced to 
account for interacti ons . 

I. Topographic parameters - This group 
contained lengths , heights and other statistics, singly 
or in combination , which could readily be obtained 
from topographic maps . In the absence of suitable 
s mall- scal e maps these features could rapidly b e 
evaluated from a fi eld inspection. Numerical values 
for each of these parameters for the forty-seven 
flood events studied are listed in Table 10 of the 
appendix. 

Watershed area in acres , was tried as a para-
meter although much of its effect had been eliminated 
by the selection of the units for q

0 
and W . Rather 

than express the peak rate of discharge in cubic feet 
per second, q has been expressed in inches/hour 

0 

by dividing by the watershed area and changing units. 
This r educed the peaks to a comparable basis regard -
l ess of the size of the various watersheds. It was felt 
that area itself would not be a significant variable over 
the restricted range of area studied. This assumption 
was later verified by the analyses , in which area only 
e ntered the regressions after many more important 
variables. In the cases of W and q area entered 

0 

as the fifteenth and tenth variables respectively. 

The thinking behind this idea of dividing the 
gross discharge rates and runoff amounts by the size 
of e a ch watershed is equivalent to the assumption that 
the peak cubic feet per second from var ious water-
sheds is proportional to the watershed sizes. Had 
this division not been performed strong linear corre -
lation would have been found between area and the 
p eak rate in cubic feet per second, and the total run-
off in acre feet . 

L ength of longest collector, is the distance L 
feet from the g aging station a long the stream and from 
its end in a straight line to the nearest point on the 
divide . 

L ength to point nearest mass center of area 
was the distance L feet along the main channel from 

C 

the gaging site. The center of area was determined 
with a plumb bob by suspending cardboard cutouts 
from three points. An interesting digression was the 
high accuracy with which an inexperienced operator 
could visually predi ct the position of the center of 
mass. 

Fall over the watershed , was simply the dif -
ference in e l evation, H feet, between the gaging 
site and the divide at the head of the longest collector. 

Average main channel slope, S , was ob-
c 

tained by plotting the longitudinal section of th e long-
est collector produced to the divide . S was calcu-

c 
lated as the slope in feet per foot of the straight line 
drawn through the gaging point in such a manner that 
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the area between the line and a horizontal line drawn 
through the channel outlet was equal to the area be-
tween the channel grade line and the same horizontal 
line ( 1 O}. In field applications where topographic 
maps are not available a rapid survey along the 
channel could provide the information, 

~~::_a~E:.._~...9..!l!?E.e..!.. is the percentage Sa 

obtained by weighting the proportions of each water-
shed occurring in various slope-classes (22). In a 
few cases where this information had not been pre-
viously prepared, it was obtained from topographic 
maps. 

A parameter coupling length and channel slo~e, 

L/ ../s, has been tentatively suggested by Clark 
C 

(4) arulothers as related to hydrograph shape, 

Drainage density, T 
8 

, is the length of 

mapped channel in feet per acre of drainage area. 
It is difficult to determine from maps because of in-
consistent map standards. 

Time of concentration, T 9 , is included as a 

topographic parameter because the Soil Conservation 
Service (24} nomograph from which it is obtained 
only employs the two parameters H and L described 
above. Whether or not this truly estimates the time 
in hours required for water to reach the outlet , from 
the hydraulically most remote point, is immaterial. 
For the purposes of this study it was simply a com-
bination of topographic features which would hopefully 
be significant in the regressions for either q

0 
, W 

or G . 

II. Design indices depicting land use and 
soils - Various numerical scales which have been 
proposed from time to time to signify runoff potential 
of watersheds according to their soils, slope and land 
use will be considered under this group of parameters. 
Many of these are obtained by combining arbitrary 
class marks for runoff producing characteristics of 
the watershed. The many possible combinations of 
these elements--each taken at either an extreme , 
high, normal or low rating--give a wide r ange from 
a small index number to one almost a hundred times 
as great. The way in which each experimental water-
shed is compos ed of various proportions of areas 
having particular soil and cover conditions further 
broadens the range of these numbers. They may 
therefore be consid ered, from the statistical view -
points, as continuous variables rather than as ranks 
from which they were d erived. Table 11 in the 
appendix lists the numerical value of these variables 
for the forty-seven cases studied. Significant corre-
lations will be sought b etween these empirical indices 
and the three hydrograph parameters. It may be well 
to remember that these are not continuous variates 
in the sense as are measurable characteristics . 

The infiltration capacity, D 1 , was evaluated 

from Tables 9 and 10 of the A. S. C. E. 's Hydrology 
Handbook (1). First a value, ranging from 0. 01 to 
1. 0 inches per hour was selected from one table. 

21 

These are supposedly infiltration capacities , shown 
by standard curves after one hour, for bare soil. 
Each value sel ected was multiplied by the cover factor 
which varies from 1, 0 to 7. 5, Each of the cover 
types permanent (forest and grass), close growing 
crops, and row crops were ascribed a range of values 
for either good , medium and poor conditions. 

S . C. S. 's intermediate runoff curve number, 
D 6 , This was evaluated from Table s 3. 9- 1 and -

3,9:Z of the Soil Conservation Service Handbook (24} 
according to the prevailing land use annotated on each 
flood event . As a preliminary to this process the 
hydrologic soil groups had to be determined according 
to definitions in their ( 24} Chapter 7 and the soils' 
descriptions given for the research watersheds (21}. 
By definition such runoff curve numbers were con-
sidered valid for intermediate conditions of antecedent 
moisture. 

S. C. S. 's curve number after correction for 
antecedent rainfall, D 7 . According to the amount 

of rain which had actually occurred on the five days 
preceding each storm studied, the antecedent condi-
tion was classed as either unusually dry, wet or 
intermediate. If the condition was different from 
intermediate the runoff curve number was altered to 
form this new variable. The standard Soil Conser-
vation Service procedure s ( 24} involving their Tables 
3, 4-2 and 3. 10-1 were employed. 

The runoff volume expected from S. C. S. 
relationship, D 2 , was obtained for each of the 

corrected curve numbers and the observe d storm 
totals. This was performed by using tables ( 26) 
which are equivalent to Fig. 3-10-1 of the handbook 
( 24}, 

Watershed lag from Mockus' nomograph (15) 
D 4 , was based on the above runoff curve number as 

weilas the average watershed slope and the main 
stream l ength (to the furthest divide}. It was estimat-
ed from a nomograph (8) of the U.S . Soil Conservation 
Service. 

*Cook's ~ W , D 5 , has been used by the 

Soil Conservation Service T25) in some areas. The 
way in which it is used along with a specific set of 
curves to relate runoff peak to drainage area is ex-
plained by Frevert et al ( 8}. 

Turner's C , D 8 , was the last of the 

seven design indices studied here . This Australian 
(20) proposed a system of ranking by which an esti-
mate of the runoff coefficient C in the classical Ra-
tional Formula, Q = CIA , can be obtained . He pro-
posed one table for catchments less than one square 
mile and one for those bigger than this. He discusses 

*The symbol ~W has become established in the 
literature to express this index of runoff potential. 
It should not be confused in any way with the symbol 
W used in this study to signify the total runoff volume. 



many ( 1, 25) existing schemes for estimating C , 
including Australian ( 13) curves which involved rain-
fall intensity as a factor besides soil and land use. 
After presenting qualitative arguments Turner 
arrives at his weights for rainfall intensity , topo-
graphic relief, storage , infiltration and cover. 

III. Conventional rainfall parameters -
Thirteen parameters describing the observed rain-
storm, and three describing the antecedent rainfall 
were considered in this group of independent vari -
ables . The title "conventional" was given to these 
because equivalent amounts of storm rainfall, maxi-
mum rainfall intensities and so on can be estimated 
for a design situation from available publications . 
For example the rainfall intensity atlas ( 11) could be 
used to obtain the thirty-minute maximum rainfall 
intensity for a chosen return period . 

The reason why a number of very similar 
variables were included in the analysis was to allow 
the statistical technique to select from many possible 
variables which were the more strongly correlated 
to each hydrograph parameter . In this way the step-
wise regression analysis showed that the maximum 
rainfall intensity for thirty consecutive minutes was 
far more closely correlated with the hydrograph peak 
than were the maximum intensities for five, ten , 
fifteen or sixty minutes . In the same way the ante-
cedent rainfall for one - and three-day periods were 
included besides the five-day amount currently used 
(24) , 

Values of these parameters for the observed 
flood events are listed in Table 12 of the appendix. 
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IV. Statistical rainfall parameters - The 
purpose of developing this new set of descriptive 
parameters was discussed in the previous chapter, 
where the necessary calculations were also outlined . 
These eight parameters have been defined in Table 2 
and illustrated in Fig. 3. All that may be added is 
that from the applications point of view these statis -
tical rainfall parameters ar e not yet available in 
published form. If the analysis had shown one or 
more of these statistical rainfall parameters to give 
the best regressions for hydrograph predictions , then 
they would need to be evaluated from typical storms 
in each area. Values obtained for the forty-seven 
storms studied here can be found in Table 13 of the 
appendix. 

Stepwise Linear Regression Analysis 

The final phase of the analysis was the appli-
cation of stepwise multiple regression techniques to 
both dependent and independent variables obtained 
thus far. The objects of this were as follows: 

1. To determine whether some conventional 
rainfall parameters were better than 
statistical rainfall parameters , both in 
combination with the most significant 
parameters from the topographic group 
and the indices depicting land use and 
soils . 

2. To establish the most efficient equations 
for predicting W , q and G , each 

0 

from about three variables. 

Details of this part of the study will comprise the 
next chapter. 



Chapter 4 

DISCUSSION OF RESULTS 

In this chapter results of the stepwise multiple 
regression analysis are represented. From a com-
parison of these results a selection was made of the 
final regress ion e quations for predicting each of W , 
q and G . For the sake of convenience the groups 

0 
of parameters were referred to by the Roman num-
erals under which they are listed in T able 2, page 
10 . Likewise individual parameters were designated 
by their numbered letters . In every analysis data 
were included for all forty-seven flood events. 

The concluding sections of this chapter show 
how closely the observed hydrograph can be predicted 
from the tentatively proposed regression e quations. 

Modifying Influences upon the Coefficient of Deter -
mination 

As was mentioned at the close of Chapter 2, 
the unbiased coefficient of determination, R' , was 
used in this study for comparing the efficiency of 
different prediction equations. Before enumerating 
these results it will be helpful to discuss the biased 
coefficient of determination, R z • It will provide a 
basis from which the other factors, such as inter-
dependence and serial correlation , which influence 
the interpretation can be considered. 

The relationship between the biased and un -
biased coefficient of determination is given by 
Ezekial and Fox (7) as 

R' = 1 - (1 - R') [::~]. ..... . . . . (10) 

In this equation n is the number of observations . 
The total number of constraints imposed in fitting the 
regression equation , M , is one more than the num-
ber of variables employed in ){1e equation. It can be 
seen from equation (10) that R' is approximately 
equal to R z when the number of observations is 
many times greater than the number of variables in-
cluded in the regression equation. When n = 500 , 

the reduction ratio n -M1 becomes 1. 008 and 1. 028 
n -

in the cases where M is equal to 5 and 15 respec -
tively . These corrections are virtually negligible. 
They substantiate the vi ew that for samples containing 
almost five hundred observations regressions con -
>-aining fifteen or less v ariables will give values of 
R z essentially identical to those for R z 

Examining Fig. 8 in the light of the above dis -
cussion suggests the i~provement which could be 
made in the values of R z if another study c ould b e 
based upon 500 observations rather than the forty-
seven available here . The shaded region between the 
two curves indicates the order of magnitude of the 
improvement possible by overcoming the restriction 
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of small sample size . Whether a future sample of, 
say, 500 ob~ervations would actually give larger 
values of R z than were obtained for the biased R z 
from this small sample remains a matter for conjec-
ture. The amount of improvement would depend on 
the representativeness of the present small and future 
large samples. 

Two other factors, besides sample size and 
number of constraints discussed above, may reduce 
the reliability of t he regression equations below that 
suggested by the unbias ed coefficient of determination. 
Firstly any serial correlation of the observed vari -
ables will reduce the reliability with which an event 
can be predicted. Fortunately, floods from a small 
watershed are not related to each other in sequence . 
They are individually caused by convective storms of 
random extent and intensity. When the considerable 
distanc e b etween thes e experimental watersheds is 
remembered, the influence of serial correlation upon 
this study can be seen to disappear . 

The last factor which decreases the reliability 
of regression is the dependence which may exist be-
tween some of the so-called independent variables in-
cluded in the regression equations. This fact was 
given serious consideration in planning the stepwise 
multiple linear regression analysis and in the final 
selection of regression equations. It was for this 
reason that the c onventional rainfall parameters and 
the statistical rainfall parameters were not entered 
into the same program. The object behind the inclu-
sion of a large number of somewhat interrelated 
"independent variables" from each group was to per -
mit the computer to select the most significant from 
e ach of the groups depicting topography, rainfall and 
design indices. The hope was that one parameter 
would be selected from each of the virtually indepen-
dent groups. Table 4 shows that this ideal was 
achieved with regard to the prediction of W . The 
prediction equation selected involves the storm total, 
R 1 , a tabulated infiltration capacity , D 1 , and a 

relationship involving the length and drop of the water-
shed, T 9 . These three factors ar e physically inde-

pendent of each other and consequently do not reduce 
the reliability of predicting W below that indicated 
by the R' of 0. 80. On the other hand the prediction 
of q

0 
involves the simultaneous substitution of T 2 

and T 3 . These two parameters from the same 

group are lengths which are morphologically related 
to each other. The effect of this interdependence of 
the "independent variables" is that predictions of q 

0 

are less reliable than is suggested by an ~ z of O. 61. 
Similar limitations exist on the R z of 0. 62 for G . 
It is hoped that even if similar interdependence occurs 
when a large-sample study is made that the original 
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Table 4, Unbiasea. coefficients of detennination, R2 , attained with some of the better equations using various parameters. 

Dependent 
V&riable 

w 

\, 

G 

w 

* 

Groups I, II, and J.,U Gro-ws I, II, and IY 
Totl04Zl'.'8.nhic, .• Deeillll,,, and Conventional Rain.fall To .. C" • Deeillll,., and Stati~tical Rainfall 

linear log transformation linear log t ransformation 

Rl' Dl, T2 .so Rl, T6, D7 .66 Rl, Dl, 'l19 .so 
* Rl, Dl, Rl4 .75 Rl, T6, a,, ~3 .78 

Rl, Dl, Rl4' T3 .ao Rl, T6, R7 ,61 

Rl, T6, Dl .61 

Rl.l' T3, T2 .61 Rl2' R7' Rl3 .63 Rl, Tl, D4 ,49 

Rll, T3, D4 .55 Rl, Tl, D4, T3 .53 
Rll, R6, T2 .53 

RU, T3, R9 • 53 
Ru, '1'3, T2, R6 .69 

T,'t' D6, R2 .39 T~, D5' T6 .62 T1, D6, Tl .37 

T7' D6, R2, Tl, Ta,42 T5, D5, T6' D6 .1,5 T7, D6, Tl, T3 .39 

Vol\.Ulle of model bydrograph, inches, 
:Peak rate of model discharge, inches per hour, 
Time betveen peak and center of mus of best-fitting model bydrograph, minutes. 
Stonn total, inches. 

ASCE's In.filtration Capacity, inch.es per ~ur. 

Rl, T6' Dl .51 

Rl, s1, Dl .58 

Rl, sl, Dl, D7 .65 

T5, s 4' T8 .57 

T5' s 4' Ta, T3 .58 

Ti.ma of concentration from SCS nomograph, involving length and drop fran watershed perimeter to site. 
I30 , the maximum average intensity for thirty consecutive minutes in incheo per hour, 
Length along the main stream from the gaging station to the point nearest the mass center of area, 
Length of the longest collector fran the saging atatioo. carried out to the watershed perimeter, L 

Average main channel slope, Sc feet per foot 
Cook's Jll, involving soils, landuae and topograph;y 

Average land elope, Sa 1, 

Underlining within the table indicates the variables and ~ of each regression equation finalzy 
selected . Explanation of some symbols is reviewed below the table according to the equations 
in which they occur. others can be found in Table 2 , 

L feet. 
C 

feet, 



coefficients of determination will be so high as to 
outweigh the reduction in reliability. 

Typical Results from an Entire Group 

For the sake of an example let us consider the 
results of W as the dependent variable with groups 
I, II and III providing the independent variables. 
Thirty-two independent variables were therefore 
studied simultaneously. Figure 9 shows how the 
unbiased coefficient of variation , ft 2 

, rises rapidly 
with the addition of the first few independent variabl es 
into the regression equation. After about six vari-
ables, the inclusion of more bring about a negligible 
reduction in the unexplained variance. With fifteen 
variables included a maximum ft 2 of O. 9 21 7 was 
reached, while it drops to 0. 9110 for all thirty-two 
variables. 

Pairs of "independent variables" which were 
drawn into the stepwise regression in the early steps 
may actually have been dependent among each other . 
If this were the case it was possible that the exclusion 
of the former member of such a pair could have en-
hanced the contribution of its counterpart when that 
was combined with other variables. Thus subsets 
were selected with the aim of eliminating interrela-
tions suspected on physical grounds . This certainly 
gave many alternative subsets which could be used 
for prediction purposes , but they actually never 
brought about an improvement in the ft 2 

• In the 
thirty- eight subsets tried with the three dependent 
variables no ft 2 was ever obtained which was higher, 
for the same number of variables, than that selected 
originally by the ste~wise analysis from all variables. 
A few of the better IP' s obtained from such subsets 
are included in Table 4 . Data including all possible 
variables from three groups, similar to that shown 
in Fig. 9, were prepared for all twelve cases. An 
inspection of the way in which variables were ranked 
within these provided a basis for selecting the thirty-
eight subsets. 

Selection of Best Three-Variable Groups 

A concise idea of the possibilities available for 
selecting the prediction equations can be gained from 
Table 4. For each of the three dependent variables, 
W , q

0 
and G , equations could be · obtained in 

four ways. Firstly, the groups of independent vari-
ables I, II and III could be used or the groups I , II 
and IV could be used. That is to say conventional 
rainfall parameters, III, could be tested against the 
newly proposed statistical rainfall parameters, IV. 
Both these comparisons were made in the presence 
of the topographic parameters, I, and the design 
indices depicting land us e and soils, II. The simul-
taneous inclusion of groups I and II was necessary to 
adjudge the relative importance of elements from III 
or IV in complete prediction equations . 

Secondly, each of these three-group combina-
tions were run with and without a log transformation. 
It should be noted that in the case involving the statis-
tical rainfall parameters some values of skewness 
were negative. This one variable , therefore, had to 
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be omitted from the analysis involving logarithms. 

It can be seen from Fig. 9 that ~ 2 could be 
increased from about O. 8 to almost 0. 9 by using a 
regression equation with six variables rather than 
one with three. Corresponding improvements are 
possible in predicting the other two hydrograph para-
meters. One will always be faced with the dilemma 
of fewer independent variables in the equations re-
sulting in less satisfactory hydrograph synthesis. 
Some compromise is necessary between bigger values 
of ft 2 and the use of a few variables. If three dif-
ferent independent variables are used to evaluate 
each of W , q

0 
and G then a total of nine para-

meters would need to be inserted into the regression 
equations. It hardly seems justified to expect field 
personnel to estimate more than nine such parameters 
from maps or watershed inspections . In fact it should 
be remembered that the present study was based on 
too small a sample to become a sophisticated design 
approach. The intention was rather to show that this 
approach has potential for the rapid synthesis of hydro-
graphs . Thus three independent variables for each 
equation satisfied the present need. 

A possibility existed that the same variable 
would recur in more than one of the three selected 
equations. So a fourth variable was sometimes in-
cluded to see if the coincidence occurred. As will be 
seen from the underlined groups in Table 4, all re -
gressions actually selected contained three different 
variables . 

Prediction of Total Runoff Volume, W 

As mentioned earlier , the volume of runoff, 
W , with which we are concerned is the one which 
allows us to obtain a mathematical model which best 
fits the observed hydrograph. This W has been com-
pared to either thirty-two or twenty- four watershed 
and storm parameters in the stepwise multiple re -
gression analysis. It is the purpose of the following 
paragraphs to evaluate the objective results yielded 
by the computer program. Consideration of the 
physical significance of the alternative parameters 
aided in the final selection of the three regression 
equations . 

Physical significance of variables selected -
The final selection of a regression equation f~ W 
(as shown by the underlined parameters and R 2 in 
Table 4) contained: R 1 , the total storm rainfall; 

D 1 , the infiltration capacity of the watershed esti-

mated from the A. S. C. E . 's tables; and T 9 , the 

time of concentration obtained from the Soil Conser-
vation Service's nomograph. The total storm rain-
fall, R 1 , can logically be expected to influence the 

volume of the hydrograph, W . In fact it was the 
first variable to be selected in all of the four groups, 
as shown in Table 4. Figure 9 shows that R 1 
accounted for 6 3 percent of the variation in W . 

The infiltration capacity of the watershed 
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would physically be expected to influence volume of 
runoff. It is encouraging that so simple an index of 
infiltration capacity as D 1 contributes to a high un-

biased coefficient of determination. D 1 can be 

readily estimated from two tables (1), The first table 
simply requires an assessment of the infiltration 
characteristic of a soil as being: high, intermediate 
or low. The second table introduces the type of 
cover as either: permanent, close growing crops or 
row crops. 

The third factor in the selected W-equation 
may appear to hold less physical significance if it is 
considered as a time of concentration, T 9 . More 

meaning attaches to it if considered simply as a com-
bination of the fall over the watershed and the length 
of the longest collector . These two features were 
also entered into the analysis as T 4 and T 2 
respectively. Neither of them, however, were in 
any way as significant as their combination in T 9 
Because T 9 actually involves two basic topographic 

features, the estimation of W requir es the evalua-
tion of four elements D 1 , R 1 and T 2 and T 4 
(for T 9 ) . One of these, however, T 2 , is also 

used as the third parameter in the regression for q
0

. 

So the estimation of W , q and G will still only 
0 

require the evaluation of nine basic parameters. 

Comparison with next best group of variables -
Examination of the upper l eft -hand block of Table 4 
shows which other sets of variables were almost as 
good for prediction as the group selected above. It 
can be seen that if the five-day antecedent rainfall 
index, R 14 , replaces T 9 an ~ z of 0. 75 is ob-

tained. This suggests almost as satisfactory an 
equation which involves only: storm rainfall, R 1 
infiltration capacity, D 1 and antecedent rainfall, 

R 14 . Practical difficulties would, however. arise 

in the application of such a regression which involves 
both storm rainfall and antecedent rainfall. Addition-
al consideration would have to be given to the joint 
probabilities of certain pairs of R 14 and R 1 occur-

ring simultaneously with a view to the return period 
aspect. 

Final regression equation - The equation for 
predicting W in inches , from D 1 in inches per 

hour, T 9 in hours and R 1 in inches is: 

W = 0, 1315 - 0, 5792 D 1 + 0. 1902 T 9 + 0. 4261 Ri' 

( 11} 
Predicted versus observed W - Table 5 

lists the observed values along with the va-lues of all 
three dependent variables as predicted by the select-
ed regression equations. The amount by which the 
actual exceeds the predicted is termed the residual. 
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Residuals have been expressed as percentages of the 
corresponding predicted value. Restricting attention 
to W , it is seen that the residuals are less than 
thirty percent for twenty-one cases . For thirty-five 
of the forty-seven cases, the residuals are less than 
fifty percent. 

It can be seen from Fig. 10 that the large 
differences between predicted and observed values 
of W , occur for small actual peak discharges, q 

0 
Thus if observed peaks smaller than O. 4 inches per 
hour are discarded, then the highest residual will be 
sixty percent and all others will be less than forty-
six percent. This consideration lends confidence to 
the prediction equation, as it will be used in associa-
tion with high q

0 
for flood estimation. 

Along similar lines we may consider the two 
cases in which W was estimated as a negative quan-
tity. Such negative values have, of course , no phys -
ical meaning. These are simply the result of the 
superposition of error elements on to a small true 
valu e of W . As in the previous paragraph this 
anomaly only occurred for very small values of q , 

0 
and consequently would not affect flood estimates 
required in practice. 

Prediction of Hydrograph Peak, q
0 

The equation selected for the prediction of the 
peak of the hydrograph model was: 

q
0 

= - 0. 2917 + 0. 4600 R 11 -0. 00040 T 
3 

+ 

and T 2 

+ 0. 00018 T 2 . . . . . . . . ( 12} 

is in inches per hour; 

is the thirty-minute rainfall intensity in 
inches per hour ; ~<;:,4. 
is the length from the>._site along the main 
stream to the point nearest the mass-
center of the watershed, in feet; 
is the length, in feet, of the longest 
collector carried to the divide. 

Physical significance of variables selected -
As can be expected the rainfall intensity, averaged 
over the most intense thirty minutes, greatly influ-
enced the flood peak. Disregarding the constant, 
-0. 2917, for the sake of discussing large q

0 
values, 

one may in a restricted sense consider 0 . 46 as a 
coefficient of runoff. For every inch per hour by 
which the rainfall intensity increases there is a 
corresponding increase of 0. 46 inches per hour in 
the peak rate of runoff. Of course for lighter rain-
fall intensities this type of approximation to the old 
Rational Formula Q = CIA (or q = CI , with 

0 

C = 0. 46} becomes progressively more distorted. 
Moreover when different watersheds with varying 
lengths and shapes are considered the other two 
variables in equation ( 12) effect the magnitude of the 
peak discharge. 



Table 5. VaJ.ues of dependent variables observed on best-fitting bydrographs and vaJ.ues predicted from 
i selected re~ression eauat ons , 

'W , inches ~ I 
inches per hour G , minutes 

Best Residual Best Residual Best Residual 
fit- as per- fit- BB per- fit- es peT-
ting cent of tin..r cent of ting cent of 

'Watershed Date model Predicted predicted model Predicted predicted model Predicted Predicted 

15.1 8 Sept. •48 .0028 - .13546 - 0.0059 .19620 -96,99 9,5 12.75 -25,49 
13 Apr. '49 .3715 .28636 29.73 0.3990 .53660 -25 .64 10.0 12.75 -21.56 
7 June '55 ,0094 .04349 -78,39 0.0053 .23484 -97,74 24.0 12.75 88.24 

17.4 27~ 0 38 .5869 .77646 -24 ,41 1.0550 .84412 24.98 10.5 9.734 7.91 
21 June 0 42 .6743 .89112 -24.43 0.9793 1.00788 - 2.84 14.5 9.734 4.90 
31 March '52 .7735 ,73520 5.21 1.6220 .83170 95,02 6.2 9,734 -36,26 
2 July '52 1.1047 1.26782 -12.87 1.8600 1.88049 - 1.88 15.0 9,734 54.14 

21.l l June 1 43 ,9070 .61766 46.84 o.4881 .21658 125.36 23.5 30.90 -23,95 
21 July •48 .6827 ,89462 -23.69 0.3392 .2.0968 61.77 12.5 30.90 -59,55 
l July 1 50 1.1866 1.18197 0.39 o.6490 .64759 0.22 21.0 30.90 -32,04 

18 July 1 56 ,9999 1.03523 - 3.41 0.8580 .93646 - 8.38 40.o 30.90 29,45 

26.30 16 June '46 1.4413 l.40()74 2.89 1.8990 1.43660 33.19 18.0 6.825 163.81 
16 Aug. 1 47 ,2421 .23800 1.72 0.5830 .8o364 -27,46 9.0 6.825 31.94 
l Sept. 1 50 1.7711 1.61412 9.72 1. 7690 l.21120 46,05 6.o 6.825 -12.01 

12 June 1 57 l.4668 1.10596 32.63 3.7200 2,14498 73.43 6.o 6.825 -12.01 

29,l 28 July 1 49 ,2740 .51768 -47 .07 o.o8o8 .48031 -83.18 50.0 37.30 34.05 
13 ~ 1 56 .3838 .28759 33.45 0.1330 .26181 -49,20 138.0 37.30 269.97 

4 June 1 58 l.0909 l.29744 -15 ,92 0 .5050 1.02908 -50,93 55.0 37.30 47.45 

31.1 12 Aug. 1 43 .4263 ,72192 -40.95 0.8940 1.68428 -46.92 4.o 6.640 -39, 76 11 July ,44 ,2252 .65561 -65.65 0 .:,020 1.45382 -79,23 7.5 6.640 12.95 28 June 1 45 ,4081 .29922 36.38 0.9800 .62905 55,79 5.0 6.640 -24,70 
24 June 0 49 .4015 ,73198 -45 ,15 0.7230 1.17783 -38.62 10,0 6.640 50,60 

42.3 10 June 1 41 1.3451 1.01414 32 .63 o. 7466 .85695 -12 .88 30.0 49.77 -39,72 
15 June 1 42 .7792 .73912 5.42 0.3220 .6o671 -46.93 60.0 49.77 20.55 
15 July 1 50 .8328 1.09882 -24.21 0.5360 ,76357 -29,8o 30.0 67 .89 -55,81 
24 Apr. '57 1.6405 l.02560 59,95 0. 8200 1.08(:;02 -24.49 35.0 67 .89 -48.45 

44.1 20 June '39 ,9041 .74814 20.84 l.1500 1.30626 -11.96 20.0 20.68 - 3.29 
10 July 1 51 1.6620 1.20406 38.03 1.7400 l.33570 30.27 12.0 20.68 -41.97 
7 June '53 .8787 .74148 18.50 0. 718() .77865 - 7,79 18.0 25,19 -28.54 

15 June 1 57 1.2488 .89607 39.36 l.8200 ,97644 86.39 20.0 25.19 -20,60 
44.3 10 July 1 51 1.3165 1,55974 -15,59 0 .3480 .63090 -44.84 8o.o 31.86 151.10 

7 June 1 53 .8174 1.04603 -21.86 0.2640 - .13406 - 70.0 31.86 119,71 
29 Aug. 1 57 1.3187 l.32572 - 0.53 0.2170 -,09726 - 100.0 35.05 185.31 

45,2 26 July 1 40 .3284 .22668 44. 87 0.9500 1.00844 - 5 .8() 2.2 6.219 -64.64 
28 Sept. 1 41 .6753 .47382 42 ,52 1.3£m 1.61932 -14.78 6 .o 6.219 - 3.54 7 Aug, 1 42 .1939 .32042 -39,49 o.848o 1.05490 -19.61 4. o 6.219 -35,70 
9 Aug . 1 43 .3389 .23946 41. 52 l.0000 1.11;32 -10,18 5.0 6.219 -19.62 

48.2 28 July '39 ,0946 .52622 -82.02 0.2360 .69791 -66.18 8.o 9,4o4 -14,89 
24 Aug. 1 39 ,OT/3 .19387 -60.13 0.2090 ,21952 - 4.79 20.8 9.404 112.71 
26 Aug. 139 .0852 .22796 -62 .63 0.1790 .31152 -42 .54 15.0 9.404 59,54 
5 Sept. '40 .0337 ,01491 125.96 0.1790 -.08407 - 5.0 9.404 -46 .78 

60.6 13 .Apr , 1 37 .0524 .05866 -10.67 0.0166 - .08799 - 52,0 20.84 149,52 25 Jan. 1 41 ,0525 -.00371 - 0.0256 -.10087 - 20.0 20,84 - 4.03 3 Mt.rch'41 .0431 .00906 375,61 0.0311 - .04567 - 12,0 20,84 -42.42 6 June 1 41 .0373 .02304 61.85 0.0342 .10750 -68.22 18.3 20,84 -12,19 
62.1 22 ~ '57 .4264 ,59365 -28.17 0,2445 .12688 92,69 15.0 33.35 55 .02 
62.2 22 Jan '57 .3870 .23230 66.59 0,1489() ,11462 29,90 40.o 36.27 10.28 
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The constant for T 3 is negative . Thus if the 

mass center of area was further upstream of a site 
one would not expect as large a peak as if the mass of 
the watershed was concentrated a short distance above 
the site . Such a relationship has its physical explan-
ation in peak attenuation along the longer channels . 

The counteracting effect of a positive but 
smaller constant for T 2 accounts for the interrela-

tionship between the length of the entire main channel 
and the length up to the center of area. 

Comparison with next best roups of variables -
Reference to Table 4 shows that equation 12), se-
lected for predicting q , gave an unbiased coefficient 

A 0 
of determination , R 2 

, of O. 61. The log-transform-
ation involving R 12 , R 7 , and R 13 gave a slight-

" ly higher R 2 of O. 63. The most important para-
meter of this group R 12 is the maximum rainfall 

intensity average over sixty consecutive minutes. It 
can be as readily evaluated from published maps as 
can R 11 , the thirty-minute intensity, required by 

the selected equation ( 12). The other two variables, 
R 7 and R 13 , however, are more difficult to esti-

mate in a design situation. Being respectively the 
initial intensity and the time after which the intensity 
reached 2 inches per hour, they would vary greatly 
from storm to storm even in the same region. Their 
use would involve the postulation of design storms for 
various regions. Such difficulties led to the choice 
of equation ( 12) even though its ft 2 was slightly 
smaller. 

Predicted versus observed q
0 

- As with the 

previous variable the actual and predicted values were 
listed in Table 5 along with the residuals. To an 
even greater extent than with W , predictions were 
poor in the region of small q . In fact, six pre-o 
dieted q

0
's became negative. Doubtless the negative 

constant, -0. 2917, in equation ( 12) contributed 
tow:ards this situation. 

An examination of Fig. 11 shows that if only 
q

0
's larger than 0. 4 inches per hour were considered 

much variation would be removed. Moreover the 
remaining points on Fig. 11 tend to follow a rising 
pattern. This suggests that if a large enough original 
sample was available above a lower limit of q , 

0 

then a new regression would be fitted with far less 
scatter. 

In the present data, only twenty-seven of the 
predicted q

0
's were within fifty percent of the ob -

served peaks. Nevertheless, ft 2 indicates that only 
thirty-nine percent of the variance remains unex-
plained by R 11 , T 3 and T 2 . 
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Prediction of Recession Parameter, G 

In this instance Table 4 shows how much 
better the logarithmic law accounts for this behavior 
than does the untransformed linear r e lationship. As 
was the case for W and q

0 
, the statistical rainfall 

parameters did not provide as good a prediction as 
did the conventional rainfall parameters. The equa-
tion selected was : 

(log G) = -8. 13587 - 0. 72653(log T 5) -

- 0. 9 3866(1og T 6) + 5. 01570(log D 5) .... (13) 

This transforms, after some rounding to: 

G= 

-9 5 7.314x10 xD 5 

T 0. 727 T 0. 939 
5 X 6 

. . . . . . . . ( 14) 

where G is the time between peak and center of 
mass of model in minutes; 
is Cook's :E W , involving soils, land 
use and topography; 
is the average land slope, Sa% ; 

T 5 is the average main channel slope, 
fe et per foot. 

s 
C 

Physical significance of variables selected -
The striking feature of equation ( 13) is that G . is 
independent of rainfall parameters and can be pre-
dicted from topographic parameters alone. T 5 and 

T 6 have nothing to do with soils or land use and can 
be measured consistently from maps. D again in-

5 
volves topographic relief, but compounded with this 
are the rankings for soil infiltration and vegetal 
cover. It is important to realize that this parameter, 
G , which affects the recession of the flood hydro-
graph should therefore be approximately constant for 
each watershed. Severe changes in land use may, 
however, be expected to influence G by altering D 5 
Neverthe less, if G can be established for a particu-
lar watershed in a certain cover condition, this 
should provide one constant value for all of its hydro-
graphs. 

Comparison with next best groups of variables -
The variables D 5 , T 6 and T 5 used above gave 

an unbiased coefficient of determina~on, R 2 
, equal 

to 0. 62. The next highest value of R 2 for a three 
variable group was O. 5 7 for the logarithmic trans -
formation applied to T 5 , T 8 and s

2 
, the average 

rainfall intensity. This last element would make G 
depend on a storm parameter, which is undesirable. 
Moreover T 

8 
, the drainage density is a difficult 

parameter to evaluate consistently. Tr.he untrans-
formed linear regressions only gave R 2 's of O. 39 
and 0 . 37 respectively. Clearly the selected equation 
(14) is the best currently available. 
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Predicted versus observed G - Table 5 
lists the observed values along with the predicted 
values and residuals. Of the forty-seven cases 
twenty have residuals less than thirty percent. 
Thirty-two cases have residuals less than fifty per-
cent of the predicted values. 

In a similar manner as was seen with W and 
q , Fig . 12 shows how all but one of the large resi-o 
duals of G can be eliminated if 0. 4 inches per hour 
is set as the lower value of q in collecting data. 

0 

Conventional versus Statistical Rainfall Parameters 

In conclusion attention should be focused on 
the fact that parameters from group III were seen to 
be better predictors of all three hydrograph para-
meters than were those from group IV . This meant 
that the introduction of new statistical parameters to 
describe rainstorms was not warranted. If, however, 
another study was to consider floods on a larger 
range of watershed sizes then it is conceivable that 
statistical rainfall parameters would become the 
more important . 

In actual fact the only two rainfall parameters 
needed for the hydrograph estimate are easy to ob-
tain. Firstly, R 11 , the thirty-minute rainfall in-

tensity is obtained from the rainfall frequency atlas 
( 11) for a particular return period. R 1 , the total 

storm precipitation, is not currently available on a 
frequency basis for the entire country. Design 
values for a particular region could readily be ob-
tained by analyzing the series of storm totals . Maps 
presenting such information for continental United 
States on a frequency basis could readily be prepared. 
Treatment of the joint probability of R 1 and R 11 
attaining certain magnitudes should be included . 

Some Successful Predictions of Hydrographs 

The discussion of results would not be com-
plete unless it illustrated the accuracy with which the 
estimated hydrographs can predict actual field events. 
Thus Fig. 13 presents three cases for which the re-
gression equations had predicted values of q

0 
, W 

and G almost equal to those values of the best - fitting 
model. The corresponding crossed and dashed lines 
represent estimated hydrographs and best-fitting 
models, which are essentially identical . 

Moreover , if one compares each of the 
estimated hydrographs in Fig. 13 to their observed 
hydrograph the representation meets the criteria of 
acceptance discussed in Chapter 3. Thus it is felt 
that this technique can satisfactorily predict the 
shape of a hydrograph , provided the three para-
meters q

0 
, W , and G (especially the first two) 

are determined with reasonable accuracy. Distor-
tions in the hydrograph shape brought about by mal-
estimation of one of , or both, q and W are illu-o 
strated by two examples in the next section. They 

33 

should serve to reiterate the need for obtaining high 
ft 21 s for the regressions of q and W . 

0 

It should be pointed out that a truly unbiased 
evaluation of how adequately the estimated hydro-
graphs simulate field conditions should depend rather 
on previously unused data. Thus Fig. 13 which em-
ploys observed hydrographs already used in formu-
lating the regression equations does not provide a 
very powerful test. Additional hydrographs were 
however not available. It was also considered inad-
visable to set aside some hydrographs, at the outset, 
for this purpose. Thereby the degrees of freedom in 
the regressions would have been even further reduced. 
If another study is undertaken then a large enough 
sample of flood events should be gathered so as to 
meet this provision. 

Limitations in Accurately Predicting a Hydrograph 

The Pearson type III curve has been shown to 
possess ample flexibility with which it can be made 
to fit observed hydrographs. Difficulty in predicting 
hydrograph shapes is still experienced, however, as 
a result of inaccuracies in the prediction of the three 
hydrograph parameters W , q and G from storm 

() 

and watershed properties. An error in the estimation 
of any one of these will affect the resultant hydrograph 
shape. The problem is aggravated by the fact that the 
model requires the prediction of three parameters. 
An aberration of any one of these or a combination 
will seriously influence the shape of the model ob-
tained from the regressions. With the ft 2 's of 0 , 80, 
0, 61 and 0, 62 obtained for W , q

0 
and G respec-

tively the chances of a significant malprediction of 
one or more of these variables is rather high for any 
case . 

Figure 14 shows the effect upon the hydrograph 
model of one poorly predicted variable . In this case 
the peak, q

0 
, was predicted by the regression as 

not much more than half of the observed value. W 
and G were more closely predicted, so that apart 
from the peak section the model fits the observed 
hydrograph fairly well. 

An instance of where predictions for both W 
and q

0 
differed considerably from those of the best 

fitting model is illustrated by Fig. 15. In this in-
stance the regressions result in what may be con-
sidered a scaled-down version of the observed hydro-
graph or best-fitting model. 

Figures 14 and 15 clearly indicate the need 
for further studies to increase the ~ 2 's . By 
thereby reducing the magnitude of the residual errors 
in W , q and G the distortions in the hydrograph 

0 

models will be held to a minimum. The sixth chap -
ter will be devoted to suggestions for developing such 
improved regressions. 
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Chapter 5 

MEANS OF PREDICTING A HYDROGRAPH 

By way of review it seems appropriate to 
outline how the regressions, developed in the pre-
vious chapter , could be used to predict a design 
hydrograph. No claims are made to extreme 
accuracy attainable by applying the tentative re -
gressions . The intention is rather to show how 
such a met hod could be used for design considera-
tions. Limitations of the existing study and pro-
posals for improving the accuracy are discussed in 
the next chapter . 

Obtaining Parameters for Hydrograph Model 

First it is necessary to evaluate the para-
meters D 1 , T 9 and R 1 for substitution into 

equation ( 11), s o as to estimate W D 1 is ob -

tained as the product of f 1 and F which are esti-

mated according to Tables 6 and 7 respectively. 
These have simply been copied from the A. S. C. E. 
Handbook ( 1) for convenient reference. 

Table 6. Values of f 1 (infiltration capacity shown by standard curves at time 1 hour) for Bare Soils 

Table 7. 

Infiltration Characteristic 

High 
Intermediate 
Low 

Cover factor, F 

Cover 

Type 

P ermanent (forest and grass) 

Close growing crops 

Row crops 

T 9 , the time of concentration is obtained 

from Fig. 16, which has been reproduced here from 
the Soil Conservation Service Handbook (24). 

Condition 

Good 
Medium 
Poor 

Good 
Medium 
Poor 

Good 
Medium 
Poor 

Range in f 1 (inches per hour) 

o. 50 to 1. 00 
O. 10 to o. 50 
0. 01 to O. 10 

Range in value of 
cover factor, F 

3. 0 to 7 , 5 
2. 0 to 3. 0 
1. 2 to 1. 4 

2. 5 to 3. 0 
1. 6 to 2. 0 
1. 1 to 1. 3 

1. 3 to 1. 5 
1. 1 to 1. 3 
1.0 to 1. 1 

The total storm precipitation, R1 , is not 

readily available from the rainfall frequency atlas 
( 11) nor from any other national summary. Until 
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such information is published on a frequency basis 
design values will have to be judiciously estimated 
from local records of flood producing storms. The 
forty-seven cases studied involved convective storms 
in which ·most of the rain occurred in less than an 
hour. Thus the storm total in inches was generally 
of the same order of magnitude and often was numer-
ically equal to 160 (the maximum rainfall intensity 

in inches per hour for sixty consecutive minutes). 
This suggests another approximation for estimating 
R 1 , the storm total, of a particular return period 

from the rainfall frequency atlas in the absence of 
more suitable data. 

Having thus evaluated D 1 , T 9 and R 1 it 

is a simple matter to substitute the m into equation 
(11) to obtain W , the volume of runoff in the model. 

W = 0.1315 - 0. 5792 D 1 + 0.1902 T 9 + 0. 4261 R 1 . .. 

( 11) 
For field application this equation can be solved 
rapidly from the nomograph presented in Fig. t 7. 

The next requirement is to evaluate the pe ak 
of the hydrograph model q

0 
• The lengths T 3 and 

and T 2 can be readily measured from a map or on 

the watershed itself. The last parameter needed in 
equation ( 12) is R 11 , the maximum r ainfall intensity 

in inches per hour for thirty consecutive minutes. 
This can be obtained from the rainfall fr e quency atlas 
(11) for the desired return period. 

q
0 

= - 0. 2917 + 0 . 4600 R 11 - 0. 00040 T 3 + 

+ 0.00018 T 2 ............. (12) 

Rapid evaluation of this equation is likewise possible 
with the nomograph presented in Fig. 18. 

The last of the three hydrograph parameters 
is G and is predicted by equation (14). 

-9 5 7.314x10 xD 5 

T 0. 727 T 0. 939 
5 X 6 

G= (14) 

A nomograph could be prepared for its solut ion along 
the same lines as Figs. 17 and 18. The main-channel 
slope, T 5 , and the average land slope, T 

6 
, are 

easy to evaluate from maps or a field inspection of 
the watershed. o 5 is Cook's !: W and can be eval-

uated from Table 8, which is reproduced ( 8) for con-
venient r eference. 

Calculation of Hydrograph Model 

Having obtained value s for W , q and G 
0 

for an ungaged watershed, according to th e preceding 
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section, it remains only to sketch the corresponding 
hydrograph. With the three hydrograph parameters 
given one may easily obtain a from : 

[~ 
a =-G-- ( 3) 

Since a is known, the r elationship 

m 

G a= e (4) 

fixes a value of ~ This is conveniently obtained 

graphically as in Fig. 2. The product of this ratio 
and G gives a unique value of m 

Thus the three paramet ers q
0 

, G and m 

are available for the pr eparation of the hydrograph 
from its definition equation : 

m 

( 1) 

This equation is solved for values of t from slightly 
larger than -m to a posit ive value at which the tail 
becomes insignificant. 

A Sam ple Problem 

Suppose we are r equired to sketch the flood 
hydrograph caused by the 100-year return period 
rainfall for the following 682 acre watershed located 
(for ease of i llustration) wher e the four states Utah, 
Colorado, Arizona and New Mexico m eet. Its charac-
teristics ar e as follows : 

a. the soil type and cover give, from Tables 
6 and 7, a value of D 1 = 0, 77 inches ; 

b. the fall ove r the watershed is H "' 1205 
fe et ; 

c. the length of the longest colle ctor from the 
outlet carried out to the watershed peri-
meter is L = 1 7, 880 feet = T 2 ; 

d. the length along the main stream from the 
outlet to the point nearest the mass center 
of area is T 3 = 6940 feet ; 

e. the average main channel slope was found 
from plotting the longitudinal section to be 
T 5 = O. 0399 feet per foot; 

f. the average land slope was determined 
from a topographic map to be 35. 0 percent; 

g. an evaluat ion of the runoff-producing 
characteristics of the watershed in terms 
of Table 8 gave Cook's !: W = D 5 = 59 . 

Solution -

h. Applying H = 1205 and L = 17,880 to 
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T abl e 8. Runoff- producing characteristics for the determination of Cook's 'J:-W • 

Designation Runoff-producing character istics 
of watershed 
character is - 100 75 50 25 
tics Extreme High Normal Low 

(40) (30) ( 20) (10) 

Steep , rugged Hilly , with Rolling , wit h R elatively 
terrain , average average flat land , with 

Relief with average slopes of slopes of average s l opes 
slopes gen- 10 to 30o/o 5 to l Oo/o of O to 5% 
erally above 
30o/o 

(20) (15) ( l 0) (5) 

No effective Slow to take Normal; deep High; deep sand 
soil cover , up water; loam with or other soil 

Soil either rock clay or infiltra- that takes u p water 
infiltra- or thin soil other soil tion about readily and 
tion mantle of of low in- equal t o rapidly 

negligible filtration that of 
infiltration capacity , typical 
capacity such as prairie 

gumbo soil 

( 20) ( 15) ( 10) (5) 

No effective P oor to fair; Fair to good; Good to excellent ; 
plant cover; clean-culti - about 50o/oof about 90o/o of drain -
bare or vated crops drainage age area in good 
very sparse or poor area in good grassland , wood -

Vegetal cover natural cover; grassland , land , or equiva-
cover less than 1 Oo/o woodland , or lent cover 

of drainage equivalent 
area under cover ; not 
good cover more than 

50o/o of area 
in clean- cul-
tivated crops 

(20) ( 15) ( 10) (5) 

Negligible; L ow; well- Normal; con- High; sur face -
surface de - defined sys - sider able depression stor -
press ions tern of small surface- age high; drain -
few and drainageways; depression age syst em not 

Surface shallow; no ponds or st orage; sharp ly d efined 
storage drainageways marshes lakes , ponds 

steep and and marshes 
small; no less than 2o/o 
ponds or of dra inage 
marshes area 

43 



i. 

j. 

k. 

1. 

Fig. 16 gives the time of concentration, 
T 9 , = 0, 65 hours; 

records of storm totals in the vicinity 
suggested the design value selected of 
Rt'= 1. 56 inches; 

the rainfall frequency atlas ( 11) gives the 
thirty-minute rainfall intensity of 100-
year return period to be R 11 = 3, 12 

inches per hour; 
substituting the above values for D 1 , 

T 9 ' R1 ' R11 ' T 3 , T 2 , T 5 ' 
T

6 
and D 5 into equations (11), (12) and 

(14) gives: W • O. 4738 inches, q = 
0 

1, 6193 inches per hour and G = 6, 22 
minutes. These evaluations may either 
be made by arithmetic substitution or by 
nomographs like Figs. 17 and 18; 
it is necessary to obtain the value of m 
corresponding to this set of W , q 

0 

and G . Using equation (3) one obtains: 

[t] 
a= G 

[
0.4738 
1. 6193 

= "-:[-6_6_~,_,2 ]~ = 2. 8224 . 
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Entering Fig, 2 with this value of a one 

obtains ~ ,. 1, 08. Multiplying by 

G = 6. 22 minutes gives m = 6. 72 min-
utes; 

m. equation ( 1) becomes: 

6, 72 t 
q = 1. 619 e - 6. 22 [1 + t J 6. 22 

6 . 72 

which is solved for t ranging from - 6 
to 49 minutes. 

n. The resultant model hydrograph is shown 
by the crossed curve in Fig. 19, The 
accompanying dotted curve represents a 
hydrograph actually obtained under field 
conditions ( a) to (g), which prevailed in 
southern Arizona at Saffor.d. The storm 
causing this event happened to have a 
thirty-minute rainfall intensity corres-
ponding to the 100-year value at the Four 
Corners locality as listed in (j). For 
comparison the model best fitted to a hy-
drograph actually observed, for a water-
shed and storm assumed in this problem, 
has been added. 

o. If the result is required in cubic feet per 
second all ordinates should be increased 
in ratio of 688 to 1. This is obtained by 
multiplying the area 6 82 acres by 1. 008, · 
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Chapter 6 

SUGGESTIONS FOR FURTHER RESEARCH 

The limited time and funds available for this 
study have restricted the scope of the investigat ion. 
The results obtained are not conclusive but they do 
establish the feasibility of the approach. In the hope 
that further research will be conducted, some sug-
gestions are made for their possible inclusion . 

Larger and More Selective Sample Needed 

Degrees of freedom should be increased -
P erhaps the greatest limitation to the present study 
was the fact that only forty-seven hydrographs were 
readily available for the study. Such a small number 
of cases gave very few degrees of freedom in the 
multiple regression analysis . For instance with the 
maximum number of variables ever to be considered 
together the degrees of freedom fell as low as four-
teen. It must be pointed out, however , that devel op-
ment of the three - variable equations actually involved 
forty - three degrees of freedom . Nevertheless if a 
new study could be made with say five hundred hydro-
graphs, far more reliable regressions could be ob-
tained . Such an enlarged sample could be collected 
from many more localities throughout the United 
States. Forested watersheds should also be included 
because of the abundance of national and other forests 
in headwater areas . 

Small floods should be excluded from the 
study - It has been shown in Figs. 1 0, 11 and 12 
that all three regressions were adversely affected by 
inclusion in the data of observed floods having small 
q

0 
. Results will be used to predict large floods . 

So it seems desirable to set a lower limit to q , 
0 

below which observed flood events will be disregarded. 
Because of the few observations available to the 
present study and because of its exploratory nature, 
peak rates as small as one two - hundredth of an inch 
per hour were included. These are clearly not of 
the order to be required for design purposes . 

Larger· range in watershed sizes possible -
There is no reason for future studies to adhere 
rigidly to the arbitrary delineation set on watershed 
size in this study. Larger or smaller watersheds 
could be studied by the method developed here. 
Stratification of the sample according to size appears 
desirable so as to maintain classes within which areal 
effects are kept to a minimum. For instance , diffi-
culties are envisaged if some watersheds which are 
so large that isohyetal patterns are important should 
be included with smaller watersheds on which the 
assumption of uniform areal distribution of rainfall 
is a valid approximation. 
Watershed Respons e Characteristics 

A fifth group of independent variables, 
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basically different from those studied here , could be 
combined with some of these storm and watershed 
parameters in a futur e study. This fifth group could 
possibly relate certain indices of watershed response 
to other observed hydrograph features. For instance 
the depletion characteristic of a hydrograph is con-
ceivably r e latively constant for all floods on one 
watershed. Some support for this belief can be found 
in the fact that e quation ( 14) describes G without any 
reference to rainfall parameters . Some numerical 
index of depletion may integrate the combined effect 
of many physical factors. If this is true it may be 
worth the designer's effort to collect a few hydro -
graphs at a site prior to designing an important 
hydrologic s tructure . Likewise the timing of runoff 
features with respect to the rainfall trace , or the 

(.1) - index may provide us eful indices of watershed 
response . If this were found to be the case rainfall 
recorders could be positioned along with the flow 
recorder for a season or two. 

Need for Statistical T est in Fitting Hydrograph Models 

As described in Chapter 2, the best -fitting 
models were evaluated by a visual appraisal of how 
well e ach trial plot approximated the observed hydro-
graph. This required the expensive and time -con-
suming task of actually plotting each of the four 
hundred and twenty curves evaluated by the mathe -
matical model. Consequently the number of values 
of G , W (and even q under special c ircu m -o 
stances already discussed) had to be limited. If a 
numerical test could be developed for deciding 
whether an acceptable fit has been achieved by the 
model , then much more could be achieved. Such a 
test could be applied automatically by a digital com-
puter which could continue to vary the trial para-
meters until one -or mor e well-fitting mode ls are 
attained. Some computer- facilities could actually 
plot the observed and mathematical hydrographs . 
The added precision with which W , q and G 

0 
could thus b e determined for the best-fitting hydro-
graph would b e reflected by more reliable regr es -
sions relating them to storm and watershed charac-
teristics . 

Simplification of Practical Application Desired 

Once enough data has been studied to establish 
adequate reliance on the r egress ions, the method of 
producing design hydrographs should b e adapted to 
simple field use . Figures 17 and 18 showed how 
nomographs could simplify the evaluation of the re -
gression equations for W , q and G . Step (m) 

0 

in the solution of the sample problem in Chapter 5 
involves the solution of: 



(1) 

With numerical values substituted for m and G this 
simplifies considerably. However, where a large 
number of solutions are to be made, it may be well 
to reduce the individual computations by the prepara-
tion of tables or graphical aids. 

Physical Laws Should Provide the Form of Regression 
Equations 

It cannot be assumed that the best regression 
equations will have either the linear or logarithmic 
form of equations (11), (12) and (13). The stepwise 
multiple linear regression technique lends itself to a 
virtually unlimited number of equational forms. 
Squares, powers, exponents, products and sums can 
be entered into the analysis in place of any of the un-
transformed data. The number of such empirical 
trials to obtain the best functional relationship is 
limited practically only by cost. It would be most 
valuable if an independent study of hydraulic laws and 
the other physical processes influencing runoff could 
develop the mathematical form in which the causative 
elements should be combined (28, 29, 30). In the 
same way that dimensional analysis forms the basis 
for the experimental evaluation of constants in 
mechanical engineering, such physical considerations 
could enhance the interpretation of hydrologic data. 
The resulting combination of physical and statistical 
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investigations will yield the most rational under-
standing of flood hydrographs . 

Probability Aspects Concern Des igners 

The question of how a flood frequency differs 
from that of the rainstorm with which it is associated 
deserves serious consideration. Brief mention was 
made of the concept of joint probability in connection 
with the simultaneous requirement for an estimate of 
total storm rainfall and the thirty-minute rainfall in-
tensity each of the same return period. Particularly 
where two elements involved are so closely corre-
lated as the thirty-minute intensity and the storm 
total a correlation table study should be made to pro-
vide a means of modifying the multiplicative law of 
probability. Similar joint probability considerations 
involve the occurrence of a particular storm total 
following severe antecedent rainfall . They warrant 
special study from the national rainfall data. 

National Study of Rainstorms is Needed 

It has been shown in equation { 11) that the 
volume of the flood hydrograph is related to the total 
storm rainfall. Maps should be made available for 
readily estimating the depth of storm rainfall expect-
ed at any locality with a particular return period. 
This would supplement the summary which Hershfield 
( 11) recently published for rainfall intensity. Such a 
study should include depth-area investigations. In 
fact its scope could be extended to a broad considera-
tion of parameters for defining rainfall distributions 
in time and space so as to most effectively des cribe 
the runoff process. 



Chapter 7 

SUMMARY 

One purpose of this study was to determine 
whether the shape of flood hydrographs observed on 
small watersheds throughout the entire country could 
be satisfactorily described by the same mathematical 
function . It appears that total runoff may be ade -
quately approximated by a P earson Type III curve . 
This unimodel skew curve was described by the three 
parameter equation: 

m 

[ 1 +: J G .. . . . ... (1) 

Mathematical properties facilitated a transformation 
whereby this hydrograph model could be specified by 
the following three parameters: 

1. the peak rate of discharge per unit of 
watershed area , q

0 
, 

2. volume of flood runoff per unit of water -
shed area, W , 

3. G , a characteristic time depicting flood 
recession. 

48 

In the second phas e each of t hes e three hydro-
graph parameters were related to the topography, 
land use or rainfall associated with each flood event. 
The regression equations , thus produced , can be used 
to tentatively estimate hydrographs over vast areas 
of the United States of America. The hydrograph 
volume depends upon : the total storm rainfall , an 
existing tabulation of infiltration capacity , and the 
time of concentration as obtained by an existing nomo-
graph from the entire length of the watercourse and 
its rise from site to divide. The peak rate of dis-
charge per unit of watershed area can be pr edicted 
from: the thirty - minute rainfall intensity, and the 
lengths along the longest collector to the divide and 
nearest to the mass center of the watershed respec -
tively. The recession characteristic, G , was 
related to: an index of runoff potential once proposed 
by the Soil Conservation Service and reproduced 
under the name "Cook's ~ W , " and to the average 
land and channel slopes . 

After solving a practical problem, some 
suggestions are given of how further work could re-
fine the three regressions and could otherwise im-
prove the prediction of design hydrographs. 
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Table 9. Values of dependent variables f or observed floods . 

W. No. M/D/Y w 
i~hr 

G-
inches min. 

15.1 9/ 8/48 0 . 00 28 0 . 0059 9 . 5 
4/13/49 0 . 3715 0 . 3990 10 . 0 
6/ 7/55 0 . 0094 0 . 0 0 53 24 . 0 

17.4 5/27~8 0 . 58 69 1 . 0550 10 . s 
61/21 2 o . 67 4 3 0 . 9793 14 . 5 
3/31/52 0 . 7735 1 . 6220 6 . 2 
7/ 2/52 1 . 1 0 47 1 . 8600 J.5 . 0 

21.1 6/ 1/53 n . 9 0 7 0 0 .4 881 23 . 5 
7/21/48 0 . 6827 0 . 3392 1 2 . 5 
7/ 1/50 1 . 1866 o . 6490 21 . 0 
7/18/56 o . 9999 n .8 58 0 4 0 . 0 

26.~ 6/16/46 1 . 4413 l.899C 1a . o 
8/16/47 o . 2421 o . 5830 9 . 0 
9/ 1/50 1.7711 1.7690 6 • 0 
6/12/57 1.4668 3 . 720 0 6 . 0 

29.1 7/28/49 0 . 2740 o . 0808 50 . 0 
5/13/55 0 . 3838 0 .1 4 00 l ·3 8 . 0 
6/ 4/58 1 . 090 9 o . 5 0 5 0 55 . o 

31.1 8/12/43 0 . 4 263 o . 8940 4 . 0 
7/ll/44 0 . 2252 0 . :1 020 7 . 5 
6/28/45 0 .4C81 C· . 9800 s . o 
6/24/49 0 . 4015 0 .1 230 1 0 . 0 

42.3 6/10/41 1 . 3451 o .7 466 30 . 0 
6/ 5/42 0 .77 92 0 .322 0 60 . 0 
6/15/50 o . 8328 0 . 5360 3 0 . 0 
4/24/57 1 . 6405 0 . 82 0 0 3 5 . 0 

44.1 6/20/39 0 . 9 0 41 1 .1 5 00 20 . 0 
7/10/51 1 . 6620 1 .7400 12 . 0 
6/ 7/53 o . 8787 0 .1 190 18 . 0 
6/15/57 1 . 2488 1.8200 20 . 0 

44.3 7/10/51 1 . 3165 0 . 3480 80 . 0 
6/ 7/53 o . 8 174 0 . 2640 70 . 0 
8/29/57 1 . 3187 c . 2110 100 . 0 

45.2 6/26/40 0 . 3284 0 .9 500 2 . 2 
9/28/41 0 . 6753 1 . 3800 6 . 0 
8/ 7/42 0 . 1939 o . 8480 4 . 0 
8/ 9/43 0 . 338 9 1 . 0000 5 . 0 

48.2 7/28~9 o . 0 946 C. 236 0 a. a 
8/24 39 o . 0 113 0 . 2 090 20 . 8 
8/26/39 0 . 08 52 0 .1790 1 5 . 0 
9/ 5/40 0 . 03 37 0 .17 90 s . o 

60 . 6 4/13/37 J . 0 524 o . 0166 52 . 0 
1/25/41 0 . 052::> 0 . 0256 20 . 0 
5/ 3/41 o . 0431 0 . 0311 12 . 0 
6/ 6/41 0 . 03 73 0 . 0342 1 8 . 3 

62.1 5/22/57 0 . 4264 o . 2445 1 5 • 0 

62.2 1/22/57 0 . 3870 G. 1489 40 . 0 



Table 10. Values of topographic variables for watersheds studied, I. 

lu:ea Length Lc H s Sa Drai nage Tc Acres Feet Feet Feet Ft./Ft . Percent L/ 's Density hrs. V C w. No. M/D/Y/ Tl T2 T3 T4 T5 T6 T7 T8 T9 
15.1 9/ 8/48 39() s o 5 r: 4 020 225 o . n1110 14 . 530 l • 14:; 9fl . 7o o o . 5oo 

4/ 13/49 390 8 0 5 0 4 0 20 225 0 . 0 1 1 10 14. 530 1 . 143 98 . 700 o . 5oo 
6/ 7/55 390 8 0 5 0 4020 225 0 . 01 77 0 14 . ,30 1 . 143 98 . 700 () . :> ()0 

17.4 5/27/38 290 5 16 0 2310 54 0 . 005 96 5 . 370 1 . 264 68 . 40 0 o . 53u 
6/21/42 290 516 0 2.:; 10 ?4 o . oo:.9 6 , . :no 1 . 264 68 . 40 0 0 • 5 30 
3/31/52 290 :i 16 0 23 10 54 0 . 0059 6 5 . 370 1 . 264 68 . 400 o . 53o 
7/ 2/52 290 5160 dlO 5 <+ o . oos96 5 • -' 70 1 . <'. 64 60 . 400 C • 530 

21.l 6/ 1/53 1926 197 ':, Q 9b60 11 3 0 . 00, 6.:: 11 . 6 00 4 . 9 tl O 21 . 900 1 . 850 
7/21/48 1 926 1 975 0 %60 11 3 0 . 00562 11 . 6 00 4 . 980 21 . 900 1 . 850 
7/ f50 1 92 6 1975 0 9&60 11 3 0 . 00562 11 . 00 0 4 . 980 21 . 900 1 . 850 
7/1 /56 1926 1975 0 9860 11 3 0 . 00562 11 . 600 4 . 980 21 . 900 1 . b!.>O 

26.30 6/16/46 30 3 46 10 188 0 220 0 . 03630 16 . 21 0 o . 458 26 . 40 0 o . ~1 0 
8/16/47 3 03 461 0 188 0 22 0 0 . 03 63 0 16 . 210 0 . l158 26 . 4 00 0 . 210 
9/ 1/50 3 03 461 0 188 0 220 o . 03630 16 . 210 c . 4 58 26 . 4 00 0 . 210 
6/12/57 303 4 61 0 188 0 220 0 . 03630 16 . 21 0 0 . 458 26 . 400 0 . ,:. 70 

29.1 7/28/49 345 6 0 70 3460 55 0 . 0083 1 2 . 47 0 1 . 262 13 . 600 o . 6 3o 
5/13/55 345 6070 3460 " 0 . 0083 1 2 . 47 0 1 . 262 1 3 . 600 0 . 6 30 
6/ 4/58 345 6 0 70 3460 55 0 . 0083 1 2 . 47 0 1 . 262 13 . 60 0 o . 6 30 

31.1 S/12/43 330 591 0 2690 130 0 . 0 188 0 5 . 970 0 . 816 25 . 40 0 o . 45o 
7/11/41+ 3 30 59 10 2690 1 30 0 . 0 18 8 0 5 . 9 70 o . 81 6 25 . 4 00 (', • 45 0 
6/28/45 :, 30 591 0 26 9 0 1 30 0 . 0 1880 5 . 9 70 o . 816 2 , . 4 00 o . 4~o 
6/24/49 330 591 0 2 69 0 1 30 0 . 0 1880 5 . 9 70 o . 8 16 2 5 . 4 00 o . 450 

42.3 6/10/41 111 0 1136 0 4 860 70 0 . 00392 2 . 100 3 . 4 30 21 . 10 0 1 . 200 
6/ 5/42 1110 11 36 0 4860 70 0 . 00 392 2 . 100 3 . 4 30 21 . 100 1. 200 
6/15/50 1110 11 360 486 0 70 0 . 00392 2 . 100 3 . 430 21 . 10 0 l . 200 
4/ 24/57 1110 11360 4660 70 0 . 00392 2 . 100 3 . 430 21 . 100 1 . 200 

41+.l 6/20/39 481 8 7 10 3480 65 o . 00580 5 . 500 2 . 165 59 . 20 0 o . 9oo 
7/10/51 481 6 71 0 3 4 80 65 0. 00580 5 . 500 2 . 165 5 9 . 200 o . 9oo 
6/ 7/53 481 87 10 3480 65 0 . 00580 5 . 500 2 .1 6 5 59 . 2 00 o . 9oo 
6/15/57 481 8 71 0 3480 65 0 . 00580 5 . 500 2 . 16 5 59 . 2 00 0 . 900 

44.3 7/10/51 208 6 2782 0 1457 0 135 o . 00408 5 . 620 8 . 25 0 58 . 900 2 . 500 
6/ 7/53 208 6 27820 14570 13 5 0 . 00408 5 . 620 8 . 250 58 . 900 2 . 500 
8/29/57 2086 27820 145 70 135 0 . 00408 5 . 620 8 . 250 58 . 900 2 . 500 

45.2 6/26/4o 682 1 78 d 0 69 4 0 1205 0 . 03990 10 . 77 0 1 .6 9? 6 3 .400 0 .6 SO 
9/28/41 682 1 7 880 6 9 4 0 12 0 5 0 . 03990 1 0 . 77 0 1 . 695 6 3 . 40 0 o .6 5o 
8/ 7/42 682 l 7b 8 0 69 40 120 , 0 . 03990 10 . 770 1 . 69? 63 . 40 0 o . 65o 
8/ 9/43 b 82 J 78bO 6 940 120, 0 . 03990 10 . 77 0 l . 69:, 6 3 . 400 0 . 650 

48.2 7/28/39 61 0 991 0 467 0 770 r . 04780 35 . oo o o . 1c;3 14. 300 r . 39o 
8/24/39 610 99 10 4670 7 70 n . o47 8 0 35 . 000 o . 7 9 3 14 . 300 1 . 390 
8/26/39 610 99 10 467 0 77 0 0 . 04780 35 . 000 o . 793 14 . 30 0 n . 390 
9/ 5/4o 61 0 991 0 4 670 77 0 0 . 04780 35 . ooo o .7 93 14. 300 o . 39o 

60 .6 4/ 13/37 762 98 10 4 2 10 300 0 . 0 2500 16 . 500 1 . 211 6 6 . a oo o . 5,o 
1/25/41 76 2 981 0 42 10 300 0 . 0 2500 16 . 50 0 1 . 211 6 6 . 800 o . 550 
5/ 3/41 762 98 10 4 2 10 300 0 . 0 2500 16 . 500 1 . 211 66 . 8 00 o . 5 , o 
6/ 6/41 762 9810 42 10 300 0 . 0 2500 16 . 500 l . 2 11 6 6 . 800 o . 550 

62.1 5/22/57 2000 1383 0 627'.J 14 5 0 . 0 0607 7.7 30 2 . 98:i 12 . 800 1. 050 

62.2 1/22/57 113 0 10 110 4 0 4 0 9:i 0 . 005 75 6 . 130 1 . 9 15 a . oo o o . 920 



Table 11. Values of design indices depicting land use and soils, II. 

W. No. M/D/Y Dl D2 D4 D5 D6 D7 D8 
15.1 i1 8/48 1.140 0.005 o.48 64 74 74 42 

/r;/49 1.140 0 .210 1.50 64 74 56 35 
6/ 7/55 1.140 o.o4o 0.48 64 74 74 58 

17.4 5/27/38 0.012 o.410 0 .22 43 86 86 46 
6/21/42 0.069 0.150 0 .60 43 86 72 34 
3/31/52 0 .066 o .36 0 0.22 43 86 86 55 
7/ 2/52 o . 06 6 0 .53 0 0.60 43 86 72 51 

21.1 6/ 1/53 1.21 0 0 .11 0 2.00 62 81 64 67 
7/21/48 1.21 0 0 . 300 2. 00 62 81 64 61 
7/ 1/50 1.17 0 0 .51 0 2.0 0 62 81 64 63 
7/18/56 1.210 0.440 2.00 62 81 64 61 

26.30 6/16/46 0 .820 1. 71 0 0 . 26 64 76 76 43 
8/16/47 a.BOO 0 .1 30 0 . 24 64 78 78 45 
9/ 1/50 0 .190 o .8 70 o . s1 64 76 58 52 
6/12/57 o.800 o . 36 0 0 .81 64 76 58 54 

29.1 7/28/49 0 .570 1.1 00 0 .12 51 87 97 55 
5/13/55 o .51 0 0. 00 1 1.05 51 87 72 59 
6/ 4/58 o.570 o .95 0 1. 05 5 1 8 7 72 60 

31.1 8/12/43 0 .110 0 .17 0 1. 0 5 48 82 65 67 
7/11/44 o .670 0 .16 0 1. 00 48 83 67 58 
6/28/45 0 .660 0 .12 0 0 . 09 48 8 4 96 44 
6/24/49 0 .1 00 1.840 0.09 48 84 97 41 

42.3 6/10/41 0 .084 0 .11 0 2.30 47 69 69 65 
6/ 5/42 0.088 3 . 320 0 . 22 47 87 97 57 
6/15/50 0 .1 0 7 2.14 0 0 . 22 50 85 97 48 
4/24/57 0 .1 0 1 1.41 0 0.22 50 86 97 47 

44.1 6/20/39 o .43 0 0 . 0 10 1.30 '50 83 67 59 
7/10/51 o .43 0 o .41 0 1.45 50 82 66 45 
6/ 7/53 o .390 0 .1 00 1..15 52 85 70 46 
6/15/57 0 .410 0 .18 0 1. 25 52 84 68 43 

44.3 7/10/51 o .540 0 .6 30 3 . 00 52 84 68 50 
6/ 7/53 o .5oo o . 11 0 3.00 52 84 68 52 
8/29/57 o .51 0 0 . 390 2.10 53 85 70 43 

45.2 6/26/4o 0 .110 0 . 00 1 1.00 59 6 3 43 62 
9/28/41 0.110 0 . 00 1 1.00 59 63 43 72 
8/ 7/42 0 .110 0 . 001 1. 00 59 6 3 43 64 
8/ 9/43 0 .110 0 . 00 1 7. oo 59 63 43 7 0 

48.2 7/28/39 o.55 0 0 . 00 1 o . 92 82 77 59 81 
8/24/39 o .55 0 0 . 00 1 o . 92 82 77 59 69 
8/26~9 o.55o 0 . 00 1 0 .92 82 77 59 69 
9/ .5 4o o .550 0 . 00 1 0 . 92 82 77 59 86 

60.6 4/13/37 0.630 0 . 00 1 o . s1 76 85 7 0 60 
1/25/41 0 .62 0 0 . 00 1 o .57 76 85 70 60 
5/ 3/41 0 .6 20 0 . 00 1 o . 57 76 85 7 0 60 
6/ 6/41 0 .640 0 . 00 1 0.63 76 84 68 60 

62.1 5/22/57 o .54 0 0 .29 0 o .52 59 83 83 52 

62.2 1/22/57 o .540 0 . 00 1 1.45 57 83 67 47 



'l'able 12 . Values or conventional rainfall parameters , III. 

w. No . M/D/Y I\ 1'2 1) R4 8:; 86 a, Rs 89 Ri.o Ri.1 Ri.2 1\3 R_i.4 1\5 1\6 
15 . 1 9/ 8/48 0 , 100 r, , 11 0 o. 42 1" 0 , 160 () . Q9 Q 0 , 010 n , 120 2 , 960 l. . b ... (' 2 , 320 l , 380 0 , 700 9 , 1 , 09 1 , 0 9 o . ::>6 

4/13/49 1 , 6 % 0 , 015 0 , I ,!> 0 , 100 n . lbO 0 , 163 C' , 120 4 , 080 3 , 020 2 , 12 0 2 , 120 1 , 230 Id , Q, <4 o . L2 0 , 20 
6/ 7/55 1 , 120 0 , 035 0 , 042 a . 10a o. 1a5 o . 555 0 , 120 2 , 920 2 ,, 18 0 1 , 920 1 , 464 Q, 842 Q, l l , 73 1 • 7.; l . 73 

17 . 4 5/27/38 l , 3 7, a. no G, llo 0 , 56b o . 9=>.('. 0 , 690 0 , 360 4 , 442 4 . 125 , , 582 2 , 440 l , .iOO ,. 1 , 62 Q, 43 0 , 43 
6/21/42 l . ot. Q c . ~28 G, 662 0 , 20 8 l , 40G 0 , 07 3 4 , lOO 4 , 502 3 , 974 3 , 676 2 , 796 l , 4"/1 O, l 0 , 69 o , 6-i 0 , 001 
3/31/52 l. 270 0 ,49 5 0 . 473 0 , 240 l , 208 O, OlO l , 970 3 , 795 3 , 197 2 , 78! 2 , 4!3 l , 217 3 , l , 65 l , 65 l , 65 
7/ 2/52 2 . !j 20 o . 5Lb l , 033 O, 18 7 2 , 3 46 o . !19 1 , ,so 1, 8 27 6 , 37! 6 , 593 4 , 6B 2 , 46 5 0 , 1 0 , 70 0 , 70 0 . 10 

21.l 6/ 1/53 l , ~60 0 , 125 0 , 675 0 , 143 0 , 943 1 , 017 l , 500 4 , 200 4 , 200 3 , 212 1 , 886 1 , 960 10 , 0 , 74 0 , 74 0 , 23 
7/21/48 2 , 61 0 0 , 005 0 , 108 0 . 153 Q, 326 0 , 228 Q, 390 3 , 915 3 , 387 2 , 683 1 , 871 1 , 658 100 . 0 , 09 0 , 09 0 , 09 
7/ 1/50 3 , 230 o , ,s:, 0 , 433 0 , 396 1 , 412 1 , 802 3 , 500 3 , 500 3 , 5oc 3 , 274 2 ,8 23 l , 8 78 0 , I 0 , 001 0 . 00 1 0 . 001 
7/18/56 2 , 940 G, 42 0 0 , 550 Q, 63 0 1 , 620 1 , 090 2 , 660 3 , 750 3 , 75 0 3 , 709 3 , 451 2 , 762 O, l Q, 46 0 , 46 0 , 02 

26 . 30 6/16/"6 3 , 973 0 , 175 0 , 264 0 , 460 0 , 899 1 , 655 1 , 710 5 , 03 1 4 . 688 4 , 345 3 , 570 2 , 732 16 , 1 , 50 0 , 17 0 , 001 
8/16/47 1 , 217 0 , 168 0 , 510 0 , 415 1 , 09 3 0 , 076 0 , 800 3 , 9 1 7 3 . 508 3 . 1,. 5 2 , 194 1 , 169 8 , l , 85 1 , 85 l , 12 
9/ 1/50 4 , 4 33 0 , 2d 8 0 , 2 8 8 0 , 04 0 , 811 1 , 414 1 , 73 0 4 , 112 3 , 536 3 , 437 3 , 080 2 , /69 32 . 0 , 04 0 , 001 0 , 001 
6/12/57 3 , 254 0 , 120 (J , 326 0 , 727 l , 17·3 1 , 894 0 , 510 s . 0 10 6 , 010 5 , 913 5 , 11 0 3 , 061 16 , 1 , 23 0 , 35 0 , 35 

29.1 7/28/49 1 , 400 o , 32 6 Q, 387 Q, 417 1 , 13 0 0 , 210 2 , 25 0 3 , 44Q 2 , 8Go 2 , 504 2 , 295 1 , 400 o , l 2 , 57 2 , 47 l , 55 
5/ 13/55 Q, 860 0 , 119 o , 548 o . 193 Q, 860 0 . 001 0 , 28 0 4 , 9 43 3 , 97 Q 3 , 123 1 , 82 0 0 , 910 15 , 0 , 62 0 , 62 Q, 30 
6/ 4/58 3 , 230 0 , 0 23 0 , 023 0 , 710 Q, 75 7 1 , 432 Q, 14 0 5 , 299 4 , 784 4 , 482 3 , 486 3 , Q46 22 , Q, 67 O, I Q o . 10 

31.1 8/12/43 2 , l 50 J, 252 0 , 912 0 , 220 l , 383 0 , 001 l , 500 9 , 350 &, 395 7 , b50 4 , 30 1 2 , 15 0 2 , 1 , 25 1 , 25 1 , 05 
7/ 11/44 l , 940 o . S40 1 , 060 o , 3oo 1 , 900 0 , 040 3 , 24Q 6 , 36Q 6 , 360 5 , 320 3 , 800 1 , 9 40 a . 1 o , o3 0 , 03 0 , 03 
6/28/45 1 , 090 0 , 86 0 (' , 121 0 , 0 2 3 1 , 003 n , o69 8 , 200 6 , 873 5 , l :,9 3 , 812 2 , 007 1 , 073 0 . 1 2 , 16 I , 2 1 1 , 16 
6/24/49 2 , 160 0 , 545 0 , 697 o.;5& !. 60C 0 , 305 1 , 650 4 , 702 4 , 445 4 , 24 1 3 , 200 l , 905 3 , 2 , 90 2 , 36 2 , 06 

42 .3 6/10/ 41 1 , 6 50 0 , 185 0 , 17 5 0 , 302 0 , 662 o . 9J.t> 1 , 200 3 , 578 3 , 28 0 2 , 932 2 , 23 5 1 , 578 24 , l , 07 Q, 58 0 , 54 
6/ 5/42 1 , 010 0 . 352 0 , 38 0 0 , 113 O. b4o a , 101 2 , 110 2 , 872 2 , 569 2 , 417 1 , 691 0 , 947 2 , 3 , b8 1 . 36 1 , 36 
6/15/50 1 , 880 0 , 166 0 , 266 0 , 106 0 , 538 0 , 429 0 , 32 0 4 , 36 0 3 , 830 3 , 250 2 , 032 1 , 44 2 B, 2 , 55 2 , 2 5 0 , 09 
4/24/57 1 , 700 0 , "39 0 , 614 0 , 314 1 , 36 7 0 , 298 1 , 3~0 4 , 435 3 , 793 3 , 614 2 , 733 1 , 62 I "· l0 , 31 4 , 38 3 , 67 

44.1 6/20/39 l , 6 iQ o , ,25 C, blO o . 3~4 1 , 529 o . 101 2 . soa 4 , 965 4 , 250 3 , 707 3 , o57 1 , 630 Q, I 0 , 60 0 , 00 1 0 . 001 
7/10/51 2 , 700 O, I 19 0 , 022 ~ . 022 0 , 22 3 0 , 169 2 , 0 20 5 , 026 4 , 923 4 , 486 3 , 121 2 , 164 0 , I 0 , 001 0 , 00 1 0 , 001 
6/ 7/53 l , 5oO 0 , 305 C, 420 o , 22"1 Q, 952 Q, 413 I , ! BO 3 , 134 2 , 788 2 , 500 1 , 910 I , 365 4 , 0 , 68 a . so 0 , 25 
6/15/ 57 1 , 950 0 . 2b8 0 , 248 0 , 248 0 , 762 I , 13 0 1 , 600 5 , 520 4 , 060 3 , 32 0 2 , 34 0 l. 891 4 2 , 1 , 64 0 , 86 0 , 001 

44.3 7/10/51 2 , 970 0 , 205 0 , 010 n , 0 10 o , 22 5 o , 2 55 2 , 400 5 , 923 5, 760 4 , 924 3 , 703 2 , 60 3 o , l o , 01 n , n0l 0 . nnl 
6/ 7/53 1 , 710 0 , 391 0 , 363 0 , 267 1 , 0 20 0 , 470 1 , 400 3 ,3 on 2 , 892 2 , 520 2 , 040 1 , 490 3 , 0 , 48 n , 48 O, Onl 
8/29/57 2 . 380 o , 2Su 0 , 41 0 o . 375 1 , 0 35 Q, 626 1 , 500 3 , 564 3 , 120 2 , 590 2 , 12 0 1 . 661 12 , 0 , 09 0 , 09 0 . 001 

45 .2 6/26/4o 0 , 98•) 0 , 363 0 , 417 o . 116 0 , 896 0 , 084 1 , 880 3 , 380 3 , 076 2 , &77 1 , 792 0 , 98Q 8 , a . oa t 0 , 001 0 , 001 
9/28/41 1,560 Q, 754 0 , 559 Q, 247 1 , 560 0 , 001 5 , 320 5 , 320 4, 520 3 , 92 3 3 , 120 1 , 560 O, I 0 , 75 o . 75 0 , 75 
8/ 7/42 1 , 200 0 , 0 29 o , as1 0 , 460 o , 54o o , 5n3 0 , 180 4 , 800 3 , 780 3 , Q87 1 , 893 l , l4Q 2b , 0 , 08 O, OQl 0 , Oil I 
8/ 9/43 l , O 10 Q, 43 0 o , 513 O, Q6 7 1 , 010 0 , 001 1 , 000 4 , 200 3 , 960 3 . 3 o7 2 , 020 l , 010 3 , n , 27 n , 27 a . not 

48 . 2 7/28~9 1 , 51)1) 0 , 180 Q, 285 o , 315 o , 78o Q, 7Q5 1 , 080 3 , 240 3 , 241) 2 , 560 2 , 300 1 , 485 15 , n , ool n , 001 o . oal 
8/24 39 0 , 120 o , 3oo 0 , 3\ 0 0 , 0 2 0 o , 63o 0 , 040 1 , soo 2 , 400 2 , 100 2 . noo l , 26Q 0 , 610 10 . o , 29 " · 29 n . 29 
8/26~ 9 Q, 8 00 0 , 46 0 o , 23 o n , o 4o n , 730 0 , 0 33 3 , 6QQ 3,6 QQ 2 , 760 2 , 48G 1 , 460 o , 73n Q, I n , 3o n , 38 o. nrd 
9/ 5 4a 0 , 3QO n , 3oo 0 . 00 1 0 . 00 1 o , 3oo 0 , 001 3 , noo 3 , ooo 1 ,800 1 , 20 0 n , 6no o , 3oo o , 1 0 , 00 1 n. ooi 0 , 00 1 

60 .6 4/ 13/37 o . .. 4o 0 . 00 5 0 . 005 0 . 0 15 0 , 025 0 , 025 0 , 0 30 o , 24o o , 2•0 o , Z4n 0 , 220 0 , 221 999 , 9 n . 52 n , 26 o , ln 
1/25/41 0 , 280 0 , 010 0 , 0 10 O, Ql 9 0 , 0 3 9 0 , 054 0 , 060 0 , 200 o ,2 oo o , 2on n , 200 O, 158 999 , 9 0 . 2.:. 0 , 24 0 , 24 
5/ 3/41 0 , 31 0 0 , 015 0 , 0 15 0 , 060 0 , 0 9 0 Q, 123 0 , 0 9 0 0 , 36 Q Q, 36Q o , 36 o o , 320 0 , 23Q 999 , 9 o , 39 o , 36 0 . 02 
6/ 6/41 0 , 370 O, <d O 0 , 030 0 , 0 17 Q, 327 0 , 028 1 , aoo 2 , 4 00 l , 6 8 Q 1 , 16 Q Q, b53 o . 355 4 , ') , Q3 0 , 01 0 , 0 1 

62 .1 5/22/57 l , 350 0 , 0 38 0 , 0 38 0 , 143 0 , 219 Q, 368 0 , 210 2 , 500 1 , 900 1 , 299 o , 9 o5 o , 793 999 , 9 l , 57 0 . 001 0 . 001 

6 2.2 1/22/57 n , 56o 0 , 040 0 , 045 0 , 050 o , 135 0 , 2 10 0 , 240 o , 9oo 0 , 100 Q, 600 Q, 400 o , 3oo 999 , 9 o , 4Q o , 4o Q. '+o 



Table 13. Values of statistical rainfall parameters, IV. 
w. No. M/D/Y sl S2 S3 S4 S5 S6 S7 S8 
15.1 9/ 8/48 15.91 1 .2 00 5 . 912 0 . 20b 1. 09 1 . 09 o . 56 0 . 10 0 

4/13/49 74.4 5 o.596 35 . 851 - C. 469 0 . 24 0 . 22 0 . 20 1 . 69 0 
6/ 7/55 91 .5 3 0 .326 33 .6 50 0 . 155 1 . 73 1 . 7':, 1.7 3 1 . 120 

17.4 5/27~8 23 .6 8 1.560 l0 . 343 -o . n 1 1.6 2 o . 43 o . 43 1 • ':,75 
6/21 42 24.25 o .657 .33 . 072 1.186 o.69 o . 67 o . oo 1 . 640 
3/31/52 12 .6 5 2 . 23 6 7.083 0 . 121 1.65 1 . 65 1 . 65 1 . ;no 
7/2 /52 18. 51 2 . 134 ll . 738 0 . 868 0 . 10 0 . 10 0 . 10 2 . 52 0 

21.1 6/ 6/43 31.47 1.960 18.7 3 6 0 . 219 0.74 o .74 0.23 1.960 
7/21/48 106.16 0 .111 46 . 744 - 0 . 344 o . o9 o . o9 o . o9 2 .61 0 
7/ 1/50 51 .8 9 o . 906 44 . 941 0 . 105 o . oo o . oo o . o o 3 . 230 
7/18/56 34 . 28 1 . 423 22.546 0 . 450 0 . 46 o . 46 0 . 02 2 . 940 

26.30 6/16/46 105 . 75 o . 352 135 . 5':i7 0 . 937 1 . 50 0 . 11 o . oo 3 . 973 
8/16/47 23.79 o . 427 28 . 987 2 . 329 1 . 85 1 . 85 1 . 12 1 . 2 11 
9/ 1/50 61.46 1.143 32 . 340 0 ,1 23 0 . 04 o . oo o . oo 4 .4 3 3 
6/12/57 35 .7 5 1 .4 55 16 .7 50 o . 796 1.23 o . 35 0 • :3 5 3 . 254 

29.1 7/28/4S 20 .2 5 1 . 527 11 • 745 o . 198 2 . 57 2 . 47 1 . 55 1 . 400 
5/13/56 16 . 2 0 1 .82 0 4 . 656 - 0 . 497 0.62 0 . 62 o . 3o 0 . 860 
6/ 4/58 48 . 81 1 .9 20 19 . 696 0 . 151 0 . 67 0 . 10 0 . 10 3 . 230 

31.1 8/12/43 10 . ?4 4.656 5 . 923 0 . 193 1 . 25 1 • .::: 5 1 . 05 2 . 150 
7/11/44 14.28 2 ,328 7.686 o . 360 o . o3 0 . 03 0 . 03 1 . 94 0 
6/28/45 8 .6 7 1 . 000 11 • 649 1 . 090 2 .1 6 1 . 2 1 1.16 1 . oso 
6/24/49 25 .7 6 o .6 J7 29 . 312 1 , 420 2 . 90 2 . 36 2.00 2 . 160 

42.3 6?0?1 31.96 1.112 15 . 954 0 . 152 2 . 01 o . 58 o . 54 1 .6 50 
6 15 42 19.62 0 .499 22 .6 37 1 . 415 3 .6 8 1 . 36 1,36 1 . 0 10 
6/15/50 49.66 o .495 31 . 714 0 ,71 9 2 . 55 2 . 25 o . oo 1 . 880 
4/24/57 2 0 .17 0 ,9 31 15 . 976 1 . 180 0 . 29 4 . 36 3 . 65 1 .1 00 

44.1 6/20/39 16 . 58 1 .746 10 . 114 o . 269 0.60 o . oo o . oo 1 .6 30 
7/10/51 76 . 65 0 , 866 29 . 187 - 0 . 249 o . oo o . oo o . oo 2 . 100 
6/ 7/53 28 . 58 0 . 883 23 . 315 o . 5'::>8 o . 68 O. '::>O 0 . 25 1 . 56 0 
6/15/57 38 .7 1 0 .68 2 23 . 411 0 . 380 0 . 86 o . 86 o . oo 1 . 950 

44.3 7/10/51 74 . 98 o . 594 29 . 614 o . :n 1 0 . 01 o . oo o . oo 2 .'17 0 
6/ 7/53 29 . 62 1 . 036 22 . b61 o . 476 0 . 48 0 . 4b o . oo 1 . 110 
8/29/57 49 . 40 0 . 205 58 . 641 2 . 360 o . o9 0 . 09 o . oo 2 . 380 

45.2 6/26/40 12 . 92 1 .547 7 . 683 0 . 4 3 7 o . oo o . oo o . oo o . 980 
9/28/41 11.21 3 . 343 7 . 262 0 . 12 1 o .7 5 o . 75 0 . 15 1 . 560 
8/ 7/42 35 . 33 o . 923 15.14 5 0 . S'::> tl 0 . 08 o . oo o . oo 1 . 200 
8/ 9/43 11 . 35 2 .7 55 5 . 000 0 . 03 4 0 . 21 0 . 21 o . oo 1. 0 10 

48.2 7/28~9 28.18 1 . 385 13 . 494 - 0 . 030 o . oo o . oo o . oo 1 . 500 
8/24 39 16 . 63 0 . 480 18 . 163 1 . 03 7 0 . 29 0 . 29 0 . 29 0 . 12 0 
8/26/39 13.16 0 .4 bO 17 . 450 1 . 470 o . 3b O • 3b o . oo o . a oo 
9/ 5/4o 3 . 33 l • 800 1 •ci63 o . ac;4 o . oo o . oo o . oc a. Joo 

60.6 4/13/37 160 . 66 o . 080 69 . 921 - O. li b o . sz 0 • 2 6 0 . 10 o . 44 0 
1/25/41 76.27 0 . 108 36 . 029 0 . 033 0 . 24 o . 24 0 . 24 0 . 280 
5/ 3/41 48 . 55 o .1 69 26 . 265 C. 24 5 0 . 39 0 . 36 0 . 02 n . 3 10 
6/ 6/41 11 . 86 0 . 211 18 . 109 1 . 402 0 . 03 0 . 01 0 . 0 1 o . 37 0 

62.1 5/22/57 67. 51 o . 577 32 . 624 0 . 025 1 . 57 o . oo o . oo 1 . 350 

62.2 1/22/57 71 . 6 3 0 . 24', 35 . 0 17 0 . 240 0 . 4 0 o . 4 o o . 4 o o . 5 6 o 



Symbol 

G 

m 

q 

w 

T a 

R 
C 

Table 14 - List of frequently used symbols. 

Item 

Time between center of mass of 
runoff and peak discharge rate : 
see Fig. 1. 

Time from commencement of 
runoff to peak discharge rate : 
see Fig. 1. 

The hydr ograph ordinate at any 
time; or the discharge rate per 
unit of watershed area: see 
Fig. 1. 

P eak of best-fitting hydrograph 
model, { or the peak of the esti-
mated hydrograph): peak rate 
of discharge per unit of water-
shed area: see Fig . l . 

Total runoff volume of best-
fitting mathematical model per 
unit of watershed area; {or the 
predicted value for the esti-
mated hydrograph); see Fig. l . 

A mathematical function of ~ , 

which can also be evaluated 
numerically from W , q

0 
and G. 

Unbiased coefficient of deter-
mination: last section of 
Chapter 2. 

Biased coefficient of deter-
mination: first section of 
Chapter 4. 

Units 

Hours , for mathematical 
derivation of Chapter 2; 
minutes, in tabulations 
and regression equations 
of later chapters 

Hours, for mathematical 
derivation of Chapter 2; 
minutes in Chapter 5, when 
used in conjunction with 
predicted G . 

Inches per hour . 

Inches per hour . 

Inches 

None 

None 

None 

Symbols for individual 11topo- Various 
graphic parameters 11

, where a 
represents numerical subscripts 
defined under Group I of Table 2. 

Symbols for individual "design Various 
indices depicting l and use and 
soils 11

, where b represents 
numerical subscripts defined 
under Group II of Table 2 

Symbols for individual 11conven- Various 
tional rainfall parameters 11

, where 
c represents numerical sub-
scripts defined under Group III 
of Table 2. 

Symbols for individual 11statisti- Various 
cal rainfall parameters 11

, where 
d represents numerical sub-
scripts defined under Group IV 
of Table 2. 
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Dimensions 

time 

time 

volume /time/ 
area = length/ 
time 

volume/time/ 
area = length/ 
time 

volume/area 
= length 

dimensionless 

dimensionless 

dime nsionless 

various 

various 

various 

various 
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