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‘-_lnﬁltration by defimition, s the movement of
through the soil surface into the ground.
;3- concept of infiltration 1S easiy understood.
3' easuring and understanding the physical fac-
: econtrolling the ipfiltration process, how-
ver, is exceedingly difficult.

. The rate of infiltration of precipitation, in
E Feneral, equals the rate of precipitation as long
ks the infiltration capacity of the soil 18 not
- ». When this capacity is exceeded, the
j Ezcess precipitation is either stored temporarily
E 1 the soil or begins to TU7 off. Since an under-
nding of the surface ranoff process 18 basic
D many problems in engincering, ggriculture,
:Cipa.l planning, etc., and since surface run-
EX 15 closely related 1o infiltration capacities,
aere has been a considerable effort expended
,_ trying to evaluate measures of infiltration
| pacity.
3 ,Measurements of infiltration capacity have
g Euerally followed two directions. Actnal meas-
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e, cnents of infiltration capacity are made n
3‘ using artificial sprinkling deviees or small
':_Ei" ace runoff plots. Indirect determinations of
| '-':;*-." tration capacity are made from Imeasure-
e ts of storm precipitation and watershed run-
“ These indiregt determinations often result
3 Tore than an :ndex of the infiltration capac-
Y, Since results frequently vary from storm to
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Abstract. A nonhnear mathematical model, starfin
d to asnslytically equate the difference between rainfall and run-

% of to hydrologic variables. Only the {hree independen storm raim
ation is evolved 1n which the identity of the coefli-

% ents Is kept 1mtact and upusually good statistic
f watershed s
s from a small, but relatively consistent, part

of the watcrshed. The function can be manipulated to show a function of apparent watershed

= jnfiltration capacity.! This function characterizes the infi
d should prove to be a usefu! infiltration capacity index

The equation itsclf provides insieht into why 1o situ
m agree with the capacity determined from rainfall-

runoff data. It also indicates why storm runoff frequently 1s not Lincar
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g with the integral of an infiltration
t variables—storm rainfull, duration,

al control 1s mamntained. The cocflicients of
sizes and conditions. The equation

ltration capacity of that portion con-

with respert 10 causative

storm and seldom agree with in situ measure-
ments. It is important 1o note, however, that
the infiltration capaclty obtained from these
indirect determinations represents an averase
tor the watershed, whereas the I situ 0T plot
measurements approacll & point, or local, meas-
ure of infltration capacity. Point measures can
vary considerably from the average.

Indirect measurements of infiltration capacity
have generally been hampered by the fact that
this capacity s not & constant value. 1t s a
complex function, principally of soil moisture
but also of many other factors. 1t may change
considerably during the course of a single storml.
Computations of either mathematical infiltration
capacity functions oF indices have senerally
been limited to individual storms. AD analytic
approach to the computation of an infiltration
capacity function has been lacking because
ovailable techniques for this tvpe of problem
solution usually required linear of linear-trans-

formable equations.
With the svailability of electronic computers,

the limitations of simplicity and linearitv have
peen removed as requirements of analytic solu-
tions. Computer techniques are now available
that will evaluate almost any equation that can
be devised for dafa adjustment. This papeT
chows the development of a complex function of

watershed infiltration capacity using analytic

techniques. This development starts with an
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avatiable empirical modeil ana Ccofritiues  willl
jmprovements based on the results obtained 1n
ftting the model to actual data.

THE INFILTRATION PROCESS

The role of infiltration in the hydrologic cycle
was probably first recognized by Horton [1933].
This infiltration pertained to the passage of
water through the soil surface, Once the water
i« in the soil its further movement is defined as
percolation. The maximum rate at which water
can enter the soil is dependent on many factors.
Horton recognized a maximum capacity and a
minimum capacity. The maximum capacity for
any given rain occurs at the beginning of the
rain. This rate decreases rapidly at first hecaus»
of changes in the structure of the surface soil
and increases in surface soil moisture, and then
gradually approaches a eomoewhat stable mini-
mum. The decav in the eapacity resuits from
sueh processes as change in surface soil mois-
ture, rain packing of the =oil, closing of sun
checks, swelling of erumb structure, in-washing,
and breaking down of the erumb structure. The
minimum infiltration eapaeity approaches the
nereolation rate of the sml profile. Under con-
ditions of saturation the pereolation rate and,
in turn, the infiltration eapacity can be limited
hy the permeability of some least pervious s0i]
horizon.

Horton defined the infiltration capaaty, f(p}y,
s the maximum rate at which a given soil can
ahsorb preeipitation as it falls. The actual infil-
tration during a storm is equal to the ecapactty
onlv when the rainfall intensity equals or ex-
ceeds f(p). Horton proposed that the relation
between f{p) and the rainfall duration can be
expressed by

f(p) = f. + Uo — fJe7 (1)
where

f(py = instantaneous infilteation capacity In
inches per hour at time 7.

§. = minimum infiltration eapacity.

fo = maximum infiltration eapacity at time
ZeTO.

T = time in hours.

e = Napierian base.

k is a positive constant.

Tf this infiltration capacity function can be
considered constant for a given set of physical
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tilth, etc.), the integral of this function over Z
time wonld determine the maximum amount of
precipitation that could be infiltrated in a givep
time. If the storm rainfall 13 Intense enough tq
exceed the infiltration capacity during the entipe
storm, the differcnce between the storm rainfa]
and this volume resulting from the integration
would be approximately equal to the surface
ninoff volume. Thus it should be possible to
determine the coefficients in this equation from
eainfall-tunoff data. Evaluating this equation
from data, however, would necessitate using
nonlinear fitting techniques sinee the function
cannot be easily linearized.

Earlier work in the Tennessee Valley Author-
ity {TVA) has <hown the feasibility of using the
multivarinte teelinique of component analysis
i the solution of complex equations by the
method of nonlincar least squares  [Snyder,
19621, The techuique for solution by nonlinear
least squares mayv be found nunder the name of
‘method of  differential  eorrections’  [Nielsen,
1057]. Whenever the composite technique of
nonlinear least =quares and component analysis
has been tried in TVA, successful evaluation of
mathematicul models has been achieved. All the
wolutions of the varions forms of the developed
equation were obtained from an available spe-

ciat-purpose IBM 704 program [TVA, 1963].

DEVELOPMENT OF AN I NFILTRATION
(Caractry FUNerioN

Rasic data. The data u=el in the develop-
ment of the water<hed infilt ration eapacity func-
tion were colleeted at the “fﬁr_{ﬂgg1__.‘;.\19_1-_t_h_ga\t_;fo-
linn Cooperative Research Project located near
Wavnesville and Asheville, North Carolina. This
project has heen deseribed in various progress
reports as well as in special reports On the
project. [TVAL 196Da]. The purpose of this
«mall watershed research project is to determine
water-land relationships for agricultural devel-
opment of some of the prineipal soils and crops
in western North Carolina. In accomplishing
the project objectives, information is being
obtained on the effeets of single agricultul‘i‘iai
practices on (a) runoff, (b) soil moisture, and
(¢) groundwater. levels. The program involves
basic research in the development of hydrologit
relationships.

The four experimental watersheds are located




iﬂ the Blue Ridge subregion on the southern
-yppalachian soils region. The soils are all acid
‘ud low in available phosphorus and they vary
o their content of potassium. Subsoils are

b

%f’usuall}’ permeable and well drained. Average

-

%siqpes ,'i}q”_phde__ﬁ}?sratersheds range between 22 and

g8 per cent, some slopes being as steep as 60
% per cent. The watersheds are generally bowl-
*“shaped, varying i size from 3.7 to 5.6 acres. A
"~ metal eutoff wall is installed to a predominantly
| _gpetamorphic bedrock at the lower end of each
__watershed. Continuous discharge measurements
+ gre made with either a 2-foot H-type flume or a
- 13-foot San Dimas fiume. Surface runoff meas-
- grements are also made on Q.03-acre subplots
" within some of the watersheds.

The development of the infiltration capaetty
function was based on data obtained when the
watersheds were in either a moderately or
heavily grazed pasture cover. These two covers
were used so that changes in the structure of
the <oil surface resulting from cither the impact
of high-energy rainfall or tillage would be mini-
mized in the initial stages of the development.

Initial assumptions. Various investigators
have shown that the initial infiltration capacity
is a function of soil moisture. As the soll mois-
ture at the heginning of a storm becomes higher,
the initial infiltration capacity becomes lower,
approaching the percolation rate as a condition
of saturation is reached. If the infiltration ca-
pacity {unction of a watershed ean be considered
relativelv constant under a given watershed
regime, it should be possible fo use soil moisture
to predict the initial infiltration capacity or, In
other words, the beginning point of the func-
tion. If, in addition, storm rnoff can be con-
siderod to be the flow that results when rainfall
excoeds the infiltration capacity, 1t should be
possible to evaluate a watershed infiltration
capacity function from conventional hydrologic
measurcments. The extent to which that portion
of flow known as subsurface flow, or interflow,
may invalidate this assumption will be dis-
cussed later.

The soil moisture used in this study s an
index computed on 2 special-purpose IBM 704
program [TVA, 1963]. The basic concept of this
index is a bookkeeping system of daily values
of soil moisture balance. An upper- and a lower-
level soil moisture index are computed. The
upper-level index, which was used in the equa-

tions that follow, has been found to agree well
with near-surface measurements of soll moisture.
The initial trial to develop a watershed infil-
tration eapacity function was based on Horton’s
infiltration capacity equation. The area under
the -infiltration capacity curve for time T i a
volumetric loss. If storm runoff can be consid-
ered an excess that results when the infiltration
capacity is exceeded, this loss should equal the
difference between rainfall and runoff.

D
L=R—RO=f (e + beT) AT (2)

where
I, = loss in inches.
R = storm rainfall in inches.
RO = storm runoff in inches.
D = storm duration in hours.

¢, b, and n are coefficients to be cetermined.
They correspond to f., (fo = f.), and k,
respectively, in (1).

Integration of the equation in this form, how-
ever, starts at the maximum infiltration eapac-
ity, or itially dry condition, whereas the initial
infiltration capacity for a given storm might
he considerably less than the over-all maximum.
In fact, when the ground is saturated, the maxi-
mum infiltration capacity at the beginning of a
storm may not be much different from the
minimum capacity (¢}. The equation, therefore,
needs to be modified to incorporate soil moisture
‘n such a manner that it indicates the time-
beginning point of the equation orf, In other
words, the Iower limit of integration. This can
be done easily because the exponential function
has the characteristic of being piccewlse CON-
tintous in the interval 0 = ¢ << T, therefore,
the exponential function can be divided into a
finite number of subintervals in each of which
F(t) is continuous and possesses finite left- and
richt-hand limits at every point 0 = ¢t = T.
If 2 time-soll motsture functional relationship
can be established to determine the time equiva-
lence of the computed soil moisture index, this
<oil moisture function can be added directly in
order to determine the beginning time in the
infiltration capaeity equation, thus allowing the
equation to vary from storm to storm. With
this provision, the equation would be
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D+ f(am)
L = f (c + ") 4T (3)
flzgm)
where f(sm) = function of soil moisture.
Integrating, we get

L =T — (b/n e "' I’f(t:a().m (4)

The functional scaling relationship between
time and the soil moisture index is unknown.
The function must, however, be able to relate
the index, which varies from zero for dry con-
ditions to 1.0 for wet conditions, to an equiva-
lent time in hours, and probably should allow
for a nonlinear relation, Further, the time equiv-
alence of the soil moisture parameter should he
zero for storms that oceur when the soil is drv
(sm index equals zero). A polynomial relation
can satisfy these two conditions so that

flsm) = mS + g8° (5)

where § == soil moisture index and m and g are
coefficients.

Substituting the functional form for flsm)
given in {5) for the limits of integration in (4)
yields

L =¢D+ (b/n)fexp [—n(mS + ¢89]

— exp [—n(D + mS + g8Y]] (6)

Figure 1 graphically shows the relationship of
the variables.
The equation in this form was fitted to water-
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shed hydrologic data. The only storms included
In the data were continuous, with relatiy
high rainfall intensities throughout. It :3:
hoped, at this stage, that if any stormg
mcluded that contained some rainfall af in.
tensities below the infiltration capacity the pp,
diction error resulting from the fitting could
be used to further modify the storm list The
results obtained in Atting this equation tg Water.
shed 1 pasture data are shown in equation
Table 1. Theoretically, the value of the poly.
nomial soil moisture-time function at a sof
moisture value of 1.0 should he approximately
equal to the length of time it takes the expo-
nential function to become Ingignificant. In
other words, the exponential function ideally
should drop out of the equation for soil moistyre
vatues of 1.0. Equation I, Table 1, however,
Indicates that at a soil moisture value of 1
the time equivalent of the soj] mosture is nega-
tive; this does not have g physical interpreta-
tion. In view of the low degree of adjustment
achieved in fitting the equation, as indicated by
a multiple correlation cocfficient r — 0.61, it
appears that the additional degree of freedom
allowed by the polynomial time-soil moistuyre
function was used to adjust for some of the large
residual error. Since the polynomial relationship
cannot be evaluated, a linear time—soil moisture
relationship should be adequate.

Modification for interception losses. It was
apparent from the results of fitting the first
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Fig. 1. Graphical representation of infiltration capacity function.




WATERSHED RUNOFF

TABLE 1.

Preliminary Equation Solutions

E‘lu ation 1 (watershed 1)

i [ o= 0.138D 4 (0.0002/1.69) {exp [—1.69(7.908 — 12.1852)] — exp [~ 163D + 7.908 — 12.1858%)]}

< Standard deviation Se = 0.36
{* Multiple correlation coefficient » = 0.81
:.,iquation 2 (watershed 1)
"L =0378 —0.0767S + 0.0901D 4 (1.358/4.322
© Se = 0.34
r = .66

Equation 3 (watershed &)

L
(.39
0.65
- Equation 4 (watershed 1)

Se
r

L = —0.117 + 0.0098 + 0.0016D + (0.853 /5.433)

Hexp [—(4.322 X 1.189S5)} —exp [ —4.322(D 4 1.1898)}}

0.266 — 0.008S - 0.026D + (3.87/2.82){exp [—(2.82 X 0.5188)] —exp [-2.82(D + 0.5188)}}

~texp [—(5.433 X 0.2968)] —exp [—5.433(D + 0.2968)]} + 0.048R

Se = 0.0178
r = (.90G25
where
L = loss in inches.

storm duration in hours.
soil moisture index.
storm rainfall in inchea.

D
S
B
¢ Napterian base,

4 4 &

equation to data that some major factor in-
volved in the infiltration capacity relationship
had been ignored. This factor eould be inter-
ception. Intereeption losses represent a reduc-
~tion _in the effective rainfall, or throughfall.
Studies. . by Wollny [Baver, 1938] m 1880
showed that rainfall interception by plants
could amount ‘to a substantial percentage of
the rainfall. Since interception losses are not

- dependent on the duration of the storm, the
equation cannot in its present form adjust for
this type of loss. Adjustment ecould be made by
the addition of a conscant to the equation. It 1s
DI‘Obable however, that this interception loss
18 not a constant; rather it is hich when condi-
tions are dry and less when conditions are wet.
To approximate this condition it was assumed
that the interception loss varied with the soil
moisture as follows:

fG) = a — g8 (7)

where f(i) = function of intereeption, § = soil
Moisture, and a and ¢ are coefficients. The as-
$embled equation is now

: L=g— g8+ ¢D
7 + (b/n)(e—nms . e—n(D-HnS)) (8)

In this form the equation was again fitted to
watershed 1 and, in addition, to watershed 5
data. The results of these two fittings are shown
i Table 1, equations 2 and 3, respectively. The
coefficients of both of these equations are rea-
sonable. The indicated interception (¢ — ¢S) at
a soll moisture value of zero is 0.38 and 027
inch, respectively, on watersheds 1 and 5. For
wet conditions where soil moisture equals 1.0,
the interception values decrease slightly to 0.30
and 0.20 inch, respectively. The minimum infil-
tration capacity (c} is 0.09 in./hr on watershed
I and 0.026 in./hr on watershed 5, and the
maximum infiltration capacity for these two
watersheds (b 4 ¢) is 145 and 3.9 in./hr, re-
spectively. These values are in substantial
agreement with other measurements made on
these watersheds and also agree with published
data.

Despite the apparent reasonable magnitudes
of the coefficients, the degree of adjustment of
this equation is low for both sets of data. Figure
2, a residual error plot of watershed 1 data,
shows that the degree of adjustment is low be-
cause a prediction bias exists that is related to
the dependent variable [oss.

Modification for partial area runoff. The
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Residual error of prediction versus observed loss for W
tion 2, Table 1).

aynesville watershed 1 (equa-

residual error bias shown in Figure 2 in itself
provides no insight as to the catuge of the hias.
Large residual error (R, = observed — pre-
dicted) results when erther the observed data
are m error or the model does nat fit the data.
This could mean that etther the runoff does not
occur acecording to the infiltration capacity con-
¢ept or the model itself s mearrect. Sinee the
cbserved hydrologic data are considered reason-
ably correct, the model must be revised.

The consistenev of the bias shown in F igure
2 suggests that a lnear relationship can be fitted
between the residual error and loss, the depend-
ent variable of the equation. If this equation
were linear, the bias could not have occurred,
since the addition of such a linear loss funetion
to the equation, in effect, amounts to a simple
rescaling of each of the coefficients of the inde-
pendent variables, a solution which would have
been found in the fitting process. However, sinee
the equation is nonlinear a simple rescaling of
all the independent variables is not possible.
This same effect ean be achieved if the depend-
ent variable, loss, is rescaled by including either
storm rainfall or storm runoff as an independent
vanable in the equation. This fact is developed
further in a following section. Actually, storm
rainfall was selected as the rescaling independent
variable because it is considerably larger than

runoff and therefore more proportional to the
loss. The equation with the linear rainfall term
fe added (the intereept at zero rainfall will be
absorbed into the constant ¢ of the equation) is

L=a~gS4+¢pD
T/ — ey 4 hR ()

The results of fitting this equation to water-
shed 1 pasture data are shown in Table 1, equa-
tion 4. A high degree of adjustment was
achieved by the equation, as indicated by a
muitiple correlation coefficient of 0.69925. The
very low standard crror, 0.02 irich, is within an
acceptable range for hydrologic data. The sign |
and values of all of the coeficients except the ¢
term are within reasonable limits. The reversed
sign of the cocfficient g, however, does not have
physieal significance. It mdicates that the inter- |
ception loss inercases with soil moisture and that
the equation is probably overdetermined. This
term can therefore be omitted from the equa-~
tion. The physieal significance of the term A will
be developed in the following section.

The final form of the infiltration capacity
equation is :

L=a-tcD+ (b/n)(e™™S — gnP+ms)y 4. M;!
(10
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TABLE 2. Equation Solutions
Coefficients Ntatistics
Cover Condition Season a c b n - R - Se
Pasture All —0.032 0.001¢ 0.391 &8.61 0.033 ©0.934 0.99%5 0.61s
Pasture Al —~0.139 —0.0453 1.025 1.52 0.61 0.765 Q.97 (.113
Complex Cualibration Summer —0.0106 00045 0.304 3.31 0.21 ©0.782 0.995 0.040
Complex Evaluation Summer -~ 017 G 006 0.287 2.86 0.47 0.870 $.993 0.052
Complex Calibration Dry summer 0 .601 0.01t 0.351 3.35 0.33 0.772 0.996 0.048
Complex Culiboation  Wet summer 0 0002 0.258 291 0.37 0.862 ¢.996 0.018
Complex Evaluation Dry summer —0.G06 ¢.011 0.133 5.3 0.10 0.921 0.9997 0.015
Complex Evaluation Wet sunumer —0.022 —-0.128 0.307 .133 2.40 0.739 0.969 0.084
Complex Hvaluation Wioter -0.178 0.005 1,823 2.56 0.41 0.3559 0.950 0.108
Cumplex Summer —{.059 0.06006 0.785 4.38 0.12 0.836 0.985 0.104
Complex Winter ¢.G22 0.009 0.427 201 ¢ d.612 0.976 0.143
Pastuce AModerutely  All -0 .0002 0.0009 0.487 4.07 Q.43 0.849 0.9925 4.060
arazed
fusture Heavily All {$.0044 0.0041 0.0 4.31 0.29  9.793 0.9905 0.066
urazed

36% All —0.021 0.043 1.13 2.73 ©.21 0.142 0.8 0.122

In this form the equation has been fitted to
gveral sets of data from the single-practice
vestern North Carolina watersheds as well as
everal other watersheds.

INTERPRETATION OF RESTLTS

Table 2 shows the results of fitting the final
equation to data from varicus watersheds. The
Parker Branch wutershed, deseribed in varilous
progress reports and special reports on the
project [TV.A, 19606}, is a 1.51-m® research
area located in the same general region as the
vestern North Carolina project watersheds. This
complex-practice agricultural watershed was
ealibrated hydrologically from 1933 to 1955.
Btarting in 1955 the farmers were given an in-
knsive farm development program designed
o achicve optimum economic well-being of the
people. Evaluation of the effects of this program
was begun in 1958 and ended in 1962. The
Middle Creek watershed is a 32.7-mi® area
- Within Hiwassee River watershed. This area is
' the Great Valley of east Tennessee. This
gricultural complex-practice " watershed was
Raged from 1944 through 1961 to demonstrate
the effect of TVA’s applicable regional develop-
Went integrated on a single watershed. The Cop-
I Ber Basin area in the southeastern cormer of
{ Tennessee was denuded primarily as a result
' 0f open-air copper ore roasting in the late 19th

3

century. Watershed 1W, a 5-acre arca, was
gaged from 1943 through 1951 as part of a
project to determine the effect of an erosion
contrel program, Cover on this watershed,
which was left untreated, never exceeded 36
per cent of the area. These areas are shown on
the location map, Figure 3.

The coefficients of the eguation for the various
solutions shown 1n Table 2, with a few excep-
tions which will be explained later, show sur-
prising consistency. This consistency generally
remains despite the fact that the drainage arcas
for the watersheds vary from 3.7 acres to 32.7
mi®, are located from the Blue Ridge physioc-
graphic region to the Great Valley, and vary in
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Fig. 3. Location map.
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covers from single-practice pasture, to denuda-
ton, to complex practice. The storms from the
Middle Creek watershed have been divided
1nto summer and winter seasons and in addi-
tion to that division, the Parker Branch data
have been subdivided into storms with signifi-
cant ramnfall within the three days before the
storm, le. initial wetness and dryness.

The indicated minimum infiliration capacity
for most data sets is of the order of 0.01 mn./hr
or less; the maximum rate IS approximatels
Y% in_/hr, This consistency also generaliv follows
through the coefficient n which determines the
shape of the €xponential decay function ane
through the coefficient m which determines thn
fime equivalent of sojl moisture. In most cgses
the multiple correlation coefficient js unustally
high, whereas the standard error is very low
relative to the mean dependent variable, the
loss, and even the mean riunoff.

Despite the consistency of the coeflicients and
the high degree of adjustment achieved by the
equation, most of the Indicated infiltration ca-
pacities are low in comparison with published
data. The reason for this can be hotter under-
stood by studying the cocfficient, A. Rearranging

the equation wil show the rescaling nature of
this term

L()Ss=R—}zR—RO=a+cD
F/AETTT gy sy Gy
or R(1 — %) — RO = f(zp)

where f(ip) = function of infiltratjon capacity,

If the reduction in rajnfall indicated by the
term (1 — ) is real, there is an implication
that not all of the storm rainfall is effective In
producing runoff, if runoff is to oceyr aceording
to the infiltration capacity concept. It is not
obvious at this point why this is so.

The dependent variable conld also have been
rescaled by using runoff as an mdependent vari-
able and an equally good fit of the equation
would have been achieved This can be shown
if the equation is rearranged

R~ o = g ) o

This rearrangement mdicates that if it were

possible to reseale storm runoff by a relatively
constant factor, the resulting rainfall-runoff

- m— s AN

relation would Oceur according to the mnfy

capacity concept. Runoff, unlke l”&infalj,

be rescaled mathematicaﬂy. The obsery

dsf

Nches =

ERTE I /2

I both sides of (13) are divided by g ter 1
(I — &) this term becomes more meaningfy]

inches dsf

(C=n " (O =mdaixk 19

Storm runoff can be scaled upward in con- 'ﬁ

verting to the watershed meh unit if the effec-
tive drainage area is reduced. The term (1 ~ h)
1S actually a measure of this effective runoff-

producing area of a watershed. It has been the |
conversion to the watershed inch runoff unit |
with its implication of total watershed ares |

contribution that has been complicating these
studies. If either the total storm rainfall i
reduced to an amount that fell over the effective
runofl-producing area or the runoff is secaled
upward to the watershed inch unit over g re-
dueed drainage area, the resulting rainfall-
runoff relation does ocouyr according to the infil-

tration capacity concept. The effective runoff- *

producing areg of 3 watershed, then, is not the

same as that delineated by the topographieal

divide.

That the entire watershed may not contribute |

to runoff during moderate-size storms is not
surprising.  Amorocho and Orlob (1961] and
Moldenhauer et gl [1960] had indications of
this possibility, and the Southeastern Forest
Fxperiment Station [1961] estimated that at
the Coweeta Hydrologic Laboratory in western
North Carolina no more than about 40 per cent
of the drainage aren of their watersheds con-

DA X K (13)

tributes to storm runoff evenl in a relatively -

heavy rainfall ares. It is the low percentage of
the total area that does contribute and the ap-
barent consistency of the size of this ares on
vome watersheds that are surprising. For the
equation solutions shown in Table 2, the term
(1 — Z) indicates an average contribution that

.

varied from a low of only 4.6 per cent of Wﬂ-te"‘{

-

.;
\'. " <
LA




.4 1 to a maximum of 85.8 per cent of Coprer
SRt IW.

Bverification of the magnitude of the compu-2d
. ctive runoffi-producing area of a watershed s
Eficult on the Parker Branch or Middle Cresi
& orsheds because of the complex pattern: 3f
R 1 use. Ideally, to verify that the te—m
% — h) 15 a measure of the effective run-=-
Soducing area of a watershed, the equar..n
dould be fitted to data obtained from wa-:--
Ri.ds with known runoff-producing areas. (=
Rgay to do this would be to use relatively -
gervious  watersheds such as those in urs.n
Fyreas. For this type of watershed the coefficiz- -
§ should have small values, so that (1 —
proaches unity. Lacking this type of de-:.
gme verification of this interpretation of ---
erm (1 — 2) can be made using data from --=
western North Carolina project watersheds »- 4
¥om Copper Basin IW watershed. These ol
Projects represent extremes in land-use pr.-
Jices. Figure 4 shows a verification plot of --=
“wsidual error versus the loss for watershec .
FThe bias has been removed from the erro r, le.--
"ihg a more hormal pattern, and the crrors the- -
 slves are reduced to acceptable values, T -
more normal error pattern mdicates that w.--
the dependent varisble rescaled the equar: -
- does adjust to these data. The relatively s’
-Temaining error indicates that the percent.c:
of watershed contributing to runoff is relative -
“eonstant over the range of storms ineluded —
 the data set. The storm precipitation within =+ -
 data set includes storm rainfall amounts va=-
- mg from 0.16 in. to 228 in. and intensi-=
up to 2.6 in./hr. The coefficient % indicates k.-
on this watershed for storms in the heht-- -
moderate range, runoff occurs on the aver: ;-
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from only 4.6 per cent of the watershed, or,
conversely, the storms within the range of these
data did not exceed the infiltration capacity of
about 95 per cent of this watershed. On this
watershed, installation of a sheet-metal cutoff
wall has resulted in g permanently swampy
area above the flume. The swampy area covers
about 1 to 2 per cent of the watershed. It is
evident, by the quick response of the streamfow
discharge to changes in rainfall intensity and
the unusually low yield of storm ranfall, that
most of the storm runoff that was measured
from this watershed under pasture cover came
from this swampy area. The equation indieates
that most of the storm runoff results from an
area, about twice the size of the sWampy portion
of the watershed.

If the concept that, on the average, runoff
usually results frem a relatively fixed percentage
of the watershed area is valid, further verifica-
uon should be possible on wutershed 2. On this
watershed three subplots are maintained to
measure surface runoff. These 1/20-acre sub-
plots are located around the watershed about
73 to Yo of the distance up to the divide. Some
subplot surface runoff was measured from about
Y5 of the storms included in this data set. This
seems to contradiet the result of the equation
that indicates that average runoff from the
watershed results from only 15 per cent of the
area. The amount of storm runoff recorded,
however, supports the interpretation. Only dur-
Ing one of the storms included in the set was a
substantial volume of runoff recorded from ail
three plots. In general, surface runoff from these
plots amounted to less than 0.01 inch, and
seldom was runoff recorded from all three plots
during a grven storny. The only time substantjal
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sunvi was ineasured at the plots, the storm was
very Intense.

Some Intuitive judgment coucerning the rea-
sonableness of the term A that results from
fitting the equation to Copper Basin I1W water-
shed data should be possible. This watershed,
with 64 per cent of the area completely de-
nuded, is subject to relatively heavy, rapid
runoff through an advanced system of gullies
that completely dissect the area. Streamfow
18 intermittent and most of the runoff can be
considered surface runoff. Under these condi-
tions, runeff should oceur from a large percent-
age of the watershed, and the indicated infiltra-
tion capacities should be relatively low since
crusting of the soil surface results from fro-
quent, intense storms. The coefficient Ak for the
Copper Basin 1W data (Table 2} indicates that
the average watershed area contributmg to
runofil was 86 per cent. The indicated infil-
tration capacities, however, are not low. They
are actually among the highest of the various
sets of data used. In fact these are the only
indicated infiltration capacities, of all those
determined by the equation, that are reasonable.
This reasonableness suggests that the indieated
mhitration capacity values are related to the
amount of the watershed contributing to runoff.

The residual error distribution that results
from fitting this equation to any of the data
sets generally follows a seasonal pattern. High
runoff (negative predictions) occurs durmng the
winter season and low runoff occurs durmg the
summer. This separation suggests that during
the winter, when the amount of moisture stored
10 the soil profile is high, runoff probably cecurs
from a somewhat larger portion of the water-
shed than during the summer when this con-
tributing area is smaller. The fitting technique
sets the equation at what might be considered
an average condition. This interpretation helps
to explain some of the exceptions to the con-
sistency of the coefficients found in Table 2. In-
consistencies were found in the fittings when the
data contained g disproportionately high num-
ber of winter storms with ‘apparently’ high
runoff, or when the actual infiliration capacities
of the watershed were low, so that occasional
high runoff resulted when more than the average
watershed area contributed during a very in-
tense storm. Both these conditions occur at
watershed 5. A negative, uninterpretable coeffi-

cient for the minimum infiltration C&Dagity |

3&11,?
resulted. The storms that were used for g,
Parker Branch evaluation pentod study, Iy
‘summer data with wet antecedent conditigps |
on the other hand, contsined many eventg With "
high runoff that resulted because the Woistypy |
storage capacity was reduced when the uppey
soil horizons were near saturation. The equation
resulting from these data is an almost random
array of coefficients. This result must OCCUT Whey
large variations in the runoff oceyr because of
conditions external to the equation. This regylt
did not occur with the Copper Basin 1W fitting
because the data were relatively ‘homogeneqys’
Further medifications of the equation will hays
to be made to account for, at least, the effect of
changes in the volume of moisture stored withiy
the soil on runoff.

If the infiltration capacity function that ha
been developed is to measure the watershed
infiltration capacity, storm surface runoff should
have been used rather than total storm runoff,
Present methods of hydrograph analysis, how- |
ever, do not permit reliable separation of the
hydrograph into surface and subsurface flow.
Because total storm runoff has been used, the
losses predicted by using the function will be
somewhat lower than they would have been if
surface runoff only had heen used. However, the t
degree to which thig equation adjusts for a fairly
wide range of hydrological events indicates that
these two components of storm runoff, com-
bined to evaluate the equation, are not incom-
patible as data. If this is true, the function I
should be a relatively stable index of the infi-
tration capacity of a watershed.

AN APPARENT INFILTRATION .
Caracrry FuNcTioN

It would be helpful if the coefficients that
result from fitting the equation had more rea- |
sonable values. It was noted above that the
magnitude of the coefficients is related to the |
size of the contributing area. Equation 12 shows
how the coefficients might be rescaled to remove
the effect of the size of the contributing area on
their magnitude. By dividing through the equa-
tion by the term (1 — k), the coefficients g, ¢,
and b are scaled upward. This has the effect of
scaling the coefficients of the infiltration capacity
function upward to the equivalent value they
would have had if runoff had oceurred from the
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TABLE 3. Apparent Watershed Infiltration Capacities

n
# Coefficient
“yatershed Cover Condition Season a ¢ b n m
gatershed 1 Pasture All -0.70 Q.03 8.5 8.61 0.035
er Branch Complex Calibration Syummer —0.07 0.02 1.8 3.31 0.21
xer Branch Complex Lvaluation  Summer ~0.13 0.05 2.2 2.86 0 .47
parker Branch  Complex Calibration  Dry summer 0.004 0.05 1.5 3.55 G.53
 parker Branch Complex  Calibration ~ Wet summer 0.0 0.014 1.9 391 037
parker Branch  Complex Lvaluation  Dry summer -0 .08 (.14 1.7 5.99 0.10
parker Branch  Complex Evaluation  Winter —0.31 0.009 3.4 2.56 0.41
 Middle Creek Complex Summer —{.41 0.004 5.4 4.58 0.12
Middle Creek Complex Winter 0.06 0.023 1.1 2.01 0
Watershed 2 Pasture Maderately  All -0.001 0.006 3.2 4 .07 0.43
grazed
5. Watershed 2 Pasture Heavily All 0.021 0.015 2.9 4 .31 Q.29
: grazed
Copper Basin 365 All o025 0030 132 273 0.2l
AW

—

' entire watershed in a manner similar to that
tom the contributing area. The shape coeffi-
ent n and the time—soil moisture coefficient m
remain unchanged. Table 3 shows the computed
coefficients of the apparent infiltration capacity
for the cquation solufions included in Table 2.
The solutions for watershed 3 and Parker Branch
that broke down have not becn included for rea-
sons previously explained.

The value of the minimum and maximuin ap-
parent infiltration capacities {c and ¢ + b, re-
spectively) as shown In Table 3 are not too
different across the set of solutions. The mini-
mum capacity ranged from a low of 0.006 in./hr
on the moderately grazed pasture of watershed
2 to (.14 in./hr for all summer storms during
the calibration period at Parker Branch. The
maximum rtate ranged from 8.53 in./hr on the

-~ watershed 1 pasture to 1.12 in./hr for winter
storms on Middle Creek. The coefficients of the

- equation fitted to Copper Basin 1W data are
well within the range of values obtaincd {rom
~ other watersheds where considerablv less of the
watershed coptributed to runoff. This eonsist-
ency indicates that these coefficients should be

A& measure of the infiltration capacity of that
area of the watershed that on the average con-
tributes to runoff. Considering that the equation
contains only the three independent. variables—
storm duration, rainfall, and 2 soil moisture 1n-

. dex—and that no restrictions are imposed on
the magnitudes of the coefficients of the equa-

tions, the range of coefficients obtained In fitting
this equation is surprisingly consistent. This
consistency seems to hold over watersheds rang-
ing in size from 3.7 acres to 32.7 mi* and for
watersheds with decidedly different topography,
agricultural practices, and subelassifications of
storms within a data set. It would appear, then,
that the apparent watershed infiltration ca-
pacity function 1s a relatively stable measuTe
with which the runoff, or, more directly, the
loss, from a watershed may he characterized.

CONCLUSIONS
The stepwise devclopment of a hydrologic
equation to evaluate apparent watershed nfli-
tration capacity has becn presented. This equa-
tion can be useful both as a hydrologic tool and
a5 a means of developing a better understand-

ing of the storm runoff process.
The results obtained from fitting the equation
to various sets of data ‘ndicate that storm rull-
off, at least in the gepgraphic Tegion of the

study, frequently occurs from only a small part

of the watershed area. This was found to be
true on small test watersheds In pasture cover,
and it appears to be true also for larger water-
sheds with complex land-use patterns. These
results also seem 10 indicate that the size of the
runoff-contributing area mMay not vary much
under normal conditions. Logically, the size of
the area must change as the moisture storage

capacity of the soil changes, and in addition, the
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size of this area is also related to rainfall in-
tensity. Flowever, 1t appears that these two
factors do not cause large variations in the size
of the runoff-producing area of many water-
sheds except under unusual conditions. If this
is true, the concept of partial area storm Tunoff
helps to explain the nonlinear nature of many
hydrologic relations. Mathematical models re-
lating storm rainfall and modifyving variables to
runoff, peak discharge, or other dependent vari-
ables frequently underpredicet large events, par-
ticularly if a wide range of storms 15 used. A
typical storm list contains a large number of
amall-to-moderate events where the rmmnofi-con-
tributing part of the watershed iz a relatively
«mall area. Beecause of the number of these
«maller events, the model is forced to fit this
typical event. When during an extreme storm
runoff does oeccur from a much larger arca
within the watershed, the small increase in the
measwured independent variables seldom justifies
the large increasc in the dependent, variable.
Actually, it appears that different relationships
can be justified for large and small events.

The results from this study also help to ex-
nlain why infiltration studics hased on rainfail-
unoff data seldom agree with in sifil MeEASUTes
ments. If storm runoff usualiy ocenrs from only
a small part of a watershed, the infiltration
capacity of a greater part of this watershed is
celdom exceeded during normal storms. It ap-
pears, then, that in citu measurements of n-
ltration eapacity will always eqral or exceed
measurements obtained from rainiall-runoff data.
The two techniques will vield similar results
only when cither the in situ measurements are
ade on the tunoff-contributing area ot the
function of apparent infiltration capacity 18
evaluated for relatively impervious ot saturated
areas,

The funetion that was develaped should be

. useful as a Means of estimating storm runoft.
" Recatige the equation was construeted logieally,
! most of the coefficients have & physieal nter-

pretation and thus are relativelv stable and re-

' producible. This stability is an important factor
- if the function is ever to he uged for predicting
" hvdrologic events on an nngazed watershed. Al-
' though only three independent variables are
" ysed, the standard errors that result from fitting
'~ are generally less than 10 per cent of the mean
. of the dependent variable.

The equation in its present form has .
what fimited application. On small test a N
will work well only with data that do nat ::;-?,._-_ i
tain too many storms with unusually high i o0
off. On larger areas it appears to fit consis s
probably because of the integrating effeciise
many factors. To be useful, the model req .

eat
1

forther improvements, and these improvemd

ore currently under development. From a s

“glz:

3
A

-
A

tical point of view, and judging from regyls

Ly Ry
L B YRR
2

“htained thus far, the model should adjust. il
‘nereased runoff resulting from reductiolg_;

soil moisture storage, changes in agricul .
cover, and extreme rainfall intensities. If thess
factors can be incorporated in the model :‘-;,
cossfully, a far better understanding of wa ‘}

shed tunoff should resuit.

3
"
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