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Abstract

Problems associated with checking validity of Curve Number Runoff
Equation and of using observations of rainfall and runoff to determine
Curve Numbers are discussed. Use of Curve Numbers in practice suggests
checking validity of the runoff equation through its use as a transfor-
mation of a rainfall frequency distribution to a runoff frequency dis-
tribution. This concept leads to a means of determining CN values from
observations that differs from that given by Soil Conservation Service.

Curve Numbers (CN) derived from rainfall-runoff observations show
much scatter, Attempts to correlate this scatter with antecedent mois-—
ture have not been fruitful due to other confounding factors such as
storm conditions (AMC). Treatment of CN values as random values leads
to interpretation of AMC I and AMC III as measures of dispersion around
the AMC II value. Acceptance of CN values as random variables permits
an explanation of the reason that CN determined from rainfall-runoff
data often yields values higher than expected.

Introduction
Irving Klotz (8) made the observation:

“For the validity of their conceptual and experimental
methods, most scientists depend on assurances from reputable
predecessors in their field. The latter individuals in turn
have usually adopted the procedures from some comparable
persons who preceded them. If the forerunners in the use of
a technique have not recognized its limitations or have
obscured them, a tradition of analysis may develop that
generates pervasive misinformation in the scientific
literature.”

The Curve Number procedure will be considered in the spirit of this ob-
servation. The primary source, the National Engineering Handbook of
the Soil Conservation Service (SCS) (12), will be investigated as will
interpretations and extrapolations that have followed. A most impor-
tant element is establishment of a framework for verification of the

runoff equation, the associated Curve Numbers and modifications of the
Curve Numbers.
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Runoff Equation in Theory and Application

Some statements that the SCS has written about the Curve Number
procedure are not correct, or are not consistent. This has been ex-
posed many times, but some of the problems will be reviewed here with a
rationale given for changes and interpretations. These difficulties
seem to have little influence on procedures given by SCS, but do influ-
ence extrapolations of the procedures.

The Curve Number runoff equation is given (12) as

(P - 1,)?2 .
Q=) ¥ 5 i P> 1a (1

Q=0 ; P I,

in which Q = runoff, P = rainfall, I, = initial abstraction, and S =
maximum potential retention. The initial abstraction is related to
maximum potential retention by the relation

I, = 0.28 (2)

The Curve Number, CN, is related to S by

1000
- 3

if P, Q and S are in the units of inches,

Definitions and concepts that lead to difficulties include the
following:

1) S includes I;: According to SCS (12), the maximum potential
retention, S, includes the initial abstraction, I. As many
have pointed out (see, for example, Chen 1), a very large
storm, P + =, will yield a retention (P-Q) = S + I, according
to the runoff equation. Thus, either the equation or the defi-
nition is incorrect. The S values, hence Curve Numbers, given
by SCS were probably determined using the runoff equation, and
not the definition. Therefore, it is probably most efficient
to change the definition to indicate that S does not include
I5.

2) Definition of AMC II: Antecedent Moisture Condition II
(AMC I1I) is the base from which adjustments to Curve Numbers
are made. SCS (12) gives three definitions for AMC II.
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a) Average conditions: It is not certain if SCS (12, Page
4,10) intended to be qualitative or quantitative, and if
quantitative what should be averaged. 1In early editions of
the National Engineering Handbook, the conditions were
associated with annual floods. 1In other places SCS seems to
imply the 5-day antecedent precipitation is the item to be
averaged, though this is not included in this definition.

b) Median CN: The SCS (12, Example 5.4) illustration for de-
termination of the CN from rainfall-runoff data defines the
AMC II value as the median of many observations with AMC I
and III as enveloping curves. No connection with antecedent
precipitation is expressed.

c) Antecedent rainfall table: The SCS (12, Table 4.2) gives a
table that shows AMC I, II and III conditions based on
antecedent rainfall,

These three definitions are not, necessarily, compatible. Definition
(b) seems reasonable in terms of a way to determine the CN. Definition
(a) is reasonable in a qualitative sense, but is very difficult to ver-
ify in a quantitative sense. Definition (c¢) does not seem appropriate
for Missouri and Iowa.

The preceding indicates that the primary source contains errors
and ambiguities. Not everything that is done with Curve Numbers has its
basis in SCS documents. There have been extrapolatioms that also need
consideration.

3)"There is a physical basis for S." It is easy to say S is a
symbol for storage, so one can measure pore space and soil
moisture and determine S in the same sense that Holtan (7) de-
termined S in his infiltration relation. This concept is not
verified by SCS (12), nor any place else that the writer has
seen. The concept is inherent, however, in modeling applica-
tions where S is determined on an event basis by keeping track
of soil moisture.

4)"The runoff equation is an infiltration equation.” SCS (12)
does show how to use the runoff equation as such in developing
a design flood., This is most likely due to lack of a better ap-
proach than belief in the application. A similar approach was
shown by Linsley, Kohler and Paulhus (9), using a coaxial cor-
relation diagram.

Recognizing that not everything is what it seems to be, one must
try to define and verify what one can. Two elements will be con-
sidered: the runoff equation and the Curve Numbers.

Verification of The Runoff Equation
Verification of the runoff equation is not easy unless its role is

carefully defined., One can wish its role to be a simple infiltration
equation and try to verify that. For example, one might ask, does it
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agree with other infiltration theories? The answer to that question is
“no" (Smith, 10, Chen, 2, Hjelmfelt, 4). One can also ask if it fits
infiltration measurements? Experience indicates that most theories fit
some data, but all theories do not fit the same data, nor does any
theory seem to fit all data (see for example Rawls et al., 10). It is
difficult to define a procedure for verifying an infiltration theory
using infiltration data. When discussing this problem with theoreti-
cians, they complain about the data, whereas experimentalists complain
about the theories. Perhaps both are correct. That the runoff equa-
tion does not agree with other infiltration equations, however, sug-
gests that trying to prove that the equation is in fact an infiltration
equation would be fruitless.

An alternative way to seek a vehicle for verification is to deter-
mine its usual application. When the runoff equation was developed
(and probably today), it was used to determine a design discharge (a 25
year, 100 year, probable maximum flood) based on a synthetic rainstorm.
The object was to take a rainfall that was in some sense representative
of the design frequency and transform that into a runoff volume for
that frequency. Thus, one can test the runoff equation for its ability
to convert a rainfall frequency distribution into a runoff frequency
distribution,

The transformation of rainfall depth frequency to runoff depth
frequency is illustrated in Fig., 1. Rainfall and runoff volumes for
annual floods, based on peak discharge, on Ralston Creek, Iowa (area =
3.01 mi2 = 7.79 kmZ) were given by Dalrymple (3) for the period 1938 to
1960. Snowmelt events were not included in the series. More recent
events have not been added as the watershed has been urbanizing. The
rainfall and runoff values were treated separately. The Wiebull equa-
tion was used to plot the points shown in Fig. 1. A lognormal distri-
bution was fit to the rainfall values to give the rainfall curve.
Points on this curve were used to compute the runoff curve using the
Curve Number runoff equation with CN = 81,

The shape of the runoff curve determined from transforming the
rainfall frequency distribution appears reasonable. The curve is high
compared to the observed runoff frequency distribution, so the Curve
Number should be slightly less than 81, This approach was applied to
several other watersheds (5). Quite good results were found in cases
where runoff was a substantial fraction of the rainfall. Within
limits, the runoff equation does quite well as a frequency transformer.
It may also do other things, but verification is not easy.

Verification of Curve Numbers

Having a definition and method for verifying the runoff equation,
it is necessary to consider the Curve Numbers, CN, or the maximum po-
tential retention, S. A plot of rainfall and assoclated runoff yields a
scatter diagram. This should be expected from the SCS example (12,
Fig. 5.2). The question is how to interpret the scatter diagram. The
CN that divides the family into two equal groups gives the value asso-
ciated with AMC II, and the enveloping curves give AMC I and III, acc-
ording to SCS. One should recognize, however, that not all points are
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Figure l.-~Distribution of Annual Maximum Event Rainfall and Runoff
for Ralston Creek, Iowa, 3.0l sq. mi. (7.79 km2) (l in =
25.4 mm)

plotted. Some rainfalls produce no runoff, i.e. P < I. These should
be recognized in establishing the line that divides the points into two
groups. If this situation is neglected, the low rainfall values that
are plotted must be associated with high CN. This problem was avoided,
in part, by SCS (12, Fig. 5.3) by using an annual flood series. If a
partial duration series is used, the truncation must be based on rain-—
fall., This leads to difficulties in regions where runoff is only a
small fraction of the rainfall, as few events are usable.

It is tempting to explain the scatter in the Curve Numbers, or S,
through the antecedent moisture condition as represented by the 5-day
antecedent precipitation. This is suggested by SCS (12, Table 4.2)., A
graph of S versus 5-day antecedent precipitation for annual maximum
runoff event at Ralston Creek 1s shown in Fig, 2. High antecedent pre-
cipitation does seem associated with low § (high CN), but low antece-
dent precipitation may be associated with the whole spectrum of S (and
CN).

Another approach is to say that AMC does not imply just moisture,
but includes effects of other antecedent conditions and of the storm
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Figure 2.--Relation Between Maximum Potential Retention and Five-Day
Antecedent Precipitation for Annual Maximum Events, Ralston
Creek, Iowa (1l in. = 25.4 mm)

itself, In this case, one can simply state that the CN is a random
variable and treat it as such (6). A lognormal distribution seems to
fit the array of S values reasonably well. The Ralston Creek distribu-
tion is shown in Fig. 3. The values of S were computed for each event
and the Wiebull plotting formula was used. A lognormal distribution
was fit to the values to give the line shown, The mean of the loga-
rithms corresponds to the median of the original values for a lognormal
distribution, so the 507 value 1is representative of AMC II. The Curve
Number associated with this value is 81, the value used in Fig.l.

The Curve Numbers associated with 10%Z and 90% probabilities are
60.5 and 92.3, respectively. Transformation of the CN=81 to the AMC I
and AMC III values according to SCS (12, Table 10.1) gives CNy=64 and
CN111=92. The agreement between AMC I and III values and the 90% and
10% values is reasonable. Similar results were found for other water-
sheds (6).

Summary

The Curve Number Runoff equation can be considered a transforma-
tion from a rainfall frequency distribution to a runoff frequency
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Figure 3.--Lognormal Frequency Distribution of Maximum Potential
Retention for Annual Maximum Events, Ralston Creek, Iowa
(1 in. = 25.4 mm)

distribution. The Curve Number is not a constant, but varies from
event to event. The variability can be summarized by treating the po-
tential maximum retention as a random variable. The AMC II value rep-
resents the central tendency and AMC I and III represent extremes.

The variability of the Curve Number leads to difficulty in appli-
cation of the procedure for conditions where runoff is a small fraction
of the rainfall. This difficulty is caused by the rainfall events that
result in no runoff, A Curve Number should be associated with each of
these events, but cannot.

Antecedent precipitation only explains a portion of the Curve Num-
ber variability. Wet antecedent conditions are associated with high
Curve Numbers (S). Dry antecedent conditions are associated with a
wide spectrum of Curve Numbers. Apparently, other watershed and storm
characteristics become important for these latter conditionms.



CURVE NUMBERS INTERPRETATION 215

APPENDIX 1.--References

1.

10.

11.

12.

Chen, C. L., "Urban Storm Inlet Study, Soil-Cover-Moisture Complex:
Analysis of Parametric Infiltration Models for Highway Sideslopes,”
Federal Highway Administration Report FHWA-RD-76-120, Vol, 5,
(Federal Highway Administration, Washington, D.C.), 1976, 108 pp.

Chen, C. L., "Infiltration Formulas by Curve Number Procedure,"”
Journal of the Hydraulice Divieion, ASCE, Vol. 108, No. HY7, Proc.
Paper 17202, July, 1982, pp. 823-829.

Dalrymple, T., "Flood Peak Runoff and Associated Precipitation in
Selected Drainage Basins in the United States," U.S. Geological
Survey Water-Supply Paper No. 1813, U.S. Geological Survey,
Washington, D.C., 1965, 406 pp.

Hjelmfelt, A. T., “Curve Number Procedure as Infiltration Method,"
Journal of the Hydraulice Divisionm, ASCE, Vol. 106, No. HY6, (Proc.
Paper 15449), June, 1980, pp. 1107-1110.

Hjelmfelt, A. T., "An Empirical Investigation of the Curve Number
Technique,” Journal of the Hydraulics Division, ASCE, Vol. 106, No.
HY9, (Proc. Paper 15693), Sept., 1980, pp. 1471-1476.

Hjelmfelt, A. T., Kramer, L. A., and Burwell, R. E., "“Curve Numbers
as Random Variables,” in Rainfall-Runoff Relationship, Water
Resources Publications, Littleton, CO.,, 1982, pp. 365-370.

Holtan, H. N., "A Concept for Infiltration Estimates in Watershed
Engineering,"” USDA~ARS 41-51, United States Department of
Agriculture, Washington, D.C., 1961, 25 pp.

Klotz, I. M., "Number of Receptor Sites from Scatchard Graphs:
Facts and Fantasies,” Sctence, Vol. 217, No. 24, Sept., 1982, pp.
1247-1249.

Linsley, R. K., Kohler, M., A.,, and Paulhus, J. L. H., Hydrology
for Engineerse, 2nd Edition, McGraw-Hill, New York, 1975, 482 pp.

Rawls, W., Yates, P., and Asmussen, L., "Calibration of Selected
Infiltration Equations for the Georgia Coastal Plain,” ARS-S5-113,
Agricultural Research Service, USDA, Washington, D.C., July, 1976,
110 pages.

Smith, R. E.,, "Approximations for Vertical Infiltration,” Trans-
actions, American Society of Agricultural Engineers, Vol. 19, No.
3, 1976, pp. 505-509.

Soil Conservation Service, "Hydrology," Section 4, Natiomal Engi-
neering Handbook, Washington, D.C., 1972,




