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ABSTRACT

Improved prediction of infiltration and runoff volumes 
from rainfall events, will result in improved predictions of 
peak discharge from watersheds and better designs of 
hydraulic structures. The adaptability of the Green-Ampt 
infiltration model is shown by its application to 12 
range land,and cropland watersheds in Montana and Wyoming. 
Using soil parameters derived from data in standard USDA soil 
surveys, 99 rainfall events were modeled. The runoff 
distributions obtained from the model were then used with a 
hydrograph model to predict the peak discharge from the 
watershed. Procedures were developed and applied for 
adjusting the Green-Ampt infiltration parameters for various 
cover and condition classes. Suggested values for 
interception and depression storage were developed for 
cropland and rangeland. The model was applied to areas of up 
to 54 square miles with a wide variety of soil and cover 
conditions. A method for averaging the. Green—Ampt parameters 
was also developed. The runoff volumes and peak discharges 
were compared with the measured values and with those 
predicted by the SCS curve number procedure. The Green-Ampt 
model predicted both the runoff volume and peak discharge 
better than the curve number model.



CHAPTER I

INTRODUCTION

The prediction of both the volume'and rate of runoff 
from a watershed from a rainfall event is vital for good 
design of hydraulic structures. Since the part of the 
rainfall that infiltrates into the soil is usually greater 
than the part that runs off, a good estimate of the runoff 
requires a good estimate of the infiltration.

Green and Ampt(1911) developed their infiltration 
equation to describe how water entered the soil from a simple 
application of Darcy's Law. During recent years it has 
received increased attention as a method for predicting 
infiltration from rainfall events. Mein and Larson (1971) 
showed the applicability of the equation for the conditions 
of constant rainfall intensity and homogeneous soil. Although 
several empirical equations such as Kostiakov and Horton are 
popular because of their simplicity and capability of fitting 
most infiltration data, they contain parameters which are 
difficult to predict because they have no physical 
significance. (Mein and Larson, 1973) One-dimensional 
vertical moisture movement can be described by a second order 
nonlinear partial differential equation obtained from a
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combination of Darcy's Law applied to unsaturated flow and 
the equation of continuity. The resulting equation is 
sometimes referred to as the Richards equation. (Childs,
1969) It must be solved numerically and requires the 
relationships of conductivity, and suction versus moisture 
content to be known. The Green-Ampt equation is both 
simple and has physical Iy based parameters which can be 
related to other soil properties.

A method of computing the-Green-Ampt parameters from data 
available in the standard USDA soil surveys (Rawls et 
a 1,1982) makes the application of the equation possible 
wherever soil surveys have been made. The infiltration model 
has been used successfully to predict infiltration and runoff 
volumes with laboratory and small plot data. More recently, 
Rawls and Brakensiek (1986) applied a Green-Ampt model to 
predict runoff volumes from natural rainfalls on single land 
use areas of up to 10 acres in size.

For the model to be fully useful there must be methods 
to easily handle the wide variety of soil and cover 
conditions found in working-sized watersheds. A method to 
estimate the Green-Ampt parameters for areas where soil 
surveys have not been completed is also desired. Prior to 
this study, peak discharge estimates' based on Green-Ampt 
infiltration have not been reported in the literature.
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Goal and Objectives

The goal of this study was to illustrate the advantages 
of the Green-Ampt infiltration model and to improve its 
usefulness by relating the models parameters to soil and 
cover characteristics. The modeling was done for 99 storms 
and for 12 watersheds in Montana and Wyoming.

Objectives of the study were:
1) To apply the Green-Ampt model to watersheds with areas 
from less than one to over 50,square miles.
2) To illustrate improved methods of computing Green-Ampt 
parameters from soils data, and to develop, methods of 
modifying the parameters to reflect cover conditions.
3) To develop methods for averaging the Green-Ampt 
parameters for the different soils and cover conditions found 
in a watershed.
4) To relate the Green-Ampt parameters to the SCS Curve 
Numbers and thereby provide a method of estimating the 
parameters where soils data are not available.
5) To compare the runoff volumes and the peak discharges 
obtained from the Green-Ampt model to those obtained by using 
the SCS curve number model and with observed volumes and
peaks.



4

CHAPTER 2 

LITERATURE REVIEW 

The Green-Ampt Equation
The Green-Ampt equation was one of the earliest physical 

infiltration equations developed.(Green-Ampt, 1911) It is 
based on Darcy's Law which states that the rate of water 
movement through a soil, v, is proportional to the head loss 
dh and inversely proportional to the length of the flow path 
dL.

v = K —  CD
dL

Where K is a proportionality constant defined as the 
hydraulic conductivity.

Green and Ampt considered the wetting front as an abrupt 
interface between wetted and nonwetted material. If yf is 
the capillary suction or the capillary pressure head at the 
wetting front, Lf is the depth of the wetting front, and hw 
is the depth of the water above the soil, then referring to 
Figure I and writing Darcy's Law

Lf+yf+hw
v = K ---- ------ (2)

Lf

Then with f representing the infiltration rate, F the volume
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Figure 1. Definition diagram for Green-Ampt equation
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of infiltration per unit area, n the soil moisture deficit, 
and hw considered negligible for most runoff conditions;

>Ii (3)
and F = nLf (4)
where n = Ge - 0i (5)

Ge = effective soil porosity
0j; = initial water content

combining f = K E-±_HXf) (6)
F

The equation is often integrated over time and can be solved 
for accumulated infiltration F at any time t. That step is 
not necessary for use in the computer model and the 
infiltration rate equation shown above is used in this study.

The value of K under conditions of infiltration has been 
found to be less than K at saturation because of entrapped 
air which prevents complete saturation. Bouwer (1982) 
suggests using a value of 1/2 of the saturated hydraulic 
conductivity for K in the Green-Ampt equation.

The assumption that an abrupt interface occurs between 
the wetted and nonwetted soil is not correct. Under true 
infiltration flow the wetted front is more diffuse and the 
water content as well as the hydraulic conductivity in the 
wetted zone increase with time. However, the equation has 
been shown to satisfactorily predict infiltration rates and 
volumes over time and is therefore useful for practical
applications.
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The advantage which the Green-Ampt equation has over 
empirical equations is that the parameters are physical Iy 
based and can be obtained from measurable properties of the 
soil.

The Green-Ampt Soil Parameters

The Green-Ampt equation for infiltration rate
f = K15LJL_nZf) (6)

F
has four unknowns K, F, n, and Yf which must be determined 
before the infiltration rate at any time can be found. The 
accumulated infiltration F is equal to zero at the beginning 
of the storm since all previous rainfall is assumed to be 
thoroughly mixed and accounted for with the parameter n .

The other parameters are inherent to. the soil, the soil 
cover and the initial soil mois.ture. When the normal range 
of each parameter is examined it becomes obvious that the 
hydraulic conductivity K is by far the most variable and 
therefore the most important parameter. The effective 
porosity is normally less than 0.6. Therefore n could vary 
from some small value to 0.6. The capillary pressure yf 
varies from about I inch to about 40 inches. K however 
varies over several orders of magnitude from about .002 to 
over 2 inches per hour for normal soils.

The general relationship between K and particle size has
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long been known. it can be shown by dimensional analysis 
that

Cd2 Y
K = — ------ (7)

w
where C = a dimensionless constant

d = a representative pore diameter 
~Y- specific weight of water 
/U = dynamic viscosity of water 

The factor d is usually assumed to be proportional to some 
representative grain diameter and C depends on other factors 
which affect flow including porosity, packing, and grain size 
distribution and shape. (Chow, 1964).

A number of formulas have been developed over the years 
to predict hydraulic conductivity or the related parameter 
permeability from other soil factors. These include Fair and 
Hatch (1933), Krumbein and Monk (1942), and Griffith (1955).
A brief literature survey on earlier research relating grain, 
size distribution to permeability was done by Masch and Denny 
(1966).

While past studies have proven statistically significant 
relationships between some of the properties of porous media 
and permeability, the application of these formulas has been 
limited. The renewed interest in the Green-Ampt equation for 
the purpose of modeling infiltration has spurred an increased 
interest in finding satisfactory estimates of hydraulic 
conductivity from other soil parameters.
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Transfer of functional relationships developed by- 
investigators in the petroleum industry to applications 
involved in flow through partially saturated media was made 
by Brooks and Cory (1964). Their work identified two 
pertinent soil parameters which relate soil saturation to 
capillary pressure. These parameters are the pore size 
distribution index and the-bubbling pressure or air entry 
pressure.

The Brooks and Corey equation is written as

se =
where

0 ' — 6r
Se = effective saturation = ----;--  (9)

I — ©r
yb = bubbling pressure
yc = capillary pressure
/t = pore-size distribution index
0 = soil water content
©r = residual soil water content
Brooks and Corey (1964) describe as a factor which • 

characterizes the pore size distribution and y^ as a measure 
of the maximum pore-size forming a continuous network of flow 
channels in the soil. More importantly, they showed how both 
factors can be easily obtained from a curve of the log of the 
effective saturation and the log of the capillary pressure.
On this curve the parameter y^ is the intersect where Se =
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1.0 and the parameter ?t is the negative slope of the curve.
Gupta and Larson (1979) used linear regression to relate 

the soil-water retention curves (i.e. the water content vs/ 
capillary pressure curves ) to the particle size 
distribution, the percentage of organic matter and the bulk 
density of 43 soils and dredged sediment samples.

Brakensiek and others (1981) used data from 1085 soil- 
water retention curves from soils with 11 different USDA 
textures and calculated the Brooks and Corey parameters.
They also calculated the Green-Ampt parameters from the 
estimated Brooks and Corey parameters using an equation 
(Brutsaert,1967) derived by substituting the Brooks and Cory 
equation into the Childs, Collis-George permeability 
integral,

K '  ” yb5 ( A + / X A + 2)

2  +  3  J
and yf = -------  (yb/2)

I + SA
where.a is a fitted factor and 6e is effective porosity.

McCuen et al (1981) used statistical analysis to show 
that the Brooks-Corey and Green-Ampt parameters vary 
significantly across soil texture classes.

Rawls and Brakensiek (1982) used data from 2543 soil 
horizons in 18 states to relate the water retention - 
capillary pressure curves to various soil parameters. They

(10)

(11)
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determined that the ability to predict water retention at 
other levels of capillary pressure was significantly 
increased by the addition of the -15 and -.33 bar soil water 
retention values.

Rawls et al. (1982) analyzed 1323 soils and 5350 soil
horizons and found the mean values of the Brooks-Corey and 
Green-Ampt parameters shown in Table I. Their analysis 
showed that average values of yf = 0.75 y^.

Table I. Mean Values of Soil Properties by Soil Texture

Texture
Class

Effective
Porosity

©e

Bubbling 
Pressure 

Yb
(inches)

Pore-size 
Dist.Index

Saturated 
Hydraulie 

Conductivity 
K

(in/hr)
Sand .417 6.29 .694 8.27
Loamy Sand .401 8.10 .553 2.41
Sandy Loam .412 11.89 .378 1.02
Loam .434 15.80 .252 0.52
Silt Loam .486 20.03 .234 0.27
Sandy Clay Loam .330 23.39 .319 0.17
Clay Loam . 390 22.22 .242 .091
Silty Clay Loam .432 27.69 . 177 .059
Sandy Clay .321 31.29 .223 .047
Silty Clay .423 30.13 . 150 .035
Clay .385 33.70 . 165 .024

The average values in Table I are a useful contribution 
to the Green-Ampt modeling process and enable a hydrologist 
to better estimate the parameters of the model. The 
parameters are further defined by Rawls et al. (1983) where
figures are plotted with the parameters as a function of the
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percentage of sand, and clay and different levels of porosity 
change.

Of greater use for this study were the prediction 
equations . (Brakensiek et al 1985) ■ The Fortran program in
that paper was modified for this study to a BASIC program 
with output in a tabular format. The program listing along 
with an example output file is in Appendix B .

Work has also been done examining the effects of 
agricultural tillage practices, soil crusting, coarse 
fragments in the soil, and frozen soil. (Brakensiek and
Rawls, 1983) (Brakensiek et al 1985) The use of this
information in this study will be described in a subsequent 
chapter.

The values of: the Green-Ampt soil parameters used in 
this study are those computed using the equations from 
Brakensiek et al. (1985). The parameters are computed from 
the percent sand, percent clay, and the soil porosity which 
are all found from data in a standard soil survey. A more 
detailed description of the procedure is given in Chapter 3.

The SCS Curve Number Method

The Soil Conservation Service (SCS) developed the runoff 
curve number procedure as a quick method to estimate direct 
runoff from a given amount of storm rainfall. A .complete 
discussion of the method is found in Chapter 10 National



13

Engineering Handbook Section 4, Hydrology (SCS,1972).
Rallison (1980) gives some historical background on the 
equation's origin and development. Victor Mockus, 
hydrologist with the SCS, is credited with the development of 
the equation in 1954 based on work done by Andrews and 
others.

■ The SCS runoff curve number procedure is probably the
most widely used procedure for determining storm runoff
volumes. The equation was developed by assuming that

F = & (12)
S P

where

Since F

F = actual retention of precipitation during a storm 
S = maximum potential retention 
Q = direct runoff
P = total precipitation or maximum potential runoff ■

Q -------  (13)
P+S

The total precipitation is now replaced by the precipitation 
after runoff begins (P - Ia) where Ia is the initial 
abstraction and represents interception, surface storage, and 
infiltration that occurs before runoff begins. Substituting 
P - I a for P yields

(P - Ia)2Q = ------------- - , (14)
(P - Ia)+ S

From field data the empirical relationship Ia = 0.2 S was 
determined. When this is substituted into the equation the
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usual form of the SCS runoff equation results.

CP-O.2S)2 
P+0.8S

(15)

for all values of P > 0.2 S .
Curve numbers were created for convenience in averaging 

and interpolating. The parameter S is related to the curve 
number (CN) as follows:

S _ IflOO _ i0
CN

(16)

Curve numbers may range from zero to 100. However the 
normal range for practical purposes is from about 40 to 98. 
Probably the reason for widespread use of the CN method is 
the availability.of tables which provide CN values for common 
soil and cover types found around the world.

The SCS has classified all soils into four groups 
defined as hydrologic soil groups. Soils are grouped based 
on similar profile characteristics,particularly depth, 
texture, organic matter, content > structure, and the degree of 
swelling when saturated. The four groups are labeled A, B,
C , and D . The A group has the highest infiltration and the 
lowest runoff while the D group has the lowest infiltration 
and highest runoff. (SCS,1972) As standard soil series are 
mapped and named by the USDA they are given a hydrologic soil 
group classification.

Curve numbers for cover types from forest and rangeland
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to cropland and urban land can be found for each hydrologic 
soil group and relative cover condition. (SCS,1972)
(SCS,1986)

The Hydrograph Model

The peak discharge can be calculated from the rainfall 
excess through the use of a hydrograph development model.
The model selected for use in this study was the SCS Computer 
Program for Project Formulation Technical Release Number 20 
(SCS, 1982) hereafter referred to as TR-20.

The TR-20 model develops flood hydrographs from runoff 
and routes the flow through stream channels and reservoirs.
It combines the routed hydrographs with those from 
tributaries and computes the peak discharges. The model 
performs the analysis of up to 9 different rainfall 
distributions on up to 200 reaches and 99 structures in one 
continuous run.

The hydrograph development model used in TR-20 is based 
on a dimensionless unit hydrograph which has as its ordinate 
the ratio of q/qp and as its abscissa values of t/Tp . Where 
q is the discharge at time t and qp is the peak discharge at 
time Tp . The computation procedure is described in Chapter 
16 of Section 4 of the National Engineering Handbook (SCS,

The dimensionless unit hydrograph is converted to an
1972).
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Incremental hydrograph for a specific watershed by the 
application of the equation

9p 484 AQ
Tp

(17)

where qp = peak discharge of incremental hydrograph in cfs 
A = drainage area in square miles 
Q = runoff in inches during time increment 
Tp = time from the beginning of the runoff increment 

to the peak discharge in hours
and 484 = a. constant determined from the hydrograph shape

and a.conversion of units
The computation interval in the model, At must be less 

than 0.25 Tp . This interval is also the duration of the 
incremental runoff. Tp in the model is calculated from the 
input parameter Tc, the time of concentration of the 
watershed, and At, by the equation

Tp = At/2 + 0.6TC (18)

The flood hydrograph is calculated by the summation of 
the ordinates of the incremental hydrographs, each of which 
begins one time unit, At, later than the previous one.

The hydrograph model was used with both the Green-Ampt 
and the Curve Number runoff distributions to predict the"peak 
discharges from the watersheds. The volumes and peak 
discharges, obtained by both methods will be compared to the
measured values.
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CHAPTER 3 

METHODS USED 

Data Base

Rainfall and. runoff data were obtained from two sources 
for use in this study. Most of the events which were modeled 
were from U.S. Geological Survey data published in Rainfal I 
and Runoff Data From Small Basins in Wyoming (RankI and 
Barker, 1977). That report contains 392 rainfall and runoff 
events for 22 small drainage basins in Wyoming. For this 
study it was necessary to also have a completed USDA soil 
survey on the drainage area. Nine drainage areas were found 
which had a completed soil survey. Five of these were in 
Natrona County, two in Washakie County and two in Carbon 
County. (See location map, figure 2). The largest of the 
Wyoming watersheds modeled was 10.8 square miles while the 
smallest was 0.71 square miles. All of them are in plains 
areas with rangeland cover conditions and have only ephemeral 
streamflow.

The rainfall and runoff data was tabulated in 5 minute 
intervals. The tabulated rainfall was usually the average of 
the rainfall at two recording gages, one located at the 
streamgage and one located near the upper end of the basin.
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Figure 2. Location of modeled watersheds
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Craig and Rankl, (1978) estimate the runoff accuracy as
within 10 to 15 percent of the true value and the rainfall to 
be within 20 to 25 percent of the true value.

Although each of the watersheds in Wyoming.had rainfall 
and runoff data for 15 to 24 events, only the largest 8 to 11 
peak discharge events were selected to be modeled from each 
watershed. This eliminated most of the very small events 
while still keeping a wide range of events. A total of 84 
events were modeled from the Wyoming data.

The other source of rainfall and runoff data was the 
Final Report - Drainage Correlation Research Project 
(Williams, 1971). Data for several runoff events on 5 
watersheds in Montana are in that report. Three of the 
watersheds were selected for this study. These were Loneman 
Coulee in Pondera County and East Duck Creek and Duck Creek 
in Prairie and McCone Counties. (See location map. Figure 
2). Loneman Coulee is a predominately cropland watershed 
with a drainage area of 14.1 square miles. East Duck Creek 
is a 13.7 square mile tributary of Duck Creek which drains a 
total area of 54 square miles. About 20 percent of the Duck 
Creek and East Duck Creek drainage is cropland with the 
remaining area being rangeland.

The largest 5 rainfall events were selected for modeling 
from each of these Montana areas. The watersheds each had 
two or more recording raingages as well as several non
recording raingages. Small amounts of preceding and
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following rainfall were deleted from the totals if they were 
separated by 12 hours or more and if they didn't appear to 
contribute to the peak runoff. Isohyets were then developed 
for each of the storms modeled and the average total storm ' 
rainfall was calculated from the isohytal map.

One of the recording gages was selected as being the 
most representative and was used to represent the time 
distribution of rainfall for the entire watershed. 
Precipitation at the recording gage was adjusted to the 
average for the area by.multiplying by the ratio of the area 
average total to the recording gage total.

The rainfall data for the Montana watersheds was only 
tabulated in one-hour increments. It was observed that the 
predicted runoff volumes for the larger events were good 
while the predicted runoff for smaller events with durations 
of only a few hours were quite low when the one-hour 
increments were used. An empirical relationship was 
developed to estimate the maximum 1/2 hour rainfall from the 
maximum recorded one-hour value. Using 47 precipitation 
events from recording gages in eastern Montana the following 
equation was developed:

pl/2 = . 6 7 6  P1 + .068 (19)
Where pi/2 = maximum 1/2 hour precipitation 
and P1 = maximum I hour precipitation

The correlation coefficient.for this relationship is .864.
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No improvement was made by including the 3-hour precipitation 
in the equation.

The greater intensity which resulted when the 1/2 hour 
rainfall was estimated by this equation increased the runoff 
volume from the smaller events while not significantly 
changing the runoff from the larger events. Table 2 shows 
the results of using the 1/2 hour estimates on the Loneman 
Coulee data.

Table 2. Effect of using estimated 1/2 hour precipitation on 
Loneman Coulee runoff.

Storm Precipitation Actual Runoff Predicted Runoff
1-hour 1/2-hour

--------------inches----------------------
1 5.15 1.67 1.69 1.70
2 '2.04 0.31 0.02 0.15
3 4.71 0.42 0.76 0.78
4 1.00 0.11 0.05 0.09
5 2.50 0.17 0.34 0.38

Soils data for the watersheds were found in published 
reports for McCone County, Montana (SCS 1984) and Washakie 
County, Wyoming (SCS 1983), and in unpublished reports for 
the other areas.

Soils maps for each watershed were measured to determine 
the area of each soil mapping unit in the watershed. The 
proportion of each soil series was then obtained from the 
mapping unit description. The required soil characteristics



22

were obtained for each soil series from either the published 
Soil Survey or from the Soils Interpretations Record (SCS 
Soils-5 data base). This data is accessed by computer 
through the Soils Information Retrieval System. (U.S . Army 
Corps of Engineers, 1983)

The Green-Ampt Infiltration Model 

Infiltration Conditions

Infiltration during a rainfall can occur under 3 types 
of conditions:

1) If the rainfall rate is less than the Green-Ampt 
saturated hydraulic conductivity then all of the rainfall 
infiltrates into the soil. If the soil is deep enough runoff 
will never occur if the rainfall continues at this rate.

2) If the rainfall rate is greater than the Green-Ampt 
saturated hydraulic conductivity but less than the 
infiltration capacity then all of the rainfall will 
infiltrate until the infiltration capacity has.reduced to 
less than the rainfall rate.

3) If the rainfall rate is greater than the 
infiltration capacity then runoff will occur and the runoff 
volume will be the difference between "the rainfall volume and 
the infiltration volume.

All three conditions are illustrated in Figure 3 for a
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variable rainfall. The application of the Green-Ampt 
equation to rainfall events with varying intensities requires 
the approximation that recovery of the infiltration capacity 
is relatively slow and brief dry or drizzle periods during 
the event do not affect the computations. Reeves and Miller 
(1975) used this approximation- and found that for long 
periods of low precipitation rates the resulting errors were 
up to 15 to 20 percent. During this study it was found that 
if the dry period exceeded about 12 hours better results were 
obtained by considering the rainfall periods as separate 
events. The area of Wyoming and Montana where this study was 
made is characterized by light vegetation, light rainfall and 
frequent winds which promote a rapid drying condition.

Infiltration Prior to Ponding

The first time increment during which runoff will occur 
may be determined by substituting the rainfall rate i for f 
in the Green-Ampt equation (equation 6) and solving the 
equation for F .
Then:

K n y f
F = ------  (20)

i - K

If the accumulated infiltration F exceeds the value obtained 
from this equation then runoff may occur.
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Interception and Depression Storage

Two additional variables are included in the model.
They account for some of the losses prior to runoff and 
together are sometimes referred to as surface retention.
They are interception and depression storage and are also 
illustrated on Figure 3. Interception storage is defined as 
the difference between the precipitation falling over an area 
and the part that reaches the soil. Interception water is 
retained on plant and litter surfaces and is returned to the 
atmosphere. It is therefore completely lost and is 
unavailable to runoff or infiltration.

Horton (1919) developed a number of empirical equations 
relating interception to cover type, height of cover, and 
total precipitation per shower. According to Horton's 
equation for meadow or pasture grass with a height of I foot, 
the interception from a 0.5-inch rain would be .045 inches 
and from a 1.0-inch rain would be .085 inches. Corbett and 
Couse (1968) working with annual grass and grass litter in 
southern California related interception to height of the 
grass times the percent cover and the storm rainfall. For a 
height of I foot and percent cover of 67 percent their 
equation gives .09 inches for a 0.5-inch rain and .106 inches 
interception loss for a 1.0-inch rain on the grass. They 
reported an additional loss of .033 inches to .04 inches from 
the grass litter for these rainfalls respectively when the
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grass litter was 1650 lbs. per acre.
It was decided that relating the interception loss only 

to cover density would be adequate for this study. Three 
levels of loss were selected to correspond with the 
hydrologic condition classes for rangeland. Thesex values 
were .05, .10 and .15 inches for poor, fair and good
condition respectively. Interception loss on dry cropland 
was assumed to be the same as for poor condition rangeland. 
Interception loss on fallow land was taken as zero.

Depression storage is defined as that volume of water 
which is required to fill the surface irregularities of the 
ground before runoff begins. It is water which is not 
available as runoff but may infiltrate after precipitation 
ceases. Depressions vary widely in area and depth. Onstad 
(1984) related depression storage on tilled surfaces to 
measurements of random roughness and to land slope. Based on 
Onstad's relationship and on roughness values reported by 
Rawls, it was decided that the variability of depression 
storage wasn't a major factor and a constant value of .05 
inches was used for all storms in all watersheds in the 
study. For smooth ground or steep ground the value may be 
one-half of this. For recently tilled ground the value may. 
be over 0.1 inches. Table 3 summarizes values of 
interception and depression storage used in this study.

The model assumes,that all of the interception must be
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satisfied from the rainfall before any infiltration or runoff 
occurs. The water is subtracted from the first increment of - 
rainfall. Depression storage does not occur until the 
requirement for accumulated infiltration has been met. Once 
the value for F has been met, the depression storage is 
subtracted from the first increment of runoff and runoff does 
not occur until depression storage has been satisfied.
Neither the interception nor the depression storage is■ 
assumed to recover during non-rainy periods of the storm.

Table 3. Interception and Depression Storage

Cover and Condition Interception
Storage

Depression
Storage

-Inches-----------
Rangeland - Good . . 15 ■ .05
Rangeland - Fair . 10 . 05
Rangeland - Poor . 05 .05
Small Grain (all) .05 .05
Fallow (all) 0 .05

For each rainfall increment the infiltration rate f is 
computed from the Green-Ampt equation. Infiltation and 
runoff, if any, is then calculated for the increment and the 
total infiltration F is determined. The rainfall for the 
next increment is then read and the program continues. The 
program, written in BASIC is listed as Figure 13 in Appendix 
C . A sample output file is shown .following the program
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listing. More than one time■increment is required for the 
mode I to operate correct Iy since runoff won't occur in the 
first time increment. The operating time increments may be ■ 
smaller than the increments of actual data if desired.

Output from the program is linked to a subroutine which 
calculates the weighted average of the runoff values from the 
runoff for each soil and cover type found in the watershed. 
The subroutine and sample output of the weighted average 
runoff distribution is shown following the main program in 
Appendix C .

The model is a one layer model and does not have the 
ability to consider restricting or impermeable layers. Only 
the surface layer soil description was used for determining 
the Green-Ampt soil parameters.

Calculating the Infiltration Parameters'

The Green-Ampt soil infiltration parameters, that is, 
the saturated hydraulic conductivity K, the wetting front 
capillary pressure Yf, and the effective porosity Oe , were 
calculated from the soil characteristics using Brakensiek1s 
equations (Brakensiek eh al.,1985). The listing of a BASIC 
program to make those calculations and a sample tabular 
output is provided in Appendix B .

The required input data to compute the Green-Ampt 
parameters is the percent sand, percent clay, and the soil
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porosity. The percent clay is found directly on the Soil 
Interpretation Record (SCS Soils 5). A range of values is 
given for a particular soil series and for each surface 
texture. The midpoint of that range was used in all cases 
for this study since specific on-site data were not available

The percent sand is calculated from the data on the SCS 
Soils 5 as:

Percent Sand = 100 - 100 I/G (21)
Where I = percent of material less than 3 inches which 

passes the No. 200 sieve.
and G = percent of material less than 3

inches which passes the No. 10 sieve.

The percent organic matter was also read from the SCS 
Soils 5. The soil porosity was found from the percent sand, 
percent clay and the percent organic matter by the following 
procedure:

1) The mineral bulk density was found from Figure 4 
for the given percent sand and percent clay. (Rawls,1983)

2) The soil bulk density was found by the equation
100

SBD = OM + 100 - PM (22)
.224 MBD

Where SBD is the soil bulk density.
O M . is the percent organic matter,
MBD is the mineral bulk density'.
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and .224 is the average organic matter hulk density.
3) The porosity was then calculated by the equation

6 = 1 -  SBD/2.65 (23)

Where 6 is the soil porosity and 2.65 is the 
average specific gravity of soil.

Adjustment was made to the hydraulic conductivity 
for the soils with coarse fragments by the following 
equation:

Kc = ( I - Zl/100) K (24)

Where Zl = the percent of coarse fragments 
and Zl = E + [(I - E/100)(100 - G)] (25)

Where E = percent by weight of material > 3 inches and 
G = percent of material < 3 inches passing the No. 10 sieve.

For most of the soils in this study, the percent 
fragments was less than 15 percent. Because the range of K is 
so broad the coarse fragment adjustment did not make a 
significant change in the predicted runoff. Much more 
important are the adjustments for land use and cover 
condition which will be described later.

Soil Moisture Deficit

Additional parameters calculated by Saxton's equations 
include the effective porosity and moisture content at the 
1/3 bar and 15 bar soil moisture tension levels. These
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levels of soil moisture are commonly referred to as the field 
capacity and wilting point levels. The effective porosity is 
defined as the total porosity less the residual soil water 
where the residual is the moisture that is normally not 
removed with air drying. Field capacity is the water content 
found after a well watered soil is allowed to drain by 
gravity for a day or two. The wilting point moisture is 
about the level at which most crops can no longer extract the 
water'.

The soil moisture deficit in the Green—Ampt equation is 
defined as the moisture at saturation minus the initial 
moisture. However, Rawls and Brakensiek (1983), in 
development of their model, have reduced this to the 
effective porosity minus the initial moisture.• Although this 
does not appear to be correct, this study follows that 
convention.

The initial moisture at the time of a storm event must 
be estimated for application of Green-Ampt equation. The 
normal range of soil moisture of the surface layer throughout 
the year can be expected to be between the field capacity and 
the air-dry condition. The field capacity will be exceeded 
for only a day or two after a rainstorm until drainage 
occurs. When the soil dries below the wilting point 
transpiration becomes very low so that further drying is 
slower and mostly by evaporation.
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General observations and discussions with soils 
scientists have indicated that soil moisture on rangeland in 
the plains areas of Montana and Wyoming approaches the field 
capacity only briefly each year. Cary (1984), with 32 soil, 
moisture observations over a two-year period on Prairie Dog 
Creek in southeastern Montana, showed no soil moisture over 
80 percent of the apparent field capacity. Williams (1971), 
reporting the soil moisture content at the time of runoff 
events, showed an average of 12.4 percent moisture on Duck 
Creek and 16.0 percent moisture on Loneman Coulee. These 
values are much closer to the 15 bar moisture than to the 1/3 
bar level. Therefore the 15 bar moisture level was assumed 
for all storms for use in the Green-Ampt model. Some 
additional runs were made with other moisture levels for 
comparison purposes.

To summarize, the soil moisture deficit used was the 
effective porosity minus the 15 bar moisture. These values 
were taken from the printout as shown in the Appendix B .

Runoff Curve Numbers

Runoff curve numbers were determined for each of the 
watersheds modeled. The values of Table 9.1 of Section 4 of 
the SCS National Engineering Handbook (SCS, 1972) were used 
for rangeland. These values are nearly the same as those of' 
Figure 9.5 for herbaceous vegetation in the same publication.
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Curve numbers for small grain and fallow ground are as shown 
in Table 9.IA with good residue management. The curve 
numbers used for cover types, soil groups, and conditions
found in the modeled watersheds are listed in Table 4.

Table 4.. Runoff Curve Numbers Used in the Curve Number 
Model.

Land Use Treatment Hydrologic
Condition

Hydrologic
B

Soil
C

Grou]
D

Fallow Good Residue
Management — 83 88 90

Small grain Good Residue Poor 73 81 85
Management Good 72 80 84

Range or Poor 79 86 89
Pasture — Fair 69 79 84

Good 61 74 80
Rockland and Barren — — 90 92 95

Peak Discharge

The peak discharge for both the Green-Ampt and the curve 
number runoff models was calculated using the SCS TR-20 
hydrograph development model as previously described (SCS, 
1982). The SCS unit hydrograph was used in all cases. Only, 
two additional parameters were needed to estimate peak flow. 
These were the drainage area of the watershed and the 
watershed time of concentration Tc . The drainage area was 
given for each watershed in the source documents. The time
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of concentration was taken from the rainfall and runoff data 
in the source documents. The time of concentration is 
defined as the time from the end of the excess rainfall to 
the point of inflection on the recession limb of the 
hydrograph. This time was estimated by inspection for 
several storms and averaged for each watershed. The same 
value was used for all storms and for both.models on each 
watershed. _

All of the watersheds except Duck Creek were modeled as 
a single hydrologic unit. Therefore there were no channel 
routing reaches involved in the smaller watersheds. Duck 
Creek, because of its size.(54 square miles), was modeled as 
four subwatersheds and the separate hydrographs routed and 
combined as necessary. This required estimating the reach 
routing parameters for that watershed. The timing of the 
outflow hydrograph was checked against the actual to 
determine if the parameters were badly in error. By modeling 
Duck Creek as four subwatersheds, not only was it able to 
better characterize the runoff parameters, it was also 
possible to model the variable precipitation over the
watershedi
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CHAPTER 4

RELATING THE GREEN-AMPT PARAMETERS TO CURVE NUMBERS

The curve number method has served well to Index runoff 
for various cover conditions. If the Green-Ampt soil 
parameters are related to curve numbers, then various cover 
conditions can be modeled with the Green-Ampt method without 
extensive new research.

On-site soils data is expensive to obtain and soil 
surveys are not available over all of the country. Soil 
surveys are less likely to be completed in rangeland areas of 
the West such as the areas with which this study deals. If 
the Green-Ampt infiltration parameters could be estimated 
from the curve numbers, then the model could be used with as 
little investigation of the soils as is now required for the 
curve number method.

- Reducing the Variables ..

The runoff volume computed with the curve number method 
varies only with the total rainfall amount and the curve 
number. The runoff volume from the Green-Ampt method varies 
with the hydraulic conductivity, the wetted front capillary
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pressure, and the soil moisture deficit in addition to the 
total rainfall and the rainfall intensity.

The standard design rainfall distribution for the Soil 
Conservation Service for eastern Montana and Wyoming is 
called the 24-hour Type 11 rainfall. It is characterized as 
having a 6-hour storm within the 24-hour as being 71 percent 
of the 24-hour and a one-hour storm as 45 percent of the 
24-hour. For a fixed total rainfall, the intensity of each 
increment is fixed. A Type 11 rainfall was selected as a way 
to control the variability of the precipitation and better 
examine other relationships.

Initial moisture was fixed at.the 15 bar level. The 
effective porosity was taken as the maximum.moisture level 
and the difference became the moisture deficit. The 
hydraulic conductivity and wetted front capillary pressure 
along with the soil moisture values were calculated with the 
equations in Appendix B for a number of soils'. After the 
parameters were calculated for a number of soils, they were 
plotted and it became apparent that the wetted front 
capillary pressure is highly correlated with the hydraulic 
conductivity. This is in agreement with other studies 
(Birakensiek, Engleman and Rawls, 1981) . A regression 
analysis of logarithms of'computed Yf vs. computed K was 
made. A small constant added to K resulted in a slightly 
better fit. The resulting curve and plotted points are shown
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in Figure 5.. The derived relationship was:

Yf 4.903 (K +'.02) -.4932 (26)
The correlation coefficient for this equation is .99 and 

the standard error of Yf in log units is .035.
With Yf a function of K and all of the other variables 

held constant, the Green-Ampt model was run with a 3-inch 
total precipitation and a Type II rainfall distribution. The 
total predicted runoff from the model was then used together 
with the total precipitation to calculate an equivalent curve 
number. The equivalent curve number is that curve number 
that would predict the same runoff volume from the same 
amount of precipitation.

The results are plotted in Figure 6 which shows that 
the logarithm of K varies with the curve number. For values 
of curve numbers between 55 and 94, the resulting equation 
is:

K 21462 e-.16061CN (27)

The relationship is very strong with the correlation 
coefficient being -.993. Below a curve number of about 60 
and above a curve number of about 92, there appears to be 
increased error in the curve and a tendency for the points to 
plot below the straight line exponential relationship.
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Variability of the K vs. CN Relationship

The relationship between K and CN can be examined for 
sensitivity to the other variables. A variation in total 
precipitation does not significantly change the relationship 
except for low values of runoff (i.e ., high values of K). 
This may be as a result of the storm distribution selected.

The initial moisture deficit has the effect of moving 
the curve to the left or right. Thus, a family of curves 
could be derived with the same slope but with a different 
coefficient for levels of moisture deficit. Table 5 shows 
the expected runoff and the equivalent curve number for two 
soils with varying initial moisture deficits.

Table 5. The Effect of Varying the Initial Moisture
Deficit on Runoff and Equivalent Curve Numbers

Hydraulic Initial Moisture Runoff Equivalent
Conductivity Deficit Curve Number

K
— in/hr— — inches—

.3 .4 .708 69.9
.3 .783 71.5
. I 1.00 75.7
. 05 1.11 77.7

.05 .4 1.09 77.3
.3 I . 18 78.9
. I 1.51 83.9
. 05 1.71 86.6

The difference between the 15 bar and the 1/3 bar 
moisture condition results in an equivalent curve number
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change of only 3 or 4. Very wet conditions and very dry 
conditions may result in variations of the equivalent CN of 
up to 10.

The variation of equivalent curve number with initial 
moisture is interesting because of how this relates to the 
antecedent moisture conditions adjustment recommended for use 
with the curve number method (SCS, 1972). Table 10.1 in 
NEH-4 shows the recommended curve number for a wet condition 
is 86 and the recommended CN for the dry condition is 53 when 
the average condition CN is 72. This is a range of 33 
compared to the range of less than 10 suggested by the Green- 
Ainpt model. This is easier to understand if the values 
described as being antecedent moisture level values are 
recognized only as upper and lower enveloping curve numbers 
(Rallison, 1980). Since the enveloping curves ignored the 
effect of precipitation intensity and all other variables, 
the range can be expected to be greater than from the effect 
of antecedent moisture level alone.

The feature that the Green-Ampt model is sensitive to 
precipitation intensity is what gives it some advantages over 
the curve number method. Relating the parameter K to the 
curve number is not intended to reduce this advantage. It is 
hoped that by relating the parameters for a storm 
distribution which includes a range of intensities that a 
median value was derived. To test the effect of the
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distribution pattern on the K vs. CN relationship, a SCS Type 
I distribution was used. The Type I rainfall distribution is 
less intense than a Type II. It has a 1-hour maximum of 28 
percent of the 24-hour and the maximum 6-hour is 57 percent 
of the 24-hour. The equivalent CN values obtained plot to 
the left of K vs. CN curve obtained with the Type 11 
precipitation. For the same soil K value, runoff is lower 
and the equivalent CN is about 8 to 12 points lower than it 
was for the Type 11 rainfall. Areas where the Type I 
distribution is representative may require a different 
relationship if the CN values were originally derived from 
local data.

Rawls and Brakensiek (1986) used 330 runoff events for 
17 watersheds in 5 geographic areas to compare runoff volume 
predictions between Green-Ampt and Curve Number methods. The 
midpoint of their calculated values of K and CN for each of 
the geographic areas is plotted on Figure 6. Four of the 
five points plot very close to the line developed from the 
Type 11 storm. Only the data from Chickasa, Oklahoma plots a 
significant distance from the curve. Since the curve number 
method significantly underpredicted runoff from pasture in 
their study and the Chickasa data was all for pasture, it is ' 
possible that the curve number estimate for the Chickasa 
sites was low. Overall, the Rawls and Brakensiek study 
supports the use of the K vs. CN relationship developed from
the Type 11 rainfall distribution.
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CHAPTER 5

THE EFFECT OF COVER CONDITIONS 

The Variation of K with Porosity

The hydraulic conductivity of a soil is known to vary 
with the porosity. Of the three parameters in Brakensiek‘s 
equations (sand, clay and porosity), only porosity varies 
significantly over time for a given soil in a given 
location. It is logical then to assign the variability of K 
due to cover conditions and management to the variation with 
porosity.

By varying the porosity for a number of soils and using 
Brakensiek's model to predict K, it becomes apparent that 
soil texture also affects the relationship. Figure 7 is a 
plot of K vs. the change in porosity in percent for soils 
with a wide range of K and representing soils in the D,'C, 
and B hydrologic groups. The logarithm of K varies nearly 
linearly with the porosity for each soil. The finer texture 
soils, with a greater clay content and lower K, have a 
greater variation of K for the same change in porosity.
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Relating Porosity Variation to Cover Type

Although porosity is known to vary with cover type and 
condition, a defined relationship is not known. However, 
the curve number method relates runoff to cover conditions. 
A change in porosity can be selected which changes the 
equivalent curve number to correspond to curve numbers in 
the standard table. This provides a way to account for 
cover conditions.

Model Calibration

The relationships used to estimate the Green-Ampt 
parameters from soil texture and porosity were developed 
from laboratory data. It was not known how well they would 
relate to field conditions and predict infiltration and 
runoff volumes from variable rainfall conditions. Initial 
tests were made using the predicted Green-Ampt parameters 
and the Wyoming rainfall and runoff data. Results' from 
those tests were very good without any adjustments in the 
parameters. Based on these tests and verified with 
additional runs, the predicted parameters are taken to 
correspond with range I and grass cover in fair condition.

Adjustments to the Green-Ampt parameters were made only 
to lands that did not have a fair condition grass cover.
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Watershed Cover Condition Adjustments

The porosity changes which were used to adjust for 
cover conditions are shown in Table 6. These changes were 
developed for each of the three hydrologic soil groups to 
result in changes in the equivalent curve number that was 
shown in Table 4 with the exception of fallow land and 
rockland.

Table 6 . Porosity Adjustments for Cover and Condition.

Cover Hydrologic
Condition

Hydrologic
B

Soi I 
C

Group
D

Pasture or Poor -17 . -10 -6
Range Fair 0 0 0

Good ■ +22 + 9 +6
Small Grain Poor -3 -3 -2 '

Good "12 -7 -5
Fallow — -12 -7 —5

The adjustment used for fallow land is not as great as 
the procedure would indicate in an attempt to compensate for 
tillage. Tillage practices have been shown to increase 
porosity 15 to 30 percent (Rawls, Brakensiek and Soni,
1983). This value then decreases over the season between 
tillage operations. Having an opposite effect on runoff 
from unprotected soil is soil crusting (Brakensiek and 
Rawls, 1983). The curve number should reflect the average
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conditions for a given cover type and thereby include the ■ 
interactive effects of both tillage and crusting. However, 
the effects of tillage in the drier climate of eastern 
Montana is believed to be more influential than crusting on 
infiltration and runoff.

Rockland was actually a soil classification and not a 
cover type. As much as 20 percent of some of the soil 
mapping units were classified as rockIand. The curve number 
method was used to estimate the Green-Ampt parameters for 
rockland. Rockland is generally not 100 percent impervious 
and a curve number of 90 to 95 is typical for this site.
The equivalent value of K was calculated from the CN value. 
The wetted front capillary pressure was then estimated from 
K. A low initial moisture deficit was selected— about 5■ 
percent—  to account for the small moisture storage on this 
type of land.

Estimating Rangeland Cover Condition

Cover conditions for range land are broadly classified 
as good, fair, and poor. This hydrologic condition is best 
related to ground cover. Ground cover density has been 
related to curve number for the four hydrologic soil groups. 
(Chow, 1964). Table 7 was developed using the midpoint of 
the percent cover values between the curve number values of 
Table 9.1 in the National Engineering Handbook (SCS, 1972).
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Table 7. Percent Ground Cover for Rangeland Hydrologic 
Condition Classes.

Hydrologic Condition Percent Ground Cover

Poor <50
Fair 50-78
Good >78

In order to estimate the hydrologic condition without 
visiting the site, another relationship was used. Rauzi, 
Fly, and Dyksterhuis (1968), reporting on 670 infiltrometer 
tests in the Great Plains, showed that the percentage of 
ground cover was significantly related to pounds of vegetal 
cover.. Data from their study is plotted in Figure 8. Each 
of the data points plotted represents an average of a number 
of observations on a particular range site. From this data 
the following relationship was found:

C.= 1.485 Wv '5 - 11.96 (28)
where C = percent cover
and Wv = Vegetal Weight in pounds per acre.

The correlation coefficient for this relationship is 
.864 and the standard error of estimate of percent cover is 
11.33.

The standard soil survey or the SCS Soils-5 provided an 
estimate of potential production. This potential production 
is assumed to be 50 percent of the total vegetal weight at
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the site. This vegetal weight was then used to estimate the 
percent ground cover using the above equation. The 
hydrologic condition was then found in Table 7.

This method does not identify good or poor management 
in that the rangeland may be overused. However, it 
identifies those soils which do not have the potential to 
ever be in other than poor hydrologic condition. The 
porosity adjustments were made for range Iand.based on this
procedure.
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CHAPTER 6

METHODS OF AVERAGING GREEN-AMPT PARAMETERS 

The Need for Averaging

When drainage areas exceed more than a few acres in 
size, it is normal to expect more than one soil type. The 
watersheds in this study which ranged from 454 acres to 
34,600 acres had from 4 to 15 separate soil series each.

Cover conditions also are variable over the watersheds 
Even watersheds with only one cover type frequently have 
more than one condition class.

Although it is possible to calculate the runoff from 
each of the soil, cover, and condition types in the 
watershed and average these values, the computations are 
easier and less complicated if at least some of the values 
can be averaged.

Comparing Methods of Averaging

Since K is log-normally distributed (McCuen et al. , 
1981), the geometric mean is a logical choice to represent 
the average of several values. A few simple tests of this 
hypothesis show that it is true.

Rawls and Brakensiek (1986), working with drainage



53

areas less than 10 acres, used the mean values of the 
percentages of sand and clay and bulk density to derive the 
average Green-Ampt parameters. The following example 
compares the two averaging methods.

A small watershed has only one soil mapping unit 
described as a Theedle-Shingle-Kishona Complex. About 40 
percent of the area is Theedle clay loam,, 35 percent is 
Shingle loam, and 25 percent is Kishona clay loam. The area 
is all rangeland and it is determined that the Theedle soil 
is in fair hydrologic condition while the Shingle and 
Kishona soils are in poor condition. Table 8 lists the 
soils parameters and the calculated Green-Ampt parameters 
for the three soils with these hydrologic conditions.

Table 8. Example of Soil Parameters to Compare 
Averaging Methods.

Parameter
—  Soil 
Theedle 
Fair

and Condition — —  
Shingle Kishona 
Poor Poor

Weighted
Mean

Weighted 
Log mean

Percent sand 30.8 25.7 14.3 24.9 ____
Percent clay 31.5 22.5 ' 31.0 28.2 —

Porosity .501 .503 .410 .479 '----
Hyd. cond. K .1394 ' .1609 .0065 .1137 .0681
Cap. pres, yf 9.84 ' 10.53 30.18 15.17 13.33
Eff. por 6e .396 .418 .319 .385 —

15 bar moist . 187 . 150 .187 . 174

Also shown in Table 8 are the weighted mean values of each 
of the parameters and the weighted geometric mean of K and
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Yf •
A hypothetical storm with 3.5 inches of precipitation 

was used to compare runoff volumes. ' The runoff from each of 
the soils was averaged to show the true volume of runoff.
The runoff from the model predicted with the arithmetic 
average was significantly low. The runoff predicted by 
using the geometric mean of K and Yf was less than 2 percent 
in error. The method of averaging the percentages of sand 
and clay and porosity resulted in similar values of K and Yf 
as those obtained by geometric averaging and an error of
about 3 percent. The numerical data is shown in Table 9.

)

Table 9. Predicted Runoff Using Different Averaging- 
Methods for 3.5 Inch Rainfall.

Soil Type Runoff 
— inches—

Averaging Method Runoff 
-inches—

Theedle 1.393 Arithmetic mean K,Yf 1.34
Shingle 1.238 Geometric mean K,Yf 1.61
Kishona. 2.599 Mean Sand, Clay, Porosity 1.59
True weighted 
average I . 640

The results of this example are typical of results with 
other soils and storms and show that in general either the 
calculated parameters K and Yf can be averaged by using 
their logarithms or the sand, clay and porosity values can 
be averaged and used to predict average Green-Ampt values.

There are conditions when averaging results in a
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significant loss of accuracy. When precipitation amounts 
are small, it is not uncommon that runoff will be zero for 
many of the soil and cover conditions in a watershed. A few 
areas of rockland or some poorly covered clay soils may, 
however, have significant runoff. In this case if the 
parameters are averaged the predicted runoff will be lower 
and may be significantly in error. Not only the volumes of 
runoff may be in error but the time distribution of the 
runoff may change with averaging. This may result in a 
different prediction of the peak flow.

When to Average

To minimize the errors of averaging the Green-Ampt 
parameters in the watersheds that were modeled, a grouping 
method was used. After the hydraulic conductivity was 
calculated for each soil, cover, and hydrologic condition in 
the watershed, the value's were grouped into no more than 
four groups.. Soils with similiar values of K were put i.n 
the same group. The geometric mean of K for each group was 
then calculated and used in the model to predict runoff. In 
the above example the Theedle and Shingle soils would have 
been combined, leaving two groups.

By grouping in this manner, a significant reduction was 
made in the number of runs with the model without a 
significant loss in the accuracy. As many as 15 soiIs-cover

(
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types were reduced to three or four runoff groups.
After the geometric mean K for the group was 

determined, the value of Yf was found from the equation 
relating Yf to K. The arithmetic average.of the effective 
porosity and the wilting point moisture was used to 
determine the initial moisture deficit of each group. In 
order to use the grouping approach the K values must be 
calculated first. This makes the method of averaging the 
sand, clay and porosity more time consuming and less
desirable than the method that was used.
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CHAPTER 7 

RESULTS 

Runoff Volume

The results for each of the 99 storm events are listed
in Table 17 in Appendix A. Summaries by watershed are shown
in Tables 10 and 11. Table 10 compares the curve number
predicted runoff volume to the measured runoff volume. Table
11 compares the Green-Ampt predicted runoff volume to the
measured runoff volume. Both the coefficient of

2determination R and the standard error of estimate are shown 
for both sets of data.

The mean runoff volume for the Green-Ampt method is
nearer to the actual mean runoff volume than the curve number
estimate is for all 12 watersheds. Although the coefficient
of determination for the Green-Ampt estimates of runoff

2volume is greater than R for the curve number estimates in 
only 6 of the 12 watersheds, the standard error of estimate 
is lower for the Green-Ampt method in 9 of the 12 watersheds.

The improvement of the Green-Ampt estimates over those 
using the curve numbers is more apparent when the data is 
combined. Figures 9 and 10 illustrate graphically the
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Table 10. Runoff Volumes by the Curve Number Method.
Watershed No

Events
Mean
Runoff

Mean
CN Runoff R2

Standard
Error

2672.6 8
inches

.135 .073 .950 .081
2672.7 9 .115 . 130 . 910 .082
3129.1 10 .502 .229 .839 .348
3129.2 10 .202 . 106 .621 . 158
3130.5 9 . 183 .098 .674 . 151
3131.8 9 .469 .254 .964 .259
6448.4 8 . 170 . 144 .918 . 133
6311.5 11 .084 .031 .801 .067
6349.5 10 .086 . 168 .789 .250
Loneman Coulee 5 .536 1.224 .616 1.265
Duck Creek 5 . 191 . 117 .063 .214
East Duck Creek 5 . 160 . 125 .021 . 124

Table 11. Runoff Volumes by the Green-Ampt Method.
Watershed No

Events
Mean 
Runoff

Mean
GA Runoff R2

Standard
Error

2672.6 8 . 135
-inches-----

. 133 .945 .066
2672.7 9 .115 . 119 .862 .044
3129.1 10 .502 .462 .908 . 122
3129.2 10 .202 .271 .699 . 192
3130.5 9 . 183 .212 .897 . 126
3131.8 9 .469 .432 .916 . 119
6448.4 8 . 170 .240 .962 .270
6311.5 11 .084 .032 .401 .081
6349.5 10 .086 . 136 .589 . 126
Loneman Coulee 5 .536 .620 .906 .259
Duck Creek 5 . 191 . 132 .321 . 176
East Duck Creek 5 . 160 . 142 .002 . 121

accuracy of the two procedures for all conditions. The data 
are plotted on a log-log scale so that the scatter over the 
large range of values is easier to see. Zero values were
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Figure 9. Runoff volume, Green-Ampt method

Measured Runoff (Inches)

gure 10. Runoff volume, Curve Number method

Measured Runoff (Inches)



60

plotted as .001. The curve number was quite poor for many of
the small rainfall events. Many of the Wyoming storms were
of short duration and high intensity. While the Green-Ampt
method modeled these satisfactorily, the curve number method
did not. Table 12 provides a summary comparison by state and

2for the total storms modeled. The improvement in R for the 
Green-Ampt method is seen to be significant.

Regression analysis was performed on predicted runoff 
vs. measured runoff for both of the methods. The intercept 
and slope of the least squares best fit line is shown on 
Table 13. The results for the combined data especially show 
an intercept nearer to zero and a slope closer to 1.0 for the 
Green-Ampt analysis.

Table 12. Comparison of Runoff Volumes by State.

Location Variable Mean R2 Inter
cept

Slope Stand. 
Error

Wyoming 
(84 events) Measured runoff 

G-A runoff
.216
.225 .816 .047 .755 . 125

CN runoff . 136 .591 .096 .883 .176
Montana 
(15 events)

Measured runoff 
G-A runoff

.296

.298 .870 .038 .864 . 161
CN runoff .489 . 645 . 107 .386 .619

Total
(99 events)

Measured runoff 
G-A runoff

.228

.236 .831 .043 .787 . 129
CN runoff . 190 .503 . 136 .489 .278
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The standard errors shown in Table 12 also indicate 
that the Green-Ampt method is better than the curve number- 
method. These values were calculated on the observed and 
model predicted values and not on the regression analysis 
described above.

Peak Discharge

Peak discharge summaries by watershed are shown in
Tables 13 and 14. Table 13 shows the peak flow computed
with the curve number runoff and Table 14 shows the peak
flow computed with the Green-Ampt runoff. The predicted peak
for.each storm is shown in Table 17 in Appendix A. A
comparison, of the tables shows that the mean peak discharge
computed by the Green-Ampt method is nearer to the measured

2mean for 11 of the 12 watersheds. The value of R is greater
for the Green-Ampt method in 11 of the 12 watersheds. Eleven
of the 12 watersheds also have a lower standard error of
estimate when the Green-Ampt method is used.

The combined data is illustrated in Figures 11.and 12.
These data are also plotted on a log-log scale. The errors in
the runoff volume data are magnified when used with the
hydrograph model to predict peak flows. Table 15 summarizes
the peak discharges for each state and for all of the storms
modeled. The improvement in predicting peak flow with the
Green-Ampt method over the curve number method is shown by

2higher values of R .and the lower standard error of estimate
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Figure 11. Peak flow, Green-Ampt method
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igure 12. Peak flow, Curve Number method
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obtained with that method. Table 16 shows the comparison of 
the log transformed peak discharge values. The transformed 
values also show the Green - Ampt method to be superior.

Table 13. Peak Discharge by the Curve Number Method.
Watershed No

Events
Mean
Peak
Discharge

Mean 
CN Peak R2

Standard
Error

2672.6 8
------- CFS-
196.4 46.0 .490 193.52672.7 9 71.6 58.8 .230 65.63129.1 10 331.6 99.6 .875 578.73129.2 10 143.4 39.8 .003 173.23130.5 9 966.7 195.9 .895 1457.83131.8 9 252.3 60.0 . 298 260.6

6448.4 8 263.9 112.9 .859 242.56311.5 11 423.5 38.5 .212 494.9
6349.5 10 93.5 92.4 .297 85.9
Loneman Coulee 5 478.0 692.8 .752 498.0
Duck Creek 5 174.0 346.4 .004 389.4
East Duck Creek 5 129.0 124.0 .204 141.8

Table 14. Peak Discharge by the Green-Ampt Method.
Watershed No

Events
Mean
Peak
Discharge

Mean 
GA Peak R2

Standard
Error

2672.6 8
------- CFS
196.4 106.7 .494 141.42672.7 9 71.6 63.2 .498 39.83129.1 10 331.6 229.2 .936 397.53129.2 10 143.4 145.4 . 317 101.33130.5 9 966.7 588.0 . 925 808.53131.8 9 252.3 157.0 .449 162.66448.4 8 263.9 257.4 . 916 146.36311.5 11 423.5 77.4 .420 440.9

6349.5 10 93.5 120.1 .569 116.1
Loneman Coulee 5 478.0 447.2 .925 378.5
Duck Creek 5 174.0 340.4 .074 325.3
East Duck Creek 5 129.0 127.4 .034 116.0
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Table 15. Comparison of Peak Discharge by State.

Location Variable Mean Inter
cept

Slope Stand.
error

Wyoming (84 events)
Measured peak 
Green-Ampt peak 
Curve Number peak

305
190 .811
82 .658

23.2
43.6

1.482
3.212

317
508

Montana (15 events)
Measured peak 
Green-Ampt peak 
Curve Number peak

260
305 .708
388 .664

-109.7
-25.2

1.213
.737

246
311

Total (99 events)
Measured peak 
Green-Ampt peak 
Curve Number peak

298
208 .780
128 .325

2.6
137.5

1.425 
I . 259

305
481

Table 16 Comparison of log transformed Peak Discharge.

Location Variable Mean
log

R2 Standard 
error of logs

Wyoming (84 events)
Measured peak 
Green-Ampt peak 
Curve Number peak

2.2030
1.9040
1.2982

.336

.089
.6040

1.2074
Montana (15 events)

Measured peak 
Green-Ampt peak 
Curve Number peak

2.2184
2.3347
2.3207

.239 

. 176
.3971
.5226

Total (99 events)
Measured peak 
Green-Ampt peak 
Curve Number peak

2.2054
1.9692
1.4532

.310

.082
.5740

1.1837
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Errors of prediction are significant for both models. 
Part of the errors can be attributed to errors in the input 
values of precipitation. The measured values of runpff 
volume and peak discharge also contain errors. Perfect 
agreement between the observed values and values predicted by 
any model therefore can never be obtained. A particular 
model can best be evaluated against itself, where 
improvements have been made to it, or against another model, 
as was done in this study.

An important constraint was placed on this modeling 
effort. Parameter fitting was not done. With the exception 
of the general calibration which set the unadjusted output at 
the fair condition range I and level, adjustments were not 
made. The results should be unbiased by the author's 
opinions as much as possible and another hydrologist should 
be able to follow the procedure and arrive at similar 
results. The ability to reproduce results is important to a 
model which could have widespread application by minimally 
trained technicians.

Both of the models significantly under predicted the 
runoff from watershed 6311.5. Nearly every storm runoff was 
underestimated by both models. (see Table 17) This watershed 
is characterized as having significant amounts of very 
shallow soil. Over 10 percent of the area has only 3 to 6 
.inches of soil over shale bedrock. The Green-Ampt model
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which was used only considered one layer of Soil and had no 
provision for completely filling the soil profile. A model 
which allows for a less permeable or impermeable lower layer 
would be desirable for some watersheds.

There are a number of instances where the comparison of 
computed to observed runoff could have been improved by 
recognizing the probability of a wet antecedent moisture 
condition at the time of the storm event. It would be ' 
interesting to evaluate the effects of initial moisture and 
to determine if the Green-Ampt model accurately pre'dicts 
runoff from wet and dry conditions. i

Conclusions and Recommendations
ii' ■ .The Green-Ampt model was used successfully to predict 

runoff from rainfall events on rangeland and cropland in 
Montana and Wyoming. The Green-Ampt model performed better 
than the curve number model for predicting runoff volumes..
This resulted in a more accurate prediction of peak flow When 
the runoff distribution was input to a hydrograph model.

The hydraulic conductivity of the soil was related to 
the SCS curve number for a given storm distribution. This . 
provides a method for adjusting the basic soil hydraulic 
conductivity for different cover types and hydrologic 
conditions. It was shown that hydraulic conductivities for 
different soil and cover types can be averaged by using the
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logarithms of the values. This enables large watersheds to 
be modeled as easily as with the curve number method.

The Green-Ampt infiltration model more .accurately 
predicts runoff volumes from storms with varying intensities. 
than does the curve number model. Because its a physical Iy 
based model its parameters can be measured. These parameters 
may easily be estimated from widely available soils data. Use 
of the model is recommended for evaluation of historical 
runoff from rainfall events. The method is also appropriate 
for evaluating the effects of agricultural management 
practices on runoff or the effects of urbanization on runoff. 
The method should also be a significant improvement in 
evaluating the effects of antecedent moisture on runoff.

Additional studies can be made to improve the estimates 
of the effect of cover and condition which was done here with 
the curve number relationship. Additional studies will be 
necessary before the Green-Ampt model can be used with design 
storms for the successful prediction of peak flow by
frequency.
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STORM RESULTS



Table 17. Results of modeling for each storm.

WATERSHED STORM STORM PRECIP RUNOFF inches PEAK DISCHARGE cfs
NO NO DATE inches actual Q Qga Qcn actual QP QPga QPcn

6-2672.6 I 09/18/67 1.40 0.441 0.552 0.427 394 376 245
2 05/21/70 0.27 0.092 0.025 0.000 281 28 0
3 09/08/73 0.30 0.106 0.035 0.000 243 40 0
4 05/28/71 0.56 0.068 0.113 0.030 193 112 21
5 06/23/67 0.69 0.139 0.159 0.067 169 127 43
6 05/30/71 0.66 0.157 0.145 0.057 162 134 59
7 05/29/71 0.20 0.036 0.000 0.000 69 0 0
8 06/06/67 0.32 0.041 0.033 0.000 60 37 0

6-2672.7 I 06/06/67 0.51 0.094 0.098 0.019 158 87 17
2 09/18/67 1.40 0.304 0.281 0.427 133 122 157
3 08/23/68 1.40 0.301 0.302 0.427 115 109 166
4 05/30/71 0.79 0.116 0.099 0.103 60 58 70
5 06/05/68 0.46 0.055 0.047 0.010 50 40 9
6 06/23/67 0.70 0.083 0.071 0.070 49 31 29
7 09/08/73 0.27 0.034 0.010 0.000 35 9 0
8 05/28/71 0.41 0.025 0.030 0.004 24 24 4
9 06/19/72 0.80 0.024 0.134 0.107 20 89 77

6-3129.1 I 06/03/72 1.23 1.114 1.203 0.480 2040 927 425
2 06/06/68 0.55 0.413 0.241 0.075 192 182 50
3 08/24/72 1.07 0.531 0.564 0.367 173 261 153
4 08/02/72 0.79 0.337 0.472 0.192 166 245 112
5 06/16/65 0.45 0.292 0.239 0.039 163 218 35
6 06/15/67 1.31 0.939 0.808 0.538 145 141 94
7 05/23/68 0.77 0.289 0.331 0.181 133 86 49
8 05/25/68 0.34 0.209 0.113 0.011 121 96 10
9 06/07/68 0.22 0.179 0.025 0.000 93 23 0
10 06/22/67 I . 13 0.716 0.628 0.408 90 113 68



Table 17. Results of modeling for each storm.

WATERSHED
NO

6-3129.2

6-3130.5

6-3131.8

STORM STORM 
NO DATE

1 07/15/67
2 06/20/67
3 08/09/71
4 08/24/72
5 07/05/65
6 06/22/66
7 06/22/67
8 06/07/68
9 06/14/67 
10 09/01/66
1 06/10/65
2 06/07/67
3 05/23/65
4 07/06/70
5 08/23/72
6 08/13/67
7 07/08/67
8 07/16/68
9 06/15/67
1 05/22/70
2 06/24/65
3 08/24/72
4 06/19/72
5 05/23/65
6 07/01/65
7 05/24/70
8 06/15/67
9 06/14/67

PRECIP
inches actual Q

RUNOFF inches 
Qga Qcn actual QP

PEAK DISCHARGE cfs 
QPga QPcn

0.46 0.262 0.264 0.042 389 247 38
0.47 0.336 0.263 0.045 280 246 43
0.31 0.119 0.103 0.006 206 100 6
0.97 0.223 0.590 0.301 107 194 119
0.34 0.099 0.064 0.011 93 45 6
0.52 0.136 0.295 0.063 87 263 57
0.39 0.120 0.108 0.022 78 72 11
0.24 0.093 0.050 0.000 67 47 0
1.31 0.488 0.842 0.538 66 153 100
0.41 0.146 0.127 0.027 61 87 18

I .56 0.626 0.859 0.316 4450 2465 955
I . 13 0.248 0.433 0.127 1580 1359 353
0.62 0.088 0.048 0.005 762 146 11
0.68 0.180 0.137 0.012 604 435 23
I .48 0.254 0.142 0.276 545 196 213
0.50 0.063 0.133 0.000 259 436 0
0.49 0.060 0.034 0.000 225 93 0
0.34 0.045 0.018 0.000 145 57 0
1.18 0.085 0.102 0.145 130 105 208

I . 25 0.754 0.792 0.494 493 214 98
0.91 0.502 0.514 0.263 493 357 100
1.54 0.945 1.015 0.715 302 195 125
0.57 0.380 0.155 0.083 286 32 17
0.49 0.160 0.216 0.052 164 187 43
0.30 0.160 0.103 0.005 163 103 5
0.59 0.243 0.281 0.091 161 192 53
1.36 0.930 0.794 0.576 106 117 96
0.29 0.148 0.021 0.004 103 16 3

XlCh



Table 17. Results of modeling for each storm.

WATERSHED
NO

6-6448.4

6-6311.5

ORN
0

STORM PRECIP
DATE inches

RUNOFF inches PEAK DIS<
actual Q Qga Qcn i actual QP QPga

I 09/02/73 2.44 0.608 1.258 0.848 : 970 1214
2 05/22/70 0.92 0.180 0.211 0.060 : 488 277
3 08/20/65 0.86 0.202 0.236 0.045 : 315 386
4 06/14/67 1.11 0.155 0.070 0.120 : 156 27
5 08/24/72 0.99 0.070 0.099 o.oeo : 62 89
6 06/15/67 0.38 ' 0.066 0.015 0.000 i 61 18
7 07/15/67 0.40 0.054 0.021 o.ooo : 39 34
8 06/12/67 0.26 0.022 0.008 o.ooo : 20 14

I 07/08/68 0.91 0.170 0.165 0.070 ! 910 413
2 06/17/66 0.34 0.103 0.019 o.ooo : 880 48
3 09/11/73 1.36 0.251 0.062 0.245 : 526 132
4 06/08/68 0.48 0.075 0.007 0.000 i 482 18
5 09/09/67 0.54 0.052 0.036 0.002 I 384 90
6 08/07/67 0.32 0.054 0.016 o.ooo : 344 40
7 06/04/72 0.32 0.067 0.001 o.ooo : 298 4
8 09/26/66 0.36 0.029 0.013 o.ooo : 288 33
9 06/05/72 0.34 0.042 0.001 0.000 : 266 3
10 09/30/66 0.64 0.059 0.004 0.012 : 211 10
11 07/22/65 0.67 0.018 0.024 0.016 ! 70 60

QPcn
622
91
67
74
49
0
0
0

175
0

188

17
38

Xj
Xj

o in o o o o



Table 17. Results of modeling for each storm.

WATERSHED STORM STORM PRECIP RUNOFF inches PEAK DISCHARGE cfs
NO NO DATE inches : actual Q Qga Qcn actual QP QPga QPcn

6-6349.5 I 07/15/67 0.71 : 0.181 0.173 0.126 255 183 123
2 08/05/70 0.86 : 0.138 0.461 0.203 190 472 208
3 07/23/65 0.76 : 0.085 0.230 0.150 133 250 156
4 09/11/73 1.96 : 0.302 0.342 0.995 85 156 260
5 08/01/72 0.42 : 0.031 0.065 0.021 83 71 23
6 08/23/72 0.47 : 0.030 0.025 0.034 57 23 36
7 06/23/67 0.26 I 0.021 0.004 0.000 44 4 0
8 06/20/67 0.23 : 0.016 0.002 0.000 40 2 0
9 09/01/66 0.48 : 0.028 0.036 0.037 37 32 67
10 09/01/73 0.68 : 0.029 0.019 0.112 11 8 51

LONEMAN I 06/08/64 5.15 i 1.670 1.700 2.660 1740 1167 1748
COULEE 2 06/25/65 2.04 ; 0.310 0.150 0.430 200 193 171

3 05/03/64 4.7i : 0.420 0.780 2.300 195 368 922
4 06/10/67 i .oo : 0.110 0.090 0.040 143 129 56
5 06/17/65 2.50 : 0.170 0.380 0.690 112 379 567

DUCK CK I 06/16/65 i.46 : 0.180 0.179 0.134 342 530 403
2 07/01/66 i.i8 : 0.084 0.034 0.057 170 92 164
3 07/13/65 0.96 : 0.130 0.055 0.018 150 137 40
4 07/06/64 i.53 : 0.480 0.207 0.158 78 392 440
5 06/13/65 1.69 i 0.083 0.186 0.217 130 551 685

E .DUCK CK I 06/16/65 i.38 : 0.189 0.178 0.126 205 189 122
2 07/01/66 i.20 : 0.217 0.046 0.074 198 50 79
3 07/13/65 0.96 : 0.120 0.066 0.024 100 71 25
4 07/05/64 1.59 : 0.184 0.269 0.200 85 167 180
5 06/13/65 i.59 : 0.089 0.153 0.200 57 160 214
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APPENDIX B

PROGRAM FOR SOIL PARAMETERS
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Figure 13 . Program to calculate Green-Ampt parameters

10 REM ***** Program GASOILS.BAS ******
20 REM ** Green Ampt Soils Parameters **
30 REM
40 LPRINT TAB(20);"GREEN AMPT SOIL PARAMETERS - values in in 
ches "
50 LPRINT:LPRINT
60 LPRINT " SOIL % % EFF HY
D WF CAP WATER CONTENT"
70 LPRINT " NAME SAND CLAY POROSITY POROS CO
ND PRESS 1/3BAR 15BAR"
80 LPRINT " ___________________________________________________
90 LPRINT
100 INPUT "Enter soil name "; AME$
H O  INPUT "ENTER The Percent of Sand ",PS
120 INPUT "Enter the percent of clay ",PC
130 INPUT "Enter the Porosity ",POR 
140 IF POR < 0! OR POR > 11 GOTO 360 
150 IF PS < 5 1 OR PS >70! GOTO 380
160 IF PC < 51 OR PC >60! GOTO 400
170 QE - .01162-.001473*PS-.002236*PC +.98402*POR +.0000987* 
PC‘2 +.003616*PS*POR-.010859*PC*POR-9.600001E-05*PC~2*POR-.0 
02437*POR*2*PS+ .0115395*P0R‘2*PC
180 YF=* 6.5309-7.32561*P0R +.001583*PC"2+3.809479*POR'2 +.00 
0344*PS*PC-.049837*PS*POR+ .001608*PS*2*POR‘2+.001602*PC*2*P 
OR'2 - .0000136*PS'2*PC-.003479*PC'2*POR-.000799*PS'2*POR 
190 YF= EXP(YF)/2.54
200 KS= 19.52348*POR-8.968469-.028212*PC+ I .8107E-04*PS'2- . 
0094125*PC*2- 8.395215*POR*2+ .077718*PS*POR-.00298*PS'2*POR - 
'2-.019492*PC'2*POR'2+.0000173*PS"2*PC+ .02733*PC'2*POR+ .00 
1434*PS'2*POR— .0000035*PC“2*PS 
210 KS= EXP(KS)/2.54
220 BAR3- .1535-.0018*PS+.0039*PC+.1943*POR 
230 BAR15- .037-.0004*PS+.0044*PC+.0482*POR
300 FRMTS= "\ \ ##.# ##.# #.### #.### #.
#### ##.### #.### #.###"
310 LPRINT USING FRMTS;AME$;PS;PC;POR;QE;KS;YF;BARS;BARl5 
320 LPRINT
330 INPUT "ARE THERE MORE SOILS? (Y/N)?",ANSS 
340 IF ANSS=nY" OR ANS$="y" THEN GOTO 100 ELSE 350 
350 END
360 PRINT "POROSITY MUST BE BETWEEN 0.0 AND 1.0"
370 GOTO 130
380 PRINT "PERCENT SAND MUST BE > 5 AND < 70"
390 GOTO H O
400 PRINT "PERCENT CLAY MUST BE BETWEEN 5 AND 60"
410 GOTO 120



Table 18. Sample printout of Green-Amp+- soil parameters

Soil
Name

%
Sand

%
Clay Porosity

Eff
Poros

Hyd
Cond
in/hr

WF Cap
Press
inches

Water Content 
1/3 bar 15bar

Macar loam 37.5 22.5 0.507 0.418 0.3972 6.718 0.272 0.145
Cabba loam 24.3 18.0 0.571 0.499 0.4498 7.775 0.291 0.134
Cherry si I 25.0 22.5 0.562 0.476 0.3674 8.097 0.305 0.153
Cherry sic 15.0 45.0 0.509 0.395 0.0217 20.767 0.401 0.254
Cambert loam 35.0 21.5 0.519 0.434 0.4082 6.941 0.275 0.143
Cambert si I 20.0 21.5 0.500 0.419 0.1135 12.612 0.299 0.148
Dast fsI 51.4 6.0 0.542 0.506 1.9852 3.894 0.190 0.069
Shambo loam 32.5 18.5 0.571 0.495 0.7437 5.969 0.278 0.133
Bigsheep I 20.0 21.0 0.580 0.500 0.3586 8.675 0.312 0.149
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APPENDIX C

GREEN-AMPT INFILTRATION MODEL



83

Figure 14. Computer program for Green-Ampt infiltration

10 DIM PD(IOO).P(IOO),00(100.10),SOILS(10).T(IOO),PC(IOO)
20 J-I
30 OPEN "INF2.OUT" FOR APPEND AS I 
40 PRINT*!.
50 PRINT*!." GREEN AMPT INFILTRATION MODEL"
60 PRINT "GREEN AMPT INFILTRATION MODEL - ACTUAL STORM BREAK 
POINT PRECIP"
70 PRINT "ENTER SOIL NAME"
80 INPUT SOILS(J)
90 PRINT*!,
100 PRINT*!.SOILS (J)
H O  PRINT "ENTER PRECIP,EFF POROSITY,INITIAL MOISTURE"
120 INPUT PT,ME,MS 
130 PRINT "ENTER KS.YF"
140 INPUT KS.YF
150 F-O:I-0:Q-O:T-O:R=O:F2-0:QD-O 
160 READ IS.DS.N 
170 DATA .07,.05,16
175 STORMS-"WATERSHED 6-2672.7 STORM 9 6/19/72"
180 TD-.0833 
190 K-KS/2 
200 MD-ME-MS
205 PRINT*1,TAB(10);STORMS
210 PRINT*!. 
220 PRINT*!," 
230 PRINT*!," 
240 PRINT*!," 
250 PRINT*!," 
260 PRINT*!," 
270 PRINT*!, 
280 PRINT*!, 
290 PRINT*!," 
REM TOTAL" 
300 PRINT*!."

TOTAL PRECIPITATION =";PT;" INCHES" 
EFFECTIVE POSOSITY =";ME 

WETTED FRONT CAPILLARY PRESSURE =";YF 
SATURATED HYDRAULIC CONDUCTIVITY »";KS

INITIAL MOISTURE = " ;MS

TIME TOTAL PRECIP INFIL TOTAL INC
PRECIP INTENS RATE INFIL Q

Q "310 FlS-" **.#* **.** *.#* #•## ##.** *#.*****.#**"
320 FOR I-I TO N 
330 READ PD(I)
340 P(I)-PT*PD(I)
350 NEXT I
360 FOR I-I TO N
370 READ T(I)
380 NEXT I
390 M-INT(T(N)ZTD-H)
400 FOR L= I TO M
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410 PRINT*!, USING Fl$;T.PC(L-l).R.F2,F,QE,Q 
420 T=T+TD
430 IF T >T(N ) THEN 440 ELSE 460 
440 PC(L)-P(N)
450 GOTO 500 
460 FOR I=I TO N 
470 IF T<T(I) THEN 490 
480 NEXT I
490 PC(L)-(T-Td-I) )/(Td)-T(I-I) )*(P (I)-P(I-I) )+P(I-I)
500 IE=IS-PC(L-I)
510 IF IE >0 THEN 530 
520 IE=O
530 R=(PC(L)-PC(L-I)-IE)ZTD 
540 IF R>0 GOTO 560 
550 R=O
560 IF R< =K GOTO 630 
570 FS=MD*YF/(R/K—I)
580 IF F<FS GOTO 630 
590 F2=K*(1+MD*YF/F)
600 IF F2>R GOTO 630
610 GOTO 640
620 R=O
630 F2=R
640 F=F2*TD+F
650 QD=(R-F2)*TD
660 QE=QD-DS
670 IF QE>0 GOTO 690
680 QE=O
690 DS=DS-QD
700 IF DS>0 GOTO 720
710 DS=O
720 Q=QfQE
730 QO(L,J)=Q
740 REM PRECIP DATA
750 DATA 0.0, .07, .13, .19, .26, .32, .38, .43,.48, .54,.55, .63, .71
,.74,.76,.80
760 REM TIME DATA
770 DATA 0.0,.25,.50,.667,I.0,1.1667,I.25,I.333,I.5,I.67,I.7
5,2.0,2.25,2.33,2.5.2.9167
780 NEXT L
790 PRINT*!, USING Fl$;T,PC (M),R,F2,F ,QE,Q 
800 CLOSE *1
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810 PRINT
820 PRINT " Q TOTAL-";Q 
830 PRINT
835 PRINT "OUTPUT IS APPENDED TO FILE INF2.0UT"
840 PRINT "ARE THERE ANY MORE SOILS ? (YES OR NO)?" 
850 INPUT M$
860 IF M$-"YES"OR M$="yes" THEN 870 ELSE 880 
870 J-J+I:RESTORE 170:GOTO 30 
880 IF J-I THEN 930
890 PRINT "DO YOU WANT AVERAGED OUTPUT?"
900 INPUT N$
910 IF N$-"YES" OR N$="yes" THEN 920 ELSE 930 
920 CHAIN "GAAVE",,ALL 
930 END
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Figure 15. Computer program for averaging Green-Ampt output

1000 REM ** THIS PROGRAM AVERAGES OUTPUT FOR G-A MODEL ** 
1010 DIM PQO(135.10),PQT(135,10),DF(12)
1020 OPEN "0",2,"SUM.OUT"
1030 PRINT "THESE SOILS WERE RUN"
1040 PRINT "ENTER DECIMAL FRACTION OF EACH"
1050 FOR L-I TO J 
1060 PRINT SOILS (L)
1070 INPUT DF(L)
1080 FOR I-I TO M
1090 PQO(I,L)-QO(I.L)*DF(L) >
1100 PQ T d  . D = P Q T d  ,L-l)+PQO(I.L)
1110 NEXT I 
1120 NEXT L 
1130 PRINT *2,
1140 PRINT #2,TAB(20) "AVERAGED RUNOFF DISTRIBUTION"
1150 PRINT #2,TAB(20) "GREEN AMPT INFILTRATION"
1160 PRINT #2,
1170 FOR L-I TO J
1180 PRINT #2,TAB(IO) DF(L);TAB(18) SOILS(L)
1190 NEXT L 
1200 PRINT #2,
1210 PRINT #2,TAB(10);STORMS 
1220 PRINT *2,
1230 PRINT *2,
1240 T-O
1250 F2S-" ##.## *#.*# ##.###"
1260 PRINT #2," TIME PRECIP RUNOFF"
1265 PRINT #2, " ---- ------  ------"
1270 FOR I-I TO M
1280 PRINT #2,USING F2S;T,PC(I-I),PQT(I-I,J )
1290 T-T+TD 
1300 NEXT I 
1310 CLOSE *2 
1315 ERASE PQT
1320 PRINT "MORE COMBINATIONS OF THE SAME SOILS??"
1330 INPUT NS
1340 IF NS=uYES" OR N$="yes" THEN 1020 
1350 END
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Figure 16 . Computer output from main program.
GREEN AMPT INFILTRATION MODEL 

Persayo
WATERSHED 6-2672.7 STORM 9 6/19/72
TOTAL PRECIPITATION - I INCHES 
EFFECTIVE POSOSITY - .313 

WETTED FRONT CAPILLARY PRESSURE - 20.8 
SATURATED HYDRAULIC CONDUCTIVITY - .0216

INITIAL MOISTURE - .184

TIME TOTAL PRECIP INFIL TOTAL INCREM TOTAL
PRECIP INTENS RATE INFIL Q Q

0.00 0.00 0.00 0.00 0.00 0.000 0.000
0.08 0.02 0.00 0.00 0.00 0.000 0.000
0.17 0.05 0.00 0.00 0.00 0.000 0.000
0.25 0.07 0.00 0.00 0.00 0.000 0.000
0.33 0.09 0.24 0.24 0.02 0.000 0.000
0.42 0.11 0.24 0.24 0.04 0.000 0.000
0.50 0.13 0.24 0.24 0.06 0.000 0.000
0.58 0.16 0.36 0.36 0.09 0.000 0.000
0.67 0.19 0.36 0.33 0.12 0.000 0.000
0.75 0.21 0.21 0.21 0.14 0.000 0.000
0.83 0.22 0.21 0.21 0.15 0.000 0.000
0.92 0.24 0.21 0.20 0.17 0.000 0.000
1.00 0.26 0.21 0.18 0.18 0.000 0.000
1.08 0.29 0.36 0.17 0.20 0.000 0.000
1.17 0.32 0.36 0.16 0.21 0.000 0.000
1.25 0.38 0.72 -0.15 0.22 0.036 0.036
1.33 0.43 0.60 0.14 0.24 0.039 0.074
1.42 0.45 0.30 0.13 0.25 0.014 0.088
1.50 0.48 0.30 0.13 0.26 0.014 0.102
1.58 0.51 0.35 0.12 0.27 0.019 0.121
1.67 0.54 0.35 0.12 0.28 0.019 0.141
1.75 0.55 0.14 0.12 0.29 0.002 0.143
1.83 0.58 0.32 0.11 0.30 0.017 0.160
1.92 0.60 0.32 0.11 0.31 0.018 0.178
2.00 0.63 0.32 0.11 0.31 0.018 0.195
2.08 0.66 0.32 0.10 0.32 0.018 0.213
2.17 0.68 0.32 0.10 0.33 0.018 0.232
2.25 0.71 0.32 0.10 0.34 0.018 0.250
2.33 0.74 0.37 0.10 0.35 0.023 0.273
2.42 0.75 0.12 0.09 0.36 0.002 0.275
2.50 0.76 0.12 0.09 0.36 0.002 0.277
2.58 0.77 0.10 0.09 0.37 0.000 0.277
2.67 0.78 0.10 0.09 0.38 0.001 0.278
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Figure 17. Computer output from averaging subroutine

AVERAGED RUNOFF DISTRIBUTION 
GREEN AMPT INFILTRATION

.19 Cabba

.08 other

.6 Cherry
DUCK CREEK STORM 4 7/06/64

TIME
0.00
0.50
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00
5.50
6.00
6.50
7.00
7.50
8.00
8.50
9.00
9.50
10.00
10.50
11.00
11.50
12.00
12.50
13.00
13.50
14.00

PRECIP
0.00
0.05
0.10
0.36
1.10
1.13
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.16 
1.17 
1.63 
1.75

RUNOFF
0.000
0.000
0.000
0.000
0.110
0.110
0.110
0.110
0.110
0.110
0.110
0.110
0.110
0.110
0.110
0.110
0.110
0.110
0.110
0.110
0.110
0.110
0.110
0.110
0.110
0.110
0.110
0.259
0.261
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