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Runoff Estimation on Agricultural Fields
Jeffry Stone, Kenneth G. Renard, and Leonard J. Lane
Southwest Watershed Research Center, Agricultural Research
Center, U.S. Department of Agriculture, Tucson, Arizona

I.

INTRODUCTION

Runoff is the primary driving variable in the water-induced erosion process.
Although the impact of rain drops detaches soil particles, it is flowing water
which transports the detached particles to areas of concentrated flow and de
pending on the sediment load, and the transport capacity of the flow, detaches
or re-entrains previously detached particles or deposits particles being trans

ported. Many of the conservation practices employed to reduce erosion are in
fact practicesto reduce the volumes and rates of runoff. Practiceswhich increase
the amount of residue can significantly reduce the volume of runoff by increas

ing the infiltration potential of the soil. Other practices such as tilling on the
contour or installing terraces decrease the flow length, thus reducing the flow's
velocity and discharge rate. Accurate estimation of the effects of an agricultural
management system or individual practice on the volume and rate of runoff are
essential in the evaluation and planning associated with soil and water
conservation.

A.

The Field Scale Runoff Process

Theories and experiments of the rainfall runoff processabound at scales ranging
from those at a point which considers the vertical flow of water within the soil
profile to those at a watershed which considers the integrated response of the
203
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entire watershed occurring at the outlet. Although there have been many studies
of the rainfall-runoff process at the field scale, accepted methodologies specific
to that scale are rare. In general, methodologies derived at smaller or larger
scales are used to estimate runoff from fields. Application of infiltration equa
tions, such as the Horton (1940), Green-Ampt Mein-Larsen (Mein and Larsen,
1973), or Philip's (1957), are examples of point models which have been applied
to the field scale while the curve number approach and unit hydrographs are
examples of watershed models which have been applied to the field scale. The
reasons for this lack of methodology at the field scale can be classified into two
broad categories: the characteristics of the process and the economics of
information.

Representations of point processes such as infiltration are highly nonlinear,
while watershed runoff response to rainfall can sometimes be represented as a
linear system. The field scale process seems to represent a transit between the
two. Runoff from rainfall occurs as a poorly defined shallow sheet flow grading
into concentrated flow which can become a shallow sheet flow again further
downslope. Spatial and temporal variability of characteristics which control rain
fall-runoff response at the field scale can be significant. The measurement of
runoff, because of its amorphous nature, is difficult at the field scale. At the

point scale, one can accurately measure the amount of water applied and rates
of water entering the soil. At the watershed scale, given a control section, one
can measure the amount and rate of water leaving the watershed.
The economics of information also play a role in the dearth of field scale
specific methodologies. Data collection at a point is inexpensive and easy to
implement. Data collection at the watershed scale involves monitoring major
stream channels, which, although expensive, can be justified by the potential
benefits of the data or methodologies produced. However, the traditional pur
poses for predicting agricultural field scale runoff (terrace or culvert design, for
example) need only a reasonable estimate of runoff. For example, the cost of

adding a foot to the height of a terrace is insignificant as opposed to adding a
foot to the height of a dam. In addition, the economic consequences of the failure
of a terrace are insignificant when compared with the failure of a dam.
The field scale runoff process which is of interest in most erosion studies is

known as Hortonian flow. It is characterized by rainfall excess dominated runoff
occurring as shallow sheet flow or flow in small concentrated flow areas. The

runoffresponse to rainfallis controlled by two basic factors: the rainfall intensity
(and to a lesser extent, the rainfall total) and the soil characteristics. When the

soil moisture is high and/or the rainfall intensity is high, the runoff response is
controlled by the rainfall intensity distribution. When soil moisture is low and/

or the rainfall intensity is low, runoff response is controlled by the spatial dis
tribution of the infiltration capacity of the soil.
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The actual time rate distribution of runoff is complicated by characteristics
of the rainfall and soil surface. Rainfall, particularly that which causes runoff
in semiarid regions, is highly variable both in space and time. In addition, the
high intensities associated with runoff-producing rainfall can cause the formation
of surface crusts which decrease the soil's ability to infiltrate water. The soil
infiltration capacities are also highly variable in space and time due to both
man's activities such as cultivation, climatic influences such as freeze-thaw of

the soil, and changes of the soil surface due to residue decomposition and bio
logical activity.
B.

Runoff and Erosion

Many approaches have been taken into account for the runoff effects on the
erosion process, ranging from ignoring the direct effects of runoff, to computing
the water flow profile and velocity as it changes in the downslope direction. The
universalsoil loss equation (USLE) (Wischmier and Smith, 1978) is an example
of ignoring the runoff process directly and concentrating on the effects of rainfall
energy as the driving variable. Runoff is considered indirectly through the 30
minute intensity used in the rainfall factor and the slope-length factor of the
USLE. The modified USLE (MUSLE) (Williams et al., 1983) substitutes the
runoff amount and peak discharge for the rainfall energy factor of the USLE to
compute sediment yield. The recently developed Water Erosion Prediction Pro
ject (WEPP) (Nearing et al., 1989) models take a different approach by using a
rainfall intensity-based infiltration equation to compute rainfall excess and the
peak discharge rate. Erosion is conceptualized as consisting of two steady state
processes: interrill and rill erosion. Interrill erosion is driven by rainfall intensity
during the period of rainfall excess (that is, the period when the rainfall rate is
greater than the infiltration capacity of the soil) and the average runoff rate. Rill
erosion or deposition is a function of the peak discharge rate, which is used to
compute the transport capacity, the runoff volume, and the duration of runoff.

II.

APPROACHES TO ESTIMATE RUNOFF

As mentioned in the introduction, there are few methodologies which have been

specifically derived for the field scale. The two approaches described within this
chapter are representative of methods used in erosion modeling for management
decisions. The first method, the U.S. Soil Conservation Service Curve Number
method, uses total storm rainfall and an index of initial abstractions to compute

total storm runoff volume. In modified forms which adjust the curve number for
soil moisture, it is the basis for runoff calculation for many erosion simulation
models (see CREAMS, Kinsel, 1980; SWRRB, Williams et al., 1985, SPUR,
Wight et al., 1987) which attempt to account for the effects of management
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systems on the runoff-erosion-sediment yield processes. The second method, the
kinematic wave model coupled with an infiltration equation, has become more
popular in recent times partially due to the increased power of computers and
partially due to the potential of a closer approximation of the runoff process.
The type of approach taken will depend on the data available and the objec
tives of the analysis. For example, a study to screen management systems to
replace a current system may only need an estimate of annual average runoff
differences among the systems, while a study to design the capacity of a grassed
waterway may need detailed information of the flow profile down the channel
length.

A.

Soil Conservation Sen/ice Total Storm Approach

The Soil Conservation Service (SCS) total storm approach involves computing
direct storm runoff volume from total storm rainfall and watershed character

istics to estimate the runoff peak discharge. The SCS approach is the primary
methodology used by the SCS and others to estimate runoff amounts and peak
rates in the United States. It is popular because the method is simple to use,
yields reasonable estimates of runoff, and is easy to parameterize.

1. Runoff
One of the most widely used methods to compute direct storm runoff is the SCS
Curve Number method (SCS, 1972). The method is based on the concept that
rainfall can be divided into runoff and losses, or initial abstractions which occur

before runoff begins (interception, infiltration, and surface storage) and losses
which occur after the start of runoff (infiltration). The relationship among storm
rainfall, storm runoff, and initial abstractions can be written as

where Q = storm runoff (in.), R = storm rainfall (in.), /„ = initial abstractions
(in.), and S = potential maximum losses after runoff begins plus initial abstrac
tion (in.). An analysis of the rainfall runoff relationships of a number of small
agricultural watersheds in the United States yielded the following relationship
between Ia and 5 as

Ia = 0.25

(2)

which when substituted into Eq. (1) gives the curve number equation

„

(R = 0.2S)2

Q= \R +. 0.85'

for/?> 0.25

Q = 0

for R < 0.25

(3)
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„

!000

5 = —
CN

_

(4)
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The relationship of Eq. (3) is plotted in Fig. 1.
The relationship of Eq. (2) was derived from a plot of estimates of both Ia
and 5 (Fig. 2) for a data set of rainfall and runoff pairs from watersheds less
than 10 acres (SCS, 1972, p. 10.6). The wide amount of scatter in Fig. 2 is
attributed to errors in estimating /„ due to difficulty in estimating the time of
the start of rainfall and runoff and in estimating the water which infiltrated prior
to the start of runoff and eventually became return flow.
The main criticism of the curve number method is that the amount of runoff

computed is not sensitive to rainfall intensity. Thus, the method will compute
the same amount of runoff given the same amount of total rainfall independent
of the duration of the event or the distribution of rainfall intensity during the
event.

Curve Number Parameter Estimation.

The curve number is estimated from

land use, treatment, hydrologic condition, and hydrologic soil group from the
information listed in Table 1. Definitions of hydrologic condition are given in
Table 2 and definitions of the hydrologic soil group are given in Table 3. The
curve number estimated from Table 1 is termed the antecedent moisture con

dition (AMC) II curve number (CN„). The AMC is based on the amount of

4

6

Rainfall (in.)

Fig. 1 Curve number rainfall-runoff relationship.
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Relationship between la and 5 (SCS, 1972).

precipitation in the preceding 5 days (Table 5). Definitions of AMC are given
in Table 4. Depending on the AMC value, the curve number obtained from
Table 1 is adjusted using Table 5.

2. Peak Discharge
Estimation of the peak discharge rate is important in evaluating the effects of
management systems on engineering structures such as culverts or grassed
waterways and in estimating the sediment transport capacity of the flow. The
SCS graphical method (SCS, 1986) of computing the peak discharge from a
homogenous area is based on nomographs of unit peak discharge versus time
to concentration (also termed travel time) for selected values of IJRd. The re

lationship for the four types of design storms used by the SCS (Fig. 3) is shown
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Table 1 Runoff Curve Numbers for Hydrologic Soil-Cover Complexes Under
Average Conditions of Antecedent Moisture

Land use

Cover

Hydrologic

treatment

condition

Hydrologic soil group
A

B

C

D

Straight row
Straight row
Straight row

77

86

91

94

Poor

72

81

88

91

Good

67

78

85

89

Contoured

Poor

70

79

84

88

Contoured

Good

65

75

82

86

Contoured and terraced

Poor

66

74

80

82

Contoured and terraced

Good

62

71

78

81

Straight row
Straight row

Poor

65

76

84

88

Good

63

75

83

78

Contoured

Poor

63

74

82

85

Contoured

Good

61

73

81

84

Contoured and terraced

Poor

61

72

79

82

Contoured and terraced

Good

59

70

78

81

Poor

66

77

85

89

legumes or

Straight row
Straight row

Good

58

72

81

85

rotation meadow

Contoured

Poor

64

72

83

85

Contoured

Good

55

69

78

83

Contoured and terraced

Poor

63

73

80

83

Contoured and terraced

Good

51

67

76

80

Fallow

Row crops

Small grain

Close seeded

Pasture or range

Poor

68

79

86

89

Fair

49

69

79

84

Good

69

61

74

80

Contoured

Poor

47

67

81

88

Contoured

Fair

25

59

75

83

Contoured

Good

6

35

70

79

Meadow

Good

30

58

71

78

Woods

Poor

45

66

77

83

Fair

36

60

73

79

Good

25

55

70

77

59

74

70

77

Dirt

72

82

78

89

Hard surface

74

84

90

92

Farmsteads
Roads

Source: Soil Conservation Service, 1972.
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Table 2

Classification of Soils by Their Hydrologic Properties

Hydrologic
soil group

Permeability

A

High

Coarse-moderate

B

Moderate

Fine-moderate

C

Slow

Moderate-fine

D

Very slow

Very fine

Table 3

Comments

Texture

May have impeding
layer
Clays with high
swelling potential

Classification of Vegetation Covers
Vegetation or

Vegetative

Crop rotation

Cover (%)

management

Condition

cover

Poor

Row crops, small
grains, and

Good

Alfalfa and

Poor

Heavy grazing
Moderate grazing
Light grazing

fallow

grasses

Pasture or range

Fair
Good

Table 4

<50%

50-75%
>75%

Rainfall Limits for Estimating Antecedent Moisture Conditions

5 day

total rainfall

(in.)

Antecedent moisture
class

Dormant season

Growing season

I

<0.5

< 1.4

II

0.5-1.1

1.4-2.1

III

>1.1

>2.1
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CN, and CN„, corresponding to CNN

CN„

CN,

CN„,

100

100

100

95

87

98

90

78

96

85

70

94

80

63

91

75

56

88

70

51

85

65

45

82

60

40

78

55

35

74

50

31

70

45

26

65

40

22

60

35

18

55

30

15

50

25

12

43

20

9

37

15

6

30

10

4

22

5

2

13

in Figs. 4a-d. The peak discharge relationship is

qP = qAQ

(5)

where qp = peakdischarge (fr/Vs), qu = unit peak discharge (smi/in.), A = drainage
area (mi2), and Q = runoff (in.). The time to concentration, Tc, needed to enter
the nomographs is computed by two different methods depending on the flow
length of the area. For flow lengths up to 300 ft, Tc (hr), is computed as

O.Q07(nL)08

Tc = p0.5 50.4

(0)

where n = Manning's n (s/ft1/3), L = flow length (ft), P2 = 2-yr, 24-hr rainfall
(in.), and S0 = land slope (ft/ft). The flow or hydraulic length is the longest flow
path from the upper end of the field to the outlet. It can be estimated from the
field area in units of acres by (SCS, 1973)

L = 209A06

(7)

The data used to derive Eq. (7) ranged in area from 10 to over 1000 acres and
from 400 to over 20,000 feet in hydraulic length.
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SCS design storms.

For flow lengths greater than 300 ft, the time to concentration is the sum of
Eq. (6) and
T„ =

(8)

3600m

where u = average velocity (ft/s) of shallow concentrated flow. The average
velocity is computed using the Manning equation for a design flow of 0.1 ft as
u = 16.145oS

for unpaved surface

u = 20.335S5

for paved surface

(9)

The design storms used to enter the nomographs are illustrated in Fig. 3 and
represent typical rainfall intensity distributions for regions of the United States.
Type I is for the mediterranean-type climate of much of California while type
IA is for the rest of the west coast of the United States. Both types are repre
sented by wet winters and dry summers. Type III is for the coastal areas of the
east and south which are subject to large tropical storms. Type II is for the rest
of the country and is represented by short-duration, high-intensity rainfall.
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The limitations of the SCS graphical peak discharge method include (1) a
homogeneous field which can be described by a single curve number, (2) a range
of 0.1 < IJR < 0.5, (3) a curve number > 40, and (4) a range of 0.1 < Tc < 100
hr. If either IJR or Tc are found to be out of their ranges, it is suggested to use
the closest limiting value of the range. Note that, for long flow paths, the com
putation of Tc is primarily a function of the physical dimensions of the field.
For flow paths less than 300 ft, Tc is a function of the physical characteristics
of the field and a characteristic rainfall amount.

B.

Rainfall Excess Approach

In contrast to the storm total approach, the rainfall excess approach uses a time
intensity rainfall distribution and an infiltration equation to compute a rainfall
excess distribution. Rainfall excess is defined as all the rainfall which does not
infiltrate into the soil but runs off the soil surface. The time distribution of

rainfall excess is highly dependent on the rainfall intensity because, apart from
the beginning of a runoff event, the infiltration approaches a steady rate which
is not the case with the rainfall rate. For field scale applications, some form of
the St. Vennant shallow water equations is used to route the rainfall excess over
the flow surface. The computer runoff rate at the end of a field is dependent on
the rainfall excess rate, the storage characteristics of the flow surface, the hy
draulic characteristics of the soil, and the initial soil moisture conditions. The

advantages of the approach are: (1) both the infiltration and the form of the
surface water routing equations are conceptually physically based and their pa
rameters have some physical significance, (2) because the parameter values have
some physical significance, they can be used with more confidence than a more
empirical approach when computing runoff under changing land use conditions,
and (3) because the time distribution of runoff is highly dependent on the time
distribution of rainfall excess, a potentially better representation of the runoff
hydrograph can be obtained.
The steps involved in implementation of the rainfall excess approach are to
compute infiltration, depression storage, rainfall excess, and then the runoff
hydrograph.

1. Infiltration
Infiltration under rainfall is a two-phase process. During the first phase, the

potential infiltration rate is grater than the rainfall rate. The actual infiltration
rate is equal to the rainfall rate because the water can only enter the soil at
the applicationrate. At a certain time, termedthe time toponding, the potential
infiltration rate equals the rainfall rate and water begins to pond on the soil
surface. The time to ponding depends on the rainfall intensity, soil surface
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characteristics, and the initial soil water content. After ponding, the infiltration
rate decreases nonlinearly to a constant rate which is related to the saturated
conductivity of the soil. For events in which ponding ceases and begins again,
the initial soil moisture conditions change as the soil drains during the
hiatus.

Methods to compute infiltration can be classified into empirical and concep
tual models. Almost all of the models consider infiltration at a point and most
assume ponded conditions at the start of the infiltration event. Although empir
ical infiltration models have suffered criticism because they are basically fitting
equations with parameters which have little or no physical significance, empir
ical and conceptual infiltration models both have the same weakness—that of
parameter estimation.
Conceptual Models. Conceptual models of infiltration are derived from some
sort of formulation of the movement of water through a porous medium. As
such, the parameters generally have physical significance and in theory can be
measured. However, while infiltration during rainfall is influenced by porous
media flow, it can also be significantly influenced by surface processes such as
crusting or subsurface processes such as preferential flow paths. At the field
scale, these surface and subsurface processes are highly variable and will affect
the aggregate effect of infiltration on runoff.
The two conceptual models which have received the most interest in rainfall
runoff modeling are the Philip (Philip, 1957) and Green-Ampt Mein-Larsen

(GAML model) (Mein-Larsen, 1973) models, primarily because their parameters
have the potential to be estimated from field data. Both the models have a
formulation such that at the beginning of an event, the infiltration rate is a
function of the saturated conductivity and a quantity which is a function of soil
properties and initial soil moisture (sorptivity in the Philip equation or matric
potential in the GAML model). For the Philip equation, as time increases, the

infiltration rate approaches the saturated conductivity term. For the GAML
model, infiltration approaches saturated conductivity as the cumulative infiltra
tion increases. There have been numerous studies comparing the performance
of the GAML and Philip models with each other and with other infiltration

models with mixed resuults (see Singh, 1989 for a list of studies). In general,
the studies have found that empirical models such as the Horton may fit data
better, possibly because of more parameters, but that no one model is superior
for all cases.

The GAML model as modified by Chu (1978) has been chosen by the Water
Erosion Prediction Project (WEPP) (Nearing et al., 1989) and will be used in
this chapter to illustrate the application of an infiltration model.
The rate form of the Green-Ampt equation (Green and Ampt, 1911) for the
one-stage case of initially ponded conditions, assuming the ponded water depth

Runoff Estimation on Agricultural Fields
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is shallow, is

/-ic(l +**)

(10)

where/= dF/dt = infiltration capacity (m/s), Ke = effective saturated conductivity
(m/s), i|/ = average capillary potential (m), Qd = soil moisture deficit (m/m), and
F = cumulative infiltrated depth (m). The soil moisture deficit can be computed
as

e, = (i - e,K

(ii)

where 6, = initial volumetric water content (m/m) and t\e = effective porosity
(m/m). Equation (10) is a differential equation which is solved as

Kjt =F(t) - W< lnl 1+^ I
L

*0J

(12)

where t = time (s). Equation (12) can be solved for infiltrated depth for succes
sive increments of time using a Newton-Raphson iteration and the solution used
in Eq. (10) to obtain the instantaneous infiltration rate.
For the general case of time varying rainfall, Chu (1978) modified the GreenAmpt as modified by Mein and Larsen (1973) to account for multiple times to
ponding assuming that, within any discrete time interval, the rainfall rate is
constant. Chu computed an indicator, C„ (m), when ponding occurs within a
given interval of rainfall intensity given that there was no ponding at the be
ginning of the interval as

where R is the cumulative rainfall depth (m), V is the cumulative rainfall excess
depth (m), r is the rainfall rate (m/s), and i refers to the time step. The cumulative
rainfall excess depth is computed as
V, = R, - F,

(14)

If Cu is positive, ponding occurs before the end of the interval; if it is negative,
no ponding occurs. The time to ponding, tp (s), is computed as

^

«,_, +V,.,U+I,_,

(15)

When there is ponding within a rainfall interval, the cumulative infiltration depth
is computed using

KA =F, - i|/6, lnfl +^j-J

(16)
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in a Newton-Raphson iteration by computing the function g as

g=Kj, - F{ +i|/8„ ln( 1+^"J

(17)

and its derivative with respect to F

where i refers to the time step and ;' refers to the iteration step. The iteration is
stopped if the ratio

where epsilon is an acceptable error. If the ratio is greater than epsilon, then the
new value of F is

FT' =Fi +fg

(20)

The time, /,, in Eq. (17) is corrected to account for the difference between

instantaneous time to ponding and the actual time to ponding and is computed
as

,

. R,P ~ V, ~ W< ln(l +Rlp - y,A|ierf)

*< — » +

~
Ke

'"t.

(21)

where Rlp = amount of cumulative rainfall (m) at the time to ponding and
Vtp-i = cumulative rainfall excess at the previous time step.
Similarly, Chu (1978) developed an indicator for the end of ponding Cp dur
ing an interval, assuming the surface was ponded at the beginning of the interval
as

Cp = Ri- F, - V,

(22)

If Cp is positive, ponding continues; if it is negative ponding ceases within the
interval. When there is no ponding within an interval, the cumulative infiltration
is computed as

F, = /?, - V,_,

(23)

GAML Model Parameter Estimation. The most extensive analysis of GAML
parameters has been done by Rawls et. al. (1982), who analyzed over 1000
soils. The average values derived from their analysis are given in Table 6. It

should be noted that the effective saturated conductivity values reported in Table
6 were derived from soil core samples and may be higher than those observed
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Suggested Values for Ks (mm/hr), if/ (mm), and t\t (mm/mm)

Texture

K,

<l>

Vc

(mm/hr)

(mm)

(mm/mm)

Sand

90.0

49

.40

Loamy sand
Sandy loam

30.0

63

.40

11.0

90

.41

Loam

6.5

110

.43

Silt loam

3.4

173

.49

Silt

2.5

190

.42

Silty clay loam
Clay loam
Silty clay loam
Sandy clay
Silty clay
Clay

1.5

214

.35

1.0

210

.31

0.9

253

.43

0.6

260

.32

0.5

288

.42

0.4

310

.39

Source: Rawls et al., 1982.

in the field. To date, there are no well-developed methods to adjust these values
for the influences of crusting, macropore development, or other physical or bio

logical factors which may increase or decrease the conductivity of the soil.
2. Rainfall Excess
Rainfall excess is the portion of the rainfall which ponds on the surface during
the period when the rainfall rate exceeds the infiltration rate. It is partitioned
into depression storage and runoff which flows off the surface. The rainfall
excess rate, v(t) {LIT), can be conceptualized as

v(t) = r(t) - fit)

for h(t) > 0

v(0 = r{t) - min[r(/), f(t)]

for h(t) < 0

(24)

where h(t) = flow depth (L) and min = minimum. The top equation computes
the rainfall excess rate when there is flow on the surface. The rainfall excess

rate can be either positive or negative depending on whether the rainfall rate
exceeds the infiltration capacity of the soil. Negative values of excess are during
the recession of the hydrograph. The bottom equation computes the rainfall
excess rate when there is no flow on the surface. If the value of rainfall excess

is positive, then runoff begins. The conceptualization of rainfall excess in Eq.
(24) is used when an infiltration equation is coupledwith a routing method such
as the kinematic wave model (see Woolhiseret al., 1991). Frequently, it is more
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convenient to define rainfall excess as

v(/) = r{t) - /(/)

forr(0>/(0

v(/) = 0

for r{t) < f(t)

(25)

The advantage of Eq. (25) is that the integral of v(r) over the duration of the
event is the total storm runoff and can be computed by an infiltration equation
without having to rely on a rainfall excess routing procedure. The disadvantage
is that the rainfall excess lost by infiltration during the recession of the hydrograph is not accounted for so that Eq. (25) will always overestimate the runoff
volume.

3. Depression Storage
Depression storage is the portion of rainfall excess which is held in storage
caused by microvariations in topography and which eventually infiltrates into
the soil or evaporates. Depending on the degree of microrelief occurring on a
surface, depression storage can greatly impact runoff amounts and rates. Gayle
and Skaggs (1978) report values ranging from 0.6 to 7.5 mm of average storage
depth measured on three agricultural soils with different tillage practices im

posed. Onstad (1984) developed an equation which relates maximum depression
storage, Sd (cm), to slope and random roughness from an analysis of over 1000
plots. The relationship is

Sd = 0.112rr + 0.031rr2 - 0.012rr S

(26)

where rr is the random roughness (cm) and S is the slope of the flow surface
{%). Onstad (1984) and others (Mitchell and Jones, 1976; Moore and Larsen,
1979) have suggested that runoffbegins before depression storage is completely
satisfied. Onstad developed an equation to compute the amount of rainfall ex
cess, PR (cm), needed to satisfy depression storage while runoff is occurring.
This equation is

PR = 0.329/v + 0.073r* - 0.018r, S

(27)

The amount of runoff which occurs during the period when depression storage
is satisfied is found by subtracting Eq. (26) from Eq. (27).
Depression Storage Estimation. The rate at which depression storage is filled,
even on the small plot scale, is difficult to measure directly. In addition, direct
estimates of depression storage for different surface conditions are difficult be
cause of the difficulty in quantifying the storage characteristics of different sur
faces. Random roughness is an easier measurement and typical values as the
result of various tillage implements were compiledby Zobeckand Onstad (1987)
and are listed in Table 7.
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Field Operations and Random Roughness Values

Field operation
Harrow, spike

Random roughness
(mm)

8

Drill, conventional and no-till
Planter, no-till and broadcast
Rodweeder, plain

10

Drill, semideep furrow

11

Rodweeder, shovel

Sweeps
Blades

13

Drill, deep furrow
Fertilizer application

Cultivator, field (sweeps) and row

15

Mulch treader

Planter, row

Cultivator, field (shovels)

18-19

Disk, tandem
Chisel

23-28

Disk, 1-way (18-22 in. disks)
Lister

Disk, 1-way (22-26 in. disks)
Moldboard, 5-7 in. deep
Disk, large offset
Moldboard, 8 in. deep

31-33

48-51

Source: Zobeck and Onstad, 1987.

4. Runoff Routing
Dynamic infiltration-hydrograph models for overland flow consist of an infiltra
tion function which computes the infiltration rate as it varies with time from an
unsteady rainfall input and a routing function which transforms rainfall excess
into flow depths on a flow surface. The choice of the infiltration function is
somewhat arbitrary, but the routing function is generally some form of the St.
Vennant shallow water equations. One such form, the kinematic wave model,
has been shown (Woolhiser and Liggett, 1967) to be a valid approximation for
most overland flow cases.

Kinematic Wave Model. The kinematic wave model is used to compute the

flow depth and discharge rate at a specified distance down a flow surface during
three time periods. The first time period is when the rise of the hydrograph
occurs. During this period, water is being stored on the flow surface as a function

222

Stone et al.

of the rainfall excess rate and the flow surface characteristics of roughness,
length, and slope. The end of this period is when a wave, termed the kinematic
wave, originating at the top of the surface at the start of runoff, reaches the end
of the surface. This time, termed the time to equilibrium, is equivalent to some
definitions of the time of concentration. The second period is from the time to
equilibrium to the time when the rainfall rate becomes less than the infiltration
rate. For constant rainfall and infiltration, the hydrograph will be at steady state
and the discharge rate will be equal to the rainfall excess rate. For variable
input, the discharge rate will vary depending on the variation of the rainfall
excess rate and the surface characteristics. The last period is when the recession
of the hydrograph occurs. During this period, water held in storage drains off
the surface. For the case of an infiltrating surface, the drying front where the
flow depth goes to zero travels from the top to the bottom of the flow surface.
The kinematic equations for flow on a plane are the continuity equation
dh

dq

and a depth-discharge relationship

q = ahh
(29)
where h = depth of flow (m), q = discharge per unit width of the plane (m3/ms), a = depth-discharge coefficient, b = depth-discharge exponent, and x = dis

tance from top of plane (m). When the Chezy relationship is used, a = CS1/2

where C = Chezy coefficient (m1/2/s) and b = 3/2. When the Manning relation
ship is used, a = S1/2/m where n = Manning coefficient (s/m1/3) and b = 5/3. If
the initial and boundary conditions are

h{x,0) = /i(0,r) = 0

(30)

which means that there is zero inflow at the top of the flow surface being
considered and zero runoff at the beginning of the computations, then Eqs. (28)
and (29) can be solved by the method of characteristics. The method involves

rewriting Eqs. (28) and (29) as simple ordinary differential equations in terms
of the flow depth at a distance on the plane. These equations are termed the
characteristic equations. The equations for depth and distance along a charac
teristic c{tjc) at a given time are (see Eagleson, 1970, for a derivation of the
characteristic equations)
dh

/s

Jt = K0

(31)

and

dx

. ,

c(M0 = — = abh{tf-1

(32)
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The characteristic, Eq. (32), defines a locus of points in the time-space plane
on which the flow depth is computed by Eq. (31). The characteristic equations
are integrated to get

=/»,+ [ v(s{w) dw

(33)

x = Xi + ab I h{wf~l dw

r

(34)

where x, = distance down the plane where the depth is equal to hx (m), /t, =
depth at time tx (m), r, and t2 = limits of integration (s), and w - dummy variable
of integration.
The general solution procedure is to solve Eq. (33) for the flow depth at a
time and then solve Eq. (34) for the distance from the top of the plane that the
depth occurs. Because it is generally the hydrograph at the end of the plane
which is of interest, the distance solved for in Eq. (34) is the length of the plane.
The discharge rate is computed by solving Eq. (29) given the depth found by
Eq. (33).
Although the method of characteristic solution is relatively easy to implement
as a computer algorithm, it is difficult to illustrate for the general case of un
steady rainfall excess. Therefore, it is useful to consider the more restrictive
example of constant rainfall excess which allows for an analytical solution of
Eqs. (31) and (32).
The analytic solution can be shown to consist of four distinct zones in the
characteristic space of the t-x plane (Fig. 5). The x-axis represents the initial

zoneC /

o
c

zone A

zoneD

T3

•'

zoneB

time

Fig. 5

Four zones in the t-x plane.
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•— — —

C(0,0) characteristic
water surface

———

flow surface

hydrograph

0)

sz

(a)

time

(b)

time

Fig. 6 Characteristics and hydrographs for (a) zone A, (b) zone B, (c) zone C, and (d)
zone D.

condition of zero flow at time zero, while the r-axis represents the boundary
condition of zero inflow at the top of the flow surface. Because the flow depth
is zero on these two axes, they are used as starting points for the solution of
Eqs. (31) and (32). The general procedure is to integrate all the characteristics
which originate on the x-axis at t = 0 until the characteristic from x = 0 and t =

0 reaches the end of the flow surface. Then all the characteristics which originate
at x = 0 for all times / > 0 are integrated until the end of the event.
1.

Zone A—Rise of the Hydrograph (Fig. 6a):

I dh =v I
Jo

Jo
/o
h = vt

dt

(35)

=

av

time

Jo

dx = avb~l I t-x dt

Continued.

(d)
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Jo
x

time
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(36)

Equations (35) and (36) are solved at time zero by selecting successive times
to compute the increase in depth on the flow surface until the computed value
of x is greater than or equal to the length of the flow surface. When x = L,
the flow surface is at equilibrium and the discharge rate is equal to the rainfall

a/"1

(37)

excess rate. This time, termed the time to kinematic equilibrium, te (s), is
computed as
', =

The characteristic which starts at the origin of the t-x plane and reaches x = L
at te is termed the limiting characteristic and separates the zone A and B
solutions.
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2.

Zone B—Equilibrium Hydrograph (Fig. 6b):

I dh =v I
J'o

dt

J'o

(38)

h = v{t- t0)

I dx =ai/"1 I (f - /o)6"1 <*<
J'o

J'o

(39)

x = a^\t - /„)"
After the time to equilibrium, the solution is computed using Eqs. (38) and (39).
The time /<, is the time when the characteristic which is being integrated begins
at the top of the flow surface at some time on the f-axis. Equation (39) is
computing the time it takes a characteristic to travel from the top of the flow
surface to the end. For constant rainfall excess, this time is equal to te and
because the flow is at steady state within this zone, the discharge rate is simply
q = vL
3.

(40)

Zone C—Recession (Fig. 6c):

I dh + \ dt = v \ dt + v I dt
Jl0

Jo,

Jta

JlK

(41)

h = v{Dv - t0) = hv

J'O

dx + \ dx =a bv"-1 I (Dv - /q)""1 dt
Jo,

Jt0

+ ab tir1

dt

(42)

Jo,

x = xv + ab hbr\t - Dv)
where xv is the distance the characteristic has traveled at timeDv. It is computed
as zone C solutions occur after rainfall excess ceases. The characteristic is

integrated

xv = av6"1 (A. ~ to)"

(43)

in two steps: the first is during the period between the time the characteristic
originates on the /-axis, t0, and the end of rainfall excess, Dv; the second is
during the period between Dv and the time the characteristic reaches the end of

the plane during which time the rainfall excess is zero. As can be seen by Eqs.
(41) and (42), the characteristics within this zone are straight lines and as the
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depth approaches zero, the time the characteristic takes to reach the end of the
flow surface approaches infinity.

4.

Zone D—Partial Equilibrium (Fig. 6d):

JeDv

ft

pOv

dh + \ dt = v
o

Joy

ft

dt + v I dt
Jo

Jo,

(44)

h = vDv = hv
JrOv

o

/•«

rOv

dx + \ dx =ab vbl I {t- t0f-1 dt
Jov

Jo

cx JoI dt

+ ab K'1

(45)

Jo,

x = avb~1 Dbv + ab hb~\t - Dv)
Zone D solutions occur when the duration of rainfall excess is less than te and

the discharge rate is always less than the rainfall excess rate. The solution is
similar to that of zone C, except that the flow depth and discharge rate are
constant from the time the rainfall excess ends to the time the characteristic

from t = 0 and x = 0 reaches the end of the surface.

The kinematic wave parameter to be estimated is the roughness coefficient
in the depth-discharge coefficient. Engman (1989) used data from large plot
rainfall simulator experiments and computed the Manning's n values shown in
Table 8.

III.

SOME APPROXIMATIONS FOR RUNOFF ESTIMATION

For some cases, simple approximations of more complex representations of the
rainfall runoff process are sufficient. As with the choice of a total storm runoff
or a rainfall excess-based approach, using an approximation will depend on the
objective of the study and initial conditions of the area to be studied.
A.

Infiltration

Li et al. (1976) used the nondimensional terms

«•-£
™ -S

(46)
(47)
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Table 8 Manning's n (s/m1/3) Values for Rainfall Simulator Plots
Cover/treatment
Bare/fallow
Grass/sod
Chisel

Residue

Manning's n

(r/ac)

(s/m"3)

<1.4

<1.4

0.075

1.4-1

0.180

1-3

0.340

>3

0.450

<1.4

0.078

1.4-1

0.170

1-3

0.270

Range/natural
Disk/harrow

Notill

0.045
0.530

0.130

>3

0.310

<1.4

0.053

1.4-1

0.083

1-3

0.350

Plow (fall)

<1.4

0.055

Coulter

<1.4

0.110

Source: Engman, 1989.

to write the Green and Ampt equation as
/. = F.{K) ~ ln(l + F.{Q)

(48)

By using the first term of a power series expansion of the natural log term in
Eq. (48), they derived the following quadratic approximation of infiltrated depth,
Fq„ for the case of initial ponded conditions as

fm =\y- +VgTSj

(49)

If the infiltration rate is nondimensionalized as

,(,,=f

(50)
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then Li et al.'s infiltration rate, /v#, is computed as

/«.('.) = 1 + TFTB.

(51)

Peak Discharge

As mentioned in the introduction for the kinematic wave equation, the basic
problem in computing the runoff hydrograph is determining the dynamics of
how water is stored on the flow surface. Given a constant rainfall excess rate,

eventually the flow rate off the surface will equal the rainfall excess rate. We
can use this to approximate the peak discharge from small areas by studying
the relationship among the time and rate variables of rainfall excess and routed
runoff. For the case of constant rainfall excess, the flow depth and discharge
rate increase during the period / < tc and are constant for t ^ /,.. If the duration

of the rainfall excess is less than /,., then the maximum flow depth, hp (m), is
K = vc Dv

(52)

Substituting Eq. (52) into Eq. (29), using the definition of te, and simplifying,

the peak discharge, qp (m/s), is

qp =vc(^\ for Dv<te

(53)

When the duration of rainfall excess is greater than the time to kinematic
equilibrium (i.e., equilibrium), then the peak flow rate is simply

qp = v,

for Dv > /,

(54)

Equations (53) and (54) can be generalized by defining the following quan
tities and rewriting as

--1

(55)

'•-k
q. = C
<?. = 1

for r. > 1

for t, < 1

(56)
(57)

Equations (56) and (57) are illustrated in Fig. 7.
For variable rainfall excess, the definition of te [Eq. (37)] is not exactly true.
In addition, for times greater than when the characteristic from time and distance
zero reaches the end of the flow surface, the discharge rate approaches but never
exactly equals the rainfall excess rate. Using Eqs. (55) and (56) as a starting
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1.2 n

Eq. 56

1.0 - - -

Eq. 57
0.8

q*=

0.6

0.4

0.2

0.0

-i

1

"

1

2

1

4

t

r~

6

-i

1

8

1

10

=

D

Fig. 7

Peak discharge relationship for constant rainfall excess.

point, we redefine the nondimensional quantities in Eq. (54)
q*~

H

v„

t, = —

Dv

(58)

and define a nondimensional rainfall excess rate as

v, = —

(59)

The average rainfall excess rate, va (m/s), is computed as
V
v„ =

A.

(60)

where ta is computed using va as
L =

(61)
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A plot of the results of a number of simulations of the kinematic wave model
for a range of values of q„ t„ and v. suggested the following relationships
9. = C
1
?. =

1 -

m

<7. =

m +

v.

for t. > 1

(62)

for 1 > t, > r„

(63)

for t.. > t, > 0

(64)

t.

1

The intersection of Eqs. (63) and (64), /.., is found by combining the equations,
substituting t„ for f., and solving for t„ using the quadratic formula as

1 - (1 - 2.4 (v, - ifl)"

1.2 (1 - v.)

V}

The relationships of Eqs. (62), (63), and (64) are plotted in Fig. 8. The average

error using the range of conditions for the simulation was 1%, 10%, and 5%
for Eqs. (62), (63), and (64) respectively, or a total combined error of 6.6%
C.

Recession Infiltration

For the case of partial equilibrium described in Section II.B.l, the runoff volume
can be significantly less than the rainfall excess volume. Stone et al. (1993)
10

8

\ Vo.1

Eq.62
Eq.63
Eq.64

-

6 -

q*=
4 -

0.0

0.5

t

—i—

-1—

1.0

1.5

2.0

«

Fig. 8 Approximate peak discharge relationship for variable rainfall excess.
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developed a simple relationship to compute the amount of reduction of rainfall

excess which occurs during the recession of the hydrograph. By defining the
following nondimensional quantities

e.-a
V"

(66)

Va

where Qv = adjusted runoff volume (m), Vv = rainfall excess volume (m), and
ff = final infiltration rate (m/s) at the last time of nonzero rainfall excess rate,
the reduction is computed as

and

G- =*- —i (ztt) '• f^rr)

(68)

Equations (67) and (68) are illustrated in Fig. 9 for the depth-discharge coeffi
cient computed using the Chezy coefficient.

1. Tolerable Error in Runoff Volume Estimation
Equation (67) can be used to compute a threshold in terms of f, above which
recession infiltration should be considered by rewriting Eq. (67) in the form of
an inequality

,«a-a>t±i(^)"
IV.

(69)

SIMULATION MODELS

Thecurve number method and the coupled infiltration-kinematic wave equations
described in this chapter form the basis for many of the simulation models used
to estimate field scale erosion. In terms of model application, most fall into two
broad categories: event-based models used to compute runoff and erosion for a

single rainfall event and continuous simulation models used to compute runoff
and erosion for an extended period of time, typically using a daily time step.
The selection of eithertype of model will depend on input parameter data avail
ability and the objectives of the application of the model. In general, continuous
simulation models require more input data than the event-based models because

they require parameter values for model components which compute initial con
ditions or update other parameter values. For example, the event model
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Fig. 9 Approximate recession infiltration relationship.

KINEROS requires four parameters to compute infiltration including initial soil
moisture. In contrast, the continuous version of WEPP requires not only the
same analogous parameters for infiltration, but also requires additional param
eters for the computations of the water balance, crop growth, residue decom
position, and the effects of tillage on infiltration. Event-based models are best
suited for design purposes in which the input rainfall and initial conditions can
be specified for a specific return period or acceptable failure rate of a structure
such as a culvert or terrace. Continuous simulation models can also be used for

design purposes but are better suited for evaluating the long term effects of
management systems on runoff and erosion.

Although the curve number method has been used for event models, the
coupled infiltration-kinematic wave model approach has gained increasing pop
ularity in recent years partly because the approach is based on the fundamentals
of conservation of mass and momentum, and partly because of the increase of

computer speed. The model KINEROS (Woolhiser et al., 1991) is an example
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of this coupled approach. Infiltration is computed using the Smith-Parlange in
filtration equation which is quite similar to the Green-Ampt model described in
Section II.B.l. Thecomputed rainfall excess is routed interactively using a fourpoint implicit numerical scheme so that infiltration is computed during the re
cession of the hydrograph. The input variable is a time depth distribution of
rainfall and the input parameters include physical characteristics of the flow
plane, a roughness coefficient (either Chezy or Manning), Smith-Parlange infil
tration parameters, and erosion parameters. Because the model uses a numerical
routing procedure, it can be applied to cases where the infiltration characteristics

change in the downslope direction as would be the case with strip cropping or
changes in soil texture.

Both the curve number method and the coupled infiltration-kinematic wave
approach have been used in runoff-erosion continuous simulation models. One

of the first of these type of models, CREAMS (Chemicals, Runoff, and Erosion

from Agricultural Management Systems, Knisel, 1980), has both options al
though the curve number option has been more widely used in applications. The
implementation of the curve number method in CREAMS refined the selection
of a condition I, II, or III curve number from one based on an antecedent

moisture class to one which is updated based on a depth weighted average of
the soil moisture within the root zone. The soil moisture is computed using the
water balance equation on a daily time step. Similar implementations of the
curve numberand water balance equation havebeen used by severalother runoff
erosion models including EPIC (Williams et al., 1983), SWRRB (Williams et

al., 1985), and SPUR (Wight et al., 1987). The CREAMS approach for com
puting evapotranspiration component of the water balance includes input of tem
perature and solar radiation, depth of bare soil evaporation, and a distribution
of leaf area index for the growing season. The EPIC and field scale SPUR
models compute daily crop growth which is then translated into incremental
changes in leaf area index. Downward movement of soil water in all the above

models is computed using a simplelayered storage model in which water moves

to the next layer when the storage capacity is exceeded in the current year. The
infiltration-kinematic wave option of CREAMS is similar in concept to that of
the WEPP model described in this chapter with the major difference in the
method the kinematic wave peak discharge is approximated. However, the ap
proach, as with the WEPP model, requires a time-intensity distribution of rain
fall. Observed rainfall data of this type is typically not available for most ap
plications and at the time the CREAMS model was developed, there was no
large data base of rainfall statistics to use in a rainfall simulation model. The

WEPP model, the hydrology computations ofwhich were described in this chap
ter, was developed to use a more process-based approach than the then existing
runoff erosion models. With respect to the hydrologic calculations, two features

distinguish it from the CREAMS approach. First, a data base comprised of
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climate statistics for over 1000 locations in the United States was developed to

be used in the climate generator, CLIGEN (Nicks and Lane, 1989). The
CLIGEN model uses a rainfall disaggregation model based on a double expo
nential distribution to compute a rainfall intensity distribution from four rainfall
characteristics; depth, duration, time to peak intensity, and peak intensity. Sec
ond, the values of infiltration and runoff parameters are adjusted on a daily basis
to account for the effects of management and climate. For example, a soil-model

computes the changes in soil bulk density and random roughness immediately
following a tillage operation and adjusts the infiltration parameters and the
Chezy coefficient to reflect these changes. As time increases and the soil be
comes consolidated, the soil submodel computes the increase in bulk density
and decrease in random roughness which is then used to update the infiltration
and runoff parameters.

At present, there are no objective criteria for the selection of a particular
simulation model or methodology for a given situation. Key issues in model
selection are the complexity of the model, input variable and parameter uncer

tainty, and systematic model errors. According to Lane and Nichols (1993)
model complexity is defined as a function of the number of input variables,
input parameters, and number of model runs required to do a noninteractive
sensitivity analysis; variable and parameter uncertainty is defined as a function
of the coefficient of variation of the variables and parameters; and model error
is defined as a function of the number of basic physical laws contained within

the model. They found using these definitions that the curve number method
has low complexity and parameter uncertainty and high systematic model error
while the Green-Ampt approach has high complexity and uncertainty but low
systematic error. Their approach is a step in providing objective criteria to merge
model selection with complexity, uncertainty, and error.
V.

SUMMARY AND DISCUSSION

We have shown that runoff is a primary driving variable in the water induced
erosion process. Although the impact of rain drops detaches soil particles, it is
primarily flowing water that transports detached particles to areas of concen
trated flow, and depending on the sediment load and the transport capacity of
the flow, detaches or re-entrains previously detached particles or deposits par

ticles being transported. The relative importance of runoff in erosion and sedi
mentation processes increases with increasing scale. This is why many of the
conservation practices employed to reduce erosion at the field scale are in fact
practices to reduce the volumes and rate of runoff. Accurate estimation of the
effects of an agricultural management system or individual practice on the vol
ume and rate of runoff are essential in the evaluation and planning associated
with soil and water conservation.

236

Stone et al.

Methodologies to estimate runoff derived at point scales and watershed scales

have been applied to field scale runoff processes. Two approaches for modeling
runoff, the U.S. Soil Conservation Service Curve Number method and the in

filtration-kinematic wave method, are described in this chapter. Examples of the
first approach describe the SCS method for computing direct storm runoff and
the SCS graphical method for computing peak discharge. Examples of the sec
ond approach describe the Green-Ampt Mein-Larsen model for computing rates
and volumes of infiltration and rainfall excess, a method for computing depres
sion storage, and the use of the kinematic wave model for computing the runoff
hydrograph and peak discharge. Approximate methods commonly used in the
second approach include the Li approximation for computing total infiltration
amount and rainfall excess volume, an approximate method for computing peak
discharge, and a method for estimating recession infiltration.

The type of approach taken will depend on the data available and the objec
tives of the analysis. For example, a study to screen management systems to
replace a current system may only need an estimate of annual average runoff
differences among the systems while a study to design the capacity of a grassed
waterway may need detailed information of the flow profile down the channel
length.

Factors influencing runoffinclude rainfall characteristics, soil properties, an
tecedent moisture, as well as land use and management practices. Of critical

importance for future research on improved runoff estimation methodologies are
the interactions and feedback mechanisms between these factors, and how they
vary with time, space, and process intensity scales. Knowledge of these factors
and their scale properties are necessary to extend knowledge of point processes
to processes operating at the field scale.
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