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ABSTRACT

The kinematic wave model for overland and channel flow is used to develop

a method to calculate the runoff hydrograph from a watershed consisting of a cascade

of planes and channels. First, a general, semi-analytic solution based on the method

of characteristics and incorporating flow on infiltrating surfaces is derived.

Unrealistic properties of previous solutions based on the method of characteristics

are avoided by defining lateral inflow in relation to the presence or absence of

flowing water on the flow surface. It is shown that the new definition of lateral

inflow results in both a more physically realistic representation of the overland and

channel flow process during the recession stage of the hydrograph and a more

accurate estimation of runoff volume than obtained by previous solutions. Second,

the concept of the storage of water at kinematic equilibrium is used to calculate a

depth-discharge coefficient for a single plane system and a two plane, one channel

system, each of which is hydraulically equivalent to a complex cascade of planes and

channels. The method is validated on two rangeland watersheds in Arizona. The

results show that hydrographs generated from the two simplified watershed

geometries are essentially the same as those from complex geometries when the

duration of the runoff event is equal to or greater than the time to kinematic

equilibrium. At durations less than the time to kinematic equilibrium, the two plane,

one channel system preserves the complex geometry properties better than the single

plane system.
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CHAPTER 1

INTRODUCTION

An important task of the research and practicing hydrologist is the estimation

of the runoff hydrograph from small agricultural watersheds. Accurate estimation of

the hydrograph is necessary in the design of water resource systems and in the

evaluation of farm and ranch management practices. In recent years, evaluation of

management practices has received increased emphasis in terms of the effects on

water quantity and quality. This emphasis has given rise for a need of methods to

simulate the rainfall runoff process which (1) offer further understanding of the basic

watershed processes, (2) are able to reflect the temporal and spatial variation of

watershed processes, and (3) are computationally efficient.

An approach which has been successfully used to represent the rainfall runoff

process is the distributed watershed model. With this approach, the watershed is

conceptualized as a system of plane and channel elements. Each plane and channel

is considered to be a homogeneous unit so that runoff amounts and rates will vary

between units but not within a unit. The number of plane and channel elements is

generally determined by the degree of spatial variability of such watershed

characteristics as soils, vegetation, or topography.

Problem Statement

The two major areas of research in distributed models are:
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(1) choosing the proper models to represent the significant sub-

processes which affect the watershed hydrograph; and

(2) determining the optimum number of elements that adequately

represent the spatial variability of the physical characteristics

which significantly influence the watershed hydrograph.

Both of these areas are affected by the intended use of the model, the type

of output desired, the physical and economic resources available to parameterize and

run the model, and the technical sophistication of the model user.

The kinematic cascade is a distributed model which uses the kinematic wave

model to route rainfall excess on a cascade of planes and channels. The kinematic

wave model utilizes the one dimensional flow continuity equation and a normal flow

approximation of the momentum equation to calculate the runoff hydrograph.

Solutions of the cascade model are obtained using numerical schemes such as finite

differences or finite elements. The cascade model has the advantage of being able

to represent very complex watershed geometries, but has the disadvantages of

potential instability of the solution, damping of the peak due to numerical dispersion,

and a long computer execution time.

Semi-analytic solutions based on the method of characteristics of the

kinematic wave model have the advantages that the solution is semi-analytic and thus

provides a verification of numerical schemes, the solution is stable, and the execution

time is quick. The major disadvantage is that most solutions require zero inflow at
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the top of a plane or a channel. This means that the most complex watershed

representation allowed is a two-plane, one-channel or "open-book" configuration.

The advantages of the semi-analytical solution make it an attractive method

to include in hydrology design support tools or as the runoff component of natural

resource simulation models. The focus of this research is to determine the efficacy

of coupling a semi-analytic solution of the kinematic wave model with an open book

configuration to represent the more complex kinematic cascade model.

Objective

The first objective of the dissertation is to develop a method to aggregate a

cascade of planes and channels into a two plane, one channel or "open book"

watershed. The second objective is to incorporate the method into a stand-alone,

single event, rainfall-runoff model which is computationally efficient and parameter

parsimonious.

Approach

To achieve the first objective, the kinematic wave model is chosen to

represent the overland and channel flow processes. Topographic parameters (slope,

slope length, watershed area, flow paths, hydraulic roughness) and infiltration

parameters (saturated conductivity and matric potential) for a cascade of planes and

channels are re-calculated for an open book system.



17

The topographic parameter which is preserved is the watershed area. The

parameters which are distorted are the main channel length, the longest overland

flow path, the overland and channel slope, and the roughness coefficient.

The main channel length is calculated by extending the main channel to the

watershed divide. The longest overland flow path is calculated as the area of the

overland flow elements divided by the longest channel length. Overland flow

elements on the left side of the main channel are aggregated into one overland flow

element, while those on the right side of the main channel are aggregated into a

second overland flow element. The overland and channel slopes are area weighted

averaged.

The infiltration parameters for a cascade of planes and channels are average

weighted for the area of the individual plane and channel elements. The overland

flow depth discharge coefficient of the kinematic wave model is calculated based on

the equivalent plane concept introduced by Wu et al. (1978). The equivalent plane

concept uses the kinematic wave model to calculate a depth discharge coefficient for

a single plane which is equivalent to the different discharge coefficients on a cascade

of planes.

The method is extended to calculate discharge coefficients for the open book

system equivalent to those for a cascade of planes and channels.

To achieve the second objective, the above is incorporated into a rainfall

runoff computer model.
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Infiltration is calculated using a solution of the Green and Ampt equation for

unsteady rainfall. The surface and channel hydrographs are calculated using a new

semi-analytical solution of the kinematic wave model for overland and channel flow

based on the method of characteristics.

Model testing includes verification and validation of the individual compo-

nents and of the model as a complete system. A major emphasis is placed on the

verification phase of the model testing because of the paucity of data available for

validation.

Verification includes testing the semi-analytical solution of the kinematic wave

model and the equivalent watershed method of aggregating a cascade of planes and

channels into an open book system.

Characteristics generated by the new solution are compared with those

generated by published solutions.

Hydrographs are generated using a numerical solution of the kinematic

cascade model for a cascade of planes and channels and compared with hydrographs

generated using the model for the equivalent open book watershed configuration.

Equilibrium channel and watershed storage are calculated based on the

equivalent plane method and are compared with the equilibrium storage calculated

by WALRUS.

Validation data sets include two small rangeland watersheds on the Walnut

Gulch Experimental Watershed near Tombstone, Arizona. A range of events are

used to validate the model and to test the model's range of applicability.
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Benefits

The immediate benefit will be the inclusion of this methodology into the

USDA-ARS Water Erosion Prediction Project (WEPP) watershed model. The

expected benefits to the research hydrologist are to 1. have an analytical solution of

the kinematic wave equation for an open book watershed configuration for

verification of numerical solutions and 2. have an objective criterion on which to

evaluate the degree of topographic detail needed to represent a watershed. For the

practicing hydrologist, the computer model will be a computationally efficient means

of determining the runoff hydrograph from watersheds. In addition, this method

could easily be included as the hydrologic driver for other simulation models.
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CHAPTER 2

LITERATURE REVIEW

The two major subjects relevant to the dissertation objectives are the

kinematic wave model and the manner in which a watershed is represented by planes

and channels. Literature on the kinematic wave model cited herein traces the

development of analytic and semi-analytic solutions utilizing the method of

characteristics. Literature on watershed representation concentrates on watershed

configurations developed for the kinematic wave model, physical watershed

characteristics which can be defined from topographic maps or field surveys, and the

relationship between simplification of watershed geometry and parameter distortion.

Kinematic Wave Model

The kinematic wave model is derived from the equations of continuity and

momentum. Yevjevich (1975) reported that Barre de Saint-Vennant presented the

continuity and momentum equations in 1871. The continuity equation is:

ah aq
at	 ax	 P

(2.1)



and the momentum equation is:

au + au	 ah
at u --a—x + g —a—x - g(So - St)

where:

h = local depth of flow (L)

q = discharge per unit width (L3/L-T)

v = lateral inflow rate (LIT)P

11 = velocity of flow (L/T)

g = acceleration of gravity (L/T2)

So = bed slope

Sf = friction slope

x = distance (L)

t = time (T)

These equations are commonly known as the Saint-Vennant equations of unsteady

flow.

Much of the first work on the theory of kinematic waves dealt with flood

waves in channels. Lighthill and Whitham (1955) are credited with the principal

theoretical work on kinematic waves and gave the theory the name "kinematic". The

kinematic wave equation is derived by assuming the friction slope equal to the plane

or channel slope in the momentum equation. Equation 2.2 is then replaced with a

depth discharge relationship:

21

(2.2)
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q - a p h' (2.3)

If the Chezy resistance law is used, then m = 1.5 and a p = C S03 where C is

the Chezy coefficient. If the Manning resistance law is used, then m = 5/3 and a p

= 1/n S03 where n is the Manning coefficient.

Woolhiser and Liggett (1967) compared solutions of the kinematic wave

equation with the full Saint-Vennant equations. They showed that the effect of

neglecting the dynamic terms in Equation 2.2 could be evaluated using a dimension-

less number k defined as:

k 
S
° L

h F2
(2.4)

where:

L = length of the flow surface (L)

F = Froude number at flow depth h

If k > 10, then the solution using the kinematic approximation is almost as accurate

as that using the full momentum equation. For most overland flow cases, k is much

greater than 10.

The kinematic wave model can be solved using analytical and semi-analytical

solutions based on the method of characteristics or using finite difference or finite

element numerical solutions. Analytic and semi-analytic solutions of the kinematic

wave equation offer advantages over numerical methods because they eliminate the
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wave celerity damping and phase lag associated with numerical schemes, are not

prone to instability, and result in lower computational times. However, applications

of the analytic and semi-analytic solutions have been restricted to relatively simple

watershed geometries.

Analytic Solutions

An analytic solution of the kinematic equations for overland flow on a single

plane based on the method of characteristics was first presented by Henderson and

Wooding (1964) and then extended to a simple watershed system consisting of two

overland flow planes draining laterally into a single channel by Wooding (1965). The

method of characteristics involves finding the space-time locus of discontinuity or

characteristics in the partial derivatives of the continuity equation. These characteris-

tic curves define the path of wave propagation along which the problem is reduced

to an ordinary differential equation which can be integrated. Henderson and

Wooding's solution was developed for the cases of constant rainfall on an impervious

plane and constant infiltration on an infiltrating plane. The initial and boundary

conditions (Figure 2.1) were defined as:



Initial condition: h(0,x) = 0

X = 0

24

x = L

Boundary condition: h(t,0) = 0

X = 0

x = L

	 plane surface
 water surface

Figure 2.1	 Initial and Boundary Conditions for a Single Plane



h(o,x) o
h(t,o)	 o

respectively. The lateral inflow rate, v(t), (Figure 2.2) was defined as:

t < 0
0 < t <

t >
(2.6)

where t. is the time of the end of lateral inflow.

If Equations 2.1 and 2.3 are solved simultaneously, the characteristic equations

for flow depth on the characteristic:

dh
-- V
dt	 P

at a distance, x, along the characteristic:

dx n h in-1

dt	 P

are obtained.

Other analytical solutions (see Li et al., 1975; Parlange et al., 1980) are

restricted the specific case of a known lateral inflow function.

Flow Regions in the t-x Plane, Analytic Solution

Although the solution described above is limited in application because of the

definition of lateral inflow, it is useful in illustrating the behavior of the model in

relation to lateral inflow, hydraulic roughness, slope gradient, and slope length.

25

(2.5)

(2.7)

(2.8)
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V

time
	 t*

Figure 2.2 Lateral Inflow for Analytic Solution of the Kinematic Wave Model for
a Single Plane
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Lane et al. (1988) identified four regions in the t-x plane and described the

flow characteristics of each region. In this section, the characteristic equations for

each region are presented and properties of the solutions are discussed for a lateral

inflow input defined by Equation 2.6. For a complete derivation of the equations,

see Eagleson (1970).

Consider a plane of length, L, and depth discharge coefficient, a.. By solving

Equations 2.7 and 2.8 with lateral inflow defined by Equation 2.9, four flow zones in

the t-x plane can be identified. Referring to Figure 2.3., these zones and the

equations for depth and distance are:

1. Zone A: Flow Establishment

depth: h(t) - y,, t (2.9)

distance: x(t) - a y
m-1
P
 tin (2.10)

Zone A contains all the characteristics which begin at time zero everywhere

on the plane. This is the zone bounded by 0-P-L in Figure 2.4.a. During this period,

water is building up on the plane as shown in Figure 2.4.b. At any time, t 1 , before

the characteristic (c(0,0)) from t = 0, x = 0 reaches the end of the plane, a portion

of the plane will have steady non-uniform flow (0 to x i. in Figure 2.4.b) and a portion

will have unsteady uniform flow (x 1 to L in Figure 2.4.b). The flow profile at various

times t 1 and t2 will have the shapes defined by the curves 0-A-A' and 0-A-B-B'

respectively. At the time, te, that the characteristic c(0,0) reaches the end of the



t*

0

Time

L = length of plane
t* = lateral inflow ends

28

Figure 2.3 The Four Flow Zones in the t-x Plane



X x2

x1

h B'

A '

C'

x1
X

o	 t1
	

t2	 te

t
(a) t-x Plane

(b) Water Surface Profile
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Figure 2.4	 (a) t-x Plane and (b) Water Surface Profile During Flow Establishment
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plane, the discharge rate equals the inflow rate and the flow on the plane is at steady

state. The resulting water surface profile is defined by the curve O-A-B-C'.

The equations for the characteristic c(0,0) (curve 0-P in Figure 2.4.a) are:

V X) 11m
depth:	 h(t) - (—L—

a 
P

distance: x(te) - cc
10 vm-1

P t m
 e

(2.11)

(2.12)

The time to kinematic equilibrium is obtained by solving Equation 2.12 for te as:

te
	L 

Œ  VP 	lim
P P(	 )

(2.13)

Note that when Equation 2.11 is substituted into Equation 2.3, the discharge rate

becomes:

(2.14)

and is only a function of the lateral inflow rate and distance down the plane.

2. Zone B: Established Flow

v xjlim
depth:	 h(t) LI—

a 
P

(2.15)
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distance: x(t) - a vm-1PP (t - tor (2.16)

where to is the time the characteristic originated at the top of the plane. Figures

2.5.a-b show the equilibrium water surface profiles and hydrographs for the cases

when lateral inflow ends before (t. > te) and at the time (t. = te) c(0,0) reaches the

end of the plane.

3. Zone C.  Partial Equilibrium

	

depth:	 h(t) - vp t	 (2.17)

distance:	 x(t) - a,,	 t.itz + a i,, in (vp t)"' 	- t)
	

(2.18)

During the period when the solution is in zone C, the flow depth at the outlet

of the plane is constant until the characteristic which originates at the origin reaches

the end of the plane. Referring to Figure 2.5.c, the successive water surface profiles

during this period are the curves labeled O-C-C' at t = t., 0-C"-C at t. < t < t o and

O-C' at t = t,., where t r is the time the solution switches to zone D and recession

begins. Note that from Equation 2.18, the characteristics in zone C are straight lines.

Because the depth is constant at the end of the plane, the hydrograph has a flat-

topped peak during the period t. to t,. (Figure 2.5.c).



Figure 2.5	 Water Surface Profiles and Hydrographs for (a) t. > te, (b) t. = te, and
(c) t. < te

x = 0 x = L t* t* ,

(b) q

(c)

t* t*'

t*	 tr

h

X = 0 x = L

x = 0 x = L

h
(a)

32
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4. Zone D: Recession

depth:	 L-apm h(t)m -1 (t - t	 h(t)m.) + a.,
P VP

distance: x-a p m h(t.)m 1 (t - t.) + a p v;" 1 (t. - to)

The solution in zone D is the recession of the hydrograph. The water surface

elevation begins to decrease everywhere on the plane as indicated by the downward

pointing arrows in Figures 2.5. a, b, and c. From Equation 2.19, as h approaches

zero, t approaches infinity. Thus, the hydrograph has an infinite duration. Note that

from Equation 2.20, the characteristics in region D are also straight lines.

Semi-Analytic Solutions

Harley et al. (1970) and Eggert (1987) presented semi-analytical solutions for

an arbitrary lateral inflow distribution defined as:

where:

0	 t < tp
V (0 m i (0 - fit)	 i (0 > At)P	 0	 t > t„

i(t) = rainfall rate at time t (LIT)

f(t) = infiltration rate at time t (L/T)

tr.. = time of end of rainfall (T)

t
P
 = time lateral inflow begins (T)

(2.21)

(2.19)

(2.20)
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Note that Equation 2.21 implicitly defines the end of infiltration at the end of

rainfall. In application of the model, v(t) is defined as a step function as illustrated

in Figure 2.6.

By defining lateral inflow by Equation 2.21, the lateral inflow rate becomes

a function of time which adds some complexity to the solution, particularly in zones

B and D. If Equations 2.7 and 2.8 are integrated for a lateral inflow rate defined by

Equation 2.21, the flow depth becomes:

h(t) - h0 + ft: v p(w) dw (2.22)

and the distance along the characteristic becomes:

m-ia m rt{ft v (w\ dw (2.23)dw
x(t) - x0 +

P Jto 40 P '

where w is a dummy variable. The zone A solutions do not change significantly from

the constant lateral inflow case. The flow depth at the end of the plane is simply the

integral of the lateral inflow, or:

h(t) - fot v p(w) dw (2.24)

The characteristic which originates at distance x0 at time zero has the flow depth

defined by Equation 2.24 and arrives at the end of the plane at time t is determined

by integrating Equation 2.8 between the limits xo and L:

LL
x(w) dw - a m h(tr i f t dw

P	 o0

(2.25)
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	(c)	 (d)

Figure 2.6	 Continuous and Step Function Representations of Rainfall, Infiltration,
and Lateral Inflow



36

L - x0 + a p m h(t)m-1 t

The general procedure is to choose a time step and evaluate Equations 2.24

and 2.25 until xo equals L or t = t.; that is, until the c(0,0) characteristic reaches the

end of the plane or the rainfall event ends. When the former occurs, the solution

switches to zone B; when the latter occurs, the solution switches to zone C.

Integrating Equations 2.22 and 2.23 in zone B for an arbitrary lateral inflow rate is

more difficult than for a constant lateral inflow rate. The reason for this is that the

flow depth is a function of time (Equation 2.22) while for the analytic solution, the

flow depth was constant in zone B. Now the solution involves finding either the time,

to, a characteristic originated at the top of the plane or the time, t, it reaches the end

of the plane.

Harley et al. (1970) integrated Equation 2.23 by assuming a time step for to

and solving for the time when the characteristic reaches the end of the plane. This

results in a nonuniform time step for the hydrograph. Eggert (1987) integrated

Equation 2.23 by assuming a time step for the time when the characteristics reach

the end of the plane and solving for the time, to. This results in a uniform time step

for the hydrograph. Equations 2.22 and 2.23 are integrated until t equals t.. True

equilibrium hydrographs for arbitrary lateral inflow do not exist. A quasi-steady state

discharge will be approached at a similar rate that quasi-steady state infiltration is

approached. Figure 2.7 shows a comparison of an equilibrium hydrograph for
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a

t*

Equilibrium hydrograph with
lateral inflow defined by
equation 2.6

ci

t*

Equilibrium hydrograph with
lateral inflow defined by
equation 2.21

Figure 2.7 Equilibrium Hydrographs for Lateral Inflow Defined by Equations 2.6
and 2.21
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constant lateral inflow and a quasi-equilibrium hydrograph for arbitrary lateral

inflow.

Zone C solutions occur when the solution is in zone A at the time lateral

inflow ends. The flow depth and distance is calculated by Equations 2.17 and 2.18

respectively until x(t) in Equation 2.18 equals L; that is, until c(0,0) reaches the end

of the plane.

The characteristics which reach the end of the plane in zone D originate in

zone B. Thus, part of the integration of Equations 2.22 and 2.23 occurs in zone B

and part in zone D. The zone B portion of the solution for depth is:

+ f t.
t. vp(w) dw (2.26)

and for the distance along the characteristic is:

-am p  j.:* [i t* v(w) dw
0	 to

in-1
dw (2.27)

It remains to complete the integral from t. to t1 . The flow depth on a characteristic

in zone D is a constant equal to the depth at time t.. Equation 2.23 is integrated

between x. and L with respect to x and t. to t1 with respect to time.
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fri
L x. + a p m h.	 r. dt (2.28)

rn- 1
+ a p /71. h.	 (t1 - ts )

where h. and x. are defined by Equations 2.26 and 2.27, respectively.

The solutions presented by the above authors share two unrealistic properties.

First, if the characteristic which begins at the top of the plane at time zero does not

reach the end of the plane before the recession phase of the hydrograph, a flat-

topped or partial equilibrium hydrograph is formed. Flat-topped hydrographs are

observed under experimental conditions, but are quasi-equilibrium hydrographs.

Second, due to the nature of the solution of the depth equation for the characteristics

during the recession phase, the hydrograph has an infinite duration. Both of these

properties are a result of the manner in which Equations 2.6 and 2.21 define lateral

inflow.

Kinematic Shock Formation

When the method of characteristics is used to solve the kinematic wave

equations for a cascade of planes, characteristics originating from an upper plane can

intersect characteristics originating on a lower plane. The path of the intersection

of the characteristics is termed a kinematic shock-wave. Conditions for shock

formation for a two-plane cascade are (Kibler and Woolhiser, 1970):
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>

	
(2.29)

where u and 1 refer to the upper and lower planes, respectively. From Equation

2.29, Kibler and Woolhiser determined that a shock will occur on a lower plane of

a two-plane cascade whenever a shock parameter, Pe exceeded unity or:

W CCu	 pu	 113 > 1	 (2.30)—
w1 a 1

where w is the width of the plane. The condition of Equation 2.30 is restricted to

spatially uniform lateral inflow.

The problem with a shock wave is that at the intersection of two characteris-

tics, there exists two flow depths and the unique depth discharge relationship

expressed by Equation 2.3 is no longer true. That a shock occurs is a result of the

kinematic approximation used in the momentum equation and the use of the method

of characteristics. By approximating the friction slope by the bed slope, the

secondary slope terms in Equation 2.2 are neglected in the solution. Even though

the error involved is small, it is cumulative. Including these terms has the effect of

dispersing and attenuating the peak.

The existence of the kinematic shock has limited characteristic solutions to an

upper boundary condition of zero inflow, thus eliminating application to a cascade

of planes and channels. Although some examples of approximate shock fitting

schemes coupled with the method of characteristics have been reported (Kibler and

Woolhiser, 1970; Harley et al., 1970; Borah et al., 1980), the majority of work has
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been undertaken using numerical methods to solve the kinematic equations for a

cascade of planes and channels. Numerical dispersion, inherent in numerical

schemes such as finite difference or element, acts much like the secondary slope

terms in Equation 2.2 and inhibits the occurrence of shocks. The disadvantage is that

the dispersion is a result of errors in the numerical methods and not a result of the

kinematic wave model itself.

Watershed Representation

The manner in which a watershed is represented by a rainfall runoff model

is a function of the variation of the point processes which control the rates of

discharge and the geometric characteristics of the watershed. The most significant

point process is infiltration. Infiltration is controlled by the temporal and spatial

variation of rainfall and by characteristics on and within a relatively short distance

above and below the soil surface. Watershed geometry includes such factors as

watershed area, stream and overland flow lengths, average watershed slope, drainage

density, and hydraulic roughness. Watershed area is essentially independent of the

scale on which the watershed is viewed. Other factors (drainage density, overland

flow length, hydraulic roughness) are highly dependent on scale. This section reviews

the types of watershed geometry used with watershed models, particularly the

kinematic wave model, how watershed geometry is simplified, and how parameters

are distorted when watershed geometry is simplified.
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Watershed Configuration

On a physical watershed, it is possible to identify areas on which broad sheet flow

occur and areas within which concentrated flow occur. In a modeling context, the

former are represented by planes and the latter by channels. Approaches which have

been used in published models are to consider the watershed to consist of one

representative overland flow path and up to two channels (CREAMS; Knise1,1980),

to consist of a linkage of a multiple of planes and channels (SPUR; Wight and Siciles,

1987), and to consist of a uniform network of grids (ANSWERS; Beasley, 1977).

Watershed configurations (Figure 2.8.) utilized with the kinematic wave model

include a single plane (Henderson and Wooding, 1964), a two-plane, one-channel or

"open-book" system (Wooding, 1965), and a cascade of planes and channels or

kinematic cascade (Brakensiek, 1967). The simplest configuration, the single plane,

lumps or averages all watershed characteristics into one unit and assumes that all

flow consists of broad sheet or overland flow. The open-book system adds a channel

to the watershed but still involves considerable averaging of watershed characteristics.

The kinematic cascade offers the greatest flexibility in addressing the spatial

variability of watershed topography and physical characteristics. Each unit in the

kinematic cascade is assumed to be homogeneous in topography and response to

rainfall. The units are linked hydrologically such that the outflow of a plane flows

into another plane or into a channel and the outflow of a channel flows into another

channel until the outlet of the watershed is reached. For both the single plane and
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open-book configurations, semi-analytic solutions of the kinematic wave model can

be used; for the cascade only numerical solutions to the model are feasible.

Geometric Simplification and Parameter Distortion

Geometric simplification means replacing a prototype or complex watershed

representation with a less complex representation. As the watershed geometry is

simplified, certain topographic and process parameters are changed. Lane and

Woolhiser (1977) categorized four classes of geomorphic parameters which are

related to surface water response and change with geometric simplification: (1) linear

factors of channel systems, (2) areal factors of channel systems, (3) relief factors of

basins, and (4) energy factors of the watershed surface. They listed the degree of

distortion of the four classes of geomorphic parameters listed above (Table 2.1).

Certain parameters such as watershed area need to be preserved in order to maintain

mass continuity of rainfall and runoff amounts. Other parameters, notably drainage

density and hydraulic roughness, are distorted from their original values as the

watershed geometry is simplified.

Lane and Woolhiser (1977) also found that (1) under estimating drainage

density without distorting other parameters results in an over estimation of time

characteristics (time to peak, time to equilibrium) of the hydrograph and an under

estimation of the peak discharge, (2) slope is important in the time to peak but not

as important in time to equilibrium and peak discharge rate, and (3) increasing the

complexity of the geometry does not necessarily result in a corresponding increase
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Table 2.1.	 Some Watershed Characteristics Affected by Geometric Simplifications
(from Lane, 1975)

Characteristics
	

Characteristics
	

Characteristics
Essentially
	

Slightly
	

Distorted
Preserved
	

Preserved

Area

Main Channel
Length

Main Channel
Slope Elevation

Mean Watershed
Slope

Hyposometric
Curve

Total Relief

Mean Watershed

Hypsometric
Integral

Potential
Energy

Stream Order

Drainage Density

Topographic Roughness

Hydraulic Roughness

Watershed Shape

Channel Geometry
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in the accuracy of the model. In fact, for watersheds on the order of five hectares,

there was little difference between the simulated hydrograph generated using an

open-book configuration versus a more complex cascade. On larger watersheds (500

hectares), increasing geometric complexity did not significantly increase the accuracy

of the hydrograph estimate over that generated by the open-book configuration.

Given these findings, it is apparent that additional research is needed to

quantify the observations above and in Table 2.1. In the next section, a method is

described which uses the kinematic wave model as a basis for calculating the amount

of distortion of the roughness parameter caused by aggregating a cascade of planes

into a single plane. This method will be extended in Chapter 3 to include a cascade

of channels.

Equivalent Plane

The equivalent plane method was developed by Wu et al. (1978) to obtain a

depth discharge coefficient for a single plane equivalent to a cascade of impervious

planes. The method involves calculating the amount of water stored on a cascade

of planes at kinematic equilibrium and rearranging Equation 2.12. to calculate the

depth discharge coefficient.

Consider the control volume illustrated in Figure 2.9. At equilibrium,

Equation 2.1 becomes:



vp

x0
	

X

Figure 2.9 Control Volume at Kinematic Equilibrium
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(2.31)

Integrating:

ffqo dw v x x(w) dw
xo

q - v	 -	 + qo (2.32)

The equilibrium depth at a point is derived by substituting Equation 2.3 into

Equation 2.32 and rearranging:

q - ah: - vp (x - x0) + q0

VP (x - x0) + q0 lim
he - (

a
(2.33)

The storage volume, Sp , is obtained by integrating Equation 2.33 with respect to the

control volume distance and multiplying by the control volume width:



SP
= fxso

he dx - f 
: w (y,, (x(w) - x0)

a	
+ go

 )11m

p

dw
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= m  w (1)11m 1
m	

(xk
+ 1	 a	 vP	 P

- xok)	 (2.34)

where k = (m + 1)/m.

lithe control section used above is assumed to represent one overland flow

surface with a depth-discharge coefficient, c, and a lateral inflow rate, vpi , then the

storage, So, for a cascade of n overland flow planes will be:

n	 n

S -E s.-EPt	 N
1-1	 j-1

m 	w 1 llni 1
II 4

m +11 j ( a .)	 VpiP1

Rypi (xi - xi_ i) + q)k — qfr1)1
	

(2.35)

where x
J
 and x are the distances from the top of the plane system to the end of J-1

plane j and j-1, respectively.

The equivalent depth discharge coefficient, a pe, is found by substituting Spt

calculated in Equation 2.35 into Equation 2.34 and solving for ape:
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a p = a •= L m+1 W in V ( ni 	1 j rnPe	 M+1 Spt
(2.36)

where v is the average lateral inflow.

If the lateral inflow rate is uniform over the cascade of planes, then Equation

2.35 reduces to:

1 )1/nt 
(x .

k 
- x

kSpt = Vim E
m+1	 (a .PJ

The equivalent depth discharge coefficient is then:

ape Lm+1 Wm V ni	 1 m
M +1 .T)111n sit

w. 1-1-z
m + 1 si

(2.37)

(2.38)

where S t' equals the sum term in Equation 2.37. Figure 2.10. illustrates the

equivalent plane concept.



51

(a) Cascade of Planes

\ \ Spt, water on a cascade of planes at kinematic equilibrium 

qc
=>

(b) Equivalent Plane= Spe, water on an equivalent plane at kinematic equilibrium

qe
=>

a e is calculated such that Spt = Spe
and

a e hi  = qe = qc

Figure 2.10 Cascade of Planes and Equivalent Plane
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CHAPTER 3

MATHEMATICAL MODEL DEVELOPMENT

In this chapter, a method is developed to aggregate a complex cascade of

planes and channels into an equivalent watershed consisting of either a single plane

or an open-book configuration. The first step in the development is to present a

method of characteristics solution of the kinematic wave model based on defining

lateral inflow in relation to the presence or absence of water on the flow surface.

By defining lateral inflow in this manner, the zone C and D solutions and infinite

duration of runoff described in Chapter 2 are eliminated. Next, criteria are given or

derived to adjust topographic and process parameters of the complex cascade which

are distorted as the geometry is simplified. In particular, the equilibrium plane

concept described in Chapter 2 is extended to include channels in the calculation of

the storage at kinematic equilibrium for the entire watershed. The resulting storage

is then used either to obtain a hydraulically equivalent depth-discharge coefficient for

a single plane or three equivalent depth-discharge coefficients for an open-book

configuration. Finally, a simple volume balance method is used to estimate

infiltration on a cascade of planes.

Overland and Channel Flow

In this section, lateral inflow is defined in relation to flow depth and the

behavior of the characteristics in the t-x plane is described. This leads to the
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development of a solution by way of the method of characteristics which eliminates

partial equilibrium hydrographs and allows flow on the plane to cease. Much of the

following development is the same for the overland flow and channel cases. Where

the channel development is different, it will be noted.

The mathematical proofs in this section and appendices cited were developed

in cooperation with and under the direction of Dr. E.D. Shirley, USDA-ARS, Tucson,

Arizona.

Governing Equations

The characteristic equations for overland flow are Equations 2.7 and 2.8:

dh(Tt - p

dx— - a m h"1-1
dt

The overland flow characteristics can be defined as follows:

c(t)	 (tzo(t), xzo(t)), for t	 to 	(3.1a)

c (to) -;zo	 (3.1b)

(2.7)

(2.8)
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dtz° - 1
dt

drzo	 m-1- a p m hop
dr

(3.1c)

(3.1d)

where hzo is a function of h depending on c, and zo is the origin of c on the x or t

axis.

The kinematic equations for channel flow are the equation of motion:

and the kinematic approximation to the momentum equation:

Q	 c A Rm4
	

(3.2)

and the kinematic approximation to the momentum equation:

Q - a c A R tn4
	

(3.3)

where:

A = channel cross-section area (L2)

Q = channel discharge rate (L3/T)

vc = channel lateral inflow rate (L3/L-T)

R = hydraulic radius (L)

a c = channel depth discharge coefficient

m = depth discharge exponent

with the boundary and initial conditions A(0,x) = A(t,0) = 0 for x > 0 and t > O.

The cross-sectional channel geometry can be defined by:
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R = A/P

P = f o A

H=goA

where:

P = the wetted perimeter (L)

H = the depth of flow (L)

o = composition of functions

The functions f and g relate P to A and h to A to the channel geometry. See

Appendix A, Table Al, for examples of the functions f and g.

By substitution, Equations 3.2 and 3.3 can be rewritten as:

aA	 a(eoA) vc
at +	 ax

(3.4)

where:

a Am
eoA- c

pm-1
(3.5a)

or, in general form:
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e(u) (3.5b)
f(u)m-1

Differentiation gives:

aA e l° A aA 
—

at	 ax
(3.6)

where ' refers to the first derivative of e with respect to u.

The characteristics which are used in the solution of Equation 3.6 are defined

by:

(3.7a)c 0(t)	 (tzo(t), xe(t)), for t > to

c(t0) - 7.0

dt
z° 	1

dt

dxe e lo Azo

(3.7b)

(3.7c)

(3.7d)

where Azo = A o czo .

On a given characteristic, Equation 3.6 becomes an ordinary differential

equation as follows:

By the chain rule, the first term in Equation 3.6 becomes:
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dA z0	 dt zo aA	 dice) aAo c0 + dx ax o czo

Using Equations 3.7a through 3.7d:

aAkl o cz0 4- e l oil n —ocz0at	 z., ax

by composition:

(—at 4- e l o A) o c zo

and by Equation 3.6:

Vc 0 Cz0

Then:

dA e
V

dt	 cz0
(3.8)

where:

N Imo = VC 0 c 0 Z

Equations 3.6 and 3.8 can be solved simultaneously for a time t?,
 to to obtain

the flow area, Azo(t), on the characteristic:

dt	 dt at



A 0(r) - Ao + f t q zo (w) dw
to

a distance, xz0(t), along the characteristic:

rt 1
x 0(t) - xo + ito e zo(w) o A dw (3.10)

Referring to Equation 3.5b, for u > 0, it can be shown (see Appendix A,

Proof A) for channels with rectangular, triangular, and trapezoidal cross-sections that:

(3.11a)

e II(u) > 0
	

(3.11b)

where " refers to the second derivative of e with respect to u.

Equation 3.11a ensures that the characteristics have increasing distance

ordinates. Equation 3.11b ensures that characteristics do not cross each other.

Sufficient conditions on f for e' > 0 and e" > 0 to be true are:

0 < f '(u)

f '(u) u < f(u)

f "(u) <0

for u > 0.

The following sections apply to both overland and channel flow.

58

(3.9)
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Because h or A is only specified for the initial and boundary conditions

(h(0,x,), h(t,0), A(0,x), A(t,0)), the only characteristics of interest are those

characteristics which begin everywhere on the flow surface from time zero and those

which begin at the top of the flow surface at any time during the runoff event. h(t,x)

or A(t,x) at any time t or distance x is defined by finding a distance down the surface,

xzo, such that the characteristic, czo(t), emanating from that position on the surface

passes through the point of interest, (t,x), on the t,x coordinate system and then

solving Equation 2.7 or 3.9 for h or A, respectively.

If this definition holds, then two conditions must be met. First, for h or A to

be defined for t> 0 and x . > 0, the characteristics from time zero and distance zero

need to cover the upper right quadrant of the (t,x) plane. Second, for h(t,x) or A(t,x)

to be uniquely defined by Equation 2.7 or 3.9, if two different characteristics cover

the same point, then they must have the same flow depth or area along the

characteristic.

The major difficulty in obtaining a solution to Equations 2.7 and 2.8 and 3.9

and 3.10 is that first h A to be evaluated and then used to evaluate xzo .

However, as the equations are written, lateral inflow depends on xzo so that to

evaluate hzo or Azo, xzo must be known. The usual method used to avoid this circular

definition is to select lateral inflow as a function not of time and distance but only

of time. Then, v 0(t) = v(t) or v 0(t) = v(t) and the integrations can proceed.

This method precludes allowing negative lateral inflow because when the surface is

partly dry, the dry parts have lateral inflow < 0, while the wet parts have lateral
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inflow > O. In the next section, a method is developed to allow lateral inflow to

depend on x.

Lateral Inflow Defined

Before the beginning of lateral inflow, the potential infiltration rate is

assumed to be spatially uniform on the surface. After lateral inflow begins, the

potential infiltration rate will decrease because of the lowering of the potential

caused by the infiltrating water. As long as water is present on the entire surface,

the amount of water infiltrating into the surface may be considered to be indepen-

dent with distance so the potential infiltration rate and thus the lateral inflow rate

is independent of distance. For simple events, once a portion of the surface becomes

dry it stays dry and the spatial variation of the potential infiltration rate is

immaterial. The rest of the surface may still be taken to have uniform infiltration

rates and it may be extended to the dry areas with no effect on the runoff. For

complex events where part of the surface drys out then starts flowing again, the

infiltration rate varies with distance and the potential infiltration and lateral inflow

rates will depend on the location on the surface. It is assumed that at this time the

potential infiltration is near a limiting value and that the spatial variation of

infiltration can be neglected.

Consistent with the above assumptions, lateral inflow can be defined in

relation to the presence or absence of water on the flow surface. Thus, overland

lateral inflow is defined as:



61

vp(t, x) - r(t) - f(t)	 h(t, x) > 0	 (3.12a)

vp(t x) - r(t) - min(r(t), f(t))	 h(t, x)	 0	 (3.12b)

and channel lateral inflow is defined as:

vc(t, x) - q(t) - f(t)	 A(t, x) > 0	 (3.13a)

vc(t, x) - q(t) - min(q(t), fpc(t))	 A(t, x)	 0	 (3.13b)

where:

r = rainfall rate (L/T)

f = potential overland infiltration rate (LIT)PP

f = potential infiltration rate per unit length of channel (L3/L-T)pc

From the above definitions, lateral inflow is allowed to become negative when water

is on the flow surface and the rainfall rate is less than the potential infiltration rate

(Equations 3.12a and 3.13a). The infiltration rate is termed "potential" because it is

not known a priori if there remains enough water on the plane to infiltrate into the

surface and satisfy the infiltration rate. In the case when there is no water on the

flow surface, the lateral inflow rate can be only greater or equal to zero (Equations

3.12b and 3.13b).

The dependence of the lateral inflow on x is loose enough (it only depends

on whether h or A is positive or zero) that the integrals of 2.7 and 2.8 or 3.9 and 3.10

can be evaluated. The only restrictions are that the supply rate eventually become
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zero and lateral inflow to be eventually negative. This ensures that runoff will

eventually stop. For purposes of the development below, the lateral inflow rate is

approximated as a step function.

Solution by the Method of Characteristics

Suppose hzo or Azo and xzo have been evaluated up to some time, t1 (initially

t1 = to). Then for some time, t greater than ty the depth at location zo is:

r
h 0(t) - h0(t1) + j. v (w) dw, pzo

1

Similarly, for the channel:

A 0(t) - A(t1) + f t v„0 (w) dwri

(3.14)

(3.15)

The object is to evaluate the above integrals for a time a little larger than t1. Then

xzo can be evaluated up to this time.

One of the following three conditions must hold for Equations 3.14 and 3.15:

h z 0 ( t) > 0 h zo( t 1 ) - 0 v0(t) > 0 (3.16a)

A z 0 (t) > 0 A zo(t i) - 0 v 0 (t)0 > 0 (3.17a)

This represents the case when the surface is dry and the lateral inflow rate

begins to exceed the potential infiltration capacity of the plane. That is, r(t) > f(t)

or q(t) > f(t), v(t) > f(t) or v(t) > f(t), and v0(t) or vezo(t), is greater than

zero for some small open time interval which starts at time ti.  As Equations 3.14
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and 3.15 are evaluated, h 0(t) or A(t) will immediately become positive and can

continue to be evaluated until h(t) or A(t) becomes zero. Because the lateral

excess rate is a step function, linear interpolation can be used to find the time when

h0(t) or A0(t) becomes zero.

hz0(t1) >	 < v 0(t) <	 œ (3.16b)

A 0(t) > 0 A 0(t1) >	 < v 0(t) < + 00 (3.17b)

This case represents when there is flow on the surface and the lateral inflow

rate is either positive (flow continues) or negative (recession begins or flow ceases).

If the flow depth or area at the beginning of an interval is greater than zero, then,

because the integral varies continuously, the depth or area is greater than zero for

some small interval which starts at time t1. As above, Equations 3.14 and 3.15 can

be integrated until h20(t) or A 0(t) becomes zero and linear interpolation can be used

to find the zero time.

h 0(t) 0 hz0(t1) - 0 vpzo(t) - 0 (3.16c)

A 0(t) - 0 A (t1) - 0 v0(t) - 0 (3.17c)

This case represents when the surface is dry and the lateral inflow rate is less

than the potential infiltration capacity of the surface. By Equations 3.12.b and 3.13.b,

the lateral inflow rate equals zero for a small interval starting at t1. As Equations

3.14 and 3.15 are integrated, hz0 or Azo will stay zero. As long as r(t) < f(t) or q(t)

< fpc(t) is true, the integral can be evaluated. The integral is evaluated until either
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the characteristic reaches the flow outlet or the characteristic depth or area is zero,

sometime after the end of lateral inflow. In the latter case, none of the characteris-

tics ever reach the outlet. It follows (see Appendix A, Proof B1 and B2) from this

procedure that:

[B.1]	 If h(t2) - ha(t2)

then h0(t) - ha(t)	 for t ?.. t2

[B2]	 If A(t2) - Aa(t2)

then A0(t) - A(t)	 for t t2

That is, if, at some time t2 , the flow depths or areas on two different characteristics

are equal, then they will be equal for all other times greater than t2 .

Figure 3.1a. illustrates the behavior of the characteristics in the t-x plane for

lateral inflow defined by Equations 3.14 and 3.15. The time ts is the start of lateral

inflow and the time t. is the end of rainfall. All characteristics to the left of the

heavy line which originates at the origin are vertical translates of each other. The

heavy line which is on the time axis starting at time t. represents all the characteris-

tics which begin at the end of rainfall. The depth associated with these characteris-

tics is zero. Figure 3.1.b. shows the water surface profile during the recession phase

of the hydrograph. At the end of rainfall, the profile is the top curve labeled t.. At

time t 1 , the flow surface has dried up to a distance x l. It can be seen in Figure 3.1.a.

that the characteristic associated with this profile has a zero slope at time t1. At a
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t1
	

t2
	

tL

x2

xl

x0
ts
	

t*
time

(a) t-x Plane

x0	 xl	 x2

distance

(b) Recession Water Surface Proile

Figure 3.1	 (a) t-x Plane and (b) Recession Water Surface Profiles for Lateral
Inflow Defined by Equations 3.12 and 3.13
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later time t2, the flow surface has dried up to a distance x2. Finally, the entire plane

becomes dry at time tL.

This section defined the behavior of the characteristics in the t-x plane when

the flow surface dries up and re-wets. It was shown that the characteristic equations

can be integrated for cases when lateral inflow becomes negative. During periods

when the flow surface is dry, all characteristics which originate during this time have

the same flow depth for all later times. It remains to describe how to apply these

definitions and facts to obtain the hydrograph.

Characteristics from Time Zero

The integrals of Equations 3.14 and 3.15 for the characteristics from time zero

all start at time zero, when the flow depth or area is zero. Because all the

characteristics from time zero have area zero at time zero, h 0(t) = h 1 (t) and A 0(t)

= A21 (t) for any non-negative zo and z1 (i.e., the flow depth and area on all

characteristics at any time t will be the same). Thus, the characteristic depth and

area do not depend on xo. It follows that these characteristics (1) are vertical

translates of each and, hence, never intersect, and (2) cover the area above the

characteristic from (0,0). Thus, the flow depth or area is uniquely defined for those

characteristics which start everywhere on the plane at t = 0. It will be shown later

that those characteristics which originate at the top of the plane at all times greater

than zero all lie below the characteristic from (0,0).
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To find runoff from the surface controlled by the characteristics from time

zero, ho(t) or A0(t) is evaluated for increasing values of t. At the same time, the

distance along the characteristic, u(t) = x (t) - xo, is computed by Equations 3.14

and 3.15. As long as u(t) is less than the length of the surface, there is a characteris-

tic from time zero that reaches the end of the surface at time t with the computed

depth, h(t,L) or area, A(t,L).

When u(t) reaches the length of the surface, the runoff can no longer be

computed using the characteristics from time zero. At this point, the characteristics

from distance zero are used to compute runoff at later times.

If u(t) never reaches the length of the surface, it is because runoff from the

surface has stopped. This will happen if the flow depth or area along the characteris-

tic is zero some time after lateral inflow has stopped. In this case, lateral inflow

excess will be at most zero, so the characteristic depth or area can at most decrease.

Because it is already at zero, it will stay there and u(t) will no longer increase.

Characteristics from Distance Zero

Suppose to < t1 < t. Then, it can be shown (Appendix A, Proofs C-E) that:



[Cl]	 for overland flow
hto - ha

then ko - 0

A i° - Aa

on [t09 t1]

on [t12 0.]

on [to, t1]
on [ty 0.]

then, !I to 	0

[C2]	 for channel fib
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[Dl]	 0 < h0(t) - ha(t) < h t0(t1)

[D2]	 0 < At) - Alp) < Add)

[El, E2] x (t) is continuous in s for faxed t

By Cl and C2, two characteristics from distance zero can meet only if the first

one remains at the top of the surface until the beginning time of the second one

(lateral inflow must be zero during this time). From then on, they follow the same

path and have the same characteristic depths or areas. It can be shown that the

characteristics from distance zero cover the area below the characteristic from (0,0).

Suppose (t,x) lies below the characteristic from (0,0). Then, x(t) = 0 < x <

xo(t). By El and E2, k(s) = x(t) is a continuous function that decreases from k(0)

> x down to k(t) < x. There must be a value to in [0,t] such that k(to) = x. Thus,

ct0(0 = (tx).

To find runoff from the surface controlled by the characteristics from distance

zero, h0(t) or A0(t) and x 0(t) are evaluated for increasing steps of t. The integral

is re-evaluated for each new to.
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If x(t) never reaches the end of the surface, then it does not reach the end

for the surface for any larger time and runoff from the surface has stopped. This

condition is signaled by finding h0(t) or A 0(t) = 0 for some t past the end of rainfall.

If x 0(t) reaches the end of the surface, then h0(t) or A 0(t) = h(t,L). If the

last step is past the end of the surface then, because rainfall excess is constant during

the last step, a simple interpolation will find the time when ht0 or AtO reaches the

end of the surface.

Equivalent Watershed

As stated in the section on watershed representation in Chapter 2, a single

plane or an open-book configuration can yield similar hydrographs as generated by

more complex geometries. However, given parameter values for a complex cascade

of planes and channels, it is recognized that, as the geometry is simplified, the

parameter values will change. It is the purpose of this section to develop an

objective method to determine the parameter values for the simplified configurations

within the context of the kinematic wave model. First, equilibrium storage for a

watershed consisting of planes and channels is calculated. The resulting storage is

then either used to calculate a single equivalent depth-discharge coefficient or

partitioned in order to calculate three equivalent depth-discharge coefficients for an

open-book configuration. Second, methods are given or developed which calculate

the topographic and infiltration parameters for the simplified configurations from

those of the complex cascade. Finally, a simple volume balance method based on
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the Green and Ampt equation is derived to approximate the infiltration process on

a cascade of planes.

In the following section, PWC refers to the prototype watershed configuration

and OBWC refers to the open-book watershed configuration.

Parameters

The parameters which are affected by aggregating the PWC into a simple

geometry are the overland and channel flow length, overland and channel slope,

infiltration parameters, and kinematic wave model parameters. The main channel

length is defined as extending from the watershed outlet to the watershed divide.

The overland flow lengths are adjusted to maintain the main channel length and

watershed area. The overland and channel slopes and infiltration parameters are

recalculated as area weighted averages. The roughness coefficient is adjusted based

on the concept of the equivalent plane described in Chapter 2. This concept is

extended to calculate equilibrium channel storage and then, using both equilibrium

plane and channel storage, to calculate storage and depth-discharge coefficients for

watershed configuration consisting of either a single plane or an open book.

Watershed Area: To maintain mass continuity, the area of the watershed is

preserved. For the case of a single plane configuration, the area is equal to the total

area of the PWC. For the case of an open-book configuration, each open-book

element equals the combined area of those PWC elements which are contained
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therein. For example, for the PWC shown in Figure 3.2, the open-book areas would

be:

Ar m Ap2 + Ap8 + Ap9 + Ap10 4- 411 + Ap13

where:

A1 = area of the left plane

Ar = area of the right plane

Ac = area of the channel

Api = area of PWC plane element 1

Ad = area of PWC channel element 3

Longest Flow Path: If the PWC is aggregated into a single plane, the longest

flow path can be preserved. For the case of an open-book configuration, the longest

flow path can be preserved only in certain cases. Consider the PWC which is to be

aggregated into the open-book shown in Figure 3.2. The parameters to be preserved

are the total area, Aw, and the longest flow paths, Lii and Lfr. Then:

A 1 + 4 - k	 (3.18a)

(3.18b)



 

watershed boundary
main channel
tributary channel
PWC element boundary //

/ 12

1

1	 13
1

•••

72      

Prototype Watershed Configuration (PWC)

Open Book Watershed Configuration (OBWC)

Figure 3.2 Open-Book Watershed Configuration for the Case of the Main
Channel Extending to the Watershed Divide
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Lpr Lc - A2 	(3.18c)

Lc Lp1 - La 	(3.18d)

Lc +L 	Lfr 	(3.18e)

where:

Lp, = length of the right plane

Lpi = length of the left plane

Lc = length of the channel

Aw = area of the watershed

Either there will be one longest flow path which will be the longest or both will be

equal. So then:

0 < Lpr •S Lfl - L,	 (3.19)

Using Equations 3.18(a-e) and the inequality in Equation 3.19, Lc can be found as:
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- Lfl 	+42 5_	 (Lfl -

2 Lfl ± (447 - 8 44)3

4

For Lc to have a real root, then:

4Ln2 - 8 A. 0

L	 (2 A )3

(3.20)

(3.21)

Thus, if Equation 3.21 holds true, then the longest flow path and the total watershed

area can be preserved. If Equation 3.21 is not true, then Lfi has to be distorted in

order to preserve the watershed area.

Overland Flow Length: If the main channel length, L„ and the open-book

plane areas, A l and Ar, are fixed, then the overland flow lengths, Lp1 and Lpr, for the

OBWC plane elements are:

(3.22)

L -
Ar
	 (3.23)

Slope: The equivalent slope for the simplified geometry is calculated as the

area weighted slope.

Infiltration Parameters: For the purpose of example, the Green and Ampt

equation as described by Chu (1978) is used to calculate infiltration for both planes
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and channels. For the case of channel infiltration, it is assumed that infiltration only

takes place on the channel bottom. There is no attempt to calculate the wetted

perimeter based on the depth of flow. The Green and Ampt equation for infiltrated

depth is:

K., t - F - N, ln (1 + -KTF-)
	

(3.24)

where:

Ks = effective hydraulic conductivity (LIT)

Ns = effective matric potential across the wetting front (L)

F = cumulative infiltrated depth

The effective matric potential is calculated as:

N., - (1 - 8) ti Ili	 (3.25)

where:

e = soil water content (decimal)

77 = porosity (L/L)

ilr = matric potential across wetting front (L)

Ks, iir, ri, and e are area weighted averaged as:
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te

E (PMs area s)
i-i PM (3.26) 

n

E area s
I-1

where PM is the parameter to be averaged.

Watershed Equivalent Depth-Discharge Coefficient

The development of the equivalent depth-discharge coefficient for a watershed

is similar to that describe in Chapter 2. First, storage of water at kinematic

equilibrium within a channel is calculated. Then, the resulting storage is combined

with the storage on the planes to calculate an equivalent depth-discharge coefficient.

At equilibrium, Equation 3.2 becomes:

Integrating:

dQ
dx vc

f: dQ - vc fi: x(w) dw

Q - vc(L - Lo) + Qo

(3.27)

(3.28)

If the channel is assumed to have a rectangular channel cross section where

the channel bottom width is much larger than the depth of flow, then the depth

discharge coefficient, cr, (12/3/T), using the Manning relationship is calculated as:



[TV:` -1 v, (L - Lo) + Q0 111"
A, 
	a	

)

C

(3.32)

S,1 - E m (-1--
i-1	 j..1 m+1 acir

	 1 
n	 n

Tr -1 v .CJ	 q

(3.34)

77

a e - 1/n S .5 (W, + 2 y) -2/3 - 1/n SI 117;243

The depth discharge relationship is then:

i-m
Q - cc, Wc A m

(3.29)

(3.30)

The equilibrium cross-sectional area, Ae, at a point is derived by substituting

Equation 3.29 into 3.30.

Q - a e Wci-m A: - v, (L - Lo) + Q0
	 (3.31)

The storage volume, Se, is obtained by integrating Equation 3.32 with respect

to distance:

sc — fxo
x 

Ae dx _ f4L[ Wcn 1 vc(4w) - Lo) + (20 )1Im
dw

ac
(3.33)

The storage, Set, for a cascade of n channel segments will be:

1*(fr - v . (L. - L. ‘ + f-). \k _ n. 1 k
ci	 cj	 j	 J-1, 	N<J --1, 	N<J-ii



n 	m ( w„,_1)11m	 k

sc, v, E	 _ (L. - )J-1m+1	 a ci
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where Ly and	 are the distances from the top of the channel system to the end of

channel segment j and j-1, respectively.

When lateral inflow is zero, then the flow is assumed to be normal and the

flow area does not change with distance. The storage of the channel segment is the

flow area multiplied by the length of the channel segment, or:

( Qi-i
.

r L.171+1	 a 
(3.35)

The equivalent a, ace' is obtained by:

a 
Ct sa E (sc„))

(3.36)

where vc is the area weighted lateral inflow rate of the cascade of channels.

If the lateral inflow rate is uniform over the cascade of channels, then

Equation 3.34 reduces to:

(3.37)

and the depth-discharge is:

a ce Tv7- '

(m+ 1
(3.38)
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••• W:t-1 Lm+1 (	
771 1 In

1/2+1 S i
ct

where Sct' is the sum term in Equation 3.36.

Equivalent Depth-Discharge Coefficient

In order to calculate the equivalent depth-discharge coefficients for the

simplified geometry, Equations 2.37 and 3.27 are used to sum up the storage of the

PWC elements. The two cases to be considered are representing the PWC by a

single plane and by an open book.

For the case of a single plane, the storage, S tpe , 1S:

Sipe — Spt + Sct

and the equivalent depth-discharge coefficient, a pe, is:

« pe — L7+ 1 wm ( m
	1\m

JStpe

(3.39)

(3.40)

where:

Lf = longest flow path (L)

We = equivalent width (L)
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The longest flow path is the distance from the upper most point on the watershed to

the outlet. The equivalent width is calculated to preserve the watershed area, Aw,

as:

Aw

Lf

For the case of the open-book configuration, the storage over the entire

watershed is partitioned into three; one for the left plane, one for the right plane,

and one for the channel. Referring to Figure 3.2, the following storages would be

calculated:

Stl ". S i + S4 + S
5
 + S + Sca + S 12	0 	 06

	S tr - S 2 + S08 + 509 	pt10+ S	 + Sall + pt13

S tc - . 3 ca

where SP(l9) refer to the storage of the individual PWC elements, S u and S t, refer the

left and right planes, and S 	 to the channel of the open-book configuration.

The equivalent depth-discharge coefficient is calculated using Equation 2.38

for the planes and Equation 3.29 for the channel as:

(3.41)

4- S ct14



a er 1,7+1 Lem Tr

Wicts-1 V j m

In+1	 Stc

where:

a o = equivalent a for the left plane

a er = equivalent a for the right plane

a ec = equivalent a for the channel

= overland flow length of the left plane

Lr = overland flow length of the right plane

Lc = length of the channel

= area weighted lateral inflow for the left plane

yr = area weighted lateral inflow for the right plane

= area weighted lateral inflow for the channel

Infiltration and Rainfall Excess on a Cascade of Planes

In most situations, a PWC plane will drain directly into a channel. However,

there are certain cases in which a PWC plane will drain onto another PWC plane.

The case of strip cropping is one practical example of a cascade of planes each of

which can have very different roughness and infiltration parameters. The equivalent

depth discharge coefficient for a cascade has been discussed in Chapter 2. Whatneeds
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to be addressed is how infiltration will act on a cascade. For example, consider a

strip cropping system consisting of alternating corn-soybeans-fallow. The fallow strips

will most likely have lower final infiltration rates than the vegetated strips. For

certain rainfall events, some strips in the system may not contribute to the total

runoff seen at the bottom of the strip system. In this section, a simple volume

balance method based on the Green and Ampt equation is developed to determine

if a given strip will have runoff or not.

To be considered are two broad cases based on the whether rainfall excess is

greater than zero (Case 1) or equal to zero (Case 2) on a plane. Consider two

planes shown in Figure 3.3. In case 1 (Figure 3.3.a and b), rainfall excess and

outflow from the jth plane is greater than zero whether or not there is rainfall excess

on the j-1 plane. For these cases, infiltration and rainfall excess is calculated by the

Green and Ampt equation and Equations 3.12(a and b). For the case of Figure

3.3.b, the infiltration parameters used in the Green and Ampt equation are the

average of the parameters of jth and above planes. In case 2 (Figure 3.3.c and d),

rainfall excess on the jth plane is zero and outflow from the plane depends on the

amount of inflow from the j-1 plane and the rainfall and the infiltration capacity of

the jth plane.

To determine if there will be outflow from the plane for case 2, a potential

infiltration capacity, Fp (L), is calculated and compared to the volume of water, F,

(L), entering the plane. To derive an expression for FP' first expand the natural log

term in Equation 3.24:



v1 =0

v2> 0
Q2 > 0

v1 > 0 Q2 > 0
v2> 0

• --•---- •--•-

v1 > 0 Q2 > 0
v2 = 0

v1 > 0 Q2 = 0
v2 = 0

	 flow surface
water surface

Figure 3.3	 Infiltration on Cascading Planes (a) Case 1, (b) Case 2, (c) Case 3, and
(d) Case 4
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)(F 	1F2 	1F5 _ ...K., t - F - N„, -N- - -i- --i\T + ï N: (3.42)

If the terms higher than second degree in Equation 3.42 are discarded and terms are

canceled, the equation reduces to:

Ks t F2

2 N,
(3.43)

Rearranging:

	F p - (2 K., 193 t3 	(3.44)

In Equation 3.44, t can be considered to be the maximum infiltration opportunity

time.

The volume of water, F, entering the plane is simply the runoff volume, Qi _ 1

(L), from the upper plane and the rainfall, Ri (L), on the current plane or:

t - (2,_, + RI
	 (3.45)

If there is outflow, then:

	Ê  - Fp > 0, Qi > 0	 (3.46)

Otherwise, there is no outflow from the jth plane.

If there is outflow, then outflow volume is not calculated using the Green and

Ampt equation but is estimated as:

(3.47)
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CHAPTER 4

COMPUTER MODEL DESCRIPTION

The relationships described in Chapter 3 were incorporated into a computer

model, HYDSIM (HYDrograph SIMulator). The purpose of the model is to

simulate the runoff hydrograph which occurs at the outlet of a small agricultural

watershed. The model is made up of three major components:

(1) Infiltration and Hydrograph Calculator (IHC). IHC calculates

the runoff hydrograph for the open-book watershed configu-

ration (OBWC).

(2) Input File Builder (11-(B). IFB interactively queries the user for

parameter values for the Green and Ampt equation, the

kinematic wave model, and the prototype watershed configu-

ration (PWC).

(3)	 Equivalent Watershed Calculator (EWC). EWC aggregates the

prototype watershed configuration into a two plane, one

channel or open-book watershed configuration.

Briefly, the steps in running the model are to define the PWC elements of the

watershed, run the IFB program to obtain a PWC parameter file, run the EWC

program to obtain an OBWC parameter file, and finally to run the IHC program to

obtain the watershed hydrograph. Figure 4.1. illustrates a flow chart of how



OBC = Open Book Configuration
PC	 = Prototype Configuration
IFB	 = Input File Builder
EWC = Equivalent Watershed Calculator
IHC	 = Infiltration and Hydrograph Calculator

Figure 4.1 Flow Chart of HYDSIM System
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HYDSIM is implemented. A list of the subroutines used in the model are contained

in Appendix C.

Infiltration and Hydrograph Calculator

The kinematic wave model as described in Chapter 3 is used to calculate

overland and channel flow. Overland and channel infiltration is calculated using the

Green and Ampt equation as described by Chu (1978). The next section briefly

describes how the Green and Ampt and kinematic equations are implemented in the

computer code.

Infiltration

In most published solutions of the Green and Ampt equation, Equation 3.24

is solved by assuming a uniform time step and using a Newton-Raphson method to

obtain the cumulative infiltrated depth. This method is not very computationally

efficient because a uniform time step is used, resulting in small time steps when the

rate of change of infiltration is very small.

The method used to solve the Green and Ampt equation in the HYDSIM

model is to assume a uniform increase in infiltrated depth and solve for the time that

the increase took place. If t is the current time and F is the current cumulative

infiltrated depth, then assuming an increase in infiltrated depth, A F, occurring during

a time, A t, Equation 3.24 can be written as:



F +A FICs(t + At) - F + A F -	 lrt (1 + N 

Solving Equation 4.1 for A:

F+ AFF+AF -	 [ ln (1 +

At - 	
IC,

The procedure is to assume a constant A F and solve Equation 4.2 for A t. Equation

4.2 is solved from the time to ponding until the rainfall rate is less than the potential

infiltration rate. The potential infiltration rate, fp, is calculated as:

fp
AF
At

(4.3)

and is valid for the time interval At.

The above method of solving the Green and Ampt equation yields a small

time step when the infiltration rate is changing rapidly and a larger time step when

the rate approaches a constant value.

Lateral Inflow

Overland lateral inflow is defined by Equation 3.12 a-b.

v p(t,x)	 r(t) - f(t)	 h(t,x) > 0	 (3.12a)
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(4.1)

(4.2)
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vp(t,x) - r(t) - min(r(t), f(t))	 h(t,x)	 0	 (3.12b)

and channel lateral inflow is defined by Equation 3.13 a-b.

vc(t,x) - q(t) - f(t)	 A(t,x) > 0	 (3.13a)

vc(t,x) - q(t) - min(q(t), fpc(t))	 A(t,x) _. 0	 (3.13b)

The supply rates (r(t) and q(t)) and the potential rates (fpp(t) and f(t)) are

approximated as a series of step functions; therefore, the lateral inflow rates are also

a series of step functions.

Lateral Inflow Routing

Lateral inflow routing for both overland and channel flow is a two-component

process. First, the characteristics c(0,x) from time zero are used in the solution, then

the characteristics c(t,0) from the top of the plane are used.

Using the overland flow calculations as an example, the depth on c(0,x) is

found by integrating Equation 2.23 at a fixed time step, t-t1 = A t, starting at t1 = 0

as:

im-1
x(t) - xo + a m ft {f t v (w) dwi dw

P	 ti	 ti P
(2.23)
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Referring to Figure 4.2, if x(t) is less than the length of the plane, L, the depth

calculated by the second integral in Equation 2.23 is used with Equation 2.3 to find

the discharge rate. When x(t) = L, the solution switches to the c(t,0) characteristics.

Note that the integral for the depth starts at time zero and is integrated until the

time when x(t) = L. This can be done because all c(0,x) characteristics are vertical

translates of each other.

For the case of the c(t,0) characteristics, a fixed time step is chosen for the

time when the characteristic originates at the top of the plane (Figure 4.3). On each

individual characteristic, Equation 2.23 is integrated using the time step calculated

by Equation 4.2. The integration continues until x(t) is equal or greater than the

length of the plane. In the latter case, linear interpolation is used to find the time

and the associated depth when c(t,0) reached L (Figure 4.4).

If x calculated by Equation 2.23 is less than L and the lateral inflow is

negative, then flow has ceased on the plane. Because the characteristic which

preceded it reached the end of the plane, there exists a characteristic which just

reaches the end of the plane with zero depth. A simple linear interpolation is used

to find this characteristic (Figure 4.5.).

Infiltration, lateral inflow, and lateral inflow routing are calculated for each

of the OBWC planes separately and then for the OBWC channel. Because the time

steps used in the calculations for each OBWC plane are not the same, the

hydrograph of the second OBWC plane is interpolated onto the first OBWC plane.
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1	 A t 1
x = L

switch to c(t,0)
/

x = 0

time

Figure 4.2	 Solution Using the Characteristics from t = 0
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non-uniform time step  
x = L

X = 0  
uniform time step

time 

Figure 4.3	 Solution Using the Characteristics from x = 0
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x =L

o
C)
C

interpolation to find h(x=L)

x = 0

time

Figure 4.4 Interpolation to Find When c(t,0) Reaches x = L
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time plane
time	 is dry

Figure 4.5 Interpolation to Find the Time When Flow Ceases on the Plane
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The resulting hydrograph is the supply rate (analogous to the rainfall rate) for the

channel calculations.

Input File Builder

The 11-IB program builds rainfall files and two types of watershed parameter

files; one which is input directly into Infiltration and Hydrograph Calculator, IHC

and one which is input to the Equivalent Watershed Calculator, EWC. If the

prototype watershed configuration consists of two planes and one channel, then the

output file can be directly input into IHC. If the prototype watershed configuration

consists of more than two planes and one channel, then the output file must be

processed by the EWC program.

The input needed to run HYDSIM are:

rainfall intensity data

Green and Ampt parameters

Kinematic wave model parameters

Plane and channel element geometry

Table 4.1 summarizes the input requirements of HYDSIM and Table 4.2 lists

the input parameter units.



Table 4.1. Input Parameters for the HYDSIM Model

Parameter	 Description	 Estimation
Name

Ks	 effective saturated	 HYDSIM, literature
hydraulic conductivity	 field measurements

Ns 	effective matric potential	 - do -

III	 matric potential	 - do -

e	 soil saturation	 - do -

ri	 soil porosity	 - do -

n or C	 Manning's n or Chezy C	 handbooks
optimization

So 	plane or channel slope	 topographic maps
field measurement

L	 plane or channel length	 - do -

W	 plane width	 - do -P

W,	 channel bottom width	 - do -

zL 	channel left side slope	 - do -

zR	 channel right side slope	 - do -

AP	 plane element area	 - do '

AW	 total watershed area	 - do -
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Table 4.2 Input Parameter Units

Parameter	 Units

Ks	 saturated conductivity 	 mm/hr

hr	 ave. suction	 mm

e	 effective saturation 	 %

71	 effective porosity	 %

So 	slope of plane, channel	 m/m

L	 length of plane, channel	 m

WP 	width of plane	 m

Wc	 bottom width of channel	 m

C	 Chezy coefficient	 ms/s

Ap	 plane element area	 hectares

Aw	 total watershed area	 hectares
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Rainfall Input

A time rate distribution of rainfall is needed to calculate rates and amounts

of infiltration and lateral inflow. It can be entered either as a file or interactively

through terminal input. Rainfall intensity can either be a constant rate or a variable

rate. The latter is described by a series of step functions.

File Input: The rainfall intensity file should be in free format, that is each row

of the file containing one time-rate pair separated by a comma or a space. Time is

in minutes and rate is in millimeters per hour. The first time is 0.0 and the first rate

is greater than zero while the last rate is zero. Time must be increasing. Table 4.3

is a sample rainfall input file for variable and constant intensity rates.

Terminal Input: Either constant or variable rainfall intensity can be entered.

The same restrictions for time and rate as for the file input apply to terminal input

(see above).

Disaggregated Input: Nicks and Lane (1989) developed a method to obtain a

time intensity pattern from 4 rainfall statistics; rainfall amount, P, rainfall duration,

D, the ratio of peak intensity to average intensity, ii,, and the ratio of the time of

peak intensity to duration, tp. These statistics are used in a double exponential

distribution as:



Table 4.3. Sample Input Rainfall Intensity File

t(min) r(mm/hr)

Variable rate

Constant rate

0	 30

10	 60

22	 25

34	 90

45	 0

0	 30

45	 0
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i eb(t - 9 0 < t < tp
r(t) - Pi ed(tp - 0 t < t < 1.0

P — —P

where b and d are parameters calculated by the disaggregation routine.

The input needed for the disaggregation option are:

(1) Rainfall amount (mm)

(2) Rainfall duration (min)

(3) Ratio of maximum intensity to average intensity (dimensionless)

(4) Ratio of time to maximum intensity to rainfall duration

(dimensionless)

Rainfall intensity calculated from Equation 4.4 is then converted to time-intensity

data averaged over varying length time intervals to produce rainfall intensity patterns

as a series of step functions as described earlier.

Parameters

The parameters can be separated into three broad groups; infiltration,

hydrograph, and plane or channel geometry. Because some of the parameter values

may be unfamiliar to the user, default values are provided.

Infiltration. There are two options for parameter input for the Green and

Ampt equation, user supplied and default. The default values for Ks , il,, and 77 (Table

100

(4.4)
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4.4) are based on Rawls et al. (1982). If the user decides to let the program estimate

the infiltration parameters, Ks, , and n will be estimated.

Saturated Conductivity, K s: Values for Ks supplied by the user or estimated

by the program can be modified for the effects of surface and canopy cover. These

modifications are based on tentative relationships derived from rainfall simulator

data from Arizona and Nevada (Li. Lane, personal communication) and have the

form:

K	 K e .009sc e .0105CC
	

(4.5)

where:

'Sm = modified saturated conductivity (mm/hr)

SC = surface cover (%)

CC = canopy cover (%)

Notice that if no modification is desired, then a zero is entered for both surface and

ground cover.

Surface Cover, SC: Is defined as rock fragments > 5 mm in diameter,

vegetation litter, and vegetation mass (exposed root crowns) on ground surface. It

is entered in %, values range from 0 to 100. If no modification of Ks is desired,

enter a value of O.



Table 4.4. HYDSIM Default Values for Ks, 41, and n

Texture Ks III 71 Code
(mm/hr) (mm) (mm/mm)

Sand 118 49 .40 1

Loamy sand 30 63 .40 2

Sandy loam 11 90 .41 3

Loam 6.5 110 .43 4

Silt loam 3.4 173 .49 5

Silt 2.5 190 .42 6

S. clay loam 1.5 214 .35 7

Clay loam 1.0 210 .31 8

SI. clay loam 0.9 253 .43 9

Sandy clay 0.6 260 .32 10

Silty clay 0.5 288 .42 11

Clay 0.4 310 .39 12
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Canopy Cover, CC: Is defined as any vegetation material (leaves, branches)

which are above the ground surface. It is entered in %, values range from 0 to 100.

If no modification of Ks is desired, enter a value of O.

Average Matric Potential, qr: This is the matric potential uncorrected for

porosity and soil moisture content. The effective matric potential, Ns, is calculated

by Equation 3.25:

- (1 - 8) i iV 	(3.25)

Effective Porosity, n: Porosity is calculated as:

P b
- 1 -	 (4.6)

P p

where:

P b = bulk density (gm/cc)

p p = particle density (gm/cc) = 2.65 gm/cc

Porosity is not entered if the default values for Ks and iV are used.

Effective Saturation, e: This is the percent of voids filled by water. Valid

saturation values are between 0 and 99.9.

Runoff. The two parameters need for the kinematic wave model are the slope

of the land surface and the roughness coefficient. Two resistance laws are supported

by the model, Manning and Chezy. Either the Manning's equation or the Chezy

equation can be used. The only restriction is that all the planes or all the channels
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must use the same resistance law. For example, all the planes can use the Chezy law

and all the channels can use the Manning's law or all the planes and channels can

use Chezy or Manning's.

Chezy resistance law. Depth-discharge exponent, m: The default value is 1.5.

Chezy C: The user has the option to input a value of C or have the program

calculate C based on rill roughness and cover relationships.

For the latter option, C is calculated as (Chow, 1959):

C 	(8.5-y5
	

(4.7)

where:

g = gravity (m/s2)

f = total friction factor

The total friction factor (L.J. Lane, personal communication) is calculated as

the sum:

f	 12 f3
	

(4.8)

where:

fl - 13.0 (1.0 - e 0773 rgh(ic))	 (4.9)
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f2 - 18.52 (1—C )1167 (4.10)
100

(4.11)

rgh = function of rill depth

ic = see Table 4.5

fl = coefficient for surface roughness

f2 = coefficient for surface cover

f3 = coefficient for bare soil

If the user has not entered a cover value for the infiltration parameters, the

program will ask for the average surface cover on the plane.

Manning resistance law. Depth-discharge exponent, m: The default value is

5/3.

Manning's n: The user has only the option to input a value of n. A table of

Manning's n values derived from rainfall simulator data (Engman, 1989) is given in

Table 4.6.

Watershed geometry. Watershed geometry parameters will be discussed in

the next section.



Table 4.5. Rill Surface Roughness Values

IC Characteristic Depression Depth
(mm)

1 very rough 100 - 150

2 moderate 50 - 100

3 low 25 - 50

4 slight 0 - 25

5 smooth 0
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Table 4.6. Marming's n Derived from Experimental Plot Data (summarized from
Table 1, Engman, 1989)

Cover/Treatment Residue
ton/acre

Manning's n

Bare/fallow <1.4 .045

Grass/sod .53

Chisel <1.4 .075
1.4-1 .18
1-3 .34
>3 .45

Range/natural .13

Disk/harrow <1.4 .078
1.4-1 .17
1-3 .27
>3 .31

Disk/harrow <1.4 .053
1.4-1 .083
1-3 .35

Plow (fall) <1.4 .055

Coulter <1.4 .11
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Equivalent Watershed Calculator

Watershed Configuration

This component aggregates the PWC elements into the OBWC elements by

the methods described in Chapter 3. Refer to Table 4.7 for a description of the

input file needed to run the EWC program. In Table 4.7, element refers to the PWC

plane or channel.

The steps in running the EWC routine are as follows:

(1)	 Divide the watershed into PWC elements based on topography,

soils, vegetation, land use, etc.

PWC plane geometry is the area, Ai,, slope, So, width, Wp, and

length, L. The area is obtained from a topographic map. The

width is the length, Lcp, of the channel adjacent to the plane.

In order to preserve the plane area, then the length of the

plane must be:

A
•

L -
P Lcp

(4.12)

The slope is determined by choosing a representative flow path on the plane with a

similar length of Lp and dividing the difference of the elevation at the top of the

element and the bottom of the element by the horizontal distance.

The PWC channel geometry is the length, Lc, slope, So, bottom width, Wo left

and right side slope, z 1 and Zr, respectively. The length and slope are obtained from



Table 4.7. Description of Watershed Configuration File

line 1.	 a. total number of plane and channel elements in PWC
watershed

b. resistance law for planes
1 - Mannning
2 - Chezy

c. resistance law for channels
1 - Manning
2 - Chezy

d. number of elements on left side of main channel or
channel cascade

e. number of elements in main channel
f. number of elements on right side of main channel

*** lines 2,3, and 4 are repeated for each element

line 2.	 a. element i.d.
b. type of element (1 - plane, 2 - channel)
c. element is associated with OBWC element

1 - left OBWC plane
2 - main OBWC channel
3 - right OBWC plane

d. element i.d. at top of current element
e. element i.d. at left of current element (channels only)
f. element i.d. at right of current element (channels only)

line 3.	 a. element length (m)
b. element width (m)
c. element slope (m/m)
d. element roughness

line 4.	 a. saturated conductivity (mm/hr)
b. average matric potential across wetting front (mm)
c. porosity (mm/mm)
d. soil saturation (%)
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a topographic map or field survey. The bottom width, z1, and Zr are obtained from

field survey, z i and Zr are calculated as shown in Figure 4.6..

(2) Assign each PWC element to the appropriate OBWC element.

(3) Run the IFB program to create a PWC parameter file. The

parameter file is then input to the EWC program.

(4) Run the EWC program to generate an OBWC parameter file.

The parameter is then input to the IHC program.

Model Limitations

The HYDSIM model is intended to be applied to small agricultural

watersheds in which the hillslope response to a rainfall event significantly affects the

watershed runoff hydrograph. This suggests that the model should not be applied to

large river basins or watersheds where the drainage network masks the response of

the overland flow areas of the watershed. In addition, the structure of the model is

such that the following limitations apply:

(1) Spatially uniform rainfall

(2) No partial area response

(3) No return or through flow

(4) No perennial streams

(5)	 No backwater affects (i.e., no downstream controls such as

culverts or reservoirs that will affect the upstream flow regime)



(a) rectangular

Wo

11 1

(b) triangular

(c) trapozoidal 

Figure 4.6	 Channel Cross Sectional Geometries
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CHAPTER 5

MODEL TESTING AND ANALYSIS

In this chapter, the results of verification of the new solution of the kinematic

wave model and the method to aggregate a cascade of planes and channels into an

open-book configuration are presented. Differences between defining lateral inflow

by Equation 2.21 (old semi-analytical solution) and by Equation 3.12 (new solution)

are discussed with emphasis on the error in estimating runoff volume. The

differences in watershed hydrographs generated using hypothetical complex and

simple watershed geometries are presented. Finally, the HYDSIM model is validated

using data from two rangeland watersheds.

Verification of Kinematic Model Solution

Because the solution of the kinematic wave equation presented in Chapter 3

includes defining lateral inflow in relation to flow depth, hydrographs generated by

this method will show differences from hydrographs generated by previous

semi-analytical solutions (Harley, 1970; Eggert, 1987). In this section, four types of

overland flow hydrographs and the behavior of the associated characteristics

generated by the new solution are discussed. Comparisons are made between the

new and old solutions with emphasis on the amount of error made by calculating the

runoff volume and peak by the old solution. Finally, hydrographs generated by the

new solution and a numerical solution of the kinematic wave equation are presented.
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Verification Data Sets

Two basic types of hydrographs can be generated by the kinematic wave

model; partial equilibrium and quasi-equilibrium. The type generated will depend

on the infiltration and runoff parameters and the rainfall intensity distribution. The

approach taken for verification of HYDSIM was to fix the infiltration parameters and

plane length and chose the runoff parameters and rainfall distributions to obtain

partial and quasi-equilibrium hydrographs. A loam textured soil was arbitrarily

chosen to be used for verification. Infiltration parameters were selected from Table

4.4. in Chapter 3. The depth-discharge coefficient was chosen to represent a smooth,

moderately steep surface and a rough, gently sloping surface.

With the infiltration and runoff parameters fixed, constant and variable

rainfall intensity distributions were chosen so that the two types of hydrographs would

be generated. The variable intensity rain sets were generated using the disaggrega-

tion model described in Chapter 4 (Nicks and Lane, 1989).

A listing of the kinematic model verification rain sets are given in Table Cl.

The parameter sets are listed in Table 5.1.

HYDSIM Overland Flow Hydrographs and Characteristics

Partial equilibrium occurs when rainfall ceases before c(0,0) (the characteristic

originating at the origin of the t-x plane) reaches the end of the flow surface. There

are two types of partial equilibrium hydrographs which can be generated by

HYDSIM; partial equilibrium A (PE-A) which occurs when flow ceases at the end
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Table 5.1. Verification Open Book Watershed Test Parameter Sets

Test Set Soil Sat
%

n SO
%

L
m

1 4 20 .1 1 100

Smooth 4 20 .06 5 100

Rough 4 20 .5 1 100

3 4 20 .2 1 100

4 4 20 .03 10 100
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of the plane before c(0,0) reaches the end of the plane and partial equilibrium B

(PE-B) which occurs when flow ceases after c(0,0) reaches the end of the plane. For

the former case, the solution is in zone A. For the later case, the solution is in zones

A and B.

Figures 5.1.a and 5.1.b are the t-x plane and associated hydrographs for PE-A

and PE-B respectively generated using parameter set Pl. Rain set R1 (60 mm/hr

for 20 minutes) was used for PE-A and rain set R2 (60 mm/hr for 30 minutes) was

used for PE-B. Referring to the upper part of both figures, ts refers to the start of

runoff, t. refers to the end of rainfall, and tL(h = 0) refers to the end of runoff. td)

in Figure 5.1.b refers to the time c(0,0) reaches the end of the plane.

There are several features about the characteristics plotted in the t-x plane

which are common to both PE-A and PE-B. First, at time = t., the characteristics

originating at x = 20 meters for PE-A and x = 48 meters for PE-B are the

characteristics which began at time zero and reach the end of the plane at the end

of rainfall. Second, for times greater t., the slope of the characteristics begin to

decrease until the slope eventually becomes zero at time tL(h = 0). At this time, the

flow depth at x = L becomes zero. As can be seen from the later characteristics, the

planes dry up from the top of the plane to the bottom of the plane. For example,

at time t13(h = 0), the plane is dry from the top of the plane to 13 meters from the

top. At time t45(h = 0), the plane is dry from the top to 45 meters from the top.

The major difference between the two partial equilibrium cases is that, for

PE-B, there is a period from t. to t 	 the recession of the hydrograph occurs at
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a rate slower than it does from time t(c(0,x = L) to t(h = 0). This occurs because

water is moving off the flow surface more rapidly than water is infiltrating through

the flow surface. Figure 5.2 illustrates how the water surface profile behaves during

the recession for PE-A and PE-B.

Both rain sets R1 and R2 produce partial equilibrium hydrographs because

the duration of rainfall is less than teo, the time c(0,0) reaches the end of the plane.

If the duration is extended to a time greater than teo (rain set R3, 60 mm/hr for 60

minutes), then the quasi-equilibrium hydrograph shown in Figure 5.3 is generated.

Note the rapid rise in the hydrograph from time ts to t  the subsequent leveling

off of the hydrograph from time tc0 to ts.

The parameter set P1 and rain set R4 were used to generate characteristics

and hydrograph for the case when flow ceases and restarts on the plane. Referring

to the top of Figure 5.4, t s1 is the start of the first rainfall, t1 is the end of the first

rainfall, tiL(h = 0) is the first time flow ceases on the plane, ts2 is the start of the

second rainfall, tr is the end of the second rainfall, and ta(h = 0) is the second time

flow ceases on the plane.

First, note that the characteristics after time tp become concave and

eventually become parallel to the t axis, indicating zero flow depth on the plane. At

the time tiL(h = 0), the plane is entirely dry. Second, all characteristics which begin

at the top of the plane between the end of the first rainfall burst and the beginning

of the second are superimposed on the t axis from t = tr, to t = ts2. Third, at the
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(b) PE-B: Flow depth falls slower than water moves off the plane.
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Figure 5.2	 Illustration of the Water Surface Profile During Recession for (a)
Partial Equilibrium A and (b) Partial Equilibrium B
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Figure 5.3 t-x Plane and Associated Hydrograph Generated by HYDSIM for
Quasi-Equilibrium
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Figure 5.4 t-x Plane and Associated Hydrograph Generated by HYDSIM for an
Interrupted Event
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beginning of the second rainfall burst, all the characteristics begin to curve upward,

indicating that the flow depth becomes non-zero.

Comparison of New and Old Semi-Analytical Solutions

Because lateral inflow in HYDSIM is defined differently than for the old

semi-analytical solution, the hydrographs and the behavior of the characteristics

generated by the two methods should show differences. To verify this, hydrographs

and characteristics generated by HYDSIM are compared with a program (IRS) which

uses Equation 2.21 to define lateral inflow.

IRS (Stone et al., 1990) is an event-based infiltration runoff model which uses

the method of characteristics in a manner similar to that described in Chapter 2

(Eggert, 1987) to solve the kinematic wave equations for overland flow on a single

plane. It is the basis for the overland infiltration and peak discharge calculations for

the Water Erosion Prediction Project (WEPP) models (Rawls et al., 1989; Hernandez

et al., 1989). Infiltration is calculated by the Green and Ampt equation following the

method presented by Chu (1978). Lateral inflow is calculated using Equation 2.21.,

so hydrographs generated by IRS will exhibit flat top peaks when the solution is in

zone C. In addition, because the solution during the recession is defined by Equation

2.19, the depth of flow approaches zero as time approaches infinity.

To illustrate the difference between the partial equilibrium solutions

generated by HYDSIM and IRS, IRS was run with the parameter set P1 and rain set

R2. Figure 5.5. displays the t-x plane and hydrographs generated by HYDSIM (solid
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Figure 5.5 Comparison of t-x Plane and Associated Hydrographs Generated by
IRS (dashed line) and HYDSIM (solid line)
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lines) and IRS (dashed lines). The flat-topped peak of the IRS hydrograph in the

bottom of the figure is a result of partial equilibrium and can be explained by the

IRS characteristics shown in the top of the figure. At the time when rainfall ends,

ta, the characteristic (c(0,x = 48) in Figure 5.5) which originated at time zero at a

distance of 48 meters from the top of the plane reaches the end of the plane. For

IRS, the flat-top hydrograph occurs until the characteristic labeled c(0,0) reaches the

end of the plane. Note that for all times after ta, the characteristics for IRS are

straight lines. Because the characteristics are straight lines, by Equations 2.17 and

2.18, the flow depth is constant on a given characteristic for all times greater than t*.

At time teo, the IRS hydrograph begins the recession phase. The recession

characteristics (dashed lines) are those which originate at x = 0 for all times t > O.

The slope of these characteristics is the slope of the point on the characteristic at

time t = ta. The characteristics generated by HYDSIM behave quite differently, all

eventually curving to a zero slope at which time the flow depth on the characteristic

becomes zero.

Effect of Equation 3.12 on Runoff Volume

To illustrate the difference in hydrograph shape and runoff volume generated

by HYDSIM and IRS, parameter set P1 was used with a rain data sets R1, R2, and

R3 to generate the hydrographs shown in Figure 5.6. As can be seen, the relative

difference between HYDSIM and IRS runoff volume is greatest for partial

equilibrium A and least for the quasi-equilibrium case.
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Figure 5.6	 Effect of (a) Partial Equilibrium A, (b) Partial Equilibrium B, and (c)
Quasi-Equilibrium on Hydrograph Shape and Runoff Volume
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The variable rainfall data sets, RV1_2, RV1_5, RV1_8, RV2_2, RV2_5, and

RV2_8 (Table Cl, Appendix C), were used as input to IRS and HYDSIM to test the

effect of variable rainfall on the runoff volume. The RV1 rain sets have a peak

intensity which is twice the average intensity while the RV2 rain sets have a peak

intensity which is 10 times the average intensity. The results of the simulation runs

are listed in Table C2, Appendix C.

Plotted in Figures 5.7a. and 5.7b. are selected hydrographs generated by

HYDSIM and IRS for smooth and rough surfaces using the RV1_2 and RV2_2 rain

sets respectively. In all cases, the HYDSIM and IRS hydrographs are identical until

the time recession begins. Note that the peak discharge is the same for both

methods, but that IRS always will calculate a larger volume of runoff.

Comparison of New Solution and a Numerical Solution

The comparisons in the preceding section were between HYDSIM and the old

semi-analytical solution for flow on a single plane. To test if HYDSIM is correctly

calculating both the time of end of runoff and the channel hydrographs correctly, the

HYDSIM solution is compared with a program (WALRUS) which uses a numerical

scheme to solve the kinematic wave model for a cascade of planes and channels.

WALRUS is an unpublished modification of KINEROS (Woolhiser et al.

1989). It is an event based infiltration and runoff model which uses a 4 point implicit

scheme to solve the kinematic wave equations for overland and channel flow. The

program is set up to route water within a complex system of planes and channels.
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Infiltration is calculated by the Smith-Parlange model (Smith and Parlange, 1972).

For the purposes of comparison with HYDSIM, a Green and Ampt infiltration

routine was substituted for the Smith-Parlange routine in WALRUS. Lateral inflow

is calculated interactively with the routing computations, so there are no zone C

solutions and the hydrograph has a finite duration. Because the WALRUS solution

does not use characteristics, only WALRUS generated hydrographs are compared

with HYDSIM.

To verify that the cessation of runoff is being calculated correctly, runs were

made comparing the WALRUS and HYDSIM solution using the same rain and

parameter sets used in the previous section. In Figures 5.8 and 5.9, typical

hydrographs generated by HYDSIM and WALRUS for plane and channel flow

respectively, are illustrated. As can be seen, the hydrographs are virtually identical.

Summary of Kinematic Model Verification

Two types of partial equilibrium hydrographs generated by HYDSIM have

been identified. Partial equilibrium A occurs when the plane dries up before c(0,0)

reaches the end of the plane. Partial equilibrium B occurs when the plane dries up

after c(0,0) reaches the end of the plane. HYDSIM generates a solution in which

the flow surface dries up in the proper manner. As would be expected on a natural

surface, flow begins to cease at the top of the plane first. The recession characteris-

tics behave in a corresponding and consistent manner, decreasing in slope as the flow

depth decreases until the slope becomes zero when the flow depth becomes zero.
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The comparisons with IRS show that, when the time of equilibrium is greater

than the time rainfall ceases, defining lateral inflow by Equation 2.21. can lead to

significant overestimates of runoff volume.

Equivalent Watershed Verification

The main objective of this section is to evaluate the method of aggregating a

prototype watershed configuration into a single plane and an open-book configura-

tion. The first purpose of the evaluation is to determine under which circumstances

the simplified geometry reproduces the hydrograph of the more complex geometry.

The second purpose is to determine if the open-book configuration gives better

results than the single-plane configuration.

Equilibrium Storage

One of the outputs generated by WALRUS is the storage of water within the

watershed system at the time of the end of simulation. To verify the equilibrium

storage relationships described in Chapter 3, WALRUS was run using a constant

rainfall input and setting the saturated conductivity to zero. This has the affect of

routing lateral inflow on an impermeable plane. If the simulation time is less than

the duration of rainfall but greater than the kinematic time to equilibrium, then the

storage at the end of the simulation run is the equilibrium storage.

Recall that, in order to aggregate a cascade of planes and channels into a

single plane, the storage of water at kinematic equilibrium on the planes and within
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the channels is calculated. Equation 3.26 approximates the depth discharge

coefficient for the channel as:

a - 1/n S s 	+ 2 y) -43 - 1/n Ss TV;2/3 	(3.26)

Equation 3.26 has the effect of neglecting the flow depth in the wetted perimeter

term. To reduce the amount of error involved in this approximation, a small lateral

inflow rate was chosen to use for both WALRUS and the EW method. Because the

channel width is fixed, a small lateral inflow rate will result in a small flow depth and

the approximation made in Equation 3.26 will be valid.

Prototype, Single-Plane, and Open-Book Watershed Configurations

Three prototype watershed configurations (Figure 5.10) were aggregated into

a single-plane configuration and an open-book configuration. Each prototype

configuration consisted of two sizes, small (.01 km 2) and large (1 lun2). Thus, a total

of 6 prototype watersheds were aggregated into a single plane and an open-book.

Table D1, Appendix D lists the dimensions and parameter values for the prototype

watersheds. Four rainfall distributions, R2, R1_2, R2_2, and R3_2 (Table Cl,

Appendix C) were then used as input to generate the hydrograph at the outlet of the

watershed. WALRUS was used to generate the hydrograph for the prototype

watershed configuration and HYDSIM was used to generate the hydrograph for the

single-plane and open-book configurations.
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The prototype watersheds were aggregated into a single plane by calculating

the total watershed equilibrium storage and using Equation 2.37 to compute the

depth-discharge coefficient. The total watershed storage and equivalent depth-dis-

charge coefficient and Manning's n value for the six test configurations are given in

Table D2, Appendix D.

Open-book configurations were developed from the verification prototype

watersheds using the equivalent watershed method detailed in Chapter 3. The

dimensions and Manning's n values of the open-book watersheds are listed in Table

D3, Appendix D.

Tables D4, D5, and D6 (Appendix D) are the tabulated results for all the

verification simulation runs. The hydrographs shown in the top and bottom of Figure

5.11 are typical for those of the small and large watersheds respectively. For the

small watershed, Si, note that there is little difference among the results for the

prototype, equivalent plane, and open-book configurations for the small watershed.

The single plane simulates the start of runoff sooner than the two other methods.

This occurs because both WALRUS and HYDSIM begin calculating infiltration at

the start of overland lateral inflow, not at the start of rainfall. That is, the infiltration

capacity of the channel has to be satisfied before runoff occurs at the watershed

outlet. Therefore, the single-plane method will always produce an earlier start of

runoff.

There are significant differences in the peak discharge rate and hydrograph

shape among the three methods for the large watersheds (bottom of Figure 5.11).
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Both the peak and the shape of the hydrograph generated for the single plane are

significantly different than those generated by the other two methods.

That the open-book peak is greater than the equivalent plane peak can be

explained by first considering the effect the geometric simplification has on the path

of the characteristic, c(0,0), originating at the furthest point on the watershed.

Because the equivalent storage method preserves storage at equilibrium, it also

preserves the time of kinematic equilibrium, te. However, it does not preserve the

path of c(0,0) at times less than te. Figure 5.12 displays a conceptual representation

of the path of c(0,0) for prototype, open-book, and single-plane watershed

configurations. Note that the longest flow length (L1 + L2+ L3) of the PWC is

preserved for the open-book and single-plane configurations. Referring to the t-x

plane in the middle of the figure, at times before the time, t(ep), the single-plane

characteristic crosses the prototype watershed characteristic, the single-plane

discharge will be greater than the prototype and open-book discharge. This occurs

because the single-plane roughness is the least among the configurations. After time

t(ep), the lower channel roughness of the PWC begins to influence the hydrograph,

and the PWC discharge becomes greater.

The difference between the open-book and equivalent plane can be further

illustrated by determining what portion of the plane is at equilibrium. Recall that

immediately after lateral inflow begins, the bottom most portion of the plane is at

equilibrium. As time progresses, more and more of the plane attains equilibrium

until the entire plane is at equilibrium. Figure 5.13 is the t-x plane and hydrographs
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generated by the equivalent plane and the two planes of the open-book watershed

for configuration 13 and rain set R3_2. Because the end of rainfall occurs before

the characteristics originating from the origin reach the end of their respective

planes, the solution is a zone A or partial equilibrium. The portion of the plane

which is in equilibrium can be determined by finding the characteristic which reaches

the end of the plane when rainfall stops. The origin of this characteristic on the x

axis of the t-x plane determines the length of plane which is at equilibrium. For

example, in Figure 5.13, the characteristic labeled c(0,900) is the characteristic

originating at 900 meters from the bottom of the plane for the single-plane

configuration. The total length of the single plane is 1700 meters, so the portion of

the plane, L,e(EP), which is at equilibrium is:

900Le(EP) -	 .531700 

Similarly, for the open-book planes 1 and 2, the characteristics labeled c(0,195) and

c(0,276) are the characteristics originating at 195 meters from the bottom of plane

1 and 276 meters from the bottom of plane 2. The portions of the plane at

equilibrium are:

Le(P1) - —195 .68
285
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L ,(P2)	 276 .72
381

for plane 1, Le(P1), and plane 2, Le(P2), respectively. As can be seen, the open-book

configuration is closer to equilibrium than the single plane and, thus, the discharge

rate is higher.

Summary of Equivalent Watershed Verification

Two sets of three prototype watershed configurations were disaggregated into

open-book and single-plane configurations. For runoff events which reach

quasi-equilibrium, there is little difference in the watershed hydrograph among the

three configurations. However, for those events which are partial equilibrium events,

the simplified geometries under predict the peak discharge. The error was explained

by examining the path of the c(0,0) characteristic for the three configurations. The

equivalent watershed method preserves only the time and discharge properties of the

prototype configuration at times equal to and greater than the time to kinematic

equilibrium. Therefore, simplifying the geometry will under-estimate the peak for

any event in which the rainfall ends before the time to equilibrium. In addition,

representing a watershed by an open-book configuration will give better results than

a single plane for event durations less than time to equilibrium.
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Validation

Validation is testing if the model output mimics the natural process the model

is supposed to represent. The process of validation involves selecting a data set,

determining model parameter values, running the model, comparing the model

output with the observed data, and evaluating the results.

Validation Watersheds

Two watersheds, LH103 and LH104, on the Walnut Gulch Experimental

Watershed (Renard, 1970) were chosen to validate HYDSIM on rangeland

conditions in a semi-arid climatic zone. The predominant vegetation on both

watersheds is desert brush and the predominant soils are gravely sandy loams. The

canopy cover is approximately 15-25% and the soil surface cover is characterized by

a well developed desert pavement. The only areas of bare soil are under the

vegetation canopy.

LH103 is a 3.68-hectare watershed which has a nested watershed, LH101 in

the upper 1.30 hectares. Both LH101, during the period before 1975, and LH103,

during the entire period of record, were predominantly brush covered. In 1975,

LH101 was treated with herbicide to kill the brush, in 1976 the watershed was seeded

to grass using a rangeland drill and front end loader, and in 1977 the watershed was

seeded again with a rangeland drill. LH101 has a poorly defined drainage system

while LH103 is well dissected by 1 to 2 meter deep channels. Runoff from LH101
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is measured by a V-notch weir while runoff at the outlet of LH103 is measured by

a super critical flume.

LH104 is a 4.09-hectare watershed which contains two nested watersheds,

LH106 (.34 hectares) and LH102 (1.46 hectares). Runoff from LH106 is measured

by an H-flume, from LH102 by a super critical concrete flume, and from LH104 by

a V-notch weir until 1978 when a critical depth flume was installed. There are three

recording rain gages on the Lucky Hills watersheds. The time intensity data from

rain gage 83 was used for both the LH103 and LH104 validation.

Validation Parameters

There are two methods of obtaining parameter values for a model, parameter

identification and parameter estimation. Parameter identification involves adjusting

input parameter values until the model results match observed data. Parameter

estimation involves determining parameter values from physical properties of the

system without trying to match model output with observed data. The use of

identification or estimation will depend on the intended use of the model. For

research purposes, parameter identification is useful because it allows the model

structure (i.e., hypothesis) to be tested independent of errors in parameter values.

For practical applications, parameter estimation is preferred in that data are not

generally available to be used to identify parameters.
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For purposes of the validation of HYDSIM, both parameter identification and

estimation were used to select the necessary parameters. Recall that the necessary

parameters are:

(1) Infiltration

Ks - saturated conductivity

ilr - matric potential across the wetting front

ri - porosity

e - soil saturation

(2) Kinematic wave

n - Manning's n

(3)	 Geometry

So - slope

L - flow surface length

W - flow surface width

N - number of prototype watershed planes
P

N, - number of prototype watershed channels

Two separate validation studies were done, one using LH103 data and the

other using LH104 data. For both LH103 and LH104, initial saturation was obtained

by running the CREAMS model (Knisel, 1980) with observed rainfall and using the

simulated soil moisture for the validation event dates.
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For the LH104 validation, the prototype watershed configuration, infiltration

parameters, and Manning's roughness were taken from Goodrich (1990). Goodrich

divided LH104 into over 200 sub-elements and calibrated the KINEROS model

(Woolhiser et al., 1989) for selected runoff events. The saturated conductivity and

Manning's n obtained from Goodrich's calibration were used to validate HYDSIM

for selected events not used in the calibration. The prototype watershed element

dimensions and parameter values are listed in Table El, Appendix E.

Calibration of Ks and Manning's n Using LH101 and LH103 Data

For case of LH103, it was assumed that the parameter values were uniform

for all the prototype elements prior to the 1976 treatment. It was further assumed

that roughness and saturated conductivity changed only on sub-watershed LH101

during treatment (1976-1977) and post treatment (1978). That is, the parameter

values for the lower 2/3 of LH103 remained constant for the validation period. One

event per period (pre-treatment, during treatment, and post treatment) were used to

identify Ks and Manning's n for LH101. The pre-treatment event was also used to

identify Ks and n for LH103. The remaining infiltration parameters were chosen

from Table 4.4. using a gravely sandy loam (soil 3 in Table 4.4.). The associated

dimensions and parameter values for the prototype watershed configuration are listed

in Table E2, Appendix E.

The prototype watershed configuration used in the LH101 calibration was an

open-book. The optimum values for Ks and Manning's n found for LH101 were then
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used for prototype elements 1,2, and 3. Ks and Manning's n values for the remaining

elements were then adjusted until the simulated and observed hydrographs for the

LH103 calibration event matched.

Analysis of Validation

In the verification section of this chapter, hydrographs generated using

synthetic data for the simplified geometries were compared with those for the

prototype geometries. It was shown that, if the event duration was greater than the

time to kinematic equilibrium, the hydrographs generated with the simplified

geometries were essentially the same as those of the prototype geometries. In this

section, the affects of the simplification are analyzed using observed data. First,

results from the simplified and prototype geometries are compared with the

assumption that the prototype results are correct. Second, the results from the

simplified geometries are compared with the observed data.

In order to properly evaluate the model performance, it is important to

consider the reasons why the model results match the observed data in certain cases

and not in others. There are two main groups of errors, errors in the hypothesis and

errors in the data. The two most important assumptions in the model are spatial

uniformity of rainfall over the watershed and spatial uniformity of parameters within

an watershed sub-element. If these assumptions are not met, then the model could

perform poorly. Among data errors are incorrect time correlations between the rain
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gage and runoff measuring device, failure of the runoff measuring device to record

the entire runoff event, and incorrect reduction of the rain gage data.

Plotted in Figure 5.14 are simplified (open-book and single-plane) versus

prototype results for runoff volume and peak discharge for the two validation

watersheds. It is apparent that, for these validation events, a simplified geometry

produces essentially the same results as a more complex geometry. However, note

that there the single-plane configuration tends to estimate smaller runoff volumes

and peaks than the prototype configuration.

For the remainder of this section, hydrographs generated using the simplified

geometries are compared with observed hydrographs.

Simulation results generated using the open-book configuration are shown in

Figure 5.15a (runoff volume) and Figure 5.15b (peak discharge). Referring to Figure

5.15a, note that the fit for runoff volume is quite good, indicating that the Green and

Ampt formulation adequately calculates runoff volume for these watersheds. In

Figure 5.15b, note that although the fit for peak discharge is good, there is more

scatter about the one to one line, particularly for LH103.

In order to better understand the model behavior, hydrographs for each

validation event were plotted and analyzed. Plotted in Figure 5.16 are selected

LH104 validation hydrographs for medium events (left) and large events (right).

First note that with the exception of the event occurring on 8-1-74, there is little

difference between the hydrographs generated using the open-book or single-plane

configurations. The time characteristics of the hydrograph (time of start of runoff,
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time to peak, and time to end of runoff) are simulated quite well. Analysis of the

t-x plane for the two small events (left half of Figure 5.16) indicated that, for the

single-plane configuration, event 8-1-74 is a partial equilibrium B and event 10-12-74

is a partial equilibrium A.

Plotted in Figure 5.17 are representative hydrographs for LH103. Note that

the simulated hydrographs do not fit the observed as well as did the simulated

hydrographs for LH104. A possible reason for this is that the validation data set for

LH104 was culled for any events for which measurement error was suspect. This was

not done with the LH103 validation data set.

To illustrate the sensitivity of the Green and Ampt model to rainfall intensity,

two events are plotted in Figure 5.18. In the top of the figure, note that both the

observed and simulated runoff begins at the start of the fourth burst of rain.

However, the simulated peak discharge rate is greater than the observed discharge

rate. Whether the over-prediction is due to model error or possible errors in data

reduction of the rain gage data is unclear. In the bottom of the figure, note that the

observed runoff begins before the intense bursts of rain of the second event. In this

case, it is clear that the clocks for the rain gage and flume were not in synchroniza-

tion.

The results for the small events would appear to indicate that, as stated in the

equivalent watershed verification section of this chapter, a simplified geometry will

under-estimate the runoff volume and peak discharge for small events. In context

of the model structure, this was explained by examining the path of the c(0,0)
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characteristic. However, this explanation is only valid under the assumptions of

spatially uniformity rainfall over the watershed and of infiltration within a

subelement.

To test if the above assumptions are correct for small events, the event

10-12-74 for LH104 (bottom left of Figure 5.16) and the event 9-10-76 for LH103

(bottom left of Figure 5.17) were run using WALRUS and the prototype configura-

tions for the respective watersheds.

In the top of Figure 5.19 is the resulting hydrograph for LH104 event. As can

be seen, the prototype configuration does not improve the hydrograph fit. This

implies that either the assumption of uniform rainfall or uniform infiltration is not

correct for this event. Recall that there is another rain gage, 386, to the southwest

of the watershed. When HYDSIM was run using the data from that rain gage, no

runoff was simulated. This result suggests that spatial variability of infiltration is the

cause of the poor model performance.

In contrast, consider the event 9-10-76 for LH103 shown in the bottom of

Figure 5.19. Note that the simulated hydrographs using the prototype and open-book

configurations conform more closely to the observed hydrograph. The close

correspondence of the simulated and observed hydrographs suggests that the

assumptions of rainfall and infiltration uniformity are more correct for this event than

for the 10-12-74 event of LH104.
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Summary of Validation

The HYDSIM model reproduced the runoff volume, peak discharge, and time

characteristics of observed hydrographs for large events. For these events, there was

little difference between the hydrographs generated using the single-plane and

open-book configurations. For the smaller events, HYDSIM consistently simulated

less runoff than was observed. By examining two of the small events, two reasons

were offered for the under estimation. For the LH104 event, non-uniformity of

rainfall or infiltration appeared to cause the model to under estimate the event. In

the case of the LH103 event, the closer correspondence of the observed and

simulated hydrographs suggested that the assumptions of uniform rainfall and

infiltration were more correct.
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CHAPTER 6

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Summary

The major objective of the dissertation was to develop a process based method

to aggregate a cascade of planes and channels into a two plane, one channel

watershed configuration. The secondary objective was to incorporate the method

into a computationally efficient and parameter parsimonious computer model.

The first step in satisfying the main objective was the development of a new

semi-analytical solution of the kinematic wave equation for overland and channel

flow. Lateral inflow was defined in relation to flow depth and thus unrealistic

properties of the old solution were avoided. Comparisons of hydrographs generated

by the new and old semi-analytic solutions show that, for rainfall events which end

before the time of kinematic equilibrium, the old solution can significantly

overestimate runoff volume.

The equivalent plane concept described by Wu (1978) was extended by

including channel storage to develop an equivalent open-book watershed consisting

of two planes adjacent to one channel. Storage at kinematic equilibrium on a

cascade of planes and channels was used to calculate depth discharge coefficients for

an hydraulically equivalent plane and an hydraulically equivalent open-book

watershed. It was shown that, if the rainfall ends before the time of kinematic

equilibrium, both the open-book and equivalent plane configurations will under

estimate the peak discharge rate. The reason is that, by calculating a hydraulically
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equivalent surface, only the hydrograph characteristics at times equal to or greater

than the time of kinematic equilibrium are preserved. It was also shown that the

open-book configuration will preserve the path of the prototype c(0,0) characteristic

better than an equivalent plane configuration.

The second objective was satisfied by incorporating the Green and Arnpt

equation and the method described above into a computer model. In terms of

computational efficiency, analytical and semi-analytical solutions of the infiltration

and runoff equations can now be applied to situations (i.e., cascade of planes and

channels) where heretofore numerical methods were used. Although the model

requires 11 parameters, all but two of them, saturated conductivity and Manning's n,

can be estimated from field data, topographic maps, and published literature.

Conclusions

Verification of the new solution of the kinematic wave equation shows that:

(1) By defining lateral inflow in relation to flow depth, the semi-

analytic solution based on the method of characteristics gives a

realistic view of the behavior of water flowing on an infiltrating

surface.

(2) Previous semi-analytic solutions will always over estimate runoff

volume. If the time to kinematic equilibrium, te, is less than the

time, ts, rainfall ceases, then the amount of error can be
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significant. The amount of error increases the greater the time

difference between te and t..

Verification of the equivalent watershed concept shows that:

(3) For runoff events in which te is greater than t., the hydrographs

generated using the simplified geometries are essentially the

same as those generated using a complex geometry for the

geometries tested.

(4) For runoff events in which te is less than t., the simplified

geometries underestimate the peak discharge rate compared to

complex geometry peak discharge. This implies that the

simplified geometry will not be accurate for small rainfall

events or for large watersheds.

Validation of the HYDSIM model with data from two small rangeland watersheds

shows that:

(5)
	

Hydrographs generated using both the open-book and equiva-

lent plane configurations, match the runoff volume, peak

discharge, and time characteristics of the validation hydrographs

for the larger runoff events. However, for the smaller events,

both configurations under-estimate the runoff volume and peak

discharge.
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(6)	 The equivalent watershed concept can be used to identify if the

observed hydrograph is a result of spatially uniform rainfall and

infiltration.

Recommendations

Further work is needed both in parameter estimation and model validation

over watersheds representing a wide range of land use, topography, and size. The

model was not validated in its limits, particularly for conditions in which there is a

marked difference in saturated conductivity on the watershed. Specific recommenda-

tions are:

(1) The model should be validated on a broad range of watershed

sizes and land use. In particular, cropland watersheds in which

the saturated conductivity varies significantly should be selected

for validation of the model. A likely candidate is the Y4

watershed operated by the Agricultural Research Service of the

USDA at Riesel, Texas.

(2) The model should be modified to use a weighted average of

multiple rain gages.

(3)	 The validation using the LH103 data set be extended to include

a larger period of record. In particular, a study should be

designed to test if the model is sensitive to changes in infiltra-



tion and roughness caused by vegetation changes and distur-

bance in the nested watershed LH101.
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APPENDIX A

Proof of A

Suppose z1 and z2 are the channel side slopes, then:

cl - (z1 + z2)

and

C2 - (1 + Z12)3 + (1 + Z22) .5

We want to verify Equations 3.11a-b for the channel types of Table Al. e is defined

by Equation 3.5a. We find by differentiation that:

ni -1
e 

1
(u) - a u (m (gu) - f (u) u) + f (u) u)	 (I1)

f(u)m

e II	 m-2
(u) - a 	  On (flu) - PO 14)2 - fll(14) AO 02

f(14)m+1

u	 (I2)

From (I1) and (I2), and the fact that f(u) > 0 for u > 0, then 3.11a and b is true

when:

for u > 0, 0 < fl(u), fl (u) u < f(u), 	fil (u) < 0
	

(I3)

Differentiation of f for the channel types in Table Al shows that they all satisfy (I3)

and thus satisfy 3.11a and b.
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Proof of 131

Suppose hz0(t2) = hz1 (t2). Consider integrating h 	hzi , continuing from

time t2. At the start of a step, we will have the characteristic areas equal, so the

same rule of 3.16a and b will be used for each integral. This will make the lateral

inflow excess the same for both integrals across the step, and the same amount will

be added to both integrals at the end of the step. This will make the two characteris-

tic areas equal at the beginning of the next step. We conclude that 11,0(0 = h 1 (t) for

t _> t2 .

Proof of B2

Suppose A20(t2) = A21 (t2). Consider integrating Azo and Azi , continuing from

time t2. At the start of a step, we will have the characteristic areas equal, so the

same rule of 3.17a and b will be used for each integral. This will make the lateral

inflow excess the same for both integrals across the step, and the same amount will

be added to both integrals at the end of the step. This will make the two characteris-

tic areas equal at the beginning of the next step. We conclude that A20(t) = A21 (t)

for t > t2.

Proof of Cl

Cl.
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then h 	on [to, ti]

/too - ha 	on [tp 00]

Suppose c 0(t) = ct1 (t). From their definitions, we have:

ft

o

t	 m-1	 t m -1	 t m-i	 t m _1
1 hto (w) dw + f

1 h
io (w) dw - f hw (w) dw - f ha (w) dw

r	 to	 ri

and we get:

(1 h m-1 (w) dw - f t (h:7 -1 (w) - ht7 1 (w)) dw
fro 	t°	 1

As we will see, in fact Dl, the integrand of the left side is non-positive. Because the

integrand of the right side is non-negative, we must have hw = 0 on [to,ti] and hw =

ha on Rya

By Bi, we have hw = ht1 on [t1,œ).

Proof of C2

Suppose c 0(t) = c ti(t). From their definitions, we have:

fr e',	r 	
(w)	

r
o Ato (w) dw + f

t 
e

i
o A to (w) dw - f e t° A	 dw - f

1 e
lo A (w) dwto 	t,	r 	 to	 ro	 1 

and we get:
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From C2 and Equation 3.11a, we see that the integrand of the left side is non-posi-

tive, and the integrand of the right side is non-negative. We must have e'o A

on [to ,ti] and e'o A to = e'o Aa on [tpt]. By 3.11a, e' is strictly increasing, so we must

have Ato = 0 on [ti ,t] and Ato = Atl on [tpm]. By B2, we have Ato = At1 on [tIP].

Proof of Dl

Dl. 0 < h 0(t) - h 1 (t) < h to

Clearly, D1 is true for t = t. Let S = {t I Dl is true on [tpt]}. If Dl is not

true for all t > t 1 , then S is bounded above. Let t2 = inf(S). Dl is true for to < t

< t2, so by continuity, Dl is true for t = t2. Let t3 > t2 be chosen so that hw and ha

can be integrated from t2 to t3 using 3.16a to c.

If ha (t2) and h t0(t2) are both positive or both zero, then the same rule of 3.16.a

to c will be used to integrate both of these from t2 to t3. Thus, the lateral inflow will

be the same for both functions, and their difference will not change between t2 and

t3. This makes Dl true up to t3. This also contradicts the fact that we have chosen

t2 so that D1 is only true up to t2 .

The only other case is h 1 (t2) = 0 and ht0(t2) > O. If r(t2)	 fpp(t2), then the

lateral inflow for both integrals will be the same, and we get the same contradiction

as above. Thus, we must have r(t2) < fpp (t2). In this case, lateral inflow on [t243] is

0 for hw and negative for ha. As we integrate from t2 to t3, h to will stay zero and ha

will decrease. Therefore, ha (t) - t0(t) = ha (t), and the difference will satisfy D1 on

[t2 ,t3]. This again gives a contradiction, and it follows Dl is always true.
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Proof of D2

Clearly, D2 is true for t = t 1. Let S = {t I D2 is true on [tpt]). If D2 is not

true for all t > t 1 , then S is bounded above. Let t2 = inf(S). D2 is true for to < t

< t2, so by continuity, D2 is true for t = t.2. Let t3 > t2 be chosen so that Ato and At1

can be integrated from t2 to t3 using Equations 3.17a-c.

If A(t2) and At0(t2) are both positive or both zero, then the same rule of

Equations 3.17a-c will be used to integrate both of these from t2 to t3. Hence, the

lateral inflow excess will be the same for both functions and their difference will not

change between t2 and t3. This makes D2 true up to t3. This also contradicts the fact

that we have chosen t2 so that D2 is only true up to t2 .

The only other case is At1 (t2) = 0 and At0(t2) > O. If r(t2) > fpc(t2), then the

lateral inflow excess for both integrals will be the same, and we get the same

contradiction as above. We must have r(t2) < fpc(t2). In this case, lateral inflow

excess on [t2 ,t3] is 0 for Ato and negative for At1. As we integrate from t2 to t3, Ato

will stay zero and At1 decreases. Therefore, A1(t) - A 0(t) = A l(t), and the

difference will satisfy D2 on R2,t31. This again gives a contradiction, and it follows

D2 is always true.

Proof of El

El. x(t) is continuous in s for fixed t

x(s+ds) - x(s) -a m [f t 	(w) dw -	 4 1 (w) dw
s+ds
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- a p m[f t {/Cdsi (w) - hsm-1 (w)] dw - fs
	 hsm-1 (w) dw

� al, m [t max ,7110(w) - h.7-1 f )vw„ s+ds < w < t)

+ ds max (hsm-1 (w), s < w < s+ds)]

By El, the first term can be made small by choosing ds small. The second term has

a factor of ds and so is small when ds is small.

Proof of E2

x(s+ds) - x(s) -[f t e i o As+ds (w) dw - f t e io A s (w) dw]
s+ds	 s

-[

ft (e l o As+dy (N) — e l° As (w)) dw - f s+dse i o As (w) dwi
s+ds	 3

< [t max (e l() A5  (IV) — e l o As (w), s+ds < w < t)

+ ds max (e l o A s (w), s .< w 5_ s+ds)}

By E2 and the continuity of e', the first term can be made small by choosing ds small.

The second term has a factor of ds; therefore, it is also small when ds is small.



APPENDIX B

169

HYDSIM SUBROUTINE LIST



170

APPENDIX B

Subroutine	 Called by	 Description

MAIN	 Main watershed driving routine

IDAT	 MAIN	 Gets rainfall input

PLANIN	 MAIN	 Gets overland infiltration input

EXCESS	 CFDEZ,CFIEZ	 Calculates overland lateral inflow

INFIL	 KHWNRE	 Calculates actual overland infiltration

INFINT	 INFPOT	 Calculates overland time to ponding

INFPOT	 KHWNRE	 Calculates overland potential infiltration

KHWNRE MAIN	 Overland flow driving routine

CFTEZ	 KHWNRE	 Calculates overland characteristics
from t = 0

CFDEZ	 KHWNRE	 Calculates overland characteristics
from x = 0

POUT	 MAIN	 Prints overland flow output

DISAG	 IDAT	 Rainfall disaggregation driving routine

CONST	 DISAG	 Calculates constant rainfall

DBLEX	 DISAG	 Calculates double exponential rainfall
distribution

EQROOT DBLEX	 Calculates coefficients for DBLEX

ADDQIN MAIN	 Adds overland flow for input to channel
routine
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FLTR
	

ADDQIN
	

Filters out extraneous points of the
hydrograph

INTERP
	

ADDQIN
	

Interpolates the rates of one hydrograph to
the times of a second hydrograph

CINFIL
	

CKHWNE
	

Calculates actual channel infiltration rate

CINFIN
	

CINFPO
	

Calculates channel time to ponding

CINFPO
	

CKHWNE
	

Calculates channel potential infiltration rate

CEXCES
	

CCI, EZ,CCFDEZ Calculates channel lateral inflow rate

CHANIN MAIN
	

Gets channel parameter input

CKHWNE MAIN
	

Channel driving routine

CCFDEZ CKHWNE
	

Calculates channel characteristics from
x=

CO, I EZ CKHWNE Calculates channel characteristics from
t = 0

ATOH

ATOP

ATOPD

COUT

GETI

GETR

GETRV

OPEN

CCFIEZ,CCFDEZ Calculates flow depth derivative from
the area

Ca, I EZ,CCFDEZ Calculates wetted perimeter from the area

CCHEZ,CCFDEZ Calculates wetted perimeter derivative from
the area

MAIN	 Prints channel output

Gets and checks integer input from terminal

Gets and checks real input from terminal

Gets and checks a real array input from
terminal

Opens and checks new and existing files
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Table C.1. Verification Rain Data Sets

Data Set
	

Time	 Rate
min	 mm/hr

R1	 0	 60
20	 0

R2	 0	 60
30	 0

R3	 0	 60
60	 0

R4	 0	 60
30	 0
50	 60
60	 0

R1_2

	

.000	 44.045

	

8.173	 94.080

	

12.000	 113.919

	

15.160	 101.955

	

18.691	 89.987

	

22.692	 78.015

	

27.306	 66.035

	

32.758	 54.043

	

39.419	 42.028

	

47.985	 29.962

	

60.000	 .000
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.000 32.234
11.168 432.817
12.000 561.667
12.641 486.542
13.381 411.370
14.256 336.119
15.327 260.720
16.708 184.992
18.654 108.226
21.980 9.469
60.000 .000

.000 30.185
4.969 145.531
6.000 187.481
6.800 162.937
7.721 138.378
8.805 113.796

10.123 89.170
11.805 64.452
14.132 39.462
17.933 12.431
30.000 .000
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Table C2. Peak Discharge and Total Runoff Volume Generated by HYDSIM and
IRS Using Variable Rainfall and Data Set D*

ip tp
QP

(mm/hr)
HYDSIM IRS

Qv
(mm)

HYDSIM IRS

.06 .2 10 359 331 40.4 41.9

.5 .2 10 82 81 34.8 41.9

.06 .5 10 396 396 41.6 42.4

.5 .5 10 83 83 35.7 42.4

.06 .8 10 416 416 42.6 43.5

.5 .8 10 87 87 36.0 43.5

.06 .2 2 74 74 32.8 34.4

.5 .2 2 46 75 28.0 34.4

.06 .5 2 86 86 33.4 35.1

.5 .5 2 47 53 27.4 35.1

.06 .8 2 89 89 33.5 35.5

.5 .8 2 51 58 26.8 35.5
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Table Dl. Dimensions of Small (S) and Large (L) Prototype Watershed Configu-
rations 1, 2, and 3

No. Element
P	 c w

(m)

Plane
1

(m)
w

(m)

Channel
1

(m)

Total
Area
(km2)

Si 6.0 3.0 58.0 29.0 .5 58.0 .01

S2 14.0 7.0 38.0 19.0 .5 38.0 .01

S3 14.0 7.0 38.0 19.0 .5 38.0 .01

1.0 38.0

Li 6.0 3.0 578.0 289.0 5.0 578.0 1.0

L2 14.0 7.0 378.0 190.0 5.0 378.0 1.0

13 14.0 7.0 378.0 190.0 1.0 378.0 1.0

5.0 378.0

p = plane, c = channel, w = width, 1 = length
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Table D2.	 Storage, Depth-Discharge Coefficient, and Manning's n Values for
Single Plane

No.	 Storage	 Alpha
(mi)	 (n13/s)	 (n13/s)

Sie 3.20 11.77 .019

S2e 2.88 12.77 .018

S3e 3.04 14.97 .015

Lie 1319. 10.86 .021

L2e 1081. 13.92 .016

L3e 1071. 18.20 .012
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Table D4.	 Runoff Volume and Peak Discharge for WALRUS, Single-Plane, and
Open-Book Watershed for Configuration 1

Test
Set

Rain
Set

Volume (mm)
W	 SP	 OB

Peak (mm/hr)
W	 SP	 OB

Si R_30 11 11 11 38 38 37
Si R1_2 33 33 33 75 75 75
Si R2_2 41 41 40 358 375 366
Si R3_2 10 10 10 78 74 77

Li R_30 7 7 7 25 19 22
Li R1_2 30 30 30 58 53 55
Li R2_2 37 36 37 176 136 158
Li R3_2 7 6 6 22 15 18

W = Walrus, SP = Single-Plane, OB = Open-Book Watershed
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Table D5.	 Runoff Volume and Peak Discharge for WALRUS, Single-Plane, and
Open-Book Watershed for Configuration 2

Test
Set

Rain
Set

Volume (mm)
W	 SP	 OB

Peak (mm/hr)
W	 SP	 OB

S2 R_30 12 12 11 38 39 37
S2 R1_2 33 34 33 76 76 74
S2 R2_2 41 41 40 378 411 387
S2 R3_2 10 10 10 81 83 78

12 R_30 9 8 8 31 26 29
12 R1_2 31 31 31 62 58 59
L2 R2_2 38 37 37 206 172 184
L2 R3_2 8 7 7 30 20 23

W = Walrus, SP = Single-Plane, OB = Open-Book Watershed
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Table D6. Runoff Volume and Peak Discharge for WALRUS, Single-Plane, and
Open-Book Watershed for Configuration 3

Test
Set

Rain
Set

Volume (mm)
W	 SP	 OB

Peak (mm/hr)
W	 SP	 OB

S3 R_30 11 11 11 38 39 37
S3 R1_2 33 34 33 75 76 75
S3 R2_2 41 41 41 363 390 375
S3 R3_2 10 10 10 80 78 80

L3 R_30 9 8 9 30 28 29
L3 R1_2 31 31 31 61 59 61
L3 R2_2 8 7 8 30 21 28
13 R3_2 41 41 40 358 375 366

W = Walrus, SP = Single-Plane, OB = Open-Book Watershed
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Table El. Initial PWC Geometry for LH103

Element Type
(m)

L
(m)

W
(m)

SO
(m/m)

1,2 P 34 153 .034
3 c 153 .5 .030
4 P 50 80 .034
5 P 20 80 .034
6 c 80 1.0 .030
7 P 77 58 .034
8 c 58 1.2 .030

9,10 P 19 101 .034
11 c 101 .5 .030
12 P 80 25 .034
13 c 25 .5 .030
14 P 89 52 .034
15 c 52 1.6 .030

16,17 P 13 87 .034
18 c 87 .5 .030
19 P 34 23 .034
20 c 23 .5 .030
21 c 3 1.8 .030

184

P = plane, c = channel



Table El. Initial PWC Geometry for LH103

Element Type
(m)

L
(m)

W
(m)

SO
(m/m)

1,2 P 34 153 .034
3 c 153 .5 .030
4 P 50 80 .034
5 P 20 80 .034
6 c 80 1.0 .030
7 P 77 58 .034
8 c 58 1.2 .030

9,10 P 19 101 .034
11 c 101 .5 .030
12 p 80 25 .034
13 c 25 .5 .030
14 P 89 52 .034
15 c 52 1.6 .030

16,17 P 13 87 .034
18 c 87 .5 .030
19 P 34 23 .034
20 c 23 .5 .030
21 c 3 1.8 .030
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p = plane, c = channel



Table E2. Initial PWC Geometry for LH104

Element Type
(m)

L
(m)

W
(m)

SO
(m/m)

1,2 P 79.90 22.37 .039

3 c 22.37 .49 .039

4,5 P 48.42 74.95 .046

6 c 74.95 .50 .053

7,8 P 26.40 141.70 .080

9 c 141.70 .73 .053

10,11 P 39.79 155.66 .046

12 c 155.66 .49 .062

13,14 P 34.24 12.71 .066

15 c 12.71 .61 .045
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p = plane, c = channel
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Table E3.	 Observed and Simulated Runoff Volume and Peak Discharge for
LH101

Date Volume (mm)

Observed	 OB

Peak (mm/hr)

Observed	 OB

750712 11.1 12.0 76 72

750907 2.6 2.2 37 19

750913* 5.6 4.6 22 22

760906 10.2 7.8 44 39

760910 1.1 1.7 7 9

770901* 7.7 7.4 22 16

780725* 5.5 7.2 32 32

* Calibration
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Table EA.	 Observed and Simulated Runoff Volume and Peak Discharge for
LH103

Date
Obs

Volume (mm)
Ep OB

Peak (mm/hr)
Obs	 Ep	 OB

750712 10.6 13.9 13.8 57 81 89

750907 2.0 1.2 1.8 12 12 14

750913* 4.8 4.3 4.4 13 19 20

760906 9.2 6.1 8.0 39 40 38

760910 1.9 1.1 1.1 7 4 5

770901 5.8 1.4 1.4 12 4 4

770926 12.5 10.0 12.0 26 25 28

780725 6.2 5.5 9.0 17 26 42

* Calibration
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Table E5.	 Observed and Simulated Runoff Volume and Peak Discharge for
LH104

Date
Obs

Volume (mm)
Ep OB

Peak (mm/hr)
Obs	 Ep	 OB

730714 2.2 1.9 2.0 14 13	 15

740719 6.6 6.2 6.2 32 34	 34

740728 4.5 6.0 6.2 33 37	 38

740801 5.0 5.9 5.8 21 18	 23

741012 1.3 0.8 .09 15 2.3	 1.3

750717 47.8 54.5 54.3 134 133	 134

750913 1.7 .86 1.1 17 12	 13

760906 5.4 4.9 5.1 37 35	 34

760910 1.1 .01 0.0 11 .33	 0.0

770926 7.4 8.0 8.1 19 23	 25
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