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ABSTRACT

A mathematical model to stimulate overland and

channel flow using the finite element technique was adapted

and applied to a small semiarid rangeland watershed (2035

acres) in the USDA Walnut Gulch experimental watershed in

the southwestern United States. The Holtan equation was

used to estimate precipitation excess, and with the pre-

cipitation excess as input, the finite-element technique

was used to route overland and channel flow. The program

was structured with sufficient flexibility so that the

effect of land use changes, either gradual or sudden, on

the runoff hydrograph could be estimated. Abstraction

losses in the stream channel are accounted for. The simu-

lation model predictions are compared with field data for

several storms, and the comparisons are satisfactory; how-

ever, improvements could be made with additional data on

antecedent moisture content and better estimates of ab-

straction losses. Based on these comparisons, it is felt

that the model can be used to estimate runoff hydrographs

from ungaged watersheds in semiarid regions.



CHAPTER 1

INTRODUCTION

Mathematical models to predict the hydrologic

response of a watershed system are very important tools in

the management of water resources. It is essential that

such models integrate the spatial variability of soils,

land use, topography, and rainfall over the watershed and

simulate the streamflow hydrographs at the outlet of the

watershed for results to be meaningful. Models of this

type have been applied to many natural watersheds in humid

areas with reasonable success (Ross, 1978; Judah et al.,

1975). In this thesis, such a model has been applied to a

watershed in the semiarid southwest.

The Holtan equation (Holten et al., 1975) was used

to estimate precipitation excess, and the transformation

from rainfall excess to streamflow was accomplished using

the kinematic wave routing procedure. The watershed was

subdivided into a finite number of overland flow and channel

flow elements, each selected to be as hydrologically homo-

geneous as possible, and the finite element technique was

used to route the overland and channel flow. For a given

rainfall in each element, the runoff was calculated

1
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considering soil type and land use distribution.

Abstraction losses in stream channels were accounted for

after routing the flow through each channel element using

the Smith equation (Smith, 1972).

The model was applied for the first time to a small

semi-arid rangeland watershed (2035 acres) in the USDA

Walnut Gulch Experimental Watershed, Arizona, in the south-

western United States. Precipitation excess on Walnut

Gulch averages about 2 inches per year, but because of

transmission losses in the channels, only 10 to 15 percent

of the precipitation excess appears as surface runoff at

the watershed outlet (Figure 1.1). Prediction of yield in

semi-arid areas is, nevertheless, important even though

the actual yield is very small.
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CHAPTER 2

STUDY AREA DESCRIPTION

This study models a subwatershed of the Walnut

Gulch drainage basin. Walnut Gulch is an ephemeral stream

with headwaters at the top of Viola Canyon in the Dragoon

Mountains and joining the San Pedro River at Fairbank,

Arizona (Renard, 1970). The watershed encompasses 36,900

acres, (58 sq. miles), of undulating to steep rangeland.

The city of Tombstone is centrally located in the water-

shed (Figure 2.1). Elevations vary from 4,000 feet above

mean sea level at the outlet of the area to 6,200 feet in

the Dragoon mountains. The Walnut Gulch watershed is a

mixed grass and brush rangeland. The lower two-thirds of

the basin is largely brush covered, and the upper one-third

is largely native grasses. The watershed is grazed

throughout the year, and there is no irrigated or dry

farming.

Approximately 70% of the 14-inch average annual

precipitation on Walnut Gulch watershed occurs during July,

August, and September as a result of convective thunder-

storms of short duration and limited areal extent, and

produces all the watershed runoff. Rainfall and runoff on

4
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the watershed have been measured and studied extensively

since 1953 (Renard, 1970). Precipitation is measured with

a network of 95 recording raingages, and runoff is measured

at 11 stations with the Walnut Gulch supercritical measur-

ing flume (Osborn and Laursen, 1973).

This current investigation is limited to a 2,035-

acre subwatershed (Watershed 63.011) located northeast

of Tombstone on the upper part of the Walnut Gulch experi-

mental watershed boundary (Figure 2.1). Rainfall on the

watershed is recorded by 10 weighing-type recording rain-

gages on or adjacent to Watershed 63.011. Runoff stage

is measured with a water level recorder on a flume (No. 11)

at the outlet. Vegetation in the study area is dominated

by mixed grass and brush cover. There are three major

branches in the watershed: north, central, and south.

Two stock ponds control runoff from the central branch,

and in 20 years of record only one significant overflow

from the lower stock tank was observed (Osborn and

Simanton, 1982).

Channel characteristics in the study area are

similar to those of the next downstream channel reach

which is described as being shallow and steep, with an

overall slope of 1.2 percent. Reaches of the channel bed

consist of sand and gravel ranging from zero to about 11

feet in thickness, overlying well-cemented conglomerate
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material. The width of channel ranges from about 15 feet

to over 45 feet and averages about 36 feet.

Depth of flow is less than 1 to 1.5 feet for most

flow events in the reach, and velocity in the channel is

approximately 4 to 7 feet per second (Lane et al., 1971).

The channels are dry except for brief periods following

thunderstorms, and the decreases in flow volume in the

downstream direction are largely due to transmission losses.



CHAPTER 3

MATHEMATICAL THEORY

The model used in this investigation was developed

by Ross (1978) to simulate flood hydrographs from a water-

shed system. The model utilizes a finite element numeri-

cal approximation to solve the kinematic equations of

one-dimensional flow in open channels. The model consists

of two major components. The first generates precipita-

tion excess from rainfall, and the second routes this

excess to the downstream outlet of the watershed. A

schematic flow chart of the model is shown in Figure 3.1.

Precipitation Excess 

The amount of precipitation excess was calculated

using the Holtan infiltration equation (Holtan et al.,

1975).

f = a • S n +fa	 c

where:

(3.1)

f = infiltration rate in inches per hour;

a = a coefficient for indexing the effect of cover

conditions at plant maturity (equal to the frac-

tion of the land area occupied by plant stems or

root crowns);

8
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Sa = unfilled storage space, in inches, to a restrictive

layer, usually assumed to be the "A" horizon in

agricultural soils or depth above a plow pan;

fc = final infiltration rate in inches per hour;

n = a coefficient assumed to be a function of soil

hydraulic characteristics equal to

potential available water, "AWC" 
potential gravitational water, "G"

The potential available water can be calculated

from the equation:

AWC = S - G	 (3.2)

where,

S = Total porosity minus moisture percent at a ten-

sion of 15 atm.

G = Total porosity minus moisture percent at a

tension of 0.33 atm.

The depth of soil used is the depth of the "A" horizon, or

plow depth, in non-layered soils or depth of maximum root

penetration as might be limited by a hardpan layer, gravel-

ly layer, or other soil texture unsuited for root growth

(Holtan et al., 1975). The soil moisture accounting model

was constructed by Li et al. (1977). For each time period,

At, rainfall intensity was assumed constant, and rainfall

intensity was compared to the computed infiltration rate.
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Runoff is the rainfall less the water that infiltrates

during a given time interval and that retained as depres-

sion storage.

Overland and Channel Flow Routing 

The Saint-Venant equations of continuity and

momentum were used for overland and channel flow in the

development of the element equations. Derivation of these

equations are presented in many texts (e.g., Chow, 1959).

Equation of continuity:

3Q	 DA
Dx ' Dt	 =

Equation of momentum:

ag, + 3 [21 = gA (S - S f) - gA
Dx A

where:

(3.3)

(3.4)

Q = discharge in the overland flow plain or channel

in cfs;

q = lateral flow per unit length of flow plain (rain-

fall excess for the overland flow plain and over-

land flow output to the channel) in cfs/ft;

A = flow area (overland flow area or channel flow

area) in ft
2

;

x = distance in the direction of the flow in ft.;

y = depth of flow in ft.;

t = time in seconds;
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S = bed slope of the flow plain;

S f = friction slope;

g = acceleration of gravity in ft. per second2 .

Figure 3.2 illustrates the parameters used in

the continuity and momentum equations for overland and

channel flow.

It has been demonstrated (e.g., Lighthill and

Whitham, 1955; Woolhiser and Liggett, 1967) that the much

simpler kinematic wave approximation will provide a valid

solution for most overland flow problems. This reduces the

momentum equation to the form

S = S f	 (3.5)

With this assumption, inertia forces are considered negli-

gible relative to gravitational and frictional forces, and

discharge becomes a function of depth only and can be

represented by the Chezy or Manning equation:

1.49 2/3	 1 1 2Q - 	  R	 -SA (3.6)

where:

R = hydraulic radius (area/wetted perimeter) in ft.;

n = Manning roughness coefficient.

Lighthill and Whitham (1955) stated that, the Froude num-

ber should be less than two to classify the flow as kine-

matic. Woolhiser and Liggett (1967) stated that the
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kinematic wave approximation gives accurate results when

the dimensionless parameter K is greater than 10.

K = LgS/v2 	(3.7)

where:

L = length of the flow plain in ft.;

S.= bed slope;

y = uniform flow velocity in ft. per second;

g = acceleration of gravity in ft. per second2 .

Use of the kinematic approach is satisfactory in this

study because the channel slope is steep and the discharge

rate does not change rapidly.

Judah et al. (1975) and Ross (1978) utilized the

finite element method and found the kinematic wave approxi-

mation very appropriate for the problem of routing over-

land and channel flow. A number of investigators have

considered finite element solutions for general and one-

dimensional idealization (e.g., Judah et al., 1975; Taylor

et al., 1974). Ross (1978) used the Galerkin weighted

residual method to minimize the residuals of equation

(3.3), obtaining the following equation:	 (3.8)

-2/3	 1/3- f.	 Q2(t) Q 1 (t)	 1
iA (t) 1 +	 - q	 = 0

1/3	 2/3	 1lJ	 1
where t is the element length.

Using the Euler formula to approximate the first

derivative



1
At

-2/3

1/3

0

A2

A3 t

-2/3 1/3	 0 --

1/3 4/3 1/3

0	 1/3 2/3

1/3 0

4/3 1/3 A2 -
1
At

1/3 2/3 A3 t+At

A(t + At) - A(t) À(t) = At

15

(3.9)

where At is the time increment, the element equation (3.8)

becomes

At

1 —2/3 1/j- 1A1 2/3 1/1 Al

1/3 2/3	 A2 t+At - 
At 1/3 2/3	 A2 t

1 -	 {

+ Q2(t)
	 Q1(t)
	{1}= (3.10)

This equation

global matrix

nodes in the

of 2 elements

form:

is applied to all the elements to create the

, and its size depends on the total number of

element network. For example, an arrangement

and 3 nodes would result in the following

Q 2 (t ) - Q 1 (t)
2. 1

Q2(t) Q1(t) Q3(t) — Q2(t)

c1 1 ±c12 (3.11)2. 1 t2

Q3(t) Q2(t)

2 2 t

The subscripts of A and Q refer to the node number, and the

subscripts of t and q refer to the element number.
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Equation (3.11) can be solved by using the marching

process in time. The solution starts at t = 0 when we can

assume that,

A. (x,0) = 0 j
i = 1, 2, . . . N	 (3.12)

where N is the number of nodes.

We further assume that the discharge ds zero at

the upper boundary (or at the end node) at all times, that

is

Q (0,t) = 0	 (3.13)

With the initial conditions of equations (3.12) and the

boundary condition of equation (3.13), equation (3.11) at

t = 0 + At becomes:

12/3 1/3	 0 — /—

	

1	 ql
1

	

1/3 4/3 1/3	 A2 (3.14)	= (1 1	 c12

0	 1/3 2/3	 A
3 0+At	 c12	 0+At— —

Equation (3.14) gives the values of areas of flow at

t = At, and the Manning equation can be used to find the

nodal quantities of flow at t = At. Then with the values

of A and Q at t = At available, equation (3.11) can be

solved for the value of A(t + At). This procedure is con-

tinued for as long a period as results are needed. Ross

(1978) investigated the stability of the finite element

numerical procedure and found that unstable solutions

Qi (x,0) = 0
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result when the time step is too large. Accordingly, the

time step, At, must be chosen so as to give unconditionally

stable solutions. Stable solutions for the channel are ob-

tained when the time step is equal to 20 percent of the

Courant condition,

Ax 
At < 0.2

I vi	C
(3.15)

where:

At = allowable computation time interval in seconds;

Ax = flow distance in ft.;

= velocity of flow in ft. per second;

C = wave velocity in ft. per second.

Using the kinematic wave approximation, the wave velocity

C represents the kinematic wave velocity which is always

less than the dynamic wave velocity. When Manning's

equation is applied,

C = 5/3 y	 (3.16)

Watershed Discretization and Selection 
of Element Configuration 

Discretization involves subdividing a body into a

suitable number of elements that are small enough to main-

tain spatial variability and uniqueness. Li et al. (1977)

described a procedure for subdividing a watershed into

units that have a single soil-type and land-use combina-

tion and identified them as hydrologic response units
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(HRU's). Rainfall excess from the Holtan equation was

assumed to be uniformly distributed over the area of an

HRU. Their procedure for identifying HRU's involves

developing two maps, with soil units mapped on one and

land-use on the other. The two maps are then overlaid, and

each combination of soil type and land use is identified,

Figure 3.3. A particular combination may occur at dif-

ferent locations in the watershed.

Flow Elements 

The finite-element structure is primarily related

to routing of surface flow. Therefore, elements must be

selected to reflect significant changes in physical charac-

teristics affecting flow, such as slope and roughness.

Also, in discretizing a watershed, consideration must be

given to channel alignment so that flow paths are main-

tained for use in subsequent flood routing.

A watershed can be divided into several subsheds

which can be easily identified from a contour map, each

with its stream channels and their accompanying drainage

areas, and the drainage areas can be further subdivided

into overland flow elements. A typical discretization

pattern is illustrated in Figure 3.4, which includes five

overland flow elements and two channels elements. The

drainage area tributary to each channel element was
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Figure 3.3. Procedure for determining hydrologic response

units (after Li et al., 1977)
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subdivided into essentially homogeneous overland flow

elements. All the overland flow elements tributary to a

channel element on one bank were designated an "overland

flow strip." For example, overland flow elements 3, 4,

and 5 represent one strip tributary to channel element 2.

Ross (1978) represented each small discretized flow

element as an overland flow line element, with all flow

from the sub-area concentrated along that line element.

He also divided the channels into reaches and represented

each channel reach as a line element, with the lateral

flow from an overland flow strip entering the channel line

element uniformly along the channel element length

(Figure 3.5).

Using the discretization procedures discussed

earlier, rainfall excess will not be uniform across an

element for a given time increment. For example, a flow

element will usually contain more than one HRU, i.e., the

boundaries of the flow elements and HRU's generally will

not coincide. This problem can be solved by weighting the

rainfall excess from each HRU according to its area to

provide a single rainfall excess sequence for the entire

element, as follows:

Pe =	 (ai/Ae) Ri
i=1

(3.17)
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where:

Pe = weighted rainfall excess for an element in inches;

Ae = element area in acres;

a. = area of the ith HRU in acres;1

R. = rainfall excess for the ith HRU in inches;1

n = number of HRU's within the element boundary.

Once the weighted rainfall excess is determined for each

element, it can be routed through each overland flow plane

strip for each time step, and the value of flow across the

last node of a strip becomes input to the channel for each

corresponding time step. Then, the flow is routed along

the channel.

Channel Transmission Losses 

Ephemeral streams in arid and semi-arid zones

present a special problem in flood routing because of

large transmission losses from the channel bed. Keppel

and Renard (1962) stated that transmission losses are in-

fluenced by antecedent moisture in the channel alluvium,

peak discharge at the upstream gaging station, duration of

flow, width of channel, and depth and texture of the

channel alluvium. With knowledge of losses along each sec-

tion of a stream during passage of a flood wave, flood

routing procedures can be modified to take this loss into

account.
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The point infiltration function chosen for this

investigation is that used by Smith (1972).

U = K (t - t o )
-b 

+ Uo
	 (3.18)

where:

U = point infiltration velocity, in inches per hour;

U0 = is the long-term saturated infiltration rate in

inches per hour;

t = time from the beginning of flow at that point in

minutes (called opportunity time by Smith);

t0 = time of start 
of flow in minutes;

KI.
= soil specific constants

b

Equation (3.18) is a general form which can be derived

from the truncated series solution of Philip (Smith, 1972).

The two parameters, K and b, are obtained from various

physical measurements. They affect different parts of an

ephemeral channel flood wave, and Smith (1972) obtained

these parameters for Walnut Gulch by analysis of input

and output of a reach on the Walnut Gulch watershed. For

sand bed channels with slope ranging from 1 to 1.5 per-

cent, equation (3_18) was used as follows:

U = 11 (t - t 0 ) -1/2 + 0.6
	

(3.18a)
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Transmission loss is one of the most important factors to

be considered in evaluating ephemeral streams. The large

volume of coarse-textured, high-porosity alluvium in the

channels significantly reduces the volume of runoff as a

flood wave progresses downstream.

Lane et al. (1971) analyzed 14 flood events and

found that losses in the 4-mile reach immediately down-

stream of the outlet of Watershed 63.011 can be expressed

by the following equations:

For V > 3.58 acre-feet

L = 0.36 V + 2.29	 (3.19)

For V < 3.58 acre-feet

L = V	 (3.19a)

where

V = outflow volume in acre-feet from Watershed

63.011

L = transmission losses in acre-feet over 4-mile



CHAPTER 4

MODEL DEVELOPMENT

Data available for a particular hydrologic study

are usually insufficient for complete solution of a problem.

As a consequence, the hydrologist often tries to adopt

procedures that are not as complete as desired, and the

procedures must be tailored to the data available. Col-

lecting and preparing data in usable form are the main

procedures involved in creating the data input file for a

model to predict a storm flow hydrograph. Such data in-

clude spatial variability of soils, land use, topography,

and rainfall.

Determination of Hydrologic 
Response Units 

As discussed above, a soils map and a land-use map

must be used to develop a Hydrologic Response Unit map.

The soils map for Watershed 63.011, was taken from a

general soil survey map prepared from aerial photographs

for Walnut Gulch watershed (Gelderman, 1970). The land-

use map was constructed from a general vegetation map for

Walnut Gulch watershed (Renard, 1970). The HRU map for

the study area was then constructed by overlaying the

26
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soils and land-use maps, to identify areas having a single

soil type and land-use combination (Figure 4.1).

In Watershed 63.011, approximately 20 percent of

the area is dominated by desert shrubs (white thorn,

creosotebush, and tarbush) with a crown spread of approxi-

mately 30 percent and an understory of grasses with a

basal area
1 
of less than 1 percent. The upper 80 percent

of the study area supports a grass cover (black grama,

curly mesquite, and side-oats grama) with a basal cover of

about 2.5 percent and desert shrubs averaging less than

5 percent crown spread (Table 4.1). Management of the

rangelands is usually limited to control of grazing rota-

tion and intensity. Two kinds of land-use are used in the

model: grass lands and desert shrubs.

Soils and Vegetation Parameters 

Detailed information about soil classification and

soil profiles of the Walnut Gulch watershed is presented

elsewhere (e.g., Gelderman, 1970), and the extent of

various gravelly sandy barns of the Hathaway soil series

in the study area are indicated on Figure 4.1. Representa-

tive soil profile data are given in Table 4.2.

1. Basal area was defined by Holtan (1961) as
the percent of ground surface area occupied by roots or
stems.
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Table 4.1. Land-use characteristics of Watershed 63.011

Total Area

Land-Use	 Lower 207 	 Upper 80 7e

Desert shrubs (% Crown spread)
	

30	 <5

Grass	 (% Basal area)	 < 1	 2.5
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Soil Moisture Characteristcs 

England (1970) gave an estimate of three important

soil moisture characteristics: S, total storage capacity,

determined as total porosity minus moisture percent at a

tension of 15 atm.; G, gravitational or free water storage

capacity, determined as total porosity minus moisture per-

cent at a tension of 0.33 atm.; and AWC, plant available

water capacity, which is the remainder of S minus G. He

determined these parameters for a thousand soil samples of

various textures. The information given in Table 4.2 was

used to calculate these parameters for the study water-

shed, and values of G, S, and AWC for the various soil

profiles in the study area are summarized in Table 4.3.

These values provide the data needed for the Holtan equa-

tion. Soil texture and depth of the "A" horizon are

usually critical for valid evaluation of rainfall excess.

Soil depth usually represents the region of major

hydrologic activity which always includes the "A" horizon

and often part of the "B" horizon. The average depth was

determined according to the percentage of Hathaway, Bernar-

dino, and Nickel soils found in the soil association.

Slopes were taken into account in determining the depth of

soil, and depth of the top soil was modified according to

erosion class. Ross (1978) used three classes of erosion
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1, 2 and 3, with top soil depth reduced 25, 50, and 75

percent, respectively. The final depth of soil for each

HRU is shown in Table 4.4. The parameters S, G, and AWC

also were determined for each HRU according to the percent-

age of Hathaway, Bernardino, and Nickel soils found in the

soil association, as discussed later.

Final Infiltration Rate 

The final constant infiltration rate, fc , can be

obtained from field experiments using a type F-infiltrom-

eter or estimated from published data for various soil

textures. Simanton and Renard (1982) used a rotating boom

rainfall simulator on 3 x 10.7 m. plots to determine param-

eter values for the Universal Soil Loss Equation. They

conducted experiments on natural plots of Hathaway and

Bernardino soils in the Walnut Gulch watersheds for dry,

wet, and very wet surface conditions in late spring and

early fall, before and after the summer rain season (July-

September). For the dry surface simulation they found a

60 percent decrease in final infiltration rate from spring

to fall on the Hathaway soil, and an approximately increase

of 60 percent in the spring to fall simulations on the Ber-

nardino soil. However this finite element model does not

consider seasonal variableoffe , and an average value of

0.6 inches per hour was assumed for all HRU's (Table 4.5).
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Table 4.5. Summary of soil and vegetation characteristics
for very small watersheds inWalnut Gulch
Watershed

Characteristics	 Reference Kendall
Lucky
Hills

Number of plots

Area (acres)

Hydrologic group

1

2

1

10

4.5

B

10

3.0

C

Slope (percent) 1 8-15 3-8

Soil 1 Hathaway Laveen
Gravelly Gravelly
Loam Loam

Vegetation 2 Grass Shrub

Root depth (inches) 2 14-20 14-20

Final rate of infiltration
(60 min.)	 (in/hr) 2 0.52 0.58

Gravel in crust (percent) 2 43.2 39.4

Desert shrubs (percent
crown spread) 2 0.74 26.31

Grass (percent basal area) 2 2.8 0.24

Grazing 1 Moderate No

Cover (percent) 1 20 30-40

1) Simanton, Renard, and Sutter (1973)

2) Kincaid, Gardner, and Schreiber (1964)
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Using data from Kincaid et al. (1964), for

regression analysis Renard (1970) obtained a good correla-

tion between initial, final, and average 60-minute infiltra-

tion rates and the canopy of shrums and half-shrubs combined

with grasses, litter, and erosion pavement.
1 The final

infiltration rate as a function of percent cover was given

by Renard in the following regression equation:

f
c 

= -0.09 + 0.0202 C (r2 = 0.62)	 (4.1)

where

fc = final infiltration rate, in 
inches per hour;

C = plot cover in percent.

Vegetation Parameter "a" 

In arid lands we must consider other factors in

addition to vegetation in defining soil cover conditions.

For example, erosion pavement formed on a soil surface acts

very much like a gravel mulch, and it is not considered a

part of the soil. However, the cover factor "a" is pri-

marily a function of vegetative characteristics and its

value is usually evaluated at plant maturity (equation

3.1). Table 4.6 shows estimates of the cover parameter

"a" for several kinds of vegetation.

1. A residual protective layer of somewhat coars-
er material left on the surface after fines have been
transported downslope by surface runoff.
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Table 4 • 6 • 1
 Estimates of vegetation parameter "a" in

infiltration equation2

Basal area rating a 3 (percent)

Poor Condition4 	Good Condition 5

Fallow 0.1 0.3

Row crops 0.1 0.2

Small grains 0.2 0.3

Hay:

Legumes 0.2 0.4

Seed 0.4 0.6

Pasture:

Bunch grass 0.2 0.4

Temporary (Sod) 0.4 0.6

Permanent (Sod) 0.8 1.0

Woods and Forests 0.8 1.0

1) After Holtan et al., 1975

2) fc = a San + f c

3) Adjustment needed for weeds and grazing

4) After row crop

5) After sod
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Kincaid et al. (1964) conducted field tests on

randomly selected 6 x 12-ft. plots (Table 4.5) and found

good correlation when combinations of cover (litter, ero-

sion pavement, basal area of grasses, and canopy of shrubs

and half shrubs) were compared to cumulative short-time

infiltration. In the case of very sparse vegetation, if

the crust contained more than 60 percent gravel, no other

parameter affected the prediction of cumulative short-time

infiltration. On the other hand, when vegetation increases,

the importance of surface gravel as an effective parameter

may decrease.

Summary of HRU Characteristics 

Soil moisture characteristics, final infiltration

rate, depth of top soil, soil type, and land use for each

Hydrologic Response Unit in this investigation are pre-

sented in Table 4-7.

Overland Flow Resistance Coefficient 

Estimates of flow resistance coefficient are often

subjective although friction coefficients for various sur-

faces have been reported in the literature (e.g., Chow,

1959). For hydrologic systems, flow resistance is a param-

eter that cannot be measured, but is often optimized to

obtain the best fit when comparing computed results with

observed data. Table 4.8 summarizes appropriate flow
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Table 4.8.	 Surface flow resistance coefficients 1

Surface Manning N. Chezy C.

Concrete or asphalt 0.01 -0.013 73 -38

Bare sand 0.01 -0.016 65 -33

Graveled surface 0.012-0.03 38 -18

Bare clay-loam soil (eroded) 0.012-0.033 36 -16

Sparse vegetation 0.053-0.13 11 - 5

Short grass prarie 0.1	 -0.2 6.5-	 3.6

Blue grass sod 0.17	 -0.48 4.2-	 1.8

1) From Woolhiser, 1974
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resistance coefficients for some surfaces based on

experimental data (Woolhiser, 1974). In this study, a Man-

ning n value was assigned to each HRU inside an element.

Then, using equation (4.17), a weighted value of n was de-

fined for that element. The Manning coefficient was used

to compute discharge using the kinematic wave approximation.

In the study watershed n was chosen in the range of 0.053-

0.13, in accordance with data in Table 4.8 for sparse vege-

tation, and a value of n equal to 0.06 gave satisfactory

results for the simulated hydrographs.

Stream Network Development 

As discussed earlier, the watershed was subdivided

into an interconnected network of overland flow elements

using a topographic map with contour lines (Figure 4.2) and

other geographic information. Hydraulic and hydrologic

properties of each element may differ, and assuming uniform

precipitation and infiltration over an element becomes less

accurate as the size of elements is increased. On the

other hand, the smaller the element the more costly it is

to operate the model. If the elements are chosen appropri-

ately, average parameters can be used to accurately model

the subsheds.

In the watershed investigated in this thesis, 28

elements were used initially to represent five subsheds;
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later a run was made using 47 elements (Figure 4.3). The

network with 47 elements gave better results than the 28-

element network because finer division of the overland flow

strips into more overland flow elements gave a more accu-

rate representation of the precipitation and slope associ-

ated with each element. The parameters A and Q can be

represented by a linear function in each element assuming a

linear interpolation function within each element (Desai,

1979). Therefore, accuracy is improved when a given over-

land flow strip is divided into a number of elements. Ross

(1978) investigated the convergence of the solution and

found that cubic interpolation functions for the overland

flow strips and quadratic interpolation functions for the

channel element will minimize convergence errors.

The primary drainage channel in an overland flow

element can be located on a topographic map and used to de-

termine the length of that flow element. The drop in ele-

vation between channel nodal points at the upstream and

downstream boundary of the element was used to calculate

the slope, and the slope of the drainage channel in the

overland flow element was considered to be representative

of the slope of the element itself. The width of the over-

land flow element was considered equal to the length of

the main channel, and the area of an element was measured
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by planimeter. Table 4.9 presents data describing surface

geometry of overland flow elements in the study watershed.

For channel flow elements, the length was measured

directly from the topographic map, and the slope was deter-

mined as for the overland flow elements. The cross section-

al area was expressed as a function of the parameters Z

representing the side slope, and F representing the depth

below the channel bed of the apex of an imaginary triangu-

lar cross section (Figure 4.4). The flow area, A, and

hydraulic radius, R, were determined as follows:

A = Y (2F + Y)/Z
	

(4.2)

A = AZ/2 (F + Y A + Z 2 )
	

(4.3)

Table 4.10 presents data describing the surface geometry of

channel flow elements.

The relationship between the hydrologic response

units and elements was defined by laying the BRU map

(Figure 4.1), over the element grid map (Figure 4.3) and

determining the area of each HRU inside each element. The

weighting factor for the i-th HRU was obtained by dividing

the area of the i-th HRU within one element by the total

area of that element (equation 3.17). The weighting fac-

tors for all elements in Watershed 63.011 are presented in

Table 4.11. They were used in the model to weight rain-

fall excess for the HRU's in each element and to weight

the Manning coefficient.
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Table 4.9. Surface geometry of overland flow elements

Subshed Strip Element	 Length	 Bottom Node	 Drop	 Area
No.	 No.	 No.	 (feet)	 Width (feet) (feet)	 (acres)

	1 	 1	 260	 1,800	 10	 11.0

	

2	 370	 2,300	 40	 21.0

	

2	 3	 330	 2,300	 30	 17.0

	

3	 4	 880	 4,000	 30	 71.0

	

5	 800	 3,800	 40	 77.6

	

6	 500	 3,200	 10	 50.2

	

4	 7	 700	 3,200	 70	 73.3

	

5	 8	 1,000	 2,400	 60	 75.8

	

9	 800	 2,400	 40	 47.0

	

6	 10	 250	 2,000	 13	 13.4

	

11	 440	 2,400	 30	 25.1

	

7	 12	 400	 3,400	 40	 53.6

	

13	 370	 3,000	 40	 41.1

	

8	 14	 500	 3,000	 50	 30.7

	II
	

1	 15	 250	 2,500	 10	 11.5

	

2	 16	 360	 1,360	 20	 8.5

	

17	 400	 2,500	 30	 19.8

	

3	 18	 580	 4,000	 20	 38.5

	

4	 19	 450	 4,600	 40	 47.8

	

20	 580	 4,000	 30	 51.9

	

5	 21	 1,200	 6,000	 80	 127.7

	

6	 22	 700	 4,920	 70	 57.8

	

23	 1,000	 6,000	 80	 86.6

	

7	 24	 1,000	 2,600	 75	 63.4

	

8	 25	 600	 2,600	 40	 39.9

	

9	 26	 750	 3,200	 30	 53.4

	

10	 27	 600	 3,200	 40	 36.9

	III
	

1	 28	 280	 2,400	 25	 13.5

	

2	 29	 400	 2,400	 30	 18.6

	

3	 30	 800	 5,400	 70	 70.9

	

4	 31	 1,000	 3,200	 70	 50.9

	

32	 800	 5,400	 70	 89.4

	

5	 33	 500	 4,300	 40	 51.5

	

34	 600	 4,500	 50	 57.4

	

6	 35	 1,000	 4,500	 80	 113.3

	

7	 36	 1,400	 2,000	 80	 38.2

	

37	 800	 4,600	 40	 56.9

	

8	 38	 1,500	 4,600	 70	 120.6
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Table 4.9.--Continued 

Subshed Strip Element Length Bottom Node Drop Area
No. No. No. (feet) Width (feet) (feet) (acres)

IV 1 39 450 1,040 40 11.2
40 400 1,360 30 13.5
41 400 1,680 25 15.6

2 42 480 1,680 50 15.6

V 1 43 560 880 50 9.4
44 560 800 35 10.3
45 400 920 20 7.0

2 46 400 880 30 7.2
47 520 920 45 10.1
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Figure 4.4. Channel cross section
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Table 4.10. Characteristics of channel flow elements

Subshed Element	 Length	 Drop	 1
n	

F2

No.	 No.	 (feet)	 (feet)	 Slope	 Z
2

(feet)

1	 2,300	 32	 0.016	 0.045	 0.125	 1.0
2	 3,200	 48	 0.015	 0.045	 0.50	 5.0
3	 2,400	 35	 0.015	 0.045	 0.50	 5.0
4	 3,000	 42	 0.014	 0.045	 0.50	 5.0

	II
	

1	 2,500	 41	 0.016	 0.040	 0.125	 1.0
2	 4,000	 63	 0.016	 0.040	 0.125	 1.0
3	 6,000	 84	 0.014	 0.040	 0.125	 1.0
4	 2,600	 36	 0.014	 0.045	 0.50	 5.0
5	 3,200	 45	 0.014	 0.045	 0.50	 5.0

	III
	

1	 2,400	 34	 0.014	 0.030	 0.125	 1.0
2	 5,400	 76	 0.014	 0.030	 0.125	 1.0
3	 4,500	 59	 0.013	 0.030	 0.125	 1.0
4	 4,600	 60	 0.013	 0.030	 0.50	 5.0

	IV
	

1	 1,680	 17	 0.010	 0.030	 0.50	 10.0

	V
	

1	 920	 12	 0.013	 0.030	 0.50	 5.0

1) Manning coefficient

2) See Figure 4.4
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Table 4.11. Weighting factors i for Hydrologic Response
Units

Hydrologic Response Unit Number
Element
Number 1 2 3 4	 5 6

1 1.0
2 1.0
3 1.0
4 1.0
5 1.0
6 1.0
7 1.0
8 1.0
9 0.0466 0.9534

10 1.0
11 1.0
12 0.229 0.0976 0.6734
13 0.4705 0.0582 0.4713
14 0.0167 0.9833
15 1.0
16 1.0
17 1.0
18 1.0
19 1.0
20 1.0
21 1.0
22 0.8455 0.1545
23 0.8577 0.1423
24 1.0
25 1.0
26 1.0
27 1.0
28 1.0
29 1.0
30 0.856 0.12 0.024
31 0.1733 0.8267
32 0.6092 0.3725 0.0183
33 0.5859 0.4141
34 0.1799 0.8201
35 0.9 0.02 0.08
36 1.0
37 0.5036 0.4964
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Table 4.11.--Continued

Element
Hydrologic Response Unit Number

Number	 1 2	 3 4 5 6

38 0.04 0.96
39 1.0
40 0.8485 0.1515
41 0.7538 0.2462
42 0.66 0.34
43 1.0
44 0.1467 0.8533
45 1.0
46 1.0
47 0.6678 0.3322

1) Weighting factor - Area of HRU inside the ith element Area of ith element
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Rainfall 

The climate of southwestern United States can be

characterized as dry with intermittent precipitation.

Precipitation varies considerably from season to season and

from year to year on the Walnut Gulch watershed (Osborn,

1983). Precipitation over the study area is not uniform in

time or space, and rainfall input for the model must be es-

timated from rainfall measurements since the model does not

contain a routine to generate a synthetic rainfall. No

single precipitation gage will provide the required repre-

sentation of rainfall input to the watershed for a single

runoff event, as clearly explained in a discussion by Renard

(1981). At Walnut Bulch, the precipitation-measuring net-

work consists of 95 weighing-type recording raingages.

Osborn et al. (1972)investigated the correlation between

gages for maximum 15-minute and total storm rainfall on

Walnut Gulch and found that for a correlation coefficient

r > 0.9, gages must be spaced no farther apart than 300 and

and 500 m, respectively.

Most of the runoff from Walnut Gulch watershed re-

sults from summer thunderstorms in the July through Septem-

ber period. These convective thunderstorms are character-

istically limited in area and are of high intensity and

short duration. Runoff is complicated further when more

than a single thunderstorm cell occurs at one time. The
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direction that a storm moves or propagates and the

location of the storm center affect both the magnitude and

time of peak discharge (Osborn and Laursen, 1973). Rainfall

data for the model must be in the form of small equal time

increments (i.e., 10-15 minutes) to properly simulate the

fluctuations which appear in a discharge hydrograph for a

small watershed.

The September 10, 1967 storm on Walnut Gulch water-

shed covered less than 6 square miles to a depth of 2 inch-

es or more. That storm is an example of the type of major

runoff-producing airmass thunderstorms that can occur in

southeastern Arizona. Rainfall data for the September 1967

storm for 10 recording raingages in Watershed 63.011, pre-

sented in Table 4.12, indicate the nonuniformity of rain-

fall over the basin. While rainfall data for this experi-

mental watershed is relatively complete, in practice there

are rarely more than one or two gages on small watersheds,

and precise distribution of rainfall at all points is not

knwon.

An isohyetal map showing a real variation of the

storm over the Walnut Gulch watershed was developed by

plotting station precipitation and then constructing lines

of equal rainfall (isohyets), Figure 4.5.

To determine the rainfall time sequence for each

overland flow element for the model, the Thiessen technique
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Table 4.12. Rainfall distribution at recording gages on
Watershed 63.011, September 10, 1967, storm

Timel
(min.)

2.Rainfall	 (inches)

Gage Number3

1 2 3 4 5 6 7 8 9 10

0
0.44 0.07 0.90 0.74 0.20 -- 0.02 0.36 --

15
0.51 0.17 0.40 0.46 0.35 1.06 0.32 0.76 0.55

30
0.16 0.25 0.67 0.29 0.42 0.89 0.83 0.79 1.27 1.15

45
0.10 0.38 0.34 0.24 0.26 0.25 0.32 0.47 0.99 1.17

60
0.06 0.20 0.39 0.08 0.03 0.08 0.08 0.25 0.04 0.02

75
-- 0.23 -- -- 0.08 0.04 --

90
0.01

105

120

Total
(inches) 1.27 1.07 1.64 1.91 1.91 1.85 2.29 1.89 3.42 2.890

1) Time from start of rainfall

2) Available on microfiche, USDA Southwest Rangeland Watershed,
Tucson, AZ

3) Assigned gage number for this study. For corresponding USDA gage
number, see Table 4.13.
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was used. In the Thiessen polygon method, precipitation at

one station is assumed to apply half way to the next sta-

tion in any direction (Figure 4.6). All overland flow

elements located within a single polygon were assigned the

rainfall pattern of the gage within that polygon. For ele-

ments located in two or more polygons, the assigned gage

was the gage in the polygon in which the largest part of

the element was located. Table 4.13 lists referenced rain-

fall gages for overland flow elements.

Antecedent Moisture Conditions 

Antecedent moisture conditions (AMC), used to de-

scribe the amount of water in the soil profile, is an im-

portant factor considered in determining rainfall excess.

In the Holtan equation, the parameter "Sa" is equal to the

maximum water storage minus the water in the soil profile

at a given time. Unfortunately, not much work has been

done to determine the amount of water in the soil profile

in arid lands.

Kincaid et al. (1964) studied antecedent moisture

conditions on very small watersheds at the Kendall and

Lucky Hills areas at Walnut Gulch. They used 39 Bouyoucos

soil moisture blocks in each area, and electrical resist-

ance in the soil moisture blocks was converted to moisture

tension to describe moisture content; however, no general

relationships were derived between rainfall and AMC.
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Table 4.13. Reference gage for rainfall sequence for
overland flow elements

Rain Gage

a b Elements withinthe range of gage

1 89 8, 9

2 51 12, 13, 14, 39, 40, 41, 42, 43

3 90 10, 11, 25, 26, 27, 36

4 54 1, 2,	 3, 4, 5, 21, 23

5 88 6, 7,	 24

6 55 15, 16, 17, 18, 19, 20, 28, 29

7 91 22, 30, 32

8 56 31, 33, 34

9 52 35, 37, 38

10 44 44, 45, 46, 47

a) Assigned gage number of this study

b) Corresponding USDA gage number
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Osborn and Lane (1969) assumed that antecedent

precipitation was representative of antecedent soil mois-

ture, but they found no significant correlation between

antecedent precipitation and other variables affecting run-

off. Similar restuls were obtained in a regression analysis

made by Lane et al. (1971) to predice parameters of the out-

flow hydrographs. The parameters chosen for their study

were volume of runoff, peak discharge, duration of runoff,

time to peak, time to the centroid of the hydrograph, and

hydraulic radius of the channel. They found no significant

relationships between the antecedent moisture variable and

any of the parameters of the outflow hydrograph.

In this thesis AMC was introduced in the model as a

percentage of field capacity, and the only parameter avail-

able to determine that percentage was the occurrence of

the previous storm. If a given storm was preceded by an-

other runoff event by not more than one day, it was clas-

sified as having high AMC (60-100 percnet). Storms were

assumed to fall into the low AMC (0-30 percent), if there

had not been ay significant pricipitation in the preceding

week. All other storms were classified as having medium

AMC (30-60 percent).

Stock Ponds 

The model has the capability to simulate the

effect of structures within a watershed such as farm ponds,
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weirs, and flood control structures. Information on

depth-discharge relationships for such structures is a

part of the input data for the model.

In Watershed 63.011 there are two stock ponds

(Figure 4.3) which control the flow in the central branch.

The two tanks overflowed significantly only once in 20 years

of record (Osborn and Simanton, 1982), and therefore the

tributary area above the tanks was ignored in simulating

the hydrograph at the outlet of the study watershed.



CHAPTER 5

RESULTS AND DISCUSSION

The finite-element model used in this study had

been applied to a number of natural experimental watersheds

(183-1058 acres) in the eastern part of United States

(e.g., Ross, 1978; Contractor et al. 1980), and comparison

between simulated and recorded hydrographs were encourag-

ing.

In this investigation the model was applied to a

semi-arid area for the first time, Watershed 63.011 in

the USDA Walnut Gulch Experimental Watershed, Arizona, in

the southwestern United States.

Six storms that occurred in different areas of the

subwatershed were chosen randomly for this study. The se-

lected storms produced high, medium, and low flood peaks

at the outlet of the subwatershed. No attempt was made to

modify the data base for any particular storm event.

Model Results 

A comparison of simulated and recorded runoff

volume (Q), peak flow (Qp ) and time to peak (tp) is pre-

sented in Table 5.1 for the different storms studied. In

predicting small storm events, such as that of July 28,

64
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1966 (Figure 5.1), it was found that the model could not

predict the second peak. This deficiency may be due to the

inadequacy of integrating gages for measuring small amounts

of precipitation.

Simulation results for the July 30, 1966 and Sep-

tember 10, 1967 storm events are shown in Figures 5.2 and

5.3. These comparisons are considered to be good, in

general, with respect to volume, peak discharge, and time

to peak. Simulation of the August 5, 1968 storm (Figure

5.4), predicted an overly large runoff volume; however, the

peak discharge and time to peak were well estimated. For

this storm most of the runoff came from subsheds 1 and 2.

The large volume may be attributed to the small depth of

top soil assumed for HRU No. 3. Simulation of the August

21, 1973 storm gave acceptable results (Figure 5.5).

For all these storms, the antecedent moisture con-

dition was assumed to fall in the low category (0-30 per-

cent). However, for the storm event of August 22, 1975

(Figure 5.6) the AMC was assumed to be in the high cate-

gory (60-100 percent), but the simulated peak discharge

was lower than the recorded peak.

Rangeland Improvement 

One of the most economical methods used to restore

animal productivity in arid and semi-arid land areas is to
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Figure 5.1 Recorded and simulated hydrographs,
July 28, 1966 storm, Watershed 63.011,
Walnut Gulch Watershed.
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Figure 5.2. Recorded and simulated hydrographs, July 30,
1966 storm, Watershed 63.011, Walnut Gulch
Watershed
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Figure 5.3 Recorded and simulated hydrographs,
September 10, 1967 storm, Watershed
63.011, Walnut Gulch Watershed
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Figure 5.5. Recorded and simulated hydrographs, August 21,
1973 storm, Watershed 63.011, Walnut Gulch
Watershed
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convert undesirable brush to desirable grass and forbs

(Simanton and Frasier, 1980). However, conversion of

brush to grass may change the hydrologic relationship be-

tween precipitation and runoff. The finite element model

can incorporate such spatial changes relatively easily and

can predict the effect of changes in vegetative cover on

the runoff hydrograph, but an incorrect estimate of the

cover coefficient "a" in the Holtan equation will result in

a major error in predicting the runoff hydrograph at the

watershed outlet.

In this investigation the model was used to esti-

mate the effect of brush clearing and grass seeding on the

study watershed. The storm event of September 10, 1967

was used to study the effect of change in vegetative cover

because it was concentrated over the lower part of the

watershed which is mainly a brush-covered area. The effect

of brush clearing was modeled by reducing the cover coef-

ficient, a, in the HRU's with brush from 0.35 to 0.2. As

a consequence, runoff from Watershed 63.011 increased 11.6

percent over the original simulation, and peak discharge

occurred earlier. On the other hand, it was assumed that

grass seeding of the entire subwatershed, would increase

the cover coefficient, a, for all HRU's to 0.4. This

change decreased the runoff 16.7 percent below the original

simulation, and the peak discharge occurred about 5 minutes
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later. Comparison of the simulated outflow hydrographs

for existing conditions and with grass seeding and brush

clearing are shown in Figure 5.7.

Discussion 

Major problems in this investigation include the

following:

1. Antecedent moisture conditions: A significant

problem was estimating antecedent moisture conditions of

the soil for each HRU or even as a lumped parameter for the

entire watershed. The model requires an initial soil mois-

ture value to properly predict rainfall excess for the

watershed. Smith and Chery (1973), who used moisture

blocks to estimate initial soil moisture, stated that; "De-

spite the relative measure of the antecedent moisture (a

resistance reading from moisture blocks), the exact initial

moisture state is still somewhat uncertain and predicted

outputs of the soil model implicitly incorporate a small

confidence interval."

2. Soil depth and cover: Determination of param-

eters needed for the Holtan equation is much easier when

an optimization technique is used. The simulation hydro-

graph is very sensitive to the depth of top soil because

the Holtan equation is a direct function of the depth of

soil (usually the "A" horizon). Therefore, a direct
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Figure 5.7. Simulated hydrographs for existing conditions,
grass seeding, and brush clearing, September
10, 1967 storm, Watershed 63.011, Walnut Gulch
Watershed
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increase in the volume and peak of the hydrograph occurs

with a decrease in soil depth. Also, there is an inverse

relationship between the cover coefficient and runoff vol-

unie.

3. Storm characteristics: The simulation process

is highly responsive to storm characteristics. Knowledge

of spatial distribution of localized rainfall over the

watershed is critical for obtaining proper timing of flow

and subsequent peak discharge estimates. Ross (1978)

tested the sensitivity of the model to errors in the mag-

nitude and timing of rainfall data and found them to be

very important.

It is common to have varying amounts of rainfall

over the watershed, and a sufficient number of raingages

helps to describe a complicated storm pattern with more

than a single cell. In this study 10 recording raingages

were used to define the storm pattern, duration, and propa-

gation. As indicated by Woolhiser et al. (1970), synchron-

ization errors between precipitation measurements and

runoff measurements can be in the order of ±5 minutes.

Also, the flow rate will be subject to flume rating errors

if the gage is not zeroed properly.

4. Channel roughness: Determining the roughness

coefficient for channel elements is not an easy task, and

some degree of judgment is required. Further, time to
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peak is directly related to surface roughness. As surface

roughness increases, the flow is delayed and, as a conse-

quence, the peak is delayed.

5. Channel transmission losses: To estimate the

losses along each section of the channel, parameters af-

fecting streambed infiltration must be known, and their

variation in time and space must be specified. In practice,

detailed field investigations are required to develop such

information.

Field investigations are the best source of data

on cover coefficient, root depth, and hydraulic character-

istics of the soil profile, and model simulation of runoff

hydrographs (e.g., Figures 5.1 through 5.6) can be enhanced

with better estimates of these field parameters. Results

of this study represent the first trial to use the model in

Walnut Gulch watershed and no attempt was made to determine

the optimum values of the various parameters (with the ex-

ception of channel roughness) to improve simulation of ob-

served hydrographs.

In using the model for a specific watershed, addi-

tional runs could be made to examine interactions between

parameters, and the effect of varying a particular param-

eter can be determined, as shown in Figure 5.7. Roughness

coefficients for overland and channel flow elements are

frequently optimized to adjust a simulated hydrograph to
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better represent observed data, but probably the most

important parameter in modeling rainfall excess is antece-

dent soil moisture conditions, and it is one of the most

difficult to assess.
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