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1. INTRODUCTION 

GENERAL 

The management of watersheds and river basins for the optimum 

benefit of the people in general requires a complete knowledge of the 

interrelations between ecology and environment. The watershed response 

to developments, either natural or man-induced, must be anticipated 

correctly if progress is to be made towards wise use of our nation's 

watersheds. 

In recognition of the complex interrelations between all factors in 

watersheds, the U.S. Forest Service implemented a program to conduct 

multiple-use evaluations of watershed treatments on lands in the Beaver 

Creek drainage on the Coconino National Forest in north-central Arizona. 

Started in the late 1950's the project was established as part of the 

Arizona Watershed Program and is known as the Beaver Creek Nationa l 

Multiple Use Evaluation Project. 

The Beaver Creek drainage contains 37 instrumented watersheds. 

Work programs on Beaver Creek are being conducted by the U.S. Fores t 

Service with the cooperation of the Arizona Game and Fish Department , t he 

Arizona Water Resources Committee, the Arizona Land Department, the U. S. 

Geological Survey, the University of Arizona, Northern Ari zona University 

and Colorado State University. 

While many of the forest management practices being tested on 

Beaver Creek were designed primarily to increase water yield, the result s 

of the treatments are being evaluated in terms of effects on sedimenta-

tion and flood damage, timber and forage yields, wildlife and aesthetics 

as well as streamflow. Results of the Multiple Use Evaluation Project 
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management studies are being used by land managers and water users in 

Arizona and elsewhere in the Southwest. Moreover the studies are 

providing input for economic analyses being undertaken to assess 

alternative management schemes for watersheds. 

One of the major problems in land-use and water reso1rrce planning 

in managing watersheds is predicting the erosion of the land surface 

and the subsequent transport of the eroded sediment through the downstre 

conveyance channels. To our dismay in the past, the excess yields of 

sediment from watersheds have resulted in filling of lakes and reservoi r 

plugging irrigation systems, pollution of river waters, killing of 

aquatic life, destruction of water and land vegetation, changing of the 

riverine and watershed morphology, as well as indirectly aggravating 

other problems such as flood hazards. It is towards the prediction of 

these erosion problems that Colorado State University has directed its 

efforts for the Multiple Use Evaluation Project. 

Because the physical processes governing watershed behavior are ver 

complicated, many past studies have utilized a statistical interpretatio 

of observed watershed response data. The Unit Hydrograph ~lethod for 

water routing and the Universal Soil-loss Equation for soil erosion :ue 

examples of these types of statistical studies. However, it is difficul 

to predict the response of a watershed to various watershed developments 

or treatments using statistical methods because the methods are based on 

the assumption of homogeneity in time and space. These homogeneities 

occur rarely if at all over entire natural watersheds. 

In spite of the complexity of the physical processes governing 

watershed response, numerical modeling of the physjcal process sys tem 

promises to be the most viable way to estimate the time-dependent 
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responses of watersheds to various management programs such as varying 

forest cover or varying land use. Therefore, as a part of the Multiple 

Use Evaluation Project, Colorado State University has developed a 

numerical computer program employing the formulation of the basic 

physical processes to determine water and sediment yield and transport 

in small watersheds. The mathematical model is presented in this report. 

OBJECTIVES 

The overa ll objective of Colorado State University's efforts on 

behalf of the Beaver Creek National Multiple-Use Evaluation Project i s 

to develop prediction models for estimating sediment yield from a 

broad spectrum of source areas and watersheds. The prediction model s 

are being tested on study areas within the Beaver Creek drainage. These 

areas range in size from under 100 to several thousand acres and include 

a variety of treated and untreated conditions in the ponderosa pine and 

pinyon-juniper type forest. The models are also to be tested on water-

sheds in other parts of the United States having far different climat es, 

soils, and vegetation, ranging from desert to sub-alpine condition s . 

In developing a validated sediment prediction model, the followin g 

tasks were specified: 

1. Estimate the amount of soil loss from specified resource 
response units (land units with homogeneous slope, aspect, 
soil, precipitation and timber density) as well as from ot he r 
source areas such as roads. 

2 • Estimate the airiount of sediment transported out of the 
watersheds by the principal drainage networks. 

3. Estimate aggradation and degradation at different points 
in the channel system. 

In most cases, the movement of sediment from watersheds results 

from the movement of water. In fact, the same physical processes 
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are at work in moving sediment and water. Early studies indicated t he 

most feasible way of developing a sediment routing and sediment yie ld 

model would be to couple the sediment model directly to the water 

routing and yield model. The Forest Service was not able to supply a 

suitable water yield and routing model to Colorado State University i n 

time to meet the schedule for developing the sediment model. In an 

effort to produce a viable sediment yield and routing model on schedu l 

Colorado State University developed a water routing model which was 

coupled directly to the sediment model. In recognition of this addit i 

work, the completion date for the present phase of the research was 

extended one year. 

SCOPE OF THE PRESENT STUDY 

In a meeting held at Flagstaff, Arizona on October 2, 3 and 4, 19 

the current status of the Colorado State University sediment and water 

yield and routing model was discussed. At that time, the model had be 

validated with field data collected on Watershed 17, a 300 acre 

ponderosa pine watershed, during the Labor Day weekend storm in 1970. 

That storm matched closely those measured in the field. Also, yields 

for this same storm were computed for Watershed 17 for different assum 

amounts of canopy and ground cover. 

In the meeting, the arrangements were made that Colorado State 

University would prepare a document describing the progress to date on 

developing the water and sediment routing model. The report would con 

the validation achieved on Watershed 17 data. It was suggested that t 

model should be tested on one of the pinyon-juniper watersheds (Water-

shed 1 was subsequently selected) and the results presented in this 
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report. Also, suggestions for future activities would be outlined in 

this report. 

This report covers the progress made under Cooperative Research 

Agreement No. 16-289-GR between the Rocky Mountain Forest and Range 

Experiment Station and Colorado State University on developing a water 

and sediment routing model. 

MODEL STRUCTURE 

The Colorado State University model simulates the land surface 

hydrologic cycle, sediment production, and water and sediment movement 

on small watersheds. Conceptually the watershed is divided into an 

overland flow part and a channel system part. Different physical 

processes are important for the two different environments. In the 

overland flow part, processes of interception, evaporation, infiltration, 

raindrop impact detachment of soil, erosion by overland flow, and ov er-

land flow water and sediment routing to the nearest channel are 

s imulated. In channel system part, water and s ediment contribut ed 

hy overland flow arc routed and the amount of channel erosion or 

sediment deposition through the channel system i s determined. The ma in 

functions in the model are shown in Fig. 1.1. The details of the mode l 

structure are given in the following chapters. 

In this model emphasis is on the mechanics of water and sediment 

routing. The model is s0t up for single storm hydrograph computations. 

No attempt has been made to simulate the long-term water balance in the 

watershed, as this is to be achieved through coupling this model with 

another model being developed by the Multiple Use Evaluation Project. 
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The viability of the water and sediment routing model was verified 

with data from 5 storms on Watershed 1 and 1 storm on Watershed 17. 

The computed results demonstrate the utility of the model in predicting 

water and sediment yields, synthesizing water and sediment hydrographs, 

an<l forecasting the effect of various watershed treatments on water and 

sediment yields. Tn addition, from this prelimin::iry effort the future 

work necess::iry to further this cooperative study program has been 

identified. 

The details of the Colorado State University water and sediment 

routing model are given in the following chapter. 



8 

2. GEOMETRY OF A w;,rERSHED 

Because most watersheds are nonhomogeneous in topography, soils , 

vegetation and other features, it is necessary to segment each waters 

into smaller units which can be considered homogeneous. Then the 

smaller units can be treated easily in a mathematical manner. Simila 

the channel system in a watershed can be represented by segments, 

i1aving a different location, shape, slope and roughness. 

SEGMENTATION OF THE WATERSHED 

The watershed is decomposed into overland flow units and channel 

flow units. The sequence in segmenting the watershed into units is as 

follows: 

1. A rectangular grid system is superimposed on the topographic 

map of the watershed. The size of the grid is chosen so tha 

the watershed boundaries and channels can be approximated by 

grid segments. The overland flow units are the grid units 

inside the watershed boundary and the channel units are 

segments between grid intersection points. 

2. The principal flow direction is determined for each overland 

flow unit. The principal flow direction is identified by 

the magnitude and azimuth of the bed slope (or land slope). 

The azimuth is normal to the elevation contours and is in th 

direction of decreasing elevation. TI1e bed slope is estimat 

along the azimuth. 

3. It is assumed that the water flows in the direction of the 

bed-slope azimuth to the next overland flow unit or to the 
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adjacent channel. Thus water cascades from overland flow unit 

to overland flow unit and then into the channel system. 

4 . For simplicity, the overland flow units in cascade can be 

grouped into a larger overland flow unit. The represen-

tative slope length for the larger unit is the ratio of 

total area of the cascade to the width of the overland 

flow unit where it joins the channel. The bed slope is an 

average value of the bed slopes of all the small units. 

s. The computational sequence for the flow network is established. 

The method employed is simply to follow the logics of the 

gravity flow and the flow continuity. 

A plan view of a typical segmented watershed is shown in Fig. 2.1. 

Both overland flow units and channel segment units are illustrated. 

RELATION BETWEEN WETTED PERIMETER AND FLOW AREA 

The wetted perimeter is an important channel dimension which governs 

the mean flow velocity, the resistance to flow and the boundary shear 

stress in channels. In natural channels, the wette<l perimeter changes 

with cross-sectional area of flow and can usually be expressed as a 

power function of flow area. TI1at is, 

bl 
P = a A 

1 (2-1) 

in which P is the wettfd perimeter, A is the cross-sectional area of 

flow, and 

channel. 

and bl are coefficients depending on the shape of the 

An example of wetted perimeter versus flow area relation is shown 

in Fig. 2.2. 
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3. ESTIMATION OF EXCESS RAINFALL 

In this study, the water budget for each overland flow unit is 

simulated to determine the rainfall excess resulting from an individual 

storm. 

Within a watershed, the canopy cover and the ground cover are the 

two major surface features which influence the motion of -raindrops near 

the ground. Thus, there are four major environments: 

1. Canopy with ground cover 

2. Canopy with no ground cover 

3. Ground cover and no canopy 

4. No ground cover with no canopy 

It is not feasible to subdivide the watershed into overland flow units 

of the same area scale as these four environments. TI1ere would be too 

many overland flow units in most watersheds. Moreover, the spatial 

coverage of other data necessary to operate the model is usually 

not as good as the vegetation data so there is a limit under which 

smaller overland flow units are not warranted. 

The size of an overland flow unit is usually determined from 

consideration of the watershed area and the variability of the surface 

topography. Thereafter, in each overland flow unit the excess rain fa ll 

is determined considering a weighting procedure dependent on the canopy 

cover density and ground cover density. The canopy cover density is 

defined as the ratio of the area covered by trees to the total area. 

The ground cover density is the ratio of the ground area covered with 

litter, rock, grass etc. to the total area. TI1at is, the ground cover 

density is the fraction of the ground surface which ls not ha re soi I. 
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For the four environments, the water balance computations are 

subdivided into the net rainfall determination and the determination of 

the ground response to net rainfall. 

NET RAINFALL 

Net rainfall is defined as the quantity of rainfall which actually 

reaches the ground. Under trees, net rainfall is the sum of the through-

fall and stemflow (Zinke, 1965). The net rainfall rates for different 

interception conditions are derived below. 

Let i be the rainfall rate (or intensity) at time t a t th e 

upper level of the tree canopy as shown in Fig. 3.la. If the rain 

falls onto trees, a portion is stored in the canopy and the remainder 

i passes through the trees. Let i be the rate at which rain is 
0 C 

being stored in the canopy at time t. Then, under trees, the rainfa ll 

rate is reduced to the throughfall rate or 

i = i 
0 

i 
C 

(3. l) 

In this study, stemflow has been neglected. 

The area under the trees consists of a bare portion and a port i on 

with ground cover (litter, tree mulch, rocks, shrubs, grass, e t c . ) 

Refer to Fig. 3.lb and let i be the rate at which rain is be ing g 

stored in the ground cover at time t. Then under the tree, the rate 

at which rain reaches the ground (net rainfall rate) is 

i = i i = i i i n 0 g C g (3. 2) 

where there is ground cover, and 

i = i = i i n 0 C 
(3. 3) 

where there is no ground cover. 
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a. Contro I volume for a tree canopy 

r!_l_J, 
I 
I 
I ..._ _____ ~ 

b. Control volumes under canopy 
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I 
I 
I 
I 
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I 
I 
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' 
c. Control volume for ground cover only 

Fig. 3.1 Rain reaching the ground 



15 

The area without trees (see Fig. 3.lc) also consists of a bare 

portion and a portion with ground cover. Where there are no trees, but 

there is ground cover, the net rainfall rate is 

i = i - i n g (3.4) 

Where there are no trees and no ground cover, the net rainfall rate is 

i = i n 
(3.5) 

A summary of rainfall rate reaching the ground for different 

interception conditions is given in Table 3.1. 

Table 3.1 Rain reaching the ground 

Area Net rainfall rate, i 

Trees, ground cover 

Trees, no ground cover 

No trees, ground cover 

No trees, no ground cover 

i - i 
C 

i - i 
C 

i - l g 

i 

- i g 

n 

Let Ac be the area covered by trees in an overland flow t 
Also let Ac be the area with ground cover within area Ac 

g t. 

the average net rainfall rate under a canopy is 

.c t,c 
l = i - i _L i n C Ac g 

t 

unit. 

Then 

(3. 6) 

Similarly, the average net rainfall rate in the area of the OVL'r-

land flow unit without trees is 

i 0 
= i n 

Ao 
g . 
-1 
Ao g 

t 

(3. 7) 
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in which Ao 
t is the total area without trees in an overland flow uni 

and Ao is the area with ground cover within area Ao 
g t" 

Assume the ground cover has the same density over the entire are 

of an overland flow unit either under canopy or over the area without 

trees. One then obtains 

Ac Ao 
i= i= D 
Ac Ao g 

t t 
( 3 . 8) 

in which D is the overland flow grow1d cover density, the ratio of g 

the area covered with ground cover to the total area in an overland 

flow unit. 

The substitution of Eq. 3.8 into Eqs. 3.6 and 3.7 yields 

i 
C 

D i g g 

for areas under canopy and 

i 0 = i n D i g g 

for areas without trees. 

(3.9) 

(3 .10 

Accor<ling to Horton (1919), the total interception equals leaf 

storage capacity plus evaporation loss during the storm. Zinke (1%5) 

indicated that. .. "usually for a storm, there is an initial period duri 

which the vegetation cover is wetted and a so-called interception 

storage capacity is satisfied. This is followed by loss from this 

storage, and the loss is dependent upon the evaporation opportunity du 

the remainder of the storm." Accordingly 

t 

i = 1 
C 

if I i(t') ~t < (1 - Is) Ve 
t'=l 

(3 . 11 
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i = E s 
C C 

(3.12) 

t 
if I i (t I) 6t > (1 - I ) V s C 

t'=l 

and 

i = i (3.13) 
g 

t 
if I i (t I) 6t < (1 - I ) V s g 

t'=l 

i = E s g g (3.14) 

t 
if I i (t') 6t > (1 - I ) V 

t'=l s g 

Here ~t is the time increment, i (t') is the rainfall at time t' , 

V is the interception storage capacity of a tree canopy per unit area 
C 

of tree canopy, V g is the interception storage capacity of the ground 

cover per unit area of ground cover, E is the mean evaporation rate 

from the interception storages, S and S are respectively the ratios 
C g 

of the evaporating surface to the horizontal projected area for a tree 

canopy and for a typical ground cover, and I s is the initial interception 

storage content which is defined as th~ ratio of the initial storage 

capacity to the total interception storage capacity. 

Let r be the ratio of V to V, or 
V C g 

V = r V 
C V g (3.15) 

Then one may assume 

S = r S 
C V g (3.16) 
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The average net rainfall rate under the canopy at time t can be 

determined by combining Eqs 3.9, 3.11, 3.12, 3.13, 3.14, 3.15 and 3.16 

to yield 

• C 0 ]. = n 

t 
-if l i (t ') lit < (r + D ) (1 - I ) V 

t'=l V g s g 

and 

t 
if I 

t'=l 

ic = i - E (r + D) S n V g g 

i (t') L\t > (r + D ) (1 - I ) V 
V g S g 

(3.17 

(3. 18 

Similarly, the average net rainfall rate for the area without 

trees is 

t 
if I 

t'=l 

and 

t 
if l. 

t'=l 

i 0 
= 0 n 

i (t I) L\t < (1 - I ) s 

.o i - E D S ]. = n g g 

i(t ' )L\t > (1 - I ) s 

GROUND RESPONSE TO RAINFALL 

(3. 19 

D V g g 

(3. :o 

D V g g 

In this model, we are concerned with the water yield from a sing l 

storm. During the storm, the transpiration from soil through vegetati 

and evaporation from the soil are small and are therefore neglected. 
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Depression 
storage 

Net rainfall, in 
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Infiltration, fi 
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Ground evaporation , eg 
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I I 

I 
I 
I 
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Infiltration, f i 
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Fig. 3.2 Ground response to net rainfall 
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As shown in Fig. 3.2, the water balance at the ground surface is 

quite complex. The dashed line in Fig. 3.2 represents a control 

volume at the ground surface and is helpful in keeping track of water 

movements at the ground surface. 

The first water reaching the control volume passes through into 

the soil because, in nearly all cases, the initial infiltration 

rate is greater than the initial net rainfall rate i . n Then, as sho 

in Fig. 3.2a, the infiltration rate 

rate i and there is no runoff. n 

f. 
1 

is equal to the net rainfall 

Once the net rainfall rate exceeds the infiltration rate, the 

remainder of the water either runs off (excess rainfall) or is stored 

on the ground surface inside the control volume. (See Fig. 3.2b). 

In this case, the excess rainfall 

i = i e n f. 
1 

i 
e 

is 

(3.21 

Here f. is the infiltration rate and y' is the average depth of 
1 

depression storage in a unit area of the overland flow unit. 

Part of the water being stored inside the control volume (Fi g . 3. 

is filling the surface depression and the rest is in the form of a 

change in flow depth for that water leaving the control volume as 

excess rainfall. The depressions in the overland flow unit are of 

various capacities and are both superimposed and interconn ec t ed. Soon 

after the beginning of rainfall excess, the smallest depressions become 

filled and some overland flow begins. Most of this overland flow in 

turn fills larger depressions, but portions of the excess follow 

unobstructed paths to the stream channel. 
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Once all the depressions are full, all the water is in motion 

and we have overland flow in all segments of the unit area. (See 

Fig. 3.2c). Again, the excess rainfall is given by Eq. 3.21. 

As shown in Fig. 3.2d, excess rainfall continues even after the 

net rainfall stops but for this case, the excess is derived from 

storage or 

i = -f. e 1 

Here e is the evaporation rate from the water on the ground. g 

(3. 22 ) 

When the water level has dropped to the level required to fill 

the depression storage (See Fig. 3.2e) overland flow ceases. Th e 

remaining water either evaporates (e) or infiltrates (f . ). g 1 

The underground phase of the ground response to net rainfall is 

illustrated in Fig. 3.2f. The water which infiltrates into the soil 

increases the soil moisture storage in the upper soil profile and may 

change the groundwater storage. 

It is difficult to describe mathematically the entire sequenc e 

of events illustrated in Fig. 3.2 because, for one thing , very litt le 

is known concerning the magnitude of depres s ion storage. ~leanin gful 

observation of depression storage are not easily obtained. Thus, th e 

depression storage is usually combined with inte rception and treated 

as initial loss with respect to storm runoff (Linsley, et al., 1958). 

For simplicity, the depression storage is neglected in this study, 

but implicitly is included in the interception storage capacity 

described in the previous section. 

Referring to Fig. 3.2 and neglecting depression storage 

the water balance equation is 



i = i e n f. 
i 

22 

(3.23) 

in which i is the rainfall excess rate, i is the net rainfall rate e n 

and f. is the infiltration rate. The average rainfall excess rates 
i 

under canopy and in the area without trees are respectively, 

.c .c 
i = i e n f~ 

i 

for areas under canopy and 

.o .o 
i = i e n f? 

i 

(3.24) 

(3.25) 

f · h · h · h fc_ and f 0
. · 1 ti or areas wit out trees in w ic are respective y 1e 

i i 

average infiltration rates for areas under canopy and for areas without 

trees. 

INFILTRATION 

Darcy's Law for saturated flow through porous medium (Daily and 

Harleman, 1966, p. 181) is 

V 
n 

cl(P + h + n) 
= k C 

s an (3.26) 

in which v is the hypothetical infiltration velocity defined as the n 
local flow rate averaged over a finite area of the porous medium, k 

s 

is the saturated hydraulic conductivity (coefficient of permeability), 

P is the magnitude of the capillary potential head, h is the magni-c 

tude of ponded water head at the surface and n is the magnitude of 

the gravitational potential head of the wetted front in the soil column• 

Assuming one-dimensional flow and neglecting h, Eq. 3.26 b~comes 

V = k n s 
d (P + n) 

C 

dn (3. 27) 



integration of L:q. 3. 2 7 yields 

r v dn = n 
0 

k (P + n) 
S C 

23 

(3.28) 

in which n and P 
C 

are respectively the magnitudes of the gravita-

tional potential head and the capillary potential head of the wetted 

front at a particular time t. 

Let V 
n 

n 
I 
0 

denote the average value of 

v dn = n V n n 

From Eqs. 3.28 and 3.29, one obtains 

p 
v n = ks (1 + _c) 

n 

v , so that 
n 

Assume the average infiltration capacity 

v in Eq. 3.30; i.e., n 

f at time m 

(3.29) 

(3.30) 

t to be 

(3.31) 

The soil moisture profile in the upper soil zone (zone of aeration) 

prior to infiltration is represented in Fig. 3.3a (after Hewlett and 

Nutter, 1969, p. 57). When infiltration occurs, a wetting front moves 

through the upper soil zone and the moisture profile at time t is 

shown in Fig. 3.3b. In this study, the soil moisture profile at 

time t is represented by the simple mathematical functions shown 111 

Fig. 3.3c. Then, the gravitational potential head of the wetteJ front 

at time t is 

ft,t 
m 

n = m -m 
S 0 

(3. 32 J 
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in which m 
s 
is the moisture content at saturation and m 

0 
is the 

moisture content of the zone of aeration prior to infiltration. 

The magnitude of the capillary potential head or the moisture 

tension head of the wetted front p is a function of soil moisture 
C 

content (Zahner, 1965). A typical representation of soi 1 moisture 

depletion curve is given in Fig. 3.4. The capillary potential head at 

time t can be approximated by a linear interpolation or 

m -m 
p = ( S 0) p 
c  m -m w 

(3. 33) 
s w 

in which m is the soil moisture content at wilting point (defined as 
w 

the moisture content at which permanent wilting of plants occurs), and 

P is the capillary potential head at wilting point. 
w 

The substitution of Eqs. 3.32 and 3.33 into Eq. 3.31 yields 

k 
s 

fm = 2 {l + 

2 
4  P (m -m) 

W S  0 

k lit (m -m ) } 
s  s w 

(3. 34) 

The moisture contents for areas under canopy and for areas without 

trees are different due to different rates of water supply to the ground. 

Thus, the average infiltration capacities are different for the areas 

under canopy and the areas without trees. 

k 
+ 1+ fc s 

{l = 2 m 

for areas under canopy and 

ks / 
f~ = 2 {1 +  + 

C 2 
4P (m -m) 
W  S  O } 

k lit (m -m ) 
s  s  w 

o 2 
4P (m -m) 
W  S  0 

k lit (m -m ) } 
s  s w 

for areas without trees. Here 
C 
m 
0 
and 

0 
m 
0 

They are 

(3. 35) 

( 3. 36) 

are respectively 
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Fig. 3.4 Representation of the soil-moisture depletion curve 
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the moisture contents for the areas under canopy and the areas without 

trees. 

The actual infiltration rate not only depends on the infiltra -

tion capacity but also depends on the moisture supply. The rate of 

moisture supply is essentially the same as net rainfall rate. Assuming 

that a threshold condition of runoff production is valid, the actual 

infiltration rates for areas under canopy and areas without trees are 

f~ = fc 
1 m (3. 37) 

if .c fc 1 > n m 

and 

f~ .c = 1 
1 n (3. 38) 

if . c fc 1 < n m 

for areas under canopy and 

f? = fo 
1 m ( 3. 39) 

if . o fo 1 > n m 

and 

f? . o = 1 
1 n (3.40) 

if .o fo 1 < n m 

for areas without trees. 

SOIL MOISTURE ADJUSTMENT 

To account for the fact that rainfall is not continuous and 

that the infiltration process is actually the flow of water through 

unsaturated porous media, the value of the soil moisture in the zone 
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of aeration m is adjusted throughout time while infiltration is 
0 

occurring. For simplicity, the soil moisture m 
0 

is assumed constant 

with respect to depth in the zone of aeration. (See Fig. 3.4). 

Also it is assumed that before the upper soil profile is saturate 

no water enters the groundwater storage. After the upper soil profile 

is saturated, all infiltrated water enters groundwater storage. 

The moisture content prior to the saturation of the upper soil 

profile is determined by the following equations: 

C m (t + M) 
0 

C = m 
0 

for areas under canopy and 

0 m 
0 

(t + M) = mo 
0 

(t) + 
f~ (t)L'lt 

l (3. 41) 

(t) + (3.42) 

for areas without trees. Here is the depth of the aeration zone . 

After all the soil in the zone of aeration is saturated 

C m (t + M) = m 
0 S 

(3.43) 

and 

0 m (t + M) = m 
0 S 

(3. 4-l) 

For simplicity, the initial moisture contents for areas under canopy 

and for areas without trees are assumed to be the same. That is, 

m~ (0) = m~ (0) = m
0

(0) 

in which m (0) is the antecedent moisture content. 
0 

(3.45) 
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MEAN RAINFALL EXCESS RATE 

From Eqs. 3.23, 3.37 and 3.38 the average rainfall excess rate 

for areas under canopy 

if .c 
1 n > 

and 

.c .c 
1 = 1 e 

fc 
m 

ic = 0 
e 

n 

if i e < fc 
n m 

fc 
m 

.c 
1 e is 

(3.46) 

(3.47) 

Similarly, the average rainfall excess rate for areas without trees 

are 

.o .o fo 1 = 1 e n m (3.48) 

if .o > fo 1 n - m 

and 
.o 0 1 = e (3.49) 

if .o fo 1 < n m 

Usually, it is not practical to route water in the areas under 

canopy and in the areas without trees separately because these two 

types of areas are interconnected. Here, a weighting procedure is 

used to obtain an overall mean rainfall excess i 
e 

i = D ic + (1 - D) i 0 

e c e c e 

in which D is the canopy cover density. 
C 

It is 

(3.50) 
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4. WATER ROUTING 

Runoff from a watershed, either in the form of overland flow or i;-i 

the form of channel flow, is described by the equations of mass continuit~ 

and momentum and by equations representing the laws of resistance. The 

governing equations employed in the water routing procedure are described 

below. 

CONTINUITY EQUATION FOR WATER 

The equation of continuity for water flow in the x-direction is 

aQ aA ax+ at= qi ( 4. 1) 

in which Q is the discharge, x is the downslope distance, and qi 

is the lateral inflow rate per unit length of channel. 

The lateral inflow rate for overland flow units is the 

mean rainfall excess rate which is determined by Eq. 3. 50. For channe 1 

flow, the lateral inflows are the resultant overland flow water dis-

charges which enter the channel system. 

MOMENTUM EQUATION 

If the gradients due to local and convective accelerations are 

very small, and if the water surface slope is assumed equal to the bc <l 

slope, the momentum equation is 

= fl 
Q2 

s ~ sf 2 
o 8gRA 

(-L ~) 
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in which S
0 

is the bed slope, Sf is the friction slope, f' is the 

overall Darcy-Weisbach friction factor, g is the gravitational ac-

celeration, and R is the hydraulic radius. 

Equation 4. 2 is cal led the approximate momentwn equation for the 

kinematic-wave representation of runoff. By definition the hydraulic 

radius is 
A 

R = p ( 4. 3) 

in which P is the wetted perimeter and usually can be represented as 

a power function of flow area A. (See Chapter 2). 

RESISTANCE EQUATIONS 

In a natural watershed, the form resistance due to the ground 

cover is a very important component of the resistance.to flow. Th e 

dependence of flow resistance on the ground cover becomes further 

complicated depending on whether the ground cover is submerged or 

not. 

The ground cover is rarely submerged in overland flow units. 

Therefore, in overland flow units, we consider the resistance as that 

caused by flow thll.ough ground cover. In channel flow units, the 

probability of submerging the ground cover is apparently large. The 

resistance is then considered as the resistance caused by flow through 

the ground cover and flow over the ground cover simultaneously. There-

fore, separate resistance equations are developed for overland flow and 

for channel flow. The approach of Li and Shen (1973) is used to 

establish the variation of flow resistance. 
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Overland flow resistance 

Assume that the factors describing resistance to flow are inde-

pendent and the probability that the ground cover is submerged is 

practically zero. Then referring to Fig. 4.1, the force balance for 

uniform flow over a rectangular area with length L and width W is 

That is, 

Downslope water 
weight component 

Grain 
resistance 

yyS (LW - A)=..!._ fpV2 (LW - A) o g 8 g 

Form resistance 
+ due to ground cover 

1 2 A 
( 4. 4) 

in which y 

+ 2 CdpV f y 
0 

is the specific weight of water, y is the flow depth, A 
0 
C, 

is the area with ground cover within area LW, f is the Darcy-\\leisbach 

friction factor for grain resistance only, p is the density of water, 

V is the mean velocity of water flow, Cd is the drag coefficient, 

and i is the average length of overland-flow ground cover in the 
0 

direction of flow. 

The area with ground cover 

by the expression 

A = D LW g g 

A g is related to the total area 

The one-dimensional form of Eq. 4.2 is 

s 
0 

= f' 
v2 

8gy 

L\\I 

( 4. 5) 

(4. 6) 

By substituting Eqs. 4.5 and 4.6 into Eq. 4.4 and rearranging, one 

obtains 

C 
f' = f + 4 d 

i 
0 

l) 
___L_ 
1-D y 

g 
(4. 7) 
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I. L 

a. Pl an view 

Water level 

b. Elevation view 

Fig. 4.1 Resistance to flow in overland flow units results from ground 
cover as well as from the soil 
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The grain resistance factor f is a function of flow Reynolds 

number and rainfall intensity. The functions are described later in 

this chapter. 

The drag coefficient Cd is usually a function of the "obstacle" 

Reynolds number (the cylinder Reynolds nwnber if the "obstacle" i.s 

a cylinder, for example. See Daily and Ilarleman, 1966, p. 380.) It is 

expedient to express Cd/£
0 

in the form 

( 4. 8) 

in which *o is a constant. Its value depends on the characteristics 

of the overland-flow ground cover. In this report, * is defined as 
0 

the overland-flow ground-cover resistance descriptor and f 
0 

is the 

grain resistance factor without rainfall. 

and f is developed later in this chapter. 

The relation between f 
0 

By substituting Eq. 4. 8 into Eq. 4. 7, the expression for the 

friction factor becomes 

D 
f' = f + fo*o 1-~ y 

g 

Channel flow resistance 

(-L 9) 

As shown in Fig. 4.2, the ground cover in channels can be divided 

roughly into high ground cover (large rocks or trees) and low ground 

cover (smaller rocks and grass). The probability that the high ground 

cover is submerged during a storm is very small but the low ground 

cover is frequently submerged. Again, the factors for describing flow 

resistance are assumed to be independent. Then, the force balance for 
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a. Plan view 

b. Elevation view 

Fig. 4.2 Resistance to flow in channel flow units 
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uniform flow in a channel reach with length L and wetted perimeter P 

is 

Downslope component 
of water weight 

+ 

Grain 
resistance 

Form resistance due 
to high ground cover 

If the low ground cover is submerged, then 

+ Form resistance due 
to low ground cove r 

(4.10) 

in which ~ is the cross-sectional area occupied by the high ground 

cover, ££ is the average height of the low ground cover. P£ and Ph 

are respectively the average wetted perimeter occupied by the low grounJ 

cover and the high ground cover, V is the mean flow velocity in the 
£ 

vicinity of the low ground cover, and £ 
C 

is the average length of 

ground cover in the channel in the direction of flow. 

The cross-sectional area occupied by the high ground cover is 

approximately 

p 
I\_ "' ~A ·11 p 

The value of V 

V 
£ 

E 
can be estimated by a linear approximation or 

(4 .11) 

(4.L~) 

Substituting Eqs. 4.11 and 4.12 into Eq. 4.10 and rearrangin g , on e 

obtains 



One alternative form of Eq. 4.2 is 

2 
S = f' V p 

o SgA 

From Eqs. 4.13 and 4.14, 

f' (1 -
Ph £t pt 

f (l p - --) = R p 

3 

+ 4 
Cd Et pt 
---+ 
tc R2 p 
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Ph 
- p -

Cd 
t1 -R t 

C 

The channel-flow ground cover density C g 

C = g 

(4.13) 

(4.14) 

pt 
-) p 

(4 . 15) 
Ph 
p 

is 

( 4. 16) 

Let A be the ratio of high ground cover density to total ground 

cover density. Then 

(-Ll~ ) 

Now, it is assumed that 

(4.1S) 

in which wc is the channel ground-cover resistance descriptor, the 

value of which depends on the characteristics of the channel ground 

cover. Since t is usually larger than t, it is anticipated that 
C 0 

the value of w is less than that of w . 
C 0 
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The substitution of Eqs. 4.16, 4.17, and 4.18 into Eq. 4.15 gives 

for 

f' = 

R > £ 
£ 

f(l-C )+f ~ C [(1-A) g O C g AR] 
(4.19) 

If the low ground cover is not submerged (i.e., R ~ £ £ ), the flow 

resistance equation is obtained by substituting R in place of £ £ in 

Eq. 4.19 so that 

( 4 . 20) 

Grain resistance factor 

The Darcy-Weisbach friction factor for channel flow or overland 

flow on rigid boundaries is a function of the roughness of the boun dary , 

the depth of flow, the rainfall intensity and the flow Reynolds number . 

By d~finition, the flow Reynolds number is 

N r 
= QR 

vA 

in which v is the kinematic viscosity of water. 

( 4 . ~ l) 

llerein, the grain resistance is defined as the skin resistanc e 

acting on the particles forming the bed of the channel or overland 

flow unit. The grain r 1.::sistance does not include bed-form resistance . 

It is assumed that the information on friction factors for ri gi d 

boundaries can be :1pplied in establishing grain res i s tan ce factors . 

That is, the grain resistance factor is estimated from the friction 
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factor versus Reynolds number versus relative roughness relation given 

in fluid mechanics textbooks. (For example, Daily and Harleman, 1966, 

p. 276 or Chow, 1959, p. 11.) 

The effect of rainfall on flow resistance is a major factor in 

shallow flows. The impact of raindrops in the flow causes energy 

losses in addition to those caused by the boundary roughness. In 

shallow flows, this impact loss is an important percentage of the 

total loss. Shen and Li (1973) have experimentally determined an equation 

for estimating the friction factors for flows with raindrop impact. 

Their findings have been incorporated into this routing model to take 

care of raindrop impact effects. 

The equations to estimate the grain resis :tance with and without 

rainfall are given below. 

and 

For N < 900 r 

Kl 
f = -= N r 

K 
f 0 = N 0 r 

0.41 
K + KI 

0 r 
N (4.22) 

r 

(4. 23) 

in which K1 is a parameter describing grain resistance with rainfall 

for the flow Reynolds number N r indicated, K 
0 

is a constant representing 

grain resistance without rainfall, K is a number describing the added r 
friction resulting from rainfall, and i is the average rainfall intensity. 

For overland flow units 

i = (1-D ) (1-D )i 
C g (4.24) 
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and for channel units 

i = (1-D ) (1-C )i 
C g 

For 2,000 < N _< 25,000, the friction factor is given by the - r 
Blasius form of the resistance equation which is 

f = f = 
0 N 0.25 

r 

( 4. 25) 

( 4. 26) 

in which K2 is a constant depending on the size of bed material. 

For N > 100,000, the friction factor is generally independent r 
of N, or r 

(4.27) 

in which K3 is a constant representing grain resistance for the 

specified flow Reynolds number range. 

In the transition ranges, the friction factor is estimated by 

linear interpolation. 

For 900 < N < 2,000 r 

900 (1. 25 Q,n 
Kl 

Kl K2 -
f = 

(1.25 tn 
Kl 

N K2 -r 

7.14) 

6. 14) 

and for 25,000 < N < 100,000 r 

f = 

K2 
100 000 (O. 72 tn 3 - 1. 33 ) 

K3 ' K 

K2 
N (0.72 tn - - 1.83) 

r K3 

(4.28) 

(4. 29) 



41 

Overall resistance factor 

By combining the information collected in the previous part of this 

chapter, the following equations for the overall resistance factor in natural 

watersheds are obtained. 

For N < 900 r-

For 

For 

For 

K 1/1 + K 10.41 K I 
1 

f' = ~ = 
o r 

N r r 

2,000 < N < 25,000 - r -

K2 I ljJK2 
f' = = 

N 
0.25 

N 0.25 
r r 

N > 100,000 r-

K3 I 

f' = = ljJK3 
N 

o.o 
r 

900 < N < 2,000 

f' = 

r 

Kl' 
K , 900 (1. 25 £n K' - 7 .14) 

1 2 
K I 

1 
N (1.25 £n K'- 6.14) 

r 2 

And for 25,000 < N < 100,000 r 

K/ 
K' 100 000(0.72 £nK'- 1.83) 

3 ' 3 f' = ---------------K ' 2 
N (0. 72 £n K' - 1. 83) 

r 3 

(4. 30) 

( 4. 31) 

( 4. 32) 

(4.33) 

( 4. 34) 
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in which K1
1 , K2

1 and K3
1 are constants representing the overall 

friction factor for the specified flow Reynolds number, and tJ; is a 

constant which depends on the characteristics of the flow unit. The 

values of tJ; are as follows. 

In overland flow units, 

D 
tJ;=l+tJ; __g_y 

o 1-D g 

and in channel units, 

1 - C + tJ; C [ (1->.) g C g 
tJ; = 

1 - >.C 
E: 9, 

(1 -g -r 
for R > E: 9, and 

C 
tJ; = 1 + tj;c y:t- R 

g 

for R~E: 9, 

3 
E: 9, 

AR] --+ 
R2 

>-) C g 

In summary, the general form of the resistance equation is 

( 4. 35) 

( 4. 36) 

(4.37) 

( 4. 3S) 

in which are functions 0f the rainfall intensi ty, the 

boundary roughness, the ground cover density, the canopy cover density, 

the depth of flow, and the flow Reynolds nwnber. 

DISCHARGE AND FLOW AREA RELATION 

In general, the flow cross-sectional area can be expressed as a 

power function of discharge or 

B A= a.Q ( 4. 39) 
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in which a and 8 are coefficients whose values depend on the shape 

and roughness of the channel. 

The values of a and 8 can be determined by first substituting 

Eqs. 2.1, 4.3, 4.21, and 4.38 into Eq. 4.2 and then comparing with Eq. 

4.39. The solutions are 

and 

8 = 
2-b 2 

For overland flow units or for very wide channel flow, 
2-b2 perimeter is constant so that 

NUMERICAL SCHEME 

b = 0 1 and 8 = -3-

( 4. 40) 

(4.41) 

the wetted 

The problem of water routing is a matter of solving Eqs. 4.1 and 

4.39 simultaneously. The analytical solutions of these two equations 

are available for the case of constant rainfall and constant channel 

roughnesso At the present time, numerical solutions are necessary for 

the case of time-variant inflows. Herein, a nonlinear scheme with an 

iterative procedure is used to obtain solutions to the more complex 

cases of time-variant inflows and varying roughness. A linear scheme is 

also used to obtain the initial estimate for the nonlinear scheme. 

Nonlinear scheme 

The finite-difference forms of Eq. 4.1 can be represented as (see 

Fig. 4.3) 
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Fig, 4.3 Rectangular network in the x-t plane 
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Qn+l Q1:1+1 An+l n - - A. 1 n+l j+l J j+l J+ + = q !:ix !:it L 1 J+ 
( 4. 42) 

in which Q1:1 is the quantity Q at grid point 
J 

x = j!:ix, t = n!:it, 

!:ix is the space increment and !:it is the time increment. 

The unknowns in Eq. 4.42 arc n+l 
Qj+l and n+l A. 1 , but the discharge J+ 

bears a definite relation with the flow area as indicated by Eq. 4.39. 

With two equations, the values of the two unknowns can be obtained. 

Either Q or A can be selected as the independent variable in 

the numerical procedure. According to the custom in backwater computa-

tions, the depth of flow (equivalent to A above) is chosen as the 

independent variable (see Henderson, 1966 for example); but Q is a 

better choice for the following reason. By taking the logarithm of both 

sides of Eq. 4.39, one obtains 

£nA = £na + 8 £n Q (4.43) 

The corresponding differential equation is 

dA = B dQ 
A Q ( 4. 44) 

Generally, 8 is less than 1.0 and has a value of one-third for 

Reynolds number less than 900. Consequently, if one computes discharge 

incorrectly, the relative error in the flow area is smaller than the 

relative error in the discharge. On the other hand, the error i.n the 

discharge estimation is magnified if the numerical computations arc 

performed on the flow area. Therefore, the discharge is the better 

selection for the unknown in numerical computations. From the physical 

viewpoint, it is more appropriate to consider routing unit volumes of 

water rather than areas of flow. 



From Eq. 4.39 

An+l 
j+l 
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( 4. 45) 

Recall that a and B are functions of the flow Reynolds number 

and the hydraulic depth or depth of flow. Approximate values of the 

flow Reynolds number and hydraulic depth are necessary to carry the 

computations further. They are estimated as follows. 

( 4. 46) 

and 

( 4. 4 7) 

in which Q and A are the approximate flow discharge and cross-

sectional area of flow. 

and 

Using Eqs. 2.1, 4.3, and 4.21 one obtains. 

R = A 
p 

N =QR 
r vA. 

(4. 48) 

( 4. 49) 

(4.50) 

in which P, R, and N r are respectively approximate wetted perimeter, 

hydraulic radius, and fl0w Reynolds number. 

The substitution of Eq. 4.45 in Eq. 4.42 yields 

M Qn+l n n+l = . + A. l + LJt q tu J J+ t. 1 J+ 
(4.51) 
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The right side of Eq. 4.51 contains known quantities and is denoted by 

f;l; i.e., 

f;2 = 6t Qn+l An + 6t n+l 
6x j + j + 1 qi. 

1 J+ 
(4.52) 

Let n+l 
r = Q. 1 J+ 

and M 8 = so that the left side of Eq. 4.51 can be 6x 
expressed as 

f(r) =er+ ar8 (4.53) 

The solution to Eq. 4.51 is therefore the solution r* which 

satisfies the condition 

f(r*) = 8r* + ar* 8 = f;2 (4.54) 

Equation 4.54 is nonlinear in r*. An approximate solution to this 

nonlinear equation is easily obtained by the following iterative scheme. 

Let rk be the value of r at k-th iteration. 

expansion of the function f(r) around k r 

f(r) 

1 k 3 k + - (r-r) f"'(r) + 6 

is 

The Taylor Series 

( 4. 55) 

in which f' (rk) and f" (rk) are values of the first and second de-

rivatives of the function at 

order, one obtains 

k r . Dropping the terms higher than third 

(4.56) 
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The purpose of iteration is to force f(l+l) to approach the value of 

Q, or 

(4.57) 

The solution of Eq. 4.57 is 

k f'(rk) (f'(rk))2 k k+l ± 2 (f(r ) -Q) r = r 
f"(rk) f"(rk) f"(rk) 

(4.58) 

in which 

fcl) k a (rk) S = Sr + (4.59) 

f' (rk) = 8 + ascl)S-l (4. 60) 

and 

f" cl) = aS (S-1) (rk) S-Z (4.61) 

There are two solutions to Eq. 4.58. It is advisable to choose the 

solution which gives the smaller value of Jf(rk+l) - s-tl. The above 

iteration is continued until the absolute error Jf(rk+l) - QI is less 

than a preassigned tolerance E:; i.e., the termination criterion is 

An appropriate value for E: is O.OlQ, However, it may be changed 

according to the purpose of individual problems. 

The scheme represented by Eq. 4.42 has been proven to be uncondi-

tionally stable and can be used with a wide range of time increment to 

space increment ratio without loss of significant accuracy. (See Li, 

1974). However, the initial guess, r 0
, is the key to the speed of 
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convergence to the correct nu111erical solution. The best w:iy of de-

termining 0 r 

Linear scheme 

The term 

aA at = 

Also, from Eq. 

aA -= aQ 

is to use a linear scheme. 

aA 
at in Eq. 4.1 can be expressed as 

aA aQ 
aq at 
4. 39 

aBQB-1 

The substitution of Eqs. 4.63 and 4.64 into Eq. 4.1 yields 

aQ -+ ax 

(4.63) 

(4.64) 

( 4. 65) 

The finite-difference form of Eq. 4.65 is given by the expression 

Qn+l _ Q~+l 
j +l J 

t,.x 

n 

(
Qj +l 

+ aB 

so that 

I Qn 
0Q~+l \ . + n J+l + aBQj+l 2 

0 n+l J 
r = Qj +l = n 

•S ( Qj + 1 e + 

n+l n 
Qj + 1 - Qj + 1 = n+l q tit 

Q~+l\ B-1 
J ) + tit 

S-1 
+ Q~+l) 

J 
2 

L 1 J+ 

n+l 
q ,Q,_ 

+l 

Equation 4.67 provides the best initial estimate of 0 r 

nonlinear scheme. However, Eq. 4.67 is not 

( 4. 66) 

(4.67) 

for the 
n 

Qj +l 
are zero. When both and 

applicable if both 
n+l Qj are zero, use S = 1 

in Eq. 4.54 and then 

0 r = S1 
e+a (4.68) 
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5. SEDIMENT ROUTING 

CONTINUITY FOR SEDIMENT 

The equation of continuity for sediment can be expressed as 

in which 

aGs a CA 
--+--+ clx at 

C = 
G s 
Q 

(5. 1) 

(5. 2) 

and G is the total sediment transport rate by volume, C is the s 

sediment concentration by volume, z is the net depth of loose soil, P 

is the wetted perimeter, and gs is the lateral sediment inflow. 

Sediment load can further be divided into two main categories; 1. 

bed-material load and 2. wash load. Wash load is defined herein as the 

sediment load with particle sizes smaller than 0.062 mm. The remaining 

sediment load is bed-material load. Then, the continuity equation (Eq. 

5.1) can be divided into two parts, 

aGb acbA aPzb 
-- + --+ --= gb ax at at (5. 3) 

and 

aG ac A aPz w w w -- + + = gw ax at at (5. 4) 

in which Gb and G are respectively the bed-material load and the w 

wash load transport rates, Cb and C w are respectively the conccntra-

tions of suspended bed-material load and of suspended wash load, zh an<l 

z are respectively depths of loose soil for the bed-material load size w 
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and wash load size, and gb and are respectively the lateral 

inflow rate of bed-material loa<l and wash load. By dcfini tion 

G = c;b + G s w (5. 5) 

Cb 
Gb 

= Q (5. 6) 

G 
C w = Q w (5. 7 ) 

C = Cb + C w (5. 8) 

and 

z = zb + z w (5. 9) 

SEDIMENT TRANSPORT EQUATIONS 

The sediment transport equation is used to determine the sediment 

transporting capacity of a specific flow condition. Different trans port 

capacities can be expected for different sediment sizes. For either 

sediment size, the transporting rate includes the bed-load transport 

rate and the suspended load transport rate. The following equations are 

adopted in this study to determine either bed-material load transport i ng 

capacity or wash load transporting capacity. 

The Meyer-Peter-Muller equation is a simple and commonly used bed-

load transport equation (see USBR, 1960). It is 

8 ( )1.5 qb = T -T 
/p(y -y) 0 C 

s 
(5. 10 ) 

in which 

T = 0.047(y -y)d 
C s s 1.5. 11) 
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Here qb' is the bed-load transport rate in volume per unit width 

T is the boundary shear stress acting on the grain, T is the 
0 C 

critical tractive force, y is the specific weight of sediment, and s 

d is the size of sediment. 
s 

The flow discharge Q and flow area A are determined in time 

and space by the water routing procedure described in Chapter 4. The 

corresponding value of T 
0 

is computed as follows. 

The mean flow velocity is 

V = Q/A 

Then, the boundary shear stress acting on the grain is 

T = .!_ pfV2 
0 8 

in which f is the Darcy-Weisbach friction factor due to grain 

resistance. 

(5. 12) 

(5.13) 

In a natural watershed the average bed-load transport rate is 

8 

vp(y -y) 
s 

(1-D ) (T -T )1. 5 
g O C 

for overland flow units and 

qb = 
vp(y -y) s 

8 (1-C )(T -T ) l. S 
g O C' 

(5.14) 

(5. 15) 

for channel flow units because there is no sediment yield from areas 

covered by rocks etc. 

The sediment concentration profile which relates the sediment con-

centration with depth above the bed (See Einstein, 1950) can be ,vri tten 

(5. 16) 



53 

in which C~ is the sediment concentration at the distance ~ from the 

bed, C is the known concentration at a distance "a" above the bed, and a 

w is a parameter defined as 

w = 
V s (5. 17) 

Here v is the settling velocity of the sediment particles and U* is s 

the shear velocity of the flow defined as 

(5.18) 

Note that 

(5.19) 

for overland flow units, 

(5. 20) 

for channel flow units with R > E:Jl and 

= ..!_ f'pV2 (1-C ) T* 8 g (5. 21) 

for channel flow units with R 2-_ £fl. The term T* is the effective 

overall resistance force, and f' is overall resistance factor which 

is given in Chapter 4. 

A logarithmic velocity profile is commonly adopted to describe 

the velocity distribution in turbulent flows. For simplicity, a 

logarithmic velocity profile is assumed in this study. The equation is 

u~ ~ 
- - B + 2. 5 Jln (-) (S. 22) u* - ns 
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in which is the point mean velocity at the distance from the 

bed, B is a constant dependent on roughness, and ns is the roughness 

height. 

The integral of suspended load above the "a" level in the flow is 

obtained by combining Eqs. 5.16 and 5.22 or 

(5. 23) 
a 

Let 

a = E;, R (5. 24) 

and 

a 
G = R (5. 25) 

Then one obtains 

Gw-1 R fl 
q =CU a -- {[B + 2.5 ln(-)] 

s a* (l-G)w ns 
G 

(5.26) 

G 

According to Einstein (1950), the concentration near the "bed 

layer" C a 

expression 

is related to the bed-load transport rate by the 

(5.27) 

in which "a" is now defined as the thickness of the bed layer which i 5 

twice the size of sediment. 
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The average flow velocity V is defined by the equation 

V = 

J
R 

d~ 
0 

Using Eq. 5.22 

and 

V B + 2.5£n(~) - 2.5 
ns 

Einstein (1950) defined the two integrals in Eq. 5.26 as 

(5.28) 

(5.29) 

(5. 30) 

(5.31) 

The integrals J 1 and J 2 cannot be integrated in closed form 

for most values of w so a numerical integration is necessary. fu1 

efficient numerical metho<l of <letermining J 1 and J,., was developed 

by Li (1974) and is adopted in this study. 

The substitution of Eqs. 5.27, 5.29, 5.30 and 5.31 into Eq. 5.26 

yields 

(5. 32) 

When the total load per unit width is 

(5. 33) 
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and the sediment transporting capacity of the section 

EQUATIONS FOR SEDIMENT SUPPLY 

G 
C 

is 

(5 . 34) 

The sediment supply rate is a main factor in determining the 

sediment transport rate in a watershed system. The sediment supply 

depends on the initial depth of loose soil left from previous storms , 

the amount of soil detachment by raindrop impact, and the amount of soil 

detachment by overland flow ersoion and channel erosion. 

Soil detachment by raindrop impact 

The potential rate of soil detachment by raindrops impact is 

assumed to be 

if z < z and m 

if z > z m 

D. = 0 
l 

(5.35) 

(5. 36) 

Here, D. is the potential rate of soil detachment (in units of 
l 

depth) per unit time, a3 and b3 are coefficients depending on soil 

erodibility and z is the equivalent maximum penetration depth of 
m 

raindrop impact on the soil layer. Expressions for the equivalent 

maximum penetration depth are 

z = (1-D )D m g p 
(5. 37) 
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for overland flow units and 

z = (1-C )D m g p (5.38) 

for the channel flow units. Here D is the maximum depth to which a r 
raindrop can penetrate the soil layer. 

The soil detachment rate under the canopy or ground cover is zero 

and the rate is expected to be negligible for the higher Reynolds nwnber 

flow. Therefore, it is assumed that the actual supply rate of loose 

soil by raindrop impact D. is as follows. For overland flow units 
1. 

o. = (1-D ) (1-D )D. 
1. C g 1. 

if N < 900 and r 
D. = 0 

1. 

if N > 900. r 

For channel units 

o. 
1. 

if N < 900 r 

o. 
1. 

if N > 900. r 

= (1-D ) (1-C )D. 
C g 1. 

and 

= 0 

(5. 39) 

(5. 40) 

(5. -D) 

(5. 42) 

Then, the new amounts of loose soil available for transport at time 

t + tit are 

(5.43 ) 

and 

z (t+At) = z (t) + r D.tit 
W W W l 

(5. '1'1) 
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in which zb (t) and z (t) w are respectively the amounts of loose bed-

load soil and wash load soil available at time t, and Fb and F are w 

respectively the percent of bed-material load size and the percent of 

wash load size ih a typical soil sample. 

Soil detachment by surface runoff 

The amount of soil detachment by surface runoff in overland flow 

units or in channel flow units is determined by examining the sediment 

transporting capacity and the available amount of loose soil It is 

assumed that because of the armoring effect of larger size sediments, 

wash load soils are not detached unless some bed-material has been 

detached by flowing water. Thus, soil erosion of bed material is the 

main concern in this process. By substituting the bed-material load 

transporting capacity G 
C 

given by Eq. 5.34 into bed-material load 

transport rate Gb given by Eq. 5.3, the potential change in loose soil 

storage for bed-material load size 

P clzb 
f,zb = -- lit clt 

is determined. Then 

(5. 45) 

If 
p 

6zb ~ - zb' the loose soil storage is enough for transport 

and no detachment of soil is expected. Soil is detached if 
p 

and the 6zb < -zb amount of detachment is assumed to be 

Db 
p 

zb) (5. 4b) = -Df(6zb + 

in which Db is the amount of detached bed-material soil, and Df is a 

constant defined as "detachment coefficient" with values between 0 .0 and 

1. 0 depending on the soi 1 erodibi li ty. For large rivers, the sediment 

in the riverbeJ js always loose, and the value of Df is unity. 
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The new amounts of loose soil available for at time t + tit are 

then 

(5. 4 7) 

and 

(5.48) 

NUMERICAL PROCEDURE FOR SEDIMENT ROUTING 

The following numerical procedure for sediment routing is used to 

couple the equations governing sediment motion with the water routing 

procedure described in Chapter 4. 

Bed-material load routing 

The bed-material transport capacity is determined with Eq. 5.34 

for a given bed-material load size, and for the flow conditions obtained 

by routing the excess rainfall. The potential bed-material load con-

centration is then 

G (bed-material load) 
C 

Q (5. 49) 

Using the same finite-difference approximation as that in the 

water routing procedure (See Fig. 4.3), the potential change in loose 

soil storage for bed-material size sediment is determined by utilizing 

Eqs. 5.3 and 5.49. That is, 

p 1 [ (G n+ 1 cP Q~+ 1) 8 cP An+l tizb = p b. b J + 1 b j+l 
J 

+· en r,.n n+ 1 MJ (5. so) + g 
b. I j + 1 b. 1 J+ J+ 
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If is positive, the bed is aggrading, and if negative, the 

bed is degrading. 

The bed-material load transport rate is dependent on both the 

availability of bed-material load and the transporting capacity of 

the flow. If 
p 

8zb .::._ -zb' the availability is greater than the trans-

porting capacity. Thus, the bed-material load transport rate is equal 

to its transporting capacity or 

cn+l = cP 
b. 1 b J+ 

(5. 51) 

and the actual change in zb is 

8Zb 
p 

= 8Zb (5.52) 

If 
p 

8zb < -zb' the availability of bed-material load is less 

than the transporting capacity. Under this condition, soil detachment 

by surface runoff occurs, and the amount of soil detachment is determined 

by Eq. 5.46. The bed-material load transport rate is limited to the 

availability of soil given by Eq. 5.47. The bed-material load concen-

tration is therefore, 

n+l n 
Pzb + gb M + Cb 

Cn+l j+l 
= 

b. 1 J+ An+l 
j+l 

Qn+l + . J+l 

and 

The bed-material load transport rate 

Eq. 5 .6 or 

G n+l 
b. 1 J+ 

= C n+l Q 
b. 1 J+ 

n 
j+l 

A. 1 J+ 

e 

G n+l 
b. 1 J+ 

Gn+l 
+ b. e 

J (5.53) 

(5.54) 

is determined by 

(5. 55) 
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Wash load routing 

The wash load transport rate is usually determined by the 

availability of soil unless flow discharges are very small. The 

potential wash load concentration is given by the expression 

G (wash load) 
C 

Q 

The potential change in loose soil storage for the wash load 

size is 

t:,/ = .!._ [ (Gn+l 
W p W. 

J 
Cp An+l + C n A~ + gn+l lit] 
w j+l w. l J+l W. l J + J + 

(5. 56) 

(5.57) 

If lizp > - z , the wash load availability is greater than the w - w 

transporting capacity of the flow. Therefore, the wash load transport 

rate is equal to the transporting capacity or 

Cn+l = cP 
w. 1 w J+ 

(5 . 58) 

and the actual change in z is w 

liz = lizp 
w w (5.59) 

If 
p 

liz < -z , the wash load transporting capacity is greater w w 
than the availability of wash load. This is the usual case. Under 

this condition, the wash load transport rate is limited to its 

availability or 

n+l + C n n + Gn+l e Pz + g lit A. 1 cn+l w w. 1 w. 1 J+ w. 
J+ J+ J 

wj+l = An+l n+l 
j+l + Qj +l e 

(5. 60) 

and 

6z = -z (5. 61) 
w w 
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The wash load transport rate is then determined by Eq. 5.7 and 

G n+l 
w. 1 J+ 

= C n+l 
w. 1 J+ 

Q 

Degradation or aggradation 

(5.62) 

The amount of degradation or aggradation is evaluated by considering 

changes in loose soil storage. Degradation or aggradation may cause 

changes in bed slope and in ground cover. However, such changes in 

overland flow units are usually not significant in natural watersheds. 

In mountainous channels as in the Beaver Creek Watersheds streambeds 

are composed of large boulders. These streambeds are rather stable 

and changes in bed slope due to degradation or aggradation are usually 

·not significant and may be neglected in the flow routing computation. 

Changes in channel ground cover play a very important role in 

sediment routing. Therefore, in this study, the processes of de-

gradation and aggradation and changes in channel ground cover are 

taken into account in the manner shown below. 

The mean elevation change of a channel reach is given by the 

expression 

in which ~Z is the mean elevation change, and sb and s are w 

(5.63) 

respectively the porosities of the bed-material and wash load sediments. 

The effective heig!1t of the low ground cover in the channel is 

E = (5. 64) 
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If AZ is greater or equal to E, the loose soil deposit fills 

up the space in the low ground cover and reduces the low ground cover 

density to zero. In addition, the average height of low ground cover 

becomes zero and the drag resistance due to low ground cover no longer 

exists. When /':;Z ::_ E, the parameters describing the low ground cover 

(See Chapter 4) for the next time step, are modified so that, 

(5. o5) 

and 

>. (t+M) = 1 (5. 06) 

If AZ is negative (AZ<0) the bed is degrading and the height 

of low ground cover is increased. Then the drag resistance due to low 

ground cover may be increased. The change in low ground cover height 

is AZ/E so the modified height of low ground cover to be used in the 

resistance equations is 

= E (t)(l - 62 ) 
£ -

E 

If /':;Z is between 0.0 and E, decreases in low ground cover 

density and height of low ground cover are expected to reduce the 

drag resistance. The modified low ground cover parameters are 

= £ (t) (1 - 62 ) 
£ -E 

C (t+M) • {>.(t) + [1->.(t)](l - /':;Z)}C (t) 
g E g 

(5.67) 

(5.68) 

(5. 69) 
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and 

A(t+~t) = A(t) 
A ( t) + [ 1- A ( t) ][ 1 _ ~z] 

(S. 70) 

E 
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6. MODEL APPLICATION AND VERIFICATION 

A computer program based on the n1.1thcmatic~1l forn1Ul;1tio11s JH'L'Scnt~'d 

above was devc lopcJ to s.i mulate water and sed i mcnt out fl m~ hyd rng1·;1phs 

of small watersheds. /\ listing of this computer program is given in thl' 

Appendix. 

Five runoff events in Watershed 1 and one runoff event in Watershed 

17 were used to test the applicability of the proposed mathematical 

model. 

Watershed 1 is a small drainage catchment with an area of 313.6 

acres and has been clear-cut. The five storm events in Watershed 1 used 

in this study area occurred on November 22, 1965, November 24, 1965, 

November 25, 1965, September 6, 1967, anc.l September 5, 1970. The 

latter is known as the "Labor Uay" storm. 

Watershed 17 has an area of 287.4 acres. The only storm available 

for testing is the "Labor Day" storm of September 5, 1970. 

The data required to run the numerical model and for parameter 

calibration were obtained from the Rocky Mountain Forest and Range 

Experiment Station, Flagstaff, Arizona and from the field surveys made 

by Colorado State University. 

The details of input data, test results, and applications to 

predict watershed treacment effects arc given below. 

INPUT DATA 

Three types of data are required. They are the basin characteristics 

data, the storm characteristics data, and the antecedent conditions 
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(see Fig. 1.1). The basin characteristics data include the watershed 

geometry, soil data, vegetation and ground cover data, flow resistance 

parameters and sediment routing parameters. These data are assumed to 

be time-invariant unless some treatments are imposed on the watershed. 

The storm characteristics data are rainfall records, aerial distri-

bution of rainfall and the mean evaporation rate. The antecedent 

conditions include initial interception storage content, antecedent 

moisture content, and initial loose soil storage. The storm charac-

teristics data and antecedent conditions change from storm to storm. 

Basin characteristics data 

Geometry data. The geometric segmentation of Watershed 1 and Watershed 

17 are shown respectively in Figs. 6.1 and 6.2 and a typical wetted 

perimeter versus flow area is given in Fig. 2.2. 

Because the data on vegetation, ground cover, and soil properties 

are not available on the basis of small overland flow units, large 

overland flow units are grouped from the small ones according to the 

procedure presented in Chapter 2 (page 9). In this treatment, water is 

routed from overland flow units to channels and to the watershed outlet. 

The overland flow units in the following ana lysis are large overland 

flow units. 

Watershed 1 is composed of 12 overland flow units, 6 channel units, 

and 1 road unit. The road unit is superposed because it has the 

potential for producing a large amount of sediment because there is 

no ground nor canopy cover. 

Watershed 17 is decomposed into 16 overland flow units, 8 channel 

flow units and 3 road units. 



Extended channe I 

verland flow area 

Road 

boundary 

a. Plan view 

°' \ ®\ 'o 1 ,, 
/\ 

\ q 

Legend 

2 Overland flow unit -0 Channel flow unit 

&, Road unit 

b. Numerical designation 

Fig. 6.1 Geometric segmentation of Watershed 1 



a. Plan view 

Channel 

Overland flow area 

I 
Extended channe I ' t 

2 

boundary 

b. 

@ Legend 

Numer ical 

2 Overland flow unit -
@ Channel flow unit 

£ Road unit 

Designation 

Fig . 6 . 2 Geometric segmentat i on of Wat ershed 17 



69 

Table 6.1 Geometry of Watershed 1 

Index Length Slope Wetted Perimeter versus Type 
ft flow area relation 

al bl 

1 1440 0.0931 1. 0. O.F. 

2 288 0.0743 1. o. O.F. 

3 730 0 .1156 1. o. O.F. 

4 327 0 .1158 1. 0. O.F. 

5 264 0 .139.5 1. 0. O.F. 

6 858 0 .1164 1. o. O.F. 

7 198 0.0764 1. o. O.F. 

8 726 0.1209 1. o. O.F. 

9 1120 0.0986 1. 0. O.F. 

10 240 0.0762 1. 0. O.F. 

11 3280 0.0919 1. o. O.F. 

12 551 0.1200 1. 0. O.F. 

13 1210 0.0389 5. 363 0.552 C.F. 

14 1380 0.0636 4.494 0.671 C.F. 

15 1060 0. 1193 4.494 0.671 C.F. 

16 1060 0.0843 5.998 0.615 C.F. 

17 1380 0.0506 6. 249 0.555 C.F. 

18 1580 0.0525 7.036 0.623 C.F. 

19 3170 0.0514 15. o. R.D. 

Notes: O.F. means overland flow unit 
C.F. means channel flow unit 
R.D. means a road unit 
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Table 6.2 Geometry of Watershed 17 

Index Length Slope Wetted Perimeter versus Type 
ft flow area relations 

al bl -
1 439 0.0702 1. 0. 0.F. 

2 731 0.0973 1. o. 0.F. 

3 471 0.0865 1. 0. 0.F. 

4 910 0.0639 1. 0. 0.F. 

5 440 0.0852 1. o. 0. F. 

6 503 0.0546 1. o. 0.F. 

7 467 0.0463 1. o. 0.F. 

8 700 o. 0776 1. o. 0.F. 

9 412 0. 1102 1. o. 0.F. 

10 247 0.0745 1. o. 0.F. 

11 879 0.1141 1. o. 0. F. 

12 382 0.0844 1. o. 0.F. 

13 659 0.0993 1. 0. 0.F. 

14 890 0.0851 1. o. 0.F. 

15 442 0. 0791 1. 0. 0.F. 

16 320 0.0849 1. 0. O.F. 

17 1090 0.0219 8.940 0.532 C. F. 

18 1820 0.0203 10.132 0.448 C. F. 

19 1910 0.0393 6.684 0.556 C. F. 

20 1200 0.0358 7.338 0.629 C.F. 

21 1210 0.0643 7. 866 0.619 C. F. 

22 1050 0.0945 6. 986 0.409 C.F. 

23 1470 0.0251 6. 836 0.548 C. F. 

24 1470 0. 0306 6. 986 0.409 C .F. 

25 1400 0.0400 15. o. R.D. 

26 1350 0.0310 15. 0. R.D. 

27 1300 0.0324 15. 0. R.D. 
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Tables 6.1 and 6.2 provide summaries of the geometry for each 

segment in the watersheds. The parameters al and bl given in 

Tables 6.1 and 6.2 describe the wetted perimeter versus flow area and 

were estimated from the channel survey data. The values of bl for 

overland flow and road units are 0.0. The average width of road is 

approximately 15 ft making a = 15 for the road unit. 1 

Table 6.3 and Table 6.4 give the computation sequence for Water-

shed 1 and Watershed 17 respectively. The computation sequence is 

established by the logics of gravity flow and flow continuity require-

ments. The computational order (Column 2) is the order for the compu-

tation of flow routing in the segment identified in Column 1 and shown 

in Figs. 6.1 and 6.2. The numbers in Column 3 indicate the upstream 

inflow segments to the segment in Column 1 and the numbers in Column 4 

are the lateral inflow segments. The symbol "0" is used to indicate 

there are no upstream inflow segments or lateral inflow segments. 

Soil data. Williams et al. (1967) reported the soil survey on the 

Beaver Creek Area. This report is the main source of soil data required 

in the model input. The soi 1 type in Watershed 1 is predominantly 

Springerville, a very stony clay. There are several soil types in 

Watershed 17 including Brolliar silt loam , Brolliar stony clay, and 

Siesta stony silt loams. 

Engineering properties of all these soils are very similar. The 

saturated hydraulic conc.uctivity k s is approximately 0.05 inches 

per hour, the estimated depth of the aeration zone na is 36 inches, 

the average water storage capacity is 18 inches, and the moisture 

content at saturation m is approximately 0.5. s 
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Table 6.3 Computational Sequence for Watershed l 

Index Computational Upstream inflow Lateral inflow 
order Segments Segments 

(1) (2) (3) ( 4) 

l 1 0 0 () l) 0 

2 2 0 0 () 0 0 

3 3 0 0 0 0 0 

4 4 0 0 0 0 0 

5 5 0 0 0 0 0 

6 6 0 0 0 0 0 

7 7 0 0 0 0 0 

8 8 0 0 0 0 0 

9 9 0 0 0 0 0 

10 10 0 0 0 0 0 

11 11 0 0 0 0 0 

12 12 0 0 0 0 0 

13 19 14 17 19 1 2 

14 18 15 0 0 3 4 

15 16 16 0 0 5 6 

16 14 0 0 0 7 8 

17 17 18 0 0 9 10 

18 15 0 0 0 11 12 

19 13 0 0 0 0 0 
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Table 6.4 Computational Sequence for Watershed 17 

Index Computational Upstream inflow Lateral inflow 
order Segments Segments 

(1) (2) (3) ( 4) 

1 1 0 0 0 0 0 

2 2 0 0 0 0 0 

3 3 0 0 0 0 0 

4 4 0 0 0 0 0 

5 5 0 0 0 0 0 

6 6 0 0 0 0 0 

7 7 0 0 0 0 0 

8 8 0 0 0 0 0 

9 9 0 0 0 0 0 

10 10 0 0 0 0 0 

11 11 0 0 0 0 0 

12 12 0 0 0 0 0 

13 13 0 0 0 0 0 

14 14 0 0 0 0 0 

15 15 0 0 0 0 0 

16 16 0 0 0 0 0 

17 27 18 23 0 1 2 

18 26 19 0 0 3 4 

19 25 20 21 25 5 6 

20 20 0 0 0 7 8 

21 23 22 0 0 9 10 

22 21 0 0 0 11 12 

23 24 24 26 27 13 14 

24 22 0 0 0 15 16 

25 17 0 0 0 0 0 

26 18 0 0 0 0 0 

27 19 0 0 0 0 0 
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According to Linsley et al. (1958, p. 126) the moisture content 

at the wilting point m2 is approximately 0.15 and the magnitude of 

the capillary potential at the wilting point p 
w is about 15 atmospheres 

(approximately 6100 inches of water head) for a typical clay or silt 

loam soil. These values were adopted in the analysis. 

Samples of Watershed 12 bed-material load taken on November 23, 1970 

indicate that the mean bed-material load size is 1.0 mm. Pipette size 

analysis of Watershed 1 wash load samples taken on August 4, 1964 show 

that the mean wash load size is O. 011 mm. The fractions of wash load 

size and bed-material size, as determined by Williams et al., are 

approximately 0.5. 

Vegetation and ground cover data. The vegetation and ground cover data 

were determined from ground surveys and aerial photographs. 

The canopy cover density D 
C 

in Watershed 1 is 0.0 (clear-cut 

treatment) and a value of 0.1 was estimated for Watershed 17. 

In Watershed 1, ground cover densities were estimated to be 0.65 

in overland flow areas and 0.85 in channels. The average height of the 

low ground cover is approximately 0.25 ft and the ratio of high ground 

cover density to total ground cover density was asswned to be 0.3 

(thirty percent of ground cover in the channel is never submerged by 

the flow). No ground cover data were readily available for Watersh ed 17 

so the values for Watershed 1 were used in Watershed 17. 

The interception storage capacity of the ground cover per unit 

area V was assumed to be 0.1, a value estimated from Zinke's (1965) g 

report. According to Penman (1965), the ratio of evaporating surface 

to the horizontal projected area for ground cover s g is on the order of 

10 for grasses and on the order of 5 for agricultural crops. In this 
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study, S was assumed to be 5.0. According to Zinke (1965) the g 

maximum measured interception storage for forest lands is around 

0.36 in. In this study, the ratio of interception storage capacity of 

a tree canopy to that of ground cover per unit area r was assumed to 
V 

be 2.0. This value implies that the interception storage volume under a 

canopy is 0.27 inch. 

Flow resistance parameters. The flow resistance parameters are 

K
0

, Kr' K2 , K3 , ~o and ~c (See Chapter 4). The values K
0 

and K2 

for flow in rough channels (given by Chow, 1959, p. 11) are 45 and 

0.45 respectively. As reported by Shen and Li (1973), the c0efficient 

K is 27 for raindrops with terminal velocities. The average Darcy-r 
Weisbach friction factor for a plane bed (grain resistance only) for 

flows with a large Reynolds number was measured as 0.03 by Simon3 and 

Richardson (1966, p. 17). Thus, the parameter K3 was assumed to be 

0.03 in this study. 

The Manning's roughness coefficient n for mountain streams with 

cobbles and large boulders in the streambed is normally about 0.05 and 

has a maximum value of 0.07 (Chow, 1959, p. 113). The streams in 

Watershed 1 and Watershed 17 belong to this category. Assuming that the 

maximum roughness occurs at high flow wi th a hydraulic radius of approxi-

mately 3 feet (estimated from measured flood stage). th~ value of 

channel-flow ground-cover resistance descriptor was estimated as follows. 

Comparing the Darcy-Weisbach equation with Manning's equation one 

obtains 

2 
f' = 8gn 

2.22 Rl/ 3 (6. 1 J 

For high Reynolds number flow, Eq. 4.19 can be rewritten as 
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f' {1-1,.C 
E: ,\l, 

- - (l-1t)C } - K (1-C ) 
ijJC = g R g 3 g (6. 2) 3 

Kf g { (l-1t) 
E: ,\l, 

1tR} -+ 
R2 

With n = 0.07 and R = 3, the value of ijJC is 11.7 according to 

Eqs. 6.1 and 6.2. Thus, ijJC was assumed to be 11.0 in the analysis. 

If R is equal to 0.25 (the height of the low ground cover), Manning's n 

is approximately 0.05, the normal value for mountain streams. 

As mentioned in Chapter 4, the overland flow ground cover resistance 

descriptor is greater than i.e.' ,I, > 11. 0. 'f'o Due to insuf-

ficient information on resistance to overland flow, the value of 

ij;
0 

was estimated by a calibration procedure which is presented 

later in this chapter. 

Sediment routing parameters. The equations describing sediment trans-

porting capacity (both bed material and wash load) are given in Chapter 5. 

From considerations of raindrop impact energy, the maximum penetration 

depth of raindrop impact on the soil layer was assumed to be 0.10 ft. 

The values a3 and b3 in Eq. 5.35 which describe the potential 

soil detachment rate by raindrop impact are not precisely known. 

However, the value of b3 was assumed to be 0.4, the valtIB given 

by Shen and Li (1973) in their equati oJJ for estimating the a<lded friction 

factor due to raindrop impact. The value of is depen<lent on the 

soil erodibility and is related to wash-load sediment yield. The value 

of a 3 was estimated by the calibration procedure. 

The value of the detachment coefficient Of controlling the 

amount of soil detachment by surface runoff is between 0.0 and 1.0. 

The value is dependent on the soil erodibility and was estimated by 

the calibration procedure. 
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Storm characteristics data 

The rainfall intensities for storms on September 5, 1970 and 

September 6, 1967 on Watershed 1 and on September 5, 1970 on Watershed 17 

were derived from records of the accumulation of precipitation over a 

five-minute interval. ror storms on November 22, 1965, November 24, 1965 

and November 25, 1965 on Watershed 1, the intensities were determin ed on 

a thirty-minute interval. 

The aerial distribution of rainfall intensity was not available 

because there is only one recording raingage in each watershed. It was 

assumed that the rainfall intensity was uniform over the enti r e area 

of the watershed. 

The evaporation rates during storms are usually very smal1 be cause 

the air is nearly saturated with moisture. Thus, the mean evaporation 

rate E for all storms was considered negligible. 

Antecedent conditions 

The precipitation records immediately preceding the storms indicat e 

that vegetation and ground cover were dry prior to storms. For 

simplicity, the initial interception storage content, I was assumed 
s 

zero in all cases. 

Because of the large water-storage capacity of soil in both 

watersheds and due to presence of a soil moisture supply prior to s torms, 

it was estimated that the antecedent moisture content m (O) was 
0 

greater than the field capacity of the soil (0.4 for clay or silt 

loam). The proper values of m (0) 
0 

for different storms must be 

estimated by the calibration method with the constraint that 

0.4 < m (O) < 0.5. 
- 0 -
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Data on the initial loose soil storages were not available. Three 

storms occurred in succession in Watershed 1 in 1965. The initial loose 

soil storages for these storms on November 24 and 25 were assumed those 

left from the storms on November 22 and November 24 respectively. For 

the other storms, the initial loose soil storage were assumed zero 

because these storms were preceded by very small storms without runoff. 

Summary 

The input data required for this simulation model are: 

1. Ge.ome:tlty da.:ta - including slope length, bed slope, and wetted 
perimeter versus flow area relations. 

2. Soil da.:ta - including the saturated hydraulic conductivity, 
depth of aeration, moisture contents at the wilt ing point and 
at the saturation, magnitude of the capillary potentic the 
wilting point, mean bed-material size, mean wash load , , .1 , 
and particle size distribution. 

3, Ve.ge.ta;ti.on a.nd 911.ound c.ove.11. da..ta. - including canopy cover 
density, ground cover density in overland f101, units and in 
channel units, the average height of low ground cover and the 
ratio of high ground cover density to total ground cover 
density in channels, the interception storage capar:-ity of 
ground cover, ratio of evaporating surface to th~ hor~zontal 
projected area for ground cover, and ratio of the interception 
storage capacity of a tree canopy to the interception storage 
capacity of ground cover. 

4. Flow 11.e..6.V.,.ta.nc.e. pa.11.a.me.:teM - including constants describing 
grain resistance for different Reynolds numbers, the constant 
representing added roughness due to raindrop impact, and 
values for the overland flow ground-cover resistance descriptor, 
and channel-flow ground-cover resistance descriptor. 

5. Se.dune.nt 11.ouu.ng pa;w.,me.:teM - including parameters describing 
the sediment transporting capacity, maximum penetration 
depth of raindrop impact, parameters describing the potential 
soil detachment rate and the detachment coefficient of soil 
by surface runoff (soil erodibility). 

6. Stoll.m c.ha.11.a.c.te_/l_.v.,:t[c.J.:, - including rainfall intensity, aerial 
distribution of rainfall intensity, and mean evaporation rate. 

7. Ante.c.e.de.n.:t c.onclLti.,on6 - including the initial interception 
storage content, antecedent soil moisture content, and initial 
loose soil storage. 
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MODEL CALIBRATION 

The values of the four unknown coefficients w
0

, a3 , Of and m
0

(0) 

have been obtained by model calibration. As described in the previous 

sections the range of values of these four unknowns are: 

w > 11.0 
0 

a3 > 0.0 

o.o .:. of.:. 1.0 

and 

0.4 < m (0) < 0.5 
- 0 -

(6. 3) 

(6. 4) 

(6. 5) 

(6. 6) 

Only the value of m (0) 
0 

is different for each storm. 

From a physical point of view, the value of m (0) 
0 

controls the 

water balance between rainfall input and streamflow output. The 

parameter w
0 

determines the peak flow, the time to peak flow and the 

shape of the hydrograph. Both parameters a3 and Of describe the 

soil erodibility, which in turn, control sediment yield (bed-material 

load and wash load). Parameter a3 is more related to wash load. 

In order to simplify the calibration procedure, separate calibra-

tions for water balance, water routing and sediment routing were made. 

The storm on September 5, 1970 on Watershed 17 was used to calibrate 

the parameters for water and sediment routing because more information is 

available for that storm than the others. The steps of calibration are 

as follows: 

1. Estimated m (0) by adjusting the estimated volume of 
rainfall excgss to be nearly equal to the total volume of 
the measured runoff. This adjustment is made by trial and 
error. 
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2. With the value of m (0) estimated in Step 1, adjust the 
value of w9 to obtiin the correct value of the peak flow. 
Then check if the time to peak flow and the shape of 
hydrograph are satisfactory in comparison with the measured 
hydrograph. If not select another value of m (0) and 
repeat Steps 1 and 2 until a satisfactory answgr is obtained. 
The calibration on water balance and water routing is 
completed at this step. 

3. Assume a3 is zero and adjust the value of Of to make the 
computed bed-material load equal to the measured bed-material 
load. 

4. Adjust the value of a3 to obtain the correct wash load, 
and check if the bed-material load is still correct. If 
the bed-material load is not correct, repeat Steps 1, 2 and 
3 until a satisfactory answer is found. 

As mentioned earlier, parameters w
0

, a 3, and Df are independent 

of storms. The assumption is made herein that the values of w
0

, a 3 , 

and Df are the same for both Watershed 1 and Watershed 17. Then the 

only unknown parameter for Watershed 1 is the antecedent moisture 

content m (0) which is different for different storms. The procedure 
0 

to estimate m (0) is simply to adjust its value until a satisfactory 
0 

water yield is obtained. When the water balance model for simulating 

the water budget during interstorm periods becomes available, the value 

of m (O) can be estimated with that model. 
0 

The estimated values of w
0

, a 3 and Df are: w
0 

= 120, a 3 = 0.00001 

and Df = 0.1. The antecedent moisture contents for all storms are 

given in Table 6.5. 

The performance of the model is very much dependent on the results 

of model calibration. A more systematic and reliable method for 

estimating model parameters is needed for practical applications of the 

model. 
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Table 6.5 Antecedent moisture contents 

Storm Antecedent moisture 
content, m (0) 

0 

Watershed 17 

September 5, 1970 0.470 

Watershed 1 

September 5, 1970 o. 445 
September 6, 1967 0.443 
November 22, 1965 0.427 
November 24, 1965 0.490 
November 25, 1965 0.488 

TEST RESULTS 

In the numerical computations, the time increment 6t of 5 min 

was chosen for the Labor Day storm on Watersheds 1 and 17 and the 

September 6, 1967 storm on Watershed 1. For the other storms a 

30-min time increment was used. 

Five space increments for each segment were chosen for all storms. 

The space increments were between 48 ft and 656.6 ft making the ratio of 

time increment to space increment in the range of 0.46 to 37.5 sec/ft. 

Comparisons of the simulated and measured results 

When measured data were available, comparisons of the simula':ed 

and the measured results were made. The available measured data were 

water hydrographs and water yields from all storms. The wash load 

data were available only for the Labor Day storm on Watershed 17 

and the September 6, 1967 storm on Watershed 1. Bed-material load 

data were available for the Labor Day storm on both watersheds. No 

measured sediment hydrographs were available for comparison. 
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TI1e comparisons of the simulated and the measured water hydrographs 

for all storms used in the analysis are given in figs. 6.3, 6.4, 6.5, 

6.6, 6.7 and 6.8. The agreement between the measured water hydrographs 

and the simulated water hydrographs is, in the most part, satisfactory. 

Other comparisons on water yield, peak water flow, time to peak water 

flow, and sediment yield are given respectively in Figs. 6.9, 6.10, 

6.11 and 6.12. 

In order to assess the agreement between measured and simulated 

results the following errors were computed: 

1. The percentage error in the total , lume of surface runoff, 
designated E . 

V 

2. The relative mean absolute error in water hydrograph, 
designated E . a 

3. The percentage error in the magnitude of the peak water flow, 
designated E . p 

4. The percentage error in the time to peak water discharge, 
designated Et. 

S. The percentage error in the total bed-material load, 
designated Eb. 

6. The percentage error in the total wash load, 
designated E. w 

In equation form the errors are respectively 

N 
I Q(t)M 

E 100{1 - t=l } = 
V N 

l ~(t)M 
t=l 

100 N IQ(t) - ~(t) I 
E = ~ I a t=l Qmp 

Q 
E = 100 (1 - ~) 
p Qmp 

(6. 7) 

(6. 8 J 

(6. 9) 
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(6. 10) 

N 
I Gb (t)Lit 

{ t=l } Eb= 100 1 -
Gmb 

(6. 11) 

and N 
J. Gw (t)Lit 

{ t=l } E = 100 1 -w G (6.12) 
mw 

in which N is the number of time increments extending from the 

beginning to the end of the runoff event, Q(t) and ~(t) are 

respectively the simulated and the measured surface runoff at time t, 

and ~p are respectively the simulated and the measured peak 

water flow, t and op t mp are respectively the simulated and the 

measured time to peak water flow, Gb(t) and G (t) w are respectively 

the simulated bed-material load and wash load at time t, and G , mo 
and G are respectively the measured total bed-material and total mw 
wash load. 

The values of and E w for the six runoff 

events used in this study are given in Table 6.6. These errors indicate 

that the water and sediment routing model simulated the shape, volume, 

peak flow, and time to peak flow of the six water hydrographs, and the 

sediment yield from Watershed 1 and Watershed 17 within approximately 

30 percent. 

Discussion of test results 

The applicability of the Colorado State University water and 

sediment routing model is demonstrated by comparing simulated and 

measured water and sediment yields from Watersheds 1 and 17. 
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Table 6.6 Errors in Simulation 

Measured surface Percent error 
Storm runoff, in. E E E E Eb E V a _E_ t \\' 

Watershed 17 

Sept 5, 1970 3.98 -14.6 +8.0 +11. 4 +2. 1 +14 . 7 +()_ 

Watershed 1 

Sept 5, 1970 1.64 +12.9 +4.1 -0.2 -3.1 -22.0 
Sept 6, 1967 0.03 +7.2 +9.4 -7. 7 +6. 7 + 10. • 
Nov 22, 1965 0.11 +l. 3 +3. 7 -0.4 +2.1 
Nov 24, 1965 0.08 -23.7 +15.2 +31.0 -7. 7 
Nov 25, 1965 0.24 -23.2 +14. 7 +23.6 -6.3 

Note: The blanks denoted by" "indicate no measured data were available 

Satisfactory results were obtained for different size storms in a watershed 

by using only one set of model parameters. This verifies that the model 

can be used to synthesize missing data and to predict the response of 

watersheds to various types of watershed management practices. Also, it 

has been demonstrated that the model could be used to estimate flood 

flows from ungaged watersheds. 

The transferability of the model is one of the main advantages 

of this physical process simulation model over the conventional models 

such as the Unit Hydrograph and Universal Soil loss equation. For 

example, the Labor Day (September 5, 1970) storm produced approximately 

2. 2 times the surface runoff in Watershed 17 than in Watershed 1, but 

only about 0.4 times the yield of seJiment. There was more surface 

runoff and less sediment yield in Watershed 17 because it is longer 

and narrower and its average slope is less than in Watershed 1. 
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The following examples arc presented to further demonstrate the 

applicability of the water and sediment routing. 

An example of the computed infiltration rate during a storm is 

given in Fig. 6.13. The computed infiltration rate decreases as time 

increases, a trend similar to most field measurements. 

Figure 6.14 shows degradation and aggradation in a channel system. 

The amounts of degradation and aggradation in this mountainous channel 

are very small and their effects on channel slope can be neglected without 

consequence. 

The computed sediment hydrographs for the large Labor Day storm 

(September 5, 1970) and for a small storm (November 22, 1965) on Watershed 1 

are given in Figs. 6.15 and 6.16 respectively. The shapes of sediment 

and water hydrographs are similar for the large storm but different for 

the small storm. For the small storm tested, the peak of the sediment 

hydrograph occurs earlier than that of the water hydrograph bec:rnse the 

sediment supply rate is greater in the early stage of surface runoff. 

TI1is effect is not significant for a larger storm. 

A test on the effect of a sequence of storms on sediment yield in 

Watershed 1 was made and the results are shown in Fig. 6.17. The five 

storms used have the same size as the storm of September 6, 1967, but the 

initial loose soil storages are different. In the sequence, the initial 

loose soil storages are those left from the previous storm. Figure 6.17 

shows that the bed-mate,.:ial load increases and the wash load decreases 

with each succeeding storm. This is because the availability of bed-

material load increases and the availability of wash load decreases with 

each succeeding storm. 
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Applications to predict watershed treatment effects 

The vegetation treatment effects on water and sediment yields are 

estimated by changing the canopy cover density and the ground cover 

density in overland flow units. Based on the storms of September 5, 1970 

and September 6, 1967, the effects of vegetation treatment on the hater 

and sediment yields from Watershed 1 have been evaluated. As shown in 

Figs. 6.18 and 6.19 , for a constant and undisturb ed ground cover of 

65 percent, water yield, sediment yield and the peak flow rates 

from these two storms are increased as the canopy cover density is 

decreased. 

The reduction in interception caused by removing the vegetation 

results in the increase of excess rainfall and loose soil detachment. 

These effects are much more pronounced in Watershed 1 for the smaller 

size of storm than for large storms like the Labor Day storm. 

The time to peak flow is shortened as the canopy cover is decreased 

for the smal 1 storm but there is no change in time to peak flow for the 

large storm. 

If a watershed is clear cut and the forest litter, tree mulch, 

rocks, etc. are also removed in different degrees, or if the groun d 

cover is seriously destroyed by a burning treatment, the associated 

response can be estimated by changing the ground cover density in 

overland flow units. The changes in water and sediment yields in 

Watershed 1 for the storms of September 5, 1970 and September 6, 1967 

are shown in Figs. 6. 20 and 6. 21. As the ground cover is decreased, th e 

total surface runoff and peak water flow are increased moderately, the 

sediment yield and peak sediment flow are increased greatly and the 

time to peak flow shortened slightly. The effect on water yield is 
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more pronounced for a smaller storm but nearly the same effects on 

sediment yield are obtained for both small and large storms. 

As illustrated above, the grow1d cover density is an important 

factor in controlling sediment yield. If a watershed is under the 

clear cut treatment but there is a proper management of ground cover, 

the sediment yield may not be increased. 
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7. SUMMARY 

A mathematical model simulating water and sediment hydrographs 

from small watersheds has been developed. This model is designed to 

simulate the response of the basin to individual storms. The model 

includes a water balance on the single storm basis, loose soil detach-

ment by raindrop impact and by moving water, and water and sediment 

routing features for both overland flow and channel systems. The flow 

routing is accomplished by employing the nonlinear kinematic-wave 

approximation developed in this study. 

Unlike the conventional approach to parametric modeling of water-

shed response, this model is based on the physical processes governing 

the mechanics of water and sediment flow and requires less calibration 

than any existing water or sediment models known to the writers. 

The model has been validated with data from Watershed I and Water-

shed 17 in the Beaver Creek drainage of north-central Arizona. With the 

model, the shape, peak flow and time to peak flow of water and sediment 

hydrographs along with the total water yield and sediment yield were 

simulated. In addition, this model has the capability to pre<lict the 

effects on water and sediment yields of various land and resource manage-

ment practices and can be used to estimate the water and sediment yields 

from ungaged watersheds. 

In view of the mathematical approximations made in formulating this 

water and sediment routing model, the applicabioity of the model at 

present is limited to the following situations: 

1. The streams within the watershed are ephemeral, and the 
movement of subsurface flow and ground water flow are 
negligible. 
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2. The kinematic-wave approximation for flow routing is valid; 
i.e., the gradients due to local and convective accelerations 
are negligible and the water surface slope is nearly equal to 
the bed slope. 

3. The water yield simulation is on the single storm basis. 

4. The stream channel geometry is stable; that is, erosion and 
deposition of channel bank material is negligible. 

When a water balance model for simulating the water budget during 

interstorm periods is incorporated, long-term water and sediment yields 

can be estimated with this model. 

Test results show that there are satisfactory agreements between 

the simulated and the measured peak water flow; time to peak water flow, 

water yield and sediment yield for different size storms in two water-

sheds using only one set of model parameters. This verifies that the 

model can be used to synthesize missing data and to predict the response 

of watersheds to various types of watershed management practices. Also, 

it has been demonstrated that the model could be used to estimate flood 

flows from ungaged watersheds. 
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8. FUTURE WORK 

The preparation of this report and the completion of the model 

testing described herein is considered, by joint agreement, suffice 

to meet the principal objective of the contract between the Forest and 

Range Experiment Station and Colorado State University. With these 

obligations completed we would then consider arranging a new contract 

to continue with the development and refinement of the water and 

sediment routing techniques. 

PLANNED WORK 

As a consequence of the October Meeting (October 2, 1974) at 

Flagstaff, and as a result of a high level of interest in the water 

and sediment model, the following plans for future Colorado State 

University participation in the Beaver Creek Pilot Project were devised. 

1. Colorado State University would apply the water and sediment 
routing model to other watersheds and would further verify the 
utility of the model. It was suggested that the Rocky Mount ain 
Forest and Range Experiment Station personnel would contact 
the Agricultural Research Service and obtain water and 
sediment discharge data from the Walnut Gulch Watershed near 
Tombstone, Arizona. If these data are adequate, it would 
be worthwhile to apply the water and sediment routing model 
on the Walnut Gulch Watershed to further demonstrate the 
utility of the method. 

2. Colorado State University would help in defining the required 
instrumentation needed in the Thomas Creek and Woods Canyon 
Watersheds so as to have adequate data to check the accept-
ability of the Colorado State University water and sediment 
routing model. 

3. In a joint effort, the Rocky Mountain Forest and Range Experiment 
Station and Colorado State University would incorporate the 
general water balance model developed by J. Rogers with the 
CSU water and sediment routing model. 
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4. For convenience in application, Colorado State University would 
document all of the water and sediment routing components of 
the model. 

5. The infiltration component was not included in the current 
project. The infiltration model presented in this report 
is crude and preliminary, a refined infiltration model 
along with the subsurface routing component would be 
developed by Colorado State University (which will be 
developed under agreement 16-518-CA of Eisenhower 
Consortium for Western Environmental Forestry Research). 

6. The procedure to segment a watershed into overland flow units 
and channel units is the key to watershed modeling. Colorado 
State University would develop and document a computer program 
for segmentation of a watershed. 

7. The model performance is very much dependent on the model 
parameters. Colorado State University would develop and document 
a reliable and systematic procedure for model calibration. 

OTHER CONSIDERATIONS 

In addition to the planned work, some other future studies are 

recommended: 

1. In order to make the present model more suitable for management 
operations, some simplifications may be required. Possibly, we 
could transfer the information obtained from the physical simu-
lation model into a simple transfer-function type model such as 
the instantaneous unit hydrograph for water routing. Some other 
application strategy may be required to regionalize the model 
parameters. 

2. The extension of the water and sediment routing technique to 
accommodate routing of dissolved solids and contaminated bed 
materials. 

3. In order to assess the quality of an ecosystem, the integration 
of techniques for water, sediment, and other pollutant routings 
is necessary to predict the instream flow regime and to estimate 
the impact on aquatic and riparian systems by various land 
management activities. 

4. The study of the effect of ground freezing and thawing on the 
detachment and transport of sediment may be necessary to accom-
modate snow-melting events. 
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S. A study to develop model components that would extend the 
technique to accommodate unstable channels by predicting 
channel bank erosion and deposition. 

6. The long-term response of a watershed to various management 
practices is dependent not only on the practices but also 
on the type and sequence of storm events. For example, the 
increase in water yield from Watershed 1 is much greater for 
small storms than for large storms. Consequently, we must 
speak of averages and probabilities when discussing the long-
term response of a watershed to any one treatment. The 
development and addition of a stochastic component to the 
present model would greatly enhance the usefulness of the 
model. 
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APPENDIX 

COMPUTER PROGRAM LISTING 



llS 

LIST OF FORTRAN LABELS 

The input and output variables of the model are summarized as 

follows. 

Fortran label 

ADF 

AGB, AWP, BEX 

AIM 

AMC 

BIM 

CB 

CGC 

CND 

CPER 

CPW 

cw 
DR 

OT 

EPER 

EIA 

EVP 

0MB, DMW 

FKl 

Definition Symbol in the text 

Detachment coefficient of runoff 

Parameter describing sediment 
transporting capacity (Eq. 5.10) 

Coefficient in raindrop soil 
detachment equation 

Antecedent moisture content 

Exponent in raindrop soil detach-
ment equation 

Concentration of suspended bed 
material load 

Channel-flow ground cover density 

Canopy cover density 

Coefficient in P vs. A relation 

Magnitude of capillary potential head 
at wilting point 

Concentration of wash load 

Rainfall rate or intensity 

Time increment in computation 

Exponent in P vs. A relation 

m (0) 
0 

C g 

D 
C 

p 
w 

C w 

i 

Depth of the aeration zone na 

Mean evaporation rate from the E 
interception storage 

Mean sediment size (bed material and ds 
wash load size) 

Constant representing grain resistance 
without rainfall for N < 900 K r - o 



Fortran label 

FK2 

FK3 

GBOUT 

GCD 

GMNX 

GWOUT 

HIR 

HLR 

ICONS 

ICONW 

!LAT 

ISEG 

ITCOM 

ITMAX 

!UP 

NCH 

NDX 

NOV 

NRD 

NSGG 
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LIST OF FORTRAN LABELS - Continued 

Definition 

Constant describing grain resistance 
for 2,000 < N < 25,000 - r -

Constant describing grain resistance 
for N > 100,000 r-

Bed-material load transport rate 

Overland flow ground cover density 

Maximum depth to which a raindrop 
can penetrate the soil layer 

Wash load transport rate 

Ratio of high ground cover density 
to total ground cover density 

Average height of the low ground 
cover 

Numerical control for sediment 
supply determination 

Numerical control for computation 

Lateral inflow segment 

Computational sequence 

Total number of time increment 
for computation 

Total number of time increment at 
the end of a storm 

Upstream inflow segment 

Number of channel flow segments 

Number o :c space increment 

Number of overland flow segments 

Number of road segments 

Total number of segments 

Symbol in the text 

K 3 

G w 

A 



Fortran label 

NSTOM 

PB 

PERM 

PW 

QDEF 

AMES 

QOUT 

SB 

SEG 

SLEN 

SLOP 

SM 

SNU 

SPG 

STORM 

SW 

TITLE 

VIN 
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LIST OF FORTRAN LABELS - Continued 

Definition Symbol in the text 

Number of storm for computation 

Percent of bed-material load size 
in a typical soil sample 

Saturated hydraulic conductivity 

Percent of wash-load size in a 
typical soil sample 

Difference in surface runoff 
(discharge) estimation 

Measured surface runoff 

Water discharge 

Depth of loose soil for bed 
material load size 

Alphabetical or numerical identi-
fication of segments 

Length of an overland flow plot, or 
channel length 

Bed slope 

Soil moisture content at saturation 

Kinematic viscosity of water 

Ratio of the evaporation surface to the 
horizontal projected area for a 
typical ground cover 

Alphabetical or numerical identifica-
tion of a storm 

Depth of loose soil for wash load size 

Alphabetical or numerical identifi-
cation of the problem 

Initial interception storage content, 
defined as the ratio of the initial 
interception storage capacity to the 
total interception storage capacity 

k s 

F 
w 

Q 

L 

s 
0 

m s 

\) 

s g 

z w 

I 
s 



Fortran label 

VOG 

VOR 

WP 

XIC 

XIO 

ZE 
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LIST OF FORTRAN LABELS - Continued 

Definition 

Interception storage capacity of 
the ground cover per unit area of 
ground cover 

Ratio of V to V 
C g 

Soil moisture content at wilting 
point 

Channel ground-cover resistance 
descriptor 

Overland flow ground-cover 
resistance descriptor 

Net depth of loose soil 

Symbol in the text 

r 
V 

m w 

ljio 

z 
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PqOGA~M WASEO CINPUT,OUTPUT) 

PROGRAM WAS[D (INPUToOUTFUTI 
C 
C THIS IS A RAINFALL-RUNOFF-SEDIMF.NT MODfL 
C THIS PROGAAM IS DESIGNED TO SIMULATE WATER AND SEDIMENT HVOROGRAPH 
C FROM SMALL WATERSEOS 
C NOTATIONS FOR T~E ~OOEL INPUT 
C TITLE= ALP~AAF.TICAL OR NUMERICAL IUENTIFICATION Of THE PROBLEM 
C NOV= NUMRER OF OVFRLAND FLOW SEG~ENTS 
C NCH= NUMRER OF CHA~NEL FLOW SEGMENTS 
C NRO = NUMqER OF R8AO SEGMENTS 
C NSf.G = TOTAL NU~RER OF SEGMF.NTS 
C NOX = NU~8ER OF SPACE INCREMENTS 
C NSTOM = NUMRER OF STORM FOR COMPUTATION 
C OT= TJ~E INCREMENT FOM NU~ERJCAL COMPUTATION IN MlNUTfS 
C SNU = KJNE~ATIC VISCOSITY OF WATF.µ IN SQUARE ffET PER SECOND •ES 
C AqFA = TOTAL AREA OF THE WATERSHfO IN ACRES 
C SfG = ALPHABETICAL 0R NU~ERJCAL IDENTIFICATION Of SEGMENTS 
C SLfN ~ LENGTH OF AN OVERLAND FLO~ PLOT OR A CHANNEL REACrl IN FEET 
C SLOPE= AED SLOPE 
C CPFR,EPER ~ PARAMETERS OESCRIHING P-A RELATIONS 
C ISEG = COMPUTATIONAL SEQUENCf. 
C JUP = UPSTRFAM INFLOW SEGMENT 
C ILAT = LATERAL INFLOW SEGMENT 
C PfRM = SATUATEO HYDRAULIC CONDUCTIVITY IN INCHES PER HOUw 
C SM= MOISTURE CONTENT AT SATUATION 
C WP= MOISTURE CONTFNT AT WILTING POINT 
C CPW = CAPILLARY POTENTIAL HEAD AT WILTING POINT IN INCHES 
C OMA= MEAN OJAMETFP OF AEO MATE~JAL LOAU JN MILLIMETERS 
C DMW = MfAN DIAMETER OF WASH LOAD IN MILLIMfTfRS 
C ~H = PfQCfNT nF RfO MATERIAL LOAU SIZE I~ SOIL SAMPLE 
C PW= PF.RCENT OF WISH LOAD SIZE IN SOIL SA~PLE 
C ETA= DEPTH OF THE ZONE OF AERATION IN INCHES 
C CND = CANOPY COVER DFN5ITY 
C Gen= GROUND COVEP. OFNSITY IN OVE~LANO FLOW A~EAS 
C CGC = GROUND COVER DENSITY IN CHANNELS 
C VOG = INTERCEPTION STORAGE CAPACITY FOR THF TYPICAL GROUND COVER 
C IN INCHES 
C SRG = PATIO OF THE EVAPORATING SURFACE TO THE PROJECTED ~PfA 
C VOA= RATIO OF THE INTEPCEPTION STORAGE CAPACITY OF A TYPICAL 
C CANOPY COVER TO THAT Of THE GROUND COVER 
t ~LR= HEIGHT OF THE t.OW GROUND COVfR IN CHANNELS (FEET) 
C HIR = RATIO Of HIGH GROUND COVER DENSITY TO TOTAL GROUND COVER 
C DENSITY IN CHANNF.LS 
C fKl,fK2,FK3 = CONSTANTS DESCRIRING OA~CY-WEISRACH FRICTION FACTOR 
C DUF TO GRAIN RESI5TANCf ONLY 
C XIO = GROUND COVER RESISTANCE UESCPIPTOR FOR OVEPLANO FLOW 
C XIC = GROUND COVER RESISTANCE DFSCRIPTOR FOR C~ANNEL FLOW 
C AIM,AIM,GMA, = PARAMETERS OESCPIRING SOIL Of.TACHMENT RY RAINDROP 
C IMPACT 
C AGR,AwP,eF.x = PARAMTfRS GESCRI~ING S~DIMFNT TRANSPORTING CAPACITY 
C AOF = DETACHMfNT COEFFICIENT FOR SUR FACE-RUNOFF EROSION 
C STORM= ALPHAqfTICAL OR NUMERICAL IUENTIFICATION OF STORMS 
C ITMAX = TOTAL NUMAFR OF TIME INCPF.MENT AT THE END OF A STORM 
C ITCOM = TOTAL. NUM~ER OF TI~E INCHlMENT FOR COMPUTATION 
C ICONW = NUMERICAL CONTROL FOR COMPUTATION 
C ICONW = Oo WATER YIELD IS UtSCCNTTNUOUS FROM PREVIOUS STORM 
C ICONW = l• MOISTUQf CONTENT IS CONTINUOUS FROM PREVIOUS STORM 
C ICONW = 2, WATFR YJELD AND SEDIMFNT YIFLD ARE CONTINUOUS FPOM 
C 'PRfVIOU '.•; sro::.M-
c ICONS= NUMEPICAL CONTROL FOP SEDIMENT SUPPLY DETERMINATION 
C ICONS= O, SEQIMENT SUPPLY I<; DISCOUTIN'.'flUS FP()M PREVIOUS STORM 
C ICONS - l• SEDIMENT SUPPLY rs CONTINUOUS FROM PREVIOUS STORM 
C fVP = MfAN fVA?OPATION RATE IN INCHES PER HOUR 
C VIN= INITIAL INTEPCFPTION STORAGE CONTE~T 
C AMC= ANTECEDENT MOISTURE CONTENT 
C OR= RAINFALL INPUT IN INCHES PER TIM( INCREMENT 
C Ql-'fS = MF. ASUwEO sui:i'FACE ,-UNOF'F IN cua:c FEl:T PER SECOND 



C 

C 

120 

,>POGRAM ~ASFD <INPUT.OUTPUT) 

DIMENSION OOUT(300l, GROUT(300), uWOUT(300), C~(300), CW(300), SEG 
1(100) 

DIMENSION TITLfllO>• GTOT(300l• OMfS(lOO), QOEF(300) 
C:0"4MON I lNOI PIISE<,, ~JOV • NT(h NllX, OT• OTS • OT',i •IT, FPS• I "!AX• I TMA X 
COMMON /FL O / (l < l O O I , A ( l O O , l O ) • 0 f-l ( 3 0 0 l • f R I .l O O ) , E VP , V I N • AMC • CM C 
COM"ION /Sf:Q/ ISfl,llOOhIUt>(J00,3>,ILAT<l00,2>,0P(l00,10) 
COMMON /C,fO/ SLE~(lOOl,SLOPE(lOOl•CPE~<lOOl•EPFR(lOO) 
COMMON /RfF/ PERl.4,SM,WP,CPW•E~A,CND,GCD,CGC,VOG•SRG,VOR 
COMMON /FRC/ ON.A"1,SNU,SLP,FKl,FK2,F~3,ALP,~fT,CPR,EPR,ARF,CRF,GRF 

l,ERF,~HT,CHG,CLG,ELG,XIC,XIO 
C0'-'"40111 /SEO/ GA< l O O l , Gwl < 10 0) , RA< l O O, l O), RW < l O O, l O), SB I l O O, l O l •SW< 1 

l00,10>,Zf<l00,10),5MH,SMW,CGR,CwL,AIM,AIM,GMAX,AGB,AWP,BEX,AOF,P8, 
2PW,PORA,PORW,FVR,FVW,HLR,ZS"4 

JMAX=';0 
EPS=O,l 

C INPUT ANO OUT?UT TITLE 
C 

RfAD 300, TITLE 
PRINT 310, TITLE 

C 
C INPUT AND OUTPUT GENfRAL INFORMATION 
C 

READ 3?.0, NOV,NCH,NRO,NDX,NSTOM,DT,SNU,AREA 
NTO::NOV+NCH 
NSEG=NTO+NRD 
PRINT 330, NSEG,NDX,NSTO"',DT,SNU,AREA 

C 
C INPUT AND OUTPUT BASIN CHARACTERISTICS DATA 
C INPUT AND OUTPUT GfOMETRY DATA 
C 

C 

RfAD 340, CSEG<I>,SLF.N(I),SL('lPf(Il,CPER<Il,EPfR<I>,I=l,NSF:C.l 
P~ I NT 350, < SEG <I) • SL EN< I) •SLOPE< I), CPfR I I l • EPER < 1 >•I= 1 • NSEG > 

C INPUT ANO OUTPUT COMPUTATION SEQUENCE 
C 

C 

READ 3f>O, CISfG<I>, (IUP(I,J) ,J=l,31, IILAT<l•Jl ,J=l,21 tl=l,NSEG> 
PRINT 370, <ISEG<Il,IIUP(I,Jl,J=l,31,IILAT<I,Jl,J=l,21,I=l,NSEGl 

C INPUT ANO OUTPUT SOIL DATA 
C 

C 

READ 200, PEPM,SM,WP,CPW,ETA,OMB,OMW,PR 
PRINT J90, PER~,5M,WP,CPW,E1A,OMR,OMW,P8 
PW=l,-PA 

C INPUT AND OUTPUT VfGfTATION APIID GROUNG CHARACTERISTCS DATA 
C 

READ 3AO, CND,GCO,CGC,VOG,SRG,VOR,HLR,HIR 
PRINT 400, CNO,GCO,C1,C,VOG,SRG,VOR,HLR,HtR 

C 
C INPUT AND OUTPUT FLOW RESISTANCE PARA METERS 
C 

READ 410, FK1,FK2,FK3,XIC,XIO 
PRINT 420, FK1,FK2,FK3,XIC,XIO 

C 
C 
C INPUT AND OUTPUT SFOIMENT ROUTING PARAMETERS 
C 

READ 210, AIM,BIM,AG8,AWP,8EX,AOF,GMAX 
PRINT 220, AIM,~IM,A1,R,AWP,REX,AOF,GMAX 

C 
C ESTARLISH SOME INVARIANT INFORMATION 
C 

/I. JM::A JM/l 00000 • 
IOUT=I<;E<;(NSEC,l 
SNU=SNU/1001)00. 
OT :anT It: 0 • 
flT~=nT•3f'-OO. 
11TN=n r<; 0 rt . OII T (Nnx I 
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PROGRAM WA5~0 (INPUT,OUTPUTI 

FACT=l?..•3600./(41~60.0AREA) 
POPR=l.-0.245-0.0Hf4/(0.1°DMR)•00.21 
POR~=l.-0.245-0.U8~4/(0.1°D~W)•00.2l 
D"'A::DMA/304.A 
()MW=DI-AW/304.8 
CGP=4.R4°0"4B 
CWL=4.84°DM"' 
FVW=53013"D"4WOD"4W/5NU 
FVR=(SQµT(36.06460~Ao0J+36."5NU"•2)-600SNU)/OMR 
S"4R=2. 00"'fl 
SMW=2 • *D"'W 
CHG=HIJ;•CGC 
CLG=CGC-CHG 
ZSM=HU~• ( l. -CGC) 
CMC="iP 
DO 190 L=l,NSTOM 

C 
C INPUT AND OUTPUT STORM CHARACTERISTICS DATA 
C 

C 

READ 430, STORM,IT"AX,lTCOM,ICONW,ICONS,EVP,VIN,AMC 
IF <ICON,,,.EQ.O) GO TO 110 
AMC=CMC 

110 PRINT 440, STOR..,,JTMAX,ITCOM,EVP,VIN,AMC 

C INPUT ANO OUTPUT RAINFALL RECORDS 
C 

C 

PRINT 450 
READ 460, (OR(IloJ=l,ITMAXl 
00 12•) I=l,ITMAX 
OR(Il=OR(l)/OT 

120 CONTINUE 
PRINT 470, (It0P(J).J:l,ITP4AXI 

C INPUT MEASUREO SURFACE RUNOFF 
C 

READ 230, (QMES<Iltl=l,ITCOMl 
C 
C RAJ~FALL EXCESS OETEP~INATJON 
C 

CALL RAINEX <ITCOMl 
C 
C INITIALIZE ENTIRE WATERSHED 
C 

C 

IF ( ICON,,,.f.Q.2) GO TO 150 
DO 140  

fl<Il=O. 
GA<ll=O. 
GW(ll=O. 
00 130 J=l,NOX 
A(T,J)::O. 
QP<I,J>=O. 
PA<I•J>=O. 
RW<I,J)=O• 
IF <ICONS.EO.ll GO TO 130 
SA<I,J>=O. 
SW(J.J>=O. 
ZE(l,Jl=O. 

130 CONTINUE 
140 CONTINUE 

C ROUTING FOR EACH TJME INCREMENT 
C 
150 SUMGFl=O. 

SUMGW=O. 
SU"4MP=O• 
SUMSR=O• 
STANO=O• 
AAERR=O• 
GPRf=O. 
GAPRE=O, 
GWPRE=O• 
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PROGRAM WtSEO (lNPUl,OUTPUTl 

00 180 IT=l,JTCOM 
CALL POUT 
QCUR:Q ( TOUT I 
G~CUR=GR(IOUTl•l02.96 
GWCUR=GWIIOUTl•l02.96 

~  

GROUT(ITJ=0.5°<GBPRE+GACURJ 
GWOUT(ITl=O.~<>(GWPRE+GWCURl 
GSU~=GBOUT<ITl+GwOUT(ITl 
GTOT I IT) =GSUM 
IF IGSUM.LE.O.l GO TO 160 
RATIO=lOOO./(QOUT<ITl+GSUM/62.4)/62.4 
CB<ITl=GBOUT(ITl*RATIO 
CW(ITl=G~OUT(ITl0RATIO 
GO TO 170 

160 CA(I~l=O. 
CW(IT>=O. 

170 SUMGR=SUMGA+GB0UT(ITJ 
SUMGW=SUMGW+GWOUT(ITl 
SUMMR=SUMMA+QMES(IT) 
SUMSR=SUMSR+OOUT(JT) 
QDEF<ITl=QOUT(JTl-QMES(ITl 
STAND=STANO+QDEF(IT)<>QDEF(ITl 
ARERR=ARERR+ABS<QDEF<ITll 
QPAE=QCUR 
GAPRE=GRCUR 
GWPRE=GWCUR 

180 CONTINUE 
PRINT 240 
PR I NT 250, ( <I• J • ZE I I, ,I> , SB< I, J l • SW (I, J l  , J= l t NDX l , I= l, NSEG) 

C 
C DETERMINE AMOUNT OF DIRECT RUNOFF 
C 

C 

SUMMR=SUMMR60T6FACT 
SUMSR=SUMSR•DT6FACT 
STAND=SORT(STANO/FLOAT(ITCOMll 
ARFRR=ABfRA/FLOAT(lTCOMl 
VOF.RR=l00,0 (SUMSR/SUMMR-l,l 
PRINT 260, SUMMR,SUMSR,STANO,AAERR,VOERR 
su,~r;R:SUl-'GR <>OTS 
SUM r;w = SUMG lo' 00 TS 
PAINT 270, SUMGR,SUMGW,CMC 
PRINT 480 
PPINT 2AO, <I,QOUT(Jl,GBOUT(ll•G·.iOUT(Il,CR(ll,CW(ll,GTOT(Il,l=l 
,ITCQU) 

PRINT 290, <I,QOUT(Il,QMES<IJ,QOEFIJl,I=l,ITCOMJ 
190 CONTINUE 

STOP 

200 FORMAT (8Fl0.4) 
210 FORMAT <7Fl0.5l 
220 FORMAT (46X,27HSEDJMENT ROUTING  

230 FORMAT (12F6.2l 
240 FORMAT (/40X,49MOEGRAOATJON, AGGRAOATION ANO AVAILABILITY OF SOIL/ 

l l 
250 FORMAT (35X,2!10,3Fl0.5l 
260 FORMAT (//4lX,27HAMOUNT OF MEASURED RUNOFF =,Fl0,5/41X,2AMAMOUNT 0 
lF SIMULATED RUNOFF =,Fl0.5/45X,20HSTANOARD DEVIATION =,Fl0,5/45X,2 
2l~MF.AN AASOLUTE ERROR =•Fl0.5/4lX,28hPEHCENTAGE ERROR IN VOLUME=• 
3Fl0.5l 

270 FORMAT (//33X.3QHAMOUNT OF SI~ULATED 8EO MATERIAL LOAD =,FlS.2//37 
1X,31HAMOUNT OF SIMULATED WASH LOAD =,Fl5.2//42X,26rlCURRENT MOIS1UR 
2E CONTENT =,FlO.Sl 

280 FORMAT (lOX,Jl0,5X,F]0,5,5X,Fl0.5,5X,Fl0.5,5X,Fl0.5,SX,Fl0,5,5X,Fl 
10.'5) 

290 FORMAT  

300 FORMAT (l0A8) 
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PROGRAM WASED (JNPUT•OUTPUfl 

310 FOR~AT (1Hl/////40X•l0A8l 
320 FORMAT (5rl0,3FlD.3l 
330 FORMAT (//4AX•?OHNUMRER OF SEGMENTS =,I5/44X,27HNUMHER OF SPACE IN 

lTfRVALS :;IJ,/4lX,34HNUMBfR OF STOR~15 FOR CO"'>'lJTATION =d4/4c;Xol6rl 
2TJME INCRFMENT =,F7.3,RH MINUTE5/45X,21HK!NfMATIC VISCOSITY =,FlO. 
35/46X,12HTOTAL AREA =,FI0.5,6H ACRf5l 

340 FORMAT (2X,A8,4Fl0.5) 
350 FORMAT (//4SX,31HGFO~ETRY DATA FOR EACH SEGMENTS//(32K,AA,4Fl2.5ll 
360 FORMAT (1',tlOl 
370 FORMAT (//50X,20HCOMPUTATION SEQUfNCE//(30X,6[10ll 
3AO FORMAT (8Fl0.4l 
390 FOPMAT (55X,9HSOIL DAT~//l2X,8Fl2.5l 
400 FORMAT (39X,42HVfGfTATION ANO GROUND CHARACTERISTICS DATA//l2X,8Fl 

12.5) 
410 FOPMAT (5Fl0.5) 
420 FORMAT (//47X,26HFLOW RESISTANCE PARAMETERS//30X,5Fl2,5l 
430 FORMAT (2X,A8,4Jl0,3Fl0,5) 
440 FORMAT (//56X,A8/4~X,l9HRAINFALL DURATION =,I4/48X,20HCOMPUTATION 

lPERIOD =,l4/44X,23HMEAN EVAPORATION RATE ~,Fl0.3/36X,3RHINITIAL IN 
2TERCEPTION STORAf,E CONTENT =,Fl0.5/40X,29HANTECEDENT MOISTURE CONT 
JENT =,Fl0.5l . 

450 FOPMAT !//53X,13HRAIN•ALL DATA) 
460 FORMAT !PFI0,4) 
470 FORMAT (48X,Jl0,4X•Fl0,5l 
480 FORMAT (//45X,31H HYOROGRAPH AT WATERSHED OUTLET> 

ENO 

SURl'IOL'TINE ROUT 

SUBROUTINE ROUT 
C. 
C THIS SUBROUTINE ROUTES THE FLOW OCCURRED IN OVERLAND LOOP AND 
C THROUGH CH~NNEL SYSTEM 
C THE ROUTING INCLUDES WATER AND SEOI~ENT POUTING 
C 

C 

COMMON /JNO/ NSEG,NOV,NTO,NDX,OT,DTS,OTN,JT,EPS,JMAX,ITMAX 
COMMON /FLO/ 0(100) ,A !l00,10) ,OR!300l •Ef-1(300) ,EVP,VIN,.AMC,CMC 
COM~ON /SEQ/ JS[<; ( 100), r'UP ( l 00.Jl, JLAT ( 100 ,2) ,QP ( 100, 10 l 
COf.'~01\, /G(O/ SLEt~(lOOl ,SLOPE !lOOl •CPEP(lOOl ,EPERtlOO) 
COMMON /R[F/ PERM,s~.wP,CPW,ETA,CNO,r,CO,CGC,VOG,SRG,VOR 
COMMON /FRC/ ON,AN,SNU,SLP,FK1,FK2,FK3,AL~•8ET,CPR,f.PR,ARF,CRF,GRF 

1,fRF,PHT,CHG,(LG,ELG,XIC,XIO 
COM~ON /SEO/ GAtlOOl•Gw(lOOl,RR(l00,10),P.WllOO,lOl,S8(100,lOl,SW(l 

100,10) ,ZE<lOO,lOl,SMP,SMw,CGA,CwL,AIM,PJM,GMAX,AG8,AW 0 ,8EX,.AOF,PB, 
2PW,POR~,PORw,FVB,FVW,HLR,ZSM 

C COMPUTF AT TIME IT (T+DT) 
C DETERMINATION OF RAINFALL INPUT 
C 

IF !IT,GT.ITMAXl Gn TO 110 
DRF=DR<IT) 
GO TO 120 

110 ORF=O, 
C 
C DFTERMJNE RAINFALL E~CESS 
C 

120 EFPM=f.P.(JTl 
PIM=OT•AIM*ORF••RIM 

C 
C WATER ROUTING FROM THE UPPER MOST SEGMENT TO TrlE WATERSHED OUTLET 
C 

00 450 I=l,NSfG 
K=I5f.G!Il 
IF (K,GT.NnVl GO TO 130 
ITYPF.:=1 
ARF=ORF•!l.-CNOl*(l.-GCDl 
OJM=RJM•11.-cN01•11.-r,cD> 



C 
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SUAl'lOUTINE ROUT 

CIM=r,MAX•(l.-r,co> 
EPA=l.-GCD 
GO TO 150 

130 IF (K.GT .NTOl GO TO 140 
ITYPF=2 
APc:DP••(l 0 -CND)•(l.-CGCl 
DlM=RJ~•<l.-C~Dl•(l.-CGCl 
CJM:GMAX•<l.-CGCl 
GO TO 150 

140 ITYPE=3 
ARF=ORF 
01.,.=RIM 
CIM=GMAX 
ERA=l. 

150. SLP=SLOPE(Kl 
CPR=CPER(Kl 
EPR=!::PER ( r. l 
OTX=DTN/SLEN<Kl 
AUP=O. 
QUP=O. 
GBUP=O. 
r,wuP=O. 
QLAT=O. 
GALAT=O. 
GWLAT=O. 

C DETERMINE THE UPSTREAM INFLOW RATE 
C 

C 

IF (IUP(K,ll.EQ.Ol GO TO 170 
DO 160 J=l,3 

IF IIUP(K,Jl.EQ.Ol GO TO 170 
JJ=IUP(K,Jl 
AUP=AUP+A(JJ,NOX) 
QUP=QUP+Q(JJ) 
G8UP=GBUP+GB<JJ) 
GWUP=GwUP+GW(JJ) 

lt,0 CONTINUE 

C DETERMINE THE LATEPAL INFLOW RATE 
C 

C 

170 IF !ITYPE.F0.21 r,o TO lPO 
QLAT=OLAT+CPR•EFRM/43200. 

lA0 IF (ILATIK,ll.EO.Ol GO TO 200 
no 19(1 ,1=1.2 

If IILAT(K,Jl,FO.Ol GO TO 200 
J,J= ! L ll T ( K • J l 
flLAT=<)LAT+tl (JJ> 
r.9LAT=G~LAT•11~(JJ) 
GWLAT=GwLAT+G~(JJ) 

190 CONTINUE 

C NONLINEAP SCHEME FOR WATER kOUTIN~ 
C 

200 ALAT=QLAT•OTS 
ALAT=GALAT•OTS 
WLAT=GWLAT•OTS 
00 440 J=l,NDX 

APfR=CPR 
ATf"1=A (K,Jl 
GTE,..=RR(K,Jl 
WTF.:M=RW(K,J) 
ZTEM=ZE<K,Jl 
ZH=SR(K,Jl 
ZW=SW!K,Jl 
ZSUM=ZB+Zw 
ASUM=ALAT+ATFM+OTX•QUP 
IF IASUM.Lf.l.OE-Sl GO TO 410 

C 
C SET UP A-Q RELATIONSHIP 
C 

QPRE=QPIK,Jl 
AN=0.5•<AUP+ATfM) 



C 
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QN=0.5 6 (QUP+QPPE) 
QAVF.=ON 
IF <ON.GT.l.OE-51 GO TO 210 
QN=i°.OE-5 
.AIIJ=l.OE-5 

210 IF (!TYPE.EO.l.OR.ITYPE.E0.3) GO TO 230 

C MODIFICATION OF PARA~ETERS FOR LO~ GROUND COVER 
C 

IF <ZTfM.GT.251,q GO TO 220 
PATIO=l.-ZTE"'/ZSM 
Pl-tT=HLFIOFIAT IO 
IF < Fl AT IO• GT• l • l RATIO= l • 
ELG=CLG 6 RAT!O 
Ef<A=l.-CHG-ELG 
GO TO 230 

220 PHT=O. 
ELG=O. 
ERA=l.-CHG 

C 
C DETERMINE THE cnEFFICIENT AND . THE EXPOIIJENT IN A-a RELATION 
C 

C 

230 CALL FRICT (!TYPE) 
REM=8ET-l. 
REN=RFM-1. 
ALRF.T=ALP 6 RET 
ALREM=ALPOAEToA[M 
DTXA=DTX•ALP 
F.RRnR =E p50 A Sll"' 

C LINEAR SC~EME TO FIN[) THE FIRST APPROXIMATION 
C 

C 

ITfR=O 
IF ([lAVf.LE.l.OE-5> GO TO 240 
OAO=ALRfTOQAVE 00 8EM 
Qf:(ALAT+nT~oOUP+DAQ 6 QPHf)/(0TX+DAQ) 
<;OTO 250 

240 OE=ASUM/OTXA 

C NONLINEAR SCHEME TO REFINE THE SOLUTION 
C 

250 ITfR=TTfR•l 
AEST=OTXoQF+AL~ 6 Qfo 08ET 
ADEVc:ASU,-.-AfST 
IF (ARS(AOFVl.LE.ERRORl GO TO 300 
IF <ITER.LT.IMAX) GO TO 260 
PHINT 4AO, IT,K•J 
STOP 

260 FDF.R=DTX+ALdETOQE 00 AEM 
S0fR=ALREMOQ[008EN 
8B=FDFR/SDER 
SC=2. 0 AOEV/SDEP 
STFM=8H"AB•SC 
IF CSTEM.Gf.O.l GO TO 270 
QE=QE+AOEV/FOER 
GO TO 250 

270 STf~=SORT<STfM) 
IF (ADF:V.GT.O.) GO TO 290 
FTFM=PR+STEM 
QE=OE-ETEM 
IF (Qf.GT.O.l :,o TO 250 

280 ETEM=0.5°F.TEM 
OE=OE+ETEM 
IF rnt:.GT.o., GO TO 250 
t;Q TO ?80 

290 Xl=OE-BR-STEM 
X2=0f-RR+STEM 
ADl=ARS(ASUM-DTX 0 Xl-ALPOtlOORETl 
An2=ARS(ASUM-DTX 0 X2-ALP 6 X2**BET) 



C 
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QE= ': l 
IF ( AOl .GT .AD2l QE=X2 
<.,OTO 250 

C DETERMINATION OF FLOW CONDITIONS, SUCH AS HYDRAULIC DEPT~, MEAN 
C VELOCITY, ANn ~OUNDAPY SHEAR STRESS 
C 

C 

300 

310 

320 
330 

ARFA=ALPOQ[OORFT 
V"4E t. N=(ff I APE A 
WfPEP=CPR 0 APfA••FPR 
HYP l'd)=APE 11 /WF PF R 
PN=QE/(SNU 0 wFPFRl 
IF (WEPfP.GT.CPh'l RPfR=WEPER 
IF (ITYPE.fO.l.OR.ITYPE.EQ.31 GO TO 320 
IF CHYRAD.C.T .PHT I GO TO 310 
EwT=EHA 
GO TO 330 
FwT=l.-CHG-ELG 0 PHT/HYRAO 
GO TO 330 
EWT=ERA 
TAT=6?.4°HYRAO•SLP•EWT 
SV=<HT/l.'D79) 
A"V=2. 5 + V"F A~•/5 V 
FGRN:GRF/RN° 0 EPF 
TA0=0.24?24°FGPN°VMEAN~VMEAN 

C DETERMINATTON OF THE AMOUNT OF SOIL DETACHED 8Y RAINDROP IMPACT 
C 

C 

IF CRN.GT.900,0R,DIM,EQ,O,,OP.ZSUM,GT.CIMl GO TO 340 
SOR=DIM 0 <1,-7SUM/CIMI 
ZB=ZR+SnR•P~ 
Zw=ZW+SOR 0 PW 

C BED Mt.TERIAL LOAD POUTING 
C 

340 TTEM=TAO-CGB 
IF (TTEM.LE.O.l GO TO 370 

C 
C OF.TERMINATION OF RATIO or SUSPENDED RED MATERIAL LOAD 
C 

C 

ZR=FVB/(0,4•SVI 
AR=S"1A/HYRAO 
IF <ZR.GT.S.5.0R.AR.GT.0.51 GO TO 350 
CAL~ POWFR (7R,AR,FJ,SJ,l,OE-21 
P=AP••c7R-l.l/(ll.60(l.-AR)OoZRl 
SUSP:P 0 (RMV°FJ+2 0 S•SJI 
IF (SUSP.L T ,O. l SUSP=O. 
GO TO 360 

350 SUSP=O, 

C DETERMINATION OF TRANSPORTING CAPACITY OF BED MATERIAL LO~D 
C 

360 GBC=<l.+SUSP) 0 ERA 0 WEPER 0 AGA 0 TTEM 00 AEX 
RB(l<,Jl=G~C/OE 

C 
C CHECK THE AVAILABILITY OF BED MATERIAL LOAD 
C 

EC.R=(GRUP-R8CK,J) 0 QEl 0 0TX-PB(K,J) 0 ARfA•ATEM•ATEM+BLAT 
IF (EGR.GF:.O, I GO TO 380 
EBTEM=EGA+7B 0 8PER 
IF (EBTEM,GE.O.I GO TO 380 

C 
C DETERMINATION OF THE AMOUNT OF SOIL DETACHMENT BY FLOW 
C 

OFA=-AOF 0 ERTFM/~PER 
ZR=ZR+OFR 
ZW;:ZW+OFF< 0 PW/P8 
PR(~,Jl=(ZR 0 8Pfk•~LAT•RTEM*ATEM•1,BUP 0 DTXl/(AREA+QE 0 DTXl 
f.GR=-7A 0 RPFR 
GO TO 3f<O 



C 
C 
C 

370 

C 
C 
C 

3~0 
C 
C 
C 
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OETERMINATION OF DfPOSITION DUE TO LACK OF CARRY CAPACITY 

RH(K,J):O. 
EGR=GRUP 0 0TX+rlT[M"ATf.M•ALAT 

DET[PMINATION OF AVAILAAILITY OF WASH LOAD 

ZWTEM=ZW•!WEP 

WASH LOAD ROUTING 

TTf.l.l=TAO-ClrlL 
IF ITT[M.LE.O.l GO TO 420 

C 
C DETERMINATION OF RATIO OF SUSPENDEO WASH LOAD 
C 

C 

ZR=FVW/(0.4"SV) 
AR:SMW/HYRAD 
IF (ZR.&T.S.5.0R.AR.GT.o.s, GO TO 390 
CALL POWER 17R,AR,FJ,SJ,l.OE-2l 
P=~R••<ZR-l.l/(ll.6•11.-AR>••ZR> 
SUSP:P•(AMVOFJ+2 0 S•SJ) 
IF ISUSP.LT.O.l SUSP=O. 
GO TO 400 

JQO SUSP=O• 

C DETERMINATION OF WASH LOAO TRANSPORTING CAPACITY 
C 

400 WCP~ll.+SUSP)•ERA•WEPER•AwP•TTEM••REX 
RW(K,Jl=WCP/QE 
WLP=(GWUP-RW(K,Jl 0 QE) 0 DTX-RW(K,J)"AREA+WTEM•ATEM+WLAT 

C 
C CHECK THE hVAILABILITY OF WASH LOAD 
C 

C 

IF IWLP.GT.-7WTEMl GO TO 430 
RW(K,Jl=IZWTEM•WLAT+WTEM•ATEM•GWUP•DTX)/(AREA+Qf.•OTX) 
WLP=-ZWTEM 
GO TO 430 

C DETERMINATION OF DEPOSITION OUE TO THE CEASE OF RUNOFF 
C 

C 

410 

420 

430 

ARF.:A=O• 
Qf=O. 
PAll<,J):O. 
EGR=GRUP•DTX•RTEM 0 ATf.M•~LAT 
JF (OIM.FQ.O.OR.ZSUM.<,T~CIM) GO TO 420 
SOP=OI'°'"<l.-7SIJM/CIM) 
78=ZA•·5DR0 PB 
ZW=7W•SOR 0 PW 
Rlli(K,Jl=O. 
WLP=GWUP 0 0TX•WTEM 0 ATEM•WLAT 
A(K,Jl=AREA 
QP(l'(,J)=QE 
Al'P=AREA 
QUP=QE 
C',~lJP=RR(l<oJ)<>Qf 
GWUP:Rw(K,J)OQF.: 

C DETERMINATION OF DfGPADATION OR AGGRAOATION 
C 

7C~AN=fGA/POPH+WLP/PORW 
ZEIK,J>=ZTfM+ZCHAN/RPER 

C 
C DETER~INATION OF AVAILAAILITY FOR NEXT TIME STEP 
C 

7R=ZR+[C',R/APFR 
zw=Z••WLP/RPfR 



C 
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<;B(K,J):7.R 
SW(K,J)=lW 

440 CONTINUE 

C OfTERMINATION OF WATER, WASH LOAO• BEO MATfRIAL LOAD DISCHARGE 
C 

C 

C 

Q(Kl=QUP 
GW(Kl=GWUP 
GEl(l():G"lUP 

450 CONTI111UE 
RETURN 

460 FORMAT (30X,42HDO NOT CONVERGE FOR THE COMPUTATION POINT ,I5,2X,!5 
l,?X,151 

END 

SUBROUTINE RAINEX (ITCOMl 

SUBROUTINE RAINEX <ITCOMl 
C 
C Tf-lIS SllAROUTINE DETEiH~INES THE OVERALL -.,EAN RAINFALL EXCESS RATE 
C THE RAINFALL fXCfSS COMPUTATTON IS CARRIFO OUT FOR A POINT UNDER 
C CANOPY AND FOR ANOTHFR POINT IN THE AHEA ~IT~OUT TREES 
C 

C 

DIMENSION RCUM(2l, S[NT(2>• C~(?.lt EFR(21 
COMMON /JNO/ NSEG,NOV,NTO,NDX,OT,OTS,OTN,IT,EPS,IMAX,ITflAX 
COMMON /FLO/ QClOOl tA(l00,10) ,OR(30CJ) ,fR(300) ,EVP,VIN,AMC,CMC 
CCMMON /REF/ PERM,S~,WP,CPW,ETA,CNO,GCD,CGC,VOG,SRG,VOP 
IF (PJ:RM.EQ.O.) GO TO 110 
CIF=4.oCPW/(PEkM 0 (SM-WP)ODT> 
GO TO 120 

110 CIF=O. 

C DETERMINE THE INITIAL INTERCEPTION STORAGES 
C 

120 SINT(ll=GC0°VOG 
SJNT(2)=(VOR+GCDl 0 VOG 
RCUM(l)=VJN°SJNT(ll 
RCLIM(2l=VTN°SJNT(2) 
CM())=AMC 
C"!?.)=AMC 
ETFM=EVP 0 0T 
DO ?.00 IT=l,tTCOM 

C 
C DETERMINE THE RATE5 Of RAINFALL INPUT 
C 

C 

JF (IT.GT.ITMAX) GO TO 130 
QRF=OR(IT) 
GO TO 140 

130 DRF=O. 
140 DO 190 I=l,?. 

C DETERMINE THE AVERAGE NET RAINFALL RATE 
C 

C 

S=GCOOSRG 
IF ( I .E0.21 S=S•VORoSRG 
RCUM(I)=RCUM , I)+DAF 0 DT-ETEMOS 
If (Rcu,•(I).LE.SINT(Il> GO TO 150 
RNET=(R1.UM(Il-SINT(Jll/DT 
RCUM(li=5INT(J) 
GO TO lM 

150 !F <PCU"(ll.LT.O.> RCUM(ll=O. 
RNfT=O. 

C DETERMINE THE AVfRAGF iNfILTRATION RATE 
C 



C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 

C 
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160 RIF=0.5°PER~•ll.+SQRT(l.•CIF•IS~-CM(lll••2)) 

170 

lf l') 

190 

CHECK THE AVAILABILITY OF MOISTURE SUPPLY FOP INFILTRATION 

JF IPNET.GF..PTF> GO TO 170 
ERIF=RNET 
GO TO 180 
EfHF=R IF 

DfTERMINE .THE AVFAAGE RAINFALL EXCFSS RATE 

F.FR(ll=RNF.T-FRIF 

ADJUST MOISTURE CO~TfNT FOR NEXT TIME STEP 

IF IERIF .EQ.O. > GO TO 190 
CMII)=(CM(ll 0 ETA•DT 0 ERTFl/ETA 
IF (CM(I) .GE.SM) CM(ll=SM 

CONTINUE 

COMPUTE THE OVERALL MEAN RAINFALL EXCESS RATE 

ERIIT)=ll.-CNDl•EFR<ll•CND•EFP(21 
200 CONTINUE 

CMC=<l.-CNDl•CM(ll+CNO•CM(2) 
RETURN 

END 
SUBROUTINE FRICT(lTYPE) 

SUR~OUTINE FPICT (!TYPE) 

C THIS SURROUTINE DETERMINES THE COEFFICIENT AND THE EXPONENT IN A-Q 
C RELATION 
C 

CO~MON /REF/ PERM,5M,WP,CPw,ETA,CND,GCD,CGC,VOG,SRG,VOR 
COM~JN /FRC/ ON,AN,SNU,SLPtFKl,F1<"2,FK3,ALP,BET,CPR,EPR,ARF,CRF,GRF 

l,ERF,RHT,CHG,CLG,ELG,XIC,XIO 
Pw=CP~"AN"*EPR 
HP=AN/Piil 
Pt-;:QN/(PW<>SNU) 
GO TO <110,120,150lo ITYPE 

110 XJP=l.+XI0°HR 0 GCO/(l,-GC0l 
GO TO 160 

120 IF (HR,GT.RHTl GO TO 130 
fPH:HR 
ASM=CHG+ELG 
GO TO 140 

130 ERH=RHT 0 <>3/HR 0 •2 
ASM=CHG+fLG"RHT/HR 

140 XIP=(l,-CHG-fLG+fLr, 0 xIC*ERH+CHG 0 XIC 0 HR)/(l.-ASMI 
GO TO 160 

150 XIP=l. 
l~O SKl=XJR•FK1•27.l62•APF••0.407 

S1<"2:Ft<?. 0 XIP 
Sl':3=FK3*XTR 
FK4=FK1•27.l~?•ti~F 0 •0.407 
JF (P•l,GT.'lOG.l GG TO 170 
F_"PF:l, 
CPF=Sl< l 
1,Rf:FK4 
GO TO 210 

170 IF (PN 0 GT .2000,) GO TO 180 
EPF=l.2~234*ALOG(Sl<"l/SK2)-6,l39l6 
TFM=900. 00 (ERF-l.1 
CPF=SKl*TF.M 
M<F=FK4°TEM 
GO TO 210 



C 
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SUl'.~<OUTim: Ff-ICT!ITYPf) 

1130 IF (PN.GT .?.,ooo. l GO TO l~O 
EPF":0.2':> 
CRF"=SK2 
GPF=F"K2 
GO TO 210 

190 IF (RN.GT.100000.l GO TO ;>Of) 
ERF=0.72135°ALOG!SK2/SK3l-l.A2h21 
TfM=lC'.J000. 0 ofRF 
CPF=SK3°TtM 
GFIF=FK3°TEM 
GO TO 210 

200 EPF=O. 
CRF=SK3 
GPF=Ft<3 

210 AfXP=l./(3.-fPR 0 (1.+fRfll 
ALP=CCPR 00 (1.+ERF"1°C RF•SNU•ofRF/C257.6oSLPll*•AEXP 
BET=(2.-ERFl 0 AEXP 
RETURN 

END 

SUAROUTINE POWER (Z,A,XJl,XJ2•CONVI 

SUARCUTINF. POWER (7,A,XJ1,XJ2,CONVI 
C 
C THIS SUBROUTINE EVALUATE Jl AND J2 INTEGRALS 
C NOTATIONS 
C XJl = VALUE OF Jl JNTEGRAL 
C XJ2 = VALUE OF J2 INTEGRAL 
C N = O~DER OF APPROXIMATION+ 
C CONY= CONVERGENCE CRITERION 
C 

C 

N=l 
XJl=O. 
X..!2=0 • 
ALG=ALOG!Al 
C=l. 
D=-Z 
f=D•l. 
FN= lo 
AEX=AO<>E 
GO TO 120 

110 N=N+l 
C=C 0 0/FN 
O=F. 
F.=fl•l. 
FN=FL()t.T(NI 
A~X=A• 0 E 

li'O JF (ARSCEI.Lf.0.0011 GO TO 130 
XJl=XJl•C°Cl.-AEXl/E 
XJ2:XJ2•C°CCAEX-l.l/E 0 •2-AEX<>ALG/E l 
G() TO }40 

110 XJ1=XJl-C 0 ALG 
XJ?=XJ2-0."i<>C 0 ALG 0 •2 

140 IF !P.J.fQ.11 GO TO l':>O 
CJl=ABSCl.-FJl/XJll 
CJ2:AAS(l.-FJ?/XJ2l 
IF CCJl.LE.CONV.ANO.~J2,LE.CONVl RETURN 

150 FJl=XJl 
FJ2=XJ2 
GO TO 110 

ENO 
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