
THE DYNAMIC STRUCTURE OF EPHEMERAL STREAMS

Item Type text; Dissertation-Reproduction (electronic)

Authors Renard, Kenneth G.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 13:58:07

Link to Item http://hdl.handle.net/10150/287923

http://hdl.handle.net/10150/287923


INFORMATION TO USERS 

This dissertation was produced from a microfilm copy of the original document. 
While the most advanced technological means to photograph and reproduce this 
document have been used, the quality is heavily dependent upon the quality of 
the original submitted. 

The following explanation of techniques is provided to help you understand 
markings or patterns which may appear on this reproduction. 

1. The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the 
missing page(s) or section, they are spliced into the film along with 
adjacent pages. This may have necessitated cutting thru an image and 
duplicating adjacent pages to insure you complete continuity. 

2. When an image on the film is obliterated with a large round black 
mark, it is an indication that the photographer suspected that the 
copy may have moved during exposure and thus cause a blurred 
image. You will find a good image of the page in the adjacent frame. 

3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to begin photoing at the 
upper left hand corner of a large sheet and to continue photoing from 
left to right in equal sections with a small overlap. If necessary, 
sectioning is continued again — beginning below the first row and 
continuing on until complete. 

4. The majority of users indicate that the textual content is of greatest 
value, however, a somewhat higher quality reproduction could be 
made from "photographs" if essential to the understanding of the 
dissertation. Silver prints of "photographs" may be ordered at 
additional charge by writing the Order Department, giving the catalog 
number, title, author and specific pages you wish reproduced. 

University Microfilms 
300 North Zeeb Road 
Ann Arbor, Michigan 48106 

A Xerox Education Company 



RENARD, Kenneth George, 1934-
THE DYNAMIC STRUCTURE OF EPHEMERAL STREAMS. 

The University of Arizona, Ph.D., 1972 
Engineering, hydraulic 

University Microfilms, A XEROX Company, Ann Arbor, Michigan 

DISSERTATION HAS BEEN MICROFIWED EXACTLY AS RECEIVED. 



THE DYNAMIC STRUCTURE OF 

EPHEMERAL STREAMS 

by 

Kenneth George Renard 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF CIVIL ENGINEERING AND ENGINEERING MECHANICS 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 
WITH A MAJOR IN CIVIL ENGINEERING 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 7 2 



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

I hereby recommend that this dissertation prepared under my 

direction by KENNETH GEORGE RENARD 

entitled THE DYNAMIC STRUCTURE OF EPHEMERAL STREAMS 

be accepted as fulfilling the dissertation requirement of the 

degree of DOCTOR OF PHILOSOPHY 

H/lAO-y-v 
Dissertation Director DateH 

After inspection of the final copy of the dissertation, the 

following members of the Final Examination Committee concur in 

its approval and recommend its acceptance:"" 

/ 7 7<z. 

($J.l/LUMH&j . /Wl /fJ /77 ^  

I'aatu™, 'cfyujLj /jfu/ /yy /<?72. 

This approval and acceptance is contingent on the candidate's 
adequate performance and defense of this dissertation at the 
final oral examination. The inclusion of this sheet bound into 
the library copy of the dissertation is evidence of satisfactory 
performance at the final examination. 



PLEASE NOTE: 

Some pages may have 

indistinct print. 

Filmed as received. 

University Microfilms, A Xerox Education Company 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of 
requirements for an advanced degree at The University of Arizona and 
is deposited in the University Library. 

Brief quotations from this dissertation are allowable without 
special permission, provided that accurate acknowledgment of source 
is made. Requests for permission for extended quotation from or 
reproduction of this manuscript in whole or in part may be granted by 
the head of the major department or the Dean of the Graduate College 
when in his judgment the proposed use of the material is in the 
interests of scholarship. In all other instances, however, permission 
must be obtained- from the author. 

SIGNED: 



DEDICATION 

to 

Virginia 
Kenlynn 
Craig 
and 

Andrew 

iii 



ACKNOWLEDGMENT 

The author wishes to express appreciation to Dr. Emmett M. 

Laursen for providing the needed technical guidance in the project as 

well as the moral support encouraging completion. 

The author is further indebted to Drs. William Bull, Thomas 

Carmody, and Simon Ince, for their critical review. The author is 

further indebted to the Southwest Watershed Research Center staff and 

particularly to Leonard Lane, Neil Sutter, Julie Feugate, and Don Frevert 

for their technical support and constructive criticisms. Especially 

helpful were Secretaries Edith Ashmore, Theo Koenning, and Carmen Tarazon. 

Robert E. Wilson also deserves thanks for his excellent drafting. 

iv 



TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS vii 

LIST OF TABLES xii 

ABSTRACT xiv 

CHAPTER 

1 INTRODUCTION 1 

2 DESCRIPTION OF EXPERIMENTAL WATERSHED 
AND THE MAIN CHANNEL 5 

Thunderstorm, Runoff and Sediment Transport 
Examples 10 
Walnut Gulch Channel Profile 20 
Particle-Size Distributions in Channel Alluvium ... 27 

3 QUESTIONS AND SOME QUALITATIVE ANSWERS 
ABOUT STREAM BEHAVIOR 41 

Profile Shape 46 
Bed Slope 51 
Channel Width . 52 
Flow Depth 58 
Width-Depth Ratio 60 
Sediment Discharge .... 62 
Geologic or Artificial Controls 67 

4 SEDIMENT TRANSPORT MODEL 70 

Conceptual Model 74 
Sediment Transport Graphical Solution 79 
Alternate Graphical Solution 85 
Some Comments on Sediment Movement 88 
Sediment Transport Model Verification 93 

5 TRIBUTARY FREQUENCY AND TRIBUTARY FLOW 99 

Conceptual Tributary Model 99 
Tributary Runoff Model 109 
Physical Data by Tributary Order 110 

V 



vi 

TABLE OF CONTENTS—Continued 

Page 

6 QUANTITATIVE ANSWERS ABOUT STREAM DYNAMICS 121 

Computer Models 128 
Runoff Computer Model 134 
Sediment Transport Computer Model 134 • 
Generated Runoff Data Summary 139 
Synthetic Sediment Data Verification 143 
Comments About Behavior of the Reach 6-KL from 

Water and Sediment Inputs ......... 149 
Streambed Width Changes 157 
Management Changes to Reduce Erosion and Its 

Effect on Stream Regimen . 158 

7 CONCLUSIONS 160 

Recommendations for Future Study 164 

APPENDIX A—PHOTOGRAPHS ILLUSTRATING CHANNEL ALLUVIUM AND 
BANK MATERIAL 166 

LIST OF SYMBOLS 177 

LIST OF REFERENCES 179 



LIST OF ILLUSTRATIONS 

Figure Page 

2-1 A location of the Walnut Gulch Experimental 
Watershed in Southeastern Arizona. ....... 6 

2-2 The Walnut Gulch watershed hydrologic 
measuring network showing the major 
drainage with the flumes, raingages, and 
subwatershed boundaries 9 

2-3 Walnut Gulch isohyetal map CO.2 inch increments) and 
hyetograph for the storm of July 31, 1964 11 

2-4 Hydrograph and sediment discharge at Flume 6, 
Walnut Gulch for the storm of July 31, 1964 .... 12 

2-5 Hydrograph and sediment discharge g-aph. at 
Flume 1, Walnut Gulch, for the storm of 
July 31, 1964 13 

2-6 Walnut Gulch isohyetal map (0.2 inch increments) 
and hyetograph for storm of July 31, 1964 14 

2-7 Walnut Gulch isohyetal map and hyetograph for 
storm of September 11, 1964 17 

2-8 Hydrograph and sediment discharge at 
Flume 6, Walnut Gulch for September 11, 1964 .... 18 

2-9 Hydrograph and sediment discharge at 
Flume 1, Walnut gulch for September 11, 1964 .... 19 

2-10 The main channel and major tributaries of Walnut 
Gulch between Flume 5 and 1 22 

2-11 Streambed longitudinal profile and drainage area 
changes with channel distance below Flume 5 23 

2-12 Streambed longitudinal profile and drainage area 
changes with channel distance below Flume 2 24 

2-13 A highway construction aggregate borrow pit in 
the main channel of Walnut Gulch 26 

vii 



viii 

LIST OF ILLUSTRATIONS—Continued 

Figure Page 

2-14 Logarithmic normal particle size distribution of 
two typical bed samples on the Walnut Gulch 
watershed 28 

2-15 A generalized geologic map of the Walnut Gulch 
watershed from Libby, Wallace, and Spangler (1970) . . 36 

2-16 Geologic controls along the main channel 
of Walnut Gulch, between Flume 5 and 1 38 

3-1 A concept of the phases of erosion, transport, and 
deposition of sediment in a river after Fleming (1971). 44 

3-2 Variation of velocity and depth downstream 
from three assumed longitudinal profiles 
(from Leopold, Wolman, and Miller, 1964, pp. 253) . . 45 

3-3 A schematic diagram showing energy line deviations 
from the average resulting from obstructions, 
curves and islands in a stream channel 50 

3-4 The relation of discharge to slope in braided and 
nonbraided rivers 53 

3-5 A generalized diagram of flow distribution in a 
bend with an isometric view of the velocity profiles . 55 

3-6 Depth and width ratio upstream and downstream 
from a contraction obtained by assuming 
continuity of sediment and water discharge in 
the DuBoys and Manning equations for various 
r o u g h n e s s  r a t i o  v a l u e s  . . . . .  5 9  

3-7 Manning's equation solved for flow depth in a 
rectangular channel with a slope of 0.01 ft/ft 
and a n = 0.025 for various b/y ratios and 
discharges 61 

3-8 Surface accumulations of gravel in the channel of 
an ephemeral wash resemble riffles or bars in 
a perennial stream 65 

4-1 Suspended sediment concentration versus discharge 
at Flume 1 on Walnut Gulch for all samples 
collected in 1964 71 



ix 

LIST OF ILLUSTRATIONS—Continued 

Figure Page 

4-2 Hydrograph and sediment discharge graph at 
Flume 1 on Walnut Gulch for the storm 
of September 11, 1964 72 

4-3 7-7-7 concentration versus discharge graph for Walnut 
Gulch Flume 1 for four storms in 1964 73 

4-4 A sketch of a typical channel segment 76 

4-5 The sediment load function from Laursen (1958) 78 

4-6 A graphical solution of Manning and Laursen 
sediment relation for a gaining or losing 
stream segment with 68° F water 80 

4-7 Solution of the Manning and Laursen sediment transport 
relation for the sediment discharge with 68°F water. . 86 

4-8 A graphical solution of the Manning and Laursen 
sediment discharge relations for a gaining or 
losing stream when the upstream sediment discharge 
is known 87 

4-9 Changes of various terms in the Laursen transport relation 
for various bed material sizes 90 

4-10 Changes in bed material composition at Flume 6 
on Walnut Gulch in 1970 < 91 

4-11 The ratio of bed material in motion to the 
composition of the bed for various sediment sizes 
and water discharges based on the Laursen transport 
relation and Flume 6 data 92 

4-12 Instantaneous concentration-discharge variations at 
Flume 1 on Walnut Gulch and the Laursen relation 
for various p, a and n values 94 

4-13 Bed material size distribution variation during 1970 
at Flume 1, Walnut Gulch with envelope curves ... 95 

4-14 A typical cross section near Flume 1 on Walnut Gulch 
with sediment size variations at various sampling 
points 97 



X 

LIST OF ILLUSTRATIONS—Continued 

Figure Page 

5-1 The main channel and major tributaries of the 
Walnut Gulch channel between Flume 5 and the watershed 
outlet at Flume 1 100 

5-2 Tributary channel frequency for four channel reaches 
of Walnut Gulch shown in Figure 5-1 102 

5-3 Geometric probability distribution (bar graphs) 
of the stream orders for four channel reaches 
of Walnut Gulch and the measured distributions 
(line graphs) 104 

5-4 Parameters of the geometric distribution versus drainage 
area change per unit channel length based on 
Walnut Gulch data 107 

5-5 Channel slope versus stream order for the main channel 
tributaries of Walnut Gulch 114 

5-6 Drainage area versus stream order for the main 
channel tributaries of Walnut Gulch 117 

5-7 Channel slope versus area per unit width from 
the tributaries to the main channel of 
Walnut Gulch 120 

6-1 Slope change effects on seuiment discharge using 
Manning-Laursen relations with n = 0.025 and 
68°F water 122 

6-2 Upstream and downstream hydrographs and sediment 
discharge graphs computed using the Laursen 
transport relation 123 

6-3 Channel width changes and sediment transport for 
two particle sizes with two assumed water 
discharges 127 

6-4 The effect of roughness changes on sediment discharge 
using the Manning-Laursen relation with 68°F water • • 129 

6-5 Flow chart for stochastic model of sediment 
discharge 130 

6-6 Flow chart of the synthetic runoff generation 
scheme from Diskin and Lane (in Press) • • • • • • 131 



xi 

LIST OF ILLUSTRATIONS—Continued 

Figure Page 

6-7 Flow chart of sediment discharge computation 
program . 132 

6-8 Cumulative water and sediment discharge for ten 
years of synthetic data for stream orders 1 
through 4 141 

6-9 Cumulative water and sediment discharge for ten 
years of synthetic data for the 5th order 
streams and for the ends of the simulated 
channel reach 142 

6-10 Comparison of the synthetic sediment volumes with 
sample volumes for Flume 1 on Walnut Gulch 144 

6-11 Comparison of the peak water and sediment discharges 
between the synthetic and sampled data at 
Flume 1 on Walnut Gulch 145 

6-12 Comparison of the runoff and sediment discharge 
volumes between the synthetic and sample 
data at Flume 6 with three mean sediment 
size distributions 147 

6-13 Comparison of the peak water and sediment discharge 
from the synthetic and sampled data for three 
sediment size distributions at Flume 6 on 
Walnut Gulch . 148 

6-14 Cumulative inflow and outflow of water in the 
36,200-foot channel reach using the runoff generating 
model. The difference between the two lines 
represents the transmission losses in the aliuvial 
channel 152 

6-15 Sediment size variations of the bed material 
along the Walnut Gulch main channel 154 

6-16 Cumulative erosion or deposition in the 36,200-foot 
channel reach using the runoff-sediment transport 
model 155 



LIST OF TABLES 

Table Page 

2-1 Main channel and tributary alluvium data and 
watershed information 30 

2-2 Simple correlation between variables for 
the tributary channels 34 

2-3 Simple correlation between variables for 
the main channel 34 

2-14 Analysis of variance of tributary channel data 37 

2-5 Relative amounts of protected stream banks 40 

4-1 Computation of Aqs (p) 82 

5-1 Tributary stream order frequency for selected 
channel segments 101 

5-2 Tributary stream order statistics and 
physical data for selected channel reaches 101 

5-3 Sum of squares of normalized deviations for 
various distributions and channel segments 103 

5-4 Tributary characteristics for the channel reach 
between Flumes 15 and 1 106 

5-5 Tributary data for the channel between 
Flumes 15 and 1 112 

5-6 Correlation matrix for the data of Table 5-5 113 

5-7 Averages of data in Table 5-6 by stream order 118 

6-1 Sediment discharge from Manning-Laursen 
formulas for various slopes and particle sizes 
for the hydrograph shown in Figure 6-2 125 

6-2 Channel fill for an assumed 47,700-foot channel 
reach for the hydrograph Figure 6-2 and using 
the data from Table 6-1 125 

xii 

\ 



xiii 

LIST OF TABLES—Continued 

Table Page 

6-3 Predicted parameters for streams used in. 
synthetic data and the measured mean and 
standard deviation of the diameters 137 

6-4 Tributary intersections for two channel reaches 
using a random generator and a geometric 
distribution of stream orders 138 

6-5 Synthetic runoff data (10 years) 1st through 6th 
order, and watersheds 6 and 1 140 

6-6 Maximum values of the synthetic runoff and 
sediment transport data 150 



ABSTRACT 

The hydraulic features of ephemeral streams are dynamic in 

response to the variable streamflow available for sediment transport. 

For a given water and sediment discharge, the hydraulic stream features 

of width, depth, velocity, slope, and roughness result from mutual 

adjustments. Although the problem of quantifying the stream behavior 

can be approximated using laboratory and field developed hydraulic rela

tions, variations in the temporal and spatial stream roughness and 

sediment sizes available for transport add an additional element of un

certainty because of the difficulties of measuring these factors in the 

prototype. The dynamic stream behavior is discussed qualitatively with 

consideration of the profile shape, bed slope, channel width, flow 

depth, sediment discharge and channel controls. 

Transmission losses (that water infiltrating to the alluvium) 

in ephemeral streams result in a reduced volume of water to transport 

sediment. The losses tend to be offset by additional runoff from 

tributaries when the runoff-producing thunderstorms, which are of 

limited areal extent, are confined to the lower portion of the drainage 

basin. 

There are two tendencies apparent in an ephemeral stream; to 

be concave down because of loss of discharge by infiltration through 

the normally dry channel alluvium, and to be concave up because there 

is more flow downstream than upstream due to tributary inflow. These 

xiv 
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two tendencies seem to be in balance on Walnut Gulch resulting in a 

remarkably constant slope for the main channel from one end to the 

other. 

The principal channel reach on the Walnut Gulch Experimental 

Watershed was modeled incorporating a geomorphic parameter approach 

based on the Horton-Strahler stream order numbering concept for tribu

tary intersections. The intersections by stream order are described 

by a geometric probablity function with the probability and the number 

of intersections related to the rate of drainage area increase per 

length of stream channel. The channel slope and width and the water

shed drainage area for the tributaries were found to be related to 

stream order. 

The log-normal probability distribution was used to model the 

particle size distribution of the alluvial beds. Although minor devia

tions from the theoretical distributions were sometimes observed at the 

extremes, the distributions can be specified using the mean and standard 

deviation. These values were then used in the Laursen relation to des

cribe the percentages in various sizes. Prediction equations developed 

using multiple linear regression were used to predict the mean and stand

ard deviations from the channel width in the tributaries. For the main 

channel, however, the regression equations indicated an increase in the 

mean grain size at the downstream end of the channel which did not agree 

with the sampling data at the ends of the reach. 

To quantify the inputs and output of water and sediment, a 

stochastic model of runoff based on the Diskin-Lane model was used with 

the Manning open channel flow relation and the Laursen sediment transport 
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relation. The composite model was then tested against Walnut Gulch 

data for the 36,200 foot channel reach between Flume 6 and Flume 1 and 

was found to produce synthetic sediment volumes and peak discharges 

which agree quite well with the prototype data. The importance of the 

bed material size distribution was demonstrated using several sizes 

at the upstream end of the channel reach. For example, reducing the 

mean of the logarithmic transformations of the bed sediment from 1.85 

to 1.00 mm changed the sediment balance for the reach from about 

7 acre-feet per year of erosion to about the same amount of deposition. 

This rate represents about one-half of a foot over the channel area 

for a 10 year period. Because it would involve the combined effects of 

bank scour and bed scour or deposition, the depth change might be 

expected to be less. In reality, however, the bed composition probably 

reacts and changes in response to the flow sequences and the availabil

ity of sediment from tributaries. Because of complex conditions across 

a typical channel section, changes in bed form and hydraulic roughness 

temporally and spatially are important when predicting the channel 

behavior. 



CHAPTER 1 

INTRODUCTION 

The value of our land resource is often overlooked. Allan Paton 

(1948) in Cry, the Beloved Country, states: 

There is a lovely road that runs from Ixopo into the hills. 
These hills are grass-covered and rolling, and they are lovely 
beyond any singing of it.... 

The grass is rich and matted, you cannot see the soil. It 
holds the rain and the mist, and they seep into the ground, 
feeding the streams in every kloof. It is well-tended, and 
not many cattle feed upon it; not too many fires burn it, lay
ing bare the soil. Stand unshod upon it, for the ground is 
holy, being even as it came from the Creator. Keep it, guard 
it, care for it, for it keeps men, guards men, cares for men. 
Destroy it and man is destroyed. 

Where you stand the grass is rich and matted you cannot 
see the soil. But the rich green hills break down. They 
fall to the valley below, and falling, change their nature. 
For they grow red and bare; they cannot hold the rain and 
mist, and the streams are dry in the kloofs. Too many cattle 
feed upon the grass, and too many fires have burned it. Stand 
shod upon it, for it is coarse and sharp, and the stones cut 
under the feet. It is not kept, guarded, or cared for, it no 
longer keeps men, guards men, cares for men. The tithoya does 
not cry here any more. 

The great red hills stand desolate and the earth has torn 
away like flesh. The lightning flashes over them, the clouds 
pour down upon them, the dead streams come to life, full of 
the red flood of the earth. Down in the valleys women scratch 
the soil that is left, and the maise hardly reaches the height 
of a man. They are valleys of old men and women, of mothers 
and children. The men are away, the young men and girls are 
away. The soil cannot keep them anymore (p« 1)• 

Although this passage described conditions in southern Africa, it might 

well have been the rolling grasslands in the southwestern portion of 

the United States. 

1 
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Engineers, among others, have a responsibility to maintain the 

land resource in our country. To do so requires information on how 

the land and channels draining the land react to various inputs and 

transorm these inputs from precipitation excess into streamflow 

transporting sediment to downstream points. The understanding of how 

streams behave is a complex problem which has tormented the design 

engineer for many years. 

Provision for sedimentation processes should be an integral part 

of any effort to design, construct or maintain watershed conservation 

and control measures. Although much progress has been made and many 

technical papers written about the processes of sedimentation such as 

the detachment, entrainment, transport, deposition and consolidation of 

fluvial sediments, much work remains. Most of these recent reports have 

evolved from laboratory or field studies under humid conditions with 

perennial streamflow. These studies, although they involve basic prin

ciples applicable in semiarid areas, may not be especially pertinent 

because some of the important phenomenon associated with the conditions 

on dry alluvial streambeds are not considered. Therefore, this study 

deals with ephemeral stream behavior where the limited spatial distri

bution of precipitation allows description and quantification of the 

water and sediment movement under conditions of negligible tributary 

inflow, in addition to the more classical condition of runoff production 

throughout the watershed. Especially important to such study is the 

role of transmission losses on the stream behavior. 

Incomplete knowledge of the cause-effect conditions in many 

streams leads to design considerations which produce either deposition 
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or degradation or both. Thus the longitudinal profile of a stream in

cludes numerous segments in equilibrium or non-equilibrium. The salient 

characteristics of these longitudinal profiles require knowledge of the 

mechanics of sediment movement if deviations are to be explained. Pro- , 

files for ephemeral streams are greatly affected by the transmission 

losses and availability and characteristics of transport material. An 

analytical model developed subsequently facilitates prediction of the 

profiles and sediment transport rates for ephemeral channels such as 

encountered in the intermountain basin and range province of the South

western United States. 

The following quotation from a paper by Grove Karl Gilbert 

published in 1914 describes the many complexities of sediment transport, 

each of which has had intensive investigation but which remains unsolved 

today. 

The flow of the stream is a complex process involving inter
actions which have thus far baffled mechanical analysis. Stream 
traction is not only a function.of stream flow, but itself adds 
a complication. Some realization of the complexity may be achieved 
by considering briefly certain of the conditions which modify 
the capacity of the stream to transport debris along its bed. 
Width is a factor; a broad channel carries more than a narrow 
one; velocity is a factor; the quantity of debris carried varies 
greatly for small changes in velocity along the bed; bed velocity 
is affected by slope and also be depth, increasing with each 
factor; depth is affected by discharge and also by slope; if there 
is diversity of velocity from place to place over the bed, more 
debris is carried than if the average velocity everywhere pre
vails and the greater the diversity, the greater the carrying 
power of the stream. Size of transported material is a factor, 
a greater weight of fine debris being carried than of coarse; 
the density of debris is a factor, a low specific gravity being 
favorable. The shapes of particles affect traction, but the 
nature of this influence is not well understood. An important 
factor is found in form of channels, efficiency being affected 
by turns and curvature and also by the relation of depth to width. 
The friction between current and bank is a factor, and, therefore, 



likewise the nature of the banks; so too is the viscosity of the 
water, a property varying with temperature and also with impuri
ties, whether dissolved or suspended Cp. 16). 

Thus, one might assume that the problem of quantifying the 

behavior of alluvial streams is insurmountable. Such is not totally 

the case although the uncertainty is always great. For a given dis

charge and sediment load, the stream width, depth, velocity and slope 

result from mutual adjustments within limits. As Rubey (1952, p. 131) 

stated: "If discharge, head, grain size, and sorting are considered 

the controlling factors, then velocity, slope, width, and depth of chan 

nel are dependent variables that are affected not only by the indepen

dent variables but also by one another." 



CHAPTER 2 

DESCRIPTION OF EXPERIMENTAL WATERSHED 

AND THE MAIN CHANNEL 

Walnut Gulch contains an ephemeral stream located in the San 

Pedro River drainage in southeastern Arizona. Southeastern Arizona is 

defined here as the area bounded by Mexico on the south, the Huachuca, 

Whetstone, Rincon, and Catalina Mountains on the west, the Gila River 

on the north, and New Mexico on the east. If Arizona were divided 

into nine approximately equal sections, the southeastern section would 

cover approximately the area defined above. The area is quite homo

geneous in landforins and climate with major streams having headwaters 

in mountains and subsequently traversing alluvial slopes before inter

secting the major streams such as the San Pedro. The climate is 

characterized as subhumid in the higher elevations of the mountains, 

gradually decreasing to semiarid in the plains between major mountain 

blocks. 

The Southwest Watershed Research Center of the Agricultural 

Research Service established a runoff-measuring station in 1954 on 

Walnut Gulch about two miles from the confluence of the Walnut Gulch 

stream and the San Pedro River (Fig. 2-1). The drainage area above 

this station, the Walnut Gulch Experimental Watershed, is subsequently 

referred to as the Walnut Gulch watershed, or simply Walnut Gulch. 

5 
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TUCSON 

WALNUT GULCH EXPERIMENTAL WATERSHED 
/-PERIPHERAL AREA 

TOMBSTONE 

WATERSHED AREA DETAILED 

Figure 2-1. A location of the Walnut Gulch Experimental Watershed 
in southeastern Arizona. 
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The 58-square-mile Walnut Gulch watershed is representative of 

much of the mixed brush-grass rangeland in southeastern Arizona and 

southwestern New Mexico. Surface geology of the watershed indicates an 

alluvial-filled area between igneous intrusive and sedimentary pockets. 

The lower two-thirds of the watershed is largely brush dominated. Most 

of the watershed is grazed year round with no cultivated areas except 

in limited amounts in the small city of Tombstone. Most of the water

shed consists of gently rolling low hills, although there are a few 

steeper hills on the southern boundary of the watershed near Tombstone, 

and also in the headwaters of the watershed in the Little Dragoon Moun

tains. The watershed ranges in elevation from 4,000 feet at the 

watershed outlet to slightly over 6,000 feet at the highest point. 

Although there is some urban runoff from the city of Tombstone, most 

runoff occurs from the natural grazed rangeland. 

Research on rangeland hydrology in the U.S. Department of 

Agriculture was initiated in 1953 by the former Research Division, 

Soil Conservation Service (at the request of its Operations Division) 

and the work was transferred to the newly formed Agricultural Research 

Service in 1954. After a number of prospective research watersheds in 

Arizona, New Mexico, and Colorado were screened, an active program was 

initiated on the Walnut Gulch area and on the Alamogordo Creek Experi

mental Watershed near Santa Rosa, New Mexico. The Southwest Watershed 

Research Center, as a unit of the Agricultural Research Service, was 

established in Tucson, Arizona in 1961 to continue the work. The cur

rent hydrologic and sedimentation network evolved over a series of 

years with the first rain gages and five concrete shell structures 
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built in 1954 and. 1955 to measure runoff in ephemeral channels. The 

early runoff-measuring structures were generally underdesigned hydrolo-

gically,. hydraulically, and structurally and by the middle of the 1955 

monsoon season, all but Flume 4 were badly damaged. 

Following the early disappointments with runoff measurement, a 

permanent concrete flume-weir structure was designed expressly to meas

ure runoff from the heavily sediment-laden ephemeral streams of the 

Southwestern United States. From a hydraulic standpoint, the flumes 

act similar to many geologic channel controls on the watershed in that 

they constrict the channel width and control the channel elevation. 

In addition to the runoff-measuring network of 11 large water

sheds (>_ 500 acres), an intensive network of precipitation gages are 

operated to quantify the inputs to the watershed (Fig. 2-2). The cur

rent network of 90 gages spaced on an approximate 0.9-mile grid in and 

adjacent to the watershed (Fig. 2-2) was completed in 1962. The net

work allows temporal and spatial quantification of the summer monsoon 

rains which produce essentially all of the runoff. The mean annual 

14-inch rainfall measured by a gage in Tombstone, Arizona with records 

from 1897 (Sellers, 1960) is divided between a summer monsoon season 

characterized by thunderstorm precipitation producing about two-thirds 

of the annual total and a winter season characterized by frontal 

storms of long duration and low intensity. Renard-(1970) stated that 

the average annual precipitation varies widely with the minimum amount 

for the watershed being about 50 percent of the maximum. The 11.5-inch 

average for the rain gage network is considerably below the long-term 

Tombstone average (mean is 11.63 inches from 1955 to 1969). 
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Thunderstorm, Runoff and Sediment Transport Examples 

To illustrate the precipitation variability and the resulting 

runoff, the two storms on July 31, 1964 are shown as well as the storm 

of September 11, 1964. The storm beginning at 0400 on July 31, 1964 

(Fig. 2-3) followed an earlier storm in the same area by about 16 hours. 

Thus, some of the moisture storage potential of the alluvial channels 

was satisfied, and a hydrograph at Flume 6 was produced with a peak 

discharge of 320 cfs (Fig. 2-4, runoff after 1400 hours was produced by 

the second storm shown in Fig. 2-6). The runoff in traversing the 

6.6 miles to the watershed outlet was reduced dramatically in both 

peak and volume (Fig. 2-5). The 12.54-acre-foot flow resulted in only 

1.85 acre-feet of runoff at the watershed outlet (Fig. 2-5). 

Suspended sediment is measured at Flumes 6 and 1 on Walnut Gulch, 

using conventional sampling equipment from cableways located approxi

mately 100 feet above the flume. The 200-pound US P-61 sampler with 

power drive provides adequate depth-integrated samples in the high flow 
' 

velocities such as are encountered at these locations. Because of the 

rapid depth changes, however, samples are collected at one vertical 

station in the cross section only. This sampling scheme therefore pro

vides for sampling the temporal concentration fluctuations and the 

spatial fluctuations in the vertical cross section only. Results from 

other investigations indicate that the transverse variation of concen

tration is ordinarily less than the vertical variation (Subcommittee on 

Sedimentation, 1963, p. 33). Unless a tributary enters the main chan

nel near the sampling site or unless caving banks, or wide depth 

variations occur across the section, the location of the sampling 
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Figure 2-4. Hydrograph and sediment discharge at Flume 6, Walnut Gulch for the storm 
of July 31, 1964. 
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of July 31, 1964. 
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point in the cross section would not be expected to be critical. Be

cause these adverse limitations are not encountered at these sampling 

locations on Walnut Gulch, the results are viewed with some degree of 

confidence. 

The sediment discharge graph at Flume 6 for this runoff event 

on July 31, 1964 is shown in Figure 2-4. As might be expected, the 

reduction in the runoff volume also produced a reduction in the sediment 

discharge. The runoff at the outlet was 14.7% of that upstream whereas 

the 19-ton sediment outflow was 3.2% of the upstream 596-ton discharge. 

The second storm of July 31 (Fig. 2-6) which began at noon was 

centered in the lower reaches of Walnut Gulch. This storm was longer 

than the first storm (hyetographs of Figs. 2-3 and 2-6), but very little 

runoff probably was produced by that portion of the storm after 1400 

hours. Generally, runoff has been observed to occur when the precipita

tion rate exceeds 0.6 inch per hour (Renard, 1970). The hydrographs 

measured at Flumes 6 and 1 and beginning about 1400 hour are shown in 

Figures 2-4 and 2-5. The small flow at Flume 6 (peak discharge of 

105 cfs and volume of 3.56 acre-feet) is much less than the' correspond

ing values at Flume 1 (269 cfs and 47.9 acre-feet), as would be expected. 

The multiple peaks for the hydrograph at Flume 1 are produced by the 

unequal timing of tributary flows between these two stations and demon

strate the importance of such tributaries in the temporal distribution 

of runoff. Additionally, had the peaks been superimposed, the discharge 

per unit width would have increased markedly and undoubtedly the sedi

ment discharge would have been greater. 
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The sediment sampling program revealed a discharge of 63 tons 

at the upstream end of the channel reach for this event on July 31, 

1964, whereas 771 tons passed from the watershed. Thus the sediment 

discharge downstream was 1220 percent of the upstream, with the water 

discharge at the outlet being 1350 percent of the upstream inflow. 

The second event, therefore, resulted in more sediment outflow at the 

watershed outlet than what the inflow to the reach was from the water

shed drainage above Flume 6. Undoubtedly, the sediment in the 

tributaries between these stations accounts for this additional volume 

in addition to sources such as bank erosion and deposition from still 

earlier storm events in the main channel. 

Figure 2-7 shows the isohyetal map of the September 11, 1964 

storm which is considerably larger than the other illustrations. The 

storm which is essentially all in the upper reaches of the experimental 

area (Fig. 2-7) also had greater intensities than shown by the hyeto-

graphs in Figures 2-3 and 2-6. The storm occurred during a late summer 

moisture influx from a tropical storm off Baja, Mexico. Heavy thunder

storms occurred on the two days preceding this event with the result 

that the alluvial channels were quite wet. Still almost 100 acre-feet 

of transmission losses occurred between Flumes 6 and 1 (Figs. 2-8 and 

2-9) with a reduction in the peak discharge from 3460 cfs to 2860 cfs, 

as well as an attenuation of the three peaks at Flume 6 to essentially 

one peak at the watershed outlet. 

Sediment sampling at Flumes 6 and 1 for this event of September 

11 reveal 1772 tons of sediment at the upstream end of the channel with 

1769 tons leaving at the watershed outlet. Thus essentially 100% of the 
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sediment moving into the channel reach left through the watershed outlet 

even though only 73.7% of the runoff inflow was discharged at the lower 

end. Complexities such as .these examples illustrate the nature of the 

channel behavior. 

Walnut Gulch Channel and Profile 

The stream gradients on the Walnut Gulch main channel are 

remarkably uniform and seem to be in a state of semiequilibrium. The 

bed slope checked at most places on the main channel in the watershed 

is one percent with only minor deviations, which are associated with 

local geologic outcrops. 

This state of semiequilibrium may in fact apply only to the 

streambed profile. Discussions between the author and two ranchers in 

Tombstone, who are since deceased, indicate that the main channel near 

Tombstone was considerably narrower in 1900 than today. The one rancher 

stated that "there was no place where you couldn't jump a horse across 

the channel just below town." Hastings and Turner (1965) also show 

significant changes in the vegetation which may be hypothesized to 

change the hydrologic cycle and the fluvial sediment regime. Their 

comparisons of pictures in the latter part of the nineteenth century 

with present conditions on Walnut Gulch verify the ranchers' statement. 

In one photograph they say, "The flood plain is open and largely free 

from brush," (photograph about 1890 on p. 166). Today (1960), "The 

floor of the wash has undergone a pronounced shrub invasion by both 

mesquite and Acacia vernicosa." 
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Figure 2-10 shows the main channel and its tributaries between 

Flume 5 and the outlet of the watershed. The bed material of the main 

channel was sampled at the confluence of each tributary with the main 

channel and a size analysis of each was completed. The tributary bed 

material was also sampled. Bed-slope profiles with transit and stadia 

surveys were determined for this main channel. Photographs of the 

channel alluvium of the main channel and tributaries are shown in 

APPENDIX A. 

Figures 2-11 and 2-12 show the bed profile above and below 

Flume 2. In addition, the increases in drainage area, associated with 

the tributary confluence shorn in Figure 2-10, are included. Flume 2 

was selected as a break point for the profiles because the Schieffelin 

granodiorite which crops out in this area seems to control the channel 

geometry. 

The mean grade for the 26,470-foot reach between Flumes 5 and 2 

was 0.933 percent. Figure 2-11 contains information from surveys in 

1960 and 1967 for the 15,000 feet of channel above Flume 2. Only minor 

deviations from a straight line are evident in this figure. The chan

nel appears to be slightly steeper for the first 4,000 feet below 

Flume 5 and then becomes flatter for the next 3,000 feet. Conglomerate 

outcrops on the channel banks and in the bed may explain this steeper 

slope. From this point to the Highway-80 bridge, the profile can be 

approximated by a straight line. This bridge, which has five openings 

30 feet wide, caused recent depositon (indicated by difference between 

1960 and 1967 surveys) above the bridge and a slightly steeper profile 

below the bridge. An aggregate borrow pit in 1968 between Stations 20 
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and 23 has undoubtedly lowered the bed somewhat in this area and has 

greately widened the channel. (Stationing referred to is the distances 

shown as the abscissa in Figs. 2-11 and 2-12.) This aggregate opera

tion, used for highway construction, removed almost 120,000 cubic yards 

of channel material. An aerial view of the channel borrow operation is 

shown in Figure 2-13. 

A similar aggregate borrow operation in the spring of 1964 be

tween Stations 13.5 and 16.5 also affected the channel morphology, but 

the runoff events in 1964, which included some large flows, reestablish

ed the grade before survey information was completed. The channel in 

this area is wider than the natural channels above and below the dis

turbed area. 

The channel profile below Flume 2 is also remarkably uniform 

(Fig. 2-12). The mean slope of 1.10 percent for this 21,160 feet is 

somewhat steeper than that above Flume 2. This slope is very near the 

1.14-percent slope recently determined by Murphey, Lane, and Diskin 

(1972) for the 21,800-foot channel reach between Flumes 11 and 8 

(Fig. 2-10). (This is the tributary entering Channel 5-2 at Station 10 

in Fig. 2-11.) 

The minor slope change in the vicinity of Station 11 (Fig. 2-12, 

reach from Flumes 2-1) apparently results from excessive sediment move

ment in Tributary 6 (Javelina Draw). This 1.035-acre tributary drains 

a steep area around two hills called Mays Hill and the Dome and has a 

steeper channel profile than other adjacent tributaries. Deposition of 

some sediment apparently occurs in the main channel below their 

confluence. 
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Figure 2-13. A highway construction aggregate borrow pit in the 
main channel of Walnut Gulch. — Almost 120,000 cubic 
yards of material were removed from the channel 
immediately below the Highway 80 bridge visible in 
the foreground. 
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The sections with braided flow between Stations 15 and 17 do 

not depart significantly from the overall profile. 

The occurrence of the uniform slope for the channel described 

previously with variable hydrologic conditions are explained in greater 

detail in subsequent chapters. 

Particle-Size Distributions in Channel Alluvium 

Particle size distributions were determined for bed material 

samples collected above tributary confluences with the main channel. 

The samples were collected from both the main channel and the major 

tributaries. The distributions were then plotted on probability paper 

and found to fit a log normal distribution with only minor deviations. 

The deviations were generally found in the coarse sizes where the a-

mount of material was larger than indicated by the log normal distri

bution, (Fig. 2-14). With the bed material following the log normal dis

tribution, the size distribution can be expressed by two parameters, the 

geometric mean (D ) and the geometric standard deviation (o ). These 
| mg g 

parameters were determined graphically from 

D = D,n (2-1) 
mg 50 

where 

and 

D50 is the size for which 50% is finer*-

a = (2_2) 

B 50 15.9 

where Dg^ ^ is the size for which 84% is finer; 

and D^,. ^ is the size for which 15% is finer. 
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Figure 2-14. Logarithmic normal particle size distribution of two 
typical bed samples on the Walnut Gulch watershed. 



For the logarithmic normal distribution, the ranges are given as: 

Percent within Standard 
Range indicated range deviations 

D /a to D a 68.2 1 
mg g mg g 

D /a^ to D 95.4 2 
mg g mg g 

D /a3 to D a3 99.73 3 
mg g mg g 

Table 2-1 lists summaries of the information on bed material 

size and gives the drainage area and channel width at the sampling 

point. 

The bed samples were obtained from the alluvium surface by 

scooping material from the surface 1 inch at equal increments across 

the section. The fractions were combined to form one sample represent

ative of that site. Subsequently, each combined sample was thoroughly 

remixed in the laboratory, and approximately 1200 grams were removed 

for the size analysis using a mechanical sample splitter. 

No effort was made to sample extensively for the variation of 

bed composition that might be encountered at greater depths. Because 

of unknown scour relationships during individual flow events, an appre

ciable error might be made by surficial sampling only. However, it 

seems unlikely that the vertical composition would vary more than the 

transverse variation of the sediment at the channel surface. The 

large standard deviations encountered at most sampling sites are indica

tive of the surface variation. The composite sample standard deviation 

was about twice as large as that for an individual sample in the few 

tests made. 



Table 2-1. Main channel and tributary alluvium data and watershed information. 

Sub- Area Station Widths Tributary Main Channel 
Unit Trib. Main Trib. Main D D a c D D a CT Trib. 

Channel Channel 
mg mg m g mg mg g g 

Acres Acres Feet Feet Feet mm mm 

Fl. 1 36,900 47,700 195 _ - im ,, M 1.10 6.8 6.18 
1 112 36,900 47,500 52 195 0.96 3.5 3.65 1.03 6.2 6.02 
2 621 36,650 45,100 32 177 1.48 4.9 3.31 1.24 4.8 3.87 
3 239 35,980 43,700 18 178* 1.48 4.5 3.04 1.16 3.9 3.36 
4 122 35,740 43,000 10 255* 0.59 1.37 2.32 0.98 3.2 3.27 
5 83 35,420 40,400 24 132 1.10 3.35 3.04 2.33 8.9 3.82 
6 1,035 35,040 35,700 24* 106 1.16 3.47 2.91 1.55 5.6 3.61 
7 1,877 33,950 33,800 25 107 1.82 5.9 3.24 1.45 4.4 3.03 
8 263 32,090 32,000 73 70 0.82 2.33 2.84 1.75 7.1 4.06 
9 91 31,730 29,600 18 65 2.10 9.8 4.67 1.20 5.4 4.50 

Fl. 7 3,340 31,440 27,080 89 130 0.87 3.82 4.39 1.65 5.4 3.27 
10 186 27,880 20,800 10* 184 0.73 2.05 2.81 1.60 6.1 3.81 
11 194 27,300 16,600 19 80 1.47 5.6 3.81 1.55 5.5 3.55 
12 263 27,100 16,900 8 102 1.59 6.1 3.84 1.75 7.4 4.23 
14 269 26,250 14,600 13 282* 1.47 5.15 3.50 1.80 7.9 4.39 
Fl. 3 2,220 25,960 14,300 23 150 1.42 4.45 3.13 1.29 4.95 3.84 
15 141 23,640 11,700 11 51 1.98 6.4 3.23 1.42 5.2 3.66 
Fl. 6 23,500 11,500 80 5.70 0.66** 8.63 
Fl. 8 3,830 22,810 10,000 68 176 1.90 7.0 3.68 1.87 7.2 3.85 
16 147 18,580 9,900 9 3.15 0.68**4.63 
17 147 17,280 8,200 67 1.70 6.2 3.65 
18 151 17,980 6,700 11 60 1.43 5.8 4.06 
19 1,226 17,360 6,550 34 55 3.25 0.41**7.92 2.03 6.7 3.30 
F1.15 5,912 16,360 4,100 70 — 1.35 5.7 4.22 

* Braided Flow 
** D /a because of the scale selected, 

mg g 
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Vanoni, Brooks, and Kennedy (1961) listed typical values of the 

geometric mean diameter and standard deviation for a number of natural 

river beds in the world (generally perennial streams). In almost every 

instance, the values of a and D on Walnut Gulch and its tributaries 
g mg 

are considerably larger than those listed by Vanoni, et al. The Walnut 

Gulch samples can thus be characterized as coarse material (most samples 

had 50% larger than 1.0 mm) with a wide range of particle sizes between 

the largest and smallest fractions. 

In an effort to develop a possible model for the size distribu

tions, the data of Table 2-1 were used with a stepwise multiple linear 

regression computer program to correlate independent and dependent vari

ables (Huszar, 1966). The analysis was made for the tributaries and 

for the main channel with both the geometric mean diameter and the geo

metric standard deviations. 

The equations developed for the tributaries are: 

D = 0.0496 + 0.472 a - 0.00904 b (2-3) 
mg g 

and 

o = 1.22 + 1.35 D + 0.140 b (2-4) 
g mg 

where b is the channel width in feet. The coefficients of determination 

for the equations were 0.654 and 0.642, respectively, with a standard 

error of estimate of 0.439 and 0.742. The area of the tributaries and 

the stationing, which were also included as independent variables, were 

not significant. 
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The equations for the. main channel are: 

D = 0.391 + 0.286 a (2-5) 
mg g 

and 

a = 0.775 + 1.224 D + 7.15 x 10~5(EA) + 0.00376 b (2-6) 
g mg 

where 

EA is the drainage area in acres at the station being sampled 

The coefficients of determination for these equations are 0.439 

and 0.643, respectively, with a standard error of estimate of 0.447 and 

0.878. Including all the independent variables in Equation 2-5 raised 

the coefficient of determination to only 0.537. 

Interesting and informative conclusions can be developed from 

these equations. For the tributary channels, both the standard devia

tion and the geometric mean appear in both equations. Therefore, sub

stituting Equation 2-4 in Equation 2-3 gives: 

D = 1.715 + 0.152 b (2-7) 
mg 

Likewise, substituting Equation 2-3 in Equation 2-4 gives: 

a = 3.55 + 0.380 b (2-8) 
g 

These equations state that the mean grain size and the standard devia

tions increase in the tributary with increasing channel width. Because 

most of the tributaries are relatively narrow, the mean diameter is 

about 2 mm and the geometric standard deviation about 4 to 5 mm. Coarse 

material in wider channels may result because they require larger shear 

to move and therefore the banks work back. 
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Similar substitutions can be made with Equations 2-5 and 2-6 

to produce new equations not containing either dependent variables in 

the other equation. 

D = 0.945 + 3.16 x 10~5(£A) + 0.00166 b (2-9) 
mg 

a = 1.93 + 1.10 x 10~4(2A) + 0.00579 b (2-10) 
g 

These new equations also show that for the main channel the 

geometric mean diameter increases with increasing channel width and 

with increasing watershed size as does the geometric standard deviation. 

This observation is contrary to that found by most investigators and it 

is discussed further in Chapter 6. Because the channel width also in

creases with increasing watershed area, the D and a both increase 
mg g 

for increasing drainage area. 

The simple correlation matrix between dependent and independent 

variables for the tributary channels and the main channel are shown in 

Tables 2-2 and 2-3. Of special interest in the table is the correlation 

of the four parameters with the standard deviation in Table 2-3. As 

might be expected, the positive correlations between drainage area, sta

tioning and channel width on the main channel are not observed in the 

tributaries. 

Because of the large geologic differences associated with the 

tributaries to the main channel between Flumes 5 and 1, the tributary 

sample information was partitioned into channels originating in the 

deep intermountain alluvial material and those originating in the 

marine sedimentary and igneous intrusive formations in the southwestern 



Table 2-2. Simple correlation between variables for the 
tributary channels. 

Area Width Station D 
mg 

a 
g 

Area 1.00 0.641* -0.209 0.055 0.145 

Width 1.00 0.160 -0.217 0.107 

Station 1.00 -0.552* -0.481* 

D 
mg 

1.00 0.751* 

a 
g 

1.00 

r =0.44 
xy 

at 5% significance level (*). 

Table 2-3. Simple correlation 
channel. 

between variables for the main 

Area Width Station D mg CT 
s 

Area 1.00 0.470 0.961* 0.249 0.568* 

Width 1.00 0.417 0.249 0.493 

Station 1.00 0.096 0.445 

D 
mg 

a 
g 

1.00 0.663 

1.00 

r = 0.44 at 5% significance level (*) . 



portion of the study area (Libby, Wallace, and Spangler, 1970) 

(Fig. 2-15). Thus, the data from Tributaries 1, 4, 7, 9, 11, 14, 15, 

18, and Flumes 3 and 8 were grouped as originating in the deep alluvial 

portions to the north and east, and the remaining 10 tributaries were 

assumed to originate in the steeper southern and western portions of 

the watershed where limestones and granodiorites predominate. An 

analysis of variance of this tributary information indicated there was 

no statistically significant difference in the and values, nor 

were there any differences in the mean channel widths or drainage areas 

(Table 2-4). Thus, the channels originating from the deep alluvial 

portions of the watershed are not statistically different from those 

draining from the Tombstone Hills where limestone and granodiorite 

dominate. 

The stream banks in many portions of the Walnut Gulch area, as 

well as in many watersheds in intermountainous areas, are controlled 

in both alignment and width by geologic conditions. For example, on 

the sections of channel discussed here, almost every alignment change 

occurs with resistant materials on the outside of a bend (Fig. 2-16). 

The only notable exception to this is the wide sweeping curve between 

Flumes 2 and 1 near Station 38000 (see also Fig. 2-12). In this area, 

the bed of the channel is so wide that the flows are generally very 

shallow and banks are almost nonexistent. Samples of these banks and 

geologic controls are shown in the APPENDIX A. 

Additional protection against bank scour and an increase in 

the width-depth ratio is provided by vegetation which stabilizes the 

banks (APPENDIX). The roots which extend beneath the plant into the 
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Table 2-4. Analysis of variance of tributary channel data. 

Mean 

D a Area Width 
mg g 

N. Tributaries 1.563 3.873 740 32.1 

S. Tributaries 1.514 3.529 900 25.0 

F level 0.02 0.42 0.10 0.44 

F level for significance at 5% is 4.41. 
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coarse material usually seek the moisture made available by transmis

sion losses. This additional moisture tends to create an artificially 

high density of brush adjacent to stream channels which is not encoun

tered elsewhere where limited precipitation must sustain the plants. 

Table 2-5 shows that each of the three channel segments dis

cussed have about the same proportion of eroding banks determined by 

field investigation. The amount of unprotected-banks varied from only 

18.5% to 23%. Similarly, the amount of geologic bank control appears 

to be quite similar, varying from 25.5% to only 30.5%. Although the 

estimates of the amount of channel banks protected by vegetation varied 

from 33% to 51%, much of the variability may be associated with the 

large disturbed area from aggregate borrow between Flumes 6 and 2, and 

it seems conceivable that the vegetation will reestablish itself in 

much of this disturbed area. 
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Table 2-5. Relative amounts of protected stream banks. 

Control % 
Percent 

Reach Length Geologic Vegetation borrow eroding 

5 -> 6 11,560 28 47 2 23 

6 + 2 14,700 25.5 33.5 22 19 

2 + 1 21,440 30.5 51 0 18.5 



CHAPTER 3 

QUESTIONS AND SOME QUALITATIVE ANSWERS ABOUT 

STREAM BEHAVIOR 

The practical objectives of studying sediment transport in 

alluvial channels are to understand the effects of major factors on 

sediment discharge and to develop methods for computing or predicting 

the sediment discharge at unmeasured locations, and conversely, to 

understand the effects of sediment erosion, transportation and deposi

tion on stream behavior. The qualitative understanding of the effects 

of major factors influencing the transport is essential to evaluate 

correctly information available on sediment discharge or stream behav

ior, for in most instances the information available is both incomplete 

and inexact. 

Because sediment transport varies in a complex relationship to 

both the sediment available and the hydraulic conditions of the flow, 

an accurate and universally applicable method to predict the discharge 

from characteristics of the drainage basin, transported sediment and 

streamflow may never be developed. Colby (1964) stated: 

If such a method is ever devised for all types of sediment, 
drainage areas, channels and flows, it is likely to be 
unmanageably complex and generally impracticable because of 
the large amount of field information and the complicated office 
procedures that would be necessary. However, the relating of 
sediment discharge to characteristics of streamflow is much 
simplified (although it still remains difficult) if the sediment 
discharge is computed for only those particle sizes generally 
present in the streambed in appreciable quantities and if only 
streams with beds of sand are considered (p. A-2). 

41 
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The behavior of an ephemeral stream with respect to its ability 

to transmit the loads of water and sediment in the downstream direction 

is a dynamic situation. The dynamic behavior is predicated by the 

extreme variability of the hydrologic factors producing the water which 

transports the sediment and the heterogeneity of the channel systems 

which alter the hydraulic factors of the flow itself. 

An engineer faced with a design problem requiring an estimate 

of how the ephemeral stream might act would probably ask several key 

questions such as: 

(1) What shape of longitudinal profile would be expected? 

(2) What bed slope could be expected? 

(3) What width of channel could be expected? 

(4) What depth of flow might be expected? 

(5) What sediment discharge could be expected? 

(6) What effect would geologic or man-made controls or 

changes have on the above? 

The questions and answers are contingent on knowing the range of 

discharges expected and also on knowing something about the distribu

tion of alluvium sizes composing the bed. 

The classical stream profile has been the subject of many 

investigations beginning with the classical work of Gilbert (1914). 

Shulits (1941) suggested that "Since the bed-slope of a river and the 

size of bed-load material are known to decrease from source to mouth, 

it is not far-fetched to assume the slope proportional to the size of 

bed-load material." Mathematically, his equation was 



43 

S = kPQe~aX (3-1) 

where S is bed slope 

a and k are constants of proportionality 

P is the initial weight of a stone which decreases to some 
o 

value P after traveling a distance x in the channel 

e is the natural logarithm. 

In a discussion of an article by the Task Committee for Prepara

tion of Sedimentation Manual (1971), Fleming (1971) said there is a 

variation of the importance between erosion, transport, and deposition 

processes for different sections of a classical stream profile. Concep

tually he shows that in some rivers, erosion and transportation are 

dominant and deposition is less significant, such as is shown in classi

fication A and B of Figure 3-1. For a section like that in C of the 

figure, deposition is dominant and if the river is highly alluvial, in

creased discharge will tend to move increasing quantities of bed sedi

ment which, in turn, will cause scour exposing the larger sizes of bed 

sediment, i.e., a selective sorting exists. As the flood subsides, the 

coarser particles will settle out first until a point is reached when 

the flood passes and the bed will reach some new level. If this se

quence is followed by another flood of smaller magnitude, bed transport 

will again take place, removing smaller sizes of material from the upper 

layers of previous deposition. 

This paraphrase from Fleming's discussion can further be illus

trated by Figure 3-2. This figure again applies to the classical 

stream with runoff assumed to increase with increasing distance from 
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Figure 3-1. A concept of the phases of erosion, transport and 
deposition of sediment in a river after Fleming (1971). 
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the watershed divide. This illustration for three assumed profiles 

varying from a straight line to a severe concave profile shows the 

changes in depth, width, and velocity that might be encountered. 

The equation by Shulits as well as the work of Fleming and of 

Leopold et al. are contrary to the equation developed in the previous 

chapter (Eq. 2-9). Because of the contradictory nature of Equation 2-9 

with, previous investigators and the poor coefficient of determination, 

the equation must be looked at with suspicion as is explained later. 

Unfortunately, the simplicities shown in Figures 3-1 and 3-2 

are difficult to generalize and apply per se to ephemeral streams such 

as Walnut Gulch although the processes are the same. The precipitation 

variability, both temporally and spatially, produces runoff varying in 

such a way that a particular stream reach may act in different ways 

at different times. Thus, for example, a channel reach with all runoff 

being generated far upstream may act like phase C, depositing, (Fig. 3-1) 

and at other times it may be like phase A, eroding, when the storm is 

occurring in the reach and not upstream. Likewise, the bed composition 

may change appreciably—again depending upon the flow history. 

Because of the complex interactions of conditions controlling 

the stream, it is useful to look individually at each of the stream 

behavior questions: 

Profile Shape 

Ephemeral streams in most of the intermountainous west are 

characterized by coarse alluvium beds with very high water intake rates. 

The water table is generally sufficiently deep so that the coarse 
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alluvium layer beneath the bed does not become saturated and the 

infiltration into the streambed continues at a high rate throughout 

the duration of a runoff event. 

Runoff in most ephemeral streams is of short duration and fol

lows closely the storm producing it. Generally, then, the channels 

are dry and runoff from each event traverses long distances of the dry 

streambed. Two major types of storms produce the runoff adding further 

to the complex behavior of the streams. The gentle winter storms 

covering wide areas may produce significant amounts of snow. Such 

storms may produce runoff from an entire watershed or, when orographic 

influences are significant, precipitation in a storm may be rain at 

lower elevations and snow at higher elevations, which soon melts, pro

ducing an extreme variability in the spatial and temporal distribution 

of runoff. 

During much of the year, thunderstorms are the major source of 

runoff for many small watersheds of the Western United States. Again 

the temporal and spatial variability within a watershed lead to condi

tions where runoff resulting from an individual storm is generally 

produced from only a portion of the area, or produced from different 

subwatersheds at widely different times, or both. Because of the 

streambed infiltration, the decrease in runoff in the downstream 

direction is a significant feature. Osborn (1971) described the precip

itation characteristics in detail and showed how the runoff may vary as 

a result of this precipitation variability. 

The profile of a perennial stream is concave up because although 

both the discharge Q and the sediment load Qg increase in the downstream 
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direction, very little change is required in velocity. Therefore, the 

slope decreases. Several tendencies can be cited as rationalizations: 

(1) the depth increases and even if the velocity increases to maintain 

the same particle shear, less slope is required, (2) the discharge is 

less variable and seldom approaches the critical conditions for move

ment in the lower reaches, and (3) the greater depth results in less 

relative roughness and therefore less resistance and a lesser slope. 

In an ephemeral stream in thunderstorm country the flow condi

tions are quite different. A flow in the upper reaches can entirely 

disappear before reaching the outlet to the watershed. If these were 

the only flows, the equilibrium profile would be concave down as less 

and less water would require a greater and greater slope to be able to 

move the sediment load supplied from upstream. Actually there would 

not be an equilibrium unless at the downstream end there was a bottom

less pit at the end of the vertical overfall. 

The development of a concave down profile is the tendency in any 

individual flood. The flow and sediment load originate in a limited 

area and downstream the discharge decreases and the sediment deposits. 

If the infiltration is constant per lineal foot of stream the deposition 

would occur at an increased rate, especially as conditions approached 

that critical for sediment movement. Coarse particles will stop moving 

before fine, so the downstream tip of the deposit would be the finest 

fraction of the load. 

However, all storms do not occur in the headwater, but rather 

they are uniformly distributed over the watershed. Therefore, the 

overall capacity to move sediment tends to increase in the downstream 



direction because more flow is encountered in lower reaches because of 

the additional runoff furnished from upstream storms. But the lower 

reach must move the sediment load coming in from the watershed with its 

"local" storms and the load supplied from above. 

Thus, there are two tendencies apparent in the ephemeral stream 

where there was only one in the perennial stream; to be concave down 

because of the loss of discharge through the dry bed, and to be concave 

up because there is more flow downstream than upstream. The net effect 

seems to be balanced in Walnut Gulch with a remarkably constant slope 

from one end to the other. 

Additional factors such as alignment changes or changes in the 

stream characteristics which might change the rate of energy loss in 

the channel can be postulated. Figure 3-3 shows the effect of longitu

dinal changes on the energy grade line for a hypothetical channel. 

Between the origin and first station, the trees encroaching on the 

channel cause a steepening of the profile. The control produced by the 

geologic outcrop below station 1 provides the next steep energy line 

profile. The losses associated with the S-curve near stations 4 and 5 

also might be expected to produce a channel steepening. In the 

segment of relatively uniform channel between the controls, the energy 

slope can be seen to be less than the average. Likewise, the braided 

flow section may be steeper because of flow around the island which 

would also tend to increase the friction losses. Thus local deviations 

from the mean profile shape such as these explained above may be 

explained largely on the basis of energy loss considerations. 



50 

DISTANCE 
MARKERS 

GEOLOGIC 
OUTCROP SEDIMENT 

BAR OR 
ISLAND 

TREE AND 
BRUSH 

\ 

AVERAGE SLOPE 

z 
o 

5 > 
ENERGY LINE UJ 

_i 
IxJ 

I  2 3  4 5 6 7 8 9  1 0  
DISTANCE 

Figure 3-3. A schematic diagram showing energy line deviations from 
the average resulting from obstructions, curves and 
islands in a stream channel. 



51 

Bed Slope 

The slope of a stream is dictated by the necessity for the 

flow to attain a velocity sufficient to move the sediment load supplied 

and to overcome the resistance to the flow. The total resistance to 

the flow is the integral of the pressure distribution and shear distri

bution on the boundaries of bed and bank—resolved in the direction of 

the flow. The pressure distribution over the dunes in the bed and over 

rock outcrops and bank discontinuities is very important in determining 

the slope, but unless the bed goes flat at a high velocity, the pres

sures (as a first approximation) will be directly proportional to the 

square of the velocity. 

If there were no sediment load and if the bed were inerodible, 

the depth and velocity would adjust for any flow so that the resolved 

pressure and shear distribution equalled the weight component of the 

flow "sliding down" the slope. However, the sediment load requires 

that there be some velocity to move the particles on the bed and even 

to "cast" them into the flow to be transported in suspension. The 

greater the sediment load, the greater the particle shear, velocity, 

and slope required. Larger sediment sizes also require greater parti

cle shear, velocity, and slope. 

For conditions near the critical for movement, a small increase 

in discharge velocity results in a large relative increase in sediment 

carrying capacity. Although velocities and sediment loads are high in 

desert streams, as the flow sinks into the bed the critical conditions 

at last prevail and all sediment movement ceases. At higher discharges 

and velocities, this same change in velocity results in a greater change 
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in sediment transporting capacity. This is because the particle shear 

increases as the square of the velocity and the capacity for transport 

increases at least as the square of the particle shear. 

Additional elements may effect the stream slope such as the 

roughness of the bed, the degree and amount of bends, flow obstructions, 

etc. Leopold, et al., (1964), showed (Fig. 3-4) that the slope would 

be steeper, generally, for a braided channel compared with a straight or 

meandering channel for a river of given size or discharge. However, the 

scatter of the data in the figure may be misleading. Additionally, the 

method of determining the slope in braided channels may provide false 

results unless one considers the proportions of the total discharge 

associated with each portion of the braiding. Generally, however, 

braided sections of a stream are wide and shallow with unstable banks, 

and they probably result from deposition situations. No significant 

deviations from the slope patterns were noted on the main channel of 

Walnut Gulch as described in Chapter 2. 

Channel Width 

Width is a delicate stream parameter depending on the resis

tivity of the bank material and the shear on the banks, which in turn 

depends on the discharge, the sediment load and the resistance to flow. 

Consider what would happen if the sediment load of a stream reach in

creased for the same discharge. The velocity would have to increase 

to increase the capacity for transport. This would also increase the 

shear on the bank. Consequently the stream banks would erode and the 

stream would become wider, the depth would decrease if the velocity 
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were the same and the particle shear would become greater. Therefore, 

there should be some width, depth, velocity (and slope) combination 

which would satisfy both the load and the bank requirements. 

On Walnut Gulch there is the added complexity of rock outcrops 

on the outside of bends and of riparian vegetation whose roots can 

increase bank resistance to erosion. The infinite resistance of the 

rock outcrops and the spiral flow in the bend, result in high shear on 

the outside bank and low shear on the inside bank of the curve (Figure 

3-5). This would tend to allow the stream to be relatively narrow and 

remain as such. After the bend the stream could not widen faster than 

submerged jet. If the next bend occurs before the stream has widened 

appreciably, the cross section might be considerably narrower than 

"natural". In other areas, the stream might characteristically be a 

wide, shallow stream for the same discharges and material sizes. 

It is probably true that more important than wet years and dry 

years in the matter of stream morphology is the size and number of 

extreme events. One large flood in an otherwise dry year can result 

in more sediment erosion, transportation, and deposition than the 

accumulated effect of many small floods in a wet year. One, or a 

series, of large floods can change a deep narrow channel to a wide 

shallow stream (material eroded from the banks deposits in the bottom 

because the flow is already at its limit for transport). Once changed, 

the stream cannot again assume the narrow shape because the material 

deposited is finer and more easily erodible than the natural bank 

material. A narrow channel should then not be expected until the wide 



55 

GENERALIZED SURFACE 
STREAMLINES 

GENERALIZED VELOCITY 
DISTRIBUTION 

Figure 3-5. A generalized diagram of the flow distribution in a _ 
bend with an isometric view of the velocity profiles. 
From Leopold, Wolman and Miller (1964), p.300. 



56 

channel becomes filled to the level of the surrounding land and a new 

channel is cut by a moderate flood. 

That complete filling is possible can be seen in the discontin

uous drainage pattern sometimes seen around a desert mountain in which 

the streams coming out of the mountain drainages disappears and a new 

set of channels appear downstream. 

Flow width variation effects on stream behavior can be illus

trated using the DuBoy sediment transport formulae with the Manning 

equation. For the case of a sediment-transporting flow, continuity of 

water and sediment discharge must be maintained under equilibrium 

conditions. Thus 

„ _ ^ _ 1.49 , 2/3 0l/2 1.49 , 2/3 „l/2 
- q2 " — yl bl yl S1 " -ZT y2 b2 y2 2 (3"2> 

and 

Qg = Qo = bi A t (t - t ) = b„ A t (t - T ) (3-3) 
S1 2 1 1 2 2 2 c 

where A = a coefficient 

b = flow width 

y = flow depth 

S = slope 

n = Manning roughness 

1 and 2 are subscripts for upstream and downstream 

t = yyS and x is the critical shear value. 
o c 

If the stream is in flood, one can safely assume 

x ».T 
o .c 
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Thus equation 3-3 can be simplified to 

bl • b2 (to2)2 

and equation 3-2 simplifies to 

if 

bl, v7/6 , _ .1/2 b2, .7/6 , _ .1/2 
—(yi) (y^) - -(y2) (y2S2) 

(3-4) 

y,S. = 
;1 1 y 

—(y )7/6 
E °l' 

—(y )"6 
u2"2'1 

Combining equations 3-4 and 3-5 gives 

2 

h, I-2 

bl lyL 

7/6 
n. 

which, with further simplification, gives 

y2 fbxi • m. 

yl lb2 

9/14 6/7 
_2 
n, 

(3-5) 

(3-6) 

This equation, which was originally presented by Straub in the 1930's, 

indicates that the flow depth in a channel contraction is independent 

of velocity, slope, sediment size, etc., and has been verified in flume 

studies. Other transport equations produce essentially the same answer. 

The b^/b^ term in Equation 3-6 is a powerful term with regard 

to the depths above and below contractions. Assuming the roughness 
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changes only slightly, then the downstream depth is roughly the upstream 

depth times the width ratio raised to the 9/14 power. To illustrate, 

assume the upstream width is double the downstream. Then the downstream 

depth is 1.56 times the upstream depth, assuming there is no roughness 

change. 

Figure 3-6 shows the solution of Equation 3-6 for several 

values of the ratio n^/n^. The importance of the term b^/, rela

tive to the depth ratio, is apparent from this figure when compared 

with the line of equal values. , 

Flow Depth 

Depth is an even more dependent variable than width. It affects 

particle shear slightly and may affect absolute dune size. Otherwise, 

depth combines with width to determine the cross sectional area and 

thereby velocity and sediment transport capacity. However, the causal 

relation is the other way. The sediment load requires a particle shear, 

which is largely determined by the velocity which then causes the bank 

shear which determines the width which combined with the depth gives 

the velocity. It is a circular relationship, but clearly the depth 

happens as the result of other more determining factors. 

It is necessary to explore changes in the combination of flow 

width and depth concurrently. For a given total water discharge, in

creases or decreases in channel width produce corresponding decreases 

or increases in flow depth and correspondingly, changes in the total 

sediment discharge. 
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Width-Depth Ratio 

Constrictions and expansions in most natural channels produce 

rapid changes in the discharge per unit width of both the water and the 

sediment. Additionally, because a given cross section is not like the 

ideal rectangular or trapezoidal sections normally assumed in hydraulic 

computations or designed for in artificial channels, the width-depth 

ratio is not necessarily constant throughout the passage of time asso

ciated with an individual hydrograph. 

For a wide shallow channel such as is characteristic of many 

ephemeral streams when the channel traverses alluvial fill material, it 

is possible that the flow is insensitive to the bank conditions. This 

effect can be demonstrated for a variation in the width-depth ratios 

with the Manning equation given for a rectangular channel. 

Q = AV = by 1.486 by 
n b+2y 

SX/̂  (3-7) 

For S = 0.01 and n = 0.025, the equation can be solved for depth for 

given values of the width-depth ratio and for a given discharge. 

Graphically (Fig. 3-7), the depth begins to change appreciably from the 

nearly straight line segment for b/y > 25. Thus one can conclude that 

the hydraulic radius can be approximated by the depth for values of 

b/y > 25, which is quite common in many ephemeral alluvial streams. 

The curves in the upper portion of Figure 3-7 show the error 

produced in the various width-depth ratio computations by assuming the 

hydraulic radius (R) is equal to the depth (y). The error was computed 

using the discharge per unit width from the lower half of the figure 
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and then computing the correct depth value, including the wetted peri

meter. The difference in the two values was converted to a percentage 

of the depth obtained by using the hydraulic radius. 

The curves which ar.e essentially superimposed for the three 

total discharge values indicate the error is low (< 5%) for b/y values 

greater than 15 and even for a b/y value of 5, the percent error was 

less than 12.8. Thus, other problems in prototype channels with bed 

material variations, slope deviations, etc., would tend to mask out 

this error. 

Maddoclc (1969) stated on p. A3: 

Throughout this report no attempt will be made to divide 
the hydraulic radius. Hydraulic radii of the bed and wall have 
not been computed, and data from all channels having width-depth 
ratios of less than 4.5 have not been used in determining any of 
the hydraulic relations. Furthermore, hydraulic radius and mean 
depth are considered equivalent. This may introduce a system
atic error, but it also eliminates one value, hydraulic radius, 
that is hard to compute. 

The obvious conclusion from this material is that for practical 

purposes, channels with large width-depth ratios do not react apprecia

bly to the bank conditions and can be essentially treated as a channel 

with the depth equal to the hydraulic radius. Although a decrease in 

width does not produce a corresponding increase in depth (i.e., the 

cross-sectional area does not remain constant), the significance of the 

bank friction is not large until the b/y values become low. 

Sediment Discharge 

The movement of water-sediment mixtures in alluvial channels 

is probably one of the least understood elements when making up a plan 

for water resources development. This is because the streambed where 
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most of the energy is dissipated is constantly changing form. Thus, 

the flow in the channel is locally unsteady and nonuniform with the 

departures varying widely from the steady or uniform states. Bed 

deformation is accomplished by the movement of many sediment grains. 

Because the grains must move with the stream current in a general 

direction downstream, deformation of bed results in a sediment trans

port by the flow. Given a water discharge and a load, Maddock (1969) 

noted that the width, depth, velocity, and slope of a stream must be 

the result of mutual adjustments within a set of limits not yet defined 

in an acceptable manner. He further says: 

The movement of sediment cannot be described by a simple 
function and the behavior of a load of a mixture of sand sizes 
is different from that for a load of uniform-sized sediment. 
There is considerably more uncertainty about pertinent rela
tions when mixtures of sand sizes are involved because of the 
difference between the sediment sizes comprising the bed com
pared to the sediment in motion. 

Again, the dynamic behavior of the stream also influences the 

discharge because of changing bed size distributions. Situations such 

as those described below by Leopold, et al. (1964), for a reach of 

Arroyo de los Frijoles have been observed qualitatively on the Walnut 

Gulch area. Similarly, size distribution deviations on a particular 

cross section for a specific year are great, undoubtedly resulting from 

variations in tributary flow sources. Leopold, et al., state (p. 209): 

One of the requirements for the existence of pools and 
riffles in nonmeandering streams appears to be some degree of 
heterogeneity of bed material size. Channels that carry uniform 
sand or uniform silt appear to have little tendency to form 
pools and riffles. In part this might be attributed in sand 
channels to the concomitant high width-to-depth ratio associated 
with relatively noncohesive bank, materials, and this ratio in 
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turn tends to promote a braided pattern. Pools and riffles are 
less well developed in braided than in the straight but non-
braided channels. 

In sandy ephemeral channels viewed in the usual dry state, 
pools and riffles are generally absent, though careful observa
tion or detailed mapping discloses an analogous feature—thin 
surface accumulations of coarse material in the form of gravel 
bars. Their distribution, shown by the planimetric map of a 
reach of Arroyo de los Frijoles near Santa Fe, New Mexico 
(Fig. 3-8), is strikingly reminiscent of the occurrence of 
pools and riffles in gravelly perennial streams, for they tend 
to be spaced at 5 to 7 widths along the channel length and 
remain with minor change from year to year. In these bars by 
far the majority of the cobbles are at or very near the surface, 
and the sand below is quite free of rocks and cobbles. Such 
gravel bars, then, are mere surface features, though we presume 
they are caused by the same general process which accounts for 
riffles and bars in perennial rivers. 

The occurrence of these large rocks on the surface can be seen 

in the photographs of APPENDIX A. However, because of scour and fill 

on high discharges, some increases in the amount of gravel at shallow 

depths have been noted in work (unpublished) on a tributary of the main 

channel of Walnut Gulch between Flumes 8 and 11. At the same time, an 

increase in the amount of silt and clay was also noted in this unpub

lished work with the 3.6% value *at the surface, increasing to 6.4% at 

5 feet. 

Investigations of sediment transport workers have generally 

been confined to laboratory flumes where the availability of sediment 

is limitless. Such laboratory flume work has generally been performed 

with uniform sand distributions or worse yet with one size sand. 

Unfortunately, field conditions are often quite nonhomogeneous, and 

the sediment bed sizes vary widely. Thus in many flow situations, the 

concentrations of various sediment sizes in the bed are quite different 

from those being transported. Generally, the coarser sediment sizes 



Figure 3-8. Surface accumulations of gravel in the channel of an 
ephemeral wash resemble riffles or bars in a perennial 
stream. — Map shows gravel accumulations in a reach of 
Arroyo de los Frijoles near Santa Fe, New Mexico, ob
served in successive years. JThe gravel moves during 
individual flows but the zones of accumulation change. 
little. From Leopold, Wolman and Miller (1964), p.210. 
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are a larger portion of the material in the bed than they are of the 

material being transported. 

The sediment load can be determined by the surficial charac

teristics of the watershed and the intensity and duration of the storm 

causing the flood. One can speculate that intense short duration storms 

bring into the stream system the most sediment for any total volume of 

flow. Just before the rain there tends to be a certain amount of loose 

material on the surface which can be eroded and moved easily. However, 

a light rain may not even be able to move this material and a long rain 

must start to work on the sediment particles attached to the earth mass. 

The vegetation, especially the grass, and the "riprap" armor 

coating of small and large pebbles and rocks on the hillslopes can also 

determine in large measure the sediment load delivered to the streams. 

Vegetation may affect the opportunity for the raindrop impact to dis

lodge particles and also effect the velocity (and sediment transporting 

capacity) of the overland flow. 

The sediment discharge of the stream will not be overwhelmingly 

affected by the sediment load delivered—at least not immediately. 

Although there may be a deficiency of fine particles and, therefore, a 

lesser sediment discharge if the overland flow were prevented somehow 

from delivering the usual sediment load, the stream characteristics 

would be the same as before. The velocity, depth, width, particle 

shear, and sediment-transporting capacity would be as before and as 

determined by the channel. The sediment load not supplied by the over

land flow would be picked up from the bed (and banks as usual). Not 

until the degradation changes the slope, and thereby the velocity, and 



thus the sediment-transporting capacity will the sediment discharge, 

especially of the coarser material, be drastically reduced. The same 

kind of argument holds for an increase in sediment supplied to the 
I 

stream system except that aggradation building up the slope will result 

in the bed level rising to the level of the adjacent ground. 

Additional problems encountered in ephemeral channels' behavior 

prediction involve the inconsistent roughness across a particular 

section. Observations by wading on shallow runoff events reveal that 

the bed may be composed of dunes, antidunes, or a flat bed with numer

ous instances of more than one condition for an individual cross section. 

Thus, the roughness changes might be expected to occur across the 

channel resulting in marked changes of the sediment discharge. Addi

tionally, the roughness changes have been observed to be time varying 

during a select runoff event and are often nonrepetitive from one flow 

event to another. 

Geologic or Artificial Controls 

The effect of the rock outcrops in narrowing the channel has 

already been mentioned. In a straight channel, whether natural or man-

made, there would not be this effect because the shear on the erodible 

bank is dependent on the velocity and the distribution of shear around 

the boundary. If one bank cannot erode, the other must erode twice as 

much to finally achieve the condition in which fluid shear is equal to 

bank resistivity. 

If both banks are strengthened and the section is narrowed, 

the depth will be increased but not relatively as much as the width is 



decreased. The velocity must be increased because the sediment load 

is concentrated in a lesser width and the particle shear must be greater. 

Three factors will determine the new slope which will be imposed—the 

increased velocity tends to result in an increased slope, the increased 

depth tends to result in a lesser slope, and relative roughness will 

tend to give a greater or lesser slope depending upon whether the size 

and resistance of the sand dunes is greater or less. If the sand dunes 

do not change by a large absolute amount, the slope will probably de

crease slightly. Although the particle shear must be greater, the 

velocity and depth effects combine such that the slope is less if the 

resistance factor is constant. If the dune size does not change the 

resistance factors also should be slightly less, and the two effects 

both tend to give a lesser slope. 

A rock dike or a man-made sill across a channel fixes the water 

surface elevation and, thereby, the bed elevation in the immediate 

vicinity. Since the water surface presumably drops across the control, 

the velocity may be high immediately downstream and a scour hole will 

likely develop. Upstream of this local effect the slope should be its 

natural value for the width, flow and sediment load which was obtained. 

If a channel is artificially narrowed for a long distance and the slope 

is thereby flattened an appreciable amount, sills would probably be 

needed—otherwise degradation as the slope flattens will result in a 

deeply incised trench. 

The effect of watershed practices which change the sediment 

load supplied to the stream have already been discussed. Suffice it 

to say that a decrease in sediment supplied should result in a flatter, 



deeper, slower stream in time, and an increase in load should result 

in a faster, shallower, wider, steeper stream. 

Since the effect of watershed practices may affect the runoff 

from light rains markedly and the runoff from heavy rains hardly at 

all, and since the large flows dominate the character of the stream, 

the manipulation for runoff effects may not be noticeable. However, 

to the extent that the flood is decreased and the sediment load is de

creased in the same proportion, the stream channel would likely be 

narrower, but steeper. 



CHAPTER 4 

SEDIMENT-TRANSPORT MODEL 

The data from the sediment-sampling program carried out on the 

main channel of Walnut Gulch at Flumes 6 and 1 has shown a tremendous 

scatter on a graph of instantaneous discharge versus concentration. 

The simple correlation coefficient between the two variables is only 

slightly above zero when the data for a given year are lumped into one 

population (Fig. 4-1). Examining the sampling data from flow to flow 

clarifies the confusion somewhat. The data appear to follow a somewhat 

consistent pattern in terms of the hydrograph. The concentration re

mains essentially constant, at a high value independent of discharge, 

on the rising portion of the hydrograph and drops with decreases in 

discharge on the recession (Fig. 4-2). Thus in the log-log graph, 

usually used to develop sediment rating curves (such as Fig. 4-1), with 

concentration as the ordinate and discharge as the abscissa, the data 

appear as a series of side by side and superimposed 7's with the top 

portion of the seven being the concentration on the rising part of a 

hydrograph (Fig. 4-3). Irregularities on the graphs are undoubtedly 

associated with sampling errors and with minor hydrograph rises. 

A possible explanation for these concentration-discharge rela

tions has been hypothesized. Each runoff event is quite independent of 

previous flows from the standpoint of the precipitation. The channel, 

on the contrary, is influenced by the sediment residual in the thalweg 
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from the preceding flow as well as the source of the runoff which may 

vary the bed material distribution. Although the bed is generally dry, 

sediment to be transported is that residual from the preceding flows 

plus the new predominantly fine material washed into the channel from 

the runoff source area. Ephemeral streams are continually losing water 

to the bed, and there is generally a lower potential to move sediment 

after these losses. Finally, the last material to be deposited on the 

streambed on a recession commonly is the finest size material which can 

readily be picked up on the rising portion of subsequent flows. Thus, 

as the discharge increases on the next flow, the fine material is 

picked up first. Further, as discharge increases the depth and bed 

shear increase, and coarser and coarser material is thereby suspended 

or placed in motion by the turbulence associated with the rising 

portion of a hydrograph. 

Although these phenomena are not included in any of the commonly 

used sediment transport formulae, an effort has been made to determine 

if an existing model might be used to provide some answers to the 

sediment movement process in ephemeral streams as a means for explaining 

the behavior of such streams. Such a model might not describe all the 

observed intricacies but would lend insight to the overall picture. 

Conceptual Model 

The model selected consisted of the Manning equation and the 

Laursen (1958) sediment transport relation. This latter relation was 

selected for sediment movement because: (1) it separated bed-load from 

suspended load; and (2) it divided the movement of the various size 
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fractions and therefore was felt to be better suited to the wide sedi

ment size range transported by Walnut Gulch. 

Figure 4-4 shows an element of channel with the total section 

divided into an increment of unit width. For such a stream, the water 

discharge per unit width can be given by the Manning equation as: 

1-49 5/3 1/2 
ii " Vi" — *1 s- (4-u 

where 

3 
q = discharge per unit width (L /T/L); 

V = average velocity (L/T); 

y = depth of flow (L); 

Sq = bed slope (L/L); 

and n = Manning coefficient. 

n - ̂  (4-2) 

where 

q^ = upstream discharge per foot width; 

q£ = downstream discharge per foot width; 

The Laursen sediment transport formula is given as 

(4-3) 
o'P 

w 

where C = the mean concentration of total sediment (percent by 

weight); 

p = bed material fraction of diameter d; 

d = diameter of sediment particle (feet); 
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y — depth of" flow (feet) ; 

T^j = boundary shear, stress associated with sediment diameter; 

Tq — boundary shear or tractive force at the stream bed = YySQ; 

- critical tractive force for the.beginning of sediment 

movement; 

3 
y =• mass weight of water (lbs/ft ); 

3 2 4 
p -density of: water (slugs/ft ) or (lb. sec. /ft. ); 

and w =• fall velocity of sediment (ft/sec). 

Using the Manning formula and the Strickler expression for n as 

a function of the sediment diameter (n = 0.034 d"^), it can be shown 

that 

To = K y2 (f]1/3 C4"4) 

where K = anti d= D5Q = u 

The critical tractive force can be obtained as 

x = Cd 
c 

where from the Shields diagram 4 < C _< 16. 

The function term in the formula can be determined graphically 

or by writing straight line equations for segments of the curve given 

in Laursen's original paper and reproduced as Figure 4-5. For the 

digital computer solutions used subsequently, a linear interpolation 

scheme was developed using logarithms of the data for straight line 

segments of the original graph. The fall velocity for the sediment 

was computed using a similar logarithmic interpolation scheme for data 
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presented in Figure 5 on page 41, Report No. 4 of the Interagency 

Sedimentation Project (1941). 

The instantaneous sediment discharge for a given water discharge 

can be obtained from the equation: 

qs = 165 C4"5) 

3 
Assuming a bulk dry sediment weight of 100 lbs/ft , the difference 

in sediment discharge for the increment of channel in Figure 4-4 can 

be obtained from 

Aq„ = q. - q„ (.4-6) 
s S1 s2 

Sediment Transport Graphical Solution 

To develop an estimate of the magnitude of sediment transport 

imbalance which might be encountered in ephemeral streams such as 

Walnut Gulch, the Manning and Laursen equations (Eqs. 4-1 and 4-3) were 

solved simultaneously using a digital computer. Sequential variation 

of the model parameters provided solutions to many combinations of 

parameter values. A graphical presentation of the results is shown in 

Figure 4-6. Although a great amount of data is presented in the figure, 

familiarity with it simplifies its use. Variables considered in the 

solution (and presented in the figure) are: 

(1) n =0.03 

(2) S = 0.0010, 0.0025, 0.0006, 0.010, 0.012 ft. per ft. 
°1 

(3) q^ = 10, 50, 100 cfs per foot width 

(4) n = 1.2, 1.1, 0.9, 0.7, 0.5 

(5) d = 5, 2, 1, 0.5 mm. 
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The solution for a different Manning value requires another such figure. 

Suprisingly, the differences in the sediment transport are quite large 

with a lower Manning n value, say 0.025 having much larger imbalances, 

i.e., larger values of Aq^. 

The use of the graph can best be illustrated with an example. 

The rate of change of the sediment transport rate can be found, given 

the following information about a stream: 

n = 0.03; 

S = S = 0.010 ft/ft; 
°1 °2 

q^ = 50 cfs/ft; 

q^ = 35 cfs/ft; 

p^ = 10% d^ = 5 mm; 

p^ = 20% d^ = 2 mm; 

Pg = 30% d^ = 1 mm; 

and p. = 40% d. = 0.5 mm. 
4 4 

The steps to the solution are as follows: 

q2 (1) Compute n = — = 0.7 
ql 

(2) Enter the lower graph (Fig. 4-6a) at a slope of 0.010 on 

the abscissa and proceed vertically from the line labeled 50 cfs/ft. to 

the dashed curve in the upper left portion of the graph (Fig. 4-6b) 

corresponding to an n value of 0.7; y^ can then be read graphically 

from the lower ordinate as 4 feet and y^ from the upper ordinate as 

slightly over 3 feet. The multiple sets of lines in the upper left 

portion of the graph (Fig. 4-6b) correspond to the three discharges of 
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the lower graph with the dashed lines being those associated with the 

50 cfs/ft. values of and the top solid set those associated with 

100 cfs/ft. 

(3) The four graphs labeled parts (c) , (d), (e), and (f) 

correspond to sediment sizes of 5, 2, 1, and 0.5 mm, respectively. Each 

graph contains the solution for a bed assumed to be composed entirely 

of the one size, d, given for that graph. Thus for the example given, 

the Aq determined from part (c) would need to be multiplied by 0.10 
s 

because only 10% of the bed material in our example consisted of 5-mm 

particles. To determine the Aq values, proceed parallel to the 
s 

abscissa from the point in part (b) of the graph until the line inter

sects the dashed line number 4 in Figure 4-4c corresponding to a bed 

slope of 0.010; the Aqg can then be read in the upper scales as 

0.015 cfs/ft. Likewise, the value in parts d, e, and f are 0.018, 0.035, 

and 0.13 cfs/ft., respectively. 

Table 4-1.—Computation of Aqg(p) 

d p Aqg(l) Aqg(p) 

5 0.10 0.015 0.0015 
2 0.20 0.018 0.0036 
1 0.30 0.035 0.0105 
0.5 0.40 0.13 0.052 

1.00 I = 0.0676 cfs/ft 
wid th 



In tabular form, Table 4-1 summarizes the solution and shows 

that the expected rate at which sediment is being deposited on the 

bed is obtained by summing the last column to give a 

Aq = q - q = 0.0676 cfs/ft. 
s Sl s2 

The lower scale in c, d, e, and f of Figure 4-6 is enlarged 

and intended for use when q^ is 10 cfs/ft (in Part a of the figure) and 

the r| values corresponding to the q^ values are taken from the lower set 

of curves in Part b. 

The use of the graph reveals the following interesting points 

regarding the importance of the variables in the model: 

(1) The largest Aq^ portion is associated with the finest sedi

ment fractions. Thus, as can be seen in Table 4-1, the Aq for the 
s 

1/2-mm material was much larger than for the 5-mm material. 

(2) The importance of the bed slope in its effect on Aqg is 

greatest in streams having steep slopes. Aq is more sensitive to bed 
s 

slope in channels with steep slopes. For example, in Part f of the 

graph, the line for a bed slope of 0.0010, and labeled 1 in the upper 

portion of the graph (for a q^ = 100 cfs/ft), has a very limited range 

for Aq , whereas that labeled 5 for a bed slope of 0.012 ft/ft has a 
s 

Aq range from -0.16 cfs/ft to +0.20 cfs/ft. 
s 

(3) The positive Aqg values generally apply to solutions where 

H < 1.0, meaning the section has less downstream runoff per unit width 

than the upstream section. Negative values of Aq • implies that the 
s 

stream can transport more sediment downstream and should result in 

degradation. 
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Alternate Graphical Solution. 

Because the solution described above would fail when 

Aq > q , another way of examining the solutions was explored. The 
s s i 

method involves expressing the change in sediment discharge as a ratio 

of the discharge at the upstream end (i.e., Aq /q ). To accomplish 
s s± 

this solution, Figures 4-7 and. 4-8 are presented which allow estimating 

the upstream sediment discharge for a given water flow, slope and rough

ness and then solving for the loss using a graph quite similar to that 

of Figure 4-6. The graphs can again best be explained using a hypothet

ical set of data. 

Given n = 0.025 

S = S = 0.012 ft/ft 
°1 °2 

q^ = 50 cfs/ft 

q2 = 35 cfs/ft therefore, n = 0.7 

d^ = 5 mm 
P1 = 

10% 

- 2 mm 
p2 = 

20% 

dj = 1 mm 
P3 = 

30% 

d, = 0.5 mm 
4 P4 = 

40% 

The steps in the solution are as follows: 

(1) Enter Figure 4-7 in the lower left portion at the slope 

of 0.012 ft/ft. Then proceed vertically until the line for q^ = 50 

cfs/ft is intersected. Proceeding horizontally until the depth of 

3.2 feet is read on the ordinate. The right portion of this graph 

shows that the discharge of sediment is given for the curves (solid) 
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line) shown with the letter C and the number corresponding to the 

sediment sizes. 

q = 0.8 cfs/ft for d = 5 mm p = 100% 
S1 1 

q = 0.9 cfs/ft for d = 2 mm p = 100% 

q = 1.5 cfs/ft for d = 1 mm p = 100% 
sx J 

q = 4.8 cfs/ft for d. = 1/2 mm p = 100% 
Si * 

(2) Enter Figure 4-8 in the lower left portion for the slope 

of 0.012 on the abscissa and proceed vertically from the 50 cfs/ft 

in the lower quadrant to the dashed lines in the upper left portion 

for the n line of 0.7. The downstream depth is now shown as 

slightly under 3 feet from the upper ordinate scale. Proceeding 

horizontally from this intersection to the Aq /q values for each of 
s sJL 

the sets of solid and dashed lines can be determined corresponding to 

the appropriate numbered line for the bed slopes. Thus 

= 0.33 for 5 mm & 100% 

• 
0.35 for 2 mm & 100% 

• 
0.40 for 1 mm & 100% 

>
 

CO
 •n
 

CO
 

M
 

II 0.58 for 1/2 mm & 100% 

(3) Multiplying by the appropriate percentages of bed material 

in the various sizes and by the corresponding q value gives: 
S1 
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d P \ Aq /q 
s ^s^ 

Aqsa) Aqs(p) 

5 10 .08 0.33 .026 .003 

2 20 .09 0.35 .032 .006 

1 30 .15 0.40 .060 .024 

1/2 40 .48 0.58 .288 .115 

EAq = .148 cfs/ft width 
s 

Stated quantitatively, there would be 0.148 cfs/ft width of 

channel more input at the upstream end than was being discharged at 

the outlet. 

Some Comments on Sediment Movement 

The large difference between the sediment deposition rate 

for this example and for the example based on Figure 4-6 (i.e., 

Aq = 0.148 cfs/ft vs. Aq = 0.07 cfs/ft) represents the difference 
s s 

for solutions using the steeper slope (i.e., S = 0.012 vs. S = 0.010) 

and a lower roughness (n = 0.025 vs. n = 0.030). As a further 

illustration of the differences, the y^ depth was roughly 3.5 feet 

versus y^ = 4 feet and the y^ depth was 3 feet versus slightly over 

3 feet. The corresponding slope changes altered each of the terms of 

the Laursen sediment transport equation. 

Additional work is needed to demonstrate the validity of the 

Laursen sediment transport equation on the Flume 6 data of Walnut Gulch. 

Discharge values per unit width were developed from the rating tables 

at Flume 6 on Walnut Gulch. This required the transposition of the 

depth-discharge data back upstream to a point beneath the cableway 
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where all sampling was performed. At this point, an average hydraulic 

radius and width were used to determine the discharge per unit width 

and the mean depth. 

An example of changes in the magnitude of the various terms 

in the Laursen formula associated with various discharges and sediment 

sizes is shown in Figure 4-9. Thus, although (d/y)^^ increases quite 

r a p i d l y  w i t h  i n c r e a s i n g  g r a i n  s i z e s ,  u A / w  d e c r e a s e s  a s  d o e s  t ^ / w i t h  

the result that the C decreases most rapidly. At the low discharges, 

such as that shown in the solid curve of the figure, grains of. 1 mm 

and larger would not be expected to move. 

These graphs illustrate the importance of having data concerning 

the composition of the bed material at all times. Figure 4-10 illus

trates that the composition of the streambed at Flume 6 changes from 

one flow event to another. The log-normal probability paper used for 

this figure shows geometric mean grain diameters varying from slightly 

over 1 mm to about 3.5 mm in one season. Samples for this figure were 

collected at equal increments across the bed beneath the sampling 

cableway located 65 feet above the flume. Undoubtedly similar changes 

occur during a flow and they may explain some of the sediment-rating 

complexities indicated by the sampling program. 

Assuming the Laursen formula is indicative of conditions in 

the stream, the ratios of the grain sizes predicted to be in motion to 

the material of the same size remaining on the bed are shown in 

Figure 4-11. The figure illustrates that although the bed might con

tain a large amount of material in the larger sizes, Laursen"s trans

port relation predicts that only a small percentage of this is contained 
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Figure 4-11. The ratio of sediment in motion to the composition of the 
bed for various sediment sizes and water discharges 
based on the Laursen transport relation and Flume 6 data. 
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in the material being moved. This condition persists regardless of 

the discharge at the time in question. 

Sediment Transport Model Verification 

Model verification is difficult for a stream such as Walnut 

Gulch because of the inherent high stream velocities and because of 

the rapidly changing discharges (Figs. 2-3, 2-4, and 2-7). The sampling 

program on Walnut Gulch does provide depth integrated sediment concen

trations at a single cross section. Bed material composition changes 

during a flow event and roughness changes during the passage of a flood 

event are essentially impossible to measure. Figure 4-12 shows for 

1970 the samples collected at the outlet of Walnut Gulch, Flume 1. 

Although the discharge range in 1970 was not as large as that shown in 

Figure 4-1, the scatter of the plotted points is similar with the same 

concentration range for measured discharges. 

Figure 4-13 shows the variation in the bed size composition 

100 feet above Flume 1 during the 197Q runoff season. The samples were 

collected at equal increments across the stream section in the same 

manner as at Flume 6 (Fig. 4-10) and as was described in Chapter 2. 

The range of mean sizes during the year was also large at this location 

as it was at Flume 6. These maximum and minimum mean grain size and 

standard deviations (Fig* 4-13) were then used as input for the Laursen 

sediment transport relation and the lines shown in Figure 4-12 obtained. 

The effect of roughness (Manning's n) is shown when the n value was 

reduced from 0.025 to 0.020 while the mean and standard deviation were 

unchanged. 
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The lines demonstrate the.extreme sensitivity of the model to 

changes in the mean sediment size and the standard deviation of the 

logarithms from the mean. For.example, reducing the mean grain size 

from 1.50 to 1.20 mm increased the predicted concentration at 100 cfs 

from 1.5 to 1.9 percent by weight. Similarly, decreasing the rough

ness (n) from 0.025 to 0.020 increased the concentration from 

1..20 to 1.5 percent by weight. The larger standard deviation had the 

effect of increasing the portion of the sample in the fine range which 

increased the predicted concentration tremendously. 

Although the uppermost line dissects the plotted points, the 

individual deviations can be partially explained with considerations of 

the sampling procedure and the model used to describe the channel. A 

trapezoidal channel was used to describe a cross section which in the 

prototype looks like the typical section shown in Figure 4-14. The 

figure shows that the bed material which had an average mean diameter 

of 1.06 mm with a standard deviation of 6.2 mm (Table 2-1) deviates 

appreciably across the section. The values shown in Figure 4-14 when 

disregarding the banks varied from a minimum of 0.70 mm to a maximum 

of 3.05 mm for the mean diameter and from 2.50 to 5.65 mm for the 

standard deviation. Although there is no discernible pattern to the 

size variability indicated in the figure, the finest material generally 

is found at the lowest points of the cross section and near the banks. 

These are the areas where the hydrograph recession from the preceeding 

flow event deposited most of the sediment. Subsequent flows first 

traversing the low areas, have more fine material available for 
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transport and with increases in discharge, the concentration remains 

essentially constant, i.e., the 7-7-7 concentration-discharge relation. 

Using the average size distribution and the rectangular channel may 

underestimate the average depth and thereby the velocity and concentra

tion because the wetted section will be less than that for a rectangu

lar channel. Additional portions of the scatter in Figure 4-12 are 

undoubtedly associated with the changes in bed composition during a 

hydrograph as illustrated with variations such as are shown in Figure 

4-13. Temporal and spatial variations of roughness will also be 

significant and account for instantaneous concentration variation. 

It is conceivable that the sediment composition varies with 

depth below the channel in a way that it too may alter the concentra

tion-discharge relation, especially at higher discharges when scour 

would be expected. The sampling program used in this report was 

limited to the surface one inch. 



CHAPTER 5 

TRIBUTARY FREQUENCY AND TRIBUTARY FLOW 

The tributaries joining the main channel of a watershed and an 

estimate of the magnitude of their contribution of runoff and sediment 

must be described in any attempt to quantify the dynamic behavior of a 

stream. Accordingly, the channels joining Walnut Gulch, between sub-

watershed 5 and the watershed outlet were investigated. 

The analysis first included counting the streams by order 

(Horton, 1945; Strahler, 1957) on aerial photographs. The major tribu

tary map such as that shown in Figure 5-1 does not include any of the 

minor tributaries (lower orders) so that it was necessary to use the 

aerial photographs to count the tributary intersections. Tables 5-1 

and 5-2 summarize pertinent information from the analysis. Because of 

the differing numbers of intersections for each stream order on each 

side of the channel, the data were combined and normalized to provide 

the relative frequency plot shown in Figure 5-2. As might be expected, 

the higher peaks on the frequency graphs are on the smallest watersheds. 

The frequency of lower order streams is greater on the smaller water

sheds, which is another indication of the increase in stream order for 

higher order streams with increasing drainage area. 

Conceptual Tributary Model 

In an effort to quantify tributary frequency data, discrete 

distributions used were the Poisson, geometric, and binomial 
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Table 5-1. Tributary stream order frequency for selected 
channel segments 

Reach 5+6 Reach 6+2 Reach 2+1 Reach 11+8 

Order L* R* L R L R L R 

1 6 16 8 14 10 11 23 32 

2 5 8 5 13 4 12 13 19 

3 3 3 4 3 4 6 3 -

4 1 - 1 1 3 1 1 2 

5 - 1 - 2 2 1 

6 - 1 - - 1 -

* L and R refer to the left and right 

Table 5-2. Tributary stream order statistics and physical data for 
selected channel reaches. 

Stream order 
Drainage No. of 

Reach Mean Std. Dev. Length area AD.A tributaries 
(feet) (sq.mi.) (sq.mi.) 

5+6 1.84 1.27 11,500 36.72 28.11 44 

6+2 1.90 1.08 15,000 43.91 7.19 51 

2+1 2.18 1.61 21,200 57.66 13.75 55 

11+8 1.51 0.51 21,800 5.98 2.80 93 
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distributions expressed, respectively, as: 

f(x) = ^ ̂ J x = 0, 1, 2... (5-1) 

f(x) = (l-p)(x"1) p ; x = 1, 2, 3... (5-2) 

and 

f(x) = (n) pX (l-p)n X ; x = 0, 1, 2... (5-3) 
X 

Because the first two distributions have a single parameter, only the 

mean was used to evaluate them while the mean and standard deviation 

were used for the binomial distribution, p in these equations is the 

probability of x successes or occurrences in n trials. A sum of squares 

of the normalized deviations test was used to decide which distribution 

best described the sample data. The geometric distribution for each 

channel segment gave the best sum of squares of the normalized devia

tions (Table 5-3), and it was adopted as the distribution describing the 

tributary occurrence. Figure 5-3 illustrates with line graphs the 

measured frequencies of the tributaries by stream order, with the bar 

graph being the values from the fitted geometric probability density 

function. The agreement between the sampled and computed distributions 

looks generally good in this figure. 

Table 5-3. Z of squares of normalized deviations for 
various distributions and channel segments. 

Distribution 
Reach Poisson Geometric Binomial 

5+6 0.22 .05 0.51 
6+2 0.14 .08 
2+1 0.10 .04 .64 
1+8 0.32 .10 1.03 
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Figure 5-3. Geometric probability distribution (bar graphs) of the 
stream orders for four channel reaches of Walnut Gulch 
and the measured distributions (line graphs). 
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To complete a model for predicting both the number and frequency 

of occurrence of the tributaries, it is necessary to relate the fre

quency parameter and the total number of tributaries to physically 

measurable watershed characteristics. In order to develop a prediction, 

the amount of correlation within the parameters of Table 5-2 were 

checked for their simple correlation. The correlation matrix shown in 

Table 5-4 was determined using first the arithmetic values for the indi

vidual observations and then using a logarithmic transformation of the 

data. 

Because the sample size was small, a simple correlation of 0.95 

is needed for significant at the 5% level. None of the correlations 

were significant at this 5% level, but higher correlations were generally 

obtained with the log transformations. The number of channels (N) 

correlated best with the increase in drainage area (AA) for a channel 

reach of a given length (L). In addition, the correlation of the mean 

(y) of the frequency distribution of stream order intersections with the 

increase in drainage area lead to the prediction graph shown in Figure 

5-4. With the two prediction lines shown in this figure, it is possible 

to predict the number of tributaries by their stream order intersecting 

a reach of stream if the total drainage area (A) at the lower end of the 

reach in question is known as well as the length of channel between the 

two stations. Physically the relationships of this figure are realistic. 

The probability of occurrence for small values of AA/L imply that 

numerous small tributaries are involved. Thus the area associated with 

any tributary would be small. Likewise, as the drainage area increases 
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Table 5-4. Tributary characteristics for the channel reach 
between Flumes 15 and 1. 

CORRELATION MATRIX (Arithmetic) 

AA L AA/A N P 
2 
a 

AA 1.0 -0.71 0.68 -0.73 0.29 0.72 

L 1.0 -0.47 0.74 -0.07 -0.23 

AA/A 1.0 -0.04 -0.47 0.002 

N 1.0 -0.69 -0.85 

y 1.0 -0.88 

2 
a 1.0 

CORRELATION MATRIX I (Log-transformed) 

AA L AA/A N P 
2 
a 

AA 1.0 -0.68 0.28 -0.90 0.61 0.90 

L 1.0 -0.36 0.77 -0.11 -0.36 

AA/A 1.0 0.06 -0.53 -0.14 

N 1.0 -0.68 -0.90 

P 1.0 0.89 

2 
CT 1.0 

R0.05 
= 0.95 -* samples too small for significance. 
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or as the area for the channel reach increases, higher order streams 

join the channel reach with a corresponding decrease in the number of 

intersections for the channel reach in question. 

Smart and Moruzzi (1971) and Shreve (1966 and 1967), as well as 

Scheidegger (1967) and Seginer (1969), showed that assumptions of topo

logical randomness and random distributions of stream link lengths are 

sufficient to explain the Horton-Strahler empirical laws and the ob

served deviations from those laws. Networks generated under random 

walk models with isotropic growth probabilities may be expected to 

correspond to natural networks developed in regions without geologic 

controls. In a drainage system developing by headward growth, one of 

the most important factors in the growth is the amount of runoff reach

ing the tip of a stream which in turn is largely determined by the 

magnitude of the area contributing to the runoff. In arid and semi-

arid ephemeral streams, the importance of the size of the contributing 

area for runoff and subsequently the erosion cannot be overemphasized. 

Runoff reductions per unit area on both an individual storm and on an 

annual basis have been demonstrated to be significant on even the 

smallest watersheds. Increased opportunity for infiltration during 

overland flow leads to less runoff from areas adjacent to channels, and 

the increasing size channel and alluvium volume for runoff abstraction 

further reduce the flow volume with increasing drainage area. Thus the 

random-walk drainage networks, such as that of Smart and Moruzzi (1971), 

must include branching rules to include these runoff reductions as well 

as considerations for geologic controls. The intersection rules may 

well be based on information such as that shown in Figure 5-4. 
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Tributary Runoff Model 

Channel equilibrium considerations must therefore include both 

the runoff and sediment volumes contributed to a channel segment. The 

Horton-Strahler numbering system affords estimates of the sizes and 

frequency of contributing tributaries and with assumed sediment loads, 

the magnitude of sediment to be moved. 

Work by Renard (1970) showed that on an annual basis the runoff 

per unit area decreases with increasing area according to the formulae 

Q = 1.54 A-0,151 ' (5-4) 

where A is the drainage area in acres and Q is the annual runoff in 

watershed inches. The poor simple correlation (r = 0.70) for this 

equation can be partly explained by unequal length of record for the 

nine watersheds considered. With this background, Diskin and Lane (In 

Press) developed a stochastic runoff model for individual runoff events 

in which parameters of the distributions needed to describe the runoff 

are based on physical characteristics of the watershed. (In their case, 

only drainage area was used.) 

This work of Diskin and Lane showed that the number of runoff 

events per year increased according to the equation 

N = 3.82 log1() A + 6.2 (5-5) 

where N is the average number of runoff events per season, and A is the 

drainage area in square miles. They further found that the runoff vol

ume per event was related to the watershed area as shown in Equation 5-6 

* = -0.46 log1Q A + 4.03 (5-6) 
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where V is the average logarithm of the runoff volume in 10 ̂ -inch 

units. They also noted that the peak discharge of each runoff event 

was highly correlated to the runoff volume V of the event according to 

the relation 

P = K¥m (5-7) 

where P is the peak discharge in cfs units, V is the runoff volume in 

inches and K and m are constants related to watershed area by 

K = 3250 log1Q A - 2100 (5-8) 

and m = 0.96 - 0.10 l°g^Q A (5-9) 

These equations (5-5 through 5-9) show that the number of runoff events 

increases with increasing drainage area, that the volume of runoff in 

inches per unit area per storm decreases with increasing area, and the 

peak discharge increases with increasing area. To complete the model, 

the standard deviations of the number of events and the storm volume 

were also related to drainage area. The model further provides temporal 

distribution to the runoff by generating the beginning of the runoff 

season, the mean interval between flows in days, and the average begin

ning time of the flow. 

Physical Data by Tributary Order 

To use the runoff-generating model and.the Manning-Laursen sedi

ment transport model, it is first necessary to relate the stream order 

numbering system to drainage area as well as channel width and slope. 

Prior work (Leopold & Miller, 1956) had demonstrated that quantitative 
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geomorphology information relates to watershed information in similar 

climatic provinces if the total relief is similar. 

For the analysis discussed here, the information pertinent to 

the tributaries shown in Figure 5-1 and Table 5-5 was supplemented with 

unpublished information of Murphey and Wallace (1971) of the Southwest 

Watershed Research Center for other areas of Walnut Gulch not considered 

herein. Slopes shown in Table 5-5 are for the length weighted value 

of the order at the outlet. Various combinations of the stream order 

relationships to the independent parameters of Table 5-5 were .attempted. 

To assist in the interpretation, a correlation matrix was determined 

from the data. 

The correlation matrix of Table 5-6 for the data of Table 5-5 

shows numerous high correlations, but part of this would be expected 

when the parameters of the first four columns are contained in various 

combinations in the last four columns. Because a method for predicting 

U, the stream order, has been developed in Figure 5-4, a relation be

tween it which facilitates selecting the drainage area, as well as the 

stream width, b, and the stream slope, S, must be explored. The corre

lation matrix of Table 5-6 and previous work by other researchers 

(Leopold & Miller, 1956) led to the subsequent three figures. The re

lation of Figure 5-5, although appearing to have excessively wide 

variations in the slope values for any stream order can be explained. 

Additionally, slope increases with lower order streams have been re

ported repeatedly by other researchers. The variations are associated 

with complexities of the landform evolution associated with soil, 
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Table 5-5. Tributary data for the channel between Flumes 15 and 

Tributary 
Order 
No. (ft/ft) 

b 
(ft) 

A 
(ac) 

A/b 
(ac/ft) 

b-S 
(ft) 

A-S/b 
(ac/ft) 

b/S 
(ft) 

1 4 .0224 52 112 2.15 1.165 .0482 2321 

2 5 .0203 32 621 19.41 .650 .3940 1576 

3 4 .0206 18 239 13.28 .371 .2736 874 

4 3 .0130 10 122 12.20 .130 .1586 769 

5 3 .0336 24 83 3.46 .806 .1163 714 

6(Javelina) 5 .0191 24 1035 43.12 .458 .8236 1257 

7(Lambs) 5 .0129 25 1877 75.08 .323 .9685 1938 

8 4 .0192 73 263 3.60 1.402 .0691 3802 

9 3 .0257 18 91 5.06 .463 .1300 700 

63.007 6 .0158 89 3340 37.52 1.406 .5928 5633 

10 3 .0222 10 186 18.60 .222 .4129 450 

11(Tank 23) 5 .0181 19 194 10.22 .344 .1850 1050 

12 4 .0202 8 263 32.88 .162 .6642 396 

14 4 .0176 13 269 20.69 .229 .3641 739 

63.003 5 .0157 23 2220 96.52 .361 1.5154 1465 

15 3 .0092 11 141 12.82 .101 .1179 1196 

63.008 5 .0135 68 3830 56.32 .918 .7603 5037 

16 3 .0270 9 147 16.33 .243 .4409 333 

17 3 .0312 

18 3 .0165 11 151 13.72 .182 .2264 667 

19(Emerald) 4 .0257 34 1226 36.06 .874 .9267 1323 

20(63.009 & 
63.010 6 .0087 70 10448 149.50- .609 1.302 8046 

63.015 6 .0101 50 5912 118.24 .505 1.1942 4950 

63.001 7 . .01 190 36900 200 2 

S from unpublished data for Walnut Gulch collected by Murphey and 
Wallace (1971). 
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Table 5-6. Correlation matrix for data of Table 5-5. 

U S b A A/b b-S A-S/b b/S . 

u 1.0 -.51* 0.66** .72** .73** .36 .68** .74** 

s 1.0 -0.27 -0.56** -0.59** .17 -0.41 -0.54** 

b 1.0 .61 .38 . 86** .25 .89** 

A 1.0 .90** .19 .71* .88** 

A/b 1.0 -0.24 .91** .68** 

b'S 1.0 -0.46* .56** 

A - S / b  1.0 ' .46* 

b/S 1.0 

N = 22 r 0.423 at 5% and 0.54 at 1%. 
xy 

* = significant at 

** = significant at 

5% level. 

1% level. 
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Figure 5-5.- Channel slope versus stream order for the main channel 
tributaries of Walnut Gulch. — The Leopold and Miller 
(1956) line is also shown from Figure 17. 



115 

vegetation, climatic and geologic factors. The existence of nonero-

dible (in other than the geologic time scale) outcrops near the surface 

in some tributaries cause high slopes while their absence in other 

basins may produce less than the average channel slopes. 

Another serious problem in channel slope evaluation for the 

stream order number concept involves the site at which the determination 

is made. If the site for which the slope is being determined is imme

diately below the confluence of two like-numbered streams (the next 

higher number is then adopted), the drainage area may be the minimum 

value for such a stream order, and the slope may be in a transition 

from the usually steeper slopes of the lower order to the more gradual 

slopes of the higher order. Similar conditions can be associated with 

the stream width (assuming runoff increases with increasing drainage 

area). 

The line shown in Figure 5-5 was developed by determining the 

arithmetic mean of all the slopes in the stream orders. Also shown 

in the figure are the averages from the Murphey-Wallace data determined 

for all tributaries of Walnut Gulch larger than fourth order. Their 

data are slightly below that for the tributaries between Flume 5 and 

the watershed outlet of Walnut Gulch and reflect the lower slopes in the 

channels draining the Pleistocene gravels covering a large percentage 

of the watershed above the study reach. 

The figure also contains the line from the Leopold-Miller (1956) 

work in New Mexico. The work completed on watersheds in the vicinity 

of Santa Fe, New Mexico shows a slope nearly parallel to the Walnut 

Gulch data with a displacement of between two and three stream orders. 



Murphey and Wallace, in assigning stream orders to the Walnut. Gulch 

area, called first order streams as a discernible channel formulation, 

visible on 1:12,600 contact aerial photographs. Leopold and Miller 

defined their first order by spot sampling in the field. They then 

added four orders to their aerial mosaic map made with a scale of two 

inches to the mile. Murphey and Wallace found that third order on the 

aerial photographs corresponded to the first order of the quadrangle 

maps. Thus the Leopold-Miller second-order stream probably is equiv

alent to the first order used here. The additional displacement 

probably represents tectonic differences of the watersheds involved. 

Figure 5-6 shows the contributing watershed area for the stream 

orders. Again, although the scatter is wide, the arithmetic average 

of the drainage associated with each order defines a reasonably straight 

line. The Leopold-Miller data from New Mexico shown by the dashed line 

show a parallel line with a displacement explained similarly to that 

for Figure 5-5. Additional displacement beyond that associated with 

map scale and order definition can probably be explained by greater 

drainage density in the New Mexico watersheds and the absence of a 

badland type topography in Walnut Gulch. 

As shown in Table 5-6, the correlation of width and stream 

order was higher on an arithmetic scale than with any of the other 

single independent variables. However, the average widths in Table 

5-7 for fourth- and fifth-order streams were approximately the same 

so an additional expression was explored. Graphs of slope versus width 

and slope versus the product of area and slope divided by width had 
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Figure 5-6. Drainage area versus stream order for the main channel 
tributaries of Walnut Gulch. — The line of Leopold 
and Miller (1956) p.20 is also shown. 



Table 5-7. Averages of data in Table 5-6 by stream 
order. 

Order S* S b A A/b b-S A* S/b b/S 

7 .0104 

6 .0113 .0115 80 6900 129.8 .840 1.03 6210 

5 .0146 .0166 32 1630 50.1 .509 .774 2054 

4 .0192 .0210 33 395 18.1 .701 .391 1576 

3 .0223 13 132 11.7 .307 .229 690 

SA from unpublished Walnut Gulch data by Murphey and 
Wallace (1971). 
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lower correlations on a log-log scale than did the relationship 

presented in Figure 5-7. Additionally, comparing the correlation 

coefficient shown on the figure shows a slight improvement over that 

for the arithmetic values presented in Table 5-6. As in the other geo-

morphological graphs in this chapter, the variability is still great 

and may be indicative of the variability in arid and semiarid areas. 

For example, Renard, Drissel, and Osborn (1970) showed that the stand

ard deviation of the annual peak, discharge for the Alamogordo Creek 

Watershed in New Mexico considerably exceeds the mean value. Similar 

variability was found for some of the runoff parameters used by Diskin 

and Lane (1972). Such variability of hydrologic conditions may pro

duce part of the variability shown in Figures 5-5, 5-6, and 5-7. 
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CHAPTER 6 

QUANTITATIVE ANSWERS ABOUT STREAM DYNAMICS 

The key questions that a design engineer might ask regarding 

stream behavior were discussed in Chapter 3. Quantitative information 

relative to the importance of slope, width, depth and sediment dis

charge on stream behavior can be illustrated with the Manning-Laursen 

relationship. 

The effect of bed slope on the sediment discharge for two 

different sediment sizes and two different water discharges can be seen 

in Figure 6-1. The material for the figure was obtained by solution of 

Equations 4-1, 4-3, and 4-5. The graph shows, as would be expected, 

that finer sediment and increasing water discharge increases the sedi

ment discharge. Similarly, increasing bed slopes increases the 

sediment discharge. Many interesting observations can be made from 

the figure. For instance, at a water discharge of 10 cfs/ft, a tenfold 

increase in sediment size has the same effect on sediment discharge as 

decreasing the bed slope from 0.010 to 0.006. As is apparent from 

the graphs, the changes are not constant throughout the range of either 

slope or throughout the bed material sizes. 

Ephemeral streams lose water as the runoff traverses the dry 

streambed as mentioned previously. To illustrate the effect of this 

water loss, an assumed hydrograph (Fig. 6-2) was reduced by transmis

sion losses in the streambed to produce the output shown at 

121 
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.012 .002 .006 
S„ 

.008 .010 .004 

Figure 6-1. Slope change effects on sediment discharge using the 
Manning-Laursen relations with n = 0.025 and 68° F water. 
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Figure 6-2. Upstream and downstream hydrographs and sediment discharge graphs computed 
using the Laursen transport relation. — The figure is intended to demon
strate the effects of transmission losses with various sediment sizes 
and bed slopes. • • 
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the downstream end of a hypothetical channel reach. For this assumed 

condition, the ratio of the downstream to upstream discharge is 0.7. 

The corresponding sediment discharge graphs for these hydrographs pre

dicted by Equation 4-3 are also shown for two combinations of bed slope 

and bed material size. The lines for the flat slope (0.001 ft/ft) are 

barely discernible from the abscissa. Table 6-1 lists the volume of 

sediment transported as well as the amount of water absorbed in the bed 

and the amount of sediment deposited. 

The importance of both the bed slope and sediment size, is read

ily apparent from Table 6-1. The last row of the table shows the loss 

as a percentage of the inflow which interestingly enough varies only 

from a minimum of 37.7% to a maximum of 42.7% and was produced by a com

plex hydrograph rather than a constant discharge rate over a period of 

time. In a natural stream, differences in the bed material composition 

might be expected to balance the transport rate and thereby establish 

an "equilibrium" slope; i.e., the percentages in various sizes might 

be expected to increase or decrease because of flow differences. The 

differences in bed material composition along a stream reach can result 

from sequences of tributary flow when the material of the tributaries 

varies. Additionally, tributary inflow may transport some of the 

material deposited from upstream storms and thereby maintain the 

stream "equilibrium." 

Assuming the material deposited in the channel reach, such as 

in computed in Table 6-1, is deposited uniformly along a segment of 

channel or in a triangular pattern with the maximum depth upstream or 

downstream, the deposition would be that shown in Table 6-2 (a) and (b). 
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Table 6-1. Sediment discharge from Manning-Laursen formulas 
for various slopes and particle sizes for the 
hydrographs shown in Figure 6-2. 

(ft3/ft) 

„ . d = 5 mm d = 0.5 mm 
V (ft /ft) S = 0.010 S = 0.001 S = 0.010 S = 0.001 
w ; 

Upstream 762,000 851 37.2 5,080 79.1 

Downstream 533,000 530 22.9 2,910 46.8 

Difference 229,000 321 14.3 2,170 32.3 

Loss as % 
of inflow 30.1 37.7 38.5 42.7 40.9 

Table 6-2. Channel fill for an assumed 47,700 foot channel 
reach for the hydrograph of Figure 6-2 and 
using the data from Table 6-1. 

(a) (b) 

With Uniform Deposition With Triangular Deposition 

o N 
5 0.5 sX o x 

5 0.5 

.001 .0036* .0081 .001 .0072* .0162 

.010 .0808 .546 .010 .1016 1.092 

* fill in inches * maximum fill in inches 
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The deposition shown in this table is extremely small for the hypothet

ical 47,700-foot channel reach. This length was assumed because it 

is the distance between two major runoff and sediment-measuring stations 

on the main channel of Walnut Gulch watershed described in Chapter 2. 

For the triangular deposition patterns, the 0.0072-inch maximum fill 

(0.0006 foot) is insignificant compared with the 47.7 feet of elevation 

for a 0.1% channel slope and is small even for the 1.092-inch (0.091 

foot) deposition resulting from the worst flow condition and deposi

tion pattern when compared with the 477-foot elevation decrease in an 

assumed 1% channel. 

Although the example shows that the deposition for an individual 

flow event might be relatively large (0.5 inch with uniform deposition), 

the example used would be an extreme event (greater than a 100-year 

frequency according to Osborn, 1971). Under normal flow years with many 

small events, it would undoubtedly require numerous years to produce the 

deposition shown in this example. 

The Manning-Laursen relations can also be -used to illustrate 

the effect of a width change on the total sediment discharge. Figure 

6-3 illustrates that varying the width from 10 to 20 feet produces only 

slight changes in the total discharge for sediment in the 5 mm size 

range. On the other hand, if the sediment is the 0.5 mm size, the 

change is appreciable. Because many ephemeral streams in the Southwest

ern United States tend to be relatively wide, minor width changes would 

be expected to produce only minor changes in the total transport. 
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The Manning-Laursen equations can be used to indicate the 

effect of depth changes resulting from changes in the hydraulic rough

ness or by changes in the instantaneous water discharge and the effect 

of these on sediment discharge. Figure 6-4 demonstrates these changes 

in sediment discharge resulting from both changes in the roughness 

(Manning n value) or the instantaneous water discharge for a constant 

1% bed slope and for two different sediment sizes (5mm and 0.5 mm). 

The changes in sediment discharge associated with increasing flow depth 

are quite large for the 1/2 mm sediment size but only slight for the 

larger (5 mm) material. Likewise, decreasing the hydraulic roughness 

(n) increases the predicted sediment discharge significantly and, in the 

case of the 5-mm size, is the difference between no movement of this 

size material and some movement when the depth is greater than 3 feet. 

Computer Models 

The Manning-Laursen sediment transport relations were used with 

the Diskin-Lane stochastic runoff model to generate synthetic runoff and 

sediment discharge data from the main channel of Walnut Gulch in an 

effort to explain the channel behavior. Three digital computer routines 

were used for the generation with flow charts shown in Figures 6-5, 6-6, 

and 6-7. 

Figure 6-5 charts the overall stochastic modeling process for 

the runoff and sediment movement. Briefly, the modeling involved deriv

ing the statistical distributions to describe the runoff with a deter

ministic sediment movement model and then comparing the synthetic data 

from the model with some measured values. Ten years of synthetic runoff 
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Figure 6-4. The effect of roughness changes on sediment discharge using the Manning-Laursen 

relation with 68° F water. 
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Figure 6-5. Flow chart for the stochastic model of sediment discharge. 
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Figure 6-6. Flow chart of the synthetic runoff generation scheme 
from Diskin and Lane (in Press). 
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Figure 6-7. Flow chart of sediment discharge computation program. 
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data is used to show the behavior of ephemeral streams in response to 

highly variable thunderstorms. 

The first phase of the flow chart (Figure 6-5) involved using 

the random number generator routine of the University of Arizona com

puter. These random numbers were then used as input to the geometric 

probability density function to determine the stream order intersections. 

A transformation used involved changing the uniformly distributed 

random numbers to geometrically distributed numbers which conform to the 

stream orders. The probability term (p) in the geometric distribution 

was determined from Figure 5-4 for the AA/L values selected to model the 

stream reach on Walnut Gulch between Flumes 6 and 1. 

Having the table of randomly generated stream order inter

sections specified using Figure 5-4, the corresponding slope, area and 

channel width were selected respectively from Figures 5-5, 5-6, and 5-7. 

In equation form, the solutions are: 

log S = 2.72 + 0.102 U (6-1) 

log A = 0.283 + 0.593 U (6-2) 

A/b = 0.0033 S"2,17 (6-3) 

The statistics of the bed material distribution found in 

Chapter 2 to be quantified by a log-normal distribution, can be 

described by a mean and standard deviation. Equations 2-7 and 2-8 were 

used to obtain the mean and standard deviation of the tributary channels. 

For reader ease the equations are repeated here as: 

H = D = 1.715 + 0.152 b (2-7) 
mg 

and a = a = 3.55 + 0.380 b (2-8) 
g 

where b (width) is that value obtained from Equation 6-3. 
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Runoff Computer Model 

Figures 6-6 and 6-7 are detail expansions of the last two 

computational blocks of Figure 6-5. The distributions composing this 

runoff model (Figure 6-6) were discussed briefly in Chapter 5. There

fore, it should suffice to say that the flow chart gives the order in 

which the various variables are generated from their distributions, 

using the parameters of the distribution or from regression equations 

to other variables. If a regression equation was used, a random compo

nent, assumed to be normally distributed was added. The random 

component had zero mean and a variance equal to the variance about the 

regression line expressing the relationship between the two variables. 

The runoff is generated for each watershed with one sequence for each 

season. The season is defined as the time period starting with the 

first runoff event and ending with the last runoff event of the summer 

monsoon season. This output then was used as input to the sediment 

transport model of Figure 6-7. 

Sediment Transport Computer Model 

The sediment transport part of the program (Figure 6-7) involved 

the solution of the Manning and Laursen equations described in Chapter 4. 

For the readers convenience the equations are respectively: 

Q/b = Vy = 1.49 5/3 cl/2 
~t; y n ' o 

(4-1) 

(4-3) 
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and 

*„ " 165 «-5> 

All terms are defined in Chapter 4. 

To compute the sediment discharge volume associated with each 

runoff event, a triangular hydrograph shape was assumed for each flow 

event. To minimize the computing time, some limits were placed on the 

number of discharge-concentration computations as follows: 

if Q /b. <1 • (6-4) 
P 

Qp/b was solved at the peak discharge only and a triangular sediment 

discharge graph was produced which was integrated for the ¥s (sediment 

discharge volume). 

If 1 < Q /b < 10 (6-5) 
P 

Qp/b was solved at the hydrograph peak and at one half the peak value 

and the resulting sediment discharge graph was integrated to get the 

volume. 

If Qp/b > 10, (6-6) 

the sediment discharge was solved at the peak discharge as well as 

at 1/3 and 2/3 of the peak discharge. This scheme then preserved some 

of the nonlinearities involved in the sediment discharge computations. 

Again to minimize the computation time, the percentages in 

various sediment sizes was solved from the log-normal frequence distri

bution (Equation 6-7) 

f <x) = ajTIir exp (" ̂ 2 (loS x" 2̂] (6_7) 
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a is the geometric standard deviation of the grain sizes (logarithmic 

transforms) and y = D , the mean grain size. 

The parameters for each order are shown in Table 6-3 and 

exhibit the trend shown in Figures 5-5, 5-6, and 5-7. The variability 

of the parameters with respect to any stream order are not present in 

the model which is based on means only. Casual inspection however 

shows them to be consistent with the data observed on Walnut Gulch 

except perhaps for the stream widths of the 5th and 6th order streams 

which are wider than the values shown in Table 5-7. Because the mean 

grain diameter and the standard deviation are related to this width, 

the values shown in the last two columns also seem abnormally large 

for these 5th and 6th order streams. However, no 6th order streams 

occurred (see Table 6-4) in the simulated tributaries and only three 5th 

order streams occurred in the reach between Flumes 2 and 1. Therefore 

the prediction equations were not investigated further but rather 

the averages from the sampled data of Table 2-1 as shown in Table 6-3 

were used. 

Table 6-4 lists the number of tributaries of each stream order 

predicted to intersect the lower two channel reaches of Walnut Gulch. 

Oddly enough, the total number of tributaries obtained for a specified 

AA/L value appears to be quite critical when the number in individual 

orders is multiplied by the expected drainage area and summed to arrive 

at the drainage area increase for the channel length. Although the 

synthetic channel reach 6 —> 2 has slightly less drainage area than 

the actual reach, the simulated reach from 2 —> 1 has more drainage 

area than the prototype even though the simulated system does not 
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Table 6-3. Predicted parameters for streams used in synthetic 

of the diameters. 

Area Width Predicted Mean measured 
Order Acres Sq. Miles Slope (feet) Dmg pg Dmg og 

1 7.52 0.012 0.041 2.23 2.05 4.40 

2 29.4 0.046 0.033 5.43 2.54 5.61 

3 115 0.18 0.026 12.70 3.64 8.38 1.58 3.54 

4 452 0.71 0.020 28.17 6.00 14.27 1.60 4.13 

5 1770 2.77 0.016 68 12.0 29.3 1.54 3.34 

6 6930 10.8 0.013 170 27.5 68.0 1.11 4.30 



Table 6-4. Tributary intersections for two channel reaches 
using a random generator and a geometric distribu
tion of stream orders. 

Reach 
6 ->• 2 2 •» 1 

Order Predicted Actual Predicted Actual 

1 24 22 29 21 

2 8 18 13 16 

3 9 7 8 10 

4 6 2 8 4 

5 0 2 3 3 

6 _0 _0 _0 _1 

Total Number 47 51 61 55 

Total Area of 
trib. (sq.mi.) 

6.55 7.19 16.34 13, 

Total length 
(feet) 

15,000 21,200 
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include a 6th order stream. Much of the simulated drainage area must 

be related to the high number of 4th order streams. 

Generated Runoff Data Summary 

Table 6-5 summarizes the runoff data generated by stream order 

using the Diskin-Lane stochastic model. The table shows significant 

changes in both the runoff volumes and the peak discharge with the 

drainage area changes between stream orders. The table also shows the 

data for the upper and lower stations on the Walnut Gulch main channel. 

The data for the 4th order tributaries appears to be lower than the 

values on either side when examining the runoff volume. The mean an

nual runoff of 0.20 watershed inches although seeming low may be 

related to the random component involved in a relatively short record. 

Experience for two different subwatersheds on Walnut Gulch show that a 

single wet year may raise the mean annual runoff considerably if the 

record isn't longer than 10 to 15 years. 

The peak water discharge of 5.1 in/hr for the 1st order streams 

might look high and yet it is entirely in agreement with independently 

measured precipitation intensities, assuming a storm were centered on 

the watershed. This low runoff for 2nd-order streams was reflected in 

Figure 6-8 in both the cumulative runoff and sediment discharge for 

this stream order. 

Figures 6-8 and 6-9 show the cumulative water and sediment dis

charge for each stream order and for the inflow to the upper end of the 

reach labeled Flume 6. For each stream order, the cumulative value was 

obtained by multiplying the number of streams of that order times the 



Table 6-5. Synthetic runoff data (10 years) 1st thru 6th order, and watersheds 6 and 1. 

AREA RUNOFF VOLUME PEAK DISCHARGE 
Watershed 

Mi2 Acres 
Mean for 
Individual 

Max. Vol. 
for 10 

Mean 
Annual 

Mean for 
Individual 

Max. for 10 yrs. 

ID Events 
(in) 

years 
(in) (in) 

Events 
(cfs) (cfs) (in/hr) 

1st Order .012 7.7 0.17 1.66 0.96 4.33 39.7 5.1 

2 .046 29 0.10 0.99 0.51 10.6 110 3.7 

3 .18 115 0.078 0.60 0.57 17.7 195 1.7 

4 .71 454 0.039 0.48 0.20 28.7 449 0.98 

5 2.77 1,770 0.055 0.70 0.49 139 1620 0.91 

6 10.8 6,910 0.044 0.88 0.48 240 4060 0.58 

63.006 36.7 23,500 0.024 0.66 0.30 303 6530 0.28 

63.001 57.7 36,900 0.015 0.13 0.19 477 6680 0.18 
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runoff and sediment discharge. Note that the scales are different 

between the two figures and that the volumes for Figure 6-9 are actually 

much larger. The volumes shown in the figures were obtained using the 

runoff-sediment generating model and multiplying by the number of 

streams in each order. Thus, the figures show that a large portion of 

the water and sediment input of the simulated channel reach from 6 —> 1 

are produced by the fourth order streams and from the watershed pro

ducing the inflow at the upper end of the reach in question (Flume 6). 

Again, this would vary for each such reach which might be simulated. 

Synthetic Sediment Data Verification 

Sediment discharge data are not available for each stream order 

used in the model. Sampling at Flumes 6 and 1 have provided estimates 

of peak sediment discharge and the-volume of sediment discharge. Thus 

this sample information is compared with the synthetic data in Figures 

6-10 and 6-11 for Flume 1. 

The agreement between the sampled and theoretical data at 

Flume 1 is extremely encouraging. The generated and measured volume 

of sediment for a given runoff volume are essentially superimposed. 

Similarly the peak sediment discharge agrees quite closely for a given 

hydrograph peak although the slope of a line through the points would 

be slightly steeper for the sampled data. Thus at discharges of 3000 

cfs, the synthetic sediment peak discharge is greater than the measured. 

Perhaps some of the difference may be associated with bedload discharge. 

The sampled data is for finer fractions only obtained by lowering 

samplers into the moving stream with a 1/4 inch nozzle. The generated 

data is the total load, i.e., suspended and bed load. 
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The sediment data at Flume 6 (1.85 mm mean) do not agree quite 

as well so some additional solutions were attempted. As shown in 

Figure 6-12, the synthetic sediment volumes for a specific runoff 

volume surround the sample data. To test further, a second set of 

synthetic runoff data were used to see if the volumes had low peak 

discharges because of the random component used in the peak-volume 

relation in the Dislcin-Lane model. The second data set essentially 

was synonymous with the first set (it is not shown to keep the figure 

clear). Accordingly, the mean grain sise was reduced from 1.85 mm 

to 1.04 mm and the data solutions repeated. The sediment volumes 

produced with the synthetic runoff data assuming the smaller mean 

grain size agree very well with the sample data but the synthetic 

and measured sample peaks are not correlated as well as with the 

coarser sample size distribution (this coarser size was determined 

from the regression equations of Chapter 2 and the 1.0 mm mean was the 

same as used at Flume 1). Again some of the difference may be explained 

by considering only suspended sediment. The final value.of 1.48 mm was 

used to duplicate the value below Flume 6 (Table 2-1). 

The importance of the bed material size distribution in the 

Laursen transport relation again must be emphasized. In Chapter 4 

(Figure 4-10), the variability of the bed material composition in even 

a runoff season was shown. The variability in an individual storm can 

only be postulated because of physical constraints regarding sampling 

the bed during a flow event. Additionally, the method of sampling used 

must be recognized as producing errors. 
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The grain size shown in Figure 4-10 at Flume 6 varied from 

about 1 mm to nearly 3.5 mm which would produce extreme variation in 

the concentration versus instantaneous water discharge relation. 

Although the slope of the line (the range of sizes encountered and the 

percentage in any size fraction) or the standard deviation does not 

appear to vary appreciably, it too is extremely important for the 

computation of sediment discharge as was discussed in Chapter 4. 

An additional sampling problem for characterizing the sediment 

discharge involves the assumption of a rectangular channel with the 

composition of the alluvium being uniform across the cross section. 

Although the section is nearly rectangular, small flows do not uniform

ly cover the entire bed and the alluvium varies appreciably. Thus the 

rising or falling portion of a hydrograph covers less than the entire 

width and the bed material sampling needs to include the spatial' 

variability as it relates to differences in instantaneous discharge. 

The computational difficulties in the model described earlier would 

increase rapidly with such additional considerations. An analytic 

technique would be required to increment the channel width and to have 

a record of the cross sectional change's during and after a flow. 

Comments about Behavior of the 
Reach 6 1 from Water 
and Sediment Inputs 

Table 6-6 lists maximum values of water and sediment discharge 

as well as the storm totals by year for the upstream and downstream 

stations of the 36,200 foot channel reach on Walnut Gulch. As can 

be seen from the table, a single large storm in most of the years 



150 

Table 6-6. Maximum values of the Synthetic Runoff and 
Sediment Transport Data. 

Watershed 6 
Maximum Annual 

Qpw Qps Storm Volume volume 
Year cf s cfs V V V V Year 

w s w s 
AF AF AF AF 

1 1625 .579* 340 9.84 * 779 17.91 
2 817 .199 458 9.41 598 11.05 
3 6528 4.008 1287 70.7 1645 78.3 
4 1082 .308 215 4.97 263 5.77 
5 420 .071 16 .18 68 .62 

6 1704 .623 493 14.6 1372 34.5 
7 917 .238 251 5.50 429 8.44 
8 258 .034 38 .42 49 .49 
9 115 .010 4 .03 6 .04 
10 1415 .467 409 9.55 595 13.78 

Watershed 1 
Maximum Annual 

Year Qpw Qps Storm Volume volume 
cfs cfs V V V V w s w s 

AF AF AF AF 

1 848 .205+ 194 7.49+ 382 13.7 
•2 6303 2.475 338 15.91 1248 53.5 
3 4293 .1.560 269 16.22 552 32.4 
4 3650 1.284 405 25.6 1163 65.2 
5 852 .206 150 5.94 505 10.0 

6 3015 1.020 192 11.65 514 23.7 
7 6681 2.654 368 26.2 834 44.2 
8 1658 .498 58 3.06 145 4.86 
9 877 .216 143 5.75 257 8.00 
10 2006 .625 325 17.75 536 24.4 

* Based on p = 1.50 mm and with a = 6. 2 mm. 

+ Based on y = 1.04 mm and a = 6.2 mm. 
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produced over half the season total for both runoff and sediment. The 

dominance of a single storm on sediment yield is well documented in 

technical literature. The discharge of sediment and water from one 

such storm may exceed the total discharge of even several years. Such 

an instance occurred on Walnut Gulch in 1964 and again in 1967 but 

unfortunately, relatively few sediment samples were obtained. However, 

the runoff at Flume 1 for the September 10, 1967 storm exceeded the total of 

1965, 1966, and all other storms in 1967. These unusual storms also 

play a dominant roll in channel formation. 

The magnitude of transmission losses in the 36,200-foot reach 

can be seen in Figure 6-14. The graph labeled "inflow" was computed 

by totaling the discharge for each tributary plus the inflow at the 

upper end. Outflow was that generated for the lowest station Flume 1. 

Thus the difference between the two graphs represents the cumulative 

absorption of the reach alluvium, the 481 AF/year average loss as 

might be expected was highly variable. Assuming the statistics of 

the true population are preserved by the synthetic data, the loss in 

a 36,200-foot reach is about 13.3 AF per thousand feet of channel. With 

an average stream width of 100 feet, the loss represents 3.8 feet of 

water per unit area wetted. Although these losses are less than those 

determined by Matlock (1965) for the Tucson basin, because of the short

er durations of flow on Walnut Gulch the values are quite similar. The 

Walnut Gulch values would also be increased if an assumed depth-^area 

inundated relationship was used rather than the average width which 

would represent conditions only during the higher discharge of an 

individual flow event. 
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Figure 6-14. Cumulative inflow and outflow of water in the 36,200 foot channel reach channel foot 200 of and outflow inflow Cumulative 

using the runoff generating model. The difference between the two lines 
represents the transmission losses in the alluvial channel. ^ 
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Figure 6-15 illustrates the particle size variability (from 

Table 2-1) along the Walnut Gulch main channel between Flume 5 and the 

outlet at Flume 1. The variability of this data is apparent from the 

poor correlations shown. Host interesting however, is that the results 

for the mean sediment size (p) decrease in the dovmstream direction 

when only the drainage area is considered rather than including the 

other parameters of Table 2-1 like the analysis of Chapter 2. Including 

all the table parameters in the multiple regression analysis of 

Chapter 2, the mean grain size was most highly correlated with the 

standard deviation which upon substitution lead to Equation 2-9 which 

then showed the mean to increase with drainage area and with channel 

width. Blind acceptance of such analysis can lead to incorrect 

relationships. Lane (1972) showed that the coefficients of a linear 

regression analysis can be erroneous unless large sample sizes are 

used and even then an element of risk is involved. The relationships 

of Figure 6-15 are in agreement with those of other investigators 

(Schulits, 1941, and Fleming, 1971) who show a decrease in the mean 

sediment size in the downstream direction. 

Cumulative erosion or deposition are presented in Figure 6-16 

for the 36,200-foot simulated channel reach. The values were obtained 

by totaling the sediment data of Figures 6-8 and 6-9 annually consi

dering both the inflow and outflow. Although the inflow and outflow 

vary considerably from year to year, the average erosion or deposition 

(based on the extreme size distributions at Flume 6 or the upper and 
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lower curves) was approximately 12 acre-feet per year. Converted to 

a uniform value for the reach, it represents about 0.096 foot per 

year or about one foot in a 10 year period. However, it must be 

remembered that the process would not be distributed uniformly over 

the bed and if the stream banks are eroding, the scour would be much 

less. Similarly if the stream is depositing, aggregate borrow opera

tions such as that shown in Figure 2-13 which removed 120,000 cubic 

yards or about 80 acre-feet of sediment equals the value of deposition 

given in Figure 6-16 for the 10-year period. Thus the true stream 

equilibrium may be some time returning to normal as a result of this 

"man activity." 

The line labeled p = 1.50 and a = 6.2 (Figure 6-16) was used 

in the final computations at Flume 6 to demonstrate that using the 

sizes shown in Table 2-1 just below Flume 6 (assuming they indicate 

what is moving through the flume) show the channel to be very near 

equilibrium, especially if the large standard deviation is used. Thus 

the channel for these conditions would not be expected to have changed 

measureably during the 10 years of synthetic data. In actual flows, 

the size distribution is probably oscillating about some mean and 

standard deviation, not only in the main channel but in each tributary 

as well. 



Streambed Width Changes 

The observation of a narrow Walnut Gulch about the turn of the 

century based on rancher narratives has not been explicitly explained 

by previous portions of this work. The process may be rationalized as 

follows. Shear on the stream banks is roughly proportional to the 

stream velocity. Assuming that the velocity erodes the banks and 

widens the channel, additional sediment from the bank will probably 

be uniformly distributed over the stream bottom assuming that this 

sediment will exceed the streams' transport capacity. The width in

crease therefore offsets the depth decrease and the cross sectional 

area remains unchanged with the velocity persisting for a given dis

charge. Thus the tendency for the wide, shallow channel is often 

observed in the ephemeral streams of the Southwest. 

The tendency for wide, shallow channels may also be explained 

as follows. Because of transmission losses reducing the water availa

ble to move sediment, the general tendency is for the streambed to 

aggrade or to fill up. This phenomenon plus that mentioned above tend 

to convert from a deep, narrow channel to a wide, shallow channel until 

the width becomes such that the valley floor is level (transverse to 

the flow direction) and a new storm cuts a new narrow channel through 

the fill from some downstream elevation control and the process starts 

over. 
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Management Changes to Reduce 
Erosion and Its Effect 

on Stream Regimen 

Efforts to reduce land erosion are continuing by conservation

ists and in some physiographic provinces, the efforts have been quite 

successful. Although present economics for rangeland areas such as 

Walnut Gulch may limit the scope of the erosion control alternatives, 

conversion from brush to grass has been shown to cause considerably 

less erosion. Therefore it is interesting to speculate what might 

happen to the stream slope if the sediment production to the stream 

suddenly became less. First we must recognize that the slope would 

still be largely controlled by geologic outcrops and by the elevation 

of the Walnut Gulch channel confluence with the San Pedro River. The 

slope would probably not change much but rather the roughness might 

increase because the fine sediment supply would be decreased. Rather 

than the present mean grain sizes of 1 to 2 mm, the mean size might 

be an order of magnitude more which would drastically reduce the 

sediment transport as was previously demonstrated. An increase in 

roughness with coarser sediment might also have an associated change in 

the bed form which would alter the sediment discharge. Thus, the sedi

ment not immediately available for transport from inflow in the tribu

taries would be taken from the bed and banks until new equilibrium 

conditions are produced. 

Similarly an increase in. sediment supply would be expected to 

produce aggredation, assuming the supply of sediment was greater than 

the transport capacity. The aggredation would persist until a new 
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slope, roughness, and velocity establish new equilibrium conditions. 

It must be remembered that the bed composition is very important in the 

process and if the additional sediment supplied is fine material, the 

stream might not change appreciably from the width, depths slope, 

roughness and velocity to reach its new equilibrium. 



CHAPTER 7 

CONCLUSIONS 

A sediment transport model has been postulated which incorpo

rates a stochastic runoff model and a deterministic sediment transport 

model with special emphasis on the temporal and spatial variability 

occurring in thunderstorm runoff in the ephemeral streams of the south

western United States. The model incorporates geomorphologic parameters 

of tributary watersheds to a channel reach and thereby generates the 

entire input-output sequences of the stream. The model was found to 

define well the conditions existing on the highest order stream of the 

Walnut Gulch Experimental Watershed, the 37,200 feet between Flume 6 

and the watershed outlet at Flume 1. 

Practically, a study of sediment transport in ephemeral channels 

involves understanding the factors affecting sediment discharge for 

the drainage network so that a model can be developed to predict the 

discharge at an unmeasured location. Complex interactions of the hydro-

logic and hydraulic factors controlling stream behavior make it general

ly impossible to change one factor without adjusting numerous other 

controlling factors. Generally, however, the following conditions hold 

true: 

(1) High infiltration losses in the channel alluvium cause 

runoff reductions which decrease the sediment movement potential. The 

deposition profile from such conditions is related to the frequency of 

160 
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tributary flows and to the loss pattern and can result in local concave 

up or down as well as S-shaped longitudinal profiles. 

(2) Major slope changes are required to significantly alter 

sediment transport and upset equilibrium. Although transmission losses 

decrease the runoff significantly, the deposition resulting from an 

individual event when distributed throughout the channel reach in 

question is miniscule. 

(3) Channel width changes produce concurrent depth changes 

when continuity of sediment transport and water discharge are maintained. 

The depth change resulting from a contraction or expansion can be shown 

to be less than the width change assuming the DuBoys and Manning equa

tions describe the flow conditions. 

(4) Flow depth changes can occur as a result of changes in 

the hydraulic roughness or from water discharge changes or from width 

changes as well as from simultaneous combinations of all three factors. 

Solution of the Manning-Laursen equations reveals that the sediment 

discharge would increase quite rapidly with increasing depth, assuming 

the bed slope, roughness, and sediment size remain constant. Similarly, 

decreasing the roughness increases the sediment discharge with water 

discharge, slope, area and sediment size remaining constant. 

(5) Constrictions and expansions in most natural channels 

produce rapid changes in the discharge per unit width. The sediment 

discharge does increase as the width decreases and the depth increases. 

The sediment discharge changes are not notable at a constant slope, 

however, for finer sized sediments. 
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(6) The finer materials make up by far the largest portion of 

the total sediment in movement. For coarse beds with wide ranges in 

the sediment sizes such as are encountered on Walnut Gulch, the larger 

material is essentially at rest although there is a significant amount 

available for transport. Ten percent of the bed material was charac

terized as less than 0.22 mm at one sampling site, Flume 6, whereas the 

material of this size range being transported was about 75% of the total 

discharge for a 4500-cfs flow. 

(7) Natural and artificial controls seriously affect the 

stream behavior. Width, slope, and channel alignment have constraints 

imposed on them by geologic outcrops or by artificial controls. Like

wise, such controls produce local anomalies such as a backwater which 

may cause deposition. 

The Laursen sediment transport relation used with the Manning 

equation was solved for various combinations of upstream and down

stream discharges as well as for a range of bed slopes and sediment 

diameters using a high speed computer. A graphical presentation of 

the results shows the transport inequality between upstream and down

stream stations that might be produced by flow reductions from trans

mission losses or flow increases from tributary confluences. 

The Horton-Strahler stream order numbering concept was used 

for the tributary channels intersecting the main stream channel of 

Walnut Gulch. The number of intersections by stream order was found 

to be describable by a geometric probability function with the total 

number of intersections and the probability related to the rate of 

drainage area increase per length of stream channel (AA/L). 
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The slope, drainage area, and stream width were also found to 

be related to stream order, using relationships similar to those 

developed by other investigators. Thus, a statistical model was 

developed to express all inputs of sediment and water to a hypothetical 

channel reach based on the Walnut Gulch data. 

The runoff-sediment generating model based on relationships 

developed by Diskin-Lane and Manning and Laursen produced synthetic 

sediment volumes and peaks which agreed quite well with the data obtain

ed by sampling at the outlet of Walnut Gulch. At Flume 6, the impor

tance of the size distribution assumed for the bed material was 

demonstrated by using the size distribution predicted by a regression 

analysis (1.85 mm mean) and by using a 1.0 mm mean size which drastical

ly changed the predicted sediment input at the upstream end of the 

36,200-foot channel reach being modeled. The size indicated by 

sampling at both Flumes 6 and .1 when used in the model and added to 

the tributary data shewed the 36,200 foot reach to be approximately 

in equilibrium. 

The synthetic runoff data showed an annual average transmission 

loss of 481 AF which is over 3 feet of water absorbed per unit area 

of channel wetted. Even with this loss in the sediment moving media, 

the total sediment transport change of the reach was near equilibrium 

and would have either scour or deposition based on the size distribution 

of the bed alluvium at the ends of the channel reach. 

The model solutions show that the size variability of the bed 

material and the roughness temporal and spatial variations are key ele

ments to further progress with the model. 
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Recommendations for Future Study 

The model of an ephemeral stream reach developed herein lends 

nicely to prediction of possible management alternatives. For example, 

increasing the upstream inflow by some percentage might be expected to 

alter the stream downstream from the treatment. Therefore, the model 

might be used to predict the deposition or scour which might be expected 

from such a program. 

Similarly, the intervening tributary watersheds for a channel 

reach might be treated with concurrent icnreases or decreases in the 

runoff and sediment inflow to the reach. The model could therefore be 

used to evaluate instabilities produced by such a program. 

The model requires verification and testing on other streams 

with similar characteristics. The paucity of such data make the task 

formidable. Because runoff data may be more readily available than 

sediment information, it may be possible to test the stochastic runoff 

generation routine independent of the entire model. Such work would 

improve the reliance of using the model on an ungauged watershed. Work 

to extend the areal application of the runoff generating portion of 

the model is in the planning stages. 

Additional work seems warranted to modify the program to include 

computations for other than rectangular channel. Because the compo

sition of the bed is so important to the sediment transport, efforts 

should be made to include transverse variability of both the bed materi

al and the runoff. The complexities of solution and the computing time 

increase may offset some of the prediction refinement. Using 
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finite elements of the cross section would also allow using a variable 

value of roughness. 

Using a hydrograph with a time distribution closer to the meas

ured values would be a refinement well worth making. The triangular 

shaped hydrograph considered in this model increased the duration at 

higher discharges which may well overestimate the sediment discharge. 

Using a dimensionless hydrograph shape or a unit hydrograph based on 

a cascade of linear reservoirs may well describe some of the runoff 

events, but because of spatial variability of the thunderstorms and 

runoff, almost an infinite variety of hydrograph shapes may be measured. 

Because the bed composition changes between flow events as well 

as perhaps during the passage of an individual flood runoff, additional 

refinement seems warranted to include changes in the bed composition. 

Because of problems of measuring the changes and quantifying them in 

terms of measurable properties of the watershed or the conditions 

antecedent to a particular runoff event, this work might best be des

cribed statistically as a random element with zero mean which could be 

added to the mean and standard deviations of the bed material size 

distributions. 

A study is needed to quantify changes in roughness both tempo-

ally and spatially. Because of rapid depth changes and because the 

cross section may change during an individual flow event, the study may 

be essentially impossible. Until such an investigation is undertaken, 

however, using averages of roughness, width, sediment size, etc., can 

provide only gross estimates of the sedimentation in a stream. 



APPENDIX A 

PHOTOGRAPHS ILLUSTRATING CHANNEL ALLUVIUM 

AND BANK MATERIAL 
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Figure A-l. The main channel and major tributaries to it on the Walnut Gulch watershed between 
Flumes 5 and 1. 



Figure A-2. A view of the main channel of Walnut Gulch at the 
confluence with tributaries 18 and 19 (also called Emerald Gulch). 
Tributary 18 enters from the left just below this photograph 
and tributary 19 enters at the right edge of the photograph. 

Figure A-3. A view looking up the channel of tributary 18. 



Figure A-4. A view looking up the channel of tributary 11. 
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Figure A-5. A view looking upstream at the confluence of tributary 
12 and 13 (they join just before entering into the main channel) 
with the main channel. 
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Figure A-6. A view looking up tributary 8. The outcrop material 
in the right portion of the photograph is Naco limestone. 

Figure A-7. A view looking up the main channel of Walnut Gulch -at 
the confluence with tributary 9. The steep bank on the left is 
Schieffelin granodiorite as is the knob in the center of the 
photograph. 
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Figure A-8. Geologic controls along the Ualnut Gulch main channel. 



Figure A-9. The vertical conglomerate banks on the left extend 
for several hundred feet beginning at station 8700. These walls 
alter the stream alignment with the thalweg generally adjacent 
to the bank. 

cT 

Figure A-10. The entire cross section is visible at this point 
with conglomerate banks on the left and a brush dominated right 
bank containing walnut trees. 



Figure A-ll. The left bank at station 14,000 is low and has a 
boulder layer interspersed with silt. This area is at the upper 
end of the 1964 highway aggregate borrow section which extends 
from station 14,500 to near station 16,000. 

Figure A-12. The right bank opposite the upper photograph is a 
low bank with some boulders among the silt. The desert willows in 
this area undoubtedly have extensive root systems extending under 
the channel. 



Figure A-13. The granodiorite left bank (station 25,000) is 
extensive in this area near Flume 2 with the undulating surface of 
the intrusion intersecting the stream surface. Some of the 
boulders in the bed are granodiorite in transit. 

Figure A-14. Another view of the granodiorite bank just above 
Flume 2. 



Figure A-15. The granodiorite low right bank has an alluvial cap 
of a couple of feet. The left bank here at station 2700 (Flume 2 
to 1) is vegetation controlled. 
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Figure A-16. The right bank at station 3000 just above tributary 9 
is the downstream limit of the granodiorite. The point jutting 
into the channel is the contact between the conglomerate and the 
underlying granodiorite and is visible extending along the bank. 



Figure A-17. The left bank (right facing upstream) is a vertical 
poorly cemented conglomerate which is eroding fairly easily 
between stations 14,500 and 15,500 (between Flume 2 and 1). 

Figure A-18. The right bank opposite the upper picture is a 
brush dominated fine bank of low relief. The desert willows 
extend to the channel edge. 



LIST OF SYMBOLS 

a Constant of proportionality 

A A coefficient 

A Drainage area of a watershed 

EA Drainage area at a stream channel location 

AA Drainage area change between two gaging stations 

b Stream width or flow width 

c" Mean concentration of sediment (percent by weight) 

d Diameter of sediment particle 

D Geometric mean grain size in log-normal distribution 
mg : 

e Natural logarithm 

k Constant of proportionality 

K Coefficient 

L Distance in feet between flumes 

m Coefficient 

n Roughness term in Manning equation (i.e., coefficient) 

N Number of tributary intersections 

N Average number of runoff events per year 

P Bed material fraction of diameter d 

p Probability of x successes in n trials. 

P Initial weight of a stone which decreased to some value P 
after traveling a distance x in a channel 

q Discharge per unit width 

Q Discharge of water 
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Q Annual runoff in inches per unit area 

Qp Peak discharge of water 

qs Sediment discharge per unit width of channel 

Aq = q - q Upstream minus downstream sediment discharge 
s sx s2 

r Correlation coefficient 

2 
R Coefficient of determination 

R Ratio of % of material in motion to % of material in bed 
for sediment size d 

S=S Slope of stream bed 
o 

U Stream order in Horton-Strahler concept 

V Runoff volume 

V Volume of sediment 
s 

V Velocity 

w Sediment fall velocity 

x Distance along a channel 

y Depth of flow 

"V/yyS/p, the shear velocity 

T Particle shear = yys 
o J 

T Critical shear 
Li 

Tl Boundary shear stress associated with the sediment 

y Mass weight of water 

n Ratio of downstream to upstream discharge 

0=0 Standard deviation of logs of sediment sizes 
g 

p Density of water 

X Coefficient in Poisson distribution 

p Mean of probability distribution 
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