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The value of water in each of its uses and the physical produc-

tion function which describes the combinations of uses that are pos -

sible must be known in order to optimally manage a river. This

thesis describes the research undertaken to determine one aspect

of the physical production function on the Columbia River, the rela-

tionship between the state of the navigation channel and streamfiow

characteristics; discussesinsights acquired from the research; and

illustrates a possible use of the equations which were derived.

The relationship between streamflow and channel condition

was derived by regression analysis on each of the 28 bars between

Vancouver, Washington and the Pacific Ocean, a reach of approxi-

mately 100 miles. United States Geological Survey strearnflow data

and U. S. Army Corps of Engineers dredging and channel condition
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data was used as well as information and ideas resulting from the

empirical investigation of the Corps of Engineers, the Geological

Survey, and academicians concerned with fluvial processes. Several

preliminary statistical models were derived from theoretical and

empirical considerations and developed on a portion of the data.

The model selected for use on all the bars is made up of what ap-

peared to be the most effective and logical variables used in the

preliminary models. The regression equations derived have an

average R2 of . 982 and a total standard error of two million cubic

yards or about one sixth of the approximately 12 million cubic yards

dredged on the average each year.

In chapter three the regression equations are used to predict

dredging costs under three hypothetical streamflow patterns each

of ten year duration. The first pattern is the same as actually

occurred from Januaryl, 1953 toDecember31, 1962. The other

two patterns deviate from pattern one in that ten million acre feet

of water each year taken at an even rate in pattern two and from

the flood peak in pattern three is assumed used or exported. The

predictions suggest that dredging costs are quite sensitive to small

variations in streamfiow.
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Streamflow and Deposition in the Lower Columbia River:
A Partial Physical Production Function

With an Economic Application

THE PROBLEM

Introduction

Given, demand, the value of water is a function of where, when,

and in what quality and quantity it occurs. Water resources develop-

ment is an attempt to increase the usefulness of water by the manipu-

lation of the place, time, quality and quantity variables. The com-

plexity of the relationship between these variables cannot be over-

stressed. Water has a multitude of complementary and competitive

uses; the place, time, and quantity variables both interact and are

infinitely divisible. Water resource development becomes increas-

ingly controversial as public and private ageicies undertake projects

the justification of which'requires a greater knowledge of the function

than we now have. The controversy is warranted; the knowledge gap

is real.

In this thesis the relationship between the state of the naviga-

tion channel and streamflow in the Lower Columbia River is investi-

gated. This is one aspect of. the function necessary to determine the

value of Columbia water with respect to the place, time, quality and

quantity variables. The study encompasses 28 river bars on the

main channel between the Pacific Ocean and Vancouver, Washington.



The dredged portions of the 28 bars comprise half of the total chan-

nel length of about 100 miles. A map of the Lower Columbia and a

list of the bars are presented on subsequent pages.

Traffic for the calendar year 1964 in this channel was 14. 8 mil-

lion short tons of sea-going cargo through the mouth of the Lower

Columbia and about 24. 0 million short tons of sea-going and local

cargo but not including rafted logs in the vicinity of Portland (U. S.

Corps of Engineers, n. d.). The U. S. Army Corps of Engineers

spent $2, 626, 000 in fiscal year 1964, for example, on channel dredg-

ing in this reach in order to maintain a channel depth of 40 feet. In

addition $217, 000 was spent on harbor, turning basin, and small

channel dredging. There are other maintenance expenditures on

navigation aids and deposition preventitive structures such as pile

dikes. Overhead, consisting mostly of the staff of engineers in

Portland who supervise the entire channel operation, is also signifi-

cant.

Economic Framework

Ideally the Columbia River should be managed in such a man-

ner that its net social benefit is maximized. If the marginal social

benefits (MSB.) of each use, such as recreation, power, flood dam-

ages prevented, or in the case of this thesis, deposition prevented,

and the marginal social cost (MSC.) of making each use available
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Table I-i. Locations of bars and dredging costs during fiscal year 1964 in dollars.

Bar Name Control Reach
number depth from to

in feet river river
see chapter 2 mile mile

101.4

97.8
95.0
90.3

87.0

84.0
81.0

(Continued)

77. 7

73. 8

70.1

0. 215

0. 299

0.211

44, 759

78, 084

68,457

67.2 0.200 156, 228

63. 1 0.258 147, 160

59. 6 0. 183 23, 331

55. 7 0. 282 69, 668

01 Vancouver 41 104.7

02 Morgan 41 101.4

03 Willow 43 97.8

04 Henrici 43 93.8

05 Warrior Rock 41 90.3

06 St. Helens 43 87.0

07 Upper Martin Island 43 84.0

08 Lower Martin Island 43 81.0

09 Kalama 41 77. 6

10 Upper Dobel bower 43 72. 1

11 Lower Dobel bower 43 70. 1

12 Slaughters 43 67. 1

13 Walker Island-La Du 43 63. 1

14 Stella-Fisher 43 59. 6

Dredging Total cost
cost per

cubic yard
1964

1964

0.247 10,476

0.346 298,216

0.316 250, 411

0.256 70,910

0.292 12, 221

0.338 9,151

0.477 101,070



Table I-i. (Continued)

Bar Name Control Reach Dredging Total cost
number depth from to cost per 1964

in feet river river cubic yard
see chapter 2 mile mile 1964

6,714

13, 116

15, 152

178,045

62, 047

15, 132

65,248

84, 553

121,257

68,409

39,021

105,129

25, 933

485, 717

15 GullIsland 41 55.1 54.0 0.183

16 Eureka 41 52.1 49.6 0.455

17 Westport 43 47.6 44.8 0.268

18 Wauna 43 44.8 40.9 0.302

19 Puget Island 43 39.1 37. 1 0.278

20 Skamokawa 41 34.5 32.7 0. 139

21 Brookfield 41 29.8 28.2 0.309

22 Pillar Rock 41 28. 1 25.3 0. 190

23 MillerSands 41 25.3 21.5 0.159

24 Tongue Point Crossing 41 21.5 17.9 0.245

25 Upper Sands 41 17.9 13.9 0.204

26 Flavel 43 13.8 8.4 0.167

27 Desdemona Shoal 41 8. 4 4. 3 0. 156

28 Mouth of Columbia 51 3.0 -2.5 0. 1887



(Yl,

inclusive of interest cost, were known, then the net social benefit

would be maximized when (Carison, 1939):

MSB = MSC ; MSB = MSC ; ; MSB MSC
1 1 2 2 n n

Use of the above criterion requires knowledge of the social

benefits of each use, the social costs of engaging factors in the

processes of making each use available, and the combinations and

quantities of factors that could be applied to make various combina-

tions and quantities of uses available.. This thesis investigates only

this latter aspect, the purely physical relationship between the inputs

and the outputs, the physical production function. The controversial

problems of measuring benefits and costs are recognized but not

investigated or discussed here.

The set of uses or outputs and quantity of each made available,

Y . .Y ) are functions of the inputs (X , X .... X ); or2 n 1 2 in

Y =f(X....X ,Y...Y)
1 11 in 2 n

Y =f(X,...,X,Y,Y,...,Y)
2 21 n 1 3 n

Y =f(X,...X,y,...,Yn n 1 n 1 n-i
This study only considers one output, deposition, or depositon pre-

vention and a limited number of the possible inputs; or:

Y1 = g1(X, X2, .. . X.)

It is in this sense that the relationship investigated is a partial pro-

duction function; it is a part of the complete production function.



The inputs and outputs that were not investigated such as water

temperature, tides, the use of dredge spoils, were assumed ;to be

the same each time period.

Previous Studies

7

The idea that a change in streamfiow would change channel

conditions in the Lower Columbia is not new. In 1952 the Corps of

Engineers estimated that $100, 000 could be saved annually in Lower

Columbia dredging expenditures by the construction of the Corps of

Engineers' proposed Hells Canyon High Dam and other smaller

structures on the upper tributaries (U. S. Congress, 1952). But

this estimate seems to have been based on the benefits of low flow

augmentation,. raising the lower water levels, and hence decreasing

the volume of material that would presumably need dredging rather

than on the knowledge of :the effect of a change in streamfiow on

deposition. An explanation of how this figure was derived has not

been found. Estimates have not been made for more recent projects.

Both the U. S. Army Corps of Engineers and the U. S. Geolog-

ical Survey are taking an increasing interest in fluvial processes on

the Lower Columbia River. But due to the complexity of the deposi-

tion process as well as the nature of each agency's objectives, they

have not investigated the general relationship which the research

described in this thesis has pursued. Perhaps representative of



recent research on deposition by the Portland District of the Corps

of Engineers is a study by two engineers of the Portland District on

the effect of a pile dike on deposition (Hyde and Beeman, 1963). The

U. S. Geological Survey in cooperation with the Atomic Energy Corn-

mis sion has a continuing study of radionuclide transport in the Lower

Columbia (Haushild et aL, 1966). For this research considerable

information on sediment transport has been collected by new methods

and by the methods used elsewhere by the Survey (Kolby and Hubell,

1961).

Henry W. Anderson (1954, 1957) has correlated bylinear

regression analysis suspended sediment transport with streamflow

and watershed variables such as topography, soil types, and land

use for many streams in western Oregon. The study described in

this thsis is similar to the research by Anderson with respect to

the technique used.

Summary of Sediment Transport and Shoaling Pattern Theory

Streams transport sediment- in two forms: as suspended or

wash load and as bed load. Wash load consists of fine particles car--

ned in suspension and moving rapidly with the flow. Bed load is

made up of coarser particles ranging from sands to boulders of

immense portions in some streams, and movement is by rolling,

tumbling, and hopping along the stream bed. Size is not a
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distinguishing factor for under different hydraulic conditions inter-

mediate size particles will changetheir mode of movement.

The Lower Columbia and other streams have a large wash load

capacity, and the amount transported is only limited by the supply

of particles of the proper size. Thus material carried as wash load

is not deposited in the stream bed in significant amounts and for

this reason wiii be neglected for the remainder of this thesis. Bed

load, however, is always carried at full capacity for a given dis-

charge in alluvial stream channels as the bed and banks offer an

unlimited supply of bed load material. Thus the capacity of the

stream to carry bed load material dete'rmines the amount that will

be carried, and changes in the capacity govern net deposition or

scour in a reach. Because of the nature of bed load movement,

both deposition and scour may take place at the same cross section

in the bed.

Given bed material of specified characteristics, the factors

which largely govern bed load capacity of a stream are the velocity

and depth of water flowing over the bed, the length and shape of the

bed cross section, and the hydraulic roughness of the bed pattern.

Extensive work on the relationship of these factors has been under-

taken by several investigators. Einstein has constructed a rather

unwieldy mathematical expression using these parameters to pre-

dict time averages of bed load movement with good accuracy



(Einstein, 1950 and 1964). That the characteristics of the shoaling

pattern is different for different levels of discharge has been com-

mented on by many investigators (Einstein and Barbarossa, 1952;

Blench, 1 952; Simons and Richardson, 1961; and Haushild et al.,

1966).

The most significant factors affecting shoaling pattern on the

Lower Columbia according to Hyde and Beeman (1963) are:

characteristics of the annual river runoff or
freshet", and its effect on the amount of bank erosion

upstream.
action of river constriction works upstream

and their tendency to pass material onto the bar being
investigated.

action of river constriction works on the sub-
ject bar and the resultant shape and area of the cross
section.

placement of the navigation channel in relation
to the thalweg of the natural river.

placement of the channel in relationship to bends
in the river.

type of sediment being transported by the stream.

For this study all factors except (a) were assumed to be con-

stant. Other factors which no doubt affect shoaling pattern in a

particular reach not mentioned by Hyde and Beeman, presumed im-

portant, but also not included in this study are the shoaling patterns

above and below the study reach, the amount of and method of dis-

posal of material dredged from upstream bars, the characteristics

of runoff from tributaries, the effect of tidal action, the effect of

changing salinity in the lower reaches, and the effect of littoral

10



drift near the mouth.

Summary

The research described in this thesis attempts to determine

the physical production function for deposition in the Lower Columbia

River. Knowledge of the physical production function is necessary

for the optimum management of the river. Previous investigations

related to this function by the Corps of Engineers, the Geological

Survey, H. A. Einstein, and others concerned with fluvial processes

were reviewed. It will become further apparent that this study was

often influenced by the knowledge acquired from these eariier inves-

tigations.

11



ANALYSIS

This chapter describes the collection of streamflow, channel,

and dredging data and its correlation by regression analysis. The

reader is warned that the research was conducted under uncontrolled

conditions, that neither strearuflow nor the channel data were meas-

ured perfectly, that the basic regression analysis assumption of

uncorrelated residuals is violated, and that what results are de-

rived indicate correlation but only hint at cause and effect.

Collection of Data

The conceptual model took the form of

Y =bX +bX +.+bX +C+c11 22 nfl

where Y was deposition on a particular bar for a particular

time period, the X's were variables which characterized the stream-

flow during the time period, and the coefficients (b), the constant (c),

and the error term (c) were to be derived by regression analysis.

The conceptual model helped determine the data that needed collect-

ing. The model changed however after investigation of the nature of

shoaling patterns in the Lower Columbia and determination of the

kind of data that was available.

12



Str eamfiow Data

13

The flow of the Lower Columbia River is not gaged. In addi-

tion there is significant inflow from side streams between the near-

est upstream gage and the upstream end of the reach studied. There

are also tributaries along the study reach (see map in chapter one).

An estimate of the flow for each of three sections along the study

reach was compiled from the Bonneville Dam release flow records

collected by the Corps of Engineers and the stream gage records

for the important tributaries below Bonneville Dam which are kept

by the U. S. Geological Survey. Mean daily streamfiow data from

the Sandy River gaged at Bull Run, the Willamette River gaged at

Wilsonville, the Tualatin River gaged at Willamette, the Clackamas

River gaged at Cazadero, the Lewis River gaged at Ariel, the

Cowlitz River gaged at Castle Rock, and the Kalama River gaged

at Kalama were utilized. The flows of the Elochoman, Lewis and

Clark, Young's, Deep, Gray's, Clatskanie and Washougal Rivers

which are also tributary to the Lower Columbia were not included

because they are small and did not have adequate streamfiow records

during the time period studied. The data from the gaging stations

utilized and the Corps of Engineers measurements of releases from

Bonneville Dam account for all but two or three percent of the flow

in the Lower Columbia.
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To ease compilation of this data it was assumed that mean

three day flow would be adequate for the synthetic streamfiow records

for the three sections. Because of the differences in travel time to

the various sections, the flows could not be added together directly

but instead were lagged. Mean stream velocities for several levels

of discharge of the Columbia River have been measured by the Corps

of Engineers at Vancouver. These velocities are approximately as

appears in table 11-1. Distances are shown in miles along the

Columbia River.

The travel times shown in table 11-1 are for average flows and

were estimated from stream velocities at Vancouver, Washington.

These travel times add up to 4 hours. The flows from Bonneville

Dam were lagged one day. Ideally the flow below the Cowlitz River

should have been lagged another day, but it was thought that the

final one day lag in the data did not make enough difference to justify

the additional effort. Three synthetic streamflow records were

derived, one for the 13 mile section between Vancouver and the

Lewis River, one for the 19 mile section between the Lewis River

and the Cowlitz River, and one for the 68 mile section between the

Cowli.tz River and the mouth of the Columbia.

It is easy to imagine a more sophisticated stream routing

procedure: lag times for instance could have been made a function

of the level of the flow; synthetic data could have been derived for



Table 11-1. Estimated travel times between points in the Lower Columbia based on a flow of 350, 000
c. f. s. and stream velocity of 2. 5 ni. p. h. at Vancouver, Washington.

Reach Length of
reach in

miles

Estimated
travel thne

in hours

Bonneville Dam to 45 15

Willamette River

Willan-iette River
to Lewis River

13 5

Lewis River to 19
Cowlitz River

Cowlitz River to
halfway to mouth

34 17
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the lower tributaries which have incomplete records; and mean

daily flows rather than three day mean flows might have been used.

But these cumbersome refinements are not justified considering the

purposes for which the data i.s used. Deposition often occurs atthe

mouths of tributaries and after floculation of wash load when the

stream becomes predominantly estuarine. The streamfiow variables

derived from the synthetic hydrograph cannot directly account for

effects of interaction of tributary and mainstream flow or the inter-

action of fresh and salt water. This is a major limitation of the

study, and it is ample reason for not refining the synthetic stream-

flow data by conventional methods.

The efIects of tides on streamflow velocities in the Lower

Columbia River also makes further refinement of the synthetic

hydrograph superfluous. Tides ha.t and reverse the flow of the

Columbia regularly at the mouth and occasionally at Vancouver.

When the flow is slowed or halted, bed-load is deposited. Upstream

bed-load movement is to be expected near the mouth where signifi-

cant re.rersals in flow are common. To the extent that the effect of

tides is different during the time periods analyzed, the studyis

incomplete.

Though between three and four hundred hours were spent

collecting, combining, and key punching the hydrograph data, it

should now be apparent that the data is rough and incomplete. No
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formal estimate of the accuracy of the synthetic streamfiow data

or the effect of inaccuracy has been attempted. If further improve-

ments in this study are sought, it is felt that more data of the same

quality and a refinement of the model would be most productive.

Deposition Data

The Portland District of the U. S. Army Corps of Engineers

has good records of volumes of material dredged periodically from

each of the 28 bars during the years studied. Dredging however,

was carried out to different depths as well as in different areas both

along and across the channel each year depending on the availability

of dredges, the amount of material deposited, evolving management

techniques, and a program of channel improvement. For this rea-

son the amount of material dredged periodically from any one bar

does not represent the net amount of material that had been deposited

which would need dredging during the respective period. Numerous

attempts were made to surmount this problem.

The Corps of Engineers did not keep a separate record of the

depths to which dredging had taken place. But several days to

several months after dredging was completed on a specific bar, a

post-dredge survey was taken. Often a condition survey was taken

when dredging was not necessary. These surveys consisted of depth

soundings about every 150 feet along and across the navigation
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channel. The depths were recorded on a large map at their respec-

tive locations. Thus 200 to 4000 soundings depending on the extent of

the bar summarizes fairly accurately the state of the bar at the time

of the survey. This wealth of data was ultimately utilized, but its

volume as well as inconvenient form and location presented problems.

Deposition can be defined as a net accumulation of material

within a given reach for a specified time period. Similarly, scour

would be defined as a net reduction of material. But these definitions

are not useful for the problem under consideration, for deposition or

scour in deep portions of the reach which do not need dredging is not

of interest.

The problem of defining deposition for the purposes of this

study led eventually to a slight reformulation of the objectives of the

study. Rather than correlating deposition with the characteristics

of the streamflow, the state of the channel at the end of the time

period was correlated with the state of the channel at the beginning

of the time period and the characteristics of streamflow during the

time period. State of the channel was defined as cubic yards of ma-

terial in the navigation channel on a particular bar as defined by the

Corps of Engineers surveys above a control depth regardless of the

location of the material within the defined reach.

The control depth was set at either 41' or 43' except at the

mouth which had a control of 51' depending on the deepest average
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depth dredged on the particular bar during the years which the

analysis covered. The control depth was set two or three feet

below the average deepest dredging depth. The average deepest

dredge depth was determined by a rough inspection of the post-

dredge surveys.

The study encompassed 10 to 12 time periods on most bars

but as few as six time periods were analyzed at Tongue Point Cros-

sing and as many as 14 time periods were covered at Skamokawa

Bar. In every case the time periods were consecutive. The length

of the overall period of analysis as well as the specific periods

selected was governed by the availability of adequate post-dredge

or condition surveys on some bars, major changes in the channel

on others, and the extensive time necessary for data accumulation.

Time periods were usually about one year but were occasionally as

short as six months and often as long as two years.

The state of each bar, the cubic yards of material above the

control depth, was calculated by counting each sounding which was a

specific number, say 39(soundings were generally rounded to whole

numbers) with a tally counter. After the number of soundings for

each depth above the control depth was found, the average depth

per sounding could easily be derived. Because the density of the

soundings changed from survey to survey, it was necessary to keep

track of the density. The amount of area each sounding represented
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was calculated from the density. The volume of material above the

control depth equals the area each sounding represents times the num-

ber of sounding times the average depth of material above the control

depth. A 100% sample of the depth sounding was necessary to approach

the desired accuracy.

The state of the channel at the end of the time period was de-

fined as the amount of material above the control depth as determined

from the post-dredge or condition survey plus the amoirnt of material

dredged during that period, if any. The state of the channel at the

beginning of the time period was the amount of material as deter-

mined from the previous post-dredge survey. Occasionally the post-

dredge survey followed dredging by several months rather than sev-

eral weeks. The study does not compensate for this problem. By the

definition of channel state adopted, channel conditions improved due

to non-dredging factors during 15% of the time periods on the average

over all of the bars and 60% of the time on Bar 25. Though the chan-

nel improved by the definition used in the analysis it may still have

been necessary to dredge due to the arrangement of the material that

remained. Similar complications will be discussed later.

Accuracy and Limitations of the Deposition Data

The Corps of Engineer surveys are extensive samples of chan-

nel depths. How accurately the samples allow the determination of

the state of the channel can be tested. The observations are inter-

dependent, shallow observations are generally groi.ped with shallow
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observations, deep observations are grouped with deep. By the

method of the ratio of the mean square successive difference to

the variance it was determined on the post-dredge survey of Upper

Dobelbower Bar of 12-27-61 that the probability that the soundings

are random is considerably less than .00L(Tintner, 1952). One

method for determining confidence limits given interdependence is

to divide the entire sample into three sub samples each containing

every third observation, the first sub sample starting with the first

observation, the second with the second, and the third with the third.

A 75% confidence range is bounded by the high and low sample means.

This method was tried on the survey of the above bar and 75% confi-

dence limits of 754, 000 cubic yards and 776, 000 cubic yards were

determined. This is a range of 22, 000 cubic yards. On the average

470, 000 cubic yards were dredged from this bar during the period

of analysis. Therefore the accuracy seems quite acceptable.

Though this appears to be the best data that could be gathered

given the restraints already discussed, the limitations of the defini-

tion of channel state restrict the entire study and cannot be ignored.

The first limitation is that the datadoès not indicate the state of the

stream bed adjacent to the navigation channel. For this area of the

river, by far the largest, data is largely unavailable. It is con-

ceivable that different strearnflow patterns might have different

effects on the relative distribution of deposition between the
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navigation channel and the rest of the stream bed from channel to

river bank. Or more simply, it cannot be assumed that the state of

the navigation channel is independent of the state of the adjacent

stream bed.

A second and similar limitation is that the information col-

lected does not indicate the state of the navigation channel below the

control depth. This limitation has two interrelated consequences.

The data used to represent the state of the channel at the beginning of

the time period does not indicate the fill or void below the control

depth. Figures II- la and II- ib, profiles along the stream bed,

illustrate extreme cases each of which are the same state of the

channel by the definition adopted. Because the profile ii II- la has

so much area which is nearly at control depth, it is logical to expect

relatively more material above the control depth at the end of the

time period. Nearly all material that is deposited in this reach

as compared to the reach illustrated by II- lb is counted at the end

of the time period. The second consequence is that the material

above the control depth in the reach illustrated by II- lb could easily

move into the voids below the control depth and not be counted at

the end of the time period. }owever to the extent that the charac-

teristics of the profile do not vary considerably on anyone bar

or that the characteristics are a function of strearuflow character-

istics which are taken into account, this arbitrary cutoff line may be
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Figure I1'la and b. Hypothetical sfreambed profiles, shaded area is included in the adopted definition of channel state.
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justifiable.

Figures Il-Za and LE-2b illustrate that when dredging occurs

above the control depth as was typical for all of the early time

periods, two identical channel states by the definition adopted can

have wholly different amounts of material that need dredging.

From these figures it is also easy to imagine a situation where the

state of the channel improves but dredging is still necessary or vice

versa.

Selection of Model

Two preliminary linear regression models were constructed

and tested on nine selected bars. The streamilow characteristics

selected for use in the first model were determined largely by the

objectives of the study. The characteristics selected for the second

model were picked for their combined ability to characterize the

streamfiow data. The two preliminary models are as follows:

Model One

Y = b1X1 + b2X2 + b3X3 + b4X4 + b5X5 + b6X6 + b7X7 + C +

Y the state of the channel at the end of the time period

X = number of Q. given that 0 < Q. <449, 999
1 1 1

number of Q. given that 450, 000 <Q. <899,999

= number of Q. given that 900, 000 < Q. < 1,
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Figure II-2a nd 2b. Hypothetical Etreambed profilès. Each would be same channel state by definition adopted; shaded area represent portions
of bed that would be dredged.



X4

X =
S

x.= Q.-Q.
6 . 1 1+1

1=1

givenQ.> 900,000

the state of the channel at the beginning of the time period.

Model Two

Y = b1X + b2X2 +... b10X10 + b11X11 + C + e

Y = the state of the channel at the end of the time period

UXEQ.
1

1=1

2x z Q.
1

1=1

X = maximum Q. or maximum Q.
3 1 p3

X the number of peaks in flow or number of Q.
4 p3

m
= mean peak rise

j=l 4

i.

mean peak fall = E
j=l 4

X mean peak height =
3- 4

X8 = mean square peak height E(Q.)2/X4

26

number of Q.
1

n
given that 1, 30, 000 <Q.

1

Q. - Q. given Q. <899, 999
i=1 1 1+1 1

n



-

= jl

10
(Q)4-

X11 = the state of the channel at the beginning of the time period

where:

Q. is the total flow expressed in cubic foot per second days for

a three dayinterval

Q. is a peak in the streamflowp3
Q. is a minimum in the streamflowtJ
The state of the channel is as defined previously.

The set of variables X1, X2, X3, and X4 in model one represent

a conventional engineering way of characterizing strearnflow. Vari-

ables and X6 give an indication of fluctuation in streamfiow. It

was thought that fluctuation might be significant in that with a drop

in the flow, material would be deposited. The material deposited

on a dredged bar was presumed to have a tendency to remain on the

bar because the bar is out of equilibrium because of dredging and

has a net tendency to accumulate material. With little fluctuation

in flow it was thought that the bed-load would tend to keep moving

and not deposit as much on bars than it would if there was consider-

able fluctuation. This idea affected to a lesser extent the selection

27
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of variables X4, X5, X6, X7, X8, X9, and X10 in model two. At

this stage this was the only theoretical notion employed in the selec-

tion of the variables.

Models one and two were tested on bars number 03, 05, 08,

09, 18, 19, 20, 21, and 22. These bars were selected because good

data was available for a longer than average number of time per-

iods and because the bars were 'relatively unaffected by channel

improvement or change during the overall period of analysis. The

results of these preliminary experiments are presented in tables

11-2 and 11-3.

It should be noted that variables and X6. in model one con-

sistently behaved the opposite of what was expected as noted above.

The results suggest that deposition on the bars as has been defined

decreases with fluctuation in streamfiow. This led to considerable

library research, discussion, and hypothesising. Thomas Blench

in a discussion to an article by Einstein and Barbarossa (1952)

argued that bed-load movement is a function of the 'rate of change

of discharge. Blench did not elaborate his point nor have others

to my knowledge tested or otherwise paid attention to his hypothesis.

A possible explanation for the increase in bed-load movement

with fluctuation is based on the fact that a rough stream bed induces

turbulence and hence an increased capacity to transport material.

It seems conceivable that fluctuation of flow might increase bed



Y = average amount of material above control depth at end of time periods studied in 1000 cu. yds.

D = average amount of material dredged from bar during time periods studied in 1000 Cu. yds.

= standard error of estimate in 1000 Cu. 'yds.

multiple correlation coefficient

b. = coefficient of regression, 8. 90 - 01 read 8. 90 x 10_i

Table 11-2. Model one regression coefficients and statistics.

Bar
no.

-
Y D

A
g

2
R b

1
b

2
b

3
b

4
b

5
b

6
b7 C

03 1698 501 284 88 4. Si 00 5. 56 00 3.05 01 5. 53 01 -2. 43-04 -7. 87-05 8. 90-01 2.84 O2

05 522 lOS 129 83 -9. 84 00 -4. 04 00 1.36 01 8.63 00 -2. 57-05 -4. 58-05 3. 56-01 9. 27 02

08 632 87 109 . 70 1.02 00 -1. 73 00 2. 91-01 8. 39 00 0 -8. 99-05 3. 93-01 6.36 02

09 1256 516 435 45 1.85 00 -7.24 00 2.59 00 3.06 01 8 17-OS -4. 12-05 5.33-01 5.27 02

18 2034 496 183 93 3.28 00 -1. 17 00 1.65 01 2. 92 01 -1.05-04 -6. 60-OS 7. 47-01 7. 92 02

19 763 73 83 .85 3.96 00 2.27 00 1.0601 1.6901 -7.21-05 -3.16--OS 1. 42-01 4.2002

20 396 89 68 74 1. 27 00 6.65 00 5.23-01 2. 48 00 -7. 25-05 1. 95-06 7. 42-01 -2. 04 01

21 557 193 107 80 -7. 01-01 1. 22 00 3.76 00 2. 66 01 -2, 90-05 -5. 37'-05 2. 40-01 3 3 02

22 485 132 36 . 94 -3. 29 00 5. 92 00 -3. 16 00 2. 13-01 -9, 32-OS 2. 14-05 5.60-01 4.25 02



Y = average amount of material above control depth at end of time periods studied in 1000 cii. yds.

D = average amount of material dredged from bar during time periods studied in 1000 cii. yds.
A

Cry = standard error of estimate in 1000 cu. yds.

R2 = multiple correlation coefficient

= coefficient of regression 8.90-01 reads 8.90 x 101

Table 11-3. Model two regression coefficients and statistics.

Y D o-Y R2 b1 b2 b3 b4 b5 b5 b7 b8 1)9 b10 b11 C

03

05

1698 501

522105

219

85

.95

.95

-5.65-05 5.05-11

1.05-05-1.66-11

-2.18.03

-2.58-04

1.71

0

02 8.24-03

-9.93-03

0

7.78-03

-1. 11-02

0

4.73-09

1.11-09

0

1.68-09

0

0

9.09-01

6.77-01

4,989.

214

08 632 87 38 .97 3.13-06 0 0 -2.25 01 -3.66-03 1.81-02 -8.22-03 4.87-09 0 -8.18-09 6.61-01 3,075

09 1256 516 99 .98 0 4.02-11 -2.30-03 -1.14 02 1.03-02 -6. 86-03 -1 19-02 2.75-09 0 0 9.25-01 10, 163

18 2034496 224 .95 2.63-05 -4.98-11 5.31-04 5.03 01 3.69-03 0 -7.74-03 7.24-09 0 -1.35-09 7.20-01 777

19 763 73 101 .89 -2.48-05 2.37-li 4.58-05 -1.83 01 -1.04-02 1.11-02-3.85-04 0 0 -2.03-09 3.79-01 1,805

20 396 89 21 .99 -1.80-05 2.50-11 -7.40-04 4.58 00 3.56-03 1.46-03 -2.70-03 1.27-09 -2.50-09 0 3.62-01 2,008

21 557 193 49 .98 1.26-05 -1.01-11 2.74-04 -1.33 01 3.81-03 -2.60-03 -3.01-03 2.07-09 -1.25-09 0 9.63-01 636

22 485 132 37 .97 -2.43-05 2.11-11 -9.19-04 8.96 00 4.21-03 -7.34-03 -2.18-04 0 1.9-09 0 1.1700 1,932
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roughness, increase bed-load movement as hypothesized by Blench,

and hence decrease deposition. This would follow if it were known

whether the equilibrium characteristics of bed pattern, the charac-

teristics established and maintained after some duration of constant

flow, are less rough than any other bed pattern characteristics for

the particular flow. A fluctuating stream would be less likely to

reach equilibrium bed characteristics or more likely to be flowing

over a bed which is rough for an instantaneous level of flow, hence

a decrease in deposition. The behavior of X5 and X6 lead to the

following related hypothesis: that the bed pattern characteristics

developed after some duration of constant flow has minimal rough-

ness for that flow, arid that bed-load movement occurs at a higher

rate while the stream is changing bed pattern characteristics than

while it is sustaining the bed pattern characteristics. The fluctua-

tion variable was built into later models and will be discussed again.

Both models share one inconsistency. The passing of flow is

accounted for in the flow variables, but the constant in the derived

equation is the same regard'ess of the amount or duration of flow

or other hydrograph characteristics. If all the periods of analysis

were about the same length this would not have been such a problem.

The model however could only be used for predicting the state of

the channel at the end of the time periods of those lengths. But the

time periods analyzed varied from about six months to nearly 30
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months. Furthermore, the constant had no physical explanation.

A similar time problem exists due to the form of the model

with respect to the variable representing the state of the channel

at the beginning of the time period. The model suggests that a fixed

portion of the material at the beginning of the time period contributes

to the material at the end of the time period regardless of the per-

iod's length or streamflow characteristics. Clearly the state of

the channel variable at the beginning of a short time period should

be more significant than the state of the channel variable at the

beginning of a long period. Like the problem of the constant, this

would not be such a problem if all the periods of analysis were about

the same length and if the model were used in the future only to

predict the state of the channel at the end of such periods.

This time problem or perhaps growth problem led to the follow-

ing non-linear model:

x4
Y=b1X1+b2X2+b3X3+b4 x5+

where:

Y = the state of the channel at the end of the time period

n /2
X1 = E q1

i=l



X2= q1

= il -

x4 = + x2

X5 = the state of the channel at the beginning of the time period

and q1 = (Q.-450, 000)2 for Q> 450, 000

The constant in this model was specified as zero because of

the time problem. The variables were selected based upon consid-

eration of the variables performance in the previous models, Colum-

bia River bed-load data subsequently furnished by the U. S. Geological

Survey, and by considerations of the time problem. In model two

the sum of the square of the flows appeared to be one of the more

effective variables. From a study by the U. S. G. S. (Haushild etal.,

1966) it became apparent that little or no bed-load movement occurred

during flows of less than 150, 000 cfs at Vancouver. About one-fourth

of the year the flow is less than this rate. The fluctuation variable,

X3, was squared to correspond with variables X1 and X2. Variable

X1 is the sum of the square of the flows for the first half of the time

period; X2 is the same for the second half. The time period was

divided to help identify the effect of flow and bar growth on subse-

quent bar growth.

33
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The exponential term was selected because of the time prob-

lem with respect to the significance of the material at the start of

the time period. Clearly if the time period or amount of flow is

small then the state of the channel at the end of the time period is

largely determined by the state of the channel at the beginning. But

if the time period is very long, say three or four years, the state

at the end is affected very little by the state at the beginning. The

exponential term shown will help account for this providing that the

coefficient b4 remains less than one. If the coefficient is greater

than one than the exponential term is accounting for the growth of

the bar over time rather than the diminishing signIficance of the

initial material.

Model three was never tested because a non-linear program

which allowed for constraining b4 was not available. But it was

nevertheless helpful for it suggested variables for improving the

linear model. Using the first few terms of a Taylorts series ex-

pansion of the exponential function in model three as variables in

a linear model would help give a linear model some of the charac-

teristics of the non-linear. The Taylorts series expansion of

b4X4X5 about X4 = 0 and X4 = are as follows:



X4 P X5 (X4 in b4)X5 (X4 In b4) X5 +
b4 x5_

o
+

1!
+

b44
b45

+
b44 in b4(X4-4) X5

2 2
b4 (In b4) (X4-X4) X5 +

2!

The first term of each is a constant times the variable X5,

the state of the channel at the beginning of the time period. This

term was already being used in linear models one and two. The

second term of the expansion about 0 is a cross product of the

flow and channel variable, and the second term of the expansion

about the mean is a cross product of the channel variable with the

deviation of the flow variable from its mean. The second terms of

both series were incorporated in the final model since there was

noa priori method of deciding which would work best. Though

both were in the model, only one of the two was selected as signifi-

cant on any one of the 28 bars. Additional terms of the expansion

were not used because of the shortage of degrees of freedom.

The model finally selected and used on all the bars, model 4,

was of thefollowing form:

35
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Y = b1X1 + b2X2 +b3X3+b4X4+ b5X4(X1+X)+b6X4(X1+X2-X1+X2)+E

where:

Y = the state of the channel at the end of the time period
n
2

XL q.
j=l 1

n
X2=E q1

3 =i!l Jq1

X4 = the state of the channel at the beginning of the time period

where X1 + X2 is for the overall study period

and q. = (Q.-450, 000)2 for Q.> 450, 000

The coefficients and statistics from the computer output using

this model on the 28 bars appear in table 114. The equation for

the total amount of material above the control depth on all 28 bars

together is the summation of the individual regression equations

and has a standard error of 2,000,000 cubic yards (12, 000, 000 cubic

yards are dredged during an average year).



(Continued)

Table II-4, Model four: regression coefficients and statistics.

Bar

no.

A
oY

Total

R2

Partial

R2
b1 b3 b

4
b5 b6

01 1551 403 206 .990 .45 0 2.48-11 -3.08-11 1.07 00 -4. 32-15 0

02 520 145 216 .923 .66 3.90-11 4. 49-11 -9.61-11 -1. 83-01 0 3.90-14

03 1698 501 246 .989 .73 5.05-11 1. 64-11 -5.92-11 4.12 00 0 -9. 88-15

04 1351 206 154 .993 .77 5. 43-11 4. 52-11 -7.24-11 1.26 00 -3. 18-14 0

05 522 105 150 952 42 3. 38-12 0 2.74-11 9.84-01 -1. 46-14 0

06 1413 440 466 .938 .38 3.06-11 2. 39-11 , 0 6. 49-01 0 1.53-14

07 1280 245 160 .992 .68 5.20-11 6.97-11 -1.37-10 9.11-01 -1.25-14 0

08 632 87 44 .997 .96 2. 72-11 2. 20-11 -2.05-11 1.32 00 -4. 17-14 0

09 1256 516 337 .963 .49 2.89-11 3.70-11 -2.02-11 5,97-01 0 2.38-14

10 1336 470 216 .986 .52 3.56-11 3.45-11 -1.40-10 1.41 00 0 -1.43-14

11 1644 437 207 .992 .72 3.71-11 5.21-11 -9.96-11 7.75-01 -6.77-16 0

12 3324 778 268 .996 .67 1. 09-10 9. 22-11 -2. 50-11 1.08.00 -3. 05-14 0

13 1195 170 212 .982 .36 0 2.60-12 6.59-11 8.98-01 -9.84-15 0

14 1858 539 144 .997 .84 4.25-11 2.84-11 -3.21-11 9.77-01 -7.98-15 0

15 206 61 54 .975 .54 1. 30-11 1. 35-11 -1.51-11 1.02 00 -4. 94-14 0

16 586 210 136 .973 .54 1.07-11 1.13-11 -4.22-12 6.76-01 0 1.70-14

17 1067 163 101 .995 .82 3. 11-11 3.04-11 -4.26-11 4.51-01 0 1. 55-14

18 2034 496 173 . 996 81 6. 85-11 6. 18-11 -8. 59-11 1. 16 00 -2. 35-14 0

19 763 73 99 .990 .74 3.49-11 3.47-11 -3.23-11 8.55-01 -2.98-14 0



Table 11-4. (Continued)

Bar
no.

Y D crY
Total

2

Partial

R2
b1 b

2
b5 b6

20 396 89 84 .972 .50 1.48-11 1.48-11 -2.01-11 3.60-01 0 2.40-14

21 557 193 86 .986 .65 2.48-11 2.77-11 -5.66-11 4.93-01 0 1.94-14

22 485 132 98 .977 .53 1.98-11 2.01-11 -2.48-11 1.98-01 0 3.08-14

23 1819 657 124 .997 .63 3.81-11 3.77-11 -1.21-10 1.30 00 0 0

24 1116 305 78 .998 .67 -6.81-12 -1.76-11 0 1.7700 0 -1.05-14

25 957 49 164 .986 .75 3.39-11 3.96-11 -1.46-10 1.02 00 -246-15 0

26 1732 363 233 .992 .69 -2.32-11 -1.26-11 8.19-11 1.1000 0 6.05-15

27 1125 290 239 .978 .45 3.73-11 3.12-11 -1.12-10 1.04 00 0 1.71-15

28 9240 3699 1720 .983 .79 -1.33-11 0 7.95-11 5.33-01 0 5.04-15

Y = average amount of material above control depth at end of time periods studied in 1000's cu. yds.

D = average amount of material dredged from bar during time periods studied in 1000's Cu. yds.

crY = standard error of the estimate in 1000's cu. y-ds.

Total R2 = multiple correlation coefficient

Partial = see test

coefficient of regression 3.81-il read 3.81 x 1011



Discussion of Results

The average R2 on the 28 bars is . 982. It is extremely high

due to the large portion of the variation explained by the state of the

channel at the beginning of the time period. Partial R2 for each

bar was also calculated to determine the portion of the remaining

variation accounted for by the streamfiow variables given the R2

accounted for by the state of the channel at the beginning of the time
2period variable by itself. The partial R is defined (Ezekiel and

Fox, 1959) as:

1.00 - 4 x2, x3, x4, x5

1.00- Rx
4

39

2where R is the square of the simple coefficient of correlation

between X and Y and R2 is the R2 for
4 X1, X2, X3, X4, X5, or X6

the complete regression equation. The partial R2 varied from

.36 on bar 13 to . 96 on bar 08 and averaged . 63.

The standard error of the estimate ranged from 44, 000 cubic

yards on bar 08 to 1, 720, 000 cubic yards on bar 28. The errors

however should be analyzed with respect to the size of the bar

or the amount of material removed from it on the average. Dredg-

ing averaged 87, 000 cubic yards on bar 08 and 3, 699, 000 cubic



yards on bar 28 during the time periods analyzed. Standard error

divided by average volume of material dredged ranged from . 19 on

bar 23 to 3. 35 on bar 25 and averaged . 53.

Several interesting comparisons can be drawn between the

results of model one and model four on bar numbers 03, 05, 08,

09, 18, 19, 20, 21 and 22. Partial R2 dropped from an average of

71 to . 65. The average standard error improved from 159, 000

cubic yards to 146, 000 cubic yards. The student t values for the

variables improved considerably. All this should be viewed with

respect to the major differences in the models; model four has two

fewer variables entering and no constant term. The average partial

R2 of these nine bars in model four is . 65 whereas the average over

all of the 28 bars is 63 which suggests that the selection of the

nine bars by their absence of channel improvement during the time

period was not particularly important.

Interpretations of Results

The behavior of X3, the fluctuation variable in model four, is

especiallyinteresting. On 23 out of the 28 bars the regression

coefficient was significant and negative as was observed in model

one and tending to confirm the hypothesis that bed-load movement

occurs at a higher rate with a fluctuating flow. Of the five which

were not negative, two were non-significant. Two of thethree
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which were positive and significant were for bars at or near the

mouth of the river. This latter fact combined with the reversal

of the signs or insignificance of the coefficients of variables X1

and X2 on these lower bars suggests that the bed-load that was car-

ried over the upstream bars by fluctuation was deposited at or near

the mouth of the stream and that if the volume of flow is large this

load is carried and deposited beyond the area of analysis. Littoral

drift, material carried by along shore ocean currents, could also

account for the sign reversal or insignificance of b1 and b2 at the

mouth.

The third positive b3 occurred in the regression equation of

the bar with lowest partial R2. One of the b3 values which was in-

significant occurred in the equation with the next lowest R2, and

the other occurred in the equation for a bar near the mouth where

the effect indeed might be neutral. Thus it is possible to rational-

ize that the, signs of b3 are consistent with what was expected and

lend support to the hypotheses stated earlier with respect to fluctu-

ation and bar roughness.

Some interesting observations can also be made with respect

to the relative size of b1 and b2. The "sum of the square of the flow

less 450, 000 cfs days" variable was "split, " for the first half

of the time period and X2 for the second half, to help identify the

effect of bar growth on subsequent bar growth and to shed light on
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the time problem. A b1 significantly larger than b2, tends to

suggest that deposition on the bar occurs at a decreasing rate.

If b2 is significantlylarger than b1, it suggests that the material

on the bar is quite unstable and that the amount deposited in the

beginning of the period has a high tendency to erode away. Another

explanation for the differences in b1 and b2 might suggest something

about the adequacy of the variable itself. If we assume corstant

rate of accretion over the life of the growing bar and ignore ero-

sion, and if X1 and X2 are consistently different in magnitude, then

the order of magnitude of b1 and b2 compared to the order of mag-

nitude of X1 and X2 suggests something about the power to which

q. should be raised.

Specifically, for q. = (Q.-450, 000)", and n 2 was used

> X2 and b1> b2 or X1 <X2 and b1 <b2 implies n> 2

X1 <X and b1> b2 or X1> X2 and b1 <b2 implies n <2

The above aspects were not investigated, but it wa:s floticed

that nine out of the 12 bars with b1 less than b2 had b4 less than

1. 00. A b4 less than one suggests that the bar erodes and moves

about considerably as will be discussed later. This simple correla-

tion gives support to the erosion or stability interpretation.

It was hoped that b4 would indicate the contribution of the

original material in the channel to the final material. It is believed
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however that b4 tended to also indicate the growth of the bar over

time. In the stepwise regression analysis b4 consistently came in

first with a coefficient larger than one indicating that on the average

the bar grew so much each time period. The streamfiow variables

tenéd to account for the variation in the growth and to some extent

the growth itself. But in half of the final regression equations b4

was larger than one. The coefficient b4 conceivably can be larger

than one for two reasons. The first is that b4 is accounting for

some portion of the growth of the bar. The second is that a situa-

tion exists about the average state of the channel where the more

material present the higher the tendency for deposition and similarly

the less material present the less the tendency for deposition. The

latter explanation seems possible but not likely on half of the bars.

b4 must be interpreted as accounting for the growth of the bar which

is not explained by the streamflow variables.

The signs of the coefficients of X5 and X6 also have a physical

interpretation. The coefficient b5 was negative 13 out of the 13

times it was significant. The coefficient b6 was positive 11 out

of the 14 times it was significant. A negative b5 or a positive b6

suggests that deposition decreases for any given streamfiow condi-

tions as the bar grows. Or in economic terms, there is declining

marginal growth. The coefficients of X4, X5, and X6 give consid-

erable insight into the efficiency of overdredging.



Some Possible Uses of the Model

If the equations were in fact the true functional relationship,

it would be possible to calculate the maximum amount of material

that would exist above the control depth after some duration of

specified flow pattern with no dredging. This can be determined

by asking the value of necessary at the beginning of the time

period such that after some specified flow pattern, Y would equal

X4. By setting X4 equal to Y and specifying the streaniflow condi-

tions Y or can be calculated. Because the regression equations

in fact are not functional relationships, this calculation is not always

successful. But knowledge of the equilibrium bar size gives insight

with respect to the conditions that would exist without dredging and

the length of time it would take for the stream to reach these condi-

tions.

The calculation of the marginal efficiency of dredging and the

equilibrium state of the channel for mean flow conditions on bar 14

follows. Bar 14 was selected because its coefficients seemed

especially suitable for both calculations; it is not representative

DLthe other bars.

The lack of correlation between corresponding b7's, b11ts,

and b41s in the first, second, and final model respectively i.ndicates

that the calculations have dubious practical merit; model four is not
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a functional relationship. Nevertheless the procedure is instruc-

tive.

= 4.25 x 10 + 2. 84 X 10 11X2 - 3.21 x l0

+ 0.90X4 -7.98 x lo5X4 (X1+X2)

mean values of the variables during the time periods analyzed:

= 1. 32 X = 1. 89 io+13; 8.00 X

1, 425 (1000's cubic yards)

marginal efficiency of dredging, mean flow conditions

= 0.90 - 7.98 X 1015 (X1+X2) = 0.90 - .255 = .645
4
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probability dune due to margira1
will shift dec reasin efficiency

deposition of dredging

calculation of equilibrium for mean stremflow conditions of

time periods analyzed

Y - 0. 90Y + 7. 98 x 3. 21 x 102Y = 4. 25 X 1. 32 X

+ 2.84 X 1.89 X l0 - 3.21 x 8.00 X iol

355Y 845

Y = 2, 400 (1000's cubic yards)



Possible Refinements for Future Models

Given the limited observations collected on the state of the

channel, few refinements of the model seem reasonable due to the

shortage of degrees of freedom. Post-dredge surveys during more

recent years are available but were not used. Pre-dredge channel

conditions could also be utilized. More observations would allow

for some refinements.

Perhaps the first logical refinement would be to include vari-

ables which reflect the conditions of the bars immediately upstream

of the bar being analyzed. The more material on the upstream bar

the more likely that bed-load will pass over the bar and be available

for deposition on the bar under study. The less material on the

upstream bar, the more likely the upstream bar will trap bed-load

which will then not be passed on to the bar under study. Since a

pile dike or other channel improvement has the same kind of effect

on bed-load movement to the downstream bar as more or less mater-

ial on the upstream bar, channel improvements could also be incor-

porated in this variable.

It would also be desirable to include a variable which reflects

the state of the immediate downstream channel, because the stream

gradient at the bar under study is. affected by the presence or absence

of material downstream. The stream gradient, because of its
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relation to flow, affects deposition.

The next logical refinement might be to correlate upstream

dredging with the residuals or errors in the regression equation of

the bar under study. The analysis should be conducted on the resi-

duals because dredging is a response variable; correlation is expected

between dredging and deposition because deposition is the reason for

dredging. This was attempted on bars number 09 and 18. The vol-

umes of material dredged from each of the three immediate upstream

bars during the time periods analyzed for the bar under study were

correlated with the errors for those time periods from model four.

This model took the form:

Y a1X1 +a2X2 +a3X3 + C + E

where:

Y = the error term for a specific time period

X1 = the amount of material dredged during the specific time

period from the closest upstream bar

X2 the amount of material dredged during the specific time

period from the second closest upsteam bar

X3 the amount of material dredged during the specific time

period from the third closest upstream bar

The RZ was . 14 and . 23 on bars 09 and 18, respectively. It

was expected to be low because the upstream dredging makes the
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upstream channel a better bed-load trap; dredging changes the

state of the upstream channel as well as places dredged material in

the stream bed to be carried downstream. The former effect is not

aócoünted for in the model used but has already been suggested as

a possible refinement. In addition the dredging was unweighted with

respect to when in the time period it took place. The results of

this correlation appear in table 11-5.

An additional possible reiinement would be to include as a vari-

able the area of the navigation channel that is above 48', 44', and 40'

depth for example at the beginning of the time period to account for

the size of the base on which deposition which might contribute to

the material at the end of the time period can take place. It would

be ideal if Y could also be broken into volume of material above 34'

depth, volume of material above 38' depth, etc. This latter idea

however would entail a considerably more complex model.

Ideally a non-linear model should be used to surmount the

time problem with respect to the contribution of the initial material.

The third and fourth terms of the Taylor's series expansion, how-

ever, might be incorporated into a better linear model. The possi-

bilities of a non-linear model with wholly different streamfiow vari-

ables has not been considered.

Further refinements could also be made in specifying stream-

flow conditions. It would be desirable if the source of the water



in l000ts of cubic yards

Table Il-S. Regression coefficients and statistics on effect of dredging.

Bar
no. Y crY crY

2
R b2 b3 C

9 0 249 290 . 14 -5. 85-01 -3. 39-01 4. 55-02 114

18 0 132 142 .23 -3.10-01 6.41-01 6.30-01 -lii
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could be accounted for, especially in the analysis of bars near stream

junctions. The streamfiow variables might also be refined more and

made more suited to management decision problems rather than

mere prediction of deposition. For example, from the equations

derived from model four it is difficult to determine the pattern of

flow that minimizes deposition, given some quantity of flow and

perhaps other constraints.

In conclusion it can be stated that given the shortcomings and

the shortage of the data collected, the analysis was rewardingly suc-

cessful. The analysis led to a good model for predicting future

states of the bars, several hypotheses concerning the physical proc-

ess of bed-load movement, and ideas for further refinements of the

analysis.



A SOLUTION

Introduction

In this chapter the final model discussed in chapter two is used

to predict channel conditions for each bar under hypothetical stream-

flow and dredging patterns. The streamfiow patterns used could

result from postulated changes in the use and management of the

Columbia River. Dredging costs for each bar for each of the three

hypothetical str eamfiow conditions are estimated.

Each of the three streamfiow conditions are for a period of

ten calendar years. The first conditions are those that existed

between mile 87 and 68 from January 1, 1953 to December 31, 1962

as estimated by the procedure described in chapter two. The second

pattern or set of conditions results from the export out of the basin

or the consumptive use within the basin of ten million acre feet of

water per year taken from the Columbia River at an even rate during

the ten year period described above. No other changes in the manage-

ment of the stream are made. Thus the second pattern is the same

as the first except that the flow for each three day period is 41, 500

cfs days less.

The third hypothetical streamfiow conditions also presume the

export or consumptive use of ten million acre feet of water per year.
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This 10 m.a.f., however, is taken from the stream during floods

or adequate storage is assumed available behind new dams such

that the flood peak is reduced. In addition, two million acre feet

is stored from the flood peak for low flow augmentation. The third

streamflow conditions are the same as the first except that:

from April 2 to April 25 flow is 63, 250 cfs days less each

three day period

from April 26 to May 19 flow is 158, 000 cfs days less each

three day period

from May 20 to June 12 flow is 316, 000 cfs days less each

three day period

from June 13 to July 5 flow is 158, 000 cfs days less each

three day period

from July 6 to July 29 flow is 63, 250 cfs days less each

three day period

from Sept. 13 to Oct. 12 flow is 5, 300 cfs days more each

three day period

from Oct. 13 to Nov. 11 flow is 50, 600 cfs days more each

three day period
S

from Nov. 12 to Dec. 1]. flow is 25, 300 cfs days more each

three day period

Figures 111-i and 111-2 illustrate the three patterns during a

calendar year. Pattern one is the flow that occurred during calendar
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year 1956.

The streamfiow variables for the model were calculated for

each calendar year for each of the three streamflow patterns. For

simplicity it was assumed that on January 1st of each year each

bar was dredged to a rounded approximation of the best condition

to which it had been dredged during the overall study period if depo-

sition during the year caused the bar to grow larger than this state.

Thus variable X4 which indicates the state of the channel at the be-

ginning of the time period remained constant except when the stream

or other non-dredging factors improved the channel condition beyond

this Hbestu condition in which case was set equal to the channel

condition at the end of the previous time period (Y). For the purpose

of illustration it was assumed that if the bar were dredged to the

same state each year the bar would be in comparable condition each

January lst for navigation purposes. Figures II-2a and b and the

'related discussion explain the weaknesses of this assumption. Though

the assumption is weak for the purposes of predicting dredging on any

one bar at a particular time, it is probably satisfactory for compar-

ing predictions of total dredging costs on 28 bars for a period of

ten years under different strearnflow patterns. It should also be

noted that the streamflow was assumed the same over all of the bars

regardless of the location of the bars.

Costs of dredging vary from bar to bar due mostly to the
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distance that the dredged material is hauled or pumped for disposal.

For this reason material deposited on some bars is relatively more

costly to society than material deposited on others. To account for

this variation the volumes needing dredging from each bar each year

for each streamfiow are multiplied by the average cost of removing

mate rial from that bar during fiscal year 1964. This set of dredging

prices was the most recent which was readily available. A study of

dredging costs has not been undertaken. However, even this crude

index of costs is far superior from an economic viewpoint to esti-

mating mere volumes of material needing dredging.

The altered flow rates will have some effect on flow depths

and hence on dredging depths. The slight effect on volume needing

dredging due to a decrease in low water level in pattern two and an

increase in low water level in pattern three was not taken into ac-

count.

Results and Discussion

Predictions of average channel states, average volumes needing

dredging when dredging is necessary, number of years out of ten

that dredging is necessary, and total dredging costs for the ten year

period for each bar for each pattern appear in table III- 1 on the

following pages. The assumption that dredging takes place on

Sanuary 1 is unsatisfactory for this model on bars 01, 25, and 28.



Table 111-1. Predictions of volumes needing dredging in 1000's of cubic yards and dredging costs in
1000's of dollars.

(Continued)

State to
which

channel
is dredged

if necessary
each Jan. 1-

Average
state of
channel

at end
of year

Average
volume
dredged

when
necessary

Total
dredging

cost during
ten year

period

01 700 ,; * * * * *

02 200 430 230 796 369 19 1*(9) 595 192 149 *( 4) 206
03 600 1,559 959 3, 030 1,470 870 2, 749 1, 211 611 1,931
04 600 1,216 616 1,577 1, 162 562 1,439 999 399 1,021
05 250 420 170 496 407 157 458 394 144 420
06 400 1,116 716 2,420 1, 033 633 2, 140 857 457 1, 545
07 700 970 300*(9) 1, 288 922 252 *( 9) 1, 082 713 25 9*( 5) 618
08 350 670 320 688 643 293 630 574 224 482
09 450 997 547 1, 636 920 470 1, 405 766 316 945
10 700 995 329*(9) 625 985 3 18*(9) 604 839 270*(9) 513
11 800 1,031 290*(8) 464 969 223 *( 8) 357 775 1 17*(5) 117
12 2, 00 3,336 1, 136 2,931 3, 241 1,041 2, 686 3,013 813 2, 098
13 700 913 213 390 894 194 355 898 198 362
14 500 1,311 811 2, 287 1, 228 728 2, 053 1, 024 524 1, 478
15 120 221 101 1 85 209 89 163 177 57 104
16 120 363 243 1, 106 335 215 978 276 156 710
17 400 773 373 1, 000 708 308 875 572 172 461
18 750 1, 698 948 2, 863 1, 604 854 2, 579 1, 360 610 1, 842
19 350 659 309 859 724 374 1, 039 601 251 698

Pattern One Pattern Two Pattern Three

Bar x4 Y D $ D Y D $



Table 111-1. (Continued)

*( ) number of years out of ten that it was necessary to dredge.
see text.

Bar X4

Pattern One

Y D $ Y

Pattern Two

D $

Pattern Three

Y D $

State to
which

channel
is dredged
if necessary

each Jan. 1

Average
state of
channel
at end
of year

Average
volume
dredged

when
necessary

Total
dredging

cost during
ten year
period

20 250 375 125 174- 343 97 135 268 43*(6) 35
21 300 522 222 686 476 176 544 351 76*(8) 188
22 250 446 196 372 403 153 291 304 70*(8) 106
23 1,0001,534 534 849 1,493 493 784 1,341 341 542
24 700 994 294 720 1,021 321 786 1,059 359 880
25 750 ** ** ** ** ** ** ** **

26 1, 000 904 160*(3) 80 736 200*(2) 67 1, 152 178*(9) 268
27 400 666 266 415 625 251*(9) 352 451 106*(7) 115
28 5, 000 ** ** ** ** ** ** ** **
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For these bars the model predicts that no dredging would ever have

to take place. The failure of the model to work under the given as-

sumptions is probably due to the difference in relative sizes of vari-

ables X1 and X2 during the time periods from which the model was

derived and the relative sizes of and X2 during the time periods

for which the predictions are attempted. Varibles X1 and X2 indi-

cate the sum of the squares of each three day flow in cfs days less

450, 000 cfs days or the first and second half of the time periods re-

spectively. This problem is discussed in chapter two under the head-

ing: interpretation of results.

The obvious failure of the model on bars 01, 25, and 28 under

the given assumptions illustrates the litnitations of the model in its

present form and also suggests that the predictions of channel states

on other bars should not be taken too seriously. Nevertheless the

estimate of total dredging expenditures over the ten year period of

28 million dollars appears quite plausible; 2. 6 million dollars was

spent in 1964 alone when channel conditions were generally not as

good as was assumed for purposes of prediction. The large total

decline in deposition and dredging costs under the modified stream-

flow patterns is obviously significant and should not be dismissed as

merely interesting results of a statistical game. The predicted total

dredging expenditures for pattern two is 25 million dollars, and for

pattern three the model predicts dredging expenditures of only 18

million dollars.
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The large reductions in predicted dredging costs under stream-

flow patterns two and three result from the reduction in streamflow

variables and X2. The model would predict larger reductions

if streamfiow had been purposefully fluctuated also. It should be

xoted that the postulated changes in streamflow were quite small;

the model was extended only slightly beyond conditions similar to

those from which it was derived.

The results suggest that dredging expenditures are quite

sensitive to relatively small variations in streamfiow. Future

changes in the use of Columbia water combined with an increased

knowledge of the sediment transport and deposition processes could

vastly change the methods and effort exerted to maintain the Lower

Columbia as a navigable waterway.



CONCLUSION

The value of Columbia River water in each of its uses and the

physical production function which describes the combinations of uses

that are possible must be known in order to optimally manage the

Columbia River. This thesis describes the research undertaken to

determine one aspect of the physical production function, the rela-

tionship between the state of the navigation channel and streamflow

characteristics, discusses insights acquired from the research, and

illustrates a possible use of the equations which were derived.

The relationship between streamflow and channel condition

was derived by regression analysis on each of the 28 bars between

Vancouver, Washington and the Pacific Ocean, a reach of approxi-

mately 100 miles. United States Geological Survey streamflow data

and U. S. Army Corps of Engineers dredging and channel condition

data were used as well as information and ideas resulting from the

empirical investigation of the Corps of Engineers the Geological

Survey, and academicians concerned with fluvial processes. Sev-

eral preliminary models were derived from theoretical and empir-

ical considerations and developed on a portion of the data. The

model selected for use on all the bars is made up of what appeared

to be the most effective and logical variables used in the preliminary

models. The regression equations derived have an average R2 of
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982 and a total standard error oftwo million cubic yards or about

one sixth of the approximately 12 million cubic yards dredged on

the average each year.

Given the limited data collected by the researcher, few refine-

ments in the model seem warranted. But more data is available.

Post-dredge surveys during recent years and pre-dredge surveys

during the period studied as well as for recent years could give

further information about the state of the channel under more stream-

flow conditions. If this data were utilized, the model could be im-

proved by including the effect of the state of upstream and down-

stream bars on the bar being analyzed. The next refinement would

be to correlate upstream dredging with downstream channel condi-

tions. The areas of each bar above 48', 44', and 40' depth for

example at the beginning of the time period would also be desirable

variables. Ideally a non-linear model should be used, but additional

terms of a Taylor s Series expansion, might be used to improve a

linear model. The strearnflow variables should be made more suited

to management decision problems.

In Chapter three the derived regression equations are used to

predict dredging costs under three hypothetical streamfiow patterns

each of ten-year duration. The first pattern is the same as actually

occurred from January 1, 1953 to December 31, 1962. The other

two patterns deviate from pattern one in that ten million acre feet



of water each year removed at an ven rate in patterutwo and

from the flood peak in pattern three is assumed used or exported.

The predictions suggest that dredging costs are quite sensitive to

small variations in streamflow.

63



BIBLIOGRAPHY

Anderson, Henry W. 1954. Suspended sediment discharge as re-
lated to streamfiow, topography, soil, and land use. Trans-
actions of the American Geophysical Union 35:268-281.

Anderson, Henry W. 1957. Relating sediment yield to watershed
variables. Transactions of the American Geophysical Union
38:921 -924.

Blench, Thomas. 1952. Regime theory for self -fQrmed sediment-
bea ring channels. Transactions of the American Society of
Civil Engineers 117:383-408.

Carison, Sune. 1939. A study on the pure theory of production.
London, P. S. King and Sons ltd. 128 p.

Einstein, H. A. and Nicholas L. Barbarossa. 1952. River channel
roughness. Transactions of the AmericanSociety of Civil
Engineers 117:1121-1146.

Einstein,. H. A. 1950. The bed-load function for sediment trans-
portation in open channel flows. Washington, D. C. 16 p.
(U. S. Soil Conservation Service Technical Bulletin 1026)

Einstein, H. A. 1964. River sedimentation. In: Handbook of
applied hydrology, ed. by Ven Te Chow. New York, Mc Graw-
Hill. p. 17-35 - 17-67.

Ezekiel, Mordecai and Karl A. Fox. 1959. Methods of correlation
and regression analysis. 3d ed. New York, Wiley.
550 p.

Haushild, W. L. etal. 1966. Progress report: radionuclide trans-
port in the Pasco to Vancouver, Washington reach of the
Columbia River July 1962 to September 1963. Portland,
Oregon, U. S. Geological Survey. 188 p. (Prepared in co-
operation with theU. S. Atomic Energy Commission.)

Hyde, GeorgeE. and Ogden Beeman. 1963. Portland District, U.S.
Army Corps of Engineers. Improvement of the navigability of
the Columbia River by dredging and constriction works. Paper
read at Federal Interagency Sedimentation Conference of the

64



Subcommittee on Sedimentation, I. C. W. R. Jackson,
Mississippi, Janua:ry 28-February 1, 1963.

Kolby, B R. and D. W. Hubell. 1961. Estimating sediment yield
by a modified Einstein procedure. Washington, D C. 17 p.
(U S. Geological Survey. Water Supply Paper 1593)

Simons, D. B. and E. V. Richardson. 1961. Forms of bed rough-
ness in alluvial channels. Proceedings of the American Society
of Civil Engineers Journal of the Hydraulics Division, 87 (HY3):
87-105.

Tintner, Gerhard. 1952. Econometrics. New York, Wiley. 370 p.

U. S. Congress. 1952. House Committee on Interior and Insular
Affairs. Bill to authorize construction of Hells Canyon Dam.
Hearings before the Subcommittee on irrigation and rec1rna-
tion. 82nd Congress, 2d session, on H. R. 5743, March 26,
27, 28, 31, April 1, 2, 3, June 17 and 18, 1952. 897 p.

U. S. Corps of Engineers. n. d. Waterborne commerce of the
United States. Calendar year 1964. Part 4. Waterways and
harbors Pacific Coast, Alaska, and Hawaii. San Francisco,
Calif, 180 p.

65




