~AD-A134 978  COLUMBIA RIVER ESTUARY HYBRID MODEL STUDIES REPORT 1 1/3 N
VERIFICATION OF HYBR..{U} ARMY ENGINEER WATERWAYS
EXPERIMENT STATION VICKSBURG MS HYDRA
UNCLASSIFIED W H MCANALLY ET AL. SEP 83 WES/TR/HL- 83-16 F/G 13/2 NL

-
- — B




"l | O 82l

= [z

.

e

I

izs i pLe




o

US Army Corps

of Engineers

TECHNICAL REPORT HL-83-16

COLUMBIA RIVER ESTUARY HYBRID
MODEL STUDIES

Report 1

VERIFICATION OF HYBRID MODELING
OF THE COLUMBIA RIVER MOUTH

by

William H. McAnally, Jr., Noble J. Brogdon, Jr.,
Joseph V. Letter, Jr., J. Phillip Stewart, William A. Thomas

Hydraulics Laboratory
U. S. Army Engineer Waterways Experiment Station
P. O. Box 631, Vicksburg, Miss. 39180

AD-R/FY 25,7

September 1983
Report 1 of a Series

Approved For Public Release; Distribution Unlimited
" Eamall W addi 4

prepared for U. S. Army Engineer District, Portland
Portland, Oregon 97208

83 11 28 201




Destroy this report when no longer needed. Do not
return it to the originator.

The findings in this repart are not to be construed as an
official Department of the Army position uniess so
designated by other authorized documents.

The contents of this report are not to be used for

advertising, publication, or promotional purposes.

Citation of trade names does not constitute an

official endorsement or approval of the use of such
commercial products.




P

Unclassiticed .
SECURITY CLASSIFICATION OF THIS PAGE When {Inra Fnrered)

REPORT DOCUMENTATION PAGE

READ INSTRUCTIONS
HBEFORE COMPLLETING FORM

T REPONT NUMBER
Technical Report HL-83-16

T

CYPPIENT'S CATALSL NUMBE R

& TITLE (and Subtitle) 5

COLUMBIA RIVER ESTUARY HYBRID MODEL STUDIES;
Report 1, VERIFICATION OF HYBRID MODELING OF THE

TYPE OF REPORY & PERILD CL/ERFD

Report } of a series

COLUMBIA RIVER MOUTH s

PERFORMING ORG. REFORTY NUMBER

7. AUTHOR(s) 8
William H. McAnally, Jr. J. Phillip Stewart
Noble J. Brogdon, Jr. William A. Thomas
Joseph V. Letter, Jr.

CONTRACY OR GRANT NUMBER/s)

Work Unit 31626

9. PERFORMING ORGANIZATION NAME ANO ADDRESS 10
U. S. Army Engineer Waterways Experiment Station
Hydraulics Laboratory
P. 0. Box 631, Vicksburg, Miss. 39180

PROGHAM LLEMENT PROJFCT Task
AREA & WORK UNIT NUMBE RS

REPORT DATE
September 1483

V1. CONTROLLING OFFICE NAME AND ADDRESS 12.
U. S. Army Engineer District, Portland
P. O. Box 2946 3

Portland, Oreg. 97208

NUMBER QF PAGES

235

4. MONITORING AGENCY NAME & ADORESS(If diiterent from Controlling Olfice) 1S

Sy SO
15Sa. DECLASSIFICATION DOWNGRAOING

SECURITY CLASS (of thia report)

Unclassified

SCHEQULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abetract antered in Block 20, if different from Report)

18. SUPPLEMENTARY NOTES

Available from National Technical Information Service, 5285 Port Royal Road,

Springfield, Virginia 22161

19. KEY WORDS (Continue on reverse side il necessary and identify by block number)
Columbia River estuary Navigation channrls
Computer applications
Dredging
Hydraulic models
Mathematical models

20. APSTRACT (Coatinue an reverse side {f neceseary sud identify by block number)

The Columbia Hybrid Modeling System was applied to the mouth of the

Columbia River estuary to evaluate alternatives for

channel maintenance dredging. The hybrid modeling method uses a physical

hydraulic model, analytical techniques, and various

integrated solution method that takes advantage of the strengths of each
technique while avoiding its weaknesses. The methods accounted for the

reducing navigation

numerical models in an

(Continued)

FoRM
DD | an 7 73  €£DITION OF ' HOV 65 15 0BSOLETE

Unclassified

SECURITY CLASSIFICATION OF THIS P A .E When Dara Frtered.




Unclassified

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

20. ABSTRACT (Continued).

. effect of tides, freshwater runoff, wind waves, and littoral currents on
sediment transport, deposition, and erosion. The models were verified to
satisfactorily reproduce observed prototype behavior.

Accession For i

NTIS 47agl ‘wf
DT 7w ;

U: " | !
-« I
AU AP |
— e .

Pv __
. T T
T ittr ’ }
————

A o3

———

Unclassiticd

SECURITY CLASSIFICATION OF This PAGE Whan Date Frtarsd:

[ SO




PREFACE

The work described in this report was performed by the U. S. Army Engi-
neer Waterways Experiment Station (WES) for the U. S. Army Engineer District,
Portland (NPP). Development of the generalized computer programs used in the
study was funded by Work Unit 31626 of the Improvement of Operation and Main-
tenance Techniques Research Program of the Corps of Engineers Civil Works Re-
search Program sponsored by the Office, Chief of Engineers, U. S. Army. Pre-
liminary work on the programs was funded by NPP. Mr. Harold D. Herndon was
NPP liaison during the study.

Personnel of the Hydraulics Laboratory of WES performed this study dur-
ing the period 1976 through 1981, under the direction of Messrs. H. B.
Simmons, Chief of the Hydraulics Laboratory; F. A. Herrmann, Jr., Assistant
Chief of the Hydraulics Laboratory; R. A. Sager, Chief of the Estuaries Divi-
sion; M. B. Boyd, Chief of the Hydraulics Analysis Division; and G. M.
Fisackerly, Chief of the Harbor Entrance Branch. The project was conducted
and this report prepared by Messrs. W. H. McAnally, Jr., W. A. Thomas, J. V.
Letter, Jr., N. J. Brogdon, Jr., and J. P. Stewart. Other WES personnel par-
ticipating in the study were S. A. Adamec, D. P. Bach, B. Brown, Jr., C. J.
Buford, B. P. Donnell, S. S. Grogan, S. B. Heltzel, J. T. Hilbumn, V. E.
LaGarde, M. A. Leggett, B. G. Moore, D. Murray, A. J. Page, D. T. Resio, R. J.
Schneider, D. M. Stewart, and D. M. White.

Modifications to the computer code RMA-2V were made principally by
Dr. I. P. King, Resource Management Associates (RMA). Other changes were made
by personnel of the U. S. Army Hydrologic Engineering Center and WES project
personnel. The code STUDH was written by WES personnel and Dr. R. Ariathurai,
RMA, under the direction of Mr. Thomas. Computer code RMA-1 was written by
RMA.

We gratefully acknowledge the many valuable contributions of
Messrs. H. D. Herndon and G. Hartmann, NPP, and J. G. Oliver, U. S. Army Engi-
neer Division, North Pacific. Persons providing valuable advice during the
pilot study included Dr. R. B. Krone, University of California, Davis;

Dr. D. C. Raney, University of Alabama; and Mr. H. L. Butler, Dr. J. R.
Houston, Dr. C. L. Vincent, and Mr. C. J. Huval, WES. We also thank Dr. E.
Partheniades, University of Florida, who suggested the hybrid approach to the




senior author in 1972 and Mr. Fisackerly, who had steadfastly supported the

approach from its infancy.

Commanders and Directors of WES during the course of this study and the
preparation and publication of this report were COL John L. Cannon, CE,
COL Nelson P. Conover, CE, and COL Tilford C. Creel, CE. Technical Director

was Mr. F. R. Brown.




CONTENTS

PREFACE . . . . . . . . . (o oo e e e e e e e e e e e e e 1

CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT e e e

PART 1: INTRODUCTION

)
6
Objective . . . . . . . . o oL Lo oo e e e e e e e 6
Background 6

PART I1: THE COLUMBIA RIVER ESTUARY . . . . . . . . . . .. . . . .. 9

Riverflows . . . . . . . . . . . « . . . 00 e e e e 10
Tides . . . . . . . . L oo e e e e e e s e e e e e e 13
Currents . . . . . . . . e v e e e e e e e e e e e e e e 13
Salinity . . . . . . .. L L Lo L s e e e e e e e 14
Meteorology . . . . . . . . . . L L. oo e e e e e e e e 15
Wave Climate . . . . . . . « . o . e e e e e e e e e e e e e 15
Sediments . . . e e e e e e e e e e e e e e e e e e e 16
Sources of Informatxon e e e e e e e e e e e e e e e e e e e 23
Field Surveys . . . . . . . . . . . . . . 0.0 e e e 23

PART III: MODELING METHODS . . . . . . . . . . .« . . . . . « « .« .« .. 25

Hybrid Modeling . . . e e e e e e e e 25
The Columbia River Hybr1d Modellng System e e e e e e e e e e 29
Description of the Models . . . . . . . . . . . . . . . . . . .. 32

PART 1IV: APPLICATION OF THE MODELS . . . . . . . . . . . . . . . . .. 44

Physical Model . . . . . . . . . .« L o 00w e e e e 44
RMA-2V . . . . . oL Lo s e e e e e s s s e e e e e e e e e 48
Wave Modeling . . . . . . . . . . . . L . o000 0 e e e e 52
Littoral Currents . . . e e e e e e e e e e e e e e 52
Creation of Hydrodynamic Events e e e e e e e e e e e e e e 53
Sedimentation Modeling . . . . . . . . . . . . . . . o000 54
Data Management . . . . e e e e e e e e e e e e e e e e 55
Limitations of the Method e e e e e e e e e e e e e e e e e e 56

PART V: VERIFICATION . . . . . . . . . . . . . . « o o o o o o v v v 58

Field Data . . . . . « « o v i i e e e e e e e e e e e e e e e 58
Physical Model . . . . . . . . . . . . . .00 oo e e 59
RMA-2V . . . o o e e e e e e e e e e e e e e e e e e e e e e e 69
Waves . . . e e e v e e e e e e e e e e e e e e e e e e e e 70
Sed1mentat1on Ot 71

PART VI: CONCLUSIONS . . . . . « o v v e it it e e e e e e 19
REFERENCES . . . . o« « o it e it e e e e e 8O

TABLES 1-3 :
PLATES 1-95 '




APPENDIX A:

APPENDIX B:
PLATES B1-B26
APPENDIX C:

e

BIBLIOGRAPHY AND KEYWORD INDEX FOR THE COL
ESTUARY . . . . . . . . . . . . ...

WAVE FREQUENCY ROSES .

NOTATION .

UMBIA RIVER

Al
Bl

Cl

|
|
;
|
i




CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be converted to

metric (SI) units as follows:

Multiply

acre-feet

cubic feet per second
cubic yards

feet

feet per second
inches

miles (U. S. statute)
square feet

square miles (U. S. statute)

By
1233.482
0.02831685
0.7645549
0.3048
0.3048
25.4
1.609344
0.09290304
2.589988

To Obtain

cubic metres

cubic metres per second
cubic metres

metres

metres per second
millimetres

kilometres

square metres

square kilometres




COLUMBIA RIVER ESTUARY HYBRID MODEL STUDIES

VERIFICATION OF HYBRID MODELING OF
THE COLUMBIA RIVER MOUTH

PART 1: [INTRODUCTION

Objective

1. The overall objective of the Columbia River estuary model studies
is to assist the U. S. Army Engineer District, Portland (NPP), in developing
solutions to problems of constructing and maintaining a navigation channel
through the estuary. The objectives of this portion of the studies were to
evaluate the effectiveness of various improvement plans designed to reduce
navigation channel dredging in the entrance to the estuary and to predict the
changes in channel shoaling and salinity intrusion that would result from
deepening the entrance channel.

2. This report describes the models and modeling methods that were used
and presents the results of model verification. Results of model plan tests

will be reported separately.

Background

3. The Columbia River estuary has been modeled several times. Large-
scale physical models have been constructed at the University of California,
Berkeley (O'Brien 1935), and the U. S. Army Engineer Waterways Experiment
Station (WES) (Herrmann 1968), and numerical models have been applied by sev-
eral investigators. 1In 1976, NPP asked WES to determine if newly developed
numerical modeling techniques could be used to address some long-standing
shoaling problems in the estuary. It was concluded in a pilot study that
hybrid modeling--a combination of physical and numerical modeling techniques--
offered the potential to provide better results than heretofore possible.
Accordingly, NPP provided funds to develop the necessary tools for a hybrid
model study of the estuary.

4. 1In 1976, a few experimental versions of two-~dimensional numerical

models for sediment transport had been developed but were relatively untested




and unknown. A review of available models showed that SEDIMENT 2H, a model

developed at the University of California, Davis, by Drs. R. Ariathurai, R. C.

McArthur, and R. B. Krone (1977) under funding by the Corps of Engineers

Dredged Material Research Program, was the most suitable for use.

selected for modification and use in the study.

It was

5. The physical model of the estuary had been constructed at WES in

1961 and used for shoaling studies for a number of years.

pilot study, it had been inactive for several years.

At the time of the

It was noted that in-

clusion of the physical model not only would offer the benefits of the hybrid

modeling approach but also would provide an anchor of a relatively well-known

method to a project with many innovative, but untested, elements.

It was

i concluded, therefore, that reactivation of the physical model was an essential

ingredient in developing a hybrid modeling approach to the Columbia River

estuary.

6. Another newly developed numerical model which simulated wind wave

generation and propagation offered the potential to permit consideration of

the effects of short-period waves on sediment transport.

Since the entrance

of the Columbia is subjected to intense wave action, it was concluded that

this new model should be included in a potential hybrid modeling plan for the

estuary.

7. In late 1977, NPP was presented with a plan to develop a hybrid

modeling scheme incorporating the existing physical model, a modified version

of SEDIMENT 2H, the wave model, plus a number of other analytical and modeling

techniques. NPP approved the plan and provided tunds for its implementation.

The product of that implementation is the subject of this report.

8. The presented plan was designed to address a list of potential

studies provided by NPP.

a.

b.

C.
(1)
(2)
(3
()
(5)

Optimum length of north and south jetties.
Maintenance of a deepened entrance channel.

Fate of dredged material dumped in:

Disposal area E.

Disposal area at Tensey Point.
Disposal area D.

Disposal area at Desdemona Sands.

Flow lanes.

d. Effect of Miller Sands rehandling sump.

The original list included the following items:
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Tes

K=

Effect of jetty B on entrance channel shoaling.

Optimization of dike field at Brookfield Bar.
Optimization of dike field at Pillar Rock Bar.
Effect of closing Sand Island Gap.

Optimum design of Astoria Turning Basin.

Reduction of shoaling in Ilwaco Channel.

-




PART II: THE COLUMBIA RIVER ESTUARY

9. The Columbia River and its tributaries drain about 259,000 square
miles* of the northwestern United States and southwestern Canada, discharging
into the Pacific Ocean near Astoria, Oregon (Figure 1). As it approaches the
sea, the lower Columbia River passes through the Cascade and then the Coast

mountain ranges. The lower river, bounded by steep forested slopes, is deep
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Figure 1. Site map

* A table of factors for converting U. S. customary units of measurement to
metric (SI) units is given on page 5.




and narrow until it widens intov the estuary about 35 miles above the mouth.

10. The estuary consists of deep channels meandering past shallow bays,
flats, and islands in a wide, coastal plain type estuary. It meets the Pa-
cific between Cape Disappointment, Washingt ~, on the north and Clatsop Spit,
Oregon, on the south as shown in Figure 2. Between Altoona, 23 miles from the
mouth, and Sand Island, near the mouth, the estuary is dominated by two deep
channels separated by a broad area of shallows. The shallows are cut by a
number of small, diagonal channels that connect the north and south channels.
The coastline on either side of the entrance consists of sand beaches inter-
rupted by occasional rocky headlands. The river varies in width from about
2,500 ft in the reaches near Portland to a maximum of about 9 miles in the
middle of the estuary. At the entrance, it is about 2 miles wide.

11. Locations on the river are described by distance in miles upstream
of the mouth, termed Columbia River Miles (CRM). Downstream of about CRM 24,
the datum plane for elevations is local mean lower low water (mllw) and up-
stream of that point, it is the Columbia River datum (CRD), which is basically

a low water datum.

Riverflows

12. Flow from the upper Columbia River is dominated by snowmelt, caus-
ing low winter flows and spring freshets. Heavy winter precipitation over the
lower basin boosts freshwater flow, sometimes causing winter freshets that
approach the mean annual flow. The river typically begins to rise in March,
peaks in June, and reaches its lowest flow in late summer or early fall.
Average annual discharge at The Dalles (CRM 140) for the period of record is
194,000 cfs. At Beaver Army Terminal (CRM 53), the average flow is about
256,000 cfs, and the estimated average discharge at the mouth is 260,000 cfs
(Herrmann 1970). Flow regulation by more than 35 multipurpose dams has re-
duced peak flows and increased minimum flows for stations below The Dalles.

13. Flow variations at The Dalles and farther downstream at Bonneville
Dam (CRM 140) are the result of natural riverflow changes and fluctuations of
discharge through the power plant due to diurnal power demand patterns. At
low discharges, flow variations through the power plant can cause significant
variation in hourly discharge rates. These power generation related flow

variations are not noticcable in the estuary, however.

10
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Tides

14. Tides in the Columbia River estuary are of the mixed type with two
high waters and two low waters per day. During low flows, water-level fluc-
tuations due to tides extend upstream to Bonneville Dam (CRM 145) on the main
stem and to Willamette Falls on the Willamette River (Willamette River Mile
26.5). For freshet flows, tidal variations are noticeable only as far up-
stream as Oak Point, Washington (CRM 54). The estimated highest and lowest
tide levels at the mouth are +12 ft mllw and -3 ft mllw, respectively. The
average tidal prism volume for the estuary is estimated to be between 500,000

acre-ft (Lockett 1959) and 900,000 acre-ft (Herrmann 1970).

Currents

15. Currents in the estuary area are caused principally by the tide and
freshwater inflow, with contributions by near-coastal, density, and wind-
induced currents, plus mass transport by waves. The point at which the uni-
directional riverflows begin to show reversal is dependent on river discharge
and, to a lesser amount, on tidal range. During the Corps of Engineers cur-
rent surveys of 1959-1960 (USAE Portland District 1960a), flow reversals in
the main channel occurred at least as far upstream as CRM 53 at a river dis-
charge of 169,000 cfs and CRM 25 at 380,000 cfs. Tidal ranges during these
periods were 7 to 9 ft. During the record low flow of 85,000 cfs (due to
closure of John Day Dam), a 4-hr current reversal occurred at CRM 70 (Clark
and Snyder 1969). Wind-induced currents within the estuary may have a sig-
nificant effect, but the large magnitude of tidal and freshwater flow curreats
tends to obscure them in deep water, except possibly during extreme events
(Donuell and McAnally, in preparation).

16. Flow patterns in the estuary are variable; but in the salinity in-
trusion zone, they tend toward a typical upstream flow predominance near the
bottom and downstream predominance near the surface. Flow in the north and
south channels is nearly parallel to the bank lines but in the mid-estuary
shallows, currents often flow diagonally (Lockett 1967). According to
Lockett, the northern portion of the estuary (including the shallow middle
area) carries a major portion of the flow (73 percent on the average) but

varies in its flow and ebb predominance, producing a net clockwise flow (ebhb

13




predominance on the south, flood predominance on the north) for riverflows of
less than 165,000 cfs or greater than 190,000 cfs and a counterclockwise net
flow for discharges between these two figures.

17. Currents in the immediate offshore area are subject to the same
forces as those in the estuary, plus coastal current patterns. The coastal
currents at the mouth tend toward the south in summer and north in winter with
northward currents predominating (Sternberg et al. 1977). In water about
100 ft deep, the northward currents tend to be stronger than those to the
south with maximum speeds of 1 to 2 fps being strongly correlated with storm
winds (Sternberg et al. 1977). Nearshore currents have been studied with sur-
face floats (Duxbury 1967) that showed substantial eddy formation around the
jetties and with bottom drifters (Morse, Gross, and Barnes 1968) that showed
net flow near the south jetty to be strongly into the mouth and flow near the

north jetty to be northward.

Salinity

18. The estuary is usually classified as a partly mixed system that
exhibits significant vertical salinity gradients without becoming completely
stratified. The mixing condition varies, however, and the partly mixed clas-
sification may not hold to precise limits of salinity gradients. Burt and
McAllister (1959) examined vertical salinity profiles and classified the es-
tuary as partly mixed in January, April, and September, well mixed in March,
and stratified in July.

19. Prior to the deepening of the navigation channel above the entrance
from 35 to 40 ft below mllw, the salinity intrusion limit in the navigation
channel ranged from CRM 17.5 at 400,000 cfs to CRM 24 at 125,000 cfs (Lockett
1963). At 200,000 cfs, the limit of intrusion increased from CRM 21 for the
35-ft channel to CRM 24.5 for the 40-ft channel (Lockett 1967). The location
of the one part per thousand (ppt) isochlor moved 7 to 10 miles between high
and low water during the 1959 Corps of Engineers Surveys (Portland District
1960b). During those surveys, which included freshwater discharges of 169,000,
383,000, and 558,000 cfs, the upstream limit of salinity intrusion was of the
same order of magnitude in both the north and south channel areas, although
significant lateral gradients existed (Portland District 1960b).

20. OQutside the mouth, the Columbia River plume forms a well-defined

14




pool of low-salinity water that covers a substantial area. The plume moves
under the influence of tidal currents, coastal currents, and wind, trending
northward along the Washington coast during winter and standing off the Oregon
coast in summer (Anderson 1963). Coastal waters outside the plume have an
average salinity of 32.5 ppt at the surface and 33.9 ppt in deeper water (Dux-
bury 1972).

Meteorology

21. Winds in the estuary region exhibit seasonal patterns of mild, pre-
dominantly north-to-northwest winds in summer and stronger southerly winds in
winter. Spring and fall winds alternate summer and winter characteristic pat-
terns (Cooper 1958). The Coast Range causes winds to move nearly parallel to
the coastline in the coastal area and the Columbia River gorge affects local
wind patterns by channeling winds along the river, sometimes producing a
strong east wind. Other than the gorge winds, the highest speeds are predom-
inantly from the south to southwest during the winter.

22. The severe storm season occurs from October to April in the lower
estuary with extratropical storms occurring several times per winter (National
Marine Consultants 1961a). Lockett (1959) describes a typical winter storm as
beginning with winds from the south quadrant, gradually moving clockwise over
several days until the storm passes and wind is blowing from the west or
northwest. The southerly wind is often of gale force at the coast for short
periods.

23. Precipitation over the lower Columbia basin increases with altitude
from the coast to the peaks of the Coast Range, averaging over 80 in./yr in
some locations (Neal 1972). Coastal areas experience heaviest rainfall during

the winter, causing high winter flows in the tributaries to the lower river.

Wave Climate

24. Wave climate at the Columbia River mouth is severe and wave heights
greater than 20 ft are not uncommon. Wave-height estimates for the shore area
are based on observations at the Columbia River lightship (O'Brien 1951) and
in the shipping area offshore (USNWSC 1970), on hindcasts by National Marine
Consultants (1961a and 1961b), and hindcasts by the Navy's Fleet Numerical




Weather Center. 0O'Brien demonstrated that the predominant wave direction is
from the west, but that the predominant wave energy (proportional to height
squared) is from the southwest. A statistical analysis of daily wave hind-
casts is presented in PART IV.

25. Waves at the mouth are higher and longer from October to March with
local seas generally higher than distantly generated swell. The predominant
direction for swell is from the NW quadrant, whereas the predominant seas are
from the N-NW in spring and summer and SW~SSE in fall and winter (Bourke,
Glenne, and Adams 1971). Wave effects at the mouth are most pronounced for
southerly waves since waves from that direction suffer little height reduction
due to refraction. Waves at the mouth are refracted by the bottom configura-
tion and by interaction with tidal currents. During ebb flows, waves often
break over the outer bar due to the combine effects of wave shoaling and
wave-current interaction. Wave refraction diagrams for various wave direc-

tions and periods are presented by National Marine Consultants (1961b).

Sediments

Sediment sources

26. Important sources of sediments to the estuary include a large sup-
ply from the lower Columbia River, from tributaries that flow directly into
the estuary, bank and bottom erosion, littoral material brought in through the

mouth, and windblown sediments. Upstream supply is at its maximum during the

spring freshet, but local tributaries are likely to make their greatest con-
tribution during winter runoff periods. The Columbia River is the ultimate
source of most of the sediments of the estuary, and they are delivered from
intermediate sources by erosion of deposits previously laid down by the river.
This also applies to the beaches (Ballard 1964). This complicates identifi-
cation of source by mineralogy since much, but not all, of the sediments will
have a common set of minerals; and differences in mineral content may there-
fore be the reflection of sorting rather than source. Lockett (1967) used
sediment sorting to conclude that sediments in the estuary navigation channel
at about Astoria are from an upland source because of negative skewness in the
size distribution, but sediments in the northern side of the estuary are
derived from the ocean because of a positive skewness. Validity of the anal-

ysis has not been established.
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Bottom sedimenl clharacteristics

27. Unlike many estuaries, the Columbia River estuary’'s bed is princi-
pally sand. Hubbell and Glenn (1973) found a typical sample to be 1 percent
gravel, 84 percent sand, 12 percent silt, and 2 percent clay. Figures 3 and 4
show median grain sizes at a number of locations in the estuary. Data used in
constructing the map consisted of surface samples taken in three collection
programs in 1959, 1965, and 1977. The data show considerable variation in
median size within each cross section, with the coarsest sizes usually, but
not always, in the deep portion of the section. Fine sand sizes (0.62 mm to
0.125 mm) predominate, with a few sheltered or shallow-water samples in the
silt size range.

28. Bed material texture through the estuary has been observed to dem-
onstrate seasonal variations with sediments tending to be finer near the end
of a low-flow period and coarser after a high discharge (Whetten, Kelley, and
Hansom 1969; Forster 1972; Sternberg et al. 1977). Forster (1972) found that
bottom sediments near Tongue Point and Harrington Point consisted of fine sand
and "mud" prior to the December 1964 flood and of relatively coarse sand after-
ward. The change could have been due to removal of smaller-than-sand-sized
particles from the bed, leaving the coarser material; erosion of top layers
revealing a layer of coarser sediment; or covering of the bed with an addi-
tional layer of coarser sediment. Examination of radionuclide ratios led
Forster to conclude that the postflood sediments were older (based on radio-
nuclide concentration ratios) than those prior to the flood, suggesting that
the latter two explanations are more likely to be correct than the first.

29. Ballard (1964) found that beach sands on Clatsop Spit became
coarser in winter, whereas on the beaches north of the mouth the sands became
finer in winter. He also reported that mineralogical analysis of the beach
sands identifies them as being supplied by the Columbia River. He noted that
the concentration of heavy minerals in beach sediments decreases rapidly with
distance from the Columbia River mouth. It is not obvious whether supply of
sediment or sorting was the cause of these differences.

30. Sand size sediments of the Columbia estuary consist predominantly
of quartz and plagioclase feldspar with significant amounts of mica, magne-
tite, and black volcanic rock. Whetten, Kelley, and Hansom (1969) reported
that downstream from Bonneville reservoir the relative quantities of quartz

and potassium fecldspars decrease in relation to plagicclase feldspar and
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volcanic lithic fragments. They attributed the changes in constituenl magni-
tudes to the lower tributaries supplying more volcanic-derived particles than
those upstream. Concentration of magnetite occurs in some locations, notably
the south side of Sand Island.

31. Silts in the estuary are also predominantly quartz, feldspar, and
mica. Clay particles are mostly montmorillonite, chlorite, and kaolinite
(Forster 1972).

Sediment transport

32. Sand and some silt are transported near the estuary bottom, forming
large sand waves that propagate in the direction of net transport. According
to Whetten and Fullam (1967), surveys in July 1966 showed that 86 percent of
the bottom between Longview (CRM 66) and Astoria (CRM 14) was covered with
sand waves varying from 3 to 10 ft high and 60 to 400 ft long. During one
survey, sand waves were observed (Hubbell, Glenn, and Stevens 1971) at CRM 7
in the navigation channel and on the adjacent gentle side slopes but not on
the nearby shallow flats. Lockett (1959) reported sand waves in the entrance
channel 5 to 10 ft high in April and November 1957.

33. Examination of sand wave profiles shows the direction of sediment
transport since the forward face of the waves is steeper than the upstream
face that sediment is climbing. This feature has been used to deduce some
sediment transport patterns in the estuary. The technique has been applied by
analysis of side scan sonar records by Hubbell, Glenn, and Stevens (1971) for
a period in September 1968 when river discharge was about 120,000 cfs.

34. Tests using bed drifters (Morse, Gross, and Barnes 1968) during
June-October 1968 showed that drifters released outside the estuary near the
mouth and inside tend to move either inside to the Clatsop Spit shoal or onto
the beaches north of the mouth. Studies at offshore disposal sites B and G
(Figure 2) have shown (Sternberg et al. 1977) that in that area of water
depths greater than 95 ft, sediment transport rates are rather low, with lit-
tle or no transport occurring during the summer. They estimated that a small
amount of sediment (830 yda/yr) was transported northward by storm wind-induced
currents in 1975. 1n about 1958, NPP conducted a current survey in disposal
area B which showed bottom currents directed predominantly toward the entrance
channel. Combined with the experience from disposal operations and subsequent
channel shoaling, it was shown that large quantities of material moved quickly

from the disposal arca back into the channel.
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35. There are few estimates of sediment transport rates in the estuary.

Estimates have been based on the usual assumption that unmeasured transport
constitutes about 10 to 25 percent of the total sediment load, but the rela-
tive clarity of the water may make that a poor assumption for the Columbia.
Hickson (1961) estimated that a total suspended load of 8 million cu yd/yr
passed through the mouth to the sea. He estimated an unmeasured load trans-
port rate of 3.5 million cu yd/yr. Other estimates are of the same order of
magnitude.

36. At the mouth, sediment transport is modified by wave-induced lit-
toral transport. Transport rates have not been ~stimated, but accretion on
both sides of the entrance and the wave climate suggest substantial littoral
transport rates in both directions. Ballard (1964) computed longshore wave
energy flux near the Columbia using the hindcast data of National Marine Con-
sultants and found that the combined sea and swell flux was northward during
January to March, October, and December; southward during May to August and
November; and nearly neutral in April and September. Ballard's analysis
showed that seas had an overall northward predominance while swell had a
southward predominance. Lockett (1965) cited beach erosion to the south of
the mouth and deposition to the north following jetty construction and other
observations to conclude that there is substantial littoral transport in both
directions, but that net transport is to the south.

37. Lockett (1963) analyzed hydrographic surveys of the shorelines
north and south of the entrance for 1877 and 1926, the period in which the
jetties were built. He found that during those 50 years, accretion to the
north of the mouth averaged 3.7 million cu yd/yr while erosion to the south
averaged 7.5 million cu yd/yr. During the subsequent 32 years, accretion
and erosion in each of those respective areas averaged about 4.1 million
cu yd/yr. After an initial deepening following each episode of jetty build-
ing, progressive infilling of the entrance channel continued during these
periods. This suggests a net littoral transport of 4 to 8 million cu vd/vyr
at the mouth of the Columbia. The gross amount moving past the entrance
(after completion of infilling behind the jetties) is probably substantially

more than this.

38. Measured suspended sediment concentrations are usually low in the
river and estuary. Hickson (1965), using a 1922 average measured suspended
sediment concentration cf 130 ppm on the Columbia just below the Willamette,
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[ estimated an average annual suspended sediment discharge of 15.5 > 10

cu yd/yr. Suspended sediment concentrations measured at CRM 13 (Hubbell,
Glenn, and Stevens 1971) in September 1969 (231,000 cfs) showed an average
depth-integrated concentration of about 20 ppm. Measurements in May 1970
(468,000 cfs) at the same location resulted in an average depth-integrated
concentration of 20 to 30 ppm. Analysis of sediment sizes in suspension
showed that size concentrations reached a maximum of less than 10 percent of
the total during peak flow velocities and were less than 1 percent much of the
time. Silt size particle concentrations ranged from about 50 to 90 percent
of the total and clay sizes made up from 10 to 50 percent. Conomos and Gross
(1968) found that suspended sediment samples in the river predominantly had

modal diameters in the silt size range.

Sedimentation patterns

39. Gross (1972) used Lockett's (1959) data and approximate sediment
discharges to estimate that 35 percent of the river's sediment load is de-
posited in the lower estuary and 45 percent is deposited outside the entrance
within 10 km of the mouth. Using radionuclide concentrations to compute both
sediment supply and accumulation, Hubbell and Glenn (1973) estimated that
30 percent of fine sediments entering the estuary from upstream are retained.
Hickson's measurements {paragraphs 35 and 38) imply a higher retention rate.

40. A study of depth changes in the estuarv during the 90-year period
between 1868 and 1958 by NPP showed significant filling of the estuary, par-
ticularly downstream from Astoria. Lockett (1963) computed the accumulated
sediment volume between Sand Island and Tongue Point to be 77 million cu yd--
an average depth change of 3 ft over the entire area. The accumulation pat-
tern was not uniform. The central portion of the estuary became considerably
shallower in the cross section near Astoria, whereas the southern channel
depths were not appreciably altered.

41. Forster (1972) used 1963 measurements of relative radionuclide con-
centrations to deduce zones of recent deposition in the estuary. In general,
the marginal areas demonstrated recent deposition, as did a large mid-estuary
zone between Tongue Point and Harrington Point.

42. It has been suggested that construction of upstream dams would
reduce the amount of sediment delivered to the estuary, but surveys of the

upstream reservoirs (Whetten, Kelley, and Hansom 1969) have not shown a

significant amount of year-to~year sediment accumulation. Sedimeunts deposited
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during the fall and winter appear to be flushed through the reservoirs during
the spring freshet. 1In Bonneville, a relict sand bed is apparently being
eroded and supplying additional sand to the lower river.

43. Outside the mouth, the river's sediment deposition lobe is skewed
to the northwest and is growing in that direction. Studies of nearshore ba-
thymetry for intervals from 1877 to 1977 show net erosion south of the mouth
and net deposition to the north (Lockett 1963 and 1967, Sternberg et al. 1977).
Sternberg et al. (1977) reported that annual depth changes are the same or
less than sounding accuracy but that intervals greater than 3 years show the
patterns cited above.

44. Shoaling patterns are best defined in the Federal navigation chan-
nel through the estuary and associated dredged material disposal sites. Many
of these sites are surveyed frequently by the Corps of Engineers and mainte-
nance dredging volumes are well documented. Most of the navigation channel
shoaling occurs during the spring, but Lockett (1959) noted no other consis-
tent correlation between shoaling and riverflow other than a trend toward
entrance channel scouring during a rising river and shoaling during a falling

or stationary river discharge.

Sources of Information

45. During the course of the pilot study and the early stages of imple-
mentation, an extensive search of the scientific literature was performed to
locate and acquire published data from the Columbia. Even though the search
was limited to data on the physical characteristics of the estuary, it re-
sulted in a rather lengthy bibliography. Accessing desired information in
such a large body of literature proved to be difficult, so a keyword index was
compiled for the bibliography. In the hope that the bibliography and index
will prove to be of continued use, they have been included with this report as

Appendix A.

Field Surveys

46. Several field surveys were performed in 1977 and 1978 specifically
to provide prototype data for the model verification reported herein. Water-

surface clevations, current velocities, salinities, suspended sediments, and
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water temperature were measured. Some of the data are presented in PART V:
VERIFICATION, and details of the data collection program and the data are

described in a separate report (McAnally and Donnell, in preparation).




PART 111: MODELING METHODS

Hybrid Modeling

47. Solutions to coastal hydraulics problems are principslly obtained
by use of the four primary methods--field observations, analytical solutions,
numerical models, and physical models. Any of these four may be the best sin-
gle approach for solving a particular problem. Choosing between them requires
knowledge of the phenomena that are important to the problem and an under-
standing of the strengths and weaknesses of the solution methods.

Field observations

48. Field (prototype) data collection and analysis serve both as an im-
portant aspect of the other solution methods and as an independent method.
Alone, field data show the estuary as it behaved under a certain set of con-
ditions prior to and at the time of measurement. By skillful scheduling of
data collection, careful analysis, and luck, one can obtain estimates of the
separate effects of tides, river discharge, wind, etc. Field data can reveal
problem areas and detine the magnitude of problems and can, to a limited ex-
tent, be used to estimate the estuary's response to different conditions of
tide and river discharge. They can also be used in an attempt to identify
changes caused by a modification to the estuary. Field data are an indispens-
able element in verification of numerical and physical models; they are used
by the modeler to adjust his model and show that model results are reliable.

49. Obtaining sufficient temporal and spatial data coverage in the
field is a formidable and expensive task; therefore available field data are
often too sparse to describe an estuary in any but the most general terms.
Those not intimately familiar with data collection and analysis often over-
estimate the accuracy and reliability of the data.

50. Analytical solutions are recognized as a sepavate solution method,
but they must be carefully defined in order to distinguish them from numerical
models. Analytical solutions are those in which answers are obtained by use
of mathematical expressions. These expressions or equations describe physical
phenomena in mathematical terms and thus may be considered to be mathematical
models of physical reality. For example, Manning's equation is a simple ana-

lytical model of the complex process of energy losses in open-channel flows.
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A more rigorous and complete analytical model of the losses is included in
the turbulent version of the Navier-Stokes equations, the Reynolds equations.
51. Analytical models usually combine complex, poorly understood phe-
nomena into coefficients that are determined empirically. Manning's roughness
coefficient, for instance, combines the various effects of energy dissipation
into a single parameter. The degree uf simplification of the analytical model
dictates how it is solved. For example, Manning's equation can be solved
directly, whereas the Reynolds equations must be simplified and solved by
numerical methods.
52. 1if an analytical model can be solved by substituting values of the

independent variables into the equation (a closed form solution), then the

solution method is also analytical. The calculation may be performed by hand
or by a computer, but the solution is still an analytical one.

53. The analytical solution method had advantages of speed and simplic-
ity but it cannot provide many details. In estuaries, analytical solutions
can be used for gross representations of tidal propagation and average cross-
sectional velocities in simple geometries. Details of flow cannot be pre-
dicted. The usefulness of analytical solutions declines with increasing com-
plexity of geometry or increasing detail of results desired.

Numerical modeling

54. Numerical modeling employs special computational methods, such as
iteration and approximation, to solve mathematical expressions that do not
have closed form solutions. A numerical model thus applies numerical (compu-
tational) analysis to solve mathematical expressions that describe the phys-
ical phenomena. The distinction between analytical solutions obtained by
computer calculations and numerical modeling solutions may become blurred,
but the distinction is a valid one that should be maintained. In this report,
the computer programs used to solve the governing equations are referred to as
generalized computer programs or codes. When the codes are combined with a
geometric mesh (grid) and specified parameters representing a particular estu-
ary, the combination is called a model.

55. Numerical models used in coastal hydraulic problems are of two
principal types--finite difference and finite element. The finite difference
method (FDM) approximates derivatives by differences in the value of variables
over finite intervals of space and time. This requires discretization of

space and time into regular grids of computation points. Finite difference

26




methods have been in widespread use for unsteady flow problems for about 15

years, whereas the finite element method (FEM) has only been widely applied to
open-channel flow problems in the last 5 to 10 years. The latter method em-
ploys piecewise approximations of mathematical expressions over a number of
discrete elements. The assemblage of piecewise approximations is solved as a
set of simultaneous equations to provide answers at points in space (nodes)
and time.

56. Numerical models are classified by the number of spatial dimensions
over which variables are permitted to change. Thus in a one-dimensional flow
model, currents are averaged over two dimensions (usually width and depth) and
vary only in one direction (usually longitudinally). Two~dimensional models
average variables over one spatial dimension, either over depth (a horizontal
model) or width (a vertical model). Three-dimensional models solve equations
accounting for variation of the variables in all three spatial dimensions.

57. Numerical modeling provides much more detailed results than analyt-
ical methods and may be substantially more accurate, but it does so at the
expense of time and money. Models of sufficient detail may require very large
computers to solve the large systems of equations and store results. Once a
numerical model has been formulated and verified for a given area, it can
quickly provide results for different conditions. Numerical models are ca-
pable of simulating sowme processes that cannot be handled in any other way.
However, present mocels are limited by the number of dimensions and degree of
resolution that are practical on today's computers. They are also limited by
the modeler's ability to provide and accurately solve mathematical expressions
that truly represent the physical processes being modeled. For example, at
this time, available three-dimensional numerical hydrodynamic models produce
results inferior to well-designed estuarine physical models.

Physical models

58. Physical scale models have been used for many years to solve
coastal hydraulic problems. Careful observance of appropriate scaling re-
quirements permits the physical modeler to obtain reliable solutions to prob-
lems that often can be solved no other way. Physical hydraulic models of
estuaries can reproduce tides and other long waves, some aspects of short-
period wind waves, longshore currents, freshwater flows, pollutant discharges,
some aspects of sedimentation, and three-dimensional variations in currents,

salinity, density, and pollutant concentration. Present practice does not
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include simulation of water-surface setup and currents due to wind. Applica-
bility of model laws and choice of model scales are dependent on which of
these phenomena are of interest. Conflicts in similitude requirements for the
various phenomena usually force the modeler to neglect similitude of some phe-
nomena in order to more accurately reproduce the dominant processes of the
situation. For example, correct modeling of tides and currents often requires
that a model have different scales for vertical and horizontal lengths. This

geometric distortion permits accurate reproduction of estuarine flows and is a

common and acceptable practice, but it does not permit optimum modeling of
short-period waves, which requires an undistorted-scale model for simultaneous
reproduction of refraction and diffraction.

Hybrid method

59. The preceding paragraphs have described the four principal solution
methods and some of their advantages and disadvantages. In practice, two or
more methods are used jointly, with each method being applied to that portion
of the problem for which it is best suited. For example, field data are usu-
ally used to define the most important processes and verify a model that pre-
dicts hydrodynamic conditions in an estuary. Combining two or more methods in
simple ways has been common practice for many years. Combining physical
modeling and numerical modeling to provide results not possible any other way
is termed a hybrid solution method; combining them in a closely coupled fash-
ion that permits feedback between the models is termed an integrated hybrid
solution.

60. Judicious selection of solution methods in a hybrid approach can
greatly improve accuracy and detail of the results. By devising means to
combine results from several methods, the modeler can include effects of many
phenomena that previously were neglected or poorly modeled. Examples of pro-
cesses that are good candidates for hybrid modeling are (a) sediment transport
and flow hydrodynamics or (b) tidal flows and short-period waves. In the
first case, hydrodynamics drives the sediment transport process and by care-
fully designing the study, the feedback from bed change to hydrodynamics is
minimal. In the second case, the interaction of the two processes is often
dominated by one or the other such that they can be analyzed as independent
events and the results combined. Processes that have a strong feedback loop,
such as the hydrodynamics of freshwater-saltwater interaction, are not suit-

able for the hybrid approach and consequently should be analyzed together.
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At present, the inadequacy of three-dimensional computational models requires

that physical models be used for such studies.

The Columbia River Hybrid Modeling System

61. The hybrid solution method is being used to provide solutions to a
number of Corps of Engineers problems in the Columbia River estuary. The
Columbia study technique is innovative in that a number of solution methods
are being applied in an integrated approach using the most advanced modeling
and analysis techniques available to coastal engineers.

62. The keystone of the Columbia hybrid method studies was the Corps’
existing physical hydraulic model of the estuary. The physical model is com-
plemented by a variety of field, analytical, and numerical methods to provide
a rigorous hybrid solution method that is briefly described in the following
paragraphs. In the following, the term '"the method" is understood to mean the
specific collection of techniques that is being applied to the Columbia.

Organization of the hybrid method

63. Figure 5 shows the general sequence of steps performed in applying
the hybrid solution to the Columbia River mouth studies. The following para-
graphs describe the operations involved in general application of the method.
These procedures may vary somewhat for separate studies.

64. Eighteen utility codes were used in the method to process data as
it passed between models. Major codes included CODEl, an interactive program
that solicited physical model input data from a keyboard operator and wrote
them to formatted disc files for further manipulation; CODE24, which read the
physical model data files, checked the data for reasonableness, converted
velocities to depth-integrated flows, and wrote a file of boundary condition
updates for use in the hydrodynamic model RMA-2V; ENGMET, which converted
hydrodynamic data to metric units, interpolated them in time, and prepared
the data for input to the sediment transport model STUDH; and GET, which
accessed STUDH output tapes, extracted bed change data, and wrote an output
file containing information needed for assembling several events into a l-year
simulation.

Step 1: For a given problem

65. Each problem was tested for existing conditions (base test) and

one or more plans that represented potential changes in estuary configuration

29




FOR A
GIVEN I

PROBLEM

2
DEFINE BOUNDARY CONDITIONS
3
\ SELECT INITIAL CONDITIONS
REPEAT
CYCLE
AS
NECESSARY 4
PREDICT HYODRODYNAMIC
AND SALINITY CONDITIONS
5 1
PREDICT SEGIMENT TRANSPORT

AND DEPOSITION

PRESENT RESULTS AT
DESIRED INTERVALS
7

Figure 5. Steps in the hybrid solution process

(channel or structure changes). Results of each plan were compared with base

test results.
Step 2: Define boundary conditions
66. Riverflow was defined at the upstream boundary of the physical

model by adding representative tributary discharges to flows at The Dalles.

The time-varying discharge was then schematized into a number of constant ﬁ
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flow periods to represent a typical hydrograph.

67. A representative tide range and a constant source salinity were
defined for the physical model ocean boundary.

68. Representative (in terms of contribution to sediment transport),
singular wave heights, periods, and directions over the immediate offshore
area were computed using daily wave hindcasts by the U. S. Navy Fleet Numeri-
cal Weather Center (FNWC).

69. Upstream sediment supply was computed by means of calculated cur-
rent velocities and the Ackers-White (1973) analytical method.

70. All boundary conditions were defined in separate operations and
stored in data files. During each pass through the method's steps (Figure 5),
desired boundary condition combinations and sequences were extracted.

Step 3: Select initial conditions

71. 1Initial conditions (water levels, salinities, currents, sediment
concentration, and bed elevation) to be used were specified, and the WES-
LaGarde data management system extracted and schematized previously digitized
bed elevations over the estuary at the beginning of the solution cycle.

Step 4: Define hydrodynamic
and salinity conditions

72. Required river discharge was introduced in the upper end of the
physical model and the required tide and constant source salinity were gener-
ated at the ocean boundary of the physical model. Water-surface elevations
and three-dimensional current structure and salinities were measured on a
coarse grid over the area of interest in the physical model. Current and ele-
vation data were then interpolated to the fine grid required by the numerical
sediment model by use of the numerical hydrodynamic model RMA-2V. Data collec-
tion points in the physical model corresponded exactly with computation points
in the numerical models.

73. Propagation, refraction, and diffraction of ocean wind waves ap-
proaching the entrance were modeled using a version of Resio and Vincent's
(1977) modification of Barnett's spectral numerical wave model for the area
of interest. Wave heights were converted to near-bed orbital velocities and
amplitudes and were interpolated to the grid required by sediment model.

74. Longshore currents in the surf zone were predicted by the analyti-
cal technique of Longuet-Higgins (U. S. Army CERC 1977) using wave-refraction

results to describe representative wave conditions in the surf zone. Longshore
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currents were linearly superposed on tidal currents predicted by the physical
and numerical models.

75. All hydrodynamic results were written to computer files for use by
the sediment model.

Step 5: Predict sediment
transport, deposition, and erosion

76. Sediment transport, deposition, and erosion were modeled by appli-
cation of the numerical model STUDH using hydrodynamic data generated by
Step 4. Depth changes were monitored and computations halted when changes
became large enough to change hydrodynamic response of the system. Real-time
periods of up to a few days were modeled and then deposition and erosion rates
were extrapolated until the period to be modeled was completed or until new
hydrodynamics and transport computations were required by depth changes.
Step 6 produced graphic and tabular displays of results as shown in PART V:
VERIFICATION.

Repeat cycle as necessary

77. When depth changes required new hydrodynamic results, the process
returned to initial conditions (Step 3) to update bathymetry and pass through
an abbreviated hydrodynamic step (unit discharge was assumed constant and ve-
locities were recomputed) again before resuming sediment modeling. When a pe-
riod of modeling was complete for a given combination of hydrodynamic events,
the process returned to the boundary conditions (Step 2) for the next pericd

to be modeled.

Description of the Models

Physical model

78. The Columbia River estuary model reproduces approximately 350
square miles of the prototype area, including the Columbia River to mile 52;
the Pacific Ocean from 9 miles north of the north jetty to 6 miles south of
the south jetty and offshore well beyond the 120-ft contour; Youngs, Baker,
and Grays Bays; Youngs, Lewis and Clark, Grays, and Deep Rivers; and the ex-
tensive system of sloughs and other tidal tributaries that affect tidal action
throughout the model area. The limits of the area reproduced are shown in
Figure 2.

79. The model was constructed to linear scale ratios, model to
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prototype, of 1:500 horizontally and 1:100 vertically. From these basic ra-

tios, the following scale relations were computed by the Froudian relations:
slope 5:1, velocity 1:10, time 1:50, discharge 1:500,000, and volume
1:25,000,000. The salinity ratio for the model was 1:1. One prototype tidal
cycle (diurnal tide) of 24 hr and 50 min was reproduced in the model in 29 min
48.5 sec. Lambert grid coordinates were used for horizontal control, and mliw,
the Columbia River datum, and the National Geodetic Vertical Datum (NGVD - 1947
adjusted) were used for vertical control. The model was approximately 500 ft
long and 130 ft wide at its widest point and covered an area of about

48,000 sq ft. It was completely enclosed to protect it and its appurtenances
from the weather and to permit uninterrupted operation.

80. When constructed in 1961, the original model was molded to conform
to prototype hydrographic conditions that existed in 1959. The navigation
channel was molded in removable blocks so that desired alterations could read-
ily be made. For studies reported herein, the model was altered from the
original 1959 hydrographic conditions. The ocean, entrance area, Baker Bay,
and Columbia River up to about CRM 9.5 were remolded to conform to 1976 hydro-
graphic conditions. The remainder of the model was essentially left intact
as originally molded. However, areas and islands such as Miller Sands, which
had changed significantly since 1959, were remolded to conform to most recent
surveys.

81. The model was equipped with the necessary appurtenances to repro-
duce and measure all pertinent phenomena such as tidal elevations, saltwater
intrusion, current velocities, freshwater inflow, dispersion characteristics,
and shoaling distribution and patterns. Apparatus used in connection with
the reproduction and measurement of these phenomena included a primary tide
generator and recorder, secondary tide generator, tide gages, salinity me-
ters, salinity samplers, chemical titration equipment, current velocity me-
ters, freshwater inflow measuring devices, skimming and measuring weirs, and
shoaling material injection and recovery apparatus. This equipment is de-
scribed in detusil by Herrmann (1968).

Finite element modeling

82. Two of the numerical models used in this effort employ the finite
element method to solve the governing equations. To help those who are unfa-
miliar with the method to better understand this report, a brief description
of the method is given here. For a more thorough trcatment, see Zienkiewicz

(1971) or Desai (1979).
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83. The finite element method approximates a solution to equations by
dividing the area of interest into smaller subareas, which are called ele-
ments. The dependent variables (e.g., water-surface elevations and sediment
concentrations) are approximated over each element by continuous functions
which interpolate in terms of unknown point (node) values of the variables.

An error, defined as the deviation of the approximation solution from the cor-
rect solution, is minimized. Then, when boundary conditions are imposed, a
set of solvable simultaneous equations are created. The solution is smooth
and continuous over the area of interest.

84. 1In one-dimensional problems, elements are line segments. In two-
dimensional problems, the elements are polygons, usually either triangles or
quadrilaterals. Nodes are located on the edges of elements and occasionally
inside the elements. The interpolating functions may be linear or higher
order polynomials. Figure 6 illustrates a quadrilateral element with eight
nodes and a linear solution surface.

85. Most water resource applications of the finite element method use
the Galerkin method of weighted residuals to minimize error. In this method
the residual, the total error between the approximate and correct solutions,
is weighted by a function that is identical with the interpolating function
and then minimized. Minimization results in a set of simultaneous equations
in terms of nodal values of the dependent variable (e.g., water-surface ele-
vations or sediment concentration). Time-dependent problems can have the time
portion solved by the finite element method, but it is generally more effi-
cient to express derivatives with respect to time in finite difference form.
RMA-2V

86. The generalized computer program RMA-2V solves the depth-integrated
equations of fluid mass and momentum conservation in two horizontal direc-

tions. The form of the solved equations is

au, Bu, du, b, % “xx 3%y _ “xz 2%
at M oax 9z © B ax ~ ax 0 -2 p .2

2 2 1/2
- 2ww sin ¢ + Y (u° o+ W) cos § = 0 (1
C2h

e

v
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| w L w L Bw o Oh Ol faxote feote
at Ix 9z dz Jz p axz fo} 822
+ B (u2+w2)1/2-§v sin ¢ = 0 (2)
Czh h "a
g-tg + %— (uh) + g; (wh) =0 (3)
where
u = horizontal flow velocity in the x direction¥®
t = time
x = distance in the x direction (longitudinal)
w = horizontal flow velocity in the 2z direction
z = distance in the z direction (lateral)
= acceleration due to gravity
h = water depth
a = elevation of the bottom
gxx = normal turbulent exchange coefficient in the x direction
p = fluid density
Exz = tangential turbulent exchange coefficient in the x direction
w = angular rate of earth's rotation
¢ = latitude
C = Chezy roughress coefficient
£ = coefficient relatiog wind speed to stress exerted on the fluid
Va = wind velocity
¢ = angle between wind direction and x axis
sz = tangential turbulent exchange coefficient in the =z direction
Ezz = normal turbulent exchange coefficient in the 2z direction
87. The Chezy roughness formulation of the original code was moditfied
in the input pertion so that Manning's n roughness ceefficients are spec-
1fred by nodes. A short iuput rcutine computes elemental Chezyv coefficicnts
from iunput Manning': n  values and 1nitial water depth.
88. Equations !, 2, and 3 are solved by the finite element method using
For convenience, zymbols are listed and defined in the Notation (Appen-

dix C) .




Galerkin weighted residuals. The elements may be either quadrilaterals or
triangles and may have curved (parabolic) sides. The shape functions are
quadratic for flow and linear for depth. Integration in space is performed by
Gaussian integration. Derivatives in time are replaced by a nonlinear finite
diiference approximation. Variables are assumed to vary over each time in-

terval in the form
f(t) = f(o) + at + bt© t <t <t (4)

which is differentiated with respect to time, and cast in finite difference
form. Letters a, b, and ¢ are constants. It has been found by experiment
that the best value for ¢ 1is 1.5 (Norton and King 1977).

89. The solution is fully implicit and the set of simultaneous equa-
tions is solved by Newton-Raphson iteration. The computer code executes the
soiution by means of a front-type solver that assembles a portion of the ma-
trix and solves it before assembling the next portion of the matrix. The
front sclver's efficiency is largely independent of bandwidth and thus does
not require as much care in formation of the computational mesh as do tradi-
tional solvers.

90. The code RMA-2V is based on the earlier version RMA-2 (Norton and
King 1977) but differs from it in several ways. First, it is formulated in
terms of velocity (v) instead of unit discharge (vh), which improves some as-
pects of the code's behavior; it permits drying and wetting of areas within
the grid; and it permits specification of turbulent exchange coefficients in
directions other than along the x- and z-axes.

Wave model

91. A wave model provided estimates of wave conditions over the en-
trance area by refracting and diffracting deepwater waves shoreward and
through the entrance to the upper limits of the finite element mesh used for
hydrodynamics and sedimentation. The computer code was developed by Resio and
Vincent (1977) of WES.

92. The model considered waves as a spectrum of energies, both in di-
rection and frequency, propagating components shoreward in the first computa-
tional phase, then diffusing the components alongshore in the second phase.
This two-phase computational procedurec was stepped across a uniform grid as a

front with an explicit finitc difference scheme. The model did neot take into
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consideration wave-current interactions, reflection, or frictional losses.

93. The model was supplied with the deepwater wave height, period, and
direction along with the limits of the uniform geometric grid, cell size, and
water depths at each point of the grid. The average energy of this wave was

computed as

2
E =('j) pe (5)
where
E = energy
H = wave height
p = water density
g = acceleration due to gravity

The computed energy was assumed to represent a spectrum of waves with a direc-
tional energy spectrum represented by a cosine to the fourth power and a fre-

quency spectrum as described by Kitaigordskii (1962)

o 2f-5 £ 4
—5——2— exp |1 - <E_> for f < fm
(2n) "
El(f) = (6)
agf™>
—3——2— for f > fm
(2n)

where

Phillip's equilibrium coefficient (7.4 X 103)

Q
i

wave frequency
fm = maximum wave frequency

So the energy components were described by

= - 7
Ez(f,e) El(f)¢(6 eo) (7)
where
6 = wave direction
60 = mean direction via ray tracing
and
8 4
- = = -~ 8
®(0 60) 3 €°8 (6 ~ 8. (8)
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In order to fit this spectrum to the wave conditions given as input, the value
of the coefficient o was solved for each computational run, with fm cor-
responding to the input wave period.

94. The model propagated each wave spectral component one row shoreward
across the grid by simple ray tracing techniques with subsequent regrouping of
energy into predetermined 22.5-deg wave direction windows. The diffractive
eftfects were then included by applying a4 diffusion step in which the diffusion
was proportional to the second derivative (alongshore direction) of the wave
energy for each component.

95. The wave energy field produced by the model must be transtormed
to near-bottom wave orbital velocities and excursion lengths for input to
the sediment model. Therefore, the wave spectrum was integrated at each grid

location to determine the total wave energy and the wave height was computed

H =4 — (9)

From this wave height, the orbital excursion length near the bottom was com-

puted by
A = SR E— (10)
sinh Z_E)
L
where
h = water depth
L = wavelength

and the maximum orbital velocity was computed as

u = A (11)

where T is the wave period

96. The wavelength was computed by linear wave theory for the depth of
water at each computational point based on the assumption that the wave period
T , as input for deepwater conditions, remained unchanged.
STUDH

97. The generalized computer program STUDH solves *: .. depth-integrated
convection-dispersion equation in two horizontal dimensions for a single

sediment constituent. The form of the solved equaticn is
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where
C = concentration of sediment
u = velocity in x direction
w = velocity in 2z direction
x - dispersion coefficient in x direction
. dispersion coefficient in 2z direction
o= coefficient of concentration dependent source/sink term
02 = coefficient of source/sink term

STUDH is related to the generalized computer program SEDIMENT 11 (Ariathurai,
MacArthur, and Krone 1977) developed at the University of California, Davis,
under the direction of R. B. Krone. STUDH is the product of joint efforts of
WES personnel (under direction of W. A. Thomas) and R. Ariathurai, now a
member of Resource Management Associates.

98. The source/sink terms in Equation 12 are computed in routines that
treat the interaction of the flow and the bed. Separate sections of the code
handle computations for clay bed and sand bed problems. In the tests de-
scribed here, only sand beds were considered. The source/sink terms were
evaluated by first computing a potential sand transport capacity for the
specified flow conditions, comparing that capacity with the amount of sand
actually being transported, and then eroding from or depositing to the bed
at a rate that would approach the equilibrium value after sufficient elapsed
time.

99. The potential sand transport capacity in these tests was computed
by the method of Ackers and White (1973), which uses a transport power (work
rate) approach. It has been shown to provide superior results for transport
under steady-flow conditions (White, Milli, and Crabbe 1975) and for combined
waves and currents (Swart 1976). WES flume tests have shown that the concept
is valid for transport by estuarine currents.

100. The total load transport function of Ackers and White is based upon

1/3

a dimensionless grain size
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where
D = sediment particle diameter
g = acceleration due to gravity
s = specific gravity of the sediment
v = kinematic viscosity of the fluid

and a sediment mobility parameter

1/2
o [ r'i'i‘,_] -
gr pg D(s - 1)
where
T = total boundary shear stress
T' = boundary surface shear stress
n = a coefficient expressing the relative importance of hed-load and

suspended-load transport, given in Equation 16

The surface shear stress is that part of the total shear stress which is due
to the rough surface of the bed only, i.e. not including that part due to bed
forms and geometry. It therefore corresponds to that shear stress that a
plane bed would exert on the flow.

101. The total sediment transport is expressed as an effective

concentration

(o) =2 ()
cp:c A--l T \/:U (15)

where U is the average flow velocity, and for 1 < Dgr < 60

n=1.00 - 0.56 log D (16)
8[‘
a=-2323 4504 an
D
-3¢
log C = 2.86 log D - (log D )2 - 3.53 (18)
gr gr
m=%ﬁf—’+ 1.364 (19)
gr
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For D > 60

gr
n = 0.00 (20)
A=0.17 (21)
C = 0.025 (22)
m=1.5 (23)

102. Bed shear stresses for combined waves and currents are calculated

by STUDH using the equation

fwuom * ch o] uom :
twc = u + U 2 (U * _E— (24)

om

for surface shear stress (plane beds) and

2 .1 2
fcpu + 4 pruom (25)

N |

wcC

for total shear stress, where

fw = shear stress coefficient for waves
fc = shear stress coefficient for currents
U = current speed
Yom = maximum wave orbital velocity near the bed

p = density of water

Equations 24 and 25 are based on the work of Jonsson (1966), and Bijker and
Swart (Swart 1976). Development of the equations is given by McAnally and
Thomas (1981).

103. Using Equations 24 and 25 for shear stresses in the Ackers-White
equations (Equations 13-23) results in a potential sediment concentration,
Gp . This value is the depth-averaged concentration of sediment that will
occur if an equilibrium transport rate is reached with a nonlimited supply of

sediment. The rate of sediment deposition (or erosion) is then computed as

R= -2 — (26)




where

C

t
C

For deposition, the time constant is

present sediment concentration

time constant

At
t. = larger of (27)
Cth
\Y
s
and for erosion it is
At
t, = larger of (28)
CLeh
U
where
At = computational time-step
CLd = response time coefficient for deposition
h = water depth
VS = sediment settling velocity
CLe = response time coefficient for erosion

U = average current speed
104. Equation 12 is solved by the finite element method using Galerkin
weighted residuals. Like RMA-2V, which uses the same general solution tech-
nique, elements are quadrilateral and may have parabolic sides. Shape func-
tions are quadratic. Integration in space is Gaussian. Time-stepping is
performed by a Crank-Nicholson approach with a weighting factor (theta) of
0.66. The solution is fully implicit and a front-type solver is used similar

to that in RMA-2V.
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PART IV: APPLICATION OF THE MODELS

Physical Model

Operation
105. Prior to data collection of any type in the physical model, it was

operated a number of cycles to establish stable hydrodynamic and salinity con-
ditions. Achieving a stable condition was hastened by installing an imper-
vious vertical-lift gate across the model immediately upstream of the Astoria
Bridge. The model upstream from the gate was flooded with fresh water while
the area downstream was flooded with salt water from the storage sump. As the
gate was removed, tide, freshwater inflow, skimming weir, etc., operation was
initiated. The tide generator system and its operation are shown in Figure 7.

105. The number of cycles required for stability varied, depending on
the freshwater discharge and tide condition. All salinity tests reported
herein were conducted with a freshwater discharge of 140,000 cfs introduced
into the model at river mile 52. Fresh water was not introduced in the model
at any other point. Normal stability time for this discharge required about
6 tidal cycles; however, to achieve the highest possible order of stability,
the model was operated at least 12 tidal cycles prior to collection of water
samples.

107. In order to keep the model and sump in balance, skimming weirs
were operated in the ocean area to remove the exact volume of water that had
been introduced at the freshwater source of the model. By the time the fresh
water had passed through the model to the skimming weirs, it had mixed with
the salt water. Therefore a diluted mixture was returned to the supply sump,
resulting in a lowering of the desired salt concentration. In order to com-
pensate for this dilution and maintain a constant salinity concentration in
the supply sump, salt brine was continuously added. This was accomplished by
passing water (usually from supply sump) over rock salt stored in a Lixator
adjacent to the sump. The rate of brine introduced and sump salinity concen-
tration were carefuily monitored to ensure that a constant source of salinity
concentration was maintained thrcughout the test period.

108. Information from the physical model was obtained in several forms.
The following paragraphs briefly describe the types of data collected and the

method uscd to record such information. The types of meodel data collected
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sump s controlled by an automatic. rolling-gate vatve (E) it the valve s opened so that more water leaves
the model than 1s being pumped in. the water-surtace eievation in the model 1s lowered If the valve is
partially closed so that less water leaves than is being pumped 1n, the water surtace rnises

The desired ide s programmed by aradially eccentric cam (F). The rnechanical signal generated by
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tube positioner (H). The bubbletube positioner moves an air bubbler tube (n the same direction that the
water surface should go to produce the desired ide The air pressure sensed by the bubble tube serves
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the controller and is used to move the automatic gate valve (E) as necessary to obtain the correct
water-surface efevation An electronic feedback from the automatic gate valve through the positioner
amphitier (G) moves the bubble tube positioner in the same direction as the valve, thus minimizing
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6 The downward movement of the gate valve s converted to an electrical signai by another
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7 The positioner amplifier causes the bubble tube positioner to move down a small amount ang
thus slows down the rate of gate valve closure

B8 Thesystemcontinuesto respondto the changing water-syrface efevation until the desced 1-1n
rise i1s accomphshed

Figure 7. Schematic of tide control
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were as follows: tidal elevations, current velocity and directions, salinity
concentrations, surface current patterns, sediment tracer tests, and movies.
Tidal elevations

109. Both permanent and portable point gages graduated to 0.001 ft
(0.1 ft prototype) were used to measure water-surface elevations at half-hour
intervals throughout the tidal cycle.
Current velocity

110. Current speed measurements were obtained with miniature Price-type
current meters. Each meter had five cups, constructed of a light plastic and
0.04 ft (4 ft prototype) in diameter, mounted on a horizontal wheel 0.08 tt
(40 ft prototype) in diameter. The center ot the cups was 0.05 ft (5 ft
prototype) from the bottom of the frame. The meters were calibrated fre-
quently and were capable of measuring speeds as low as 0.03 fps (0.3 fps
prototype). Current directions were observed at the same location and inter-

vals as were speeds using a very lightweight vane (Figure 8) which pivoted

Fignre 8. Current direction measuring apparatus
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with the currents on a small diameter rod. Direction was read in tens of

degrees from north.

Salinity measurements

111. Prior to collection of water samples for salinity concentration
measurements, the model was operated to establish salinity stability. This
procedure is discussed in detail in paragraphs 105-107. Water samples were
drawn into collection vials by a vacuum apparatus and stored for later deter-
mination of salinity concentrations. The water samples were collected on the
hour over a complete tidal cycle. All salinity concentrations for samples
taken from the model were determined by use of conductivity cells specially
built and calibrated for this purpose.

Surface current patterns

112. Current data for several tests conducted in the model were col-
lected and recorded photographically. Surface current pattern photographs
were used to construct composite mosaics with which to evaluate proposed
channel realignments, effectiveness of groins, etc. The mosaics and/or in-
dividual photographs also provided a means for current velocity analysis,
especially in areas toc shallow for measurements with the velocity meter. The
mosaics were prepared from time-exposure photographs of confetti floating on
the water's surface. A bright light was flashed immediately prior to closing
of camera lens, resulting in a bright spot near the end of each confetti
streak, indicating the direction of flow. Current velocities were determined
from the photographs by measuring the total length of the confetti streaks and
comparing the lengths with the velocity scale presented in the mosaic or
photograph. Photographs in most instances were taken at hourly (prototype)
intervals throughout a complete tidal cycle (24.84 hr). Because of their size
and number, the photographic mosaics are not included in this report, but
copies are on file at WES and NPP.

Movies

113. Time-lapse movies were used to monitor movement of simulated
dre?sed material that had been placed in proposed disposal areas over a period
of several tidal cycles. On one occasion, movies were utilized to track the
movement of a model of the dredge Biddle as it was moved by tidal and wave
action after losing power and anchor.

Accuracy of measurements

114. Measurements of tidal elevations in the model were made with point

47




gages gradudated Lo 0.001 ft, or 0.1 ft prototype. The limitations of the cur-
rent velocity meters used in the nodel should be considered in making close
comparisons between model and prototype velocity data. The center line of the
meter cup was about 0.05 ft above the bottom of the frame; therefore, bottom
velocity measurements in the model were actually obtained at a point 5.0 ft
(prototype) above the bottom, instead of about 2.0 ft as in the prototype
metering program. The model velocities were determined by counting the number
of revolutions in a 10-sec interval (which represented a period of about 8 min
in the prototype), as compared with about a l-min observation in the proto-
type. The horizontal spread of the entire meter cup wheel was about 0.11 ft
in the model, representing about 55 ft in the prototype, as compared with less
than 1.0 ft for the prototype meter. Thus the distortion of area (model to

prototype) results in comparison of prototype point velocities with model mean

velocities for a much larger area. The same is true for the vertical area,
since the height of the meter cup was about 0.04 ft (4.0 ft prototype) as com-
pared with only a few inches for the prototype meter.

115. All model salinity measurements presented in this repcrt were made
with a salinity meter (conductivity type) and are considered to be accurate
within 0.5 ppt in the higher ranges and 0.2 ppt in the lower ranges. The
model samples were collected at the bottom, middepth, and surface elevations.
The elevations of the bottom and middepth samplers were fixed in the model and
were not allowed to vary with the tide as was the surface sampler. Simulta-
neous water samples were drawn into vials from the three elevations by means
of a vacuum system, whereas the prototype salinities were measured in place at
successive depths. Similar to the model velocity data, the model salinity
data also represent an average over a much larger prototype area, since the
vacuum sampling system used in the model drew the sample from a radius of

about 1/2 to 1 in. (100 ft in the prototype).

RIUA-2V

116. RMA-2V was used as part solution method and part interpolating

device. The sediment model required that flow depth and velocity be specified
at nearly 1,000 points, many more than could be practically measured in the
physical model. Yet because of the complex three-dimensional flow structure

in the estuary and because of the lack of a well behaved three-dimensional
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numerical model, data from the physical model were essential. In the final
torm of the application, flows and depths were measured at a number of loca-
tions 1n the physical model and used as both exterior and interior boundary
condition specitications in the numerical hydrodynamic model, EMA-2V,
Computational mesh

117. The base computational mesh for the numerical hydrodynamic model,
shown 1n Figure 9, was identical with that used by the numerical sediment
model. It consisted of 290 quadrilateral elements and 967 nodes. Using the
finite element method's strengths, the boundaries are represented by curved

element sides, and most elements are concentrated within the mouth where the

Figure 9. RMA-2V and STUDH computational mesh
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most detail was desired. The navigation channel is described by a row three

elements wide between jetty A and the 50-ft contour offshore.
Bathymetry
118. Bathymetric data input to the model was derived from 1976 National

Ocean Survey (NOS) charts and Corps of Engineers condition surveys of the

entrance. These data were digitized and stored on magnetic tape. The data

management system code RETPNT interpolated to obtain bed elevations at node

locations in the computational mesh, converted them to an arbitrary datum

plane 20C ft below NGVD, and wrote a bathymetric data file that was processed {
by RMA-1. RMA-1 is a preprocessor utility code that generates a data file
containing all geometric and bathymetric data used by RMA-2V and STUDH.

Punched card input to RMA-1 was used to revise bed elevations at specific
nodes when necessary.

Boundary conditions

119. Slip flows parallel to the boundary were specified at nearly all
solid boundary nodes along curved boundaries. Zero flow (no slip) was spe-
cified at the tips of the jetties and at the intersection of the shore bound-
aries with the north and south ocean boundaries of the numerical model. All
water boundaries had either discharge or water-surface elevation specified.
Figure 10 shows nodes at which time-dependent conditions were specified.
Along the ocean boundary, nodes had water-surface elevations specified at each
time-step. Data were from the physical model control tide gage, which was
near one of the boundary nodes. At the upstream boundary, discharge was
specified at all nodes. Physical model velocity measurements at the flow-
specified corner nodes shown in Figure 10 were converted to depth-integrated
x- and y-direction discharges by the utility code CODE24, which also inter-
polated to obtain discharges at those nodes for which physical model data
were not collected.

120. Processing physical model data and placing them in a format suit-
able for use by RMA-2V were accomplished in two steps. First, the data re-
corded from the physical model were keyed in to the computer and loaded into
disc files. Keying in of the data was greatly facilitated midway through the
project by development of CODEl, a utility code that queried the keyboard
operator for data, compared input against preset constraints to ensure reason-
ableness, and then wrote the necessary disc file.

121. Conversion of physical model data into boundary condition
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Figure 10. Boundary condi-ion nodes in computational mesh

specifications for RMA-2V was performed by the utility code CODE24. CODE24
read disc files containing physical model velocities and water-surface eleva-
tions, computed x- and y-direction component velocities, and numerically
integrated the component velocities over depth using the Riemann sum method.
Computed unit discharges and water-surface elevations were then interpolated
in space and time, if required, and written to a disc file in a coded format
that was read directly by RMA-2V.

122. 1In initial applications, most of the corner nodes across the mouth

range (near the jetty tips) also had discharge specified via CODE24. However,
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on several trials, integration of physical model velocities did not satisfy
mass continuity and using them as internal boundary conditions to RMA-2V
caused strange results or even instabilities in the output. In the final
applications, only four nodes on the mouth range were used as internal bound-
ary conditions. In addition, three nodes in the openings to Baker Bay had
discharge specified.

Time-steps/iterations

123. After considerable experimentation in the mesh development and
verification stages, a time-step of 60 min was selected as providing the best
combination of accuracy, resolution, and low cost. Differences between re-
sults at this time-step size and those of much shorter time-steps were quite
small and were confined to zones of very low velocities in the ocean area.

124. Four iterations were used to converge on the initial, steady-state
solution at the beginning of each run. For subsequent time-steps, two itera-

tions were employed.

Wave Modeling

125. The computational mesh used in the wave analysis consisted of a
grid 108 columns (N-S) by B8 rows (E-W) with a grid spacing of 1,000 ft. The
mesh extended oceanward to depths well over 200 ft and inland beyond the
limits of the finite element mesh. Bathymetric data were digitized from the
1976 NOS chart. Data were then interpolated to assign depths at every node in
the computational mesh.

126. Prototype deepwater wave information was obtained from FNWC hind-
casts 1n the form of daily significant wave heights, periods, and directions.
A statistical analyvsis was pertormed for 1969-1976 to define typical frequen-
cies of occurrence for combinations of wave height, period, and direction for
each month of the year and annually. Wave roses resulting from the analyses

are shown in Appendix B.
Littoral Currents
127. Littoral currents were computed for the surf zone for each of the

wave conditions used in the tests. A wave-refraction model (Dobson 1967),

applied to the wave grid, predicted breaker heights and angles along the




shoreline for each wave direction. These data were input to the computer code
LITVEL, which computed the alongshore currents at the boundaries ot the tinite
element grid by the modified Longuet-Higgins technique (CERC 1977). These
currents were extended across the interior portion of the grid by assuming
them to be parallel to the shoreline on either side of the river mouth and
parallel to a line connecting the tips of the jetties across the mouth. The
volume rate of flow of alongshore transport computed at the boundaries was

conserved in extending it across the computational mesh.

Creation of Hydrodynamic Events

128. As described in the preceding paragraphs, hydrodynamic data were
generated to account for tides, riverflow, wave propagation, and littoral
currents. Combining these data into discrete events so as to adequately rep-
resent a typical year's hydrodynamics was accomplished as follows.

a. The wave contribution to sediment transport, as given by the
wave transport algorithm in STUDH, was computed for each wave
condition from the statistical analysis of the FNWC daily wave
hindcasts including the full ensemble of heights, periods, and
directions.

b. The sediment transport rates for each wave condition of the
full statistical ensemble were integrated, weighting the
transport by the frequency of occurrence to derive a total
gross transport computation for a typical year.

A percentage flow exceedance curve was created for flows at
CRM 52 by adding the average minor tributary flows to daily
discharges from Bonneville Dam on the Columbia and Salem on
the Willamette River for the period 1969 to 1976. From the
curve, four riverflows--140,000, 220,000, 300,000, and 550,000
cfs-~were selected for use in discretizing the typical year of
river discharge.

Ke}

d. Durations were assigned to the four riverflows in a manner
that retained the shape of the exceedance curve and produced a
mean discharge equal to the average annual flow.

For each discretized discharge, the waves occurring during
the periods covered by that discharge in the typical year
were statistically analyzed for the full ensemble of wave
conditions, and processed through the transport algorithm of
STUDH to yield a gross transport associsted with each of the
four discharges.

"y

f. From the full ensemble of wave heights and directions devel-
oped from the statistical analysis of the FNWC daily wave
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hindcasts, the following seven wave conditions were selected

to represent a typical year--20SW15, 10SW10, 10WW15, 10WW10,
10NW10, OSNWO5, and no waves. (The first two numbers represent
the wave height in feet, the two letters the wave direction,
and the last two numbers the wave period in seconds.)

8. These seven wave conditions were assigned durations to sche-
matize the waves during each schematized riverflow period in a
manner that preserved the gross transport due to wave energy
during that discharge period. Therefore, the total wave
transport for all four discharges equals the gross transport
for a typical year (as computed in a above). The resulting
17 joint wave-riverflow events and durations are listed in
Table 1.

129. After the initial verification was complete, it was recognized
that operating the physical model for 4 discharges and the sediment model for
17 events for each plan required time and cost too much for the project to
bear. Therefore the 17 events shown in Table 1 were reduced to the 5 events
shown in Table 2 by an analogous process. A comparison test for a typical
vear confirmed the approach's validity by demonstrating that results for the
5 events in Table 2 were comparable to the full 17 events. In the subsequent
final verification, described in PART V of this report, only the 5-event
sequence was used.

Superposition of hydrodynamics

130. Synthesized current velocity data sets were created by linearly
superposing tidal current and freshwater velocities at each node predicted by
RMA-2V and littoral current velocities predicted by LITVEL. Since LITVEL
velocities were constant for each wave condition, the appropriate LITVEL set
of velocities was added to the tidal and freshwater velocities at each time-
step of RMA-2V output. Superposition of currents and orbital wave velocities

was performed internally by STUDH for use in sediment transport computations.

Sedimentation Modeling

131. Sediment transport, deposition, and erosion were modeled with

STUDH and a postprocessor code, ACE. Input to STUDH consisted of five sets

of currents and water-surface elevations (one tidal cycle of data for each
event, a combination of RMA-2V output and littoral currents) and five corre-
sponding sets of wave data at every node in the computational mesh. The mesh

was the same as that described for RMA-2V.
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132. Original bathymetry of the entrance area was that shcwn on the
1976 NOS chart of the entrance area. Depths at land boundaries were deepened
slightly to prevent drying of shallows. 1Initial bathymetry for all test runs
was obtained by running STUDH for about 20 days and using the final bed ele-
vation at each node as the initial bed elevation for all test runs of the

model. This reduced troublesome perturbations of the bed caused by model

start-up.

133. Boundary sediment concentrations were set to zero at the ocean
boundary. This is a reasonable approximation for the deepwater nodes since
the transport rates and depths there result in very small equivalent concen-
trations, and is permissible for the shallow-water nodes since there was a
large area of the mesh in which the model could generate the correct concen-
tration by eroding the bed. At the upstream water boundary of the mesh, the
potential sediment transport as given by the Ackers-White equations was spec-
ified as the concentration.

134. Five separate runs of STUDH were made for each test. Each run
consisted of one tidal cycle using one of the five events, beginning with the
same initial bathymetry each time. The bed change at each node over the tidal
cycle was written to an output file.

135. After completion of the STUDH runs, the code ACE extrapolated the
single cycle results at each node into a 1-year prediction by multiplying the
one cycle bed change for each event by the duration of that event as shown in
Table 2. The code performed initial dredging of the channel such that any
node with a depth shallower than project depth plus overdepth (elevation of
-50 ft mllw for a 48-ft channel) was dredged to -50 ft. Then it added the
extrapolated l-year bed change to each node and computed dredging quantities
by elements, applying the same dredging criteria as initial dredging. Output
from ACE consisted of annual depth change at all nodes and annual dredging
quantities by river mile and position in the channel (north quarter, middle

half, south quarter). Depth changes were plotted as contour maps.

Data Management

136. Data management consists of data storage, retrieval, manipulation,

and display. For the Columbia entrance hybrid modeling study, a data manage-

ment system (DMS) was constructed to satisfy the project's unique needs. It




included the WES Data Management System A developed by V. E. LaGarde, some
graphics routines, and a number of utility codes developed expressly for this
effort.

137. System A consists of methods for spatial data digitization, grid
transformation, accession, manipulation, and display (LaGarde and Heltzel
1980). Major use was made of the codes FACGRD, which converts randomly spaced
data to a uniformly gridded format, and RETPNT, which interpolates gridded

bathymetric and wave data to node point locations in the finite element mesh.

Limitations of the Method

138. The preceding sections have described the models and how they were
appliea in tie Columbia hybrid modeling method. Hundreds of approximations,
simplification:s, and assumptions have been made in this approach, and only
part of them are explicitly stated in this report. Each approximation,
simplification, and assumption can be arguably justified as necessary or de-
sirable, but the net result must be considered only an approximation to an in-
credibly complex system and its processes. The authors believe that the hy-
brid method described here is presently the most advanced sedimentation model~
ing method in the world; but in comparison to the complex interaction of
processes at mouth of the Columbia River estuary, it is still simple.

139. One minor limitation requires special mention. The sediment model
does not take bottom slope into account in the sediment computations; thus it
will not directly .eproduce sloughing of side slopes into a freshly dredged
channel nor preferential transport of bed load down the side élopes into the
channel. These effects are indirectly included by virtue of adjustment to
prototype dredging volumes, which include material contributed by side-slope
effects. It is to be expected that slope readjustment may be more pronounced
after initia! channel deepening (other than normal maintenance) and that tran-
sitory effect will not be predicted by the model. After initial side-slope
readjustment, model predictions will be essentially correct despite the side-
slope effect.

140. The most severe limitation of the approach is treatment of the
sediment transport processes in a two-dimensional sense. Sediment transport
is a three-dimensional process, and in the mouth of the Columbia it is par-

ticularly strongly three-dimensional. The partial two-dimensional approach

56




described here is aided by the use of the physical model, which satisfacterily
describes the three-dimensional flow structure; but the conversion of the flow
field from three to two dimensions and consideration of sediment transport
only in two dimensions are still significant simplifications.

141. A more thoroughly three-dimensional modeling approach was prevented

by the lack of practical three-dimensional numerical models. When this study
was begun in 1976, there was not even a practical two-dimensional model for
sand .ransport, and three-dimensional sediment models were only a remote pos-
sibility. At present (1983), there are a handful of two-dimensional sediment
transport models that can be considered viable production tools, and two ex-
perimental three-dimensional models are being used by the Corps of Engineers.
142. This effort is the first application of this hybrid method. Be-
cause of its newness, we have much less intuitive insight into how good the
answers it produces are than we have for traditional approaches. Thus we must

use its results with care, avoiding either being blinded by its virtuosity or

dismayed by its defects.




PART V: VERIFICATION

Field Data

143. Field measurements of water-surface elevations, current speed and
direction, salinity, and suspended sediment were collected in 1977 and 1978
to supply data for verification of the models. The data used here were col-
lected at the stations shown in Plate 1 on 16 and 17 June 1977 and at the sta-
tions shown in Plate 2 on 7 and 8 June 1978. A description of the data col-
lection program and a listing of the data are given by McAnally and Donnell
(in preparation). River discharge at The Dalles was about 125,000 cfs during
the 1977 survey and 225,000 cfs during the 1978 survey.

144. Data for verification of the sediment model were considerably more
difficult to obtain. During the surveys described above, suspended sediment
samples were taken, but to compare model results with them absolutely would
have required careful matching of boundary conditions (riverflow and tides)
and hydraulics (currents and local waves) in all steps of the modeling. This
would involve rather more effort than the comparison warranted, so the sus-
pended sediment concentrations measured in the field were used to determine
if model results using typical boundary conditions were in a reasonable range.

145. Volumes of dredged material for each year were extracted from the
Annual Report of the Chief of Engineers (OCE) and are tabulated by fiscal year
in Table 3. The volumes of Table 3 are grouped by characteristic dredging
activity. During the period 1959-1974, the entrance channel was nominally
dredged to the design depth of 48 ft below mllw plus 2 ft of allowable over-
depth to account for dredging inaccuracies. Examination of condition surveys
of the channel for the period shows that in some areas depths of 50 ft were
obtained by dredging, but seldom was the entire channel width as deep as
48 ft. This was due to a lack of dredging capacity in relation to the shoal-
ing rate, which resulted in a partially maintained channel, with primarily the
north side maintained. Beginning in 1973, disposal area E (Figure 2) next to
the north jetty was used and dredging production increased sharply because
of more rapid disposal of the dredged material. The average annual dredged
volume for 1959-1974 is 2.6 million cu yd, but that number reflects dredging
capacity not dredging need.

146. 1In 1975, the dredge Essayons was put into service at the mouth of
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the Columbia and advance maintenance dredging (intentional overdredging to
reduce the interval between required dredgings) was begun. For the first time
in a number of years, the full design width of a 48-ft-deep channel was ob-
tained. Up to 3 ft of advance maintenance dredging was ordered and all of
that plus 2 ft of allowable overdepth was achieved at mile 0; however, at
mile -1 only about 1 ft of overdredging was accomplished. In 1979, authorized
advance maintenance dredging was increased to 5 ft and that amount (plus 2 ft
allowable overdepth) was again achieved at mile 0. Upstream of mile 0, 1 to i
3 ft overdredging was obtained and 1 to 2 ft overdredging was obtained at
mile 1. Average annual dredged volume for the periocd 1976-1979 was
5.4 million cu yd.

147. Attempts to use differences between individual hydrographic sur-
veys of the mouth as a quantitative measure of shoaling were unsuccessful.
WES and NPP experience showed that uncertainty in vertical control was at

least equal to the amount of average annual depth change of the entrance.

Areas of rapid deposition or erosion could te identified, but the quantity of
material accumulating could not be computed with confidence. Finally, a set
of previously computed annual depth comparisons over the period 1959 to 1968
was selected as representative of the overall pattern of average bed change

in the entrance. These data were used to construct a scour/fill map and a
longitudinal profile of shoaling volume distribution in the navigation chaanel.

These results are presented in the section on sedimentation verification.

Physical Model

148. The verification of the Columbia River estuary model was accom-
plished in two phases: (a) hydraulic verification, which ensured that tidal
elevations and current velocities were in proper agreement with the prototype,
and (b) salinity verification, which ensured that salinity phenomena in the
model corresponded to those of the prototype for similar conditions of tide,

ocean salinity, and freshwater inflow.

Tidal verification

149. The objective of the model tidal adjustment was to obtain an accu-
rate reproduction of prototype tidal elevations and tidal phases throughout
the model. Prototype tidal data from nine recording tide gages (Plates 1 and

2) were available to verify the accuracy of the model tidal adjustment.
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150. The procedure followed was to adjust the tide generator in such a
manner that the tides generated in the model ocean would cause an accurate
reproduction of prototype tide at the jetty A gage, then to adjust model
roughness until prototype tidal elevations and times of occurrence were repro-
duced to scale throughout the model.

151. Comparisons of model and prototype tidal data for the two tide
conditions reproduced in the model are presented in Plates 3-9. These plates
show tidal elevations for the 16 June 1977 and 7 June 1978 tide conditions at
Jetty A, Point Adams, Ilwaco, Hungry Harbor, Tongue Point, Altoona, Skamokawa,
Bradwood, and Light 77. In addition, data were obtained at Pier 1 during the
7 June 1978 survey (Plate 7). High- and low-water levels and range of tide
profiles at locations along the channel are presented in Figures 11 and 12 for
the 16 June 1977 and 7 June 1978 tide conditions, respectively.

152. Verification of tide elevations and ranges for the 7 June 1978
tide conditions was within 1.0 ft and generally within 0.5 ft of the proto-
type. Verification of the tides for the June 1977 survey was not as good.

The greatest discrepancy occurred during verification of the 16 June 1977 tidal
conditions at gages Bradwood and Light 77, both located near the upstream
limits of the model. Low-water elevations at these two locations were 2.0

and 1.7 ft lower than those observed in the prototype, while higher high water
elevations were 1.0 and 0.2 ft lower, respectively. This resulted in the

model having a greater than prototype tide range at these two locations of

0.9 ft and 1.5 ft, respectively.

Current verification

153. The objective of the model current adjustment was to obtain an ac-
curate reproduction of prototype current velocities and distribution (lateral
and vertical) throughout the model. Prototype current velocity data were
available at 22 locations on 9 ranges for the June 1977 condition, and at
24 locations on 9 ranges for the June 1978 condition. Locations of stations
for the two conditions are shown in Plates 1 and 2, respectively. Prototype
observations were made at the surface, middepth, and bottom where depth per-
mitted for a period of 25 hr at each station.

154. The procedure followed for adjustment of current velocities was
to reproduce each of the two tidal and discharge conditions in turn and adjust
the model roughness distribution (but retain the total amount of roughness

from the tidal verification) until the current velocities at each metering
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station were reproduced in the model to an acceptable accuracy.

155. Comparisons of model and prototype current velocities for all sta-
tions on each prototype survey date are shown in Plates 10-56. Prototype mea-
surement intervals were hourly and model measurements were made half-hourly.
These measurements were plotted and smooth curves were drawn through the
points. The agreement obtained throughout the model is considered to be very
satisfactory.

156. Because stations were located in different positions during each
of the above prototype surveys, each verification period will be discussed
individually. A complete tidal cycle of prototype current and salinity data
was not available for model comparison at stations located generally down-
stream from about mile 10. This skip in data usually occurred during periods
of peak or maximum velocity and resulted from the inability of the survey
boats to stay on station during these maximum velocity periods. However, data
that were obtained were useful in the verification phase of the model study to
show accuracy of phase and magnitude of lower current speeds.

157. 16 June 1977 survey period. Comparison of model and prototype

data at range 1 (Plates 10-12), shows that the model is reproducing the mag-
nitude of the smaller currents and phase reasonably accurately. Maximum ebb
currents at sta 1B and 1C were generally higher (about 1.0 fps) than those
observed in the prototype at the middepth and bottom elevations, while surface
depth maximum ebb currents in the model were slightly low. Maximum flood cur-
rents were generally greater than observed prototype currents.

158. Prototype current data at range 2 (Plates 13-15), were not com-
plete; however, the gap occurred after the period of maximum currents. These
data show that the model was reproducing maximum currents accurately (gener-
ally within 1.0 fps), with an exception noted at sta 2F bottom depth. Model
currents at this location and depth were greater than prototype observations
by about 2 to 3 fps. Peak ebb currents in the model at range 2 were generally
occurring about 1 to 2 hr earlier than prototype observations. There was no
significant difference in phase of peak flood currents.

159. Model maximum velocity data observed at range 3 (Plates 16-18)
were generally higher by 1 to 2 fps than observed prototype data. The time of
occurrence of maximum currents in the model generally occurred 1 to 2 hr later
than in the prototype. This phase difference was more evident during peak ebb

current periods than during peak flood current periods.
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160. Sta 4K and 4L data (Plates 19-20) showed that model currents were

generally about 0.5 to 2.0 fps lower than prototype data at the surface and
middepth elevations, while about 1.0 fps higher than prototype data at the
bottom depth. Maximum differences generally were observed in ebb currents.
Peak flood velocities were generally within 1.0 fps of the prototype. Very
little difference between model and prototype was noted in phasing of currents
at this range.

161. Model and prototype comparisons of currents at the three stations
on range 5 are shown in Plates 21-23. These data show that model maximum ebb
currents were generally slightly lower than prototype currents at the middepth
and surface depths while slightly higher at the bottom depth. Maximum flood
currents observed in the model were lower (generally less than about 1.5 fps)
than those observed in the prototype. The prototype data points at the mid-
depth and bottom depths at about hour 20 appear to be in error. The phases of
currents at each of the three stations were in fair agreement.

162. Range 6 data (Plates 24-26) showed that model maximum current ve-
locities, both ebb and flood, were generally about 0.5 to 1.5 fps higher than
those observed in the prototype. This trend held at all depths measured.
There was a rather long gap in the prototype data at sta 6P; however, it ap-
pears that the above trend would hold true at this location also. The phasing
of slacks and time of peak ebb and flood velocities were in exceptionally good
agreement at each of the three stations on this range.

163. Range 7 data (Plates 27 and 28) showed that model currents were
generally slightly greater than those observed in the prototype, generally
about 0.5 to 1.5 fps. Phasing of slack periods and timing of maximum cur-
rents, again as at range 6, were in excellent agreement.

164. Model current velocities at sta 8U (Plate 29) were in excellent
agreement with those of the prototype, with respect to both magnitude and
phase. Data at sta 8V (Plate 30) showed that the model current velocities
were generally about 0.5 to 1.0 fps higher than prototype observations during
flood periods and lower than prototype observations at about the same magni-
tude during ebb periods. Sta 9W and 9X (Plates 31 and 32) were located at
about mile 46. These model and prototype data were in good agreement. Model
flood currents at each depth were somewhat great.. than prototype observa-
tions, while model ebb currents were about equal to or slightly greater than

prototype observations.
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165. 7 June 1978 survey period. Prototype dala al range 13 (Plates 33-

35) were very sparse. Neither the maximum ebb nor maximum flood currents were
measured during the prototype survey; however, the data that were obtained
correspond fairly well to the model data.

166. During the 7 June 1978 prototype survey, three stations (124, 11A,
and 11B) were monitored in the entrances to Baker Bay. Comparisons of model
with prototype current velocities at these locations are shown in Plates 36-38.
At sta 12A, located in the Ilwaco entrance channel, model current data were
collected only at middepth. These data showed currents generally higher than
those of the prototype. The greater difference occurred during periods of
ebb flow, when maximum model current velocities were about 3.0 fps greater
than prototype observations. Maximum flood velocities observed in the model
were about 1 to 2 fps higher than those observed in the prototype. Compari-
sons of model and prototype phases of currents at sta 12A were fairly good.
Model and prototype data at sta 11A, located near the entrance channel to
Chinook, compared very well as phase and maximum current velocities were very
close. Data sta 11B, iocated in Sand Island Gap, showed that observed model
maximum ebb current velocities were generally in excess of prototype veloc-
ities by about 1 to 2 fps, while maximum flood current velocities were about

0.5 to 1.0 fps lower than prototype observations. The phase of currents and

167. Comparison of model and prototype current observations at range 1
(Plates 39 and 40) was very good. Maximum model currents were slightly lower
than prototype currents. Comparison of phase and slack periods showed good
agreement.

168. Range 2 had three stations (Plates 41-43). Model currents at
these stations were slightly greater than prototype currents, generally by
less than 2.0 fps at the times of maximum currents. The phases of currents
and slacks were in very good agreement.

169. Range , data showed that the magnitudes of model and prototype

currents were in good agreement (Plates 44-46). The phases of model currents

slack periods of model and prototype compared very well at sta 11B.
and slack periods were generally about 1 hr later than those of the prototype
at sta 3A. Overall, however, the agreement was very good at range 3.
170. Range 5 data showed that maximum model current velocities at
' sta S5A and 5B (Plates 47 and 48) were generally in good agreement with proto-

type observations (these two stations are lccated along the sides of the
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navigation channel). Maximum ebb current velocities at sta 5A, surface and
middepth were exceptions, as the difference between model and prototype ve-
locities was about 1.5 fps. Data collected at sta 5C, located in the turning
basin opposite Tongue Point docking facilities, showed that model current
velocities were generally about 0.5 to 1.0 fps higher than observed prototype
observations (Plate 49). The phase and slack periods at each of the three
range 5 stations were in excellent agreement with the prototype.

171. Data were collected at two stations (Plates 50 and 51) on range 6.
Sta 6A mcdel data showed ebb current velocities greater than prototype veloc-
ities by about 1 to 3 fps, while flood current velocities were about equal or
slightly lower than those observed in the prototype. Model and prototype cur-
rent velocity data obtained at sta 6B were in excellent agreement, as both
magnitude of current velocities and phase matched very well.

172. Range 10, located near Brookfield, consisted of three sampling
stations (Plates 52~54). Model ebb velocities at sta 10A and 10B were gener-
aliy lower than prototype velocities. The greatest differences were generally
about 0.5 to 1.0 fps. Flood current velocities were slightly higher than
prototype measurements, generally within 0.5 fps. Phases of currents were in
good agreement at these two locations. Model and prototype data collected at
sta 10C were also in good agreement. Model ebb velocities were slightly
greater than prototype velocities.

173. Model and prototype data at range 8 are shown in Plates 55 and 54.
Currents at these two locations were almost 100 percent in the ebb directior
throughout the tidal cycle. The model reproduced this prototype condition;
however, maximum ebb current velocities méasured in the model were generally
about 0.5 to 1.5 fps higher than thore observed in the prototype.

Salinity verification

174. The objective of the model salinity verificacion was to obtain an
accurate reproduction of the vertical and lateral distribution of prototype
salinities throughout the model. Reproduction of prototype salinity phenomena
in the model required the maintenance of the proper salinity in the ocean
water supply system and the establishment of the proper mixing environment.
The prototype salinity data used in this phase of the study were obtained
simultaneously with the above hydraulic data. Salinity observations were made
hourly in the prototype and model. These data were plotted and smooth curves

drawn through the points. Comparisons of prototype and model are shown in
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Plates 57-90. The agreement demonstrated between model and prototype is
considered good. It is pointed out that no additional adjustment of the model
roughness was necessary to obtain the agreement shown in Plates 57-90. These
data substantiate the model adjustment of tides and currents and indicate that
the upland fresh water was being properly mixed with salt water from the ocean
supply.

175. 16 June 1977 survey period. Large gaps in the prototype data at

range 1 made it difficult to accurately compare model and prototype salinity
concentrations at this location; however, sufficient prototype data were
available to indicate that model salinity concentrations in this area were too
low. The data shown in Plates 57-59 indicate that model salinities at range 1
average approximately 2 to 3 ppt lower than those observed in the prototype

at all three depths. Greater differences between model and prototype were
noted at the surface depth.

176. Data collected at range 2 (Plates 60-62) show that model salin-
ities were generally lower than prototype salinities on an average of about
2 to 4 ppt. Maximum and minimum salinity values in the model were generally
within 1 to 2 ppt. Exceptions were noted at the surface depth where differ-
ences were generally larger than those observed at the middepth and bottom
elevations. Overall, model and prototype agreement at this range was good.

177. Data collected at range 3 (Plates 63-65) showed that model salin-
ities at sta 3G and 3H were generally lower than observed prototype concentra-
tions at the surface and higher than prototype concentrations at middepth and
bottom depth. This trend was reversed at sta 3J, as model salinity concen-
trations were higher than prototype concentrations at the surface and lower
than prototype concentrations at middepth and bottom. Unlike data at range 2,
the greatest differences between model and prototype data occurred at the
bottom depth. Several rather large differences occurred, some as great as
15 ppt; however, maximum and minimum salinity concentrations of model and pro-
totype were in fair agreement.

178. The model and prototype salinity data comparisons at range 4
(Plates 66 and 67) were exceptionally good. Surface data in the model were
slightly higher than prototype data, while middepth and bottom salinities
were generally slightly lower. An exception to this was observed at sta 4L,
bottom depth, where model salinities were generally slightly higher than

prototype salinities. Overall, the verification at range 4 was excellent.
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179. Model and prototype data comparisons at range 5 are shown in
Plates 68-70. These data show model salinities at all but one depth to be
about equal to or slightly higher than prototype salinities. The only depth
where model salinities were lower than prototype salinities occurred at s'a 5N,
bottom depth. Excluding this depth, differences between model and prototype
data were generally less than about 2 to 3 ppt.

180. In the prototype, only a trace of salinity was measured at sta 6P
(Plate 71); in the model, salinity values less than 0.5 ppt were measured.
This indicates that model salinity intrusion was slightly farther upstream
than that measured in the prototype.

181. 7 June 1978 survey period. Prototype data on range 13 (Plates 72-

74) were exceptionally sparse; however, model data matched fairly well within
those points that were available. Model data appear to have been slightly
lower than prototype data at the surface. On the other hand, maximum salin-
ities at middepth and bottom generally compared fairly well, an indication
that vertical mixing in the model was not as efficient as that in the
prototype.

182. Data collected at sta 12A (Plate 75) showed that model salinity
concentrations were lower than prototype concentrations at each depth moni-
tored, except at the times of minimum salinities. The greatest differences
between model and prototype occurred at the bottom at the time of higher high
tide where differences were as great as 20 ppt. However, these extremely large
differences occurred for only a short period during the total cycle. Sta 11A
data (Plate 76) showed model salinity concentrations lower than observed proto-
type concentrations at the surface and greater than prototype observations at
the middepth and bottom. Maximum differences as great as 20 ppt occurred at
the bottom depth during the period of minimum salinity concentrations. Sta 11B
data (Plate 77) show model salinities lower than prototype salinities at the
surface and middepth, while being generally higher than prototype salinities
at the bottom. As at sta 11A, the greatest differences occurred at the bottom
depth during the period of minimum salinity concentrations.

183. Sta 1B and 1C prototype data had gaps in them but were sufficient
to indicate that model salinity results were in good agreement, particularly
at sta 1B (Plate 78). Agreement of model and prototype salinity concentra-
tions at sta 1C (Plate 79) was not quite as good as was achieved at sta 1B.

Sta 1C model salinities were generally about 2 to 10 ppt lower than prototype

68




observations. The greatest differences were more evident at the surface and

middepth.

184. Model salinities on range 2 (Plates 80-82) were generally lower
than prototype values, particularly during periods in the tidal cyc'e of maxi-
mum salinities. Minimum salinity values in the model were in excellent agree-
ment with the prototype. The greatest differences between model and prototype
were generally less than 5.0 ppt and occurred at middepth and bottom.

185. Range 3 model salinity data (Plates 83-85) were lower than proto-
type data at the surface and middepth elevations at each of the three stations
and higher than prototype data at the bottom elevations. The largest differ-
ence (about 10 ppt) occurred at the bottom depths during the period in the
cycle of maximum salinity concentrations. These data indicate that the model
was not quite achieving the proper vertical mixing in this area.

186. Only traces of salinity concentrations were measured at ranges 5
and 6 (Plates 86-90). Maximum model salinity concentrations measured at
sta 5B (located in the deep hole off Tongue Point) were about 5 to 8 ppt
higher than those observed in the prototype.

RUA-2V

187. Verification of RMA-2 was a fairly brief effort. Initially, vari-
ous time-step sizes were tested as described in paragraph 123. Then results
at some nodes were compared with physical model measurements obtained at the
same locations and overall flow patterns were compared with photographs of
physical model surface currents. Node locations are shown in Plate 91 and
velocities are plotted in Plates 92-95. The physical model velocities were
converted to depth-averaged values by the technique described in paragraph 121.
Test conditions in the physical model for the RMA-2V verification were
300,000-cfs freshwater discharge and 7.2-ft tidal range.

188. At node 119 (Plate 92) current velocities are in fairly good
agreement between the physical and numerical models. In the x-direction
(eastward), the positive (flood) maximum magnitudes are about 1 fps higher;
otherwise, magnitude, directions, and phases generally compare well. At
node 123, just downstream of node 119, the two models were in very good agree-

ment, with only a 30-min phase lag in the numerical model x-direction veloc-

ities when changing from ebb to flood.




189. At node 131 (Plate 92), just beyond the jetty tips, both models
show ebb flows to be much stronger than flood flows. The physical model
exhibits a sudden sharp reduction in magnitude during both ebb phases, prob-
ably due to density-induced current reversal at the bottom. As would be ex-
pected, the numerical model merely smooths the discontinuity. Node 219 veloc-
ities (Plate 93) show excellent agreement between the two models. Node 278,
located near node 119, demonstrates some of the same velocity differences
noted at the latter node. The maximum ebb magnitudes in the x-direction were
somewhat high (about 1 fps) in the numerical model and there was a 30-min
phase lag between the two curves during the change from ebb to flood. Unlike
node 119, positive z-direction (northward) currents had a notably higher mag-
nitude (less than 1 fps) in the numerical model at node 278.

190. At node 282 (Plate 94), x-direction velocities were in very good
agreement; but the numerical model showed negligible z-direction (cross-
channel) flows, whereas the physical model had z-direction velocities of up
to 1 fps. This indicates some misdirection of the flow at that point.

191. Velocities at node 290 (Plate 94) were in good agreement except
for the sharp reduction in ebb velocity as observed at node 131. The cause is
probably the same in both cases. Node 294 is also similar to node 131, but
the numerical model velocities were generally low on ebb and high on flood,
indicating more rapid deterioration of the ebb phase jet than in the physical
model. Agreement at node 378 was excellent as shown in Plate 93.

192. The x-direction velocities at node 396 (Plate 95) were substan-
tially higher in the numerical model during the second ebb phase (as much as
2 fps) and slightly higher in the first ebb (as much as 1 fps); otherwise,
agreement was good. A similar pattern and a phase shift are noted at nodes
400 and 453 which were just seaward of node 396. At node 484 (Plate 93),
agreement was quite good.

193. In summary, the agreement between numerical and physical models
was very good within the entrance and fair outside the entrance. Ebb jet
velocities outside the entrance tended to be low on the south side and high

on the north side of the channel.

Waves

194. Results of the wave propagation model and littoral current
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computations were not verified to prototype data. Results from these tasks
were inspected for reasonableness and then were used by the sediment model.
The impact of waves and littoral currents on results of the sediment model
were inspected for reasonableness. Since the wave information was needed only
for its agitation effect on the sediment, this approach was considered ade-
quate. The first trials showed a larger wave effect than was considered
reasonable, so the input waves were reduced from significant waves heights to
mean wave heights. Results from the latter were considered more correct and

were used thereafter.
Sedimentation

195. Verification of sedimentation modeling consisted of systematically
varying grain sizes, dispersion coefficients, and to a lesser extent, event
durations to obtain shoaling patterns and dredged volumes similar to those
observed in the prototype.

196. Initial trial runs with a uniform grain size (and associated fall
velocity) of 0.2 mm demonstrated insufficient deposition. Noting somewhat
higher grain sizes in the prototype between CRM 0 and +1 (see Figure 3), that
zone was assigned larger grain sizes (0.35-mm maximum) against a background
of uniform 0.2 mm everywhere else. Trials of this distribution improved
agreement with the prototype but did not permit large enough deposition. In
subsequent trials, the maximum grain size was raised to 0.35 mm, tapering
gradually to 0.2 mm elsewhere. The exaggeration in maximum grain size may
have been necessitated in part by the two-dimensional models' inability to
reproduce bottom flow predominance. The specified grain sizes are shown in
Figure 13.

197. Lateral distribution of shoaling was improved slightly by decreas-
ing dispersion coefficients in both the x- and z-directions from a value of
500 mz/sec during early trials to 250 mz/sec in the final verification.

198. Durations of the various events were modified slightly from those
computed from prototype data. Initial runs showed that the 20SW15 condition
caused far too much bed change, so its duration was reduced from 19 days to
1 day. The other 18 days were distributed among the other events. The final

set of event durations were as shown in Table 2.
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LEGEND

& GRAIN SIZE - 0 35mm
® GRAIN SIZE : 0 25mm
ALL OTHERS 02mm

Figure 13. Grain sizes used in STUDH

Dredged volumes
199. Comparison of model and prototype dredged volumes is difficult

because prototype dredging is subject to vagaries of weather, availability of
dredging equipment, variation in depth obtained, imprecise measurement, and
some inaccuracy in location. For this verification, several forms of model
dredging were tested in order to obtain comparisons with the several periods
of characteristic dredging noted in paragraphs 145 and 146. First, a test
with no overdredging was performed to compare with the period 1959-1975, when

little or no overdepth was obtained. These results, shown below, are in
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general agreement (from information supplied by NPP, prototype volumes have
been split 80 percent landward of CRM 0 and 20 percent seaward of CRM 0).

River mile locations and shoaling sections are shown in Figure 14.

Dredged Volumes
millions of cu yd

River Prototype Model
Mile 1959-1975 No Overdredging
2- 0 2.1 2.5
0 -~ -2 0.5 0.6
Total 2. 3.1

200. Dredged volumes for the years 1976-1979 are now compared with
model tests using 2-ft overdredging seaward of mile 0 and 5-ft overdredging
landward of mile 0. These results, which correspond to the actual prototype
dredging approach during that period, agree reasonably well with prototype

volumes.

Dredged Volumes
millions of cu yd

River E;Efsi§pe Model, 2- and
Mile 1976~1979 5-ft Overdredging
2- 0 4.3 3.5
0~ -2 1.1 1.3

Total 5.4 4.8

201. These results show that the overall dredging volume and distribu-
tion are satisfactorily similar in light of the difficulty in modeling actual
dredging practice.

Shoaling distribution

202. Distribution of shoaling along the navigation channel is illus-
trated for model and prototype in Figure 15. The plot shows percent of total
shoaling as a function of longitudinal location at 1000-ft intervals along the
channel between CRM 1.6 and -0.3. Prototype data are average values over the
period 1959-1968, using observed depth change between the end of one year's
dredging and the beginning of the next year's dredging. Thus the effect of
deposition during the dredging season is not included in the results. The

model curve in Fignre 15 shows excellent agreement with the prototype except
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at sta 170 (mile -0.3), where the model shows formation of a bar that was nuot
shown in the prototype data.

Scour and fill patterns

203. The annual average prototype shoaling pattern between postdredging
and predredging surveys from 1959-1967 is shown in Figure 16. The predominant
shoal extends upstream from the south side of the channel at CRM 0 to about
CRM 1, where it fills the entire channel width and tapers off on the north
side of the channel above CRM 2. Another shoal appears in the south half of
the channel between CRM -1/2 and -1-1/4. The model shoaling pattern for a
full typical year, illustrated in Figure 17, shows the same pattern in the
shoal between CRM 0 and 2 but with a greater magnitude of change in the center
of the channel. The model shoal seaward of CRM 0 covers a considerably larger
area and consists of greater depth changes than that of the prototype in that
area.

E 204. In summary, the numerical model produced dredging quantities in
good agreement with those from the prototype. The distribution in shoaling
along the axis of the navigation channel agreed well with the prototype dis-
tribution except for too much deposition at about CRM -0.3. The model's
shoaling pattern is also quite similar to that of the prototype except for too
much deposition in the offshore bar. The excess deposition may be dive to an
incorrect distribution of flow in the hydrodynamic model results as described

in paragraph 193.
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PART VI: CONCLUSIONS

205. A hybrid modeling method has been developed to address a wide
range of sedimentation problems in the Columbia River estuary. The method has
been applied to the problem of shoaling in the navigation channel at the mouth
of the estuary. The Columbia hybrid modeling method integrates field data,
analytical techniques, a physical model, and numerical moaels into a solution
technique that uses each method to do those things it performs best. The re-
sulting approach retains the strengths of each method while avoiding many of
the weaknesses of each. The primary disadvantage is that the numerical models
used are two-dimensional, resulting in some inaccuracy of describing transport
in the strongly three~dimensional flow structure of the estuary mouth. De-
spite this limitation, the Columbia hybrid modeling method yields results that
are believed to be superior to any other presently available technique.

206. The Columbia River estuary physical model has been verified to
satisfactorily reproduce observed prototype water-surface elevations, current
velocities, and salinities. Results of model predictions of changes in
hydraulics from model base test results are considered reliable indications of
expected prototype behavicr. The Columbia entrance hybrid model has been

verified to yield satisfactorily accurate reproductions of total dredged

volume, longitudinal channel shoaling distribution, and cross-channel shoaling
patterns. The model ovecrpredicts shoaling on the outer bar. Results of model
predictions can be considered reliable indications of the effects of possible
modifications to the entrance in terms of changes from the buse condition, so
long ac those modifications do not severely alter the flow regime. The models
are not expected to predict the initial reestablishing of side slopes due to a

channel deepening.
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Table 1

Seventeen Events of Wave and Riverflow

Wave Condition Discharge, cfs Duration, days
No waves 300,000 66
10SW10 24
10WW10 64
10NW10 29
20S8W15 w 14
No waves 550,000 17
20SW15 5
10WW15 16
10NW10 ' 7 '
No waves 220,000 25 E
10SW10 7 5
10WW10 16
10NW10 ' 11
No waves 140,000 29
10SW10 7
10WW10 14
05NW05 + 9
Total 360
Table 2

Five Events

Wave Event Discharge, cfs Duration, days ‘

None 300,000 139 !

10SW10 56 g

10WW10 112 ?

10NW10 57 |
208W15 1
Total 365




Table 3

Prototype Dredged Volumes, Millious of Cubic Yards

1959-1975

FY
59

60

61

1976-1979

FY
76

76T

77
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APPENDIX A: BIBLIOGRAPHY AND KEYWORD INDEX
FOR THE COLUMBIA RIVER ESTUARY

1. This bibliography was originally compiled in 1976-1977 to serve as a
resource for the model studies listed in the PART I: INTRODUCTION. As such,
most of its entries relate to the physical characteristics of the estuary.

2. As the bibliography grew larger, a keyword index was added to permit
rapid location of desired information. Most items were assigned keywords
based on the authors' review of the documents. Those entries which could not
be acquired were assigned keywords inferred from their titles and are so noted
at the end of the keyword list.

3. Since 1977 no organized effort has been made to keep the bibliog-
raphy up to date. New entries have been added only as they have come to our
attention; therefore coverage since 1977 is much less complete than that prior

to that time.
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KEYWORD INDEX, COLUMBIA RIVER BIBLIOGRAPHY

Category/Keyword References Described By Keyword

Bibljographies and Collected Papers 3, 10, 35, 42, 48, 49, 50, 138,
197, 201

Historical Information 39, 47, 51, 64, 88, 91, 94, 96,
97, 104, 114, 132, 208, 234, 235.
237, 238, 2u3, 2u7, 2u8, 256, 258,
270

Hydrodynamics
Circulation 7, 37, 42, 54, 111, 137, 138, 215,
217, 281, 280

Coastal Currents 7, 8, 13, 39, 55, 71, 73, 93, 98,
113, 107, 1236, 138, 144, 15, 151,
193, 217, 220, 223, 224, 228

Currents 6, 8, 14, 15, 19, 20, 21, 25, 31,
42, 45, 54, 55, 69, 79, 81, 86,
87, 88, 89, 90, 91, 92, 98, 99,
107, 126, 132, 133, 134, 136, 137,
138, 151, 159, 160, 164, 175, 213,
2y;2m,2a,zy,2m,zm,zm,
280

Discharge 3, 4, 8,9, 10, 13, 14, 15, 16,
25, 26, 21, 4o, 42,77, 78, 81,
83, 89, 109, 112, 137, 141, 154,
156, 174, 175, 176, 177, 191, 195,
197, 204, 206, 209, 210, 212, 213,
215, 217, 221, 227, 231,7234, 236,
2u2, 250, 251, 252, 253, 254, 255,
258, 260, 261, 262, 263, 264, 265,
268, 269, 278

Dispersive Transyort 15, 16, 31, 37, 45, 65, 79, 81,
106, 111, 115, 119, 153, 154, 155,
156, 159, 196, 217, 220, 222, 227

Groundwater 10, 1u6

Hydrology 10, 16, 77, 112, 259 :

Stages 10, 45, 63, 89, 128, 132, 217,
221, 242, 250, 251, 252, 254, 255,
278
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é Category/Keyword

Tides

Waves

Wind-Induced Currents

Meteorology

Air Temperature

Precipitation

Storms

Wind

Models
Numerical

Physical

Brojects
Dredging and Disposal Areas

Navigation Facilities

Reservoirs

References Described By Keyword

13, 17, 18, 20, 25, 26, L2, 69,
78, 86, 87, 88, 89, 90, 91, 92,
98, 99, 107, 126, 132, 133, 13M,
136, 138, 152, 153, 168, 173, 175,
193, 217, 223, 231, 240, 2u1

6, 13, 14, 42, 81, 132, 134, 138,
148, 149, 150, 167, 169, 184, 192,
203, 223, 238, 249, 267, 271, 286

15, 55, 223, 224

10, 35, 39, 42, 175, 185, 217,
257, 258

10, 35, 39, 42, 63, 141, 154, 156,
174, 175, 185, 197, 212, 257, 258,
272

10, 132, 138, 148, 150, 220, 223

8, 10, 13, 14, 16, 35, 39, L2, 53,
55, 59, 92, 113, 126, 132, 138,
150, 175, 185, 197, 217, 223, 238,
257, 267, 272

25, 26, 27, 45, 115, 137, 138,
163, 171, 175, 208, 209, 217, 221,
253, 254

85, 86, 87, 88, 89, 90, 91, 92,
118, 125, 164, 165, 168, 175, 217,
219, 229, 231, 268

12, 13, 30, 42, 84, 91, 98, 101,
105, 114, 125, 132, 135, 136, 223,
229, 240, 241, 244, 2u5

13, u7v 51) 52, 8”1 851 88, 901
92, 98, 99, 100, 104, 114, 125,
132, 134, 138, 164, 168, 197, 203,
229, 230, 231, 234, 237, 241, 244,
2us5, 2u6, 247, 2u8, 258, 270, 271

123, 127, 131, 221, 250, 231, 252,
274, 275, 276




Category/Keyword References Described By Keyword

Structures 39, 52, 85, 86, 87, 92, 95, 97,
100, 114, 125, 126, 128, 136, 168,
234, 238, 2u7, 248

Sediments and Bottom Characteristics
Bathymetry 11, 12, &2, 99, 109, 114, 125,
138, 175, 193, 217, 223, 243, 2066,
270, 272, 285

Bottom Character 12, 13, 101, 109, 1131, w2, 217,
275, 276
Deposition and Erosion 6, 13, 22, 23, 42, 62, 76, 85, 86,

87, 90, 92, 94, 97, 98, 101, 117,
126, 122, 133, 124, 160, 161, 163,
164, 166, 168, 217, 223, 228, 229,
231, 240, 241, 243, 244, 249

Geology 4, 6, 10, 11, 14, 63, 124, W2,
174, 180, 217, 223, 228, 258, 273

Littoral Transport 5, 6, 39, 47, 76, 82, 132, 135,
136, 217, 228, 249

Sediment Characteristics 4, 5, 6, 12, 13, 38, 42, 44, 63,
68, 70, 72, T4, 75, 99, 104, 108,
109, 1, 120, 121, 123, 124, 125,
127, 131, 132, 135, 126, 142, 157,
161, 168, 175, 180, 186, 197, 211,
217, 218, 220, 223, 228, 2up, 2m,
2u2, 274, 275, 276, 271, 2718

Sediment Sources 5, 98, 104, 126, 127, 181, 217,
276
Sediment Transport 8, 12, 13, 14, 40, 42, 63, 74, 76,

82, 82, 91, 9u, 98, 105, 109, 121,
122, 131, 133, 134, 135, 136, 1My,
158, 160, 161, 168, 171, 175, 179,
198, 199, 202, 204, 211, 214, 215,
212, 220, 223, 224, 228, 231, 268,
27

Suspended Sediment 10, 36, 38, 4o, 42, 71, 83, 99,
106, 122, 160, 186, 197, 204, 217,
220, 223, 242, 260, 261, 268, 269,
278

Water Quality 3
Chemical 2, 4, 9, 1w, 15, 17, 18, 20, 2u, ;
25, 28) 29' 32j 33; 36! 37! “‘2,




Category/Keyword References Described By Keyword

Chemical (cont.) 56, 58, 110, 119, 123, 130, 147,
153, 154, 155, 156, 161, 172, 173,
178, 180, 186, 188, 189, 191, 192,
193, 200, 205, 212, 217, 222, 223,
226, 260, 261, 269, 272, 278, 285

Columbia River Plume 1, 2, 4, 8,9, 14, 15, 16, 29, 33,
34, 38, 53, 56, 57, 58, 59, 61,
65, 71, 72, 73, 15, 76, 103, 145,
178, 179, 180, 181, 182, 183, 186,
187, 188, 189, 190, 196, 205, 217,
222, 223, 272

Radionuclides 4, 8, 9, 10, 16, 41, 43, by, 62,
63, 64, 65, 68, 71, 72, 13, M,
80, 81, 83, 108, 109, 116, 117,
119, 139, 147, 157, 158, 159, 161,
162, 171, 178, 179, 181, 182, 183,
190, 198, 199, 202, 212, 214, 218,
227

Salinity 1, 2, 4, 8,9, W, 15, 16, 17, 18,
19, 20, 24, 25, 29, 38, 42, U6,
55, 56, 57, 58, 59, 61, 66, 67,
78, 19, 86, 88, 90, 91, 92, 111,
129, 130, 135, 140, 145, 153, 154,
155, 156, 169, 170, 172, 173, 175,
182, 186, 188, 190, 191, 193, 194,
205, 206, 212, 215, 217, 219, 223,
225, 226, 231, 233, 240, 241, 260,
2§.2®,2n,2m,2&,2&,2w,
285

Temperature 1, 10, 16, 17, 18, 20, 45, 46, 55,
60, 66, 67, 178, 107, 115, 129,
132, 143, 170, 172, 173, 174, 186,
193, 194, 195, 197, 216, 217, 225,
226, 241, 260, 263, 257, 272, 281,
2382, 283, 284, 285

Turbidity 109, 172, 186, 187, 260, 261

Keywords Assigned According to Title 7, 17, 24, 28, 32, 36, U6, 52, 60,
€1, 77, 80, 93, 101, 103, 106,
107, 110, 111, 116, 119, 118, 120,
140, 146, 156, 157, 162, 164, 165,
166, 169, 172, 184, 195, 206, 207,
216, 218, 222, 226, 232, 236, 2u5,
250, 251, 252, 256, 257, 259, 266,
271, 279
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APPENDIX B: WAVE FREQUENCY ROSES

Daily wave hindcasts by the U. S. Navy Fleet Numerical Weather Center
were collected for the Oregon coast by the Portland District. Data for the
period January 1969-December 1976 at sta 2 (latitude 47°N, longitude 127°W)
and sta 4 (latitude 44°N, longitude 127°W) were converted to punched card for-
mat and subjected to statistical analyses of height, period, and direction.
Plate Bl shows annual wave frequencies at sta 2 and Plates B2-B13 show monthly

frequencies for sta 2. Sta 4 frequencies are illustrated in Plates B14-B26.
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AFPENDIX C: NOTATION

An arbitrary constant

Elevation of the bottom

Sediment motion threshold factor

Wave orbital excursion length

An arbitrary constant

An arbitrary constant

Chezy roughness coefficient; concentration of sediment
Response time coefficient for deposition
Response time coefficient for erosion
Sediment particle diameter

Dimensionless grain size

Dispersion coefficient in x direction
Dispersion coefficient in =z direction
Energy

Wave frequency

Shear stress coefficient for currents
Maximum wave frequency

Shear stress coefficient for waves
Sediment mobility factor

Acceleration due to gravity

Sediment transport rate expressed as an effective concentration
Water depth

Wave height

Wavelength

Factor in Ackers-White transport function

A coefficient expressing the relative importance of bed-load and
suspended-load transport

Rate of sediment deposition or erosion
Specific gravity of the sediment

Time

Time constant

Wave period

Horizontal flow velocity in the x direction

Maximum wave orbital velocity near the bed
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Average flow velotily; curreal speed

Velocity

Unit discharge

Wind velocity

Sediment settling velocity

Horizontal flow velocity in the 2z direction
Distance in the x direction (longitudinal)
Distance in the 2z direction (lateral)

3

Coefficient of concentration dependent source/sink term

Phillip's equilibrium coefficient (7.4 x 10

Coefficient of source/sink term

Normal turbulent exchange coefficient in the x direction
Tangential turbulent exchange coefficient in the x direction
Tangential turbulent exchange coefficient in the 2z direction
Normal turbulent exchange coefficient in the 2z direction
Computational time-step

Kinematic viscosity

Angular rate of earth's rotation

Latitude

Angle between wind direction and x axis

Fluid density

Total boundary shear stress

Bottom boundary shear stress corresponding to a plane bed
Combined shear stress due to combined waves and currents over a
bed

Wave direction

Mean direction via ray tracing

Coefficient relating wind speed to stress exerted on the fluid

plane







