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FORE~VORD 

The investigations on thebackwater effects of the Grand Coulee 
D~were made by the Bureau of Reclamation at Grand Coulee, Wash- 
in,ton, ~nd Denver, Colorado. At the Grand Coulee office, the back- 
water calculations and studies were made under the direction of F. 

" A. Banks, Supervising Engineer , by J. C. Sharp, Assistant Engineer. 
The back~vater studies at the Denver office were made under the ~i- 
rection of D. C. ~,[cConaughy, Senior Ehgineen, by W. IM, Borland, 
Associate L~gineer, and C. A. Wentz, Assishant Engineer. ~The hy-, 
draulic model of the Little Dalles was constructed and tested under 
the supervision of R. A. Goodpasture, Assistant Engineer, by direo- 
tion of J. E. Warnock, Engineer. The investigations were under the 
general supervision of J. LL. Savage, Chief DesigningEngineer. All 
engineering work of the Bureau of Reclamation is under the direc- 
tion of S. O. Harper, Chief Engineer, and all activities of the 
Bureau are under the direction of j. C. Page, Commissioner. 

This report gives the amount of backwater that probably will ~ 
exist at the International Boundary for various reservoir eleva- 
tions for natural channel con(,.ttions or with the large rock island 
choking the entrance to the Little Dalles removed to elevation 1265 
or with about 270,000 cubic yards of rock removed at the Little 
Dalles. The capacity of the spillway and the sluice outlets is 
given and the mgnitude of the maximum, expected flood is discussed. 
The program Of reservoir operation is not definite at %his time but 
~ effort has been made to estimate its effect on the amount of 
backwater at the International Boundary. 
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1. Lntroduction, The Grand Coulee Dam, located on :the Colum- 
bia. River about :150 miles d~mstream~from~the rCanadian Boundary, 
will, When~completed, form a ils~e which may rise~as~iigh 'as'ele" 
vation 1290.0. ~At some discharges and/resezvdir ~:elevations a 

• • . j~ 

small amount ~of bac~;~ter w~ll exist a~ the )International Boundary. 
The invdstizations oresented in this report were made to determine 
the baohvater conditions along the upper,reaches of ~the ~reservoir 
and to develop some plan of channel ~improvement to prevent ex- 
cessive bac~.mter along the Nelson:branch of the(Great No:~chern 
Railroad, and~o reduce such • back~ater as ~there may!be at the 

International Boundary. 

/2. Field data. ~ajor observation:stations ~were~established 
at critical ~points -~here v~ter-surface !elevations : have been ob- 
served, especially at / flood stages , since~reh ~.1930- These ~ob- 
s ervations •were made ~ by ~the Geological ~ Survey and the L Corps 6f 
Fmgineers. )In/~1932 the LDo~nion!~ater ~and iPower LBureau coop- 
erated ~ -~ith the Geological ~S~rvey • in taking observations, • and 
this program has been continued to ~thepre sent~'time- ~In1935 
several ~dditional observation stations were established Jby the 
Bureau of Reclamation, _making a total ~of ~17 stations ~be~o~en 
Kettle Falls and the~boundary (figure 1, frontispiece). Sound- 
ings °of various river cross sections/were ~de!by the Washington 
Water"Power •Company in~coz~ection~with a proposed p~ver develop- 
ment at lKettlelFalls, iLaterLthe Bureau of Reclamation ~ook ad- 
ditional ~soundings at the Little Dalles and at the International 
Boundary. Altogether, ~41 ~river cross sections are available along 
the upper end of the reservoir vfnere they are most needed in the 
~back~'~ter computations, iLui1937 the Bureau of Reclamation ran 
a~line of nrecise levels between Grand Coulee ~ Dam Land the Inter- 
national Boundary and discovered ~ an error ~of 1.7 feet in the dif- 
ference~of elevation which had previously been~used between thes~ 
two points. ~All field data~have been~corrected to conform lo this 

line of ~ precis6 levels. 

The ,:~ter-surface elevations were .observed at the major ob" 
servation stations indicated on,figure/1 for discharges ranging 
from lT,800 to 420,000 second-feet. The ma~itude of ithe dis- 
charge on the observation days ~,~s ~secured by deducting the~Ldis- 
charge of the Kettle ~ River as determined at the gaging station 
near~Laurier, Washington, from ~the disc]~rge of the~Kettle Falls 
gaging station on the Columbia Riven. The tributaries of the 
Columbia ~ River '~ bet~veen the ~Kettle ~River and ~he ; Clark Fork lRiver 
are all very small and do,not materially affec~ %he flow, •so ~that 
the discharge ~ obtained in Lthe above manner ~is applicable through- 
out the reach being studied. This discharge v~.s checked-by adding 

n 
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the flov: of the Columbia• River ~as/determined ~at Trail or ~at Birch- 
bar~¢, British Columbia, ~to the :fl~of the Clarki~ork below~Z ~ 

Canyon. 

13. ~ma!ysis of ~fiel'd~data. ~Ths rating curves ~at the ma~or 
Observation st~tions were ~ccuratSiy defined ~up ~to~ 420,000 • second- 
feet ~(figure ~5). ~These curves were extrapolated ~by ~various methods 
with the ~aid 6f'meager ~field~data to i~include the i1894 ~flood, ~es- 
timated'~as !650,000 second-feet, iWith ithe discharge, the water- 
surfaceelevations, an dlthe river,cross sections given, ithe :rough- 
ness coefficient 1 (n) ~ the Kutter,Chezy Tormmla was ~computed be- 
~zeen Observation, stations for ;natural ;flow conditions. 'The ~rough- 
ness coefficient v~s then plotted against :average'vmter-surface 
elevation for each:~reach; !it vms found to vary with!thc~dischar~e 
and stage. :For!discharges greater than 1420,000 second-feet, the 
roughness ,coefficient versus discharge :curves were,extrapolated 
and so adjusted :t~t ithey,were :in agreement with ithe extrapolated 
rating curves. As the sta~e of the:river rises,~,the~roughpe rim- 
eter~characterizing the low-water flow, evidenced by::uumerous ifaIls 
s_ud rapids, becomes ~ ~increas~ingly smaller part of •the~,total; 
as a result, the value of~n decreaseswith'increasingstages. 
For a given bao~¢ater stage, ~ a •value !of n Tot each reach may be 
determined ~from the:n versus average ~mter-surface-elevation 
curve. This coefficient is designated :"b~,c]~mter :n's" while the 
c oeff ic ient obtained, : as suming vat iation or_!y ~vith the discharge,, 
is de s i ~atCd ':~.tural n ' s ;" 

4. Bac~,,mter~calculations. ~ types :of bach.rater curves 
were calculated, one asstuming:n it o vary •only ~ith the discharge 
(natural n), and, another ~assuming n to vary only with ithe ~stage 
(backwater n). The difference ~bet~,,~ee:~ ~the ~:~o ~curves was ismall 
at large discharges where ,the ~change :between natural ~and :back- 
vmter v~ter-surface elevations v~s relatively~small i(figure 29~), 
but increased considerably :for :'intermediate discharges. For ex- 
ample, at :the !boundarsr, ~ a ~disch~rge of ilCO,O00 second,feet ! gave~ 
2,0 feet of backwater using natural :coefficients and:no backwater 
with backw~ter~coefficients. !The•decrease,of n for a considerable 
rise in the water-surface elevation for ibac~.~ter ~conditions is 
~uite •large Lwhen taken from the n versus average v~ter-surface- 
el ovation curve. It is !believed t!~t <the ~back~ater ~ surface ~pro- 
files that will result from~the operation of Grand CoUlee i Dam will 
coincide more closely vzith 'the :bac~.~.~ter profiles computed ~v~ith 
the use of back~uter ~roug.hness coefficients than vzlth :the profiles 
computed v~_th the use of ~natural roughness coefficients. The re- 
sults of hydraulic model :tests~discussed later ~helped substantiate 
this belief. 
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!The ~ Kutter,Chezy~ and ~the ~'Nanning ~formulas ~ are tthe two most 
frequently~ used l for ~ computing i~flowJin ~:open, Channels. '-Of~.these, 
the : Kutter-Chezy. fornmla has :been ;,more widelyused :thanManning's 
and was-adopt od for ;the i:baokw~ter c omputations, except bel ovr~the 
Little Dalles, ~ where, due~to ~the,,marked,decrease . in ~the ::slope of 
the back~ater energy gradient, !the i ,~ Manning ~Tormula was 'used :s ince 
i i± gave a greater,,ener&viloss. J~Accordingly,~all~_computations 
upstream~ from, the ,foot of the ~ Little ~ Dalles'_were :~conservatively 
based onthe backwater ~razing 'curve at':that pdint,~as given by 
the ~rm.ing ~ formula, i!For 'the .:steeper iener~y ~gradients ~inv01ved, 
the two formulas 'gave :~c omparabl e ~: r esult s. 

5. , The Little ~Dalles. LThe i Gr eat, Nor%hem ~Railroad ~;~aral - 
lels the Colu'mbia~iver for~about :37 ~miles~below~thetCanadian ~'border 
(figure ~I). Bet~reen'-thei~ head 0f'the Little~.Dalles ~and '._the minter- • 
national ~Boundary, the ~bac~t ~r ;at ~ high-flood : sta~ges ~uld cover 
the tracks in some places. ~.Under ~ natural '~flow ~condi~ions, :,a flood 
of, 450; 000 ~s ec end,feet has done's one damage ~t o ~the ~'%r~ck ~ embank- 
ments. Because of'this andito:reduoe~the amount ~of.back~ter 
that •would exist at the boundary, -a ~location'~was ~sought where 
channel : improvements, effective i in ~ reducing :the ?amount ~ of ~back- ~ 
vmter ~ at high discharges without~a~prohibitive amount :of ~excava- 
tion, could' be' made. iif, .for: a Jflood of a.O0,O00 ~ s econd-feet andl 
maximtum~ res ervoir elevation, the: natural ~fl~,v~stage ccould !~be ;re- 
stored .where .the railroad -parallels the~ river ~above ~the rLiL-hle 
Dalles, ~ backnwater, would~ be el.tminated! both:along -.the ~railro~d/~amd 
at~the boundary for higher ~floods. 

At the Little~ Dalles, •l~Z,, miles below the International : 
Boundary, the~ river ~is restricted ,to a very~narnov 4 ::deep~ chan- 
nel :for a distance of~:2,500~feet, rFor ~a discharge of 400,000 
second-feet with the reservoir ~ter surface ~: at elevation i12~0.0, 
there ~would be a headi'loss::ofi~l:5~i5 feet through i:these rapids 
(figure 29), but chan~n.el ! improvement at ~,this ~ 10cation, accord- 
ing:to plan 5 hereinafter idiscussed, wo~ld~reduce i this ,loss :tO 
only 8,8 feet, which ~is::aboutilS.5 feet !less !than ~;,ould :exist ~ 
under natural flow conditions ~.with "an~ unimproved ~charm.,el, .:A 
topographic sketch of the iLittle Dalles ~is : sh~. on:figure !lO. 

Le. Model studies of~thelLittle Dalles. ~iBecause of~dc/:bt 
as ~to ~the ~..pplicabil'ity of ener~--loss formulas to ~such an,-ex-~: 
tremely~ rough river ~ charunel, -an ~ hydraul ic model -:~s : buil~ ,and 
.tested to determine the _losses through i~,the iLittle 7Dalles ~wi%h ~ 
~bach~mter conditions andiron!develop, a~olan ~.for clmmnel ~improve- 
/~ ment, This model~ ~s built ito k scale" of l~to :120.~and represented~ ~ 
;,. the-river between the major, observation/stations !II and ~13: at the 
~LiL-ble Dalles (figure 32). The model was constructed from %he [~ 

:~' field tooography. . and ~ from a ~careful study ~of. -, prototype pictures. 
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• The m0del~ was. roughened !~by ~adding,~ lumps ~ of,,'ooncrete !~to <the ~ bed 
and<the walls ~'of< the~oharmel ~so?.~that, ~when,natural ;flow,~conditions 
were. reorodueedat ' the ilfoot ~.of ~.he '~ Little ~Dall es, ~the ~ ,upstream 
rating ~curves obtained :'from', the imedel ~ agre@d ~reasor~bly ~ welli~rlth 
%hose obtained ~.from~the ~ prototype il (figures i.35cand- 4@). 

A~terlthe model !~had~ ~beenccalibrated<t o.~,simulate natural ~Lflow 
conditions ,: backwater ~ c ondltions ,,corr esponding ~t c: a,resezv0ir 
v~ter~,surface at elevation i~1290.0' at ~the~idanr'were produced, '...To 
~accomplishtthis, the rating~vcu rye:as ?oomF rated ~:for ~ backwater ~co n- 
ditions ~.at~the ' lower ~end :~of ~ the~ Little ~.Dalle s" ,~s. repr0duced<~in 
'the model,'and-the"resulting water-surface~@levations ~at !the~"h'@ad 
of the. Little Dalles~were 0bserv4d' (figure i41). ~,The~-back~vater , ,. 
computations throughi~ the!~Little~Dalles,: using~baekv~ter ~;c0ef- . 
ficients, ~ were?found~to~give~sligh%lyilower~tcr'~surface'~ e!°- _~ - 
vat ions - for: a discharge ~of ~, 200,000.1~s eoond-feet~ than."~indica t~d ~ 
by the model • ~. For~ all other ddischarges, ~the ~ m0del ;~gave a flower ~ 
elevation than ~that ~ cc~:puted. ~The.i!discrenancy'v~s al',,~ys i iess" 
than ~or equal to 1;lO~feet, ~ori. nevm.r greater thaniTive ipercent 
of the total energy' loss, w-heni.there,~,vms:any~appreciable"change 
in'the Vmter-surface e!e~ation. Theseuresults :Trom the.model ~ .... ~ 
indicate ~ that ~. the, use of- backvmter ,.eaeffic ients ~ is ~ justified, 

i Because of difficulties that:'accomps-uY underwater'i~excava- 
tion, esoecially<if, as:~was showa~by.:m0de] tests to~be~neces- 
~sar. -the material must be broken~up an.d.~removed, it ,~s de- 
is ired <that the ~ eharmel ~ ~mprovement snou!d =n0t,,:extend below I~ 
water level. .To do this, '~ excavation.would U have<i,t'6~be ~compl eted 
in v~_nter.'months 'before the reservoir ~reached:~ elevation!! 240~0~ 

"The~ Channel. impr ovemer.t ~: studies, on ~lhe !~hydraulio ~ model 
were made tin%steps <.by. removing ;various }~.portions of i.the <simalated 
rock .thainoticeably ~ di sturbed• fl~v-~c°ndit~°ns ~" (~ ~gure ~42) ~ .~. ,,. 

rating curve~for gageill ! at~the !~'head'~°f~the Little Dalles ,~was 
obtained for each-step~-or•!excavation wlan ~ (figure. 41). _The !first 
plan.v~s ~to vremove~ thei!large rock< isiand~ ~at the .~ entrance~i.toi~t he ~ ~ 
Little Dalles Lto. elevation i1255~O. Subsequent i tests ~showed~no 
addit ional imur ove~ent ~. by"•further ~ excavat ion to ~el evati on~ 1250.0. 
A, portion of the ~.upstream~ ieft ~bank .was next ~?removed ~to ~im~rove ~ -~ 
entrance conditions~ (excavation plan~l, figure[40)~ Since"~this 
did ~.ot ~produce the: desired improvement,~a portion of;the ~left. 
bank-was removed as far ~d~;mstream as-jtheccove. ?After~-several 
minor •.changes, a[ total ,.of'~ 270,,000 cubic~ yard~.,v~s.removed~ abov:e " 
ele~,tion~ 1255.0 (excavation pl~;5, ~ figures 40-and 165) • iThis 
• elan, restored naturai fl ow< conditions:~ above .the !Little Dal les ~at ,~ 
a discharge.;0f, 400,O00.~second'feet :<for.--reservoir elevation ~1~90~0 • 

i'~<: ' 
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7. Backv~ter"with improved channel. Figuze,.~41 shorts :that ,!. 

the re6bmmended ~- channel ~improvementwill -~ not only restore ~nat- 
ural ,' flow<,condit ions ~ at ~.thei head ~ of !.the ~Little :Dalles 'for ~-.a-dis- 
.charge ~ Of 400,000 ~ second-feet, :but ;al-so'that .~ some ':additionAl im- 
- orovement would ". be " obtained ;for ~all ! larger. :flo0ds. SThis ,iim~.r ove- 
-ment:would":be~;greatest at !the ;little ' Dal~els but woUI@~s~$ill~:be !;~ 
• noti0eable~/s.t the ~ boundary (figures ~ 66~and "67). ~Profil~es ~of ~.the 
backv~ter :. for natural .and ~ impr.oved/channel '.are .shown .fin ;figures 
59 and :80e ~.The : amount -of ~backwater.'. at"! the Irfcernat~onal Boundary 

with,';channel .improvement !is . shown-::~s ~curve.~ No, ~G, .:figure :I~S. , . " 
~The s e ~.computat ions ~.were ; has ed ~ on':'matural ::rou~hmes s -'coefficients; .... 
.us ing backvmt er ~C oeffic ients, .~tcurve ~ }!o..~ i0 'is ~-6brained, : W}iich .:,is 
always below< ourve/No. '.7, Eiving ~"I ess~,than; 0, 50 :[foot -Of ]~baoL-~a%er 
for:idischarges iEreater ~.than'/50,000 ~ second-feet. ~:TaBle ~I/(end 
.' of ' s~lopsis) ~ivesithe ,v~ter-surface : elevations ,-.at [the In~errm- 
; t i o n a l .  Boundary.~ for~ natural ~flows ~. and. for ~;backwat er ;,conditions 
:i'f or :beth,: natural ~ and : improved .: Channel s : with"~he : res ervoir.water 
surf a c e ' at :: el evati on ~ 1280.0, ~ u sing e i%her ~ natural ,. n ' s or :..back- 
water: n, s. 

~ inspection ' of itable .: I ~shows that, ~for/floods ~/greater 
..~han.;.400,000 ~;second,feet, the ~.~ter-surfaae ~elevati one .above 
~the ~Little ;.Dalles will ..not ~be':as '. high~vith :full -.reservoir ~ and 
channel improvement ~plam.. 5. as :.they are :at :~he :present ~'.time. " " . . 

'iCons eguently, ~ conditions ~::along the.~ railroad above ~.the:Little 
.Dalles would -be better .that.. at present, ;Table _I ~and ~figures 
59, <G0, ~ and .. 83 show ~ that, ,,,with ~the iF_crovcd ~channe!i,.~ the great- 
est amount • of backwater ;:at ~.the .boundarywill ~ be .at ;small -dis- 
charges, vcith, an actual ~ reduction ~•in .;staGe ~for •floods ~above 

~_ :400,000~ second-feet. =Accordin~ to-.records :forthe wast.-27 :~ 
years,- a flood with~ a magnitude .:0f,;.4.00,000 ~;second,feet ,:or 
larger ~ is . iikely ~t o :occur on.-an :.average of .:-once L in 'about : five 
years, or, on the has is. of .the ;:82,year '~ record. available ~a~ : 
!The :Dalles, Oregon, a~ flood..of :this :magnitude .~or larger ..$s 
I ikely t o -occur- on. an-average of once -in. about three"-years. 
If .the ;reservoir.: surface ~s lowered )12 ~feeti.with channel -im- 
provement plan:G, there.will i-~be no :bac~.ater at : the ~ boundary 
for any:discharge- on:-the .basis of~backvmter._.n's, !but . ,- with :~the 
.reservoir. at~ elevationi~12CO~3at!the dam, ibackwa%er ... with ~ any ;dis- . 
charge ~less.:than~ 335,000-.second-feet ~ill ~ not ~ exceed.\the.~,water, " 
; surface, elevation, of. ordinary', hi~h~ ~ter ~for ~the :past !;27 °years, "- 
• ~the ,term :~ 11mordin~ry [ high .w~ter" i~ be ing:•defined ~ as ;the -stage •mo st " ~ 
, Iikely-,to :.be reached ; or < exceeded :.each .year ~. by.! the i peak i. of .tthe 
annual :~ flood. :F0r -!discharges ;between;;338,000 - and - @OQ;O00 .-sec- 
-.ond~fee t ,-~the ~ backwater will ; be :-a maximum :of -about': 0..4 ~:foot. above 
:.the...present vmter surface on~the~;basis of~backw~ter.;~n'.s~;orless 
.thanO.'.6 ~foot ._on~.the: basis .. of: natural,n's. :..Thespian !for :resez- 
- vo ir operat ion-.i s -~. indef init e ~ .and :! is ~:- b e in g .- studied ;~ at.:.the ~ pre s ent 
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t/me. . Fr om 7 pr evi ou s :str eam-~ i o~ : r e co r d s, .:it 7.h as Fibe en ~ es t/mat ed 
!.that, ,when the, C01um~ia-Basln~pro'j-ect :is :fully-.~eveloped, :for 
85.8 !percent cf :the .,time :vTith iltuiimproved 'cha~u0~~:and ~for....4218 - 
• percent of -the ~time ,with :improved"Channel, Lthe ~eserV0ir"~ll ,be 
dra~m,do~maso.tlow~:as :.to cause no !backwater 'at';th,e :,~unda~y, :base~ " 

on computations .using .backwater ~n .s. Such;:draw-~own,,~uld neces- 
sarily .occur~Tduring the '!.lean"..water ~years. • - {' 

8. :,Analysis -of excavation :studies..:Past experience ~has 
:.sh~n:.that'Vthe~railroad, :under":present<:conditionsi..~is s~e ~gainst 
..<damage . for. diS Charges ..up ~to ,400,000 ::s econd-i'eet. ,-As ,shown above, 
:channel .,improvement .-according ,,.to ].plan ~5 =~ll iinsur e"~;that ;the ::water 
surface above ~the {Little ~Dal~les af,ter 'the :~r.eservoir ':is ]in :opera- 
,tion wi Ii be lower '.than .the :, natural(water-sur fac e ,elevation ;Trot- ~ 
greater discharges. ~:A,'fu~.±her.~ studyTwas/ma'de ito "determinewhether 
• -it would :;be :ec onomically :f, easibie"!.to ~ effect ~a/greater .:improv~nent 
.by :reducing .still :Turther .-.+the ~-stage aboa~e,.which ,the :water. <Isur.face 
: with ,: r e s err0 ir .'. in .:o per at ion,.wo uld ,~lieLb el ow ?th e • natur dl '. war er. 
:.sunface. According!y, ~the ameunt of/excavation:for -each ..excava- 
't/on i plan ~as ~.plotted against .:~he correspor;ding,,dis charge :at 
. which natural ..conditions ..were :restored uPstream and ,-an (appr6x- 
,L/mate. exhens ion obtained 7by..:leganithmic 7plotting :i(..figure ~.:4S). 
The:intersection of ithe:natuzal ~rating :cur.re ~.at gage ;iii ~Flth '- 
;the:baclmlater, rating.:cur.ve at :gage"tl3 ((~figure,;41):.shows .~that no :..i:i~ 
amount ,~ of excavation.~would : r estere ~ natural. '~C o~_Ld~ ticns :below- a: i 
-;di'scharge ;, i 297)OO0 ::second-f eet. :.The <channel .,improvmment (.curv_e,::) '~" 

-therefore, must~be asymptotic ~to ~.this .discharge;as shown ..on :fig .... "- 
ure 43.. Th~s..:curve;.indicates-~that .plan!5;represents about!~e :"=" 

ilimit :of economic excavation., and ,~that ~. approximately :~270,000 -cubic 
-yards-.of additional :excavation would tbe-r equired ,to reproduce 
.Lnat~ral,-conditions .at ~.a_discharge ,'of 73.~0;000 second-feet..~Plan 
5 : i s -.accordingly :recommended. " ~ 
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9. :Velocities -and :effect _:of ,variation's ~!:in ~elevation ~:of - 
reservoir. ~The 'los's'es :.thr.oug'h ~the !Littl-e :Dalles ~with improved 
,ch.~nnel (plan ••5) ::were u obtained Tor ~vari0us -di scharges 'and .back, 
.water :.stages-: (fi.gur~es -..48, and :~49). : ~The se :data ~ all.ow ~,the~.back - 
,,wat.er =. above .it~e Lit.tie ~Dall.es : to kbe :d@t.ermined :for :an~ tr.~eser- 
.voir =:elevation: at. Grand Coulee LDam. :Water--su~.£ace-:pr.o~,iles 
~ through -the ! Little Dal lee =and :.vel oc.iti es ~:at ,:s.els0ted 7s eclticns 
:were: o bt ai ned ~. at..d i s char g es '7 app r0ximat in.g ..lOO i 000, 2.00, boo, - 
..300,000, ..t400 ~ 000, and ~050,000 :s e.coi~d~f eet-:.v~ith-rthe i model ,:r:epr e- 
s enting - r es ez.vo ir ,-elevati:on 171290.~ O ~at :.the ,,~dam. ';.The, pr.ofil es ,_are 
. shown :onJf~.-gure, 80 -.while.},hhe~velleC ities .,.are : show~ : on ~figures ,:51 ': 
to -56. ;These :data-were -obtained .so '.-that ~the ~possib~lities of - 
navigating <.the ,upper. r caches ~-ofxth e. r-es ervclr might "be .. studi ed 
in .~.th e :~ture. 
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have previously.ca used some~idamage, '~the ! backn~ter ,;surface twill 
be about o~ at <the ,~. s am~e :?elevation as tthe:~ natural ~:surfac e/for i dis- 
'charges 75,000 Sccond-feet~ Iower. 

-(c) iThat, ~for ~discharges~ less than:i50,000~second-'feet, :~.It 
is ~ impos s ible :to i l~ver back~ter ~at :the ~:International ~-Boundary 
except ~ by lowering ~ . . . .  - ~  . . . .  _ -..the water .. surface ,of ~. Columbza ~ .Rzver ~ Reservozr. 

(a) . T h a t ,  w i t h o u t  : c h e z m e l  ~ improve-meri t  :~.:and ~ W i t h ~  a: . f u l l ~ r e s -  
e r v 0 i r ,  . t h e r e  < ~ i l l  ~ e ~ s ~ ; ;  a t  ~ t h e  " I n t e r n a t i o n a l  B o u n d a r  T ~frorn.O ~- ~. 

t o  2 , 7 5  ; ° fee t  :~of b a c k w a t e r  o f  o r  : ' d i s c h a r g e s  i b& low~  I O 0 , 0 0 0  s e c o n d -  
= f e e t l  b u t  n o . % h r  eat - ;  o f  :'damage .~ i s  ~ involved~thereby~because<the 
v~t st-surface .el eva~3ion :~r for ~%hes e .~rill i:be ffrom:. 0 ';to = 12/feet 
below~the~'natur&l iTlow ~stage~for:mean~,annual.~-discharge. There • 
~will be~about~i i ,5::to ~I.0~ feet,'0f ~baokv~ter ,~ at<extremely high 
'flows .;~th about~l,00foot~_at-:ordinary~flo0d;stages. !These.' fig, . . ~ ...... 
ures ar s ~ based., on .backv,~ter: n ' s. 

(b) ~ That, with out . channel ! impr ovement ~: and~ With :a !~full : res- 
ervoir, " baclx~ter-~along ~.the '.'railroad ab0ve .thei Little <Dalles 
would :be. from<2 .to.:10'feet~ higher!.than~at .present~for,.!discharges 
:ranging between/850,000 andS00 . " ' ~'~ " . . . .  ,000.:,second-fest ~.and .tha ~, for 
discharges ~in:. thO. neighborhood "of-..450 ~ 000 <second-feet, vv.4~ieh " 

(d) ~ That, i by,-.channeL~ improvement ~ plan:5 ~:at :~he:Little ~Da~ s ,  
the~ backv~t er : for ~-r es ervoir-. ~t er ~.surf ace ~ at .~ elev~t'icn ~. I290.0 
can .be ~ S o~-reduo ed i that ,~%he water ~ surf at e~'will ~,~! ie ~::bel ow ~.~he .~or- 
dinaryihigh-wat er :~el e~tion, of-~ naturallffl ~,r. ~at-~.the :! !ut ernat ionai~"~ 
Boundary ~ for .floods ~iI es s than ~$35,000:~ s ec ond-feet, :! I ie~:belovr -~- 
the-present v~ter surface for:floods :greater i.%han, ~:-~00,G30 secomd- 

f e e t ,  j. and~ W i l  1 ~ n o t  7 b e . m o t  e ~:~han :: 0 ~ 8 ~f 0 o t  a b o v e  '. t h e  .:~pr e s en~ ~ V ~  e r  
surface -; for .i fl oods i ;bet~.~e en ;~ 338,000 and~ii400,000 ;s econd-fe et:lT;hen 
natural :.roughness ¢:coefficients :.are~ used :.f or ccomputati0ns. 

,. (e):~ That, :.byi.th~s :impr ovement I and-. ~th~i-a~:full ~ reservoir~, i the 
v~ter surface .along ~:the::.railroad,: above<the ~ Litt~ e ~Dalles :#ill : be 
no. higher :lh~n,_:under present <:conditions ; for.~;a,-discharge ~:of .400,000 
.second-feet.~ and will tbe ~ lower :,than.~under, present cconditions ~.for 
-greater discharges~by amounts :.Up !,to. about - i01feet.forna ,discharg e 
-of 850,0000~second-feet. 

i (f) . That, :channel ,improvement ~ at.:. the :~.Lit~cle iDal i es <according 
~to= excavat ion plan~ 5 >affords ~ a :satisfactory..solution ~0f ~.the back- 
- .water .,problem .and additional &exoave.ti0n:;is ~n0t ~..ec0nomically ~jmsti- 
~-fiedo 
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. I~ ! is reeo~nend4d: .... - • 

(a) That measurements : of~ water-surface 0bser,~tions :be ',con-,,.. 2~L;:j ' 
tinued.: at ~ the ~ established 0be ervation :'stations T0r ~:the ~first 
few years of, reservoir -operati0n in order to obtain: actual ,'back- • 
v~ter profil e s . .  

( ) That~an~auto.maticTrecording::gage~_he.~installed at-the head 
Of the : Littlei:Dalles: at ~ observation ~ sta~ion~ill. ~ river .~oross ~sec- 
t<ion 87. ~This ~gagewoflld !i~_~dicate ~the effectiveness : 0f ~:the,:chan- 
nel -~ improvement, in: reducing ~:baokwater ". at ;low flows ~ and .',in ~improv- 
:ing: natural fl~,~ conditions-at ! large '/discharges.. ;If:the i~railroad 
shouYd :'claim',.that: they: had suffered ('danmges 'above" the :Little 
Dall:es .:-because .Of ~back,~vat er ~ cau:s ed Lby,:~Grand - Coulee !Dam, iwater- 
surface ~ elevat ions ,from:. an ~automa~ic ;gage ~at ~ obs ervation::statiom 
ll when.- comoared With:.the natural :~ ratings:curve, at ~that paint, would 
sho-~v :if :~here were any ba s is ~for ,:such ii a, e~aim./:-Such ~a gage, u~¢hen 
us ed i~Luonjunction ~ With :ithe i gage ~:at-the' ~-Internat ional .Boundar~J, 
couldL~al'so be~used~to ~determine~the discharge iOf-~the Columbia 
River: under " " ~oac~wm ~er c ondit ions ~that .~'~ould: ~,-~ke the natural 
ratMug curves ~either at ooservat~ons ~at~uns ll or'.2, us'elcss. 
This method of. determinin~ ~ziver disoharge., when :two g~Jges are • 
affected by ~:bac~,.'ater is discussed :in 7a~at6r~Supbly ~Paper ~348. • 
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:CHAPTER I-- INTRODUCTION 

.The Columbia ~ Bas in iPro~.ect 

Ii. ..Introduction. The "Columbia ~Basin "multiple-use" :proj- 
ect inTfashington will reclaim, ~vcit~,~in;the :.next :25 :%0 :.50 'years., 
,1,200,000 acres .of ~land, :regulate-'the.:fl~v .~of. the ~.C01um~ia .:River., 
and .:develop electrical energy ,to :be ,.used '.for ::irrigation ~pumping 
and .other :purposes,. '.The :~irst step ;in :the ,.development ..of 'the 
:project was 'the ,.construction of a dam:at !.the mouth-.of "~he"~Grarfd 
Coulee in the iColumbia iRiver where ."it .passes i.the _northeasterly 
end :of 'the :well-known, geological !feature .which. gives the :dam '.'its 
name. '.The .dam:now '.being built .v~ill ~r-'ise the-.water surface ,~of 
~.%he .river. 368 •.feet, ~.andlthe reservoir 'formed will -be ~150 miles 
long, ~extending"~to :the Canadian .border.. ..It-.will :..store about 
10,O00,000- acre-feet :0f .v~ter with :a usable ..capacity ~of i5,.200;000 
cre-ree . ..re •greatest width "ofi%he.ireservdir, except ~.at .trib- 

utary .channels, .:is 2,4 miles .atrMarcus ~Flats. Submerged areas 
extend up the .San :Poil River 8 miles, the ~Spokane _River 32 m~les., 
the ColviIle River 2 miles, .-and the i-Ket-ble River ~7.5 miles. 
(See figure :i..) 

Irrigation ~water -will .be .pumped from~the '..Columbia River 
Reservoir ito a regulatory ~reservoir formed by'_two da~m 23 .miles 
awart.in .the ancient river ,channel knovna as-the Grand.Coulee. 
The :high-~:~ter level of 't~is ~reservoir..~til:l~,.be :280 :feet :above 
that :of the storage reservoir .behind :.Grand'Coulee 'Dam. Since 
360.,000-acre-feet of storage ~til.1 '.be available .for .regulation, 
only.secondary pov~r will be used for _pumping. Lowering .the 
Columbia River !Reservoirby 80 feet to take advantage of :the ~" 
useful storage of :5,200,000 acre-feet-..~ll .reauire pumping 
against ..a .max~nmzn lift ..of 3E0 ;feet, T~.velve :motor-operated 
centrifugal i pumps, ..each -,with, a capacity ' of i.1 ,..600 ~s ec ond, fee% 

" when pumpin~ against, a hea~ of :295 feet, .vzlll ;be installed ,in 
the pumping plant. /As :tvzo of the ~pumps :are .,for .emergencyuse 
only., the normal capacity,of the pumping plant-will be_,16,000 
s ec ond-feet. 

~hile the development of the Columbia .Basin projeot.vrill 
extend .over. a ~period ..of .Z28 to ~80 years., -the ~construction ,of 
Grand,Coulee Dare,rill be ~.advanced to such a .stage that :the 
-reser.voir nmy,be filled .in ithe ,spring of :1.941° -It is .-estimated 
• :that :it will be-22 yearsbefore ~.%here..is-a need for :al.1 of.~the 
power units and 20 years-before ultimate .capacity :of;the :pumping 
plant is required. Construction-work has ~not ibegun ::on -the .iir- 
-rigation.distribution system.and the .two dams ~-across 'the Grand 
Coulee that will form-the :regulatory reser~vdir-for :the ~.irrig~- 
rich-system. At present _the dam,will prod~,~_~e .some ~electric ,power 
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and will : stabil~ize ~%he ~flow of ~the i~ri.ver~, Which will benefit 
~existing ,~power plants ~:~ownstream',at Bonneville ~•and ~Rock ~ilsla~d, 

i2. Grand ~Coulee i Dam. ~'At ~he dam ~site, ~the =river flows 
~in.a channe'l 700~t'0 ~886~feet~wi~e at-~the bottom of a~eanyon~a 
rail e Wide and ~about i~i, 800 i feet :deep~ ~When ~compl ete d, the ~dam 
(gee ~figvres ~2 ~and 3) =will ~,risel, 580 -feet ~above foundation "rock 
and'will ~have'a~crest ilength of about 14,~00 ~feet. ilt will ibe 
• SO feet ~%hick at i the top andS500 ifeet ~thick ~at ~the i base. ~An 
overflm'~spillway with a;gross ~length Of 1,650 feet will be ,con i~ 
tr011ed iby :II drum~ gates, :each~:28 feet ~hi~h~and ~188 ~feet :longj 
and ~ill i have a capacity of.~nearlyig00,000 ;second-feet:, v:ith~the 
:reservoir ~ at elevation ~1290.0. !Sixty ~outlet ~comdUits ;8.5 ~feet 
in diameter, arrang~ed Lin ~groups ~of i:I0 ~pairs 'at each~of ~three 
elevatior-s which differ by !iO0 ~feet, will -regulate -~ out flo~ ~from 
the~reser~voir du~ing ~periods Of ~l•ow~stres-m ~flow. ~ V~nen ~the ~res- 
-ervoir~level is above ,elevation ~l185o0, it~will be impossible o to 
open the ~lower group •of ~outlets because ~of ~he •excessive ,head. 
Under ordinary condi~i0ns, 40 ~outle%s vkill ~be :available for ~reg- 
ulation, having ~ a,com~ined capacity Of ~1%~,600 -second-feet, ~for , 
reservoir elevation 1290o 0. 

i13. i The ~p.~:rer~plant. :The:power plant will ~consist~of two 
powerhouses, each !185 ~feet ~•high, one !bei~g ~iocated on :each :Si~e 
• of~the ~spillway section. The powerhouse at the eas~ abutmen~ 
will ~be ?57~feet long and i~hat at the west ~ abutment 758 (feet 
long. <Present ~plans call ~for ~nine ~lSO, 000~horsepower ~units/for 
each ~powerhous e, with a total.~capacity ~of i~Z,700,O00 ~hors epower-- 
the ~iargest !in the world ~both ~as ~to ~siz e of ~units ~ and plant: capac- 
ity. [Only~the "vest poweghouse ~is being ~compl ete d : at :the ~present 
time. In addition to the ~in~units,, ~it ~vP~ll !house ,three ~14,000, 
horsep~ver station-set,ice,units, control room, ~offiees, and 
general station operatingJfacili~ies. ~At ::present ~only~vo<of 
the ~station-serviee ~units and !three, of ~the ~ain !units will~ [be 
installed~ ~:~hvo of [the main~units will !be required :for ~genera~ing 
prover for pumping and comuercial purposes and the ~third ~wi!l 
~serve •as a stand'by,unit. ~iThe !hydraullic :turbines !of the :n~in 
units are designed to produce iilG0,000~horsep ower at ~120 revolu- 
tions ~per minute with a ~335-foot operating head and v:ill dis-.~ 
-charge :~,500 second,feet, liThe ~turbines ~vill ~be : supplied [bY ~lS- 
~foot ~diaraeter penstocks, redudin~ to i~15 feet ~for ~the ~sl~ort ihori- 
zontal !len~th at the dov~nstream,ends. They will :be ~controlled 
by i gates at the upstream face of the, dam., 

14. The • Columbia River ~atershed:® )) The ~;Columbia River drains 
anarea of about 259,000 sguare miles :above ~iSs mouth, of which 
39,000 ~sguare miles~are in Canada. Its ~three ~principal ~rib- 
utaries ;are the;Clark •Fork, rising in ~.ontana,and flo~vin~,~through 
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Idah o, !Washington, and British Columbia, to :its. ~unotion v~ith 
the ~Columbia just above !the !Canadian Boundary; the ~Snake ;River., 
,rising in :,Yellowstone .Park and traversing '~Wyom~ng, ." 'Idaho, Oregon, 
and V~ashin~on ~to ~its,confluence ,with.!the ~Columb'ia at iParco,, 
'Washington; "and the Eootenay~, ,ris'ing ~iniBritishCo!umbia near 
the ~.headwaters. of ithe ~Columbia, ~fl-~ving .south ,;into :Montana and 
ildaho, ~ and ~finally nonth, ~ emptying ~into ~'the ~ O Olumbia ~above the 
Canadian line. 

'.The ~Columbia River ~,system ~above ~he 
a ~ roughly i~riangdlar-shaped Grand ~.C ou!ee ~Dam ~drains 
,. area~of ~74,~000 ~square,',miles located 
in parts ~of ~Bni~ish~Columbia, ~Idaho, !Montana, an*d~V~ashington~ 

'The combine~d 'effect -~of itopography ~and ~preva~iYing :~nds ~pro- 
duces abrupt changes in precipitaSion on ~the ~tershed so ~that 
the average yearly ~precipitation varies ~from ~less than i lO ;itches 
to more ~than !o0 inches. The Columbia Basin contains a ~succes- 
sion of mountain :ranges ~.and valleys :running ~in ~.a ~nor.th-~and ~south 
direction. :,.~hen a~west ~r~d from ~the ~ooean passes over the !basin, 
• he mountain ,ranges .~act ~as -condensers :and accunmlators :of moisture 
with varying ieffectiveness, depending 'upon the altitude :of the 
range and other iless ::important factors. Intervening"valleys :and 
easterly slopes of mountain ~ranges ~receive :only a :smal~] part of 
the ~moisture and ~,re~u~ire irrigation for successful 'agriculture. 
This •unequal distribution in precipitation ,causes a marked dif- 
ference "in:run-off i:per unit of area, and 'the yield .of tributaries 
varies.wide].~, depending,upon the side ~of the range ,on ~hich they 
originate. :For tllis ~reason, estin~tes of stream Tlow :based :upon 
drainage ~areas or on,precipitation data a~ :sparsely/located ob- 
servation stations :are ~sub~ect to considerable uncertainty° 

The "climate fin the :eastern hart of ithe basin is ~cold ,and 
~predominantly~of the rigorous continental type, :tending ito ,cause 
~ an: abundant 'accumulation of snort :and :ice at ,the ~igher 'altitudes 
on the western slope of ~the iRocky :~2ountains 'and on~the :Selkirk 
~nd :Bitterroot ::Mountains. fin tl~e western ~pazt of ~;the :basin, ~he 
climate is :modifie~ by-the :adjacent ocean, :producing ~rain and :fog. 
Because of ~a range ,fin ~latitude ~o~ ~7~ degrees, ithe ~snow '~in the 
southern ,par~ (of ',the basin star~s melting and ~increas es stream 
;flow much earlier in ~the season itlmn ~that in ~the ~northern ~part~. 
The 'la~er yield ~.of ~the northern part is ,a decided ~advantage :as 
it produces an ~increased :run-off during ,the ~.hot anddry summer 
months. 

,Lakes ilooated near the iheadwaters ~tend :to ~regulate the .~low 
of :the river naturally ~by st oring ilarge..volumes .of-water, thus,i 
decreasing i'~he iflood peaks and furnishing wa~er for ~release ~when 
ri~er :and lake stages recede ~after '~the ~f~lood run-of~. 'Yhes e 
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LIe 
lakes have a combined area~of at ~least I,IOC :scuare miles ~an~a 
capacity of 9~,000,000 acre-feet ibelow low stage :and ;floo~ ~stage. 
The :larger !lakes ~are the iKootenay., upper 'and lower .~ro~, ~Lakes 
,in ~British ~Columbia; ~Flathead Lake ~:im ~ntana; and Pend ,d'Orgilile, 
P~.iest, and Coeur D'~lene Lakes ~in iIdaho. 

Since the :source ~of stream supply ~is mel.ting :snow ~and :be- 
cause of the stabilizing and equalizing ~effect of the ~large lakes, 
the hydrograph of the 'iColumbia River ~at Grand Coulee ~Dam~has no 
high, steep ipeaks ~but ~is regu!az, holding :up ~well in the dry, 
hot, , sun,her months, ~until :the ilas t of:~ugust ,'(figure 4, end ~of 
chapter !i). ',The ~annnal flood ?peziod :usually ~exten~s from Nay 
to ~hly, iinclusive, :reaching a :rather flat !peak during June. 
It has a :comparatively [large :range of ~maxinmm?yearly ;discharges, 
which ~ary ~from :250,000 ~o 17S5,000 second-feet at .the Grand Coulee 
Dam. 

The Iow-w~.ter ~period occurs fin the ~winter, Trom 'October to 
~March, vzhen precipitation is fin the/form of snow, during which 
time the discharge ~is "about SO,O00 second-feet= The ~extreme min- 
imum flows are caused by rapid -formation of ice ~during ,a :sudden 
and severe freeze. The gaging station near IGrand Coulee ~Dam~has 
been in operation since April 191S. ~and, during this ~period, the 
minimmm discharge may~have been less than 15,,300 ~second-feet, the 
stage-discharge relation probably having been affected ~by ice. 
The maximum discharge :of recm~d at this ~station v,~s ~9Z,O00 second- 
feet, on June 15, 191S. 

At The !Dalles, Oregon, a :stream-flow record !has been kept 
since 1878. The Faximum flood of record occurred :about the firs.t 
~of June 1894. iThis flood was estimated bY the ~Geological Survey 
to have reached a magnitude of 728,000 :seccnd'feet,at Gran~ Coulee 
Dam. ~From high-~ater marks left by this flood over .the Columbia 
Basin, ~it is !knovm to have been the severest ,experienced by any 
of the principal tributaries ~since that time. 'High ,water on.the 
Columbia ~River is not dependent upon ~rainfalYibut rather on the 
amount ~of snow in the basin and upon the ,sequence ~and length of 
the snow-meltingperiod in the tributa~ ~basins. 

"The valley of the Columbia within ~the ~United ~States ~above 
the mouth of .the Snake River is not :subject to inundation. The 
banks ~are high enough to confine flood waters except during ~ex- 
irene :conditions which ~.might occur only ~once -in :400 ~years ~or 
longer. Then~only snell isolated areas would be flooded. The 
tributaries are likevrlse Tree from ?flood ~damage, except for ~lands 
adjacen~ to ~lakes, 
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The~mean,a~nual ~discharges Of the ~Kootenay an~ the ,ma~n 
• Stem of +"+~he iCo!umNia ~abovethe mouth Of ~he ..Ko0tena~r +are •nearly 
equal, "be+ing about ~5,000 ~seoond'feet ~each. i The ~Clark ;Fork ~oon- 
tributes ' a ~mean annual ~dis charge .+ of ;2 6 ;000 ~.seoond~feet ::~hile '~he 
Kettle River :yields ,:only about .5,,000~second-~eet. ~:These":river 
basins 'are ~not as ilikely"to be ..subjected-i~o warm .+rains follow- 
.:ing an ~accum~lation+;of ,'snow-as +the ;Spokane ;Bas'in, .@l~ich +:reached 
its :.known :maximum ,discharge of +'48,000 ~sec.ond-feet :in iDecember., 
The mean ~ annual discharge 0f+.~he -Spokane.Uis..8,000 second-feet. 
Regardless :of .its time +of .occurrence, :a ;large.flood in :the :Spo- 
kane Basin.does :not -appreciably ~+affeot ~the ,Columb~ia River :as :the 
maximnm ~flo od - of +:the ',Spokane iis. about .. equal "+to ~the '.low-water .~is- 
charge ~of :the ' C01umbia~ . . 

The mean annual +fl0w + of :the .Columbia:at .the ;Grand , Coulee 
Damis 108;000 second-~eet. This ~ives .a~mean annual :run-off 
above ~the dam of '79~000,000 acre-feet, ~or about ~20 +:inches +over 
the basin. Full development of the ~pro~ect will +reQuire ~+8;000,000 
acre-feet :£or ~:irrigation. +.Even ~when +the annual run-0ff /is +low 
and with a large increase +fin i~ri~ation .above ~the ,.dam, +this re- 
quirement can easily :be fulfilTed. "The storage ~capacity ofthe 
Columbia ~River Res er~cir is 10;000,000 acre'feet, ~and, with ~an 
average run-off, +-it could ~be filled nearly ~eight +.+.times .in ~an 
average i.year~ ~The useful storage ~is ~5,200,000 +acre-feet. '~When 
• used for .stream-flow regulation, it ~is +~.large • enough +.to ~.double 
the firm power ~of ~plants +between Grand ~Coulee~Dam and~the ~mouth 
of .the:Snake River ~and +.to ~increase by 50 ~percent ~the Tirm ~power 
output Of ~other plants+~below that po~_ut, ~ineluding lhe Bonneville 
plant. ~Release ..of ~stored +v~ter will ~aintain low, water !levels 
inithe 'lower ++river two feet higher than+those oT-'~he ~uncontrolled 
river, iproviding a deeper navigable channel ~and :reducing ..+the 
dredging required. 

The Columbia iRiver above ~the :Snake has :a .stable ,charale!, 
being ~genera!ly ~confined .by rock:banks and ihaving a~':bed .composed 
of :s01id +-rock, boulders,, and :cobbles, ~material not :easily itrans~ 
ported by even :~the ~.high ,current velocities .existing in this :river. 
• Between the LInternaticnal Boundary and ~the ~.mouth ,of the ~Snake, 
the Tiver falls about +980 feet inca ~distance ++of 425o3 .miles~, or 
an average ~of +~2,+3 .feet per-mile. ~This ++.slope +<is ~not :uniform but 
is concentrated at~rapids and_fails. A @lan ~submitted !by ~the 
Corps of ~Eng~leers +uconte~plates ~the +~utilization +.of ~+96 :percent 
of ~the 891 feet fall :from'~the ~f.oot cf ~Priest Rapids to the ~Ca- 
.nadian line, ,a distance of .352 .milea. ~Grand Coulee DamJ.will ,de- 
velop ~355 +feet, ~.or +about .27 percent of this fall ~at low,water, 
and-about seven dams ~below Grand +Coulee +w~ll ~utilize ~the Te- 
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15. ~luvestisations and ~reports. Irrigation~possibilitiss 
in eastern Washin&~on Trom rivers ,in the C01umbia ~River Bas:in 
• were !investigated in ~1904 ~and ~again :in 1914 and 1915 by ~the 
Bureau of ,Reclamation ~cooperatin~wi~1~ ~the State ~of Washington. 
A C01ttmbia Basin ;Commission ,of itI:{e ~State of W~shington was '~ 
formed and investigated a inumb~er ~L-~ ~plans v:~ich were reviewed 
by a board Of engineers~of the iBureau~ ~ 

JA~comprehens~ve investxgat~on of the Columbia R~ver and 
minor tributaries ~vms made by,he ,Corps of Engineers 6f the War 
Department from 1928 to 19S1. The ~results of this investigation 
were published as House ~Document No. 103, 75d Congress, ~F~rst 
Session. :The Corps of iEngineers :in 19~0 es~abl~ished a :few~0b- 
servation stations for ~determining the ~natural :stage of ~the Dol~mm- 
'bia River, and some measurements were taken eaCh~ succeeding i~ear, 
especially during the ~azmual ~lood ~pe~iod° ~Later more observa- 
tion stations were established and idata 'were collected between 
~Kettle Falls, Washington, and :Revelstoke, ~British Columbia, by 
~arious Federal Governme~T~ ~agencies cooperating with ~he ~Demin- 
ion Water and ~Power !Bureau ,of Canada and ~arious water power 
companies. The Army report ,consisted ~:of t~o v61umss an d:£ive 
appendixes, one Of ~vhich was ~repa~ed ~ !by ithe R~Sau Of ~Recla- 
marion. ;As a result of :this report, Zthe Federal ~Eme~genoy Ad- 
mi~Listration of Public Works~ ~on ~July ~27~, o1~83~ ~Frovi~ed ~an 
initial aYlotment ~of $16~,000,000 for the ~first ~ear's ~operations 
at ,Grand JCoulee ~Damo The construction Of :this dam has ~been car- 
tied ~forward continuously ~from that date. ..... 

16. ~Property within!the reservoir. ~BacL~;~ter in lhe ~main 
stream of the Columbia, which amounts ~to less :than ~£our feet a~ 
the International BoundarY !for extremely low~!lows, v~ll decrease 
with an increase:in ~river discharges. :Sucl~ bac~ter,as exists 
at ~the boundary Will ~diminsh ~radually in the first :~16 ~o 20 
miles above the Canadian :~ine, :Dverflow rights to ;land on both 
Sides of the Columbia River f~rom~the dam to ~the foot of the Lit- 
tle Dalles~, a distance of ~1~5 miles, have been ae~uired ~o eleva- 
tion 1310.0. ?All buildings~, Lfences, and ~improvements are ibeing 
removed an~ all ~timber ~and ibrush lands ~are being ~Cleared. The 
area submerged within the reservoir ~;ill be~about 80,000 ~aOres, 
of which ~less ~than•one-half is of value. This comprises ~wheat 
land, ir#igated tracts, ~and timber, The towns :of Marcus and 
Kettle Falls are ~wlthin the ~proposed submerged area ~and have 
been abandoned. 

About B4:miles of state ~ighv~y and 43 miles of county 
highway have been relocated on ground above the Tesezvoir ~level~ 
The ~railroad bridge~at ,Marous and the ~highway bridge ~acnos s ~he 
Col~mbia River ~below~Ke~tle Falls will :be removed; .,and in their 
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place ~two new ibridges 'wil, l be ~bu'ilt above ~reservoir ,level jus~ 
ib@low Kettle Falls. The branch .of the :Great Northern ~'Railroad 
to Nelson, Br'itishiC01umbia, ~lll require ~relocation and ,recon- 
struction J£or ~.a distance o£ 15 miles ~betv:een ~Kettle Fall's and 
the ~ ~foot .of ~.the ~Little ~Dalles. 
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The Washington Water ]Power Companyhas •mmde extensive "in- 
vestigations of a p~ver Site ~Iocated ~at Kettle Falls. ~In ,con- 

• neetion x~ith lit ~ application ~f or a/~emmi:t ~t o ~the ~Federal ,Power 
Con-~nission, it made-.topographic surveys and ~foundation explora- 
L~ions. ~Tqpographic •maps ~ and Lriver cros s :s ect ions ~made :by this 
company ~'have 'be ~n us ed, extensively ~in ~backwat er calculations 

• 17•. Baok~'mter :studies. .The ,report of ~he ~Corps of Engi- 
neers, ~War Department, on ',The ~.Cblumbia 'River ~and -~Minor Trib, 
utaries," ~publ'ished :as '.House )Document .No. ~103, .volume 3.,, '.73d 
Congress, ~First Session, "has a plate~, ;No. ~l~F,, ~oppesite ~page 
1058, ~entitled i"Upper "Columbia Riven, (Comprehensi~e Plan-Pro- 
file~" ~,0n this drawing the normal ~.forebay le~l of !Grand ~C0ulee 
~liigh dam:was original'ly set at )1287..6 feet. ~ motation~iin the 
~upper right,hand corner ~States , "Grand Coulee high ~dam ~would :not 
cause :back~..~ter in,Canada at ~any •river ~stagej" Hmvever, an ~er- 
rot ~amounting to ~'1..7 '~feet :at ~the ::Canadian Boundary wa foun~ near 
Kettl@ .Fal~ls :in,~the :earlier lev,~l cizcuits:m~de bY the Geological 
Sur~e~, and ~the top .:of ~the ~spil~.~F gates for ~the :damas Construct- 
ed 'is at ~elevation-1288.0, the ~maxiEnm :reservoir ele.vB.tionbe~n~ 
at 1290.0. The /increase in"forebay elevation and~the ~er.ror in 
!levels,, ~:ound fin •193F, have the effect ~of ~inoreasing ~the ~back" 
water, ~.Raisin~ . . . .  tne/v~ter-surface elevation of the ~reservo:ir i~to 
~1290.o~at the dam would-~increase ~tbJ-e .bacl~¢,~ter at the boundary 
onlyi.,abou~ ithree iinches ;i!f0r-discharges greater tb~ z ~:100~;000 
~second-feet; .but ~ 'the error :inlevels ~had'~.the e~fect ~o~ i~10wer -- 
ing-the :hirer ,gage and all i:lands ~at the ~Internati0~.~ Boundary:~ 
with :respect '~o the dam ~and :~ximum reservoir leve~, which mat- 
ural!y resulted in ,1.7 feet more backwater at a l!l I !r~iver :stages. 

Belov: ~Kettle FailS, the :Columbia iRiver ~Reservoir ,water :sur- 
face will ~be~practicaIly level ~or 'any ~river d!schar ge on acoount 
Of ~the 'large channel eros s .~seotion and conse~.uer~C insignificant • 
:friction ~losses. .The 3~ fc, et :,rise in the ~river ;bed at Kettle 
~Falls an~ ~GrandlRapids ~materiaIly :reduces the channel ~czoss seo~ 
tion and, .although ~not ~large:, -~the frier-ion 'losses are :~a~v times 
larger. ~The ~computation ,0f ~the backwater ~ curve ~below ~the Toot 
of the Little Dalles .of.£ers no ~unusu~l iproblem, .and ~the amount 
of ~bac~,mter can ~be predio.te~ with .a~considerable ~degree of ac~ 
~curaoy ~up~ to•this point, ~Tt would amount ~to less ~than ~15 feet 
!for ~diso~arges up ~to :650,000 seoond-feet~ The !first caloula- 
tions were ~reliable :enough to set .,the upper limit of ~the submerged 
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area at -elevation I_ISID,O .from ithe .dam to the "foot :of./che L'it~le 
Dalles. .,This Yimit ~inoluded -an "allowance 'f0r:Treeb6ard° 

The/'Eittle .~Dalles ~is .~.located •:138 miles '~upstr~eam..~r0m ~,Gr~n'd 
Coulee Dam:and .15.5 '.miles .downstream,from'the .~'International ~Bound . . . . .  ' 
aryo .~t :this ~po'int the' C01umbia iRiver:, ~norm~lly .abo~t ",I ,000 ~;feot ~. • .- 
.~ide, ~is Lrestrioted~to'a narrow, ~ee p Channel ,aboUt :S00:feet '.wide 
• and ~200 ..,feet -deep ."for"a .:'distance ,:of ~2 ; 500 ~fe et, :.This :natural bar- 
.rier '~in the :.river channel ~.oonsti~utes 'a~contr61 ,seet'ion,and, .under " 

na'bural ~ flc~ :.cbnditions, ,~baeks water :upstream, <except ".during .,low.- 
water .!peziods. >In.ad~ition-.~o ~,the ,extreme :roughness .:of'<the .ohan- >'~ 
nel surface ~at the ;Little iDal!es., 7there 'are ~solid .rook 'pinnacles ..~:. !~i 
:and .'islands which rise ;.75 :Test ifrom",~he~bed .0f ~he ..river:. ,There <.~. 
are also ..deep iholes :and 'large "bays 'which cause ,enormous, eddies 
~v~irls, <and '.rollers not found, in ora~nary "flyer ~flov;.. ~Baok~ter ..... 

calcula`tions .~for 'this :section: Of ~the river ,are ~diff.icult -and "the ~ " " :  ~"ilil 

results .uncertain. Even.under ,back~uater .:oonditiona, the rise :in ' . ~ 
• reservoir .water :surface ~through~.tHis :~reaoh/is '.twice -as great 'as -I 
the .friction loss in 'the .'.135 "miles -.of .reservoir ~between `the ,foot • - -, 
.of "the L'ittlo ~Dalles and the ;dam. ~The ~amount ~.of.~.baokwater-ithat :-i 
might •exist .at iany point: above ~the !~ittle .;.Da~l:es depends '.,to ~a '.~ 
-:great-extent :on the ~results .of ,computations ~for :this seo`tion ,:of '~':"~ 
,the river, .i'Ab0ve ",~His <~each, the ira'i-lr0ad ~uaralleYs ~the ~river " ~-~:J 
and .,in many ~plaoes ~is: not .much ab0ve :ordinary "~igh-water ii e~l. 
:Bach~ater .wi~l ~,eXtend .into ',Canada., a'Ithough in ~smal~l ~amounts, '~ " ~': '~ 

~18. .Channel :i~rov~ment at ~`the Lit,tle iDalles.. !~The most .:.~.! 

promiSing,method of ~reducing the :amount of ~bachvater is i , t o  . > i n -  " " " 

prove .,the ~r.iver .channel .at ;~~e iLit-~le ~Dal!es <since i,t -:forms <a Corn- ' ":~. 
trol sectionr~dioh.~for ..large ~discharges ~bae~s ..water ~up !to .,the .... ' ~, 
~.Intermational :Bound'ar~...":'If,.mhannel impzovemen,t ~@limina~es.~baok- 

.<~ 

water--that :is., :restores :natural ~.flow <c0ndi~ioms .for :a ,discharge 
, of., .400., 000 :,second,feet '.with ,:a :,maxirmnn.~reservoir.. el@.vation--then, 
'for,. any discharges ~ above ~ this amount., .there .~ril,l --be, a :.decrease i 
in,the natural :.stage ,.ofthe ~ri~er -.which .~Ii :improve. ,,:present . ."~"~ 
conditions :along the :railroad: and -at -"the '.:International iBour~dary~.. " ' i 
General .plans-0f.,-channel .'imProvement .were -s~udied., 'bu~ ~there ".was '?. -. 

- I~ 'Q 

. cons iderable -.umoer~alnty .in -.c omputing-..the .resulting.,deorease;in •, • <-:.i 
. .  : . . .  " ~ . ~  

:'stage at '.~he:head ?of :~he~,.Li%-ble ~DaIl-es ..s'ince ::i,t .was ~,difficult -~t o >i,.:~ 
.select roughness ,.coefficients ~,t~at would ,be appYioable .to ,.the .... . :![:!~I 
proposed .plans~ ,of -channel .~:improve~ent.. ' ~ "  -'-/, '~"_I 

I~ " ~ of,an .h~draulic " " " " -<'~':~ .... ' , ~19.. 'iThe ;,use z~odel. ;iPast ..experience has :in- . ,.~,~ 
dieated '~that ~an !.hydraulic model is .of assistance in.solving .prob- " ~'- ''! 
lens .of .river-channel-improVement.where it :is ~des-ired to develop '-~"~-~~ 
.the most economical plan,.of~.ohannel ~exoavation. ~l,t is ~unneees- .'~~ 
,sary :to ~compute 'the iback~ter ..surface profile v,~en .._using :a :-model !!i 

- 

~-.~inoe ~the nrofiles may be measured directly >for ,,the ,natural .river ... '?:.;~ 
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channel or for any plan ~of Channel improvement, •Thus., >a:model 
O~fers ~a means of Checkin~ :.the ~ difficult ~and 'uncertain :bac]~ter ,ii. I 
computations ~ade throug~ the :Little :DaIles withunimproved chan- -:~ 
nel and "def~nles .~directl~ ~without ~computation ~the ~ bacl~ter .pro- i! 
file if or any •plan of channel improvement. 
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CHAPTER II - FIELDDATA 

20. Level datum, i Primary levels were runby the:Ge01ogical 
Surveynorthward along thelbranch line of the Great Northern 
Railroad fromMeyers Falls to the Boundary in 1905. This :level- 
ing was done for the International Boundary Comuission. ~Ano- 
tation on page 36, United States Geological Survey bulletin 674, 
states, "Part Of line fromDeerPark to ~eyers Falls, unadjusted, 
closing-3.89 feet." This would seem to indicate some uncer- 
tainty in the elevation 0f the bench mark:from which levels were 
started at Neyers Falls ~in 1905. 

The Geological Survey ran third-order levels up the Columbia 
River to the boundary in 1929"1930, The results indicated tl~t 
revisions were desirable ~-u previous elevations of"bencn~ ' mar,~s~ 
at the boundary and other bench marks southvmrd along theColumbia. 
The level datum used in the report of the Corps ofEngiueers, War 
Department, on the !'Columbia River and ~iinor Tributaries" was ms~ 

in agreement with the 1929-1930 surveys. 

In m~king surveys for the Col~{mbia River Reservoir, the Bu- 
reau of Reclamation discovered that the earlier level circuits 
by the Geological Survey joining Grand Coulee Dam with the, Colum- 
,bia River at the Canadian Boundary gave elevstions~too great at 
the boundary. In 1937 the Bureau ran a orecise-~level line up 
the Columbia River to the boundary from an init'al bench :mark 
established ~oy the Geological Survey near Grand Coulee lDam:site. 
Adjustments were ~2de on.each closed level circuit and wherever 
possible a check ~Bs made with bench mo~rks by the Geological 
Survey. A break of 2.9 feet was found ~uthe Geological Survey 
levels at a ooLut 20 miles below Kettle~Falls. This difference 
in elevation diminished ~ gradually tov~rd the International :Bound- 
ary, at which point the error ,~s 1.72 feet. The Geological 
Survey bench mark at the boundary line has a recorded elevation 
of 1352.50 while the Bureau of Reclamation gave the same bench 
mark an elevation of 1350.78 v~en referred to their datum at 
Grand Coulee Dam. 

C 

In Canada all observations are referred %o the Geodetic 
Survey of Canada datum, publication No. 24, '!PreciselLevelling 
in British Columbia," oublished in 1930, and to secondary lines 
of levels by the Geodetic Survey of Canada--in 1930, from B. M. 
No. 470J at Castlegar to the International Botuadary--in 1931, 
from B. M. No. 523J at Nakusp to Edgewood. Bench marks referred 
to the Geodetic Survey of Canada datum have an elevation that 
is 2.03 feet lower tha:~ they have v~en referred to the Bureau 
of Reclamation datum. In bac~uater calculations, it is :Lmportant 
that all ele-~ations be correctly referred to the reservoir v~ter- 
surface level at the dam. The Bureau of Reclamation levels meet 
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this requirement, regardless of whether'the:actual elevation 
above mean sea level is correct. The Bureau of Reclamation 
datum is used in'this report and water-surface elevations ob- 
tained in Canada~are reduced to this datum. 

21. ~ps. The first maps~of the Columbia River were made 
in 1891 byCaptain T. W. Symons, Corps of~Engineers, united 
States Army. These::maos were made as:an aid to navigation~and 
show the!locations ofreefs in the!Little Dalles. 

The only topographic maps •that include all of the~area that 
~rill be submerged by the Columbia River Reservoir are those fur- 
nished~by the United States Geological; Survey. These maps :show ........ 
a narrow strip on each side of~the ColumbiaRiver from:Rock Island 
Rapids (below Wenatchee, ~Vashin~bon) to the International Bound- 
ary. Ten sheets, 28 Linches:by 22:inches, on a~scaleof 1 to 
31,880 or 2 inches to the mile, are~used to cover this are~ With 
a contour interval of 20/feet on,land and 5 feet onthe river 
surface. The topography was obtained from aerial~photogr~phs 
made in 1930. The topography is no doubt in-error to the :same 
extent as the 1929,1930 ~levels, but, as these maps were~us~S~onl~ 
for the ~ r se . . . . . .  pu po of obtaznzn~ cross sectlons below ~e~tle~'~al±s, 
a small~difference inilevel datum is of no.consequence c~ a0 -'= 
count of the: small scale and large ~contour ~intezval.:~ 

• Maps showing the Columbia R~ver from •just ~below~Kettle Falls 
to:the International ~Boundary~were ~prepared by the .Washington 
V¢ater Power Company of Spokane ~in coza~ection with an application 
submitted to the Federal Power Co~mission for a permit to operate 
a power ulant at Kettle Falls. This series of maps, dated June 
1931, v~s made to a scale of 400 feet to the inch and a contour 
interval of lO feet wherelthe ground surface had considerable 
slope and 5 feet where~the ground was more nearly level. These 
maps were referred to the U. S. •.Geological Survey bench marks 
:of 1905, being tied into a bench mark located at Marcus,:desig- 
nated as 1283-J and described in U. ~:S. Geological Survey bulletin 
~57, page 25. At the foot of the Little Dalles, a V{ashing~on 
Water Power Company brass tablet was found to have an elevation 
3.932 feet higher ~han that given by,the Bureau of Reclamation 
datum. The Geological Survey •bench m2rk just east of boundary 
monument No. 181 on ~ bhe east!bank of the Columbia River is :given 
an elevation of 1364.138 by the Washington Water Power Company's 
m2ps and the Geological Survey of 1908. ~,~8~en referred to the 
Bureau of Reclamation datum, the elevation is 1380.779; that 
is, the elevations given on the map :in this vicinity are 3.389 
feet higher:than the Bureau of ~ Reclamation datum. :Accordingly, 
a deduction of 3o6 feet is made,from the elevations found on all 
maps and data obtained from this source. 

! 



Because of the extremely rough and jagged character ~of the 
Little Dalles, it was necessary to have more,accurate i~for~2- 
tion for studying the river channel than was givenron the Wash- 
ington Water Power Company's maps. Soundings were tak&n of the 
river channel at:13 sections which were completed ~by levels abo~e 
low water to an elevation%hat:would not be submerged~by the:res- 
ervoir. This information, supplemented lby data ~from !the power 
company maps, was used to make:a map of theLittle Dalles regi0n ' 
on a scale of 80 feet~to the inch vrith contour interval of.8 
feet, elevations being v~sed on Bureau of/Reclamation datum. ~ 

Incidental :%o a survey~of ~the R, S. Wells mine property~ 
a map v~s made, in 1939, of a~portion of~he Little Dalles above " 
low water'" on a scale of lO0.fee% to"the ~inch~and with a contour 
i..~terval of l0 feet, elevations "being referred to the Buzeau:0f 
Reclamation datum. • ~ .... 

22. Photographs. :During the high-v.~ter period of ! 9 3 8 ,  : ~ 
a s e r i e s  Of photographs ~ s  t a k e n  o f  t h e  L i t t l e  Da l l es  , reg iOn 
vshen the discharge was 330 i600 second-feet; several photographs 
were taken in:December 1939,, v~ith a river discharge of 50;000 
second-feet. ~: Prints of the aerial viev:s of the Columbia/River ~ 
from the foot of the Little Dalles to the International Boundary, 
takenby t1~e Geological Survey in connection with ±heir t0pographic 
maps made in 1930, were obtained. An~enlargement of the aerial 
View of the Little :Dalles region ",,~s very useful in aiding ~,zork- 
m~m to mold and shape the topography:for the l,hydraulic model. 

23. Stream gaging stations. The Governments of the United 
States and Canada in 1928 developed an ~international ~ investiga- 
tion program of major streamer and boundary waters bet~reen the 
Lake-cf-the~Woods and the Pacific Coast. This program included 
gaging stations on the Columbia at Trail, British,Columbiao on 
the Clark Fork below Z Canyon near Me%alinelFalls, Washingbon, 
and on the Kettle River near Laurier, ~Vashington. The location 
of these stations is shown on themap, figure ~l. The,data col- 
lected at a gaging station consist of records ~of stage, measure-~ 
ments of discharge, and general :information,of aid in determin- 
ing the daily flow. The ferret"observation station" is~ns~d in 
this report to designate a place at which only the sta~e of the 
river is obtained; it ~is necessary to estimate the~discharge 
fromthe records of one or more gaging stations located either 
upstream or d~nstream, correcting for flow from tributaries if 
necessary. 

In computing a backwater profile, the properties of ithe 
river cltannel at the upper end of the reservoir have much more 
influence on the final result than those near ~the dam." For ~this 
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reason,the stretch 0f~river.£rom~the mouth of ~the Kettle River 
to the .International Boundary is most ~impor~ant, with sections " 

nearest the boundary havin G the most influence on the j£inal ~re- 
sult, Since there~are no large tributaries joining the iColumbia • • 
River withinithis stretch, the dischargewas assumed:constant ~: 

from the mouth of the Kettle River to the International !Boundary. 
The largest creek emptying into the Columbia River in :this stretch 
is Sheep Creek, and ~its discharge is usually less '~than One p~r- ~ ~~ 

cent of that of the Columbia River. 

When the discharge obtained at a gaging stati0n:is te~ibe ~ .... 
used at some other locality, the variation in stage should ~be 
considered. The nortion of the Columbia River whither:is :sub- ~'' '~ 
jected to bv.~,~r-~ '-~ from Grand Coulee Dam has a ~very steady rate 
of flow, changing gradually from day to day because :it ~is some 
di~stance .from its source and, as already.pointed out, :is £edl.by 
melting snow and has a large lake area to stabilize its ~rate of 
flow. Figure ~ shows the i~hydrograph of the Columbia :River~at 
Grand Coulee Dam from 1913 to:1939. It will be noted'that there 
areno sharp flood ueaks. At .the Kettle Falls gaging:station, 
the ~change in the~rate of discharge from day to day is rarely 
over £ive percent, is.usually ~less than three percent, ~and, in 
eight hours, is less ~than two percontm .To prove :that the' varia- 
tion in discharge between~the International :Boundary~and KeL-tle 
Falls for any day.was :not ~large, table II was prepared, which 
shows for each stream gaging station the drainage area, the -~ 
average discharge computed :from lthe" available record, and-the 
discharge for certain days. At the .bottom of table I I are shovm 
the results of several compazisons of discharges as glven~by the 
tributary gaging stations and [that at Kettle:.Falls. :The r~ximmm 
variation in:discharge found was less than :.three oercent. The 
tendency for the tributary,stations to give,a higher :discharge~ 
than-Kettle Falls when the:stage is .rising and a lower discharge 
when the stage is Talling ~is very~small. Since all t1~e ~observa- 
tion stations ~were between Trail, British Columbia,. and Kettle 
Falls, to obtain the discharge ,that was applicable to.any ob- 
servation station it was necessary to correct only for the dis- 
charges from intervening tributaries. ... 

The gaging station at .Trai]~, British Columbia,'mmS af£eeted 
at flood stage ~by.back~.,~ter ~caused ;by Targe.~discharges in ~he 
Clark Fork emptying into :the~Colu~oia i0 miles bolo~ :Trai~; :some --:~. 
bac.~.~ter may also be caused by the restricted.channel :at. the " 
Little~Dalles at very high flood stage. Because of the:unfavor-: 
able location, the ga~ing station at Trail was moved seven~mi~le~ ~• 
upstreo~m to~Birchba~k in October 1957:, where it~was..beyond-the 
effect of back~vater from the Clark Fork. There probablM was ~a 
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tendency to estimate discharges fromthe rating .cur~e 0f~ the 
Trail gaging station too 'high, as:is indicated by the £act that .... 
the total average discharge of the tributaries is greater,than .. 
that at Kettle Falls. ~Alsof'Tor the floodpeak of June 2~, 1933~ .... 
the tributary :stations ,showed a larger discharge than :the ~Ket~le 

Falls station. 

To •obtain the discharge:of the Columbia at anypdint !~bstween .... 
the International Boundary and ~the mouth of ithe Kettle Rive,~ <it .. 
is necessary to subtract from the discharge at the Kettle Falls ~ 
gaging station,~he disclmrge ,of the Kettle River :as given/~by ..the' - 
Laurier :gaging station. This discharge may be checked by adding ~ 
together th6 discharge of :the Columbia at Trail or Birchbank,~' 
the discharge of the Clark,Fork below Z' Canyon, and:'tho~ disbhirge 

,, '-k 

of the Salmon River :near Waneta; ,but, since the Salmon~Rm~er c, on- 
tributes only about ~one-half of one percent of the'flow in-the 
Columbia, it may be neglected. This-check ~.~s used for~:several 
large discharges and was al~ys found :to :substantiate ,the:re- .... 
sults of the first method to within 'fi~e percent or 'less. As 

~ ~e ~ the only large creel: emptying ini~o ~the Colum- previousls~ s ~ ,u, 
bia between the mouth of' the.Kettle River and the Canar~la1: Bouna- 
ary is Sheep:Creek, which usually contributes less thin one":per - 
cent of the flow, in the Columbia. - 

~To obtain,direct measurements ofthe ,back~vater cause~ by'the 
filling of the Columbia River Reservoir, the Dominion ' Water and 
Power Bureau of_Canada, in cconezation with the U. 'S~. Geological 
SurveM, installed an international gaging station on the Columbia: 
River at the Canadian Boundary during the winter of 1938-1939. 
An auto:m~tic recording gage is located ,on the left bank of ,the 
river at the boundaryline. The cable measuring station .is :l:0- " 
eared'about 6,0OO feet d~,mstream from the recording gageo Nine 
sets of current meter measurements, table VIII, .have ~been: made 
at this station for a range of discharges from:295,VOO:to :285,000 
second-feet. These measurements checked the discharge-obtained 
by deducting the discharge clothe Kettle River at Laurier_from 
the discharge of the columbia at iKet'ole Falls :by less than five 

percent. . ~ :~ 

24. Observation~stations. The Corps ~of Engineersi~ in 1928" 
1931, establ'i's}~ed •four observation stations where the water-sur- 
face elevations of ~the river were determined on ,certain~_~ays,. 
These stations have:been designate d~as major obser,vation sta~ 
tions since they were located at .themost critical point_s along 
the river and have a-:~longer record than those located later :bY 
other Government agencies. The'locations of thes~e~ajor obser- 
vation stations are shown :onfigure l~o The water-surface eleva .... 
tions obtained at these stations were referred t0~:~he Geological 

,i 

@ 
39 {} 

i 

i- 



. f ~  • ,  • , ?  j 

0 

f 

7 

.Survey,datum'*of 1929-1930, and:the equation between:thi's datum 
s.nd that of.the Bureau ::of "Reclamation. was :determined'.when i.pre- 
:cise-level..circuitswere made ',in.1937. All~.water-suzface ele- 
vations have .been. reduced to-the 'Bureau ;of !.ReclaT~ation datum,~, 
Table IiIigives these data. .. ~. . - 

In ~ay and June of 19S3, the U, S.~iGe01ogical Suzvoy, "-in .:~-~ 

cooneratio1~'with .the Dominion Water and."Power Bureau-~0f canada, -.~ 

selected ~10 locations for :. observation stations ~here ..the eleva- 
~ion's~'of the'v~ter surface could be~.determined crier to and ~after 
placin~ the.,, Grand Coulee.Dam in operation. Four 0f::~.these obser- 
vation stations have the same location as .those used by':~he.~Corp S 
of Engineers, designated as major observation'~stations. 'The j.data 
obtained-at those observati0n.stations,~,~hich are ST.different 
locations from the observation stations of the Bureau of .Recl~.~ - 

:5 

marion, .are given in table IV. These stations .~,~ere:spacdd-:on~-an 
average of~3.4 .miles apart on.a stretch of ~the C01umbia extend- 
ing 17.5:miles upstream~from the boundary and 'l?"mi].es downstream 
from..the.boundary. The map.~.on~figure.:l shows the '10cati0n~0f 
these observation: stations, ~,s~d ~table ..V gives the.~:distance !be- 
tweenstations and:the d~'.stanee~.from..Grand~Coulee!Dam..".It~s : .... . .. 
desirable-.to obtain t~e ~water-surface.elevations at the-:observa~ " • 
tion stations:-simulta.~eouSiy; however, :thisvms net practicable, 
and, because of:difficult-ice ~ . . . . . . . . . . . . . .  " " ' ~n'travel~n~ and t~me:requ~redfor ~ 

leveling ,. a. complete ~ set of ~;observations .could seldom,be ~:made 
during a..single:day. An average of~four river profiles was.-.ob~ . . . . . . . .  . • : 

rained each year, with- at least, one of the..profiles, each year 
bein~:~aken,'during flood:stage. " " " ...... ~" " Th~s program .of ~r~ver.-pro~ ~le. . 
observations :.is ~being.c0ntinued and.".~rill .iTurnish"important~.data ~ .-, 
when~the'Columbia :.-Reservoiris filled; it.will':also set.re ..to " -: 
determine the effect of any .ch'~innel imorovement undertaken. 
Future data collected" under .tllosei conditions can be-used as :a " - 
prototype : check on model .results obtained at the present ~time. • • 

Additional ObservationSstations -. on ~th~ ' Columbia River Were 
established by the Bureau:.~of Reclamation~until there was!~.a total 
of 17 stations ..which •were located betweenthe mouth of~:the Keth ~T 

tle River and the International Boundary.(-see fi~rei~l), _,Four- ~. - 

of these stations were identical with those established.~:by ~the 
Corps of .EnGineers and desi~wnated as-major-observation.istations~ 
Twelve stations-are loCated -in.:the '!ST~-"miles between -~he.foot / ~. 
of the~ Little Dalles ..and :lhe.:boundary, .v£nere ~the ' h~dnau!ic .._char" 
acteristics of the river,.channel are very ~irregular an~ ~ive.~a - 
wide variation in.therougk~ess..coefficient. -Five statiens:arei~,. 
located below the!Little ~Da, lles; three.are near the ~own.0f~~arcus , 
22 miles below-the. Little' Dalles ~ and-two are adjacent~to" the 
Little Dalles. Twenty-six sets - of water-surface elevations ~ere 
obtained durin G the year 1986 for the entire range ..of"flow from 
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flood to¥~extreme low ~.vater. These ele~tions, together with the 
corresponding discharge, are given in'table VI. ~ 

All observation stations are accessible from the highway 
along the river, and a bench mark is located near each station. 
Elevations are obtained along the bank by using a surveyor's 
level. As a consequence, any variation in v~ter-surface level 
across the river channel is neglected, and all v~ter-surfaoe 
elevations ~iven are applicable to the left (east) side ~of ~hs 
river. Observation stations were never located on r i~sr bends 
and were alv~ys placed on the main river chaD_uel so that ~the 
~ater-surface elevations determine~ in the manner :described 
above represented, as nearly as possible, the average elevations 
of the ~ter surface at that section, except near and~ithrou$ h 
the Little DaIles, where largo eddies are knov.%% %o ~ffeot the 
v~ter level near the ~left bank. :: ..... • 

In order to have a mo~-e reliable chec~ on the iperformance 
of the hydraulic model, 12 additional observation S~a~ions were 
established through the Little Dalles° ~rater-sumfa~e elections 
were determined on the left side of the channel for a range Of 
discharges from 25,000 to 240,000 second-feet (see ~able V!I~)~ 
Through the Little Dalles, the water-surface elevation ~ried 
from point to point across the river ~cross Section; mn eompar!ng 
model and prototyp_e, the water ,surface in the model i~v~s measured ' 
on the left bank at points ~shich corresponded to those observa- 
tion stations used in the prototype. ~ ~' 

25. River chess sections. Representative cross Sections 
off the chan-~el were taken by soundings below iow-wa%er" level !and 
by levelin~ above low~ater. Areas of these sections were.ob -~ ~ 
tained by planimetez, and the wetted perimeters determined. ,~ ~ 
Curves of area and hydraulic radius were plotted against ~v,~ter- 

surface elevation. 

For the purDose of backwater studies, it was convenient ~0 ~ 
divide the length of the reservoir into four zones. Each zone " 
has different :characteristics of tonograohy, a different type ~J ~ 
of channel flow, and~required different methods of analys:is, • 
The extent of each zone is shown on the map, figure ~l. The 
1 oca~ions and lengbhs of:zones are as follows: ~ ~ : 

Zone I from Grand Coulee Dam to above iKettle • 
Falls observation station 17 :(at Marcus) .o.... 1T1.O miles. 

Zone 2 from above Kettle Falls observation 
station 17 to foot of Little Dalles ,...o. ...... .. :22.0 miles:~: 
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Zone 3 :from foot Of ~Little iDalles ,to~'head ,of 
Little Dalles . ..,.. @@., @ @ . @..... m •@ @,@. @ @ @ .'. • @ ,@ 0 .9  miles. 

Zone 4 from head Of Little Dalles 'to the 
International ~ Boundary , 15 3 roll ..O@@ ~..@ .@.~ ....@@ .@... • eS.@ 

In zone i, ~the area an dthe hydrauI~ic radius ~are very ~large 
and the mean velocity is very low; consequential, the friction 
loss is very small, being only a little :over one Toot for a dis- 
charge of 650,000 second-feet. The friction loss in this ~zone 
does not have much effect on the amount Of back~vater in zon~ 4 
or ~at the International Boundary. In View of this fact, it ~as 
sufficiently accurate to,determAne the ~rivcr cross section from 
the aerial topographic maos ~de by the Geological Survey. 

The maos ~ade by the Washington 1~ater Power ~Compa~y extend - 
from below Kettle Fall s~to the .~nternational Bo~undary. ~ 
river cross sections had to be ~determined from these toposraphic 
maps, one at the Kettle Falls highway bridge, section:S0, and ,.: 
~ bBtu~een the~Talls and the to~n~ of ~arcus. These maps ~give 
the topography "in fair detail do~:m to low-water level, but~the 
bottom of the river bed had to be assumed. This assumption Lis 
relatively unimportant and •would not cause ~ any serious~error 
since the area below low ~ater is ~small compared to ~the area of 
the ~cross sectionwith a ~full _reservoir,, Land 'the slope of the 
energy gradient just above Kettle~F~!is with ithe reservoir ~full 
or parblyfull is very flat, , 

The Washington ..ater ~Power Company,obtalned ~&ser~es of 
r~ver cross sections by soundings and surveys betw~en~the t~n 
of Marcus and the International Boundary. ~ ~These cross sections, 
together with their~areas and hydraulic rs~dii, were obtained :from 
the cower company and corrected to ~the Bureau of Reclamation 
datum. There are ~ of these cross sections in the 38 miles of 
river, the maximum distance between sections being 20,S00~feet, 
or 3.85 miles, near the Canadian Boundary where the ri~zer chan- 
nel flows uniformly and h~s ~a constant channel cross section 
for 4 or 5 miles. ~Tith this one exception, the distance be" 
tween cross sections is less titan 13,250 feet. Care w~s exer- 
cised in locating the .river cross sections~so that they~would 
be representative of ithe river channel with no marked change in 
flow conditions or shape of ~channel taking place betwee~ them. 
None of th~ cross sections was 10cated at,a~bond in the ,river, 
nor did any of them cut across bays or abnor~lly v~ds portions 
~j~ the river. The cross sections were taken at right-anglos 
-.~ the flow of the river under ~both natural and bael~ter con- 
ditions. 
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"~-.--. The Bureau of Reclamation took 13 additional ~river cross 
sections .alon~ the Little Dalles between~the two cross sections 
of the 'Washington Water .P~ver .Company. Seven of these were"lo- 
eared within the 500 Teet Of ~ entrance section to the restricted 
gorge, where the shape Of the channel v~s fast changing from ~he 
normally broad, shallow river section to ~he narrow, deep, ~re- 
stricted section of the Little Dalles. This ~change..in.shape of 
cr¢,ss sectionwas nade more-complicated by ithe large island of 
solid limestone that choked the entrance and split ~it :into'two., 
channels. "Five other cross sections were obtained where the 
shape or size of ~the .c.hannel Changed through the deep gorge of 
the :Little Dalles. '.Below the deep ~gorge., .the :river channel 
widens ~out, becon~in~ shallower. Several intermittent rook 
ridges or reefs tend :to divide the main ~channel into two or 
tk~ee parts. •This condi+~ion ex~ends for about'.2;000 feet and 
considerable energy .is expended, ~as is sho~ by vmves an~ .white 
~ter around the points of rock jutting out-of the water. .One 
cross section was •taken at:thelower end of this section ~of 
reefs. This point is known as the_'foot of the Little Dalles, 
and, dovms%ream,from'~it, the river becomes normal, being per- 
haps a .little ~der-for a-~short distance where the boils .and 
:rollers originating.in~the .LittleDalles dissipate themselves. 

To obtain these•.river cross sections, ~a .~cable v~s .stretched 
between the steep banks of the ~river from • which ~a 'line ~was sus- 
pended ~o.a :boat. A 40-pound:weight attached to a small steel 
cabl6 was used for.making the sourxi~_ngs. These-cross sections 
were obtained at~low ~ter when the/discharge-~,ms about 25,000 
second'feet. Even at these low discharges,-'velocities were :high 
and considerable difficulty "~ms exnerienced in handling the 
sounding .weights. Several ,weights were ;lost in the deeper por- 
tions of the channel, Below the restricted .section of the Lit- 
tle Dalles -.,:here the river iwidens out, .running over ~the rocL~J 
.reefs, it v~s imoossible ito stretch a cable because of the greab- 
er distance and the flatter :river banks. .Consequently, the :use 
of a boat would have been .very dangerous because of the swift 
currents and r ockq? reefa, and no sections were obtained. 

The Bureau of Reclamation-took a river cross section 280 
feet above the boundary line-at the site .of the major observa- 
tion station No. 2o in.the~v,-inter of 1988-1939, a..permanent 
.automatic recordin~ ~gage v~s located at this cross section on 
the left b~.k of thehriver{~ All baclr~ater conditions and z~as- 
urements .at ~he .International~ Boundary will be referred to-this 

~..river cross section. .-_ 

26. Coincidence of ~river cross sections and observation 
stations. -~The cross section Of-the:river channel at the ob- 
servation station must be known if the roughness coefficient 
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is tossbe computed accurately. At most river cross sections, 
~ute~-surface elevations were unknov~. In some instances :the 
cr~SSt section at the observation stations were unknown, which 
comp,7.Jlcated '/ v. ~ the work of eo.moutin~ the roughness coefficiento 

For th0se observation stations ,located ~above the Car~dian 
border, there a~e no river cross sections ava£1able; ~however,, 
no backv~ter computations were made in this region. Below the ~' 
boundary there are no river cross sections for the following 

observation stations : 

Orchard ,- ~,0 miles d~,~tream from International Boundr/ry. 
North~ort Bridge - 10,8 miles dovmstream from Internatibnal 

Boundary. ~ ,/ 

These stations were 0£ no value in a~certaining the roughness 
coefficients, but the data for them are listed in table~ IV. 

Some o£ the observation stations established by'/the Bu- 
reau of Reclamation were located a short distance from a river 
cross section, but the data from these stations weT<e us~d to 
co~,~te the roughness coefficients since they were so near the 
river cross sections and there were n 9 othor data ~ available. 
The following is a list of these stations and their distances 

to the nearest river cross section: 

/2"  
Observation statio~ 7 - I,O00 feet d~mstream fror, river 

-" cross section 93. 
Observation station 10- 900 feet upstr.eam from river 

, cross section ..88. 
Observation sta-~:~.~.or.,,, 12 - ~260 feet upstream from river 

-; "~ cross sectiou L. 
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% Table,IV 
Shee~lof 2 

@ COLU!~BIA RIVER RESERVOIR 
BACK,~A'PZR STUDIES 

Water Surfaoe Elevations at Selected Observation Stationa 
on the Columbia River~ -U?.S.~.R. Datum 

•0 

• % 

Date 

5-31-32 
6- 4~32 
6- 6-32 
6-13-32 
6-14-32j!I 
6-17-3~ 
6-18-32 
6-20-32 
6-21-32 
6 - 2 2 - 3 2  

7 -  4 - 3 2  
7- 6"321 
8-15-32 i 
8-17-32 

ii- 2-32 1 
Ii- 3-32 
II- 6-32 
11-22-32 I 
6-14-33 
6-15-331 
6-21-33 
7- 4-33 

10-12-33 
10-13-33 1 

2-26-36 
2-27-36 
6-22-36 
5-23-36 
6- 4-36 
6- 5-36 

8-24-36 
6- 6-37 
6- 7-37 
6-17-37 
6-18-37 

Northport 
Bridge, 
Wash. Boundary B. C. 

1295.9 

1298.9 

1302.5 

1301.9 

1297.3 

1268.5 

1268o8 

1303.0 
1308.8 

1270.8 

1264.3 

1292.8 

1303.6 

1274.9 

1288.2 

1289.6 

4 miles ~ " 
belc~ 
Inte2n~a- Columbla Beaver 
%ional Gardens, Creek, 

B.C° 

1310.6 

1313,0 

1315.8 

1315°3  

1311.8 

1328.6 

1329.5 

1332.3 

1335.4 

1332.3 

1318.8 
1308.8 

1308.4 
1332.5  

1338.6 
1338.0 
ISII'5 

1303.6 

1327.6 

1336.3 

1316.8 

1325.2 

1326.4 

1287.3 

1287.7 

1316°1 
1322.2 
1319.0 

1289.9 

1283.4 

1308.7 

1316.4 

1294.0 

1305.5 

1306.1 

1333,1 

1335.9 

1339,1 

1336.3 
1323.3 

1313.1 

1312.8 
1335.7 

1342.5 
1341.5 
1315,8 

!308.8 

133!®~ 

1340.6 

IS21.2 

1328.0 

1330o4 

Trail, 
B.C. 

1343,7 
1344.8 
1345.6 
1347.9 
1348.4 
1351.5 
1351.6 
1351.3 
1351.0 
1351.2 
1349.7 
1349.1 

1336.91 
1326.9, 

1326.7 
132G,5 
1347o7 
1348.4 
1354.2 
1353.5 
1329.6 

1522.0 

1343.9 

1352,9 
1352.8 
I~34.4 
1334.2 
1341o9 

1343.4 

Birch- 
bank, 
B.C. 

1375.9 

1380.4 

1379.8 
1378ol 

1361.8 

1375.5 

1383.0 
1382.5 
1352.1 

1344.2 

1370.8 

1382.0 
I 

1358.8 

1368.7 

1370.4 

Castle gar, 
B. C. , 

1388,2 " 
1389,7 : 
1390.8 " 
1392.8 
1393.8 
1396.9 
1397 @4 
139G.9., 
1396,6 ,.. 
1396.6: 
1395.9 
1394.9 
1385.4! ' 

1375.4 • 

1375.3~ 
1374,5 ; 
1391,8 
1392.  
1399,0 
1399.0 " 
1377.8 

1370.8 

1389-0 1 

'1399,3 

1383,9 

1387.3• i 

1389.0" , I 

[i 

4 

c 
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Water Surface Elevations at Selected Observation Stations 
on the Columbia River~ -U.S.B.R. Datum 

@ 

4 miles 
bel~; 

Northport Interna- 
Bridge, tional 

Date Wash. • Boundary 
i 

Colt~bia 
Gardens, 
B. C. 

BeavBi ~ 
Creek, 
B.C. 

Trail, 
B.C. 

Birch- 
bar~, 
B.C. ' 

ii- 9-~7 
II-i]-37 
1-26-38 
i -27 -38 
4- 7-38 
6- ~-5~ 
6-17 -38 

12-12-38 
12-15-38 1266.7 
4-26-39 1274.2 
6 - 2 0 - 3 9  1236.1 

1271.1 
1267.5 

1268.6 
13C0.3 
1298.3 

12£0.0 
1286.3 

1287.4 
1313.8 
1312.4 

I~85.6 
!293.i 
1303.8 

1506.2 
13C~.8 
1352.8 
I~1.8 
1506.5 

1512.4 
1524.2 

iS18.3 

1511.0 
1311,4 
1356.7 
1335.7 
1311.0 

1316o7 
1328,3 

1329o9 

IS24.4 
1324,8 
1349.1 
1348o2 
i~24.4 

1550o0 
1341o4 

1552.8 
1355.0 
1346,5 
I~46.5 
1346o7 
1377.2 
1376'2 
1348.4 

I~53.0 
1567.7 

Castlegar, 
B. C, 

1578,4 
1578,2 
1372.2 
157205 
1572e3 
1'395.6 
1593,2 
1572.7 

1375.8 
1387'4 

Front report by G. L. Parker, U, S® Geologi@al 
Survey, 1939, and from report by C~ E. b'ebb, 
D~uinion Water and power Bureau of Canada, 1939. 

@ 
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River Cross Section or iObserva~ion Station 
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~Biv~r Cross Section or Observation Station 
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CHAPTF~R III - A~ALYSIS OF FIELD DATA ~: 

27. Determination of value of n for natural ~ flows-- Therc r: 
are available' "about 50 water-surf-ace profiles as well as cross 
sections of the river. The profiles were determined by: water- i 

' '0 surface elevations at the 4 major observation statlons from 193 ~ 
on, supplemented bY elevations taken at the 13 mlnor observation ii 
stations during 1935 and 1936. in. determlnlng value~ of n the ! 
first step was to plot rating curves ~ (discharge versus elevation) ~ 

major observation station. From these rating curves the 'i for e ~ch 
differences of elevation between adjacent major observation sta- 
tions were obtained,~the stations involved being Nos..2, 6, Ii, i 
and 13 (figure l) proceeding downstream. These differences were i 
olotted against corresponding discharges. The rating, curves and i 
the' difference of elevation curves were then:adjusted so :that the 
sum of the differences between adjacent stations was equal to the i 
total fall, as determined by the rating curves, between stations ! 
2 and 13. These major observation stations, being of longer~:reco rd, i 
were used as a control for adjustment of the difference of eleva- 
tion curves for minor observation stations ~ich were similarly 
treated. There being no major station below statioul3, just be- 
low the Little Dalles, minor stations between there and Kettle 
Falls were adjusted in the same way:~to :minor observation sta- i 
tion 17. This adjustment was necessary because of the dispersion 
of the points from which each curve was plotted. ~ 

i' 

After" these curves were plotted, the value of n for each ~ 
reach was computed for several values of the discharge and the i 
values so determined were plotted against the discharge, giving ~ 
curves from which the value of n for natural flowf0r any de- 
sir ed discharge in any r each could be determined. 

28. Ratin~. curves for major observation stations, Table III ~ 
shows water-surface elevations and the discharges' for;major obser- ~ 

vation stations as;determined on certain days. These datawere 
used to construct the rating curve for each of these stations shown 
in fiGtu'e 5, whi~'~ curves are well defh~ed up to a discharge of 
420,000 second-feet. No difference can be detected in the rating 

for :rising and falling, stages of .the river. This confirms .~.~! 
curves the previous conclusion that it is unnecessary to correct the !. 
record for difference in:time of observations and distance between I 

stati one. i 

Nine current meter measurements were made at the new gaging :i 
station located below the International Boundary about 6,000 feet ! 
dovmstream from major observation station 2, v~ere the elevation 
of the water surface is measured. These data, table VIII, are 
plotted on the rating curve for this station, The points agree 
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O very well with the curve as originallydrawn when based only on 
the data from the observation station. 

29. Difference in water-surface elevation betv:een observa- 
tion stations. Except in one or two!cases, the sets of observa- 
tions givi ngthe water-surface levels at the observation stations 
were collected on the same day or, at least ontwo consecutlve days 
so,that practically the same discharge:was ~flowing in the river at 
any two neighboring stations when the ~ elevations of the water sur- 
face were observed. ~Differencas in water-surface elevations be- 
tween major observation stations are :shown by'table IX and the 
data are plotted on figure 6. As with the rating curves, the 
curves for differences in water-surface elevations are well,de- 
fined up to a discharge of 420,000 secomd-feet, the largest dis- 
charge for ~hich measurements were made. 

The river between major observation stations was Jdivided 
into several reaches, either byminor :observation stations or by 
points where river cross sections were taken. The minor observa- 
tion stations were established by the~Bureau of Reclamation in 
December 1938, and the data for hhese stations are shown by,table 
VI. Rating curves were~not dra~ for the minor observation sta- 
tions; instead, curves of the difference of<elevation in each 
reach plotted against discharge were used since only this differ- 
ence v~s:needed for th~ calculation of~the roughness coefficient. 
These curves ol differences of water'surface elevation between 

iO 

and 8, were completed, they defined accurately~the difference in 
water-surface level withinanyreach~fo r ~nydischarge~up ~o about 
400,000 second'feet; also these curves were consistent with each 
other and viththe rating curves obtained for the major observa- 

tion stations. 

30. Formulas used to determine ener~-~ loss. Field data were 
obtained only to medium~flood stage and it is necessary~to extend 
these data so that:they'~ill cover high flood stages, in order 
obtain values ~ of the roughness coefficient for all ~stages for 

• b c'r~ t r computations, ~ile various formulas for computo use In a z. a e 

ing flc~v ~n open channels have ~ been proposed, only :two, ~Kutter's 
snd Manning,s, have beenwidely used, and all computations were 
based on one of these two f0rmulas; values of n for natural fI~21 
were computed for each of them. The field data were carefully 
s.ualyzed to gi~e as accurate and true a picture as possible of 
conditions as they actually exist under natural flow conditions 
without the introduction of any safe~ factor. 
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31. Enlargement loss. There are several losses 'that occur 
in open-channel flow besides that .due to :friction, but no att~npt 
was made tO correct for any of these ,losses other than eniarge~nent. 
Usually ~e change from kinetic to pot~ntial>ener~2T, v~ich:occurs 
during enlargement , involves a loss .whichis sometimes :expressed 
by the formula 

2 _ vi 
he'= Ke " 2g 

For irregular river channels, the evaluation of the portiou_of :the 
energy that is lost .is very difficult. There are few data.avail- 
able as guides _in selecting a value of Ke° The value o£ this ,fat- 
ter increases where numerous v:hirls an d eddies :accompany the en- 
larg~nent o£ the stream. A~commonly used value of Ke is 0,50; 
however, values vary from 0.50 to i0o75. Because of the difficulty 
in selecting a proper value, Borda's formula Tot sudden enlargement 
was us ed., 

( v 2 .  vl) 2 
h ~ = e 2 g  

For sudden enlargement this formula is theoretically correct, and 
its accuracy has -been demonstrated by numerous ,experiments. _It is 
doubtful if it is strictly applicable to the type of-enlargement 
found in the river flow, yet, ....... better formula<has been 
found:or .developed, it is ~believed-that its use is justified. 
Since the total ,energy loss:is composed of.enlargement and fric- 
tion loss, the roughness :coefficient w~ll be smaller than it should 
be, if the: enlargement loss is computed too large. ,When-the back- 
water curve is computed, the error introduce~-"if ~ is to some 
-extent compensatlng If the same frlct~on and enlargement loss for- 
mulas are used. 

32. ~Computin6 thee, roughness coefficients for zone 4. 'Table 
XI is a sample computation shee't us'ed for d'ebermining the rough- 
ness coefficient, by either ~thelMamuing or the Kutter formula, 
for zone 4 from the International Boundary, :major observation sta- 
tion 2, ~o the~head of the Little Dalles, major observation.station 
ll. Computations .are started at one of the :major observation sta- 
tiono, which have ,rating curves, so .that the water'surface eleva' 
tion for any discharge is ~known; in this case 400,000 second-feet 
is used as an illustration, The roughness coefficients were com-, 
puted for discharges of 20,000, il00,000, 200,000, ~300,000, and 
400,000 second-feet for .all reaches of the river which had an 
observation station and a river cross located at both ends of the 
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reach. Figure 9 ~shows the cross sections at the lower and upper 
ends of a typical reach, section 96 to section 97, and also shows 
the curves that are developed and used in computing the roughness 
coefficient. 

As noted on page 43 there~were two observation stations in 
zone 4 that did not coincide~vrith river cross sections, affecting 
four reaches_ arranged.. . _ in ipairso In each pair, three observation 

an intermedlate point. Sections are available at ~the two Tormer 
and there is also a section within about 1,000 ~feet of the latter. 
Some adjustment is necessary in order to.determine the roughness 
coefficient forthese reaches. The intermediate river cross sec- 
~tion might be assumed tobe the same as that at the observation 
station and mi~ht be used as if it were located at the observation 
station; thus, a general idea of the roughness coefficient for 
each reach could be obtained. Hmvever, the river cross section 
may be much larger:or smaller than Lthe actual cross section at 
the observation station, in which ~case the .velocity head is in- 
correctlycomputed and the ~nergy gradient will be in error, caus- 
ing therou~hness coefficients to be incorrect. The total drop 
in water surface or in the energy gradient in each pair of reaches 
is definitely icnm~m. The difficulty ~is ~in dividing the loss in 
ener~j gradient between the tuvo reaches. 

A roughness coefficient was first computed, assuming the 
intermediate cross section and observation station to coincide. 

" " ° 4- 
T h e n ,  using thls coefflclen~, the water surface at the interme- 
diate cross~ __ .... ~ ,secti°n was computed.. _ The proces~ was repeated until 

In water surface between river cross sections instead of between 
observation stations~was plotted from these computations and is 
shown on figure 8, for the two cases referred ~to. 

33. Computin G the~roughness coefficients for zone 2. Below 
the Little" Dalles, at the beginning of'zone 2, the'river (videns 
and forms a natural pool ~in whichthe eddies, ~irls, and ~turbu- 
lence originating in the Little Dalles are dissipated. Asa re- 
sult, ~the two ~reaches between sections 81 ~and 83 ibelow the Little 
Dalles have higher values of the roughness coefficient than~are 
normal for zone 2. The roughness coefficients ~for these two 
reaches were determined in the manner previously outlined ~for 
zone 4. • 
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%Vith the exception Of ~ these two reaches coraprising '1.4 miles. 
the river ~flows smoothly:in~ai uniform channel if of 25 miles :~o 

discharge. One major and five minor observation stations•were 
located in zonei2. These were ~ considered enough because~0f ~the 
uniform flo;v conditions ~ and also ~ because any. error ~that might be 
made inthe roughness :coefficient Would not materially affect the 
~ amount ~0f back~vater~computed~ above the Littlei, Dalles. Belo~ "the 
t~1o~r, eaches mentioned~above ~( sectional81 to section~83) ~there L is 
a reach -~Is. 1 miles : long b et~veen minor :obs ervation stations 15 : and 
16 with twelve intervening cross sections at which' water-surface ! 
elevations are unkno~m, ~ except •that approximate profiles ~are 
available for the !lovr ~vater ~ flow. of 18,000 sec0nd-feet~and !for 
the~19361flood df361,O00 second-feet. Data~for these pnofiles 
are shovm in table~XII. It~was desired to~use~the twelve inter - 
vening cross sections to avoid~ havia~g to idepend only ~on the aver- 
age Of the two end sections for values of the area~and hydraulic 
radius, but to do +l~is it vms necessary ~to know the ~ter~surface 
elevation at eachsection. ~This was estimated as follows: The 
ratio of the drop between adjacent sections to the total drop in 
the~ reach was computed-for ithe two approximately known profiles, 
and these ratios were •applied to the kno"~m total i!drop between ~the 

• . . : - , J. • 

observatlon statzons to determLne the water,surface eleva~lon 
at each section. Having~@!e approx~nate ~leve!~of the water sur- 
face, the area andlthe hydraulic radius ab each • section~were de- 
termi_ned. Each cross section ~is assumed :to be representative of 
the •river channel~for one-half the distance ~to adjacent cross 
sections. Accordingly, the velocity ~nd the hydraulic radius of 
each s ection were multiplied by the i natio~ 0f the~ distance ~repre- 
sented to the total distance (19.1~miles) and ~thelproducts added 
to give mean values/for the total~reach. The total drop in water 
~surface for the 19.1,mile stretch is _Ua~own, and hhe~total drop in 
energy gradient is computed. The enlargement losses, ~computed 
from the change in velocity between ~intervening river ~ cross sec- 
tions, are deducted from-t.:e total change in energy to give,the 

,I! ~ 
over-all friction, drop and thus~the over-all friction sl0pc S. 

V 
The coefficient C •in the Chezy formula, C = ~ ~, may~h~n 

be computed, :and ~ from!the coefficient (C), the roughness :coeffi° 
cient~(n) 0btained by either the:~{anning or the~Kutter~formula. 
Coefficients for dis oh arges o f 20, O00, lO0,000, 200 ;O00, ~ ~O0,000, 
and 400,000 s econd.feet ~'ere computed- An alternativ e .~method 
v~uld have been to ass~me:a constant value of n Tor theilS.l- 
mile reach and, starting atone observation station with a known 
water surfaceto compute w~ter surfaces at each successive cross 
section to the other observation station, arriving by trial and 
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error• at a value of n which would give :the known ~drop between 
observation stations .... To check the value of n (0~037), Obtained 
by the method used, the water-surface profile was computed Tor 
400,000 second,feet for matural flow condition, ,using ithe alterna- 
tive method and the resulting difference in water-surface elevation 
compared with that obtained from the.rating curves and the differ- 
ence in water-surface elevation curve, ~figure 8,<which ~were accurate 
up to thi s discharge. The same value~of n was ~obtained Showing 
that this mean roughness coefficie~it i gave satisfactory:results. • 
The coefficients ~for~the ~l,8-mile reach , below that just discussed, 
were computed ~from ~fhe :data ~for observation stations ~16 and 17 
and approximately ~/~e same :values~of :n were obtained ~as for the 
long reach. 

0 

Two of the observation stations were established in zone ~2, 
one on:each side of the present bridge:at Marcus , but T~here were 
no river cross~sections at or Close to :them; also, t/~is bridge 
and its piers will ~be ~removed before baclc~ater conditions are 
brou~ht about, so the data from these observation stations were 
of~very little practical use. ~Consequentl~r. the value of n de - 
rived as " ~ . . . .  Sus~ described was used for the ~ahole~of zone 12 except 
the two r eaches just ~below the Littlei~Dalles 

5~. Computing the rougbmes s coe ffi Cients for : z one ,~3. ~The 
Little Dalles its divided ;into :two physically ~ifferent !parts. 
That~part ~v~ich is below the cove (;see figure I0), or river cross 
sectlon~L~, has a •fairly wide channe_ ~n!ch is shallow and ~contains 
numerous ~fbok ~reefs. The ener~, ices through this portion of the 
Little :Dalies is much ~reater ~than fin a normal channel but is ~not 
:nearly as 2arge~as in the ~narr~ver portion of this :zone. The !pot, 
tion aboveithe cove, or section ~L, is very deep •and>narrow, ~having ~ 
many changes in cross-sectional shape and size, liThe energ~ loss ; 

• narrowes ~ sectlon through this section is enormous. Achec .... on,~the ~ " 
of the Little Dalles reveals ~that at all ~discharges the velocity 
is les.s than ~ criticaL 

In~z one ~3. from the ~foot i to the 'head of .the :)Little ;Dalles, 
thererare !14 river : orbs s :sections and three :observation ~ stations. 
Two of the observation~stations, ~ll and ~13. are )located at :the head 
~.ud ~Toot of the Little Da!les. ~coincidin~ ~ith iziver ~cross sections, 
The third ob'servation station :is ~ located in a cove on the left bank 
clothe river where ~.there are~lar~e eddies and:~nirls ~•which:inter - 
fere vrith obtaining:mean water levels that are representative of 
this section of ~he rivez~.: ~ There are ~no river ~cross :sections lo- 
cated in the cove~nor at the observation s~ation; even ,i~ there 
were, ~they woUld be of ~very little value or use since :theywould 
not be representative :of ~he :river channel. 
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The determination of the roughness coefficient for the upper 
portion of the Little Dalles; section 87 to section ~L, is a dif- 
ficult problem because there are 13 ~river cross sections ~and only 
two observation stations, one at each end of this reach. • It might 
be thought that ~the roughness coefficient could be computed in ithe 
same•v.-ay as ~s ~used for ~zone 2, by obtaining a mean velocity and 

a mere% hydraulic radius for the multiplereach. ~If the friction 
slope and the size and shape of the channel cross section had been 
more nearly uniform, ~/qiS method might ~have ~Eiven sat~ 
sults, as it did in zone 2. Itwas Concluded, hc~eve~. 
probable that a •different ivalue of the ~coefficient should be used 
for each reach between cross ~sections~ but in the absence of 
va~ter-s~'face elevations at each cross ,section, the determination 
of these coefficients .was impossible. As the best approximation 

• 'i •~ 

would give the energy loss wliich actually occurred. In order to 
do this, a roughness coefficient ,~as assumed and the water surface 
computed in the Usual vmy, subject, however, to the •condition that 
the computed and observed water surfaces at the opposite ends of 
the reach must agree. If they did not, a new value of n ~was 
assumed and :the process repeated.> 

Table XIII ~ives the computations ~for a discharge of 300~000 !I 
- , !! 

• . , , . . . . . . .  "~ -~- ,11 ! ' ". secona-feez. Uszng an; assumed roughness =oefflclent n of 0.217, 
the total drop ~in water surface from section 87 to section !L is ! 
determined itc be 15.73 fee~. Since obsenvation station 12 is 

• ~ "~  e proff:le ~o~/ibe ~,! between sections K and ~L, assumlng the va~ter-sur-ac 
\\a straight line between these sections, the drop to observation i~ ! 

. 260 6 " = 14,40, but from ~he rating i Station 12 is 15,73 - (5"~2" 3) 

curves, figure 5, it should be 14,09. Thus the assumed r°u_ghness i 

gives 0&31 ~foot o£~ friction ~loss too much, or, correc~n~ ~n~ u~tuu- 
lar totals for the difference between stations 12 and L~ the ~frio- i 

• 13,06 O .  2 
~ion coefficient should belredu oed to ~ / ~  ~ 217)= 0;214+. 

~k/ /IO. ~@ 

Since the value of the~assume~ coefficient is ~s0 closet0 the value 
of the icorrect one, it vrili notbe necessary to • 
tions with n -- D.21~, A~similar case was tried 
second-~feet and it~was found that when ~the rough 
used for the:computations gave results less than~8 percent in • 
error it ~s possible to compute the roughness c0efficient in the 

nmm~er outlined above, i 

The roug~ness coefficient for the 'l~ver portion of the Eittle 
Dalles, sectional to section~i, is .now computed. The water-surface 
elevation is established at section L by correcting the drop in 



water surface from section :87 to section L ~by the :percent that 
this drop i~vas fin error when ~it was computed with the assumed value 
of n = 0J217 as shown by the ~notes at ~the bottomi~of~the table, 
The water ~surface at sectionM, observation ~station &3, is ~:found 
from its 'rating curve. Computati0ns are then ~ carried out in the 
usual manner to determine, first. C &n ithe :Chezy~Tdrmula Bnd then 
n in ~the Kutter !formula. These computationsare shown at thebot- 
tom of table ~Ill. : : 

The r~ughness coefficient was •computed for the two reaches Of 
the !LittleiiiDalles fin this manner/for discharsesl o£i~:20,000, i00,000, 
200,000, ~{O' 000, :and :400,000 :second-feet, and thes e values of Kut- 
ter's n for natural #low conditions are listed:in'itab!e XIV. 

L I 

2, ~3, .and~.i4Tcomputed ~from Tield.data up to an~ i!ncluding ~ a discharge ~ 
of ~00,000 second-feet shows ~that n ~ for natur~al flow Jcbnd~tions :~ 
is not a ,constant for any ~reach ~but that Its v~lue changes v~th 
the dis c3~ arge. ~ It ~is usually considered that ~for :any,channel with 
the same degree off':roughness on ~±he :bottoz 
roughness ,coefficien± is constant. ~Four ~ , ~is 
~ariation in ! n with the ~diScharge are: first, the formula may 

~ not be correct, that is, the;relat~on~of tiie %~ar~a5les, -name!y 
friction, slope, hydraul~c radius, and ,veloc~,~ty may be improperly 
expressed by either 2ormula used; ~second, Sonde ~of ~the ~second~y 
losses :such s~ contraction, may not 
have beeni~properly ~accounted luded in 
the loss attributed to'friction; tHir( 
may not be as! grea~ as that of the ~be~ 
s ~des may decrease ,~tn • elevation, an( 
the decr ease ~in ~h e ~r atio :between th e d~mens xons o £; ~he ~ channe ! 

pro~eeting points or pro~uberances Of rock along 
d ithe .boulders ~hich ~no~doubt are present in ~the 

bottom of th,~channel. A further cause, but ~one no~ applicable to 
ta~s r~.ver ~channel,~&s the scouring of ~he ibed material~, to which 
variations of :n ~with discharge have been attnibuted~y ~some. 

exc~ t~is ,condition, the ~reach is adjacent to ~the !Little • 
Dal] reach below ,~he Little ~D~lles, section 83 to section 
~82, forms a if!sort of,stilling~basin for .the eddies and.lwhirls 0ri- 
ginating in!;ithe LittleD~lles. These eddies increase in'isiz6 and 
energy cont~t -with 'I an increase ilin,discharge, and wheni~they dissi, 
pate themsei~ves in this reach, all '~the energy/that :%hey contain :is 
lost. ~ Thisiiiaccounts for the increase of n with the increase in 
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dis char ge. 
~tion?88, is affected b5 
channel. It is believ~ 
presence of this ~isl~nd 
change in water-surface 
sulting in an incorrect 
is too :low at Io~ flows 
discharges, causing the 

The reac~ above the Little .Dalles, section 87 to .sec- 
the island at the :entrance~,t0 ithe narrow ! 

d that thei :local 'flow condition ~ due .to the 
causes an incorrect measurement of the 
eleva~io~ between these two sections, .r e- ~ 
slope and consequent:value of n ~,~hich i 
but tha~ this ~effeCt 'dis aopea~s •athigher ~ 

value of i n to increase With discharge. 

The variation of tli!e roughness coefficient v~thtl~e depth ,oe 
flow in the river ~channe~ was studied.: Several factors ~which were 

• ~_ ~} . . . . . .  . 

functions of ~he. stage .v~ere suggested.~as ordinates ~galnst ~-¢~Ich 
the roughness coefficient could :be plotted as abscissas'. The 
average water sub, face in'.~t!~e .roach seemed tobe the most satisfac- 

@ 

stage rises above the elevation.of the :bench, so tha~' '- there are two 

channel on the left bamk.ckuses a :~rked decrease in the h~raulic 
radius at elevation 1337.0. This causes a brea~,c Inl " the curve .of 
average hydrauiic,radius:for this reach. This break in continuity 
was troublesome, especiallyvH~en try-lng to extraoOlate the n :cur~es. 
"~nen the mean wetted perimeter was used as ,the ordinate for Plotting 
the roughness coefficient, the resulting ctu~ve did not.show, any sud- 
• den break !but did not give as satisfactory results as vH]en the aver- 
a~e .water,surface .ele~atio~ was used. The value of the roughness 
~coefficient decrease~ with the increase of average water,surface 
elevation, wetted pe~imeter, mld ~hydraulic radius for all reaches 
excep ~ ,~hose joining the.Littie Dalles, as previously discussed. 
Since the discharge is a ~unction f ~" o the depth and..~ne factors 
used as ordinates for the roughness coefficient curies.are ~also 
functions of the depth; these cu~ves are very simil~" in ,general 
shade to those obtained Where .the discharge was used .as ~he Ordi- 
nate, yet,.when used in-connecbion with backw~ater computations, they 
give different results. 

86. Determination of water,surface profile for m~ximum flood. 
The largest #lood-Jfor ~Hic-h',w-aterLsurface elevat~i'ons .~ere obtained 
at~any.'observatien~station was that 0f Suns 22, 1933, ~.~th a dis- ~. 

J 
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-'of 6 ~o0,000 second-feet or more. ,Also it-is necessary- toknov; the : -  

water-surface ,profile for maximum discharge .tuider natural ~ flow co-n~ 
ditions so that it may bemused :as a basis of companison :with ~%he 
water.s~rface profile that will <exist-after the :construction of i 
.Grand Coulee Dam. .-. 

..... There are Lthree methods of :estimating or computing the-water- 
-surface.profiles for ~discharges above".f~ose Which were accurately 

~eaffred;ntThe:~ame~h°d~;re :tof~s~[ s an extenesion o f '~he. irOughness 

- ~. ~ charge, o. ..650, 000 ,second-feet 
and the.use of .these:.values of n to ,compute the water-surface i.. 
profile with the..extension of.at i~,least one rating curve; .second 
the extension of the curves showing-±he relat±6n of difference i 

er n s - a r f a c e  
:to discharge, also v~th.extension of ,at least one .. 

rating curve; ~third, the extension of the_gage discharge or -rating . 
curves for all observation stations to cover the maximt~m:floOd. 
The,. application of these:methods ~l.ll usuall, result." . " 
a l l  . . . . . . .  • . . . .  < Y . . . . .  I n  s l z  ~ 1  - ferent prozzles, et ob . . . . .  " , g h  y .~i,]  
.... . _ - Y • VlOUS!y taere.ls onl .one corr i rlie lor anvd~,~}-^~-~- • .~. _ . .... . ..Y .ect pro- 

- . ~ ~ ~- ±~IS orlngs up the ..questilonlOf "~,iich ~ method is . t h e  ~ " " . ~  i 
mos,~, relmable and accurate. Logically, a method • ~i 

v,hich t~_kes into accountthe ~reatest ! - ! , 
• . , . . . . . . . .  number of !~n.e, • " o snouid ive:oetter r .~l÷ ~ +~ .--'- -. , .... -°~i~vn 'varlable~ i 
• g e ........... one ~nlcn neglects factors Which '~" ~! 

ml~%t ~affect the .~:~ter-surface profile. The,extensions of,the ~ ~ 
difference ~ in 

,~ . wa~er-surface curve, or.of the rating cur~es.lfor., all 
q~servatlon .stations be .... ~ .~- ~ ~ - 
~ ,  ~ ~ , , ,. ~ .  ~ n ~  -,as~ ooserved point probably give 
~ne zeas~ accurate results, since ~ere 'is ~ -^~-~ " ' 

account of.the,effect of " ," -- . , 
above t . , changes ,In ~shaoe,, of .the r~rer channel i 

he hlghest oosenved~vater,sta-face profile, i 

.~ With any~methdd ,used, :it.is necessary to extend ~the rating / 
curve for-atleast .one of .the observatio stations i ~order 
have a starting~..oolnt. The.chang n n sev . . . . .  " e~in wa~er surface Xoz ~e "to ..i 
eral reaches maythen be computed~by a friction'loss formula, hay- 

t h e  brained the ProPer :roughness.coefficient 'by on,extension of ~. 
-n . discharge .curves. This method was .(considered--the most' ~re- 

!liable and was accordingly~Used, the results being checked by~ex- • 'i 
tending " 

the difference in.water~su~face curves, -,Extensions.. of ,the ~! 

minrating, or adjustmentsCUrves ~ at. thein .t'maj°r i observat_ ion .s tations .were us ed-to make .~. !i 

to oe-extended should ag curve or curves. : I  

able, , - v r l t h  a maxi- '~ 
mum number of -water-surface.observation: at ~a .section 

ang • ~i~hout abruotii!:ch esin shapebelow} Hlgh-v~ater'" ' ~ ~ 
marks='of t.b~ l m m n  . ~ , ~ . . ^ ; .  _ _ - _ ,  . . . . . . . .  

n a t i o n a l  B o u n d a r y  a ~ - t h i s  c u n v e  ~ : w a s  • " r " 
ing point:, t/ie ezore used as.one .start- ~ 
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The first c,'f :these'~was developed by :J. C.. Stevens (31) 'and ,is- us- 
ually L~o~-n~ as"th e,A-.~. .~ method. :The, Chezy .formula is Q := 
AC ~ ;  !if C . ~ i s  ~:considered constant, : 

.which is .the equation of a ~straight line Wen Q .is D!otted 
against'-values of ~:A ~ .  'The,:0bserved-lwater, sur_eace eleva- 
~,tions -at the Observation stations :.are •%~hen used to -'determine the 
area and hYdraulic radius ~from which.the value /-~,~are 
computed, andi".plotte d i against.the corresponding e s. : See " 
tables XV, XVI, XVII, and.:XVIII andi~figures/i15, 16, ~17, s_ud.:18 
for examoles _c . . . . .  ~ is " ~ ~' 
not ' a constan~ ed 
against dischE show a 
slight curvat% ,the •. 

• gr phs. Iz is ~.the propert V. Of .the::curve ;.%o become, a. straight 
line ~ at l~io~h stages :,that makes :!its extension ~beyond the .last 
observed,point easy. The auxilia~!icuzve ~.of~water-surface ele- 
vation .versus ;e 
observations by ~r-. 
ties 0f+~he riv =.~,.:~. 
.curve is determ ~s 
section, enti~ely.iudependent of t~e~.dlischarge, .and ,i.can~belplo~ted 
to- an ~elevation equal ~0 that :to wh~ch-!the ~-cro Ss :.section .is :sur- 
veyed, To determine :the wa~er,surfaloe :elevat~0n-for:~,anv large . 
discharge one enters the 
follows up vertically Go 
determined- value 'of .A ~ elevation ' 
vet.sue ~ ~/~-- curve . . . . .  ~ " ' 

. .. ~s : e n c o u n ~ e r e d ~ .  an~ .thenl oroeeeds, downward 
readirg :the water-surface elevatio 'to i.the..dis- 
cnar=e. The water :surface is dete large..dis- 
charges and the ~rating~:curv ~ 

.Another common method ~urves:~is :the 
mean-vole city method, The- mean .vole city is •.computed bye: deter- 

by .this area. Mamning's formula ~is ~ ~V~= 
~n 

If n ~and 'S are considered.constant, then ~ --K' IR2/3 "~ or 

w, V . ~ • 
-, = ~ .  The ,value ofK' may:be -computed .for each -observed 

,water :-su rface ~and.-plotted ~. against ,the wa~er, sur_face .,elevation. 
See figures i15, 16, lIT, ,and ~18. The ,cd~e definedlby these 
points- usually approaches a .ver.ti cal s.traight "line "for ~high 

• • .•i•://• • •.• . 
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discharges ~d is therefore easy ,to extend with accuracy. ,If 
the discharge ~is ~desired:for ahigh stage, K' lie ~fotuud from 
~he extension of the i~curve, and R and,' ~A are £oundLfrom curves 
constructed~for the z'iver cross section~which are not shown on 
the figures. ~R, A, .and K' 'are, ofcourse, found,for the s~me~ 
assumed high water ~urface. LThe mean veloci'tymay:be'-~found from 

.-iN | the formula V RE/~. andthe discharge from Q= AVe or 

K, ~ ~/3 Q= '-~ may ~be used to ~-determine ithe discharge .in one 
operation° Several . ~ h i g h  water.surface elevations , a r e  ~-chosen, • 
Land the corresponding discharge .i is computed -in the .manner ~out- 
linedabove. The rating curve ~may~mow.be extended tl~rough'these 
computed .points. 

Figures 15, 16, 17, and 18 :show!the ex~censi0n of the :rating . 
curves at the major observation stations bythe t~o methods just 
described..The extension, for observation station ~2 -at ~he Inter- 
national Boundary was very important, as it was used/to establish 
the initial water surface from ~hich to begin computations ~for 
the maximum:flood profiles .in zone 4. '~lso, ~this rating curve 
was used as a basis :for measuring the-amount of~:back~ater or im- 
provement cau sed by :the i operation. O f Grand Coulee :Dam and the 
proposed :channel improvement at the Little Dal~les. The new U. S. 
Geological S~rvey station established at observation ~station 2 
has ~confirmed the .rating curve for discharges :u p to 288,000 
second-feet. T~ high.water of the .1894 flood ~at ,its peak 'is 
reoorted to ihave been .at'ithe fleer level ,of,the !store as a't - 
present •located, practically on the boundary ',line. The floor ~ .,~.~- 
elevation:of the ~store is !1345,8, and ,the water ~,level :at this 
point was probably ~the result Of pondage entering from'a point 
below ~the ~boundary and may!have been somewhat lower than the ° 
water surface at :the ~beundary. ~ The water-surface elevation in 
lhe main~!channel of ,the river is .estimated to have been at 1546.0. 
The :discharge of the 1894 flood !is estimated to have been ~ 680 ,000 
second-feet at the InternationalBoun~ary. ~The-~rating curve is 
extended to-!this highwatermark, See figure 15' ~,This extension ~" 
of the rating curve at 1650,000 second-feet 'is •about ~ree-quar~ers 
of a foot higher,than ~the extension of the rating~curve ,by,either 
the ~mean velocitY,or the A ~:me~hod., ~The~,ihigh water,mark ~:~-~- 

strafed that had one of the :lower extensions been~used, ei:~her 
~the amount of backwater or ~the 'lowering in stage at ,~he ~Inter- 
,national Boundary due ~to channel improvement would have been 
nearly the same. 

'D 
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The data formajor observation ~ station )13 at the/foot of ! 
the ~Little Dalles gave a better,defined~rating curve than those 
for any other station ~ and the:extension of its,curve is conse- i 
quently ~the most accurate and the ~least.-like!y to be .in error. 

• ~ ' ~ '~ . 

~ Floure 18 shows 'tl~e extensions ~Of ~this ~ratin~ curve ~by:both 
• methods ~ which differ by less :than a Quarter a foot for a 
discharge Of J650,000 ~second,feet, :~Water-surface elevations were. 
ta]cen from:this curve to compute the maximtu~ !flood water-surface " ~ ! 
profile for zones;2 and ~. 

The extension.of the~ating cu~ve.'at observation station ll, ~ :i 
head 0f:hhe Little Dalles, figure(17, iwas uncertain~because of 
the influence of backwater 'from~the ~Little Dalles. ~High water i 
arks at the to~ of Northport , 15~ 5 miles .upstream indicated ,~ 
at for ~a ~discharge 0f 680,D00 second-feet ~the ~water surface ,I 

I 

atthe observation.station ~should~be at .about elevation '1324.4; il 
however, extension.of the :~rating curve by :both ~methods ~used gave ,i 
water-surface elevations 5~to~/8 feet higher hhan~this. The ~ 
profile of the water surface computed ~from the reliable rating ~ 
~urve at observation station,.13, the ~foot o~ ~the Little Dalles, 
indic ate d a ware r- surface ~ e i evation: at ob s e rvation • st ation 11 of i 
1527.5; since one of the extensions :checked:this:figure, this i: 
• extension was adonted; 'later model ~tests. gave a curve perhaps 'a 
foot lower at m~_ximum flood~flow (see figure ~), ~ " ~i 

The extension of ithe rating curve at major observation ~sta- ~i 
tion 6, figure 16, was used only as 'a check on water,surface pro- j 
files computed from~the extension:of the n versus discharge 
curves. The river cross sec~i0n at this :observation stati0n ~ ~% 
shows a shelf at elevation 1305~0 ~vhich: causes a :break.~in ~the ~curves ~ 
at t]~is . . . .  ~ ~1 point and ~llustra~es the d~.nger of ~attempting to)extend ~ 
a rating curve ~without ~onsiderin~ i~e pr0porties of.the river 
cross section. ~' ~ . . . .  

To find ~he roughness coefficient, n, ~for each reach ~that 
was app lic able to the, natural fl ow ~:with ~aximum ~dis charge, :.the ~ 
ct~ve~of n versus discharg0 ~was extende~ ~on~le~arithmic ~pape~. ~ 
By plotting j . , t h e  cu r~e s ~,~ for.e ach reach o on this ~pape r, ~ they ~were i~ 
somewhat straightened out, and:also the extension(was :shorter 
than it would have :been on natural :coordinate.paper. These ' i 
curves are shown.~on ifigure ~II. ~For natural ~flow conditions 'it ! 
-i.s believed that ~n ~varieslmore properlywith di~scharge than 
with: stage, hence, no attempt ~ s 1. made to .'de.termxne valuers of ~ ~ ~ 
n by.extending the curves of n plotted aga~nst:meanwater,sur- i 
face elevation, -wetted perimeter or' hydraulic.radius, •howev r, 
afterlthe adjusted values ell h were obtained for the maximum ~! 

~ fl~0Od, they were plotted on-these :curves as a check to ascertain 
if any sudden ~ ~ " br~mcs ~n curvature were~ caused'by the :use of the ~! 
extrapolated values. See figures 12, 13, a~d~il4. ~, 
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To ~compute the water-surface profiles for zone~3 ~for flows i 
higher than those observed, the initial ~water-surface •elevation 
was taken from the extended rating curve for 0bservationstatlon ! 
13~ foot of the Little Dalles, and for zone 4 the initial water il 
surface was taken from the extended rating curve for 0bserva~ion ~ 
station 2, International Boundary. iThe values of •the ~roughness 
coefficient n found fromthe extension of the ~n versus dis- !! 
charge curves were used for each reach, and computation proceeded 
upstream or downstream using a ~trial-and-error ~methodi~to deter- 
mine the energy loss, composed of if fiction loss and sometimes en- ~! 
largement loss~ Computations ~re similar~to those shown on 
tables XllIand ~3C(IX. '•The water-surface ~change or ~difference ~iin 
elevation for~each reach ~s plotted on the curve of idifference ~ 
of water-surface elevation versus discharge, to insure ~that the 
extensions ~of these curves were consistent with the computed i 
values of difference of water-surface elevation (see figures ~7 
ands8), iThe rating curves at 0bservation stations 8 andll.were ~ 
used to check the computed water-surface profiles. Some adjust- i 
ments had to be made in the extensions of the n versus ~dischar~e ~' 
c ryes, and the extensions of T~e rating curves at observation i 
stations ll and 6 were also changed so that they would ~be in 
agreement with each other. After all adjustments werecompleted, i 
a water-surface profile ~s obtainedwhich was consistent and in 
agreement with the several curves and was believed to be more 
likely to be •correct than if determined~by only one of the methods 
given on page 64. All water, surface profiles at and ~below the ! 
highest observed discharge for*whichlfield data•are available i 
are in agreement wlththese curves, namely, the rating curves 
at major~ observation stations, the chancre in water-surface i 
curves and the n discharge curves for the various~reaches; ! 
investigationshave indicated that computed water surfaces which 
are consistent with reasonable extensions of all three of these 
curves must be uniquely determined for all practical pur oses. ~ 
The values of n for each .reach used in the extensions of the ~ 
curves, for discharges orS00,000 ar~ 680,000 second.feet, are 
listed in table IXIV. Careful analysis and computation of natu- 
ral water-surface prc~f~les were very necessary, for all back- 
water, computations hai~ to oe based• on the roughness coefficients i 
obtained and the amou~t~of all ~bac~u~ater measured from these 
water-surface prcfiles~ ~ ~i 

37. M~ximum flqqd probability. The highest flood of which 
there is an authentic~record is that of June 1894. This~!flood 
was caused by the unusual simultaneous occurrence of hot weather 
on the watersheds of the Snake River and the Upper Columbia~River, 
combined vrith an exceptionally~heavy snow cover. The highest 
stage of the flood was recorded on June 6 at Cascade Locks, and, 
by rating curves later prepared, the discharge was estimated as 
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1,160,000 second-feet. The peak:discharge0f this ~flood at 
Grand Coulee Dam has been estimated by both:the Army Engineer 
Corps and~the Geological Survey as 725,000 second-feet. Some 
Of :the water-supply papers of the GeoloGical Survey give the 
discharge for this flood atKettle Falls as 700,000 second-feet 
"based on information from several sources," Themaximum :dis- 
charge of the Kettle River at Laurierfor a:9-year period (1929 
%0 1938) is given as • 23; 800 : second-feet on June 17, i1933. •It 
may well be that~the discharge of the Kettle River was much 
higher and: that Sheep Creek aud ~Deep Dreek contributed :enough 
so !that !the flood peak of the ~1894 flood was reduced :to ~BS0,000 
second,feet at ~the International :Boundary. Hov2ver, a more 
probable distribution of the flood discharge is that the 725,000 
second-feet estimated;peak ~ at Grand Coulee was: made up of : 50;000 
second-feet from the Spokane!River and 25,000 second'feet from 
the :Kettle River, thus leaving the discharge of BS0,O00 second- 
feet in the Columbia River above the;mouth Of the Kettle~River. 
~lle the estimate of the ~1894 flood of 650,000 second-feet at 
the !International ~ Boundary maybe questionable, it is believed 
to be the best that can be obtained. Table XIF~ gives the maxi- 
mum discharge of the Columbia River at The Dalles, :Oregon, and 
at Xettle Falls. Washington, for each year from 1888 ~to date. 

The records of the annual flood oeaks for the past 82 ~ars 
(1858-1939, inclusive) atThe Dalles,~0regon, were amalyzed in 
accordance with the meT~hods outlined byH. Alden~Foster (37), 
andthe results are plotted un probabilit~j paper, figure ~lg(a). 
The computed coefficient of skew is0.3 and this curve, :sho~wn 
dotted on figure 19(a), approximates the plotted points fairly 
well with the exception of the point for ~he 1894 flood. Foster 
recommends the useIof a coefficient of skew equal to i~ice the 
coefficient of variation whichin this case is 0.28. The~use of 
a coefficient of skew of 0.5, slightly less than twice the coef- 
ficient-of variation, gives a curve which comes much closer to 
the point for the 1894 flood. _This curve shov~ as a solid ~line, 
figure 19(a), has been adopted. ~The ratios of the:maximum annual 
flood at Grand:Coulee:to that-at The Dalles for:the years of 
record at Grand Coulee, 1913 ~to 1939, inclusive, are plotted on 
figure 19(b). There is quite a dispersion of~the points= but 
it is possible ~o drawa curve whichwill:approximate thc rela- 
tion, On figure 19(a) directly below the corresponding discharges 
at The: Dalle s are plotted the discharges at Grand Coulee for those 
years~of flood record. By means of these points and ithe relation 
between maximum annual flood at Grand :iCoulee and that at The;Dalles 
the duration curve:is dra~ for Grand :Coulee Dam. 

The available ~lood record at Grand Coulee fo-~ =t~ past 27 
years (!913-1939, inclusive) was also analyzed by ~l~e F'6ster 
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method, figure '19(c), but because of the shortness of the record 
and because the past 27 years have been very.dry when compared 
with the 82-year record at The Dalles, this duration curve does 
not give results ~as high as those obtained from the ~lon~er record 
at The Dalles. This curve is not as conservative as that ob- 
tained from data ~for The Dalles. 

A study was made of the relation between the discharge at 
the Little Dalles or ~International Boundary.and that at Grand 
Coulee. It ~as :found that on a basis of annual run-off the 
discharge at the Little Dalles was about 90 percent Of that at 
Grand Coulee. Further studies showed that the ratio of discharge 
at the Little Dalles to that at Grand Coulee varied with the 
season of the year, being as low as~0.70 in the early :spring and 
as high as 0.98 in the late summer and early fail; hoverer, ~when 
only the annual flood peaks were considered the ratio va~s about 
0.94. This ratio Of 0,94 and the previously described probability 
studies were used to construct the flood duration table XX~ ~.J~ /J'z 

The duration curves, figures I9(a) and 19(c), can be ex- ~; 
tended tothe left indefinitely, whereas there probably is a 
definite limit beyond ~ich it should not extend. ~This limit 
is unknown and [the maximum flood ~ at the Little Dalles might reach 
a magnitude greater than the 1894 flood estimated at 650,000 
second-feet; however, this flood was the largest experienced 
since the country was settled by the white man. To consider a 
discharge in the river larger than the 1894 flood ~uld require 
extrapolation of the rating curves, rougb_uess coefficient curves, 
and difference inwater-surface curves so far beyond the last 
observed points that ~heir accuracy would be very doubtful. 
Probablyas accurate a result can be obtained by taking the 
computed amounts of backwater at the International Boundary, 
plotting the ~ve of backwater versus discharge, and extendiI~ 
this curve to the magnitude of ~the desired flood (figure @3). 
The trend of this curve is such as to give less backv~ter for 
higher flood discharges (indicating no back~'~ter for ~floods 
over 800,000 second-feet), so there is very little interest in 
the water-surface profiles for higher floods. 

The magnitude of the flood pes~k may.be taken as the maxi- 
mum rate at which water would have to be discharged at Grand 
Coulee Dam. The .reason for •this i s •that the hydro graphs of ~the 

d Columbia River a~ Gran Coulee, figure 4, haveno sharp peaks 
from flash floods; the maximum flow occurs after the passage of 
about one,third of the flood run'off due to melting snow, .and 
the flow increases gradually from day to day for 20 ~to'30 days 
until the peak flow is reached. Suc~ ~a flood has tremendous 
volume s~u~by comparison, the volume of reservoir ~storage is very 
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0 small. By the time the peak inflow of a flood occurs, the reser- 
• e voir will,be full and discharging over the sp~llway and ~h re 

will be very littledifference ~in the rates of inflow and out- 
fl~ inthe reservoir. For very large floods extending over a 
period of 80 days, as doall large floods analyzed, the reduction 
in peak discharge in,passing through the reservoir is only about 

2 percent. 

To detez~ine the elevation of ordinary highwater at the 
International Boundary it is necessary to determine the magni- 
tude of the normal maximum annual flood. The actual record of 
flood flow at the International Boundary is too short to be of 
use, so ~the record at Kettle Falls adjusted so as to be appli- 
cable to ~the International Boundary is used. 0n flgure ~ are 
plotted the maximum annual flood~discharges of the Columbia River 
at Kettle Falls for the period 1913 Lto 1939, and directly below 
the corresponding discharges at Kettle Fails are plotted the 
computed discharges at the Little Dalles for the .years 1930 to 
1939, inclusive (records available of Kettle Rive: discharge at 
Laurier since 1930). The curve defined lby these points is 
applicable to the Col~nbia River an~,~ere ~ above the Kettle River 
and below the Clark Fork, The normal maximum annual flood is 
determined bythe point of inflection on this ~duration curve, 
which in this case occur s at 45 percent of the total time, ~ giv- 
ing a discharge of 345,000 ~second'feet. At the International 
Boundary this discharge corresponds to water-surface elevation 
of 132~.0, which, on:the basis of the 27,year record, is the 
stage which most probably will be reached or exceeded !by Lthe 
annual flood and hence may be termed the ordinary high water 
mark at this point, ilf the longer flood record at The Dalles, 
Oregon, for the past 82 years (1858,1939, inclusive) had been 
used, the normal ~ maximum annual flood would have ~been about 
355,000 second-feet, because the years 1913 to 1939 have been 
drier than the years 1858 to 1913. 
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COLUMBIA RIVER!~SERVOIR 
BAO~r~ATER STUDIES 

DATA FOR EXTENSION: OF I RATING CURVS AT 
OBSERVATION STATION ~2 ~" SECTION!98 = IN~ER]CATIOIgAL BOUNDARY 

/Sheet:l'of-2 
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Seo.-l~%. Feet Sq. F%. Ft,ySeo, Fee% A,~CR ' 
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CC~D%~]IA ,BASIq~ RESERVOIR 
BKCEh'ATER. S~IDIF~S 

DATA FOR E~ENSION 0F,RATING "CURVE AT 
OBSERVATI OIl "S TATI ON 6 = SE CTI ON 94 = ~ SIIEEP ~ CREEK .' BEND 
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COLUMBIA RIVER ~RESERVOIR 
BAC~'IA~ERcSTUD~.E S 

DATA FOR EXTENSION OF RATING CI~RV~ AT 
OBSERVATION STATION IS = SECTION 8S .= FOOT OF LITTLE D.~//~S 

r._ 

" .~ Wa~er " A r e a  o_e : ' , 
' : :Surface i Cross Seotlc¢ 
Dis ~mr&~. Elevation " ~ A . 
.~..~..i =i ' s~...~, i 

• 57,700 ' 1 8 4 9 . !  " 14,500 ~ ~ . :13.98 17.1 ~ :~6 (~000  0 ,600 i  
25#800 1 2 4 3 , 8  I 0 , 4 0 0  . 2 . 4 8  ~ 1 5 , 5  ~ ' 40#9001 0.39'7 

~.2,100 12~,2 10, ,000~" 2.21 1 6 . 0 '  40,o00 0.34B 
.1:7~,800 1 2 4 2 o 2  9 . 4 0 0  : ~ 1 . . 8 9  1 6 , 8  • - 6 8 . 5 0 0  0 , 2 6 8  

. .  ~2=.500 1245°4 . i 0 ~ 2 0 0  ~ 2 , 2 1  15,~7 : 40=400 0,~355 
2 ! , i ' . 0 0  1 2 4 3 . 0  , ' ~goBo0 ~ "- : 2 , 2 1  1 6 . 1  : :~9=;500 0 . 5 4 6  

39.~0 124~,9 ' 1 2 ; B o o  : ~ 5.o8 15.~ 5o,o~ ! o.6oo 
88 ,000  1253 .6  17,800 i 4 . 9 , 1  ' ' 20 .~ , .  ,80,;800 '0,662 " ': 

~:.138, O0 1 2 5 8 . . 9  • . 2 1 , 8 0 0  . . . .  6 , 5 4 .  : ' 2 4 ° B  .107o .500 !  0 . ; 7 5 6  °: 
! 9 6 o 2 0 0  .1264.4 Z5.900' i ~ .7,F~ : 28.,4 ; .;156=000. 0o810 

./2.34,500 ' 1267,°6 " . " 28#~00. 8,86 ;30;8 . "157.~/700 0®870 
~256,,600 1266,9 : :29.s00 B,B2 ! ~i .6:165.200~ ::O~BV~ 
.o12,000 i 1276;I;: Z2,900 i 9.48 :: ~.4.9 . 18~400C 0~88~ = 

;v-88o600 i 1~.71,1 ;11;200 ~ . ~9,25 ;. ~Z.4 : I80~SO0 ' 0.880 

:~19,800. 1266.0 -~, 27,,000 : 8,13 :~ : .29°6 147,000 0,850 ; 

' . . . . . . .  .~.~!,~ • I . o I18~'S00 0076~ " 

• I07~500 . 1 2 5 5 . 4  ' 'Ig~QO ' 5 . . 6 0  2 =7 ' R~ Enn n ~n 

~' 9 1 , , 6 0 0  .1125.%8 : ' 1 8 , 0 0 0  " '  . 6 . 0 ~  - 20 .5  B ! o ~ O 0 /  0 . 8 8 0  

L* 
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0 0 L U M B I A  : RI VER : ,RESERVOIR ... 
BACK ;ATER :STUDIES ' 

DATA FOR E~TEI~SION ~0F :Pa%TI'NG :CURV~ .~AT ~- 
:;0BSERVAT~OI~ STATI01~ 1:5 ~='~BECTION 85 = ~F00T :OF :]~ITTLE DALLES 

. 8 m - t ' a ~  O r o a s  Seo",;:Lo,~. , ;R~di ,us • 

:s~o.-~.  ~! ~ ~ e t  s o , . : ~ .  ~ ~ . / ~ o o  ~ e t  ~:! ':': ' 

:' ~ " 'i . 6 9 , 8 0 0 [  L ~i V2p400 ~1251; ~- ~ 1 6 ~ I 0 0  ,- ~50 : , ' 18~? ~0.640 

i:i:i~ ~ .~. ioo °I~6,o :12~Ioo. ~ ; ~ . ~  1 ~ 7 , , ,  . , s . ~ o o i  :o,~,~8 ~ 
;29~ '800  " 1 2 ~ ; 7  " :11~"1-00 ':, ;BoSe 014,7  4 . 2 . 6 0 0  | -0,~447 

~ ~ 2 , 0 0 0 .  '~-45o0 ~ " : 9 ~ 8 0 0  ~~-= ~,::2.;;?.5 16&~l : 3 9 ~ 3 0 0 ] " , 0 0 5 5 ~  

!;~ , ? . 5 9 ~ "  1 2 6 8 o 9  2 9 . 4 0 0  • . 8 . 8 5  : 5 1 . 6  , 1 6 5 ~ 0 0  i 0~;88:5 ~ 
• , ~ , ~ 6 5 ~ 2 0 C  , 1 2 7 6 ; 2 / " 1 ,  ~ ,35;300 ~ -10=27,.: ;57,.-~ .~-15#800"" 0=91'8" 

800 " 
1 1 5 , 6 0 0 .  ~ 1 2 6 4 o ?  2 6 ; ~ 0 0  :" " 8 ; , ~ 6  :: " ' , 2 8 , 6  1 5 9 , 5 0 0  0 , 8 8 ~  

. . . . . .  : 2 2 6 ~ 3 0 0  ', . 1 2 6 6 0 6  i 2 7 , ~ 5 0 0  "- 8 . 2 3 '  ' . :~ .0 .0  i ~ 5 0 ~ 5 0 0  0 0 8 5 ~  ~ 

, ~,29,;300 t 2 4 4 : ~ 2  : 10 .~9~0  : :' : 2 0 6 . 9 .  , 1 5 o 0  . 
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COLUMBIA IRIVER ~ ~¥OIR 
BAOKNATI~ STUDIES 

MAXIMUM,DISCHAP/}~S ,OF COLUMBIA RIVER :(SEI~OND-~.) 

:Bh~ 'i '~ >2 '" 

/ 

"Year 

:1858 

,.1859 

1880 

1881 

1862 

18~6 

1864 

18~5 

1866 

1867 

1868 

1869 

1870 

1871 

1872 

187,5 

1874 

1875 

1876 

1877 

1878 

I 9 

i L 

The 
Dalles, 
Oreg~ 

565,OO0 

874,O0O 

668,000 

618,000 

948~000 

777,000 

6S4,000 

714,000 

s~3,o0o 

671t000 

.458,000 

$28,O00 

777, O00 

8S6,000 

7~7,000 

658,000 

"58~,000 

.. 684,000 

1,ooo,ooo~. 

486,000 

48S,000 

645,0O0 - 

Kettle ' "  
Falls, 
Wash. 

~,ooo 

s~;;ooo 

587.,ooo 

558,000 

55O,00O 

450,000 

579,000 

414,000 

..588,000 

2S4,000 

188,000 

'4SO,O00 

496,000 

I 427,000 

370,000 

5~8,000 

3~6,000 

580,000 

282,000 

:~SZ,O00 

5'76,000 

il 

:IB80 

:1881 

1883 

1884 

1885 

1886 

1887 

1888 

1889 

1890 

1891 

1892 

1895 

1884 

'1895 

~18S7 

ISS8 

2.899 

1900 

1901 i 

The 
Da/les, 

914~000 

598,000 

:88iI,000 

; 575~o0o  - 

698,000 

<482p000 

675#000 

:886,000 

564,OO0 

6 5 5 ~ 0 0 0  

4 4 8 , 0 0 0  

• , 607 ~000 

679,000 

'!,160,000 

475,0O0 

785,000 

?80,ooo 

649,000: 

_.787 ~000 

i~za1.1a, , 

stz;ooo 

~:1588~000 

~BLg.,OO0 

,:174~0O0 

~%ooo 

...~80,000 

::IIIM,,O00 

455~000: 

ASZ,O00 

sTe;ooo 

4s8,oco 

:~IO,O00 

:5~,000 . '~584,000 

~b V 

z ' • 

_ ~,i ̧ 

L ' 

". • . .... : . TI 
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COLUMBIA .~,IV~ RF, S]t,2VOI2 
BACKWATER " : . l~ I  ~ ' <,,, 

Year 

:L90~ 

1905 

'1%04 

.1905 

1906 

i~07 

1908 

i 1909 

~ :1911 
1 
-1912 

191~ 

1914 

~1915 

ISle 

1918 

,q.gL9 

: 20 . 

~The 
: Dalles, 
Oregon 

6~,o~ 

787,ooo 

6z9, ooo 

4~,ooo 

574,000 

887Doo 

655,~000 

675,000 

574,000 

568,000 

759 ~000 

495,000 

:$28,000 

727,000 

727.,000 

:578,000 

555,000 

428~000 

 ett e :1 Falls, 
Wash. 

.:$75 ~000 ,: 

:456~000 .: 

217.,000 

:s,',,,l~,Ooo 

579,000 

~9!,000 

528,ooo 
'If 

555,000 

:529,000 

468,OO0 

  ,ooo 

IS9,00C 

488,000 

$67..,000 

~ , 0 0 0  

sog ,ooo  

S~2,000 

Year 

1921 

.192~, 

: ,19Z4 

' !.92~5 

:1926 

1928 

1929 

1951 

:1935 

1954 

I:1955 

:~19~ 

1957 

1958 

~I~59 

The 
D~les, 
Oregu~ 

,775~000 

B77,ooo 

:Sel, OOO 

, : 4 5 5 , o o o  : 

64Z,000 

:690,D00 

766,000 

:460,000 

.SSZ,CXX) 

~ , t X ) O  

: 578,000 

,722,000 : 

480,OO0 

:. 579 ~ 000 

.609,000 

58Z,000 

'420,OOO 

STS,Ooo 

:~71,ooo ~ 

:287,ooo 

/575,000 

"'IS8,000 

415,000 

466,OOO 

~I~,,000 

246,000 

:241,000 

854,000 

458,,000 

:571~000 

.SS7,000 

:574,000 : 

zsS,ooo 

o845,ooo 

From 1858 to 1912, incl., discharge at Kettle !Falls estimated :at 
58~0f that at The Dalles; :from 1913%o 19S8j Incl., discharge at 
Kettle Falls obtained from Water-Supply !Papers • o£ U o S. r QeoloEical 

From 1858 to 1894, incl., discharge atKettle Falls equalled=or 
exceeded discharge of 1928 nine tlmes. Frem =i~95 %o 19~9~ Incl.~ dls- 
charge at Kettle ~-Falls equalled or exceeded ~scharge of 1928 itwo 
~i~ee. Fz~m 1858 to 1959~ incl.: discharge at Kettle ~Falls <equalled -:: 

(: .I 
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C}-TAPTER IV - RAC~.ATER CONPUTATIONS 

38. Method used to com~ute ba~kv~ater profiles. I,~ny hy- 
draulicians-have spent considerable time and energy in develoo- 
ing fornmias for computing the water-surface profile resulting 
from placing an obstruction or erecting a dam in a stream. The 
end sought is a mathematical formula which will give direct re- 
sults; this is obtained by ignoring or neglecting one or more 
of the large number of variables usually present in a natural 
stream. The use of such formulas usually presents little ad- 
vantage over the use of Bernoulli.s theorem, from which all are 
derived, and the results obtained always are more or less un- 
certain when they are applied to a natural watercourse. On the 
other hand, the use of Bernoulli.s theorem affords a method which 
is very flexible and in which any number of variables can be in- 
troduced, so that the solution is exact within the limits of 
the arithmetic integration necessary and to the exten~ to which 
the various factors entering the problem con 
method was, therefore, used for the" solution" ofbe theeValuated'problem inThis 
hand, with a limited use of some of the other forlmllas where ap- 
plicable; friction losses were estimated by use of' either the 
~anning or the Kutter-Chezy formula, ac~.ording tO circumstances. 

The friction formula and other factors for natural flow used 
in analyzing the vmter-surfsce orofiles should be considered and 
used in comou~n,~ the ba ̂, ..... " 

- - a ~va~er profiles. In this way unsound 
formulas or faulty methods will result in less error than if a 

change in method ~r cftr~lul~ reulasmade in com~utin~ the backwater 
curve. The only i o 

' - - used in analyzin~ the field i data were the i ' f ~ a n n ~ n ~ -  and the T- 
- o ,-utter-Chezy formuls.s. Since it ~' 

was found that the roughness ~oefficient (n) used in both these i 
formulas vms not constant, methods used to comoute the bac~,~ater ~ 
curve should permit a variation in n, which can be done only by. !' 

the use of the basic Bernoulli theorem. This theorem may be ex- 
pressed as follows (J. C. Stevens (14)): 

Vl2 v22 2 i 
hi, 2 -- _ _ V m 

2g - -  +f 2g 2g .... i 

- i 
Here f (hv)is a function of change in velocity head in the reach 7 
and is used to take care of enlargement or contraction loss. ~i 

VI = mean velocity at the dovmstream end of the reach, ii J V 2 = mean velocity at the upstream end of the reach. 

@ 
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V I ~ V 2 -.  , . 
V m = mean velocity throughout the reach = . ~ 
K = friction coefficient. 2 ' 

= lengthof re~ch. 
/+ R 2 

R m =mean hydraulic/radius for ~the reach ~= I~I~;~R] 

hl. 2 = difference in water-surface level between upstream 
and :dovmstream: end: of the reach. 

The last term of the equation gives the~friction loss, where K = 

2g 
C2 and the value of C is determined:by eitherlthe Manning 

or the'Kutter formula. This expression for thedifference of 
water-surface level reauires a:trial and error solution. 

As is well }move, for low velocities the Mam~in~ formula 
gives steeper sloDes and consecue~ 
Kutter,Chezy formula. This tende~ 
values of K computed by:several 
To make the results conservative, where~the:energy gradient<~as 
excessively flat the Manning~fer~;zla ~ ~s used to :compute ~ the 
friction loss; where the slopes were steeper the:Kutter formula 
~S used. 

A computation of the amount of bachvater that would exist 
at the International Boundary with thevreservoir ~mter~surface 
at elevation 1290.0 at~the d~mwas made for zone 4. using the 
"unit fall"method (SO). The results obtained checked those 
found by the methodused in this:report when using either nat- 
ural or backwater: roughness coefficients to within two-tenths 
of a foot for a~discharge 0f:850,000 second-feet. 

39. ~,Variation.in, rou6hness~ coefficient ~rith stage/or,:dis- 
In: chapter III, it:was ~shown:ihat the:~analysis of the 

field data gave variable/roug~hness .coefficients. :~'[oreoVer, it 
was impossible todetermine how much of the:variati0n in rough- 
ness coefficientvms due: to a change :in discharge and how ,much 
was due to a change ~ stage. For natural flow, when a vmter- 
surface profile v~s computed above,the: range of/fie~d: observa- 
tions, n ,mas considered to be deoendent_ • upon dischar, ge, and 
the n-discharge curves were extended to obtain values of the 
roughness coefficient applicable ~to higher, discharges. !Here 
there is an increase :in both:stage : na, dl scharg e, but :the ~in- 
crease instage is dependent upon natural controls and friction 
losses of the river.channel and is fairly ~uiform~tbn.oughout the 
length of the river. With an increase in discharge and stsge, 
there is usually an increase invelocityo Under backv~ter con- 
ditions, the stage may be increased without a corresponding 

~ i @  1 0 9  
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increase indischarge, and the velocity will be decreased 'somewhat 
in proportion to :the .increase in stage. The important ~cuestion :i ~ 
is whether, under backwmter condition, n should more properly 
vary wlth ~he stage or with the discharge. Actually,, i~.t ;prob- i: 
ably varies with~both, but it .is ;impossible to take'account of 
such variation vrith the field-data available. !Possible~reasons • 
f or t hi s var iat ion have ~ pr evi ou sly be en g 
faulty relationships in the friction fowm 
make proper allowanc e for secondary loss such.as enlargement, 'i 
contraction, and ~ bend. losses, mhich are ~ then included in ~ the 
roughness <coefficient; ;(C) differenc ~ 
sides and bottom of the river chann~ .i 
tween size of protuberances of chsm! .... ter 
prism ~rith variation in stage. It is :impossible to say which Of ~' ! 
the above reasons accounts for the variation in~roughness,:coef- i 
ficient. If the variation is :due .to ~he..change in roug~ess, of ' ;  

.k the channel-~ith stage, then, for backvmter conditions, ;n should i 
be a function of t~he stage. The variatio~.m~y_. • be due :to failure 
~o evaluate secondary losses Properly; .if these are taken too ~ 
small, the tendency wouId be to:show increased friction loss, ~ 
or an increase in the value of n; if too ~large, a decrease in 
that value. The.data do actually show such a decrease, and it ! 
might therefore be suspected that the variation of .n withldis- 
charge, or velocity, is;dueto assu~ing too.lal-ge values of sec- 
ondary losses. However, computaticns~made~ assumin~g~no less .ex- 
cept friction ~show the same .tendency to:decrease, so it.vms.con_ { 
cluded that the'value of n should be assumed to varywith stage 
(back~mter n). Model tests~ confirmed thlo'~, conclu~'.~on..Back- ! 
~ter cur.ves were also. computed.assuming the value of n .to 
vary withdischarge '~(natural n). 

W]aen the~roughness coefficient is considered as !a function 
of the discharge, ithe back~ater-surface profiles for any par- 
ticular discharge are. computed using~the same roug~uness :coef" 
ficients 'that were found to exist when ,~that particular discharge 
v~s llowiug under natural ;flow,'conditions. These roughness co- 
efficients are designated as natural flow n's and-are listed in 
table XIV for the various reaches. 

.If the roughness:coefficient is :considered to vary v~th!the 
stage, curves of n plotted against river stage, or some func- 
tion thereof, will define ,the ~relation. The curves of n plot- 
ted against mean;water, surface elevation, wetted ~perimeter, .and 
hydraulic radius, :figures 12, 13, and 14, ~;sh~.~ this relationifor 
each reacho For-natural stages-below the:highest:water-surface 
profile observed inthe field, :the value of n for any~reach 
i~ the same when taken from any Of these three curves;~'it ;is also 
the samefor back~,mter stages at-the elevation.for a natural 
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0 fl~ of 650,000 second-feeS. ~here the~values of ~n given:by 
the curves differ, a mean of the three values was used for back- 
water com~utations. A list of •these values of :n ~for;reser- 
voir elsvationi1290.0 at the d m may be found in table XIV. 
These roug!u~ess coefficients are designated a~ backu~ater ~n's 
since on the n curves, they correspond to a,stage of th~ ~rivcr 
caused by ~backwater~ conditions. The values 0f these backwater 
n's could not be determined until the approximate mean~v~ter- 
surface elevation was known for ',a given reach. ' The selection 
0f the proper backwater n was combined With the trial-and-er- 
ror process of computing the backwater profiles, and, Since the 

. . . .  ~-'~ ~ot chan~e material]y ~lth the s~all adjust- 
v a l u e s  OI n ~ . u  ~ ° ~ ' ' ~ • 

merits necessary, the computations were not appreciably lcom- 

plicated. 

thus, ~for a given stage, the backwater n v~s usually smaller 
• ' e reach betuveen 

than ~the natural n. A :typical .relatmon, f or th Since the back- 
:section 96 and section 97, is shovm on'fig ure ~9. 

that these :profiles give :the correc_ solution of !the problem. 
Profiles obtained by uoing values oi" n for natural fly, were 
also computed, in drawin~ conclusions, the l~ver profile has 

beenused. 

40° River flow condition brought about b~ backwater- With 
- Dam, the normal water su~fa~7~ 

the ~ construct ion of Grand Coulee of i 945.0 to 1290,0, or ~i~he~'~; 
will be raised ~ror a an elevation 
depth of the river will be about 12 times what it ~,~s under nat- 
ural ~flow conditions. With the reservoir full, the natural river 
• charnel near the dam forms only a small pGrtion of the cross ~isec- 
tion and its properties and :character istics~ Will have very little 
effect on the properties of the new:channel. As one proceeds 
upstream from the dam, the natural river channel becomes a~larger 
portion of the cross section until at the International Boundary 
theyare nearly the same. For a.complete orofile Of !the reset- 

• - ~ 2 All~rapids, vmterfalls 
voir:and natural river, see figure 2 . 
and ~irregular cross sections in the lower portion of %he reser- 
voir ~llbe submerged to great deoths ~and will no ~longer offer 
a high resistance to the f low °f~w~ter' The flow conditions in ,~ 
a ~large reservoir are not well understood. It "is improbable 
that ~he whole mass of water moves forward at a very slow ve- 
locity; rather, only a small core of the mass moves forwar d~at 
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a much higher velocity. The friction loss in the reservoir is 
computed as if the whole water.mass moved ~slowly forward. If 
only a small portion moves folu,vard, the velocity is r4~uch higher 
and the hydraulic 'radius is smallen, both factors tending to 
give a greater friction loss; but the ~rcughness ~coefflcient must 
be less where there is ma vride zone of transition between tlie 
still v~ter and the mass of moving ~ter, and-the smaller rough- 
ness coefficient may ;compensate for the higher .velocity 'and 
smaller hydraulic radius. In any event, the friction loss in 
the deeper portion of %he reservoir is only a 's.~all percentage 
of ~the total loss from the deem ~:to %he International i'B0undary. 

.In general, no exact :division line can be drawn where ~he 
flow inca river char=nel becomes a,current of ~water surrounded 
by the still water of a lake or where the properties of the 
river channel change tO the properties of the :reservoir.. The 
change ~is gradual, and is influenced .a great "deal by ,the araount 
Of water discharged. For the~Columbia River Reser~ir, however~, 
there is a~rise :of 36 feet inthe river .bed at Kettle ~Falls, 
which divides ~the reservoir from the river ,effectively. It w~s 
assumed %hat ~below this point the reservoir would act as a lake 
with nearly a level vaster surface while ~above this point th6 
flow would approach that of a natural river, iAt normal diS- 
charge, the idepth of the ri~er.just above Kettle Falls, ~with 
the ,reservoir v~.ter .surface.at elevafi6n 1290.0 fat the ,dam, 
will he,about 4 times ~the depth for natural 'flow v, he~eas at 
the d~.m the depth will be about 12 times the denth ~for natural' 
flow. The friction loss in'the reservoir is related to the 
ratio of the depth ~under back~'~ter conditions to !the depth.under 
natural flowconditions. When the value of this ~ratio is :h~-ll, 
the friction loss is nearly zero, and as it decreases the fric- 
tion loss ~increases, becoming egual to that .of the existing 
natural river when it reaches unity0 A_considerable ~change in 
w~ter surface, located -a great distance ~ from !some pointon the 
river; will cause little or no change in<the ~ter :surface at 
that-.point. This :prinCiple ~affects %he 'accuracy required ~when 
co~uting backwater profiles along the ~'eservoir, ~specially 
when it is realized that the portion of .the ,reservoir~,with 
which ~this report is concerned :is a :stretch of river immediate!y 
adjacent to the International Boundary., 150 miles upstre,:m from 
Grand ~Coulee Dam. As these two factors, the distance from ~he 
International Boundary,and the ratio of depth for baok~vater ~o 
depth for natural flo~, increase from the International Boundary 
tc~.mrd the-dam, the required degree of accuracy decreases. In 
each of the four zones into which the reservoir ~s divided, 
suitable requirements of accuracy .were adhered to in computing 
the bachvater profiles. 

!, 
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!@ 41. Backwate[ c~£putations for zone I. In zone i, which 
extends from the dam to just above Kettle Falls, ~the •water su r- 
face will be nearly level, %here belng ' a rise~of~only 0.7 foot 
~-in the water surface at the upper end of this long narrow lake 

11 ¸ 

friction~10ss. Fifty-three river ~cross ~ sections were used in 
the lll.0-mile length of • reservoir ~included ~in zone I. ~ ~rough- 
ne~s coefficient of n --0.035 was used 'for each~reach. As pre- 
vzous!y exp±azned, the ; old river channel wfli ~have lost ~its 
identity in the ~ewly formed reservoir, ;and the value of n 
.applicable in~t, his zone~ould have ~very little :relation to that 
Of the natural river channel. The value of n = 0.035 was se- 
~lected~partly as the result of measurements on the Columbia 
River above Marcus, where the natmral Tiver flows 'into deep 
channel withlvery little~!!disturbance, givingla value Of n at 
high flows of 0,034. King,siHandbook of Hydraulics (33) lists 
for ~a ~dnding ~natural stream channel with some pools~and shoals 
a value of n varying from 0.033 to 0,045 The velocities~in 
the reservoir, whenbased on cross-sectional area of the reser- 
v6ir, v~.ll be very small; even for the larger discharges, %he 
velocitieSmwill nearly always be less than 1.0 foot per second. 
As the water [~ e~tering the reservoir will never carry very much 
silt, tF~e Cross-sectional area will be sensibly unchanged ~for 

~ a lo~peri0d o~ time; the effect of silting was therefore ig- 
nored, No attempt ~s made to compute ~the enlargement loss ~in 
any reach, and the velocity head was so m~all that ~the water 
snrfaee was taken as ~the energy gradient. 

.... It ~s not necessary to know the exact water-surface pro- 
~Tile for zone i but only to,know the water-surface •elevation at 
the upper end of the zone so as to be able to start backwater 
computations for the next zone. ~The profile as determined at 
each river cross section was computed only for ~a discharge •of 
650~000 second-feet, with water-surface elevations 1290.0 ~ and 
1280.0 ~t~)the d~m. The frlctlon loss znthzs zone for a dls- 
charge Of 680,000 second-feet, with the reservoir' elevation 
1290°0 at the dam, ~as only 1.71 feet. A method used by Harza 
(22) and~also by Grim~<(13) to compute the friction loss in a 

'~r(~ach 0f~river where the stage and friction loss are ~a~own~for 
one d~isch.arge ~nd where it is desiredito .find the fri6~ion loss~ ~ 
for other ~ discharges ~at approximately the same stage ~iw~s used to 
c~.etermine water-surface elevations at the upper end of the zone 
for other discharges and elevations ~at the dam. The for~;~ula i 

~ = where h equals 'the known friction~loss d~r, in 

this ease, thee change in water ~surface [for the discharge ~,, and 
hx eguals!~the desired change in ~ater surface eorresponding\~m\tO 
a di~scharge~ , qx- ~hen the reservoir ~ater-surface elevatio~ is 
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.~1290.O at the dam, the water-surface.elevations at the upper 
end,0f 'zone 1 will ibe between 1290.0 and ,1291,7 for all dis- 
charges. The above !formula ~is ~app}icable, and the change;in 
water:surface through zone il for any discharge !is 'found from 

~= 'I~.71"~ ( ^.L%^^ , ) 2  S i r ~ l a r l y ,  when ~the ~reservoir ;is 'at 
~OU~UUU 

eleva~ion:1280.0 at the dam, the expression Of the change of 

water~surfaceat any discharge is ~h x = 5.02 ( ~2 
v, 6 5 ( 3 , 0 0 0  " '" 

Figure 23a is a,graph !plotted vrith water-surfac e , ~le~ation ;at " . . . .  
the dam ~ as ~the ordinate and ~change ' in  water surface through i 
zone ~l, from the ~dam to observation station 17;, as !tke,abscissa, 
for discharges Of 100,000, '200;000, 300;000, 400,000, 500,000, 
and 650,000 second-feet. The extension,of ~t'he Curves bel~ 
elevation ~1280.0 at 'the damwill ibe discussed under ~bac~.c~ater 
computation for zone 2. 

42. Backwater computations for ,'zone '2. The backwater i 
surface~prefiles in zone 2--we're computed ~for <discharges 10f 

:20~000, ~I00;000, 20O,OOO, :300,000, ~400,000, 500,000, and ,: 
~65%000 second-feet, with Water surfaces at elevations 1290.0 
and 1280.0, at the dam, usin~ backwater, n. The ~change ~in water, - i 
.~surface i~iel evat ion 'through, z one ~ 2 'for :a, ~discharge 'of 650,000 ~i s co- :~ 
o~2d+~eet ~' v~s too great to .permit :computing-lthe head 'loss .for ! 
other discharges.by~the same,meth0d ~as ~m-s used 'for zone I. A 
S " • 1 " " " a~le c0mPutatlon of the bac.~%er surface iproflle will be 'd~s, i 
cussed~later ~for zone 4, table XXII. ~The ~change :in velocity 
head~'b~en river cross sections:and ithe enlargement loss .t~ough i 
ithe';ireaches were-taken into account ,in-:the ':bacL~ater ~comPutation :i ~ il 
'lot"this ~zoneo ~A. constant :roug.hness coefficient :(n = 0,037 if or 
the: I(utter :forn~la and " ~n -. 0.034.~for %he l'~nning formula~ as .i 
previously ,computed)was used for all reaches except-reach 81-82 
and reach':~2-83, which~comprise only :a .very ~s~all oortion of ithe ! 
zone adjacent to the ~Little Dalles. Back~ter n,s only were ~• 
used as ne natural r~ver Channel does not form~a large enough 
proportion of the reservoir cross-sectional area ~zo ~rrant the 

< 

ficienta. The backwater profiles were computed by boththe 
.Manning and~the Kutter-Chezy formulas, and the baoh.mterrating 
curves,at observation station 18, upper.end of ,zone2, are sh~vm 
on figure~24, The l~nnLng formula gave hconsiderably more loss 
than the Kutter-Chezy for~la because the friction slope was still 
fairly !.flat in this zone. The profiles:and rating ~curve computed 
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by the ~anuing form/la .were :believed 'to be mo~ e accurate, axso, 
,they ~,ere more ,conservative to use ~in es%ablish'ing the max~ix~um 

amount of ' backwater. 

Water-surface elevations at each river cross ~section were 
computed for back~vater ,conditions ~ thus defining the ~surface 
rOfile and obtaining the amount of backwater that will' exist 

P ~ "thin the zone for any ~ar~icular ,.:discharge. The at an~ point w~ _ _ . ~ .... % ~ 1 . . , ~ 

backwater profiles were Of very ~little amtual ,use in zones l,-, 
and 3 }but were used in zone'4 to~study"the effect 'on~the,rail -~ 
road. The %~ter-surface' elevation at :ithe upstreaz\, end iof .each 

@ 

• •. E / ° n ~  but might be~drawn"down as i:low~ as 1 2 0 8 , 0  ,durl ~ a .dry,season, 
and ,it ~s.deslrabl toknow,the amount of backwater that. ,will 
exist whenthe-reservoir is lower than the maximum v~ter-sur- 
face-,elevation. Since only ~the ~difference of,water'surface 
eievationfor various Teservoir elevations ~.v~s desired ;for zones 
I ,~ 2, and 3, a Eraph was devised to %give ~this information (see 
figure i23b). -To construct%he graph for zone,~., thedifference 
of ?.~ter-surface elevation-v~s obtained by'cozputing the back- 
v~ter profiles for the u~aal~discharges with the ,reservoir ele- 
vation first ~at 1290.O~and .then at 1280.0. ,The natural v~er, 
surface elevation was subtracted from the backwater surface ele- 
vation atthe foct of the ,zone, for that particular discharge, ~ 
Eiving the amount Of back-~ater at the foot of %he zone, V~ich 
was plotted as the ordinate Of ~:the ~raph,,~ile 'the :difference 
of vmter-surface elevati on that took place within the zone ~s 
ulotted as the abscissa~ ~With natural flo~.; there'was no back- 
water, so the dlfference .of v~ter-surface elevatlon in the ~on 
for natural flow, or zero backwaten, would ~be plotted on'the 
axis Of abscissas, the ordinatebeing zero. ~ ~this graph, 

an~oUn~-of-baok~ter ~" at ~the lower end :of .ithe !reach from':the 
change, ~ or,, difference, ~ O f e~evation due ~to natural fl~, S ol%l~t 
the,abscisSa of any point on, one of ,~hese ~lines represents-':'~ne 
: difference of elevation between the -natural water surface at the 

dimat@,ofthe Do'~ut. So •long, therefore,~as )the~water surface 
at theupper,endldoesnot~rise above:~th e~naturalsurface'-that 
is, so long,as there is no backwater there--the linesare the 
graphs obtained:byplotting . the.amountofbach~aterLattheilower 

-i 
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With ~ backwater at the ~ upper ~ end, ~however, it!is evident 

that the water surface willbe higher than for natural flow; 
consequently, the difference in elevation through the reach . 
~must~be ~,ore than the difference) of elevation~b0tween the back- 
water surface at the lower end ~ and ~ the natural surface~at the 
upper' end, ~which latter quantity ;is ~represented:by the abscissas 
of points on the straight~lines. ~If;backwater ~exists at :the 
upper end, therefore, the ~curves Of!baokwater.-that~!is, •of dif- 
ference~of elevation versus amount of backwater at the lower end-- 
must lie !to the right of the :~stralght lines, 

• l%%en~ the backwater just reaches ~the • el evation i for natural ~. 
flowat tHe upper end of the :reach, ,the abscissa of the curve 
of backwater is the same as that'of %he~line of no backwater. 
Evidently the two cannot cross above ~the ~xis of abscissas. 
• The • difference in ~ abscissas of the line of~no~baok~ater, rep- 
resenting the difference in :elevation: between the backwater 
elevation at ~ the lower end ~ and ~%he!natural ~surfaee'at the~upper 
end, and the curve of backwater, representing the actual differ- 
~nce, is evidently the amount of back~ater ~ at the upper ;end. 

Any point on the axis ~ of ordinates: represents a !level water 
surface through~the zone. As the depth:of backwater at the lower 
end .increases, ~the change in elevation throu~k the reach;~ill 
approach zero; therefore, the axis of:ordinates will be an 
asymptote to the curve of backwater. This line of no backwater 
acts as a~ gtuide.in drawing the curve.:of differsnce of water- 
surfaceelevation. " . 

In zone 2, for. each clothe usual discharges the difference 
of-water-surface levels was known from ~the comouted orofiles 
with t~e reservoir at elevations 1290,0 and 12§0,0; this gave 
~two points on the curve for each dischargc~(figurei23). The 
curves were~ drawn through.thesei~two points ~and tangent to the 
no-backwater,effect lines as it-was improbable :that they~v~re 
entire ly;:above • the se ~ line s. Thi s~ may appear to ~ be very meager 
infon~ation upon which:to base the curves of figure Z3; however, 

;~aigreat~ ~many points were computed for :similar :cur~es in zones ~ 
3 and 4, so that more i knowledge ~ was :obtained iOf the behavior 

~of~these, curves. Also in zone 2, the highest accuracy was not 
requir6d >as-~sn~:~error Of one-half foot at ~the:upper end of :the 
zone woui~d ';re sul~h~in only 0. OS~foot error ~ at ~the International 
Boundary. Curves similar to those prepared for zone/2 were con- 
structed for :zone 1 ~ from the profile ~for a discharge of~:650;000 
second-feet,~using the method of Grimm and Harza, ~previously dis- 
cussed, sm.d the no-backwater line. 

) 

By msans of the curves on figure 23, it is possible to start 
at the dsm~ with any reservoir ~ elevation between 1260.0 : and 1295.0 

116 

j. 

• Lk 

~i , / , : / / ~: ~'/~ ~'~ -~:,~i ~ • , t'~ '~•?i~ / !~ • • • / • ~ , • • , , • ~ ~ t • ~ /, 



~-.-~ ..... • .... ~ ~o ~ -vii~ ̧ ,.'~ii~ ~.~..~,L...~ ~ ........ i~... _ 

0 for one .of'the usual dischargesLused,: determlne ,the difference 
ofi~v~ter.surface ,elevation~forzone if_ and add~this to ~he :res- 
ervoir elevation, obtaining/the water-surface elevation'~at, the 
upper end of zone l, mlower endof zone 2. ,The" amount of baek- 
~ater. at~ ~the~ i o~,,~er .-: end ,of ~ z one -2, obs ervati on '..station :i'.y~,. is 
the difference ~between this elevation and~ that ~of ~~the ~natural 

surface, elevation ~ at 'the ~ lower,~end of zone ~2 to give %he~back- 
v~ter-surface elevation at the:upper end 0f~:zone2 or :the il0wer 
end~ of ~: zone 3. Similar ~ graphs,have _been~prepared~for zones,!3 
and,~4, so.that it is;possible to continue~in a:manner~similar 
to that',used in zone2; and~finally~co obtain the ~backx~ter'~sur- 
face~elevation~ at ~the International ' Boundary. !If~'the ~:difference 
between this elevation~and that' of ~the natural water surface at 
this point is .taken, the result is~the~amount~of~backvmterat 
the Luternational• Boundary. :Table ~XXI illustrates the~meth0d 
f-making the.computations, begi~nin~ with a ~reserv0ir ~eleva- 
ion of.1~8800 at the dam.forlall ~the usual discharges..~'In this 

case, natural ~flow: n's were used in zones ~3'and ~; backwater 
n's -were ,always used<in zones 1 and~2o "All data in'the above- 
mentioned ~table .are ~ for:unimproved river channel at the Little 
Dalles. 

43. - Backwater computation s~for zone 3. Zone 3 extends 
from~,the re-or--of ~the- Litt, le Dalles, ,observation,. station~13 ~ ire 
the head, ~ of the. Little Oalles. ~ observation ~statio: 
tance-of.4,789~.feet, or about 0,~9 mile. The~larg~ 
as the~ ~ittle. Dalles' has a:change in v~ter surface '~throughout 
its !eng~h Varyingfrom a few feet for low.discharges:..to.~32 feet 
for~.a discharge of .650,O00-second-feet, 'These rapids~vrill not 
he'd'entirely,, submerged by : back~mter~ and, ~ while the. c~ange in 
water .,surface wili be~ nmch' les s~ than .for 
still be.~lar~ge~ and~v~ll:.constitute a._lar 
'drop !4_n~water.~surfac e i= from the Internati 
d~m. Figure-6 shows~the change fin water.surface forT.thief;zone 
both for natural ~flow and ~backw~ter conditions~ when.: using nat- 

-ural n~.So ThisL.zone ~as~divided into 13 reaches, but~the same 
value, of ~, the L roughness coefficient had io be~used~for ~the.upper 
12 .-reaches i between) section~ L. and section87 ~becaus e of insufTi- 

ld data. This coefficient is an average one!for--all 
reaches an~, when used :for :these reaches, 'is~ assumed 

to give ~'the same~ over-all difference of water-surface levels as 
if-the correct coefficientswereused~for each~reach. ~The Kut- 
ter-Chezy, formula ,was :.used ,todetermine the friction" loss; re- 
suits fromthis formula,differ little from those obtained~by 
the Mar.uMug formula. }Eniargementloss and change iin~velocity 
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~head'~'were~considered in~the~backwater.computations. The result- 
ing backwater profiles ~ are ~sho~m ~on figuze 40, l~cOmputed ~with 
"both ~tural ~n,s . ar~1 back~ater ~i'S. ~ The difference in~'.these 
profikes, caused by using ~%he two .differ.ent ~types of roughness 
i coefficlent, is ~ greatest eor ~discharges ~of ~200,000: to ~'400,000 • 
second-feez. For lower discharges ~the mean ~velocmty:is:so ~low 
that ~the friction 
n~ke much ~ differ ez 
used. For thei~hi~ 
feet) ~ the ~backvmi 
same elevation that :there is nots'much reduction in:;the'Tough - 
hess. coefficient due ~to increase in 'stage, so:!the bac~;mter ~n,s . 
are nearly~ as large.as ithe'natural n's. iThe~hydraulic'~imodBl 

the model :with the computed~ ones. Afterthe~model ~ms properly 
~roughened, fit ~s set so as.tol.reproduce'~the bac~:~ter rating 
~ curve at ~obse.~vation.StatiOn 13.. Yhus, the computed and model 
proi ties for anon ~warticular ~discharge :have the same v~ter'sur- 
face elevation at obsermation station ~13,:the ~foot of the Lit- 

~o be expecte d since the roughness !uoefficients forLthe reaches 
between zsection L and ~section 87 would wary considerably from 
the average roughness coefficient as computed for the entire 
stretch~ Ato~servation station Ii, head of the LittleLDalles, 
the model and the computed profiles ar e 4n closer ~agreement. 
The model profile shows less change in water surface through, 
z one.. 3 than.~ either of :the. computed ~backv~ter 
usingnatural n, s or ~backwater .n' s, .except 
of 200,000.and iSO0,O00 second.feet, Tot which ~the .~c~nge in 
~ater surface is practically the same as that ~computed~vrith 
backwater ' n, s.. 

The' difference of_water-surface elevation through zone -5 
obtained-from the computed ~backwater profiles~v~s plot-ted.against 
the ~ amount of'backv~teria'~, ~the l~ter.end of :zone 3 for~the usual 
discharges, resulting .~similar ire .the one 
constructed for zone ~ ~8Q, 000 s econd-feet, 
a ~curve is ~shov~ for value.'~ :~of n .which'would- have :had ~to be 
used t~~:give approximately the ~result ~ obtained rfrom the model. 
For ~other ~ discharges ~ such ~values can~be .estimated from the other 
curves .shovm. Back~ater surface profiles, from which the .differ- 
ence Of ~mter'surface ~elevation.through zone~ 3 ~was obtained, weze 
computed using both;natural and backwater.roughness coefficients.. 
The difference~of water, surface-ele~a'bion curves must pass through 
the point on the~axis of abscissas :corresponding to the difference 
of v~ter-surface elevation for _natural flow. The :variation between 

0 I]8' 



the difference of ~'~ter-surface.elevation curves computed with 
the two roughness coefficients is greatest for discharges from 
200,000 to 400~000 second-feet. The reasons for this are those 
stated previousJ.y. 

The hydraulic model provided~a means of checking the com- 
puted change in water-surface curves tl~ough zone S. ~"For any 
discharge different amounts of backwater were set ~at observa- 
tion station IS, foot of the Little Dallec, and the resulting 
v~ter-surface elevation was read froma gage at Observation sta- 
tion Ii, head of the Little Dalles. The difference of water- r 
surface elevation between the two observation stations ~was~pl0t- 
ted against the ~back~vater that ~existed at observation station 
iSo (See figure 25.) ~This v.~s done for severaldischarges, and 
a curve v~s dra~ ~qich gives the relation of the amount ~of bach- 
water a~ the lower end of zone 3 to the difference of water-sur- 
face elevation through zone S. Since the natural-flow rating 
curve as f~d,~or the model at observation station ii (figures 
8~ and ~) ~id~ot agree exactly with t?,~t determined from a con- 
sideration of the field data, the difference of v~ter-surfaoe- 
elevation c:-rves for t11e model do not pass through the points 
on the axis of abscissas re~resentin~natural~flow conditions 
for the prototype. This discrepancy is greatest for a~discharge 
of 80,000 second-feet, where the model could not bemade to sim- 
ulate the prototype. The discrepancy at ~680,000 •second-feet may 
be accounted for by the uncertainty as~to the extension of~the 
rating curve at observation station ll, and it is not known whether 
the computed curve or the model curve more nearly ~represents the 
c~hange in water, surface through zone 8 that will occur ~in the 
prototype. 

No backwater surface profiles for zone 3 were computed for 
any of the proposed c.hannel improvement plans tested for ~ the Lit- 
tle Dalles. Such computations would ~have required :selection of 
a new set of roug.hness coefficients~applicable to the irmproved 
channel, which vrould have been very difficult. The model re- 
sults~for the different plans of channel ~improvement wereused 
to compute the amount of backwater that would exist under such 
conditions. ~vo graphs of difference of ~ter-surface elevation 
througn zone 3 (figures 26 and 27)were prepared from model stud- 
ies in the same manner as was described for the model difference 
of ~ter-surface-elevation curves for unimproved Channel. One 
of these graphs (figure26)gives the difference of water-sur- 
face elevation throu~h zone 3 with •only the large sol~id rock 
island in the entrance to the Little Dalles ~r~moved. The other 
graph (figure 27) gives the change in water surTace through zone 
S for pronosed channel improvement pl~'No. 5. Either of these 
graohs may be substituted for the one with~unimproved charaqel 



0 and used to obtain the amount of backwater or improvement that 
would exist at the International Boundary should such'a plan 
of channel improvement be carried out. ::~ 

These graohs of difference of ~ater-surfa~. elevation'through 
zone 3. are sim:~lar to those ~for zone 2 •and may !be used iin'thesame 
manner. Values taken ~from the graphs for the unimproved channel 
(figure 25) are used~'~in making the computations Shown in table 
XXI. 

44. Bacb~mter computations for 'zone:4. Zone 4 extends~from 
the head of the Little. Dalles, observation station ll, tothe 
International Boundary, observation station 2. Calculations 
made in this zone will have~ more ir-Cluence ~ on ~the :results at 
the International Boundary %hart those made in any other zone; 
for this reason more field data were~i%aken. A different ~rough- 
hess coefficient v~s determined for each~reach, necessitating 
the use of a different., n ~for each reach in computing the back- 
water surface profiles. In this zone :the ratio of depth for 
backwater ~ fl c~: to depth ::for ~natural flow iis less than :two, s o 
the Slope of the energy gradient for'baekv2ter conditions is not 
mmch les s than that i for natural ~flow. The friction slope for 
natural flow is:nearly alv~ys smaller :than 0.0009 and for back- 
water conditions isusually greater %han:O.O001, With these 
backv~ter slomes the Kutter,Chezy formnla ~Eave results that were 
comparable v~th those given by the Manning formula; theMutter- 
Chezy formula v2s used. iEnlargement loss and change in velocity 
head were consiaered in:computin G the backwater surface profiles 
in this zone. 

Table ~X!l-is sho~n as •a sample sheet of the comoutations 
Hade in determining the ~bac~ater profile through zone 4. Tables 
similar to this were used:for zones i, 2, and 3. so that with 
minor variations ~this table is typical of and illustrates the 
calculations made in all zones to determine %he ~backwater pro- 
files for various discharges. 

Because ~of proposed, channel .improvement, ~it was necessary 
to compute water-surface profiles whose initial water-surface 
elevation:at observation station llwas-below that for natural 
flow conditions. Several water, surface .profiles-for the same 
discharge °with "different ~amounts of backwater-:at .observation 
station Ii were com p~ted, : and the resulting, changes in water 
surface plotted ~on.the graph (figure:28). It.vms then ~ possible 
to draw curves which gave~the idifference~of ~ter,surface eleva- 
~tionLthrough zone 4 .in terms of :bacl~ater :or improvement at ob- 
servation, station ll. The break inthe~ curve for 650,000 second- 
feet is caused by a shelf on the river bank~a fevr~miles below the 
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International Boundary, at about elevation 1335.0. TheTines 
of no-backv~ter at the upper end of zone 4 (International Bound- 
ary) are shown dotted with~slcpe equal to minus one and drawn 
throuo~h the axis of abscissas at the point .which gives ~he dif- 
ference of water-surface elevation through zone 4 for natural 
flow conditions. ,)As previously explained, the distance paral- 
lel to the axis of abscissasbetween the no-bac~ter-effect" 
line at the International Boundary and the difference of water- 
surface-elevation curve for this zone gives ithe amount of i back- 
vat er or improvement ( if ne gat ire ~ baokwat er) )at t he Shi~ernat ional 
Boundary. Backwater sun face profiles were ~computed fcr al~i ~the 
usualdischarges using natural n,s; and bac]~vater ~n,s were 
also used for discharges of20,000,!100,000, 200,000, 1300,000, 
and 400,000 second'feet. At the larger/flm~,s of 500;000 and 
650,000 second'feet, the stage for backwater conditions vms not 
much different from the stage for natural flow, so'that there 
v~s not enough difference between the values of natural n,s 
and backwater n's to vmrrant computing another water-surface 
profile with backwater n's. On figure28 note the decrease in 
the distance :between the change of water-surface curves through 
zone 4 for natural n's and backwater ~n's as %he discharge .... / 
increases or, actually, as the~ratio of the depth for bac]m~ater 
to the depth for matural flow approaches unity. For the ,lower 
discharges, a small amount of backwater ~ at section~87 will cause 
no,backwater effect~at the boundary. That is, the ~ backwater pro- 
files, for all practical purposes, coincide .with the natural 
water-surface profiles before they reach the bo~udary. The ex- 
ter~ of ~he backwater curve is influenced considerably by the 
roughnes:~ coefficient used. For example, a discharge of 100,000 
second-feet, using back~ter n's results in ithe backvmter pro- 
file Jbecoming tangent to the natural profile before reaching the 
International Boundary even if the reservoir is held UP to 1290.0 
at the dam. 

Computed ~ter-surface profiles for unimproved 6~.mannel 
withthe reservoir atelevation 1290.01at the damare shown on 
figure 29. The natural water =urface as observed in the field 
up to and includinga discharge of 400,000 second-feet and the 
computed natural:water ~surface for)diScharges of 500,000 and 
aS0,000 second-feet are~also sho~nu. The ~s~m.ing formula~was 
used in)zone~z to compute the bac~rvater profile shmvn a s 3curve 
1 while the :Kutter-Chezy formula ~was used for curve 2. Figure 
24 ~shows the difference in backwater rating curves at the foot 
of the Little Dalles, •section 83, but, by the ~t~me ~the surface ~'~ 
curves reached the International Boundary, this difference has 
been reduced to sz~ll proportions. On figure 29, for a disbharge 
of 300,000 second-feet~there was a difference of 1.7 feet between 
curve l~and curve 2 at station 83, but the difference brad reduced 
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to 0.13 foot at the boundary. The effect of using natural or 
backwater n's in zones 3 and4 is shownby the difference be- 
tween curve ~ 2 • and • curve 4. 

To aid in defining the limits ~of the amount of baok~ter at 
the International Boundary ~and to locate the terminal point of 
several different curves, a condition of zero discharge was ~con- 
sidereal. This condition will ~never occur. The rating~curve for 
observation station 2, International Boundary, figure 18, i!was ex- 
tended to zero discharge where it was determined that the water- 
surface elevationLwould~be ~1284°2, There is ahole at this point. 
and the lowest elevation of the bed is 1272.0. If ~it ~vere pos- 
sible to have zero discharge vrith ~ the reservoir elevation 1288.0 
at the dam, there wouldbe 3.8 feet of backwater at the ~bound- • 
ary; with reservoir elevation ~ of 1290,0 at the dam, the minimum 
wrobabled~scharge at the boundary would ~be about IB,O00 second- 
feet with about 2 feet of backr~tez. 

I Vater'surface profiles for only a f~;z ~,~ter.-surface eleva- 
tions at the do~nstream end of zone 4~ corresponding to dif- 
ferent water-surface elevations of the reservoir, or different 
channel imorovements, were computed, vchich defined the water- 
surface elevation at each of the ~river cross sections. It has 
been sh~ in this chapter how~the 'losses Or difference of v~ter- 
surface elevation through the various zones r~ere used to make 

~g) up the graphs on fio~ures ~23, 28, and 28, ~rhich were relied upon 
to •give the water surface at the uooer end of the zones or at 
the boundary for all the varying reservoir elevations at the:dam 
with various channel improvements at the Little Dalles and using 
either back~ater n,s or natural n,s in,zones S and 4. It 
was also ipossible rouse the difference of water-surface eleva- 
tion through zone 3~as determined from model experiments rather 
than the computed results for the unimproved channel and to as- 
certain the corresponding bac~a,~ter at the International Bound- 
a~r. ~If it were ~desired to calculate the ~vater-surface eleva- 
tion at the boundary with either the impreved channel accord- 
ing bo plan8 or ~dth the rock island at the entrance ~to the 
Little Dalles removed to elevation 1258.0, it ~would be neces- 
sary only to substitute either figure 26 or ~figure 27 for fig- 
ure 25, which gives the computed~difference of water-surface 
elevation ~throu gh ~the Little Dalles vzith an unimproved channel 
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• NOTES 
TO "obtain water sur face elevation o f  Sec, s ?, Obs. Sto. t I ,  ne od of Li t t le Dolles 
Given the dtscherge and W S. Elev. of.Sac, 83, Obs.Sta. 13, 

t, From the W.S, Elev. a t  Sac;83 subtract the notura l  W,S.Elev. at 
Sec:83 to obtain the bockwoter~ at  Sec.a3. 

2~ From diagram obta in the rise in water surface through Zone 3,  : 
3 : To the W+S. Elev. at  Sec.e3.add the rise in w a t e r  surface through 

Zone 3 to obtain the W. S. Elev. at  Sec. 87, Obs.S?o. I i .  
Data for curves wos token from.Dwg. 222-D-6907 (Figure 46).  " 
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COLUMBIA RIVER RESERVOIR 
BACKWAT~,_R STUDIES 

FLOOD DUP~TION AT G.R/U!D COUL~ DAE AI~' THE ~ITTLE DrALL 'Z$ 

--- [--- Discharge ~__' ' t~ - seconc-fee i_ equaled or exceeded 
-----] Atthe Little Dallea#at 

I [ Probable occurrence i At Grand Coulee Dam estimated ' 
of flood !estin~ted from records at from records 

' - -~-----~oul--ee--~--~-Dalles I G r a n d  Coulee ' 
~Percentage of time) ~-The Dalles Grand I Oregon* Washingt on~ ~ Oregon Washington " 

0nee in lO,000 yrs. 1 950,000 725,000 875,000 680,000 

i 
Once in 1,O00 yrs. 1 815,000 650,000 765,000 i 

500 yrs. 7'75,000 

lO0 :rrs. 690,000 

50 yrs. t . .  645,000 

lO yrs. 555,000 

Once in 

Once in 

Once in 

Once in 

625,000 

570,000 

545,000 

465,000 

I~0,000 

I 
! 650,000 

I 
i 605,000 
i 

1 505,000' 
I 

i 450,000 

610,000 

580,000 

555:,000 

515,000 

4~5,000 <:" 

400,000 
Once in S yrs. 460,000 4~5,000 

| I 
},   o,ooo I   o.oooL   ooo 

Once in 3 yrs. 1 ..... ._------ --" -' 

* Records available at The Dailes since 1858 (82 years)..~ 

.: ~:-~ Records available at G~-and Coulee since 1.913 (27 years). 

# Flood discharge at the Little Dalles assumed 94.0% of that atGrand 

Coulee Dam. 

Normal mayzLmum annual flood at the Little Dalles or International 
Boundary equal to 545~000 second-feet based on record from l'~L5 

to 1~3~ at ~ettle Falls. ~' 

:0 
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COLUMBIA RIVER RESERVOIR 
BACKWATF~R STUDIES 

FLOOD DURATION AT G.~L~'D COULEE :DAM AI~. THE LITTLE .D rALLieS 

Probable occurrence Discharge (second-feet) equaled or exceeded 
of flood , At Grand,Coulee Dam "1 At theLittle Dalle~ 

estimated from,records at estimated:from rbcordsat 
• ~ ~ S (Percentage of time) TheDalles GrandCoulee TheDalle Grand,Coulee 

Oregon* WashlnA~on~' Oregon Was"hln~@ 

Oncein lO,O00 yrs. 

Once in l,O00 yrs. 

Once in 500yrs. 

Once in i00 yrs. 

Once in 50.yrs.. 

"9S0,000 

815,000 

775,000 

69Q,000 

645,000 

535~000 

4801000 

435,000 

Once in lO yrs. 

Once in 5 yrs. 

Once in 5 yrs. 

725,000 

:650,000 

6 S ooo 

570,000 

545,000 

465,000 

425,000 

590,OO0 

875,000 

765,000 

 so,ooo 

650,000, 

11 so5,:ooo:  t 
450,000 I 

6BO,O00 

:~ 610,000 

535,000 

515,000 

,000 1 

400,000 

~365,000 

*'Records available at The Dailes since 1858 (82 years). • 

~ Records available at Grand Coulee ~since 1915 (27 years). 

# Flood discharge at the Little Dalles assumed 94.0% of that at Grand 
Coulee Dam. 

Normal maximum annual flood, at the Little Dalles ,or International 
Boundary,equal to 545~O00,second-feet based~on record from 1913 
to 193~ atKettleFalls. 
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CHAPTER V - MODEL Ihq[ESTIGATIONS i OF ~ THE LITTLE DALLES 

Introduct ion 

45. Description of the Little Dalles. The Little Dalles 
is a reach of the Columbia River located about 16 miles ~dm, m- 
stream from the International Boundary, where the river, nor- 
m~lly about 1,000 feet wide, is constricted to a narrow, deep 
cha~uel about 300 feet wide land 200 feet LdeeD for a distance 
of 2,.500 feet. These rapids~are in a hard, dolomitic ~limestone 
formation; thelbar~cs are free Of* overburden. The river under * 
natural conditions expends a great ••deal of energy• ~in passing 
tlLrough this rough reach. At the entrance %o thelLiLittle Dalles, 
a large rocklisland obstructs the flow, deflecting•the greater 
oortion of the water toward the right bank. Downstreamfrom 
the island, the right bank~rises abruptly to form%he side of 
a mountain while the left bar~ level s off • on a ~broad shelf. 
At flood stages the island and a portion of the left bank are 
submerged. Photographs of the Little Dalles at discharges of 
50,000 and 330,O00 second-feet are~shownon figures 50•and S1. 
A topographic survey of the Little Dalles ~s made by sounding 
the river at the various sections indicated on figare 32. 

Two observation stations are located aT the Little ~Dailes, 
one near the upstream end at section 87, and another nine-tenths 
of a mile downstream at section 83 (figure 52). Observation 
station 12 v~s also located at the Little Dall~ LbUt was of 
less use th~n stations ll and~13 because of its poor 10Cation~ 
and lack • of river cross section. The observations made ~at these 
stations and the resulting rating curves, together with their 
extensions to include higher flood flows, are discussed ~in 
charters II ~ud III of this report. The rating curves ar6 
sho%ua on figures 33and 3S.~ ~Z~. 

46. Reasons for the model, Calculations Of %he~back~ter 
effects from the Grand Coulee Dam indicate t.hat raisina the 
reservoir t0 elevation 1290.0 will oroduce backwater alon~ 
the Great Northern Railroad's trackage (above the Little Dalles 
and at the International Boundary. It was considered that a 
satisfactory solution of the backwater oroblem for the nor~.l 
reaches of the river could be obtained by computation, but it ~ * 
was desired to have a check for ~ the rough, turbulent sections 
of the Little Dalles; it was also desired to ascertain the ro- 

t sults robe expected f~omvarious schemes for channel improve- 
merit to reduce the amount of bacL~vater. Accordingly, itwas 
decided ~o construct an hydraulic model. 
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@ 47. Description of the model. The scale of the models 1 
tol20, was determined by the available laboratory space. The 
model was cormtructediu a metal-lined tank; metal templates of 
the :shape obtainedby soundings on theprototypewere cut and 
fastened to ~he floor, the.spaces be~,~een filledwith 'sand, and 
a concrete,crust'placedover the sand to complete the rough 
topography shape. The channelbet~veensecticns ~as,builtwi÷~h 
the aid of contour maps drawnfrom ±hcsoundings and from a 
caraful study,of prototype.pictures. Portionseof thechannel 
were further improved:during:the preliminarymodeltests !bg 
a study of prototypeflow pictures. ~The }island-and a :oortion 
of the left banknearthe channel were built witha,horizontal 
joint at e!evati0n:1255,0~o 'permit any proposed excavation 
to be easily duplicated on the model (figure32). 

Level tracks wer~ installed on each side,of:the Uustream 
p0rtionof the model~andused to supporta point gagebarmounted 
on:truckso This arrangement permitted~vater-surface elevations 
to be measured at anypoint between sections 87 and Le A per- 
:manent point gage v~s installed atsection 83, representing gage 
13. A control gate downstreamprovideda meansfor .regulating 
the water level at section 83. 

48. Model adjustments. Preliminary~testsweremade to 
determine how much the model: should be. roughened to obtain a 
reasonable agreemenT; :be~veen model and prototype rating curves 
at gages ll~and,12 Whenthe water level at gagel3 ,~s held at 

n "a ~ r the proper elevation for natural .flow. Ten trl ls;, toge~he 
with several observation tests, were required:before asatis- 
factory fit wa s obtained be~,teen.,the model ,and pro, rotate. 
Photographs ~:of typical discharges :fo r'~the original mo~el are 
shorn on figure 34, ~Rating Curves :for the ~origina! m0de!and 

~'r the ~l st five trials are shm'mon'~figure~33. 'After each ~rial " 
the,~delwasroughened-byadding lumps of concrete to:th~Jsides 
andbottom of the channel. Somewhat larger pieces ofn~terial 
in,the shade of needles were placed Lu the bottom of the chan- 
nel since the cross:sections indicated that such formations 
were present. ,These needles~produced little effect at low 

Trial 5 produced a reasonableagreementat observation 
station 12 for-all discharges and at observation station ll 
for dischargesup~to.350,000 second-feet (figure 33), This 
suggested that the:,r, ougba~ess,~as not correctly distributed be- 
tween section 87 ~, and thecove. Accordingly, an~approxi~ate 
rating curve vms obtained from the field,for v~ter-surface el- 
evations onthe left bank at section Iand ~hecked against the 
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!i O model. The result indicated that not enough rougnne s ~vms 
present downstream f~'om section I and too~much~upstream. It 
was found necessary mo fill the channel partially between sec- 
tions J and K s~nd to remove some of the needles near the island. 
Five additional trials were made before a •satisfactory,agree- 
ment was obtained between model and /prototype :observations ~ 
After the final model adjustments were completed, it~as found 
that the mathematical extensions • of the prototTpe rating curves 
agreed reasonablywell ~ith the curves obtained :from ~the model 
( f i b r e  motogr phs the mo el sho  On:fig-  
ure 36. 

Natural ~ Channel 

49. Natural flow conditions, in addition:to the rating 
r , , , , 

curves, shown on figure 35, profiles for natural ~flow were~0b - 
rained from the model at discharges approxL~ting 100,000, 
200,000, 300,000, 400,000, 500,000, s~ud 650,000 s ec ond-feet. 
These profiles, together with the calculated ~rofiles. are 
shown on figure 37. The calculated profiles were obtained 
by assun/_ug a constant roughness factor through the Little 
Dalles ~ and:that ~he ~ter-surface elevation fin the channel 
near the cove was the same as given by,gage 12. Accordiu~ly, 
complete agreement could not be expected. 

50. BacL~ater •effects. The head loss bet~.teen gages ll 
andl3 was next obtained for various discharo~es aud backwater 
stages. These data are shown on figures 38 and .$~ o, Profiles 
taken at various discharges assur~ng the Grand CouleeReser- 
voir at elevation 1290.0 are sh~,together with the calculated 
profiles, on figure 40o The model results indicate that the 
calculated back~mter elevations at section 87 for ~tural n's 
are about a foot too high. The rating curve used at observa' 
tion oration lo to reproduce the water surface for reservoir 
at elevation 1290.0 is shown on figure 41, together with the 
resulting rating cur~ e obtained at observation station/ll. 
With unimproved channel, about three feet of bacPa~ater would 
exist ,at a discharge of 650,000 second-feet. 

L~ 

Channel improvement Studies 
, m 

51~ ~Introduction. Channel improvement ~ studies were made 
~h 

to determine~the excavation hecessary in ithe Little Dalles to 
produce no backwater at section 87 for a discharge of ~ 400,000 
second-feet, Thiswould lower ~the v~ter surface below natural 
conditions for higher discharges while back~ter would exist 
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0 at lower discharges. Rating curves at observation station II 
were obtained for variousamountsofexoavationand compared 
with the corresponding rating curve fornatural flow (figure 

41). : 

A rating curve obtained with the island removed to ele- 
vation 1255.0 lowered~the rater surface about 1.5 feet at dis- 
charges above 200,000 second-feet (figure41). Removing the 
island to elevation1250,0 did not produce:any additional im- 
provement. 

52. Excavatio n ~la~ No. Io~ With the island at~eleva- 
tion 1250.b, a portion,ofltheleft bank dova~stream'from the 
island v~s;removed to 4'levation~125500 (figure 42). The rat - 
trig curve shows that natural:conditions were restoredfora 
discharge of 550,000 se~ond-feet (figure41~). 

58. Excavationp~an~No.. 2. Theentrance ~as next im- 
proved andlthe excavation along theleft bank extended dog,n- 
st-ream to the needle!(figure 42). The cove was!filled, re- 
sulting in lessturbulence andsmmother~fl~v:conditions be- 
tweensecZionsK~and L. Removing%he needle/didnot result in 
any additiona~improvement:an dit was accordinglyreplaced. 
This plan restored natural :c0nditions~abcve the Little Dalles 
fcr433,000~second.feet whileat 650,000 second-feet the v~ter 

~ surface at observation stationll wasl0wered 5.2 feet belm7 
thenatural surface (figure 41). 

54, Excavation 21an No. 3. Plan No. 3 was obtained by 
an extension of the excavation along the !left bank and a 
smoother entrance (figure~42). Studies of ithis arrangement 
with the island excavated both to elevations 1250.0 and 1255.0 
produced practically the same~rating curves, indicating that 
the island need not be removed belowelevation 1255.0. When 
the left bank near the entrance ~as smoothed up :by spreading 
gravel over the surface, a slight improvement was noted a'b 

conditions at a discharge of 406,000 second-feet and at a 
discharge of SSO,O00second,feet lowered the v~tersurface 
at observation stationll oy 61& fect :(figure 61). 

55. Excavation p!an:No. 4. Excavation plan No. 4 was 
identical with plan No. :~3, except t~hat ~ 8,190 cubic yards were 
excavated on the right bank opposite the needle. This ar- 
rangement gave no improvement over the preceding one. Hmv- 
• ever, when the needle was removed to elevation 1255.0, natural 
conditions were ~restored at 400,000 second-feet and ~the natural 
• hater surface lowered seven feet at 650,000 second-feet ;(figure 
41) • 
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56. ~Rxcavation plan No.~5. The flow characteristics,ob- 
tained from plan No. 4wereconsidered satisfactory. Hmvever~ 
observations made on the model indicated that no~spoilshould 
be dumped intolthe main.channel, and, on account of the diffi- 
culty of other~ise disposing of the!spoil and also of the com- 
parative inaccessibilityofthe rightbank, itwas:considered 
moreeconomicaltodomore~exca~ating on~theleft~bankwhere 
the spoil could be easily removed. Thecut on theright ibank 
was therefore ~ filled ~and ~the~excavation on ~the left bank in- 
creased, resulting ~n plan No. 8 ~(figure 42). This ;arra~.ge- 
merit gave satisfactory~resultswith somewhat better character- 
istics at dischargesabove400,OOOsecond-feet than plan:No. 
4 (figure 41)' Figures:57 andS58 show the model~with channel 
improvement planNo. 5, reservoir elevation of 1290~O atthedam, 
and discharges of:50,O00, 200,000. 400,000, and 680,000 second- 
feet flowing in the river. 

87. Analysi 9 of excavation studies. After a Satisfactory 
excavation plan had been evolved, in anefforttodetermine 
whether or not additio1~lexcavation wouldbejus~ified, table 
~DCIIIwasprepared, showingyards of excavation and discharge 
(Q),atwhich natural flow conditions were restored upstream 
from the Little Dalles for the various arrangements studied. 

TABLE XXI!I 

EXCAVATION STUDIES FOR CHAI~TEL I},_~. OVE},~/~,Xf 
:AT TF~E LITTLE DALLES 

Cubic yards ~ Q - 297.000 

Island removed 41,620 790,000 493,000 
Plan No. I 77,200 /553,000 256,00C 
PlanNo. 2 200,410 433,000 136,000 
Plan No. 3 232,780 406.,000 !109,000 
Plan No. 4 240,970 406,000 109,000 
PlanlNo. 4 with 
needleremoved 245,790 400;000 103,000 
Plan No. 5 267,220 398,000 I01,000 

i! 

This table shows cubic yards~of excavation above elevation 
1258.0, The~discharge at which natural conditions were re- 
stored with~,the islandremoved was approx~n~ted ~by extra- 
polation of the rating curves. Discharge was next plotted 
against yardage and some means sought to extend the ~rveo 
Figure 41 shows that an infinite amount of excavation at the Little 
Dalles could not restore natural conditions bel~ a discharge 
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@ of, 297,000 second-feet. When this value v~s subtracted ~ from 
the discharges given inthe table and pl0ttedagainst yardage 
on logarithmic paper, the result ~was a straight line. This 
plot furnished a reasonable extension for the improvement 
curve (figure 43). This curve indicates that plan No. 5'rep - 
resents about the limit of economical excavation and .that ap' 
proximately 270,000 cubic yards of additional ,excavation would 
.be required to reproduce natural conditions at a discharge of 
350,000 s ec end-feet. 

S up91 ementary, Studies 

O 

58. Natural channel. After a satisfactory excavation 
olan had be"en developed-, the natural charLuel was replaced in 
the model and readjusted until natural flow conditions ~ob%ained 
(figure '44) ® The adjustments were necessary since it ~.~s im- 
possible to replace theto~ozraDhy in its exact original condi- 
ion. i~gineerS ~from the ~iDonLinion Water 'and Power Bureau of 

Canada and engineers of the .Bureau's staff from Grand Coulee ~)- 
inspected the model during ithis ~period. In,addition, some model ,.,: 
results were compared WltL corresoond~-ng field data.' During the 
1939 spring flood, profiles ~were obtained along the left bank 
at discharges approx,_mating 95,000, 206,000, and 240,000 second- 
feet. These and~the corresponding~model profiles show a rennrk- 
able agreement between model and prototype.~((~f~igure 46). Such 
discrepancies as exist may.easily be~due to differences in local 
conditions at the point of measurement. 

59. Island at elevation 1255.0. 'The island at the entrance 
to the Lit'tle Dalles w~s next removed to elevation 1255.0 and 
the losses through the rapids obtained for various discharges 
and backv~ter stages. These data are show~, on flexures 46 and 
47. 

60. Excavation. ~__lan NO. 5, Plan No. 5 was next replaced 
on the model and the losses through the Little Dalles determined 
for various discharges and backwater •stages (figures 48 and ~9). 
With the model representi ~ conditions ~for the :reservoir ,at 
elevation 1290.0, water,surfaceorofiles were obtained through 
the Little Dalles for discharges aooroXimating 100,000, ~200,000, 
300.000,-400,000, 500,000, and .~50,000 second-feot' (fi~ur.e ~'O.). 
During these!,#tests,-velocities were also obtained at ~sections 
A, F, I,:K, and L as ~shown,on~figures 51 to 56. These velocity 
studies were made ~so ,that da~a would be available on ~the pos- 
sibilities of na '~miga '~ ' i n~  ~'~ t he  upper reaches of .The Colu~oia River 
Reservoir after completion of the Grand'Coulee 'Dam. Typical 
flow characteristics with backwater are shorn on figures 57 
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and 58. :Navigation through the Little Dalles has been impos- ~i 
sible at;high discharges because of the high velocities and ~! 
large •eddies ~in the narrow section and:at ~low discharges be- !i 
cause~ of numerous •reefs in the lower section of the ~Little 
Dalles. The tops of these reefs are at about elevation~1260°O i ~ 
so that for low discharges the reservoir should not be lower 
than 1270,0 at the dam for the safe ~assage of boats over the ~i~ 
reefs° It is estimated that %he reserv0ir ~ater surface, with 
full development, will :be above elevation 1270.0 for~85.5 per- i 
cent of the time. The~ average discharge of the C01u~foia River ~ 
is about I00,O00 second-feet. With the proposed charnel Lmprove- ~ 
ment and reservoir at 1290.O~at the deem, the mean velocity •at i 
this diseharge~at the narrov~est section, I, of the Little Dalles ~ 
will be 3.58 feet per second. ~Figure 51 shows the maximum 
vel0cityto be 4.87 feet per second. For every 10~feet the ~ 
reservoir vmter surface is lowered until it reaches elevation 

~ 1270.0, the~mean velocity will be increasedabout 14 percent ~ 
and, presumably, the maximum velocity v~ill likewise ibe ~in- ~i 
creased. This rate of increase in mean velocity will be ap- 
proximately applicable for other dischargeso 

61. Conclusions. While excavation plan No. 5 produced i 
satisfactory channel, a means were considered for further re- ii 

ducing the back~ter above the Little Dalles. i%Vhen plan No. 5 
was excavated to elevation :1250.0, no noticeable improvement 
v~s obtained, indicating that elevation 1255.0 ~as :the limit 
of economical excavation. When material ~s broken off the 
left side of the deep channel below elevation 1255.0 and a!- i 
lowed to fall to the bottom of the charme!, the losses through 
the Little Dalles increased, demonstrating that care should be ! 
exercised that :only a minimum amount of ;excavated rock be al -~ 
lowed to fall ~into the river. 

} 

~, ~k hCf 

140 

~i~ ̧ i~iL ~ ...... . . . .  •• 



FIGU~ ~0 

@ 

GE%~RAL VIEW 

@ 

0 

EN~RAI~CE 

DISCHARGE 330,000 SECOND-FEET 

THE LITTLE I~ALLES 

141 



FI GUSE 31 

@ 

LOOKING UPSTREAM 

® 

LOOKING DOWNSTREAM 

@ DISCHARGE GO, 000 SECOND-FEET 

THE LI~'YLE II%LI~ 
142 



/ ~J 

% 

, . : , ' .  : ;  , .  . f .  
. . .  . +.:,. 

. , . + ,  • , . .  . .  • , . ,  +. , . . . . . .  , . . . + . . . . . . . . . ~ : . . . . + . . . . . . . ;  :;+.-...'....+~:::::'.~.:...,..;...~,..;:.~.~;..~...'..' . ' . . .  

• . , , ' , , : . . ,  . . . , . ,  : . . . .  . .  • , . + , , , . , ~ . + , ' .  + . . , , . , , . , ,  

" :  ": " ' ; '++:" ' ."  i ' " "  " "+"" :" ' :  . . . . .  . " : " + ~ ' " " ' : ' : ~ ;  . . . . .  ~ ~ : ' : ; "  .........,,..,,,:...~',/¢.~p:¢,+..,..... 

t :1 m 

I S E G T I O N  8 7  
~'+~ 

N e e d l e  r e m o v o b l e  
fo Elev. 1855 0"., 

~ ~ ¢. ,;' Concrete  ct~,s, . .  . : 

. . .  , . . . ,  , . ~  , . . , : . . , : ,  
• : ' + ' . + : . + . , . . . ' : , , : . +  , . . .  , ' , . : . : ' . '+:. ' : ' . :  

, . - + . +  : - + . . . . + - + . . :  . ~.,+'+.-=:,  . . : . ' , ,  , . ' . , + '  

:,.. .+ii£~ ' . . ' . ~  ;' :::: :. :":! 7: 

S E C T I O N  + K - K  

I 0 . 2 3 4 
L , , , l , l I I I 

M O D E L  SCALE ' IN FEET F O R I S E C T I O N 5  

S E C T I O N  ! .E 'E  

. , ~ , j  

. . . . .  ]~slond r l lmovo~e  to  ~ev. 12t~50 

+ ~ ~ Concret"e c r u s t . ,  t . ~  

, ;~,.:.:\'.~,": : .  " + . . "  . ' . .  " L' ~' . . . .  • . ~ ' : ' ' +  " : ' ~ ; ~  " ' ; ' ' ; ' + ~ + ' . : ~ : ' ; ~ '  • " : ~ ' * ' ' "  "" ' 
. . . : . . . .  . . . ' .  " . ' ~ ; .  ~ . + .  . + . .  ' . . . ;  • . :  ; . ,  • . . - . . . . . + . .  . . . .  

: ; .  + . .  : . . . :  . . . :  . .  ~ . . : . . ' . ' . . ' + . ' + : ' . . . + :  . . . ' .  . . . .  . . --++-i:!; , ,  . . . .  : . . :  + . .  
., ; i: :.?:. :: !.?,:: ;.":i::. 

[ : : : +  " "" + " " " "  " + ' '  " " ; + Y "  + " : " ' "  ' + ' " ' ' + I "  + ' ' ' . : ' ' ' .  . . . .  " " ' "  ~ " I  . . . .  ' " " ' % " ' - ' . + " " " + ' '  • , , . . : + . . . . . + - . . . . . . + . .  . . . . .  . - .  + - + - + . .  . . . .  • . . .  . + . . . . . . : E e v .  1 0 4 0 . O . . + . .  . ; . . . .  

S E C T I O N  : ' 8 ~  T'. 1"  

T Y P I C A L  :~+S.:EC T L O N S  

L/..,I 

N O T E  
S e c ? l o n s  ere looking downsPreom, 

++'i" : + ;  ,,, , ,  . . . . . . .  •++:L+,++~. +, . . . . . . .  

F i  G U R E  + 3 2  

• , .  • , , , ,  . . . .  ' :  , ,  : . ' , ; 2  , . .  . ; :  . . . . '  " . , ! ~ . . .  '-....'.:, 
: . , . .  : . . + :  . " . ' . .  : . ' .  :.+ : . .  . . :  : + . . . .  . .  , . . . . ~  , . : . ~ .  , ; ; . : . . . . . '  . / •  ~. 

:.:": i;-:::. ' . i .! i .: ,.! '.:..:.! : 
. . . . ' . ' . . .  . . . "  . . .  + ' . ' . ; .  " . . . . .  > ' . :  W - ' . + .  + ' ;  

• ++  • . % . . . . . . ; . . . . . . . o . . , + .  .. . . % +  . +  + . 

~-+'-:---:;.:-'.:27_'_'."..-:.':.~':~:~. ~ "  ' q 6 ~ : "  " " '  L~.'~':'. "~" , ' . ' .  " 

+ S E C T I O N  . Z ' Z  

O'ef'e - " " ; ~ ' " ' "  Tel lwofer  e o n ~  . . . .  

it< ............... 6 " - l " -  ........... "~I ................................................... 19'-6" - ......... 

I 
I I ~ I1 (.3 Q I1.1 i l l .  . . , ~  "1- 

ml 

. . . .  ~ , - - :  o - 1 0 ~ 5  ~ . . . . .  ~ . . . . . . . . . . . . .  

' : !  I 

• ! i  
. I 

• - - I , , . -  . - - I - -  
I 

• I 

' 0  . ~ ' 

1 

o.. 

i i 
J 
i 

u 

.ta,I 
01 

1 

~ L ~  

/ -  / 

i-4 ,-..a 

:rp+ L : A '  N 

. . . . . .  9 : 1 0 " - .  
~ . - - - -13~o C+; 

U : S . B . R .  Obs.Sto.  12 

! 

7 

0 ~ 2 ~ +  4 5 
l J ' ' l  I 1 I I 

M O D E L  SGALE IN  F E E T  FOR P L A N  

UN#T£D S T A T E ~  
D x e p & R T M g N T  OF T H E  INTffR|OR 

E U F I E A U  : 0# '  ~ ~ R ' G I . A M A T I  O N  
C, O L U I I O I A  B A S I N  L ~ G ~ , - -  R A S N I N I ; T O N  

C O L U M B I A  R I + V ! E R  * R E S E R V G I R  
H Y D R A U L I C  M O D ~ q . S T U D I E S  - S C A L E  K I . 2 0  

T H E  L I + T I L ' £  + ~DA L L E  S 
M O D £ + L  + D E T A I  L+S 

0 4 a U ~ . . .  * l ~ : e .  . . . . .  s u S m T t l e ,  ~ ' ~ .  

s R , ~ - O L O q 4 0 0  - L L ~ , ~ D 4 0 ~  

• * . . I  



,i +i., 

! /  

',? ~ ; , + ~  , + . , , .  . .  + .+' U . I + ~ , + + ? . :  ++> • . .  , ~ ~ " ,  . t 3 (  ' . 
, 2++? +* • 

+i?+':. •"+ + / . .  : . . . . . . . .  • , , +  .... +,.+ 

. 

• ! . 

,++ :. , ++' ':, , S~ .  ,+,ID,, ? . ,  ~ 

i+, ' i+L+ ~ . . . .  . 

% £ , '  7.* ..++ + 

;:;} 
+,,~. -,p- 

+i.l,: 

, C  g+ 

• 1:'.+ i 

I i •  
;:!+ 

!+,! 

} 
: ;-.+. 

~22  ] 

-+ F ~ '  

l - a  

+L 

.;+.:+.i. 

~,T.t + 
r T~ /  

- ' J " + , I d  
+ 

+ ,  m 

~ + , -  ++,- ~ ,  * ; ,+I; + , I + ; :  + m ~ + ~ , , +  ; , ' .  

", . + + : - ' - + +  +1 ~. : , ,+ ,+~+ I+ +,~l 
: '  + ' + : ~ , ~  + + . , ; : P . , I  

. , ++ - ~ + ,  t + + ' s l ~ , +  . . ~  +~+.+;,,.,. . . . .  ++ . ..,,..++ 

+ . . . . . . .  + +2. I ~ I . ; ~  

• +•" . ,, ~ + 

• £ ' 

"I +'+`.+`+ I"1++ t ' T  I ,+++++ ' " " +  ~I + + 
i +  +++ I + + + I  ! i + ! +  + + t i - ~  

r+ . . . . . . . . . . . . . . . . .  *" -I ,I 

+-++++'+I., ++.+- - 
.+. ++ ;++ .++,+ .~+.~+-,++++.+~- ~ . .~+++++L+~l-.~.  + + 

-+. +-.. +-.+-+ +-+ + ~4  .-;-, . . . . .  + : ++£2'_ 

• • • , ,  , ; i  I " + ' 

+.4.++. . . I+ +-.+ + ; + 1  + + + < •  + i .-+-+ +i:,++. " + - + - ~  +++ +*" t - • , m ,  L 

L . ~ .  +,. + ! - + + I + 1 1 + b ~ - ,  + + t ~ .  + . ++ ~ + + 
. . . . . . . . . . . . .  +,+t+ . . . . . . . . . .  +~ ,, 

+ i l i P i + i !  ~ i 
~ - , ~ , .  ~ . ~ , , + . -  + + ' - + i - . ~  . . . .  ~ 2 ' !  : '  +; 

+ i , t  i + l + t , + :  , + + '  
+ + - , 4 . , , 4 . *  + ~+~i- ,1-~4.-++.~+,~ ' * *•,  o 

+ , + + , + l i  ;~ ~ +  ..++ p+ .+-++.-+. +-++..~.~-+~+ . . . . .  
+', I+,~,..+,,~+ +P / t++" t + ; 'J + jr'+ 1 l + " {+. ," • " +. 
• ,.+ . . . . .  ~ -  ..i + - |  • - ] ':, + ~ + . : ~ I ~ 1 + I + ] +  + . *  . + : + +  

++ | . + i , . ' + . l . + + . + + > ' ~ , ; i m  ~ - . . + . .  
I~ r~~ ,  , 'I'T~, l .! +, + . ; + + I ~  +: 

+ . ~ . i . . . + . l . + + + ~ + + +  + + . +  +,+ + ,  + , + 4  ~ - 

i • 4 I ~ ~ 

~ ' ! ' ! - !  + I ~ "+ ~ I "  

.~ . + + ,  +I- 

+ • ~ ,  I 

i. ia~. l+ ' ,  N . ,~ 

i? 

144  

; + ,  i • 

2 



® 

@ 

F IG U~ 34 

DISCHARGE 50,000 SECOND-FEET 

.... ~ .... 

DISCHARGE 320,000 ~ECOND-FEET 

DISCHARGE 400,000 SECOND-FEET 

/̧4̧  ̧

@ 

ORIGINAL MODEL 

LITTLE RAIS2~ MOIEL STUDIES 

14~5 



@ 
+ ~ o 

] d A l O ~ O ~ d  - -  ~ 3 3 4  N !  N O i ~ V & l l ]  3 O V ~ R S  ~ ] ~ V ~  

I~  ~ +,~ 

+! 
i 

~ Z 

~ J  

e ~  

r ° 

. . . +  

• + , 

• ! E ~  I 

• ' +i 

• ++ i I 

r 

+ 

+ ,  : 

• + 

+ 

+ 

• i + i  : !  

J 

i '~~ 

+ • ,+/ 

+ 

+ 

+ 

, i  



@ 

@ 

FIGUTKE 36 

DISCH~%R~ 100,000 SECOND-FEET 

DISCNARGE 300,000 SECOND-FEET 

DISCHARGE 500,000 SECOND-FEET 
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CHAPTER VI - ,"EFFECT OF BACKWATER ON CA~,[ADIAN.PROPERTY 
A/.!D GREAT NORTHERN RAILROAD 

62. I~%troductiono The report of Corps of Engineers, U, So 
Army r on "The Columbia River and i~4inor Tributaries," published 
as House Document No. I03, volume 3, 73d Congress, First Session, 
states on. plate_ ,, No. ~147 ~,,, "Upper Columbia River, Comprehenslve" 
Plan- Prbfile~" that Grand" : Coulee high dam would inot cause 
backwmter in Canada at'~-any river stage." The :reservoir water 
surface at the dare,as shmvn ~t elevation 128~.8 on this same 
drawing. This is ~2.4 feet lower than t~e maximum water-surface 
elevation .adopted ReclamationBureau specifications No. 757, 
which give .the maximnm ~ater-surface elevation at the dam as 
1290.0o The backn~ater studies discussed in~:chapter IV show 
that for discharges ~of .abou~ l~,,000 second-feet this 2.4-foot 
change in water-surface level at. the dam would result in 1. O- 
foot change in ,~ater surface fat the ~'In%ernational Boundary, 
based on either.~baokwater n's or natural flow n's, but • 
for la flood discharge of 400,000 second-feet, the change in 
water surface at the Internatior~l Boum.dary would be .only O.10 
foot for bac~vater n's and0.25 foot for natural n's. '" 

This increase in reservoir level has a s.~all effect: on 
the commuted amount of backwater at the International Boundary 
but not nearly as _~uch as thelerror in levels connecting the 
dam and the boundary bench :turks, which was discovered by the 
Bureau of Reclamation i n making field surveys to establish the 

• r ] 

right-of-,,'~y line of the reservoir at ele-ratlon 13.0.0. The 
elevations of b'ench marks at the Internatio1~l Boundary are 
1.7 feet lower with respect to the elevations at the dam than 
had previously been assumed. This error in levels decreased 
the natural water-surface elevation a~ the International Bound- 
ary by the same amount and conseguently increased the amount 
of bac.~.~,~ter by this amount. The increase in reservoir v~ter 
surface of 2.4 feet at the dam combined with the error in 
levels of 1.7 feet had the effect of increasing the bacbt~ter 
surface elevation at the International Boundary 2...7 feet for 
a discharge of 18,000 second-feet and, for ~a discharge of 
~400,000 second-feet, of producing 1,25 feet of backwater at 
the boundary and moving the ~upper, end of ~ne b~.-cnw~t~r su - 
face from the United States into Canada, As the amount of 
bach.rater computed with bac~,~ater n's is only 2,8 feet for 
18,000 second-feet and 1.25 fee~ for z-O0,000 second-feet,•.most 
of the backwater at the International Boundary is accounted 
for by these twro factors, of Mqich the error in levels con- 
tributed by far the largest part. 
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In ithe~absence of a satisfactory anal-~tical treat~ / 
rater-surface profiles mnst be computed by means of emoirical 
forn~las Existing~Tormulas have been derived froml data on 
channels that are si~ll compared with that of :%he ColumSia 
River. There is some question as to Wether these ifcrzulas 
are applicable to this large river channel; however, by analyz- 
ing the observed natural flowdata with th ~' e same -or~las and 
methods that are used to compute the backwater surface nro- 
files, ~ any errors that might result from the use of faulty 
formulas should be minimized. Because of insufficient field 
data and theoretical weakness es in open channel flo~.~ f orEnlas, 
it is Lmpossible to obtain an exact solution of %he bach'~ter 
problem, but it is desirable to establish boththe most prob- 
able ~ater-surface profile and also<the highest that can 
reasor~bly be expected to occur under backwater conditions. 
By using ' ~ " " tne coe~flclents of roughness that exist for nat- 
ural flow (natural n,s), a higher back~'~ter surface profile 
is obtained than will probably result from the operation of 
Grand Coulee Dam. Computations of backwater profiles using 
roughness coefficients that correspond to the increased stage 
of the river (baclnvater n's) give ratio~l profiles that are 
most l~kely to result from~he operation of Grand Coulee Dam. 

The ~ter-surfaoe profiles were co,uteri for discharges 
:of 20,000, 50,000, I00,000, 200,000. 300,000, 400,000, 500,000, 
and 650,000 second-feet, with reservoir elevation 1290.0 at the 
dam. The back~vater profiles did not sho~ n~ch difference of 
~mter-surface elevation be~leen the dam and the foot of the 
Little Dalles (14 feet for 650,000 second'-feet) and ~vere im- ~" 
portant or~ly in that they established the v~ter-surface eleva- 
tion from ~.~hich to start backu~ter co.moutations in zones 3 and 
4. The backwater profiles above the Little Dalles (figures 59 
and 60) were cobb\outed using both back~vater and rAtural rough- 
ness coefficients. The former are considered as most likely 
to be correct; the latter to give too large a friction loss be- 
tween river cross sections and thus to give an upper limit for 
the bacL~ater surface profile. For lower reservoir elevations 
than the maxin~un of 1290.0 at the dam, the wafer'surface eleva- 
tions at the major observation stations.may be found from graphs 
giving difference of water-sUrface elevation through the zones 
as a function of backwater at the dovmstream end of the zone. 
Figures 23, 28, and28 for the ur~roved or natural river chan- 
nel are computed using backwater nts; figures 25 and 28 are 
com~uted usingnatural n's; and figures 26 and 27 for the im- 
proved channel at the Little Dalles are based on model results. 

The bac~a~ter surface elevations for various discharges 
are completely defined throughout~zone 4, where the Great 
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Northern Railro~adJparaileis the r~Vero The amount of bac1~ter 
that will occur at%he International Boundary with rany possible 
reservoir elevation at the~damand ~for any discharge in lthe 
Columbia River is Wresented ~in %he form of curves i(figures 7o, 
77, and 79 computed with backwater n,s i and figures:~71, ~78, 
and 80 computed wit~ natural n's) for the unimproved or nat- 
ural river chaz~uel and for channel improvement at %he Little 
Dalles~with excavation clan No. ~15 or vzlth the island choking 
the entrance removed to' elevation i256.0. ~ 

63. General baok~ter e~onditions. The land that vrill be 
o~ the Columola River Reservoir is under the high-vmter line = ~ 

largely un~nprovedo Of the 80,000 acres that will ~be submerged, 
less than one-half is of any appreciable value. T" ~ ~' hls Dart ms 
comprised of ~;heat land. small irrigated~tract§,~ tiF~erland,~! . . . . . . .  

and a few small settled communities. The to~as of Nmrcus and 
Kettle Falls, with a total population of 1,O00, have been aban- 
doned, andall buildings have been removed. The reservoir area ;~ 
do-~nstream from the foot of the Little Dalles is being cleared 
of timber, and all buildings and improvements below elevation 
1310.0 will be remnved. For any point beiow~%he Little Dalles, 
the reservoir ~A~ter surface and the effect of ~:~ve actlon" ~vll~" 
not exceed this elevation since the maximum comouted water - 
surface elevation in this section is 13~.0 at the foot of 
the Little Dalles for a discharge of 550.000 second-feet. It 
has been necessary to relocate some 84 miles of state highway ~_~ 
and 43 miles of county high~y. The Great Northern Railroad ..... 
has abranch line that runs northward from Spokane to Kettle 
Falls, shown on figure l; here the road branches and one Tork 
fellers the Kettle River into Canada, wh~le the o~her ~ork ~ol- 
lows the Columbia River and, farther north in,Canada, the Kootenay 
River to Nelson, British Columbia. A total of 28 miles of track 
has been relocated below the Little Dalles. Fifteen miles were 
relocated along the Columbia River between Kettle Falls and China 
Bend. Theremaining thirteen miles were relocated between Ket- 
tle Falls and the t~.~n of Boyds; this ~section of railroad re- 
quired a new bridge across the Columbia River below Kettle Falls, 
at the present site of the highway bridge, thus abandoning the 
old bridge at Marcus. it ~as also necessary to construct a new 
railroadbridge at Kettle River Gorge and relocate one just be- 
low Boyds. New highway bridges had tO bebuilt just below Ket- 
tle Falls and at Kettle River Gorge. 

64. •Effect of backwater on the railroad above the Little 
Dalles. Below the Little Dalles, •steps have been taken to-~ro- 
tect the Great -'~orthernRallroad from back~'~ter and wave actlon 
by relocation or othem~tise. Above the Little Dalles, the rela- 
tion between the back~,a~ter and the railroad was not self-evident. 
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The Columbia River from the head,of the Little Dalles to the 
International Boundary flows in-a shallow canyon vrith very lit- 
tie room between the ,river and the .canyon sides. The Great 
Northern Railroad track follows the river, canyon, being ~laced 
alon~ its left, or east, Side. The-minimnm elevation of"the 
track coincides approximately with ~the natural v,~ter-surface 
profile for a discharge of about 450,000 second-feet. (See 
figure 60.) ~]~ere sFali creeks empty ~into the Columbia River, 
the road is carried onJwooden ~trestles, and,i in order not to 

,~have~them too long or too ~igh , the grade of the railroad ~s 
kept as low as v~s possible without danger of being damaged 
by large floods. D~ring the flood of 1928._ it is said that 
4. ' ' ° " ' 

~he ~ter surface of the river ~2s close enough to the tra~.k 
grade to Cause damage ~for ~ a considerable tenth of track at Seco 
loeations uostream from the Little Dalleso The 1928 flood had 
a maxin~im discharge of 466,000 second-feet at Kettle •Falls and 
was estimated to have ~had a peak discharge of 450,000 second- 
~eet at the Little Dalles. On the basis of probability studies 
of ~tream-llow records at Kettle Falls slnce 1913, such a flood 
or larger will likely occur onan average of once in every 14 
years. The 1894 flood, estimated to have had a peak discharge 
of 650,000 second-feet at the Little Dalles, inundated parts 
of ~the town of Northport, and the Great Northern Railroad tracks 
were covered to such a depth that trains were not oePmitted to 
operate. The water-surface profile for 650,000 second-feet, 
shown on figure 60, would indicate t]~at 'the 1894 flood covered 
the ~tracks for about half the distance between the~Littl~e Dalles 
and the International Boundary. The 1928 flood probably :sub- 
merged only a short ~stretch of track in the vicinity of Onion 
Creek just above the Littie Dalles,~ but about 300 feet of rail- 
road track located 1.5 miles above the mouth,of Onion Creek and 
about 7,000 feet of track .in the vicinity of Deed Creek were 
said to have been damaged as a result of water being held along 
the roadbed. It is ,reported that the railroad management ~has 
endeavored to protect its trackage against floods like ,that of 
1928o 

Figure 61 based on back~ter n's and Tig~Ire 62 based on 
natural n's show the depth of "~,.~ter over ~the Great "Northern 
Railroad tracks at a point 2.2 miles above the head Qf~the Lit- 
tle Dalles for an unimproved charm.el. This is the lowest ooint 
along the railroad with reference to the-~ter surface. Figure 
61 shows that, with~the reservoir at elevation 1290,0 at the 
~dam, a ~lood peak of 36Q,O00~second-feet will just reach the 
track level. The probability studies indicate that such a flood 
peak is likely tobe reached or exceeded, on the average, about 
once in every two to four years. Figures 61 and 62 show that 
the ~"~ter-surface elevation at this point for the peak of the 
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" ! u s u a l  fflood~-:."Of:300 000  t o  4 0 0 ; 0 0 0  s e c o n d - f - e  ~ - s  - -  
"tween '7~and. 10 feet'" above natural ~:'stage .wh~ the r. 
~held at .~elevation :1290.0, at. the: dam. - " ...... 

65.. Backwater, at ~he lint ernation~ 
-cham~el. Fi~ure .63 :/shows ;,the~amount ~of :ba~-ter at ~he Inter- :, 
nat-ional-.iBoundary :,for.,iva-rious_ discharges anti,assumptions.. ' ,Curve 
i, as .pr.eviously ,~:expiained, ~is considered-~tO:ib~ th~ ~nr, e~ ':~,~ 

. ~.:., 

maxin~uuknown:iflcodpeak:of,650,O00 second,feet°.. 

An ' analys is ~ of the availabl e ~stream-flowi data ,~ at :Kettle 
ells :for !the last.27 years :by the use ~ of a .duration .~cur,ve, 

figure ~'2Q, '. sho~ that :the norma I .maXimum amuual discharge is " 
$45,000 second,feet at, the boundary, (Tliis .:flow~corresponds 
to,an:elevation of 1328.0, whiC~.,may:be-taksn as .the ordinary 
ihigh-water mark~ at that .point..Any water-surface elevation, 
even if caused by :backwater,, that does not exceed the ordinary 
high-~ter mark should.not have :any detrimental.~effect on agri- 
culture nor should ~it ~ endanger 'an~j settlements, ~ighways, or 

.~ other improvements since t~is :.is the elevatioz-that :~in ~he 
past ..was most likely to .,'.be reache~ ~or exceeded each year .by 

: t h e ~  oeak of -._the, annual ~ ~:~loodo .With-.the ~w~tsr~surface ,eleva- 
.rich, of 2 ~l 90.0 at ±he dam ~ud.'unimprov~d charn~el, the discharge 
• would b~ve to ~be greater than 325;000-second-feet before the 
W~ter surface ~at the boundary .would .exceed~ ~he ordinary high , 
water:mark. :For .a peak,discharge-, of, 450,000 :second-feet, e~ual 
-to that-of ~the 1928 f~ cod ~the amount of ~'~h~ .... ~- -~ ~':-"- 
dary-with .a.,full reservoir ~would be only 1.~8 ~eet so.that.~a 

dary as ~.the flood of 1928. : 

"~!i 

~The town of !Trail, -located ~!0.5 :miles above the boundary, . 
has~a : concrete :wal~l ~along :the 'Columbia "River ~opposite the large 

.,~plant of the Consolidated Smelter ComFany. ,This-wall .:is s~id 'i 
:to :have ~.been overtopped b~ i.high :.water on-several .occasions; 
'however, ,,it is understood ~.that, since the last..tinie this .co- .:-i 
curred, -:the,,wall has been heightened. ;The, elevation • of .the 
:top of -',this :.wall is ~unkmown. " . ' 

The. exact ~e~ent of the :backwater surf6ee ~: curve ..beyond - 
the ilntermational 'Boundary ~has :mot •,been,computed ~beoause of ! 
a laclc of field.-data and:iof difficulty that-would be experienced 
in :making calculations ,.at the 'junction of ~the!Pend d,0reille ~ 
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Columbma Rmvers.h The natural Water-surface" .:eleva~ions .Late ..... : k n o w n  for:a:num_er ~ - .. . 

.in [%he .:river ~ to of_ loeatmons • .but -no. soundings have ~been 'w,~de 
determine ".the :.river cross ~"sections at ~heSe : . o b -  

s ervation stations. ~!The TPend-~d r Oreiil e i River ~-contributes from 
one-fourth %o one,third Lthe ~ischarge of.~the :C01umbia/River:. ~,p en a ~'i cod;peak comes .down.the "Pend d~ 0reille, :it backs ;Water 

~he :Columbia <% o ~he ..t own :of' ,~~ ~. 

..... ~ ;ueen, estiz~te~ that ',there 
.wlll. be n o ,backwate r.at,Trail for-all ~ischarges of 300 000 !i i,( 
~OoSeC°nd-feet ,or less : and ~'that there will be /from one-ten 
. -tenths<.o_f:a f°°t'of-back-water ~for~.all dischar " " ~h to . ! 

u,uuu and ~00,000 . s  .... ~ • ..._. ges between i econd-fe~t ~ ~. . - : 

for a , . ~-th poss Ibly :one_half ~f00t i discharge, of 650,000 s econd,feot. .... 

t. 

e , -aoove the Int ernation i ........ / For ~i~ miles:~ )outh, this ri win ab0 ~: vet flow ~" Boundary, 
• . .... ~lon; ~ • .. • -dr~r- " 

: erossmng the boundary. ~.kx ..... :_. hen .the :.. mver svzin~s .~,,+.~ 
is a ' .~ ~ ~:~n~o-~ne st .~- • ~ --r~ ~'+, power :site on ~:e~ ~i~-~ . ~-lTi .~ ate ~Of. Jashlngton, .... There 

.......... "~n~ u .... .q rter ..... ' ..... 
rapids ~at the ~mouth of-the. Pend d°±tum~la'i0r. On'account ;of %he ~ ! 
range .~of ~4.5 ~feet . . . .  .... ell l e River : and %he ~normal 
whether full :bet~veen .,low :and :high Wa~er, .it ;is ouestionable 

:advantage : can ~ be .take~ 
low water levels iin.the ~ Columbia. ~ect of ~the ] 
Phnd de ~lille, ~ thes e ;rapids ~woul d es in ~the ) 

decrease in head caused . b y  one , - o r  ~two " f e e t  there •would i : ~_ y ~:of. vmter £or :the ~proauction of power/and .... i 

.be relatively:snmll , c n ~ . q * ~ o . . ~  . . . . . . . .  of backwater i ~ 

are .~four 
River Res 
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-pass .through :the dam . . . .  , 

(c) ~-BY be ing : .~as sed :through .:the :h~raul-i~ .:.turbines, :~there- 
by "producing power. • 

, (d) "By ~ be ing ~w:thdrawn'" by 'the ~umps.. ~ and :-dis char ged :into~, 
Grand ~ Coulee .regulatory •reservoir,. ~ : 

The spillway• s ection of th e :dam ~has '~a net i ength, i.of i,, ~85 :feet 
and'?is controlled :by ll ,~ drum ~.ga%es ~'Va~ich n~y: be ,.r~is ed 28 feet. 
The ~:fixed ~:cres% :-is -at ~el ev~i on 1260.0 : s o .the .: 
the reservoir ~v~ter ~surface:~to elovation 1288, 
reservoir ~,elevat'ion~!has !been Tixed at '1290 o 0 :s 0 that when ~%he < 

;%he-spill,~ay:crest ~is 80 feet, ....... ~' 
8B ,O00,second-feet o : The spr:ing,• 
er ithe i~ spillway :s ect~ion, of ~the 

dam is at ~elevat~ion 1290.0, and the :crown ::o£ the arch is :at 
:elevation~1307025. In case :of :a superflood, %hell, head-on the 
spillway could ,probably be ~!ncreased :to 37 ~£eet, ~reservOir ,el- 
evation- 1297.. O, v~thou~ ,encroaching ~ on the ibrid ge since !lhe 
draw~downwould :,reduce~he head ~in ~the :nlane :of :the ~crest. 
Under these • conditions the• ~ spillway ,discharge would :be ~1,240,000 
second-feet. The ~capaCity~:of '~the ~s ares -open ~ 
under ordinary ~conditions ~ and also .~he top 
.of ~he drum gates for ,partial openings :of the gates ~ith: f" .the~ i: ,/ii~?~, 
~reservoirLat either 1290,0 or 1288.0~are:shown ~on Igur.e 64-. ~,~ 
These discharge curves :~re obtainedfrom ~extensive ~tests of 
large • hydraulic, models. ~ i 

The sluices %hrough~the dam are,constructed on <three :lev- "~i ~: 
el s, ~ with twenty : 8,5-foot diameter • curl et ~iconduit s ~ grouped in ::~ 
pairs on each l'evel. LLarge -trashracks ,~in front of-the inle~ts ' ~ 
rise 250 :feet, ~iornearly %he full ~height of the .upstream!face '~ 
of ~the dam, so ~that each ,trashrack :serves :.three pairs .of. out- 
lets fat three different levels, !Precautions ~havS been taken 
to,keep ~.these trashracks free from 4co :in the winter. The ex-lh ~i 
posed~area of each ~tras.~ack S 
is so great -:~ti~t ~:c~ogging ~wit 
lower sluices at elevation 9~ ~ i 
~reservoir is:abo~e~eievation?ll80,O~:because o£ the excessive ~ -,~'~i 
he d, -:The ~ntermed~ate sluices ,at ~eleva~ion ~I036.67 and the up- 
per-sluices :at elevation Ii36,,67 ~can ?be ~operated ~when'wateris ~:i 
passing over -~he be added i~ 
to :that of ~.the s~ capacity of : .i, 
the ..upper .and in~ ........ ~ ......... mbined. :: 
There is :also .shown,~he combined capacity of the upper :a~d .~u- :-i 
~ermediate ~sluices and the spillwa3:. In,case ~of the superflooa ::', 
mentioned~, above, the combined discharge capacity_ ~ .would :be i ~ 
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ii O 1,440,000 second-feet w~h~<!;he reservoir at eleva%zon 1297.0 
while, with the reservoir at 1290.O, the maximum reservoir 
water surface used for design, the combined ~capacity of out- 
lets and spillway is 1,070,000 second-feet. According to the 
probability studies, a flood peak of this magnitude might be 
expected on an average of once in;a little over ~tenthousand 
years. The discharge-capacity curves of the sluices are based 
on extensive tests of hydraulic models. 

Under the normal operating head of 335 ~feet, eachof the 
main turbines will :discharge 4,500 second-feet. At present 
only three of theseunits are ~being installed. The combined 
dischargeoapacity of thel8 main turbines ultimately iproposed 
will be 81,000 second-feet, but it will be several years before ~ 
they are all installed. 

The normal capacity of the pumping plant wi!l be 16,000 
second-feet; however, it wil] be some time before its full 
capacity is required. The discharge capacity of the dam is 
considered to Lconsist of the combined capacity o£ the outlets 
and spillway without regard to the capacity of the pumps and 
turbines. For the first Yew years, their discharge will not 
exceed 15,000 secor~d-feet, which is relatively insignificant 
compared to the discharge of 175,000 second-feet which can be 
released by the sluices before the spillway is brought into 
action. The curve on figure 64 :mrked '!Spillway and outlets 
combined" is iused in all the following studies as ;the discharge 
capacity of Grand Coulee Dam. These data are also ~shovm in ~o 

• tabular form on figures 70, 71, 77, 78~, 79, and 80. The min- 
imam possible v~ter-surface elevation:required for a given 
discharge below which it ;is impossible to draw the reservoir 
down is listed in the tables o£ the above-mentioned figures 
or may be obtained from thecurve marked "Spill,~ay and out- 
lets combined," figure 64. This minimam water-surface eleva- 
tion is of utmost importance in connection withstudies that 
are to follow. 

67 .  Means of;reducin$ bachvater. In the previous para- 
graphs, discussing backwater, it has been considered~that;the ~ 
reservoir would be £illed~at all times to elevation 1290.0 at 
the dam andthat the river channel would~be unaltered, or in 
itsnaturalstate. 

It has been mentioned that some darm~ge ;is said to have 
been ~one to the railroad !by a discharge o£ 450,000 ~second- 
feet above the Little :Dalles. If, with the Columbia River 
Reservoir elevation 1290.0 at the dam, natural flow conditions 
could be restored at the head of the ;Little D~lles for all 
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high,~y :brid~e that crossesthe ~iver :at ;that point. This 
bridge does not have~a great amount :of clearance above!high 
v,~ter; the elevations of ~its :lower cord:and ~its floor are sh~m 
on figure 60 ~in relation to the various ~Water-surface profiles. 
If navig~'bion is feasible above ~the Little Dalles after 'the 
fillin= of %he reservoir, the clearanee:unde r this br.idge is 
an 'imuor~ant factor. The:amount of !back~mter can be •:reduced 
by improvement of the ,river channel at the :Little Dalles or 
by keepin~ the reservoir drawn'down to a :level that ~would cause 
no backwater above the Little~Dalles. 

Neither of 'these methods will ei~ate backwater at all 
flows. The first method would accomplish the desired result 
for large ~rates of inflow, but %here-wouId :alv~ys ~exist a small 
amount Of ,backwater ,during periods of ~low .flow. The ilast method 
would avoid backwater :at low flows but for 'large fl~'m it is im- 
possible because the :discharge capacity of ithe dam vrill not~al- 
low the reservoir to be held at low enough levels. Storage res- 
ervoirs couId be used as,an alternative :but are hardly prac- 
ticable and would not avoid back~ater at low flays. 

68. Reduction of bac~Imter b}" channel improvement. The 
Little Dalles offers the only ,location where:anexcessive amount 
of excavation is not required to-reduce effectively the!osses 
of the natural river channel. Any cha~nel :improvement should 
be uerformed:above low ~rater since under~'~ter excavation is dif- 
ficult and expensive, model tests having sheik:that i the'exca- 
vated material must be entirely removed from,the wem~ea sec~lon. 
Elevation 1255.0 was set as the bottom of any channel 'improve- 
ment; in order to have thewater surface :in%he river at or 
below~this elevation, the river discharge ~must not exceed 155,000 
second-feet; for that.discharge the reservoir must be ~held)not 
higher than elevation 1240.0 at the dam in order tohave no 
backwater that - :would flood~ithe : excavation, From figure 64 ;,i% 
will ~be noted that the reservoir caroler beiheld below this lev.el. 
after ~he inflow reaches ~160,000 second-feet. If the reservolr 

can :be ~ made. i~; inspection of ::the :hydrographs. shown on figure 
4, accepting i the ~flow, at ~the Little Dalles ~as equal ~o 0.9 iof 
%he fl0w at Grand ,iCoulee, indicates that any~ channel improve" 
ment will .have to be :carried out between the first of November 

and ~the first of April. 
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Channel improvement ;plan No. !5, ~reguiring 270 ;000 cubic ~ 
yards of excavation,4s recommended as ~iving %he greatest ~ben- 
elite per dollar expended. The contract ~for ohamnel ~impzove- i 
cent at the Little Dalles according to this plan ~was a~rded 
November 25, 1940. i Figure ~ 65 shaws the widening of the ~iver 
channel at the Little Dalles that is to be made under this con- !i 
tract. It was concluded (chapter ~) from tests on an hydraulic ~i 
model that it would'be impracticable %0 eliminate back~ter 
above the Little Dalles for discharges below 400,000 second- 
feet by means of. channel improvement but that it ~wculd be 
feasible, with 400,000 second-feet :~flowing in the Tiver, to ! 
lower the water level at the ~head of .the !Little :Dalles, with o~ 
reservoir elevation of 1290.0 at the dam, 6.5 feet ~below what i 
it would~ibe if the channel were left unimproved. This iis pro- i 
cisely the amount 0f backwuter that model results iindicated ! 
a full reservoir would produce at thispoint with this dis- 
charge, so ~that natural flow conditions would ~be restored at 
this point ~for a flow uf 400,000 second-feet. Figure 66~based i 
on bachvater n's and figure 67 based on natural n's show !i 
the backwater rating curve at the u~uer end of the ~Little Dalles ! 
for the unimproved channel, iThe distance it lies above the nat- 
ural~rating curve indicates the amount of backv~ter ~present at 
any discharge. The distance%hat the back~ater~rating curve, " i 
with chsamel improvement (plan ~ No. 5), ~lies under ~the ~baok~ater i 
rating curve for unimproved channel indicates the ~benefits uf ! 
channel improvement. ~This curve ~lies above ~the natural ~rating ,!i 
curve for discharges :of less than 400 ;000 second-feet, indicat- 
ing backwaten;for ~reater discharges the ibackwater rating curve, i 
with channel improvement, Iie s bel ~v~:the •natural ~rat ing curve, i 
indicating an actual improvement or a lower river stage ~tb~n ~ 
exists under natural conditions, amom~ting to as :~uch as ~eight i 
feet for a discharge of ~!650,000 :second-fee~. :Also shovm:on~fig- 
ures 68 and 67 are the rating curves at the International ~Boun- I 
dary. The reduction in water-surface levels is much less than i 
lit is just~u~streamfrom~ the Xmproved channel. The•amount of !~'~ 
improvement over natural river stage is now only three feet in- i 
stead of eight feet found at ~the head of the LittlelDalles for i 
a discharge of 1650,000 second-feet. ~It will be noted that chan- i 
nel improvement at ~the boundary or •head of ~the Little Dalles is i 
most effective at high discharges and that for discharges of i 
150,000 ~second.-feet or =less %he toner its i have disappeared. 

~The backwater ,,surface profile v~th ~reservoir elevation,of 
1290,0 at the !dam and channel :improvement according to ~lan 
No..5~:is shoo,n-on figures 59 and :60 .  F i g u r e s  68 and-69 show 
the relation between-water surface-and ~railroad ~track ~rade at 
the ~oritical ,point ~betweenthe Little Dalles and the International 
Boundary, kThe,water surface .with a full reservoir will reach the 
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track at a flow of~60,000 second-fe et whereasfor natural :flmv 
conditions it reaches the track at a:discharge of455,000 second- 
feet. With a full ~reservcir excavation planNo. ~5 will eliminate 
any backv~ter ~above the Little Dalles whichmight submerge the 
rail,-cad and will reduce ~backwater at the International Boun- 
dary for inflow rates less than 400,000 second-feet; for greater 
discharges it will improve present natural flow conditions !both 
along the railroad and at the boundary. 

A second plan Of channel improvement :requiring ~only ."45,000 
cubic yards of excavation might ~have been ado uted. This ~lan 
would have ~removed only ~he rock island~ choking ;the entrance 
to the :Little Dalles to elevation 1255.0. ~Hydraulic model tests 
were ~made, and the effect on the water-surface elevation at :the 
critical point along the :railroad is shown :on :figures 68 and 69. 
This plan does not :accomplish the desired result of eliminating 
backv~ter above the Little;Dalles unless ithe reservoir is drawn- 
do,~ to the minirAtm possible elevation for high,:rateS of inflow. 
The disadvantage of this plan was :the loss ,of power and storage 
resulting from operating with the reservoir as much as 1:28 :feet 
below its contemplated normal operating elevation. 'Also, op- 
erating the turbine at lower heads would,require the installa- 
tion of new prover units before" they would beneeded if ~the res- 
ervoir were operated at its maxin~m elevation. Under this sec- 
ond plan further cham~el improvement could have been completed 
at some future date when additional head for ,uo~r, :additional 
storage, or a decrease in uumoing head to obtain an increase in 
pumuin~ capacity had been found necessary. This would have re- 
quireddrawing the reservoir dmvn to elevation 12@0.0 during 
the tim~ required for the excavation. 

Channel improvement as contemplated by plan No. 5 will 
eliminate not only all backwater at the International Boundary 
when the reservoir is full and ~he river ~discharge is grea~er 
than:400,000 second-feet, but, at extremely high :river ~stages, 
there ~will be a lower water level thou exists ~under natural 
flow conditions ~(figure ~63). This improvement vrill grow less o 
as one proceeds upstream from the boundary; however, iit~amounts 
to three feet at the International Boundary for a ~ischarge of 
650,000 second-feet based on: computations using either type ~of 
roughness coefficient. Under these conditions any overtopping 
of the sea wall at Trail whichmight occur could never be at- 
tributed~o the effect of ibackv~ter from Grand ~Coulee Dam. Chan- 
nel :improvement ~ at the Little Dalles will reduce ibac~vater a~ 
the International Boundary for :all discharges •above 50,000 sec- 
ond-feet; yet it will not affect the amount of' bac~',~ter at ex- 
tremely low lflows. H~vever, the back~vater that occurs with 
inflow discharges less than 335,000 second-feet v~ll be below 
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the ordinary high-~vater mark based on computations :using either ~.., 

typ. e of~roughness :coefficie~t. The minimmun flow,of~.the Colum~bia 
River:recorded at Kettle Falls gaging stati on since i~1913 is 
13,000 second-feet. This ,corresponds i%o a v~ter-surface eleva- 
tion of 1288.0 at the ~International :=oundary. o soill this 
amount over the top of the spillway gates, at elevation 1288.0,, 
requires a ~ater-surface elevation ,of :1289.8 at %he dam, v:hich, 
even neglecting friction losses ~in the reservoir : a n d  :the .river 
channel, would produce 1.8 feet of backwater at the ~boundary; 
therefore, no amount of ichannel ~improvement at any ~location 
either above or below low ~,~ter can:reduce tibia amount Of 'back- , 
water. At the head of the Lxttle,Dalles ~;~t a reservoir ele- 
vation ~of 1290.0 ~at the dam, it~was ~Tound to be ~impossible to 
restore natural flow conditions for ,discharges less than 297,000 
second-feet because the ~stage ~corresponding. ~to~. these conditions ~ 
at observation stationl3 would~<requlre a level ~%er surface 
or no energy loss i through the Little Dalles i(figure 41). .Fig- 
ure 45 indicates ~that cham~el improvement, according ~to plan No. ! 
5, would lower 'the v~ter surface at ~%he hea~ ~of the Little ~Dalles 
as ~ch,as is economically feasible. The only way .to accompI:ish i! 
a further :reduction in backwater ~at %he International Boundary • 
at low ~disclmrges is by drawing'd~vn%he ~reservoir water surface 

at the dam. 

. 6 9 ,  Reduction of back~rater by drawing:dovm :the reservoir. 
The opera%ion of Colu~bih River Reservoir at as high Ceiu eleva- 
tion as possible i has a decided~advantage for ithe follovring reasons: 

(a) I% makes possible a higher head on ~the turbines, thUS ~ 
producing more pov~r for the same mturbine •installation. 

(b) It results :'inless head to pump against in ~lifting the 
~ater to the regulatory reservoir in Grand •Coulee, thus saving 
power.., 

(c) The~reservoir has ~.uore s~orage capacity and is thus more ....... 
effective ~in ,regulating stream flay, thereby producing more firm 
power at Grand Coulee and aidin~ 'in producing firm power at 
plants downstream. 

For the reasons listed above, the ~Srawing d~vn of'Columbia 
River Reservoir, for no other reason than the elimination or 
reduction of ~back~,mter, is to be discouraged; ihowever, the res- 
ervoir v:ill be dra,^~d~vn for other reasons and the lower res- ~ 

ervoir elevations will affect the amount of ~backwa&er above the 
Little~Dalles. Figure 70 based on back~vater n's ~and £ig~e 
71 based on natural n,s show the lambent of backwater without 
the cl~el improvement that ~would exist fat the International 
Bounda~, ~vith ~arieus reservoir elevations at the dam. It'wdill 
be noted that it is impossible to l~ver the reservoir elevation 
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so that there;is no backuvater ~at ~the boundary when ,the inflow 
is greater than ~280,000 second'feet for backwater n's ~or 
ISO,O00 second'feet Jfor natural ~n's because the ~discharge 'i ~I~'I' 
capacity of Grand Coulee ~Dam will ~not petit !~ enough res- 
ervoir elevations. The tables on ithese ~figures give the ~dis- 
charge capacity of spillway and sluices ~for ~arious reservoir 
elevationso The discharge at the Little~Dalles is taken as 
about 90 percent of that at Grand Coulee, being based on rec- 
ords of annual run-off. Lowering the reservoir water surface 
from 1290.0 to 1284.2 ~would/just ~eiiminate the Backwater at 
the boundary/for ~/zero flow ~but Jas ithe flo~v ~increases drawing 
the reservoir down ~5.8 feet • ,wpuld be less and less effective 
in reducing the ~moun% of ~!backv~ter, When ~the inflow is greater 
than ~150;000 second,feet, a lO-foot draw-downat the dam would 
result in reducing the ~backwater at the boundary less ~than ~one 
foot when using either typ_e of roughness ~coefficient. There 
issome water-surface elevation at~he dam for eachdischarge .... 
and for given conditions which will /just back the v~ter uolto 
the International Boundary. Since the bach'mter-surface ~curve 
approaches the nataral ~ater-surface i cur~e as anasymptote, the 
question of what~amount ~of ~backwater will be considered as no 
bacl~mter mus~ :be decided. Ans~hin~ less ~than,one-tenth ofa 
foot will be considered~as nobacku~ter, or, in other words, 
when the backv~ater-surface curve comes ~ithin less ~than one- 
tenth .of ~a i foot of the !natural surface curve,/the bac~;~ter 
curve is said 'to ~have Stopped ~or reached its ,extent. !By as- 
suming various reservoir elevations for the usual discharges 
and computin~ the amount of iback~ter ~at the end of each zone 
by use of figures 23,'2.5, and 28, it is nossible to construct 
a curve ,,iqich shows ~the maximum reservoir elevation~at the dam 
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but is not so precise a~ilargedischargeslbecause 

change:the water-surface elevation at the boundary ~by on!y~a few 
hundredths of ~a foot o ~The upper part of the curve ~is ~therefore 
shown ldotted, i~%lso drawn on this figure (72~) is the 
capacity curve for Grand Coulee Dam, adjusted ~o ~dis~ 
the Little Dalles or the International :Boundary. Sines ~it iis 
impossible to draw %he reservoir d~vn )below this ~capaci~y curve, 
whenever t..e cur~e of Fax~mam water ~surface ~at the d~m ~ or no 
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of maxiz~m water-surface elevation ;at ithe dam for no bac~.;~ter 
at the :boundary i, have ~been figure"~72 
using either back~mter n' iderable 
d!fference In the curves is produced ~by the ~use o~ these t~ o ~ 
types of roughness coefficients. Ei~re ~'~J/~based on ~baok~at~r ~ 
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n,s, shows the depth of water over ~the ,critical point on the 
railroad track and indicates that':even iby drawing the reser- 
voir down to the:minion possible ielevation the natural water 
surface v&ll be raised ,byabout :two:!feet because of .backwater. 

The program for operating the.,Columbia:River ~Reservoir 
has ,not been definitely-determined, but ;it ~is ~usually ~assumed 
that :it wikl ~be :operated when the project is ultimately,'de- 
veloped to produce :the maxin~m amount of :,~ower an~ to supply , 
the completely, developed irrigated~land ~with all ,the ,water 
needed, ~ holding t~e :res ervoir, el evat i on as high as poe s ibl e. 
The curves figur~ , ~7~, and 75 have been~prepared ;to ~show 
how the reservoi _evaSion would :behave ;if such a plan of 
operation., adopting 'a ~mxin~m water surface' at :elevation 
1288.0. had been :~f 0!! owed "for ~the ~years Trom 191S ~to 1937,. 
There 7is =also shown on these :figures i the amount 0f backwater 
based - On, computations using either ,baohwater n' s ,:or natural 
flow n's, .that would'have existed~at ~he ~International Boun- " 
dary :for : either unimproved channel or :channel improvement ac- 
cording to plan :No. 5 • at the Little Dall'es ° During ~the ~:low- 
flow periods, of about one-half 'of ~he years, or 38.~8 percent 
of .the t0~al time, there would have -been-no ':backwater at the 

7.• 

ures are:based.on computations usiug )back~ter n's; ,,withmat- 
ural 'n' s, ::unimproved ~channel, :there .would:be no bac1~mter at 
the bbundary for 17.78 percent Of" ~the time, ~ and with plan No. 
5 this ifigure ,would be increased to i9.25 percent, iSix ~times 
during this period of 28 years, the :flood ;discharge was greater 
than 400,000 second-feet, so ~that there would ihave been,some 
benefit from the cha~mel improvement. The ~Bter year 1929,19Z0 
had the lo,~est yearly run, off of)an~ year since i913; operating 
conditions 'for 'this year are show~ in deta'il on:fi~ire ,76. ~ 
Plotted on this figure are curves which :g 
• which ,the reservoir ~would have to be held se 
', ny backv~ter at ±he boundary ;~£ or ,~nproved .channel, ~based on ,, 
either •;type of !roughness coefficient,: ~ Lit :will i~be ~n0ted .~that 
for unimproved channel'there isa period from the mi~le-o'1 ~ _a~ :: 
~ay to (~he end :of ,July ~when iit-Lis-::impossible ~to keep the ~res- 
ervoir ;drawn ~'down ~low,:enough <,tO ~elTiminate back~,ter at :the boun- _,, 
dary~using natural n!s. ~s~ng backwater n"s, if~he discharge 

I 
• • .7 

backwater ~ above ;the Little :Dall es during ,high ~fl cod ,peaks. 
,, . ± . ,., , 

:70.J' Reduction in !backwater ~due to i.combina%ion 'of 
i~prcvement' and dra'w-down ;of-rleser)Oi). Eigures~'7q ,?ha 78 show 
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the a~ount of backwater at the: boundary for various :reservoir'~el- 
evations with :channel :improved according-to plan:No. 5; 'itwill !be :i:! 
noted that with this ,:channel :improvement it :is ~possible t o  ~keep 'the i 
reservoir drawn dmvn sc :as, not to '.cause any :backwater :at the Inter- 
national Boundary. It is also ~possible to :eYiminate :the ~backwater 
at the boundary by removing the rock ~island that Chokes 'the fen- ,~i 
trance to the -Little Dalles ar~d~-~:keeping the :reservoir dragon ~dov~ 
nearly t o  ,its mini~an :possible ,elevation after ,the : i n f l c~ t  discharge 
!reaches :280,000,second-feet based on !backwater n"s, ,figure '79, or i 
150,000 second-feet :based on.natural n's, :figure .80. The ~curve: of 
~aximmm:v~ter surface at the damithat will produce no !back~ater at ; ~ 
the boundary When the ~Little Dalles is' improved, :according :to plan , ~' 
No. 5, 'is shown on 'figure 81. This curve l.ies above the discharge i 
capacity.cur,ve:~for%he dam, indica~in~ that :itis oossible to 'keeo 
the reservoir drawn dm~n to such an elevation:as :to prevent any . . . .  
backwater at the boundary. According •to the :graph showing the 
reservoir operation applied ~0 'the v~ter .year.192 9-i930 ~igure • 
76). to 'prevent baokvcater with :improved ,:channel on the basis ,of i 
bac]~vater ~n's, it would be necessary during such:a year ~o :sac- 
rifice an average of 4,'4 feet -of power :head ~for i13'7 days O f  ;the ! 
year..Since normal operating. head is 385 :feet, thiswould reduce 
the ~ower output i. 24 :percent.: When the ultimate capacities of 
the power . . . .  ~lant and pumping station are ,reached, each foot the res- 'i~ 
ervoir 'is lowered below 1288.0 at Grand Coulee Dam will decrease ~I 
firm power output by ~SC,000,O0O 'kilo~att-hours per year, which, ~at ::~ 
two mills,- a m o u r s  !;¢oJ$100,~;°000 p e r  y e a r ,  a n d  increa is power.,~us ed 
: f  or" pumping by 7; 000,000 ':~kil 0v~tt-h0ur s per ~ year, :v;hich, .at one, 
:half z~ill, amounts to:$3,500 per year, Theabove estimated ,loss 
of revenue caused by,drawing :~he reservoir down one ~foot 'for'a:year 
is $I03,500, ior, :for .i~his ,~ter: year :1929-1930,, prevention,of back- 
vcater at~the boundary' :by ::this method, of ,draw:,'ing the ,re s e~9:ir,.,; down 
would cause a ~loss of~$171~000. Computations,based :on na~ral i 
n's with channel iz~provement ,plan No. ~8 ~indicate thai'an aver- i 
age power head of 16,0 feet~wouldlhave:!to be sacri~£iced for '219 ~: 
days during such a year as :1929-19~p in 0r~er~ :to pre,vent baekv~ter ~i 

• at; the :International .: B6~mdar~. :~:'~ This reduces: :~he normal ' operating 
head ;by six percent ;and ~would ~r esult ~in an est imaged ~!:0ss Of rev- i 
enuo :of $994!~ 000."I ~Puzther~ Since !:this year requir0s the ~,reser- i 
voirto ':be ~dr~vm down ,for a :long@r period :than any other :year on 

~ :record, ;because of:~ater short ao~e , the loss of revenue,would,~l- ' i 
~ways ,be ,greater :~han:~est~mated,,above~ ~ - ~ ,~ ii 

Channel; improTtement aocordin ~ to plan ~No.,5 ~vil.l :~ke ~pos- i 
si thepr0p s d oper i6n:o~' t reser~oir~, ing~its ,~ r ble~ o e , at ', he ;:h01d ~ : : ~ v a t e r s u  

face :at the maximum ~elevation whene.ver.;possible~ resulting in -:', 
only a~, Small amount ~ of'~.bac~,~ater at the International Houndary -~ 

~for small ~flo~s and with actually a decrease :in the amount .the 
railroad tracks might be submerged:-du~ in~ lar~e floods. .. :! 
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List of Biblio~r~h~ of Report , Letters and Memoranda .,, 

Report on Columbia :Basin IrrigationPr0ject, Wash 
Homer J. Gault, Engineer :of U.S.S.R., ~ith appendixes by 
A. T, 8trshorn, Soil Scientist, Bureau of Soils by Kirk 
Bryan, G~ologist, U. S. Geological Survey, andby G. I.. Parker, 
l~ydraulic Engineer, U. S. Geological Surves<, published 

March 1924. 

73rd Congress, let Session, House Document No~ 103, Columbia 
River and ~nor Tributaries, in two vol~nes, by U. S. Corps 
of Engineers, War Department. ~" 

C .... Water Elevations at SelectedPoints Along the Up['er and Lower 
Arrow Lakes and Columbia River Between Revelstoke, B. C., and 
Little Dalles, Was~.~inzton, 1930-19S8, ~ by C. E. Webb, Dominion 

Water and Power Bureau iof Cauad~. : 

Blrcnban=g, British Col~nbia, and th<'. D Col~mbia River Between " ' 

® 
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@ 

% "i 

E 

F 
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K 

Engineer., U. S. Geological Survey. "i 

Columbia River Bac~.~ter Elf e-Jr From Grand Coulee Dam, in two 
parts. P~rt I, Columbia River; Part If, Spokane River, by =?~.~ .i 

Assistant Engineer of U.B.B.R., J. C. ~Sharp. 

Letter '0f E~y 18, 1939, from ictin~ Construction Engineer, 
J. H. Miner, to Chief EnGineer of U.S.B.R. Subject: 
Backwater from Grand Coulee Dam, Columbia Basin project. 

~lemorandum to Chief Designing Engineer~, U.S.S.R., Spillway 
Capacity, Grand Coulee Dam on :Columbia River, by J. R. Riter, .:i ~ 
March 28. 1934. ,~i~'i: 

Memorandum :to Chief Designing Engineer, U.S.B,R, Backwater 
Studies, Columbia River Above Grand Coulee Dam, Columbia Basin '{~:'i~ 
project, by D.C. f~cConauEh~0, Nov. 29, 1938. 

 :e orandum to HeCo  u hy,  spe  on to coulee Dam 
Offi~.e and to Little Dalles. iBac!-v~iter ~Studies of the Columbia 
R1ve,r Reservoir, Columbia Basin project, Washington, by V~. M. 

Borlanc[, Jan. :,27, 1940., /~'~'~ 

to the Chme~ Desiznmn= ,au~mneer. Bach'~ater in ],~emorandtum " ~ . I~ . . . . . .  
Columbia River from Grand C~l~ee Dam, Columbia Basin prcject, 
byD. C. ~,~cConau~hy, ~y 6, 1940. ~i" 

Memorandum to Ch{efDesigning En'~ineer, U.S.B,R. Baok~ter In- 
vestigations ,~f the Columbia River Reservoir, by "W. M. Borland ~! 
and R. A. Goodpasture, May BT, ~840. 
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Letter of July~21, 1939, from Chief Engineer, iU.S.B.R.,:tothe 
Commissioner. Subject: Bac~mter from Grand Coulee Dam, 
Columbia Basinpro~ect. 

~ro ' . . . .  Note ~. m Canad~ LegatlonNo. 202., Aug. I, 1939. ~erchant 
~honey 0ha:rge d~,iAf~aires tolTheHornorable Cordell Hull, 
Secretaryof State ~of ths United States, Washington. D. C. 

Damand~tGran@~}OouleeDam. 

Letter of ~ug. i0~,1939, ~fromAc~ingSupervisingEngineer, 
U.S,.B.R., ~o Chief ~Engineer~, U.S.B.R. Subject: Back~ter 
Studies of the Dol~bia River Reservoir, Grand Coulee Dam, 
Col~ubia Basin project, 

p 

Q 

S 

Letter of JulM 5, 1940, to F. A. Banks, Construction Engineer, 
U.S.B.~.I, frd~F. M. Veatch, District Engineer, U. S, Geological 
Survey. Subject: Current Heter ~ !Measurements .on Columbia River 
at International Boundary. 

L~tter of (about Aug. V, 1940) from Acting Commissioner to ~ Chief 
Engineer, U.S.B.R. Subject: Application to one Internatlonal 
Joint Commission wi~h Respect to the'~gher Sta~e of the Columbia 
River Required by Jperation of the Grand Coulee Dam and Reservoir. 

Letter o~ Sept .... , ,.1940,, from SupervAsln~ En~ineer, Coulee Dam, 
to Chief Engineer, U.S,B.R. ~ Subject: ~ Water Levels at Inter- !~) 
national Boundary, Columbia River, Columbia Basin project, i;~ 

United •States Geological ~S~ey Bulletin No, 674, p. 36, ~ ~"~: 
reference on lavel datum. 

T Geodetic Survey ofOanada Publication No. 24, ~"Precise Levellimg 
in British Co]-umbia,"published in 1930, ~Contains elevation of 
bench .marks in Canadaused in ~connection ~wi%hv~tersurfaee 
Observations. 

U United States Geological:Sur~eyWater.SupplyPape~s iNos, J38, 51, 
6 6 ,  75, 85,  100 ,  135,, 178,  ~ 2 1 ~ , ' 2 5 2 ,  272, '292, 312 ,  332A, 3~2~, 
392,  ~ 1 2 ,  4~2 ,  4 6 2 , , ~ 8 2 , 1 5 1 2 ~  5 3 2 ,  552,  572, ,592, :612, 6 3 2 ,  
652, 672. 692, 707, 722, 737, 752, 767, 792, 812. and 832. 
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APPENDIX III 

List of Basic Data in Form of !Drawing, ~ps~ 
Cross ~Sections', ~and Photographs -~- ~ 

topography along riven. 

il00 Teet, sho~s topograph}-at,the upper, end'of the Lfttle 
Dalles above low ~,,~ter.. Contour interval i0 feet.,~ 

- , ' - 

Grand Coulee dravang~!,No. ,R2-1999 .8, "Topsgraphy of Little DKl!es." 
Scale: 1 ,inch = 80~feet. Contour interv~l ~5 feet, This map 
was madeup, from fie!d, surveys and ~lashington Water iPower Com- 
pany s maps. Snows bed of" r~- 

Dravring No, I;!222.D-2668, '!Hvdro~ranh ne n~ 
D'~lles , ,  ~; 0ct.'~ I929 , .!Sept. ~.,19~9. =.: Contained ' : i n  S-e--" . . . . .  
so. 9 3 7 . . , R i v e r  Channel Wldenlng and:Shore ;Prolec~o~c~ ~l°ns 

.~Grand Coulee drawing N 0, R2,~737,1, "River Channel Cress Sections, 
Upper Little Dalles~" shows icross section A tolk~at Little Dalles 
and~ties ~in v~lth :traverse line. 

Pho~ost~t s ~of ::Washington l~ate Scale: 
et. Contour ~country, 
p country. :Sheets ~4A to :22A show rive:-from 

...... !International Boundary. One sheet• oi' tr~an-" 
gulation/and~'levels. 27-:by 36-inch~sheets, white line on 
b ~ "" " " F lac~. (0~'~glnal :traczng may be~filed ~;ith ede~'al Po'~ver Com- 
-nussion. ~ 

Dra'A~ng No. 222-D-?001, sheets i to 41, inclusive. River cross 
sections between~(ettle Falls hi~ . . . .  

onway ~br~dge and International 
Bou_ndary. 41 sheets, siz~ 18 by 22<inches. 

U.S.B.R, drawing~;o. 222-D-7001, sheets 42 to 46, inclusive, 
revised U. S. Geolo[<ical Survey maps, ':Plan of Columbia Rivez. 
international Boundary !to Rock Island Rapids ~(Below "~{enatohee i 
Washino~ton, ~'' •sheets A toE, inclusive, <show topography along 
Columbia River to below Grand Coulee Dam on scale of ~l inch = 
31,600 feet, ~contour interval 20 ~feet on [land, 5 feet on river 
surface, i]~PS marked to show location of cross ~sections. 
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0 
"Aerial view of/~C61umbia~Rivez, <Little Dalles ~to ~Inten~ational 

Boundary." ~Dated ~Jan. ~i24, 1940. Very, good photograph showing 
i' ~ nature ~i 0f.iriver in ~%his Tegi0n. . . . . .  

~and for:Q = 330,000:second-feet. Bridge at Northpont, ibridge 
at Marcus, :~ bridge :over <clark }Fork, ~Inouth of ~Clark !JF6rl,.', view 
of r ight bank of LColumbia i R iver ~at Trail. J Phot ograwhs ~ Nos 

K 

IL 

rr~ 

:Drawing No. ~222-D,1902. Hydrograph :of I Columbia River ~at Grand 
Coulee Dam, May 1913 ~o!Dec. 11939. :This is !figure 4, p. ~48 
of • this :report . . . . .  

/f :~ 

Photographs ofi~LitilelDalles ~akento~assist ~inibuilding ~i . . . .  
hydraulic model of same. iPhotographs NOS. :3622~2 ~o 13627,2 
and unnumbered index photograph. 
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