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Abs t ract

Drring October and November, 1985, contlnuous streamflow data was

colleeted at five gauging sEations on the Coloradc River in the reach
between Glen Canyon Dan and Lake i'{ead. These data }tere used Eo cal !r'::ate
the hydrologlc conputer nodel, SSARR (Streauflow Synthesis and Reservolr
Regulation) whlch has, as one of it,fs features, the abllity to route
unsteady flow hYdrograPhs-

The modeL was calibrated by trlal-and-emor until computed flows at the
flve gauglng statlons nost nearly dupllcated recorded flows. After
callbratlon, the nodel waa used to estimate hourly flows at the flve
gaugtng st.t|o., sltes for the perlod 1983 through 1986, using the hourly
flow releases from Glen Canyon Dam as input. This lnfornatlon was used by

researchers ln the field collectlng data for other studies' The model was

also use to predict flows at the five gauglng station sites based on the
varlous future release scenarios aseumed for Glen Canyon Dam' An

Lnterpolatlon' technlque ls descrlbed for estlnating flows at any other'
polnt on the rLver.

Due to lluitatlons of this partLcul-ar flow node1, eertaln blases are bullt
lnto the flow predictlons, and the user needs to be altare of these before
rlgorous use is nade of the results.

SSARR was ehosen over other unsteady flow nodels because ln the inttlal
phases of the GLen Canyon Environmental StudLes, hydrologle and physicaL
measurements of the stream channel were very linited, and SSARR offered an

attractlve opportunity to develop an unsteady flow routLng nodel with a

ltntted seg of data. Now, however, there are over 700 measured and

lnterpolated cross-sectlons availabl-e which should make posslble the
developnent of a more rigorously defenslble unsteady flow routing nodel ln
the future.
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UNSTEADY FLOW MODELING OF TTIE RELEASES

FRot{ GLEN CAbIYON DAt"l AT SELECTED LOCATIONS

IN GRAND CANYON

INTRODUCTION

This paper presents a discussion of the development

routlng rnodel for the colorado RLver below Glen

locatlons in Grand Canyon National Park, AELzona'

OBJECTIVES

of an unsteadY flow
Canyon Dam at five

Durlng reglmeS of average or near average lnflow to Lake Powel-l' the

powerpLant at Glen Canyon Dan ls operated ol -t g"1t:d,-load 01"t"' This

results in a patrern of high-trpo"a 3l,ooo fttlt) releases ln the

afternoon and low (about 31000 ia3/") 1n the early norning' these

flows proceed downstream ttrey aeverop'1"!9 a-dlurnal, almost sinusoidal'

flow hydrograph. Thts dal1y rlse '"rri t.tt of the rLver ls weLl known to

connercial boatmen and others fanillar with the rlver' As these surges of

flow proceed downstream, they are nodified by the temporary changes in

channel storage. The peaks tend Eo dtninlsh ln magnitude' whereas the

troughs increase in nainltude.. In additlon, flows at hlgher discharge

t,ravel faster than 10wer f10we. Thls also results in a nodtficatLon of

the hydrograph. A typlcal example of thts phenomenon is shown on

Flgure l' 

rLa 
^1an 

canv.n udy (GCES)
Since one of the objectives of the Glen Canyon Environnental St

lras to evaluate present and poalrrtf"fly differen! modes of operatlng the

powerplant, lt was deemed essential to develop techniques for estLmating

what the resultant flows wouLd be at varlous {mportant locations on the

river Ln the Grand canyon. rnowtng thts lnformatlon, other participants

of the GCES could deterrnlne how'tnJ afff"rent flow scenarLos lnpacted the

beach, recreatlon, and biologlc resources of the canyon' An lmportant

secondary need was to provld. ,r""t" wLth estlmates of historical flow at

varlous locatlons in the canyon at tlmes when they were ln the field
collecting data.

UODELS AVAILABLE

Modelingunsteadyflowhasalwaysbegn.adtfficultandchall.englng
probleu. even wtih the avallaUfifiy of hlgh speed cooputers' nost nodeLs

are difficult to utilize because of the Large amount of cross-sectlon data

required. D-llopERS, a prograr lerreloped bi the National Weather Service'

ie data intenslve. ssARR, on the ottrer trand, is a flow routlng nodel that

can be developed from a linited set of data'

SSARR 1s an acron)'m for Streamflow Synthesis and Reservoir Regulatlon

(U.s.Arnylg72).Ithasbeenlntheprocessofdevelopmentand
applicatlon slnce 1956. It was developed tnrttatty to meet the needs of

the North Paclflc Divislon of the U'-S' Corpe of Englneers to provide

nathenatlcal hydrologlc slmulat,lone for syste$ analyses as required for

"l

I
I
f' ,"

l"s
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Ehe planning, design, and operation of waEer control works' The SSARR

nodei has further b".tt developed for operatlonal river forecasting and

rlver nanagement activlties ln connectLon wlth the cooperatl've Colunbia

River Forecasting UniE, sponsored by the National Weather Servlcel U'S'
Corpe of EngLneeis, and Bonneville Power Adrnl'nistration. In recent years,

numerous river sysgems ln the UniEed States and abroad have been nodeled

wlth the ssaRR by various agencles, organizatlons, and unlversities'

Ttre successful appllcation of the ssARR model is dependent upon

derivations of the varlous parameters and relatlonships speciflc Eo a

particuLar flver system. streamflow characteristlcs are prloarily
deternined by trlal-and-error solutLons with the computer Program to
obtaln the best ftt of hlstoric streamflow data. This procedure is
repeated until adequate vertfication of observed flows ls obtained and the

characterlstlcs tested with lndependent data'

Routl.ng computatigns are acconpllshed by dtvlding a reach Lnto a speclfled
number of increments of storage whlch are called routlng phases. The time

of storage for the channel routing increments 1s exPressed by the
followlng equation:

T =KTS

QO

T = The tine of storage per increment in hours'
s

KTS = A constant determined by trlal and error or - estlnated from

physlcal measurements of flow and correspondlng routlng tlnes'

a = Discharge in cubic feet per gecond'

n = A coefflcient usually between -1 and 1'

The time rate of change of streamfLow in a rlver reach ls evaluated by

dtviding the reach Lnto a eerles of snal1 lncrements. Inflow to the

uppergnost lncrement ls the release from Glen Canyon Powerplant during an

lncrement of tirne, ln thls case' one hour' The ptogram then uses a

variation of the standard stor"ge routing equation to compute the outflow
from the first increment. Thls flow value becomes the inflolt to the next

increment of stream and the comPutatlons proceed downstream in this manner

until the lowermost Lncrement is reached after whlch the computatlons

begin for the second h?ur. Baslcally what it comes doun to in callbratlng
the nodel, ls to vary three parameters (nurnber of routing phases, time of

storage per lncrement, and a dluensl.onless coefftctent) untll the computed

flows agree as close as posslble with the recorded flows'

DEVELOP}IEM OF TTIE MODEL

I
I
I
I

Durlng the wlnter of 1985-86, the USGS operated flve data collection



stations between Glen canyon Dam and Lake l'lead' Data pods or continuous

recordersl'ereestabltshedorwerealreadyinplaceateachsiEe.
Standard streamflow measuremeoa" 

'ru"t" 
made iuring the data collecCion

perlod and a rati;; table was developed ar e_ach site that al-lowed for the

conversion of the flow deptts to'r-il"ora of hourly streamflow discharge'

The stations and the period of record for each are as follows:

LeesFerry(nlle0)Fullperlod(perrnanen-tgauge)
Above LLttte Colorado (nile 61) l octlber tgd-5 to 11 November 1985

AtGrandCanyon(rnile87)Fullperiod(permanentgauge)
libove Natlonal Canyon (rnile 166) 2 Oetober igfi'S to 19 Decernber 1986

Above or"tooi^cieei"iti; "-izo> 5 october 1985 to ll November 1985

The perlod of record common to each ls 5 October 1985 to 11 November 1985'

Ttrere ls also availabler. the record of hourly releases from Glen canyon

Dam.Dugingthisperiod,releaseswereinadlurnalPattqrnandranged
from I'100 to 22rOO0 ft3ls'

Ttre flow model was conflgured as follows. The uPPermost station is Glen

Canyon Dam. rfo"iff recirded t"t.t""" were tnpuiied here and the rnodel

computed corresponding flows at Lees Ferry. rhe recorded flows at Lees

Ferry were rnp,itted 
*and 

the computer Program Prlnted out side by side

comparisons of conputed .na t""oiled fllws- fn. Uottr tabular and graphical

format. The operator then changed the val-ue of one of the three

coefficients and made another ,,,', "-o'paring 
results with the prevlous run

Eo see if the change had tnproved lt" reconstitution of the observed

flows.Afteruanyiterations,apolntwa.s.rea.chedwhereimprovenentswere
negliglble and the operator t"[ri-_ ""llbratlon 

of the next downstream

stat,Lon, ,.Above Littl-; colorado"I m" input used for that calibratlon

I'asthecornputedflowsacLeesFerry.The.processcontl.nueddowntothe
,,Above Dlanond Creek., statlon 

-afLer 
which the model was considered fu1ly

calibrated and ready for production torls'

Thenode1hastheabi11tytohand1etributary1nf1ows.
feature was not used slnce the r"g"-i*a"_ of .the flows of the Paria River'

the Little colorado River, ".ri-i"r,.u 
creek are generally o,f much less

nagnitude than the dtscharge 
-in 

Jt" main channell The following table

ll-lustrates thLs '
Table A

Period of
Record

Average

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Gauging
Station - ,, !

Colo ' 
AZ

Parta Rlver near Lees FerrY, LZ

Little Cororado Rlver near cameron, AZ

Kanab Creek near Fredonia, LZ

tg05-82
L923-82
L947 -82
1 963-80

Di.scharges cf€
L2 ,7 10

30
237

7

I
I
I
I
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The nodel preserlres che volume of fl-ow as it passes from one statlon to
the next. That is, there are no losing or gaining reaches of river unless

the operator inputs such a sltuation'

The nodel as it ls now confl.gured w111 compute flows dlrectly only at the

statl.ons used ln its callbratlon. Estimates of f10w elsewhere will
require an lnterpolation pto"."", to be descrlbed later' The coefflcient
values used ln the ftnal iroductton runs are as follows'

' Table B

Reach

Glen Canyon Dam to Lees FerrY
Lees Ferry to Ltgtle Colorado River
Ltttle col0rado Rlver to Grand canyon Gauge

Grand Canyon Gauge to NatLonal Canyon

National Canyon to Dlamond creek

ADVANTAGES, AND LI}'TITATIONS OF TIIE I{ODEL

z. The model can be calibrated srit,h observed

short intervals of time provided thdrt tt is
flows too far outslde those obs€fv€d'

Routing
Phases KTS

2

25
7

81
99

0. 20
0. 30
0. 30
0. 20
0. 20

9. 00
9. 80
9, 80
3. 70
0. 82

Advantages:

Cross-secttons and other surveyed data are noE required'l.
data collecEed over fairly
not aPPlied to a range of

3. The model is easy to develop'

DLeadvantages:

1. The nodel assu[es a constant travel tine betlteen stations regardless

of flow magnltude. Thls ls probably the ngst serious disadvantage of

applyingthlsrnodeltodlurnalflowslntheGrandCanyon.Itisawell
observed and now recorded fact that peak flows travel downstream faster

than flows durlng the crough perlod'

2. Since the input of one statlon Is the computed output from the next

upstream etatlon, errors tend.to accumulate as computatlons proceed

downgtreao.

3. Flows can only be computed directly at
orlgtnal calibrations .

the stations used ln the

4. The rnodel 1s only valld durlng the petlod for whlch it 18 eallbrated'
ie., as the pools ".L,r. 

and fllL ln thelr attemPt to reach .some 
sort of

Long-term equillbrtun, the fforo 
- routing relailonshLps wl11 probably

change.

"l

'l

I
I



ERRCR ASALYSIS

Table I shows an analysis of the errors associated wlth the model' Study

of the table wtlL sirow that the model as now configured has several

biqses. rt tends to underpredi"i p"rt flows by as much as 700 to 1100

ft'ls on the average. ThLs corr""porrd" to about 0'2 to 0'4 feet of stage'

Ir tends to predllt the arrtval of a peak discharge abou-t -1 hour laqer

than l-t should. Ttre troughs tend to be estfnated several hundred ft'/s

higher than Ehey should-' In terms of stage' thls er-ror ls on the

nagniCude of 0.2'to 0.3 feet. It also predicts ihe arrival of the trough

about I hour sooner than it should. If the exact rnagnitude and times of

the predlcted peaks and Eroughs are essential to the user of this modeL'

he or she is advised to nake these adjustrnent,s to the computed data

results.

AnoEher way of making a statement on the rnodelrs veracity is to say that

when a surge of watJr is released fron Glen canyon Dam and after ls has

traveled 242 niles downstreat "rra 
has reached Diamond creek after 48 hours

of travel, the nodel wil1, most of the tlne, lncorrecEly predict the peak

discharge by 0.4 of a foot, t*" ;t take' 0'2 of a foot' in a f low

hydrograph that could be fluJtuating by as much as 10 feet' It ls

suggested that thls error shoulJU"-aofJt"Utt eot most' 1f not all' users'

RESULTS AND DISCUSSION

HourlyvaluesofreleasesfronGlenCanyonDam!'ereobEainedforthe
perlodJulylg83throughsepternberlg85andrunthroughthemo.deltoglve
estl'matesofhourlyflowattheflvedownstreamstatl.ons.IEisnot
pracricabre ro i.p.La""" rhls data wlrh rhls report, comprisl"g "" it does

nearly 1701000 fiow values. It ls avallable, however, on a ftroppy disk'

A18o, temporarlly, lt can be accessed frou a pub].lc file on the Bureau of

Recl-amation I s CYBER sYstem'

Ilourly values of releases from Glen canyon Dam for the various powerplant

operatlon scenarlos nere lnputted and run through Ehe uodel (except for

the base load scenario for which the answers are obvtoue) ' These data are

alsoavailableondlskorteoporarllyontheCYBER.

Asstatedprevl'ously,thenodelcanonlypredlctflowsatthelocatlons
from which l-t was callbrated'

To obtain estimates of hourly flow at other locatlons on the river it ls

proposedthatastralghtllnelnterpolatlontechnlquebeusedasfollows.
Ttre travel times of peaks 

"oa- 
tio"lhs were determlned fron the computed

flows of the october i to Noo"mber 8' 1985' perlod'

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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TABLE 1

ERROR ANALYSIS

Peaks Troughs

I
I
I
I
I
I
I
I
I
I
I
I
I
I
.l
'l

I
I

(ft
itude

A) (ft)
Tirnin nitude Timin
(hours ) (iffit (rt) (hours )

Lees FerrY Station
(ff events)
l'lean dif f eren 

""L 
/

St.Dev. of dlfferences

Little Colorado Station
( ZO events )
I"lean difference
St.Dev. of differences

Grand CanYon Station
(32 events)
I"lean dtfference
St.Dev. of differences

Natlonal CanYon Station
(lZ events )
I'lean difference
St. Dev. of dlfferences

Dianond Creek Station
( ZA events )
l"lean difference
St.Dev. of differences

-0.4 1.3
0.2 1.3

predicted events are
recorded on€s.

60 0.0 -0.8
240 0.1 0.5

320 0.2 -0.9
22A 0. 1 0.6

260 0.2 ;0.9
26A 0.2 0.9

260 0.3 -0.7
260 0.3 1-o

820 0.3 -1' I
410 o-2 0.6

smaller in magnitude or

10
160

-900
s30

-7 20
460

-7 20
460

-1 130
500

0.0
0.1

-0. 3

0.2

,

-0. 3

0.2

-0. 4
0.2

0.1
0.6

L.2
1.0

L.2
1.0

1.1
1.0

Ll Negative values indicate that
6cc,rrr"a earlier tn tirne than the



The resulrs were a's iolLows:

Dam to Lees FerrY
Lees FerrY to LCR

LCR to Grand CanYon
Grand CanYon to National
Natlonal to Dlamond

3.0 hours wirh a st'dev' of 1'3 hours

14.5 hours with a st 'dev' of 1 ' 5 hours

3.9 hours wlth a sE'dev' of 0'7 hours
14.9 hours with a st 'dev' of 1' 8 hours

II.3 hours with a st'dev' of 1'0 hours

Aser.rme a u€er wanted to estimate the fLows at House Rock Rapid (l{ile tz)

at 1:00 p.m. Ilouse Rock Raptd lies ln the reach between Lees Ferry and

LittLe Colorado RLver. fite dlstance beEween Lees Ferry and Little

CoLorado Rlver is 61 river mlles' To determine the estimated flow'

nul-tlply the tLrne of travel tor ie.s Ferry to LittLe Colorado River (f4'5

hours) by the fraction of distance the water travels (nile t7 divided by

nile 61) as in the computation below:

(14.5) (o716l) = 4'04 hciurs

The user goes to a table of computed flows- for Lees Ferry and determines

the value there-"i 9 "'t' 
(l p't' nlnus 4 hours (rounded off from 4'04)'

Ttren, the user goes to the table of compuLed flows at Little colorado

Rlver and determlnes the vaLue .a rr poltrr il p.r. plus 10 hours. or rounded

from 14.5 - 4.04). The two value" "t" then averlged to get the deslred

estlmate of flow at River l'111e 17'

CONCLUSION

The streamflow synthesis and reservolr regulatlon (sSARR) model was

callbrated to aLlow for the calculation and predlctlon of discharge and

stage l-evels ln the Grand canyon. The nodlfication of the model centered

onthematchingofdischargevolumes,peakandtroughhydrographtlrning
and nagnitude do*o"ar""r "i ft*re g",rg." 1-ocated within the Grand Canyon

for speciffc periods of actual strelant-lolt data collection activlties'

The data used to lnitlalize the nodel conslsted of actual hourly f10w

releases fron Glen canyon Dam. The model then comPuted the volume'

tlning, and stage of the -dfscharge aE tl" flve downstream gauglng

stations.cariur-atlonof.t."'ol"i""""perfornedbyabest-fltprocess
utillzlng varlatlons in the routlng phases, tine of storage per phase' and

a dimenslonless coefficl.ent. rhe nodel has several biases thaE need to be

understood before rlgorous use ls made of the results:

l.llrenodelunderpredictspeakdl.schargeleve].sby700to1100cfs.

2.Thepeakdischargelevelsarepredlctedtoarriveatthegauglng
stations on an ".r""rg.-of 

one hour laier than actual measurements'

3.Thetroughdlschargelevels
tha.r the actual neasurements '
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are predicted to be up to 200 cfs higher
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4. The trough discirarge 1eve1s are p::edicted Eo arri':e 'rne hor:r earl!'er
than actual measurements.

For a naJority of GCES study reguirernents, Lhese blases should not be a

problem. To estimate the hourly flows at study sites other than the flve
gauglng etation locations, a straight line interPolatlon tech-nlques was

developed. It requires the knowledgl of tine of travel, time of dl'scharge
releases, actual ian dtscharge levels' and locatlon of the requlred study
site to the nearest gauglng station. 

.

RECOMUENDATIONS

The SSARR flow nodel was selected for the lnitlal phase of the Glen Canyon

Envlronmental Study because it dld not requlre cross-sectional
Lnformation, but relled 8o1e1y on a set of easlly obtained time-stage
relatlonshlps. SLnce the lnttial developnent and use of the model'
considerable lnfornatlon about the channel has been obtal'ned' ln i-ts 225

nile reach of the Grand Canyon, there are now available 708

croas-aecttons, 2Og of whlch were measured with sonar and the remainder

lnterpolated fron aerial photos and a depth-profile survey.

If the GIen Canyon Environmental Studies continue, it is reconmended that
a new unsteady ilow nodel be selected and calibrated for'Use; a nodel that

";i- <i) "aiiire 
rhe croes-sectlonal Lnformation, (2).'account for the

changing travel tine with changlng dlscharge, and, (3) account for the
changLng croas-sections that resultl fron the scour and fill of the pools'
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