MODIFICA TION OF CANAL FLOW DUE TO
STREAM-AQUIFER INTERA CTION

A. M. WasanthaLal, 1, M. ASCE

Unsteadycanalflow in anintegratedcanalflow-groundvaterflow systemis ana-
lyzed by solving the coupledequationggoverning canalflow, groundvaterflow and
the seepagdetweenthem. Analytical solutionsare obtainedfor the coupledsystem
for smallwaterlevel disturbancesising Fourier analysismethodsand comple vari-
ables. Dimensionlesgparametegroupscharacterizinghe aquifer the canalandthe
sedimentayerareidentifiedusingthegoverningequationandthesolution. Theinflu-
encein theaquiferandthe semi-permeablbottomsedimentayerdueto disturbances
in canalflow is studied.The analyticalsolutionsarecomparedo numericalsolutions
obtainedusingthe MODFLOW modelandthe Hydrologic SimulationEngine(HSE)
of the SouthFloridaRegional SimulationModel (SFRSM)(Lal 1998b).

Resultof theanalysisareusefulin determiningherangeof aquifer sedimentand
canalcharacteristicfor which stream-aquifeinteractionis important. Theresultscan
be usedto determinghe conditionsfor which the canalis hydraulicallydisconnected
from the aquifer becausef the sedimentayer The analyticalsolutionis usefulto
understandhe propagatiorcharacteristicef smallamplitudewaterlevel disturbances
in the canalandthe aquifer The characteristicstudiedincludethe amplitudedecay
constantandthe speed.The solutioncanbe usedto designbenchmarkproblemsthat
canbe usedto evaluateintegratedcanalflow—groundvaterflow models. The results
of the studycanbe usedto estimatethe spaceandtime stepsneededn the canaland

theaquiferwhensimulatingstream-aquifeinteraction.
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INTRODUCTION

As partof theoveralleffort to restoreghe Evergladesecosystenn SouthFlorida,andto meetits re-
gionalwatermanagemermesponsibilitiesthe SouthFloridaWaterManagemenDistrict (SFWMD
1999)and otherorganizationshave developeda numberof mathematicamodelsto simulatethe
watermanagemensystem. Oneimportantrequiremenpf thesemodelsis the capabilityto sim-
ulate stream—aquifemteractionor stream—wetlandnteraction. A significantpart of the South
Floridalandscapés coveredwith a network of canalsthatextendsfor thousand®f milesthrough
wetlands,agriculturalareasand urbanareas. The behaior of waterlevels in the canals,when
areasadjacento canalsare subjectedo waterlevel changesis not completelyunderstood.The
influencesof the highly conductve surfaceaquiferandthe lessconductve bottomsedimentayer
of the canalon the overall hydrologyarealsonot completelyknown. Thesebehaiors influencea
significantpartof SouthFloridahydrology The currentstudyprovidesamethodto understandhe

basicparametershatgovernthe problemandto obtainananalyticalsolution.

Stream-aquifeand stream-wetlandnhteractionshave previously beenstudiedby a numberof
researchersThe studyby Pinderand Sauer(1971)wasconducteddy usinga couplednumerical
modelfor canalflow and2-D groundwaterflow. The objectve wasto studytheinfluenceof bank
storageon the modificationof flood waves. The exampleusedby PinderandSauer(1971)sened
asa benchmarkestfor integratedmodelssuchasMODBRANCH (Swain andWexler 1996)and
MODNET (Walton et al. 1999). Thesemodelsconsistof a MODFLOW model(McDonaldand
Harbaughl988)coupledwith eitherthe BRANCH model(Schafranek1987)or the UNET model
(HEC 1996). The comparisorbetweerthe solutionobtainedby PinderandSauer(1971)andthe
solutionsobtainedusing MODBRANCH or MODNET was not perfectbecausehe comparison
wasbetweerntwo numericalmodels,andneitherof the solutionshasbeenverifiedagainstanana-
lytical solution. Thetestconditionsexplainedby PinderandSauer(1971)arealsonotcompletely
known. Otherresearchera/ho developedintegratedmodelsor simply incorporatecbankstorage

effectsinto streamflow simulationsncludeZitta andWiggert(1971)andMorel-Se/toux (1975).



Many researclefforts have focusednunderstandingtream-aquifeinteractionatagivencanal
crosssection.Bouwer(1965)analyzedmnary of the conditionsinvolvedwith this problem.Dillon
andLiggett (1983)usedaboundaryintegral methodto determinestream-aquifemteractionin the
2-D domainof the crosssectionand identify conditionsunderwhich the canalandthe aquifer
are hydraulically disconnected More recently Zlotnik and Huang(1999), Moenchand Barlow
(2000),andothersstudiedstream-aquifemteractiondueto stepresponsef waterlevel fluctua-
tions. A numberof stream-bededimentayertypesandaquiferconfigurationsvereusedin these
studies.They usedthe one-dimensionatquationsn the aquiferto studythe effect of canallevel
fluctuations.In the applicationsby Morel-Se/toux (1975),Swain andWexler (1996)andothers,a
simpleequatiorwasusedto represensedimentesistanceChin (1990),GenereuwandGuardiario
(1998)andothersextendedthis basicresistancequationgo obtainanalyticalandsemi-analytical
expressionghat can be usedwith regional modelshaving large cells. Jogensenret al. (1989)
demonstratethe needto be carefulwhenapplyingbasicseepagequationgo modelswith large
cells. Formulationgproposedy Chin (1990)andothersarepartly intendedo circumwentsomeof
theseproblems.Thestudiescarriedoutin SouthFloridaby Chin (1990),GenerewandGuardiario
(1998), Swain andWexler (1996)andothersweretriggeredby the needto understandhe extent
of stream-aquifeinteractionresultingfrom the highly permeabldimestonebasedaquifers.Trans-

missiitiesin excessof 1 mz/s arecommonin SouthFlorida(FishandStavart, 1991).

In the currentstudy coupledequationdor canalflow and2-D groundvaterflow areanalyzed.
Resistancef anoptionalsedimentayerbetweerthemis alsoconsideredApproximateanalytical
solutionsareobtainedfor the equationsy using Fourier analysis.Two specialcasesof the solu-
tion areusedto analyzethe behaior of canaland aquiferwaterlevels whenthe canalupstream
boundarywaterlevel is variedin asinusoidaimannerandthe behaior of canalandaquiferwater
levelswith time whentheinitial watersurfaceprofile in the canalis sinusoidal.The analyticalso-
lution of problemwasthencomparedvith MODFLOW andHSE solutions(Lal, 1998b)to shav

thecloseagreementf theresults.



Resultsof thestudyindicatethata numberof dimensionlesparametegroupscanbeidentified
ascharacterizinghe dynamicbehaior of stream-aquifeinteraction. Valuesof theseparameter
groupsare obtainedfor two sitesin SouthFlorida that are investigatedor stream-aquifeinter-
action. Theinfluenceof the sedimentayerwhich partially insulateshe canals,s alsodescribed

usinga parametegroup.

Resultsof the studycanbe usedto developbenchmarkestproblemswith analyticalsolutions.
Theseproblemscanbe usedto verify existing andfuture modelsthatareusedto simulatestream
aquiferinteraction. The resultsof the study canalsobe combinedwith resultsof error analysis
(Lal, 2000)to determinespaceandtime discretizationsieededor numericalmodelssimulating

stream-aquifemteraction.

GOVERNING EQUATIONS
Equationsdescribing2-D groundwater flow, 1-D canalflow, andresistanceo flow acrossthe
bottomsedimentayerareconsideredo bethe principal relationshipghatgovernthe problemof

stream-aquifemteraction.The equationdescribingunsteadyflow in a 2-D isotropicaquiferis

OH 0 (_0H\ @ [_oH
= (Tg— |+ = ( Tq— 1
%5t 0x<96x)+0y<96y> @

subjectedo suitableinitial andboundaryconditions.In the equationx,y = distancesalonghori-
zontalx andy axes;t = time; H = waterheadin the caseof groundvaterflow; Ty = transmissiity
of the aquifer;s; = storagecoeficient. For unconfinedlow, Ty ~ kgﬁwherek@J = hydrauliccon-

ductivity andh = aquiferthickness.

After neglectingtheinertiaterms,the St Venantequationgor a 1-D wide rectangulacanalare

givenby
oh 0q
atox =0 @)
oh
&‘i‘sf—so =0 (3)

in which, h = waterlevel in the canal;q = dischage ratein the canalper unit width; g, = total
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seepag@nto the canalperunit lengthperunit width of the canal;S = bottomslope. Thefriction

slopeS; canbe explainedusingthe following generalexpression.

un qn
St =Cir =Crmn (4)

in which u = flow velocity; C = aroughnesgonstantm, n = constantsEquation(4) canbeused

to representhe Manningsequationusingn = 2, m= 4/3. For Chezysequationn=2,m= 1.

Seepagbetweerthecanalandtheaquiferattheaquifersedimeninterfaceis basednDargy’s

law andthe Dupuit assumption.The seepageer unit width of the aquiferper unit width of the

2Ty (OH)
_ 2Tg (oH 5
=75 |3 . (5)

in which B = width of the canal;d = thicknessof the sedimentiayer whena sedimentayeris

canalq is (Fig. 1)

present;(%—?) = headgradientnearthe aquiferat the aquifersedimeninterface.Whenthereis no

sedimentayer, d = 0 andthegradientis computedn the aquiferat the aquifercanalinterface.

Whena sedimentayeris presentthe resistancdo flow acrossthe layer hasto be takeninto
accountlf thesedimentayerconductvity is ky,, anequationcanbe written for seepagassuming
thatwateris not storedin thethin sedimentayer(e.g.PinderandSauerl971)

_2Tm oH N _pﬁ
o= B(‘W)yéN B o ©)

in which (%—';)y:5, representthe headgradientin the sedimentT,,, = a parametedescribingsed-
imentresistancep = lengthof wettedperimeterof the canalalongwhich thereis seepagefAH =
headdifferenceacrosghe sedimentayer. For arectangulacanalwith seepagéom bothbottom
andsidesp = B+ 2d in which d = depth. The parameteil,, makesit possibleto encapsulaté,
p, B, canalpenetratiorinto aquifer andary othersedimeninformationinto onevariablethathas
units of transmisstity. The parametefM, is usedto representhe resistancdo seepagehrough
the bottom, sidesor both, even whenthe sedimentlayer thicknessandthe pressurearoundit is

not uniform. In computingT,, usingthe approximateelationshipshawn, it wasassumedhatthe
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layerthicknessandthe headgradientareconstantandthatthe gradientcanbeapproximatedising
AH /3. As aresultof theassumptionsisedin computingTy, its valuecanbe uncertain.However,
PinderandSauer(1971),Swain andWexler (1996),GenerewandGuardiario(1998),Chin (1991)
andothersusedsimilar approache$o characterizeéhe resistancef the sedimentayer. Valuesof
km/d describedn theequationareavailablefor someareasof SouthFlorida. If theseepag®eccurs

from the canalbottomalone(p = B), Ty, is obtainedusing
Tm = 0.5p k. )

If the canalfully penetrateshe aquifer p ~ 2d. Otherconfigurationf the stream-aquifeinter-

facearedescribedn papersncludingoneby Zlotnik andHuang(1999).

METHOD OF SOLUTION

A solutionis obtainedfor the governingequationg1), (2) and(3) assuminghat(a) the canalhas
a uniform crosssectionanda uniform slope;(b) the canalextendsto infinity in the downstream
direction,and(c) theaquiferis semi-infinitein the samedirection.Perturbatiorequationsaregen-
eratedor thegoverningequationdy settingthevariableso H = Hp, h= hg andq = qp aswell as
slightly perturbedsolutionsH = Hop+ H*, h=hp+ h* andq = qo + g*. Theperturbatiorequations
for (1), (2) and(3) arerespectiely,

9 [_0H*\ 0 [_ oH* OH*

555 )ty (o) = +% ®
oh*  agq* 2Ty [OH* B

at ' ax _F( dy >y:5+ =0 ®)
oh* q* h* B

I +Sf{n%—(m+n)h—o} =0 (10)

Ponceet al. (1978)andSamuelsand Skells (1990)have alsoobtainedperturbationequationgor

canalflow.

Solutionsof the exponentialform areassumedor the perturbatiorequations.Thesesolutions
guaranteghatthereare no discontinuitiesat the canal-sedimerand sediment-aquifeinterfaces.

Thesolutionsareasfollows.
canal:  h*(x,t) = h exp(ft +Ax) (11)
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sediment:  H*(x,y,t) =h'exp(ft+Ax+0y) for 0<y<3d (12)
aquifer: H*(x,y,t) = W exp{(ft + AX+03+u(y—98)} for y>2d (13)
canalflow: q*(x,t) = o exp(ft+Ax) (14)

here,f, A, i, and@ arecomplex constantsf = f1 + faol, A = A1+ Aal, u= pg + Hol, 6 = 61+ 62,

| = +/—1 in whichthe subscripted/ariablesarereal. For mary problems); andp; arethedecay
constantdor water level disturbanceslongthe canalandthe aquifer; A and [, arethe wave
numbersof the disturbanceslongthe canalandthe aquifer; f1 = atime decayconstanfor water
level disturbancesf, = acharacteristiérequeng of the problem.After substitutingthe solutions

(11),(12),(13),and(14), equationg8), (9) and(10) respectiely become

ToV+1P) = sf (15)
fh’-%gpeéeh'ﬂq' =0 (16)
)\h’—(m+n)h§0h’+sfq—r;d =0 (17)
Equating(12) and(13)in (5) and(6),
Tgl= TmB (18)

which gives8 = Tgu/ T to beusedto replaced in (16). For thehomogeneousystemof equations
(16) and(17) to have anontrivial solutionin [h', (], the determinanbf the coeficient matrix must

vanish.This conditionis givenby

{f-%’wp(T—mpa)}—:A{A—(m+n)h§} (19)

o
Equationg15)and(19)arethetwo final equationghatdescribehepropagatiorof smallamplitude
waves.Equation(15) representthegroundvaterrespons@andEqg.(19)representthesurfacewater
responsealongthe canal. A numberof simplifying assumptiongan be usedto obtainpractical

solutionsto theseequations.

Selectionof dimensionlesparameters
Dimensionlesyariablesareusedto simplify the governingequationgdescribedy (15) and(19).

Thedimensionlessariablesareselectedsothatthefinal form of the governingequationdoesnot

7



retaintoo mary empiricalconstantcomingfrom thefriction equationsA characteristidength/\
relatedto the wave numberof the waterlevel disturbanceas definedfirst. It is usedto make the

otherlengthsdimensionlessilt is definedas

_ [ _ [T
A= nSf \/ nf, (20)

in which f, = a characteristidrequeng of the system.The parametefl is usedto linearizethe

resistanceo flow alongthecanal.lt is similar to aquifertransmissrity andis definedas

_ %

(21)

with gg beingcomputedoy using(4). Variablesh andu aremadedimensionlesgy usingfx = AN\,
fl= pA, andf = x/A. Similarly, t and f aremadedimensionlessisingt = f;t andf = f/f. If the
systemis disturbedby awaterlevel fluctuationof frequeng f, attheupstreanendof thecanal,f,

is consideredo bethis disturbingfrequeng (f, = f;).

Thetransmissiity ratio parameteP; characterizinghetransmissuity, storagecoeficient, and

canalfriction is definedusing(15) and(20) as

Ty B NTgSt B nTy

P = = = 22
' scfi\? o STe (22)
Thecanalwidth parameteR, characterizinghe canalwidth is definedas
B
=g (23)
ThecanaldepthparametePy characterizinghe canaldepthandthe canalslopeis definedas
ho
Pi—— - 24
o= mFnSA (24)

Thesedimentesistanc@arameteP, characterizingheresistancef thesedimentayeris defined

as
Tm km.. 1., B, 1
Pm= 5T AS (g)(f—r)(x)(g

) (25)



Variablesusedto definePy, show thatky/d is a parametethat can be usedto explain sediment
resistanceUsingthesedimensionlesparameterghe systenof governingequationg15) and(19)

canbereducedo thefollowing form.

PA+R) = f (26)
<, A 20PR Pt .
2_ 7 r T
A Pd+ B exp(Pm) f (27)

Equationg26) and(27) describethe behaior of smallwaterlevel disturbance# the canalunder
transientconditions.Realandcomplex component®f A andji describehe exponentialdecayand
the wave numberrespectiely. Variables\ and {1 correspondo the canalandthe aquiferrespec-
tively. Realandimaginarycomponentsf f describeheexponentiatime decayandthefrequeng,

respectrely. Thesolutiondependon Py, By, Py, andPp,.

SOLUTIONS OF THE GOVERNING EQUATIONS

Analytical solutionsto the governingequationsanbe obtainedonly for anumberof simpleprac-
tical problems.Thesesolutionscanbe obtainedby solving (26) and(27) simultaneouslyor two
of thethreecomple variables, fland f whenthethird is known. Thefollowing problems(a) and
(b) covertwo of thesethreeproblemtypes.Thethird problemtype,involving the determinatiorof

A and f for aknown i, is notdescribedn this paper

(a) Behavior of canaland aquifer water levelswhena small continuoussinusoidalwater level
disturbanceis intr oducedat the upstream canal boundary

Whena continuoussinusoidalwaterlevel disturbancaes introducedat the upstreanendof a slop-
ing canal,thewave numberA, andtheamplitudedecayconstanf\1 of thedisturbancen the canal
canbe obtainedby solving (26) and (27) simultaneouslyior aknown f = f;1, (f1 =0, f, = f;)
in which f; is thefrequeng of the disturbanceSinceit is not possibleto obtaina simpleexplicit
solution,threealternatve approachewereusedto solve the coupledequationsThefirst approach
wasto simply useMathematicaWolfram, 1996)directly. This methodworked, but the symbolic
solutionwasinaccurateor certainrangesof parametersThe secondandthird solutionmethods

aredescribedelow.



(i) Iteratve solution

The iteratve methodis the most accuratemethodfor a variety of practicalproblems. It takes
adwantageof the fact thatA << {1 for groundvaterflow. Undersuchconditions,the systemof
equationgonsistingof (26) and(27) canbe solvediteratively. Thefirst equationin theiterationis
obtainedusing(26) as |

fl=— Er—iz (28)

inwhich f =1, sincef = f,I. Thenegativerootsareselectedor bothA andfito represensolutions

thatdecaywith time anddistance.The secondequationfor theiterationis obtainedusing(27):

s 1 1 PR P
A= — I+ =2 T exp(=— 29
2Py \/+4sz Ry P Pm) (29)

Equation(28) is solved for [ first usingfx from the previous iterationor zero. Equation(29) is

solved next to obtainA. The value of [l is updatednext using (28). The two stepsarerepeated
until thesolutioncorverges.In thetestproblemsdescribedater, theanalyticalsolutionis obtained
usingthis method.

(i) Approximateexplicit solution

An approximatexplicit solutioncanbeobtainedor thecoupledequationg28) and(29) by taking

adwantageof the condition << {1 for groundwvaterflow. Thisis truewhenP; << 1. Thevalue

of {1 is first computedexplicitly using (28) after neglecting the value of A2, This value of fLis

substitutedn (29) to obtainthe following approximatesquation:

1 1, VPR VO5R
— — I+ = +2YX" T exp(-
2Py \/ * 4p2 t2og e )

In the part of the expressionexp ((IP; /Py) in (29) which was originally exp(30) in (16), it was

A= (30)
assumedhat the sedimentayer is thin, the storagedoesnot change andthat thereis no phase
lag whena disturbancepasseghroughit. This assumptionris usefulin simplifying the solution
by neglecting the imaginarypart of 8. As a result, it also becomesossibleto definea single

parametek to characterizestream-aquifemteraction.Equation(30) cannow be expressedising

X andPy only, in which Py is usedto describeshe canalhydraulics.The parametey is definedas

R VOG5SR
X = ﬁ@(p(— N )

with a sedimentayer (31)
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Y
Y= R

The parametel consistsof two groupsof variables.The groupR,/+/P; describeghe canaland

without a sedimentayer (32)

aquifercharacteristicsThe groupexp(—+/0.5P; /Py) describeshe characteristicef the sediment
layer Theinfluenceof the sedimentayeris simply to modify x by the term exp(—+/0.5P; /Pm).
Whenthislattertermis zero,x = 0, andthecanalis completelyisolatedor cutoff from theaquifer

Theinfluenceof the sedimentayeroninsulatingthe canalfrom the aquiferis describedater.

Behavior of thesolution

Analytical solutionswith real andimaginarycomponents;)ffx andfl areplottedin Figures2 and
3 respectiely. They areobtainedusing(30). Both graphsshow thatsmall valuesof x give large
negative valuesof A implying large decaysn waterlevel disturbancesBoth graphsshaow thatin

relatively deepflat canalgPy > 0.5), thedependencef the solutionon x ceasesvheny is greater
thanabout10. This showvs thatwaterlevel disturbancecharacteristicen the canalareunafected
by its interactionwith the aquiferfor large valuesof x andPy. This zoneof no interactionis the
zonein which A lines areparallelto the x axis. Equation(30) alsoshows thatwhenR,//P — o,

the solution is a function of Py only. If the canalis very deepandthe bottomslopeis small,

Py — o0, andA = —(1+1)/+/2 asseenin bothplots.

WhenP, andP, arevery large andA? is very small, ft in (28) canbe usedin (30) to obtainan
orderof magnitudesstimatefor ﬁ/f\ asl/y/P;. Thisis theratio betweenwvave lengthsin the canal

andtheaquiferwhenP, << 1 andjt>> A.

Insteadof usingthe approximatesolutionof (30), if the completeequationg26) and(27) are
solvedusingtheiteratve method,the plot in Fig. 4 canbe obtained.In this figure, —5\1 is plotted
against?, andR,/+/P;. Thisfigureis usefulin understandinghe rangeof validity of the approx-
imate solutionof (30) shavn in Fig. 2 andFig. 3. Figure4 shaws that5\1 is a functionof x and
Py/+/P: overonly alargebutlimited rangeindicatedby theareain whichall thecurvesareparallel
totheR; axis.If P, istoolarge(> 0.1 for mostpracticalpurposes),—5\1 is notafunctionof R,//P;

alone,and(30) becomesnaccurateLargevaluesof P imply aviolation of theassumptioh <<
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(or Ty << Te) thatwasusedto obtainthe approximateiorm (30).

Insulatingeffect of the sedimentayer

In the governingequationssedimentayer characteristicaire describedusingthe dimensionless
parametegroup+/0.5P; /Pn. Whenthe sedimentayerconductvity is large or the sedimentayer
is thin, /0.5P; /Pm becomesmallandthe exp (—+/0.5P; /Py) termin (30) or theexp (30) termin
(16) comescloserto 1. Whenthis happensy becomesqualto R,//P;, andthe sedimentayer

ceaseso have ary influenceon the solutionof A

Whenthe sedimentayerconductvity becomesmallor the sedimentayerthicknessecomes
large, the term exp (—+/0.5P; /Py) in (30) or exp(d0) in (16) becomessmall. Only a portion of
the hydrostatigpressuralisturbancen the canalwill betransmittedo the aquiferatthis point. At
thelimit of x — 0, thecanalis fully insulatedfrom theaquiferby thesedimenlayerandfx in (30)

becomes functionof P4 only.

Equation(30) shaws thatmary differentcombinationf R,/v/Pr and+/0.5P; /Py, cangive the
samey andthereforethe samesolutionA. In orderto obtaina limiting value for v/0.5R, /Py at
which the sedimentlayer canjust preventswater level disturbancesn the canalfrom affecting
the headdisturbancesn the aquifer an arbitraryreductionof x to 5% is considered.Whenthis
happensexp (—+/0.5P; /Py) = 0.05 or /0.5P; /Py, = 3. This conditioncanbe usedto definean

approximatenydrauliccutoff pointbetweernthe canalandthe aquifer This conditionis

Pm 1
Jo5P < 3 (33)

Whenthis conditionis met, waterlevel disturbancesn the canalarerelatively unafectedby the
aquifer Thedisturbancearenot felt outsidethe sedimentayer, andaquiferpropertiesdo not af-
fectthesolution. Thecanalthenactsasif it runsthroughanaquifermadeof thesedimentmaterial.
Equationg28) and(29) arevalid for the entirecanal-aquifeisedimentsystemonly whenthereis

no hydrauliccutoff.
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Physicalcharacteristicef smallwaterlevel disturbances

The solutionsA andfi canbe usedto determinemary physicalcharacteristicef smallamplitude
waterlevel disturbancesTablel shovs someof the expressionshatwereusedto determinghese
characteristicsThelogarithmicdecremeninentionedn thetableis measuredisingtheamplitudes
of two consecutre cyclesandcanbe usedto quantify decay Someof the definitionsusedin the
table were obtainedusing Wylie (1979) and Ponceet al. (1978). The physicalcharacteristics
listedin thetablecanbe measuredh thefield or computedusingnumericalmodels.Theaccurag
of numericalmodelscan be estimatedby comparingthe analyticaland model valuesof these

properties.

(b) Behavior of a sinusoidalsmall amplitude water surface profile in a canal with time
Thegoverningequationg26) and(27) canbesolvedfor ftand f if X is known. As thefirst step, f

is eliminatedfrom (26) and(27) to obtain

<, A 20R
M-+
P R

exp(—-) = P (A2 + ) (34)

This equationis solved for f1 assuming\ is in the form Azl whereA; is a dimensionleswave

number An explicit solution can be obtainedwhen thereis no sedimentlayer by solving the

1 1 A A2
0 4+ 35
H \/Fb PPy P ( )

Theparameteif canthenbe determinedy using(26).

guadraticequationto obtain

TEST PROBLEMS

Two numericalmodelswereusedwith two testproblemso determinenow theanalyticalsolutions
derivedearlierunder(a) would comparewith the numericalsolutions.The numericalmodelsused
were the MODFLOW model (McDonald and Harbaugh1988), and the Hydrologic Simulation
Engine,HSE (Lal 1998b,Lal et al., 1998c). HSE is an implicit finite volume modelwith fully
coupled2-D overlandflow, groundwaterflow andcanalflow features.One of the testproblems
usedwassimilar to the problemusedby PinderandSauer(1971). The discretizationsisedwere

somevhatcrudeto allow for timely completionof the experiments.
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(a) Testsusingthe MODFLO W model

A singlelayer2-D MODFLOW modelwasusedto solve thefirst testproblemanddeterminethe
exponentialdecayconstantf\l in the canal.Figure5 showsthe cell configurationused,with cells
fully coveringthe canalandthe 50 km x 50 km, square-shapedonfinedaquifer The aquifer
wasdiscretizedusing1000m x 1000m cells. Thecanalandthe sedimentayerswererepresented
usingfour rows of cells. Differentcanalandsedimentayerwidthsneededor theexperimentwere
obtainedby usingdifferentcell widths. No-flow boundariesvereassumeadt the outsidebound-
aries.Insteadof anonlinear Mannings-typdriction equationalinearfriction equationsuchas(4)

wasusedwith n =1 andm= 0. Equation(21) wasusedto computethe constantTe.

During the experiments the waterlevel at the upstreamboundaryof a horizontalcanalwas
variedcontinuouslyin a sinusoidalmanner Differentperiodsof oscillationwere usedfor differ-
enttestruns. The upstreamamplitudewas maintainedas 1.0 m, which is small comparedo the
aquiferdepthof 50.0m. To establishthe initial condition,sinusoidalwaterlevel variationswere
maintainedatthe upstreamendfor sometime until thewave shapestadownstreanpointbecome
consistentlysimilar. Thetime stepusedwas 1/50thof the periodof oscillation. The exponential
decayrateof the sinusoidalwave in the canalwasobtainedby measuringhe amplitudeof water
level variationalongthe canalat a numberof pointsand plotting its log value againstdistance.
Approximately10-50cyclesof sinewaveswereallowedto passbeforea stabledatasetcould be
obtained. The parametersnieededor the experimentwere selectedso that the solutiondoesnot

extendtoo closeto theboundary

(i) Testwith varyingP,

This testwasconductedo determinewhetherthe analyticalsolutiondevelopedearliercanaccu-
rately predictthe solutiondescribinghedecayrate5\1 andthewave numberfxz obtainedby using
MODFLOW modelruns. The resultswere plotted againstvariouscanalwidths or B, to seethe
agreementln thetestP, wasmaintainedattwo constanwaluesl.0 x10-2 and1.0 x 10-3, andfor
eachvaluemodelrunsweremadeusingdifferentP,. A sedimentayerwasnotused.The param-

etersfor this experimentareshavn in Table2. High valuesof transmissiities exceedingl n?/s
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arecommonin SouthFloridaasdescribedy FishandStavart (1991),Chin (1991),andGenereux
and Guardiario(1998). The reasonfor the severity of the of stream-aquifeinteractionalsohas
to do with the he high transmisstity of the aquifer Large valuesof transmisstities chosenfor
the experimenthelpedto increasethe rangeof dimensionlesparametersisedin the experiment
aswell. Figure6 shavs the agreemenof analyticalandnumericalresults. Theseresultsshav a
reductionof the decaywhenthewidth is increased.The analyticalsolutionswereobtainedusing

theiterative method.

The differencesetweenthe resultsof the numericalmodel(MODFLOW, HSE) andthe ana-
lytical methodcanbe dueto a numberof reasons.The resultsare differentprimarily dueto the
difficulty of representingan analyticalproblemexactly usinga numericalmodel. Theresultsare
differentdueto the numericalerrorsresultingfrom relatively crudecrudediscretizationaswell.
Fineresolutionsaaresometimegprohibitive dueto excessve runtimes(Lal, 1998a,2000). Numer
ical errorsexist in problemswith boundariesat infinity, becausanodelshave finite gridsthatdo
not extendto infinity. Difficulty of obtainingaccuratanitial conditionsfor the numericalmodels
is anotherreasonfor the difference. Methodsusedto computefx from the resultsof numerical

modelscanalsointroduceerrors.

(ii) Testwith varyingP;

Thistestwascarriedout to determinaf theanalyticalandnumericalsolutionsagreefor anumber
of conditionsunderwhich P; or thetransmisstity ratiois variedwhile maintainingk, at0.05.Fig-

ure7 shavsthevariationof 5\1 with P;. Thedifferencedbetweeranalyticalandnumericakolutions
canbe attributedto numericaland othererrorsexplainedearlierin the previous section. Table 2

shows the parametersisedin themodelruns.

(i) Testwith varyingPn

This testwas carriedout to determineif the analyticaland numericalsolutionsagreewhenthe
bottomsedimentresistance, is variedwhile keepingvaluesof P, = andR, constaniat 0.1 and
0.25,respectiely. Figure8 shownsthe variationof 5\1 with Py,. Table3 showvsthe valuesof the pa-

rametersised.Thefigure shavsthatthe decayof adisturbanceneasuredy 5\1 increasesisky/d
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is increasedIn thefigure,the point at which the canalbecomesompletelyinsulateds described
by (33) asPy ~ 0.22. Theanomalyin the datapoint correspondindgo Py, = 0.06 ShONSthat5\1 is
independenof Py, whenthe canalis fully insulated.It shavs thatthe sameanalyticalsolutionis

discontinuoust the cutoff.

(b) Testsusingthe HSE model

Thesetestsare very similar to the onesperformedby Pinderand Sauer(1971)with their model,
by Swain andWexler (1996)with the BRANCH model(Schafranek1987)andby Walton et al.
(1999)with the UNET (HEC 1996) model. The objectie is to determinewhetherthe analytical
andnumericalsolutionsagreeunderavariety of testconditions.Thesetestsareusefulin verifying
the accurag of numericalmodels. The original problemby Pinderand Sauerhad a numberof
unknovn conditionsanddid not have an analyticalsolution. Following is a modified versionof

theoriginal problemthatis easierto setup.

As in theoriginal problem,the modifiedsystemhasa flood plain thatis 39,624m (130,000ft)
long, 427 m (1400ft) acrosghevalley, andsurroundedy animpermeabléoundaryon all sides.
The hydraulicconductvity of the aquiferis 3.048 x 1023 m/s (0.01ft/s), andthe aquiferstorage
coeficientis 0.25. The aquiferis confined,67.05m (220ft) thick at the upstreanboundaryand
27.43m (90 ft) deepat the downstreamboundary The channelis locatedat the centerof the
aquiferparallelto its longerside. It hasa slopeof S = 0.001,width of B = 30.48m (100ft), and
a Manningsroughnes®f 0.03858.The uniform flow depthis hg = 6.09m (20 ft) computedor a
dischagerateof 509.7m?/s (18000ft3/s) in the canal. The hydraulicdepthis assumedo equal
theactualcanaldepthto make this applicationcompatiblewith the MODBRANCH applicationby
Swain andWexler (1996). Seepagés assumedo occuronly from the bottom. The downstream
boundaryis assumedo have uniform flow at a slopeof 0.001. The triangularcell discretization
for the problemhasright-angledtriangles609.6m long in the directionof the canaland15.24m
across.The MODBRANCH modelexplainedearlierhasrectangulaicells with the samedimen-

sions.Thetime stepis 5 min. Two of thetestscarriedoutwith theHSEmodelaredescribedelow.

(i) Testto comparenaterlevelscomputedchumericallyandanalytically
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Thepurposeof thistestis to compareghewaterlevelscomputedusingthe HSEmodelwith thewa-
terlevelscomputedusingthe analyticalmethod.Theflood hydrographntroducedat the upstream
boundaryconditionis

2
Q=50970+ 14158S|n(_|_—m) (36)
p

in which T, = periodof thedisturbance=5 hrs. Accordingto theconditionsderivedby Ponceet
al. (1978),this problemcanbesolvedusingadiffusionmodelsuchasHSE.Figure9 showns output
dischage ratesin the canalcomputedat a distanceof 14630m (48000ft) alongthe canal. The
analyticalsolutionis obtainedusingthefollowing parametersf; = 3.49x10%s ™, go=Q/B=
509.7/30.48=16.72n?/s; St = 0.001;n = 2. Whenusedwith thesevalues,Eq. (20) givesA =
4894.3m; Eq.(23)givesh, = 0.0249;Eq.(24)with m = 1.333givesPy = 0.3737. Considering
thatthe transmisssiity Ty = 0.204n?/s, P, canbe computedas9.779x10-°. Solving(28) and
(29) for k/& = 2.803x1074, (P, = 0.01), it is possibleto obtainA; = -0.1785 A, = -0.3409 iy,
= [, = -71.5.Thesevaluesareusedto obtaintheanalyticalsolutionfor thedischageatadistance

x from theupstreanboundaryas

A A

Q="5097+ 14158exp()%x) sin( frt 4 )\%X) (37)

Whenthereis no interactionwith the groundvateraquifer 5\1 =-4.779%x10°2 and5\2 = -0.3608.
Thesevalues,whencomparedwith 5\1 = -0.1785and5\2 = -0.3409,shaw thatthe decayrate of
the amplitudein the canalis significantly affectedby its interactionwith the aquifer Similarly,
the wave period, representedby 5\2, changedrom -0.3409to -0.3608,indicating that thereis a

slowdown. Analytical solutionsof {i; ~ {lz ~ -71.5canbeobtainedusing(29).

(ii) Testwith varyingPm

Thistestwasconductedo determineNeatherthefxl and5\2 valuescomputediusingtheHSEmodel
agreewith the analyticalsolutions.During the testsPy, representinghe sedimenresistancewas
variedwhile maintainingotherparametersonstantThe HSE modelvalueof 5\1 wascomputedy
monitoringthe outputto obtaindischagetime seriesat two arbitrarypointsalongthe canal. The
ratio of amplitudesat thesepointscanbe shown to beys/y1 = exp(—A1(X2 — x1)) which canbe

usedto computefxl. For the currenttestx; = 609.6m andx, = 6096 x 25= 15240wereused.
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Thevalueof A, wasdeterminedoy measuringhe time of travel of a peak. Figure10 shows that
thevaluesof A1 andA, obtainedanalyticallyandnumericallyusingthe HSE modelagreeapprox-
imately. The differencebetweenthe valuescan be due to numericalerrorsand other problems

mentioneckarlier

The analytical solution for [i, can be usedto obtain y; = fio/A =0.01461. This givesthe
wave lengthof the disturbancesn the aquiferperpendiculato the canalas430 m. For a0.16%
error in spatialrepresentatiomnda < 5% computationakerror magin, Lal (2000) shoved that
Ay < 0.2/ = 0.2/0.0146= 13.7 m. Comparingthe resultwith a value of 15.2m usedin the
numericalmodel, the cell size canbe consideredas adequate.Lal (2000) also shoved that the
maximumdistanceof propagationn theaquiferbeforetheamplitudedecaygo lessthan5% of its
initial valueis ~ 3/, = 205m. This valueis approximatelyequalto half thewidth of thetestbed

used.

APPLICATIONS

The analyticalequationslerivedin the paperareappliedto evaluatestream-aquifemteractionat
two sitesin SouthFlorida. The L31N canalandthe SnapperCreek Extension(SNE) canalare
choserfor the purpose.Thesetwo canalshave beenstudiedextensvely for seepageelatedissues
(Chin 1991). Basedon this reference parametevaluesassumedor the L31N canalare: qp =
0.388m3/s; B = 27 m; hg = 4.16m; Manningsconstant 0.025;S; = 8.14x 10 ; kyn/d= 1.36
x103s1; Tg= 1.29rr12/s; ands; = 0.2. Parametewraluesassumedor the SNE canalare: qo =
0.415m3/s; B = 15m, hyg = 6.03m; Manningsconstant= 0.025;St = 2.72 x10™’; ky,/d = 1.49
x103 5% Ty = 1.075n7?/s; ands; = 0.2.

Table4 shovs someof thederivedparametergvhenthe periodsof waterlevel disturbancearel
day, 7 days,and30days.In thetable,subscriptno— int) refersto casesvherethe stream-aquifer
interactionis suppressedrhen,variablesAL andAy arespatialdiscretizationgo representhe si-
nusoidalsolutionin the canalandthe aquifer respectrely. They arecalculatedusingthe methods

suggestedby Lal (2000). The spatialdiscretizationusedfor the canalandthe aquiferare0.2/A,
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and0.2/py respectiely for therepresentationarrorsnotto exceed0.16%andthe computational
errorsnotto exceeds%. Thetime stepwas0.2/ fo, in which f; is thefrequengy of thedisturbance.
The parameters s andyg s give the distancesat which the wave amplitudein the canalandthe

aquiferhasdecayedo 50% of its original value. The sedimentiayeris responsibldor reducing
theamplitudeby a factorexp (56) or exp(—+/0.5P /P).

Thetableshavs thatthereis a significantdecayof waterlevel fluctuationsalongthe canaldue
to its interactionwith the aquifers.A disturbancehathasa periodof 1 daywould travel 57.7km
beforea50%decayin amplitudein alined L31N canal,andthe samewouldtravel only 20.7kmin
anunlinedL31N canal.Theresultingdisturbancen the aquiferdoesnot travel very far, asshowvn
by thevalueof yg5 = 292m. Thediscretizatiorin the aquiferin adirectionnormalto thecanalis
relatively fine asindicatedby Ay of 46 m. Thediscretizatiomeededo simulatecanalflow is 7.77

km.

Thevaluesof exp(—+/0.5P; /Pm) in thetablearecloserto 1.0whenthe periodTy is long. This
indicateshatthe sedimentayeris relatively perviousundersuchconditionsanddoesnotinsulate
theaquiferfrom disturbance the canal. The samesedimentayercaninsulatethe aquiferif the

periodof thedisturbancen the canalis short.

SUMMARY AND CONCLUSIONS

StVenantequationswith the diffusionflow assumptiorcoupledwith two-dimensionagroundva-
ter flow equationsandsedimentesistancequationsveresolvedto obtainanalyticalsolutionsfor
smallamplitudewaterlevel disturbancesTheanalyticalsolutionis valid whenP, << 1 andwhen

thesedimentayerd is relatively thin. Both of theseconditionsaresatisfiedfor mostapplications.

Theresultsshow thatthesolutiondepend®nthreedimensionlesparametegroupsPy, P,/ /P
andPy/+/0.5P; thatcanbe computedusingcanalpropertiesaquiferproperties sedimeniproper
tiesandthe periodsof disturbance.The resultsshav thatthe amplitudeof the waterlevel in the

canaldecaydasterandthespeedf disturbancgropagatiorbecomesower, whenthereis stream-
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aquiferinteraction. Theinteractioneffectsarelesssignificantwhenthe periodof the disturbance

is small,thewidth of the canalis large,andthe aquifertransmissuity is small.

The analyticalsolutionof the problemcanbe usedto determineconditionsunderwhich the
stream-aquifeinteractionis not importantwhen studyingthe transientflow behaior in canals.
In the caseof relatively deepcanals(Py > 0.5), for example, this occursapproximatelywhen
X > 10,accordingo Fig. 2 andFig. 3. Thefigurescanbeusedto understandhe domainfor which
the interactionis negligible. This domainis the areafor which the solutionA doesnot change
with X. A sedimentlayerin the canalcanalso prevent stream-aquifeinteractionby insulating

theaquifer The conditionfor morethan95% cutoff of the streamaquiferinteractionis givenby

Pn/v/0.5F, < 1/3.

Theanalyticalsolutionsweretestedagainstanumberof testsimulationsusingthe MODFLOW
modelandthe HSE.Oneof thetestproblemswasvery similarto anexampleof PinderandSauer
Theresultsof all simulationsshow thattheanalyticalandnumericalmodelsolutionsagreeclosely
The differencescanbe dueto numericalerrorsandthe difficulty of settingup a numericalmodel

to matchexactly the conditionsin the analyticalsolution.

A numberof practicalapplicationswere usedto demonstratéhe usefulnes®of the analytical
solution. In two suchapplications streamaquiferinteractionwasshovn to have a significantaf-
fectonthedecaybehaior of waterlevelsin theL31N andSnappeCreekCanalsn SouthFlorida.

Resultsshow thatthe disturbances the canaldo nottravel far into the aquifer

The resultsof the study can be usedto understandcand quantify stream-aquifeinteraction,
influenceof the sedimentlayer, andthe discretizationneededor numericalsimulations. Using
methodsof erroranalysig(Lal, 2000),it is possibleto shawv thatrelatively smallspatialdiscretiza-

tionsareneedederpendiculato the canalto modelthe stream-aquifenteractionaccurately
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Table 1. Mathematicalexpressionausedto describephysicalcharacteristicof small amplitude
waterlevel disturbance$raveling down a canal.

Description Expression

Variationof theamplitudeof waterlevel in thecanal Ho exp(—5\1>2)

Variationof theamplitudeof waterheadn theaquiferperpendicular Hoexp(—fuy)

to the canal

Speedf disturbancelongthe canal(dimensionless) 3\1?
Speedf disturbancelongthe canal(dimensional) 1;;’\
Speedof disturbancen the aquifer perpendiculato the canal(di- u—lz

mensionless)

Speedof disturbancen the aquiferperpendiculato the canal(di- IA

A2
mensional)
LogarithmicdecrementWylie, 1979) %
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Table2: Datavaluesusedfor test(a) caseqi) and(ii) with the MODFLOW model.
T = wave period (s); Ty = aquifer transmisstity (m?/s); T. = equivalenttransmissiity of the
canalasdefinedin (21) (m?/s); sc = storagecoeficient; B = canalwidth (m). Valuesfor case(i)
andcase(ii) areseparatetby theline.

T | To| s B| A(m) P, P, A
108 | 1073 1]/0.1|400.0/ 3997| 102 | 1.00| 0.79
18| 103 1|0.1]160.0f 3997| 1072| 0.40| 0.86
18| 103 1|0.2| 40.0f 3997| 1072| 0.05| 1.75
108 | 1073 1/01| 80| 3997| 102 | 0.02| 2.65

1
1

18| 1073 0.1| 40.0| 3997| 1072| 0.10| 1.31
18| 103 0.1| 80.0| 3997| 10?2 0.2| 1.03
10| 0.2]1000|0.1| 40.0|12616| 103 | 0.032| 1.31
10° | 0.2]1000| 0.5| 400.0| 12616| 103 | 0.063| 1.036
10° | 0.2]1000| 0.2 | 400.0| 12616| 103 | 0.159| 0.842
10°| 0.2]1000|0.2| 40.0| 12616| 1073 | 0.0159| 1.757
10| 0.2]1000|0.2|126.1| 12616| 103 | 0.05| 1.314
10° | 0.02| 1000| 0.2 | 126.1| 12616| 10 4| 0.05| 0.891
10° | 0.002| 1000| 0.2 | 126.1| 12616| 10°>| 0.05| 0.756
10° | 2.0e-4| 1000| 0.2 | 126.1| 12616| 10| 0.05| 0.709
108 1.0| 1000| 0.2 | 126.1| 12616| 0.005| 0.05| 1.683
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Table3: Datavaluesusedfor test(a) case(iii) with the MODFLOW model.
T = equialenttransmissiity of the sediment(n12/s). P =0.1,R, = 0.25,5: = 0.2, A = 12616
m, for all casesIn theMODFLOW model, Ty = 20n¥?/s, § = 20.0m, T, = 1000n?/s, B = 630.4

m, T = 10Ps.
Tm Pm A1

20 126.0f 1.506

0.2 0.631| 1.393

0.02 0.063| 0.910

0.4 1.262| 1.469

0.8 2.523| 1.504
3.17x10 4| 1.0x10 % | 0.7513
0.254 0.8| 1.427
0.0951 0.3| 1.258
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Table4: Tableof parametewvaluesusedfor the L31N andSnappeCreekextension(SNE) canals

in SouthFlorida

Variable L31N SnappecCreek

Tp (days) 1 7 30 1 7 30

A (m) 57280 151550 313750 102550 271260 561670
P 2.703x107° | 2.703x107° | 2.703x10°° | 7.031x1076 | 7.031x10°% | 7.031x10°®

Py 2.339x1073 | 8.842¢107% | 4.274x10°* | 7.281x107* | 2.752x10~* | 1.329x10~*

Pm 2.181x1072 | 5.771x107? | 1.194x10°! | 7.449x10°3 | 1.971x10? | 4.080x102

Py 26.8 10.1 4.9 64.9 24.6 11.9

exp(—+/0.5P /Pn) 0.845 0.938 0.969 0.777 0.909 0.955
A1 1.915 3.113 4.452 2.349 3.960 5.743
A2 0.821 1.311 1.884 0.823 1.527 2.306
g 136 136 136 267 267 267

o 136 136 136 267 267 267

(A)no—int 0.688 0.658 0.608 0.699 0.686 0.665
(A2)no—int 0.707 0.706 0.703 0.707 0.706 0.706
wave length(m) 438,380 726,350| 1,046,400 782,750 1,116,180 1,530,110
Los (m) 20700 33700 48800 30254 47480 67800
(Lo.5)no—int(M) 57700 160600 357800 101700 274000 585000
AL (m) 14000 23100 33300 24921 33500 48700
Yo.s (M) 292 772 1599 266 704 1458
Ay (m) 84 223 461 77 203 421

At (days) 0.2 1.4 6.0 0.2 1.4 6.0
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APPENDIX Il: DEFINITION OF VARIABLES

Variable Definition
B width of the canal(m)
f complex constantusedto describethe analyticalsolution= f, + fol. For some

problems,f; is atime decayconstantand f; is afrequeng.

—h,

variablef madedimensionlessising f / ;.

fr adisturbingfrequeny of the system.

h waterdepthin the canal(m).

ho steadystatewaterdepthin the canal(m).

H perturbedvaluesof waterdepthin the canal(m).

H waterhead(m).

Km conductvity of thesedimentayer, (m/s).

Te alinearizedflow resistancéor the canal(m?/s).

Ty transmissiity of theaquifer (n?/s).

Tm sedimentesistancedefinedas T, = 0.5Bkn, (rr12/s).
Tp periodof thewaterlevel fluctuation(s).

m,n constantaisedin the flow roughnesgquation.

P, Py, R.. dimensionlesparametersisedto describethe problem.
q dischage perunit width in the canal,n?/s.

S storagecoeficient.

St friction slope.

S bedslope.

t time (s).

X,y distanceslonghorizontalcoordinateaxes,(m).
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APPENDIX Il: DEFINITION OF VARIABLES

A\ characteristitengthusedto make all lengthsdimensionlesgm).

A complex constantsisedto describethe analyticalsolutionin the canal= A1 + Aol
For someproblemsA1 is adecayconstantandA, is awave number

A dimensionles$orm of A or AA.

I comple constantsisedto describeheanalyticalsolutionin theaquifer= pg + ol .

For someproblemsyy; is adecayconstanandy is awave number
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Figurel: Schematidiagramof the aquiferandcanalwith a sedimentayer.
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Figure6: Comparisorof the —5\1 obtainedby usingthe analyticalmethodandthe MODFLOW

modelfor P, = 10-2 andP; = 10~2 withouta sedimentayer.
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Figure7: Comparisorof the M versush, curvesobtainedby usingthe analyticalmethodand

MODFLOW modelfor B, = 0.05,andno sedimentayer
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Figure8: Comparisorof the —5\1 versusPy, curvesobtainedby usingthe analyticalmethodand

MODFLOW modelfor P, = 0.1, R, = 0.25,andno sedimentayer.
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Figure9: Variationof waterlevel at x = 0 m andx = 14630m obtainedby usingthe HSE model

with andwithout stream-aquifemteraction
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Figure 10: Comparisorof the —5\1 versusP, and —5\2 versusP,, curvesobtainedby usingthe

analyticalmethodandthe HSE model.Py = 0.3737,P, = 9.78 x10°°, B, = 2.49 x 102

40



