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A three-dimensional model of Bosphorus Strait dynamics
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Abstract. BosphorusStrait exchangeows are studiedbasedon SCRUM, a
3-D oceanmodelwith alternatve parameterisationsf mixing, adwectionand
eddydiffusion, aswell asfree-surbcedynamics. The responsef the Straitis
investigatesvith respecto the choicesof openboundaryconditionsandmixing
parametersunderidealizedgeometricaland hydrographicakonditions. The
selectionof openboundaryconditionsis shovn to be crucial,anddepend®nthe
directionof netow. Blockedow conditionsfor bothow directionsaresuccessfully
simulated.Theresultsof sensitvity testsarereported.

I ntroduction

Theexchangdlow throughtheBosphorusStraitis princi-
pally determinedy geometryandstratification andexhibits
a comple nonlinearresponseo forcing by the net water
budget, pressureand wind setupeffectsin adjacentbasins
[Unliiataetal., 1990;0zsoyetal., 1998;Gregg etal., 1999;
Gregg and Ozsoy 2001]. Time-dependentorcing creates
daily to interannualvariability in the currentsand extreme
conditionsresultin temporanyblockingof theflowsin either
direction[Ozsoyetal., 1996,1998].

The developmentof realisticnumericalmodelsof strait
exchangdlows hasto resohe difficultiesimposedoy param-
eterizatiorof mixing, aswell astheneedto implementphys-
ically relevantboundaryconditions. Reducedordermodels
basedon the two-layer approximationhave beenusedby
[Oguzet al., 1990; Brandt et al., 1986]. Recentdevelop-
mentsby [Wintersand Seim 2000;Hogg etal., 2001]utilize
a three-dimensionahodelwith rigid-lid dynamicsand pa-
rameterizedrerticalmixing.

The presentstudyaimsfor a betterunderstandingf the
behaiour of BosphorusStrait flows basedon a realistic
three-dimensionahodelof its dynamics.As afirst stepbe-
fore consideringhe applicationof the modelto actualcon-
ditions of the BosphorusStrait, the responsef the Straitis
investigatedvith respecto openboundaryconditionscorre-
spondingto idealizedgeometricaland hydrographicaton-
ditions. As opposedo earlierstudieswe usea modelwith
free-surbcedynamics. Although the rigid-lid assumption
would be appropriatdor long-termdynamics the presence
of a free surfaceis essentiato predictshort-termchanges
andrelatethemto sea-leel variability in the Straitandthe
adjacenbasins.

M odel description

The free-surhce primitive equationmodel, SCRJM, is
usedfor numericalsimulationsof the idealizedBosphorus
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Strait flows. The modelhasterrain-follonving coordinates,
optional mixing parameterizationand various choicesfor
the bottom, solid or openboundaryconditions[]. Idealized
modelgeometryof a straightchannelwith a contractiorand
a sill, asshavn in Figure 1, is considered.A contracting
channel 3.4km in width and30km in length,is overlaidon
a17x100rectilineargrid for numericalsimulations.

Theinitial conditionsfor tracersconsistof watermasses
with contrastingemperatureandsalinity values(Figure 1)
typical of MarmaraandBlack Seawaters,meetingat mid-
channel.In all runs,free slip boundaryconditionsareused
onthe sidewalls andthe bottom. The Smolarkievicz tracer
adwectionschemeis usedto escapehe overshootingeffect
of centredadwection, while dealingwith sharpgradients.
Laplaciandiffusionis assumedn the horizontaland verti-
cal directions,with typical diffusion coeficientsin ranges
of K, = 150 — 350m?/s and K, = 1079 — 107 3m?2/s
respectiely, for tracersandmomentum.To ensurestablein-
tegrations,atime stepof 5 secondgor thebaroclinicmodes
have beenusedin all modelruns,with abarotropidcime step
thatis 20timessmaller
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Figure 2. Salinity cross-sectiofior the centralrun
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Results

Open boundary conditions

In orderto testthe modelbehaiour, trials weremadeus-Z
ing varioustypesof initial and boundaryconditions. Thez
choiceof initial conditionswerecritical in reachingphysicaE
solutions.Becauseadiationboundaryconditionswereused
for tracersat both ends, the traceradvection by inflowing s
waterstendedpartially to carrybackinto the modeldomain
thepropertieof outflowing watersfrom the counterflowing
current.Insteadthe’lock-exchangeinitial conditionswere
usedasthey avoidedthis behaiour.

Varioustypesof free surfaceandvelocity boundarycon-
ditionsweretestedat the two openboundariesBecausehe
casedestedwere symmetricalalongthe long axis, andbe-
causefree slip conditionswereassumedthe normalveloc-
ity at solid boundariesand the tangentialvelocity at open
boundariesvererespectiely alwayssetequalto zero. The
mixing coeficientswerevariedin therangementionedear
lier until morerobustresultswereobtainedin termsof free
surfaceresponseind massconseration. The mixing coef-
ficientsfor momentumandtracersdererminedrom this ex-
ercisewere K;, = 250m?/s and K, = 10~*m?2 /s, which
werethenusedfor the centralrun.

A specialcasewith radiation boundaryconditionsfor
all variables(free surface elevation, velocity and tracers)
on eachside, startedfrom alock-exchanganitial condition
(with waterpropertiesn Figurel), reachedh stablesolution
shawn in Figure 2. This resultwas remarkable.and con-
firmed the existenceof a maximal exchangesolution sup-
portedby the specialgeometryof asill placedonthedenser
sideof a contractionasshovn by Farmerand Armi [1986].
Themeanvelocity correspondingo this casewascalculated
to bea = 0.065m/s. For asinglesill or asinglecontraction
with the sameboundaryand initial conditionssuch stable
solutionscould not be obtained. The two-layer composite
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Figure 3. Salinity cross-sectionfor casesn which (a) the
upperlayeror (b) thelowerlayeris blocked
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Figure 4. Composité-roudeNumberfor thecentralrun

FroudenumberG? = F? + F§ (whereF? = u?/gh; arethe
individual Froudenumbersof the layersi eachwith depth
h; andmeanalong-straitvelocity u;, delineatedy aninter

facewherethe horizontalvelocity vanishesi = 0) shovn

in Figure2 indicateshydrauliccontrolsestablisheatthesill

(wherethe lower layeris controlling) andat the contraction
(whereeachof the layerscontribute comparablyto the con-
trol). The numberG? peaksup, but fails to reacha value
of 1 atthe contractionmainly becausef the two-layerap-
proximationused asalsothecasen theobsenations[Gregg

etal., 1999;Gregg and Ozsoy 2001].

For mostconfigurationsjncluding the all-radiationcase
describedhbore, themodelhada robustresponsavheneer
stablesolutionscould be reached. Therewas a deficieny
of themodelin creatingsmoothsealevel variationsnearthe
openboundariesundercertainconditions. For suchcases,
thefreesurfacefieldsproducedy the modeloftenweredis-
continuousxactly attheopenboundarywhile beingcontin-
uousin therestof thedomain.This effectwasminimizedby
appropriateehoicesof openboundaryconditionsandmixing
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coeficients.

In order to seeksolutionscorrespondingo a specific
value of the barotropicflow throughthe Strait, a stratey
hadto be found for specifyingopenboundaryconditions.
Thefirst casetestedusedradiationboundaryconditionsfor
the normalvelocity componenta:, and specifiedfree sur
faceelevationn at openboundariesat the two endsof the
Strait. This type of boundaryconditionsfailedto creat&cta—lf
ble solutions,becausehe pressurdifferencebetweenthes

two endsof the Strait could not setinto motion the waterg :

massesn the Straitto generatea correspondinget flux. It
wasthereforerequiredto specifybarotropicvelocitiesat the*
openboundariesin orderto producea netflux anda corre-
spondingpressuralifferenceacrosghe Strait.

Specifyingthe sea-l@el  and cross-sectionaineanve-
locity u at the two endsof the strait did not producestable
resultswhenit wasleft arbitraryonwhichsideto applythese
boundaryconditions. It wasapparentfter mary trials that
themodelproducedeliableresultsonly whenthe meanve-
locity u was specifiedat the outflowving boundary together
with thefree surfacen specifiedat the other(inflowing) end
of the Strait. In addition, experimentswere carriedout in
whichthespecifiedvaluesof n or z wereeitherappliedalone
ortogethemwith aradiationterm. In generaltheresultswere
similar; however, thespecifiedvalueof & atthesoutherrend
of the Straitresultedn stablesolutionsonly if therewasno
additionalradiationtermapplied.

Although the above specificatiorof  andw at opposite
endsdependingn flow directionconsistsof a completeset
of boundaryconditions,steadysolutionswerealsopossible
if only u wasspecifiecattheoutflowing side,applyingradia-
tion boundaryconditionsfor  on bothsidesof the Strait. In
thesecasesthe solutioncorvergedto an absolutesealevel
valuethatcorrespondetb the specifiednetflow. However,
to getconsistentesultscorrespondingp differentflow rates,
the free surfacewas specifiedto ben = 0 at theinflowing
openboundarysothatthelevel wasadjustedat the opposite
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Figure 6. Along-channelariationof the free surfaceeleva-
tion n) for differentvaluesof meancurrentz. Thedottedline
correspondso Figure2, while the otherscorrespondo the

blockedcasesn Figure3
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sideof the Strait.

A seriesof runswere performedwith the above bound-
ary conditions,while varyingthe netflow @ from -1.5m/s
to 1.5m/s. Figure 3 shows salinity cross-sectionsillong
the centerlineof the Strait, for selectechetflows producing
blocking of the upperandthe lower layers. Figure4 shovs
the variation of the free surfaceelevation alongthe Strait,
andFigure5 shaws the free surfacedifferencebetweenthe
two endsof the Straitasa function of the meanflow. The
sealevel variationsin Figure6 correspondo thethecentral
runandthetwo blockedcasesn Figures2 and3.

Parameter sengitivity

Sensitvity testswere carried out, by varying parame-
tersaboutthe centralrun with o = 0.25m/s. In general,
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thesesensitvity runsproducedsimilar steadysolutionswith

little changein behaiour. Yet, it was obsered that the
vertical diffusion coeficients controlled the sealevel dif-

ferencealong the Strait, decreasingoy about 30% when
K, was increasedby three ordersof magnitudebetween
K, = 10 ®m?/s andK, = 10 3m?/s, asshavn in Fig-

ure7.

Discussion and conclusions

A three-dimensionallynamicalmodelhasbeendemon-
stratedto be applicableto the specialcaseof straitexchange
flows. The selectionof openboundaryconditionsis a non-
trivial first stepfor succesfubpplicationsof the model. The
resultsobtainedfrom testswith idealizedcasescorrespond-
ing to the BosphorusStrait indicatethe needfor judicious
choicesof boundaryconditions,which dependon the flow
direction. However, the resultsobtainedwith thesechoices
andeventhecasewith purelyradiationboundarywith purely
radiationboundaryconditionsstartedfrom 'lock exchange’
initial conitions,supportthe existenceof maximalexchange
with controlledflows first pointedout by Farmerand Armi
[1986], andexemplifiedby obsenationsin the Bosphorus.

Theresultsencourageisto usethemodelfor abetterun-
derstandingf thedynamisof theBosphorusWhile thesim-
ple casegeportednereprovide confidencen the combined
useof obsenationsof andmodelling, the extensionsof the
modelapplicationto transientcasesandrealisticBosphorus
geometrythroughthe useof curvilinearcoordinatesarethe
next few stepswe arecurrentlyworking on.
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