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Abstract. BosphorusStrait exchangeows are studiedbasedon SCRUM, a
3-D oceanmodelwith alternative parameterisationsof mixing, advectionand
eddydiffusion,aswell asfree-surfacedynamics.The responseof the Strait is
investigateswith respectto thechoicesof openboundaryconditionsandmixing
parameters,underidealizedgeometricaland hydrographicalconditions. The
selectionof openboundaryconditionsis shown to becrucial,anddependson the
directionof netow. Blockedow conditionsfor bothow directionsaresuccessfully
simulated.Theresultsof sensitivity testsarereported.

Introduction
Theexchangeflow throughtheBosphorusStraitis princi-

pally determinedby geometryandstratification,andexhibits
a complex nonlinearresponseto forcing by the net water
budget,pressureandwind setupeffects in adjacentbasins
[Ünlüataetal., 1990;Özsoyetal., 1998;Gregg etal., 1999;
Gregg and Özsoy, 2001]. Time-dependentforcing creates
daily to interannualvariability in the currentsandextreme
conditionsresultin temporaryblockingof theflowsin either
direction[Özsoyetal., 1996,1998].

The developmentof realisticnumericalmodelsof strait
exchangeflowshasto resolvedifficultiesimposedby param-
eterizationof mixing,aswell astheneedto implementphys-
ically relevantboundaryconditions.Reducedordermodels
basedon the two-layer approximationhave beenusedby
[Oğuz et al., 1990; Brandt et al., 1986]. Recentdevelop-
mentsby [WintersandSeim, 2000;Hogg etal., 2001]utilize
a three-dimensionalmodelwith rigid-lid dynamicsandpa-
rameterizedverticalmixing.

Thepresentstudyaimsfor a betterunderstandingof the
behaviour of BosphorusStrait flows basedon a realistic
three-dimensionalmodelof its dynamics.As a first stepbe-
fore consideringtheapplicationof themodelto actualcon-
ditionsof theBosphorusStrait, theresponseof theStrait is
investigatedwith respectto openboundaryconditionscorre-
spondingto idealizedgeometricalandhydrographicalcon-
ditions. As opposedto earlierstudies,we usea modelwith
free-surfacedynamics. Although the rigid-lid assumption
would beappropriatefor long-termdynamics,thepresence
of a free surfaceis essentialto predictshort-termchanges
andrelatethemto sea-level variability in the Strait andthe
adjacentbasins.

Model description

The free-surfaceprimitive equationmodel, SCRUM, is
usedfor numericalsimulationsof the idealizedBosphorus

.

Figure 1. Model geometry:top andsideviews of thechan-
nel

Strait flows. The modelhasterrain-following coordinates,
optional mixing parameterizationsand variouschoicesfor
thebottom,solid or openboundaryconditions[]. Idealized
modelgeometryof astraightchannelwith acontractionand
a sill, as shown in Figure 1, is considered.A contracting
channel,3.4

���
in width and30

���
in length,is overlaidon

a 17 � 100rectilineargrid for numericalsimulations.

Theinitial conditionsfor tracersconsistof watermasses
with contrastingtemperatureandsalinity values(Figure1)
typical of MarmaraandBlack Seawaters,meetingat mid-
channel.In all runs,freeslip boundaryconditionsareused
on thesidewalls andthebottom.TheSmolarkiewicz tracer
advectionschemeis usedto escapethe overshootingeffect
of centredadvection, while dealing with sharpgradients.
Laplaciandiffusion is assumedin the horizontalandverti-
cal directions,with typical diffusion coefficients in ranges
of �
	���
������������ ������� and ������
����! "�#
$�%�'& �(�����
respectively, for tracersandmomentum.To ensurestablein-
tegrations,a timestepof 5 secondsfor thebaroclinicmodes
havebeenusedin all modelruns,with abarotropictimestep
thatis 20 timessmaller.
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Figure 2. Salinity cross-sectionfor thecentralrun

Results

Open boundary conditions

In orderto testthemodelbehaviour, trialsweremadeus-
ing varioustypesof initial and boundaryconditions. The
choiceof initial conditionswerecritical in reachingphysical
solutions.Becauseradiationboundaryconditionswereused
for tracersat both ends,the traceradvectionby inflowing
waterstendedpartially to carrybackinto themodeldomain
thepropertiesof outflowing watersfrom thecounter-flowing
current.Instead,the’ lock-exchange’initial conditionswere
usedasthey avoidedthisbehaviour.

Varioustypesof freesurfaceandvelocity boundarycon-
ditionsweretestedat thetwo openboundaries.Becausethe
casestestedweresymmetricalalongthe long axis, andbe-
causefreeslip conditionswereassumed,thenormalveloc-
ity at solid boundariesand the tangentialvelocity at open
boundarieswererespectively alwayssetequalto zero. The
mixing coefficientswerevariedin therangementionedear-
lier until morerobustresultswereobtainedin termsof free
surfaceresponseandmassconservation. The mixing coef-
ficientsfor momentumandtracersdererminedfrom this ex-
ercisewere � 	 �*)���� � � ��� and � � �+
$� �-, � � ��� , which
werethenusedfor thecentralrun.

A specialcasewith radiation boundaryconditionsfor
all variables(free surface elevation, velocity and tracers)
on eachside,startedfrom a lock-exchangeinitial condition
(with waterpropertiesin Figure1), reachedastablesolution
shown in Figure 2. This result was remarkable,and con-
firmed the existenceof a maximal exchangesolution sup-
portedby thespecialgeometryof asill placedon thedenser
sideof a contractionasshown by FarmerandArmi [1986].
Themeanvelocitycorrespondingto thiscasewascalculated
to be ./ �0�%1 ��2�� �3��� . For asinglesill or asinglecontraction
with the sameboundaryand initial conditionssuchstable
solutionscould not be obtained. The two-layercomposite

.

Figure 3. Salinity cross-sectionsfor casesin which (a) the
upperlayeror (b) thelower layeris blocked

.

Figure 4. CompositeFroudeNumberfor thecentralrun

Froudenumber4 � �65 �798 5 �� (where5 �:�; ./ �: ��<%= : arethe
individual Froudenumbersof the layers > eachwith depth= : andmeanalong-straitvelocity ./ : , delineatedby aninter-
facewherethe horizontalvelocity vanishes?/ �@� ) shown
in Figure2 indicateshydrauliccontrolsestablishedatthesill
(wherethelower layer is controlling)andat thecontraction
(whereeachof thelayerscontributecomparablyto thecon-
trol). The number 4 � peaksup, but fails to reacha value
of 1 at thecontraction,mainly becauseof thetwo-layerap-
proximationused,asalsothecasein theobservations[Gregg
etal., 1999;Gregg andÖzsoy, 2001].

For mostconfigurations,including the all-radiationcase
describedabove, themodelhada robustresponsewhenever
stablesolutionscould be reached.Therewasa deficiency
of themodelin creatingsmoothsealevel variationsnearthe
openboundariesundercertainconditions. For suchcases,
thefreesurfacefieldsproducedby themodeloftenweredis-
continuousexactlyattheopenboundary,while beingcontin-
uousin therestof thedomain.Thiseffectwasminimizedby
appropriatechoicesof openboundaryconditionsandmixing
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Figure 5. Sealevel differenceACB versusthemeancurrent ./

coefficients.

In order to seeksolutionscorrespondingto a specific
value of the barotropicflow throughthe Strait, a strategy
had to be found for specifyingopenboundaryconditions.
Thefirst casetestedusedradiationboundaryconditionsfor
the normalvelocity components/ , and specifiedfree sur-
faceelevation B at openboundariesat the two endsof the
Strait. This typeof boundaryconditionsfailedto createsta-
ble solutions,becausethe pressuredifferencebetweenthe
two endsof the Strait could not set into motion the water
massesin theStrait to generatea correspondingnetflux. It
wasthereforerequiredto specifybarotropicvelocitiesat the
openboundaries,in orderto producea netflux anda corre-
spondingpressuredifferenceacrosstheStrait.

Specifyingthe sea-level B andcross-sectionalmeanve-
locity ./ at the two endsof the strait did not producestable
resultswhenit wasleft arbitraryonwhichsideto applythese
boundaryconditions. It wasapparentaftermany trials that
themodelproducedreliableresultsonly whenthemeanve-
locity ./ wasspecifiedat the outflowing boundary, together
with thefreesurfaceB specifiedat theother(inflowing) end
of the Strait. In addition,experimentswerecarriedout in
whichthespecifiedvaluesof B or ./ wereeitherappliedalone
or togetherwith aradiationterm.In general,theresultswere
similar;however, thespecifiedvalueof ./ at thesouthernend
of theStraitresultedin stablesolutionsonly if therewasno
additionalradiationtermapplied.

Although the above specificationof B and ./ at opposite
endsdependingon flow directionconsistsof a completeset
of boundaryconditions,steadysolutionswerealsopossible
if only ./ wasspecifiedattheoutflowingside,applyingradia-
tion boundaryconditionsfor B onbothsidesof theStrait. In
thesecases,the solutionconvergedto an absolutesealevel
valuethatcorrespondedto thespecifiednetflow. However,
togetconsistentresultscorrespondingtodifferentflow rates,
the freesurfacewasspecifiedto be BD�E� at the inflowing
openboundary, sothatthelevel wasadjustedat theopposite

.

Figure 6. Along-channelvariationof thefreesurfaceeleva-
tion B for differentvaluesof meancurrent ./ . Thedottedline
correspondsto Figure2, while theotherscorrespondto the
blockedcasesin Figure3

.

Figure 7. Sealevel differenceAFB asafunctionof horizontal
( �
	 ) andvertical( ��� ) diffusioncoefficients

sideof theStrait.

A seriesof runswereperformedwith the above bound-
ary conditions,while varying the net flow ./ from -1.5

�G���
to 1.5

�3���
. Figure 3 shows salinity cross-sectionsalong

thecenterlineof theStrait, for selectednetflows producing
blockingof theupperandthelower layers.Figure4 shows
the variationof the free surfaceelevation along the Strait,
andFigure5 shows the freesurfacedifferencebetweenthe
two endsof the Strait asa function of the meanflow. The
sealevel variationsin Figure6 correspondto thethecentral
runandthetwo blockedcasesin Figures2 and3.

Parameter sensitivity

Sensitivity testswere carried out, by varying parame-
tersaboutthe centralrun with ./ �H�%1I)�� �3��� . In general,
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thesesensitivity runsproducedsimilarsteadysolutionswith
little changein behaviour. Yet, it was observed that the
vertical diffusion coefficients controlled the sealevel dif-
ferencealong the Strait, decreasingby about 30% when
� � was increasedby three ordersof magnitudebetween
� � �+
$� �' � � ��� and � � �@
�� �'& � � ��� , asshown in Fig-
ure7.

Discussion and conclusions

A three-dimensionaldynamicalmodelhasbeendemon-
stratedto beapplicableto thespecialcaseof straitexchange
flows. Theselectionof openboundaryconditionsis a non-
trivial first stepfor succesfulapplicationsof themodel.The
resultsobtainedfrom testswith idealizedcasescorrespond-
ing to the BosphorusStrait indicatethe needfor judicious
choicesof boundaryconditions,which dependon the flow
direction. However, theresultsobtainedwith thesechoices
andeventhecasewith purelyradiationboundarywith purely
radiationboundaryconditionsstartedfrom ’ lock exchange’
initial conitions,supporttheexistenceof maximalexchange
with controlledflows first pointedout by FarmerandArmi
[1986],andexemplifiedby observationsin theBosphorus.

Theresultsencourageusto usethemodelfor abetterun-
derstandingof thedynamisof theBosphorus.While thesim-
ple casesreportedhereprovide confidencein thecombined
useof observationsof andmodelling,theextensionsof the
modelapplicationto transientcasesandrealisticBosphorus
geometrythroughtheuseof curvilinearcoordinatesarethe
next few stepswearecurrentlyworkingon.
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Ünlüata,Ü., Oğuz, T., Latif, M. A., andÖzsoy, E., 1990.
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