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CHAPTER1
INTRODUCTION

1.1ThePurposeandObjectivesoftheStudy
ThepurposeoftheprojectwastomonitorthewastewaterdischargesystemoftheCityoflstanbul,andevaluateitsperforinancewithrespecttotheenvironmentthroughdirectmeasurementsofthewastewntereffectsiiitheBosphorusandtheadjoiningregions.Theprojectobjectivesinclurledtesting(viadirectmeasurements)oftlieearlierhypotheses(basedon long~tern1ineasuremcutsandbudgets)on thedilutionofwastesinthemarineenvironmentandthemixingbetweenthelowerandupperlayersoftheBosphorus.
Duringthestudies,regularobservations,includingliydrograpliic,chemicalandcur-
rentmeasurenients,weremadewithina stationnetworkshowninFigures1.1and1.2.Rhodan1ine—BdyetracerexperimentswereperformedseveraltimestostudytheeffectsofwastewaterdischargesintheBospliomsStraitzuidintheadjacentW4'l.tCl‘S.
1.2EarlierStudiesandOtherRelevantLiterature
AnumberofearlierstudieswerecarriedoutbytheIMS~METUtodeterminethee11vi—ronmcntalvariablesin?uencingtheCityoflstanbulwastewaterdischargesystem,andtoprovidea basicunderstandingof'tl1eTurkishStraitsSysteminwhichitdischarges.TheresultsofthesestudiescanbefoundinOZS()_VctrLl.(19SG,1988),UuliiataandClzsoy(1980),Bastiirkcta.l.(198G,1988,1990)andLatifctal.(19S9,1990).
Thedevelopmentoftheexperimentalprogramineofthepresentprojectanditsintermedi-ateresultshavebeengivenintheFirst(Latifetal.,1992)andsecond(Ozsoyatal.,1992a)progressreportssubmittedearlier.
Theresultsoftheearlierstudieson theoceanograpliyoftheTurkishStraitssystemhavebeenpublishedina nuinberofpapersbyUnliiatactal.(1986),Latifcta,l.(l991),OguzandSur(1989),Oguzetr1l.(1990),Ozsoy(1990),Ozsoyctal.(1992b,c)andBesiktepectal.(1993,1994).
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1.3OrganizationoftheReport
Theplanofthereportisasfollows:TheresultsofearlierstudiespertainingtothepresentinvestigationareSl1lI11113.I'lZC(linCliuptcr2.Theresultsofthecurrentvelocity,volume?ux,andsearlevel1nea‘sur(:1nentsare exaininedi11Cllapter3.Acousticalbaekscattermeasure-mentsforthedetectionofthestructureofthedischargeplumesare describedinChapter4.TheresultsoftheRliodzunine-BtracerexperimentsaregiveninChapter5.TheresultsofchemicaltracerstudiesarepresentedinChapter6.Discussionandfinalconclusionsare
giveninChapter7.
Thepresentreportisorga.nize(linthreeVolumes,withthefollowingcontents:
VOLUME1—TEXTVOLUME2—TABLESANDFIGURESVOLUME3- CTDANDDYECONCENTRATIONPROFILES
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CHAPTER2
FLUXESOFWATERNUTRIENTSANDORGANICCARBONTHROUGHTHEBOSPHORUS
2.1Introduction
Thetwo—layerBosphorus?owstransportmaterialsfromtheMediterraneanintotheBlackSea,andexportinaterialsfromtheBlackSeaintotheMarmaraSea.Estimatesofwater,nutrientandcarl)0n?uxesthroughtheBosphorusare essentialforunderstandingtheMarmaraSeabudgetsas wellas theBlackSeabudgets.However,theexchangesthroughtheBosphorusare complicatedbecauseofthedynamicvariabilityintheseflows.TheBosphoms?owsdependontheshorttermandseasonalvariabilityofthestraitdynamics,operatinginthefullrangeofpossibleforcingand?owcon?gurations,i.e.blocked?owsoftheupperandlowerlayers,shorttermtransients,andseasonalandinterannualresponsetothenetwaterbudgetoftheBlackSea,whichinturnishighlyvariable.
InthecaseoftheBlackSea,thenetfluxesofnutrientscarriedbothwaysthroughtheBosphorusare ofthesameorder,andare muchsmallerthanthenutrientsintroducedbytheriverDanubealone.Ontheotherhand,dissolvedandparticulatecarbonleavingtheBlackSeaaremuchlargerthanthelowerlayerinputs.
Theaboveresultsofearlierstudies’arediscussedinthefollowing,tocoinplementtheresultsofthepresentinvestigation.
2.2AReviewoftheBosphorusExchangeFlowDynamicsandVolumeFluxes
TheBosphonistransportscan onlybequanti?edbydetailedobservations,inViewofthetransientanddynamicnatureoftheflowsthroughit.Althougha numberofearlierobservationshavebeenmadeinthepast,thosemadebytheInstituteofMarineSciencesare theonlysetofl0ng—term,systematicI11CZ1S11l‘C111E‘.11t.Stodate,yieldingresultstodefinethehydrochemistryandflowregimesoftheBosphorusandDardanellesStraits,andtheMarinaraSea(ézsoyctal.,1986,1988,1992a—e;Latifetal.,1990,1991,1992;Oguzet
el.,1990;Unliiatactel.,1990).TheaverageBosphorus?uxesare estimatedfromthesedata.Morerecently,('urrent—meterandacousticDopplercurrentpro?ler(ADCP)based



measurementsofthe?uxesl1avealsobeencarriedout(Latifetal.,1992,C.-)zsoyetal.,1992a~c),as describedinChapter3.
Basedon thelongtermaveragesofsalinityat tl1estraitentrancesandthesteady-statemassandsaltbalances,theaverage?uxesattheBlackSeaendoftheBosphorus(Figure2.1)havebeencomputedtobe~ 600km3/yr(220000771’;/.9,out?owingfromtl1eBlackSea)and~ 300kn1.3/yr(210U0OIII.3/S,in?owinginotheBlackSea)respec-tively.Theseestimatesareconsiderablyhigherthanothersgiveninliterature,mainlyduetounderestimationofthenetfreshwaterinputinthepreviouscomputations(llnliiataatal.,1990).Thesteady—statcsaltbudgetoftheBlackSearequiresthattheratioQM;/Q21;= 525/315= 35.5/17.9'2 2,whereQ15,51;,andQ25,525are theupper(1)andlower(2)layervolume?uxesandsalinitiesde?nedatthe.BlackSeaentranceoftheBosphorus.Thesamecomputationsestimatetheturbulententrainmentexchangefromthelowertotheupperlayer?owofaboutQ“'285lmz.3/yr(lessthanthan25%ofthelowerlayerHow).Asomewhatsmallerratio(<10%)oftheupperlayerflowislikewiseintro-ducedintothelowerlayerbyturbulententrainmentprocesses.Theseratiosofcntrinmentare consistentwithotherestiinates,(c._r].Gunnerson,1974).
TheADCPmeasured(cf.Table3.1)averageupperlayer?uxesare foundtobeofthesameorderas theaverage?uxescomputedfrommassbalances.Ontheotherhand,thelowerlayerfluxesarefoundtobemuchlowerthantheotherestimates.Moreover,thesemeasurementsshowthattheBosphorusfluxeschangesignificantly,evenwithina singleday.
Tidesintheregionare insigni?cant;yetOzsoyctul.(198G,1988,1990,1992a—c),llnliiataatrLl.(1990),an(lLatifctal.(1991)haveshownthattransienceon varioustimescales,inresponsetometeorologicalandhydrologicalconditionsintheadjacentseas,are typicaloftheexchangeflows.Normally,the'BlackSeaandMediterraneanwatersareseparatedbya densityinterfacewhichbecomesshallowerfromnorthtosouth(Figure2.2a).Blockingoftheflowsineitherlayeroccursduringextraordinary,thoughnotentirelyinfrequentevents.Thelowerlayer?owblocking(Figure2.21))typicallylastsfora fewdays(Latifct
(LL,1989,1991).Likewise,theupperlayer?owblocking((")zsoyat111.,1986,19881992a—c,andLatifet01.,1991),duringwhichan anomalousthree—layeredstratificationdevelopsandthesalinityisincreasedinthesouthernBosphorus(Figure2.2c),alsolastsforonlya
fewdays.
Thelowerlayerflowistypicallyblockedduringthespringandsummermonthswhenthenetfreshwaterin?uxtotheBlackSeaincreases.TheADC?andlongtermcurrent—metermeasurementspresentedinChapter3alsorevealseveralblockingevents.
Theupperlayerblockingevents(identi?edlocallyas Orkoz),occurintheautumnandwintermonths,whenthesurface?owreverses,andthesurfacesalinityincreasesinresponse
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tothesetupcausedbysouthwesterlywinds,evidentintheearlierdataofDAMOC(1971),GunnersonandOzturgut(1974),andArisoyandAkyarli(1990).Long~termmeasurements
ofdailysalinityandtemperatureintheBosphorus(Figure4)indicateincreasedsurface
salinityduringtheseevents(ArtiizandUguz,1976).
Duetothecombinationofa contractionanda sill,andthesupercriticaltransitionsat
thesecontrolsections(Figure2.3.21),theBosphorusistheforemostexampleofa straitwithma.zima.lc.'cchrm,_qe(ézsoyct(LL,1986,Unliiatact411.,1990).Providedthatthereservoirconditionsintheadjacentbasinsare suitable,theexistenceoftwohydrauliccontrols,bycl?cientlyisolatingthemechanicsofthestraitfromthebasins,leadstomaximalexchange(FarmerandArnii,1986;AriniandFarmer,1987).Thesebasicfeaturesarecon?rmedbynumericalcomputations(Figure2.3.1),afterOguzatal.,1990).Moreover,whenthesillislocatednearertothe.smallerdensitybasin(relativetothecontraction,asiiithecaseofthe
Bosphoms),theexchangesbecomeassymmetricwithrespecttobarotropic?owsandthe
relativegeometricaldimensionsofthecontrolsections(FarmerandArmi,1986).Insum-
mary,theBosphorusrespondsrapidlytochangesintheforcingconditions(netbarotropic?ow,windsetup,or inversebaroinctriceffectsintheadjacentbasins),andoperatesinthefullrangeofweaktostrongbarotropicforcingineither(lirection.Thenonlinearcharacterofthecontrolled?owsmakesitsresponsetotheseforcingsrathercomplexon timescales
ofseveraldaystoa fewyears.Curiously,a two~yearsubharmonicsignalcanbedetected
inFigure2.4,andisnotlikelytobetheresultofseasonalmeteorologicalforcing.
ThenetfreshwaterinflowintotheBlackSea,haslargeseasonalandinterannualvariability.Althoughwedonothavereliableinformationon thevariabilityoftheatmosphericcom-

ponents,theriverrunoffcomponent(Serpoianu,1973;ézturgut,1966;Tolmazin,1985;Bondar,1989;Bondarct(LL,1991)indicatessuchvariability.TheDanuberiveraccounts
forabout50%ofthetotalfresliwaterinflow,an(litsannualmeandischarge,monitored
formorethana centuryshowslargenaturalvariations(Figure2.5).Theseasonalchangesinthe.Danubewaterfluxare about:l:3U"/6oftheannualmean(Serpoianu,1973;Bondar,1989).111short,thecombinedseasonala.ndinterannualvariationsaccountfora ratioof~ 3
betweentheminiinumandmaxinnnnofDanubeflowsovera periodofseveralyears.More
significantlyinFigure2.5,theDanubein?uxappearswellcorrelatedwiththesea~level
changesoninterannualtin1e—scales,as a resultofthecontrolsexertedbytheBosphorus.
Motivatedbythisfunctionalvariabilityofthe?uxes,theexchangethroughthetwocon-
trolshasbeensturliedbyDzsoy(1900),througha modelmodi?edafterFarmerandArnii
(1986)toincludeBlackSeastorage,?nitedepthatthecontraction,andtin1e—dependentbarotropicforcing.Multiple—va1ued(inviscid)or nonlinear(frictional)solutionswithsea-
sonaltointerannualresponseswerefound(Figure2.6).Thesesolutionsexemplifythe
expectedtliffcieiiccsbetweenfluxesbasedonaveragesea—levelor netfluxvaluesandthose
computedbyaveragingthetiine—depen(lentseasonalvariations.Thisisconsistentwith
theobservedvariabilityoftheBosphorusfluxesandflowregimes.
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2.3NutrientandOrganicCarbonFluxes
TheBosphorusStrait,whichpermittheexchangesofthebrackishandsaltywaterswiththeassociatedconservativeandnon—conservativechemicalpropertiesbetweentheBlackandMarmaraSeas,hasbeenusedas a receivingwaterenvironmentforthedomesticandindustrialwastewatersofthelstanbulMetropolitanArea(IMA).Becauseofheavyindustrializationanddrasticpopulationincreasesintheareaduringthelast30years,theIMAappearstohavebeenthemajorpollutionsourceforthetheSeaofMarmara.Therefore,comparisonofthechemicalloadsdischargedfromIMAwiththeexchange?uxesbytheBosphorustwo—layerflowswouldleadthepolicymakerstodevelopa technicallyanda?nanciallyapplicablewastewatermanagementprogrammeforIMAsoastorecover
thedeteriotedMarmaraSeaecosystem.Ontheotherhand,theimplementationofsuchaprogrammeiscloselydependenton a throughunderstandingoftheprincipalhydrochemicalpropertiesofthethe.TurkishStraitSystemwhosesurfacewatersare in?uencedbyboththepollutedBlackSeain?owanddirectwastewaterdischargesfromthecatchmentarea
ofthebasin.
SinceprofoundchangeshaveoccurredintheBlackSeaecosystemduringthelasttwo
decades,themostdramatic,on thenorthwesternshelf,ecologicalpropertiesoftheMar-maraSeaareverylikelytohavebeenalteredbytheBosphorussurface?ow.BecausethebrackishwaterleavingtheBlackSeathroughthe.StraitevolvesfromalongshorecurrentsfromthenorthwesternshelfoftheBlackSeawhosewaters,beingseriouslypollutedwith111a11—madechemicalsbroughtinbyriverine(mainlytheDanube)discharges,possessn1od—i?edbiochemicalpropertiesrelativetotheopenBlackSeasurfacewaters.Therefore,thenutrientandorganiccarbonexportsfromtheBlackSeathroughtheBosphorus,whicharepossiblytoosmalltoin?uencethebudgetsforthewholeBlackSeasystem,areverylikelytobecriticaltobudgetestimatesfortheMarmaraSea,whoseupper—layerwaterisrenewedatleasttwicea yearbytheBlackSeain?ow(llnliiatact(LL,1990;Besilctepe,1991).Tlierefore,itisratherdifficulttoassesscontributionoftheland—basedpollutionloadsfromlstanbultothemodi?cationoftheMarmaraSeaecosystemrelativetothatoftheinputfromtheBlackSea,whichhaveincreasedduringrecentdecades.
Ontheotherhand,duringtheirresidencetimeofsixtosevenyearsintheMarmaraSea,thesalineMediterraneanwatersenteringthroughtheDardanclles,initiallypoorinnutri-entsandahnostsaturatedwithoxygen,becomeenriched10-foldwithdissolvedinorganicnutrients,thoughalsobecomingimpoverishedindissolvedoxygentothelevelsof30-50/AIM.TheMediterraneanwaterswiththeirmodi?edchemicalpropertieseventuallyleavetheMarmarabasinthroughtheBosphorusundercurrenttowardstheBlackSea;some
fractionofthis?owwiththeassociatedchemicalpropertiesisreturnedtotheMarmarasurfacelayerbymixingintheBosphorusregion.
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Inthiscontext,systematicChemicaldatacollectedintheBosphorusregionbetween1986and1992bytheMETU—IMSgrouphavebeenexaminedbyPolatandTugrul(1994)indetailso as togivereliableestimatesofthetotalannual?uxesofnutrients(nitrogenandphosphorus)andorganiccarbonexchangingbetweentheBlackandMarmaraSeasthroughtl1etwo—layer?owsintheBosphorus.
2.3.1NutrientsandOrganicCarbonintheOut?owfromtheBlackSea
Theconcentrationsofthedissolvedinorganicnutrientsa11ddissolvedorganiccarbonintl1eBlackSeaout?owshowsignificantvariationswithseason(Figure2.7).BelowthebrackishwatersoftheBlackSeaatnorthernentranceoftheBosphorus,thenutrientconcentrationsincreasewithdepthinthemoresalinewaters?owingtowardstheBlackSea.SystematicdatadepictedinFigure2.8demonstratethattheinorganicnutrientcontentoftheout?owfromtheBlackSeaincreasesatleasttcn—foldfromautumntowinterandthendecreasesagaintotracelevelsinsummer.Thenitrate(actuallynitrate+nitrite)concentrationrisestothelevelsofas highas 4.5-7.5[tMinwinteranddiminishestotraceleves(<0.1—0.2/L.M)inthesummer-autumnperiod.Signi?cantlyhighwinterconcentrationsimplythata signi?cantfractionoftheinorganicnutrientsintroducedbothbythemajorriversandbythewastewateroutfallstothenorthwesterncoastalmarginoftheBlackSeamayreachas faras theBosphoruswithoutbeingconsumedbyphotosynthesisunderseverewinterconditions(PolatandTugrul,1994).SimilarlylargenitratevalueshavebeenreportedfortheRomaniansurfacecoastalwaters(S>15ppt)inwinter.Dissolvedinorganicphosphorus(DIP;theso—calledreactivephosphate)concentrationsalsoeXhi_bitedmarkedseasonalvaritionsintheBosphomssurface?ow,from<0.05/I.MintheJuly~Octoberperiodtothelevesof0.3-0.6/11”inwinter.Theannualmeansestimatedfromthelong-termdataare
1.6$1.6/LMfornitrateand0.18i:0.18/tMforDIP,whichare veryconsistentwiththoseestimatedbyOrhonctul.(1994)forthe1987-1989period,usingtheMETU—IMSdatafromtheBosphorusregion.BasedonlimiteddatafromthewesternBlackSea,theannualmean
oftheanunmoniaconcentrationhasbeenestimatedas 0.5nMfortheout?ow.
Particulateorganicnitrogen(PON)eoncentrationssintheBlackSeaout?owwereobservedtovaryfrom1.0[1111insummerto4.8-5.0/LIVduringlatewinter—earlyspringbetween1991-1992.Theparticulatephosphorus(PP)concentrationsshoweda similarseasonality,butremainingalwaysintherangeof0.1to0.2[lM.Theestimatedannualrnea11sare2.4‘all!forPONand0.17pillforPP,yieldinga PON:PPratioofnearly14.Estimatesoftheannualaveragesofdissolvedorganicphosphorus(DOP)anddissolvedorganicnitrogen(DON)concentrationsare0.15/AMand18/LM,respectively(PolatandTugrul,1994).Oneshouldnotethata largefractionofDONintheout?owiscomposedofbiologicallylesslabileDONofprimarilyterrestrialorigin,beingdischargedtothenorthwesternshelfwatersbythemajorrivers.Thedissolvedorganiccarbon(DOC)contentsoftheout?owshowonlysmallseasonalchangesrelativetotheconcentrationsofbiologicallylabilenutrients
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andPOC.Thedepth—avera.gedDOCconcentrationsvariedseasonallyfrom167pMto217
;1M,yieldingan annualaverageof192/LMforthe1987-1992period.Particulateorganiccarbon(POC)rangedfrom10[tillto40/1.M,withan a.1mualmeanof21,u.M(Polatand
Tugrul,1994).LargerDOCconcentrationsalwaysappeareredduringlatewinter~ earlyspringbloominthesoutwesternBlackSea.
AsshowninTable2.1,thetotalphosphorus(TP),0.50HM,iscomposedofsimilarlevels
ofDIP,PPandDOPconcentrationson theannualbasis.Infact,theircontributionto
TPvariesseasonally;forexample,DIPdominatestheTPinwinter,butduringbloomPPbeingmajorconstituentofTP.TheTNcomputedfromthemean DON,PONand
DINdatais22.5;t]VI.Thebiologicallylabilefraction(DIN+PON)constitutesabout20
%oftheTNandtherestconsistsoflesslabileDON.Nevertheless,becauseoflargeand
continuousnutrientinputsbythemajorriverstotheBlackSea,thebrackishwatersofthe
BlackSeaout?owingthroughBosphorusmaycontainconcentrationsofbiochemicallylabile
dissolvedandcolloidalDONofphotosyntheticoriginamountingtoatleast5-20%ofthetotalDON;thehigherfractionsappearduringperiodsofhighprimaryproductivity(PolatandTugrul,1994andreferencesquotcrltherein).ThelabilefractionofDON(includingcolloidalfraction,<1.0pm)contributestothenewproductionintheMarmaraSea,whilst
thebiologicallyresistantDONreachestheMediterraneanseveralmonthslaterthroughthe
DardanellesStrait.HighratiosofbothTOCandTNtoTP(TOC:TN:TP= 425:45:1)are duetolargeDOCandDONinputbyriverstothewesternBlackSeasurfacewaters,somepartofwhicheventuallyout?owsthoughthel3osphox'us.ThePOC:PON:PPratios
oftheout?oware about122:l4:1,consistentwiththeRed?eldratioof10fortheoceans.

Detailedexaminationofthesystematicdatadatarevealedthattheconcentrationofbio-
logicallylabilenitrogen(DIN+PON)intheBlackSeaout?owincreasedtothelevelsof
7.7-8.5/LM(mean:8.2/dll)inthewinter~earlyspring(December-March)butthende-
creasedsteadilyto1.3-3.0;I.M(mean:2.2[$01)duringthelatespring—lateautumnperiod.However,seasonalchangesintheTPconcentratiolisoftheout?ow,rangingbetween0.29
and0.65/LIN,werelessthaninlabilenitrogen.Thus,even iftheBlackSeaout?owin
theBosphoruswereconstantwithtime(infact,itisnot),quantitiesofofthebiologi-callylabilenitrogen(DIN+PON)andTPexportedfromtheBlackSeaduringthewinter
—springperiodareverylikelytoexceedatleast2-3timesthechemical?uxesduringthe
sunnner—autumnperiod.
Forthewinter—springandsun1mer~autun1nperiods,themeanPOCconcentrationswere
25.8[MWand15.8[LMrespectively,theseconcentrationsdeviatingbyabout25%from
theestimatedannualmeanof21/1.]\l.Ona totalconcentrationbasis,theannualvariation
oftheTOC(possiblyTN)concentrationsintheout?ow,however,oftheorderof10
%becausethesetotalvaluesareprimarilydominatedbythebiologicallylesslabileDOC
(andpossiblyDON)ofterrestrialorigin.
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2.3.2NutrientandOrganicCarbonintheOut?owfromtheSeaofMar1na.ra
Simplyput,tl1eSeaofMarinaraisa two~layersystemseparatedbya sharpinterface,generallyformedbetween15and30111depths;thesurfacelayerisoccupiedbybrackishwatersofBlackSeaoriginwhilstthelowerlayerbelowtheinterfacecontainssalinewatersofMediterraneanorigin.Photosynthesisbeinglilnitedtotheupperlayerincludingtl1einterfacebetween15and30111,seasonalchangesi11nutrie11tandorganiccarbonconce11tra-tionsinthechemicallyniodifiedMediterra11ea11water?owingoutthroughtl1eBosphorusare111ucl1lesstha11thosei11thewatersleavingtheBlackSea(seeFigure2.7),permittingonetocomputedepth—averagedvaluesoftheMarmaraout?owquitesafely.Datacollectedbetween1986a11d1992sl10wthat,throughouteachyear,nutrientconcentrationsinthesalineMarinara.SeawatersenteringtheBosphorusl1a.verangedfrom7to1211M(annualmean:9.50.86NM)fornitrate.andfrom0.7to1.2/lM(annual1nea11:1.01:1:0.10,uM)forpliosphate.Thea.n1n1oniaconce11trationisas lowas 0.2all/Ii11theout?owingsalinewatersandcertainly1I111Cl1lessthantl1ccorrespondingnitrateconcentration.
I11theout?owfromtheSeaofMa.r111ara,deptli-averagedPPandPONconcenrationsvaryseasonallybetween0.27and0.60/t.]\IforPONandbetween0.04a11d0.06/1MforP1’,withtheannualaveragesof0.41and0.05MM,respectively.Theconcentra.tionsofDOPesti111atedfromthedifle1‘e11cesbetwee11TI’and(D1P+PP)arealwayslessthan0.1HM,suggestingan a1111ualn1ea11of0.0511.1%.ThoughDONhasyettobemeasuredintheoutflow,a meanvalueof3.0pilll1asbeenestiinatedbasing011tl1eDON,DOCdataandDOC:DONratiosforthesalinewatersofthewesternMediterraneanandMarmaraSeas.TheDOCconce11tra.tio11sintheoutfow1‘a.11gt‘<lfrom65to80/1114between19864992,as
appearingfromtypicalprofiles(cf.Figure2.7).T.TheestimatedannualaverageofDOC(73/1.1%)isn1ucl1greaterthanthePOCconcentrationsvaryingseasonallybetweenonly2.5and9.1MW,withanannualaverageof5.2pillfortheout?ow.
TheaIn1ualmeansofthevariousformsofnutrientsandoforganiccarbo11estirnatedfortheMar111araout?owarealso(lisplayedi11Table2.1.DIP,DINandDOCconstitutethemajorfractionsofthetotalnutrientsandorganiccarboninthesesalinewaters.ThecomputedTOC:TN:TPInolarratiosare70:12:1,whereastheIN:IPratioisabout9.6,lessthantheRed?eldratio.TheTPcontentoftheMa1'111araout?owistwicethatofthei11?owfromtheBlackSea.Asimilarfeatureisenco1u1teredforTNwhenlabilefraction(about10%)ofDONisincludedi11esti111atingTNratiooftheexchangingwaters;buta contraryViewappearswhenthelesslabileDON,too,isincluded.
2.3.3.NutrientandorgaiiicCElI‘l)U1]cxrliaiigesbetweentheBlackandMarmaraSeasthroughthe.Bosphorus
Long—tern1currentn1easure111entsi11theBospl1o1usare verylin1itedtoestimatetheex-
change?uxesofnutrientsandorganiccarbonthroughtheBosphoruson a seasonaltime
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scale.Therefore,theaverageconcentrationsofchemicals(Table2.1),togetherwiththevolume?uxesofthe?owsintheBosphorus(Figure2.9.a),assumingtheseareconstanton
ayearlytimescale,havebeenusedtocalculatetheannualquantitiesofthetotalnutrientsandorganiccarbonexchangedbetweentheBlackandMarmaraSeas.ThefluxestimatesdepictedinFigures2.9l)—d,representtheorderofmagnitudeoftheannualexchangesbe-tweentheBlackandMarmaraSeasandshouldbeusedcautiouslyinexaminingsl1ort—termexchangesintheBosphorus,duetoseasonalfluctuationsinboththevalume?uxesandconcentrationsofbiologicallylabilechemicalsofthe?ows.
Figure2.9bshowsthatabout9,000tonsofTPperyearare importedtothetheupperlayeroftheMarmaraSeafromthetl1eBlackSea.BecauseoftheentrainmentoftheDIP—richwateroriginatinginthesalinewatersoftheMarmaraSea,bytheinterfaceintheBosphorusStrait,theanimalTPinputtotheMarmaraSeasrisestoabout12,000tons,about50%ofwhichiscomposedofDIP(PolatandTugrul,1994).Weshouldnotethattheexchange?uxestimatesofUsluatal.(1904)are basedon dataofdissolvedinorganicnutrientsobtainedintheexchangingwatersoftheadjacentseas. Theydidnotconsiderthedissolved/particulateorganicnutrients,whichconstituesthemajorfractionofthetotalnurientsinthebraclcishsurfacewatersleavingtheBlackSeaespeciellyduringtheproductiveseasonsas discussedextensivelybyPolatandTugrul(1994).Therefore,theiresimatcsofphosphoms?uxesrepresentonlytheDIPfraction,which,accordingtothe?ndingsofPolatandTugrul(1004),constitutesmerely50%oftheTPimporttotheMarmaraSeafromtheBlackSea,includingthegainfromtheBoshoruscounter?ow.AsalsoshowninFigure2.913,theTPexportedfromtheBlackSeaisnearlycompensatedbythetotalinput(9,600tonsy_l)fromtheSeaofMarmara.TheTPexportedfromtheMarmaraSeaisconsistentwiththeestimateofOrhonctal.(l994)becauseDIPconstitutesthemajorfraction(about00%)oftheTPintheMarmaraoutfow.
Estiinatednitrogen?uxes(Figure2.9c)indicatetheTNimporttotheMarinaraSeafromtheBlackSea(approximately100,000tonsy_])tobethreetimestheinput(61,000tons3/”)bytheexportfromtheMarmaraSeathroughtheBosphorus.ButacontraryviewhasbeendrawnbyOrhonctal.(1994)duetocomparisonofinorganicnitrogenfractiononly,whichisminorintheBlackSeaout?owbutthemajorconstituentofTNintheout?owfromtheMarmaraSea(seeTable2.2).Biologicallylabilenitrogen(DIN+PON)constitutesapproximately25%oftheTNfedintotheMarmarasurfacelayerand66%(primarilynitrate)ofTNimporttotheBlackSeabytheBosphorusunder?ow;theremainderoftheTNconsistsoflesslabileDON.Comparisonofthe(DIN+PON)andTI’exchange?uxesintheBosphorusestimatedbyPolatandTugrul(1994)suggeststhatbiochemicallylabilenutrientsexportedfromtheBlackSeaiscompensatedbytheBosphoruscounter?owprincipallyasnitrateandreactivephosphate(DIP).
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EstimatesofTOCexchage?uxesdisplayedinFigure2.9dindicatea netinputoforganiccarbonintotl1eMarinaraSeafromtheBlackSeathroughtheBosphorus(differencebe-tweentheTOCin?uxandout?uxattheexittotl1eBlackSea).TheannualTOCimporttotl1eMarmaraSeaisabout1.5:n10Gtons,whichisabout4timeslargerthantheexport(3.5.17105tons)fromtheMarinaraSeatotheBlackSea.Theannual?uxesofPOC,con-
stitutinga minorfraction(about10%)ofTOCinthe?ows,isabout1.5.1105tonsforthein?owfromtheBlackSeawhereastheexportfromthelVIarn1araison theorderof3.01104tons.TheTOCexchange?uxesofOrhonctal.(1904)wereunderestimatedby10-30%relativetothoseofPolatandTugrul(1904),whoobtainedtheTOCinthe?owsfromthesum oftheblankcorrectedDOCdataandseparatePOCnieasurexnents.Putsim-ply,l)iochemieallyresistantdissolvedorganicmatter(DOM,involvingcolloidalfraction)introducedintotheMarniarasurfacewatersfromtheBlackSeareachestheAegeanSeathroughtheDardanellestothesouthwestoftheMarinara,whiletheparticulateorganicmatter(involvingbiologicalylabileorganiccarbonandnutrients)oxidizediiitheupperlayercontril)utetothenetprimaryproduction,butfractionsinkingthelowerlayer(sub-haloclinewaters)contributestoinorganicnutrientpool,witha concomitantdecreasei11dissolvedoxygencontentofthelowerlayer.
2.3.4CoinparisonoftheExchangeFluxesthroughBosphoruswiththePollutionLoadfromIstanbul
AccordingtoestimatesofOrhonatu,l.(1994),approximately8.9.'l'10/ItonsofTOC,2.01104tonsofTNand3.3.lr103tonsofTI’peryearare currentlydischargedintotheMarmaraSeafromthelMA(seeTable2.2).About50%ofthetotaldischargesfromtheIMAentersdirectlytheBosphonissurfaceflowa11dtheBosphorus-MarmaraJunction(BMJ)region.Atpresent,only20%ofthetotaldischargesfromtheIMAare givenintothelowerlayeroftheBosphorusbytheYenikapiout?ow.Closeexaminationoftheexchange?uxesbetweentheBlackandMarmaraSeaandtheland—baserlpollutionloadscompiledinTable2.2revealsthatthepresentTI’inputfromtheBlackSeaisabout2.8timestheannualloadoriginatingfromtheIMA,but4.2timesthatdischargedintotheBosphorusStraitandBJM-region.TheratiooftheBlackSeainputtothetotalofTI’fromlstanbulwasunderestiinatedbyOrhonetal..(1994),whoutilizedonlythedissolvedinorganicformsofphosphorus(DIP)andnitrogen(DIN)existingintheseawatertocomputethetotalnutrient(TPandTN)outfluxfromtheBlackSea.Therefore,theirestimatefortheTNout?uxfromtheBlackSeaisalsomuchlessthanthatgivenbyPolatandTugrul(1004).Asclearlyseen inTable2.1,thedisssolvedinorganicnitrogenandphosphatecompoundsconstitutetheminorfractionofTPandTNinthesurfacewatersoftheBlackSea;duringtheproductiveseasons,itscontributiondecreasesfurther(seeFigure2.8).TheTNinputfromtheBlackSeatothelVlarn1araSea,basingon theTN(DIN+PON+DON)datagiveninTable2.2andwaterflowsdispayedinFigure2.9a,isatleast9timestheTNloadfromtheIMA.WhenonlythelabilefractionofDONavailableintheseawateris

_2'g_



includedindeterminingthebiologicallylabileTNcontent(DIN+PON+10%ofDON)oftheBlackSea,theratiooftheTNinputofBlackSeaorigintothetotalloadfromfromtheIMAwoulddroptonearly2.5;but,theratiowouldrisesto4.7ifonlythepollutionloadgiventototheBosphorusandBMJ~regionisconsidered.Similarly,TOCinputfromtheBlackSeaismuchlargerthanthetotalloadoriginatingfromistanbul(seeTable2.2),inagreementwiththe?ndingsofOrhonetal..(1994).However,PolatandTugrul(1994)haveemphasizedtha.tthemajorfractionofTOC(POC+DOC)existingintheout?owingwatersoftheBlackandMarmaraSeasthroughtheBosphorusisresistanttobacterialdecayon a weeklyor monthlytime—sca.le.AmajorfractionofPOCiiitheproductivesurfacewatersoftheBlackSea,whichcomprisesabout10%ofTOCillthesurfacewaters,Inaybeassumedtobebiologicallylabilewhereasabout5-20%ofDOCtobeinlabileform,dependingontherateofDOCreleaseduringtheprimaryproductionvaryingwithseason.
Thus,about15-20%ofTOCinthe.out?owfromtheBlackSeamaybeasstunedtobebiologicallabileduringitsstayinMarmaraSea.Whentl1elabileTOCiiitheout?owiscomparedwiththeland~bascdloadfromthe,theratiowouldrangebetween2.5-3.4.Putsimply,theannualinputsofl>io(‘hemicallylabilefractionofnutrientsandorganiccarbontotheMarmaraSeafromtheBlackSeaareatleast2-3timesthetotalpollutionloadsfromlstanhul.However,ona seasonalti1nc»scale,forexample,duringthelatesun11ner~autumnperiodwhenboththewater?owandtheconcentrationsofno11—conservativechenlicalsdecreaseintheBlackSeaout?ow,theanthropogenicinputmaybeas largeas thenaturalinputsfromtheBlackSea.
Table2.2alsopermitus tocomparethecheinicalexportfromtheMarinaraSeathroughtheBosphoruswiththepollutionloadsfromtheIMA.TheTPinputtotheBlackSeafromthel\/larniaraSeaisnearly3~folrlthetotalloadoriginatingfromtheIMA;butitexceedsatleast4timestheTI’discliargedintotheBosphorusandI3MJ—region.SimilarconclusionscanbedrawnfortheTNandTOCparameters,basing011theinputdatagiveninTable2.2.However,weshouldnotethattheTOCexportedfromtheMarmaraSeaisprincipallyi11therefractoryformbecauseTOCcenr:entra.tionsofthesaltyMediterraneanwatersenteringtheMarmaraSeaisas lowas 60-70/1]\«I,showinglittleseasonal?uctuationswhichare
notdistinguishedfromtheanalyticalbias.Ifonly10%ofTOCinthetheMarmaraSeaout?owisassumedtobebiorlegradableon a weeklyor monthlytime~scalc,theratioofnaturalTOCexportfromtheMarmaratothetotalTOCloadfromtheIMAwouldas lowas 0.4;butitwouldbeslightlyraisedto0.7whentheTOCloadgivenintotheBosphomsandl3.lM—regionisconsideredonly.Therefore,thedeepoutfallsofwastewatersfromlstanbul,withthepresentTOCloads,areexpectedtocausecriticaloxygendcpletionsintheMarmaralowerlayerwaters(whicharecurrentlypoorindissolvedoxygen),especiallyintheregionsofdisc.liarges,wherethegeneralcirculationisrelativelyweakduringthestratifiedseasons.TheinorganicN:Pratiointheout?owingwatersoftheMarmaraSeaisabout10,lessthantheRed?eldratio.Therefore,nitrogen-richwastedischargestotheMarmaraSeaecosystemseem tol'a('ilitatetheprimaryproductioninthesurfacelayer.
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Howcvor,bio—21ssayspc1*f01‘u1(*dinthe\vcsf.c1'11IzmitBayindicatedbothphosphortlsand11it1‘0gc111i111i1;ntio11s011the11ptakorateofixm1‘g:1.11i('.<',:n'l)o11bypht0p1a‘11kt()n,su[;gesl;i11gfu1'l.hcrrugi()11z1‘lbasisbi(>—z:ss;n.yszuul()<'o;1.nugrnphicst11di(~.s'todefinecuvi1'011111c11t.a.lfactorsandprocessescontrollingthealgalgrmvthwithseason.
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CHAPTER3
EXCHANGEFLOWSTHROUGHTHEBOSPHORUS
3.1Volume?uxes
Volume?uxmeasurementsweremadeutilisingan acousticDopplercurrentprofiler(ADCP)mountedinthehulloftheship.Thenorthandeastcomponentsoftheve-
locityweremeasuretlusi11gthebottomtrackmodetoaccountfortheshipvelocity.For
deterininingthevelocitystructureacrossthewidthofthestraittheshipmovedata.speedof4~ 5knotsfromonebanktotheoppositeside.Velocityensembleswereobtainedat30secondsinterval.Thelocationoftheshipatthebeginningofa transectwasdeterminedbya satellitenavigatoron board.Thevelocitydatawereintegratedover thesectionto
deterininethediscliarge.Inadditiontotransects,velocityprofileswerealsomeasuredwhiletheshipwasstayingina ?xedpositionatstation.
TheeoinplitationoffluxesfromtheADCPn1eas11ren1entssuffersfromlossofdatafromthe
topandbottomofthewatercolumnandnearthesidesofthestrait.ThetransducersoftheADC?are mountedinthehulloftheship,4metersbelowtheseasurface.Inaddition,theADCPrequiresatleasttwo111etersbetweenthedepthofthefirstfirstreliablemeasurement
andthetransdlrcerstoestablishcommunication,thusthefirstdataareobtained6Inbelowthesurface.Inthesoutherne11doftheBosphorus,theupperlayertlliclmessisoftheorderof15to20meters,andthe.speedisinaxiinumnear thesurface,thereforethedatalossduetothissourceisparticularlysevereinthisregion.Thelossofdatanear thebottom
occursbecausetheADCPcannotresolvethevelocitiesbelowabout75%ofthedepth.Thisregionisimportantin(l<‘terminiugthelowerlayerfluxinthenorthernreachesofthestrait.Inparticular,incaseswherethelowerlayeristhin,theerrorindeterminingthelowerlayer?uxishigh.
Afurtherlossofdataoccursintheregionbetweenthesideofthestraitandthepositionoftheshipjustbeforeithastoturnaway.Thislossisparticularlyimportantiiithenarrower
sectionsofthestraitwherestrongcurrentsexistclosetotheshores.
Thecomputationofthefluxesattemptstotakeintoaccounttheabovementioneddefi-cienciesinthe.databyextendingthevelocitypro?lestothesurfaceandthebottomusingthelastmeasuredvaluesintheseregions.Toaccountforthelossnearthesides,theprofileclosesttotheshorewereintegratedoveran extendedliorizontaldistanceuntiltheshore.
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Inspiteofthesecorrections,itwasobservedthatsignificantvariationsinthe?uxesalongthestraitexistedi11manyofthesurveys.Thesevariationsareduetotheunsteadynatureoftheflowsinthestraitinresponsetoa varyingsea leveldifferencebetweenthetwoendsofthestrait.Measurinentsofthesea levelhavebeeninitiatedbytheInstituteinSeptember1993.Sealeveldataare notavilablefordeterminingtl1esea leveldifferenceduringtheADCPsurvyespriortothisdate.Howerver,sealevelmeasurementshavebeenmadeatErdekintheSeaofMarmarabyHGMforseveralyears.ItisrealisedthatthesealeveldifferenceacrossthetwoendsoftheBosphorus,andnotjustthesealevelineithertheBlackseaor theSeaofMarmara,isthedeterinimingparameterfortheflowsinthestrait,however,an increasingsea levelatErdekmustimplya (lecreaseinthesea leveldifference,andviceversa.Hence,theMarmara(Erdek)datamaybeutilisedinexplainingtl1eobservedvariationof?uxesinsurveysinwhichmeasureinentswerecarriedoutonconsecutive(lays.
3.1.1ResultsoftheADCP.9urvcy.«
Theaverageupperandlowerlayer?uxesforallthesurveysaresummarizedinTable3.1.Theaveragehasbeenapproximatedfromplotsoffluxesforeachsurvey.
Theniiniiniunvalueof?uxineitherlayeriszero,representingblockageofthelayer.BlockagesofthelowerlayerwereobservedduringsurveysinMarchandMay1992,andinFebruary. AnupperlayerblockagewasobservedduringtheDecember1993survey.Theniaxiinuniobservedvalueoftheupperlayerfluxwas50,000ms/s,on10March1992,andtheinaxilnumforthelowerlayerwas15,000177.3/s,0112September1992,andon5March1993.Theupperlayer?owsaregenerallyhighinthewinterandspringmonthsandlowinSeptemberandOctober,inagreementwiththein?owsfromthemajorBlackSearivers.Theaverageofalltheupperlayer?owsinTable.3.1is20,0007113/5andthe.averagelowerlayer?owis5,000772,3/s.
Inthefollowing,dataobtainedduringthecruisessinceApril1991arepresented.Figure3.1showsthestationlocationsandFigure3.2theadrptransectlocationsforallADCPandCTDsurveys.Inordertoavoidrepetition,locationmapsforindividualsurveysarenotpresented;thesemaybefoundinreportssubmittedearlier.
1April1.9.91
Thesurveywascarriedoutata timewhenthesea levelhadstabilisedafterfallingforthepreviousthreedays,Figure3.3.Theupperlayer?uxwasapproxilnately25,000ms/s,Figure3.4.Thelowerlayer?uxwas3,000m3/3inthesouththernpartofthestrait,andabout200711.3/.<:inthenorthernhalf.
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21A1:,gu.at19.91
Thissurveywasalsocarriedo11tata relativelystableperoiodinthesea.level,Figure3.5.Theupperlayer?ux,Figure3.6,variesbetween15,000m3/sand20,0007713/5alongthestrait,whilethelowerlayer?uxisabout4,000171.3/.5.
2October1.991
Thesealevelrecordandthe?uxesforthissurveyare showninFigures3.7and3.8.Inthissurvey,thelowerlayer?owwashigherthantheupperlayer.Theupperlayerflowwas
about10,000771.3/s,whilethelowerlayerflowwasabout4,000ma/.3.
2.9October1.9.91
Duringthissurvey,thesealevelatErdekunderwenta transition:ithadbeenrisingforabouta dayanda half,andbegantodecreasejustaboutthetimetheADCPsurveystarted,Figure3.9.The?uxesare showninFigure3.10.Duringthefirstpartofthesurvey,inthesouthernhalfofthechannel,theupperlayerindicatesa gradualdecrease,whilethelowerlayerdecreasesgradually,bothconsistentwitha risingelevationatthesouthernendofthestrait.Inthenorthernhalfofthestrait,northofB8,thetrendsare
reversed,indicatingthein?uenceofthedecreasingsealevel.
December1.9.91
Fivesurveyswerecarriedoutduringthiscruise.AsseeninFigure3.11,thefirstthreesurveyswerecarriedoutduringa periodwhenthesea levelatErrlekwas increasingandthelasttwowhenitwasdecreasing.Thevelocitypro?lesare showninFigures3.12—3.10,andthe?uxesinFigures3.17-3.21.Theupperlayer?uxforthefirstsurvey,on
10December,whichcoveredthreestationsatthesouthernexit,wasabout13,0001713/5,andthelowerlayer?uxwasabout5,000m“/s,Figure3.17.The?uxesforthefollowing(lay,20Decenrber,are giveninFigure3.18.Theupperlayer?uxisabout17,500m3/s,whilethelowerlayer?uxisabout3,000ms/s.Inthethirdsurvey,on21December,thelowerlayer?uxinr.'.r‘easedtoabout11,000771.3/.9,whiletheupperlayer?uxdecreasedtoabout5,000171.3/.9.Thischangeinthe?uxesisattributedtothecontinuingriseinErdeksealevel.Thenextsurveywascarriedouttwodayslater,on 23December.Thesealevelhadbeguntofallapproximatelyonedaybeforethestartofthesurvey.The?uxes,Figure3.20,showa Continousincreaseintheripperlayerfluxanda decreaseinthelowerlayer?uxas thesurveyprogessednorthtowardthechannel.Thesechangesareconsistentwiththedecrease.insea levelatthesouthernend.Theupperlayer?uxincreasedfromabout5,000ma/.3to13,000mi‘/s,whilethe.lowerlayer?uxdecreasedfrom11,0007723/stoabout5,0007723/.9duringthecourseofthesurvey.Thefollowingday,24December,thesame
trendscontinuedinthe?uxes,Figure3.21.Theupperlayer?uxreacheda valueofabout18,000m3/5,whilethelowerlayerdecreasedtoabout5000171.3/s.
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March1.9.9.?
Inthissurvey,whichwascarriedoutinconjuntionwitl1a negativepulseexperiment,a
relativelylongepisodeoftheblockingoftheupperlayerwasdocumented.Thesealeveldata,Figure3.22,showsthatthesea levelwason a generallydecreasingtrendbeforethesurvey.Thesea levelreacheditslowestvaluebetween9-10Marchandthenbegantoincrease.Thefirstsurveywascarriedouton March5.Atthattime,theupperlayerflowwas22,500m3/s,andthelowerlayerflowwas2,500m3/s.Thevelocitypro?lesfromtheADCP111CE‘tSL1l‘€l11Cl1tSatstationsforMarch5areshowninFigure3.23.Itisseenthattheupperlayerflowoccupiesalmosttheentiredepthofthestraitinthenorthernhalf.Thelowerlayerisobservedwithinthelast10m inmostofthestations,withtheexceptionofstationsneartheMarmaraexit.Thelowerlayeris,infact,blockedatthenorthernsill,about3kmnorthofSta.K0.
Subsrxpientsurveyswerecarriedouton March8,9,10,11,12,13and14.Thesesurveyscovereda limited11u1nberofstationstomonitorthepositionofthelowerlayerandthe?owintheupperlayer.IntheMarch8survey,itwasobservedthatthelowerlayerwasblockedatB5,nearOrtakoy.Theblockagedidnotreceedefurthersouthfromthislocationinthefollowingdays.Thevelocityprofiles,Figure3.24,forMarch10arerepresentativeoftheconditionsdiningtheblockingperiod.IntheMarch12survey,itwasobservedthatthelowerlayerhadstartedtoprogressnorthwards.Asurveycoveringthestraitwascarriedouton March14;inthissurveythetwolayer?owhadbecomeestablished.Thevelocitypro?les,Figure3.25,showthelowerlayerflowwasexitingbeyondthesill.Theupperlayer?uxinthissurveywas15,0007113/5andthelowerlayer?ux4,000777.3/S.Thevolume?uxesforallthesurveysinthiscruiseareshowninFigures3.26-3.32.
Thesalinitytransectforthe5Marchsurvey,Figure3.33,showsthatthethicknessoftheupperlayerat thenorthernsillisabout55m. TheinterfaceisquitesharpuntilltheconstrictionsectionbetweenstationsB0andB8.Thethicknessoftheupperlayerdecreasesrapidlyfromthisregiontillthesouthernexit.Theupperlayerisabout10[11atB2andabout5in attheexit.Conditionsduringtheblockageare shownbythetransectfor10Marvh,Figure3.34,whichshowstheBlackSeaWateroccupyingthestraitfromthenorthernenduntilltheconstrictionregionwherea strongfrontisseen. Aftertheresiunptionofthelowerlayerflow,thedepthoftheinterfaceatthesillwas50in,Figure3.35,andtheinterfacehadincreasedinthicknessthroughoutthestrait.
May1.9.9.2
Aseriesofthreesurveys,between1418MaywascarriedoutinthisCruise.Thesealevelduringthefirstsurveywas intransitionfroma risingtoa fallingtrend,inthesecondsurveythesealevelcontinuedtofallandi11thethirdsurveyitwasrisingagain.ThelowerlayerHowwasblockedduring14-17May.Thevariabilityintheupperlayer?uxclosely
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ref‘lectsthechangesinthesea level.Thefirstsurveywascarriedouton 14May.Thesealevel,Figure3.36,atthebeginningofthesurveywasrisingandbegantodecreaseataboutthetimethesurveyhadbeenhalfcompleted.Thevelocitypro?les,Figure3.37-3.30indicatespeedsofabout150cm/sintheupperlayerinmostofthestraiton14May.011thefollowingdaythevelocitiesdecreasedi11tl1esouthernpartofthestrait,andonthethirddaytheupperlayervelocitiesdeereasexlfurther,whiletheblockageofthelowerlayerceased.Theupperlayer?ux,Figure3.40,showsa gradualdecreasefromthesouthernendofthestraittillthemiddle,andthena.gradualincreaseuntillthenorthernexit.Thisisconsistentwiththeinitialriseandsubsequentfallofsealevelwhichtookplaceduringthesurvey.Onthefollowingday,thesea levelcontinuedtofallandtheupperlayer?uxconsistentlyincreasedfromabout20,000m3/3atthesouthernendofthe.straittoabout' 40,000m3/satthenorthernexit,Figure3.41.Inthethirdsurvey,carriedouton 18May,theupperlayerfluxhaddecreasedtoabout20,000m3/sallalongthestrait,Figure3.42,andthelowerlayerflowhadresumed,bothconsistentwiththerisingsealevelbeforeas
wellasduringthesurvey.
ThevelocitydatafromthemooredcurrentmeteratAnadoluKavagiisconsistentwiththechangesobservediiithelowerlayerduringthethree.suveysinthiscruise.AportionofthevelocityrecordisshowninFigure3.43.Thespeedwasabout8em./sduringthesurveyon14May.01115Maythespeedwas1.5cm./S,whichinfactistheconstantoffsetintheAanrleraacurrentmeterconversionformula,andhencethespeedwaszeroon 15May.Thespeedincreasedtoabout28em/son 18May.Thesimilaritybetweenthebottomvelocityvariationsandthesea levelatErdek(Figure3.43)duringthesameperiodisremarkable.Highlowerlayervelocitiescorrespondtohighsea.levelandviceversa,asexpecte<l.
Thesalinitytransectsforthethreesurveysare showninFigures3.44-3.46.Theinterfaceisatabout50n1i11theMay14andMay15surveys,andhasrisentoabout40m intheMay18survey.
August—Sr:pte1n.l1r;r1992
Fivesurveys,between28Augustand2September,werecarriedoutduringthiscruiseinconjuntionwitha dyetracingexperiment.Theupperlayer?ux,as seeninTable3.1,decreasedfrom17,000m3/3about3,000771.3/5,whilethelowerlayer?uxincreased5,000771.3/.9to15,0007713/.3duringthecruise.Thelowerlayerfluxwasgreaterthantheupperlayer?uxduringthelastthreesurveys.
Thesea levelatErdek,Figure3.47,wason a risingtrendbeforethecruiseandcontinuedtoriseuntillnear theendofthesurveys.Thevelocitypro?les,Figures3.48~3.53,showa.
continuousincreaseinthelowerlayer,anda decreaseintheupperlayervelocitiesduringtheperiodofthecruise.The?uxesareshowninFigures3.54-3.58.Duringthefirstsurvey,Figure3.54,theupperlayer?uxwasabout17,0007713/5andthelowerlayer?uxabout
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5,000m3/5.Thelowerlayer?uxcontinuedtoincreaseandexceededtl1eupperlayer?uxonAugust31,Figure3.56.Theunevendistributionoftheupperlayerfluxesintl1issurveyindicatesthattheeffectoftheincreasingsealevelattilesouthernendofBospliomshadnotin?uencedtl1estationsinthenorthernhalfofthestraitatthetime.Theupperlayer?uxi11thefollowingsurvey,on 1September,showsa moreuniformdistributionalongthestrait,Figure3.57,whilethelowerlayerfluxincreasestowardsthenorth,andisgreaterthantheupperlayer?ux.Onthelastsurvey,on 2September,theupperlayerflux,whilestilllessthanthelowerlayer?ux,i11<licatesa slowincreasetowardsthenorthernendofthechannel,Figure3.58.
Whilethechangesinthefluxesduring28August—1SeptemberareinagreementwiththeincreasingsealevelatErdek,thereasonforthehighlowerlayer?uxduringthelastsurveywhenthesea.levelwasdecreasingisthatthissurveywascarriedoutabout18hoursafterthesea levelbegantofallandthevelocitiesatthenorthernendoftheBosphoniswerestillhigh.Thereis,infact,a slightdecreaseinthelowerlayer?uxanda smallincreaseinthe.upperlayerfluxfromB13toB15,Figure3.58.ThevelocityrecordfromthemooredcurrentmeteratAnadoluKavagifor30August—3SeptemberisshowninFigure3.59.Thelowerlayervelocity,nearthe.bottomwasabout28cm/s,closetotheinaxiinumwhichoecurednearniidnightof2September.
SalinitytransectsforthesurveysaregiveninFigures3.G0~3.64.Thesalinityinterfacerisesprogressivelyfromthebeginningtotheendofthecruise,consistentwiththeincreasinglowerlayer?ow.Itisalososeenthattheinterfaceisquitethickinallthetransects;inthenorthernpartofthestraititsthiclmessisabout20171.Ofparticularintersetisthesalinitytransectfor2September,Figure3.64,i11whichthenorthernexitoftheBosphorusandtheadjoiningshelfregionwascovered.ThestationlocationsforthissurveyareshowninFig1u‘e3.65.TheMediterraneanw_aterwasfollowedtoapproximately12kmfromtheendofthestrait;itstl1i(‘l(11(‘.SSatthatlocation,wasabout15m.

11February1993‘
Duringthissurvey,strongupperlayer?owexistedinthestrait,whilethe.lowerlayerflowwasblocked.SealeveldataforErdekfor1093arenotavailableatthistime.Thevelocityprofiles,Figure3.66,showthatthesouthward?owexceededspeedsof150cm/sinmostofthestrait.Thepro?lesalsoshowthattheMediterraneanin?owentersataboutmid—depthandproceedstillther:.onstrit:.tionregion,toB6.AreturnflowoftheMediterraneanwaterisobsevednearthebottomofthestrait.TheupperlayerflowintheWholechannelwas
approxi111ate.ly45,000111.3/.9,Figiue3.67.Thesalinitytransect,Figure3.68,alsoshowstheupperlayertobeblockedatB6,intheconstrictionregion.Thesharpinterfaceatthesouthernexit,stationsBOA—E2,implylittlemixingbetweenthelayers.Thereturn?ownear thesouthernexitcan notbeidenti?edinthesalinitytransect,as theenteringandtheleavingwaterhavethesameproerties.
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March19.93
A(lyetracingexperimentwascarriedout(luringthiscruise.Surveyswerecarriedoutdailyfrom3Marchto7March.Thevelocitypro?les,Figures3.69-3.73,indicatethatthe?owsunderwentextremeChangesiiithefirstthree(lays.The?uxesare showninFigures3.74-
3.78.Theupperlayerfluxwasabout22,500mi‘/son the?rst(lay;itdecreasedtoa near

blockagesituationon thesecondday,andon thefollowing(layincreasedapproximatelytothesamevalue,20,000m3/s. Thelowerlayerwentthroughan oppositecycle:its?uxincreasedfromapproximately2000ma/son the?rst(laytoabout15,000m3/son thesecond(layand(lecreasecltoabout3000ms/son thethird(lay.Thefollowingclay,6
March,theupperlayer?uxincreasedto26,0007713/3,andthelowerlayer?uxwas1,000m3/szero.Fluxesweremeasuredattwotransectsintheconstrictionregionon7March,andwereapproximatelythesameas 0116March.
Thechangesobservedinthe?uxesare reilecterlas changesinthetliickilessesofthetwo
layersandthesharpnessoftheinterfaceinthesalinitytransects,Figures8.79-3.81.On3and5March,(luringthep(‘.I‘i()(lSofhighupperlayer?ow,theupperlayerhasa thicknessofa.bout50111inthenorthernexitregionofthestrait,andtheinterfaceisrelativelysharp,iu(li<‘atinglittleinixingbetweenthelayers.On4Marclitheupperlayertliicknesshas
(le<‘.1'ea,se(lbyabout15111to35In,anxltheinterl'a(:eismore(liffuseandthicker,indicatingincreasetlmixingbetweenthetwolayers,whichoccurswhenthelowerlayer?owishigh.
December1.99.5’
Threesurveyswerecarriecloutinthiscruise,betweenDecember17—19,inconjunctioiiwitha (lyetracingexperiment.VVa.terlevel1‘ecor(lersatAnadoluKavagiandFenerbahce
were inoperation.Figure3.82showsthesea leveldatafortheperiodofthesurveysandtheir(luration.(Thesealevelrccorrlerlsclocksare settoGMT,thusthereisa two
hourdifferencebetweenthelocaltimeandthetimeon thesea.leveldifferenceplotsfor
Decemlwr.This(lifl'ere11cehasbeenaccountedforintheplot.)
Thestationvelocitypro?lesaregiveninFigures3.83-3.86.DuringtheDecember17surveythesealeveldifferencewas-18cm. Consistentwiththisnegativegra.<lient,theupperlayerwasblockedthroughouttheentirestrait.Theno1‘thwar(lvelocitywasbetween80em/sand100cm/satalmostallthestations.Inthesurveyson December18-19,carriedout
betweenDeee1nber18,09:00anrlDecember10,03:00,theflowisstilltothenorth,butthevelocitiesare lower.Thelasttwosurveyswerecarrierloutafterthesealevelhadstartedto
(lC(‘,1‘(‘ZLS(‘..Theresumptionoftheupperlayer{lowa.n<,lthedecreaseinthelowervelocities
inthe10Derernbersurvey,Figure3.80,(leuionstratetherapida(ljust111e11toftheHowto
thechangeinsea level.
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Volume?uxesweren1eas1u‘edatB5andB8on December18.Theupperlayer?uxwas
20,0001713/5,andthelowerlayerfluxwaszero,Figure3.87.
Thesalinitytransectfor17December,Figure3.88,showstl1attheMediterraneanwaterhasoccupiedthestraittillB15.TheS1lI‘fEL(‘\".salinityisabout25ppt.On18December18,theBlackSeawaterhaspenetratedtillB11,Figure3.89.Afrontbetweenthein?owfromtheSeaofMarmaraandtheBlackSeawaterisseenatBG«B7intheconstrictionregionintheupperlayer.Thefronthasdiasappcaredinthefollowingsurvey,Figure3.90,whichwasconductedaboutfourhourslater.Thisagainindicatesthequickadjustmentofthe?owtosealevelchanges.Theupper
3.2MooredCurrentl\1eterMeasurements
LongtermcurrentmeasurenientswerecarriedoutintheliortliernendoftheBospho-rus bottomlayerusingmooredcurrentmetersinthevicinityofSt.1314,near AnadoluKaVagiAan(leraa.RCM4recordingcurrentmeters,havingteinperatureandconductivityse11s0rsinadditiontospeedand(lireetioii,wereused.Thecurrentmetersweredeployedinsidea cageweightedby('.011(‘I‘(‘.l.(‘.slabsatthebotto111.Aropeforrecoveryfromthecagewastiedtoa structureonshore.Thecurrentmeterwasabout1.5m abovethebottom,the.totalwaterdepthatthesitebeingabout(35m. Amajorproblemwasfoulingoftherotorby?oatingmarineplantsanddebris,resultinginthelossofa greatdealofvelocitydata.Inlater(leployments,twocurrentnletcrswereinstalledinthecage,oneWithoutadirectionalvane,duetolackofrooniforfreerotationoftwovanesinthecage.Thecomil)-nationofdatafromsucha setupresultedina continuousrecordfromDecember1991toSepteniber1992.Anothersimilardeployinent,betweenAugust1992andSeptember1993resultedinvelocitydataforonlythreemonthsduetoearlyfoulingoftherotor.
Thehourlyaveragedvelocity,teinperatureandsalinitydataforeachdeploymentaredis-cussedbelow.Thec1u‘rentvelocityhasbeenoptimisedinordertoobtaina correctdirectionforthevelocitybyremovinglocalt()1)()gl'n1)lll(.’.n.linfluences.
Mare/1.1.9.91- Jimc1.9.91
Thefirstdeployment,between7March1091and1Julie1901,Figures3.91-3.03,indicatesoscillationswithperiodsrangingfromoneto15daysapproximatelyinallthreeproperties.Thespeedvariesbetween10cm/sto50cm/s,andapproacheszeroa fewtimes,butablockageisnotobservedinthisdeployment,whichdidcover themonthsduringwhichblockagesofthelowerlayerHoware moreprobable.Thezerovelocityneartheendoftheperiodisduetofoulingoftherotor.
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June1.9.91—/lug]/u,.<sf.19.91
Almostnovelocitydata.wereobtained,duetofrequentfoulingoftherotor.Thetemper-atureandsalinity,Figures3.94-3.05,indicateseveralperiodsofoscillation.
August1.9.91- October1.991
Mostofthevelocitydata.werelostduetofouling,Figure3.96.Fortheperiodforwhichthevelocitydatawereobtained,theaveragevelocityisseentobeabout25cm/s,andthefluctuationsaresmaller.Thesalinityandtemperaturerecords,Figures3.97-3.98,indicatea decreaseinbothpropertiesatabout10daysafterdeployment,whichindicatesmixingofthecoldintermediatelayerfromtheBlackSeaintothebottomlayer.
December19.91—August19.92
Acontinuousandlongtimeseriesofdatawereobtainedduringthisdeployment.Thevelocity,temperatureandsalinitydataforthefulldeploymentperiodareshowninFigures339-101.Theblockingofthelowerlayerisseenon thevelocityrecordas zeroornegativespeeds,thelatterindicatingin?owoftheBlackSeawateratthebottomoftheBosphorus.Inthetemperatureandsalinitytransects,blockingeventsare el1arac.terisedbylowvalues.Insomecases,thetemperatureandsalinityoftheBlackseawaterwereoutofrangeofthesensorsofthecurrentmeter;thesedataappearasstraightlinesintheFigures.ItisseenthatthebloclcagesoccurduringDeceniberandMay.
Afrequencyanalysisofthevelocityforthisrecordwasdonetodeterminethefrequencyofblocking.Usingvelocityintervalsof10cm./3,thedistributionofthevelocitiesisas
follows:
Velocityrange

I 0/7)frequency
0—10 11.510—20 19.020—30 32.2
30—40 23.540—50 0.4O—-10 1.7«10v -20 0.7-20—-30 0.7-30—~40 0.6-40—-50 0.7
Frmnthisdistribution,itisseenthattheoceurenceofbloeliageislessthan5‘/0.
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Lowpassedvelocitydataforeachmonthoftl1isdeploymentareshowninFigures3.102—109toindicatethevariahiltyinthevelocityandtheoscillatorycharacterofthe?ow.Thelowpass?lterresultsinsmoothingofthepeaks,so thatthemaximumvelocitiesare lowerintheseFiguresthaninFigure3.99.Thecontinuousandoftenlarge?uctuationsinthevelocityimplyacontinuallychanginglowerlayer?ux,andconfirmthevariabilityobservedintheADCP?uxn1e.as1u'e111ents.
August1.9.92—Scptcrnbrtr1.9.93
Inthisdeployment,againtwocurrentmeterswereinstalled;however,bothrotorswerefouledsoonafterthedeployment.Thelittleamountofvelocitydataobtainedare notbelievedtobereliableanda1'enotpresented.However,thetemperatureandsalinitydatawererecordedcontinously.Thetelnperaturesensorha(la rangeof0.3°Cto32°C,thusthetemperatureandsalinitydataare correctwithintheaccuracyofthe.iilstruinent.
Theten1peratu1'eandsalinitydataaregiveninFigures3.110—3.111.ItisseenthatthelowerlayerwasblockedseveraltimesduringthewinterInonths.Thedatesoftheblockagesare as follows:

November25—27,1992December18—24,1992December27,1992—January3,1993January25- 27,1993
February2—8,1993.

Afrequencyanalysisofthelowersalinityvalues(S<25ppt)whichoccurduringblockinggavea valueof7"/0,whichisclosetothatfoundinthepreviousdeploymentfortheVelocity.Thus,itappearsthatthelowerlayercanbeexpectedtobeblockedlessthan10%ofthetimeduringtheyear,andthattheblockageswilloccuressentiallyduringDecemberandMay.
Kzzknlcsisea.surface1ILC(L5TI.TC7fI.C7I,t3
TheteinperatureandsalinityvariationsinthesurfacelayeroftheBosphorusweren1oni—toredusingAanderaacurrentmetersatKizlmlesi.Thecurrent111eterwassuspendedintheupperlayertoa.depthofabout1111ina smallcagewhichwastiedtothestrueureofthelighthouse.Duetotherapidfoulingoftherotorinthesurfacewatersandtheproximityofthecurrentmetertothestructure,currentswerenotmeasured.
ThetemperatureandsalinityrecordsfortheperiodDecember1991- May1992areshowninFigures3.112~3.113.Thepeaksinsalinitycorrespondtothe'Orkoz’events,duringwhichstrongsouthwesterlywindscausea highdegreeofmixingofthelowerlayerintothesufarewaters,witha resultantshorttermpeakinthesalinityatthesurface.Five
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sueheventsoceuredduringtheobservationperiod.ThetemperatureandsalinitydataforapproximatelythesameperiodintliefollowingyearareshowninFigures3.114-3.115.TwomajorOrkozeventscanbeseeninthisperiod,andabout?vesmallerones.Itisworthwhilekeepinginmindthathighsurfacesalinitiesdonotnecessarilyrequiretl1eoccureneeofastrongsoutherlywind.TheADCPcruiseofDecember1993wasa caseinwhichsalinitiesofabout25pptprevailedatthesurface,withoutanywindatall.
3.3SeaLevelMeasurements
Sealevelmeasurementsweree<nnn1eneedtowardstheendofSeptember1993.AnAan—deraaWLR7waterrecorderwasinstalledatAnadoluKavagiatthenorthernendoftheBosphorus,andanotheratFcnerBahceintheSeaofMarmaranear tl1esouthernexitofthestrait.Thehourlyaveragedsea leveldifference(AnadoluKavagiminusFenerBahee)forSeptember1993» January1994isplottedinFigure3.116,andthatforMarch—April1994inFigure3.117.Sealeveldatabetween1Januaryan(l20March1994werelost.
Thevariationinthesealevel(liffe1‘eneerangesfroma minimumof-20cmon 28December1993toa inaximuinof73cm on 30January1994,givinga rangeof93cmduringtheobservationperiod.Theaverageseale.veldifferenceis26.5cm.

BothFiguresdisplayoscillationswitha widerangeofperiods.Spectralanalysisofthesea
leveldil'ferenreindicatesa majorpeakata periodof12hours,Figure3.118.Thispeakisrelatedtothediurnaloscillationsofthebarometricpressure,asindicatedbythesimilaritybetweenthesea levelrliffereiieespectraandtheba.ron1etriepressurespectraforFlorya,Fig1u‘e3.119.Sealevelandbarometricpressurespectraforothermonthsare similartothese.
Asseeninthedis<:ussionofthe?uxesinSec.3.1,therhangesinsea levelhavean almostimmediate(‘fleeton theflowsinthestrait.ResultsfromtwocruisesofBiliminthe
BosphonisduringOctober1993furtherillustratethisfact.Figure3.120showstheADCPensembleloeationsandFigure3.121thevelocitypro?lesattheselocations.Tosavespace.onlythe?rsttwentyensemblesare shown.Thesea level(liflereneewasabout-10cm

(southernendofthestraithigher)atthetime.AsseeninFigure3.121theupperlayerisblocked,anda northerly?owwitha speedofabout100cm./sprevailsi11thestrait.Thesecondsurveywase.arrie<,lout(:11October28,whenthesealevel(liHe1'e11eewasabout50cm. Theensemblelocationsforthissurveyare showninFigure3.122andthevelocitypro?lesinFigure3.123,Itisseenthattheflowistothesouthandthelowerlayercanbe
distinguishedonlyatthesouthernendofthestrait.Itisworthmentioningthatthewindinbothsurveyswasfromthenortheastwitha speedof3- 5m./s.
Thecloserelationbetweenthevelocitiesandthesea level(lil'lei‘e11c(‘,andtheunsteadynatureofthesea leveldifferenceimplyan unsteady?owsituationinthestrait.The
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(loiliiiizuit,pvlimlinthes1)m't,1'2i,12/1,1‘,isaboutthoSilllll?as thr‘tilnetalioiitocompletea‘survoywhvni11cu111'ii1g_'l'l11X(,‘Si11thvstrait.ThustliefhlxosE14tsoctiolisnicasurcdseveralliourszipzlrtmayinfartlw(luvtoquit(‘rlifl(-roiit?owsitlmtiolis.
3.4Conclusions
Thvl21‘1'g<'u111111)<-1'ofi11('::s11n'xit,softhvflowsinLhvBnspliorllsun<1v1‘vu1'i0us(3()11(lll.l011Slizwvshownthattheflowsinthost,1'2:itnrvi11EL('011tin011sstateofa,<l_j11stn1c11tinresponsetotho(‘limigiiigson‘levvlol<'vu’r,io1isatthoendsofthestrait.Thelmttolnvelocityfromthc11l()()l'(‘.(l('u1'r<'11tlH(‘l,('l'atAl1£L(l()l11l\'2iv'n;:;;1displayslargev21‘1‘ia‘tio1iswithin21periodofSCVCI‘ELlhours.Thviiinjorp(‘1'i0(loftheo.<at'ill:\t,i011is12hours.Thesonlevelchangesare
inturn(‘lnsolyrulzmrrltotlu:i'l\l(‘t11lLtl()llSinthehzu‘0n1ct1‘icpressure?uctuations.
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CHAPTER4
ACOUSTICALBACKSCATTERMEASUREMENTS
4.1Introduction
ThewastewaterdischargedfromtheAhirkapxdiffusersformsa buoyantplumeinan en-
vironmentoftw0—laycrBosphomsstrati?cationandcurrents.Becausethewastewatercontainsparticulateinaterialandhasa (liffe1’e11tdensityfromtheenvironment,acousticalbackscatterfromtheplumecanbedetectedwithrelativelyhighsignalstrength.
Thewastewaterisessentiallyland—<lerivedwastesinfreshwater.ThereforeitistypicallywarmerandlesssalinethantheambientwatersoftheBosphorus.TheMediterraneanwaterintheBosphoruslowerlayernear thedischargeoutfallhasconstanttemperatureandsalinityof~14.5°Cand~3S.5respectively,whiletl1eupperlayerBlackSeawatershavesalinityof~ 20andtemperaturewhicl1varieswithdepthandthetimeoftheyear.
Thebehaviourofthe.wastewaterplumeintheBosphorusenvironmentisquitecomplicatedas a resultofthetwo—layc~rstrati?cation,therapidcurrents?owingi11oppositedirectionsineachlayer,theirtransversevariations,andtheturbulenceandentrainmentprocessesintheambientwaters.Thewastewaterisinjectedfrom22diffuserportsoneacliofthetwo
pipelineslocatedina depthrangeof40~ 60171..ThepresenceofthewatersoftheGoldenHorn(theHalig)as a subsidiaryoftheBosphomschannel,andthebottomtopographyofthedeepchannelatthe(lifhisersiteandthesouthernBosphorussillarefactorscausingadditionalcomplications.Thenumerousplumesfromthemultipleportscombinetoyielda linesourceofplume—lilcebehaviourinthefar—?eld.Theplumetypicallyrisesduetoitsbuoyancyinthelowerlayer,andbecomesarrestedattheinterfacebetweentheupperandlowerlayersoftheBosphorus,buttheswiftundercurrentsbendtheplumetoalignitwiththeinterfacealongtheBosphorus.
Becauseofthecomplexdynamicalregimesofthetwolayersystem,in—situmeasure-
mentsduringvariableoceanograplrieconditionsindicatedifferenttypesofbehaviourofthewastewatcrplume.Thesamplingproblemcontributestothedifficultiesofplumeob-servations.Althoughthcplumehasthreedimensionalstructure,theshipobservationscanonlybemadealongtransectscuttingthroughthisstructure.Furthermore,thepump~ingconditions(thenumberofpumpsandpipelinesoperating)ata particulartimealsoinfluencetheobservedplumeproperties.
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4.2Methodology
TheTSKTAlurkapisewageout?owplumeinthevicinityoftl1ediffuserswasdetectedwiththe30KHztransduceroftheJMCechosounderandthe150KHZADCPtransduceron boardtheR/VBTLTM.Acousticsignalemittedfromthetransducersare scatteredbysuspendedmatterinthewatercolumn.Becausethewastewatercontainsparticulatemateriala11dhasa (liffe1‘(~11tdensityfromtheenvirolnnent,acousticalbaekscatterfromtheplumecan bedetectedwithrelativelyhighsignalstrength.
The150KH2vesselmountedacousticDopplercurrentpro?leronboardtheR/VBTLTMisanaccurateinstrumentthatcanbeusedtomeasurebackscatterfromunderwatersources.
TheADCPmcasiuestheintensityofthescatteredsignal(echointensity)fromsuspendedparticulatesrelativetotheemittedsignal,andthusallowsthecalculationoftheabsolutebackscattcrinthewater(‘.0ll11l111.
Duringthebackscattcrmcasurcnients,theADCPwassetuptosampleata maximumof100binsat1m depthintervals,2in blankaftertransmit,anda 10s averagingintervals.
Obtainingthebackscatterfromtheechointensitydatarequirescarefulcalibration,usedtoeliininatethermalnoisearisingfromthetemperaturevariationsintheADCPelectronicsandthetransducer.Thecalibrationproceduredescribedbythemanufacturerwasuti-lized.TocalculatethebackscattersignalstrengthfromADCP’sEchoIntensityvalues,the
followingprocedure.wasfollowed:
1)ThenoiseleveloftheEchoIntensitycountsisde?nedbyapplyingcalibrationtotheADCPrecords.Thiscalibrationwas donetodeterminethenoiseintheADCPEcho
Intensityrecords,whichcouldresultfromthevessel’sengine,thestabilityofpowersuppliedtoinstrument,etc.

2)Thenoisecountsweresubtractedfromallotherechointensitycountsinthewater
columnforeachpro?le.
3)Duetothevariationsinthesoundvelocityinthewatercolumn,soundvelocitydataobtainedfromCTDpro?lingare usedtoaccountfortherange—dependentattenuationand
geometricspreadingoftheacousticbeams.
4)Thecorrectedechointensitycountswereconvertedtobackscatterpower((113)usingthe
proceduregivenbythemanufactrer.
4.3PlumeObservations
Acousticbackscatterinthediffuserregionwas measuredduringa numberofdifferent
surveyscorrespondingtothedifferentdynamicalregimesoftheBosphorus.Thebest
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measurementswithclearseparationfrombackgroundnoisewereobtainedduring18May1992and4March1993.DuringthesedatesthelSKlpretreatmentplantwasinstructedtopumpwastewaterata maximumratepossibleforthecurrentoperatingconditions,andthereforethreepumpswereoperatingduringthetimeofmeasurements,witha totaldischargeofQ= 7.577135“.Duetothehighlevelsofparticulatematerialinthedischarge,a welldefinedphunestructurecouldbeobservedduringthesurveys.Ontheotherhand,therewereplentyofmeasurementsfromtheotherdates,butthesewageout?owplumewasveryweakduringthenormaloperatingconditions(onepump)henceplumestructurecouldnotbedetectedbyADCPmeasurements.
ThegenerallayoutofthediffuserintheAlnrkapiregion,showingitsdepthpro?leandplanvieware indicatedinFigure4.1.Thebackscattermeasurementsweredoneacross
thisdiffuserstartingfromsoutherpartofitandthetransectscontinuetilltheplumewasdisappeared011theJMCechosounderrecords.TheshiptracksalongthreeseparatemeasimementsduringMay1902andthepositionofthepipelinearepresentedinFigure4.2.TheshiptrackduringtheMarch1093casewassimilar.
4.3.1PlumeAcousticBackscattcrrluri11,_q18May1992
Priortotheplumemeasurements,thecurrentsregimeandhydrographyoftheBosphoruswereinvestigatedbyADCPandCTDmeasurementsalongthestrait.Verticalpro?lesofthe.velocityvectoratstationsalongtheBosphorusarepresentedinFigure4.3.Highvelocitiesreaching100cm/sare indicatedintheupperlayer,whilethecurrentsinthelowerlayerweresmaller,withan averageof20cm/s.
InordertopresenttheacousticalbackscattcrstrengthoftheAhirkapisewageout?owplume,threeseparatetransects(H1—H3,Figure4.2)weremadeacrossthediffuserpipelinestartingfromthesouthoftherliiliisex‘,repeatedeachtimeatcliHe1‘e11tdistancesfromtheshore.Contourplotsofabsoluteacousticbackscatter,andthecorrespondingechosounderrecordsalongthesametransectsarepresentedinFigures4.4~ 4.6respectivelyforeachcase.AcousticalbackscattersignalstrengthisplottedindBunits.
Alongthedeepestsection(Figure4.4),roughlyalongthetipofthediffuserpipeline(locatedina.bottomtrough),theplumerisewaslimitedtoabout20m abovethebottomanditdidnotreachthepycnocline.Thelowerlayercurrentsbenttheplumenorthward,forcingittomoveparalleltothebottom.Rapiddecreaseisseenintheplumebackscatterina
distanceof~500m. Theechosounderrecord(Figure4.41))indicatedthemainpartoftheplumebodytobebentparalleltotheground,thoughthereweresomeparticlesrisingsteadilytowardstheinterface.
Incontrasttotheobservationsinthedeepestpartofthedischarge,thetransectalongthe111id—depthregion(Figure4.5a,b)showe(lthattheplumerosecontinuouslyandbecame

_4,3_



arrestedatthepycnoclinelevelbyforminga mushroomlikestructure.Theplumeoccurs
intheformofa concentratedpatchofturbidwaterroughly150m wide,30m longand
slightlyinclinedtothenorth.Thisthreedimensionalstructureoftheplumewasprobablyassociatedwiththelocationsofdiffuserportsandtheweakerlowerlayercurrentsclosertotheshoreinthispart.
Alongtheshallownearshoretransect(Figure4.Ga,b),theplumewasintouchwitl1the
pycnocline.Althougha continuousregionofbackscatterappearstoconnecttheplumeintotheupperlayer,itisnotclearthatallofthisbackscatterisduetowastewatercomingfromthediffusers.
Firstly,a layerofincreasedbackscattcrwithintheupperlayerina depthrangeof10—20
m isevidentintheabove?gures.Thismaximumcouldbeassociatedwiththeparticulatestransportedintheupperlayer,andthetextureintheimageofthislayerintheechosounder
recordsisreminiscentofbillowsassociatedwithinterfacialmixingprocesses.Secondly,the
backscatterfromthislayeroccursbothupstreamanddownstreamoftheplume,suggestingthatthesescattererscouldhaveoriginatedfroma sourceotherthanthewastewaterplume.
However,theuncertaintiesintheseresultsdonotexcludeentrainmentoftheplumeinto
theupperlayer.Theentrainmentofthelowerlayerwatersintotheupperlayerisa well-
knownprocess,andthelargestrelativecontributiontoentrainmentoccursinthewaters
ofthesouthernBosphoms,(hietodissipativehydraulicsinthesameregion(ézsoyct(LL,1986)
4.3.2PlmncAcousticBtic}.;.vcm‘.i‘,errliiring4March1993
Duringthecruisein4March1993,itwasobservedthatthe.HowofBlackSeawaterwas
blockedduringashortperiod(ChaTpter3).Thereforethesewageout?owduringbackscatter
measurementscorrespondedtooneoftheratherrare conditionsoftheBosphorustwolayercurrentsystem.Thisextremeregimewasohservcdonlyduringthe4March1993andin
thefollowingdaysthesystemrecoveredtonormalconditions,andlater,thelowerlayerwasblockedduringthedyeexperiment(Chapter3).
Thenorth-southandcast—westcomponentsofthevelocityalongthetransectstartingfromthesouthofthediffuserpipelineandcontinuingnorthareplottedinFigure4.7.This
transectapproximatelyfollowsthesamerouteas H1inFigure4.2.Thesoutherly?owingpartoftheupperlayerwasconfinedtotheupper5mofthewatercolumnandrestofthe
watercolumnwas?owingtowardsnorth.Thenortherlyvelocitieswereincreasingwith
depthtoreacha.maximumof70-80cm./::nearthebottom.Thehighdegreeofvertical
mixingduringconditionsofhlockingoftheupperlayer?oware evidentinthevertical
pro?lesofdensityatstation130(Figure4.8).
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TheechosounderandabsolutebackscatterlneasurcmentscorrespondingtoFigure4.7are
giveninFigures4.92:.and4.91),respectively.IncontrasttotheMay1992observations,a strongpycnoelinecouldnotbedetectedbytheacousticbackseattermeasurements,as
con?rmedbytheCTDdata.Theplumerisewascontinuous,withslightbendingduetothelowerlayercurrents,buttheechosounderrecordsdidnotindicatewl1etl1ertheriseinfactreachedthesurface.Itseemsthattheupper10m layeroflowdensitywaterpreventedtheplumerisereachingtothesurface,sincea maxiinunlinbackscatterisobservedat10m depth,slightlynorthofthediffuser,wherethematerialfromthediffusermayl1avereached.
4.4Conclusions
Theobservationsindicatethattheoutfallplumehasdifferentstructureanddilutionalongvarioussectionsacrossthecliffiisers,implyingtheeffectsofbottomtopographyandhori-zontalvariabilityon theBosphoruscurrentsystema11dmixingprocesses.Itisalsonotedthatthelevelofvariabilityobservedonlyina limitednumberofmeasurementsispro-hibitivelylargeforassessmentsofwastewatermixinganddispersionbasedon acousticimprints.
TheabovetwoexperimentsdemonstratethatthedynamicsoftheBosphoruscurrent
regimehassigni?cantinfluenceon themixinganddispersionoftheAhlrkapisewageout-?ow.Inmostcases,theplumeriseisarrestedbytheexistingstratification.Althoughthestrati?cationinthesouthernBosphorusisweakenedbythedissipativeverticalmixingInechanisnis,itseems tobesufficientlystrongtotraptheeffluentsatdepthsbelowthe
upperlayer.
Mostrigorousmixinginthesalinitystructureandthehighestplumerisewasobservedduringconditionsofblockingoftheupperlayer?ow,inwhichcasethesewageout?owplumecanrisetoreachdepthsveryclosetothesurface.However,sincethetypicalupperlayerblockingeaseslastfora shorttimeperiod(c.gone day),theeffectsoftheef?uententrainmentarelimited011a.longtermbasis.
ItshouldbenotedthatalloftheabovemeasurementswerecarriedoutWhilethethree
pumpsoftheYenikapidiscliargestationwereoperating.ThiswasrequestedfromlSKl,tobeabletotestthemostcriticalconditions.Duringthenormaloperatingconditionsusingonlyoneor twopumps,theplumerisewasevenmorelimited,andoftendidnotreachtheinterface,as oftenshownbyechosounderobservationsduringourvariouscruisesinthearea.



CHAPTER5
RHODAMINE-BDYETRACINGEXPERIMENTS

5.1ThelSKlWastewaterDisposalSystemandtheAlnrkaplMarineOutfall
ThelSl\'lWastewaterDisposalSystemwasdesignedintheearlierdecades(DAMOC1971,GunnersonandOztllrgllt,1974,Gunnerson,1974),aroundtheideaofdischargingthewastesintotheBosphorusuntlercurrent,consideredas a viableoptionundertheexistingenvironmentalconstraints.Beinga cityofimmensepopulationanda largegrowthratelocatedina criticalarea oftheTurlcishStraitsSystem,tl1ewastewaterdisposaloptionfortl1ecityoflstanhulwasdevelopedforthefirsttime,withoutthebene?tofa previ-o11slyexistingsystem.Thesystemconsistsofvariouscollectorsandunderwaterdiffuserdischarges(Figure5.1)whicharepartlybuilt,andpartlyare beingcontinuedtol)ebuilt.TheAlnrkapidiffuserdiscliargeisthecurrentlyoperatingsystemwhichdischargesthewastewatercollectedattheYenikapipre—treat1nentplantdirectlyintothelowerlayerflowoftheBosphorusatitssourthernend.
Dyetracingexperimentswerecarriedouttoevaluatetheperformanceofthewastedisposalsystemanditseffectsinthemarineenviromnent.DyeinjectionwasmadeattheYenikapipre—treat1n<~ntplant(Figure5.2),forthepurposeoftracingitsoutputalongtheBosphorustodeterminethedilutionratesandtheoveralleffectsinthesurfaceandbottomwatersdiningnormalandextremeconditionsofflow.
5.2DyeTracingExperimentDesign
ThedyetracingexperimentwasdesignedtomeasureconcentrationsofRho(lamine—l3dyeas a markerforthewaste(liscliargcswithinthewatersoftheBosphorusandtheadjacentareas.

Sincethedyeexperimentdidnothavea precedentinthearea,andduetothefactthatveryfewRl1oda1nine—Btracerexperimentshavebeenperformedtodateata similarscale,andunderconditionsofswiftcurrentssuchas intheBosphorus,therewaslimitedforesighttoestimatethemodesandquantitiesofdyeinjection,andtoensurethesuccessofthemeasurementstrategieswithregardtodetectabilitya.ndsamplingfrequency.Anexampleofa dyetracingexperimentcoveringportionofa largeestuary(northernCheasapeakeBay)isdescribedinTyler(1984),inan environmentofcurrentvelocitiesan orderof
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magnitudesmallerthantheBosphorus.InthecaseoftheBosphorus,withcurrentspeedson theorderof1m/secineitherdirection,itwasrealisedattheoutsetthatthedirectmeasurementoftracerswouldrequirespecialteclmiquesandarrangementstosolvethelogisticsofsampling.Itseemednecessarythatmore thanone shipwouldhavetobeinvolved,andthe?uorescencemeasurementsherecordedcontinuouslyandwithpropersynchronizationwiththeothermeasurements.Thiswasmadepossiblewiththeuseof111oder11oceanographicinstriunentsandaccurateshippositioningobtaine(landrecorded
simultaneouslywiththemeasurements.
Evenwiththequestionsonlogisticsofsamplingsolved,inevitably,wewouldhavetosearchfortracequantitiesofdyeunderunlikelyconditions.Moreover,themagnitude—andthe
expense—oftheoperationwouldbesuchthatallcomponentswouldhavetoproceedsmoothlyoncetheexperimenthadstarted.Itwasthereforeessentialfortheeventualsuccessofthedyetracerexperimenttoexpendconsiderableefforti11ensuringthatthepropertiesofthetracerandofitsmixturewiththeAlnrkapiwastewerewellunderstoodunderallcircumstances.
Initially,twodifl"erentdyereleaseexperimentswereconsidered.Oneofthetwosetsofmeas1u'ementswasdesignedtobemadefollowingan instantaneousrelease,andtheother
duringa continuousrelease.Theadvantageofa11instantaneousreleaseisthesmalleramountofdyerequired,thoughitismoredifficulttofollowthedyepatch.Ontheother
hand,a continuousreleaseiseasiertofollow,butitrequireslargeamountofdye.Forafirsttime,wedecidedtocarryoutbothtypesofexperimentsinAugust—September1992.
Basedon theresultsofthefirstexperiment,twootherexperimentswereperformedduringMarch1993andDecember1993,duringwhichonlyinstantaneousreleasesweremade.ThesetwoexperimentsweredesignedtocapturethefeaturesofdyedispersionduringextremeeventsofupperandlowerlayerblockingintheBosphorus,asdescribedinChapter2.Theoccurrenceoftheseeventsareofa transientnature,andoftencannotbepredicted,althoughthereisonlya seasonalexpectationofoccurrencebasedonthe.seasonalvariationofthenetfluxesandofthefavorablewindconditions.Wethereforewaitedfortheseconditionstooccurbasedon ourexperiencegainedfromearliermeasureinentprograms.011theotherhand,evenwhenexpectationsare high,itisusuallya difficultproblemoflogisticstoorganizea dyetracingexperimentatthecorrectmoment.However,our
experience,supportedbyanalysesofdailyweathermapsetc.,didnotfailus,andwe
wereabletomakedyereleaseexperimentsduringtheextremeevents.TheconditionsforlowerlayerblockingdevelopedduringMarch1993,b11ttheseconditionschangedrapidlyduringtheexperiinent.IntheexperimentofDecember1993,theupperlayer?owoftheBosphoruswasblocked;infactthiswasthemostextremetransienteventthatweobservedtodate,withtheupperlayerwatersofBlackSeaorigintemporarilypushedbackasfaras
the.northernentranceoftheBosphorus,butrapidlyrecoveredinthenextdayasthefrontadvancedsouthtowardstheconstrictionareainthesouthernBosphorus.



Themainobjectivesofdyetracingexperimentsweretodeterminethemaximumlevelofcontaimanantsreachedinthesurfacelayers,andtoquantifytherespectiveamountstransportedtotheMarmaraandtheBlackSeaas a resultofwastedischargesfromthediffusersourcelocatednear thesouthernendoftheBosphorusintlielowerlayeroftheexchangeflows.TheRhodaminedyesimulatedthespreadofwastewatersinceitwasinsolutionwithit.ThebulkofthedyemasswasexpectedtomovetowardstheBlackSeawiththelowerlayer.Ontheotherhand,anydyethatbecomesentrainedintotheupperlayerwouldmovetowardstheMar1naraSea.Thisrequiredatleasttwoplatforms(ships)tofollowthedyepatchesmovinginoppositedirectionstowardstheadjacentseas. OneoftheshipswastheR/VBILIMoftheInstituteofMarineSciences,MiddleEastTechnicalUniversity.TheothershipwastheR/VARABoftheInstituteofMarineSciencesandGeography,IstanbulUniversity.
Thetwoo(‘eanog1'apl1ieshipswereequippedwithCTDsystems(Seabird911Plus)withon—board?uerometers(ChelseaInstrumentsAquatrackaIII)interfacedtothesesystems.TheR/VBILIMhadalsoa lighttransn1isso1neterformeasuringsuspendedparticulatesduringthe?rstexperiment,alsoonboardtheCTD,anda rosettesystemcoupledtoittocollectwatersamples.OntheR/VBILIMthevessel—mountcdacousticDopplercurrentpro?ler(ADCP)wasalsousedforthe.collectionofcurrentdata.
Athirdplatform,the‘MURATREIS’,whichwasactuallya smallboatliircdfortl1estudy,hadanotherf‘luorometrysystem(Navitronics)poweredbya generator,andwaschargedwithliaisondutybetweenthemovingdyepatchandthesl1ips:,i.e.itwouldtravelaheadofR/VBILIMtodetectthepresenceor absenceofdyeata particularsectionalongtheBosphorus,or staybehindandlneasurethedecayofdyeata particularpoint.Itwasusedinbothways,andalsoforineasiuingdyeinhardtoreachareassuchas theGoldenHorn.
InthelastexperimentduringDeccinber1993,onlyoneship,theR/VBILIM,wasusedforsurveyingtheBosphorusregion,becausewedidnotexpectsurfacewatereffectsiiitheMarmaraSeaduringupperlayerblockedconditions.
Theoperationrequiredcarefulplanning,andcalibrationbeforetheexperiments.Thespeci?coperatingconditionsintheBosphorus,(i.c.heavyshiptra?ic,fastcurrents,andmaneouveringoftheshipeithertoattempttostay?xedata station,withinstrumentslowered,or duringtransectsacrosstheStraitperpendiculartothetraffic)requiredgoodcommunicationbetweenthescienti?ccrewandthebridge,andskillfulhandlingoftherequestsbythecaptainandthecrew.Furthermoretheseveresamplingproblem,i.e.therapidtraveltimeofthedyepatchanditsnonuniformdistribution,requiredcarefultimingfortheshiptomovefromonestationtothenext.
BecausethetransittimeofthedyethroughtheBosphorusisrelativelyshort(aboutone
day),logisticsinsamplingwasofcriticalimportance.Assuminga lowerlayercurrent

-5.5’-



speedof0.3—1.0m/s,we?ndthetransittimeofthecentroidtobe0.5—1.5days.The
requirementto?nishallofthedetailedmeasurementsduringsucha shorttimeperiod,despitethevariouscomplicationsduetotrafficandshipoperations,requireda specialsamplingstrategyas follows:
AttheinitialmomentsofthedyereleasefromtheAhirkapidiffusers,weattemptedtotake
samplesinthesourceregion.Usually,whentwoshipswerepresent,bothshipsoccupiedstationsinthesourceregionatthesametime,takingrepeatedsamplesintl1enearfield
ofthediffusers.Evenwiththesemanyattempts,thesamplingofthedyewasintermittent
becauseofthethree—dimensionalandirregulargeometryofthe(lyeplumesissuingfrom
the1nulti—portdi1‘l'usersinthesourceregion.Thetotaltimewecouldallocateforsuch
samplingwas shortbecausethelengthoftimeforthedyeissuingfromdiffusersduringinstantaneousdischargeswason t11eorderof10—30min,andtheshipshadtomoveto
theothersamplingpositionsalongtheBosphorusandMarmaratofollowthe.dyeclouds.
AftersamplinginthesourceregiontheR/VBlLlMmovedtotheBosphoruswhereit
occupiedstationsalongtheStrait,andtheR/VARARmovedtotheMarmaraSeawhere
itoccupiedstationsintheexitregion.Therewerethreetypesofmeasurementsinthe
Bosphoms:
AtregularstationsalongtheBosphorus,thepro?lesoftelnperature,salinity,lighttrans-
missionand?uorescencewereobtainedwiththeCTD/?uorometersystem,an(lthecurrent
velocitypro?lewasobtainedwiththeshipboardADCPsystem.Forthistypeofmeasure-
ments,manystationswereoccupiedalongtheStrait,ateveryopportunityofsampling.Thesmallboatequippedwitha separatefluorometerguidedthesampling,byissuingreportsabouttheabsenceor presenceofdyealongtheBosphorusatrlifferenttimes.
Therewereotherstationsoccupiedas theshipdriftedslowlyacrosstheBosphorus,which
wereusedfor?uxcalculations.Duringsuchcross-sectionalsampling,theADCPpro?lerwas run continuouslytocollectaveragedvelocitypro?ledataatveryshortintervalsof
30—60s alongtheshipcourse,andtheCTDpro?lerwasloweredandraisedatfew(upto4)stationsacrossthechannel.ThecurrentandCTDpro?leswerelatermatchedin
timeandhori'/ontalpositioning,tointegrateconcentrationsandnormalvelocityacrossthe
cross~sectiontocalculatethe.fluxesof(lyeandwater.Itwa.sessentialtodeterminestrate-
gicallocationsforthesecross—sections,i.c.,strongcurrents,regularchannelbathymetry,relativelysmallareas ofshallowdepthon ?anks,straightchannelgeometry,etc.Good
examplesofsueli(:ross»sectionsoccur nearStaionsB5,B8,B14,1315,buttrafficandop-
erationslimitationssuchas atthenarrowB8sectioncanbeconstraining.
Inadditiontothese,continuousmonitoringwasconsideredatsomecross~sections,tobe
abletocalculatethetotal(lye?uxalongtheBosphorus,byintegratingintimethere-

peatedm<-asurementsofthedye?ux.Byaddingthe?uxesovertime,thenetamount
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ofdyepassingthrougha particularstationcan bedetermined.Comparisonoftheinte-grated(lyemasswitlitheinjectedmasscreatesa possibilitytojudgetl1eefficiencyofthedisposalsystemintransportingthewastestotheBlackSea.Thestrategyforthistypeofineasurementswasscverlylimitedbyphysicalfacts:Firstly,thetotaltimeforthedyecloudtopassa particularlocationwason theorderofseveralhours,andincreasedwiththecoefficientoflongitudinaldispersionandwithdista.n<‘efromthesource.Forexample,theestimatesfortheapproxin1ate(lurationofdyepassage(Section5.6)wasabout6hrforstationB5(7.5kmdownstreamofthesource),and12hrforstationB15(28km)nearthenorthernentrance.011theotherhand,sincethewholeoperationwaslimitedbythetotaltimeavailableforthedifferentmeas1u'enu:uts,wecouldnotdototal?uxmeasurementsatmoretl1anonesection.ItwasdecidedthatsuchmeasurementscouldfeasiblybedoneatsectionB5alone.
5.3TheUseofRl1odan1ine—BDyeas Tracer
Fluorescentdyesare frequentlyusedas tracersinmarinedispersion/diffusionstudiesbecausetheyare watersoluble,relativelyharmlessandmaybedetectedinsea waterinextremelylowconcentrationsbymoderninstriunents.InrecentyearstherehavebeenmanyexamplesoftheassayingofRhodamincdyebydedicatedinsitu?uorometersforthepurposeofquantifyingdispersioncoefficielits,verifyingmodelsofturbulentdiffusionanddeterminingthemixingofmarinewaters.
Accordingtotheliterature(c._q.Wilson,1968),thegreatestadvantageofusingRhodamine—Bas a tracerdyeisitshighdetectibility.Ontheotherhand,itsadsorptiononsolidsisadisadvantage,andRhodn.mine—Binaceticacidsolutionisofmoderateadsorptivetendency.ThewaterqualityparameterswhichaffectRhodamine?uorescencearetemperature,totalsuspendedsolids,chlorine,photochemicaldecayandpH.
Weperformeda limitedamountoflaboratorystudiesontheRhodarninedyesbeforeplan-ningthetracingexperiments.The?uorescencebehaviourofthedyesolutionswasex—
aminedusinga HitachiF3000spectro?uorometer.Theexperimentswereperformedon
twosamplesofRhodaminedye;pureRhodamine—Bwhichispoorlysolubleinwater,andRho(la1nine—B,a technicaldyesuppliedina 40%solutioninaceticacid.Theseresults,to-getherwiththespeci?cationoftheAlnrlcapldischargewereusedinplanningthequantitiesofRhodamineneededfortracerdyeexperinients.
TheoutstandingpropertyofRhodamincdyeisitsstrong?uorescence,thewavelengthscorrespondingtomaximumexcitationandemission(uncorrected)being554nmand574nmrespectively(Figure5.3).Thesewavelengthsaretolcrablyclosetothoseatwhich?avins(500»550nm)andchlorophylls(G00—6G0nm.)?uoresceinseawaterand,thededicatedinsitu?uorometerssuppliedbyChelseaInstrumentshavinga widebandpass,emphasizethe



needforcarefulbaclcgroundincasurementstobeavailablebeforethe?uorescenceoftrace
quantitiesofR,l1<:da1nineinseawaterisassessed.
Laboratoryexperimentsshowedthatneithersea water,samplesofAlnrkapiwastewater
noraceticacidelrangedthemaximumexcitationor emissionwavelengthsofRhodamine
dyesiTheintensityofemissionwas affected—thustechnicalRhodaminedissolvedin
aceticacid?uoreseedapproximately50%morethansimilarsolutionsdissolvedinwater.
However,whensolutionsweredilutedwithMediterraneansea watertoconcentrationsof
ppl)(orlowppm)levels,reproducibleresultswerealwaysobtained,thelimitofdetection
beingoftheorderof0.01ppbofPtliodamine.
Atthepp!)level,?uorescencebyRhodaminewasdirectlyproportionaltoitsconcentration
butathigherconcentrationstherelationshipwasnon-linear.Finally,whentheconcentra-
tionisincreasedbeyonda saturationlimitthesensitivityofthe?uorescencemeasurement
cliangessign,andtendstozero atveryhighconcentrations(Figure5.4).Thisareaof
negativeinstrumentsensitivityisbeyondthetypicalrangeofmea.s1u‘ementsinthemarine
e11viro111nent.However,theinitialconceiitrationsofdyeduringinjectionintothewastew—
atertanksareoftenwithinthisrangeofnonlinearbehaviour,andmeasurementscanonlybeobtainedbydilutionofthesamples.
TheR,hoda1nine—Bdyetypicallyadhereson particulatematerial,especiallyatthehighconcentrations.Inthepresentcaseofitsinjectionintowastewater,itisthereforeinherent
thatthedyeisadsorbedontothesuspendedloadpresentinthewastewater.
Theadsorptionon solidsurfacesofmaterialsinsolutioncan berepresentedbytheLang-muirrelationship:

m.,, m,, ozc
m_., 11:, 1+ac’m(11'

oralternativelybytheFreundlichrelationship:
77),

J)____kcl/H7m,

where717,,isthemassofmaterialzulsorbed,msisthemassofsolidonwhichadsorptiontakesplace,it istheconcentrationofmateriali11solution,andA0_=_(171,,/n1._,),,,”,or,k,andn (n>1)are constants(Shaw,1991).



Wenotethatthefirstformulationleadstoa saturationlevel(rm,/m_,),,,a,.1:whenc -4 oo,wherasthesecondformulationleadstoa monotonousincreaseofrelativeadsorptionwithin(‘1‘easing('oneentrati<)11.
Ifweconsiderthattheconcentrationenof(lyeinitiallypresentinsolutionwillbeabsorbedon solidparticlesinwastewaterwitha concentrationofc,E 1n,/V(Visa ?xedvolumeofthesolution),therewillhea lossofdyeofconcentrationC5E mu/V,yieldinga residualdyeconcentrationofcl,i.e.:

co—C5= 61.

UsingtheLangmuirtypeofformulation,andtl1eabovede?nitions,weobtain
oze,c,,
"1+ac,,’

whichindicatesthatthedyelossduetoadsorptionisproportionaltothesuspendedsolidconcentrationinthewastewater,aswellasthedyeconcentration.Itisalsonotedthatthedependenceon rlyecolieentrationvanisliesatlargeco(saturation).Infact,theratioofadsorbeddyetoinitialeoneeiitration(eg/c,,)isan inversefunctionofthe(lyeconcentrationcan
TheratioofresidualtoinitialdyeConcentration(theratioofdyereductionduetoadsorp-tion)isthen '

(cl)_ 1+nr(Q,—Anew)ca 1+M2,,

Theratio(cl/ea)<1andapproaches~ 1—Auacmforlargeconcentrationsofsuspendedsolids.
Incontrasttothesimplerepresentationsabove,theactualadsorptionprocessisexpectedtobemuchmorecomplicated.ThemultiplespeciesofsolidmaterialWitl1(li?erentsizedist1'il)utionandsurfacefeatures,andthechenlicalsorptioneffects(cheinisorption)wouldcertainlyheimportantintheeaseofRhodainiuedyeadsorptionbylSKlwastewater.
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TheadsorptionofRliodaniinebytheparticleswasstudiedinthelaboratory.Only~0.5%ofpureRl1oda1nine~BwasadsorbedbythewastesbuttechnicalRhodamine,readilysoluble
inaceticacid,wasstronglyadsorbed,thefractionadsorbed—whichcouldreadilyamountto
25%butwhichdependsonthenatureoftheadsorbingsolid—beingdirectlyproportionalto
theconcentrationofRhodamineinsolution.TominimiseadsorptionandlossofRhodainine
itisclearlynecessarytouseverydilutesolutionsatalltimes.
LaboratoryexperimentswithlSKiwastewatercollectedfromtl1epretreatmentplantshoweda highpercentageoflossduetoadsorptionbyparticulates(Figure5.5).Com-
putationsbasedon theaboveineasureinentsindicatea adsorbancereductionratioof
(cl/cu)= 0.25—0.6.
Theaboveexperimentsweredonewitha fewsamplesofthelSKlwastewater.Inreality,theadsorptionfactorisa functionofthesolidspresentinthewastewater,whichiswidelyvariableinthelSI\'ldischarge.Forexample,ofthe215measurementsoftotalsuspendedsolids(TSS)in<lilie1‘e11tpartsofthetreatmentplantintheperiodofJanuary- December
1990,themeanwas225my/Iwitha standarddeviationof180mg/l,a11dthemeasurements
hada.rangeof3—1100mg/I.Dependingon theinstantaneousconditions,therangeof
variabilitymaybeevenhigher,andthismeansthattheadsorptionofdyeontosuspendedsolidswouldalsochangeina widerange(lnpendingon theseconditions.
Totesttheinfluenceofparticulateconcentrationon theadsorbtion,we added0.217111)of
beaachsandtowastewatorsamplecontaining200ppmofRhodan1ine—B.Theconcentration
n1eas1u‘e(linthesolutiondecrease(lwithtime.After1/2.7‘thedyeconcentratiollinthe
centrifugedsamplereducedbya additionalfactorof0.84,andafterWaitingabout15hr
itdecreasedbya a similarfactorof0.71.Takingtheseeffectsintoconsiderationcould
furthei‘reducethe.ratioof(cl/en).
Notealsothattheconcentrationoftotalsuspendedsolidsi11thewastewaterisveryhigh,i.c.intheppm.topptrange.Similarly,theinitialRliodanxinedyeconcentrationduringinjectionintothetankisalsoveryhigh,inthe100ppm.levels(visiblyred),andimmediatelyreducesto11111)levels(seefollowingsections)intheBosphorus.Havinginititiallyhighconcentrationsofl)otl1thedyeandtheadsorbingmaterialisa situationthatcouldnot
bea,voi(ledduringtheinjectionperiodas a resultofthedetectionlimitsrequiredinthe
Bosphoms,whichcouldberesponsibleforhighratiosofdyelossatinitialtime,accordingtotheaboveestimates.
Furthertotheabovefacts,additionaladsorptionoccursduetotheContactofthedyewithsolidsurfacesintheinjectiontankandalongthedischargepipeline(oflength3.6
km)connectingthetanktothediffusers.Itisnotpossibletoquantifythesee?ects.
Consideringalloftheabovepossibilities,itwouldbereasonabletoexpectthattheactual



ratioofdyereductionbyadsorptionwouldbelessthan50%.Areasonablerangeofreductionratiowouldbe(c;/c,,)2 0.1—0.5,dependingon theinstantaneousconditions.
Additionalexperimentsweredoneon thedecayrateofRhoda1nine—Bwithtime.UndertypicalconditionsoftheBosphoruslowerlayer,whereverylittlelightpenetratesatall,thedecayrateisexpectedtobeverysmall,sincethemainreasonfordyelossduetodecayisitsdegradationbysunlight.Variousexperimentsweredoneindarkbottles,andalmostnosignofRhodaminedyedecaywasfound.
Althoughpliotoehclnicaldecayofthedyecan beneglected,theadsorptionprocesscouldcontinueafterinjection,andforreasonsthatwillbecomeclearinSections5.6and5.9,we
willneedtoincludesomeformofdecay,notonlytoaccountforthechemicalprocessesofdecay,butalsotorepresentthelossofdyefromthelowerlayeri11totheupperlayer.Thedecayofdyeischaracterizedbythedecaycoef?cientK4,whichcanberelatedtothedecaytimescale,e.g.thehalf-lifeTdofdecay,asfollows:

ln(2)T4K4=

5.4In-situFluorometryandInstrumentCalibratioiis
Twostate~of-the—artinstrumentswereusedforinsituRhoda.n1ine—B?uorescencemea-
surementson boardtheR/VBlLlMandR./VARAR.BothinstrlunentswereChelseaInstriunentsAquatrackaIIIsubmersible?uorometersinterfacedwithSeabird911PlusCTDpro?lersystems.Thedatafromthe?uorometerispassedtotheCTDsystemwhereitisdigitizedandl11(‘.l11(l€(lintothedatastreamofthepro?ler,whichisthenloggedbyspecial(Seabird)softwareon personalcomputers.Thisautornatedandhighfrequencysamplingwas1'equire(ltocollect?uorcsceilcedatasimultaneouslywithCTDdata(depth,tempcratilre,salinity),inordertolocate(lyepatcheswithaccuracyandrelativetothedistributionofseawaterphysicalproperties.
The?uoroincterswerecalibratedonboard,withstocksolutionsofR.l1oda111ine—Bdilutedtodesiredlevelsusedforrepeatedrneasuroments.Twoindependentcalibrationsweremadeforeachinstrumentwithsta.11dardsolutionsdilutedwithdistilledwaterandsea water.Intheoperatingrangethedependenceof?uorometervoltagetoconcentrationislogarithmic.Thevoltageswerethereforeconvertedtocalculated?uorescenceccas follows:
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whereV,isthemeasuredvoltagesignalbytl1efluorometerforgivenconcentration,V1,the
backgroundvalueofthe?uorometcrvoltagemeasuredwitha blank(distilledwaterwith
nodyepresent),V1the?uorometervoltagefor1ppbofconcentration.Thenormalizationwithrespectto1ppballowscalculationof(lyeconcentrationcc(lirectlyinppbunits.Sincethe?uorescenceforseawateranddistilledwaterblanks(lidnotdiffergreatly,thedistilledwaterbackgroundwas usedinthecalculations.Salinitydependentcorrectionstotheactualmeasurementsweremadelater,asdescribedinSection5.8.
Thecalibrationcurvesshowingmeasuredconcentration(withbackgroundvaluessub-tractedas indicate(labove)versussampleconcentrationaregiveninthefollowingfigures(Figures5.6—5.8).Becauseaparticular?uorometerwaspairedwitha CTDineachcruise,andas a resultofshiftsincalibrationwithtime,theinstrrunentswerere—c.alibratedatthe
beginningofeachexperiment.TheserialnumbersoftheCTDandfluorometersystems,andtheFiguresforcorrespondingcalibrationcurvesaregiveninthefollowing:

Date Ship CTDFluoromcterCalibrationSerialNr.SerialNr.Curve
Aug.—Scp.1992i3iLiM95
Aug.—Sep.1992ARAR95
1v1a,i~c1i1993 BiLiM95March1993 ARAR95
Decc1nbcr1994BiLlM95

26-0242ss/725/024Figure5.6.a
26-0243ss/725/023Figure5.6.1)25024388/725/024Figure5.7.a
20-0242ss/725/023Figure5.7.1)250243as/725/023Figure5.8

InadditiontotheChelseaInstrumentsfluorometersusedon themainships,a Navitronics?uorometerwasusedon boarda smallboattomonitorthedyepatchalongtheBosphorusanddetectitsarrivaltimeatalternativelocations.However,theperformanceofthisinstriunentwasnotverygood,andsinceitwasonlyusedfortheabovepurpose,detailsofitscalibrationarenotgiven.
5.5Dyeinjection
TheRhodaniine—l3dyewas intro(lucedattheaeratedgritremovaltanksoftheYenikapiPre«treatmentPlant(Figure5.2).Thesetanksconstitutethelastaccessiblearea beforethedishargeispumpedthroughthepipelineleadingtotheAhirkapi(li?nsers.Thereare
twoparallelpipelineseachdrivenbythreepumps.Duringnormaloperation,thepumpsare operatedaccordingtodemand,dependingon thecurrentlevelofwastewaterinthe
dischargetanks.Eachpumphasa 700kmpowerrating,supplyinga nominaldischargecapacityof3171.3/s.Anumberofpumpsmaybeoperatedoneitherorbothofthepipelinesaccordingtotherequiredvolumedischarge.
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Duringthedyereleaseexperiments,arrangementsweremadetoobtaina steadypumpingrate.Forthispurpose,onlyoneofthepipelineswasused,anda ?xednumberofpumps(oneor two)wereoperatedduringtheinjection.
Anover?owpathexists,feedingwastewatertothepipelinesbygravitywhenthepumpscannotdischargesufficientvolume.Underthoseconditionspartofthewastewatercanbedischargedtothesurfacewatersnear theYenikapipre—treatmentplant(Le.intotheMar-mara).Carewastakentoavoidsuchconditions,anddidnotoccurduringthei11jections,exceptduringthecaseoftheDecember1993experiment.
TheRhodamine~Bdyewasintheformof30lcontainersof40%solutioninaceticacid.The(lyewasdilutedtothedesiredconcentrationbyaddingittoanappropriatevolumeofwater.AconvenienttableforconversionoffrequentlyusedconcentrationunitsandtheinstrtunentrangesaregiveninAppendix1. '

Duri11gtheinstantaneousreleaseexperiments,thepretreatmenttankwas completelyblocked,thedyewasintroducedintoit,andallowedtobethoroughlymixedbytheexistingaerationmecllanism.Thetankfulofwastewaterwasthenpumpedouttothediffuser.
Duringthecontinuouspulserelease,thenecessaryamountwas?rstmixedwithwateri11asmalltankoutsidethepretreatnienttanlc,a11dthencontinuouslyfedintothepretreatmenttankata reasonablysteadyrate.

5.5.1ExperimentofA1I._qust- Scptcvnbcr1.9.92
Theinstantaneousdyereleasewasmadeon 29August,andthecontinuouspulsereleasewasmadeon 1September1992.Onlyo11epumpon oneofthepipelineswasoperated(atan approximatepumpingrateof2.01713/5),andtheotherpumpswereblocked.Similarly,thepre=treatmenttanksotherthantheoneusedforinjectingthedyewereblockedoff.The
pumpingratewasestimatedtobe27113/3underthesummerconditions.Ineithercase,thedyepatcheswerethenfollowedfortwodaysintheadjoiningwatersoftheBosphorusandMarmara.
Theinstantaneousinjectionwasstartedat11:00a.m. on 29August1992.ThedyemeasurementsintheBosphomsandtheMarmaraweremadeon 29and30August,1992.
450Iof40%solution(2180kgofpureRhodan1ine—B)wasusedintheinstantaneousre-
leasecase. Sincethetankhasa volumeof900m3filledbydyecontainingwastewaterpriortoinjection,theaverageconcentrationiscalculatedtobe200ppm,withoutaccountingforadsorption.
RepeatedmeasurementsofRl1odamine-B?uorescenceinthepretreatmenttankbeforethereleaseshowedconcentrationsof550,420,42,38,52,500,and94ppm,respectivelyin
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7randomsamples,theaverageofwhichwas242:1:236ppm.Thisiscomparableto
thecalculatedaverageconcentration,butthehighvariabilityofdyeconcentrationintlie
samplesmeasuredmakesthiscomparisonsuspect.Comparisonofthesemeasurementswith
the.inputconcentrationyieldsa.reductionfactorof2 1.2;I:1.2(i.c.a rangeof0—2.4)duetoadsorption.Sincetherearenobettermeasurementsofinitialdyeconcentration,we
assiunethata dyereductionfactorof0.2—0.6isappropriatefortheadsorptioneffects,as
discussedinSection5.3.Thisputsa largeuncertaintyinthetotalamountofmeasurable
dyereachingthesea,as willbeshowninthefollowingSections.Forpracticalpurposesthe
dyereductionratioduetoadsorptioncanbetakenas0.5,butthereisnorealjustificationforthisnumber.
Thecontinuousinjectionstartedat8:45p.1n.on 31August1992,andcontinueduntil
12:3011.11)thenextday.TheIncasurementsweremadeonthedatesof1and2September,1902.
Duringthecontinuouspulserelease,00Iof40%solution(=24kgofpureRhodamine-B)wasmixedintothetankperhour,andtheequivalentof408kgofpureRl1odamine—Bwas
introducedduringa totalperiodof17hours.VVitha dyeinjectionrateofq,-= 24kg/h,and
a pumpingrateofQ= 2.71133/s,theinitialconcentrationinthetankwouldbec,-= q,-/Q=

3.33ppm,withoutaccountingforadsorbtion.Ifan adsorptionratioof0.5wasassumed
thetankconcentrationwouldreducetoC1: D,,(:,-= 1.67ppm.Thefewmeasurements
concentrationsmadeinthepretreatmenttankwere~ 52|:0.4ppm,basedon threesamples(fartoofew)duringthedischarge.Thiswouldimplya dyeincreaseratherthana dyereductionduetoadsorption;andtlierelorewedonotrelyontheseineasurementsandtake
anadsorptionratioofD“= 0.5as inthepreviouscase.

5.5.2EzprzrhncntofMarch19.9.7
Theinstantaneousinjectionwas startedaround7:30am. on 5March1993.ThedyemeasurementsintheBosphorusan(ltheMarmaraweremadeduing5—7March1993.
Althoughthedye.waspumpedthrougha singlepipeline,twopumpswereoperated(eachworkingatthemaximumpumpingrateof3.01713/.9).
780Iof40"/6solution(=312kgofpureR.l1oda1ni1ie~l3)wasusedintheinstantaneous
release.Thedyewasdilutedintwoaerationtankseachhavinga volumeofG00m3.The
meanconcentrationinthetanksiscalculatedtobe~ 2G0ppm.,11ot‘accountingforad-
sorptioneffects.Concentra.tio11ineasurementswereobtainedat?vepointsalongeachof
thetwotanksbeforepumping.Thesemeasurementsyielded611,317,228,58and28
ppminthefirsttank,and301,357,285,122and65ppminthesecondtankrespectively,indicatinginhomogeneousdistributionofthedyeinthetanks.Thisyieldsan averageconcentrationof243i 1821211777.inthetanks.Comparisonofthesemeasurementswiththe
inputconcentrationyieldsa reductionfactorof’_‘:0.93:t0.70(1116toadsorption.
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5.5..7ExperimentofDecember19.93
Theinstantaneousinjectionwasstartedaround7:30a.m. on 18December1993.thedyemeas1u‘ementsintheBosphorusandtheMarmaraweremadeduring18- 19December1993.Onepumpwasusedfordischargingthedyethrougha singlepipeline,as inthecase
oftheAugust—September1002experiments.
780Iof40%solution(:312lcgofpureR,l1odamine—l3)wasusedintheinstantaneousrelease.Thedyewas dilutedinone aerationtankwitha volumeof9007713.Themean
concentrationinthetanksiscalculatedtobe~ 345ppm.Repeatedconcentrationmeasure-
mentsinthetankbeforepumpingyielded83,85,70,78and39ppmrespectively,yieldinganaverageconcentrationof72:1:10ppmobtainedfromthe5samples.Comparisonofthesemeasurementswiththeinputconcentrationyieldsa reductionfactorof'10.21:l:0.06duetoa.(lS01‘pti<)l1.
Duringthisexperiment,someofthedyepreparedintheaerationtankescapedbygravityover?owintothesurfacewatersoftheSeaofMarmara.Theexactamountofthedyethatescapedisnotknown.
5.6PredictionsandSensitivityRunsBased011SimpleModels
Forplanningofthedye.injectionandthedyetracingexperiments,predictivecalculationsofthe(lyeconcentrationsweremadeatthediffuseroutletsandintheBosphorus,basedon simplemodelsanda numberofsimplifyingassumptions.Theassulnptions,parametervaluesused,andtheestimatedmaximumconcentrationsandscalesareprovidedinthefollowing,so as toprovidea senseoftherelativeimportanceofindividualprocessesof
dilution,andordersofmagnitudeoftheexpecteddispersioneffects.
5.6.]A(lsr)r11tin7L,Pipcli1:,(:Disper.wio7LrmdDi_[frI..eerDilutionCa.lculm‘,ions
5.6.1.1MethodsofCalculation
lfV,isthevolinneofoutlettank,andAl;isthemassofdyeinjected,theinitialconcen-
trationC,‘intankisC,’= ./U,-/Vt.Byadsorption,thisinitialconcentrationisreduceclbyafactorD",as discussedinSections5.3.Forpracticalpurposeswecouldassiunea rangeofD"= 0.1—0.5forthelSKlwaste.Althoughadsorptionpossiblyoccurson tankandpipelinesurfaces,inadditiontothatboundonsuspendedsolids,weassumeallofitoccurs
inthetankl)ef01‘epumpingoccurs.Thenthedyeconcentrationinthetankisestimatedtobec,: Duc,-.
Thepipelinedispersiondependson thegeometryandthepipelinedischarges.Ingeneral,thereare twopipelines,withdischargesofQ1andQ2,givinga totaldischargeofQ=
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Q1+Q2.Amaximumoftwopumpscan operateon eachpipeline,andeachpumpcan

(liscliargca maxiinulnof3.01713/s. Theradiioftl1etwopipelinesfromtheYenikapipre-
treatmentplanttothediffuserstructureare nominally7' = 1m,an(ltheirlengthsare
I= 3000771..

ThemeanvelocityinthepipelineisitE Q/(mi),andthetransittimethroughthepipelineisT,,= 1/11.Thecalculatedtransittimewastakenintoaccountforcorrecttimereferencingofthe(lyepatchesintheBosphorusrelativetothetimeofexitfromthediffuser.
Forpipelinedispersioncalculationsweassumepiperouglulcssparameterofk,= 0.5mm

(k,/7': 0.0005),kinematicviscosityofu 2 10'“1712/5.Assumingthattheflowisinthe
‘completelyrough’regime(mitt,/V>70),thepiperesistancecoefficientcanbecalculated
fromthevonKarmanequation(Schlichting,1979,p.584),whichyields/\E [2lo_q10(r/k,+
1.74)]”2= 0.023.Thefrictionvelocityinthepipelineis11,,E 17.(/\/8)‘/2,andthepipedispersioncoe?icielitisthencalculatedfromthewellknownTaylorshearflowdispersionformula(Fischerat0.1.,1079,Table5.1,p.93),E’,E 10.1u,,7'.
Whenthedyepresentinthetankentersthepipelineittakestheformofa plugoflengthlp: V,/(irrz)withconcentrationsameas inthetank,C,: D"c,-.Thedurationofinjectionoftheplugist),= I’,/17,.Consequently,thesituationisthesame as continuouslyinjectingthedyeatrate(1,,= c,V,/2‘),: ii.(7r7'2)(:,duringa.pulsedurationof1,,ina uniformone-
dilnensionalflow.
Asa resultofpipedispersion,onewouldexpectdyespreadtooccuratthediffuseroutlets.
Ifonewouldassumethattheinitialsourcewas instantaneous,one standarddeviation
ofthisspreadaftertravelingthroughthepipelinewouldbe(7,= (2E,,T,,)1/2,andthe
correspondingspreadintimewouldbe(I,= U,/11.
Accordingly,therlilutionduetothosumoftheadsorption,pipeline.dispersionanddiffuser
mixingcan becal('ulatedfromone:dimensionalsolutionsofdispersionequationsfora
continuoussourceoflimitedduration(r:.g.ézsoy,E.and Unliiata,1088).Thesolutions
forconcentrationatthesourceregionoftheBosphonis,afterexitingfromthediffusers
can bewrittenas follows:
For0<1.<1.p,

I92117,t—:ran 27.t+:cQ .1 _c,,(t)= D,,D,;c.-§{c2—crfc(4Ept
. ' . —?’J

andforI‘,>t,,,
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c,,(t)=D,,D,1c,5{e_£"11"[crfe( ) _ c,fc(.?':T_)]./4E,,(t—t,,) ,/4;E,,t17(t—tp)+:c17.t+;r )_c7'fc(4Ept)l}'+ci'%[crfc(
Thetimedependentdyeconcentrationafterthediffusermixing,attl1csourceregionoftheBosphorusaccordingtotheabovehavebeencalculatedwithparameterscorrespondingtotheexperimentalsettingineachcase.

Thepipedispersioncaleulatioiisforspeci?ccasesbelowshowthatpipedispersionisnotsigni?cant,so thatwe can calculatetheconcentrationatthediffuserexitsbysimplymultiplyingthetankconcentrationwithappropriatedilutionandadsorptionfactorsC4=DaDdc,-.TheinitialBosphorusconcentrationdistributedacrossthe.lowerlayercross-section(neededinSection5.8)iscalculatedas C0= C,Q/Q1,whereQisthepipelinediscliarge,andQ(= l)(l7“H.(A[isthedischargeforthelowerlayeroftheBosphorus.
5.6.1.2August- September1992
ThemaxiinulnvolumeoftheoutlettankV,= 000mswas?lledduringthisexperiment.ThedyemasswasIll.= 180kgas notedi11Section5.5.Onlyone pumpdischargedQ= Q]= 2.0mil/s,so thatthemeanVelocityinthepipelinewas17= 0.6m/s,andthetransittimethroughthepipelinewasT),= 5655s '1 1.5h7'.
Estinlatinga frictionVelocityofu. = 0.03m/.9,thepipedispersioncoef?cieiitiscalculatedtobeE,,= 0.34mil/3,whichyieldsat = 62m,and0,= 983. Notethattheseestimatesofspreadaresmallrelativetoeitherthelength1,,or the(lurationt,,ofthe(lyepulseinjectedtothepipeline.ThecalculateddyeconcentrationafteraccountingforadsorptivereductionofD.12 0.5(Section5.5),pipelinedispersion(dilution'1 1)anda diffuserdilutionofD4= 0.02,isshowninFigure5.0.Theniaximuniconcentrationwased= 1.96ppm,andthetotaldurationofdyedischargewason theorderof15—20m.in..
Theabovecalculationsshowthatpipedispersionisnotsigni?cant.
5.6.1.3March1993
ThecorrespondingvaluesofpipelinemeanvelocityanddurationinMarch1993were17.= 1.0m/s,andT,= 18853 2 0.5711‘.Becausethepipelinedispersiondoesnotcontributetodilution(dilution2' 1)theoutputconcentrationvariationsarenotsigni?cant.Howeverallowingforan adsorptivereductionofD,,= 0.25(Section5.5),an(la diffuserdilution



ofD4= 0.02,themaximumconcentrationexpectedafterthediffusersisexpectedtobe
Cd= 1.3ppm.
5.6.1.4December1993
ThediscliargeconditionsweresimilartoAugust1992.Allowingforan adsorptivere-
ductionofD“= 0.25(Section5.5),anda diffuserdilutionofD4= 0.02,themaximumconcentrationafterthediffusersisexpectedtobeed= 1.7pp1n.
5.6.2EstimatesofMi1:i1LgTimeScalesandDispersionintheBosphorus
Basedonsemi»empiricalresultsofthetheoryofmixing,thedispersioncharacteristicsandtimescalesfortheBosphoruslowerlayerflowcanbeestimated.Themeangeometricalcharacteristics,i.e.meancr0ss—sectionalareaandshape,volume?ux,meanvelocity,andbottomfrictionintheBosphorushavetobegivenforthesecalculations.Thegeometricaland?owcharacteristicsofthelowerlayerflowoftheBosphoruschangeas a functionofdistanceandtime,as indicatedinChapter2.Ontheotherhand,sincewewillgiveorderofmagnitudeestimates,wemakesomeassuinptiousregardingthe.averagegeometryandthefloweliaracteristics.
Forthepurposeofthepresentestimates,wecan assumethattheBosphoruscross—sectionistriangularinform,andthatthedyeistrappedinthelowerlayer?owwithoutanylosstotheupperlayer.VVeassume?xedvauesofthemaximumdepthinthelowerlayer(ht)andthe.maximumwidth(11);),althoughtheseare infactvariablealongtheBosphorus,as a functionofStraitgeometryandinterfaceelevationabovethebottom.Accordingly,themean depthis/-1,2 /1.1/2,andthemean widthis1?:= 101/2,andthecross—secti0nal
area isA;= wghp/2.Wedefinethemean half—widthas 111;,= u")/2,andthehydraulicradiusasRE ur;(2(1.+(wt/(2/z;)')2)‘]/2)/2.TheDarcy—WeishachchannelfrictionfactoriscalculatedfromfE 11071.2/R‘/3,wheren.iscalled’Manning’s71.’.K= 0.4isvonKarmanconstant.L,isthetotallengthofthechannel.
With171representingthelowerlayercurrentspeed,thelowerlayervolumefluxisQ;=1/2‘l_£[A[,andthefrictionvelocityisde?nedas it, E17.g(f/8)
EstimatesofcharacteristicBosphorusmixingtimesanddispersioncoefficientscanbemadeinthethreeprincipaldirections(Le.thevertical,transverseandlongitudinaldirections),following(Fischeretal.,1979,equations5.3,5.4and5.19,pp.106,107and136;andSmith,1980,equations1.2,3.5,4.2,4.5and5.12):
TheVerticalmixingcoef?cieutandmixingtimescaleareestimatedas
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thetransversemixingcoe?icientandmixingti1nescaleareestiinatedas

_ -2
EyE 0.15hu..,Ty216%},1.mg

andtl1elongitudinalmixingcoef?cientandmixingtimescaleareestimatedas

am}, LgE,.E0.04_',I',E——.‘ /1.11,E,
ThetotallengthofBospo1‘usisL1,= 30km,thelowerlayerdepthandwidtharehg= 30171.,
ml= 500m,yieldingA[: 7500m2andQ(= 3750m3/s,ifweassumetheaveragecurrent
speedtohe?y= 0.5m./.5.Witha hydraulicradiuscalculatedasR= 14.9771,anda Darcy-Weishachfrictionfactoroff= 0.118(Manniug’sn.= 0.05),thefrictionvelocityisfoundtobe11,,= 0.061171/s.
Withthoseestimatedvaluesoftheparaineters,wecalculate:

E,= 0.06177.2/.9,T,= 5.2min,
E,= 0.14771.2/.s,Ty= 9.3hr,Ex= 171.6m2/s,T,= 60.7day.

Thelongitudinalmixingcoefficientiscomparabletootherestuarineregionsoftheworld(Fisclierctr1.l.,1979).Itisrecognisedthat.theloiigitudinalmixingtimescaleofabout60
claysis(leterininedfromdispersioneffectsalone,althoughinrealitythe(lyepatchwouldleavetheBosphorusshortlyaftertheadvectiontimescaleL1,/17.3:317/2..
Theverticalandtransversemixingtimescalesaremuchshorter(5minand9hrespec-tively).Theestimatesindicatethatconipleteverticalmixing(withinthelowerlayer)wouldoccurpromptlyafterthe(li?iiscr.



Wenotethattheaboveestimatesforverticalmixingcouldrepresenta considerablesim-pli?cationofthe.typicalBosphonisconditions,becausetheydonottakeintoaccountthebuoyancyofthewastcwatera11dtheambientStrati?cationnearthepycnocline.Inreality,thespreadingofwastewaterfromthediffusersoccurintheformofabuoyantplume,whichwouldhavea t(‘z1(lencytobetrappednear thepycnocline,leadingtomuchlongertimescalesofverticalmixing.
Ontheotherl1and,perfecttransversemixingisnotexpectedtooccurbeforethedyepatchexitstheBosphorusintotheBlackSea.Infact,thedistancefortransversemixingisfoundtol)ecomparableto,or greaterthan,thelengthoftheBosphorusStrait,ifwecalculateitfromtwo(lifferentestimatescorrespondingtodifferentlocationsofthesourcerelativetothechannel(Fischerct(LL,1079,equations5.10,5.10a):
Thedistancerequiredforcompletetransversemixingfroma ccnterlinesourceis

mungLC50.4E
= 22.9km,1/

andthesamedistancefora sidesourceiscalculatedtohe

5.6.3C'0nccntrI1.ti011,Va.riati(m.sandMazivrmnzLevelsintheHosp/L0r1t,3
Bosphorusconcentrationsafterinstantaneousandcontinuouspulse1‘clr‘ascsare computedinthefollowing,inordertohaveorderof1nag11itu(leestimates,andtostudythetransportthroughtheStrait.
WestudythedispersionofdyereleasedillthelowerlayeroftheBosphoruswitha one
dilnc-nsionalmorlelofthetheaveragedyeconcentrationinthelowerlayer,andneglectingtheex('l1a.ngeof(lyebetweenthelayers.
Thecxcliarigcacrosstheinterfaceofuniformlydistributedtracers(suchassalinity)withineachlayerisknowntobesmall,becauseofthetwolayerStrati?cationoftheBosphorus.Forexample,ahout25%ofthelowerlayer?owisestimatedtobeentrainedintotheupperlayer,andabout10%oftheupperlayerwatersintothelowerlayer,basedonsteadystatesalthudgets(Section2.2).Oftheseexchangesbetweenthelayers,themajorpartoccurs
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intheratherspecialmixingregions,c._q.inthehydraulicjump/internalmixingregionnearthesouthernendoftheBosphorus.Insummary,forallpracticalpurposes,wecouldassumethedyepatchtobecon?nedinthelowerlayer,or ifthereisa losstotheupperlayer,weassumewe couldparameterizethislosswitha.decayterminthelongitudinaldispersionequations,ofwhichthecharacteristicconstantisKd,as introducedinSection5.3.
Withsucha simplemodelwedescribesolutionsoftl1eone—dimcnsionaldiffusionequation

0 0 02 ,C

,a—§=E,5$~:—Ixdc.Asimilartw0—layermodelofdispersionwasstudiedbyThacker(1976),inwhichexchangesbetweenlayerswereaccountedforbya decaytermintheonedimensionaldiffusionequa-tionsforeachlayer,includinga11additionalequationfortheupperlayerconcentration,coupledtotheaboveequation.Inthepresentcaseweassumethatthelowerlayerconcen-
trationsare muchhigherthanthoseintlieupperlayer,so thattheentrainmentintotheupperlayerisrepresentedbythelossofdyeintotheupperlayer(whichisassumednottoreturntothelowerlayerthereafter),reducingthesystemessentiallytoa singlelayer.
OneofthefindingsofThacker(1976),whichisofdirectrelevanceinthepresentcase
wasthefollowing:lfthetimeissliorterthanthedecaytimescale(i.e.,forsmallKd),thesolutionstothesystemoftwo—layercoupledequationsproducedifferentialadvectionofthe.dyei11eachlayer,ratherthana combinedpatternofdiffusionresultingfromtwo-layershearflowdispersion.Theshearflowdispersionbythecounter?owingcurrentsonlybecomesimportantifenoughtimeisgivenforverticalmixingtooccur betweenlayers.The1'eforc,webelievetheabovesimplemodelcouldbeusedwithinthetimeperiodbeforethedyeexitstheBosphorusintotheBlackSea.
Inaddition,weassumepipelinedispersiontobenegligible,andapplythedyeinjectedinthetanktothesourceregionoftheBosphorus,witha correctionfactorofD,,foradsorption.Whilethesolutionisnotvalidnearthesourceregion,itapproachesthecorrectsolutionofone—dimensionaldispersionwithina shortdistanceawayfromthediffusers,providedthatcompleteverticala11dtransversemixingareassumed.
Foran instantaneousreleaseofdyewithmassD,,]\'I,-at:5= O,t = 0,thesolutionoftheaboveone~dimensi<)naldiffusionequationis

DnjllgCU): _j___C-15,:-—I\,,z_A147TE‘,Il
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ThedilutionofthedyeatthenorthernendoftheBosphorus(themaximumconcentration),relativetothetankconcentrationc,= D,,M,-/V,is

W
AM/47"Er(Lb/?t)C(Lhvt)1nrn:[Ct: 6-K”

Fora continuousreleaseofdyeata constantrate1],‘E DaM,-/t,-,duringthetime0<t <t,-,theonedinlensionalsolutionisasfollows:
For0<t<t,-,

D?q;_£¢; 1It—.7;:12 11:‘.-l~:I:.t = T “ 2——‘ — ; *2 ‘(‘()2Q!{e [ c1fc( ere?
and,fort >t,-,

Dar];_?'_¢j' 1j(t—t,')—.7/‘?t—m0(1):201{C“

lC7fC(—Wfd?ll17.(t—t,~)+.17 ?t+.r+c?[e7'f¢:()—crf(:(4E,(t—t,-) t/4E,.,t)]}'
ThetimedependentconcentrationsatthediffuserexitsandotherlocationsintlieBospho—rus as a.resultofinstantaneousandcontinuouspulsereleasesare showninFigures5.9and5.10respectively.TheconcentrationtimehistoriesareplottedatthethreeBosphorussectionslocatedat5,15,and30kmdistancesdownstreamfromthesourcerespectively,toshowthevariationalongtl1eBosphonis.Inbothcalculations,adsorptionandinitialdiffuserdilutionhasbeenaccountedfor,andthedispersioncoe?icientestimatedforthe
caseoftheAugust- September1994experimenthavebeenused.
Theonly(lifl"ere11cebetweenFigure5.9and5.10isthedecayco?icientforthedye,withK4= Ointhefirstcase,andK4= 0.029(half—lifeT4= 24h)inthesecondcase. Compar-isonofthetwocasesgivesa clueonincludinga decayterminthepredictions:Without
anydecay(Kd= 0)thesolutionforthecontinuous(pulse)injectionindicatesthattherewouldbenodecraseinconcentrationas thedyemovesalongtheBosphorus.Ontheotherhand,ourmeasurements(Section5.9)seemtosupporta slightdecreaseoftheniaxinium
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eolieentrationsalongtheBosphorusintl1iscase,althoughthereissomeuncertaintyresult-ingfromscatterintliemeasureinentsd11etoiiisiiflicienttransverseInixing.AdecaytermwithanarbitrarychoiceofK4= 0.02911."wasincludedinallcalculations.
Tl1elongitudinaldispersioncoefficientE,wasestimatedfromthesenii-empiricalrelation-shipE,E 0.041"mDZ//7114*(lastsection),whichdependsmainlyon thechannelgeometry.TotestthesensitivityoftheL‘.al(:11lati011stogeometry,inFigure5.11a~d,weplotthere-sultsfrominstantaneousreleaserunswithdi?'erentvaluesofthewidthanddepthofthelowerlayer.ThecorrespondingdispersioncoefficientsandBosphorusdilutionratiosarecomparedinthefollowing:

DispersionDilutionatdepthwidthCoefficientNorthExitofM mp E, theBosphoms(m)(m)(771.2/.9)C(L(,,t),,,,,,-/C,‘500 30 171 6.5x 10-5700 30 336 3.3X10*”500 20 241 8.3X10-“500 40 135 5.5X10”;
ThedispersionofdyealongtheBosphorusisa strongfunctionofthewidthanddepthofthelowerlayer.Althoughconstantvaluesare assumedintheabove,theseparametersareinfactvariablealongtheStrait,asa functionoflocalgeometryandinternalhydraulics.Asaresult,Weexpectthatthedispersioncoe?icienttobevariable,E,(;r,t),andthesolutionwillhemodi?edaccordingly.
VVediscusstheexperiinentsofAugust- Septeinber1994fromthepointofviewofgeneralfeaturesandthesensitivityofpredictions.Thecomparisonofthepredictedconcelitrationswiththeobservations,includingallfourexperimentswillbemadeinSection5.9.
Fromtheabove,wepickthecasewithE,: 171Figures(5.10and5.l1.l))tobeappropri-atefortheAugust—Septe1nher1092case,becausegoodorderofmagnitudeagreeinentisobtainedwiththeobservedconcentrations(Section5.9).However,wepointonceagaintothealongStraitvariabilityofthelowerlayer?owcrossnsectionandcurvature,whichcouldleadtolengthwisevariationsinthe.concentrationswhichmaynotbefullyaccountedforintheabovesolutions.
Thecontinuouspulsereleasewasdesignedtosimulatecontinuousreleaseconditions,andassuchtoelevatetheconcentrationstosteady-statelevelsthroughouttheBosphorus.Witha ?nitepulselengththestcady—stateconditionscan heapproa.che(lduringthepassageof
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thepulseateachlocationalongtheBosphorus.ItcanbeseenfromFigure5.9thatfor
the17hourcontinuousinjection,aplateauofnearlyconstantconditionsarereachedfora
comparableperiodateachstation.Withthissettingapproachingthesteadyconditions,itwouldinprinciplebepossibletomeasureconcentrationstl1rougl1outtheBosphoruswithlesslogisticalconstraintscomparedtotheinstantaneousreleasecase,althoughthe
continousreleaseisverycostlyforthepresentscalesoftheexperiments,foritwouldrequirelargevolumesofdyereleasedoverlongperiods.
5.7TheRhodamine-BConcentrationMeasurements
Experimentsofdyedispersionandtransportwere carriedoutatthreedifferenttimes
during1992-1993,duringwhichtheBosphorusandtheadjoiningregionswereextensivelycoveredintimeandspacelayCTDn1(~asu1'e1ncntsofteniperature,salinity,andR.hodan1ine—
B?l10l‘(‘.SL‘.(‘l1(‘(?athighverticalresolution.Thedates,typesofdyedispersionexperiments,andthenumlxerofCTDfluorometrycastsduringtheseperiodsareshowninthefollowingtable:

Datesof Ship Typeof Numberof
Experiment DyeReleaseStations
28» 31Aug.1992R./V13iLiMInstantaneous94
28—31Aug.1992R/VARARInstantaneous77
1- 2Sep.1992R/VBILIMContinuous 44
1- 2Sep.1992R,/VARARContinuous 52
3- 7Mar.1993R./VBILIMInstantaneous147
3— 7Mar.1993R/VARARInstantaneous87
16—19Dec.1993R,/VBiLiMInstantaneous83

InstantaneousandcontinuouspulsereleaseexperimentsweredoneduringAugust—Septem-ber1992.TheotherexperimentsinMarchandDece1nl.)er1993onlyemployedtheinstan-
taneousrcleasetet‘.l1ni<1ue.ThestationpositionsduringeachofthedyereleaseexperimentsareshowninFigures5.12» 5.15.
Thecontinuous?uorescencemeasurementson boardtheR/VBILIMandR/VARAR
wereobtainedconcurrentlywithtemperatureandsalinitymeasurementsfromCTDcasts.
Inaddition,lI1'Slt.l1lighttransmissiondatawerecollectedonboardtheR/VBILIMduringtheAugust—Septeml)er1992experiment.TheinstrumentsprovedtoheVeryaccuratein
measuringtheinvsituRliodami11e—Bfluorescence,andduringtheAugust—Septe1nl)er1992
experiment,theorderofmagnitudecon?rmationofthemeasurementswereprovidedbytwosetsofindependent,thoughlessaccurate,laboratorymea.sure1nentsmadefromthe
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numerouswatersamplescollectedbytheships.Thedepthpro?lesofRhodamine-Bforallstationsaregiveni11Volume3ofthisreport,alongwiththesimultaneoustemperature,salinity(andlighttransmission,whereitexists)pro?les.
Beforeeachexperiment,the?uoromctcrswerecalibratedon boardwitha numberofRh0(lamine—Bsamplesinfreshwaterandsea—water.Thebackground?uorescenceforsea-waterhasbeensubtractedfronithein~situfluorescencevalues,andthein—situvalueswere
normalizedas describedinSection5.4.
BackgroundRhodamine—l3?uorescencecouldbedetectedinin-situmeasurementsinthesea,evenwhentheabovebackgroundlevelsweresubtractedaccordingtolaboratorymea-
surementswitha typicalsampleofseawater.Thisbackground,whichcanbevariablefromoneplacetoanother,andwithtime,arisesbecauseoftheinterferenceatthesamelightemissionwavelengthsfromother?uorescentmaterials(c.g.chlorophyll,chemicals,etc.)presentintheseawater.Asa result,thecalibratedmeasurementscanindicatesmalldyeconcentrationsevenbeforea.nydyeisintro(luced.Toeliminatethistypeofbackgroundinthemeasiireinents,pre—dis(thargcsurveyswereususallyconducted.
ThemeasurementsintheBosphorusshowedsmallvaluesofthebackground?uorescence,exceptthatitgenerallydifferedbetweentheupperandlowerlayerwaters.Thisback-ground?uorescencewascorrectedinallofthesubsequentmeasurenients,bymakinga
correlationofbackgroundconcentrationwithsalinity(Figures5.16- 5.18).Apiecewiselinearapproximationtothebackgroundconcentrationversussalinitywasthenmadeandtheamountproportionaltothesalinityofa particular1I1(‘ELS111‘(:111(’11twassubtractedfromthemeasuredconcentration.Despitethesebackgroundcorrections,itcanbeveri?edfromFigures5.16—5.18thattypically,anuncertaintyon theorderof0.1ppbwo11ldremaininthedyemeasurements.Thissmallbackgroundcanbeobservedintheconcentrationpro?lesdisplayedinVolume3ofthereport.
Overlookingthespatialvariabilityofthebackground,andaccountingforitbythesalinitycorrectionalone,occasionallyledtoundesirableeffects,whensomeunderstandingofthedistributionwasnotavailable.Forexample,inAugust1992,thebackgroundmeasurementsonlycoveredtheBosphorus,didnotcovertheadjacentBlackSeaandtheMarmaraSearegions.Becausethepre—injectionmeasureincntsintheBosphonisindicatednegligiblebackgroundlevels,weproceededwiththeactual(lyereleaseexperiments.Evidentlythisresultedina dc?cieiicyintheunderstandingofthebackgr(n1ndintheadjoiningregions,becauserelativelylargeconcentrations,whichwebelievewererelatedtothebackground,wereobservedinthesewatersaftertheinjection.Similarly,highbackgroundvalueswerefoundintheseregionsinthelaterexperiments.
DuringDecember1993,thebackgroundconcentrationsmeasuredintheMarmaraSeaentrance(16December)andtheBosphorusregions(17December)priortodyerelease
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differedincharacter,yieldingtwodifferentbackgroundconcentrationversussalinitycurves
showni11Figures5.18aand5.181).Thedi?crcncesincouldbetheresultofvariable?owconditionsduringtheOrkozeventthatdevelopedinthesameperiod(Chapter3).Becausewewantedtocomparetheresultstoeachotherduringthesamecruisethesecondcurve
(Figure5.18b)wasusedforapplyingcorrectionstoallthepro?les(Volume3),whichleftsomeupperlayerbackground,buteliininateditinthelowerlayerconcentrationsintheMarinaraSeaprofiles.
AlthoughtheChelseaAcquatraclcaIIIHuoroineterswithappropriate?lterswerecoupledwiththeCTDprofilerson boardthetwoships,independentlaboratorymeasurementsofRhodan1ine—l3?uorescencewerealsomadeata fewstations,toconfirmtheCTD?uor0m—etryresults,usingwatersamplescollectedwithNansenbottleson theR/VARARanda rosettesampleron boardtheR/VBlLlM.TheLaboratory?uorescencemeasurementsweremadeon twoindependentspectrofluoroineterslocatedatthelSKlandIMS—METULal)oratories.Althoughthelabora.tory?uoronietersturnedouttobesensitiveinstruments,thefluorescencemeasurementsfromwatersampleswereexpectedtobelessaccuratethantheCTD?uorolnetry,becauseofthepossibilityoferrorsduringsamplingandpreservationofthewatersamples.TheresultsoflaboratoryineasurelnentsinAugust-September1992aregiveninTable5.1,andthedatapointswithsigni?cant?uorescencevaluesduringthesefirstexperimentsaredisplayedinVolume3,alongwiththeCTDdyeconcentrationpro?les.Consideringthepossiblesourcesoferror,thelaboratorynieasurementsingeneralagreewiththeon—l)oardrneasureinentsandyieldvaluablecon?rmationoftheCTD?uorescencemeasurements.
Atsomestations,E.Calicountsweremadetoverifythepresenceofwastedischargealongwith?uorescenceincasurcinents.ThevalueslistedinTable5.1indeedverifythattheE.CalicountsweresignificantlyhigheratstationswherewedetectedlargeconcentrationsofRhoda.n1inc—B.
5.8AnalysesoftheRhodamine-Bdistribution
TheRhoda1nineABprofilesinVolume3are thebasicn1cas1u‘e.1nentsofdyedistributionobtainedduringthevariousdyereleaseexperiments.However,sincetheyarenotreadilyavailableforinterpretationinthisform,weprocessedthesedatatoextractquantitativeinformationon theeffectsofwastedisposal.
OneofthebasicassumptionsusedinthedesignofthewastewaterdisposalsystemisthatthewastewaterwouldbedischargedtothelowerlayeroftheBosphoruscurrents
transportingtheMediterraneanVVatertotheBlackSea.IndeedtheBosphorussalinitydistributiml(Volume3)clearlyindicatesthatthereare twomainlayers:an upperlayer,carryingBlackSeaWateranda lowerlayercarryingMediterraneanwater.Theselayersare
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seperatedbyaninterface,or im.moreaccurately,aninterfaciallayerof~ 10in thickness,wherethereisa shaipsalinity(anddensity)gradient.
Aninterpretationofthemeasurementscouldbeapproachedbyde?ningtheflowstructurewithintheBosphoruswithrespecttothewatertypes.Ontheotherhand,thecharacter-isticsofeachwatertypechangesfromonelocationtotheother,evenwithinthesurveyarea,sothatlocalde?nitionsseemtobeneeded.WedefinedtheeliaracteristicupperlayersalinityS,as the5m depthaverageofthenearsurfacewaters,andthecharacteristiclowerlayersalinity5,,as the5m depthaverageofthenear bottomsaliuitiesateachstation.WedidnotConsiderthestationswheretheeliaraeteristiesalinitieswereill—de?ne(l,i.e.whereS,>20and31,<30(i.r:.salinitiesmuchlower,andmuchhigherthanthetypicalBlackSeaandMediterraneanwatersrespectively),resultingfromsamplingproblemsor locationofthestationsnotcoveringbothlayersadequately.De?ningS‘= S,+0.2(S;,—5,)andS;= 32—0.2(Sb—5,)as limitingvaluestodifferentiatetheBlackSeaandMediterraneanwatertypes,wede?nedtheupperlayertoconsistofthosewatershavingasalinityS< Sf,theintermediatelayertoconsistofthosewithS,‘< S < 5;,andtheupperlayertobethosewithS> 5;.Havingde?nedthesalinitylimitsassuch,wethenintegratedtheRhodamine-BConcentrationineachlayerandfoundthetl1ree—layeraverageconcentrationsforeacliCTDstation.SincethebaclcgroundlevelsofRhodamine—Bwereabout<illlppb,averageeoiicentrationslessthanthesethresholdlevelsweresetequaltozero.

Forallexperiineutscarriedouttodate,Ta.bles5.2a.—elisttheCTDstationinformation(name,date,time,latitudeandlongitude,bottomdepth)andthesui‘fa.ceandbottomsalinity,alongwiththeaverageR,hoda1nine—Bconcentrations6],E2,an.(lE3respectivelyintheupper,interfacialandlowerlayers.
5.8.1TheExitandA11c1‘u.‘r/cC071.cc_n.i.rr1.tionsnear theDi?mcr
Afterinstantaneousdyereleases,boththel3lLlMandtheARAR.attemptedtosamplenear thesource(nearstationB0,Table5.2.a—e),inspiteofthedif‘licultiesofsamplingwithinthespatiallyinliomogeneous(liseliargeplumes.Someofourmeasurementsindeedshowedhighconcentrationsnear the.source(Tables5.2a.—e),whenevera samplecouldbeobtaineddirectlyfromthedilutedwastcwaterplumes.
The.measureinentsare (301111)-'l.1‘CLlwithestimatesinthefollowingtable.Themaximumofallconcentrationmeasurementsnear thesource(ineasuredad)iscomparedwithitsestimatedvaluefromcd= D,,D,,c,-,wl1ereD4= 0.02,andtheadsorptionratiowastakenas D,,= 0.5forthefirstthreeexperiments(Aug.1992,Sop.1092andMar.1903)andD,,= 0.25forthelastone (Dec.1093).Themaximumoftheaveragelowerlayerconcentrationcubasedon ineasurementsgiveninTables5.2.carethencomparedwiththeCalculatedaverageeoneeiitration(2,,= e,Q/Q5,where istheratioofthepipelinedischargetotheestimatedBosplioruslowerlayer(liscliarge.



ealc.ineas. waste1.layercalc.nieas.
(lyetankdiff.diff.waterBosphorussource source

Date exp.cone. cone. cone. ?ux ?ux conc. cone.
6: Cd Cd Q Q! Co Co(ppm)(111)?!)(I’l”')("I3/3)(ma/5)(W5)(PPII)

Aug.1992Inst.200200080 2 7500 54 52Sep.1992Cont.1.7 17 10 2 12000 1 4Mar.1993lust.200130004 G 5000 31 21Dec.1993Inst.3451700108 2 19000 36 79

Themeasuredmaxinnnndiffuserconcentrationisoftenmuchsmallerthantheestimatedvaluebecauseofsamplingconstraintsandthevariabilitynearthe(liffusersource.Theorderofmagnitudeagreemeiitbetweentheestimatedandtheineasuredmaximaofcross-
sectionalaverageconcentrationsisfarbetter.
5.8.2CovicentrrttionsintheU0.-zp/1,oru.wrmrlMarmara
TheoverallrangesofR.horlamine—BceilcentrationsobservedintlicBosphorusandtheadjacentwatersaredisplayedinthefollowing?gures.
Fig,'iu‘es5.19~5.22showthevariationwithtimeoftheaverageconcentrations(Table5.2.a)intheupper,interfacialandlo\verlayersrespectively,duringtheAugust—September1992experiments.Each?gureincludesthedatafromtheinstantaneousandcontinuousreleaseexperimentscon1bine(ltogetlier,andwiththetimeofobservationa(ljuste(lrelativetothetimeofexitfromthediffusers.Theupperandiuterfaciallayerconcentrationsare 4essthanabout0.5ppm,whilethehighestmeanconcentrationsareobservedinthelowerlayerwaters(Figure5.20),witha inaxiinuniofabout53ppbnearthesource.Sincemostlowerlayerdatainthislastplotare invisiblysmaller,relativetothemaximum,wegivea plotwithexpandedscalesinFigure5.21todisplaypartialdatawhich?ton thatscale.
TheupperlayerconcentrationsinFigure5.19indicatesomedatapointswithconcentration<0.5ppb,buthigherthantheselectedthresholdlevelof0.1ppb,aswellas somedatawithzero(‘0nCent1‘atim'1becausevaluesbelowthetlireslioldlevelsweresetequaltozero.Wecan
alsonotethatmostofthedataabovethethresholdlevelwereobtainedbyR/VARAR,i.e.inthel\/IarinaraSearegionadjaeeiittotheBosphonis.Itisherethatwesuspectthel)E.(Tl\'g,'I'01l11(llevelswereratherhigh,andthereforedidnotfitinthethresholdlevelswe
de?nedbasedon backgroundincasureinents.Itcanalsobenotedthatthemeanlevelsofthesedatapointsstayconstantwithtime,andincludesomedatapointsbeforetheinjectiontimes(negativetime),consistentwithba.ekgroun(lbehaviour.
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Theinterfaeiallayer(Figure5.20)includessomedatapointswiththeabovebackgroundcharacteristics,aswellaswl1atwethinkaregenuineincreasesofconcentrationsintheinter-faciallayerobservedintheBosphorus(R,/VBlLlM)andMarmarawaters(R/VARAR).Incontrast,thelowerlayerconcentrations(Figures5.21and5.22)decreaserapidlywithtimeduetodispersionalongtheBosphorus,andfallbelowthethresholdlevelswithinaperiodof36hoursfromtheinjectiontime.
DuringtheMarch1993experiment(Table52.1)),wefindthattheupperlayermeasure«meritsobtainedbyR./VARARinMarmaraSeaindicatelargebackgroundconcentrationsofR.hodamine—Bbeforethedyewasinjected(time< 0,Figure5.23),andnodetectablelevelsafterwards(time>0,Figure5.23,andTable5.2.b),exceptata veryfewstations.TheR/VBlLlMmeasurementsduringdyereleaseindicatedverysmallupperlayercon-centrations,ofwhich,a fewexceeededthresholdlevelsof0.1111211.
Incontrast,theinterfacelayerconcentrationsinMarch1993indicateda numberofmea—surementswithconcentrationsreaching1.0ppb(Figure5.24),a11da fewthatreached2ppb.SomeofthesenleasiueineiitswereobtainedbyR./VARAR.beforethedyeinjectioni11theMarmaraSea,butafewothersobtainedintheBosphorusbytheR/VBlLiMfollowingdyeinjectionalsohadsiinilarconcentrations.
Incomparison,thelowerlayerdyecon<:entratio11sinMarch1993(Figure5.25)weremuchhigher,reachingupto20ppbafterdyeinjection.
InDecember1993,theidentificationofthreelayerswaslessstraightforwardbecauseofthespecial?owconditionsintheBosphorus,whentheupperlayerwasactuallyblockedunderOrkozConditions,andwasnot‘flowingintotheMarmaraSea.ThewaterlayercontainingBlackSeawateroflowsalinity(S< 18)wasfound(Table5.2.c)onlynorthofStationB-14and13-15near thenorthendofBosphoruson 17Decemberwhenthebackgroundnieasurenieiitsweredone,andrecededtou1i(l-Bospllonlsconstrictionarea(northofSta-tionB»6)duringthedyeineasurenientson 18December.TheotherstationsindicatedMarmarasurfacewater(52 24—26)flowingtowardstheBlackSeaandsubmergingunderthelowsalinityWedgeofBlackSeawaterwhenthelatterexistedata particularlocality.UndertheMarmarasurfacewaterwastheusualMediterranean(Marmaralowerlayer)water,separatedfromtheoverlyinglayerbyan interfacelayer.Thereforethethreelayersdistinguishedbyour detectionandanalysisalgorithminthesouthernpartoftheBosphoniswereallbeingadvectedfromMarinara.Onthe.otherhand,northwardofthelowsalinitywedge,infivelayerswouldexistaccordingtothisclassi?cation:theBlackSeasurfacewater,a ?rstinterfacelayer,theMarinarasurfacewater,a.secondinterface,andtheMediterraneanwater.ButinthiscasethesurfaceandbottomslinitiesdetectedbythealgorithmweretheBlackSeaandMediterraneanwaters,so thatthetl1reelayerscorrespondedtotheseandan interfaceinbetweenthem.
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Withtheaboveconsiderationsinmind,theDecember1993resultsindicatedconditionssimilartothe.earlierdyeexperiments,evenundertheadverseeffectsofOrkoz:Theupperlayerconcentrationsweremostlybelow0.5ppb(Figure26),representinga slightincreaserelativetoearlierexperiments.Theinterfacemostlyhadsimilarvalues(withjusttwovaluesexceeding0.05ppb,Figure5.28),andthelowerlayeraverageconcentration(Fig-ure5.28)reaching8012121)initiallynear thesourcedecreasedrapidlywithtimealongtheBosphorus.
ThespatialdistributionsofthelayeraveragedconcentrationsfortheentireregionduringeachexperimentarepresentedincontourplotsinthefollowingFigures.Astheprevious?gures(Figures5.10—5.25)wereusedtodisplaythelayerconcentrationsas a functionoftimeonly(irrespectiveofspace),thesefigures(Figure5.29—5.40)showthespatialdistributionwithoutdistinctionofthetimeofmeasurement.
Figures5.29—5.32presentresultsfortheinstantaneousrelease,whileFigures5.33—5.36presentresultsforthecontinuouspulsereleaseduringtheAugust—September1992Ex-periment.Thesurfacesalinitydistributionduringtheinstantaneousreleaseexperiment(Figure5.20)indicateslargehorizontalgradientsi11thesouthernBosphorusduetover-
ticalmixing.ThesurfacewatersexitintotheSeaofMarmaraiiitheformofa surfacejetextendingsouthfromthe.Bosphoms.TheupperlayerdyeconcentrationinFigure5.30indicatesa maximumnear thewestcoastofthe.Bosphorusexit,decreasingsteadilytowardstheAnatoliancoast.TheupperlayerdyeconcentrationswithintheBosphorusa.remuchlowerthantheMarnlaraconcentrations,andinfactlowerthanthethreshold.Thetongue~likeextensionfromtheBosphorusintotheMarinaraSeamayl)erelatedtothejetissuingfromtheBosphorns,wherethefluorescenceanomalyinfactreachesa mini-mumratherthana n1a.xin1un1,oppositetowhatonewouldexpectifentrainmentfromthelowerlayertotheupperlayerwasres1)011Sil_)lefortheobservedlevelsintheMarmaraSearegion.WethereforebeleivethatthefluorescencelevelsobservedintheMarmararegionare relatedtoa spatiallyvariablebackgroundratherthanan increaseduetoentrainmentprocesses.Asithasalreadybeendiscussed,thisbackgroundcouldarisefroma spectralinteractionoffluorescentmaterialspresentintheseawaterwithourdetectionwavelengthforRhodan1ine—B.Theshallowreg‘ionwestoftheBosphorusexitwherewefindthemax—
hnumisananchoringareaforships,andisheavilypolluted.Wecan tliereforesuspecta
backgroundeffect,butsincebackgrouiiclmcasurexnentswerenotmadei11thisregion,we
can notsulistantiatethispossibilitywithpositiveproof.Ontheotherhand,backgroundmeas1u‘e1nentsobtainedduringtheexperimentslateri11Marcha.ndDcccmher1903confirmtheexistenceofvariablebacl-:gro1n1(li11theseregionspriortodyeinjection(seebelow).Theinterfaciallayerconcentrations(Figure5.31)are atthesamelevelsandhavesimilarfeaturesas theupperlayerwaters.Thelowerlayerconcentrations(Figure5.32)areonlyhighwithintheBospliorus,a.ndnodetectablelevelscanhefoundon theMarmaraside.



Incomparingthecontinuouspulsereleasewiththeinstantaneousrelease,we?ndsimilar-itiesespeciallyintheMarmararegion.ThesurfacesalinityinFigure5.33revealsreducedvaluesresultingfromthetypicalexitoftheBosphonisjet.Theupperlayer(lyeconcentra-tioninFigiue5.34isofthesamelevelsanda similardistributiontothatobservedduringtheinstantaneousreleaseexperiment(Figure5.30).Theinterfaciallayerdistribution(Fig-ure5.35)isalsoofsimilarlevels,andthelowerlayerdistribution(Figure5.36)islimitedtotheBosphorusregion.
InMarch1993,thesurfacesalinityplottedinFigure5.37fortheperiodsbeforeandafterthedyeinjectionatteststothevariable?owconditionsduringthisexperiment.Theupperlayerdyeconcentrationin5.38indicateshighbackgroundlevelsinmostpartoftheMarmaraSea,wl1icl1decreasedaftertheinjection,exceptinthewesternpart.Thepatternfortheinterfacialconcentrationwasthesame:largevalueswerefoundinpartsofMarmaraSeabeforetheinjection,which(lisappea.1‘e(.laftertheiiljection(Figure5.39).Ontheotherhand,no (lyewasvisibleinthelowerlayerbeforetheinjection,whichincreasednearthediffusersaftertheinjection(Figure5.40).
InDecember1993,theupperlayerwatersinMarmaradisplayedhighconcentrationsbeforethe(lyei11jectio11(Figure5.41),whileitwasnotpresentix1theinterfacialan(llowerlayers(notshown,Table5.2.(',).
Theobservationofvariablelevelsofspatiallyinhoniogcneous?uorescenceintheMarmaraupperlayeran(lintcrfaciallayer,persistingbeforeandafterthedyereleasesreinforcesfurtherour contentionthatthisfluorescenceismostlyduetosourcesotherthanthein-jectedR.ho(lamine—B.Firstly,differentamountsofdye(180kg,408kg,312kgand312kgduringAugust,September1992,andMarch,December1993experimentsrespectively)wereinjectedinthevariousexperiments,andthereseemstobeno correlationofthedyewiththeobservedvariablebackgroundintheSeaofMarmara.Forexample,duringthetwo(lyereleaseexperimentsinAugust—Septen1ber1992,theapparentconcentrationsintheMarmarasurfaceandinterfaeialwatersreinaincdroughlythesame.Ontheotherhand,inMarcll1993,higherconcentrationsinthesurfaceandintcrfaciallayerwaterswereobserve(lbeforethedyerelease,ascomparedtothoseaftertheinjection.InDecember,1993,similarhighconcentrationsexistedinMarmarabeforethedyerelease.
AsimplecalculationshowsthatthebackgroundlevelsobservedintheMarmarawaterswereanyhowmuchlargerthanthatwouldbeinducedbyentrainmentintotheupperlayer.Forexample,forthecaseofAugust—September1992,takinga totaldepthof30m fortheupperan(linte1'fa(:ia.llayers,anda meanconcentrationof0.3ppbi11theareacoveredbyourmeasurements(anarearoughly5kmby5kminsize,wefinda totaldyecontentof225kg,whichwouldbeofthe.sameorderasthe(lyeinjectedi11eitherofthetwoexperiments.Takingintoco11si(lerationthatthe(lyepatchwouldnotbelimitedtothisareaalone,this?gureismuchhigherthanthatcan beaccountedforbyanyphysicalmechanismof
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dyeentrainmentintothesewaters.Thisresultdoesnotmean,however,thattherewas
no(lyeintroducedintotheupperandinterfacelayerwaters.Ratheritimpliesthatthebackgroundlevelswereprobablytool1igl1todetectanydyecomingfromtheentrainmentofa lowerlayerinjectionintoattl1ediffusers.
5.8.3ItfaxiinuinLayercozicentratiolis
AdiscussionoftheinaxinnunconcentrationsmeasuredintheBosphonisduringeachex-
perimentean behelpful.Thefollowingtablegivesthemaxiinaofthelayeraveragedconcentrations,andtheoverallmaximaofallsinglemeasurementsofconcentrationwithineachlayer.

max. max. max. max. 11]ax. max.
of of of of of of

avg. avg. avg. all all allu.l. i.l. l.l. u.l. i.l. l.l.Date exp. cone. conc. cone. cone. cone. cone.

(cljmaz(C2)nu1;r(C3)nu1z(Cmn2:)l(CHHl.JT)2tcnmrlii(12120)(12110)(11115)(111711)(111111)(11111))
Aug.1992Inst.0.16 0.63 52.3 0.75 0.68 81.6Sep.1992Cont.0.29 0.41 3.8 0.75 0.46 10.2Mar.1993Inst.0.18 0.92 21.0 1.45 5.76 63.8Dee.1993Inst.0.38 1.56 78.9 0.55 4.92 109.1

Itisseen thatthelayeraveragesofconcentrationintheupperlayeroftheBosphorus(notincludingtheMarmaraexitregion)wereatalltimeslessthan0.4ppbregardlessofthedateandtypeofexperiment.Theinterfacelayerconcentrationswerea littlehigher,withaverageconcentrationsnotexeeediiig1.5ppb,evenwhenthelowerlayerconcentra-tionsreadiedhighvalueson theorderof100ppb(andevenpossiblyhiher,ofppmlevels,consideringdiffuseroutletconceiitrationspredicted,butnotmeasuredduetosampling(‘onstraints).
5.9LongitudinalDispersionalongtheBosphorus
ThedispersionofdyealongtheBosplloruswas followedbytheR/VBILIMinalloftheexperilnents.SincethetotaltimeoftransitthroughtheBosphorusisshort,thenieasureinentsrequireda specialsamplingstrategy.Intheeaseofinstantaneousreleases,thecalculations(Figures5.9—5.11inSection5.6)typicallyindicatedthatthetimeoverlapofconcentrationcurveshetweensectionslocatedatthreepositionsalongtheBosphorus,
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forexainple.atdistancesof~ 5,15a.nd30kmawayfromthediffusersourcewouldbereasonablyshort,sothatseparatetimeseriesn1ea.sLu‘en1entscouldbemadeateachoftl1esesectionsbythe.R/VBTLTM.
Thetl1reelocationsatwhichtoobtaintimeseriesoflayeraveragedconcentrationsinafeasiblewayweredecidedtobethevicinityofstationsB5,B8a11(lB~15,locatedapproxi-matelyat7.5,15and28kmdownstreamofthediffusersource.Ina(lditio11tothedetailedsamplingnear thesestations,inea.suren1entswerecarriedoutatotherstationsalongtheBosphorus,whenevertherewereopportunitiesforthesl1ip.
Afterinstantaneousdyereleases.hoththeBlLiMandtheARAR.attemptedtosamplenearthesource(nearstationB0,Table5.2.a~c).inspiteofthedifficultiesofsamplingwithinthespatiallyinhomogeneousdischargeplumes.Someofourmeasurementsindeedshowedhighconcentrationsnearthesource(Tables5.2a—c),whenevera.samplecouldbeobtaineddirectlyfromthedilutedwastewaterplumes.
Aftersamplingatthesourceregion,typicallytheBlLlMmovedtostationB5,andob-tainedrepeatedpro?lesacrosstheeross—sectiontoconstructa tin1e—seriesof?uorescence,te.mpera.ture,salinitya11dcurrentpro?les.VVhileBTLTMwaitedforthe(lyepatchtoarriveatB5,theMURATRETS\ventbetweenstationsB0andB5tomonitorthedyepatch.ItthenstayednearstationB4,southwestofstationB5andnearthewestcoastofBosphorus,todetectthedyepatchbeforeitarrivedtothe11earbyB5section.ItwasoftenfoundtheMURATRETSdetecteddyeconcentrationsatB4,wl1ilenodyewasfoundl)yBlLlMatB5.Thedifferencewasc.onfir1nedl)ylneasurenientsrepeatedbyl3lLTMatstation134(Table5.2.a).
ThetrappingofdyenearstationB4isnotsurprising.ThisregionofBosphorus,i.c.theWestern?ankfromtheHaliqtoBesiktasisa wideningareaofthestraitseparatedbyashallowsillstructurefromthemainchannel,andreeirculationsareknowntooccur(c.g.ézsoyet01.,1986)inthisregion.Infact,therearetwoseparatechannelsoneeastandtheotherwestoftheshallowbottomtopgraphynearstationB4.ThechannelcrosssectionatB5ismoreuniform,thoughthenieasurementstherecouldbeaffectedbythetopographyupstreamofthelowerlayerHow.ThedyepatchatstationsacrosstheB5sectionwasnever
unifonn(Figure5.15)hecauseofrelativeclosenessofthissectiontothediffusersourcesandinviewofthefactthatthetransversemixingtimescaleswereestimatedtobequitelong(Section5.6).
TheineasureinentsatotherstationsinthesouthernBosphorustypicallyindicateda highdegreeofinhomogeneityinthedyedistribution,bothintheverticalandinthehorizontal.HomogeneitywasachievedonlyiiithenorthernmostendoftheBosphorus,as ithasbeenpredictedintheSection5.0.



Wecomparethemeas1u'edconc.entrationsalongtheBosphoruswithtl1elonditudinaldis-
persionprcdictionsbasedonSection5.6.Thecomputationsweremadewiththefollowingparameters,a.ndspecifyingthesourceconcentrationsas describedearlierforeachexperi-mentalcase.

mean DispersionAdsor.
Date dyecurrentdepthwidthCoefficientRatioFigurerelease()(1.7‘U[/Lg‘U11 E, D“No.

(m/5)(in)(in)(1112/3)Aug.1002Inst. 0.50 500 30 171 0.50
Sep.1002Cont.0.00 500 30 205 0.50‘Mar.1003Inst. 0.30 400 25 00 0.50Dee.1003Inst. 0.45 400 25 138 0.25

Severalsimplifyingassumptionsassumptionshavebeenmadeincalculatingthepredictedconcentration:theadsorptionratio,dyedecay,andthewidth,depthandvelocityofthe
Bosphonislowerlayerhavebeenestimatedbasedon a simplified,averageknowledgeofthesecomplexfactors.Furthermore,an averagetriangularcross—seetionalgeometryofthe
Bosphoruswithconstantareaanddepthbelowtl1einterfacehasbeenasstuned,andthe
semi—e1npiriealrelationshipsofSection5.6havebeenusedtoestimatethelongitudinaldispersionc.oef‘Iicientusedinthecalculations.Estimatesofalloftheseparameterscould
changeinsomerangebasedon subjectivejudgements.Inaddition,theactual?owsin
thel3ospl1or11sare variableinspace,andintime,even withinthedurationofa singleexperiment.Further,theineasureinentsalsocontainsomeerrorsderivingfromsampling,calibration,backgroundcorrections,andverticalaveraging.
I11spiteofthesimplifyingassumptions,considerablesuccessisobtainedincomparisonsofmeasuredconcentrationswiththesimplemodelcalculationsbasedonabove.Thetime
liistoiiesofconcentrationatthreelocationsalongtheBosphorusareshowninFigures5.41-
5.45forthefour(lifIe1‘e1itdyereleaseexperiments.Ineachofthethreedisplaysineach
Figure,themeasurementsoflowerlayeraverageconcentration(Tables5.2a~c)havebeen
groupedaroundstretchesoftheStraitcenteredaroundstaionsB5,B8andB15respectivelylocatedabout7.5,15and28kmdownstreamofthesource,byallocatingtoa particularpositionthecastsobtainedintherespectivedistancerangesof510kin,10-21km,and
21-33km.Forcomparison,thetimehistoriesofconcentrationobtainedfromthesimplemodels,usingtheaboveparalneters,areplottedo11thesame?gures.
Comparingtheconceiitratimilevelsnear theB5section(at7.5km,thetopdisplay)in
Figlues5.42,5.44and5.45,withthesourceconcentrationsc,,givenearlier,itcanbeveri?ed
thatintheinstantaneousreleaseCase,theconcentrationdecreasesbyaboutan orderof
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magnitudewithinthisdistance.Comparingthemwiththemaximumdyeconcentrationedattheexitofthedi?users,itisobservedthatthe(lyeisfoundtobedilutedbythreeordersofmagnitudeuntilreachingthevicinityofstationB5,about4-6hourslater.
Incontinuousreleasecase(Figure5.42)thedyeconcentrationalongtheBosphorusde-creasesonlyslightly(ata muchslowerratecomparedtotheinstantaneousreleasecase),becauseitisreducedmainlybythedecayprocesses,whichparameterizesthesumofpho-tochemicaldecayandlossestotheupperlayer,ashasbeeenexplainedearlier.Thevalueofthedecaycoefficienthasbeensettosomevaluebasedon theargumentsgivenearlier.Giventhescatterinthemeasuredvalues,thechoiceofKg= 0.029(Sections5.3and5.6),usedinthecalculationsissomewhatarbitrary.
Inadditiontothecomparisonofmeasuredandcomputedtimehistoriesofconcentration,whichprovidesa meansfortestingthesen1i~empiriealdispersioncoefficientsusedinthecalculations,attemptstouse someindependentmethodsweremadetodeterniinethedispersioncoefficientsfromthedata.Inactualityweexpectthedispersioneoe?icienttobevariablewiththethree~di1nensionalflowanddiffusionpatterns,as wellwithdistancealongtheStrait,becausethegeoinetricalandflowcharacteristicschangewithdistance.
Oneofthestanrlar(lmethodstodeterniinethelongitudinaldispersioncoef?eientistomakeplotsofco11<'.eutrationwithrespecttodistanceandtime.Intheinstantaneousrelasecase,itisbesttousethetransformedcoordinate.torepresentdistanceandtimetogether,andtoplotconcentrationinlogarithmicscalesothatallmeasurementscanberepresentedon
a singleplot.VVe?rstdividetheinstantaneoussourcesolutionc(:n,t)bysomereferenceconcentrationC.= (‘.(.'r,,t,)andtransformitintothe.followingform:

= —<c—4.),
where

C:—(.r—at)’/4E,t—Kdt
andC.= ((.r.,t,,).Plottingintheabovecoordinateswouldthenyielda slopeof-1ifallthedataareconsistentwiththeinstantaneoussourcesolution.However,inordertomakesuchplotswe nmstgive11andE,valuesas inputs,whichwecan varyuntilobtaininga
slopeof-1.



Becausethevalues17,andE,are expectedtobevariablealongtheStrait,we couldnot
collapseallthedatatoa singleplot,andseparatedthedatatocorrespondtosoutl1ernandnorthernBosphorusbygroupingthemintodista.ncerangesof5- 10kmand10—33kmrespectively.ThisisdoneinFigures5.4Ga,band5.47a,bfortheinstantaneousreleaseexperimentsofAugust1992andMarch1993respectively.
The1?andE,valuesadoptedtogivestraightlinedependenceofslope-1forthesouthernandnorthernBosphomsregionswere(17.= 0.3m./.9,E‘,= 1501722/5)and(11= 0.6m/.5,E,= 4001117/5)forthecaseofAugust1092(Figures5.46a,b),and(11= 0.5m/5,E,=1507712/5)and(17= 0.3m/.9,E,= 2007712/s)fortl1ecaseofMarch1993(Figures5.47a,b).Theseare inorderofmagnitudeagreeinentswiththeestimatesofcurrentspeedandlongitudinaldispersioncoel?cientsusedinthetimehistorycalculationsinFigures5.42-5.45,and(liplay(‘(lintheearliertable.However,thereismorethanonedegreeoffreedominadjustingthecurvestoa slopeof-1,because17andE,are twofreeparameters.Thecriteriausedintheadjustnientswerethereforetheachievementoflessscatteranda better?ttoa linearslope.
5.10CalculationofDyeFluxesacross theBosphorus
ThesiinultaneousnieasurcinentsofcurrentvelocityandRhodamine—Bdyeallowthecal-culationofdyefluxesacrosstheBosphonls,andsuchcalculationsweretheultimateaimoftheexperilnents.Theinstrlunentsusedwereselectedspecificlyforthispurpose,allow-ingrapidandaccuratedatacollectionduringthetransittimeofa dyepatchthroughtheBosphonis.
AlthoughthecoverageoftheentireBosphorus,or somecriticalsectionswithhighres-
olution1neas1u'ementswouldideallyyieldthedesiredinformation,the?uorescenceandvelocitymeasurementscannotalwaysbecarriedoutwithsufficientarea coverageandiii
perfectsynchronization,as a resultoftheexperimentlogisticsandactualsamplingcon-
ditions.VViththemethodologywedevelopedespeciallyfortheBosphorus,theADCPmeas1u'ementscanbeobtainedrapidlyandwithsuflicientresolution(depthpro?leswith1mverticalresolutionobtainedat30s timeintervals)acrossanycross~sectionofthestrait,buttheinstrumentlimitationscausesomelossofdataVerynear thesurface(comparabletothedepthoftheshipkeel)andnear thebottom(fortheregionabout15%oftotal
depthabovethebottom).Therequiredinanouveringspacefortheshipnearshorealsoleavessomeareasuncoveredbythenieasurements.Thesedatagapsarelatercoveredbysuitableextensionproceduresinthecomputations.Thefluorometricmeasurementsob-tainedduringCTDcastshavebetterthan1mresolution,butsinceCTDcastsrequiretheshiptobeheldata ?xedpositionforabout20—30minutes,traf?cconditionsanddriftinthesl1ip’spositionoccuringduringthecastscanpracticallyallownotmorethanthreedifferentCTDcasts011eachCl‘()SS-S(‘.(‘tl()1l.
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TheCTDcastsandADCPtransectscan notbedonesimultaneously,becauseCTDcastsrequirestationarynieasureineuts,whilethe.ADCPtransectsrequiretheshiptomove
steadilyacrossthesectionforreasonsofcomputationalaccuracy.Asa result,theADCPtransectsweredoneseparatelybeforeor aftertheCTDcasts.However,ADCPdatawere
alsocollectedduringeachCTDcastwhentl1eshipwasstationary,andtheseprovi(ledadditionaldata.
ThesimultaneousCTDandADCPdataatCTDstationsdonotallowdye?uxcalculationsacrosstheBosphomscrosssectionbecausetheyareonlylocal.However,thesedatacanbeusedtocomputeadepthintegratedfluxattheparticularstation,presentedinTables5.3a—cforthethreeexperimentalperiods.Tl1eADCPdatacorrespondingtotheparticularCTDcasthavebeensearchedautomaticallyfromseparaterecordsofthetwoinstruments,andwhendata.frombothwereavailable,theyl1avebeenmatchedtomakea ?uxcalculation.Theorderingofthedatai11Tables5.3a~cwithrespecttotimeisthesameas theCTDstationslistedinTables5.2a—c.Inthesecalculations,theproductofthevelocityandRhodamine-Bconcentrationl1asbeenintegratedverticallyforeachofthelayersidenti?edinTables5.2a—c,anddividedbythedepthofeachlayertoobtainthedye?uxperunitarea. The?uxesare calculatedinthedirectionthatmaximizesthesumofsquaresofthecurrentspeeddataversusthedepth.Thecorrespondingdirectionangle,listedinTables5.3a»c,isoftenclosetotheangleofthenormalde?ningtheBosphoruscrosssectionatthe.particularlocation.Thesecalculationsareonlymadetodemonstratetheordersofmagnitudeofthe?uxes.Roughestimatesofthetotal(lye?uxesacrossthecorrespondingBosphonis(‘.I'()SSAS(‘.(‘.tl(Jl1Scan beobtainedbymultiplyingthe?ux?guresinTable5.3a—cbytheestimatedaveragewidtl1foreachlayer.
Thedye?uxcalculationsbasedon ADCPtransectsacrosstheBosphorusandavailableCTDdataprovidea betterdescriptionofthe.transversevariationsofvelocityanddyecon-
centrations,andshouldthusyieldmoreaccurateestimatesofthefluxes.Si11cethesedataarenotsynchronous,andnumerousrepeatedprofilesofADCPpingsandCTDRhodamine—l3castswereavailable,a.specialsearchhadtobemadetolocatetheCTDdataclosesti11timea.ndspacetotheparticularADCPpingina transect.Ifno nearbyCTDcastswere
available,theconcentrationdatawasinterpolatedfromthetwoclosestCTDcastsonei-thersideofapinglocation.TheADCPdatawereextendedunifomilytothesurface(witha constantvalueforthecurrentvelocity),andlinearlytothebottom(wherethevelocityisassumedtoapproachzero)fromtheclosestdatapoint,inordertofillthedatagapsillthedatadevoidregions.Thedyeconcentrationdatawereextentleduniformlytothesurface,butwhendatawerenotavailable.near thebottom,a linearvariationfromzeroatthebottomtothedepthofthenearestdatawasassumedtointerpolatetheconcentration.Bankswereassumedtobewithin100in distancefromthenearestADCPpingnearshore,andbothvelocitya.ndconcentrationdatawereuniformlyextendedintheextendedregionsoflineardepthvariation.Thedataweredividedintothreelayersbasedonsalinityvalues,
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asdescribedpreviously,an(ltheproductoftheconcentrationwiththevelocitycomponentnormaltothecross—sectionwasintegratedacrosstheeross—sectionalareaofeachlayer.
TheresultsarepresentedinFigures5.48a«i,5.49:1-n,and5.50a—drespectivelyforthepe-riodsofAugust-September1992,March1993andDecember1993,showingthelocationoftheADCPpingacrossa transect(+signs),thedepthprofileofRhodamine—l3c.oncen~
trationusedatthelocationofeachping(continuouslineshading),thedepthpro?leofcurrentvelocity11or1naltothesection(dottedlineshading)andthepositionsofthethreelayersidentifiedfromtl1ecorrespondingsalinitydata(horizontallines).ThesalinitydatafromtheCTDinstrruncntare notshown,buthavebeenusedinthecomputations.Thedateandti1neforeachADCPtransect,thescalesfordepthandconcentrationareshownatthetopofeachsection.Theangle‘alpha’notedineach?gureistheangleofthenormaltothesectionmeasuredfromeast,andcalculatedbymaximizingthesu1nofsquaresforallnormalV(‘lo(‘itydataina Cr'oss4sr‘.c.tio11.ThenormalfoundbythiscalculationisusuallyalignedwiththeBosphoruschannel.Thecrosssectionalareacomputedrespectivelyfortheupper,interfacialandthelowerlayersarelistedinthelowerrighthandcornerforeach?gure,followedbytheintegratedwaterand(lye?uxesforeachlayer.
Noticethattheconcentrationpro?lesusedinthefluxeoniputationshavesmallnegativevaluesas wellas positivevaluesinthesurfacelayer,becauseofthebackgroundeffectswhichcouldnotbeeliiniuatedinthen1eas1u'cments.VVlienthereisa signi?cantamountofdye(i.e.intheinterfaceandlowerlayers),theconcentrationvaluesarealwayspositive,astheyshouldbe.W70didnotsetthenegativeconcentrationvaluestozerobecausetheyrepresentstatistical,thoughfictitious,deviationsofthebackgroundfromzero,andsettingthemtozerowouldbiasthesurface?uxcomputations.
Duringthe.instantaneousreleaseexperimentofAugust1992,thecontinuous?uxmeasure-
mentsforcalculatingthetransportwereessentiallymadeatthe135Section,andwillbedescribedinthenextSection.Otherfluxmeasurementsweredonebeforeandafterthedyerelease,b11ttheyindicatedsmallValuesof?uxesassociatedwithbackgroundlevels.
Thelneasurementsma.deatsectionB0duringthecontinuouspulsereleaseinSeptember1992indicatedlarge(‘.o11centrati0n.snear thesourceregion,andthefluxcomputationsinFigure5.48athereforeyieldedlargefluxesforthelowerl.yer.Notethatsome(lyeisalsofoundinthesurfaceandtheinterfaciallayers.Becauseofcumulativeeffects,itisnotclearwhetherthisdyedistributionisa resultofresidualsfromtheinstantaneousreleaseperformedthreedaysearlier,or thedyefromthecontinuousrelease.However,theinterfacialdyeconcentrationsiiithecontinuousreleasecasepersistthroughouttheBosphorusandare alsofoundnear theBlackSeaexit(Figures5.4Sa—i).ThesurfaceconcentrationsareoftheliaclcgroundlevelsthroughmuchoftheBosphorus,exceptattheB0section.Thedye?uxesforthesurfaceandinterfaciallayersweresmallwhencomparedtothelowerlayerfluxes,whichweredetectedatsignificantlyhighervaluesthroughoutthe

— 5.36—



Bosphorus.Theinterfacedyeandwater?uxesarealwaystowardsthenorth(positive),showingthatthenetmotionoftliedyeattheinterfaceistowardstheBlackSea,albeitslowerthantl1elowerlayerdyedistribution.Thenorthwardflowoftheinterfacialwaters
duringthisperiodisconsistentwithtl1eincreasedlowerlayer?uxesduringthesameperiod(Section3).
ThecontinuousdyefluxineasureinentsperformedduringtheMarch1993experimentfol-lowingthepassageofdyethroughSectionB5willbedescribedi11thenextsection.TheotherfluxineasurementsatseveralsectionsareshowninFigures5.49a-o.AlthoughlargeamountsofdyewerepresentinthelowerlayerinmostoftheFigures,verylittletransportisfoundfromthe?uxcalculations,as a resultofthelowerlayer?owblockingduring5-7March1993describedinSection3.Inthesurfacelayer,somecasesyieldrelativelylarge?uxvalueswhenmeasurableconcentrationsare multipliedbythelargesurfacecurrents
(c.g.Figures5,/l9a~d).However,thepresenceofnegativeconcentrationsinothercases

(c._r].Figures5.49e~n)suggeststhatthesurfaceconcentrationsinthesecases are againassociatedwithhac.l<g1‘o11n(le?icr,-.ts.
Figures5.50a~dshowdyefluxctalrulationsduringtheDeceinber1993experiment.Becausesections135andB8\veredonebeforethearrivalofthedye,Figures5.50a,cshowverylittlelowerlayer?uxes,whiletheshallownessofthe134Section(Figure5.501))resultsina small?uxvalueinthelowerlayer.Inthefirsttwocases(Figures5.5Ua,b)theupperlayercorrespondstotheMarinarasurfacelayerwhich?owstowardstheBlackSea,oppositetoitsno1'n1a.ldirectionofIlow.Therewererelativelylargedyeconcentrationsinthislayer,thoughnotexeeeding0.51:120,butitisquitepossible.thattheoriginofthissurfacedyeconcentrationduringtheadverseflowconditions,was11ottheentrainmentfrombelow,butratherthedyeleakthatoccurredtoMarinarasurfacewatersduringtheinjection.Indeedthesurfaceandlowerlayerconcentrationsappeartobedisconnectedbyaninterfacialzone
ofzeroconcentration.
AtsectionB8andBSX(Figures5.50(',d),theflowwas alreadyreversingtowardstheMarinaraSeawhenwe madethenleasureinents.ThewedgeofBlZ\.(‘l\'Seawaterwl1ichwaspushedtothenorthendofBosphorusduring17December1993returnedbacktoa

positionnearstation137locatedattheconstriction,during18December.Thefrontofthe
wedgewasveryclosetosectionB8(Figure5.50c),wherethesurface?owswerearrested;butlargerflowsoftheMa1'1na1'asurfacewaterssubinergingundertheBlackSeaWedgewerecarryingdyefromMarmaratowardstheBlackSeai11whatbecametheinterfaciallayeratthisSection.The?uxesintheinterfacelayer(Marinaraupperlayer)andthelower
layer(Marmaralowerlayer)arelargewhenthedyeispassingthroughsationBSX(Figure5.50d),whilethereispracticallyverylittledyeiiitheupperlayer(BlackSeawater).



5.11CalculationsofNetDyeTransport
Inadditionto?uxcoinputationsacrossa sectionata giventime,thedatapermitus tomakecomputationsoftotaldyemasspassingthrougha givensectionaftera.dyerelease.Thisrequireseontiiniousmonitoringofdyeata particularstation,andisthereforeli1nite(lbythetimethatcouldbespentata fixedlocationbytheship.TheB5cross—sectionwasselectedforthispurposeduringtheinstant:uieousre.lca.seexperiments.TheshipoccupieddifferentpositionsacrosstheB5cross—scction,as muchas itwasallowedbythedifficultmaneouveringconditionsatdifferenttimesafterthereleases.
ThepositionsoftheCTDcaststakenfromtheshipduringthisdye?uxmonitoringexerciseinAugust1992areshowninFigure5.51,plottedalongdistancecoordinatesparallelandperpendiculartothesectionrespectively.InFigure5.52,thepositionsacrosstheB5sectionduringthesameexperimentareplottedagainsttime.Figure5.53givesthestationpositionsintheexperimentofMarch1993.
Theprocedureforthetraiisportcalculationswa.sas follows:Thectdcastsweredividedintogroupsaecordiiigto‘timeslices’so thattheywouldreasonablycoverthecross—sectionfora givenslice(dottedlinesinFigures5.52and5.53),thentheprocedureoutlinedinthelastSectionwasusedforcalrrulating?uxesforeachtimeslice,i.e.matchingthenearestCTDcastwiththeindividualADCI’pings.Becauseofthelogisticsofthe.experiment,a singleADCPtransectcouldbemadebeforethemonitoringperiod,andthesevelocitydatawereusedinallofthesubsequentcal<:ula.tions.Highvaluesoflowerlayerdye?uxesarefoundthroughoutthe.monitoringperiods,withessentiallyzerosurfaceandinterfacial?uxes. »

Finally,thefluxvaluesfoundfromeaclitimeslicearemultipliedwiththecorrespondingtimeinterval,andsummeduptoyicldthetotalmassofdyetransportedthroughthecross~section.ThecalculationsarepresentedinTables5.4.aand5.4.brespectivelyfortheAugust1993andMarch1993instantaneousreleaseexperiments.
Itisfoundthata totaldyemassof54kgpassedinthe.lowerlayerflowthroughtheB5sectionintheAugust1992instantaneousrelease,and62kgduringtheMarch1993case
(Tables5.4.aand5.4.b).Theseare quitereasonablevaluesofthetotaltransportfoundfromtimeandspaceintegrationofdye?uxes,giventhemeasurementuncertaintiesandassiunptionsusedinthecomputations.
111theAugust1993,thetotalmassofdyereleasedwas180kg.Allowingforanadsorptionlossof50%inthetanksandthroughthe<lill\1sers,itisestimatedthat90kgofpureRl1oda1nine—Binsolutionwouldbereleasedi11totheBosphorusfromthediffusers.AllowingforchemicalorentraimnentdecaywithK,;= 0.029/2,“asusedinsection5.6,wouldreducethisamountbyanother10%,inthe4/1,1’timeperiodforthedyetoreachSectionB5,
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giving81kgas anestimateoftheamuutofdyethatshouldpassfromthisSection.Itcan
thusbeinferredfromthiscalculationthata highpercentage(~67%)ofthetotal(lyewouldhaveactuallypassedthroughtheBosphorusatSection135,ifallthemeasurementsandcalculationswerecorrect.
InthecaseofMarch1004,thetotalmassofdyereleasedwas312kg.Similarlyallowingforanadsoiptionlossof50%,anda decaylossof10%wouldyieldanestimateof140kgofRhodamine-BtopassSectionB5.Theintegratedmassof62kgobtainedbymeasurementwouldrepresent~ 23"/6oftheestimate.
Thereasonfora,largerdisagreementofmasstransportinthesecondcasemaybetheincreasinginaccuraciesinthefluxestimations,sincemostoftheinformationnear thebottomwasmisssedbecausethelowerlayerflowwasessentiallyveryclosetobeingblockedduringthissurvey.
Onceagainweemphasizethevariousapproximationsusedinthecalculations,andthesourcesofmeasurementerrorsintheabovecalculations:(1)theadsorptionratioislargelyuncertainbecauseitdependson theturbulentinteractionsbetweenthewastewaterandthedyeduringpreparationandinjection,as wellas onthepipelineflowandthesedimentscarriedinthe.flow;(2)theverticalandhorizontalinliomogeneitiesofdyeandcurrentdistril_)utionsatSectionB5,givesrisetolargeuncertaintiesi11thedyefluxes;(3)thelossofcurrentandconcentrationdatanear thetopandbottom15%limitsoftotaldepthnotresolvedbytheADCPandbyloweringrestrictionsofCTDpro?ler,andnear thetwoflanksoftheBosphoruschanneldueto1na.nouVeringrestrictionsare compensatedbyextensionprocedures;(4)thetimeresolutionandperiodofmesurementscan cause
additionaluncertainties.
Theorderofmagnitudeagreementbetweenthecalculatedandmeasuredtransportsisconsideredtoprovidea successfulandsolidcon?rinationofthen1ainresultsreachedwitl1i11thisdrestuddes)itealltheaossihlesourcesofuncertainties.Y:
5.12Conclusions
Dyedispersionexperimentsusingadvancedinstruments,specialexperimentalteclmiquesandlogisticsweresuccessfullycarriedoutinan environmentoflargedimensions,strongStrati?cation,andrapidcurrentsflowinginoppositedirections.
Boththedispersioncomputations,andthenieasurementsindicatethatthe(lyeisrapidlydilutedinthelowerlayeroftheBosphoruswithina.shortdistance(withinfewkm)afterthediffusers.Thisisespeciallytrueinthecaseofinstantaneousdyereleases,where(lilutionsof10-5to10-6are achievedinthelowerlayeruntilthedyereachesthenorthernendofBosphorus.Intheca.seofcontinuousdischarge,whichis11101‘(‘relevantforthewaste
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discharges,theonlymajorcomponentofdilutionthatisexpectedtooccur(comparingthewellmixedlowerlayerconcentrationwiththeinjectedconcentration)isoforderQ/Qt,andisentirelyduetotheredistributionofwastewater?uxacrosstheBosphoruslowerlayercross—section.TakingQ= 2——Gm‘;/sfortypicaloperatingconditionsoftheAhirkapidischarge,andQ5= 5000—150007713/.9(Table3.1)fortheBosphoruslowerlayer?ux,we
expectthatthedilutionratiointhecontinuousdischargecasewillbeon theorderof1()_3to10"‘forthelowerlayerwaters.InthiscasetheaverageconcentrationdoesnotchangemuchalongtheStrait,becauserelativelysmalllossesoccurbydecayandentrainmentprocesses.
Oneofthemostimportantresultsofthestudyisthatitveri?esthattheassumptionsusedinthedesignofthewastewaterdisposalsystemoftheCityoflstanbulwerebasicallycorrect.Thosedesignconceptswerebasedon theannualn1eanbudgetsofsalinity,whichisa conservativetraceritself,asdiscussedinChapter2.Itisshownthatthedyereleases,andthereforethewastewater,behaveinthesamewayas sali11ity,despitecomplicatingfactorsofwastcwaterbuoyancy,sourcelocationandotherthree—dimensionaleffects.
Someofthedyeinjectedinthelowerlayermixesintotheinterfaciallayerandistrappedthere,whilea stillsmallerfraction?ndsitswaytothesurface.Whateveramountreachestheupperlayercannotbeestablishedpreciselybecauseitisa smallconcentrationonthesameorderas thebackgroundlevels.
ExtremecasesoflowerandupperlayerblocliingweresampledduringtheMarchandDecember1903experiments.Eithercase didnotleadtocriticallydifferent4es\1ltsas
comparedtonormalconditions,withregardtodyeentrainmentintotheupperlayer.
InMarch,1993,thelowerlayer?owwasverylow(closetobeingblocked)whenthedyewas
introduced,butthedyewascon?nedinthislayerfora longperiodwithoutbeingmixed11pbya significantamountintothe.upperlayer,andslowly?owedacrossthenorthernsillintotheBlackSea.
InDecember1993,theentireBosphoruswaters?owedtowardsthenorth,retainingthetwolayerdensitystratificationofMarinarawatersadvectednorthinboththeupperandthelowerlayers.Despitetheeffectiveblockingofthetrueupperlayer(BlackSea)watersatthenorthernentrance,thestrati?cationbetweenthetwolayersoriginatingfromMarmarapersisted,andpreventedcontaminationofthesurfacewaters.Thelowerlayerdyepatchmovednorthata fastrate.

Followingthedyereleases,theaverageupperlayerconcentrationsintheBosphoruswere
alwayslessthanabout0.4ppb;theiuterfaciallayerconcentrationswerealwayslessthan1.6ppbinalloftheexperiments;whilethehighestmeanconcentrationsobservedi11thelowerlayerwaterswasuptoabout80ppb.
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Outsi<,l(=theB0:<pl1<)1‘u.<,tl1<‘1'ewereh.'Lckg1'u11x1(lco11centrz1tiui1sofupto3ppbinthesur~

farelayerofthel\/Ia.1'111z11‘aexitrogioii.Tl1(‘1'ef0re,theeffectsof(lyereleasecouldnotbe
0stz1l>lis11<~rlthere.But,lmsmlon ()tl1(‘1‘imliczitions,verylittle(lye1‘ea,(‘.11e(lthesurfacein
anyoftheexperiiiiciits,iurlutlingthosewithexl.r(~111<.-andmlversecourlitiolls.Cmnpiwisonwithsimplel11()(l(‘.lSof<lis1><'r.~;iuushowedgoodagreoiuciitforthelowerlayertra‘11sp01'tsin
theBnspl101‘11s.
Thesimultn11er>11s111r~nis11re1m~.11tsofc111‘1‘outvelocitymidRho(ln,111i11e—B(lyeatsomesections
allowedthecalculationofdye?uxesacrosstheBosphoms,duringtheAugust1992and
March1093(‘xp(‘1‘i1nL‘11t.B1LSC(lon fluxinoiiitoriilgata.?xedcross-section,about20- G0
"/3ofthetotal1111153inje<‘te(lis1‘ec<)v(~1'e(l:\.longtheBosplmrus.Giventheuliccrtaiuties,thisisquitean iiiiportnutresult,Sl1()Wi1lgthelevelofreliabilityoftheox1)e1‘i111r‘11ts.
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CHAPTER6
BIOCHEMICALTRACERS

6.1Methodology
Seawater?uorescesbyvirtueofthedissolvedorganiccompoundsitcontainswhichpos-sessstructures,suchas aromaticrings,havingsystemsofdelocalisedelectrons.Suchcompoundsincludeproteins,aromaticaminoacids,?avins,chlorophyll,fulvicandhumicacidsandpolynucleararomatichydrocarbons.Tl1esecompoundsarereadilydetectedevenifpresento11lyi11tracequantitiesa11dfluorescencespestroscopymaythereforebeusedtodistinguishnaturalwatersthoughonlya limitedamountofworkhasbeenpublishedonthissubjectt.Sincefluorescencearisesfromdissolvedorganiccompounds(includingcom-
poundspresentintinyparticlessuchasphytoplanktoncells),nleasurementsof?uorescencegivedirectinformationondissolvedorganicmatterinseawater.AmajorcomponentoftheAlurkapiWastewaterconsistsofsolubleandreadilysuspendableorganicmatterwhichcouldbeinvestigatedwitl1thesamemethods.
FourcruisesbyR./VB1LlM(inAugustandDecember,1991,March,1992,andMay,1992)haveinvestigatedthenaturalfluorescenceoftheBosphorus.Eachcruiseoccupiedseveraldaysandpermitteda sytematicinvestigationoftheBosphorus.Onthethreecruisesthe?uorescenceoftheunderflowwasstudiedbothwhenAlnrkapiwastewaterwas
beingdischargedso called”positivepulse”experiment)andalsowhenthedischargewasswitchedoff(a ”negatiVepulse”experiment).Thedataobtainedduringthecruisesi111991werereportedinLatifetal.(1992).
All?uorescencemeasurementsweremadeiiithelaboratorybya HitachiF3000spectro?u—orometeron samplesofwatertakensystematicallybyR./VBlLlMfromknownlocationsa11ddepthsintheBosphorus.Thefollowingprocedurewasdevisedi11ordertocharac-terisethe?uorescenceoftheorganicn1aterialintheBosphoruswaters:TheExcitation(230~430nm,Emissionwavelength44011171,),Emission(240~450nm,Excitationwavelength230nm)andSynchronous(from220—G00mn,constantwavelengthdifference5011171)spectraofeachwatersamplewererecorded.Thespectrawereuncorrectedbut,inorderthatthespectrafromdifferentwatersamplescouldbecomparedquantitatively,theheightsofallsignificantpeaksweremeasuredwithrespecttotheheightofa nearbypeakduetotheRamanscatteringofwater.TheintensitiesofExcitationmaximaat230andnear330nm
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weremeasuredrelativetotheheightoftheRamanscatteringcloseto380nm.Theinten-sitiesofEmissionmaximanear400,345a11d300nmweremeasuredrelativetotheheightoftheRamanscatteringcloseto25411171..Theintensitiesofsynchronousmaximaat230and280nmweremeasuredrelativetotheRamanscatteringcloseto354nm.Foreachwatersample,thesesevenmajorrelative?uorescenceintensitiesweresummedtogivean
arbitrarymeasureofthetotal?uorescence,TF,ofthesample.
Sincethefaecalcoliformbacteria(FC)aretheinevitablecomponentofuntreateddomesticsewage,theirconcentration,statedas thenumberofFC/100mlsample,isone ofthesimplestand(lirectmethodofmonitoringthebehaviourofa wasteplumeintheBosphorusunder?ow.Thisisthemainreasonformonitoringthevariationsi11concentrationsofFCalongtheBosphorusandwithinitsjunctionswiththeBlackSeaandtheMarmaraSeasince1985withintheframeworkofthelSKl~Alurl<apiDischargeProject.TheresultsofyearlyexpeditionswerecompiledandpresentedtolSKlasProgressandAnnualReports.HereispresentedthedistributionsofFCandhalocarbonsalongtheBosphorusanditsjunctionsunderdifferent?owconditions,i.r:.blockagesofuppera11dlowerlayer?ows,diversionoftheAlnrkapideep—seadischargetothesurfacelayeroftheBosphorusMarmarajunctionregion.
Fourexperimentswereconductedduringthe1901-1903periodfortracingthewasteplumeanddeterminingtheextenta11dmagnitudeofadvcctionandturbulentmixingalongtheBosphonis.Threeofthemwerethepositiveandnegativedischargetypeexperiments.IntheformerexperimenttheAhn'l<a.piSewageoutfallwasinfulloperationwhereasinthelattercasesewagepumpingintothelowerlayerwasstoppedanddischargedtoMarmarasurfacewaters.ThedatesandthetypesofexperimentsconductedatdifferentperiodstogetherwiththevolumefluxesofupperandlowerlayersofBosphorusmeasuredbyADCP(AcousticDooplerCurrentProfiler)are summarizedinTable6.5.
Duringthesepositive—negativedischargeexperiments,twolowerlayerblockageeventswere
recorded.The?rstonewasduringthe8—10/03/1992periodandthesecondwasduring14-15/05/1992period.DuringMarch,1992experimentthelowerlayer?owofBosphoruswas blokedduetothestrongnorhteasterlywindswhiletheAlnrkapidi?"userwasfullyoperating,i.c.,positivedischargeexperiment.Ontheotherhand,duringtheMay,1992experimentthediffuserwasnotoperating,i.c.negativedischarge.Althoughpositive-negativedischargetypeexperimentwasnotplanned,thechanceofmeasuringtheFClevelsunderpositivedischargebutupperlayerblockageconditions(ULB)wasobtainedduringDecember,1993expeditionduetothestrongsouthwesterlywinds(Lodos).
Inordertomakethediscussionsclearandsimple,variationsatsomestationslocatedatthedynamicallyandtopographicallycriticalpositionsoftheBesphorusareselected.StationB0ispositionedon topoftheAlnrkapidiffuser,E2islocatedtothesouthofdiffuseron
theMarmaraside;stationsB5,B7andB8are locatedatthenarrowest,controlsection
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ofthestraitwherehydraulicjumpoccurs,an(lstationsB14andB15whicharelocatedatthenorthernexitofthestrait.
6.2NaturalandWastewaterFluorescenceCharacteristicsoftheBosphorus
AsreportedpreviouslybyLatifatal.(1992),inexaminingseawatersamplesfromstations45CintheSeaofMarmaratoK0intheBlackSeafortheir?uorescencecharacteristicsitappearssu?icienttonotethatoneissamplinga twolayersysteminwhichthepycnoclinebecomesdeeperfromsouthtonorthandthesurfacedensityincreasesfromnorthtosouth.TheonemajorandinterestingexceptionoccurswhentheBosphorusisblocked.Thedetailsofthephysicaloceanographyare discussedinChapter3,andtheresultsobtainedfromthe?uorescencemeasurementswillbediscussedtogetherwitlithephysicalparameters.
Despitethevariationsfromonecruisetoanother,theupperBlackSeawatercanbereadilydistinguishedfromtheMc(liter1'aneanunrler?owwaterthroughouttheyear,basedonthetotal?uorescenceintensitiesandtheratiosoftherelative?uorescenceobservedinthesynclironousandemissionspectra.ThisisshowninTable6.1,wherethesevenmajorrelative?uorescenceintensitiesandthetotal?uorescencedescribedaboveare recorded.Ifitmaybeassinnedthatthetotal?uorescence,as ithasbeende?nedhere,isdirectlyproportionaltotheconcentrationofdissolvedorganicmaterial,thenTable6.1showstheBlackSeawatertocarryat leasttwicetheconcentrationofdissolvedorganicsas theMediterraneancounterflow.Directmeasurementsofthedissolvedorganicmaterialsuggestaslightlyhighervalueforthisratio.Table6.1alsosuggeststheproportionsofcompoundshavingexcitationwavelengthsnear 280nmandwhich,whenexcitedbylighthavinga
wavelengthof230nm,?uorescednear 345nm,tobediminishedintheMediterraneanunder?ow.Thiswouldbeconsistentwitha relativeabsenceinMediterraneanwaterofcompounds,suchas tryptophan,havingstructurescontainingcertainsubstitutedbenzenerings.
EachsampleofAhirkapiwastewaterwhichhasbeenanalysedhasdi?eredincompositionandconcentration.Nevertheless,allsampleshavegivensynchronous,excitationanden1is—sion?uorescencespectraverysimilartothoseofMediterraneanseawater.Inconsequence,Alurkapiwastewatercannotbedistinguislu-.dquantitativelyfromMediterraneanseawateratconcentrationssmallerthanthatobtainedbya dilutionof1/100or greater.011theotherhand,itisprol)ablethat,once ithasescapedfromthevicinityofthedischarge,the?owofAlurkapiwastethroughtheBosphoruswillbeentirelysimilartothe?owofsoluble,?uorescent,organicmaterialingeneral.Table6.2comparesthetotal?uorescenceoftheBosphorusunder?owinthepresenceandabsenceofdischargedwaste(positiveandnegativepulseexperiments).
Itisclearthat,ifthetotal?uorescencemaybeassumedtobedirectlyproportionaltotheconcentrationofdissolvedorganicmaterial,thenthedischargeofAhirkapiwastenever
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amountedtomorethan10%oftheorganicmaterialdissolvedinthelowerlayeroftheBosphorusandmaywellbe1nucl1less.ThenegativeandpositivepulseexperimentsinMarchandMa.y1992wereseparatedbya periodofa fewdayswhentheBosphoruswasblockedandonemightexpecttheretohavebeen‘natural’differencesinthe?uorescenceoftheunderlayeroversucha period.Theconcentrationofdissolvedorganicmatterintheupperlayerl)eingatleasttwicethatintheMediterraneanwater,evenifalltheAlnrkapiwastebecametransferredtotheupperlayer,itwouldmakeno signi?cantdi?crencetoits?uorescenceanditisnotsurprisingthatthetotal?uorescenceofBlackSeawaterremainsunalteredi11negativeandpositivepulseexperiments.Onemayfurtherpointoutthatcomparisonofthetotal?uorescencesgiveninTables6.1and6.2indicatesthatthevariationsiiitheconcentrationsofdissolvedorganicmaterialintroducedintotheSeaofMarmarabytheBlackSeacurrentgreatlyexceedtheconcentrationofsolublewastedischargedfromAlnrkapi.

Inallcruises,thepatternsof?uorescencecharacteristicoftheBlackSeaandtheMediter-raneanwaters(Table6.1)werereadilytracedasthey?owedthroughtheBosphorusandintotheSeaofMarmaraandtheBlackSearespectively,Changesinthe?uorescenceclraractcristicsweregenerallyattributabletomixingofthetwo?ows.Accordingly,as one
journeysfromnorthtosouththroughtheBosphorusthedensityofthesurfacewaterin-creasesandits?uorescencedecreases,consistentwithincreasingmixingofthelowerlayer(higherdensity,lower?uorescence)intotheupperlayer.Thisisillustratedbythetotal?uorescencemeasuredi11December1901andshowninTable(3.3.
Themostobviousfactshownbythenatural?uorescencedata(Table6.4)istherelativelyhighintensityof?uorescenceshownbytheupperlayerofBlackSeawaterandtheconse-
quentmarkedchangein?uorescencethatoccursacrossthepycnocline.Closerinspectionofthedepthpro?lesrevealsthatthetotal?uorescenceisexceptionallyhighnearthesur-

face,justbelowor inthepycnoclineand,occasionally,ina layernear theseabed.The?uorescencenearthesurfaceisintensebecausethisiswhere.one?ndsBlackSeawaterand(b)thereappeartobelocalisedinputsof?uorescentorganicmaterialintothesurfacewaters(ThestudyofFaecalColiforin—Section6.2showstheseinputstoincludewastematerial).
Onseveraloccasions,duringthecruisesofMarchandMay,1092,thelowerlayer?owoftheBosphoruswasblocked(Chapter3),whichservedas anopportunitytoinvestigatethechemicaloceanographyoftheStraitunderthesecomparativelyunusualconditions.TheresultsoftheanalysesaregiveninTable6.4.
Table6.4showsthat,duringtheblockageon 8March,theBosphoruswaterpossessed(a)unusuallylowvaluesof0,(thatis,itwasoccupiedbythebrackishwatersoftheBlackSea),(b)slightlyhighvaluesofdissolvedoxygen,and(c)slightlylowconcentrationsofnutrients.Moreover,throughouttheMarchcruise,andespeciallywhilsttheBosphoruswas
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blocked,thevaluesoftotal?uorescencewereparticularlyl1igh.Thus,duringtheMarch
blockage,theBlackSeawaterenteringtheBosphoniswaswellaerated,perhapsbecauseofunusualweatherconditionsintheBlackSeaitself;thatthenutrientconcentrationofthewaterenteringtheMarmarawaslow,togetherwiththehighvaluesobservedforthetotal?uorescencesuggeststhatthein?owingwaterwasexceptionallyfertile.
ThepartialblockageobservedinMay1092wasverysimilartotheMarch1992blockage.Alltheanalyses(Table6.4)areconsistentwiththedownwardextensionofan upperlayeroflessdense,highly?uorescentwater,lackinginnutrients.
6.3FaecalColiformMeasurements
ResultsofFCmeasurementsatselectedstationsunderdifferentenvironmentalandex-

perimentalconditionsare giveninTables6.0—6.0fortheperiodsgiveninTable6.5.In
addition,FCmeasurementsmadeduringtheRho(la1ni11e—l3(lyereleaseexperimentsof
August—September1002are giveninTable5.1,whichcanbeusedtolocateFCmax-
imarelativetotiledyedispersionpatterns.FCdatafortheStationsB14andB15are

sepcratelygiveninTable6.10becausetheyrepresentthefar—?eld.regionforthewaste
plume.
FCconcentrationsmeasuredwithinthelowerlayerofBosphorusrapidlydiminishtolevelsoflessthan50FC/100ml,whenthedeep—seawastedischargeisdivertedtosurfacewaters
oftheMarmaraSeaat theexitoftheBosphorus,i.c.,negativepulse.ThedecreaseafterthenegativepulsesuggeststhattheFClevelsmeasuredwithinthelowerlayerof
Bosphorusoriginatesonlyfromthedeep-seadischarge.Inotherwords,wastedischargesintotheupperlayerfromothersourceshavelittleeffecton theFCcontentofthelower
layeroftheBosphorus.Duringthesameperiod,i.e.,negativedischarge,theFCcontent
oftheupperlayeroftheBospliorus,exceptthoselocatedi11theBMJregion,remained
practicallyuncliangedi11comparisontothelevelsrecordedpreviously,indicatingthatthe
upperlayerconcentrationsare notrclate(linanywaytowastesdischargedtl1rougl1thetheAhirkapidiffusers(StationE2,Tables6.6and6.7).
Whenthediffuserisinoperationandthelowerlayer?owisblocked(LLB)whichwas
observedduring08/03/1992(Table6.7)and14-15/05/1992(Table6.8)periods,FClevelsofStationsE2andB0areslightlyaffecteddownto35-40m whichare wellwithinthe
lowerlayerwaterofMarmaraSea.
Unlikethelowerlayer,FCconcentrationsintheupperlayerwereunchangedbypositiveor negativepulse;theFCintheupperlayerarosedfromlocaliseddischarges.TheonlydetectablechangesintheFClevelsofupperlayerofBosphorusareobservedwhentheup-
perlayerflowisblocked(ULB).ThisspecialconditionwasobservedduringtheDecember,1993experiment.UndertheULBconditionsFClevelsoftheupperlayerincreasedatall
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stations(Table6.9)comparedtoothercases.Forexample,atStationB8,upperlayerFCconcentrationvariesbetween20~100FC/100mlundernormalupperandlowerlayer?owconditions,duringpositiveornegativetypedischargeexperimentsandevenduringLLBevents(Tables6.7and6.8).However,underconditionsofupperlayerblockage(ULB),as wasobservedinDecember,1993(Table6.9),FCintheupperlayerwatersofallsta-tionsextendingfromthesouthernexittonorthernexit(Table6.10)increasedtolevelsofmorethan500FC/100ml.WhenoneexaminestheFClevelsoftheupperlayerwatersatStationsB14andB15(Table6.9,Dec.,1991;March,1992andMa.y,1992periods)itisseenthatitsconcentrationisalwayszerounderotherconditions.Itcanbestatedthatthesewage?eldoriginatingfromtheAlnrkapidischargeisnoteffectingthesurfacewatersoftheregionnorthofStationsB5—B7exceptundertheupperlayerblockageconditionsinducedbystrongsouthwesterlywinds,whentheheavilypollutedMarmaraupperlayerwatersbackupintothe.Bosphorus.
6.4LowMolecularWeightHalocarbons
Ofthevariouslialocarbons(HC)studied,HCdistributionintheBosphorusStraitexhibitdifferentverticalfeaturesdependingontheirsources;andtheycanbeseparatedi11tothreegroups.Thefirstgroupconsistsoftheanthropogenic,airbornechloro?uorocarbonsCFC—11,CFC- 113.Thesecondgroup,chloroformanddibromomethane,showsimilarpatternsevenifitisdoubtfulthattheirsourcesare thesame. Thethirdgroupisrepresentedbymethyliodideandc.hlor0-iodoinethane,bothofwhicharegenerallybelievedtobeofexclusivelybiogcnicorigin.
6.4.1C}Ll0T‘0?’ll.0T‘0C(LT‘b07L3
DisplayedintheFigure6.1are -thelongitudinaltransectsofthechloro?uorocarbons,shortlyCFC— 11,CFC—-113andCCI4.Thethree?gureshavecertainsimilarities;lowconcentrationsinthein?owingMediterraneanwater,thehighestvaluesintheinter-mediatelayerattheentrancetotheBlackSeaanda slightinfluenceofCFC-113onlyfromthelstanbularea. Thelowestconcentrationsofchloro?uorocarbons,i.c.the”old—est”watermass,wasfoundinthedeepwater(salinity>38)atstationE5locatedatthesouthernexitoftheBospliorus.Insurfacewaterof14° Candasalinityof38,theconcen-trationsmeasuredwerethoseofanequilibriumwiththeatmosphereinabout19814983(WarnerandWeiss,1986).Theratioof16.5(CFC—11/CFC—-113)indicatesthatthedeepwater,whenenteringtheBosphorusfromtheMarmaraSea,wasatthesurfaceintheMediterraneanSeain1984.Anestimationof8~11yearsisreasonableastheresidencetimeofthedeepwaterintheMarmaraSeasincetheCFC—113valuesusedinthiscalculationareclosetothedetectionlimits.
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6.4.2Chloroformanddibmmmnct/1.ru1,e
Distributionsofchloroformanddibromomethaneare showninFigure6.2.Tl1esetwocompou11dsdifferfromthechloro?uorocarbons(Figure6.1)intl1esensethatthereisa
pronouncedsourceinsurfacewaterinthevicinityofIstanbul.
Astrikingfeatureinthedistributionofchloroform(Figure6.2a)isthatthehighestcon-centrationswerefoundintheupperlayerattheMarmaraexitoftheBosphorus.Keepinginmindthatthesurfacecurrentsintheareaaresouthbound,itseemsreasonabletodrawa conclusionthatthesourceforthesehighlevelsare thedomesticandindustrialeffluentsfromthelstanbularea. Thereisalsoa diffusesour(:eofchloroforminthesurfacelayer,possiblyresultingfromdispersedsurfacedischargesofeffluentsfromthecommunitiesalongthestrait.However,recentreportsonthebiogcnicproductionofchloroformbyalgae,andtheexceptionallyhighprimaryproductionintheareadoesnotexcludenaturalproduction.
Dibromomethaneshowsa similardistributionpattern(Figure6.21))as chloroformdoes.However,itislikelythattl1esourcesarenotthesame.Thereseemstobeapointsourcefordibromoaniethaneatabout15—20m depthatStationsD2andC2on theMarmaraside.Thiscouldberelatedtoan algalbloominthewater,andneednotbean anthropogenicinput.Ithasbeenshownthattheregionishighlyenrichedindissolved11utrie11tsduetodomesticwastesandcntrainnientofnutrientrichwaterfromthelowertotheupperlayeroftheBosphorus(Bastiirkct(LL,1986)duetotheentrainmentinducedinthestrait.Thus,theregionhashigheralgalproductionandchlorophyll—aconcentrationsthanotherregionsoftheMarmaraSeaandthesouthwesternBlackSea.VVhereverthesourcesforchloroformanddibromoniethaneare tobefound,theyfollowthesamespreadingpatternalongthestrait.Thepointsourcesarewitl1i11thepycuoclineandthereisan isopyenaldistributionalongtheinterfacebetweenthesurfaceBlackSeawaterandunderlyingMediterraneanwater.
Thecollectivehy(lrocarbondataversusdepth,plottedinFigure6.3,showelevatedcon-
centrationsinthe10-20mdepthintervalasnotedearlier.Tocliaracterizethedistributionrelativetothedifferentwatermasses,thecollectivehydrocarbonconcentrationdataare
plottedagainstsalinityinFigure6.4,showingthata largenumberofdatawithlowcon-centrationsfalleitherwithintheupperlayer(salinity<19)or thelowerlayer(salinity>37)waters,whiletherestofthedatawithrelativelyhigherconcentrationsfallwithintheinterfaciallayerbetweentheupperandlowerlayers(salinity>17and<37),correspond-ingtoa thicknessofonlyabout10111..Wethereforesuggestthatthe.highconcentrationsofhydrocarbonsobservedalongtheinterfaciallayerinthesouthernBosphorusandintheMarmaraSearegioncouldresultfromsourcesotherthantheAlnrkapiwastedischarge.Sourcesforthisconcentrationmaximumcouldbethesurfacedischargesintheregion,e.g.theGoldenHorn,or theshallowpartsoftheMarmaraexit,wherepollutantscanbe
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accumulatedattheinterfaceinstillwaterconditions,latertospreadintothesurroundingBosphoiuswatersattheexitregion.
Thereisonlya weeksignalofchloroforminthelstanbulsewagewatercomingoutofthediffusersduetothefactthatno chlorinationofthesewagewastakingplaceatthetimefortheinvestigation.Howevereventhisweaksignalseemstobeimportantinthelowerlayer.
ChloroforinconcentrationsmeasurediiitheoriginalwastewatertakenfromtheAhirkapipumpstationhavebeenreportedbyLatifetal.(1992).Theaverageconcentrationofchlo-roforminthe.originalwastewas1900ng/ICHCI3.Withan expectedinitialdilutionofabout1/50bythediffusers,theconcentrationatexittotheBosphoruslowerlayerwaterswouldbeon theorderof40ng/ICHCZJ.OursamplingseemstohavemissedthedyepatchnearthesourcesincetheconcentrationsforthelowerlayeratStationB0aremuchlower.ThedilutionalongthelowerlayerflowoftheBosphorusduetodispersioneffectsisexpectedtobeveryrapidandanalogoustothedispersionofRhodamine-B.ThetotaldilutionofwastealongthelengthoftheBosphorus,calculatedfora continuousreleaseexperiment(Chapter5)wasfoundtobeon theorderof5X10"4iiithecaseofRhodan1ine-B.Discountingtheadsorptionanddecaylosseswhichweassumewouldnotbevalidforhydrocarbonsthe(lilutionwouldbeon theorderof10’;or largerwithintheBosphorus,yieldingconcentrationincreasesof27111/1CHCI3or greaterinthelowerlayerresultingfromthewastedischarges.WedoseesuchincreasesofconcentrationalongthelengthofBosphoruswhenweconsiderthelowerlayerdataalone.Plottingthehydrocatbonconcen-
trationfordatapointswithsalinity>37,Figure6.5showsa11increaseofhydrocarbonsnorthofstationB0.ThisincreaseappearstoberelatedtotheAlnrkapiwastewaterdis-chargeandisofthesameorderofmagnitudeaswouldbeexpectedfromdispersioninthelowerlayer.
6.4.3.MethyliodideandC/Ll0ro—iodnmeihr1,n,e
Twoiodinatedcompounds,methyliodideandchloro—iodo1nethanewereidentifiedduringthestudy.TheirdistributionsintheBosphonisshowninFigure6.6haveverysimilardistri-butionpatterns.Elevatedcoucentrationsofbothcompoundsweremeasuredintheupper10—15In allalongtheBosphorus.(0.G5—0.70ng/LCH3Iand0.30—0.49ng/LCH2ClI)Thehighestconcentrations(0.00ng/LforCH3Iand0.03ng/LforCHZCII)weredetectedintheupperlayeroftheBMJregionwheretherewasalsoa considerablesourceofcl1loro—formanddibromomethaneas mentionedabove.However,theiodinatedhalocarhonsdonotfollowthesamepatternofanisopycnalplumeasdochloroformanddibroxnomethane.lodinatedco1npoun(lsappeartohavesourcesclosetothesurface.ThenearlyhomogeneousdistributionoftheiodinatedcoinpoundsintheupperlayerallalongthestraitnorthofthestationB0indicatesthattheyemanatefromdiffuse,probablybiogenie,sourceswithinthe
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upperlayerofthestraitand/ortheBlackSea.Additionalinputsbypelagicalgalproduc-tionintheBMJregion,whichwasshowntosupportthehighestplanktonicproductionascomparedwiththeoflsliore\vatersoftheMarmaraSea(Ba§tiirl<,ct(LL,1986;Gogmen,1988),makesthisregioncontainhighlevelsofiodinate(lhalocarhons.
Methyliodideandchloro—iodo1netha.necolicentrationswerealsorelativelyhighinthedeepwaterofstationsB15andK3con1paredwiththein?owingMarmaraSeadeepwater.Thisrelativeincreaseindeepwaterimpliesanother,andprobablybenthic,productionon theslopesoftheBosphorusclosetotheexittotheBlackSea.
6.5Conclusions
Fluorescenceineasuremcntsre.adilydistinguishtheflowsofBlackSeaandMediterraneanwaterthroughtheBosphorushythedillerenceintheircontentsofdissolvedorganic1na~terial.However,itisnotpossibletodistinguislitheAlnrkapidischargeinthisway.Itisshownthatthemajorfluxofdissolvedorganic.materialintotheMa.r1na.raSeawastheHowofBlackSeawaterthroughtheBosphorus.ThesolubleorganicmaterialfromtheAhlrkapidischargewasneverohservedtoexceed10%ofthetotalconcentrationinthelowerlayerofMediterraneanwater.Theconcentrationofdissolvedorganicniaterialincreasedbysomesome10%whenthelowerlayerflowoftheBosphoruswasblocked.
Thehighestconcentrationsoffluorescentnlaterialwerefoundnear thesurfaceoftheBosphoms,justbelowor inthepycnocline,and,lessgenerally,ina layerneartheseabed.
Faecalcoliforinanalyseshaveshownthat,withintheBosphoruslowerlayer?owarisessolelyfromtheAlilrkapldischargeandtheircollcentrationsextendthroughthelowerlayer,farintotheBlackSea.
Itis(lif?ctilttoestimatethefractionoftheFCinjectedintotheupperlayerfromthelowerlayer,‘sincealreadyhighconcentrationsexistintheupperlayeras a resultoflocalizeddischargesofwastewaterwithinthesurfacelayer.
Inadditiontothetraditionallialogenatedtransienttracers(CFC-11,CFC—113,CCI4)thelialocarlmnsCHCI3,CH2B7'2,CH_;IandCHZCIIwereusedforthecharacterisationofwatermassesintheBosphorusStrait.Evenifthelastfourhalocarbonshavesourcefunc-tionsthatare lessknown,theycanbeutilisedforcoinpleinentaryinforniationconcerningmoveinentandmixingofwatermasses.

ElevatedconcentrationsofCHCI3,CH2Br2,CH3IandCH2Cl[1l1theBosphorusMar-maraJunction(BMJ)canbeattributedtoanthropogenicinputs,butcontributionsfrombiologicalproduction,whichishighinthearea,mustalsoheconsidered.
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HzLlrJcm‘bo11111(‘as1u‘(‘111m1t.s‘implythal.thorogioiiaroiilidthelVI:1,r1narzLexitoftheB0spho—rus arc affc('.t(~(lhywustvVvutlcm(lis<‘l1z1,1‘gr~<lintothesea‘from)s111'f:u‘.vS0\lI’(‘f‘S.Sincethesillfznntlaym‘ofwnltvrinnssinthe1'(‘p,'i011isinvquilihriiuliwithatillospliocrupperpontsofthoupperlayerltmcsitsHCnmpitlly,1‘(-stlltiiiginthe11y(l1‘0<‘m‘h011a(‘cum11latio11withinthei11tcrfa.cizLllayerattlcptlisof10A‘2Um.TheHC(listributionsindicatethathighcon-
ccntratiolisp1'i1nzu'ilyoccursillthel\’Izu‘111zL1‘aSearegionandpartiallyextendsintotheBosphoms.
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CHAPTER7
CONCLUSIONS

TheBospliorusconstitutesa uniquet\vo~layerflowsystemwitl1a widerangeofvariabilityinitsregimes,on a seasonal,interannualand(lay—to—da.ybasis.Itisoftentheaveragebehaviour(c.g.themeanannual?uxes,salinitybudgets)that,inthepast,hasconcernedscientistsandmanagersalilm.However,wenowknowthattheshort—tern1variabilityanditsconsequencesontheenvironnicntarejustasimportantasthemeanseasonalbehaviour,andsigni?cantlyin?uencesthelatter,as itistypicalofnonlinearsystems,ofwhichtheBosphorusisa goodexainple.
Thelowerlayer('urrentsarestableinLlireetion(mostlytothenorth,occasionallystoppingorreversingtothesouth),andvariableinniagnitllde.StoppingoftheHow,or completecurrentreversals(witha salinewezlgcpropagatingsouth)oftentakesplace.Ina similarinanner,theupperlayer?owbecomesl>locl<e(l,undersoutliwesterlywinds,leadingtoshortterminCrea.sesinsurfacesalinity(Orl;o7.)intheBosphorus.ManycasesofblockageeventshavebeenUl)5(‘l‘V(‘(l,andthesta.tistica.linforinationontheiroccurrencehavebee11gathered.Sealevelineasurementswerestrongly(‘orrelatedwiththeBosphoruscurrentsandblockage.Thevolumefluxesexchangedbetweentl1eadjoiningseashavebeenea.lculate(lbasedonADCPmeasurements.Theaverageupperlayerfluxeswerefoundtobeofthesameorderas theav<‘1'a.ge?uxesC01Ilp11tC(lfrommassbalances.Ontheotherhancl,tl1elowerlayer?uxeswerefoundtobelowerthanmostbudgetestin1a,tes.Themost‘significantresultofthesen1eas1u‘mnentsisthevariabilityoftheflows,showingthatthetransientBosphorus?uxeschangeovera wirlerangeofvalues,whichcandiffersigni?cantlyevenwithinasingle(lay.
Areviewanrl<‘.o1npa.1isonofnutrientandcarbonfluxesthroughtheBosphorusshowsthattheMarinaraSeais(loininatedbytheinfluenceoftheBlackSea.TheloadfromtheCityoflstanbulmetropolitanareaappearstoheonlya fractionoftheloadthatcomesinfromtheBlackSea.PartoftheloadisexportedbacktotheBlackSeaandtotheAegeanSea.
Thewastowater<lis(‘harge(,lfromtheAlnrkapi<lifl'usersformsa buoyantplumeinanenvi-ronmentoftwo—layerstratificationandcurrentsintheBosphorus.Forquantitativeassess-mentsoftheplumesystem,theADCPsystem(150KHZtransducers),andthe30KHz
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transduceroftheJMCechosounderonboardtheR/VBiLlMwereusedforquantitativeandqualitativerneasurernentsofbaclcscatterfromsuspendedparticulatesintlieplume.Duetothehighlevelsofparticulatematerialintl1edischarge,a welldefinedplumestruc-turecouldbeobserveddiningthesurveys.Thefastlowerlayercurrentswereobservedtobendtheplumenorthward,forcingittomoveparalleltotl1ebottom.Otherol)servationsshowedtheplumearrestedatthepynoclinelevel.
InstantaneousandcontinuousdyereleaseexperimentswereperformedintheBosphorusandadjoiningexitregions.Twooceanographicshipswereequippedwithin—situ?uorome—tersinterfa<*.edtoCTDandrosettesystemswereused,andaspecialsamplingstrategywasdevelopedfortheBosphorus,gatheringfour—dimensionaldataonthedyedispersion,whichallowedcalculationsoffluxesandtotaltransports,as wellas comparisonswithestimatesbasedonscn1i—en1piri('altheory.
Basedon dispersioncomputations,theniaxiniurnconcentrationofan instantaneousdis-chargewasestablishedtodecreaserapidlybysomeordersofmagnitudeinthesouthernBosphorus.Themaxiniumconcentration(lec1‘easesfurtherbaya factor<10wl1enthedyepatchreachesthenortlrernendoftheBosphorus,abouta dayafteritsintroductionatthediffuser.ItwasfoundthatverticalandtransversemixingcouldonlybeachievedpartiallynearthenorthernendoftheStrait.Tl1einaximunldilutionforinstantaneousreleasesison theorderof10'5to10*“.
Inthecaseofthecontinuouspulsedyerelease,dilutionoccursentirelyduetotheredistri«butionofwastewater?uxacrosstheBosphoruslowerlayercross—section.Themaximumdilutionfor<‘.onti11u011sreleaseison theorderof10_3to10"‘.
ExtremecasesweresanrpledduringthelVIar('.liandDecember1903experiments.InMarch,thelowerlayerflowwasverylow(closetobeingbIo(‘.ked)whenthedyewasintroduced,butthedyewascon?nedinthislayerfora longperiodwithoutbeingmixedupbyasignificantamountintotheupperlayer.
InDecember1093theentireBosplioruswaters?owedtothenorth,retainingthetwolayerdensitystratificationofMarmarawatersadvectednorth.Despitetheeffectiveblockingofthetrueupperlayer(BlackSea)watersatthenortheinentrancetheStrati?cationbetweenthetwolayersoriginatingfromMarinarapersisted,a11dpreventedcontaminationofthesurfacewaters.Thelowerlayerdyepatchrapidlymovednorth.
Followingthedyereleases,theobservedaverageupperlayerconcentrationsintheBospho-rus werealwayslessthanabout0.4ppb;theinterfaeiallayerconcentrationswerealwayslessthan1.6ppbi11alloftheexperinlents;whilethehighestmeanconcentrationsobservedinthelowerlayerwaterswasuptoabout80111111.
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OutsidetheBosphorus,therewerebackgroundconcentrationsofupto3ppbintheMar-
maraexitregion.Thereforetheeffectsofdyereleasecould11otbeestablishedthere.But,l)asedon otherindications,verylittledyereachedthesurfaceinanyoftheexperiments.CoinparisonwithsimplemodelsofdispersionshowedgoodagreementforthelowerlayertransportsintheBosphorus.
Thesimultaneousn1easurem('ntsofcurrentvelocityandR.ho(.la1nine—Bdyeatsome sec-
tionsallowedthecalculationofdyefluxesacrosstheBosphorus,a11dthecomputedtotal
transportsveri?edthesuccessofmeasurements,withinthelevelofaccuracyofthemea-
suremcntsandtheassuniptioiisthathadtobemade.
Oneofthemostimportantresultsofthestudyisthatitveri?esthattheassumptionsusedinthedesignofthewastcwaterdisposalsystemoftheCityoflstanbulwerebasicallycorrect.Itisshownthatintheeross—scctionalaverages,thewastewaterbehavesinthe
samewayas salinity,despitecoinplicating‘factorsofwastewaterbuoyan(:y,sourcelocationa11dothertln'ce—dimensionaleffects.Basedon ?uxmonitoringata ?xedcross—section,about20- (30%ofthetotalmassinjectedisrecoveredalongtheBosphorus.
Fluorescencemeasurementsreadilydistinguishthe?owsofBlackSeaandMediterra.nc-an
waterthroughtheBosphornsbythe<lill"er(»‘neeintheircontentsofdissolvedorganicma-
terial.However,itwasnotpossibletodistinguishtheAlnrkapidischargeinthisway.Measurementsindicatedthatthemajor?uxofdissolvedorganicmaterialthroughthe
Bosphoins—andintothel\/larnlaraSea—was theflowofBlackSeawater.Thesoluble
organicinatcrialfromtheAlnrliapidischargewasneverobservedtoexceed10%ofthetotal
concentrationinthelowerlayerofMediterraneanwater.Theincreaseintheconcentrationofdissolvedorganicmatter‘intheBosphorusand?owingintotheSeaofMarmaraduringtheperiodsofblockagewasoftheorderofsome10%.
MeasureinentsofConcentrationsofFaecalColiformare themostdirectassessmentofthe
unlicalthinessoftheAlurlcapiwaste.Concentrations(dangerously)i11excessofWHOreconimendations(:.0nti1nu:tobefoundinbothlayersoftheBosphorus.Ithasbeenestab-lishedthatFa.eca.lColiforinintheBosphorusunderlayerarisessolelyfromtheAlnrkapidischargeand,atleastonoccasioii,concentrationsofthebacteriaextendthroughthelower
layerandintotheBlackSeaas faras stationK3(at60-70m depth).Thereasonsforthe
con1para.tiv:~lylong;lifeofthebzuzteria.inthelowerlayercannotyetbeexplained.Bacteria
alsoexistintheupperlayer,buttheirpresenceislinkedtolocalsurfacedischarges,rather
thantheAll11'l{E11)lwaste<lis('liarg‘e.
HalocarbonnicaswueinentsimplythattheregionaroundtheMariiiaraexitoftheBospho—rus isa.flecte<lbywastewatersdischargedintotheseafromsurfacesourcesnearthecenter
oftheCityoflstanbul.Sincethesurfacelayerofwatermassintheregionisinequilibriumwithatmosphere,upperpartsoftheupperlayerlosesitshalocarbonrapidly,resultingin
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l1y<l1'0r'u,1'lmn:1.r<'\111111l::.1‘i<n1Wll.lll1lLlmi1m~1'f:u*i::‘llayerat(lvptlxsof1020m. Thehalo-cm'l)(>11(llHl‘.1‘ilI1xf,i(111.\‘i11<lirtz1t.vthatthiszono0fl1igl1(:011v<-11t1'n.t.i<)11p1‘imzu‘ilyoccursinthel\/lzu‘111n1‘21Svnrvg;i<>11nurlp:1rt,iz1Ily(~,xl,('11(lsintotheBosplloms.Ontheotherhnncl,an i11~crease0fl1:1.l()<‘u1'l1()11<*u11(‘<‘11t1':1tio11s1m1'tl1oftheAll1l'l{£1])l<lil'Fuse1‘sis<‘vi(lr‘x1ti11tl1(‘.lowerlayer,thougllthelevelofthisi11<'1'c:1scisonthesame()1‘(l(‘1'0fu1z1g11itu<lCasthebackgrollnd.
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AI‘PENDIX1

FR.EQUENTLYUSEDCONCENTRATIONUNITSANDINSTRUMEN’1‘SENSITIVITYRANGES
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