
1.Introduction

Recently,turbulentmeasurementsareper-

formedinvariousareasintheoceanforarea-

sonthatturbulenceplaysanimportantroleon

watermassmodification.A lotofenergy

sourcesandprocessesareproposedandstudied

forthegenerationofoceanturbulence,whichis

mainly induced by shearinstability,wave

breakingandverticalconvectionmotion（eg.

THORPE,2007）.Turbulenceassociated with

shearinstabilityandwavebreakingisfre-

quentlyobservednearthegenerationareaof

internalwaves,andstrongturbulencecouldbe

foundalongtheraypathoftheinternalwave

（eg.LIEN andGREGG,2001）.Verticalconvec-

tionmotioninducedbycoolingisalsoconsid-

eredtobeanimportantprocessforturbulence

insurfacemixedlayer（SMYTH etal.1996）.

OAKEY（1988）discussedthewatermodification

ofMeddy,thatis,Mediterraneansaltywater

massobservedinAtlanticOcean,bytermsof

turbulentmixinganddouble-diffusiveconvec-

tion.However,theeffectandimportanceof

turbulenceon watermassmodification in

coastaloceanaremorecomplicatedduetothe

existenceofbottom topography,freshwater

dischargedfrom riverandcombinedeffectof

variousphysicalphenomena,suchasinternal

waveandcoastalupwelling.Fromthepointsof

theexchangeofvariousmaterialsandfisheries

environment,coastaloceanisanimportant

areaforhumanbeings.Therefore,itisneces-

sarytomakedetailedturbulentmeasurements

forclarifyingthecirculationofvariousmateri-

alsinthecoastalocean.

Therearemanyphysicalprocesses,whichaf-

fects water exchange and modification in

SagamiBay,eg.internaltides,surfacewater

circulation associated with the Kuroshio,
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coastalupwellingandcoastal-trappedwaves

inducedbywind,andintermediate-intrusionof

the Oyashio water, etc.（IWATA and

MATSUYAMA,1989;KITADE andMATSUYAMA,

1997,2000;KITADEetal.,1998;NURJAYAetal.,

1999;SENJYU etal.,1999）.Thesephenomena

haveacharacteristicofbaroclinicmotion.Es-

peciallyinternaltideandcoastaltrappedwave

areexpectedtohavestrongverticalcurrent

shearandcontributepossibleenergysourceof

turbulenceinSagamiBay（Fig.1）.SagamiBay

isatypicaldeepbayandhavingnarrowconti-

nentalshelves.Thustheinternaltidesaregen-

eratedatthenorthernpartofIzuRidgeand

southernpartofBosoPeninsulapropagated

intothebayandreflectedatthecoast（KITADE

and MATSUYAMA,1997）.From theoretical

analysisby using narrow continentalshelf

model,KAWAMURA andKITADE（2007）indi-

catedthattheinternaltideswithhigherverti-

calmodeareregeneratedbythereflectionand/

orscatteringofthelowest-modeinternaltide

atthecoastandshelfedge.Byusingathree-

dimensionallevelmodel,KAWAMURA etal.

（2005）reportedthatabeamlikestructureofin-

ternalwave,whichconsistsofhigher-modesof

internalwaves,isinducedattheshelfedgeby

ascatteringofthefirst-modeinternalKelvin

wave.Such a regeneration processofthe

higher-modeinternalwavemightbeimportant

forthegenerationofturbulenceandmixing.

Sincethestronghorizontalcurrentsassociated

withinternaltidehasbeenfrequentlyobserved

neartheshelfedgeoffJogashima,theeastof

SagamiBay（eg.KITADEetal.1993）,thereisa

possibilitythatthescatteringofinternaltideis

inducedattheshelfedge.Thescatteringproc-

essofinternaltideisconsideredtocause

strongverticalshearofhorizontalcurrent.

Toclarifythecharacteristicsofturbulence

andmixinginSagamiBay,microstructure

measurementswerecarriedouttwelvetimes

over the continentalshelf and slope off

Jogashimafromsummerof2007untilautumn

of2010.Inthisstudy,wetrytopresentthetur-

bulencepropertiesanditsseasonalvariability

andtrytoclarifytheeffectsofinternalwave

scatteringonturbulentmixingovertheconti-

nentalshelfandslope.

2.ObservationandData

Repeateddirectmeasurementsofmicrostruc-

turewereconductedbytheTR/VSeiyoMaru

（TokyoUniversityofMarineScienceandTech-

nology）offJogashima,SagamiBay,from

summer2007toautumn2010.Duringthispe-

riod,themicrostructureobservationswerecar-

riedouttwelvetimesusingTurbulenceOcean

Microstructure Acquisition Profiler

（TurboMAP,byJFEAdvantech）.Table1pre-

sentsthedateandnumberofcastateachsta-

tion.Toconfirmthetemperatureandsalinity

dataobtainedbytheTurboMAP,hydrographic

observationsusing Integrated CTD（ICTD;

FalmouthScientific,Inc.）wereoccasionally

performedatthesamestations（Table1）.Al-

thoughourobservationswerenotconducted

sequentiallyinoneyear,buttheycoveredall

season.Mostofobservationswerecarriedout

from earlysummertoautumn,theseasons

whensignalsofinternaltideareexpectedtobe

predominantfrompreviousstudies.Theobser-

vationstationsarelocatedalongasmallridge

acrosstheshelf,on139�29・ 139�34・Eat35�
08・N,offJogashima,SagamiBay（Fig.1）.The

lengthofcross-shelftransectisabout8km

whichconsistsofsixstations（T1toT6）.The

distancesbetweenstationsareabout1or1.5

minuteinlongitude.Measurementsinonesec-

tiontakeabout3hours,withtwoorthreecasts

ateachstation.Allsurveyspannedindifferent

surfacetidecondition.ButinJune2007,we
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Table1.Numberofcastateachmicrostructuremea-
surementstation offJogashima during
summerof2007toautumnof2010

Year Date
Station

T1 T2 T3 T4 T5 T6

2007

2008

2009
2010

June17
July9
May24
June14
July6
September1
December2＊

January19＊

July15
August28
September13
October15＊

1
2
1
1
2
1
1
2
1
1
1
2

2
3
1
2
2
2
3
2
1
1
1
2

2
3
1
2
2
3
3
2
1
1
1
2

3
3
1
3
2
3
3
2
1
1
1
2

3
3
1
2
2
3
3
2
1
1
1
2

3
2
1
2
2
2
3
2
1
1
1
2

＊ accompaniedwithCTDmeasurements



wereconductedtheobservationinbothflood

andebbtides.Thetideconditionwasobtained

from Aburatsubo Tidal Station, near

Jogashima.

TurboMAPisafree-fallinginstrumentand

itsfallingspeedwasadjustedto0.65ms1.The

instrumentcanobtaindataoftherateof

changeofvelocity,low-resolutiontemperature

data,conductivity,pressure,threedimensional

accelerationandhigh-resolutiontemperature
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Fig.1.Theobservationsection（stationT1-T6）offJogashima（inset:showsthelocationofSagamiBay）.
BathymetriccontourderivedfromJTOPO�30.



datafromseasurfacetobottom（upto500m

depthifthewaterdepthisdeeperthan500m）.

Thelow-resolutiondatawasobtainedbyplati-

num wirethermometer,whereasthehigh-

resolutiontemperaturewasobtainedbyFP07

thermistor.Theinstantaneoussheardu'/dz

and temperaturegradientdT'/dzwereex-

tractedfromrawobservedshearandtempera-

turegradientsdatawithahigh-passButter-

worthfilter.Thepressuredatawerefiltered

withalow-passButterworthfilter.Turbulence

kineticenergydissipationrateεwasestimated

in5m intervalfrom thevarianceofvertical

shearbythefollowingequation

ε＝
15

2
・・

・u'

・z・
2

（1）

where・isthekinematicviscosity（・＝1.27×

106m2s1）.Variancesofshearwereestimated

by integrating powerspectrum ofvertical

shear.

Inhandlingoftemperatureandsalinitydata

obtainedbytheTurboMAP,wesynchronized

theresponsespeedofconductivitysensorto

thatoftemperaturesensoraswellaspossible,

andthenapplieda1-mrunningmeantothesa-

linitydata.Afterhandlingthesubsequentdata

processing,weprocessedthedatain1-mincre-

ments.Inthecaseoftroubleofconductivity

dataobtainedbytheTurboMAP,suchasinOc-

tober2010,salinitydataobtainedbyICTD

wereusedinthefollowingdataanalysis.

3.Distributionandvariationoftemperature

field

Beforedescribingthedistributionofturbu-

lenceanditsproperty,itisworthwhiletoin-

spectthedistributionandseasonalvariationof

temperaturefieldinSagamiBay.Figure2

showsthedistributionoftemperatureobtained

ateachobservation.Observationswerecarried

outalongasmallridgewithsteepbottom

slope.Theshapeofridgewhichindicatedinthe

figureisoftheshallowestregionoftheridge.

Sinceobservationwerecarriedoutalongthe

ridgeextendingfromthecontinentalshelfwith

steepbottomslope,waterdepthoftheobserva-

tionstationisoccasionallysomewhatdifferent

fromtheshallowestpartoftheridge.Wecan

seetheseasonalvariationsoftemperature

field,thatis,theseasonalthermoclinebeganto

developfrom earlysummeranditsdepthin-

creasedinautumn,andthesurfacemixedlayer

deepeninwinter.Mainthermoclineexistsat

thedepthofabout300m inSagamiBay.In

somecasesthethermoclineshowsslightly

downtotheright,indicatingnorthwardcur-

rentassociatedwithanti-clockwisecirculation

thatisfrequentlyobservedinSagamiBay

（IWATA andMATSUYAMA,1989）.Thetiltof

thermoclineisespeciallylargeinJuly2010,in-

dicatingwarmwaterintrusion.Theprocessof

warm waterintrusionwillbediscussedlater.

Wave-likevariationswith smallhorizontal

scale,about3km,arealsofoundinthetem-

peraturedistributioninupperlayer.Thedis-

tributionofphaseandamplitudeofthesmall

scalewavesimpliesthecontributionofhigher

modeinternalwaves.

4.Characteristicsofturbulenceandmixing

4.1．Distributionofturbulentenergydissipa-

tionrate

Figure3showstheturbulenceenergydissi-

pationrateε,whichisestimatedin5minter-

valfrom thesheardata obtained by the

TurboMAP.Theaveragedvaluesofεwerein-

dicatedinthefigurewheretheverticalprofiles

ofshearwereobtainedmorethanonce.Theray

pathsofM2internaltideoriginatingfromnear

criticalbottomslope,alongwhichstrongcur-

rentshearisexpectedtobegenerated,were

drawninthefigure.Therayslope,c,isgiven

byc2＝（ω2 f2）/（N2 ω2）,whereω isthe

M2tidalfrequency（1.4×104s1）,fistheiner-

tialfrequency（8.5×105s1）,andNisthelocal

buoyancyfrequency（N2＝（ g/ρ）（∂ρ/∂z）,

wheregisthegravitationalaccelerationand

ρ isthewaterdensity）（e.g.PRINSENBERG

etal.,1974）.Theinternaltideisgeneratedin

wherethebottom slopematchestheslopeof

raypathfortheinternaltide.Thetwoslopes

matchattheshelfedge,around105 110m

depth,andonthecontinentalshelf,at86 88m

depth,suggestingthatbothsitesarefavorable

forgeneratingM2internaltideswithstrong

verticalshear.Nearcriticalbottomslope,that

is,c・dh/dx（wherehisthewaterdepth）ex-

istedonthecontinentalshelfandshelfbreak

fromspringtofall,butonlyontheshelfbreak

Lamer49,20114
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Fig.2.ThedistributionoftemperatureoffJogashimaduringsummerof2007toautumnof2010.
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Fig.3.Distributionofturbulencekineticenergydissipationrateε offJogashimaduringsummerof2007to
autumnof2010.Whitecontourlinesdenoteconstantpotentialdensityσθatinterval0.1kgm 3.Rightlower
panels:tidalconditionatAburatsuboduringobservation



inwinter.Therearesomeactiveturbulence

layersoverthecontinentalshelfandslopeoff

Jogashima.Thestrongturbulencelayer,ε＝

107 105W kg1,appearedintheshelfedge

around100-m depthandnearthebottom of

continentalshelf.Theotherissomeofturbu-

lencepatches（ε＝108 107 Wkg1）which

showedinabeam-likestructureawayfromthe

shelfedgetooffshore.Distribution ofthe

beam-likestructureagreeswithraypathofM2

internaltideinJuneandJulyof2007,Juneand

Septemberof2008.Theseresultsimplythatthe

scatteringofsemidiurnalinternaltideenergy

neartheshelfandshelfbreakisoneofthema-

jorprocessesonthegenerationofturbulence.

Ininteriorofwatercolumn,mostofε

showstypicalvalueinopenocean,1010 109W

kg1,butwehavealsoobservedsomesporadic

patchesofstrongturbulence（ε・108W kg1）.

Thepatchyturbulenceislocatedatdifferent

depthindifferentmonth.Someofmostintense

turbulencelayer（ε＞106W kg1）alsooc-

curredoccasionallyin255�440mdepthoverthe

continentalslopeinJuneandJulyof2007,July

andSeptemberof2008,Augustof2010.These

strongturbulencelayerswere100 150maway

frombottomandbecomestrongerinsummer.

Furthermore,inJulyof2010,thevalueofε

wasrelativelylargein150�300m depthofall

stations.Fromthedistributionpropertyofε,

thesetwocasesareexpectedtobecausedby

otherprocessand/orenergy sourcerather

thaninducedbythescatteringofsemidiurnal

internaltide.

4.2．Relationofεand・T

Therateofdissipationofthermalvariance

・TcanbeestimatedfromthedataofFPO7on

TurboMAPandisexpectedtobelargeatlarge

εregioninstablystratifiedocean.Thispa-

rameterisdeterminedfrom,

・T＝6kT・
・T'

・z・
2

（2）

wherekTismolecularconductivityofheat（kT＝

1.39×107 m2 s1）.The∂T・/∂zisobtained

from instantaneoustemperaturegradient.In

ourobservation,thefallingspeed（～0.65m/s）

ofTurboMapwasslightlyfasterthanthat

suitablefallingspeedformeasurementofFPO7

（GREGG,1999）,soastheFPO7datawouldcause

underestimated・Tvalue.Therefore,wedidnot

describethestructureof・Tindetail.TheFPO7

datawereonlyusedtoexaminethecontribu-

tionofdoublediffusioninSagamiBay.Asdis-

cussedbyOAKEY,1988andINOUEetal.（2007）,

thecontributionofdoublediffusionisexpected

toappearintherelationof・T andε,and

throughthevalueofmixingefficiency,ΓT.

WhenweassumeKρ＝KT＝KS（whereKρ,KT

andKSarethediffusivitycoefficientofdensity,

temperatureandsalinity,respectively）,the

valueofΓTcanbeestimatedby

ΓT＝
・TN

2

2・・
・・

・z・
2

（3）

Thevalueofmixingefficiencyhasbeenesti-

matedto0.25�0.33inthestablystratifiedocean

（OAKEY,1988;MOUM,1996）.Onthecontrary,

thevaluehasbeenknownlargerthanunityin

thecaseofactivedoublediffusiveconvection,

largerthan1（OAKEY,1988;INOUEetal.,2007）.

Figure4showstherelationofεand・Tfor

allobserveddata.Therelationshipofεand・T

isalmostlinear,implyingthattheeffectof

doublediffusiveconvectionwasnotsignificant.

Figure5showsthefrequencydistributionof

ΓTforall5-mgriddatabyusingequation（3）.

Intemporalvariation,theΓT valuesvaried

from0.02to0.25,havingrelativelysmallvalues

insummerandlargevaluesinwinter.Afewof

TurbulencepropertiesoverthecontinentalshelfandslopeinSagamiBay 7

Fig.4.Scatterplotsofturbulencekineticenergydis-
sipationrateε andrateoflossoftemperature
variance・T offJogashimaduringsummerof
2007toautumnof2010.



largevaluesofΓTappearedinweakstratifica-

tionlayerofwintertime.Whenaveragingall

observedvaluesofΓT,weobtained0.1.Theav-

eragevalueofourobservationwaslessthan0.2

assuggestedbyOSBORN（1980）literally.How-

ever,thereasonforthesmallervalueofΓTmay

arisefromourobservationmethodasdiscussed

inGREGG（1999）.Namely,thefallingspeedwas

somewhatfasterthan thatsuitablefalling

speed,whichmightwiththeresultinourun-

derestimationof・T.Evenifweassumethatour

valuewasthehalfofrealvalueofΓT,thereisa

fewoccurrencefrequencieswithΓT＞0.5.Con-

sequently,wemaysaythattheeffectofdouble

diffusiveconvectionwasnotsignificantinthe

SagamiBay.

4.3．Distributionofeddydiffusivityofden-

sity

Otherturbulenceparameter,thediapycnal

eddydiffusivitywasestimatedtoquantifythe

strengthofturbulentmixing.Thediapycnal

eddydiffusivityKρiscomputedfromε,ΓT and

buoyancyfrequencyby

Kρ＝・T

・

N
2 （4）

（OSBORN,1980）.Inthepresentstudy,ΓT＝0.2

wasusedbecauseourFPO7datamightbeun-

derestimated,besidestheΓT＝0.2istradition-

allyusedinmanypaperssothatconvenientin

comparingthem.Figure6showsthevertical

sectionofKρ overthecontinentalshelfand

slope.Relativelylargeturbulentdiffusivity,Kρ

＞ 104m2s1,isfoundneartheshelfregionin

summertimeandSeptember2008.Ontheother

hand,arelativelylargeturbulentdiffusivityis

foundintheupperlayerupto100minwinter

January.TheKρ ontheshelfedgewasinO

（104 103）m2s1,mostlyoneorderhigher

thanthatonthecontinentalslopeO（105

103）m2s1.Themid-slopemixingsignalshows

ahighKρ oforder（102）m2s1inJuly2008.

EvenitwasweakerinSeptember2008,Kρ still

inhighvalues（O（104 102）m2s1）.Nobeam-

likestructureofKρ asseenonε.Theregions

oflargevalueofKρ arefoundnearthebottom

inmanycases.ItisinterestingthatKρislarge

below300mdepthandreaches103m2s1.

4.4.SeasonalVariabilityofTurbulence

Inthepresentstudyturbulenceparameters

wereobtainedinallseason,whileobservations

werenotmadeineverymonth.Inthissubsec-

tion,weexaminedtheseasonalvariationsof

ε,・TandKρ（Fig.7）.Monthlyaveragedval-

uesareindicatedinthefigure.Inordertoget

thecommonfeaturesofvariabilityofturbu-

lenceproperties,weaveragedalldepth,above

permanentthermoclinelayer（10�300m）,below

permanentthermoclinelayer（morethan300m

uptothedeepestobservationdepth）andmid-

slopemixingsignalfoundat255―440mdepth

ofstationT3andT4.BothofεandKρarethe

largestinJulyandsmallestinJanuaryasa

whole.Wecanseethattheε inSagamiBay

hashighlevel（＞108Wkg1）throughoutthe

yearexceptinJanuary.Seasonalvariationof

Kρisalsonotclearandmonthlyaveragevalues

aregreaterthan104m2s1.Theactivelayerin

sloperegionhasthehighestaveraged-ε and

Kρ comparedwithothersandstrongturbu-

lenceoccursthroughouttheyear.Besidesof

theinternaltidesthatsignificantlyobservedin

summertimeinSagamiBay,mid-slopemixing

mayalsocontributestothemixingprocessof

theshelfedgeregion.
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Fig.5.Histogramoflogarithmofmixingefficiency
ΓT ofallobserveddataoffJogashimaduring
summerof2007toAutumnof2010.
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Fig.6.ThedistributionofdiapycnaleddydiffusivityKρ offJogashimaduringsummerof2007toautumnof
2010.
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Fig.7.Seasonalvariationofaveragedturbulencekineticenergydissipationrateε,diapycnaleddydiffusivity
Kρ andrateoflossoftemperaturevarianceχToffJogashimaduringsummerof2007toautumnof2010.



Consequently,wemaysaythattheturbu-

lenceparametersinSagamiBaydependon

oceanographicalconditionofobservationalpe-

riodratherthanseasonalvariation.Toinvesti-

gatethecauseofvariation ofturbulence

properties,wehaveexamined thephysical

backgroundwhichpotentiallycontributesto

observedvariabilityinthefollowingsection.

5．Discussion

SemidiurnalinternaltideinSagamiBayis

frequentlyobservedinsummeranditsgenera-

tionareahasbeenconsideredatthenorthern

partofIzuRidgeandtheshallowregionoff

southwestofBoso peninsula（KITADE and

MATSUYAMA,1997）.Theinternaltidesareex-

pectedtoreflectandscatteratthecontinental

shelfoffJogashimaatthemouthofSagami

Bay.From themicrostructuremeasurement

alongthesmallridgeoffJogashimainSagami

Bay,abeam-likestructureofactiveturbulence

patchwasfoundtobefollowingtheraypathof

M2 internaltideswhichisoriginatingfrom

continentalshelf.Thus,thebeam-likestruc-

turesoftheactiveturbulencepatchwerecon-

sideredtoberegeneratedbythescatteringof

internaltideattheshelfedgeoffJogashima.

Theseresultsimplythataninternaltideisone

ofthemajorenergysourcesofturbulencein

SagamiBay.However,energydissipationrate

ε wasnotsolargeinAugust,whilethesea-

sonalthermoclinewasstrengthenedandthein-

ternaltidalenergywasexpectedtobelargein

summer.Thereasonofthelowε observedin

Augustmayrelatetotideage,thatis,spring

andneaptidalcycle.Therefore,inthissubsec-

tion,relationshipbetweenε andeffectsofin-

ternal tide were tried to be examined.

Unfortunately,nocurrentdataareavailable

duringthemicrostructuresurvey,inwhichin-

ternaltidepropertycanbeobtained.Therefore,

thesealeveldataandstratificationcondition

wereanalyzedandcomparedwiththestrength

ofturbulence.

Table2presentstidalamplitudeestimated

from sealeveldifferenceinonedayincluding

theobservationperiod.Thetidalamplitude

rangeswasvaryfrom0.40to0.81mwhilethe

observationhasbeenconducting.Figure8（a）

and（b）showrelationbetweenamplitudeofsea

surfacedisplacementandε,andbuoyancyfre-

quencyandε inthepermanentthermocline

layer（10to300m depth）,respectively.How-

ever,thetidalamplitudemightnotenoughto
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Table2.TidalamplitudeandbuoyancyfrequencyduringJuneof2007toOctoberof2010

Fig.8.Scatterplotsofaveragedturbulencekineticenergydissipationrateε againstTidalamplitude（a）,N2

（b）TidalAmplitudexN2（c）inupper300m layeroffJogashimaduringsummerof2007toautumnof
2010.



explainthevariationofturbulence.Thereisa

linearrelationbetweenbuoyancyfrequency

andε,andcorrelationcoefficientisabout0.58.

Forcingfromsurfacetidetointernaltideisex-

pressedbytheforcingtermFasfollows（e.g.

BAINES,1982）,

F＝・
QN

2

・

zh'・x・

h
2 sin・t （5）

whereω isthefrequencyofforcing,handh・

arethewaterdepthanditshorizontalgradient,

andQismassfluxbysurfacetidalcurrentand

expressedbyQ＝u0h（whereu0istheamplitude

ofbarotropictidalcurrentoverthetopogra-

phy）,respectively.Generationareaofinternal

tidesinSagamiBayisthenorthernpartofIzu

Ridgeandtheshallowregionoffsouthwestof

Bosopeninsula.Wecannoteasilyseparatethe

contributionofeachgenerationarea.However

wecanexpectthattheforcingterm（5）affects

ongenerationofinternaltidesinthesameway

ateachgenerationsiteeverytime.Further-

more,barotropictidalcurrentisconsideredto

beproportionaltoseasurfaceelevation.Thus

wecanexpectthattheamplitudesofinternal

tides,Ainternal,isproportionaltothevalueofN2

timesamplitudeofseasurfacedisplacement,

Asurface,asfollows,

Ainternal∝N2Q∝N2Asurface （6）

HereinafterwecallN2Asurfaceindexofforcing.

Wefoundanincreasingofcorrelationcoeffi-

cientoflinearregressionε withtheindexof

forcing（Fig.8（c））.Correlationcoefficientof

0.67ishigherthanthe5％ significantlevel.

Theseresultsindicatethatinternaltidesare

oneofthemajorenergysourcesofturbulence

inSagamiBay.

However,ε obtainedinJuly2010wasone

orderinmagnitudelargerthanthatobtained

intheotherperiods.Thereasonofsuchanex-

tremelyactiveturbulenceisconsideredtobeas-

sociated with strengthen ofanti-clockwise

circulationinSagamiBay,becausethedensity

surfaceinmainpycnoclinetiltedintheactive

turbulencelayer.Variationsofsurfacecircula-

tioninthebayhavebeenstudiedbyIWATAand

MATSUYAMA（1988）whoexplainedthatitre-

latedtothevariationoftheKuroshio.Thein-

trusionofKuroshiowaterintotheSagamibay

inJuly2010canbeseenthroughthetempera-

turetimeseriesdataobtainedoffOdawara

（Fig.9）.Thewarmwaterstartedcameintothe

baytwodaysbeforethemicrostructureobser-

vationtime（indicatedbyarrowinFig.9）,spe-

cificallyindeeperdepth（60m depth）.The

warmingtookplaceinlongterm andfluctu-

atedwithlargetidalamplitude.Thus,bothef-

fectsofcurrentshearassociatedwiththewarm

waterintrusionandamplifiedtidalfluctuation

areexpectedtobeimportantforthestrong
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Fig.9.TimevariationsoftemperatureobtainedatmonitoringstationoffOdawarainJuly2010.Waterdepth
ofthemonitoringstationis65m.Thedatestartedat0:00.



turbulenceinJuly2010.However,itisdifficult

toseparateeacheffectanddiscusseachprocess

indetailbythepresentourdataset.

Finally,weshouldpayattentiontotheactive

turbulencelayerwhichfoundatdeeppartnear

thesloperegion,thatis,theintenseturbulence

layer（ε＞106W kg1）occurredatthedepth

from255mto440moverthecontinentalslope

inJuneandJulyof2007,JulyandSeptember

of 2008,and August of 2010.Since the

barotropictidalcurrentinSagamiBayisvery

weak,itisdifficulttoexplainthatthemid

depthstrongturbulenceisdirectlycausedby

the barotropictidalcurrent.One possible

mechanism istheinternalhydraulicjump

inducedbyinternaltidalcurrent.LIEN and

GREGG（2001）showedthestrongmid-depth

mixinglayerinducedbyinternalhydraulicsas

aresultofalongshorecurrentsflowingacross

thefanridge.Ininternalhydraulicturbulence,

thestrongturbulencepathshiftedtobothsides

ofobstacleduringdifferentsurfacetide.To

confirm thestructureofintenseturbulence

layerindetail,wepresenttwosectionsofε in

July2007asshowninFig.10,whichhavebeen

discussedbeforeintheaveragedfieldsinFig.3.

InJuly2007,weconducted2.25hoursobserva-

tioninrisingtideand2hourlater,continued

to2.25hoursobservationinfallingtide.We

foundtheactivelayeroccurredonlywhenthe
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Fig.10.Distributionofkineticenergydissipationε inebbtide（a）andfloodtide（b）ofJuly2007.Lower
panels:tidalconditionatAburatsuboduringobservation.



surfacetidewasrising（Fig.10（b））.Fromcom-

parisonofFig.10（a）and（b）,wecanseethat

themid-slopemixingsignalisaccompaniedby

elevatedisopycnalsurfaceofσθ 26.6�26.8.The

variationoftheisopycnalsurfacereaches15m

inverticalwithinaboutfourhours.Thesere-

sultsledustosuggestthepossibilityofturbu-

lence controlled by the internalhydraulic

causedbyinternaltidalcurrentatthesmall

ridgeoffJogashimainSagamiBay.However,

toclarifythemechanism ofactiveturbulence

layerwhichhasbeenfoundinthemiddepth,it

isnecessarytocarryoutdetailedobservation

alongtheshelfincludingdeploymentofcur-

rentmetermooring.

6.Summary

Directmeasurementsofturbulenceusing

TurboMapwerecarriedoutalongtheridge

westoffJogashimain SagamiBay twelve

timesfromJune2007toOctober2010.Turbu-

lencekineticenergydissipationrateε was

largenearthebottom ofshelfedge.Insome

case,largevalueofε wasfoundalongachar-

acteristiccurveforsemidiurnalinternaltide

emanatedfrom near-criticalbottom slopeoff

Jogashima.Theseresultsimplythatthescat-

teringofsemidiurnalinternaltideenergynear

theshelfandshelfbreakisoneofthemajor

processesonthegenerationofturbulence.

Theeffectofdoublediffusionwasconsidered

tobesmallonmixingprocessinthebay.Itis

inferredfrom linearrelationshipbetweenthe

rateoflossoftemperaturevariance・Twithε

andalmostallofmixingefficiencyΓT was

smallerthanunity.ThedistributionofKρ is

differentfromε,wherelargevaluesofKρwas

foundmostlynearthebottom ofcontinental

slopeandnolargeKρ alongthecharacteristic

curveforsemidiurnalinternaltide.

Noclearseasonalvariationinmonthlyaver-

agevaluesofturbulentparameterε andKρ,

excepthighinsummerandlowinwinter.The

averagedvaluesofεshowgoodlinearrelation

withthesurfacetidalamplitudetimesquareof

buoyancyfrequency.Therefore,weconsidered

internaltidesasoneofthemajorenergysource

ofturbulenceinSagamibay.

Theeffectofwarmwaterintrusiononturbu-

lencemixingisshowninJuly2010,wherethe

largevalueofε wasfoundinthermocline

layerofallstations.Frompresentobservation,

thepossibilityofinternalhydraulicjumpwas

appeared.Wehavefoundshiftedstrongturbu-

lencesignalinmiddepthassociatedwithtidal

fluctuation which accompanied by elevated

isopycnalsurfaceofσθ 26.6 26.8.However,it

isdifficulttodescribethedetailofmechanism

becauseofthesnapshortobservation.Itisnec-

essarytoperformsdetailedobservationalong

theshelfanddeploysmooringobservation.

Therefore,togetherwithotherstrongturbu-

lencelayerwhichisfoundinJuly2010,willbe

ourfuturestudy.
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