
1.Introduction

ThewesternPacificOceanisaregionwhich

dominatesthedynamicsoftheclimatesystem

intheworld.Forexample,theequatorialproc-

essesreleasingheatbyraindrivestheso-called

WalkerCirculation,andthentheequatorial

currentsredistributeheat.Theinter-annual

variabilityofcurrentsandtemperaturesinthe

equatorialPacificmodulatestheoceanicforc-

ingtotheatmosphere;ElNi�o,forexample

causesthebiggestchangesintheequatorial

dynamics.Inthemid-andhighlatitudere-

gions,thesubtropicalandthesubarcticgyres

redistributeheatfromthelowlatitudetomod-

eratetheweathersystem there（STEWART,

2005）.

Thecurrentsystem inthewesternequato-

rialPacificconsistsofatleastfourmajorcur-

rents:（1）theNorthEquatorialCurrent（NEC）

flowingwestwardbetweenabout20�and8�N

whichcorrespondstothesouthernrim ofthe

subtropicalgyre,（2）theSouth Equatorial

Current（SEC）flowingwestwardfrom about

3�Nto10�S,（3）thenarrowerNorthEquatorial

CounterCurrent（NECC）flowingeastwardbe-

tweenthem,and（4）theEquatorialUnderCur-

rent（EUC）flowingeastwardbelowthesurface

straddlingtheequatorover2�N～2�S.Inthere-

gionbetween20and26�N,thereisaneastward

flowing currentknown astheSubtropical

CounterCurrent（STCC）.TheNECbifurcates

intothenorthwardflowingKuroshioandthe

southwardflowing MindanaoCurrent.The

KuroshioflowsalongtheJapanesecoast,and

changesitsdirectiontoeastofftheJobanand

SanrikucoastofJapantoform theKuroshio

Extension（KE）.Thewestwardcountercur-

rentknownastheKuroshioCounterCurrent

（KCC）flowsbetween25and30�N.TheKEcon-

tinuestofloweastwardastheNorthPacific

Current（NPC,thenorthernrim ofthesub-

tropicalgyre）.Tothenorthofsubtropical

gyre,thesubarcticgyreisformedhavingthe
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Oyashioasanotherwesternboundarycurrent

flowingfromtheeasterncoastofHokkaidoto

south.

Somemajorwatermassesexistinthewest-

ernPacific.TheNorthPacificIntermediate

Water（NPIW） is a low salinity water

（33.80～34.10）characterizedasaverticalsalin-

ity minimum around themid depth（300

m～800m）originatedfromthesubpolarregion

（e.g.,SVERDRUP etal.,1942）extendingfrom

130�E～130�W and10�N～45�N.Talley（1993）

suggestedthattheOyashioWinterWateris

thesourceofNPIW,andinthemixedwaterre-

gionbetweentheKuroshioExtensionandthe

Oyashiofrontitismodifiedthroughsomemix-

ingprocessestoacquirethecharacteristicsof

NPIW.Thiswaterintrudesintothesubtropical

gyreasacrossgyreflowandspreadsintothe

mid-depthofthewesternNorthPacific.REID

（1965）pointedoutthatthesalinityminimum

couldbetracedona26.8σθ surface.TheSub-

tropicalModeWater（STMW）isaminimumof

potentialdensitygradientinthe100－400db

layerextendingfrom130～180�Eand20�N－40�
N（MASUZAWA,1969）.TheNorthPacificTropi-

calWater（NPTW）isasubsurfacesalinity

maximum（>35.0）waterona24.0σθ surface

causedbyexcessevaporationoverprecipitation

andbylongresidenceofthesurfacewaterin

thecentralPacificinthe100－200dblayerex-

tending from 130～180�E and 10～25�N

（TSUCHIYAetal.,1989）.TheNorthPacificCen-

tralWater（NPCW）isathermoclinelayerbe-

tweentheNPTW andtheNPIW extending

from35�Nto15�N（e.g.,SVERDRUPetal.,1942）.

TheNorthPacificEquatorialWater（NPEW）

isasubsurfacesalinitymaximum（>35.4）ata

depthof150dbfromtheequatortothesouth

ofNPTW coveringthewholeequatorialPacific

Ocean（e.g.,SVERDRUPetal.,1942）.Thevari-

abilityandmodificationofthesewatermasses

havebeenattractivesubjectsinthisarea.

Since1967,theJapanMeteorologicalAgency

（JMA）hasbeencarryingoutwinteroceano-

graphicsurveysalong the137�E from the

southerncoastofJapantotheareaofftheNew

GuineacoastusingtheR/VRyofuMaruand

KeifuMaru.From1972,summerobservations

havebegun.Somestudieshavebeenconducted

usingthissectiontodetectthevariabilityof

currentsystemsandmajorwatermassescited

above（e.g.,MASUZAWA,1969;SUGAetal.,1989;

QIUandJOYCE,1992;SugaandHanawa,1995;

SHUTO,1996;BINGHAM etal,.2002）.

QIU andJOYCE（1992）extensivelyanalysed

thehydrographicfeaturesalong 137�E ob-

servedfrom 1967to1988.Theirmainpurpose

wastoidentifytheinter-annualfluctuationsin

theKuroshioandKCC,andtounderstandtheir

relation tothechangeofthepath ofthe

Kuroshio.Theyalsodiscussedtheinter-annual

fluctuationinthelowlatitudes:fluctuationin

thetransportofNECandNECC,thesurface

dynamicheightanomaliesandtheuppermixed

layerthicknessassociated with theENSO

events.Usingananalyticalmodel,theyfound

thattheinter-annualfluctuationsofNECand

NECC were highly correlated with the

Sverdruptransportfluctuations.Theyalsodis-

cussedthevariabilityofwatermassescited

above.

SHUTO（1996）usedthissectiontoanalysethe

inter-annualvariabilityoftemperatureandsa-

linitytodiscusstherelationshipbetweenthese

variationsandthewindforcing.Heshowed

thatthetemperaturechangesoccurredinthe

equatorialregionofthewesternNorthPacific

accompaniedbyElNi�oandLa-Ni�aevents,

whichreachedabout20�Nwheretheinclination

ofisothermsacrosstheNECfluctuatesthere.

TheEmpiricalOrthogonalFunction（EOF）

analysisofthewinterwatertemperaturere-

sultedintheinterruptionElNi�oandLa-Ni�a

eventsasthefirstmode,and thedecadal

changesinSSTintheNorthPacificasthesec-

ondmode.

Theclassicalhydrographicobservationhad

beenconductedusingreversingthermometers

andNansencasts,therefore,QIU andJOYCE

（1992）andSHUTO（1996）wereobligedtoapply

thecubicsplinefittoverticaldiscretedatato

obtainsmoothprofiles.Consequently,there

wereinherentdifficultiesindetailedanalysis

suchasavariabilityofthemodificationproc-

essofwatermasses.Thispointhasbeenim-

provedbytheintroductionofCTDobservation

from1988.CTDobservationbecomesasarou-

tinebasefrom1990.Therefore,takingthead-

vantageofsuccessiveCTDdata,wetrytomake

detailedwatermassanalysisusingadensity
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ratioRρ（Turnerangle:Tu）tograspthemodi-

ficationprocessesofmajorwatermassesinthe

presentstudy.

ThedensityratioortheTurnerangleisan

indicatoroftheactivityofdoublediffusivecon-

vection（RUDDICK,1983）.Thedoublediffusive

convectionhastwoforms;oneisthesaltfinger

convectionthatoccurswhenalayerofwarm

andsaltywateroverliesonalayerofrelatively

coolandfreshwater.Anotheristhediffusive

oscillatoryconvectionthatoccurswhenalayer

ofcoolandfreshwateroverliesonalayerof

relativelywarm andsaltywater.Forboth

convections,afluidlayerisstaticallystable;

however,duetothefasterdiffusionofheat

thanthatofsaltgiverisetotheonsetofcon-

vection.Inbothcases,thelowerlayerbecomes

dense（up-gradientofdensitystratification）ir-

respectiveofthebasicstablestratification.

Then,thedoublediffusiveconvectionshould

haveacertainroleinthemodificationofwater

masses.

From thispointofview,FIGUEROA（1996）

andYOU（2002）haveinvestigatedthedistribu-

tionsofthedensityratiointheworldocean.

Theyshowedthatdoublediffusiveconvectionis

notsoactiveintheNorthPacific（Rρ・3～4）

exceptatsomeplaceswherethewatermasses

havingdistinctcontrastsinpropertiesdirectly

contact.TheregionoffJoban-Kashimaand

Sanrikucoastissuchaplacewherethewarm/

salty Kuroshio and relatively cold/fresh

Oyashiowatersdirectly contacteach other

formingmanytemperatureinversionlayers

andinterleavingstructures.Then,thesere-

gionsarefavourablefortheonsetofdoubledif-

fusiveconvection.TALLEYandYUN（2001）and

INOUEetal.（2003）focusedtheirattentionto

thispointandinvestigatedtheroleofdouble

diffusiveconvectiononthemodificationproc-

essofNPIW.Theybothshowedthatcabbeling

anddoublediffusiveconvectioncouldexplain

thetotalincrementofdensityofNPIWwhileit

extendsfrom thesubarcticregion to the

Sanrikucoast.Aswasmentionedabove,vari-

ouswatermassesexistalong137�E,andthe

doublediffusiveconvectionshouldoccurinthe

areasandwichedwiththeNPTW andNPIW

andthatbelowtheNPEW.Therefore,inthe

presentpaper,focusingontheactivityofdou-

blediffusiveconvectionalong137�E,wewillex-

aminetheroleofthesephenomenaonthevari-

abilityandmodificationofwatermassesalong

137�E.Wedescribedataanalysisprocessinsec-

tion2,followedbyhydrographicstructures

along137�Efrom1990to2007insection3.We

showthecharacteristicsofannualmeanand

seasonalstructuresandthoseassociatedwith

ENSO occasionallyreferringtotheprevious

studiescitedabove.Insection4,histogram

analysisofthedensityratio（theTurneran-

gle）ispresentedtoinvestigatetheactivityof

doublediffusiveconvection.Insection5,wewill

summarizetheresults.

2.DataAnalysis

Weuse35CTDdatafromsummerandwin-

tercruises（1990－2007）inthisstudy.Basic

databyCTDontemperatureandsalinityat1

dbintervalaredistributedinASCIIformat

throughCD.Temperaturedataareconverted

intopotentialtemperature（θ）andthen,po-

tentialdensityiscalculated.Stationsarelo-

cated from 34to3�N with 1�intervalin

latitude,exceptfor40・intheKuroshioregion

between34－32�N.Wewillusethisbasicdata

setfordetectingthevariabilityofhydrogra-

phicstructures.Wealsousetwotypesofdata

set:seasonalaveragedatasetsateachstation

andateachdepth.TheENSOeventaverage

datasetinwhichaveragingwasmadeforEl

Ni�o,LaNi�aandNormalperiodsaccordingto

theJMA・scriterion ofcategorizing ENSO

event.Since2006,theJMA haschangedthe

standardforthedefinitionofENSOeventina

certainyearfrom thatbasedonthedeviation

from30yearsaverageof1961～1990tothatof

30yearsstartingfromtheyearbefore.Based

onthis,detailedENSOeventsareasfollows:El

Ni�o:April1991�July1992,April1997�May

1998,June2002�February2003:LaNi�a:Jul

1995�February1996,August1998�April2000,

October2005�March2006,February2007�
March2008.Theotherperiodsarecategorized

as・Normal・.FollowingQIUandJOYCE（1992）,

wedividetheobservationalstationsintoseven

bins（AreaA �AreaG）atan5�interval

（Fig.1）.

FollowingRuddick（1983）,thedensityratio

andtheTurneranglearedefined：
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DensityratioRρ=
・・z

・Sz

,whereα＝
1

・

・・

・・
and

β＝
1

・

・・

・S
;

TurnerangelTu＝tan－1・R・・1

R・・1・,
whereθzandSzaremeanverticalgradientsof

potentialtemperatureand salinity,respec-

tively.αandβarethethermalexpansionand

haline contraction coefficients,respectively.

Theleastsquarefitover11dbdataisadapted

toobtainthemeantemperatureandsalinity

gradients.Notethatthedensityratioisde-

finedasaratiooftemperaturegradientonden-

sitydividedbythatofasalinitygradient.

WhenRρ islargerthan1（Turangesbetween

45and90�）,thesaltfingerconvectionoccurs,

andwhenRρ rangedbetween1and0（Tu

rangesbetween－45and－90�）,thediffusive

convectionoccurs.Theactivityofbothconvec-

tionisintensifiedasRρ becomesunity.Espe-

cially,whenRρ rangedbetween1and2（Tu

rangesbetween72�and90�）,thesaltfinger

convectionissoactivethatsaltandheatareef-

ficientlytransporteddownwardsandwhenRρ

rangesbetween0.5and1（Turangesbetween

－72and－90�）,diffusiveconvectionisactive

totransportheatandsalteffectivelyupward.

Inthepresentstudy,Tuiscalculateddownto

1000db,becauseinthePacificOcean,thelayer

below1000dbisusuallystaticallystablystrati-

fied.Histogram plotsofTurnerangleispre-

sentedtoknowtheactivityofdoublediffusive

convection.Tuisdividedatonedegreeinterval

from－90�to90�,andthenumberofTuwhich

fallsintoeachonedegreebiniscounted,andis

dividedbythetotaldatanumbertoobtainthe

occurrencefrequency.Inthisprocessnoaver-

agingwasmadeateachstationandateach

depth.

3.Hydrographicstructuresalongthe137°E

section

3.1Meanstructuresofcurrentsandwater

masses

Thebasichydrographicstructuresseenfrom

themeanofsummer/wintercruisesaresimilar

tothoseobtainedbyQIUandJOYCE（1992）.The

upheavalofthermoclineat8�N indicatesthe

upwellingregionthatformsaboundarybe-

tweentheNECandtheNECC（Fig.2（a））.The

28�Cisothermatthesurfacelayermarksoneof

thecharacteristicsfeaturesofthewestern

equatorialPacificOceanso-calledwarm pool.

Thevariabilityofthiswarmpoolisrelatedto

theENSOevent.Upwardinclinationsofiso-

thermstowardnorthfrom thesurfacelayer

downtoadepthof300dbfrom17�Nto25�Nin-

dicatetheSTCC.Thethermoclinerisessharply
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Fig.1.CTDobservationstationsalong137�E.Seven
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Fig.2.Verticalcrosssectionsinsummer/winteraverage:（a）potentialtemperature（interval：1�C）,（b）salin-
ity（interval：0.1）,（c）potentialdensity（interval：0.1σθ）,（d）Turnerangle（interval:10degree）overlaid
onsalinitydistribution,（e）Turnerangle（interval:10degree）overlaidonsalinitydistributiontakingσθ

fortheverticalaxisand（f）potentialdensity-salinityrelationineacharea.Solidcurvesinthisfigureshow
potentialtemperatureDashedlineinFig.2（e）indicatestheextensionofsalinityminimum.K：Kuroshio,
KCC：KuroshioCounterCurrent,STCC：Sub-TropicalCounterCurrent,NEC：NorthEquatorialCurrent,
NECC:NorthEquatorialCounterCurrent,NPIW：NorthPacificIntermediateWater,NPTW：North
PacificTropicalWater,NPEW：NorthPacificEquatorailWater,STMW：Sub-TropicalModeWater.



fromabout31�NtotheJapanesecoast,indicat-

ingthelocationofKuroshio（here,abbreviated

asK）.TheKCCflowswestwardbetween27�N

and31�N.

Twoshallowsalinitymaximumshavingdis-

tinctcoresexistneartheequatorat150dband

ataround15�Nat160db（Fig.2（b））,respec-

tively.TheformercorrespondstotheNPEW

withasalinityexceeding35.09,andthelatter

totheNPTW withasalinityexceeding35.02.

TheNPEW extendsfrom 3�Nto5�Nandits

verticalextensionisfrom80dbto250db.QIU

andJOYCE（1992）showedthatthemaximum

salinityofthecoreofNPEW exceeds35.4and

itslocationextendsfrom theequatorto5�N.

Thismeansthatonlythenorthernfractionof

NPEW isobservedinFig.2（b）.Incontrastto

thislimitingextensionofNPEW,theNPTW

extendsbroadlyfrom9�Nto25�N,anditscore

existbetween13�10・Nand16�40・N.Thevertical

extensionofNPTW isfrom thesurface（at

about25�N）to300db（atabout31�N）.These

twocoresofsalinitymaximumsarefound

roughlyatthesameisopycnalsurface（24.0σθ,

Fig.2（e））;however,theNPEW existson

ratherbroadisopycnallayersbetween22.6and

25.9σθ,andtheNPTW between22.6and25.3

σθ.

Intheregionfrom 20to30�Nandbetween

thedepthsof160and400db,thegradientofpo-

tentialdensityisweak（Fig.2（c））.Thiswater

massistheSTMW.SUGAetal.（1989）pointed

outthatamajorpartoftheSTMW appearing

inthissectionisformedinthepreviouswinter,

andisadvectedthroughtheKCC.

Wecanseeabroadextensionofsalinity

minimumregionfrom30�Natadepthof850db

steeplyascendingtowards9�Ntoadepthof200

db（Fig.2（b））.Thissalinityminimumwateris

theNPIW.ThecoreofNPIW（salinity<34.14）

liesalmostonthe26.8σθ isopycnalsurfacein-

dicatingtheextensionoftheNPIW isessen-

tially an isopycnalprocess（Fig.2（e））:

however,itshouldbenotedthatthedensityof

salinity minimum becomedecreased tothe

southof15�N.

The region where the stratification is

favourablefortheonsetofsaltfingerconvec-

tion（Rρ>3.7and45�<Tu<60�）isfoundinthe

bottomhalfofNPEW andNPTW（Fig.2（d））.

Thisregionextendstotheupperhalfofthe

NPIW connectingtothebottom halfofthe

NPEW.BelowtheNPEW,thisregionisseenat

depthsbetween400and700dbfrom 3�N to

10�N.Theregionwhererelativelyactivesalt

fingerconvectioncanexist（3.7>Rρ>2.7and

60�<Tu<70�）isfoundjustabovethecoreof

NPIW between 15and 30�N.Thisareais

essentiallyfoundonisopycnallayersbetween

25.5σθ and26.2σθ（Fig.2（e））.

Ameanpotentialdensity-salinitycurvewas

determinedforeacharea（Fig.2（f））.Asub-

surfacesalinitymaximumexistsatallareas.It

islowestatAreaA（34～30�N）withhighest

valueofdensity（S～34.73,σθ～24.78）andbe-

comesmoresaltier,butlessdensetowards

south（S～35.00,σθ～24.14）atAreaD（20～

15�N,NPTW）.ItbecomeslesssaltyatAreaE

（S～34.92,σθ～24.00,NPTW）toAreaF（S

～34.77,σθ～24.35）.AtAreaG,thesubsurface

salinity maximum （NPEW） is highest

（～35.05）andσθ islowest（～23.66σθ ）.Asa-

linityminimum（S～34.15）correspondingto

thecoreofNPIW isfoundon26.8σθ surfaceat

AreaBandC（30～20�N）.Thissalinitymini-

mum becomessaltierandlessdensetowards

AreaD（S～34.25and～26.67σθ）andAreaE

（S～34.40and～26.58σθ）.Thisfeatureisalso

seeninFig.2（e）asaslightupwardinclination

ofatraceofsalinityminimum（adashedline）

towardssouth.Thismeansthatthecoreof

NPIW graduallyincreasesitssalinityandtem-

peraturetransporteddownwardinthecourse

ofspreadingtothesouth,suggestingthesalt

fingerconvectionmighthavearoleinthis

modificationprocess.Thesevaluesaresumma-

rizedinTable1togetherwiththoseforsum-

merandwinteraverages.AtAreasFandG,

weaksalinitymaximums（S～34.59）arefound

at26.88σθandsalinityminimums（S～34.52）at

27.2σθ surface.Inalayersandwichedbythese

minimumsandmaximums,favorablecondition

fortheonsetofsaltfingerconvectionissatis-

fied（Fig.2（d））.

3.2Seasonalstructuresofcurrentsandwater

masses

Theappearancesofcurrentsseeninsummer

averageandwinteraverage（Fig.3）areessen-

tially same as those in summer/winter
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averages（Fig.2）;however,theSTCCseemsto

beweakenedinwinterbecausethedevelopment

ofmixedlayerseemstosuppresstheupheaval

oftheisotherms（isopycnals,Fig.3（c）and

（d））.Recently,NOH etal.（2007）usededdy-

resolvingOGCM toreproducetheinter-annual

variabilityofSTCC.Theyshowedthatthe

eddykineticenergy（EKE）ingeneralishigh-

estinsummerandlowestinfall,butthevalue

ofEKEshowedavariationwithlatitude.Near

19�N,theEKEishighestinsummerandlowest

inwinterthatiscoincidedwithourresults

qualitatively.

Meanstructuresofwatermassesinsummer

isalsoessentiallysameasthoseinsummer/-

winteraverages,exceptthatahightempera-

turewaterexceeding 25�C extendsfarther

northtotheKuroshioregion（Fig.3（a））.In

winter,aswasmentionedabove,thesurface

mixedlayerdevelopstoadepthof180dbat

31�N and gradually shallowstoward south

（Fig.3（b））.Asaconsequencesofthedeepening
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Table1.Changesinthesalinitymaximum（Smax）,salinityminimums（Smin）andpotentialdensity（σθ）from
AreaAthroughAreaG.

Summerandwinter

NPTW NPTW NPTW NPEW

AreaA AreaB AreaC AreaD AreaE AreaF AreaG

Smax 34.73 34.86 34.92 35.00 34.92 34.77 35.05

σθ 24.78 24.47 24.35 24.14 24.00 24.35 23.66

NPIW NPIW NPIW NPIW NPIW

Smin 34.27 34.15 34.15 34.25 34.40 34.53 -------

σθ 26.94 26.80 26.75 26.67 26.58 26.34 -------

Summer

NPTW NPTW NPTW NPEW

AreaA AreaB AreaC AreaD AreaE AreaF AreaG

Smax 34.74 34.87 34.93 34.99 34.94 34.81 35.08

σθ 24.97 24.51 24.34 24.10 24.06 24.12 24.43

NPIW NPIW NPIW NPIW NPIW

Smin 34.28 34.16 34.15 34.25 34.40 34.53 -------

σθ 26.93 26.80 26.76 26.72 26.57 26.39 -------

Winte

NPTW NPTW NPTW NPEW

AreaA AreaB AreaC AreaD AreaE AreaF AreaG

Smax ------- ------- 34.91 35.00 34.94 34.75 35.08

σθ ------- ------- 24.33 24.16 24.08 24.36 23.91

NPIW NPIW NPIW NPIW NPIW

Smin 34.27 34.15 34.15 34.25 34.39 34.53 -------

σθ 26.93 26.81 26.78 26.68 26.59 26.38 -------



ofthemixedlayer,thegradientofpotential

densityintheSTMW areabecomeslarge（for

example,theupheavalof25.0σθ issuppressed

around25�Natadepthof200db）,suggesting

theweakeningoftheSTMW inwinter（Fig.3

（d））.ThesalinitiesatthecoresofNPTW,

NPEW andNPIW donotchangeseasonally;

however,σθ atthesecoresslightlychangedes-

peciallyforthesalinitymaximumsofNPTW

andNPEW（Table1）.Theslightupwardincli-

nationofsalinityminimum ofNPIW isalso

seeninsummerandwinter,respectively（not

shownhere）.

3.3ENSO compositestructuresofcurrents

andwatermasses

InthesummerofEl-Ni�operiods（1991,

1992,1998,2002）,upheavalofisothermsinten-

sifiedinthesurfacelayerbetween30and25�N

formingadistinctboundarybetweentheKCC

andtheSTCC（Fig.4（a））,suggestingthese

currentsbecomestrongduringtheEl-Ni�o

summer.QIU andJOYCE（1992）calculatedthe

geostrophictransportofKCC,andshowedthat

theKCChasatendencyofincreasingitstrans-

portinsummer,butstronglyaffectedbythe

Kuroshiopath,namely,inameanderingyear,

theKCCreducesitstransport.However,they

didnotshow anytendencyofvariabilityof

geostrophictransportofKCCamongEl-Ni�o,

La-Ni�aandNormalperiods.Thermalstruc-

tureinLa-Ni�aandNormalsummerisalmost

identical（Fig.4（c）and4（e））.Inthewinterof

El-Ni�operiods,theareaofhightemperature

layer（>25�C）doesnotreachbeyond20�Nasis

soforLa-Ni�aandNormalperiods（Figs.4

（b）,4（d）and4（f））.

Salinitydistributionsshow changesinthe

Lamer51,201362

Fig.3.Verticalcrosssectionsof（a）potentialtemperatureand（b）potentialdensityinsummer,and（c）po-
tentialtemperatureand（d）potentialdensityinwinter.Abbreviationsinthefigureareassameasin
Fig.2.



surfacelayerabove300dbduringENSOperi-

ods.Alowsalinitywater（<34.00）appearsat

thesurfacebetween3and11�N inLa-Ni�a

summerandbetween7and11�N inLa-Ni�a

wintersuggestingtheexcessprecipitationin

theequatorialareaduringLa-Ni�aperiods

（Fig.5（c）and（d））.InEl-Ni�operiods,lowsa-

linitywaterpatchesappearedatadepthof200

db（Figs.5（a）and（b））near5�N.Thiswateris

foundatalmostsamedensitysurfacetothatof

NPIW centeredon26.5σθ isopycnalsurface

（Figs.6（a）and（b））.Theformation or
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Fig.4.Verticalcrosssectionsofpotentialtemperaturein（a）ElNi�osummerand（b）ElNi�owinter,（c）La
Ni�asummer,and（d）LaNi�awinter,（e）Normalsummerand（f）Normalwinter.Abbreviationsinthe
figureareassameasinFig.2.



transportationmechanismofthislowsalinity

waterinEl-Ni�operiodsisunclearatpresent.

SalinitydistributionsinNormalsummerand

winter（Figs.5（e）and（f））arealmostidenti-

caltothoseofsummer/winteraverage（Fig.2

（b））.

Meanpotentialtemperature-salinitycurves

weredeterminedforeacharea,andatAreaG,

distinctziggystructuresarefoundduringEl-

Ni�operiods（Fig.7（a）and（b））.Thesestruc-

turesarealsofoundinLa-Ni�aandNormal

periodstothelesserextent（Fig.7（c）,（d）,（e）

and（f））,indicatingthehighvariabilityof

equatorialregion especially during El-Ni�o
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Fig.5.SameasinFig.4,butforsalinity.



periods.Theseziggystructuresarepossibly

causedbytheintrusionofsalineorlesssaline

waterfromthesurroundingarea.Itisinterest-

ingtonotethattheseintrusionsessentiallyex-

ist along isopycnal surfaces without

temperatureinversionsasisoftenseeninthe

frontalareawhereeddiesorwatermasseshav-

ingdistinctcontrastintemperatureandsalin-

itycollide（e.g.,HEBERTetal.,1990;YOSHIDA,

2003）.RICHARDSandBANKS（2002）showedthe

existenceofsuchintrusionlayers（sometimes

calledas・interleaving・becauseoftheexistence
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Fig.6.SameasinFig.4,butforTurnerangle（interval:10degree）overlappedonsalinitydistributiontaking
σθ fortheverticalaxis.
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Fig.7.Potentialdensity-salinityrelationineachareafor（a）ElNi�osummerand（b）ElNi�owinter,（c）La
Ni�asummerand（d）LaNi�awinter,（e）Normalsummerand（f）Normalwinter.Solidcurvesinthese
figuresshowthepotentialtemperature.



ofwarm/saltyandcool/freshlayerspilingup

alternatively）crossingtheequatorfrom3�Sto

3�N along165�EduringLa-Ni�aperiodand

from5�Sto5�Nalong156�EduringEl-Ni�ope-

riod. They concluded that the observed

interleavingisthepersistentfeatureinthe

equatorialPacific,andarepossiblycausedby

bothdouble-diffusiveinstabilityandinertial

instability.Theregionofsaltfingerfavorable

layer does not show remarkable change
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Fig.8.HistogramsoftheoccurrencefrequencyofTurneranglefor（a）summer/winter,（b）summer,and（c）
winter.
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Fig.9.Latitudinalchangeofthepercentageofsaltfingerconvection（●：summerandwinter,
▲：summer,■：winterwithdottedlines）andtheactivesaltfingerconvection（●：summer
andwinter,▲：summer,■：winterwithsolidlines）

Fig.10.LatitudinalchangeofTurnerangle（densityratio）.
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Fig.11.SameasinFig.9,butfor（a）ElNi�o,（b）LaNi�aand（c）
Normalperiods.



betweentheENSOandNormalperiods（Fig.

6）.Thispointwillbediscussedinthefollowing

section.

4.HistogramanalysisofTurnerAngle（Tu）

Histogram plotsofTuin（a）summerand

winter,（b）summeronlyand（c）winteronly

shownoremarkableseasonalvariability（Fig.

8）.Thesaltfingerfavourablelayeroccupies

48％ inthetotallayerdownto1000db.The

mode（apeakofoccurrencefrequency）ofTu

appearsinthesaltfingerregime,andis61de-

gree（Rρ・3.48）,meaningthatalmosthalfof

thestratificationisfavorableforonsetofsalt

fingerconvection;however,itsactivityisnot

sohighalong137�E.Thisvalueiswithinthe

rangethoseobtainedbyFIGUEROA（1996）and

YOU（2002）inthecentralPacificOcean.

Ineacharea,suchhistogram plotsofTu

wereconductedtoobtainareatoareavariabil-

ityoftheactivityofsaltfingerconvectionand

summarizedinFigs.9and10.Thepercentage

ofsaltfingeringlayerineachareadoesnot

changeseasonally,whichwasabove50％ from

AreaAthoroughAreaC（34�Nto20�N）,being

thehighestinAreaB（29�Nto25�N）,where

thecoreofNPIW justexists.Itgraduallyde-

creasestoAreaE（14to10�Ncorrespondingto

thesouthernedgeofNPIW）,andincreasesto

about50％ atAreasFandG（Fig.9（a））be-

causeofhighsalinityintheupperlayerin

theseareas.ThemodevalueofRρ ineacharea

alsodoesnotchangeseasonally.Itgradually

increasestowardssouth（Fig.10）.Thehigh

modevaluesinAreaFandAreaGmeanthat

theactivityofsaltfingerconvectionislowin

theseareas.Theactivesaltfingerregime（72�
<Tu<90�,1<Rρ<2）behavesdifferently.Namely,

thepercentageofactivesaltfingerlayerisgen-

erallysmallovertheentirearea,butisrela-

tivelyhighinAreasA,FandG,especiallyin

winter（seeFig.9）.Thistendencyisdistinct

duringEl-Ni�owinter（Fig.11）.Thepercent-

ageofactivesaltfingerregimeishighandis

upto7％.Thishighervalueshouldbedueto

thedevelopmentofziggystructuresinEl-Ni�o
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Fig.12.Latitudinaldistributionofsalinity（●）andpotentialtemperature（▲）ona26.8σθ surface.



winter（Fig.7（b））.Thepercentageofsaltfin-

gerlayerandmodesofdonotchangefromsea-

sonalaverageamongEl-Ni�o,La-Ni�aand

Normalperiods.

5.Summery

Inthepresentstudy,weinvestigatedinde-

tailthevariabilityofhydrographicstructure

along137�ElineusingCTDdataobtainedfrom

1990through2007.Wecomparedourresultsto

thoseobtainedbyclassicalNansencastdata

from 1966through1989.Inaddition,wefirst

applydensityratioanalysisalong137�Elineto

discusstheeffectofdoublediffusiveconvection.

Someresultsaresummarizedasfollows;

（1）Theregionwherethestratificationisfa-

vourablefortheonsetofsaltfingerconvec-

tion（Rρ>3.7and45�<Tu<60�）isfoundin

thebottomhalfofNorthPacificEquatorial

Water（NPEW）andNorthPacificTropical

Water（NPTW）,whichextendstotheupper

halfofNorthPacificIntermediateWater

（NPIW）.Thisregionexistsisopycnallyon

thesurfacebetween24.0σθ and26.8σθ per-

sistentlyalong137�Eline.

（2）Aslightupwardinclinationofatraceofsa-

linityminimumalongtheNPIW coreisde-

tected, suggesting that salt finger

convectionmightplayaroleinmodification

oftheNPIW.

（3）Thepercentageofsaltfingerlayeroccupy-

inginthetotallayerdownto1000dbalong

137�Elineisabout48％.Themodevalueof

Tuis61degree（Rρ・3.48）.Thesevaluesdo

notchangeseasonallyandinENSOperiods;

however,itchangesregionally,asisrela-

tivelyhighinmid-latitudeandequatorial

region,andislowinthelowerlatitude.

（4）Theactivesaltfingerconvectionisantici-

patedinequatorialregion（3�Nto5�N）es-

peciallyinEl-Ni�owinter.Thehighactivity

ofsaltfingerconvectionmightbeassociated

withthedevelopmentofinterleavingstruc-

tureinthisregion.
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