
1. Background

How canweestimatetheeddydiffusivity

fromgeneralhydrographicobservationdata?

Ifwecanestimatetheeddydiffusivity,the

knowledgecontributestoelucidatemodifica-

tionprocessesofwatermassesandtoimprove

large�scalegeneraloceancirculationmodels

（e.g.BRYAN 1987;GARGETT andHOLLOWAY

1992）.

GARGETTandHOLLOWAY（1992）useddiffer-

entdiffusivitiesforheatandsaltinGFDL

oceangeneralcirculationmodel.Thisdiffer-

enceindiffusivitiesbetweenheatandsaltis

produced by double diffusive convection.

Theirresultsshowedaformationofsalinity

minimumintheupperocean.TALLEYandYUN

（2001）investigatedmodificationprocessesof

watermassintheperturbedregionbetween

theKuroshioandOyashio.Theyshowedthat

doublediffusiveconvectionandcabbelingin-

creaseitsdensity.Theseprocessesshould

haveeffectsonproducingwatermasshaving

salinityminimumcalledNPIW（NorthPacific

IntermediateWater）.

Intheupperocean,however,turbulenceand

doublediffusiveconvectioncanco-exist.Asa

result,itisarduoustodistinguishtheroleof

doublediffusiveconvectionfrom thatoftur-

bulence.Thus,INOUEetal.（2007）discussed

thispointindetail.Theyconductedmicro-

structure observations focusing on eddy

diffusivitiesofsaltKSandheatKTintheper-

turbedregionswhereturbulenceanddouble

diffusiveconvectionbothcontributetomix-

ing.Theyproposedasimpleeddydiffusivity

modeltoaccountproperly foractivity of

turbulenceanddoublediffusiveconvection.

Theyalsousedthecombinationofthebuoy-

ancyReynoldsnumberReb andthedensity

ratioRρ whichenablesustodistinguishdou-

ble diffusive convection from turbulence.

WhenRebisbelow20andRρ isbetween0.5

and2.0,theysuggestedthatdoublediffusive
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convectionshouldprevail.

Reb,however,mustbecalculatedfrom the

energy dissipation rateobtained by direct

micro-structuremeasurements.Therefore,Reb

cannotbeusedcommonlyintheparameteri-

zationofeddydiffusivityandmanyresearch-

ersconsideredtheeffectofdoublediffusive

convectionbyusingRρ only.Forexample,

TOYAMAandSUGA（2012）foundthatsaltfin-

gerorturbulencecontributedtotheformation

andmaintenanceofcentralmodewater.They

onlyusedRρ todiscusstheeffectsofdouble

diffusiveconvection.From thepointofview

ofmicro-scalemixingstudies,theirstudywas

notcompletedbecausethedensityratioindi-

catesactivityofdoublediffusiveconvection

andcannotdiscriminatethatfrom turbu-

lence.Theeffectofdoublediffusiveconvec-

tionwasnotevaluatedclearly.Inaccuracyof

themechanismfortheformulationandmain-

tenanceofcentralmodewaterremainstobe

solved.Ifwehaveotherindicatorswhichcan

distinguishdoublediffusiveconvectionfrom

turbulence,suchindicatorsenableresearchers

toevaluatetheeffectofmicro-scalemixing

precisely.Thus,weneedotherparameterscal-

culatedfrom generalhydrographicmeasure-

mentstodistinguishdoublediffusiveconvec-

tionfromturbulence.

Inthiscontext,followingLOZOVATSKY and

FERNANDO（2012）whichdiscussedtherela-

tionshipbetweentheRichardsonnumberRi

andReb intheatmosphereintheSaltLake

City,weevaluateRiwhetheritcouldbeused

insteadofRebintheocean（whenRiisbelow

0.25,turbulenceoccurs（e.g.,THORPE2005））.

RiandR・arealsousedinparameterizations

ofeddydiffusivity.Forexample,KIMURAetal.

（2011）proposededdydiffusivityparameteri-

zationswithRiandR・bythedirectnumerical

simulation.Theydirectlysimulatedsaltfinger

convectioninfinegridsbychangingR・andRi.

Theyconsideredsomecaseswhetherthefield

isstaticallystableornot.Theyobtainedrela-

tionshipsamongKS,KT,RiandR・;however

theparameterizationswerenotevaluatedby

observationdata.

Consequently,wefocusontheRichardson

numberRicalculatedbyCTD andLADCP

（LoweredAcousticDopplerCurrentProfiler）

datawhicharecommonlyusedinhydrogra-

phicobservations.Then,wediscusstherela-

tionshipbetweenRiandReb.IfwecanuseRi

insteadofReb,itbecomeseasiertodistinguish

doublediffusiveconvectionfromturbulence.

2. Analysismethod

Ourobservationswereconductedin the

R/V Hakuho-maru ofthe Japan Agency

forMarine-Earth Science and Technology

（JAMSTEC）during threeperiods,namely,

Nov.2005（KH05-4 cruise）,May 2007

（KH07-1 cruise） and Oct.2008（KH08-3

cruise）（Fig.1）.Weobtainedenergydissipa-

tionrates・toestimateeddydiffusivitiesus-

ingamicrostructureprofilercalledTurbo-

MAP（TurbulenceOceanMicrostructureAc-

quisitionProfiler）.Ithastwoshearprobes,

andonefastresponsethermistor,and49casts

were conducted.TurboMAP was dropped

freelydowntoadepthofabout600db.CTD

（SBE）andLADCP observationswerealso

conductedsimultaneouslyateachTurboMAP

station.

2.1. Identificationofdoublediffusivecon-

vection

WecalculateddensityratioR・andTurner

angleTu.First,R・isdefinedas

R・・・
・・

・z・・
・S

・z
, （2.1）

where・isthethermalexpansionand・isthe

halinecontractioncoefficients,respectively.

・・・・zand・S・・zarethemeanverticalgradi-

entsofpotentialtemperatureandsalinity,re-

spectively.Then,TuisdefinedbyR・as

Tu・tan・1 R・・1

R・・1
. （2.2）

Saltfingerconvectionisactivewhen1＜R・＜2

（720＜Tu＜900）.Diffusiveconvectionisalso

activewhen0.5＜R・＜1（－900＜Tu＜－720）.

KANTHAetal.（personalcommunication）pro-

posedtouse・Circlediagram・togetherwithTu.

Using thisdiagram,we can easily judge

whetherdoublediffusiveconvectionisactive

ornot.Wewillusethisdiagram in the
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followingsection.

2.2. Energydissipationrate

Weobtained・,followingtherelationob-

tainedbyOSBORN（1980）,

・・
15

2
・・

・u・

・z・
2

, （2.3）

where・isthemolecularviscosity（～10－6

m2/s）,・u・・・zistheverticalshearofthehori-

zontalvelocityfluctuationswiththeoverbar

denotingtheensembleaverage.

2.3. Eddydiffusivities

Weestimatededdydiffusivitieswhendou-

blediffusiveconvectionwasactive.Following

INOUEetal.（2007）,inordertodistinguishdou-

blediffusiveconvectionfrom turbulence,we

usedthebuoyancyReynoldsnumberRebde-

finedby

Reb・
・

・N2, （2.4）

whereNisthebuoyancyfrequency.WhenReb

isbelow20,doublediffusiveconvectionisef-

fectivetoenhancemixing（e.g.,PADMAN and

DILLON 1987;GREGG,1988;INOUEetal.2007;

KANTHAetal.（personalcommunication））.In

thepresentstudy,whenR・isbetween1and2,

andRebisbelow20,K
SF
S andKSF

T areestimated

by

KSF
S ・・

R・・1

1・・SF・
・

N2, （2.5）

KSF
T ・・

・SF

R・
・KSF

S , （2.6）

（e.g.KELLEY1986）;whenR・isbetween0.5and

1,andRebisbelow20,andKDC
S andKDC

T areesti-

matedby,

KDC
S ・・DCR・K

DC
T ・

・DC・1・R・・

1・・DC

・

N2, （2.7）

KDC
T ・

1

1・・DC

1・R・

R・

・

N2, （2.8）
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Fig.1.Amapofstations.



（e.g.KELLEY1984）,whereSFstandsforSalt

Fingerconvection,DC standsforDiffusive

Convection,・isthedensityfluxratiodueto

doublediffusiveconvectiondefinedby

・・
・FT

・FS

, （2.9）

with・FT and・FStheverticaldensityfluxes

duetoheatandsalt,respectively,andrelated

toR・suchthat

・SF・ R・・ ・ R・・ ・ R・・1・ ・,KUNZE（1987）,

（2.10）

・DC・
1・R・・1.4・1・R・・1・3・2

1・14・1・R・・1・3・2 ,KELLEY（1990）.

（2.11）

By the definition（OSBORN 1980）,we

obtainededdydiffusivitiesduetoturbulence

as

KTurb
・ ・KTurb

T ・KTurb
S ・

Rf

1・Rf
・

・

N2 ・・・
・

N2.

（2.12）

Here,RfisthefluxRichardsonnumberas-

sumedtobe0.17,thenthemixingefficiency

・ becomes 0.2 for isotropic turbulence

（SCHMITTetal.2005）.TurbstandsforTurbu-

lence.Hereafter,weuseKObs
T asrepresentation

ofKTurb
T ,KSF

T orKDC
T .KObs

S alsoofKTurb
S ,KSF

S or

KDC
S .Obsstandsfortheobservationvalue.

2.4. TheRichardsonnumber

TheRichardsonnumberRiwascalculated

usingthebuoyancyfrequencyNandthever-

ticalshearofhorizontalvelocityS,bothde-

finedat10mverticalscale,suchthat
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Fig.2.Circlediagram.Verticalsalinitygradient・g・Sz・andtemperaturegradient・g・・z・aretakeninhori-
zontalandverticalaxis,respectively.SolidlinesshowthevalueofTurnerangle.Smallcirclesareob-
servedlayers.



Ri・
N2

S2 ・
N2

・
・u

・z・
2

・・
・v

・z・
2
, （2.13）

whereuandvarehorizontalvelocities,respec-

tively.

3. Resultsanddiscussion

3.1. Activityofdoublediffusiveconvection

Thecirclediagram plotshowsthatdouble

diffusiveconvectionwasnotsoactiveinour

observationarea（Fig.2）.Thepercentageof

activedoublediffusiveconvectionlayerwas

about10％.Alargeamountofdataclustered

intheweakSF（2＜R・）andDC（R・＜0.5）ar-

eas.

3.2. ComparisonoftheRichardsonnumber

andthebuoyancyReynoldsnumber

Whendoublediffusiveconvectionisactive

（0.5＜R・＜2）,therelationshipbetweenReband

Ri（Fig.3）is

Reb・19.5R・1.03
i . （3.1）

WhenRebisabout20,Riisunity.Thismeans

thatthisvalueofReb indicatesthepossi-

bilityofthelayerbecomeswhetherstable

ornot.However,whenweconsidertheflux

Richardsonnumberasacriterionofturbu-

lencethroughtheenergyargument,thecrite-

rionofRishouldbe0.25.Whenweputthis

valueintoeq.（3.1）,Rebisabout80.Bythehis-

togramsofRiandReb,modesofRiandRebtake

thesevalues（Fig.4）.

Fig.3alsoindicatesthatevenwhenthe

rangeofRebisbetween20and103,doubledif-

fusiveconvectionshouldoccur.Inthisrange

theturbulenceshouldsuppresstheonsetof

doublediffusiveconvection;however,TAYLOR
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Fig.3.RelationshipbetweenRebandRiwhendoublediffusiveconvectionoccur（0.5≦R・＜1:gray,1≦R・＜2:
black）.MiddlesolidlineshowsEOFfirstmode.ContributionofEOFfirstmodeis72％,andthatofEOF
secondmodeis28％.Theupperandlowerlimitsindicate95％ confidenceinterval.



（1991）showedthatturbulenceanddouble

diffusiveconvectionmightco-existunderthe

samesituationsincesaltfingerconvectionap-

pearsrapidlyafteritisdestroyedbyturbu-

lence.SMYTHetal.（2005）alsoindicatedthat

valuesofKSandKTaredifferentwhenRebis

lessthanO（102）.Thus,whenRiisover0.25

（Rebisunder80）,KSandKTshouldbeaffected

bydoublediffusiveconvection.Inthenext

section,weuseRiinsteadofReb.

3.3. ParameterizationproposedbyKimura

etal.（2011）

WecomparedKObs
S andKObs

T calculatedinthis

studywiththoseobtainedbyKIMURA etal.

（2011）parameterizingeddydiffusivitiesby

DNSwithRiandR・（hereafter,wecallthisas

DNS parameterization）.DNS parameteriza-

tionsare conducted in limited situations;

thereforeitcannotbeappliedtoobservational

results.However,weadaptedtheirfunctional

formtoourobservationandtriedtocompare

withmicrostructuredata.

When1＜R・＜2,DNSparameterizationsfor

KSandKTareexpressedas

KSF,DNS
S ・R・,Ri・・4.38・10・5R・2.7

・ R0.17
i , （3.2a）

KSF,DNS
T ・R・,Ri・・3.07・10・5R・4.0

・ R0.17
i .（3.2b）

When R・ becomeslarge,KSF,DNS
S and KSF,DNS

T

becomesmall.WhenRibecomeslarge,K
SF,DNS
S

andKSF,DNS
T becomelarge.Whenweputob-

servedRiandR・intoDNSequations（Fig.5a,

b）,KSF,DNS
S andKSF,DNS

T （smallblackcircles）are

foundtobesmallerthanKObs
S andKObs

T （large

blacksquareswitherrorbars）.Particularly,if

weappliedDNSparameterizationwhenR・is

under5,KSF,DNS
T isobviouslyunderestimated

because itbecomessmallrapidly due to

thefunctionaldependenceofR・.However,

dependencesonR・ ofKSF,DNS
S andKSF,DNS

T are

similartoKObs
S andKObs

T （Fig.5a,b）.

Here,theaveragevalueoftheeddydiffusi-

vityintheupper1000m isabout（2－4）×

10－5m2/s（WATERHOUSEetal.2014）.Ifweuse

ordinaryfunctionalformofKSF,DNS
T ,itbecomes

lowerthantheaveragevalue.Thismeansthat

DNSparameterizationsarenotappliedtooce-

anicdatadirectly.Thus,wechangedthefunc-

tionalform ofKSF,DNS
T tothesameform as

thatofKSF,DNS
S becausethefunctionalform of

KSF,DNS
S wasgoodperformerwhenweuseDNS

parameterizationwithR・under5（Fig.5a,b）.

Thenwecalculatedcoefficientsinorderto

fittotheobservedvaluesbyfollowingequa-

tions.

KObs
S ・ CSR・2.7

・ R0.17
i , （3.3a）

KObs
T ・ CTR・2.7

・ R0.17
i , （3.3b）

Lamer52,201496

Fig.4.HistogramsoftheRichardsonnumber（white）andthebuoyancyReynoldsnumber（gray）.



whereCSandCT arethecoefficientsofeach

layers,and

KObs
S ・ AR・2.7

・ R0.17
i , （3.4a）

KObs
T ・ BR・2.7

・ R0.17
i . （3.4b）

Here,

A・
∑

n

i＝1
CS

i

n
, （3.5a）

B・
∑

n

i＝1
CT

i

n , （3.5b）

wherenisanumberoflayers.Then,wecanfi-

nallyobtainthenewrelationships

KImp
S ・RObs

・ ,RObs
i ・・9.35・10・5R・2.7

・ R0.17
i ,（3.6a）

KImp
T ・RObs

・ ,RObs
i ・・7.61・10・5R・2.7

・ R0.17
i .（3.6b）

Wecanconfirm thatimprovedDNSpara-

meterizationsagreefairlywellwiththeob-

servedresults（Fig.5a,smallblackcrosses）.

5. Conclusion

Wehaveestimatedandparameterizedthe

eddydiffusivity.Asaresult,wehaveobtained

anew relationshipbetweentheRichardson

numberRiandthebuoyancyReynoldsnum-

berReb,whichenablesustouseRiasanindica-

tordistinguishingdoublediffusiveconvection

fromturbulenceinsteadofReb.

Likewise,newrelationshipsofKTorKSfo-

cusingR・andRihavebeendeterminedbyim-

provingtheDNSparameterizationproposed

byKIMURA etal.（2011）.Thus,wecanesti-

matetheeffectofsaltfingerconvectionbythe

finescaleparameter.
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