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Itisalsosugqestedthatthethermosolutalstユructureinthislake

芝naybemaintainedforafaixユylongPeriodforthefutureunder

theunchangedclimaticcondition.

工●Intヱ 墜oduction

Inthelargeice-freeareaofVictoriaI颪nd,Antarctica,

'しhereareso
mesalinelakeswhichshowfairlyhigher七empera七ures

thantheannualmeanairtemperaturein七heirsurroundings,and

manystudiesontheoriginofsaltsandthecau8eofhightempe-

rature8ha▼ebeencarriedout.Concerningthe七hermalfeature,

ithasbee箆clarified℃ha七eachsalinelakeisalmo8t「balanced

themallywithsolarradiation,andthatthestabledensity8tra-

tificatio且prevent8circ疑1ationthroughouttheentireユakeand

thereforecon℃ribute8si卵ifican七lytothe㎜u8uallyhigh七empe-

rature8.However,inpartofI直keVanda,whichi8thelargest

lakeinthisareaandwhosebo七to田temperaturereache8up宅o

about250C,wemusta8sume・thedeveユopmeP七 ◎feon▼ec七ive!no七io且

basedonsomeobserva℃ion8suCha8theexi8tenceofdistinctive

8tep-likestruC「 七uresi11七empe工ratureandsalinityprofilesandthe

relationbetween士heupwardheatf=Lowandthemeantemperature

gradient.

The8tudyoffreecollvectio豆influidwa8begunbythefamous

experime豆tofB6nard,whileRayleigh(1916)8tudiedtheoretically

the七hermalconvectioninfluidwhosetemperatuでeishigherat

士helowerlevelandclarifiedthemarginalstateoftheonsetof

co且vec七i▼ein8ta㌃)ili七yandthe8caleOftheconvec七ionce11.

Sincethen,Rayleigh,8theoryhasgivenabasetovariousstudies

oncoEvecti▼ephenomena・

S士o㎜e1,AronsandBlanchard(1956)consideredf。rthefir8t
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七ime℃hep・8siblebehavi。ur。fm。ti・nin七hem。s・1utalsystem

quali七a士ively,and8ugge8七ed士hat七hemotionmightbegreatly

infユ 「ue且cedbythedifference唱betweenmolecu=Lardiffu8ivitie8for

heatand801ute.Sincethen
,manyexperimen七aland七heoretical

inve8七igati◎nshavebeenearriedout.田herepre8en七ativetheory

fortheヱrnosolutalconvectionwa8de▼elopedbyVeでonis(1965)and

BainesandGi11(1969),whoextehdedandappliedRayleigh●8theory

㌔othethermosoluta18y8temando「btai瓢edthecriticalco二ditio皿

fortheon3etofinstabilitybymea箆soflinearstabilityaロaly8iε.

The8tability士heorydeduced「by七hemte=L18whethe2an

infini七esimaldi8turbancegiventothe8y8temi五re8七is

amplifiedordi88ipated.Inthephysicallimnology,wemay

applyi亀 ヒtoi豆fer℃hetherma1(thermosoluta1)conditionofthe

on8etofcircula七ioninlake80rpo且d8,8七ablys七ratifying

withoutanymo七ioninitially,due℃oheatingand/orcooling.

工ngenera1,however,ifeo豆vec宅iveinstabili七yoccursinal
sys」temgweeaれonlyob8eヱr▼etheS七ateaftertheeven七,as

Ramekawa(1958)pointedout.Inaddition,itisoftenobserved

thatthedistributionof七emperatureorsalinityismaiぬ 七ained

forratheralongperiod.Inthes士udyof七hermal(thermosolu-

ta1)s七ructuresoflakesorpondsbasedonsuchob8ervation8,

iti8requiredtojudgewhethertheconvectionisdeveloping

ornotgbutiti8impos8ib=Letodeterminethi8bytheexisting

stabilitya8examinedin七hispaper.Sofar,manyarticles

ha▼ebeenconcerロedwithe8timatio且sandesti皿atinglnethodsof

(eddy)diffu8ivi七ie80n七hebasisofheatflowand七emperature

distribution.Howeveで,inoでderto㎞owwhe宅herthethermal

(the=m・8・1uta1)s伽cturesinlake8aresubjectt。m・1ecular
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proces80r七 〇eddy(convection)process,itmaybeoneofthe

m。8tpertlnen七way8℃ 。deducea8i叫ecriteri・nincluding

heatflow.

工五thi8paper,weshalltrytodeduceacriterionbased

onhea七flowda七a,andtoexamineitsproprietybyapPlyingit

tO七hermOSo1血talsys七e皿sinSOlneantarcticsaline=Lakes .

皿 江i8trea七mentwiユ1clarifytheでangewherethermosolu七al

convectionmayoccuranddevelop.Fur七hermore,wewill

con8ider七hechangesi五tempera尤ureand8alinitydistribution8

formedina8aユiロelakeonthebasisoftheobtainedでesult。

工工.SalinelakesinVic七 〇ria玉a且d,Antarctica

Beforecon8ideringthe七hermosolu七aユconvec尤ion,wewill

8ummarize80mefeaturesof8alinelakesinVic七 〇ria工and,

whichprovidedthei㎜ediateincentivefor七hepresen七work●

Thelargestice-freeareainAntarctica,refelTedtoas四the

DryValley"gisde▼elopinginVic士oria工aロdalongthewe8t

c◎a8tofH裡MuヱdoSound,whoseto士a=Lareaa!nou箆tstoabout4000

㎞2.田h。mainpart。 。n・i・t・ ・fthreelarg・gla。ia1ユy。r。d。d

valleys,i●e.Vic七 〇ria,Wrighta且d璽ay1◎rVa1=Leys,whichrun

fromthecoast七 〇theinland.Throughreco=maissance8since

IGY,someユakesandpondshave'beendiscoveヱedthere(Kusunoki

eta1,1975).Mo8tofthemaresalinea夏dtheirsurfacesare

frozenpermaコently,withtheonlyexceptionofsmalland

shallowDonJua且Pond(WrightValley)whichissaidnotto

fヱreezeunti1-55。Cdue七 〇itsextraordinariユyhighsol}ユte

concentra七io豆.Belowtheseice8heets,wecanfindl71ake
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wat・r・"・whi・h・h・wfairlyhight・mp・raturesin・pit。 。fth。

1。wairt・mp・ でatur・ ・fthesurr・undingar・a(ab。1、 七 .20・Cin

theannualmean).田heseunu8uallyhightemperatu・eshav・

attractedinves七igatOr81at毛entionl
,andva■riousstudieshave

囑b
eencarriedouton七hecau8eofthehightempera七ureaswell

astheoriginoftheso=LuteandthegenesisoftheDryVa=Lleys .

Fig.=LisaroughmapoftheDryValleysinc=Luding1◎ca-

tionsofsaline=Lakes,and田ablelshowsloca七ionsandapproxi-

matescalesofmainsaline].akesandponds.Figs。2and3

areexamplesoftemperaturea且dsalinityprofilesob8ervedin

工akesVanda,BonneyEast工o「be,FryxellandMiersrespectiveユy.

AsseeninFig。2watertemperaturesintheselakesgenerally

riseasdepthincrea8esfromO。Cjust昌belowtheicesheets。

Themaximumtempera七uresin工a}【esBonneyandFryヱe=LIapPearat

theIniddleparts,while七hoseinLakesVandaandMiersnear

thebo七tom.Ontheotherhand,a8seeninFig.3,salinities

aユsoriseasdep允hincrease8,and8tratifica七ionsinthemseem

七〇begravi七ationallystableingenera1。Inaddition,these

ユakewaterscanbehardlydis七urbedbyexternalfactorssuch

aswind,becauseoftheiricesheetcoverings・Referring七 〇

七hesecondi七ions,ithasbeenco且sidered七hattransfersof

heatandchemicaユsubstancesaremainlysubjecttoalnolecular

process.工n玉a}【esBonneyandFryxe=Ll,theirwatertempe■atur-

esandthe8hapesoftheirsm。othprofnescanbeexplained

bythefo1〕.owingequationdeducedfromtheassumptionsofsolar

heatingandmoleculardiffusiol1(Hoareetal,1964and1965;

ShirtcliffeandBenselnan,=L964)●
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whe「eTi・ 七h・t・ 叩 ・r・tu・ea七d・pth・
,Q。i・th・int・n・ity・f

soユarradiati・npa・t七h・1・v・1z30(th・ ユ・w・rsurfaee。fth
。ice

sheet)・ ワi・ 七heextin・ti・n・ ・effi・i・nt。flak・wat・r
,ki,th。

thermalc・nduc七ivity・f七hewater
,andCandEarec。nstants

c。ntr。nedbythe七empera七ureatz目O(0。Cinthiscase)andthe

amount・fheatf1・wing。ut◎fth・lakethr・ughb・ 七t・m
.Eq.(1)

seemstobealmostappropriateto七hewater七emperaturein

エakeNiers・th・ughb。 七hpr・files。ftempera竜ureandsalinity

sh・wstep-1ikestructuresintheb・tt・mpart(Be1ユ
,1967).

Ontheotherhand,concerningthecauseoftheunusually

hightempera七ures(up七 〇25。GinI,akeVanda)
,80mearguments

havebeenmadewhetheでtheheatmayorigina七efromgeothermal・ 幹

and/orhydrothermaユ 鞘activities。rfromthes。 ユarradia七ion

(Anginoeta1,].963;WilsonandWellman,1962;Ragotzkieand

I、ikens,1964).1豆ordertoexaminethisfヱrolntheviewpoin七 〇f

heat「balanceoftheユake,thepresentauthoretalobserved

somethermalpropertiesof工akeVandainboththeantarctic

su㎜erof1970。71and1971。72(Yo8hidaeta1,1971;田oriie七a1,

1972)・ 田able2istheresuユtofheatba=Lanceanalysesforthe

su㎜erof1971-72,whichshowsthattheeffectofgeothermalor

hydrothermalactivityisnegligib].eandthatIβkeVandaisaユso

ba工ancedthermal=Lywithsolarradiationaswe=LIaso七herlakes

(Yusa,ユ972).Rowever,howthepresentstructureoftemperature

管釜

3geotherlnaコ.activityis七hesub8urfacethermalae七ivitydue

totheheattでansferfrom七heinterioroftheearth.

言hydrothermalactivゴtyis七hesu1)surfacethermalactivity

beingaccompanied「bytherma=Lwater●
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wasformedisaseperatepro『blemfromtheheatbalance
.

ApPlyingEq●(=L)tothislakefortrial,aquitediffe■rent

profilefromtheob3ervedand七hemaxiHlumtemperatuヱrebeyond

=LOO。Cwiユlbededuced.Inthissen8e,thetemperatureof25。C

shouldbetterbein七erpre七edasra七herlow
,thoughnodou「btit

isextraordinarilyhighconsideringthefrigidcircumstances。

田heapParentthermaldiffusivi七yin七heupPerpart。f

工akeVandawa8estimatedtobea「bout6tilneslarger七hanthe

moleculardiffusivltyin七he=L97=L-72summerseasonaccording

tomeas「urementsof七heupwardsheatflowandthemeantemperature

gradient.筑ow,七hetelnpera七ureprofileinthispartshowsa

typicals七epoユikestructurewhereisothermaユ1ayers(several

tensofcmto8everalmetersint}〕icknessandthinshee七swith

sharptemperaturegradients(afewtensofcminthickness)

appear「by七urnsvertically3andthisstruc七ureex七endshorizon-

tallyovertheentirelakeasshowninFig●5(refertoFig.4).

Ithasbee口consideredthatsuchastructurehasbeenformed

accompanyingthermosolutalconvection,whichoccursanddeveo

lopsunderthecombinedeffec七 〇fthedesta唱bilizationdueto

七hetemperaturedistributionandthestabilizati。ndueto

8alini七ydis七ribu七i・n(Hoare,1968;ShirtcliffeandCalhaem,

1968).Infact,ananalogousmulti-1ayereds†ratification

wasobservedinexperiment8conductedbyTurnerandS七 〇㎜el

(1964),whoheatedsaltwa七erwi七hastablesalinitygradient

(d・wnwardsp・sitivegradient)fr・mbel・w・

β

It購reas。nable七 。supP・se七hatc・nvectivem・ti・ns

d。ve1・pini8・th・r皿allay・r・whilem・1ecularpr・ces・esd。minate

inthinsheets.田hissupPositionbringsthefo1ユowingrelation
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f・rth・meandiffu・ivityκ 。inthestep-1ikestru。turez。ne

厨 κ ～ つ/5,(2)

(Yusa,1972),where尾 ・isthemolecuユardiffusivity,Disthe

thic㎞essof㌔hezoneinquestionand6isthetotalthic㎞e8s

ofthiロshee七s.〔Phevalueofκa/κintheupperstepolike

structurezoneof工a1(eVandaduringthe1971-72summerseason

wa8calculatedtobe4.5atユeast,whichagreesra七herwell

withtheforemen七ionedvalueob七ainedfromthehea七flowand

宅hemeantemperaturegfadient.田hissuggeststhedeveloP搬ent

ofthermosolutalconvectioninthestep-1ikestructurezone.

Replacingthestep-1ikestructurezonewith七hedistribu-

tionof㌔he■rmaldiffusivities,introducingtheeffectofsome-

timesOccurringlakeicemo℃ions,andassuminga七hermaユ

(quasi-)s七eady8tate,thetemperatureanditsver七icalprofile

in工akeVandacanbeexplainedbysolarheatingassho皿in

Fig.6(Yusa,1975b).(No8pecialgeothermalactivitieswere

de七ec七edin七heDryVa=Lleyareaaccording七 〇thetemperature

measuでelnen七sinthebottomsedimentof】 」akeVanda(Y◎shidae七

a1.1971)oraccording七 〇thegeo七hermals七ud土esofthe1)ry

ValleyDrillingProject(Decker,ユ974).)

III.Previousstudieson七hermosolu七a=Lconvec七ionandapPli-

CatiOnStOaCtua1Systems

III-1●Anoutline

Ass㎜arizedintheformersection,eachsalinelake
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inVi・t・ria玉andi・balancedth・rmallywith・ ・ユarradiati。n
,

andals・thec・mphca七edpr。file・fwatertemperatureinエake

Vandacanbepossiblyexplainedbysolarheatingunderthe

assumptionofdeve=Lopmentofthermosolutalconvection
.Sofar,

however,wehavenoexaminationo豆thermosolutalconditionsin

thesesaユineユakesinconnectionwi七hthe七hermosolutalconveco

tiontheoryi・e・whetherconvec七ionisac七uallydevelopingor

notandwhetherlakesareunderPos8ib=Leconditionsforthe

onsetofconvec七ionornot.Inthissection,wewilltreat

thetheorydevelopedbyVeronis(1965)andBainesandGi1ユ(ユ969)

inoutline,andtrytoexaminether皿osolutalsystemsobserved

inantarcticsalinelakesbyit.堕heexaminationwi11ユead

tounacceptableconelusionstha七allthermosolutalstratifica-

tionsarestable;i.e。noconvectioncanoecur,andthenthat

evenifthesystemiscompulsorilydis七urbedbyaユargeco且 マec-

tivedisturbancetheinitiaユmotionwilldissipa七efinally

wi尤houtacontinuouscompul8io皿.

SinceS七 〇㎜eユ,Ar。nsandBlanchard(1956)pointed。utpossi-

bleandcuriousphenomenainthetherlnosoユutalsys七em,variou8

studiesonfreeconvectioniコthissyste皿(themos。lutal。r

thermoha=Lineconvection)havebeenCarrieao「 αtpothexperimen鱒

tallyandtheoretically.聖ho8efruitshavebeensu㎜arized

byTurner(1973)andStern(1975).TurnerandSto㎜e1(1964)

classified七helrmosolu七a18yste!nsintofourcases.Among

them,加 。casesat七ract・urattenti。n;。neisthediffusi▽e

regimewherebo℃htempeアa七uでeandsa=Linityincreasedownwards,

whileanotheristhefingerregirnewherebothofthemdecrease

downwards.Characteristicphenomenaintheformerreglme
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ob8ervedthr・ugh・xp・riment・ar・a・f。11・w・;①the・scillat-

1ngconvection(over8七ablemode)whichappearsattheearlier

s七age・fh・ating七hesy・temfr・mb・1・wand②th・tran・i・nt

mu1七i-1ayeredstratificati。n(step-like8tructureintempera。

tureand8alinityprofile8),while七hati1】thelattersystem

is七hedevelopmentofta1=Lconvectioncellslゴke曾 曾fingers聾.

Assumingtha七theden8ityoffluidcanbeexpressed「by

alinearrelationwithtempeでa七ureandsalinitychanges,

ther窪10solutalconvectioninatwodimensionalBoussine8q

fluid(inwhichvaria七ionsoffluidpropertiessuchasdensity,

visco6ity,diffusivityetc.arenegユecte¢,「butretainingthe

densityvariationaffectingthegravitationalterm)maybe

describedbyfollowingequation8,

9二 免(レ び丁+〆3£)・

畷

(麦

(轟

(妾

(3)

.∂ ω 一=。,(紛
∂ 区

†u轟 ・嶢 脚=凶 一び曾壽 ・β号嚢 ・,(5)

ナ憐+嘘)丁 二κ亙,(6)

・ 藍 す 蟻)sご κ・△飾(マ)

wh・r・ △ 蟹 ∂護、+姜 ・and

below;

variablesandconstantsaredescribed
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Nomenclatures

densityoffluidatthereferencetemperatureand

salinity

tempeτaturereprese五 七edbythedifferencefromthe

referencestate,orperiodofoscillati。n

salinityrepresentedbythediffereneefromthe

referelleestate

densityoffluida七 七hetelnperatureTandthesalinity

S

coefficien℃ofvolumeexpansionduetounittemperature

diff・r・nce,(一 ÷1皐>

theproportionalden8itychangeproducedbyunit

・a・ini七y・hang・ ・(÷ll)

temperaturedifferencebetweentheupPerandthelower

surfaces,positivewhenhigheronthelowersurface

8alinitydifferencebetween七heupPerandthelower

8urfacesgpositivewhenhigheron七helowersurface

specificheatoffluid

kinetiCViSCOSi七y

molecu=Lardiffusivityforheat

molecuユardiffusivityforsalt

dep七hoffluid

け

aCCeleratiO五d麟egravity

horizon七alcoordinate

vertica⊥coordina七e(positivedownwards)

time

horizon七alvelocity

verticalvelocity
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Consideringa

ure8and

extendinghorizontallywi七hout咽bounds,

sionalize

amoun七 〇fheatfloworheatingratefrombelow

horizontalmeanofte田pera七ure

h。rlzon七almeanofsalinity

fluc七uatingPartoftemperaturefromthehorizontalmean

fluc七uatingPar七 。fsal」 -nityfromthehorizontalmean

para1neterconcerninghorizontalscaleofconvec七ioncell

Prandtln㎜ber(レ/κ)

Ray・ ・ighumb・r(α 曾△丁癌 κ)

…u竜 ・Ray・ ・igh…b・r(β9乙 β砺 κ)

κs/κ

f・・xR・y・・igh…b・ ・(d7扁 ツ 畔 ユ)

ψ
layeroffluid,、depthhwithcons七anttemperat-

salinitiesontheupPerandthelowersurfacesand

weconvenientlynondimeno

variablesinEqs.(4)一(7)asfollows;

叉,z～ γ硫,ノr丑1β ～ ♂ △$1丁 ～ 丁㌔ 丁,

(8)

岬 一u妾努 畷;t-t響,

wherevaria'bleswithasteriskarenondimensionaユsの

Whenbothsurfaeesaredynamica=Lユyfreρandpでofilesof

temperatureandsalinitybe七weenthemarelinearrespectively・

七hefollowingcubicequationbearingon七heconvec七ivestability

ofathermosolutaユsystelninrestwillbededucedfromnondi-

mensionalizedformsofEqs.(4)一(7)bytheperturbationmethod,
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♂+(P+エ ・耀+{(P†Pτ 一)」RrR・)P防

+!τ+(R∫ デ 鴨 嘩 ・・ ω

wh・r・k2富 兀2(n2・a2),そ ・ ぞ(n2・a2)3/a2
,兀nandπaar。v。rti。a・

andhorizontalwa▼enumber6(ni8豆ece88arilyaロintegeranda

isanarbitrarycoロ8七antτepre8entingtheh。riz。nta18cale。f

aconvec七ionceユ1),andσ ・i8acomplexwhichgi▼esagrowth

rateandacharacteriBticofo8cillation.Eq.(9)wa80btained

byV・r。 夏i・(1965)・inwhi・htheca・e・fR
a・R。 ンO・ 。rr・ ・P。nd・

t。thediffuεiv・r・gim・andthecase。fR
a・R。<Ot・th・fing・r

regime.

II工 一2。 田he8七abilityanalysi3

BainesandGi11(1969)examinedEq.(9)i夏detai=L,and

。わtained8・mecriticalrelati。nsbe襯enRaandR8c。ncerning

the8tabilityofthesystem.Now,everysalinelakeinques-

tio豆9how8astratifica七ion「belongi夏gt◎thediffusiveregime。

So,gi▽i五gattentionto七hi8regimeonユy,wefi且dthefollowing

relation(10).Foral1R 七hemostuns七ablemodeofandR8,a

disturbancehasn霧1anda=1/拒,whentheminimu皿vaユueof

マ 冨(27/4)β(≒657)i・attain・d・

①Ra〈 葺箸R8+(・ ・煎 ・や 鴛 ぞ

P+℃
②Ra=ユ.pR。

⑤Ra>揺R,

・(・ ・τ)(・・多)ぞ

・(・ ・τ)(・・予)争

28table

:neutraユ

3unstab=Le(oscilla七ing)

(io)
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④WhenEq・(9)hasatユ ・a8℃ 。n・r・alr・ 。t,

bo七hosciユ=Latinganddirectmode80f

instabiユityarepossible3thiscondition

CanbeapPrOXimatelyWでittenaS

Ra>R。 ・ 。(R。2/3)f。r・arg・va・u…f

RaandR・ ・E・pecia・ ・y・wh・nR～ 器 互R
・・

。且1ythedirect皿 ・deisp・ssible.11

Whenaniso七hermalfluidwithastablesa⊥initygradient

i8heatedfr。mbe1・w,c・nditi。n⑤willbeestablish・dfir8t

bytheeffectoftheri8ingtempera宅uregradien℃,a且d七herefore

theoscillati豆ginstabilitywilloccurbeforeeverything.

Thiswa8confirmedexperimentallybyShirteliffe(1967)and

田umer(1968).

Now,1etu8七rytoinves士igatetheconvec七iveinstabili七y

intheac七ualthermosoユutalsystembythestabilitycriterion

shownin(=LO).Inordertoexaminethelocaユ8ta1)ili七yateach

le▽e1,wewillconvenientlycu七thesys七e瓶intothin81icesof

acertainthicknessverticallygand七henapplythecriterion

toeach81ice.Inthatcase,sincevaluesofRandRforas

・a・h・ ・icebec・m・g・n・ra・ ・yfar・arg・rthan(・ ・τ)(・ ・争)署,

theconvectiveinstabilitywi=Lユoccurifthefollowlngsimpli-

fiedconditionissatisfied,whichisdeducedfrom(IO).

器 書一〉器,

where

(11)

P+τ/1+PnearlyequalsO.9intheordinarysalinewater

(14)



whichhas!じ 腿0.0=LandP驕7・ ～12.Relation(1=L)indicate8that

convectiveinstabilitycanoccurevenif七hestratification

isgravi七ationallystable.田hisisoneofremarkablefeatures

ofthefluidwhichconsist60ftwopropertieswithdifferent

molecu=Lardiffusivitiessucha8heatandsalt●Bythewayg

whenbothdiffusivi七iesarealmo8七ide豆tica1,thatisτ 一ユ,℃he

convec七iveinstabilitycanno七 〇ccurunlessgravi七ationally

㎜ 航able,becausethevaluep◆ τノ1+Pbec。me81.

III-3.Thepracticalappユica「bilityofthestabilitycriterion

-In工akeVandao田herightfigureofFig.78how8adistri-

buti・n。fd△ 田/β△scalcula七edf。reach槻nslice・nthebases

of七'eコ1peratuヱ ・eand8alinityprofilesobservedatStationE(

refertoFig●4)onNove加ber11,1971。 ①heverticalbroken

lineinthefigurecorrespoロdstothecri七icaユvalueofthe

onsetofin8tability。A=L皿08ta=LIofthemfallon士hesta「ble

8ideexcepting尤woin七he皿ostupperpart●Forthe!且iddle

paでtofthelake,七hi8crite工 「ionca㎜otbeapPliedbecauseof

七hei80thermalandiso801uta=Lconditions.

Ontheotherhand,solidcirclesinFig8.8andgare

relation8be七weenc式 △T▼6● β△Sobtained「byaimiロgatstep-1ike

8truc七ures8howninFigs.10(a)a且d(b).Fig●8showsthe

relationわetweenadjacen七horizontallinesinFig8●10(a)and

(b)3i.e.士hereユatiOnobtainedasiロcludingiso七heヱma=Land

i80solutallayer.Notwith8tanding,aユ1dot8exceptingonly

one8i七uatedneartheoriginfa1ユon竜hes七aモ)1e8idebenea七h

thecriticalline.Fig.8showstherelationforsheets;i・e・

therelationobtainedfrolndifferenoesoftemperatureand

(15)



salinitybetwee豆adjacenthomogeneouslayers.Aユ],七hesedot8

fallonthes七ableside,too。

Theseresu=Ltsgivesupportforthepre▽iousspeculation

thatthere孤aybenoconvectionsinsheetsandthedeepe8tpart

ofthislake,bu七s抽ultaneouslyde町thedevelopmen七 〇fconvec-

tionsinhom◎geneo「uslayer8.①helatterno七 〇nlymakes七he

physicalmeaningof七heapparentdiffusivityintheupperstepo

likestruc七urezoneob8c凱re,buta=L80bring8nobase8for七he

assump士ionillcalculatingthemacでoscopic七emperatureprofile

showninFig.6.

oIn玉akeHierS-In工ake逝ierSgthethermOSOIU七alsystem

畠b
elonging七 〇thediffusiveregimewaso「bserved「below12meters,

wheres七ep-1ikestructuresof七empera宅ureandsaユinityprofi=Les

weエrede▽e=Loping.Thesestructure8arealsoin士erpre七edas

thosefor皿edaccompanyingthermoso].utalconvec七ion(Be1ユ,1967),

butnostudiesonthemhave「beenmade.

歴hemiddleplo七 〇fFig.11showsthedistri『b「u七ionof(メ ム田/β△S

ob七ainedforeachthinsliceofIOOc皿thickby七hestabili七y

criteri。n(11)similar七 〇tha七inエakeVanda.Allvaluesfall

withinthestab〕.erange,andthereforetheonsetofconvec七ion

isimpossibユe.

一lnエakeB。nney-■akeB。nneyisarepre8entativesaline

ユakein七heDryValleyareaaswe1ユas工akeVanda,andhas

beendescribedasatypicalsun-heatedlake(Hoareetξ 匹ユ,1964;

ShirtcliffeandBenseman,1964).皿hethermosolu七als七ratifica-

tionbelongingtothediffusiveregimewasobservedintheupper

(16)



par七froma「bout7to14!ne七ersdeep,butnodis七inctivestep-

likestructurescouldberecognizedwiththeonlyexception

ofaweakstep◎fsa=Linityprofileatabout9me七ersdeep .

①hus,itisconsideredthattheentirelakeisunderthecont-

rolofthemoleculaヱrproce8s.Infac七,theobservedprofile

。fwaterte即eraturecanbeexplainedra七herwellasbeing

duetosoユarheatingandHloleculardiffu8ionofheat.

SolidcirclesintherightfigureofFig.128howthedistri-

bu七ionof()(△T/β.△Sforeach50cm㌃hickslice.A=Llof七hem

arefarsmallerthanthecri七iealvalue,andthecriterion(11)

seemstobeapPlicableto七hislake.

一lnエakeFryxe11-Thewatertemperaturedoesno七ascend

ab。ve4。Cin七hislake,andthethermosolutalstratifica宅ion

ofthediffusiveregimehasneverbeeno「bseエrved.Ofcourseg

thestratificationisgravitationa=Llystable.

一UndertheiceislandT-3-〇 七herther通osolutalsystem8

belongingtothediffu8iveregimehavebeenreported,e.g.

undertheicei81and田 一3intheArcticOcean(Ne8hybaetaユ,

1971),inthebottomwateroftheRedSea(SwallowandCrease,

1965)andseveralbrac1(ishlakesinJapansuchasKai-ike

andNamako-i】(einKoshikiロjimaisユandandShin-miyoinMiyake

-jimai81and(AraiandNishizawa,ユ974).Fromamongthese,we

willexaminethethermosolutalsystemunder七heice。islandT-3.

Athermosolutaユsys七emof七hediffusiveregilne,being

accompaniedbyremarkab=Lestep-1ikestructuresintemperature

andsalinityprofiles,wereobservedundertheice-is=Land田 ロ3

(17)



(84。N,=L26。W)in宅heArcticOceanbyReshy「baetal(1971).

Theymadeaco豆clusiontha七those8tructureshad『beenformed

accompanying七he士hermosoユu七alc◎n▼ec℃ionbyreferring七 〇

田urnerIsexperi孤ent(肛}urner,1965)6

According七 〇theiro「bserva七ionda七a,七hestabilityoく ムT/ρ ムS

iscalcuユa七edasrangingfromO.067toO.5foreachthi且shee七

wi七hsharpgradientsoftemperatureandsalinity,whichindicates

tha七eachεheeti8convectiona]ユy3table.On七heotherhand,

however,thevalueof(凶 △T/β △Scalcula七ed,fromtheirsm◎othed

profi].esalsofal18wi℃hinthestablerangeinspiteofincluding

七heeffectofholnogeneouslayers,i。e.O。16forthezonefrom

240to297metersdeepandO.15forthezoneflrom297to540

metersdeep.田hus,thestabilitycriterion(11)indicatesthat

noconvec七ioロca且occurin七histhermosolutalsystem,which

seemsto「beincongでruouswiththepersis士ency◎fthes七ep-1ike

structure。

III鱒4.工nvestigationbasedonnumericalexperiments

Asshownthroughsomeinves七igation8,七he8七a「bilitycriter-

ion(10)or(11),whichha8beeロdeduced。ntheba8is。ftempe-

ratureand8alinitydifferences'betweentheupperalld七helower

唱b
oundariesoffluid,canno七explainconsi8」 七entlywhetheran

actua1士hermoso=Lu士alsystemincludesconvectivemo七ionini士self

orwhetheritispossiblyaconditionfortheonsetofconvec七ion.

Itmayon=Lybeabletotel二Lthatthesta「blys七ra七ifiedsyste皿

issurelysta「bleasin玉akeBo㎜ey。 田hismaybeinevitable

judgingfrolnthees8entialmeaningoftheexistingstability

which七reatsthesys七eminrest.Inorder七 〇examine七hethermo一

(18)



soユu㌃alsystemincludingconvec七ioni士self,wemustinvestigate

whethertheini七ialf。rcedc。nvec士i。nper8ists。rdissipates

und・r士h・b・ 鞍a町 ・・nditi・n・f・ ・旧 七antt・mp・rat皿 ・and。a・inity

onbothsuエrfacesrespectively,evenaf七ertheforcinghasbeen

removed●

Fig.13showsexample30fchangeofconvectivemo七ionfora

stepolikestエuc七ureinLakeVanda,whichwereobtainedbYnume-

ricalilltegrationsofequa七ions(4)一(7)underaninitia=Lforced

convectionandconstanttemperature8and8alini七iesonb◎th

surfaces。 田heealcu].ationswerecarriedoutbydecompo8ing

variab].es,suchasvelocity,七empeでat「ureandsalinity,intoFour-

ierserlesaf七erHerring,8me七hodu8edfortheinvestigationof

th。rma1。 。nvecti。n(H。rring,1963).Nanda2in七h・figur・ar・

theadoptednumberofFouriertermsandthepaでalneterconcern-

ingthehoriz◎n七alscaleofconvec七ionce11,respec七ively.

Everyrmsvalueofnondime118ionalverticalvelocitywdecrease8

withthelapseof七ime,asisevidentfromFig.13.

0巨hus,weca㎜ 〇七he工pconsidering℃hatthetheorybasedon

七emperatureandsalinitydiffere亘ce8isinadequate七 〇tでeat

problemsinthecon▼ectingsystem。 〔Phismaybesolelya七tribu-

table℃oadoptingthetempera℃uredifferenceasathermalpara-

meterindescribingthesystem,becausethetemperaturediffer-

ence,inotherword8七hetemperaturedistri「bution,isestab=Lished

asafinalconsequencedependingontheco!nbinedeffectof

variousproees8essuchasheating,cooling,diffusion,convection

etc..So,七he七hernla〕.(七her皿osoluセaユ)phenomenain七heactual

sys七em8houldbeanalysedbasedonanideainvolving七heprimary

effec七 〇fhea七ingdue℃osolarradiationorhea七ingfrombelow.

(19)



IV.田hermosolutalconvectionbasedonheatflow

工V-1。Forlnulationoftheprob=Lem

I£tusconsidertheloca1七hermosoユutalsituationineach

salinelakebycut七ingitintothin81icesof500rlOOcm

thickasbefore.Sincethewatertelnperatureinthediffusive

regimerisesdownwards,eachsliceisheatedfrom`belowbythe

upwardsheatflow.Aseachlakeisalmost欄balancedthermally

withsolarradiationaccordin9七 〇thepreviousstudies,the

amountoftheupwardsheatflowpassingthroughthelower層boun-

daryofeachs=Liceisequaユ 七〇thea!noun七 〇fsolarradiation

absor『bedbytheentirewaterbodylying「betweenthelevelof

七hesliceinquestionandthatofthemaximulntempera七ure.

Ontheotherhand,theamountofsolarradiationabsorbedby

theslicei七selfisgenerallyfarsma1=Lerthanthehea七f=Low

frombelow,exceptslicessi七ua士ed豆earthelowestpartin

question。 ①husgwecanapProximateandreplacethesolaで

heatingoftheユakewaterwiththeheatingofthethinslice

frombelow.①hisisanalogoustothesituationesta「b=Lished

intheexperimentofheatingsaltwaterfrombelow.Consi-

deringthisanalogy,wewilltreatthecaseinwhichalayer

ofsa1七waterde『pthhwithastablesalinitygradientisheated

from『belowwithacon8tantintensity.Thetemperatureatthe

uppersurfaceisheldcons七antforsi7nplifica七ionoftheproblem.

Besides,wewi1ユsllpposethat七hesalinitiesatbothsurfaces

areheldcons七antduringtheperiodinques七ion,takinginto

accountthatthediffusionofsaltisextrelnelyslowcompared

withthatofheatasevidentfrolnτ 厚0.01.
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Similarly・ 曲 ・f・r・ …sumingatw・dim・n・i・nalB・ussinesq

fluidwh・sed・n・i七yha・alin・arr・1・ti・nwitht。mp。r,tur。a
nd

salinitygequations(3)一(7)areapPropriatehere
,too.

SupP・singthatverticalve1。ci七iesvanisha℃ 七h・upPer

andth・1・w・r・urface・andb・th・urfacesar・dyna揃i・allyfree
,

～)2w
w=230,atz呂0

,h。
bZ

(ユ2)

Resoユvingtempera七ureandsalinityfieldsinto

meansandfluctuatingPartsrespectiveユy
,

horizonta1

T=可(z,t)+0(x,z,t),

s
s3百(z,t)+④(x,z,t).

(エ3)

0⊃hen,weass㎜e七ha†fユuctuating

thedistributionofw,

partshavesimilarmodesof

e富s=0,atz=O,h. (二4・)

Consequently,boundaryeonditionsofthe

meanarewrittenasfollowsg

respeetivehorizontal

T=S30,atz=O,

(i5)

夕・ん 書霧 竃FH・ 百 ・ △S・at・gh・ ノ
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Varia『b=Leswi1ユ 「beconvenientlynondimensionalizedas(8),but

thetempera七uremust'benondimensionalizedwiththeheating

「at・FHinstead・fthet・mp・ratur・diff・r・nee△ ① ・

互一丁膿,e一 θ膿,(⊥6)

wherevaria「bleswi七hasteriskarenondimensionals。Bymeans

ofthis,fundamentalequa七ions(4)一(7)arenondi揃ensionalized

asfo1=Lows,bu七as七erisksareomittedforthesiπ1P].ifica七ionof

eXpreSS■onSの

袈+諺=o,

S
2

＼0

2
X∂

S
R十

田ヂ
2

X∋

h

a
R一W

2
△盟W△)麦W十&U十一十

》

う

δ(ユ
p

(⊥マ)

(碧t・u表 ・w舞)田3△ 肥・

(る う わ読+uδf+w砺)s3τ △s,

,σ9)

(江 『)

(20)

whereT謬 田+e,S=S+s.

Boundaryconditions(12),(14)and(=L5)arealsonondimen-

sionalizedas,

,1,O32ta,
O3S=e3

-
w
マ

8W

田=S=O,atz=O,

暑霧 篇 百=・,at・ …

(2ユ)

(22)



Assumingthatfluetuatinρpartsofvelocity,temperatureand

salinityhaveperiodicdistri"butioninthehorizonta1
,w,O

and8maybeexpre8sedbythefollowingDoubleFourierseries

respectively,

W・ 蕗

n,W藍9sin(　 ・)…(n曾 兀ax)・

・ 溜 三

、,eま 璽8in(・ π・)…(・'兀ax)・(2ユ)

・ ・ 訂

P,8書'・in(Pπ ・)・・8(P'兀ax)・

wheren,nl,ユ,=L㌧pandp璽areintegersandaisanarbitrary

cons七antwhichi8aparame七erconcerningthepeエriodinthe

horizonta1.田heexpressioロforwin(22)isa180appropriate

tothefreeboundarycondition.『Ohen,horizontaユmeansof

七emperatureandsalini士ymay欄besiInplywでittenasfollows,

可 冒 ・+壽

、]・m・in(2m卿12兀z)・
(23)

お

吾 雷z+Σ 二Ssin(■ 膨兀Z),
rr

=1

wheremandrareintegers.Usingtheequa七ionofcontilluity,

七hehorizon七alveloci七yuis

U胃 一 詔

n,W翌'(na11曾)…(既 ・)・in(n1兀ax)・ 囲

工ntroducingaboveexpressions(22),(23)and(24)into

fundamen七alequations(18),(19)and(20)willgivethesetof

(23)



ordinarydifferentialequati。nsfortheFourierc。efficients.

However,wewilltreatthecaseofasinglehorizo且talwave

number,i.e.n曾 露19=p9==L.工nthiscase,七hefol工owing

equa七ionsareo『btainedfor七hecoefficientofthei-thterm

ofeachFourierseries,

霊i・k2Wi3ギ(R。 ・i-R豊 θi)・

壽+(2菱 一1均2Ti思 塩 島(一 ・)n・1・'・1㌔ ・、

・〔(n・1)/至(
n.蓋一i).1+可n。 圭.i-1}

・(1●n){2(
　 圭小 ・ ・2　 ま.i.P・

ll'・k2ei・}慧 、(一 ・)n・m・'4(2m-・)Wn田m

・(可
m.蓋 。i-、 ・ ぞm一 孟一i-、

-2
m.蓋 一i一 ユ ー2m一 蓋.i-、 〕-Wi,

ll'・ τπ2i2Si=一 略 壽 、wn・p(δn,P.i・ δn,P-i一 品,i-P)・

ll'+τk2・i識 ÷ 薫 、 島WnSrr(5n,r.i・ 輸 ・5n,i。r)-Wi

(i=31,2,3,・ σ ・ ●),

wh・r・k23ぞ(i2・a2)・8x
,yi・K…eck・r・85・6x,y・ ・f・rx・y・

6x
,y・Of。rx≒y・

(24)
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IVo2.田hecriterionfortheonsetand七hedevelopmentofther-

mosoluta1◎onvection

■etustreatthecasewheretheverticaユ ・Profileofsalino

ityislinearandtheinitialtemperatureiszerodegreesover

theentire8y・t・m・Inthiscase・an・ ・effi・i・ 捻t・S
r曾si且

(23)vanish,thatis

Sr・0・(r冒 ユ ・2・3パ ,) α6)

and・ ・effi・i・nt・ 丁
憩lsin(23)hav・th・f。11・winginitiaユvalues・

T
m3砦 器 ・(m3・ ・2・3・ ・…)・(2▽)

N◎w,wewillbegintoheat宅hesystemfro!nbelowwitha

consta夏tin七ensitycon七inuous=Ly。SupPosingthatthesys七e1n

isatrest,i.e.w富e3s竃O,thesyste田maybedevelopedunder

thecontrolofthefo1=Lowingrelationsoコ1ygwhicharederived

fromthesecondequa七ionin(25),

lli・(2菱 一・カ2Ti塁 ・,(i=・,2,5,・).(28)

Consequently,eachtermofhorizonta1皿eantempera七urewill

beσbtainedfrom(27)and(28)asfoユ10ws,

田m富

(1二i霊2・xp/・(2晋'1π)2t}・(2r)

Thus,thestabilityofthesystemat七hetlmet can. beexami且ed

(25)



bypertur層bingthesystemwithini七ialdisturbancesu夏derthe

c。nditi・n・describ・dby(26)and(29)・H・r・ ・takingupw1,

eユandsユ ・whichmayhav・tぬ ・m・ ・trapid解 。wtha七 ・・andput七ing

wユ,・ ユ,・ ビ ・ぴt, (30)

thefo=Llowingcubicequationisdeduced「by8ubs七ituting(30)

intothefir8t,the士hirdand七hefif士hequationsin(25).

♂+(P・!・ 確+(P-)一(R辱)P概

巾+(P・ ≠)瞳 一・,(3⊥)

wh・r・k2躍 兀2(・ ・a2),?露 語(・+a2)3/a2,a豆d

・・
為821

2
兀

十18A
ユ

(2皿 一1)2(をm.3)(2m-5)exp
一(2碧'1π)2七/・(32)

σノisacomplexnumber,who8ereala夏dimaginarypaヱ 七8give

thegrowthra七eand七hecharacteristicofoscil=La七ionofthe

di・ 七励 ㎝cerespec七iv・ ・y.Th・ 血im㎜va・u・ ・f塗 零(27/4)超

isattainedwhena雪 ユ〈厄asbef・re.

歴hef。 ご皿of(31)isqui七e8imilart。 七heequati。n(9)

deducedbyVeτonis,andthereforethestabiユitycri℃eriasumm-

arizedbyBainesandGillarealsoavailable加thepresent

trea七menちth・ughthec・nstantRa皿ustbereplacedbythe

tim・-d・p・nd・ 且tfun・ti・nR途A.Exceptinginth・ 亘・ighb。urh・ ・d

・fR。 麟0・thestability・rit・riaar・r・pτese豆t・da・f・11・ws・

(26)



① 心 く器Rs+(・ ・て)(峠)弩 ぞ

②R豊A巴 轟R。 ・(・+τ)(・・蕃)2μ

⑤R豊A>器R,+(・+τ)(峠)鴛 拶

:stable

3neutra1

:unstable(oscillating)

④ 恥 ・nEq・(51)ha・atl・a・t…r・ah。 。tb・th

osci=L=Latinganddirect短odesoflnstability

arepossible;thisconditioncanbeapProxi-

mat・ ・y繍t・na・R途A>R。+・(R
。2/3)f・r・arg・

values。fRhAandREspecially,whenS》a

R慧趣

(謡 汐R・ ・nユyth・directm・d・i・p・s・ib…
ノ

、

(33)

Whena五isothermaユsaltwaterwi七hastablesalinity

gradientiscontinuouslyheatedfrom『beユowwi七hac◎ns七ant

hea七ingrate,the8ystemwillshif七fr。msituati・n①sh。wnin

(33)t・si七ua七i・ns②,⑤,and七hen④in・rd・rwith七helapse◎f

time,becausethetime-dependen七func尤ionAincreasesmonotoロ ロ

icallyfromA富0(七30)七 〇A雷1(t今oO)asshown『bythesolidlinein

Fig。14.Accordingly,ifthe8ystemshouldbecomeunstablea七

=Last,theconvec七iveinstabi=Litymustappearasanosci1=Lating

modebeforeevery七hing.Additionally,inthesystelnwhere

theheatingrateisnotso!argeagainstthe8alinitygradien七,

si七uati・n④mayn・ 七beattainedand・nlythe・scilla七ingm・de

ispossible●

Whentheconvec七ive孤otionhasonceoccurredanddeveloped

duet・theat七ai㎜ent・fsituati・n⑤,distriめuti・ns・ftemper-

a七ureandsa=Lini七ymaydeformtheirshapes,whichhasbeen
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formedbythemolecularprocessti=L=Lthattilne.mherefore,

・tri・tly・p・aking,・ri七 ・ri・n④i・m・a且ingless,b・ ・auseth・

assumptionsofinfinitesimaldis七urbanceandlinearsalinity

profilearenotallowed.However,itisthough七tha七the

int・n・ity・fh・a伽g,in・th・rw。rd・th・ma解itud・ ・fR豊,

shouldcontエrolthede▽elopmentofconvec七ioninthesystem;

tha七iswhethertheconvectlonshouldendintheoscillating

Hlodeonlyorwhether七heconvectionshou=Lddevelopuptothe

directnlode,butwehaveonly=Lit七1einforma七iona『boutita七

presen七(refer七 〇thesec七ionIV-5).

IV-3.Somecharacteristicsofthenewcriterion

Wewillexaminethedifference'betweentheexisting

stabilitycriterionob七ainedbyVeronisetalandthenew

criteriondeducedbythepresentau七hor一 田hedimensional

temperaturedifference(△T)『between尤heupperandthelower

surfacesineverymomentisexpressedbythenondimensional

bOttmtemperature①bas・

△叩霧舞レb(3の

C。nsequen七ly・thec・ ㎜ ・nRay1・ighnumb・rRaisrepresent・dby

R包詔艦3△ 田・ぴ1離 實R彗Tb・(35♪

歴hus,thelefthandsidein(53)isrewrittenas,

R豊A=竜Ra(ゑRa)・(36)
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bec鼻use七h・r・lati・nA/r巳b≦lissati・fi・din・v・rym。m・nt
,a・

evidentfr・mth・r・1ati・nb・tweenAand田b・h。wninFig ・14;by

theway・ 田biscal・ulat・dfr。mth・fir・t・quati・nin(23)and

(29)。 田herefore,whenweexamine七heconvectiveinsta冒bility

ofthesys七eminanexperime且 七fromtheviewpointof七hetemp-

eraturedifferencebetweentheupperandtheユowersurfaces,

theactualins七a『bilitymay鰯beo鴫b8ervedafter七hetimewhen

theexpecteddifferencepredlctedbytheVeronisetal曾stheory

hasbeenat七ained.玉e七uscarryout,forinstance,anexper-

imentinwhichtheinstabilityshouldbeseta七thenondime筑 一

siona1七imet30・1・whenA30・3022and[「b=o・357の 田henthesta-

bility『basedon△ 田maypredic七tha七instabilitywillcccura七

七hetimewhenT・b3093022,i・e・t詔0・0725・ 〔Phisdifferenceis

a七tribu七able七 〇appでoximatingthenonlinearprofileofte!nper-

ature七 〇 七helinear。

エf毛hetimeelapsessufficientlywithoutanydisturbances,

thentheverticalprofiユeof七enlperaturewillbecomelinear

andthebottomtempera七urewilltepdto1,i。e.thenondimen,

・i・nal七 ・FHh/9催 ・because・f田m'・ 七・ndingt。zer・a・f・und

fro!n(29).田hissupposedsta七emayproducethelarges七

宅emperaturedifference「between七heupperandthe!owersurfaces

uロderthegivenintensi七yofhea七ing.However,whenthe8ysteln

ha・a・arg・va・u・ ・f鴫 ・n・ugh七 。pass七hr・ughthecriti・a・

s七a七eoftheonsetofinstabi=Lity,suchasupPoseds七ate

neverappearsinreality.Inthisse五se,七hecri七erionof

t今o。(ige.A→1)maybegenerally皿eaning=Lessasaprac七ica1

"stability" .Nevertheless,itisau.sefulori七erionfor

judgingwhetherthesystemfa1].sintheuns℃ablerangefina工ly

(29)



◎でwhether』 七he8ystemでemain8inthestab=Le畠Thus,thecrit-

erionshownin(33)canberegardeda8anexpandedthermosolu-

talcri七erio豆incユudingtheexistingstabiユity;thatisi七

givesthevery8七abi=Li七yof七he8ys七emti1=Lgettingtothe

cri七ica=Lsta℃eof七heonsetofins七abi=Lity,whi=LethatofA含1

tellsthedevelopmen士of七hemosolutalconvec七ion.

IV-4● 田heperiodof七heo8ci=Lla七iona七 七hemarginalsta'bility

Whenthether孤080=Lutaユ6ystemattain8thecritica=Lstate

oftheonse七 〇finstabili七y,anosci1=Lati五gconvectionappears.

璽hisi80neofcha■rac七ezristicphenomeロai箆thetherlnoso=Lutal

sys七embelongingto㌃hediffusiveregime.Pu七tingthereaユ

partOfσ ノaSZerOandSUb8ti七U七ingthemargina=LエrelatiOnbeto

weenR琶a豆dRs(i・e・ ②in(33))int◎(51),樋en。ndimensi・ 且al

periodT曇isobtainedasfollows,

＼

畔 脇2兀/σ 左 ・

(3マ)

硯=、ll2、 …pR。=号 、皐pR。(f・ra2=・ ・5)・

wheretheeffec七 〇f!じi8ignoでedsince/じisfarsmallerthah

P.

血ecolrrespondingdi盃e]nsionalperiodTisdeエrivedfrom

七h。r。1a七i。nM畳h2/κa。f。11。w。,

卜2兀1Pi・

P呈濫右)】 唱 ・(38)
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N。2=β9ム豊 ■

wh・r・N
。i・th・Brunt-Bai・alafr・qu・n・ybased。nthesalinity

gradientonly.

Suchanoscillationmustchangethedirectionofflowin

eachconvectionce=LItime●dependently.Sincetheflowof

fluidaffectsgenerallyheatand801utetransfersthroughthe

system,「bo七hheatandsolutereleasedthroughtheupPersurface

ofthefluidshouldalsooscillate.Besides,itisconsidered

that七hedirectionofconvectiveflowdoesnotproduceany

effectonthem,butonコ.ythemagnitudedoes.Asthisosci11-

atingconvectio並hastwopeaksoftheveloeity(whosedirections

arereverseeachother)and七wozero-veloci七iesduringthe

periodofonecycle,bothtransportsofheatandsolu七ehave

twomaximaand七wominimaduringthesameperiodrespec七ively-

Consequently,itInaybethoughttha七theperiodsofhea七and

solutetransfersshowjusthalfoftheoscillatingperiodof

七heconvectivemo℃ioni七self,whichwillbeconfirmedby

ロumericalexperimentspresentedin『bhefollowingsection工V-5.

工V-5。Someinformationonfini七eamplitudetherlnosolutalcon-

vectionin七hesystemofsmaユ ユRs

Thes七abilitytheorydescribed剛beforebringsnoinforma-

tionabout「behavioul「in七hesys七emafter七heonsetofinstabi輌

工i七y.田hiscanbeinvestigatedbysoユviヱ1gthecoup=Ledordi-

narydifferen七ialequationsgivenin(25)。Aswehavenoan-

alyticalsolu七ionsforthembecauseof七heirnonlinearity,we

(51)



mustin七egratethemnumericallyunderaproperini七ialcondi-

ti。n・ エnthissecti・n,somen㎜ericalre8uhsinrelatively

・manva・u…fR豊andR
。wmb・intr。duced.C・n・ 宅ant・used

arefo1ユows3P零7.1,τ=O.01anda=1/〉 「互.

Figs.15,16and178hownumericalresultsincasesof

R蓋 富2。・。,3…and4…re8peetiv・ ・ywh・r・R
。・・…a・way・.

Computationswerestartedfrom七heiso七herlnalfluid(zerodegree)

withastableandlinearprofiユeofsalinity-Forinitiaユ

distu「bances・all・fOi・and・i曾swere・e七aszer・ ・whi1・

allofw.曾8weresetassmallvalueofOOl.偲heFourierterms
■

ofeachvaria「blewere七rullcatedto=LO.NuandNusarenondi-

mensionalhea℃andsalttransportsthroughtheuppersurface,

re8pec℃ively・ 田bisthen。ndimensi・naltemperaturea七thel。werコ
surfaceandwisthermsvalueofnondi皿ensionalver七icalvel-

ocitya七x30,whichisdrawnreferring七 〇thechangeoff=Low

direetion;i.e-thepositiveandthenegativeva].uescorrespond

七〇theupflowandthedownflowrespec七ively.Arrowsin℃he

figuresindicatethetimeoftheonse七 〇fthemargina⊥insta燭bi顧

1i士ypredic七edbythestabili士yana=Lysis.Aseviden七from

eachfigure,dis七ur「bancedecreasesa七first;beyondthe七ime

markedbythearrow,i七begins七 〇iロcreasegradually,andthen

gets七 〇growsuper。exponentia1ユy.Ofcourse,i七ca㎜otgrow

wi℃houtlimitduetothere8七rainingeffectcausedfrolnthe

non=Lineari七y,andthereforethesys七emcomestoattainasteady

motionasobservedineachfigure.Wi七hin七helimi七softhese

integrations,oscillatingbehaviour8canbeseeninallfigures.

However,宅heirmanifestation8areratherdifferentonefro皿the

・七h・r3i.・ ・inthecase・fR豊=2…,th・f・ ・wdirecti。nr・v・r・es
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i℃selfperiodica1=Ly,andthealmoststeadyoscillationwith

七heperiodofO.56(whichagreesweユ1withtheperiodofO.368

predictedby(57))8eem8七 〇continueforever,whileinthe

・ase・fR豊 鷹4…,n・inv・r・i・n・ ・ff・ ・wdirecti・n・anbeseen

besides七heamplitudedecreasingwiththelapseof士i皿eafter

℃hemotionhasfullydeve1◎ped.Af七era8ufficientlylong

七ime,theo8ci1=Latillgfeaturemayprobab].yvani8ha豆dasteady

convectionOfthedirect皿odemaydevelop.Ontheother

hand,th・ 。・cinatingf・atur・i豆thecase。fR≧ 塁3…i・rath・r

complicatedasshowninFig.16,whichshowsacombinedfeature

ofbothaspec七sofo8cillationsillu8tratedabove●Consequ-

en宅1y・inthesystem・fRs富1000・itmaybeth。ugh七thatthe

sec・ 雄dcriti・aユ ・tate,・hiftingfr・ 田 ⑤t。 ④in(53),ha・a

P。 ・i七i・nb・tweenR豊35…and4・ ・。.

Reflec七ingthese。scillatingbehavi・urs・ 恥 ・Nusand璽b

aユ80showo3ciユ=Lati夏gfea七ureslrespectiveユy.Itisno七eworthy

thatallofthemhavejusthalftheperiOaof可in七hecaseof

R豊 躍2…(th・ughth・p・ri。d・fmbi・ 願 ・。 ・ユ・ardu・t。th…ng

i・t・rva・ ・fm・nit。ring),whi・ ・ 七h。sei並theca・e・fR豊34…

havethesameperiodas舜.

Gompu七a℃ion8werecarriedoutforsomecasesoflarger

valu。 。fRh七han40。 。.肥heでesuユt8are8u㎜arizedinTab1。3.a

Finalmodesofconvectirremotio且predicted'basedonnumericaユ

resuユ 七sareinthelastcolumn.Nugγ10七tabula七edinthetable,

islineverycase,whichcorrespondstothenondimensional

int・n・ity・fh・atingfr・mb…w,i… 七h。sef・rR豊82…and

5… 。sci・ ・at・a-d・f・r・v・r,whi・ ・ 士h。sef・ でR琶 霧4・。・

converge七 〇lwithosci1=Latingaroundl.田hebot士oIntempero
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atur・Tbi豆 ・r・a8e8a士fir・ 七du・t。th・r・1a七i・n(28)until七h・

convecti・nfullyd・v・1。ps・A8thec。nvecti。 ・d・minates・ 田b

fa1ユsdueto七here=Leaseofhea℃ 七㎞ough七heupPersurface,

andtheni七 〇scillatesaroundacertainvaluea8inthecase

・fR蓋 寓2…,。r・ 。…ge8七 。acer七a加a・u・wi℃h・sci・ ・ati。 コ

a・intheca・e・fR蓋84・ … 歴h・va・ue8。f田 わinth・tab・ ・ar・

・u・h七 ・皿P・ratur・ ・,whi・hdecr・a8ewithth・in・r・a8e・fR琴 ・

Sinceth・u・ua・Ray・ ・ighn㎜b・rRaisexpre8・eda・Ra富R鼓 田b,

七hec・n・taユt▼a・u・ ・fRa3・68・apP・y・t。 ・▼・ry・a・e・fR塗=2…,

3000aれd4000.聖hismeans㌃ha七thedi鵬nsionaユ 七e皿perature

bec。mesc。n・ 七antin℃hesy・t・ 血 ・f・ 田a・ ・va・u・ ・fR豊with。ut

regard七 〇 七heinten8i士yofhea℃in9●

Ge口erally,theheattransportinasystemisexpre88ed

byNu,8seltnumberwhichisaratiobetweentheactualtran8port

andthepo88i『bletransportduetothemoユeculardiff「usion㎜der

士hemeantemperaturegradie且 七.Nu8seltnumberinthelatter

Sensecorre8pond8tothereciproca1◎f尤heぬondi田ensional

b・ 七七・m七 ・mp・ra加r・ ・1/便b・inth・pre8ent・y・t・m・ 田h・r・1at-

ionshipbe七wee且theheattranspor士andthethemalstructure

has「beeni豆vestigated「by皿ean80fcompari豆grI双s8e1七 夏umber

wi七hRayleighnum層ber.Thereforegthearrange1nentofdata噌by

suchaconventionalwayleads七 〇acuriousresultthataロumber

ofNusse=L七numberspossiblyexi8七foranidentica=LRayユeigh

num『berwhentheinten8ityofheatingis豆otsolarge.

皿hesalttransp。rt恥sisanu8ua18alt(s。1ute)翼usseユt

numb・r.・ntheca8e。fR途32…,Nu・i・ab・ut・,whi・hm・an・

theactualtra豆3porti8almo8tsameasthemoleculartransport,

whilemorethan10time8thatof8a1℃po8sゴbly七ra夏sferredby
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themoleculardiffu8ioncε 鵬betransferredthroughthesystem

・fR蓋 。fユarg・rva・u・tha夏3・ 。。.

Fig・ ユ8・h。w・th・num・ri・ahesu・ 七f・rthecase・fR♂R途=

10000,inwhichtheiコtegra七ionwasstaで 七edfromalinear

profiユeoftemperatureforsavi五9七heco皿Putingtime.As

predictedbythestabilitya夏aly8i8,thissys士emhasano8cill-

atingconvectionwiththeinversionofflowdirection.Chara-

・t・ri・tics・fw・Nu・Nu・and田bandr・1a七i。n8am。 ・gth・mar・

a・皿・・t・imi・ara・i・theca8e。fR。 露・…andR豊 雪2…,七h・ugh

itisnoticeab=Lethat七heampli七udechangesi七selftime-depen鱈

dentlyユike"beat"(whichisorigi豆aユ1yaperiodicwaxingand

waningofthesoundcausedbycombinationofthe七wotonesof

Verynearユy七heSamefreqUenCy).

V.Analy8esofactualther!nosolutal8yste皿sbythenewcriter鰯

ion

工ntroducingacons七an七hea七flowforthe七hermalbou且dary

condi七ionat七helowersurfacehasderi▼edanew七hermo801utal

criterion,whichisableton。 七 。nユyexaminecloseユythec。nve-

ctivestabilityofthesystem,buta=L80judgewhe七heraconve-

ctiondeveユopsorn◎t.Inthis8ection,wewillapPlyitto

somethermo801u七a=LsystemsiLan七arcticsaユinelakesandexam層

inei七saPPlicabロity.

Assi!Rilar=LydoneinsectionI工1,wewi1ユcoロvenientユy

cutthesys七emintothins=Licesof500rIOOcmthickvertica-

1=Ly,and七henapplythenewcri七eriontoeachslice.Onthe

occasi◎nofana=Ly8ingthe七heでmosolutalcondi竜ion,wewilluse

(35)



thecri七erionofA=1,sincethepresentpurposeistoexamine

七hedevelopmentofconvectivemotio且i捻eachslice.Aseach

ac七ualsys㌃eminque8tionha8sufficien七1ylargevalueofR
S

andR豊in・ ・mpari・ ・nwith(・ ・τ)(・ ・争)聖,七h・margina・ ・ri・

teri。nf。rthedevelopmentofco豆vectioni8expressedby七he

followingsimplifiedrelation,whichisderivedfrom(う3),

誌 〉釜…釜(≒・・9)・(39)

wh・r・FHh々 ・尾in七h・1・fthand・idec。rresp・nd・ 七・thesupP。 ・ed

maximumtempera士uredifferencebetweentheupperandthelower

surfaees.価e血thelef七hand3ideislarger宅hantheright

handside(abou七 〇。9),thesyste!nisregardedasincluding

convectioninit8elf¢Hereafter,wewi].1尤entativelyname

七he!ef七hand8ideof(39)"七heflux-typecriterion鱒.

oIn]⊃akeVanda-In工a1(eVanda,asmentionedbefore,a

thermosolu七aユ8y8℃em◎f七hediffusiveregime,beingaccompanied

bytypicalstep-1ikes七ructuresoftemperatureand8alinity

profi=Les,hasbeenobservedthroughou七a■mosttheentirelake,

exceptingtheupPer憩ostpartwiththetempera七ureユoweヱrthan

4。C.Aheatbalanceanalysisandathemalm。delstudyof

thelakelead七 〇aconcユusiontha七theheatorigina七e3from

801arhea七ing(Yusa,1972and.].975b).Addi七ionally,theapPlro-

ximatedis七ributionof毛hewatertemperaturehas『beenalmost

unchangea燭ble,excluding80mechange8indetails,for七hesesome

dozenyears.Consequently,itmaybenotsoum3easonableto

a8sumeathermalqua8i-steady8士ateforthis=Lake,andthen
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i七maybeallowedtoconsiderthateachthinsIiceisheated

frombe=Low『bytheidenticalamoun七 〇fheatwithsolarradia七ion

absor唱bed「bytheentirewater'bodylying'belowthelevelofthe

Sliceinquestion.

Accordingtothea『boveco且siderations,theupwardsheat

f1・wFHa・r。ssea・h・1icecanb・apPr・x加at・lyestimat・da・

anannualmeanbythefollowingrelation,

FH=Q。(・ 一?z-・-/d),(4・)

wh・r・Q。=2・ ・x・・-4・a・/・m2・ec,塗 ・3・4x・ ・-4・m-1,d36ユ 。・ ・mand

zistheユeve=Lofeach81icemeasuredfヱrom七helowersurface

of七helakeice●

TheleftfigureofFig.7shows七hedis七ributionofthe

fluxのtypecriterionO「b七ainedforeachthins].ice,andthe

brokenlinecorrespondstothecriticaユvaluefordevelopmen七

〇fconvection.Asseenfromtheoutlinedprofileofwater

temperature,step-1ikestructuresaredevelopinga『bovethe47

metersleve=L●On七heotherhand,valuesofflux-typecri七er-

ionintheshallowerpar七thanthelatterlevelareverynear

orユargerthanthecエriticalvalue,while七hoseinthedeeper

partthanthatlevelareveヱrysma=Ll.町 七heway,inthemido

dlehomogeneouszone,theflux-typecエriterionbecomesinfini七y

sinceムS富O.Theseresult81ead七 〇apossib=Leconclusiontha七

theconvec七ionmayoccurordeve].opin七heupperportiona司bove

the47meterslevel,whilethestratificationinthedeeper

partisquitesta「blewherethemolecularprocessmaydolninate.
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Finally,1etusexaminetheflux一 七ypecriterionofeach

s七eplikestructure。Hollowcirc=LesinFig●8areIrelations

b・tweenぴFHh々 ・κandβ △S。btain・din・1udingi・ ・th・rm・1・nd

isosolutallayer,whilethoseinFig.9aでeo「btainedfromshe-

etswithsteep町radien七softelnperatureandsa=Linity(referto

Fig・ ・10(a),(b))
.田h。f。rm。raresituatednearthecriti。al

lineorintheconvec七ivezonefarupfromit,whilethela七t-

erfallinthestablezonebeneaththecrit工callineexcepting

on=Lyone.Thus,itisconcludedtha七homogeneouslayersInust

1)eintheconvec七ionstate,andtheshee七smustbeinthestable

state七hermOSO],uta]ユy.

田heseresultsprovidebasesforthephysicalmeaningof

theapparentdiffusivityinthestep爾1ikes七ruc七urezonedesc-

ribedinsec七ionIIandforthemacroscopicthermalmodelof

this⊥akeshowninFig.6.

-In工akeMiers-Bell(1967)studied七hermalcharacteでis。

七icsofI」akeNiers,alldfoundtha七i七wasalso「balaロcedther-

mallywithsolarradiation。Accordingtohisstudy,theup-

wardsh・atfl・wFH・fthislak・iscaユ ・u⊥at・dbyth・f・ll・wing

relation,

FH=Q。e.宅z-Q。,(・ ≦ ・≦d、 〉,

零Q
。e一 宅d・e鱒 マ・(z-d・)-Q。,(d、 ≦ ・≦d2),(4エ)

Q。=Q。e一 憾e一 マ・(d・-d・),
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wherezisthedistancemeasuredfrom七helowersurfaceofthe

lak・ice・d1(=1200・m)i・ 七h・thi・kness・fth・upP・r・ ・n・with

theextin・ti。n・ ・effi・i・nt㌣ 、(…7・r…x・ ・-3・m吻'),d2(・ ・4…m)

i・th…v・ ・ 。f七h・maxi皿 ㎜ 七・mp・ratur・,?、(…x・ ・層3・m-1)i・th・

ex七inctioncoefficientofthedeeperwaterandQ
oistheinten。

sityofsolarradia七ionpas七thelevelofz=Owhichisestima宅ed

a・500-800・al/。m2y。ar,i.。 。1.58-2.53x10噛5。aユ/,m2sec,ba,ed

onthe七hermaldataobservedbyBellandbyToriietal(].967).

Additio纂a=Lly,Q
ci8七heamountofso=Larradiationa「bsorbedby

七hedeepestwa七erandthebottom8ediment,whichissupPosed七 〇

flowou七 〇fthelake七hroughthebo七 七〇m.

田herigh七figureofFig.11showsthepossi咀bledistでi『bution

ofthefユux一 七ypecriterionob七ained.forthinslicesof=LOOcm

thick.Althoughvariousvaユuesofthecriterionarepossible

foreachslicedependingonvariouscombinationsamongヤ ⊥,マ2and

Q。 ・th・yfallinacertainrang・assh・wnin七h・figur・ ・Evi-

dently,everyvaluein七hes七eI〕 一=Likestructurezonerangesar◎u亘d

七hecri七icalvalue.Therefore,i七maybeconcluded七ha尤 七he

!atterzoneisunderthepo8sib=Leconditionoftheonsetand/oヱ

thedevelopmentofthermosolutalconvec七ion.

一In玉akeBonneyoAsmentionedbefore
,1」akeBonneyis

thermallybalancedwi七h七hesolarradiation,and七heupwards

heatf1・wFHiscalculatedbyth・f。11・wingr・lati・n・

FH・Q。(e-?z・ ・e-?Zc),
(42)

wherezisthedistancemea8uredfromthe!owersurfaceofthe
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・ak・iee,Q
。=3・35x・ ・.5・a・/・ 皿2sec,ワ=・ ・2x・ 。.3・m-1andz♂ ・・5・

cmwhichis七hele▽eユofthemaxilnuln七empera七ure.Ho1] .ow

circlesinFig.12showtheplotof七hefluxotypecriterion.

Thoughtheyaresomewhat=Larger七han七hesta"bi=Lity(凶 △T/β ムS

representedbysolidcircle8,a二Llofthemarefarsma=Ller七han

七hecri七icalvalue.Therefore,itisconcludedthatthewater

in工akeBo㎜eyisstab1γstratifiedandthermosolu七alins七abiの

1i七ymayhard=Lysetbecauseofthestrongsalinitygradient

and七hesmalla脱oun七 〇fpenetrating■radiation,andthathea七

andsa1七 七ransfersaremainlycon七rolledbythemoleeular

Proces8●

一UndertheiceislandT-3-AsmentionedinsectionIII,

七hes七abi].ityana=Lysesbasedontheobservedprofilesoftem-

peratuでeandsalinityleadtoaconclusionthat尤hes七ra七ifio

cationundertheiceisland田 一3i8ther鶏osoluta=Llystable.

Nevertheless,distinctives七ep-1i1(estructuresapPeartopersist。

脈)w,theheattran8ferredupwardsthroughthes七ep-1ike

structure露onemaybecomparableatユeas℃withthattransferred

acrossthesheetbymolecularconduction,whichisestima七ed

at2.6x・ ・'6・aユ/・m2・ec.R・gardingthi・a・FR,th・f・ 曜 一typ・

cri七erionisca=Lculatedas2.4forthezonefrom240to297

metersdeep,andas5。4for七hezonefrom297to340meters

deep.田hus,itmaybeconcユudedtha七 七hermosoluta=Lconvect-

io且isdevelopingin七his召yB七em.

Theexis七ingstability,astrea七edinsectionIII,has

ledtoaconclusionthata11七hermo801utalsystemsexamined

(40)



inthispaperaresta『blystra七ifiedwi七hou七anyconvective

motionsirrespec七iveof七hestep。1ikes七ructures.Onthe

contrary,七henewthermosolutalcriterionhasmadethefollow。

ingjudgement;thestep-1ikes七ructurezonesincludeconvective

motlonsin七hemselves,whiユe七hezonewi七h8moothprofilesof

temperatureandsalinityares七ablystratified.田helatter

cangiverea80nablebasestothephys工calmeaningoftheapparent

diffusivityinthes七ep-1ikestructurezoneof=LakeVandaand

七〇themacroscopie七hermalmode],softhean七arcticsa=Linelakes.

壬heseresultsdistinctivelysugges七thati七isunreasonableto

analysetheactualthermoso=Luta=Lsy8temon七hebasisofthe

tempera士uredistribution,whichoughttoberecognizedasthe

finalsequenceproduced『throughvariousprocesses,andthat

i七becomespossibletomakeareasonablein七erpretationofthe

actua=Lthernlosolu℃alsyste皿jus七basedon七heprimaryeffect,

suchastheheating『byso=Larradiationortheheatingfro1n

belOW.

VI.Anexampユeoftheoscil工a七ing七hermosolutaユconvection

Whensa1七waterwithas℃ab=Lesa].initygradien七ishea七ed

fronlbelow,thethermosolutalconvec七ionoccurringa七firs七

showsanoscilla七ingmodeaspredic七edbythestabili七yana=Lysis.

hI
n七heca8ewherebothmagnitudesofthethermalparameterRa

and七hes・1u七alparameterRsareiden七icalwitheach。 七heで ・the

oscillationwillpersiststeadily.Suchamodehasbeenobser-

vedinthelaboratory(Shirtcliffe,1967;IPurner,1968),andhas

beenpresen七edinthispaperbynumerica=Lexperilnent(referto
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seetiorLIV-5).

Asa=Linkiユthechainofthehea七balancestudyofエake

Vanda,thecon七inuousrecordingofpenetratingradiation七hrough

thelakeicewasconductedduringfromDecem'ber28thto31s七 〇f

1971withathermo-junctiontypeheatfluxme七er,whichwasset

justbelow士he=Lakeiceand8howedahighsensitivi七ytosolar

radiation.Apartoftherecordo「btainedisshowninFig。19,

whosepa七ternissimilartotheso=Larradiationcharto「btained

at七hegroundsurface.However,itiscon8pieuousthata

smalloscillationwi七hshortperiodi8alwayssuperposedon

七herecord,thoughadisturbancearoundl4to150曾clocktook

Placedue七 〇floa℃i且gclouds.偲hoseperiodsaredi8tributed

intherangeoffromgto=L5minutes,bu七 七hemos七predominan七

periodisl2111inutes.Suchanoscillationisqui七epeculiar

to七herecordob℃ainedunder℃helakeice.Asof七enmentioned

before,thewater七emperaturein七hislakeincreasesdownwards,

whichmaintainstheupwardsheatflowthrough七helakewater。

Consequently,weca㎜ 〇七helpbuttoconsider七hatthesmall

oscil=LationinFigg=Lgistheveryoscillationoftheupwards

heatflow.

田hestratificationaroundthehea七fluxme七erisgravitatio-

nall5rs尤a'ble,becausethewatertemperaturearounditisbelow

40Gandbesidesthesali五ityincreasesdownwards.However,as

thewa七eで 七emperatureri8esbeyond4。Ca七thelevelofabou七

25cm『below七helakeice,七hethermosolu七alstratificationof

七hediffusiveregimeisattained.Wewilldirec七 〇urat七ention

to七herangeoffrom25to50clndeepbe=Lowthelakeiceg七he

ther皿osolu七a=Ldataofwhichis宅abula七edin〔Pa「ble4gwherethe

(42)



upwa「dsh・atf1・wFHha・been・btainedfr。m七h・am。un七 ・f田 ・lting

atthelowersurfaceofthelakeice.Basedontheseda七e
,the

flux・-typecri七erioninthisIrangeiscalcu=LatedasO.80tol .27,

whichi8apossi囑bleva⊥ueforthedeveユop!nentoftheoscillating

thermoso=Lu七alconvection。Theosci1=LatingperiodInaybeclose

uponl9.8to26.21ninutesa8predictedbytherelation(38),and

therefore七heaccompanyingo8cilla七ionofhea七flowmaybethe

halfperiodof七heconvec七ioni七selfsugges七edandcomfirmedin

sectionsIV-4andIV-5;tha『 七isfrom9.9to=L3。2minu七es。The

periodofthes孤a=LIosci=L=LationseeninFig.19,12minutes,

agreeswe=LIwi七hthelatterresult.Referringtochartsobtained

onotherdays,theampli七udechanges七ime-dependently,which

resemblestheaspectoftheτ)ea七 一1ikeoscillationshowninFig.18.

SucharesemblanceseeIns七 〇alsosuggestthat七heoscilla七ionin

Fig.19resultsfrom七he七herlnosolutalconvectionoftheosciユ1a-

tingoverstab=Lemode.

V工 工.[Dheでmosoluta=LconvectionintheAntarcticsalinelake

-especiallyfocusingo豆 】コakeVanda-

Solu七econcen七rationineachsalineユa}【einVictoria工and

genera=Llyincreasesdownward,and七heisosolutallineisalmost

flathorizonta=Lly.Basedonsuchan◎bservation,thefollowing

specula七ionontheoriginof七hesalinityprofilein七helake

hasbeenpresented(Wilson,1964).

When七heclimaticchangetookpユaceat80metilnein七he

pas七,alargequantityofglacia=Lme1七ingwaterwouldhavef=Lowed

ontopofahigh].yconcen七ratedso=Lutionoradriedupsa].t
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8ediment。Sincethat七imetheso=Luteha8beendiffusingup-

ward8.

Forexample,the8alinityprofileinthedeepestpar七 〇f

工akeVandaca豆beexplainedby七heforegoingopinion.Accord-

ingtorecentsa=Lini士ydata,itha8beendeducedthatsuchan

inflowoccurredabou尤900yearsago.Unfortunately,wehave

nodatainaddition七 〇thi8eno・ughtodiscusswha七climatic

changecouldhavehappenedaユ10ver㌔hisice-freeareaattha七

七imegSuchaprob=Lemisbeyondthepresen七s七udy,andshould

bestudiedinrelationto㌃heclimatiehis七 〇ryoftheAntarctic

regioninthefuture.

A豆yway,since七hattimewhenalargeq「uanti七yofinflow

occurred,thelakehasbeencon七inuouslyheatedbysolarradia-

tion.Alongtheway,athermosolutaユsys七emofthediffusive

regimewouユdhavebeenestablishedinthelake.壬hen,itis

understood℃hattheconditioロbeyond宅hemarginalsta七eforthe

onse宅ofconvectiveins七a「bilityw◎uldhavebeenattainedin

somepar七softhelake,and七hat士hermosolutalconvectionwould

haveoccurreda丑ddeve].oped.If豆oconvectionoccurred,工ake

Vandawithitspresentdepthwouldhaveanextraordinarily

high七elnperaturebeyondユ000C(ofcourse,suchcanneverbe),

anditwould七akearoundathousandyearsun七ilathermalquasi-

steadys七a七ewouユdhavebeenaccomplished。 工n七hesha⊥lower

par七 〇fthislake,however,itsee田8that七heconvec七ionhad

occurrediれtheratherear=Liers七ageofsolarhea七ingbecause

ofthelowsaliniカyazlditssmallgradient(Yusa,1975a)^田his

mean8tha七themeandiffusivityoverthewholelakehadshif七ed

fromthemolecularlevelto七hehigherlevel.Owingtothis,

(44)



thewa七ertempera七ureca㎜otri8esohigh.Assumingthatthe

presen七=Lakeleve=Landthepresen七convec七ingzonehavebeen

maintained,itisexpected七hatmaximumteInperatureofa噛bou七

25QCnlustapPearnearthelakebo七tominthesteadystate,

whichagreeswellwi七h七heo'bservatio且(Yusa,1975b;seeFig.6

inthispaper).In七hisca8e,suchasteadystatemayhave

beena七tainedsufficien七1yafterfivehundredsyearsorso.

Ifso,theforegoingassumption◎fathermalqua8i-steadystate

isreasona『b=LeforI、akeVanda.

Asclarifiedthrough七heprese筑ttreatment,七heonsetor

thedeve⊥opmentofconvectioninathermosoluta18ystemisdetero

mined『bythecombinedeffec七 〇fthesalini七ygradientand七he

in七ensi七yofhea七ing.Inthedeeperpartof工akeVandaorin

I」akeBonney,noconvectioncanoccuratthepresent七imebecause

of七hesmallamountofheatingdueto七heabsorptionofpenet-・

ra七ingradiati◎nincomparisonwi七h七hestrong8alinitygradi-

ent.Sincethesalinityanditsgradientatacer七aindep七h

areformedessentially「bythediffusionfro1nthebot七 〇mas

mentioned'before,theywiユ1changeinthefuturewiththeprog-

re8sof七hediffusion.Dependingonthis,thevalueof七he

flux-typecri七erionateachdepthwillalsochange,andconse。

quently七hepo8sib].ezonefortheonsetofcon▽ectionmaychange・

田hismeansthechangeof七hedistributionofeddydiffusivity

inabroadsense,whichaffec七s七hewatertempera七ureandthe

saユinityaswellastheirdistribu七iolls.Asto七hedeeper

par七 〇f工akeVandawhere七hesalinity七ends七 〇decrease,the

convectionz◎newill8tretchdownwardsfromnowon,and七here-

fore七hewater七emperaturehasa七endencytolowering.Sup一
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posingtheunchangeab=Lelakelevelandsolarradia七ion,however,

itseemsthatitwould七akemore七hanIO七housandsyearsIrough-

lyfoでtheattainlnen七 〇fagentlesa=Linitygradienttoraise

aconvec七iveinstabilityeveτ1below47metersdeepasshownin

Fig.20,whichshowsaroughpredictionofchangesofthesa⊥i顧

ni七yprofileand七heflux一 七ypecriterioninthedeeperpar七 〇f

=[」akeVanda.According=Ly,as=Longasthepresentlakelevelis

maintained,age筑eralshapeofthe七emperaturedistributionInay

lastextendingoverafairlylongperiodforthefuture.

A七 工akeVanda,numerousancientshorelinesarevisible

aroundtheユake,whichsuggestlong一 七ermf=Luctua七ionin七he

lakeleve1.Ofcourse,itisnotdifficulttosupposethat

thelakelevelatsome七imeinthepastmightbelower七han

thepresentone.Infact,thelakelevelhasbeenhavinga

七endency七 〇risesince!964.Suchaf=Luctua七ionin七helake

leveユchanges七heamountofheatingduetoso].arradiationat

・a・hl・v・1・i…th・value・fFH・andth・ref・r・itbec・me・a

significantfac七 〇raffec七ingthevalueoftheflux一 七ypecriter-

ionateach]-evel.

Inthedeeper(non-convecting)par七 〇f玉akeVanda,七he

ehangeof七hesalini七yprofileandtheaccompanyingchangeof

thef=Lux-typecri七erionareex七remelyslowasmentionedbefore.

α}herefore,thedevelopmentofthethermosolutalconvectionzone

inthefutureInaybeinfluencedmoresignificantlybythefluc一

七uationofthelake!evel(=Loweringin玉akeVanda)thanbythe

changeof七hesalini七yprofile.

聖hus,itis七houghtthat七hetherlnosolu七alstruc七uresin

Arltarc七icsaユinelakeshavebeenformedandwill『bechangingon
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duetothephy8icalprocessof七heonse七 〇f七hermoso] .utalcon-

vectionanddueto七hefluctuationofthelakeエeve1,0rclima-

ticchange.Especiallyfocusingon工akeVanda,uptothepre-

senttheformationproce8sof士hethemosolutalstructurehas

beensubjecttotheinfluence。ftheformer,ratherthan。 七her-

wise,whichisde七enninedbythecolnbinedeffectbetweenthe

diffusionrateof8altaロdtheheatingra七ebysolarradiation;

whileiロthefutureitwillbeinfluencedfa七herbyclimatic

change,whichclearlyappearsa8七helake二Levelfluc七uation.

VIII.Conclusion

Theresuユtsmaybes㎜marizedasfollows;。

A8eriesof七hermalphenolnenaobservedinsalinelakes

inVictoria工andofAntarctica,i.e.①theunusuallyhighwater

te頂peratureincomparisonwiththesurroundingair七e皿perature,

②theexis七 ・nce。f七hes七ep-1ikestruc七ur・inthetemperatur・

and・alinitypr・fi1・and⑤th・ ・scillati・n・fh・atf1・w七hr・ugh

七helakewateretc。,areresultingfromthesolarhea七ingof

thesa].inewaterswithstablesalinitygradients.

Thi8res競lthasbeendeducedfromthetheoryofthe七hermo-

so=Lu七alconvection.Duringanaユyses,itwasclarifiedtha七

theexistingtheo■rybasedon七hetemperaturedistribution

i雄volvessomelimitsinapplyingi℃selfto七heactua1七her皿o-

solutalsys℃em,andsointroducing七hehea七flowproducedby

heating,whichisprilnaryasa七hermalproperty,into七hetheory

wastried.Accordingto七his,wehavederivedanew尤hermo-

so].u七alcriterionwhichhasawidera祖geofapplicability
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includingbeingtheexistingstabilitycriterioninitself,

andi8usefulforinterpretingtheac七ua=Lthermosolutalsys七em.

Bythehelpof七hepresenttrea七men七andthenewcriterion

solnetheヱlnosolu七aユcharactelristicsineachsalinelakein

Victoria工andhasbeencユ.arified.Notwithstanding,七heforlna-

tionprocessofmulti-1ayereds七ructureaccompanyingthether-

mosolu七alconvectionhasnotbeenexplainedyet,andis].eft

asasubject七 〇bes七udiedinthefuture.
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HapofもheDryVaUey.

Te凪pera七ureprofilesin8alineユakes,Victoria工and.

V3エakeVanda,BE3エakeBo㎜ 、eyEastエobe,F3エake
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Gコoss-sectionaldis七ributionoftemperatureintheupper

partofI」akeVandaa=Longthe=Longi七udina=Laxisdrawnin

Fig。3,duringtheperiodfromDecember31,1970七 〇

January4,1971●

Macroscopicthermalmodeユbysolarhea七ingfor】 ⊃ake

Vanda.恥meralsshow七hera七iobe七weeコtheapPar肥tand

themoleculardiffu8i▽itiesintheupperpart,which

involve8theeffectof=Lakeicemo七ionsoccurringsome一

七ime8.

Di・tribu七i・n・ ・f齪!β ムSanddF1映/9・ κβ・Sinエak・Vanda・

R・1ati・n・dム 歴a皿dαF蕾!夕 ・尾 ▼・・ β△Sf。rlay・ で・in・1uding

isothermaユandis。solutalpartsinエakeVanda.(refeで 七。

Fig.10)

R・1ati・ 且・ ・fdムTandα 馳/2・ κv・ ・ β・Sf。r伽n・h・ ・t・

withsharpgradien七softempera七ureandsalinityin

IβkeVa豆da。(refertoFig.10)

SteP-1ikestructuでeintheupPerpartofLa】(eVanda,

ob8ervedonJanuary2,ユ971.

(エ)



Fig.10(b)Step-].ikes尤ruc七urein七helowerpartofI,akeVanda,

observedonJanuary2,197=L.

Fig.11Profilesoftemperatureand8alinity(afterBe11)and

di・tributi・n・ ・fび △T/β ムSandびFHh/r・ 甲 △Sinl・ak・Ni・ …

Fig.12Profi=Lesoftelnperatureandsalinity,anddis七ributions

・fぴ △聖/β△SandびFHh/ヂ ・κρ△Sinエak・B・ ㎜ ・y・Ea・tl・b・ ・

Fig.13Anexampleofthermosolu七alconvec七ioninastep-1ike

struc七ureof玉akeVanda,calcula七ed¶byEqs.(4)一(7)

under七heboundarycondi七ionofconstant七emperatures

andsalinitiesontheupperandthelowersurfaces.

wis七hermsvalueofthenondinlensionalvertica!valo-

。ity,N七h。ni皿b。r。ft・rm・ ・fF。uri・rseriesanda2a

parameterfoで 七hehorizontalscaleofaconvectionce]ユ.

Fig・ ユ4Tim・variati・n・ ・fA(・ ・1idlin・)and田b(br・k・nlin・)・

mbistheb・ 七t・ 皿 七emperature・

Fig.15Theconvectingbehaviourofthe七hermosolutalsys七e皿,

R。=・ 。・・,R豊 ・2…,P=7・ ・,τ ・・…anda2竃 ・・5・Num・ri・a・

in七egra七ionofEq.(25)wasstartedfrom七heisotherlnal

condi七ion,andeachFourierserieswastrunca七ed七 〇10

termsrespectively.

Fig.ユ6α}heconvectingbehaviourofthe七hermosolutaユsys㌔emg

R。=・ …,R途 ・3…,P=7.・,τ=・.・ ・anda2…5・Nu皿 ・ri・aユ

integratioロofEq.(25)wass七artedfromtheisothermal

condition,andeachFourierserieswas七runca七ed七 〇IO

termsrespec七ive=Ly.

Fユg.17田heconvec七ingbehaviourofthe七hermosoluta!system,

R。4…,R豊 ・4…,P=7。 ・,℃=・.・ ・anda2=・ 。5.N…i・a・

integrationofEq.(25)wasstartedfromtheisothermal

(II)



condition,andeachFourierserieswastruneated七 〇IO

termsrespectively.

Fig。 ユ8日 巳heconvecting「behaviourof七hethermoso] .uta=Lsystem,

R。 ・R途 ・ユ・,…,P=7.・,τ ・。.・・anda2零 ・.5.Num・ri・a・

in七egrationofEq.(25)wass七artedfromtheユinear七elnpe-

ratureprofile,andeachFourierserieswastruncated

七〇IO七ermsrespectively.

Fig.19Anexampleofheatfluxchartatthelowersurfaceof

thelakeicein玉akeVanda,December51,1971.

Fig.20田heca].culatedprofilesofsalinitywiththeσbserva七ion

da七a・and七h・pr・di・t・d・hang・ ・fdFHh/9・Kρ △S・

(⊃:500years,②:800years,⑤:⊥,000years,(④:5,000

years,⑤=10,000years・

田ableユ

田able2

Table3

Table4

1,0cationsandscalesofsalinelakesinVic七 〇rialand

HeatbalanceinI、akeVandaduringtheperiodfrom

N。v・mb・rl5,1971t。January3,1972(。al/。m2day)

Numericalresults「byEq.(25)undertheconditionof

R。3・ …,P=7.・,℃ ・・.・ ・anda2=。.5.Ea・hF・uri・r

serieswas士runcatedtoIO七erms,each

田hermo80〕.u七aldataandealculatedvalueofflux-type

cri七erionandosci1=La七ingperiodin七heuppermost

diffusiveregimeof工akeVaロdaduringDecem『ber,1971

(IIエ)
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Table=L工ocatio笈sand8cale80fsalineユake8inVic七 〇ria工 β,nd

Nameof

工ake

Vanda

ぞ黙 号
Fryxell

Mier8

Do且

Jua且

IJoca七ion.

ロ ド

7752S,

77。43'Sg

77。56'S,

78。07'S,

161。30'E

162。25'E

163。08'E

163。54'E

77。34!S,160。=LO/E

Valley

Wright

兜aylor

堕aylor

Mier8

Wright

玉e五9℃h(㎞)

5.6

4.82

5

1.5

O。7

Wi砒h(㎞)

1.4

0.77

2

0.7

O.3

Dep七h(m)

6

7/

7

0

6

3

1

2

O.1-0.2

工£ngth,wid七handdepthare

evaporatio豆e士c・ ・

changeableduetochange80finf=Low,



Ta'ble2 且eatbalancein工akeVa且daduringtheperiodfrom

N。v。mb。r13,ユ971℃ 。Janua町3,ユ972(。a1/。m2day)

eriod

13/Nov、

～5/1)ee
.

3/Dec.

～3/Jan.

To七al

Hea七gain

iQ

197

ユ90

195

a
Q

47

28

56

Qi+Qa

244

218

229

Heatlo8s+Storage+Ad▼ection

e
Q

184

171

176

Q▼+Qf

81

28

55

Qe+Q▼+Qf

265

209

231

Qi:Netfluxradia士ion,Qa3Sensiblehea『 七

at皿ospheでe,Qe3Hea宅103sbyevapora士ion,

storage,Qf3Heatexchangebyadvection.

excha豆gewiththe

Q▼3Changeofheat



Ta『b=Le3瓦umericalresu=LtsbyEq.(25)u夏dertheconditionof

R。8・ …,P雛7.・,τ3・ …anda2=・ ・5・ 亀Ea・hF。uri・r

serie8wastruncated宅010terms,each

h

a
R

2000

3000

4000

5000

10000

20000

b
佃

O.84

0.56

0.42

0.38

0.30

0.24

Ra(=R慧 田b)

1680

1680

1680

ユ900

3000

4800

1/璽b

1.19

ユ 。79

2.38

2.63

3.33

4.17

Nu8

(1)

(10)

11.12

11.28

ユ1.33

1ユ.49

re皿ark

08cillating皿ode

o8cillati二gmode

direct皿ode

directmode

directmode

directmode



Table4聖her憩osolutaldataaロdcalculatedvalueofflux。type

criおerionandosci=LlatingPeriodintheupPermost

diffusiveregimeof工akeVandaduringDecem「ber,1971

β
FH

ヂcん

△S/h

(1/。C)

(cm/、 μび)

(。a1/。m2。ec)

(ca1/cm3ecOC)

(拶/・m/・ 皿)

ぴFHh/夕 ・κβムs

T (mi訟)

0。8=Lx10■ ●5

4.24x1007

一4ユ

.37x10

ユ.36x10-3

1.5-2.4

O●80一 ユ ・27
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