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1 Introduction

1･1Planetarywavesinthestratosphere

Dynamicalpropertiesinthestratosphereandmesospherearemuchdiffbrentbetweenthe

NorthernIIemisphere(NII)andSollthernⅡemisphere(SH).Climatologicaldatashow
thatthewesterlyjet,Whosecoreislocatedjustabovethemidlatitudestratopause,1S

StrOngerintheSHduringwintertime･ItisalsowellknownthatthepolarvortexinSH

isstablymaintaineduntilwhenitbreaksdowninearlysprlng･Ontheotherhand,the

VOrteXinNHissometimesbrokeneveninmidwinter.

Thediffbrencesoriginatefromtheinter-hemisphericasymmetryofthesurfaceun-
dulationandland-Seadistribution･Mostofthewavespropagatingintothemiddle

atmospherearegeneratedinthetroposphere.Surfaceundulationwithsmallerh｡riz｡n.

talscalethanseveralhundredskilometersgeneratesdisturbances)Whichpropagateinto

thestratosphereandmesosphereasinternalgravity.waves.Surfaceundulationwith

largehorizontalscale,1ikeRockymountainsandTibetianplateau)CauSeSPlanetary

WaVeSinthemidlatitudetroposphere･Planetarywavesarealsogeneratedbyland-Sea

COntraStSthroughthedif艶renceoftheirheatcapacities･Planetarywavescanpropagate
intothestratosphereespecial1yinwinterseason.Bothoftheundulationandland_Sea

COntraStaremOreremarkableinNⅡthanSH･Therefore)graVitywavesandplanetary

WaVeSin SHisless activethanin NII.

WaNeSinthemiddleatmospherehaveanimportantroleonthemomentumbudget･

Ingeneral,WaVeStranSPOrtmOmentumaCCOmpamiedbytheirpropagation･Whenthe

transportedmomentumisabsorbedintothemeanfieldduetowavebreakingordis-

Slpativeprocesses,themean丑owisacceleratedordecelerated･Thesurhce-Orlglnated

WaVeS?1ikemountainwavesandtopographicalRossbywaves,havemomentumwhose

directionisoppositetothemean且owwherethewavesarepropagating･Namely,these

WaVeSdeceleratesthemean丑owwhenthemomentumofthewavesistransferredint｡

themean丑ow･Sinceplanetarywavesandgravitywavesaregeneratedfromotherpro-

CeSSeSthansurfaceundulationorland-SeaCOntraSt)thewaNeSdonotalwaysdecelerates

the meanflow.

ThemostprlmitiveexplanationwhythejetandpolarvortexisweakerinNHis
that the surface-Originatedwavesis strongerinNH thanin SH.Moresophisticated

explanationfromthecontextofthewave-meanflowinteractionhasbeenpresentedby

manyresearchers･Ifthepolarvortexisweak)Planetarywavescouldpropagatetothe

POlarreglOn･Sincethepolewardintrusionoftheplanetarywavesweakensmorethe

POlarvortex)thewavescanpropagateintothepolarreglOnanddeceleratethepolar

VOrteX･Conversely)Whenthepolarvortexissu伍cientlystrong,Planetarywavescould

notintrudetothepolarreglOn･Inthiscase,thestrongvortexwillbestablymaintained

un1essanextremeamplificationoftheplanetarywavestakesplace･Theformercase

1



2 ⅠⅣmO上)UCTJOⅣ

COrreSPOndstothesituationinNⅡandthelattercasedoestothatinSII.

Asymmetricalstruct11re Ofthe stratosphere appears not onlyin the dynamical

aspectbutalsodistributionofmaterials･Zonallyaveragedcolumnozonecontent(total

OZOneCOntent)isasymmetricallydistributedinlatitudeduringwinterandearlyspring,
as shownbyseveralobservations･Fig･1･1showsaseasonalchangeofthelatit11dinal

distributionoftotalozonecontentreportedbyDiitsch(1971),Whichwasbasedonthe
ground-basedobservationsduring1960-1965.TotalozonecontentintheNⅡwinterand

SPrlngtakesthemaximumatthenorthpole.Ontheotherhand,itappearsaround500

SinSHwinter,Whichiscal1edsu匝olarmaximum.Thelocationofsubpolarmaximum

gradual1yshiftspolewardastheseasonprogresses血ommidwintertosprlng,andreaches

650SinNovember.Similarseasonalvariationinlatitudinalozonedistributionisfound

inarecentsatelliteobservation(e･g･,BowmanandKrueger1985),Withanexception
Oftheslgnificantozonedecreaseatthesouthpoleinearlysprlng,i･e･,OZOnehole･

ほ 1 2 3 4 5 6 7 8 9 10 1112

ほ 1 2 3 4 5 6 7 8 9 旧 Il12

Fig.1.1:~､義~云㌫iL孟孟云㌃云~-i云右よ~孟ムn云~~~~cont｡ntaVeragedfr｡m~i660～1665(Fr｡m
Diitsch1971)･Contourintervalis20DU･
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J･2･叩VOZOⅣECONT且ⅣT 3

Itisknownthat theasymmetricdistributionoftotalozonecontentis associated

Withthedi鮎renceofwaveactivity･InNⅡ)Planetarywavesarefrequentlyamplifiedin

thestratosphereduringwintertime･Theamplificationoftheplanetarywavesinduces

POlewardcirculationinthestratosphereanddownwardcirculationinthepolarreglOn

(MatsunoandNakamura1979).Theinducedcirculationincreasestheozoneamount
at thepolarreglOn･Accompaniedwiththeextremeamplificationofthewaves,the

POlarvortexisbrokendownandthetemperatureinthelowerstratospheresuddenly

increasesbyseveraltensdegreewithinafbwdays;thisphenomenonisknownasmajor

StratOSPhericsuddenwarmlng･DuringthewarmlngeVent,aStrOngerdownwardmotion

isinducedatthepolarreg10n,andtheairmassbetweenmidlatitudeandhigh1atitude

iswellmixed(Hsu,1981).
In SH,thestrongpolarvortexisformedinearlywinterandthevortexstably

remainsconstantlyuntillatesprlng･Thestrongpolarvortexpreventstheintrusionof

theplanetarywavesintothepolarreglOnaSmentionedabove･Consequently,bothof

thedownwardmotioninthepolarreglOnandmlXlngOftheairmassaresoweakthat

theozoneamo-1ntremainssmal1erinhigh1atitudethanthatinmidlatitude.
Thefundamentalunderstandingsoftheasymmetriesofdynamicalstatesandozone

distributionhavebeenrevieweduptohere･Quiterough1yspeaking,thestratosphere
intheNHpolarreglOnisslgnificantlydisturbedbyplanetarywaves,WhileinSHthe

Planetarywaveactivityissoweakthatthepolarvortexisseparated凸･Omthemidlati-

t11de.

The activityofplanetarywavesin SHis not steady,but significantlyvariesin

Winterseason白OmeWhatsimilarlyinNII･Remarkableamplitudevariationsofplanetary

WaVeSinthestratospherefreq11entlyoccurduringwintertimewithatimescaleofafbw

tensofdays,Whichiscalledintraseasonalvariatiom.Severalresearchersfoundbasedon

Satellitedatathat)Whenaremarkableamplificationofplanetarywavewithwavenumber

loccursintheSHstratosphere,theamplificationrepeatsseveraltimeswithaninterval

Ofa鮎w tens
ofdays(Shiotaniand Hirota,1985).Thisfactleads to anideathat

thetransportofozoneiscausedbyintraseasonalvariationofthewaveactivityrather

thansteadywaves･Satellitedataoftotalozonecontentalsosupportstheimportance

Ofthe temporalvariationofplanetary wave activity as reviewedin next subsection.
Therefore,1n Order to consider precisely the wave-meanflowinteraction and related

OZOnetranSPOrtS)theprocessesmustbetreatedastransientphenomena･

A reviewofthe previous studies oftheplanetarywave amplificationin the SH

StratOSPhere andinterhemispheric asymmetry ofozone distrib11tion associated with

Planetary waveactivitywillbe presentedin thefo1lowlngSubsections.The
subject

and purposeofthis thesis willbe summarized at the end ofthis section.Note that

hereafterinthisthesis,Planetarywaveswithwavenumbersl,2,and3aresometimes

Calledforsimplicityaswavesl,2,and3,reSPeCtively.

1.2 Interhemispheric asymmetryin column ozone con-

tent

Severalresearchershaveel11Cidatedtheinterhemisphericasymmetryfromastandpoint

Ofthemeridionalcirculationinthestratosphere･Rosenfield et al.(1987)deriveda
diabaticcirculationfromsatellite data,and showedthatauniform downwardmotion

COVerSNHpolarreglOnWhilethereisakinkofthedownwardmotionatSⅡmidlatitude

middlestratosphere.Plumband Mahlman(1987)showedthat themeridionalcircu-

-3-
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1ationobtainedbyGCMtracerexperimentsexhibitsasymmetricpatterninthelower

StratOSPhere;downwardmotioninNHwinterisbroadlydistributedinmidlatitudesand

high1atitudesbutthatinSHwinterislocatedaround350S.ByanalyzingGCMdata,

thesimilarresultwasobtainedbyIwasaki(1992)basedonapressure-isentro?ehybrid

C?OrdinatemodeldevelopedbyIwasaki(1989),WhichseemsclosertoaLagranglan-mean
ClrCulationthanatransformedEularian-meチn(TEM)circulation･
SeveralstudieshavebeenconducteduslngtWO-dimensionalmodel,inwhicheffbcts

Ofplanetarywavesaresimplyintroducedbydi凪1Siontensorparametrization,1nOrder

tosimulatetheseasonalvariationoftotalozonecontent.Seriouseffbrtstoclarifywhat

PrOCeSSmainlycausetheinterhemisphericasymmetryofozonedistributionhavebeen

madebyHouetal･(1991)･Theyfoundthatasymmetryofthediffusiontensor(i.e.,

Planetarywaveactivity)mainlycausestheinterhemisphericasymmetryoftotalozone
COntentthroughadistinctmeridionalcirculation･Ⅱowever,anyeXperimentuslngtWO-
dimensionalmodelhasnotsuitablysimulatedthepositionofsubpolarozonemaximum

inSHandsubsequentpolewardshift;thepositionofthemaximumislocatedslightly

POlewardandtemporallyfiⅩedatabout600S(PyleandRogers1980;IIouetal.1991;
AkiyoshiandUryu1992)･Theresultsoftwo-dimensionalmodelsindicatethatonlythe
Planetarywaveactivityseemstocausetheinterhemisphericasymmetry･Othereffbcts

WOrk,mOreOrless,tOformsymmetricalpattern.

DiHusiontensormethodisjustanapproximationtoparametrizeplanetarywaves.
Planetarywavesaretreatedasiftheyareturbulenteddieswithsomewhatorderedstruc-

ture･Therefore)themeridionalcirculationobtained丘･OmdinlSiontensorparameteri-

Zationmaywellapproximateplanetarywavesonlywhenthetimescalesofthevariation

Ofzonal-meanfieldsaremuchlongerthanthetimescaleofindividualplanetarywaves.

Intheatmosphere)however)theamplitudeofplanetarywavesareslgnificantlyvaries

evenwithinamonth(e･g･,Hartmann etal･1984,ShiotaniandHirota1985).AIso,
thepolewardanddownwardshiftofstratosphericjetinSHiscontrolledbyintermittent

upwardpropagationofplanetarywaves(Mechosoetal.1985).InNⅡ,SOmeOftransient
WaVeamPlificationleadtostratosphericsuddenwarmlngS･Thus,tOeValuatetherole

Ofplanetarywavesmoreexactly?three-dimensionalmodels,Whichcanexplicitlytreat

theplanetarywaves,muStbeapplied.

1.3 Quasi-periodic variation oftotalozonein SH mid-

latitude

Inthepreviouss11bsection?aSymmetricdistributionofthezonallyaveragedtotalozone

COntent WaSreViewedand simply discussed･Thesubpolarmaximumin SHislikely

aヲSOCiatedwiththeplanetarywaveactivityinmidlatitude･TOMS(TotalOzoneMap-
PlngSpectrometer)dataobtainedfromNIMBUS7clearlyshowstheeffbctsofplanetary
WaVeS,thatis,dailyTOMSdatashowthatthedistributionoftotalozoneisconsiderably

Variesnotonlyinlatitudebutalsoinlongitude.Planetary-SCalestructuresareusually
moreobviousthansynoptic-SCalestruCtureS.Theplanetarywavedisturbanceofozone

COntenthastypicallywavel-1ikestructure,Wheremaximumoftotalozonecontentis

us11al1ylocated丘om450Eto900Einlongit11de.Thestructure,however,isnotsteady
butsignificantlyvariable.

Fig･1.2showsthe dailyTOMS dataon6,9,12,15in Augustin1988.There一

gionswheretotalozonecontentexceeds400DU(hereaftercalledozone-richregion)are

broadlydistributedaround1800E/Won6thinAugust(Fig.1.2a)･Localizedozone-rich

ー4一
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regionsalsoexistataround400Eand1300E･Thestr-1CtureOftIletOtalozoneobserved

On9th(Fig･1･2b)isquitedifEbrentfromthaton6th･Theoz?ne-richregionspreading
OVerthedatelinedisappears.Alternatively,anOZOne-richreg10nisformedaro11Ild450

E.Thema滋m11mValⅦeOftotalozonecontentin thereglOnismoretIla皿450DtJ.3

daysaSter,theozonerichregionmoveseastwardabotlt45degrees,andthecenterof

theregionfeaChes900EoI112th(Fig･1･2c)･ThestruCtureismaintained11ntil15thin
Ang11$t(Fig･1･2d).TheeaBtWardmovingspeedisdecreasedduringon12thto15th.
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Fig.1.2:Totalozonecontenton6,9,12,15A-1即Stin1988inSIIobservedbyNIMBUS

7,WhichisprovidedbyⅣASAGoddardSpaceFrightCenter.Thereisnodatahigher
latittldethanabollt750Sbecauseofnosolarradjation.SinceNIMBUS7observesthe

wholespllered11ringlday,theobservlngdurationisdifrbrentirLea･Chlongittldinalzone･

Inthisyear,thesimi1arvaJiationsofhorizontalpatternOftheozonedistrib11tion

WereObservedduringSeptemberand October.TotalozoIleCOntentat Showastation

(39035''E,69000"S)wasincreasedquasi-periodical1yduringwinterandearlyspring

in1988(KanzawaandKawagllChi,1990).Whentheozone-richregionwasextremely

-5-
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expanded,Showastationwascoveredwiththeregion.
Theozoneholein1988isconsiderablydistortedbytheextensionofozonerich

reglOninmidlatitude･Theozoneholeinotheryearsisalsomoreorlessdistortedfrom

acirclealthoughthedistortionislessconspICuOuSCOmParedwiththatin1988.Th｡
m叫OrCOmPOnentOfplanetarywavesintheSHwinterstratosphereisstationarywave

Withwavenumberl(ShiotaniandHirota1985)･Asreviewedinfo1lowingsubsection,
thewaveactivityinSHvarieswiththetimescaleofafewtensofdays.Theextension

OfthemidlatitudeozonerichreglOnislikelytobeassociatedwiththeamPli五cation

Ofthewavel･Therefore)amPlificationoftheplanetarywavewithwavenumberlis

remarkablyimportantfortheozoneholedynamics･Itissuggestedthatthepoleward

transportprocessofozoneisalsostronglya薫bctedbythewavelamplificationbased

OnSatellitedatain19920btainedfromtheMicrowaveLimbSounderonUARS(Upper
AtmosphereResearchSatellite)(Manneyetal.,1993).

1･4 Amplification ofplanetarywavewithwavenumber

lin SH

Astheamplificationofplanetarywavewithwavenumberlisconcerned,aneaStWard

travelingwavewithwavenumber2playsanimportantrole･Thequasi-Stationaryplan-

etarywavewithzonalwavenumberlandtheeastwardtravelingwavewithwavenumber

2frequentlycoexistsduringwinterandearlysprlngintheSHstratosphere.Theeast-

Wardtravelin竺WaVeWaSfirstobservedbyⅡarwood(1975)andmanyresearchershave
analyzedtheslmilarwavesbyuseofsatellitedata(e.g.Ⅱartmann,1976;Mechosoand
Hartmann,1982;Mechosoetal･,1988)･Theperiodofeastwardtravelingwavehas
alargeyear-tO-yearVariation?raglng缶om7to23daysover6wintersof1979-1984

(Shiotanietal･,1990,hereafterreferredtoasSKH)andthelOwintersof1979-1988
(Manneyetal･,1991a)･Theeastwardtravelingwavecanonlybeobviouslyobservedin
SIIstratosphere.

Thegenerationmechanismoftheeastwardtravelingwavewithwavenumber2has

beenstudiedbyseveralinvestigators･Onecandidateforthegenerationisbaroclinic

instabilitywhichiscategorizedasGreenmode(GeislerandGarcia,1977;IIartmann,

1979)･ThegenerationofeastwardtravelingwavFSisalsoconsideredtobeformedas
anupwardcascadeofsynopticscalewaves･ByuslngaGCMofdryatmosphere,Young

andHouben(1989)demonstratedthateastwardtravelingmodeshavingwavenumbers
lto3weregeneratedintheuppertropospherebywave-WaVeCOuplingofsynopticscale

WaVeSinthetroposphere･Anothercandidateisassociatedwithbarotropicinstability

PrOducedbyhorizontalwindshearinthestratosphere(lIartmann,1983;Manneyetal.,
1991b)･IIowever,atPreSent,adefiniteconclusionofthegenerチtionmechanismforthe
wave2has not been definite.

Ontheotherhand,thestationarywavelisconsideredtobeaforcedwavethrough

thetropopause(IIirotaetal･,1990,hereafterreferredtoasⅡKS).Wavelissimilar
toits counterpartinNⅡexceptthat theamplitudeofthesouthernwaveisusually

Weaker･Activityofwavelinthestratosphereisusuallyintensifiedbythepolewardand

downwardshiftofthewesterlystratosphericjet(ShiotaniandHirota,1985;Mechoso

etal･,1988),intheseasonfromlateAugust toearlySeptember.The amplitudeof

WaVelexhibitsaremarkabletemporalvariationduringwintertime･Inparticular,the

periodicamplificationofwavelwithaperiodof17daysduringAugusttoSeptemberin

1988(lIKS),hasattractedconsiderableattentioninconnectionwithsignificantozone

-6-
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increaseattheShowastation(KanzawaandI(awaguchi,1990).
ThemostsignificantfindingbySKIIandHKSistheclearrelationshipbetween

theamplitudevariationofwavelandtherelativelongitudinallocationofthewaves:

theamplit11deofwavelreachesitsmaximumwhentheridgeofthetravelingwave2

0Verlapsthatofwavel(Fig･1･3)･ThesamerelationshipcanbefoundduringAugustto
Septemberin1971(LevyandWebster,1976)andduringAngustin1973(IIartmann,

1976),althoughtherelationshipisnotalwayswellsatisfiedineverywinter(Manneyet

al･,1991a).

G.P･.H-PHASEi lOMB:60S

●5 10 15 20 25 31 5 10 15 20 25 30

AUGUST SEPTEM日ER

1988

0002

0051

000

山
○
⊃
卜
一
｣
d
三
く

G.P.H-AMP:10MB:60S

5 10 15 20 25 31 5 10 15 20 25 二10

AUGUST SEPTEMBER

1988

Fig･1･3:Temporalvariationofphaseangleofridge(upperpanel)andamplitude(lower

panel)ofwavenumberlandatlOmbalong600S･(AfterHirotaetal.,1990)

Thisrelationshipbetweenwavelandwave2suggeststhattheamplitudevariation

Ofwavelisares111tofthewaNe-WaVeinteractionbetweenwavelandwave2,aSStatedin

IIKS･Theincoherenceofamplitudevariationsbetweenthetroposphereandstratosphere

(MechosoandIIartmann,1982)alsosupportstheideathatthewaveinteractionsinthe

-7-
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StratOSPherecausesthevariation･Themechanismoftheinteraction,however,hasnot

beenfu11yunderstood.

Amplitudesvariationsduetotheinteractionbetweeneastwardtravelingwaveand

StationarywavewiththesamewavenumberswerestudiedbyHirota(1971)andHirooka
(1986)･IIirota(1971)showedthatsuperpositionofupwardpropagatingstationarywave

andwestwardtravelingwaveleadstoanamplitudevariationofcompositewaveinthe

upperstratosphere･While,Hirooka(1986)explainedaperiodicamplitudevariationof
WaNelinthelightoflinearinterferencebetweeneastwardtravelingwavelandquasi-
Stationarywavel･Theirstudiesareessentiallybasedonalineartheory,1･e･,interfbrence

Ofthewaveswiththesamewavenumbers.Theinteractionbetweenwaveswithdiff6rent

WaVenumbersishardlyexplainedbythelinearinterference.

Amplitudevariationsofwavesland2arefrequentlyobservedalsoin NIIand

thevariationsarenegativelycorrelatedeachother(wavel-WaVe2vacillation).Smith

etal･(1984)showedbasedonananalysisofthepotentialenstrophybudgetthatthe

negativecorrelationbetweentheamplitudesofwavesland2forthe1988/1989winter
eventwasgeneratedbytheinteractionbetweenwavelandwave2inthestratosphere.

Robinson(1985)simulatedthewavel-WaVe2vacillationinNHusingseverelytruncated

SPeCtralmodelonaβ-Channel･Theauthorassumedthatstationarywavesland2are
generatedbythesurfacetopographyandawestwardtravelingwavelisforcedatthe

Surface･ThewestwardwaveisffequentlyobservedinNHstratosphere(Madden,1978).
Thenumericalexperimentsshowedthattheamplitudevariationofwavelisaresultof

thevariationoftheinteractionwiththemean丑ow?andtheinteractioniscontrolledby

theinterftrencebetweenthestationarywavelandwestwardtravelingwavel,Whilethe

Variationofwave2ismainlycausedbythewavel-WaVe2interaction.Themechanismof

thevariationsofwavesland2,however)maydependsontheforclngOfthewavesfrom

thetroposphere,Whichisquitedi鮎rentbetweenNorthernandSouthernHemispheres;

WeStWardtravelingwaves are dominantin theNorthern Hemisphere whileeastward

WaVe2intheSouthernⅡemisphere.

1.5 Subjectandpurpose

As described above)ZOnally averaged totalozone contentin SH has amaximum at

midlatitudeinwinter)WhiletheozonedistributioninNIIaremonotonouslyincreased

POlewardlythroughoutwintertime･AsthewaveactivityofplanetarywavesinSIIisless
StrOngthaninNH)planetarywavescannotdestroythepolarvortex･Thewavescan,

however?distortthepolarvortexquasl-Periodicallyandcanaffbctozonedistribution.

OzonedistributioninwinterisconsiderablydiffbrentbetweenNHandSH･Thelargest

Variationofwaveamplitudehasbeenobservedintheplanetarywavewithwavenum-

berl･Therefore)itisexpectedthattransientprocesses)i･e･)temPOraryVarylngWaVe

activityinthestratosphere)areeSSentialtoconsidertheprocessesofwave-mean丑ow

interactionandtransportsofmaterials･Firstlyinthisthesis,thecharacteristicsofthe

interhemisphericasymmetryinozonetransportduetoamplificationofaslngleplanetary

WaVeOrlglnatedandamplifiedfromthetropopauselevelisexplored.Fromtheobtained

Characteristics,rOlesofplanetarywavesontheseasonalvariationofozonedistribution

inSIIwillbediscussedthere･Secondary,theamplificationofquasi-Stationaryplanetary

WaVeWithwavenumberlwillbeexaminedbasedontheinteractionofeastwardtraveling

WaVeWithwavenumber2inthestratosphereinordertorealizetherealistichorizontal

distributionoftotalozonecontentanditstemporalvariation･Finally,themechanism

-8-
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Ofthewavelamplificationduetotheinteractionwiththeeastwardtravelingwaveis

analyzedindetail.

Tosimulateexplicitlythetransientprocessandwave-WaVeinteractionandwave-

meanflowinteraction)athreedimensionalmodelisusedinthisstudy･Modelexperi-

mentsareperformedundersomeidealizedconditionsofthestratosphericphenomena.

Neverthless?thissimulationcouldextractanessenceofthedynamicalprocessesappear-

1nginthestratopshere･Thedataobtainedbynumericalexperimentsareanalyzedand

interpretedwiththeaidofpresentedtheoreticalknowledge･

Themodelusedinthisst11dyisdescribedinthenextsection.Thediffbrentroleof

PlanetarywavesonthezonallyaveragedozonedistributionbetweenSHandNHispre-

SentedinSection3.Theresultsofthehorizontalozonedistributionforthecaseofcoex_

istingofastationarywavewithwaven11mberlandaneastwardwavewithwavenumber

2areshowninSection4･Themechanismofamplificationofwavelduetotheinterac-

tionwithwave2areshowninSection5.Thisthesisissummarizedinthelast
section.

Futthermore)1istsofsymboIsandrelateddiscussionaredescribedinAppendices.

ー9-



2 Modeldescription

SemlSPeCtralmodelsaredevelopedtosimulatethedynamicalphenomenaandtransport

PrOCeSSOfozoneinthemiddleatmosphere.Twomodelsareusedinthisresarch.One

isahemisphericalmodelsandtheotherisashericalmodel･Thehemisphericalmodel

COVerSthereglOnfromtheequatortothepoleinlatitude,andthesphericalmodelsdoes

thewholesphereoftheearth･BothmodelscovertheheightreglOnffomlOkmtollO
km.

2･1 Governingequations

Themodelisbasedontheprlmitiveequationsincludingmetricforce;theequationsare

thesameasthosegiveninHolton(1976)･Thegoverningequationsdescribedinfhx
formareasfo1lows･ThesymboIsusedinthispaperarelisetdinAppendixA･Equation

Ofmotioninlongitudinaldirection

面+㌫諒折汀+這㌶(肌COS2β)-∫叫忘芸=方(2･1)
Equationofmotioninlatitudinaldirection

芸+よ詣+忘孟(γ2cosβ)+三tan机恒志諾=y(2･2)
Thermodaynamicequation

∂r l ∂r祝

∂ま

Mass conservation

StaticEquilibrium

+
1∂(rγCOSβ).月r

+百万び=QαCOSβ ∂入
■

αCOSβ ∂β

1∂祝.1∂(γCOSβ).1∂伽即
+

αCOSβ∂入■ αCOSβ ∂β 一伽 ∂z

芸=芸If∂z

+ =0

(2.3)

(2･4)

(2･5)

Where,ⅩandYare dissipativetermsofthemomentum(eg･,Rayleighfriction and

Verticaldiffusion),andZisadiabaticheatingterm･

10
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2.2 Disipativeprocesses

ThezonalmeantemPeraturefieldisforcedtoberestoredtothestandard
valueby

Newtonian cooling･The standard values are taken as theinitialtemperaturefield

Whichis constructedfromtheinitialzonalwind withtheaidofthermalwind relation

Ofgradientwindbalance.Accordingly,themodelmonthisfiⅩedas themonthofthe

initialzonalwindd11ringthecalculation.

NewtoniancoolinglSincorporatedtoexpressthedissipativeprocesswhichrepre-

SentSthedissipationofwaveenergyandtherestorationofthezonal-meanfieldtoa

Standardtemperature･ThecoefncientofNewtoniancoolingisthesameasthatusedin

Holton(1976)･Aspongelayerisplacednearthetopboundary,makinguseofRayleigh

friction･Theverticalprofi1esoftheNewtoniancoolingcoe伍cient(α)and Rayleigh
htiction(l/RF)areshowninFig･2･1･Fourthorderverticaldi乱sionisadoptedtosup-

PreSSanynumericalinstabilityfromboththezonal-meanandwavecomponents.The

COe伍cient11Sedinthepresentstudycanbewrittenas

叛=10-5exp
z-90たm

20たm 〉[s-1ト (2･6)

Fig･2･1:Verticalprofi1es of the Newtonian cooling coefncient(α,SOlidline)and
Rayleighfrictioncoe伍cient(L/RF,dashedline)･

一11-
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2.3 Spectraltransform

Allofthe physicalquantities are expandedintocomplexFourierseriesin the zonal

direction,aSSimilartoIIsu(1981)･Geopotential(¢),ZOnalwind(u),meridionalwind
(v),andtemperature(T)arewrittenas

¢(入,β,Z)=∑翫(β,Z)efた入e晶,
た=-Ⅳ

祝(入,β,Z)=∑仇(♂,Z)e壱ん入e姦,
ん=-jV

u(入,β,Z)=∑祐(β,Z)efた入e姦,
た=-〃

r(入,β,Z)=∑れ(β,Z)efた入e姦,
た=-｣Ⅴ

and

(2･7)

(2.8)

(2･9)

(2･10)

Where入,0,Z are thelongitude,1atitude,andaltitude,reSPeCtively,Nthe tr11nCation

number,kthezonalwavenumber,andHthescaleheight(7km).Themodelisformu-
1atedsothatanarbitrarytr11nCationoftheexpandedwavenumbersispossible.

The momentum?thermodynamlC)COntinuity)and hydrostatic equationsfor the

ZOnal-meanandwavecomponentsarewrittenas

●ZOnal-meanCOmPOnent

川一意品〈姜(礪+隅cos2β〉
+e雪盲別型,
ヱ

α

1∂申0

-プロ0一--ニつ｢α ∂β
〉

〉U

α

一芸鳩潤一

ーe姦昭聖ゼ,

監品〈
e2月■ (7

αCOSβ∂β
∑(㍍牒+
れ=1

よ議(伽sβ)+(£一品)勒=0,

(£+去)恥=芸端,
･WaVeCOmPOnentS(k=1～N)

一言た慧仇仇-

ヱ

e詔,′∂(仇cosβ)lうご
αCOSβ'ル

∂β

+川一意申た+Aん一尺打た-〝Z

tanβ z

一言た慧研一2-e乞百仇仇
α

-12-
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一川-…語+月ふ一尺祐一〝
∂41克

∂z4,

一拍慧仇㌃量些一芸鳩弼
α ∂β

∂4了1
+Cた一蛾-〝甘才,

意軌+よ㌶(伽sβ)+(£一差)勒=0,

(£+去)申た=芸れ,

(2･17)

(2･18)

Where7もisthestandardtemperaturewhichisfiⅩedataninitialtemperature.Asterisks
PartOnthevariablesrepresentcomplexconJugateS･Ak,Bk,andCkdenotethewave-

WaVeinteractionterms;detailsofwhicharepresentedinAppendixB.

2･4 Gridsystemandtimeintegration

Thegridsy軍temisdesignedwithastaggeredgridinthemeridionaldirectionwithan

intervalof50･ThegridforUo,鴨,申k,岬た,and71isdesignedonthelatitudefrom50to

850forthehemisphericalmodeland-850to850forthesphericalmodel.Ontheother

hand,thegridfor申0,l穐,Tb,仇,andl克from2.50to87.50forthehemisphericalone

and-87･50to87･50forthesphericalone･Theverticalgridinterval(△z)is2kmandthe
gridpointsforal1variablesareconstructedonthesamelevels･Asemi-implicitmethod

isusedfor^thetimeintegrationwithatimestepof15minutes(△i)･Thetime-aVeraged

Variable(Fn)atn-thtimestepisdefinedas

ダm=ダ叫1-ダ几+ダ乃-1

Then,thetimederivativewithacentered-diffbrenceofFiswrittenas

∂ダ ダ几+f明-2ダ几~1

∂f 2△f

Thetime-aVeragedvariableissubstitutingintotheCoriolis,PreSSuregradientandadi-

abatictermsinthemoment11mandthermodynamicequations･While,forthevariables

inthenonlinearterms(wave-WaVeinteractionterms),thevariablesofn-thstep(Fn)

afeuSed･Thevariablesof(n-1)thstep(Fn~1)areusedforthevariablesinthedis-
SIPationterm(Rayleighfriction,Newtoniancooling,andtheverticalviscosity).This

methodoftimeintegrationisthesameasinIIsu(1981)･Ponsequently,theequations
becomestwodimensionalPoissonequationsforvariableF･TheequationsaresoIved

bythedimensionred11Ctionmethod.

2.4.1 Boundaryconditions

ThebottomandtopboundariesofthemodelsaresetatlOkmandllOkm,reSPeCtively.

Thelateralboundariesforthesphericalmodelareatthenorthandso11thpoles,While

thoseforthehemisphericalmodelareatthepoleandequator.

Zonal-mean ZOnalwindisfiⅩed at theinitialvalue and zonal-mean meridional

Windis ass11med zero at the bottom boundary.Thelatter conditionis required
to

Statifytheformercondition.Weassumethatthegeopstrophicrelationissataified at

-13-
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theboundaries,WhichrequlreSthatthezonalqmeancomponentofgeopotentialisalso

fiⅩed at theinitialvalue.

Allthewavecomponentsexceptforforcedwaveshavenovalueatthelowerb｡und_

ary･Geopotentialofthefundamentalwaveisexternallyspecifiedandthemeridional

andzonalwindsofthecomponentaredeterminedfromthegeostrophicrelation･Every

WaVeCOmPOnentCanbeassumedtobezeroatthetopboundarysinceallwavesare

absorbedinthespongelayernearthetopboundary.

Theveticalandlateralboundayconditionsareasfo1lows;

･Bottomboundary(z=ZB)

些=鴨=_ ∂申0
JJ

'､ノ

川

申,=f(l,0) (r;WaVenumberofforcedwave)

申た=0(た=1…叫た≠γ)

･Topboundary(z=ZT)

旦塑=鴨=_ ∂申0
∂士 朗 =0

申た=端=仇=鴇=l鶴=0(た=1～〟)

･PolarBoundary(β=士900)

仇=鴨=晋=晋=孟(蓋)=0
∂打1 ∂坑

-=-=申1=勒=0∂β ∂β

●EquatorialBoundary(0=00)(onlyforhemispericalmodel)

空塑=鴨=聖塑一旦塑=0

些=鴨=勒=申た=端=0(た=1～叫

.∂β

(2･26)

(2･27)

(2･28)

(2･29)

2.4.2 Initia12;Onal-mean ZOnalwind

Climatologicalmonthlyaveragedzonal-meanWindsfromlateautumntoearlyspring

areusedastheinitialzonal-meanWindsforexperiments?WhichareshowninFig･2･2･

Themonthlyaveragedzonal-meanWindsinthestratosphereandthemesosphereare

Obtainedfromcompositesofsatellitedataof5yearsfrom1973to1978(Flemingetal.
1988)･
Fortheexperimentsuslngthehemisphericalmodel,thewindsinSHfromJulyto

Octoberareadoptedasinitialwinds･Ontheotherhand,allthewindsshowninFig･2･2

areusedfortheexperments11Slngthesphericalmodel.

一14-
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Fig.2.2:Monthlyaveragedzonal-meanZOnalwindfromlateautumntoearlysprlng.

Left-handsideineachpanelshowsthatinSⅡandright-handsideinNH.Themonth

Ofeachhemisphereisshiftedforsixmonthstoshowthewindinsameseason･Contour

intervalis5m-1andnegativevalueisindicatedbydashedline･
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3Interhemisphericasymmetryof

the totalozone

Inthissection)reSultsanddiscussionconcernedwithrolesoftheplanetarywaveson

theinterhemisphericasymmetryoftheozonearepresented･Thesphericalmodelis

usedtosimulatetothewave-meanflowinteractionandtransportprocessoftheozone

associatedwiththeplanetarywaveamplification.

AseriesofnumericalexperimentsuslngatrunCatedsemi-SpeCtralmodeliscon-

ductedunderthefo1lowlngeXPerimentalconditions;mOnthlyaveragedzonal-meanWinds

areusedasinitialconditions)andtheamplificationofplanetarywavesisrepresentedby

thegrowthofgeopotentialundulationofthelowerboundary.Characteristicsofseasonal

Variationoftheozonedistributionisoverviewedbyconnectingtheshort-rangeSimula-

tion?i･e･)OnemOnthprediction･Then?itwillbeindicatedthatwaveampli五cationin

themiddleatmosphereissubstantialforformationofthesubpolarozonemaximumin

SIIandessentialforsubsequentpolewardshifttowardearlysprlng･

Inordertosimulateseasonalvariationsofthestratosphericcirculationandozone

distribution,themodels must containalltheef艶ctsofchemical)radiativeand dy-

namicalprocesseswhichcontributetothesevariations･Thentheycanpreciselyre-

PrOducetheseasonalvariationofthemeanzonalfields･rExperimentsuslngGCMand

two-dimensionalinteractivemodelsincludetheseprocesses.Theseasonalvariationof

ZOnal-meanfields)however)is stilldi伍cult tobecorrectly simulatedevenin GCM.

Theseasonalvariationsreproducedintwo-dimensionalmodelshavelargediscrepancies

frbmtheobservation.Then,insteadofcalm1atingtheseasonalvariationsofzonal-mean

fields,Observedmonthlyaveragedzonal-meanWindsare11Sedasinitialconditionsforone

month(orshorter)predictions･Furthermore,themodeldoesnotincludetheprocesses
Whichcontributetoformsymmetriclatitudinalozonedistributions;Chemicalreactions,

SOlarandinfraredheating/coolingandequatorialconvections.Theydonotmakesub-
Stantialinterhemisphericasymmetrywithoutdi鮎renceinplanetarywaveactivitiesas

ShownbyIIouetal･(1991)･

Theexperimentalconfigurationinthissectionisbrieflydescribedinnextsubsec-

tion.Residualcirculationsandvariationsoftotalozonecontentforvariousmonthsare

PreSentedinSection3.2,andthecirculationsarediagnosedinSection3.3.Section3.4

describesdependencyoftheresidualcirculationonwaveforclng･Resultsinthisstudy

are summarized and discussedin Section3.5.
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3･1 Configurationofexperiments

3･1･1Ⅵねvehrcing

Aplanetarywavewithwavenumberlor2isthefundamentalwavewhichisforcedatthe

lowerboundaryintheformofgeopotentialheightfield.Theamplitudeisdistributed

OVerthelatitudesof300-9000nlyinwinterhemisphereandthemaximumperturbation

islocatedat600(Fig･3･1a)･Thewaveamplitudeincreasesandkeepsconstanttillday

15,andthendecaysrapidly(Fig･3･1b).Thefunctionalformisasfo1lows.

gr/g=(笠mwsin2(3｡_W/2)[1●｡ⅩP(_f"ex,(_藷,[:～……冨…誓6)

軌=〈笠mα湖3呵2)[1_｡Ⅹ｡(鼎Ⅹ｡(瑠,…諾…志≡言お6)
Fbrthestandardcase,theforcedwaveisastationarywave(c=0)withzonalwavenum-
berlwhoseamplitudeis200gpmwithouthorizontalphasetilt;thisforclngistermed

asβfαndαrdルrc査mg.

tjme(day)

Fig･3･1:(a)1atitudinaland(b)temporalvariationsofwaveamplitudeatthebottom
bo11ndaryforastandardwaveforclng･

3.1.2 Initial2;Onal-mean Wind

ThewindsshowninFig.2.2areusedfortheexperimentsasinitialwindsinthissection.

Lookingatthezonal-meanWindsinSⅡandNHinFig･2･2,thestratosphericwest-

erlyjetinSIIisslgnificantlystrongerthanthatinNHduringwintertime.Duringlate

-17-
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WintertoearlysprlnginSⅡ,thewesterlyinthehigh1atitudestratosphereisintensified

andaseparationofwesterlyjetoccurs(e･g･,ShiotaniandHirota1985).

3･1･3 Materialtransport and residualcirculation

Ozonetransportsassociatedwithplanetarywavesarecalculatedbasedonfo1lowlng

massconservationequation.

砦=-[忘品(絢+忘品(xγCOSβ)+診如)]･(3･1)
Theinitialdistributionofozoneconcentration)Whichisclosetothemonthlyav-

erageddistributioninJunein SII,isshowninFig･3･2･Theozoneconcentrationsat

the11PPerandlowerboundariesarefiⅩedattheinitialvalues.Variationoftotalozone

COntentSisobtainedbyverticalintegrationofthezonallyaveragedozoneconcentration

Whichisproductsofzonal-meanmixlngratioandairdensity･

60

40

30

20

(
∈
豊
苫
屋
l
一
<

Initiafozonedensity

90-60-30 0 30 60 90

Latitude(deg)

Fig･3･2:Initialdistributionofozonedensityinthemeridionalplane.Contourinterval

isO･5×1012molecm-3･Left-handsideinthepanelindicatesSouthernHemisphereand

right-handsideNorthernhemisphere.

Ameridionalcirculationrelatedwithmaterialtransportisapproximatelyrepre-

SentedbyresidualcirculationderivedfromTEMtheory(AndrewsandMcIntyre1976).
Zonalmeanmeridionalandverticalvelocitiesofresidualcirculation,(研,砺*),arede一
fined asfo1lows.

有*≡万一

砺*≡砺+

1∂蔦

αJ伽∂z'

1 ∂f;

α2J伽COSβ∂β'

ー18-
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WherethemeridionalandverticalcomponentsofEPfluxare

吋屯,蔦)≡α岬βし扉,去環)･(3･4)
Arelationshipbetweenresidualcirc111ationandmaterialtransportwillbediscussed

inAppendixC.

3.2 Dependencyoninitialzonal-meanWind

Dependencyofmeridionalcirculationsoninitialzonal-meanWindforthestandardforc-

1ngisfirstexamined･Aplanetarywavewithwavenumberlandmaxim11mamPlit11de

Of200gpmisforcedcommonlythrougho11taSeriesofexperimentsinthissection.The
amplit11deisclosertothatofamplifiedplanetarywavesinSIIratherthanNH.

Residualcirculations at day15in SⅡand NⅡare shownin Figs.3.3and3.4,

respectively･Allofthecirculationsarerestrictedbelow40kmwith anexceptionthat

alittlepart ofcirculationinJuly reachesthestratopause.Every circulation crosses

theequatorandoriginatesatmidlatitudesintheoppositehemisphereoftheforclng.In
theequatoriallowerstratosphere,uPWardmotionsarepredominant,Whereasmeridional

motionsbecomepredominantwithincreaslngheight.
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∈
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Fig.3.3:Streamfunctions at day15forstandardwaveforclngin SIIfrom Aprilto

September･Contourintervalis13kgm-1s-1･Negativeareaisshaded･

In SH,intensityofthecirculation developsastheseasonprogresses.Thecircu-

1ationsareweakinthelateautumn(AprilandMayinFig･3･3).Thecirculationsin

midwinter(JuneandJulyinFig･3･3)areintensifiedandthedownWardmotionsare
COnCentratedaround350S-500S.Aftermidwinter,theyextendtohigherlatitudesand
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Fig･3･4:SameinFig.3.3,butinNHfromOctobertoMarch.

thepositionofthedownwardmotionsshiftpoleward;～550forAugustand～650for

September.

Theintensificationofthecirculationinmidwinter(JuneandJuly)ismainlycaused
bymagnification ofEP fhx at thelowerboundary･In ourexperiments,the wave

amplitudeatthelowerboundaryisthesameineverycalculationbutEPfluxisnotthe

SamebecausethemagnitudeofEPAuxdependsonthezonal-meanWindanditsvertical

Shear at thelower boundary･Whereas,theintensification ofmeridionalcirculation

inlate winter(August and September)is associatedwith thepolewardshift ofthe

StratOSPhericwesterlyjet asdiscussedinnextsubsection･Equatorwardpropagation

Ofplanetarywavesinlatewinterissuppressedbythepolewardshiftofthejetaxis.
Thesuppressioncausestheamplificationofwaveamplitudeandintensificationofthe

Circulationinhigh1atitudescomparedwiththosebeforeJune.

TheinducedcirculationsinNH(Fig･3･4)extendtohigherlatitudethanthosein
SIIand

regions ofthe
downWardmotionsin thelowerstratosphere shifts poleward

astheseasonprogressesfrommidwinterandconfinedinhigherlatitudesthan600N
in Februaryand March･Thezonal-meanWindsinhigh1atitudesinthosemonthsare

Weakenedandminorwarmlngtakesplace･Theconcentrationofthedownwardmotion

in the polarreglOnis consistent with theoreticalstudies byMatsuno and Nakamura

(1979)andRoodandSchoeberl(1983).

IntensityoftheresidualcirculationsinNHisrelativelyweakerthanthatinSHfor

COrreSPOndingmonths.EP且uxatthelowerboundaryinNⅡissmallerthanthatinSH

(…2/3forthecorrespondingmonth)becauseoftheweakverticalshearinthelower

StratOSPhere･AsresidualcirculationisdrivenbyconvergenceofEPflux,intensityof

the circulationisalso weakerin NH thanin SⅡ.

ー20-
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Deviationsofthetotalozonecontent丘omtheinitialvaluesareshowninFigs･3･5

and3･6forSH and NⅡ,reSPeCtively.Theozonemaximain SIIareformedin
mid-

1atitudes exceptfor the case ofApril(Fig･3･5).Thelocation ofthe maxima shifts

equatorward during midwinter and reaches400SinJune･Thenit gradually shifts

POlewardd11ringearlysprlngandreaches600SinSeptember.Thetotalozonecontent

largelyincreasesinlatewinterandearlysprlng)Whosevalueexceeds20DU･Ithardly

increasesinpolarreglOnduringJunetoAug11St･Inparticular,thetotalozonecontent

inJ-11yactual1ydecreasesinthepolarreglOn.Thetotalozonecontentinlowerlatitudes

than300decreaseseverymonth.

ThelocationofmaximumozoneincreaseandpolewardshiftsinearlysprlngCOrre-

SPOndtothelatitudeofconcentrateddownWardmotion(compareFig.3.5withFig.3.3).
Thepolewardshiftofthelocationiswellcorrelatedwiththeobservedcharacteristicsof

thesubpolarmaxlmuminSIIasshowninFig･3･5･Thetotalozonecontentinsubpolar

maximumiscomparablewiththemonthlyincreaslngrateObtainedbyobservation;the

Calculatedincreaslngrateisabout15DUamonthinearlywinterand25DUamonth

inlatewinterwhereastheobservedoneisabout20DU･Thissuggeststhatseasonal

Changeofthesubpolarmaximumiscontrolledbytheplanetarywaveamplification.

Theexperimentsofstandardforclng,however,donotsim111ateaminimumofthe

Planetarywaveamplitudeinmidwinter･Thecalculatedmaximumamplitudeatday15

areabout630minApril)720minMay)830minJune,1120minJuly,1360min

Aug11St,and1300minSeptember･Thereasonofdiscrepancyinseasonalevolutionof

thewaveactivityisresultedfromadoptedsimpleboundaryconditionsinthisexperi-

ment･Consequently,Calculatedamountofozonevariationcontainsambiguityforthe

quantitativecomparisonoftheobservedvariation.

ThemaxiTumiTCreaSeOftotalozonecontentinNHisformedatthepole(Fig･3･6)･
Thepolarmaxlm11mlSenhancedastheseasonprogressesfrommidwinter.Theamount

Ofozoneincreasesin Februaryand Marchexceeds26DU･Asmentionedpreviously,

minorwarmlngStakeplaceinthosemonths･Remarkableincreaseoftheozoneduring

Warmingeventhasbeencapturedinobservations(e･g･,GellerandWu1987).Ⅱowever,
theamo11ntOfincreaseislessthanthatofobservation,Whichisresultedfromweaker

amplificationoftheforcedplanetarywavesthanobservedoneinNH･Dependencyof

theforclngamplitudewillbeexaminedinSection3.4.

Aseries ofexperiment,uSlngClimatologlCalzonal-meanWindsin SH andNIIas

initialvalues)eXtraCtSadiffbrentroleoftheplanetarywaveamplificationonmeridional

Circ111ation and ozone distribution between NH and SII.In NIIwinter,theinduced

Circulationextends tohigh1atitudes whichresultsin theincreaseofozone contentin

thepolarreglOnthroughoutlateautumntoearlysprlng.InSIIwinter,however,the
induceddownwardmotionconcentratesinmidlatitudesandenhancesthesubpolarozone

maximumin midlatit11des.

Theozoneconcentrationisprimarilyincreasedbelow35kminmidlatitudesand/or
high1atitudes･ThetimescaleofphotochemicalreactionassociatedwithIIOxchemistry

(Houetal･1991)isaboutlOOdaysat30kmand300daysat20km.Consequently,the
temporalvariationofozonecontentmaynotbeslgnificantlymodifiedbyinclusionof

thephotochemicalreactioninashort-rangeCalculationineachmonth.

Sameinitialozone distributionis
adoptedhere,althoughthe observed monthly

meanozonedistributionisdi鮎rentbetweenNHandSⅡandvariesseasonally.This

experimentalcondition ca11SeS ambiguityinamountOfcalculatedozonevariationb11t

doesnotchangequalitativecharacteristicsoflatitlldinalozonevariations.Thelatitude
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Fig.3.5:DeviationofozonecontentfromitsinitialvalueinSHfromApriltoSeptember.

Contourintervalis2DU.

-22-



3.=EPEⅣDEⅣCyOⅣJⅣJTJAムZOⅣA上′_MEA∧rVn汀吼D 23

October

∩)6

【
凸
山
口
】

nU

nU

O

5

4

3

山
口
コ
｢
-
｢
U
｣

90

80

70

60

50

40

30

20

18

0

90

80

70

60

50

40

30

20

10

0

90

80

70

60

50

40

30

20

10

0

November December

0 10 20 30 ■D lO 20 30 ~0 10 20 30

TIME (DRY】 TIME 【DRY) TIME 【DRY)

90

80

70

60

50

48

30

20

10

0

90

80

70

60

50

40

30

20

18

0

February_ March

0 10 20 30 〉0 10 20 30､`0 10 20 30

TIME 【DRY.) TIME 【DRY) TIME 【DRY)
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Ofozoneincreasecorrespondstothatofdownwardmotionbecauseofthemonotonous

increaseofo之onemlXlngratiobelow40kminmidlatitudesandhigh1atitudes.Observed

OZOnemlXlngratiomaintainsthemonotonousincreasebelow40kmthroughawinter

SeaSOn(e･g･,Kruegeret,al･,1973)･Hence,thecalculatedlatitudinalvariationofozone
mayhavesimilarcharacteristicswiththoseuslngaVariableinitialozonedistribution.

3･3 Diagnosisoftheresidualcirculation

FbronlythecasesofJulyinSIIandJanuaryinNH,thetimeevolutionofthemeridional

Circulationisexaminedanddiagnosticshowthediffbrenceofcirculationarisesdepending

Ontheinitialzonal-meanWind･Thesetwomonthsforinterhemisphericcomparisonare

adoptedforexperimentsbecausethecontrastinozonedistrib11tionbetweenSHandNⅡ

is most clear.

Figure3･7showsthetimeevolutionoftheresidualcirculationinJulyinSIIandin

JanuaryinNH･DuringgrowlngPhaseoftheplanetarywavesbothinJulyandJanuary

(day9in Figs･3･7a,b),themeridionalcirculationsreachnearto thepole.As seen

inFigs･3･3and3･4†thepositionofdownwardmotioninthelowerstratosphereshifts

equatorwardinSHbutkeepsinthepolarreglOninNH･Weakupwardmotionappears

inthepolarregionintheSHlowerstratosphere(day15inFig.3.3)andisintensified
justafterthewaveforcingisremoved(day18inFig.3.7a),Whichcausesozonedecrease
inpolarreglOn･TheweakupwardmotionisalsoinducedintheNⅡpolarstratosphere

atday18althoughtheintensityisveryweak･Theintensifiedcirculationiskeptfora

WhileinSIIbutinNHitrapidlydecays(day27).
Thezonal-meanWindandrefractiveindexsquaredforwavenumberlatday12,

andEPfluxofwavenumberlanditsdivergenceatday15areshowninFig･3･8･The

refractiveindexsquared(hereaftertermedasrefractiveindex)forastationarywave
with waven11mber kis de五ned

Qた≡芸冨-㌫一芸孟･
(3･5)

InthecaseofJulyinSII(Fig･3･8a),thewesterlyjetintheupperstratosphereis

Slightlydeceleratedbytheintrusionofplanetarywaves･Amaximumline(aridge)of
therefractiveindexextendsfromthemidlatitudelowerstratospheretothesubtropICal

upperstratosphere･TheEP且uxvector)Whichrepresentsthedirectionofwavepropa-

gation)inthelowerstratosphereisorientedupwardwithalittletilttowardtheequator.

Thedirectionofthevectorsgradua11ychangesequatorwardwithincreaseofheight.In-

SPeCtingthesecharacteristicsoftherefractiveindexandEPflux,theplanetarywaveis

likelytopropagatealongthemaximumlineoftherefractiveindexinthestratosphere

asexpectedbyWKBtheory･Theequatorwardpropagationofthewaveshiftsthecon-

VergenCereglOnOfEP丑uxtosubtropICS･Asaresultofthis?aStrOngCOnVergenCereglOn

OfEPfhxislocatedinthesubtropicalmiddlestratospherewhileadivergencereglOn

islocatedinthemidlatit11delowerstratosphere･TheEP且uxconvergenceinducesthe

POlewardmeridional丑ow.Inturn,theequatorwardaccelerationofthemeridionalflow

due to the EP fhx divergencein high1atit11deprevents a poleward extension ofthe

meridional丑ow,Whichresultsinformationofdownwardflowinmidlatit11des.

AtthedecaylngStageOftheforcedwave,thetailofthewavepacketaccelerates

thezonal-meanWindanddrivestheequatorwardflow.Asares111t,theupwardmotion

isinducedinthepolarlowerstratosphere.
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Fig･3･7‥EvolutionofstreamfunctionsinthecaseofJulywithstandardforclnginSH

(a)andinthecaseofJanuarywithforcinginNH(b)･Contourintervalis13kgm~1s~1.
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a)SouthernHemisphere(JuTy)
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Fig.3.8:Meanzonalwind(ms~1)atday12,Squaredre丘activeindexforwavenumberl
(non-dimensional)atday12,(c)EPfluxforwavenumberlatday15,anditsdivergence

(10ms-1d叩~1)atday15.Upperpanels(a)showSIIinthecaseofJulywithstandard

forcingandlowerpanels(b)showNIIinthecaseofJanuary.Negativeregionsinthe
refractiveindexareshaded･Themeridionalarrowatleftbottomcornerinthepanels

OfEPfluxrepresentsavalueof屯equaltol･2×108kgs~2andtheverticalarrowa
valueofE;equalto5.2×105kgs.2.
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InthecaseofJanuaryinNII(Fig･3･8b),thewesterlywindinthestratosphereミS
S11bstantial1ydeceleratedfromitsinitialzonal-meanWind･Thereisnoslgnificantmaxl-

m11mlineofrefractiveindexinthestratosphere･EPfhxvectorsgradua11ychangefrom

upwarddirectiontoequatorwarddirectionthroughthewavepropagation.Thetiltof
VeCtOr)however?ismuchsmaller?andtheintruSionofplanetarywavesintothesubtrop-

icalreglOnisalsoweakerthanthecaseofJulyinSⅡ･Consequently,theconvergence

reglOnOftheEPfluxappearsinhigherlatitudethanthatinthecaseofJuly.

The refractiveindex and EPfluxfor wavenumberlafter midwinterin SH are

ShowninFig･3･9･There丘activeindexfieldinJuneisrelativelyhomogeneousinthe

middlestratospherethanothermonths･FortheindexfieldsafterJuly)maXimumreglOnS

(ridge)areformedat50-600Sbelowthemiddlestratosphere.Themaximumregionin
Julytiltsequatorwardwithaltitudes･InAngustandSeptember,Clearerridgeswithout

eチuatOrWardtiltareformedalongthehigh1atitudejetaxis(Fig･2･2)･Themaxlmumre-
glOnismostemphasizedinSeptember･Therefractiveindexesintheupperstratosphere

andlowermesosphereinhigh1atitudeshavenegativevalueinJuneandSeptember,and
SmallpositivevalueinJ111yandAugust･NegativereglOnSeXistalsoinlowlatitudesand

expandintosubtropICSinearlysprlng.
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Fig.3.9:SquaredrefractiveindexandEPfluxforwavenumberlin SHfromJuneto

September.Upperpanelsshowthere丘･aCtiveindexatdaylOandlowerpanelsdoEP

fluxatday15.NegativereglOnSintherefractiveindexareshaded.Themeridionaland

VerticalarrowsatrightbottomcornerinthelowerpanelsrepresentamagnitudeofEP
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valuethan3kgm-1s-2areshaded･
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Upwardpropagationinthelowerstratosphereandequatorwardrefractioninthe

middlestratospheresarecommonfeaturesforthewavenumberlduringJunetoSeptem-

ber(lowerpanelsinFig･3･9)･However,theconvergenceregionsoftheEPflux,Which

areindicatedbyshade)arelocatedindiffbrentpositiondependingonthewayofthe

reffactionoftheflux･EPAuxinJunechangesitsdirectiontowardequatorinthemiddle

StratOSPhereandacoreoftheconvergencereglOnisformedatthesubtropicalreglOn･

Littlefluxintrudesintothehigh1atitudeupperstratospherebecauseofthenegative

refractiveindexthere･EquatorwardreffactionoftheAuxinJulyoccursmoregradually

thanthatinJuneandthewavepropagatesintotheupperstratosphere･Theplanetary

WaVeislikelytopropagatealongtheridge.oftheindexfieldasdiscussedinthissub-

SeCtion･Accordingly)theconvergencereglOnisdistributedinbroaderaltitudesaround

300S.

TherearetwocoresoftheconvergencereglOninAugustandSeptember;Oneis

locatedatthehigh1atitudelowerstratosphereandtheotherisatthemidlatitudemiddle

StratOSPhere･Thehigh1atitudeconvergencereglOnisformedbytheupwardpropagation
Ofthewavealongtheclearridgeofthereitactiveindex.Themidlatitudeoneislocated

around450)i･e･)150polewardthanthatinJuly･Itisconsideredthat thepoleward

ShiftofthesubtropicalconvergencereglOnisassociatedwithboththeexpansionofthe

negativeindexfieldinlowlatitudesandthesmallequatorwardrefractioninthelower

StratOSPhere･Formationofthehigh1atitudeconvergencereglOnandpolewardshiftof
themidlatitudeoneresultinthepolewardmovementofthedownwardmotionofthe

meridionalcirculation(Fig･3･3)･

3･4 0zonevariationfordiffbrentwaveforcing

Theinducedmeridionalcirculationandresultingozonevariationdependontheampli-

t11de)WaVenumberandphasevelocityoftheforcedplanetarywaves.Toexaminethe

dependency,ParTeterSOftheforcedwave(e･g･,WaVeamPlitude)arereplacedfrom
thestandardforclng.Figllre3.10showsthedeviationsoftotalozonecontent血･Omits

initialvaluesinthecasesofJulyinSHandJamaryinNⅡ.
ThevariationoftotalozonecontentcausedbythewaveforclngWithwavenumber

2whoseamplitudeis200gpmis shownin Figs･3･10a,d･Theozonevariationin the

CaSeOfJuly(Fig･3･10a)isbasicallysimilartothatinthecaseofstandardforcing.In
the caseofJanTary,however,WaVenumber2forclngenhances theozoneincreasein

midlatitudeandslightlyweakensincreaseinpolarregion(Fig.3.10d)comparedwith
Standardforclng･Planetarywaveswithwavenumber2propagatesmoreequatorward

thanthatwithwavenumberl,Whichcausestheenhancementofmidlatitudemaximum.

Waveforcingisusual1ystrongerinNIIthaninSH(e･9･,ShiotaniandHirota1985).
Here,theforclngamPlitudeofwavenumberlissetaslOOgpminSIIandas300gpm

inNH.ThevariationofozonecontentareshowninFigs.3.10b,e.Inthecaseofweak

forclnginSⅡ,thepeakofozoneincreaseisformedat400Sbuttheamountofincreased

OZOneCOntentisconsiderablysmallerthanthatforthestandardforclng･AIso,theozone

decreaseinhigh1atit11dedoesnotappearinthiscase.

The strongforclnginJan11aryin NH,in turn,1eads to aremarkableincreaseof

OZOneCOntentinthepolarreglOn,WhoseamountreaChes58DUatday24.Inthiscase,

StratOSPhericmajorwarmlngtakesplacearoundday18.AsmentionedinSection3.2,
thedownwardmotionisintensifiedatthepolarreglOnduringthesuddenwarmlng,and

totalozonecontentdrasticallyincreases.
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Fig･3･10:Deviationofozonecontent丘omitsinitialvalueforvariouswaveforclngS

(seetext).Theupperpanels(a～C)showthatinthecaseofJulyinSHandthelower

Panels(d～f)showthatofJanuaryinNⅡ.Contourintervalsare2DU.
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The observation shows that an eastward traveling wavewith wavenumber2is

frequentlyamplifiedduringwinterandearlyspring(e･g･,Shiotanietal.1990,Manney

etal･1991)･Whenaneastwardtravelingwavewithwavenumber2,Whoseperiodis
20daysandamplitudeis200gpm)isforcedinSⅡ)theresultisshowninFig･3･10c･

Increaseinmidlatitudesanddecreaseinhigh1atitudesoftotalozonecontentoccuruntil
day15inasimilarwayasstandardforclng･Theozonedistributioninmidlatitude,

however,1SnOISyandthatinhigh1atitudeisincreasedfromday16.

The westwardtravelingwaves arecommoninNⅡwinteT･Fig･3･10fshows the

distributionoftotalozonecontentwhena壷estwardtravelingwavewithwavenumberl

and40dayperiodisforced･TheirtcreaslngreglOninmidlatitudeanddecreaslngreglOn

inhigh1atitudeformedattheendofamplificationstage,butthedeviationisverysmall.

Fastwestwardtravelingwavehardlypropagatesintothehigh1atitudestratosphereand
theinduced circulationis weak.

Ozonedistributiontootherforcingarealsoexamined(notshownhere).Whenthe

durationperiodofamplificationistakentobe20days(5dayslongerthanthestandard

forcing),themaximumofozoneincreaseinmidlatitudeinSIIandthepolarmaximum
inNHareintensifiedabout50%.Whentheplanetarywaveswithwavenumbersland

2coexistin SH,theozonemaximumisformed
about at550S,Whichislocated50

POlewardthanthatinthecaseofstandardforclng･

Thecharacteristicsoflatitudinaldistributionofozonevariation,i･e.,increasesin

midlatitudeforSHandinpolarreglOnforNH,arebasical1ymaintainedforthevarious

WaVeforclng aS PreSented･in this section･Interhemisphericasymmetry ofthe total

OZOneCOntentisconsiderablydependingontheforclngandismosttypicalwhenthe

Stationarywavewith waven11mberlisforced.Theamountsofozonevariationin SH

arecomparablewiththeobservedozoneincreasewithinamonth)Whentheamplitude

Offorcedwavesis200gpmatthetropopauselevel･InNII?theforcedplanetarywave

With300gpmcausesthereasonableozoneincreaseatthenorthpolecomparedwith

observations.

3.5 Summaryanddiscussion

Aseriesofexperimentsbyasphericalsemi-SPeCtralmodelshowsthatplanetarywaves

Playdi鮎rentrolesfortheformationofmeridionalcirculationandthelatit11dinaldistri_

butionoftotalozonecontentbetweenSHandNⅡ･TheplanetarywavesinSHenhance

thes11bpolarozonemaxim11mandmakerealisticseasonalmovementofthelatit11dinal

locationofthesubpolarmaximum)Whereas)inNH)theytransportozonetothepolar

reglOnandproducetheozonemaximumreglOnatthepole･

Theamountofincreasedtotalozonecontentbyplanetarywaveamplificationde-

Pendsontheamplitudeoftheforcedwave･Theinterhemisphericasymmetryofthe

OZOnedistributionisachievedforvariouswaveforclng,andtypicalasymmetryappears

Whenthestationarywavewithwaven11mberlisapplied.Whenthestationarywave

Withwavenumberlhavingtheamplitudeof200gpmisappliedatthetropopauselevel,

theincreasedamountthrougho11taneVentOfwaveamplificationiscomparablewiththe

ObservedmonthlyincreasearoundthesubpolarozonemaximuminSH.Theincreaseof

totalozonecontentinthenorthpolarreglOnismostpredominantwhenstratospheric

SuddenwarmlngStakeplace･Theyoccurinmidwinterandearlysprlng,Whenplanetary

WaVeSareStrOnglyamplified.

Theseasonalvariationoflatitudinaldistributionofozonecontentduetoplanetary
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WaVeS disc11SSedbylinkingtheshort-rangeOZOneVariation.The calculated variation

Oftotalozone content exhibits similar characteristics with observations.Tbtalozone

COntentin SH winterincreases mostlyin midlatitudes around400-500 while that

in NH winterincreasesin the polarreglOn.In SII,thelocation
ofmidlatitude peak

Ofozoneincrease shifts poleward as the season progresses from midwinter to early

SPrlng.Thisseasonalvariationoftotalozonecontenthigh1ydependsonthemeridional
Circulationinducedbyplanetarywaves.Covarianceofthecalculatedozonevariations

With observations suggests that the seasonalvariation ofthe subpolar maximumis

COntrOlledbytheplanetaryWaVeamplification.

In SHwinter)thecirculationdoesnotreachthepolarreglOn andits downWard

motionis concentratedin midlatit11des.Thelocation ofdownward motion shifts to

higherlatit11deastheseasonprogresses血･Ommidwintertoearlysprlng.WhileinNH
duringlatea11t11mn tOearly sprlng,thecirculation extends tohigh1atit11des and the

downwardmotionisbroadlydistributedfrommidlatitudestohigh1atitudes.

ItisalsofoundthattheupwardmotionappearsinthepolarreglOninSHjustafter

thewaveforclngt11rnSOffandlastsforawhile.The11PWardmotionresultsintheozone

depletioninthepolarreg10nandenhancesthemidlatit11demaximum.

The diffbrence ofthe meridionalcirculation depends on the str11Cture Ofinitial

ZOnal-meanWindineachhemisphere･Thezonal-meanWindinSHmidwinter(before
theformationofhigh1atitudejet)formsequatorwardtiltofrefractiveindexandthen
PreVentSthe propagation ofplanetary waves tohigherlatitude.Whereas,Planetary

WaVeSinNHpropagateintotheweakerjetinthehigh1atitudestratosphere.Thedif-
fbrenceofthezonal-meanWindcausestheasymmetrylnCOnVergenCereglOnOfEPflux

andlocationofdownwardmotion.ThepolewardshiftofthedownwardmotioninSII

latewinterisca11SedbythepolewardmovementofconvergencereglOnOfEPfluxand

formationoftheconvergencereglOninhigh1atitudes.Itisindicatedthattheseseasonal

Variationscorrespondtothechangeofthewavepropagationfield(i･e･,refractiveindex
丘1ed)･
CalculatedamountofozonevariationinSIIduetoanamplificationoftheplanetary

WaVeiscomparablewiththeobservedone:bothareabout20DUamonthinmidlat-

itudes during wintertime･The coincidence ofthe variationindicates that planetary

WaVeShavesubstantialrolestofbrmthesubpolarmaxim11min SⅡ.Thisexperiment,

however,hasunCertaintytoevaluatequantitativecomparisonwiththeobservation.Our

experimentsdidnotreprodlユCetheobservedmidwinterminimumofplanetarywaveam-

PlitudeinSII.ThemagnitudeofEP且uxintheexperimentswaslargerinmidwinter

thanthatinearlywinterbeca11SeOfthestrongverticalshearofthezonal-meanWind

in thelowerstratosphere.MorerealisticwaveforclngmuStbe11Sedfortheaccurate

quantitativecomparisonoftheozonevariation.Monthlyaveragedozone distribution

inJune asinitialvaluesfor allmonthsis used.This artificialcondition also causes

ambig11ityfortheamountOfincreasedozonealthoughitdoesnotchangethelatitudinal
characteristicsoftheozone variation.

Sinceobjectiveofthepresentstudyistorevealaroleofplanetarywaveamplifi-

cationontheformationoftheozonedistrib11tion,ef艶ctsofgravitywaves,trOPOSPheric

forclngduetocum111usconvectionswhichdrivesHadleycirculationin theequatorial

reglOn,andchemicalreactionswereomittedthroughtheexperiments･Itisconsidered
thattroposphericforclngandchemicalreactionplayessentialrolesforthesymmetric

ozone distribution but donot contrib11teSubstantiallytotheformation ofthe asym-

metry.Ontheotherhand,interhemisphericasymmetryofgravitywaveactivitymay
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CauSetheasymmetryoftheozonedistributionaswellasplanetarywaveactivity･Grav-

itywavebreakinginducesapolewardcirculationsinthelowerstratosphere(Tanakaand

Yamanaka1985,Tanaka1986)･Evidencceoftheexistenceofsaturatedgravitywave
hasbeenpresentedbymanyobsevation;UshimaruandTanaka(1990)showsthesatu-

ratedirLternalinertialgravitywavesareconstantlyobservedjustabovethetropopause
fromMUradarobservatinwithaboutlmonthpriod.Themeridionalcirculationsare

enhancedmoreinNⅡthaninSⅡbecauseofthepredominanceofgravitywaveactivity

inNH･However?thequantitativestudyofthecirculationdrivenbythegravitywaves

hasnotbeenprogressedduetolackofknowledgeabouttheclimatologlCaldistribution

Ofthegravitywaveactivity.
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4 Effbctsoftravelingwave2in

ozone distribution

Intheprevioussection†thebasicrolesofplanetarywavesonthelatitudinaldistribution

Ofzonallyaveragedtotalozonecontentwithlmonthtimescalewereexplored.This

SeCtionshowsthatamorerealisticvariationofthehorizontaldistrib11tionoftotalozone

COntentbyaddingtheinteractionwithaneastwardtravelingwavewithwavenumber2.

AsdiscussedinIntrod11Ction,thehorizontaldistributionofthetotalozonecontent

inSHvarieswithtimescaleofafewtensofdays･Thevariationischaracterizedbyquasi-

Periodicgrowthofthewave-11ikeozone-richreglOn･Thisisexpectedtobeareflection

Ofplanetarywaveamplificationthroughthenonlinearinteractionswithwavenumber2.
AnalysisbyⅡKS(1990)suggestedthattheamplificationofwavelmaybe?auSedby
eastwardtravelingwave■)WhichfrequentlyexistsduringwinterandearlysprlnginSII

(e･g･IIartmann,1976)･

4･1 Configurationofexperiments

Modelusedin this sectionis the sameas describedin theprevious section.Ozone

ChemistrylSneglectedinthisexperimentandtheinitialconditionoftheozonedensity

isthesameasFig･3･2･Thedi丑brenceisonlyplanetarywavesforcedatlowerboundary･

Itisassumedthatstationarywavelandtravelingwave2areforcedatthetropopause

levelandtheiramplitudesarekeptconstantafterashortinitialtransientperiod.Am-

Plificationofthewavelinthiscaseoccursinthestratospherethroughtheinteraction
Withwave2expectforduringthetransientperiod.

Bymakinguseofchangesinthegeopotentialheight,WaVeSWithwavenumbersl

and2areforcedatthelowerboundary(10km)･Themaximumforcingsarelocated
atthelatitudeof600S,andisgraduallyincreasedoverabout3daysandthenkept

COnStant･Bothwaveshavenophasetiltinthehorizontalplaneatthebottomboundary.

Thefunctionformsofthegeopotentialforclngatthebottomboundaryarewrittenas

●Wavel

申1=†∴町(1イ≠
l町(1イ布)sin2(3β-;)
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●Wave2

申2=
l町(1-e~布)sin2(3β一言)

[cos(2雨/乃)一言sin(2打ま/乃)】

0

_竺<β<2
~ ~

汀

石
<β<

打
一
6

,

一
打
一
2

Wherel申1[andl申2laretheforcingamplitudesofwavelandwave2,reSPeCtively.
T2istheoscillationperiodofwave2andTsthegrowlngtimefactorofthewaveswith

avalueof3days･TheamplitudeofthewavesatthelowerboundarylSCOnStantafter

theinitialtransientperiod･Thisassumptionofconstantamplitudeofthewavesatthe

lowerboundarylSidealized･Thewaveamplitudesmoreorlessvarytemporaryatthe

tropopa11Selevelintherealatmosphere.

Geopotentialheightsofthewaveswithwavenumbersland2arebothlOOmat

thelowerboundary(l申1r/g=l申21/9=100m).Theoscillationperiodofeastward
travelingwavewithwavenumber2is20d叩S･Theinitialzonal-meanWindusedinthis

experimentistheclimatologicalzonalwindinAugust(Fig.2.2).

4.2 Results and discussion

Thepolarstereographsofthetotalozone contentareshownin Fig･4･1･Atday21

(Fig･4･1a),theregionwiththeozonecontentexceeding400DU(ozone-richregion)has

thestructureofwave2;thecoresarelocatedat250Eand1800E/W.Longitudeinthe

modelisarbitrary･Thelongitude(入)inFig･4･1correspondstothegeopotentialforcing
giving"-Sin入"forthestationarywavelatlowerboundary･Atday24(Fig.4.1b),
theozone-richreglOnarOund700EexpandswhilethereglOnarOund1500Wshrinks.

Theozone content at650Eexceeds450DU･TheozonerichreglOnintheWestern

Ⅱemisphere continues to reduceits area･The areaofozone-rich reglOnin Eastern

Hemisphere becomeslargest at day27and gradually shrinks after then.The total

OZOneCOntentatthecenteroftheozone-richreglOnreaChesnear500DUatdays27and

30･ThestructureismovlngeaStWard)Whosespeedisabout150day-1duringdays

21-24andaboutlOOday-1duringdays27-30･

Thecharacteristicsofthehorizontaldistributionanditstemporalvariationoftotal

OZOneCOntentisquitesimilartotheobserveddistribution,eSPeCiallyduring6thto15th

inAugustin1988(seeFig･1･2)exceptforthepolarregion.Thetotalozonecontentin
higherlatitudethan7000bservedbyNIMBUS7islessthan300DUbutthecalculated

Valueexceeds400DU.This disagreement dependson theinitialozone concentration

basedontheclimatevalueinNⅡ･Theseasonal1yaveragedtotalozonecontentduring

Winterin NHis about400DU.Ontheotherhand,theozone contentin SⅡis about

300DUinA11guSt(Fig･1･1)･
The similarity between observation and the present experiments suggests that

quasl-Periodicexpansionoftheozone-richreglOnCanbeunderstoodintheframework

Oftheamplificationofplanetarywavewithwaven11mberlthroughtheinteractionwith
eastwardtravelingplanetarywavewithwaven11mber2･

Fig･4･2showsthedeviationofzonal1yaveragedtotalozonecontentfromitsinitial

Val11e.The maJOrincrease ofthe totalozone content occ11rSin midlatit11des around

600S.The characteristicsofozoneincreaseis basicallysimilar to the case ofwavel

amplificationinAugustandSeptembershownintheprevioussection(Fig･3･5)although
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Fig･4･3:Massstreamfunctionatdays18,24,30･

themechanismoftheamplificationisquitediffbrent･Thissuggeststhatamplification

Ofwavelenhancesthesubpolarmaximumoftotalozonecontentindependentlyon

mechanismoftheamplification.

Fig･4･3showstheresid11alcirculationat days21,24,and270btainedffomthis

experiment･Thedownwardmotionisslgnificantlyenhancedinthelowerstratosphere

atday24･Theperiodduringdays21-27isanexpansionstageoftheozone-richreglOn

(i･e･,amPlificationstageofplanetarywavewithwavenumberl).Thedownward丑owin
themidlatitudestratosphereisintensifiedduringthisperiod･Theozonecontentat550

(Fig･4･2)remarkablyincreasesduetotheenhanceddownwardnow(Fig.4.3).
PlanetarywavewithwaNenumberlisextraordinalyamplifiedwheneastwardtrav-

ellingwavewithwavenumber2isadditional1yenforcedn･Omthetroposphere･Inthe

CaSethatnoeastwardtravellingwaveisincorporated,200mofgeopotentialheightis
necessarytobep11tatthelowerboundary,inordertoobtainreasonablevaluesofto-

talozoneconcentration･Incorporationofeastwardtravellingwaveleadstowave-WaVe

interactionbetweenthetwowaves(aswillbedescribedinSection5indetail)andassoci-
atedenormo11SamPlificationoftheplanetarywavewithwavenumberl.Wavelreaches

almostthesameorderofamplitudeasthatgiveninSection3evenifenforcedgeopo-
tentialheightisonlylOOmatthetropopause.Bothcaseshavethesamekindofe鮎cts
toformthes11bpolarmaximumoftotalozonecontent.Itshouldbenotedthat11nuSual

WaVeamPlificationsdescribedinthischaptersometimesoccurinSHstratosphere･
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5 Mechanismofwavelamplification

duetotravelingwave2

Thesubjectsinthissectionaretosimulatethewave-meanflowandwave-WaVeinterac_

tionsintheSouthernIIemisphereandtoclarifythemechanismofwavelamplification.
Thehemisphericalmodelisusedforthenumericalexperiments･Theresultsareessen-

tial1ysamewiththosewhenthesphericalmodelisused.Theclimatologicalzonal-mean

WindsinSIIfromJulytoOctobershowninFig･2･2areadoptedasinitialwindsinthis

section.

TheresultsareglVeninSection5･1･InSection5･2,theanalysisofenergyand

POtentialenstrophybudgetofthewavesforthemosttypicalcaseispresented.The

amplificationmechanismofwavelis describedin Section5.3androles
ofthewave_

WaVeinteractionontheamplit11devariationaredisc11SSedinSection5.4.Somerelated

discussionispresentedinSection5.5.

5..1 Amplitudevariation

5･1･1AmplitudevariationunderAugustwindcondition

Firstofal1)theresultsareshownfortheexperimentuslngthemonthlymeanzonalwind

OfAngust(termedCaseAl)astheinitialzonalwind･Themaximumforcingamplitude
OfstationarywavelfromthetroposphereislOOmingeopotentialheight.Theforclng
amplitudeoftheeastwardtravelingwave2is alsolOOmwithaperiodof20days.

NowaveisglVenforwavenumber3componentinitially･Fig･5･1showsthetemporal

Variationofamplitude(a)andthelocationoftheridge(b)ofthewavesatthe40kmlevel

and600S･Inthisfiguretheamplitudeofwavel(thicksolidline)reachesthemaximum

Value(～2000m),Whentheridgeofwave2(dashedline)overlapsthatofwavel.Atthis
timetheamplitudeofwave2takestheminimumvalue･Thatis,theamplitudeofwave

2isnegativelycorrelatedwithwavel･Thelargeampli五cationofwaveloccursonly

OnCeforeverytwopassagesofwave2.ThisvariationistermedsubharrTWnicvariation.

Theamplitudeofwave3(thinsolidline)isverysmallcomparedwithwaveland2,

anditseastwardphasespeedis2/3thatofwave2.Thecharacteristicsofwavesland
2aresimilartothoseofobservedvariations‥AugusttoSeptember1971(Leovyand
Webster,1976),Angust1973(IIartmann,1976),October1983(SKH),andthelatter
halfofAugusttothefirsthalfofSeptember1988(ⅡKS)･
Theamplit11dedistributionsinlatitude-heightcross-SeCtionforwavesland2are

ShowninFig･5･2･Day72correspondstothetimeoftheamplitudeminimumofwavel

Whileday87isthetimeofitsmaximum･Thepositionsofthewavelamplitudemaxima

arelocatedat700S and42kmonbothdays.Theamplitudeofwave2maximumis

locatedslightlyequatorwardandslightlylowerthanthatofwavel‥650Sand32km,
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respectively･Theamplitudeofwavelextendstothelowermesosphere,Whilethatof

WaVe2isconfinedtothestratosphere.Thelocationandmeridionalextentofthewaves

arequitesimilartotheseofobservedwavesduringOctober1983(SKH).
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Fig･5･2:Amplitudedistributioninameridionalplaneatday72(left)and87(right).
Upperpanelsshowthatofwavelandlowerpanelswave2.Conto11rintervalislOOm.

Theverticalprofi1eofthephaseofthegeopotentialheightat600Sispresented

inFig･5･3･Thephaseofwavelistiltedwestwardwithincreaslngheightinthelower

StratOSPhere(below25km)withthetiltbeingverysmallabovethemidstratosphere.
Duringtheperiodofonepassageofthephaseofwave20VerWaVel,thephasetiltof

WaVelexhibitslittlechangeWhilethetiltinthelowerstratospherevariessomewhat.

Ontheotherhand,theeastwardtravelingwave2hassmallphasetiltinthestratosphere

duringthisperiod･Thephaseofwave2istiltedslightlywestwardwithincreaslngheight
beforethepassageandturnseastwardduringthepassage･Thischangeinthewave2

PhasetiltisanalogoustothatobservedinOctober1983.

Figure5･5shows the temporalvariation ofthe geopotentialheightfield at the
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kmlevelovertheSouthernHemisphere･Tworidgesexistontheoppositesidesofthe

POle)mOVlngeaStWardataspeedofaboutlOdegreesadayduringday72to78.The

PrOminentpatterninthisperiod canbe characterizedbywave2r･Duringthenext

Period)Oneridgeisintensifiedwhiletheotherisweakened･Asaresult,thewavel

Patterndominatesduringday84to90･Thispatternmovesataspeedof5-10degrees

aday･Theamplifiedridgedecayswithtimeandthepatternofday93returnstothat

Ofday72･Thistemporalvariationofthegeopotentialheightfieldisalsoverysimilar

tothatobservedduringOctober1983(Fig･5･4),buttheobservedpatternmovesabout
astwiceasthesimulatedpattern.

Fig･5･4‥Geopotentialheightfieldffomday72to91atthe30kmlevelintheSouthern
Hemisphere.Contourintervalis200m.

5･1･2 Resultsfbrvariousinitia12;Onal-meanWindsandwavefbrcing

Calc111ationsarecarriedoutundervariousconditionsinordertoclarifyhowthevariation
inwaveamplitudedependsontheinitialwindandwaveforclng･Theinitialconditions

arelistedin Table5･1and theindividualmonthly mean zonalwinds ftomJuly to

October,eaChofwhichwasusedasinitialwind,areShowninFig.5.6.Themonthly

meanzonalwindsareact11allycompositesofsatellitedataover5years丘om1973to

1978(Fleminget al･1988)･The calculated variationsofthe amplitudeofwavel

fortheindivid11alzonalwindsandvariousforclngareShowninFig.5.7.Here,abrief

descriptionoftheresultswhencomparedwithCaseAl(definedintheabovesubsection)
ispresented.

1)DEPENDENCYONINITIALZONALWIND
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Fig･5･5:Observedgeopotentialheightfield血omOctoberlOtoOctober17in1983at

the30kmlevelintheSouthernHemisphere･Contourintervalis200m.(fromSiotani

etal.,1990)

Table5.1:Parametersofthe calc111ations

ase Monthqfinitial Wavel Wave2 Wave3

ZOnalwind amplitude amplitude period amplitude period

JI JULY lOO m

AI AUGUST lOO m

SI SEPTEMBER lOO m

Ol OCTOBER lOO m

A2 AUGUST lOO m

A3 AUGUST lOO m

A4 AUGUST lOO m

A5 AUGUST 150m

A6 AUGUST lOO m

100m 20day Om

lOOm 20day Om

lOOm 20day Om

lOOm 20day Om

lOOm 15day Om

lOOm lOday Om

50m 20day Om

lOOm 20day Om

100m 20day 70m 13.3day

ー42-



5.ユ.AMP上ノJTmEm只上ATJOⅣ 43

《
u
･

】
ロ
コ
ト
【
ト
｣
∝

10
ロ ヨ0 60 0 30 60 ○ ヨ8 60 9 0 3ロ 6t】 gO

LRTITUDE【E]EB) LRTITUDE(DEG) LRTITUDE(DEG) LRTITUDE(DEB)

Fig･5･6:MonthlymeanzonalwindforJulytoOctoberinameridionalplane.Solid

COntOurlineswiththeintervalof5ms-1denotepositivevaluesanddashedlinesnegative

Values.NegativereglOnisalsoshaded.

Figure5.7ashowstheamplitudevariationsofwavelforinitialzonal-meanWinds

OfJuly(Jl),August(Al),September(Sl),andOctober(01).Theforcingamplitude
Ofthewavesandtheperiodofwave2atthetropopausearethesameasthoseinCase

Al.

TheJuly
westerlyjetislocated at400S and alevelof53km,Whichis shifted

aboutlOOequatorwardandlOkmupwardfromthatofAngust･Inthiscase(Jl),the
WaVelamplitudevarieswiththeperiodof20daysandreachesamaxim11mWhenthe

Phaseofwave20Verlapsthatofwavel.Thisf6at11reissimilartoCaseAl.InCaseJl

amplificationsofthewavelarealittlelargerbeforeday60butreachalmostthesame

magnitude.

ThejetcoreinSeptemberisshiftedlOOpolewardandlOkmdownwardfromthat

OfAugust)andthemaximumwindspeedislOms-11essthanthatofAugust･Inthis

CaSe(Sl),aSubharmonicvariationsimilartoCaseAIcanbeseenafterday20,eVen
thoughtheamplitudevariationsofthewavesareabout40%1essthaninCaseAl.When

theOctoberwind(01)isused,thevariationofwavelisquitedi丑もrentn･OmPreVious
Calc111ations･Theamplitudeofwavelreachesamaximumatday30andthengradua11y

decays.Theamplit11deisslightlyrestoredafterday60,b11ttheamplitudeisverysmall

COmParedwiththepreviouscases.Theperiodicvariationishardlyseen.Inthiscase,

Sincethehigh1atitudezonalwindfromthemidstratospheretomesosphereisreplaced
byeasterliesduetothewaveforcing(seeFig･5･8),theplanetarywavespropagationis
SeVerelyrestrictedintheeasterlyreglOn.

2)DEPENDENCYONPERIODOFWAVE2
TheresultsofcalculationareshowninFig.5.7bforthesameconditionsasCaseAl

exceptthattheperiodofwave2isreplacedby15days(CaseA2)andlOdays(Case
A3)･ForCaseA2thewavelamplitudevariesperiodicallywithaperiodof15days･The
Valuesofmaxlma,however,diffbrforeveryamplificationandthesubharmonicvariation
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doesnotappear.InCaseA3thewavelamplitudedisplqysthemaximawithalOday

interval.The subharmonicvariationappears after day60,but the amplitude ofthe

Variationisverysmal1comparedwithCaseAl.

3)DEPENDENPYONFORCINGAMPLITUDE
TheforclngamPlitudeofwavelorwave2is changedat thebottomboundary･

Whentheamplitudeofwave2isreducedfromlOOmto50m(CaseA4),thelarge
amplification does not occ11r and the amplitudevariesregularly with aperiod of20

days･Next,theforcing.amplitudeofwavelissettobe150m(CaseA5)･Thevariation

OfthepatternisveryslmilartothatofCaseAl,diff6ringonlyinthemagnitudeofthe

VariationbeingslightlylargerthanAl.
Finally)itis examined that the effbcts ofthe wave3forclng because the east-

Wardtravelingwavewithwavenumber3alsohastheamplitudeatthetropopa11Selevel

(IIartmann,1976)･Wavenumber3forcingwasaddedwithanamplitudeof70min

geopotentialheight and13･3daysin period so as tohavethe same phase speed as

WaVe叩mber2･Undertheseconditions(A4),theamplitudevariationofwavelissimi-
1artoCaseAlbeforeday50･Thenalargeamplificationbeginstoappearwithaperiod

Of40days,altho11ghthephaseofthelargeamplificationisoppositetothatinCaseAl.
Thereason ofunchangedresultsisthat wave3atthetropopauselevelisdifRcult to

PrOPagateintothestratospherebecauseofstrongwesterlywind.

Usingdiffbrentzonal-meanWindsandforclngforinitialconditions,itisrecognized

thatamplit11devariationsofwavesland2mustoccurduringthelatewintertoearly

SPrlngin the So11thern Hemisphere stratospherewheneverthestationary waveland

eastward travelingwave2coexist and both waves amplit11des are more than several

decametersatthetropopa11Selevel.

5.1.3 Comparisonof2;Onalwinds

Thezonal-meanWindsatdaylOOareshowninFig.5.8forthevariouscalculationsstated

above.In general,allthe stratospheric westerlyjets shift poleward丘om theinitial

POSition(Fig･5･6)exceptforCaseOl･Itisrecognizedthat somepatternsin Fig.5.8

are rathersimilartothat ofthefo1lowlngmOnthofinitiallyspecified month,i.e.,JI

COmParedwith
August,AlandA4with September,SIwith October.Inparticular,

thezonal-meanWindatdaylOOofCaseSlisverysimilartothatofOctobershownin

Fig.5.6.Itisconsideredthatthesim111atedvariationsoccurnotintheinitiallyspecified

monthb11tinthefo1lowlngmOnthsincetheobservedmonthlymeanwindsarealsounder

thein且uenceofthewaveforclng･Moreover,thissuggeststhattheseasonalevolution

duringlatewintertoearlyspring(i･e･,POlewardanddownwardshiftofthepolarnight

jet)isduetomainlythewaveforcing,Whichhasalreadybeennotedthroughanalytical

Studies(Ⅱartmannetal･,1984;ShiotaniandIIirota,1985;Mechosoetal･,1988)･
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5･2 Analysisofenergyandenstrophybudget

TheamplitudevariationobtainedinCaseAlexhibitsthemosttypicalcharacteristics

amongthecalculations;theamplitudeofthestationarywavelvariesremarkablyand

thesubharmonicvariationclearlyappears･Thissubsectionshowsresultsoftheanalysis

OftheenergyandpotentialenstrophybudgetsforCaseAl.

5･2.1 Energyconversion

Temporalvariationsofkineticandavailablepotentialenergyofthethreewaves,inte-

gratedovertheregionsfromtheequatortopoleofbetweenlOand30km(lowerregion)

andbetween30andllOkm(upperregion),areShowninFigs.5.9aand5.9b,reSPeC-
tively･InthelowerreglOn,thepotentialenergyofwavelisabouttwiceaslargeas

thekineticenergy･Thekineticenergyofwaveldominatesoverthepotentialenergy

intheupperreglOn,beingabout4timeslargerthanthepotentialenergy･Thismeans

thatwavelhasabaroclinicstructureinthelowerreglOnandabarotropICStruCturein

theupperreglOn,aSSeeninFig･5･3･Thekineticenergyandpotentialenergyofwave

2havethesamemagnitudeinthelowerreglOn･Thekineticenergyofwave2strongly

dominatesoverthepotentialenergyintheupperreglOn･Thedominancecorrespondsto

abarotropicstructureofwave2intheupperregion(Fig.5.3).Thekineticandpotential
energyofwave3areverysmal1comparedwithwavesland20VerbothreglOnS･Wave

3alsohasabarotropICStruCtureintheupperreglOnSincekineticenergydominates

OVerPOtentialenergy･ThetemporalvariationofthekineticenergleSOfthewavesin

theupperreglOnarequitesimilartothoseofthewaveamplitudesat600Sand40km

(Fig･5･1a)･Thediscussionisfocusedonthekineticenergyconversionintheuppelre-
glOnSincethetemporalvariationsaremoreremarkablethanthoseinthelowerreglOn･

AIsothekineticenergycomponentisdominantoverall.

TherateofchangeofkineticenergyforaglVenWaVenumbermcanbeexpressed

bythes11mOffiveenergyconversiontermsas

箸=C(∬m,gm)･叩ヱ,∬m)+叩m)+C(Am,瑚+坤m)･(5.1)
Thefirsttermontheright-handsideoftheequation,C(Kn,Km),rePreSentStlleCOn-
VerSion ofkinetic energy to waven11mber m from other wavenumbers.This termis

Calledthewave-WaVeinteractionterm･ThesecondtermC(K2,Km)istheconversion
Ofkineticenergyffomthezonalーmeanflowtowavenumberm･ThethirdtermC(En)

representstheconvergenceofthewaveenergyfluxandthefourthtermC(Am,Km)
theconversion血･Omthewave)s'potentialenergytothewave)skineticenergy･Thelast

termD(Km)isthedissipationofkineticenergyduetoRayleighfriction.andvertical

Viscosity･TheconvergencetermC(Em)integratedovertheupperregionlSequivalent
tothemeridional1yintegratedverticalenergyfluxataheightof30km(seeAppendix
D).
Figure5･10displaysthetemporalvariationofthekineticenergyconversionterms

averagedovertheupperregion･Thewave-WaVeinteractionterm(thicksolidline)of
WaVeloscillateswithaperiodof20days;thevaluesremainlngalmostalwaysnegative

duringtheperiodofthecalculation(Fig･5･10a)･Thisindicatesthatonthetimeaverage

WaVelsupplieskineticenergytowaves2and3.Thewave-WaVeinteractiontermofwave

2alsoosci11ateswithaperiodof20days(Fig･5･10b)･ⅡerethevalueofC(Kn,K2)is

POSitivewhentheinteractiontermofwavelhasalargenegativevalue,WllileC(Kn,K2)
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2receiveskineticenergy丘omwavelandsuppliesittowave3･Contrarytowavel)

theinteractionterm ofwave3is almost alwayspositive,the val11ebeinglarge when

theC(Kn,Km)termofwavelorwave2haslargenegativevalues･Thisindicatesthat
wave3receiveskineticenergyfromwavesland2･

TheC(Kz,Kl)andC(El)termshavealmostthesamemagnitudebutopposite
slgnS･Thisindicatesthattheenergy鮎Ⅹfromthe30kmlevelismainlyconsumedby

the conversionofkineticenergytothezonal-meannOW･Thesamerelationship also

appearsinwave2.FbrwaNe3,C(E3)isverysmallandC(Kz,K3)isalmostbalanced
byC(Kn,K3)･ThisbalanceⅡJeanSthatthewave3energysuppliedhomwavesland
2is consumedbythe converslOntOthezonalmeanflow.Conversionfrompotential

energytokineticenergyC(Am,Km)forallthreewavesisquitesmallcomparedwith
firstthreetermsinEq･(5･1),duetothebarotropicstructureofthewaves,aSPreViously

mentioned.Thelast
dissipation term D(Km)isnegligiblewhen compared with the

other terms.

After day30,therateofchangeofkineticenergyofwavel,∂Kl/∂i,displays
twolargepositivepeaksatdays42and83)andtwosmallpositivepeaksat days63

andlO3･Namely,1argeamplificationoccurswithaperiodof40daysas seeninthe

amplitude variation(Fig･5･1a)･The wave-WaVeinteraction
term
ofwavelremains

negative,eVen during allofthe amplificationperiods･Thatis?the wavelenergy

averagedovertheupperreglOnisnotsuppliedbythedirectconversionofenergyfrom

otherwaves.Itshouldbenotedthat C(Kヱ,Kl)suddenlyincreases duringtheearly

stageoftheamplification period(day40,60,80,andlOO)･The rapidincreasein

C(Kz,Kl)destroysthebalancewithC(El)andconsequentlyleadstotheamplification

ofwavel.

Afterthelargeamplificationsoccur?WaVeldecaysduringday47-60andday87-

100.At these times,the wave-WaVeinteraction term ofwavelis negativelylarge)

whileC(Kz,Kl)andC(El)almostcanceleachother･TheenergyofwaNelismainly
convertedtowave3andpartiallytowave2･Therefore,thedecayofwavelisca11Sed

bytheenergytransfbrtootherwaves･

ThevariationofC(El)isnotsynchronizedwith∂Kl/∂lalthoughthevariation

ofC(Em)islarge･ThevalueofC(El)intheupperregioniscontrolledbytheenergy

conversiontokineticenergyfromavailablepotentialenergyinthelowerregion(10-
30km)･

5.2.2 Potentialenstrophyconversion

The temporalvariationofwaveactivitycan beexpressedmoresimply bypotential

enstrophyanalysis.Therateofchangeofquasi-geOStrOPhicpotentialenstrophy(PE)
forglVenWaVenumbermisexpressedbythesumofthreeconversiontermsas

孟(拘=一三霊前霜+C(Mm)･恥),(5･2)

whereqmisthequasi-geOStrOPhicpotentialvorticity(PV)ofwavenumberm,and∂育/∂O
themeridionalgradientofzonal-meanPV･Thefirsttermontheright-handsideofthe

equation representsthe conversionofPEfrom the zonal-meanflowto wavenumber

m.ThesecondtermC(qn,qm)is
theconversionofPEffomotherwavenumbers to

TZWenumberm･ThethirdtermD(qm)representsthedissipationofPEduetoNewto-
nlanCOOling,Rayleighffictionandtheverticalviscosity･
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TaVenumberm･ThethirdtermD(qm)representsthedissipationofPEduetoNewto-
nlanCOOling,Rayleighfrictionandtheverticalviscosity.
Fig11re5.11showsthetemporalvariationoftherateofPE,schangeofwaveland

itsconversionterms,integratedovertheuppe∵egion(30-110km,equatOrtOPOle)･
TherateofPE'schange(middlesolidline)varleSWithtimesimilartothatofenergy
(Fig･5･10a)･The subharmonic variation appears to bemore clearin the wave-WaVe

interactionterm(thicksolidline)andthewave-me㌢nAowinteractionterm(dotted
line)forPEconversionthanthoseforenergyconverslOn(Fig.5.10a).

TIME t【】RY】

Fig.5.11:Temporalvariationoftheconversionofquasl-geOStrOPhicpotentialvorticity

for wavelofCaseAlaveragedoverupperreglOn.Middlesolidline representstime

derivativeofthe potentialvorticity.Dottedline represents theinteraction term the

Withzonal-meanflow(QwM),thicksolidlinethewave-WaVeinteractionterm(Qww),
dashedlinethedissipationterm(QDIS),andthinsolidlinethesumofthesethreeterms

(QⅣ〟+QⅣⅣ+Q以5)･

Fig11re5･11clearlyshowsthattheamplificationsofwavelduringday38-48and

day78-88arecausedbythePEconversion丘･Omthezonal-meanflowtothewave,While

thedecaysofwaveafterthoseamplificationsaremainlycausedbythePEconversion

to other wavenumbers.Forthe energetics analysis disc11SSedin previous subsection,

theenergyconversiontermfromthezonal-meanflowofwavel,C(Kz,Kl),isalways
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1･While,forthePEanalysis,thePEconversion丘omthezonalmean丑ow,C(qz,ql),
ispositivealmostalwaysduringtheperiodofcalculationandtheincreaseofC(qz,ql)
isdirectlyrelatedtotheamplificationofwavel･Namely,thevariationofenstrophyof

WaVelismainlycontrolledbythevariationofthewave-meanflowinteraction.

ThecauseofthevariationofwavelissamewiththatpresentedbyRobinson(1985).
Inhismodel)WaVelistravelingwestwardandwave2isstationary,Whilewavelis

Stationaryandwave2istravelingeastwardinourmodel･Robinson?s configuration
becomesequivalenttothatofpresentstudy,Whenthecoordinateistransfbrredtothe

rotatingcoordinatewiththesamespeedofthewestwardtravelingwave･Thissuggests

thatsimilarmechanismfortheamplitudevariationtakesplaceinbothstudies.
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5.3 Mechanismofwavelamplification

The analysisofenergyandenstrophybudgetsinthepreviouss11bsectionrevealsthat

the variation of the conversion term of wave-meanflowinteraction has an essential

effbctintheprocessofthewavelamplificationandthatofwave-WaVeinteractionhas

asecondary effbctsin the process.This subsection shows the mechanism ofwavel

amplificationinthelightofthequasi-1ineartheory.

5.3.1 Vムriation ofEPflux

Figure5.12showsEP丑uxofwavelatday72,76,81and91.Day72representsthe

dayoftheminimumofwavelamplitude,day81doestheamplificationstageandday

91isthedecaystage.

Direction ofthe EP fhx considerably changes throughthe stages.At days72

and76,thefluxaround600S changesitsdirectionfromupwardtoeq11atOrWardwith

increaslngaltitude.Ontheotherhand,thedirectionofEP且uxat day81is almost

Verticalthroughthestratosphere.Theamplificationofwavelintheupperstratosphere
isaresultofthefocusofEPfhxtothehigh1atitudesd11ringday79-85.Inthedecay

stage(day91),thedirectionofEPfluxinclinesagainlequatorwardsimilartothatof
days72and76.

Thetermoftheenergyconversionfromawavetothezonalmeanflowiscloselyre-

1atedtothedirectionofEPfluxbecausethemeridionalcomponentofEP丑uxispropor-

tionaltothelatitudinalmomentumtransport･ThetermC(Km,Kz)(=-C(Kz,Km))
Canbeconsideredastheproductofthemeridionalgradientofthezonal-mean丑owand

thepolewardmomentumAuxduetowavenumberm(theexactformulais shownin

AppendixD)･Thus,therapiddecreaseofC(Kl,Kz)inFig･5･10aisduetothechange

ofthedirectionofEP丑ux丘omequatorwardtoverticalinthestratosphere.

5.3.2 Ⅵhve-meanflowinteraction(Quasi-1ineartheory)

Figure5.13showsthezonal-meanWindandrefractiveindexsquare(RI)forwavelat
days75,80,85and90.RIfbrzonalwaven11mbermisdefinedasfo1lows

Qm=芸宗一m2一志孟･
(5･3)

Distributionofthezonal-mean丑owandthevelocityofthepolarnightjetinthestrato-

spheredonotchangeslgnificantlybutlatitudinalshearofthezonal-meanWindinthe

midlatitudesatday80isslightlyenhancedthanotherdays･
RIismorechangeablethanthezonal-meanWind･Thereareamaximumlineof

RIalong650inthestratosphereandaminimumlineinthemidlatitudesstratosphere

everystage･Theconsiderabledi鮎renceofRIatday80fromday75isappearance

ofanegativeregioninthemidlatitudesupperstratosphere(around500and45km)･
AppearanCeOfthenegativereglOnisaccompaniedbyextensionoftheminimumline

inthemidlatit11destothelowe.rmesosphere.Themaximumlineinthehigh1atitudes
alsoextendstothestratopauselevelatday80･FormationofthenegativereglOnOfRI

isaresultoftheenhancedlatitudinalshearofthezonal-meanWind(Fig･5･13b)･The
negativereg10naPPearatday78anddisappearatday82･Appearanceofthenegative

reglOnformsawaveguideinthehigh1atitudesstratosphere･ComparlngWithEPflux
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(Fig･5･12b,C)andRI(Fig12e,f),itisfoundthatthevariationofRIisfo1lowedbythe

VariationofthedirectionofEPflux･Namely,thefocusofEPfluxtotllehigh1atitudes
StratOSPhereisduetotheformationofthewaveguide.

TheinternaljetinstabilityconditionpresentedbyCharneyandStern(1962)is
Satisfiedwhen the negativereglOn aPPearS･However,itis di伍cult tointerpret the

ChangeofEPfhxasaresultoftheinstabilitybecausethekineticenergyconversion

血omthezonalwindtowavelisnegativeevenintheamplificationstage(Fig.5.10a).
ItshouldbenotedthatthedirectionofEPfluxdoesnotalwaysagreewiththe

maximumlineofRI･AlthoughthemaximumlineofRIexistsinthehigh1atitudesyet
duringdecaystage(Fig･5･13h),thedirectionofEPfhxinclinesequatorwardinthe

StratOSphere(Fig･5･12d)･TransiencyofthewaてemayCauSetheinconsistencybetween
thedirectionandRI･ThedirectionofEPfluxISalsoa鮎ctedbythewave-WaVeinter-

action as consideredin next subsection.

Figure5･14showsthewavedriving(EPAuxdivergencedividedbytheairdensity

andcosO)ofwavesl-3atdays74and82･Atday74,negativeregionofthewave
drivingofwaveliscenteredat550and35kmandthevalueofthewavedrivingsof

WaVeS2and3isverysmallcomparedwiththatofwavel.Inducedresidualcirculation

drivenbythewavedrivingslightlyacceleratesthepolarnightjetinthehigh1atitudes.
DecelerationofthezonalwindinthemidlatitudesduetothewavedrivlngOfwavel

leadstotheenhancementoflatitudinalshearofthezonalmeanwindintheequatorial

Sideofthepolarnightjet･Duringtheamplificationstage(day82),thelargenegative
Valueofthedrivingtermofwaveliscompensatedbythelargepositivevalueofwave

2(Fig13b,d).Positivevalueofwave3atday82contributesthenetaccelerationofthe
ZOnal-meanWindinthemidlatit11des.This acceleration weakensthelatit11dinalshear

Ofthezonalwind)WhichresultsindisappearanceofthenegativereglOnOfRIforwave

l･Thecontrastofthewavedrivingsbetweenwavelandwave2atday82indicates

theenergyandenstrophytransfbrbetweenthesewaves.

The process ofamplification ofwavelshownin this subsectionis summarized

asfo1lows･WavelpropagatesupwardandequatorwardwhichisaccompanylngWith

POlewardmomentumtransport･Thezonalflowisacceleratedinthehigh1atitudesand
deceleratedin the midlatitudes,Whichlead to the enhancement oflatitudinalshear

Ofthe zonal-mean Wind･In the courseoftime)the negativereglOn aPPearSin the

midlatitudesandthewaveguideformsatthehigh1atitudes.Then,WaVelpropagates
almostverticallyinthewaveguide†Whichleadstothewavelamplificationintheupper

StratOSphere.

This amplification processis essentiallysimilar tothat ofstratospheric sudden

WarmingfirstlyprァsentedbyMatsuno(1971),Whiledecelerationofthezonalwindis
VeryWeakinourslmulationbecauseofweaknessoftheforclngamPlitude.Ⅱ01tonand

Mass(1976)showedthatthewave-meanflowinteractionleadstoaperiodicvariation

Ofawaveamplit11deandzonal-meanWind.However,undertheconditionofSo11thern

Hemisphereadoptedinthisstudy,thezonal-mean丑owinteractiondoesnotcausethe

Periodicvariation.Indeed,ifonlytheinteractionbetweenwavelandzonal-meanflow

is
allowed11nderthesameconditionwith CaseAl,thestateofthestratospherefalls

in thesteadystatewheredecelerationofthezonalwindduetowavelvalanceswith

acceleration caused by di鮎rentialheating･The maximum amplitude ofwavelfor

Steadystateisabout1200mwhichisabouthalfoftheaveragedvalueoftheCaseAl.

This means that the wave-WaVeinteraction
causes the periodic variation around the

Steadystate.
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5.4 Role ofwave-WaVeinteraction

5.4.1 Role ofwavel-WaVe2interaction

ThedirecttransfbrsofenergyandPEtowavelduetowave-WaVeinteractiondonot

CauSetheamplificationofwavelasmentionedinSections4aand4b･Theinteraction,

however)muStPlayanessentialroleintheperiodicvariationofwavelasstatedinthe

lastofprevioussubsection.Here,thedetailsoftheroleoftheinteractionbetweenwave

land wave2are considered.

Thechangesofvorticityinwavelduetowave-WaVeinteractionarequalitatively

COnSidereduslngthevorticityequation･Undersimplifiedconditions,thewave-WaVe

interactioninthevorticityequationplaysfo1lowlngrOles;Whenthephasesofwavesl

and2areoverlapplng)thephaseofwavelmoveseastwardinthepolarsideofthewave

CenterWhileitmoveswestwardintheequatorialside･Inturn)iftheridgeofwave2is

locatedat900apartfromthatofwavel,thephaseofwavelmoveswestwardinthe

POlarsideandeastwardintheequatorialside･Furthermore)iftheridgeofwave2trails

WaVelby450,WaVelreceiveskineticenergyandPEfromwave2inthepolarsideand

SuPPliesthemtowave2intheequatorialside･Whentheridgeofwave2is450ahead

Ofwavel)theenergyandPEconversionareoppositetothepreviouscase.Detailsof

thediscussionarepresentedinAppendixD.

Temporalvariationsofthe conversionofkineticenergyduetowave-WaVeinter-

actionsintheupperregion(30-110km),integratedovertheequatorialside(00-600)

andpolarside(650-900)ofthepolarnightjet,areShowninFig.5.15.Thewave-WaVe
interactiontermofwavelvariesoppositetothatofwave20nbothsidesofthejet.
Thisindicatesthatwavesland2periodical1ytransfbrenergleSeaChother.Variations

OVertheequatorialandpolarsidesarealsonegativelycorrelatedforbothwavesland

2.

BycomparlngFig･5･15andFig･5･1b,thefo1lowlngrelationshipcanbedetermined.

Theinteractiontermofwavelhasanegativepeakontheequatorialsideandapositive

peakonthepolarsidewhenthewave2ridgelagsapproximately450behindthephase

Ofwavel･Converselythetermhasapositivepeakontheequatorialsideandanegative

Peakonthepolarsidewhentheridgeofwave2isabout450aheadofwavel.The

relationsagreewiththosepredictedfromthevorticityequation(cf･AppendixE).This
COntraStinvariationbetweentheequatorialandpolarsidescauses theshiftofwave

CenterSOnthemeridionalplane･Indeed)thepositionofwavelamplitudemaxlmum

Shiftspolewardafbwdegreeafterwavelreceivesenergyinthepolarside(Fig.5.2).
Theotheref艶ctofwavel-WaVe2interactionsonwavelistoshiftthephaseof

WaVeleithereastwardorwestward(AppendixE)･Thephasemovementchangesthe
directionofEPfluxsincethephasetiltonahorizontalplaneiscloselyrelatedwiththe

meridionalcomponentofEPfhx.

Figure5･16showsthephaselinesofthewavesatalatitudeonpolarside(750)and

thatonequatorialside(450)･Atthepolarlatitude(Fig.5.16a),thephaseofwavel

moveseastwardwhenthephaseofwaveland2areoverlapped.Whenthelongitudinal
locationoftheridgeofwave2iswithin80-1000fromthatofwavel,itmoveswestward.

Thisphasemovementofwavelisthesameasthatpredictedfromthevorticityeq11ation･

Theorderofthemovementvelocityofwavephaseestimatedby(E7)inAppendixEis
lOOday-1whenwave2amplitudeisassumedtobe400m.Theeastwardandwestward

movementvelocitiesinFig･5･17aareabout30day-1andlOOday-1,reSPeCtively･These

Values are comparable with theestimated value.Namely,the wave-WaVeinteraction
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Thephasemovementofwavelatalatitudeontheequatorialside(Fig･5･16b)does
notagreewellwiththatpredictedfromvorticityequation･Whenthephaseofwave2

0Verlapsthatofwavel(days32,69,andlO9),thephasemovementofwavelchanges
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directionfromeastwardtowestwardwhileit waspredictedtomovewestwardd11ring

theoverlap･Thephasemovementofwavelisoppositetothat predicted?Whenthe

ridgeofwave2diffbrsby900fromwavel(days72,92,andl12)･
Thephasemovementofwavelisalsoaffbctedbythechangeoftherefractiveindex･

ThetimlngOftheeastwardmovementofwavelphaseinthemidlatitudesafterday30

coincideswiththeappearanceofthenegativereglOnOfRI.Thus,itisconsideredthat

thephasemovementinthemidlatit11desiscontrolledbythechangeofRIratherthan

thewave-WaVeinteraction.

Inthiss11bsection,theroleoftheinteractionbetweenwavelandwave2wasex-

plored･Thewave-WaVeinteractionresultsintheperiodicenergyexchangebetweenthe

wavesandaltersthehorizontalphasetiltofwavel.Duringfirst halfoftheamplifi-

cationstage,thewave-WaVeinteractionemphasizesthefocusofEPfluxofwavelto

thehigh1atitudes stratospherethro11ghthe phasemovement･The
direct energyand

enstrophytransfbrtowavelfromwave2shiftsthepositionofamplitudemaximumof

waveltothehigh1atitudesduringthelasthalfoftheamplificationstage･

5.4.2 Role ofwave3

Wave3alsohas animportantPartinthesystem ofwave-meanflowinteractions,al-

thoughtheamplitudeofwave30nlyreachesabout250minmaximum･Whenwave3
isexcl11dedfromthesystem,thecharacteristicsoftheamplitudevariationdiffbrconsid-

erablyfromthosewhenwave3isincluded･Thevariationofthewaveamplit11de)When

wave3isexcluded,isshowninFig.5.17a,Calculatedunderthesameconditionsofinitial

zonal-meanWindandwaveforclngaSinCaseAl.Theamplitudeofwave2isaslarge

aswavelandtheamplificationsofwavesland2areratherwellinphase.Moreover,

thesubharmonicvariationdoesnotappearandthevariationismorerandom.

When wave4isincludedin thesystem(i･e･,thetruncation numberis4),the
variationofwaveamplit11deisslightlymodifiedfromCaseAl.Theamplitudevariations
ofthefo11rWaVeSareShowninFig.5.17b.Thecharacteristicsofthevariationsarequite

similar to those ofCase
Alexcept that the shapes ofthe maximum peaks ofwave

amplitudearesomewhatsharp･IIence)itisconcludedthatthesystemofthevariation

isalmostclosedtotheinteractionsamongwavesl,2,3andthezonal-mean丑ow･

The wave-WaVeinteractiontermbetweenwavesland2inthe vorticityequation

generatesnotonlywavel,butalsowave3(cf･AppendixE)･Indeed,thewaveinterac-
tiontermofwave3iscomparabletothoseofwavesland2(seeFig･5･10)･Therefore,
wave3m11St beinvolvedinlthe systemin orderto sim111atetheinteraction between

planetarywavesandthezonal-meanflow･Ontheotherhand)WaVe4isgeneratedby

theinteractionbetweenwavesland3,andtwoofwave2.Thesemaynotbeessential

withinthepresentsystem;thefirstinteractiontermisnegligibleduetothesmallness
ofthewave3amplitudeandthesecondinteractionis alsosmallcompared withthe

interactionbetweenwavesland2becausetheamplitudeofwave2isus11allysmaller

than wavel.

-61-



62 JⅣTERACTJOⅣ月ETⅥ/E丘:ⅣSmTJOⅣA月ylヤAVEIAⅣD TⅥAVE⊥ヱⅣGⅥ仏VE2

5.5 Summaryanddiscussion

Ithasbeenshownthatthelargetemporalvariationofquasi-Stationarywavelresults

from theinteractionbetweenwaveland theeastwardtravelingwave2.The calcu-

1atedresultswerefo11ndtohavesimilarcharacteristicstothoseobserved,Whichcanbe

s11mmarized asfo1lows.

WaNelamplit11dereachesamaximumvalue(～2000m)whentheridgeofwave
20VerlapsthatofwaNel.Theamplitudeofwave2is negativelycorrelated towave

l.Thedegreeofamplificationvariesaccordingtotheinitialconditionsandforclng.In

manycasesthelargeamplificationofwaveloccursonlyonceforeverytwopassagesof

wave20VerWaVel･Thevelocityofthepolarnightjetisminimumwhentheamplitude
ofwavelreachesits maximum.

Fromtheenergeticsanalysis,itwas払undthattheamplificationofwavelresults

from the abrupt decreasein the conversionofkinetic energy to the zonal-meanflow

whilethedecaylSCauSedbytheenergytransfbrtowave2.Thisf6aturewasrevealed

moreclearlybytheanalysisofthepotentialenstrophyconversion.Theabruptdecrease

oftheenergyconversiontothezonal-mean丑owisd11etOthechangeofdirectionofEP

且ux.EP丑uxofwavelchangesitsdirectionfromequatorwardtoalmostverticalearly

StageOftheamplification･

The process ofthe amplificationis asfo1lows.Before the amplification,WaVel

PrOPagateS11pWardandequatorwardwhichisaccompanylngWithpolewardmomentum

transport.Thezonal-meanWindisacceleratedinthehigh1atitudesanddeceleratedin
themidlatitudes,Whichleadtotheenhancementoflatitudinalshearofthezonaトmean

Wind.Inthecourseoftime,thenegativereglOnaPpearSinthemidlatitudesandthe

WaVeg11ideforms atthehigh1atitudes･Then,WaVelpropagates almostverticallyin

thewaveg11ide.

Thewave-WaVeinteractionnotonlyresultsinadirecte立changeoftheirkinetic

energleSbutalsoaltersthehorizontalphasetiltofwavel･Thedirectenergytransfbr

duetotheinteractiontermisoppositebetweentheeq11atOrialandpolarsidesofthewave

Center,Whichleadstothemovementofthepositionofthewavecenter.Theinteraction

affbctsthedegreeofwave-meanflowinteractionthroughthephasemovementofwavel･
Duringfirsthalfoftheamplificationstage,thephasemovementd11etOthewave-WaVe

interactionenhanCeSthefoc11SOfEP且uxtothehigh1atit11des.Whilethedirectenergy
transfbrshiftthepositionofthewavecenterpolewardd11ringlaterhalfifthestage.

Fllrthermore,it wasfoundthatwave3andthevariationofthezonalmean丑ow

alsoplaylmPOrtantrOlesintheinteractionsystem･Ifwave3wasexcludedfromthe

system,thevariationwaschangedconsiderably丘･Omthatwhenwave3wasincluded･
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6 Conclusions

Theplanetarywaves?aSWellasgravitywaves?PrOPagatingintothestratospherefrom

thetroposphereplaylmPOrtantrOlesonthetransportsofmomentumandmaterialsin

the stratosphere.Divergencesofwavemomentumaccelerateordeceleratethezonal-

meanwindandinduceameridionalcirculationinthemiddleatmosphere･Dif艶rencesof

WaVeaCtivitybetweenSHandNHcauseasymmetricalpatternsofdynamicalquantities

and materials.

The zonal-meanCOlumnozonecontentinNHwinteris monotonouslyincreased

toward to the pole)Whilethatin SH has amaximumvalue at midlatitudes,Called

Su匝olarmaximum･Thefirstsubjectinthispaperistorevealtherolesofplanetary
WaVeStOformthes11bpolarmaximum.

TheactivityoftheplanetarywavesinSⅡisusuallyweakercomparedwithinNH.

IIowever?Slgnificantintraseasonalvariationsofthewaveamplitudeareobservedeven

intheSHstratosphere･ThemosttypicalvariationobservedinSIIisthequasi-Periodic

ampli五cationofwavenumberl･TheamplificationiswellmatchedwithoverlapplngOf

aneastwardtravelingwavewithwaven11mber2.

Theseconds11bjectinthisstudyistosimulatetherealisticvariationofhorizon-

taldistribution oftotalozone content throughinteractions ofstationary wavewith

WaVenumberlandeastwardtravelingwavewithwavenumber2.Thethirdsubjectisto

explorethemechanismofthewavelamplificationthroughtheinteractionwithwave
2.

Numericalexperimentswereperformeduslngthreedimensionalmodeltoexpress

transientdynamicalprocessesandaccompaniedozonetransports･Thesphericalversion

Ofthemodelwasusedtoexperimentscalculatingozonetransports(Sections3and4)

andthehemisphericversionwasusedtoexaminewavelamplification(Section5).The
knowledgespresentedinthisstudyares11mmarizedasfo1lows.

1･Theseriesofnumericalexperimentsofozonetransportsshowedthatplanetarywaves

in SHprod11Cethes11bpolarozonemaximllmatmidlatitudeandrealizetlleSeaSOnal

Changeofthelatit11dinallocationofthesubpolarmaximum.Totalozonecontentin

SIIwinterisincreasedmostlyinmidlatitudesaround400-500 andthepositionof

Subpolarmaximumgradua11yshiftspolewardfrommidwintertoearlysprlng･This

SuggeStedthattheseasonalvariationofthesubpolarmaximumiscontrolledbythe

Planetarywaves･Thecirc111ationinSⅡwinterdoesnotreachthepolarregionand
its downward motionis concentratedin midlatit11des.Thelocation of downward

motionshiftstohigherlatitudesastheseasonprogressessimilartothecorresponding
maximumofthe column ozone.

2.Thedifrbrenceofthemeridionalcirc111ationdependsonthestructureofinitialzonal-

meanwindineachhemisphere･Thezonal-meanWindinSⅡmidwinter(beforethe
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formation
ofhigh1atitudejet)forms equatorwardtilt ofrefractiveindex and then

PreVentSthepropagationofplanetarywavestohigherlatit11des･

3.Quasi-Periodic amplification ofwavelcan be simulatedin the丘amework ofthe

interactionamongstationarywavewithwavenumberl,eaStWardtravelingwavewith

wavenumber2and zonal-mean Wind.The calc111atedhorizontaldistribution oftotal

ozonecontentanditstemporalvariationhaveconsiderablesimilaritywithobservation

in SH winter.

4･Energeticsandpotentialvorticityanalysisrevealthemechanismoftheamplification･

The amplification ofwavelresults ffom the abruPt decrease associated with the

conversion ofkinetic energy to the zonal-meanflow.The decrease ofthe energy

COnVerSiontothe zonal-meanflow at thefirst stageofthe amplificationis d11e tO

the changeofdirection ofEP且uxofwavelfrom equatorward toalmost vertical.

Thewave-WaVeinteractionsalsocontributetoamplifywavel.Increaseoftheenergy
flowfromwave2andwave3towavel,isres111tedfromreductionofthehorizontal

(north-SOuth)phasetilt ofwavelratherthan adirect exchangesoftheirkinetic

energleS･

Numericalexperimentsin this study wereperformedunderidealized conditions

uslngmOdelsincludingdynamicalprocessesandsimplestradiativeprocessonly･The

Phenomenaocc11rrlngin the realatmosphere are more complex than simulated phe-

nomenainthisstudy･ThephenomenasimulatedinGeneralCirculationModel(GCM)
includingtroposphericprocessesandcomplexchemicalandradiativeprocessesarealso

COmPlicated.Therefore,thepresentedknowledgeinthis studyisexpected tobeex-

tracted丘omdataobtainedbyobservationsandGCMbycriticalanalysis.
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APPENDIX A

List ofSymboIs

a radi11S Ofthe earth

C Phasevelocity

DF WaVedrivlng

f Coriolisparameter

F Eliassen-Palmflux(EPfhx)(cf･Eq･(3･4))
H
scaleheight(=7km)

k zonalwaven11mber

NBV Brunt-Vais孟Iafrequency(=2×10~2sec-1)
q zonal-meanPOtentialvorticity

望k 諾慧慧諾芸Venumberm(cf･Eq･(3･5))
ま time

T temperature

f time

u,u ZOnalwindanditszonal-meanCOmPOnent

V,V meridionalwindanditszonal-meanCOmPOnent

研
residualmeridio叫Wind(cf･Eq･(3･2))

i6* residualverticalwind(cf･Eq･(3･3))
W,W Verticalwindanditszonal-meanCOmPOnent

Z

α

β

log-PreSSureCOOrdinate

Newtoniancoolingcoefncient

latitude

l/RF Rayleighfrictio血coe伍cient
L/z biharmonicverticaldi軌sioncoe伍cient(cf･Eqs.(2.6))
入 longitude

β 1atitudinalgradientoftheCoriolisparameter

Po basicairdensity(po=PseXP(-2:/H))
Ps Standardairdensityatthesurface(ps=1.3kgm-3)
4>l perturbedgeopotential

X,更 OZOnemlXlngratioanditszonal-meanCOmPOnent

O ang11larfreq11enCyOftheearth'srotation
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APPENDIX B

Ⅵねve-WaVeinteraction terms

The wave-WaVeinteraction termsin Eqs.(2.16),(2.17)and(2.18)arewritten as

払1lows:

For2<た<Ⅳ-1,

Aた

βた

Cた

ーe2g 毎〈諾

-e2g

αCOSβ
[∑陀軋几軋+∑門昭一た軋-∑乃軌+司
れ=1 Tl=た+1 れ=1

+ふ釦岩軋乃杭+ゑ軋た軋+貰恥抑os2頼れ=1

姦(よ

-e2g

αCOS♂
[∑乃(鴨-れ軋+軋れ軋)+∑乃(軋た軋+嬬_た杭)
れ=1 れ=た+1

-∑几(惰小暇+恥几嘲

+㌫誘釦岩祐一m軋+∑軋た杭+∑峨巾願osβ]
1

Ⅳ Ⅳ-ん

れ=1 れ=た+1 れ=1

･誓[(岩軋射嵐嬬誹･貰刷)]〉,几=1

主ミこ去αCOSβ
[∑乃(れ-m軋+軋れ㍍)+
m=1

-∑乃伍+湖上軋J斬几=1

+㌫扇釦買取一犯軋･
1

れ=1

jV

∑
m=た+1
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fbrた=1,

Al= -e2月'姦〈諾αCOSβ
1

αCOS2

β1

Cl

-e2月■姦(よαCOS♂

[∑乃昭一1軋-∑崎+司

議蟻軋1軋･貰町抑os2畔

[∑乃(軋1軋+昭一1軋)-∑畔+れ嬬+町m可
れ=2 れ=1

･よ㌶ほ笹1杭･左Ⅵ･淵cosβ】れ=2

+誓ほm=2
嬬_1軋+∑坑+乃嬬)

れ=1

ーe姦(孟[羞吼1軋+昭一1㍍)一貰吼れ鰐川巾叫
･ふ釦羞寛一1軋+貰n+抑os叶

fbrた=Ⅳ,

AⅣ

βⅣ

qv

-e姦(蓋貰軋闘志古紙軋胸s2軒乃=1

各〈よαCOSβ

αCOSβ

-e2g

姦〈よーe2g

Ⅳ-1

∑
れ=1

Ⅳ-1

∑
几=1

[貰

畔鵡･恥m仰㌫扇品(岩軋源osβ)
1

れ=1

軋れ軋〉,

晒卜鵡･軋れ叫･忘品(岩m-源os外れ=1
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AppendixC

Relationshipbetweenresidualcirculationandmaterialcirculation

Aresid11alcirculationderived丘omTEMtheorystrictlyrepresentsaLagranglan-

meancirculation(materialcirculation)onlywhentheplanetarywaveamplitudeisin-
finitesimalandthestateis steady(Andrews･andMcIntyre1978)･Indeed,aSShown
byIwasaki(1989),thecirculationobtainedbyapressure-isentropehybridcoordinate,
whichrepresentswe11Lagranglan-meanCirculationevenifthewaveamplitudeislarge,

issubstantial1ydi蝕rentfromtheresid11alcirc111ationobtainedbyTEMusedinpresent

st11dy.SclmeiderandGeller(1985)alsoconcludedthatthevalueind11Cedbytheresidual
circulationisoverestimatedabo11t50%fromatracerexperiment.
Toexamine thevalidityofrepresentationofamaterialcirculation byaresidual

circulation,WeCOmParetheozonedistributioncalculatedfromresid11alcirc111ationswith

thedistrib11tioninsection3.Here,OZOnedensityiscalc111ateduslngreSidualcirculation

basedonthefo1lowlngmaSSCOnSerVationeq11ation.

碧=-[忘品即cosβ)･詰(伽抒)],
where更isthemlXlngratioofzonal-meanOZOne.Calculationofozonedistributionin
thetextistermedas directcalculation andcalc111ationbasedonresid11alcirc111ationsis

termed asindirectcalculation.

Thevariationsoftotalozonecontentobtainedbytheindirectcalculation,Wherethe

standardforclnglSaPPliedinSHandNⅡmidwinter,areShowninFig･Cl･Inthecase

ofJulyinSH,thetotalozonecontentincreasesbothinmidlatit-1desandhigh1atit11des
tillday12.Thelatit11deofthemaxim11mincreaseislocated around500S,Whichis

similartothatobtainedbydirectcirculation(Fig.3.5).However,thesignificantozone
decreaseinhigh1atitudesisnotsimulatedbytheindirectcalculation･
ChatacteristicsoftheozonevariationinthecaseofJanuaryisbasical1ysimilarto

thatofthedirectcalculation.IIowever,theincreaseofozonecontentinhigh1atitudeis

about40%1argerthanthatbythedirectcalculation･Thisisconsistentwiththeresults

ofSchneiderandGeller(1985)･
Fromthecomparisonbetweendirectandindirectcalc111ationsoftotalozonecon-

tent,itisverifiedthatresid11alcirc111ationsapproximatelyrepresentmaterialcirculations

with some11nCertainties.
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APPENDIX D

Energyconversionterms

Theexactformulaforthesecondtermontheright-handsideofEq.(5･1)integrated

OVerthe11PPerreglOnCanbewritten

C(g湖=妄上町′2αCOSβdβ上三::m伽dz(嘉孟(叫+2tanβ⇒笥1,
whereumandvmarethezonalandmeridionalvelocitiesofwaven11mberm,reSPeCtively.

poistheairdensityandMthemassofairintheintegratedreglOn･Thesecondterm

inthebracketontheright-handsidearisesfromthemetricforce;thistermissma11er
thanthefirsttermexceptnearthepole.

Thethirdtermontheright-handsideofEq.(5.1)iswrittenas

叩m)=一志上灯′2αCOSβdβ上三::m伽dz(忘孟(玩cosβ)+諾(伽石瓦)〉,(D2)

wherewmistheverticalvelocity,and¢mthegeopotential.Withtheaidoftheupper

andlateralbo11ndaryconditionsof¢m=Oatz=110kmandO=0,900,theeq11ationfor
this term canbewritten as

c(瑚=妄上打′2αCOS呵伽拓]z=｡｡たm
(D3)

Consequently,thistermisequivalenttothemeridionallyintegratedverticalenergyflux

at the30kmlevel.
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APPENDIX E

E鮎cts ofthe wavel-WaVe2interaction on wavel

Thetemporalchangeofvorticityduetotheinteractionbetweenwavelandwave

2arlSlng丘omadvectiontermcanbewrittenas

∂( ∂(1 ∂(2 ∂(1 ∂(2

前=~祝2す言【叫す㌃~γ2す訂~γ1布,
(El)

where(isthevorticity,uthezonalwind,Vthemeridionalwind,Xandythelongitudinal
andlatit11dinalaxes,reSpeCtively.S11bscriptswiththevariablesdenotethewaven11mber.

Itisassumedthat themaximumamplitlldesofwaveland2arelocatedatthesame

latitude(y=0)andthephaseofthewavesdonottiltinthehorizontalplan?･The

wavesareconfinedinachannelwiththewidthofL(=7T/l)･Conseq11ently,byuslngthe
geopotential)thewavesareglVenby

¢1=AICOSkxcosly, ¢2=A2COS(2(kx+?))cosly, (E2a,b)

where Aland A2are the amplitudes ofwavesland2,reSPeCtively･kis the zonal

wavenumber with k=1if xis writteninlongitudinalunits ofradians･Pis the

di鮎renceinthelocationoftheridgeofwave2fromthatofwavel･Moreover,itis

postulatedthatthezonalandmeridionalwindssatisfythegeostrophicrelationship

祝ン手記,γ=手記,
(E3a,b)

wherefisCoriolisparameterwhichisass11medtobeconstant･Thenthevorticitycan

be written
as

(=壬(蒜+蒜)¢･ (E3c)

1.Tendencywhen?=000r900

Thetemporalvariationofwavelisconsideredwhentheridgeofwave20Verlaps

that ofwavel.SubstitutingEq･(E2)with?=00intoEq･(E3)and afterthesimple

calculationofEq.(El)combinedwithEq･(E3),thefo1lowingformulaisobtained

芸=-&AIA2k3lsin21y(3sinkx･sin3kx)･(E4)

Thetemporaltendencyofthegeopotentialofwaveliswrittenasfo1lows?Withtheaid

ofEq.(E3c)

誓%AIA2品sinkxsin21y･ (E5)
Thisequationdenotesthatwaveltendstoshifteastwardonthepolewardsideofthe

wavecenter(y>0)andァestwardontheequatorwardside(y<0)･Thisisillustrated
inFig.Dl.

Ifthelocationoftheridgeofwave2is900fromthatofwavel(i･e･,?=900),the
phasemovementofwavelisoppositetothecaseofp=00･Namely?thevortextends

toshiftwestwardonthepolewardsideandeastwardontheequatorwardside･
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2･Tendencywhen?=4500r-450

When theridgeofwave2islocated450behindthat ofwavel(p=450),the
tendencyeq11ationofvorticitycanbewrittenas

芸=-&AIA2k3lsin21y(3coskx･cos3kx)･(E6)

WiththeaidofEq.(E3c),thetendencyofgeopotentialofwavelcanbewrittenas

筈-か1A2蒜sinねsin的･ (E7)
Thisequationdenotesthatwavelgrowsonthepolewardsideofthevortexcenterand

Weakensontheequatorwardside.

Iftheridgeofwave2islocated450aheadofthewavel(i.e.,甲=-450),thetendency
isthereverseofthatforp=450.Namely,WaVeltendstodecayonthepolewardside

andtoamplifyontheequatorwardside.
It sho111d be noted that the net energy and PE transfbr between waveland2

duetotheadvectiontermcannottakeplacebeca11SetheenergyandPEtransftrson

thepolewardandeq11atOrWardsidescancelseachotherinthissimplifiedconfiguration.

However,ifthephaseofawaveinahorizontalplanehasarelativetiltbetweenwave

landwave2,thetilt ca11SeS atimelagintheinteractionbetweenthepolewardand

equatorwardside.Inthiscase,netenergyandPEtransfbrstakeplace.
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