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山岳 強 制 波 を含 む 大 規 模 大 気運 動 の 非線 型 相互 作 用 の本 格 的 な研 究 は,

1979年 お よび1980年 にCharneyら に よって始 め られた。 彼 らはJ順 圧 大

気 中 で は 外 部7xeラ メ ー タが 同 じで あ って も安定 平 衡解 が2種 類 あ る事,そ

して,傾 圧 大 気 中 では 唯1種 の 安定 平 衡解 しか存 在 しない 事 を見 出 した.

Charneyら の研 究 は,大 気 の ブ ロ ッキ ング現 象 の機 構 の 説 明 を指 向 した も

の で あ った の で,非 線 型 相 互作 用 の研 究 と して は,十 分 に 系統 的 な もの で

は な か った 。

申請 者 余 田 成 男 の 主論 文 は.Charneyら と同様 に,山 岳 強 制波 動 を考 慮

した傾 圧 大 気 中 の 非 線 型 相 互 作 用 を数 値実 験 的 に研 究 した もの で あ る 。 申

請 者 の用 い た 数値 モ デ ル は,運 動 の鉛 直 分 布 は2層 で表 現 し,水 平 分 布 は

展 開 直 交 関数 の低 次 項 の み で表 わ す,い わ ゆ る低 次2層 モ デ ル で あ る 。

主論 文 第1部 で は.山 岳 強 制波 と東 西風 との 間 の 非 線 型 相 互 作 用 を研 究



して い る 。 ま ず,南 北 モ ー ドが1つ の保 存 系 に つ い て は共 鳴 条 件 を確 か め

る と共 に,平 衡 解 の 不 安定 性 には2種 類 一地形 に よる不安 定 性 と傾 圧 不 安

定 性 一が あ る事 を明 らか に した 。非 保存 系 では,外 部 パ ラ メー タの あ る範

囲 内 で,時 間 的 に 変 化 す る解 の多 重 性 を 見 出 してい る 。そ して ・安定 周 期

解 の周 期 が外 部 パ ラ メ ー タの 変 化 に伴 な って,2倍 ・4倍 とな る周 期 倍 化

現 象 の存 在 を明 らか に した 。

自 由波 動 を追 加 した場 合 を.主 論 文第 皿部 で研 究 して い る。東 西風 の不

安 定性 に つい て,山 岳 と同 じスケ ール の波 に対 して,他 の スケ ー ル の波 よ

り も不 安 定 な場 合 に は,山 岳 強 制波 は 自由波 動 と共 存 す る。逆 の場 合 に は.

山 岳 強 制波 が 時 間 の経 過 と共 に減 衰 して,一 定 の振 幅 と位 相 速 度 を もつ 自

由波 動 の み が 卓越 す る事 を見 出 してい る。 さ らに,東 西波 数 お よび南 北 モ

ー ド数 を増 や して,詳 細 な数 値 実験 を行 な った 。運 動状 態 は,南 北 温 度差

や 摩 擦 な どの外 部 パ ラ メー タの値 に依 存 して,4つ の 型 に 分類 で き る と し

てい る 。実 際 の大 気 で 見 られ る よ うな外 部 パ ラメ ー タの 値 の場 合 一大 きい

振 幅 の波 を含 む不 規則 変 動 が 現 わ れ る 。長 期 に わ た る時 間 積 分 の 結 果 を統

計 処 理 して,そ の 時 間平 均 値 と して検 出 され る停 滞 波 は,自 由波 動 の存 在

しない 場 合 に平 衡 解 と して 得 られ た 山岳 強 制波 とは ・明 らか に異 な る構 造

を有 してい る事 を 見 出 し,自 由波 動 の役 割 の 重要 性 を明 らか に した 。

参 考 論 文 の2篇 の論 文 は,い ず れ も大 規 模 大気 運 動 の非 線 型過 程 を取 扱

った もの で あ る 。 そ の1で は,回 転 水 槽 実 験 で流 れ の 模 様 が 変 化 す るい わ

ゆ るVacillationは,順 圧 過 程 と傾 圧 過 程 とが 交 互 に卓 越 す る事 に よ って

ひ き起 こ され て い る事 を明 らか に して い る・そ の2で は ・東 西風 と傾 圧 不

安 定 波 の 相 互作 用 を研 究 し,非 線 型 相 互作 用 の結 果 と して,エ ネル ギ ー過

程 に,約15日 の周 期 を もつ準周 期 的 変 動 が 生 ず る事 を示 して い る。
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Abstracヒ

A七wo-layer,quasi-geostrophic,low-ordermodeliscon-

structedtoinvesしigaしethenon].inearinterac七ionsbetweenthe

zonalflow,しopographicallyforcedwavesandfreebaroclinic

waves.工nPartIfreebaroclinicwavesareexcludedtodirectour

attentiontothezonalflow-・forcedwaveinteractions.

エntheconservati▽ecase,witheutexしernalthermaエforcing

anddissipation,equilibriumsoluヒionsareobtainedand七hereso-

nanceconditioninthepresent二 七wo-1ayermodelisexamined.

Multipleflowequilibriaarealsoobしainedinthenon-

conservativecase.However,unlikethebarotropicmodelof

CharneyandDeVore(1979),七heredonotexistt二wostable

equilibria.Amultiplicityofthetime-dependentsolutionsis

foundinacertainrangeoftheexternalparameters.Thereexisヒ

twoormorestableperiodic(oraperiodic)solu七ionsforthesame

externalconditions.Theselectionofasoluしiondependsonthe

initialcondition.

Astheexternal七hermalforcingParameterincreasesorde-

creasesbybits,七heperiodofastabieperiodicsolutioncanbe-

comedoubledrquadrupled,andsoon。Finallyaperiodicsoluヒions

apPearthroughしheperiod-doublingsequencephenomenon.



1.工ntroduction

Thenonlinearinterac七ionbe七weenthezonalflowandfree

baroclinicwaveswasinvesヒigatedinourpreviousPaPe「

(Yoden,1981;hereafterreferred七 〇asY81)usinga七wo-layer

quasi欄geosしrophicspectralmodelonaβ 一p工ane.工nY81itwas

shown七hat二thezonalf工ow-baroclinicwaveinteract二ionisoneof

thepossiblemechanismsforthequasi-periodicvariationinヒhe

atlnospherewithしimescalesof七wotothreeweeks.

Howe▽er,i七hasbeenwellknown七ha七plane七arywavesforced

bythelarge-scaleヒopographyandland-seadistributionsplayan

irapertantroZein七hegeneralcircuZaセionoftheatmosphereas

wellasfreebaroclinicwaves.Especially,quasi-stationary

phenomenasuchastheatmosphericblockingareconsideredtobe

stronglyinfユuencedbytheforcedplane七arywaves.Somenumerical

experimentswiヒharealist二iclowerboundarycondit二ionha▽eshown

thatヒheblockingiscloselyrelaしedtotheしopographyandland-

seadistributions(Kikuchi,1969,1971ラBengtsson,198工).

RecenしlyCharneyandDeVore(19793hereafヒerreferredtoas

CD)studiedtheinteracヒionbetween七hezonalflowand

topographicaユlyforcedwavesinabarotropicmodelwit=hvorticity

sourceandfrictionaldissipation。They七reaヒedthenonlinear

interactionexplicitlybyusinghighly-truncatedspec七ralexpan-

sionswithanidealizedしopographyofasingleFouriercomponenし.

工nacertainrangeofヒheex七ernalforcing七heyfoundtwos七able

equilit)riumstaしes(i・e・,steadyandstat二ionarystates)forセhe

sameexternalcondit=ions.Oneofしhesヒableequi工ibriumsta七esis

ahigh-indexcirculaヒionwithastrongzonalflowandasmall-

ampli七udewave.Theo七herisalow-indexcirculaヒion(orablock-

ingsヒa七e)wi七haweakzonalflowandalarge-amplit二udewave.The
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conceptofthemultipleflowequi⊥ibriashownbyCDisanewde-

par七ureferunderstanding七heblockingmechanism。

Mul七ipleequilibriainabaroclinicsysヒemwereinves七igated

byCharneyandStraus(1980;referredtoasCS)andRoads(1980)

withatwo-layermode1.Bothofthemobt二ainedmultiple

equilibriumsoluヒionsassociaヒedwithasinglewa▽ewiththe

gravestmeridionalInode.Buしonlythelow-index(blocking)state

isstab].eandtheredonotexisヒmulヒiplesしableequilibriaasin

thebarotropicmodelofCD.Theyalsoob七ainedsometime-

dependentsoluヒionsbynumericalintegrations.CShadaperiodic

solutionwhichischaracterizedbyawes七wardpropagatingwa▽e

inヒeractingwi七hafluctuaヒingzonalflow.However,their

numericalexperimenしswerenoしdone▽erysystemat=icallyandしhere

s七illremainsuncertaintyintheconditionsfortheapPearanceof

しhesしeadysoluヒions,periodicsolutionsandaperiodicsolutions・

工nヒhispaperwestudythenonlinearinteracしionsbetween

thezonaZflow,topographicaZlyforcedwavesandfreebaroclinic

waves,usingthehighly-truncatedspecしralmodeユofY81withsome

modifications.

工nPart工freebaroclinicwavesareexcludedtodirectour

aし 七enしiontot二heinヒerac七ionbetweenthezonalflowandplanetary

wavesinfluencedbya七 〇pography.Thesyst二emusedinPartIis

sirnilartothatinCS,exceptforthevaluesofヒheexternalpar-

ameters.Equilibriumsolutionsareobtainedincaseswithand

withouttheexternal七hermalforcinganddissipa七ioninorder七 〇

discussヒhe士esonancecondi七ionandthemultiplicityofsolu-

tions.Sセabilityoftheequilibriumsolut二ionsisalsoanalyzedby

solvinganeigenvalueproblemofヒhelinearizedequa七ions.Ina

non-conservaヒivecasewithsourceandsinkヒerms,nurnerical
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int=egrationsareperformedtoinvestigateヒheしime-dependentbe-

haviorofヒhesystemsuchasitsat七rac七ionしoasteadystate,

itsperiodicityandaperiodici七y.TheconditionsfortheapPear-

anceoftheseequilibriumsolutiontperiodicsolu七ionandap-

eriodicsoluヒionareexaminedby▽arying七heexternalparameters・

Theinteractionsbe七weenthezonalflow,topographically

forcedplanetarywavesandbaroclinicallyuns七ablewaves

(representedbyhigherharmonicsoftheforcedwave)are

investigatedinParヒ 工工.
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2.Modeldescription

Atwo-1ayerquasi-geostrophicmodelinamid-latitude

β一channelwasconstructedinY81,whichwasbasedonLorenz's

rnodel(ユ963)forthes七udyofthemechanicsofvacillationinthe

rotatingannulusexperiments.Hereweincludeaneffectofthe

surfaceヒopographyinthe皿odelthroughamodificationofしhe

lowerboundarycondition.Thegoverningequationsfor七hetwo-

layermodel(Fig.1)areasfollows;

thevorticityequa七ions,

錠 ▽2ψ 一
一 」(ψ

,▽2ψ)-J(τ,▽2τ )一 β畏+品 ・
9

錠 ▽2τ 一

一k(▽2ψ 一 ▽2τ)

一 」(ψ
,▽2τ)-」(τ,▽2ψ

十k(▽2ψ 一 ▽2τ)-2k冒 ▽2τ

)一 農+{識 ・ 一垂 ・

(2-1)

(2-2)

ヒhethermodynamicequaしion,

錠 θ=-J(ψ'θ)+轟 ω・
十H(θ ★ 一 θ) (2-3)

thethermalwindequation,

▽2θ=A▽2τ (2-4)

andthelower boundarycon .dition'

ω恥=・ 一 ρugJ(ψ 一τ,h) (2-5)
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Herethe

t

J(a,b)

▽2

ψ(Xr・y,t)

τ 《Xry,t)

ω(Xry,七)

θ(Xry,七)

e★(Xry)

h(x,y)

言

ρ

9

fo

β

2k

kl

H

A

whereCP

・aヒi・R/Cp

Iη

quiredin

physicallyconsisしentwith

determinedprimarily

energybudget

fo工10wingnotationisemployed3

ヒime

h・ ・i・・ntaエJac・bian《=殺 劣 一 器 袈)

h・ ・i・・nta・Lap・acian(=纂+蒜f)

horizon七alaverage 　
streamfunctionfortheverticallyaveragedwind

st二reamfunc七ionforヒheverticalwindshear

verヒicalp-velocity

meanpotentiaitempera七ure

prescribedequilibriumpotentialtemperature

しopographicheight二

horizontallyaveragedstaticsヒabiliヒy

airdensity(P、=1.225kg/m3)

graviヒationalacceleraヒion(9.8m/s2)

meanCoriolisparameヒer

variationofCoriolisparameterwithlatitudinallength

frictionalcoefficient二aヒt二helowerboundary

frictionalcoefficientattheinterface

heatingcoefficientforNew七 〇nianhea七ing

aconstan七dependingontheproper七iesoffliud,

A=f・ 喚{(睾1)K-(i÷)K}】`'

isthespecificheata七cons七anしpressureandKisthe

(Risthegasconsヒan七fordryair.).

(2-3)weassumeσtobeconstantinしime.Thisisre-

order七 〇avoidヒhe七hirdordernonlineari七yandis

thefact七haヒthestat二icsしabi⊥ityis

bymois七convection(seeCS).Ananalysisof

showsthatthesumof七hepotenしialandinterna1
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energyisconservedwhenfricヒionandheatingareabsent.There-

forethetotalenergyisnotconservedinthismodel.工nsucha

case,however,thesumofthekinet二icandavailablepo七entialen-

ergyisconservedifthelatterisdefinedby

APE=f者 芸・÷ ∫∫(θ 一す)2 dxdy (2-6)

Theverticalp-veloci七yat七hesurfaceiscalculaセedin

(2-5)byuseofヒhestreamfunct二ioninthelowerlayer.Inthis

formulaヒionofω 辱thetopographydoesnotgiveaneしcontribution

totheしimeraしeofchangeofkine七icenergy(Yao,1980).

Wetransform七heequations《2-1)。(2-5)intoaspect二ralform・

Firs七weexpandthefieldvariablesinor七hogonalfunctionsas

follows,

Fo=1

FA
m=Ec。 ・響

FKIi}=2・in響c。 ・1蜜

FLIil-2・in警 ・in…誉

(2-7》

whichsa七isfyt二helateralboundaryconditionsaty=Oand

y=π1」.Substit=ut二ingthespectralexpansioninto(2-1)一(2-5)and

eliminaヒingτandωcomponents,wefinallyob七ainaset二 〇fordi-

na・ydiff・ ・entialequati。n・f・r七heexpan・i・nc・efficient・'ψi《 七)

andθi(t)・ 《He・esubsc・ipヒii・ ・ne・fA皿'Kfi・ ・LB・)
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・■

・

孟
Ψ

　
=a

i-21Σ

j=1

　

kljCijk{(a」2

+(ψj一 θ」)hk-(ψ ビe
k

口k(ψ

i一 θi)

(・+詰 フ)6i
■

　

=a

i-2【 Σ

j=1

一a
k2)(ψjψk+θ ゴθk)

　

)hj}+β

j≧1

b..ψ 、]

■3J

(2-8)

k叩台十
2

k
a

2

一馬刊θk肌」
禽2ka一

2

.]
a
({

k.」・ユ
C

・]

cQ

v
乙

>k

一(ψ

j一 θj)hk+(ψk一 θk

+k(ψi酋 θ
i)-2k'θi

　
)hj}+β

,1、bijθj]

一 器7(θ
i・

■

一 θ

i)
(2-9)

Rereψisnon-dimensionalizedbyL2fo;θandσbyAL2fo,βby

f・/L;k'k雪andHbyf。,and七byl/f・ ・Thec。 ・fficient・ai'bij

andci」ka・egivenby

L・ ▽・Fi=-ai2Fi (2-10)

e工

蕊 ～Fj

　

=Σ

i=1

bijFi

　

=Σ

i=1

'

a
bij=LFi`53EFj

Cijk=L2Fi」(Fj'Fk)

(2-ll)

L2J(Fj'Fk) CijkFi' (2-12)

Wetruncate七heexpansionbyreヒainingafewcornponentsof

themeridionalmodem=1,2,..,Mandthewavenumber

n冨no,2no,..,Nno.Then(2-8》and(2-9)consヒituヒeaseヒof

2Mx(2N+1》ordinarydifferentialequations。 工n七hispaperweseヒ

M=10r2andN=1,20r3.Hencewehaveadynamicalsys七emwith

28degreesoffreedomforleas七severelyヒrunca七edcase(M=2and

N=3)・tr・blel・h・ ・5theinヒ ・・acti・nc・efficientcijkwithn・n一
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zerovalue.Thesys七emsforM=1candepicヒt二hewave-zonalflow

interacヒionstwhi工e七hoseforM=2candepicヒboヒht=hewave-zonal

flowandしhewave-waveinteractions.工fweputM=2andN=1,we

ob七ainthesamespectralequat二ionsasinCSexcep七forthevalues

ofconstantcoefficients.

Theparametervaluesusedinthepresentmodelaregi▽enin

theremainderofthissec七ion.AsinY81weadopヒaninfinite

channelonaβ 一planewithla七eralboundariesa七20。Nand70。N.

Then七heCoriolisparame七erfoandβaregi▽enasvaluesaセ450N:

f・=ユ ・・3x・ ・-4s-'(2 -、3)

β=ユ.61xlO-1ユm-ls-1

り
Thewa▽enuπ 竃bernisrelatedtothe20nalwavenumbern

inthela七i七udecirclea七450Nby

蓋=a・n。cos450/L
(2-14)

whereaistheradiusoft二heearヒh.Hereafterfiwillbeusedin

ロ

pracヒ ■ce・

Unlessotherwisementioned」weuseしhesamevaluesof

fricヒionalandhea七ingcoefficientsasinY81.Then

2k=0.02

kI=0・005

H=0.0ユ

(non-dimensional)

whichcorrespond七 〇e-decayingヒimesof5.63days,

ll.3days,respecti▽ely.

(2-15)

22.5daysand
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Werestricヒ ヒheprescribedpotenしialtempera七uretoiしs

f'rst・ ・na'c・mp・n・nteXゴA・ac・nt・ ・'exte・na'pa・am・ 七・・'eX・

willbevariedfromOtoO.2.Thecorrespondingtemperaturedif-

ferenceacrossthechannelisfromOKt二 〇 工50Kaし 七heradiati▽e

equilibriumstate.工nthispaperwedonoしdiscussaneffectof

thevariationofdiaba七ichea七inginthelongitudinaldirecヒion・

-2

Asforthestat二icstabilityweseし σo=5.64x工0,andin

dimensionalform2で テ/△P=30K/500mb.

Wedescribeしhesurfacet二 〇pographybyasinglecolnponenしof

hK至iwh'ch'sしhe⊥ 。westzona⊥wavenumbe「(fi・)andヒheg「a▽es七

meridionaユmode.Theamplitudeofthetopographyisfixedatlkm

(n・n-dimen・i・na・i・edva・ ・eh・9・=6…x・ ・-2)・(F・ ・ 七heea・th'・

topographyinmiddlelaヒitudes,しheampli七udesofthezonalwa▽e一り り
numbersn冨land2areroughlyユkm,andヒhaヒofn=3is600m.　
Amp】.itudesforn≧4aremuchsmaller.)
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3・Multipleequilibriaand七heirsセability(M=1)

工nPart工weseヒN=landinvestigatetheinterac七ionbeヒween

thezonalflowandtopographicallyforcedwaves.工nmos七highly

truncatedcase(M=1,N=1),weobtainadynamicalsystemofsix

equationsasfollows;

　

ψA=hO(zP

L-eL)-k(ψA一 θA)

9

ψK=一 α(ψAψ エ+eAeL》+β'・P

L--k(ψK一 θK)

　

ψ・=α(ψAψK+θAθK)-hn(ψ
A一 θA)一 β1ψK-k(ψ ガ θL)

(・+FO》6A=YO(ψKθL一 θKψL)-hO(ψ
L一 θL)+kψ バ2・ θA+F・HeK

の
('+Fn)θK=一(α+Yn)ψAθ 五 一(α 一Yn)e

AtlL+β1θL+kψK-2neK

('+Fn)6・=(α+Yn)ψAθK+(α 一Yn)θ
AψK+hn(ψ バ θA)一 β・eK+kψ ガ £nθL

whe・ethesupe・sc・ipt・andsubsc・ipt・ ・fAl'K呈andL呈a・e

omit七ed.Theposi七iveconstanヒsin(3-1)一{3-6)aregivenby

n2
α=「 亭 「 「丁CAKL

β'=下 ・告 、 β

il
F=-

u。(■ 「[r丁

　 　

YZ=-F■CAKLi=・ ・rn
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hi=_hKi2
+ICAKL

£i=k+2k・+FiH

whereCA
KL-一 誓n。

a.Resonanceintheconservativecase

Fir5七weconsiderしheconservaヒivecasebyse七tingk,k.and

Hequa工tozero.lfweputしhetimederivativesin(3-1)一(3-6)e-

qual七 〇zerotweobtaintwoseヒsofequilibriumsoluヒions.

Oneofthemisgivenby

ψA一 θA一 器 (3-7)

ψK=θK (3-8)

ψL=θL (3-9)

whereKandLcornponentscanbede七erminedarbitrarily.Thereis

noflowinthelowerlayerbecauseeveryψcomponentisequalto

thecorrespondingθcornponentandθi=τidueヒoしheしherrnalwind

・e・ati・nlエntheupPe・ ・aye・th・ ・。na・f・ ・w(ψA+θA)i・ 讐and

ヒhewavecomponenthasarbitraryampli七udeandphase.工nしhis

equilibriumst二atettheJacobiant二ermisbalancedwith七hebeta

ヒermandnoヒopographiceffectapPearsbecausethereisnoflow

inthelowerlayer.Thezona工flowintheupperlayerhasthe

valueforwhichaRossbywavewiしhthesamescaleasthat二 〇fthe
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topographybecomesstaしionary-Thisvaluecorrespondstoヒhere-

sonantvalueforしhebarotropiccaseinCD.Buしtheequilibrium

sヒaヒeinthepresen七caseisnoしaresonancebecausethewa▽ein

theupPerlayerisindependentoftheヒopography凸Notethaしt二he

resonanceconditionob七ainedinCSisincorrect二,whichisiden-

tical七 〇(3-7)in七hepresentnotation.

Theo七hersetis

ψK= hn(ψA-e
A){(α+Yn)ψ バ β'+α θA}/D

θK=-hn(ψ
A一 θA){α ψバ β・ 一(Yn一 α)θA}/D

ψ五=eL=0

D=(α ψバ β蟹){(α+Yn)ψ
A一 β1}+α(Yn一 α)θ 『

(3-10)

(3-ll)

(3-12)

(3-13)

whe・ethez。nalc・mp。nent・ ψAandθAhavea「bit「a「yvalues・ エn

thisequilibriumstatethreeterInsin(3-3)and(3-6),i。e.,the

Jacobiantermrthetopographictermandthebe七aterrniare

balancedforanyzonaユwind.Thewavecomponenしsarepurelyin

phase…uヒ ・fphasewiヒhth・ 七・p。9・aphydepending・nしhei・sign

ofIくcomponents.Whenthenumeratorin(3-10)or(3-11)isno七

zeroandthedenominatorDtendstozero,theampliヒudesofthe

wavebecomeposiヒi▽eornegaしiveinfinity・Thereforet=hecondi-

tionforresonanceis

D=Oandhn弓 ∠0

excepしforヒheindefinitecasesof(ψA'θA)

(3-14)

(畏'ξ1) and
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(祭'・ 畢 》・Thec・nditi・nD=・i・ane・ ・ipseinψA一 θAp・anef・ ・

α<Yn・Thi・inequalityi・ ヒ・an・f。.medt。 σ 。n2〈1
,andii・11f。 。the

parametersgivenintheprevioussection.

Themagnitudes・fψ
KandθKf・ ・ff=3a・esh・wninFig・ ・2-(a)

and(b)・Theresonancecurve(3-14)andsomeothercharacterist二ic

linesa・eal…h・wninFig・2-(c)・P・ ・i七i▽ ・ ψAindicatesしh・

weste「lymean・ ・naZwindandp・ ・itiveθAmean・ 七haヒth…nally-

averagedtemperaしuredecreaseswiヒhlaしi七ude.Resonanceoccurs

。nlyinth・weste・lymean・ ・nalf1・w(ψ

A・0)andtheg・eaterpa・t

ofresonancecurveexis七sforthewes七erlyflowint=helower

layer(ψA一 θA>0)・ エfthez・nalwa▽enumberfiisincreased,theres・-

nancecurveshifts七 〇ward七heoriginandヒheresonanしareade-

creases,because七hevalueβ ノ αisdecreasedinproportionto

l/fi2.

Nextweanalyzethelinearsヒabilityof七heequilibrium

solut二ions.Equations(3-1)一(3-6)areILinearizedforsmaユlper-

turbationsfrom七heequilibriumstate.Comparedwiththecon-

ventiona工baroclinicins七abiliヒyanalysis,七hepresen七systemhas

threedifferences=.(●1)aperturbaヒionofzonalcomponents,(2)a

basicstat=ewi七hwavecomponen七s,and(3)aninclusionof

topographic七erm.]」et二tingtheperturbationbeproportionalto

eσt,we・btain七h・g・ ・wth・ateσ 。asa・ea・pa・ ヒ ・fヒhec。mp・ex

eigenvaluesofthe6x6coefficienヒmatrix.工ftheeigenvalueσis

realandpositive,ヒheperしurbat二iongrowswithouしpropagat二ion・

Thisinsしabilitywastermedo【ographicform-draginstabili七yby

CS(Hereaftertheterm璽topographicinsしabilit二ylisusedinplace

of。orographicform-draginsしabiliしy1.).Ifσisacomplexnumber

withpositiverealparヒ,suchaninst二abiliしyisa

topographically-modified,baroclinicinstabiliしy(Weusetheterm
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璽modifiedbaroclinicinstabiiity・insteadofltopographi
cally--

modifiedrbaroclinicinstabilit二y曹forsimplicity.).

Fig.2-(d)showsthegrow七hratefort二hemostunstablemode.

Dottedareaistheregionoftheヒopographicinsしability,

obユique一 ユinedareaしheregionofthemodifiedbaroclinic

instabilityandヒheres七 〇f七hedomainisaneu七ralregion.The

equilibriumsolutionsaretopographicallyunstableoutsidethe

resonancecurveandneutralinsideitwithsomeexceptionsnear

しheorigin・ 工nしhet=opographicallyunstableregionthegrowth

「atebecomesla「geeithe「asthe・onalc・mp。nenし ・ ψ
AandθAap-

proachtheresonanceconditien,orasしhezonalflowinthelower

ユaye・(lilA-eAbbec・mesla・geinヒhe・ff-・es・nan七a・ea・Them・d-

ifiedbaroclinicinsしabiliヒysurpassestheしopographic

in・ しabiエi七yin七he・egi・n・fla・g・ θAand・malllil.一 θAl・ln。 ヒhe・

words,thezonalflowprofilewithlargeverticalshearandweak

flowin七he工owerlayerispreferredbyヒha七mode.Thegrowth

rateofthemodifiedbaroclinicdisturbancebecomeslargeast二he

zonalflowinthelowerlayerbecomesweak.

Thesestabili七ypropert二iesoftheequilibriumsolu七ionsre-

mainsimilarincasesofotherzonalwavenumbers.Buヒthearea

wherethemodifiedbaroclinicins七abili七ysurpasses七he

しopographicins七abi].iしyincreasesasthezonalwavenumberis

increased.

b.N6n-conservativecase

工fwetakeaccountof七heeffectsofheatingandfriction

describedinsecヒion2'thesys七emhasenergysourcesandsinks
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duetothezonaユ1ysymmetricNewヒonianhea七ing,ヒhefricヒional

dissipa七ionandヒheeddycomponen七sof七hediabaticheating.For

suchanon-conservativecasewecanobtainallequilibriumsolu一

ヒionsofequations(3-1)一(3-6)usingthesamemethodasしhatin

CS.

?resentedinFig.3arealltheequilibriumsolut二ionswi七hin

　
the「ange。fO≦ θ話 θ

A*f。 ・0・ θAr≦0・2・The・ 。nalwa▽enumb・ ・i・a-

gainfi=3・F。 ・0・eA・<0・ ・9ヒhe・eexi・t・ ・n・ytheHadley…uしi・n

withnowavecomponenヒs.工n七hesamewayasinCS,theHadley

solutionisgi▽enby

Hψ

A=θA=2k・ σ。+

ψK=θK=ψL=θL=0

θ 掬HA (3-15)

(3-16)

Thereisno七 〇pographiceffectforthissolutionbecausethereis

noflowintheユowerlayer.

Whenセheparam・te・ ・fdifferentialheatingeA★exceed・th・

c「iticalvalue((eA")
。=0・09)'七he「eapPea「tw。wavy・quilib「ium

soluヒionsindica七edbyWlandW2・Ast二heheatingParalne七erθA*

increases,thealnpliセudesofthewavecomponenしsbecomelarge,

while七hoseof七hezonalcomponen七schangeali七 七le.Thezonal

componenしsoftheequilibriumsolut二ionsareploヒtedinψA一 θA

planeofFig.2-(c).Bothwavysoluしionsarebifurca七edfromthe

Had・ey・Q・uしi・naヒap。inヒc・ 。seし ・(ψA,θA)=(器,暑)・TheW・

solutionsarelocaしedinsidetheresonancecurveintheconserva一

七ivecasewhile七heW2solu七ionsou七sideit.

Asthezonalwavenumberincreases,themagnit二udeofthezon-

alc。mp・nent・a七 七hebifu・ca七i・np・intdec・eases・ ψA=θA=0・084f・ ・
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の む
n=3,0.048forn=4andO.031forfi=5.Thesevaluesarea工soclose

ヒoβ 雪/2αforeachwavenumber.Forii=4andfi=5thereexistfour

wavyequilib・ium・ ・luti・nsf・ ・thesamee
A「kina・mall・ang・nea・

thebifurca七ionpoint.Additionaltwowavysolutionsappearasa

resultofbendingofthebranchofW2soluヒions.TheapPearance

ofnewwavysoluヒionsissirnilartot二haヒinCS.However,theap一

コ 　 ロ コ
pearance■sno七connec七edセ 〇 七heex■stenceofbothofbarocl■n■c

andtopographicinstabilityofヒheHadleysolutioncontraryしo

theirconclusion.For温=10r煮=2,0n七heotherhand,thereisno

wavysolutionintherangeofO<θ*く0.2.BecausethevalueofA
昌

β 曾/2αisO.750forfi=landO.187for孟=2. り
Thestreamfunc七ionsofヒhreeequilibriumsoluヒionsforn=3

andeA「k=O・ ユ5arepresentedinFig・4。TheHadleysoluヒionhasno

flowinヒhelowerlayer(Eqs.(3-15)and(3-16)).TheWlsoluヒion

isnearユyouヒofphasewiしhtopographyandtheW2soluしionis

nearlyinphase.Inboしhwavyso].utions,t二hetroughlinehasa

westward七i⊥t二withheight.Thestationarywa▽etransporヒshea七

northward.Thesumoftheconvergenceofしheheatfluxduetothe

Ineridionalcirculationandthestationarywavebalancesthetime

raセeof七hediabaticheating.ComparedwiththeHadleyso].uヒion,

七herateoftheheat二ingislargebecauseof七hesmallvalueofi

θA・

Nextweanalyzeヒhelinearsしabilityof七heequilibrium

so=Luヒionsinthenon-conservativecase.Fig。5showsヒhegrowしh

・aしes(σ 。)・fthepe・tu・baしi・n・Pu・e・eaエeigenvaluei・den・tedby

adotandeigenvaユuesofcomplexconjugatearedenoヒedbya

Pユus-sign・TheHadleysolu七ionissしableforO<θrk<0.09,A

t・p・g・aphicaiZyuns七ab1・f・ ・0・09≦ θA竺0・ll'andba・ ・clinically

unstable(influencedbyth・ ヒ・P・g・aphy)f・ ・0・ll<θA㌔N・t・ しhaし
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thepointatwhichtheセopographicinsしabili七yarisescoincides

withth・bifu・caしi・np・int・fthewavy…uヒi・n・'(e

A・)。 ・The

brokenユineinヒhefigureshowsthegrowthraしeinthecaseofno

topography,i・e・,しhepurelybaroclinicinstabiliヒy-Topographic

effectreduces七hegrowthrateandthenshif七sしhecri七icalvalue

t・la・ge・ θAさ

AlltheWIsoluヒionsaresセabletwhi工eW2solu七ionsare

baroclinicallyortopographicallyunsヒable.Thesestabili七yprop-

ertiescorrespondしothoseintheconservativecase:Equilibrium

solutionsinsidetheresonancecurveareneu七ralandthoseout-

sideitareuns七able(seeFigs.2-(c)and(d)). 、
工nthepresentcasetheredonoヒexistmu].七iplestable

equilibrialikethehigh-indexandblockingstatesinCD.Theon-

lystableequilibriumsolutionisヒheHadユeysolutionfor

θA★ 〈(eA「k)
。andtheWl・ 。1uヒi。nf・ ・ θA六 ≧(eA★)。 ・

Thisissimilarforfi=40r5=5withasmallexcept二ionnear

七hebifurcaヒionpoinし.Bothwavysoluヒionsarestablenearしhat

point.工ndeedtwostableequilibriurnsoluヒionsexistin七hesmall

り り
・angea・ ・undeA*=O・052f・ ・n=4andO・034≦ θA氏 ≦0・036f・ 「n=5・

However,nearthebifurcaヒionpoin七twowavysolut二ionshaveonly

smalldifferencefromeachother.Thereforethemulヒiplestable

equilibriainthepresent七wo-layermodelare'differenしfrom

thoseintheCDlsbarotropicmode]..

Som6numericalintegrationsareperformedtoclarifythe

globals七ructureof七hesystem(3-1)一(3-6).Traゴectoriesofthe

七ime-dependentbehavi・ ・a・ep・ ・ ゴecしed・n七 ・ ψA一 ψKandψA一 ψ、

planes(Fig.6).工ni七ialsヒatesareunstableequilibrium

solu七ions(theHadleyand七heW2solut二ions)wiしhsmallperturba-

tions.Theinitialbehaviordependsontheinitialcondotion.But二
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oncecap七uredbytheatヒracしorbasinoftheWlsoluヒion,thede-

penden七variablesasimptoヒicallyapProachtheWlsolutionwitha

similartraゴecしory.Thisbehavioragreeswiththelinear

stabilit=yanalysis(Fig.5):TheWIsolutionisastablefocus.

Attractionし 〇 七heWlsoluヒionrequiresaboutl,000timesteps(in

dimensionall12.5days).
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4.Systemwithtwomeridiona工modes(M=2)

a.Roleofthesecondmeridionalmode

工ntheprevioussectionwerestricヒedしhemeridionalmodeto

onlyonecomponen七.工nsuchacaseitisimpossible七 〇depicヒthe 　
barot二ropicprocessbyeddymomentumfluxrbecausethewave■s

symmeヒricinヒhehorizonヒalplanewi七houtヒil七ingofthe七rough

andridgelines.Time-varia七ionofthezonalcomponenヒisde-

terminedbytheeddyheatflux,ヒhe七 〇pographictermandしhefor-

cinganddissipationterms(Eqs.(3-1)and(3-4)).工fthesecond

meridionalmodeispermitヒed,i七becomespossibleしodepictthe

barotropicprocess.工nteractionsbetweさnthewavesofthefirs七

andしhesecondmeridionalmodescontribuヒetotheヒimevariaしion

ofzonalflowofthesecondmode(Tablel).

Whenwepermi七thesecondmeridionalmodebysettingM=2,we

obヒainadynamicalsys七emwithユ2degreesoffreedom.Equations

(3-IL)一(3-6)forthecaseofM=lconstituteasub-・systernof七he

presenセsystemwhenwetakeallt二hesecondmodecolnponenヒsequal

しozero.Therefore,theequi].ibriumsoluしionsob七ainedinthe

pre▽ioussecヒion(Fig.3)formaparヒoftheequilibriumsolutions

int二hepresenヒsystem(M=2)・

However,thisisnot七hecaseforM冨3,4,.。.,becauseしhe

in七eracヒionbetweenヒhelowestmodesproducesthehighermodes.

F。 ・exa・ ・p・erinthecase・ilM=3th・inte・acヒi。nbe七weenK、andL、

c・mp・nentsp・ ・ducesA3c・mp・nentaswella・Alc・mponen七because

・fcA
3K、L、 ≠0《seeY・den'1979)・lnsuchane就endedsy・tem・fM=3

ヒheequilibriumsolutionsin七hesystemofM=larenolongerone

partof七heequilibriumsolu七ions.

工nthepresentsystemofM=2itisdifficultヒoobtainall
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theequiiibriurnsoluしionsbyasimilarmannerasthatadoptedin

CS.Thereforewearenotconcernedwithセheequilibriumsolutions

withthesecondmeridionalmodeexceptforthesoluセionsobtained

bynumericalintegrations.

Thesヒabi工i七yoftheequilibriumsolutionsisexaminedby

Solvinganeigenvalueproblemofthel2x12coefficientmaしrixof

theユinearizedequations.Fort二heequilibriumsoluしionsofthe

firstmeridionalmode,thecharacteristicequationcanbere-

writteninしheproductoftwosixt二h-orderequationsofforthe

firstandthesecondmeridiona工modepert二urba七ions.Thestability

properしiesforthefirstmodeperturbationareidenticalto七he

resultobしainedintheM=lcase(Fig.5for温=3).Thegrowthra七e

forthesecondmodeperturbationisshowninFig.7.TheHadley

solutionistopographicallyunstablefor七hesecondmodeper-

tu・bati。ninthe・ang・ ・fO・04≦ θA*<0・054andba・ ・clinicallyun-

・七ablef・ ・0・054≦ θA「k-Inthecase・ffi=3七h・Hadley・ ・1uti・ni・

moreuns七ablewi七hrespecttoヒhesecondmodepert二urbaしionthan

七hefirs七m・def・ ・eA「kgO・ エ74・HQwev・ ・'theselecti・n・f七hem・ ・tり
unst二ablemodedependsonthewavenumber(e.9.,forn=5t二hefirst

modepert二urbationhasalargergrowthratet二hanセhesecondmode

ft) .Thisisduetoヒhedependencyoft二hestabilityformostofθA

crite・iaandヒheg・ ・wth・ate・nthesqua・e・fwavenumbe・(m2+n2》.

Boヒhofthewavysolutionsarebaroclinicallyunstable

(topographicallyaffecしed)・Hereweuse七he七erm'baroclinica工ly

un・ ヒable'inthesense・finstabilitywithσiヂ0(pr・paga七ing

disturbance).工ndeedbaroヒropicconversionしermsarealso

includedinしheperヒurbationequationsaswellasbarocliniccon-

versionterms.Notethat七heWlsoluヒionisunstablewiセhrespec七

ヒoしheperturba七ionsof七hesecondmeridionalmode.Thereforeall
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theequilibriumsolutionswhichwasobtainedint=hesyst二emofthe

fi「stm。dec・mp・nent・(M=1)a・eunstablef・ …04≦e
A'inしhep・e-

sentsystemofM=2.

b.Numericalsolut二ions

Whenallしheequilibriumsoluセionsofthefirstmeridional

modeareunsしableintheM=2system,theremayexisヒequilibrium

solutienswithヒhesecondmeridionalmodeorヒimedependenしsolu-

tionswhichareeitherperiodicoraperiodic.Somenumerical

inしegrationswereperformedtofindth>m.ApPearanceofthese

solutionsdependsontheexternalparameters.工nしhissubsection

thedependency。n七heexte・naユf。rcingPa・am・tereA"i・

investigatedbychangingt二heparameヒerbitbybiし.

The・e・uユ 七issumma・i・edinFig・8・F・ ・eA"!EO・038しh・ ・eap-

pearstheHadleysolutionevenifweincludethesecondmodeper一

ヒu・bati・n・Wh・ntheHadley・ ・luti・nbec・mesunsヒable(eA"=O・04and

O.042),twelvevariablesinthesysしemcon▽ergeヒoeitherofthe

twosteadyso工utionswithwavecomponentsdependingontheini-

tialconditions.Theequilibriumvaluesofeachcomponentare

listedinTable2.Twostableequilibriumsoluしionshavethesame

firstmeridionaユcomponent二sandha▽etheopPositesignofヒhe

secondとomponentseacho七her.Zonalcomponentsof七hefirsヒ

meridionalmodeandwavecomponentsofしhesecondmeridionalmode

havelargeamplitudeinしheequilibrium.1七isimpossible,

however,七 〇confirmthatしheseヒwosoluしionsareallthe

equiユibriumsolutionswithbot二hofthemeridionalmodes,because

theywereobしainedbynumericalin七egraヒionswithseveralinitia1
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conditions.

F・ ・eA「k=0・044andO・046the・eapPea・ 七w。pe・i。dic・ 。luti。ns

depending。ntheinitialc。nditi・n・T・aゴec七 ・・iesf・ ・ θ許0・046

P「oゴec七edonth「eephasep'anes(ψA
、一ψA2'ψA、 一ψK2andψA、 一ψL2

planes)areshowninFig.9-(a).Twoperiodicsolutionsare

oscillationsaroundしheunst二ableequilibriumsoluヒionsand七hey

aresymmeヒricwithrespecttotheaxisofヒhesecondmodecompo-

nentsψX

220(XisA・Ko「L)・NameZy。nepe「iodics。lutionhasthe

secondmodecomponentswi七hopPositesignofヒhatof七heo七her

s。1uti・n・Pe・i・d。fthe・ ・cillati・ni・74・3day・f。 ・ θ
A"=O・044

and79・4day・f。 ・eA★=O・046・ エnthesep・ ・i・dic・taしestheampli一

七udeandphaseofthewavecomponentsfユuctua七earoundamean

valueandthewavedoesnotpropagateヒoonedirec七iong

F。 ・ θAft=O・048'tw・pe・i。dics。1吐i・nsa・ec・alescentandthe

trajectoriesarecomplicat二ed(Fig.9-(b)).Thisisaヒransi七ion

stagefrorn(a)unsyrnmetricoscilla七ionwi七hrespecttothesecond

meridionalmodesto(c)symmetricoscillation.Symrnetricoscilla-

tion(b)hasbothof七hepropertiesoftheperiodicsoluしions(a)

and(c).Periodoftheoscillationisユ8ユ..7daysfor七hefirs七

Inodevariables.

F・ ・fu・ 七he・inc・easedθA悔0・05)the「eapPea「sanothe「

symmeヒricoscillaヒionwithrespec七 七〇 七hesecondmeridional

rnode(Fig.9-(c)).Thevariablesofしhesecondmeridionalmode

oscillateswithadoubleperiod(157.4days)ofしhefirsヒ

mode(78.7days).工nしhisperiodicstateal1しhewavecomponenしs

propagatewestward.Thereisnostructuralchangeoft二heperiodic

behavi・ ・inヒhe・ange・fO・0… 曇 θA撃0・2・AseA"inc・eases・wav・

amplitudesof七hesecondmodecomponent二sbecomelargebutoヒher

componentschangea工i七tle・Namelyt二heincreaseofヒhedifferen■
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tialheatingismainlycompensatedbytheincreaseofヒheeddy

heatfluxbyしhesecondmodewave.Theperiodoftheoscillations

d。esn。tdepend・nθ
A★s・muchanda・e60-70day・ ・

Theseperiodicsolutionsarenoヒsimilarヒothoseobヒained

inCS'inwhichヒhefirs七meridionalmodewavepropagatedwest-

wardwhileヒhesecondmodewavepropagatedeasしward.Thedif-

ferencebet二weenしheperiodicsoluヒionsisdiscussedindetaiZin

thenextsubsection.

c・Someotherresultswiしhhalvedfrictionaユparameters

Fortheexしernalparametersgiveninsecしion2,thereap-

pears。nly・neperi・dics。1uti・nf。rO・048≦ θA㌔H・wever'ヒw・ ・r

moreperiodicsolutionsarediscoveredinしhecaseswithasmall-

erfricしiona工parameterforthesameexヒernalconditions.工nthis

subsectionwehalvethevalueoffric七ionalparamet二ersusedso

far;2k=0.Olandk。=0.0025.Figs.10showthetwoperiodicsolu-

ti・nsf。reA「k=O・14・ エftheHadleys・luヒi・n・ ・ 七heWls・luti・n

wi七hsmallperturba七ionistakenasaninitialcondition,there

apPearstheperiodicsoluヒion(A)。Ontheotherhand,しheperi-

odicsolution(B)apPearsfortheinitialconditionof七heW2

solution.Heretheequilibriumsoluしionsofthefirstmeridional

modecoπnponentsdonot二changesubstantiallybyhalvingしhe

frictionaユparameしers,excepしforしheappearanceoftwoaddition-

alwavysolutionsbyしhebendingoftheW2branch.

Thefirstmodecomponentsofthesolution《A)haveaperiod

of49.9daysandthoseofthesoZution(B)haveaperiodoflO.l

days.工ntheperiodicsolution《A)thesecondmodewavehasa
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largeamplitudeandbothofthewavecornponentspropagatewest-

ward・ 工nしheperiodicsoluヒion(B),ontheotherhand,しhefirs七

modewavehaslargeramplitudeしhanthesecondmodeandthesec-

ondmodewavepropagaヒeseastward.Theperiodicsolu七ions

obヒainedin七heprevioussubsec七ionaresimilarto(A)andヒhose

inCSaresimilarto(B).

AseA「kincreasesordecreases'theperiodicsolu七ion(A》

doesnothaveas七ructuralchangeoftheperiodicbeha▽ior.On

theotherhand,thesolut二ion《B)hasaquiしedifferenヒbehavior

depending。nヒheexte・nalpa・amete・ θ
A㌔Thepe「iodofthe

oscillaしingsolutionsisplo七 七edinFig.1ユandsome七ypical

t「a」ect。 「iesp「ojecしedonψA
、一ψK2planea「ep「esen七edinFigs・12・

ThereapPears七heperiodicsolutionoraperiodicsoluヒionof

七h・type(B)f・ ・eA*.llO・ エ32・He・ethedisc・iminati・nbetweenpe・i-

odicandaperiodicsolutionsweretakeninしheinヒegrationsfor

30,000non-dimensionaltimesteps(indimensiona13,375days).Ap-

eriodicsoZutionisdenotedbyacrossontheabscissainFig.ll●

Figs.12-(1)and(2)aretraゴectoriesforbo七hoftheperiodic

「k=0 .135.Thesoluしion(A》issoluヒions(A》and(B)forθA

symmet二ricwithrespecttothesecondmeridiona工modebutthe

SOluしiOn(B)'isno七symmeヒric.

However,七hesolution(B)becomessymmetricintherangeof

O・1356.EeA".50・1454(Fig・12-(3))・Wh・neA★exceedsac・itical

▽alue(=0.1455》,七hesymmeヒryof七heperiodicsolutionbreaksdown

againwithrespecttothesecondmodecomponen七s.Thereappear

ヒwoperiodicsolutionsofしype(B),whichhavethesecondmode

componenヒswi七hoPPosi七esignseachother・Oneofthemareshown

inFig.12-(4).Periodofしhefirstmodecornponentsisdoubledand

equaltothatofthesecondmodecomponent二s・WithincreasingθA*

一24一



theperiod-doublingbifurcationstakeplaceandtherefinallyap-

pea「sanape・i・dic・ ・1uti。nf・ ・0・ ⊥508≦eA★ ≦0・153(Fig・ ・12マ(5)and

(6)).

WheneAeeisincreasedfurしher'七hereapPearsanotherperi-

。dic・ ・1uヒi。n・f78・7days(eA★=0・1531》and七hepe・i。d-haエ ▽ing

t「ansiti・nstakeplaceaヒe
A"=O・15325andeA★=O・15448

(Figs・ ユ2-(7),(8》and(9》).AgainaperiodicsolutionsapPear

within七he・ange。f。 ・1548
.5eA"≦O・1685(Fig・12-(10))・AセeA*=0・1686

periodicsolutionapPearsasshowninFig.12-(11)andtheperiod-

halvingtransiti・nヒakesPlacexateA「k=0・1819(Fig・12-(12)》 ・

F・rawide・ang・ ・feA"th・ ・eexis七aヒleas七tw。time-

dependen七soluヒions;Periodicsoluヒion(A),andperiodicorap-

eriodicsolution(s)of七ype(B).Thereisalargedifferencein

しhetime-dependentbehaviorbetweentheしwosolutionsof(A)and

(B).
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5.Discussion

工nt=heconservati▽ecaseofM=1weobしainedセheresonance

condition《Fig。2)●ContrarytoCS璽sresuit,ヒhereisaninfini七e

nurnberofcombinationsofmeanzonalwindψandmeanwindshearA

τA《=θA)whichsatisfy七heresonancecondi七ion(3-14) .Thisisa

distinctivefeatureofthebaroclinicatmosphere.工twasshownby

TungandLindzen(1979)that七hereisaninfinit二enurnberofwind

configurat二ions七haヒcansatisfythesingleresonancecondition:

Theresonancecondit二ionisafunct二ionofヒhemeanzonalwindover

thewho=Leregionbetweent二hegroundandtheturningleve1.The

resonanceconditionobtainedinsecしion3isaspecifiedonefor

ヒhepresenttwo一 ユayermodel.Theresonanceconditionforthe

barotropiccaseisψA=β γ αinthepresentnotationandis

incladedin(3-14)witheA=O・F。 ・thecase・f(ψA'θA)=

(響,・),wavec・mp・n・nし ψKhasinfinite▽a・ueandθK=-hn/yn.

Asregardst二he七 〇pographicinsヒabili七yweanalyzedセheline-

arstabilityoftheequilibriumsしaセesobtainedinしheconserva一

七ivecase.Mostof七hewavyequilibriaou七sidetheresonance

curveinFig。2arefound七 〇betopographicallyunst二able.Namely

七hepertu:bationembeddedinヒhewavyequi⊥ibriagrowswithout

propagation.Thegrowthraしeislargeevenintheoff-resonant=

areaande-foldingtimeisof七heorderofO.5-2.Odays.The

七〇pographicinsヒabiliしyisveryinしeresしinginconnectionwith

theamplificaヒionoflarge-scaleplanetarywaves。Ananalysisof

七heNMCしroposphericdaしashcwst二ha七inwintertirneplanetarywave

り つ　 の ロ
ofn=3arnplifleswithtime-scaleofseveraldayslnaquas■-

stationarysしaヒe(工 七〇h,1983)・

工nthenon-conser▽ativecasewi七hsourceandsinkしerms,we

obヒainedthemul七ipleequilibriumsoluヒions(Fig.3).Itisalso
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interestingしono七ethattheヒypeofbifurcationinthepresent

two-layermodelisdifferentfromthatinthebaro七ropicmode1・

工n七hepresentmodelnewwavysolutions(WlandW2solutions,

branchf・ ・mヒheHadley・ ・1旦 ヒi・nwh・ntheprimaryHadleys。luti・n

becomesunsヒable(cf・Fig.5) .Theloweringofthedegreeof

symmeヒryinthesystemヒakesplaceinconnect=ionwit=hthe

bifurcation:TheHadleysolutionhasnowavecomponenヒbuヒthe

wavysolutionsbranchofffromit.Thisisoneしypeofthe

bifurcationsapPearinginthes七eadyproblemofthefluid

dynamics(seeMatsuda(1982b)asforageneralaccounヒonthe

bifurcationsandsymmeセrybreakinginfluidphenomena).Anexam-

PleofthisしypeistheB6nardproblem,inwhichしheconvection

solu七ionbranchesofffromtheheaヒconductionsoluしion.

AsshowninFig.13forCD璽sbarotropicresult,onヒheother

hand,ヒheequilibriurnsoluしionsappea:saboveしhesnap

point(deno七edbyS).Theseareslightlyaboveresonancesoluヒion

(2)andhigh-indexsolution(3).Thereexist=threeequilibriaヒo-

getherwithpre-exis七ing,slight⊥ybelowresonancesoluヒion(S-).

ForalargeexternalforcingParameterψA★,thebranches(]一)and

(2)arecoalescentandthereexisヒsonlyしhesolu七ion(3》above

thecri七icalvalue(ouヒofrangeinFig.13).Becausethebranches

(1》and(3)arealwaysstableand七hebranch《2》isunstablet

this七ypeofbifurcationischaracterizedbyしheappearanceand

disapPea亡anceofapairofstableandunstablesolutions.Anex-

ampleofthist=ypeisfoundinしhemodelofthecirculaしionsys-

temsin七heVenusatmosphere(Matsuda,1980,1982a).

工fヒhesecondmeridionalmodecomponentsare

permitted(section4),thereexistseveral七ypesofsolut二ionsde-

pendingontheexしernalparameしers.AsshowninFig.8,七here
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takesplacea七ransiヒionofsoluしionswi七hincreasingeA★3the

Hadleysoluヒion今s七eadyso] .uヒion》unsy皿meしricperiodic・-solution

(vacil⊥aセion)→ ・sylnmeしricperiodic-soluしion(▽aciユlaセion).This

transitionresemblesthaしin七hezonalflow-baroclinicwave

interactionmodelwithout七 〇pography(Lorenz,=L963;Yoden,ユ979).

H。we▽e・'inthep・esentpa・am・t…ange・fθA㌔ 七he・ed。esn。t

appearしhecorrespondingupperHadleyregimeforaユargethermal

R・ssbynumbe・(oceA★)・Thi・diff・ ・encei・p・ ・bablyduet・ 七heas-

sumptionofconstantsヒaしicstability一 工nしheinヒeraction皿odel

ofLorenz(1963),thestat二icstabilityσoisdeヒer皿ineddynamically

andhasala・gevaluef・ ・1a・geθA*.士hisstabili・ati・n

suppressesthebaroclinicinstabiliしyinしheupperHadleyregime.

Forsrnallervaluesoffrictionalpara皿e七ers七hereapPear

irregularsolu七ions.Thisisalsoconsistentwi七hヒheresultin

ヒheinヒeractionmode二LsofLorenzandYodentinwhich七heヒransi一

七ionfromvacillationヒoirregularregimetakesplacewiヒh

increasingヒheTaylornumber.TheTaylornumberisinversely

proportionalヒothesquareoffricヒionalcoefficient・Thetransi-

tionsfromtheHadleysolutionヒoヒheirregularsoluヒionsvia

steadyandperiodicsoluヒionsaregeneralpropertiesof七henon-

linearbaroclinicsys七ems,alt二houghtherearesomedifferences

due七 〇 七heinc1usionof七hetopographyandtheassumpヒionofcon-

stanしst二aしicst二abiliしy-

Theperiod-doublingsequencephenomenonwasfoundincases

withsma工lerfrictionalparamet二ers(Figs.11andl2).Astheex七er-

nalf・ ・cingP・ ・ametereA「kinc・eases・ ・dec・easesbybit・'pe・i。d

oft二hest二ab工eperiodicsoluヒionbecomesdoubled,quadrupled,and

soon.Thisphenomenonisinterestinginconnectionwi七hヒhe

transiセionfromperiodicsolu七iont二 〇irregularone。Theperiod一
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doublingsequenceisalsoobtainedin七hebarotropicmodelofCD.

Fig・14isaresultforthebarotropiccasewith6degreesof

f「eed・m(M=2andN=1inCD)・Whenthee就 ・・nalf。 ・cingψA★exceed・

acriticalvalue(=0。205),ヒhereapPearperiodicsoluヒionsbya

H。pfbifu・cati・n(seee・9・,Ma・sdenandMcC・acken,1976)・A・ ψA★

increases,theperiod-doublingbifurcaしions七akeplaceandfinal一

ユyaperiodicsoluしionapPears.Thedependencyof七hesoluしionson

しheexしernalforcingparameヒerismorecomplicaしedinthetwo-

layermode1(Fig.ユ1)thaninthebarotropicmodel.Similar

period-doublingPhenomenawerealsofoundinthenumericalan-

a⊥ysesof七heampliセudeequat二ionsgoverningヒhedynamicsofa

weaklyunstablefinite-arnpZitudebaroclinicwaves(Pedloskyand

Frenzenr=L980;Pedlosky,1981》.Theydiscussedtherelationbe-

tweenヒheirresultsandtheworkofFeigenbaum(1978)ontheuni-

versalityof七heperiod-doublings七ructureinalargeclassof

recursionrelationsxn+1=λf(xn)・Howeverli七isdifficultヒo

clarifyしhestricしrelationsbeヒweenヒheresulセob七ainedhereand

しheworkofFeigenbaum(1978).Weonlyga▽esomenumericallyan-

aZyzedresu].七sforヒhedynamicalsysセemsapPIiedしoaproblemof

ヒheatmosphericcircu工aヒion.
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6・Surnmary

Atwo-layer,quasi-geostrophic,low-ordermodelinamid-

laセiセudeβ 一planewasconsヒructedしostudythenonlinearin七erac-

tionsbetween七hezonalflowandwavesint二hepresenceofthe

surfaceしopography一 工nPart工onlyonewavecornponentwasper-

mi七 七edinzonaldirection(N=1)andoneorしwomeridional

modes(M=10r2)wereconsideredforthezonalcomponentandthe

wave.

Inmos七highlytruncatedcase(M=1》,t=hemodelbecomesa

dynamicalsystemwith6degreesoffreedom.First二 〇fallwe

obヒained七heequilibriumsoluヒionsintheconserva七ivecasewith-

outtheexヒernalthermalforsinganddissipation.工 七wasshown

thatthereisaninfinitenumberofwindconfigurationswhich

sa七isfytheresonancecondition.Twokindsofinstabilit二yofthe

equilibriumsoluヒionswerealsoobtained,topographic

instability(growinginplace》andt二 〇pographica1]-y-modified

baroclinicinsしabili七y.

Forthenon-conservativecasemultipleflowequi工ibriawere

obtainedinour七wo-layermode1.However,thestableequi⊥ibrium

solutionisonlythelow-index(blocking)sセateasinCSand

Roads(1980).Thereisnocounterparヒofしhestablehigh-index

staヒeoftheCD璽sbarot=ropiccase.ThereforeiしisdifficuZtto

connect七hemultiplestableequilibriainCDdirectlytothe

blockingphenomenain七heatmosphere.

Ifthesecondmeridionalmodecomponentsareincluded(M=2),

allしheequilibriumso].utionsofthefirsヒmodecomponen七sbecome

unstableexcept二fortheweakHad1eysolu七ions.Bysomenumerical

inヒegrationsrseveralヒypesofsolutionswereobtaineddepending

onヒheexternalparameters.Theretakeplaceヒheヒransitionsof
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soluしions(Hadleysoluヒion-〉.s七eadysolu七ion→ ・unsymmeヒric

vaciliat=ion-i>symlneセricvacillation)withincreasingしhethermal

RossbynumberorwithincreasingtheTaylornumber.Theseしransi-

tionsaregeneralpropertiesofthenonlinearbaroclinicsystems

asinLorenz(1963)andYoden(ユ .979).Theperiod-doublingsequence

phenomenonwasfoundin七he七ransit=ionfromperiodicsolu七ionto

irreguZarone.

Besidesit,wefoundthemuZtiplicityof七ime-dependent

so=Lu七ionsinacertainrangeofext二ernalparame七ers.Thereexist

twoormoresセableperiodic(oraperiodic)soluしionsforthesame

externalcondi七ions.Oneofwhichissimilarし 〇 七heperiodic

solutionsobtainedinCS.Characterisヒicsofthetime-dependen七

behavioraredifferen七inヒhesesoluセions.Theselectionofa

soluヒiondependsonヒheinitialcondition.However,しhereisa

possibiliしyofヒhetransiヒionformoneperiodicstaしeしoしheoth-

e・staヒeiftheex七 ・malthe・malf・ ・cingθA"sl・wly▽a・ie・with

七imelikeaseasona1▽ariaヒion.
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Figurecapヒions

Fig.1 Two一 ユayerrepresenta七ionofthemodeユat!nosphere.

Fig・2(a)・Equilib・iumv・lues・fψ
Kf。 ・c・mbinati・n・ ・fψA

andθA(汽=3》 ・Th・ ・egi・n・ ・f・quilib・iumvaluesg・eaしe・

thanl・Oa・eshaded・(b)・Equilib・iumvalues・fθ
K・{c》 ・

Resonancecurveandth・eelines・fψA一 θA=O'

(α+Yn》 ψバ β'+α θA=・andα ψバ β'一(Yn一 α)θA=・ ・The・e

isalsoshowntheequilibriumso1utionsinヒhenon-

conservaヒivecase《t二heHadley,WlandW2solutions)。(d):

Linearstabiliしyoftheequilibriumsolutions.Grow七hrate

σrforthemostunsヒablemodeiscontoured・

Fig.3Equi工ibrium

(n=3).

solutionsinthenon-conservativecase

Fig.4Streamfuncヒionsoftheequilibriumsoluヒions(臼=3and

θ許0・15》 ・Phase・fth・f・ ・cedwav・ λandphasediffe・ence

betweenヒhelayers△ λarepresented.Surfaceヒopographyis

showninrighヒ ーboヒ ヒomwit=hnegaヒiveregionshaded.

Fig.51」inearsヒabiliヒyoftheequilibriumsoluヒions(fi=3)・

Purereaユeigenvalueisdenoヒedbyadotandeigenvaluesof

complexconゴugaヒearedenoしedbytheplussign.Brokenline

showsthegrowthrateinthecaseofnoヒopography一

Fig.6Projectionof

・nし ・ ψバ ψK(ヒop)

ヒhetrajecしoryofamplitudecoefficients

り
andψ バ ψL(boヒ 七〇m)planes(n=3and



eA★=O・2》.・nitiaエc・nditi・nsa・eden・ ヒedby

(left:Hadleysoluしion,right:W2solu七ion).

anasterisk

Fig・7Linears七abi工iヒyofヒheequilibriumsolu七ions(五=3)

withrespectセ 〇 七hepert=urbaセionof七hesecondmeridiona工

rユode・NotationsareヒhesameasinFig.5.Noしethatthe つ
scaユeoftheordinateishalfof七haセinFig95.

Fig・8Nume・ical・ ・luヒi・n・depending・nθA㌔T・aject・ ・ies・f

theperiodicsoluヒions(a-c)areshowninFig.9.

Fig・9Projecしionoftheヒrajectories

ontoψA
、一 ψA2(toP》'ψA、 一 ψK2(middle)

planes.Scaヱesin(b)and(c)arethe

ofperiodicsoluしions

andψAゴ ψエ21b。tt。m)
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Abs七ract

Nonlinearinteractionsbe七weenthezonalflow,topographi-

callyforcedwavesandfreebaroclinicwavesarein▽estigatedby

usingthetwo-layer,quasi-geosヒrophic,low-ordermodelcon-

structedinPart工(Yoden,ユ983).Anidealizedtopographyisgiven

byaFouriercomponentwith七helargestscalepermittedin七he

presen七mode1.

When七hezonalflowismoreuns七ablewithrespecttoafree

wavethanヒ 〇 七heforcedwaverthereapPearsafinalsteadystate

inwhich七hefiniteampli七udefreewavewithaconstantphase

velocitybalanceswiththemarginallystablezonalflowandthe

forcedwavedecaysout二.Ontheoしherhand,when七heflowismore

unstablewithrespecttoしhewavecomponen七directlycoupledwith

thetopographyetheflowsystemhasbothof七heforcedandfr.ee

wavecomponenしs・

Allthewavecomponentsarecoupledwiththe七 〇pographyin

ユeastseverelytruncatedcaseinしhispaper(two皿eridionalmodes

り り り 　
andthreezonalwavenumbersofnt2nand3nareperrnitted)。Then

theflowsystemhasseveralヒypesoftime-dependentbehaviorde-

pendingontheexternalparameterssuchastheexternalthermal

forcing,thefricヒionaldissipationandthesヒaticst=ability=

Steadyflowwithconstantforcedwaveandpropagatingfreewaveワ

periodicorquasi-periodicoscillationandirregularfluctuat二ion.

Fortheexternalparameセerscorrespondingt二 〇thereal

atrnospheret七hereapPearsanirregularfluctuationwithlarge-

ampli七udewaves.Statistica工relationbetween七hezonalflowand

wavesintheirregularfluctuationisinvestigatedoveraユong

しime-span.Theflowpatternateachしimesヒepisclassifiedinto



oneofthreecaしegoriesintermsofthemagnitudeof七hemean

zonalflow.Compositefieldsinthreecategoriesare

characterizedbythezonalityinthehigh-indexstaヒeandthe

moderaヒestateandbythemeanderoftheflowinヒhelow・-index

state・Whentheflowisinthelow-indexstate,bothofthemean

valueandverticalshearofthezonalflowaresmall,しhe り
sヒationarywaveshavelargeramplitudes,and七hetransienしwaves

havesmalleramplit=udescomparedwi七ht=hehigh-indexandthemod-

eraヒestates。Thestructureofthestationarywavesin七he

irregularfluctuaヒionisdifferentfromthatoftheforcedwave

intheequi工ibriumsolutionsinParし 工.



1.工ntroduction

Thispaperisthesecondparしofatwo-partreportonしhe

'nonlinearinteractionsbetweenthezonalflowandlongwavesina

two-1ayerquasi-geost二rophicmodelwiヒhtopography一 工n

PartI《Yoden,1983》alow-ordermodel(i.e.,ahighly-truncated

spec七ralmodel)wasconsヒructedandthezonalflow-forcedwave

interactionwasinvestigaしedbyneglectingしhecomponentsoffree

baroclinicwaves.Itwasre▽ealedヒhat七hemultiplestable

equilibriaasinthebarotropicmode工(CharneyandDeVorerl979》

donotexistintheparameterrangeofヒheear七h曹satmosphere・

However,themultiplicityof七ime-dependen七solutionswerefound

inthetopographicallyforcedplanetarywa▽esystem・In七his

PartI工freebaroclinicwavesareincludedtostudytheint=erac-

tionsbetweenthezonaiflowttopographicallyforcedwavesand

freebaroclinicwaves.

Frornastandpointof七heinしerac七ionsbetweenthezonalflow

andlongwavessomedifferenttheorieshavebeenproposedtoex-

Plaint=heblockingPhenomena(seee・9・,Austin'1980ラTreidl

eし.al.,Z981as・ ヒorecentobser▽ationals七udies)・Charneyand

DeVore《1979》andCharneyandStraus(1980)obヒainedmultiple

equilibriums七atesinlow-ordermodelswiヒhtopographyand

insisしedしhat七wosしablestaしescorrespondしohighandlow

indicesintheatmosphere.SoliセaryRossbywaveセheorywasap-

pliedtoヒheblockingbyMcWilliams(1980)andPaしoineand

Warn(1982).Implicationsofthelinearandnonlinearresonanceof

staヒionarylongwaveswerediscussedbyTungandLindzen(1979)

andTrevisanandBuzzi(工980).Fortheonseヒofblocking

Frederiksen(1982)consideredtheinstabilitycharacヒerisヒicsof

threedimensionalflowwithsヒa七ionarylongwaves・
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Numericaiexperimentshavealsobeenperformedtostudythe

dynamics・fbl。cking・ ・qua・i-・tati・na・ywaves
.Egge・(1978)P・ 。P-

osedしhatnonlinearinteractiensbe七weenforcedwavesandsユowly

m。vingfreewavesleadし 。ade▽el・pmen七 ・fthebl。ckingandex-

aminedtheideabyusingbarotropicandbaroclinic(two-一 ユayer)

modelswithaconsヒanttopographicforcing .Furtherdeveloprnent

　
ofEggertsworkwasperformedbySchilling(1982) .Heobtained

model-generatedblockingsinaseriesofnumericalin七e9「aしions

anddiscussedしheflowconfigurationandenergeしics .Yao(1980)

alsostudiedtheenergeticsforthemaintenanceofヒhequasi-

stationa「ywaves・Twotypesofenergycyclewereobtaineddepend-

ingonthemagnitudeofdifferentialheatingwiヒhlatiヒude.Fora

smal工gradient二 〇ftheheatingtheflowislessirregularand

kineしicenergyofthestaしionarywaveismainlyconvertedfrom

thatofthezona=Lcomponentthrough七heヒopographiceffectinthe

formofaverticalgeopotentiaZfluxatthesurface.Ontheother

hand,theflowbecomeshighlyirregularforalargergradientof

thehea七ingandthequasi-stationarywavesaregeneraしedmainly

bythebaroclinicinstabilityoftheiorcedwa▽es.Therearesome

differencesbeヒweenヒheirnumericalmodelsandt=hepresentmodel

on七heparameterizatiensoffrictionandhea七ing,theformulation

oftheしopographiceffectandヒhetruncationofspec七ralcompo-

nen七S.

Thegoalofourpresentst二udyisヒoin▽es七iga七eヒhein七erac-

tionsbet二weenthezonaユflowrforcedwavesandfreebaroclinic

wavesforabetterundersヒandingoftheblockingphenomena.工n

Parセ エitwaspoin七edoutthaヒ 七hemul七ipleflowequilibriain

thelow-ordermodelsarenotdirectlyrelatedtoヒheatmospheric

blocking.However,thereisapossibiユitythatニ ヒime-dependenヒ
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solutionsintheユow-ordermodelsmaygi▽eaninsighしtothena-

tureoftheblocking.

Theinfluenceofthefreebaroclinicwavesonthe

equilibriumand七ime・-dependentsolutionsinthezonalflow-・forced

wavesystemwillbeinvestigatedbyasヒepwiserelaxaしionofthe

truncationleve1.Fig.lshowstheschematicrepresentationofthe

interactionspermittedinしhesys七emsofseveraltruncation

ユeve1・Threecasesareconsideredinしhepresentstudy-Thesur-

facetopographyisgivenbyasinglecomponentofthelowestzon-

alwavenumber(ii》wit二hthegra▽estmeridionalmode(m=1).(In

PartIIt=hesamenotationsareadoptedasinPart工.)Themost

simplifiedsystem(casel)withbothoft二heforcedandfreewaves

islimitedヒoonemeridionalmode(M=1)andtwowa▽es(N=2).工n

thiscaseeachwavecomponentinteracしswiセhセhezonalcomponent

independently・ 工fwepermiしthesecond皿eridionalmodeand

harmonicsofthelowestwavenumber,i七becomespossible七 〇de-

scribethewave-waveinヒeractions.工nthecase20fM=2andN=2,

thereisonlyonetypeofwave-waveinteracヒion,inwhich(1,fi》,

(2,fi)and(1,2臼)componentsarecombinedwithoneanotherbyしhe

Jacobianヒermandthetopographicterm.Hereafterしhefirsヒ

integerineachparenthesisrefersto七hemeridionalmodeandthe

secondonethezonalwavenumber.Inthecase30fM=2andN=3,

ano七hertypeofinしerac七ionispossible,i.e。,triadinteractions

betweenしhewavesoffi,2fiand3f董.Inthisヒruncationlevelal1 り
thewavecomponentsinteractwi七hthetopographyof(1,n)compo-

nent.

Effectsoftheしruncaヒionareexaminedinsec七ion2for

threecasesshowninFig。1.工nsec七ion3dependencyon七heexヒer-

nalparameterssuchas七heexternaldifferentialheating,しhe
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staticstabilityandthefrictionaltimeconst二antsisexaminedby

changingtheparametervalues.Wecanobtainanirregular

fluctuaしionwithasimilarenergyspectrum七 〇 しhea七mospherein

leastseverelytruncatedcaseandinsomerangesoftheexternaユ

parameters.工nsection4somenumericalintegrationsareper-

formedfor2,800modeldayst=oinvestigateヒherelat二ionbetween

thezonalflowandlongwavesstatisしically・Discussionandcon-

clusionareinsec七ions5and6.
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2.Effectsoft二runcation

Inthissectionwewillshowhow七hegrossfea七uresofthe

　 　
■nヒeract■onsbetweenthezonalflowtforcedwavesandfreewaves

areaffectedbytheヒruncation(Fig .1).Ordinarydifferential

equationsofthepresenヒlow-ordermode工areEqs .(2-8)and・(2-9)

inPart工.Then七hedegreesoffreedomof七hesysヒemsare工Ofor

casel,20forcase2and28fo=case3 .

a・casel(M=1,N=2)

工nthecaseofM=1,eachwa▽ecomponentinteracヒswiththe

zonalcornponentindependently(Fig・1)・Thereforeしheequilibrium

solutionsobヒainedinmostseverelyヒruncatedcase(Fig.3in

Par七 工)areonepartofしheequilibriumsolutionsinヒhepresent

systemwhenwet二akeallthefreewavecomponentsequaltozero.

Firstweexamineしhelinearstabiユityoftheequilibrium

solutionsin七hepresentsysヒem.Thegrowthrateσrisobtained

asarealpartofcomplexeigenvaluesofthelOx10coefficient

matrix.Thecharacteristicequationcanberewritteninしhepro-

ductofthesixしh-orderequationofσfor七hezonalflowandfor-

cedwavepartandtheforth-orderequationforthefreewave

part.Thes七abili七ypropert二iesforthezonalflowandforcedwave

partareidenticalto七heresult二 〇bしainedinthecaseofM=land

N=1inPart工.Because七heforcedwaveandthetopographydonoヒ

directlyinヒeracセwi七hしhefreewaveワthecharacヒerisしicequaしion

forthefreewavecontainsonlyしhezonaユflowcomponentsofしhe

equilibriumsolu七ions.Thereforethestabilityoftheequilibrium

solutionswithrespectヒotheperturbaヒionsofthefreewa▽eis
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determinedbytheconvenしionalbaroclinicstabiliヒyanaユysisof

thezonalflow.

Thegrowthrateofthemostuns七ableperturba七ionembedded

in七heequilibriumsolutionoffi=3isshowninFig.2fort=hezon一り
alwavenumbern=1-12.Notethattheordinaしeistheexternalfor-

cingPa・ame七e・ θA★ 《n・tth・v・ ・七ica1・hea・ ・fしhez・nalwind)'

り
alth。ughtheve・tical・hea・d・pend・ 。neA★ エinea・1y・nlyinセhe り
Hadleysoluヒion(Eq.(3-15)inPartI).Thegrow七hrateforn=3

mustbeexcZuded(brokenlinesin七hefigure),becauseしheper一

七urbaしionoffi=3feelsヒhesurfacetopographyandしheni七isnot

free・TheHadleysoluヒionismostuns七ablewi七hrespec七 七〇 ヒhe

pe・tu・baしi・n・ffi=9inthe・ 亀nge・fO・Ol6iSeA"lsO・Ol8'5・8in

…2;SθA'LE…48andfi=7in…5L5eA"・B・ 七h・ftheequi・ib・ium・ ・ ユu-

tionswithwavecomponents(WlandW2soluヒionsshowninFig.3in

り
PartI)areunstabiewiしhrespect七 〇 七hefreewa▽esof4≦q≦11and

mostunsしablefor5=7.BecausethezonalfiowoftheWIsolution

d。e・n・tdepend・nθA㌔ ・much'しheg・ ・wth・aセei・alm・ ・ 七inde-

pendent・feA★f・ ・ セheW1…u七i。ns・

Almostalltheequilibriurnsoluしionsob七ainedinthezonal

flow-forcedwavesystemarebaroclinicallyunsしablewithrespect

七〇aperしurba七ionoffreewa▽e.工fafreewaveperturbationis

added七 〇theunstableequilibriumst二at二e,itwillgrowupand

in七eractwiしhthezonalflow.Then七hezonalflowwillchangeand

ヒheforcedwavewillalsochangeinヒime.

Somenumericalinヒegraヒionsareperformedしoelucidaしeしhe

七ime-dependentbeha▽iorofeachcomponenヒ.Tirne-variaしionsofthe

zonalflowandしhewavesarepresen七edinFig.3.Thezonalwave-

numberofthetopographyisii=3andthaヒofしhefreewaveis

育'=7・Theextemalf・ ・cingPa・am・ ヒe・eA★i・fixed七 ・0・2andth・
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initialstateistheW二Lsoluヒionwithasmallperturbationof七he

f・eewave・ エnitially七h・f・eewaveg・ ・wsupwithea・ 七wa・dphase-

propagationofl6m/sindimensional▽alueandthezonal-mean

meridionalternperaturedifferenceθ(1,0)decreases.Thesefea-

turesareinagreementwith七hosepredict=edbythelinear

baroclinicinstabilitytheory・Simultaneouslyverticallyaveraged

zonalflowψ(1,0)increasesandtheamplitudesoftheforced

waveψ(1,3)andθ(1,3)decreasedueしothechangesinthe

topographicandJacobianterms.

Aftersomefluctuationsofeachcompenent(about500non-

dimensiona1しimesteps),しhezonalflowconvergesヒoasmall

valueandt=heforcedwavedecaysou七.Thefreewaveconvergesto

aconsしant二amplitudewit二hthewest二wardphasevelocityofO.92m/s

(seealsoTableユ)・Becausethezonalflowinthelowerlayeris

equaユtozero(i.e.,ψ(1,0)一 θ 《1,0)=0),しhereisnoeffectof七he

しopography・Thesamefinalsteadysしaしeoftheweakzonalflow

andfreewavewi七hconstantamplitudeandconstantphasevelocity

isalsoobtainedforotherinitialconditions《e.9.,theHadley

so].utionandtheW2soluヒion).

Simi工arfinals七eadys七atesareob七ainedforoしherfo=cing

pa・amete・eA★(Tablel》 ・ ・ti・f・undthatthe・ ・na⊥f・ ・w

components(ψ(1,0》andθ(1,0》),thephasedifferencebetweenthe

upperandlowerlayers(△ φ)andphasevelocity(c)ofしhefreewave

areindependent二 〇ftheexしernalforcing.Asしheforcingparameter

eA★inc・eases'・nlyしheampliヒude・fしh・f・eewave(ψ1(・ ・7)and

ψ3(工,7))becomeslargetocompensatetheincrementofdifferen一

セialheating●

Noヒethaヒthemagnitudesofthezonalflowareequalt二 〇

thoseat二 しhecri七icalpoinしwhereヒheHadleysoluヒionbecomes
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baroclinicallyunsヒab=Lewithrespecttoしhefreewave.Thevalue

。fθA㌔tthec・itica1P・in七i・0 .01813f。,i・i・=7,whichissub-

sしitutedintotheequation(3-15}inPartItoobtainしhecriti-

calvalueofψ(1,0》 昌 θ(1,0)=0.01716 .Atthecriticalpoin七the

phasevelocityoftheperturbationisequaltozeroinヒhecase

withoutfriction《seethebaroclinicstabilityanalysisinthe 　
ヒwo-layermodelbye.9.tPedlosky,1979).Butinthepresentmod-

elthephasevelocityhasasmal工negativevalueduetothefric-

tionanddiabaticheatingoftheeddycomponent.

工fwevarythezonalwavenumberoξ しhefreewavein七heり
rangeof生 ≦nl .≦ll,weobtainafinalsteadysしateinwhichthe

zonalfユowwiththecriticalvaluebalanceswithヒhefini七e-

ampliしudefreebaroclinicwave.Dependencyofヒhephase

velocity(c)onthezonalwavenumberremindsusofthedispersion

rela七ionoffreeRossbywaves.Ontheo七herhand,whenwepu七

fi1≦20riilt -≧12,t=hedependentvariablesasympt二 〇ticallyapProach

theWユsolutionasinthezonalflow-forcedwavesystem(PartI).

工nthistruncationlevelofM=].andN=2,therefinaZlyap-

pearsei七hertheWlsolutionwithforcedwaveorthefinalsteady

sしatewithfreewave.Theredoesno七apPearsuchasセateヒhaヒ

bothoftheforcedandfreewavesexistしogetherandinしeract

withthezona工flow.

b.case2(M冨2,N=2)

工fwepermitthesecondmeridienalmodeandtheharmonicof

thelowestzonalwavenumber,weobtainadynamicalsysヒemwith20

degreesoffreedom,whichconヒainsthewave-waveandwa▽e一
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topographyin七eracしionsbetween(1,fi),(2r煮 》and(1,2fi)

components(brokenlineinFig.1).

Time-variationofverticallyaveragedzonalflowandwave

componentsisshowninFig.4.Thezonalwavenumberofthe

topographyis臼=3and七heharmonicwavenumber2ff=6.Theini七ial

conditionistheWlso].utionwithsmallperturbationsofevery

c。mp・nents・Theex七emalf。 ・cingθA★i・againO・2・

Variationsofthezonalflowandforcedwaveofthefirst

meridionalmoderesemblethoseobtainedincasel《Fig.3).

工nitiallyψ 《ユ,0)increasesand七heforcedwavebecomesweak.Af-

tersomefluctua七ionsthezonalflowconvergestoaweakstate

andtheforcedwavedecaysou七.Allthefreewavecomponenヒsgrow

upfirstduetothebarociinicinstabiliセyof七hezonalflow・

However,asthezonalcomponentofψ(1,0)convergestoasmall

value,allothercomponen七sexcep七forψ(2,6》decayout.Thefi-

nalsヒeadystaヒeofaweakzonalflowandfreewaveofconsしant

ampli七udeandconstant二phasevelocityissimilartothatobヒained

incasel.Themeridionalmodeofthefreewave,howeverrist=he

secondary凧odewhichhasnoinしeractionwiしhthetopography・

Similarfinalsしeadysta七esareobtainedforoセherexternalforc-

ingpa・ame七e・eA★and・nlytheampliしud・ ・fth・f・eewav・

inc・easeswithinc・ea・ingθA㌔

Forthe七 〇pographicwaveof5=4ヒhereappearsasimilarfi-

nalsteadysヒatebutforfi=5correspondingsteadystatedoesnoヒ

apPear.Allthevariablesgoonfluctuatingirregularlyintheり
n=5case.Meanwhile,ifthesヒaticst二abilityparameterσois

changedtoa工argerva工ue(1・25timesor1・5セimesofthevalue

giveninpartI》 グthefinalsteadystateisobtainedaswell.

However,whent=hestaヒicstabilityexceedsacriしicalvalue,
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e・9・tdoubZedσo(2σ/△P=60K/500mb)
,七hereapPearsanirregular

fluctuation・ 工nしhesesituations(1,2fi)componentismoreun-

stableしhan(2,2fi)componentandinteractswiththeしopography

andotherwavesaswellasthezonalflow.Thelinearbaroclinic

ins七abilitytheory(Eady,1949》showsヒhaヒsヒabilitycriterionis

proportional七 〇 ヒheproduc七 〇f七hes七aしics七abiliヒyandsquareof

wavenumber(ctσox(m2+n2)).Thereforethemostuns七ablewavenumber

shiftstowardasmallvaluewithincreasingしhestat=icstabiliヒy

σo・

工nthepresenしtrunca七ionlevel,thereapPearseitherafi-

nals七eadystateoranirregularfluctuation.Only(1,0)and

(2,2fi》componentsha▽enon-・zerovaluesinthefinalsしeadyst二a七e

andthenしheredono七exisヒ 七hewave-waveandwave-topography

interactions。Onしheotherhand,intheirregularfluctuationall

thecomponenヒsfluctuatewithinteractionsofizonalflow-wavet

wave-wave,zonalflow-topographyandwave-topography.The

alternativeofヒwoflowregimesdependson七hehorizon七alscaZe

oftheしopography(andthereforeしhaヒof七heforcedandfree

waves)andthestatics七abilitybu七isindependentoftheex七er-

nalforcingpararne七er.

c.case'3(M=2,N=3)

Because(2,2i～)componentisno七coupledwiththe七 〇pography

incase2,ヒhefinals七eadys七ateispossible.工ncase30fM=2

andN冨3,however,allthewavecomponenヒsarecoupledwi七hthe

topographybythefi-2f「interacしionandヒheヒriadinterac七ionsbe-

tweenfit2nNand3臼.Therefore,ifoneofヒhewavecomponenヒsis
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notzero,anotherwavecomponentwillbeinducedbythewave-

topographyin七eracヒion.Finalsteadystateslike七hoseincasesl

and2'inwhicht二hereisnotopographiceffect,arenot=possible

inしhepresentcase.

Tirne-variationsoftheverticallyaveragedzonalflowand

wavecompenentsarepresentedinFig.5forthesameexternalpar-

arnetersasthoseinFigs・3and4.ThereapPearsthesameperiodic

soluしionfortheinitialconditionsoftheHadley,WlandW2

equi工ibriumsolutionswithsmallperturbations.Asincasesland

2'thezonalflowofthefirstmeridiona】,modeψ(1,0》hasa

smallmagnitudeandthewaveofthesmallestscaleψ 《2,9)has

thelargestwaveamplitude。However,otherwavecomponenヒsalso

havenon-zerovaluesbytheヒriadinteractions.Theampliしudeof

ψ(2,6)isabouヒahalfofヒhat二 〇fψ(2,9)andoしherfourcompo-

nen七shaverathersmallamplitudes(seeaユsoTable3).

Thezonalflowofthefirs七meridionalmodeψ(1,0》

fluctuateswiththeperiodsof7.6daysand85days.Theampli-

tudeofヒhewavecomponentshavethesameperiodicity.Wavecom-

ponentsofψ(2,6)andψ(1,9)propagat二eeast二wardwiththeperiod

of85days.Thecharacterist二icsofthetime-variaヒionsaredif-

ferentdependingonしheexternalparame七erssuchastheex七ernal

f。 ・cingeA「k'しhestatic・tabi・i七yσ ・and七hef・icti・na・

coefficientskandk曾.Thisdependencywillbediscussedinthe

nexヒsection。

Effectsofthetruncationwereinves七igaヒedinthreecases

wiヒhdifferenヒ ヒruncationlevel.エ ヒisnoしpossibleforthesys一
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temofcasel(M=1,N=2)todepict=suchastateヒha七bothofthe

forcedandfreewavesexisしandinteractwi七hセhezona] ,flow.工n

case2(M昌2,N=2),suchasしateisob七ainedforasmall-scaleり
topegraphy(n」 ≧5)oralargestaticstability(σox2).Forしheparam-

etervaluesgiveninParヒ エ(whichare七ypicalintheatmosphere),

however,thereappearsセhefinalsヒeadys七a七einwhichthezona1 コ
flowandafreewavehavenon-zerovaluesandセheしopographyhas

nocontribution.Ontheotherhand,bothoftheforcedandfree

wavesexis七andinしeractwi七heachotherincase3,becauseall

thewavesarecoupledwith七heしopography(Fig。1).At工east28de-

greesoffreedom(case3)arenecessaryfort=hesysterntodepict

しhecoexis七enceofboththeforcedandfreewavesandヒhe

inヒeracしionswitheachother.工nthenextt=wosectionswewill

investigateヒheinteractionsbetweenthezonalflowandヒhese

wavesaヒ しheヒruncaしion工evelofcase3.
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3.Dependencyonexternalparameters

工nPartIwe七entaしivelyfixedtheexternalparameterssuch

asthefric七ionalandheatingcoefficienヒs,しhestaヒicstabiZity

andtheamplit二udeofthetopography.Asacontrolparame七er,only

theexte・nalf・ ・cingPa・ameし ・・eA㌔asva・iedf・ ・mOt・0・2(The

correspondingtemperaturedifferenceacrossしhechannelisfrom

OK七 〇150Ka七theradiativeequilibriumstaしe.).Inthissecヒion

wewillsh。wtheeffect・ 。fθA"'σ ・'kandk'。ntheb・ha▽i…f

thezonalflowandwaves.Thezonalwavenumberofヒhetopography

isfixed七 〇fi寓33wavenumberspermi七 ヒedinthepresentmodelare

3,6and9.

Thecharacteristicsofthetime-variationsaredifferen七de-

pendingon七heexternalparameしers.InTable2the七ime-

dependencyisclassifiedintofourcategories:Steadyflowwith

wavecomponents(S)rperiodicoscillation(P》,quasi-periodic

osciユlation(Q)andirregularfluctuaセion(1).Sometypical

variationsofしhezonalcomponentψ(1,0)foreachcategoryare

presentedinFig.6.Herequasi-periodicoscillationissub-

jectivelydiscrimina七edfromirregularfluc七uaしionbylooking

overthetirneseriesoftheamplitudesasinFig。6.

F。 ・awide・ange・fθA粍h・ ・eapPearsape・i・dic・ ・cil1・ ヒi・n

inthecaseswithex七ernalparameしersgiveninPartI.Asthe

fricヒionalparameしersdecrease,thereapPearsaquasi-periodic

oscillationoranirregularfluctuationinsteadoftheperiodic

oscillaしion.Thetime-dependencyisinfluencedby七heex七ernal

f・ ・cingPa・ameヒe・eA"andf・icti・nalpa・am・ ヒe・skandk'・

However,asshowninTable3,thedominant二component二ssuchas

(1,0),(2,6》and(2,9)areinsensiti▽eヒoヒhechangesinヒheseex-

ternalparameters.Herethemeanzonalflow《 ψ(m,0)》andt二hemean
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amplitudeofthewave(Ψ(m,n》)aregivenby

V(m'・)一 着

il、 ψAm(t・+i△t)(3一 ユ)

V(m'n)=養

il、 【ilKll(t・+i△t)2+tlLll(t・+i△t)2]m(3-2)　
Thedependencyoftheヒime-dependentbehaviorofsoluしions

onthestatics七abi工ityσoisshowninTable2-(b)。Forasmall

σoLhereapPearsasteadyflow(Fig.6-(9)),inwhichthewestward

Propagat二ingwaveψ(2,9)isdominanヒandtheforcedwaveψ(1,3)

　 コ
■sstaヒ10nary.Asthesしaticst=abilityincreases,theretake

placetransitionsfromthes七eadyfユowしotheperiodicoscilla一

七ionandfromtheperiodicoscillaしiontoヒheirregular

fluctua七ion(Figs.6-(c)t(h)and(i)).Foralargeσo,thereap-

pearsanothertypeofしheperiodicoscillaしion(Fig.6-(」)).

Withincreasingσo,themagnitudeoft二hezonalcomponenし

with七hefirstrneridionalmodeincreasesandwavecomponenしsof

smallzonalwavenumbers(煮=3and6)becomedominant(Table3).For

thecaseofσox4,ψ(1,3),ψ(2,3)andψ(1,6)havelargeampli-

tudes.Differenceoftheperiodicsoluヒionsbe七weenthecasesof

σoxlandσox4isclearlyseenin七hemeanvaluesoft二hewave

amplitudes.Thedependencyofthedominantwavenumberonヒhe

staヒicstabili七yisreminiscenヒofthelinearbaroclinic

instability七heory(Eady,1949)mentionedintheprevioussecヒion:

Thestabilitycriterionandしhemostunsヒablemodearedependent

ontheproductofthestaticsしabili七yandヒhesquareofしhe

wavenumber.

Fortheex七ernalparameしersgiveninPart工,しheampliヒude

ofthewave《1,3)withthesamescaleast二heしopographyisraヒher
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smallcomparedwith(2,6)and(2,9)componenしs.Thisisnot七he

caseintherealatmosphericcircula七ion,whereuユ 七ra-longwaves

ingeneraユhaveユargeramplitudethanlongwavesinthemid-

latitudetroposphere.Externalparametersmustbechangeinthe

presentsystemofN=3inordertoobtainasimilarenergy

spectrumユikethatof七heatmosphere.

AsshowninTabie3,meanamplitudesofwavecomponenしsof

smallzonalwavenumbersbecomelargewithincreasingt二hestatic

・tabili七yσ 。.Alth・ughσ 。=5.64xlO脚2(indim・n・i・nal26/△P雷

30K/500mb}adoptedinPar七Iisatypicalvalueinmid-latitudes,

alargervalueisusualinwinter(seee。9.,Tomatsu,1979》 ・

CharneyandStraus(1980)adoptedthevalue2ず/△P=43・6K/500mb

andYao(ユ980)did31.8K/500mb.工ncreaseofthestaヒicstabiliヒy

pa.ameしe・t・1.25times(37.5K/500mb)・ ・L5ヒimes(45K/500mb)i・

noしfarfromtheatmosphericconditions。

Fig.7showsthet二ime-varia七ionsofverticallyaveragedzonal

flowandwavecomponentsforthecaseofヒheincreasedstaヒic

stability(σox1.25》.Al1七hecomponentshavelargeampli七udesand

fluctuateinahighlyirregularmanner.Thebehaviorofthezona工

flowandヒheforcedwavedoesnotresembleヒotha七 〇b七ainedin

七hezonalflow-forcedwavesystem.

Thezonalcomponen七 ψ{1,0)fluctuatesaroundthemean

value(denot二edbybrokenline》andsomeしimeshasextremelylarge

orsmallvalues.Suchexヒremestaしescontinueduringtheperiod

rangingfromseveraユdaystoseveral・ ヒendays.Theampli七udeand

thephaseofeachwavealsovaryinconnectionwiththef1uctua一

七ionsofthezonalflowandotherwaves.Afterし 昌7,000,forexam-

ple,ip(1,0)takesext=remelysmal工vaiuesforl40nondimensional

time(aboutl5days).工nthisperiodψ(1,3)hasasmallampli七ude
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butthephaseisratherquasi-stationary.While,ψ(lrg)hasa

largeamplitudeandisquasi-sセationary.

In七henextsecヒionwewillclarifytherelationbetweenしhe

zonalflowandwavess七atisticallyoveralon9七ime-sPan'Wehave

sofarused七hetermlforcedwave穆toヒhewave(1,3》becausei七

hasthesalnesizesinbothxandydirect=ionsasthoseofしhe 　
topography.ButthisusageisnottheconventionaloneexcePt

whenthewavehapPensしobes七eadyandstationary.Inthepresent

truncationlevelofcase3,a11七hewavecomponenヒsareaffected

bytheしopographyandthetopographiceffectsvaryintimedueしo

thevariationofflowitself.Thereforethelforcedwavelisnot

apPropriateinセhepresentproblemandisnotusedinthenext

section.WewiLLdefinelsしaセionarywavelasameanwaveovera

七imeanddirecヒourattentionstothereiationbeしweenしhezonal

flowandヒhestationarywaves.
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4・Zonaユflowands七a七ionarywavesinirregularfluctuaしions

Nurnericalintegrationsforthreecombinationsofexternal

parameヒers(Table4)areperformedfor25,000timesteps(indi-

mensiona12,813days).Threeinitialconditionsareしakenineach

case,i・e・,Wl,W2andHadleysolutionswi七hsmallperturbations.

Meanvalue(MV)andstandarddevia七ion(SD》ofψ(1,0)over23,750

ti皿estepsexceptforinitialsヒagearelistedinTable4.Asthe

f。 ・cingpa・amete・eA"inc・eases。 ・thestaticstabi・ityσ ・

increases,WandSDalsoincreasewithafewexcep七ions.SDis

slnallerthanM▽inthecasesofσox1.25butiscomparablewithMV

inthecase・fσ 。xl・5andeA"=0・2・IneachcaseUVandSDhav・

variat=ionsofl-159dependingontheinitialconditions.

Weclassifytheflowaしeachtimestepintoしhreecaヒegories

intermsofψ(1,0)component二.ThethresholdvaluesareMV±SDas

denoしedbydotしedlinesinFig.7.Wetermthestaしewith

ψ(1,0)〉 剛+SDhigh-indexstaしe(H),しhestatewithW+SD≧ ψ(1,0)

≧即 一SDmoderatestate(M),andthesta七ewithMV・-SD>ψ(1,0)工ow-

indexs七aしe(L).Mean20nalcomponentψ(1,0)fluctuates

irregu].arlyandtransitsbeしweenthesecategories.Theraしioof

七hetimespanineachca七egoryisaユmost(H)=(M)3(工 、)=15370:工5

independentlyoftheini七ialconditions(Table5)・

Thecompositefieldsofs七reamfuncしioninthreecategeries

a・esh・wninFig・8f・ ・ セhecase・fσ ・xl・25andeAft=0・2(th・W2

iniしialconditions).工nthehigh-indexsta七e(H)theflowpattern

isnearlyzonalinbothlayers.Inセhemoderaしestate(M)the

zonalflowcomponen七isdominantinセheupPerlayerbut七hereis

almostnomotioninヒhelewerユayer.Inしhelow-indexstate(L)

theflowpa七 ヒerniswave-likeandtheridgeofthedominan七com-

ponenヒislocaしedinthewesヒernslopeofthemounヒain・Thezona工
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flowinthelowerlayeriseasterlyinthiscaヒegory-Thedis-

tinctivefeatureofthecomposit二eflowpa七 しernisthezonalityin

《H)and《M)andthemeanderin(L).

Magni七udeof七hezonalcomponentsa▽eragedineachcategory

islistedinTable5.Ofcource,ヒheverしicallya▽eragedzonal

fユowψ(1,0)hasthelargestvalueinしhecaヒegory(H)andthe の
smalles七(negaヒive》valuein(工 、).Themeridionaldifferenceofthe

20nalpotentialtemperaしureθ(1,0)(i.e.,meanver七icalshearof

thezonalwindby七heヒhermalwindrelation)alsodecreaseswith

thedecreaseofψ(1,0》:θ(1,0》in(L)isabou七SO亀ofthatin

(H》 ・Ontheo七herhand,zonalcomponen七softhesecondmeridional

mode(ψ(2,0》andθ(2,0》)areverysmallinalltheca七egories.

Thesセaセionarywavesaredefinedinthreecategories,cosine

andsinecomponentsaregivenby

Vc(m,n)=景1曾 ψK岳(4-、 》

V。(m,n)=謬 ψ工岳(4.2)

whereN冒istheヒotalnumberin七hecaヒegory.Fig.9showsthe

ampli七udeandphaseofthestaしionarywavesin七hreeca七egories.

OnlytheILowestmode(1,3)withヒhesamescaleas七heヒopography

haslargeamplit二ude.Othercomponentshavesmallampli七udeswith

afewexceptionsandhavephase▽ariationsof40。-70。depending

ontheinitialconditions.Thestat二ionarywaveofψ(1,3)hasa

largeampliしudein(H)and(L)andsmallvaluein(M).Noteしha七

thephasein(L)isveryclose七 〇eachother(く80)inしheヒhree

numericalinしegrations.While,θ(1,3)hasalargeampliヒudeand

nearlythesamephasein(L)and(M).Thephasedifferencebe・ ・
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tweenψ(1,3)andθ(1,3)isl15。in(L)andverysmallin(H).

工nヒhecategory(L)七heheatfluxby七hisstationarywaveis

southward(counter-gradien七forthezonalmeanteπnperature》.

WeobtainsimilarresultinothercasesinTable4.Thecom-

positefieldsofstreamfunctioninしheupPerlayerareshownin

Fig・ ・10・F。 ・a・mall・ ・f・ ・cingPa・amet・ ・(e
A*=0・15'Fig・10-(1))'

thezonalflowbecomesweakalittlein(H).工n(L)similarflow

patternsareobtainedZikethoseinFig.8.Theamplitudeandthe

phaseof(1,3)componentsarenotinfluencedbytheexセernalfor-

cingparameter,although七herearesomedifferencesins皿all

sca工es.Inthecaseoftheincreaseds七aticstability《 σox1.5,

Fig.10-(2)》,stationarywavesofsmallscaleshavesmalla瓦tpli-

tudeand七heflowpa七t=ernissmooヒhedouセ 。Theampliヒudeofthe

(1,3)cornponentsin(1」)increasesaliヒ 七lewithincreasingthe

sta七icstabiliヒyandヒhephaseofψ(1,3》isshiftedwestwarda-

bout60。withoutachangeinヒhephaseofθ(1,3).

Acontrolexperimentisperformedtoverifyしheeffectof

surfaceヒopography.Weset七heampli七udeoftopographyequalヒo

・e・ ・inthecase・fσ ・x・ ・25andeA"=・ ・2・Meanva・ueand・ しanda・d

deviaヒionofψ(1,0)areiistedinTable4.MVhasnearlyヒhe

samevalueasinthecasewi七htopographybut=SDissmallabouヒ

oneorder.Thesurfacetopographyproducesalargevariabiliしyof

theverセicallyaveragedzonaiflowψ(1,0)inthepresen七model.

Compositefieldsforthecontrolexperimentareshownin

Fig.10-(3).Theamplitudeofallthestationarywavesissmall

andしhephaseof七hemisdependentontheiniヒialconditions・Es-

peciallytheamplitudeofψ(1,3)issmal上abou七 〇neorderor

morecomparedwi七hthecaseswiヒhthetopography・
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5.Discussion

Aユmostallヒheequi工ibriurnsoluしionsobしainedinthezonal

flow-forcedwavesysteminPartIarebaroclinicallyunstable

withrespecし ヒoaperturbationoffreewavewith4≦iit≦11(Fig.2).

Whenaperturbationofthefreewaveisaddedto七heunstable

equilibriumstates,thefreewavegrowsupandt二heforcedwave

decaysoutasshowninFig.3.FinallythereapPearsasteady

stateinwhichfiniteamplitudefreewavewithaconsしantphase

velocitybalanceswiththernarginallys七ablezonalflow.This

s七eady・ta七ei・independ・nt。fth・f・ ・cingPa・ameヒ ・・e
A㌔andha・

notopographiceffectbecauseヒhezonalflowinヒhelowerユayer

iszero.工ncase2withthesecondmeridionalmodeandしhe

harmonicofしhelowes七zonalwavenumber,thewave-waveorwave-

　 リ
セopographyinヒerac七ionispossiblebe七ween(1,n),(2,n)and

(1,2fi)components.However,weobしainedasimilarfinalsしeady

stateasincaseユwithonly(1,0)and(2r2fi)componentsforthe り
externalparameヒersgiveninPart工andヒhezonalwavenumbern=3

and4.Thereisagainnotopographiceffectbecause七hezonal り
flowintheユower工ayeriszeroandtheampli七udesof(1,n),

り り
(2,n》and(1,2n》arealsozero.

Thesefinalsteadys七at二esarereminiscenしofヒhebaroclinic

adjusしmen七processproposedbySしone(1978).Hehypoヒhesizedthat

baroclinicwavesadjust七hemeridionalgradienヒofヒhezonalmean

しempera七uresoasしokeepi七jusしaboveしhethresholdvaluefor

inst二abiliヒyinatwo-layerquasi-geostrophicmodel,andhe

obtainedanobservationalresu工tthaしthemeridionaltempera七ure

gradientinthenorthernしroposphereisconsisヒent二withヒhe

hypothesisinalltheseasons。Thefinalsしeadystaヒesobtained

insecヒion2revealsヒha七thebaroclinicadゴusしmenしprocessoper一
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aセescomple七elyinthesecasesofthepresentユow-ordermode1.

Incontrastヒothefinalsteadys七a七esincasesland2,all

thewavecomponentshavenon-zerovaluesincase3,becauseall

thewavecomponentsarecoupledwit二hthe七 〇pographybythefi-2fi

in七eractionandthetriadinteractions.ThereapPearvariousflow

patterns(i・e・,asteadyflow,aperiodicoscillationandan　
■rregularfluctuation)dependingontheexヒernalparameterssuch

astheexte・na・f・ ・cingPa・ameし ・・eA"'thef・icヒi・na・

coefficientskandk冒,andthestatics七abilityσo(Table2and

Fig・6)・Dependencyoftheflowpatternsontheseparame七ersis

consistentwiththatintherotat二ingannulusexperimentswit=h

differentialheaセingandbottomtopography(1」each,ユ981,Jonas,

1981)andwiththatinしhenumerica工experimentsbyYao(1980):

TheflowbecomesirregularwiセhincreasingしheTaylor

numbe・(c・k'-2)。 ・wiしhinc・easing七he七he・ma・R・ssbynumb・ ・(・eA*

orσo}・

Thewavecomponent(1,3》withthesamescaleofthe七 〇pogra-

phyfluctuateslikeastandingoscillation(Fig.5)orinahighユy

irregularmanner(Fig.7).Thebehaviorofthewavedoesnotresem-

blethatinthezonalflow-forcedwavesystem(Fig.10inPartI).

工solaしedzonalflow-forcedwavesystemsasinParヒIandCharney

andStraus(1980)arenotsufficien七todepicヒ 七hebehavi◎rof

forcedwaveswhenしheflowsystemismoreunsヒablewithrespect

しoanotherdisしurbancewithdifferenしscale(inthepresentcase

り り
baroclinicwavesof2nand3n).CharneyandDeVore(1979》

hypothesizedヒhaヒthebaroclinicinsしabili七yproducesanad-

di七ionalforcingwhichult二imatelydrivestheflowsysセemfromone

metastableequilibriumstatetoanoヒher・However,ヒhepresen七

two-1ayermodelwhichcontains七hebaroclinicwa▽esexpliciし ユy
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doesnoヒdepictsuchatransi七ionfrornonemeしastablesしateヒo

another.

Whenthestaticstabiliセyσowasincreasedtol.25tirnesor

1・5times,weobtainedanirregularflucしuationofwhichヒheen-

ergyspectrumissimilar七 〇thatintherealatmosphere.

Marcus《1981)examined七heeffectsoftruncationinaproblemof 　
ヒhermalconvectioninasphere.Hisnumericalexamplesindicaヒe

that,aslongasthekineticenergyspecヒrumdecreaseswithwave-

number,aヒruncationgivesaqualiゼativelycorrectsolution.工t

isnoヒpossibletoapPlyhisconclusiondirecヒ1yヒoourmodel.

However,i七istheughtthatthepresenしmodelwiththe七runcation

levelofcase3andヒheincreaseof七hes七aticsヒabilitycande-

picしaqualiしativelycorrecヒbeha▽iorofthezonalflowandヒhe

wavesinセheat二mosphere.

Irregularfluct二uaヒionsobtainedinsomenumerica1integra一

ヒionsinthemodelwithanincreasedstaticst二abilitywerean-

alyzedinsection4七 〇elucidat=eしherelationbetweenヒhezonal

flowandしhestationarywaves.However,thetransienヒwavesin

eachcaヒegorywereno七menしionedthere.Meanamplit=udeofヒhe

transientwaveineachcaヒegoryisgivenby

mt(m,n)寸11[{tlKRi-Mc(m,n)}2+{ii,,lil-V。(皿,n)}2]112(5-・)

Thernean'ampliヒudesofthetransienしwa▽esareratherlargecom-

paredwiththoseofしhestationarywaves.However,transienヒwave

componenしsinヒhelow-indexs七a七e(L)aresmallerthan七hosein

themode・atesta七 ・(M)with・ ・meexcepti・ns・ ψ

t(1・3)comp。nent

inヒhreecaヒegoriesareasfollows,(H):0・0313,{M):0・0323and

(L)・ …293(σ ・x・ ・25andθA★=・ ・2)・ エnヒhegnum・ ・ica・inしeg・ati。n・
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thedecreaseoftheamplitudein(L)is5-12亀ofthaしin(M}.

Thisdecreaseisconsisしen七withthedecreaseofmeanver七ical

shearθ(1,0)1men七ionedinsection4.

Ifthelow-indexs七ateisrelatedしotheblockingphenomenar

appearanceofsuchaextremestateisno七periodicbut

unexpecしedly(Fig.7).Irregularityof七hepresentsystemismore

cornplicatedヒhanヒheldeterministicnonperiodicflow・(しhestrange

attractor)intheLorenz層ssystemofthreeordinarynonlinear

differentialequaヒions(Lorenz,1963).1.orenzfoundヒhatnon-

periodicsolutionsareordinarilyunstablewiしhrespectしosma工l

perturbations,sothaしslighヒ1ydifferinginitialstatescan

evolvein七 〇considerablydifferenヒsヒates.Hisconclusionabout

ヒhepredicヒabilitymaybeappliedtothepresenヒsystem.Namely

thepredictionofしhe曾blockingstat二e9(low-indexsしat二e)fo=a

veryユongrangeisimpossib=Leunlesstheinitialconditionsare

knownexact工y.工nLorenz璽sstudy(Z965)ofthepredictabilitywith

a28-variablemode1,whichisessential工yidenしicaZtoヒhepre-

sentmodelexceptヒhetopography,thetimerequiredforini七ial

errorssuchasobservationaユerrorsしogrowtointolerableerrors

isinしherangefromafewdaystoafewweeks.
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6.Conclusion

Nonlinearinteracセionsbe七weenthezonalflow,topographi-

callyforcedwavesandfreebaroclinicwaveswereinvestigaヒedby

の
uszngヒheヒwo-1ayer,quasi・-geostrophic

夕low-ordermodelina

mid-1atitudeβ 一Plane《Yoden,1983)。Anidealizedsurface七 〇pogra-

phywasincZudedinヒhemodelbyret=ainingonlyoneFouriercorn一 り
ponenセof七hezonalwavenumberfi=3witht二hegravestmeridional

mode.

Firstofall,effecヒsofヒhetrunca七ionwereexaminedbya

stepwiserelaxationof七hetruncationlevel.工twasrevealedしhaし

aセleast28degreesoffreedom(case3inFig.1)arenecessaryfor

thesystemt=odepicヒthecoexistenceofbothoft=heforcedand

freewavesandinteracヒionswitheachoしher.Formoreseverely

trunca七edcases,thereapPearsafinalsしeadystatewithnofor-

cedwaves,becausethebaroclinicadゴustmenしprocess(Sしone,1978)

operatescompletelyandしheしopographiceffectisabsent.

Forしhesys七emincase3,thereappearseveral七ypesof

ヒime-dependenヒflowpa七 しernsdependingonしheex七ernalparameしers

suchasしheexternal七hermalforcing,thefrictiona工cQefficients

andthesしaticstability:Steadyflowグperiodicorquasi-periodic

oscillationandirregularfluctuat二ion.ThereapPearsanirregular

fluc七uaヒionwithlargeampli七udewavesfortheexしernalparame一

七erscorrespondingtotherealatmosphere・

工rregularfluctuationsobしainedinthenumericalintegra-

tionsovera工ongヒime-spanwereanalyzedしoelucidaヒetherela一

七ionbe七weenヒhezonalflowandstaしionarywaves.Theflow

patternateachヒimestepwasclassifiedintooneofthree

ca七egories,i.e.,thehigh-indexsしaしe(H),七hemodera七esしa七e

(M)and七helow-indexstaしe(L),in七ermsoftheverしically
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averagedzonalflowψ(1,0).Theratiooft二heヒimespanineach

categoryisl5:70:ユ5forgcasesinTable4whenヒhethreshold

valuesaretakenasthemeanvalue《MV》 ±standarddeviaヒion(SD》.

Thecompositefieldsofsしreamfuncヒionarecharac七erizedby

thestrongandmoderaしezonalflowsin(H》and(M》andしhe

meanderoftheflowin(L).Inthelow-indexst二aヒe(L)thedomi-

nants七ationarywaveof(lr3)withthesamescaleas七hetopogra-

phyhasalargeramplitudeセhanin(H)and(M》.Theridgeis

locatedinヒhewesterns工opeofthe七 〇pography-Theeffecヒsof

セhesurfacetopographyonthisstationarywaveisobviousfrom

thecontrolexperimenヒwithout七hetopography(Fig.10)。The

statienarywavesinヒheirregularfZuctuationaredifferentfrom

七heforcedwavesinヒheequilibriumsQlu七ions(Fig.4inPartI)in

theirmagnitudeandstructure.Thedifferencebeヒweenthe

equilibriumsolu七ionsandthe七ime-averagedstateswasalready

pointedoutbyYao(1980》 ・

工nsummaryr七hepresentmodelsimilar七 〇thea七mospheric

conditionsischaracterizedbytheirregularity(ortransiency):

Theflowvariesirregularlyandtransitsbe七weenthecategories.

Whentheflowisinalow-indexs七a七e,boしhofthemeanva工ueand

theverヒicalshearof七hezonalflowdecrease,七hesta七ionary

wavehasalargerampliセude,andfreewavesha▽esma⊥ 工erampli-

tudes.

工nしhepresen七studyonlytheeffec七 〇f七he七 〇pographywas

investigaヒed。However,the⊥and-seadisヒribu七ionsmayplayanim-

portanヒroleinproducingヒheforcedplanetarywaves.Simplere-

presentaヒionofthediabatichea七ingduetotheland-seadis-

tributionswillbeincorporat二edinしothepresenヒmodelbyusing

theNewtonianhea七ingwithlo、1gitudinaldifferent二ialequilibrium

一25一



ternperature.Itisafuヒureproblemtoinvestigateセheeffectof

theland-seadis七ribuしionsandthecoupledeffectwiththe

topographybyusingasimplelow-ordermodel・

一26一
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TablelFinalsteadysてatesobtainedbysomenumerical■1vcegrationsin

case1(貸=3).Amplitudeoffreewavecomponent(孟 。)inセheupPerlayerisり り
den・tedbyψ1(1'n')andthatinthel・werlayerbyψ3(1'n1)・Pha・ediffe「ence

betweenthelayersandphasevelocityofthefreewa▽eare△ φandc,respectively・

Positivevalueof△ φcorrespondstothewestward・ ヒiユtofthephaselineswith

heiqht.Forfi1三20rfi1 .≧12,freewa▽esdonotgrowupandthereapPearstheWl

equilibriumsolutionof五=3.

～n θ ★A

1

7

7

7

7

【
∠

4

r
O

Ω
U

∩
V

-
占

へ
∠

-
占

-
占

-
占

0.05

0.1

0.15

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

[

ψ(1,0) θ(1'0)ψ1(1'fiU》

xIO'-4

ψ3(1'∬1)

]

φ△

]O[

C

[m/s]

172

172

172

172

977

422

213

150

163

347

977

172

172

172

172

797

422

213

150

163

347

797

488

782

993

1.166

lWl

1849

1338

1040

933

1137

【w1

154

247

314

369

14.9

14.9

14.9

14.9

equilibriumsolution】

41912.3

38214.2

36514.9

41911.5

6155.2

equilibriumsolution]

一 〇 .91

-0 .92

「0.92

-0 .92

一3 .92

-1 .62

-0 .29

1.50

6.76



Table2Classificationoftime-dependentbehaviorforsome

combinationsofexternalparameters.Fourcateqoriesare

denotedbyS:steadyflowwithpropagatingwave,P=periodic

oscillation,Q=quasi-periodicoscillation,andI:irregular

fluctuation.Subscripts5anda-jdenotecorresponding

figureinFiq.5andFig.6(a)一(j).

(a)
θ ★A

k・k騨 ×

1.0

0.75

0。5

0・020.040●060。080。1 0・120●140・160●18 0.2

a

b

Q

Q

工

P

P

I

P

P

工

P

P

Q

C

d

P

P

Q

P

Q

工

P

工

工

P

Q

工

P

I

工

5

e

4
L

P

I

工

(b)
θ ★

σo×

0.1

0.2

0.5 0.8 1.Ol.25 1.5 2.0 4.0

S

S

q
S

S

C

5

P

P

h
I

T
貞

T
占

T
由

・ユ

丁
一

丁
凸

.
「
J

P

工



Table3Meanvaluesofthezonalflowandamplitudesofwavecomponent
.

Averagedperiodisfrom3
,750to7,500innon-dimensionaユtime.

θ ★A k。k曾 × σo×

0.02

0.08

0.14

0.2

1
●
0

1
●0

89

"

"

闘

0
●1

"

闘

11

1.0

0.75

0.5

0
●1

19

98

闘

"

"

OO1

"

0
■1

0.8

1.O

l.25

1.5

2.0

4.0

ψ(1,0) ψ(2,0》 ψ(ユ,3) ψ(2'㌔ 許 撃'6) ψ(2r6) ψ(1,9) ψ(2,9)

177

233

264

279

241

284

315

ll2

241

270

357

414

795

0

0

0

0

一

一

0

0

∩
V

一〇

〇

3

18

-21

-0

3

2

5

7

1

1

1

へ」

7
ダ

ハ∠

¶⊥

2

7

6

13

189

219
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56

0

6

8

4

1
幽

1

ツ
'

へ
∠

貝
」

う
白

貿
」

9

7

185

213

231

111

0

7

4

7

1
ゐ

1

2

8

7
ダ

ら」

らj

Q
ノ

8

8

188

222

269

41

6

86

工91

325

106

233

265

O

lO6

150

207

192

3

1

4

9

0

3

2

ロ
」

へ
」

ノ
◎

-
占

「
」

1

5

189

200

111

3

43

417

584

689

484

511
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484

311
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93
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Table4Meanvalue(MV)andstandarddeviation(SD)ofψ(1,0)for

l2numericalintegrations.Periodofthestatisticsisfromi,251

to25,000(indimensionai2,672days).Figurein茎)arenthesisisthe

resultforacontrolexperimemtwithoutsurfacetopography・A工lthe

4
valuesaremultipliedbylO.

θ ★A

1

0.15

0.2

卿

sD

▽

D

M

S

Wl

σoxL25

W2Hadley

290

182

308(288)

219(21)

288

173

263(291)

234(21)

286

178

297(294)

243(18)

Wl

σoxユ.5

W2 Hadley

296

310

一

321

294

323

303



Table5Zonalcomponents

aremultip・iedby・ ・4.T。ta・

listed.

inthreecateqories.A1ユthevaユues

numberineachcategoryN曹isalso

category

(H)

(M)

(L)

Wl

ー

へ∠

N

W H.

3717

16486

3547

34713375

1657916799

37003576

ψ(1,0)

WlW2 H.

0(1,0)

WlW2H.

ψ(2,0)

WlW2H.

θ(2,0)

WIW2H.

629604

313276

-52-ll9

663

308

-100

325

297

253

310

294

244

322

298

256

一ll35

2-3-2

428

一3-35

-1-1-3

2-14



Figurecaptions

Fig・1Schematicrepresentationofthein七eractionspermi七ted

inthreecasesofdifferenヒtruncationleve13casel(M=1,

N=2),case2(M=2,N自2)andcase3(M=2,N=3).Zonalflow-wave

interactionisdenotedbyasolidlineandwave-wave

interactionbyabrokenline.Surface七 〇pographyisgi▽en

by(lrn)component(shaded》.工n七eractionsperrnittedin

case2aredenoしedbythinlinesincase3.

Fig.2

Fig.3

Fig.4

工」inearst=abilityoftheequilibriumsolutions(5=3)

withrespecヒtofreewaveswithzonalwavenumber

fi=1-・12(abscissa).Grow七hra七eofthemostunstableper-

turbationiscontoured・ 工ndimensiona1'σr=0・ILcorresponds

toe-foldingtimeof27hours.

Time-evolu七ionofthezonalandwavecomponenヒsin

caseユ.工nitialconditionisヒheWIsolutionwithsmall

pe・tu・ba七i・n(θAft=O・2)・1,000n。ndi皿en・i。naltime

correspondstol12・5days・

AsinFig.3forthetruncationlevelofcase2・Only

ψcomponentsarepresented・

Fig.5Time-variaヒionofthezonalandwavecomponenセsin

case3(。nlyψc。mp・nenヒsa・ep・esented)・eA★=0.2.2,500

timestepsfromt=5,001七 〇 七=7,500arepresented(indi-

mensiona工281.3days).



Fig・6Fourtypesoftimevariaヒionofthezonalcomponent

ψ(1,0).Externalparameセersin(a)一(j)arelistedin

Table2・SteadyfIQw(S):(9),periodicoscillation(P):(c》,

《j),quasi-periodicoscillation(Q》:(a),(d),andirregular

fluctuation(1):(b》,(e),(f),(h},(i).

Fig・7AsinFig.5exceptforσoxl .25.Iniセialconditionis

theW2solutionwit二hsmallpert二urba七ions.Note七haセscale

oftheordina七eisi/2forヒhezonalcomponents.Thresh .old

valuesforthreecategories(meanvalue土s七andard

deviation)aredenotedbydottedlines.

Fig.8Compositefieldsof

categories.
ft=O
.2σoxl.25,θA

streamfunctionin七hree

andtheW2ini七ialcondiしion.

Fig.9Amplitudeandphaseofヒhestaヒionarywavesinしhree

categeries.Threeindependen七runswithdifferenしinitial

conditionsaredesignatedbysymbolsasfollows3Wユ(●),

W2(▲)andHadley(+).ψ(m,n)componentisdenotedbya

solidlineandθ(m,n)byabrokenline.Ampli七udeis

mu・tip・iedby・ ・3・ σ。x・ ・25andeA「k=・ ・2・

Fig.10CompositefieldsGfstreamfunc七ioninしheupPer

エaye・ ・(1)・ σ。x1・25'eA★=0・ ユ5andtheHad・eyinitia・c・ndi一

ヒi・n・(2)・ σ・x1・5'eA"=・ ・2andtheHadl・yinitiaエc・ndi一

七ion.(3)=controlexperimentwithouttopography.

・・x1・25'θA★=0・2andtheHadleyiniヒiaエc・ndi七i・n・
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