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52

NF L —EBRIZHIBR O KA KIS 2 BT 5 L CHETH D, ZDOHEARNLR X A=A 4
I3 Held and Hou (1980, MA#& HH80) 23HISH RO HiffiLE 7L THHIL TEHE D, TN
I~V F + A7 (Held-Hou, HH) €70V M-I TV 5. —J7, BRI A § v (LEDH
B) ORZAIHRAOMEE D OIS CTHEEL T35, 2D L) BEHRIEA——p—F—
avERENTED, ZOX A=A LIERBEWTH 5. Gierasch (1975) 1& H EREI
HE LR RKOKHEHE VIREDD L TA— =0 =T =2 a VDA N A LD
HZRATED, 2IUEF =T A A= XL EMEN T 5. Matsuda (1980, 1982; DAtk
M80/82) 3F¥ —F 3 X A=A LZ2WIEL, BROKILR DL G~DINEZE 2> 7
(U Nz ¥ — 5> - MM (Gierasch-Matsuda, GM) & 7 /U L I3,

ZD k9T, BN ZKE L TET MU L 2 RAKRIEBEROWIZE L, HBkKICER & 374
{ATbhTwd, ZHUFHBMNRZIKET 2 2 LT, #HEa KRKER %2 KIF i itk
T2IEDNTE, PRI THS. o, iR KAKIEREEZ L 2L
T, FRHS R EELOKEN DO W T O 242 Z & b 1R, iRz e L TREKIE
BRAEMATZ2Z 8, SHNICHOIEFICERFECZ L TH 3.

D EZEEA FRTlE, AFL—EBREA——n—F—> a VLT, BllEHEL
WEDHFICOVTIBR, HH €TV, ¥F—F7 3 A A=A L, INHOWREEGANT S, 2D
#%, HH80 & M80/82 nikiisi L HiE K2R L, AHAEDHNZ B3 .

*1 MS8O IFHPHEES 2 VY v v FUVEEAER L <, MEEiE2ETE— F L EZBREZ2 R TE— FOM
THELTRIINICIIR 27> T\ 3. T2b b, MS0 DBl o vt s 2shlik 2 5 K& Fh8
HHEATE Y, WRAGEFEA G, 727210, M80 OMERTIZA— \—0—F— a VSHEHT 3 & X2l
TP EH G S MRS T — NS ek T 2 LSO Q0 s, AT, A——m—F—YavDRXh
ZRALEFHL X =T AN A LD “FEERRKOKIEE” LI REEZ, “HROIEFITKE VAT
B ICRERN L 7285 % GM BTV & RS,



1.1 J\RL—1E=R
1.1.1 #AIEE

1.1 a3 —ay v hlR R Pt » ¥ — (European Centre for Medium-Range
Weather Forecasts, ECMWF) O gt — % 20 0% b L2 L %, FPFH 01+
MR 2R L T\ 5 (James, 2002). & b BHFH 2RI REMNITO @ B & ALz
Z0 25" AHETO TRERTH D, MERICZ N Z R V2L Tw 5. Tapd/\R
L—BRTH 2. N FL—IERIIE» WEEENT AL, mc e EBENT IS 218
BIEERTH 5. P L —TEEROMMNALiE T 2 FIEIEER (B EEM© A U, (R EHIT R
g 20EBR) 137 = LILIBIR L WHEN, Z2 0 S S Il AZE S 5 99\ IEEAEER 2 R IEIR
EMENT WS, NP L RO 1220y = v FADRIFHEHET Y = v & (subtropical
jet) EMEEIL, NFL—fEBRE 7 = LUVEBROEHI TS T 5.

L2 3KREENEBRE FH L v ¥ — REE KRS0 5E £ ~ 4 — (National Cen-
ters for Environmental Prediction/ National Center for Atmospheric Research,
NCEP/NCAR) O f#f##r7— 4% (Kalnay et al., 1996) 15 4572 b L2 L 7 H DO
B EfEER 2 2 LT % (Satoh, 2004). H - £ZF=0 V1 HITEER 13 AR EIEN A3
8 <, FRHCZERRDON P L —fEBRPELI N Tw 5. L L, & - MEOPHETFHIEERD
R, S0z EIEHICEITwS. 20218, "FL—EBRDOX D= AL %HEZ
L SITRENTEZIREST 22 L3R4 TH 3.

~1000 —

T
90° S 60° S 30°S 0° 30°N
Latitude

1.1 4P PR B s, S amiE 3 2 x 10%kg/s. BHHBIZHPEELS 20m /s DL
Lotz R Y. ECMWE f#fi#fr 7 —% 20 4551285 <. James (2002).
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1000 .
908 60S 308 EQ 30N 60N 90N

Latitude

-1.8e+11 —6e+10 6e+10 1.8e+11

1.2 AP FRARBEE. (a) 1 ( Y4 A, (c) 7H, (d) 10 A. SfEskE
10'%kg/s. NCEP/NCAR it 7 — % 15 4E431 %o( Satoh (2004).

1.1.2 BEDOWHE

N E U —IEBRORFSE S E#E (1992) 1ZFEL KBRS T v 5. Kfiiil 2 zk 251l
BN F L —fEBROME DI OV TR 5.

NF U —EBRIE, KHUERRUICREREIE L L THI o N T B M2 3N 2 72912
Halley (1686) %> Hadley (1735) 5iC k> TEZ 607, Lo L, Halley DFiIZ HIEDR)
REME L - AEY 2 bDTH o7, —7, Hadley [ HIEEDOXEZEZRE L T, RiED S il
FTHDZ 1 e VOERZEZ, BB EZ2HP L Tni (M 1.3). b5 A5A, NFL—fEER
(Hadley circulation) &9 413 2 @ Hadley ICHR L T\ 5. Hadley DEBE XX

IZBY 9 2 BEE I Persson (2006) IZFEL W,

Hadley @ FiR13 19 HAdIc A% &, BIMIEE 2 b LICHISN s K ) Ich o728, 2D
BHNF L —EROMIAICE L WREEBE S N o7 8 2 KIMFRE, AR2 18
i KERIEERE 7V % b IS TREBRY 2 25 2 381 F 7223, A~ R L —1EESROHRICBI L T
FIEEEE LD T

Charney (1973) \ZiRERDBAR L =7 < Y EOMH G ZIGH LT, #Fiw T F L —1F
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0

1.4 Charney OBEROBIARK. F— k> (1979).

BROEAMZNATH S, L L, OB TIERETO EAREZFHHLTE 5T, £/
N L —EER MR £ TN T 7z (X 1.4). Charney OBERHIZOWTIdA— k¥ (1979) I
IR SN TS, £/, 1A (2007) Tld Charney DMz RAREIZTHLA L T 5.
Schneider (1977) 13 HERfile #5 2 f0E L 72 BiffiZe 2 RILE 7V 2 v - BfiE S8R 1 X
DBFENZ: (NP L= VP E TR TRV ANFL—FRZHBL T»5, 2
BGmI 2 R %2 5- 2 7- DHS HH80 TdH 5. 6 DL IZHFE N 2N F L — k)L Dl 2 Fil]
LTED, HHET )V E L THETO IR SN T3 (FEL IEKEH & fHx A ZH).
HHS80 Dit%, HH € 7V ZIGH L 72H7i23%8% { % I 11T &E /2. Lindzen and Hou
(1988) IZARBEIENTR A MNEZ 5 A TREL, £FONFL—RADBHEFZOZN LD Hii <
%% Z %R L7. 51T Hou and Lindzen (1992) 3B FREICE T2 E NP L —
fEEDEfl I 5 2 & ZR L7, £/, Schneider (1983) K12, Hou (1984) F<x 4,
Williams (2003) 13 AREICZ 124 HH80 DFEfA 2 IGH L Twv» 5. Satoh (1994) TIIE



MM KRR DEDRE 7L %2 VT, KBRS X 2 EhEfs 28 A L 2352 17y, HH80
R, MEFEICLZEFER LR TN FL—2ILDIEZ KD 5 Z IR L T
%. Caballero et al. (2008) IXHliRIFRE TP RAKREE: % B 58 L 72 iAHB R %2 v CGE
HEefro, B - LAZFZONFL—X L DOIEZRD Z2HHZE R L TWw5., £k, RAKIER
DAt ~DJEH & LT Wirth (2006) Ti&, HH € FVD 74 77 % f - MR EER TH
W, NYT =5 E Y A— Y ETIRIEW A7 — )L O [alE RS O $hEREE 2 > <
V5.

1.1.3 ANLK - RTETIL

HH € 7 WVICBET 2 @75 U WESUI AR A IZEE D | KTl HHS0 235 2 7-Puil
A e HH ETIIVOEBELRIREZHNT 5.

P A

S H ORI ED 732 2 75E 7Y 27 4 7GRz e, B2 Bahait s L
T a— by mElZEA L TR ZBRE) T 2. 2 LT, HESHEmR, RENT 2 5E
L, EWREZEZ 5. BHREMFR G THHBORME (7R 7)) DET7 v 7 X
U, PhnCHREICHHIT 2252, 87 7y 7 A L Z2IRET 5.

RE
HH EF AL TRESICRDEEEZEE, NFL—k LOBUOIROEE ¢y %KD T
V3.

(1) NFL—% VDIl (¢ > ¢pp) TREFFHIEERIZ & <, MmAI5IE B IR Az S
(=2 — b g/ mH o BAERAIS) 12H D, RFEEI R TaE 2z v e & Lk
EZDOMERTHIC L >TRO SN S.

(2) N FL—%X VN Lo & O fEE) R 2 R L, Al L0 RIS
T 5 A EE RIS 5N F L — 2 LN ESRO PR RS S5 5.

(3) NFL—X VN TIORPERIZERIC X > THO 6N, FEOHER L D biEr I
AE () 1.5).

(4) N F L — ) VINIIEE R I B 5 .

DLEDRED S, N F L —X VINOFRTE Y L 728604608 ¢ [T L 72T TR 5
N3, ZLNAFL—2LHDOZZ LXK EVEHZZ LI LT, oy DRD 5



Tropopause

Angular momentum conserving flow

—

Large zonal flow aloft

Warm Cool
ascent Gradient wind balance descent

Frictional return flow

<~
Ground Weak zonal flow at surface
Equator Latitude Subtropics

1.5 ~LEF - &7EFLORRK. Vallis (2006) % —#HEIE.

(I 1.6), SHEEAT 2 € — 8 Ry &\ 9 SEXOLEE FI O

5 1/2
Lhh. 7L .
H
RTE%Fﬁ?, (1.2)

Th Y, Ag id “BEPERAE” O AR 2D RAIC N 2 TH 5 GEL < Ak
AZRDI L), 29 LTRO SNT: o B8, BUEGHRIC X DR 57 F L —w )LDt
MOMGDOME L —F LT L, 2L T, BENRMET ¢y ZFIMHE L 72 L SIBMS LS
FL—t VOGHIONOME BB L Z T2 L0, HH ETIVDEBNRTH 5.
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1.6 ~“VFFA7ETNLDIRNTX—PHKICL BN L —H@E oy DIRED 7. “IK
SHPERRAL” 04D Op T, AEB) R &R D S o & 1 B IALT A A3
On. 2 DDKEBRFIMOEIEIEL { %5 X )12 ¢ DK E 5. Vallis (2006) % —
HREIE.



1.2 X—/)\—0O—757—>3>

A== =T = a v L IZEREORLGAP R OMAE S oM S cHEEIO K b %1
W92 (bbb EERPHIEA I, HEHEE XD bIEFICH ) HRTH 5. KfiT
X, TOA—=—R—a—7F— a VICHT2BIFEELBEDOMAICOVTIND LI, 20
BX =T A DXL EIMHOMIEERBNT 5.

1.21 #HHAER

BIfE, —MHCA— =0 —F— 3y N2 BEOEI SN TOL30iE, SEES
45y (LRORR) Th s, 9132 NZNOFRORTEIIEE R HER & Hil L <fis
T3 (£ 1.1). HERE SR, ¥4 5 Ol b EEAEC I HERETH 2. ABeRoRE

£ 1.1 HER, ©E, ¥4 8V ORIEEN T A—F . HH (2000) (IC—EME.

HERM  RElRa R EIERE | HisdfE
2k H] [deg | [lem] [m/s7] [m/s]
HiEk 0.9973 23.44 6378 9.78 467
&B 243.02 177.4 6052 8.90 1.8
545y 15.9 28 2575 1.35 12

MERY 177.4° LIZHESURETH 2 2 EZ2EHRLTWE. R, &R EY A ¥ VD
HOBHFERZX 1.7, 1.8 1R T. &R TIZEE 60km fHET, ¥4 ¥ > TIEEE 120km
fHE TV TN s HEOM ZIZ 100m/s IO EERIBH I NTWS. T4hbb, &EK
LFUIIHETOB X Z 60 1%, ¥4 ¥ v DORLZIFHEROE L Z 10 f5OES THERL T3
DTH%. MRTHEHE NS Y = v PRIROEH D 100m/s IET 2 2 &3 558, Hukk
12 467Tm/s THH L TWA I L %2EZ 5L, @AY A Y v ORKADEEIIFF ICRRT
HBHIEBTDD.

A—R—u—7 =Y a3 VIFHIERTIE RN WEE ) LT TR, ZNZHMFFT 52 H
SRALDFHHDBHEL VW E VI HTORELEBIRTH 5. 7 2, H2BEIC KDL
D 60 f5DMETHER L Tz & LTh, KEUSIX S 2> DRt & o BEERDME) & | [
RFEH & FREDOREEHEICI 2R NE EEZNTVE, DF), A——u—F—
Ta v ERMER LT 212, RRUCAEBIEZ{IHET 2 620D X A = X LM\ Twis



Vi2, SOUNDER
\ / DAY & NIGHT

0 I 1 1

0 2 50 75 100 1%
REAEE (m/s)

X 1.7 SEOHEPEEEDRIES . Bix 25T L a2 L Dl s nx
HEl. VR IZV =327 8 FHEWKL, V27N EI A A =7 - V4 —F ROEEK
2 & UL AN - EAK (2005). JEXIE Schubert (1983).

T T . T T T

[ —6 " _ Parachute e 1140

[ Scale hange 1

C height exchang - {120

E e ]

10F —° - 9100
_ “ Jso
g T 1 €
< 160 <
o N g
5 F—3 i
§ 100E GBT g
& . ’ 140 <
s ~"—— — Flasar et al.27
E 7 - Envelopes 120
E Parkes % J
1000F  \J . . . 4
0 20 40 60 80 100

Zonal wind speed (m s7)

1.8 4% v ORI FRE I A . FERDSBIME. Bt & NI R A 2 v —ic X
BT — % % b L1 Flasar et al. (1997) 23 7OV L 72 M3 7 & 2 O Alfg k.
Bird et al. (2005).

TNUER o vwDTH S.



1.2.2 BEDOHRE

HIffi CA— =0 —F =2 a VPR LEIA YV THHINTVSE 2 EZRLED, A
fiCIREICERDA—N—a—F—> a VICHT 2BREOMEZENT 5. hE, Kffild
RH (2000) ZZHF I LTV 5.

A=N—0—F = a YPEHMWICERINS ETI, D20 L) 2BiRZ2F/HLT
WhhpokktFbNTwS. HEXEZOLO GEVEETIX, 5 100 e L CHIEIZERT
= OKBBICMBE N2 BT LA L, WERT TR 2 R R S HB L Twvw 3 &%
25N Tz (K 1.9).

N
3 =

B 1.9 ERXGROBAMN. YA - &R (2005). FIXIEHAE (1987).

L7 L, Boyer and Gurein (1969) 23#h 122> & 0 /MBI CREHIBL DO EINIIT 4
HIERHC L TWw3 2 L2 %R LAC LT (W 1.10), @S 65km < 5 W OEFE LT
100m/s 1239 2 WO FAEDRBE I 17z, Z D%, EMEIC X 2 BT, El
VIR DSHER S L7z

VENUS
9 juil. 1966
uv

Pic du Midi
4h 13 5h 07 Th 25 8h 18 9h 21 10h 23

1.10 €«REOEDEIHE. Boyer and Gurein (1969).
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w'w >0 ww' >0 uww >0

JIE.

#E) @@ BB

111 v 7500 & B k. AH (2000).

A—nR—u—F7—vavRBREEINTLEK, BLz8EDd, 20X DXL 2HPT 5
B2 @i S, Lo, Bl nwllbdbh, REEHESZAD2DDIE R,
A=nN—u—7—varzildT oI iRIBI NG, LD 320008 Tsl L
DK 5.

REBEMNRICEE T 2EH

CHEFA— —a—F = a YREADANC PRI T O RERNK 1.11 D X 9
W 2 & T, EEED LA FICHIE I N, MORIRSHER S NS EEZ LD TH 5.
Z OO GEIE Schubert and Whitehead (1969) 238 < % (moving flame) X 71 = X L
ELTHIOTRBLZ. ZHEKBOMBUCK T 2I0EREE X > TR D, KEd (9o
(D ETIEHZD) BTV E I ET, ML VMEHS & LD, F 7%, Thompson
(1970) 1FRBR-IIE AR DALE T, ML VObTOREEPIED 7 4 — KNy 78153
ZHEAR FERE LT, MRV BMAL E W) FHERBLTWS,

BENRICEE I 2R

CHUFEJBIC XD FAEEEDEE ST, MORPERSHERF SN TWw 2 B2 b D
T 5. Fels and Lindzen (1974) (FZEJ@ CTIERBMEBUC X D B S 1, KEGDOE)
(HE (HEOWN ) OfBiE L7 L PAICERS N, /e LT, EFIHEOME
RS N, A—nR—a—F7—>a vzl Twb LHE2 .

FrEERICER T 2ER

SN FAEIEERIC X > CGHBjE2ZHERH 2 6 KA hZRBALH#ER I LT, A—3—
O—7—>arvPfERIINTu3LT2E52THS. 2D L) B AXAH=RAXLIF Gierasch
(1975) ICX > TR I N, DBEX =T A A= AL EMFENT WS, M80/82 1E X — 7

11



SRAXAZALEZMALAERIE TS, F—F7 2 A A=A LE LV M80/82 22V T
1.2381& 124 i CREL N5,

PLEMZA——a—F— 3 v OHFEA A = X212 T 2 RENLBERITETH . 2
D—J7 T, RRAKIGERE 7V (General Circulation Model, GCM) 12 X 2% b fTb i
TE7. 1970 FERBEDLS GCM TA——0—F—3> a v 2 HET2RAB LR INT
& 7% (Young and Pollack; 1977, Rossow, 1983), #1#HdD GCM FEki: >34 b R E
DA TH Y, BlEER E L TOMEZITR VT W, 1990 Rk 3 L RERE D+
557% GOM IZ k> TA—=—u—F7—> a Y OFBUEY) L 724 (Del Genio and Zhou,
1996) bME I N D L H ko728 RO GCM Z2HA L 72 b D23% { | FEBEOE&ED
A= —a—F = a3 VORRIZEZEE NS bDTE e o7z. Lo L, dE, &2
GCM 23%5:H %6 S 41 (Yamamoto and Takahashi, 2003; Lee et al., 2005; Lebonnois
et al., 2006), A— =0 —F7 =3 aVDRAHZRALDBIICE N RBEHRICKS>TET
W3,

123 F—FIAAZXL

ZITIE, ¥ A AZALITDOWTHR 3. Gierasch (1975) Z A — 8—0—F —
T avOMRX A AL 2 HWT oA E LTUTD L) BIGEZE7-.

(1) B (FEREER]) D fnEhzE %2 g L, HESHNFR & 3 5.

(2) FAMTEER I CRIERO KR E S EIFMBEIRIC) MILMBGED KR E S DAIC K > Tk
EIN5.

(3) AKFMILELIEIER K & 5.

fRE (1) 1ZHESONE C BEER E R E OMEEDP R E VREDLS, FHAICEDNS
Lk, L, A=——u—F—=Ya v (DFhEOEER) 12X D, BUisbic
T APLHITHHE S N, RIS RIS ICR 2 EEZ 5 2L TE S, RE (2)
%, HIEOE VSR T2 AV e (FIUREAIC X %) [HEEMEEE 89 D & 9 MR T
BHIE RS RO TEYELEEZ NS, 2L, HEEEIKE  ZUIREMFEE N &
T D A ) TEMERCT-ENIC Z2 D 9 553, AU ) FRHIIEERO S LIZ L L Tv 5.
iAE (3) 1EIEHE ISR (REARZR) D223, EBICIIMEEALE % £ OKVRATEH Y E
CECTWE 2 E2BIREL TORETSH 5.

12



112 (J8) F/FHIEEOBRE. Gierasch (1975) % —EMETE. () filbh 51
L SRS & 3 B R o BRI, FART (2000). BRIZIAM - 42 (1985).

DEDREDS &T, K 1.12 (£) D &I BT THEREZEZ 5. KE (3) DERKRD
ACPHEHLD 72 & 1 BPE RO G 13 & = CRIMARIESZ L Cw 5. 2o k9 ke &, HbEES
(U) &faEsE (M), $hiEw (W), 2 L CHEBREONME7 7 v 7 A (MW) 1K 1.12
(F) D& s. Tt E HFIMERETOMER)EOA DD, S TOWM X
DHRECRD, MBS FEICERT 2. —J7, TEicm@EiiR% FEIciHhL <
K9 2 LT Bh, MFRIRESIC X 0 EELI D o fAEH) &2 i S 5. MIRR DK
RO X D FICHHAREE OB IcH 2 0T, K 1.12 (F7) OBRIEHMFR SN L% 5.
R LT, FEoEBRESHLI N T WL, 28T, HERDMES 7—25KEL kD,
SRERE DR IK E 2o ¢, FAMGERIC X 2 AEESIROMA L, SHhEMEICX 2 A
EEEOMHBEIDAH L 2 AT, FHIREBIGET S, D EDOEHARF -T2 h =X
LEWINTED, A= —u—7—>avyOlliHs LTHETHOENHIN TV S,

1.2.4 tHOHE

CITRF =7 ABZALITOWTIRITINE K CEAERICHTTE 2 i o 72 M80/82 12
DWVTHRARZ. M80/82 1E X —F ¥ A H =X LICBIT BIKE (3) ZHBRDKE S DA
USRI L, 02 (2) Z9ERL TWw 5. BUTIC M80/82 w3k - ROz £ L 0 5.

o IR LD 7L 2 A7 kD7) 27 4 7TiRAR.

13



= a2 — b YNEy/ B AN X B o BRE).

FRH O, ARIEN PR, o BR AR 2 R E .

ACHFHEBUFMERR, & L CIESREMEL D b Tt REVCERRZ V5.
ZRENVY v v FVEHEAER L T, W3 g EToisrzi ) KEHEBEE T
(WH W % highly truncated model).

MBS0 Tl Z DIERHEHEE 7L DEE EHTINICR D TE D, M82 TIEHFHEZ1T> T
MS80 DGR ZHED DT 5. M80/82 DERIFRD 3 MICF LD 6N 5.

(1) B RO &, KRB EROGE, A——a—F7—> a3 VORI IFT
PGB DR SR L C, MRz &5 2 L2 L 7.

(2) BALATIDH2EN AT v 2 () E0) 05, REHIRESEER/INS Y R (B), &2
BRER/INZ VX (V), BEER/NZVX (D) D 321408 20 3&13md
OHEF RN EB VLTIV AV A MYy 7 BIREHO ERDIEHB L T 50
ZRLTWVS.

(3) DN T A —=F KR TAXR, HENNT VY ADLY =T AT 77 0%2ME, %
HPHRO A2 R R L 7 (X 1.13).

14



YGr

To/Tu

X 1.13 fRONENNT Y ADL Y =L 5 A4 775 A E ZHIERERERANZ v AV
B EELREENZ v A, D IZEBER N7 v A2 R L, VI IZSEBREE AT >~ A
DAPIEAE L, V-IT 13 E PRI E U CHEBERAN 7 VABFEL )BT L2ELT
W 5. fEE N ERTECRGTE DO RE IR IS0 9 2 B Ot (T4 b bEET 7 < v ), fit
T FALMBAE 2 R TR D 7' T > 3 7BDOFHIRTH 5. § (ZERIERGTE D AR
X 2 AR DRERIRF I D T, 2 2 Tld 6 < 1 2MREI T 5. (Matsuda,
1980)
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1.3 AHEOERS - BB

DlE, 11T FL—ERICOWT, 1.2fi CTA——1—F =2 a VIOV TZNZ
B BEDOIIE, ZLTZDA IR L Z2HHTIHEHE T LVERNL TE L.
AWMFETIE, "FLU—EBRDO X A= XL Z2HBH L7 HH80 £ ¥ —F7 3 X A=A L ZFES
7 M80/82 ICEHT %.

1.3.1 Held and Hou (1980) & Matsuda (1980, 1982)

HES
1.1.3 fifi & 1.2.4 ffi¢ HH80 & MS80/82 A H > 7= Mk 4 % f 4 L 7228, FEIMIE 1T 1E DA
To% OIEEBH 5.

o BRIMIAERER.

TR ATTMED T 25 4 THERR.
—a— R B (EEREE O LR ).
55\ ERTE R

HHRIOR, AR 2 RKE L, EHIREZ E %K.

8
S THHOHEIEU T OMD T 2.

(1) HHS80 TIZAKHEERE DL 1 22 DIk LT, M80/82 TIEIEH ITK & 2 AR L
RE2 Fv 7z

(2) HH80 TIZHIBRFREE D\ SR 2 L Tz oiax LT, M80/82 Tl
WIZIA ST X —F &2 EZE L 7203, FICEEBE O HiiEAEE o &P I
HLTw7.

(3) HH80 13 BfEit I MBERIED o7 ek 1€ 7V (MRIER I 90 #%1, #hiE 50 J&)
ZRHALZDIx LT, M%BQi%ﬁ%%ﬁ,ﬁﬁﬁ%&%uW%ﬁﬁ3®ﬁ§
HEETVZHL .

2T, M80/82 DRHHEE 7V DEHS, FHRED+ir ke TN DMEDERLE LT2Y
t&ﬁi?hiJﬂBOb%mLkHH%waﬁﬁﬁhéﬂbV—@%MUM&HH@
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NEL—RERfE PSR &, M80/82 X — T ¥ A A= AL =R L 72 GM € 7L Tl
SNBA—N—a—FT—a VR (D, GMBXA—"—a—F—vaVRLETR) 1, k
SLOFHHZ O SRIARD, BB 7 X =% ((1) & (2) DIEIZER) T EITR 5.

1.3.2 2RJTE 3RTT

AR THER L T2 HHS0 & M80/82 & & & I FERHl Fd: 2 I L 72 2 Kot D P
HAazHCTWS. L L, YR Z LA 6BFEMIRIL 3 XuEHTHh D, Wi 2 X
TS TIEFEA U e WIHEAL EPEEALE & £03, RAAKIEERICE W THE L KE %
RLTw3. 1.23HTH SN, B 2 RILETNVICEWT, 2D K9 BALEIC
K 2IREFRL, KL E VW ITETRI AT T4 AINTW 5.

Thbb, KEEEDA > TR WEFRO HH € 7T IUVBEHED N F L —F58 (DIF)
ZHPITETWVE L) Z e, MIREREDOHERHEED & 2 D) 3 ZInHFIcE »TH
L — BB 0§ 2 FEIl PRy DRI/ S W E 2R L T 5. ERE, Satoh et al.
(1995) 1 GCM % I\ ¢, Sl Fi % N L 72 2 ROt & IRl % 359 3 RotitR & o
WS 2 £\, N F L —EBROIRC M S I ME CTHBEICZ 2 E W FERER L T0w 5.

WS, IEFICR E LACHER R IE L T b GM € 7V, SRERE O HisHE %2 R
B TIX IO PR 22 BT 12 & 2400 & 2 DACHRAER S B Twv b 2 E 2L T
5DTH5. BHEL 7% & L, Iga and Matsuda (1999) IZMETEE 7L % FH T, T
ALEICE D AKTFRADE &, AEBEMEREICHRINL I ERL TV,

1.3.3 AHEDOEIY

1.3.1 i, HH BN F L —fEBRE E GM B2 — % —na —5 —3 a3 VfiiZ, [ L R
RDOBRDRIA—IDRTHHZ ERFHL 2. 20 2 HBEHDOMII N F L —PhB, A —
NR=—O—=F7—=2aryZNZTNOTH TR A NN, ZDMEHDEID LRR,
ST R — RIS D Ic IR TR, £, 1.3.2 fii Tl 7 X 5 icHiBk, @R 20
ZNDORPLTD 2 RIuf & 3 Roufig % Wik L 7217613 & % 2%, 1882, HHS0 5 M80/82 d
Vet (T2 5 1.3.1 i@ ok z b OPfilAa) 2 3 RotIchiik L 228k S
TWwhWwL, 2O X —=FKEEOHE IR > Tk,

Z TR T D 2 HEERN E 5.

L iR F 2 XOTEEE 7 v 2 v, HH80 & M80/82 %2 el 3 JAHiFHICH 7z o Tos
T A= AA =T EBAT G, RO T A= FREEZH R, HH BN B L —fEE]

17



e GM IR = —a—F— a VIROEDR D) B ZHo T2 2 L.
IT. %2 3 ZouBfEE 7V CTHRBRICEHE L, 2 XoufE & 3 Roufo k2479
T, HHEFILVE GMETFTNLVOZYEZHAS LT E I L.

BB, KaSCUI TONETHRINTW S, 7, fildH 2 Zote 7 VI LT, 5 2
ORI AR, B 3 ECHMBRELZFHHZ T2, F4BETIIF oGz L, Z
DT 2% 5 FTIT). 2 LT, %6 mT 2R L 3 XITMBDHEIC OVl 55 7 %
TeEFLED L. FMEA T HHE T V2L S@H L, (B <, AFZE T L
TBHEE TV ORE T L2 L QLY. 8 C TIE, EP 77 v 7 2T 2 MR 217 -
T3, GHREINZBHER O Z KL L LTk D ICHE 5. 8, Kia X D% 2 &)
55 5 BICHY T 2 N ITBEICSCmSCEE Theoretical and Applied Mechanics Japan,
Volume 57- 57th Japan National Congress for Theoretical and Applied Mechanics,
2008 128\ T “Axisymmetric Steady Solutions in an Idealized Model of Atmospheric
General Circulations: Hadley Circulation and Super-rotation” & \»9 #H Tk X 1
TED, 20D Z22EiwmX e LTHIT 5.
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F2E

> o AR

A TH ) RIBRIE LD 7> 2 A 7K T 7 4 7 HRAR T, Bl i &
LT=a— Ve mHZ V5. =2 — b VNE/ iy Hl o BB A7 35 1T 13 ARE N 722 b
DzEHN5.

2.1 BT VRRAIVRAETY 70 TABRRR

H RN 2 BRI 2RKE L (0/0XN =0, & 2T M IIRRE), EHIRE (0/0t =0, Z
TR 22 5. $5 L, XMAEKXREIMTTEZSNS.

v ou OJu  wvtan¢ o 0%u
5%4—108—2— - —2stm¢_uHDH(u)—|—l/v@, (2.1)
v 0V Ov  u’tan¢ ) 10® 0%
E%“‘)a_ﬁ . +29us1n¢—_5%+VHDH(U)+VVw> (2.2)
0P
9. gao, (2.3)
voe 08 __©-6. 50 (2.4)
a O¢ 0z Vo2 '
1 0 ow
acosqﬁ%(v cos @) + 9z 0 (25)

22T, u,v,w FZNFNFHOFE, FEL, SEKSTH D, © RN, D =p/p THD,
p lEHET, p ZEETH S, HMILEE ¢, 2 1FIBE L EE, E8 o, Q ITREOPE L HIEA
HEE g WENMHEETH 5. 71d=2— b VME/WBHOERIREE, vy, vy 2T
K- & SREDIEHUREL, ky IFSREEMAEURET, o IZBIERTH 5.
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O, 1F= 2 — b YN/ A IIERN S TH D, LTDOTEHA 5.

O, 2 . z 1

ZI2T,00 130, DRI TH Y, Ay, Ay IFEEHERAZ OMRER, Lim i 2
FNDWNFED O T BHTH L. P3Ny » v FALEHA Py(z) = (322 -1)/2 T
HbH. TITE, BIZIRMREUZ a=1/0¢) THZ 5.

APHEEE Dy (u), D (v) 13 Becker (2001) 22 LT, DU OfEBIEBIREFEI NS
Bzemvs.

1 0 ou U 2u
D (u) = a2 cos ¢ D¢ (COS¢%> "~ a2cos? ¢ + a2’ (27)
1 0 ov v
Du(v) = a2 cos ¢ O¢ (COSQS%)  a2cos? ¢
10 1 0 2v
+E% |:CLCOS¢%('UCOS¢):| + a—2 (28)

JPENBE R L, FIRCHEW D &M (79 =2 Y v 7)), P EoE i el 3 2
B LIRET 2. BIEREMIE ETRE DB 7y 7 AR L2 IKET 5. T4b
B EIRSAE,

ou Ov 00
00 ou ov
z=0 T w—a—Z—O, I/Va—Z—C’U,, VV@—CU, (210)

ThHb. 22T, CIIEBEERETH S.

2.2 #RITib

QR vy B EDIERNS T X =5 1xT 2 fFORAFIEZ WIHEIC § 2 7212, A /iR
DMK 2 T) . T3/ LLz, RENZRES U, V,W,00, H 2T, MRITL
WS TRY) THSET.

w=Uu", v=Vo*, w=Wuw", 6 =0,0% z=Hz". (2.11)

¢ \ZFFI O (23) 206
d = gHD*, (2.12)
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Th Y, 00/9¢ & @3I) % ¢ WO L 7R 5

0P 0P~

EFET B, L, B IFEALRM A D IIERAIG D Z UK T 5 HTH D,

96 /a6,
B = 26 | 06 (2.14)
LEHT S,

@), @12 & (Z13) % KRARAR ZD)-E0) CRAT 3 &, BT omeRit i

HRARVBROoNS. L L*EEBL TH 5.

vag—; + wa% — Ryuvtan ¢ — %v sing = EyDpy(u) + Evg—jé, (2.15)
vag—; + wa% + Ryv2u? tan ¢ + 2yusin ¢ = —ﬁ%g—j + EyDy(v) + Evg—z,
(2.16)
00 00 1 2 ) 1 Ey 0%0
RUU% +wa5 = —z @ -1 + 5AHP2 (Slngb) — AV <Z — 5):| + PTV @,
(2.17)
0P
— = 2.1
1 0 ow
Lo L2 o 2.1
R COS¢8¢(UCOS¢)+R o 0 (2.19)
2T, MRITEUILL T O D ICEEL TV 5.
o ME D A —%: Ry = gh;ﬂ,
a?()?
VAR N N . _ Vg R N I 4%
o BTV FILEL Pry = -2,
Ry v
o FILE X UHEMEZNRNAHEE Lcu A - R, = ) BEXUOR, = 0L
U

o PRI T 5 HPUFE D v = 7
o HEAWNCIH T 2= 2— b VIME/WH OB D € = 7Q.

@I X DI BIC Ry ~ Ry DR, F72, FHEERAL: @ZI0) £ b XK

(=2

Coz’
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#8835, 22Tz I TEDREZXTH 3.
DL EDERTE R T X —ZIZINBEE» 6 KRE I DI F 2B MRIT N7 X —5 &, IHK
NI RA=ZIHREGE L THETHE 2R IG/S T A —F D 2 DI TE 5.

o MR ILNT X —%
RT7 EH7 EV7 PTV; €, C7 AH? AV;

o WNEHERIL/NT X —%
Ry, B, 7.

Tabb, SHEIERIG T X — 7 ZET UL, 56 N5 RN E 72 5.
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SR HR

\nix
Jdiy

JL ==
X B

all

HH B F L —{EB#E» S GM B —R—a—F—3> a3 VIRE TOERMBEZ TR 7
DIZ, NRIRA=F AL =T EFRZ2T). NIA—F AL =TEHREINRTIA=F 2D D
DEZTHRETZENZNRBUEEZ RD, (FDNT X —=FEIFEZHE N T 5 TTETH 5.

31 RA—TINFX—=%

AW TIE HHS0 8 X U M80/82 ICB W THEA NI A=Y Tho7, Ry, Ey, By %
AL =T NRTA=FICHETS. M80/82 TIE/ 7> a 78 G, %87 A= L LTHW®
T, 2D G, & Rr,Ey &3 G, = Rp/EZ OBRICH 5. Ry, By, By ZHWwT
T A= 2EMERERT % £, HH80 & M80/82 % Z DZEMNICfiE-D % 2 L 23k %
(X1 3.1).

Ao Bk s HH o F L —fERfEE GM BD X — 8 —u—F7— a VFEORIFR
HICHZDT, EEZEDL T, T RA—=—F DAL —THiHZEHRET 5.

ZOMONBIERIC NN T A=Y ZHE L L E, AL —TFRXA—%D Ry, Ey, By
BEADIDIT, Q, 1, vy, vy, ky 2L TCC0C DEZZNEFNEZD. 777 L, fib
DNTA=FlFa=64x10m, H=8x 103 m, 6z = 250 m, g = 9.8 m/s?,
Qg =250K, Ay =1/3 , Ay = 1/8ICHEELTEL. AL =TT RX—=FDAA —
THIPHIZZNZFN 1.2 x 1072 < Rp < 1.2 x10% 33 x 10710 < Fy < 1.3 x 10°,
21 x 1074 < By <21x1072 TH 3. ZDMDNTERIC ST X — & O EfH 1%
Pry=1,e6=126,(=08 Tdh%. Z+i3 HH80 LM UEZHMAL TV 3.
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<—Matsuda (1980, 1982)

Held & Hou (1980) — |1 || 2.1x10

-2

Epn

3.1 NI X—=%% (Rr, Eu, Ev) ICiEl} %, Held and Hou (1980, #%fh), Mat-
suda (1980, 1982, %¥&h) £ X VAL (K ) DOALEDT.

32 #EETI

ER R Z KO B 712, AR TSGR (2)-210) DR RIZLEZEZ L 72 1
DEEERAL L T, BUEE T2 REEE L, MRASER I 2 £ CRIEFEGTR 2179 . BEBLo
FEE LT ARFEHENTIEARY b Vi, SREICIZh 225k 2 v, R 4 RO
W r e 7y FERMHT 5. KRR E YT 85 (7 7 ARG CHkd» & RE % T 64
&), SR 32 JE, RERZI AR 1 RN 5. FIHIME I IZ 3002 (O = ©g) DFk
LR ZEH S, 28, #ET 7 L OMEICET 25 MIIMNEE B 220 2 & FEEBEOMH
FEFMEE LTI, Jelc, A7 2 A 77 274 7R D 3 RouE 7L 2
L, 2D, Tnzifinfr 2 Xk L 7.

24



4 &

SESEES

\
JdiUq

\lii

IRl FEERT R 2 17 o 7R, R0 IRE) L TR DS S s\ R 7 X — & D AE L
7o (K 4.1). RETIZEFEBEIG S N RO B2 3 ild§ 2. 20T, IREHMIC
7% 2 B Z RSN Y. &k, %37 A =2 BOERBIISIR D ICHE 5.

Ey

2.1x10?

t
v

f‘ -+
I e /

ZAXTRE LY

z

w

0—10
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[m? /s] (SRR, ZEHEIRE (contour interval, CI) 13458 %L Eiffic 275,

41 TEEMRE

ARG EIC L DB o N ERMRD IS, Rr = 1.2 x 1071, By = 2.1 x 107 T,
Eg=33x100"25 10T (K41Dan»b6iET) 2K 4412737, £7, a
(Eg =3.3x10710) o883 HHS0 Tirbh 2 HiHFEE L IZIEFA U BATH D, BiliEfi
LIZIFAUSOBESNTRS (AL EHET2EX0). Thbb, N FL—fER &/
S 72UV BRSO N, Rl B TIRERT, N F L —EROMBMHTE-Y = v b
DR ENT VWS, 20 adEa»S By NS¢ 0wt d(Ey =33x1077) %
T, BIIEEAEED S R0Y, e (B = 3.3 x 1077) TRIARE LZECHEE 2D, T
EIEER DRI IEN T 5. Z LT, E56I1C By BREL &5 L, B X4 1l

26
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X
10711072107 (K 4.1 D j 25 p £T) @, EHIREDOH )R [m/s](taFH) &
TP TR [ /] (SHEHR). SRNG5S 7L RIS FR.

RARISE DWW TV E, TPHERIE E 3§ F THREANCIAD > T EFRRRC, JEBE I
99 o T\ 5,

RIS, K41 Dj»o p,qrbw DT A=Y TOERMGEZK 4.5, 4.6 2T,
Rr=12x10"t D j» 561, q»56 s ~OE{LIL, RIFERL ad b i ~DE{L L FAET
b5,

Ep = 3.3 x 107 TR ICHENEE (1, n, p, s, u, w) &, iR F X —
ZIZ & 5, W EES IR Z TR D, KB S E TERS 1 &)L TG
BiZk->Tws., L2L, Eg = 3.3 x 1073 BREOKEEHEOME (k, m, o, 1, t, V)
7l HEGE I P ERETHAEZ LD, By =21 x 103 0 EF ETFIC2o0k L
% bOTHHEERES b T, By =21 x1072 054 (@206 w) Zb»ind,
By =21x107% oA (206 p) & 0 SHEAEREIVNE o> TE D, WIS mfEeR
IZHR L 2o TV 5. ZHUTTROGENERYEIC X o THEEESHIR I 225 TH 2. T4
bH, MALATRDTTDH D H\0 2RO 72 DI\ IIFER 2 BvE ik L, re ki A
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5L, Z0LEDOREDHEHEE (aQ) 138 5m/s TH 2 DIx LT, BUEIZ/RE 13T
65m/s IELTHE D, 1I3HREDZ——n—F — a Y REBIEN T3, —JT,
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PEDSHR\A 7z DI, B E D SHEREDA—1—a—FT = a it EEo T3,

Z 2T, M80 OKRIEER D/ Z H witiX 1 5 s IFHIRALR LR N7 > 2 (E ) 1Y
LTED, pPwBEEMBERANZ 2 (VE) I, n®Puld ERE VEIOBRATIC
Y44 2. 72720, By =21 x 1072 054 (s, u, w) DB MO DL — LT AT 75
LIZEBOT, HEMHEER N7 v A (D &) ORI %25 T3,
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42 FEEFEE

JEEFHBEDO—HEL T, K41 Dz DMETOREEZK 4.2 ITRT. 4.2 T, ¥90I»
LU —fEBRDSSRIE IS R L T2 D0 H D, E70, fE 45° (HEo E%icy =y
FOEIRINTE D, 2 2h 6 HROMEOFIOITIENT W 5. 2 LT, HpEEEE D i)
CIREHL T 3.

ZDEEDMEL (AT v v VML) DA 2 X 4.3 1239, EREOIEERD § CHRlic
ACEER TR E DDA > TE D, b 1) EHROBMO O EHEE> TS, T
Kbt 2O TIRNEALEE 2354 L Tw 3. ZHANERIRIEICE S o 25K
ThHA .

L, RAETIZ IO K ) BIFEHMRICBIT 20T - B2 20l Lidfro T, &%
fRlicoREHT 5.

1 W 5E5E D N ZEE 5 850 b KL T30 DRI L CREE A, — IR RZEE % 72 13
RHARZE L 29 (M, 1997).
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----- O En=13x1073 - I? we Epp=1.3%x1073
R [ R
102 107! 10° 10! 102 10° 102 107! 10° 10! 102 10°
Rr Rr

X 51 () By =21x1072 (FH)By =21x1072 DL EDA——a—F— 3
VHREE S DKV 7 e v By LANBEM A = Ry (W 2RkEME. RSt — 8
iV b A T & B T DO RE D D LT L 7 A D .

By =21x10"3,FEy =33x 107, Ry =12 x 103 DL FI2 S = 11 TIRAL A>T
V3.

S DA F b S & et R 2 e L - BRIk D, Ry OIS E L CHRME
%2 k2. mdkoEB RN @16) B W, BiEH & IBIEE ML T, Ry %
STEML, B~12KETS L,

S2u? tan ¢ + 2Susin ¢ ~ _RTg_j;’ (5.2)

E7%%. EKD S I3,

VRr  for Ry > 1 : gfl - '
THEPENS. I6I, X51%A%E Rr~1ThHoTdhH
Ry (RTgl@é:%)
SN{\/_RT (Rr >10L %) (5-4)

ELTRY. SORED BA) 1k By 2VNS K, Eg DYERICKE W E ZiC,) JAHIFAD Ry
I LTROWEBED TH 2. Do RRED ICBIT 2 &0 M0 3% Z 7 - 7 HuBRHLIR
BN v R LG RANREEN T v A Digami S L CTw 3 (M8 O 3.13).
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5.2 R{AR[CIERSR

KITHAT 2 RIS HIANERR Rg MO, UM TERT 5.

RZ:%@@@%l%»?—@W%E%&% B 2|41 |2 (55)
. AURIER)7 31 % = SV SRS VTl MR

22T Yn(n=1,2,--) 13K ZE NS ¥ v FVLTHENER L 72 & 5 DERE
Ths. Rglx, Tbb, ik LJEOHMEERGEE) T %L X —I12 81 2 MUK 75 D7 53
ZRLT0S.

X 5212 Ry, By 2T L7 EED Rg D Ey FEHEZRT. kD, Eg 25IEH
ICRKREWEZIE Rg ~ 1 Ry, BEESIXIZIERIARREEICH 2 2 L2300 5. 21U
X 5.3 D (vi) 226 bRERTE 2. —/ T, Eg DIEWIT/NI W E Eid Rg 1k Ry, By 12
FLIc—ElEZl->Tws., 2OKI %A1 HH Mo F L —fFRMBICHIGL Tw 5
(K 5.2, 5.3 D (i)). Rg &, HH BN F L —EBREOMED S MR REEOfEN & X 5.2 D
(ii)-(v) DL I Ey DH LW NIHPHATRESCLMLL TS, 2D k9 REFHANTIE,

-
= i

1.2x102, Ey=2.1x10*

L e
Rr=12x102, Ey=2.1x103 |
Rr=12x102 Er=2.1x102 |

Rr=1.2x10"", Ep=2.1x10%
Rr=12x10", By =2.1x10°
Rr=1.2x10", Ey=2.1x102 || |

Rr=1.2x10% Ey=2.1x10

H \ id i difii id i diiiil id i diiiil idid
102 108 107 10° 10° 10* 103 1002 10! 10

X 5.2 W{ANEEE Rg DK 7 < v B By o33 2G5, +7WiE Eg ~ EvS
TREONAMEZET. t—<FIIN 5.3 DZFNEMNIET 5.
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X 5.3 & EEOHMER [m/s] DREESH. 8T XA —F iz By =(i) 3.3 x 1077,
(ii) 3.3 x 107, (iii) 1.3 x 1077, (iv) 3.3 x 1077, (v) 1.3 x 1074, (vi) 1.3 x 107",
Rr=12x10"1', By =21 x 107

AR 2D HRPEREAS KR E CEML Tw 3 (¥ 5.3).

Z 2Tl 5.2 1I28WT HH B2 & WA REER, K& < 26T 2HEkD 85 X — & 22/t |
DEXLZOMEZ ARG 2 2 L2EZ 5. FPOEE) TR (20) 2 A4 2 foor i s) &
M = a®*Qcos? ¢ +uacosp TEZET &,

1 0%u
V- (’UM) = VHDH(U) + I/V@,

acos ¢ (56)

%, 22T = (v,w) BFTHEVET, V = [(acosp) td(cos ¢ )/dp, 0/0z] 13F
FHNOAREE - TH 2. vy DTS we &id, X Go) F500 7 7 v 7 AFHEk
H EAADSREREEZH D G- T, 2 LT, (5.0) DAREIEIX vy OERIZE D
o TREL DD T, HH B F L —fEBRGED & KE K Zb 5 DIFAKVHLEIE Mt D =<
B 72 IE (7 7 v 7 AFEEOE & SRIERMEE) L ABREOREIIChD L EL LR FTE S,

HH B F L —{EERRICE T 2 K FIEHTEO R E 313 HH € 7V oG FEZ2 FIH$ %
ZET, RDIIICHMD 22 E3HEKS. £7, N F L —X )L DM I o asEs 1%
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= o=} VB HIO R 20) LRI B % 0T,
1/2
ue = aQ {(1 v 2RT%> - 1} cos ¢, (5.7)
L5 (A (B) 0F LA A SH). RIIEEEORTH ), KTREOR I
Xallkhs, /T FL— VNDR EJEO R AEE R RN X Dk 51,

sin? ¢

o (5.8)

upr = afd

LhB. OF 0, HH B F L —fEBRIC 5 2 AV IEEHO K 3 313 vuy /a? ~
vgafd/a? THES 5N%. XoT, 20d HH B F L —fEBRE TSN 2 HO O & D
THHIMEMEEEFACREIICRD L E,

af) U
VH? ~ VVﬁ, (59)

LB, bbb, AT & SEI SRRSO K S 2124 2 DI,
Ep ~ EyS, (5.10)
LB EETHS. JIT, S OfiE LTHEiTHRA S -7 R B) 25iv2 &, B

GI0) Zii7cd Eg 3 52 I8 WTHFFAE TR Ll E LS. ZORED IZEEOZAL
2 R AL > Tws. w2IL, FElORMDIEZYELEF A 5.
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HHE BA—/\—
NRL—ERE| . 2, o |o-F—vavm

Rr~1

R RA—/\—
AO—F—Y g ViR
N =GME! )

Rt
X 5.4 EHEBOMRIC ST A —F Ry, Eg, Ev (IZT 2 M2 2K

5.3 EAXIR 2 RITD X & &

CNFETOMPEZMPICELDZ LM 54 DX AL, DF D, HESHNGR, A
e L, =a— b/ milz vz, 3R Eo 7> 2 2 73k 70 £ 7 4 775A
RDEFIRIIMRIC T X =5 Ry, By, By I LT, UFOKAEEZ .

(1) Ry DK EL, Ey VNI W E ZE, NIHARENFEL, BIIIEER L% 5.

(2) Rr,Eg, By WEBITNIWEZIEHH NNV —EREL %25, ZOMRIE Ey %
RELT2LE, HrRon Ey OfIPAITRE L L T, WERIEAFIC 2 5.
COENKREL %S EED Eg \d Ry, By WKIFLTEY, X2 Eg ~ EyS
THED 2 Z KD,

(3) Ry ZREL LLLEI, BA—N—u—T—YaVv (§S>1)kxdlodicix, H
B Eg B Ey KDBRECIEDNELERS. Z LT, Eg BHoICKE
WEE (~ 1071) HPEEES IZRIANRIC 2D, COEED S I, R <1 DL E
S~Rp, Rr >1DEE S~ VR TRHEbONS. ZHUE By /NS0 L v
HED &2 5.
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5 6 &

\nix

2 RTC » 3 RICELER

ARETIE 3 RICE TN CTEIEEE 21T\, 20D 3 X0 & 2N E TICE S Ll 2
RoufiE7% g3 % .
6.1 3RJITETE

3 RIEHEEATH 72 0 OLRARAR I, R (ZI)-@I0) % 3 RICCHEE L7 bDTH
%. 3 RIEOHBRRBLHME 7L ORI L T, 1153 B.3 fiz 2 S 7,

p=4W18

6.1.1 RBERFKTE

2 ROGEHE & DM #4179 72012, AR IZFA U EBRERE T, [ U A A — 7HiPH %2 5
T5. 72720, 2 RICETIICET 268 - FEEEO EHRAWIZ 3 RITETIVICEIT 5 %
NERBRLZDT, SRILFRDAAL =T NRIA=FE Ry DARET L. OF DGR 2 X
TLETIITE T BHAHL - AR SRR 0 3 Kottt FUC 81 2 FEHI PR 12 & 2 IREG RIS
NG RAY T4 X LT DD, 3RIGE T NDILHEL - RAEIHIZY 77V v F A7 —) (1%
THEED S/NI VR =)L) OBRICKZRAEEEZLL, £ L THEMENLZEED
LOICEAINELDENLTH L. £/, 3RIGatHICIZ 2 RGHF L b %< DitHE
DNEE L 70 5 728, AL TIE 3 RICEHE DK TRRIE I 2 KITFHE D3 1c95 & 7.

Lo T, 3RIGETEDERFHE I T DM TH 5.

o ZE[RIREREE XYW AL T42( 7 AREE CHid» & JRE £ T 32 51, $1iE 32 J&.
o INFEIFEIEEIE DI HIZI AR 1 1 R,
o A4 =T NI RX=%1x Ry T, AL —7HiAIZ 1.2 x 1072 205 1.2 x 103,
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o ZDMDIHL T X =513 2 TKOGEHED & & & Al U B I

o SET Y 2 HIE By = 2.1 x 1073,

o BUEHKIME L LT 4 ROEERTEZ B A, UIWBUS N § 2 BRI EBUE 2.4 FKFH
(Held and Suarez, 1994).

6.1.2 SE&EHER

3RILETNVDREIIEL S DG, 6 DDOARKER G, BEREFBIZIE RS20, W
2N, fEndE X 2 ABIICZ L L T 2 HEE R RIS L 72812, T icR v IH©fF
ZRFEEH L 2b %K. £72, Ry = 1.2 x 1072 ORI, UIWEEATIc = %
VX —DED, Bffd & L CAEYTH o7, ZHIZHEZHL T2 L RKEDOREEREIC
Hona k) nFYzy MEEPERI NS LIFES 1528 (Williams, 2003), 5[]
DICHREETIZIEDROEHE DY = v P2 RBTELRD» 5D DEEZI TS, LoT,
ZITIF12x 107 < Ry < 1.2 x 10 O#ifHOfRZE N RICELZT 5.

12U &I, 2R L 7 tHxHfEE R (DU, ffEdE & S ORFEFERZ K 6.1 12
Y. CORDPERDI EDTND.

(1) fafEEh R, IHNREE (HIERR) DX e 5R4 1ML T E, £25C—El
FHETRPABANIREN T 2 X 51072 5. 2D &) RIREZMEEHFIRBLIERZ &
29 5.

(2) MEEHIRREICET 2 £ TICHET 20HIE Ry BSREL A 213 8RB A%, 7, U
EHREOIRBAM S Ry DIREWVIZER V.

(3) Db} Ry > 1.2 x 10* THEEFHIREBICET 2 $ TORMMNEL %2 5.

(4) Ry = 1.2 x 103 @ & &3, ¥EFRETOIREND & D b IFHBHIC A X, RIS K E
<, IREIAI S JER IR .

D &I, REFEEOBAICE T HIEFICHRIE OBIRD L S 117208, RUFSE T I3l
X 2 ROCER R & DHIRICH S 2D, 20 X&) REROMBHTIZITH R\, AR TIE,
M 6.1 ChEEE O MBO T -2 201D H L, REFHZEL - e e L
.

Z OUEEHMRO R T ES %K 6.2 ISR T. Rp = 1.2 x 107 (MIBRRLEE) o &
FIEIANAFL—ERE L OHEEERO 7 2 LV LRI N TV 3. 72771, BBk
EI9% 3N HE&EICIERST, 72 LI oMECEL TV S, BRI RS 2Tl
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B 6.1 AEREE L oM mES R o ReSERE. 7272 L, BREER o TRLUZMETRL
TWw2. BT L RS 2% £7. Ry = 1.2 x 10%,10° 925 7
IR O K E M E RS, Ry = 1.2 x 102 TF—F23HHE L TV 3 HHE,
DY 25 — RS H IRZIDEE L 72720 Th 5.

Lo TED, BE 45 HEREDIACY =y FBPBHRIN TS, 7L )LeLid
Ry =12x10° 12 x 10! TH RSN 525, Ry = 1.2 x 101 TIXEREIC 2 DD
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X 6.2 HEEHIRIED PGP HPE)R [m/s](BFH) &P PG [m? /s) (k).
Ry DA, SRR 135S 2L B £oR.

KTwz, FHEEIZ Ry = 1.2 x 107! oA L RAL D, B EEICHEY = v P DFEET
%. —J7, Rp = 1.2 x 102,10 TR IZ %, REPICRTL 2L oiEs L Tw
2. BRI ACE A TS —RRISGE WG £ o Tw b, A——u—F—v a ViE S
X, Rpr =12x102 DL &EICS =3, Rr=12x103 DL ES=2ThH53.
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6.2 2RXJTHEE 3 RITEEDLLEL

AHCIRINR 2 Roofif & BT TR D72 3 RILDEEFROKZITH . £T, k LE
D PG P SR A TR 2 4T . RIS, Rl F22 T o B R AR b TV 2 RIGHE
ZiEIR LT, Z DA E 3 RouED f#EBIR O 7 7 v 7 A % WV 1/l T
B35, 2LTC, 2R00fEE 3RUBOLES S HH €7V & GM € 7LD 3 RIGfRI R
TN EEET S,

6.2.1 R ELEDRAR

BHOETHTELL)IC, HH BN F L -G E GM B A —N—n—F5— a Vg
i, 2N F i BEORERICEESH 20T, TR InEHET 5. X 6.3 1% 2 Koufi
L3RR OR EEORIERDBEESFZERFEE L2 D THS. KL, 2 XI0MIZ
3RIGIITIR BTN 2 DZFIRL TS, 2Nk, RO ENTHh 3.

(1) Ry = 1.2 x 10~} (HIBRFREE) T, 3 RICME DKL O HPE HGE /7 4 13 HH BN R
L —EBRR (BEg VNS W E ) QRN E R~ Tw 3,

(2) Ry DV E ZOHEMRED 3 RI0HIE, 2 KU L DFAERPKE V. Uit
2 ZOLE TN TIEFEE L R OIEHNR AN LEIC X 2R EEZ NS,

(3) Ry BARZFVEAD 3 XIG6MIE CM B2 — —a —F— 3 VfED X 9 Al
HRISE WA A 121372 53, By ~ 1073 BED & Z 0 a0 12T,

(4) AR L JEETHIBE L 72 & 312 3 KU & 5 b 3T ED 2 KIu# L, Ry = 1.2x10°
TIE Eg =13x1073, Rp =1.2x 10! Tl By = 3.3 x 1073, Ry = 1.2 x 10?
TIEEy=13x10"2, Rr=12x10> T3 Eg =33x 1073 TH 3.
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6.2.2 REFHETFFES

AiffiCldR B oS RE D2 B 2 k5728, 22 TIRK 6.3 28T, KB Lo
JEGHE DS 3 KILME & B BTV 2 Rouff 22 IR U, W5 O P 1 F s = ik § 5.

S FoAEBE R TR Z O T iR 2 XOTE TIOVD R E 3 RILE T ILVDORH
VIV RS & ORI Z IR~ 5. FPE B 5 RIS A EE E M = uacos ¢ +
a’Qcos® ¢ TEHEZ 2 2 LN TE L. EHHENHZKE L 72 2 X060 R0 54,

2

V- (vM)=vy 5.2 +vgacos Dy (u), (6.1)

5. —HT,3RICDOEE, M=M+M ., v=v+v DXH)ITEEEEEZNH 5D
TIETIT T THA 7 =PRI T 5 &,

— V- Fur, (6.2)

7272 L

Frne = (M, M), (6.3)

Eirb.

ZITHEHIREZE ), 62) 3 & b, AA5 3 H (KVHEHUE & fdBE 7 7 v
7 A DWCRFEHIE) 237 14U, N4 FOEH (Hide, 1969; 1k A4 HizH) 1< X b ARE
EZTclEE L wI L TH D, Tabh, SRR 2 KIOCE TV CROREE D PREICHE
P % Fote U 7 KHRBIE & 3 RoTE TV O f#EEIR 7 7 v 7 A DPCRFE BH I
A U2 (FAEss % Rl B2k T2 LI EH) 2L T30 TH 3.

ZIC, COMBFE LT 5. 9, WMo AEB R (2 REYE o TRLAR)
YR ETARBI S Z X 6.4, 6.5 1T, 2 LT, X 6.6, 6.7 12 3 RyofiEo A iEE)
77w 7 AEZDOIR, 2 KITFEDKTIRED 3 %2 R T
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6.5 6.4 & AR

79, R =12x 107 IZHEET 2 & KRED N P L —15BRIE, BMSICETOEWIEH
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BRI 7 7 v 7 2 EACHIEE (D, £ & o TAEBIRIE PR 2T 2 &, 3 X0
FRIZFEEE 30° FHED> & FEHE 50° (D RZE~ & ANEB) R % ik L T\ 2 ODFRHENTH
5. ZHUIRICREL (MRIT S 5. — T, (RBEICEH TUL 3 ROtk & 2 ROtfR & D
ICAEEIRIE S . NS0, HERRE D Ry @ & 1%, KEEICRIUE, a2
RILE TN 3RILETNVDOIEPE L THREL TWE I b5,

EZAD, Ry = 1.2 x 10°, 10! o5& A HEEROBIRIKE S Bie 5. 3 RILMT
N R L —EBRIZHIEN E 22 LCTw» 228, 2 Koo T IO IgERsEh L, B
HIZFTOEe L ZBR LA L T3, 7, Al =REXICERT % &, 2 Xuf@cldEik
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BIMAARELIC 2 D, O A== —F =2 a VPEBRINDZ ETEXF—F AH=R
LDENT 0D WIS, L L, EBRIC3RooME L TEBINLZDX, ZHUFE
WA= =0 —F =2 a Y TlERW»I LIFAEicR L7z, 22T, AU &9 %@y
MNFEHINTEE (Ey ~ 103 DL E) O 2 RIGME L IKT 2 &, FPREROREUILR
EFIC—HL T3 (K6.5). MiHED Ry = 1.2 x 10?2 TR HIGERD SRR -
HI->TED, Ry = 1.2 x 103 TE EFETHRZNZINHEOL LDBBEIN TV
fEE) A ICHEH T 5 L RT < 1.2 x 101 FTUE&R S L7 s~ o f i E)jiﬁﬁu_zp
%o Tw3 (X6.7). Wi, HEREED KB~ AEB REEIHE CH D, 20
i B ICER LT B, _mﬂuai@)ﬁ'?l CBAL T, RETTHEL W27 .

47



6.23 ANILR -RUEFILEF—FY - MEETILD 3 RITHERICNT 2F
s

CZTHH=EFILE GM EFILD 3 RIGfRICH T 224425 2 5.

INEFTHTERLLIIC, Rr =12x 107 D& Ei, BBEEICE VT, 3 XL
Ey =3.3x 1071 @ 2 XJifi# (HH B B L —158R#) @, ik k& o Jiv8)al o i F
L —EBRDIED & < —3 L, 2 Rouf, 3 KIufk & b ICHRE D A EE) RE 2 72 0> - 72
ZHUIT DD, Ry = 1.2 x 107 @ & E i, HFR 2 X060 HH € 7L 28 3 KITHED /N
FL—fEBROEFIMLE LT, M THEILEZERL TV 3.

—J7T, Ry = 1.2 x 102,10 ® &£ & D 3 XLy, BEREA— 1 —m—F—> 3 v
Wi o7b0D, ZORESHIE By = 1.3 x1072,33x 1073 D & & D 2 RoufiE &
I, FAFTEERSS, AESRFEOKRE IPHELBTVZ., Thbb, 3X
TCAR D IER G FEELIC X 2 B REE O K E S, By = 1.3 x 1072,3.3 x 1072 O
ACEABUCHIYS T2 L AR 2. L2428 2o D Ey Offild, GM EF )L TIRE L
TWw5, “KRFIRBULBRERE X DEPICKRE W 22Tl Twiwy (50
54, By /Exy = 0.16,0.6 7245, M80/82 Tl 10 ffFEND A — —u—F— 3 VT
By /Eg ~ 1072 BEPLEL 2 EHIRINTVS). $4b5, Rr =1.2x 104102 D L
Z12, GM £ 7TVD 3 RITMRITHT 2 224 A T2 EF R 5.

L rh)ZEMCH2E HHE EFL T ENS 2 RIUMEIT By — 0 DHIRMETH Y, KPFFE Tl
By =21 x 1074 0oL &M ZHISEL. —/HT, 3 R0fiE By = 2.1 x 1074 @ 2 Kotk b
b By =21 x 1073 @ 2 RIGMIE. LA L, 24Ud 3 RICEHEDBRIC AN SERIED KR E S 53
Ey =21x103 THaLDEEZITHS,
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6.3 3 RITHEDMEMNT
REITHE, 3 KIGHRIC 35\ T RAEBIRIE 2 b 72 & TREED 3 KOG MR T 5 7
V12, ZOREEOWHIE L Y bV, HITE1T.

6.3.1 TUFPvEY - -IN\—LTSvT BT

F93, WL FEROMAERICBI Y 2T P TH 5 Y 7 v & v - 23— 4 (Eliassen-
Palm, EP) 7 7 v 7 Af@tr 2479 . 7272 L, AWETIIRRER TEHRNICH 5T
5 EP 77y 7 A%HREL 7% b D (Ferrari and Plumb, 2003) Z 5 (EL < 1Zf48% C
ZMDZL). BT, ¢,z DM E XTI Z DIRET 237

9,
V0’0, —w'O0a" 16
¥= = (6.4)
GJ72@¢ +@z

& LT,

7= — g—qf, (6.5)

e 1 0
w :w+acos¢(9¢ (¢ cos @), (6.6)

T, RAERE (v,w) 2EETS. 2L T, B4 A 7 — 1 (Transformed Eulerian
Mean, TEM) @ spuHE) 5 #5013

ou 1 90, O(uw™) utang) _, — 1
8t+acos¢8¢(uv cos @)+ 9, (f—l— . )v X = acosqﬁv F,, (6.7)

LD, EP 79 v /7 A F, = (F? F?) £ ZDFHUZ

F? =acos¢ (%¢ —W) , (6.8)
. 1 0 _ —
F? :acosqﬁ([f—acos(ﬁ%(ucos@}fgb—u’w’), (6.9)
19, OF:
V-F,= acosgb%(F“ cos @) + 5 (6.10)

LEFRKTSH. COEICERLLZEP 79 v 7 220 A2HHIEIERD EP 75 v 7 A%
&, EREH O, =00kl BR ETERER VLS5 THS. T THWS EP 7
797 AIERDLD L) —BILIN72bDTH 5.
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6.8, 6.9 1C 3 RIGMD EP 7 7 v 7 A £ ZDIUR, B X VAR (T X THRERF)
ZRY.EP 79 v 7 AEEBLZ, ¢ R MILOER #EHL 2 £ L (0 E135), 2 Kds
LD BMiE 2 R LT 5 (kA & b SWkICNIE). Ko T, ¥ 6.8 TX7 Fvdd
& & 7%5 T HEBETIIEEALENEL TV L FPRENS. Rr =12 x 107!
DYH % ET, ETMICEP 77 v 7 AONURFEHE DM H 223, T UdBERS
fro¥Ech 5. EEE o OPHRFERIC X 2 T RO MEGEE, HU < BN
RO AT 2 EAIERIC X 2 EHRENL LS Ao Tw b, EAFRICHEE T,
Ry = 1.2 x 107 '(HbERFRIE) T, FEBICBIII S N 2 BAG8 L 9 & 2 25 0ME (N F
L—EBRE 7 = LUVIEER) LA CTw3. L L, Ry =1.2x 10,10 TlEZD k) %
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Rp =12 x 102,103 @ EZ2TlE, X7 bV & 72 0T, SEBE I ARE T Ik &
NTWE. EP 7797 AD 2 ROMBIEEAER O EDSIHEARALEIEL C, EHE
ZEWIEL CW2 EHFEZOND. BAMRICEHTIUL, Rr =1.2x10%,10% £ bicB &L %2
12 VDIBRICE ST b, BT 2 OERABROMA & OFfiduc X 2 #shais & IH
FEARZEIC & 2 @B REEIFID Ao T0b EEZLLNS.

6.3.2 ALRED 3 RITHEE

ZITIE X 6.8,69DEP 777 ANSRBRINDALE R, BELD 3 RIuHE %
H2ZETHERT 5.
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RRE
Rr=12x1071,100 0 & &0, BEHEEOHMELAE D EP 7 7 v 7 AMMEEAZE
2R LTS, ik BEORPERE A (K 6.3) ICEWT, Ry = 1.2 x 1071,10° T 3
RICIRD J7 H3rh E DO PG AR € 22> T 7e2s, T OBR S ETEARLZER L b 3.

EEEOE LMED EP 7 7 v 7 AR N2 MAIHI & LT, Ry = 1.2 x 107 DI
Zlt = 3112 HBkHTD 3 XuhiE 2 il 3 5. CORKITDO EP 77 v 7 A & Z DX,
BAEROMRT %X 6.10 1233 3. P8 L RIS, fE 50° 205 60° %l EmEoD
EP 79 v 7 A% 0, Bvemdbiclini L TWwA I 2R LT3, 7, FERERRD 2 2
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DAL, © BEDFFTTHIAZ DRI > TE D, BZlm X ICinklL T3, £k,
" OEMERIEFE D S JLHICE T T, u/v > 012> Tw s, 2 oMEIEOM\ & D
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SIEL T WD, o OFEMEBRDPEED? SN TE D, /v <0 Lo CHEHEIEZ
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L B AR

RITHEE 24° CTOREFEWHX 2 6.15 IR T. ZOXKD S, HE 5000m 2> 5
6000m 122 T o/ & o DEOHBIBERICH b, HEEZ RERICHER L T3 2 &
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FAITMETY 2T 4 7THBERRCTHEHER E LT a— b v/ GHIZ AL, Bk
FlOHFR & RENFRZIRKE L 2R TH 5.
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TNDHEL 75 IRICNT X =5 Th 2IHBB0 A= (Rr), K27 <8 (En),
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MR RIEERE (Rg) V5% Z & ¢ HH BN B L —fEERED & | YRR O FH 2 — 3 —
O—7—3a VRO EBRNICEN T2 L0 TEL L) ITkok. Z LT, RIX
HBRoNT By ORPEATRKELS BT I EBHSICH o7, 512, TOE{LD
KEL BB A=Y B ETOMER Ey ~ EvS (FEL R <1DEE S ~ Ry,
Rr>1DtE S~ Ry) CRELZZLITEIL .
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BRI 3 KU EEABE TR L TWw3 2 EDMERTE L. Z Uk, HIEREE D N5
A—=HFED L ED 3RITHED NP L —EERIZ, HH EF LI Lk > Tk EF LI N T W
52 LDMERTLH .

L2L, Rp DREID 1P EICAZ &, HHE BN B L —f5BRfRI1Z 3 ROUME & 13 —3 L
7%, HH =T WIGEHA L L 2%, ZHUI3RICEETIZIE7 7 v 7 212 X b fAiEH)
HEREHE DML L T30 6 Th-o 7. MAiEEIEORER E Ok L FR 2 XotE
FITIIARTPIRHOE E L TEAZIN TV S, REEZEOHGEE T L2 &, By 2
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IR CARRMSEZHE £ L MAE—RR, WENRE, a2 N Uk 12 &G
LEFET. HAOWMEICEWTE DS, ihE L2THE £ L KREREKRZIZCO L
T 5 HACR AR AP A ZE R R R A B DR, [ E B A i 2 O PHRE MR 1T
LR L BIF £ 9.

AW THW E L2 BEE 7ovici3faidE—4: 0 ISPACK, netlib @ LAPACK,
BRI AR I 285 gtool 7’ v Y = 7 b D gtdf90io D7 A 77V ZHH I THE L L .
B DAL 13 BRI AR PR M (B 285 D M BRI AR FE NN 7 4 777 Y (DCL), Tanahashi Makoto
KD MjoGraph, 7 v 7 )V#k®D Keynote’08 ZfiH S ¥ THE £ L 7. ¥ 7, B ICIX
HHRZLAMIERA 74 72 v & — REGEHEKS 27 LD HX600 2 il ¥ THE XL
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FEx A
ANJ)LR - IRDETIL DS

8 A TREIANFL—EERDO~VE - &7 (Held-Hou, HH) € 7 WIZ DWW CEEL < fgii
5.

Al XEEAER

RD &) XA EARZWR). Thbb, 77V V1 D732 A70ED 7Y
74 7 HBRAR T, AR, EFREEZRET 5. =2 — F VINE/BHENC X - T
Z BXE U, RS IS SRIE R o 2B R T 5. B, B, diioX, D
PV ORIIL T OMY 12k 5. 7272 LHBEKEOERIZER 1/0¢ # %, (Held and
Hou (1980) @ (1) =)

V- (ou) — fo— 2 tjw 9 ( ) (A.1a)
u? tan ¢ 100 0 v
V-(vv)+fu+ —5%4—8— ( 8—2), (A.lb)
0 00 CECH
V- ('U@) = & (VV 92 ) — (7_—), (A]_C)
V-v=0, (A.1d)
o O
5 = @0 (A.le)

722, @ =p/p THY, I u,v,w BIZNF G, AR, ShiE)R, © (ZIR67, p
ST, f =2Qsing T o IZEETH 2. EEIZ, p DB, vy 1 TMVEREL g IFEN
MREE, 713 = 2 — b YIMB/ W HIORFER, o B, Q ABAERETH S, i,
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v=(v,w), V=[L_ 200 0 g 3= — i/ AEIORAER T

acos¢p O¢
O, 2 z 1
=1—-AyxP. Ay | = — = A2
6, g »(sin ¢) + V(H 2), (A.2)

TRINDEODET S, 12K L 00130, DIV, Ay, Ay 1& Og ITXFT 2 MR,
T AR ORI ZEDOHTH D, Py 13 VY v v FALHERK Py(x) = (322 —1)/2 TH 5.

A2 IEREH

BERAEIE, I D &l (7 V=R v 7), 7 5y 7 A% L, R %KY 2
FALUE R ERET 2. DF D

ou OJv 00

T TN 7 v 7 27 L, R Z Y] 2 FdUE 2008, SR o B ) 13 aE 2 Hufsl 3
% ERELT

00
— N _— = = A
z=0 T 5, =~V 0, (A.3b)
ou ov
z2=0 T vy— 5 =Cu, vy— 5 = Cw, (A.3c)

L%, CIXBEBRECTERTH 5. FRBITH L THFRT, FRiE%2 BT 2w &K

ET 5.
p=0 T wv=0. (A.3d)

A3 SERIERERE

MO HRARILESC T (1 = 0) 7 512, BSE o, 24U

v=w=0, (A.4)
0 =06 ., (A.5)
U= Ue, (A.6)

THB. EEL, u BRI LA 3V A Y hRERETHER TS, &
(AIH) 5 X0 (BId) £ b

0 u? tan ¢ 9 00,
&(f“” a )_ a©y 06’ (A1
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BT L 0an s, BD) % oWT S E
100,
O, 0¢
5. 2 =0Tu ~0RLRELT, (D) % 025 » £ THERNS LT, (B8) %F
W%

= —2Ap sin ¢ cos ¢, (A.8)

u? tan ¢ _ 2Apgz

fue + sin ¢ cos ¢, (A.9)

a

E%. IHIT f=20sing ZHOTHKZHEMT % &

U \ 2 Ue Apgz o,
(Q_a> —|—2008¢<Q—a) -2 22 8 ¢ =0, (A.10)
b, ZO2XRGERDEDISL 2=0Tu, =0 %2 THDIF
1
Ue 2Rrz\ 2
% (1-1- I ) 1] cos ¢, (A.11)
Thsb. 127201 A
_ 9 H
THY, TNENMBAR A —HTHE. Rr <1 %513
Ue z
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(AId) zHv 2 & (Ada) BRACHEHZ 2 ENTES.
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BADMEICA S, X o T M IFHERONEICHR 2 R 7 7. Bids & O f s o A
72O T, FROMET M 1Z B AEZ RO 2 LS TE R, —JF, o TIdhRH
DOIEEZT S, MFETHEO & E1%, WERICAEBRIHT 20T, M BERKfiE L
52 LlFTE R, JED E E3ME» S AETHROMGEEZRZ T 20T M BRKERS T
EBTES.

DR XD, M OB (Mupex = Qa?) T b, At 2 CRIRE HERT 2 = & 121k
B, DF D IR IR IRE vy DIERNICNE L & F OUERIR E L TIRAREY %
EDRINT.

A5 ANILEK - ROETFTILOIRE

ZZTHH ETNVIERDOKEE B THMEDT W & ZOEREEZRD S, T2bb, R
BHNCEF 2N F LRI TE TS EREL T,

(1) » F L —1EERD Llokia & O fdEs) &z REd 5,

w(p, H) =~ un(9), (A.16a)
(2) HuZEimiEEE 1o a8 < ) MR AHA T3 EGE X IER 1255
u(e,0) ~ 0, (A.16b)
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(3) FiHLD 1D D A\ X T2 5 2

thangb 1 0P

fu+ “a 90 (A.16¢)
(4) (AId) TEMEMOHEIZHERTE 2,
V- (v0) = _©-9.) @e), (A.16d)

T

(5) 2L T, N FL—2 VIdAHED & ME oy TOMMICH D, o & bRITIRIL
YRR T, TATIOWILZ R, DD, A F L —w Lol (A7) 2937 L
TWw3,

A6 J\RL—TIJLDIF
FRDIRED S &, NP L —v VOMRIDGDIEE ¢y %2 KD 5 72012, Wi Dk
O(¢n) = Op(dn), (A.17)
B L, Rzl
b ¢
/ O cos pdp = / OF cos ¢pdo, (A.18)
0 0

FRHLC, UFOME2GS. 2L, MRRMETEEET. 25, 2 = H T
(I8 75 » — 0 T0 (AIEd) %81 <.

Flat) - u)] + “2p ) 20 = -1 (Tp5 - ) (aa)

P o (Add) 2 8ERT LT, o oy § 4l

OP(H) 09(0) gH IO
9 9o Oy I’

(A.20)

LB uy = 29500 90 sing & (AI6a), (AI6D), (A20) &MV iug (AI9) &

cos ¢

.3
5sin” ¢ >y _  9H 00
afd p— (2—|—tan ¢)— a@08¢

(A.21)

L SIEER RS EEA T SOT, FHRNOTEROMEGHIE R 0. LoT [P7(0 —0c)7 ! cos ¢pdg =
0, 0zl (AIS) Th 3.
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EY, Iz oML s

0(0) —0(¢) Q%? sin?¢

O9 - gH 2cos? ¢’ (A-22)
E% 5. (A2) 8 X0 (A22) 2 (AID), (AIS8) ITfRAT UL,
0(0) 222 sin'oy o 1
9% - gH 2cos o =1—Apg |(sin ¢H_§ , (A.23)
1 19(0) Q% sin?¢ P o 1
/0 ( 0 oI 20082¢) cos¢d¢—/0 (1—AH (sm ¢—§))cos¢d¢,
(A.24)
TH2. ZD220HBEAIL 2 DDORME O(0), py DHN TR > TV 2.
o < 1 ZIETUL, O RIS EEICE T C
0(0)  ©g() 5
0, ~ O, 18RTAH, (A.25)
5 1/2
bn = (gRT) ~ 26°, (A.26)

THEI LTS, ZNED, R <1 %561 oy <1 THY, BDRENZYETH 2
CEDTr5.
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RAMED 1/10) & HRPUEEY; [m/s] (4, SFERRFERGIE 5). N F L —x )L Ol D i D
TBE ¢y EBXZ LTS,
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A.2 Held and Hou (1980) D#fEfi# & Biliwf#. z = H TOHPHEL.

AT BTZwvU Nt

Bt (I6d) % » = 006 H £ CRIERNT 52 2T, 87 5 v 7 2%k
B LHTES. -
(g —O)

H
/ V(vO)dz = H. (A.27)
0 T

sing ~ ¢, cos ¢ ~ 1 DILLZ MU, 1413 (A2), (A22), (A25) Z2HM L TEET

1 H 5 (5\"? Haly 5 | o 6 \* o\’

— 2 (2) 2= Y 2 A

©0 Jo vOdz 18 (3) T i og24 2(¢H) +(¢H> - (A28)
E 5.

A8 HRMEDEED

CDETIVIE, E5IC2O0DIKEEMA S Z L THIERMTD B % JfED 2 2 &£ 28
TE2. 1 DOHEANAFL—HEERDS 2 =056 HOMIBoNTwE Ew) 2L, 220HIF
TEBRIC X 2 BTk b BIEH D RRDEHNLEMEITITHEL 2w (1FERDIF A 7 — v b Bk
PR DR A 7 — b =2 — b VI /WA ORER 7 L D@EDITKEWV) 2L TH 5.

©(H) - ©(0)

~ Ay . A2
o v (A.29)
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A.3 Held and Hou (1980) D% fitiftf & Pamf. pEALEA7 7 v 7 A,

FEHEREOERE 7 Sy 7 A%V ETHUE, N FL—ERIZEBAL TWw 30T FEERED
HE7 7 v 7 RE -V Itks, BCHEBREOERIZIZEAL L TOERETEr b2
DT, 77y 7 AZMERT LERIZZNZEN
H
/ v0dz ~ O(H)V — O(0)V ~ OpAyV, (A.30)
0

H
/ vudz ~ u(H)V —u(0)V = upV, (A.31)
0

LIELITE 3. MFRAE O M ST 2 22 010 (ATE) I (AID) & ART

1 9 2 3 2 owM . 82 9 9
acos 00 (Qa” cos” v + a cos” puv) + 5~ V5o (Qa” cos” ¢ + ua cos @),
1 9 2 3 2 owM . %
acosqb%(ga cos” ¢v + a cos” puv) + —5, —acos ovy 5.2
N zdnERT LT
1 0 9 3 H 2 /H /H SwM B H azu
acos ¢ Op (Qa CcOos ¢/0 vdz + acos” ¢ ; wodz | + N> dz = acos pvy i adez,

1 0 9 H B oul™
acosgzﬁ% (acos qﬁ/o uvdz) = a cos ¢ry [8—210 ,

1 0 H
aCOSZQS% (COSQ(;S/O uvdz) = —CU(O) (A32)
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(A2R), (A30), (A3D) 2 LT BA32) 55 Cu(0) 2RKDH 2 EMNTET,

25QaHAy L, |6\ 106\ T(¢)\°
el oAy [(qﬁ—H) -3 () 5 (i) )

L2, (A33) b6 HFASED
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A.4 Held and Hou (1980) D#fiifi# & #lEmf#. 2 = 0 TOHPEHL.
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f1ar

1% B CIIAWIZE T L 2 BEE 7V 2 55T 2 FIHZFLT. B.1 filg AX7 MLk
ICB T 2 BN 2 30, B2 fiild AR 7 VRIS X B L o H 72— & L CIERRIZIE
2GR RRBOBEAL T EZ R LT\ 5. B3 HiCHEBICAIECHL 72 7> %
A7WAETY 2T 4 7HEXROEELFIEZFHT 2. B4 fic3fAEISELZRET S
TR DAL D W TEL Y. BS il 7V 29T 5 L ToOEE 25T, B.6
HiCTEETIVONTF 2y 7DODT A NHEZELT. 2 LT, B.7fiCl3EIhEiRE
R DR G R T2 Hi T 5.

B.1 ARY KNILEER

CIZTIERARY P VEZHOEBUEE TV 2 REEET 2125 7 > T2 Kaf % i o
N3, E, TOEONFIFAN (2004) 22EIZ L T»5.

B.1.1 BHERMICX DRI

BTl 2 G IRME O TR o El T 2 DI LT, AXT PVIETIZE R Z HIR
DB D —RKAEGTRT. B2, XD K 9 % 2 BB u(x, t) D 2O WA

ES S UEREZE 2 5.
ou 0%u

ot 0z
WIS = f(z),  HEASRME w(0,t) =u(l,t) =0. (B.2)

(0<z<1), (B.1)

69



CDEZuRRD L) ICEHINS

T

1

u(z,t) = Y a;(t)d;(x). (B.3)

1

<.
I

72U, EREBEEL ¢ (2) 13BERSGMF 27 T L) IBE R D LT 5.
oi(z) & L"Cfﬁﬁ%#%?ﬁﬁfcj‘f’%éﬁ’&LxBﬂ%ﬂl;ﬁ%FﬁblZ). GOBIDE G ¢j(x) =
sin(jrz) & &b,

J-1
u(zx,t) = a;(t)sin(jmz). (B.4)
j=1
Inz AT IR
— 8 J-1
Z . sin(me) = D a;(jm)* (~ sin(jrz)), (B.5)
j=1 j=1
L%, 2T, ERHBBOELHERZNAT 2. 50854, sin 0T
1
sin(jrz) sin(mrx)dr = %(5]-7,”, (jym=1,2,---,J—1), (B.6)

0

EWVH)ERMEFBRZAMT 2. 405 (BA) QWA sin(mrz) (EAREEETFIENS) %
2T, 0 <z <1OHFETET UL, ROWEHMTTIBEA»GoNn 2.

aam(t) = —(m7)%an,(t) (m=1,2,---,J—1). (B.7)
R 2 WIS 1R, u(z,0) = f(x) DERUIC sin(mrx) 2223 THEZ 52 ET

1
0) = 2/0 f(x)sin(mnz)dx, (B.8)

L35,

B.12 7—YUI#eRWCARYT MUK

BRGNS R S OGBS E LT 7 — ) iz i) 2 L 23% . B
EFATYH, WHHHICIZ 7 =) DRBERESHV s 3.
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IOk =)
IR GG A&E LT, ST TRRD L) & 1 ZIukEERiER 25 2 5.

Ju Ou
5 5 =0, (B.9)
WISt u(x,0) = f(x), BEFREM  w(w,t) = u(r + 27, t). (B.10)

9, RO X HI7—V LifEfz 3 5.

u(z,t) = Y (e’ (B.11)

k=—N

ZITC, N BUCRE L WENn . (BID) % (BO) ICfRAL T, MiZICHEARS e %
D} T [0, 27] OHIPHATHE S $ UL, ZABIBOERZMEIC XD,
diy,
dt
L%, Uy(t) DV, Wiz 7 — ) 228§ 5 2 LItk D,

= tikiy =0, (k=-N,--- N), (B.12)

1 2m '
ak(o) = % 0 f(x)e_lkmdmv (k = _Na o 'aN)a (B13)

L2 5.

3F’f?ﬁ2@ 155G (BEEREREE)
ICIERIE D56 & LT 1 RO R 25 X 5.

ou ou
VAT u(z,0) = f(x), SRR u(z,t) = ulz +27,1), (B.15)

D L &Y, MIEOGA LRROEBEZ T2 2 LT

dum Z Z zluluk5k+lm: y (B.16)

—NI[=—N

&, W RABE o, BENICET 5. Lo L, EXOAAE 2 HoGHRIZIE
(2N + 1) BHEOFEENLEL 20, FHWTR . 20 X ) ISRz HEEH R T
LZIEIZEEE LTINS,
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BT L, JERIPIH 2 HZEM O F R LR T 2 I ERE L IFIENn 5.
(BI4) 25 (BI6) ~DOEHICEE L TEB I k> T3 EEIX v 27— ZHREER L T,
Wi EABIE e~ 2 T, B L TW AR ET 2D T, ROBURHIEALT 5.

N N 27
k_Z_:N Z_Z_:Nizalakékﬂ,m = % /0 u%e—mdm, (B.17)
2%, EROELIIEADOBUER 7S 1EME: S 13X, 2N TRAITE 5. &, YISz N
LT 20 THEDRS OH Y ORI (u, 5%, e~ DIRKBEHIZNZN N 7%
DT) 3N 2% 5. WAIT, BZH LDz 3N + 1 PLEE > Twiud, Bfififiss < ik
ICEHIETE 2. DUMICAEIEIC X 2 IFRIPHOFHET O FliZ2 £ L b 5.

(1) REHIRED 57 R L TOE~DZHE (B 7 — ) Tz )

N
u; = Z G et (B.18)
k=—N
N
B .
(a—;‘): 3 ket (B.19)
J k=—N

(2) 43 R T OIERRIBIE O Sl
ou ou
(3) RS & 2 IFIZHD BRI DGR (BEd 7 — V) = 45H#h)
. 1722 .
B =5 ;0 Fje~ i, (B.21)

2#EL, (j=01,---,J—1), (k=—-N,---,N) Th 5.

COEWED FIACTHER 7 — YV = () Zo#Eg 2 &m&ET7 — Y TEH (Fast Fourier
Transform, FFT) ICEZHAZ 2 2 &Ik b, EEE XD SEEREZ WS 4 2 & A5A]REIC
%5,
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B.1.3 IKEIDANRY KILE

FRESH RS B
BRI |-G 3 AU BB g\, 1) 13K & 9 I BRIEFHAIEIE Y O\, ) CREEIT 3.

n

M
g =3 S SV ). (B.22)

n=0m=—n
L, NMIRREE, = sin¢ 13V A VHEET, M IZEHOUINIETH 5.
BRIATFAAIBIE Y™ %, Bk LooKZ 75> 7 v
1 92 0 0
P (1) B.2
v 1—u20>\2+6u{( M)au}a (B.23)

DIEHREETH D,
V2V (A 1) = —n(n + DY (A, ), (B.24)

DEARDH 5. Y 1INy v v PR E AR ZH O TU T TEREINS.
YO ) = PP (p)e™. (B.25)

ZIT, P2 iciER kI vy v v FOVESBIE

me,y (n—|m])! 1 2y 12l artml n
P%(M)__\/Chl+]J(n%—hnD!T%ﬂ(l R A G (B.26)
THY, Vv v PRI LT DEAEIR 2 W7 d .
1 1
5/ P™ ()P dp = Gy (B.27)
-1
INED Y\ p) BROELBGR T 2 0D 5.
1 27 1 ,
—_— YJ”(Y;?/I )*d,ud)\ == 5nn’5mm/- (B28)
am Jo -1

RREL, () BIEEREE R, AP v FAREROWE R AT 2 2 & T, XOWik
AZEL ZENTE 3.

d
(n+qum4—n4hpﬁlzu—u%afﬁk (B.29)
7L
TL2 _ m2
m— B.30
“n a2 —1° (B.30)

Ths. ZORINVY v v FUREBEEOMT DRIEICHEHAINS.
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WP Y RIVZEBRXEATR - LI vV RILBEARR

WP v Y PRI PP icB W Tm=0D, E, P lEu D nXREHEATHD, VP v
YIENVEHHAEWEN S, oL E LN EXFEREKL TP, LRT 5.

W2 vy FVEEHROWEP S TOAIR - LI v Y RILOBAARALT .
fp) 232n —1 XU TOLEATH % & &,

| = éwkfmk). B.31)
THo. I (k=1,2,--,n) ¥ Py(p) DFENT (A ABE LIFIENS)
—l < <pg << pp <l (B.32)
TH, X
o /_1 (w —]/jzgllg)é(uk)du N 27\163(32(_/3)(137’?:5)’ (B.33)

EATREH LIS,
A ARFEILEE = 2 — F B X DBUERIS RO 6 s, 9, E S L TRDE

LRz 52 5.
k—1/4

[tk,0 = COS s 1/27r, k=1,2,---n, (B.34)
zLT,
2o TRIERHR 2 & 7w, SRS
|1 — pigt] < e, (B.36)

7\73\?%7»: INkL Giﬁﬁ%ﬂ%ﬁﬂ b, HEk,1+1 %7]‘77\%@@& LVCEBT{}EH?% Pn(,uk’l) o)ﬁ
B3ROz Hv 5.

Po(pr,) =1, (B.37)
Pr(p) = V3pk, (B.38)

V(@2n —1)(2n+1) p (- V20 +1
n M n—1 /20 — 3

Pn(ﬂk,l) = Pn_g. (B39)
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i?’l., (,ukl) @*E

, B 1 2n+1 _
Pn(“k!,l) = —1 _ ,u%’l {'ﬁ, —277, — 1Pn_1 n,uklen} N (B40)
ZHW %
IRE RN R R
FERIETE D RHi 72 £ HEE 2 H v 2 56, KORERMBHBIERGBZ LA 5.
27
syt = / (A, ) {Y, (N )} dpdA, (B.41)
27'r )
/ (A, ) P™ (p)e™ ™A dud. (B.42)

72721, g\, ) \EBRIA L OBIECTIFRIBIICHRY L, s 230059 2 EBREUIC 2 5. il
R TCIE I Nz T 2 5D 5.

PEAMDOEL R (A, = 27k/K, k=0,1,-- -, K) 2RIk E D, BEHROKEA R
I ARG p; 2 5. £, 7= ZIERHOEITIIEER 7 — ) TR (FEERICR
FFT) Cil& L

1K

>_|

9Nk pg)e™ A, (B.43)
k=0

2885, LY v v FIVIEEHLDOEF I T A « VP v v FLOBESARE D

J
1
Sy = 9 Z 3G () B (1), (B.44)
j=1
CHET 3. w; A AERTH S,
WZEH S [ARRIC L T
Z s P™ (1), (B.45)
=[m|
K-1
9k g) = ) G™(py)e™ ™, (B.46)
k=0

X DEtR s 3.
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B2 ANRY NILVAICK BIRIRASRK TR R DBERIE

ZDEITIEFARY b ViR X BEEE Lo —H] £ LT, JESMERAK R R o BEa L 5
LY. 7B, JOHOMNEIE Satoh (2004) ZBEICLTW»5
BRifi oK GRRREUTo@E) TH B, 72751, ;HE*.EI%T%UJ EEARE NP3

%Jrﬁé%jugg_z_“mjw—2stin¢:—acgs¢§—j\7, (B.47)
% acosqb%(un) + aciscb 88¢ (vrcos$) =0. (49
ZITC,n 3RMENTH 5.
B.2.1 AR HEAERX
WL ¢, FEW D, WABIB o, MER T V> v )L x 1F
_ 1 v 1 O(ucosg) _ V24, (B.50)

acosp O\ acosp  0¢p
1 0Ou 1 O(vcosd)
b= acos ¢ O\ + acos¢ 0o VX (B-51)

EET L. L, B LOKTDZ 75T Vi R

2 1 02 19 0
Vi = a? cos? ¢ ON? + a? cos ¢ 0p COS¢8¢ (B-52)
Ths. (M3 & (BAD)([BAS) 1F
ou 1 0 u® +v
ot = ((+ 2singjv - acos ¢ OX ( T) ’ (B:53)
%— (C—|—2§25m¢>u———( u +U ) (B.54)

EEETE S, UL, BIHONRY P AUALE uw-Vu=(VXxu)xu+V(u-u)/2D
JRITFERNIAh TR & 7 s,
22T, i 20 L AER ) gy gD BEAERIE SN,

Y acos¢p O a cos ¢

o¢ 1 0 1 0
ot acos¢8)\ (C+QQSIH¢)u}_aCOS¢8¢

(C+2Qsing)vcosp}. (B.55)

76



g7, 2 00 | 1 0(BE)cosd) pypipRORMARRIEENS.

7 acosd O acos ¢

obp 1 0 , 1 0 _ 9 u? + v?
B0 acosdon {(¢+ QQSngb)U}_CLCOSQb% (¢ +2Qsin ¢p)ucos ¢} —Viy <gn—|— 5
(B.56)
B.2.2 IKELETOEDIFEWDTI6HDEHE
R ECOWMY P AEZRGICT 27D TO UV, u 28AT 5.
U = ucos o, V =wvcoso, W = sin ¢. (B.57)
p A UBEEIENS. (BEY) 2 s Z2HWTHT L
a¢ 1 0 10
ot = a(l—2)on {(¢+2Qu)U} - adn {(¢+2u)V}, (B.58)
L0, (B.56) &
oD 1 D 10 2 U?+Vv?
(B.59)
%, 51
A= (C+20u)U,  B=(C+20u)V, (B.60)
EEFIE, D,y ORILLT D@D 1IcF T 5.
oc_ 1 o4 10p
ot a(l—p®) N adu’ (B-61)
oD 1 9B 10A _, U?+v?
ek ekt ] G reve) B

ot~ a(l—p2) X  a Ou

CARTF UL AL D =ng REBAL, O =3+ & L LT, PHHERACHTS. T2¢

(B.63) i3
o 1 3(U<I>’)_1(9(V<I>')_(I),D
ot a(l—p2) oA a Ou

, (B.64)
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EEFITE. DUV IR EHER T v Ly ZHWT,

¢ = Vi,
D_V%IX7

1= p?0y | 10x
U= a 8u+a8)\’

10y 1—pu?oyx

V= a@)\+ a o’

EEES.

B.2.3 ARY KNILEMH

(B.65)
(B.66)

(B.67)

(B.68)

W GROYINIEEZ M £ 35, ¢, x,® BLO (D ZERIEFAMBESCREAT 5.

YA, . t) Z Zwm )5

IMI

XA, 1, 1) Z Z X (
M M
"(A 1, t) Z Z ()Y, (A ),
—jm|
M
SO i) Z 2 G
|m|
D(A, i, t) Z Z Dy (t 1)
—M n=|m|

Y, x DEFICIZEHR Ea? 2FL T3, 202 L L (BE2)(B.65)([B.66) i

WZIE BN DRIRDSRAL T 5.

157507 0EED (B24) L4 (Bh2) & THRE S I LICHR
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U,V & ERHEFRAIBEUER § % &

M M+1

U\, s t) Z Z U™ (t L), (B.76)

M M+1

V(X p,t) Z Z vV (t mE (B.77)

=|m|

L%, (B.2), £ L0 BB 25 DA

M M+1

2D DN DRI PN

=—M n=|m|

M M 9 o
=a Z — Z ¢;n62m>\(1 MQ)%RT(M)+ Z XZLPTT(M)G_Aezm/\ 7
memA e n=lml

M M M
=a Z { Z P et mA ((n + P, — ”5n+1Pn+1) +1m Z X?Yé"} ,
E s, ZOFEXTEVLTY, OEMREIZMIZE L WIZTRDT,
Uyt = —tp — (n+2)eny 1 (n = Dey’ +imxg, (B.78)
Th5.V HERICLT
Vot =amapy + (n +2)e Ent1Xng1 — (n— 1)57TXZL+17 (B.79)
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B24 FFRFEDEH

JERIUIE A, B OB 7 — ) TIEA#IIR TE 2 64 5.

~

1

Am(pi) = 7. D e NGy ) + 2915) U (i, o), (B.80)
1=1
I
B (p;) = % D e (N ) + 215) V(i 1) (B.81)
=1

WP v Y FVIEEHE T A - VY % v LB ARZ V5. g (B6D) &
FWTEA ([B62) OHUD A, B 55 7% 2 IV HDEIR S Z £ L O T FL FR, & F
g

J
B = =S i (1) P2 15) — Bon ()1 — )2 W) ()
2],:11 1 du
1< w; AP (115)
Fp =5~ [imBu (1) Py (1) + Am (1) (1 — p5) =221, (B.83)
2j:11 5 dp

L%, VY e v FVBEED p My oEIx (B29) 2 W TEIETE 5. HEuikoH
BT )L ¥ — OREFRE D FERICFHFTE T,

I J
m 1 —imA; DM U()‘inuj)2 + V()‘inu'j)Q

2
i=1 j=1 2(1 = 413)

k%, (B6A) oD 7 7y 7 AHEIE (BEI) oFME 1, 2HD A, B OHHD
(C+20u) %2 & ICEZDDELEFHELICRD ZLICHERT S &,

1

A 1 —imM;
Am(,u]) = f Ze )\l(I)/(Ainuj)U()‘iwuj)v (B85)
i=1
I
». 1 —imA;
i=1

LUt E (BOA) 077 v 7 AHOREBEIEK AT A 513,

[imAmwj)ng-) By — i) )|

dp

(B.87)
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PLETTXRTOEBDRBEDK £ 5. #il5, BEGREORHEBT O () X

oM 1 m
at'__mn+1f%“ (B-88)
= Ty B, B
oerm B -
5 — Lo + Pn(n+1)x,". (B.90)

E 5.

B.25 EtEDHiN

EotE oW Z X B.1 IZRT.
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R —F >

/
[ Yinit  Xinit  Pinit

m m m @/m ]
m init n init n init n init
b
R %iﬁmfﬁ%iﬁ/ l e
[ :zn init X:zninit CI);LWiLnit J Uinit  Vinit  Cinit (I)gnit
4

[ Ui Xmold  Prold Uota Vola Cola Phig
A ) ’ A
| FEETADL |
| |
~ - |
! Aw Bm An Bn E |
BRR T v 7 DEH |
| FC”;LL Fr. F. g/;m :

|
I
: BB OBEES 2R :
| V V :
, BEATY 7OEH

[ Zlnew X:”Lnnew ®’)’LW;16W I
1 |
l R DOBIR :
|
/ |
U’r{gznnew Vnn;ew :Lnnew q)nn;lew ] |
|
|
TSI |
A 1

H% Fﬁﬁ%ﬁ\} l/ _ 9’_ Y Unew Vnew é—new new

B.1 JEBIBIRAKGEARDARY P VETOR R DL
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B3 TIYRAXVAETIIT 4« THABRAROEBUL

KETTIEIRIA LD 7> F R 7HMED 7Y 257 4 7HBRARZ, KFEHAICART FIVE,
REF AN i Eh 2 ik 2 o 2 sk o 5k 2 5.
9, AR Z T ICEET.

%juﬁ%%%juw% . ““tjw — 2Qusing = —acis¢g—f+uu, (B.91)
g_‘f:g@%, (B.94)
acj)sqbg_;f + acisgba(vc;j;)ﬁs 2 i ?9_7,: =0 (B.95)

T TT, vy, vy 3K - EB0AZ | ko BEMEBOIHZE Y. & =p/pg T, O, 1F=2— T
VBN EHIDFAERNL, O 12 O, DRI TH 5. L N mDEER S Held and Hou
(1980) 1272 5 \>

ou Jv 00
00 ou ov
z=0 T w—a—Z—O, Va—Z—Cu, V&—CU, (B97)

£E9 5.

DUT i TIERE - JE8DS T 777 > 7 v TRE, $hiE L K VFORMEREZ vy, vy £F
5. 2L, HEEZIRE 7 777 2 7 v TINS5 KN 2 753 EE) R O F L o B
I R 2 e T, TERECIE 2. SAUCBI LTI B.4 T T % Becker (2001)
DIFRZH 5 2 LT, fEEIEZRAET 2L WARHAE 25 2 L ICHE L 72w,

B3.1 h~AAFI - RO+ YILERADHIA

HER7 Pl u IBILT(BIY) &0 divu=0%DTu % a4 ¥L - FuAf FLE

Bl LT,
u=-Vx1yk+V xV xxk, (B.98)
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£ %7 (Chandrasekhar, 1981). I T, k& z K OHMR T SV TH L. RARRT
niF

10w 9 [ 1 oy

YT 1ol0) oz (acos¢0)\) ’ (B-99)
1 9y 8 (loy

YT dcos g OX T 5z (a 8¢>’ (B-100)

1 9 1 Ox 0 (cospIX\| _ oo
v acos¢{6)\ (acos¢8A)+8¢< a a¢)}_ Vix, (B.101)

EFIT L. T3 LEERE ¢ EACPFE D &

¢ = Vi, (B.102)
0
p-L (v, (B.103)
EEIT 5.
U = ucos ¢, V =wvcoso, [ = sin ¢, (B.104)

ZHALCHE - HOTREAZ KD 5 &

o¢ 1 0A 10B 9 0%
E_ ma—)\ E%“FVHVHC—FVVQ, (B.105)
oD 1 9B 10A _, U2+v? 2 9D
7272 L,
A=(c+2000 +02Y . B=(c+20mv -0l (B.107)
0z 0z
TH 5. (BI0G) %z il 2 5y LT (B.94) ZFIH T
o 02 o B 1 0 0B 10 0A o g o [U?+V?
9002 Vi) = om0 adson  VH (@—Oma—z {—m—mb
2 0% o' s
+ VHVH@(VHX) + VV@(VHXL (B.108)
ThH5. UV %,y TERT L
B 1— p? 0 0 (10x
U=-——"%."% <aa,\ : (B.109)
1oy 0 1—p?0x
V_a8A+0z( o on) (B.110)

L%,
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B.3.2 ZAXRZT NVEM
HP I OYIEISE M LT 2. 0, x,0 B XU ¢, D 2 EREFAMBELECERT 2.

V(O p, 2, t) Z Z Y ), (B.111)
|m|
M
X\, 1, 2, 1) = a’ Z Z X' (2, )Y, (A ), (B.112)
=|m|
M M
O\, p, 2, 1) = Z Z or mE (B.113)
=|m|
M M
CO\, s 2, 1) Z PBREIE ), (B.114)
—M n=|m|
M M
D(\, i, 2, t) Z Z Dz, )Y (A ). (B.115)
(B102),([B103) DR 5
(™= —n(n+ 1)Y", (B.116)
Iy (2,t)

TH%. UV bERmFMBIBIER T 2 &

M M+1
U, 2,1) Z > Ul (=Y, ), (B.118)
—M n=|m|
M M+1
VA g, 21) Z Z Vi (2 )Y, (A ), (B.119)
[l
TH Y, (BI09), BII) s B2 &
ox™(z,t
Up'(2,8) = =1 (2,0) (0 + ety + ity (2, )(n = eyt ”m—xna(; )
(B.120)
Vi (2,t) = im™ (2, 1) + (n + 2)e HHC‘)X%;(M)_( e (‘)xna—lz(t)’
(B.121)

L%,
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B.3.3 FFRFEDEH

ST 3B RHERUEENEL 5 4 75 1) ISPACK (T, 2005) RT3 2 & 24
B 12 4408 = & I BRI RIBISE T 213 9 DT H 5.

A, B, [gle)} U6, VO, wd DM A % A7, B Em, (U™, (VO)™,
(wO)r 9 5.

B.3.4 HESRDEERIL

NEST DI DOHLD FICidF v —=4 - 74 Y v 7 A&+ (Charney and Phillips,
1953) ®u L v V&1 (Lorenz, 1960) 7% EDHLY /ids, —MD 7'V 2 57« 7 /A%
) EEIIEFHVENS. TD L) B2 DIFEMEN R LZEEIEL %570 T
H5. LrL, STTEROPT-> T 2D HBRRXRDIENE ey DAY v I — FIgETIC
T2, 2F0, v,w i FEEET (k=0,1,2,-- - K) TEHL, ¢,U,V,0 1L LEHET
A1+d243, - (K-1)+31) ICEHT 3. (M B.2) z iz XMy ICHi(bT 5 (%

1
g K+g -eeeeees Vi3 Ukr s Vier 3 Orery
i K XK, X/},(v W, (H)G)K
1
K_i --------- wK—%vUK—%uVK—%7®K—%1AK—%vBK—%7EK—%7(UG)K—%v(Ve)K—%
K-1 - XK—l-,Xl}/(—lva—h (w@)K—l
2 - X27X’2’7w27(w@)2
1
1+ 5 """"" w1+%7 U1+%~, V1+%7 ®1+%»A1+§7B1+%a E1+év (U@)1+év (V®)1+%
1 —_— X17X/1/-,w17(we)1
1
i --------- Y1, U1, V1 @1,14; Bi.i. FE: (U@)%,(V@)%
T 0

X0, X(J’a Wo, (U)@)O

1
s> —5 TTTTTTUC Y1, U1, V1,04

B.2 ShEMTOID . X" 13 x D 22 B2 %7,
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BT D5H).
2k = kAz, (k=0,1,2,-- - K), (B.122)

777 L
H
Az = — B.12

ThHb. 20,2k BENZ NG & LUGIC7Z 5. PREEIE 13, BERE RO TR O&E S I
L5, B CERSI NI L x D 2 W3 FEEK T LTk ohn

ax(zH%) T(2p41) — 2(21)
- _ . , (B.124)

THEBEING. 7, fHOLD 2, = 2(2) £ PHELFTRT.
Vb & EBARE TR L 7SRRI BL T Dl D 127 5.

OVt
—n(n + 1)T+2 =
T al— ) {(—zm)An,mé + (n+ 2)6n+1Bn+1,k+% —(n— 1) BWLH%}
(=n)*(n+1)* ., T
TVH a2 wn,k+% + vy (=n)(n+1) - (AZ)22 -,
(B.125)
o [0\
—n(n+1)=— (—) =
ot \0z% ),
1 (—im) BTT,H% - Bsz—%
a(i— 1) Az
Am 1 Am 1 Am 1 Am 1
m n+1l,k+35 n+l,k—3 m n—1lk+3 n—1,k—1
_(n+2)€n+l 2AZ 2 +(n_1)€n QAZ : }
n(n+1) [ g Oneey Ty | Py ~ Py
a? O 2 Az

AN\ g ()" ()"
022 022 022
n,k+1 n,k n,k—1
+ vy

(=n)*(n+1) (52X

+vy(—n)(n+1)
a? 822)7”c
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oo

nkJr2
ot o
1 . .
S {( im)[UB]y 4 +(n 20y VO = (= Der Vel 1k+2}
Ol — el (07— O)
‘AZ T
(—n)(n+1) ., Oty ~ 2901 YO0
+ Ry e @ ot + Ky (AZ) , (B.127)
=L,

1 I J
Anmk+2 _IZ:Z: zm)\lpm /117)

Wi j k+1 + Wi jk Vi,j,k+§ - Vz',j,k—l

(B.128)

X

g —zm)\Z Pm (

I\Mk‘

1 Jd
B;nk+2 _IZ

w‘7 7k+1 + w., .,k' U’L7]7k+§ - lemLk_l
X {(C@',j,lﬂ-% + 2QMj> Vijktt — < = 5 = ) 22Az 2 } ,

(B.129)

145)

L U2 i+ V2
1 —im\; k+1 k+31
m - g _—im i pm,, . 0,5,k+5 2,,k+ 3
s = 3 e St

i=1 j—l

(U@);n,k—i-% - 2[ Zzw € 7lm}me(:uJ)Uv'Lj k+3 @Zj k+3 (B131)
1=1 j=1
1 < |
(VG)?:/H% ~ 97 Zzwjg'eizm/\ipgl(”j)vm,wrl O, ig,k+30 (B.132)
i=1 j—l

Okt T O
(wO)'y, = 2IZZw e~ P (g Yw; g 5 D72 (B.133)

=1 j=1

88



oy,

35 EEFIE - ETimEROED HKL

S, & 2RATORMERED (k = -1, K + 1) 280215 LS TOZEE (ShEMy
air) OEBPERD & ZIT,

(1) (BIZ), BIZD) (7L k=0, K —1) BSROBAD g7 O, (k=
0, K —1) skwonz £ GIWFEELE=1-K-1) kD

(S—X)m (k=1,-+K—1) Rkdo5N 5.

n,k
(2) BEFREAME w(0) = w(H) =055,
Xn.k = Xno =0, (B.134)
7% DT,
mkt1 ~ Xk T Xk O \"
Xngert ~ D ¥ Xongor _ (OX) T (B.135)
(Az)? 022 ),
W2 LA TSNS 5.
2 1 0 00 -\ [/ X" (SZ)m
1 -2 1 00 - X2 et
oot 2 b Xns | = (Az)? - . (B.136)
S S : .
0 0001 —2) W (52),
Z O RKSER (CEN ) 2B LT (k =1, K —1) 25k
51 5%.
(3) ISR AM 5 = 92 = 92 — 0 I3HfL T 1
Up—1 = Uy s Vik-3 = Vil b mi—1 = O k1, (B137)
EFHITE. 2 Thk=K+113REETHS. ¢ &
nks T a1kt T Sy k-4 = Y-y (B138)
(32)
ox\" 1 oDy
(_%;) — < 7K) =0, (B.139)
022 ),k —n(n+1) 0z
*2 A &P TR R S NS, SO T LIS B L FEIR T ORI RAAE £ 2 T 72 0

CHATBR (k=—3,K+3) TbH%.
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EET 5.

(4) FusERgtE &0 = CU, 2V = SV i3kl b IHif T 5.

z

U%—U_% C CU%—FU_%
Az Ty Y oy 2 .
SE U_y 220 TRITIE
2vy — CAz
U= (o reas) U

El s, fEHDD

«

FLTBL. Lo T ImEREZ
U:er_% = OZU;Z:L%,
LEITFE. s Yl
Y-y = Tom D om

THh, (53) B

2vy — CAz
21/\/ + CAz ’

Vnrfb_% = O[VTT%,
« m m
Tl D)ot T Wy

1 DR D
 —n(n+1) Az ’
- —n(n+1) Az ’
_ 1 (1—a) D,

—nn+1) Az ™2
_ (1 — CY) 9 2 m
~ —n(n+1)Az 0z (VHX)”’%’
(1 —a) Xn1— Xno
Az Az
(1 _ Oé) m
(Az)2 b

LT 70 I TIE R FRET

@m

’

90

_1
2

—om

1
n,5’

(B.140)

(B.141)

(B.142)

(B.143)

(B.144)

(B.145)

(B.146)



TH5.
(5) XMy, ¥, 226 UM, Vi sk 5303 (B109),(BII0) & b

m m
Xn,k+1 - Xn,k

s?k-i-% =— Zl+1,k+% (n+2)eptq + 1#7’?_1’“% (n—1)e™ + imA—z’
(B.147)
. le—l—l,k:—i—l - X;n_’_l’k X?—l,kﬂ—l — X?T—l,k;
VqZLk_’_% = zmzbgkar%—l—(n—l—Q)a;nH Ao —(n—l)&?nm A(Z ) :
B.148

E 5.

BB R oAU BT (k= 0, K) 5 X OB (k = -1 K + 1) offib k%
b, BHFIEDEE T = 2 (14 B.3).
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(1= 0 =1) T Tty
Avwf..d”&v;::

wi.mvb

Ly1')

0 =X =0X (9¢1°d)
|

(T—=3%T=9)IX

(1=3%-0=1) Tt THiq

M3N

0=(H)n (618 (be1°9) TE@ ey B «TVQL

UBROHEE €d X
0= (m  GEre H t-g dy dp a 4
v N »
o(@m) ‘om OX  <0X _ a :
orre)  (gprg) Pr1IE)
GE.m# # _ *
X m@ nm\w rwb hm%
it
Im ,wwx X
R TC R /W s B
0= 9 105 (Lz1d) (STrd)
Plg Ry i i
T—X%--‘1=9 05 (9z1'9)
dals awiy _ ’
A(@m) Mm IX X g (Lera) (CIR:Y

aio
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B.4 AEHEZRTFI SKFILEL

INFETEBAHEHE LTKFET 773 7 v 2T E D, 21 Becker (2001) (2
0, MEHEZIEL CRELBZOVLHFEIIRINTW S, Becker (2001) 12 & % fi#HE) =%
AT B ACHEBUEIZ UL F o cEbin 3.

_Hﬁ:yH(vz%,+vDu+2§§). (B.149)

7Rl pu>10L EHMEEZ, p=00 L EYHNICERDH 2EHFOMEEZERL T
W5 (HiffiE TOY A VEED p TlEE VO THER). £

v, = (—1)"a** Vv, (B.150)

A

D,=V-v,, (B.151)

Th 5.
INEWE - FEHOTBRRD AR S VEICE T 3 BB D FRRDOICET XL T D
il 5.

dgm - a—gf{ N — 2 [n(n + 1)) } m (B.152)
dDm
u Kﬂ{[nn+1lﬂ%—ﬂmn+nw}py. (B.153)
S2T, =0, WA (9/0N = 0) & ¥ 3 &, HPH u QBB R F B KT
JHIE
1 0 ou U 2u
(HO))\ =g {a2 COS¢% (COS ¢%) - —a2 COS2 ¢ + ?} (B154)

E%. £, EALR v OEB)REAICHTL 201

1 0 ov v 10 1 0 20
(H0)¢:VH{CLQCOS¢% (cosd) (;5) " a2cos? ¢ +58¢ [acos¢8¢(vcos¢)1 ?}
(B.155)

Ew)fEz L 5.
A (BIS) 6 (Ho)x =012 25Dl
U = g COS ¢ (B.156)

(72720 ug FER) DEETHLIENTD L. DF D, KRG S PE a5 % Wl 4 [0]
IO 2 X ) I DTH 5.
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B5 =EE

AHiTlx B3 i cEOEEHAL L 27Xz, FHEBICGEREEO 7a 7 F AL LTHEET
2 ETCOHELELT. BBERL—F LV EZDEDICHCEIAL 7 IVIEUTD 45TH
2. %k, BT TV DA, BEEEE m =0 DAL LT, BRIEFHMBIEELON
btV y vy PVEHEZTHT 2.

o BRIEHAIBISEN (L v >~ FAZH): ISPACK /SNPACK (LTPACK).

o —HXMITHTRI N —RTBEADMZ KD 5. LAPACK/DGTTRF,
DGTTRS (Anderson et al., 1999).

o HIFIE: ARDNV VT - 7 v ¥iExHLE.

o 7T —F DA gt4f90io.

ISPACK/SNPACK(LTPACK)

ISPACK (Ishioka Scientific PACKage) &, F:1 flij #i 2 JiifA 5 R X o BUfilFt Ric gt &
% B HARER (A7 PVEH KT, 10, %) 2 7V —F UL L TE L0
boThs. 2T SNPACK(LTPACK) (FERIIFIMBIBZE (L v v FLEH) O
IEZEH SR X O, MY - REMY 2 E S € & LMz I 7V —F v 22
LTSNS, ZNEHWEZET, 0, x 26 U,V OFEBERICITZ 5.

LAPACK/DGTTRF, DGTTRS

LAPACK (Linear Algebra PACKage) 3 #IBAEGEIEM 7 4 777 Y TH 5. BLAS
(Basic Linear Algebra Subprograms) 74 777V RICHEEINTE D, #IETTRE 0
HiEREZ D 2 L3 TE 3. OS ® CPU IKET 2tz BLAS Tff>TWw 2 DT,
BLAS 232t ST 231584 o, BrlC kT 2 2 & st o s 2 L s
Fe. 2 oH T DGTTRFE (FFE=EXNMITH] A I2DOWT LU 3%z 5 5 L, DGTTRS 14
ZD LU 5@z T, EYy—RGTBA A« X = B OR2HET 2.
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4RDIVIYT - 7y 5k
ARDN7 7y ZIERFRRFEREG RIS C He o nTw 5. Hir i de/dt =
ft,x) ODRREIFERIZLLT TR I NS (/ME, 1997).
k: ko k3 k

=, ®2 B B.1

7277 L
ki=dt- f(tn, ), (B.158)
ko =dt- f(t, +dt/2,x, + k1/2), (B.159)
k,=dt- f(t +dt, x,, + k:g) (B.161)
gt4f90io

gt4f90io 1 gtoold NetCDF Bify (HH et al., 2006) IZfE > 7= %fid 7 — % © AHII1 5
£ 779 TdhH%. NetCDF B DG AFH Z 2 I ICEDICHBLT 2 2 EDBHIKS. &k,
NetCDF(Network Common Data Form) & (Z#fEMKAED 2\ H Cadubiy (e, et
HOLH, BAL FRELFOEREMMTES) 7= X TH 5 (Rew et al., 1997).
[REPMFHEERTILH R L TED, NetCDF X2 | 2 2 @47 - gy 7 b7 = 788
B e 2 & DR
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B6 ETFILTAbE

B L 728D ICIEL K Y — R a— F2F N, UG8 IRz < EITE L % 5203,
EhY — 22— FRIZIFMHEIINTZ2EATYS. HlZ, a4 V7 —=2Th|
o THEEVBIEL(fTON T 20 DMERBHETH 5. ZOHiTIE, BODPDT AT
TiEzENT 5. 22T H) AR 2 O ICELT.

0 1 0A 10B 0?

72 — _ bl 4 2
VY a(l1—p2)dN  adp TVHVHY +VV QVH¢’ (B.162)
0 9% _, 1 90B 100A _, o [U2+V?2
9192 VX T G 2) 9z 0n  adzop VM (@0@+ 92 [—2(1 myr >D
0 o*
+veVY 821 +v VWVHX7 (B.163)
90 1 8(Ue) 19(Ve) d(we)
ot a(l—p2) 0z a Ou 0z
0’0 ©-06,
+kaV3H0O + Ky e R (B.164)
7L,
= (V% ‘HQQ“)V“”%’ (B.166)
1= > oy 10x
v=-1- 8M v 2 (am) (B.167)
19y — p”Ox
V=t t o ( - @), (B.168)
V¥, (B.169)
Th5.
B.6.1 OXRE—ETAKL: KEAFAEMDF VY
LRl REEGRIFIERGE, i, IHES O L Z12 ¢ THUE . 2% 0
Vg = Vy = 0, @ :@ e — @0, aa—z = 0, (B170)
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e EARE

02— L [(g220) 00 _ VY0¥ 50 0%
AR {(VHB)\) " <VH8M> o zszm}, (B.171)

El5%. ZoHEAICH LT ‘
=Y, e (B.172)

Z2RRAT 2. 22TY" BERAGHNBEBTH 2. T2 LU TOTHBIHRAMG S5,

w —2Q
- = ) q
m  n(n+1) (B.173)

DF D, WIS E RSB = Y B3, Z ORABEEECPRET 2 C & 2 RT3 C Tk
SO F = v 21275 (9 B.A).

90°N .

EQD ‘ Ik

90°S
I\ —

t=0s

t=21600s

90°N
t=37800s

B4 BAE=WET AL, ¢ =Yie ™ OBAED . THabLMHEEIZ —Q T
W23 1 HiERH (day)= 86400s.

B.6.2 EENEKTFTAN: SnEAMEOF VY
RIFHHARICN LT, ARG onfr Al —E, Ak U, B, JFRRzZIES 5.

?9(;) ﬁ QZVHZI/V ZI{HZRVZO. (B174)
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ZITORBERRMETHS. IS5, RGO ¢, x dE¥v L L, MUMERLE G52 5. T
% L BRARIIFIBLTE T,

9 62 2 _ g 2 o
a@ HX = —@—OVH@ s (B175)
00’ 00
L%, ST O RREELTS 5. (BID) 2RHEM LT (BI0) 21AT 5 L,
0% 92
BRSNS, 7L NIWET7 7V - N A3 FIREET
00
N2=Z2 25 B.1
@0 0z ’ ( 78)
TH 5. (BITD) IH LTV x %
x =Y/ sin (Inz/H) e ™ (B.179)
TH AL, LT Or#BERA» RN 2.
2
wt = Nonlnt 1) (B.180)

- a?i2n?/H?

DF 0, WG Z 7B x = Y sin (Inz/H) 23 Lt i BIR R 2 7 TIREE w ©
IREI$ 2 L2l 52 LT, iEAADT =y 712k % (X B.5).

hight [m]

8000

~
N
s

6000

4000

2000

A
-~ ‘\

P —_—

.......

~0.00-

SN
\“

3 4 5 6 7 8

time [x10% s]

g 10 11 12 13 14 15

B5 BEHETAN. m=n=1=1,N>=15x10"* DEAD . T4bbFEW

12 9.1 x 10°s.
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B.7 SILBREEFORIER

BiEETVICE T, IMBRBOMEZ KRE S LTw L &, MeiBHEOFE TR E
WICET e TPsNng. LaeL, EEBINEFREZ KE§5% ¢ CFL (Courant-
Friedrichs-Lewy) &&fF:%: 5 INHZI A Z /NS K § 2 08035 579, fHR & L TERIRE
ISR % £ CTICET 2EMREEDS < 2 0, GHERRESERT 5.

D)7, AR —EMEICIORT 223, BINARXTRAZIEZ 712/ & <
L EIEL WSRO N WEBSTTHEAD 2 L 2BUWARER (stiff equation) &I
S, Z OIS BEEH R 2 72 0 O — iR e ik 2 bR 74212, B.3
flio7> 2 A 7WHET) 74 7HBARICH LT, 2Oz HEET 2.

B.7.1 EWAERDEE
DITD &9 B EMy it 2E 2 5.
dx
praiald (B.181)
7272L,a>0ThHs. INzWEDOENAA 7 —IETEMLT S L

Tnt1 = (1 — aAt)x,, (B.182)
%DT
x;“ = |1 - aAt], (B.183)

Rl A Z /NS K &SR TUER S .
z 2 c, a2 viug (BIRD) 12,
1

Tpgl = . aAtxn’ (B.184)
LIS, Wz
x;“ = ’1+am‘ <1, (B.185)

L0, KHEZAEZRE S E>TOLEICHHETE 5.
G DG, TR & O TRINANX TREIRT 7223, FEFE TEL LB DG A 13K
AT v 7 IERIE O A2 @l 6, SENED% Ch>oTLE). L
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n L, TRADHE S DFERBIPHICH 2 5613, BINAROE 2 H S A T, S 2 [0k
TE2Y560H%.
RD &) oW IiR e EZ 5.
dx
dt
22T A(t)x(t) BHIBIET A(t) 3RBUTIITH 2. f(t) BIEARIE, g(x, t) 23IERTE
HTH 5. JEEHED G p - 156 DRI, & 5K s TOMRE x(s) & LT

= A()z(t) + £(t) + g(a, ). (B.186)

t
2(t) = R(t, $)a)(s) + / R(t, u) f (w)du, (B.187)
CHEZNBTI R(L, s) HEHET 5. R(1, s) RBRIATH) &I,
dx
92— Aty (), (B.188)
AT B gz
() = R(t, s)a(s), (B.189)

LEAT 2ATICH B, R(t,s) XM T OB DS 3.

(1) R(s,s) =1, (HAf141)

(2) R(t,s)R(s,t) =1,

(3) R(t,s)~' = R(s,1),

(4) 2L = AR, 5),

(5) 55k = —R(t,5)A(s)

D EoWEZHWS ELVVT « 79 Y RAFDLTTEIPNS.
w(t+h)=1L <t+ hot + g) [L (t+ gt) [:c(t) + ékl] + %(kz + k3):| + %m,
(B.190)
ki = hg(x(t),t), (B.191)
h 1 h

th = hg (L (t -+ 5,75) |:$(t) + §k1:| ,t + 5) y (B192)
ks = hg (L (t + g,t) [x(t)] + %kg,t + g) , (B.193)

ks = hg (L (t+ h,t + g) [L (t+ gt) [2(t)] +k:3} ,t+h) , (B.194)

*3FLVEHIZAR (2004) 2.
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7L .
L(t,s)[x(s)] = R(t,s)x(s) +/ R(t,u)f(u)du, (B.195)

Th5.
—MED A(t) I LT, R(t,s) ZRDDZ LIRS TIIROH, A(t) = A THOLER
B L EIFEARMICERTE 5. n RIESH AT LT

exp(At) =) EA’“, (B.196)
k=0

LEE, e At DRRBBABEEHRTS. T5¢

dx

—=A B.1
o x, (B.197)

DIFRZATINIZ
R(t,s) = exp(A(t — s)), (B.198)

ThHhZons. BELRS

QGXP(A@ —s) =Y k(t_—s)k_lAk’

ot — k!
= (t=9)F
=AY oA

k=0
= Aexp(A(t — ),

EhoThs.
exp(At) 1 A DRFAMLTTRE 2 & 3 1S3 AT R 5. T, ADSHEIAI0 L =i

A000
a0 X0
ETnR
AF000
a0 A0
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25
Z%)\If 0 O e €>\1t 0 0
. * Aot
exp(At) = 0 SEXN 0 || 0 et 0 |

THD. —H, AR 21T A 1%, & 3 IERITHI T, WAaf75 D T#RETA=TDT!
DT, AF =TDFT-1TH 2. WAIC
eMt 0 0

Azt
expaty =T 0 0 (B.199)

ED. ZIZTA, M\ X ADEGIETH S, I 61T, AT S T OF|R7 b
WEERRZ FVISRIR L, T EERTH (T =TT K% 3.
kB, BEATINCEI LTI (1982) & 2 &

B.7.2 T7IYRAVAEBAANDILA

X (BI125)-BI27) D HE My e L <, g oAz w3, 2L,
CIZTIHBEIDRREE 222 DK EIEDO A TH % &5 2, ShiEisEE I3 IR IE
EREIC ). T3 LIERIBEZBROEBIEOM D HRERIESEK (v, 1, 0), K8
(k=3 K-31- K-1), &SI LT, 1 EBOByHTEAE LTHD

WA 5. Thob, RBATINERAITINE 7200, FE TIRBRBDOMEIZZL L 20 THRE
181 A3 T ZHAATH E T 0

A= "0 : Dy, (B.200)
a
TREIND (ISR o BREVR). 5
n ="—VH n(naj 2 (B.201)
BT, BRZATINHIE ONE 2 5 F AT
R, (t,s) = e =9 (B.202)
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%, EFREDLSIEEZTE ST, IEREEIZRGEICBZIICHAE L 22\ T, mido v
Ve 7y IR D X ) IS B

k1 = hg(x(t)), (B.203)
ko = hg (e“"g <x(t) + %kl (n))) , (B.204)
ks = hg (eangx(t) + %k}g(n)) ) (B.205)
ks = hg (e“"% (e“”%x(t) + k’g(’ﬂ))) , (B.206)
z(t+h) = e > len’ (x(t) + é]ﬁ) + %(kz + kg)] + ém. (B.207)

ZIT, g(x) BEMPEHZEZTHEHETH 5. £4MWRMDONTIE vy 1d kg ITEDS T LI
HEELw.

B.7.3 ERICEHTEIZLTODIEE

AT > TE O ENDOMEL, BAEFI R OLENE XM LT 22, ZEIES %
225 Lo T, ZOMBROBEMEZHRIET 2 DTl R w, EHEE EIZTERD “BX” 25K
S5 L, FHZAEIKRE W E Z1:Z2 DANAEIHERIMEET 2 L9k >TLE).
AR ZIRZIHC LT0E, FERIEDL S WX )iz iu, ZORERIZEHTE 3.
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frix C

ZHAA Z—FIAERRETLTY
7yt o )IN—LT Ty RAICET
% e

fHik C TIRHEPFEIGICE T 20 & FEROM AT ISR 2w, B4 A 7 —
-5 (Transformed Eulerian Mean, TEM) X% & Y 7 v £ - »$— 2 (Eliassen-
Palm, EP) 7 7 v 7 AP 2R 2179 . 1ZU OITEHN A TEM HfERRZ2Z7R L, X
I 7> 3 A7 R Tz TEM SRR3R % Vallis (2006) 22185, 2L T,
Ferrari and Plumb (2003) CTiREI N/, —M{LL 7z TEM AR FZ%2EHT 5.

C.l HMNRBRZEEAAZ—FEAERREIU v LY -
IN—LT TV IR

Eliassen and Palm (1961) 3R DK - $R1E S 7 — 2 £ 9 PGP0 & BEAL & D
MAAERNCB S 2 AN EH 2 4]0 TR L 7. B4 TEM /f30% 13 Andrews
and McIntyre (1976) IZ kK > TEAL I 1, Edmon et al., (1980) BXEP 77 v 7 R & %
DR FE L 2 KH] & SFERR T Z NZ R L I 2 66 &, 5 & PR AEH
DLWIHERRE L. ZOZWIFEZBETRIEFIACTTHIN W 5.

NEIETERE Z = —H In(p/pr)(Z 2T pr (FFEHELET), H IZ A7 — oA b)) Tadib
ST, BN TEM HEARIEU T o@D TH % (Vallis, 2006). 7272 L, LM TIE |k
FEC) IFHPE %2 T ECTFIRBT 2R L, pr = poexp(—Z/H) T po IFEEET
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5.
REEHSEN

ou 1 a0 ,__, o(uw™*) utang\ _, — 1
E—'—acosd)%(uv cos §) + 07 (f+ a )U X_a,oRcosgbV F,
(C.1)
77z L
1 9 Ve’
TT=0—- —— — |, C.2
v () (©2)
. 1 0 (VO
w _w+acos¢6¢(@z cos¢), (C.3)
ou v'®'
¢: - — aylay/
F apRcosqb(aZ 5, uv), (C.4)
7 R CC—
F —apRcosgb({f aCOS¢a¢(ucos¢) 5, u'w’, (C.5)
1 oOF%
_ = (F® -
\Y acos¢8¢(F cos ¢) + 57 (C.6)
mMiESAER B
_ utan ¢ 100 4

22T G REEEEE2 S T K ) & T BHED, £ DBA S BIERICANE < T2
BEFE 3L TE % (Andrews et al., 1987).

FBAOETFEON _
g_i _ g@e_”Z/H. (C.8)
EHDH
aciscba%(ﬁ* cos @)+ PLR% - ()
BNZEHER
§+5*-V@:S—p%a% <PR@+PRU’/—@/)- (C.10)

TEM 70k O EHER O FEMNIZEIE (2005) ISR I T 5.
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2D TEM HEARIC TS 2 A 7R 2TV, 2 JEERTEHS LU To@) Ick 5.
HEEAER

ou 1 0, _, O(uw*) utang) _, — 1
E%—m%(uv cos @)+ 9, <f+ - )v X = aCOS¢V F, (C.11)
77z L
o (v
V=1 — | = 12
T =T o ( 5. >, (C.12)
. 1 9 (v
w _w+acos¢8¢ (@Z cosczﬁ), (C.13)
o TRTA S —
¢ _ e T
F —acos¢(8z 5. uv), (C.14)
. R I
F —acosqﬁ([f acos¢6¢(ucos¢)] 5. uw), (C.15)
1 OF*
— (R
\% o5 ) 90 (F? cos ¢) + 5 (C.16)
miLEEIAIER B
_ utang) 10 .
FHPETEOH B o
0P €]
DI g -
. w*
acosgb%(v cos @) + o = 0. (C.19)
BMHFEAER - S
00 ., o5_o 0 (vVOa Oy —
5 +v*-Vo=5 9 <—@z +w@>. (C.20)

CITHEELLVDIZEP 77y 7 A F I3SRHC O, 2R>T0w3E0w) e Ths. T
bbb, K THOI X I BT 5y 2 2L LOBEREMNEEO, =040, EP 7
7 v 7 AFEFUSED KIS0t BIRAICHEB L TL X ). U3 FimigHsi e
BWEWVWIZETHH D, ZOXI)BIERZTICTS R A 7K E LTifkbi iz %
RELLESICHENS. ZNZ2EIRT 572012 TEM SRR 2R T 2 08035 5 53,
Z D H#Efi & L CRENT Vallis (2006) 12 & %2 TEM AR OEHHEEZHANT 5.
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C.2 Vallis (2006) Ic &K 5 & H

AHITHAT 2 TEM AEFOEH FE Vallis (2006) 2251 L7z b DEH, #
'& Held and Schneider (1999), Ferrari and Plumb (2003), Plumb and Ferrari (2005)
2SHEIZL TS,

C2.1 AFEEREE (eddy induced velocity) DEA

T4 5 — TSRS 5 TEM HERICERT 5 7D ICROWTEE NS 7 B ERT

HINEDD 5.
T =T+9=0+V xp. (C.21)

D% D IMFEEHE (eddy induced velocity)o %2k 2 hE N H 5.
£9, EHE RSP A 7 PR N7 PATHFIIUTOL I ICKS. &
B, KD FRBEREOVEZERT O T, HEFE TR TS L.

86—?+(6-V)H+fxﬂz—v5+R, (C.22)
%9 4 (w98 - s(6] - V- Fle. (C.23)

7, RO L —Y— (B 777 v a2 REFER)Z TN LT

0= -
5 + (@ V)E=S[E - V- FIE, (C.24)

ThHsb. 2T, RIFVA I NAIBNZRTIH, SIZEBIERPHE, F 1387 7 v 7 A 28T
HTH 5. Tbb, (FIEThV FEREOLE)

ou'e’  ove  Juwe —
= + +

. f— . / /
V- Fle] = . 5 =V v, (C.25)

ThH 3.
T, M7 9y VA F %, ZO L —H%— (LN TIHIEN © Ofl L LTt %) D%
RIS B RS F o EVPATRS) F 233 %.

F=F +Fj=n-F)n+ (nxF)xn. (C.26)
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IITn=VO/lVO| Thh, Thbb

F.-VO__
F, =—_"V86, C.27
T vep (G.27)
5 F B
F” = V@TX X V@, (0.28)
VOl?

TH5. Fyl3AF¥2—77v 7R (skew flux) EMIEFN TS, N7 FLEEX
V- (AxV¢)=(VxA)- Vo Zl\3ZLT, Fy DFERII,

OxF __ OxF\ __ _
v-F”:v-<V@_X xV@):<V><V@_X )-V@Ef)-V@, (C.29)
VOl? VOl?

LETS. 51V 9=0XD)5-VO=V-(00) THH, 2%h, AFXa2—77v 7%
2O ZHSHET BT, 21T O OBIRD X HIikZ 5.
([C23) i (C20) ZfRATIUL
00 _, - _
W—F’U V@:S—VF+(VX¢)V@,
=S -V -F+V-(0V x 1),
=S —V-[F-0(Vx1v),
=85 —-V-(F+V0 x 1),
=S-V.F*
CITF*3RE7 79I ATHS.
F*=F +V0O x 9. (C.30)
EXpo, F* L F LiE, PL—Y—OEERICER T 2RTERLCTH S L0505,

e YO _p YO (C.31)
VO VO
Lo L, FEBIC AT 2R 138 5. 22T

Fr=0, F*=Fy, (C.32)

ERDBEI, Y REDS. Tihbb

Y= (C.33)




ETAH. TDEE -
—~ VOXF

V@x¢:V@xTajr_—ﬂh (C.34)
Ths PULoLE szt
%g+6”V@:S—VVFﬂ (C.35)
T =TV x FWX—@V'F, (C.36)
F* = Irv'@va@, (C.37)

ThHb. 1L, COHBERANTO FZMo L —3—THbRnw I LITEREL L.

C22 ZEEAAZ—FIAEARDEH

RO T 2 MTH o723, 22 TiE, PL—3—% O, %2 HIETIC
LT, TEM R z2Rkd b I LIcT 3.
FIF PG 7200 5

F[O] =v'0 = v0'j + vk, (C.38)

BROT, (6,2 O FH ECFEM % RT)

FxVO 1700, - w’—@’a—l@d,i

Ve a20,+0,

Q7

v, (C.39)

z

Q

2 fTHNDERIE a 20, < O, , BXOHTMO 77 v 7 AWML 25D TH 5.
(C.36), [C39) £

0 [(ve

=T - 5 ( 5. ) ; (C.40)
e 1 0 [ve
w _w+acosq§6¢(@z COS¢). (C.41)
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7,
v/@/a—1@ +w/@/@Z = =
F[e] = (a7 B +8:k),
@ z
<U’@’a_1@¢, w'©

+

Q

/
o o,

z

) (a™1047 + O.k), (C.42)

%DT,

L0
0z

Y
z

— '0'a~'O w'e \ ~
G u ¢ 6.
) a ¢ COS @ ( =~ 5

z

ar-—109
~ 8% (”@%—@‘b + w’@’) : (C.43)

3. 20H~NDEMIZ a2 < H2I2Lk2bDTH 3.
([C35), (C43) 5
00 0 (v’@’a‘1@¢

—_— _*- _: —_— ﬁ
St Ve =5 5 +w@> (C.44)

L 7D, TEM SRR E AR 72 2 £k 3 ((C20) &L, %13 (C40),
CAD) 2T, 44 7 —FEHRAR 2T UL, TEM ARAF (CID)-(C20)
Hons.

C3 —RIELLEERAAZ—FIARERRET U7 vEY -
IN—LTZvIR

Hiffi© TEM AEARZEICH > T, BUTD 3 DDREIHED GERfToIT
Vw3,

(1) FERAZARRIIARTFISEY: 0710, < O,

(2) $hEM O 77 v 7 ARMHTES: w0 < V0,

(3) RADT7 A7 b (fiEhE) 13/ S v ot < HL
Thbb, 16k TEM HAERXFB LU EP 77 v 7 213 LR OREDHEN 2 & FITIFA
BYIZ L9 2 ETH D (RIFZEDBIBERSEMEDME (1) %1 2 B3 72 ).

z227T, hofREic X 2ialz 3, —Mt L7 TEM JfEARB L P EP 77 v 7
A%EMTHEDTOMY 12745,
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£,

FxVO v00,-woa'e,,.

— = — 1 = i, (C.45)
Vo[ 020, + 0.
EBL. (FFRIER Y = —i)
W Z 12
I
—7- 2%, (C.46)
e 1
=W+ acosgbf)gb (¢ cos @), (C.47)
Thh,
REEHAERR
ou 1 90, _, O(uw*) utang) _, — 1
8t+acos¢8¢(uv cos ¢)+ 5 —(f+ , >v X_acos¢VFu’ (C.48)
77 L 3
F? = acos ¢ (%w — W) , (C.49)
F?=acoso | |f— L 9 —(wcos )| ¥ — u'w’ (C.50)
v acos ¢ O ’ '
1 0 OF?
. — F® U
V.F, acos¢8qb( cos @) + P (C.51)
BHFHERXRI
%§+ﬁf VO=8-V.Fe, (C.52)
7272 L
" A—10Q 00
Fg: (’U@CL ?ﬁ‘i"lﬁsa@z) a—l@¢’ (C53)
-2
a @¢ +@z
WOl ,—10 00
Py — (VO 90 twO0: ) 5 (C.54)
Cl_2®¢ + @Z
10, OF5
V-Fg = P —(F§ cos @) + 5 (C.55)

Z DM RIS O TEM HERAR LFEETH 5.
AZEclE 3RICIED EP 7 5 v 7 AN ICIZ LEto— LS EP 75 v 7 A% H
WTW 3,
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% D

AL TR & N BiEfR 2§

o [X| D.1-D.9: 2 XICfED e & 11 HR AR
e X D.10-D.18: 2 XICIED A1,
o [X D.19: 3 RGO HETE H IR AE O K- B Va4 4735 .
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En=3.3x1010 En=3.3x10% En=3.3%x107

Ey=2.1x10*
~C1=2x10] ~C1=2x10] ~C1=2x10]

Rr=12x102 ..
aQ = 1475 m/s . (il |

oooo

Rr=1.2x10"1
aQ =467 m/s

Rr=1.2x10°
aQ =146 m/s

Rr=1.2x10!
aQ =47 m/s

Rr=1.2x10?
aQd=15m/s

Rr=1.2x103
aQ=5m/s

(LT T T .

0.0 25.0 50.0 75.0 100.0

D.1 EFIREDOHPER [m/s] ((adf) & F RIS [m?/s] (SFEHL) S
B (contour interval, CI) 1&4 S )V EIFICER. 287 X — 8 Ol Z 2R
L7c@l) . NERLDRBERERMPIR o NGB8 TH 5.
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En=3.3x103 En=3.3x107 En=3.3x10"
CIL=8x10° CI = 5x10°

Ey=2.1x10*

Rr=12x102 .l {Eﬁiﬁ‘jﬁgv
aQ = 1475 m/s .l | o anl[[1F]] I -
SR il
- =210,
S ooy (e e 2
Rr=12x100 TS/ | S
aQ =467 m/s . i) w7
oo [2 S oo
Rr=12x10°
aQ = 146 m/s
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af) =47 m/s
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a2 =15m/s
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af) =5 m/s
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Fundamental dynamics of two-dimensional atmospheric general circulations sym-
metric about the rotation axis of planets is investigated to obtain a wide perspec-
tive from the Held and Hou model of the Hadley circulation to the Venus-like
super-rotation driven by the Gierasch mechanism. A parameter sweep experiment
is performed to explore steady solutions of the axisymmetric primitive equations of
the Boussinesq fluid on a rotating sphere. Sweep parameters are the external ther-
mal Rossby number (Rr), the horizontal Ekman number (Ey), and the vertical
Ekman number (Ey/). Two indices are introduced to make a dynamical analysis of
the numerically obtained circulations: a measure of the intensity of super-rotation
(S) and a measure of rigid rotation (Rg). The characteristics of steady solutions
change largely in a certain range of Fy for given Ry and Ey. Approximate posi-
tions of this transition can be estimated theoretically as Ey ~ EyS(Ryr), where
SNRTfOI'RTglaIldSN\/R_TfOI'RT>1.

1. INTRODUCTION

The Hadley circulation is an important part of the general circulation of the atmosphere. Schneider
(1977)Y and Held and Hou (1980?, HHS80 hereafter) studied the Hadley circulation by using an
idealized two-dimensional numerical model symmetric with respect to the rotation axis of the Earth
with no horizontal eddy diffusion. HH80 explained the basic dynamics of the Hadley circulation
with a few physical principles: (i) the polewards moving air conserves its axial angular momentum,
whereas the zonal flow associated with the near-surface, equatorwards moving flow is frictionally
retarded and is weak; (ii) the circulation is in thermal wind balance (Vallis, 2006%). This is known
as the Held and Hou (HH hereafter) model. After this theory, a lot of studies applying the HH
model were carried out; see Lindzen (1990)%, James (1994)%), Satoh (1994)%, Williams (2003)7)
and their references.

Super-rotation, a state of an atmosphere rotating much faster than the planet, is one of the
prominent phenomena observed in the Venus and the Titan, which is the largest moon of the
Saturn. Gierasch (1975)% studied the mechanism of the super-rotation assuming an axial symmetric
circulation and an infinitely large horizontal eddy diffusion. The Gierasch mechanism was studied
by Matsuda (1980%, 1982'9, M80/82 hereafter) using a model of Boussinesq fluid with a finitely
large horizontal eddy diffusion.

Actually, both HH80 and M80/82 used the same system: the primitive equations of Boussinesq
fluid with a Newtonian heating/cooling to force the flow field, assuming a steady state, and axial
and equatorial symmetries. The main differences between them are the values of the horizontal
eddy diffusion coefficient (vy) and the angular velocity of the planet (€2). In other words, this
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system has the Hadley solution of HH type when € is large (like the Earth) and vy = 0; on the
other hand, when € is small (like the Venus) and vy is very large, the system has the super-rotation
solution of Gierasch-Matsuda (GM hereafter) type: an atmosphere rotating much faster than the
planet in nearly rigid rotation.

In the present study, we explore steady solutions from the HH type circulation to the GM type
circulation by a parameter sweep experiment. Transition between two types of circulation and its
parameter dependence are investigated by introducing a measure of the intensity of super-rotation
and that of rigid rotation.

2. DESCRIPTIONS OF THE SYSTEM

Governing equations

The governing equations used in this study are the primitive equations of Boussinesq fluid with a
Newtonian heating/cooling, under the assumptions of a steady state (0/0t = 0, where ¢ is time),
axial symmetry (0/OX = 0, where X is longitude), and equatorial symmetry. The equations in
spherical geometry are given by,

v ou Ju  uvtan¢ _ 0
w90 + Wo = 20wsing = vyDy(u) + We e (1)
v v ov  u’tan¢ , 100 0%
5%+w$+7+29usm¢ = —a%—FVHDH('U)‘i‘VV@a (2)
voe 99 _ _6-6. 99 (3)
a 0¢ 0z T Rk
0P
5 = gao, (4)
1 0 ow
acoscb%(v cos §) + 9z 0 ®)

Here u, v, w are the zonal, meridional, and vertical components of the velocity, © is the potential
temperature, and ® = p/p, where p is the pressure and p is the density. Independent variables ¢
and z are the latitude and height, respectively. The constants a and €) are the radius and angular
velocity of the planet, g is the gravitational acceleration, 7 is the time constant for Newtonian
heating/cooling, vy and vy are the horizontal and vertical diffusion coefficients, xy is the vertical
thermal diffusion coefficient, and « is the thermal expansion coefficient.

The quantity O, in the Newtonian heating/cooling term in equation (3) is a potential temper-
ature in radiative equilibrium which is given by the form

O. 2 z 1

where Oy is the global mean of ©., Ay and Ay are the fractional change of potential temperature
in radiative equilibrium from equator to pole and from the top to the bottom, respectively, and
P, is the second Legendre polynomial Py(x) = (3z% — 1)/2. We assume the thermal expansion
coefficient as v = 1/0.

Horizontal diffusion terms, Dy (u) and Dy (v), are defined in the form to conserve angler mo-



mentum (Becker, 2001'Y), as follows:

a? cos ¢ O 8¢ ) a2cos2¢ a2’
1 0 ov v
Du(v) = a? cos ¢ % (COS ¢%) " a2cos? ¢
10 1 0 20
+E% [acos¢8¢ (vcos (b)} por (8)

A zero stress condition is imposed at the top boundary, at z = H, and the stress at the ground
is taken to be proportional to the surface wind. Zero vertical heat flux is imposed at both top and
bottom boundaries, so boundary conditions are

ou Ov 00O
e e ©)
00 ou ov
w=-= 0, vw— o = Cu, o = Cv at 2z2=0, (10)

where C' is a drag coefficient.

Non-dimensionalization

To clarify the dependence of obtained solutions on the external parameters, we derive non-dimensional
form of the governing equations. First, we write variables as,

uw="Uu", v=Vv*, w=Wuw", 6=0,0% and z = Hz", (11)

where U, V, W, 0, and H are the scaling values, and the asterisk denotes non-dimensional variables.
From the hydrostatic equation (4), ® can be scaled as

O = gHP", (12)
and from the meridional derivative of (4), 0®/0¢ can be scaled as

o0d 0d*
96 = BApgH —— 36

where § = (00/0¢)/(00./0¢) is the ratio between meridional gradient of potential temperature
and that in the radiative equilibrium state. Substituting (11), (12), and (13) to the governing
equations (1)-(5), the non-dimensional equations are obtained as follows (asterisks are omitted),

ou ou 2 LT

(13)

va% + waa—z — R,uvtan ¢ — ;v sing = EgDy(u) + E"a 5 (14)

R, g¢+wag + R,y*u’ tan ¢ + 2yusing = — ];ng (v )+EV§2?;, (15)
vag—j + wa%—f = —% 0—1+ %AHPQ (sing) — A (z - %)} + g«VVg_Qg (16)
g—f — 0, (17)

R, Col ME; (vcos d) + wg—j ~0. (18)

Here the non-dimensional numbers are



HA
external thermal Rossby number: Ry = g

a202? ’
. . vy
horizontal and vertical Ekman numbers: Ey = — and By = — —
‘ v V H= 0 V=g
vertical Prandtl number: Pry = —V,
Ky

Rossby numbers scaled with meridional and vertical velocity: R, = ) and R, = o’
a

the ratio of zonal velocity to meridional velocity: v = 7R

and the ratio of the time constant for Newtonian heating/cooling to the period of the rotation:
e =71

From (18), we can show R, ~ R, immediately. From the boundary condition (10), we obtain
another non-dimensional number ¢ = vy /(Cdz), where 0z is the height of the lowest layer.

These non-dimensional parameters consist of two groups depending on whether the value is
determined externally in each experiment, or not. External parameters are Ry, Ey, Eyv, Pry,e, C,
Ay, and Ay, while internal parameters are R,, 3, and . If we fix the non-dimensional external
parameters, the solution of the governing equations is expected to be similar.

3. A PARAMETER SWEEP EXPERIMENT

A parameter sweep experiment is designed to investigate steady solutions of the system, from
the HH type Hadley circulation to the GM type super-rotation. Because Rr, Fy, and Ey are key
parameters of HH80 and M80/82, these are chosen for sweep parameters. Constructing a parameter
space (Rr, Ey, Ey) as Fig.1, we can draw the planes which correspond to the parameter ranges of
HH80 and M80/82. Our main interest is the transition of the steady solutions between two well

by

our numerical experimen

<«— Matsuda

Held and Hou—

103 symmetric instability '
"

Rt

Fig. 1: Positions of Held and Hou (1980, mesh plane), Matsuda (1980, 1982, light gray plane),
and our numerical experiment (dotted plane) in a parameter space (Rp, Ey, Eyv). The dark areas
denote the regions where the solution fails to achieve a steady state because of a symmetric insta-
bility. Alphabet letters indicate the positions of the cases where zonal wind fields and meridional
streamfunctions are shown in Fig.2 and Fig.3.



known situations. Note that the Grashof number (G,) which M80/82 used for a sweep parameter
is related to Ry and Ey by G, = Rr/E%. Furthermore, the plane of M80/82 drawn in Fig.1
corresponds to only a part of the investigated range in M80/82.

We construct a numerical model of the time-dependent version of the governing equations (1)-
(10), using a spectral transform method for meridional direction, a central difference method for
vertical direction, and the 4th order Runge-Kutta method for the time-integrations. The truncation
order of Legendre polynomial is 85 (64 grid points from equator to pole for the Gaussian latitudes)
and the number of layers in vertical is 32. The initial condition is a state at rest with a constant
potential temperature ©g, and the time-integrations are done with a time step of 1 hour until a
steady state is achieved.

To sweep Rr, Fy, and Ey with other non-dimensional external parameters fixed, we change the
values of Q, 7, vy, vy, Ky, and C while the other parameters are fixed as follows: a = 6.4 x 10° m,
H=8x10m,dz=250m, g = 9.8 m/s? Oy =250 K, Ay = 1/3, and Ay = 1/8. Sweeping ranges
are 1.2x 1072 < Rp <1.2x10%,33x1079 < Fy <1.3x10° and 2.1 x 1072 < By < 2.1 x 1072
as shown in Fig.1. The other non-dimensional external parameters are fixed as Pry = 1,e = 126,
and ¢ = 0.8.

4. NUMERICAL RESULTS

We execute 342 runs to obtain steady solutions numerically in the parameter range described
above. However, the calculations indicated by the dark areas in Fig.1 fail to achieve a steady state.
Spatial distribution of the potential vorticity indicates that symmetric instability occurs when the
numerical solution does not converge to a steady state. In this study, however, we focus on the
steady solutions, not on time-dependent ones.

Figures 2 and 3 show zonal wind fields and meridional streamfunctions, respectively, of steady
solutions for the cases indicated by alphabet letters in Fig.1. The parameter values for the case o
are similar to those given in HH80, and the obtained steady solution is also similar: the Hadley
circulation with weak indirect Ferrel cell. The panels p and q (Ex = 3.3 x 107°,3.3 x 1071), which
are for the cases of much larger Fy than o (Ey = 3.3 x 107'%), show that the zonal wind field
changes to a rigid rotation state, and the Hadley circulation weakens and expands to pole. Similar
transition can be seen for the cases of Ey = 2.1 x 1072 (h, i, and j). The cases j and q correspond
to the solution of thermal wind balance of the Earth type in M80/82. When Ry is increased at
large Ey of 3.3 x 107!, the pattern of rigid rotation does not change very much, but the relative
rotation speed of the atmosphere to the planet increases. When Ry = 1.2 x 10 (the case n), the
zonal wind speed at the top boundary is about ten times faster than the rotation speed of the
planet a2 (about 4.7 m/s). This is a typical super-rotation state, and corresponds to the solution
of thermal wind balance of the Venus type in M80/82. For a large value of Ey = 2.1 x 1072, the
zonal wind speed is reduced for all parameter values of Ry and Ey because of the strong vertical
diffusion as shown in the panels a-g.

5. DYNAMICAL ANALYSIS OF THE TRANSITION

For the dynamical analysis of the transition from the HH type Hadley circulation to the GM type
super-rotation, we consider this transition as two parts by introducing two indices: the increase of
the intensity of super-rotation and the transition of the zonal wind field to a rigid rotation state.
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Intensity of super-rotation

We introduce a measure of the intensity of super-rotation, S, which is defined as a latitudinally
averaged zonal wind at the top boundary, from equator to pole, divided by the planetary rotation
speed; namely S = U/(af2). In this study, we call a state with S > 1 a super-rotation state. The
dependence of S on Ry, Ey, and Ey are shown in Fig.4. The value of S becomes larger than
unity when both Ey and Ry are large: Ry > 4 for Ey = 3.3 x 107! and By = 2.1 x 1073, and
Ry > 60 for Ei = 3.3 x 107! and Ey = 2.1 x 10~2. However, when the horizontal diffusion Ey is
not so large (Ey = 3.3 x 1073), S is less than unity, even if Ry becomes large as Ry = 1.2 x 103.
This diagram shows a very large horizontal diffusion is necessary for super-rotation, and a smaller
vertical diffusion is preferable for that.

From a simple consideration of geostrophic balance and cyclostrophic balance, we can obtain
the estimate of S as a function of Rr. If we neglect the advection terms and the diffusion terms,

the equation (15) becomes
0P
S?u? tan ¢ + 2Su sin ¢ ~ —RT%. (19)
Here, R,7 is approximated by S, and 3 is assumed to be unity. From equation (19), S is approxi-
mated as:

g Ry for Ry < 1: geostrophic balance (20)
Vv Ry for Ry > 1: cyclostrophic balance
Even when Rr ~ 1, this can be applied as:
RT for RT S 1
S~ {\/RT for RT >1’ (21)

in Fig.4 (solid line). Equation (21) is a good estimate over a wide parametric range of Ry, when
Ey is small and Fpy is large. We should note that above estimation corresponds to the argument
on thermal wind balance of the Earth type and the Venus type done by M80 (his equation 3.13)

A measure of rigid rotation

The second index is a measure of rigid rotation, Rg, defined as the ratio of the rigid rotation
component of the kinetic energy of the zonal wind to the zonal kinetic energy at the top boundary,

R = rigid rotation component of K'E of the zonal wind B 2]y |2 99

7= KE of the zonal wind g onn+ D2y’ (22)
where 1, (n = 1,2, -+) is a Legendre polynomial expansion coefficient of the horizontal stream-
function. Figure 5 shows the dependence of Rg on Ey for five combinations of Ry and Ey. When
Ey is very large, Rg is nearly unity; namely the zonal wind field is almost rigid rotation. The
zonal wind at the top boundary for the case (vi) in Fig.6 shows such a rigid rotation state. In
contrast, when Ep is very small, Rg takes a certain constant value which depends mostly on Ry.
This solution corresponds to the HH type Hadley circulation as shown by Fig.6 (i). The circulation
changes largely from the HH type solution to the rigid rotation state in a certain range of EFy as
(ii)-(v) in Fig.5. The zonal wind increases at low latitudes in the cases for this range as shown in
Fig.6.

An approximate position of the transition in Fig.5 where the circulation type changes from the
HH type to rigid rotation can be estimated with the u-momentum equation (1), whose terms in left
hand side are rewritten with absolute angular momentum per unit mass, M = a*Q cos? ¢+ ua cos ¢,

1 0%

V- (’UM) = VHDH(U) + I/V@, (23)

a Ccos @
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Fig. 4: The dependence of the intensity of super-rotation S on the external thermal Rossby number
Ry, for some combinations of the horizontal Ekman number Ey and the vertical Ekman number
Ey. The solid line represents the estimate of S under the assumption of geostrophic balance and
cyclostrophic balance.

where v = (v, w) is the velocity, and V = [(acos ¢)"'0(cos ¢ )/dp, 0/0z] is the gradient operator
in the meridional plane. When vy is small enough, the balance between the flux divergence term
and the vertical diffusion term is dominant for the HH type Hadley circulation. As vy increase,
the second term in equation (23) becomes large. It is expected that the transition takes place
when the horizontal diffusion term is comparable to the vertical diffusion term. The magnitude
of the horizontal diffusion term in the HH type circulation is estimated as follows. Outside the
Hadley cell, zonal wind field is in a rigid rotation state as ug = aQ[(1 + 2Ryz/H)Y? — 1] cos ¢,
because of the thermal wind balance to the radiative equilibrium potential temperature field, and
the horizontal diffusion term becomes zero. In the Hadley cell, on the other hand, zonal winds at
the top boundary are determined by the angular momentum conservation as uy; = a{)sin® ¢/ cos ¢.
Therefore, the magnitude of the horizontal diffusion term in the HH type circulation is the order
of vaf)/a?, so the transition takes place when

afd U
VH? ~ I/Vﬁ, (24)
so that
Ey ~ EyS. (25)

The relationship (21) is used for the value of S to estimate the position of the transition with
equation (25). Arrows in Fig.5 show the estimates for the combination of Ry and Ey, and these
points agree well with the transitions.
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6. SUMMARY

Axisymmetric steady solutions of planetary atmospheres are investigated numerically with an ide-
alized system: the primitive equations of Boussinesq fluid forced by a Newtonian heating/cooling.
Transitions from the Held and Hou (HH hereafter) type Hadley circulation to the super-rotation
state driven by the Gierasch mechanism are investigated with a parameter sweep experiment. The
dependence of the solution on the external thermal Rossby number (Rr), the horizontal Ekman
number (Ey), and the vertical Ekman number (Ey ) are explored.

To analyze the transition dynamically, two indices are introduced: a measure of the intensity
of super-rotation (S) and a measure of rigid rotation (Rg). Assuming geostrophic balance and
cyclostrophic balance, we can estimate the relationship between S and Ry as S ~ Ry for Ry <1
and S ~ /Ry for Ry > 1, respectively. This is a good estimate when Ej; is large enough (~ 1071)
as shown in Fig.4. The value of Rg increases largely in a certain range of Ey which depends on Ry
and FEy, then becomes close to unity (Fig.5), showing that the transition of circulation pattern takes
place from the HH type to rigid rotation. An approximate position of this transition is estimated
as By ~ Ey S, using the HH theory as shown by arrows in Fig.5.

In this study, we focused on the stable steady solutions obtained by time integrations from a sin-
gle initial condition. Matsuda (1980, M80 hereafter) drew the famous regime diagrams of dynamical
balance types for three cases: (i) infinite horizontal diffusion in zonal momentum equation (Fig.2
of M80), (ii) finitely large horizontal diffusion in zonal momentum equation (Fig.9 of M80), (iii)
finitely large horizontal diffusion in zonal and latitudinal momentum equations and thermodynamic
equation (Fig.10 of M80). Now, our study has horizontal diffusion in both zonal and latitudinal mo-
mentum equations but not in thermodynamic equation, so the situation is not identical to (i), (ii),
or (iii). However, in the latitudinal momentum equation, the horizontal diffusion term is much less
than other dominant terms, at least, in our parameter range. Therefore, our study may correspond
to Fig.9 of M80, so that there is a possibility for the existence of multiple equilibrium solutions in
our parameter range. As a next step, it is interesting to explore the multiple equilibrium solutions
including unstable steady ones.
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