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Thermal convection in a rotating spherical shell, typical in earth and planetary sciences,
is studied with an attention focused on its dependence on the angular velocities of the
inner and the outer boundaries and on the temperature difference between the boundaries.
The bifurcation diagram is obtained, where the zonal phase velocity of the convection
pattern is found to change its direction, and its physical interpretation is given in
terms of the vorticity dynamics and weakly nonlinear theory. Dynamical interaction
between the boundaries and the fluid is also studied to find the differential rotation
and chaotic behaviors of the boundaries.

A RTERR
(E#HAL - 1)
EL R A [l EiE 2L & &t
200 8E 5, 100, 000 1, 530, 000 6, 630, 000
200 9FHE 3, 600, 000 1, 080, 000 4, 680, 000
201 0 3,000, 000 900, 000 3, 900, 000
201 14 3, 200, 000 960, 000 4, 160, 000
I
&t 14, 900, 000 4, 470, 000 19, 370, 000

Ui s S C P
BFEOLF - MIH - HOF - Bk (G - W)
F—U—F o S, R, Bodin

1. WFZEBRAE 4 OT5 5t LTz, D%, “OORLERE ORI TERD
(1) B — I nbZE0 WD T AN B B T D ERFR N KR IS D0
FEARERE (CHLR 3 B - C & 728, HFIT 1960 Th, HERERERE L OBE) B % < OMFFE
FERLBE, 2 DT RO O~ F— Lt MThNTEE., ZoxiiRiL, #hE gk
TIZOWTHI X A Y 7T L OFE AT ARERVEAR T DM, HIERCEE OIS



B~ MAREOHENNNE — 2 2 8E
LCHLENTERTHLHD. LLERG,
LA 200 72 TR (R 9 2 Bl O R AT Y 72
BHES DS, DIEE AT 7T DITIERDER
%L, B HhiE T S I ST
TRoT-.

(2) BTN DOoIEMGOMNR, R, fif
DEFEREEEO—> T % P 5 mALAHE
FEIZOWTH, ARy MUGEIZH DL HOD
KB 70 3T A — ZARLFMEIIBA & > Cld 7z
otz FIPEROMIEE, NIRRT
BUIOIERASFMEZRPEEGEETHHLD0RE
<, BIEOHKDPHED L 5 ICERBEDE
HE2FTFTRET CTREANED LS IZHEERT
HOMB SN TR T-

2. Mo E®

(1) ko X5 2R n, REFZED B KO
B—lX, PEERZ 1 O [BHEERER N 7 o 1k A
7 B RRIZEB T Rayleigh 238804
HEOE ILIREOE N R E % < D Taylor
BUZ B THUERNCT~, B dhifm & R 2
ZLETHD.

(2) BMOE 1L, WEHEIRZ {5 R Ut
TAIZHOWT, BRE— RoME, FrlcekFRm
HEOBRERMIBILIRIBVICEEZ LD
THRENAEESEZ, < ORT A —ZEIZ
*f U CTEAERNC R, ERSRHROMEE DR Z
A—HIERFEEALNITHZETHD. &
51T Rayleigh #aBiNX 7= L & ITHN
HERWIERIEME 2 L OIS LTI b D
MWEEFARDLZ ELUFREDOBERTH 5.

3. WO ik

(1) PNEEGRZ & TRl iRERERN 7 v Rr A 7
b o HEXE, EHERED ha A Xk
VR A ZNVRT ¥V ERERED 3O
AR E L TR, ThFhE, FEER
M Ekm A %L, B M = B
= 7AWV TERL, FLaskrimdl
XA BN THERE AT ).

(2) £, HBROWNIELRERE & [F U R
W CRIMER S 2 58 OB 2 —
YaE D . FRRIE ORI L E MR E A R RE
w, L ONTA=FEIZBNT, kilod
VL ERTTRRE, B LOHRRE—
R CRT7 1A E TR Z2~5. FFiC
HRPNARR IR T 5.

(3) Wiz, HBoNZERARBIOEEE— R
6, Newton 1% FHVTHyIsifi 2 sk b4yl
HAXY T T LE/HL . 22005 ED
WIBLEMEZRIT Y H L L2 T
HEL, “ROB AR X O IR E R

5.

@) ZoXricLcHonN=NET AT T
T LB L ODIERRIZOUWNT, REE a1 8
VG 3 FE 0D -7 [ 49 AT OB 8 E 0D IR TH 1 43
72 Y, MNGOFEREOHA 2 S8k TET
AR L, BT 7 AR R A AR OO R
ME RN OBRETRARS.

(6) =i, PSEES ZAE D PNAIER 2 S ER
X L 3 helis 2 FF 92 0 b & TR
NG = DLEMER SIS, JEE R O
H i, WABR OZEB ARSI —HRES)
DAREME A ~D.

4. WFFERR R

WANERE S R RIER T 2 A 12D\ T, 3
BN R EORRSERSEEZR L, R
Rayleigh #& (PNHIBEA & ZMAIEE S oD HEvR 5T
(LIRFEZS) ZEEMIT SR DT, ERER O AR
IR I ENTWAIE 0.4 ZHH L,
Prandtl #0131 & L CEHEZITo 7=,

Taylor #0 T (EXoiblmlisfEE D 2 5F) 2
INE TR b ZITIIRE S MR EILZ 3 TH D
2%, T=51* [T W T EIL 4 12, 61
T=8602 |2\ T 5 (ZZ&fk L, Taylor & & %
VG FUREE T IR N N4 5. E R
Rayleigh #t % Taylor % & icHEn L,
T=5002 ® & & OGRS Reyleigh L T=522 D
LEDORAfETHD.

FEARE— NIX, JREWmEIZBWT, RE N
VB S B D B £ D TE A D ikt & RO,
Taylor /N 7p & X3l 2 Oifah3 5tk xt
HTHDLDITK L, Taylor EAHIIMNT 5 &
AMATEE SN i OO 43 23 B J5 [ L2 SE 1R
EN, B OIETHME L 2, T AEE )N
nNad. F-INO0OMIETFFHEIZBWT

Taylor #OEME & BT, HIOIMUBERIC
Ho THER LTV aidns, REBIZ RIS 1)
\ZIEOWR 7 Taylor FEZETERKT 5 2 & 381
Bansd., Zno0Z Xy R— O
Re— FoERHEICE2 b0 THY, £
— ROANFEZ e Pk 52 nix s
AL,

i 5 — N B PG 5w AL X, Taylor
BN S T b X0 (NAMER L iz mliEd 5
JEREZR N A T) PEAE (retrograde) T
DM, T=330% FHITIZ B THH & 25 A &
(prograde) ZE#FANZEAL L, Taylor %%
DN & HTH A E WIS 5 (M 1).
Z O WG 5 AL E OB Bk oo XD
2[R — DG AE— FOMWE O HEF 7221k
kDD THD.



51 860
T

3 02—
25 ! 0'; [ /
2 | P e/x 1

02 L
15 F 320 330 340 350

[vple

200 4;)0 660 8-;)0 1000
X1 : EEART— FOEENFEE (T=12)

Z DOAAREFE D EAIZITR D X O I ERH)
AN ARETH S, EERET— FOEE H )L
FEEE D[] & D2, Bl L2 kEEIc
E%ﬁﬁm ICHEQRD Z L RS LTWA. il
DRI D (IEJ”":’@@U?"T‘THE’@ VL7 Al L?L_{IJHJ
LESH <@ﬁ( il LAMAIBE S

) T“i@liiéf:&’), ﬁ?‘//}mWﬂEﬂE@
{RTERI D S AR KB EE OB L 720,
CAUHTE F A AR E O/ 5 A LA 5 &
T EMREn5.

BRI R S HIZKE 72 Rayleigh #ITH
VT Newton VEIZ & - THUE J5 10 E w1 TR
iz Rd1-. ZORER, ETHELZERE
— RIZOWTIET T, BERENSIET %
R B S 0 B 7 0] 8 HEAT R DS AFAET D
TEHERMHBLULAE. T OO0 B WL,
Rayleigh #XA3HENNT B2 -DFL B PG 5 WAL AH
WEIL CRMEZIEE L) T2, 2o
FER, BT E TH o T LA T
T b Rayleigh Zxoo¥Eine & bz A L
THRIE & 720, X512 Rayleigh £ N
T 5 LfRIT Hopf REEL D (M2).

52 340
10000 — r — T ¥
i Prograde g
[ i - 2
. 8000 Retrograde :
o
£
=)
= 6000
h
()
=, 4000
5
=1
W
~— -
= 2000 Stationary

- 1 L L H L A
0 100 200 300 400 500
The rotation rate T

2 o Sy fiE o> SR VG 5 k) O AH E
(T=12 XIIRELE)

T D Bl AT I 7 oD VG 5 1) AL AR EE D

M & NELT BRI T, ElEES RO
Taylor fEIFIZE A FEIMZHRDTZD, BT
E— N OALAHE EEZE AL 0 B B A R B 130
THZENTERY., ZZTRIEO KX 2@
i SRR AT I MR 35 T H PG I 0 B PE SR
HOENNDHEEFHROY =y b EHRAT.
Taylor MBN/NE 7L ZITHE Y =~ FOfL

ﬁliﬂxﬂnu‘tﬂ/@%{ﬁ' T D B PR
DN D Iy, LHL Taylor AKX

732 EEE, WRE Yy MR 'O
WALET D729, ALAHBEE~OREN K E
LEzZNnS (K3). —J5 Rayleigh $xodi
bﬂki@ /:n‘/ 0D VG [ 2 53 S B 0 1)

BT, & Taylor oL xITY, V=
> b O P [R) & O HEIN & BN F —
OV 1) X AL AHIE B O HE NS TR AH B 23 A &
s, BiG, @YW Taylor 20 KIRMEEKHT
DINFE— 0%, BV ONEICRAT H T
MEYxy Mo THEmEIZHIND, &
IR CE D2 otz

BT 2 HVE D R
P R mE, F00EmE. B
Taylor FEDNE). FDONEIZ Taylor S
.

3 : & Rayleigh #iz

&K,W%%-%Mﬁﬁ@@@&ﬂM@@@
mzwm%m«t SMAIER % D £ 38 % — T
L, WHIERIZHRED bv s Clhldizd 25 BB
V%ﬁzf mﬂﬁﬂ%ﬁ%ﬂAﬁféﬁw
FAEFEHEITI AR % Newton HETROT-.
DFEER T<100° T immwi%mwu_ﬂt
THEA X ICEEET 5 A3, 200%<T<3002 TLEIE A
U Claldiz L T>400% T iW%ﬁi%%
BRERICKT L CHMm X IZEind 5 2 & 230
ST=. T OO EERIE, WS ) [F
BT D5 A & IBEE DT L, B
DONRE— B EEMICFEICLTHD.

F 72, PMEIER & aMAERER 2 L ICiiE o v s
WX > CTHAEEESEZHEAICTOWT, B
FEROBAEFHFE Z4T - 7=, T=500" D & X,



Rayleigh & EEFED 4.7 f5& LA T
i, B 7 — I A A E B OO,
TRERHEZ R D, WARNERICRIET by
7 b [EIHRHH T R O RGy LR 2 720, Lol
Rayleigh X Z e Ml D 7. 8% & LT=FE T,
B A AW IREEL N A — 0, TRIERTE A
BN, TRARDSNHIER & AMAIER R I 5 2 B b v
7 bHEE 3 RO E L O LR o T,
Z D7, MACFER RO/ NT A — 2 fE
WoCIE, PNAIER O ff JEB) & o I Bl 7\
(x,y 50 ORZIIAEREEZRD, fAiE
R MUWII A ARNCEET D,

HIERDBZENT S, HLEE O [ A 3 B 13 MRl
Bk & B b LB STV S. Bl
KEOMBKERRICHEAT 2720I121F87
A —HHEE 7 PRI S 2D, AR
FEifE S & OB X BB R

Z DIEDARMIETIL, [BHRERZRXL /N & —
ORI A A EE) & BET AMEE LT, [\
HRERTE B> 2 ROTHIR D IR fE] O Wi 25 &,
FIFRER I OB Fm Y = v NOREMEE
oy, [RIERER T oo MEERIZ BT 5 2 kot
WARDIR 2 TN, 2 WRICIEARD 71 A A EH),
HAEAT 5T 7 X7 EIZONTOMIELIT

o7z,

5. FTAREEhm
(WHFEFRAE . WHIE5 3 M ORI 724 12
(ES Y

UdEssam ) (B 15 1)

(D Masanobu Inubushi, Miki U. Kobayashi,
Shin—-ichi Takehiro, Michio Yamada
Covariant Lyapunov analysis of chaotic
Kolmogorov flows, Physical Review E,
vol.85, 2012, 016331, 10PP, DOI:
10. 1103/PhysRevE. 85. 016331

@ Keiichi Kimura, Shin—ichi Takehiro
Michio Yamada, Stability and
bifurcation diagram of Boussinesq
thermal convection in a moderately
rotating spherical shell. Physics of
Fluids, ##iA,vol.23, 2011, 074101,
11 PP, DOI: 10.1063/1. 3602917

® Youhei Sasaki, Shin—ichi Takehiro,
Kiyoshi Kuraoto, Yoshi-Yuki Hayashi,
Weak-field dynamo emerging in a
rotating spherical shell with
stress—free top and no-slip bottom
boundaries. Physics of earth and
planetary interiors, #@eA, vol. 188,
2011, 203-213,

DOI: 10.1016/j. pepi.2011. 06.019

@ K. Sugiyama, K.Nakajima, M.Odaka

M. Ishiwatari, K.Kuramoto, Y.Morikawa

S.Nishizawa, Y. 0. Takahashi, Y. -Y. Hayas
hi, Intermittent cumulonimbus activity
breaking the  three-layer cloud
structure of Jupiter, Geophysical
Research Letters, & #t H , vol. 38,
L13201, 5 PP,

DOI: 10.1029/2011GL047878

Kiori Obuse, Shin—ichi Takehiro,
Michio Yamada, Linear stability of
steady zonal jet flows induced by a
small-scale forcing on a beta plane

Physica D, &t A, vol.240, 2011,
1825-1834,

DOI: 10.1016/j. physd. 2011. 08. 009

K. Obuse, S. Takehiro, M. Yamada

Long—-time asymptotic states of forced
two—dimensional barotropic
incompressible flows on a rotating
sphere, Physics of Fluids, % ¥t
A, vol.22, 2010, 056601, 9 PP, DOI:
10. 1063/1. 3407652

Shin-ichi Takehiro, Michio Yamada,
Yoshi-Yuki Hayashi, Retrograde
equatorial surface flows generated by
thermal convection confined under a
stably stratified layer in a rapidly
rotating spherical shell. Geophysical
and Astrophysical Fluid Dynamics, %t
it A, vol.105, 2011, 61-81, DOI:
10. 1080/03091929. 2010. 512559
Shin—ichi Takehiro, On the retrograde

propagation of «critical thermal
convection 1in a slowly rotating
spherical shell, Journal of Fluid

Mechanics, #&#Hif, vol.659, 2011, 505
-515,D01:10. 1017/50022112010003101

Shin-ichi Takehiro, Kinetic energy
budget analysis of spiraling columnar

critical convection in a rapidly
rotating spherical shell. Fluid
Dynamics Research, & #t A, vol.42,
2010, 055501, 15PP, DOI:
10. 1088/0169-5983/42/5/055501

A.C.Chian, R.A.Rodrigo, E.L.Rempel,
Y. Saiki and M. Yamada, Amplitude

—phase synchronization at the onset of
permanent spatiotemporal chaos
Physical Review Letters, vo. 104, 2010,
254102, 4PP,

DOI: 10.1103/PhysRevLett. 104. 254102
Yoshitaka Saiki, Michio Yamada, Time
averaged properties along unstable
periodic orbits and chaotic orbits in
ordinary differential equation
systems, Physical Review E, @i f,
vol. 79, 2009, 015201 (R),  4PP, DOI:
10. 1103/PhysRevE. 79. 015201



@

Yuki Taniguchi, Hediaki Kitauchi,
Michio Yamada, Stability of flow on a
rotating polar cap. Fluid Dynamics
Research, # &t A , vol.41, 2009,
045511, 16PP,

DOI: 10.1088/0169-5983/41/4/045511
Shin—ichi Takehiro, Physical
interpretation of spiraling—columnar
convection in a rotating annulus with

radial propagation properties of
Rossby  waves, Journal of Fluid
Mechanics, &Eeh, vol.614, 2008,

67-86, DOI: 10.1017/S0022112008003194

(Fa%R) (G40 1)

)

)

Michio Yamada, Beta plane turbulence
Wave turbulence meeting 2012 in Gifu,
2012/3/14, Gifu University, Japan.
IR, WIZ X DRI AR O E &)
FEMilic oW T, HMC® I —,
2012/1/27, AR KH.

Eiichi Sasaki, Bifurcations of Zonal
Flow Patterns and Zonal Mean Flows in
2D Navier—Stokes flow on a Sphere.
Dynamics Days 2012 US, 2012/1/5
Baltimore, USA.

LI 38 S, Rossby #IZ & 5 V-5 N
— EEMTHIZOWT, 5 13 [RIHER)
K geE s THIERIRIAIC I T 2 i B
EXHRBIZR D )52, 2011/12/15, JUMK
£

Masanobu Inubushi, Covariant Lyapunov
analysis of chaotic Kolmogorov flows
and time-correlation function. IUTAM
Symposium on 50 Years of Chaos
Applied and Theoretical, 2011/11/30,
Kyoto University, Japan.

Kiori Obuse, Instability and merging
of jets 1in turbulent flows on a
beta—plane. JIFT Workshop:
Hierarchical Self-Organization of
Turbulence and flows 1in Plasmas
Oceans and Atmospheres, 2011/10/24,
Kyoto University, Japan.

Michio Yamada, Rossby waves and zonal
flow generation. JIFT  workshop:
Hierarchical Self-Organization of
Turbulence and Flows 1in Plasmas
Oceans and Atmosphere, 2011/10/24,
Kyoto University, Japan.

Michio VYamada, Numerical study of
two—dimensional  turbulence on a
rotating sphere. The 36th Sapporo
symposium on partial differential
equations, 2011/8/23, Hokkaido
University, Japan.
Keiichi Kimura,

Stability and

bifurcation diagram of Boussinesq
thermal convection in a rotating
spherical shell. The 4th International
Symposium Bifurcations and
Instabilities in Fluid Dynamics
(BIFD2011), 2011/7/20, Barcelona,
Spain.

(L HE R, RS L ofAES), & T
g 2011/5/24, KPR SE K.
AAE -, BHEEKRBZNITE T 5
Boussinesq iz L 2 LW AR A
A T = X A, HARHER R R A
2011 K%, 2011/5/22, THEHEA v
t.

KO, BIERERE oML O 6 R
AL~ DRI OV T 55 60 [BIFERS
Fi kRS, 2011/3/10, HURTEEK
-

=3
ARFTEZ, [AIHZERFEPN O Boussinesq Z4
SR OZEENE & g, B ARYBETS

(BkZK£) ,  2010/9/25, KBRIFFAZK
2
Eiichi Sasaki,Bifurcation structure
of zonal flow solutions on a rotating
sphere. Dynamics Days Europe 2010,
2010/9/9, University of Bristol, UK.

AME -, BABERBZINICE T D
Boussinesq EKIUE DL EM: & 43 Il A% E .
A ARG B 2 2010 4F 4R 2
2010/9/8, HIVAEKZ
K. Kimura, Stability and bifurcation
diagram of Boussinesq thermal
convection in a rotating spherical
shell. 12th Symposium of Study of the
Earth’ s Deep Interior  (SEDI)
2010/7/21, University of California
Santa Barbara, USA.
ARFRE, s Bk NI BT D
Boussinesq Zkt it O A FRIRIE N % — 2 D
REME L ARG IOV T 2010 4R A A
HER R RS Ks,  2010/5/24 T
BEFIEA v .
KA EZ, BEIEHERZNICEIT D
Boussinesq iR DA BRIRIE N & — > D%
EME LARTE T NSOV T, FREH BT S
LRI e e TELIR O FT PR ER
Z DI, 2010/3/17, FEEHEGRMFFEAT
R .
IHAE R, 2 %ot Navier-Stokes JFFez
WZBIT B IR DWW, kR e
RF5E4s 2010, 2010/2/13, AR K.
Miki U. Kobayashi, Mechanism of a
temporal intermittency in the GOY
shell model turbulence. Exploring
Complex Dynamics in High-Dimensional
Chaotic Systems, 2010/1/15, Max Planck
Institute, Germany.



21

22

23

24

25

26

27

28

29

30

31

32

33

34

NATREAT R, EIHSERE RICBT D 2 )’
JEIREIELTE. B AR ELE S 2009 FAEKZEK
£, 2009/9/28, REAKZE.

Y. Saiki, Time averaged properties
along unstable periodic orbits in some
systems of differential equations, The
Third International Symposium on
Recurrence Plots, 2009/8/26
University of Montreal, Canada.
IWHE R, SO BEHEET LV E T
FORHIELAR, B AT B E T ST AR 2 T
5 5%0 BRK E HEE )75k~ ], 2009/
8/20, HHBK Y

WHGER, KEBEFRE L TOEIT,
BT ZE I e 2 Tl ) 2R
5 RHEHESFFR~], 2009/8/18, HHEB
KR

Michio YAMADA, Two—dimensional
turbulence on a rotating sphere and the
beta—plane. Lecture Meeting: Hasegawa
—Mima equation, 30 years and future
2009/5/21, FHEKZF

M. Yamada, Two—-dimensional turbulence
on a rotating sphere, The b5th GN
workshop: Workshop on Wave Turbulence,
2009/03/27, Gifu University

W ETE S, [BIERERE F o> 2 KTt iR E S
2oV, ks F R FE 2 2009,
2009/2/12, ARKE.

Y. Saiki, Time Averaged Properties
along Unstable Periodic Orbits in Some
Systems of Ordinary Differential
Equations, Dynamics Days 2009
2009/1/10, San Diego (USA).
(EGER, KRITTh A ARICE T D08
SEHEIZOW T, I RIERIEE I —,
2008/12/5, M B T 770

RO, [EEAER oA FEE N O i
NOZEM. BAIGHEFY2 2008 4
JEAESY, 2008/9/17, HURHK.
AR, [REAER b oo fREE REE N O i
NOZEM. BARIKT)FRES 2008,
2008/9/6, R

AOmkd,  [ElEsEkmE B oo M SN O
NG — 0 & ZDLREMEITHOWNT. HBT
[ BERR I ] )i ss,  2008/6/12, HA
T,

RO, FHERER T B o FfEERN R
NG = L EDREMITONT. HAM
BRI FES 2008 45 K42, 2008/5/27,
TIHEREA v .

WIE B, FBo%EkE FIoE DA
D B AV A s 9 2 BRI N 0 R i 5kt
M X VB EEZ Sh b REHITH. H
AHLER 2% BB G 2008 F K%,
2008/5/27, THEFRA v E.

(X&) G0 )

(& DAl
R— b=V

6. AFFERHRR

(D) WFgefs

[AE R (YAMADA MICHIO)
B - BOERMEATIEICRT - Hid%
g8 &5 : 90166736

(2) ooy

A /A (OKAMOTO HISASHI)
AR « BT ICRT - Bi%
g8 &5 40143359

¥rJiE— (TAKEHIRO SHIN-ICHI)
ALK « BT ICRT - HEEGR
W78 & 5 30274426

M #EJr (Hayashi Yoshi-Yuki)
R - BUEEFERL -

Bz &5« 20180979



