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Linear Stability Analysis by LBM with Gravity Modes
using 3D Normal Mode Expansion and Search for MJO.

Akio YAMAGAMI

Abstract

This study investigates the structure of the instability to the 3D climatic mean basic
state by Linear Baroclinic Model (LBM) that included gravity modes and search a
mode that has the structure similar to the Madden-Julian Oscillation (MJO).

First, the characteristics of unstable modes are studied by the LBM including all
Rossby modes for 3D varying basic state. In the case of no diffusion, the spectrum
of baroclinic instability in synoptic scale in each Hemisphere separately appeared in
growth rate-frequency domain. The growth rate of the instability in North Hemisphere
is bigger than that in the LBM including symmetric Rossby modes. The low-frequency,
planetary scale unstable modes exist in both Hemispheres. The most unstable stand-
ing mode (frequency is zero) has the annular structure in the North Hemisphere in
barotropic height, and have maximum amplitude over the Pacific in divergence field.
With diffusion (Rayleigh friction and viscous friction), the structure of the most unsta-
ble standing mode is similar to the Arctic Oscillation (AO) in the barotropic height,
and a couple of divergence and convergence appear over Australia. Thus, unstable
modes that have the structure of MJO do not exist in this stability analysis.

Second, the characteristics of unstable modes are investigated by the LBM with grav-
ity modes for zonal basic state without diffusion. Although the spectrum of unstable
modes for the ageostrophic zonal basic state appeared nealy zero growth rate, these
spectra become zero growth rate for the geostrophic zonal basic state. Therefore the
unstable modes grown by the geostrophic adjustment do not have the large impact to
the linear stability analysis. In the synoptic scale, the characteristics of the unstable
modes do not change in the South Hemisphere. However, the value of the growth rage
of the baroclinic instability in North Hemisphere becomes larger than that by the LBM
including all Rossby modes. This large growth rate in the North Hemisphere possibly
is because gravity modes changed energy current from zonal available potential energy

to eddy kinetic energy. In the high frequency domain, several characteristic unstable



modes were found that has the global-scale horizontal structure in barotropic height
and maximum amplitude of the geopotential height in the stratosphere. This structure
is similar to the G mode in Tanaka and Sun (1990).

Third, the characteristics of unstable modes are examined by the LBM with gravity
modes for the zonally varying basic state. In the case of no diffusion, the structure
of unstable modes in the Northern Hemisphere was largely affected by adding gravity
modes and maximum amplitude of barotropic height appears between the center of the
Pacific and the Atlantic. In this region, the effect of land-sea contrast and the Rockies
largely affects the atmosphere. Thus, this characteristic amplitude was made by the
ageostrophic component in the basic state. The unstable modes that have the structure
of the G mode are found in the high frequency domain and several G modes that have
same structure are found. The structure of the most unstable mode similar to the
AO in the barotropic height compare to that of all Rossby mode. With diffusion, the
structure of the barotropic height becomes more similar to the AO than that without
diffusion. However, the divergence field showed fine structure in mid-latitude in both
cases. The unstable mode that has the structure of the MJO did not appear in this
case.

Finally, the characteristics of unstable modes are studied by the LBM including only
gravity modes. The spectrum does not have a standing mode. However, the period of
the unstable mode that has the least frequency is about 50 days and this mode has the
divergence with zonal wavenumber 1 on the equator. This mode is thought as MJO
mode.

Therefore, the MJO mode exists in the unstable mode in only gravity mode. Al-
though moist process and SST are important to the MJO by previously studies, the
MJO mode appear by only atmospheric process in this study. However, the MJO mode
disappear by zonal-wave and wave-wave interaction with Rossby modes in the LBM
including Rossby and gravity modes. Thus, further study is needed including the moist
process to appear the MJO modes by LBM including both Rossby and gravity modes.

Key Words: Linear Baroclinic Model, Linear stablility analysis, Madden-Julian

Oscillation, 3D nomal mode decomposition, Rossby mode, Gravity mode
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gbooboooon

2 _gﬁﬁ_qb' 1 @_i_ 1 Ovcosf
Op Ry Op acos ON  acos@ 00

o [ p? ¢/ 9] <p 8¢’>} 9] (Qp>
-~ £ v.vZZ 1y +— == 24
dp {RV Op 6’p Ry Op Ip \ Y (24)

000000000000000 3)00007T000«0000000000000
000 ¢0000000000000000000030000000u,v,¢)000
0030000000 (1),(2),(24)00000000000000000000000C
000000000 (1),2),2900000000000000000000000
0000000000000000000 Tanaka, 1991)0

M%—UJrLU N+F (25)
T

000 -00000000000000r=2t00000 (25000000000
gbooboooogn

e ULODODDODOODOO

T
U=(u v o) (26)
e MOODOIOOODO
10 0
M=20|0 1 0 (27)
00 2P0
Op R~y Op



e LUOOODDOOO

0 —2Qsin 0 ! 3
accl)sgﬁ)\
L= 20 sin 6 0 - (28)
a 00
1 d 1 9()cost 0
acosBON acosf 00
e NODODOOODODO
—V-Vu—w@—ktaneuv
P g
N = —V-Vv—w—v— an uu (29)
2 0¢ o 8a 0¢p
d (p wp p
0p(va v8p+ vap(30p>)
e FOODODOODODDOOODOOOO
T
F:(a E-Q(ﬁg) (30)
op \ ¢y
ogogo
Ofooooo (31)
oggno

00000000000 (25)0000000000000000000OOOOOO
00000000000 UDOO0003000(0obO:Luco0o00:NOOOooOo:F)
gbobboogobbbuoooobbbooogooboo

4.2 U00O0O0OOOOQObOOOOoOooon
421 0OO0O0OO0OO0OO0OODOO

00000000000000000(5)000000000000000000
000000000000000 (4,5,¢)=000000000000000000
00 (W,¢,¢)0000000000000000 (29)00

B u 0 +v’ 9\ , ou' tanf , |
acosO@ON  a 00 “ “ap a Y
W 0 Vo ov'  tanf ,

/

—w— —+ uu

acoseajLE% v op a
O(p (W 0 vONI wpd (p0
Op \ Ry \acos@OX adf) dp v dp \ R Op

10




000020000000000000000N=000000 (25)0000000

gbobobooogobood
ou’

T

U/ _ (u/,vl7 ¢/)T

M +LU =0 (32)

0000000000 U =@, v,¢)0U=(uv¢)00000000000000
0D00000000000000G,(p)000000(32)000000000000
0ooooo

U\ 0,p,7) = (u,v,0)"

(s Vs D) T G (D)

[
M8

3
]
o

(s Vs Oin) " G (P) (33)

[
WE

3
L

00000000 mO000D0000 (vertical mode number) 0000000000
(32)0000000000000000D0000O0O0D0OOO0O0D UDO 300
Oo0o00oOoooooooooobooooooood
OmOO0O0000O0O0O0O0OCOO0O00000
2

%[_a%}%a%(% m)} +a§on;6’ag)7\n+a§on;6’avm8(;ose:0 (34)
00000000¢,0 (N\6,)0000000p0000000000000000
G,00000

a9 [—gb 1 0 p? 8Gm] 1 Oup, 1 Ouvycosf

e =0 35
ot G, Op Ry Op acosf O\ + acosf 00 (35)
0000000y, G, 000000000D00000

%Lgﬁ@Gm 1 8um+ 1 Owv,,cosf (36)
ot GnOpRy Op  acos® O\  acosf 06

00000 36)0p0 000000000000 0OOOODODOOO

Obm, 1 Ou, N 1 Owv,,cosb ! (1 0 p? 0G,, !
ot \acosf O\ acosf) 00 n

00000 @7oO00o A \N6t000000000000p0000O0OO0ODODOODOO
J0000ob0o0bo0obboooboobbooobooboooobooog —ghy,
doboooooooooooboooon

d p* dG,, 1

Sl e R 38
dp Ry @7_+ghm (38)

(37)



1 O¢m 1 Oup 1 Ovycosf
gh,, Ot acost O\ + acosf) 00 =0 (39)

00000000 (383)00000ooO0g (vertical structure equation) 0 0 O O
ggdddoboooobbbbboooooooouooboooobobooboo

ey s (40)
8Um . 1 agbm o

0000000 (39)0(40)0(41) 000000000000 (horizontal structure equa-
tion)J000000O0ODOOOOC A, 00000000D0DODODOCOOOO 38)000
00000000000 Gu(p)DOODODODO0DDODOOOODOOODODODOOOOOODOO
O0@39)o0o0ooooo0 h,0000000DODDODODOOODODOOOOOOOOOO
O0000h, 00000 (equivalent height) 0000000000000

4.2.2 000000

O000000000000000000 (3®yoooooosgooooooooo
000000000000 Gur(pDOO0ODO0DOOOOO0OOOO0DOOODODOOOODOO
gobobooogoboood

0000000000 3®)Doooooooooo

1
L[Gn(p)] + gh—me(p) =0 (42)
oooo
dpd pd&  1d8d

L= —V— =" ___ - =
dpRdp  Rdp | Rdpdp

2

p

p= L

v(p)

guoddoooooobobbbboooooo
w—0,0as0p—0 (43)

(u,v,w) =0.0 at0 p = p; (44)

0(43)000000000000000000O0000000 4)0000oooo
gobboogobbbuoooobbboooooobooo
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0000000 (43),44)00000000000000000O000OOOODOO0O
0000000000 000ooooo (2000000000000 0O0DO0OCOOO

ooo ,
9 (p* 9
e N =0 45

('%(R’y@p e (45)
00000 45) 0000000000 43)000000 (33)0000ooooooo
ooooooooooooag

dG,,
p2 (p)

i — 0,0 asO p—0 (46)

0000000000000
000000 (44)00

_ d¢f
o dt

V.V - = 4
6t+ V¢+wap . 0 (47)

quw

[&b’ o

b=Ds

000000000000 (50000000000 (0000000000 000
gododooooooo

o/ RT,
a_¢ _ e (48)
t P=Ps ps
00000000 (45)0 (48)0 wOO0O0O0OO0O000000000000000000
dGn(p) v
+ Gn(p) =0,0 atd p=p, 49
i T (p) p=p (49)

000000000000000 (46)0(49) 0000000000000 LOOOO0
000 (self-adjoint operator) 0 0 0 O 0O Sturm-Liouwville 0 D 0000000000
0000000000 Gu(p)=00000 (D0OO00O0O0)00000000O00O0OO
000000 (42) 0000000 (46)0(49)000000000000000 Gu(p)
oooooooo a, 000000000000O0D0DOOOCO00O0O0OO
O00000000000000000C0000 GalerkinOOOOOOOOOOO
000000000 (Tanaka, 1985)0 0 0 O O O Kasahara (1984) O O O Galerkin O
OooooOoooooooon
Oo000o0ooOoO0O0o0o0o0oooooooOobOobbo0ooooo

r=20-1=22 10 (-1<2<1) (50)

Ps
000000000000 (420000000 60000000 (49000000
nooooo

Ry

i(ZB + 1)2iGm($) + gh_m

=0,0 0 -1 1 1
dr dp Gm(z) =0,0 for <z < (51)

13



G,
(z +1)2 d;@—%QDcwﬂawé—l

dGm(@)
dx 2T0
0000000 Legendre D00 P(p)D0O0O0O0O0OCOODOODOOO

G()Dathzl

OO000D00D0O0JOODODODOOLegendreD OO0 OOOoooonOog

/ PA(p) P, (p)dzx = 5,

1

(55)

OO0D00O0OD0O00 Legendre OO0 O0OD0OOO0 10000, DO0000DOOOOODO

gbooooog

t/l(;i@*+1)dGwa_+;ilecw)}%@ﬂ¢E:0

0000 (4000000

Vid (x+1)? d &2
S L EN wp, 2)d ;
/1<dx Ry dm;a (z) Jdv+ - ghn, Za/
O0O00Legendre0 00000 (55)000
d Ry
Z@/‘( (z+1) MP@)PUM+Wl =0

00000000 (52)0(3)00 (540000000

db;
(a:+1)2ﬂ—>0,ﬂ as x — —1
dz
dBilT) | % p) 20,0 at0 2 =1
— (z) = at0 z =
dx 2T0 ‘ ’

000000000000 ) 0Doooood

J—1 1
K;a, = —
ZZ:; jai = ——a;

m

gooo
! dP;(z) dP;(x)
_ 2 ? J
K s /_1(36 +1 b dw @
2 dPj(x)
+ —TOR(Q:)P](x) . + (x + 1)°P(x) T

(56)

0 (57)

(61)



00000000000000 (52)000 (62) 00300 0000000000000
000000000000000 (6)oooooooooooooooog h,O00
000000000 h4)00000000000000000 Gu(p)DOOODOO
000000000000 0000O0000000000 Ty(p)DODOOOODOO
[0 Tanaka and Kung (1989) 000 19780 12000 19790 1100000 10 GARP
(Global Atmosphere Research Program) 0 O 0 O (First GARP Global Experiment) [
000000000000 240000000 (Gauss Leve)DOOOOO0O0ODOOO

Sturm-Liouville 0 00000000 D0DO0ODOO0ODO0ODOO0ODO0ODOODOO
0000000 G,(p)DOO0O0ODOOOO0OOODOO0OOO0OO0O0DOOOODODODOOO
oooooooG,0bb00bbo0bo00b0o0b0o0obooobOoOoboOOoDbOoOoD
gogd

1 [P

o Gm(p) Gy (p)dp = S (63)
s JO

000000000 G,(p) 0000000000000 »p000000O f(p)ODODDOO
gbbobuoooboboboooobo

F0) = fnGum(p) (64)
fn = pi / " ) Gon(p)ip (65)

000 f, 00 mODDOODOOOOOODOOODO

O0000m=0000 (barotropic) 00000000 (external) 00000 OO
gubbbbdoouuoooobbuoooobbuooooobbuooooon
00000000 m>1000 (baroclinic) 000000 OOO (internal) D00 OO
idmUduooooobobbo moooooobon

4.2.3 0O00O0O0OO

00000000000 Gu(p)00O0OO0300000000000O0O0ODODODOOO
o000 Hn DOOODOOOOOOOOO0ODO0DO0ODbOOOO

ooodmbOOobOOooOoooooooogoogoooooooooog e, 0000
gobobbobobbooooooobbobbboodooooooooooobobooon
O0000mOO0000000000000000 (390(40)0)oooooooo

U,
Mm% +LU,, =0 (66)

15



gbobobooggn

10 0
T
M,=|[01 0 DDDUm=<um U %)
1
00 —
ghm

gobboooobbobuoooobobbooooobooo

X, = 0 gh, 0 |00Y,, =2Q 0 ghm 0O (67)
0 0  ghp 0 0 1

00000 (66) 000000000000

(¥ My Xo) (X510, o+ (Y5 LX) (X510, = 0 (68)
gdoo
1 0 0
Y 'M, X,,=|0 1 0
0 0 1

000000000 +(=20) 000000 (66) 00

ai;(x;nlum) + (Y,,'LX,,) (X, Uy) = 0 (69)

00000 (69) 00000000 0Ooooooo

i Oy O
0 —sinf o Qg_)‘
L,=Y,'LX,, = | sin6 0 s (70)
A Oy, O()cosd 0

cosOON cosf  Of
D(?O)DD o, 0000000000000 0OO00O00O00O00O00O00O00OO00O

ghm
2Qa

(71)

Ny =

O00000000oDooo 4000000000 (yUOODOR,000000Q0000
O00000«0000D0O)000DODOODODODODODODOODO o, 0000000000
00000 (Tanaka, 1985)0
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0(69)000000000000000000000O0 (Laplace’s tidal equation)
gbouodgbuogbdodgoud-bogbbobbobbobbooboobaoon
goboboooobbboooobobooooboo

X >\ 9 7- Z ZHnlm )\ 6 —lonimT (72>

n=—cc =0
H,,,(A\,0) 0000000 (horizontal structure function)d 000 HoughO O O OO
OO0OHoughOOOODmOOOODODODOOOODODOOOOODODOOOOOOOOOOD
0000000000 ANODO0¢ODODOODODOODOORADOO0D0O00D0!IDODOOO0
goodooooon

0 (72)00000000 (69) 0000000

io_nlmHnlm + LmHnlm =0 (73)
oo00n

en#£0000

00000 (73)0000000000000 Hy,,(A\,0)000000000 owm
000000000000 (69)000 A000000000000HoughODO
0000 ©,,(0) 0000 Hyn(V,0)0ODODODOD0D0O000000000000
000000000000000000000

H,m(\, 0) = O, (0)e™ (74)
oooo
Unlm(e)
®nlm(9) - —ianm(e) (75)
Zim ()

000000000000000000 /200000000 ¢i=+v-1000
gboboobooboosbobooboobooboobob

()DO0O0oooooooo0ooO0Odd (Rossby mode) O I,
() 0000000000000 0 (gravity mode) O 1,
i) D00000000000000 .

Swarztrauber and Kasahara (1985) 00000000000 Hy,,,(\,0)0D 00O
00000000000000000000000000000 Hyw(A,0)O0O
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gbogbooboobuodgbuodgbuodobuoboobuogbogboobod
gbobobuoooobbobuoooobbbuoooobood

D0000*0000000000000000
1 % o * * *
<Hnlm7 Hn’l’m> :% / / (UnlmUn’l’m + anmvn/l/m + anmZn’l’m)
= Jo
e A cos O\ (76)

0000000000 0nmOR!mO0000000000000000000
000 (70)000000 L, =Y,,'L,X,, 000 (76)0 000000000

<Hnlma LmHn’l’m> + <LmHnlm7 Hn’l’m> =0 (77>

O0000000000000000000000000 (skew self-adjoint matrix)
0000000000000000 (M) 000ooo

(Onlm - n’l’ )<Hnlm7H "I'm > =0 (78>

00000 (M)0000000O0O00D00ooooo

*n=n00(=0'000
(Houm, Hu) 0000000000000000000000000000

O00000000000000 (M)0oo00oog oym=o0, 000
gobobooogbbbudtdtey, 000000 oDOOooon

*O0oooooo

Opim £ 0%, 000000 (78)00000000 (Hyym, Hum) =0000
00000000000000000 (76)00000000000000
000 o, 000000000 H,,,000000 0, 00000000
0H,, 100000000000 O000O000

000000000000 00000nm(n£0)00000000000O0O0
gbooooog

<Hnlm7 Hn’l’ 271' / / Hnlm . /l/ COS 9d>\d9
g

= 5nn’ 51[’ (79>
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en=0000

00000 (73)000000000000000DO000OOOO0OO o000
gbbodgboodbbugbbooobbooobbobbooboobboan
pob00d00bOO0DObOObOobOobOOoOobOOooOOooOooDOosgooooooon
gbobodgbbogoboogobuoobbuoobobooobboobbogn
O00000000000000000000Kasahara (1978) 000000 00
obobobooboobooboon

goodoobbbbbbooooooooobboboboooboooggooo
gobodbodgo20000bboobobboooboobbooobboon
gobobooooobobboooob 1bbboooobobbooooboboogo
OO0o0b0obobOoboooboooo!l=00b000obooooo

(Unims =Vaims Znim) = (0’ 0, i)

V2

goobooboobboodooddddudoooouobbboouoooduuooao
0000000000000 o0000000o0ooooooooooooog (O
00 Kasahara (1978) 0 0 0O )0

gbogbobboodbobobuodgbobobuoobobobaobooobobobodan
O00000oooo0 H,,\OODOODDODODODODODODODOooOooOoOooooooooo
mO0O000000000000000000000000000O0W,,(\,0,7)O00O00O

>\ 9 T Z anlm nlm )\ 9) (80)

n=—oo [=0

27
Wi (T =5 / W..(A\, 6, 7)-H,,. (X, 0) cos 0dA\do (81)
s = Jo
2
ooooo (69)DDDDDDDDDDDDDDDD
iw (T) + 10 ntm Wi (7) = 0 (82)
dr nlm nlmWnlm —

gbbobooobbbuodgbbbdtd o,y DO0O0OO0OODOOOOOO 2000000
gbobbuoooobbbouooobbboooobbbuoooobbooogn

4.2.4 30000000000000

000004220 4230000000000 Gu(p)DODOOOOO HY,ODODOO
00300000000000 ILy,(A\,6,p) 000000 (25)00000030000
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gobobbbobbouodgogooobbbobbbouoooooobooobbobob
gobooo

Hnlm<)‘7 eap) = GM(p>Hnlm(>" 9)
= Gm(p>@nlm(0)em>\ (83>

gb3bbogoobbobuogboboboooobboan

/ / / Hnlm . /l/ COS Qd/\dedp
27Tp5 g

= 5nn’5ll’5mm’ (84>

<Hnlma n’l'm

00000000300 000000000000000000 (32)0D0UONOF
gobobooogoboood

U()\a 9,]?, T) = Z Z Z wnlm(T)XmHnlm()‘7 9,])) (85)

N()\, 9,]?, 7') = Z Z Z nnlm<7—>YmHnlm()‘7 8,])) (86>
n=—N [=0 m=0

FOLOp,7) = D ) > fum(™)YnIlum(A, 6, p) (87)

000 O Wi (7), Rt (T), frum(r) 0000000000000 UODOOOOOO NO
0000000000000 FOODOO0O0OO0O0OO0O0OO0O0OO0O00O00000 70000
oooono
0 (25)0300000000000000000000000000000000
oooo

ou

(M=~ + LU =N~ F. Y, Hy) = 0 (88)

000000000 00o0oooooooooooDoooogoo3good nlm,n'Um/,n"U"m”

oobodqk0000:.000000000000 n,k,m;000000000OO
DDj,kDDDDDDDDDDD

27
(N,Y,'IL;) = / / / G, €™
27Tps 5 /0
T
-V Vu—w% tan@uv
QQ\/ghm Op
1 —VﬂVv—wa—mn%m fdNdOd
2Qv gh, (iV2) ap a cos b
7z 9 (P g% w0 (100
207" op \ Ry op 8 Rap
(89)
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0@5)0000000000000000

Mx ||Mx ||Mx

wir/ ghm,U; Gmleml
Wi/ Ghm, (—1V;) G, ™ (90)

o= Wi Ghm, Zi G, €™

[e=]

1=

000000 (90)00 (89)0000000000
00000 p00wlOO0OO0OO0000000000000 ;240000000
000000000000 0,1997) 0000000 (400000000 (90)00

good

p
—/ V - Vdp

0
__/p 1 @+ 1 Ovcosf J
Jo \acos@ON  acosf Of b

ghmz a in; A a in;

__sz/ m;d i L’MU 80< iV;cosf)e } (91)

0000000000000 300 (39000

2Q) , 1 0 0
. 7’—Zl ingA _ U n;A o V 0 m; 92
7 ghum ‘ acos 6 [6)\ c +69( iVicosf)e } (92)
O0o00o0oO0O0Og @yoooood
K - '
w=Y w20 / G, dp(—ic; Z;) e (93)
i=0 0

00000 (93)00 G, 0000000000000 3®)UDooooooooOd
G, 010000000000000

'Y
G, dp = — p— 94
| By U dp 54

o000 (8Y)yooooooooooo G, 00000000 DoO0o0Dooooooo
0@3)oo0dG, D0 100000000000000OO0O

d dG,, dG,, 1
() =

e —q,,
pdp R~ dp Ry dp ghm,
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gobbobbbbbooooooobsgoooobobbobbbouuooooon
gbobobooogn

2w
i) =i S [
2

n U, dU,
N R4 Cf)sg + tan 0V —Pld—; PU;
d
Vi P Vi +tanfU, | —P—t Vi JA7A
p cos do
A nka de
—Py—— —PZ
?cos 0 2 do Aok
Uj
V| et cos OdAdOdp (95)
0;Z;
ogogo
 9hm;\/ Ghm,
P = GG, Gy,
2Qanr/ ghum,
py = VIl oy Gy G,
\/ ghm, Ry dp dp
py= VI G Gy — VIl oy (g
2€) v 2Qa R~y “dp dp
Gl dG,. ghm. dGn.
P, =G GG oG G k oG, LG
4 0 J k + R’Y p 0 J dp + R’Y p i dp k
B B dG... dG,,
g (e ) P2 Ty @y (96)
Ry Ry dp dp
ooogo

Oooobobooooooooo3bobobonoobgs3sgbooboobobgng
000o0000o (%) oooos3000oo0o0o0ooo00n r, 000000 (88)
gobbobbbouogoooobbbbbouooooobobboooooooboon
goobobogd

dw K K
: ) iW; = —1 Z ZTijkw]"lUk + fz (97)

dr ,
j=1 k=1

i=1,2- K

000000 r;000000-00000 (wave-wave interaction) 0 0000 0-00
000 (zonal-wave interaction) D D 00 000 00O (interaction coefficients) O O O
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D00000KOOOOOOK=@2N+1)(L+1)(M+1)0000NOOO0O00O00
L00000000MO0000000000

0000000000000000000000000000000000000
0000000000000000000000000000000000 (97)00
0000000000

4.3 UOO0OOO4O4

00000 Tanaka and Kung (1989) 00 0000000000000 0O0O (97)00
gobbbbobbouoduooooobobbbobobbbouoooooooobboon
w; 00000000000000000000000 £,,@00000000 o, +wO
fi+f0000000000000000DOO0DOO000OOOOOO0O0O02000
goobodd

duw! K K
i o = —i riji (0w, + wpw}) + f]
dr i ijk \Wji%k kWj i

j=1 k=1

K

duw! =
% + oW, = —i E { E (i + Tikj)u_)k] w;- + f; (98)
j: k=1

00000000 n(=-=N,—N+1,--+,0,- ,N)OOO D w_pgm =w’,, 00000
goodooboobobbbbboooooooouoobooboooboon

K K

Z[Z(rijk‘i‘rikj)wk}w;

j=1 L k=1
S

S S
= Z |:Z Tijk +Tzk‘] wk:| Z |:Z Tijk +T7,k] wk:| '

j=1 - k=1 j=1 L k=1
(99)
00000000000000S=(N+1)(L+1)(M+1)000000000000
00000000000000000000000000000000

d
éy+wa—~ﬂBw—wCW-+f (100)
-

gbooboogoboood

T

f:<f1 Jaoooo fs)T
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T
D:diag<0'1 oy - Us)

bll b21 Tt bSl
B _ bl? b22 e bSQ
bis bas -+ bss

Mm

(rije + Tikj)wpD ford n >0

k=1
Ci1 C21 -+ Cgs1
Cig2 Co2 -+ Cg2
C =
C1s C25 -+ Csg

S

Cij = Z(Tijk + rig;)wr0 forO n <0
k=1

gboboooobooboooobn

4.3.1 0000 (QOODo)UOOO

OOo00obOoboobobOoOobOObOcCcObDOobOobOobo BOODODODOODOO
000000 (%) o00o0oo0o0odn=n;+n,000000000000000
ooo0o (i, =0)00m=n;000000000000BOO0OOOODOOOO
O00000000000Doooooo0ooooon (100)00

W iD,w, — iB,w, (101)
dr

O00000000000000000 w,=¢exp(—ivr) 0000000

vE = (D, + B,)¢ (102)

obooobgyvoboboboo¢oonooonooonoon
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4.3.2 0OUOO0OO0OOOOOO

00000000000000000000 (loo)boooBOCooooOoOO
gooboooobbboooobooboooobbbuooobboboo

[:’}j = [j exp (v7) (103)

00000000 ROOOOIODOOOOOOO (l00)00D0O0000O0O0OOO

d

%: (Br+Cr)wg+ (D + Bg — Cg)wy
dw

d_TI: (=D — Bp — Cr)wgr + (B — C1)w;

goboboooobobobooooboo

dr Wy —D—BR—CR B[—C] Wy
goddoooooobbobbboooooooogooooo
B+ C D+ Br—-C
V[f]: 1 +0r + Dr R 5] (105)
¢ —D—-Br—-Cr  Br—C; ¢

£

q
oo boobuoboboono
§r+ 11

[ ] B
Wy CR + ZCI
! sin (l/[] ))

= exp (VRT){ ( ‘n
"l sin (m))}

gbobogoboboodg»0ugaoon [ goobooooon

exp (vg + ivp)T

3
CR] i) L}

00ooooo +i<£R

] cos (v17) +

Cr 1
guogooooooobbbbbooboooa
o =2t ([t =[] )
= 2exp (VgrT) cos (vT) — sin (v77) (106)
Wi Cr C1

gbobbuoddbvgOOO0ooobbbDy, 00000000 0O0O0O00O0O00ODOO
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4.3.3 0OU0O0O0OO0

O000000000000000000000 Tanaka and Matsueda (2005) 0 0O O
gooboooobbboooobooboooobbbuooobboboo

diw; = —kpc; w; — vsw; (107)

0000kp(208) = 2.7 x 10°[m3/s|0vg ~ 6.08 x 10°4(000)00000000
00000000000000000000000000000000000000
00000000000000000000004000000000000000
000n#£00000000000000000000000000R=000000
0000000000000000 Hawwitz0OOOOOOO0O0000000000
nfululn

_ (108)
I(i+1)
00000000{0000000000000000000000000
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5 0O

5.1 UJU0bobboogooobbbbobooobobbod

0(2012) 000000000000 0000000O0OOOO0O00O0OOOOOOO
oboboboooooboooboo lBMOUObDOoobooboboo L =20000000
Ooobooobbooooobooooobooobboobobb0o  N=200M =60000

5.1.1 0O0O0OO0OODOO0O0

0400000000000000000000000000000000000
00000000000000 [day Y)0000000 [day ']00000000000
000000000000000000dey |00000000000000000
00000000000000000000000000000000000000
000 (103)0000000000000000000000

0500040000 20day j0000000000000000000000O0
00000000000005000000000000000 0.300.5[day Y00
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Barotropic Height
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Barotropic Height
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Full matrix
All Rossby modes (Barotropic diffusion)
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Barotropic Height
Zonal basic state (no diffusion)
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Barotropic Height
Zonal basic state (no diffusion)
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Barotropic Height
Zonal basic state (no diffusion)
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Barotropic Height
Zonal basic state (no diffusion)
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Barotropic Height
Zonal basic state (no diffusion)
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Barotropic Height
Zonal basic state (no diffusion)
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Barotropic Height
Zonal basic state (no diffusion)
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Barotropic Height
Zonal basic state (no diffusion)
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Barotropic Height
Zonal basic state (no diffusion)
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Barotropic Height
Zonal basic state (no diffusion)
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Barotropic Height
Zonal basic state (no diffusion)
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Barotropic Height
Zonal basic state (no diffusion)
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Barotropic Height
Zonal basic state (no diffusion)
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Barotropic Height
Zonal basic state (no diffusion)
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Barotropic Height
Zona basic state (no diffusion)

90°

60°

30°

[—1
B R e 1 i
N = ——

-30° 0° 30° 60° 90° 120° 150° 180° -150° -120° -90° -60° -30°

05 00000bO0ob0boboboobooboobooboobOooboobon
0000000000000 00oDoooooooDo0 G (n=1)000000O0O0O0O
goo

Geopotential Amplitude
Geostrophic zonal basic state
81-10 January climate

5 |

10

20

C

50 =

o ] I

2 ] i

» 100 o

O

a \/\ \/\J /\/

200 -

500 =

1000 -}
-90 -60 -30 0 30 60 90

Latitude

U s: 0b0bbugugbbobbuogobbobbuooobobbooooobon
O00000000000OOoOoOoOoOOoOOODOOODOOOOG(n=1)0O0O0O0OO
gobobooooobobooon

82



Barotropic Height
Zona basic state (no diffusion)
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Barotropic Height
Zona basic state (no diffusion)
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Barotropic Height
Zona basic state (no diffusion)
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Barotropic Height

Full matrix (Barotropic diffusion)
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All Rossby mode (Barotropic diffusion)
230.24 hPa
90°
o N e
N RN
A S G0 O U @i A
0 47 Ot e
d S |
L. 7-r ,;M Q: 0
' @)
e —
=
-90°

-30° 0" 30° 60° 90° 120° 150° 180° -150° -120° -90° -60° -30°
U6 ddbubdboububdboubobodbouboboboobdaodood

O000000000000000000D0D0O0O000000 (0??0000)0 230hPa
gboobooooobooo



10 12 14 16 18 20 22

—~~
g
©
<+
(7]
O
m/'\
cCc o~
8 o 8 ®©
< 3 <
©
- 7
|8H q%\
c c (
O 7 1 N O
EO% oL>>\
> & 8 c
— n Q
. (V]
— > o -
O =< n
> ®© ( o
O © m X <+ O
(@ NP b
O LL
7)) ©
[
foe)
|
[ o
T
[~
K <
..’v
T
| ©
T
|
T
o
Y
|
o~
I3
W ¢ ® & o o oG o o < i
© © © o o © o o © o o
S © © © © © © © © ° O

[;_Aep] ares ymmois

066: 0000000000000 DDO0O0DO0DO0DO0O0ODDO0NDOODOn
D0O000000DO000d0lL, =0 =120000000000000000 [day™ ]
D0D0D0D0DDO0 [day )OD0DO0

89



[;_Aep] Aouanbaid

0§ §¥ O¥ g€ 0€ G¢ 0¢ ST OT S0 00 S0-0T-9T-0¢-S¢-0¢€-G9€-0¥-Gv-06G-

¥0°0-

€00-

¢0'0-

° o. s u.o 2 oooooo.o -oooo.- o"oo..ﬂcooo oo ot e o8 * oo ooconﬂdﬁ’o ..ooooo ﬂooooo "t ..- s % -- ° .
0 .0 —. o e * e .. .. .C....l.%.ﬂ. o® JQ..”%....“I .v.l. .1”‘ ‘“ ”\ ."1. ......l“'....v..‘.‘ (N O“f.ll"o. s .. s * . ™ .Ar .. 0 Ho O|
o oo o *| 8 o o 0o’ o o8 28200 oy ® N O.o‘oo - oooo.o .o.o . 2 8.° 0 od o
h.w x Iy V.o . s.........&. MH
e oaky . e - M 000
P o® 0 ' % o o $ Q o0y h
*% ¢ . |¢ A w.o ® Qe 0@ 0] 0.. LA . & o°
. RO & g g8 S o8 o e RN o
RS S i, 70 DRSS £ o LS TS 100
. ° ¢ .o * * o mo o. oo oo .o om ® ¢ ¢ oo o ol®
s . ooo . * : co oo : : oo oo : * . ooo . . NOO
® e b eel*"" . ® % %eod e €00
................................................................................ 700

(0TOZ-T86T uer) ajess diseg
(uoisnyip ou) spow AlAeI9)
(81818 2ISE(Q [PUOZ-UOUYY sbomm_m

[;_Aep] a1e) ymoio

O6-0bdbobooopooboouobobobobobobooooboboobog

,=120000000000000000 [day ']

00000000 [day 000000000000 5.0day 0000000000

gooo

I I A N I

90



Divergence

Gravity mode (no diffusion)

834.76 hPa
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Divergence

Gravity mode (no diffusion)
834.76 hPa
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Divergence
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Zonal Energy Spectrum
(Gravity mode)
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Meridional Energy Spectrum
(Gravity mode)
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Vertical Energy Spectrum
(Gravity mode)
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Zonal Energy Spectrum
(Gravity mode)
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Meridional Energy Spectrum
(Gravity mode)
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Vertical Energy Spectrum
(Gravity mode)
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