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Continuity equation

A
AV F=0. a1.1)
ot

RIS WHE S N/ATEDOWEVICSOWT(L.1) 2Ky
[ Zay J (V- F)dv = fAdV [ Fds=0 (1.2)
§ + y + J, =0, :

ot
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ﬂz+V(/ov)=0, (1.3)
ot
ap
fVEdV + [ (V- pv)dv = fvpa’V + [ pvdS=0. (14)
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P piRiEE PV & Flux = EBR%B)E ik
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J

ﬁ_j + V- (energy ﬂux) =0,
1,

e=p(5V +gz+U) , (1.6)

1,
energy flux = pEV +gz+U+P|v ,
P: )

energy fluxi¥, TRV F—HMEICEDRINBHL,
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v 1 ap
—+(vV)v=-—VP = +V- =
E +(v- V)v 0 +8 Py +V (pv) 0

T 2L X — D€ 9 A

J(1 1
_ | = V. _
at(zpv)+ [(2pv)

P T 2INF —DAZFLIEATES &

=-V-(Pv)+P(V-v) - pgw

0
E(ng) +V-[(pgz)v] = pgw
F2E 2L X —D3ME 9 =X
i(l 2 ) V- (1 2 ) — V'(P) P(V' )
5PV Pzt S PV +pgIfV =~ V) + v

PRBZ 3L F—=059€ 5 3\ (WiBol e 2 1)

%(pU) +V-[(pU)v] = -P(V-v)
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A I EEDOXRZ MVEAE R/ D AR) F:A ®Flux (Fv97)0)

JA
—+V-F =0, (1.8)
ot
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v 1 ap Jpv

i : ———VP ol . = = +V =

at+(v V)v pV P + V (pv) 0 Py +V (pvv)+VP 0
Z 2C, B fluxrTr VL

F =pvw+Pé, =puu;+Pd, , (1.9)
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ZHOTINZEBIT 5 &, ?+VF =0 > (1.10)
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ot ox

J



7z E{lux & LTifb Wi

%+V° (pVV)=—VP ; (1.12)
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@+(v- V)9=ﬁ=0
ot dt

&, HERA

P v (oy) =
§t+V(pv)—O

ZilAatbE 5 &, FluxlBUC &k 2 RFI R o s,

Y L . (pov) -
oV (pov) =0

WA DO TH R RIEATRETE S

—

a(wa&-tve) +V-{(@, VO)v} =0

d(a?a-VH

=0
” P ) >>>>



HIELED

LAV F —REE R EORAEEINE, MHDOADIBATRITE S,
BARIMICIE, B D 72D ORGFR E ZDFluxZ2E&R TS 2 LITK D,
Al I N5,

0A
—+V-F=0
ot

FidD &9 IZHA N FET Y, PP & RIS ORI D3 D DI T
Al I N5,

wE]
TR I ERRFAIIFE TR, B PI LS5 2 Tl & BERLIC /0 L Thd
WS 55G% 0,
COLAIRIAHIIZED X ) BB L 5TH A9 b
ZNZNDLIIODWTIRIFRPIAET 5D TH 5 )
FET S ELS, T—FINICHNITE SIEZ2RD 5,



o 2 3 O BEEL
2.1 73 % A 2738808 X OB
Wi CIEMTER R Ic oW T, D FH L bR 2 BTN 2 2Bl L 7=,

ARPRETIE, FR2HHULL ZOARHDAZBET 579D,

732780 ARZ V5,
BIE— FEIFLDBTE LW

KABBIR Z b § 5 72 D12,
SBUL RS IS & O ERRTERUA OB 23508 S NS LA %0,
SHECG NS EE Pl 2 e ORBBIBIR D Aiididh)
7> 27 BRiRE Gk & D itz PR TR & A E T

INGDRTIE, HELBOEHZ BRI DIETI ENRELE LD,
Y P2l TE %,



2.1.1 7> %A 2R E T2 AD JifisH
— R H G OWKEE LS,

ULT/PAY L Ea
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EA«VVW=-;VP+g
|7k S A e L
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iD= JETEAGPEL A,

é9+V(pv)=—ﬁ+pv-v=0 V-v=0 MM 0

ot ox dy oz

Py ZAMLT,

P
1% 0 1% 1%
T v T e wZ N =0
ot ox oy 0z
Z 2T,
Aﬂ;_i%

0 dz VA A NRPAR R £ L1/ 8 LR N >0
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ou ou ou ou oD
—+tU—+V—+W— = —
ot ox oy 0z 0xX

dv v v dv 0D
—+U—+V—+W—=—
Jat  dx dy 0z dy

ow ow ow ow oD
tU— AV — +W— = —— —F

o ox oy o

LD 2

MR LM ,  (2.6)

ox dy 0z

BERLDN (RIZELDHN)

J J J J
L uE v Z e wZ _Nw=0
Jat - ox dy Jz

b
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(2.5)
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HE) R (2.3), (2.4), (2.5) D7 ML

ov
5+(V' Vv) = -V® - rk , (2.8) k: Unit vector in vertical direction

C.8FEEIE p, ZENF, HEHEONA V-v=0 ZHHITHI,

ap, Vv
Jt

HB G EITE,

+V-(p, v+ p,®5,) =—p,rk . (29)

ap,. Vv

24V (0,vv+p,®5,) =0 , (2.10)

i luxT > V)L

F=p,vw+p, ®5, or F,=p,uu+p,®5, ., (2.11)

J . OF. J . OF.
pmul + Y =O or pmul + J
ot ox . ot ox .

J J

=-p, v (=0 if i=3) , (2.12)



IZANF =i
A RE(2.3)~(2.5) B L DiFi DN (2.6) & D

d(1 1
V-ll=p v i)
230+ [(zpmv rp.o)

WEELORERT) N? &L, D 2y

=—p, Wr , (2.13)

J lpm pm

5(5Fr2)+v (ZN rzv)—pmwr , (2.14)
%Oz &5 E

I .. 1p, » (! 1p, » )

dt(zpmv +2N2r)+V [(2/0 v’ +2N2r +p0, ) ]—0 , (2.15)

I IV X —ORFAH]
)T 2L ¥ — & AR E X %L ¥ —(available potential energy) %% 2 DDA

HOZDHDTRRCFNDOAZIRL, 1)) - BELBIEARLD 6 DT NDALE
PIEZFILX—  pgz TREAC, AHMEIIILF—TEBIIN S
JEERETE © TEZALIC X 2 HMELIZR S, NENZ XX —DWIRZ 2L F— DML
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6 = asinwt W = &

[
P EINF =&, RO FORFPRNOESEZ 2, £95E,

mg| z, + I(1- cosB)| = mg[zo + {{1-cos(a sina)t)}]
WU D0E LT, —RTERDB & MPE = meld +mgz, £ B,

mgz, &, #x D T OHE) & FBRGA LA LT —THD, IRY MBI 1)L ¥ —
EMHAINZPIRICH 5D, W 1HTDH 5,

1
MK E = ngla2 = Available Mean Potential energy(A.M.P.E)
FHI) T )L X — I ZS WA RE e P i 2 2L —

mgzy &, IR FDRPUINSF L 20RO BT 2L F —ICREBmI s,
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AKifi(z=h)%> 6 K (z=0)DKEhD KA DI # 5 Z 5,
KHDEMDIRATHZoNEEL, COWEDMVEZFILVF—D 1 PR FIZRD S,
n(x,t) = n,sin(kx — wt)
n(x)+h 1 1

MPE——pgf fmhz zdx——pgf[ ] dx=Zpgn§+5pgh2

0
5 2HIZPEDIE SN TORVERICHHET STEDIEHZ XL F—TH S,
PUAHE) PLE 2V F— B I (BB 2L ¥ — DIEHEH DI D I IR L 72 \»)
1

Z,Ogng = Available Mean Potential energy(A.M .P.E)

c RBETETHCONTWABAPE

1 pps T T ?
APE =— —_(:) dp
270y, -y\T
- . . _ T g
T : Averaged temperature over a isobaric surface, 'y == v, =—, P, : surface pressure
Z c

(e. g. Haltiner and Williams, 1980: Numerical Prediction and Dynamic
Meteorology, 2nd ed.)
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2.2.1 PBR D ERIE (BERPEYS S 2 O IZ2RPEEE) L BEELA D

a=a+a , (2.16)

2.2.2 BT D1k
LA _
P +V (pmvv+pmcl)6l.j)——pmrk , (29)
2 Pty & BEELICOTiE L TR
WulVEV) LG (0,794 0,7V 4 9,V¥ + vV + 0, B, + 9,05, ) = —p, (F+ )k .

ot

EXD % &5 &, FREEGME) EEERGREAD T O NS,

ﬁg—”;v +V- (pmVV + pmaélj) =-p, K-V (Pm V'V') ’ (2.17)

?%%@@ﬁﬁﬁﬁﬁﬁ?%%@&?ﬁ%ﬁ?%f:J%@j@)ﬁ%%o
LA VAR LADIUKE « FEHC & 5 BEGLY; & il s sg iz KB

(2.9)



Bl ol R E (2.9)- (2.10) KD

07/;”; +V: (,0 VW+p0,VV+p @6, ) -p, rk-V: (pmV'V'—PmV'V') ) (2.18)

T, 5Z61 %, Holton(1975),
] 3(2.18) T, JEYEH Z Il i,

ap&”; +V- (pva’ +0, VV+ pm<I>’6l.j) =-p, rk + O@’) ,
ERBLEIN, WEMEN I NS AL DAL T TOBERLL ORI AL BT 5,

SN RORARING, P8 EBERLG IS L 225G, BB ATREBTE 420,

A LD AHIADMAET B,

FIRRIC LT, BEICBT 22009 % &, Bl D 2 XOBIC X 5 PR BIEEBNKR S,

(2.19)

%+V (FV) - N*w = -V- (V’r’) : (2.20)

a—r+V (rv +VF)=N*w' = -V (r’v’—r’_v’) : (2.21)
T‘Eﬁh@iﬁ}f/f LR

or’
ot

(2.22)

+V- (rv+VvFi)-Nw' =0+0(a’) ,
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dp,, u'u’ N ap, u'v' N ap,, u'w'’
ox ay oz
Jo, vu dp vv' dp v'w'
0x ¥ dy * oz
ap, w'u' N ap, w'v' N ap, w'w'
0x dy 07

-V (pm V’V’) = -

EELG D 2 RDIE  (BJEE) DFEEL - PR

a 144! ﬁT[ & 144!
—V‘ﬁwﬁ _ ur+ vr_+‘wr
o0x dy 0z

AL 2 ROMZMU T, LI FRRIEEZ2L2 5,
ZDLHI, FEaGOMEEIRPEIEOLE 2 HR T 5,



2.2.3 2N F —ifAD Y £ B~ DT

IANF =i
d(1 I p, 1 I p,
E(EpmV2+EFI’2)+V‘ (EpmV2+EFF2+pm(D)V =0 s (215)

2, s BRI L THEBE

%Bpm(vz +2V- V' + V'z) + %%(72 + 27 + r’z)}

LV H%Pm(vz +2V v'+v'2)+%%(?2 +2;7r’+r’2)+pm(5+(1)’)}>(V+v’)] =0, (2.15)

. P_@Wﬂ -0 . (2.23)



(2.20) BRDOZFINF—RFFAIZRBIL TV 50, g8 - RG> Tl T

RY /4R
T - BB T 3L ¥ — SRR Sk

RIS 5 1Y - Bl O

a;;_,:v +V: (pmvv + mecSU) =-p,’k-V- (Pm V’V’) ) 2.17)
% +V- (pva’ +0, VV+ meID’(SU) =-p,r'’k-V: (PmV'V’ =P V'V') ’ (2.18)

KO, 77 () ICBY 5 - EiLSoA

077_" - 2— 14!

—at+V-(rV)—N w=—V~(Vr) , (2.20)

ar' < 1= 2. R !

_dt +V-(rv+vr)—N w ==V (rv —rV) , (2.21)
X0,

PG OEE 2 )L ¥ — D, AIEIFOLF — DA,
LS OEE L 2L ¥ —D, AT —DAZET 5,

j— ] pm - pm /
V- (2.17), v~ (2.18), Fr><(2.20), Fr><(2.21)

ZRITLVPITE L, ZNZho X —ifddfion s,
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i(lpmv2)+v- (%pm727+pm5v)+v- [pmv’vV] = -p, 7k V-[K =K'|, (224)

FREGOAIE T 3L X — DA

d (1 1 _
5(5%f2) o (5%”)”‘ (1’3— ) -p, 7k V=[P =P].  (229)

BNl OB 2 )L ¥ — D

i(lp v'2)+v- (lp VV4+p, @V |=-p, rv-k+[K =K, (226)
ar\2"m 2t " " ’ '

TR IR E LI AT A Y e DF2W

d (1 — 1 — =
T

t\2 N° 2 N?
2T
K —-x] ¢ CFEGOER)I VX —5 6 BRSO 3L ¥ — D LU

[P—=p] D PFEGOAIPIE T 3OV X — D2 6 B ORI T 3OV ¥ — DU



— i u
[K %K’] = - pm(u’u’—u + u’v’@ + u’w’a—u
ox oz
v v v
+Vu —+ VvV —+vWw'—
0x dy oz
+Wu —+ WV —+wnw'—) , (2.28)
ox ay oz
= Jar —or ar
[P =P =-LoorZ svrZ wr Sy | (2.29)
N ox ay 774
[P —K]|=-p,7k-V, (2.30)
[P —>K']=-p, rv-k , (2.31)

(2.24) ~ (2.31)lZ. Lorenz cycle of energy conversions O TDZBI
HEIEE AR Y (zonal mean) Ml S 41, KRAEREIZ D W TORETHIC D WT
IINF—BiTbhTns,
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- B it & BELS IrEE LChidid
P EERLOANE, MARD T & 2H GBI R AR - 20V F —PR{FEN 2 il
LU, s, Bl 22 3/ A2 U,

Va5 & BELG IS BRI DMAHAES 5
B O% &
PRGOS - B & OB RS (LA ) VAR LA EZDIUESERD)
BERLE O FFE Y & i) A

I () OBA
TIBS - B ORI LIS X 2 B QIR

IANF¥F—DYH
Lorenz cycle of energy conversions
WY - BERLG DRI T 3L F — 52
R[]
BERLIZ IS D W T PRAENN 72 S DR Y VLT 000D ?
B D RIG I BUTX T BT, DB 28T 2o ?
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Eliassen-Palm Flux

3.1 MR TD 7T 3R JitdilR

CDHETIE, INER TOPBIBESLIS O WTafkan 2 179 A3, Inlisk THEB) 5 % b
BT BFGRET 520 F Y HIZHOOTIE, ARPFRPBEEIZE < . KVFIRITDA%Z
M9 5 (Traditional approximation),

. WEZEHRLT 5720, 7T AV FEESRZ A U, bR 50 13 0
9 5,

< B P
0 0 0 J oD
—u+u—u+v—u+w—u—fv=—— (3.D
ot 0xX oy 0z 0xX
a v v av 0P

—+U—+Vv—+W—+ fu=- (3.2)

ot ox dy 07

ow ow ow ow oD
+u +V +w = — -r (3.3)
ot ox ay 1774 0z

f

fo =const. (f — plane) or [ =f,+pPy (B- plane)



- MDA

o v ow
2 2 %0 . (34)
ox dy 0z

- BIEELDA

1% 0 0 0
—r+u—r+v—r+W_r—N2W =() . (35)
ot ox oy oz

3. 1.1 iR PR dEARY,;
WedhgEilz % 2 5 1T AT T DO K ) &2z LTw5s LIET 5.
PRI PR (Zonal mean zonal wind)DfETE  #(y,2)
it DR AP U L SR D B 6 2 i) LTV 5
u or
fé'_z =% (3.6)
77 Y b e N FIRIEUIAIE & RIEDBIEL
F g

N*(y,2) = ——=—-——>—", 3.7
(¥,2) %" "o % (3.7)



3.1.2 JEHBERLOFIE SR A

e DA IR G I BERLAIAE L. BERLO IR /D S\ EGE © BUE R ThRlID

- L2 D B\ XIS E BB (PE))) 76 E B IHE
- B2 I D %\ X IREE S SN - Al - BMEE D (AE

JHE) TP
ouw _ou ou  ou , 0

+ X' , (3.3

+Y’ , (3.9)

+u =_& -r'+Z7Z , (3.10)

220 . (3.11)

LD T D BAER & D

or' or' or or’ or’ ou

— tU—+V—=N*w =J , (3.12) +U—+ f—V -Nw=J,

ot ox dy ot ox 07

(3.13)



IANF itz 1ES

(a a)l—— 1= 1— 17 —d —du vrdr
—tuU— || UV AW o UV — U — +
a )2 2 2 2N gz N?dy
a I@l (9 I@/ a l@/ IJI
A +u’X’+v’Y’+w’Z’+r2, (3.14)
ox dy 0z N

V _&)k;]/zl = 1) —a — — f
—+uU— | U AV W [tV — +uW —+ VT
o ax)\2" 20 27 2N dy iz N

0” /(I)/ 0’) /(I)/ 0’) I(I)/ 'J’
_oud  ovd  ow U X +VY + w7 + r =, (3.15)
ox é’y 0z N

d
u(y,z), ab': zonal mean; x independent, (9—=O
X

RIANEESR TE Z 256D (RREEEYY) 2058
PEFRER I T FND 2 R0 %k &k 5,

JE i i — f du NP Gwd rJ
—+ UV —+uw—+vr'— - +uX' +vY' +wZ'+ —,
ot dy 9z N>dz  dy 4 N

(3.16)



BiLE LT, XATEZ oS l#EILz 5 2 5

u'(x,y,z,t) U(y,z.et)
V'(x,y,2,t) V(y,z,et)
w(x,y,2,1) | =| W (y,z.et) |exp[ik(x —ct)] (3.17)
D(x,y,z,0)| | Py,z.€1)
r'(x,y,z,t) R(y,z,et)
X'(x,y,2,t) X(y,z,et)
Yy Y2 - en) (3.18)
Z'(x,y,z,t) Z(y,z,€t)

J'(x,y,z,t) J(y,z.€t)

o« JOPU 5 I DBk DB BE L
- WX, FEAE. BRI EBEEUEZ R o T X v
o DL AHEE cTHE T M iR
- etix. PIBDEIE & B ISPEBO RN LT B THEe I E#T 5
HEEMEZRBI L Tw 5
BELD 2 XD BEDHHAREIIIZHOWT
a(x,y,z,t) = A(y,z.et)explik(x —ct)],  b'(x,y,2.t) = B(y,z,et)exp|ik(x —ct)]
Rea = A cos[k(x —ct)] - A, sin[k(x - ct)]

ab' =Rea'Reb ={A, cos[k(x - ct)] - A,sin[k(x - ct)]{ B, cosk(x - )] - B, sin[k(x - cn)]}

- %[ArBr +AB,]= i[AB* +A'B|



3.1.3 JeEhERLO = 2L ¥ — Sk
(3.17), (3.18)DIBDIEEIEFLIC >V T Z I X —fifi 215

Ju ou — ol ov'e' ow'e' O’)E Iy
M'V'—u+ u’w’—u +v/rri2_u + v'o + w'e =——+UX' +VY +WwZ7Z + r 5 (3.19)
0z N~ oz dy 0z ot N

‘8&(9_]5‘ W ELO B ORI AT SER D 570 . L3ILE—QJRIIELED BPh

FAH 1, 2T, PRI E O VX —2880E, 5 3 BIIAPIR - rE L% R fgi 2
(available potential energy) & D L3I ¥ —EHUIHTH %

W4, SHEIZPEEEILIC X 2 2 3L X — % (Energy flux divergence)

fid 2~ 5, A1 - BEEEIEIC K AR, B - AN X 5 = 3L F—24{bE

cHIETRLELE SIS, S EERLBIc LTS I 2L F—REEINIR D > T
By
- HEERICOWT D, FHRTH S,

BER], TR E
- BEELG ICMIT O R AR - BRIFHIEDERTI L2 THH I H ?

(3.8), B.13)AZFH LT, ZDREMICEAZ S,



XFirDEE A (3.8)

ou _ou u au 0P’
+U—+V—+wW-—=fi =-—
ot ox oy oz ox

+ X', (3.8)

12(3.17), (3.18)Z{RA LILlIHTH 2 explik(x—cr)| #EELTH L

oo Ju Ju , oU
lk(u_c)U+Vo”‘y+W&z_fV__lkq)+X_€ o (3.20)
(320)*W —(3200W #ZfE3B &
k(i —c)UW +UW)+(f —%)(VW* — VW ¥)

ou” ou .,

= —ik(DW +DPW )+ (XW" —X*W)+e(7W —EW )

ﬁ+ﬁﬁ+f@v’—N2W’ =7, (3.13) gy
ot ox oz
wo kw0, J o, J &R ch, GORICRAKIT 2 &

+
N? N? 9z N* N? ot



- - _du vr | —
(u—c)[uw +(f Py N2]+¢w
[(XW XW)+8(—W—& ) (f—g){ 2(VJ VJ)+ £ (—V —%V} , » (3.21)
(320)*V =320V  ZEYFEROGIRZ2IEITT S L
(u-rc) u’v’+——ﬁ\Tr’]+¢’ '
N? o7 Y
ou” oU 1 . .. € O0R . OR
(XV XV)+g(—tV-— )——{ — (VI -V J)+F(E p } =R , (322
d(322) 9(3.21) IR IR,
Y t— —07y+aZ g5 &
ou _ PN
u’v’—u+u’w +v'r J d_+é’v¢ W'Y
07 N?dz  dy 07
J 1 du—) ¢ du vir\| OR  OR
+(u —c)|— u’v’+—2—uv’r’ +— u’w’+(f——u vrz =—l+—=
dy N~ 0z 0z dy N dy 0z




INF =B 19 2AAT 5 L

_ 1 du J ou_v'r
(u—c)[&y(uv+N——vr)+—(uw+(f——) )]

07 1774 dy” N?

R JR, OIE '
O T e X VY - W - (3.23)

dy 0z ot N

ou” . U gul 1 . . € OR
R1 (XV -X V)+e(—tV—; )—a—Z{F(VJ -V J)+—2(—V —?V}
i . s oU” Y ¢ OR JR

&=r?(MV—XWWw(& W)(frg%zaﬂ VI +— c—v-?;f}

AR WEDEH - JEBOR - S VR LTHNETHZ 5.




(H-c)=0 ThHhuE

0 1 du— % ou

—(u’v’+—2—uv’r’)+ ww' +(f -—)Vr , (3.24)

oy N~ 0z 07 oy N*

F, = —u’v’—%@\Tr' ., F,=—uw-(f- oy v Eliassen — Palm (E — P) Flux
N? 9z dy” N’

IY 7ty e %=L flux(E-P flux)i3IEFEI L 7 5.
IY7vky « N—LDER

Eliassen and Palm: On the transfer of energy in stationary mountain waves,
Geofysiske Publikasjoner, Vol. XXII, No.3, 1961



PENZ D WLTORERDIBEAUZ(3.23) 2 2B

JE J 1 di—\ 0 i R JR '
e— —(U-c) —(u’v’+—2—uv’r)+ uw' +(f - i, v —L—&+M’X’+V'Y’+W'Z’+r]2 =R,
Jt dy N? 9z Jz dy’ N dy Iz N
(u-c) TEAZHYXAZHS.

J( E J 1 du J Ji R
E—|— +—(—uv ——z—vr)+ —u'w' _(f__)vr — =R, , (3.23)

ot\u-c) oy N* Jz 74 dy ' N*| c-

COARHEHRDOADEZ LTE Y, HHDERHISHES> THEIO 3L F — 3 IRIF IR0,

E

PR EZSTVBEZ EZALTED, Wave activity L FHENT W5 |

=~|e

WiZh A2, Wave action &IFEHENTW 3P0, ¢



Wig AR (Wkik—8E BrE D XosDH)

P DRI 2ROl R & i LT
HEHICW-> Y RIS (WighZAfL)

056G, RO N F—ERNIREIE wiZ
DRI DRI E>TEILT S

E
Lo L. Wi#HDM ;=G$L&&% ,,,,,,,
CORIF, BiBAERLE XIEN5
Rl BURD D BB, WEZEHOZ L g cos 8% {mg
H30IT M7 WFoORE L ZOWBER

GV YTy

SRR ELTVRERTIE, FHEERIE E DL RN F =TI DO 2L ¥ — 1324k
T A0, WOWEE (Fy 79— 7 b LEIREIEL., intrinsic frequency) % -
HRRDZILIZE>TW - DAL, AT ORBRAFERE RS

E
w —ku

E
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3.1.4 Generalized Eliassen-Palm Theorem

J 1 du— 0 ga v'r
+—|-uvV' ———VTr' |+ — (f——)
c|] dy N~ 0z 07Z

J( E
E—|—
ot\u -

R3

=R, , (3.23)

(3.23°) 2P L Cadid 9™ 5% &

0A
Generalized Eliassen — Palm theorem
E
A=— Wave activity
u-c

1 du— 07

F=|-uv ——2—uv’r’ , —uw' —(f - I , Eliassen — Palm flux

oz dy” N*

If D=0 and u-c=0, V-F =0, Eliassen — Palm theorem
Charney — Drazin Nonacceleration theorem
Charney and Drazin: Propagation of planetary — scale disturbances

from the lower into the upper atmosphere, JGR, 66, 83 -109



4 E-Pfluxt TEM AR R

E-P flux{3FEIDsEH « JERGR - 1 Ehe Lz 61,
2954 ALV g —c =0 (critical level) DA<, JEFERTH 5.

div(E - P flux)=0

E-P fluxid, BN IEIENIAE S Ml Dfluxz2 RBIL TR 5D ?

E

u-c<¢

FEEDRKILZFF> TV 5,

CORMICEZ D7D, FHEEORAZEZ S 2 EMBBEVD,



4.1 73 2 A 758 DU D JifEa
(Eulerian-Mean Equation system)
DR E HEPH v sl i
BOVIEL T T X DA R Sy 27 P-

A L LU S L L SR
ot dy oz ay 07
ID
fi=--2 (4.2)
ay
D
-7, 43
0z *)
DMy, (4.4)
dy oz
F _oF v arw' <
Ty N YW , (4.5)
ot ay dy 0z

AT IEEIBEELIC K A LA J VAR b VAT & EIEHREE X O
WO, JEWEVNES - wmHEZ &8



4.2 Transformed Eurelian-Mean equations (TEM) &
Residual mean meridional circulation

4.1) & (4.5) ROLLEOWEIEFLIC X B L L 2 VA A b L AN L BEHEXREDEE
#5725,
22T, BMUBMOLTICU TOEMEEZ 5,

e d(rv

w =W_5(N2) , (4.6)
D W*ﬁzmﬁ@@ﬁ@ﬁ
M, (4.7)
dy 0z

Zi e 5 k9T, 2

d|rv
7 — : 48
Y &z(Nz) (*8)

COBRETIE, M DX ) REHZERT D DPRERZ RO DIF4% !
g, TOBIICK Y AT EWSNICR-TL 5,



d(rv « a(rv
= W= a4 z Wi
V= dz(Nz) , W=Ww +07y(N2) 7, 4.1)& 4.5) IZfRALEHI9 5 &
@+\7*@+W*@—ﬁ* =i[—u’v’—%@\7r’]+i —u'w' — f—@ %\TI" +X (4.9)
ot ay 74 dy N* 0z 0z dy | N
lﬁv“i—N%f=-f{mw-ﬁ7t]+i, (4.10)
ot dy oz dy N

DIBCEREI NS, AAOBHIR AV A V), EUMEMG AR IZ R I L 7d )L

‘7* ,W*
THRIEIN T3,
@.95MX,  av[E-P Flx] DBEHZL>TVS,
J|— drrv

(4.10)D 4534 a—z[rw-gp] IZ2WTIE,
BIEBELICBE S 5 A

ﬁ+ﬁ@+v’i—N2w’=J’ , (3.12)

ot dx  dy

X 9, available potential energylZ>WTHOXZES &



r'J’

2

—rw' = (4.12)

oL vrar
{2 N> N?dy

@12 KD, WIERICER, JFMATHIUE 1(1 ]0 o0 kY,

g\ 2 N?
i
E W =0, (4.13)
N~ dy

&0,

a a_ Iyy!
Zlrw-ZL2 20, (4.14)
74 dy N

D, fHond. CORSR, EEEELAER, JEBUR, JEMBAE XTI U T4 AN L)L
PALTIX, #ELD 2 ROFIRIBZAHL»GIHA S.

1 du— V'
F = —u’v’——z—uv’r’ , —uw' —(f __u)vr2
N° 0z dy N
If D=0 and u-c=0, V- F =0, Eliassen — Palm theorem

Charney — Drazin Nonacceleration theorem

, Eliassen — Palm flux



HOR, JEEHTEZR EnHIUZ, FREREHIZE NE X 72
E-P flux: Y04 J5 10 D40 B R

E

u-c¢

1%, COEGIIEEISH) @ R EEZON5,

Photon 7 uy —

ou o E ol E
W _gop_ 9| E|_9
ot ot\u—-c ot\c —u
_ E
u= —

c—u

—ICIE, TSP CHES0MER) ok

e )



TR H: @ Photon23BERIICIE %252 5.

V ZOEEEOES

KR OIENSBEICENZ KITT LV Z L F—RARZRTE b 2030 Liviu.
ZERS, REYE BFEEEHOBIVRELTH 2050, SHHLTH 2L EIZED, 5
LERAOEEYE 2, FHITHEWTE Q p R
NASMHERLTMOZES vz tithks

DTIERVD, LWIRFATEZ S

| NN RN /
H5THS. LHLIKHANDE, 55

RE®D, B5LFEAD, L3z MV #dmEANER

Niv

k
LRV THEZLENLMLS FERFOEBITHALTCRRA L AT ANHALAL T H
z).

LIPS T IS A e |

H2Eth @I (Photon), &M IkE), [l{E D HiPEIRE),
s OPEE), FOWRE), k1A EIREILE TR
VI 12> Tw 3,

AR DLE TORRRY G DA, ZDIIBFHEEEO -V ) s
ERBGEDES, MCIHEEIRE EIXF L RS R, '

Pty ) VI ¥ oRicE< A




Transformed Eulerian-Mean Equations (TEM)

du _.du .ol . =
v ew T =V-F+X, (4.15)
ot ay oz
I
TR (4.16)
dy
ID
— =7, 4.17
oz ( :
&‘7* &W*
—+—=0, (4.18)
oy oz
d L or . 7 orrv'| -
v L Nw =L -4 T (4.19)
ot ady 0z dy N
1 — ) 1 —
F = —u’v’——zgv’r’ , —uUwW' — f—(?—u — v, (4.20)
N° o dy | N
d 1l du—| 0 du ) 1
V-F =—l—u’v’——2—uv’r’}+— —u'w' - f——u —vr,  (4.21)
ay 0z 1774 N
. a Iyy!
-2 (4.22)
oy\ N
alrv
\7 =y 4+ — . 4.23
&@J 29
V', w : Residual mean meridional circulation

FRAETF IR



4.3 Lagrangian mean meridional circulation, Stokes drift, and
Residual mean meridional circulation

4.3.1 Eulerian zonal mean and Lagrangian zonal mean

Eulerian zonal mean of a physical quantity a:

1 2 _
a(ryen) =~ [ ayandy=ayan . (424)

Lagrangian zonal mean of a physical quantity a:

Lt 1 pa —L
aGryan) = [+ 8oyl 248 Ddv=a () . (429)
where

E(x,y,z,0), 1(x,y,2,1), and &(x,y,z,t)
are fluid particle displacement in x, y, and z directions, respectivly.



4.3.2 Lagrangian mean meridional circulation and Stokes drift

Lagrangian mean meridional circulation

't L Ly d 4.26

Vi ran =2 [iva+ 8y 2+ 8 ndr, (4.26)
, 1

wyah) =5 Jiwe g,y 248, ndx, (4.27)

where v and w are northward and vertical velocity, respectively.

MIRIGO P I BERLZ e L T2 L S
vi(y,z.t) = lf:v(x+ g, y+1n, z+8, t)dx

A
1 o 1 prdv' . v
=— , Y, 2, Ddx +— + '+ d.
aJove v e ndees [ 208 T o T
1 2 VE v 1 c2(08 oy 4
=\7(y,z,t)+—fA §+ 77+ Cdx——fk §+ 77+ Cv’dx
Adoax T ooy T o Adolox "oy oz
&ll dl
VLA LA (4.28)
1 2 %y %z S
W e = [iw+ 8y ey, 248 D
I ;2 1 prow' ow' ow'
=;f0 w(x, y, z, t)dx+;f0 P, g+ &yn+ Py Cdx
=v_v(y,z,t)+l_f%07wg+01W77 +§W§dx—lf/1 (9%‘+(917 +<9§ w'dx
Ao oo Ty T Adolax "oy oz
O WAL SRLLA S (4.29)

oz



o N ow' [d d\ds on
4 + =(—+ﬁ ) §+ n+§§” =0,
ot ox)\ox dy 0z

&, /
g o 9C_
ox dy 0z

0.

See Andrews, Holton and Leovy, Middle Atmosphere Dynamics, pl36.



V(.20 =V (2t + =V+V (4.28)

wh(y,z2,t) =w(y,z,t)+ Py + =W+w, . (4.29)

v, wg : Stokes drift

S
If wave disturbances are sinusoidal, v’_n’ =0, and w'C =0,

because of the orthogonality.

Thus,

PE(nzt) =V(y.zt)+ a;;z; —T+V (4.28)

wh(v,2,t) =w(y,z,t) + m_ W+, . (4.29)

And

o C(M man') _om¢& +ﬁan’_é" _n,(gwg) _ g i
ot ox ot ox ot ox ot

s

if waves are steady, P =0,
t

thus, we get,;

V'§ = -nw'. (4.30)
0') !
vE(y,z,t) =V (y,2,0) + Fa Vv, (4.28)"
<
a !
Bt =W -2 Cwew, . (420



Proof of v'T =Fr’_v’ in no heating case

or’ or’ or
il v E _Nw =0, (3.12)
o dx  dy
o o 1%
Substtuting v' = d +ﬁ—n and w’=—+ﬁ—@ into (3.12), we get
t 0x ot 0xX
J 7, ar
(—+ﬁ—) r’+17’—r—CN2 =0.
o ox dy
7, 7, ar
If (—+ﬁ—)¢0, ran s ZEN? =0,
ot ox ay
and
L( 0
=—|r — .
N2\ T gy
Thus, we get

v/ or 1
Vo = r+n—|=—r"v , because of vy =0.
g Nz( n &y) N2 f v




_ _ weg a1 —\ _. _ _
vi(yv,z,t) =v(y,2,0) + py =v+a—Z(Fr )=v =V+V (4.31)
T at) =t -2 o 5(1 ) =W w (432)
Z,t) = ,Z,t) — =W -— ' |=w =w+w
Yy Y &y &y N2 S
&( ! r ’) v (4.31)
| — V =V , . /
dz\N? s
d( 1 _
——(—zr’v’)=ws , (4.32)
dy\N

Residual mean meridional circulation!XJZEiEELAs, ©h, JERGR, JENEVTH 5
LB, N oY EIGEEE I —-BT 5.

—ROGEIZE VTS, FFHNTOWIRFEWENEEE 20 R &8T5
Liahdd EZZ6NTNS,



4.4 HERE R F DE-P flux & TEM %

4.4.1 Quasi-geostrophic(QG) TEM equation system and E-P flux

We define the residual mean meridional circulation as follows:

N a Iyy/
v =V+a—(;v"2), (433)
<\ Vg
N & Iyy!
0

where N," = N,*(2).

(4.15)PA T DTEMJi#E A2 QGERID T IC gk 3 %

FEARGEPRICHIR L TROWZERA T —LTY-> < DZ{EL TV S EREL,
HARG ORI Z MRS S



OG TEM and E -P flux

@—fov* =V-F+X , (4.35)
ot
O
Jolt = 2 : (4.36)
dy
oD
=, 437
0z : ( )
DM o, (4.38)
dy 0z
TN 9] (4.39)
T N =0 . .
g’
F =(—u’v’ : —LOZW : (4.40)
NO
V-F=i[-ufv']+i _Jo Sl (4.41)
dy dz| N,
W =w—i(”2) , (4.42)
dy\ N,
" & Iyy/
TR R (4.43)
Jdz\ N,

—k —k o . 7 . .
v , w : Residual mean meridional circulation

BESLIZHEHL R T H D |
E-P fluxiZ 2T, FiillZs
PAtRAZ S C & e

QG potential vorticity q &
E-P flux FZPIfzOF 5%



OG stream function v/
oY ,_ oY
Vi=—

=TT ’ 444
u oy pn (4.44)
v=

L’
a !
’=-fol, (4.45)
dz
and
200y 200 2 ’
61’=M; +M§ +i f—(’zai ,  (4.46)
ox~  dy"  Jdz\N, dz

vl ZEVEIEL, FEBRDIT S

V’q/

b TV & V1% 9
=V,¢+,w

x>

v

9 f_@) _ (@)&v— 7y

J _
u’v’) - — EV’I",
dz\ N,

J (_AVT,,,

2
0

+

N 02 07 ox ox ox ox

0',21./}/ aw/ 072,1/)1 é)w/ f02 0721/}, (91,/},
ox*> dx  dxdy dy N dzox Iz

ox\ ox ox N_g ox

ay

)=V.F

J
dy

N 2 )\ 2 RV
_21(&1/») _zi(aw) Y i(ad_w
<

|

i

a/
9,

ay

|

N Y’

ox dy

J
+_
oz

|

2
0’) '
v/fO ’le

_fo vy

N; 2

|

N; dz 9z



_V'F, (4.47)

E-P flux divergencel3QG potential vorticity Dby ¥ ik 125 L
4.4.2 #HEALPV equation & Wave activity equation

Zonal mean QG potential vorticity

_ g d(fop
q=1rf+PBy (Ng Py

Jii a(fo_
dy oz

)=fo+/5y—5—07—z N_ér) (4.48)

The linearized QG PV equation
1% %
—+u—|\|g+vg =5, 4.49
( Py ax)q q, (4.49)
.
where q, =4 :

!

Multiplying ?— and taking average,

y
d(1gq”
|2 g

+vg =L (4.50)
qy



JdA

—+V-F=D , (4.51)
ot

1q° -
A= P 0OG Wave activity,

y

and E — P flux =Wave activity flux.

OB T A=—
u-c¢
SER
1 q> E
OG Wave activity, =5q__ z —



4.4.3 QG disturbances, wave activity, energy and E-P flux

d!
Lo

Y ox

(&.11H6W+ﬁuﬂkg&@ﬁw) -0, (4.52)

—tu 2 2 2
ot ox )| ox oy 0z NO 0z

Assuming Y'(x,y,z,t) = lI’(y,z)exp[ik(x —ct)] , we get

IV f W

2
+ +n,(y,2)¥=0, 4.53
Pae Ng 07 ((¥.2) ( )
where
n(,2) = _q—y -k’ . the refractive index (slowly varying),
u-c
du d(f] du
q, = /3_—2 | a2
dz\ Ny dz

WKB solution

W(y,2) = W(y,2)explix(y.2)] - (4.54)
x(v,2): phase that changes rapidly,

li’(y,z): amplitude that changes slowly.



(4.53)IUA L, T 215

-
0= kil ———— P = QL y.2) . (455)
k> +1 +f%§m
HEHE agroup velocity
oQ 2k’g, oQ 2kig,
ng=g=c+ 2 2 f2 2\ gy=07l= 2 2 f2 22’C
(k +l+0N02m) (k +l+%02m)

, (4.56)



Wave energy

o
2

— 1—,2)1
u+v+—2q —

= : Ei(k2+12+ffN02m2)\liJf, (4.58)

_071/), 2+(§w,)2+f02(07w,)2
dy ox ) N\ oz
Using the dispertion relation,
i E (k + 17+ 70 / zm)
u-c ku W 4

Thus, at the WKB hmzt,

/\

£ o4 (4.59)

u-c<

c A=—k1M =lk ]{[02 Yo,

F=(-uv , - vr) ( ki —km tpf ) (4.60)
cA=F .

8

From (4.51), for the WKB disturbances,

JA JA J(E E .
v FE=Lv (c A)=0, or 2| Z|+v-le Z|=0, (4.61)  where @ =w—-ki .
ot ot & dt\ w S0
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FEHE  3RILRNDJER

N E THOE-P fluxPTEM AR DM I 4T, Fa8% 1340k (zonal mean)
Ttk LCE 7, ZNEIHBEEID 7T %4V =Wk EVE 1 ~ 3F D5~ D
WERERTHIZIEEL TS, L2, WREOBRZE%T 254, £7 L AR
g L EESLICATEET B 2 E DR TIE AR, W TR Z D b DDMERE A E D
WEIZ XD, A ETIERWVWEEZZENEITHA).

CDE) BBIEH» S TUL, WIS —RTIE AR 3 XuIEARGPELZ £ 2 5
CEPHARTH A,

7, KRAAMBRICKELEERZLGATOS 2 L6 R > T 3 NERH IS
DWVTYH, ZOHIFHEEGIIC—RTIE R W, XoT, 7738V -7 — )L DL
T, JEHmEERLIC N LT 3 RTBLE D 6 DB ETH 5.

CDETIE, E-P flux PTEMAFEARD 3 RIGNDIFRIZOWTIER S,
772U, 3RILANDIFRICOWBTIE—iGn 6, BRI T — & #bnicE L 218 £ T,
BRA Gikmd e INTwsb, 22 TiE, E-P flux ETEMG R R & %4 BE 2 ] - 72
atnii (CPROTIRD 2 & &5, 7T —2bricE I RE LA



5.1 irtRFETRhDER 7 7 %5 ) — D 3 FRoLisiE

Z 2T, IR DOER 7 7% 5 ) =D 3 X RRIZDOWT, E-P flux?d
3 RICANDIETEIZ W TPlumb(1985) 126V BRR B (72 3 A 75U E) .

Plumb, A. 1985: On the Three-Dimensional Propagation of Stationary Waves,
JAS. 42, 217-229.

RAHPIZASGNEER 77 %5 ) =IOV THEHNRE 2R IARPAluxDEHZi A 5,

fl e
« BEALIF AR R & U, BESLIZRIBAL S o7 el 5 AU HE S
» BESL AR R R A AE T 5

BIRD T #
* QG E-P flux D &EESHIC LT 3 XIuREZ1T).
BTS2 —IRICFHE LTS 2 g L.



OG dynamics (in Boussinesq fluid)

d d
u= _ , vV _W , (5.1 . Y geostrophic stream function
dy ox
oY : :
foa— =-r, (5.2) . Hydrostatic equation
74
Iy Iy (L
=f+Py+—F+—+— —1, (5.3) : OG potential vortici
Qfoﬁyaxzayza(]va (53) : G p ty
oq 99  Jq , . : :
E+ua—+v5=s , (54) : OG potential vorticity equation, s: non —conservative term
X

Basic state
Zonal flow

M(y, z)

ay
QG potential vorticity

Z‘P ERY S\ 1}
001 = fy+ By + % +i(f—°a—)

U(y’ Z)=_

c?yz dz\N; oz
N, =N,(2)
Perturbations
Y(x,y,2,0) =W(y,2) +ey'(x,y,2,0) + O(a@®) ,  (5.5)
dqg . dq J d\(1 2)
0, =+, 5.6) . 'x(56), |—+U—|=q"|+vqQ, =sq . (58
P P 0, =s (5.6) q' % (5.6) (aﬁ ax)(zq +v'q'Q, =sq , (5.8)
oy Ay I fF
P R A A B
ox ay®  Jdz\N; dz



QGOE-P flux, vig=V-F , (447) 2BKL

v'q

oy azw'+a%p'+i Iy oy _an+o?Bf JBX
B ok dy 9z

2 2 2 +—==V-B"
ox | ox dy”  dz\ Ny oz

DX VIDEIHIZRZ ML B &K T 5.

1 (&w')z_ au foz(&w')z E-P flux
2 ox 0,)_)7 Ng 0z V’Z _E —uy'

BF = Y oy = —u : (5.9) F = _LOZ\;
dx dy fo N,
fo v oy N
N; ox oz

where

E-P flux & 13587 0 ‘FHEE IR T >Tuikw, E-P fluxicx)®arzZ iz e



Since ,2), (5.8) is written asfllows;
Q00 5:8) s The linearized QG PV equation

/2

7, d\1gqg r Sq 9 9
—+U—| = +V-B" =—, (5.10) 9 =%
(&t dax )\ 2 0, Qy (&t T 5X)q V=S (4.49)
7, d _  Jq
—+U—|A+V-B*=C, (5.10) where q. =— .
(07t ox (5.10) % dy
12 I J 17 - !
A=|L1d c=4 S A vk A (4.50)
20, 0, or\2 q, q,
U 0A e
. A  JAU ;g+VF¥J), (4.51)
Since, U—=——=V- AU, where U=|0 o
ox ox 1q’2
0 A=—— 0OG Wave activity
0A 2 4y
—+V-B' =C, (5.11)
ot
where
B’ =B* + AU . (5.12)

GADRELPEHTH Y, BOEHBHALEICE v-B" =0 R &43,
LU, 6 FEEEZIT>TORVDT, BELONHD 2 (5D 22 MR EIA R 5.
@%ﬁ%@%?%h&ﬁﬁ?%ﬁib:@%@ﬁ%i%ﬁ,%ﬁ%ﬂ?ﬁﬁﬁ?%u
HRZ2 R IR0,

EHBALIZOWTE, ZORBIZIHT I EMNHETDH 5.



Az F =B +G & &, (5.1

JdA
ot

—+V-F =C+V-G=C, ,

(5.13)

V-G B, BELBEUENTD 250 ICDAIEMDES & 912 G Z2iEIRT 5

A suitable choise of G

y? (f(f aw'z) 2bq
ay’  dz\N. dz 0,
1| o%*
G--|-2¥ , (5.14)
41  Jxdy
f_OZO"ZT,U'Z
N dxdz
where
b
=g.
07X aw, 2 &21/], (Uq,2 _b,q,)
( ) _w,—2+wlq’+
ox ox 0,
1| oy oy Y
F =B +G=—| 2L 0V
2| ox dy oxdy
fo oy oy S Y
Ny dx 9z NZ' dxoz

v-Go-_L2|01|
20x\ Q,

, (5.16)

(5.15)



(5.16)IFluxICBIRHZ ZATE D, PENLERD X5 b 5%, EHEHLIZOWT
22179 &, COMTIZINEATESL I L2REITRT,

For a stationary disturbance from (5.6)

aq ob' J R ,
P + . Q, = . = g(Uq +y'Q, —b)=0 , because of U(y,z) and Q(y,z).

Uq' +y'Q, -b' =const.=0 , because for disturbances f q'dx = f Ydx = f b'dx =0.

Multiplying q'/1Q,, we get

(Ug” -vq)
O,

U

Vg + = 0. (5.17)

o\ Py

( ox ) "U"é;i‘ ., 1abq

F=l %%_ rﬂ qs—2 ox

2| dx dy dxdy ’ g 0,
foloy oy oy

Ng(ax oz _w?az)

(5.19)

F. and C, consists of disturbances and dissipation terms, respectivly.



For stationary disturbances,

0A
—+V-F =C,
ot
ox ox? ., lLaobq
1 1 ' ' 210 qs ——
A=_q_, FS=_ awmf"_ ,&1‘[} , and CS= 2 ox
20, 2| dx dy dxdy 0,
Jo(ow v _ oy
N2\ ox oz oxoz

We consider the WKB limt of almost steady weakly dissipating, slowly varying QG waves,

PY(x,y,2.0) = W(x,y,2,0)sin x(x,7,2) , (5.20)
X: phase function, and the local wavenumbers are defined as follows;
0 0 0
K LK LK (5.21)
ox dy 0z
1-&7/},2 (921/), 1A2 2 2 2 s 2 12A2
F =—||—]| —-yv'—5|==-W|k"cos” ¥+ k" sin =—k'W
& 2_(ax) Vo |52 [ cos” s+ & sin’ 2
oy oy o] 1
F, == VoYY =— [klcos X + klsin X]——kl‘l’2
Y2 ox dy oxdy | 2
1L fllow oy | 14
SZ=—f—°2 W 2V = — 2[kmcos ¥ + kmsin® X]——kmfo P2
2N, | ox oz oxoz| 2 2 N;
k2
F =14 : (5.22)
3§ 2 f2
km—O2
NO




The group velocity of QG waves,

P 2q, ¢, =% 24, o =22 2lomd, fo (4.56)
x = = ) 2 s = = ; 2 0 Cee T = ) 2 a2 0 :
§ 07k (kZ + lZ +f%g m2) & &l (k2 + lZ +f0 Ng mZ) & 07m (k2 + lZ +f%g m2) NO
in the present stationary case,
2k* 2kl 2km o
Cop = % T, Cp = _sz T, C, = ?y 5 f02 . (5.53)
(k2+lz+f0 Ngmz) (k2+lz+f° Nng) (k2+lz+f0 Nozmz) Ny
2 2 5 2
20 ) 1~ ) 1(k2+l2+%2m2) .
c, = Y |k (554) and F, = E‘Pz ko= " o 0 We, . (5.55)
2, 12, 2 2
[ 2 ) o s y
0 0

F, is parallel to c,, but F = Ac,. Note that A= is phase —dependent in the WKB limit.

D | —

q_,z
9,
0A

0A
—+V-F =C, =—+V-(Ac)).
ot ot ¢

Is it possible to find a wave activity which satisfies,

%+V-FS=CS, and ¥, =Ac, ?



E

u-c

At the WKB limit, =A ,(4.59) in the present steady case c =0,

SR s

Assl(A+£), (5.56)
2\" U

J(E JA, OJA
and for stationary waves g( )=O, thus &S =—,

1(A+5)=111n("‘2‘12‘%’"2)2 LK+ 0s f/zm) :

=— sin” y +— cos
2\ )T g 0, % X
For stationary waves w =0, from the dispersion relation
1 (k2 +0°+ f%z mZ)
O=kii-———— (455 = —
k*+1 +f%2m U 0,
2
K+ P+ m A +12+7/ m 1 . K1+, m?
AS=—‘P ( / ) s1nzx+ g2 ( / ) cos’ y = — W’ ( AO ) .
4 Q, 4 4 0,
) 2 kZ k2
212, fi 2
1\ + D+ .m 2 1~
Ascg=Z‘IJ2( QA ) < I L =51112 ko |=F,
2 . 12, /i 2 '
’ (k +h+ N(?m) kmf—o2 kmf—o2
NO NO
0A 0A
s+ V-F = %5 (5.57)
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FIG. 3. Time-mean geopotential height field (dam) for northern winter as determined
by the data set analyzed in Section 7
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5.2 PR firh D e B HE R aBE SLo 3 Kooisik

5.1 TR DR 7 7 % % Y — D 3 FOLlsHE IOV TPlumb(1985) 12 ¢
Wt L7223, C Ofli TRINEPFEA I N 3EAL T OIEH QGEERLD 3 KILHaRRIC
DWTHEN T 5.

Plumb (1986): Three-Dimensional Propagation of Transient Quasi-Geostrophic
Eddies and Its Relationship with the Eddy Forcing of the Time-Mean Flow,
JAS, 43, 1657-1678.

2 THHMDOBBULD 7= DIZ T F A 7B Z V5,
KAHIZAGNBIEER 7 7 %5 Y — I 2 TEA R R P flux DY,
PRGN O EDORBIE 2 A S,

fie e

» BEALIFHEHLA R & U, BESLIZRIBAL S 7 el el v R RS HE S
 BESLIXINFIPERE S 7R u= @, V) PISAHET 5.



Definition of the time —mean

1 pr
a(x.y.2)=— [ atey.zndr . (5.58)
Definition of the disturbance
a(x,y,z,t) =a(x,y,z,t) —a(x,y,z) . (5.59)

QG potential vorticity

Iy dy 4 fP Y
g=fo+Py+—+—F+—|—5——|, (5.60)

ox>  ay’  dz\N;(z) oz
QG potential vorticity equation
0 0 0
“ + u—q +v—q =5, (5.61) s: non - conservative term
ot ox  dy

Linearlized form

aq _oq _dq aq oq
q+ﬁ q+\7 q+u—q+v el =g, (5.61)
ot ox oy ox oy
or
aq _oq _dq %
?iad 54 +u-V,g=ys . (5.61y VH=(—
ot 0x ady 0xX
0w , b0 , ,=_f0(9_w

ay ox Jz



Form (5.61) or (5.61) ,

0 ) Jd\1— 17 Jq

Ll v (‘q’2)+u'q'—q+v'q'—"=s'q' RNER )
ot ox  dy)\2 ox dy

or

Jd _od _0d —\) — _

—+Uu—+v—|=q¢’ |+uq-V,g=5q . 5.62)
(at Yo Vay)(zq ) TV =54 62

=V-Bf

Plumb(1985) v =

' 02¢/+a21p/+ A f5 o\ _ 9BE +&Bf +an
ox | ox® oyt aZ\N2az )|  ox oy &

o | o vy [ £ oy JB. JB. OB
uq =— 1/){ w+ 1/)+_(f_o_¢)} = =

- + +—==(V-B) , (5.63
ay | ox*>  ay*  dzZ\N; oz ox dy oz (V'B), . 63
oy | oy vy 9 f] oy oB,, JB, JB
vg = NV N, f_oz_l/) =S4+ 24 —E-(V:B) ., (564)
ox | ox dy” Jdz\ Ny dz ox dy 74 Y
&5 B2ERT S,
> -
Y E_(aw') o oy oy R
ax dy dy Ng &y oz u'v E-u —N—gur
' 2 i ’ 2 ! l R N
B= ((91/)) _E 0’)1/) 5’1/} f02 071/} dw — V’Z—E —uv' _f_Ozvlrl , (565)
ox dy ox Ny ox dz N,
0 0 0 0 0 0

ZYIRER L,



ZOBZHLT(.62)2EKT L

Jd _d _d\l1— B)(V 7) = 7o

E-P flux % Plumb(1986)D8i&ici, (5.66)Z{R{E DN, (4.50), 5.10)IcE B TE7-
DS, FEARGDINHPEEY T, WHRE & OEILRY H 254121, (5.66)ZR{FHIDIEIC
BEETE R\, E-P flux  Plumb(1986)DEIIE, LA X5 102 Wi HE ot Fpd: 2

Fi2720, SREEMDAEL 7=,

ZE ] DNGERTFAPE « FHE RO (e B AR
CCTHRELTOVSEERTIE, JEALORIED 7 OWMHENFIMEDTIAEL 2\,

U2 LSRG DS EELEG I U TR T - < D& L 5 LTWAEAEIIE, ERIC
CROAHIDVEDP NS (BELIZEYVE) |

Bretherton and Garrett, 1969: Waves in inhomogeneous moving media.
Proc. Roy. Soc. A. 302, 529-554.

i(é)w- (cg g) =0, (5.67)
o\ w w

E - . . . )
where —, E, w, ¢, are wave action density, energy density,
W 8

the intrinsic freaquency, and the group velocity, respectively.



CZTHRELTWBRTWKB GGG Z2%Z 5.

(5.66) can be written,

1 (0 7, d\1— 'q
A (9,50 ;9 (—q’2)+n' (v-B)=29 (5.68)
‘VHq‘ ot ox dy \ 2 ‘VHq
where
V. o
-l (5.69)
‘VHQ‘
Assuming that the basic QG potential vorticity gradient is slowly barying, we may write,
Jd d d 1 'q’
LAy AN Ra v’ +V-(n-B) = 1 (5.68)
o ax v )\2[V,gl |V,
Jd d Jd
—+Uu—+v—[M+V-M, =5, , (5.70)
ot dx  dy
where
— nB, +nB,
M1 s =59 d M, =nB=|nB +nB (5.71)
= , dn = ’ =1 = x7x : :
2 ‘qu M ‘qu R y y 7y




(6. 70)FIEAL IR TIEM T E 255101, MIIEHICEBITE 5,

Approximately conservative basic state, u- 'V ,q =0.

n=(-v, u)/u| , if the mean flow is psudoeastward,

ﬁ(\ﬁ - E) -vu'v'

M, =L o(w? ~E)-uuv| | (5.72)
TIS

—02(\7 ur' — ﬁv’r’)

N,
Utilizing V-u =0, (5.70) may be written (5.73), (5.74) XML Z Dflux MTGC k2
where
M, =M, +uM. (5.74)

Under the WKB limit,
M, =c M . (5.75)

From (5.74) and (5.75), M, =M, -uM =(c, -u)M =¢ M.

where ¢, =c, —U : intrinsic group velocity.



LR U = (i, V) thoPlanetary wave

Linearlized QG equation

G 5% ™™ g (56ly
ot 0x oy ox oy

' ' 2000 2000
M’=_(9w ’ V,=&wa q’=0’)l/;+é)l/;+ fO dw ’ (560),

dy ox ox®  dy N,(2) oz
> J % o J
fo w llzj fO w f ﬁy _ _+ fO w , (5.60)l’
07y N (z) oz o7y dx  dz\ N (2) dz

We assume followmg WKB solution,
Y'(x,y,z,t) = lij(x,y,z,t) sin x(x,y,z,t). (5.76) lil()c,y,z,t) . slowly varying

Jd d d Jd
X _ X _q X m, and X _ —w ; locally difined wavenumbers and requency
ox ay oz ot
Dispersion relation
kg, - lg 2
a)=kﬁ+l\7—%, where K2=k2+12+%m2, (5.77)

0

and

(z) 0z

_5 aza v fo di) _  Ju +(92v fe
dy’ axay o\ N Y dxdy  ox’ N2(z) dz)



Group velocity

Jow Jw Jw
€ = oo Cor S =50 I o
_ P
¢ =T~y 2f—o
_q, kq, - 1q,
ch=v+K2+21 — (5.78)
> kg, - Ig
¢, =2m f02 % ; ek
N K
IRV NG k£ (5.72), (5.74), 5.78) & b
2 ‘VHQ‘ 2 \@2 +q,

Under the WKB limit,
M, =¢c,M .

ZPRBICRTIENTE S,

(5.75)



QGEHLASIN P 55 1 B SRR O 48

- QGELOIGEHIENuXxZ R T A I EMTE -,
- ZOiEENEluxZ T, QGEELDIHEPEFIGIC T TR 2 KBTS 2 L Z2ilA S

733 A 78T D50 iR

3P, e _ -
el (0,77 +0,®5,) = -p, 7k - V-(p,vV) . (2.17)
Ty (FV) -=N*w = -V (V’r’) : (2.20)
ot
ap,, u'u N ap,, u'v N ap,, u'w
0x dy 0z
a 134/ 0’) Nyt 0’) Ay
_V- (pmv’v’)=— P VU OPuVV. 0PV W
ox dy oz
a 14,4/ Iyy! I 4y!
0, W N ap, w'v N ap, w'w
ox dy 774

Rva (V’r’) _ u'r +0”vr N ow'r
ox dy oz

vz, SR TOQGEY; - LS ICE/ T 5



ou _du _du oD (duu  Juv'
+U—+V—— fy=-— — + ,
ot ox dy 0xX 0x dy
v v dad  [ovu vy
Y A A SR fib AR | (5.76)
ot ox  dy Jy ox dy
o _OF I our  ov'r
—r+u—r+v—r—Nw J - ur+ ad ,
ot 0x 0x oy

where J denotes external heating rate, and the hydrostatic approximation is assumed.

N ZTEM AR IZii-> T, Residual circulationfd DZEH L TLEIET 5

. 105 ofur
U =u+——+—|—|
fady Jdz\ N;
. 1S o(vr
TR S R (5.77)
f ox  Jz\ N,
« _ odlur J (v
=W 2 PR VAL
ox \ N, ay \ Ny
where



—
N | —
—_
Sl
o
2|
+
SRS
~——
—_—
+
S
4 5
SR
—
2>
o
<
3|
N~

v 91— — | 4
LN B b | WA I e 1 (5.78)
07_)1 2 No < NO
u'v' 0
+ e +— Lozv,rl s
dy  9z\Nj
) o
+r_2 S L"Zu’r’ ,
N, dz\ N,
Jo
~Ly'r
NO
)
+r_2 _L‘)zu’r’ . (5.79)
N, N,
0




7YY NVFE 3XIEQG flux & DBR

- (= — )
! 2 _f_O 1ot uv’ —(v? —u?+ L0
u'v E-u g u'r 2( Ng) Ng
—  _ S )
B=(Vv'-E -uv —%v’r’ -1 RN . —uv' —f—OZ\Tr’ , (5.65)
0 2 N, N,
0 0 0 0 0 0
) _
w?—v*+ r_2 uv' Lozv’r’
2 Nj Nj
)
F-- o %(V,z - ]rvz) _ % | (5.79)
0 0
0 0 0
F XX F xy F Xz Byx B yy Byz
F=|F " Fy . Fyz = —Bxx —Bxy —sz . (5.80)
0 0 0 0 0 0

(V-F), =(V-B) , (V-F) =—(V-B)_ . (5.81)



o |9y Sy I [ oy dB._ JB., OB
e ) LA 1/;+_f_02_w P T Pe _(v.B) | (5.63)
ay | ox ay”  Jz\ N, dz ox ay oz *
o |y vy I f] B, 0B, OB
vg = NIV W IS WL P P P _(vB) , (5.64)
ox | ax®  ay’  dz\N. oz ox dy Iz y
zZHMIHd 5 &(5.78)1F
di _du _du . 0
—+U—+V—=—fy =——+V(q ,
ot 0x oy 0x
N v . 0D
—+U—+V—+fu =-———-uq, (5.82)
ot ox ay dy
@ma—rw@—N(ﬁw%J.
ot ox

From (574) and (5.75), M, =M, M =(c, - )M =& M,

where ¢, =c, —U : intrinsic group velocity.

n=‘§H; . (5.69)
H

nB_+ nyByx
M,=nB= anxy + nyByy . (571
nB.  + nyByZ



F & QG E-P flux D%

1[— — 2 _
—|u? -v*+ r_2 u'v’' Lozv’r’
2 N, N,
11— — 2
F=- v/ _ V/Z u/2 + r : _ f02 u'r'
2 N, N,
0 0 0
QG E-P flux:
=—uv', L‘gv_r) (4.40)
NO

(5.79)

FIZQG E-P flux @ 3 RyuhiikiZ e >TW5B 2 D355,
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geopotential height
a: 850hPa
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c: 250hPa
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Plumb(1986)
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FIG. 1. Time-averaged structure of the Northern Hemisphere winter flow. Mean geopotential héight (dam) at (a) 850 mb,
(b) 500 mb and (c) 250 mb; (d) Mean quasi-geostrophic potential vorticity (107 s™!) at 250 mb.
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Slowly varying assumption Dt

1 1— sq
— i+ﬁi+vi(—q )+n- (V-B) = sq_ ; (5.68)
‘VHq ot ox ady \2 ‘VHq
J _d _
(—+u—+v—)M+V M, =S, (5.70)
o dx  dy

n(V-B) and V-M, DML Plumb(1986)



FIG. 3. Radiative eddy activity flux My for the BP eddies. Horizontal projections at (a) 500
and (b) 250 mb. Arrows: horizontal component. Note that the horizontal fluxes are mapped onto
the polar stereographic projection accotding to Eq. (3.3). Scale on lower right is correct for M;
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FIG. 7. Total eddy activity flux M for the BP eddies. Otherwise as Fig. 2,
with contour intervals: (a) A = 0.0139 m?s72, (b) A = 0.00357 m?s™2."
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5.3 b o JEE B Hed i m B EL O 3 Koo sh
Phase-Independent Wave-Activity Flux® gk

5.2 T FErRbh D 79 %4 V) =D 3 XetsE 22V TPlumb(1986)1C
PENH L7z, Z 2ClE, BEhiBEELD 2 XROEDEFREIT IXIRHEPEIIC K O fifi L 7.

Z DI TIFEAG T OIEEH QGESLD 3 KtaiEiz>nT, IHEPFEZHEE Ly
Wave-activity flux (Takaya and Nakamura, 200122\ i3 5.

Takaya and Nakamura (2001): A Formulation of a Phase-Independent
Wave-Activity Flux for Stationary and Migratory Quasigeostrophic Eddies
on a Zonally Varying Basic Flow, JAS, 58, 608-627.

SHDEHULD 7= DIZ 7> 2 A 7 ElZ v 5.
Takaya and Nakamura TR ROERR R INTVREY, 2 TREHYLD -1
Plumb (1985, 1986)D#5HZZ M L 22435, Phase-Independent Wave-Activity Flux

DERLIT O OTHHT 5,

i
« EELIHEHD RN & L, BESLIZEYBAL S 37 HEH IR 07 5 PR aRIc e S .
- BEELIZ AP G NICEIL T B HEAY U=w,v) WIZHET 5.
« AL U= V) IXIEEORITH 5.

Qy U Qx V
(583)  or m=ﬁ| and mhﬁﬂ’
azw azlp d( fy M
o Tt e Ni(z) oz )

III

U (v,0)=0

where Q(x,y,z) = f,+ Py + (5.84)



Plumb (1986) Dk HL

il v L mevm, =5 : (5.70)
0’)}} R M

v(? _ E) _wuv| (5.72)

Utilizing V-u =0, (5.70) may be written

oM
;+V‘ MT=SM R (573)

where
M, =M, +uM. (5.74)

EadksaE, JE—RRAREEY GERGERR) HhoQGEELD 2 RDIHDIK R
WL DEdihINTn 5,

L2 L, QGEfLdsstatioanry Zig&icid, RHPEMNIC X D ERO 285 2 &1
TZE 7%\, Plumb (1985) It #EaiLOMHZIHEAT 5 Z L d3nlig.



Plumb (1985)

1( E
AS=—(A+E), (5.56)

2
1q°
A= -4
20,
Jd(E JA. OJA
and for stationary waves —(—) =0, thus — =—.
ot\U ot ot

w’(x7y7z’t) = li‘(-x’y’Z’l‘)Sil’l}(()@y’Z’t)’
where ‘i’(x,y,z,t): slowly varying function,
sin x(x,y,z,t): locally sinasoidal WKB soliution.

For stationary waves w =0, from the dispersion relation

1 (k2 +1° +f°2N02m2)

_ q
0l (459 - o ,
2 2 2 2 2 2
A =l(k2+lz+f%gm2) ﬁlzsinzx+l(k2+lz+f%5m2) IilzCoszx=l(k2+lz+f%3m2) .
4 0, 4 0, 4 Q,

cos’ y+sin’ y =1 ZFIH UCIBIBEELOAH 2 159 2 & 23TlRE,



I %2 & 537 1CPlumb(1986) 2 X819 %

—+U—+V5)M+V-MR=SM , (5.85)

U(v’2 - e) - Vuv'
M, =— V(u’2 - e) -Uuv'| . (5.86)
]C—();(Vu'r’ - Uv’r’)-

For the WKB solution

W(x,y,2,1) = W(x,y,2,0)sin }(x,y,2,),

le—4$in2X \APF K2Ek2+lz+f—°2m2 k=(9—X l=a—X m=07—X a)=—a—X.
2,0 ’ Niz) ° ax’ oy’ oz ot
' ' ' 1

= kWcos , V'=—fm
ox x Jo ox

=—-[Wcosy, V' =

u =-

.

= —fom‘ilcos X, and e = EKz cos’ x



U(v? —e) - Vury' U(k> - K?)+kIV
1 2 1 2 2 2 ~ 12
M, 0 V(w? -e) = Uuv' " V(% - %K?)+ kU |cos® x [¥] . (5.87)
2 2
f—OZ(Vu’r’ ~Uv'r') f—OZ(Ukm +Vim)
| 70 J | NO

Plumb (1986)TlZIFfi* 3% & b ko2t L 7=,

oM

—+V-M, =S, , (5.73)
ot

where

M, =M, +uM. (5.74)

Il 2 LS a5 &I

U(k> = K?)+KkIV

W, M, Eﬁ V(P = 5K?)+ KU |cos’ x [¥, (587

_1 K
2[v,9

sin” x

2
]{[—O(Ukm +Vim)

2

‘f“% b, ) 0
M, =M, +UM T, FluxZ87 52 L IXTEHV, MO HEAEIKS.

cos’ x+sin’ y =1 ZAIITE 2N BE, MzEé MIZMMNZARKEZEAT 5,



At the WKB limit of zonal mean case,

= 12
Bl (4.59)’
u-c 2q,
Zh% EPlumb(1985)25#% L LT

Fe_¢ _¢_ 1 O=w-kU=1V,

U-C, 9% -C,
where C, and k' are the phase velocity and the wavenumber in the time —mean

basic flow direction, respectively.
ZBANT 5,
e
Takaya and Nakamura (2001)I2f€v>, QG-potential vorticity eq. X Ul-C,
ED TR Z2E L T EBARDR D i TH S0, HHICRSDT, 22T
MR GEICK Y, BT 5,

(5.85), (5.86), (5.87) £ b

% +V- (M, +C,M)+V-[(U-C,)M]=S5,. (5.88)
where
U vV : S :
C, =(Cpﬂ’ C, ﬂ) : Vector in the direction of U with the length C,.



F7-, ZhEidnnic
JE

—+V (E,+C,E)+D=5,, , (5.89)

Ziit§s E Z2RD5. 22 TDIZZOBBTIEIAETHS.

{(5.88)+(5.89)}/2 Z I LT, cos’ y+sin” y =1 A BE%RD,
AEMNCIE, ROWBOAZH5 2 L ZHIET.

~ 1 ~

_ 5(M+ E), W,==(M, +E,)
dA -
oV (W, +C,A)=5,,, . (5.90)
or
dA
—+V-W=S,,,, (5.90)
ot
where
W=W, +C,A, (5.91)
W =C,A, (5.92)

and S,,, denotes dissipation terms.



For the WKB solution
W'(X’Y’ZJ) = li’(x’y’z’t) SinX(x,y,ZJ),

U(v’2 —e) -Vu'v' U(ll);z —6) + Vi, ( - %Kz) +klV
M, :ﬁ V(w? -e) - Uuv =ﬁ V(w,? -e)+ Uy, =|—[1]| V(12 = AK?)+ KU |cos® x [ . (5.87)

f2 144! 140! f2

_]\%(VL” —Uvr)- -fo (Vl/)l/) +U1p1p) | N—%(Ukm+Vlm) |
%/nn L ER% }\AQODJ: ? ﬁ%%‘g—%.

| eU - Uy, —Vyy, KKU k*U + klV
A2
E, i eV ~Uyy, ~Vy'y, |- | | KKV |cos® x M |U| P KU+PV [sin’ x ¥ (5.93)
0 JO_
]{,2 (waxﬁvwwyz) vy (Ul +Vim)
Uy, -y, )+ V(ww, -y, ) KU + kv

p—

WR=%(MR+ER)=2— Ulw, ~yy, )+ V() -y, “ 30 KU+ PV i (5.94)

f—g[U(w'w' g+ V(v -y )|
eV ; 8| N2




(5.89) DD IFIEHGRINWKBFD L 12 (5.8 KA E 42D L) ITkD 5,

JE .
— Vv (E,+C,E)+D =0, (5.89)

For the WKB solution

W(x,y,2.0) = W(x,y,2,0)8in x(x,y,2,0),
ox ox o
==k, ==I1, ==m, and = =-w ; locally difined wavenumbers and requency

ox dy 0z

Dispersion relation

kQ, -1 2

wakU+1v &l e kK ekt S 577y
0
and
Q_ﬁ_aZUJrazv _d( fe U __ QU FV I fg v
y ay*  axdy Jd\NX(z) oz ) T oxdy ox*  9z\Ni(z) 9z )

Rotating the coordinate to the x' direction along U,
the dispersion relation can be expressed as follows:

o KIV,0 w v,0 ,
w=k|U|—K—’;, (5.95) or C, =?=|U|— 152 : (5.95)
because of

0, 0
U (V,0) =0, (583 or —y=7 and —X=-y .
(V.0) v,d =/ 9,0

= e ~l K4 ) A2
E = |U|—CP -5 ‘VHQ‘ cos” x “P‘ , (5.96)




and

~

JE _ oK*
at  |V,0

i (5.97)

COS xsin

A2
+D =0.

4 2 4
{ ok K — (kU +1V) - (kU+ V) K }cosxsinx
v, vl .9

Thus, for the WKB solustion,

4 2 4
D= {‘g’KQ‘ f ‘(kU+lV) ‘%‘ (kU +1V) ‘K ‘}cosxsinx . (598
H H

1% 1% 1%
g ax dy

where
1 g

—— L and S
2v,g > o

Plumb(1986) DI 2 ML 6 7\ Bty
U(v’2 - e) - Vu'v'
M, =—|V(u” —e)-Uuv'| . (5.86)
]{]2 (Vu'r' = Uv'r')

0




Utilizing V- U =0, (5.85) may be written as follows:

0 Jd 0 oM
(—+U—+V—)M+V- M, =—"+V. (M, +UM) =

ot ox
% V- (M, +C M)+ V- {(U-C, )M} =5, . (5.99)

For the WKB solution
w,(xay’ZJ) = ®(x>yaz’t) SinX(X,y,Z,f),

4 2
=1K—sin2){ ‘i'f, K25k2+12+]:—°m2, k= Ky X
\e N; (@) A R
and
C, | K (kU +1V) 2
V-i((U-C, )M} =11--2 cos ysin y || . (5.100)
Ho-Cw] { \U\} V.0 X
For the WKB solution, from (5.98) and (5.100) we get
wK* K*? C K* ~ 2
D+V-{(U-C, )M} =—-—=+—(kU+1V)=L(kU + IV )—— {cos xsin x
-} e m - g s Mg K
C, |K* (kU +1V) Y
+q1 - Ccos x'sin
{ IUI} V.0 v

4

+ (kU + zv)} VK oS xsinx . (s.100)

e

kU +1V |V ,0
=3 -0 —
o K



Dispersion relation can be expressed as follows:

kQ -1
(1)=kU+lV—Qy—2Qx. (577)’
K
Because of
o 0
U- (V,0)=0, (583)  or —y=y and —X=-y ,
(V0 V.0~ /M g
\Y ~1 \Y
_w_kU+lv\ o) L 2Qx_kU+lV\ HZQ\
U K’ K U K

V.0l kQ, -10, kU +1V \VHQ\ KU+IV |
S I e o L7 RS/ v 2

Thus,
D+V- {(U — CU)M } =0, for the non - dissipative WKB solution.



—+V-(E, +C,E)+D =0, (5.89)

we get

dA -

oV (W, +C,A)=5,, , (5.102)

or

dA

—+V-W=S,., (5.103)

ot

where

A=t M+E), W, El(MR +E,)
2 2

W=W,+C,A. (5.104)

V- (M, +CyM)+ V- {(U-C, )M} =5,

(5.101)

(5.99)



WKBI G &IIE W=CA, (592 &%5%C LDl

| | kK*U + kIV
W, EE(MR+ER)=M kKIU + IV
]]:/0 (Ukm + Vim)

L~ 70

i (5.94)

Xy,

_ .
kU+le+C U‘V Q‘

H

W=W,+C A= KU+ IV +C,V —— K ki!f. (5.105)

R o V.0

fo _(Ukm + Vim)

NO

22T, g (5.77) ERERE (5.78)Z M LT



Dispersion relation

kQ, -1 2
W =kU+lvV—Qy—2Qx, where K’ =k2+12+f—°2m2, (5.77y
K 0
ZOrigBitR 3C TRBIT S L,
#Q
¢, -u- 02,
Group velocity
C —(C..C..C )=(&a)’ &w’ &a))
¢ hTe e Tel gk dl T om
: O 10
U—I%z +2k QyK4 2
k —
C, - V+%ﬁQlef@ : (5.78)
¢ K K
f02 ka -0,
N, K!
COREREZ, JriBaeR & HEARY S N7z 75
U (V,0) =0, (583)  or —QL—=SV’cmd —QL—=—ﬁ/
U v,o /U v,o /U

kb, BlET5LE



2K°0,  2kiQ, |

o ., ko -io] |U
A I [T S S
kQ. - 10, 1% 2klQ, 21°
| ve i Qy4Q I LAVCI 4Qy_ 9
K* K U’ K K
2m f02 e _4le 2m fo KO, ~ 10,
Ny K N; K*
- ,0 kKU + klV
~ A2 ~
CA=——{c, + = KU+PV  |[t=C,A+
’ 2‘VHQ‘ K |U| f2
20 (kmU + ImV)
-NO 4]

=C, +

2]

0l k*U +klV
—— = KU+PV (5.106)
KU | f2
28 (kmU + ImV)
N; |
k*U + klV
~ |2 ~ 1
RU+PV | =CyA+ (Mg +E,) = W.
f—o2(kmU+ ImV)
N

770

C DOBfRIE, Plumb(1985): sédiik (BHDEIE=0) , FEALHIZHPGHO A

kZ
Ko |=F,
Jo
N,

km

D, PRIZZ->TW» 5,



L7, Plumb(1986): JEEHE, FEAL IZHPHLE L QLT

%+V M, =S, , (5.73)
ot

where

M, =M, +uM. (5.74)
Under the WKB limit,

M, =¢c,M . (5.75)

COLHEICE, KRPECX D, BEBIOMHIEZHAL TR,
UKD, RERICRBEBONMIZIES T, EARDADHEG T HIELEL>T0R3,

Takaya and Nakamura (2001)TlZ, IKRPFEZELS o TR AEEDB G 5.

Takaya and Nakamura®$&r12 b, IKHPEFEZHLS 20IETPlumb(1986)D X 9 IS
3 RIuik 2G5 (Residual arculatmn)”&%aﬁ@‘ HILEWTES,

¥7:, (5.94) THZONAuxDFHDOYBIEKRD FEfiiINTn s

Z Z T3, %neuomfmnf&mmf,A%%aﬁﬁﬁ%%%%bfﬂbm



70y ¥ 7Hoflux  Takaya and Nakamura (2001)

FiG. 3. Climatological-mean 250-hPa height (m) in winter (mid-
Nov-mid-Mar) for 1965-92. Contour interval is 100. Heavy lines
indicate 10 000 and 10 500. The closed circle corresponds to the
composited blocking center at (54°N, 100°E).

Time mean (1965-1992)
geopotential height



Baroclinic wave packet!Zff9 flux  Takaya and Nakamura (2001)

FIG. 5. Basic state for migratory disturbances, as defined by 8-day
low-pass-filtered 300-hPa height field at 0000 UTC on 20 Nov 1983.
Contour interval is 100 m. Heavy lines denote 8500, 9000, and 9500
m. Regions where [U| — C, < 2.0 m s~' are shaded.

20 Nov. 1983 1200UTC

. Nov. 20
8-day low-pass-filtered

300hPa geopotential height

Wh and Wp

FIG. 6. Time sequence of (left column) 8-day high-pass-filtered 300-hPa height (Z’), superimposed on the horizontal component of W
with arrows, (middle column) horizontal component of W with arrows and its divergence/convergence with contours, and (right column)
horizontal component of W with arrows superimposed on the vertical component of 600 hPa with contours. The sequence begins at 1200
UTC on 19 Nov 1983 with 12-h intervals (from top to bottom). Here Z’ is contoured for every 100 m from 50 m and dashed for negative
values, and V,, - W is contoured for every 8.0 X 10~* m s~2. Light shading with solid lines and heavy shading with dashed lines denote the
divergence and convergence, respectively. The vertical component of W is contoured for every 5.0 Pa m s~2. Solid and dashed lines indicate
where the flux is upward and downward, respectively. Scaling of W is given near the lower panel (unit: m2 s-2),



L %)L ¥ — (pseudo-energy) fR{AIZDOWT

Plumb (1986)

d _d _d\1— N —
(5 +U 5 +V 5)(5@2) + (V- B)- (VHq) =5q . (5.66)
Bretherton and Garrett (1969)

In case of slowly varying media or in case of slowly varying wave traines,

i(i)w- (cg 5) —0,  (567)

ot\w w
E - -« ) . .
where 5 , E, o, ¢, are wave action density, energy density,

the intrinsic freaquency, and the group velocity, respectively.

Slowly varying media or wave train Z{x U<, JERIRSAH]

A
A V-F=0
Jt

Z, U7, HBED 2\ 3G E IR AT,

BET 7L ¥ — (pseudo-energy) iz oWV TIE, JEABIAZERINIC RT3 2 < T bR
2O THRAANIZ L S EHTE 2,



QG wavelZ D\ T
Plumb, 1985: An Alternative form of Andrews’ conservation law for quasi-

geostrophic waves on a steady, nonuniform flow, JAS, 42, 298-300.
Z Dii X Dreferencel B 25 L Wi X[ HI N Tw 5,

BX 2L ¥—{## Plumb(1985)

o€
5+V'ET=SE
1V, y- V.0 —
€=ple+= L4 _qu’z
2 |v,0|

where e denotes energy of QG - disturbance.

i, )N F—7» wave-mean flow interaction theory IZ¥5; L7220 ?

E3zx, Y V—EHIH LTAE CHa8iDgradient L EATORD) |
VGO FILF — I3 A L —EHITN UTAE T 2R\,



