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1.1 8:9<;>=@? β 9>ACB�DFEHGJI>K>LMDFNHO
PRQ S�TVU�WYX[ZY\Y]

β ^`_ SbadcfedgihFjlkdmRn . o�p�q�rfsdtvuxwdy S{z�|~}R�Rn :

∂u
∂t
+ u

∂u
∂x
+ v

∂u
∂y
− f v = −

1
ρ

∂p
∂x
, (1)

∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y
+ f u = −

1
ρ

∂p
∂y
, (2)

∂u
∂x
+
∂v

∂y
= 0. (3)

��� }
f = f0 + βy

}d�Rn
.
aYcVeYg�h�}R�dnx���

, u, v u gi����� ψ
j����f�

u = −
∂ψ

∂y
, v =

∂ψ

∂x�������{� n
.
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��� q�rVs�u ∂

∂x
(2) −

∂

∂y
(1)
�����>� � n

:

∂ζ

∂t
+ u

∂ζ

∂x
+ v

∂ζ

∂y
+ βv = 0. (4)

 i¡i¢�£d¤f¥`¦ oV§�¨�© Sbª�«Fj�kYm , ¬V�® j� V¡`¦ oV§�¨ � , ¯ ��° |�±³² ´ S¶µ � �·d¸¶¹Yº�»�n�ª�«�¼¶½�¾�n
.
² ´[¿�ÀdSlÁf��j

ε(¿ 1)
�VÂ �

,

order : 1 ε ε2 · · ·

u = u(y) +u′ +u(2) + · · ·

v = +v′ +v(2) + · · ·

ψ = ψ +ψ′ +ψ(2) + · · ·

ζ = ζ(y) +ζ′ +ζ(2) + · · · .

(5)

��� }xÃYÄÅSlÆVÇ u�¯ ��Èx� , ÉVÊ S ¬VY® a
¼[Ëd�V�

O(a′) = ε, O(an) = εn
j � � » �

»`n
.

� � ��j ��� q�rfs (4)
¼lÌ�Í Â

O(ε)
jÏÎ�|ÏÐÑ» � � }

,
�VÒdº �{� T ��� q�rVs`Ó ���� n

:

∂ζ′

∂t
+ u

∂ζ′

∂x
+ βev

′ = 0. (6)

��� }
βe u

βe ≡ β −
∂2u
∂y2 (7)

�iÂ T
. βe Ó y

¼ Â �ÑÔiÕ Â ¦i�lÖ�¼l× Ê ��� Tf� .

1.2 Rossby Ø.D�ÙÛÚ7Ü�Ý
ªY«ÅSlÞ �VÂ �ÑX ^�ß Þ�j�à� R»`n . ψ0

já V� �iÂ �
,

ψ′ = ψ0 exp{i(kx + ly − ωt)} (8)

j��fÒdº Â T �i� qirVs (6)
¼¶Ì�ÍR»`n

:

−iωζ′ + ikuζ′ + βe
∂ψ′

∂x
= 0

−iω{−(k2 + l2)ψ′} + iku{−(k2 + l2)ψ′} + βeikψ′ = 0, (9)
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��� }Ñg��Å�{� � �i� S¶ Vâ ° |
ζ′ = ∇2ψ′ = −(k2 + l2)ψ′

}R�dn � � j{� �dT
. (9)

j
ω
¼ÑËd�f�ÑÞ@ã � � }

, Rossby ß S¶½Veä�¶Á s`Ó �>� � n :

ω = ku −
βek

k2 + l2
. (10)

ÃiåYæ
1 ç�u¶oV§�¨ SlèigFj ,

ÃiåYæ
2 ç`ÓÑß S¶éVê�j ��Â �d�Rn .

(10)
° |ìëiíVî � u

Cx =
ω

k
= u −

βe

k2 + l2
, (11)

Cy =
ω

l
=

(

U −
βe

k2 + l2

) k
l
, (12)

ï î � u
Cgx =

∂ω

∂k
= u +

βe(k2 − l2)
k2 + l2

, (13)

Cgy =
∂ω

∂l
=

2βekl
k2 + l2

(14)

� ¦ n
*1. βe > 0

S ¨dð ¼ u ,
ëYíiî �

Cx uloi§Y¨ S�giî u
° |�±ñ¡ä¼¶ò��

. ¯ � ¼�ó Â� ï î �
Cgx
�

u
S��¶Á u k

�
l
S¶ôYµÅ�¶Áv¼lÔiÕ�»�n

.

1.3 Ø.DFõ�öø÷ ùÅú�DÛû�üÛýÿþ���D ���

�Y� } ªY« ¨ S����
	����������j�kdm °�� .
�VÒRº Â T ��� q�rVs (6)

S��iåä¼
ζ′
j��

¾Ñ�
∂

∂t
ζ′2

2
+ u

∂

∂x
ζ′2

2
+ βev

′ζ′ = 0. (15)

(7)
° |

βe u y
¼iS�� ÔiÕ�»�nVSÑ}

,
�Vå�j

βe
}����l� ��½vS © ¼lÍ � n �

∂

∂t
ζ′2

2βe
+ u

∂

∂x
ζ′2

2βe
+ v′ζ′ = 0. (16)

*1 !#"%$'&)(+*',.-0/%1 F 2 F ≡ CgA 3547698;:#< . =)> 3@?)>BAB2 , CED)F7GIHKJML.A "B*7,#-N/N1.ONPQ < " A Cgy ( 3 Cgz) RMSITU8;:VJ7W .
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� S s S¶¢�£YX�X�jñÎFn . ÉVÊ S ¬V�® a
Sb¢Y£�X�Xÿj

[a]
} ��� » � »�n

:

[a] ≡
1
x0

∫ x0

0
a dx. (17)

ZR\�]
β ^ � u �dm ,

± � ± ��Y ^ j k�m�T���Sf}VXZXøj�Î�n � ]�¼I[�����ã{n ,
� »Ån

(
»R¦ �]\
^Z_Z`�a jlkdmRn

).
° �l�

[u] = 0
}d�Rn � �

,

∂

∂t

[

ζ′

2βe

]

+ [v′ζ′] = 0. (18)

� ��¼
v′ζ′
¼cb�dÅS s � u′

S9e
(= 0)

jgf�h Â ¹�i�»`n �
v′ζ′ − u′

(∂u′

∂x
+
∂v′

∂y

)

= v′
(∂v′

∂x
−
∂u′

∂y

)

− u′
(∂u′

∂x
+
∂v′

∂y

)

=
∂

∂x

(1
2
v′2

)

− v′
∂u′

∂y
−
∂

∂x

(1
2

u′2
)

− u′ ∂v
′

∂y

=
∂

∂x

(

v′2 − u2

2

)

+
∂

∂y
(−u′v′)

}R�dnx� �
, jlk

[v′ζ′] =
∂

∂y
[−u′v′]. (19)

° �¶�
∂

∂t

[

ζ′

2βe

]

+
∂

∂y
[−u′v′] = 0 (20)

Ó �>� � T .
��� }

A ≡
[1
2
ζ′2

]

(21)

F ≡
(

0
−[u′v′]

)

(22)

�  fâ�»`n �
,

∂A
∂t
+ ∇·F = 0 (23)

�ñ���nm n
. A uporq�sut�v (wave activity), F uporq�s�t�vxwny{zZ|l} (wave activity

flux)
�+~��x� n

.
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1.4 Ø.DFõ�öø÷ û�üÛýÿþ��)ù������u�ÿØ.D]���<÷ ù�D��n�

[−u′v′] Ó ,
p	�� � ß S ï î � � A

S9e � ¦]�l�R��n{Ö�jg��»
.
ªd«�S�Þ �iÂ �[X ^Yß Þ

(8)
jáà�  Â �Y��nVSÑ}

,

A =
[

ζ′

2βe

]

=
(k2 + l2)ψ2

0

4βe
. (24)

� T
,

[

u′v′
]

=

[

∂ψ′

∂x
∂ψ′

∂y

]

= [kψ0 cos(· · ·) · lψ0 cos(· · ·)] =
klψ′2

2

=
2βekl

k2 + l2
·

(k2 + l2)ψ2

4βe

= Cgy[A]. (25)

° �¶�
F =

(

0
CgyA

)

(26)

}R�dn
.

1.5 Ø.DFõ�öø÷����c�u�����x��� ( ��� )

ß S��Z� � A
S[·Y¸¶¹Yº �

,
¢�£l�vS[·d¸¶¹�º � S��bÁÅ¼ÑËY�f��kYmRn

.
¢�£l�

u
S
O(ε2)S s�u

∂u(2)

∂t
+ u

∂u(2)

∂x
+ u′ ∂u′

∂x
+ u(2) ∂u

∂x
+ v′

∂u′

∂y
+ v(2) ∂u

∂y
− f v(2) = −

1
ρ0

∂p(2)

∂x
. (27)

� S s S¶¢�£YX�X�jñÎFn .
� S[·

[v(2)] =
[

∂ψ(2)

∂x

]

= 0 (28)
[

u
∂u(2)

∂x

]

=

[

∂

∂x

{

uu(2)
}

]

= 0 (29)
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}R�dnx� �
, jZ� �iÂ �

∂

∂t
[u(2)] = −

∂

∂y
[u′v′] = ∇·F = [v′ζ′] (30)

Ó �>� � n . (30)
� ß S9�Z� � S9��ÕZ� (23)

j ð �Zm náÖ`} wRy S s`Ó ��� � n :

∂

∂t
[u(2) + A] = 0 (31)

1.6 Ø.DFõ�öø÷ ù���������� (31) D{���
¢Y£Z�� iî�S s (31) u , ß S��Z� � A Ó ¡l¢ ( £   )

»`n �
,
£l� Ó  iî ( ¡ î )

»`n � � j
� ��Â �d�Rn

.

� T
, ß S��l� � ��ÕZ� (23)

� ¢Y£Z�Z Vî
(31) u , ¯ � Èx��¤�¥ ¼9��Õ�i � ¦u�¶�d�Rn :

∂[A]
∂t
+ ∇·F = 0, (32)

∂[u(2)]
∂t

− ∇·F = 0. (33)

° � � � n
y
¼�¦����

A Ó�¡�¢ (u(2) Óp£   )
Â ����nV¦ � �

, § S y
¼�¦��i�

A Óp£  
(u(2) Óp¡l¢ )

Â �d��¦<|
,
� S[·

, A
S ¡l¢�¨ � � A

S £   ¨n© � A ÓIª¬« �{� �d��n . ¯S¬�Zu® ¯9	 u F
¼ ° �¶� �Z°ø�{� �d�Rn

( ± 1)

ydA<0 
du’’>0

dA>0
du’’<0

Fy=CgyA

²
1 F ³ A ´�µ
¶�·¹¸Iº�»7¼9½�¾ ² .

y ¿9À
ÁI³ A ´EÂÄÃ
Å (u(2) ´EÆÄÇ
Å ), y ¿ÄÈÄÁ ³ A ´EÆÄÇ
Å (u(2) ´EÂÄÃ
Å ) ·7É Ê .
A ´EÆ�Ç ( ÂÄÃ ) Ë F ´VÌ+Í ( Î
Ï ) Ð�Ñ�¾#Ò¬Ó ,

² ´BÀIÒÔÓKÈ�Õ , Rossby Ö�×pØ+ÙV¼
A ³.µÄ¶�ÚEÛÄ¼9½�¾ .

� T
F = [v′ζ′] = −

∂

∂y
[u′v′].

}d�Rn � �
,

∂

∂t
[u(2)] +

∂

∂y
[u′v′] = 0
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� ¦�n
.
∂

∂y
[u′v′] u�á�â �ä¼ ° nl£��lãÔ� ®åä è�æuçnèné�êìë , í �lãÔ��î�ï�ðñ®�¯ ò äóZô

( õ�ö ) ÷uø�ù9ú ílû�üZý ( þ�ý ) ÿ����gú�� é , ���
	����� é ( � 2).

y

u’v’ u’v’

u’v’u’v’

du’’>0

du’’<0

�
2 ������� ( ��� ) � ∂

∂y
[u′v′] × Ø������ .

[u′v′]  �!�"$#&%&')(���* , [u′v′] �
�,+�-$#/.0�����,� ( du(2) > 0) 1�24365,748
( 9 ), [u′v′] �;:���-�#<.=������� ( du(2) < 0) 1>2?3�5&@,� ( A ).
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1.7 QSRUT�V : WUXZY\[ ( ]^[ ) _ [v′ζ′] `badcfe gihkjmlonqp ?

rts ù?�
uwv é �Jx)y�z ç){�| . } ç 	$� çm~/�<����ê ? �6�Z�;z$�Ôÿ��$�f��� . ���w����
, ��� ç/��� ����}k� , z��M�?��� çnèÔé .

ï?�/����ç�~ ú��w�������0��� èÔé � ç ,  ¡$¢$£/¤ �$�/��÷¦¥�§ ë �?�)� .

1.7.1 ¨)©tª&«i¬��®�¯/°
±�²�ç ¥�§ é �

∂u
∂t
+ u

∂u
∂x
+ v

∂u
∂y
+ f v = −

∂

∂x

( p
ρ0

)

,

→
∂u
∂t
− ( f + ζ)v = −

∂

∂x

{

p
ρ0
+ K

}

, K =
1
2

(u2 + v2) (34)

����ù9ú�� é . ³�´ñ÷&µ$¶m·M� { �?¸ , ¹)º�»�¼w½ ± �<¾)¿nÿ −( f + ζ)v ��À��ÂÁ=��ù�ú é .

· ê�ë ζv ÿ üZý ( þ�ý ) ÷�ÃÄÁ ( ÅZ��� ê ?).
� � , ����Æ�Ç�} ç 	�� çM~pé ·�È4� ê .

• í�É� � � : Ênÿ�Ë�Ì���dÍ�Æ�÷�ø�Í�Î�íZûZü�ý
• Ï/Ðd � � : Êm�,ÑdÒ ÿ,Ó��
Ôn÷&Ë�Õ { Íi�i�
÷uø�Í�ÎlílûZü�ý
• Öd×d � � (1):

• Öd×d � � (2): Ø/ºt �Ù�¼MÙ
Ú�º ò$Û u�viÍ��
∫ b

a
∆u dy = [y∆u]b

a +

∫ b

a
y∆ζ dy

1.7.2 ÜUª�«Â¬�Ý?Þ
ß �&à�Õ�á ïlð?â�ã9ò �&ä�å�æ : Ê�á ζ ÿ$çÔ÷wèIú4�&�����l÷ , Î�íZûZü�ýSÇ0é���Í�� .

u(2) �&êÔþ�Ç�u�v?Í ��ë ÷ � , ζ(2) �<êiì�Ç�Ê�áwí�î ² �
ï)ðå÷4�
ú�uiv , ζ(2) ñ�ò u(2) Çó 	 ~�{ Í�ô$õnÿ�ö¦÷{÷¦�iÍ . Ê ñUò ý�á � Ç ó 	 ~�{ Í ��ë ÷ � , ø�ù)ú�û�Ç
ü�ù�úw�$�
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ý �d¸)� ò ��� . øwù$ú�ûñ÷¦þ���ú �)ÿ�� ���¦	 ( øwù Û 0 � ñ ) ÿ���� { Í . ���4Ç	��
�� ÷ , } Û 	�����øÂ�)� { Í�� , �)	Z�����nÿ,�Z��Í�����ÿ���Í¦� Û�� ����ø?� ( � 3).

v’

+ - [u’v’]<0

[u’v’] -[u’v’]y= [v’ζ’]
    = du’’

du’’<0

du’’>0

�
3 ���¦����� , �� "!$#&%('*) 9�#,+,-/.�0 � .

( 1 ) 243�1
"�57648/.;5<@/9;:(<)� , [u′v′] �"=(> ( ? ) * ( @ ) AB8BC�D4E�FHGHI ( J
������� ).
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2
K L M N O P Q RTS RVU W X Y Z [ \ ]

.

^�_ Û �
, `�a�b�c�d Û/ß �<à�Õ�átÇ,uwvw� . ��� Û �(ef Ì�gM� ��ë Ç�uwv , Î�ha�iUÇj Íi�lk Ûnm�o�pq�r��?Û � ß �<à$Õ�áts�u â�ã(v Ç	w�è { Í .

2.1 β xzy|{�h*}�~����������

β a p/��� e�f�� g��n����� . �/������k��,������������
z ≡ −H ln

( P
Ps

)

(35)

��k�� , �� �¡ ��¢�£�¤�¥ ( ¦�§ , QG
¢�£�¤�¥

) ¨ª©¬«��	*®�� :

∂ug
∂t
+ ug

∂ug
∂x
+ vg

∂ug
∂y
− f (vg + va) = −

∂φ

∂x
, (36)

∂vg

∂t
+ ug

∂vg

∂x
+ vg

∂vg

∂y
+ f (ug + va) = −

∂φ

∂y
, (37)

∂θ

∂t
+ ug

∂θ

∂x
+ vg

∂θ

∂y
+ wa

∂θ0

∂z
= 0, (38)

∂ua

∂x
+
∂va

∂y
+

1
ρ0

∂

∂z
(ρ0wa) = 0. (39)

¯/¯�°
(ug, vg) ±� �¡ �/e/² , (ua, va) ±�³/ �¡ �/e/² °µ´ � , (ug, vg) À (ua, va)

°µ´ � .¶�·
,

ug = −
∂ψ

∂y
, vg =

∂ψ

∂x
, (40)

ψ ≡
φ − φ0

f0
, ψ0 = ψ0(z) (41)

θ =
H
R

f0eκz/H
∂ψ

∂z
(42)

θ0 = θ0(z), (43)
ρ0 = ρse−z/H (44)

°�´ � .
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Å�Æ ¢�£�¤ ± ∂

∂x
(37) −

∂

∂y
(36) Ç*�ÉÈ�©ËÊ�� :

∂ζg

∂t
+ ug

∂ζg

∂x
+ vg

∂ζg

∂y
+ β(vg + va) =

f
ρ0

∂

∂z
(ρ0wa). (45)

ÌÍ�Î�Ï�ÐnÑ ÅÆ
( ¦l§ , PV) ÒÓÔt± , Õ�Ö � ¤ (38) �7×�ØÙ� *2,

ÅÆ ¢�£�¤�Ú�ÛÝÜ�Þ �¯ Ú ° È�©"Ê*� :
(

∂

∂t
+ ug

∂

∂x
+ vg

∂

∂y

)

q = 0 (46)

q ≡ f0 + βy + ψxx + ψyy +
1
ρ0

∂

∂z













ρ0
f 2
0

N2

∂ψ

∂z













(47)

¦�ß/±B l¡ �à�² �,á Ü�â�ã�ä g ��å�æ â � .
¶�·

, §�çtè ã�ä x,y ,z ±néëê x ì ² , y ì²
, z ì ² �	á Üâ ¯ Ú�Úíâ � .

*2 î"ïñð¬ò¬ó¬ôíõ÷öºø	õúù (38) õúûºü4ý θ0z ≡ ∂θ0/∂z þ ÿ � , ρ0
ý���������	 þ ,

(

∂

∂t
+ ug

∂

∂x
+ vg

∂

∂y

) (

ρ0
θ

θ0z

)

+ ρ0wa = 0.

�÷õ ù�ý z þ�
��� , ��� õ���� ù
∂ug

∂z
= −

∂

∂y

∂ψ

∂z
= −

Re−κz/H

H f0

∂θ

∂y
,

∂ug

∂z
=

∂

∂x
∂ψ

∂z
=

Re−κz/H

H f0

∂θ

∂x
,

θ

θ0z
=

(HR−1 f0eκz/Hψz)
θ0z

=
f0

N2
∂ψ

∂zý�����������������	 þ ,

∂

∂z
(ρ0wa) = −

(

∂

∂t
+ ug

∂

∂x
+ vg

∂

∂y

)

∂

∂z

(

ρ0
f0

N2
∂ψ

∂z

)

.

�! 	ý!"ºø�#$ºù	õ�%ºü�&�'( � , )�* ��� .
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2.2
+ �-,/.10 243�� flux �6587

9;: Ú=<?>4@
,
Å Ö Ú�ACB�� �EDGFIHGJ��LKNM â �PO ° , PV Ò�Ó�Ô (47) �RQCSUT â � . VWNX ± x

@ZY Óz�P[N\ ÚHâ � :

order : 1 ε ε2 · · ·

q = q(y, z, t) +q′ +q(2) + · · ·

u = u(y, z, t) +u′ +u(2) + · · ·

ψ = ψ +ψ′ +ψ(2) + · · ·

(48)

QCS]T_^�Ê · PV
�=`Na$� ¤ ±

∂q′

∂t
+ u

∂q′

∂x
+
∂q
∂y
v′ = 0 (49)

Ú [�� .
¯ Ê @ q′ �n¨cb��?dNe â � Ú ,

∂

∂t
q′2

2
+ u

∂

∂x
q′2

2
+ qyv

′q′ = 0 (50)

f È�©ËÊ*� .

gµ�ihNj Æ
A �

A ≡
q′2

2qy
(51)

Úíâ � ¯ Ú ° ,
∂

∂t
A +

∂

∂x
(uA) + v′q′ = 0 (52)

f È�©ËÊ*� . ^/© @ v′q′ �,×�Ø â � Ú ,

v′q′ = v′
{

∂v′

∂x
−
∂u′

∂y
+

1
ρ0

(

ρ0
f 2
0

N2

∂ψ′

∂z

)}

=
∂

∂x

(

(v′2 − u′2)
2

)

+
∂

∂y
(−u′v′) +

ψ′
x

ρ0

∂

∂z

{

ρ0
f 2
0

N2

∂ψ′

∂z

}

=
∂

∂x

(

(v′2 − u′2)
2

)

+
∂

∂y
(−u′v′) +

{

1
ρ0

∂

∂z













ρ0
f 2
0

N2ψ
′
xψ

′
z













−
∂

∂x













1
2

f 2
0

N2ψ
′2
z













}

=
∂

∂x

{

1
2

(

v2 − u2 −
1
2

f 2

N2ψ
′2
z

)}

+
∂

∂y
(−u′v′) +

1
ρ0

∂

∂z

{

ρ
f 2

N2ψ
′
xψ

′
z

}
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=
∂

∂x

{

1
2

(

v2 − u2 −
1
2

f 2

N2ψ
′2
z

)}

+
∂

∂y
(−u′v′) +

1
ρ0

∂

∂z

{

ρ0 f0
v′θ′

θ0z

}

(53)

Ú [�� . kml � ¤ ×�Ø ° ±
N2 =

g

θ
θ0z

�Rno\ · .
¯ � ¤ ±Up;qsr�t?unØ ¤ÙÚ [svB�m\�� .

w]xUy
1 z � ψ′2

z ± , ψ′
z ∝ θ Çµ�|{]}�Ö4~N�c� Ñ��N� @��]�Ýâ �=� °Ý´ � . Ç;v�� g$� �

� Ñ��C�
e =

1
2

{

ψ′2
x + ψ

′2
y +

f 2
0

N2ψ
′2
x

}

(54)

�Rno\�� ¤ ×�Øë�P�G[_� Ú ,

1
2

(v′2 − u′2 −
f 2

N2ψ
′
z) = v

′2 −
1
2

(v′2 + u′2 +
f 2

N2ψ
′
z)

= v′2 − e (55)

Ú [�� .

¦ ��� O�¨ © g*�Zh;j Æ A
� Ò�Ó�Ô f È�©"Ê · *3:

∂

∂t
A +

1
ρ0
∇·ρ0





















v′2 − e
−u′v′

ρ0 f0(v′θ′/θ0z)





















= 0. (56)

^/© @ (56)
�

zonal mean ����� ¯ Ú ° ,

∂

∂t
[A] +

1
ρ0
∇·F = 0. (57)

¯�¯�°
F ±R�N�N�]�I� X ° �igµ�Zh;j Æ pNqGr�tZu °�´ � , � ¤ °��C� ^�Ê�� :

F ≡ ρ0





















0,
−[u′v′],

f0[v′θ′]/θ0z





















(58)

*3 A � pesudo momentum( ������ ) 	!���� �� . ���P  pesudo momentum õ¢¡£�¤�¥�¦Hý�§�¨ª©L«!¬R –®�¯°L±² «�³�´ (Eliassen–Palm flux) 	¶µ?· .
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2.3 TEM(Transform Eulerian Mean) ¸/¹»º½¼

¦l§ ° ± Transformed Eulerian Mean ( ¦l§ , TEM)
¢£�¤�¥ �E¾-¿ â � . TEM

¢�£�¤�¥�@
çU\��Ý±;\oÀÁ\oÀI[�Â�Ã f ´ � f , ÄÅV W]X��iÆmÇ]ÈNÉNÊ @ � â � g$�iË]Ì � � ¤ T�� ·¥mÍ Ú¢ÎNÏ�â ÊoÐiÑs\ .

V W;XÓÒ ¤ Ò zonal mean ±
∂[u]
∂t
+
∂

∂y
[u′v′] − f [va] = 0, (59)

∂[θ]
∂t
+
∂

∂y
[v′θ′] +

[

wa
∂Θ0

∂z

]

= 0, (60)

∂

∂y
va +

1
ρ0

∂

∂z
ρ0wa = 0 (61)

Ú [�� .
¯ Ê ©n�	×�Ø â � ¯ Ú ° TEM

¢�£�¤ Ø f È�©ËÊ*� :

∂[u]
∂t
− f v∗a = ∇·F (62)

∂[θ]
∂t
+

[

w∗
a
∂Θ0

∂z

]

= 0 (63)

∂

∂y
v∗a +

1
ρ0

∂

∂z
w∗

a = 0 (64)

¯�¯�°
v∗a, w

∗
a ±ZÔCÕ]�I� ÚEÖ Ð�Ê , � ¤ °��C� ^7Ê*� :

v∗a ≡ [va] −
1
ρ0

∂

∂z

(

ρ0
v′θ′

Θ0z

)

(65)

w∗
a ≡ [wa] +

∂

∂y

[

v′θ′

Θ0z

]

(66)

2.4 ×/ØÚÙ1ÛÝÜßÞáàÝâ flux ãåä½æsçáèêéìëÝí ( îÚí )

Æ]Ç;È;É;Ê ïñðIÊ Ú
EP flux

Òiò;ó ïñôIõ Ú Ò]ö=÷ ±
∂

∂t
[A] + ∇·F = 0
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∂

∂t
[u] − f v∗a = ∇·F

Ú [�� .
¯ ÒRX Û ÒiÆNÇNÈCÉ;Ê @ çm\�� Òiø e6ù Î;Ï ±�¦�§ ÒRú � °�´ � .

p]qsr�t?u Ò y
à�²4@ çm\�� Ò ÎNÏ ±=û]�Uü Ò=X Û�Ú × Ü ©E[]\ ( ý 1 þ]ÿ ).

â [ Ü�� p
qsr�t?ul±���� È @ Ç�� ÇNÈ��]j � Ò
	��� á����,�m\�� .

pNqGr�t?u Ò z
à�² Ò Î;Ï ±BÕ Æ È4ÒNöi÷ ¤  no\�� . ý 4

@�� \�� [v′θ′] > 0 [ë©PÐ ,

∂[u′]
∂z

∝ −
∂θ′

∂y

°�´ ��¨ª© , Õ Æ���Æ f Î�� ^7Ê , ��� ° Ç;È;ðIÊ f���� , §�� ° Ç;ÈCÉCÊ f���� � .
¯ Ò��

∇·F ± ��� ° ò;ó , §�� ° ôIõ �,� � � , A
f §��Ý¨ ©!����" 	�� ^�Ê��]\�� ¯ Ú�Ú [�� .

z

y

W Cv’θ’ > 0

d[u]< 0
dF < 0

d[u]> 0
dF > 0

EQ N

F

#
4
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3
$ % & ' (*) +-, . / 0 132 4

`]a f
ψ′ = ψ0 sin(kx + ly − ωt) = ψ0 sin χ (67)

Ú á Ü ^657�98 â � ( :�;  χ 8�<>= ). ? Ò��

u′ = −
∂ψ′

∂y
= −lψ0 cosχ (68)

v′ = kψ0 cosχ (69)

@�A
−u′v′ = klψ2

0 cos2 χ (70)

8P[�� .

gNóÓÒ�B�CDFE�G7H ��=�I�J�K , L�57M>N�OPJRQ�<FS�T�UDV!W�M�:X;�Y�ZX[�\^]�_�`�J�Ta
. b cPd�e�M @gf J zonal mean h^8 a TiV6j ,

1
2π

∫ 2π

0
(−u′v′) dx '

1
2

klψ2
0 (71)

86T a . <kWl<6T�]DV zonal mean h78�m�=RnoMRp�q�ris�t7u�v�w�e�K , s�t�u�v�wgM x xy ]�z7{ a =�I , n�|oMR}�Y B C h E�G eo~�T�� .

��� e�K , �X�XY�Zlh^8XV!T���s�t^u�vRw�MR� �lh��7��W�������� H a *4.

3.1 Plum(1986) �-�����l�l�

Y Z�[�\�8�<kS , n9M>���g]��R�7T>�X�9J�K , ��M>���^e�Y Z�[�\�h!� aF� ]�eo~
S
1
T

∫ T

0
(−u′v′) dt ' klψ2

0
1
T

∫ T

0
cos2 χ dt →T→∞

1
2

klψ2
0 (72)

*4 �¡ ¡¢!£ Trenberth(1986) ¤
¥§¦©¨«ª¬¯®±°�²´³¶µ¶·©¸ , ¹±º±¤¼»±½¿¾§À±Á>ÂÄÃ¿· .
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8RT a . Ð^Ñ�YXZ�[^\iJ��^��S , ��M�ÒXÓlM�Ô�ÕiK�Ö×~ , ØoÙ�Jl8�ÚRI a . Ð^Ñ�YXZlJ��
��S ,

∫ T

0
u′ dt = 0 (73)

8ÊÛ�� H a .
��� e�K Ð�Ñ�Y Z�<>=
ÜÝh [a] e�Þ�ß Hlà�H a . á�â à�ã S�n9M>p�q�r�s�t7u

v�w�K
∂

∂t
[A] +

1
ρ0
∇·F = 0 (74)

F = ρ0























[u][A] + [v′2] − [e]
−[u′v′],
f 2

N2 [ψ′
xψ

′
z]























(75)

à T a .

ä
å ] Plumb(1986) MRæXçÝè T�é�ê�ë^é e�ì a . í�q�î�N�ODh6ï�ð�J H a ���PJ�K , ñ yò ��Ð�Ñ e�Y ZÝh!� å j>n�óoM B�C h E G e9~ a .

3.1.1 F = CgA ô�õ^ö

Plumb(1986) e�÷iø�ù å^ú n9M>p�q�rPs�t^u�v�w à¶û |Xr�ü9v�ýÿþ�]�Y��ge�ì a ä à hF�� H a
. ����� ã ú PV �	��


∂q′

∂t
+ u

∂q′

∂x
+ v′

∂q
∂y
= 0, (76)

q′ = ψ′
xx + ψ

′
yy +

1
ρ0

∂

∂z

{

ρ0
f 2
0

N2

∂ψ′

∂z

}

, ρ0 = ρs exp
(

−
z
H

)

(77)

J�X��S ψ′
à�ã S�Y��Xn�hFÛ�� H a :

ψ′ = ψ0 sin(kx + ly + mz − ωt) exp
( z
2H

)

(78)

äFå h��	� NXO (77) ����� H a ä à e
q′ = −

{

k2 + l2 +
f 2
0

N2

(

m2 +
1

4H2

)}

ψ′. (79)

� m>S y������ K
ω = ku −

kqy
k2 + l2 + ( f 2

0 /N
2)m2

. (80)
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��ï |�r à±û |Xr9K , n���üov ýÿþ k h

k =





















k
l

m f0/N





















à�ã S
Cx = u −

qy
k2 , (81)

Cgx = u +
k2 − l2 − ( f 2/N2)m2

k4 qy, (82)

Cgy =
2kl
k4 qy, (83)

Cgz =
2km
k4

(

f 2

N2

)

qy. (84)

Plumb(1986) J��� a n9MRp�q�rPs�t^u�vRw�M x x y F(x) K *5

F(x) = [u][A] + [v′2] − [e] (85)

e�ì � ,

v′2 =
k2

2
ψ0 cos2 χ → [v′2] =

1
4
ψ2

0,

à
[A] =

[

q′2

2qy

]

=
k4ψ2

0

4qy

e�ì a WDV ,

[v′2] − [e] =
1
2

[v′2] −
1
2

[u′2] −
1
2

f 2
0

N2 m′2

=
(k2 − l2 − f 2

N2 m2)qy
k4 ·

k4

4
ψ2

qy
� m>S ,

Fx =

(

u +
k2 − l2 − f 2

N2 m2

k4 qy

)

·
k4

4
ψ2

0

qy
= Cgx · [A] (86)

à T a . y, z x y J���� S�!#"%$�e�ì a .

*5 &('�)+*-,
x,y ,z ¾/.10325476>²´³Êµ98 ¤©¾ , :;0-4;< £ (x),(y) ,(z) ¾=47> .
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? M6��� v = 0 e@�A ã ú ] , v , 0 eB!�s�t^u�vRw�] û |Xr9J#C�D ( Y�� ) e�ì a ä à ]FEG a
.

�IH
, Plumb Mgs�t9u�v�w^K�í�qXî�N�O ( w-ýÊ��J-ýt9u�v ) M E�G J�K%KMLONMP7egì a .ã W ã T�] V7QMRXîXN�O�M E�G JXK�S�W�T�� . Ð�Ñ�Y�Z h à m�ST! , QMRXîXN�O7]�UWV6ø

SXV a ú I , n�ó9M#Y�Zlh E�G eo~RT�� WDV .

3.2 [W\X]_^W` :Plumb(1985) �-��� �l�Ý�

��ï�|�r7]baOcPJdimeV�� àXã ú QMR�îXN�O�MR��� , Trenberth(1986) f Plumb (1986) M
sXt�u�v�w�egK%��ï�g	��îlhFz�h H a ä à ]�eP~�TX� . Q�R�î�N�O��7M�iOjih�kX� ãml {
V ågú n9M>p�q�r�s�t7u�v�w�] , Plumb (1985) M�s�t^u�vRw�e�ì a .

n9M>p�q�r��	��
gWlVon�hmp�I a :

∂

∂t
A + ∇·F = 0. (87)

ä�ä e , �M�IU�q^]�Mr ã TX������J�aOs � à T a üPv×ý§þ G hF÷O� ã , noM�pXqXrM���

9M#t�uMv�w	xoJ#y�z H a :

∂

∂t
A + ∇·(F + G) = 0. (88)

G M�{	|oè�T>Þ	} à�ã S Plumb K ��� h�~9{ ú *6:

G =
1
4



























∂2

∂y2ψ
′2 + ∂

∂z
f 2

N2
∂ψ′2

∂z
− ∂
∂x

∂
∂y
ψ′2

−
f 2

N2
∂
∂x

∂
∂zψ

′2



























. (89)

ä M�Ð F + G K

F + G =
1
2























ψ′2
x − ψ

′ψ′
xx + ψ

′q′ + uq′2/qy
ψ′

xψ
′
y − ψ

′ψ′
xy

f 2

N2 (ψ′
xψ

′
z − ψ

′ψ′
xz)























. (90)

*6 Plumb ¸/�1�#�ÿ¤��7������µ-�¶µ¶·¡¤�� £����
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ù^VFJ#Q	R�î�N�O^]�����iu�ý«T�M�e
u
∂q′

∂x
+ v′

∂q
∂y
= 0

à�ã
, ù^VFJ u K x J#g�� ã T�� à�ã S ,

∂

∂x

(

uq′ +
∂q
∂y
ψ′

)

= 0

à�H a
. F + G M x x y M�v 3, 4 xPK

ψ′q′ + uq′2/qy =
q′

qy
(ψ′qy + uq′) (91)

à T�� ,
ä M x � y K 0 T�M�e�n9MRp�q�r9J��	~ ã T�� .

� mRS äFå h���� H a . Y��Xn	�
hFÛ�� ã SX� a ä à WDV

ψ′ ∼ sin χ
ψ′

xx ∼ −k2 sin2 χ,

ψ′2
x ∼ k2 cos2 χ,

−ψ′ψ′
xx ∼ k2 sin2 χ

e�ì a WDV , F + G M x x y K
ψ′

0

2
k2

à T a .y, z x y J��X��S�!#"%$�J�Ò�Ó H a à , á	�

F + G ≡ Fs =
ψ0

2























k2

kl
f 2

N2 km























(92)

à T�� , ��ï	g	��îÝhkz�h^eo~ ú .

n9M>p�q�rPs�t7u�vRw F J3aMs � � G h�z�{ S�� a ú I , ��d�d�e à1� T�� Fs , CgA
à

T7m>S�� a .
äFå hF� � H a .

Rossby n�M���ï |Xr à±û |Xr�J��X� SbQ�R�î�N�Oih l { SX� a àH å j , ��ï |Xr Cx = 0à T a M�e ,

Cx = u −
qy
k2 = 0 → u =

qy
k2 . (93)
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� m>S û |Xr Cgx K
Cgx =

2k2qy
k4 (94)

à T�� , Fs , CgA
à T7m>S�� a .

ù^VFJ , n�MRp�q�r A K
A =

q′2

2qy
∝ sin2 χ (95)

M�d�d�e�ì � , ��ï	g���îihFz�h7e9~>SX��T�� .

ä�ä e Plumb(1985) e7K , nPM	�I� þ��X� e h>Y�ZgL u e¡ ×m ú ÜDh>n�M�p�q�rPJbyMzã S
As ≡ A +

e
u

(96)

à�ã ú
.
ä M�Ð

Fs ∝ Cg · As (97)

à T a ä à K , ¢�£�Ò�Ó7e��gWXI a ä à ]�eo~ a *7.

• Q	R�î�N�OoM��	¤�J�¥��%D : n��Xx y ] 1 ¦ 2 M6�X�
• §X¨FTFD : n���x y ] 3 ¦

Plumb(1985) e�KRæ�çX� à�ã Sb©MªXY�ZX�lh�j^��S�� a . n���x y ] 3
��H�« T aà

, ©�ªXY�Z��^]����M¬�$ge�ì a ,
à � f Û��g]�xW�/ ú T�� .

*7 ®1¯�£ À¡Á�² , °²±9³;´�µ9¶�8-��·�¸98 :

A ∼
k4ψ2

0

2qy

sin2 χ, (ψ = ψ0 sin χ)

e ∼
k2ψ2

0

2
cos2 χ,

Cx = u −
qy

k2 ,

e
u − c

∼
k4ψ2

0

2qy

cos2 χ,

→
1
2

















A +
e

u − c

















=
k4ψ2

0

4qy

.

¹5º;»�¼ ¾k¬/½©ª�¾À¿(Á²Â�>¡Ã7Ã sin or cos
»-º ¾ , Ä¶¤ÆÅ-Ç £�È;É-Ê²Ë � , Ì µ;Í;Ã;Îm�¯¾k¬ÐÏµ . WKBJ¸ ÈoÉ ¾ ) 8�Ñ;Ò , ÌÄµ3�ÔÓoÕ ¸;� ) Îm� .
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3.3 ÖØ×ØÙÛÚ�ÜÛÝßÞ Plumb(1985) � ��� �Ý�l����àâá

Plum (1985) ã
As ≡ A +

e
u

T a ÜÝh6����ä a ä à e , ��ï�g	��î�å�T���næåRpXq�ræå%�	��
ih�çBè ú .
ú�é ã

, �	åRðê ã%s�ë�è�e�ì�� , ì�íÝè�î%ïeðgh�ñBò�ó�ôF� .
äXä eIã A

à
e å%����
Ýh�j7��õ Plumb

(1985) å�s�t7u�v�w7h�ö�÷Pè « ÷iø%ä a .

�	��
ih�{�|Pè « çøè�õ�ò a . ���M�Ýù ågú ��r	ù�ú�û
∂q′

∂t
+ u

∂q′

∂x
+ qyv

′ = 0 (98)

à9ü � � � ψ′
àoý h�� a . t�u�v 1 x , v 2 x�ã�� åIþ�å

v 1 x : ψ′ ∂q′

∂t
= ψ′ ∂

∂t

{

ψ′
xx + ψ

′
yy +

1
ρ

∂

∂z

(

ρ0
f 2

N2

∂ψ

∂z

)}

=
1
ρ0
∇·ρ0





















ψ′ψ′
xt

ψ′ψ′
yt

ψ′ψ′
zt





















−
∂e
∂t

v 2 x : u
∂q′

∂x
= u ·

1
ρ
∇·ρ0























ψ′ψ′
xx

ψψ′
xy

f 2

N2ψ
′ψ′

xz























− u
∂e
∂x

à î a .

ä�ä e
R1 ≡ ρ0























ψ′ψ′
xt

ψ′ψ′
yt

f 2

N2ψ
′ψ′

zt























, R2 ≡ ρ0























ψ′ψ′
xx

ψψ′
xy

f 2

N2ψ
′ψ′

xz























(99)

à�ã õ , ùIô « 1/(u − c) h%ÿ��¡õ���í ä�� à

∂

∂t
e

u − c
+ u

∂

∂x
e

u − c
−

1
ρ0

1
u − c

∇·R1 −
u

ρ0(u − c)
∇·R2 −

∂

∂x

( qy
2(u − c)

ψ′2
)

= 0 (100)

��� ô å � .
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 ú
,

u
∂

∂x
e

u − c
= u

∂

∂x
e

u − c

= c
∂

∂x
e

u − c
+
∂

∂x
e,

u
ρ0(u − c)

∇·R2 = −
1
ρ0

c
u − c

∇·R2 −
1
ρ0
∇·R2

� ì��bÿ�ô
∂

∂t
e

u − c
+c

∂

∂x
e

u − c
+

1
ρ0
∇·ρ0























−ψ′ψ′
xx

−ψ′ψ′
xy

−
f 2

N2ψ
′ψ′

xz























+
∂

∂x
e−

∂

∂x

qyψ
′2

2(u − c)
−

1
ρ0

1
u − c

(∇·R1+c∇·R2) = 0

(101)à î� .


 ú
A
«���� õ�ã

∂

∂t
A +C

∂A
∂x
+

1
ρ0
∇·ρ0























v′2 − e
−u′v′

f 2

N2ψ
′
xψ

′
z























+
∂

∂x

(

u − c
2

∂q′2

∂qy

)

= 0 (102)

à î��å � , ��u���� ã ì�ß G õ
M ≡

1
2

(

A +
e

u − c

)

(103)

à���� ä å�� ,

∂

∂t
M + c

∂

∂x
M +

1
ρ0
∇·ρ0























ψ′2
x − ψ

′ψ′
xx

ψ′
xψ

′
y − ψ

′ψ′
xy

f 2

N2 (ψ′
xψ

′
z − ψ

′ψ′
xz)























+
∂

∂x

{

(u − c)q′2

4qy
−

qyψ
′2

4(u − c)

}

−
1

2ρ0

1
u − c

(∇·R1 + c∇·R2) = 0. (104)

ä�ä � ù ô « , Q�R�î������ l� õ � �"! ã õ
∂

∂t
' −iω ' −ick ' −c

∂

∂x

���$#	ù	ú�û « i�%Oä&�('(! � ,

(u − c)
∂

∂x
q′ + qyv

′ = 0

→
∂

∂x

{

(u − c)q′ + qyψ
′

}

' 0.
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8�9 õ
∂

∂x

{

(u − c)q′2

4qy
−

qyψ
′2

4(u − c)

}

=
∂

∂x

{ qy
4(u − c)

(u − c
qy

q′ + ψ′
)(u − c

qy
q′ − ψ′

)

}

= 0

�:<;
*8, =4> «

(∇·R1 + c∇·R2) =
( ∂

∂t
+ c

∂

∂x

)

e + ψ′
( ∂

∂t
+ c

∂

∂x

)

q′ = 0

!�î� .

?�@BA�CED�FG
Plumb(1985)

GH$I&J�K4L
W
��� ôNM"� :

∂

∂t
M + c

∂

∂x
M + ∇·W = 0 (105)

M ≡
1
2

(

A +
e

u − c

)

(106)

W ≡
1
2























ψ′2
x − ψ

′ψ′
xx

ψ′
xψ

′
y − ψ

′ψ′
xy

f 2

N2 (ψ′
xψ

′
z − ψ

′ψ′
xz)























(107)

' GPO6Q � GH$I&J�K4LGSR�T � Plumb(1985)
8 ;VUXW �4Y[Z

,

• 2
� GV\$]6^ ��_&`Va(b$c�dfe � R�T�GPg�hji � W � '(!

• c , 0
G �6� C ����k Uml�n(�[o �('(!

�: � .

3.4 pqpsr�tvuwryx"z .

'6' 
 � GP{[GP| M[� 
 !�}(� .

R�T~ M k o d H6I�JEKVL(C ����kZ
*8 ���X���

(u − c)q′ + ψ′qy = const.�����
. �������.�	�.�f���m�N� , �����f� 0 ��� � �������X  �N�+� .

GFDSeminar˙2006Summer˙takaya.tex 2006/09/21( �	� : )+*	,.-�/ )



GFD 0214365 2006 7 25

• ¡$¢$£ ZS¤�¥�¦ >
• c = 0

G £6a : Plumb(1985)
� ��� ~ M�d H6I�JEK4L

– §6¨$© ]ª � G � , «6¬�$�6� C ZP®& $¯6� .

• c , 0
G £6a : °$± � ��� ~ M"² M

GP\6]$^ ! H6I&J�K4L � n � ² .

M ≡
1
2

(

A +
e

u − c

)

(108)

∂

∂t
M +

∂

∂x
cM + ∇·W = 0 (109)

W ≡























ψ′2
x − ψ

′ψ′
xx

ψ′
xψ

′
y − ψ

′ψ′
xy

f 2

N2 (ψ′
xψ

′
z − ψ

′ψ′
xz)























(110)

– §6¨$© ]³i ¯$� G Z sin2 χ + cos2 χ = 1 ! ¯ ²E´<µ .

– ' G ± Z §6¨6¶�·6¸�¹�� n ��k��$¯6� .

– º$»j! i k flux
Z §6¨$© ]³i ¯6� G � , «$¬$$�6� GP¼6½"C U ®& ² .

• ¾ ~P¿GPÀ"Á :

WKBJ Â n�Ã k , u
G�Ä�ÅVÆ6Ç Â�È"É�} C4Ê 9 dÌËSÈ�Í Ã Í�´ ?

→ Î�ËmÏ UXÐ&Ã , µ i Ã (by Ñ�Ò ~V¿ )

• Ó ~P¿GPÀ"Á :

c , 0 Ï U H6I�JEK4LGSÔ Z Æ b 9 k Ã ¯ Ã G Ï Z ?

→ c
GSÔ�Õ�Ö È 9 k Ã ² G ¯ µf× ,

WT ≡























cM + ψ′2
x − ψ

′ψ′
xx

ψ′
xψ

′
y − ψ

′ψ′
xy

f 2

N2 (ψ′
xψ

′
z − ψ

′ψ′
xz)























= Cg · M (111)

Ø ¯ ²�e Õ�Ù"Ú Ï o ² . d�Û i , Ü�Ý C Z c
GSÔ Â Ö }(² G�ÕÞPß . à6á JÌâãª ² ÄC Z

, ä&å�× x æ&ç C�è Ã k(Z

cM + ψ′2
x − ψ

′ψ′
xx (112)

Â�éwÍV' Ø C ¯ ² .

• ê�ëì GVí$î ( ï�ðñ J�K�ò(ó ?)

M =
1
2

(

q′2

2qy
+

e
u − c

)

,

GFDSeminar˙2006Summer˙takaya.tex 2006/09/21( ô	õ : )+*	,.-�/ )



GFD 0214365 2006 7 26

ψ = A(X,Y,Z) sin(kx + ly + mz − ωt),

M =
k4

4
ψ2

0

qy
+ O(ε).

º$» Ø i k ∂M
∂t
G §6¨ Z Ä�Å6C © ](ª ² .

i ´ i ¯ Õ µ
ψ′2

x − ψ
′ψ′

xx = k2ψ2
0 + O(ε2)

¯ G Ï ,
H$I&J�K4LGVö�÷BG §6¨ Z Ä�Å6C © ]øi ¯ Ã . '6'fÏ M

G ´�b ; C ,

∂Γ

∂x
≡ ζ′

Ø ¯ ² Γ Â R�ùøi k °�±&ÏEú�û ~ M&² M̃ Â4ü�å(² Ø

M̃ ≡
(

ζ′2

2β
−
Γζ′x
2β

)

=
k4

4
ψ2

0

qy
+ O(ε2)

Ø ¯ 9 k
, ý�c C ¯ M"² .

i ´ i ¯ Õ µ , Î GPþ�ÿ�A ¯���� Õ b�´<µ ¯ Ã .
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4
� � � �	� 
 � �  ��� �

:Takaya and Nakamura(2001)

üå k Ã ²���� C 8$9 k(Z , ¡6¢6£<Â ¤�¥���¦ > Ø i dVæ Õ�� a Õ W[Ã . d6Û i ,
¤�¥���¦

> ¯ ¡$¢6£�Ï Z ,
\6]$^�Õ����ji ¯ Ã G Ï , ��� A ¯ \6]$^ Â �[}²"! Ø6Ø ª ² .

ü�å k Ã ²�¡$¢$£ G ú�û :
u = (U,V, 0). (113)

d�Û i , ¡$¢�£ Z ú$#�Ï :s; ,
~ µ C ¡$¢�£ G&%2ÅVÆ�Ç Z�� # C�' 9 Í ; Ø i d Æ�Ç ( (�ú

# ) Û Ø*) ú ª ² . È�d , ¡�¢6£ C�+ 9 dVæ&ç G §6¨-,/.ÌÂ Cp
Ø ª ² ( 0 5).

y

x

U

Cp

1
5 u 2 Cp

È�d , ¡$¢$£ Z4345�6 Õ�]$7øi ¯ Ã ,
Ø*) ú ª ² :

u
∂q
∂x
+ v

∂q
∂y
= 0. (114)

!�M Z ¡$¢$£ Õ ú$# ¼ Ï : ² ,
Ø Ã Ë�e G�8 ±�Ï G:9<; Ï : ² ( 0 6).

=�> Ç<~ M�d PV
\6]$^ ´<µ { Â@?"}² :

∂q′

∂t
+ U

∂q′

∂x
+ V

∂q′

∂y
+ u′

∂q
∂x
+ v′

∂q
∂y
= 0. (115)
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y

x

q

q+∆q

q-∆q

1
6 NPO�Q�R@S:T$UWV&XCY[Z�\]2_^L`�RGQ

¤�¥�¦ > G £�a G�a"G�b$c . Z
A ≡

q′2

2qy

Ïed"f�d .
¤6¥��¦ > ¯ ¡�¢6£�Ï G�a"G�b$c . Â Plumb(1985)

C�g Ã
, °$±�Ï�ú�û ª ² :

A ≡
q′2

2|∇hq|
. (116)

!<!fÏ ∇h
Z�h ¶$i�j�Ï/d² . È�d ,

¤�¥�¦ > ¯ £�a G�a"G-k�ò�lnm ë Z
ε =

e
u − c

(117)

Ïed"f�d .
¤6¥��¦ > ¯ £6a C Z , oV±<Â

ε ≡
e

|u| −Cp
(118)

ØGp"q ª ² .

!�Msµ4ÂPr i ab6c�d
M ≡

1
2

(A + ε) (119)

G
( ��� A ¯ )

\$]6^ Â ,
DF Ï Z RÌT�ª ² .
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4.1 A uutwvwx
=�> Ç<~ M�d PV

\6]$^ Ø
q′/|∇hq|

G&y Â z�² :

1
|∇hq|

( ∂

∂t
+ U

∂

∂x
+ V

∂

∂y

)q′2

2
+

1
|∇hq|

u′q′ ∂q
∂x
+

1
|∇hq|

v′q′ ∂q
∂y
= 0. (120)

!<!fÏ ,

1
|∇hq|

∂

∂t
q′2

2
=
∂

∂t
q′2

2|∇hq|
=
∂

∂t
A (121)

1
|∇hq|

(

U
∂

∂x
+ V

∂

∂y
(
)q′2

2
=

1
2|∇hq|

{

u′q′ ∂q
∂x
+ v′q′ ∂q

∂y

}

'
∂

∂x
(UA) +

∂

∂y
(VA) (122)

{e|2G ± Æ6Ô Ï Z , ¡6¢�£ Õ � # C4' fÌÍ<} Ø Æ�Ç�ª ² G Ï�~<� Ge�$C4ù M"²�! Ø Õ Ï o
² ,
Ø �/� i d .

È�d ,

u′q′ = ∇·ρ0























u′v′

e − u′2

−
f 2

N2























, v′q′ = ∇·ρ0























v′2 − e
u′v′

f 2

N2ψ
′
xψ

′
z























(123)

→
1
|∇hq|

u′q′ ∂q
∂x
+

1
|∇hq|

v′q′ ∂q
∂y
'

1
ρ0
∇·

1
|∇q|























qy(v
′2 − e) + qx(u′v′)

qy(−u′v′) + qx(e − u′2)
qy

f 2

N2ψ
′
xψ

′
z − qx

f 2

N2ψ
′
yψ

′
z























(124)

!<!fÏE¡$¢$£ GSÆ�Ç(Õ�' fBÍ$}�Ïed�² Ø i k , |∇q| ÂP~$� G���CPù M�d .

È�dS¡$¢6£ Õ ú�#�Ï/d² Ø Ã Ë��/��±��]} ,

∂q
∂x
= −

V
U
∂q
∂y

(125)

Ïed�²E´ µ , �/��� C
qy
|∇hq|

'
U
|u|
,

qx

|∇hq|
' −

V
|u|

(126)
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Ø ¯ ² G Ï , º<�
1
|∇hq|

u′q′ ∂q
∂x
+

1
|∇hq|

v′q′ ∂q
∂y
=

1
ρ0
∇·

1
|∇q|























qy(v
′2 − e) + qx(u′v′)

qy(−u′v′) + qx(e − u′2)
qy

f 2

N2ψ
′
xψ

′
z − qx

f 2

N2ψ
′
yψ

′
z























=
1
ρ0
∇·
ρ0

|u|























U(v′2 − e) + V(−u′v′)
U(−u′v′) + V(u′2 − e)

f 2

N2 {Uψ′
xψ

′
z + Vψ′

yψ
′
z}























. (127)

D o�Â�È Ø } k

∂

∂A
+ ∇·





















UA
VA
0





















+
1
ρ0
∇·
ρ0

|u|























U(v′2 − e) + V(−u′v′)
U(−u′v′) + V(u′2 − e)

f 2

N2 {Uψ′
xψ

′
z + Vψ′

yψ
′
z}























(128)

!<!fÏ ,
|"G��<�"G d�} C

∇·





















UA
VA
0





















=
∂

∂x
UA +

∂

∂y
VA

=
∂

∂x

{

|u| −Cp

|u|
U +

CpU
|u|

A
}

+
∂

∂y

{

|u| −Cp

|u|
V +

CpV
|u|

A
}

= ∇·N + ∇·CvA (129)
(130)

Ø ª ² . N(1), CU , E
Z D�F ÏEú�û i d :

N(1) ≡

























|u|−Cp

|u| U
|u|−Cp

|u| V
0

























, CU ≡





















U
|u|Cp
V
|u|Cp

0





















, E ≡
ρ0

|u|























U(v′2 − e) + V(−u′v′)
U(−u′v′) + V(u′2 − e)

f 2

N2 {Uψ′
xψ

′
z + Vψ′

yψ
′
z}























(131)

N(1),CU , E Â n�Ã ² Ø ,
¤�¥�¦�� ¡$¢$£ C���� ² a[G&b<c . \$]6^ ØC�<� Õ6è o Ê�ª Ã :

¤6¥��¦��
:

∂

∂t
A + ∇·CU A +

1
ρ0
∇·E + ∇·N(1) = 0, (132)

¤�¥�¦��
:

∂

∂t
A +

∂

∂x
cA + ∇·E +

∂

∂x
(u − c)

q′2

2qy
= 0.
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4.2 ε uutwvwx

°��
ε ≡

e
|u| −CpGV\$]6^ Â �[}² .

=-> Ç�~ M�d PV
\$]6^ Ø

−ψ′/(u −Cp)
G�y Â Ø f k

−
1

u −Cp

(

ψ′ ∂q′

∂t
+ uψ′∇q′ + u′ψ′∇q

)

= 0 (133)

!<!fÏ
ψ′ ∂q′

∂t
= −∇·





















ψ′ψ′
xt

ψ′ψ′
yt

0





















−
∂e
∂t

Ïed�²E´ µ , �$��� 1
6BZ

∂

∂t
ε −

1
|u| −Cp

− ∇·





















ψ′ψ′
xt

ψ′ψ′
yt

0





















≡
∂

∂t
ε −

1
|u| −Cp

∇·R1 (134)

È�d&� 2
62Z
−

U
|u| −Cp

ψ
∂q′

∂x
−

V
|u| −Cp

ψ
∂q′

∂y

= −

(

U
|u|

Cp

|u| −Cp

U
|u|

)

ψ
∂q′

∂x
−

(

V
|u|

Cp

|u| −Cp

V
|u|

)

ψ
∂q′

∂y
. (135)

!<!fÏ
ψ′ ∂q′

∂x
= −

1
ρ0
∇·ρ0























ψ′ψ′
xx

ψ′ψ′
xy

−
f 2

N2ψ
′
xz























−
∂e
∂x

(136)

Ïed�²E´ µ ,

−
U
|u|
ψ
∂q′

∂x
−

V
|u|
ψ
∂q′

∂y

=
U
|u|

(

1
ρ0
∇·ρ0























−ψ′ψ′
xx

−ψ′ψ′
xy

−
f 2

N2ψ
′
xz























+
∂e
∂x

)

+
V
|u|

(

1
ρ0
∇·ρ0























−ψ′ψ′
xy

−ψ′ψ′
yy

−
f 2

N2ψ
′
yz























+
∂e
∂x

)

'
1
ρ0
∇·
ρ0

|u|























eU − Uψ′ψ′
xx − Vψ′ψ′

xx
eV − Uψ′ψ′

xy − Vψ′ψ′
yy

−
f 2

N2 (Uψ′ψ′
xz + Vψ′ψ′

yz)























≡
1
ρ
∇·H (137)
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{/| Ï Z , ¡$¢6£ GPÆ6Ç�Õ-' f2Í$}�Ïed�² Ø ��� i ~<� G/� � ù M�d *9.

È�d
−

Cp

|u| −Cp

U
|u|
ψ′ ∂q′

∂x
−

Cp

|u| −Cp

V
|u|
ψ′ ∂q′

∂y

'
∂

∂x

(

UCp

|u|
e

|u| −Cp

)

Cp

ρ0|u| −Cp

U
|u|
∇·ρ0























−ψ′ψ′
xx

−ψ′ψ′
xy

−
f 2

N2ψ
′ψ′

xz























+
∂

∂y

(

VCp

|u|
e

|u| −Cp

)

Cp

ρ0|u| −Cp

V
|u|
∇·ρ0























−ψ′ψ′
xy

−ψ′ψ′
yy

−
f 2

N2ψ
′ψ′

yz























=∇·CUε −
Cp

ρ0|u| −Cp

{

U
|u|
∇·R2 +

V
|u|
∇·R3

}

. (138)

!<!fÏ
R2 ≡ ρ0























−ψ′ψ′
xx

−ψ′ψ′
xy

−
f 2

N2ψ
′ψ′

xz























, R3 ≡ ρ0























−ψ′ψ′
xy

−ψ′ψ′
yy

−
f 2

N2ψ
′ψ′

yz























(139)

Ø ú�û i d *10

{/| �
−

1
|u| −Cp

{

u′ψ′ ∂q
∂x
+ v′ψ′ ∂q

∂y

}

= −
1

|u| −Cp

{

−
∂

∂y

(1
2
∂q
∂x
ψ′2

)

+
∂

∂x

(1
2
∂q
∂y
ψ′2

)

}

' ∇·



























1
2

qy
|u|−Cp

ψ′2

− 1
2

qx
|u|−Cp

ψ′2

0



























= ∇·N(2). (140)

N(2)
Z °�±&ÏEú�û ~ M"² *11.

N(2) ≡



























1
2

qy
|u|−Cp

ψ′2

− 1
2

qx
|u|−Cp

ψ′2

0



























(141)

*9 Takaya and Nakamura(2001), (19) ���_�E� ���+� .
*10 Takaya and Nakamura(2001), (17) ���_�E� ���+� .
*11 Takaya and Nakamura(2001), (21), (22) ���_�E� ����� .
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!�Msµ G ±�Â�È Ø }²"! Ø Ï ε
GV\$]6^(Õ4� µmM�d :

∂

∂t
ε +∇·CUε +

1
ρ0
∇·H+

1
ρ0
∇·N(2) −

1
ρ0|u| −Cp

{

∇·R1 +
CpU
|u|
∇·R2 +

CpV
|u|
∇·R3

}

= 0 (142)

4.3 � u��w���wtwvwx u¡ £¢

Takaya & Nakamura(2001) Ï Z ,
an¤�b<c . Ø i k

M =
1
2

(A + ε) (143)

Â n"Ã k Ã ² . M � è Ã k ¤4\�]�^ Z , A � è Ã k ¤4\�]�^ Ø ε � è Ã k ¤4\�]�^ Â:r i
a(b$c"²"! Ø Ï

∂

∂t
M + ∇·CU M

+
1
ρ0
∇·

1
2

(E + H) +
1
ρ0
∇·

1
2

(N(1) + N(2))

−
1

2ρ0(|u| −Cp)

{

∇·R1 +
CpU
|u|
∇·R2 +

CpV
|u|
∇·R3

}

= 0. (144)

N(1) + N(2)
¤Vö�÷¥¤ 62Z

1
ρ0
∇·

1
2

(N(1) + N(2)) =
1

2ρ0
∇·



























|u|−Cp

|u| UA −
qy

2|u|−Cp
ψ′2

|u|−Cp

|u| VA − qx
2|u|−Cp

ψ′2

0



























x
� � =

U
2(|u| −Cp)|∇q|

(

(|u| −Cp)2q′2 − |∇q|2ψ2
)

=
U

2(|u| −Cp)|∇q|

(

(|u| −Cp)q′ + |∇q|ψ
)(

(|u| −Cp)q′ − |∇q|ψ
)

.(145)

!<!fÏ , ¦<§ ¤ PV æ<¨�±¥�&©ª}�ü�« ª ² Ø 0 7 �n}
∂

∂t
q′ + U · ∇q′ + u′∇q = 0 (146)

→
∂

∂t
q′ + U

∂

∂X
q′ +

∂ψ′

∂X
∂q
∂Y
= 0 ( ¬$ ¤$®�¯ , | = � + f�d&¬$e° )

→
∂

∂X
{(|u −Cp|)q′ + |∇hq|ψ′} = 0 ( ± |n¤ ,/. Z Cp Û ´<µ ) (147)
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1
7 Cp 2 (X,Y)

!�M[ÂP² ùª ²�! Ø Ï , º$�
1
ρ0
∇·

1
2

(N(1) + N(2)) = 0 (148)

Ø ¯ ² .

È�d ,

∇·R1 +
UCp

|u|
∇·R2 +

VCp

|u|
∇·R2 =

(∂e
∂t
+Cp

∂e
∂X

)

+ ψ′
(∂q′

∂t
+Cp

∂q′

∂X

)

' 0 ∵

∂

∂t
' −Cp

∂

∂X
(149)

{/| �
E ≡

ρ0

|u|























U(v′2 − e) + V(−u′v′)
U(−u′v′) + V(u′2 − e)

f 2

N2 {Uψ′
xψ

′
z + Vψ′

yψ
′
z}























, H ≡
ρ0

|u|























eU − Uψ′ψ′
xx − Vψ′ψ′

xx
eV − Uψ′ψ′

xy − Vψ′ψ′
yy

−
f 2

N2 (Uψ′ψ′
xz + Vψ′ψ′

yz)























→
1
2

(E + H) =
ρ0

|u|























U(ψ′2
x − ψ

′ψ′
xx) + V(ψ′

xψ
′
y − ψ

′ψ′
xy)

V(ψ′
xψ

′
y − ψ

′ψ′
xy) + V(ψ′2

y − ψ
′ψ′

yy)
f 2

N2 {U(ψ′
xψ

′
z − ψ

′ψ′
xz) + V(ψ′

yψ
′
z − ψ

′ψ′
yz)}























≡W s (150)

W s
¤�³¥� � ¤ 6 Z , ψ′

¤ ¦ °¡~�� ¤/y ,
U i Í Z ψ′

Ø
ψ′
¤$´ °¡~�� ¤/y ¯ ¤ Ï ,

ψ ∼ ψ0 sin χ
Ø ª$µ × , §$¨6© ]  Õ�¶ å² .
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º$»�Â�È Ø }(² Ø ,

M =
1
2

(A + ε) (151)

∂

∂t
M + ∇·CU M + ∇·W s = 0 (152)

Ø ¯ ² . W Â
W = CU M +WS (153)

Ø ú�û ª$µ × , M
¤P\6]$^ Ø i k

∂

∂t
M + ∇·W = 0 (154)

Ø ¯ ² . È�d W = Cg · M
Ø ¯ ²�! Ø ÕL·s~Pµ k Ã ² ( ¸-¹ ¤�º$»u¼:½<¾"¿]À ).

4.4 W s Á�ÂwÃÅÄÇÆÉÈËÊÉÌ
• Í$Î$Ï ¤�Ð$Ñ�Ò4ÓÕÔLÖ (

a�8�Ò�×ÙØLÖ
) Ï�Ú ¤�Û$Ü"Ýe¼&ÞnÖLßáà .

• â<ã J¡äPå[æ�Ö�À-¤<¼ W s. CU ç@èêé ¤<¼:ëìåPÖ .

• í�î Ý4ï�ð�À�ñ ,
ï�ð<ò$Ö�ñ

?

– ó�ô�õ ò�ö:÷$¤/ø<ø:ï]ðeÀ�ù�ú¥û .

– ü�ýnþ ¤:ÿ�� ç Û<Üe¿]À4òÕö�� , Plumb(1986)

– ��� J â��	��
 ä ç Û<Ü"¿]À-òÕö�� , Takaya & Nakamura(2001).  ù¥å Cp ç�����4À���Ò����eÝ�¼��]Ö
. �	
��������! #"$� Ô�%	& é('!)�*�+-, " Ẽ ç ïð��

, . ð/�
Ẽ = e − UA = cA ( 021�3�4 ç ¿�À-5 ) →

[E]
[A]
= c (155)

5
, 6�7�8/9 Ò;:-<�ö>=]À�ñ?� ( @/A ÔB%e¼BCáå[æ�Ö<ò$Ö ).

– D/E/F�G ò Ï Ý�H/ðeÀ-5 ,

∂

∂t
M +

∂

∂x
cM + ∇·W s = 0 (156)

î � Ï�Ú cM
Ò '!)/*�+!, " 5PòJI�æ/ÖeÀ .

– Takaya & Nakamura Flux ç ï	I&æ4Û$Üe¿]À Ï<Ú �BK2L�M . Takaya & Nakamura

Flux
¼�Nnæ2O�P�QBR

ψ′
Ý2S�TáÔB=�æeÖ�À���Ý

, U!VJ"JW �;X 8/Ï ç ÷���ø/øïÅû#��¼ W/W�Y Ò[Z�À#\]�^Z"À (
ù$Ö  Ö�Þ�Ö[_�= í ). ψ′

¼
, ` ø�ÀBa�bdc�Oe�f

vg
ò/��Ý

, g b/c�O e�f Ò�×ÉØ�Öh5jilk .
÷�=nm�K2Lìå�ønåno-û

.

GFDSeminar˙2006Summer˙takaya.tex 2006/09/21( prq : s�trujvxw )



GFD y?z;{�| 2006 } 36

5
~ � �

TEM � � � �

TEM �����/�
∂[A]
∂t
+ ∇·F = 0, (157)

∂[u]
∂t
− f v∗a = ∇·F, (158)

∇·F = ∇·























0
−[u′v′]
f0
θ0z

[v′θ′]























= [v′q′] (159)

ç 3 ��� m��J����� î 5 ç H/ðd� *12.

ψ = Ψ(y, z) = ψ′

5������ ç 021�Ï 5�����m���_  5�Ø�m ,
��� Ï m ` Ö$æn���d�[�!�]û[ò 021 Ò�5�=-������4ò � ç H/ðd� .

1
T

∫ T

0
ψ dt = 0.

5.1 Plumb (1986)  h¡£¢
3 ��� ��¤!��¥�¦ 9 ��§�¨!� � �

∂A
∂t
+
∂

∂x
(uA) + ∇·

























v
′2 − e
−u′v′
f0
θ0z
v′θ′

























= 0

î =n� Plumb (1986)
�B¤-�B¥�¦ 9 ��§�¨-� � Ý v = 0

5$å #� m#©ìåPÖ .

021 O-� � �Bª�«�m
v′q′ = ∇·

























v
′2 − e
−[u′v′]
f0
θ0z

[v′θ′]

























*12 ¬�x®°¯�±³²�´¶µ�·¹¸xº³»½¼ , ¾j¿½À�Á(Â(Ã�ÄÆÅjÇ�È>É¶Ê�Â�Ë�Ì
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Ò�ÿ[=!�n�"û
,
���d�J��ûÍmBÎ�Ï çÍÐ û .

∂

∂t
u − f va = −

∂

∂x
u
′2 −

∂

∂y
u′v′ +

∂

∂x
v
′2 −

∂

∂x
v
′2 +

∂

∂x
e −

∂

∂x
e +

∂

∂z
f0
θ0z

v′θ′ −
∂

∂z
f0
θ0z

v′θ′

=
∂

∂x
(v2 − e) +

∂

∂y
(−u′v′) +

∂

∂z
f0
θ0z

v′θ′

= +

{

∂

∂x
(e − u

′2) −
∂

∂z
f0
θ0z

v′θ′
}

v∗a ≡ va −
1
f0















∂

∂x













u
′2

2
+
v
′2

2
−

1
2

f 2
0

N2ψ
′2
z













+
1
ρ0

∂

∂z













ρ0
f 2
0

N2ψ
′
xψ

′
z



























5 ô2Ñ ���!5 ,

∂

∂t
u − f v∗a = v′q′ = ∇·

























v
′2 − e
−[u′v′]
f0
θ0z

[v′θ′]

























î �?54Ø½¤!��¥�¦ 9 � � �
∂A
∂t
+
∂

∂x
(uA) + ∇·

























v
′2 − e
−u′v′
f0
θ0z
v′θ′

























= 0

5�òn�
. î/î Ý�K�L��/Ò�Ø�� ,

¤?�^¥/¦ 9 �;Î�Ó � ∇·F ùd_�Ý�ò é , Ô O�Õ�m-�½Ö�¨n�-�
î 5 ÝdZd� .

Ï � ��m ��×�
^Ø;� ��Ù�Ú?m��2I�æ�¤-�B¥�¦ 9nÛ Î/Ó[�J� ,
5�ÜÕû � m����!5 ,

MT ≡=

























uA + v′2 − e
−u′v′
f0
θ0z
v′θ′

























ç ô2ÑÞÝ ,

∂

∂t
u − f v∗∗a = ∇·MT

v∗∗a = va −
1
f0















∂

∂x













u
′2

2
+
v
′2

2
−

1
2

f 2
0

N2ψ
′2
z + uA













+
1
ρ0

∂

∂z













ρ0
f 2
0

N2ψ
′
xψ

′
z



























5:ò[�
.  ù Ý , ��×!
�Ø;� � x

e�f m
uA
��ß�L/à Û ÿJ=!� î 5Bm�K�L Û�á�â!ã Z[� . î=J� 021 O!m#äåI Bæ�ç ñÉö�� #è�é 5rb/ê-m�ë ôåì = �æ�ç ñÙö�� #è/énã���×�
^Ø;��Bíåî ìBÛ;ï òd� î 5^ð�L�ñ��J� .
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Plumb (1986) ã � 021 O-� ����� ð½ò éxó m�� β
ê ã ��ò é f

ê ð�ôJÜ2õ�Üd�
.

í �!�]û[ò ��×!
�Ø^� �Bö�ÿåð#ô�Ün��� Û ��Ü$ñn� , ÷/ø�ù ó m&ÿ ù í�ú?m#û[ô Ý;ü ð 4e Ý õ<ñÉöýH/ð$ò�Ü�5ý��ñÉö[ò�Ü�ñ?� Ý =�ò�Ü .

5.2 Trenberth (1986)  �¡]¢
f
ê?��þ þ;021lÝB�021�è � � 5 Ý õ

u
∂u
∂x
+ v

∂u
∂x
− f v = −

∂φ

∂x
−
∂

∂x
u′2 −

∂

∂y
u′v′

ð�ÿ?�
. î =-ðÍÎ�Ï Ý õ

u
∂u
∂x
+ v

∂u
∂x
− f v∗T =

1
ρ0
∇·ρ0

























1
2 (v′2 − u′2)
−u′v′
f0
θ0z
v′θ′

























v∗T ≡ v −
1
f
∂

∂x
(φ + K) −

1
ρ0

∂

∂z

(

ρ0
f0
θ0z

v′θ′
)

î<î�ã K
���/¦ )/*�+!, "�ã Zd� . � S!� �Jã

ρ0

























1
2 (v′2 − u′2)
−u′v′
f0
θ0z
v′θ′

























, CgA

ã Z�� î 5�m�K2LJ�J� á2â�Û Z�� .

5.3 Plumb (1985)  h¡£¢
Plumb (1985) ã � TEM � � ����� �#ò���� Ð IBõ�Ü<ò�Ü . 0�1�è � �

∂u(2)

∂t
+ U

∂u(2)

∂x
+ v(2) ∂U

∂y
− f va = −

∂

∂x
u
′2 −

∂

∂y
u′v′

�Bª�«��#Õ?� 6�7 Ö�¨�à-����� Û ê
	 ã ZJI � <h5x��� ì =!� .
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ª�«?�BÎ�Ï?�����d�J��ûÍm Ð û25��BÜ .

−
∂

∂x
u
′2 −

∂

∂y
u′v′ = −ψ′

yψ
′
xy + ψ

′
xψ

′
yy

= −ψ′
yψ

′
xy − ψ

′ψ′
xyy + ψ

′ψ′
xyy + ψ

′
xψ

′
yy

= −
∂

∂y
(ψ′ψ′

xy) +
∂

∂x
(ψ′ψ′

yy)

î �?5�î
∂u(2)

∂t
+ U

∂u(2)

∂x
+ v(2) ∂U

∂y
− f va = −

1
2
∂

∂x

(

ψ
′2
y − ψ

′ψ′
yy

)

+
1
2
∂

∂y

(

ψ′
xψ

′
y − ψ

′ψ′
xy

)

5PòJI�õ
,
ª�«�� 6�7 Ö�¨�à	ð���n��� î 5 Û�ã î�� .

Du(2) − f v∗∗∗a = ∇·W

v∗∗∗a = va −
1
f

(· · ·)

���"û�m#ön� î 5 Û�ã î�� .
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