190

ggooboboooobobboooobobooooooobo, o0, ggooobog,o0d
00000000000 (000000000000 00O0DO0O0OO)00,0000
gooboooo,gbboboodoobbuooobbobo. bbb bUuon
00 (000000000000 00O0U0)U, 00000000 OO0OOO.
00000000000, 0000 (DOo0D0O0UO0)00D0O0DO0DDOODOODOOOOOO,
gooboo. bbb oooobbuooo, bbb bbooo,DbboOod
00000 (DooOo00)00U0oo0U0oUo0oO00. oooo, 1000000000 Un
gogddo,ggooooobooooboobboodoooooooob,ooobobooobb.
goobo,b0bbooobbbdogubob, bbb oobob,bbo0oon
gogobboooooooboooooo.

00000 00000000000 0ODO. O0O0DOD0ODOO0DOOOODOOOO0OO
gooboboooobbooouobobooooooo.

91 OO
9.1.1 OO
ooo odogd
w=V xv (9.1)

000 (vorticity) D 0UD. w=00000000000 (irrotational motion) O O
O,w#000000000 (rotational motion) OO 0.
0000000000000 D0o0oOUDO0O0O0,0000000 (r47)0000

87
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090 O

00O00. (747) 000000
L2
v-Vv:V(§|v|)—v><w (9.2)

gobobodoodo. gdobobuoodgooboooobboooobbbooooobooo.
goooooooo,

ov 1 L, 2
a_—;Vp—V(éM)—F’UX(W‘Ff)‘F’C (9-3)

0000000, 000000000000D00D00 fF=0000. 00000000
000000 ((93)0 f=0000000)0 (93) 0000000, 00000000
0 wd0O000D00D w+fOO00O0ODOODOOODOODO. 00OOO,0000000
000000 fO0,000000000000000D00O00OCOO. 0ODOOOO0O, O
0000000 00000 (planetary vorticity), w 00 00O (relative vorticity),

wo=w+f (9.4)

00000 (absolute vorticity) 0D O00O00O0O0O.

0.12 O0O0OODODO0O OHelmholtzOOODOOO

(91)00000000000000000000000000000000000
00000000. 000000000000000000000. 00000000
00 00O00,0000000000000000000. 00000 POOOO
r = (21, 20, 23), POODODO0O0OD »(r) 000. 0000 v(r) 0 Taylor 0000
z;,(:i=1,2,3)0 1000000000,

3
v(r) =v(0) + ) (div) =,

i=1
=v(0) + (a1121 + a1222 + a1373) €e;
+ (a2171 + a22x2 + a23x3) €2

+ (ag1x1 + azex2 + azzxs) es (9.5)

O00. 00000 O000000000000O0O00,»(0)000000O0O0O0OO
g.od

aij = (0jvi)q (9.6)
Oo0000.:#5000

1
aijrjei + ajivie; = o (aji — aij) (Tie; — zj€;) + 5 (aji + aij) (zie; + z;€) (9.7)

N | =



9.2 00000 89

ooo, (4 k) 000000 (1,2,3) 0000000000,

1 1 1
Qk = 5 (aji — aij) = 5 (aﬂ}j — 6jvi)o = 5 [(V X ’U)k]o, (98)
Yij = Gji + @5, (9.9)
; = aii (9.10)

000000, (95)0000000000000:

1
’v('r) = ’U(O) + Ql ($263 — .Igeg) +e1xr1e1 + 5 Y23 (:L‘263 —+ x3eg)

1
+ Qs (x3€1 — x1€3) + €272€9 + 3 V31 (x3e1 + zie3)

1
+ Qg (1’1716%,— $2612+ €3T3€E3 + 5 Y12 (513162 + 33261)1. (911)
(D =Qxr, (1) (I11)

()
000

(yoooo

(IhoooQooooo

(I 00000000000 (e>0),00 (e <0)
(IV)yoooo

000000 (0 9100). OO0ODU0OD 40000000000000O. ODOO
HelmholtzOOOOOOODODOO.
000, (98)0000000000,000000D00000O00O0OO0 200000

92 OO0OOO

0000,000000000000000000.
(9.3) 0000000,

0 1

6—6::V><(v><wa)+—2Vp><Vp+V><IC. (9.12)
p

o0ooooooooo,0o00o0ooono A,BOOOO

Vx(AxB)=(B-V)A-(A-V)B+A(V-B)-B(V-A), (9.13)
V-VxA=0 (9.14)



90 090 O

X2 X2 X2
>0
S ) SR, 17V e,
\\" """ H > | [ — [ >
Ini H F> > ----- [ » [ >
P EREEE H - > - O e — O R »
‘- - H > > ----- > r------ > -
- - H F > e — > r------ > il
- - ' > > ----- > r------ > ---»
V.- H L L > re----- > F-
- B -1 > > ----- > r------ > >
\f/' . (,"f f E F» [ — > r------ > '\7’ > y ik
A e L L iy > ! 'S
\ SaTh Lo e e ML / AL
\ —"’ llllllllll
- 4\11 ||||||| > > > H > \11 1 :
Q s s ly

0 9.1 Helmholts 00D OO00000 23000000000 (a), 2, 000000
0 (b), 00000000 (¢). 00000D0DODODODOOO.

ooooo. ooo
Vx{vxw,}=(wa V)v—(v-V)w, —w,(V - v) (9.15)
0oo, (9.12) O

Dw,
Dt

1
:—wa(V-'v)—kwa-Vv—k?VpxVp—I—VxIC (9.16)
00000000. 0000 (3.5)00
Voy=_—-2F (9.17)

000, (9.17)0 (9.16)00000,00000

V x K

D a a 1
(w—):w—-VU—FEVPXVP—F (9.18)

Dt \ p p

000, (9.12), (9.16), 0000 (9.18) 000000 (vorticity equation) 00000 .

93 Lagrange00 00O (DO ODOOOOOO)

gobobogoboobooobbooooon.

*1(9.2)0 (9.13) 0000, A=B=0v000000000000. 00, (9.14) 0, (9.3) 00 (9.12)
0oooooO0oo0oon.



9.3 Lagrange 0000 (D0ODOOODOOOO)

91

ggooooooobooooooobo, bbb booo, bbb boooo.o

000000,00000000000000. 000, (918) 0000200000
00.20000000,VxK=0000,(9.18)000030000000.
00t=00 w,=00000000.0000 ¢t=At0000 plw,000,

(%), =) ()
@a —(“a) 2 (% At
P Ji=nAt P /=0 Dt \ p /i
+<ﬂ) +(ﬁ-w) At
P /=0 P t=0

= 0. (9.19)

0000000000 t=nAt0000 plw, 00000 (0000 w,=0)000.
gooboo,boooooo.

00,00000000000000000,00 t=00000 wa#00,000
0Ot=nAt0 w,=00000000000,t=nAt00000000,000000
00000,t=nAt—-nAt=00000000000000000000000O00
O,w,=0000.0000,0000000.00000,00¢t=00000 w,a#0
0000,00 t=nAt00000 w,#0000000000. 000000000
ogd.

mJ0d: 0OOOODOOO waDDDDDDD,DDDD,%DDDDDDDDDDDD
goobooooboboooobobuooo. oo, bbb bbo,o0bDbbUoOog
ggo,dobbobboogouooobbodoooo. bog,0d00dgnbtf non-zero U
gogoboo,bboodob booobooboboodg,oobbboooobbibd, w, 0o
ggooooog.

m]: OUO0OO0OO0O0OOOO,0000000000000000O0000O00000
0000000,3000000000000000,00 200 (0000000000
00000000000 000000)00000,00 (wa=wak)0000O0O. 200
0000 (p=const) JOO0DDOOOOOO

Dw,

Dt
000000 w, 00000000 f(we) O00DD0O,00000000000000.
o0oo0oboooooo,20000000000D000D000,200000000 30

=0 (9.20)

*2—p%vvapzvaxvp,mmm a=1000,00000000000000000000,0
000000,000000000.
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ogoo0o00oo0o00o0ooouoouoouoooogogoooo.
94 OO
941 00
OO00D0000 cono,Co0ooo0o0o»000O0d
r((;):]fcv.dr (9.21)

O0,CO0000000 (circulation)DOOOO.

942 DOO0OOOOODOO

Stokes0O0O0O0O0O,000 COODODOOOOO,CO0000O0ODOOOOO SO0
gobobooooboobooonooboogd:

F(C’):]iv-dr://sVva-dS
://Sw-dS. (9.22)

00,000000000000.0000,000000000000.%3

05 O0OO0O0O

000000000000000 (00000 circulation theorem) 000000, O
goooooobbobooooooggo. dogogooobbboooooooooo.
00,000 Lagrange 0 O0ODOO0O. O0ODOODOOO0ODODOOODODOOODODOO
goboooooobobuoooobbuodd abdd:

DI,(C) D [ D
D —thcv dr—%ODt(v dr)

:ﬁ{%:-drnLv-DS:)}. (9.23)

*3 DD0000 Kelvin0OOOODOOOOODOOOODOO, 0000000000000, 000,
00000000000 0O0O00O00 GraphicOODOOO. DO0O0O0O0OOOOOOOOOOOOOOO
goboboooo,bobooobooooo. boboooo,b00oboo0ooboboobooOo,booboobooooo
00000ooooooooooD. 00, KelvinOOOOOOoOoOooooooOoooOO.



9.5 0000
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ogoo,0oboboboob 1ioooboobo,0 20000,
D(dr) Dr

) _ or_, (9.24)
nooo,
E%gaz_.C%Vpdr+ﬁy0dwﬁ£d(;ﬂﬁ
:_7{1dp+7§1c-dr (9.25)
cP c
ooo.

9.5.1 BjerknesO OO OO

0000 K=-vuooo, (92500,

DT, 1 1
D) [ 14y f ovaro— f Lape f
Dt c P c cp c

1
= —%;;dp (926)

000. 000000000000D00000, (926) 0000 Lagrange00O O OO0
O000D00000000000. 000 BjerknesO0OODOOOOO. Bjerknes OO
00,000000000000000000000000000.*

9052 KelvinOOOOO

0000 K=-vUuoooooo (dP=dp/p) 0O, Bjerknes0 OO OO (9.26) O
gbooooobood

DI, (C) B
= —]idp = 0. (9.27)

000,0000000000000 CcOoOoOoUooooTr,(c)oooooo.o ooo,
KelvinOOOQOQOGOGOOOO.

m001: 0000000000,930 LagrangeOODOODOOODOO. (00O
000000000000000000.) LagrangeDOOOO, 000000000
0000000, KelvinO0ODOOOODOOO I(C) 0000000000000 O00O0O,
Lagrange 100 00000O00DO0O.*

*4 J. R. Holton, An Introduction to Dynamics Meteorology, 3rd. ed., 1992.
*5 Lagrange 00000, Kelvin0ODODDO0O000000000.
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w00 2: gogoboobbodoooob,gobobobbooooooboooboooooaa,
gobobboobboboooooooooobobooboodog,bdgooooooboboo
goboooooobooooo.

96 ODDOOOOO

O00D0,00000000000000000000D00D000000000000
0.000094200,000000000 (000000000)000000000
0,000, (9.16), (9.18) 000000, (KelvinODODOODOODDOODOODO) OO
D0000000D0000.0000,000000000000000000 (0000
D0000)00000000 00000000000 (potential vorticity) 00000
0 .x6
D0000000000000000000D00000000000. 0000 80
D0000D000 (00000 (9.18)) 0000000000000 D000O
O000000000D000000000000. 0000000000 (9.18)0

D [w, Wy 1
— — = — _— -2
Dt(p) ; Vv+p3Vprp (9.28)
O00. 000000000000 00DOOo0go e00O0:
Do
2% o 2
5y =0 (9.29)
(9.29)000000000
Do DV
DV§

0007 (9.28) - VO +(9.30) - w,/p 00000,
D {wa-VQ}_VQ-(Vprp)
Dt p p
O000. (wa-V6)/p 000 (potential vorticity) D000, 000000000 ¢OO
ooO0. (9.31)000000,00,00 ¢00000000000O0, 00,

Dqg
Dt

(9.31)

0 (9.32)

gooobooood,

*6 gooooooob,0b0bdoobbo0o0oobboo0obbooobooooboo.
*7 (V’U)-(V@):ei(aﬂ)j)aje
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1. 00o0oooo.
0000000000000 D0000000,VpxVp=0.000, KelvinO
000000000000 0D00000D. D0D00 ¢q0O0O00O KelvinOOO
dgoboboooobobboooobboooon.

goboboooooobog,ggoooboooobobboooobobbuoogn
00.00000000000.%8

2.0000000000.
p00000DODDDODO

0 =0(p,p) (9.33)

06000 p000 p00000OODODODOOODOD. ODOO

o0 o0
0=— —Vp. 9.34
v 8pV¢4—aAVp (9.34)

Vp, VpOOOOO VpxVpOOOOOOO VO-(VpxVp)=0.

00 (929 0000000000000000000,0000000. 00
O0DS/Dt=0000,00000000 SO00000000000,0000
00000 (9.33)000000000000000000.

0000000000000 00 (CO000U00O0,00000000),00000
00000000*000000000000,0000000 (60~7000)00, 0
Ugeglouobbouoon.

0000000Oo (passive) DOODOOOOO0OOOOOO

Dqg  0q _
0oooo

0oooooo,® DoO000000000000000000000,0000000
gooboboooobbbooooobboo,0oobbboogobbUoo. g, g0
ggoooooa.

0000000000 KelvinDOODODODODO. 00, KelvinOODODOODOODOOOOOOOO
oo.

*000D00000000000000000000000000000000.

*10 0000000000000 000 passive scalar D00 .
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9.7 BernoulliO OO

gobooboooooobooo.ogooo

P:/}*@pi/%vpdr (9.36)

gobobog,ogooboood

1
S Vp=VP (9.37)
0D00000,00000 (9.3)0
1
%§:_ (p+§hﬁ)+vxw+x (9.38)

O00. (9.38)0 0000000000000 0Un.

90.7.1 BernoulliOOO

gooboooon %—szDDDD.DDDD,

1
—V(P+§\v\2+U>+v><w:O (9.39)
000.00 (0000000000000, 000000000000000000)0
000,vxw=0000,
1
V(P+§|v|2+U) =0 (9.40)

goob. oo gooboobobuogoboooboooo,oboooo P+%|’v|2+U
gobobooo.0 oooo,obboooon.

072 OOUOOOO BernoulhOOO

000000000 (w=Vxwv=0)00O0O0OUOO. 0000000 »000000
Oo0000D00O0ODOODOODOOO:

v=V9. (9.41)
D00000000000 ®00000. 0000 (9.38) O

0 1 2
Ivo——v(P+=|VoP)+
o VO ( - | q>\> K,

L 1 )
IC—V(E+P+§ |V<I>|) (9.42)



9.7 BernoullioO OO

97

000, (942)0000 KOODODODODODOOOOOOOO,0000000000000
0000000000, 0000000000000000000000O000. 00O
00 KOODOOOOO Uoooooooooog,*it

1
v (atcp +5 VO + P+ U) = 0. (9.43)
(9.43)00,00000
od 1
E+§|V¢|2+P+U:f(t). (9.44)

000 f#) 000000000, 0000000000000, 000, @) =
o) — [T f()dt 000D (9.44) O
0P’
ot

0000, (9.44) 0 (945 000000, f(+) 0000000000000, (9.44) 00
00 (945)000000000000000 Bernoulli 000 (generalized Bernoulli’s
theorem) 00O 0O O.

1
+TV®E+P+U:O (9.45)

ggoo

1. (92)0000000.*2
2.(9.20)00000O0.

1l nppooooooDoDoo0on. U = ge.



