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e dt at 7
dA, ., dA, ., dA) di’ dj’ dk’
_ T . . Zk, Ali Ali A/
at LT Tt B ey Ty A
000Y. 00000000000 d&&'/d=Qx¢ 0000000000,
d,A dA
o2 _ 9L axA. 2.3
a - at (2-3)

000d,/dt00000000000000,d/d¢000000O00O00O0OOOOO0O.

ooO00O0O0O0O00000000UoooOoOoOOOODOOODODODODOOOD @2@xAQDQOOOO
oooooooo.

gobobooaoboooboooboobon.

doVa dVy,
= QxV,.
a a0
(2—2)DDDDDDDDDD
doVa B d(V+QX’r’)
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= — = . . 2—
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PUSYEy ] e ———>[pu + ai. (pu) 8.\‘] Sy oz
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Figure 1-1. Mass conservation.

0 2-1: 0000 (Haltiner, G. J., and Williams, R. T., 1979: Numerical Prediction and Dynamic
Meteorology. John Wiley € Sons, 477pp)
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(24)0000000000000000000000Y.
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000.¢ [Jke ' K-1)OOOD0OO0OODO,p [N/m?20000000000%,

O00000000000 (0000000000000000)000 (2-9) 00000000
oooo.
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Y S el Wi
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D2-5-A00.

5)9 [K] D00 (potential temperature) 10000000, 000000000000. 0001090000000
gooooooooooooo.

00000000000 2-5-CO0.
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p
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D

= InT+ klnpy — klnp,

goooo.

dlnf dinT  dklnp

dt dt dt
dT dInT @dlnp

dt dr Vat dp

14T 1ldp
= Tat Tpat
dIn@ 1dT" Rldp
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dT TRdp
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oo0ooo, (29%) 000000000000,
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dQ ou
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9000 dFO00000O0DOODOODOO.
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goooooooboooooobo,0bobboooobobobooooboooboooDoboon. oo
gbO,b000000b0000b00b0000obO0obooboobO. obooooboboooag
000000 O000000000000000000O0OO, Haltiner(1979) 00 900000
ooo.

000000D0000D,00000000000000000. 0000,0000000000
O0000000000000000000000. 00000000000000, 0 (2-5)0
00200000002,

d
7:;;{ =—aVp—fxVyg+Fy, (2-11)
dp
— a2 _ g -1
0=—az’ (2-12)

000 Vg [m/s) 00000000000, V[1/m|02000000000000. Fy [N/kg
0(0000000)00000000000. f=7fk, f=20sine [1/s]000000000
O (coriolis parameter), f x Vy [N/kg| 000000000. 00,0000000000000
ooooooooooo®.

D(2-5)0 30000000,0000000 300.
2)(2-12) 0000000000000, 00000000000000000000. 00000000000 (2-12)
ooo.

Ap = —gpAz.

J00000000000oooog.
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2-7 OO0

0000000000000000000000000000000,0000000.000,0
0000 (0000000000)0000000000000000000000. 00000
00000000000000000000000,0000000000000.000000
000000 (000000000000000000 (A-17)0(A-24)Y)0000000000
0000 (25)00000000000000000

00000000000, z1=MNas=p,z3=r=z4+a000.0000 X p,r,a, 000 20
0O0,00,0000000000,0000000,0000DO0000O0DO0O0. 0000000
0000000 dsO0D000o0oo? (DDDDD)(metriccoeﬁﬁcient)hjD[I[II:II:IDDDD3).

dsy =rcospd), dsy =rdp, and dsz=dr,

hy = rcosy, ho =, and hz =1,

u = ds1/dt =rcospd)/dt,

v = dsg/dt =rdp/dt,
w = dsz/dt =dr/dt =dz/dt,
V =i +vj’ +wk'. (2-13)

uw,v,wOO0OODOO0O0O,000,0000 (0000,0000000000000000)00
000000000000, +, 4, 00000000000000000000. 000000
00000000 (25)00000 hy, hy, s 0000000,000 (A-17)0(A-22)00000
0000000000000, (00 (A-23)0000000000). 00000 (hy; O (A-17)0
(A-22)0000000)000000,000dV/dt00000004, 4,k 000,00000
000000000000000000. 000 wv,wd000000, (A22)0000000
000. 00000000000 Haltinerd Martin 000000000 (19570). 000000
0000,00000000 ((A-8)00) 9.

av. ov 1
T T + 5V(V VI+(VxV)xV. (2-13-1)

00000 (2-5)00000. O000,0000000000000 (A-17)0 (A21)0000
obooobO.00oobooooboboooooboboooboboooooobooog.

20xV = 2Q(jcosp + ksinp) x (ui +vj + wk)

= (2Qcosp w — fv)i+ fuj — 2Qcos p uk,

Yopoooooooooog 2-7-JO000000.
200000000000 2-7-A 00
¥000000000000 2-7-BO00.
9000000000000000000000

av 8V

=L (v-V)V
dt ot +( )

000,0000000 (A-8)00

(V-V)V=V(VZ2)+(VXV)xV
gooo0oo0o0o0o0o0o00ooooooooan.
go,0bo0obooboobobobooooo.
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ow 0 7] 1 ow] .
vxvo= [&p_@( )] [ar( r)- cosgpa)\]j
ucosgp)]k
rcosgo Ao

(VxV)xV—i—%V(V-V) [V~Vu—(uvtancp—uw)/r}i

+ [V Vu+ (uPtanyp —vw)/r] j
+ [V Vw-— (W +0*)/r] k

o0oo0o0,00000000000000 (25)000000000DO0ODO0ODO0ODO0OD. 10
00000000D0000000000%. 2000000000000000 h; 000,000
0000 (A20)9 0000000000, 300000,2000000000000 (A-17) O
0000000007, 00,3000000000000000000(V-V)VODOO. 00O
0,000000000dV/dt000000000O00OO0OO0O0OD.

W_'_{_uvtamp—uwi_i_u?tan(p_'_Uw._ ug_ngk}.

dt r T T

(0 (25)0)00000000,000000000000000009.
du 10p

= ——— +(2Q inp— F
= p8x+( —i—TCOS(p)(vsmcp wcos ) + Fy,
dv 10p U VW
== 220 ingp— —— +F, 2-14
dt p Oy ( +rcos<p)US1mp T e (2-14)
dw 10p U v?
e DY) Y LF.
dt p Oz 9+ +TCOS¢)ucoscp+ r +

obobo0d ez, vy, z:0000000000,000,0000000.000000000D0O00O0O0
00000000000000% 000000 Phillips(1966) 0 000000000. 00O, (O
000000)00000D0000000,000000000. 19,

d
pn [rcosg (u+ Qrcose)] =rcosp Fy. (2-15)
0000000,00000000 Q=Qk000,000000 Q= Qcosej’ +Qsinpk’ 0000. (000D
00o0o0000000o00oD00O0 4,5,000000000000). 000000000DO00ODODOOOOOODOOO
poooooooo 2-7-CcO0O00o0.
00, f000000000000D00O0DOO0O (f=20sine)000.
6)

al 4] 19) as 15) 0
VxF = 2 (haPy) — L (hoF 9 (haP
% h2h3{ax(33) 8x(22)}+hh{8m(11) oy (133

as 0
— F: h1 F
Jrhlhz {3 1( 2F2) = 3962( ! 1)}

00 3000000000000 dV/dt000000000000000000000000O000000000
oo.

dv/dt0 (2-13-1) D0O00O0. 00000000 2,300000000000000 dV/dt0000000000
oooooo.

0Oo000000D0000 2-7-E000OO0.

8)o-7-FOO.

900000,00000 ¢000000D0O0DODOODOODOO.

10)gpoooooo0 (2-14) 00 reose 00000000000 OOOODO. 000000 2-7-100.
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000 ROODO0O0D0OO(DoOOooooo)ooo.

0000000000000 000D,(000)00-0000000000000000000
D000000 «000000000000 (OO0 r~a=const). 0 (213)0000000
000000D00000000 (dr/dt ~da/dt =0). 000, 000000000000000
(2-14)0 ((00D0)000 0000000000000 000YW. 000000 (215000
Or0e0000000000D0O0.O00000,0(2-11)00000000000000000
0 (0(2-14)0 k0D0)000000D0O0OO0. ¥, 000000,000000000000
gooogt .

du 10p utan ¢

= = _-Z£ F 21
n S (r+ 1) v (2-16)
dv 10p utan @

@ = ooy (f + a )U+F<p7 (2-17)
dw 10p

- = _-F_ . -1
p 5. 9T E (2-18)

0000000000000 (f=20sinp)000000000000O0OO0O. 0000000
0000000000000000000000000000 (2-15 0000 «0D000OOO
gooooooao.

000000o00o0o0o00o00o00o0Uo0Uo0UD dw/dteD00DO0O0O. OOO
000000 (2-18) 00000000 (hydrostatic equation) 000 .

0=, (2-19)

O00ooo (29)0000000000,0000000000000 (A-21)0000000
o0oo, (2%)000000000000000.

2-7-A 000000 (0ooon)

000000 (0000D)A, 00000000 (6,6,6)0000000000¢ 000000
0000 (00)000. 00000000 0oooooo.

0z Oxa 0x3

hj: 87&614’87&624’87&

€3].

Wo-7-G OO

12)pgoooooDoo 2-7-HOO
B)oo0000000000000000000, Phillips(1966) 0000, 0000000 hy = acosy, hs = a,
hs=1000000 (2-14) 0000000000, (2-15)000000000000.
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000,00000000 (\e,2)0000 A000000000 »OOOOOOODOOOOO
goooo.

ox ox ox
! + 7262 —+ 7363

o= 1axet o B3

0 0 : g, .
= a—A(r cospcos A)ey + 8—)\(7" cos psin A)eg + a—A(r sinp)es

= | —rcosysinle; + rcos pcos e

\/7"2 cos? psin? A + 2 cos2 p cos? \

= Trcosey.

00000000000uoo00o0oon (x,y,2) 000000000000 hy =heg=hg=1
goooooooo.

000000000 &00000000 (921/0¢e1 + dx0/0E €2 + dx3/0¢e3) 0 & 00000
0000000000000, 0000000000 €,000000000000.

1
6;- = ;(8.131/65]'61 + 8x2/8£jeg + 8$3/8§j63).

J

2-7-B goboood

o000 2-7-B-10000000000DO0O.

0 2-7-B-1: oboooooo
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2-7-C ggbbobooogbbbodo

ooooooo Qioooo,0o0000oooooooogooD @=Qk00000000DO.
000000000000 D000000 Q=Qcospj’ +Qsinpk’' 000. 0000000000
boooooobooboooooboobooooobo,0obooooboooboooboOooonog
ooooooobooon.

ocooooo0ooooo0o0ooOo0 k0O0O0DbD.0ODObO00oOoDbbOoOooDo

1oz
h; O¢;

1 83:1 ’ 1 83?2 ’ 1 8373 ,)
= | ——=—e1+———er+——"¢€
(hj o9& ' hj 05 P by 0g °

000,k00000000, 2 =X = arctan(y/z), o = ¢ = arctan(z/\/a2 +y?), z3 =1 =
»2+y2+ 220000000,

— i i ;/ 2 2 2 5/ g 2 2 2\ !
k = ; {az<arctan(y/x)>z + az(arctan(z/\/x +y ))] + P (x/x +y%2+z )k

I e . 0 ,

= hj{az(arctan(z/va—ﬁ-y%)J +8z(\/$2+y2+22>k}

6]‘:

1 1 1 ;L Zk,
= — i —
h’j \/ 2+ y2 1+ mzzjyz r

i 1 .’E2—|—y2 J/_’_Ek/
hj | Va2 +y2 2% +y* + 22 r

O0O0W. 000, z=rcospcos\, y =rcospsin), z=rsinp 000,

1 2 2
kE = w_jq_coswk’
7 COS ¢ r

1
kE = Zsingj’ + cospk’
r

14)

O arctan(a)
— arctan(ar) = ——
Ox 1+ (azx)?
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2-7-E 0000000V (VxV)+1/2v(V-V)0O0O

0000000 Vx(VxV)+1/2v(V-V)00O0ODO.

i j k
(VxV)xV = % [% — %(rv)} % [g(ur) Coiwg—g’j} 7TCC1)W [% — %(u cos cp)]
U v w

= ey LOw v 0v D sy Ve
— \r |or cos @ O\ rcosg |ON  Op 7
D @_i( ) aﬂ_g( 1Ry
rcosp |[OA Oy weosy r |0p Or RNE
v [ Ow 0 w0 1 Ow
+{r[ap‘e»““]‘r[&fm7‘aﬁ@aA]}k

_ [vou @_U@_waﬂ_(tn_)/i
N r Op w@r rcosp 0N Tcosp OA uvtatly —uw)/r

_u Ov Ov_udu wow 2ot ew)r b g
7 oS OA or rde rdyp wtalte )T d

v Ow vow ou v 9 9
{7"0054,06)\—’_7“84,0 Ua 'UE (U +v )/?"}k (2-7—E—1)
ooo. oo,
1 (L0, 10 0N e
2V<V.V) B 2(7"008@(9)\ +r(’9gp]+8rk> (0" + 0%+ )
B v @+ w  Ow) .
N rcoscpa)\ rcosga@)\ 7 oS O\ '
+ B@—FE@—FE% -+ u%—kv@era—w k
rde rdp r dp J or or or
(2-7-E-2)
goooao,
1
(VXV)XV+§V(V~V)
= “ %—i-vau—f—w@—(uvtan —uw)/r e
N rcosp X rdp ar v
S @+9@+ 8—+(2t +ow)/rp j
rcosp X rdp gy T\ ARe T UWIT g
rcose O 1 Oy “or W )/r
= {V-Vu— (uwwtany —uw)/r}1i
+{V Vo + (v’ tang +vw)/r} j
+{V - Vw — (u® +v*)/r} k. (2-7-E-3)

gboooooboooooobo.

v 0A wvO0oA 0A

VA= — —_—.
vV rcosgoa)\+r8go+w8r
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2-7-F (2-14)0000

(2-14) 000 (25)000000000000O. 00 (2-14) 000 (2-5)
dVv

obooobOooooobooo,booocobooboocooboooon.

(%)
dt (000O0O00O0o0)

dv tanp —uw ., u?t . uP+o?
dtJr{uv anp—uw, U anp +vw . ut+o k:,}

r r r

20 XV = (2Qcosp w — 2Qsin g v)i + 2Qsin @ uj — 29 cos ¢ uk,

b, Oop. b
Vp 8l+8y +8 )
g = gk,

F = Fyi+ F,j + F.k.

2-7-G wdO0oooogoooo

0000O0ooo0o (21500000000 (2-114)0+:00000. 00000 r~e00000O
0,0000000.(00000 FKOOODoOOooo)

du u
o ino— 7-G-1
p (2Q+acosg0> (vsing —wcos ) + F (2-7-G-1)

ubobodbob0r~e0OO0OO0OD0OO0O0ODOOOOOOOCODOOODOOODOOO.DOOOOOOO0O0OO0
0000.00,0000000dr/dt~da/dt=00000.

d
pn [a cos p(u + Qacos p)] = acosFy,

d
a (29 +— ) vsing + F. (2-7-G-2)
dt a cos

000000000000o0oo0oooooon, o (2-7-G-2)00 (2-7-G-1)00000ooo. O
000,0 (2-7-G-1) 0000 w00000O0O00O00O0O00OCOOO0OOoOO.

2-7-H gbooooogn

goboooboooboobboooboobooobooboooboooooooobooboo.ooag
F=(F\,F, F,)00,0000000000,000000000

1
% (2V2> =V.F (2-7-H-1)
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000.0 (2-14)04:000«, 0000000 (0000000000, F\,F,,F,000000),

d
ud—? = u(2Q+ Tcos(p)(vsingo—wcosgo)—i-uF,\,
d /1 2 2
7 <2u2> = 2Quwusin p — 2Quw cos p + vy tan g — Loy uFy. (2-7-H-2)
T T

00000,;j0000, k000 wO000000000O,

d 1 2 2

p (21)2) = —2Quusinp — # tan g — # +vF,, (2-7-H-3)
d 1 2 2
pn (2w2) = 2Quwsingp + 2 + % +vF,. (2-7-H-4)

0000 3000000000000 (2-r-H-1))ooooooooog.

000,QxVO0O0,000000000000000000000000000000000
00. (2-7-H-2) 0000 100 (27-H-3)0000 10, (2-7-H-2) 0000 200 (2-7-H-4) 0O
0010, (2-7-H-2) 0000 300 (27-H-3)0000 20, (27-H-2)0000 400 (2-7-H-4)
0000 20, (2-7-H-3) 0000 300 (2-7-H-4) 0000 30000000000000000
0. 000000000000000000,00000000000000000000000
0000000000.000000000000000000.

000O00,00000000000 (2-14)0:00000 ww/r00000000000O kOO
000 w?/r0 2Qucos 0000000000,

00,0 (2-1) 0000000000000 000oo00oooo0oUoooooooooo, o
(2-14)0 j00000 vww/r0000000,0000000 kOOOOO?/r000000.

00000000 (2-16)0(2-18)000000.

2-7-1 gobbbooodn

(2-14) 0 recos 000000000 DO0O0OO0OO0OOOODOO (2-15)0000000000. O
ooooooooobo.0b,000000000 FMOOOOODOOOO.

d
rcosgad—q: = (2Qrcosy + u)(vsiny — wcos ) + rcos pFy

4 (rucos p) — ucos p2L + rusin %
g (rucosp) —ucosp— +rusing—

= 2Qrcosp(vsing — wcos ) + uvsing — ww cos ¢ + rcos pF).
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v=rdp/dt, w=dr/dt0000000,
d .
g(ru cosp) = 2Qrcosp(vsing —wcosp) + 1 cos pFy
d d
= 2Qrcosy <r Singod—(tp — Cos gpd:> + rcos k)
d
= 2Qrcosp —a(rcoscp) + 7 cos F)\
d o o
= —Qa(r cos” ) + r cos pF)
goo.ooooboogooa
d
—[rcosp(u+ Qrcosp)] = rcospF)

dt
goooo.

2-7-J gooo

0000000,00,000000000 0 (1996 00000000.
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24 googbooboobobod 2-8 00000

2-8 0UOOOO

gooooobooooooo,obogoboboooooooboooboooooooboo,0o,00boog
gbooooo.ooboobooobooboobooboobooobooooboOobooOobooOooonog
obobobobooo,oco0o0oocboo0o,00o000oo0oo0oo0oboobo0obOo. o000o0ooo
oboooogooooooooob,oco0b0bobooboobobobooooboboobooooboboo. o
00000000000 000000000000 (conformal) DO00O0O0. 000O0O00OOODO
0000000000000 00000000000000000 (isometric) D0O0O00O. OO
obooooobooboooooboboooooboboooboobobo. coooobo,00b0000
oboooooooooobooog.

O0000000000000030000.10000000 (polar stereographic) D000, 00O
O000000000000000.20000000000000 (Mercator cylindrical projection)
000,00000000000000000000.3000000000000 (Lambert conical
projection) 00 0. 000000000 1-20000000.0000000000000000
000000000000 oooO0000. D0ooo0O0O00ooooOo0o00oooooooo,
oooo0oooO0o0oooo0o0o,bo00000000O00000O0O000O0C0OO0O0GCOOO.

gobooboobobobobobobobobobobobo.bo,obobobobob bo o
0 000000o0O00oo0o0ooOo0Oo (Doo,ocooooon).

2-8-1 0O0OO0O0OO
gbooooooooooooboobooboob. oobooboobooboobooobooo
gooo.

r = 2atan(¢/2) and 0=\ (2-21)

oboboooob 2200000000D. D0 000D OoDOOoDODO,r0000OOO
O0000000. ¢0000 (colatitude) D000, 00000 00 ¢=n/2—00000
ooo. d (2—21)DDDDDDDDDDDDDDD1).

r=a m(p)cosy 0= m(p) =2/(1+sinp). (2-22)

0000 m(e) 000000000 (map factor) J000000000000000Y,

Hoooooooo

2 1 — cos 2«
tan“o = ————
1+ cos2a
oo,
1 —cos¢ sin? ¢ sin ¢ cos
tan(¢/2) = = = = _ .‘P ]
1+ cos ¢ (14 cos @) 14+cos¢p 1+singp

O0,¢=7/2—p 00, sinp =cos¢, cosp =sing 000.
Im(p) 00000000 2-8-A00.
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40°

30°

10°
00
10°

30°

40°

(a) y

(b) (c)

Figure 1-2. (a) Mercator cylindrical projection true at 20° latitude, (b) Lambert
conical projection true at 30° and 60° latitude, (c) polar stereographic projection
true at 90°.

0 2-1: (1) 0000000000000 20°00000,(b) 000000000000 30°0 60°000
O,(c)000000 9° 0000. (Haltiner, G. J., and Williams, R. T., 1979: Numerical Prediction
and Dynamic Meteorology. John Wiley € Sons, 47Tpp)

OO000000 z=rcosf, y=rsind0000000000C00O00O0. z,y0 o, AODDOOODO
goooboooooboooooo.

_ 2acospcos A _ 2acospsin A

) . - <. 2-23
1+sing 4 1+sing A ( )

0000000000000000000000 (de,dy) 00000000 (das,dy,) DOO0O0O
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00000000D0. 000000000000 oooog. ¥

dx 2 —sin A —cos A dz,
= . (2-24)
dy 14 singp cosA  —sin A\ dys

00 2/(1+sinp) 000000000000 O0O0OOOOO0 m(p)000O.00,000000
Oo000oo0o00.0000,0000000000000 hy, hy O

hy = hy =1/m(p) = (1 +sing)/2 (2-25)

000.0 (2240000000000, 00000000000 (U, V)OODOOODDOOOO
000000 (us, v,)0000000. OOODOO0OO (2249 0000000000O0O0O0OO0O

ooo.
U Y sin A — Cf)S A Ug ’ (2-26)
14 cosA —sin A Vg
U=hyt and V =hyy. (2-27)

O00000000000000000000000000 (2-14)00000000. 00000
oooooooo9.

dU 2V —yU w . _ dp

dv xV —yU W . - op

aw 1. 4 9 . ~Op

i [U? +V? 4+ Q(1 +sing)(zV —yU)]| = am- =9 (2-30)

0000 f=20sinp 000, FOOOOOODO. OOO,

du  oU oU oU oU
- -2 - - - _31
ar ot +m<U8z+V8y>+Waz (2-31)

oooY.

0000000000000 00 (2-11) 0000000000 U, Vvoooooooowooo
0000000, 0 (2-28),(2-29) 0000 WOOOUOODODODOOOOODOOOOO. 00,00
0000000000000 (2-28)0(2-30)000000O00OO0OOUOO.
d
dt

00000000000000, (2-28),(2-2990 WOOOODODOOOODOOOO (2-30) 0
—(1/a) [U*+ V2+Q(1+sing)(zV —yU)] 00000000000009. 000000 (2-28)

(U +V2+W?)=---.

3000 2-8-BOO

Yppooooo 2-8-CO0.

500000000000000000 (A-21)00

6)0o00000000000 2-70 0000 2-7-HOOOOOOOOOOOOOO
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D(2—30)DDDDDDDDDDDD,(21) (2-118)0000000000000.

—V<f eV - yU) = —mag—i, (2-32)

+U<f oV = yU) - —mag—z, (2-33)
16p

- 2 2-34

0 5o: 9 (2-34)

00,00000000000000,000000007.

9p o [0(pU/m)  O(pV/m)|  O(pW)
o T [ or | dy ]+ e

=0. (2-35)

2-8-2 0OO0OOOOO

gooobbobboooooboboobog.
x = (acospp)A, y = acospgIn[(1+siny)/cosy].

000, 000007000700000%. 00000000 m(e)O m(p) = cos e/ cosp =
1/h, =1/h,000.000,00000000000000000009.

5U oUu ou oUu Utanp __mdp
ov 8V 8V ov U tan ¢ __mdp

U =hy do/dt, V =h, dy/dt000.

2-8-3 0O0OUogooboooogo

obooobOoboooooboooooooon.

r=T0 {tan (% - %)}K, 0= K(\— Xo). (2-38)

20000 o0 KOODO 000 000000007 00000000000.0000
0000, (2-38)00o00oooooooooon.

r=(a/K)m(p)cosp,  0=K(\— ). (2-39)
ooood
) = (=) (ToR2) K
() o e

000000 (232)0(2-34) 0000000,

70000000 (A-18)00.
8)00000000000000,00000000000000000000000OO.
00000,0000000000000000000000,000000000000.
900000000000 2-8-DOO.
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2-8-4 00

goooooooobobooooooogoboooooooobobo wvoboboboooboo. o
goboobooobooboboooboobooobooobbooooboooboooobooooooag
o00.000,00000000000000O0DODOO,000D0000 100km 00 200km
ooboooboooboooboboooobooooooooooobo. ooboobooboOoobooo
goooooobooboooooboooooob.oboboo,0cobooboooooboboooog
gbooooooooobo.booboooboooboooooooooooooobooobooooog
obooooobooooboooooooboooooboooo.

2-8-A 000000 m(e)0000

m(p) =2/(1+sinp) 0000 (00D0D000000)00000000000000000. ¢
0000000000, 0000000000000. 000000, m(e)0000000
0<p<7/200000000000000000028A-1000000.000,00000
00 (¢p=x/2)0000010000000000000000000000000000. 00
000000 (p=0)000002000,000000000000000000000 200
00000.000,0000000000000 2rx2e=4rc000000,00000 27a
0200000000000000000.

Am(¢)

¢
O 2-8-A-1: 00000000 m(p)
2-8-B gdodooouooouoououooood
0 (2-23)000000 (2249 00000.
ox Ox
_ 9y,
dy = a)\d/\Jr R dep. (2-8-B-2)
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gboo,0b0eeboobugobooog.

0 cos 0 ) 1
% (]_—f—mp) = 8@ {COSQO (1 + Sin gD) }

—sinp (1 +sing) ™" — cos? (1 4 sin) >
sin ¢ 4 sin? ¢ + cos? ¢
- (1 + sin ¢)”
1+singp
- (1 4 sin¢)®
1

= —— 2-8-B-
1+sinep ( 8 3)

(2-8-B-1)000. 00000 (2-8B-3)0000.

de - 2 2acosgo'cos)\ d/\+i 2ac0sga.cos)\ dy
oA 1+ sing Op 1+ sing

2a cos psin A 2a cos A
1+singp 1+singp 7
2

= Trsmo (—acossin AddA — a cos Ady) . (2-8-B-4)

(2-8-B-2) 00000000,

0 (2acospsin\ 0 (2acospsin A
dy = 8)\< 1 +sing >d/\+8g0( 1+singp )d

2
= Trsmy (acos pcos Add\ — asin Adyp) . (2-8-B-5)

000,0000000 (des, dy,) 0000000000, (0 (2-13)00).

drs = acosp d),
dys = a dy.

00000000 (2-8-B4), (28-B-5)0000000000000O00O,0 (224 000000.

2-8-C ggbboboooobbboooon

00000000000000 (2-28)0(2-30)0, 00000000000 (2-14)19 0,000
000 (us,0,) 0000000000 (U,V)00000 (2-26) 'Y 0000000000000.

10)

d 10

s _ 2 p+(2§2+ s )(vs sinp — ws cos p) + Fy,
dt p Oxs T COS

d 10

v 100 hg Jussing — “ 4 Fy,
dt p Oys 7 COS r

dws 10 5 :

Ws  _ 2 p—g+(29+ Ys )uscosgo-i—v—s—i-Fz.
dt p O0zs T COS r

11)

U _ —sin A —cos A Us
v ) cos A —sin A Vs :
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0 (2114000000000 (226)0000000000000.

us = —Usin A+ VecosA, vs=—-Ucos\—VsinA, ws,=W. (2-8-C-1)
0000oo0oOoo (2-23)00oooOo0.
2-8-C-a  (2-28) 000

0(2-14)0+000 00000 (2-8-C-1)00000000O00ODO0OOO,O (2-28)00000.
00,000000000r=e00,00F0O0O0O00ODO.

00,i000000,

4 (=Usin A+ V cos \)

dt
1 e
_10p +(2Q+ Usin A + V cos A
p Oz acos
B (QQ+ —Usin A+ V cos A

) (=Ucos A —VsinA)sing

acos g

) W cos ¢,

dV Lo dA
a Vsmx\a

—Usin A\ + V cos A
acos ¢

—Usin A\ A
U sin :_VCOS )W

. .dU d\
—sm)\ﬁ — UCOS)\E + cos A

_19p
p Oz,

= + (2Q+ ) (=Ucos A —VsinA)singp

—2QW cos p — ( (2-8-C-2)

0o,j;000000,

d
¥ (=Ucos A —Vsin\)

1o0p <QQ+ —Usin A+ V cos A
p 0Ys a cos

3 (—Ucos/\a— VsmA) W,

> (=Usin A + V cos A) sin

dU Lo dA . .dV dA
—COS)\E + Usm)\a — sm/\ﬁ — VCOS)\E

_10p N <QQ+ —Usin A+ V cos A
p 0Ys a cos
—Ucos A — Vsin A
_( cos sin )W

> (Usin A — V cos \) sing

; (2-8-C-3)

(2-8-C-2) xsin A + (2-8-C-3) xcosA OO OO,

daU dA 1 0 0
—— —V— = ——[sinA A
il v i g <sm oz, + cos o > P

_ 3 )\ A
+ (2Q + UsinA 4V cos ) (=V)singp
@ oS

— 2QW sin A cos ¢ — —uw (2-8-C-4)
a
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000. 0 (213)00

@_ us  —Usin A+ VcosA
dt  acosp a cos Y

Oo00ooo,000 (2-8-C4)000ooo,

U sin)\i—i—cos)\i
a p Ox Oys b
_QQVsingp+V(_US1n)\+VCOS)\> (1 — sin )
acos ¢
-Uw

+2QW sin Acos p — ——.
a

(2-8-C-5)

00o0o0oooog, (2-8-Cs)oouoouoooono. o, (28-C-5) 0000 100000o

go.

0(2-24)00,00000000000 (m=1/(1+sing)000).

de = —m sin\ dxs —mcos A dys,
dy = m cos A drs — msin A\ dys,
dz = dzs.
ooooo,
1 .
des = E(—sm)\ dx + cos A dy) ,
1
dys = —(—cosAdx—sin\ dy),
m
dzs = dz

gbooabooda,baoboabodabood.

Ow, B sin A Ors cos\ oxs

or  m’ oy T w0 0z =0,
dys _cos/\ oys _sin)\ dys 0
or  m ' dy  m oz
0z, 0z, 0zs
5‘:5_0’ 5‘y_0’ 62_0
ooo,
@ _ Op Ox, n dp 0y, . Op Oz,
dr Oz, Ox Oy, O 0Oz, Oz’
B _sin)\ dp B cos A Op
N m Oz m Oy,
op .. Op Op
ma—x = sin A Oz, Ccos A By

(2-8-C-6)

(2-8-C-7)

00, (2-8-C-5) 0000 2,300000000. (2-23)0000000000000O0.

1+sing COSA:xl—I—sin(p

in\ = .
i Y24 cosp’ 2a,cos
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ooooooobooo 2,30000000,

—Usin A + V cos A
a cos

—2(2Vsing0+V( ) (1 —sinp)

xV —yU . .
m (1 + sin QO)) (1 — S1n QO)

_ ( A ) (2-8-C-8)

OOoooooOoooo, f=20sinp000.

= 2QVsin<p+V<

ooO,(2-8C-5) 0000 4,500000000.

—2QW sin A cos ¢ — W fK@aQsin)\cosgpf U)
a a

= Y fsney—0). (2-8-C-9)
a
(2-8-C-7), (2-8-C-8), (2-8-C-9) 0 (2-8-C-5) 00000000000 DO (2-28)000000.

au xV —yU 1474 . op
o (f (12> a[(l—l—smgp)Qy U] = movs .

2-8-C-b  (2-29) 00O

022900000 (2-28) 0000000000000 O0OOOOO. OO0 (2-8-C-2) x —
cos\ + (2-8-C-3) xsinA OO O. OO0,

dV d\ 1 0 . 0
a UE = p(cos)\ams—&n/\ays)p
<QQ+—Us1n)\+Vcos)\

acos @

+ 2QW cos Acos p — ? (2-8-C-10)

) Using

O00.0000 (2-28) 0000000000000, 0000 (2-29000000.

dV xV —yU W . dp
a +U (f M) + o [(1+sinp)Qz+V]= fma@

2-8-C-c  (2-30) 000

(2-30)0 (2-14)0 kOO0 (28-C-))OUODOOODODOOOOOOODO.

% = 71?fg+2Qcoscp(stin)\+Vcos)\)
z
+(—U sin A + V cos A)? n (U cos A — Vsin \)?
a a
10 Q U?+Vv?
= —fafp—g—&- (IV—yU)(1+Sin(p)+;7
p Oz a
aw 1., o ap
A Q@1 P2 _,.
o a[U + V2 4+ Q(1 +sing)(aV —yU)| = ag- =9
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2-8-D gobbodo

gogbobobooodn

00000000000000000000000000000000. 00, (2,,y,)0 (z,y) 0
0000 (000 (us,v,) 0 (U,V)ODODO00)00 (214)00000000000000000
000D0000.000,0000000000 »000000000.

00,00000000000 (2s,y,) 0 (2,9), 000 (us,v,) 0 (U,V) 000000000,

x = (acosyp)A

000000 (2s,y,) 0 (z,y) 00000000,

dx

dy

ox ox
87d/\ + %dgo

(acospp)dA
COS
dzs,

cos ¢

Jy Jy
—Zd\+ —=d
N Piad
1+sinep

o
acospg— ¢ In
de cos
cos ¢ 1

a cos g
€OS Qg
aicp d

cos @
COS g

Ys-
cos

I

1+sinpl—singp v

y = acospoln[(1+siny)/cosy].

(2-8-D-1)

(2-8-D-2)

00000000 (2-13)0000000. 00000 (us,v,) 0 (U,V)000000000.

drg cosp dx dx

uS = = —_— = x = U’
dt cos g dt dt
dys d d

v, = Ys _ cosp dy Yy v

gboooboodgooaogon.

dt — cosgodt Vdt

op _0p o _ b
drs O Oxs _m[):r’
dp _ Op Oy Op

dys Oy oy, oy

(2-8-D-3)

(2-8-D-4)

(2-8-D-5)

(2-8-D-6)

(2-8-D-3), (2-8-D-4), (2-8-D-5), (2-8-D-6) 00O (2-31) 0 (2-14)00000. 00,00000

o000 wdoooooooooo.
ou oU oU oUu Utang
aﬁm(Uax*Vay)*waz‘(f*a
ov ov oV ov U tan ¢

)v
)u

_map

p Oz’
m Op

p Ox’

20030 20 100 (OO OO)



34 googbooboobobod 2.9 000000000000

2-9 Uooobouoboboon

00 (00000 +)0000000000000000000000000000000000
000000000000000000000000,00p, Inp/p,, 000000000000
0o=p/p,, 000000000000

0000000000 ¢ [Kasahara (1974) |0000. 00 ¢000 -000000Y 000002
000000000, :00000000,¢0#,y,2000¢000000.000,¢=_(=z,v,2t)
000. 000000000,¢00000000,200000,000 2=2(z,y,(t)000.
00000000 (0000000)00000 (000000 ADO0OO0)00000000000
00 A(z,y,2,t)000 A(z,y,¢,t)000000. 00000,0000000 000 (000
000000000000 0000000000000000.000,00000000000
oooooo.

Az, y, ¢ t) = Az, y, 2(x,y, ¢, 1), t).
000 s00000000000.000 s00s=2,0y,t000.000
0A 0A 0A [0z
().~ (5).+ % (5), 4

gogo. ao,bodad zl]CDDDDDDDDDDDDDDDDD[I[II:ID3). gobooaobood
gobgobooobooobooog.

DA 9AD= DA DADC
—=—— [d0,00000 —_— = . 2-42
o¢ 0z O¢ ’ 0z OC Oz (2-42)
(2-42)0 (2-441)000000,0000000000000
DA 04\  DAIC (o
IA) (&) 2% (E)) 924
(as>< (as>z+ag o2 (as>< (2-43)

0000000 s=20000000 s=y000000000000O0000O0 AOOO (OO
00000)000.000,A00000000000 BOOOOO 2000000000. 0O
gbooooobooooon.

A IC

DB ¢
s=¢00000000000000.
DA DA\  DADC (0=
04\ _ (9AN [ 040¢ (92 2-4
<at)C <at)z*a<az<at>c (2-46)
00,¢00000000000000000.
dA _ 94

iy 2-47
o (2-47)
YOooo 0000000 ¢000000.

)000000,000000000000000000000.

00000000 2-9-A000.

ot

8A> :
= (=) 4V -vA+ (=D
( ¢ ¢
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ocoooovoc¢oono 2DDDD7é:d§/dtDgDDDDDDDDDDD,DDD AD0OO
000000000000 (000000000000 000000000000000noooY

).

00000000000 0000000 ¢00000000000O00O0O0O0O. O (2-44)0

gboooboooboobgoobooboobboboon.

op
0z

000 6000000000 (geopotential) ® 000, p=g20009.

—aV.p=—-aV¢p+a—Vez=—-aVp—V¢o.

ocoooooo,0o00oooo0ooooboo0ogob ¢ooooooooooooo.

%Z—QVCP—Vqu)—kaV-FF.
(2-42) 00000000 «(dp/dz)+g=0000000,
opoC , . _ 9p 04 _
aa(@z+g_0 agoo aacﬁ-ac—ﬂ

ooon.

ubo,000b00booooobooboobo.obobooooooaa,

d(lnp)/dt+V, -V +0w/0z =0

00O0%. 000000 (2442), (2445) 00000 ((2-51)0000 2,30)000000,

dw_ oy DOV o owi
VZ-V-I-az—V( Vv 92 o¢ VCZ-FaCaZ

ooo.ooo,
w=dz/dt = (3z/0t): + V - Viz + (D2/0C
ooog? ,0000 (00DoOobooOobooobooooa.

ow 9 [0z 9z OV 90z .0 [0z
ac‘m(ac)*"'v<a<+a<'v<”a<a<+ a<<a<>

Y00000,0000 (2-27) 00000000000 0OOOD0ODO0OO0ODOOODO0OODOOOOOOOO.

500000000000D00000000000000000000000000000000 [N - s/kg].

60000000000 00000O0O0O0O.
o Op/dz = —g.

Nooo0ooon 0z/0¢ 0000000000000 O0DO0OOO0OOOODO.
Op 0z 9C 0z

a 9=
acac 9z ' Jac
op  0¢

= 0,

(2-48)

(2-49)

(2-50)

(2-51)

(2-52)

(2-53)

(2-54)

8)0000,Vv., VO 200 (000)00000000, dnp)/dt=(1/p)dp/dt 000000000000000

ooo.
90 (2-47) 0000000,
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0 (2-52)00 (2-54)000000000000000.

dw a¢
V. V+a— Ve V*a(at“/ Ve+¢ C)

0z 8(
a¢ ¢

000,d¢/8z=(02/0¢)"'0000000,000000000000 dln(dz/8¢)]/dt0 0010,
0000 (2-51)0 d(lnp)/dt 000000000000000000000W.

(2-55)

d[ln(p 0z/0¢)]/dt = d(ln Op/OC¢)/dt.

gbooooob,bobooooobooboobooobooon.

d ( Op a¢
(hlag) + V- V+a< 0. (2-56)

gobooooboooboboooboo.oobooobobooooboooobooboooobooooboooobooog.
000000000000 00000#=T(py/p)s 00000 TOOOOOOOOOODO.

cpT(dInd)/dt = Q, (1-57a)
ooo
dT dp
_ 1-57b

gboboobobooboobooooboobooooboooon.

2-9-1 0ODOOoooon

(=p0O00000000.0000,Vep=V,p=0000,0p/0p=100000,00000
¢ p.
(2-49)000000 (2-50)000UDOOOOO.

% = —V,p— fkxV+F, (2-58)
96
5 — ™ (2-59)

0000 (256)00,¢=p000 In(8¢/dp) =n(dp/dp) =0000000 10000,

V-V +0w/op=0 (2-60)

10)d/dt =9/9t+V -V +((8/8¢) D0ODOODO.
WOQgO000 dp=—pgdz 00

0p/9¢ = —pg 9z/9C.
000000000000
In(89p/9C) = In(p 02z/0¢) + In(—g).
00000000000,00000 ¢g0000000000
d[In(9p/0¢)]/dt = d[In(p 9z/0C)]/dt.
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O000.000w=dp/dt=p0 p-000000000000. 00,00000000 (linear)
O0000000.0000p=00000w=0)0000000 p00000000000O0O
bbb wdobooooooo.

p
w= 7/ V- Vidp. (2-61)
0

00000000000000000000000000 (kinematic boundary condition) O 0 O
ooao,

ws = dps/dt = Ops /Ot + V5 - Vps (2-62)

000, 000000, p(s,y,¢)000000000,000000000000000000
oQ.
Ps

Ops
Ps v v, Vps=— | v, Vdp. (2-63)
at )

000000000000000. 00000 (2-57h)0dp/dt0 wOODOOODOOOOODO,O
googoooooo.

p-0000 >:000000000000000000 (260)000000000,0 (2-58)000
0000000000000 000000®. 0000000000000®, 00000000
00000000000.0000000000000000 19,

vy _ 1k x v@ and AV, = flkxV A¢.
p dp

ooo0,200000 AQODOOoooog.

2-9-2 00000000 o=p/p, (Phillips, 1957)

0000000000000,00000 py=ps(z,y,¢) 000000000.0 248)0C=0
oooo,

—aV.p=—aVp — a(0p/02)V,z = —aV,(ops) — Vob

000. aVe(ops) =aocVp, 0000000,00000 (249) 0000000019,

%¥+WWV@V+6%¥:>WL¢7UHﬂmvmfkaV+Fﬂ (2-64)

00000 (2-50) 00 8p/do = d(ops)/do =p, 00000,

0¢/00 + aps =0 (2-65)

2)gpoooooooong 2-9-BO0.

B)Oo0000, —aV.p=—aV, —Vyé~ -V, 0000000000000O.

M), 0000 .-00000000000000000000,0000000000000000000000000.
p-00000000000000 2-9-C0, .-00000000000000 2-9-DO00O0OO.

1B)p. 0000000000 (2-58) 000000000000000000000000000 2-9-CO00.
1)0p000000, a=RT/p000, ac = RT/ps

0000 ps = ps(z,y,t) 0000000 dps/dc=0000.
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goo.

0000 (2-56)00 100 d(lndp/do)/dt OO0, dp/doc =p, 00000 o-000000000
oooooooo.

d(lnpy)/dt + Vo - V + 85 /00 = 0. (2-66)
010 ps/ps 00 0000C00OO0OOOOOOODOOO.
Ops /0t +V -Nps + 60ps /00 + psVy - V + ps05/do = 0.
ps0c0000000D00O0DOO,dps/0c=0000. 0000000000
Ips/0t = =V - (psV') — O(ps0) /0o (2-67)
O00. “00007=de/dt000O0O0O0
000 O p=p0 000 o=1, 6=0,
0000 O p=00 000 o0=0 &¢=0 (2-68)
000.00000000 (267) 00000 (0<s<1)000000,

ops
ot

1
/ V- (psV)do (2-69)
0
000®. 000000000000000000. ¢=0000000 000000000 ¢
0000000046 000000000.

o Ops
ot

+/ V- (psV)do = —ps6. (2-70)
0

0 (2-69)00 dp,/0t00000000,000000 (2-70)00 ¢0000000000. 00
0006000000000 (264)0 ¢0V/9c 000000000000, 00000 00
00000000.0000000,0000000000000,V,700000000000
0000000000000000000.

0000000 e6¢=000000,0000000000000000000D000O0 (OO0, O
O0000000000O0oO0)0000O0. Do0000o0o0o0oO0 c-0000d p-0000O
000000000002, 00000000000000,0000 (269)0000,0000
oooooooooooooon.

18)(2-67)0 0<o<1000000,

18p9 1 18
—d = - V- (psV)do — —(pso)d
[ e [V wvyo— [ S poyin

1
_ _/O V- (psV)do — [ps6]}

000, (2-68) 00 6=0atc=0,10000 (2-69) 000.
19)(2-57b) 0O,
dT d(ops)
Cp— —«
dt dt

=Q.

2000p00000000n 2-9-E00D.
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2-9-3 ODOooobbobodooon

00000000 (00Do0o0o00o00), 000 (U000 0)0D000DD0O00UO0O0OO0
Oooo0o0oooo 3001000000000, O0D0O00DOOO00OO00DOOO000 19700
00000 600000000000 0D00OUOO. ¢-000000U000UOO,0000 (dry
adiabatic) 10 0000000000000 0 (pareel) 2V 00000000000000000
0. 0004dd/dt=0000. 00,0000000000000000 (material surface) OO
0%, 000,000000 (diebatic) 000000000000, D000DO0O00ODOOO0OO
ocooo,0o000b0o000oobo00oo0oooo0obO. oob,0o0000DOO0O0O0D e-00
gboooboogoogog.

(2-44)0000000000000O0OO0OOOOO,

0
—aV,p=—aVyp — aa—fv.gz =—aVep+gVypz (2-71)

000.60="T(po/p)*0000000,VelnT—(R/c,))Volnp=Vylnf=0000. 00000
0 —Vep = —(pc,/RT)V,TO0000. 00000000 (2-7)000000000000.
*Oévzp:7V9(CpT)7V9¢.

gboboobobooboobooooboboooobooobooon.

%—‘; +V VeV + é%—z = -—Vo(e,T+¢) — fkx V. (2-72)

000 ¢, T+¢o=MO000000000000 (Montgomery stream-function) DO0000O. O
goooboono p0TOOODOoOOoOoUooOOO,D000b0bO00U0DbLOOoOoUobObooooD. oag,
000000 6=T(p/p)* 000000000000,

9 T 09 D cp 00
000, 0000000 (250000000 dp/dd0 —pdp/0e 0000000,

0 cpT
26\ =5

000.000,0000000000 MDO6000O0O0,T/600000.

T + ¢) (2-73)

200000 (percel) 00000 0DDO0O0O0O0OOD. D0000O0O00DO0OO0O0O0OOOD, 000000000000
ooooooooo.

2)Jpo00000o0ng 2-9-FOO.

23)ppoo0O0000. 00,000000000000.

In0 =InT + x(lnpg — Inp).
oooeoooooo,

d(In6) _ o(InT) +R{8(lnpo) B 8(lnp)}
a0 a0 00 00 ’
1 10T  kdp
6~ To0  poo

ooo0o,0000000.
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O0000DO0o0o0oooo.00ooO (2s6)00000000.

d op bl B
On%>+vwv+aeu (2-74)

0000000060000000000000000 dp,/0t0000000000%Y. 000
0 (2572)000000000.6000000 (2-68)0000000,000000002.

é =0 at 0= 9top7
0=00,/0t+V, Vo, at 0 =0, (2-75)

2-9-A goboboooobboobooon

(2-41)0000. 029-A-10000000. 00000 a,b,c00 AD A,, 4, A.000, a
~c¢a-bboc00000O0O0DODODODOOOO,

A — A, ( >
a—C: Y
a b L < )
b . Ac Abdz 7‘4 i
- dz dx 0z Bx ¢

gobo.gobooboooboob,

() - (3) -5(2)
ox ¢ or ), Oz \Ox ¢
DDDDDDD.xDSDDDDDDDDDD(2—41)DDD.DDDDDDDDDDDD(QOOO)D
gooooooood.

2-9-B gogobobp, 00000

(2-62) 00000000. 0000000 p=p(2,y,2¢)000. 0000000 z= H(z,y,t)
0o00o0,0000000 ps=ps(z,y,H,t) =ps(z,y, H(z,y,t),1) = ps(z,y,t) 00O . (ps O
p00000,0000000000000000).000,p, 00000000,

dps  Ops , Ops | Ops

at ot "or TVay

O00.00000 (2-62)000000.

2)Qpooo0o00oDon 2-9-GOOD0O000.
25)0:, 000000000000 (Kasahara(1974) 00).
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V4
_ ( =const
e
A(X+ dX! yv 41 t)/ -
- - _g - - -
7
-~ €
s I
dz
AxY. LY 7 |
=AX Y, zt) ~ |
T R S S z = const
- - a b ?A(X"‘ dx,y, z, t)
e | |
e | |
7~ | |
I I
< o X‘
| o |

0 2-9-A-1: -0000 ¢-0DO0DO0DODOOO

2-9-C gboo,000bobooggn

2-9-C-a 0O00O0OO0OCOOOO

p-0000000000 (258), 00000 (2-59), 00000000 (28)000000000
0000.00,0000000000000000000000000000000000, 1)
0000000 (dV/dt =8V /o), 2) 000000 (F=0),3) 0000000000000
(0V/ot=0) 0000000000,

gooobooo3boon.

‘%/ — V,6—fkxV+F, (2-9-C-1)
¢

9 _ _ 2-0-C-2
o Q, (2-9-C-2)
p = BT (2-0-C-3)

(07

00000000000000000000,00000000000000000, (2-9-C-1)0
ooooo,

—fkxV =V,6 (2-9-C-4)
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Y (eT e T el . — BeP
5 T V-V — T {2 v v) ) = 29
O00.0000 (246) 9 00030000000,
0 pdp
= (e.T e T - £27
5 (cTP) + V- (cTpV) pdt+pQ,
oI dp
— -(IV) = RIT— 2-10-E-2
5 TV V) pra ( )
Jod.oobbbboooooobobbbooooooo.
2-10-E-c P+ I00000O00OO0O0O
(2-10-E-1) 0 (2-10-E-2) 00000000,
O(P+1) Cy R dp
T v P+ DV = prg- 228 2-10-E-3
G TP DY) = oo~ 2 (210-6-3)
ooao.
18)
oF oF RT
E+VH VHE+M% = —w+Q,
oFE _ dp
5 TV VE = o +0Q
dE_ dp
dt oa T
19)
op _
o TV (V) =0.
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2-10-F gb,od,bbobooagboo

00000000000 KODOOOODOOO ¢00 (2-82)0000000 E29 00 (2-87)00
00000000000000000000000,30000000000000000000
0000000000D00000000.

2-10-F-a 0O0000O0OO0OOCOOOOOOCOOO0

0000000000000 0000000O0 (2-81)0D0o0oUoOoooog.

0K d(Kw)
S TVEV) =5 = V(@) + 6V V 4V F

-V .V¢+V . F. (2-10-F-1)

2-10-F-b 0O0O0OO0OO0DOOOOOOOCOOOO

0000000000000 0000000O0000 o000 UODOOOOOO. OOODO (2-82)
2000 (281)?? 000000000000000000000000D0000OOoO®).

0 (¢w) _ RTw . _ )
V-(¢V) + o - +V:(¢pV) — V-V,
0¢ O(gpw) _ RTw )
E + V(¢V) + 6]7 = 7]3 +V v¢ (2'10'F_2)

000000000000000000000 ¢00000 (0 (2-81)00 (2-82)0000)00
oooo.

20)0D00000000000 I00000000000 E0O00OOOOOOO. 00,00000000000000
gooooooooooooooan.

E = I+ RT
= I+ pa.

0000000000000000 E=¢70000000000 (2-87)000000000 I=¢7000000

joo00oooooooooodo. ooog 2-10-F-1000000.
21)

K g ((kgyv) 4 ETO] _ BTw g
ot op P

22)

OK/ot +V - KV + 8(Kw)/0p=—V - (¢V)+ ¢V -V + V - F.

B)pyp/t 0000000000 ODOOOO.
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2-10-F-c 0O0O0OO0O0OO0OO0ODOOOODOOO

0000000000000 00O00oooo (2-.8nooooooo.

OF 0(Fw) RTw
b (E _
5 +V .- (EV)+ ap »

+Q. (2-10-F-3)

2-10-F-d 000000000

(2-10-F-1), (2-10-F-2), (2-10-F-3)0 3000000000000, (2-10-F-1) 0 (2-10-F-2) OO
00V.-V¢ODOOOO,0000000000000000.000,.00000000000
0000000000000000000000,00:000000000000000000
0000000000000000.

00 (2-10-F-2) 0 (2-10-F-3) 00000 RTw/p000000000000. 000000000
000000000000. 0000000000 w<02Y0000000000000.00
00000000000000000000.00,00000000000000000000
00 E00000.00000000000000000000000. 00000 (2-10-F-2)0
(2-10-F-3) 0000 RTw/p00000000000

ocooO,0000000000000000 -V.-.VeOOOoooOoOoO,000000000QO0O
00 (00000000000)0 RTw/p00000000.0030000000000000
gbO,000b00bo0o0ooobooooboobooooooa.

2-10-F-e gooobooooboobooogn

000000000000000 I=¢T [J/ke00000000000 (287)0000000
0.00000000 ¢ =c,+RO0E=¢T=(co+RT=c,T+pa00000 (2-86)0

dE RTw

G e
L@+ e ) = a2 yq,
4 ) = 1i63+;§+Q,
()
%+vvw4w% p$<D+Q,
ZAwunq+ag?—J{vv+g:}::-mi<;)+g

2)p 0000 (»-0000000000)0000000000 w<0D00OO.
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000.0000 (2-60) 2 00,

ol olw) d (1
§+V(IV)+ 8]? = pdt (p) +Q

goo0.djboooooboooooboobooboooboDobob.opboobooboboboooboooo
gbobooooobooboo,0bobooboobooboboobooboooooboobooooooog
oboooobooooobooboooooboooon.

25)

vv+ g (2-10-F-4)
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2-11 0OJO0bOOoobooon

gooooboboooogog, gL b bbb bboboooog
ubobooooboooboobooooboobooobo. boobooooboobooobooboooobg,
Lorenz(1955) 0000000000 (available potential energy) 000 O000O000. 0000
gogbobooobooobbooobooobooobooboboooboooboobboobbo
gooobbbooooobbboooouob bbb bo.bb,000oboobobg p-o
Or7-0,0006000000.

00000, Lorenz0 0000000000000 0O0OOODODOOOOOOODODOOOOO
00000000000000000. (2-82)00,00000000000000000000
0000000000000 —(R/g) [ff(Tw/p)dzdydp 0OOOOY. 00000000 TO w
0000 Tw 0000000000000 (0000 Tw=TW +Tw000000%). OO0
0,Tw=000000000000000000000000000000. 00000000
0Tw=000000000. LorenzO0OODODOOO0O0O0O0O0D0DODOO0O0OOOODOODOOOOO
00%. 000000000 7=00000000,Tw=Tw000.00,000000000
p-00000000000 (2-61)0000000000. (261)000000000000,

P
w// dxdy = // wdzrdy = — // Vyp - Vdazdydp (2-93)
0

O00%. 000000000,0000000 (00D0000000)000,00000000
00000 V(0000000000 00)0000000000%. 0000000ooooon
ooooo [fV,-Vdedy=0000,000w=0000.000,000000000000
0000000 Tw=Twe=0000.000000000000000000000000O00O0
goboobobooboobooboooon.

gobooobobooboboooboobooobooboobooooboooooboooooooboooog
gboocoOooboboooboobooo. oboboooooobooo,bo0boobooboobobooonog
gooooooboob,boboooboobooboboboobobooboooboboobooboboobooonoo
00000,000000000000000000000000000000007.

000000000 ADDOODOOOO. 000000, 00000000000000 ps =
1000mb 00,00 6 =T(ps/p)*00000. 0000000DO0OO (2-85) 000000000,
00000000 (Total Potential Energy) TPE O

Ps Ps
TPE = (cp/g)/ T dp+g ' ¢sps = g 'eppy " Op" dp + dsps/g
0 0

Dp dedydz = —dzdydp/g 000

20000,T0 w0000000 (zy00)00000000.

300000000000 2-11-cO00000on.

9,00 7-0000000000000.

%% 0 «w0D00000000000.

6)(2—89)DDDDDD 200000000000000000 (K+E+¢)00000DODOODOODOODOO.

7)DDDDDDDDDDDDDDDDDDDDDDDD.DDDD,DDDDDDDDDDDDDDDDDDDDDDD
goooo.
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goo.gooo H:R/CPDDD.DDDDDDDDDDDDDDDDDDDDDB).

—K
CpPs

TPE = ——
g(1+ k)

[
(690 + [ s
0s

+ dsps/g

00000009 ,0000000000000000000000% . 0000000000
oooo,

—_— cpDs © —
TPE = PYs 1tk 2.94
9(1+r) /p “ (2:94)

000.00000000000000000.00 LorenzO00O0O0O0OOOOO0O0O0O0000.0
00 Lorenz 0000000000000 O000O00OO0O00O0OOOO000W. 00,000
0p0000000000003p0000.00000000000000 (294000000
D00 TPEOOOOOO,

— C pf’{ G ~
A = _Pfs 1+ _ plte) 40 2.
g(1+ k) / (p P ) (2-95)

ooow,

000000000000000,p=5+p 00,p!t* 0000000000,

(1+r)p"p | k(14 rK)p"'p?
T 91

000.00000000,00000000000.0000%W0(2:9)000000,

p1+/-c — (ﬁ_i_p/)l—f—x _ ﬁl-&-m 4

_ 1 or _
A = §/Qcpg_1ps_“/ PEp2 df
0s

1 A —
= reg " /0 P /D) db (2-96)
S

000W. 00000,000000000000000000000000000000%. 0
00000,00000006¢000 T)0000O000000000000000. 30000
000000000 é4(=6)0 T(=T)0000,

p=pl0(p)] and  p'=p(0+0") —p(0) = 0'0p/00
0

0000000 (p=ps) 00 #=0s,0000 (p=0)00 0=607r000.
900000,0000000000000000000000000000000000000000000000
000O00O0O00000O0O0O000oo.
)gpopoo0 TPEODOCOOOOOCOOONOOOONONOCOONODOOONONOOOONONOOONONODOCODNONO. 000
0000000000,00000000000000.
W0ppoo0000000000000000000 (7)0,000000 (7)00000000.
12;WD plte(=ptF) 000000000 2-11-A00.
13

(1 +R)p*p”

1+k _ pltr —
p p B

p>p'000,0000000000000000.
14)
~k—1"72 ~n+1ﬁ ~rt1 Pl2 1 P’ 2
o = (?2>:p (7)
p p p

B)QoO0000000000000000000000 (000D Lerenz0OODOD)0DO0OOO0OOOODDOOO
ooooo.
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ooo'%. 0000 (p//p)? = (1/p%)(0' 0p/d0)% = (1/p*)02(0p/00)> OO DO . 0D 0D (2-96) O

ooooo,
Lo s (06
- . 07 (22) a6
9" "®9 Ps /9 i (ae

s

0 N\ 2 ~
= ~<*’~—1)92<6~> (ap) d 2-97
2" /p P ; 50, P (2-97)

0000000.000,0000000000.

|
Il

(9p/00)r8/(vab) = =1/(va —=7), v =—0T/0z, va = g/cp,
6 =T(ps/p)" and 6/ =T"/T.

0000 (2-97) 000000000000 A00D0DOODOOOOOoog®.

_ 1 fps T T 2
A= 7/ — (~> dp. 2-98
2Jo Y—3\T P ( )

0d,y0000Y 4000000020 00029,

00000000000,y=2y4/3, T2=(15°)2000.00000
A/TPE ~ 1/200 (2-99)

0002, 000000000000000000000000 10000000000. 000
ocooooooooooogoob0 Kooooooooo TPEOOOODO,

K—i/psv2 i, TPE=" [" 24 (2-100)
29 Jo ’ gR Jo

000.000 & =cRT/c, 000000000, (000 ¢c[m/s]jO000) 23,

V/ie~1/200000000000000000

F/TPE ~ 1/2000 and F/Z ~1/10 (2-101)
6)pgoo0o00000ooOooooon
/ 1 (n)
1@ = 1@+ LD a4 LD e L@ gy
1! 21 n!
f D (a+6(z — a)) ntl
nt 1) (z—a)"™, (0<0<1)
O, f(z)=p(z),z=0+60,a=00000,00 ¢ 0000000000 ¢ 0200000000000,
~ N o~ /@
B0 +0) = 5(0) +6' 5

00ooooooooo.
M1 00000000000000 2-11-DO0. 200000000000 (j=00)000000000.
¥)gooooo 2-11-BO0O.

YppoooDoooDo0OoOooDOoOooooon.

200000 (0000000000000)000000000000000000000000.
2)ppOoo000D00000000O0Og 2-11-E0000000.

2))QgUoo00O000000OOn 2-11-FO0000O.

2R, cv,c, 000000 Jkg™! K™Y OOD. 00,00000000 K=(1/2)[pV dz0 pdz=(1/g)dpO
000000000000000. D000000000000, ¢ =¢,RT/c, O (2-100) 00000000000
TPE = (cp/g) fTdp 000, TPECOOOODODOOOOOOODOOOOOODOOO.
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000%. 00000,00000000000000000000000000D0000000
oboooooboobo. ooo,b0cobo0obooooobooboooobooboooobooboobooonog
oo0ooo. boboboooogooobooobo,b0oooooooboooboooDoooOooog
gboooooboooobobo,oooob0obooooboooobooboooooboon.

goooobooooobooboooo,rPEOO0ODO0OODOCOIODOODOODOOODOODOOO
gbooobOoooobooooboooobobo 2000000000000 0000O00000
ob.00bo0oooooobooooooa.

gboooooboo,obobooboooooboobooooa.

0000 (287)00 (2-92)0 000 FUOOOUOD ADOUOOOOODOOOOO.OOODOOOO
oooooa.

oboo,000000b0000b00obobooobooboooboobooboon0. cobooboooo
oboooooboooobobobooobobooooobobooooDo.

2-11-A PO 0000

000000000000 (0000000000000000000)0000000000
O00.0000k=10n0000000. k000000000 p(A)000O0O,0000000
00000 TPE,O

JPm:a/ﬁﬂde

000.00,a=c¢p;%/g(l+x)000,0000000000.

ooo,00000000000 TPED

_ 1 <&
TPE = 47§ 1+ 40
ank:l/pk

I m 1an
a/EZp}j do
k=1

1 & .
DDD.DDDJWW:ﬁE:ﬁ+DDDDDDD@QQDDD
k=1

00, Lorenz0000000000000000000000000000000000 (p0O
00)0000000,p(A) =p(f)=---=p,(8) =p(¥) 000. 0000,00000000
oooo

S 1
TPE = afn/fuwdﬁ
n

= a/ﬁ”"‘ do

24)0po000000000000000000OOONon 2-11-Goo.
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goo.

2-11-B (2-98) 0000

(297)000005000000000 (2:98)000

0. (0ooooooo).

(0p/00)k0) (vap) = —1/(va—A),
v = —0T/0xz,
Yi = g/cp,
é = T(ps/ﬁ)ﬁa
0'/6 = T')T.
(2-97)00000.
- [T (3)
2gp% psp 0 a9 ) v

000 0="T(ps/p)", 0'/0 =T')T,v4=g/c, DODDO,

0

K

- ~ N 2 ~
A - tes [0 <pf> 0(?) <8€’> dp
2905 ), P D T 00
0 n ~ Ko 7\ 2
= 11 ii <8‘?> ~”235T<11) dp
2p5 Jp, vap \ 00 P \T
000. 000 (9p/90)k0/(vap) = —1/(va—%) 000D,
0 B I\ 2
A = 1-/ _ T(T) dp
2 Ps Yd = T
Ps T /i 2
A
2Jo va—7\T
goo.
2-11-C Oooooon

000000000000 T(z,y) 00000 w(z,y)
oooooo.

TOwOOOOOODOOO (z-y0OOOOOOOOO)T
goooooo,

T(z,y) =T+T'(x,y),

0000 TwOOO0 Tw=TW +Tw 00O

,wO0OOO (DooDooooo)T, w00

w(z,y) =0+ (z,y)
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66 000000000O0O0OO00 2-11 000000000
000.000,70 w00 Tw0,

T(z,y)w(z,y) = (T+T'(z,y) @+ (,9))

= To+T(z,y)0 + T (z,y) + T'(2,y)w' (2, y)

000.00000 TwO0OO0OO0O,

T(ywzy) = To+T (@ y)w+Tw(z,y) + Tz y)e (2,y)
000.TO®000 2,y00000000000000000,

T(x,yw(z,y) = Tw+T (2,9 + T (x,y) + T (z,y)’ (2,y)
000. 00000000000000000T =0, =0000. 00000000000
0o.

Tw = To+TW.

2-11-D gbooboobooboob

goo

goooo

(0p/06)k0/ (ap) = —1/(va — ) (2-11-D-1)
00000.00,y=-0T/0z,va=g9/c, D0D0. 0000000 (2-12)00000000
0 0
= = —9P5= 2-11-D-2
0z gp@p ( )
o
Y gp ap

ooo.

gl

Il
e
=
(o))
S
—N
™
7N\

Il
2
——
N
Z |
w
N———
Q|
)E‘sz
+
VR
?"@z
N———
=
Xl =
=
™
——

000 (p/p)F=T//000000,

. |Tos T1 -
¥ o= gp{+~f€9}

i

6op  0p
_poi T

2%)00000,000 (7)000000000000000.
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0D0O0.00000000 p=pRTO000000O,

'3/ = @@4_%&
RO Op R
DDD,/{:R/CPDDDDDD[I
B vap 0 g
= M4EZ7 4 7 2-11-D-3
¥ o o ( )

00O0. 00 (211-D-3)0 (2-11-D-1) 000000000,

1 / Yap 8é
_ - =1 -7
Ya— 7 k0 Op

5w
00 ~yap

000, (211-D-1)000000. 00,000000000 (1982) O Peixoto(1992) 00000 .

2-11-E gobobbogoobbbuooooboo

gooooooooooooo (2—98)DDDDDDDDDDDDDD.
o 1 [Ps T T 2
2Jo Ya—F\T

2
( ): 00000000000 000o0000o0o0oUo0Do0oUoOooo0. (Doo0o
00000o0o0o0o0ooo0o0ooOoUooooooUO)o00ooooOo.

’ﬂz‘ |

gbooobOooooboobooooboooon.

S

1/(v—%): O0D0O0O0O0O0OD0O (D0ODO0O0O0OODOOO0OO0)00O0OO0ODODOOOODOOOO
go.

2-11-F gogbobobooogbbboooooboo

00 (2-99) A/TPE=1/2000000000. A0 TPEODDOOOOOODD:

_ 1 [P T [T\ 1 T [T\
A = —/ () dp ~ — () Ps;
2Jo va—3\T 294 =5\ T
- Cp Ps 1 —
TPE = 2 Tdp ~ —Tps
g Jo Yd

goo.
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2-11 000000000

¥=2v4/3, T2 =152, T=270000000,

A/TPE =

oo0o, (299 0000000000.

2-11-G gboobuoogobbobuoogoobon

(2-11-F-1)

0000 (2-101) K/TPE ~1/200000000. 0000 V/e~1/2000000. 002000

000000 0000050000000 (5/2) RO0DO,
1 [Ps c
- V2d v
(29/0 p>/<gR
1 c
7‘/28 7“25
<29 p>/(gRCp>
_ 1 2 5 2
B <29Vps)/(296ps)

12/ (5 x 20)

1/2000

K/TPE

i

b

gobo,0bgooobbooboobooboobgn.

Ds
/ e dp)
0
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2-12 OJOOOoOooOoon

00o00oo0o0o00o0o0o0oo0o0o0ooo0o0oUoO0o0U, 000000000 oO0n (OO
002000000000000) 000 (vorticity) 000 (divergence) DOO0O0O 20000
obooobOoo0ooooboooooboooooboooo.

2-12-1 00004

goboobooobooooboobooobboobooboooooooobo. ooboooobooooog
O0D0000000. 0000000000000000000 20000Y. 00000000
gboooooboboooboboooobobooo,boboboobobooooobOo.bbooo
gooooobooooobob,bobooboobpoboooooboboboooobobOoOo. oo
00000,0000000000000000¢=k-VxV [m/s?]000000000.00
00,0000000000000000000002.

¢ = (1/acosp)Ov/ON —a " 0u/0¢p + utan ¢/a. (2-102)

(000000000000, (2-16)0 (2-17)00000000000%, 0000000000
00000000 (A9 0000000000. 000000000000000.

v oV , oV
1 2 3 4 5 6

000 f=20sinp000000C00O0OCO0OODO. ODO,VvOOOVOOOOOODOOOO
O0D0000. 000000,np=¢+f0000%,3000600000000000 nkxV
o0o0.000,000000k-VxODOOOO.OOOOOODOODODOOOODOODOOOOO
O0D000. 000,0000000000000000% 200000000. 0000070
goo,0oobooobooboon.

k-[Vx(mkxV)=k [nkV -V —VV-nk—(nk-V)V + (V- V)nk]|

k-V=0%90000000,00000020000000.

VgooDO0O0000 2000000000000 2-12-CO0O00O00.
210700

(VX V)= (1/rcosep) [0v/OX — (8/0¢)(ucos ¢)]

goooooo.

3000 (2-11)000000000D0000 ((2-11)00000000000DOOO0O0O0O0.)

WV -VIV =V(VZ/2) +(kxV

5n [m/s?] 00000 (absolute vorticity) D0 D0D0O00, 00 ¢OUO0DO00DO0OODOO0OO0O0 (relative
vorticity) 00 00000000) 00000000000 f(0OO0OO (planetary vorticity) 000000 ) 00000
goooooo.

0000000 (A-2) 00 V x Va =0.

0000000000 (A-7)00000.

VX(AXB)=AV-B—-BV-A+(B-V)A—(A-V)B

sviooooooooooooooo.
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0000000000000 (vorticity equation) 00 09,

14
%+V~Vn+w%:—nV'V—k-waa—+k~Vp><Va+k~V><F.
ot ot 0z

1 3,6 4 3,6 4 5 (2-104)

0000000 (2-103) 000000000000, 000000000000000, 8f/dt =
df/9z=000000.000,(2-104) 000000000

I+ 1) a(C+ 1)
= —(C+f)V'V—k:~Vw><aa%+k-Vpra+k~VxF. (2-105)

00000000000 d(¢+f)/dt0nn.

2-12-2 000000

3000000 Vs-V3OOO. 000000, 000000000,D=V-V, 000000
oooooo. oobooooobooo. booog,0booo0o vV (1/a cosp)du/OX +
a='ov/0¢ —vtang/a OO O,

DOO0O00OO0O0O0OO0O0OO0OO0O0OO0OO0O0OO0O0O00O00 2000000000000000000. O
oo,

oD oV 9D
S VAV VIV (fhx V) + V- S= fw”
= -V (aVp)+V-F (2-106)

goo.

900000000000 DOODO 2-12-BO0O0O.
VoooooOooo0O0ooDoOoooDoon.

ov o¢
E-VX— = —,
ot ot
ov ov ov
k- =7 - k- v 7
VXwaz {wVX Ew + Vw x 82’]
o¢ ov
= 24k v
waer {wa az},
kE-Vx(aVp) = k-[aV xVp+ Vax Vp]
= —k-[VpxVda].

0o0,2,300000000000000000000000O0O0DOOOOOOOOOOODOO.
VxVa=0, Vx(aA)=aVXxA+Vax A AxB=-BxA.

oppnoooooO

1 o 0
= ——(h2A1) + — (M A

hihs 8:):1( 241) Bmg( 142)
000. 000000000, 21 =\, 2=, hy =acosp, ha =a, A] =u, A, =v000,000000 2000
gooooooooao.

V-A
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ugbobo,gbboboboobooboobooboo,obboobbobobooboobooboa
0000000.00000000000000000000O00O. (2-106) 000000,

D D
8*+V-VD+w8—+Vw-8—V+D2—2J(u,v)+(kxV)~Vf

ot 0z 0z
—f¢=—-V-(aVp) + V-F (2-107)

000, 000 J(u,v) = (0u/dz)(du/dy) — (Ou/dy)(dv/dx) OO DO, 00000 (Jacobian)
oooboo. joboobooobooob,2000bbooboobooDbDoobooboo
gooobboboooooooobbobbooooobb. bbb oooob,bobo
gbooooOoboooooboboooobobooooobo.boooobobo,0bo00o00
obooooooobOobo. 10o0b0,000b000o00b00boOo0,2000,00000000
gooooooooo,0ooboooooo,30b0, 0o booobooooo,booa
gbooobooooboooooa.

(2-107) 0000 HS00000,00000000.00,000300000000,00000
goooooobooboo.ooo,oooaon (2—105)DDDDDDDDDDDDDDDDDB),
ooo¢v-vioooooooo.ooooooooobpoooooboboooogoooooooooo
gboooobooboooobooboooobooo.oboooo4000000.

0000000000000000000000000 :000000.00000000000
00.00000000000000000000.00,00000000000 00000
00000000000.000,000000 -v¢0000000Y. 000,k-VXxVé=0
000, 0000000,0000 (2107) 000000000 -V2¢000,0 (2-104) 00
k-VpxVaOOOODODOOOOOOODOO.

2-12-A goobodd

0 (2-106) 000 (2-107) 0000000000000,
(2-106) 0 (2-107) 000000 (2-106) O

V-[(V-V)V]+ V- (fk x V) (2-12-A-1)
0, (2-107) O

V-VD+D?* - 2J(u,v) + (kx V) -Vf— fC (2-12-A-2)

29)Qpoooo0oon 2-12-A00.
13)(2-102) 0000 wtane/a 0000,
4)1.9-100 (2-58) O O.
B)gpopooooooooooo.
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72 googbooboobobod 2-12 000000000

Oo00oooooooo. oo, (2-12-A-1) 00 10000oooa.
0 0 . 0 0 .
V- (V-V)V] = V. Kuﬁx +vay> ut + (u(% —H}é)y) vg]
00 0N o (0 DY,
9z \ Oz y oy \ Ox y

0 (o w0 (on o
Oz \ Oz oy dy x dy
Fu ovou o
Y902 T Bx Ay v@x@y
Joudu o0 (Nt o
Oy Oz 0xdy Oy oy’
00, (2-12-A-2)00 10000000.
0 0 ou  Ov
L0 (2u o0 0 (ou o
9z \dx  Oy) Oy \ox Oy
0% 0%v 0%u 0%

Y2 +u8x8y + U(’?m@y + vBT/Q'

I
—/ Q
SE
~——

V)

+

(2-12-A-3)

(2-12-A-4)
(2-12-A-2) 00 2000,
D? = (V-V)?

_ (0u, oY’
N or Oy
ou\?  Ouodv o\ 2
= (ax> +28x8y+(3y) (2-12-A-5)
000.000,(2-12-A-2)00 3000,

Oou Ov Oou Ov
72J(u7 U) - 72%@ + 2@% (2—12—A—6)
000. (2-12-A-4), (2-12-A-5), (2-12-A-6) 0 O, (2-12-A-3) O
V-[(V-V)V]=V.-VD+ D? - 2J(u,v) (2-12-A-7)

goo.

00, (2-12-A-1)00 20000000. 0000000 (A3)V-(aA)=aV-A—A-VaDDO,
V- (fkxV) = fV(kxV)+(kxV) -Vf (2-12-A-8)

000. 000, (2122A8) 0000 200 (212A-2) 00400000000, (2-12-A-8) 00
00100 (2-12-A-2)00 50000000000000000. (2-12-A-8)0000 10000
000,0000000 (A6) V(AxB)=B-VxA—-A-VxBOO,

VX V) = fV-(Vxk)—fk-(VxV)
= —f¢ (2-12-A-9)
000.k00000DO0OO0OO,VxkE=000O0D00.

(2-12-A-7), (2-12-A-8), (2-12-A-9) 000 (2-106) 0 (2-107) 00000 0.
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2-12-B gobbooodgboo

00000000 (000000 (2-105)0)00000000DO0OoOO.

d(C+ f)

7 =—(C—|—f)V-V—k~Vw><a—v—kk:-Vpra—Hc-VxF. (2-12-B-1)

0z
2-12-B-a 000 (divergence term)

(2-12-B-1) 0000 10 —(¢+ /)V-V OUOOO (divergence term) DO0O0O0. 00000000
obooboboooboooboo,00booobooboooooooboooooooboOooobog.
gboboooobooo,0oboob0obooooobobooooob.obooobooboobooboooa
0000ooooo0oooo ¢+ /) 00000oo0,000000000000, 000000
0000000 (O 2-12-B-100).

coriolisforce

wind

0 2-12-B-1: 0000000000000 (00D0000000)

2-12-B-b 00000 (tilting term)

(2-12-B-1) 0000 20 —k-Vw x 9V /9z 0O O OO0 (tilting term or twisting term) O O O
00%, 0o00000000000000,0000000000000000000000

DDDD,DDDDDDDDDDDDDDDDDN). —-k-Vwx9V/oOOOOOOOOOO
8w@ ow Ou Ow Ov

- ——[0oo0. 00, ———000oo0. 0000000 ooooooooo

Ox 0z + Oy 0z " Ox Oz v ’
ow d

waDDDDDDDDDDDDDDD.DDDD,fa—wa—vDDDDD,DDDD(C+f)DDD
x Oz

gpooooooo.
)Opoo00000000000000000000000000NNooNoNoon,d000oooon.
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74 googbooboobobod 2-12 000000000

00.0000 212-B2000000. év/9:0000000000000000 200000
00000000.0008w/x00000000000000000000000000,00
000.00000000000,00000000000000000000. (dw/dy)(du/dz2)
0000000000000000000.000000000000000000000000
0000000000000000.

0 2-12-B-2: v0O 200000000 00000000000, 000000 w0 2000000
0000000000000 000o0ooon.

2-12-B-c 000000 (solenoidal term)

(2-12-B-1) 0000 30 k-Vpx VaODOOOOOO (solenoidal term) DOOO0O. ODOO0O
2-12-B-30000000000. (a)00U0 p000 «0O0UOOOOO. D0OOOOOODOO
0000000,0000 (000000000000 0O0OO0,00000000000000
0,000000000000. 0000000000 000O0D. OO0O0UDO OOO pOoO
U «cbooboobob.bobboboobooboo,0oboooo.

ooo0,00000 pO0O000O0,000000 Veyp=0000,00000000000. 0O
gboooooboooobobooooooboon.

0000000000 (1978), 00 (2000), Peixoto(1992) 0000 0.

20030 20 100 (OO OO)



gobgoboooboobgoood 2-12 000000000 75

(a) (b)
g+3—————— —— — — — ——
p-3
p-2
a+2 ——— - — — S
-grad p
A‘ggrad a —1
a+1—————— |
P
o

FIGURE3.2 Schematic diagram showing isosteric-isobaric solenoids (a) enclosed by curve Cin a
baroclinic atmosphere. In (b) the atmosphere is barotropic and the isosteric and isobaric surfaces
are parallel with no solenoids.

0 2-12-B-3: (a)000 p0O0O0 «0D0DODO0OO0DOOD,00000.00000,(b)000 po0O0O
a00000000D00000DO0000O0. (Peixoto, J. P. and A. H. Oort, 1992: Physics of Climate.

Springer-Verlag, 520pp. 00 )

2-12-C gbooboooon

gbooobOobooboo2000b00000b0obooooboooboon.

2-12-C-a 0OO0OO00ODOOOODOOOO

0000000000000 0000000000000. 00000000 Q,000 r=(x,y,2)
OO00ooooO0v0000,v=Qxr000000000DOOOO.

0000o0,0000 0000000 Q=(0,0,Q)0000.00000,

1 3 k —y<)
Axr=10 0 Q | = €
T Yy =z 0

000.00,00000000 2-12-C-100000000wv=—yr+2Q;00000,000
v=QxrO00O0000.
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76 googbooboobobod 2-12 000000000

-

0 2-12-C-1: z00OOOO0OO0OO0OO0O0OO0O00D0O00 2, y00O

2-12-C-b 0OD0OO0OO0OOO0DOOOO

O0000000wvw=Qxr000000000000000000. 000000000 Vx
0000,000000000.00,7=(z,y,2), 2= (2,9,,Q,)00000.

Vxv = Vx(Qxr)

i j k
= Vx| Q, Q Q
T Yy oz
20y — Yy,
= VX ), — 20,
Yy, — 20y
1 J k
= 9 0 0
o dy 02
20y —yQ, 28, — 20y yQp — QY
29,
= 292,
200,
= 2Q

0000000 VxoeOOOO QO 20000000000.00,00000000 (1999) O
oooo.
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030 tUootdno Uil

3-1 UJoooooogd

oo

obooooO,000000booobocoboobooocoboob,coboobooocooooon
o.0o0oo,0oogbooogoobobobogooboooooboooooD,oobo.

031Y00000000,00000,0000000000000000000000000.
boooboooobooboooooob,bobooooboooon.

0000000 (squal lines) DO0ODO000D000 kmO0O00 km 00000000000 DOO.
gbooooOoboooobOobo,0b0o0b0o0o0obo0oboooooboboooo.obobooooag
000000000000000000000000000. 000000 oooooooo (o
0000000o00o0)00o0oUoooooUoUoooog.

goobbooooboboooooboboooobboooobbbooUubbobo,0oobbo
00000 (convective cells), 00000000 (precipitation cell) 00 O .

00000 (mesoscale convective system) D00 0000000000000 0O0O0. 00000
000000000 000000,000000000000000000A0 (20 2,000km) OO
Oo000o0.000000000000000O0,0000,0000000000B0O000A0O.

0000000,00000000000000000000000O, 0000000000 OO
gogooboobooodooooob.ooboboboboooooobbobbouo,ooobbboo
goboooboboobdooboobo,iooboobuoobboob.boobbooboobo
(cloud clusters) 00 0. 000000, 00 km 0000 kmOO0OO0OO0. OOOO0OO0OOOOO
00000000000 0000,0000000000000000DO000DUOoOUOOUO.
00,0000000000000000000000000O00O000 (super cloud clusters) O
O0.00000000 (JTCZ000000,000030060000000000.00000
00000o0o0o0oo0o0U0ooO00o0oOo0oU0oOOoOOUO, 000000 oOO0O0OLO. 0oo
00,0000000000000000C0000000000O0000DO0O00UOOoOOoOn.

HooooOoO00o00O0OO0O0OoOO0oO (1984) 00000O00. O0OODO.
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78 googbooboobobod 3-1 0000000

00000 (easterly waves) 0000000000, 0000000000000000O000O0O.
gboooooboooooon.

ITCZ OO Intertropical Convergence Zone(UO DO OO )0 00O00. 00000000 0O0OOO
000,00s501000001000000000000O00C00O0O00C00O0O00O0,00008A0
ooO00.0000000000000000000000000000O000O0000O000O0O0
gboooogboooo. ooooboobooooboo,boooaobooogbdgooood.

ooobobooooboooobooooobooobDboo0o. oobbooooboOooooo
0000,0000 (planetary scale), 00 00O (synoptic scale), 000000 (mesoscale) 2, O
000 (convective scale), 0000000 (microscale) D000 500000000000000.
gooboo,0b0ob0odb0bo0obo0oboo0bb0oooDboooDboooboooobooao.
03-10000000ooobobododo. ogoooboooooooobooooooo.

107 km 107 km 10" km 10 km 1 km
BERE BERE AYRIT— M RIRM (convectivescale) | 2/ RRY—
(planetary scale) (synoptic scale) (meso-scale) Fiix (microscale)
RAE—NVRT—I
(small scale) —> 53F L A Jb (molecular)
T T T
mi=E
R : BHESE : AR : (cumulonimbus) :
i (long waves) | lm(extra—tropical 1 (fronts) | lchhE | REBRECOARR
g . 1 depressions) | BT . (showers) | (boundary layer eddies)
& E&f {::)?g] . I (lee waves) I |
) BRE = o
anti-cyclones) : = (anti-cyclones) : RA—NSAY : (tornadoes) :
(squal lines)
| | | |
| | | |
: T T T T
« R R — 93IF AYRBRER *
(TC2) : h5R4— : (meso-scale : HFEN : REHRECORA
8 ﬁiﬁ;&g,* . (cloud clusters) . convective . (convective cells) I (boundary layer eddies)
" (easterly waves) | %ﬁﬁﬁ& | )I dlements) |
<«—— 5 (tropical cyclones), | |
10° km 10 km 1 HR 10"HR

0 3-1: 000000000000 0000 (Haltiner, G. J., and Williams, R. T., 1979: Numerical

Prediction and Dynamic Meteorology. John Wiley € Sons, 477pp)

obo,bo0oboboboobobobobob. 20b00b00b00ObOO0ObOObOObOObOObO. OO
goboobooobo,obboobooboobooboobooob.3oobooboooboooag,
4000000000000 O0ODODODOOOODO. sOO0O0ODODODODOOOODODOOO
gboooooobo.e0ObO0ObOO0O0OO0O0ObOObOO0ObOOO0OOO0OOO0ObOObOO0Ob0O00OO0. O0g
oboooooooOo,0b0ocoboobobobooobo,obobooooooboobOobooobobooonoog
gooo.o0oboooooboobo,gbooobooboboooobobboooobobobooo

2)0000000000000000,00 o, 00 3,00~40000000.00 «00000~00000000
000,«0000000000D0000. gO000O0OO0DOOOOOOD,yODOOOOODOOOOOOOODOOOODO.
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go0.0obooobobobooooooooboobob. oo, 0bob0oboboobooooooonog
CFLOU—2-400 (3-4-D-)00—000000000000O00OO,00000000000
gboooboooboooobooboo. oo, sgboobooboboooooboooooa.
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80 googbooboobobod 3-2 00000

3-2 OOoon

g

00000, 000000 (00000, 00000,0000)000000000O0. 000
gbooooooobooobooobooboobooobo,boobo0ooooboooboboooboon
gooooa.

gbooooooboboboooooo,ob0,0ob0oboooooobobOobooobooonog
obooooo,000b0b00obooboboooboobooobooboobo0o. 00oobooboooo
000000000000.0000000,000 2--00000000000.0000 (yO
0)booooo0oo,00000,000000,0000000DO00D. D0O0ODOOO,
00000000000, 00000,000000000000000000000Y .,

du_ o
dt Ox

dp da
i [ — -1
az + Py 0, (3-1)
da

DDDVZ%QaZ%DDD(ymmmmmmmmmy
000000D000000000 (perturbation method) 000000, 0000000, 0000
000 U@O)»000.00,00000000000p0a@000.00,00000000
0000000000000000000. (000,w=U++/). 00000000 (3-1)000
00. 00000000000D0D000,0000000000,00000000000000
gooooooooo? .

o Vor T = 0
ow’ ow' _0p' ga
51(815 +U8x>+ 9z a 0
_[op oy’ , [0 o’ ,0a
a(at—l—Uax)—gw + py ot +U87+U}$ = 0, (3—2)

ou'  ow'\ _ oo’ o’ ,0a
(ax+az)a‘52 (815+U8z) v T 0

0046000, 00000000000O0DO0DODODODODDODOOOOOOOOOCOOOOOOLOD
ob.00b0ooooobobooobooboooboooboboooobooboboboob10bobO0DOD.

HOoo0O0OO00000000000 3-2-A000000
0000000000000, U0 00000000,20000000000000.
0000000000000 3-2-BO0.
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3-2-A ggboodgd

3-2-A-a O000O0OO0ODOCOOODOO

00000000000 (254 000000000000000. 000000000000
Q=0000.000,0000000000000000000.00000000000 F=0
000.00,y0000000000 dv/dt=0, dp/dy=0000,y00000000000
00000.000 (2-5)0

du op

D, (3-2-A-1)
dw op B
E + a% +q9g = 0 (3—2—A—2)

goo.

3-2-A-b O0O00D0OOOOO

00000 (29000000, (29) 9, (2:9) ¥ 00000000000000000000,
0000 (29p)0000000.

00,0000000000Q=0000.000,00000 (28)00 T=pa/ROOOOO
00,00000000,

i(m), a _
Yu\R) Yax 7
cp da  cp dp dp

e L e
rRPar TRYat T Yt :
G da R dp

rRY dt R “at
cp da ¢, dp

EPE Eaa = 0, (Cp*Cu:R%
& da 4P _
oPa Tar =0
da dp
a @ _ 9 A~
P +adt 0 (3 3)
ogagd.
4)
A%

ﬁ:—an—QQXV-ﬁ-g—i-F.

aT da
Q_C’UE+pE
6)
dT  dp
Qe T
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82 googbooboobobod 3-2 00000

3-2-A-c 0O00O0ODOO

00000 (27)?000000.

3-2-B gogooobod

0000ooo0o0ooO0o0oUo (3-1)Do0000o000o0. Do00DooooDUooDoUoo
ooo.

a. 000 (00D0OO0OOO0OO)0DO0O0OO0OOOOO
b. 00O00DOOOO0ODOOOOODO,00D00000DO00,0000DO00

c. 0000000 (ODUOOOO)OODODOOOO

3-2-B-a 00000000000

gboooobobooooobo,0bobo0oobooboobooboob. oobooobooboooo
000000000, (D0oo0oUooooooooooooooo).

u(z, z,t) = Ulz,zt),
w(z,z,t) = W(z,z,t),
p(z,z,t) = plx,zt), (3-2-B-1)
a(z,z,t) = a(z,zt).

00 (3-2-B-1)000000000O0O (3-)D00U000O0O0UOoOoOoDUOoOOoOoOoOoO.

ou  oU U _9p
E"‘U%'FWg'FOé% = 0, (3—2—B—2)

ow ow ow op

W'FU@'FW@'F@@'FQ = 0, (3-2-B-3)
_(op 0P . 0P\ .  [0a _da _ow| _
_[oU oW oa oa oa

7)
Lda _
a dt
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3-2-B-b [000000D0OOCOOODO

b-1 O0O0000O0OOOD

0000000000000 (0000000000000 o0)00000o0oo0oUoo0. Ooo
ooooboooogon

u(w,z,t) = Uz, z,t)+d(z,2,t),

w(w,z,t) = W(z, z,t) +w(z,2,t),

p(x,z,t) = Pz, 2,t)+p(z,2,1t), (3-2-B-6)
a(r,z,t) = a(z,z,t)+d (2, 2,t).

b-2 00000 (z00)

(3-2-B-6)0 (3-1)000O000DOO0O,0000000O,

du 8p
8x =0
@ + @ + @ + @ — 0
ot ué)x wé)z a&x o
AU +u') NOU + ) AU +u') AR D
o TUH)—F oz L

O000.000000000 200000000 (3-2-B2)0000, (3-2-B-7)0

+ (W +w') + (@+ o =0

a—w+Ua—w+u’a—U+u’a—w+Wa—w+ 8U+ o
ot ox ox ox 0z 0z 0z
_op"  ,0p ,0p
Ty T Ty T

ooo.0oo,0o0o0obooooobooboocooooboon,

o’ ou’ ,0U ou’ ,0U  _0op 0D
E—FU?—F 67+W37+ E—FOL%—FCX%—O (3—2—B—7)

goo.

b-3 00000 (:00)

(3-1)0 000000000 (3-2-B-6)00000O0,

dw op B
@ Tege =0
oW +w') NO(W + ') N (W + ')
T U ) F o (W ) S
- /
+(a+a’)76(p(;;p) +9=0
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84 googbooboobobod 3-2 00000

000.000000000 20000000 (3-2-B3)000,0000000000,

ow' ow'’ ,OW ow' ,OW 78p ,0D
o UG T W G g T =0 (32-5-5)

goo.

b-4 0O00O0OO

(3-1)000oooo (3-2-B6)ooooon,

dp da
g TP =0
_ o(p+p) o(p+p) o(p+p)
! A A A
(a—i—a){ T + (U +u) pe + (W +w') P
o Jo@+d) no@+a) no@+a)|
+(p+p>’Y{ En + (U +u) p. + (W +w') Ep =0
000.000000000 (3-2B4)000,0000000000,
_[op Op , 0D ap’ , 0D op op op
{8t+U8x+ or "WV T 8z}+ {atH]a +Wa}
_ [0 o’ ,0a oo ,0a , [oa oa oo
m{aﬁUaﬁ oz TV oz 8z}+p {8t+U8 Waz}—“
(3-2-B-9)
oooQ.
b-5 00000000
(3-1)0000000 (3-2B-6)000000,
da
_ oU +u oW + '
(O”La/){(ax )+(8z )}
d@+d) ~Oo@+ ) no@+a')
0O00.00000000 (3-2-B-5)000,0000000000,
dr | 0z ox 0z
oo’ oo’ ,0a oo’ ,0a
o Vo Vo W Ve 0 (3-2-B-10)

goo.
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3-2-B-¢c 00000OO00O0OO

c-1 O000O00OO0O0OO0O0OO0OO0OOO00O0O0O000D0

00000000000000.
vooo,  W=o. (3-2-B-11)

000000 (3-2B-2)0(3-2B-5)00000000000000000. (3-2-B-2)0(3-2-B-5)
0oooooooo,

a% —_— (3-2-B-12)

a% +g = 0, (3-2-B-13)
a{ngrUgi}A-m{Z?JrUgj} = 0, (3-2-B-14)
_%f_ %j _— (3-2-B-15)

000. (3-2-B-12)00 p0 0000000000 0OODO. (3-2-B-13) 00000000000
0. (3-2-B-12) 0 (3-2-B-15)0 (3-2-B-14) 000000 dp/ot=0000 p0 ¢t000O0O0O0O, O
0000 p0 00000000000000.00000 (3-2B-13)00 @0 000000
gbooooOobo.0ooboooobooboooooobo.

p,ad 00000, a? = —g. (3-2-B-16)
z

c-2 U0Oooogoo

0000000000 (3-2-B-7)0(3-2-B-10) O (3-2-B-11), (3-2-B-16) 000000000000
oooooooo.

o’ ou'  _op
ot Vo T = 0

ow'’ ow ~_0p’ ga'
o Ve T, T Y

— ap/ pl / — a/ 8@’ ,80[ N
<at+Ua>—gw +p7 at +U6LE+ 37 = 0,
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86 googbooboobobod 3-3(000)00

3-3 (0DO00)O0O

oo

ggboodaboooobgdaboo. obgobuoobobooo,boaobboaboaboba, d
goboboooboooboobooboobooo.

000g¢g=0,6=6=1000,p0 al0000000000000000000000000.
0,00Y 0000000 #,2t00000% 0000000,

u = Sei(/L-’E-HCZ-H/t) w = Wei(px+kz+ut)

pl _ Pei(y:erszrut) Oél — Aei(ua:+kz+ut) (3_3)

O00.00002z000 200000 (wave number)u, kOO O, 000 (frequency) 0 v O 00
DDDDDDD.DDDDDDDDDDDDDDD,DDDDDDDDDDDDDDS).[I(3—2)|:|
goodbo,bbobbddodoobbbbodoobb.oobbbboooUoUobbbo
000Y. 00 (33)0 (3-2)000000,000000,00 S,W,P,A000000O0O0OO
ooooooo.

(WU —v)S + apP =0,
(U —v)W 4+ @kP =0,
a(plU —v)P + py(pU —v)A=0, (3-4)
paS +akW — (uU—-v)A=0.

obooooobooooboooooooboooooboooo.

(uU —v) 0 au 0 S
0 (uU —v) - ak ) 0 W 0. (3-5)
0 0 a(pU —v) py(pU —v) P
ap ak 0 —(uU —v) A

oo s,w,pA00O00O0QCOCOOOO,DOO0O0O0O0O0O0O0O0O0O0O0O0O0O0O0OOOOOOOO
000000000000D0. 0000000000000000000000000000Y.

a(pU —v)? [ (uU +v)* +ypa(k® + p®)] = 0. (3-6)

00040000004 00000D0.

v = uU (O0D),
v = uU =+ (K*+ p?)'Y2\/yRT. (3-7)
Do 0w 00.
2>EIEIEIEI(harmonicfunction)DDDDDDDDDDDDDDDDDDDDDDDDDDDDD.
V3¢ = A¢

30000 SO WOOOOOOO0O00oo0o00o000o0o0o.
Y00000000,0000000000« = Y Sevetk=+) 0poOoo0000, 00000000000
w,k,v
O,000000000000000O0DODOODODO0OO00OOODOODOO0OOO0.
500000000000 3-3-A000.
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(3-7)000000% 000.00,0000000000000007 00000. 00,000
obooobO-0000000UvUO0OO0O000O0O0OO0O0O0DbOO0O0O0O0O0bO0O0OO0bOOn.

0DO00® 0000 (pe+k>2=00)00000000000000000%. 0000 000
OvOoooooboobooog.

c=vL/2m (3-8)

£0000000000000000. 000 £=2r(k2+x2)"Y20000.000 £, =2mp~?,
£.=2rk~'000,00000000000000Y. 0000000000000 (3-8)0
0Ooo0o000O00O0o0oooo.

c=v(k?+p?) "2, (3-9)
D00 U=0000 (3-9)0 (37)000000,
¢ = +\/yRT (3-10)

00000000000 0000000YW, 000000000000000000000000
ooooo.

600000 ¢ =(v/p)=U0000000,000000000000000000000. 000000000O0.
Dpa = RT.
8)gooooooon 3-3-BO0O.
900OoD0O0DoDOOn 3-3-CO0.
10)gpg 00000000 3-3-DO0O.
WOpoooo000000000000000000000,000000 ¢==4(331.14+0.606t) [m/s] 0000. O
oooooooo 3-3-E000.
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88 googbooboobobod 3-3(000)00

3-3-A  (3-6)000

(3-5)00000000D0000DO000O0DOo0oUDOoOoDoOg.

(nU —v) 0 au 0
0 (nU —v) ak 0 -
0 0 a(uU —v) py(pU —v)
| ap ak 0 —(uU —=v) |
[ (uU —v) 0 au 0 1
0 (uU —v) ak 0
0 0 AWy P | T
I 0 ak ;Ll'(jflf)y —(pU —v) ]
(uU —v) ak 0 ]
(uU —v) 0 a(uU *21/) wU—-v) | —
ak ;[(]au)y —(pU —v) _
(nU —v) ak 0 |
(uU —v) 0 ?(;AUQ - l/)2 U —-v) | —
0o R ey |
(W — )2 E(MU2 - V)2 py(pU —v) | ;
pU —v)™ | —a?(k? + ) =
U= —(pU —v) |
(uU = v)? [~a(uU +v)* +ypa’(k* + p*)] = 0
a(uU —v)? [=(uU +v)? +ypa(k® +p*)] = 0.

3-3-B goon

0000 (phase velocity) DO00OO00OO (A=const) 00000 DO0O0OO0OOOO. OOOOO
Ozz0000000000

0 =px+kz—vt

O000. 000 2000000000000 (2=const). 0000 000000, 20 dz00
O0.0000 6 =const 00O,

ux +kz — vt = p(x+ 0x) + kz — v(t + 5t)

gobo.goooboobo,

gob.obo0,:00000000 ¢, 0
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gboooobooooooobo 3-3(000)00 89

000.00000,2000000000 ¢, = (62/6t) =v/k000O.

3-3-C ooOgd

gbobooobooboooobooboboobob. ob,.0000000000D00DO,D00D00
ocooooo,O0 s3-cl1oooooooooo.oo,0s83-c1ooooooooon 3-3-C-2
gboooboo,bobooboooobooboo.booboooboooooboooboooboooboog.
0 33-C2000 000000000000, z200000000000000,0O 3-3-C-30
goboobo. bgoooooooooobobobo. oo obobobOooboobog,
gbobooboobooooboboooobooboooooboboooobooboo. oo,bbo0o0a0

000 (1983)00000.

TN Y

0 3-3-C-1: oooooo

px+ kz=const

4
1]

0 3-3-C-2: oooooo
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90 gbooobooboooooboooon 3-3(000)00

WUx+kz=const

0 3-3-C-3: z-z 000000000
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gboooobooooooobo 3-3(000)00 91

3-3-D gboooboobooboobo

00000000 (0000000000)00000,,:00000000000000000
0000000.03-3D-100,,:000000000000000000,L0000000
00000000000000000. 000000000000, 03-3D-200000000
00 (1/2)ab=(1/2)ed 000000000, 00O,

LoL. = LJLZ4L2
ro— L.L,
Ar? (k) !
\VAr2p—2 + An2k—2
27

N

goo.

px+kz=const

0 3-3-D-1: 0000000000000 O0000o0ooooo
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92 googbooboobobod 3-3(000)00

0 3-3-D-2: ooo

3-3-E goboooogd

0 (3-10)® 000,00000000000000000. 0000000,000000000
¢, =1004 [JK ' kg™, ¢, =717 [J K ' kg7 |O00,y=¢y/e, =14 000. 000000
000 Wg=2897x103 [kgmol ] 000, 000000000 RO Ry= R*/Wy=2871J
K lkg™'|ODD.0DO0ODOD R*=83143 [JK'mol Y| 000000000 0. 000000,

+/1.4 x 287T
+20.04VT

o
I

000.00000¢=T-273[0]000000,
¢ = +20.04v/273 + (3-3-E-1)

O00.000, ft)=v273+t 0000 f¢)OD¢t=0000000000000000OO0O,

n!

n=0
t
\/%‘F ﬁ —

t
V273 +
2273

12

000.000 (33-E1)000000,
¢ = £(331.1 + 0.606t)

gooo.

12)

¢ = ++/~RT.
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gobgoboooboobgoood 3400000000 93

3-4 UOOUOOO0OOOn0

ao

gooooooobobo.booooboooboooooboooooboobooobo.ooooo
googoob22000000000000000000DOO00ODOO0OOODOO,0000¢0
obooooOo.o0o0,00b0bo0oobooboboooboobooooobooooonoa.

000 (gravity wave) 0 0000000000000 0OO0OO0OO0OOOOO0OOOOOOOOO.
00000000D000,00 :0000000p0&@)00000000,000000000
goooo:

op
0 — Ay
a@z 9,
pa = RT.
goooooooobo,0ooooooad
p=p0) e ", a=a() e/t (3-11)

O00. H=RT/¢gOOOOOOOO? 000000000, 00000000000 0000
OD000000Doooooo:

u = Sal/Zei(ua:ij:z«kut), w = Wal/2ei(#m+kz+ut),

p/ _ ‘1361/261'(uz-‘,—kz-‘,—l/t)7 o = Aa3/26i(ua¢+kz+ut). (3_12)

0000 3-2)000000,00000000000000000000O0O00OODOOO0.

—v 0 W 0 S
0 —&1v k4532 g W
_ YRT 0\ ; — =0. (3-13)
0 g+ =5 v YRTv P
7 k+ =52 0 02V A

0000 U000 :00000000000000O000O0OOO. OO (3-11)0 (3-13)000
o,0b0o0oboooboooooboo,b0bocobooboobooboooooonoa:

01050" = {YRT (K + j201) + 52 [(262 = 1)y +2(1 = 8)]

gy = 1)(8 = ik} + p2g3(y — 1) = 0.

00000,0000000 27/k0 4rH00000000,»20000000 ¢gO000 yRTK?
000000000000000%.00,000000000000000000%. 00000

HopoDOoO0O00000O000000000000000.

)DO00000 (scale height)y 00 (3-11) 00000000000, 0000000000 ¢! 000000000,

300 e/200000000000,000000000000000000000C0000O0O. 000 «/ 000
000000000000000,7=7p0e" " 000 pu'? =pge*/HS2p; ex/He2i0 = 52219 000, 00000
000000000.00@Y200000000000000000000000000000000000000, 0
ooooooo.

Vor/k <« 4rH OO 1/4H <« k/2000 1/4H < k200000, ¢/4H 000000000000, 00,4000
00000 k< k*000 3000 g(y—1)---000000000000.

50000 3-4-A00.
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94 googbooboobobod -4 00000000

googoog.

_ = 57
81020" — yRT(kK* + p®61)v° + uQﬁTg% —0

(3-14)
0040000000000000000000 (internal gravity wave) 000000, gOO0O
gooooooboooooogobobooooboo.boobo 2300oboobooobooobOoboo. o
00000000000 & =0000),6,=1000.000000000000.

ﬁg@
V= ial; (3-15)
(399 0000,00000
— 1/2
Iz g o0
=+ (22 -1
c e <982) (3-16)

0O007. 0000000000000000000000000D00000000000Y®. 0
0000000000000 80/0>0000% 000000. 00 d0/02<0000 000
ooooow,

000000000 O0000000000000000,0000 k242000000 (3-15)

0O
. 1/2
v=+ (ggi) (3-17)

000.00000000000000000000-0000000 (Brunt-Vaisala frequency)
B popoooo.

00,00000000000000000000O0000, 0000000 OOLOOg, (3-14)0
oo 0oogogo.oooo,0boo

L2 1990
k29 0z
000. 0000 k%> 20000 (3-15)00000000000. 000000000000

00000000000 +k0 —k00000000000000000000:

ei(uz+kz—ut) + ei(uw—kz—l/t) — 9coskz ei(uw—ut)'

G)C:V(k2+“2)71/2.

ooooooog w, k0000000000000 000O00O00O0O0O0OO0O0O0OO. D0D0O00OO0Oo0OO (3-15)0
goooaa.

000o,000 2300000000 (37,0000 (3-10)D0000DOOOOOOUOOoOO.
$00000000000000000 (3-11) 0000 p0 @a000000000. 0000, (3-12), (3-13) 000
oooo0ooo0ooo0oooD. 000, (3-14) 0000000000000 0o000o000o0o0o0oooon, 000
0000000o0000o0o0o00. 000000 (95 0000o0o.

900000 subadiabatic 000 .

1900000 superadiabatic 00O .

p9/9z < 00000 (3-15) 00 v 000000, 0000000000 vO v=10000 (, 000), 000
000000 eflketka)—vrt 00O, +000000000000 (D00000)00.

12),00000000000.

B¥pgooo-0000000 (Brunt-Vaisala frequency) 000000 (buoyancy frequency) DOO0DDO. OO OO
0000000000 (2001)000000O.
4)ppooo0o00000D000DO0O00O00DO00ODO0DNO0OoOoDooooon. 000,20 ¢t00000000OO
goobooooooooog.
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O0D000»0kD000D000O0DODOOODOOODODOOOOY,. 00000000000
ooooooboo,0o0o00n

- 1/2
v 1(g00

50z
_ _ 1/2
DDlekDDDDDDDD,uDDDDDDDDy:immﬂ@wx%m@} Doooo,
(3-18)0 ¢c0000 2000000. (314)000000000000000000000000

0000000, »»00000000000000000,.»20000000000000000
0oO00ooooooooin e,

oooooooobooboobooobooooOooooooOob0. ODooboooooboooobooag
0000000 0o00O0oooogt. (3-14)00000000O,00000 (p=000000
0((.,=0000000000000000.0000000000O000O0O0OO0OODO0OO0
000000000000 000000. 000002 000000000000000000
0000000000oooo?). 00000000o0oooon (geostrophic adjustment) O O O
oooobooob.oobooboob 2800boooobg.

00000000000000000000000000000000000000.000,0
00000000000000000000000000. 000000 (Lamb wave) 000 O
000000000000000.000 (3-2)0 (3-12)000000000000000000
0000000000.0000000000000000,000000000000. 000
00 (3-2)0000000000,000000 (3-2)00000000002;

u = Se(w—1)z/"yHeiu(ﬂc—ct)7

w = 0,

p/ — F)efz/'yHeiu(acfct)7

o = Aev—Dz/vH jip(z—ct) (3-19)

0000 c=+yHRTOO0.0000000000%). 00000000 w=0000000
00000000000000. 0000000000000 0000 (external gravity wave) O
ocooooooobO.00oo0o0o0ooooooooooooooooooooooooOo,o0000

B0 D vy0000000000000000 +k0 —k020000000000000000. (p0 v000

0O k00000O0D00O00)

16)(3-8) c=v£/27r 00, 00000000000000000000000 £L=27/p000 c=v/p000.
00,000000 v2 = (u?g/k%0)(00/02) 00000000000000 (3-18)000000.
My(00)00000000000000000,00000000000000000000. 000,00000

000000000000000,0000000000000000000000000000000. 0000000

00000000000,0000000000000000000000000000000000,00000000

(000)0D0000000000000000000000000000.

18),2 0000000000 (3-14)0000 3000 1,0 2000000000000000000,0000000

0000000.00»200000000000000 1000 20,03000000000000000000,0

00000000000000.

¥V)OoO000000000000000000. 00000000 0 (1996) 000 000000000000

(2001) 000000,

200000000000 0DO00OoOOO.

2)ODo0000000000000000000000 000000000000 (2001)000000.
2)000 (3-19)0 (3-2) 00000000000000 3-4-BO0O0O0OO0ODO.

)W =000000000000 (000000000000)0000000000000 3-4-CO0.
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96 googbooboobobod -4 00000000

gobogbobooboo. oboo,boobooboobuoobooboobobobobboboo
000000000000 D000D0002,

3-4-A (3-149)0D0D00000O

000 (3-13) 0000000000000 p?¢?(y-1)0D0 (3—14)DDDDD;LT—DD
ooooooo.

0000002 §=T(p,/p)*0 2000000,

o0

— Op~ "
il T
0z P

5 Oz
—(ps\" Kk OD
T(zo) 50z

000.0000000000 0p/oz=—g/a00000000000000O0O0OOOOO,

90 g
0z pa

000. 0000000000 pa=RTOOOOOO,

00 559

0z RT
YRTg 00 s (R
g 0z g”<cp)

— (W)
Cp

- n(i-2)
Cp
1

- (i)
gl

= ¢°(r—1)

RTq 06
PITI = W2 (- 1) (3-4-A-1)

6 0z
0oooooooo.

3-4-B goobooo

00000 (3190000 (3-2)000000000.

2)0pOoo00000000000DO00 3-4-DO0.
259, T,p00000000000O00ODO,00,0000000.
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gobgoboooboobgoood 3400000000 97

000 (3-2)00:

ow' ow' _o0p  go
51(& *Uax>+“aza =0
_(op op’ ,  _ [0d oa’ ,0a B
“(m*Uax>‘gw e Ve T ) = 0 BB

ou  ow'\ _ oo’ oo ,0a
(&U+8z)a_52(8t +Uax>_w =0

o0oooooooo 3-1990o0000.

u/ _ Se(’y—1)z/’yHez'u(ar:—ct)7
w = 0,
p/ _ Pefz/'yHeiu(a:fct),
o = Ae(2w—1)z/’yHeiu(z—ct) ) (3-4-B-2)
o0o0o, (3-4-B-1)0000oooo
cSe*!? —ap = 0,
(@/vH)P + (g/@)Ac*/T = 0,
acP + pycAe®/ = 0,
aSe® M 4 cAe®/H = 0

goo.ob0,U=000000.0000000¢0,

ce?/H —a 0 g

0 a/vH —\ ,2z/H
/v (g/ae P l-o (3-4-B-3)

0 ac pryce??/ H A

aez/H 0 ceQz/H

goo.dooobuoooooo,
(@/yH)pyee*™! ! —ac(g/a)e®!™ = ce**/M {ap/H — g}
= ce®*/" {g(ap/RT) - g}

= 0
000.00000000 pa=RTO0000000 H=RT/gOOOOO.

oooooo,00000 (31990 3-2)0booooooooon.

20030 20 100 (OO OO)



98 googbooboobobod -4 00000000

3-4-C gbobbooooboo

W=000O0OUODOOooooooooooooo. w=o00bOobooooooobooogoogoo
00, (3-13)0000000oo.

—v U 0 S
0 v ~RTv P | =0.
1% 0 521/ A

goooooooooooUoooo,oboo00ooboooooon.
1/{521/2—u2'yRT}:O.
000 (o=1)0000000000000000O0DODO.
v =4u\/yRT.
(3-7)% 00000000000 000000DO00:
c=+\/yRT.

00000000000o0o0. (0oo0o0o0ooUoOo0). oo, 00o00ooooooo
gbooooooboboooogoboooobo.oboboboo,00obobooooboboooog
goooooooon.

3-4-C-a 00000000

oobobooooobooboooooboobooooboooobbooo. 000D w=o00000000
00000000000. 00000000 (3-4) 0 200002 0W=000000 akP=0
O00.a0 POOOOOOOODOOOOOODOER=0000.00000D0000000O0D
oboooooboooooboobobooooboobooooon.

3-4-D gogobobooooooo

gbooooobooboo,0b00o0ooobobo0ooboobobobooboobooboco.0oboooo
goooobooobooooboobobooooobooboboobooobo,0bobbooboboobooobooo
00000000000000%). 0000000000000000000,00000000
gbooooooooobooog.

)0 = ) JFE T .

20 (U — v)W +akP = 0.

2¥)00000000000000D0000no (p00000O000D0OO0O0OODOO0O. 19000)00000. 0000
goooooooooooooooooooOoOOOObObOOO,0o0O000000000DDOOODOOOOOOOOOO
oo.
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000000 CFLOO (Courant-Friedrichs-Lewy condition) D00 0000000. 00000
ooopoooooo.

At < Az/e. (3-4-D-1)
c:00, At:000000000000, Az:000000

0000000000000, 000000000000000%). 0000000000000
0cO00000CCOOO,0000C0OO00OD0DOO000000O0 AtOD0OOOOODODOOODODO.
goooo,bobocoboooboobbooboobooboobboobbooboooobobooboooDo
bobooboooboooobooooo.oooooooboooooboooooooobooOoooag
gbooobooooboooooaa.

00,00000000 (00), 000 (bOo0Do0O0)0D00LODO0OUOOOUOOo0DODOUOD
0,034-D-10000000000000000O0O0OOOO0. 000000 (1978)C00OOO
goooo.

n?>0 d

= B R ISR E ) ik

R B P AR & o ik

k

R7.1 FRRZHOBENER, k(KFHEB) & o (BB
DOFHETn=0 0% KL L TI>0FHCHY b
hacexrd,

0 3-4-D-1: 000,000,00000000 (0OD0O00,1978: 000000. 0000000, 249pp. 00O) .

29)CFLO0DO0ODOOD (1997)000000.
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100 gboogooooboobooboo 3-5 00000

3-5 Uooon

g

O000000000000000 (surface gravity waves) 0000000 0. D000OO
gbooo,0o0o0booooboooobooooboob. coboboooobooboooon
00000000000 0000. 0000000000000 000 (shallow-water wave),
0000000000000 (deep-water wave) 00 0.

gbobo,boocooooooobooboooooooooo. boo,bo0obocooboooooog
gbooooobooooobooooobooooon.

000000000 (¢ =0)000,000000000000000. O0O0OO,00000
(3-2)000000000. 00,0000 (’)DDDDDDDDDDDDDDDDDDDDU:

ou ou 1 @

E— —_— — = _2
8t+U8x+ﬁax 0, (3-20a)
ow ow 10p
6| —+U— -—— =0 3-20b
(3t+ 59:>+p82 ’ ( )
Ju Ow
L%~ o 2
ot 3 0 (3-20c)
gdodboodoooooouobooooouooooo.
9% __
5, I

0000 z=00000000000D00:=HO00OD0ODOO,

gpH = po (3-21)
ogbob.p U z=00000000.00000000000O0DOODOO,
= \Iz(z)eiu(x—ct)’
= P(z)eHlme) (3-22)
—  P(z)eiEet)

IS

NSRS

000. (3-22)0 (3-2000000,00000000000000DO00O0OOO.

(U=-0)T(z)+P(z) = 0,
iud(U — ¢)®(2) + 81;2) = 0 (3-23)
i () + aiiz) _—

(3-23)0000 20000000 P()000,0000000 (323)000000000 $(z)
ogobooooooooooo.
0%®(2)
022

VODO0D0O000000000000000 o =0,@=const J00. 00 200 (3-2)0 1,24000000000
0000 (3-20a)0(3-20c) 000OOOO.

— 1u%6®(2) = 0. (3-24)
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gobgoboooboobgoood 3-5 00000 101

000,200000000.46=1(00000000)0000/=0000000000O0O0O
)I:IDI:IDDD.DDDDDDDDDDDDDDDDDDZ).

D(z) = a1e’* 4 age M7, 0=1,

®(z) = ajz+dh 0=0.

000 «00000000000000000000. 000000000,000000000
000000. 0000000000000 (0006=1)00a =-a=e¢000.000
®(z)000000000.

D(2) = a(e'® — e #%) 0=1. (3-25)
00000000000000000%, 0000000000000 d(z)D00O0O0OOOOO.

O(z) = 2apuz+---
~  2auz.

00000 (§=0)0000d,=0000.d,=a0000,
D(z) = az (3-26)

goo.

200000000,000000000 (00000000 O0OO0OOUOOUO)00O000O
O (I:IDDDDDDDD)DDDDDDDDDDD4).DDDDDDDD

d(+p)/dt=0

obOo.0booooobooooboobo,boooooa.

op . Op 0P _ _
E#—U%—i—w&—o at z=H. (3-27)

O (3-25), (3-26)00 (3-23) 000000000000 UCOOOOOOOOOO.

000,00000000000000. (3-25)00 (3-23)0000000000000O.

U(z) = ia(e!® + e H*),
P(z) = —ia(U — c¢)(e* + e ##).

Joooooon (3-3)00000D00O00. 00000000 3/) 000000000000 D0O0OD.
0000000000000 O0DOOOOO.

(3-28)

r > x”_l T x2 x3
e’ = H_ +E+§+§+"' [lz] < o0].
n=0
gooooooag,
e =1+pz+ (u2)?/2+4--, e M =1—pzt (u2)?/2—--

ooo0.o00000
eM? —eTHE =2z 4 (uz)3/3+ - -

go0.0000000 2000000000000000O0OO.
4900000000000000000000000000000. 000000000000, 0000000000
oooooo.
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102 gboogooooboobooboo 3-5 00000

(3-25)0 (3-28)0 (3-27) 0000000000 DODOO (v=pc) 0000000000000
oooooY .

o H 1/2
c:Ui(iﬂth:> . (3-29)

0o0,£00000000u00p=27/£00000000.

00,000000000000. (3-26)00 (3-23)0000000OoOoOoOoooO.

\11(2):*,
p (3-30)
P(z):—w(U c).
i
(3-26)0 (3-30)0 (3-27) 000000000 UOOO0ODOOUOOOODOOOOOOOOOO.
c=U=x+/gH. (3-31)

(3-31) 00000000 D0ODO0O00000, 000 (shallow-water wave) 000000 (long
wave) J000D. (3-20) 00000 H/LOODOOODOOOO (D00 0500)9, 000000

ooo
cﬁUi,ﬂé
27

000. 0000000 (deep-water wave) ” 00000. 0000, 000000000000
00®. 00,H/£0000 (0.0400)0000 (3-29)0 (3-31)00000%. 0000000
000000000000000,0000000000000.00000000000, (3-21)
00000000 gH =py/p=RTO00. 000 (3-31)000000000000000.

¢=U +VRT. (3-32)

Ooo0ooo0ooo,000b0000o000 3-10)Joo0oo0oooooooUoooooooo
obooooooo.

(3-31)00000000O00000D0O0000O00O000O00DO0OO0O0O0O0, 0000
gboooooobodbobogooo. ooodobdabobooooobaoboboooooband
®) 00000000000 3-5-A00.
OH/L>05000, e2™/£ > 231407, e=27H/£ < 0.0432 000, 27H/L > e=27H/£ 000, OO0
e2mH/L _ o—2mH/L e2mH/L

tanh(2rH/L) = e2nH/L | 27 H/L = e2mH/L =1

oog.

000000 H>» £000,00000000 (00)0000000000000000000000000. O
0 H LOOODOODOODOOOOOOOOOOO0OO0OO00O000,000000000000000.

800 (1983) 000000

NorH/L =000, €%, e 0000000000, e* =14a4+a22+--, e =1—z4+z2—...000.
2rH/L=2x0000000000 02000000000,

T _ ,—xT 2
tanhx:(e ¢ ):—x:xZZWH/E
er +e* 2

000. 000 (3-29)000000,(3-31)000000.
pQgoon p,700000000,00000.
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gobgoboooboobgoood 3-5 00000 103

do0odod. booooooooboo,0b0oooouoooo gﬁ(h—z):pDDDDDu). h O
000D0000000. h=H4+HK,p=p+p 000,00000000000000000,
gp(H—-z)=p00,gph' =p 0000D0Y. 000OD0O0D0,000000000. (D000
()ODODODODODO0D00D00000).

oh 190p

Yor = p0x

0000000000, (3-2000000000000000000000000.

@+U@+g%:
Or

5 U 0. (3-33)

w0 ROOO00ODO.

v0 ADO0O0D02000000000 (3-20c)00000000DO0DOODOOOOOO. OO0, O
0000000000000 0O0000oo0o0ooooO (o2-2000):

puh

§x

1cm

Figure 2-2 Illustrating mass continuity.

U 3-2: 000000 (Haltiner, G. J., and Williams, R. T., 1979: Numerical Prediction and Dynamic
Meteorology. John Wiley & Sons, 477pp)

o) __olpu)
ot or

0000,00000000000000000,

oh oh ou
L HZZ =0. -34
3t+U8x+ ox 0 (3-34)
MOpgOo0o z=h00 p=000000.

2gp(H—2)=p00,

gp(h—2z) = p
gp(H+h —2) = p+yp
gph' = p'.

Bh=H+hW,u=U+4' 000,p000000,

A(ph)/ot = —90(puh)/Ox

OH+W)t = —(U+u)O(H+K)/0x— (H+h)OU +u')/0t
000. 000000000000 (3-34)00000.
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000 AD0D0w000000. RO 20000000%W 000000000000, 00
OrO020000000000D00C0O0.

u= uoei,u(zfct) b= hoeip,(zfct).

)

up,ho J0D0D000. D000 (3-33) 000 (3-34)0000,00000000000%W 000
oboooboobooooobooogoooo.

c=U=x+/gH.

000 (3-31)0000.

gboobooooobodgboooooood (externalgmvitywave)”)[I[I[I[I[I.DDDDDD
ooooooooooooooooooobobooo.ob,24000000000000O0DDDO
oooo.b0o00ooooooobooooooooooo,bo0ooooc0oooooooon
OU.0ooooooooooooooooboOoooooocOooooOobocoooooOobcOoooon. oo
ooooo,2000000000000O000O0OO0O0O0OOOOODODDODOODOOOODO. OO
000000000000000000. (Haltiner and Martin, 1957 '8 00 0).

1/2
e PUFPU  [gllp—p) pp/(U-U')? /

p+p 2r(p+p') (p+p)?

00000000 (hOO0OOO0O0O0OO0O0OO0. 00000000000000 +c0(000)0O0O
oboooobooboboooooboobo. oooooobobooboOobobooobooboonoo
P/ =00000000000000000000000000. DO0ODOO0OO0DODOOOOOO0OO0
00U =U0,00000000000p=py0000000000000000000000
ugboo. ooboooooooboooooooo,0boboobooboobobobob. oooo, o
ggbobooobooda,goobooobobo. bbooobooobboooo-boaoobooa
(Kelvin-Helmholtz wave) 00 0 0O O .

3-5-A goboboooobbboogobobod

(3-29)0 0000000, (3-25)0 (3-28) 0 00UUUD pLOOOULUDOOO0DwOOOOUODO
oo.

p = —ipa(U — c)(et* + e H*)etrle—ct) (3-5-A-1)
w = a(el — e HF)eir@met) (3-5-A-2)

4pp0000000000000 000000.
1B)O00, 00000000000 w(z,2¢t) 0000000 w(e,t)000000000.

16)
U-c g u | _
H U-c ho | —

17)DDDDDDD,DDDDDDDDDDDDDD,DDDDDDDDDDDDDDDDDDDDDDDD (external

weve) J00. 000,0000000000000000000000,000000000000000. 00000

000000000 (external gravity wave) D000 (Lamb wave) 000 .
000000,000000000000000 (waterwave) 00000. 00000D000DO (1998) 00.

1$)0 000 Drazin(1981) O Haltiner(1957) 00 O0000O.
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gobgoboooboobgoood 3-5 00000 105

(3-5-A-1) 0 O

op/ot = —pacu(U — c)(e"* + efﬂz)ei”(zfct),
Udp/dx = Upau(U — c)(eM* 4 e H=)en(z=ct) (3-5-A-3)

(3-5-A-2)0 (3-5-A-3) 000000000000 (3-27)0000000000,

—pacu(U — c)(e“H + e_“H)e“‘(z_Ct) + Upap(U — c)(e“H + e_“H)ei“(x_Ct)

—gﬁa(e”H _ equ)eiu(x*ct) = 0

—cpu(U —e)(eM 4 ™Y L Up(U — ¢) (e e #H) —g(er! —e7mH)y = 0
g et _ o—pH

_C(U_C)+U(U_C)_M<M) = 0

A —2cU +U? = gtanh(,uH)
7

(c—U)?*= gtanh(,uH)
u
1/2
c=U= {gtanh(uH)}
i

000.00-00000000000 (000 000000000),00 £0 L=27x/p00

O.00000o0o0o0
C orH\ )2
c:Ui{‘thanh(ﬂ-ﬁ)}

goo.

19)
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3-6 UUUOObOooooon

o )
O0000000000000000000,00000 (inertial gravity wave) 000000
(Rossby wave) 000 0000000. 00000000000 O00OO0DOOOO. D0OOOO
O (shallow-water equations) 000 0000000000000 O0O, 0000000000
gobogboodo. oo, bbooboobooboobobobobooboobooboboba
ooooooooo.

J

goooo,booboooobbooobooboboboobbooboooobooboobooog
gooo.obooboobooooooooooooooooooooooooooo. oo,
000000000000 000Y 00000000000000000. 0000000000
000000000000 0000000000o0oon? .

ou ou ou Oh
% —I—u—ax +v—ay — fv—l—g—ax = 0, (3-35a)
ov ov ov Oh

00000000000000000,000000000% 000000000, 00,000
00o0000o00o0o0Do00o0ooo0Oon0, (3-33) 000000000000 00UD0. 000
gbooooobo,0boooooboooobooobooon.

ou OJv Ow
aix“r%"‘raiz—o (3'36>
(3-36)0 000 =000 z=h0OOOODOOO,
ou  Ov
<ax+ay>h+wh—’(U0—O (3—37)

oo0.0o0oooboooobooob,bob0bo0bboobUb z2=0000w000000O0O0OO
O0. (000 wo=0000). 00,00000000w=dz/dt00000000O0O0O0OO0O
O00.0000,w,=dh/dt000,(3-37) 000000000,

ou Ov dh oh oh oh
hl—+—|=—-F+=——+u—+v—]. 3-38

<8x+8y> di (at”ax”ay) (3-38)
o000 25000000 (3-3¢9)000000,0000000000000000D0. DODO
(3-35a), (3-35b), (3-38) 0000 300000 w,0,h 0000 3000000000000. 00
00000000000 (shallow-water equations) D000 0. 000 300000000000

Hooooooooo f=2Qsinp000000000000O00O0O pOODOOOOOO.

20oOo00O00D0OoD0OoDoDOon.

0000 (2-16), (2-17) 0000000000, (2-16), (2-17) 00000000000000, 00000000
gOh/O0x = (1/p)Op/0x, gOh/Oy = (1/p)0p/0y OO D OODOODOOOODO (3-35)000000.

Yoo0, dp/dxr =0,0p/0y=000000.
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00000000000, (3-35b)0 20000000 (3-352)0 yOOOODODOOOOOOO,O
O0000000D00000000.000000000°%.

oc  oc ¢ . ou o\ 1dh
§+u£+v@+ﬁv——(c+f) <8az+8y> —(C+f)hdt. (3-39a)
g=0f/oy000.0000000DO0O0UDOOOO.
d (¢ _
= <h> ~0. (3-39b)

D0000000000000 (potential vorticity) ® 000000 (C+ f)/h0000DOO0
O0000.000Ertel 0000000000000000O00000OO0O07 00000000
O00000.000 (3-39b)00000000000000000.000,000000000
O0000000000000000000000. h0000000000000000000
0000000000000. 000000000000 (C+£)/20000000 (3-39b)00
ooo.

000 (3-35)0 (3-38) 0 U(DD)0 HOOOODOD. 0000000000000 D000000
ooov.
gO0H

=% (3-40)

HOODOOOOOODOOOOOOD0000000000. 00 w,v,h®0 f0y0000000
000,0000 (3-35a), (3-35b), (3-38) 000000000

ou ou oh

v ov

a + Ua + fu = 0, (3_41)
oh oh ou oH

ot " Yar T Ty

f00000000000000000 dD/dt (D =0u/dz+0v/0y)0000000. 00000
00000000000 w,v000 2,y000000000000.00000, dv/dy=000
0«.0000000000.00 HOOOOODOM, 00O ygetE—ct) yetlz—ct) pein(z—ct)
0000000000000, ((3-41)0000000000000d.

0(U = ¢)ipug — fvg + giphg = 0,
fuo+ip(U —c)vg = 0, (3-42)
ipnHug + 0H /0y vo + iw(U — c)hy = 0.

) 00000000000 3-6-A00.

)0000000000000 Pedlosky(1987) 000000,
NO0O000000000000000000000000000,0000000000 Ertel0000000000
oooo.

$) 000000 (3-35b) 0000 u=U,v=0h=HO0000000000000. 000 fU = g(8H/dy) 00O
000000000000,0000000000000. (000000(1/p)(@p/dy) 0000000000).
900000 wv,h000000000000.

1)0pO0000000000000. HOOOOOOO000,9H/9y0000000000. HOOOOOOOODO
dH/oy=00000000000,0000000.
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(3-42) O wg,v0,ho OO0 O0O0O0D0O0DOO0O0ODOOOODO0ODOOOOODDOOOODOOODO.

§(U — c)ip —f g
f (U = o)ip 0 =0.
inH OH/0y (U —c¢)ip

goboobooobooob,obboobooboo3bobobobobobn.

o0H
SU o) — (gH + f2/u?)(U — ) - 90T — g, (3-43)
w? Oy
o0o0ooob 20000000000 1000000000, b oooOoOoooo
OU=0,=1000.0000000000000000DOOCOO.

c==x+gH + f%/u. (3-44)

0000000 c¢c=0000. 000000000 (inertial gravity wave) D00 0O000D00O.
f=00000 (344)0000000000O 3-31)00O0O.

0000000100000 200000000000000000, 0000000000
(inertial oscillation) 0000000000 DO0MW,

v=puc==xf. (3-45)

o000 (/) OOD0O0O000O0,0000 ¢gHO000O0O00OO00O0O0OOOOO0OOOO. OO
goboobooobooboobgooooboobooboobooboobooboboboo.

du dv

— =_ — — fu. -4
o, =t (3-46)
poooooooooooOOOOOOOOOOO000.
P,
ﬁ—‘v‘f u=0. (3-47)

goboooooobuoooooo.
u = ugett, (3-48)

00000v=+f000000000.00000000000000 27/v=2x/f=12/sinep
[I/hr) DOOOODODOOMY.

00,(3-43)0000000000 f=000000000000000.

(f/H)OH /0y
W+ (f2/gH)

0Ooo0ooO0oooUoU0OOO0Oo0bOg=f/HOODOOOOOOOD. ODOOoOooUooOooyoOoOo,

c=U+

07 OH U
99 __fOoH _fU (3-49)
Ay H? 9y  gH?
oogoooo, f=2Qsine [1/s)000.
12) 000 240000000000 Q=2x/24[1/hr]000. 0000000000 f=2Qsine 000, 27/f =
w/Qsing =12/sine 000.
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O000. 0000000 Hy) OoOooooooooo (340)000000 yO00oOoooooo.
000000000000000000000000000000%Y. (349000000000
oboooooboooooag.

H 0q/0y
pr+ (f2/gH)’
000000000 (Ressby wave) 000D 0O0. 000000 O0OOOOOOOOOOOOOOO
gooo0. 0000 fOO000ODOOO0ODOOODOODOOODOOOD. ODOOODOOODOOOOOd
goooooooooogo.

Jq foH 2

—= = —=—— | /H = U/gH)|/H. 3-51
o= (- £ 50 ) 1 =+ Ul (3:51)
B=df/dy000.000000000000000O00DOO0OO0 ExVgOOOUOOOOO
D0OD00W. fOyOOOD (D00 A)D0000000D00 (3-50)0 (3-51)000000

O000.000 (341)0000 f=f(yUloO,»000000000000000O000O00OO
ooooooobo.

c—U-— (3-50)

000000 (3-4)0000é=0000000 (343)000000000OO.0000O,vO
goooooooo.ooo,

oh
fv=95- (3-52)

goobo.d0boo,«000000000,00000000.

0000 20y0000000,0000000000 (3-35a)0 (3-35b)000000O0O0O0O0
00000o0o00.00o00,000000000000000DO (dD/dt)0D000OOODO,O0
0000000000000, 000000000000000000000000. 0000
00000000000 (3-52)00000oooog.

ddoooooooob 20000000 oDboo0oooOoooooO. bcoboooobobooOoooo
ddytooooobbbooooobbb,00ooooobb.
D| _ |0u/ox
C| |ov/ox

. (3-53)

00000 (U=0)00000000000000,(341)0000000000 v ==

000,000000000001.
ifu
S (3-54)
ne
B)opooD f0y0000000000000000O0O0.
M)OQgoo000000000OOn 3-6-CO00000.
15)(3-41) 000D000. « 00000 000000000000, 00,000 y00000000000,00 D

0 D=090u/oz000.

aD aD v %

U= - f— — ) =o

8t+ ox f8x+g<812)
000 pDOOOOO (=dD/dt) 000000,000 fuv=gdh/0z00000. 000 (3-52)0000000. 00
0,D0000000000000 (3-41)00 é00000000000000000.
)y =000000,(3-41)0 000000 dv/dt+fu=0000. v =erE-) 0000, Ju/dt = —ipcet(T—ct) =
—ipcv 000,000 (3-45)00000.
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(3-54)0 (3-44)000 (3-53) 000000000,

= (14 p’ghf=2)"2. (3-55)

’D
Clia

gbooooo1l1gooobo. boboobooboboobobobooooboboooboobo
goooooo.

000000o00o0Uo (6=0)000,000000 AO00D0O0OUOOODOODOO. (3-52)
0ooOoooooooooo.

dv _ pig
i (3-56)

O00w«0AOO00DO0DOO0O0O0WOs=0000 (341)00000009.

o0& f? U 0%h

guv _J_ =29 3-57

Ox? gHu H 0x2 ( )
000000000000000000D0000 (quasi-geostrophic equation) D00 . 00000
00002, 000 0000002, 000000000.

ou iulUgh
9~ gH + (f2/u2)’ (359
(3-56) 0 (3-58) 0 (3-53) 00000000
D| _  (Up/f)
‘c r (WPgH/A)+ 1 (359

000.000000000000000000 (Ressby number)y D000, 000000000
0000 1/l000000000. 000 10000000000,0000000000000
oooooo.ooobo400boboboooobooooooboooo.

3-6-A gbbbuoogobboooobbbuoodan

00000 (3-39) 0000000000000 (3-39b)00000O0D0.

Mp0 erlx=c) OO0 (3-52) 0 : 00000000000000. 0000 du/dy=0000000 ¢ = dv/dz
ooo.

¥)pooooo00000oonono.

¥)Oooo00000od 3-6-BOO.

20000000 uw=uge@=c) h=hgeirl@—ct) OOpOODOOODOOODO.

2VO000000000000 82u/dx? = —p2u, 82h/02%2 = —p2h 000. 000000 u=Ugh/(gH + f2/u?)
00000000000. 000000 z00000.
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00000 (3-39a)

(3-35b)0 x 0000000 (3-352) 0 yODOOOOOOOUOOO

D () o (Zh) 00 O () e o0 ()
ot \ Ox Ox2 Ox Ox Oy \ Oz Ox Oy Ox Ox \ Oy ’
(3-6-A-1)
D (B2 () Qe0n (P) Oe0n_ 00 00 (Y
ot \ 0y Ozr \ Jy Jy Ox 0y? dy Oy dy dy Oy \ Oz
(3-6-A-2)
0O00. (36-A-1)00 (3-6-A-2) 0000,
0 (dv Ox 0 (Jv Ox Oou (OJv Oz
a(m o) (G-5) 5 (5-5)

0 (0v Ox ov (Ov Oz ou Ov of
o (o) oy (o) H (o o) 05y =0 0o

000.000¢=k-(VXxV)=0v/0x—0u/0y000, (3-6-A-3) O

o¢ a¢ o¢ ou ov ou Ov B
i +v—ay tig t C—ay +f <8$ + ay) fv=0
o¢ | 9¢ | d¢ - ou  dv
5 TUg, T i +pv=—(+f) (833 + ay) (3-6-A-4)

O00.p=90f/oy000.000 (3-38)0 (3-6-A-4)0000000,0000000000.

¢ 0¢C  9¢ _ Ldh

000000000000 (3-39b)

(3-6-A-5) 00 0000000000000 O0O0OO0OOOOO. fOyOOOOOO, of/ot =
df/ox=0000000000000.

Z+u§i+v§§+v2§+((+f)hi(i) =0
FCH Dt ugcH D ost D+ g (3) = 0
raCcrnreeng (3) = o

LD Do e

3-6-B gobobooodn

0000000000O00OUonD 341)oooooooog (3-5mooog.
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§=0000,(341)0 100000 fo=g0h/oo D00. 000D000000000000
(3-40) 22 O (3-41)0 2,300000000,300000000000000000,000
ooooo.

0 (0oh 0*h £
& ((933‘) + Uﬁ + ?U = 0, (3—6—B—1)
o (oh 0% 0% 0%

(3-6-B-1)00 (3-6-B-2) 0000000000000 DOOOOO.

0% f? U 0%

3-6-C gbooobooboobo

OO000oo00oooOoo00oooooO0oO000ooDoD ExVgoOoooooooooooooo
go,bo0o0o0ooooog.

g=f/HOOOq¢UyOOOOODOOO.OOO,

0
Vi=| §Z
0
0oo.000,
i § Kk .
kxVg=|0 o0 1 :—8—§i
0 09/0y O

000.00000000000000000000000U0O0O0O0O. 349 00vUvooooo
oooooooooo.

2)U = —(g/f)0H/dy
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3-7 UOooooon

ao

goooooooooboobooooob. ooboboboo,cobooboobobooobooo
gbooobooooboboo,ooboobooooboboobo.oboooboobooboooobooon
oobooobooobocoooo. 0boboooboooboooboooobooooboooboboooooon
gooooo.

2-7,28000,110000000000000000000000000. 000020000
000000000000.1000000000000 300msec— 000000 (H = 10km O
00). 2000000000000 10msec™* Y 000000.00000000000% 00
0000000000000000.00000,000000000000000000000
0000000000000.000(00006=10)0000000000000,0000
0000000000000000000000000000000. 000000000000
000000000000000000000000000. 0000 (34400000000 2
000000, (3-50) 00000000 10000000000, 00000000000000
0000D0,00003000000¢,5=1,2300000,0000u,v; 00000000
h;00000000000000000.000,0 (341)00000000000,00000
0¥ 0000000000000000000000,0000000000000000000
0000Y. 0000 0000000 w0u;=U—¢00000,0000v;,h, 00000
000 (3-42)(=1)00 2000000.000000000000059.

u; = U — Cj,
v; = Zf/p’v (3_60)
hi = g7 [(f*/n*) = (U —¢;)?].

D10 m sec™! = 864 km day~! ~ 1000 km day~! 000 . 000000000000 O0O0OOOOOOOOD.

20Uo0000000000000000000000000000000. 000000000000000000
00D0000000000000000000.

Duy, vy, h; 00D

4 (3-42) O wo,v0,ho 000000000, 0000000000, 000, uo,vo,ho 0 300000000000
00000,0030000000000000002000000000000.

5)(3-42) O wg,v0,ho 00000 uj,v;,h; 00000. 00, u;=U—¢; 0 (3-42) 0 20000

fuo +ipn(U — c)vg =0
ooooOd»;00000.0000 10000
(U = e)ipug — fvo + gipho =0
oooooooo A 00000.
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gobpdbbooboobooboobgooobg.

3
u = Zajuje”‘(‘”*cjt),
J=1
3
v o= Zajvjei“(xfcjt), (3-61)
j=1

3
h = Zajhjei”(x_cjt).
j=1
Uidde;00dooooan.

t=00000 w,0v,hO00000000O00D00O0 u(z,0) = uge™, v(x,0) = voe*, h(z,0) =
hoe* 00000. ug,v0,ho 00 00O00O00. 00000D00DOO (3-6)000000,000
goooo.

3
Uug = Zajuj,
Jj=1
3
(U Zajvj, (3—62)
Jj=1

3
ho = Zajhj.
j=1

00000000D0000ooooaoY.

U
“a= U_1+(9Hu2/f2)’
o = U++gH+(f*/12), (3-63)
cs = U—/gH+(f%/p2).

(3-63)0 (3-60)0000,000000 (3-62)00000 ¢;0000000,q;00000.

ipf gHvo — gho

a1 U2fi—4a—2 _q’
fu (1 £ Ua~Y2)vg + gh
_ 2q,1/2 ifp ( 0 0. 3-64
az2,3 Fuo/20/ F 2U f2p—2a-172 £ ) ( )
O0,a=gH+ 27 000.
gobogoboooooobooobooo,
yo _990h _ _g0h
- foy 7 fox
gogd,oooo
up =0, wvo=riuf tgho (3-65)

6100000 (3-50)0 (3-49) 0000DD0O0D0O0D0. 2300000 (3-44)000000000000000
ooo.
700000000000000 20000, (3-44)00000.
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O0000®. 00000000 (3-64)000000,00000000000.

= 12~ 2gho
1 1—U2fip—4a-3
Ua—3/%gh
ars = @ 9% (3-66)

2(1 £ U f2p—2a-3/2)"
00000o0000oooooooooooooooogY.
2> fuml > U (3-67)

v»O00000000000000 [0000,(3-61)0200000000 ifu~te;00000D0]
OvwOODODODOOO,000000,0000000000000000%. 00000000
00" 00000000000 00000000. 0000000000 (3-65)0000000
gboobo,00b00oboooocoboooooboobooon

a3 U r?
s 2 T 3-68
ar  (gH)Y? p?gH (3-68)

000, (3-67)00000000000O0DO.

wOO0O0D000000,0000000000000000000. (3-64)0000 a230000
D000,vwD00000000000000,40000000'2,
_ Ugho

gH + fPu=*
0000000000 «000000000000000. 00000 w000 (3-69) 0 (3-61)
0000000000, ((3-58)00000000000000000000000™W.

uo (3-69)

00000000000 000, u(x,0) = uge™™, v(z,0) = voe*, h(z,0) = hoe** 000000000000
000oO000oO0ooooo.

900000000000000000000000D000NOON. f~107% u~1/10% km~ Y0000, fu= '~
10~* x 10% = 100 [m/s]. g ~ 10 [m/s?], H ~ 10* [m] 0000, o/2 = /gH + f2u=2 ~ /105 + 10% ~ 10%v/10 ~
300 m/s]. 000 U~10[m/s]000. 000000, (3-67)000000000000000000000.
10)ifu—ta; O (3-66) 00O,

2 -2
- e —1 ue f~%gho
pan = A e i

1
2 —1\ 4

(%) (%)

Vo Va
1 U N2 fe
" ghO{”(ﬂ) (ﬁ)}
000.00,000000 (3-67)0000000000.000000,:00000000 v =ip"‘gho00000
0000D00000.00,v 000000 (U/Va)2(fe~t/ya)* 00000,000 (3-67) 00000000000
00000. 0000,000000000 v 00000000000000.
WOppoO00000000000000000000000. 2600000000000000,00000000
000000000000000.0000000,/=1000000000000000000000,;=2,3000
DoooOoO0O0000000O00O0O0O0.
00,000000000000000000,00000000000000000000 (00000 (3-67)000
0)0,»0000000 (0000)0000000,000000000000000000000000000000
ooooo.
12)(3-64) 00 a2,3=0000,000000 (3-65) 0 vo =ipuf lgho 00000000000000 uoOOOO
ooooo.
13)(3-69) 0 (3-61) 000000,

= ipf 'gho

2

w= uoei,u(zfct) — Ugho ip(z—ct)
gH + f?p~2
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000. (00000000 #e-%Y 0000000000000, 00000000000.) 000 200000
h=heet*@E=c) OOOOODO (3-58) 00000.
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3-8 ULOOUOon

o R
00o0oOoooooD,00b00000D0000oDooo0oDn. oooooooooooo
oooboobooobooobooooooooOoooOoobDoobDOooboobboooDboo. o
0000000 (geostrophic adjustment) 000 . 000000000000 0O0OOOOOO
oooooooo.
oo0,0000000b00b00oo0ob0ob0oboobooogo,0ocoopoboobooogoooo
oooo0oO0o0. boboooboOo0ooU0ooUooOOobOobDOooOobDOobDOobDODOoDbOoDboo.
gooooOobOo0ooOOobOoboboOoo,b0,0ooboooooa.

J

2-r0boo0oboo0oobooobobooo200b0000bOO00b0OO0O0DOOO0bODOOO. 0boO0, b
gooooobooooobobooogoboboooobobbooooD.obo,obboooog
bobooooobooboooobooboobooobooobooboo,oboobooboOoooag
gboooboooooboo.bOboboobooboooboobooooboobooooboOobooo.boooo
gbO,0000o0o0ooooooooooboooooooboobobobobobob. bobo,0n00
gbobooboboobooboooo,obooboooooobooooboooon.

gbooobooboobooooboboobooobooboon.

ou oh

E‘f”‘f'g% =0,

ov

4 fu=0, (3-70)
oh ou

E—FH% 0

0000 (3-41)00 U =000000000000. J0000000000000 30000
O000. 20000000 (3449000000 (3-50)000. HOOODOO, dG/dy =000
oYoooooooooo?.

0000,000000000000 (3-70)000.0000D0O0O00OO00DUOoOOooOO.

a(p,t) = /OO u(z, t)e” " da. (3-71)

— 00

gbooobooooooobooon.

u(z,t) = %/ a(p, t)e™™ du. (3-72)

— 00

(3-70)0 e~ 000, -00c00 cc000000.2000000000000,0000000

1(3-49) 00000000000,
2)(3-50) 00, dg/0y =0000 U=0000,0000000000000000000000.
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000,0000000000000000000000%9.
da

at = fo —iugh,

dv -

i —fi, (3-73)
dh

— = —iuHu.

dt R

o0 A0 (3-7)00000D0000.«00000000ODO0O0O0OOOODOOOOOOO.
ﬁozﬁ(p,()):/ u(z,0)e” " dz. (3-74)

%0 hyD0OOOOOO00O. O (3-73)0,00000000000000000000000,
e"et0000000. 000U =00000000,00000 ¢; =0,c0=p"tv,c3=—p"1v
000.00,0000000 v

v=(f2+ u2gH)"” (3-75)

000. 000 d,0,he 00000000 (3-61)0 w0 @a0000000O00DOOO,U=00
00 (3-64)0000000000. 0000000000000000000000Y.

~ i’}/
a(p,t) = ﬂocosut—l—(w) sin vt,
v
2 Hio + ingfhe  fiosinvt [ f250 — ingfh

But) = M9 votlugf o fugsinv n <f o ;ugf O)Cosva (3-76)

v v v
ﬁ(u,t) _ (fQiLO—z'Qqu%) —iﬂHﬂOSinl/t—i—(NngiLotiﬂHf’[)O)COSl/t.

v v v

ooooooooooo ( )sbooOoOoOUOUOO ( )yO00OO0O0U0O0DODOOOOOOOOO
o.0o0oooooooao,

us(p) = 0, ]
B = L (f e H) , 31
hst) = (f ool H)
ooo,
ur(p) = agcosvt+ g (170 - ifflugizo> sin vt,
or(p) = f%ﬂo sinvt + g (170 - ifflpgim) cos vt, (3-78)
iLT(u) = f@ﬂo sinvt + z,uyil-;ff (170 — ifflpgim) cos vt

3000000000 3-8-A00.
4900o00000000o0og 3-8-BO0O.
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O00.00o0oo0 (3-717) 0 @gzi,ugf_lﬁs,fLS:ODDDDDDDDDDDDDDDD. O
00 (3-73)0000d/dt=000000000000. 0000000 (3-78)000000oon
DDDDDDDDDDDDDDDDDDDDDD.EI[II:IDDDDDDDDDDD,@O—iugf_lfLO
OuwOOOoooo.

gooooooboobooboobooobooo,b0obbooboooobooboobooog
00000oooOo0o0O0. 000 (3-72)0000000C00O00000oOoOOoO0o0Oooooo
oo.

1 [ ) 1 [ f. ‘
ur(z,t) = by Ug cos vt e dy + %/ %d(u,O) sin vt e dy,
1 > fu , 1 0 2 '
vr(e.t) = —5- _Oof,/wSinwf e dp + %/_OO %d(u,o) cosvt €T dy,
i [ uH in i [ uHf - o
hr(z,t) = _%/700 %uosmyte“ du+%/700 uyjd(u,())cosute” du.
(3-79)

oo,
Oh
d(l‘,t) = V(l‘,t) - gfila(xvt)

000,00000000000000000000°%. Schoenstadt(1977) 0000 (saddle point
method), 0000000 (stationary phase method) D00 00000000000 (3-79) 000
0.20000, |z|< Left=(¢H)Y/*0000,0000000000009.

ur m [lﬂ(I/Oé,O)ICOS(ftJrqb) + \J(x/a,0)|sin(ft+w)} :
vr (2m1)1/2 [—\ﬂ(z/aﬁ)\ sin( ft + @) + |d(z/a, 0)| cos(ft + M : (3-80)
b~ e [/, 0) s+ 6) — e/ 0) cos(ft +)].

000 ¢0 ¢00000000000000000. Ly = (¢H)Y?/f 0000000000
(Rossby radius of deformation) ) 000000000, 00,a=L%ft000.

00000 (3-80)0,20000000,00000000 up,op 0 ¢~ 120000000, he O
t*3/QDDDDDDDDDDDDDDDDDDS).DDDDDDDDDDDDDDDDD,DDDD
550000 e~ #* 000, —co 00 co0O0O0OODOO,

/OO d(z, t)e " Hedr = /oo v(z,t)e*i“zdcw(g/f)/

oo
— o0 — o0 — o0

(Oh/dz)e ™o dy

oo

d(p,t) = ﬁ(u,t)+(g/f){[h€7i“z}iooo +i/‘/

heii“zda}}
= (ut) + (ipg/)h(p,t)

goo.o0000¢t=000000,

d(u,0) = o + (ing/f)ho
ooo.
00000000000 0 (1991), 00 (1995), 00 O (1979), 0 (1990) 00000000,
NVgHOOOD (000)00000000 Lrgk0000000000 f00000000000000000000
.
Sa=L%ftO00000000.
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gbooboboboobobobooooboboooobobooooboboonoo.oog
0,000000000 (group velocity) 00 000D. 0000000 O0ODOOOO.

_ @ _ 2 2 2 1/2 _ 2 2 —-1/2
C?A—aﬂ "au(f +pgH) " = pgH(f* +p°gH)™ "/~ (3-81)

0000,00000009 0000000000000000000000%. 00,0000
00000000000000000000000000000YW. 0000000000000
00000000000000000000000000.000 (3-80)00000000000
000.00000,,000000000000000000000. (0000,000000
00-00000000).

0000000 L%/L*°00000. 00000000 L=1/x000. (3770000000,

1 L% 15
—_— Lrs o\ ir1d0
Ug 71+(L§%/L2) (Lgvo-HMf g 0>,
- 1 L2 f5y -
hg = — (22224 3-82
g 1+ (L%/L?) (LQiug_1L 0) (3-82)

Ogo00d. Dooo0ooboooooooooooobooooooobooo. oobooo vy 0
inf-lghy 0000000000000 00D000. 00000 2« [3000000000.
DDDDD(3—8Z)DDDDDDDDDDDD.
Ug = Vg, BS:@-
ivg
gooooooooooooobooo, bbb oo bbbooooooao
ooooood.

(3-83)

[?>[32000000 (382)000000000000000DO.
bg =ipnf 'gho, hs = ho. (3-84)

0000,0000000000000000000000000. 0000000000000
000000000. 00000 Lxk0000000,0000000000000000000
000,00000 Lk00O0OO0000,000000000000000000000000. O
0000000000000 O00000,000000000000000.00000 2000
00O0® 0000000, Lr=¢,/f00000000000% 0000000000000
00D0. ¢00000000000000%. 00000,0000000000000000,
0000000000000 00000.

9000000000 LpO0000 “00”0000000.

100000000000 000000000000,G=48,/6p0000000000000000000000.
Mf0000000000000000000000000000 pgH(f2+u?gH) /2~ /gHOOOOOO. O
0000000000000000000000000000 f000,000 GOOOOOO0.

25, 0000000, ipf 'gho 00000000. 000000000 (3-73)0 1000000000 10 f3, 0
20 iugh00D0,00000 (3-70)0 1000000000 20 fv,0 30 gdh/dxz000. 0D gdh/dz 0 2-50
00 goh/ox = (1/p)0p/0x DDLU DOLOODO0OUDOUOODOOOUOO. 000000 0000000,
inf~lgho DODODOOODOODOODOO.

130000 (barotropic atmosphere) 10 000000000000 D,0000000000000000OOOO0
000.0000000000000000000000.
M)OQ0O000000000000000000000000000000. 0000000000000,000000
ooooooooo.

15)2.6 00 (3-44) 00 ¢y = ++/gH + f2/p2 000, Lg = (¢M)Y/?/f00000,00000000000000
oooooooooooo.
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000000000000 H~10kmO00, Ly =3000km 000, 27Lp = 18,000km 0 0 0 16),
0000,00005000km0000000000000CCO000000000O0OY. 00O,
000000000000000 ¢y~100msec ' 00000 Lr~1000km 000, 0000
00000000000000. 00000,00000000,00000000000000
0000D00000.00,0000 f000000 Lx,000OOO00,00000000000.
000000000000 000000000000000.

obooooooobOobobooooooooboobobooooooooobobooooooonog.
3-77y0 300000000 hSDDDDD(3-72)|:|DDDDDDDDDDDDDDDDDDD18).

1 [~ Hfip-
hs(@) = h(e,0) - o / Vf H doeih dp. (3-85)

— 00

dy0000000O0O000D00O0O0O0ODOU0OO0. 000000000000 (convolution theorem)
oboooobOoboobo.obobooboobooooooboon.

1 oo ~ (e e)

F(p)G(p)e™™ dy = / F(2"G(z —2') d’. (3-86)

—0o0

2r ) o
FOGO FOGOOOOOOOODOO. 00000000000 O000000000000.

00 2
/ e-lal/Lrg=ine g, 2LR - = 2Lrf”
e 1+ u2Ly, V2

G(x) = e 1®l/Lr F(z) = dd(x,0)/0x 000 (3-86) D000 (3-85) 000000000,

. / T Je—a'l/Le 940) L,
Rf —00

gbobodabouodgouogogooboooan.

.'LJ

elr=#"/Lr gz’ 0) da'. (3-87)

x|

H [~ z-
hs(as)zh(x,O)-i-QL%f/_ ‘;Ci

goooo,bob00ooboobooboooobooooboobDOoboboOoDOoD LrgOOoOoOO
0000000O0000ooO00oOo0oO0O0D0. 0000000 O0O 3-87)ooUooooooo

)H ~ 10* [m], g ~ 10 [m/s?] 000, ¢ = 60° 0000, f = 2Qsing = 7.27 x 107°% [I/s] 000. 00O,
Q =27/86400 = 7.27 x 107° [1/s] 0000. 000 Ly = (gH)Y/2/f ~ (316/7.27) x 10° =~ 4.35 x 10° [m]= 4350
km]00O0. 0000000000, 00000000000000.
ML=1/p00000,000 2L 0O0OO.
18)(3-77) 00,
2
hsw) = -,

f27112~
v2 ho =

ipfH _
2 Yo
1%

“QQHE infH _

2 -5
1% v

- Hfi me

= hg— fzu ({)OJrﬂhO)
v f

Hfip -
f;udo
14

= ;L0+

. ilo—l—

= ho—

0O00. 00,(3-79)000000000000000, d(u,0) = 6o+ (ing/f)ho 000. 0000 2ret#* 0000
—co00 co000000DO (3-72)00 (3-85) 00000,
YpgoooooooOooo 3-8-COODDOD.
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gobooooooooan.

vs(x) = fg~'0hg/0x, wus = 0. (3-88)

200 78000000000000000200000000000000. 26000000
0000000000000000000000,000000000000 (00000000
00)00000000. 0000000000000000000000000,000000
000000000000000000000000.0000000200000000000
0000.000,00000000000000000000000000000000. 00
00,000000000000000000000000000000,0000000000
00000000. 0000000000000000000,000000000000000
00000000000000.000000,00000000000000000,0000
(Lp/L)*0000000. Lp=¢,/f000,¢000000000000000000000
0.00000L000000 Lx,000000000,000000000000000000
00000000.00,L0 L;000000000,0000000000000000000
00000.00000000000000000000000000000000000000
000000000000,

3-8-A gboboboooobboood

00000000 (3-70)000000000 (0000 (3-71)00000),(3-73)000.

(3-70)0 100000 e ™ 000,-c00 coO0O0O0O0O0O0O,

8u oh _, T
ipx T WT doe — () 3-8-A-
ft dx — / fve™ axr + / gaxe xr = ( 1)

— 00

O00. (3-8A-1)00 100000. 00000000000 +¢+0000000 «0000029,

[m g?e*“” dx = % ue*i’” dz (3-8-A-2)

ooo0.000z200000. fO00000000DCOO00OO0OODODOOOOOODOO.
0000 300000.¢0000000000000000000D000000O,ARO000 etk
0z000000.00000000000 @-72)0000.000,

< Oh _. > 9 1 R
Zleminr g —_ ) = h in'x d — iU d
g[w&ﬁ % g/ ax{ /) (W) e u} z
= Zug/ / el —p)z dy’ dx

_ ZQMQ h(,u’)/ z(,u — )T dr d,u
T J- —o0

= wg/WBWSMM—u%m'

— 00

20000 fuem*dz 0 ¢t0000000000,000000 d/dt0 §/0t0000.
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ooog?). 0o0,000000002% 00,
* 9h _, .
g/ a—xe_””” dx = iugh(p) (3-8-A-3)

O00. (3-8-A-1)0 (3-8-A-2)0 (3-8-A-3) 00 00,00000000 3-71)000000O0OO
goooooobao.

ot =
E—fv—wgh.

U=0,(3-73) 0000 1000000000.20000030000000000000O.

3-8-B goboboooobbodd

00000000000000000 (3-76)0000. 000000 (3-60), (3-61), (3-63), (3-64)
000000. 00,0000 4000000000, 3A00000000000000000
ooooo.

(3-61)0 «O0O0D0O0OO0O0O0D0O0,
U= aquge™F Y 4 goyget (T2t | gag et —cst) (3-8-B-1)
000. 0000 U=00000000,v=(f2+u2H)"> 0000, (363)00
=0, co=v/u, c3=-v/p (3-8-B-2)
000. (00000000000000000). 00, (3-8B-2)00 (3-60) 0000 u, O
up =0, wue=-v/p, uz=v/u (3-8-B-3)

000.00U =000, (3-64) 0

B Z.Mfith’Uo — hg

a; =

@
. 71 h
4 = —ug /20;/2_##;&, (3-8-B-4)
a
P
+ gho
_ 201/2 — ifp” o ‘
as uo /2 e

O00. a=gH+ f2p2000,v= (24 u2gH)? 000 a=+2/p2000. 000 (3-8-B-4)

2)ppooo00o00000ooOooooooo.

1 o ; ’
— =) dy = §(x — a').
27 ) — o

2)ppoooo0o0ooOooooooo.

/_oo F@) §(z — ') do’ = f(a).
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oooooo,

. Z'/Lfith’UO — ho
a1 - - VQ/ILLZ )
_ugifp v+ gho
W e
Y
C TR VT

000. (3-8B-2), (3-8-B-3), (3-8-B-5)0 (3-8-B-1) 000000,

as (3-8-B-5)

as

u ~wo ifptvo + gho
a 2v/p 202 /112

Uo if/flvo + gho wt | iux
" <2V/u 202 [ p? > A

B ug | ifp” o 4 gho
= — + —————7— | cosvt
2 2w/

wo  ifp vy + gho .
( 2 v/ ) (Zisinut)

ug ifp oo + gho
+|(——-———-+—"—)cosuvt
2 2v/p

. —1 h )
+ <u20 _ ifp 25(};‘9 0) (—isinut)]ewm

) oty

—iugh, ,
= [uocosut—l— (fvowgo> sinyt] et (3-8-B-6)
v
000. (3-8B-6) 0000 e 000,20 —co00 ccO0O0DOOOOO,

oo . oo _ 4 h
/ u(z,t)e " dx = / luo cosvt + (fvowgo) sin Vt] dz (3-8-B-7)

— 00 — 00 v

000. u(x,0) =uee 0002, (3-74) 00

/jo u(z,0)e” " dor = /jo ug dx = g (3-8-B-8)
O00.v0 AO0D00OO0DOOOODO. (3-8-B-8)0 (3-8-B-7)0Ooooo,

a(p,t) = dgcosvt+ (W) sinvt (3-8-B-9)
goo.

vO AO0D0OO0OO0ODOOOOODOOO0ODO.

23)27 000D00ODODODOO.
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3-8-C 000000 hg(z)DDODOOO

000000 hs(x) 00000 (3-87)0 (3-85)000000. O00UDDOODO0O0OOOOOOOO
goooboooooboon.

(3-85) 00000000,

1 [ Hfip s ;.
hs(x) = h(z,0) — %/Oo 2 doe™™™ dp. (3-8-C-1)
00000000 (3-86)00000000.
1 oo N ) e}
o [ F G du= / Pa)G(z — ') da. (3-8-C-2)
T J -0 —0o0
0000, G(z)=e 1#/Er F(z) = dd(z,0)/0x 000. 00000000000 GO
Glu) = / o—lal/ L —inz g,
2Lp f?
> (3-8-C-3)
000.0000000000000000000000.00 FO,
. % 9d .
Py = | Odo(z) gf)ewwd;ﬂ
- [do(x)e_““”]iooo — (—i,u)/ do(x)e " dx
—00
= iudo (3-8-C-4)
(3-8-C-3) 0 (3-8-C-4) 00O
1 [~ . , 1 [ 2%Lgpf?u~
. F TUT — . LT
o ) ()G (p)e™™ du 5 /_OO —e doe ™ dp
000, Lg=(gH)"?/f00,
T[> OLpf 1 [* Hfiu -
o 1T — . 1T Q (-
o | F(p)G(p)e™™ du T 5 /_Oo 2 doe™*du (3-8-C-5)
000. (3-8-C-2)0 (3-8-C-5) 00,
1 [ Hfip-~ | H o
i — Td 'Lllxd — Ia / G o d /
5 | Tt = g [ PG - da
H [® 5 0d(a,0)
— le—a'|/LrR Z2\" 2 M) g0 _8_C-
QLRf/—ooe 5 dz (3-8-C-6)
000. (3-8-C-1)0 (3-8-C-6) 00,
H [> . 0d,0)
h — B _ le—="|/Lr 2 dx! _8-C-
s(x) (z,0) Snf [we 5 x (3-8-C-7)
000.00000002000000000,
H ’ © * -2 1 ’
— o |z—2'|/Lr / _ = |z—2'|/Lr / /
hs(z) hw,0) = 57 {[e d(z ,0)]700 /_OO L d(z’',0) dx}
H * x—a /
- h lz=="I/Lr g(2' 0) dz’ _8-(C-
(x,0)+2L2Rf/oo |x—x’\e (2',0) dx (3-8-C-8)

O00.000000 (3-87)000.
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126 gboogooooboobooboo 4-1 00000000

40 OO0O0O0OOO

4-1 0JUOO0oooon

oo

00000000000 (scale analysis) 00 0O00. 00000000 O0OO0OOOOOOO
goo.

00000000000 (scale analysis) 00000, DO000O000,000000000000
gobgoobooobooboobooboobooboobooboobo.obooboo,bo
gboooboooboo,bobooboobooooboobo-bobooo0obooooboobooon.

goboogoo,ocoooooboooooobooooboooboooooobo.oobooo,o
0Do000o0oOoooooooooob.

L 000000000 (DoooOooooo 40001,
T = 00000000 (@O0OOO0400 ),
1% oooooooo.

04100000000, 000000O000O00DODODOODOO.

ov_ou VLo o v

Ox Ox L’ oot T
DDD,DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDQ).|:J|:|
gooooooooooooooooooooooooooboooboooooo.oobooooo
O, 00000dd0dooooboboooddoooooobooooooooooo b oooooao
go. oooboboobbbtdddooooooboboobb. o0, oo ooooo

2-10000000b00000O00b0O0b0O0DbOon.

2000000000000 O00DOO0OO0O0OODOOOOOOO,0000000000O000OO
goob.30boooboooboobooboooboobooboooooooobob.oboboboooo
gbooooocoboooboo. 40000000, 00000000000000000000O00

Y0400 100000 4-1-A00.
2)ooo (4-5)000000,00000000 fVYOOOD,0000000000 RoOOODDOD.OOOOOD
O,000000000000000O0O00C0O00000O00O00.
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v

\

14

Figure 3-1 Illustrating characteristic length.

0 4-1: 000000000 (Haltiner, G. J., and Williams, R. T., 1979: Numerical Prediction and

Dynamic Meteorology. John Wiley € Sons, 477Tpp)

gooo.bobooogob,0ob0o0ooooboboooobooboboboobDOobooobooDo
oo0.s50000000000,6000000000000000D0D0. 7yO000OO00O0ODO,DO
gbooooOoboooobooboooobobobo. coboboooobobo,0bo00o00
oooooobooooooboooobo.oob,2004000000000000000,00000
gooboobooobooooboooooboboooooooooooooobooboboobbooD. oo
gbo,00b00bo00oo00oooboboooooboobooboboooooobobobo,oonoa
gboboobOobooooboobooobooboooobooboooooono.

4-1-A gooboobooogoooboo

gooooOoOoOoQoOoQoOoQOOoOOODOOOOOOO 41-A-10DoOobo. o0 B,CcOoOoOoOOO
00000o0,00000 1000 1/200000000000. 000,000000000O0
00 ADO0O0O000O0ODOO0O0O0O00O0O0O0O00,1/400000000. 0000000000
0000000 1/400000000.
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128

wave length

0 4-1-A-1: 0DODODODODOOOO0O0
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4-2 OOO0OO0OO

o R
00000DoDOooooDoo0o0o0O0. D0o0oo0oooobD 3goooooooooo
goooooooOobO.oooobooogo,0o0bo0obooboooooboboogooo
g0.d0bdo0o0o0oooo00obo0obobooooooo. oo,b0boooOooOoogoboo
00000000000000000000. 0000,0000000 (quasi-geostrophic
equation) 00 0D00. 00,00000000000000000 Re=V/fLOODOOOO
oooo.0ooboOooooboo,bo00obo0bo0o0obo0ooooooboo.booobooo,
goo0o0O,000000O0booboobooboooOooog.

J

ubdgboboboboboboboboboboboobooooooooooooooobaood
gooboobooboooboboob. 200b00bbOo,0bo0oboobobooobooboo
gbooboo,0oobobooobooboobooooobobooooobo. booboobooboooonoag
obooooOoobooobooboooobooboooogon.

00000 (3-35a), VY (3-35b) 2 000 00000000000000.
ov

ot
¢p=¢gh000. 00000000O0O0OCODO fO0000000O0O0OO. OO0OCCCOCCOOO
O0000000D0000000. 0000 (3-38) 000000000000.

% +V-Vé+¢V-V =0. (4-2)

gboooboooobooboooo.

+(V-V)V +Vo+ fexV =0. (4-1)

T=1L/C. (4-3)
Cc0000000000000000.0000000000C~VO0OO00.000000
T=L/V (4-4)

00000. 00000000000 (advective time scale) 00000. L~ 10°m, V ~ 10 m
sec™!0000,(44)007T~10sec (~10)000.000000000000000O 1/40
000ooooooo.

1)
ou ou ou oh

a—l-ua—x +v£—fv+ga—m:0. (3-35a)
2)
%-l—u% +Ug—;+fu+gg—z =0. (3-35b)
3)
<%+u%+v%> +h<a—u+%> =0. (3-38)
ot oz oy or Oy
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00000 (4-)0000000000o000o000oo000ooooo0o0oooooooooon
goo.

%—Y+(V~V)V+V¢+fk>< vV =0.

V2 V2

= = 1V (4-5)
RofV. RofV v

Ro=V/fL[11000000 (Rossby number) 00 0000000. 000000000000
000000000009, 000000000000 f~10"%sec), L~10°m, V ~ 10 m
sec”!000. 0000000000 Ro~0.1000.000,000000000000000
00000000000O0O000.

RoO00U0OD0O,450000000000D000DO0UOOOODODOO. D00UOODOOO
gboobOobooooboooobo.ocooobooooboobo.

V¢ ~ fV. (4-6)
0000 (4-2)00000000,¢0000000000.

¢=0+¢" (4-7)
¢000000. ¢ 000000 (47)0 (4-6)000000000. 0000,

¢ ~ fVL (4-8)

000%. 000000000000000000000000.

(4-7)0 (4-2)0000, (44)0 (48)000000000000000000000000.

a;: + V.V¢' + ¢V-V + ¢V-V =0,
fv? fv? fv? oV/L (4-9)

Vv Vv vV
RoFé— RoFé— RoFé— oV/L

F=f21?/¢ 1100000000 (rotational Froude number) D0 000. 000000000
ooooooao.

F=fL%/¢p=L%L%. (4-10)

Lr=¢"/fm]0000000D00O0 (Rossby radius of deformation) 000. 000 2-800
0OoO0DOo, Lz;00000000000000000000.

000000000 RpOUDDOOODOOO, (4-5)0

Vo+fkxV =0 0000 V=f!kxVe (4-11)

Y9(4-5) 0000 RofV(DODODOODOOD)D fV(00D0D0O00O0000)O0000000,0000 Ro00D0DOO
ooooooooooo.

54-7)0 (4-6)000000,00000 ¢0000000000,Ve ~fVO0O0. VOOOOOO 1/L000
000000000 ¢//L~fV 000, @d-8)000000.
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0009 00000,00000000000,R,000000000D00DOODOOO. FS1
0000oo,0000 49000100000

oV-V =0 (4-12)

000. f00000,0000000000000000 (412)0 (4-11)000007. (4-11)
0 (412)000000000% 000,000000000.000,000000000000
000000000000000000. 000000000000 (4-5)0 (49000000
0,0000000000000000000000000000000000000 (3-700
0). Richardson(1922) 00000 (4-9)0000000000000000000000000
000.0000000000000000000000000,00000000000000
000000, (41)0 (42)0000000000000,00000000000000000
00000000000000000000 (3-5000)9.

goboooboooboooboobboobboubbooob. 2600, 0D00bbOo0ODbO
0000000000000 0000o0o0o0U0o0. 000000000 4-11)0 (4-12) 0000
0000000000, 00000, 0000 (retational) 000 (divergent) 0000000
gogd.ggoooboada,

V=Vy+V,, Vy=kxV¥ V,=Vy (4-13)

000. ¥ [m?/s)]00000000000000 (stream function) D00, x [m?/s)] 00000
O0000000000000 (velocity potential) DO00O. ¥,x 00000000, 00¢C000
DOOO0oOOooDOO.

(=k-VxV=VV, D=VV=V. (4-14)
0000000000000000 Y0 x000000000000.00000 (4-1)0 k-Vx

uboabouodgoda. oo, oboodaoodaodg.

%%+V~WH%f+OVV:0. (4-15)

oo00ooo (4-1)0 v-oooooooo,000o0o0o0o0ooo.

%?+v<v-vvy+v%—f<=0 (4-16)

ugboagboobooobooboobaoboa.

Ven~V, Vy~RV. (4-17)

000000000000000000 (A-2)00 Ax(BxC)=(A-C)B—(A-B)COO000,kx(kxV)=-V
ooo.

Nk x Vo =—0¢/0y i+ 0¢/0z j 000 V-(kxVe)=0000.

&) ooooooooooo.
992.7000,00000000000000000000000O0O0O0O0O0O0O0O0OOODOOOOOOOODOODOO
ooooo.

0)Jppoo0000000 (411)0000000000000000, (4-12)000000000000000000
ooDooDoooooooo.
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132 gboogooooboobooboo 4-2 000000

R,000D00000D00000000W. (413)0 (490000, (4-17)0000000000
0ooooooooooo.

o¢'

ot
-V -V -V -V -V

RoF¢7 RoFo- RiRoF¢- RiRoFd+ Rigr (4-18)

+ VeV + VoV + ¢V, 4 VIV, =0,

gooboooooooooooo
Ry < RoF (4-19)

000000000, 0000 (4-15)0 (4-13)00000000,000000000000
ooooooooo.

0

8—5 + Vu V( + V-V + fD + (D =0,

V2 V2 V2 RV VP

= Iz T RN (4-20)

0000000000 (~V/L,D~RV/L, f~(1/Ro)(V/L)® 0DODOO.0000 (4-16) 0
00000000000000000000000.

oD
StV (Ve VVa) + V(Vy YV + V(Vy - VW)
V2 V2 V2 V2
"z 2 "z Pz (+21)

+ V(Vy-VV,) + V¥ — f¢ = 0.
r2V? v
b2 Ro L2 Ro L?
oood (4—20)DDDDDI]I]DDDDDDDDDDDDDDDDDDDDDDDDDDD.
R < Ro. (4-22)

obooooobooooooboooooa.

|D|
== R,. (4-23)
Iq

R0 (4-19)0 (4-22) 000000000. L=p "}, ¢=¢gHO00,000000000000

00 (3-59) ) 00000, 00000000,00000000000.

MR, 0000000000000000000000,00000000000000000000. 0000000
0,R 000000000000000000000. 00,000 2600000000000000000000.
12)000 Ry > RoFOO00000D000000D0ONON0ND0D0NON,$v-V,=000000000000,
000000000 (00)000000000000000000000.

1300000 RoO Ro=V/fLO0ODO.
14)

Dl wwh ]
HR = (2gH/?) 11 (3-59)

S)goooooog 4-2-CcO0.
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F~1,Ro<10000000000.0000, (4-19)0 (422)0 Ry =Ro00000000
0. (4-18), (4-20), (4-21) 0 0000000000000 DOOO0OOD. 00, 00000000
0ooooooonole,

if'¥V¢~V¢“+$D = 0, (4-24)
%§+V@WK+fD = 0, (4-25)
\Vatol —f¢ = o (4-26)

(4-26)000000000000000000. ¢=VXO000000,0000000 V=¢/f
goo.0booboobgooogoooboobbobog.

Vy=kxVU=FflkxVe. (4-27)

000000 (4-11)0000. 000 (4-24), (4-25), (4-26)000 (4-27) 00000000 (quasi-
geostrophic equations) 000 00. 0000000000000 OO0O,000000000 (OO
000000000000 0oooon). (4-23)00000000000000000O, (4-25),
(4-260)00000000C0ODOO0OOOOUOOOOOOOOOO.

(4-25)00 (f/¢)0000 (4-24)00000000000000000000000. 0000,
0oooooooon.

(5 +vev) - w/as) 0. (4-25)

0000000000000 00000 (quasi-geostrophic potensital vorticity equation) O O O
O0. 0000 g '¢g=(+f)/1+¢/p) 0000000000000 000ODOY ¥, 00
0,00000000000000000000 (3-39b)Y 000000000000. (4-26)0
(4270000, (4-28)0 ¢ 00000000 OODOO0O2,

000000000000 (4-26)0000 (4-24)0 (4-25)0000000000000000O
O0.000000000000002Y,

VED — (f2/9)D = (1/fd)k x V' - V(V?¢). (4-29)

0000000000000 (quasi-geostrophic divergence equation) JO0OO00. 0000000

)00 Ry <1, Rok1000000000000000.
Me¢000000000 ¢q=(+f)/h000,

9 "¢ = R+ f)/h
h(C+ f)/(h+R")
(C+ /A +n/h)

= C+NH/A+¢'/d)
ooo.
$)JOoO00D,0000000000000000 200000000000000. 000 4-2-DO00000.
19)
4 (ﬂ) —o. (3-39D)
dt h

20vy 0O (4-27)0, f,¢0 (4-260) 00000000 ¢/ 000000000000O0.
2)ppoooOo0D0O0D 4-2-A00.
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134 gboogooooboobooboo 4-2 000000

ooooo0o0000o0o, (3-57) 22 0+.,000000000.0000000,00000 ¢'0
0000000000000O0. 000, (4260)00000000000000000000.0
0000000000002, 0000000000 o0o0onoo.

000D000000000000 (L~10m, f~10"%sec?, 3/° =300 msec™ ) 0O O
00 F~01000.00 F~100000,00000000000000000000000
0000.00000000000. F~Ro< 10000, (41900 R =Ro2000. OO
00 (4-20)00000000

¢

9¢ VC = 4
5 TV ve=0 (4-30)

O00.000000000000000000%. 00000000000000. 00,00
000ooooooooo 4-2nooog.

000000,00000000002%) (4-28),(4-30)0000000000000000000
0000. 0000000000000000000000000. 000000000000
(4-1),(42)000000000.

4-2-A gboboboogogoooo

000000000 (42900000000 (4-24)0(4-27)000000. (4-24)0 (4-25) 00
0000000000000000000000 (429)000000000.000002000
000000000000000, (4-26), (4-27)0000.

(4-26)00 ¢=f"'V2¢/000,000000000 (4-25)000000000000.

SR L LV V(W) 4D = 0
vﬂxC+w@~vxv%U+fﬁ)::o. (4-2-A-1)
(4-24)0 V2ODOOOO,
Vﬂ%§~%V%VQ~VW)+$Vﬁ):O (4-2-A-2)
000. (42-A-2)00 (4-2A-1)0000,
VD - f’D = (Vi V)(V2¢)—V3(Vy V¢) (4-2-A-3)

22)

2,
S hg= SO0 (357
2)po0000,000000000 (00)000000000000000,00000000000000000.
000,00000000000000000000,0000000000000.
2900 (barotropic) 000 (baroclinic) 00000 4-2-BO0OO0O0O.
2¥)00000000000000000. 0000000000000000000000000,000000000
ooooooooooooon.
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000,000000000000.000 (4-27)Ve=f"lkxVe¢ O (4-2-A-3)000000,

ID=PD = (kX V) VHT) = V(X V) Vo) (42A4

o¢' . 09" . a¢' . 09" .
(G 5) (5 59

= 0

000. (4-2-A4)0000 200

V2 {(k x V') - V')

oo00ooo, (42-A-4)0000000000000 (4299 000.

V2D — J:;D = fl¢(k x V¢') - V(V3¢). (4-2-A-5)

4-2-B goooo

000000000 (barotropic) 00O (baroclinic) DOOOOTODO.

U0 OobooboooooboboooooboboooboOob.obooobooboo,bo,00on
JOoo0oboooooooobooo,0oo0booooboooboooboooobooooboobooo. o
obo,b0000b0oobooobo0obooobooob,00oboooooboobooooooDo.

obobooboobooooooooooooobO,oboboboboooooooooon
oboobo.oboooogo,obooooooboooooboboobooooDbo.

00 0D00000000000000 (D0O000o0O00)0Do0oooooo.
gobooboooboooboobooboon.
gbobobooaoboodaboooobg,bodgbouooboobgooog.

4-2-C gboboogooobogaooon

L=p1,¢=¢gHODODODDD,0000000000000000 (3-59)

bl _ Wi o
‘C r o (WPgH/f?)+1 (4-2C-1)
0 (4-19), (4-22)
Ry S RoF,  RiSRo (4-2-C-2)

00000O00000.00,R 00000000000 R, =|D/|000000000000
0.000000000 RO (42C-1)0 L=p"t, ¢=gH0O0O,

Wi
R (9/f2L?) +1

D
m =2
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136 gboogooooboobooboo 4-2 000000

000.000,00000 Ro=V/FL,0000000 F=f212/400,
Ro RoF

"= i 15F
ooo. oo,
R F>1
Ry~ fo (F>D (4-2-C-3)
RoF  (F<1)

000.00000, (4-2-C-3)0 (4-2-C2)000000o00ooooon.

4-2-D gooboboog 2000000

0000,000000 [(4-1), (4-2) 000 (3-35a), (3-35b), (3-33)] 00,2000000000
00000000000000 (4-280000.1000000000000000000000
00000000000000 (4-24), (4-25), (4-26)000000. 000 2000000,00
0000000000000000000000000 (4-28)000000.

00000000000000000,00000000000000000000000000
00000000000000. 000000000 g '¢q=(C+f)/(1+¢//¢) 0000000
0000000000.000000000000000000000. 000000000000
ooooo.

000000 [(3-35a), (3-35b), (3-38)) 0000000000000 0OOOOOODO 260000
00000.00,0000000000000 (3-39b)00000.

jt(é“;f):o. (+2D-1)
oo,00000000 (C+f)/phO00O000000000O.

¢+f _ ¢+ f
h h+h

_ 1( 0+f>

R \1+W/h

_ 1<<+f )

h\1+¢'/o
B 1 ¢/ (z)/ (b/ 3
A f’{ (5)+2(5) -a(5) *}

0000,1/(1+¢//¢)0 ¢//¢=0000000000000.200000000000000

ooooao,
C+f ¥
S h(<+f)(1 ¢)
_ 1 ol ¢
= h(C + Cd) + f + f¢)
Vv Vv 1V Vv
A Y A
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ugbo.gbgoogboobuoobgoobob.boboobooboboobooboboa
F~1,Rok100000000000,¢(¢'/p)0000000000DOODODOO0,

¢+f 1 ¢ o
s h<<+f+f¢> (4-2-D-2)

0002, (4-2-D-2)0 (4-2-D-1)0000000000000000000000.

R R TR
) ¢’ i L
at(C+f¢)+V\y'V<C+f¢>+Vx'V(C+f¢> = 0.
& v? vz
Iz Iz s
(4-2-D-3)

0D000000000,00000,F=100000.000000000000000000
000000000 R, =Ro0000,Ro <100 Ry <1000, (42-D-3)00 30000
0.000000000000 (4-28)00000000000000000000000.

((fjt V.- v) (¢~ (F/B)¢) = 0. (4-2-D-1)

)0g0 300000, fO0000000 20000000. 000,000000000000000,00000
oooo fOo0O0OO.
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4-3 OO4O0oO0

g

000000000000 0000. 0000000000000 Z=-In(p/py)D0O0O0O.
p-00 Z-OOOUOOODOOOOOOO,0200000 00000000000 Z-OO
obobooooo,0coo0obo0oboboboboob. bo,00000000000000
obooo.boooooboooobobooobooboooobooboooDo.

000000000000 0000000000000000000. 000000000000
oov.
= —1In(p/po)- (4-31)

p0000000000C0. 0000000000000000000 Z0OOOOOO 2 000
0000000 ¢=¢-0000000000002.
dz 0¢
RT = pa = —pg— = =—. 4-32
Pa=P9y =57 (4-32)

ZO000O0O0O0O0,Z00000000000000 H=RT/gOOODOOOOODODOOOOO
000%. 000000 8kmODOO.

gbooobOz2000000000000C00O00.00000000000O000.

0 10
dp p0Z
0000000000000000. Z00 Z0 w=0p/ot00000000O0.
Z=—p/p=-w/p. (4-34)
z-00DOO00OO0OOOoOooooooooo9,
ov .0V

YO0OO0O00000 pO000000,0000000000.0000,Z=—-Hln(p/p)) 00000000.
A000000000. 9¢/0Z = —g{dz/8(Inp/pe)} 000, 2(p) 000 DD00O0O0DO00OO,

o2 /2<_1n£>_ /@2(_ln£>_ /(_1>@
ga(flnp/po) 9/ &z Po g 0z Op Po g p/ 0z

O00.p(z)0000000O0O0O0OOODOOOO,
1\ Op 0z
of (53) 5=
ooo.

000,00 ZOOOOOOOOOOOO HOOOOODOOOOOOO. (4-32)J0000O00O0O0DOOO0OOO
ooooooo.

=9
EY;
4p.00000000 (0O0OD0).
av
S AV fRxV =0 (2-58)

0 (4-33)0 (4-34) 00000000000 (4-35)00000.
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(4-32) 00000000 100000000000000Y,

0 0¢ dp . 0 (09 _
(915(9Z+VV(9Z+Z(9Z(8Z+H¢ —HQ (4—36)
H:Rc;1DDD,QDDDDDDDDDDDDDDDDDDD.DDDDD
0z
ViVt~ —Z=0 (4-37)

oooo.

000000000000,000000 Ro,s,L/a000. «000000000. 0000
0000 (rotational Froude number) D0 0. 000000000000 DO0D00O0OOOOOOO
07, 000000 FOOOODOODODOOOO. 000000000, 000000000000
0000000000000000.00000000000000039.

o Vv 1 0

A A V4
000 Vf~p=20cosp/a000000. 400000000000 (4-56)00000. 200
000000,9/0Z~100000000008&mO000%Y 00000. 000000000
00o0o0o0ooo0. 0o0b0o0oo0o0o0oo0oooo0ooo-0O (4-13), 4-149)00- OO0
ooooooooooooooon.

~ 1. (4-38)

¢:$(Z>+(b/(l‘,y, Zat)' (4'39)

¢0000000000O0O0O0O0D0DDD. 00000000000 0000OOOO.

Vy~V, Vy~RY, (4-40)
Z ~ R\V/L, (4-41)
¢ ~ fV/L. (4-42)
5)(4-36) 0 p-00000000.
cp% —aw=Q. (2-57b)

0 (4-32) 0 (4-349) 0000000000000 (w=dp/dt). (2-57b) 0 (4-32) 0 (4-34) 000000,
cp d [ Op .
EE(@?)J’_ZPO[ Q
Ld (3N, (%) _
vai(z) 2 (32) = @

d (o . [ O¢

i ik 7z == =

dt (az)““ (az) ~Q
0O00.000d/dt00000000 (4-36)000.
6000 p000000000.

)
vv+ 2o (2-60)
dp
0 (4-33), (4-34) 0000000000.0 10000000000 2000000000,
5] o . 8z . 1\ oz . 08z
—wzf—(pZ)zfp—fzzfp(77>—7Z=—fz
op op op p/) 0Z oz

0O00. 00,437 00000.

N0000000000000000000000.

8)zO0O0D0000 (4-31)000 Z=—In(p/po) 0000DDO.

9000 >00000000,00000000000 HOOO. (4-32)000000000 H=02/6Z00000
0,00008/8Z~1000000000.
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R, 000000D0O00DO,00000000000000000. Z0O00OOO0O,0000
(4-37)0000010002,3000000000000,V,000000000000000
0.4 00000000000000000 48)0000ooooog.

gboooboooboooooboooboooo,0bobooboobooooobooboooboOooonog

gbooobO.000o0boobooboobooboooob. cobooooboobooobooooo
ooo.

) )
a—f+vq,-vg+ V,-V¢ + Vg -Vf + vV, Vf + Za—é
v v R\V?  (Ba/f)L/aV?  (Ba/f)L/a R V? R V?
L2 L2 L2 Ro L2 Ro L2 L2
. OV . OV,

+ fD + (D +k-VZIx 57 +k-VZx 57 =0.

R, V2 R, V2 R, V2 R,2V?2

Ro L? L? L2 L2 (4-43)

ooooOooooooo ¢~V/LLD~RV/LOOOO. 00O Ro=V/fLOO0ODO0OOOODOO
00 V?/L20000000000000000000. (04,500000000000000
000). 00000000o0o0oU0oo0ooooooooooooo.

aD
S TV (Ve VVa) £V (Vo - VV, + V- VV)

. OVy  -.0D
+V(V, - VV,) +VZ. 57 %37
RV & R V? R V2 RiV?  RPV?
2 2 L2 L2 L? L?
y, ava 2 1
TVZ- VI = fC = kx V- Ve = kxVf-V, =0
RCVE 1 V2 1 V2 (Ba/f)LjaV®  (Ba/f)LjaR, V? (4-44)
L? Ro L? Ro L? Ro L2 Ro L? -

0000 (4370000000000, 00000000000O000000oDOOOoOOQ.

000 ZOODOODOO (4-4) 000000 300000000000000000000O0O0
goo,0o0ooo.

YA .
D+ o2 —Z2=0 (4-45)

RV RV RV
L L L
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0000100 (4-36)000000000000000019,

9 0¢' 9¢/ ¢ . , 0 (09 A
siaz TV Vo, tVa Vo, + 20(Z) + Zo. (5, + ¢ ) = Q.
2
fv? fv? Ry fV? ffv Ry fV? (4-46)
Ro€
oo,
0 (09 -\ (0T H?%g (¢ 10T
F<Z>—az<az+“¢) = (az*’“”T) _T<cp+H8Z (4-47)

000. (447)0000000000000 (4-32)000,H~RT/g00000. (0070 Z
000000). 000000 (static stebility) 00 000. 000 T000000000000

go00000D0o0O0oooooooooog, O0e(00000O0OO0)0DDOOOOOOOOUDO
|:|12).

e= fALr L (4-48)

000000000000 (Richardson’'s number) 00000000000 0O0ODO.
1

RR (4-49)
0000000000000000000000000.
R, =T/V2. (4-50)

0000000000 200000000000000O0. 0000000, (446000000
000000.0000,0000000000YW00000000000000000000O0
gobooob. oo, 0bgoobo,bo0boooobooobboobooobooboooboo
gooobooboooag.

00 (4-50)000000000000000,000000 (448)00¢000000000000.
000000000000000000000. g~10msec™!, T ~300°, g/c, + H-'0T/0Z ~
35°x103 m™!, H~10*m , V ~ 10m sec™! 19,

R; ~ 100. (4-51)

10gpoo000,(Z2) 000000 ¢000. 000 ZI(2) 000000 ¢RV/LO0OD. 00000000000

0000 F=f2L%/¢000,e=f2L%/¢000. 000000000000000 Ro=V/fLOOODOOOO0OO
ooo.

-V 22 .V L1 Ryfv?

¢R1*:f R1f:R1fV2f—7: 1f .

L € L Ve Roe

Wg/e, 00DDODO0DOODO. 00000DD000 —87/0200, (4-32) 0000000000000000
H=02/0Z00 —(1/H)(8T/8Z)000. 00 20000 g/cp + (1/H)(OT/8Z) OO0
12)00 000000000 (Froude number) 00000, 000 F=U/y/gHOOOODO.

Boooooog.
447y 00O,
R - Hafg 10T
‘ Tv2 \¢,  HIZ
(10%)2 x 10

= Tsoxagr <3010

~ 100
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4-4 O0OO0OOO0

o R
goboo,0gooboooooobooo.

O00O000BR OO0 (beta plane approzimation) 0000000000 O. O0O0OOO0O
0000000000000 0000000000 (D000 df/dy~B(00)000)0O
0000.000000000000000000DO0DO0O00bOO0oOoOo0oDbOoooOo.oap
goodoooboobooo,0g0o, 00000000000 oOoooo
oo.

0000000, 00,0000000000000000000000 (quasi-geostrophic
potential vorticity equation) D0 0000000000 (quasi-geostrophic vertical motion
equation) JO0. OO0 2000000000000000,000000000000O0O
oooo.

000000000000 (boboU0o,0000oO0,0000O0DUoOoObDoOoUoo, o
0000oO000oo)ooooooooooo.

J

0000000000000000. 0000,L~105m00000000000000000.
Ro~0.1, L/a~01, e~1, pfa/f~1.

00,a~64%x10°m, f~10"4sec ' 000.e~100000,00000 (443)00000 1
00 (446) 000000000000V,

R < Ro.

000,R =Ro 0000000000, (4-43), (4-44), (4-46) 0000 Ro 000000 ODODO
0000000000000,000000000000

K Ve VNP = 0 (452)
V- = 0, (4-53)

2 04/ 04/ . _
S Ve VELAT(2)Z = 0, (4-54)

0000 (4-52)000000000000000. 0000000,0000000000000
02,0000000%,¢0000000%,000000000%000.0000 100 (4-54)
00000000000 0DO0O0O0® ooooooo? 0000oon.

HOopooooo, (446) 000000000000000000000000 Z0(Z) = Z 8/8Z(8¢/8Z + k) OO
000000000000 000000o00oo.

2)(4-43) 00 3,50.

3(4-43) 00 60.

4(4-43) 00 80.

5(4-43)00 9,100

000 (4-32) 00 RT =0¢/0Z 000 (4-46) 00 300000000.

(4-46) 00 500000000. 00000 T(Z) = 8/8Z(84/0Z +rd) DODDOODODO, d/8Z(0¢ /0Z + k')
000000000O000OO0O0DO0O0O0O.
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00000000000000B 00O (beta plane approzimation) 10000000000, O
oo0oopooooopoooooooo.

0 0
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000.0000oooooo fO0DODOOO00O0OO0DODO fOODOODOOOO.0OOOOOO
0,f0y=y 0000000000000,
Bo
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% fv? R, fV? R, fV? %M fv?
O
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(4-73)000 z, 000 Z=00000O0OO00000000.00,Z2=00p=p,00000.
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0 V- V(06 )0p) + o(p) w = 0 (4-75)
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000, (443), (444)0000000000O0OOO0OOOOO.

(Ve +Vy) - Vf+fD=0, (4-83)
V2 — fC—kxVf- (Vg +V,)=0. (4-84)

000000000000 00000,0020000000000000000%.
V=Vy+V,=flkxVg. (4-85)
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00D000000000000. 00,000000000 3400000000000000000000000.

J)DOo0000000,R ~1000 Ri~10000 (4-43)000000000000000. 0000 Ri~10
000 R~ 1000000000000000000. 0000 Ri~10000000, (4-83)0 (4-84)000000.
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Modified
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Figure 4.3 Eigenvalues for U = U, sech’?
(ly,) from Kuo (1973). (a) b as a function of
ny, and ¢ /U,; (b) the growth rate 8 as a function
of b and the dimensionless wavenumber {y,.
(From H.L. Kuo, Dynamics of Quasi-geo-
strophic Flows. Academic Press, 1973.)
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00000 6. (From H.L. Kuo, Dynamics of Quasi-geostrophic Flows. Academic Press, 1973). 00O,
0000 Haltiner, G. J., and Williams, R. T., 1979: Numerical Prediction and Dynamic Meteorology.
John Wiley € Sons, 477pp DO O 0.
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Figure 4.4 Eigenvalues for U = U, tanh (y/y,)
from Kuo (1973). (a) ¢/|U,| as a function of b
and py,; (b) the growth rate 3 as a function of
b and py,. (From H.L. Kuo, Dynamics of
Quasi-geostrophic Flows. Academic Press,
1973.)

O 5-4: U = Uptanh(y/yo) 0000, (a) b0 pyo 000 ¢/Up. (b) b000 pyo 00000000
0 4. (From H.L. Kuo, Dynamics of Quasi-geostrophic Flows. Academic Press, 1973) 00,0000
Haltiner, G. J., and Williams, R. T., 1979: Numerical Prediction and Dynamic Meteorology. John
Wiley € Sons, 477pp 000 O.
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Figure 4.5 Structure of most unstable solution to
Bickley jet. (a) amplitude P; (b) phase 8 in degrees.

0 5-5: 0000000000000000000000. ()00 P;(b)00 6[0 (°)00] (Haltiner,

G. J., and Williams, R. T., 1979: Numerical Prediction and Dynamic Meteorology. John Wiley €

Sons, 477pp)

-4
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4
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Figure 4.6 Same as Figure 4.5 except that the sheer
layer profile (4.22) is used.

0 5-6: 0000000000 (5-22) 0000000000 5-5000. (Haltiner, G. J., and Williams,

R. T., 1979: Numerical Prediction and Dynamic Meteorology. John Wiley € Sons, 477pp)
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Scaled shear = x,

Scaled wavelength = 2%

Figure 4.7 Stability diagram for the Charney model with a lid
at Z = 1 as computed by Green (1960). (From J.S.A. Green,
‘A Problem in Baroclinic Stability.”’ Royal Meteorological So-
ciety, 1960.)
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Figure 4.9 The growth rate n = plc| from the two-level model
as a function of U, — U, and p™' for A\ = 5.88 x 107 m™*
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Figure 4.11 The atmospheric energy cycle from the data of Oort
(1964). The numbers in the squares give observed annual mean
Northern Hemisphere energy values in units of 10° joules m™2
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