Joodoouooboodoooooboodoogo

0000000000000 000 0O00IWAYAMA Takahirod
O000000000000000 000HYAKUTAKE HiroshiO

go

f0000000000000000000000, 0000000000000 0000
goboboboboooooooooooooo. booboooooobooobobobo, oo
gobobooooboobooobo,bboobbooboboobobo,bboobboooboo
goboobooboobooobooboobob. boboboboobooboobooboboo
g,00boboooooooboobobool1boooooboooboobDobobooooboooboog
00. 00000000 (0OD0D00O0D00U0O0O0O0ObD 1000)0000,00000D00O0
goboobooboobooboobboobo. bobobbooboobooboo. obbg
goboobodoobo,bboooboobooboobbooboobooboobboOoboo
gbo,bo0boboooobobo. 0coobob,bobobobobooboboboobooDbo
gooobo,obooobobobooobooobo.

1 DOOO

gobogobboobbooobooobobooooooobbo. obbooobobooob
oo,0jddbobobbbooooobobbooooobobboooooobbo,bobobo
gobooobooobboob. boobooobbuoobobooobbooboboooboboo
goog,bboobooobuoobbooboobobo. oo, boobobooboobbooon
000000 (¢ 0000000,00000000000D000D000O000O0000000A0
gooooboo,0obbooobooobo. oo, 0bbo0obbooobooboboobobo

w=C( (1)

000000000O000. 000,CO000DO0O0O0D [2,3,10. OODODODODODODOODOODO
oooooooboobo,0oobobbooobbboooobObooobboooboboooboboo
gob. boooobbobog,bgoobobbooooobobooooobboooobobooo
go.

oooooob 2000.1000,00000O0O000O00O0DOODOOO,0DOOODOOO
0o00000000000. 0000000000 DO00 (1) 0O,000000000000D
0,000000000000000O0000O0OD0. 0000, ()OD0D00DO0OUOODOOOO0
goooooboodo,0bogoood0oboUoboo0,00bog,oboo0o 3obbogoboooo
gbooooooooobo. obo,000000oobooooobooobobobboboboboon



00000 (1)0000000000. 000,000000000000O0DOUODUOD, 000
0000000000000 000D000,0000000000 [1, 6]. Ishida and Iwayamal6]
00,000000000000000000,00000000D00O00DOO0DO0OD (1))OODO
oboobooboooboobobooooobobooo 1booooLoOobOobo,0b0obobUobooo
gboooobogoboo. ob,goboooboobboobooboboobo,obboobon
ooooooooboo,oo,oob,0booobbo, bbb booooboooboobog
gooboooooboboboooobobboooooboobob. bboooobbo,bbooooobobo
I A A I I Y
gooboooobbogobbooobbooobobooobboooobobobooo,ooooon
0000000000000 0D0O0000,00000000 [1]. Ishida and Iwayama [6] OO,
gooboooobooboooboboooobobooobobo,bboobobboooobobooooboobog
goobo. bboboooooooboboobo,bbbogooooooboboogo. ggoooboboobo
gbbogoboogobbooobuooobboobobuoooboo. obooobboooobo
0000000000000 00O00O000, Ishida and Iwayama [6) 000000, 00,00
goooobogooboobo,booboobooooo.

o000 2000,000000000,0D0O000O0ODOD0ODODOOOUOUDOODOOOUODOO
oooobooooooboobo. oo, oobbboooobobboo,0oooobooboo, oo, o
goooboooooboboobooo,jgoobobbooooobbboooobL. bbbooobobobo
00000000000 0O000O00O00 (1) D0D000U000. O00D0O0O0,0000000
gobobooobboogobbooobbooobob,bbbooobobbooobboooobobo
oo0oo0o0o0o,0 10. 0000000000000 0O00O0ODOO0ODODOD. ObD0O0obOOobOOoo

EXP. S35 312 HOURS
VERTICAL VELOCITY (CM/S)

100
200
300
2400
500

PRESSURE (MB)
[+ 1]
3

~

00

B8

0 60
RADIUS (K M)

01 0000000000000 000000D0O000D0000DDOO0ORosenthal[9])

go,0bbooobobooobobooobbooobobooobboooobobbooobobooo



uboobooboobo,ooboobobobooobooboobobo,0boobOoboboon
000000000 0O0OO0O0ODO0OO0ODO0OODO0OODOO 1,6 00000DO0O0ODOOODOOO,O
gbooooboobooooboooboooobooboobobo. obo,0b000boon
bobobobobobobobobobobobobobooboobooboooooobooooon
gooo.
goooooboooooobooooooboboooooobobooogo,0b0bboo0og
Eliassen[4] O Hart[5] 0 20000. Eliassen[4] 00, 0000000000000000DO0O0
boboooboobobooboboobobooboboooboobooo,bobooobOobon
ubobbooooobobooobooooobo,obobobbooooobbooooboboooon
ob0.0o0,0000b0ooboooboobboooboobobooobooboobo,bboon
gboooobooboboooboooobobo. bobooobo,o0obobobobooobooban
O,000000000000 2000000000000 000O0O000OODO0ODO,D0000
gbboooobboooobbooooboo,bboooobboooobooaobooboo. oboaoo,
Eliassen[4] 0, 00 0000000000000 0ODOO00OO0OOO0DOOOOO, 00000000
00000000000. 00, Hart[5|] 000000000000, 0000000000000
uboboobootboobootooooooooo. oo, bobooboobooboboobog,obobooon
ooboooooboooboobobooo 3oboobooboboooboobobooboo. ob,0booo
gbooboobooboboobooboooobobooboboo,0booboboboboboon
ubooboob,bobobooobobooobooboboooboobooboobobo,0cboboboo
0.000000,Hart[5|0,00000005000000000000000000000DO
oo0.bobobobobobobobobobobob,bobobOo,bo0bobobobo
000000000000 0000000000000 00000000000000000
u,bobobogoooboobobobo. oboboboobo,boboboboobooboob,obon
vboboboboobobobdobobdbobdoboboboobobobaoboaoboabog.
oooooobobogoooooobobo.o2000,00000D000D.03000,000000
ooooooooooooooOoooooooooooOooooooOooooO.04000,00
vbotbotbobobobobobobobobobobobobobobooboobooboboon
0.0430000,0000000000000,000000000D0DDODOO0O0OO0O00O0OO
oooooooooooooobooo.osboboooooboboooboooDn.

2 000

00000, Hart(5)00000000O00O. O0O0,00000000000000O00O0OOO
oooooo.

*1Hart[5]DDDDDDDDDDDDDDDDDDDDDDDDDDDDDD. opboboOo,00o0o0oo0oooooon
ooooooooooooboooooog.



21 0O0OOOOO

fO00000D0000000O000DOOO00O0ODCOO0O0. D0DoDooooooO,00000
O000000ooooo,000ooooo0. 0000000 OooooOooooooooOoOooo
oooOoo0.0oooooooo (6, 2)0000.

0o0o0o00o0oo,000000000O0O0O00O (0,V(r),0)D0D. DODODODODOOOO,
u(r, n) = (u(r,n), V(r)+v(r,n), w(r,n) 0000000000. 00, uw,v,w 000000
goboboooob. bbooooobboooobobboooobobobooooobb,0o0bobo
oooboobooo,b0bo0obboo0obooboboooboooo:

0%u ou ou 2V +o)v

677’/2—’_2’0 26{UT+w87’]_7"}7 (2&)
0?v B oV +v) o (V+ou

Jdu u Ow

o207 . 2
or r 0On 0 (2¢)

Ooo,00,000000000C UyUO00O0O00d0DOoOO0OoO0 LoooooOoooooooo. ™
OU,LO00000000C000. 00 e,ep00O00ODOODOOODOOODOO

€= — (3)

nz\/;z (1)

oooooo.dooo, f000000O0OCOO0O020000,y00000000A0.

22 U0O0O0ODOOODOObDOObOObDOO

00000000000O00O00O00o0o0O0nD V(r)OOOOOOOOOOOOOoOOoDoooo
googd:

o
14

Vi(r) ()

(5)0,0000000000000000000O0UOUDOUDODOOOO,r—=0,r—0000
gooboo,gobooobbooob,bbo0bbo. bbooobboobboo,ogoboo
0000000000000 0000000O00O000O0DO00O0OO0OUO,[7fo. 00000
g,ggogobobbogooooobobobodooo,jgooobooobbooooooboboog
00.000,00000000,000000000000000000DOO0O0O00O, (5)000
00.000000000,000000000 (p)000D0OUDUODO,00000000 2000
O00O0. (5)0000000000O00O0ODO00UDO0O0OUDOOOO 3000000, (b)0O
gbobooooboboobobobobobob.



vV
(dV/dr)+V/r

02 a)(5)000000000-y00000000,0000000000 +00000DO0.
b)(5)0000000000000O0DO0O0O0 »r0000000D0,0000000000 rO
gooooo.

&h 100 200 300 400km

03 0D0O000O00oOo0OobDoOOooDo 120

(5)00000000 1,0000000050000000000.00,030000000
0000050~ 100km, D0DODOD,40ms~ ! 000000000, 000,000000000
000000 L, UO00000,L=50~100km, U =40ms~ ! 00000. OO, f=10"%s""
0000,000000 e~10000.



23 0O0O0OO

goooobo,goboooboobbooboobbooboooboobbo.ob,o0on
goobooboogo,bboobooooo,

w(r, 0) =0, (6)

gooboooog.
gobogobooobbooobooob. boobooobobooobooooboooboo
gboooobogn

u(r, 0) =0, V(r)+v(r,0) =0 (7)

000.»00000000,00000000000000 (7)000000.000000, v
00000000000000,000000000000000000000,0000000
0000000000000,000000000000.000,00000000000000
ooooo,

ou(r, 0)

on = Cqu(r, 0) (8)

0000000000100 000 ¢ 000000,C —o000 (8)00000 (7)000D0,
C4=00 (8)000000000.00000,(8)0000000000000000000.
000000000000000, Eliassen[4] 00

Ou(r, n)

on = Calu(r, n)|u(r, 1) (9)

gobooob.obobooobboobboooboboobbooobobooobboobboo
O [11]. 0000000000000 0000oo0oooooo.

Eliassen[4 0000000000000 O0DOODOOODOODOOOOO, 000000000
0,00000000000000000,00000000000. Eliassen[d] 0000000
gboooobogobooboo.gb,booboobboobo,obboobuoobboon
gooboobooboboobobooboboo,bbooboooboooboobbooo.

gooooboo,odbbod n—oc OO ooobooobDOO.

3 0DOoOd

00000, (2)0 Lindzen-KuoOOD [8,00000,0000000000000D00ODO.
Lindzen-Kuvo OO OO 20000000000000000O0O0O0OODOOOODOOOOO. O
00000, (2)0000000000000. 0000,0000000000000000O00OO0
00000000000 Lindzen-KuvoOOOODOOOOOOOOOOOODDODO.



gbobogbooooobog

d2
d—nQX +AX =F(u, v, w) (10)

DO00. 000,X = (wv,w) 000, A000000,FO00O00CDO0. (100000
X(0>=(u(0>,u(0>,w<o>)TDDDD,(lO)DEDDDDDD. od,

d2

dTsz +AX =F(u®, v »®) (11)

000, (10)000000000000000. (11) 0 Lindzen-Kuo 000000000000
Dooooooo,0000 XM =@W, 7MW, oMOT ooo. 0000000000

XM = (1—-a)X® 4 oX® (12)

0D0,XM 0000 (10)0000000,0000000000000 Lindzen KuoOO OO O
0.00000,XW~XCH) goopo0. 000,a00<a<100000000000.
a=10000,0000000000000000000000000, (2)000,e0000
0000000000000000. 00, 000000000,00000000000000
0000.000000,a=1000000000 «e00000000000000.

00D00000000000. 000000000,0000000000<r<10,0<n<10
00,000000005000000.000000 0<e<10000000.00000000
000000000000000,00000 C4=0.1,1,1003000000.

D000000000000000000000 W(r)=w(r,10)000,W(r)0O0O000O
0D00,00000000000.

4 OJOogod
41 0O0O0O0ODOOOOO

000000000000D0000, (2)0D0000000000 4000. 0000 W(r)O
gboooobogo,bbooobogoobog:

e 000D e000OUDOD,0D000D (r=0)00000000000O0O00O. OO,
r>100000000000000,00000D00.000,r>100,00000
gboobooooboooobooboobo.

e c] 10000000DO,0000D0U0O0DLODDODUODODO.ODOOODO,ebD 1O
ggooooo,bbbodgoooboobobboooooobb,ooobobboogo
0000o0oooo00oooo. 0Doo0UoooooOoooo,e0 Cqg0ooooooOg,
o000 r<1000.



a) no—slip

C C
=04l 1l =
0.2} - 0
0.0 L Il Il 0.
0.0 0.5 1.0 1.5 2.0
r r
0.
0.
0. 0
0.
0. 0.
[ . 0
— 0. -
= = o0
0. 0.
0.
0. 0.

04 00000000O00O0O00D00O0000000000000000000000000
0000000000. 000000 0<e<2000000000.a) 0000000 (7)
000.b)0000D000,(8)000.000,C4=10000.¢) 0000000, (8)00
0.000,Ca=1000.d)0000000,(8)000.000,C,=01000.

o000 W(r)DOOODO C40000,C4 0000000000, W(r)DO00D0OO0ODOOO
O00. C4y=00000000000000,00000000000000000000000
0.000,0000000000000000000D0O0OD0. ODDOO,Ca00000DO0O0O0
gboboobooboobooboon.

2<e00,000000000D000D000DOO0,W(r)0D000DOOO.

42 000O0O0OO0ODODOOO

0000000D000,2<e¢00 W(r)OODODODOODOO. O0DODOODOOD e~1000
000,000000000000000000000000O0O0O0OO. 00000, Eliassen[4]
goobooooobdo r00O000bO,0000000DLDO0O0ODODODOOO0ODOD, OO0



W(0)

065 O0OOODOOOOO0OODOOO0DDOOODDOoOobOoOoDoboOobDOO.

RN

0000000000000000000000000000000000000000. 000
000,00000000000000000000000000.

oooooo (=2 {r(V+o)} 000 y=12 () 00000000000,y w,V
0r-0000000:
¢(
v(r,
w

1) = Coy(n) + Cy(m)r + -+ -,
n) =0 () +yvaymr+---,
(r, m) = w)(n) +way(mr+---,

Vir)= Vioyr + 1/(1)7‘2 4.

goog,roooboobbog,b0boob,boobo,o0oo

d*y(o) L o dy(0) 2 1.
a2~ 4V =2 {2%0) T =g, T 2o~ 24(0)} ! (14a)
d*¢ d¢
dn(zo) —2Y(0) = 2¢ {V(O)C(O) T W) di;)) } ) (14b)
d’w(o)
=0 14

0O00. (14 030000000000. DODODDODODODDOODODOOUODOOUOOO W) =
w(O,lO):w(O)D e0000O0ObS000. e00000O0,0D00000DO0O0O0OO0 W(O)DOO
O000,e=100000000000000.e000000000 W((O)OOOODODOODO
g,gobogoobobooobboobobo.obboo,0bbooobbo,oobbooobo
goooboooo. bbbog,0bgoobobbooooobobobooooobobooooobobogoo
goboboobobooog,bgogooooobbog,bodgoooooboobbooooooboobooboo
gooooboooboo,0oboobboobboobbooobooobooooo.



43 OO0

(14)000000, Ishida and Iwayamal6) 0 D0 0000000000000 0O0O0O0OOO
00000000000000000000000D00O0. 000, Ishida and Iwayama (2006)
gooo,bogobobogobobooobboooobooobboooobbooobobogoo
Oo00o000o0oDoO0.000o0ooooooUoO (mooo.

gdoooobooboboobobooobooD:

JO) 41 Ro+yRo® + -+, (15a)
2V(0)
¢0) = (o4 CGRo+ GGRO> + -+, (15Db)
2V(0)
2o = wy + wi Ro + waRo® + - - -, (15¢)
2V(0)
Ro = 2V]g)e. (15d)

0000000 (14)00000. ReOOODOO O(R®)ODO0D0. O(RL)DDODOODO

d2~()

oot 20—2=0, (162)
d*¢o

880 9 =0, 16b
dng 0 ( )
d’wo

- - 1
dn + 70 , (16¢)
Y0 — 0, (o — 1 as n — oo, (16d)
Y =0, =0, wg=0atn=0, (16e)

O00.000000000000 Ekman O,

Yo = —e Tsinn, (17a)
Go=1—e""cosn, (17b)
1
wo = 5 (1—e"sinn—e "cosn), (17¢)
aooo.
O(Ro) D0ODOO
d?vy; 1, dyo 1,5 1
20=2 2 — - 5 18

a2 +2G 50" +wo an 560 5 ) (18a)
d*G ddo
e 21 =2 060 + wogy ) (18b)
d’LU1
—— =0 18
1 — 0,1 — 0asn— oo, (18(1)
=0, =0, w; =0atn=0, (18e)

10



O00. (18 o000, 000000000 VSDDDDDD,DDDDDDDDDDDDDDD
000000000000 00000000O000O000OO, Ishida and Iwayama [6) 00000
gooooboo. oobooobooboooboobboobooboobbooboobog,
goooooogoo. og,

d*y 2

120 =1 G2, 19a
dn? 1 0 (19a)
d*G
E51 oy =0, 19b
d772 1 ( )
dwl

— 1

71— 0, —0asn— oo, (19d)
1 =0,(1=0,wy =0atn=0, (19e)

000000. (199) 0000000 Ekman 0 (17b) 000000,0<7<1000000
0(1)00000,1<yp0000000000 O107Y)000,p—co000000000.0
00 (192) 0000000000000000000000000. 0000000000000
000000000, (1920 000020000, (19y) 0000 (00000 40000

dooooooooooon,
d4 2 9
— vy = — (1 — 20
dn4%+ g an( o) (20)

DDD.’lenDDDDDDDDDDDDDDDDDDD,?ﬂV;N—C'yl,DDD cooooo
00,000000000,(2000000 v 0UOO0OODODOOOO0ODO0ODO0ODOD0O0OO. 000000
00000000000. 00000, (20000 13 <0000000. 000000 wy x — 71
oood,nw<00ODD wy, >0000.000000000DOO00O0O000DOODDOOODOO,
0000000000000 00O0O0O0OO0OD0. 000 (19Yooooo

1 1
M= —1—06_2’7 + Ee_” cos”n — 1—56_’7 sinn
1 . 1 _ 1 5 .
—i—zne ”smn—zne "cos77+1—56 Tsin 27, (21a)
1 1 1
Cl = —%6_2?7 + %6_77 cosn — Ee_n Sinn
1 1 1
+ i e Tsinn + 1" e "cosn + @6727] cos 2n, (21Db)
1m 1, 19
- _ — e _ L _ =7 g
L7120 20° 120¢ 1T qg0¢ M
1 =1 &j 1 —2n 1 —2n g
+ Jne " sing + Go¢ | cos 2n + i 27, (21c¢)

oo0000 n—ooO w1—>ﬁ10DDD,DDDDDDDDDDDDDDDDDDDDD.DDD,
Ishida and Iwayamal6] 0000000000, 000000000000000O0O00OO 100
gboobooooobooboboo,oboboooboboboobo0obobUooobobOo 1oDOoo

cooooobooooo.

11



44 DO0OOO0OODOOO

42000000000,000000000000000000000000000000, 0
000000000000000,0000000000,00000000000000000
0000,000000000000000000000000000000. Eliassen[4] 0,0
000 »000000,000000 w=ar,(e>0)0000000000000.00000
0,000000000000000000000000000000000000.00,000
000000 ¢4 0000000000000000. 0000 0000 Cq=1,1000000
00000000,(2)0000000000000,00000000000000000000
00 W(r)OODOO.0600000000000.00000,00000000000000
00000000000.0000000000000,00000,0000000000000
000000000,0000000000000,000000000000
a) Cq=10. b) Ca=1.

W(r)

06 D00DD0D0D0D0D0D0D00D0D0D0O0D0D0DDDDDODOOOOOOO0O0O0O0O0O0O0O0O
0000D0. 000000 0<e<2000000000.a)Cq=10000.b)Cq=10
oo.

5 ddodogond

gooobooooobobooobboooobbboo,ogbbooo,oobbbooooobb,
ooy oo. bbooo
OOoboO0oDOo0ooO0bO0bDOooDOooo0obooOoDoo<e<ioO,0ODbOOobDOobObOObObOO
gooooboooboo,boobboooboobbooboob.bbooboobboo, o
goobooooobobooobobouoo,ggobbooobobooobbooobbooobboo
000,000000000000000000O00OD0OOOOOOOO. OO, 00 Eliassen[4]
gbobgoobooboboooboboooobobooobobooboob,bob0obobOoboon

12



gooo,b0booooobobboooobobooboooooboboooooboboboooooooDb. bo
gboobboooobbuogobbuooobbooobbuoog,gooobuooobobooobobo
goobooooobboooobobboooob. bbb, bboooobobbooobbobog
00000 Ekman O00O0O0OOOOOOOO.

0oooo0ooooooOg, fO0D0O0D0OO0OO0ODDOOUODOO,00C0O0O0OO0OO0OOOO0O, 00
oooboooooboboooobobboooobbooooooObooo. bogoo,obo
goooboooboboobobboooobboooboboooobbooo,oobpbbboooobo
gooo. oggobo,0bobboooobobboooobboobooooobbooooobobogoo
gobobooboogoooob,oopoboobboooo,ggooooboobobbooooooboobooboo
gooooboboooboooboooboobboo,oobooobooboboobboooboag,
goboobooobooooobog.

goododooooooooooooo,bbbbbbbbbbbbbbbbbbbobobobb,
gboobboooobbuogobbuooobbooobbuooob,oobbuooobobooobobo
gooobo. oboboooobboooboboooobbooobbboooobbo.ooobo
gooboooog.

HEN

000000000 0OHHOODDOODODODOODOOOO. 000000, 0000 OOOOd
goooobogooboobboobboobooobooboboobboooboooboooboo
gooboo. bodoobooobboobbooobooobobooobobooobbuoobboo
0.00000000TI000000000000000DOC)185404330000,2100 COED
gobooboooobobooobbooobobooobobo,booobbboooobobooooboobo
goog.

goon

[1] Bannon, P.R. 1998 A comparison of Ekman pumping in approximate models of acceler-
ating planetary boundary layer. J. Atmos. Sci. 80, 1089-1102.

[2] Charney, J.G. & Eliassen, A. 1949 A numerical method for predicting the perturbation
of the mid-latitude westerlies. Tellus 1, 38-54.

[3] Ekman, V.W. 1905 On the influence of the earth’s rotation on ocean currents. Arch.
Math. Astron. Phys. 2, 1-53.

[4] Eliassen, A. 1971 On the Ekman Layer in a circular vortex. J. Meteor. Soc. Japan 49,
784-789.

[5] Hart, J.E. 2000 A note on nonlinear corrections to the Ekman layer pumping velocity.
Phys. Fluids 12, 131-135.

13



[6] Ishida, S.-I. & Iwayama, T. 2006 A comprehensive analysis of nonlinear corrections to
the classical Ekman pumping. J. Meteor. Soc. Japan. 84, 839-851.

[7] Ttano, T. & Ishikawa, H. 2002 Effect of negative vorticity on the formation of multiple
structure of natural vortices. J. Atmos. Sci. 59, 3254-3262.

[8] Lindzen, R.S & Kuo, H.L. 1969 A reliable method for the numerical integration of a large
class of ordinary and partial differential equations. Mon. Wea. Rev. 97, 732-734.

[9] Rosenthal, S.L. 1971 The response of a tropical cyclone model to variations in boundary
layer paramenters, initial conditions, lateral boundary conditions, and domain size. Mon.
Weather Rev. 99, 767-777.

[10] Vallis, G.K. 2006 Atmospheric and Oceanic Fluid Dynamics. (Cambridge U.P.) pp.104—
115.

[11] Yamasaki, M. 1968 Numerical simulation of tropical cyclone development with the use of
primitive equations. J. Meteor. Soc. Japan 46, 178-201.

[12] 00D00,1987 0000, (000000, p.25.

14



