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goboobooboobboobgoboobboobbooboooboboobooboon
ubooobOoboooooon

000000000000000000000000000000 (shallow water equations) O
gboboooboobobobbobobobobooboboboboboboboboboo
g3oboboboboooooboooobobobooooooboobobobooooona
gbooobooooboobooooboooooooDo

dh ou Ov
dt+h(8w+8y)_0

du o0
dt v gax
dv . On
%waU— fgay (1.1)

Udb00z,y000000D0O000O0O000DO0Ow,»000000000000p00000D000
ocoooOooOOoeROOOOODOAOOOOOODOOOOOOOOOnAAOO000O0n=h—H
gooobobobooboobooboooobooogooo

1.1 O00O00O*

goboobboob gboobbooooboobboobbooboooboobbooboobn

000000 §O00000000000000D000000000000000000000000
(t,z,y,2) 000
Jq Jq dq . Oq
0g = —0t +—0 —dy—2>0
1= 5% T 907 1 5, 5,07
00000000000 60000

dg  O0q  0qdxr 0qdy 0q0z
it ~ ot Toxot Toyor Tozon
9,00 00 0

ot ox dy 0z

DDDDDDDDDD%%:uDD[l[l|:|[|[ll:ll]|:||]DDDDDDDDDDDDDDDDDDDDDDD
000000000 (total derivative) D0 0000000000000 O0OOO0OO0OOOOOOq/0t
0000000 (Euler derivative) 000000
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Yy &

000 dg/dt0000000000000000O0O0O0O000O0O0000 t+00000 ¢g0O0000OO
gooooooobooboooboooboooboobooooobooboobboobbobogbobbobbobobOoD
0000000000000 00000000000000D000000U0D/DtO000O0O0O0ODOODO
goooo

Dq B @ -
D= ot + (7-V)q (1.2)

goog

1.2 00000 (@OoO0)*

gbooooboooobobooooboooobooboooobobooooboooboonbo
00 xO000 =0

oobooobooboooboooobooobboobooooobooo0ooooboooobOoooobooomooomo
ooooog

gbobobobobooooooboobobobobobobobobobobobOobobOobobo
gboooooboooobOoobooooboooooobooooboboooooboooooboOoboOono
OO00o0oo000oDObo0o0OoooO0O xODO0000DO 100000002 +dz0 22000000000
ooooooboboobboobo -vpUOOUODOOODOOOODOODOODOODOODOODOOO
gboooboooooooboo

gboooobobooooobooon EDDDDDngpDDDDDDDDDDDDDDD

Dv

DV _
th p ap

gdoboodouoooouoon
Dv Vp -
— =———k 1.3
far kg (1.3)

oooooooooooon
gbobooooobooboooooboooboobbooooboooboobooobooooooboooboooon
gboooobooooobobooooooo

1.3 0DO00oO0oooooo*

gbobooboobooooobooboboooobobobooooooobooobooboooooobooobooon
obooooooboooooobooboooooon

00 x000 =0 (1.4)

goog



14. 00000 11

my &

ooboooboobOooboooboooboooooboooboobboooooboooboooboooooooooo
goooooobdboooobooom oo oobooboooboooooboboboboobooboboooo
bobooboboooobooboooobobooooobouooobooooboOooboooaon

—

v =2 = .7
pgp = VP PGt diff. (1.5)
00000000
i = .
py = VP g +diff. (1.6)

gbooboobooboboooboon

d_0t9  0xd [ oyd  0:0
dt — otot Otdxr 0Otdy Ot 0z
0 0 0 0

gboboboooooboobobobobooooboobobboboboooooboobobobobooooboon
gbobobopoooooooboobobooooooobobbobobobobobobobooooon
0000000000000000000000000000000000000O0O0O0Oat

1.4 00O0OOO

goboooooobbobooobooboooobooobooboobooboooobooobbooooobooag
ooooooOoooo0o0oooOo0o0oOo0o0OoDObO00bOO000DO0000D 10kmx10km OO0
ooboooooooobooobooobooboooboobooboobooboooooboobooobooooooon
00000000000000000D000000000o00O?

boooboboobooboooood

Op/0z = —gp (1.8)
00000000 (hydro static equation) 00 00000000000-0000000000000
00000000000 0000000000000000000000000 10mO000 100000

000000000000000000000000000000000000 1022~1029 kg/m3 000
000001%000000000000000000000000O0U000O00UOOO0ODOO0OOUo

1.5 0O00O0O0DoOoooooo*

0000000000000000000000000000000000000000000000
000000000000000000000 (7 = (2,%) 000 (5 = (u,v)) 0000000000

0000000000000 000000000000000000000000000000000000000000 w0
000000 (w=v=00000000 ow/ot=0000000000000000000000000OO00OOOOOOOO
000000000000 dw/dt 0000

2000000000000000000000000000000000000000000000000000000000
goboooooooooooooooooooooooboboOoooooooOobObOOoOoooooOObObObOOoOooooOoOoboOoOoOoooo
goooooooo
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a) (@)

b)

le

0 11:2)0000000b)00000000000O0O0O0O0OO0OO0OOOO0O0
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‘ . Qsin0O

012 2)0000b)0000000O0OO0O0OOOOOOODOOOO

0000000000000 (inertia system) 0 000000000000000000000O000OO
000000000000 (00 (7 = (zry))000 (3, = (u,v,)) 00000000000
0000000000000000000000000000000000000000000000
0000000000000 0000000000000000000000000000000000
0000000000000 0000000000000000000000000000000000
000000000000000000000000000000000000000000000O0003
00000@x#000000000000000000

O=04+Qx7
oooooon

dr dFJrﬁx”

ar 7

dt;  dt, "

goboooboooboooooobooobooboooboooboooooooooooboobooooooooon
ooooooosOD0O0OO00ODOODOO0OCOODOO0ODODODOOOODOOOODO

d d -
— = — +0Ox
i dt T
00000000000 oDoooOoooo
dar dr =
- QX 7,
at, ar, TR
oo00ooo0ooooooono
dv; dv;, ~ . d@.+Q . -
dq;:d;—k{)xvi:w—i—ﬁx(vr—kﬁxﬁ
dv, Y = o=
:d:;—kﬁxd; AXU, +QxQAxT

300000000 g b00000
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gobobobooooono
dv;  do,
dt;  dt,
00000000000000 (Colirolis) 1000 DOOODO (Centrifugal force) 00000000
oooboobobooboooobooboooboobbooboooboobobooboobobooobog
g0o0oo00ooO0odboooDOdoDdw. 00000db0d000o00oDOOobO0bOoo0ooDooooOooooon
goodgoooooooooonoo
(1900000000000 0O0OU0O0DO0000O0O0UOO00DDO0O0OODOOODUDODOOOOOOO
gobooboboboobooobooboobooboobuoobUoobobob oo ygoboboo
gogooobobboooobobobooobobbuoooobobbooub 200000 bboooubboUoo

gobogbooobooobgooobg 1.2DDDDDDDﬁ:(O,QCOSQ,QSintheta)DDDDDDDDDDD
good

+20x 0 +Ox QA x7 (1.9)

- -

Lo k.
2Ux T =2[0, Qcosd, Qsind | = 2wQecosT — vQsin )i + 2uf sin&f—m
u, v, w

oboobooboboobotbbtwkovooboobOOoOOOoOOOOOOOOOODbOOOOODOO
ogbooboobobobobooobooono

f=2Qsinf (1.10)
00000000000 (Coriolis parameter) 0000000

v, dv, o
- 26k % G, 1.11
d, ~at, R (L.11)

gobobooboobooboobooo

du; du,
@, =t — fo (1.12a)
dv; dv,
at. — dt, + fu (1.12b)

goood

goboooooooooboooboobooboobooooooooooobooooooooooog .,
gbooooooooooboooobooon

00000000000000 (1.12b)0 (?2)00000

du, 1 0p @
dtr — fU e po 8x = gax (1.13&)
dv, 1 0p on

=== 42 1.1
dt, fu po Oy Ty (1.135)

ooog

1.6 UOOOOOO

ooooOoO0oo0oooooO0ooOo0OoDbO00DD 400 km 000000 100 kKM OOODOOO
oOoooDooodo 1okmO0ogooooOoO0OskmO0000D0ODOOCOO0O0DODOOOODODOOOODODO
goboboobooobooboobobbobboobooboobooboboboboobooba
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B 1L RE O PR AR K H

BT B AR E

7/ 7 <4 115 or MK

013 0000000000000 0w,v,pOOOOOOOOOOOODOOOOOOOOOOOO

gobooooooooboobooboooboooooboooooooooobOooooOooobbooobooog
booooooooooboooooooooboobobobobobOobobobooboobooooooooo
oboboo00wv0O0ooOooooooboobobOobobooobooooooobooboboboooon
ooboooooooboooboooboooboobooboooooo 1300000 bw,v,n000ooOOoooon
oood

0000000040000000000000000000000000000000000000O0
obooooooooooooooooooboooooobooboboboboboboobooboooon
gooboooboooobOooobooob0ooooooooboobooooOooooooboooboooon
oobooobbooboooboooooooooooobOoobooobDoOobDOoOobDooboOoOoboOO
gobooobooobbooooboooobbooooooboobooooboboooboobooOooobooon
ooooboobooooboooo

1.6.1 0OOOOO

00000 (1.8) 000000000000 000ooooooo

9 o [" 9 an
927 = 52 [ pogdz = Pog%(n +7) = P09

gboodyooboboboboobooboobuooboobobobooboooo

du ~On
dv on
S+ fu=—g3! (1.14b)

oood

400000000000000000000000000000000000000000000000000000
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014:«00000000000000000000000wD00000O0w=udh/0x

1.6.2 0OOOO*

OO000o000DooOo0ooo00oDoooooDoo00oDoo00oo0 000000 DOOo0oOoOOoo0oDn
ooooooooo
oooood
Uy + vy +w, =0

oobooobobooboooboobooooobooobboooooooobooobooooooooboooboooon
goooooooobooboooooboooon

T Ou Ov Ow
o Iy = 1
mtay tad=0 (1.15)

U000Ow,v00000000D00O0D0O0O00OwODOO0ODOOODOO
(77+H)—x+—y+w(n)—w(H)=O (1.16)
O00UOw(nOOOOOOOOOOOOOOOOOOO
w(n) = dn/dt = Oh/Ot + udh/dx + vOh/dy (1.17)

000000 wO0OO0O0D00000000006r/0t0000000000000000000000000
000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000
00000000 w(H)D

w(—H) =d— H/dt = —udh/0x — vOh/Jy (1.18)

booobooooboobooooboooon

o 9 P B
S+ g o+ Hyd + 5 [+ H)wl =0 (119)
ogoood
dn ou Ov|
ogoood

gbboobobooboboooobooobooboooooooooooobOoooObOooboobboon
oboobooooooboo
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1.6.3 0O0OO

000000 (1.14a)(1.200 0000000000 0COO0OOOOUOOO0OOOOOUOOOOOO
oboooboboobOooboooboboooboobobobo FOoboOoooooboooooboobooboooaon
oood

gbobooboboooboobooooboboooooboooobooboooonog

ou . __ On
ot 1Y oy
v an
e — g1 1.21
at+f“ 95, (1.21)

0 ou  Ov
£+H(8x+ay):o
1100 163000000000 30000010000000000 d/dt000O0O00OO0O 9/0t0
0000200 00000000000 200000 AO0D HOOODOO3)OOOOODODODOOOOD
dh/dt=d(n+H)=dn/dt 0000000000000 O0O0O0O0OO0OO00O0OOODOOUOOOOOOOO
goooboooobooboobooooboboboboobob wyvy,pOoobboOoOoOoO
oodooooobooo

O0oobOob0ob0obo0obD pO0DO0ODO0ODO0DODO0O0O0O0O0 HODODODODOh: = n,hy =
N, hy =m, 0000n0 AOOO00O0O0O0000O0O00O00O0O0O0O0O0O0O0O0O0O0O0O0O0O0C0O000O0

1.7 ODOO0Oogooog

ooooooooooobobobbdoddddddddddddUUdUUUUUUULDUDUOOO O
0u,v,w,p,p UO0O0OOOO0O0O0O0O0OODOOOOOOO0OO0OO0O0ODODODOOOOODODOODOO
gooooboooooooobooboooooooooboooooobooooooooboooouoooon
gooooooboooooobooooooooooooooooooooooooooooooooooao
gbo0ddooobooooooooboooboboooooo b0 oo b0 b0 oooooboboboooooooo
bbb oDoO0obO b0 oo ooOooOLooOooOon
goodooooooooooboboooooooooooooooooooooooouooouoboon
goooooooooooooooooooooooooooboooboooooboooooooOoooooo
ooooooon

Dp/Dt = J (1.22)

oboooooboooooobJoOobooobooboooooboooooobooonog

1.8 0ODOOOOO*

0000000000000 000U00o00U0o00O00U0o00 (ooUooo0oUoooooUoooo
oboboooboooboooooooooooboboboboboobobooboooboboooboooboo
gboooboobooooboboooobobooooobooooobooboon

—f’U = =9z = —Pz/P (1233)
+fu=—gny =—py/p (1.23b)

0000000000000000000 (geostrophic currents)00 00000000000 (geostrophic
winds) 0O OOOO0OODO0O0O0O0OO0O0O00O0O0O0 p0000000O0O0OO0DO0UOOODOOODOOOO
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000o000DoOO00ooO0o0ooooooo0oo00ooooooooooo0ooooooooooog
000000 (geostrophic approximation) D00 0000000000000 O0O0OOO0OOOOOO
oooooooooooooo

ubob o0OooooboobooboboboboooooobooboOooOoobOobOobOOobOobOobOobobon
ooo

o0 Dboobobobobooboobdoobe00b0O0OD0OO0ODOO0ODO0ODO0ObOnOn

_f’U:_pJ;/p#O
+fu=—py/p=0

gboboobOobooyOobooboobobooooboboooobooooooboooon

1.8.1 00O (thermal wind)*

0000000000000 O000O000D0OO00DO000OOshear: OOOOOODOOOODO
gooooooooboooboooooooboobbooooooooobbooooDooDbOooooDoOoD
gobooboboooooobooobooooobooooooobooboobooooooooooooo
gboboobooooboobooooobooooboobooooboooboooooboobO@moboOooDn
ooboooboobooooboooboobooooboboooooooobooboobooooooooboooo
ooooooooooobooo»bo’0oofoooooo0oooooOooooobogoooobooooo
ooooooooooobboooobooboooobooogoo

gbooobooboooboobobooooboo

1 1
_fv:_ipma fu:_ipya
Po Po

0oooooon
p= = —pgh
0000000000000 0000000000000oooon

1 9
_fvz = ——Pzz = — Pz,
Po Po

1 9
fuz:_*pz:*pyl:l
po”’ po' !
00000000000 (thermal wind relation) 000 000000000000000OO (thermal
Wind)DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD

1.9 00000 **

gobooboboooboooboobooooboooboooobooooboooboooobobooboooon
gbooooooooon

oobooboooooooboobooboobooboooboobboooooooooooooobooooDoo
0000000000000000000000000000 ou/ot000u/ot+rw O0D0OOO0OODO
000000 ou/dt+ru=000000000u=wupexp(rt) 000000000000 ODOO0OOOOO
gboboobooooooooooooooooooooboobOoboOobOobOobobOobooboboooon
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00000 (Reyleigh damping)00 000000000000 (Newtonian cooling) 0000000
o000 oo bbb ooooooboooo
oo b oo b oo oo ooooooao
Jdbooobooooobooobo0obboooooDoooob oo bOboooDbooUobooo
goobo0ob0o0o0oobobobo0b0booobooob0ooobDb0ooobo0ooDboooooUboog
oo b0 b oo bbb uoooooob
gooodooooobodoooobbiooooob oo ooooooboooooon
gobobobooobobobooobboobbooobooob bbb booobboOoo
0Jodooobooooobooobooooobo0oobooobDbo0ooDboooO0ooboDboooboog

goboooobooooooobboooooog

0u/ot ~ Kp(uzx + uyy) + ky(u.2)

oooooooo

1.10 O0O0oboggood

goodooooon
AQ = Au+ AW (1.24)

000000000 AwO00O0O0O0OooooAwWOOOooooooo

000000000oO00O000O0000d0 ADOD00U0O0DOO0OD0O0UOUOOD Argobooooog
00000000000 0D00O0 pA0DOCOODOOO Delter O0D0O0O0DODOOODOO AW = pAAr
Ooo00000 AAr000000000000000

AW = pAV (1.25)
0000000000000000000000 (specific volume)alpha 00000000
AW = pAa (1.26)

0000
00000000000000000000000000000000000000000000000
000000000

Au = Cy AT (1.27)

goooboboood
ggoboooboooo
AQ = Cy AT + pAa (1.28)

0000000000000 00O0000000000A=00000000000000ODODODOOOO
Oooooo0 AQOOoooooooOoOoOoOoOO AToDoOOOoOOOCyOOOOOOOOOOO
gboooboobooooooboooobobooooboboooooboooboooboaoon

pa = RT (1.29)
goboobooobooboobooobo
(p+ Ap)(a+ Aa) = R(T + AT) (1.30)

pa(l+ Ap/p)(1 + Aa/a)RT(1 4+ AT/T) (1.31)
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(1+AI’+AO‘+% — (14 AT/T) (1.32)
P a a

00000000000000 AeO (1280000000

ooooooooobooo

AT A
AQ = Cy AT + pa (—p>
T p
A
:<Cv+]£> AT—p—pa
T P
= C, AT — aAp
(1.33)
000000000 C,=C,+ROODNO0OODONNDOOONONOON0ODOO00Ap=00000000000

000000000000000 AQUODOD0O0O0O0O00OO0O00 ATOO0OO0O0O0Cc, 0000000
good

1.11 00O
00 (potentila temperature) 0000000000
Rq/Cyp
=T <p°> (1.34)
p
obo0 R, 0000000D00ODOO
pV = mRyT < — > p=pRyT (1.35)

00000000000 (T,p) D0ODODO0O0O0O00O0O0OO0O0O0 AT, Ap00O0O00OO0OO00OOOODOOO
goo

Rd/C'p
Po
O(T + AT, p+ Ap) = (T + AT 1.36
T+ AT+ ap) = (7 +a7) (L) (1.36)
Rq/Cp AT A —Rq/C)p
-7 (po) (1 + ) (1 + p) (1.37)
P T P
00000000000 §00000000(1468)°~1+46a00000000000000
Ra/C
Po r AT Ade
61+ AT, p+ A :T(> <1+) (1_) 138
T+ AT p+ap) =7 (2 > 2 (1.38)
Ra/Cy AT A AT A
:T(po> <1+—de— —d (1.39)
p T p G p Cp
po\ 1
Cr(B) (14 o) nan

000o00000o00o0o0o0o0oo0oo0oo0oooooDoUoUoUoOUOooOo)oooooooo
000000000000 (AQ=0)0000000O0oooo

O(T + AT,p + Ap) = 0(T, p), (1.41)

obooooOooooooboooooboobooooooboo



1.12. OO0OOO 21

1.12 0OO0O0O00

00 NOOOOOUOOOOOO (buoyancy frequency) 000 0000000000000 0OOOOO
oood

1.13 0000
o000 OoboobOoobooboobon
ut:_gn:mvt:_gnyvnt:_H(uz“F’Uy), (142)

O00000ooooooooo000d y/gHOOOODODDODODODOOOOOOooooooooooooog
000 (gravity wavel 00D 000000 HOOOOOOO

0000 00000000000000 (8/dz=0/9y=0000000
u— fo=0,0+ fu=0 (1.43)

000000000000000000000000000000000000000000000 (inertia
oscillation0 OO0 0O OO0

0000000000000 0oOoU0OoU0OoU0OoU0OoU0oOU0ODOUOOoUODUODODODODODODODO
0d00d00D0U00o0Dd0oodo0ooU0oUdoDO0ooU0ooDO00o0ODoODOoUOoDOoDOooon

—fv=—gne, fu=—gny.ne = —H (uz +v,), (1.44)

oooof=fy+pyl0d gooooOoOoOO0O0OO0OO0QOOOODOOOO0OOOOODODOOOOOOOO
obobooobooboooooboooobooboooobooboooooboooooaon
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20 4OoO0O04

goboboooboobooboboooboboooboboooboboooboboooboooboooonag
goooooo0 fO000OO0O0OOOOOOOODOOOOOOOOOOOOOOOOOOOOOO
obooooooboboooooobooboboooooooobo0oboobooooooboOoobooon
ubbooboboobooboaboaboobbobbooboobooboobooboboan
gbogboobooobooboobooboboobooboobooboobobooboboooboo
gboooboobooooooo

21 OO0O*

gbooboboooboobooooboooooboobooooboooooboOoooon

v + fu= —gh, (2.2)
he + H(uz +vy) =0 (2.3)

goog
oboooobooboooboobobooobooboooooboboooooboooooboobooobooono

uy = —ghy (2.4)

vy = —ghy (2.5)

0000000 200000000000 AODODOO
hey — GH (hag + hyy) =0 (2.6)
0000000000000000 2000000000000000000000000
hes — c2Ah =0 (2.7)
O00000c000000000000 ADDOODOOODOOODOODODOODOODOOoOon
c=/gH (2.8)

gbooboooooooooooooooooboooooooooooboobobobOobOoDbOobOoDbOoD
booooocooobooooooboobooboboboboboooooooboooooboooooboOonag
gbboobOobooooboboooooboooooobooooboOoboon
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2.2 0OOOO*

ggoboboooboboobooobooobbooobboobLbuoobbooboboobLbooono
RN
ur — fo=0,vs+ fu=0 (2.9)

doodooooooooooD =00000000000000000«0000000
uttzfvtz—f2u (2.10)

000000000 fO00000000O0O0000OO0ODOO0OO (inertia oscillation) 000 O
fO0D0D0 f=20sin0 = 2(27/(24 x 60 x 60))sinf 00000000000 TO f = 2Qsing =
2(27/(24 x 60 x 60))sinf 000 000000000000 0O0O0OO0O0OOsin()O0O00OOO0O0ODOOO
ooooo4 000070030 000000000000O0ODO0OOO
wO0o0000000000
u = ugsin(ft) (2.11)

gooono
v = ugcos(ft) (2.12)

gboboobobobuwOo0 90000000000 b00bO00000O00bO0OOOobOO0ObOObOO0On
obooobOoooobooboboooboobooooobooooboboooo
gbooobobooobobooooobobooooboobooobooon

x = —(1/ug)cos(ft),y = +(1/ug)sin(ft) (2.13)

oooooooooooooee,90°,180°,270°c 00 0000DO0O0O0OO0ODOOOY??0000O0O0O0O0OO
gboooooooooooboooobooobn

gboboooobooooooboobooobobooboboooobooooooboobboobobooooboobooboooboooo
gbooooooboooooboboooooo

90

180 —

/

0 21:0000000000213000000 0°,90°,180°,270°c0000000O

270
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2.3 O00O0O0O0**

00000000000000000000000000000000000000000000000
000000000000 00000000000000000000000 (inertia gravity wave) O O
000000000000000000 (u,v,h)(z,y,t) = (4,0, k)etkstlv—«) OOOOO0000000k,!
0000 y0O00DOOO0O0OODO0O0O0O00O00O0O0O0O000O

—iwl — [0+ gikh =0

—iwd + fi+ gilh =0

—iwh + H(ikii 4 il0) = 0

DOo0oo0ooooo
igk —iw —f U
igl f —iw v
—iw ikH ilH) \h
0000000000000000000000000000
w3 + kLEgH — klhgH — iwk*gH — iwl>gH — iwf? =0

000000000000000000000

=0 (2.14)

w=0 (2.15a)

W f2—gH(K* +1%) =0 (2.15b)

OD0000000000000000 (0)0000000000000000 0 (dispersion relation) O O

ooodoooooboboodoooooooobodddddl w=00O0O0ooooooooooooo
gooog

000000000 (215h) 000000000000 DO0OO0O0OOUOO0OOOOOOOOOOOO
gbooobooooboobooooooboo

w?—1— (k241" =0 (2.16)

000+00000000000000000000000000000O00 K¥2=k?+*00000
gboboobobooboboobobob 2200b0b000Db0OO0ODODOOOODODLDODODOO
gboboobooobooobooooob 220000000000000000O0O00O0OO00OOOOOOOO
gobooobooboooooboobooog

24 0O00O0OOOOO*

goboooboobooboobooobobooboobboobboooboobboobboooboon
ooboobobooobooboboobooboboobUooboboobobooboobobooboobbo
oobooobboobobooboboobbooob0oob0bogbbooboooboobooobog
oo ooobooobobobboobbbbbbobobbooobooubbbbobbbbobn
(Kelvin wave) 00 OO

ooooboooboobuoobobobobboobooon

u — fv=—hg (2.17)
ve + fu = —hy (2.18)
he + H(ug +vy) =0 (2.19)
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Nondimensional Dispersion Relations

Els T T T -
inertia gravity wave /
2.51 N e gravity wave B

O inertia oscillation

Frequency
-
o
T

0 I I N I I

Wavenumber

U22.0000000000000000D00000O0O0O000OO

Ubb00y=000000000000000000000D0000000D000yO0DOO0OOOODOO
gbooogboboobooobdybooboboobobobby=0000000000D0OODOOO
gbooooobooooobooooboobooooobao

Uy = —hy (2.20)
+fu=—h, (2.21)
hi + Hug =0 (2.22)

00000(22)0020000000000000000D00C00O0OO0ODOOOOOOOO (semi-
geostrophic approximation) 0000
O000«0 AODOO0O0ODOOO0O0OD0OOCOO00ODODOO0O0ODOOO0OODOOOO0ODOO

0000000000000000000 +/gA0000000000000000000000000
000000000000000000000000000020000000000000000000
yO0OOODDDO00000000000000000000000000(2,¢)00000000000
ooo

h(z,y,t) = h(y) exp(ik(z F \/gHt))
(221)0 (222) 0000000

hi = —Huz = —(ghy)s

==

gboooooobooooooboo

hy = F—A—h

-

0000o0o0o0U0byO0O0OO0O0O (DO0)OODOOO (DO)OODODOOOO0DODOOODODOOOOOOOOO
boooOobooooboboooboooobooboooobOobo0obO0b00y—ocoOOobOOoOooOoOonO
gboobodgbobooooobobobobbobooboboboobobboobobobdild exp
oooooooboobooboboooobobobooboooooooboboog

~—

h(x,y,t) = hoexp (\i}%{y) exp (zk(:c — gHt)) (2.24)
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000 h0O0O00DO00OO0DO0OD00D00000000000000O0 2=¢t=00000 A0000O000O
O00«w000000((R2)00000000000000O0OO0DODOO0OOROODOOOOOOOOO
O00o0obDrOD0O0O0O0O0O0wOOOODOOO

25 00000O0OO0ODODOO**

o0o000o0ooo0o00ooooO00ooo0o000oooOo0000oooOOo00ooooOoo0oooooo
0o000ooo0o0o0ooo000ooo000ooo000ooo0O00ooooO0o00oooo00o
ooo

oo0oooo0oo0oo0o0oOo0oooO0ob0ooO0O0b0O000oO00OO000b00O0b0O00000O0
00ooo0oo0ooU0O0oo0o0Ooo0oUOoo0oo0oooo0ooUoooO0ooooooon (1/H0000oo
0000000000 (VgAH)OOODODO0OO0O0D0O0O0O000 HOODODDODOOODODOO00OD0O0o0oo0oo0oo
0000o00O000o0000o0o000

Ro:@ (2.25)
f
O00000000000000000000D0 (Rossby deformation radius) 000000000000
0000000000000000000000000000000000O000O0O00O0O000000O0
0000o0o0o000oooooooo0o0n

000000000000 45°0000100000000000000000 g=9.8m s~2, H=50000
0 20,000 kmO0 00 20°01.500000000 0000 g=(3/1000) 9.8 m s~2, H=3000 00 30 km O
O000(Todo: 1.50000000000000000)

000000o0oooo00oo0ooo (7, LU, H)OO0000o0oo00 «00000000000 (z,y) =
(z,y)Ro, (u,v) = (u*,v*)y/gH, t=t*/f,h=hR*HOO0O000D00000000000000O0O00OD
O0000o0o00oooooooooooo

Upe — V" = —h" g (2.26)
Vi Fut = —hFy (2.27)
hie +up + vy =0 (2.28)

26 000000O0OvODOOODOQOQ ***

gbooooboooboooooboobobOooooboooboooooooooobooobooboooooooDn
gobooobooobooooobobobooobooobooooooobooobobooooooobooboobobOoo
bobooooooboobooooooooooboobooboboboboboboboboboboboon
Oooooooooo0oooooooooooooooobDooDooObODwO0ODOOO0000O0ARwDOOO
gboboboboobooooooooooooboobobOobobs0O0O0oboOo0ooooboobooobooon
goooo

uy — fv = —ghy, (2.29)
v+ fu= —ghy (2.30)
hy + H(ug +vy) =0 (2.31)

oooo
O000ADDODOOdyY(2.29)-.02(2.30) 0O

Uty — fug — v — foy — vy =0 (2.32)



28 020 0000

9t(2.29)-.02(2.31)g 0 0
Ut — gHtgy — fvy — gHvgy = 0 (2.33)

0t(2.30)-.0x(2.31)g 0 O
fur — gHugy + vy — gHvyy =0 (2.34)

0000
00 (232)~(2349) 00 v 000000000 -02(2.32)gH + £(2.33) — 0t(2.34) 00O

_gHutacy + ngumc + gHﬁvz + ngny + gHUt:cm
+futt 7nguzr - fzvt 7ngvzy
—fuge + gH Uty — Vgt + gHvpyy = 0

w0000 000000o0o0oooobboooooooooooga
—vm—i—(gHA—fQ) v+ gHpPv, =0 (2.35)

oboo0b0ooooooon

00000000000 00000000000000O0OO0O00@235) 00 pOO0O0O000O0O
00000000000 (235)0 =000 0t=0000000000000000CO0OOOOOOOOO
00f000000000C0O0O0OOO0O (235)0000000000000O0O00O0OOOOOOO

27 0OO0Og

000000000000000 10ms™'00004000mO0000000000O0O0O0OOOOODO
cooooo0o00oDoo0o0oD kmO00O0ODOO0OODOOOOODOOOODOO
uboooboooobobooboobooboon 2200000000000

2.8 matlabdO O QOOO

28.1 0O0O0OOOOOO0OO0OOLDOOOOO0

%» 00000000000000000000D000D matlab script
K=[-3:0.01:3];

omega=sqrt (1+K."2);
plot(X,omega,’k’,K,K, ’k:’ ,K,-K,’k:?,0,1,’0k’,’linewidth’,2);
set(gca,’fontsize’,10)

axis([-3 3 0 3]);

xlabel (’Wavenumber’) ;

ylabel (’Frequency’)

h=legend(’inertia gravity wave’,’gravity wave’,’ ’,’inertia oscillation’)
set (h, ’position’,[0.3 0.7 0.8 0.15], ’fontname’,’times’)
title(’Nondimensional Dispersion Relations’)

print -deps -tiff -r600 D:\MyDoc\99_OX_GFD\tex_book\shallow_waves\inertia_grav_disp.eps
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30 Ubotuun

gboboboboobooboobooboobboboboobooboobooboobobon
gbobobobooboooooobooboboboboboboooooboboobbooboonoo
000000000000 O0000 (potential vorticity) 000000000000 OO0OOOO
booooOobooooboooboooon

ubbobobooboobooboabooboobboobboobooboobooboan
gboboobooboobboobooboobboobooboobbooboobobon

00000000000000000
710“};’;% (3.1)

oooobooooo

3.1 0O0O0Ooooooooooog*

000000000000000000000000000 (angular moment) O
Tw

O000000000 wOOOOUOangular velocityD OO OO
100000000 (moment of inertia) 000 0000000000000 ODO0O0OOOODOOO

oad
I:Zmir?
i

I:/przdv

ooooooooooor-goooObo000oo0oOm0000000p000O0dOO00O00O0DOOOOO
gogbooboboobooboooboon

ooooboooobooboooogd

3.2 0O000OO0OoOoOoOoOoooooo*

o0 p00 ROUOD HOOOOOOOOOOODODOODO wOOOOOOOOOOOOOOOODOODOO0
O (stretching) 000000 (squeezing) 00D 000 H/OOOOOOOOOOOOODOOOOOOOO

ogod
oo oooooo ooo
/pr2wdv:/pr’2w'dv’
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obooooboobooon pooboobobooobooboboboooaon

R H R H'
//Tdeh rdr://rzw’dh rdr
00 00

0o0000000000000
1 1
ZRﬂuH::ZR”wUT

0000D0D0000000000000D0000000000000O#R2H = «R?H' 000000
R =Ry/H/H'OOOOOO

w /
— = const

H H
ggoodbboboboooooboobooooobobboooooobb bbb bboooub b
00 w/HOOO (potential vorticity) 00 0O

gogoboobobooobooboboobbooobboobboobboobboobboobbo
O00w/RO00000000000000DO0O0O00O00KWOOOOOOOOODOOO0OO0OwWOOOOO
00000000000000000O000o00oU0o0ooUooooon dv/dx—0w/dy 0DODOOODO
ggogobooobobobooobboobbooobooobbooobbooLbboobboOoo
gogoboooboooobboooooboobbobooobboobbooobbobbooobboo
O000000000000000o0oUoon f+9v/ox—0w/0y DO0ODOOOOO (vorticity) O
000000 (absolute vorticity) 100000 f00000 (ambient vorticity), dv/dxz—du/dy
00000 drelative vorticityd OO0 0O 0O

000000000ooooooo0ooooooooo00ooooooooooooog (f+90v/0x—0u/dy) /h
0000000000 (potential vorticity) 000000000000 ¢O ¢=90v/0x—0u/0y000O

00ooo0oooooo
f+¢

h
gboboooboobooobooOooobooobooooooobooobooboooooobooooooooboooooo
oboooooboooooboooooooon

gbobooobooboboobooooobooobooooooobooooobooboooboOooboooOooon
oon

f+6n
hn,

gboooobooooboobooooboboooo»n0en0O0O0O0OO0ODOOOCODOOOOOO

gboboooboobobooboobooooboooobooooooooooboooboobobboooooaoon
gbobobobobobobobooboooobooboooooooooobooobooboobOOobOobobon
gboboobobooobooobooobooooboooooooboooboooobooboooboobooon
gboobooobobooobooooobooboobobooooooobooooboobooobooboOooboooDn
gboboboboboboobobooooooboooboooooooooooboooboobOobobobobon
gboboooboboooobooboooobooobobooooboooooobooboooboobooon
gbboooooboooobooobooboboooboobooooboooooboOoobooboboooobooooag
gboobooboboooooboooobooboooobooboooon
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31
3.3 000000000 O00000N***
0000000000000000000000000000000
%‘fﬂ:—%% (3.2)
%:Jff“:—%% (3.3)

ooooooohArODbDO0OO0O0O0O0OOOOO0OOOOOODODOODODOOOOODOODDOOODOOOOOOOO
boooboooobooooboboooooboooobooboooooboobooboboooobooboon

00000000000000000(f+0v/ox—0u/dy)/h000000O00O0O0O0OOOOOOOOO
googobooo ;
D f+wv, —uy 1D D1
S A Rt . — o — Uy) = — 3.5
ooodboooboobuoobuoobooboobog
0003500000000

t(f+vz_uy)

@\@

1
h

S
i~
1SS
+

Sl
=

8
<
<
—

goboooobooobooon

1 0 Dv 0 Du
7 vB+ 92 Dp ~ UaVa — Va¥y | — a—yﬁfuyuvayuy

gbooooooboooobooboo

1 0 10p 0 10p
=7 _vﬁ—|— o (—fu— >— By <—|—fv— ,0696) — UgVgp — UgUy + Ugly + UyVy
1

p Oy
:Ehﬁ*ﬂﬁ*fwz+%)*@mfwﬂwz+%ﬂ

va;h—%(uﬁvy)
000350000000
D1 ~1Dh
(f—i—vx—uy)ﬁﬁ —(f—&—vw—uy)ﬁﬁ
1
= (f+vz_uy) hgh(uw +Uy)
:M%WH%)

0000000 2000000000000000000000@5) 0000000000000 00O0O
gboooooono
d f+vy — uy
— =0 3.6
dt h (36)

obooobOoboooooboooooon
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40 4UOQoO0OU0OO

00000 (Rossby wave) 0000000000000 ODOOO0OODOOOOOOOOOO
0000 (Planetary wave) 000000

41 0DOO0ODOOOO*

0000000000000 00000000000O00O0O00O000OUOU0ooooOooUn (h=const)d
oooooooooooboOoo00ob0 FOODOOOOOO0O0OpOOOOOOO0OODOOOOODDOOO
gooooon

f 4 vy —ug = const

gooooooogoooooOooooOD fOODODOOOODOOO0 DOODODOODOCODODOOO
oooooooobo foOoOOO0O00O0O0ODODOOOO0O0ODOOO0O0OOO0410D0D0O0ODO0ODOCODOOOO
ubogbogogood

4.2 OOO0ODOOOO*

gooOooopd0O0O0OOO00ODOOOO0O0ODOOODO0OOOOO0ODOOOO0ODODOODOODOb

gbooboboboboboboooooboobobobboboboboboboooobbobobon
gooof000OoOoO0OoOooOoOooDOoOoO0bOOoOo0OoDoOO00O0 h=00O0O0OD0OOOODpOODOOO
gbobooobobobobobooooboboboobobooooboobobobooooooboon
gbooboobobboobooboon

—fv=—gn. (4.1)
+fu = —gn, (4.2)
ne + H(uy +vy) =0 (4.3)

gooodobOO0ooOOo0obOOoOobDOo0obObOO0ObO0bbOOobOOoo0oO0o0oDOoobDOooooOoooDoo
000000000000 (planetary geostrophy) 0000000000000 OOOOOOOOOO
obo0ooOOoDbDOo0ooOOobOOobOoOoboOoDbOooboo

ne — gHPBn./f* =0 (4.4)
000 »00000000000000000 ~ exp(—i(kz—wt)) 000000000000000
gH Bk
- -5 (4.5)

good
gbogbgoooboobobooboobooboooboboboobooboobobboboobooboono
0000000 (long Rossby wave) 00D 0000000000000 0O0O0OD0OO0OODOOOOO
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1EO®OGE
Y @@ /\./\
.K/ N
Cla e
Joll: &
o0 ©
ORGSO
o0 ©
e

041 000000000C00CO0O000O000OO0O0DbOOO0OOO0OOO0O0OOO0O0O0O0O0OO00O0O0
() D000000000000000000 () O00DDO0ODDDO0ODDOODDOfOOO(DO)0DDOOOO
0000000000000 (00)00U00000000000 (DO0UO0OO0)ODDoOOOO(e)oOODO
goboobooOooboobooooooboooooooboobooobooooobooooOooobooon
000000000000 oo0o0oUoo0oo() 00000000 (e)bOUDOOUOOOOO
000000(c) 0000000000000 00O0O0UOO0UO0OUOOO(MUDODDODODO0DOOOOOn
00000o0o0oo0oooooO (b)oOOD0O0O0 1/40000000000000
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Sea—Level Anomaly (cm) at 20N
: . W S

20021 -

1996 -

19951 -

19941 -

1993 -
12

OE 130E 140E 150E 160E 170E 180

170W 160W 150W 140W 130W 120W 110W

35

0 4.2: Topex/Poseidon 00 0000000000000 O00O0O0O0O20°NOOO0O0OOOOOOOOOO

goooo
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4.3 OOO0OO0OOOO*

goodgooooooooooobodw.+v,=0000000000000000p,=000000
gobobooobooboobuoobooboboboobobbooobobobo

ur — fv=20
v+ fu=0

goooboooobooo

0
E(vw—uy)—i—f Ty) + v =0

gdoo0oodobo0ooooboooooboooobo0oooobooooobo0oooob0oooooOoooo
00000O0O00O00bOOoO0yOoOoooooag
V=g, u =~y
gooooooo 5
a(ﬂ%x"’d’yy)‘i‘ﬂ@[}x:o (4~6)

boboooooooooobooboobobaoo ¢~@Zexp(i(km+ly—wt))DDDDDDDDDDDD
goo

—iw(—k% = 12)9) + Biki = 0 (4.7)
00000000000000000000000000000000000
Bk
W= (4.8)

gboobooboooobobooboobooooboobooooboboooboOobooon

44 0O0000O0OODOOOOOOOOOOO®*

0000000000000 0000000000000000000000000000000000
00000000000000000000000000000000000000000000000
0000000000000 000000000000000D0D0D0DD0DDDD0000NDDO0o0o0nn
000000000000000000000D0D000000000000000000D0D0D0O00000
000000000000000000000000000000000000000000000000
00000000000000000000

ug + Uy — fv = —pa/po
v +Uvy + fu= _py/PO

Uy + vy =0

ubooobOoobooooobooooobooboooon

0 0
&(%—Uy)+U%(Uz—Uy)+M+ﬁU:0

obooooOobooboobooooobobooobooooboboobooboooobobooboobOoobooo
ooooooOooooo0o0yoOoooooo

V=, U= Py
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ogoooooon 5
a(djzz + Z/)yy) + U(Q/}zz + wyy)m + ﬁdjz =0 (4'9)

ugbbobboobooboobboobaoood wwz/;ea:p(i(kx—&—ly—wt))DDDDDDDDDDDD
ugod

—iw(—k? — 12)Y + ikU(—k* — )¢ + Bikip = 0 (4.10)
gooooboodobobodouoboouoboooobobooouoboogo
_ Pk
w—Uk—k2+l2 (4.11)

boboobooboobooboooobooboooobobooobooboooooboooboon

4.5 0O0O0OO

021000000000 ¢9/0x=0000000000030N0O0000O0OO0OOOO0OOOOOOOO
oooo000o0000O000o0b000000000D (wy)0000000000000000

gbooboob2ombbdbobobobDooooboobobobobooooboobobobbon
oooobOobobooboobooboooobooooboboboooooboooxXxpooooooono

4.5.1 Rossby0OODOOOO0DO0O**

gboboboobobobooboboboobobobooboooooooooobooooooboboonoog
gboboooooobooboooooobooobooboboboobooboobooooooOoooboooboooooo
boboooooooooooooooooooooboobobobobOoboboboboboboboon
O0000000o0oOoOo0o00oOoU0o0O0O00O0oO0LOOo0DoOOo0OOO0OO0DO (ooooon)
bbooooooobooboobooboobobobobobobobooboooooboooboooboooboobOobo
bboooooboobooboobooboobobobobooobooooooooooooobooboOobOonbo
gbbooooooooboooooooooooobooooboobooboobooboobooobooooboban
bbooooooooboooooooooooobooooboooobooboobobobOoboboban
gobooboooobooboooobooboooooo

260000000000 (235) 000000

— Vgt + (gHA — f2) v+ gHBv, =0 (4.12)
00000000000 v="4aeli(ks+ly—wt) 000000
—iw? + (—gH (k> + %) — f?) (—iw) + ikgHB = 0 (4.13)

D00000000A00000000000000000000000000000000 w0000
D0000000wO0000000000000000000000wd]000000000000000
DO0wDDDD0O00000wDD00000000000wD000000000000
gH Bk
= 4.14
YT GHR + ) + 2 (4.14)
DO0D0D f20000000000000000
kBR2
w=-—°"—
1+ (2 + ) R2
D00DD000000000000000000
D0D0000000000000000000000000000000 R,00000000000
0D000000000000000000000000000000000000000000000000

(4.15)
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0000000000000 0 (quasi-geostrphic equation) 000000000000 0O00OO0O
0ooboooooboobooboooooobooooooooooooooooooooooooo
goooboboobooboobodboobbooboboobuoobuooboobboobLbOon
goboobboobooboobodboobboOooboobuooboobooboOobDbOon
gooobobooboobooboooboobobooboobUooboUboobooooboo
0o0oooboobooboobooboooboooooooDboobooboobooooon
gboogbobooboobooboobooboboobbooboobooboobooboon
gobooboboobooboobooboobboOoboboobuooboobooboOobDbOon
doboobooobboobobooboobbooboobUoobOoooDbooboUobbooo
go0odooobobooboobobooobb0ooDboobooDbOoobooboobOooo
gboogbooobooobooboobuoobooboobobooobooboobooboon
ogooobooboobobbooboooboobooboobobooo
o0o00o0O0DOO0bOOob 1500000000000 0O0bOO00OO0ooO0ooOOoDOD pOoboOoDbO
oooobooboobgooooog

0

Oz 0
{TUAJrat—&—uam—Fvay]u—(fo-Fﬁy)v = 95, ool + H) (5.1)
0 0 9, _ Oy 7Y
[T —vA 4+ a1 “F’Uz% +'U8y:| vt (fo+By)u = dy ' poln+H) (5.2)
O o0+ H) + o a4 B+ o ot + H)) = 0 (.3

ot Ox dy

00oo0o(.]) (5.2) 000000 (¢U000O0O0)000LOO0OOO0OUOOUOODODO 150
gobooboooobooooboooboobooooboooboobobbobooboHOobOObOODOo
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gobooboooooboooboboooooooboooobooby0bOOO0OO0obOO0o0oO0oooooOooo
UOyO0O00O0o00O00bO00bO000O00bO00oobO0oobOoooObo0oooyboooooooooooogan
oood

6.2 0O0OO0OOOO*

O0oo00ooO0o00o=000000000000w0O hDDDyDDDDDDDDDDDDDDD(6.4)
O (6.6)DD w0 A00000000000O000O000O0000O00O0O0O0O0O0O00O Y(y)DDDD[IDD
oood

(u,p) = (0, po)Y (y) exp(i(ika — wt)) (6.7)

gbooboobobobobooo
c=w/k=+=+1 (6.8)

000000000oo0o0ooooouo (eb)000oooo

yY — %‘;Yy =0 (6.9)

0000(6.4)000pe/ug=w/k0000000000 c=+100000
yY +£Y, =0 (6.10)

gbooobooobooon
2

Y:exp:':y? (611)
goboodooboobuoooboobobooboo00dy—- o0 Y - 00000b0ooboooo
0000000000ooo (e=+41)0000000000O0O

2

U = p = up €xp <_y2) exp(i(z —t)) (6.12)

oood
oboboboboboboooboooobooooboooDoobDobDobobDobOobOobooboobooo
00000000000000000000000000 10000000000 +/¢HOODODO0O0OO0O0O0
ooooOOoO0o0o0oOoooOOO0o0O0O0opoooOoOOOO000O0ooooOoOOO0OoOoOOpOOOOOOBDOO
gboooobooobooboboooobooooboooooobooog

6.3 D000000000ODOODOOO0O0OO0O0n**

O0v#00000000000000000O (64)-(66)00000000000000O00O0OO0O0OO
gboboboobobobooooooboboooobobdpbobobboboboobobon
Ub0uwUOv00000«wO0D000O00DO0DO0O0DOOOO0DbOOOO0bO0b0obOO000bOobOo0bOOan
gbobooboooboobtdooobooboobgobbobbobbobooboobooboobibow
goooboobooboboboobooboobobboboobooboobobooboobooobo
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D0 p0000000(E)64)-(%)(65000

Uty — YUz — U = YUy — Viz =0 (6.13)
(£)(6.4)-(Z)(6.6) 000
Utt — Ugge — YUt — Ugy = 0 (614)
0000 (5)(6.4)-(5)(6.6) 00
YUy — Ugy + Vg — Vyy = 0 (615)

0000000000000-2(6.13) +y(6.14) —2(6.15) 000
VUgat — Uyyt T Vg — yQUt — Vgt = 0 (6.16)

0000yO0O0D0000D0000 (00000)0000000000y0000000000000000
000D0000000000u(z,y,t)=exp(i(ksr —wt))V(y) 00000000000000

k
Vg +(w?—k2 =2 =42V =0 6.17
vy w

oooooooOovOoOoOoOoooooooOoO0O0y—inf0V—-00000
00000000000000000000O00000U0000000O0000D00O0O0D (OO:??7)0
0000000000000 00000000000D00D00D000000O000O0000O0(6.17)00

0000000000 (Hermit function) 000000 (6.17)0000000000000O0O0

P (y)+ 2n+1 -y )ba(y) =0 (n=0,1,2,..) (6.18)

00000000000'0y000000000000DOO0ODOOO0O0OO 610000
(6.17)0 (6.18)D000O0OOOOODOOO

k
w? —k? - —=2n+1 (n=0,1,2,..) (6.19)

00000000000 k0000 wO (n=0,1,2,...)00000000000000O0O0OOOOOO0O
oo wOooODODOOOODO nO EKODODOOOODOOO0O0wOOOODOOOOODOOOO
00oo0ooooooooooooOoCoOOOOU0UUUUUODOoOooooOOOCOOOLOOoOOUOOg
00000000000Or=00000000000000000((G.2900(w+k)(w—k—1/w)=00
00000 w=-k000000000000000000w—-k—-1/w=00000000000 w—%k
ooooooooooooboooooobooboooooobo0ooooDOobdw>00DbD000O0O0ODODRO
OO0O000D00O0O0000 mized Rossby-gravity were D0 0000000000 D0OO0OOODOODOOO
000000d0o0o00doooOoU0ooOo00o00oUooOoD0D0o0oUUoOoooOoDooooooooDog
00ooooo(e.1990n=-10000000000000000000RR=-100000000000
Oooopooogoe20000

n>000000.0000000000000 exp(i(ke —wt)) DOOO

U = Vatbn(y) (6.20)

0000000u,p00(6.4)-(6.6)0 (6200000000

U S —w v—l—k@
" (w2 - k2) 4 dy

_L kyv — dl
pn_—i(wQ—kz) yu wdy

goooboooboooo



54 ged OOOO

Kelvin lst Rossby
1 1 u [
= & h h
0.5
o, 0
=1
d
-0.5
,1-
-5 0 5
Yy

2nd Rossby

06l: 00000000000 O0O00OO0O0OOOO0OOOOOODOOOOOOObOO0O0OO



Nondimensional Frequency

63. 0000000000000 O0OODOODOOO0** 55
Dispersion Relation for Equatorial Waves
3 T T ,’ o T ; T ~ T
|
| |
1- é
L
0 ' : ' : ‘ : ' '
-5 -4 -3 -2 -1 0 1 2 3

Nondimensional Wave Number

062000000000
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obooooboow,pOOOOO0OOO0OOOOOOODOOODOOODOOODOOOOOOOODODOOODOOO
0000o00o00ooO0o0oooooooo (619 0000000000000 (w,k—0)OODOOOOO

obooooooooon
E=—-2n+1)w (6.21)

00000000000000000000000 (145)(146) 000000 w,p O

i Vi 1 1
= s i)+ i) (6.23)
p 2\/50) {\/mwn+l Yy \/ﬁ n—1\Y .

quoOoOoboooboooon
(6.22)(6.23) U000 000000000 RO00000UDOOODOROO0O0w,p0 00000000
gbooobodrn—-10000n+1000000000000000000O0O
gbooobooboobooboobbooedtonn

6.4 00O000O00O0OOD***

(6.19)0000000O0COO0OO0DOOO0OOO0OOO0OOOODOOODOOOOODOOODOOODOO
0000000000000 000000000000000000 (semi-geostrophic approzimation) O
000000000 (Gill and Clarke 1974) 00 0000000000000 O0O0OOOOOOOOOOO
goooooooboooboooooobooobbooooooooobo0ooobDOoobbooboOOooDoOoDo
goooooobooooooboobooboooobooobooboooobooOobOoooDobooobooooo
oooobOooOooboobooooobOooooboobooooboooo

U — Yo = —pgp + X (6.24)
yu = —py +Y (6.25)
Dt + Uz + vy =Q (6.26)

ooooXx,y,QoOooooooooooooooooooooooooooooooooooo X,y o
000000000 QUDoOO0DoDoooDooooooooooooooo
ogoo
g=pt+u,r=p—u (6.27)
0ooboboobooobobD p0«00000000000DOOO0OD0DODOO0OD00O0O0ODOD OO0 0o 00 d
gooooaa
(6.24)+(6.26) 00000000 O0OO0O p+w000000OpOOOOODOO

@+ a4z +(0/0y —y)v =Q + X0 (6.28)
000 (6.26)-(624)0 p—w000000-000000
re =12+ (0/0y +y)v=Q — X, (6.29)

00 (62500000
gy +yqg+ry —yr=2Y (6.30)

0000 ¢rX,Y,QOOOOODODODO00000000000

oo

(0,4, X, Y, Q)(@,y,t) = > (Uns s Ty X, Yo, Q) (2, £ (y)

n=0
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Kelvin 1st Rossby

:

0.5}

amp.

2nd Rossby

063 00000000000000O0O0OOp(O00),w(00)(0D0) 00000000000 OO
ooboooobotbw,pbOdbOO0OO0OO0OOOOOO0ODOvODO00O00O00O0O0OCOO0OO0DOOOODOOOOOO0
w0 000000O000O000o00oboob0oooobobo0b0pbOob0oobDOobObOobOOooboobooboon
ooooogo



58 060

oboooobooooobOoboooobooon

Uy = / N vn (y)dy

—0o0

goooboobooboobobobobooboobooobon
0000 (6.28) 0000000

o0 oo

Z(Qn,t + Qn,z)d}n + Z 'Un,z(wn,y - Zﬂ/fn) = Z(Qn + Xn)wn

n=0 n=0 n=0
000, 000000000000000000O000O0O0O0O0OD (142)00000

o0 oo

Z(Qn,t + Qn,x)q/}n + Z Un,ac(_ V 2(7’L + 1)¢n+1) = Z(Qn + Xn)q;[}n
n=0

n=0 n=0

0000000000 2 ( )W.dyOODDOOOO

Qm,t+Qm,z_ V2mvm71:Qm+Xma m>1
Qo + o = Qo+ Xo, (m=0)
agood
(629)000000000000O0O0D0O0O0O0OOD0O0WO00O00UDOOOOODO

Vy +Yv = Z 'Um(wm,y + y¢m) = Z 'Um\/%wm—l
n=1

n=0

good

0000000O000oo0000 (43)000000000000R=1000000000000000
On=0000000v%,+yo=000000000000000000000(6.29)0000000

gbooooobooogn

Tm,t — Tm,x — V/ 2(m + 1)Um+1 =Qm—Xm,m=>0

goooog
000000 (630) 0000000000000 OO0ODO

Z Qn(zpm,y + YPm) + Z Tn(wm,y —Yty) =2 Z Yotm
n=0 n=0 n=0

000000000 (14.2)(14.3) 00000

) o o

Z qnV 2nwn—l + Z rn(_ V 2(” + 1)wn+1) =2 Z anm

n=0 n=0 n=0
ogoooooooood

Gm+1V2(m—+1) —rp_1vV2m =2Y,,, m>1
Q1\/§ = 2%) (m = 0)

gooooo

(6.33)

(6.35)

O000000000000000000000 (6.31)-(6.35)0000000000000000000w
gbobobgobobobdo.bobobobobobobobobobobobobobobbddn=-1,0

gooooo
oooog (m=-1) Qo+ Ge=Qo+Xo, v=r=0

(6.36)
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000000000 (m=0) a = V2Y, (6.37)
Qi+ qe— V2o = Qi+X) (6.38)
r=20

oboocoouoboobobobuo goOO0obOobOOobOOobOO0obooboobo0v0ooboooooooooon
ooooooo

D D D D |:| (m = 1, 2) Qm-‘rl,t —+ qm+l,:b — 1/ 2(m —+ l)Um = Qm—‘,—l —+ Xm+1 (639)
Tm—1,t = Tm—1,2 — V 2mvm = mel - Xerl (640)
gmt+1,V2(m+1) —rp_1V2m = 2Y, (6.41)

gboboobooooobooboooooboooobooooooboooobOooobooboOobooooboon
gboooboboooobdy,0boooon

H(V2mgm+1 + V2(m + 1)rm—1) + 02(V2mgms1 — V2(m + 1)rpm_1)
= \/%(wal + Xm+1) + 2(m + 1)(Qm—1 - Xm—l)a m 2> 1

00000000 (64) 00000000000

(2m + 1)atQm+1 - 695Qm+1 = m(Qerl + Xm+1)
Vmm+ 1) (Qm-1 — Xpm_1) + (0t — 02)\/2(m + 1)Yy, m>1 (6.42)

0O00o0o00o0oo0oU0o0o0ooOo0o00U0 ¢+ 00000D0(641)0000000000O0O0OO (6.27)
O0w,p0000000O00O00OOOOCOOOOOOOOOOOOOO-1/(2m+1)0000000O0O0
goboooooobooboobbobooboooobooobooobooooboooboooboooooonn
oboooboboobooboooonod

0000000000000 ot00000000 0t+e000000000C000O0O0O0O0O0OOOO
oo000Oot0 ot+e0000OOOOOODOOOOOOOOODODOOOOOOOOOOODOOODODOO
gboboooboobooooboooboboooooooobooobooooooOoobooobooooooooon
Oot0000 e0OOOOOOOO

gbooooboobooooobobooobooboon

ft+cf:r:F

goooooOooooooooo fooDoooorOOOOOOO

6.5 MatlabO OO OO
6.5.1 0000000

» 00000000000000000000000 omega™3-(k™2+2n+1) omega - k = 0 (n>=1)
» 00000000000 (=-1)0000000000000 =0)000000000
kmn=-5; kstp=0.1; kmx=5;
k=kmn:kstp:kmx;
o_mx1=(k+sqrt(k."2+4))/2;
% mx2=(k-sqrt(k."2+4))/2; % mx1 00000000COCO0O0OO
o_kelvin=k;
for n=1:2
nk=0
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for kl=kmn:kstp:kmx
nk=nk+1;
c=[1,0,-(k1"2+2*n+1) ,-k1];
r=roots(c);
r=sort(r);
omegal (nk,n)=r(1); %inertial-gravity, negative frequency
omega2(nk,n)=r(2); J%rossby
omega3(nk,n)=r(3); ’%inertial-gravity, positive frequency
end
end
omn=0; omx=3;
% lhandle=plot ([0 0], [omn omx],’k:’,k,o_mxl,’k’,k,o_kelvin,’b’,k,omega2,’r’,k,omega3, ’k’)
0 color
lhandle=plot ([0 0], [omn omx],’k:’,k,o_mx1,’k.’,k,o_kelvin,’k’,k,omega2, 'k’ ,k,omega3, ’k:’,’linewidth’,

axis([-5 5 omn omx])

h=title(’O00OO0OO0O0ODOO?); ; set(h,’FontSize’,14)
h=xlabel(’ O 0O°’); set(h,’FontSize’,12)

h=ylabel(° 0O O0O°); ; set(h,’FontSize’,12)

h=xlabel(’Nondimensional Wave Number’); set(h,’FontSize’,12)

h=ylabel (’Nondimensional Frequency’); ; set(h,’FontSize’,12)

6.5.2 UU000OO0OOOOOOLOODOOOOObOOO

y=(-5:0.1:5)7;
hp(:,1)=ones(size(y)); hpC:,n)->n-10000000000000
hp(:,2)=2.%y;
hp(:,3)=4*y."2-2;
hp(:,4)=8%y. 3-12xy;
hp(:,5)=16%y."4-48%y. 2+12;
expf=exp(-y.~2/2);
factl=1/sqrt(2*sqrt(pi));
for n=1:5
fact=1/sqrt (2" (n-1)*gamma (n) *sqrt (pi))
hf(:,n)=hp(:,n).*expf*fact; %hf(:,n)->n-1 000000000 (ODODOOO)
end
plot(y,hf(:,1),’k’,y,hf(:,2),’g’,y,hf(:,5),’k.’, Linewidth’,2)
legend(’1st mode’,’2nd mode’,’5th mode’)
h=title(’Hermit Functions’); set(h,’Fontsize’,14);
xlabel(’y’);

subplot(2,2,1)

plot(y,hf(:,1),’k’,’LineWidth’,2); axis([-5 5 -1.2 1])
xlabel(’y’); ylabel(’amp.’);

legend(’u & h’);

title(’Kelvin’)
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for n=2:4
mod=n-1;
v(:,n)=hf(:,n);
u(:,n)=1/sqrt(mod+1) *hf (: ,n+1)-1/sqrt (mod) *hf (: ,n-1);
p(:,n)=1/sqrt (mod+1) *hf (: ,n+1)+1/sqrt (mod) *hf (: ,n-1);
subplot(2,2,n)
plot(y,v(:,n),’k’,y,u(:,n),’k.’,y,p(:,n),’g’,’LineWidth’,2); axis([-5 5 -1.2 1])
xlabel(’y’); ylabel(’amp.’);
if (n==2); legend(’v’,’u’,’p’); end
if (n==2); title(’1st Rossby’); end
if (n==3); title(’2nd Rossby’); end
if (n==4); title(’3rd Rossby’); end

end
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70 Oooood

0000000000000 00000000000000000 (wind circulation) 00000
gboobobooobobooboobooboboobobooboboboobobooboboon

7.1 000O0OO0ODOOOOOOODOOx*

ubobobobobobuoobooobobobobobobobooooooobobobobobon
ugbobodabobooboobboobooboboooboooboobbooboobbooboooooda
00000000000000000000000000000000030 (ocean interior) 0000000
gbobgbooobogboboboboboooboobobobobooboboboboboooooo
gbooobooaoboabon

Ut wug +vuy,  —fu=—pg/po+vViu—ru+ 17/ (po H)
U 2

T - QU
000 vViuDDOOOOOrO00000000000000000O00 todo: egnarray 0000000
O textstyle DO O DODOOOODOOO

00000O000000o000o0oOo0ooUoOoUn 1y/r@)ooooooUooooooooooo
00 (00000000)00000 (Ressby number)U/(QL)00000000000000000000
gobooboooooobooooobooooboobooooboOobooooobooonoo

gboooooooooon

Dz T
= T 7.1
fo P0+P0H 1)
goooo
Py 7Y
_ Py P
fu po  poH (7.2)
oooo

gboooboooobooboooooboo

0 0
he = — |7 (H —(H
o= = | g Hu) + 5 ()
00 HOOOOOoOoooooooo
Uy +vy =0 (7.3)

gbooobooooon
(71)(72)00 p000OD000O0OOO0OO00D 20000000 (0, (7.2)-9, (7.1))D00000O0OO

goooo
T4 =71, curl(?)
z Ty
= = 7.4
bv=—"H oo H (7.4)
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0000000 7Y -7/ =cwl(f) 00000000000 V=voHODOOODOOODODOO

BV = curl(7) (7.5)

0000(2?)0000 (7.5 00000000000000 (00 )Sverdrup Balance 000000000
0000000000000000000 Sverdrup Balance 0100000000000000
00000000000000000000000000000000000000000000000
0000000 cwl(f) <000000000000000000000000000000000000
000000000000000000000000000000 (7.1)(7.2)0000000000000
000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000000
00000 (eastern boundary) 0000000 (west coast) 0000 0000000000000000
000000000000000000000000000000

7.2 O00O0OOO%*

7.2.1 0O0OOOOO*

oobooobooooooobboobobooboboobooooooooboooboboooboooooooooonooo
oooobobooooobooooobooooooboboooboOoboooooboboooobooboonog
oobOoobooooboobooooobooooboobooobooobooon

Pz T
—fv = —=4
/ po  poH
Dy TY
fu = = —rv+—
Po poH
gooooboboobooooooon
curl(tau)
_ 7.6
v = —rve + — (7.6)

gooobooooooobbdooobdUdooobUdUUuLOLoLLbLbLbb Lo >
0000000000000 000oo00o0o00oo0o0oo (??7) 0000000000000 00
gooooooooooboboboild z—o00lU vﬁcurl(td‘u)/(poH)DDDDDDDDDDDDDDD
0 (76)000000

v =1+ curl(tau)/(poH) (7.7)

00000000+ 00000000000000000000000000000¢ -0000000
0 (76)0000000

+pv = —r— (7.8)

F ( ﬂ)
v = vy exp f;x

ggboouboobboooboobbooobboboobbobbUooobbobbooboo
00O (western boundary) 0000000000000 O00O0OO (western boundary current) 000000
gogodobobbobodoooooobbbuoo0»bbboooo

oboooooboooooobono

1
v = vgexp </fx> + pO—chrl(F) (7.9)

UgbdbOvoboobobbooboboobobuo0«obobobobobobobobobobobooo
00000000 (Stommel solution) 000 0000000000000 0OO0OO0ODO (Stommel layer)
good
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7.2.2 000O0O%**

obooobooboboooboobobooooooooobbooooooboooboooboooboOoo
oboobobooboooboobooboboooooobooooboobooooooboooboobooooo
gboooboooobooboooboobooooboooobooooboboobooobooooobooog
bobooboooboboboobooboobooboobooooobooboobOoooooboon 19990
ooooooooooooooboooooboooooooooyODOOO00OObOO0OOObOO00OoOOO
gooobooboo

oooooo
Pz T¢
—fv = =
po  poH
/ v e
U = —— +VVUgp + ——
00 T POH

uboaboobogoobgboooboabod

curl(tau)

5” = +VVgqq +
poH

Ofdo0o0oodobooooobooboooooooooobooooooboooooooooobooooooa
0000000000 (77000, 00000000000 lim,_v 0000000000000
O0o0ooooon

pv' =+l .
O00o0boooooo0oooo0ooooooo0oooooooooooooobooooooobooon
v =erp(Ax)00000000O0O0OOOO

N —v/B=0
goooooooobooooooobog

Ly = (B/v)'/? (7.10)
ogoooooao

Iy = (v/B)Y? (7.11)
oo

A= I[N+ IuA+ 13, =0

000000000000 Y ~exp(Lyz) 0000000000000 0O0O0OOO0OOOOOOOOOO
gbobooobooobooboboooboobobooboobbooboboooboobboobooboo
gbogbooboobooboobooobog

o —Iy + /I3, — AL,
B 2

 —Iy +iV3Iy
B 2

obooobooooooooon

v = aexp(—Iyz/2)(cos(InV3x/2) +isin(IyV/3z/2))
= bexp(—Ipx/2)(cos(InV3x/2) — isin(InV3z/2))

000000000000 0000000a=—v)i/2,b=vji/200000

v = voexp(—Iprz/2)(sin(IpV3z/2))



66 o770 0OODOOO0OO

0000000000000 0000000000000 (Munklayer)yOOOOL), 000000000
obooooobooooooo

obooboooocooootoyo0obooboobOobobobooooobooboobooboboobooooon
O000ooO0Ooog (Vallis 2006)0

7.3 Island Rule**

000000000000 0ooooooooooooooO0o0O0O00D Godfrey O Island Rule 00O
198600 00000000DO00O00O00bOO0bOO00obOOo0obOoOobOOoooOOoOooOoOoobOoOoobooOn
gboooobooboooboobooooboboooboobooooboboooobooooboooooboan
0000000000000 0000O00000000D0 (residva) 0000000000 ODOOOOOO
gboboooobooooobooooboobooooboboooobobooooboooboon

—fv = —p,+7°/(poH) + R" (7.12)
+fu = —p,+7Y/(poH)+ RY (7.13)

000000000000 0o0or=7/(ppH)O ppHOODOO ~* 0000000000000
gbobobobobaoooobobobobobooboobobobobuoboooobobobboboan

gbobooooboboboboobbobobobooobobuobooobooboobobobob

buogbgoboobobboobooboobooboobboobooboobobboboboaoboa

0000 ABOO
B B B
—/ fvdx = —/ pzd.%'—l-/ Tdx
A A A

c c c
+/ fudy = f/ pydy+/ TVdx
B B B
D D D
—/ fvdx = —/ mdw—i—/ Tdx
c c c
A A A
+/ fudy = 7/ pyder/ TYdx
D D D

00000 BCDEOOOOOOOOOOOODOOOOOOOD 000000000000 ABCDOOO
00000000000o0o0o0O0 (fsfy000)00000000O00O0O000OOOOOOOODOOO
ABO CDOOO0OOO0OO0OO0OOOOOOOOOOOVOOOOOOOOoOOoOooooo

B B

—fsV = —/ pxdx—k/ T"dx
A A
c c

0 = —/ pydy+/ TVdy
B B
D D

+fNV = f/ pxdz+/ T dx
c c

o
I

A E
- / pydy + / TVdy
D D

ggbgobobbooboobbobouooboobobboboa

B C D A
/ Dodx +/ pydy +/ Pzdx +/ pydy
A B C D

= p(B) = p(A) = p(C) = p(B) = p(D) = p(C) = p(A) = p(D)
= 0
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oboooooboooo

(fn = fs)V = ]{Fdf (7.14)
ooooon .
B f%’dl

V=79 (7.15)

ugboboobobboboboaoboabod
ubodgbugbooboobobobooooboobobobobooboan

—fkxT=-Vp+7+R (7.16)

Oo0oooo0oooOo0oO0ooooOoOoO0oOooOoOoOoO0oOo0Ogro0OoOO0O0ODOOOO0DOOO0 Island
Rule0D0OODO
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U8t tUootbod

JoboobooooooooboooobooobooobbooooobooooboboobbobooooDoooDo
gbobooboboobooboobooboobboboboobooboobooboboobbon
goboooooooooooooobobboobobooboboooboooobo3sooo3boooooooa
oood

ay — fo" = —pn
of + fu" =—py (8.1)
()P} + iy +0y =0

Uobnr000n0000000000DOO0O0O0OCOO0O0DOOOOOOC"OO0O0DOCOOO0OOOO0DOO
ubbobobooboaboobbobbooboobooboobooboobboobooban
000000000000D0D (0000 1/c™00000¢%)00000000000)0000
oooboooobooboooobobooooobooooboOoboooon

oo

(u’ U’p/po)(m7 y7 Z’ t) = Z(ﬂ’7 57ﬁ)(x7 y’ t)F7L<Z) (8'2)

n=0

gboooooooooon

o0

(Uk,vk,pk/po)(l’,y7t):Z(’EL,’D,]})(ZE,’%t)F]? (83)
n=0
dobodoobobooobooooobob oo oo ooooboboooooon
gooooobooooo 3dddooboobooooooobouooooon
dodddddodddddd-.00b0b0b0bdd0000000o0OoOoooOooon
oo (sin,COS)DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
aoo

81 0000DDODODOODOOODODO **

oboobobooboobooobooboobOOooboOoobO. cobobooooooooobooooog
oooobooooo

ur — fu = ~Paz/po (8.4)
ve+ fu = —py/po (8.5)
Uy + Uy + W, =0 (8.6)
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Pt = WPy
P = —pPg
ooboooooooo
Pzt = —ptg = wgp- (8.7)
000 p0000000000000 (8.4)(8.5)(8.6)(8.7)
goooog
w=0 atz=0andz=—-H (8.8)
p=0 atz=0and z=—-H (8.9)

0000000 w(z=0)=000000 (ligid rid approximation) 00 0000000000000
000000000000000000000000000000000000w(2=-H)=00000
000000000000000000000000000000000000000000000000
ooot
0000000000000000000000000000000000000000000O0000
0000000000000 00000000000000000000000000000000O000
0000000000000 00000000000000000000000000000O000O000
00000000000000000000000000000000000000000000000
0oo
000000000000000000000000000000000000w,»,p00000000
00000000000000000000000O0

(u, v, p)(,y, 2, 1) = (@, 0, ppo) (x, y, ) F'(2) (8.10)

U0wdoOoobOoobooboobooobon

w(z,y, 2,t) = w(x,y,t)G(2) (8.11)
0oooo
0OooO00oO0oooo
(il + 7)) F + 0G, =0 (8.12)
00000000 (8.7)000
PipoF. = ©Ggp. (8.13)

00000000 (e12)00ooo0ng (813)00ooooo

~ GzzepO

Uy + Vy) Fy + WG, = (g +0y) F, + D = =0 8.14
( y) ( y) K Gygp. ( )

0000000000 F, 00000000000 N2=—-gp./po000000000O00

L _ G

(ux—l—vy)—ptiG;; =0 (8.15)
gobooooobooobood

Uy +0,  G..
p  GN?2

=\ (8.16)

0000000000000 000000000000000000000000000 00 bottom decoupling 000000
0000000 w.(¢2=—-H)=000000000000000000000000O00O00O0O0OODODOOOOOOOODO
O0w=0000000000000000w, =000000000000000000000O00O00O0O0O0OOODOOODOOOO
goooooo
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p00000000000000000000000
At + (i + ) = 0 (8.17)

00000000000000
G..+AN?G =0 (8.18)

0000000GLOO0U0O00 w0O0O00O0000 (88)00
G=0 at z=0,—H (8.19)

0000000000000 (8.18)00000000000000000000000000000000
00A0000D0DD00000D00000 A, 0000000000000000000000000000
0000000000000000000 A, 000000000000000000000000000
0ON’0GDO00000000 %, N2(2)Gu(2)Gn(z)dz =000 020

0000 FOODOOOOOOODOO0O0 Fx@G,0O0O0O0OO000000000(818)0000000

z
F;+JV2/‘ AFdz =0 (8.20)
—H
oooo
1

ooboooboooboooboobooooobooooboooboooorFOO0OO0OOOO0OO0ODOOODDOOODbDOOn
oooood»mmOO0OO00O0D0OO0 F,0 F, 000000000

0
/ FoFdz =0, forn#m (8.22)
—H

00000 (84)85) 0 44,0 000000000000000
iy — [0 = —Pq (8.23)

B + fO = —p, (8.24)

000000000 (817)00000000000000000000000000000000000
O00000000000000000000000000000000000 A, 0000000000
0000 ¢, 00000

Ay =1/c2 (8.25)

gbobooobooooboobooooboooboooboobobooooooobooooboooooboooooDn
c, 000000000b0ooboobooboooobobommobooon
gboboooboooboooobooobobooooboobooboobooooooobooobooboooo
gboboobooooooboobooooboobooboooobooolsbobobooboobooooboooon
gbooouobdooooooboooooan
gboboboboobooboobboooooobooobooooobooooooobooboobobooooaon
gboboboobooboboooobooobobooobooboobooobooooobooOoooboOoooboobooOooon
gboooboobooobooboboooboboooboobooooboobooooboon

20p0000000000000000 (p(2)us), —q(x) +Ap()u=00000000 p,q,p 0000000000000 p
000000000 (f punumder =0) 000000 (1997) p. 198 000000000000



72 o8l Ooooooo

8.1.1 UUOUUobooo O

0000000000 N=const00O0O0O0O0OOO0OO0DO0OODOOOOOO sin,cos0O0OO00OODO(8.18)
goo
G = sin(VANz)

0000oGEoOoo0oO (819 oooooo

nm
VA= §a
0000000000000 (825000000000
c— L_NH (8.26)
A nmw
00000000000000000000000000
NH
Li="7 (8.27)

gbobobobobooboboboboobooOooboobOobOoOooooooboobooboobOOoboboboon
gboooboooboooooboooon %DDDDDDDDDDDD rO000000000000O000000
goog

8.1.2 J00ODODODDOODOOOO ***

O000o0o0OO0oO0OOOOOOOOOOODOOODOOOODODODODOODODOODODOOOODDOODODOOD (8.4)
goboooboobbooobbooboooboobboobboobbooboobbooboo
H,O0OOOOODOOOOODOOOO0OODO0D00O00000000000000 (body forece)0000000O0

ur — fo+p/po = POTHm’ for —Hpm <z <0
for z < —H,,0

gboboooboobooboobooobooboooboooooooooobooobooooo0oooooon
gboooobooooboboooobooon

o0

(u,v,p/po)(x,y, 2,) = Y _ (i1, 0, 5) (x,y, ) Fu(2)

n=0
gdoobooooooooo
i T for —H,, <z<0
Z(ant - f’Dn +ﬁna:)Fn = poHm "
n=0 0 for z < —H,,0

O00U0O0O0F,00000z20 (-H,0)0000000

0 Taj

dne — o + Pro = 75 = / Fidz

—Hmpon
goooooooon fEHFdez:U:IDDDDDDDDDDDDDDDD—Hm[IDDDDDD[I[I[ID
(-H<z2<-H,) UOOOOOOODODODODODOOOOOOOOODOOODOODODODODOODOOODOOOOO

go

Di . OB
Oon o O,
10, (Ot 0,

gooog
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8.2 000000 U0ODOODODOODOOODOON ***

gobobooboboboobooboobobobobooboboobobooboobobobobobobobobo
gbobooooobboboooobobobooooobobobobooobobobobobobon
gbooobooooon

uy — fo+pa/po = (vuz), (8.31)
oooooooog
vu, =7, vv,=7Y atz=0 (8.32)
vu, =0, vv,=0 atz=-H

gbooooobooboooooboboooboobooon

(u’v,p/pO)(xayazat) = (ﬂ,ﬂ,ﬁ)(l’,y,t)F(Z) (833)

0000vy0000000000
F = viF,,

SN—

(u}—fv—l—p;
000000000000 F=F,,000000000000000000D000O0O0O0OO(®21)000
doodoooooOobOoO0o000o0ooooooobobOoOo0ooNDOOO0OO0OO0OO0DO0oooDooOOoOooooooDoO
gooooooo
0000000000000000000000000000000000000OMcCreary (1982) O
|:||]DDDDDDDDDDDDDDDDDA/NQ(Z)DDDDDDDDDDDDDDDD AODDOOOOOO
0oo0oo@®3n)ooooo

ur — fo+pg/po = (vu), = A (uz/NQ)z (8.34)

000000000000 F,00000000000000O0O0OF, 0000 (-H,0)0000000
gbobooobooboooooboooobooboooobooooonoa

0
oo = / (vu), Fndz

—-H

0
= [(Vu)an](iH —/Hl/uanzdz

. Fus

0000000000000000000 (832)0000vy00000000O00OO0O0O0OOOOOOOO

E,21° 0 F,z
oo = 7%F,(0) — Aun} —|—/ Au (n) dz
( ) |: N2 —H —-H N2 z

0 A
= 1%F,(0) _|_/ —zandZ
—-H ¢,

000000000000oooo (821)0oooo
obooobOoooobooboboooooboooogon

A
ity — [0+ pe = 7°F(0) (8.35)

oood
OO0O00DO0O000DOoO0o0oDooOOo0OoDoboO0oO0O0n McCreary OO

Pt — g_lNQw = A(p/Nz)zz (836)
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0000000000000 0000000000 w0 0000000 GOOO0O0O00O00 p(x,y, z,t) =
pN?G/g 000000000000 000DOOOO0DOOOOO0

(pr —w) g~ 'N? = AgG.. (8.37)

0000000D0000000G,.+AN2G=0000000000000000000000000000
oboobOobooooobobooooobooooobobooooboOobooon
obooobooooboobooooobooooobooboooon

Cina+ﬁt7fﬁ+ﬁx:7ﬁ
A -
o + 0+ fo+Dy =77 (8.38)
A
Ep+pt+ux+vy:0
googoood
1w =1°F(0), 7 = TYF(0), (8.39)

good

gbooobooboobobboobooboobobbobooboobooboboobooboon
gbobooooboboboboboboboboboobobooooobooboboboboboooboo
gobooboobobooboboobooboboooboooboobbooboboooboboobooobobd
OOMcCrearyOOOODOOOO0 19820000000000000000000O0ODO0O00ODDOOO
goooobooood

00000000000 N?0000000000000000000O0000O0O0NODODOOO0O0
gboboobooooboboboboooboobobobooboboobobobobobooooobo
gbobobbobobobobobobooboboboboooobooboboboooooboobogn
goboobobooboobobooboooboobboobooobooboboboboobobooooba
goooon

8.3 000D DODODOOD**

gbooobOobooooobooooooboooooonoo

G.. = —A\GN? (8.40)

G=0 at 2z=0 and z=-H (8.41)
000000000000 Gooo0ooooo00o0 FO

“AF =G, (8.42)
oooo

F,=GN? (8.43)

oooooooooboobobobooboboboooboooobobOorobooooboDobDOobobooon
goooooobobobooooboooobobobOoobobDobooboooooDoD FOODOD
gbogboobooooboobooboo
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"1 Gl
2 W 52
53
T3 W G3
v
4 o3

0sl:000000O0o0oobooooooboobn

u, = fu=—p Im
votfu=-p,
u, +v, +w, =10
.ll:}l' =_HI.E:

P T

0 8.2: vertical model

0
/Fdz
“H

I
o

oooobooogao

84 000O0ODOODODOODOOOX

oooobooooooboooooboooobooboooboobooboooobooogn

Unt — fvn +pn7/p0 =0
Unt = fun + pny/po =0
hnt + Hn(unx + Uny) =0

Fl

75

(8.44)

(8.45)
(8.46)
(8.47)

oboooooobnbOO0OO0OnO000000O000Or,=1,20000000000000000000

ooooooboooooOnbOOooboobO 000000

m = hy — Ho
Mo =hi1 +hy — Hy — Hy

&, G5 = —wGp,

0 8.3: vertical mode2
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(8.47) 0 (8.48)(8.49) 00000

Mt = —(Uag + voy)Ho (8.50)
Not = —(U1z + v1y)H1 — (U2z + vay ) Ho (8.51)

0000n00O0000000C000000000C0O00000000
P =Pn-1+ 9Mm-180n_1, Dpp_1 = pn — Pn-1 (8.52)

00000000000000000000000000000 p,000 p, 000000000
Ap=p1—pa=p1~po (8.53)

gboobouobdpob00b0obOoboooboobobooob 100b00bo0ooobooboooobon
gboooooao

P1 = gnopo (8.54)
Pn = gnopo + gmAp: (8.55)
(8.50)(8.51) O (8.54)(8.55) 0 O
pit = gnotpo = —gpo {(u1z + viy) Hi + (uaz + vay) Ha} (8.56)
Pt = P+ gnAp
= —gpo{(uiz + viy)Hi + (u2g + vay)Ha} — gApi (U2 + vy ) Ho (8.57)

0000000 (8.45)(8.46)(8.56)(8.57) 000w, v, p0 000000 (3x00)000000
00000000.-000000000000F,000000000000000000000000

(una Un, pn/po)(x,y,t) = Fn(’aa v, ﬁ)(xv y7t)(n =1, 2) (858)

0000000000000 0000O00O0000UD (845)(846)000000LODOOOOUDOOODO
O0000000O0(856)(857) 000000000 0UDODOOOO

ﬁtpOFl = —4gpo {FlHl + FQHQ} (’LNLI + 63/) (859)
Pepoly = [—gpo {F1H1 + FoHy} — gAp1 FoH| (g + ¥y) (8.60)
dogoooobooooooooooo

Dt 9 (F1Hy + FyH>) _9 (FAHy + FyHs) + g'FoHo (8.61)
— (g + vy) Fy Iy ’

O0000000000H =H1+Hs, g =gAp/pp0000000000O0O0ODO 4,9, p00000000
gboooboobooboobobbooboobooboobooobo

g(FlHl +F2H2) :)\Fl (862)
g (F1H1 + FQHQ) + g/FQHQ = )\FQ (863)

gobobooboobooboobooboobobobooboobooboo

H H. F; F;
gy glia / 1 -\ 1 (8.64)
gHy gH>y+ g'Ho e e

obooooOobooooobobooobooboooooboboooboobooooboboobooonoo

—A+gH1 gH> B _ (0 (5.65)
gH; —\+gHy + ¢'Ho Fy 0
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0000000000000000000000000000000000000
N — N{gH +¢g'Hy} + gg’ HiHy = 0 (8.66)

oooooobooog

\ 9H+¢Hrt¢@H+¢Hﬁl_@yHﬁb

8.67
0 (8.67)
0000000000 VA+a=VvVA+a/(2VA), A>>e00000000000000
99'H1H,
AN~ gH + g'Hy, 22—"2 8.68
g g 12 9H + g'H, ( )
000000 000 ¢g>>¢ 000000
g'HiHy
A= gH, 72 .
9H, — (8.69)
oooo
OooooDOoooooono
at_ff):_ﬁm
O+ fu=—p, (8.70)

Pt + Ay + 0y) =0
gdooooooooooooooobooobooooooooooooooooobooooooobooao
0000000000000 ANOOOOODOOOOOOO0OO0OO0OOOO0O A= 0000000000
ooooao

000000000000 0000 FOOOOOOOO@®65) 00 (—A+gHy)Fi+gHF,=00000
A=¢gHOOOOOOODO FR=KRO0D0D000000OAN=¢H,H,/HOOOUOOOOODOO gH, 0000
0000000000000 H,Fi+HF,=0000000000000000000O0O0O0O00000OO
O00uHy,uH,OODODODODODODOOOOOODODOODODOOoDOOooo

oooo c2ngEIDIZIEIDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
g0o0oo0oo0oooo0oooooooooooooboooooooooooooooooooooon
00000000000000 v¢HOOOOOOOOOOOOOooooo gHH,/HOOOOOOO
O0do0ooooboooooboooooooooooobooooooa

0001500000006 000000H, << H, 0000000000 Ho,~xHOOOODOOOO
goobo0ooooooooolsboooooboooboboobooobooooobooooboOooon 1500
goobo0oooooooooooooooob0oooooooooooooooobooooooa

8.5 0O00O0O0OOODOODODOO **

gbobobobobobooboobooooooOooOooooooboooobooOoobOOooboobOOobOonag
goo

Unt — fvn = _pnw/pO (871)
Unt — fun = _pny/pO (872)

oo0pOO00o00O0 nre=2,..,N)0JOODODODODOUODODOODODODODO 000000 pp(n=2,..,N)O
goooo

N N
M= hi— Y Hi (8.74)
k=n k=n
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(8.73)00 O
N

k=n

goboOnbO00D0O00DOO0DODODODOODOOODLOODOO0ODn

Uboo0obobooobdpyo=0,pp=0000000000000

Pn=9Y  mlpx (8.77)
k=1

000000 (8.75)(8.77) 00

n n N
Pnt =9 Z Nkt Apk =g Z Apy, (Z (w1 + ’Uzy)Hz> (8.78)

k=1 k=1 =k
0000(8.71)(8.72)(8.78) 000w, v, p 0000000 (3x000)000000
00000000.,000000000000F,0000000000000000(u,, Un, Pr/po)(,y,t) =

F,(u, 9, p)(x,y,t) 000000000 (8.71)(8.72) 0000000000000 0000000000
00(878) 000000000000000

n N
B = (@ +3,)9 Y Ap (Z FZHZ> (8.79)

k=1 =k
ooooooboooooobooooon

F, _ (az j‘ﬁy) - _\ (8.80)

n N pt
g > Ape | X FH,
— =k

k=1

gboooooobobooobooboobobobae,v,pdbO0O0OO0O0OO0ODOODOOOOOOOOODOO
gboooobooooboboooogan

n N
Fo+ g Apk (Z FlHl> =0 (8.81)

k=1 =k

ooooooooaobobooooboboooooo

n N
1
E A g FH | =—<F, .82
gk:l o (l—k l l> A (88)

0000000000000 000O0O000000D0000DDOOOODODODOO0O0O0000 AZ=A20
gboodaod AEJDDD[IBDEI[I[II:II:ID[II:II:JI:JDEIDDDDD(8.82)DDDDDDDDDDAﬁDD
o000 A0O0O0ODOOOODOOOODOOOOO0ODOOOO0ODOOOODOOOODOOOODO

N
> WEFME" (n#m) (8.83)
n=1
00000000000000000000000000000000000000000000000
00000000000000000(8.82)000000 A, 0O0ODODOO0O000 ROODOOO0OOO
0000 BOOOOO
BRF = A\RF (8.84)

SA*A=AA*000000000000000 (ATA=E)00O000 (fA=A)00000 (fA=-A)000000000
000000000 (UU=E) 00000000 (H*=H) 0000000000 (H*=-H)000000000
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obooooooboobooobooboooooooo RﬁDDDDDDDD(S.S?;)DDDDDDDDDD
000000000000000000 R™'000000000

R 'BRF = \F (8.85)

0 (8.82) 0000000000000 0O(8.82)000000000AFOIDNODOO
B=RR 'BR'R=RAR! (8.86)
0000000000000000 (886)00000000000000000000000000000

000000O0O00oOoO0O00ooOo0oooo0o0OoD 882)00000R=1,2,3000000000

N
9Ap1 Y FyH; = Apy (FyHy + FyHy + F3Hs) (8.87)
=1

N N
g (Am YoFH +Aps Y FlHl)

=1 =2 (8.88)
= gApy (F1Hy + FoHo + F5Hs) + gAps (FoHo + F5Hs)
N N
g (Apl S FH +Ape Y FH + AP3F3H3)
=1 =2 (8.89)
= gApy (F1Hy + FoHy + F3H3) + gAps (FoHo + F3H3) + gAps F3Hs
gooooooooooooo
HiApy HyAp, H3Ap:
A=g| HiAp1 Hz(Api+Apz) Hz(Apr+ Apz) (8.90)
HiApr  Hy(Ap1+Apa)  Hz(Apr+ Apz + Aps)
goooooooooooo (8.86)[|[|[||:||:||:J|:J|:J
VHy 0 0
B=RAR '=g4| 0 VH; 0
o 0 JH
HiApy  HzApy H3Ap;
X | HiApy Hz(Apy+ Aps) Hsz(Apr + Apa)
HiApr  Hy(Ap1+ Ape) Hs (Api + Apa + Aps) (8.91)
1/VH, 0 0
x| 0 1/vHy 0
0 0 i
HiAp VHHyApy VHH3Ap
=g | VHIHApy Hy(Apy+ Apo) VHyHz (Apy 4 Aps)

VH{H3Ap1 HyHs (Ap1 + Apa) Hsz (Ap1 + Apa + Aps)

000000000 BOOOODODOOO0000000O0D0000000000000000000 (8.83)
00000000000000000000000000000000000000000000000
ooooooooo

0000000000000 (8.71)(8.72)(8.80) 000

Ug — fﬁ = —Dq
U + fu= —Dy (8.92)
Apt + iy + By = 0

gboooboobooboobobbooboobooboobon



80 o8l Ooooooo

8.6 U0I0DDOODDOODODOD (N.5OODODO)***

0000000000000 000000000000000000NS0000000000000
0000000000000 00000000000O0NS000000000000000000000
000000000000 00000000000000000

Pr—1=DPn — 9MnDpn, App = pp — pn_1 (8.93)

obooO0py+1=0000000000000

N+1
Pn=—9 Y mApk (8.94)

00000400000 (8.75)(8.77) 00

N N N
Pi=—9 Y, mdpr=-g »_ Apk<§: U + Vty) ) (8.95)
=k

k=n-+1 k=n-+1

ooog

gbooboobooooboobooboobOooboooooonbOO0OO0obOOO0OOOobOO0O0DbOR, 0000
obooooood

N+1
P, = — Uz —|—vy Z Apk (Z FlHl> (896)

00000000000000000
F, (g + Dy)
n N Dt
gZAm(ZEHO
l

k=1 =k

— A (8.97)

gbooboooobobobobobobooboobobobooooooobobobobooobooobo
goboboobooboobooobon

N+1

Y Z Api (Z FlHl> =0 (8.98)

oOoooooOd0oaOOoOOoooOooooboooodg

N+1
03 A (Z FlHl> = F, (8.99)

goooog
OONsOODOOOODODOOO0ODOOOONOODODOOODOOOOODOOOOOODOOO0ODOD
O0000oooo0o0ooooooooooooo NOoOoOooooooobooDbO0ObObO0o0OONSsOOOO
O000ooooDOOo0o000oooooooooooobo0o0ooooDoooODbDO0O000000a0 rigid-lid
gboboobOobooooboboooobobooooobobooooboOoboon

8.7 UUUOLOUUOOOU

goboobobooboobobooboooboobobooboobbooboobbooboboobo
goooboobooboobgooooboboobooboobooboboboobobobobbobooo
i, 0 kOO0 k4+100000000000000
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obobooooooobooooooooooooooooooooooOoobOobobOoboobobooboon
obobooboobooooboooboooooooboooooooooooOoobOobobobooboobooboon
000000000 (Fig. 84) 000000000000 OO0O0OOOUOO0UODOOUOOOOOOOO
obobooboobobobobobobobobobOobobOobOobObobooboboobobobon
obooooOoboooboobooooobooooboooooboobooooboooobooooboooo
obooooOobooooboobobooobooboooooono

0000000000000 0000000000000000000O0U00On Gill(1982)00000
ooboooobooooobooobbooobooooooooobooooooooobooooooboooon
oboocobOoboooobooboooooboooooobonno

oboooboooooboobooooooon

ur — fv = —p,/po
v+ fu=—p,/po
00000000000000+000000000000000000000000O00y 000000
0000000000000 dow,v0000000000ODO000OO00ODOOfOOO0OOOO0OOOO
UdpoU0bO00bOO0oobObOOoObOo0ObOo0obO0o0obDOo0obObOobObOoO0ObOoobo0obDOoOoDbOon
doob0ododoooboooooobooooobOooooooboooooo
p' = —Hopogt' /0o (8.100)

000 ¢y0000000H, 0000000000 (B00hPa00000000000O~6kmOO00)00O
od¢U0D00OO000DOOO0O0DOOOOODODODOOOODOOOODO

u — fv=gHy/0y — 0., (8.101)
vt+fu:gH0/9079; (8102)
goodaod
coooooooooboooobboodbow,v0o0obOOoO0OoO0oooboOoooobcooo
do
0/ - — /
t+dzw Q

0000000 ¢000000000000w0000000000000000000000 N2?2=
(g/6)df/d-0000000000000

O N?

0, + w=Q (8.103)

gboogboooboobobooboobooobda
Ho(ug +vy) +w=0

ooooooo

0o N2H
0+ 2wy +vy) = Q' (8.104)

O00000O00ooOoO(g.101)(8.104) 000000000 DOOOOODO

00000 QUOO0O00D0O0O000O0O00OOoOOooGil(1982)0 0000000000 oooOo
booobooooboobooobooobooboooobooboooobooboboooooboooooboaon

Q/ = prvP//POchp (8105)

0000000000000 00P 0000000000000 O0O0, precipitation rate 10 0 00 L,

ooo0oooooooodp, 000000e, 000000000, 00000000000 HyOooOOo

obooooobooooooboooobobooooobobooooD fh=Hy=HOOOOOOOOOO
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45, 549-566. Suarez, M. J. Zebiak, S. E., and M. A. Cane, 1987: A model El Nifio/Southern Oscillation.
Mon. Wea. Rev., 115, 2262-2278.
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S5T anomaly
Reference (location and size) Model resolution Expenimental design Response pattern
Palmer and Sun Western North Atlantic;  Grid point ~ 330 km with 5 levels 5 sets of 50-day runs with positive and negative  EqBt high downstream of positive S5TA; 20 m
(1985) 3K SSTA, each starting with different November K- at 500 hPa; 1.5 hPa K~' at SLP
initial conditions
Pitcher et al. North Pacific; 2 and 4 K Spectral R15 with 9 levels Perpetual Jan; 1200-day runs with positive and EqBt low downstream of both positive and nega-
(1988) negative SSTA, compared to similar control tive SSTA; 25 m K1 at 500 hPa; 1.2 hPa K- at
un SLP
Kushnir and Lan ~ North Pacific; 2 K (simi- Spectral R15 with 9 levels Perpetual Jan: positive and negative SSTA and EqBt low downstream of both positive and nega-
(1992) lar to Pitcher et al) control each for 1350-days and 9 sets of 180- tive S5TA; slow transient adjustment; 20 m K
day transient runs or 2 hPa K-
Ferranti et al. Western North Pacific Spectral T63 with 19 levels 5 pairs (positive and negative SSTA) of 120-day  Only 500 hPa shown: high (low) downstream of
(1994) and North Atlantic; Tuns starting with Nov initial conditions and positive (negative) SSTA; 20 m K
2K continuing to Feb
Peng et al. (1995) Western North Atlantic;  Spectral T42 with 21 levels 50-day positive and negative SSTA and control ~ Downstream of positive SSTA EqBt high in Nov,
3K muns for 6 perpetual Nov and 4 perpetual Jan but EqBt low in Jan; 30—40m K 'or 3hPa K’
cases
Kushnir and Held Central North Atlantic; ~ Spectral R15 with 9 levels 6000-day perpetual Jan and Oct runs with posi-  All runs show weak baroclinic response with sur-
(1996) 4K tive and negative S5TA; parallel muns with ide-  face low and upper level high downstream of
alized GCM positive SSTA
Latif and Bamett North Pacific basin; 1 K Spectral T42 with 19 levels 18-month mns with perpetual Jan conditions, Positive-negative composite has strong EqBt high
(1995, 1996) positive and negative SSTA downstream of positive SSTA; 5 hPa K ' at SLP
Peng et al. (1997) Central North Pacific: Spectral T40 with 18 levels Two cases (perpetual Jan and Feb) each has 4 Downstream of positive SSTA EqBt high (10 m
25K pairs (positive S5TA and control) of 96-month K"} in Feb but baroclinic low (1 hPa K—") in
n Jan
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Ciasto, L. M., and D. W. J. Thompson, 2004: North Atlantic atmosphere-ocean interaction on in-
traseasonal time scales. J. Climate, 17 (8), 1617-1621.

Czaja A. and C. Frankignoul, 2002: Observed impact of Atlantic SST anomalies on the North Atlantic
Oscillation. J. Climate, 15, 606-623.
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Frankignoul, C., and N. Senne(’)chael, 2007: Observed Influence of North Pacific SST Anomalies on
the Atmospheric Circulation. J. Climate, 20, 592-606.

Held I. M., M. Ting, and H. Wang (2002) Northern Winter Stationary Waves: Theory and Modeling.
Journal of Climate, 15, 2125-2144.

Hoskins B. J., and P. J. Valdes, 1990: On the existence of storm-tracks. J. Atmos. Sci., 47, 1854-1864.

Kushnir, Y., Robinson, W. A., Blade(’), I, Hall. N. M. J., Peng, S., and R. Sutton, 2002: Atmospheric
GCM response to extratropical SST anomalies: Synthesis and evaluation. J. Climate, 15, 2233-2256.
Peng, S., and J. S. Whitaker, 1999: Mechanisms determining the atmospheric response to midlatitude
SST anomalies. J. Climate, 12, 1393-1408.
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%—1; +rT=¢ (12.1)

0000000000000 (First Order Auto-regressive process, AR-1) 0 0000000000000
O0000000000000000000000000000000000007T(t) = Texp(—iwt)00
oooooooooOOooOOoooo

—iwT +7rT =¢
ooooOOooOOOOOOOOOOO0OO0O0O0

00 = (—iwT +7rT)(—iwT +71)* = (—iwT + rT)(+iwT* + rT*) = (w? + 72)|T|?
oo = |82
gboooboobooboboon
=2
|T|2_ |E|
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0000000000000 0 (quasi-geostrphic equation)

d B L0 1 1 7
o (AY — R5*Y) + 6% + J(, AY) + ﬁj(¢, H) = %curlﬁ (13.1)
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0000000000000 0000000000 Successive over relaxation 00000000000
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13.2 15 0000000000000000

0000000 (5390000000

5 (ARY = Ro™2W) + J(U, ApW) + BT, = —rAp ¥ + 0, A7 4 20D (6.1)
000Ro00o

2At [(Al/}m—H 0—2770/2;-1) _ (A%fj_l R0_21/)n_1)} +Jn (w Ahw)‘Fﬂ »if, ész 1,5

y,n y,n xz,m xT,n

:—w(A”‘¢)+zmA”’WA”&w)+p$y(ZJ%A;’1-—’*3AZIJ>
00000000000y /' 0000000000000000000 n+100000000000
0000D000000000000000000 Boundary forcing 000000000000000000
00O

(6.2)
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o Az? Ay?

n—1
APty

ATSHATT ) = AL =280 9+ ALY ALY 2805 + Al LY
; A2 Ay?
DDDDDDDJ&(#},AMZJ)D Jacobian 000 0ODOOO0OO0O0O0O0OODODOOOOO
(6.2)000000
QZjl A,lpn—l RO—2¢73]—1
BN {J;} (), App) + BLien - Pins (6.3a)

Ty T
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0000000000000 00000000000000U000D00UOOuw=costkkx)yD000OOOOO
00000000 w0 u? =cos?kz = (1 +cos2kz) /2000000000000000000000C
00000000000 00000000000000000000000000 GridsizeOOOOOO
O0o00oooobooooooooooooooooooooooooooooobooboooooooon
O0000o0o0o0ooboooooooobooooooooooooooooooooboooooooooo
Ofdo00oo0doooooobooboobooboooboooooooobooooooooooooooooono
O000000O00O0OO0Arakawa 000000000020 00000000000000000000O0O
000000 Arakawa Jacobian 0000000000
J1 (W, Aptp) = Ji 4 Jo + J3(6.4a)
Ji = {(Yix1,j — Yi—1,5) (Dijr1r — Ay 1))
= (Wijr1 — Yij-1) (Dig1¥ — Ai1 j20)} /4
Jo = {Ai 1% (Yit141 — Yi-1,5+1)
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oo0oooooo
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At 2 curl(T) (132)
= —J<\I/, Ah‘l’) — B'UQ — TAh\I/ + ’UhAh\I/ + poiH
gooooooooon
AU — Ro™20" =0 (13.3)
V" = latboundary (13.4)
Oooooooovy"g0oooao
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0000000000O0000O0 (13.2)00oooooo
// U drdy = // Ut ()9 dady = 0
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» 10000000
* Quasi-Geostrophic Model for 1.5 layer.
*  Rectangle Ocean, Using SOR for solving Poisson-Eq.
*
parameter (im=62, jm=42)
dimension stlapnow(im,jm) !laplacian of stream function
dimension stlapprv(im, jm)
dimension pois (im,jm)
dimension stbnd(im, jm)
dimension sttmp(im,jm)
dimension stnow(im,jm)
dimension stprv(im,jm)
dimension hO(im, jm)
dimension taux(im, jm),tauy(im,jm)
common /params/ vish,beta,hs,cl,ramda2,r?2

integer day,daymx
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(e} constant number set
r1=1.0252e+3
r2=1.0268e+3

c dx=100.%*1000.

c dt=43200.
dx=100.%*1000./2
dt=86400./4

daymx=365%20
noutm=365x%4
hs=500.
c Reduced Gravity
g=(r2-r1)*9.8/r1
c vish=5.55e+4
vish=5.e+2 ! if vish=5.55e, numerical instability occurs
tau0=0.1
do 10 j=1,jm
do 10 i=1,im
c taux (i, j)=-tauO*cos(3.1416*(float(j)-2.)/float (jm-2))
taux (i, j)=-tauO*cos(3.1416*(float(j)-2.)/float(40))
if (j.gt.20) then
taux (i, j)=-0.5*taul*cos(3.1416*(float(j)-2.)/float(40))
endif
tauy(i,j)=0.0
10 continue
flat=30.0
fcoli0=2.%(2.%3.1416)/(24.%3600.)*sin(flat*3.1416/180.)
print *,’fcolilO=’,fcolil
beta=2.*(2.%3.1416)/(24.%3600.) *cos (flat*3.1416/180.)/6.4e+6
ross=sqrt(g*hs) /fcolil
ramda2=ross**(-2)
cl=fcolil/g
c Boundary Force
call filldm(pois,0.,im*jm)
bndval=1.
call sor(stbnd,pois,im, jm,dx,ramda2,bndval,k,eps)
stbndsm=0
do 20 j=3,jm-2
do 20 i=3,im-2
stbndsm=stbndsm+stbnd (i, j)
20 continue
stbndsm=stbndsm+ (2% (im-1 -1)*(1/2.)) +(2*(jm-1 -1)*(1/2.))
iwrt=21
open(iwrt,file=’sensui3.dat’,form=’unformatted’,access=’direct’,
& status=’unknown’,recl=im*jm*4)
do 100 ntime=1,daymx*4
if (ntime .eq. 1) then

nout=nout+1
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call onestp(stnow,stprv,pois,stlapnow,stlllapnow,
& im, jm,dx,dt,taux,tauy)
else
if (mod(ntime,16).eq.1) then
call sbst12(stnow,stprv,im*jm)
call sbst12(stlapnow,stlapprv,im*jm)
call onestp(stnow,stprv,pois,stlapnow,stlapprv,
& im, jm,dx,dt,taux,tauy)
else
call onestp(stnow,stprv,pois,stlapnow,stlapprv,
& im, jm,dx,2*dt,taux,tauy)
endif
endif
bndval=0.
call sor(sttmp,pois,im,jm,dx,ramda2,bndval,k,eps)
C print *,’k=’,k
tmpsum=0
do 110 j=2,jm-1
do 110 i=2,im-1
tmpsum=tmpsum+sttmp (i, j)
110 continue
c=-tmpsum/stbndsm
call sbstl12(stnow,stprv,im*jm)
do 120 j=1,jm
do 120 i=1,im
stnow (i, j)=sttmp(i,j)+c*stbnd(i,j)
h0(i,j)=cl*stnow(i,j)+hs
if (h0(i,j).1t.0.) then
write(6,*) ’ntime=’,ntime, ’h0=’,h0(i,j),’ <0’
stop
endif
120 continue
call sbstl2(stlapnow,stlapprv,im*jm)
call gtstlap(stlapnow,stnow,im, jm,dx,dy)
if (mod(ntime-1,noutm) .eq. 0) then
nout=nout+1
write(iwrt,rec=nout) hO
write(6,*) day,h0(4,10),k,eps
end if
day=anint (float (ntime)*dt/86400.)
if (day .gt. daymx) then
write(6,*) ’end of day at =’,day
go to 101
endif
100 continue
101 continue

stop
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end

subroutine onestp(stnow,stprv,pois,stlapnow,stlapprv,
im, jm,dx,dt,taux,tauy)

dimension stnow (im,jm)

dimension stprv (im,jm)

dimension pois (im,jm)

dimension stlapnow(im, jm)

dimension stlapprv(im,jm)

dimension taux(im, jm),tauy(im,jm)

common /params/ vish,beta,hs,cl,ramda2,r2

real jacobi

dx2=dx*2

dxp2=dx**2

dx2iv=1/dx2

dxp2iv=1/dxp2

print *,’dx=’,dx,’ r2=’,r2,’ hs=’,hs

rhsiv=1/(r2*hs)

print *,’rhsiv=’,rhsiv

do 100 j=3,jm-2
do 100 i=3,im-2
Arakawa jakobian
tnl=( (stnow(i+1l,j)-stnow(i-1,3j))

continue

oooobooooooano

*(stlapnow(i, j+1)-stlapnow(i,j-1))
-(stnow(i,j+1)-stnow(i,j-1))
& *(stlapnow(i+1,j)-stlapnow(i-1,3j)))*0.25
tn2=(stlapnow(i, j+1)*(stnow(i+1, j+1)-stnow(i-1,j+1))
& -stlapnow (i, j-1)*(stnow(i+1, j-1)-stnow(i-1,j-1))
& -stlapnow(i+1,j)*(stnow(i+1, j+1)-stnow(i+1,j-1))
+stlapnow(i-1,j)*(stnow(i-1,j+1)-stnow(i-1,j-1)))*0.25
tn3=(stnow(i+1, j)*(stlapnow(i+1, j+1)-stlapnow(i+1,j-1))
& - stnow(i-1,j)*(stlapnow(i-1,j+1)-stlapnow(i-1,j-1))
& - stnow(i,j+1)*(stlapnow(i+1,j+1)-stlapnow(i-1,j+1))
+ stnow(i,j-1)*(stlapnow(i+1l,j-1)-stlapnow(i-1,j-1)))
jacobi=(tnl+tn2+tn3)/3.
pois(i, j)=stlapprv(i,j)-ramda2*stprv(i,j)+dt* (
-jacobixdxp2iv
-beta*(stnow(i+l,j)-stnow(i-1,j))*dx2iv
+vish*(stlapprv(i+l,j)-2.*stlapprv(i,j)+stlapprv(i-1,j))
*dxp2iv
+vish*(stlapprv(i,j+1)-2.*stlapprv(i,j)+stlapprv(i,j-1))
*dxp2iv
+rhsiv* (tauy(i+1,j)-tauy(i-1,j))*dx2iv
-rhsiv*(taux (i, j+1)-taux(i,j-1))*dx2iv
)



13.3. ODOOO0OO0OO0O0O0 123

do 200 i=2,jm-1
pois(i,2) =0.0
pois(i,jm-1)=0.0
200 continue
do 210 j=2,jm-1
pois(2,j) =0.0
pois(im-1,3j)=0.0
210 continue
return

end

subroutine sor(stnow,pois,im,jm,dx,ramda2,bndval,k,eps)
dimension stnow(im,jm)

dimension pois(im, jm)

real norm, rmag

w=1.0

do 10 i=2,im-1
stnow(i,2)=bndval
stnow (i, jm-1)=bndval
10 continue
do 20 j=2,jm-1
stnow(2, j)=bndval
stnow(im-1, j)=bndval

20 continue

k=0
5 norm=0.0
rmag=0.0
do 100 j=3,jm-2
do 100 i=3,im-2
e=w* ((stnow(i-1,j)+stnow(i+1l,j)+stnow(i, j-1)+stnow(i, j+1)
& —-dx*dx*pois(i,j))/(4.0+ramda2+*dx*dx)-stnow(i,j))
stnow (i, j)=stnow(i,j)+e
norm=norm+abs (e)
rmag=rmag+abs (stnow(i,j))
100  continue
do 200 i=1,im
stnow(i,1) = stnow(3,j)
stnow (i, jm)= stnow(i,jm-2)
200  continue
do 210 j=1,jm
stnow(1l,j) = stnow(3,j)
stnow(im, j)= stnow(im-2,j)
210  continue
k=k+1
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if (k .gt. 2000) then
write(6,*) ’iteration with 2000 times failed (not congerged)’
write(6,*) ’norm=’,norm, ’ rmag=’,rmag
stop

end if

eps=norm/rmag

if (eps .gt. 1.e-4) go to 5

return

end

subroutine gtstlap(stlap,st,im,jm,dx,dy)
dimension stlap(im,jm),st(im,jm)
dxp2iv=1/(dx*dx)
dy=dx
dyp2iv=1/(dy*dy)
do 100 j=2,jm-1
do 110 i=2,im-1
stlap(i,j)=(st(i+1,j)-2*st(i,j)+st(i-1,j))*dxp2iv
& +(st(i,j+1)-2*st(i,j)+st(d,j-1))*dyp2iv
110 continue
100 continue
do 200 i=1,im
stlap(i,1) =stlap(i,3)
stlap(i, jm)=stlap(i,jm-2)
200 continue
do 210 j=1,jm
stlap(1,j) =stlap(3,j)
stlap(im, j)=stlap(im-2,j)
210 continue
return
end
KKKk o ok koK ok ok ok Kok ok ok sk ok ok o koK ok ok ok ok sk ok ok ok sk ok ok ok sk ok ok o sk ok ok ok ok sk ok ok ok sk ok ok o ok sk ok ok ok sk ok ok o ok sk ok ok ok K ok ok
subroutine sbst12(diml,dim2,nsiz)
dimension diml(nsiz),dim2(nsiz)
do 100 n=1,nsiz
dim2(n)=dimil (n)
100 continue
return
end
sk ok ok o ok koK ok ok ok sk ok ok ok sk ok ok o ok sk ok ok o sk ok ok ok ok sk ok ok ok sk ok ok o ok sk ok ok ok ok sk ok ok ok sk ok ok o ok sk ok ok o sk sk ok ok ok sk ok ok ok K ok ok
subroutine filldm(dim,val,nsiz)
dimension dim(nsiz)
do 100 n=1,nsiz
dim(n)=val
100 continue
return

end
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141 0000

14.1.1 0000

exp(iz) = cos(z) +isin(zx) 0ODOOOODO

cos(z) = (et e ") /2,
sin(z) = (et™ —e™) /(20),
tan(z) = sin(z)/cos(x),
cot(z) = 1/tan(x)
cosh(z) = (e +e™)/2,
sinh(z) = (e —e™) /2,
tanh(z) = sinh(z)/cosh(z),
coth(z) = 1/tanh(x)

O 14.1: cosh O sinh. — 400 00 cosh(x), sinh(x) 00 exp(x)/200 — —oco O 0O cosh(x) O exp(-x)/2
0 O sinh(x) D-exp(x)/2000000
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gbooboobooboobooboobooboooooboobooboobooboobooobo
000000000000 00000000000000D0000000000000000O (characteristics)
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00000000000
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St tega) =F (14.1)
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arf+bidf/de =0 x=ux
asf +bodf /dr =0 x =219
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0000000000 p(y)=000000
gobOobooooboboooooboooobobooooobooobooono

e JO00DOO0OOOODODOOOODOODOOLOOODODOOODOODOO

AM< <A< <\, <... =00

e JOODOOD N, OODODOOD f,OOODODO

e 0000D00000D000000 fu(a), fm(z),(n#m, Ay # Ap) 000000 #(z) 0000000
0Ooooooo
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0000000000000 00exp000000DO0OODODOO sin,cosO000O00OO00O0O0OOOOOOO
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e /dr=ne™ D0nU0 expOOOO0O0OOnO0 exp 000000000 0OOOOOOOOOOODOO
00000000000000000000000000000000000000 (recurrence equation)
gooo

oooobooooboooon

= b V0 Db =0 (14.2)
o~ VI = 0 (14.3)

obooobOoboobod»»n=0000000

do _
oy +yo =0 (14.4)

0000000(14.2)(143) 0000000000

ywn = z _2|_ 1wn+1 + \/g'(/)n—l (145)

d 1
= i+ \/fwnl (14.6)
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