dcpamb
OJoo00oooogoodgao

Jooooogon

o230 20 220



ii depam5 000000000000

010 oogooboo

I I 1

20 0Ooogooboo

21 0000 .00 0 oo
22 000 .00 o000
23 00000 ..o oo
24 00000 .00 oo
25 O0OO0ODOOOO .o oo
25.1 0Ob0OOOOoOoOooboooag oL
252 0O000O ..o oo oo
253 0ObOOOOoOoOoobobooooooobo ...

254 0O0OODOOOOODLDODOOOOODLODO

255 0OO0O0OO ..o 0000000
256 OO0OODOOOO ...
26 0000 ..o 00000 oo

30 ooggn

3.1 0000 .00 o
3.2 0000 .00 oo

327 0O0OODOOOODOO ... ... ...

328 UO0OOOOOO0OOLOOOOOOODDOOOO

33 000000000 ... ...
3.3.1 0O0OO0O0O,0000 ... ... ... ..
332 00000 ... o0 0.
333 O0OO0OOO ..o oo

2011/02/22(000000000)

basic’equations.tex



depamb 000000000000 iii
334 00000 ..o o 18

335 UO0OO0OO .o oo 19

34 0D000:00000 ... o o o . 19
341 O0O00 ..o oo 19

3.4.2 00000 .. 20

343 0O0O000O 0000 o 21

344 00000 ..o 21

3.5 UO0O00:00000 @000 o oo 22
S 705 0 S I I I I 23

3.6 OODODO ..o e 27
040 0O000O0DOOOOOOO 28
4.1 D000 .« . 28
4.2 0000 .. 28
421 0O000O00OODODOODO ..o o oo o oo 28

422 00000000O0ODOOO ..o oo, 29
gsb 0o 30
5.1 OODOO oo oo 30
0.2 ODODODO ..o oo 30
0.21 ODODOO oo oo o 30

.22 ODOOO ..o o 31

.23 0UODOOOOODLDDODOOOOOO « ..o .. 32

524 UOO0OOODLOODODODOD ..o o oo 39

0.3 ODODODO oo oo 40
0.3.1 ODOOO .. oo 40

0.3.2 ODODOO .« oo oo o 42

5.4 OO0 ..o o 42
0.5 ODODOD oo oo 43
0.6.1 OO0OOOOO0OD0ODODOO ... .. o .. 43

5.6 ODODOD ..o oo 45
5.6.1 ODOOO .. ..o o 45
el U0OUOO0OOOOOOOOO 47
6.1 OODODO ... e 47
6.2 UOODODOOO ... o 47
6.21 OODODO ..o 47

6.3 UOODODO . ... 20
070 0O0OO0OO0O0OO0O(OOOO) 51

basic’equations.tex

2011/02/22(000000000)



iv depam500000000000OO

71 0000 o o1
72 OO0OO .o 52
g8y 0O40o0o0o 53
8.1 OUODODO ..o o 93
8.1.1 ODODODOOO ..o o4

81.2 ODODODOO ... oo o6

8.2 TUOODO ..o oo o7
821 ODODODOUODO ... o 60

822 UODODODOO ... o 60

823 UDLOLODOUOUOOODDOOOO ... ... ... 61

824 UODOODUOOOODDOOO ... oo 62

825 00O (0DD0O)0ODOODOOOOOO ... ... 64

83 UUDODO . oo 66
ol Oooobbbodood 68
9.1 O0O0ODO ... oo e 68
911 0ODOO 10000 ..o oo o . 68

912 0OD0DO0ODOOOODO ..o oo 69

913 0010000000 ... .. 69

9.2 OOODO . ..o 69
921 000010000 ..o .. 70

922 0Ob0OOOUOOOOOODOOOoOOobDbOoOOoOoOooboonD ... 71

923 0O0OO0O0OD0O0ODO ... oo oo 4

924 0OD0DODOUOOOODDOO .00 00000000, 75
010 booggn 81
101 ODOO0 .o 81
102 OOO0 ..o e 81
103 ODOOO ..o 81
U110 boggoobobooogoobod 82
11.1 0000 .. 000 82
1111 oo 10o00gobooag o0 oo 82

8 0 I I I 83

1113 Dogooooogooooo o000 o s o 84
O0AD0ODO0OODOODOO 86
Al OO0OOD0OOOODO .0 86
U 0B OOOOOODOOObOOODOO 87

2011/02/22(000000000O) basic’equations.tex



depamb 000000000000 v

Bl ODODOOOO ... e 87
B.1.1 O0D00O0 ... 88
B.12 O00D0O0D0OOOOODO ... oo 92
B.1.3 0000 —OD0O0O0D0O0O ... oo 92
B.1.4 OO0 ... 94

B2 ODO0O,GCMOODOOODOODOO ... ... ... 95
B21 O000O00O0ODO ... e 95
B22 00000000 .. .. e 95
B.23 OO .. 96
B24 OO0 .. 96
B25 O00000000,00000 (u,v) « v v v oo oo oo v . 96

B.3 Legendre O P, OO0 . .. .. . . ... 96
B.3.1 0O0O0OUO LegendreUDOOQOOOO ..o oo oo oo 97
B.3.2 LegendreOODODOO ... ..o oo o oo 97

B4 OODOO ..o 98
B4l GaussOODOODO . ... ..o o000 98
B.42 Gauss-Legendre OO DO . . . . . . .. .. ... ... 99

BS DO000OOOOOOOOOO0O ... 103

B6 DO0D0OOOOOOOOOOODOOOOO ..o ... 105
B6.1 O00DOO0OOODOOODODOOOOOOOOOO ... ... 106

B62 ODO0OO0OO0OO0OOO0OOOODOOOOOOOODOODOOOO 106
B63 OU0OUOO0OOOODObObDOObLOObOoObOoOobOOobDOO 107
B64 y,y0O0Ooooooooooboooobooboobooo. ... 109

B7 DODOOODOOOOOOOO ... oo 110
B8 OOOO ... e 111
B81 O0ODOOODOO ... e 111

B2 DOOOODOODO ... 113

BY9 DOD0DOODOOOOOOOO0O ... oo 118
B1oOOOO . ..o 119
O0C DOoboboooooooogo 120

basic’equations.tex 2011/02/22(00000000O0O)



depamb 000000000000 1.1 0O0b00Ooodgd 1

10 obotddbood

1.1 O0oogood

Ooooo,000o00o0ooboobooboobooboobOon, depam, HOOOO
O5000depamb 0000000 0OO00OO0ODOOOOOOODOODODODOO.

gbod,bgtobuogbbodbootobuoobbodboobboobbod
uo.

basic’equations.tex(intro/intro.tex) 2011/02/22(00000000O0O)



2 depam5 000000000000 g20 gboooogn

20 U40oodbudod

21 0000

gboog,bogbbodbooo,goboboobooobo.obob,0oboo
gbbooggbuogbbuodbbooobuoobbuodob,obbuoobbogboo
goboooogogo.

2.2 0O0O0O

0000,00000000 ,00 A0,000000c=2000.000 p

Ps
000, p,000000000.

000000000000000000000000000000000'0000
gobboooobobod.

23 OOO0OOO

000000000000, Gauss 00 (D000 JO?), 000000 (0 10)
gog.

e Gauss 00

Thttp://www.gfd-dennou.org/library/dcpam /dcpamb /dcpam5_current /doc/derivation /htm/derivation.htm
00,J000000. depamb 00, (Gauss 000000000 0O0O)JO0O0O0O0OODOOO
ggd.

2011/02/22(000000000O) basic’equations.tex(coordinates/crd-hdiscrete-gauss.tex)



depamb 000000000000 24 00000 3

Gauss 000 JOUO Legendre 00O Py(sing) 000 ¢,;(j =1,2,3,---,J) O
DDDDDD.DDDDDD,%>¢ﬁMm>~->W>—gDDD?DD
00, sinp=p 00000000

e 00DD0ODDO
000000000000

N= 2 (i=1,2,-- ) (2.1)

goo.

24 0O0O0OOO

Arakawa and Suarez (1983) 000 0O00000. 0000000000000
0000000000000000. 00000000000000000°%. 0
0000000 000 044 (k=1,2,---,K) 00000. 000,000 4
000 (¢ =1),000 K+1000(¢=0000. 000000 ¢ 00

op (k=1,2,...K)000000000

K+1 K+1 1/k
1 o, — 0o
o = k=1/2 ~ kt1/2 ' (2.2)
I+ kK \Or—1/2 — Oky1/2

3J 00 Legendre 00 Py(p) O

{a-mg b n] P —o

0000 JOODOOOO0O, Py(p) 000000 —1<pu<1000.00,Gauss 000000
j_;mﬂ>DDDDDD.
{00000000000000000. (2005/04/0400: 000 40000000000 )
e 1000DOOOOOOO

e 1000DOOODOOOOOOODO

e J00O0OOODOOOOOO

e NOUODOOODOODODO

00 sin~! ( cos

e J00U0OODOlcal DO0OU. (0OD0UUDOOODDOOOODOODO)

e JOOODOOODO,ODO0O0DOODOODOOD,ODO0O0DOODOODO,00D0O0DOO
ooo.

e JOODOOOODODLOOOOODOO

‘000000,00000000000000,00000000000000000.

basic’equations.tex(coordinates/crd-vdiscrete-as83.tex) 2011/02/22(00000000O0O)



4 depam5 000000000000 g20 gboooogn

R

ggd nza,RDDDDDDDDDD,CPDDDDDDDDDDDDD6. U
P

O,00000 AsOOOODOOODOOODO.

AUkEUk—1/2—Uk+1/2, (1<k<K>
AO’I/QEUl/Q—Ul:l—O’l, (23)

A<7K+1/2 =0K —0K+1/2 — OK-

K+l c=10
}? 77777777777
K—3
O
]
0
5
22— — — — — — — — — — —
3
12— — = = = = — — — — —
1
5 0':1

25 OOO0OOOOO

gobobh,gdbobobogoobobboooobbboodgbobuoooobo,od
gobbbdooobobboooobobbboooooboo.

25.1 JUooboogooooon

0o0000o0o0o00oooO00oDoOo, 00000000 UnD (booooog,
000000O00O0O0)0000O0O00O0OO000OCOD. 0DO,0000000
00000000 00ooooooo, (L) OODDDOO (DO0,000000
000)0000000000000000O0O0O000O0. 00OoOOooOoooo
goobobooob. bo,bboudgg,ggooooobbooobboggg. g
goobbobobboooooooobobobbboooooooboboobobboooa
goooo.

‘000000000ooO.

2011/02/22(000000000O) basic’equations.tex(coordinates/crd-spectral.tex)



depamb 000000000000 25 0U0OO0OO0OOO 5

(\¢)00000,000000Y™\e¢)00000000000.

YA, ) = P (sin ) exp(imA), (2.4)

n

O00,mn0 0<|m|<nD000000000, P'(sinp) 020000000
Legendre 0 0O OO0

n n—|m)! (1 —p2)'5 grtiml
R L
| RACLANTEE 2.6)

000.00,P°0 P, O000D. 00 sinp=p000000000000.

25.2 00O0OO

0000000000 (T)oooooooododo (R)ODODO. M, NODOOOO
g,0bobbogoogobobouoooobbobboooo. bog,odod
00 N, OO0,

e J0DOODOO
3N, + 1
M:A%JV:NW,IZSMVHWDDJZ—JJ;.

oood, (N, +1)2000.

e 0000000000
M = Ny, N(m)= N, +|m|, I>3N,+1,00J>3N,+1.
0000, (2N, +1) (N, +1) 000,

opoooooboooobog, T42000 1=128, J=64, R21 000 I =
64, J=64000.

oobobobooboooboooboobuoo,0B1O0bO0OO0 BSooDboooO.

basic’equations.tex(coordinates/crd-spectral.tex) 2011/02/22(00000000O0O)



6 depam5 000000000000 g20 gboooogn

253 U00OObOOoOoooooboboooo

00000 Legendre 0000000000000 OODOODOT.

J
> P () P (1) w5 = G (2.7)
j=1
I
Z exp(imA;) exp(—im'A\;) = [, (2.8)

i=1

(2J — 1)(1 — sin® ;)

gdno.
{JP;_(sing;)}”

000 w; O Gauss D00, w; =

254 UJUUUOLOODOUOOOOOLOLbODUOOO

000 ADO00O (M) (000 & =1,2,---,1. j=12---,J)000
Ai; = Al\,p) 0DDO0OD0OO0O Y (000 m = —M,---, M. n
Im[,---,N(m))000 Am00000000008,.

M N
A= ) D ATV (N e), (2.9)
m=—M n=|m|
~ 1 I J

i=1 j=1

AD0ODODOODODODOO, {Axexp(im)} — A-™exp(—imA) 00O, m
D000000DD0000000000000000Y. 000, % 00000

‘D0000BSO0OOOOO.

S000,0000000000000O00000O0O0OOO0OO0.

‘D00,000000000000, P*(sing)0,n—m 0 00 (even) 00 o=00000
O00,n-m0 00 (odd) 00 ¢o=000000000000000000000000000O
00000.0000,4,;00000000000000000000 Ager000000 Ag;.id
00000000000,00000000 Az’,J—j:Afyen—AgﬁdDDDDDD.D&Agm
0000000,00000,000000000 4,;+4,,-;0004,,—4;,,-,00003
0000 100 J/200000000.

2011/02/22(000000000O) basic’equations.tex(coordinates/crd-spectral.tex)



depamb 000000000000 25 0U0OO0OO0OOO 7

Oo0O0.000,ArDo00ooooobo0ooobo0ooooooooon.

M

=2 Z RATY™ (M, ;). (2.11)

m=0n=m

I
1
fZZAmY’” Nogwj,  m=0, m<n<N,
, = (2.12)
?ZZAUY’” Aoo)w;,  1<m<M, m<n<N.

255 0000

(\,p) DODDOODOO0OO0O0 ANy ODODOO A; 0D0D0O0DOODOODO
O0,00000000 4,;00 A;”DDDDDD,

AN @) = Z Z Amy ™ (A (2.13)

m=—M n=|m|

ooogoo.

256 U0UOOOOO

gbogobuodgbobogboobb,0obuogobbodboobbuoobbod
goboboooaon.

e \0O0O

0 L&
(6_1)135 Z Z im Y (A ), (2.14)

m=—M n=|m|

m I J
(%)n }ZZWW"@* (Ais @5)w; (2.15)

=1 j=1

basic’equations.tex(coordinates/crd-spectral.tex) 2011/02/22(00000000O0O)



8 depam5 000000000000 g20 gboooogn

o 1 U0
of Mo N
). = fat =] exp(imAi), (2.16)
<5M)” mg;M;§;| dp |
E}/m 1< d
2.6 0O0OOO

Arakawa, A., Suarez, M. J., 1983: Vertical differencing of the primitive equations
in sigma coordinates. Mon. Wea. Rev., 111, 34-35.

gogooog,1982: 0ogdouoboooobbooooobooo.boobo,
111pp.

Haltiner, G.J., Williams, R.T., 1980: Numerical Prediction and Dynamic Mete-
orology (2nd ed.). John Wiley & Sons, 477pp.

00,000,000 ,195: 0000001.0000, 318pp.
00,000,000 ,1960: 000000 MHI.0000, 310pp.
00 0,1982: 0000. 0000, 163pp.

000,1984: 00000.0000, 202pp.

ugbog,1983: 00bogbooboobooboob. obgd, 711pp.

2011/02/22(000000000O) basic’equations.tex(coordinates/crd-references.tex)



depamb 000000000000 3.2 0O40o0Qd 9

U340 oo

3.1 oo

gboboboooobbboooobooboo,gbbobuoooobobooan.

gboogobgbogbog,gbbogbogbodgboobobboobogoban.
gobbbbbuoooooobbbbbboooooobobbobboooooad
uo.

gbbobuoodb,bogobboooobbbuoogbb,ooobobboood
gooboogooboobooood.

3.2 0O0OOO

goobobbbobobobbboouodooooooo. boouoooooood
00O, Haltiner and Williams (1980) 0000000000000 0O0OOOOOO
0000'00000000000000000O0Oo0O0o.

3.2.1 0O0OOO

o o Vor = =D~ o~ (3.1)

thttp://www.gfd-dennou.org/library /dcpam/dcpamb/dcpam5_current /doc/derivation /htm/derivation.htm

basic’equations.tex(dynamics/dyn-equations.tex) 2011/02/22(00000000O0O)



10 depam5 000000000000 g30 gaon

3.22 00000

od RT,
3.2.3 0O0O0O0ODO
¢ 1 1 0Vy 0Uyx
& = (s - G2 e (33)
oD 1 1 90Uy  OVa\ o _
= a(l_MQ o+ 8“) V2(® + RTn + KE) + D(D).  (3.4)
3.24 (0O00O0O0OO
oT 1/ 1 eUuT avT\
ot _5(1—g2 1)) * op )+TD
oT on o Q (3.5)
—O'%‘{'KTU (E‘F’UHVJW‘F;)‘F@—FD(T)—FD(’U)
3.2.5 0O0O0O0ODO
dq 1 1 0Uq 0Vg
_0q '
—a%%-sq%-i)(q).
oo, 0do0oooooooooon.
p: 00 [deg.], (3.7)
A 00 [deg.], (3.8)
o =p/ps, (3.9)
t: 003 (3.10)

000,p000,p, 000000000.00 pu=sinp000.

2011/02/22(000000000O) basic’equations.tex(dynamics/dyn-equations.tex)



depamb 000000000000 3.2 00Ol 11

gbobbuooogbbbuoooobbboooobbooboooobn.

7 (p,\) = Inpy, (3.11)

T (p,\o): 00O [K], (3.12)

¢ (p,No0): OO [kgke™], (3.13)
1 1 oV oU\ .

C((p,)\,o):CL(l_'uQa)\ —au). 00 s, (3.14)
! 1 oU oV .

D((p’)\’a):a<l—,u26/\+3u)' 00 s (3.15)

ooo,

Ulp, A,0) = up, A, 0) cos p, (3.16)

Vip, A o) =v(p, A o) cos g, (3.17)

w:0000, (3.18)

v: 0000 (3.19)

oobO.booby0obooobooboo0 yoooooo,u,v, ¢, bogoooon
gobobooooon.

1 [/0x oY

Loy ox

= <6_>\ +(1-— /f)@> , (3.21)
¢ =V, (3.22)
D = V?y. (3.23)

basic’equations.tex(dynamics/dyn-equations.tex) 2011/02/22(00000000O0O)



12 depam5 000000000000 030 D000

00000000000D00000000000000000.
d=gz: 0000000000 [m?s?, (3.24)

do do w Odo wvdo Oo
=— = — — -+ — 3.25
C=a ot acosgp@)\+a890+8a’ (3:25)
T (¢): 0000 K], (3.26)
T (g, \o) =T —T, (3.27)
T, (p, N\ o) =T {1+ (¢,) = 1) ¢}, (3.28)
T (o, N\, o) =T, T, (3.29)
_OU  RT'Orm
Ua (¢, \,0) = (C—l—f)V—aa—U— - a—)\+.7-',\cosgo, (3.30)
0V RT/ on
w«%mwz—«+nU—m%¢—a<1—ﬁ5;+ﬁww% (3.31)
U or Vom
VT = ——————— 4 —— 32
vy - Vor aa—u%ax+aau (3.32)
1 0? 10 0
V2 = —— (1 =)= 3.33
’ ﬁﬂ—#%&f+ﬂaj( M%My (833)
U?+v?

KE (p,\,0) = ———— 34
(¢, A, 0) T (3.34)
D(C) 0000000000000000oooa, (3.35)
D(D) 000000000000000000d, (3.36)
D(T) oooooa, (3.37)
D(q) oooooooo, (3.38)
Fi (o, N\ 0): ODO00000(0ooo), (3.39)
F, (o, N 0): O000000(0Oooo), (3.40)
Q (o, \0): 00,00,000000000000000000,  (3.41)
Sy (g, N, 0) 00,00000000000000004d, (3.42)
D (v) ooo. (3.43)

00000 (3.350(338) 00000 3270000000. OOOOOOOOO

guo.

a: 0000 [m],

R: 0DO0O0O0O0DOO [Jkg ' K™Y,
C,: 00000000000 [Jkg ' K™Y,
f: O0O0OODOoDOOO s7Y,

k= R/C,,

,: O00000DO0.

2011/02/22(000000000)

basic’equations.tex(dynamics/dyn-equations.tex)



decpamb 00 00000O0O0OO0O0 3.2 OO0 13
3.2.6 UUOUO
goobooooboood

=0 at c=0, 1. (3.50)

O00.000(.1)00, 00000000000 s0b0DOOOOO0eDDOOO

goo

1 1
%:—/0 ’UH-VUWdO'—/O Ddo,

d:—aa—ﬂ—/ Dda—/ vy - Vyrdo,

goood.

3.2.7 UU0oooooooo

gbooboooobobboooobobbooogoboobobooooboog.

0o00,Dyp, Ds, OUODOODO0ODOOODOOODOODOODOODO.

000000, 00000 v Oooooooo.

_ o
(—1)Vol2g N _ (—) .

9 Np /27
(_1)ND/2VND _ (_) D,

a?

Dyp(T) = —(=1)NP 2Ky p VNPT,
Dyuplq) = —(—1)NP2 Ky pVheg.

Dyup(() = —Kup

D'HD<D) = _KHD

(3.51)

(3.52)

(3.57)

(3.58)

(3.59)
(3.60)

Dobodboboobobooobooboboobb,o0bbd Np OO 4~16 00

gboooogo.

basic’equations.tex(dynamics/dyn-equations.tex)

2011/02/22(000000000)



14 depam5 000000000000 g30 gaon

gbooggbogbbuodgboboob,obboobuoobbuoobbooboo
gob 200000boboood. bobooooboboooooon,

Dse () = —mC, (3.61)
DS[;(D) = —’)/]\/Il)7 (362)

goo.oobb,yw ooooobobobbbobooooooooboobob. boogo
gobobooooboobod,

Dsc(€) = —m(¢ — ), (3.63)

Dsc(D) = —yu(D — D), (3.64)
ogoo.ood, " go,g0o0ooog.
0odooooooooooooooooooooog.

Dse(T) = —yu(T = T), (3.65)

gob,yy0ooobbbuoooobbbogooobobod.

0000 yw,vwy O o DOO0O0OOO0ODOOOO,decpam ODOOOOOO cOD0O0O

goooo.
Nsr,

Yo ()75, (0 < 0lim)
= Ao 3.66
M { 0. (o > 0uim) ( )

o0 )Nz < o

= 4 0 (3) 7 (0 < o) (3.67)

0. (0 > 0uim)

000, Yaro, Yo, Nsi, oum 00000, 0 =0, 00000000, 0000
00,000000000 ¢000.depam 00,0, 00000000 o000
0o.

3.28 UU0OOOOOOOOOLOOUOOOOOOn

Uboobd KgpOoooooooobooboobooboooboo.

gobbo 1gd0,bo0o00bbobog

> (G + 1D (3.68)

m=—n

a

1
bn = 4n(n+1)

2011/02/22(000000000O) basic’equations.tex(dynamics/dyn-equations.tex)



depamb 000000000000 3.2 00Ol 15

0000 (0DD0OD0OD0OO000000D00O00 Koshyk and Hamiltion, 2001 OO
0),00000000000000000000O0000OOCOoOoOoOoDOoOODOO
gbbouoggbboodgbb.ogob,ggobbuooobbuooobbood
00 »3°000000000000000,0000000000.

Takahashi et al. (2006) 0 AFESODO0O0O0OOOOOOOOOOOOOOOOO,
2000Pa 00 000000000000 0O0O0O0OO0O0O0ODO (OO0 n<80)O0O
n00000,0000000 »%°0000000000000000000.
00000000000000000 KgpViOOOOOO (Np=400000
O0000)0000, Trol24, T159L24, T319L24, T6391.24, T639L.48 OO O O
oboobooboobo.boob,obooboobob

Ky =12x10"n;** [m* sec™!] (3.69)

goboobobooooogoob.obb,n, dgooobob. 0bbbo,00d
Obooboobodlb KgpOOOOOODOODOOODOODOOODODOODO
goob O031000.

0000 | Ky (m*sec™) | 000 (1/days) | 0000 (day)
T21 7 x 10 0.7 1.4
T42 7 x 10 1.2 0.8
T79 9 x 101 1.9 0.5
T159 1 x 10™ 3.2 0.3
T319 1 x 1013 5.6 0.2
T639 1 x 102 9.6 0.1

[0 3.1: Takahashi et al. (2006) 0000000000 0OOOOOOOOOOO
Obooooob. Np=40000000D0O0OO.000,T210 T420000

1 2
Takahashi et al. (2006) 000000000, 0000 KHD{”(”—;H} ooo
a

gbooog.

00, Takahashi et al. (2006) 0, 0000000000000000O0 Held and
Suarez 0 O (Held and Suarez, 1994) 000000 . 0000, T639L.24 00 OO
gobboobbbuogoooobobobbbodooooobobooboooooad
Oboboob KgpOo os0obooboobgooboboob.

gbbobda,obboogubboooobbbuoodgbbboodob,bood
gbbogobboogbbooobobooobbooob.bboono,ood
gbbboooobobboooabbod.

basic’equations.tex(dynamics/dyn-vdiscrete-as83.tex) 2011/02/22(00000000O0O)



16 depam5 000000000000 g30 gaon

3.3 Uobob: ooognd

O0000000000000000000. Arakawa and Suarez(1983) OO O
0,3.1)03.6)000000000000000O0O0. DODDODODODOODDOO
ooooooo.

3.3.1 OUUOooo,uogd

aa_j __ g(D’“ 4 v VA, (3.70)
_ om K
Ghorjp = —Oko1jr g, = ;(D, tu,-Vm)Ae, (k=2 K), (3.71)
12 = Ogct1y2 = 0. (3.72)
ooo,
v - VT = (1%;@% + a(l‘f 2)( ;ﬁ)g—z. (3.73)

3.3.2 ULUOO0OOO

Dy = @, + Cploy" — 1)1,y
= (I)s —+ CpalTv,l.

O — Oy =G, {(M) - 1} Tor+C, [1 — (M) } Ty i1
T Ok—1 (3.75)

= Cpaou Ty j + CpBr1Th -1

(3.74)

noo,
ay = (“’“‘1/2) ~1, (3.76)
O
Bp=1- <—O"”’“/ 2) : (3.77)
Ok
b, = gz, (3.78)

gob,0bbobuooaon.

2011/02/22(000000000O) basic'equations.tex(dynamics/dyn-vdiscrete-as83.tex)



depamb 000000000000 3.3 Uuug.-o0bobodg 17

3.3.3 00000

9 1 1 OVap OUsy,
= (Tt - ) + D), (3.79)
oD, 1 < 1 OUay n OVa

) — Vz(q)k + Cpl%kaﬂ' + (KE)k) + D(Dk)

ot a\l—p2 O\ oL
(3.80)
0oo,
) CoirT! | O
Uar=(G+ )V — 50T 03/2(Ur — Us) — %ﬁ + F1 €os @,
1 .. .
Unp = (G + Vi — Aoy [0k-1/2(Uk—1 — Ug) + q1/2(Us, = Up1)]
Cor T
—Mg—:—l—}},kcosw, (k=2,--- ,K—1)
1 . Cori T, i O
Usk = Cx + [)Vk — ZAOKUKA/Q(UKA —Ug) — pT’Ka + F K oS @,
(3.81)
Cpf%lTéJ 37r

Var1=—(G+ U — d3/2(Vi = Va) —

1
2AO‘1 a
Vagp=—(CG+ f)Ur — [0r—172(Vi—1 — Vi) + Grg1/2(Vi — Viey1)]
QAO'k

C,irT! B
—M(l—ﬁ)a—:;—l—f%kcosgo, (k=2,---,K—1)

(1-— uQ)% + F,1cos,

1 .
Vak =—x + f)Uk — Ay 0x—-172(Vk—1 — Vk)
K
_ Tv(l — /f)% + Foy. i COS @,
(3.82)
P Uk—l/?(o-zfl/g - UZ) + O-k+1/2(o-g - o-g+1/2)
k= p
Uk(Uk—1/2 - Uk+1/2) (3.83)
_ Ok—1/20¢K + O'k+1/25k
AO’k ’
T, =Tox — Tk, (3.84)
U2 ‘l‘ V2
KE), = —f—k_ 3.85
(KE)y, 20— ) (3.85)

basic’equations.tex(dynamics/dyn-vdiscrete-as83.tex) 2011/02/22(00000000O0O)



18 depam5 000000000000 g30 gaon

334 00000

T 1 1 T, T,
ot acosp \1—pu? O\ o
0 (3.86)
+ =5 L D(T}) + D (v).
Cp
noo,
1 .. - . .
Hy, = TéDk - E[ k—l/Z(Tk—1/2 - Tk) + 0k+1/2(Tk - Tk+1/2)]
k
K
+ {Oék [O’k_l/g’vk -V — Z(Dl + v - Vﬂ')AO’l
I=k
a 1
+ O [akH/QUk -V — Z (D) + v, - V7)Ao, } A_%Tv’k
I=k+1
1 .. - . .
=T,Dy — E[‘ﬂc—lﬂ(Tk—l/Q — 1) + Opy1/2(Th — Thy1/2)]
k
+ I'Aik'vk . Vﬂ'Tv’k
K (3.87)
Tk
— O Z(Dl + v - VW)AO'I k.
—% AO’k
i T,
Uyk: f— DY —
— B > (Dt Vmhogs (k=1 K -1),
I=k+1
1 . - . -
Hy =Ty Dk — F[ k-1/2(Tk-172 = Tx) + 0 11/2(Txk — Tie11/2))
K
+ /%K’UK . VWTU,K
T,
— aK(DK + Vg - VW)AO'KAO’_I;
ooo,
o i o a
(752) et - (520) [
N Ok Ok—1
Ty1/2 = ; ;
Ok—1 — Ok
P P (k=2 ,K), (3.88)
Tl/? = 07
Tri172 =0,

2011/02/22(000000000O) basic'equations.tex(dynamics/dyn-vdiscrete-as83.tex)



depamb 000000000000 3.4 UOOUg:- 00000 19

a = {1 - (O‘ZI)] B : (3.89)

b = Gy KUZI)H - 11 B . (3.90)

3.3.5 U0

Oqk 1 1 OUrqr  OVig
—_— = —— R S D . 3.91
ot a(l—,u2 on o )Tt SetDla) (39
noo,
1 .
Ry =qDy — 270 U3/2<Q1 — q2),
1 ) .
Ry, = gDy — [Gr—1/2(@r—1 — Qi) + Frr1/2(ar — Q1)) (k=2,--- ,K-1)
2A0’k

.
Ry = qx Dk — 2A0K0K—1/2(QK—1 - QK)-
(3.92)

34 UOUOUO: 0Oood

gooboboboooobbbooodd. bbobbobobbbodoooooooog
000 (Bourke, 1988). OO OODOOOO0OOOOOOO.ODDDOODODOOOOO
gboobogbobooo.bboobobuooobboobbooobog 25000
oooogob. obooboobboBOoOobOoobO. Oob,00b0O0b,000
oooobobD k0ObDOOD.

3.4.1 0OO0OOO

OFE N~ fym LSS e
ot - Z(Dn Aoy, + 7 Z Z ZigY " (N, ) w; (3.93)
k=1 i=1 j=1
noo,
K
Z ==Y v VrlAoy. (3.94)
k=1

basic’equations.tex(dynamics/dyn-hdiscrete-spectral.tex) 2011/02/22(00000000O0O)



20 depam5 000000000000 g30 gaon

3.4.2 00000

w, (3.95)

(3.96)

|

=

N

+

=
~| =
[~
M-
=
S
=
"3
>
RS
g

~ n(n + 1)) ¥p/? 9\ Np/2 ~
Dy, =—Kup [{—g} - (—) = VM s (3.97)

. ox NsL

VM,0m <g> , (k> ksriim) (3.98)
0. (k < ksriim)

000, ks, 00000000000000 k000.00,00000000

pooobobubibobioon, we.=7vo 000, 000000000
gobooooog,

~m .
’yM,k,n -

{0 020

gog.

00,depam 00, Kyp 0, 00000000000000 (1/e00000), 74p,
ooooooo2 ooo0,

Kup =

1 (N(N+1)) Vo2
{ (ﬁ+)} (3.100)
ooo.

0000,0000000000000. ..0000000000,00000000000
00,000000000000000000O00,7gp 0 1/e000000000O00OO0.

2011/02/22(000000000O) basic’equations.tex(dynamics/dyn-hdiscrete-spectral.tex)



depamb 000000000000 3.4 UOOUg:- 00000 21

3.4.3 00000

orm 1
o 1

. /M Wy
> D imUTY; (*hﬂj)m

Wy

1< , [
+jZZVT(1— )%Y (AZ,MJ)W

J
G\ (3.101)
p

ooo,

. n(n+ 1)) V2 o
D = —Kup {__( a2 )} ~ VHkn (3.102)

s (=) k= k
sm ) VHoa (%)™ (= howiin) (3.103)
0, (k < ksriim)

Vit om = { 0, (m 7 0) (3.104)

goo.

3.44 00000

0 o 1 ! / )\ w;
o =1 2 )

1 0 :
- 74z Ym* )\17 T 9y
IZZ 441 ”J)au (b 1) a(l — 13) (3.105)

basic’equations.tex(dynamics/dyn-hdiscrete-spectral.tex) 2011/02/22(00000000O0O)



22 depam5 000000000000 g30 gaon

ooo,

M}ND/Q (3.106)

a?

Dy, = —Kup {—

goo.

3.5 UO0OO0O0O: OD000O0

gobboooobobbuoooooobo.

gbogob,tobuogobboobuoobbod.buoobbodoboobbad.

o [JOOU

— boogdoobbboooobobboooubob,ooobooboobog.

— O0O0ODooOoDod, leap frog OO Crank-Nicolson OO0 OO0 OO OO semi-
implicit O (Bourke, 1988) OO 0O 0O.

e [JOOU

— booodgbbbog,bbbuoodaob.

— U0Oo0oo0obOon,semi-implicit 00000000 O0O0OO0OOOOO
ggbooboggo.

e JOUDOOODO

— ODO0O0O0,00000o0boo0oob,00o0bobooOgn leap frog
O0000000000000000000000000 (Asselin, 1972)
goobooo.

Ooooo,0000b0 AO0DOO,000 300oboooo.

At+At _ Atht B 1
2At 2

{Adyn,G (AtiAt) + Adyn,G (AtJrAt)} + Adyn,NG (At)
+Adyn,dis (AtJrAt) + Aphy,pred (JthiAt) 5 (3107)

A a8 Ay () 28 (A5) (3108

2011/02/22(000000000O) basic'equations.tex(dynamics/dyn-tintegral-lf-si.tex)



depamb 000000000000 3.5 UUgud:o0bobod 23

A=At ep (AR — 24" + AR (3.109)

000, Agna, Agnne 00000,00000000 semi-implicit 00 00 O
000000 (000)000000 (0000), Agnas 1000000000
00000000, Apypreg 1000000000000 Afrie, Aphyag O, 00
00000000000 000000000000000. ¢ 00000000
00000,depam 000000 00500000.

3.5.1 OO0O0Ooboooobooobon

00, semi-implicit 00000000,00000 T=T7T,0000000000
0000000000000000000. 00000000000 A = {4},
0000000 A={4,}00000,0000,00000,000000,

~m ~m\ NG —m
oty _ <87”) ~C-D (3.110)

ot "

o - m\ NG
oD 0D D\ em o e
n::( n> _(_ﬁ@j;l)@%n+ﬂg;+4y@)+DMnD

ot ot a? n?
(3.111)
o™ (o™ \*
n n WD DT 112
pn (875) LD, +Dy T, (3.112)

oood (). 0[ |, 00000000000 2500 (2.10), (2.15), (2.17) O
00000. 000,00 NGOOOOODO,00000000,0000000

0oo.
~m\ NG
<i&) = 7m (3.113)

~ NG
8D27n - 1 1 8 UA,ijk n + a VA,ijk "
ot B a 1- :u2 oA n 8# n

K
n(n+1
- (—%) (KE), + > Wi(T — T))
‘00000000000, &), = (&, &, én,) 000,

I

n

=1
s,n) Fs,n T s,m

basic’equations.tex(dynamics/dyn-tintegral-1f-si.tex) 2011/02/22(00000000O0O)



24 depam5 000000000000 g30 gaon

~ m\ NG —_— —
aTkm . _1 1 anjkT/ijk mn + a‘/;jkT/ijk mn
ot e\ [1-p2 ox ], o |, (3.115)
+ [Hijl,, -

gbooboobogoboo.goboobba,bogobbg .y 0boonobog.

K
Z == vp-Vrloy, (3.116)
k=1
Hy = T.Dy
1

B AO’k
1

B AO’k

+ I%kTv,k’Uk -Vm

Ok-1/2 (T/k—l/Q - Té) + Oky1/2 (TIQ - T’k+1/2>}
0.'11591/2 (Tk_l/g - Tk) + 011551/2 (Tk - Tk-&—l/Q)}

(673

i K K
— A_ Tv,k E (U Vﬂ'AO'l + Té k E DZAO'Z
Ok ’
L =k =k

B K K
—Aﬁ—’“ Tox Y v-Valho,+T,, > Do (k=1,--- K —1),
9% | S I=kt1
Hy =T} Dy
1

v [é'K—l/Q (T/K—1/2 - T}() +0K41/2 <T}< - TA’K+1/2>}
OK

1 . -~ _ . __ o
- F‘K [0291/2 (TKfl/Q - TK) + U%%/Q (TK - TK+1/2>}

+ "%KTU,KUK -V

— AOé—K [Tv,KUK . VTI'AO'K + qu KDKAO'K} ,
OK ’

(3.117)

or\ NG K

(-711;1_(;1/2 = —0Ok_1/2 (E) — Zvl - VAo

1=k

. . (3.118)
= O)—1/2 Z vy, - VAo, — Z v, - VAo,
k=1 1=k
0, (k=1)

i1 =1 Tecrjp—Thoryy, (=2, K) (3.119)

2011/02/22(000000000O) basic'equations.tex(dynamics/dyn-tintegral-lf-si.tex)



depamb 000000000000 3.5 UUgud:o0bobod 25

. 0, (k=1)
Te1jpo=1 aplp+bp 1Ty, (k=2,---,K) (3.120)
0. (k=K+1)

gb,bgggboobogoobobuoooobobog.

W = CpOél(SkZl + Cpﬁlék—IZM (3.122)
G, = &, C, T}, (3.123)
h=QS5 - R, (3.124)
1 = — 1 — -~
le = A_o',€<Tk_1/2 — Tk)ék:l + A_O'k(Tk - Tk+1/2)5k+1:l7 (3125)
Skl == O'k_l/QAO'l — A0l5k§l7 (3126)
« —
Ry = — <A_;Aal(5k<l + AB—;AUI(SHKZ) T, (3.127)
(DM,kl);,n = _KHD [(%) - (?) 5lc:l
o Nsi
- ,YJnVl[,O,n (_) 6k:l§kaSLlim' (3'128)
OK
~ —n(n + 1)\ VP2
(Puw)n = —Kup (%) Ok=1
o Nsr
— Vi on (-—-> Ok=10k>ks Liim - (3.129)
OK

w< O, k<!0000000 1,0000000o000000000.
00,000000000000000000,00000000. ¢

gboboodad,

e OO ODLOOODLOODLOODOODODLODOD

e 100O0OOO,leapfrog 00D OIOODOODOOODOO semi-implicit O

oooooo,

orm\ NG —mt
M = ( o ) ~Cc-D (3.130)

{00000000000000000. 0000. (YOT, 2009/10/11)

basic’equations.tex(dynamics/dyn-tintegral-1f-si.tex) 2011/02/22(00000000O0O)



26 depam5 000000000000 g30 gaon

~ m\ NG
~m D 1 ~m —~mt — ~ m~m
5tD = (a n) — <—w> (@s,n—’_an _}_Gﬁ_%nt) +D_Mn_D JA+AL

n ot a2 n )
(3.131)
Y i N —
6T, = ( e ) —hD + Dy T (3.132)
OooD. o000,
1
A= (ATFAE— A8 (3.133)
1
A = 5 (ATTAT 4 AT = ATA 5, AN, (3.134)
ooo.

—mt
(3.130), (3.131), (3.132) 0O, D, 000000000,

n(n+1)
a2

[(1 —2AtDy") — (A1) (- ) {W(z —2AtDy") " h + GCT}] b

" ot

Ay (_Mn_jU)
a
~ mit—At oT

~m~\ NG
+W(I—2AtDy, )7' 4 (L — AtDy, )T + At ( n )

- m\ NG
— (I - AtDy™ D™ 4 A (aD” )

=m

P

S,n

B " ot

—f-G 77_77L,1§—At‘ + At aﬁ;n NG
" ot

(3.135)

000.000/00000,cT0CO0000000000. (31350 D' O
ooooo,

~ mt+At = mt ~ mt—At

D =2D, —D

n n n

(3.136)

000, (3.130), (3.132) 000 A+ 0o0ooo0.

2011/02/22(000000000O) basic’equations.tex(dynamics/dyn-references.tex)



depamb 000000000000 3.6 UOgQ 27

3.6 UQOOO

Arakawa, A., Suarez, M. J.; 1983: Vertical differencing of the primitive equations
in sigma coordinates. Mon. Wea. Rev., 111, 34-35.

Asselin, R. A., 1972: Frequency filter for time integrations. Mon. Wea. Rewv.,
100, 487-490.

Bourke, W.P., 1988: Spectral methods in global climate and weather prediction
models. Physically-Based Modelling and Simulation of Climates and Cli-
matic Change. Part I., M.E. Schlesinger (ed.), Kluwer Academic Publishers,
Dordrecht, 169-220.

Haltiner, G.J., Williams, R.T., 1980: Numerical Prediction and Dynamic Mete-
orology (2nd ed.). John Wiley & Sons, 477pp.

Held, I. M. and Suarez, M. J., 1994: A proposal for the intercomparison of
the dynamical cores of atmospheric general circuation models. Bull. Am.
Meteor. Soc., 75, 1825-1830.

Koshyk, J. N. and Hamiltion, K., 2001: The horizontal kinetic energy spectrum
and spectral budget simulated by a high-resolution troposphere-stratosphere-
mesosphere GCM. J. Atmos. Sci., 58, 329-348.

Takahashi, Y. O., Hamilton, K., Ohfuchi, W., 2006: Explicit global simulation of
the mesoscale spectrum of atmospheric motions. Geophys. Res. Lett., 33,
L12812, doi:10.1029/2006GL026429.

b od,2004: 000D OO00ooobOoooonD .ooogobon, 232pp.

auxvars/auxvars.tex 2011/02/22(00000000O0O)



28 depam5 0000000000000 40 gobboooooboo

40 UOoodubootgdun

4.1 0OOOO

goboboogobboa,obbboooobbboogbobo,obbodod
gobbooogbbbo.ooob,ooogbbbuooan.

4.2 0OO0O0OO

4.2.1 0O0000O0O0OOO0OOOO

. ggbbbbodoooobbbodoooobobo. bbooog,bbobbogo
goboboogo.

00000000000, 00000000000000. 1<k<kp—10
oQ,

Tk-i—% = ak+éTk+ﬁk+%Tk+1 (4.1)

log oy41 —log 041
1 = . 4.2
Y3 log 0}, — log o341 (42)

log oy —logoy 1
_ 2 4.3
Bt log 0}, — log 041 (4:3)
ob,k=0000,
T% =T (4.4)
Tk‘max‘f’% = Tkmaﬂf

Ubod.1<k<kn,—100000og,gboooobooboboboooon.

2011/02/22(000000000O) auxvars/auxvars.tex



depamb 000000000000 4.2 0O0O0OUO 29

4.2.2 0O00000000OOOOOOO

obooboboobo,bo0buooboobgobg.

21

2k

R
Zs + ETl (]_ - 0'1) (46)
R L
Zg—1+ —Tk_;—ak LTk (4.7)
g 2 Ot

go,00gooobooog,bodgoooboooobon.

D=

Pkt

ZS (4.8)

R_ Ok-1 = Oyl
29 Ok

auxvars/auxvars.tex

2011/02/22(000000000)



30 depam5 000000000000 Us50 g

st Ui

5.1 UQ0OOO

O000,000000D00DO AGCMHODOODODUODOODODODODODODODODODOOO
O0000000. 000000, Numaguti (1992) 00000000000, 00
Ooo00ooooooooooot

5.2 0O0OOO

gobboooobbobuoooobobbooon.

1 OF
_ g or
- o (5.2)
F = F.+Fg (5.3)

uoodg, r, Fsoooboogoooooobobobobobobooooo. oo
gogobboobobbougoooobobobbboodooooobbobbuogg
gob.boogobbbuoooobbbuooobobboooooon.

5.2.1 0OO0OOO

goboboooobbooo,bbboooo,bugooboboooobbooa

o0o0obodo0o. oDbo0ob 10000 boL,kbooboobO,obboobon
000000000000 Numaguti (1992) 000000000, 00000000000

gobgoobooboboobooboo. ooboo,bboobooboob. oboobobo
gboboobooboda. bogbooobgobobobooboobooan.

2011/02/22(000000000O) radiation/radiation.tex(radiation/radiation-math.tex)



depamb 000000000000 5.2 0000 31

O0000ooooooooo?2

gooo,ggbbobogoobbooogoobood.

d7T (r,7")

! A4
I dr (5.4)

Fr(t) = wB,T(7s,7) — /OTS 7B(7')
mB(t) = os5T*(7)
TB, = USBTs4
T(r,7) = T(r(p) 7))
_ Azm}mymunm—mmWyﬂ

‘HTL,da(p? g) _TL,da(p/?g)’}]dg (57)

TL,wv(pag) = kL,wv/ pQwvdZ/ (58)
z(p)
1 P
= kL,wv_/ Qwvdp/ (59)
g Jo
ranlp.9) = b [ pd (5.10)
z(p)
p
— hpa 5.11
Lo (5.11)

000.000,0s3 00000000000000000,a00000000.
kLws, ke 00 00000000000000000000000000000
0.¢0000000 (000O000)000

5.2.2 0O0OOO

gbbobuoodobbbuoog,bouoobbbuog,boooobbobood
oooobooboobuo. bbb 100000, kobooboo,ooo
0000000o0oooooooooos,

000,000000000,0000000000000 (ooooo)oo
gbobogogbbogdb.bog,bbugobbuoogbboogbbood
O,000000 A, 0000D0O0O0O0COOD,0D000DO0OO0ODOODOOO
gboboboooooboooaod.

0000000000 k0O0O000000D0D0D00000000000. 000, Numaguti
(1992) 00 O00ODOO0O0OO0O0OUDOOOO0ODOO, 00000000 OOUO.
‘000000000O00OO0O0o0Oa.

radiation/radiation.tex(radiation/radiation-math.tex) 2011/02/22(00000000O0O)



32 depam5 000000000000

Us50

g

gobb,gobobbboduoobboboooobbbod.

_(1 - Aa)FO(X),];lir(Ta X) + (1 - Aa)FO(X)AsI];lif(T7 X) (512)

TS wv (p7 g)

75.da(D, 9)

Tair (T(p)s X)

[ esvlsee xrsuntr.6) + sl o)l
Taif(T(), X)

/0 " expl 500 V{75.0m(pr 9) + Tsa (P29}

: exp[_a{|7—5,wv (p87 g) - TS,wv(pv g)|
+[75.da(Ps, 9) — Ts,da(P, 9) |} dg

kS,wv / pQwvdZ/
z(p)

1 [P ,
kS,wU - Quv dp
9 Jo

kS,da / pd'zl
z(p)

p
kS,da_
g

(5.13)

(5.14)
(5.15)

(5.16)
(5.17)

(5.18)

000, 0000000 (Liou, 2002 0000 solar zenith angle ) 000, o O
OO000000. ksuwws ksae DOOOOOOOO0OOOOCODOOODOOODOOO
O000000000.00,A, 000000000000, F(x)O,000 xO
gooooooooboooooooooooog.

5.23 UUOOUOOOOOODLDOOOOONO

0000 1000000000000000000000 Fy(x) Ocosy >00

gobooo

1\ 2
Fo(x) = Foo (E) cos Y

(5.19)

gooobgoobg. Fpboobooboobooboobooboob, o
000000004 rs00000000000000O00O0-00000000.

‘{00000000000000D0-0000000000000000000D000000. 0
oooooooooooboooooooo

1
a <1 -+ 262)

00000 (e00000D0,e0000),ex10000 «O00OO0OOO.

(5.20)

2011/02/22(000000000)

radiation/radiation.tex(radiation/radiation-math.tex)



depamb 000000000000 5.2 0000 33

Figure 2.5 The earth—sun geometry. P denotes the perihelion, A the aphelion, AE the autunmsal
equinox, VE the vernal equinox, W5 the winter solstice, and 35 the summer solstiee, m is normal o the
ecliptic plane, a is parallel to the eanh’s axis, & is the declination of the sun. € the oblique anghe of the
carth’s axis, « the longitude of the perihelion relative to the vernal equinos, v the true ancmaly of the carth
ata given time, A the true longitude of the earth, © the center of the ellipse, QA {or OF = a) the semim:jor
axis, OF (= b) the semiminor axis, $ the position of the sun, E the [II.IhiIILIn af the earth, and ES {= rithe
dhistance beiween the earth and the sun,
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cosY = cos@cosdgcos H + sin¢sindg (5.21)
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0000000000000 0o0o0O00 (booooooooooooooooo
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Figure 2.6 Relationship of the solar zenlth angle 8y to the latitude ¢, the sobar inclinotion angle &,
and the hour angle k. P and D are the point of observation std the point directly undar the sun, respactively
[see pext for farther explanation).

052 000000000000000000O0O. 000 Liou (2002) O Figure
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00000000000000)00000000. ¢5,, 0000000000
00000 (D00 degree, OO0O0O0O0OD0OOOOOOxO0O0OOODO), d 00
O000000.depam OO0 [O000O,Newton DODDOO c0000O0O0O0O.

z (5.24)

+ ((PEpoch - CI)O)

) 0O0O0DOODODOOODO.
sin dg = —sin 6, sin(Py + @) (5.25)

¢, 000000 (0000000000000 0.0000o0oOoUDOoooOO
O0. Liou, 2002 00 00O oblique angle of the earth’s axis). ® 00O OO (true
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goooo,bbbbod. ggooobobobobbbdoooo 100000 ooaa,
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