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Legendre 0 0 OO OO
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prg =[BT e e
| RACLANTEE 2.6)

000.00,P°0 P, O000D. 00 sinp=p000000000000.
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000 w; O Gauss D00, w; =

254 UJUUUOLOODOUOOOOOLOLbODUOOO

000 ADO00O (M) (000 & =1,2,---,1. j=12---,J)000
Ai; = Al\,p) 0DDO0OD0OO00O V" (000 m = —M,---, M. n
Im[,---,N(m))000 Am0000000000°7.

M N
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~ 1 I J

i=1 j=1

ADDDDDDDDDDDDD,{Axexp(im)} — A-™exp(—imA) 00O, m
D00D000000000000D00000000S 000, % 0000

SOo00oo00B5s5000O0O0.

"000,00000000000000000000000DO.

$000,000000000000, P(sing) 0, n—m0 00 (even) 00 o=0000
000,n—mDO 00 (odd) 00 o =000000000000000000000000OO
0000000.0000,A4; 00000000000000000000 Ager000000
A¥d00000000000,00000000 Ai,J—-j=Ay"—-A“000000.00,
A" 00000000,00000,000000000 A;;j+4;,-;000 4;;—-4,;,-;,00
00 j0000 100 J/200000000.
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oooo.ooo,Aro0oo0ooo0ooboboooooooooooDo.

M N

=D D RATY (N wy), (2.11)

m=0n=m

1 1 J

_ZZ n “gpj)wj, m=0, m<n<N,

Am = R (2.12)

—Z Y (A ewy,  1<m< M, m<n<NAN.
i=1 j=1

~

3
(\]
~

~

255 0000

(\,p) DODDOODOOO0O0 ANy ODDODOO A; 0D0D0O0DOODOODO
O0,00000000 4,;00 A;”DDDDDD,

AN @) = Z Z Amy™(A (2.13)

m=—M n=|m|

ooogoo.

256 U0OOOOOO

gbogobuodgbobogboobb,0buoobbodboobbuoobbod
goboboooaon.

e \0O0O

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

m=—M n=|m|

m I J
(%)n }ZZWW’”* (Ais @5)w; (2.15)

=1 j=1
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o 1 U0
of Mo N
). = ' =] exp(imAi), (2.16)
<5M)” mg;M;§;| du |
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: 0ogdouobboooobbuooooobooo.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 MI.0000, 310pp.
00 0,1982: 0000. 0000, 163pp.

000,1984: 00000. 0000, 202pp.
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D
E;Z?f = D(¢a) + Pa,1(¢aa d)s) + Pa,Q(d)a) (31)
s
O — Posl60,6) + Poal60) (32

000,p00000 (0000),00000000000.00, Py, Py OO
0000000 1(0000,000000)0000000000000000
0000000000000000,P,,, P,,000000000 2(00000
0,00000000,000000)0000000000000000000
0000000000000, Py, Py, Pas, P, 00000000000,

Po1(0a, s) = Patrad(@a, s) + Pt wdiff(@Ga, @s) (3.3)
P 1(ba, &s) = Psprad(Pa, @) + P wdifs(Par s) (3.4)
Pa 2(0a) = Pag,cum(®a) + Pagisc(@a) + Pa2dea(@a) (3.5)
Ps2(¢a) = Ps2.cum(Pa) + Ps215¢(¢a) (3.6)

000, Paysirads Pajsiwdifss Pajs2.ecums Pajs2ises Pajs2dea 0, 00000000,
godooo,boouoo,gboooboooo, odoboooboooooogdd
oo ooouooouoo. ooouo 1, 2
dodoboooooooo, 0000 2000000000000 obooooa
U, 0o, oooooooooon.

00000000, 000000 (DODODO)0O0O0O0OO0 10000000D0O,
0000000 20000000000. 00,0000 (ooO0)ooooOo

basic’equations.tex(coordinates/crd-references.tex) 20140 60 180 (00 O0O0OD0OOOO)



12 DCPAMS O DOOOOODOOOM3M OO0O0ODOODOOOOOOODOO

lggoobbouoodobobboooobn.

or = ¢L A + 2ALD(¢f, oL, 8L ) 4+ 20t P, 1 (8, oL, B, L) (3.7)
¢f = LA L nALP, (¢, LA oF 68

000,n0,¢,0000000,0000000001000,0000,000
0D0000 2000 00,000000 Pyai(eh, e ¢r, ¢4 0,000
00000000000,00000000000000000000000O00
0oo.

QZS;_ = gbZ_At + 2Atpa,17rad( 2_7 ¢Z_At> ¢:_7 ¢ts_At> + 2Atpa,1,vdiff( ;_7 ¢Z_At7 ¢ ¢t At)

(3.9)
¢+ ¢t At + 2At-Ps 1 rad( M th At M ¢t At) + 2Atps 1 vdsz( ¢t At ¢t At)
)

S a

G = BF + 20t Py g cum (017, 67) (3:11)
G = O + 2At Py 015 (017, 617 (3.12)
GEFAY = §7 4 OALP, 5 gea(BFD, 627) (3.13)
57 = 67 4 2Py (67, 61) (3.14)
PIFA = ** 4 2ALP, 5 15 (@52, 97F) (3.15)

gb,ggobooogbobooobboogbbda 20b000obboon,od
00000000 ¢'=¢*000.

000, Asselin (1972) 00 00 Williams (2009) 00000000000 0O0OO.

2

0000 (D0O0OD),0000,0000,000000,00D0D0000DCO0
g,boogoo4,78,9,1000000. 00000000000 b000obooo
0 12,1300000.00,(3.9),(3.10)0000,0000 100000000
goboboooobbbuoodb 40000b0b.

!0pD000D0O0000O00000,000000 (0000O0)0000000,AGCM50
00000000000000.000000000000000. (YOT, 2011/09/06)
D00000 (yot, 2012/12/24).
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gobbbbbuoooooobbbbbboooooobobbobboooooad
uo.

gbbobuoodb,bogobboooobbbuoogbb,ooobobboood
gooboogooboobooood.

4.2 0O0O0OO

goobobbbobobobbboododooooooo. bouuooooood
00O, Haltiner and Williams (1980) 0000000000000 0O0OOOOOO
0000 '00000000000000000O00OO00OO.

4.2.1 0000

%—F’UH'VUW:—D—%. (41)
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gobbodg,bbbuogoobbbdsbgoobbtbebugooobn

o 1 1
Ez—/o ’UH'VU’/TdU—/O Ddo,

goboobo.odgb,ooodgn

dp

wE—:ps{avH'Vaw—/ (’lJH-vgﬂ'—i-D)dU}
dt ;

goooo.

4.2.2 00000

a9 R,

oo o

4.2.3 00000

o¢ 1 1 0Vy 0Ua
E a(l—u2 oN 8,u>+D(o’
T a(l—;ﬂ o T 3#) V.(®+ RTm+ KE) + D(D).

4.2.4 0O0O0O0OO

oT L(_ L oUT oVT'
ot a \1—pu? OA ol

ot

LI (%JFUH-VHHZ) +Q+D(T)+D’('v)-

4.2,5 00000

dqg 1 1 0Uq 0Vqg
o (1—;/,2 6)\+8,u>+qD

. 0q
— 00— D(qg).
080+Sq+ (q)

(4.2)

(4.3)

(4.4)

(4.5)

(4.6)

(4.7)
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w: 00 [deg.], (4.10)
A OO0 [degl], (4.11)
o =p/ps, (4.12)
t: 00 s (4.13)
000,p000,p, 000000000. 00 pu=sine000.
oodooodooodooogooodooogoooooonon.
7 (o, A) = Inpy, (4.14)
T (p,\,0): 00O [K], (4.15)
¢ (p,Ao): OO [kgkg '], (4.16)
1 1 o0V oU
No)=- | ——————]: 00! 4.1
Corney=t (=S50 -00) oot
1 1 oU 09V
D (p,\,0) =~ —+——]: 00 4.1
=1 (=250 20): oo (419
noo,
Ulp, A, 0) = u(p, A, 0) cos p, (4.19)
Vip, A\, o) =v(p, A, 0) cos g, (4.20)
w:0000, (4.21)
v:0000 (4.22)

000.0000¢000000000y000000,U,V,¢, DO0O00OO0
oooooooooo.

I SR N
U= <8A (1-p )0,u) , (4.23)
_ 190 9X
—(Grra-mgy). (124
¢ = V3, (4.25)
D = V?y. (4.26)
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d=gz: 0000000000 [m?s?, (4.27)
do do w Odo wvdo OJo
=— = — — 4t -4+ — 4.28
T ot acosgp@)\+a890+8a’ (4.28)
T (¢): 0000 K], (4.29)
T (g, \o) =T —T, (4.30)
T, (p, N\ o) =T {1+ (¢," = 1) q}, (4.31)
T (o, N\, o) =T, —T, (4.32)
.0U RT'Orm
Ua (p, N\ o)=(C+ f)V — 0o~ Ta Bh + F cos ©, (4.33)
.0V RT! or
Va (p:h0) = =(C U = a0 = = 21— ) 50+ Focos (4.34)
U or Vom

Vel = ————— o+ —— 4.

vy - Vo aa—u%ax+aau (4.35)
1 0? 10 0
V2= —— (1 =)= 4.36
’ ﬁﬂ—#%&f+ﬂaj( M%My (436)
U?+v?

KE (p,\,0) = 4.
(¢, A, 0) T (4.37)
D(¢) Do0000000O0O0Ooooooooa, (4.38)
D(D) Do00000000O0OoooooooaQ, (4.39)
D(T) oooooo, (4.40)
D(q) oooooooo, (4.41)
Fir (0, )\, 0) : 0000oooo(oooo), (4.42)
F, (o, N, 0) 00o00ooD (oooo), (4.43)
Q (o, )\ 0): 00,00,000000000000000000,  (4.44)
S, (0, A, 0) 00,00000000000000000, (4.45)
D' (v) ooag. (4.46)

00000 (4.38)0(441) 00000 4270000000. OOO0OOOODODOO

guo.

a: 0000 [m],

R: 0DO0O00O0DOO [Jkg ' K™Y,
C,: 00000000000 [Jkg ' K™Y,
f: O0O0OODoODOOO s7Y,

k= R/C,,

,: O00000DO0.

20140 60 180 (DODOODOOOODO)

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



DCPAM5000000000000 4.2 0000 17
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000000000000
=0 at 0=0, 1. (4.53)
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4.2.7 OO0000O0O0OO0O0O
00000000000000000000000000000000.
D(¢) = Dyp(C) + Dsc(() (4.54)
D(D) = Dup(D) + Dsc(D) (4.55)
D(T) = Dup(T) + Dsc(T) (4.56)
D(q) = Dun(q) (4.57)
000, Pup, PDs, 100000000000000000000000.
000000,00000 v¥»00oo0oooo.
[ 2 ND/Q_
Dun(() = Ko |(-)¥729% — (5) | ¢ (458
[ 2 ND/Z_
Dup(D) = —Kpp |(—1)NP/2vNe — (9) D, (4.59)
Dyp(T) = —(=1)NP 2Ky p VNPT, (4.60)
Dup(q) = (=) KypV™Pg. (4.61)

Doooboboobobooobooboboobb,o0bbd Np OO 4~16 00

gboooogo.

gboogobuodgboogooobb,obuogobbodboobobuoobbod

obg 200000000000 0b0b0b0b0obobooboobooobg,

Dsc(¢) = —ymC,
Dsc(D) = —yuD,

(4.62)
(4.63)

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

20140 60 180 (DODOOOOOOO)



18 DCPAMs OO OOOOOODOOOO U440 gaon

gogo. bbb,y ooodoobbbbbodooooooobbb. bobougo
goboboooobobod,

Dsc(€) = —m(¢ = ), (4.64)

Dsc(D) = (D - D), (4.65)

gobo.oodg, b,o0bboobod.

gbodoootdotdotdodououooooooon.
Dsc(T) = —yu(T = T), (4.66)

bbb,y 0ooobbboooobbbooooobbog.

o000 vyw,yy O c0D0O0D0O0OODOOODOO,DCPAMSOODOOODOO OO
goboog.

Yo ()75, (0 < 0lim)
_ 0\ 4.67
M { 0. (0> 0lim) ( )
o0\ Vst <
Y = YH,0 (0 ) ) (U = Ulzm) (468)
0. (0 > Olim)

000, var0, V0, Nsz, 0 00000,0=0,00000000,s00000
0,000000000 ¢000. DCPAM500,0,00000000 ¢000
0o.

4.2.8 U0O0O0OOO0OOOOOOOOOOOODOO

0boobd KgypOOooooooobooboobuoobuoooboo.

gobobo1g0,bo0goboobod

n
&2

1 ~ -
)= -— m|2 4 | pm2 4.69
Ty OGP +1DyP) (469)
m=—n
0000 (D0OD0O0OO0U00000DO00O00O0 Koshyk and Hamiltion, 2001 O O
0), 0000000000000 00000000000D0O0OOOOOODOO

gobboooooboobod.

000000000,00000000000000000000 »®20000
O0000000000,00000000000000. Takahashi et al. (2006)
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OAFESOO0O0O0DOCOO0O0DOOOOO0ODODOO,200hPa000D0O0OO
0000000000000000 (000 n<80)00 n300000,00
D0000 »® 0000000000000000000. 00000000
000000000 KgpViOOOOOO (Np=40000000000)00
00, T79L24, T159L24, T319L24, T639L24, T639L48 U O U DU D OO ODOODO
goo.oogda,bboogabobod

Ky =12x10"n;?* [m* sec™!] (4.70)

gobobobooogooboboob.obb,n, doogbobbb. 0bbbo,00d
O0oobobOodnbD KgypOOOOOOOOOOOODOODDOOODDOOO
ooob 041000,

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 10t 3.2 0.3
T319 1x 101 5.6 0.2
T639 1 x 10*2 9.6 0.1

O 4.1: Takahashi et al. (2006) OO O OOO0OOOOOOOOOOOOOOO
DoOobooob. Np=400000000D0000O.000,T7T210 T420000

1 2
Takahashi et al. (2006) 000000000, 0000 KHD{"("—";)} 000
a

gooog.

00, Takahashi et al. (2006) 0, 00000000000000000O0 Held and
Suarez O 0 (Held and Suarez, 1994) 0000 O00. 0000, T639L24 000 O
gbobbobobbouoooooobobbbbodoooooobboobooooood
OO0Oo0obo0ob0 KgpUOo 05 0000000DO0OO0DODDOD.

gbooobo,0obbboggobbodoobbobuoooobobuooon,buood
gbbouogobboogbbooobbooobbooob.bboono,uod
gbobobooooobooogobood.
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4.2.9 0000

000000000 (divergence damping) 00 000
Ddd = —’7D (471)

000,y00000000. 2

4.3 UOO0O0O: 00000

O00000000000000000000. Arakawa and Suarez(1983) O 0 O
0,109 00000000000000000. D0O0ODOOOOODOO
goobooo.

4.3.1 0O0O0O0O,0000

aa_: __ g(ak L vy V)Aay, (4.73)
_ o K
Gho12 = —Ok-1jayr — ;(D, +ov,-Vm)Ao, (k=2 ,K), (4.74)
0172 = 0k+1/2 = 0. (4.75)
ooo,
vV = (1%%)%—1—@(1‘?“2)( —,uz)g—z. (4.76)

000,00000000000000.
gbooooOobooooboooobo,boo0oobo0obooooobooooboooon, 0O,
gboooooboooon.

1 Tyt
T A Toa

(4.72)

ooo,At0000000,Tyy 000000000 DOOOOOOOOOO,tO0O00OOOO.
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4.3.2 00000

(I)l = (I)s -+ C’p(O'l_’i — 1)Tv,l
= q)s + C’palTM.

Ok—1/2 " Ok—1/2 "
b — b1 =0C —= ) = 1| Ty +C, |1 - —= Ty ke
e [( o ) } g p{ <0k—1 ) } SR &)

= Cpau Ty o + CpBr—1Ty 1.

(4.77)

ooo,
ap = ("’“‘1/2) ~1, (4.79)
Ok
B=1- (U’““/Q) , (4.80)
Ok
D, = gz, (4.81)

ObOd,000000000.

4.3.3 0O0OO0OOO

0 1 1 OVap 0Ua,
W—a@_ua o on )*D“’f)’ (4.82)

0Dy, 1< 1 3UA,k+aVA,k

) — Vg(q)k + Opl%kaﬂ' + (KE)k) -+ D(Dk)

ot a \1—p® O\ o
(4.83)
noo,
) CoirT) | O
Usr= (G + )V — 5A0, 03/2(Up — Us) — %a + F1 cos @,
1 . )
Uar = (G + Vi — [0k-1/2(Uk—1 — Ug) + pq1/2(Us, — Up1)]
QAUk
Cp/%kT;k or
—Ta—A‘i‘f)\,kCOSg&, (/{3—2,"~,K—1)
1 . Cohi T ;O

Usk =Cx + [)Vk — QAUKUK—l/z(UKA —Uk) — %a -+ F Kk COS ,

(4.84)
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1 . Coin T} o

Vi = —(G+ U, — 2A0103/2(V1 —Vs) — $(1 — ;f)% + Fo,1 COS @,
1 . .

Var=—(C+ f)Ux — Ao, 0k-1/2(Vie1 = Vi) + Frg1/2(Vie = Vi)

C, i T 5
—-ﬂi—ﬁa—¢ﬂ52+f@mm¢, (k=2,--- K1)

1 .
Vak = —(C(x + f)Uk — QAO_KO'K—l/Q(VK—l — Vk)

CohiT), on
_ u(l _H’Q)@ _l_fcp,K Cos ,

a
(4.85)
P 0%—1/2(0-;:_1/2 - Uﬁ) + Uk+1/2<‘71'§ - UZ+1/2)
g 01 (Ok-1/2 = Oky1/2) (4.86)
_ Ok-1/20k + Oy1/255
AO’k ’
Ty = Tox — T, (4.87)
U2 + V2
KE), — —k ' "k 4.
4.3.4 0OO0O0OO
T 1 1 T} T
8k:_ 8Ukk+8ka i’
ot acosp \1—p? O\ o (4.89)
+ 9 DT+ D).
Cp
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L . - . ~
H, =T,D; — A_O_k[gk—l/2(Tk—1/2 — 1) + Grgry2(Th — Tiov1/2)]
K
+ {Ozk [akl/Q'vk -Vr — Z(Dl + v, - Vm)Ag;
1=k
& 1
+  Br |Okq1/20k - VT — Z (D; +v; - Vm)Aoy } A_akTv’k
I=k+1
I . A . A
=T, Dy, — A_Jk[ak—l/Q(Tk—l/Q — 1) + Grgry2(Th — Thv1/2)]
+ /%kvk . Vﬂ'Tuk
i (4.90)
T
—a D, +wv;-V1)Ao -2
k;( 1+ ) Aoy
K T
v7k p— DY —_
_ﬁk Z (Dl—l-Ul'Vﬂ')AO'lAak (/{Z—l, ,K 1),
I=k+1
I . ~ . A
Hy =Ty Dk — F[UKAQ(TKA/Q —Tx) + 0xs1/2(Tk — Tr41/2)]
K
+ /%K’UK . VTI'Tv,K
T,
—CYK(DK—F’UK'VW)AUK K
AO’K
0oo,
o " o "
(752) —ferms [1- (522) | i
N Ok Ok—1
T1y2 = . .
Ok—1 — Ok
=apTy + by_1Th_1 (k =2, ,K), (491)
Tl/? = 07
TK+1/2 = 07
o Kk —1
ak:ak[l—( ’“)} : (4.92)
Ok—1
o K —1
b = B K b ) - 1} (4.93)
Ok+41
4.3.5 0O0O0O0OO
0 1 1 oU, oV,
A& _ _ < Ll qu) + Ry, + Syx + D(qr). (4.94)

a\l—p2 O\ ou

ot
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0oo,

Ry =qD; — e d3/2(q1 — q2),

Ry, = qx Dy, — [dkfl/Q(Qk—l — k) + Orrry2(qr — Qk-i-l)] ; (k=2,--- ,K—-1)
2A0'k

r .
Ry = qx D — 2AUKUK71/2((]K—1 - QK)-
(4.95)

4.3.6 O0OOLOOOOOOOO

Arakawa and Suarez (1983) 000000000 0O0OOOOO, 0000000
uo.

Arakawa and Suarez (1983) 00 0O O0O0O0O0OOOOOOO.

gbobogboboboboboboobboooooboboboboobOon
(Arakawa and Suarez, 1983 0000 000000000 O0O0OOO0O)

O0000000000000000oooDoooOoO0. (coooopooooo
O000000ooooooon).

gbbogdgboogobooobuoobbuoobbuoobboobbodgoboo
gobbbooooobobooooobooog.

0000000 (?) 0000000000000 oooooooo (OO,
000ddoooooo? liixform 000000000 OOOOO, 00O
0?)

OboobOoboobo0oboobUun lecalDOODOOODO

gbbodboooboooboobbuoobbuoobboobbodabo
goooog.

Pp=0,300000000000000(T=a+b(p/p)~0007) 00,
0o0o0o0000O000O0ooon.

e J0D,D00DODO global massintegral 000000000 ODOO.

3(2011-09-07 00)000000000000.
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4.3.7 ODUOOOOOOOO

AGCMH OO, Ll6000D0O0ODO0O0ODOODOODOODODO.

k Ok+1/2
0 1

1 0.990
2 0.970
3 0.930
4 0.870
5 0.790
6 0.700
7 0.600
8 0.500
9 0.410
10 0.330
11 0.260
12 0.200
13 0.150
14 0.100
15 0.050
16 0.000

0 42: AGCM50 L16000000000000000000000. o412 0
gbooboogoboon oogg.

4.4 O0O0O0O: 00000

obooobooobooobooo. obooobooobooobooon
000 (Bourke, 1988). OO O OOOO0OOOOOOOO.O0DDDODODODOOOOO
obooboboobo.ogbobgobobobobobobobobao 25000
oooob. oboobooboboBoOoboob. ob,00bOo0b,00on
OooobobD kOD00OD0O.

4(2011-02-22 00)000000000000.
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44.1 0000

Ham K 1L
= —;(D;”)kAak~l— 7;;2”3”” (s i )w
noo,
K
_—Z’Uk'Vﬂ'AO'k.
4.4.2 00000
o 1 L w
n — imVai; Yo (N, ) J
ot 1121321 ! a1l - p?)
1 ! W,
+ = Uaij(1—p Yo (g, J
[;; AJ( ])a ( J) (1_,“?)
+ D
oDm 1 < wW;
== U ;Y (N 1) ="+
8t [Zzlm Ajijin ( “J)a(l_,u?)

J

I J
]' 2 a m*
-7 ZZVA,z’j(l - Mj)@yn ()\“Mj)m

i=1 j=1

I J
— M% Z Z(KE)innm*()‘ia ) W;

ooo,

N o Nsi
~m _ ,-)/]\77/7'[()” (U_K) ) (k > kSLlim)
TMkn = ” k
0. (k < ksriim)

(4.96)

(4.97)

(4.98)

(4.99)

(4.100)

(4.101)

000, ks, 00000000 O0O0ODO0O EOOCO.00,00000000
pooobuotubdbibobon, ye.=7 000, 000000000
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gbobooag,

goo.

00,DCPAM500, Kyp 0,00000000000000 (1/e0000D0),
p, 0000000°% 000,

Kp = — {N 1) }_ND/Q (4.103)

THD a2

goo.

44.3 00000

— _‘ZZ“"U T7Y T ( Az,uj)a(l%

=1 j=1 Iuj)
8 w;
i Vi T;(1 — Y (N, )
ZZ ) on V=2
IJ
. O\ (4.104)
DYy (Hij n Cﬂ) Y (s )
i=1 j=1 p
+ ﬁEnT"‘
L D
i=1 j=1
ooao,
- n(n + 1)) N0/? .
DHJL = _KHD {—%} - ’YH,k:,n' (4105)
gm0 (2™ (k> k
S (a) s (k= Fspiim) (4.106)
0, (k < ksLiim)
~ YH,0, (m 7é O)
m o , 4.107
7H707n { 07 (m — 0) ( )
ooo.

0000,0000000000000. ..0000000000,00000000000
00,00000000000000000000,7gp 0 1/e000000000O0OO.
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444 0O00O0OO

0G" 1~ w;
Zin _ _Z imU;qi: Y™ (N, ;) —————~
ot I 4 sz iV “J)a(1_,ﬂ)
=1 j=1 J
1< 0 o
+ - Vijig (1= 15) 5= Y (Niy 1) =
12; T 7 0p Ta(l - p3) (4.108)

1 I J

T Z Z (Rij + Sqi7) Yo" (N, ) w;
i=1 j=1
+ D
oo

Np/2
M} (4.109)

a?

Dy, = —Kup {—

goo.

4.5 UOUOO0O: O0O0OO0O0

goboboooobbbuooooooo.

gboogoo,gbogbboobogbbod.boogobooboobbad.

e 10100

— gobobobooboobooboobobobo,bo0booban.

— 0O0Oooogo, leap frog 00O Crank-Nicolson OO0 00O OO O semi-
implicit O (Bourke, 1988) OO O 0O.

e JOOU

— bDooooboobog,bbobuoogon.

- 000000000, semi-implicit 0000000000 OO0OO0OO
gooobogoobo.

e JOOOO
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— DO00O0,00000000000b00,000000000A0 leap frog
O00000000000000000, Asselin (1972) 0000000
000,000 Williams (2009) 00 00000000000OO.

Oo0O000,00000 AODOO,000D0000D0OO0.

AtJrAt . '[ltht B 1
2At 2

{Adyn,G («‘It_m) + Adyn,G (AHM)} + Adyn,NG (At)
+ Agyn,ais (At“t) + Appy prea (A7T21) | (4.110)

A A oAy (A) £ 20 Ay (AV¥) (4110
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L (5.43
ooo,
F12 = fk‘+28% - fk'(s% - t%) - fkflt% (544)
81t2(81 + tg)
000000 sitax(5.42)—ssty x(5.44) 00O
t189ta(t1 — —1

24 k
ooooooooag,

TlEtl—Sl—t2+82, TQEtl_SQ_tQ—‘f_Sl

(000, r,r£00000,00 ryx(5.40)—r; x(5.45) 0 O

Ir [(satg — s1t1)ra — (S1ta — Sot1)r1] = (Fiisata — Fagsity)ro — (Fo1S1ta — Flasaty)ry

(5.46)
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god
(Fi159ty — Fagsity)ra — (Fois1ta — Fiasaty)ry

fr =
F (saty — s1t1)r0 — (S1t2 — Sot1)r1
do0dodoooooooooonooooogno

(5.47)

gb,000000b0bbid 2s; =2t =s,=t,000,mnm=rn=0000,0
(47)0000000O0O0ODOOO,DO (540)0

38%(](]; = 4F118% — FQQS%
ooooo,

,  AFn — Py —fipo +8fk1 — 8fk1 + fro
Jr = =
3 1281

gbboboooobboobooon

543 0UO0OOOO

gbobodbobooboobobuoobobuoobobobobobobobod

ooodod Q(UO> = Q(Ul)u Q<0-71> = Q(O-Z)u Q<Ukmax+1) = q(akmax)a q<0kmax+2) =
Jlommax—1) 00 0000000O0DOOCDOOOOOOO

000,0000000 (UO000O000000O000000O0O)000000O0O
O00000,000000000000 ¢q(ommex) 0000000000O0O0O0O,O
000000000000000000,00000000000 ¢gq(ey)000OO
gbooogg

5.5 U4y

gobboobbodoooogoobbbdoooooobobooboooooog
0, 0000000000000 0,00oooooooooooooO (0o)o
gbooboodobooboob,gobboooobbbooooboboooooboobo,d
gbbooggboogbboogboogbooobobobba,bboobood
goodobbbobooo,bbbbbbbbbbooobbobooobbbobbood
gog

0000000000000000000, Sunetal.(1996) 000000000
gbooboooon
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5.5.1 Sun et al. (1996) 0000

000000,000000¢, 00000000000000 q, ¢2, g3, 00
0000,¢000000000000000000000 (gemad) D000 (gain)
000,00 00000000000000 (quve), 10000000000
(i) 00000000,

L (g—q)(@a—¢3) >0000

e UL gr <qgrmvin UUO, ¢gr 0 quvin DO OO0
e UL gr > givmax UO DO, gr 0 grma DO OO0

2. (—q)a—gqz) <0000

e U gr <quein UUOO, ¢gr 0 gomin DO O OO
o 10 gr > qgomax U OO, gr 0 gamax U0 0O 0O 0

00000 Sunetal (1996)0 0000000000

gbobooooboog,bboogbbbuooobboog,bg 2000000
g,gobobboobodobooboobo,bobbooboobooboon

O00DCPAMUOO, 00 2.0000000,1.0000000O0000O0DDDO,O
0000000 (0)0O000 (00)OOooooooooo,000000000
gobb,djddddgdoddodoooooddo, bbb O
gg,gbbbbbtbouooobobbbtbouooooobbobbbuoooooon
gobobh,gdboboboooobboooob,dgooboboooobbooo
gooobog

5.5.2 Arcsined 00000

000,00000000000000000, Arcsined 000000 (Kashimura
et al, 2013)0n+1000000000000000,000 ¢, 00000000
goooo

1 2qy,
@, = — arcsin ( dn_ _ 1> o —— < Q. < (5.48)
2 aqglax

SN
SN
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0O 5.4: Aresine 00 (5.4) 0000 ¢OODOO QO

oo0,q¢g™0¢ 0000000, D000000D000DQ@, 0000000
oooooooobooo @Q.moboo,00bb00oobbd e oobobod

max

%lea% [Sin(2Q41) + 1] (5.49)

000000000 ¢D00000000000000000, Qa0 (5.48)0
00000000000,000(549)000,0< gu < ag™ 0000000
0 (0 5.4)0

gbbooooobobog,bs400bbooonobbugdn ¢g=0, ag™0d
00,000000000(000,2003). ¢"™000000«=1.000000
OO000DbOoooODbCPAMOO a=1.050000000¢gq=0000000,0
gbogobuodgbboogbog,bogobuoobbodboobbuoobbod
god

O00 Aresine0 00 Sunetal 000000000 OOOCOOO,OD00000
bbb, gobbboooobbbooaoboo

basic’equations.tex(sltt/sltt.tex) 20140 60 180 (0D00OO0OOOODO)



48 DCPAMs OO OOOOOODOOOO

usi gaon

5.6 UUOLOOOOOOOOO

gogbobboobobboouoooobboobobbbooooooobobboboboooog

gooboooood

dynamics_hspl_vas83_nml

ooo goooogn 0O

FlagSLTT false. gdooooooouoodgo
sltt_nml

FlagSLTTArcsine true. Arcsine0 0000000 OOO
SLTTIntHor “HQ” ooooo
SLTTIntVer “HQ” ooooo

*HQ: OO OD0OODOODOO,HC:O0DOO0bOOoOoooog

Ooon

e Enomoto, T.: Bicubic interpolation with spectral derivatives, SOLA, 4,

pp. 58, 2008.

e Kashimura, H., T. Enomoto, Y. O. Takahashi: Non-negative filter using

arcsine transformation for tracer advection with semi-Lagrangian scheme,

NCTAM, 62, 2013.

e Sun, W.-Y., K.-S. Yeh, and R.-Y. Sun: A simple semi-Lagrangian scheme
for advection equations, QJRMS, 122, pp. 1211-1226, 1996.

e Williamson, D. L., and Rasch, P. J.:

Two-dimensional semi-Lagrangian

transport with shape-preserving interpolation, Mon. Wea. Rev., 117, pp. 102—

129, 1989

e 00O, 0000,0000:ClIPO—U0000O0DOOODOODOODOOD

gbooboo,obobd, 2003.
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el ULOLOUOUOUOOOOOOODO

6.1 QOO0

gbooboodobobog,bboooobbbuooooboboo,bbbood
gbbobuooobbod. ggbb,ooobbobuoooob.

6.2 0O0OOO

6.2.1 0OUOOOOOOOOO

:gbbobboduoogbbbboooooboboo. ooooo,bobbouood
goooogg.

00000000000, 00000000000000. 1<k <kpe—110
oQd,

Thyr = 1T+ By 1T (6.1)

logo,, 1 —log ok
1 = 2 6.2
Y3 log 0}, — log 041 (6.2)
8 B log o), — log Opyl (6.3)

M3 T logoy, — log op '
00,k=0000,
T, = T (6.4)
Tkmam""% = Tkmaﬂﬂ

Oo00.1<k<kn,—1 0000000, gb0gbooooboobobobon.
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gbobooogn

6.2.2 00OO0OO0OOOOOOODODOOO

gbgoboboobo,boobgobobobboboo.

R
7 = zs+ET1 (1—09)

R Okp—1 — Ok

2L = Zk—l‘l‘_Tk_l—
g = Op-1

2

go,b0ogooobboogg,boogobobobuoooooboon

—= ZS

=

R, Op—1 = Opyl
Gt = Hoy+ T2
? 9 Ok
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vt O

7.1 0OO0O0n0

goboboboooooobobobo. obobobo,goooboboobb,o00od
gboogbbogbo,bogobugboobobuoobobooboa. bbod,
OO0oooooonD AGCMs,ODObOOobOoboboboboobobo,obogoo
gbbobuooobboooobbooboooooboo.

7.2 OJUOO: 0obogd

721 0O0O0O

gbbbuoooobbboooobboboogan.

1 OF
- - 7 1
Q= -55 (7.1)
g OF
= 12 2
& (7.2)
F = F,+F;s (7.3)

oo, F, Fsoobobooooboboboobobobooboobogoobo. oo
gbobO,d0dbobobooggbboboooobbboooobn.
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722 OUUUOOUOOOOoOoOoOoOoOoOoODO

gbogbobobobobobgobooooobobobobobobo,ubon
gboobobbobooboobuoobooboboon.

F(r) = F™(r)—F (1) (7.4)
F(r)* = 7B,T(1s,7) — / SWB(T')—dTC(Z:/T)dT’ (7.5)
F(r)~ = / WB(T')de’ (7.6)

0 dr’
Oo00,B00000O0O0,000000O0O0O00O0O,7O0O00000ODO. BO,
kmaa
TB(r) = 7 / B(T(r)) dk (7.7)
Emin
kmaw
nBy = 7T/ B (T) dk (7.8)
Emin

O00.000,k000000' 0000000000000 O,000000
gobbodd egpg 000,

mB(1) = osgT*(7) (7.9)
B, = ospT} (7.10)

goo.

00,00000000000000000000,000000000 F.z00
0,7B,=F,000000.

000 7(r7)0,0000000000000000,000000000.
T(r,7) = T(r(p), 7))
= exp[—a{|r(p) — o.(p')] (7.11)

a00000D0OD. O0D0O0OD0O0O0ODOD0OOOOOOOODOO,000 Schneider
and Liu (2009) 00, 0000000000,

7(p) = Tro (pﬁo)? (7.12)

OdO,p, o 00000000000 OOOCOODOOOOOOOO.
lpooooooooon.
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00, Numaguti et al. (1992) 00000000, (k00000O0OO0OOOOOO
O0000000)00oooooooo.

TL(p) = kL,wv/ pQwvdZ/+kL,da/ de/ (713)
z(p) z(p)
1 P
= kL,wv_/ Qwvdp/‘i‘k'L,daB (7.14)
g Jo g

000, kpw, kree 000000000000000000000, ¢, 0000
0o.

go,0gdgobbobdoooobob,ogobobooooboog.

723 UUU0U0O0UOOooOoooooooboboboon

0000,00000000000000000000 (eg., Liou, 2002; Toon et
al., 1989) 0000000. 00,00000000000, Toon et al. (1989) O
oo.

oboobooboobo,obbooboob,bgdbo,boobooboboon
obobooboobooobooboobooboboo.

% =y Ft —pF - S* (7.15)
a@% Pt 4 S (7.16)
ooo,
S+ =y Fymmg exp (—TC/Z T) +27(1 — wo) B (7.17)
S~ = vy Fywp exp (—T“’; T) +27(1 — o) B (7.18)

000. v, 7, 7, % 0,000000000000000000000000,
(0-)Eddington O, (§-)Hemispheric mean D 00000000 7.1 000. wo 00O
oo0o0oodno,g 000000, nF,0000000000O0DOO00O0DOOO0O,
poUogooooon.
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71 000000000000000000
o0 n 72 V3 V4
7T—wo(4+3 1 —wo(4—-3 2-3
Eddington Zo(t + 39) — ol 9) IHo |y Y3
; e
Hemispheric mean | 2 — wg(1 + g) wo(l — g) 2729k 1—s

4
00, Hemisphericmean 00, 00000000000 O0OOOO0O0O, Toon et

al. (1989) 00 ~3, v 00000000 00.0000,00000000000
O.0000,73, v 0, d-Eddington O O Hemilspheric mean O OO0 00O O

go.

00,000, F:, 00000000000000.

B,

1

= F*(r) + Fy, (1)
k1 exp(AT) + Tky exp(—=A1) + C*(
ki exp(AT) 4+ ky exp(—A71) + C(
=0

= MOT"FS exXp <_l)

7)
7)

wom F exp (—j,) {(% - j) 7+ 7472}

A2 — L

+ 2 {Bo+31 (T+

I

71+ Y2

)}

wom F exp (—j,) {(% + j) Ya+ 7273}

A2 — L

+ 2#1{304-31 (T—
1/2
= (M —7)
V2
T+ A
= 7wB(t=0)

I

1
1+ Y2

)}

(7.24)

(7.25)

(7.30)

0oo,CcY-0000000,0000000000000000000000
gogobbobobouodoooao. g, gobbbbbbodgdg,uooa, g
gboboboooboboboob. k000D 0OD,0D00D00DbODbDOD.
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gbbooogobobogd.

F+(7_S) = Asch_(Ts) + szc (731)

F7(0) = Froa (7.32)

Ssfe = AspepromFyexp (—E> + em By, (7.33)
Ho

000, Ay, nF,, ¢, By, 0,0000000000000,000000000,
00000000,00000000000000. F;,, 0000000000
000000000000,000 Fp,=0000.

000,600 (5adjustment) 00000, 7, @y, g 00000... 0000000
ooooo.

.gobg..

OO00O0D0DOb0O0O000 kyy, ky

0000,0000000000000,00 k,kKLO0O00200,0000,00
gbboboodg,bbuogobb,ogbbbboodabbbooan.

0000000000000000000 k,k 0ODODODOOODODOOOOODOO, (7.19)-
(730) 000000000, 000000000000O0O0O0O0OOOOOOO0O0UO,0000
gboabouodgboogbgobgoo,obobobobbobooboobod.
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000,00, (7.19-(7.30)00,0000000.

Fig(m) = F5(1)+ F;z?r(T) (7.34)
Fr(r) = kiexp(AT) + Thkyexp(=A7) + CT (1) (7.35)
F~(r) = Fk1 exp(AT) + kyexp(—AT) + C(7) (7.36)
Fppn(1) = (7.37)
Fan(r) = ponFexp ( ) (7.39)
wor Iy exp (—%,) {(% - —) Y3+ 7472}
CH(r) = v (7.39)
No
) wom Fy exp (—%) {(71 + j) Ya+ 7273}
C(r) = v T (7.40)
Mo
= (-4 (7.41)
72
' = 7.42
7+ A (7.42)
00,00000, (7.31)- (7.33) 000000000,
F+(TS) = Asch_(Ts) + szc (743)
F7(0) = Froa (7.44)
Sspe = AspepromFs exp ( Ts) (7.45)
Ho

gooboooooboboood, k, kk0DO0O0oobobOoOooo.

by = Froa= ke = ¢ (7.46)

r
(Aspel = 1) {Froa — C7(0)} exp (A7) + T | =CF(75) + Agpe {C_(TS) + pomFs exp (—;—;) }

he = (Agpel — 1) exp (As) — (Agge — I) Texp (—AT,)

(7.47)

7.3 Uooo: oo

0000000000000 000000000. 0000000, (boooo
oo0ooooo.)
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7.3.1 00U

oboboobooboobooobo.

Qp = =2 "t 2 (7.48)
Cy by, %_Pkfé
7.3.2 O00OO0O00OO0O0OOO0OOO0O0OO
000000000000000000000.
Fy = Bla-Fo, (7.49)
k
Fl:r2 - WBS’ECJF%:% B ZWB’“' <77€+%,k’—% - 77c+%,k'+%> (7.50)
k'=1
kmu.:v
sz_—i-% - Z By <77c+%,k’—% - 77c+%,k'+%> (7.51)
k' =k+1
OO0, BO
N
7B, = WZBi (T, ki) w; (7.52)
B, = WZB Tk i) w; (7.53)

gbtud,wdbugbogob,bbudboobbodgboobb.odn,d
goobooag,

By = ospTy (7.54)
B, = osgT? (7.55)

goo.

gb,bogoooboggoboboogoboboooobobod.

Tivtprs = exp(=al|Tppps = Towesl)) (7.56)

gb,uogdgobbodg,bbbuogbobbuoooobboooobbbood
gbobogobbo,0bbugobbuogobbooobbooob.bood
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gboboggbuogbbuodbboooboobbodob,obbuoobbodoboo
gobooog,buoggbbuogbbuooubbbooobboboooobbo. o
gobboooobbooodgboon,

N
U (7.57)
5’5?; ~ 0 (7.58)
aF’:;* { ac‘;rz%l 77€+%,k’7% _7;+%,k/+§> k=K (7.59)
T 0 k< K
OF) 1 0 k> K
0Ty { a(;rj%, Teriw—t = Ths sl > ko< K (7.60)
000.000000,00000000,
OF! bmaz OFF |
(Fr )™ = (R 8T+2AT + kzl aT;ZATk/ (7.61)
(F- )" = (Fo )"+ 8F+2AT +kmzaz aF’”?ATk/ (7.62)
kt+3 kt+3 0T, = 0Ty
AT, = Trt -1t (7.63)
AT, = TP -1t (7.64)

gogooobob. oo, boboboobobbbobbooddgouooooooon,
gobbobooooobboooad,

(F+ 1)n+1 _ (F+ )n—l i aFk‘-ﬁ-% AT + aFHQ AT, (7.65)
k2 k+g or, — 7 0N
0F, 1 oF,
(F_ )™ = (Fo )"+ a:k;Q AT, a:k;? AT (7.66)
2 2 s 1

O00o00ooooooo 3.

733 UUUuubuoooooobouoooooon

gbobooooboboogob,ggboboooobbboobobbuooobb. oo
U,n0dbogoboobobogbobuogobooboboobboobbon

30000,000000,0000000,0000000000000000000000
goboogbooaobooabood.
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gbobobuoogobbbdaod.

(1) = kinexp(Au7) + Tykayexp(—A,7) + CF (1) (7.67)
F (1) = Tpkinexp(AT) + kojexp(=A,7) + C, (7) (7.68)

1
Ten+T Tn =00
WonT s eXp <_ " ) { 3 e+ 747n72,n}

Ho

A2 — L

1
+ 2pn {Bo,n + Bin (T + —) } (7.69)

Tin + Y2,n

1
’Yl,n'i‘*
wo,nﬂ'Fs exp (_ Tc,n+T> { 20} + ,.}/2’11737”}

120 Y4,n

1
2 -

n 15

1
+ 2, {Bo,n + Bin (T - —) } (7.70)

71,71 + ’}/2,11

N
000,70,n000000000000000000, 7, = Z 70 nO0

k=n-+1
O0D0000D00000000. 00,000,70 k00000000 ODOOO0

O000.00,By,, 3000000000000 (DODODOODOOODOO)O n0O
goobooggo.

gobobooogbobob,oooboboooon.

EL0) = Fly(m) (7.71)
F(0) = Foia(m) (7.72)
R (m) = AspeFy (1) + Sge (7.73)
Fy(0) = Froa (7.74)

Ssfe = AspepomFs exp (—%> + em By e (7.75)

000,000 Fp,=0000.

O0oboooobooooboooon,oboo0oood, kiak, 0000000
O000000. 000, Toonetal. (1989) 00000000 OOODODODOO,O
gboobogoobobbooooboobooooboo.

Az = d (7.76)
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a1,1 €11 — Asfc€3,1 (7-77)

a1,2 —(e21 — Aspeea) (7.78)

A2n,2n—1 €1,n€2n+1 — €31nC4n+t1 (7.79)

A2p,2n €2n€2n+1 — €C4nCdntl (7.80)

A2n,2n+1 €1n+1€4n4+1 — €2,n+1€3 041 (7.81)

(2n41,2n €2n€3n — €1,nCan (7.82)

A2 41,2n+1 €1mClntl — €3n€3nt1 (7.83)

A2n41,2n+2 €3n€ant1 — €1,n€2,n+1 (7.84)

A2N2N-1 €1,N (7.85)

a2N 2N €N (7.86)

Qi1 41 0 (7.87)

ry = }/1’1 (788)

To = Yé}l (789)

Ton—1 }/l,n (790)

TaN-1 Yin (7.92)

TaN Yv27N 793)

d1 = —Cfr(Tl) —+ Aschf(Tl) + szc (794

dan = eani1{—C, (0) + ;+1(7'n+1)} - e4,n+1{_0:(0) + C;+1(Tn+1)(}7-95
e3,n{—Cp (0) + Criy (Tarn) } — 1,0 {=C1 (0) + iy () }
—Cy(0) + F(0)

d2n+1

don =

(7.96

000 e1m eom e3n, 60, 100000000,

€1n
€an
€3n

€4n

[, exp(—A\,7) + 1 (7.98)
Thexp(—=A,1) — 1 (7.99)
exp(—A\,7n) + Ty, (7.100)
exp(—An7n) — Iy, (7.101)
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oad,
1
Yin = §{k1,n exp(AnTn) + kan} (7.102)
1
YQ,n - é{kl,n exp()\nTn) - k27n} (7103)
000, 0dddoooo,0b0oobobbooo0o0ooooooon.

FX (1) = Yiplexp{=Au(7n — 7)} + Thexp(—\,7)]

+Yonlexp{=An(1n — 7)} — Tnexp(=A\.7)] + CF (1) (7.104)
F (1) = Yialhexp{—An(1 — 7)} + exp(—A,7)]
+Yo,[Chexp{—Au(7n — 7)} — exp(—= A7) + C,, (1) (7.105)

gboob,ggboobogoobobuoogoboboboooobobod.

FHO0) = e3nYin+ eanYon + Cp (0) (7.106)
Fn+<7—n> = el,n}/l,n - eZ,n}é,n + C;<Tn> (7107)
F?? (O> = el,n}q,n + eZ,nYém + Cg (O) (7108)
Fn_ (Tn> = e3,n}/1,n - e4,nY'2,n + Cg (Tn> (7109)
I I I A A 6
Fipa(T) = F () + Fjip p(7) (7.110)
Fiyn(T) =0 (7.111)
Fiina(7) = pomFexp (—T"”LO* T) (7.112)

gbobobouoogon

0000, Toon et al. (1989) 00O O0O0O0O0O0O0O0O0O0OO (source function
technique) 00O OOOO.

gbbobuoooobbboooobbboooobbobuooobbboool.

Fy(r) = /OMF(TaM)dM (7.113)

~ Zwiuifi(T, ;) (7.114)

i
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gbod,bgubudgboboboboobod,obbooboobaoobobo. o
Ub,w, 000000000, OO0, g0obobobb,bggoobobboagd
gobboooobbbuooobbobo.

Fiopn(T) = F (7)) + Fyp (7) (7.115)
Fionn(T) = pomFyexp (—TC’"+T) (7.116)
’ Ho

00,0 xp0000,00000000000000 #0,000000000
gooo.

Li(0,1) = LF(m)exp (__)

+MGj : {eXp (-%) - eXp(—Tn)\)}

)

)

+aon { 10— (7o + 1) exp (—%") } (7.117)
(=) = e (-7)

L eXp (—%) + 7, — ,u} (7.118)
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000, G, Hy, Ju, Kn, G, G, 01y 02, 0000000000,
1
G, = (Yin+Ya,) <— - )\> (7.119)
H1
1
H, = (Vi Yol (A " M—) (7.120)
1
1
o = (Yip+Ys,)l (A + u_) (7.121)
1
1
K, = (Y1,—Ys,) (— - A) (7.122)
M1
1
n = 2<Bg,+ Bi, — 7.123
Qj, { 0, 1, (% T, Ml)} ( )
Qopn = 2B1,n (7124)
1
n = 29 Bon— Bin - 7.125
o1, { 0, 1, (% T, /M)} ( )
O2n — 2B1,n (7126)
gooooooooooooog.
IF(1n) = 2emBage+ Aspeli (T0) + 2455 F g, 1 (1) (7.127)
I5(0) = 0 (7.128)
o004
0o,
OFE(7) OI*(7, i)
L ~ il 7.129
oT ;“’ Mo (7.129)
017 (0, p) Ol () T
oT oT 1
8041n Tn
) 1 _ -
S e (5]
4992 (7o + 1) € Tn (7.130)
— (7 xp | —— .
or |1 (et mexp {—
01 (7o, =) 91, (0) Tn
oT oT L
aaln 1 e Tn
Cexp [ -
or P 1
+ g;" {,uexp (—%‘) - u} (7.131)

47000000 20000000000,0000000000000000D0O00000,
gbboaobooabooobooobooboobaoon.
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o0 7dddooogooooon.
oI(0, ) oI (1) Tn
T, T, exp T (7.132)
8I1+(Tn,u) 8Bsfc
= (7.133)
01, (0, ) 0Ly (7a) T
6T% 8T% P ;
80&1’71 Tn
Far, e ()]
(s L b pexp (— (7.134)
a7, po (Tt p)exp { = :
alf(Tla :U’)
o, 0 (7.135)
+ +
91y (0, ) oI (1) exp [~
aTlé 8T1% i
0041’1 1 —ex _In
aTI% P H
(90 [y pyexp (=2 (7.136)
oT,s p (Tt pexp { — :
0 _ L) ([
8T1% aTI% b W
80&1’71 Tn
oo oo ()}
aOégn Tn
g%n . _In > 9)(7.1
or,: On,2 {u (7w + 1) exp ( . )} (n > 2)(7.137)
817: (Tna _:u)
i 0 (7.138)
oL (0,11
T 0 (7.139)
OIy(0, p)
o 0 (7.140)
OFE(T) OI(T, ;)
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oooses.

74 AGCM5 O00O0O0O0O: 0OoognO

O000,000000000 AGCMHOUOOOUODOODOODOODOOO
O0. 000000, Numaguti (1992) 00000000000, 0000000
ooooooooo’.

gobbobbodg,buuooogobb,bbbb,bbbboduoooad
gooboo,gobobodagd.

7.4.1 0O0O0OU

gobobbooooooooo,g 7220 oo, 000ooboboobooooad
gboob.oogobboob,oobbboggd.

gbbouogobbo,0bbdgoobbuoobbuooobbooob.bood
0100000, k0boboboob,0bobooobooboboooboobooon
O 8.

0000, 7B(r) O

mB(r) = osgT*(1) (7.143)
B, = ospT" (7.144)
a1 (0,)
b 000000,
6I+(OILL) 8Bf - Tk
bl .t Lt AP 2 _k 142
T, €m T, kl;[lexp m (7.142)
6%&*“’DDDDD,DDDDDD.DDDDDD.DD,DDDDDDDD %TE”D,DD

gooooobooooo,oo0oboooon.

000000000000 Numaguti (1992) 000000000,00000000000
gboooooooooboboboboo. ooboob,0c0b0o000oob00b0ob. 0o0o0o0ooag
gbooobobooobo.obooobooboooobobooooobooon.

80000000000 kO0000000000000000000000. 000, Numaguti
(1992) 000000000000 OO0O0O0OOO,000000000000.
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gobboboood,bbouoobboboooobbbod.

T(r,7") = T(r(p), 7))
— /0 exp[—a{’TL,wv(p, g) - TL,wv<p/7 g)|

H7rda(P: 9) — TLaa(P', 9)|}dg  (7.145)

TL,wv(p7g> = kL,wv/ pQwvdZ/ (7146)
2(p)
1 [P

- kL,wv_/ Qwvdp/ (7147)
g Jo

Trda(D,9) = kL,da/ pdz' (7.148)
2(p)

= kL,dag (7.149)

000,05 00000000000000000, 00000000, kL,
kL 000000000000000000000000O0000O0O000. ¢
0000000 (000000)000

7.4.2 0O0O0OO

goboboooob,bggobbboooobbbuoodb,oooobbood
goboooogobooboad.

gooooooooboooboboboboboboobo. o001 00000,k
0000000,000000000000000000000°. 000000
O00,000000 A,000000DOO0bOOO0,000bDoobbOooooo
gobbobooogobobbooooboobooogboobog.

Y00000000O0OoOooooon.
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I Y I
Fg(7) Fg () — Fg (1) (7.150)
F;(T) (1 - Aa)FO<X)As7Zlif(7_7 X) (7151)
FST(T) (1 - Aa)F0<X)7:lir(Ta X) (7152)
7:%7“(7_7 X) 7(31’7‘(7—(1))7 X)
1
| el seox{msan(p o) + msalp )l (7153
0
7:132']”(7—7 X) 7(dizf(T(p)aX)
1
/ exp[— sec X{TS,wv (psa g) =+ TS,da(psg>}]
0
: eXp[_a{’TS,wv(p& g) — TSwv (p, g)’
+|75.da(Ds, 9) — T5.a(p; 9)|}]dg  (7.154)
TS,wv(pa g) kS,wv/ pQwvdZ, (7155)
z(p)
1 4
kS,wv_/ Qwvdp/ (7156)
g.Jo
TS,da(pa g) kS’,da/ szl (7157)
z(p)
k&dag (7.158)

000,x0000000 9 (Liou, 2002 0000 solar zenith angle ) 000, «
00000000, kgw ksee J000000000000000000000
0000000000.00,A,000000000000. F(x)O,000 y
oodooooooooooooooooooon.

O0oooO00000000000D0O0000oO0oog. 00 (1982) OO 0, Liou (2002) O O
6o, Peixot and Oort (1992) 00 Z, Hartmann (1994) 00 ¢, 00 O0O0DO0OO.
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7.5 AGCMs5 O00OU0O0O0O: OOOO

7.5.1 0O0O0OO

000000 «B(r) 00 0O0O0O0O0OOODOOOOOOO.

By = ospTy (7.159)
B, = ospT! (7.160)
lmaz‘,S
7;f+%,k/+% = Z AQLJ eXp(_aﬂTL,wv,kJr%,l o TL,wv,kUr%,l’
=1
T daks 10— Thdag+11) (7.161)
Thawvk-31 = FLawoiMy, 1 (7.162)
TLdak-11 = k?L,da,lMdavk_% (7.163)
k
max p ;1 — p J 1
Myt = > Guog——2——2 (7.164)
k' =k g
Pp-1
Myt = p (7.165)
lmazS
77<:+%,k/+% = Z Agr, eXp(_a(kL,wv,l|va’k+% — va7k/+%|

+kL7dayl|Mda,k+% - Mda,k’—&—%l)) (7.166)

E
max p ;1 _p et
va,kfé = Z Qwv,k’w (7167)
k' =k g
Dr_1
Mda,kf% = kg : (7.168)

000, 0, 00000000,00000000000000000 (OO
00)000,Ag,, 00000000 !0000000O00OO.
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7.5.2 0000
O000O000obooOoooooooboooon.
Fpy = Fla—Foo (7.169)
Floo = (1= AR (00 AT (1) (7.170)
F];+% = (1 o AG)F()(X)?;W,IH»%(X)
lmaz,s
%ir,k—l—% (X) = Z eXp[_ sec X{TS,wv,k—&—%,l + Ts7da’k+%’l}]AgS7l (7171)
1=1
lmaz,S
EikaJr% (X) = Z eXp[_ SeCX{TS,wU,%,l + TS,da,%,l}]
=1
.eXp[_a{TS,wv,%,l ~ TSwuk+30
FT5da 11~ Todakt i3] Ags, (7.172)
TS,wv,k—%,l = kSKw’U,leuk—% (7173)
TSdak-11 = KSdaiMaap1 (7.174)
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76 000O0O0OOO:00/0000

7.6.1 00U

o000, DbCPAMSODOODOOOOOOOOODODOODOOODODOODD. DOO
g,ggbbogbbodgboooboob. oo, goboobob,0obod
0000000000000 000O0,00000000000000 (DOOoOo
0).000,00,00000000000000000000DOO0O00O0OCOO
goo.

762 0O0O0O0O: OO0

000000000, Chouetal (2001) 00000C0OOOO0OODOODO,000
gobobobboooooobobboog. bobo,ooooob,bobboogd
goobobobo.oooooooooooobobobobobob,b 7.22
u,0v320 0ggooog.

763 UUOUOO: ODO0O0Od

000000,00000 0720000000000 M.

764 0O0O0O0O: 000000
g

Chouetal. (2001) 00, 0000000000,00000000000000
gob 3bouggoooogaon.

e kOO

U 0opooooo, Chouetal (2000) 000000000000000O0O0O0OOOOOOOO
goo.
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71

O 72.0000000000000

00000 0000 (em™) OO0O0OO goooogao

1 0-340 H5O line kOOno

2 340-540 H>O line kOOO

3a 540-620 H>O line kOOno
H;O continuum 1000000000000
CO, kOOO orOOOO

3b 620-720 H>O line kOOO
HyO continnum 1000000000000
CO, kOOO or 0000

3¢ 720-800 H>O line kOOdo
H;O continuum 1000000000000
CO, kOOO or OO0

4 800-980 H>O line kOOO
HoO continnum 1000000000000
CO, 1gododoooooan

5} 980-1100 H>O line kOoOo
HoO continunum 1000000000000
CO, 100d0oooooooan
O3 aodn

6 1100-1215 H>O line kOodo
HyO continunum 1000000000000
N,O l10o0doodoooooan
CH4 l1godoodoooooan

7 1215-1380 H>O line kOodo
HyO continunum 1000000000000
N>,O lgodoooooooadd
CH4 10000oooooooa

8 1380-1900 H>O line kOoOdo

9 1900-3000 H>O line kOOO
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o [JOIOU

e 100D UOOOOODODOO

gb,gbogobogbooobuooboobbooboobboo.boob,
gboobgobbo 3sbooboobooboobobobo.

gbo,b0boboobobobobooboboboooo,oboboobooa,
goobooo,ggbbobooooobbuooobboooboboooobobbooon
guo.

T =TT (7.175)
000,7., 7c000000,0000 1,2000000000000000.

koo

Chouetal. (2001) 00,000000000000000000O00O00O0 kOOOO
gboo.ogbooboobg,bobobobbooboobo.

Zexp e Agn (7.176)

(o, 22) = / WEre (p](f) W(T(=), T,)dz (7.177)
-2 / ) (pﬂ)m WT (). T,)dp (7.178)

W, T) =1+ (T —T,) + B(T — T,)? (7.179)

ooo,NOOOODOOOOODOODOOL,E, O0nO00D0O0DOO0ODOOO, Ag,
O0n.00000000,p0000 (p=1.66)000.

0O, Chouet al. (2001) 00, 00000000000,00000000000
oooooo.

Fon = nlin_1 (7.180)
000,p00000000. 0000000000,000000000000
ooooooo.

000000000000 O000, Chou et al. (2001) O Table 3,4 00000
uo.
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gooo

Chou and Kouvaris (1991), Chou et al. (2001) 0000000000000, O
0ooooo0o0O0o0ooo.

T: 1 —A(peff,w,Teff) (7181)
=1~ Ag(pess, 0, 250){1 + a(pess, w)(Tepy — 250) + B(pesy, w)(Ters — 250)°}
(7.182)
pdw
Deff = ffw (7.183)
[ Tdw
Tp— 7.184
i (7.184)
dw = qpdz (7.185)

000, Ay(pess, w,250), a(pess,w), Blpess,w) 00000,0000000000
00000000000000000000000000000000.

10000000boooo0g

Chouetal (2001) 000 10000000000O0O0ODOODOOO,00000
gooboooo.

T =exp <— kc;}c) (7.186)

. 2 (p 1o
we(pe, T') = Ll qp <p0> exp {1800 (T Tr) } dz (7.187)
= - — Jexp4q 1800 | = — = d 7.188
J /p o (po p 77 ) [ ( )

000,p 000000, py=1013 hPa, T, =206 00O 0.

kc
— 000, Chouet al. (2001) 0 Table9 DO O OOOO.
i
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7 Jooouoooobuoooon

0000 1000000000000000000000 Fy(y) O

2
1
Fo(x) = Foo (TS> cosx (cosx > 0) (7.189)
0 (cosx <0)

goooboobg. Fpboobooboobooboobooboob, o
000000002 rs0000000000000000D-00000000.
xuouodoooboooooobooooobood.

cosy U,
cosxY = cos@cosdgcos H + sin¢sindg (7.190)

000000. 000,000, 0000000 (0DDODOOODODODOOO
O000000. Liou, 2002 00O OO declination of the sun. 00000000
O000C00OD0O0oO0)ooOo. HOOO (hourangle)D00, 000000000
0000000000000 0000 (DoooO0oUoooOoooooDOooooo
0)000. (7.190) 0 0000000000000 0O0O0DOOOO0 (Liou, 2002
0220000 AppendixCO0O). 000000000 O7100720000
O0. 00,DCPAMSO0ODOODOO0OO0O, cosx000 secy DODOODOODO
00000, 000000 secyUOODOODODOOOOODODOOO.

r¢ 00000000000000000000((CQO0000000000000%15
0o).

rs = (1—ecosf) (7.191)

O00,e0000000.£000000 (DD0O0DODOODOO, eccentric anomaly)
000,000000000000000000 B, 00000000

£ —esiné =1 (7.192)

200000000 0000000-0000000000000000000000000. 0
oooooooooooboooooooo

1
14 Ze2
(1+27)
O00. («e000000,e0000). ex1 000000000 «00OO0ODOO.
BOopOO0O0O0OO0O00,0000000 2000000000000 (z,y) 000000 €0
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Figure 2.5 The ecarth—sun geometry. P denotes the perihelion, A the aphelion, AE the aufummsal
equinox, VE the vernal equinos, WS the winler solstice, and 55 the summer solstice, nis pormeal o the
ecliptic plane. a is parallel to the earth’s axis. & is the declination of the sun. € the oblique anghe of the
earth’s oxis, & the longitude of the perihelion relative to the vernal equinox, v the true ancmaly of the earth
at o given time, & the true longitude of the earth, © the center of the ellipse, OA {or OF =g the semimsjor
axis, OF (= b} the semiminor axis, 5 the position of the sun, £ the position of the earth, and ES (= r) the
dhistance between the earth and the sun.

071 0000000000 OOOOOO. OOO Liou (2002) O Figure 2.5.
OO00000O0o0ooO0oOooOobDoooOoobD. oogsésb0 6s0,v0@OOO
oo.

Local zenilh

5

Figure 2.6 Relationship of the solar zenith angle By to the latiude g, the solar inclination angle &,
and the frour angle fr, P &nd D ore the point of observation ard the point directly wndsr the sun, respectivaly
(see pext for farther explanation).

072 000000000000 OOOOOOO. 000 Liou (2002) O Figure
26 00000C0000ODOOOOODODODOOOO.O000 6O xO,600s00
oog.
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00000000000000. 000 !l000000 (mean anomaly) 00O,
gbbgdbooggoboo,bbogdbboogbogobuoobobuogobooboo
gbooogoobo.bog ¢, 0b0b0 7, 0000
T

180

_ 27T(t - to)

[
Torb

+ (P Epoch — Po) (7.193)
000.+ 000 (000,00000000000000.000000000
00000000000000)00000000. ®g,,, 000000000
000000 (000 degree, 0000000000007 000000), &0
O0000000. DCPAM500, 0000000 (000000 Newton 00

000 (7.192) 0 ¢00000OO0OOOO.

) 00ODODODOODOO.
sin dg = —sin b, sin(Py + D) (7.194)

¢, 000000 (000000000 000D00. Liou, 2002 0000 oblique
angle of the earth’s axis. 0000000000000 0O0O). 00000 (true
anomaly) 000, 00000000,0000000000000000000
gobobo.eodbbbooooobobog

—_
_|._
[

Ay

P
tan 3 = tan = (7.195)

—_
I

@

A}

oy obobbo,ooboboobooboboobg. 9+ 0000
gobobo,gobbbooooboboogobobobooooboobog.

00 AFO0O00ODOO000ooo.
HIQWtByDay—ﬂ'—i—)\ (7196)

tpypey 0000000000000 000 (faypay =0000 000, tpypay =
0500000000). 0000000000000 Hy O

cos Hy = — tan ¢ tan dg (7.197)
ggoooobooboboog.

x = a(cos§ —e),

y = ay1-—e2siné,

ugbob,ebgbodb,etdbogogon.
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goo.

OO000,00 DCPAMGOODOODOODOOODOOOODODOOODOODOODO
uo.

1. 000 (000o)booooooo.

000000,000 (7.189), (7.190), (7.191), (7.194) 000000000,
0000000000000000000000000000000000
0o,

DCPAMSOODODOOODUOOOOODUOOOOODOOOOOOOOOOOOn
doooboooooo-oooooo 30, 0nonouoooobouoooon
Ooddoooodggoooooooogg-0oooggr4000. oo
dodododgogoodg (D 7.4b)D,Liou(2002)D Figure2.8 00O OOO0O
doodoooooooooaa.

2. 00000000 bobooboonoa
DCPAMSOOOO0O,0000O0DOO0O00DDODOO0ODDO,00DDO00
gogooogogo.

F_é(gp)Z—SQ(AZ'”S—I—BmSCOSQQO), (7.198)

cosx ~ A, + B, cos® p. (7.199)
OO, 000000000D000000000 sec¢ O

1
secy =
X A, + B, cos? ¢

(7.200)

gboooggo.

Ains; Bins, Ay, B, 000 073000.000000 AGCM500000
00000000,0000000000000000000000000
0000000.000,(7.189)00000000000000000000
00000000,000000 (7.198)00000000000000 7.3
0000 Ay, 000 By 000000000000000 (T420000
000 Ag = 0.12756, By = 0.18340 00 0). Ay, B, 00000, (7.189)
000000000000 (7.198) 00000000 Ajps, Bins 00000
00000000 A, B, 00000000, 0000 csy 000 100
000000000000730 A, 000 B, 0000000000 (T42
00000000 Ay, =0.12756, By, = 0.18340 00000 A, = 0.41021,
B, =058979 000).
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outgoing shortwave

latitude

0
(degree_north) (day)
time

CONTOUR INTERVAL = 5.000E+01

__IEEEEEE .

—600 —450 -300 —-130 0

073 DCPAMSUOUOUOOOOOOODOOOODOODDOOOODOOODDOO
gbbuogbbuoooboodobbuo-ugbob.booo1oboogboboatb,
gbobog.gbbuoobbogbobbooo1ogobbooo,0ogbobo
O0O0ooOoOoOoo. DCPAMSOOODOOOODOOODOOODOOODOOO
000000000000, 000000 T21. Fy = 1380 W/m™2, 6, = 23.5°,
o, =00,e=00,000000000000 280000000, 100000

365 0.

Bins | Ay B,
0.183 | 0.410 | 0.590

Ains
0.127

073 0000000000000 Ains, Bins, Ay, By, OO

20140 60 180 (DODUO0OOODO) radiation/radiation.tex(radiation/radiation-misc.tex)



DCPAMS I OODOOOOOMyO M OOOOOODOODLOODOOOO 79

(a) outgoing shortwave (b) outgoing shortwave

latitude
latitude

Il [}
0 100 200 300 0 200 400 600
(degree_north) (day) (degree_north) (day)
time time
CONTOUR INTERVAL = 5.000E+01 CONTOUR INTERVAL = 3.000E+01
[ D EEEEEE B [ D EEEEEE N
-600 —-450 -300 -130 0 —-600 —450 -300 -130 0

074 000000O00000O0O00O0O0O0OCOOO0OC0OO00O00O000
00-0000.00010000000000,00000.000000000
000000 100000000,00000000000000. DCPAM50O
0000000000000000000000000000000000. 00
0000 T2l () 00000D0O0000000000000000. Fy = 1369
W/m™2, 0, = 23.44°, &y = 102768413+ 180.0, ¢ = 0.016713, 000000000
000 99.403308+180.0. 1 00000 365 0. (b) 0000000000000
000000000, Fy=588.98 W/m~2, 6, = 25.19°, &, = 258.98, ¢ = 0.0934,
000000000000 —10342, 100000 669 0.
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gobb,gogbbbboooobbbuoooobobobooooboboo
gobobh.ogdoboboooboboboobobboogbbboogboo
gbobboogoobbod.

e OO DODODUOOOOGOGO
Liou(ZOOQ)DDDD,DDDDDD F,00000000000.
- 1\28(r
F(d) = Fog (—) S(r)

Ts ™
X (cos ¢ sin hg cos §g + hg sin ¢sindg). (7.201)

ooo0,é0 Sr)0 1000000000000 OODODOOOOOO
oo.

e JOUOUOODLODOOOODLDOOO
Liou (2002) O0OCOO,000000CO0000O00O

FOOTorbg(¢7 6)

Fy<¢) = 7T<]. . 62)1/2 ) (7202)
: : 2
S(,e) = §51§§395L/0 (ho — tanho) sin Add\  (7.203)
0
oooooo.

00000, North (1975) 00000000 OOOOOOO. North (1975)
gb,buggbobobuogoobbbuoooobboooobobog

Sy = —0.482 (7.205)

000,00000000000000000000000.000 z=siné
0oO0. S, 000, Chylek and Coakley (1975) 000000000000
00000000000000000000 (0000000000000
0000000000000000). 0000, Ajs, B, 0000000
00000

Ains = 0.1295, (7.206)
Bins = 0.1808 (7.207)

goo.

3. 00000000000 OO (perpetual run).

D00000,sinés 0 rs 00000000 (7.189), (7.190)0000, 00
000000000000000000000000O0.

20140 60 180 (DODOODOODOO) radiation/radiation.tex(radiation/radiation-misc.tex)
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4. 000000000 00OO0ODO (Dooooooo)

DDDDDD7DDDDDDDD AsubsolarDDD¢subsolar|:||:||:||:|-qbsubsolm":
oboboooboo,boon

cos X = €08 ¢ cos(\ — Asubsolar) (7.208)
god. oo, boooooouoouoouooa
Fy(¢) = Fyocos x (7.209)

gbooog.

7.8 UUubooobouood

000000000000oo0o0000U0O0 (bobooooogo)ooooo
ao.

e JO00OD0ODODODODO: DCPAMSODODODDOUODODODDOODODO
0 0.2.

OO0O00OO0o0obOobob,b0ob0b00booobooDO 0225 000. Kiehl
and Trenberth (1997) OO 0000000000 OOOOO,000000
O0342W/m?000,77W/m?00000000000.

O0O0000: DCPAMSODOOODOOOODOOOOOOODODO 0.0.
O00000000,000000 00167 (DO0DOOOOO).

O00000000,000000 0.0934 (Allison, 1997).

OOoOOo0: DCPAMOODOOOOOOODOOOODDOONO 0.0.

00000000,000000 102.924° (0000000) * DCPAM5 O
gboooboodn 102.768413 + 180.0 O D O O .

O00000000,000000 250.98° (Allison, 1997).

O000: DCPAMGOOOOODODODO 1380 W/mz. 0000 Ishiwatari et
al. (2002) 000. 000000 O0ODOOCOOOOODOOOOOOOODOO
DD15

HDuffett-Smith (1988) 00 O0O000DO.
Bopoo000 1B7OW/m2000000000.

radiation/radiation.tex(radiation/radiation-misc.tex) 2014 0 6 0 18 0 (00 O0ODOOO0O)
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00000000,00000 1367 W/m? 000 (Hartmann, 1994). OO
0000000000000000 Ly0003.85x10*W (0OO0O), 0
0000000007000 10000 (1.496 x 10" m; 0000, 1995)
gboooob,0boob

Ly 3.85 x 102°

_ = 1368.8W /m? 7.210
AnT% 4 x 3.142 x (1.496 x 1011)2 e ( |

oooooo.
D0000000,00000 588.98 W/m? (Kieffer et al., 1992)

79 oo

Allison, M., 1997: Accurate analytic representations of solar time and seasons on
Mars with applications to the Pathfinder/Surveyor missions. Geophys. Res.
Lett., 23, 1967-1970.

Chylek, P., Coakley, J. A. 1975: Analytical analysis of a Budyko-type climate
model. J. Atmos. Sci., 32, 675-679

Hartmann, D. L., 1994: Global physical climatology. Academic Press, pp411.

Kieffer, H. H., Jakosky, B. M., Snyder, C. W., 1992: The planet Mars: from
antiquity to the present. Mars edited by Kieffer, H; H., Jakosky, B. M.,
Snyder, C. W., Matthews, M. S., The University of Arizona Press, 1-33.

Kiehl, J. T., Trenberth, K. E., 1997: Earth’s annual global mean energy bugdet.
Bull. Am. Meteorol. Soc., 78, 197-208.

Liou, K. N.; 2002: An introduction to atmospheric radiation 2nd edition. Aca-
demic Press, pp583.

North, G. R., 1975: Theory of energy-balance climate models. J. Atmos. Sci.,
32, 2033-2043.

Toon, O. B., C. P. McKay, and T. P. Ackerman, 1989: Rapid calculation of ra-
diative heating rates and photodissociation rates in inhomogeneous multiple
scattering atmospheres, J. Geophys. Res., 94, 16287-16301.

oooodoooo,0o0dooooboobooo,o0 0,00 oo, 1974: O0O.
oood, pp2l4.

20140 6 0 180 (0O 0O DO OO Orkdjation/radiation.tex(radiation/radiation-references.tex)
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g od,tob g,0b o4, 1996 bbbuguobobouodnn, pp2b9.

Numaguti, A., 1982: 0000000000 ODOCOCO0OOOODOOOOOO,DO0O
gooobood.

gobood,2010: 0000, 000004,

radiation/radiation.tex(radiation/radiation-references. 84 0 6 0 18 0 (0O O0OD0OOO0O)
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U8 ool

8.1 UQ0OONO

goobbobobboooooooobbobbbodooooobbobobboooog
gbog,bodbboobuoobbuodobboobuoobbuoobbooboo
gbogobogbuodgbo.gbbogbuogbbobobuooboobbooo

gooo.

000 DCPAMSO0ODODODODODOO (Manabe et al., 1965), Relaxed Arakawa-
Schubert 0 000 (Moorthi and Suarez, 1992), D00 O000000000000O
Relaxed Arakawa-Schubert O 0 O O (Moorthi and Suarez, 1992) 00 0000 0O.

go,bbobobboodddddoooooououooob. boooooooo
(DOOOO)OUO0O.000oO0OoUooo9oD Dooooo.

20140 60 180 (D0 O0ODOOOO) cumulus/cumulus.tex(cumulus/cumulus-intro.tex.tex)
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82 [HUOOOON

O0000,000000 (eg., Manabeetal., 1965) 0000000000 O0O. O
g, ggobobobboodg,ddggooooobooob,bbbbbodoooood
gbboboooob,gogbbobooggbobuooobboboogan.

8.2.1 UUOO

gbobooboooooboooobood.

0
5 {C, T+ Lg*(T) + g2} > C,AT, (8.1)

q
> 71, 8.2
o(Tp) =" 8.2)

000,CAT. 000000oo0oooooooboooooooono,0ooo
gboobooooobogg.

gbooooogoooo,

9,
0
5 (Co,T+ Lg+gz)=0 (8.4)

oog.

go,b0o0gooooo =t 0bog,

q(te) = ¢"(T'(te), p) (8.5)

obooooboobooboob.obb,gs0booboon.

cumulus/cumulus.tex(cumulus/cumulus-mca-disc.tex.t2f]4 0 6 0 18 0 (00 O0O0D0OOO0O)
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8.2.2 0O0OOO

gbgobooboobooboobgoobooo.

Cka + LC]*(Tk) + g% — (Oka+1 + Lq*<Tk+1) + 92k+1> > C,AT., (8.6)

S, (8.7)
q* (T, pr)
dk+1 > (8.8)

¢ (Ths1, Prt1)

o000, 0000000o0o0.00,c,AT.0000000000000000O0
gogoogb,r-0oboobooboobgobgn.

goboboooobo,

{&T+ La} Ay + { T + Linnr  Amicy

= {Cka —|— qu} Amk —|— {Cka-I—l —|— qu+1} Amkﬂ (89)
A

Am, = =& (8.10)
g

Apy = Pp-i = Dst (8.11)

CpTy + Lax + g2k = CpTiy1 + Lqry1 + 92k (8.12)

a = ¢ (Th,pr) (8.13)

@1 = ¢ (T, Pr+1) (8.14)

goo.

000,@®12)0000000000000OO0O00O0O,

RT, 41

Cp(Th = Thor) + L(q"(Tx) — ¢"(Thr)) = “ (P —pria) =0 (8.19)

D+l

DDD.DDDDD,...DDDDDDDDDDDDDDDDDD.DD,TH%D

Ty = k4L (8.16)

gobobooooboo.

20140 60 180 (0000 D OO O &unulus/cumulus.tex(cumulus/cumulus-mca-disc.tex.tex)
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000, q, g, 00000000,

* * (] g
@ = ¢ (Te,pe) = ¢ (T, pr) + ;T ATy, (8.17)
T=T),

* * (] 8q*

@1 = ¢ (Dor1,Pr41) = @ (Therr, prt1) + aT | . ATpr  (818)
T=Tk41

AT, = T,—T; (8.19)
ATir1 = Tinr — Tin (8.20)

gbbbuooobobbooao,buooaoboo.

[ L
AT, = {Aps(1+%)} " {FAQ — Apgir (14 Ye41) ATk+1} (8.21)
p
—1
ATt = |Fupy {8 (14 ) = Apgas (1430400} + (L+7) (14 9011) (Aps + Apys)]
L
[Apk (1+7) Spps + {1 oy — F,H%} FAQ} (8.22)
p
R pr — prn
Fooi. = —F/—— 8.23
k+3 Op 2pk+% ( )
o o L . . o A
Spyr = T —=Thpr + roh {q (Th,px) — q (Tk+1>pk+1)} — Fl <Tk + Tk+1> (8.24)
p
AQ = Apg {@k - q*(Tkapk)} + Appia {@kﬂ - q*(Tk+1,pk+1)} (8.25)
L Oq*
_ L 2
TG, 9T |y, (8.26)

gbooo,dbbibd g, g DOODOO0O0O00OOO0O0O0OOO0O0000O, 00
OO0 ..000ooo0obogo.oo0, 0000000, k00000 k410000
goobboobbboooooog,gooo sbooobbooouoooood
obg.bo0,00bobboboobooboobg,boboooboboob.

00,0000,

1

1

Age = @ — Gk (8.27)

oooh

l000,0000000000000000000000000O000. 000,00000
gbooabooaboodaod.

cumulus/cumulus.tex(cumulus/cumulus-mca-disc.tex.t2f]4 0 6 0 18 0 (00 O0O0D0OOO0O)
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000,00000000000000000000% 00000000000
O (yot, 2013/09/07).

gob,gogboobobodg,gobbooodgbbbuoobbboooobbodad
. oooog,boo,oobooobobooo,bbobbbbooododgoooo
00,0000000000000000003% 0000000000000, &
U0 k+1000000000 MH%DDDD,DDDDDDDDDDDDDD
goboobogg.

A

R R RTk+l
AmpCpTe = (Amy, — My 1)CpTh + My 1 {Cka;+1 + 5 12 (pr — pk+1)}
k+d
~ RTk+l ~
A1 Gyl = My § GT — ’ “(or = prsr) ¢+ (Bmiy = My 1) Gyl
k+3
—i—AmkHL(Aqu)c (829)
Ampgr, = (Amy, — Mk+%)(jk + My LGk — Amy(Aq). (8.30)
AMmp1qeyr = My 1qr + (Ampqr — MH%)%H — Ampi1 (AQrt1)e (8.31)

000, (Ag).0 kODDDO0O000 (0000 (Ag).>0)000.00000
My,1, (Aq). 00000,

CpATk + LAqk

My = ——— i Amy(8.32)
Co(Ti — Thg1) + L(Gr — Grv1) — pk:f (P — Prt1)
2
(Do = (s — ) ks _ p (8.33)
qk)e = \Qk+1 — Gk Ay qk .
A ; L N 34
(Agrs1)e = _(Qk+1_Qk>Amk+1_ k41 (8.34)

gog.ood,od MH%DDDDDDDDDDDDDDDDDDDDDD,D
gbooooooon.

AmpAm
M. . < k k+1
k+1

8.35
= Amy + Amyg (8.35)

I A T Ty Y
DDDDDDDDD,MH%DDDDDDDDDDDDDDDD,MH%:ODD

‘D0D000000000000000000.00,0000000000.

0000,0000000000000000000000,00000000000000
gooooooob,boobooboboooboboobooo0. oo, boooDoboooboooD,boo
oboooboobooooobobooooon.

20140 60 180 (0000 D OO O &unulus/cumulus.tex(cumulus/cumulus-mca-disc.tex.tex)



DCPAMSODOOOOOOODOODOO

82 0LOUO4OOO

89

000000 0000000000 MH%DDDDD,DDDDDD,DDD
000000000 s0000000o000.

U, =
Uit =
qr =

dk+1 =

Uy + (Ups — T 2
k k1 ) A,
A~ N N Mk_;’_l
U1 — (U1 — Uk)Amk 21
+
e+ (4 . )Mk:+%
qr qk+1 — gk Ay,
s — (s — @)t
o1 — (Qet1 — Gk
’ * Amyq

‘{0D000,000 10x107°C, 00000.

‘0000 ¢gO0O000O0OO0.

(8.36)
(8.37)
(8.38)

(8.39)

cumulus/cumulus.tex(cumulus/cumulus-mca-disc.tex.t2f]4 0 6 0 18 0 (00 O0O0D0OOO0O)
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8.3 Relaxed Arakawa-Schubert [0 [0 [0 [

Relaxed Arakawa-Schubert 000000000000 O0O0OOO, Arakawa and
Schubert (1974) O O O Moorthi and Suarez (1992) 0 O O.

gobg,0goboboobobbooobbooo,ob,bbbo0o0nbb Relaxed
Arakawa-Schubert 0000000000000 O0OOCOO. ODOoOO0,00000O
gobbooda,gbbobugooboobod.

83.1 U0OODOOO

000000,00000000000000000000A0 °¢.

P
Ptotal

000,p, 000 2000000, pue 000000000,

0D00000000O0000D0D,00000000000D0,000000000000
00000000000 000 “mixing ratio”, ¢ = py/pg, D0 0000000000000 OO
00000000 “specific humidity”, ¢ = py/ptotar, D000 00 (OO0, py, pPd, Protac O 00
oooo0ooo,000000,00000000). 000,00,0000000000000,
0000000000000 00000000000000000 (DD000,0000 “mixing
ratio” O “specific cloud water content” 0 0000000000000 OOOOOOOO). OO
0,00000,00000000000000,00000000000, gz = px/ptota, 300
ooooo.

20140 60 180 (DODDOODOOOO)  cumulus/cumulus.tex(cumulus/cumulus-ras.tex.tex)
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8.3.2 OOOO
D0000O000O0000n
000000000,000000000000000000
( ) 1 ( ) (8.41)
0q, 1 0s
(%) - L{( ) - (5) ) 2
g 1
( ;) —;D’ q(2)r(2) (8.43)
s Ly 08 lLD() (2) {1 ) (8.44
ot pC(?z_p a(z) {1 =ni(2)} A4)
ah L 1 .
(a) ! C—Z ;D( alz) {° b} (5.45)
M. (2 / 5(\)d\ (8.46)
X
D'(2) = —npy (Imp(Ap) 22 (8.47)

dz

Oob,s,h000000000000O00O0CO0DO0O0O0ODO0ODO0O, OO
gboobogob.od,ng0bbogbboodbbugobboobbood
000007 A000000000000000000, Ap(2) 000 000
(000000 00D)0000OC0O0O0000D0O0O00O0O0OoDoOOg. ny, mp
gooboooobboboooobobb,oobbboooobbbooon.

gb,gbbugbbuobbogobogobuogoboobuogbboobood

ooooos.
om(z)
oz A
& e ) +aia @] = 220, )

9 memsy = 22

n00000000,00,2=25 0000

m(zp) =1

‘0000,00000000000000000000000O0D0O000DODOOO0
80000,00000000000000.

(8.48)
(8.49)

(8.50)

(8.51)

cumulus/cumulus.tex(cumulus/cumulus-ras.tex.tex) 20140 60 180 (00 O0OO0D0OOOO)
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gbo.gb,g0buobboobuodgbbodgboobbodoboobbad.

hi(zB) = h(zp) (8.52)
@ (z8) = ¢u(2B) (8.53)
GA(zB) =0 (8.54)

gb,b0oggoobooan,

h5,(zp) = h*(2p) = s(zp) + Lq, »,(2p) = C,T(2p) + gzp + Lay , (2p) (8.55)
4y, (20) = q;(2D) (8.56)

gboooog.

mp(AN)dA0,000000000000.00000,A4,0000000000.

4y = j[;D I ) — s}z (8.57)
noo,
() = 5(2) ~ T U — () (8.58)
goooodoooao,
Awwljl+2gﬂy;@muﬂww»—mw»w (8.59)

goo.

gob,ogggobbouogobbooag,bbbuoooobobod.

DAy (04, DA,
37‘(m>w+(w)c (8.60)
Arrla/)(
(%> — / Kymp(V)dN (8.61)
o ).~ ), ,
814,\ aA)\
ooo, W goooooooooooooooooooooooo, W

L
Oobooboooboobooooboooodgoo. 00, Kyy O,000000
o0o0C0C YOOOOOOOOOOoO,0000000000 AODQODODOO
0000000000000000000000000000000000°®. 0

00000000.00000000,00000000000,000/000000000
gbobogboooboooboobooobooog.

20140 60 180 (DODDOODOOOO)  cumulus/cumulus.tex(cumulus/cumulus-ras.tex.tex)
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oo,
0A,
Kav =0,  A#N (8.63)
Dooooo,
(%) = (%) (5.64)
ot )s \ ot ),
<%) = Kyamp(\)dA (8.65)
1 DA,
Ky = (V)N ( 5 )C (8.66)
1 8AA)
N)dA = =2 8.67
mpir = 2 (52 (.67)

A
DDD,(%) 00000, me(\)dA0D0O000O0OOOO.
LS

goboboogaooboood

gi20000b0Uuugboboogn.

gbooboogooboood

g—; - —%9 (8.68)
pP= (p%) (8.69)
= Cﬁ; (8.70)
0 = % (8.71)

cumulus/cumulus.tex(cumulus/cumulus-ras.tex.tex) 20140 60 180 (00 O0OO0D0OOOO)
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gobob,s32000000b0b0000bbbuaad.

(a) —9LD(P)a(P){1 —n(P)} (8.72)
(%) gM +9D( Ja(P){h" — h} (8.73)
(%) (P)r(P) (8.74)
M(P) = / I (P)ms()ay 5.75)
D(P) = 77)\D<P)mB<)‘D)d>\§Z§P) (8.76)

anz?z(ap) - —%“ (8.77)

% Im(P)h(P)} = angép)h(P) (8.78)

3% [ (P) {asA(P) + aiA(P)}] = angj(gp) ¢(P) (8.79)

gbbogbobogobooobboobba,bboobboobbodon, g,
oooobobooboooog,,0b0bobogoooboboooo.

m(P) =1+ %A/PB 0dP (8.80)
S (75 9(P) {h (Pp) — NG
b, 0ddooouoouoouoouoouooon.
Ay ~ / ’ ﬁ%mp){hi(m — W(P)}dP (8.82)

83.3 UUOI

Relaxed Arakawa-Schubert OO0 0000000000 O0OOOOO, OO Moorthi
and Suarez (1992) 0000000000 O0OODO.

20140 60 180 (DODDOODOOOO)  cumulus/cumulus.tex(cumulus/cumulus-ras.tex.tex)
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gi200bbbuooobbobouoan.

8Sk 85k
 — = _— = M /Fs / = !/ )\ /FS ! 883
( ot )c Z < ot )Qk, ng B L sk k Ek, 15, AT o g (8.83)

k/
Ohy, Ohy,
) = . = Mg Ty 1 = AN T 8.84
OO0,/ 00000o00oooooo. oo,
( g
—A—pkﬁk/,k% (Sk - Sk—i-l)
Fs,k’,k = _ﬁLQZ,k’,k’nk’,k’ (]_ — Tl,k’) 5k’,k’ (k S l{,‘/) (885)
k
L0 (k> k)
(—LU st (ha = Pygn)
Thpg =4  +-2 (W — 1) ops (k<K (8.86)
Apy,
0 (k> K)
ogo o,
M-t = Mt = —BrOeAe (8.87)
M pr—1 = Mt = — B b A (8.88)
C
B =2 (Pk 1 — Pk+;> (8.89)
g 2
C
By =" (Pk 1 — Pk) (8.90)
g
nk“k_%h;’kf% - nk/,k+%hz’,k+% = (’r]k/’k_% - nk’,k-{—%) hk (891)
nk’,k’—%hz',k’—% - 77k/7]<;/h2/’k./ — <77k’,k"—% — /r’k‘/,k:’) hk" (892)

c c c c - .
Mkt -1 (qv,k’,k—% + ql,k’,k—%) ~ Mkt et <qv,k’,k+% + ql,k’,k—&-%) = <77k/,k—% nk’,k%) Qo
(8.93)

Mkt ke —1 (qi,kgk/—% + qzc,k',kf_%> = Nk ! (qf;,k;',k' + Qik/,k/) = <77k/,k’—% - Uk’,k’) Qv k!
(8.94)

10 Moorthi and Suarez (1992) 00, 000000000000000000OO,00000
gboaboodaodg.gbgoobo,gbooboooobooaobooboabog.

cumulus/cumulus.tex(cumulus/cumulus-ras.tex.tex) 20140 60 180 (00 O0OO0D0OOOO)
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Foooooooooooooooooooooooo OOooooooogo
uo.

k-1 -t
A = (hk’mlt — hy) {ﬁ,’f&k/ (hp — hg) + Z Bi0; (hy — hl)} (8.95)

l:kmlt+1

oob,k, 00000000000 0DO0DOO0OO0.

FODODODOOooooooooo Ay, 000DbO0o0oooooo.

k'—1
Ak/ = Z {/"Llnk17l+% (hz/,l-‘r% - h?) + Elnk’,l—% <hz/,l—% - h?)} + ek/nk’,k’—% (hZ’,k’—% - hZ/)
l:lmlt+1
(8.96)
1 1
- —(p-p ) 8.97
Iul 1 + ’)/l Pl ( ! l+% ( )
1 1
- —(p 1—P) 8.98
T +v P, ( =3 ! (8.98)

gboogbdoobobboobodbuoobo,ogbuooboobobooboa.

dA K -1 K—1

k/

( dt ) = Mp Z (1 + ) {Fh,k’,lmlt - Z (Nw—é - uk’,l—l—%) Ph,sz,z}
c l

=lrmmie+1 I=lm1s—1

- (umk/,z% + 61771@/717%) (L 4+7) Copry

— (nk',l—% - ﬁk/,H%) Th,kcl]

K —1
+ Mp lﬁk' {Fh,k/,lmlt - Z (Uk;/,l—% - 77k’,l+%> D — (1+ ) Uk/,k/_;rs,k/,k'}]

1=l

(8.99)

0 0O, Relaxed Arakawa-Schubert 00000000 OO0OO, (%) oooad

LS
goooo.

TRAS

(%) - Ay (8.100)
at ),

000, s 000000,A,000000000000000.00,A,00
gobobogog,bob,ggbbbuoogobbbuoooboboooobn.
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8.4 DUPANIAT Reélaxed[ArakawaiSehubert 0000000 OO0OO 97

8.4 00000 Relaxed Arakawa-Schubert [0 [ [
O0odooooon

00000 Relaxed Arakawa-Schubert OO0 0D OO0O0OOO0OOCOOOOOO,
Arakawa and Schubert (1974) O O O Moorthi and Suarez (1992) OO0 OO0OOO
goobog.

o000, 0000000000000000D0,00,0000000 Relaxed
Arakawa-Schubert 0000000000 O0OOOOOODO. ODOOO,0000
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Fo. = —pCqlv|u, (10.18)
Fo, = —pCylv|v, (10.19)
F, = —C,PpCylv| (0 —05), (10.20)
Fy = —epCylv| (g —q5) (10.21)

O00,000000 (000000O00000D0)0000 (Coooooooo
O000)0D000oooog,

Fon. = ——u, 10.22

, o (10.22)
1

Fn, = ——v, (10.23)
Ty

Fp = Fs, (10.24)

F, = F,, (10.25)

DO00.000,(1021)00000000000000000000 F,0000
000000000.000,pp 00000000. K, K, K, 0000000
0,0,0000000000.¢,C,C,00000000,0,0000000
0D0000.00,~000000000000000, F.,, F,,0000000
0000,00000000000.00000000000.

Kp, Kn, K,, 00000 Mellor and Yamada (1982) 000 200000000
000.000000000000000000000 0101.100000. C,,
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Ch, Cy, O Monin-Obukhov OO O OO0OO0O0OO0O0O0OOOOCOOOOOOOO
gob.odgbogbboobodgboobbobobodob 101.30,0 10140 0O
goo.

10.1.1 O0OO0OO0OCOOO0OO0O,O000000 1 (Mellor and Ya-

mada level 2)

Mellor and Yamada (1982) 000 2000000000,000000, Ky, K,
K, 000000000000,%,0000000000.

Mellor and Yamada (1974, 1982) 000 20000000000000, K., K,
K, 0000000, 0000000000.

)
K, = I av St (10.26)
K, = P gv St (10.27)
K, = K (10.28)
0OoD,/000000O0O,
k(z— zs)

T 1+4k(z—2) /o (10.29)

0000000.000,2,000000,,,0000000Y5k0000000
(Karmén’s constant) 0O O. OO,

S\, = B} (1— Ry)* S,5, (10.30)
1 1
St = B? (1 — R;)? S2,S (10.31)
oo0o. Sy, Sy O,
oy — ap Ry
s R < R critica
Sy = 1 — Ry (By < Beriticat) , (10.32)
SH min (Rf > Rf,cm'tical)
p1 — Ba Ry
S Ry <R critica

Su = By — By " (B fritical) (10.33)

SM,mzn (Rf Z Rf,critical )

1(2011-8-1700) 0000000007
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0002 000,R,0000000000DDODOO (flux Richardson number)

1
Ry = ﬁ {ﬁl + BaRR; — \/(51 + 5431)2 — 4525331} (10.34)
2
O00,R 000000000000 (bulk Richardson number)

2801,

0, 0z
= Oz 10.35
ov|" (10.35)

0z

0003 Ryewe D0000000000000,

At
R critical — 10.36
Jeritical 7+ Y2 ( )
ooo.
00,000000000,%,0,
2 2
q | RN ov
L = ZBBE1-Ry)|=—| S 10.37
5 5 Bil( 55| O (10.37)

oooooooo 4

2(2011-08—26DD)DDDDDD Mellor and Yamada (1974) 00 0000000000000
gooooooooboo. gobbooooooob, 0o odooooboooooo.
(2013-08-10 O O ) Mellor and Yamada (1974), p.1801, 00,0, 000000000000 O0O
gobododoooboodoooobbOooooooboo. oo oooooooobo.ooo
000000000000 Sumin=0000.

S0000,00000000000000 6,000000.

4 (2013-08-13 0 0 ) Mellor and Yamada level 25 0000000000000, (10.26), (10.27)
ogooooo,o0b g0 ooooobboooooono.

Ky = 1gSum, (10.38)
Ky = l1qSwu, (10.39)

0ooo, (10.61), (10.62) 0000000, 00000000,
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go,
o = 3A2’}/1, (1040)
ay = 3A2(n+7), (10.41)
B = AiBi(nm—Ch), (10.42)
/82 == Al [Bl (’}/1 - Cl) + 6A1 + 3142] s (1043)
Bs = ABim, (10.44)
By = Ay [Bi(m+72) — 344, (10.45)
1 24
= 5 5 10.46
71 3 Bl ) ( )
BQ 6A1
= 5 T 10.4
V2 B, + B, (10.47)
goo,
(A1, By, Ay, By, Cy) = (0.92,16.6,0.74,10.1,0.08) (10.48)

000 (Mellor and Yamada, 1982).

10.1.2 0OOO0O0OOO0OO0OO0OO, 000000 2 (Mellor and Ya-
mada level 2.5)

Mellor and Yamada (1982) 000 25 000000000, 000000, K,

K, K,,0,0000000000000000,%,0000000.00000
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0000000000000000000a0Ss.
d (¢ 10FrkE
(L _Z P, + P, — 10.52
dt(2> p 0z MR ( )
oF
K 4 P+ Py — erk (10.53)
Op
0 (¢
F —pK: — | = 10.54
TKE P TKE (2) ( )
ou\ >
P, Ky | — 10.55
M(@z) ( )
ou\ > ov\”
K - _ 10.56
M{(@z) *(az>} —
g 90,
P - —k, 2 10.57
s = —Knd S (10.57)
I
- 10.58
€TKE Byl ( )
ooo, P, B0, (10.71), (10.72) 0000, 000000000,
DD,%DDDDDDDDDDDDD.
2 B% 2
q 1 Ur
A — = 10.
5 5 at z=0 (10.59)
>
5 = 0 at 2z =00 (10.60)
oo, dodououououoouodoo.
000000, K, Kn, K, Krp 00000000000,
Ky = lgSwu, (10.61)
K, = 1qSu, (10.62)
K, = K. (10.63)
Krxp = lqStkeE, (10.64)
Sp,P,000000O.
U //@
P, = —u 5, VW5, (10.49)
P, = %W. (10.50)
qS
ETKE = A (10.51)
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000,/00000000,(1029 0000000.000,!(0 (ooo?) O
Oooooooooooon s,

0.53¢ 2 [q?
00
N2 = 1% 10.66
0, 0z ( )

00, Sy, Sy O, Galperin et al. (1988) 000000000, 00000000
oo.

Ay (1 — 30, — %) 4941 (Ag + 2A41)Gr S

_ 10.

Su 1 —9A,4,Gy : (10.67)
4y (15
Sy = : (10.68)
1— 345(64; + By)Gy
00,Sxkr=020007.000,Gy 0
2 g 00,

-7 10.

Gy 76, 55 (10.69)

goo,0ggoobogaon,

B2 (2)) o

0008 00,000 Sy, Sy 00000, (10.56), (10.56) O P, p, 00000
oooo.

u\ > du\’ . du\> [¢®\?
- g 00,\ 900\ _ 1o (900 ()

00,0000000000,0000 GgOOooooooooooao?®.
1
Ay(12A; + By + 3By)

—0.53° <Gy < (10.73)

00 (A, By, As, By, Cy) 0 (10.48) 0000 DODO.

00000,000000000000000000000000 (Galperin et al., 1988).

7 Mellor and Yamada (1982), p.862, 000 0O.

88w, Sy 0 Gy OOODOOO,Gy 00000000, Galperin et al. (1988) DO O OOO
Jgooobo.obbbbooooooo.

YGyp 0000000 ((10.65)) 0000000, 000000 2(000O)0000O Gy 20
000000000000 (Galperin et al., 1988).
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10.1.3 0OO0OO 1 (Louis et al., 1982)

Louiset al. (1982) 0000000, 0000000000000 0ODODO.

00000000 (R;>0)000

00,000000 R,>000000,00000000000000A0 19,
2 1

c, = , (10.77)
"1 10R
1
Ch = apa, , 10.78
heoT M R T bR (10.78)
2
@, = — " (10.79)
log <Z+ZOm>
Z20,m
2

(10.80)

an _

z+20,n
1og<20h>
000,00000000,k0000000, 20m,2,0000000,000

0O0000o0oooo ™ 00,-,00000000000 (DOOODOOOOOO)
goboobooogoboooad.

000,000 (Louisetal,, 1982) 0000000000000,

1

Ci = d®——— (10.74)
1+ 20R; ~Le
1
C, = a2 10.75
h Y 3bRAIT AR, (10.75)
a i (10.76)

log(”zo)
oo00,b=5,d=5000.
1 Louis et al. (1982)DD,DDDEII:IDDDDDDDDDDDDDDDDDDDDDDD.|:|
oo, dooobbbooooobooooooboboboooag.
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000 (R;<0)000

000 R,<000000,000000000000000 13,

10R;

C, = d [1- (10.83)
1 + 75a2 ,/Hjﬁ] |
15R;
Ch = AapQm 1— (1084)

1+ 75am,an4/ Z+Z° h[ n

10.1.4 00000 2 (Beljaars and Holtslag, 1991; Beljaars,
1994)

00000000 (2013/08/20, yot).

Beljaars and Holtslag (1991) 0000000, 0000000000000000O
14

2

Cy = i (10.85)

log (<522 — Wy (522) + W (3

k k
Ch - z+z 2+2 z+z z+z (OZUU
log (252 ) — Wy (2H52) Wy (2 log (2200 ) — Wy (Z500) 4wy (B2)

O00,000,:00000000,k0000000, 20m,2,0000000

200,000 (Louiset al., 1982) 00000000000000.

2bR;
Cqy = a*|1— . : (10.81)
( 1—|—3a2bcw/z;roz°Ri|>

bR;
Cn = a? (1 - 3bR ) . (10.82)

1+ 3a2bey [ #220 | Ry
ooo,b=5c=5000.

BO0Oo00,0000000000000000000000.
400000000 ¢, 0,000000 Beljaars (1994) O ¢, 00000000. 000
Beljaars (1994) 0000, 0000000000007 00000. (yot, 2013/09/08)
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gaon

Oooooopooboboond. L0 Monin-Obukhov OO DO OO,

\U’w’\

9, "

(10.87)

ooo» vy, vy, 00000000. 00,00000000000 (OO0

O0000000)00000000OD0O0oooog.

15 Beljaars and Holtslag (1991) 000 0000000000000, 000000000. 0
ooo,¢000000 ¢, 0000DOCOOOOOOODO.D0O0ODOODOOOOODOO,B0D0O

goooooooo.

- = —ul=-0,U?
P
Qo = —u.b,=—-ChlU|(0—0y)
usbe CrlU|(0 — ;)
uz CnU?
0—0,  u.0.C,|U|
U? N uzCh
_ 0.Cr|U]
o U Ch
_ 9 0—0,
B = 5o
1 (W)™’
L = —=
g ()
S e
EZRb Ch
ooo,e0 ¢, 0000000,
1 C°
L Rl Em
szb A
oooooooooobo.ooo,oooa,
L l( 1.5
’f%( 9;)
QO = 0 = *Ch|U|(01; - av,s)
g ev _9v7s
Be = 5

ooo.

(10.88)
(10.89)
(10.90)

(10.91)
(10.92)
(10.93)

(10.94)

(10.95)

(10.96)

(10.97)

(10.98)
(10.99)

ooo0,0000,we¢ 06000006, 000000000, we, 000000O00O0DO,000

gbooobooboooooobo.

01) = 0(]- + QQU)
0, = Bag, +0(1+ag,)+0aq,
w0, = whag +w0(1+ag,)+wb ag,

= w0 + agu'd + abw'q, + aw'd g,

w0’ + agyw'd’ + abw’'q
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00, Beljaars (1994) DO OO,
v = {u+0?+ (Bw,)?}? (10.112)

000,00000000000000000000,000000000000.
000,8000000,w 000000000 1.

1
w, = {ZBL%M@;}‘”’ (10.114)

000,2,, 000000000.

000, Beljaars (1994) OO,

w'd! = w4+ abu'q, (10.105)

gooobO.0oboobooooboooooa.
gboooobooboooboobooooo,

w0, = —Cp|U|(0 - 0s) — abeCy|U|(q — qs) (10.106)
—C|U|(0 — 05) — abeCy|U|(q — gs) (10.107)

00D. 000,f0000 ¢00000000. 000 C,=C,00,§=60000000
oo,

w0, = —Cu|lU|{0(1+ aeq) — 05 — Oaeqs} (10.108)
ooo,6,=00000,
w'f, = —CplUI{0(1+ aeq) — 0 (1 + aeqs)} (10.109)
000,e=1000,
w0, = —CplUI{0(1+ aq) — 0, (1+ag.)} (10.110)
= —Cn|U[ (v — 05,0,sat) (10.111)

000,6,.,.00000000000000 (?)000.

00000,wd 0600006, 000000000,000 (?) w6, 0000000000
oooo.

16 Beljaars (1994) 0000000000000,

1
w, — {ZBL%w'ag}s (10.113)

oooo,00o0oo0ooooooooo, TOeO00ODODOO.
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00000000 (R,>0)0000 Wy, Uy

gb,000000 R,>2000000,¥y, Yy O0OOOOOOOOO

Uy(z) = log{(1+x)28(1+$2)}—2tan_1x+g (10.115)
Uy(z) — 1og{$} (10.116)
z = (1-16¢)7 (10.117)
¢ = % (10.118)

000 (R <0)0000 Uy, Uy

000 R,<O00D0000O,Vy, Yy 0000000000

be

Up(z) = —al—b (g . 2) exp (—d¢) — = (10.119)

V() = — (1 + %a() T (g - 5) exp (—d¢) — % +1 (10.120)

000,a,bc,d000000,a=1,b=0.667,c=5d=035000.

10.1.5 OO0O0OOOO0OOOOOObDOOOOO0

e J0DIOOO lp: DCPAM5 O OO (2010/02/20) 000 OO0ODODO Iy =300
m 000,

e JOOODOO £: DCPAMSOOIDODOOODODO k=04

goobobbboob 1900000 1990 00uogogobobobooobboo
0000000000000 (OO, 1982). Businger et al (1971) D00 OO
gbbodgbbodgbog o3 buubbua. bbudb, 030000
0000000000, Busingeretal (1971) 00, 00000000000
gbbodgboogobuooobuoobbuoobbuoobboobbodgbo
gogobooboddg. ggo,obboobbboogoooooboooo
O0C00,0390000000 (Kondo and Sato, 1982).
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00000 (1999) 00, Dean (1978) " 00000000000 DOOOOO
041000,00000000.

o 1O 20

DCPAMSGOOOOOOODOOODOOUODOOODOODDO,DO00D0 2 =01
m, 00000 2=10"m00000000000O000O00OOO0O.

O000000000000000000. Sheppard (1947) 00000000
Oo0o0o0ooOoOoOoOoOoOOOOO0OO0O0OOD. DODOO,0000000 (O
O0000000)0000 2=9%x10°m, 000000000000
000000 2=0139m000000000000 (Shpeppard, 1947 O
Table 2). Sheppard (1947) 00000000000 Sutton (1953) ¥ 000
00 (1982) 000000000,

10.2 0OOOO

DCPAMSO O, 00D0C0O000O0ODOOOO0OODOO.DOO,0D0ODO00O00ODO
gbooboooooooo.

FrAt pttAt

G =t Pk T Tmasd (10.121)
2Nt Prery ~Pa-y

M o :nTyA,ler%_ngAJ:—% (10.122)
IAL D+l = P} 7 |

S - R 1012
2At Co” Prt = Peoy |

00,0000000000000,00000 (k>2)00000000000
aoo.
t+At_qtht Fiat _ ptrat

& —%  _ . 10.124
2At pk+% - pkfé ( )

17 Dean, R. B., 1978: Reynolds Number Dependence of Skin Friction and Other Bulk Flow
Variables in Two-Dimensional Rectangular Duct Flow J. Fluids Eng., 100, 215-213.

18 Sutton, O.G., 1953: Micrometeorology. McGrawHill. 333pp.

©voo o,1982: 00000 -0000o0oO00o-(00o0oOoOoooo 6),00000d.
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00,000 (k=1)00000,00000000000000O0O000O0OQO,
200b0000obobuooob.1bo,

Ft-‘rAt . Ft+At

AL t—At i o1
LT L ) (10.125)
2At Pryl = Pr-1
Ooo,100,
+AL  t—AL FitAal _ pt-at
B = g (k=) (10.126)

Dyl = Dr-1

000.00000,00000000000000000 (k>2)0000000
O00o00o0.ooooo,bobob0ob0obobo t—-At0b0ooooon
00 00,00000000000000000000000, (10.126) 00
goboboogo.

gobbooooobobooooboog.

m,x,k+% = _<Tc)m,k+% (ukJrl - uk) ) (10127)

Frgrer = —(TC)ppr1 (Vkrr — vi), (10.128)
Te1 Ty

F, 1 —C,P,_ . (TC 1| —— — — 10.129

hojot L P k+§( )h,k+§ <Pk+1 Pk> , ( )

Foper = —(TC)gpes (Gosr — ) - (10.130)

000, (TC)pps1s (TC)pis, (TC),,,, 0O0D0DO00O0DOODOD 2,

0000000000000 0D0D0000,0000000000000000000000
gbooooboobooobooboboooboobo,0boob0,00b00boooobooboooon.
goooooooboooooooooo,obooooboo,boobobooobooooboooooo
oboboo,bobooobo,00b0o0o00oooooooooooooooooooooooog. o
ob,0000oooboooo,gbooooooo,oboocooooooooobooobobooooon
gboooooobobooo.oooobo,000,000000,00000D000,00000
gboo,b0boboooocoobooboboboooboobo,cbooooooobobooooonoo
gooooo.booooooobo,gbooboooobooooooboboooooboboo
goo,0o0booobooboobo. ooboooobooboo,obobboo,obooboo
00 (0000oO00U0oon0),000000000o00U0o0o0DUo0oO0oUooooOO, oo
O DCPAMS 000000, 0000000000000 0OOO0O0OOOOO t—AtOO0OOO
00O00oOo000ooo0o0oo0o0ooOo,0o0o0ooooooooon).
uo,0b0o00booobooo,oboooboooogoboobooboo.boo,0bo0o0obo0oo
goboooobo,oboooboooooobobooobooooooobob,0ob00oboboboo
gbobobobobooboo,0oocoo0booboooooooooooooboooo. oooobo,o0
gbooooobooobooooobobooobooboooon.
oo,000000b000oo0obooobooooobooo,ocobooo,bo0boboooboono,o
gboooobooboooooboobooooboboooooboob,boboooob.0oboo
ooooooopoooooogoo.
A0pOoOooo0o0ooon, (7)) 0000o000o0oo0ooooonoooa.
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nooooo,
(Tc)m,km,m—i—% = 07 (10131)
T hpaart = 0, (10.132)
(TC) et = 0 (10.133)
k= kmae 00O,
Eoabmatt = 0, (10.134)
Fm,y,kmam—s—% = Oa (10135)
Fhkmarty = 0, (10.136)
Fyramerr = 0 (10.137)
ooo.
2<k <kmee—1000,
1
(TC) gt = P2 Ky ———, (10.138)
2 2 2 Zk41 — 2k
1
TC), prr = G p— 10.139
( )h,k+§ Pryd Bp eyl Thrl — 2k ( )
1
TC — K o1 ——. 10.140
(TC)qrs PresBakrs s T ( )
ps1 00000000000,
P+l
Prel = : (10.141)
s RTv,k-l—%

000 7,0000000. k=1000,00000000000000000
ooooo,

m,z,k—% = _(Tc)m,k—%ula (10142)
myh—t = —(LC) g 11, (10.143)
Tk Ts

Fopy = —CpPy 2 (TC),p s (Fk_ Pk_)’ (10.144)
Foper = —e(TC) g4 (ae — 43) - (10.145)
(TC)p—r = psCalvrl, (10.146)
(TChp-r = psChlvil, (10.147)

(TC)gp-1 = psCqlval, (10.148)

ps
s = . 10.149
P = R, (10.149)
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ooo 2.

0o0,00000000000, 7, 00000000, (10.142), (10.143) OO O
EEN

Pl —Pr-1 1

(TC)pp-r = — (10.150)
000 % 0000000000000000, (10.144) 0000
(TCpes = Proy Ky ———. (10.152)
T2 2 2 %41 — %
00,000000000000000000,
Forey = —(TC) g1 (ak — ) - (10.153)
(TC)gpsr = Prys M#——L—a (10.154)

2 Zk4+1 — Rs

ooo 2.

go,bogoobooodg,gobbbdoogobbbooobo,booooboo

Fhp-t = Fhs, (10.155)
Fo1 = F, (10.156)

q

gog.

10.2.1 0OOOOOOOOO,000000 1 (Mellor and Ya-
mada level 2) 00000

000000, K, Ky, K, O, 0000 (10.26), (10.27), (10.28) 0000000
000.00000,00000000,00000000,0000000000
00000.000000000000000.

2000 T,, (00000)00007 7T, (T,,?) 000007 000,00000000.0
00000000000 O0000O0.
20000,000000000(CQ0)0000000,

(8“) - L, (10.151)
ot T
ooo.

“,,0s0000000000000.
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(10.35) 00000000000O0O0ODO,0000000000D0O0ODOOOO.

-2

8_1}
0z

01} _011
g vkl ” Puk , (10.157)

k+3
Uyt — ) Vg1 — v\
— (M) + (M) _ (10.158)
k+d Rk+1 — 2k Rk+1 — 2k

0000 (1029 0000000000O00O.

Ri,k+% -

Ouirl Zhe1 — 2k

8_’0
0z

k(2k+l - Zsurf)
o . _ 10.159
'IH'% 1+ k(zkr-l—% - Zsu?"f)/lo ( )

000, 2z, 000000000,

10.2.2 OO00O0OO0O0OOOO, 000000 2 (Mellor and Ya-
mada level 2.5) 00000

gboobobuodgbboooboobba,buogbbodboobbuoobbod
ooo %,

(ﬁ )“At _ <q_ )t-“ PEAL gt
2/ 2 /L TKEk+3 TKEk—1
= g (10.160)
2At P4l = Pr-1

t+At tHAL AL
+Ps,k + Pb,k KBk

% p p00000,0000000000000000. ergp00000,¢t+At0000
D000000000000000.

vdiff /vdiff.tex(vdiff/vdiff-disc. tex) 20140 60 180 (000O0O0D0D000)



132 DCPAMsS OO OOOOOODOOOO 0100 gaon

ooo,

¢ 7
Frgprry = —(TC)rkppst {(§> - <5> } (10.161)
k1 k

1
(TC>TKE,I§+% = pk—f—%KTKE,k-s-%m; (10.162)
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U120 Oobuobobotdtdod

12.1 0O0O0OO

gooo,ggbbobdgoboboboooobon.

12.1.1 0000 10000

OO000bD 10000000000000. 000000 slabocean OO0 OO
oooo.

gb1booggboobuooog,buooogboboooobn.

T,
OSW = —Fsp—Fir— I, 1 — LE, 1 + Iy, (12.1)

oob0 c,0o0ooogo.

ob,0000000000000000000400.

0T
ot

gbooobo,0bbboogobbboooobbboog,boooobobooboood
go.

— 0 (12.2)

T; = Const. (12.3)
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12.1.2 00000000

gboboobobo,boboobobooboboobobo.bboobon
gboobg,bobooboobooboobooon

oT, OF,

C,— = 12.4

7 0t 0z (124)

Fg,h = FSR+FLR+Fh+LFq forz = 0 (125)
oT,

Fyn = —Iia—zg forz < 0 (12.6)

000.000 ¢, 00000000000000 Jm®K1)00O0,~000
000000 (Wm ' K-H)ooo L

gbgobobboobbooboon

0000000 /000000,000000000000D00.000,000A0
gpooooboooboobog,

T, = Tong (12.7)
F,n = SR+FLR+F,L7% +LFq7%(+FIM) + Fgur (12.8)

gbood.oob, T 0O0OO0oOoooo, Fpyoboboooboboooboon
U, Fsy DOODOODODOODODODOOD.

12.1.3 00O 10000000

0000000000000000,1000000000000.000000
ooo,

0T
ot

ooo0.ooo,c;obooboobooooobo, 000000, /00
gobbboogoobbbooooboboboood.

Crhy

—Fsp— Fup— Fy — LF, 1 + B, (12.9)

1000000000000, 00 (kegm™3) 00000000000 JK'kg hyoOOoOoD
0.000000,00 (kgem™3),0000000000 JKtkg™),0000 (m?s71)00
0oo.
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gbboboogobboodad

oo0o0d0o0oooo0o0oooo0oU00,D0oooU0U0. ooo,00ooo (o
O0000)00D0o0ODoOOoO0oOoooooo.

gbooboooobooag,

T
ot

oboo. 0o, Fry0oooboooboooboooooooo.

Cr

= —Fsp—Fpp—Fy1 —LF, + F,— Fpy. (12.10)

12.2 0OO0O0OO

gboob,ggbboboogobobuoooobobogd.

12.2.1 0000 10000

oooOoO0 10000000000 oobb,booooooooDbbobbobo
(12.1) 0,0 100 DOOOO0OOO0ODO0ODODODODOOOOOOOOOODOOO,

—LE(TC)(L% (q§+At qifAt)

Q

+(2At+C(T0)h1+ T Vo7

> (TH—At Tt—At)

"B,
— _Fé—&éAt _F Tt At Tt At) LFt At+Ft+At (1211)

P F
+( C, (TC’hl—i-a LR) (Tya — T2

O00.00,0000000C00,0000D0C000DOOO0OODO t+AtO

OO0000ooooobo.ob,0000b0bobo00oooooooDnD t—AtOd
8*
oboobooobo,0boobooboo,bd Le(TC’)qéaszDDDDDD

O.0000,000000000000,k=000000000000.

bs,k,k—l (Qi—i_At qi At) + b (Tt—I—At . T;_At)
ot (T~ TE3) g, (12.12)
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ooo,
bs,k,k—l = —LG(TC)%% (12.13)
C, 0q;  OFpg
bs e = AL + Cp<TC)h’% + LE(TC)q’%a_Ts + T, (12.14)
Py OFrr
b = —C,—=2(TC), 1 12.15
ko k+1 pPl ( )h,% + 3T1 ( )
A _Eﬁm—JﬁRﬂjﬂﬂfﬁm)—FK?V—LQ€”+FfAh2w)
ooo.

O00,000000000 (00DO0DO0O00oO0ooO00oO)000ooO,00000O

bs ke k—1 0 (12.17)
bs k. 1 (12.18)
bsppr1 = 0 (12.19)
gskg = 0 (12.20)
ooag.
12.2.2 0J000O0O0O0OO0OO0OO0O0O0O0O0O0O0O0O0O000
gdodododooouoouoouoouoooo.
_ t+At  pt+At
S Ll TR Y S (12.21)
O00,1<k<ksmerz— 1000,
Fg,h,k—i—% = _(Tc)g,k—&-% (Typer1 = Tom) » (12.22)
1
(Tc)g,kJr% = /€g7k+%m (1223)
O000,0000000 (k=1000),
O00,0000000 (k=ksme 000),
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goo.

000,00000000000000000 (0000 T (ke 0),00000
T,(10),0000 7T, (ksmee 1)) 00000000000000. 000000
oooooo.

Fony = —(TC)y 1 (Tya = T5) (12.26)
1
UCM;==%ém_O (12.27)

00, (1226) 00 00000000,000,(1224)0k=000000000
0000,000000000000000 2

0000000000000000000,2<k<keme—1000

~(TC)gy (Tg321 = T332
1 —
{0 (1 =20 + 00+ O} (2 -T2
~(TC) gy (T30 = Tyih)
_ (Ft—At _ pt—At > (12.28)

g:h.k+3 g.hk—%
000, k=Fkemee 000,
~(TO) ey (T35 = T5350)
+ {QLNCQ,;C, <2k+% - zk_%> + (TC’)M_;} (T;};At — T;;At)
= = (Fay - o) (1220

goo.

k=1000000,(1221)0 (1226 00000000000000000. O
00000,k=2000000,

T, = T, (12.30)

gbobobooogon.

F=0000,0000,0000000,000000000D00000000
goboboboboooooobobobo. bbb, buogoooboboobbodg,odod

20000, —knes <k<-1000000000000000,k=00,000,00000
000D0000,1<k<ksme 0000000000000,
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OO0 7,000, 0000000b00Db0bL s 0Oob0OoboOooooooooon
O0000000.0000000000 (1224)0000,00000000000
oooao s,

T

Coar

= _FSR_FLR_Fh7%_LFq7%+Fg7h,% (12.31)

gobbobooooobbooodan,

Tt-l—At o Tt—At
2At

C, = SFG - FR - A - LF;*%“/ g F;;At/ (12.32)

DDD.LF;EN/*D,LF;END,LF;;DDDDDDDDDD,
2 2 2

oq:
t+At t—At L(giHAL _ t—At | s (pt+At _ t—At
LF58 = LF 3% — Le(TC), 1 (g ) + Le(TC) g 5 (T T4
(12.33)
oq*

x t—At t t—At s t+At t—At

LE;, = LE™ = L(TC), 1 (g} — i) + Le(TC), y S (T = T
(12.34)

oq:
_ 1 s t+At t—At

= LE}, + Le(TC) 5 m (T = T (12.35)

000.000,¢ 0000000, 000, FYY* 0 ptdtg p+ ., 0000
1 gzh7§ gah7§ gah7§
oooo,
Ft—i—At F;;lét_ (TC)

g.hs

(THA — T35 1 (TC), 2 (TS — T2 (12.36)

1
2

(ST

9,

(T}, = Ty + (TO), (THA = TR (12.37)

1
2

[N

9,

y th;ét —(TC)

1 =
gzh7§

- FgT it (TC), 1 (THA — T4 (12.38)

(S

9,

000.000,7),0000000.

30,=00000,(1224) 00000000000000000. 000000000000
O, slubocean 00O00000O0OO. 000, C#0, Fyj ;1 =0,(TC), 1 =000000, slub
occan 000O00. 00O0,00000000 /OODODODODOODOOOUDOOOD,00000000
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DD,LF;EN,FQ“}ZA;DDDDDDDDDDDDDD,
’2 )

—Le(TC)y1 (a7 — ai72) (12.39)

P
+ (—C S (TC) 1 + aFLR) (T{H2 — T{ 2

Os aFLR aq: AL oAt
*(zm‘(m)gé*cp(m)hé* o1, T LTy | (7 =T
A —A
H(TC)yy (T3 = T33™)
= FG = Fup (T8 T8) = S = LESS + P (12.40)

000.4000,00000,00000000000000,00000000
D000.000,000,¢,7/,0000,0000000000000000.

LFA™, F* , 0000000000,00000,
2 D)

—Le(TC) g1 ("™ — a7%) (12.48)

Py OFLr _
+ (_CPE(TO)hé + aTl (Tlt""At _ Tlt At)

= —FG = Fop TV T ) - Fy S = LES 4+ F) (12.49)
ooo.

‘oo
Fopey = —€(TC)gp1(ae —ai)
Fiily = —eTO)gpmy (g™ = (@)™

IO [qg+1 - {<q:>”1 - (Z‘]T) (mt - )H

n *\N— 8(]* mn n—
= —eTC) gy {aF™ = (@)™} + e(TC)g g (aT) R
oq*

— AT (T ) Oy (G ) @ T
aq*
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n n— n aq* n n—
ATy T = Y E 0Oy (G ) (T
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gbobbooaooboo

00, LF;,, F44'0000000000,00000 %,
2 "ho

a1

(TC)h7é +

> (Tlt—i-At o Tf_At)

Cs 8FLR qu A _A
+ <2At — (TC)Q’% + Cp<TC)h’% + aTs + LE(TC)(L%a—T (T;H' t Tst t)
HTC)yy (T3 = T51™)
= —FLA — Frp (T2, TR - F:;%At — LF;’% + F;;ét (12.50)
god.
goodgooooo,
B,x, =G, (12.51)
googoooooo. bbo,
€T _ (Tf-i—At _ Tf_At Tt-i—At _ Tt—At
g y L g s )
TUEAL - TIAL TN TIAL | AL Tgtjﬁﬁiw) , (12.52)
Gg = (9970799’1799727 "'7gg,ks,maz) ) (1253)
Ggo = _FE:EAI‘, - FLR (Tstht’ Tltht) - FftLEAt
2
—LF; 2 4 FY (12.54)
Jgk>1 = — (F;ﬁt% - th;ft%) (12.55)
000,1<k<kymae—1000,
bgrr—1 = —(TC)gp 2 (12.56)
1
b = Q_Ath’k’ <Zk+% - Zk;—%) + (Tc)g,k:—% + (TC’)QJH_% (12.57)
bgrisr = —(TC)gpy1 (12.58)
obd,k=0000,
Py OF,
boii-1 = —Cp—=(TC = 12.59
g,k k—1 pPl ( )h 1+ 3T1 ( )
Cs GFLR
bg,k,k = SAL — (TC)gé + Op(TO)hé + ar, (12.60)
bgri+r = (TC)g1 (12.61)

>0oon LFJ;NDDDDDD.DDDD,(TS?*N—T;*N)DDD
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DDD67k:ks,mawDDD7

bg,k:,k:—l = —(TC)

1
barie = 35;Cais (g = 7my) + (TC) iy (12.63)

(12.62)
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O00,B, 0 kemee +1 0 kse +20000000,00000000000
gbobogobboogbboodg. bbooobboogo,buoggbbood
gboood.

O00,000000000 (Dobooooooooooo0)ooooo,

bgri1 = O (12.64)
bori = 1 (12.65)
bgriir = O (12.66)

gk = 0 (12.67)

goo.

12,23 0000OO0O0OOOOOOOOOO

O00000000o0oooooooooog, (128 0000ooo,

t+At t+At
TS - Tg71

F5+At — _k

Z1 — 27
2
= Fyp'+ Fg' + B LESS (P + Pt (12.68)
000.000,(1232) 0000000000, (1268)0,00000000 C,
0o0o000000000000o0o0a,
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C Ts B Ts
s

A A A A A A
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00000000000, 000000000,000000000,000000
0,0000000,0000000000000,0000000000000
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0000,00 7T+ =7, 00000000,0000000000000000
000000000,..000.0000 (yot, 2011/12/28).

gobobooogboo
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O00.000,000000000O0O000DOO,0O00000D0O t—=AtO
gboooogoooo.

0000 (1251) 000000000, (1254) 0000

goo = —Fe = Fun (T5™, ™) — i
—LFy 8 4 Fy S (- FP) - Fip! (12.71)

goboog.

gobbobuooooboo

oooo, T =1,,000000000000000000.

(1251) 000000000, (12.54), (12.60) D000

by kb1 0 (12.72)
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by skl 0 (12.74)
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gooobog.

Fey O, THM=17T,,,000,000000000, (12.69),00000.

12.24 0OO0O0O0O0O0OOO

gboooo,gbbobdoooobbbdn

T, —Th
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Fb = —Ky (1276)
ooooobooo.obo, s, 00000000, 000000000,T,00
O000000OD0ODO.0000,000000000 (129) 0000000000
oo.

Clhl t4- A —
T +At Tt At
e )
goooooog,
—Le(TC)y 1 (a7 — a7 %) (12.78)
Crhy OFLr K1 oq* A B
CATC), 1 + —LB L ™My 1 (TC) =L | (THHAL _ Tt=At
+(2At+ W Ty + i+ T Le(TC) 5 | (T )
P OFLr _
+ (_OPFI(TC)h,é + ar, (TerAt —T! At)
= —FG = Fug (TU2, T2 — FIA — LF;;N + FiA (12.79)
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O0,00000000¢t-At00DO0OO0OOODOOO,
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s

surface/energybudget.tex(surface/energybudget-disc.t3914 0 6 0 18 0 (00 O0OO0D0OOO0O)



160 DCPAMS OO OOOODOODOOMOMI20 gbobbooaooboo

oooooooao,

Crhy

or
(St +cpiren,y + e+ 3

+ _) (T;+At . Tstht>

2A¢L 8Ts h’[

2
p
Pl aTl
_F‘;’—EAt . FLR (T;_At,Tlt_At) . F;;_%At . LF;_%At + Fbt—At (1281)

P,
+ <—C o (TC)p 1 + aFLR) (T{H2 — T2

goo.

ooooogo,0oooooooooobogbD,k=0000000000000
uo.

bigose (TIHAT = T2 + by gy (12— T2 = gy (12.82)

ooao,
Crhy OFrr  Kr
b; = —— 4+ C,(TCO); 1 — 12.83
P OFpp
b; = —-C,=2(TC 12.84
K, k41 p Pl ( )h,% + 8T1 ( )
Gik = _F§EAt . FLR (T‘;thaTltht) . F}iT%At . LF;ET%At

T (12.85)

ggdg.

12,25 0O0O0OO0OOOOOOOOOOO

00000000000 (121000000000,

Crh
Irer Tt+At . T;—At) — _Fé’—EAt . FzEAt o F;:F%At . LF;_%At + Fl;H_At _(Em)

o (T
THAL = T, (12.87)
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Manabe (1969) OO0, 00000, M,, 000, M, D0O00O0O0O0O0OCOOO.
oM,

ot = _Fq,w+Frain+FSM_FRO (131)
OM;
5 = —Iys+ Fapow — Fsm (13.2)

000, Fyw, Fye, Frain, Fenow, Fsu, FrRo 00 000000000000000
00000000000,0000000000000000000,00000
00,0000000,0000000,0000000000000. OO0,
0< My < Mymee 000, Mymee 00000000000000000.

0Dooo0o00o0O0 F,0000,F,0 F,,000,000000000000
00 Fprep 0000, From O Fagw 0000 ... .

13.2 0O0OOO0

gobobodg,0bobuoggobobuogooboooon.

Mn+1 _ Mn—l
W CJ = —F 14+ Fegn+ Foyr — F 13.3
SAL gw,1 + + fsm RO ( )
Mn+1 _ Mn—l
2 5 = —F 1+ F,ow—F 13.4
2AL as ¥ M (134)
ooo,
Fr=rF 1+ F 1 (13.5)
ogoo.
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Manabe, S., 1969: Climate and the ocean circulation I. The atmospheric cir-
culation and the hydrology of the Earth’s surface, Mon. Wea. Rev., 97,
739-774.
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U140 Ooduoottddgood
EREEN
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12200000, 0000000000000,000000000O0O0040,0
bbb 1obooggbbo,bboggbboogbbogoboo,obbod
gbbooobobodog.gobbooob,ogobbooobbbuooobboo
goobob,bogoogoboboogoooobooboog. obbo,gd
g3bbbouggobobodad.

e OO0 10DUOOODLDDOOU
e HUOOODLDDOOOODODO

e HUOOODLDDOOOODODO

14.1.1 00000 10000000000

gobobo,dggbb11bo000obooboooobobo.booo,0bobodgd
00000 (10.247), 00000 1000000000 (1212, 0000000
0000 (10268) D00 O000. 0000O0ODOOO0O0DO0OOOOOOOOODODO.
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Lhq (q]ijn?; - qz:nfxta ) q£+At - qgiAta qurAt - qiiAta
TtJrAt . thAt
T8 — T8 Ty — Ty T — T8 (14.2)
(AGhpans - Aga, Aqy,
AT,
ATy, ATy, ..., ATy, ), (14.3)
th (gq,kmag:7 <y 9¢,2,9q,1, 95,0, 9h,1, Gh,25 -+ gh7kmaz) ) (144)
DOOO0O0,k<-1000,
d_ppt1 = Crir-1 (14.5)
d_ka = Crk (146)
dopk-1 = Crkt1 (14.7)
0o00,k=0000,
dpp—1 = bspr—1 (14.8)
der = sk (14.9)
Aijy1 = bsprt1 (14.10)
000,k>1000,
deg—1 = Dbajgr—1 (14.11)
dk,k = ba,k:,k; (1412)
A k1 = bak k1 (14.13)

000. 00, by 000 ¢, 0000000100 0000, by, 00000
00120 0000000000,

gbooobooboboooboon

gboobooogoooo.
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AT, ATy, ..., AT,

oy ATy o, AT,
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maz) )
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DOOO0OO, k<0000,

d_j k41 by ke k—1
d_pr = bgrk
d_pir—1 = bgrrt1
0oo0,k>1000,
dip-1 = bagr-1
i = bakk
dk,k+1 = ba,k,k+1

goo.

(14.17)

t—At
- Tg,l )

Ti~24 | (14.18)

kma:t

(14.19)
(14.20)

(14.21)
(14.22)
(14.23)

(14.24)
(14.25)
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oooooooooooo.
ory _ AT,
ot ), — 2At
oT,\ AT,
ot ) 2At

9Ty ) _ Algk
ot ), 20t

(14.27)
(14.28)

(14.29)

20140 60 180 (DODOODOOOODO)

physics/physics.tex



DCPAMSODOOOOOOODOODOO 14.1 0000 167

14.1.3 0000 0O0O0OO0OOODOOOO0O

obgo,bobboobgobooboobboo. gobg,0boo0oboon
000 (10.247), 000000000 (12.82), 000000 Y 00000000
oboobooboobgon.

Dz = G (14.30)
Th = (Tt-i-At . Tt—At
TYPA — T8 Ty — T80 TS T8 - (14.31)
Gri = (Gi0:911: 912, s Ghomas ) » (14.32)
DOOOdOoO0O,k=0000,
dk,kfl = bi,k,kfl (1433)
dere = bigk (14.34)
000, k>1000,
deg—1 = Dbajgr—1 (14.35)
ek = bakk (14.36)
digr1 = Dk (14.37)

goo.

l0DoOo0O000000000000 10000,000000000000000000,0
ugboabuodgooobgobgoobo.gbobo,0oobooboobbooboooboobooobg.

physics/physics.tex 20140 60 180 (DODOOOOOOO)



168 DCPAMsS OO OOOOOODOOOO U150 gaon

U150 Lot

15.1 0O0oO0

0000000000 000oDOO0. 00O bCPAMSOO,00D00DO0ODODODO
goboog.

15.2 0OO0O0O0O

OO0 DCPAMSO DO, 00D00ODO0ODOOO,00000 ¢, 000DODOOOO

ooooo.
dcw cw cw
fow — <8q ) +(8q ) (15.1)
dt ot )vp ot ) erp
@cw — Pcw _ ch (152)
ot )oip Tew
DDD,(a‘gt’“J)VDDDDDD,PCWDDDDDDDDDD.DD,TCWDDDDD

O0O0oooOo0o,00000.000 DCPAMGODO,0DDOOOOOODOODO.
P,0,0000000000D000OC,000000 (DODOO0DO)0OD0OOOO
goboog.

O00,P,0,0000000000.

Ds d
P = / dew ZP (15.3)
0 Tew 9

goo,b0od,bogbobugbboobbodgbooobo.obb,0obod
Ooo00ooOooooooooot

IDCPAMS00,0000000000D0000,0000000000,000000000
gobogbo.boobooa,bobbooboobodgboaog.

20140 60 180 (DODDOOOODOO) cloud/cloud.tex(cloud/cloud-disc.tex)



DCPAMSODOOOOOOODOODOO 15.3 0000 169

gb,ooggbood,obb 1a040oboo.

15.3 0OO0O0O0

DCPAMSODOUODOODOO,0Db0OD0OO0O0OO0ODODODODObOOODO,DObOO
gbboo,0bbogbobbdaoobbda. gobbooobbuooobbood
gbboooboboooo.oooa,bbo,gobbooobbooab.bo,d
0000, Tiedtke (1993) OO0 0000000 ODOOOOOOO.

2At

qu_uAt = QZwe_% + 7_cwpcw(l € T“") (154)

obod,q,d,dbgdbbogbobuubouoabboobuodgbooooboan
goo.

ooO,p,0,0000000000.

000,000000000000000, P, 0000, Paew, 1000

Prain = {
Psnow = {

(15.6)

7)
7)
i (15.7)

cloud/cloud.tex(cloud/cloud-disc.tex) 20140 60 180 (0D00OO0OOOODO)



170 DCPAMsS OO OOOOOODOOOO 0170 gboooogn

170 Oouoggogd

17.1 0000

DCPAMSODO,000000DODO0OO0DDOOODODOOOODOOOODOOOOD. O
O, 0000000000000 000bO,0000b0DOb00O0O AGeMsSDOOOO
000000 Nakajimaet al. (1992) 0000000000000000O 2 00
gobboooooobo.

17.2 0000

0000 ¢(T,p) DODOOOOe(T)ODODODODOOO,

ee*(T)'

¢ (T,p) = (17.1)

ooo.0od,e=2,000,m,, mUO00000ooooooo,oooooo

00.00,0000,
aq* € de*

e = S ) (17.2)

gog.

gobob,gdboobobbooooboboboooooobobog.

1 00, Nakajima et al. (1992) 00 00000000000000,0000 AGCM5000
00000000000O0O0O0O0O0O0O00O0.

2 (yot, 2013/10/01) OO 00, Tetens (1930) 000 0000000000,00000000
ooo.

20140 60 180 (DODDOOOODOO) saturate/saturate.tex



DCPAMSODOOOOOOODOODOO 17.2 0OOOO 171

17.2.1 AGCM5 0000000

AGCM5 000000000000 DOOO, Numaguti (1992) 000000000
oboobob.ooboobooboooo.

L/1 1
“(T) = e*(T = 273K el (e 17.
e(T) = (T = 273 >eXP{Rv(273 T)} (17.3)
0003 000, e (T=273K) =611 [Pa] 00O
00,00000
0 iy = L ovr —om3kyexpd 2 (L 2 (17.5)
or V) T RV T AR, 213 T '

goo.

17.2.2 Nakajima et al. (1992) OO OOOOO

Nakajima et al. (1992) O O, Eisenberg and Kauzmann (1961) * 0000000
gododoooooobbbbboooooooogooooo.

e*(T) = pyexp (—%) (17.6)

000, psy=14x 10" Pa, 1 =43655 Jmol™', ROOOODOOO>000O ©.

gb,o0o00n

dq* L . L
00 (1) = v e (—ﬁ) (ar7)

goo.

s0000000000,00000,00000 L,00000000 R, 00000000
goooooo.
1 0e; L

ex 0T  R,T> (174)

‘000000000000 00000O00.
® Nakajima et al. (1992) 00 R=8.314Jmol ! K-1 OODO.
000000, (17.3) 0000, £ =521 00000000000,

saturate/saturate.tex 20140 60 180 (0D00OO0OOOODO)



DCPAMsS OO OOOOOODOOOO 0170 gboooogn

172
17.2.3 Tetens (1930) 0O O

(yot, 2013/10/01) 00 0000000000000,

Tetens (1930) 00, 0000000000000 D0OOOODOOOOOOOT,

T —T;
e*(T) = e} exp {a T bo} (17.8)

000, e = 610718 x 102 Pa, Ty = 273.16 000. 00, 000000, a =
17.2693882, b =35.86, 000000, a = 21.8745584, b=7.66 0 0 O .

ogo,0o0oog,

oe* . Ty—b T-T,

8_T(T) = ameo exXp {aT——b} (179)
ooo.

17.3 00000000000

000000000000, Pollacket al. (1981) DO OOOODOOOOO,

T = 149.2 +6.48 x log(1.35 x 10~ %p), (17.10)
DoOoooo0ooooo.
1 T — 149.2
P 135 %103 P ( 6.43 ) (17.11)

oo, T, pdb0oobodn K, PaOODO.

174 0000

Murray, F. W., 1967: On the computation of saturation vapor pressure, J. Appl.
Meteor., 6, 203-204.

" Tetens (1930) 000000000000, 0000000000 Murray (1967) 00000

goboogooaoo.

20140 60 180 (DODDOOOODOO) saturate/saturate.tex



DCPAMSODOOOOOOODOODOO 174 0OO0O0OO 173

Nakajima, S., Hayashi, Y.-Y., Abe, Y., 1992: A study on the “runaway green-
house effect” with a one dimensional radiative convective equilibrium model.
J. Atmos. Sci., 49, 2256-2266.

Numaguti, A., 1982: 0000000000 ODOOCO0OOOODOOOOOO,DO0O
gooobood.

Pollack, J. B., C. B. Leovy, P. W. Greiman, and Y. Mintz, 1981: A Martian
general circulation experiment with large topography, J. Atmos. Sci., 38,
3-29.

Tetens, O., 1930: Uber einige meteorologische Begriffe, Z. Geophys., 6, 297-309.

00000000000000,000000000,197: 0000000, 0
0000, pp.302.

saturate/saturate.tex 20140 60 180 (0D00OO0OOOODO)



174 DCPAM5S OO OOOOOOOODOO D OA O0O0OD0ODOOO

O OA 0O0000o0o0od

Al OD0OO0OO0OOOOOO

gobbobooooooboboooooboog.

0000 a m 6.37 x10°
00000 g ms—?2 9.8
0oo0O0o0ooon c, J kg™ K=! 1004.6
0oooooooon R Jkg ' K~! 287.04
ooono L J kg™t 2.5 x10°
0oooooo C, Jkg ! K- 1810.
0oo0oooo R, Jkg ' K~! 461.
ooooon du,0 Jkg™' K=1 1000.
0oo00oo0oo € 0.622
ooooon by =€ —1 0.606
O000D00D0000O0O00000 «=R/C, 0.286
Kéalman O O k 0.4

20140 60 180 (DODDOODOODOO) constants/constants.tex(constants/cst-earth.tex.tex)



DCPAMSODOOOOOOODOODOO B.1 0OOO0OOOO 175

O OB 000000000000
HREN

B.1 0O00O0OOOO

0000000000000000000,00000000000000000
oo,0000.

gboogobuodgbbog,ggbogobuoobbodbooobuoobbod
g.bobuogdgbb,dobobboobobbuogobbooobbooobbood
gbooboogobboogoon.

gbooogbo20bbgdgbbodgbboobboobb,gobboobood
gbooboooob.bbooooboboboooooboo.

gbobo,dgdboobbooggbooboooooooo.

1. 00000 (DoDoDoO0Od, Legendred O, Legendre 0 0 0O)
2.0000

. 00u00gn

O00,000000000C00,000000 (0)0OooOoooooo.

spectral/spectral.tex(spectral/spl-spherical-harmonics. 2884 0 6 0 18 0 (00 O0OO0D0OOO0O)



176 DCPAMS O OOOOODOOMOMBO UOOoO00oOooooobooon

B.1.1 0OO0OOO

O0000,000001'0 LegendreDOOO0OO RT,2DDDDDD Legendre
oooodo P4 00000DOOOOOO Yy"O0000000. 0000
gOoo00ooO0obOo,0000b00oO,b00bO,b0booboOoboooDoDOoD.

O00O0O00 Legendre OO OO0 P;”

o [1[]

000000000 Legendre 000000 P(p) 0 -1<p<10000
00000000 (Rodrigues 00 0).

(1-4)% il
2nm) dpntiml K

DM
n

— 1" (B.1)
OD00,mn0 0<|m<nO000000000. Legendre0d P° 0 P,

oogo.

e Legendre 0000000000 OO0O
PMp) 0000000000,

d d - m? -

— (1 —p?)—P" 1) — P =0. B.2

afa-mert s oy - o (B2)
000, mn0 0<|m|<nD000000D00.

o Legendre DD ODOOODODODOOO
PMp)000000DO0.

(n—|m|+1)P™, — (2n+ 1)uP™ + (n + |m|) P, = 0. (B.3)
ogoo, m,nO Og]m\gn—l,DDD m=n=0000000000.
oo, dogoooooon.

2 d Hm Hm Hm
(1—u)@Pn = (n+m|)P" ) —nuP". (B.4)

O00,mn0 0<|m|<n-—-1000000000.

lop,000,00000000 10,1960 000.

20140 60 180 (0O 0O D OO Cspegtral /spectral.tex(spectral /spl-spherical-harmonics.tex)



DCPAMSODOOOOOOODOODOO B.1 0OOO0OOOO 177

e 0IDODODO
P™p) (n=1|m|,|m+1,---)00000000000.

[ P B = 55 O (B.5)

O00,m,nn 00<|m|<nn00000000O0.
1<u<10000000000 A(w) O {P™n=|m|,jm+1,---} 00

0o
A(p) =Y AP (p), (B.6)
|
Am = 2”; ! EZ; m;: /_IA(u)p,’?(u)du (B.7)
0oooo.

2000000 LegendreO OO QOO P

e 10

2000000 LegendreD OO OO0 PM(p) 0 -1<pu<1000000
gbooobog.

[m|

@n+ H(n—m)! =, [@n+ Do |m])! (1= )5 dm

(B.8)

O000,mn0 0<|m<nO000000000. LegendreOO P° 0O P,
goog.

e Legendre 0D OO0OODODOOOOO
P"p)O,000000CDODO.

d d m

— (1 —p?)—P" 1) — P =0. B.9

TG EF SRR br (B.9)
000, mn0 0<|m|<n0000000D00.

o Legendre D DD OOODDOOOOO

spectral/spectral.tex(spectral/spl-spherical-harmonics. 2884 0 6 0 18 0 (00 O0OO0D0OOO0O)

P P = 2
" \/ (n+ |m|)! " \/ (n+ |m|)! 2np) dmﬂml(“

1),



178

DCPAMS O OOOOODOOMOMBO UOOoO00oOooooobooon

P™u)0,00000000.

I (n+ 14 |m])! I (n+|m|)!
— 1 ™o —(2 1 P
(n = fmi+ )\/2n+3(n+1—|m|)! = Gnt Dy o s

+(n+|ml)\/2n1_1EZ:11L‘|ZB§P;"_1:0, (B.10)

2 1)(2
o pn - (2n +1)(2n + 3) P
(n—|m|+1)(n+|m|+1)

1

B (2n+1)(2n + 3) (n—|m|)(n+|m|)Pm
(n—Im|+D(n+|ml+1)\ 2n+1)2n-1) "
(B.11)
O00,mn0 0<|m<n—-1,000 m=n=0000000000.
oooooooooogon.

d (n—|ml|)(2n + 1)
1 —p*)—P" = (n+|m P™ —nuP™  (B.12
ogoo, mnO Og]m\gn—1DDDDDDDDD.

goooogo
Pm(u) (n=|m|,|m+1,---) 00000000000,
1
[ PP =25, (B.13)
-1

000, mnn 00<|m|<nn» 000000000.

~1<p<10000000000 A(g) O {P"n=|m|,|m+1],---} 00
00

Alp) =Y Arpr(w), (B.14)
n=Im|
Ar =5 [ AwPr o (B.15)

goooog.

20140 60 180 (0O 0O D OO Cspegtral /spectral.tex(spectral /spl-spherical-harmonics.tex)



DCPAMSODOOOOOOODOODOO B.1 0OOO0OOOO 179

ooooogy’™

e 101

000000 Y™\ ¢) O Legendre 0 0 P™(siny), 0000 %exp(imA) O
goodoooooobboo.

YA, ) = P (sin @) exp(im). (B.16)
O00,mn0 0<|m<nO0000000CO.

e 1000000OODOOOO
Y™\ ) 0000000000,

n

1 0 0 1 9? m
Low% (COS%) *mm*”m”} nr=0 - (BI7)
nooo,
0 5 O 1 m_
5 (1-003) + T e D) =0 @19

O00000.000,mn0 0<|m|<n000000000.

e JUOUOOONO
yrooodobooooood.

n
1

1
/ Y™ (0, @)Y (A, 0)d(sin o)A = 478Gy (B.19)

000, mm, nn00<|m|<nD0<|m|<n0000000000.
0000000000000 AN e)O{Y"|m=0,1,2,---, n=|m|,|m+

1,---}0000
ANp) =D > AT @), (B.20)
m=0 n=jm|
~ 1 1 27T
Ay = [ deig) [ Aoy o) (B:21)
A )y 0
gggoo.

2 exp(im)) O fo% exp(imA) exp(—im/\)d\ = 276, 000D . 000, m,m 00O000O0O.

spectral/spectral.tex(spectral/spl-spherical-harmonics. 2884 0 6 0 18 0 (00 O0OO0D0OOO0O)



180 DCPAMS O OOOOODOOMOMBO UOOoO00oOooooobooon

B.1.2 OO00O0OO0OOOODOO

0000,000000 Y™(e,\) O

o z 1[I
o ylilO

e 20O OOOOO

oooooo.
x00
TCng@ a;/;m = Tcisgp% (P (sin @) exp(imA)) = rciZ:@P’T(Sin @) exp(imN).
(B.22)
y o
%a;/;m = %% (P (sinp) exp(imA)) = 17_“2%13;7(“) exp(im)). (B.23)

200000000

1[0 d 1 0
2ymE_ I 1 — 2\ 7 — _|ym
Vit =0 {@i (( : >3u> ’ 1—u28k2} "
1 d 1 0
- - - T |ym B.24
[cosw@go (cosgoago> * cos%@@)@} " ( )

B.1.3 0000 —OOOOOOO

O00000Y"(\e O0OOO n0000000O00OO.

20140 60 180 (0O 0O D OO Cspegtral /spectral.tex(spectral /spl-spherical-harmonics.tex)



DCPAMSODOOOOOOODOODOO B.1 0OOO0OOOO 181

oo, bbddgugooooobobb, oo on.oobobo,od
0 Y™\ ) 000000000000 (V,¢) 0000000 n0000000
{Y™(N,¢))m=-n,—n+1,--- ,n} 00000000 O

> ATV N ). (B.25)

00003 00000,0000000200000000000000000
oooooo 4

00000000000,000»00000000000000000000000O0O0
boboobOobooboobobooobo n0OO0ObOO0ObOOOOODOOOOOODOOOODODn.

14 =% & (cose) + | 0, 0000 -2 0OODD0OO0000DD,
0000000 V3 0000000000000000000000000000.

0000, VY (A e) = 20 ym(\ o) 00, 000000 Y exp(imA) 00000
-t 0pp v4 00000000, {Y"ln=0,1,2,---, m=—n,—n+1,---,n} 0000
0000, {Ym=-n,—n+1,---,n} 0 V4f=-20y0p00000000oooon.

000000000,00000000000000 Y"(\,¢)0000000000000
00000 Y™(\e) 000000000000,

00000000000000000,200000000000000000000,0000

000000000 Y*(V,¢) 000000000000 VY =-2Hymgpgooo. O
000000000000000 {Y,"\N,¢)|m=—-n,—n+1,- -n}Dvg,YM— nlnfl)ym
D000D00000.00000,000000000000000000000000000
ooooooo.

spectral/spectral.tex(spectral/spl-spherical-harmonics. 2884 0 6 0 18 0 (00 O0OO0D0OOO0O)



182 DCPAMS O OOOOODOOMOMBO UOOoO00oOooooobooon

B.1.4 00O

P™Mp)0000000000,2000000 P, PL,P250000000.

N J Pl T
08N i

0.6 J e@‘P 0 ?3(;1 i o

X H i

0.2 L] NSl e K NN

) ( ! ! ! b ! ; ) !
RIS
—04 N LT TN
oy ST
sl AT |
-1 ! “ i J 1

.0 . : .
-1 -8 —06 04 02 0 0.2 0.4 0.6 0.8 1.0

w4 10 Legendre S D YT 7

OO00000O Legendrell [ ]BnDDDD(DD,DDD,DD,l%O)

Le’ = ‘ ‘ |
L4 ‘ : /\\ 14 ‘ ‘

1 == 1 i ! £\
1.0 - B! AL 1O——tP% ! P [ ﬂ\

0.8 Qi\ﬁt / /_7(‘
ST AT
/

0.4 \ }_’{ 7\
i : o/ | :
A /// ‘ \[/17]
X / |7 A /
—~06 ; ‘/ ,)(\ / —0.6 4 /7 -
N /1] INIZN |

t
o ‘ 10 | i I ‘ |
01 02 U3 04 05 06 07 08 03 10 0.0 02 03 04 03 06 07 08 03 10

24

)

“r
ziﬂi

-~

%530 PMNz) or77 #5540 PXz) 0y 57
5.3 0, 5. 4 BIC B Tit, Tk, EBIEE RIARSEY sz):\/z—”;—l 2P
T gl
im=1,2;7n=1,223,4,56 22m) /7 7%RL%.

Legendre 00 P = P!/\/2, P2=pP?//20000 (00,000, 00, 1960)

5(2005/4/400)00000000000. 0000000000O0.

20140 6 0 180 (000 OO O Spédrpl/spectral.tex(spectral /spl-spectral-differentiation.tex)



DCPAMsS O OODOOOOBROODODOO, GCMUOODOODOOODOO 183

B2 0O00OO0O,cGCMUOOOO0OO0OQOOOg

oooo,booobo,boobbooboobo. ogbboobog, bdg D,
00 ¢ 00000000 x, 000090 (u,v) OOODOOOOO.

B.21 0OO0OO0O0oood

00000 foe o000 —% gopoon,
7 cos p OA
foyooo 22 (299N noppnn.
r Oy r Ou

fo2000000000

1 1 1 2
Vif=—= 0 cosgpa —|——i f
2 | cos p Do Oy cos? p ON?
(B.26)
_1 3} (- p )6 N 1 ﬁf
B Ou o 1 — pu? 0N
gooooo.
B.2.2 0O000O0O0OO0OO
20000000 v=(v,n) 000000
divgv = ! 81}1+ L 9 —(va cos )
rcosg ON  rcosp dp (B.27)
1 0 19 ’
== ox g (VI )
1 — 8)\
goodoo.
vUO000 roo00,
1 1
<1row)?ﬂzrcos % rcosgd B v1eos¥)
v iad (B.28)

1 (32}2 10
= = 2 (1=
ry/ 1 — p? OA Taﬂ( Koo

spectral/spectral.tex(spectral/spl-spectral-differentiati@dl4sf) 6 0 18 0 (00 O0O0D0OOO0O)




184 DCPAMS O OOOOODOOMOMBO UOOoO00oOooooobooon

goboog.

Oooooboooooboogo,boogoo ceMUuoonDoooobooooo

gobooog.

B.2.3 0OU

goooboooboboobo DO w, 000000

1 Ou 1 0

- 7“008905+ 7 cos p O

B.24 00O

doooooooooono (0w, v 00oogag
1 Ov 1 0

B rcoswﬁ B 7 cos p Op

B.2.5 000000O00,00000 (u,v)

00000000 v, 0000 ¢ 0
D =V,
(= Vhy
000000, (wo) 0 y,v 000.
10 1 0
¢+ X

rdp | rcosp N
e 10
rcosp ON 1 dp

goo.

B.3 Legendrell ] P, OO0

0000 LegendreO P, 000000

—(vcosp).

—(ucosp).

(B.29)

(B.30)

20140 60 180 (DODDOOOODOO) spectral/spectral.tex(spectral /spl-legendre.tex)



DCPAMSUIOOOOOOOOOOOB.3 Legendrell P, 000 185

1. »n—-100000000000 -1<p<l0000000000004

2. P,(p)0 -1<pu<10n0000000D0OO,

O00.100 Gauss OO 0ODOO0ODOOOODOODOOO.ODO,1,2000 Gauss-
Legendre OO O OO0OOOOOO.

B.3.1 0000 Legendre0 00O QOOO

P(wO0,n0n0000000.n—10000000000D0 R~P,,00
000000oo,pP,0000000000,»n—-10000000000 f(p) O

gbooooogn
1

F() Po(p)dp =0 (B.35)

-1
gbobooooboo.

B.3.2 Legendrel 0000

P00 -1<pu<lUOnpbOb0000000DOOOODOOOD. OODDOODO,
gooboooob.bod, 19830 1070000

1 fl)=(z-1D)"z+1)"00000.

2. f=0000,r=-1,1000.000,Rolle 000000, £O00 a
O-1<a<100 f(a)=0000.
f=2nz(z*-1)"'00, f=0000z=-1,0,100000.

3. 000, f"=0000a2=-1,0,8,10-1<8 <B <1000.
4 00000000, f™=0000-10 1000000000 n0000

Ub.0Dzx=-1,1000000000000O. 0

1 mn
5, DDDDD,Pn:—d—
2nn! dumn

gbooo.oggoboo

(W*—1)"0-10 1000000000 00

Oooooodododn, x; = cos
gobobooogo.

0000000 Newton OO D00

j—1/2
n

spectral /spectral.tex(spectral/spl-gaussgr.tex) 20140 60 180 (0D00OO0OOOODO)



186 DCPAMS O OOOOODOOMOMBO UOOoO00oOooooobooon

B4 0O0O0OO

B4.1 Gauss QO QOQO0O

0000 Gauss DODOODOODOO.

OO0 MOOODDODOOOOOOOOO g\ O0< A< 270

m=M

g(\) = Z Gm exp(imA) (B.36)

m=—M

o000 M<Igooooooo rooog,

1 1<

_ —— B.

= RECTEES SCS! (B.37
2 —1

)\n:$(n:1’2’...,[)

OO000OD0.000 GaussOOODODOOO.

goboobooood,

~ T (m=0),
;exp(zmx\n) = { 0 (0<|m| <) (B.38)

2r(n — 1)

M= T (= 1,2, )

N\

2wim(n — 1)

Oo0.000og,I>M(m|O00O00)00 m#ODDDDexp(imAQzexp( 7

O000,000n0000mR-1)07I00000000000000O00O0CO
000000000 (m,n—10000 100000000000, m(n—1)0
Iooooooooo)s.

/

000 Gauss UOODOODOOOOOO.OO,0000000¢0,

1 27

M 2m
1 :
g(A\)d\ = g %gm/ exp(imA)dX\ = go (B.40)
m=—M 0

27 Jo

‘0000000O0O0O0O0oO0oooon.

I 1 im2m I

2 —1 — (6 I ) 1— im2m

> exp {z‘m ”(”I )} = — o =0 (B.39)
n=1

20140 60 180 (DODDOOOODOO) spectral/spectral.tex(spectral /spl-gaussgr.tex)



DCPAMSODOOOOOOODOODOO B4 0O0OO0OO 187

000. 000, [Fexp@mA)dA0m=000000000000000. 00
000

S -

gbobo,0gdboboboooobobuoooon

231 (exp(ZW;m))n_ =0 (m#0) (B.42)
DoO00. 00000,
1 [ 1<
or ), INAA=7D g(A) (B.43)

goo.

B.4.2 Gauss-Legendre [ [ [J

f(w)O 2J—-10000000000. P, 02000000 nO0O Legendre O

1
0000.0000, [ fdeO P, 000000 Gauss OO0 pll j=1,2,---,J0O

-1
0000 f00 f(p;) DOODOOO0,000000000000000D000O
oo.

/1 fp)dp =2 Z f(uj)wj, (B.44)
Y A 111) @I
YT /—1 (e = Mj)P}(ui)dM (P _(py))? (B.45)

O00,w; 0 GaussOOOOOOO.

O000D00000000.000,Legendre0 00000, 0000000000
Legendre 00 P, 000,000 2000000 Legendre0D P, 000000
oo-.

"00000000,00000000000.00,000000000000 P,Z”’DDDD
gbooabouodaobouogbogo,ggouobooooboboboooboaobog.

spectral /spectral.tex(spectral/spl-gaussgr.tex) 20140 60 180 (0D00OO0OOOODO)



188 DCPAMS O OOOOODOOMOMBO UOOoO00oOooooobooon

STEP 1 Lagrange 0O O OO

f(p) O KOOOOO0<K<2J/-10000. P, 0000000 Legendre O
O0Rodrigunes0 0000 0O,

1
~ ~ 2
/ PP ) = 5= (B.46)

L(p) O, f(n;) O Lagrange 000 0000000000000 OOOCOOOOO.

L= sw) I 7—F (B.47)

0000,0,;0000 L(g)=f(y)000.000 LO,0<K<J-100
0f0 J-1000000000000000 L=f000%0000000.

00000,00 f(u) — L(p) O

e 0K<K<J-—-10O0O,0000.

e J<K<2/-100,
p=p;, 000000 KOOODODODOO. 4,0 JO0O00 Py(p) 0000
0000000000, f—L0 Py(p)00000000,00 K—JOO
00 S(poooo,

f(u) = L(p) = Py(p)S(p) (B.48)

goboboooogo.

f)—L(p)0 0000 —100 1000000.J<K<2/J-100000

S0O0O0oO0O0L-f0J-1000000000000,J0000 py 0oooooaooo.

20140 60 180 (DODDOOOODOO) spectral/spectral.tex(spectral /spl-gaussgr.tex)



DCPAMSODOOOOOOODOODOO B4 0O0OO0OO 189

00 Legendre 00000000, Py(u)S(x) 00000000. 00000,

|
]~
=
RS
|\
=
.[
<
oY
=

k=1,k+j
B d N Py(p)

=2 ) eyt

=2 flp)w; (B.49)

0od,000o0oono PppO000O0U00ooOo,0b0oo ijDDDDDDD
Oo0oooooooogno ijDDDDDDD,pJD P, 000000000
OO0 consistent O O 0O .

/

1! P
STEP 2 wj:—/ W 0000000000
2 )1 (= ) Py ()

000 (000 Legendre 000000000 00O0)0000m=00000

(n+1) ~n+1(/L) = (2n+ 1):upn(ﬂ) - npn—l(:u) (n=0,1,2,--) (B.50)

oo,
(n+1) P:)TL-I—I(J:) }?n(x) _ (2n—|—1)xp( ) n:n 1(:16) }:jn(x)
w1 (y)  Pa(y) (2n + 1)yPu(y) = nPaa(y) Pu(y)
= (2n+1)(z — y) Pa(x) Pa(y)
+n(=Po1(2) Po(y) + Paa(y) Pa(x))
_ = ~ pn(x) [j)n—l(x)
= (2n + 1)(z — y) Pu(2) Pu(y) + 1 5. Pos(y)
(B.51)
000.0000 n=0,1,---,n— 100000000
n P:Ez; ]i’:_ig)) ‘:§(2k+1)(x o) Bu(2) Pa(y) (B.52)

spectral /spectral.tex(spectral/spl-gaussgr.tex) 20140 60 180 (0D00OO0OOOODO)



190 DCPAMS O OOOOODOOMOMBO UOOoO00oOooooobooon

ooooo.o00d n=Jrx=puy=p 0000 PJ(,uj):ODD,

TPy () Pyoa(pey) =Y (2k + 1) (1 — 187) P(2) Pr(p15) (B.53)
k=0
noo,
2k 1) Pe(0) Pl
Py() _ k=0 ~ (B.54)
H— JPJ71<,UJ)
OOD. 00000,
w1 Py(p)
T2 /—1 (1 — puj) ~}(Mj)du
S k4R / Bl
ZJPJ_l(/“Lj) L/](:uj) k=0 ’ -1
L (B.55)

TPy (1) P (1)
DDD.DDD,(B.55)DDDDDDD,ICZODDDD ogooouoooo, d
00 ]50:1DDDD.DDD,DDD

oP, . .
(1-p?) oy = "Pneal) = nuba(p) (B.56)
On=Jpu=p, 000. Py(p;) =000,
1 — 12
wy = (B.57)

(JPy_1(p5))2
ogdg.

STEP3 P, 0000

P, O
1
/ Pu(p) P ()dp = 2 (B.58)
-1
. 1
ooo0oo0Oooooon. Pry=4/—————— P, , 00
1— 2 20 — 1)(1 — 12

Py TPmlm)?

20140 60 180 (DODDOOOODOO) spectral/spectral.tex(spectral /spl-gaussgr.tex)



DCPAMS I OOOOOOOOOBIY ODOOOOO0OOOOODOODOO 191

ooo
oo
oo
1 J
[ sdn =23 s, (B.60)
(27 - 1)(1 - 12)

T TP ()2 (B61)
B.5 U00000oooooood
oo ooooooooa.

Z P (1) P (1) exp(im) exp(—im/ N )w; = I8, Gy (B.62)

oog, ijmm nn/ I, M,Nm) OOOQO, 1 < i<
im[,[m/| < M,|m| <n < N,jm/| <n’ < NDOO, M<

2m(i — 1
O00.00,w; O GaussDD,)\i:M,ij P;(p)0000O0O.[]O

gbbogobbogobbog.gbb,gobbuooobbuoogbbood
Oo0o0ooOoooooooooa?.

OO0000000. Legendre 000000000 MMOOOODOODODO, Gauss
OO000D0, Legendre 00 0O O0ODOODOOOOOOODOODODODOO,

>

P () P
Jj=1 =1
B () P

_[i

I
™ (117) exp(im;) exp(—im' A )w;

TR I - (B.63)

0000000D0000000000O0O0.

spectral/spectral.tex(spectral/spl-spherical-orthogonal20¥d 0 6 0 18 0 (00 O0O0OD0OOOO)



192 DCPAMS O OOOOODOOMOMBO UOOoO00oOooooobooon

O00 Gauss UOODOOOOOO.OO0OOOODO

Z Z P (1) P (1) exp(im;) exp(—im'\; Jw;

j=1 i=1

J
= [ZPK(M)Pﬂ(Ma‘)wa
5 [ PraPzGde (B.64)

000, Gauss-Legendre 0 0 OO D0O0O. 00O, 0000 Legendre0d OO OO0
ooooog

Z Z P™ (1) P (1) exp(im;) exp(—im/ A\ )w;

7j=1 =1

— I8y (B.65)

gobobo.goobb,ggobbobuooobobooooboboon.

0000000,000000000000000000000000000000
000000000000000000 . {f(u (ke =0,1,2,--)0 [a,b] OO

000000 w(k),00000 )\kDDDDDD</ Ful(w) fur(p)w ()du—)\kcskk/)
000, pj,ppy(1<j,y'<J)0 f3(p) 000, w; =w(y;) 0000,00000

J—1
> Felig) fro () w; = e (B.66)
7=0
oooo,
o Je(w) filpy) 1
JE\HG) Je\HG) — 5, (B.67)
— )\k wj
k=0
ooooo.

00, Legendre0 0 {P,}(n=0,1,2,---,J—1)00000000000000.
0000,w; 0 GCMOODOODOD Gauss 00000,

<

~1
1
Po(pg) Pa(pyr) = —0;50 (B.68)

wj

i
o

vOooOoooo,0,194 00000000000.

20140 6 0 180 (0O OO D OO Sihegtral/spectral.tex(spectral /spl-spherical-orthogonal.tex)



DCPAM5S O OODOOBG NNIMMO OO OO0OO0O00oOoOoooon 193

OO00.000,GCM OO0 Legendre P, 000000000 OOOOOO,
0000000000, LegendreD OO {P"}(n = |m|,|m|+1,|m|+2,---,N)
00000000000000 Y Legendre00O00OO0O0O0O00DOO,0000
000 P,0n=012---.N<J—1000000002000000000.

gboboboooobbobuoooobbbooooo.bobogd

I-1

Zexp(im)\i) exp(—1m/'\;) = I, (B.69)

=0

oooo,

[~

exp(imA;) exp(—imA;) = 10; (B.70)

m:féJrl

ooooob.boooo,rgo0og0 I1=2M. 100000000, I=2M+10
I1-1 I-1
DD,mDDDDDDD—TNTDDD.DDDD GCM OO,0000

I
000 |m| 0000 MD§DDDDDDDDDDDDDDD13.

B.6 UU0U0OUoooobooooboooad

OoobOobooobooobobooboobobooboooobooo. oo GAM
obobboobooboon

e OO OUOOOLODLDOUOOODLDDOOOODO
e 00O 0ODU0ODLO DOODLD ¢ObbObDbObOODOO

e IIDODOODLO x, 0000 ywUODOUOO OO,000D0DOO0DOODO
obobooboobod

goo.

NQOgooo,0000000000000 fRk=0,1,2,---,K—-100 k000000000
00000000000000000000. LegendreD 000 mOO000D0O00O0O0D0O0O0O
O0,m00000000P"0n00000000,n-mO00000000.00000000
0000000000000 0000000000000000,00000000000.

2T42000,m=00 J=63,N=42,R21000,m=00 J=63,N=21,000.

BT42 000 I=1280000 M=42,R21 000 I=640000 M=21000.

spectral/spectral.tex(spectral/spl-spectral-transform.t@14 0 6 O 18 0 (00 O0OO0D0OOO0O)



194 DCPAMS O OOOOODOOMOMBO UOOoO00oOooooobooon

B.6.1 OU000OOOLbOOO0OOOOObDbOOObDDbDO

D0DO00O0 A(\e) D0D0ODO0OO0O00O00O0000000000000
OD000. 000,00000 4, (i=1,2,---,I, j=1,2,---,J), 00000
0000 A™ (m=—-M,-M +1,--- M, n=|m|,|m|+1,--- ,N(m)) 0ODO.

= Z ZAmYm (M, ©5), (B.71)

m=—M n=|m|

I J
1 m*
=72 DAY )y, (B.72)

i=1 j=1

_ (20 = 1)(1 —sin? gpj)‘

e (JPj-1(singp;))? (B.73)
I J
O0o00o0o0oOoOoOoooooo, Z Z ZD,ZZDZDDDDD.
men\m\ =1 j5=1 %,]

B.6.2 U00U0O0O0OOO0OOOO0ODOOODOOObOOObOOObDOd

oQ,

<

I
SR
—

gooo.

gbooboaxobooobooobooo.

gij = [% (Z fmyma, go))] . (B.74)

Lj
oooo,
=Y imfY (N 9)) (B.75)
O00.0000 (B72)0 AD ¢g00O0ODODOODOO (B7)00OooooOOO
00 147

gm = imf™. (B.76)

“oooooo, (g = szfmym— gy, 0oooooo Dy Y (h,e)w; 000
o ij

ooo,im' f =gm DDDDDDD.

20140 60 180 (0O OO D OO DO Spectral /spectral.tex(spectral /spl-spectral-transform.tex)



DCPAM5S O OODOOBG NNIMMO OO OO0OO0O00oOoOoooon 195

ooo,
g = %Zim Fi Y (N, @5)w; (B.77)
2%
ooo.
oo,

R S
rcos2yp  rcos2pON | Ox \cosg

O00. fO AOO00OOOOOOODO. (B74) 000000,

1
hij = ————0ij

70
T COS* ;

1 . Fmy m
szfn Yn <)‘1790])

0 hy= ——
rcos® @; £

ij —

00, (B.76) OO

A = 9 / m:im / :
" OX \rcos?p /|, rcosty )

1 . ( f )
== m Y, (N, pj)w;
I — reos?p )

1,J

1 : mx wj
~ 7 Z imfi;Y, (/\iSOJ)TCOSJQ 0 (B.78)
1,J

B.6.3 ODU00O0OQOOOOODUOODOODOOOOOOOObDObDODOO

oo,

of
nooa.

bbbhU0ebbObuoooobobog.

Dij = [% (Z quYnm>] . (B.79)

m.n ..
’ J

spectral/spectral.tex(spectral/spl-spectral-transform.t@14 0 6 O 18 0 (00 O0OO0D0OOO0O)



196 DCPAMS O OOOOODOOMOMBO UOOoO00oOooooobooon

oooag,

m

-

exp(zm)\ ) (B.80)

Doo.ooo,
1 mx*
Zfzﬁﬂk%

2%

1 -, dP"
_f§;<;;fw dp |
1 o , dpm
A (S e emtini) S
7,7 m' n’ ¥

1 apm

__ fz _n
! 2]: s e,

gbg.boog,20000 30000000,

d m’
ZZ ™ P (p;) exp(im;) C];SD

i=1 j=1
1 J

exp(im’)\i)> P (p;) exp(—imA;)w;

exp(—imA;)w;,

J

exp(—im\;)w;

exp(—im/'\; ) w;
J

, AP o :
= — Z Zf:} do |, exp(—zm)\ VP () exp(im/ A )w; (B.81)
=1 j=1
oooo .
uo,
_ 2 Of 2
g =cos" p— =cos“pp
Iy
god.

(B.79) 000000,

exp(zm)\ )

= cos %Zf Fy

L Oopooooooooooooog.

’
m

ZZ 7 ;) exp(imA;) ddpgp/

w pm M@
—IZ: Pr 7

exp(—im/\;)w,

J

m
w] mm/ — IZ um 7” wj5mm/
J v J

dP”f
/ fmpm n dSo(Smm’

20140 60 180 (0O OO D OO DO Spectral /spectral.tex(spectral /spl-spectral-transform.tex)



DCPAM5S O OODOOBG NNIMMO OO OO0OO0O00oOoOoooon 197

ooo. oo,

a4, 7 Z i Y, w;

m’dPn
Iz(m oy

(Z Fi Py (g eXP(WLM)

d 2 m
X o (cos ©P) )

1 d
— 1 X gy (o oP)
1]

exp(zm Ai )) ")) exp(—imA;)w;

exp(—imA;)w,

J

exp(—im\;)w;,

J
gboboo.odgo,2b0b000 3go0oood,

’

I J dP™
DD Fi cos” i Py (py) explims) | exp(—im/ A,
, ¥

J

exp(—imA\;) P (p;) exp(im/ A )w;

J

B64 yywiouooooooooooobobbooooooog

oooo xryr 00 w,v; OOOO00000DO.

goo,b0oogooboo

Z Z P " () exp(imA;) dr;

Pm
S / f P ) o 2 gt

’
m

exp(—im'\;)w,

J

m

dP
:—IE: P () —

wj(smm’

m
n

:72211"' pm gpj ) exp(im’\;) d;;

exp(—imA;)w;

J

1600000 (B8l)ODDODOOOOOO.

spectral/spectral.tex(spectral/spl-spectral-transform.t@14 0 6 O 18 0 (00 O0OO0D0OOO0O)



198 DCPAMS O OOOOODOOMOMBO UOOoO00oOooooobooon

oQ,

(B.82)

1

imyx, P (sin gpj)> exp(imA;). (B.83)

o dy T COS @
oOo0o.000,
1 0y 10y
= — 4+ == B.84
rcos¢8A+r8g0 ( )
0d,

m

1 . Tmopm(: 1 ~m dPn
Vi = ; (TCOS - imap P (sin ;) + ;Xn —dgo

) exp(imA;). (B.85)

J

B.7 O000O00ooOooooon

DDDDDDDDDDDDDDDDDDDDDDDDDD.g:%DD

" =imfm. (B.86)
h=V%4f0O0
= nn+1) -,
pm = —%fn . (B.87)

(B.86) 000D 0DUIDODODODODODOOODDODOOOOOOOODOOOOODODOO.
O000,B8)O0O0O0ODODOOODODO.

gobooobooood,

hij = <V%{ foynm>

:_ZM f;nynm )

7’2 i

ij m,n

20140 60 180 (0O OO D00 O Epgctral/spectral.tex(spectral /spl-spectral-coefficient.tex)



DCPAMSODOOOOOOODOODOO B.8 0OOOO 199

goo.oogd,

000.0000000000000 ) Y2, 0000000000,
12

m/ nn 4+ 1 “m!
fn/ - _%hn’

oog.

B.8 0000

GCM O0,0000000000 P™(sing)exp(imA) 00000000000
0000000,00000000,00000000000000000000
00.00000000000000Y.000000,00000000000
0000000000,000,0000000000000000000000
ooo.

B.8.1 O0OOOODOO

000000000000,0000 (m),0000 (n—m) 000000000
0000000000000.000000000000000000 (Triangle)
,0000000 (Rhomboidal : 000)0000000000. 0000000
00000000000000000000000 (B.1)000000. 0000
0000000, (B2)0o0.

O0000,0000000,00000000000 ((n,mDODO)0OO0ODODOO
O s,

0000000000000000 ((B3)00O0O

obooboo,b0o00bo0boobob,0obo0bogbo

"0000000,0000000000000000000000000O.0000,000
ubobooboobooooboooobooboooonn.

¥ O0pOo000000,»n00000 mOO0OO0OOO0200000000000000. 000
ooooooboooooobon.

spectral /spectral.tex(spectral /spl-truncation.tex) 20140 60 180 (00O0OO0DOOOODO)



200 DCPAMS O OOOOODOOMOMBO UOOoO00oOooooobooon

n —1mi n A

Ntr Ntr

Ntr m Ntr m

OBl 000000O0ODOO0ODOOO

n i
2Ntr
n —1mi
Nt?‘ NtT
Ntr ;n Nt'r ;TL
U B2 000000o0oOoOooooon
T i
K —
n —1mi
J J
K-M
K—-JM m K—JM m

U B3 0000000D0O0DOOO

20140 60 180 (DODDOOOODOO) spectral/spectral.tex(spectral /spl-truncation.tex)



DCPAMSODOOOOOOODOODOO B.8 0OOOO 201

e 00O0DODO J=K=M=N,

e 0000000 K=2N,, J=M=N,

Ooo00ooOooooooooo e,

gboogobuodgbbogoogobuogb,gbbodbooobuoobbod
20

e JID0UDODDOUDDO,D00OO0DOUOODOOOODDOOOO#
.gogbbbooobbboooobbboooobboooobboooono
. bobobbbuodooogobbobbboduooooob,bbbobood
goobooooboboogooboo.
gb,joddd,gooooooooboobbbbobbbboooodad
gboogobogobuogbboobbooboooboooboobbd
gbbboogobbboooobbboogan.

e OO UOOOODLDDO,00DDOUOOUOLDLDOUOOODLDbLDOOOO.

B8.2 0O0O0O0O0O0Ogd

googboobbogbbooboobuooboobo.obbobboobod
Oooo,0000oobboooobooboboobobo. 0oO,FFT OO0, aliasing
gbobo,dggbbobogoobbboooooboboooobobog.

FFTOODODODODOODOOO,00000,0b0b0 b0 «0boboo g
000000000 FFTOOOOOOO00000000000000 2000
uo.

O0,allasing D0 OO O0OOO0O0O0O0OO0. DDOOOOOOOOOOOODOOO
O,00boobboobgobo. bgbboobgooboobo,0oboon
gbbogobbooobbobuooobbo.ooboo,bbuoobbood

Voo K=J+MOODOOOODOOOODOOOOOOOO. 00,000 R21000000
00,K=42,J=M=21000000

20000000, 19820 p4700.

2 gQpoO0O000000000000000,00000000000,000000000
oooooo.

2 QQgpoo0000.00,20000000000000.00000000,2,3,5000
ooooooooooon.

spectral /spectral.tex(spectral /spl-truncation.tex) 20140 60 180 (00O0OO0DOOOODO)



202 DCPAMS O OOOOODOOMOMBO UOOoO00oOooooobooon

gbbbooobbooobbuoobbooobb.ooobobbuoobb, o
gooo’obogr’oboboboobuoo,ob,oboobobobooboobon
gbbooggbogbbdodgbboooboobba,buoobbuoobbooboo
gboboooobboogobobuooobbooob.booobbog,bbod
gbbbuoodb —bbbuoodgbbboobobbooob,boo0obbbao
gobbobobdood —obbooooobobooooobobooboo.bo,dd
0000000000 (000 aliasing000000000)0000000O0OO
ooog®.,

00,0000 alasing0000000000000000,000000000
00000000000. 000000000000000000000000
000. 0000 M,N(m)O0O (000, T42000 M=42,N=42)000
0000000000000000000000000000 7,J000000
oooo.

M,NOOODOOOOOOO,00000000000000000000000
000000000000 ADOODOOOOOOO000O000O0000000
0000000000. A0 -M<m<M, |m<n<Nm)Od mnOd000O
0 A"0000000000.00000,1<i<1,1<;j<J0000

M N

A = Z Z A P™(sin @) exp(im;) (B.88)

m=—M n=|m|

000000.000000000000A-M<m<M, |m|<n<N)O
O000. 00000000000 Gauss 00O, Gauss-Legendre 0000 00O
ooo,

I

J
1 _— .
An:TE > Ay P (sin ;) exp(—imA; ) (B.89)

i=1 j=1

2000 GCMOOOOOOOO0O0O0O000000000O0O0O0O000000. 00000, O
0-00000-00000000000000000000.
000 T42000,0000 14+ (2x1+1)+-+(2x42+1)=432=1840 00000000
0 128x64=8192000. R210000,0000 (2x21+1)x(21+1)=9460000,00
000 64x64=4096 000.0000,3/400000000000000000000000
ooooooo.
000000000000000000000000000,0000000000000000
ooooo.

0000,00000-00-00000000000000000 (DO000O0O00).

20140 60 180 (DODDOOOODOO) spectral/spectral.tex(spectral /spl-truncation.tex)



DCPAMSODOOOOOOODOODOO B.8 0OOOO 203

O00.000,w;0 o, 000000000. A;000000000,

M

I N
ZZ Z Z AT P (sin ;) exp(im'A) | P™(sin ;) exp(—im\;)w,

i=1 j=1 \m/'=—Mn'= |m’\

'le—‘

J

Z Z Am Z exp(i(m —m)A)ZP (sin;) P (sm%)

— n:m ]—1

NlH

(B.90)

ogoo.ooodon A?DDDDDDDDDD (DDDDDDDDD)DDD 1,J
O000,-M<m<M /m<n<NOOOOmnOOOO

Zexp(i(m/ —m)N) = I, (B.91)

Z P (sin ;) Prt(sin @ )w; = Oppr (B.92)

godddooogoo. bboobbbbbooooodooooooo,ood
000000 m—m| 0000 2M 0000000, Gauss JO00OOOODOO
O0,0000 710 7I>2M+1000000000. LegendreOOOOODO
0000000000000 00, 0000000000 n+2/ 00000 2%
OO0000D00D000, Gauss - Legendre 00 OO0O00O0O0ODOO,0000 JO
2J —1>max[n+n/] =2max[N] O0000O0O0O00O. 000, max[n+n'] O
n+n 00000, max[N]O NOOOOOOO.

0000,00000000000000000000000000000000
0000,00 Gauss-Legendre 100 0000000000000000000
000000000 %. 00000000000. 0000000000000
0000000000000000000000,00000000000000
0000000 JOOOOOOOOO Legendre 00000000, 0000 m
000,0000 LegendreD0000 nO n=|m|,|m|+1,---,|m|+J—-1000.
P "PT 0000 n+n/' 00000,000 2J42/m/—-2000.000 2J—1

2000,0000000 I6,, 000000000.0000 (m,m 0000000000
0O0O0)PP? 00000O0O0DODO.

% Gauss 000000000000000D0D00000O0O0O0DOO0000. 0000 7000
00000,00000000000000000000 5000000000000,000
00000000000000. 00,/00000000,000000000000000 1
0000000,00000 Gawss 00000000000000. 000000000, (00
0000000000,00000)00000 FFTOOO OFFTO00000-00000
-000000000000000000000000.

spectral /spectral.tex(spectral /spl-truncation.tex) 20140 60 180 (00O0OO0DOOOODO)



204 DCPAMS O OOOOODOOMOMBO UOOoO00oOooooobooon

0000000 m=00000000.m#00000000 LegendreO OO
000000000.000000000000000 26,

oo MNOOODOOOOooDoooooobo,0booobboooboboon
Oooooooooog p,O0booObo0oooboooooooboo BO CcogQ
(DOOD)AD0DDOOOOOOODODOODODOOOOOO L, JOOODODOOO.

A= BC, (B.93)

B = i i (Bﬁexp(imA)) P (sin ), (B.94)

m=—M n=|m|
M N
C= _ZM ZH (CN’ZL” exp(im/\)> P (sin ) (B.95)

00000 A,B,COOD0O00O0Y . BCO -M<m<M, |m<n<NIO
O0000000000 B Cr 0000 ADODODODOOOO A?00<m<
M, /m|<n<NOOOOOOOODOOOOOOOOOD.

N
Z Z Z BT exp(im/\;) P (sin ;)

1 m/=—M n/=|m/|

M
X ( Z o exp(im" \) Py (sin ;) | P™(sin ;) exp(—im\;)w;

J
X Z exp(i(m’ +m" —m)N\;) Z P (sin ;) P (sin ;) P™ (sin @ )w;.

(B.96)

gooboo A?DOSmSM, Im|<n< NOOOOOOOOQOOOOODOOO

¥ 0pO00000,0000000000000000000000000000000000
oooo.
A B,COOOOO0DOD.0000,B™=Bmec.000000.

20140 60 180 (DODDOOOODOO) spectral/spectral.tex(spectral /spl-truncation.tex)



DCPAMSODOOOOOOODOODOO B.8 0OOOO 205

o, /,Jobobbobbbodogooooobooo,bobbbo rglr>3M+10,
0000 JO 2J—1>max[n+n' +7" =3max[N] 000000000, OO
O, maxn+n'+7n"|0 n+n'+n" 00000, max[N] O NOOOOOOO.

gbobbbbbuoooooobbbbbbooooooobbbboooooad
oo,0o000 ,Jobooobooob,oboobooobo,bobbooboooo
gbbboooobbboodobbobooad.

oooooobo M,NOUODOODODOOoboOoobOo L, Joobooobuooooo
gboob,gobbduodgbbbuoooobbooogbbbao,bbbood
OoOo0oboob. booboobooboobobooboboobobg, aliasing OO
gboooggo.

OO0, FFT, allasing OO0 0000000000000 0OO00OO0OOOOO0O0OOO
goob.oogobobooooboog.

1. 0obobooobogoog.
2. FFTOO0O0O0OOOOO00. 000000000 r10b0.
I—-1
. 0b00ogobooogd MDM:{T} O00.000 [|ocoooo
gbbobooodgbobbooodabn.

4. 00000 N, 0000. 00000000 Ny =M, 0000000
000 Ny =2M 000,

5000000000 J0 J>3%eel 00000000, (DCPAM5000
Dooooooooo.)

Oo4d,T4200000 M=42N =42, 000000 7170 128, 000000
JOe64000. R2100000 M=21,N=42, 000000 I0 064,000
obog Jode4D0n00d.

gboobo,gbbbuoooobbbuoooobbbdagd.

1. ogoobooboooon.

2. FFTO0O0O0OO0OO0O0ODO.0D0O0ObOO0bDO r1ooo.

spectral /spectral.tex(spectral /spl-truncation.tex) 20140 60 180 (00O0OO0DOOOODO)



206 DCPAMS O OOOOODOOMOMBO UOOoO00oOooooobooon

I
3. 0gbooooooobo Mg M:{g}DDD.DDD [j000o0o0oO
Oo00o0ooooooooo .

4. 00000 N, 0000. 00000000 Ny, =M, 0000000
000 Ny =2MO00.

5. 000000000 J0 J>#etlgopo0o00o.

000,0000000000,7/=1280000,M =64, N=64, J=6500
0.000 T6400 I=128,J=65000. 000000000000, I =64
0000,M=32,N=64,J>65000. 000 R3200 [=64,J=6500
02,

B9 0000000 0OOOOOOO

Ooobobo GCMOODOODOOOODOO,bD000000bDODObDOOn
goboboooobbboodgobb,ogbbbuoodb,boogbbodao
gogobbobobboooogooboboobbboooooooboboboobobooooa
000000000000000000000O0*® 0000000000000
gogoooobbbobooboooood. bbooboobbboobooogoooa
O0.0000000000000000O0O00 3.

e HUUOUOObOOOOODLDOOOODLDOOODL. ODOOObLODDLbOUOOn
gobobooooooboo.

e OO, 000D000 18BLUOLDD3LUODLOODL,0DDODDO
goboboogoboboboo,bbbooooobobog.

e 000DOUD,00O0DO0OOO®. 00000000000 0O0OOO

®0O00,I00000000000 Gawss 0OOOOOOO0O0O0OOOOODO éDDDDD
gbooooooboooog.

»00000000,0000000000000 -00000 -0000000000000
goooooo.

30 adjustment 00000000000, 00000000000,0000000000000
ooooooooobO.oboooooooo,boo00ooobooooooo GeMbOooooDo
gboooobooboo.booobooboboobooobooboooooboooobooobooon.

31000,000000000000000000000001.60

32000000.0000000000000000000000O0DO0O0,000 CFLOO
oboooooooobo,b0coboboooooobooooooobo.oobon.

20140 6 0 180 (00O 00O DO OO Bpekjral/spectral.tex(spectral /spl-spectral-vs-difference.tex)



DCPAMSODOOOOOOODOODOO B.10 0OO0OOO 207

gbbogobobbugdobbob.goobbooobobbuooobobod
gooog.

e O UOUOOODLDDOUOOUOLODLDLDOUOUOLDDLDLDbOUOODLDDOO, O
gbbogobobbuogdobbbooobboooobbooon.bod
gobboob,bbddgooooboobbboogg. gobboobood
gb,boggdboobobboooobbbooogbboog.

OO000DbO0b0o00O0o0OooDOoDdo aliasingd .

gboodgbbugob,gbboogbboobbuooboboogbog.

gbbbuoogobbbdooobboboogobbbaod.

gbbogobogobodgbuoobbuoobbuoobbuoobboobbd
gobboobboododgdg. gobo,bbbdooooooboboobood
gbbobuoooobbbuooobbooooboboobo.

gbobogdbbodgbboobbuobboobbuoobboobodabbd
gbooboboogodaon.

FFTOOOOO,0000b0o0buooboobob,obooboooobog
gbbooooboboboooobobod.

OoOo0,DCPAMSOOOOOOODOOOODOOO.

B.10 0O0O0OO

0oooono,1982: oo ooooooooooouooo. ooao,
111pp.

00,000,000 ,1956: 0000001.0000, 318pp.
00,000,000 ,1960: 0OO0OO0OOIII. 0000, 310pp.
00 0,1082: 0000. 0000, 163pp.

000,1984: 00000. 0000, 202pp.

gooo,1983: ddboogoooobgoogooobooobbo.obong, 711pp.

spectral /spectral.tex(spectral/spl-references.tex) 20140 60 180 (0D0OODOOOODO)



208 DCPAMS O OO0OOOODOUODONCH UOOoOoooooooboon

Jooooooobobod
L] [

CREDITS! DO OOOOO.

thttp:/ /www.gfd-dennou.org/library /dcpam /dcpam5/dcpamb_latest /CREDITS

20140 60 180 (DODOODOOOODO) CREDITS.tex


http://www.gfd-dennou.org/library/dcpam/dcpam5/dcpam5_latest/CREDITS

	はじめに
	この文書について
	DCPAM5の概要

	座標系・変換公式
	はじめに
	座標系
	水平格子点
	鉛直レベル
	水平スペクトル
	水平スペクトルの基底の導入
	波数切断
	離散化したスペクトルの基底の直交性
	格子点値とスペクトルの係数との変換法
	内挿公式
	空間微分の評価

	参考文献

	モデル全体での時間積分の概要
	力学過程
	はじめに
	数理表現
	連続の式
	静水圧の式
	運動方程式
	熱力学の式
	水蒸気の式
	境界条件
	水平拡散とスポンジ層
	水平拡散係数の値を決めるための判断材料
	発散減衰

	離散表現: 鉛直離散化
	連続の式, 鉛直速度
	静水圧の式
	運動方程式
	熱力学の式
	水蒸気の式
	鉛直差分に関する補足
	鉛直レベルの決め方

	離散表現: 水平離散化
	連続の式
	運動方程式
	熱力学の式
	水蒸気の式

	離散表現: 時間離散化
	力学過程の方程式系の時間差分式

	参考文献

	物質移流
	はじめに
	移流方程式の数理表現
	上流点探索
	水平
	鉛直

	混合比補間
	水平
	鉛直
	上下端境界

	単調フィルタ
	Sun et al. (1996) フィルタ
	Arcsine変換フィルタ

	ネームリストによる制御

	物理過程で用いる予備変数
	はじめに
	離散表現
	鉛直層境界における温度
	鉛直層中心と境界における高度


	放射
	はじめに
	共通部分: 数理表現
	加熱率
	散乱を無視した場合の放射伝達方程式
	散乱を考慮した二流近似した放射伝達方程式

	共通部分: 離散表現
	加熱率
	散乱を無視した場合の放射伝達方程式
	散乱を考慮した二流近似した放射伝達方程式

	AGCM5 放射モデル: 数理表現
	長波放射
	短波放射

	AGCM5 放射モデル: 離散表現
	長波放射
	短波放射

	地球放射モデル: 数理/離散表現
	概要
	長波放射: 概要
	長波放射: 波長の分割
	長波放射: 透過率の計算

	大気上端での恒星の放射フラックス
	放射計算で用いるパラメータ
	参考文献

	積雲対流
	はじめに
	湿潤対流調節
	数理表現
	離散表現

	Relaxed Arakawa-Schubert スキーム
	用語について
	数理表現
	離散表現

	氷相を含む Relaxed Arakawa-Schubert 積雲パラメタリゼーション
	用語について
	固液混合の扱い
	数理表現
	離散表現

	参考文献

	非対流性凝結 (大規模凝結)
	はじめに
	Manabe et al. (1965) の非対流性凝結 (大規模凝結)
	数理表現
	離散表現

	氷相を含む Le Treut and Li (1991) の非対流性凝結過程 (大規模凝結)
	数理表現
	離散表現

	参考文献

	乱流過程
	数理表現
	乱流運動エネルギー, 鉛直拡散係数 1 (Mellor and Yamada level 2)
	乱流運動エネルギー, 鉛直拡散係数 2 (Mellor and Yamada level 2.5)
	バルク係数 1 (Louis et al., 1982)
	バルク係数 2 (Beljaars and Holtslag, 1991; Beljaars, 1994)
	乱流過程で用いられるパラメータの値

	離散表現
	乱流運動エネルギー, 鉛直拡散係数 1 (Mellor and Yamada level 2) の離散表現
	乱流運動エネルギー, 鉛直拡散係数 2 (Mellor and Yamada level 2.5) の離散表現
	バルク係数 共通部分 (Louis et al., 1982; Beljaars and Holtslag, 1991) の離散表現
	バルク係数 2 (Beljaars and Holtslag, 1991; Beljaars, 1994) の離散表現
	運動量拡散の差分方程式の整理
	熱拡散の差分方程式の整理
	水蒸気 (物質) 拡散の差分方程式の整理

	参考文献

	乾燥対流調節
	惑星表面・地下の熱収支
	数理表現
	惑星表面 1 層モデル
	土壌熱拡散モデル
	海氷 1 層熱収支モデル

	離散表現
	惑星表面 1 層モデル
	地表面における熱収支と地下における熱伝導方程式
	氷の融解・融雪による熱収支の修正
	海氷面上の熱収支
	海氷の融解による熱収支の修正


	バケツモデル
	数理表現
	離散表現
	参考文献

	熱収支を統合した連立方程式の構成
	離散表現
	惑星表面に 1 層モデルを用いる場合
	土壌熱拡散モデルを用いる場合
	海氷熱収支モデルを用いる場合


	雲モデル
	はじめに
	数理表現
	離散表現

	飽和比湿・蒸気圧
	はじめに
	飽和比湿
	AGCM5 で用いられた式
	Nakajima et al. (1992) で用いられた式
	Tetens (1930) の式

	二酸化炭素の飽和蒸気圧
	参考文献

	惑星大気の物理定数
	地球大気の物理定数

	座標系・変換公式に関する解説
	球面調和函数
	定義と性質
	球面調和函数の空間微分
	コメント � 全波数について
	グラフ

	微分公式, GCMの変数の微分関係式
	スカラー量の微分
	ベクトル量の微分
	発散
	渦度
	速度ポテンシャル, 流線関数と (u,v)

	Legendre函数 Pn の性質
	多項式とLegendre函数の積の積分
	Legendre函数の零点

	積分評価
	Gauss の台形公式
	Gauss-Legendreの公式

	球面調和函数の離散的直交関係
	スペクトルの係数と格子点値とのやり取り
	スペクトルの係数と格子点値との値のやり取り
	スペクトルの係数と格子点値との値のやり取り～東西微分編
	スペクトルの係数と格子点値との値のやり取り～南北微分編
	, のスペクトルの係数から速度の格子点値への変換

	スペクトルの係数同士の関係
	波数切断
	波数切断の仕方
	切断波数の決め方

	スペクトルモデルと差分モデル
	参考文献

	 使用上の注意とライセンス規定

