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Skl = ok-172A0; — Aoy0x<y, (4.126)
Ry = — ﬂﬁaﬁkg + &Aal(;k—&-lgl T, (4.127)
AO’k Aak
~ —n(n+ 1)\ P/ 92\ Vo/?
(DM,kl)nm = _KHD [(%) — (@) 51@:1
on Nsi
- ’}/J\w/}’o’n (—) 5k:l5/€2ksuim' (4128)
OK
~ —n(n+1)\ 7/
(Du )y = —Kup (%) Okt
op Nsr
— YH0m (-—-> Ok=10k>ks Liim - (4.129)
OK

< 0, k<!0000000 1, 00000000000000O00O.
00,00000000000000000O0,00000000. ¢

gobbodgdad,

e HUUUOODLDDUOODLDDLDOOOODLDDODO

e J0DOOOOO,leapfrog 00D OOODOODOOODOO semi-implicit O

oooooo,

g7m\ NG —mt
§im = ( a;) —c-D, (4.130)

~ m\ NG
~ m D 1 ~m —~mt — ~ omo~m
o= (aat”> ) <‘M> (@, + WT,, +Grp') + Day D),
a ) —n

(4.131)

‘00000000000000000. 0000. (YOT, 2009/10/11)
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~ m\ NG
m T =t ~ m~m
0T, = (aat” ) —hD, +Dy T, e (4.132)
0Do0od.ooo,
1
§A = TR (AR — AlAH) (4.133)
— 1
A= (ATFB 4 AT = AT 4 5, AN (4.134)
oog.

—mt
(4.130), (4.131), (4.132) 00, D, 000000000,

M) {W(] —2AtDy ) 'h+ GCT}] D,

a?

[@ — 2AtDr,)) - (A1)’ (—

" ot

A <_M>
a
~ m,t—At

-~ m\ NG
+ W (I —2AtDy, )7t S (L AtDy, )T, + At (aTn )

ot
o7m NG
~m,t—At n
el ()]

~ m\ NG
=~ m, =~ mi— D
= (L— AtDy,)) D} “+At(a )

zm

P

s,n

(4.135)

—mt
O00.000/00000,Ccf0co0oooooooo. (4.135) 0 D, O
ooooo,

~ mt+ At —mt ~ mt—At

D =2D, —D

n n n

(4.136)

000, (4.130), (4.132) 000 A2 0oooo0.

4.6 UOO0OOO

Arakawa, A., Suarez, M. J., 1983: Vertical differencing of the primitive equations
in sigma coordinates. Mon. Wea. Rev., 111, 34-35.
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Asselin, R. A., 1972: Frequency filter for time integrations. Mon. Wea. Rewv.,
100, 487-490.

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

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

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

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

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

g oo,2004: 0000Dooooooboboood .boogoobo, 232pp.
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st bbb botdun

5.1 UOO0OOO

gbooboodobobog,bboooobbbuooooboboo,bbbood
gbbobuooobbod. ggbb,ooobbobuoooob.

5.2 0O0OOO

5.2.1 UOUOOOOOOOOO

:gbbobbodugogbbobbodooooboboo. ooogo,bbouood
gooogoo.

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

Thyr = 1T+ By 1T (5.1)

logo,, 1 —log ok
1 = 2 5.2
Y3 log 0}, — log 041 (5:2)
8 B log o), — log Opyl (5.3)

M3 T logoy, — log op '
00,k=0000,
T, = T (5.4)
Tkmam""% = Tkmam

Oo00.1<k<kn,—1 0000000, 000000000O00DO0ODODODODO.
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5.2.2 0JU0OOOOO0OOOODODOOO

gbgoboboobo,boobgobobobboboo.

R
7 = zs+ET1 (1—o09)

R Okp—1 — Ok

2L = Zk—l‘l‘_Tk_l—
g = Op-1

2

go,b0bogoobobboog, bbb booonon.

—= ZS

=

R, Op—1 = Opyl
Gt = Hoy+ T2
? 9 Ok
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el UU

000000000 (yot, 2011/07/01).

6.1 OOOO

goboboboooooobobbo. bbobbo,goooboboobb,o00od
gboogbbodgbo,booobuodgbooobuoobobooboa. bbod,
OOooooooonD AGCMs, ODObOOobOOobOobobobobobo,onogoo
gbbbuoooobboooobbobuooaooboo.

6.2 U0OO0O: O0OOO

6.2.1 00O

gbbbuoogoobbboooobbbooan.

1 OF
= - 1
Q= -55, (6.1)
g OF
= J°- 2
&a (6:2)
F = F,+F;s (6.3)

oo, F, Fsooboooooboobooobobobooboooobo. oo
gbbO,godbobobbooogbbboooobbboooobn.
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6.22 0O0OO0OO0OO0O0OOOOODOOOOO

gbogbobobobobobgobooooobobobobobobo,ubon
gboobobbobooboobuoobooboboon.

F(r) = F™(r)—-F (1) (6.4)
F(r)* = 7B,T(1s,7) — / SWB(T')—dTC(Z:/T)dT’ (6.5)
F(r)~ = / WB(T')de’ (6.6)

0 dr’
Oo00,B00000O0O0,000000O0O0O00O0O,7O0O00000ODO. BO,
kmaa
TB(r) = & / B(T(7)) dk (6.7)
Emin
kmaw
nBy = 7T/ B (T) dk (6.8)
Emin

O00. 000,k000000' 0000000000 0000,000000
gobbodd espg OO0,

tB(t) = osgT*(7) (6.9)
B, = ospT} (6.10)

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')] (6.11)

a00000D0OD. O0DO0OD0O0O0OOD0OOOOOOOODOO,000 Schneider
and Liu (2009) 00, 0000000000,

7(p) = Tro (pﬁo)? (6.12)

OdO,py, o 00000000000 OOOOODOOOOOOOO.
lpooooooooon.
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00, Numaguti et al. (1992) 00000000, (k000000OO0OOOOOO
O0000000)00oooooooo.

7L(p) = Frue / PGuvd?’ + ki da / pd? (6.13)
z(p) z(p)
1P , p
= kL,wv_/ Guodp +kL,da_ (6.14)
g Jo g

000, kpwe, kree D00000000000000000000, ¢, 0000
0o.

go,0gdgobbobdoooobob,ogobobooooboog.

6.23 UUO0OOOOOOOLOOLOOUOOOOOOOOOO

000000000000000000000000000.0000,0000
0000000000000000 (eg., Liou, 2002; Toon et al., 1989) 0000
000.00,00000000000, Toon et al. (1989) 00 0.

oooboobobobobo,oboboboboooobobobobobon
oboobooobooobogon.

FT(r) = kiexp(A\1) + Thyexp(=A7) +CT (1) (6.15)
F~(1) = Tkiexp(A7) + kaexp(=A71) + C™ (1) (6.16)
wor Fy exp <—,%O) {M;—;‘“ + ’mz}
cH(r) = oL (6.17)
Ho
1+
wom Fs exp <—,%0) {% + 7273}
C (1) = i (6.18)
ANz
= (-5 (6.19)
r — 1 (6.20)

T+ A

000, 7, v, 7, w0, 000000000,w 000000000, #F, 00
O00000000000000000, 4, 000000000. k,kO0O0000O
0,0000000000.

v, 7,7, 0,000000000000000000000000.0000,

radiation/radiation.tex(radiation/radiation-math.tex) 2012/03/01(000000O0O0O0O)
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depam 000000 6-Eddington OO OO0 OOO0OO0OOODOODO.
7—WO(4+39)

1—wy(4—-3
Ny = — 0(4 9) (6.22)
2-3
o= T (6.23)

000,600 (S-adjustment) 00000, 7, w, g 00000... 0000000
ooooo.

6.3 UUUOUO: OUOO

0000000000000 000000000. 0000000, (bobooo
Oo0o0oooog.)

6.3.1 0O0OO

gobbobooooobbooooon.

Qv = =& —2 ’ (6.25)
Cp Dy +1 7 Pe-1
6.3.2 0O0OOOOO0OO0OO0OO0OO0OO0O0O0OO0OOOO
gooboocooboooooooboooooobog.
Py = Ry~ Finy (626
k
Fl::LQ = ™BTeryy — ZWB’“’ (77%%,1&7% - 77c+§,k/+%) (6.27)
k'=1
kmaz
Fl~c_+% - Z 7 By <77<r+$7k/—$ _77c+%,k'+§> (6.28)
k'=k+1
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000, BO
N
7B, = WZBi (T, ki) w; (6.29)

B, = WZB Tk i) w; (6.30)

gbtud,w0bugbogob,0budboobbodgboobb.odgn,d
gboobooog,

B, = osgT) (6.31)
B, = ospT} (6.32)

goo.
gb,bogdgbobobuoooobbbuoogobbbooobobobog.

77<:+%7k’+% = eXp(_O‘(lTL,k—l—%_TL,kz’+%|)) (6.33)

gb,uogdgobbodg,bbbuogbobbuoooobboooobbbood
gbobogobbo,0bbuoobobuogobbooobbooob.bood
gbogobuodgbobogbuoobbodobooob,gboobbuoobbod
gbobogdg,bugobogobboogobobbooobbooobbog. d
gbbobooodobobboooobobo,

OF* |

k+3 on B,

oT,  oT, i (639
OF

ki

7 =0 (6.35)

+ _ OmBy
6Fk+2 _ az{if <77c+ =1 _77c+ '+ ) ko= i (6.36)
0Ty 0 k< K
OF 1 0 k> K

== { amBy : (6.37)

Ty T, (77c+%,k’—%_77c+%,k'+%) k<k
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gob.boogdobo,buoaoboo,

X X IFf . kmaz OFF
Frm = (FF )" 4 ——2AT, 2 ATy 6.38
( k+§) ( k+§) + oT, +k/21 T k ( )
- n+l - n—1 k+3 k+3
(B = (B )"+ AL+ > g ATk (6:39)
k=
AT, = Trt -1t (6.40)
AT, = TP -1t (6.41)

I e s T 6
gobobouooooboood,

Frn = ety O e e (6.42)
k+3 k+3 0T, B 0T,

(F_ )" = (F_)" '+ Oy + aFM%ATl (6.43)
k+3 k+3 oT, s 0Ty

Ooooooooooo?z.

6.3.3 UUOOUOOOooObLobuoooooobon

gdddooooooooooa,gog,bbbbbbbbbbbbooooog.
gbb,n000g0booobogobogoboooboooboonoobon
gobboogobbobuoooon.

EX(r) = kinexp(Aa7) + Dok exp(=A,7) + CF (7) (6.44)
F (1) = Thkinexp(A7) + ko exp(—A,7)+ C, (1) (6.45)
1
wO,nﬂFs exp <_TCMJ(:T) {71:3,71#0 + ,-)/477{)/27”}
Cp(r) = T (6.46)
n H%
nFig
wo,n T Fs eXp <—TZ+OT> {%m,fo + szan}
C.(r) = R (6.47)
n u%

gob,rd,n00gbboboooobbbbooood, . 0en0dbbobodgg
gobboooodad.

to be written...

0000,000000,0000000,000000000000000000000D000
goboogboooooaooo.
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6.4 00O0O0O: AGCMs5 00O

O000,000000000 AGCM OUOOOOODOODDOODODOODOOO
O0000000. 000000, Numaguti (1992) 00000000000, 00
Ooo0ooOooooooooos.

gobboobboa,buuooogobb,bbbob,bbbboduooogad
goboboo,gobobodggd.

641 0000

obgobooboobgo,te220 0000,000000000000¢0
oboob.0oboobg,bobbobobob.

gbbogobbo,0bbuoobbduoobbuooobbooob.bood
0100000, k0boboboob,0bobooobooboboooboooboon
04,

0000, nB(r) O

mB(r) = osgT*(7) (6.48)
B, = ospT" (6.49)

‘000000000000 Numaguti (1992) 000000000, 00000000000
gbooooooooobooboboboo. ooboob,0c0b0o000ob00bO0ob. 0o0o0o0ooag
gboooboboobo.obooobooboooobobooobooobooon.

0000000000 kOOOOO0O0O00000D00000000000. 000, Numaguti
(1992) 000000000000 O0O0O0OOO,000000000000.
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gobboboood,bbouoobboboooobbbod.

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

H7Lda(p, 9) — TLaa(P', 9)1}]dg  (6.50)

TL,wv(p7g> = kL,wv/ pQwvdZ/ (651)
z(p)
1 P
- kL,wv_/ Qwvdp/ (652)
g Jo
TLda(D,9) = kL,da/ pd?’ (6.53)
z(p)
= kL,dal—? (6.54)
g

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

6.4.2 0O0OOO

goboboooob,dggobbboooobbboogb,oooobbood
goboooogobooboad.

gooooooooboooboboboboboboobo. o001 00000,k
O0000000,000000000000000000000°% 000000
O0,000000 A,000000DOO0bObOO0,b00bDoobbOooooo
gobbboogoobbooooboobooogboobog.

‘000000000O0O0O0D0OoOO.
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gbboob,ggbbbugobbbbooodgbboboaod.

Fs(1) = Fd(r)—Fg(7) (6.55)
F;(T) = (1 - Aa)FO<X)As7Zlif(7_7 X) (656)
Fg(r) = (1—Ad)Fo(x)Tair(T,X) (6.57)

7:11‘7”(7_7 X) = 7(31’7‘(7—(1))7)()
= /0 exp[—sec X{Ts.wu (P, 9) + Ts.4a(P, 9) }|dg (6.58)

Tais(T.x) = Taif(7(p), x)
_ / expl— 3e¢ x{75.00(Ds> 9) + T5.00 (59)}]

: eXp[_a{’TS,wv(p& g) — TSwv (p, g)’
+|75.da(Ds, 9) — T5.a(p; 9)|}]dg  (6.59)

TS,wv(pa g) = kS,wv /( )pQwvdZ, (660)
z(p
1 4
= kS,wv_/ Qwvdp/ (661)
g.Jo
TS,da(pag) = kS’,da/ )szl (662)
z(p
= ksda- (6.63)
g

000, xO0000000¢ (Liou, 2002 0000 solar zenith angle ) D00, a O
0000000, ks, ksee J0000000000000000000000
O000000000.00,A,000000000000. F(x) 0,000 xO
gbdoououououoououoouoouoog.

‘000000000000000000000000. 00 (1982) OO 0, Liou (2002) O O
6o, Peixot and Oort (1992) 00 Z, Hartmann (1994) 00 ¢, 00 00O 0OO.
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g

6.5 UD0O0O0O: AGCMs OOOOO

6.5.1 0000

000000 «B(r) 00 0O0O0O0OOODOOOOOOO.

7TBk = O'SBJ}:1
4
mBs = ogpT,
lmaz‘,S
77<+%,k/+% = E Agry eXp(_aﬂTL,wv,kJr%,l _TL,wv,kUr%,l’
=1
+|TL,da7k+%,l - TL,da,k’—i—%,lD)
TLwvk—1 = kL,wle v,k—;
Trdak—Lty = KrdaiMgqp—1
kmaz —_—
D1 = Pyl
va,kf% = Z Quv, k!
k'=k 9
Dy—1
_ 2
Mda,kf% - g
lmaz S
7;;.1_%7]@/4_% = § AgL,l eXp(_a(kL7wU7l|va,k+% - va,k’+%|
=1
+kL,da7l|Mda,k+% - Mda,k’-&-%l))
kmaz
D1 pkur%
va kf% = Z Guv, k'
K=k 9
Py—1
_ 2
Mda,kf% -
g

(6.66)
(6.67)
(6.68)

(6.69)

(6.70)

(6.71)

(6.72)

(6.73)

000, 0, 00000000,00000000000000000 (OO

00)000,Aq,, 00000000 !000000000OO.
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6.5.2 0O0O0OO

obobooboobooboobobbob.

Fryp = F]::F% N Fk:—% 6.74)
F;:;% = (1- Aa)F0<X)As7:ﬁf,k+§(X) (6.75)
Fo = (1= A)F00 a1 (0)
bnaz,s
72m,k+§ (x) = Z exp[— sec X{Ts,wv,k+§,z + TS,da,kJr%,l}]AgS,l (6.76)

=1

lmaac,S

%if,k—i—%(X) = Z exp[— sec X{TS,wv,%,l + TS,da,%,l}]
=1

‘eXP[—a{Ts,wv,é,z ~ TS wuk+30
FTsdats ~ Tsdakrt 3 Ags:  (6.77)
TSwok—L1 = kS,wv,ley,k—% (6.78)
TSdak—31 = /fs,da,lMda,k_% (6.79)

6.6 UOUOUOODOUOOOOOOOOONO

0000 1000000000000000000000 Fy(x) O

2
F <i> 0S cosy >0

Fo(x) = 00 \ 75 ) COSX (cosx ) (6.80)
0 (cosx <0)

ooboooobooo. rppOOODOODOOODOOODOOODOOObOO0ODbOOg, D
00000000 ™. 0000000000000 0OOO0O-00000000.
xooooboooboooboboobooboo.

cosx U,

cosy = cos¢cosdgcosH + sin¢sindg (6.81)

‘0D000000000000D00-000000000000000000D0000000O. 0
oooobooooobooboooooooon

1
a (1 + 262)

O00. («e000000,e0000). ex1 000000000 «0O0ODQODOO.
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Figure 2.5 The earth—sun geometry. P denotes the peribelion, A the aphelion, AE the aufumal
equinox, VE the vernal equinox, WS the winter solstice, and $3 the summer solstice, m is normal o the
ecliptic plane, @ is parallel w the earth’s axis, & is the declination of the sun, € the oblique angle of the
carth’s axis, a the longitude of the perihelion relative to the vemal equines, v the irue ancmaly of the carth
at a given time, & the true longitude of the eanth, O the center of the ellipse, Q4 {or OF = a) the semimajor
axis, OF (= b) the semiminor axis, § the position of the sun, E the pl.l:a.ilu.ln af the earth, and ES {= r) the
clistance berween the earth and the sun.

061: 0000000000000000. 000 Liou (2002) O Figure 2.5. O
Ooboobooboooooooooo.gbo 0 s, voeDOODO.

000000.000,¢000,6 0000000 (0000000O0O0OODOO
O000000. Liou, 2002 OO0 OO declination of the sun. 00000000
O000000000)000. HOODO (hourangle) 000, 000000000
0000000000000 000O0 (Dooo0o0oooooooooooooo
0)0O0D0. (681) 0 0000000000000 O0O0OOOOOO (Liou, 2002 O
220000 Appendix CO0). OOOOODODOODO 061006200000
O.00,depam 000000000, cosx000 secxy 0000000000
O00,000000 secyDOOODODODDOODODOODOOODOO.

r¢ J0000000000000000000(00000000000000§15
0o).

rs = (1—ecosf) (6.82)

O00,e0000000.£000000 (D0O0D0ODOODOO, eccentric anomaly)
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Lacal zenilh

Figure 2.6 Relationship of the solor zenith angle Gy to the latitude g, the sobar inclinotion angle &,
and the hour angle . P and D nre the point of observation std the point dirsctly under the sun, respectively
(3o vext for farther explanation).

062 J00000000000000O0OODO. OOO Liou (2002) O Figure
26 00000000O0DOOOOODOOOO.000 6,0 xO0,600s00
goo.
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000,000000000000000000%, 00000000
E—esiné =1 (6.83)

O0000000000000. 000 !l000000 (mean anomaly) 000,
gbboodbooobo,bbodbboobooboboobbuoobooboo
gobooogoobo.boo g, bbb o 7,, 0000

. 27T(t - to)
B Torb

™

180

z + (@ ppocn — D) (6.84)
Ooo00.t, 000 (0oO0O,00000000000000. 0000000 OO
DDDDDDDDDDDDDD)DDDDDDDD.@EpochDDDDDDDDDD
00000 (D00 degree, 00 OO0O0O0OO0ODOOOO0O-O0D0O0O0O0O0O), P 00
O000dddO0.depam OO0, 0000000 (000000 Newton OOOOO

(6.83)0¢00OoooooOoO.

)s DOOOOoDoobonoo.
sin dg = — sin 6, sin(Py + D) (6.85)

¢, 000000 (00000000000 D000. Liouw, 2002 0000 oblique
angle of the earth’saxis. 00000000000 O0COOO). 00000 (true
anomaly) 000, 00000000,0000000000000000000
goobo.e0dbbboooooooog

)
tan 3 = T tan 5 (6.86)

oI obuobbOo,0obobbooboobobooobg. 99+ 0000
gobbo,gbobboooobbboogobbbooooboog.

b HOO0bOoooooog.

H = 27TtByDay — 7T+ A (687)

S000000000,0000000 000000000000 (¢,y) 000000 €0
oooooooooobogoo.

x = a(cos§ —e),
y = av1-—eZsiné,

ugbob,ebgbodb,etdbogogon.

2012/03/01(00000O0O0O0O0O) radiation/radiation.tex(radiation/radiation-misc.tex)
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tBypey 000 D00000000000000 (teypay=0000 000, tpypay =
0.500000000). 0000000000000 Hy O

cos Hy = — tan ¢ tan 05 (6.88)

goo.

Oobo0,00 depam O0000000O00OOOODOOODOOODOOOOODOO.

1. 000 (Dooo)oboooooogo.

O0O00oo00O,000 (6.80), (6.81), (6.82), (6.8) 000000000, O00
gbodboobooboobooboobobobobdoboobodoobg.

depamb D0 OODOOO0O0OODOODOOOOODOOOOODOODOOOOODOO
gobogobogo-gobobdgded,0buognobuoobbuoonbbd
oooobooboboboboboboo-0ooobobe4dnd. bOn
00000000 (O 6.4b) O, Liou (2002) O Figuwre28 00000000
gbobooggboog.

2.000000000000b00b0DbO0

depamb OO OO0, 00000000OO0O00ODOOODOO,0D0000000O
oboobooboo.

FSI(QO) = _SO(Ains + Bins COS2 @)7 (689)

cosY =~ A, + By cos® p. (6.90)
O0,000000000000000000 sec¢ O

1

SeCy = 6.91
SeeX A, + B, cos? ¢ (6.:91)

oboooboooo.

Ains; Bins, Ay, B, 000 061000.000000 AGCM500000
00000000,0000000000000000000000000
0000000. 000, (680)0000000000000000000
000000000,000000 (6.80)00000000000000 6.1
0000 A, 000 B, 000000000000000 (T420000
000 A = 0.12756, By, = 0.18340 00 0). A, B, 00000, (6.80)
000000000000 (6.89) 00000000 Ay, By, 100000
0000000 A, B, 00000000, 0000 sy 000 1000

radiation/radiation.tex(radiation/radiation-misc.tex) 2012/03/01(000000O0O0O0O)
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outgoing shortwave

outgoing shortwave (b)

(a)

O O
© ©
D D
“+— +—
= =
B o
0 100 200 300 0 100 200 300
(degree_north) (day) (degree _north) (day)
time time
CONTOUR INTERVAL = 5.000E+01 CONTOUR INTERVAL = 5.000E+01
| D EEEEEE N
—-600 —450 -300 —-150 0 -600 —-450 —-300 -150 0
(C) outgoing shortwave
O
©
D
=
=
o

(degree,ﬂoorth) 200

time

CONTOUR INTERVAL = 3.000E+01

___IEEEEEE .

-600 —-450 -—-300 —150 0

0 6.3: depam 000000000000 00000000000000000
000000000-0000.00010000000000,00000.00
0000000000000 100000000,0000000000000
O.depamb 00000000000 O00000O00000000000000O0
0000. 000000 T21. Fy = 1380 W/m™2, 6, = 23.5°, &y = 0.0, € = 0.0,
000000000000 28.000000.100000 3650.

2012/03/01(000000OO0ODO) radiation/radiation.tex(radiation/radiation-misc.tex)
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(a) outgoing shortwave (b) outgoing shortwave
< @
9 8]
= D
= =
= )
© hS)
I 1}
(degf@eJTOOFth) 100 200 =00 (doy) (degreeimoorth) 200 400 So(odoy]
time time

CONTOUR INTERVAL = 5.000E+01 CONTOUR INTERVAL = 3.000E+01

| _ I EEEEEE N B [ 77 [

-600 —-450 -300 —-150 0 —600 —450 -300 —-150 0

064 0000000000000000000000O00-0000.000 1
0000000000, 00000. 000000000000000 1000
00000,00000000000000. depam5 000000000000
00000000000000000000000.000000 T21. ()00
0000000D0000000000000. Fyp = 1369 W/m™2, 6, = 23.44°,
®, = 102.768413 + 180.0, ¢ = 0.016713, 10000000 OO0 DO 99.403308 +
180.0. 100000 3650. (b) 0000000000000 OOOOO0OO
0. Fy = 588.98 W/m™2, 6, = 25.19°, &, = 258.98, ¢ = 0.0934, 0000000

OoOobD0O -10342, 100000 669 O.

Bins

Ains
0.183

AX BX
0.127 0.410 | 0.590

061: 0000000000000 Aips, Bins, Ay, By 00

radiation/radiation.tex(radiation/radiation-misc.tex) 2012/03/01(000000O0O0O0O)



54

depam5 000000000000 060 g

0000000000061 0 A, 000 B, 00000O0DODO0O0 (T42
00000000 Ay, =0.12756, By, = 0.18340 00 000 A, = 0.41021,
B, =0.58979 00 O).

gobbo,gggbobbbogoobobbuooooboboooooboo
gbobb.oodbbbdoodgbboboobbbooobbboooobobo
goboboooooboobod.

e JOUUOOODLODOOOODO
Liou (2002) 00 00,000000 F,00000000000O.

Fuay(6) = Em<i>3ﬂﬁ

Ts s
X (cos ¢ sin hg cos dg + hgsin ¢sindg).  (6.92)

oo0o0,o0 S(r)0 10000000000 ODODOOOOOOOOO
guo.

e JOUUOUODLDDLDDOOOODLDOOO
Liou (2002) 00O0OO, 000000000000

FOOTorbg<¢7 6)

F(¢) = R (6.93)
. . 271—
S(e,¢) %jme /0 (ho — tan ho) sin AdA (6.94)
gooooo.

DDDDD,North(1975)DDDDDDDDDDDDDDD. North(1975)
b, 0dotdotdotdodotdouotootoooooooooooo
Fo

Fo(z) = 1 {1+ S2P(z)}, (6.95)

Sy = —0.482 (6.96)

000,00000000000000000000000.000 2=siné
0O0O0. S, 000, Chylek and Coakley (1975) 000000000000
00000000000000000000 (0000000000000
0000000000000000). 0000, Ajs, B, 0000000
00000

Ais = 0.1295, (6.97)
Bins = 0.1808 (6.98)

goo.

2012/03/01(00000O0O0O0O0O) radiation/radiation.tex(radiation/radiation-misc.tex)
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3. 0000000000000 (perpetual run).
O00000,sinéds 0 rg 00000000 (6.80), (6.81)0000,000
gobobdbooooboobooboobdobooon.

4. 00000000000 O0OO (OoOooOoOooo)

DDDDDD7DDDDDDDD )\subsolafrDDDQbsubsolarDDDD'gbsubsolar:
oooooooo,o0ooad

cos X = €08 6 c05(A = Asupsotar) (6.99)
god.oooob,obbbbouodgoooood
Fy(¢) = Fyocos x (6.100)

gooog.

6.7 UUOUUOOOooooooon

0000000000oooooo0o0oU0U0U0 (bobooooUogo)ooooo
go.

e IIDDOODOUODOO:depamd UUDOODODOODDOODOOOO
0.2.

OO0Oo0oOOoobobobo,b0ob0b0ooobooDg 0225 000. Kiehl
and Trenberth (1997) OO 0000000000 O0O0O00O0O,000000
O0342W/m?000,77W/m? 00000000000.

e JOOOOO:depamb DO OO OOOOOODOODODODO 0.0.
O0000000,000000 00167 (0ODOOOOO).
O00000000,000000 0.0934 (Allison, 1997).

e I00OOO:depamd DO OODOODOOODOOODOOODOO 0.0.

00000000,000000 102.924° (0000000) 2 depam OO0
OoOOooboo0dnD 102.768413 + 180.0 DO OO .

O00000000,000000 250.98° (Allison, 1997).

9Duffett-Smith (1988) 0000000,

radiation/radiation.tex(radiation/radiation-misc.tex) 2012/03/01(000000O0O0O0O)
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e J00OMO: depamp 0D O DO DODO 1380 W/m? 0000 Ishiwatari et
al. (2002) 000. 000000COOOOOOOOOOOOOOOOOO
DDlO

D0000000,00000 1367 W/m2 000 (Hartmann, 1994). 0 O
0000000000000000 L,000385x10% W (ODOOO), 0
0000000007000 10000 (1.496 x 10" m: 0000, 1995)
00000,00000

Ly 3.85 x 102¢

= = 1368.8W /m” 6.101
4773 4 x 3.142 x (1496 x 1011)2 /m (6.101)

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

6.8 O0OOO

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.

Popooooo B7OW/m2000000000.

2012/03/01(00000000O0) radiation/radiation.tex(radiation/radiation-references.tex)



depamb 000000000000 6.8 0UUOUO 57

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.

000000000,000000000000,00 0,00 00,1974:00.
0oO0, pp2l4.

g od,0b g,0b od,199: 0bbuguoboobouggon, pp2h9.

Numaguti, A., 1982: 00000000 DO0OODOOOOOOOOOOOOO,O00
gboooboog.

gobood,2010: 0000, 000004,

radiation/radiation.tex(radiation/radiation-references.tex)  2012/03/01(000000000)
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U7 Ooon

7.1 0OO0Od

goobbobobboooooooobbobbbodooooobbobobboooog
gbog,bodbboobuoobbuodobboobuoobbuoobbooboo
gbogobogbuodgbo.gbbogbuogbbobobuooboobbooo
gooo.

000 depamb 00000000 (Manabe et al., 1965) O Relaxed Arakawa-
Schubert 0 00 O (Moorthi and Suarez, 1992) OO0 O00O0O0O0O. 00,0000
00o0ooO00o0oo0o0oooo0o00. boooooooOo (boooo)oo
O.0000000000000000(Do0go)ooooooo.

7.2 OOOO0O0O

7.2.1 0O0OOO

O000,000000 (eg., Manabeet al,, 1965) 000000000 O00O0O. O
g, gggobbbbbboda,buouguooooobobbbob,bbbodododad
gobbooogbbobo,gbbobuoogobbboooobboboooobn.

gooogoo,bbbb 20000000, 0000000000000 OoOoo
uo.

1. 0000000000000 000000000000 (000000000
O000000000000000 (COOoOo00ooooooooooon)),

2012/03/01(00000O0O0O0O0O) cumulus/cumulus.tex(cumulus/cumulus-adjust.tex.tex)
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2. 0000000002

gbob,0booboobooboobooboobgn.

Gyl + Lg"(T3) + 95 — (ot + La'(Trr) + 95011) > AT, (7.1)

S LI (7.2)
q*(Tk, pr)
S en S (7.3)

¢ (Ths1, Prt1)

oooO,oooobooboob. 00, AT, 0gggoooooooobooobooo
gbooobood,~gogbbbbooodgbbbooad.

oboboooboob,

A ) Pr—1 = P4l A R Pr+l — Ppyd
{Cka + LCIk} 27“ + {CkaH + LQkH} .

Prp—1 = Pr+l Prpyl = Pry3
= {Cka + qu} T + {Oka—l-l —+ LQk-H} 7 (74)
CpTy + Lay, + gz, = CpTyr1 + L1 + 9241 (7.5)
@ = ¢ (Th,pr) (7.6)
Grr = ¢ (Thir, Prsy1)
ogdg.
DDD,(?.E))DDDDDDDDDDDDDDDDD,
. . FTyy
Co(Th = Tir1) + L(a"(Th) = ¢"(Ths1)) — D 12 (pr — Prt1) =0 (7.8)
k+1

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

Ty + Ty
1=——>5 (7.9)
1DDDD,DDDDDDDDDD.DDD,DDDDDDDDDDDDDDDDDDDDDDD
Joooooobo,b0b0bbbo0dd0oooooobobboo0, oo oooooo
goooo.
0000,00000000000000 1000.000,00000000000000
dooooooooobooo,goobdoooobo 1o o, ooooboooooo

gboooboan.

Tyy

cumulus/cumulus.tex(cumulus/cumulus-adjust.tex.tex) 2012/03/01(00000C0O0O0O0O)
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gobbooaobn.

000, q, gy 00000000,

* * (T 8 *
@ = ¢ (Ti,pe) = ¢ (T, pi) + a?r AT, (7.10)
T=T}
qk+1 = q*(TkJrlakarl) = q*(Tk+1,Pk+1) + oT ATy (7-11)
T=T)11
AT, = T,—Tp (7.12)
ATiir = Tii1 — Tiss (7.13)

goboboooobboboog,bboooobn.

[ L
AT, = {Apr(1+%)} " {EAQ — Apggr (14 Yr41) ATk—H} (7.14)
p
-1
ATt = [Feoy {8k (14 ) = Apga (1430500} + (L4 7) (14 9011) (Apk + Apys)|
L
{Apk (1+ %) Spy1 + {1 +— FH%} EAQ} (7.15)
p
Apr = Pyl =Dyl (7.16)
R pr — pr1
Fypp = =P (7.17)
i Cyp 2pk+%
A L (.- e A
Skt = T =Thma + ol {q (T, px) — ¢ (Tk+1,pk+1)} = Fpp1 (Tk + Tk+1> (7.18)
p
AQ = Apy {@k - q*(Tk:apk)} + Apr+1 {@kzﬂ - q*(Tk+1,pk+1)} (7.19)
L 0q¢*
T = A (7.20)
Cp OT |7y,

0000,00000 g, 00000000000000000000,00
00 .00000000.000,0000000,k00000 k+10000
0000000000000000,0000 300000000000000
000.000,000000000000000000,000000000.

00,0000,

1 Pr—1 — Pr4d
N L

1 Pr_ 1 — D1 )
= —E Z M {(qk)lma:c+1 - Qk} (721)
k=kmaax

2012/03/01(00000O0O0O0O0O) cumulus/cumulus.tex(cumulus/cumulus-ras.tex.tex)
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ooos.

7.3 Relaxed Arakawa-Schubert [0 [ [

Relaxed Arakawa-Schubert 0 00000 O OO, Moorthi and Suarez (1992) O O
goooooooooobbobbbooooog.

74 0O4OO0OO

Manabe, S., Smagorinsky, J., Strickler, R.F., 1965: Simulated climatology of a
general circulation model with a hydrologic cycle, Mon. Weather Rev., 93,

769-798.

Moorthi, S., M. J. Suarez, 1992: Relaxed Arakawa-Schubert: A parameterization
of moist convection for general circulation models, Mon. Wea. Rev., 120,

978-1002.

‘000,0000000000000000000000D00D0000.000,000000
ugboobooaboodan.

cumulus/cumulus.tex(cumulus/cumulus-references.tex.tex) 2012/03/01(000000000)



62 depam5 00000000000 80 000000 (000oo)

080 OO0ODOOOO (DOOO0O)

8.1 UQ0OONO

000ooooboooodOoooodon, Manabe et al. (1965)DDD,DDDDD
U (DD,DDDDDDDD)DDDDDDDDI. godoogopoooooggon
gooooo,dooooooooo.
Jdo0do0dooooboobonoobogoooog.
qk
q* (T, pr)

goo,obooooooo,r.gbooboobuooboboboboo.

> Te (8.1)

gdooooouoooodao,
@ = ¢ (T, pr)

gog.

¢0,00000000000000000,

*

* % (T a
% = ¢ (Tr,pe) = ¢ Tk, pr) + 8qT AT, (8.4)
T=T)

0000,00000000000000 1000.000,00000000000000
gobogobooboobgoob,oboooboboboob 100b0oboboo,boboobooobd
googoooano.

2012/03/01(00000O0O0O0O0O) Iscond/lscond.tex
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gbobobooodgboboboad,

Ty = Tp+ AT} (8.5)
+ L{(jk_q*(fk7pk)} (5.6)
Cp+ LG5 -1,
W = qr + Agy (8.7)
~ aq*
= ¢ (Th,pr) + ATy (88)
oT T=T}

goo.

goo,..dqgbihiddbbuooobbuooob,ggbboodgbbogd.
ooooo,b0bo0oboooobooob,b0boobobo(ooobo,0on

(Th)i1 = (T + ATy (8.9)
(@)1 = (@)1 + Ag (8.10)

gbobobooogbbobuoooobobooon.

00,000,0000,

1 pkfl _pk+l
P = - #A
2At Z g Qk
k=kmazx
1
1 Pr—1 — Ppyl X
= —on 2 A0 @ (8.11)
k=kmax g
oo0o2
8.2 0000

Manabe, S., Smagorinsky, J., Strickler, R.F., 1965: Simulated climatology of a
general circulation model with a hydrologic cycle. Mon. Weather Rev., 93,
769-798.

000,0000000000000000000000O000000.000,000000
ugboobooaboodan.

Iscond/lscond.tex 2012/03/01(000000O0O0O0O)
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ot oo

9.1 UQ0O0OO

gobobooooboboa,obobog,bbbuoooboboooobboan
gobbooggbbbuoooob.

(@) _ _10F, 9.1)
ot)vp p 0z
0F .«
o _ 0F,y,
(E)VD - op o
ar . g th
(E)VD -G op o
X _ 9%
(3t>VD = g o (9.5)

000, Fpa, Fry, Fr, F, 000000000,0000000000000,0
00000,000(00)000000000,0000000000.

ou
ov
Frn, = —mea—Z, (9.7)
00
Fn = _OpPPtha (9.8)
dq
F, = —qua. (9.9)

2012/03/01(000000000) vdiff /vdiff.tex(vdiff /vdiff-math.tex)
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0oo,
T
g = — 9.10
P’ ( )
Poo "
p — (Bwo) 9.1
) i
R
= — 9.12
- (9.12)
p
= 9.13
p RT. (9.13)
ogoo,7,0o00o0ooo.ouoood
Fro = 0, (9.14)
Fm,y = O; (915)
F, = 0, (9.16)
F, = 0 (9.17)
0o, 00o0odg, oo oboooooooooooooao,
Foo = —pCylvlu, (9.18)
Foy, = —pCylv|v, (9.19)
F, = —C,PpChlv| (0 —¥,), (9.20)
Fy = —epCylv| (¢ — q;) (9.21)

O0,000000 (0DOOO0000D0OO0O00)000D0 (boooooooo

0000)0000ooooo,

Fm,x = ——Uu,
Tf
1
Frny = ——u,
Tf
Fh = Fh,s;
F, = F

q q,S

(9.22)

(9.23)

(9.24)
(9.25)

000.000,(92)00000000000000000000 F, 0000
000000000.000,pp 00000000. K, K, K, 0000000
0,0,0000000000.C,C,C,00000000,0,0000000
00000.00,~000000000000000, F., F,,0000000
0000,00000000000.e00000000000.

Ko, Ky, K,, 00000 Mellor and Yamada (1982) D00 200000000
OO00. 0bO0ob0ooOooobooboooboobobOob o91a0bOobg. oy,
Cn, C,, D00D0DO Louisetal. (1982) 0000000000 0. O0D0OODOO
gobobooggbbobooooboor2gbbod.

vdiff/vdiff.tex(vdiff /vdiff-math.tex)
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9.11 0O0OO0OOOO

000000, K, Ky, K,, O Mellor and Yamada (1974, 1982) 000 2000
oooooooo.

Mellor and Yamada (1974, 1982) 0000000, 0000000000000
uo.

K, = g” S, (9.26)
K, = g” S, (9.27)
K, = K (9.28)
000,/ 00000000,
Bz 2)

l:

T4 k(s —2) /lg (9:29)

0000000.000,., 000000,,0000000Y450000000
(Kdrman’s constant) 00 0. 00O,

1 ~1 -
Sy = BZ (1 - Ry)? S350, (9.30)
Su = BE (1— Rp)? $,5u (9.31)
0o0g. Sy, Sy O,
a1 — Oéng
~ - 5 R < R critica
Sy = 1— Ry, (By < Beriical , (9.32)

SH min (Rf Z Rf,critical)

ﬁl BQRf
S R <R critica
Sy = B3 — BaRy (B Feritical) .

SM,mm (Rf Z Rf,cm'tical)

(9.33)

0002 000,R,0000000000D0000 (flux Richardson number)

Ry = 2; {61 + Balt; — \/(ﬁl + BaR;)* — 4ﬁ2ﬁ3Ri} (9.34)

1(2011-8-1700) 0000000007
2(2011-8-26 00 ) 000000 Mellor and Yamada (1974) 00 0000000000000
0000D0000000.00000000000,0000000000000000000.

2012/03/01(000000000) vdiff /vdiff.tex(vdiff /vdiff-math.tex)



depamb 000000000000 9.1 0Od0dOO 67

O00,R 000000000000 (bulk Richardson number)

999
— 00z
i = T 3 9.35
do (9.35)
0z
O00. Rreritiew 100 000000000000,
gi!
R critical — 9.36
Ferttieal = ) + 3 (9:36)
0oo.
0o,
ar = 34, (9.37)
ay = 3A2(n+ ), (9.38)
B = AiBi(n—Ch), (9.39)
52 = Al [Bl (’}/1 - Ol) + 6A1 + 3142] s (940)
Bs = ABim, (9.41)
By = Ag[Bi(m+12) — 344, (9.42)
1 24
= - -7 9.43
71 3 B1 9 ( )
Bg 6A1
= 5+t 9.44
V2 B, + B, (9.44)

000, (A, By, Ay, Bs,C1) = (0.92,16.6,0.74,10.1,0.08) 0 0 O (Mellor and Ya-
mada, 1982).

9.1.2 0OO0OOOO

000000, Louisetal. (1982) 00000000 O0ODO.

00000000 (R;>0)000

obO,000000 R,>2000000,00b00b0oboboOobooOobog

3

300,000 (Louisetal., 1982) 0000000000 OOOO.

vdiff /vdiff.tex(vdiff /vdiff-math.tex) 2012/03/01(000000000)
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1
Ca = a —, (9.48)
1+ 10R; s
1
C, = ad* , 9.49
" I 15RVITSR, (9.49)
k
a = ——. (9.50)

log (%)

obd, 00000000,k 0000000O0, x00b000DO0.00O,z00
000000000 (Co0ooUoooooo)0DoDOoooooooOooooon.

000 (R <0) 000

000 R<00000O0,000000000000000¢%4

10R;
Cy = a*[1- : , (9.53)
1+ 75a2, /= |R|
20
15R;
Chn = a®|1- : : (9.54)
1+ 7502,/ = |R;|
20
) 1
Ci = a*——r—7— (9.45)
1
Cn = ad 9.46
" YT 3R dR; (9.46)
k
a e — (9.47)
log(z—:ozo)
000,b=5d=5000.a0 log000000 242 00000000000000.
00,000 (Louiset al, 1982) 000000000 OOOOO.
2bR;
Cy = a®|1- : , (9.51)
< 1+3a2bc,/z4z':“|Ri|)
3bR;
Cn = a*|1- - : (9.52)
( 1+3a2bc,/zJerO|Ri|)

O00,b=5,c=5000.a¢0 log000000 242 000000000000C0O0.

2012/03/01(000000000) vdiff /vdiff.tex(vdiff /vdiff-math.tex)
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9.1.3 UU0O0ObOO0OOooooooboooao

e J0DODOOO lp: depam OO O (2010/02/20) 00000000 Iy =300 m
goo.

e JOOOOO k:depom DODODOODOO E=04.

0000000001950 0000 1980 000000000000000
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