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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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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.
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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,
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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

6.1 QOO0

goboboboooooobobobo. obobobo,goooboboobb,o00od
gboogbbogbo,bogobugboobobuoobobooboa. bbod,
OO0oooooonD AGCMs, ODObOOobOobOobobobobobo,onogoo
gbbobuooobboooobbooboooooboo.

6.2 U0OO0O0O:O0OOO

6.2.1 00O

gbbbuoooobbboooobboboogan.

1 OF
- - 7 1
Q= -55 (6.1)
g OF
= 12 2
& (6.2)
F = F,+F;s (6.3)

oo, F, Fsoobobooooboboboobobobooboobogoobo. oo
gbobO,d0dbobobooggbboboooobbboooobn.
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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 UUOOOOOOOOLOOOOOOOOOO

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

obooboobooobo,obbooboob,bgdb,booboobboon
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00000000000, FE, 00000000000000.
Fig(r) = F*(7) + Fy,(7) (6.15)
Fr (1) = kiexp(A\1) + Thyexp(=A71) + CT (1) (6.16)
F~ (1) = Tkiexp(A1) + kyexp(=A71) + C (1) (6.17)
dzr n(T) =0 (618)
dzr n(T) = /jJOﬂ-FS exXp (_l> (619)
Ho
wom Fy exp (—j) {%%“0 + 7472}
+ _
Cr(r) = N L
Ho
1
+ 2 By+ B + 6.20
() e
1+
wom F exp (—j) {7 st 7273}
C (r) = N L
Ho
+ 2 {B +B< ! )} (6.21)
T — :
H1q Do 1 T+ 72
1/2
— (=¥ (6.22)
2
r = 6.23
71+ A (6.23)
By = nB(t=0) (6.24)
B — nB(r =1,) —nB(t = 0) (6.25)
Ts
1—
o= =0 (6.26)
Y172

0O0O0,CcY-0000000,0000000000000000000000
goodoooogooood. w1, v, 13,7« 0, 0000000000000

gobbobooooon

, (6-)Eddington O,

(0-)Hemispheric mean 00000 0O

godel1b00. wmgUOODODOOOLOO,nF,0000000000O00000O0
godb,p bobodgbbg. b, ggbugbbogboa,bodgb,d
gbobobooobobobooobn. k000D 0ODO,0D00D00DbObDOD.

goboboogoooboobod.

F*(ry)
F(0)
szc

Asch_ (Ts) + szc

FTOA

Aspeprom Fy exp (—E> + enBsyc
Ho

2012/08/13(000000000)
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el: 00000000000000000O0

o0 i V2 V3 V4
— 4 11— 4 — 2 —

Eddington ! woi +39) — woi 39) jg'uo 1—s

Hemispheric mean | 2 — wy(1 + g) wo(1l — g) —

00, Hemisphericmean 00, 00000000000 0OO0O0ODOOO,0000
gobobooooobobo s,y oobobooooo.

000, Ay, 7F,, ¢, By, 0,0000000000000,000000000,
00000000,00000000000000. F;,, 0000000000
000000000000,000 Fyy,,=0000.

000,400 (sadjustment) 00000, 7, wy, g 000O0D0.. 0000000
ooooo.

.ggo..

6.3 UOOUO: O0OOong

0000000000000000000000. boooooo. (boooo
oooooog.)

6.3.1 0O0OO

gbobobooooboobooggoo.

;j

Wl= o)

(6.30)

F.
Qr =
Dr+

m\»—‘ m\»—‘

gk
C,
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6.3.2 0U0OOOOOOOOODODOOOOO

gbgoboboobooboobgoobob.

k
Fly = 7BTiy— > 7By (7;#%,_% - T,H%,k/%) (6.32)
k'=1
kmaz
FL,o= Y wB <77c+%7k’—% - 7;%7,6,%) (6.33)
k'=k+1
000, BO
N
B, = 7Y Bi(Ti ki) w; (6.34)
N
7B, = 7Y Bi(Top i) w (6.35)

bbd,wdoogobogb,dbbogobodboooboob.ogn, g
gobobooood,

By = ospT; (6.36)
B, = ospT! (6.37)

oo0o.

O0,000000000000000000O0CO0OOO0O0O0O0O00.
7;%,14'% = eXP(—Of(|TL,k+$_TL,k'+%|)) (6.38)

O0,00000000,000000000000C0O0O000000O0BG0GCOO

O0000ooooo,0000000000000000000O0O00. 0000

gbboggbogbobodgbboooboobobuoob,obbuoobbogboo
gbbodod,buoodgbbooobbuooobbooobbooobobba. o
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gbbboooboboboooobobo,

OF* |
ktd on By
9.~ oI, i (6.39)
OF .
ket 1
- =0 6.40
T, (6.40)
+ 871' /
Ly (T~ Toent) B2 K o
Ty 0 . .
OF . 0 s
Ak Om B,/ (6.42)
aTki 8Tki€ (7—];+ K 1 77‘”1—%,/#—{-%) k < k/
000.000000,00000000,
1 1 8F+ kmaz 8F+
+ ynt+l + \n— 2 2
(FL )™ = (B 4 g AT+ Z o AT (643)
1 1 8Fk+ kmaz aFk__’_
i s 2
(Fery) = F)" o T, . AL+ kZ_: aT, ATy (6.44)
AT, = T =T (6.45)
AT, = T/ —1pt 1)

gooooobbD. ooa,bobobooobbbbbbobooooooaooooa,
goobooogooobooaag,

(Fr )™ = (FF, )“*1+8F’“+2AT Ot op (6.47)
k+2 N k+2 8T 8T1 ! .
OF,, 1 OF, 1
Foom = (F ) 4 AT 4 2 AT, 4
( k+§) ( k+§) * T, o1y ! (6.48)

ooooooooooo?z

6.3.3 UUObOUO0OOoOooObobbooooooobonbn

gbobbbodooooobb,bod,gooobbbbooooobbobo. d
gb,n0000000000DO0O00DOO0ObODbO0ObbOo0bbOo0obobOOod

0000,000000,0000000,00000000000000000000000
gbooobooaboodaod.
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goooogoooogoogg.
Ff(1) = kinexp(AT) + Dokonexp(=\,7) + CF (1) (6.49)
F (1) = Thkinexp(AT) + kopexp(=A,7) + C, (7) 6.50)
wo T Fs exp (—TC’:(;LT) {71:3:0 + 74,n72,n}
N B ,
Ko
1
+ 2,“/1,n {BO,n + Bl,n (7— + —) } (651)
Tin + Y2,n
Ten+T 'Yl,n+%
=oarlexp (~57) { e Vzm»,n}
n N?)
L2 {B +B ( ! )} (6.52)
n n n|\T— —————— .
H, o b Tin + T2.n

oub,r0,n000000000000000000), 7.,

goo.

gobbooodaboo

,gboboooaobn.

F;H(Tn)

Ea(mh)
A Fy (11) + Sspe
Froa

AsfcMOTrFs €xXp <_E
Ho

000,000 Frp,=0000.

k=n+1
ddodooooooooooo. oo, 000, .0 k000000000000

) + enBsyc

N
ZTkD n 0

oobooooooooooooboOo,00o0o00000, kg, ke, 0000000
O000000.000,Toonetal. (1989) 0000000 O0OOOOOOO,O
gobboogobbobooogboboooobn.

Ax d

(6.58)
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O00,Add000O0OO0OCOOODOOODOOO.

11 = €11 — Asfc€3,1 (6-59)

ara = —(ez1 — Aspeean) (6.60)

A2 on—1 = €1n€2n+1 — €31Cont1 (6.61)

Aonon = €27€2n41 — €4n€ant1 (6.62)

22041 = €1n+1€4n+1 — €2n1+1€3n+1 (6.63)

Aont12n = €27€370 — €10€4n (6.64)

A2n+12n+1 = €1n€in+l — €3n€3n+1 (665)

A2n+12n+2 = €3n€ant1 — €1 n€2nt1 (6.66)

2N2N-1 = €1N (6.67)

a2N 2N €N (6.68)

@i jti—1,ii+1 = 0 (6.69)

Ty = Y .70)

To = Yoq 1)

Top—1 = Yin 72)

Top = Yau, 73)

Ton—1 = Yin 6.74)

Toy = Yan 75)

di = —C7(m)+ AspCr (11) + Sse (6.76)
don = €21 {=C7(0) + Cy (Tnia)} — eant1{—=Cy (0) + C:+1(Tn+1)(}6-77)
donp1 = e3n{=C, (0) + Cppy (Tar1)} — e1n{=C(0) + Cpy (Tasn)} (6.78)
don = —Cy(0)+ F;(0) (6.79)

000 e1n eam esn s, 100000000,

el,n
€an
€3n

€an

= Tpexp(—=\,7) +1
= Tpexp(—=\,7) — 1
= exp(—A\.7n) + T
= exp(—A\n7n) — 'y
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oQ,

1
le,n = é{kl,n eXp()\nTn) + k2,n} (684)

1
ngz§{klynexp()\n7'n)—k2,n} (6.85)
oo, dotoououo, bbb onooooooaoad.

Fi(1) = Yialexp{=Au(7s — 7)} + T exp(=A,7)]

+Yonlexp{—=A\. (1, — 7)} — T exp(=A\.7)] + CF(7)  (6.86)
Fo (1) = Yia[Dhexp{=X.(7, — 7)} + exp(=A7)]

+Yo u[Crexp{—=An(7, — 7)} — exp(=A\,7)] + C, (1) (6.87)

gobobo,goobbboooboboboogobobobooogboog.

FHO0) = esnYin +eanYon + Cl(0) (6.88)
F'rj (Tn) el,n}/l,n - e2,n}/2,n + C;r (Tn) (689)
F (0) = e1,Yin+eanYon +C, (0) (6.90)
Fn_ (Tn) = e3,n}/1,n - e4,n}/2,n + C,; (Tn) (691)
00,0000000,000000000000000000000.
Fion(r) = Fi(r)+ Fy, (1) (6.92)
Flpa(m) = 0 (6.93)
Fi(r) = arFooxp (-2 (6.99)

gobbobooodn

0000, Toon et al. (1989) 0000 OO0O0O0O0O0O0OOO (source function
technique) 00O OOOO.

gbobbooogbbbuooobbbuoooboboboooobbobooaog.

R = [ ur s (6.95)

~ Zwiuili(ﬂ 1) (6.96)

i

2012/08/13(000000O0O0O0O) radiation/radiation.tex(radiation/radiation-disc.tex)



depamb 000000000000

6.3 0UUOUOU0: 0000

47

gbod,ugubogobobogbuodgboob,obuogboboboboobg. d
Ub,w, 00booogao. oo, d ey, gbboooobobbuogd
07+ 0,0000000000000.

L0, )

[7; (Tn7 _ILL)

000, G, Hy, Jp, Ky, Q1py Qo 010, 02, 0000000000,

a1 n
Qg p
O1,n

02.n

Faon { pt— (T + 1) exp (_%) }
e (-7

[ (1))
() ot )
afioen( )}
ofpre(5)

(Y1 +Y2p) (i — A)

M1

1

M1

1
(Yin+ Yol ()\ + —)
H1

(Vi — You) (i - A)

M1

1
2 {BO,n + Bl,n ( - :ul) }
Y1+ Y2

2By,

1
2< By, — Bin —
{ * b (71+72 Nl)}

2B,

(6.97)

(6.98)
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gobbobuooooboboobogd.

If(ma) = 2enBige + Aspely (1) (6.107)
Iy(0) = 0 (6.108)
ooo.
0o,
OF, (1) OT* (7, 1:)
T, ~ ;wim@—Ts (6.109)
aIrer(Ouu) o aBsfc i Tk
UL a2 o (-2 610
oL, (0,p1)
—or. 0 (6.111)
OFE(T)
- = 112
T, 0 (6.112)
oDoo3 .

6.4 OD0O0O0O: AGCMs OOOOO

O000,000000000 AGCMHOUODODOODOOUOODOOODOODOO
O0. 000000, Numaguti (1992) OO 000000000, 00000000
ooooooooot

gogobobobobbo,bbouodgogooo,gobob,bbbobbbodoggd
goboo,gobobobodad.

6.4.1 0OUOOO

gobbobooooobob,de220 0000, bb00000gobobogd
gbgo.ooboobo,boobgoobgob.

: +
3%55555,555555. DOo0000.00,00000000 222 0,00

DDDDDDDDDDD,DDDDDDD.

000000000000 Numaguti (1992) 000000000,00000000000
gobgooboobboobooboo. ooboo,bboobooboob. oboobbo
gboboogboobooda. boobooobgobobooboobooboab.
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oo, oo oogouda. ggad
O100000,k0000000,0000000000O0000DO0DOO0
a°.

0000, 7B(r) O

mB(1) = osgT*(7) (6.113)
By = ospT} (6.114)

O0000000,00000000000000000.
T(r,7') = T(r(p), 7))

1
= / exp[—a{\TL,wv(p, g) — TL,wv(p/, g)|
0
+|70.40(py 9) — TL.aa(P', 9)|}dg  (6.115)

TL,wy(p,g) = kL,wv/ pQwvdZ/ (6.116)
2(p)
1 [P
= kL,wv_/ Qwvdp/ (6117)
g Jo
Trda(P,9) = Krda / pd?’ (6.118)
2(p)
= pgn (6.119)
g

O00,0spg 00000000000 0O00000, o 00000000. Kz we,
kLo DO0O0O0O00OO0OCOOOOOOOOOCODOOOOOOOODOOOOODOO. g
0000000 (0000ooo)ooo.

6.4.2 0O0OOO

gboboboodbb,ogubboooobbobuoooob,ooobbboood
gbobobuooogboboboood.

ooboooobooboboboooooooooo.ooboob 100000,k
0000000,000000000000000000000% o0ooO00O
O0,000000 A,000D0O00O0C00DO,ODO00DOO00ODOODOO
gbooboogobboboooboboboogoboobood.
‘0000000000 k00000000000 D0000000O0DODOO. 000, Numaguti

(1992) O O00O0OO0O0OOOOO0OUDOOO0ODOO, 00000000 OOOO.
‘00000000000O000O0.
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gobb,gobobbboduoobboboooobbbod.

Fs(r) = Fg(r)—Fg(7) (6.120)
Fi(r) = (1= A)Fo(x)AsTaig(1,X) (6.121)
Fg(r) = (1= Ad)Fo()Tair(T, ) (6.122)

Tair(T,X) = Tair(T(P), X)
= /0 exp|—sec X{Ts.wu (P, 9) + Ts.4a(P, 9) }dg (6.123)

Tais(T.x) = Tair(7(p), Xx)
_ / expl— 56¢ X {7500 (D, 9) + 75,00 (59 }]

. eXp[_a{|TS,wv(p87 g) - Ts@v(p, g)|
+[75.d0(Ps> 9) = Ts.aa(p, 9)|}dg  (6.124)

TS,wv(p»Q) = kS,wv /( )pQwvdZ/ (6125)
z\p
1 P
= kS,wv_/ Qwvdpl (6126)
9 Jo
Tsda(P,9) = ksda / ( pd?! (6.127)
z(p)
= ksda- (6.128)
g

O000,xO00000007 (Liou, 2002 0000 solar zenith angle ) 000, a O
0000000, ks ksee J0000000000000000000000
O000000000.00,A,000000000000. F(x) 0,000 xO
gdodooououououououoouoog.

‘000000000000000000000000. 00 (1982) OO 6, Liou (2002) O O
6o, Peixot and Oort (1992) 00 Z, Hartmann (1994) 00 ¢, 0000000,
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6.5 0O0O0O0O: AGCMS5 O00O0O0OO
6.5.1 0O0O0OO
000000 »B(r) D0 0O0O0DOO0OODOOOOOOOO.
By = ospTy (6.129)
B, = ospT} (6.130)
lmaz,S
77€+%,k’+% = Z Ag[/,l exp(_&(‘TL,wv,k+%,l o TL,wv,k’+%,l‘
=1
T daks 11— Thdag+1.1) (6.131)
Trawvk—11 = FLawoiMy, ;1 (6.132)
TrLdak—11 = kL,da,lMda k—1 (6.133)
k
max pk/77 _ pk-/+l
My g1 = Guw p —— : 6.134
=2 ; (6.134)
Pr_1
Myg -1 = - (6.135)
b 2 g
lmaacS
77c+%,k'+% = Z Agry eXp(_O‘(kL,wv,l’va,k—k% _va,k’—k%’
I=1
+kL7daJ|Mda,k+% - Mda,k’—i—%D) (6.136)
k
max pk/fl pk/+%
va kfé - I;c%uv k! g (6137)
D1
Mda,kf% = p (6.138)

O000,lw.0,00000000,00000000000000000 (BO

00)000,Ag,, 00000000 !000000000OO.
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6.5.2 0O0OOO

gbgoboboobooboobgoobob.

Fiy = BL—Fo (6.139)
F’L% = (- AG)FO(X)ASEif,kJr%(X) (6.140)
F,;L% = (1- Aa)FO(X)Eir,k—i-%(X)
lmaz,s
Tairkr1(X) = Z exp[—8eC X{Tg o ks 11 T dars 1] Agsy  (6.141)

=1

lma:c,S

7;lif,k+%(X) = Z exp[—sec X{TS,wvéJ + TS,da,%,l}]
=1

'eXp[_a{TS,wU,%,l ~ TSwou,k+1,
FT5da it~ Tsdaks 1111 0gsy  (6.142)
TS,wv,k—%,l = kS,wv,lev’k_% (6143)
TSdak-L1 = HKSdaiMaap 1 (6.144)

6.6 U0O0UOOOOOOOOOOOOOO

0000 1000000000000000000000 Fy(y) O

2
1
Ry = § (%) cosx (eosx>0) (6.145)
0 (cosx <0)

gboobgobg. rpp0booboobooboobobobobbobb, D
000000008 rs 0000000000000 000DO-00000000.
xuooooboobooobgoooboobooboo.

cosx U,

cosY = cos¢cosdgcos H + singsindg (6.146)

S00000000000000D0-00000000000000000D0D0DO00000. O
oooooooooooboooooooo

1
a <1 + 2€2>

O00. («000000,e0000). ex1000000000 «00OO0ODOO.
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Figure 2.5 The earth—sun geometry. P denotes the perihelion, A the aphelion, AE the autunmsal
equinox, VE the vernal equinox, W5 the winter solstice, and 35 the summer solstiee, m s normal o the
ecliptic plane, a is parallel to the eanh’s axis, & is the declination of the sun. € the oblique anghe of the
carth’s axis, « the longitude of the perihelion relative to the vernal equinos, v the true ancmaly of the carth
ata given time, A the true longitude of the earth, O the center of the ellipse, QA {or OF = a) the semim:ajor
axis, OF (= b) the semiminor axis, $ the position of the sun, E the rll.lhillLII‘l af the earth, and ES {= rithe
dhistance beiween the earth and the sun,

06.1: 0000000000000000O. 000 Liou (2002) O Figure 2.5. O
ooboooboooboobooooooo. oo b0 s, voeOODO.

000000.000,¢000,6 0000000 (DO0OOOOODODODOOO
O0000D00. Liou, 2002 0000 declination of the sun. 00000000
O000000000)000. HOOO (hourangle) D00, 000000000
0000000000000 oo00 (boooooooooooooooooo
0)oOo0O. (6.146)0 0000000000000 0000000OO0O (Liou, 2002
0220000 AppendixCO0). 000000000 06100620000
O0.00,depam OO0 DO0OO00OO00O0OO,cosxyUO0O0O secyUOODOOOOOO
O00,000000 secyUOOOOOOOOOooooooOQO.

r¢ 00000000000000000000(00000000000000§15
0o).

rs = (1—-ecosf) (6.147)

O00,e0000000.£000000 (000000000, eccentric anomaly)
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Lacal 2enith

Figure 2.6 Relationship of the solar zenlth angle 8y to the latitude ¢, the sobar inclinotion angle &,
and the hour angle k. P and D are the point of observation std the point directly undar the sun, respactively
[see pext for farther explanation).

062 0000000000000000O0O0ODO. 00O Liou (2002) O Figure
26 DO000ODOOOOODOOOOODOOO.O00 60O xO,60000
goo.
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000,000000000000000000°% 00000000
§—esiné =1 (6.148)

O00000000000000. 0001000000 (mean anomaly) 000,
gbogobodgbbda,boobbuoobboobboobooooobbod
obooobooobooo.boo ¢, 0o00bg 7,, 0000

o 27T(t — to)
B Torb

™

l
180

+ (@ gpoch — Do) (6.149)
O00.t, 000 (000,00000000000000. 000000000
DDDDDDDDDDDDDD)DDDDDDDD.@EpochDDDDDDDDDD
00000 (000 degree, 000000000000 OD0D0ODOO),$ 00
O000000.depam OO, 0000000 /000000 Newton OO OOO
(6.148) 0 ¢ 0DOOOoDoOoOOO.

)s DOODOOoDOobooon.
sin dg = —sin 6, sin(Py + D) (6.150)

¢, 000000 (0000000000 D00O00. Liou, 2002 0000 oblique
angle of the earth’s axis. 00000000000 000O). 00000 (true
anomaly) 000, 00000000,0000000000000000000
goooo.o0noboooobooooo

)
— = > 151
tan2 1_etan2 (6.151)

o obobobo,ooboboboobooobooboong. g+ 0000
gbboobo,gbbbuoogobbbuoogobbooooobobod.

U0 FOO0D0OOooogoooo.

H = 27TtByDay — 7T+ A (6152)

‘000000000,0000000 000000000000 (z,y) 000000 €0
oooooooooooo.

x = acos§ —e),
y = ay1-—e2siné,

ugbb,etgbodno,etdnbgobogn.
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tBypey 0000000000000 000 (taypay =0000 000, tpypay =
0.500000000). 0000000000000 H,y O

cos Hy = — tan ¢ tan dg (6.153)

goo.

Oob0o,00 depam O0000000O00OOOODOOODOOOOODOOODOO.

1. 000 (D0ooo)obooooooo.

000000, 000 (6.145), (6.146), (6.147), (6.150)0 00000000,
D000000000000000000000000000000000
0o.

depamb OO O OOOO00O0OODODOOO0OOOOOOOOOOOOOOO0O
gooodoooo-o0doooed3d,ddnoondooooonooon
goooooooooooooodoo-0o0o0b0ded4nnn. 0OO
00000000 (O 6.4b) O, Liou (2002) O Figure28 00000000
gooooooooooao.
2. 0000000000000 0000

depam5 OO OO0, 0000000O00DO0ODO0OO0OO,0D0000000O
gooooooo.

F_SI”(SO)Z_SO<Ains+BinsCOSQSO)7 (6154)

cosx >~ A, + B, cos® p. (6.155)
O0,000000000000D000000 sec¢ O

1
A, + Bycos2yp

Secx (6.156)

gboooogo.

Ains; Bins, Ay, B, 000 062000. 000000 AGCM500000
00000000,0000000000000000000000000
0000000.000,(6.14500000000000000000000
00000000,000000 (6154)00000000000000 6.2
0000 Ay, 000 By 000000000000000 (T420000
000 Ags = 0.12756, By = 0.18340 00 0). Ay, B, 00000, (6.145)
000000000000 (6.154) 00000000 Ajps, Bins 00000
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outgoing shortwave

(a)

latitude

0
(degree_north) (day)

time

CONTOUR INTERVAL = 5.000E+01

—-600 —-450 -300 —-150 0
outgoing shortwave

latitude

(degree,moorth) 200

time

CONTOUR INTERVAL = 3.000E+01

___IEEEEEE .

—600 —450 -300 —-150 0

(b)

outgoing shortwave

latitude

0
(degree_north) (day)

time

CONTOUR INTERVAL = 5.000E+01

B [ 77 [

—600 —450 -300 —-150 0

0 6.3: depam 000000000000 00000000000000000
000000000-0000.00010000000000,00000.00
0000000000000 100000000,0000000000000
O.depam5 00 0000000000000 0O0000000O0000O0000O
0000. 000000 T21. Fy = 1380 W/m=2, 6, = 23.5°, &5 = 0.0, € = 0.0,
000000000000 28.000000.100000 3650.

radiation/radiation.tex(radiation /radiation-misc.tex)
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(a) outgoing shortwave

50

latitude
(@)

-50

[}
0 100 200 300
(degree_north) (day)

time

CONTOUR INTERVAL = 5.000E+01

B [ 77 [

—600 —450 -300 —-130 0

outgoing shortwave

latitude

0 200 400 600
(degree_north) (day)

time

CONTOUR INTERVAL = 3.000E+01

_ I EEEEEES N

-600 —-450 -—-300 -—150 0

064 00000000000000000000O0O0OO-0000.000 1
0000000000, 00000. 000000000000000 1000
00000,00000000000000. depam5 000000000000
00000000000000000000000.000000 T21. ()00
00000000000000000000. Fy = 1369 W/m™2, 6, = 23.44°,
Py = 102.768413 + 180.0, e = 0.016713, 0000 O0O0O0O0 OO0 99.403308 +
180.0. 100000 365 0. (b)) 000000 0OO0ODDD0O00000000OO0
0. Foo = 588.98 W/m™2, 6, = 25.19°, &, = 258.98, ¢ = 0.0934, 000000

obooob —10342, 100000 669 O .

2012/08/13(000000000)
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Bins

Ains
0.183

0.127

A,

BX
0.410

0.590

062: 0000000000000 Ajns, Bins, Ay, B, OO

00000000 A, B, 00000000, 0000 sy 000 100
000000000000620 A, 000 B,0000000000 (T42
00000000 Ay, =0.12756, By, = 0.18340 00000 A, = 0.41021,
B, =0.58979 00 0).

gboob,000bbbdoooobbobuoooobbobuooogbobobod
oboob.o0boboobgoobobobboboobooobooboon
gbooboogogbooog.

e JUDOOUODOOODODDO
Liou (2002) D0O0O0O,000000 F,000000000000.

Fanie) = B (L) 20

X (cos ¢ sin hg cos dg + hosin ¢sindg).  (6.157)

Ooo00,60 S(r)0 1000000000O0ODOODOOOOOOOOO
oo.

e HOUOUOUDLODLDOOOODLDLDDOO
Liou (2002) DO DOO,00000COCOO0O0O0OO

FooTorbg(¢, €)

Fy(¢) = 7T(1 . 62)1/2 ) (6158)
: : 2
S(,e) = Sm?% / (ho — tanho)sin A\ (6.159)
0
Dooooo.

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

Foa) = =2 {1+S:P()}, (6.160)

Sy = —0.482 (6.161)

oo, 0b00b0o0bo0booboob0oboooonbD. 00l z=sing
O000. S, 000, Chylek and Coakley (1975) 000000000000
0000000000000 000000D(oooooooooood
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0000000000000000). 0000, A, B, 0000000
00000

Apms = 0.1295, (6.162)
Bins = 0.1808 (6.163)

goo.

3. 0000000000000 (perpetual run).

O00000,sinds 0 rs 00000000 (6.145), (6.146)0000,00
0oooooooooooodoooooooooog.

4. 000000000 00ODODOO (DoOoooDoooo)
DDDDDD,DDDDDDDD )\subsolarDDD ¢subsolarDDDD-¢subsolar:
oooooooo,oood

cos X = €08 ¢ cos(A — Asubsolar) (6.164)
Oo0.o0boooo,0oobooooooooooon
Fo(qb):F(]oCOSX (6165)

gooog.

6.7 U0OUOODOOOOOOONOMO

0000000000000 0000000D0 (booODOO0O0D0oOoO0)0DoooOo
guo.

e JIDUOODOUOODODOODO:depamd DO DO OODOOODLDOOODOODODO
0.2.

O0obOoobOoob,b00b00b00bo0obO 0225 000. Kiehl
and Trenberth (1997) OO0 000000000 OOO0OODO,00000O0
0342W/m?000,77W/m>? 00000000000.

e JODOOOO:depamb DO DO ODOODOODOOOOODOODOO 0.0.
O00000000,000000 00167 (00000OOO).
O00000000,000000 0.0934 (Allison, 1997).
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e JOOOO:depamb DU DO ODOOOOOOODOODOODOO 0.0.

00000000,000000 102.924°(0000000) 1% depam OO
ObOobO0o00 102.768413 + 180.0 DO OO .

O0000000,000000 250.98° (Allison, 1997).

e JOOMO: depamb DD O OOOODO 1380 W/mz. 0000 Ishiwatari et
al. (2002) 000. 00000O0O0O0OODODOOOOOOOOOOOOOOO
DDll

00000000,00000 1367 W/m2 000 (Hartmann, 1994). 0 O
D000000000000000 L000385x10% W (000o0), O
0000000007000 10000 (1.496 x 101 m; 0000, 1995)
00000,00000

Ly 3.85 x 10%
474 4 x 3.142 x (1.496 x 1011)2

= 1368.8W /m’ (6.166)

gbooobog.
00000000,00000 58.98 W/m? (Kieffer et al., 1992)

6.8 U0OOO

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, 675679

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.

19Duffett-Smith (1988) 00 O0O0O00DO.
Hopooooo 1B70W/m2000000000.
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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.

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

ug oo,0b 0,00 od,1998: 0bbuouggoobodgodn, pp2s9.

Numaguti, A., 1982: 00000000000 O0OOOODOOODOOODOO,00
goboog.

ggooobdg,2010: 0000O,000000.
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U7 oo

7.1 0OO00On0

gobboobbooooooobbobbbooooooobobooboboooooog
gbog,bgobuogbbodobooobuoobbodoboobbuoobbod
googbooobogboo. gboobboobogboonoboobouonbod
gooboo.

000 depamb 00000000 (Manabe et al., 1965) O Relaxed Arakawa-
Schubert 0000 (Moorthi and Suarez, 1992) OO00O0O0O0O0O. 00,0000
000000000000000000. DooooooooO (bobooo)oo
0. 000000000C0000000((@oocoo0)ooooooao.

7.2 OOOOG0OO

7.2.1 0O0OOU

O000,000000 (e.g., Manabeetal., 1965) 000000000000, O
g,ggobbbobbodud,ggooodgobobboobboo,boduooaad
gboobooooboboda,obbboodgoboboooobbbooooobon.

godgdodgdg,bobobb 20000000,bbbbbbbbbbboboood
go.

1. 0000000000000000000000000 (0oOoOooDoooo
000000000000 000 (DODDoODOOoOOODOOOOoOoOoOOoOon)),
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2. 0000000002

gbgo,gbbobboobbooboobooboobgn.

CoTi+ Lg () + 95 — (ot + La* (Thn) + 951) > CAT,, (T1)
s
¢* (T, i)

B s, (7.3)
¢ (Thg1, Pr1)

oooO,boobbobobobob.00,cAT. 000000oooooooooon
gobbodod,gogobbbuoogobbbdagd.

> T, (7.2)

gboobooboob,

. ) Pr—21 = Di41 A R Pryl — Pry3
{Cka + LQk} QTH + {CkaH + Lq}c+1} T

Pp—1 = Pryl Pyl = Prd
= {Cka + qu} T + {Oka+1 + qu_H} g (74)
CpTy + Lgi + 9z, = CpTit1 + Lgii1 + g2i11 (7.5)
@& = ¢ (Tk,pr) (7.6)
Ger1r = ¢ (Thyr, Pry1)
ggdg.
DDD,(?.S)DDDDDDDDDDDDDDDDD,
. " RTyvy
ColTi = ) + LU (1) = ¢ (Tee) ~ ~ L = pa) =0 (79
et 1

2

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

Ty + Ty
1= (7.9)
1DDDD,DDDDDDDDDD.|:J|:||:|,DDDDDDDDDDDDDDDDDDDDDDD
goooooobo,0obobobobbbo00ddoooooobobboOo, 00D oooobo
ogoooo.
0000,00000000000000 1000.000,00000000000000
gobooooooboooo,oob 00000 b 100 ouo,0o0oboooooon

googoooano.

Tyy
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gbobobodoogon.

000, q, g 00000000,

@ = ¢ (Tiopr) = ¢ (Te,pr) + a7 AT, (7.10)
T=T},
k1 = ¢ (Tir1,Prer) = q*(TkJrlakarl) + oT ) ATpr  (7.11)
T=Tky1
AT, = T,—T; (7.12)
ATwr = Tii1 — Tiin (7.13)

gbobooboooobobooog,booooboo.

_ L
AT, = {Aps(1+%)} " {FAQ — Apgir (14 Ye41) ATk+1} (7.14)
p
—1
ATppr = [Fk—k% {Apr (T + %) = Apra (T4 yp01) } + (T4 9%) (14 Ye41) (Apy + Apk—f—l)]
L
[Apk (1+7) Spps + {1 + oy — F,H%} FAQ} (7.15)
p
Apy = Pr-i =D+l (7.16)
R pr, — pr1
Fioi. = 57— (7.17)
Bk Cp 2ppy1
A A L . . A A
Sper = T =T + ol {q (T, pe) — ¢ (Tk+1,pk+1)} = Fpp1 <Tk + Tk+1> (7.18)
p
AQ = Apg {C_?k - C]*(Tk,pk)} + Aprt1 {Cjk—i-l - Q*(Tk+1,pk+1)} (7.19)
L 0q*
o= = (7.20)
Cyp OT |y,

gooo,ubbibd g, g DODOO0O0O00OO0O0O0O0O0OO0O0O000O,00
o0 ..000ooboooogo.go0,00b0o0og, k00000 k+10000
gobobboboobbbotododgoog,gooo sboobbobooougooood
gbobo.oug,bbbduodobbboooobbboa,bbboooobn.

00,0000,

1 Pr—1 — Ppyl
P i

1 Dp_ 1 — Dol )
— —E Z M{(Qk)lmmﬁ-l _Qk} (721)
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ooos.

7.3 Relaxed Arakawa-Schubert [0 0 [0 [

Relaxed Arakawa-Schubert 0 00000000, Moorthi and Suarez (1992) O O
ggodooooobbbbbboooooog.

74 04000

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.

‘000,00000000000000000000O0O0D0DO000O0.000,000000
gboboogoooooan.
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080 O0ODOOODO (DOOODO)

81 QOO0

O000oooboboooOoooodn, Manabe et al. (1965)DDD,DDDDD
O (DD,DDDDDDDD)DDDDDDDDl. goooonogooooono
gooooo,gooooooooo.
do0dooooboobobouooooooooo.
.
q*(Tk, pr)

oo, ooogoboooobog,rgbgoboobobobobboooboo.

> Te (8.1)

goououououooao,
@ = ¢ (Tk,pr)

oog.

¢ 0,00000000000000000,

*

* * = a
@ = ¢ (Tn,pe) =q" Tk, pr) + 8qT ATy, (8.4)
T=T),

0p00,00000000000000 1000.000,00000000000000
goooboobooobogboo,bboobooboob 10bbo0bo0,00b0o0oboobo
gbooabooan.
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gobobouoooobboooad,

T, = Tp+ AT, (8.5)
. L{Qk_q*(fkapk>} 56)
Cp+ LG5 -1,
G = G+ Agk (8.7)
~ aq*
= T AT, 8.8
q"(Th, pr) + T |, k (88)

goo.

goo,..dqgbibhoodbboodbboogb,ggbboogboobogd.
ooooo,b0b0obooobooogoo,b0bobobobooooo,gon

(Ti)irr = (Te) + ATy (8.9)
(@)1 = (q)i+ Ags (8.10)

gobbbogoobbooogooboood.

00,000,0000,

1 Pr—1 — Pr4l
P = —— #A
2At Z g ax
k=kmax
1
1 Pr—1 — Pryd R
T 2At > ———2 {1 — @} (8.11)
k=kmax g
o0oaoe.
8.2 [0O0OOO

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.

000,00000000000000000000000D00000.O000,000000
gboboogoooooan.
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= 05, (9-2)
v _ 0F,,
(a)\/D - op o
ar . g th
(E)VD -G op 54)
K _ 95
(at)vp = g o (9.5)

000, Fpg, Frny, Fr, F, 000000000,0000000000000,0
00000,000(00)000000000,0000000000.

ou
ov
Fry, = —meg, (9.7)
00
Fn = _CpPpKhaa (9.8)
dq
F, = —qug. (9.9)
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noo,
T
0 = — 9.10
P7 ( )
Poo '\
p = (Po) 9.11
) o
R
= — 9.12
P - (9.12)
p
= 9.13
p RT. (9.13)
ogoo,7,0000o000. booooad
Fm,x = 07 (914)
Fm,y = 07 (915)
Fp, = 0, (9.16)
F, = 0 (9.17)
I I A A A
Fm,:v = _pCd|v|u7 (918)
Frny = —pCylv|v, (9.19)
Fh = —CPP,OCM’U‘ (9 - 03), (920)
Fy = —epCylv| (g —¢;) (9.21)

O00,000000 (D0O000000C0O000)00D00 (boooooDoooo
0000)0D000o0ooog,

Fro = ——u, (9.22)
Tf
1

Fry = ——uv, (9.23)
Tf

F, = Fh.,, (9.24)

F, = F,, (9.25)

D00.000,(021)00000000000000000000 F,0000
000000000.000,pp 00000000. K, K, K, 0000000
0,0,0000000000.¢,C,C,00000000,0,0000000
00000.00,~000000000000000, F., F,0000000
0000,00000000000.00000000000.

Kp, Kn, K,, 00000 Mellor and Yamada (1982) 000 200000000
000. 000000000000000000000 09.1.100000. C,,
Ch, C,, 00000 Louisetal. (1982) 00000000000. 0000000
00000000000000009.1.200000
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000000, K, Ki, K,, O Mellor and Yamada (1974, 1982) 000 2000
oooooooo.

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

ov
K, = [? S .26
70 5. (9.26)
5 |0V
K, = 2
h aZ SH7 (9 7)
K, = K. (9.28)
0o0o,!00000000,
k(z— zs)

l:

TS k(== =) Jlo (9:29)

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

1 ~1 -
Sy = BZ (1— Ry)? S350, (9.30)
Sy = B? (1 Ry)® 32,54 (9.31)
000d. Sy, Sy O,
(0% Oéng

~ - Ry <R critica
Sy = 1— R, (By < Bperiticat) , (9.32)

SH min (Rf 2 Rf,critical)
61 62Rf
S R < R critica,
Su = Bs — BaRy i Ry < Rporitica)

. (9.33)
SM,mzn (Rf Z Rf,critical)

0002 000,R,00000000000000 (flux Richardson number)

Ry = 2; {ﬂl + Bl — \/ (B1 + BaRy)* — 462&),1%@-} (9.34)

1(2011-8-1700) 0000000007
2(2011-8-26 00 ) 000000 Mellor and Yamada (1974) 00 0000000000000
0000D0000000.00000000000,0000000000000000000.
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O00,R 000000000000 (bulk Richardson number)

999
= 00z
ovl?
0z
DDD.RﬁcritimlDDDDDDDDDDDDDD,

§a!
Y1+ 2

i

Rf,critical =

goo.

oQ,

a; = 3As,

az = 342 (n+7),

5 = AiBi(m—C),

Bo = Aj[By(y1 —Ch)+6A; + 345,

PBs = AzBﬂb

By = As[Bi (71 +72) —344],
_ 124

= 3 B1 )
. B2 6A1

Yo = B, + B,

(9.35)

(9.36)

(9.44)

000, (A, By, As, By, C1) = (0.92,16.6,0.74,10.1,0.08) O 0 0 (Mellor and Ya-

mada, 1982).

9.1.2 0OO0OOOO

000000, Louisetal. (1982) 00000000 0O0ODO.

00000000 (R;>0)000

go,0bobbd R,>2000000,00000000D00DOODO

3

300,000 (Louiset al.,, 1982) 000000 O00DOOOOODO.
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1
Cy; = a? (9.48)
1+1ORRE:§?
1
C, = a* , 9.49
" Y 5RAITBR (9.49)
k
« = —0 . (9.50)

log (%)

Oo0d,00000000,k000000O0,0000000.00,2z00
000000000 (oo0UoUoooooD)0ooooooooooooo.

000 (R <0) 000

000 R<000000,000000000000000¢%

10R;
Cqy = a*|1— : : (9.53)
1+ 75a2, /= |R|
20
15R;
Cp = a*|1- : : (9.54)
1+ 75a2, /= |R|
20
.2 1
Cqy = a>————— (9.45)
L+ 20R:
1
Cn = d? 9.46
" 13RI dR, (9.46)
k
a _ (9.47)
log(z+z°>
000,b=5d=5000.a0 log000000 242 00000000000000.
{00,000 (Louis et al., 1982) 0000000000000,
2bR;
Cqy = a*|1- : , (9.51)
( 1+3a2bc,/zZ°Ri|>
3bR;
Cpn = a*|1- - : (9.52)
( 1+3a2b61/'ztjoRi|>

OO00,b=5,¢c=5000.a0 log000000 242 00000000000000.
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9.1.3 UO0OO0OOLO0O0O0OoOoOooOobboOoooo

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

e JIDOODOO k:depam DODOOODOOO £=04.

0000000001950 0000 1980 000000000000000
0000000000000 (00, 1982). Businger et al (1971) 000 O
000000000000 0350000000.00000,0350000
0000000000, Businger et al (1971) 00, 00000000000
0000000000000000000000000000000000
0000000000. 000,0000000000000000000
0000,0390000000 (Kondo and Sato, 1982).

00000 (1999) 00, Dean (1978)° 000000000000 OOOO
0o41000,00000000.

e 1010 20

depam DO OO0 D0O0O0O0DO0OOODOOODOOOOD,0000 2 =0.1m,
00000 =10"mO000000000000000O000O. S

000000000000000000. Sheppard (1947) 00000000
0000000000000000000. 0000,0000000 (O
00000000)0000 2=9%x10%m 000000000000
000000 2=0139m000000000000 (Shpeppard, 1947 O
Table 2). Sheppard (1947) 00000000000 Sutton (1953) 7000
00 (1982)8 000000000.

5Dean, 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.

Sdepam5 0 0000000000000 O000OOOOOD,000000000O0O0OOO
00ooood0oooooooD. o00,0000,00000000 2000000000000
0000 (0000 private communication O 00 ).

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

800 O,1982: DOOOO -J0000oo00-(000oo0oU0oo 6),00000.
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depam OO, 000000000 O0OCOODOOD.ODODO,0000000DO0O
gobobooogon.

t+At t+A
UlFAL gyl Py = Faid
o ’ (9.55)
Pr+i = P-4
t+At  _ pttAt
A =gt Pkt ™ Pk (9.56)
2AL Pery ~Pe-t
t+At t—At Flh = Ft
2AL " Peey — Py |

00,0000000000000,00000 (k>2)00000000000
go.

t+AL t—At FiHAt _ pirat
- k3 T k-4
B "G _ g tMs  ahs (9.58)

2A¢ Pyl = Pr-1

00,000 (k=1)00000,00000000000000O0O0000ODOAO,
2000000400 b0b00000. 100,

Lar_ A FtAt _ ptrAt

T k akty " akos
g g k=1 9.59
2AL Pryl = Pr-1 ( ! o
000,100,
t+At . t—At
g Rl TR (950)
oAt -9 - - |
Pryl — Pr-1

O00.00000,00000000000000000 (k>2)000000
OO000OO00. 00000, 00000b000obobogot—-At0O0oOoOooon
00°% 00,00000000000000000000000, (9.60)0000
gbooog.

‘0000000000000000000,0000000000000000000000
gbooobooboooooboooooboooboo,oob0,00b0ooooobooboooon.

goboooooboooooboooooo,b0obooobobooo,oobooooooooooooooo
obooboo,00000,000000000000b00b0000b00b00b0obOobo0obOo. o
o0,00000000000,00000000,000000000000O000DO0O0DO0O0
gboooooobooboooobo.oboob,oo0b0,00b00b0,0b0b0o0000,00000
gbooo,bo0booooooboobobooooooobO,0o0b0oboobobobooobooonog
gooooo.booooobobobo,0boooooboboooobobboooobobobooog
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gobbobooodgbboboooobbog.

Fm,:r:,k-&-% = _(Tc)m,k—i-% (uk-i-l - U’k’) ) (961)

Fm,y,k+§ = _(TC)m,k—i-% (Uk+1 - Uk) ) (9.62)
Tiv1 Tk

F.,.. = —-C,P_ .(TC 1| = — = 9.63

h7k+§ p k‘+§( )h,k+§ <Pk+1 Pk) ) ( )

Fq,k—&-% = _<T0)q,k+% (qk41 — qr) - (9.64)

000, (TC)ppiy (TC)ppssr (TC) gy DOOODY 000, 00000000
ooo.

oooooaa,
T paaty = 0, (9.65)
(Tc)h,kmw—i—% = 0, (9.66)
(TC)ghpaers = 0 (9.67)
k=kne 000,
Fm,m,kmam—ké = 07 (968)
Fmvyakmaz‘i‘% = 07 (969)
Fh,kmer% = 0, (9.70)
Fq,kaszr% = 0 (971>
ooo.
2§k§kmaz_1DDD7
1
(Tc)m,k-i-% = Pr+l m,k+%m’ (9.72)
1
(To)h,k-i-% = Pk+%Kh,k+%—_, (9.73)
Zk+1 — 2k
1
(TC)gpsr = Prs By (9.74)

00 (00000000000),00000000000000000000000000,00
0depam 000000, 0000000000000000D000D00O00 (t-At0000DOO
000000000000 D0000D0,00000000000000).
00,0000000000,00000000000000D0000.000,0000000
000D0000,000000000000000000000000,00000000000
000D0000000000,000000000000000000000. 00000,00
0000000000D00000000D0D00O00000.
00,0000000000000000O00D0000D0,000000,00000000,0
0000000000000 D00000000D0D00000D0O,00000000.0000
00000000000000.

0(2011-82000) 00000007
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p,H_%DDDDDDDDDDD.

P+l
1 =
P ? RTU k+1
’ 2

(9.75)

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

Fm,@k—% = _(Tc)m,k—%ula (976)
Fm,y,k—% = _(Tc)m,k—%vlv (977)
Tk Ts
Fypor = —CyPy s (TC)yys (Fk 5 ) (9.78)
2
Fq,kfé = _G(Tc>q,k7% (q]ﬁ_QZ) (979)
(TC)pp—r = psCalvil, (9.80)
(Tc)h,k—% = psCn v, (9.81)
(Tc)q,k—% - pqu|'Uk;|a (982)
Ds
"= (989

oo0'YL, 000000000000 0000,000000000000000,
gbooooogn

Frap-y = —(TC)y s, (9.84)

Frgp-t = —(TC)pp-s01, (9.85)

Fypo1r = Fhs, (9.86)

Fopmt = Fys (9.87)
000.0000000000000000.

(TC)ppr = L (9.88)

Tf
oog.

9.21 0O0OOOLOOOOOOOO

000000, K, Ky, K,0,0000 (9.26), (9.27), (9.28) 000000000
0.00000,00000000,00000000,000000000000
000.000000000000000.

l0pgo T,, (00000)00007? 7, (T,.,?) 000007 000,00000000. 00
DO0000000000O0000.
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g Oky1 — O -

Oril Zher — 2k

v

= (9.89)

k+3
2 2
_ (uk:-f—l - uk:) + <vk:+1 - 'Uk;) (9 90)
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0000 (929) 000000000000,

Ri,k+% -
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0z

k(zk - Zsurf)
L. = ) 91
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000,z 000000000.

9.22 0O0O0OOOOOOOO

000000, (9.48), (9.49), (9.53), (9.54)0000000000.00000,0
0000000000000000000000.0000000000000.

(9.35) 0000000000000, 00000000,000000000O.

-2

9 0, — 0, |0v
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i3 Oy 2js1 — 25 | Oz 1 ’ (9.92)
ov Ug, — Us 2 Vg, — Us 2
R e = o
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, = 2 (9.94)
DPoo "
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() 035

000,.0000000,7,0000000,p, 000000O0OO0OR.

2Ooppoo,R00000000000000000,000000000000000000
gobogboaobo.obogboogboobgooban.

2012/08/13(000000000) vdiff /vdiff.tex(vdiff/vdiff-disc. tex)



depamb 000000000000 9.2 0000 79

9.23 UOU0OODLOODOOOOOODOOO

0000000000000000 (955) 000000, 2 <k < kpe —1 0
oQ,
—(TC)yy s (w3 = =5)

1 Pryl = Pt . N
(~gm o Ty + (T ) (7 =)

~(TC) sy (w2 = wi?’)

_ _<thAt _ pt-At ) (9.96)

1 1
m,z,k+5 m,z,k—3

k=1000,
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_ _(thAt _ pt-at ) (9.97)

1 1
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k= ke 000,
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(_ AT 2 p PR (Tc)m,k—;) (urlf:-At _ uz At)
— t—At t—At
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oboobooboa,

Az, = G, (9.99)
@, = (u —ufm A ST A A A (9.100)
GU = (gu,b Gu2," " agu,kmm;) ; (9101)
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000,2<k<kpe—1000,A=(an,) 00000,

g j—1 = —(TC’)W,C_%, (9.103)
1 Pr4l = Pr-1

= — TC 1 TC 1 9.104
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k=1000,
1 Pr4i = Pr-1
Uhk = —5A7 : p 2 4+ (TC)myk,% + (TC’)m,H%, (9.106)
A1 = —(Tc)m,;ﬁ%- (9.107)
k= ke 000
k-1 = —(TC)m,k_%, (9.108)
1 Pr4+i — P
= — 2 T 1
af SAL P + (TC) -1 (9.109)
ooo.

gobboogd,bbogggboboboogobbbuoooon.
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goo.
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obob,0b0o0booboobooboobgoban.

go20 Dbhobuoguobboooob,ogobbooob,ooooobood
gbobobuoooobbbdoodg 20b0000gboobobog.

OoO0oooOoO0oDboOooooobbD t+At0000DOO0DOOO,00D000
00000 (958)000000,2<k<kne—1000,
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000, k=1000,
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_E(Tc)qﬁ—%a_n (TS — T )
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000,k =k, 000,
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goo.
goooooooo,
Cz, =G, (9.137)
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000,2<k<knpe—1000,C=(cn,) 00000,
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k=1000,
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ooo.
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D0000000000000000000. 000000000000000
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