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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

2012/03/01(00000O0O0O0O0O) auxvars/auxvars.tex



depamb 000000000000 6.2 0UUOO0O:0000 37

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.
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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 EEEEE 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)
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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)
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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)
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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
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)° 0000000000000 OOO0
0o41000,00000000.

o 10 20

depam OO OOO00O0O0OO0DODOOODOOOODOOOO,0000 2 =0.1m,
00000 2=10"m00000000000000000O. 8

000000000000000000. Sheppard (1947) 00000000
0000000000000000000. 0000,0000000 (O
00000000)0000 2=9x10%m 000000000000
000000 2=0139m000000000000 (Shpeppard, 1947 O
Table 2). Sheppard (1947) 00000000000 Sutton (1953) 7 000
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.

bdepam5 000 000000000000 O0O0ODOOOOD, 000000000 O000OO0
oo0ooooooooo0ooD. 0o0,0000,00000000 2000000000000
0000 (0000 private communication 0 0 O ).

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

800 O,1982: 0OOOO -00000oO000O-(00o0o0oO0oUoo 6),00000.

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



70 depam5 000000000000 o

gaon

9.2 0O0OOO

depam OO, 0000000 0DOOO0OOOODO.O0OO,OD0D00000D00OO

gobobooooboo.

t+At t—At

U = — U

2At

tHAL b= At

Uk k

2At

t+At t—At
Tk — Tk

2At

At - rtt+At )
m,x,k+3 m,x,k—3
, 9.55
g Pryl = Pp-1 ( )
t+At pittAL
Fm»y:k+% Fm’y:kfé (9 56)
Pyl = Pt
FtHAt _ pttAt
1 hk+2 hk—2
gt z, (9.57)

Co” Pryt — Py

00,0000000000000,00000 (k>2)0000oopooooo
uo.

LAt t—At Fiat _ pirat
- 1k 9 7k_7
e "Gk g M oh (9.58)

2A¢ DPrpql = Prp-1

00,000 (k=1)00000,00000000000000DOOO0O00OOO,
200b0000bobobuooooob.1bo,

LAl oA At pttAt

i, k 2.k+3 0h—3
Tk — k=1 9.59
N s k=Y (9.59)
ooo,100,
t+At  pt—At
AR B Fq7k+% Fq’k% k1) (9.60)
2At -9 L — 1 N '
Pyl = Dr-1

O000.00000,00000000000000000 (k>2)000000
O0o0o0OO0o0.0ooooOo,00o00obo0obooD t+—-At00DOooDoOoO
00°% 00,00000000000000000000000, (9.60)0000
goooo.

‘0000000000000000000,0000000000000000000000
gbooooboobooobooboboooboobo,0b0ob0,00b00booooboobooon.

goooooooboooooboooooo,oboooobooo,0boooboooobooboooboobooooo
gboboo,booboobo,00b0o0o00oooooooooooooooooooooooog. o
gb,0000o0o0o0bobooo,obooooooo,ooocooooooooboobooooon
gboooooobobooo.oooobo,000,000000,00000D000,00000
gboo,b0bobooobooboobobobooooobo,0cbooo0oooboob0obooboooonoog
oooooo.booooooobo,gbooboooobooooooboboooooboboo
goo,00boo0obooboobo. cobobooobooboo,ob0o0booboo,0b000oboo0oo

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



depamb 000000000000 9.2 0000 71

gbbobuoogobbbduooobbod.

Fm,x,k-{-% = _(TC)mJH—% (uk‘f'l - uk) ) (961)

Fm,y,k‘-‘r% = _(TC)ch—f—% (Uk-‘rl - Uk) > (962)
Tir Tk

F,... = —C,P_.(TC 1| = — — 9.63

Fq,k-l—% = _(Tc)q,k—s—% (Qk—i—l - qk) : (964)

000, (TC)ppsy (TC)hpyss (TC) 4y 0O00D0Y 000, 00000000
ooo.

nooooo,
TC) ety = 0, (9.65)
(To)h,kmax—i-% = 0, (9.66)
(TC)ghpaers = 0 (9.67)
k= ke 000,
Fm,m,kmam-&-% = 07 (968)
Fokmants = 0, (9.69)
Fh,kmaz+% = 0, (9.70)
Fq,kamx+% =0 (971)
ogoao.
2<k<kn.-—1000,
1
(TC)mJﬁL% = Prtl m,k+%m, (9.72)
1
(Tc)h,k-i-% = pk-}-%Kh,k-t,-%z—_; (9.73)
k+1 — Rk
1
(TC)gnry = pk+%Kq,k+%m- (9.74)

00 (00000000000),00000000000000000000000000,00
Odepam 000000,0000000000000000000000 (¢t—-At00000OO
00000000000 D0000000,00000000000000).

00,0000000000,000000000000000D000.000,0000000
0000000,000000000000000000000000,00000000000
00DD0000000000,000000000000000000000. 00000,00
000000000D00000000D000000000.

00,00000000000000000O00D0000,000000,00000000,0
0000000000000 00000D0O0D0ODO00000DOD0D,00000000.0000
00000000000 000.

0(2011-82000) 00000007

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



72 depam5 000000000000 o gaon

pk+%DDDDDDDDDDD.

P+l

pk—i—% - RTv7k+é (975)

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

Fm,x,k—% = _(Tc)m,k—%ub (976)
Fm,%k—% = _(Tc)m,k—%vla (977)
Tk Ts
Fypos = —CyPs(TC)yys (Fk_ Pkl), (9.78)
2
Fq,kf% = _E(Tc)q,kf% <Qk—q:) (979)
(TC)i-r = psCalvrl, (9.80)
(To)h,k—% = psCh k], (9.81)
(Tc)q,k—% = pscq|'vk|u (982)
Ps
P = R, (9-83)

000y, 0000000000000000,000000000000000,
gobobooon

Fpapr = —(TC)py 1w, (9.84)
Fpyit = —(TC)s vy, (9.85)
Ehp-1 Fhs, (9.86)
For = Fu. (9.87)
ood. 00dooodooogoooon.
(TC)pps = — (9.88)

Tf

gog.

9.21 0O0O0OOOOOOOOO

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

0po 7T,,(00000)0000? 7T, (T,,?) 00000?000,00000000.00
0O00o000O00O0O0oOooOon.

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



depamb 000000000000 9.2 0000 73

(0.35)0000000000000O0O,00000000000O0DOOOO0O.

g Opr1 — O -

Oril Zbsr — 2k

8_’0
0z

: (9.89)

k+4
2 2
o (uk+1 - uk) + (Uk-‘rl - Uk}) (9 90)
k+1 Rk+1 — Rk Rk+1 — Rk

0000 (929) 0000000000O0OO.

Ri,k+% -

8_’0
0z

l. L = k(zk_zsurf)
hts 1+ k(Zk — Zsurf)/lo'

(9.91)

000,z 000000000,

9.22 0O0OOOOOOOOO

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

(9.35) 00 000000000000, 00000000,00000000CO0O.

-2

9 0, — 0, |0v

R, = — 9.92
i3 O 2py1 — 25 |02 1 ’ (5.92)
ov Ug, — Us 2 Vg, — Us 2
R e = o
T
6, = == (9.94)
P — (@) . (9.95)
Ds

000,.0000000,7,0000000,p, 000000O0OO0O*R.

20000, R, 00000000000000000,000000000000000000
gbooaboodabooa. gbooboobgoboobab.

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



74 depam5 000000000000 o gaon

9.23 U00OOOOOOOOODODOOO

D000000000000000 (955) 000000, 2<k < kpe —1 0
0Q,
—(TC) s (w3 =i =3)

1 Pryl = Pp-1 . N
(~omr o Ty + (TC) iy ) (™ — ™)

A -A
—(TC) i py 2 (" — uiy’)

_ _(thAt _ pt-A ) (9.96)

1 1
m,z,k+5 m,z,k—3

k=1000,
1 Prel — Pl
2At
~(TC) s (w2 = uit?)

_ _(thAt _ pt-at ) (9.97)

1 1
m,z,k+3 m,z,k—3

FTC) e + (T ) (047 = )

k= ke 000,
—(TC) ez (w3 — i 23)

( 1 Dryl — Pl

FTC) 0y ) (S = ™)

At g
_ t—At t—At
- <Fm,x,k+% o Fm,x,k—%) (998)

goo.

gbogoogoooo,

Az, = G, (9.99)
Tt AL
Gu = (.gu,la Gu2," " 7gu,kmaz) 3 (9101)
Gup = — <an_,f£ 417 F;jf,ﬁ_%) (9.102)

000,2<k<kpe—1000,A=(an,) 00000,

akyk_l = _<T0)m,k—%7 (9103)
1 Pr4l = Pr-1

= — TC TC 1 9.104

Ak, k IAt g + ( )m,kfé + ( )m,k+§7 ( )

Ak k+1 = —(TC’)WH%. (9105)

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



depamb 000000000000 9.2 0000 75

L=1000,
B 1 pk+% _pkf%
TN g + (TC’)m,k,% + (TC)m’H%, (9.106)
Ak k+1 = _(T0>m,k+%' (9107)
k= ke 000,
g -1 = —(To)mk_%, (9.108)
1 Pr+l — Pr-1
= - 2 = TC 9.109
ak7k 2At g +( )m,k—% ( )
ooo.
dooooooo,obgoooooooooooooooon.
Az, =G, (9.110)
Ly = (U?_At Ui A U§+At Ué Ata e ’Uli—,:?; - Uli;:nfzt) ) (9111)
Gv - (gv 1,9v,2," 5 Gu, kmax> (9112)
_ t—At t—At
Gok = (Fm s~ F yk"> (9.113)

goo.

9.24 0U0OOOLOOOOOODOOO

00000000 (957 000000,2<k<kn,—1000,

(Tc)hk ;(THN Tli:lAt)

pPk 1
1 Pr+l = Pr-1 P_1 Py A _A
+ ( Cp2At : p =+ G P; (TC)hp-1r +Cp P; (Tc)h,k+§> (T35 =T 2)
Pk+2 t+At t—At
~Cop - (TC)pry (Tl — T3Y)
t—At t—At
- <Fh o - F k_f) (9.114)

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



76 depam5 000000000000 o gaon

O0b0,rk=1000,0000000000000D0DOOO,

_Cp(Tc)h,k—% (T2 =T

1 Pryl — D1 Ppia b1 A N
+ <_Cp2At : q L+ Cp P; (Tc)h,k+§ + Opﬁ(Tc)h,k§> (TI?r - Tl: t)
P’”% t+At t—At
_Opm(Tc)h,k—i—% (Tk—H — Ty )
_ t—At t—At
= - (Fh7k+% - Fh,k—%) (9.115)
goooooooooooooooog,
C L Pr+d = Pr—j C P’”% TC AL _ t—At
ITYN g +Cp 2 (TCYppys | (T = T)
P’“JF% t+AL t— At
—Cp Pt (Tc)h,k—&-% (Tk+1 —Tiid )
S (F}jjkﬁ% - B ) (9.116)

000.00,k=kp, 000,

P
=Gy P]Z_i (T0>h,k;—% (leJ—rlAt - le:lAt)
1 Pryl = Pr-l = t+AL t—At
= - (- ) o1
god.

gbogbogbg,ogbogbudgbubobogboobobbobbob,

B.z, =G, (9.118)

x, = (T;H-At . T;—At’ Tlt-i-At . Tf_At, TQH—At o 7‘!215—At7 . 7T]§Iﬁt . le;@)lylg)
Go = (91,902 s Ghkmas) » (9.120)
Gnk = — (Ft;ﬁﬁ - Fj;ﬁ%) (9.121)

000000000, B 000,2<k<kn—1000,B,=(bymn, 00O

3B, 0000000 «0000D000O0O0O0ODOOO. 0100 000000000000,
obooo B, 0OO0ODO.

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



depamb 000000000000 9.2 0000 77

0oag,
P, 1
bagi-1 = —Cpp—=(TC)p -1 (9.122)
k—1
1 Pr+i — P12 L
= - T (T 1
P]C 1
Dugiir1 = 4%E%UCMH; (9.124)
+
000,k=1000,
bopr—1 = _Cp(TC>h’k_%7 (9.125)
1 pk—i—% _pk_% Pk-&-% Pk—%
ba)k,k - _Cp2At g + CP Pk (Tc)h,k—O—% + CP Pk ( ) ,£9—%1'26)
Pk+
ba7k7k+1 == Cp P (TC)h k‘+ (9127)
k+1
000, k=kFkn,e 000,
Pk)*%
bajp-1 = A%EfHUMFL (9.128)
1 Pr+l = Pr-1 Pk_%
bk = —q?At J +Q’H;U0h“% (9.129)

goo.

OO0, B, 0 knee O ke +10000000,00000000000000
ooobooobdboobo. bobooboboo,oboobobuooboon
obobooboboobo,bobboobobboobgob.oobobgobon
obobboboobooboobooba,b12o000bo0on.

00,0000000000000000000000000,00000000
00000000, k=1000,

1 pk‘—i-f _pk;—l Pk+l
ba,k,k - _Cp2At 2 g 2 + Cp Pk2 (TC)h,k+%, (9130)
Pk+
bajrr1 = <%PQHUMH, (9.131)
k+1

O00. k>100000, (9.122)~(9.1249)000000. OO0O0OO00OO, B, O
kmee O ke OO0 00000, 00000000000000,00000000
goooDood.

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



78 depam5 000000000000 o gaon

9.25 000 (DO)0O0ODODOOOODOOO

gbgoo,gbbobbobbooboobooboobgan.

g2 0bbuoooobobuooob,ogubobbooo,boogobobood
gobbboooobbbooo 20000040000 boag.

Oo0ooOoOooo0ooboooDooD t+AtDODDOO00DOOO0ODOOO,00000
00000 (958)000000,2<k<kne—1000,

—(TC)gps (12" — 4:21")

L e~ P L+ AL t—At
(_ 2At 2 + <T0)q,k+% + (Tc)q,ké) (Qk+ —qy )

A ~A
—(TO)gss (@57 — 437")

- (Ft—At - Ft‘At> (9.132)

q7k+% qvk_%

O00,k=1000,
q;
oT,

1 Pryl —Dp_1 _
+ <b AL : P =+ (TC) s + e(TC)ngé) (g, — ¢79.133)

—(TC) s (@535 — 452"
_ t—At t—At
—- (Fq,k% - quk_%) (9.134)
000, k=knee 000,
—(TC) gt (@5 = 72)
( | Pl — Pl

—E(Tc)q’k_% (Tt-‘rAt . T;_At)

s

+ (TC)q,k;> (™ =g (9.135)

C2A¢ g
_ t—At  pt—At
= = (ES - Fn) (9.136)
ooo.
0oooooooo,
Cz, =G, (9.137)
000000000.000,
x, = (T;+At . T‘f*m, q§+At . qifAt’ q§+At B q;ﬁAt, . ’qltf;it _ qi;ff(PJ%)
Gq = (gq,h 9q,25 " " agq,kmaz) ) (9139)
R G B ey (9.140

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



depamb 000000000000 9.2 0000 79

000,2<k<knpew—1000,C=(cn, 00000,

chp—1 = —(TC)gp_1, (9.141)
1 kar, — PDi_1
Ck,k’ - _2At 2 g 2 + (TC)(L]H_% + (TC)q,k_%, (9142)
Chprt = —(TC)gps1- (9.143)
E=1000,
9g5
%Mlz'%@mmﬁé%y (9.144)
1 Pr4l = Pr-1
Ckk = ToAg ? P 2+ (TC’)q’H% —i—e(TC’)q’,ﬁ%, (9.145)
Chk+l = —(Tc)q,;ﬁ%, (9.146)
k =k 000
cep—1 = —(TC)gp1, (9.147)
1 Pr+l — Pr-1
Chk = Toag : J =+ (TC) gt (9.148)

oog.

000,C0O kpee 0 ke +10000000,000000000000000
000000000000. 0000000000,0000000000000
000000000000 00000000. 000000000000000
00000,0 12000000,

OO0,000000000000t-At0000000C0OD0DOODODO,0000
OOoooboboboboono,k=1000,

Ckk—1 — 0, (9149)
1 Pr+l = Pr-1

= - TC 9.150

Ck k SAT 7 + ( )q,k+%7 ( )

Chprt = —(TC)gpy1 (9.151)

O00. k>200000, (9.141) 0(9.143) D 0D00O0OO. DODOOO,CO
kmee U ke 0000000, 000000000.

gbo,dbbodboobuogbbodboooboobobuoobobuoobbod
goo.

vdiff/vdiff.tex(vdiff /vdiff-references.tex) 2012/03/01(000000O0O0O0O)



80 depam5 000000000000 o gaon

9.3 OOOO

Businger, J.A., Wyngaard, J. C., Izumi, Y., Bradley, E. F., 1971: Flux-profile
relationships in the atmospheric surface layer. J. Atmos. Sci., 28, 181-189.

Kondo, J and Sato, T., 1982: The determination of the von Karman Constant.
J. Meteorol. Soc. Japan, 60, 461-471.

Louis, J-F., M. Tiedtke, and J-F. Geleyn, 1982: A short history of the PBL
parameterization at ECMWEF, Workshop on Planetary Boundary Layer Pa-
rameterization, 59-80, ECMWEF, Reading, U.K..

Mellor, G. L., and T. Yamada, 1974: A hierarchy of turbulence closure models
for planetary boundary layers, J. Atmos. Sci., 31, 1791-1806.

Mellor, G. L., and T. Yamada, 1982: Development of a turbulent closure model
for geophysical fluid problems, Rev. Geophys. Space Phys., 20, 851-875.

Sheppard, P.A., 1947: The Aerodynamic Drag of the Earth’s Surface and the
Value of von Karman’s Constant in the Lower Atmosphere. Proc. Roy. Soc.
(London), A188, 208-222 .

ugg oo,gb ogg,199: 0obog,obooo.

00 00,1982 00000000 -0000000000-(000000000
04),00000.

2012/03/01(00000O0O0O0O0O) vdiff /vdiff.tex(vdiff /vdiff-references.tex)



depamb 000000000000 10.1 00400 81

100 LOotbuobobototdod

10.1 OO 0O0

gooo,ggbbobdgoboboboooobon.

10.1.1 0OO0OO0OO0 10000

OO000bD 10000000000000. 000000 slabocean OO0 OO
oooo.

gb1booggbobobuooog,buooogbboboooobn.

0T
OSW = _FSR_FLR_Fh,%_LFqé—}_Fg’ (101)

oob0 c,0o0ooogo.

ob,0000000000000000000400.

0T
ot

gbooobo,0bbboogobbboooobbboog,boooobobooboood
go.

— 0 (10.2)

Ts, = Const. (10.3)

surface/energybudget.tex(surface/energybudget-math.tex)  2012/03/01(000000000)



82 depam5 0000000000000 100 gbobbooaooboo

10.1.2 0OO0O0OO0O0O0O0OO

gboboobobo,boboobobooboboobobo.bboobon
gboobg,bobooboobooboobooon

oT, OF, 1,
Co72 = ——=2 10.4
7 ot 0z (10.4)
Fg,h = FSR+FLR+Fh+LFq forz = 0 (105)
oT,
Fg,h = —/ﬂla—zg forz < 0 (106)

oo00.000 ¢, 0oo00000000000000,x0000000Q00QC0O0AO
oo.

gbobboooobbooogbn

0000000/000000,00000000000000.000,0000
goboboogoobood,

T = T, (10.7)
Fyn = SR+ Frp+ Fy 1+ LE, 1 (+Fin) + Fsu (10.8)

oob.000,T.., 00000000, Fry 0O0O0o0ooo0oobooooooon
U, Fsyy DOODOODOODODODOODO.

10.1.3 OO 10000000

0000000000000000,1000000000000.000000
ooo,

oT,
ot
000.000,C;,000000000000000,A 000000, F 00
0000000000000000000000.

Crhr = —Fsp—Frr— Fhé — LF%% + F,. (10.9)

gobbooodgbbbodgo

O00000000O0O0OO0O0OO0OOOO,0000000. 000,00000 (O
O0000)00000Oooooooooo.

2012/03/01(0000000O0O0O) surface/energybudget.tex(surface/energybudget-math.tex)



depamb 000000000000 10.2 0000 83

gbooboooobobodad,
T
ot
oboo.000, Fry0oobooobooobooobooboob.

Crhy

= —Fsp—Fip—Fyy — LF, + Fy— Fry. (10.10)

10.2 0OOOO

gbobob,gdbbboooobbbuoooobbbaad.

10.2.1 0000 10000

oooOoO0 10000000000 oob,booooooooDbbobbobo
(10.1) 0,090 ODDODOOOOUOOUODODODDODOOOOOOODODOODOOO,

—Le(TC’)q’% (q§+At . qTAt)

Cy OFR Iq; t+AL t—At
+ (E +Cp(TC)y 1 + o7, + Le(TC), 1 8T> (T T2

Py OFLr
. 2 (T L Tt—‘rAt - Tt—At
+ ( OP Pl ( O)h,a + aTl ( 1 1 )

= —FLA — Frp (T2, T2 —F}jjéﬂt—LF;éAt+Fg+At (10.11)
0D00.00,000000000,0000000000000000 t+At0

OO0o00O0oooobo.0ob,00000Dobo0o0oooooooDn t—AtOd

a*
goboobodoog,obbboaoodao, oo Le(TC’)qéaszDDDDDD

O.00o00,0b0b0bobbooogog,k=000000000000.

bs,k,kfl (qi-i-At o qi—At) + bs,k,k (T;H-At . T;_At)

b1 (T2 — T2 = gon (10.12)
ooo,
bs,k,k—l = —LG(TC)%% (1013)
C, dq;  OFLg
bs = — 4+ C,(TC), 1 + Le(TC) , 1 == 10.14
Kok 2At + p( )h,§ + 6( )q,§ 8TS + 8Ts ( )
Py OFLr

b = —C,—=2(TC), 1 10.1
ko k+1 CP Pl( C)h,§ + 8T1 ( O 5)
o = —F§™ = Fop (T2 TT5) — Fy8 = LESS + FH2{10.16)

2 ’2

surface/energybudget.tex(surface/energybudget-disc.tex) 2012/03/01(00000C0O0O0O0O)



84 depam5 0000000000000 100 gbobbooaooboo

goo.

00,000000000 (D00ODO0O0D0O0O00O0O)0000ODO,00000

b&k,k_l =0 (10.17)
bs,k,k =1 (10.18)
bs k1 = 0 (10.19)
ggdg.
10.2.2 OJ0O0O0O0OOOO0OOOO0OOCO0OOO0OO0OOOOO0
goooooooouoobooguooogooo.
Ti+AE _ pt=At FitAt L - F’“FN_l
C, ok ok __ohMs ol (10.21)
DDD,lSkgk&max—lﬂﬂﬂ,
Fg,h,k+% = _(Tc)g,k+% (Tg,k+1 - Tg,k) J (10-22)
1
(Tc)g,k—l-% = lig’k+%m (1023)
oo, oo0oooon (kleDD),
Fg’,%k_% = FSR"'FLR"_Fhé —I—LFq’% (10.24)
oo, 0o0ogoon (/{:ksvmaxDDD),

goo.

000,00000000000000000 (0000 T (knee 0), 00000
T,(10), 0000 T, (kemee 1)) 00000000000000. 000000
oooooo.

Fh

9,

g1 (Tya = T) (10.26)

1
2

(TC), (10.27)

1 1
i) 9,3 Zl_o

2012/03/01(000000O0O0OO) surface/energybudget.tex(surface/energybudget-disc.tex)



depamb 000000000000 10.2 0000 85

00, (1026) 0000000000, 000,(1024)0 k=000000000
O000,0000000000000001

0000000000000000000,2<k<keme—1000,

—(TC)g s (T2 = Ti20)

1
+ {EOQJC’ (Zk‘i'% — Zk—%) + (TC)g’k_% + (Tc>g7k+;} (T;:‘};At — T;;:At)

~(TC)grs (Tgit — Tyat)

- —(Ft*“ i ) (10.28)

97h7k+% gahvkié

000, k=kgmee 000,
~(TC) gy (Tgh%5 = Tga5)
1 —
+ {Q—Atcg,ka (Zk-i-% — Zk—%) + (TC)%k_é} (T;:};At _ T;,kAt)

— —(Ft*“ i ) (10.29)

g:hzk+% g7h7k7%

oog.

k=1000000,(10.21)0 (1026) 00000000000000000. O
00000,k=2000000,

T,

9,

k-1 = T (10.30)
00o000o0Dooo.

kF=0000,0000,0000000,0000000D0O000DO0OO0DO
gbobbbouooooobboboboo. bbb, buoooobbobobodg,ood
OO0 7,000, 000000000000, O0bO0bO0obDOooDOobDOobDOoo
O0000000. 0000000000 (1024) 0000,00000000000
oooo2.

0T

Ot

—Fsp = FLp — Fy 1 — LF 1 + Fy )1 (10.31)

0000, knee <k<-1000000000000000,k=00,000,00000
0000000,1<k<kome 0000000000000,

c,=00000,(1024) 00000000000000000. 000000000000
0, slubocean 0O00O00D0OOO. O0O0,C#0, Fyjpp1=0,(TC), 1 =000000, slub
occan 000O0O0O. 00O0,00000000 /OODOUOOODOUDOOOOOO,00000000
gooooboob.

surface/energybudget.tex(surface/energybudget-disc.tex) 2012/03/01(00000C0O0O0O0O)



86 depam5 0000000000000 100 gbobbooaooboo

gboobaboobodobodn,
Tt+At_Tt—At
CS 2 2At8 - _FSR_FLR_Fh,%_LFQ,%+Fg7h7% (1032)

gobo.boggoboood,

Py OF,
(~epbiron + G ) (rese -

—+ < CS — (Tc>g7% + CP(TC)h,% + %) (TH—At . Tst_At)

2At ar, ) s
HITC)y s (Ty1™ = Tpr™)

A At t—A -A -A A
SFGEN = Fup (T TEN) = B = LESM + FRAT(1033)

Oo0.000,000000000O0O000DOoO,0OD0000DO t—AtO
gobooobooogo.

goboooood,

Bz, =G, (10.34)
gooooogooo. ooo,
mg — (Tlt-l—At . T{f—At’ Tst-i-At - Tst_At7
TS THN TS TGN LTS T ) (1039
Gg = (gg,07gg,17gg,27 "'7gg,ksﬂmaz) ) (1036)
Goo = _FEEAt — Fin (TsthaTltht) _ Ffiém
t—At t— AL
_LFCL% + Fg,h,% (1037)
-t At
Jgk>1 = (Fg,,ﬁ% ngk_%> (10.38)

000,1<k<komw—1000,

1
bukk = 33 Cok (z,ﬁ%—zk,%)—i—(TC)g’k,%jL(TC’)g’H% (10.40)

bgkirr = —(TC)gpr1 (10.41)
000,k=0000,

Py OF
borar = —Cppr (T + m{f (10.42)
C, OF
bk = gag — (TC)ys + Co(TC)y s + azL;R (10.43)
bgrisr = (TC)g1 (10.44)

2012/03/01(000000O0O0OO) surface/energybudget.tex(surface/energybudget-disc.tex)



depamb 000000000000 10.2 0000 87

0002, k= kemee 000,

bg,k,k—l = —(TC)

1
barie = 35;Cais (g = 7my) + (TC) iy (10.46)

(10.45)

gvk_%

goo.

O00,B; 0 kemee +10 kse +20000000,00000000000
gbobogobboogbboodg. bbooobboogo,buoggbbood
gboood.

O00,000000000 (Dobooooooooooo0)ooooo,

boiht = O (10.47)
b = 1 (10.48)
boisss = O (10.49)

Ggk = 0 (1050)

goo.

10.2.3 0O0O0OOO0OOOOOOOLDOOOO

0000000oooooooooooog, (108 00ooooo,

t+At t+At
TS - Tg,l

F5+At — _k

Z1 — 27
2
= Fgp'+ Fg' + FYS LESS (S + Fgip' o (1051)
000.000,(1032) 0000000000, (1051)0,00000000 C
0o0o000000000000o0o0a,

t+At t—At
C Ts B Ts
s

A A A A A A
o = —FHA - PR - FUA - LFEA 4 FUA PR (W
ooo. 0o0, F;EAt,FggAt,FigAt,FéEAt,LF;EAt,F}LAt,ngft ooooo, o
00000000000, 000000000,000000000,000000
0,0000000,0000000000000,0000000000000
0O.«0000000D0DDDD.

30000,7T,(0000), 7, (00000),7T(0000)0000000000, 2010/02/20
000000000000000000.

surface/energybudget.tex(surface/energybudget-disc.tex) 2012/03/01(00000C0O0O0O0O)



88 depam5 0000000000000 100 gbobbooaooboo

00O00,00 7T+A'=7,00000000,0000000000000000
000000000,..000.0000 (yot, 2011/12/28).

gobobooogboo

L usionMn W
DDDD,DDDA@WDDDDD,ﬂﬁﬂz;ngﬂiDDDDD,DDDD

O000000000000000000. 000, Lisie, DOOO0O0O00O0O.

(1052) 000000,

(T0>g’% (Tt-i-At . T;—lAt)

g,1
C, OFLR A .
* (QAt B (Tc)g,% T CP(TC)h,% + 3—Ts) (TstJr LTt t)

Py OFLr -
+ <_CPE(TC)}L’% + 8—T1 (Tlt“'At _ Tlt At)

= FA - R (TAUTI) - B LESA 4 FACFR) ()

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

0000 (1034) 000000000, (1037) 0000

goo = —Fe = Fup (T5™, T — i
—LEy 8 4 Fy S (- FP) - Fop! (10.54)

goboog.

gobbobuooooboo

oooo, T~ =1,,000000000000000000.

(1034) 000000000, (10.37), (1043) 0000

by k1 0 (10.55)
byre = 1 (10.56)
by skl 0 (10.57)

ggo = T.—T (10.58)

2012/03/01(000000O0O0OO) surface/energybudget.tex(surface/energybudget-disc.tex)



depamb 000000000000 10.2 0000 89

gooobog.

Feuy O, THM=17T,,,000,000000000,(1052),00000.

10.24 LUOO0OOOOOO

gbooobooa,gbbobduooobbbdn

T, —Tj
hr

Fb = —K7 (1059)
oooooooo.oobo, s, 00000000, 000000000,Tp00
O0O0ooo0o00.0ooo,0000oooo0o (109 0ooooooooo
0g.

Crh;
2A¢
= —FLAU plAt F;Lj';t — LF;"%N + FiAt (10.60)

t+At  t—At
(T2 = T7)

s

000,00000000 t-At0000000000Y 00000000,

Crhy OFLr = Kp t+At t—At
(2At —i—C’p(TC)h’% + o, + h_]> (Ts T, )

Pl 8T1
_Fé—EAt . FLR (Tst_At,Tf_At) . F;;_%At o LF;,—%At + Fg_At (1061)

Py OF,
+ (—CP—Q(TC),I’; + LR) (72 — 112

goo.

ooooogo,00ooooooobobob,k=0000000000000
go.

bigoge (TIHAT — T3 4 by g (T2 = T172Y) = g (10.62)

i000,000000000000000000000000000O0. 0OO00,000000
ooooo0O0OO0O0O000000000000+t+t-At 0000000000000 OOOOOO
oo0,000000,0000t—-At000000O0O0ODOODOOO0OO0ODDODODOOOOOD
Oo.0o00bo,0o0o0ocoboooooboon.

surface/energybudget.tex(surface/energybudget-disc.tex) 2012/03/01(00000C0O0O0O0O)



90 depam5 0000000000000 100 gbobbooaooboo

goo,
Crh oF K
gk = 5i§+CMT0hé+-a;R+Ef (10.63)
Py OF
bi ke k1 :’{%ﬁavhé+aiR (10.64)
Gix = _F§EAt . FLR (T‘;thaTltht) . F}i:At . LthAt
’ 2 43
+FimAt (10.65)
goo.
10.2.5 0OO0OOOOOOOOOOOO
O000000ooooo (10.10)ocoooooo,
Crh
QIAtI (TSt+At _ TSt—At) _ _FE%M _ FF}%N _ F;:%At _ LF;—%A:: + F§+At —(EfJ]Tﬁff)
THA = T, (10.67)

gob.doob,r.oobodgogd. 7. 00ggoobon,I,=7. 00000
oooooogg. Fy0,T,=17T.,000,(10.66) D000ODODO.

00,00000000000, (10.63), (10.64), (1065) 00000000000
ooo.

bigr = 1 (10.68)
bi,k,k+1 - 0 (1069)
gix = T.— T (10.70)

2012/03/01(000000O0O0OO) surface/energybudget.tex(surface/energybudget-disc.tex)



depamb 000000000000 11.2 0000 91

U110 ootgbug

11.1 0OO0od

Manabe (1969) OO0, 00000, M,, 000, M, 000000000 0O0OO.
oM,

ot = _Fq,w+Frain+FSM_FRO (111)
M,
aat _ _qus + anow _ FSM (112)

000, Fyw, Fye, Fraims Fenow, Fsu, FrRo 000 00000000000000
00000000000,0000000000000000000,00000
00,0000000,0000000,0000000000000. 00O,
0< My < Mymae 100, Myme; 00000000000000000.

ooooo000o0o F,0000,F,0 F,,000,000000000000
00 Fprep 0000, Frgin O Fanow 0000 ... .

11.2 0O0OOO0

goobog,bbobdgobooboogobobobuoooon.

M+t — Mt
SAL = _Fq,w,% + Fragin + Fsyr — Fro (113)
M+t — Mt
2Nt = ~Fyo s+ Fonow = Fsu (11.4)
ooo,
Fyi=Fy,1+F, (11.5)
ooo.

surface/bucket.tex(surface/bucket-references.tex) 2012/03/01(000000O0O0O0O)



92 depam5 000000000000 U110 gbooodg

11.3 0000

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.

2012/03/01(00000O0O0O0O0O) surface/bucket.tex(surface/bucket-references.tex)



depamb 000000000000 12.1 0000 93

120 Ooddootbtdood
HREEN

12.1 0OO0OOO0

10200000, 0000000000000, 00DL0000000DLDODO, U4
gbooo 1obogoboog,bbugobboooboooobba,bbood
gbbogogbbog.gbbuooobb,gobbuooobbuooobbood
goboob,bdoogobobouoooobboboboooo. bodg,od
g3bbuoogubooagd.

e U UO 10DODLDOUOOODDOD
e OO UOOOODLDDDOOOO

e OO UOOOODLDDDOOOO

12.1.1 00000 10000000000

goob,gdobb11o0ggbooboooobobob.booo,bboood
00000 (9.118),00000 1000000000 (10.12),00000000
000 (9.137) 000000. 00000000000 ODOODOOOOOOO.

thq = th (121)

physics/physics.tex 2012/03/01(000000O0O0O0O)



94 depam5 0000000 0OOIMNO OD0O00OO0OOOOOOOOOO

Bha = (0 gl g g g
TtJrAt o thAt
Tlt‘i-At o Tlt_Atv th-‘rAt . TQt_At, - T];:IQA: . Tkt;ﬁt) 7 (122>
= (Aqkmaz? ) AQ27 Aq].?
AT,
ATlvATZw“aATkmaz) 5 (123
th = (gq,kmaz7 <9 9¢,2,9¢4.1, 95,00 9h,15 Gh,25 -+ gh,k‘mam) ) (124)
DOOOO0, k<-1000,
d_pry1 = Chh—1 (12.5)
d_pr = Cipk (12.6)
dogr—1 = Ckk+1 (12.7)
000,k=0000,
dieg—1 = bskk—1 (12.8)
dere = bspp (12.9)
degy1 = bsppst (12.10)
000, k>1000,
dip—1 = bakk—1 (12.11)
diie = bakk (12.12)
i1 = bajks1 (12.13)

000.00,bu, 000 ¢,000000090 0000, b,,,000000
0100 0000000000.

oboobobdoboboooooodnD =, 0000, 000000000000
gpoooboooobog.

oT AT,

- = —= 12.14
(8t>k 2At’ ( )
oT,\ AT,

<8t> AL (12.15)
dq Agy,

= = = 12.1
(c‘%)k QAL (12.16)

2012/03/01(00000O0O0O0O0O) physics/physics.tex



depamb 000000000000 12.1 0000 95

12.1.2 0O0000O0O0O0OO0OODOOOO0O

0000,000000000000000000.0000,00000000
000 (9.118), 0000000000 ((10.34)000000.00000000
0DO0000O000O0000o0.

thg = th (1217)
Ty = (Tg'f};ffm = Ty o™ = Tp™ TR = T3,
Tt-‘rAt o Tt—At
TP — T TPal — T8 LT e — -8l (12.18)
= (ATg,ks,maz, s ATgQ, ATg,l,
ATy,
ATl,ATQ,...,ATkmaI)7 (12.19)
th = (gg,ks,"uz:l;’ M gg,?vgg,la gS,O’ gh71’ gh72’ R th‘Hna:L') ? (12'20)
DOOoOoOO, k<0000,
d_prt1 = bgrr- (12.21)
d—ka = bg,k,k (12.22)
d_pr—1 = bg7k;7k;+1 (12.23)
ood,k>1000,
dpp—1 = bapp—1 (12.24)
Ay = bakk (12.25)
degyr = Dagrr1 (12.26)

goo.

goooobododboooooood =, 0000, 000000000000
gooboogogoooo.

ar\ AT,

<E)k = SAr (12.27)
o, AT,

(1) - 2n a2
aT,\ AT,y
(W)k - S (12.29)

physics/physics.tex 2012/03/01(000000O0O0O0O)



96 depam5 0000000 0OOIMNO OD0O00OO0OOOOOOOOOO

12.1.3 0O000O0O0O0O0O0OOO0OOO0O0O0

gbog,booboobooboobboobg. oobb,oboobbob
000 (9.118),000000000 (10.62), 000000 OODOoOoOoOooOOO
gbgoboboboobood.

Dz = G (12.30)
Tn = (Tt+At o Tt—At
T{HA — T80 Ty A — T80 LT — T8 - (12.31)
Gri = (9i,0, 9015 9,25 > Ghkmas) » (12.32)
pOOOO0D,k=0000,
dk,kfl - bi,k,kfl (1233)
e = bigg (12.34)
000, k>1000,
-1 = bajkk—1 (12.35)
diie = bakk (12.36)
dig+1 = Dok (12.37)

goo.

l0pO00000000000000 10000,000000000000000000,0
gobogbooaobooaobooobgoob.gob,obgobobobobobooboobooog.

2012/03/01(00000O0O0O0O0O) physics/physics.tex



depamb 000000000000

Al O000O0OO0OO0ODOO

O O0OA 0O0000oddd

Al

Jooogoogn

gboobooooboboobooooboobog.

Ooooo
ooooo
O000000on
O000000on
Ooooo
Oo0oo0oooad
ooooooad
Oo0oogag
ooooooad
Oo0oogag
O000000Dooooooooon
Kalman O O

DO mOS 8

QL
s
I
o

_1_1

v T M

k= R/C,

> 2
|
™M

m s
J kg ! K1
J kg ! K1
J kg1

J kg™t K1
Jkg ! Kt
J kg™t K1

6.37 x10°
9.8
1004.6
287.04
2.5 x108
1810.
461.
1000.
0.622
0.606
0.286
0.4

constants/constants.tex(constants/cst-earth.tex.tex)

2012/03/01(000000000)



98 depam5 000000000 MIOMB 0O00O0O0ODOOOOOOOOO

O OB 000000000000
L O

B.1 OO0OOOOO

0000000000000000000,00000000000000000
0oo,0000.

gbobooggbogbbdod,uogbobudgbbooboobbuoobbooboo
g.obogdgbb,ogobboodgbbboodobbooobbboobobboo
goboboogobobuoooon.

gbbodgbb20bbugbbuogboboobobooob,gobboobbod
gobbboooo.bobboooobooboboooooo.

gob,dgdooboggobobuoogoobod.

1. 00000 (000000, Legendre d O, Legendre 0 O O )
2. 0000

3. 000o0on

00,00000000C00,000000 (0)oUoooooooo.

2012/03/01(00000000O0) spectral/spectral.tex(spectral /spl-spherical-harmonics.tex)



depamb 000000000000 B.1 0O0O0OOO0OO 99

B.1.1 0OOOOO

0000,00000'0 Legendre 0 00000 pTT,2DDDDDD Legendre U
oooogd PL4r0D00000O0DODOOO0 vVvyrOOOOODOD. OOODO
OO0o0O0bOobO,0000000,000,0D0b0000O0O0DOODODAO.

OO000D00O Legendre0 OO OO0 pﬁ”

e 10

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

[m|

(1 _ M2)T dn+|m|
2nm) dpntiml

DM
n

(u* = 1)". (B.1)

000,mn00<|m<nD000000000. Legendre0 O P°0 P,
oooo.

e Legendre 00000000 OO0OOO
PrMup)000D0000000.

lo-m el -2 co @2

000,mn00<|m<n000000000.

o Legendre 0D DDOOOOODODOO
PMp)0000O00DO0.

(n—|m|+1)P™, — (2n+ D)uP™ + (n + |m|)P™, = 0. (B.3)
000,mn0 0<|m<n—-1,000 m=n=0000000000.
oo, dooooooodon.

2 d DM Dm DM
(1—u>@Pn = (n+|m))Py —nuP". (B.4)

O00,mn0 0<|m<n-1000000000.

l0g,000,00000000 10,1960 0O0.

spectral/spectral.tex(spectral/spl-spherical-harmonics.tex)  2012/03/01(000000000)



100 depam50000000000OIB OCOOOOOOODOODOODOOO

e D0DOOOMO
P™(p) (n=|m|,|m+1,---) 00000000000,

n

[ PR BR e = 5 (B:5)

O00,m,nn 00<|m|<nn000000000.
~1<p<10000000000 A(p) O {PPn = |m|,|m+1],---} 00

0o
Alp) = Y AP (p), (B.6)
Sy
A?—%Q4SKJZ&/¥MMRﬂMWL (B.7)
ooooo.

2000000 LegendreOOQOQOQ P™

o [1[]

2000000 Legendre 000000 PMp) 0 -1<pu<1000000
gobbood.

2n+1)(n—|m|)! - @2n+1)(n — |m)! (1 — p2)'s dotlml

" \/ (n + [ml)! P":\/ (n + [m])! ol gl
(B.8)

1)

O000,mn0 0<|m<n000000000. LegendreOO P° 0O P,
googd.

o Legendre 100 O0OODODDOOOOODO
P™up)O,000000000.

d d m?

— (1 —p?)—P" 1) — P =0. B.9
ada-a et faney b (B.9)
000, mn0 0<|m|<nD0000000D00.

o Legendre 000 ODODODOOOOOMO

2012/03/01(00000000O0) spectral/spectral.tex(spectral /spl-spherical-harmonics.tex)



depamb 000000000000 B.1 0OOO0OOO0OO 101

P u)0,00000000.

(n_|m|+1>\/2 1 (n+1+m) (2n+1)\/ Lt

n+3Mn+1—|m) " on+1(n—|m[)" "

+OmeD¢%£_JZ:?jZKPﬂf=Q (B.10)

_ (2n+1)(2n + 3) "
DR”“_¢uw¢mH4xn+mu+U”"

_\/ (20 +1)(2n + 3) \/(n— [m -+ m])

1

(n—|m|+1)(n+|m[+1)\ (2n+1)(2n—-1)
(B.11)

O00,mn0 0<|m<n—-1,000 m=n=0000000000.
gboooboogoooboga.

d (n—|m|)(2n+1)
1 —p*)—P" = (n+|m P™ —nuP™  (B.12
ogoo, m,nO Og\mlgn—lDDDDDDDDD.

e J0O0ODOOD
P™(u) (n=|m|,jm+1,---)00000000000.

n

1
[ PP =25, (B.13)
-1

000, mnn00<|m<nn 000000000.

_1<p<10000000000 A() O {P"n=|m|,|m+1|,---} 00
0o

Alp) = > AT (), (B.14)

iy =3 [ AP (B.15)

goood.

spectral/spectral.tex(spectral/spl-spherical-harmonics.tex)  2012/03/01(000000000)



102 depam50000000000OIB OCOOOOOOODOODOODOOO

goooogy’™

o [I[]
000000 Y™\ ) O Legendre 0 0 P™(siny), 0000 %exp(imA) O
gogooooobbboon.

YA, ) = P (sin ) exp(imA). (B.16)

n

Oo00,mn0 0<|m<n0O000000COO.

e 000O0O0O0OOOOODODO
Y™\ ) 0000000000,

n

1 0 0 1 02 m
Losgo% (CW@) Teostpane Tt 1)} =0 (B.17)
oooo,
0 5 0 1 92 m
[5201_”kﬂ)+T?F5ﬁ+nm+lﬂxl_O (B.18)

O0000.000,mn0 0<|m<nO000000000.

o JUOOOOO
yroooobooooooo.

1
/ Y7 (A, @)Y (A, 0)d(sin ) AN = 476, O (B.19)

1
000, mm, nn 00<|m<nD00<|w/|<n 0000000000,
0000000000000 A\ e)O{Y™|m=0,1,2,---, n=|m|, |m+

1),---} 0000
Ay = Y AT (h ), (B.20)
m=0 n—|m|
~ 1 1 27‘(‘
Ar = [ deing) [ Ao one) (B:21)
A )4 0

gooog.

Zexp(im\) O fo% exp(imA) exp(—im/\)d\ = 276, O000. 000, m,m 000000,

2012/03/01(00000000O0) spectral/spectral.tex(spectral /spl-spherical-harmonics.tex)



depamb 000000000000 B.1 0OOO0OOO0OO 103

B.1.2 0OOO0OO0OOOOOOO

0000,000000 Y™(p,A) O

e z 10
e y10

e 21 0UUOOODODNO

ooooon.
z 00O
1oy 19 im
T~ oy (P s exp(imA)) = P sinig) explim)
(B.22)
yo
%8;/; — %% (P (sin @) exp(imA)) = %%p%ﬂ(u) exp(im)). (B.23)
200000000
110 0 1 92
2ymE_ - 1— 2\ Y I ym
Vi = g (003 + T
1 1 0 0 1 0?
=3 o — — | YY" B.24
r2 [cosgp&p (cosgo&p) +c082<p8)\2] n ( )
n(n+ 1)

B.1.3 0000 —OO0OOOOOO

O00000Y,"(\e) OOODOD nO0000000O00OO.

spectral/spectral.tex(spectral/spl-spherical-harmonics.tex)  2012/03/01(000000000)



104 depam50000000000OIB OCOOOOOOODOODOODOOO

oo, bboboduoogououonobbo, oo oooo, oo
O Y™\ ODOOODODDODDOOODODOOO (XV,¢)OODOOOODO nOD0OOOODOO
YN, ¢)jm=—-n,—n+1,--- ,n} 00000000 O

> ATV, ). (B.25)

00003 00000,0000000200000000000000000
ooooood.

‘000D00000000,000 »n0000000000000000000O0O0OODOOO
gbooooobooobooboboo nO0O0ODOO0ODOOOOODOOOODOOOOOOODO.

i =% & (cospZ) + 54| 0,0000 -2 0000000000000, 0
000000 V4 0000000000000000000000000000.

0000, V&Y (\e) = —2fym(\ o) 00, 000000 Y exp(imA) 00000
”("H)DDD V2, 00000000, {Y"n=0,1,2,---, m=—n,—n+1,--- ,n} 0000

DDDD,{YJWm——n,—n—i—l, cn} 0V f=— ”’;;”)fDDDDDDDDDDDDDDD.
000000000,00000000000000 Y™(XN,¢)0000000000000
00000 Y™(\e) 000000000000,
00000000000000000,200000000000000000000,0000
000000000 Y (V,¢) 000000000000 VY =-"0ymgoooo. O
000000000000000 {Y"WN,¢)|m=—-n,—n+1,- -n}Dvg,sz nlnfl)ym
0000D00000.00000,000000000000000000000000000
ooooooo.

2012/03/01(00000000O0) spectral/spectral.tex(spectral /spl-spherical-harmonics.tex)



depamb 000000000000 B.1 0OOO0OOO0OO 105

B.14 0O0O0O

Pmy)0000000000,2000000 P, PLP2°0000000.

L0 i } I Potlx) r l
0.83 3¢ 1

-0 ;
0.6 o Lrh \ ] : \f 7

' p > H ?\ '
0.4 x) ,/'_> __,_?‘\1‘ Pslz).. - —ﬂ‘/a* - A
0‘24& (T 9 Gzl B i L P
0 | 1

S X

] i ? i H |
s ISR s
—0.4 — 7% J— [N [

—0.6 T
ol e |
o T BB |

o :
1 08 06 04 02 0 0.2 0.4 0.6 08 L0

4.1 Legendre & XA ¥ 7 7

O00000 Legendrel PHDDDD(DD,DDD,DD,l%O)

1:0 - Bl A4 1.0 _FZ‘ ‘ dﬂ
w—E PN T TN
NRVIBYan Wy NS
N y N
/ 2
/

0.4 ¢
/ \ /]~
0.2 >

]

Apai
PASNEAY EIIR)
INCX [ N
REVAWWE »
SN -

o

i

EYel

Hh4dNEN

. ~10 {
0l 92 03 04 05 06 07 08 09 10 @l 02 03 04 05 056 07 08 09 10

255.30 Pz 0777 q55.41 PMz) o737
$55.310, 1 5. 4BIC 5 TR, [TH L, EHIEXh2RHER an<z>=v/z—"$-1 %m(z)
T (n g
im=1,2;n=1,23,4,56 2a2m| D/77%RLx%k.

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

5(2005/4/400)00000000000. 000000000OOO.

spectral/spectral.tex(spectral/spl-spectral-differentiation.tex) 2012/03/01(000000000)



106 depam50000000000OIB OCOOOOOOODOODOODOOO

B2 0O0O0OO,cGCMUOOOOOOoog

goog,boobo,0boobooboobb. boobooboog,bd D,

00 ¢, 00000000y, 0000¢%0 (vo)0000D0O0O00.

B.2.1 00O0O0Ooodd

1
00000 fAe) 0 2000 9 gopoooo.
7 cos p OA
7o yDDD—a—f<_COWaf>DDDDDD
r o r o

fo020000000000

1 0 0 N 1 ﬁ f
cos ¢ Op Cosgo&p cos? @ ON?

B ) 1
N L’)‘u {(1_ )Ou}le—u?W} /

1
2
Vif=
1

gobooog.

B.2.2 0000O0OOOO0

20000000 v=(v,1) 000000
1 8’(]1 1 0

di =
VHY = o8 © O\ * 1 cos p Dy g, (205 ®)

1 (‘31}1 18
\/1—78)\ (\/1_”7}2)

goooog.

vuoono oo,

(rotw), = L v L 9 — (vy cos p)
" T rcosp ON  rcospdp 7

1 61}2 10
= - T2 2 (1=
ry/1— p2 OA 7’8#( Hoo)

(B.26)

(B.27)

(B.28)

2012/03/01(0 0 0 00 OO O O )spectral /spectral.tex(spectral /spl-spectral-differentiation.tex)



decpam5 000000000000 B.3 Legendreld P, 000

107

gooobog.

OooooboooooooOo,oooooo eeMbooooooooooDoonoO

goooDoog.

B.2.3 00U

oboobooooboooboobd DO w,v00O0D0O0O

1 Ou 1 0

- rcosgoajL 7 cos p Op

B.24 00O

doooooooooono (0w, v00O0O0O0O0O
1 oOv 1 0

- rcosgoﬁ B r cos @ Op

B.2.5 0000000 O,00000 (u,v)

00000000 v, 0000 ¢ 0
D = Vix,
(= Viy
000000, (wo) O y,v 000.
10 1 0
w+ X

rdp  rcosp N
L ow 10k
rcosp ON - rop

goo.

B.3 Legendrell ] P, 00O

0000 Legendre O P, 000000

—(vcosp).

—(ucos ).

(B.29)

(B.30)

(B.33)

(B.34)

spectral /spectral.tex(spectral/spl-legendre.tex) 2012/03/01(000000O0O0O0O)



108 depam50000000000OIB OCOOOOOOODOODOODOOO

1. »n-100000000000 -1<p<l0000O0000000O0OO0

2. P(p)0 -1<pu<10n00000000O,

O00.100 Gauss OO0 O0O0O0ODODOODOODOOD.ODO,1,2000 Gauss-
Legendre OO0 OO OOOGOOODOO.

B.3.1 0000 Legendre OO OOO

P (u)0,p0n0000000.n—-100000000000 Py~P, 00
0000000,P,0000000000,,-10000000000 f(r) O
00000000
1
/ f(p)Po(p)dp =0 (B.35)
-1

gobboooooobo.

B.3.2 Legendrell 000 00O

P,0-1<pu<lOnpnbOOOO0ODOOODOOODOOOD. OODOODDO,
goboboooob.bod,19830 1070000

1 flz)=(z—-1)"z+1)"00000.

2. f=0000,2=-1,1000.000,Relle 000000, f£/O000 a
O-1<a<100 f(a)=0000.
fl=2nz(z*—1)"100, f=0000z=-1,0,100000.

3.000, f=0000x=-1,8,8,10-1<8 <8 <1000.
4 00000000, f™»=0000-10 1000000000 »0000

0. 0Dzx=-1,1000000000000. 0

1 n
5. DDDDD,Pn:—d—
2nn! dum

goob.ogaooo

(W*—1)"0-10 1000000000 00

oooodododgodn, x; = cos
goboooogo.

#UO0D00O00O0 Newton OO D00

j—1/2
n

2012/03/01(000000O0O0OO) spectral/spectral.tex(spectral /spl-gaussgr.tex)



depamb 000000000000 B4 0O0OO0OO 109

B4 0O0O0OO

B4.1 GaussOOOOO

0000 Gauss DOOODOODOO.

00 MOODODOODOOOOOOOOO g\ O0< A< 270

m=M

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

m=—M

o000 M<IOooooooo r1ooog,

1 [ 1<

= —— B.

o J, g(A)dA 7 ;g()‘n)a (B.37)
2 -1

)\n:$ (n=1,2,--,1)

OO000D0. 000 GaussUDOODOOODOO.

goboboooon,

! , ) I (m=0),
n§:1 exp(im\,) = { 0 (0<|m| <) (B.38)
~2r(n—-1) ,
)\”_f (n=1,2,---,1I)

2mim(n — 1
000.00000,7>M(m|/0000)00 m#ODDDDeXp(im)\n):eXP( mim(n ))

I
O0000,000n0000mR-1)0/7/000000000000000C0O0O
000000000 (m,n—10000 I0000000000O00O,m(n—1)0
Iooooooooo)s.

OO0 GaussUDOUODOOOOOOD.ODO,00000D00¢0O,

1 2

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

27 Jo

‘0pDDD0D0O00000OOOOOQ.

I 1 im2m I

2 -1 — (6 I ) 1— im2m
Z exp {im mn—1) } = v = c =0 (B.39)
n=1

i - im2m
I 1—e™7 1—e™7

spectral /spectral.tex(spectral/spl-gaussgr.tex) 2012/03/01(000000O0O0O0O)



110 depam50000000000OIB OCOOOOOOODOODOODOOO

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

I

000 =13 Y gnepimA,)

n=1 =1m=—M

- iw: g%i<exp(2”;m))n_l. (B.AL)

m=—M,m#0 n=1

gob,gggobbbuoooboboooon

I . n—1
Z (exp(%r;m)> =0 (m#0) (B.42)
0000oD.00000,
1 [ 1<
2 | g(N)dA = - > g(An) (B.43)

goo.

B.4.2 Gauss-Legendre [ [ [

f(p) O 2/-10000000000. /02000000 n00 LegendreO
ooO00. 0000, fduDPJDDDDDDGaussDD/@]—l,Q, -, J0

oooo f0O0O f(,uj)DDDDDD Dobooboooboobbooboon
aoo.

f Yy = 2Zf T (B.44)

(B.45)

’UJJ'I

1! PJ(M) _ @/ =D - p)
2 /_1 (1 — Mj)P}(Mz')du  (JPia(py))?

O00,w; 0 GaussOODOOOOO.

0000000000 00. 000, Legendre0 00000, 000000000
Legendre 00 P, 000,000 2000000 LegendreD 0 P, 000000
oor-.

‘00000000,00000000000. 00,000000000000 f’TTDDDD
gobobooboooboa,ogboobodgbooboobooboon.

2012/03/01(000000O0O0OO) spectral/spectral.tex(spectral /spl-gaussgr.tex)



depamb 000000000000 B4 0O0OO0OO 111

STEP 1 Lagrange OO O OO

f(w) O KOOOOO0<K<2J/-10000. P, 0000000 Legendre O
OO0 Rodrigues0 00O OO0,

1
~ ~ 2
/ Pul) P (1)t = 5= D (B.46)

L(p) O, f(p;) O Lagrange 0 0000000000000 0O0O0OOOOOOO.

L= fw) I - (B.47)

0000,0,;0000 L(g)=f(y;)000.000 LO,0<K<J—100
0f0J-1000000000000000 L=f00080000000.

00000,00 f(u) — L(p) O

e 0<K<J-10O0O,0000.

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

f(p) = L(p) = Py()S (1) (B.48)

gooboooon.

f)—L(p)0 0000 —1001000000.J<K<2/-100000

S00000L-f0J-1000000000000,J0000 pw; Ooodoooooo.

spectral /spectral.tex(spectral/spl-gaussgr.tex) 2012/03/01(000000O0O0O0O)



112 depam50000000000OIB OCOOOOOOODOODOODOOO

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

I
(-
=
=
t;/
\H
e
I
<
U
=

k 1, 75]
B d N P(p)
=2 ) / G 1) Bl )
=2 flp)w; (B.49)

ood,000odon PpPOO00000O0OO,000oo PJDDDDDDDD
godooooooogoon ijDDDDDDD,pJD P, 000000000
O 00O consistent O O O .

/

1! P
%EP21W:—/ W . noooooooon
2 )1 (= ) Pypy)

000 (000 Legendre 0O00O0OOOOO0O00O0)0000Om=00000

(n+1) ~n-&-l(:u) = (2n+ 1)#]:371(“) - npn—l(:u) (n=0,1,2,--) (B.50)

(2n+ 1)z P, ( ) — 1?
(2n+ 1)yP.(y) — nn() Po(y)

= (2n +1)(x — y)Pu(2) P
+n(=Pur(2) Paly )+15 1(y)Pa(x))

= (2n+ 1)(z = y) Pu(2) Puly) + 1

000.0000n=0,1,---,n—100000000,

=Y "2k + 1)(x — y)Pula) Buly) (B.52)

2012/03/01(000000O0O0OO) spectral/spectral.tex(spectral /spl-gaussgr.tex)



depamb 000000000000 B4 0O0OO0OO 113

ooooo.o0o0d n=Jx=puy=p 0000 IBJ(,uj):0DD,

By Py a) = SOk 4 V) — ) Bel) Pelysy). (B53)
k=0
ooo,
~ 2k + 1) Pel) Pels)
Py(p) _ k=0 ~ (B.54)
W= H JPy_1(p5)

gobo.oooga,

1 /! P
w; = _/ 7 (1) A

2J 1 (i — ) Py ()
1 J—1 ~ I
T S D) / Ay

L (B.55)

TPy 1 (1) Py (1)
DDD.DDD,(B.55)DDDDDDD,kZODDDD ououooooooo, d
0 ]50:1DDDD.DDD,DDD

dP, . .
(1—p?) T nPy1 (1) — npPo(p) (B.56)
On=Jpu=p, 000. Py(p;) =000,
1— pu?
wy = (B.57)

T (TPra(p))?
ogg.

STEP3 P, 0000

P, O
1
| PP =2 (.59
-1
~ 1
goobooooobon. Py =y ——————FP;1 00
1— 2 27 — 1)(1 — 2

(J\/ 575 Pr-1(11))? (JPy-1(p5))?

spectral /spectral.tex(spectral/spl-gaussgr.tex) 2012/03/01(000000O0O0O0O)



114 depam50000000000OIB OCOOOOOOODOODOODOOO

ooag.
ogog
ooon
1 J
[ sdn =23 ) (B.50)
(27 1)1 - 42)

Y= PP (61
B.5s 0000O00O0O0O0O0O0OC
gdododooouououououooouououoooo.

S5 P P () explimA) exp(—im A, = b (B62)

j=1 i=1
ood, i,jmm, nn/ I, M,Nm) DOOOQO, 1 <
ml || < M.jm| <n < N.Jm'| <o < NOOO, M

2m(e —1
O00.00,w; 0 GaussDD,)\i:¥,,ujD P;(p) D0O0DO0O0O0O.[]O

gbobboooobooogobobuo. gob,ggboboooobobuooobooboo
Ooo00o0oO0oooooooooo?.

g[é],N(m)<J—1D

O0000OD00OD0. Legendre DD D0 000D OMMIOODOODOODOODO, Gauss
OO0000,Legendre 00000000 DO0ODOOOOOOODOODOODOO,

P (1) Byt (13) explims) exp(—im/ A

n

2

7j=1 1
J
=1 Pl (1) P (147)w; G- (B.63)

j=1

J I

1

‘0000000000000 00000.

2012/03/01(00000000O0) spectral/spectral.tex(spectral /spl-spherical-orthogonal.tex)



depam5 000000000 0O0OB.S O0OO0OO0OO0OO0OOOOOOODOO 115

OO0 GaussUOODOOOOODO.OOOODOODO

>

7j=1 =
J

=1 Pl ()P (ps)w;
=1

—5 [ ErOoEz G (B.64)

-1

I
Pl () P :U’]) exp(im;) exp(—im’\;)w;
1

000, Gauss-Legendre 0 O OO 0OOO. 00,0000 LegendreOODOOOO
oooooog

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

7j=1 =1

= I8yt Syt (B.65)

gboobo.goobb,gdbboboooobobobuooooboboboooa.

0000000,000000000000000000000000000000
000000000000000000% . {fi(u J}(k=0,1,2,--)0 [a,0] OO

000000 w(p), 00000 )\kDDDDDD(/ Felw) for(p)w (p)dM:Akékk,)
000. ppy(1<5,5 <J)0 f5(p) 000, w;=w(p;) 0000, 00000

J-1
> Felg) o () w; = e (B.66)
=0
oooo,
J-1
Se(pg) i) i%/ (B.67)
— /\k wj
k=0
goooo.

00, Legendre0 0 {P,}(n=0,1,2,---,J—1)00000000000000.
0000,w; 0 GCMOOOO00O0O GaussO0ODODOO,

<

Bopg) Popy) = —0j5 (B.68)

Wy

i
o

Oogooooo,0,1984 00000000000.

spectral /spectral.tex(spectral/spl-spherical-orthogonal.tex) 2012/03/01(000000000)



116 depam50000000000OIB OCOOOOOOODOODOODOOO

O00.000,GCM OO0 Legendre D P, 0000000OOOOODOODOO,
0000000000, Legendred OO {P"}(n = |m|,|m|+1,|m|+2,---,N)
000000000000001" Legendre0 0000000000 DO,0000
000 P,0n=0,1,2,--- ,N<J-10000O0O0O0O0O®2000000000.

gobbboooboboboooobboboooo.bobobgao

I-1

Z exp(im;) exp(—im/'N\;) = I8, (B.69)

1=0
oooag,

I

Z exp(imA;) exp(—imAy) = [0 (B.70)

mzfé+1

gpoooo. boob,rooobo I=2M. 100000000, I=2M+10
I-1 I-1
DD,mDDDDDDD—TNTDDD. oooo cGeM o, ooon

1
000 m| 0000 MDEDDDDDDDDDDDDDDDB.

B.6 UJUU0b0goooooooobooog

ooobooooboooobobooobOobobobOoooobo. boobo GAM
gboobooboobob

e HUUOUOULOLDLDULOOODLDLDOOUOODLDD
e JO00OIDODODDOO DUOUODL ¢UDbUOUODbUOODbOODODO

e JIDUOUODOOUO x, 0000 oL OOD O0O,LD00DO0DLOODDO
gboobooboobo

goo.

U0pgoo,0000000000000 fRk=0,1,2,---,K—-100 k000000000
00000000000000000000. Legendre OO0 m»mO0000000D0O0000O
O,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.

2012/03/01(00000000O0)  spectral/spectral.tex(spectral /spl-spectral-transform.tex)



depam5 00 0000OBG DNIIMNOOOOOOOOOOOOOODOO 117

B.6.1 ODOUO00O0ObOOOOObOOOObDbDOoOObDO

000000 A\ ¢) 0000000000000 0000000000000O
ODO000. 000,00000 A;(@=1,2,---,I,j=1,2,---,J),00000
0000 A" (m=—-M,-M+1,--- M, n=|m|,|m|+1,--- ,N(m)) DO O.

M N
A= Y > ANV (N e), (B.71)
m=—M n=|m|
~ 1 I J
Av =17 DO AGY (N e)wy, (B.72)
i=1 j=1
(2J — 1)(1 — sin® ¢;)
w; = : . B.73
1= T TP i) (B.73)
I J
OoOooOoOo0oooooooo, Z Z ZD,ZZD Y ooooo.
m=—M n=|m| =1 j=1 ,J

B.6.2 000000 OOO0OOOOODOObOOObOOObOOObOOd

oQd,

goboo.

obhoooxobooobooboooo.

gij = [% (Z fgynm(x,gp))] : (B.74)

mmn ..
? J

oooo,
=Y im Y g) (B.75)

O00.0000 (B72)0 A0 ¢g0000O0O0OODO (B7) 000000000
|:||:|14,

m

" =imf™. (B.76)

“oooooo, (g = szfmym—Z%Ym 0000000 ) Y™\, e)w; 000

In In
m,n ]

ooo,im' fm =gm DDDDDDD.

spectral /spectral.tex(spectral /spl-spectral-transform.tex) 2012/03/01(000000O0O0O0O)



118 depam50000000000OIB OCOOOOOOODOODOODOOO

ooo,
gﬁ:%i)mmmmw#w% (B.77)
2%
ooo.
00

R A N
rcos2p  rcos2pON | Ox \cosy

Oo00. fO AO00D00OOOOOOD. (B74) 000000,

1
hij = ———4ij
! rcoszgpz-gj
1 ~
O hy; = mfrY (N, ;).
J TCOSQQOjZmen n( SOJ)

m,n

00, (B.76) OO

A = 9 / m:im / :
" O\ \rcos?¢ )/ |, rcos’y ).

j— ( f )
== Z im Y (Nis pj)w;
I 7 cos? i

.3

2

w;j

1 . mx
=3 > imfi Y (Nigy) (B.78)
i.j

rcos? @

B.6.3 OU00O0OOOObObDObDOODOOoOoOoOoObObObOobO

oo,

i)

Il
QJ|Q>
€ |

gogo.

bobbbebbOboooooooo.

Dij = [% (Z (}Tynm)] . (B.79)

m,n i

2012/03/01(00000000O0)  spectral/spectral.tex(spectral /spl-spectral-transform.tex)



depam5 00 0000B.G OMINMNO O OOO0OOOODODOOOODOO 119
oooo,
me —” exp(zm)\ ) (B.80)
0oo. o000,
1 mx
=7 > Y
1,3
1 = AP , - )
=7 > (Z I d; eXP(’Lm/Az‘)> P () exp(—imA;)w;
7,7 m' n’ J
1 L | dpPm .
=-3 Z (Z P (gpj)exp(zm')\i)> e exp(—im\;)w,
i,] m’n’ J
1 ipm
=—7 Zfij —| exp(—imA;)w;
1 I do |;
goo.odd,20000 30ooooboon,
qp
ZZ ™ P™(p;) exp(im;) y exp(—im’'\;)w;
i=1 j=1 LY
I Jpm
= Z Z o y n eXp( im\;) Py () exp(im/ A )w, (B.81)
i=1 j5=1 ¥
oooob.
0o,
_ 2 Of 2
q = cos® p—— =cos" o p
Oy
ooo.

(B.79) 000000,

exp(zm)\ )

= cos cpJZf

bopopooooooooooon.

’
m

ZZ " ;) exp(imA;) dip/

exp(—im/\;)w,

J

—IZ VP | v mm,_IZf,P D) g | Wi
J

J
de

spectral /spectral.tex(spectral /spl-spectral-transform.tex) 2012/03/01(000000O0O0O0O)



120 depam50000000000OIB OCOOOOOOODOODOODOOO

ooo. oo,

an — 7 Z qi; Y, w;

2

7% ( M 2
(z ' P o5 expint >>

d 2 m
X o (cos ©P) )

exp(im’\; )) " (p;) exp(—imA; )w;

exp(—imA;)w;

J

exp(—im\;)w;

1 d
— 1 S b o (o)
Y]

J
gobooboo.ogog,2b0bood 3gooboood,

/

I J de
D05 cost P o) explim) Tyt expl—im' N

J

exp(—imA\;) P () exp(im/ A )w;

J

B.64 Y,y 00000000 0OO0OODOOOOODOOOOO

0000 xy™¢™ 00 uy,v; 000000000.

gboo,0000o0aon

Z Z f:zn n (p] exp(zmx\ ) n
Pm
- ! / f P o) g8

7 J

exp(—im'\;)w,

J

m
n

= fZan/ pn cpj Yexp(im’\;) dd];

exp(—imA; )w;

J

gpo0oo B8)ODODODODOOOOO.

2012/03/01(00000000O0)  spectral/spectral.tex(spectral /spl-spectral-transform.tex)



depam5000000000O0O0O0OB.7 ODOOOOOOOOOODOO 121
0o,
109 1 0x
— -7 - B.82
" T@go+rcosg08A ( )
0o,
1. dpm T .
UUZ;<—; " I rcosgojsz"P" (smg@)) exp(imA;). (B.83)
noo.oo0o0,
1 0y 10y
= — +-= B.84
Y rcosgo@)\+rag0 ( )
0o,
1 . Tmopm (. 1~mdP7:n .
vy = ; (rcos 2 ima, P (sin @) + ~Xa d j) exp(im;). (B.85)
ggd
B.7 000000000 O0OO0O
|:||:||:|DDDDDDDDDDDDDDDDDDDDDDD.QI%DD
gm = imfm. (B.86)
h=V4f OO
- 1) -~
o — _”(”_j)f;n. (B.87)
r

(B.86) 0000000 O0D0OODODODOOODODDODOOOOOOODODODOOOOD.

O0000,B8NOO0ODODOOOOOD.
oboooooooo,

hij = (V%Zﬁ”ﬁ")

_ 3Dy

7'2 i

ij m,n

spectral /spectral.tex(spectral /spl-spectral-coefficient.tex) 2012/03/01(000000O0O0O0O)



122 depam50000000000OIB OCOOOOOOODOODOODOOO

gob.oodad,

m,n

v

000.0000000000000 ) Yy*|, 0000000000,
,J

r? "

gog.

B.8 0000

GCM O00,0000000000 P™(sing)exp(imA) 00000000000
0000000,00000000,00000000000000000000
00.00000000000000Y.000000,00000000000
0000000000,000,0000000000000000000000
ooo.

B.8.1 OOOODOOO

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

O00000,0000000,00000000000 ((n,m)ODO)00OOODOO
O 's,

0000000000000000 ((B3)00O0O

gbogobo,boobooboobob,obbooboobd

0ooooOoOoD,0000000000000000000000000.0000,0000
gboooobooooooboooobooobooon.

BopooOoOoOooo,~n00000 mnO00000200000000000000. 0000
oboooboobooooooo.

2012/03/01(00000O0O0O0O0O) spectral/spectral.tex(spectral /spl-truncation.tex)



depamb 000000000000 B.8 0OOOO 123

n — 1 n

Ntr Ntr

Ntr m Nt’/‘ m

OBl O0O0O0O0OOOOOO0OOOO0

n i
2Ntr
n —1mMs
Ntr Ntr
N, m N, m
O B2: 0000000 ODOoOOogoooOoOog
VI
K ,
n— 1M
J J
K-M
K—-JM m K—-JM m

O B3 00000O00O0O0OOOO0O

spectral /spectral.tex(spectral /spl-truncation.tex) 2012/03/01(000000O0O0O0O)



124 depam50000000000OIB OCOOOOOOODOODOODOOO

e 000DODO J=K=M=N,

e UODOODODOO K=2Ny, J=M = N

Ooo000oOooooooooote.

gdddoddoddoodououuuu, 000000 oUOoo
02,

e 000D DOUDODOUD,0D00DODOODOODDOOODDOOODOOO?
.gobboogoobbboooobboooobbboooobbuooobobo
g.bbobobobbbodoooooobbbbbbouooooo,goboboobobo
gobobooooobobooooon.

g, goood,gdoooooooooobobobbbbooboboo
gbobodgbogobooobooboboobboobboobboooboo
gbobboogobbbuooobobboood.

e JUUOODLODDUO,bDODUOOODLDLDOUOUODLODLDLObOOOODLD.

B.8.2 0O00O0O0OOOO

googbooboboobooboogboobbobob.oobooboobobo
oooo,000doboboobo0ogoboobbobobo. 00O, FFTOOO, aliasing
gob,dgdgooboboogoboboooobbbooooonoobog.

FFTOOOOOODOODODO,b0b00b0, 00000 0b0 «0bgbob b
000000000 FRTOO000000000000000000%2 000
uo.

O0allasing OO ODDOODOODOODOODO. ODODODOOOOOOoOOoOOOO
g,bobboobgooboobo. boobooboobbobb,0obbob
gbobobooobbuooobboodgbbob.oooboob,bbboobobbad

YOog K=J+MOOOOOOOODOO0O0O0000000.00,000 R210000000
O, K=42,J=M=21000000.

20000000, 19820 pd7 00,

20QpooOo000000000000000,00000000000,000000000
oooooo.

20Q0QQ000000.00,20000000000000.00000000,2350000
DoooOooooooo.

2012/03/01(00000O0O0O0O0O) spectral/spectral.tex(spectral /spl-truncation.tex)



depamb 000000000000 B.8 0OOOO 125

gbbogoboboboodgbbooobbodobobb.ooobbooobobo,d
obooo’coo’oboobuoobob,0ob,0bobooobuooboboboon
gbogbobuodgbbogbuoogbbodgboo,bodboobbuoobbod
gbobogobbogobboooobooobob.ogoboooboa,bood
gbbogdobb —bbouooobobbuooobbbooobb,o0obobbood
goobobuodood —boogoobbobooooobobooo. og,od
0000000000 (000 aliasing000000000)000000O0OO0O
ooo2.

00,0000 aliasing0000000000000000,000000000
00000000000. 000000000000000000000000
000. 0000 M,N(m)OO (000, T42000 M=42,N=42)000
0000000000000000000000000000 [,J000000
nooo.

M,NOOODOOOOOOO,00000000000000000000000
000000000000 ADDODOOOOOOOOOO00O0O0O000O00oOO
0000000000. A0 -M<m<M, m|<n<N@m)0O mnOO000
0 A"0000000000.00000,1<i<1,1<;j<J0000

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 000, Gauss-Legendre 000 OO
noo,

I

J
1 _ .
An:7§ > Ay Pl (sin ;) exp(—imA;)w; (B.89)

i=1 j=1

2000 GCMOOOOOOOOOOOOOOOOOOOOOOOOOOOO. 00000,0
0-00000-0000000000000000000O0.

000 T42000,0000 14+ (2x1+1)+---+(2x42+1)=43>=1849 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 (00000000).

spectral /spectral.tex(spectral /spl-truncation.tex) 2012/03/01(000000O0O0O0O)



126 depam50000000000OIB OCOOOOOOODOODOODOOO

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

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

i=1 j=1 \m'=—M n'=|m’|

iZAZexpm m)A

=—M n'=|m/|

NI»—‘

™ (sin ;) P (sin ;) w;

HM&

NI'—

(B.90)

goo.ooodoo A?DDDDDDDDDD (DDDDDDDDD)DDD 1,J
O000,-M<m<M m<n<NOOOOmnOOOO

Z exp(i(m' — m)A) = I8, (B.91)

Z P (sin ;) Prt(sin g )w; = Opp (B.92)

goododooooo. bbb o0oUuUuuo, o0 a
000000 m—m| 0000 2M 0O000000, Gauss OOOOODOOO
Ooo0,0000 710 7>2M+1000000000. LegendreDOODOOO
00000000000D0000,0000000000 n+»2' 0000020
ODD0O000DO0O0O, Gauss - Legendre OO0 DO O0O0OOO0ODO, 0000 J O
2J —1>max[n+n] =2max([N] 000000000, 000, max[n+n'] O
n+n' 00000, max(N]O NOOOOOOO.

godd,bbbbdoooooobbbobobboddoooooobobooooo
O000,00 Gauss-Legendre D 0O DOODO0O0ODOODOOODOODOOODOOO
000000000%.00000000000. 00000000000000
gogdoobbbobbodoooouobb, oo booooon
O0o0o0D00 JOOOODUOOO0OO LegendreJOOOODOOO. ODOOO mO
00,0000 LegendreD OO0 nO n=|m|,|ml+1,---,m|+J—-1000.
prpr 0000 n+n00000,000 2J+2m|—-2000.000 2J-1

2000,0000000 Idy 000000000.0000 (mm 0000000000
ooo)PrP 000000000,

YGauss 1000000000000 0000000O0OOOOOOOD. 0000 I0000
0000,00000000000000000000 $1000000000000,0000
0000000000000.00,/00000000,000000000000000 %40
000000,00000 Gauss 000000000 00000.000000000,(0000
00000000,00000)00000 FFTOOO OFFTO00O0OD -00000 -0
00000000000000000000000.

2012/03/01(00000O0O0O0O0O) spectral/spectral.tex(spectral /spl-truncation.tex)



depamb 000000000000 B.8 0OOOO 127

O0O00000 m=00000000.m#00000000 Legendred OO
000000000.000000000000000°2.,

Oo00 MNOOOODOOoOoOOoOoobooob,bbo0obbooooboooon
Oo00000oooog p,coobboooooboboooooobo BO cOoOoO
(00DOD0)ADDOOOOOOOODOODOOOOOO L, JOODOOOO.

A = BC, (B.93)

B = Z Z <B;" exp(im)\)) P (sin p), (B.94)
m=—M n=m|

C= Z Z (C’,T exp(imA)) P (sin ) (B.95)

m=—M n=|m|

00000 A,B,COO0OO0OY . BCO -M<m<M, |m<n<NOO
0000000000 B*C* 0000 A0DO0O0O0O0O A"00<m <
M, /m|<n<NOODOODOODOODOOOODOOD.

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

1 m/=—M n/=|m/|

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

~i =

N ~ ~
Y S Y me
m'=—M p/=|m/| m""=—M n/'=|m"|
I J
X Z exp(i(m’ +m" —m)\;) Z P (sin ;) Py (sin ;) Pt (sin ¢ )w;.
i=1 =1

(B.96)

goooo AZLDOSmSM, m| << NOOOOOOOOOOOOOODOO

¥0poO00000,00000000000000000000000000O0O0O000OOA0

oooo.
2A,B,C 00 00000.0000,B™=B" ce.000000.

spectral /spectral.tex(spectral /spl-truncation.tex) 2012/03/01(000000O0O0O0O)



128 depam50000000000OIB OCOOOOOOODOODOODOOO

g, /,Juoobbobobooogoooobooob,bbog r1g 1 >3M+110,
D000 JO 2/ —1>max[n+n' +2"] =3max[N] 000000000, OO
O, max[n+n'+n"] 0 n+n'+n" 00000, max[N] O NOODOOOOO.

gobobbbbbooooooobbbbbbuoooooobobbobbobooooo
go,0b00b r,Joobooobob,oboobooboo,booboobon
gbobboooobbbuoooobbobooad.

gooooooo M,NOUOQOOOobOobobooboo L, Jooobooboooboo
gobb,gdbboogobbbouooobobboooobooboa,obbodad
googbooob. bodbooobobboobuoobuoobog, aliasing 00O
goboobogo.

OO0, FFT, allasing OO 0000000000000 0O000000O00O00OO
gobob.boogoobobooogoooo.

l.0obgoobooboobo.
2. FFTOO0O0OO0O0O0OOOO0. 000000000 10D 0O.
I—-1
3. 0b0o0oggooood MDM:{T}DDD.DDD []00000
gbobboooobbbuoodoob.

4. 00000 N, 0000. 00000000 Ny =M, 0000000
000 Ny =2M0O00.

5000000000 J0 J>3eeHl 00000000, (depamb000
Doo0ooooooo.)

oo, T4200000 M=42 N =42, 000000 70 128, 0000000
JOe64000. R2100000 M=21,N=42, 000000 I0 64,000
gbog Joe4dDnd.

gobobo,gbobbbuodobbbooogbbbogan.

l.ogooboboooon.

2. FFTO0DOO0O0O0ODDOOLD.O0bOobDbOOoboO roobg.

2012/03/01(00000O0O0O0O0O) spectral/spectral.tex(spectral /spl-truncation.tex)



depam5 00 000000O00O0OB.Y O0OO0OOO0OO0OOOOOOODOO 129

1
3. 0gboobooooobo mMd M:h}DDD.DDD (0000000
Ooo0ooOooooooooo?.

4. 00000 N, 0000. 00000000 Ny =M, 0000000
000 Nyw=2M OO0,

5000000000 J0 J>#=eslgooooo0oo.

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 I=64,J=6500
02

B9 0O000O0OO0OO0O0OO0OOOOOO

oooooboo GMOOOODOoODOOOO,b0D0bO0ObDOobDO0OOobODbDOon
gbbobuoodgbbboooobobo,gbbbuoogob,gogbbobood
gobboobboooooobobobbbodooooobobooboooooog
00000000000000000000003® 0000000000000
gooboboboobobobbodooooog. bbbt ooood
O0.00000000000000O0O0oo0O3.

e JOUOUODLDLDOOOODLDOOODLDLDDODOUOO. DDhbOOODLDDOOO
gbooboooooobooo.

e DO, 000000 18 LOUDBLOODOOD,00DOODLOO
gbooboooobobog,obobooooooboobo.

e 10DID0DOOO,0000O0DOO*®. 00000O0OD0OOOOOOOO

2000,/00000000000 Gauss 00DOO0O0O0O0OOODODOOOO éDDDDD
gooooobooog.

¥O0pooOoOoO0O0,0000000000000 -00000 -0000000000000
ooooooo.

0adjustment 00000000000, 00000000000,0000000000000
ocooooooooo.0oooo0ooooobo,0boboooobooooooDo GeMbOoOoOoooo
gboboobOobooooo.ooobobooooobooooboobooobooboooon.
30p0,000000000000000000000001.60

320Q00000. 0000000000000000000D0O000000, 000 CFLOO
ooooooobooo,0coboobooooboobooboooob.cooboob.

spectral/spectral.tex(spectral/spl-spectral-vs-difference.tex) 2012/03/01(000000000)



130 depam50000000000OIB OCOOOOOOODOODOODOOO

gbobbuoodgbbbooobb.ooobobbuooobbbuoodoboo
goooo.

e UL OLODLOOOODLDLDOUOOOUODLDDLDOUOUODUObLDLDbDOOO, O
gbobbuoogbbbooobbooobobbuooobobbuooo.boo
gogoboo,bbbuodgoogobooobobood. gogobobooobo
gb,bggdgbbobuoooobbooodgboboboad.

OO00O0Do0Db0ob0ob0o0oOooOnDdo aliasingd .

gbbuogbboodgb,gobboobbuoobbooobboobog.

gbobbbooogbbobuoooobbboooobobooag.

gbbodbboobboboooboooboooboboobooobo
goobbooboboodud. ggob,bbbboogoooooboooo
gobboboooobobbboooobbbooooobon.

gbbodobbuooobooobobbooobbodobbobooooboo
goboboogooo.

FFTOODOODO,00000O00bo0booboo,ooboobooon
gbobboooobbooooboog.

O000,depamb 00 00000O0OO00OOOODO.

B.10 0O0O0OO

goooono,1982: oo ooooooooooooo. ooo,
111pp.

00,000,000 ,1956: 0000001.0000, 318pp.
00,000,000 ,1960: 000000 III. 0000, 310pp.
00 0,1982: 0000. 0000, 163pp.

000,1984: 00000. 0000, 202pp.

goog,193: 00bogoogooobgoooboob. obgg, 71lpp.

2012/03/01(00000O0O0O0O0O) spectral /spectral.tex(spectral/spl-references.tex)



depamb 000000000000 131

Jooooobobboood
L1 [

CREDITS! DOOODOOO.

thttp:/ /www.gfd-dennou.org/library /dcpam/dcpamb/depam5 _latest/CREDITS

CREDITS.tex 2012/03/01(000000000)



