RAT FAEARDEF AL

(Theoretical modeling of cloud-radiation processes)

4.1 AIREHOERRRSTHE

(Radiative properties for broken cloud fields)

4.1.1 Lol

B3, KPEFAOHR? A TBEREBHERDO S DHT DI b, BERIAESMC—
WIEHR > Tw53D, BERINIWAL - L DOELLESbDOFRT, EEOKK TR, KX
T Ay —Abs b RD EBRA—RECIER - T BHIIATEL, %L DBENSIREL SR D T T
Wh, TORICHEERER LTSN OB R MBI, 3SKRTBUHEREARR Y ML &%
EodbbH, L, kAR INTELBEHEENBERR, KFEHRAC—HCAER - 1282 CHT
¥W§)%ﬂ%&br%b,ikxﬁﬁtﬁw%&ﬁx%—AmﬁEﬁEﬂm@%%@%gﬁﬁ
Sicd, HREROBSREYE, FIIENHE (R) BZREKRORZRDLH T3,

R=R. (1—N) + NR, 4.1.D

ZITT, R, RL, BREROEREDKHETHROBIEEAT — 20 6KESD, Nk, EE
RT, COELE, T TREATHLER (P-PiELD L8, Monte Carlo #ic & bkt
HRERORHEORERS D, & OWAITBAC X D50% L EOBEE L85 & L ABE I T
% (Hl2i¥ Welch and Wielicki, 1984), '

Harshvardhan (1982)1%, AREMOMHEY X ) EHEETLODCEHERD 5\ T FMER

(Effective cloud fraction, N,) &8 L7, Zhix, 4.1.1) KON DORbLHI N, CEEXHE L
THEBEHROKEER YR TS0 T, EREFORHMEKL qzﬁ?ﬂié%@ﬁ@l:b& LTEZ2D
h5, TN MA%ED DR T parameterize TEXNEBFLHICHEREFHORHRIHEETE B0,
BERE L o N, ¥ETRAENE I T 5 (Harshvardhan and Weinman, 1982), L2>L, &
OBIETEFINTD V AREFHOBGHEEXRDOL2ABNREOMALEETH S, ST TIX
N, & thsd B HAWIL T 2 —~ 2 2B T 5, '

4.1.2 H*k
SRIEDHHBE Y HETAFED I DEVTF AL ERD S, hik, XK&brEb5b
photon ZEEAT Y ¥ o L— M5 b O CH BRI 5 N ERLBEOWT LR TCHET

% /A (T. Kobayashi)

— 251 —



SRR RARE $295 1992

BHEVCOIBBMI DD, KBS 5D photonid, B F & BHEL LE A e HAICEL - T, &0
AL A48 D3 LT photon AERAHC H B BN Eh B % TIEBHF LT\ <. Photon BTN F &
s EcoER (O RUBEA (0) BKROKCERIhD,

Rn = exp(——&;Bds) | ’ 412

Rn( 6,) = 2% X:’P(G)dﬁ 4.1.3)

I, R0 1 O ST BELK, BIMAFHELIRE, PIEOMMEE TEN
T OXZFHBEHRONES bR LR S,

CETAVWKEOBRINERERE FC I 05T bh, 7Y » PRIEEFNRERI—EL T S,
o> CTHEBOEINITHD L EEFENORD, BOBIERD 5 WITERCHE T2,
Fig. 411 CAWEELEEZRLTH S, ’

REGULAR ARRAY Composite Pattern Random Paltern

odoad oorgo o
oo oo ooo2o o
00 dd oooono o
O0aoaQ Coood O

Fig. 41.1 Cloud fields used in the Monte Carlo calculations.

EONREME X, 19K 04.9LF%, #ELE, Henyey-Greenstein fL#HEE% (g=0.85) K O*
Cl ¥ 7 (Deirmendjian, 1969) (¥%K0.62 pm, JEHE1.332) K> bDET 5,
HRZHISHTEREL R DAL, EOUHEOHFECDH S LFbh T 5, HREFTIZK
BXixES LEo A LTI BHET S A KBHERE, Enhanced illuminated area, K;), ¥
, ERTOBFEIAES D LT CITEBOELHEMEHA TS5 (HEEARE, Cloud-cloud
interaction, 1), Z®D 2 ODMENEREFHOKMHFERICKELHEELTVEEEPATHS
(e. g., Welch and Wielcki, 1984), ZD7%®, EHEELX ZhHDOHREOBHELETALEZ AT,
KL S5 ETHRAAER (Har‘shvardhan and Thomas 1984; Welch and Wielicki, 1985), & Hiz—#
HATHEFHZBNCERR LT A BE I TW5 (Joseph and Kagan, 1988), %7,
HREFHOIHE R (bef)) RMIZEDORHFER R(D) &£ 220HENHLRD LD LTHHED
#% (Kobayashi, 1988), Zh bo®EL, FREOKHFEM %% 2 5 LT ELOREIIEKRIIC
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BETHHELXRLT5,
KHLUT TR, TV F I e X b BRBHORSER 2 TRD LK 25008 RE2 AT
EREBHDOREHE S 2 2 ) ¥~ g VEFNFORBEYRNT S,

4.1.3 ®E
(1) RIS ER LSS
(1) BRERO SR

EYT AN RER X HHRERORGER L P FREOKEEO I Fig. 4.1.210R77, BixE
BR 7x k& XD regular array (Fig. 4.1.1) 3 X OF checkerboard “C*,‘lzlﬁlﬂ@ﬁ WNo) IBIZEsEh
HEOEERLT W5, MEREMNAIER L 5, 8HLIZ, H-GAHEBIK (6=0.85) &> &
T5, KBPREOHEEREG T EHIL L b/ S WREHKE B (Fig 4.1.2-2), Zhig,
HERETIXEDMEA HHIF TFT< photon DD T, BORSBLILVEFLOHRITAE L, —
7, KESRIER 0,=60" Ti%, HCHREBHDOHAAE (Fig. 4.1.2-b), Zhit, BOMMEIZA
BB AHT HIRBHDRIC LD EEL DR, PIVERRI OBABRBDBRIIKE VD
HbERKREL ST WD, HAREVETHTE, 1.A5TTOHEP-PIENIE% S KR Y
WA B & LTl B, ‘

REF (BCF)/REF(PP)
REF (BCF)/REF(PP)

02 0.4 - os 08 o2 0.4 0.6 o0
CLOUD COVER CLOUD COVER

Fig. 4.1.2 Ratio of reflectance from broken cloud fields to plane-parallel cloud for regular array of
cuboidal clouds as a function of cloud cover at #,=0". Nc is the number of clouds. X

indicates the ratios for checkerboard patterns.

Z OARBF O KRS KBHPRECE VR P-PREEMC ), ThA TR E w5
BT, RTINS WSS ) — BT, o3 (Random, Composite patterns) T
BmHrhT\wb (Fig. 4.1.3), BT Composite EZLTHBDIX, RicHDKEIDOENLR DB T
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Fig. 4.1.2-b @ e_HiZ 27 b /N, SRR KBHB RN I b2 T, Thk X b B
WELEDOMRFig. 414 TH5, BX A4 ODOKREIDELEHEA TS (Table 4.1.1), KBXKIEA
60" CIR B D M B, DZ LI B < HE LT B, & ORICR L E 35k (4.1.6) RCEHL
T HCTWS, BEOREIDELDERKE WL E /ML HBDE N,

I.S T l T ] T
1.4 —
’ Random i
T 1.3 —
2 = i
w 80=60°
W2 : —
= Composite
L
Q|-
@
w — 90=30°
& 1ok Random .
~ Random 80=0° 7
0.8 1 | 1 | !
0.2 0.4 0.6 0.8

CLOUD COVER

-Fig. 41.3 As in Fig. 4.1.2 except for §,=60" .

(1) ARBHORKHEEDAFAZYE—v gV
Ne&oST 2254 T BIDd, ARBHOKHE RGch)) HNROBCEIRD & ET
%,

R(bef) =1, E; N R(1) (4.1.%)

CZTRM I EBEDORHFET, T CRIHROEEH VS, i, L RO E kR THE
Ehb L RET %,

L= R(bef)/R(1)/N, ‘ for 6 o=0
U La( 800=0)—1ILR(pp),/R(1)—1ILR(pp, 60=0)R(1, 60=0) ], for 8,0
(4.1.5)
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£ — KA F a5 Ri-E8
T HLtns R EE 4.1.6)
T2, R (op) AT FREORGEELRT, (4.1.4) RTIIEDKHRLHOMCIET 5

LDTH5,

2 T T T I T L T ¥ I T T i T |
LA REF(BCFIREFIP)
| ——
T ]
— ¢ PATTERN 2
2 ~--UPATERNY
EF ]
1k T
la
T I N S B T
10 15

NAXIMUM DIAMETER

Fig. 414 Ratios of reflectance from composite patterns 2 and 3 to plane-parallel as a function of
maximum cloud diameter. The area enhancement ratio (£;) and the interaction (/) are

also plotted.

Table 4.1.1 Composite patterns 2 and 3 are composed of four sizes of clouds (Di-Di). N, is the
number of each cloud size. The total number of clouds is 49. The cloud covers are

0.2 and 0.15 for patterns 2 and 3, respectively.

Composite pattern 2 Composite pattern 3
Cloud diameter (Km) D, D, D; D, D, D. D; D,
(a) 0.5 1 1.5 2. 0.5 1 1.5 2
(b) 0.25 1 2 4 1 2 3 4
(ec) 0.125 0.5 2 8 1 2 4 6
(a) 1 4 8 16 1 4 6 8
Number of clouds (Ng) 13 12 12 12 23 16 8 2
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b
T 1.2 T T T T T

) ] Composite 4
_' LR A rye— —
Lol : _Pey O 1
OF ———— 5] L 08F-"" 80=60° .
z 08 __-——77 - Q12+ -

o - - Random
= < L i
5 ohn z /””—\
— w I~0 | R R T DT P PRSPPI
E 0.8 a ]

1.0 -
0.9

02 03 04 05 06 07 o8 0.2 0.4 0.6 0.8
CLOUD COVER CLOUD COVER

Fig. 415 Deviation of reflectivity from Eq. (4.1.4) (solid lines) for regular array of cuboidal clouds
and that calculated by Monte Carlo method at ,=30°. PP indicates the deviation due

to the plane-parallel assumption (dashed lines).

(4.1.0) KEev T Hr ey Wl LIRER % Fig. 4.15-alcR T, 3HELMH2Fig 413 &R
UG, deviation!d (4.1.4) RIC X BRHRE £V F L nfEROLE LTERSH T 5, Hik
D7z P-P LD deviation (P-P 3ELIC X LRMETvFALE) TR0, FLTHSD,
A.1.O RiZ, P-PHELUI D I BoTW5B, B P-PHEEBPIIVERETENNAT A XY
¥ = g VIEEBANOKEW A7, '

Fig. 4.1.5-b 13, Random, Composite patterns @%ﬁ"é‘, Fig. 415-a X h 2 kK&t
deviation %23 P-P il X D BFNIAERE R LT\ 5,

(2) HERAERHOFE
(i) HIRERFO K

CHE TARRIHERIL, RARHIMEVCELXREL i, L L, FEBEOAZIECR
SR A RS RE LB LT B, KB WETERE TR R §HI5R 80K R
HELRESIE . BICEEORIECKERDBE, TOMBYEET 5 LATES, Ch
wxf LEREOSE A, EEHELEFICHFRICEET S photon 23 b, FOFBIIEELTEX L
(Kobayashi, 1989), = & Ti%, %@TKE& DUHELFED Lambert i BE, T052 5%
e FND, '

EBOH T regular array 755, HIFICREROEN Y #EEL Tz, L LI 2 TIERI
B TWBbDETSH, i, MHBEIRE, Cl ZRESA (Deirmendjian, 1969), JE =
0.62 pm, JEFHE=1.3327C Mie B LB L DE A5,
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Fig. 4161, N/N % N OB & LTl + OBMEBRHRKICOWCTT 5 5 b L O RT,
M%(B@,%%%%Eé:mﬂumﬁbgﬁw%m%@%éfbéok%ﬁ%ﬁw@aﬁ
R,%E%ﬂ%ﬁ&%@%gd¢évoL#L,k%%ﬁﬁm%wvmﬂfﬁﬁ%ﬁk%<&%&
N/N BBHEC 15, N>0.3Tit, P-PEBTHREA SHBED I Ebn 5, HicHE
b%?@%@%%@i%<,ﬂ%ﬁﬁ%%ﬁo#B&W«@%M?%PPE@@%ER%L(%
w35,

1.6 As=0 REG.ARRAY

CLOUD COVER

1.4 » REG.ARRAY
1=4.9

CLOUD COVER

Fig. 416 The ratio of effective cloud fraction to geometric cioud cover (N,/N) as a function of N
for regular array of cuboidal clouds with an optical thickness of 49 over a reflecting

surface.

(i) WEMREOEEBDOAF 22 YV E—v g v
TAFREBC BT, K (A) 2O OMEEC L 0NT 58 (B—mER) ORH=R
(0R) B;koFEELHN 5B,
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R=A.TT/ (1-A.R “4.1.7

TR TREORHE, BBEEIObT., ZORIT ROROAHAKEEYERA LTS
DEFERETIZFOEEINIIVWESbhTw5, HEERC BT 58N (IR (bef)) dRKE
HARTEINDETS, HL, R, TOAFAKEEEERL T,

dRMcf) =NT(8y) T/ (1—NR) (4.1.8

EET, 2T, T(00) BAREOKRBICHT 2EBRK, T, RIZFZMES D ORHIITH T
HEOFMRE, KHEYERT, 0, IKBREAYRT. U.1.H XefVv5 &, 4.1.8) A

ORGbcf) = A(1—L E; NR())(1-N<IL.E; RD>) / (1-A N<I, E; R(D>)
4.1.9

Ligh, ZZI< >iE, ¥RETAHAFEERABZEXERTS, ZEOHEFEALZZZ
Tk, I, & N2 linear TH B Z LR RELTKRANORD B,

I. (00) =1+ [R(PP,@O)/R(L 00) _1] (4‘1.10)
IHIFZBEL >ELEDHEDI

R(pp) =a+b[1—cos(8y)] 4.1.1D

R(M)=c+d[1—cos(8y] (4.1.12)
HRET B EfER 0 R(bef) 1
OR(bcf) = (eN+gN*» E; (4.1.13)

LERIRD, ZZTa b, c, d e glTHBIRE,

Fig. 41712, (4.1.13) R X B 0RMbcf) LEVFIANRER I HEXHELTHD, BT
EvTAhLE, BT (4.1.13) R IBETOLBAFMEL TV 50X EEO D >TH
frfa=0 (KR OABEATHLILE RVl Ldd, Lrl, EvFaiatklo
ZTN I, '

() HREEORIEDSAT 2 XY H e gy
HEFRH OB A OHIRERDKEE L 6 R %\ CHEERKIO B 5 B4 DB O KM

BHEL, EVFAhLalEE BT 5, Fig. 41.81%, regular array DI > THER L1z
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T | | T ] T

REG. ARRAY

DELTA R

CLOUD COVER

Fig. 4.1.7 Increase in reflection due to a reflecting surface as a function of cloud cover. Solid
lines show Monte Carlo results. Dashed lines denote corresponding results using

parameterization.

DT, deviation 13 Fig. 415 LM EVF /5 28V ¥ —v 5y, w5 /P-PFEL, & LTH
BDTHB, NS CHEERHETIE, P-PHELOEERSE D B LVORHL, <52 %)Y
¥ - g VIIHEEREE, ZECHIbLFRIE—EOEERLTWS, Fig 4193 4HE4E
% TEHE LT, regular array KBS FACFA45°, bar RDEDS, BRCHINO D HHEL LT
B0 size 445 (composite pattern 2, Table 4.1.1) IEDWTRLTH 5, size H A TIRERIT
0.15, THLISHZ0.2E LTHB, KBFA AL L5 0k, BraET L bR Licss
TIRBHDEDKE DR S KE, W size FAH TIPS CRHE LR T B, B
WRTHICP-PELNE, BORBEHCAEEETEORR LT 2 2 Y £— 5 v OKFH
S, L L, HEEREEAAEL /RS & P-PHEAD 1 CESEBENRL RS,

4.1.4 HBHYIC
EREFHOOEERMSEENE VT AN e EOFERIOART ARV E—Y a VX DY
Bz o, Tabb, FREH TIEOME Y KB BH T 5 RKOE L EOROHELIE

AN, BT PREBORN & 02X AR THANREE LR L, BRellmzReHT 528
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1.5 As=0.3  pp 0°60" 1jg
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REBEFEF RS $£208 1992

CLOUD COVER

Fig. 4.1.8 Deviation for regular array of cuboidal clouds.

T T T T T I !
2| 0=60 .
e REG. ARRAY |
Para  "TTte--- p=45
1 [ o
S~a 1 |
ST LONG BAR |
| -
-1 SO
e REG. ARRAY
T w=0.99
1.5t A
COMPOSITE
1 t'—_j:-"_‘__f__ ““““““““ EEBRBRRREEEEE —
L ] 1 f . L L
0.5; i 2 3 A

Fig. 41.9 As in Fig. 4.1.8 except for various cloud models.

SURFACE ALBEDO
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ﬁk%h:&ﬁﬁmoto:@N?xﬂu@—vavn%ﬁbﬁ%mﬁ@%ﬁ@ﬁ%xé%ﬁ?
B, UL, FORBEBRITICHA 28T regular array SR cIFBRERBETH Y, EBROAZKIC
RO B EHTE COENPENPZEREN T, LR IALOBRFANDELRbh 5,

2 £ X ®

Deirmendjian, D., 1969 : Electromagnetic scattering on polydispersions. Elsevier, 290pp.
Harshvardhan, 1982 . The eifect of brokenness on cloud-climate sensitivity. J. Atmos. Sci., 39,
1853-1861.

and R. W. Thomas, 1984 : Solar reflection from interacting and shadowing cloud elements.
J. Geophys. Res., 89, T179-7185. '

and J. A. Weinman, 1982 : Infrared radiatiVé tfarisf,er through a regular array of» cuboidal

clouds. J. Atmos. Sci., 39, 431-439. '

Joseph, H. ]J. and V. Kagan, 1988 : The reflection of solar radiation. from' bar cloud arrays. J.
Geophys. Res., 93, 2405-2416.

Kobayashi, T., 1988 : Parameterization of reflectivity for broken cloud. fields. J. Atmos. Sci., 45,
3034-3045. ;

, 1989 : Radiative properties of finite cloud fields over a reflecting éurface. J. Atmos. Sci.,
46, 2208-2214. )

Welch, R. M. and B. A. Wielicki, 1984 ! Stratocumulus cloud -field reflected fluxes : The effect of
cloud shape. J. Atmos. Sci., 41, 3085-3102.

and , 1985 . A radiative parameterization of 'stratocumulus cloud fields. J. Atmos.
Sci., 42, 2888-2897.
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4.2 FHERBREOKSGHIMGE"
(Short wave radiative characteristics of horizontally inhomogeneous

stratiform cloud)

4.2.1 FLslc :

EOREHRMEE, T EFROFEETHEbh S Z L0305, FEROBIAKFHGMIC—R T
. Fig. 4.2.11%, 19894 3 A30H DEHKFERIT TR OLNIEKEDOKFELEH TH D, RBDOH
P2 OZIEEN >0 BECE—RERBREC R 1 ent, WBOBKE, AFHEICEL
VERDD T L bbb, O X 5 REAEOIE—REMNE OB BB RIS T A S
THI L, BOYE— by vV STHERER DI T B FATFARR DB O O F 24t
ﬁ«ééxfiﬁtckfé6 EHHRDCEATEERD BT, RGEROEEY 5
AZFAXLTROYALBLERNELETHS S,

ST M SERIES OF L.W.
e 50-12:58 1IN CL@U
(12]
EAO M
&N
?0 120 00 240 00 360 00 480 [o]1]
SECOND

Fig. 4.2.1 Time series of liquid water content from aircraft observation on 30 March 1989.

4.2.2 FTHEZEOERHIE

TNEAROBES LR, BHEEIBROBLRDLHEL, Ev 7 rekic X
LHEERELORD, WMEZEDHETEIRLHRBECE W CHEREDEALORARD D, —
i, BREOHETHHE, KPP0 2HAOESR 525 EXARETHY, —B—E1 D5, K
HREGERC L HBBL, /KD D — BT eh 572D T, IPFHMER<S,

k EF#H= (Y. Mano)
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(1) ZEAFEX
HHOE 2 RTOBEHEEESBENIT,
a 4
ucos¢ [—I— gi kl+fi§ do’ SI_IP(,U,¢Z,U',¢')d#'

+-iﬁ-p<# 6 1o, $0) FCuo, $0)  (4.2.1)

I HKEANERCRETS &,

2M—1 am+1

D) [K(n m; n,m—|—1) [" +K(n, m:n', m— 1)61,,

n' =0
al"‘+1 oy

+K(n, min, 1=m)5— + 201+ 8mo) Lln, m;n' )5

1 (ntm)! m 2

(4.2.2
il
Kn, m;n’, m’) ES VPR(p) Pe(p)de,  Lin, m:n) Eg v P () Po(p)dp

phase function 1%, Heneyey-Greenstein ® % 1 &AL, 0-M x5, 6 -M &L,
phase function % 6 B & 2 M— 1 R ¥ CORBBREMAOFE LTHRY, BiELOFH - — 2
BPRICEKBE T HHDTH S, BEDFHEIL, Heneyey-Greenstein @ phase function & € — #
VERFELVEWOILHBI L > TED D, EROHERIE, M=20BRx -7, EOL
H, FECHTBEREHE, BOAR AT BHALATEL L LT, Marshak 08 R 4bk
TS,
ERKFHACTHETH b1cd, MBEBED A5 4~ 21k z HACELT S, Lizso
<, LRt FEEHOBMTRBS HRR LD, PAEROSACHA SIS I 5 bl
ﬁ&m%véc&ﬁf%mvo%:@,ﬁﬁﬁ&f%<%§ﬁbbo

&) ﬁ@%&

£H, Eﬁ%?f%btb FIACET Rk IR ARG R RV 5, ﬁﬁﬁ®ﬁyﬁm
OEERILIZI, ZHELET7 - ) =BREOLELLTH IV, T TRESEYHV, $HEN
FCBE L Ci, BOREME THRABNBBCELTHL2ER LT, EORFMITEHICE
BT o EEERECERLTHE, SHROESEL AV, o '
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0z _ 1 e
9¢ 1+(jﬁ—&)

FERA BEML LT T # 5 B — SRR H T~ | HRRED KBRS 25 0T, #0
BLHEARAVSZ ELies, B0 LEBEL LC, B4E, periid & 5 is AR O R
DIBEN L VDR EH, M= 208560 FOFBRCHEAT S L IENEL , B AKFEH A
DARBENE AR AT, IRAE E A ST B X 5 e bk, ABOME
A LCHESE, DR (dynamic relaxation method) DINKAHE < , REBEEOBWEEITL
MBS Ui o DT, ThE v, '

(3) FEm ‘

RO, WHERRA k= k- (1 +d coswz) O &5 ICH— I TRI S BB DFER
R Fig 422107, d2 00 L EFFFRETSH D, ds LIS  Coh CRYEM % <
fe B, PHONZNEXZ16THS, Fig. 422 T3, d=1DBEDT7 T » 7 ARMHFTEHFE
RE (d=0) DERICESTISYBREBIES , FIGEMOPBRI—BICIELT 5 = LR TR
W EBRRERT WS, UL, REOCBKER, BHEOBMRE LTOPRGTERE,LD, FEE
DML LTOAREE COMCAET 50 TH Y, EREOTHHEOBESMRIC & > Thb
RITVIR D, MR ERG CREN O S ME L5 0 & 5 ORI FF o LATERL,

1.0 . ~
Ho=16 Wg=16 H=Ho(1+d cos @X))
| . —_— a .
| , — 2
0.8 b
08 o T
0.4
02 04 _ 06 o8 1.0

Fig. 4‘2‘2‘ Flux reflectance of horizontally inhomogeneous cloud. a: Monte Carlo result, b:

Numerical solution, c:local p.p. approximation.
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4.2.3 MZHBRAOHR LR > -EOTHEM
(1) 19864E12H 248 Dl
EXFFTHO flight path T - L BKEOELY Fig. 423 RT, ZOMCEER, ZEH
HEEE TRS0m LR Lic, v 7 ) v 7HRIZTH L TRSOM TH 5., 7ois, BARDZM A
i, 1 kmAREIE E— 7 R RL, FRE DA AT, BROR— 1 FIC AL
fﬁ&bfvtoit,%mﬁouzrfiAm,¥%ﬁ@&b@ﬁ#ﬁ%f.%ﬁ§ﬁk%<»
kb&ggﬁm£b5%%ﬁ¢é<&%:a%itfmé,:@:&@[ﬁ%ﬁﬁé%zéaz
TERODHEHREELOR D, 3T, MMEROEHELINEKEDZME L KT 5 &7
EL, MEAROZEMTHEY 2/100m). LIgELT, Fig 423 FIR LKE (2.5 km)
DE(LA RPN DT & > RO BEME A EH I Lie, Fig 42410, =vFaialkl, 2
WP EUO BRI ORE LT, MEDRRIE L —B LT 5, KBBIENEBE (s
=1.0) ik, KEFRZ, RIWCFTEBROENE T > Th L EFH LI RKHREBEALRALT
HY, TITHELRBOSGERIL, MAROHAFHAOYENFT I EE2RLTWS, IiEL
T o7 — 2 D225 A %muT@z&—»@Eﬁ#ﬁihfu&vp&k&ﬁﬁéh%m%
%, KBBEME e BIohT, E%zmﬁﬁ¥ﬁ$ﬁﬁw®ﬁ%$kmﬁLT&%kk%<
kb,ﬁLé—%k%@ﬁ%%mﬁ<toho:@;5K,¥n¥ﬁ§&@£mbﬁ%ﬁﬁ&
FoTwb I LRI hi, 2O O TRABEROBBIGKISKBETH), BHLE
IRWKEITH T,

Liquid Water Content 24 Dec 1986, 11h40m-11h53m

10 20 30 40
Distance (km)

Fig. 4.2.3 Time series of liquid water content from aircraft observation on 24 December 1986.
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g=0. 75 a=1. 0
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COS (35)

Fig. 4.2.4 Flux reflectance of cloud of 24 December 1986 case. a.plane parallel approximation, b:

numerical solution, c:Monte Carlo result, d:local p.p. approximation.

(2) 198943 A30H

Fig. 42113, BORHLKFERT LBEOBKEOEEH TH S, KING DEKEF L ERT L
7 A BEEEOBRME TIXEKEDERRK S FLULEDOERD L DT, HECIIFELD 55,
PRZELIAETLSRB LT, ZOXSRBRKEDEBSN EOBRERMAREEY DD
o, Fie, HEHEIOR(LICRET DV TN B DA E 5 1w RO GFETHN,

King (1981) %, ';filj\]b diffusion domain IZ ¥\~ T, LA & intensity & A& intensify D
%, Doubling DFTERER % Fﬁ W T single scattering albedo W BI RS 7z, & T TiL,
6 ~Eddington % T, _I:["]%?7 59 TR &—Fr]%7 S 97 K@bt’:‘f%?—ﬁ’]g‘é &;EE%«;H*

'3§'|7~]0) diffusion domain T®, 6 -Eddington & D #IX,
i) Conservative @%A

Fi _ (1—g)(H—7)+2/3(1/1—1)
Fl — (1-9)(H—71)+2/3(1/7r+1)

4.2.3
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r= (I_Ag) / (1+A5)

ii) Non-conservative D4

F1 _D(1—eexp( —2k(H—7)))
Fi  1-D*eexp(—2k(H—7)))

(4.2.4)
D= (1—s) / A+s), E= 3 U—0) (1—0.}*
s={4/3-0—wy) / (—w D}

¢e= (1-A/D) / 1-DAY

ei2L, H: BONXFWES, A, WETRHE, 7 IKEE’@J:E#B@ﬂﬁiﬂ"JEE%E, g:
assymetry factor, , : single scattering albedo, ‘ ‘

King (1981) %, F1/F | BRI 5EERE (A[H) T conservative #EEL, (4.2.3) Ric
MY THHERERE»S (1—gH—7) RDL, (1 —g)H—71) BEECIEEAEEKE LR
WOT, MOWRKET HEE LTCHEHT D, (H— 1) &, BHME»DEEE TOXFNIE
HArEHLLTWA, 22T, 0.5 pm O Tconservative ¥ {REL, ¥z, TOFHEEME T
%ﬁ#4fmﬁ?bg@%ﬁﬁﬁwéb;k#&gz&%%ﬁ%b,Mzﬁ)ﬁﬂ%(H—r)%
Rebte, DX S LTRDI (H—7) DERII% Fig. 425 10m3, BAROELE X 6
LTw5b, FIF] B, BKELEDORIGHECDS, UEDOHEEAWDZ LIC L - TEKE
LORENESPCT 5T, REL, FAPREMEHCTWS S L, BRTRHHT T » 2 2
DEMCHETE T B0 E S hEOMENE > T 510, KHENE S OHEILERICEET
5ifmu§ofm&moL#L,%Kﬁ@%kﬁ%ﬁ&f@%?%ﬁ%@%&éﬂﬁLTma
ZEMD, BREOELABZED & EHERET T T RE T FY Lic BO 22 bic
RIET B & LRSI, |

FoT, BEREOBINBOLENESOBE(LERL TS bDLEELT, FYBEEDO M
AEETR, THRARSBEOBMERC RIETHE LRI L, Fig 4210 LIcKROZ
L XFHEIOE(LE LT, FHOXFWESII60EL T 5, RINAEAHEOHERRY
Fig. 4268 WR3, NABEOREHEL, —#ALBORMHBHE L TRXA 8 BRE, SEOER
DEEDOKEGRIEA TIE 5 XBE/NE 785, Fig. 42.1 1R L KB LA B/ S WX
ThHY, 2EXBOELE S L, NOEROMEBIIILIKEL LS, HFit .6pem) TH
BHERRI0 pm DER YA AHE L CEROFELTe) &, REFBRITFEA EFE T
B, WILRCHK S BEEOHMALE U, Chik, TOWEEETIE, X%EHEI60EDE(L
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WX LT, RERTZERRN LTS DIonss, RINKIIEEHNE X OZLOHELZT B\
kB, '

COBITIX, bl h—REBIRETH D, »ORENCHIE ) Eh s bbb T,
Fig. 423 R LIBEOFENFM I hic, Lics-T, —RICEBO BB 5 RIgEN%
DHBIMEATERVHDL LTIHRMEEED TS DLERDA S,

TIME SERIES OF H-TAU
12:50-12:58 IN CLOUD

. 150.00

120.00

80.00

60.00

3IU.UU

0.00

1 I ] T 1 I |
0.00 120.00 240.00 360.00 480.00
SECOND

Fig. 42,5 Time series of optical thickness between aircraft and cloud base estimated from flux

ratio.
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!
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REFLECTANCE
0.70
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0.50

T T T T I T 1
0.00 0.20 0.40 0.30 0.80 1.00

CBS(S)H

Fig. 4.2.6 Flux reflectance of cloud of 30 March 1989 case. a: plane parallel approximation, b:

numerical solution, c:local p.p. approximation.

2 £ X ®

King, M. D, 1981 ! A method for determining the single scattering albedo of clouds through
observation of the internal scattered radiation field. J. Atmos. Sci., 38, 2031-2044.

— 269 —



[EMEA MRS H297 1992

4.3 53R L7z Voigt 7 % - 7= Line-by-Line E(C & D ARDOBIN AR Y LD
B
(Line-by-Line computation of the atmospheric absorption spectrum

using the decomposed Voigt line shape)

4.3.1 F :

ARDOFERBEBIL, KET ADOBFIy ELBHEEOMBEC B TEARN LT A -2 TH 5,
% < OFBREOTI D, KTHSF0 S B CHIE S TR, Line-by-Line i X 5758
BIBOFEIE, MOHECHAND LB RA, BV FHIRIEN L AR RO REMGE BB L T
5, LU, BFEOFERORERL, JWMCRILEE %, Line-by-Line JROFHIZ X v ERB D
DLiEhoOBs, 1960FEROBEEND, HTORIUED AT 2 — X DF — & ~— AVFRL L FH
DIchH L DEIINIEINTE R (McClatchey et al., 1973 ; Rothman, 1981 ; Roihman et al.,
1981, 1983a, 1983b, 1987) , THIC X DRIRD T 2 — 2 BFEVR TV CEBE I TE
#z, ZOHH, Line-by-Line HIC X 5 HABHICTE HRIAE D 2 Uiz, BBELRIGED
A7 b L DR ICARIC KT B BRI, RE D B CRABCE M REO S HBOMEL L bic
BWICHZOOH B, S 51T, Line-by-Line $iid, AKWEER L HICBIFE Lic 4B BC,
RREOIGHRE 2 DD, ChALDOHFCL, VE—tevy vy, HESSY, AKOER
DOYIE, RRIZCTOSKHAEBOMNT, THEEFNVCET HHHAAF— 2 DR ERD S,
Line-by-Line =5 /Wi%, BRICE < OPFRFC X » TEFEI T\ % (Drayson, 1966 ; Kunde
and Maguire, 1974 ; Scott, 1974 ; Scott and Chedin, 1981 ; Smith et al., 1978, Clough and
Kneizys, 1979 ; Clough et al., 1981, 1986 ; Sasskind and Searl, 1978 ; Karp, 1978 ; Mankin,
1979 ; Shi, 1981 ; Aoki, 1988 ; Edwards, 1988), Zh5®EF 1 Dicid, AFGL © FASCODE
(Smith et al., 1978 ; Clough et al., 1981, 1986) DR CETWB Db H%, Lorl,
T 2Tl Iblack-box] & LTHEFDEFARMES ZE 2T 570D, TEFLVOLEREVEL
oo ThETOWRDE X, Voigti@WORE R 7 = 7' 7 A DFIRL, BREKIC BT 55 v
7Y v ZBIROEBIRCEE /bR T3, ZCTHTELRTH VT Y v SOK ST
LB HHIES T, ZhF TOLine-by-Line ® AT, %V 7Y v 7R AERIVICHE X
NTWLEEREL T, T, BECDILDFEHOXHEELFEHR LD, Voigt BiK%
Doppler & Lorentz f# O — kGG TR LI D T50DBEENE LTz, 2T, ERcHk
DEBERYTELRETR I OIBBLTET VRIS T,

A DHELWHICEND LRD X 51l D, BIUEIK % BMEOFMBIBIR (sub-function) ~

sk WL (A. Uchiyama)
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SRL, WIS S sub-function ~DZEF 5%, sub—function DIK I U T 24 7x fIfR CFHE 3
%, 43 Utz sub-function 2> HAE H ISR D A <27 P LA EREDE T, SHOBRINHRR
DARZ P AKED, TOEZHE, KEWCIE, BIVREAOE BRI BIEDE 5 &f <
DRMGEDE L% Fl 2 5 ET 5 HER U THB, Clough and Kneizys (1979) &, 2D %
HaREC R IR, D1k, Lorentz §#J¢% sub—function ~43## L7z, FASCODE iZ %5\
Tk, Voigt #J¢% , Doppler & Lorentz #0O—k&s S T Voigt B2 EBRTHZ Lk T
DI EEFA LTz, Bk, Voigt i@k 58T 55 LU Hikw IR Lic, B, MEOKB VT —
EERFELTRVGHEROT — & LELGLEEITS L&, ROHROT -2 8FTHE0F = v
73HZ LR LI, ThiZk - T, WHRHAERITS &£ &, TRISHEXZThTRES:, HFEED
AEAROHIICIL S,

4.3.2f5CE, BADHHBEC X HRINARY P A OFEHE, 4.3.38 T3, =2 THEIhi
Line-by-Line &% , BIXA <2 tov, BINGEE D54 (k=540 , BAHEH - nBR O ILAEM D
B LAy RS,

4.3.2 Line-by-Line ([C&3HEH*
(1) —iER
W v TORNBRE (v, $TRTCOBRIEOFEL AT L TKRD L S5 1ET 5,

N :
MVF=§mﬂﬁW)MmJ ; ‘ (4.3.D

ZZTC, s (D 3, BET CORIGRREE, f; (v) XiFZFBORIGROBRIETE, o (m)ix, B
B m: OFETH D, RINFRIZE, EHROFE, Doppler IR0 EWC X - ThH B, HIKK
DOTFEFRTE, BRCIBENIVIEZENTHS, Zhid, Lorentz MBI I - TIKFEHZh
Z)o

aL

ai—l—( )J—}Jg)z.

ACvy==1 4.3.2)
T, aytk, Lorentz BOFEE, v ldPLERTH S, RIED wing Tk, BRI
i, HFCE > TGEVWADSD, Lorentzi@HIC X o TTFHIIREBD I D RED o b, N2 o
Teh$5H, TORRIeEE, BBRWLGE, x(v), EBATHI LI THETSZ L85,
FEJIAMEW R Tk, Doppler R L HBRIBDOIAH D 2ER LicHhiXis bicw,
Doppler ##i, RO 52 bh b,

__ 1 _(v=vo)’
fol v = ——— exp ) 4.3.3)
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ap=v, ( ZkB’I; )%
mec

4.3.0

ZZC, kplX Boltzman DEH, T XHEE, mZH5TFOBEE, c3NHETH 5, Lorentz ##] &
Doppler §#F URREEK 72 5 BHEWE, 4T ORB, OBHIC & - Tl 5.

Lorentz #7% & Doppler # % EE L7z Voigt 1T, KREORINDE L DEFITHELTH 5,
Voigt %, RO L5152 bh5, '

— (4.3.5)
foCv) P K(z, v).
T,

e (=9
K(z, y) =< —_—ezﬁp——-z-dt, z, y=0. : (4.3.6)

ZJ-w y+(x—t)

_ vV —Vy
xr = “a (4.3.7

_ e

Y= e (4.3.8)

B K (x, y) 1%, Voigt IR & LTaIb, HRERBBEDOERERWTH 5, Voigt BABIL, BHTHY
WERRATEY, BHEMNCHME LT hiEe b, 2ROFTERELEIR T 5258 (Amm-
strong, 1967 ; Drayson, 1976 ; Pierluissi et al., 1977 ; Hui et al., 1978 ; Humlek, 1979 ; Whiting,
1968 ; Kielkopt, 1973 ; Smith et al., 1978 ; Clough et al., 1981), Zh 5HDHEDH L Db,
y<1, z=1 DMK THENEL 72 + OFR, Drayson (1976) DHEAHYTH -,

(2) Voigt #¥ D5 1#

Doppler ##® wing £87° Lorentz f#E D wing S R THBD CHLEINNEZ LB DT, 1o
Lx, a,/a’1TH-Th, Voigt D wing TiE Lorentz G CHELLTE 5, Voigt B0
COMEHRFIFE LT, Voigt D wing 8%, ZE®D sub—function ~43 &+ 5, v,.% Voigt &
J5% Lorentz S CHETE BUHE T 5, BRIV HBT B L&, UTOFMHLHETC LT
T5. '

(i) - sub—function g(v — v )ik, BEKE T35,

(i) WRINEE DT sub-function D—E# DEIZZE & *3’"’75 o

(£5).- =0 489

(i) P v, TOD sub-function D—fEHD DfEIL, Lorentz B O—EMH OEICE LW EF
%,
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(Se), .. = (22, = (92),_... 4.3.10)
) ¥ v, TD sub—function DfELL, Voigt %&%@1’[@:@; L35,
g(va) =fv (va). (4.3.1D)
BUDD_ODEMEHICTHEEE LTRDOIDEMES & LILT 5,
g.(v) =a.(v—v )+ b, (4.3.12) .

ffa, & b3, =FBH, NEBOLENDRETHIENTED, ThHDHEMIL, sub-
function DA RZ Y LR ERTELERDARIZ VA EBONCTHIDDLDTHS, ZO
LT, Fig. 4.3.1 @R LIcRRIC Voigt $%1%, =2 @ sub-function ~pETE 5,

Ve Fv)=1{,(-9,v)

—
F(V:O):Z'gn(vn)

Fig. 4.3.1 Schematic representation of a line shape decomposition.

fo(v—vo)—g.(v—vq) for| v—vol < | va—vel,

F.Cv)= (4.3.13)
0 for| v—uvol| > | va—vol.
g.(v—vog) for| v—wo| < | va—vol,

Frv1(Cv )= 4.3.14)
foCv—vg) for| v—vol| > va—vol.

sub—function F, (v) & Foy (v) 1%, ROBELEEHEEF-> T35,
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(df;i”))uz,n ~0. (4.3.15)
Fasi(v=vy) ~2e(v=1v,). (4.3.16)

EOWEE, =SHFEOEKUHENPLWNLTHD, BEDHER, |v—vil>a, DL &, fu(v)=
W) =ay/z - 1/(v-v P THBHI LI ORED, BEOHWEIR, F.u(v) DEERELR
Clv—v, | THBZEXZERLTWS, #- T, sub-function I3 5 WILEAE D I H ik
BBV v IHERE, DB EE | v,— v | DEFREFZ 5,

EDOFEEHEVET L X 5T, Voigt 8L, BIEH OB X G U THMD sub-
function ~p I N5,

Z @ Line-by-Line & F AW Tk, v, KO L.

n—1 , — — —
4 dap for ar>ap
Va— Vo | =

—l o (n=1,2,+) 4.3.17)
4 -Sap for ar= ayL

TR, VL EE AT TEICEERY 4512 L sub-function® ¥ — 7 {EiZ, 165D 1 EAE T

Eins,

(3) v vy v IR

H v 7Y v IHERORERIL, BE Scott (1974), Clough and Kneizys (1979) & X » THNXD
hTuwb, Scottid, HEIEDMHK o THMEBEBORAMED & ZH 2RI, FEI L%
ALTWw5A, i, Cloughand Kneizysit a/ 4 THNIELTCORFHRYREETE S LERST T
b, CNLORRICHE ST, 22T, FEBO4HD 1, a/4, BRDBLLETE, Fxbh
RE, EhobLTak LT,

ap - for aL>ap

a= ' (4.3.18)

ap for ap=>ar

LB, ToT ALk aplE, EXTWHERXEIOFHD Lorentz #§ & Doppler I TH %,

1) HaxDArRZ M ALOERDHE

BHOBILA<7 i, BRI OERADRIC L - TED, BEORRARS b
NEBLEE, BEORNARTZ b AE, FROHVWARZ PAVERETALZ LI VES, £
DEE, b LERORG A L A OERRE EHESh TR 5, HOEED 2~ 27
FADZ Yy FREECAE LY, SOFMELC L > TR R TONFEIERE R, REDO A~
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sum__ f\ | /ﬁA ﬁ\

/.o.\ P ..\./..‘ ~e-
—/./\ .\.\__./. ! / \

linterpolqte
7 OOV gy OO XK gk

sum =
L4 °

= | _ =@ OO~

-0 ——o_ e
— =X oy X=X O
1 ] L 2 ~x.)(‘ x L/ 1 I N 1 1
lnot—interpolate linterpolate
[ = O lo} x/ o) @ O O e Qe @

1 | 1

Fig. 4.3.2 Schematic representation of the procedure to obtain the final absorption spectrum.
Superposition and interpolation from the course resolution absorption spectrum to a
finer resolution are repeated. Closed circles represent the absorption coefficients
originally calculated. Open circles represent interpolated absorption coefficients. Crosses

represent noninterpolated grid points.

7 P, BINGEROE X CeBMY R TEOR L S &EICie s, EHKE, Tl X - TEr
BERODRABYHNTAZENTES, COFIREEAMICFig. 4.3.212/R Lic, BIRO HL
T, o7y v 2HEREERS, BRIGRO wing AT, 7l Tw5,

(5) AHEXR

WEHF AT, TEELRTIBERBEAERS &L > GET 5, BRIRASZ bvid, %
hEhOBELBER UCHET S, BERHRE, —RCTERXRTREL, LBORIERDH
OHE TRV, RSB RRBCT T2 H8BRE BT 5 L &2, b > THEDEDZ Y » F
HA R T 5 LI X - THRBAOER IR RO TH »Tc, @D 7Y » PRI, HED S
Uy FAFIOMRE HE Lichi s, BUKEAEDO Lkl £BO Y » FATORIGRE
DR, WBERBCTHRINGAREPET L2 & X > CGHEL

4.3.3 BRBIOHER
(1) BOARZ + v

280~380 cn ! DEFERICOWT, P=1013.25mb, T=260 K D KA DBINA 27 + 1% Fig.
4331R Lz, Bz, 350~360 cm™ OFEBICOWT, kL, 2L TELRE 4 D sub-
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Fig. 4.3.3 The H,O absorption coefficient spectrum from 280
to 380 cm™ at P=1013.25mb and T=260K.

H20
T= 260.00
P= 1013.25

,ﬂ
(@)
||nln|| |||||ITI] IR
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10350 360

WAVE NUMBER (cm')

Fig. 43.4 The H,O absorption coefficint spectra from 350 to
360 cm™ at P=1013.25mb and T=260K. The thick

solid line is the final absorptioh coefficient spec-
trum. The thin solid lines are the decomposed
absorption coefficient spectra. The final absorption
- spectrum is obtained‘ by superposition and interpola-

tion of the decomposed absorption spectra.
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(2) BINGRE DA (k—5370) ,

bﬁﬁ&,&W%ﬁ@%ﬁ%$5ﬁ®%%Fg4&5&Fg4&6m%h%h%LtoEg
4.35 ® g(log WX, 52 Sl BB ERREst L log £ & log k+d(log k) DRIIC b B HER %R L
Tw%, Fig 436 CRShic, BREHEIMIT, KORIC L > THEL bRb,

1 FRGM 280.0 TO 380.0
10 ]| q

P=10.0 P=1013.25

Cod ol 1nE

PROBABILITY DIST.

9 (lfog k)

ABSGRPTIGON COBEF. (cn’/mole)

Fig. 4.3.5 The k-distribution for H,O from 280 to 380 cm™ at T=260K é;nd P=1013.25, 10 and
0.1 mb.

FROM 280.0 710 380.0
1.0 v

CUMULATIVE PROB.

G(log k)

0251 (:—]251 0241 0231 6221 [-)211 0201 [jlgl 0181 017.1 (jlsl 015
ABSORPTION COEF. (cn’/mole)

0.0
1

Fig. 4.3.6 The cumulative probability distributions for H,O from 280 to 380 cm™ at 7=260 K and
P=1013.25, 100, 10, 1 and 0.1 mb.
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logkmax

G(k)= Slgk g(log k') d(log k™)

0,

logk

=1- g g(log k" )d(log k")
logkmia

(3) HRETINER - BHK ’ }

Fig. 4.3.71%, 280~380cm™' TOHEEE (McClatchey et al, 1971) DL 5 KESD
A INEL - BHETH S, T Line-by-Line tEiC X A BEHERETH S, —H, AN, Ok,
BA k-4 #ik (Hansen et al., 1983) @ X 55tEHITH D, ZDOFD X 5 iz, Line-by-Line 1 X
HRERE RPN TR BECH 2 5,

WN= 280.0 -- 380.0 E WN= 280.0 --

:II lll llllllllllllle :1 LU ' T LI E
~F 40. 3 ~F E
£ E & 3
X E x

3 30. E - 3
e E w r 3
a 3 Qa r 7
ok 3 E 2k ]
~F & 20. 3 T E 3
— F 2 3 — F ]
I B 3 .
< E < E

3 10. 3 - 3

E|||||||111|||vn|1111|1||1|y|5 EIII!IIIIJIIIII!JAI:

-1.0 0.0 1.0 -0.2 -0.1 0.0 0.1 0.2
HEATING RATE (K/DAY) ERROR (K/DAY)

Fig. 4.3.7 The H.O heating/cooling rate without continuum from 280 to 380 cm™ for mid-latitude
summer conditions. The solid line is the heating rate calculated by using the Line-by-
Line method. Open circles are the heating rates calculated by using the correlated k-

distribution method (15 terms).

(0 FrEREH

W OPDOFHKIER LT, BRNARZ P AEFHET 5 DI LB s CPU time % Table 43.112
Uiz (8%, mili-second/line/cm™), $FEI%, T=260K, P=1013.25, 100, 10, 1mb T
o tc, BB, HITAC M-280D ECff o7, & OFEBOMEA Y — Fi, 13~14AMIPS T
%, 20 CPU time 1%, A F LMD THVEF > O THIWA, FlEK, k-9, BENE
 BHEDF IS EE I TH B, Voigt & ET 5 dic, B iEEY bk
Do tedy, BIEH O ES TR3THhE CPU time # FICEL TE 5,
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Table 4.3.1 The CPU time required to calculate the absorption spectra for various gases.
1013.25mb 100mb 10mb 1mb
H,0(280 ~ 380cm™1) 0.053 0.076 0.22 0.21
C02(630 ~ 690cm™1) 0.063 0.088 0.15 0.15
03(1020 ~ 1080cm™1) 0.047 0.064 0.10 0.10

Unit : mili—second/line/(cm™?)

4.3.4 F&& ,

L\~ Line-by-Line ® 8w BAR Lz, ZOHEIB\TIE, Voigt % EEHME D sub-
function ~5f#4%, £ sub—function %, %h%hﬁﬁﬁlﬂﬂﬁbﬁff%%ﬁ? %, sub-
function DFERF L LCL, 2ROBEEEFHES. Z OBEBDEAK X » T sub-function D
B DR LEY , BHCHETE S, Thif, BEEROY v 7Y v 7 HRE2 SRBRICHRD % 2
Biel 8%, REKMHLRBIRARZ AL, ThZhORIRARZ P reBELREb®LZEKR
IotHEbhs, 0L &, v Y VIHEROT — 2 2TWNT, L, BRINRBEAFTH
hiE, BVCREROFT—2D0ARZ PARIDSY » FENHELRV, ZThitX - T, Bk
AR ET, TREROERIC LD, '

¥t L\ Line-by-Line th %, WIRA <7 + VOFHE, k-DMOFTE, HKEHmE - HHEOHE
EDWL O ORECHER Lic, TORER, HRKSBHO ST T2 5 2 &R hie,

E £ X &
Aoki, T., 1988 : Development of a Line-by-Line model for the infrared radiative transfer in the
earth’s atmosphere. Pap. Met. Geophys., 39, 53—58.
Armstrong, B. H., 1967 : Spectrum line profiles : The Voigt function. J. Quant. Spectrosc. Radiat.
Transfer, 7, 61-88.
Clough, S. A. and F. X. Kneizys, 1979 : Convolution algorithm for the Lorentz function. Appl.
Opt., 18, 2329-2333. ‘
Clough, S. A, F. X. Kneizys, L. S. Rothman and W. O. Gallery, 1981 . Atmospheric spectral
transmission and radiance: FASCODI1B. SPIE proceedings, 277, Atmospheric Transmission,
152-166.

Clough, S. A., F. X. Kneizys, E. P. Shettle and G. P. Anderson, 1986 : Atmospheric radiance and
transmittance : FASCOD2. Proceedings of Sixth Conference on Atmospheric Radiation,
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Williamsburg, VA (American Meteorological Society), 287-304.

Drayson, S. R., 1966 : Atmospheric transmission in the CO. bands between 12pand 18 . Appl.
Opt., 5, 385-391.

Drayson, S. R., 1976 : Rapid computation of the Voigt profile.A J. Quant. Spectrosc. Radiat.
Transfer, 16, 411-614. '

Edwards, D. P., 1988 : Atmospheric transmittance and radiance calculations using Line-by-Line
computer models. SPIE proceedings, 298, Modelling of the Atmosphere, 1-23.

Hanéen, J., G. Russell, D. Rind, P. Stone, A. Lacis, S. Lebedeff, R. Ruedy and L. Travis, 1983 :
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4.4 REARBERETFTILOI=HDOKRAMH R F—L*

(An infrared radiative scheme for general circulation models)

4.4.1 @FL®IC
FABHIKZAEROAZEE IO 1 2THh, FOHBIZEFAVKRRECKE LFEL L
% 5% (e.g., Ramanathan, 1983) OC, EEDORWA¥ — A% ANLLHERD S, L L, Kt
BHOHEIMOYEERCH~FTEREA L VO T, BREEDOAF — MIGFHEREORAZD
T KZABRE T VCEBAIR T ioh >, KRAEERET v (GCM) HDFHRAMBS A F —
23FE 4B D (e.g., Stephens, 1984), [KHHRA * — &, WEIWA ¥ — 252D B, HIHZIIIEHIK
OFRBAE, WINE, HHELHRLBEBTELUT S S DT, HERED D o0 THER A
7 T, $E 13 Goody ® Malkmus ® 5 v 55“1». RV FPEFAEFE - b (Morcrette and
Fouquart, 1985), k-2fiitk (Hansen et al., 1983 ; Chou, 1984) %\ 7c D T HbDTH %,
Fy 75 -8R & 5 BRIFRDIED 0 232 EH s ERRERER O LB T D AF — AT
ERLHETZDORE L k-DMEQRDER Y% LUK TED), Line-by-Linetk TF @5t
BHLTHEWHBEK OF %L V- 551k (Schwarzkopf and Fels, 1985) #3E&CH % 25, (L
REOI5pm LA TREBR T,

LE, ABIAFAT A -5 VX AEFA (Aoki, 1980) XHWAHZ LIZX-T, BBE
(RFTEEERE LA %2 575km (~0.05hPa) LI FOREIK) TH v s b, KRAEREF AT
% 513 & RO RN BEETE % BI% Lz (Shibata and Aoki, 1989), ¥72, £F LDk T
RIS R T ABICAE LR TV, RABEAF -2 CBRTS2-7"0 » F/ A AOBMHELH
Z L7z (Shibata, 1990), AR ZhHEBHEECHEITHLDTH 5,

4.4.2 RILFINNFGA—RFELETFTIL
HOLREEMP IR TS EAE, THEHEHEYF v 7 AXKRTELDRS,

F1(P)=nB(T(P))+[ nB(Tg)—xB(Ts) 1t (P, Ps)

T .
—STdT'z'(P, P )(d/dT" )= B(T'(P)) (4.4.1)

Fl(P)ZEB(T(P))+nB(T(O));(O,P)

T
—gﬂoﬂrf(P,Pﬁ(d/ﬂr)ﬂB(T(Pﬁ) (4.4.2)

% 2H¥EZ (K. Shibata), FAMAE (T. Aoki)
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BL, #BMIIBPEEERL—k TESINCRET COF7v 2775 v 7 A, TONXAK LW
WE, Tg, Ts 3IHER TOMMRE & AKKDORE, <P, P)HE z (P, PHRRERP & P D
@ “Planck-weighted” 5@E% cEHRIT, v

ke
T (P, P')=g dkzi(P, P') Bk(T)/S Bk(T) ' (4.4.3)

~ kz
7 (P, P')—g det (P, P )Bk(T)/E dk B:.(T), 4.4.9

ThhH, EEERESFMEBCATSE (4.4.3), (4.4.4) OFEBBIFIE Yamamoto (1952)
DHEHRDEh E—FKT 5,

WEHERRE L DT D0 E LFHERBC K E L Bb > T 58, ZZTRBRINOEL Y
%% L C20-550, 550-800, 800-1200, 1200-2200 cm™ @ 4> L=, Z#HiX Roach and
Slingo (1979) &M CEESETH B, BV FIZARKOEESE 6.3 ptm, —B{LEED
10, 15 ¢m, *# Vv D 9.6, 14 pm TH b, KEKOBFERIZ LR AhT,

Line-by-Line ¥ (Aoki, 1988) T 1lcm™ SEHOBKEOEBRYFHEL, Chi b hrEEDK
FE, BE, RIIWEEBCER L TEL, ohnd (4.4.3), (4.4.4) R CTERINBIAHEHE
BB T T B, DRMERBE R E B 5 DI Aoki (1980) DBIRE LI~ A5
A—xT VA AEFAL (MPR) WCAKADMERIE & 41 & 5 BT Lo 7, MPR DB
BB,

~IntP, E, T, W;c,..., Ciz)
= [(c\' Pe)*+c, exp(c:X+c:XD ]2 — ¢, Pe + ¢’ WPe + ¢y’ WE (4.4.5a3)
c’ = expledt),
¢’ = ¢, expleittcest?),

¢ = eXp(Cmt), t (4.4.5b)
¢’ =cn expler (1/T—1/298)1,

Pe=P"**, X=1In (WPe), t=n (T/Ty),

AL, WRBIWERE, T,=270K, Ebi?kiﬁé—:«ﬂiféé KIEK O EFR I Line-by-Line #&
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(LBL) CBEKRGEIMECTH 5 Clough et al. (1980) 2> HEFHE L7z, MPRTIZ Roberts
et al. (1976) DIPEIBWLBERTFHR (c’ BB Eff-1.,

MPR O Rz ¥ RBIFNC MPR OBRBIBAHE AT 5 X 5 Wi/ 2 RETHRD L, BEY
LT B REY 4 oD% (0.05-6.91, 6.91-58.89, 58.89-407.60, 407.60-1013.25hPa) &
B, FRICH TT 450 MPR OO % I Lt (Shibata and Aoki, 1989), = DHEEIC
X 5> TMPR OFERBEROREEIZR D, FixiX, 0.05-6.91 hPa DHIF T MI{LRE D15
pmAE, AV VD9.6 pm 0L x ke AHEFRBIK OBEITE h£Hh0.9979-0.8854, 0.9997-0.954
3TH b, MPR OEZIZFHFh0.0030, 0.0007TLARTH - 7.

4.4.3 THEXGOSEEE

BRI OWTIFR Lz X 512 MPRIZ X » THRENEFICE W FBBIH K E B 2, B
RORPARKKE DWW TR T h 2 FEfi /e BB ARCER LT LEBEREZHE L ik b
Vs, 255 4 — % 5y & A% 5L Tik Curtis-Godson FELM & < Hbh 5%, *+ 2 v L
BETIIBENRL L\, T2 TikGodson (1953) OHEH M- T 5, LT, COHExHN
T5,

BWE2BNLRBTRHEREIYEL D, ThEhDBOKES, RE, RINWEER P, T, W,
i=1, 2235 (M4HE, KERDOEGLRIUIE X2\, £ 1BOFERRIL,

t=1 (P, T, Wy, ] (4.4.6)

ZZTTIR (4.4.3) 3Lk (4.4.4) ATRHAIWHSBHEARKOBHEBEABTH 5. Godson
(1953) X 1BL2BE2FEAHEEERLRD L ST BT, -

T2 =T (sz‘ Ty, WE+Wo), 4.4.7
HL, W 3EMEBEIWEET,
(P, Ty, W) = v (P, Ty, WH), : (4.4.8)

TEH#EXIN B, MPR OFEBENIZ (4.4.5) RECRIND X5 BELBEETCELVWOT
(4.4.8) RIIBHOTRG T, FHEREOE» 2BV E LHENILETHS, $2T, RD LS
IR L FER VWi, BRBEEEY 1 vElE v 4 vI7BesrC,

t=t'P, T, W) v (P, T, W), ' (4.4.9

¢ = exp{{(c/’ Pe)’+c; exp(csX+csXD)1?—c,' Pe}, ‘ (4.4.10)
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7% = exp(ce’ WPe), (4.4.11)
ZMRINHEEL ThEth Wi, WY EHET5,

T8 (P, T, W) =12 (P, Ty, WE¥), E ) 4.4.12

en Py Ty W) =t (Py Ty W), (4.4.13)
(4.4.12), (4.4.13) RIZFRNFRBHNCIRT 5,

#* =exp{—{e;—[ci+4cs In[(Un (v %) +c'Pe)? — (ci' Pel/c.' 11/ 2 ¢s}/Pe,

(4.4.10
Ws* = —In(z¥) /co Pe. ~ (4.4.15)
FIRBLE2BOWHBLEAIERRIITA VIREY 4 v I OB TE LR S,

T2 =7 5(Py, Toy Wi*+Wo) 78 (Py, To, WEr+Wo). (4.4.16)

Y4 v IRONENEIRIRINYEECH L TRIETHHOT, 1,09 4 v I7PIIERBRERG
5,

T8 (P, To Wit +Wy) = expl—cs’ (1) W, Pe(l)—cy' (2) W, Pe (2)]

=" (Ph»Th Wl) T (Pz, T,, Wz) (4417)
KEZDEHBRINE ANDE, ¥4 VIROZIELD,

Ty (P By, To, We*+W))

= eXP[_Cs' (1) WiPe(1)—cy' (2) Wy Pe(2) —cy’ (1) Wi Ei—ciy' (2) WL E,]

= (P, By Ty W) T* (Py E 5 To W) ' ' (4.4.18)

Godson (1953) DHEFEBE LICBEIMETE L WA THER E F L AKOBHR DM
75y 7 ADHEREBCIREER L Ut s 1oy, STEREXIECER I,
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4.4.4 FRERONEHES

MPR A - 7c it 7 5 » 7 A3 (4.4.1), (4.4.2) RCHETHR, ZhboRhOPRERS
ERBEBOEC KX ST B & 2GR LY, & Z T, LBL (Aoki, 1988) it - T
HZBHNTOBEH Y FE LTHES Lic, LBL TRHEEOBHAOREGER, 2% v, HEEKS
exp (—cW) WHATS (TR, RHVTwb, MPRTIZ2-1%F 2 -2 DTV ELEF N
DEREIUROBIRR, B, FHBREIHA exp(—cd W ORIHIT S (cix2B), 2AV5B. £5F
5L, MEETIENINCKRDOL>TKRES,

M i+l -1

AT @/ dT") BT') = 2\ 4T c(d/dT) BT)
j=kdJ

_ Vappy It Do (e D
j=k In"7;1—In"7;
T T DENEELTL %E (4.4.19) RIKERHEBREZXAELBHDT, v,./7,>0.990
EXXEBEMAREHE - o, FRINEOBIRK, A, FBEBEE exp(—cW) TS (cidE
3, TAVCKEBALARLS, BEIRL b THRMAL TIICEL KT,

RSO X 5 EREVETHAT (4.4.19) RE>5L2-70y F ) AXBETLBE
Lhb5, ORI, BERTAVSLVTHE B Sh2OCEM75 » 7 Ak —7 v
XAV THEIND D TH D, MHETED 77 v 7BBE 7V VL ORENLWFE I hic~—
T URADBETIHHINEDT, 7ZVVvNVDREI2-7V » F /A XB B EEEL VS
BELRAC =7 VL DRERRDDT, BEOCFECBHY 7 v 7 A% 525, Thzil
AV DORED S5 vy B O Al TR kv, Fig. 4410 X 5 IchiERFE DY
L, N—T VL jH1/207 F5 v 7 ABKOFETE 2 Hh b (Shibata, 1990),

4.4.19

Ft(i+1/2)=2B(j+1,/2)[xB(Tg)— nB(Ts) 1t (LT+1,/2)

LT
- {[ ®B(i—1/2)— n B(i+1,/2) )+ 2B 2 Pl L/2)
=71 |

'X[n3<i—1/2)~n3<i> nBu)—nB(zH/zwlﬂ/r(iH 2/ t(i—1/2)
InP(i—1,2)—InP(i) InP(i)—InP(i+1,/72) 11+ V7 (Gi+172) /c(i—1/2)

[lnz'(z—l/Z) 1]1(:—1/2) [1n‘c(1+1/2) 1]‘5(1+1/2)
[ 1(1—1/2)—ln (i+1,72) ]

(4.4.20)

FlGi+1/2)=1B(j+1,/2)—zB(1,/2) 7 (1,/2)
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j . N . . N .
+Z{[ ®B(i=1/2)— 7 B(i+1/2) ]+ UZ1/2_InPCit1/2)
=1

[nB(i—'1/2)~7rB(i)_nB(i)—nB(i-l—l/Z)]1_—«/r(i—1 2)/ 7 (i+1./2)
InP(i—1,2)—WP(i) IWP()—IWP(i+1,72) 11+ z(i—=1.72),/ 7 (i+172)

[lnT(z—l/Z)—ljf(l—l/Z) [lnf(l+1/2)—1:|7(1+1/2) (4.4.21)
[In’7 (i—1,/2)—In"7 (i+1,/2) ]

Fig. 442 (), 0L 2-27V » F /7 A XDOFlERTHDOTH S, Fig. 442 )ik (4.4.20)
(4.4.21) KAV TRDICHEDIRFHRE C©, Fig 442003 (4.4.19) ROEHZE > TR

btﬁ%ﬁﬁ?@ﬁ&#%Fg44N@®ﬁ§%§Lﬁbt%®(299;%/41)155
Full-  Half-

Level Level

1/2
1
11/2
2
2 1/2
1-1/2 Ft, F¢
{ ————— ith layer — T, (3/3t)T, W
1+1/2
LT-1/2
LT ’
LT+1/2

///// Surface /////

Fig. 4.4.1 Vertical arrangement of variables. Dotted and solid lines represent half- and full-levels,
respectively. Downward and upward radiative fluxes, F T and F| are calculated at
half—levels,"while temperature T, temperature tendency (9/dt) T, and absorber

amount W are calculated at full-levels.
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RAD-CANY EQUILIBRIUM RAD-CBNY EQUILIBRIUM

L I e o e e e o T T 0.1 T T
. N N ]
0.5 | 3 0.5 | 3
£ 3 E 3
1 = 3 1 =4 b=
= C ] @ N ]
s 4 s t 3
Cw E = ¥ o = 3
€. 10 F = = =

:
0 L _ 4 L R
o o
. 0. — - (-9 - ¥
so [ . so | .
100 F E 100 F E
i ] N i
500 | ] 500 | E
111 T L1 1 = 1000 E—1 1 =
1009 (5760 180 200 220 240 280 280 300 320 340 - — : 15
TEMPERATURE (K) : TEMP. DIFF. (K)
(a) (b)

Fig. 44.2 (a) Tempeérature profiles in the radiative- convective equilibrium. Circles, triangles,
pluses, crosses, and rhombi represent the temperatures in 81°N, 63°N, 45°N, 27°N, and
9° N, respectively. (b) Temperature differences between the two schemes with and

without the “correction term”. The meanings of symbols are the same as in (a).

4.4.5 Line-by-Line £t 8 & O L%

EF VKL McClatchey et al., 1972) % PY*-C0.05hPa 2: 5156 ¥ CA0BIC %] L TS
L& SEDHHE (MPR) & Line-by-Line #% (LBL) (Aoki, 1988) & CilB L7z, US ¥k
%, KAFEEHKE, BHAKROKKESHEWMO (1986) DRMAK T 1205 & » T, —RE
KT DR 2330 ppmv & 5 72, Fig. 4.4.3()~(NBHFRZD 4 DOBEHIK & LROBHK LR
3, Fig. 444 (a)~(e)iX US BEXRILE DWW TORTH S, RFTBFHEAR D250 km (~
1hPa) X » FTit MPR OHERARIZWTHDEFALKKI $300 hPa i FDERE (BEik
Line-by-Line tk & D), 9 hPalC ADEERA LB, Hid/hE < ThEh0.2K/day, 0.3K/
day AT TH %, 50km X v _ETIRRITETFEIIFHNIED 548, T5km (~0.05hPa) % TilE Ll
HIZ iz 5D C (Wehrbein and Leovy, 1982), LBL ®FEIZZ 2 TRIEFELWE Risd, ZOH
B®C1X MPR OFGERKE (o83, HATH0.8K/day TH Y, FFHHENRV. KKO L
W, FHMTD7 552 xf&é & Table 4410 X 5icis b, MPR O 1 W/m* CHIRREELL
0.5%UFTH%,
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4.4.6 L&

BB DRRE TH X 5 ERE - BEROFIABHEFTEAF - 22X L, RO A
% 20-550, 550-800, 800-1200, 1200-2200 cm™ ® 4 D41}, KREKOESHERIN, Elixs: &
6.3 xm, “RRILKFEDI0, 15pm, &V VD96, ldpmEFThEFhAhl, BWEARDOBEBEY
TNFRGRA—RFVEAETFATERL, THE XK AT Godson D FEXBIELTHEAL
oo BRETFTNVRROBSGHEK, 75 » 7 A% Line-by-Line it E L L5 &, BHIRDHE
IR 0.2 K/day LUF, BB T0.3K/day AT, 75 » 7 ADEXEZ 1 W/ m? THh o1,

~ TROPICAL ’ TROPICAL
0.1 T T 0. T T T T T
!
L. - - R
C . - e ']
o8 = 0s : Vo
E = = [
e F 3 e F [
1
- - - | A
-~ _ | - ~ 1 -
T 5o | E £ s ; : 3
Ao B E Y oo E < 1 3
> 2 1
v v
n . - " (. H -
w w
o« o ]
o = - a - -
- ~ - S
50.0 - s0.0 b h -
- 3 - ! g
100.0 E { 3 1000 < =
B ] . 3 .
C ] C 3 0]
500.0 - 1 00.0 |~ ‘} [l
E | L - 3 E . | . i3
1000075 9.0 -7.0 3.0 NN 1000-97% -2.0 -1.0 -5.0 -3.0 -1.0 0. 1.0
’ HEATING RATE (K/DAY) R HEATING RATE (K/DAT)
L 1 L - 1 J L 1 1 ! J
-t.0 0.8 0.0 0.5 .o 10 oS 0.0 0.8 1.0
ERROR (K/DAY) ERROR (K/DAT)
20 -~ 550 (CM-1) o MPR . 550 - 800 (CH-1) o MPR

(a) - LBL (b) © & LBL

Fig. 44.3 (a) Heating rate profile of the LBL method and error profile of the MPR method du‘e to
H,O in the spectral region 20-550cm™ for the tropical atmosphere. Triangles and circles
indicate heating rates and errors, respectively. The scale of error is shown in the lowest
line. The dashed line indicafes the zero heating rate line. (b) As in Figure 4.4.3a except

for 550-800cm™ where H,O, CO; 15 #m, and O; 14 ¢m are included.
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Fig. 4.4.3 (Continued.) (c) As in Figure 4.4.3a except for 800-1200cm™ where H,O, CO, 10 #m,

and O; 9.6 ¢ m are included. (d) As in Figure 4.4.3a except for 1200-2200cm™" where

only H;O is included. (e¢) As in Figure 4.4.3a except for the entire spectral region 20—
2000cm™.
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Fig. 444 (a) As in Figure 4.4.3a except for the U.S. Standard Atmosphere. (b) As in Figure

4.4.3b except for the U.S. Standard Atmosphere. (c) As in Figure 4.4.3c except for the
U.S. Standard Atmosphere. (d) As in Figure 4.4.3d except for the U. S. Standard

Atmosphere.
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Fig. 44.4 (Continued.) (e) As in Figure 4.4.3e except for the U.S. Standard Atmosphere.

Table 4.4.1 Comparison of radiative total fluxes at the top and surface for the major absorption

bands.

Type ‘ F1(top), W/m* = F | (sfe), W/m?

Model
Atmosphere MPR LBL DIF MPR - LBL = DIF
U.S. Standard 263.32 263.32 +0.00 282.60 . 282.47 +0.13
Mid-latitude 283.22 283.11 +0.11 346.02 346.87 —0.85

summer ,

Tropical 291.64 291.44 +0.20 393.78 394.30 —0.52

Absorption due to H,0, CO, (10 and 15 #m), and O, (9.6 and 14 ¢ m) is included.
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