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ZBE (BABRZY BT > (DBRMEERNECRG - FERHE - HNEEHHEA
PRAAFRR RS2 B E SIERBHRIHER  UREENE  EREEAR
IEL /o AR ST RN E R R SR AREREH A MEER X
AR RPN ENEERTHAEKERENT » SIRMNECORRE RBREMY -

Bt 00 > WMt M RE eI E RS - E— P LR SR B
3T 3R A 2 K T AR B A B E MR A0 B R 1 R AR B K R B 3 e K 8 B 43 A T BE 2R 7R
BE - AECEMSE R R - AR BR VY B B R AC 45 BLBUT SR ERATHE B A AL R P AR
FEH AP R T2 WA T AT MEEE - SRR HR SR RERAN LR
A5 B E B Y O i sl TR OV AR TR LU R 52 B 0 R M5 B P S S B Al 2 7 iy ok R BB
A8 Mo it R A RN/ DAl 3 - KRR & M A (e (5 A
PyBAERg f (o thoh o SRR TE BRI M PR S AR A A A 20 A8 R e 3 - B L B s ok
R B B RS AR A - KY 2-3 AT - BT E 0 AR T SRR T LS — HE S A%
BRI L BES (33 1.9 ) > xd ST 8 f 8 IR 520 W (R 1~ S B0 1 e 7 (°F 5 3L 12
ZEACR R -

B O SO 2B ) B

25



26 AR AT

I

—‘_ﬁl‘j

HHWRTENS  LEFEHRRBEME (FH{EREREHE S0 E) MHOLSERA LHE
Bl o J 5 St 22 S 0 11T AL BB T St BROK SR R AR R B AE B S R B BRI IR 2 — - T T LA BB T
DI a o KRBIAM S &R 88 (Outgoing Longwave Radiation)ElfT 2 KERAER
R AN E R EEUFEAN RS G FH T ERREGH WEPRE T EEN
11 — R TRYALI R B i = B - AR R R E IR 2R R RS — B89 KB R i S
ROKE o AT R KR o FHLAE & 4 B 3 & (Cloud Radiative Forcing) & B &t 3R
(Ramanathan, 1987;Slingo and Slingo, 1988) » Efis Al —F B ZHEHEHR > K
HEHTE AR GE R ECER R E R G 3EE ] 5 TS MR K REERT
HAE -

T2 B R T B E 2 2 ORI KR TREE B I S ol 2 AH ] K S8 B8 B 35 1) 181 2 fEg
N RESFTHE G W8y 72 R - AR T M ERER I fE R B BR A3 | (ERBE) MY 2 &1l
RERBUR » FP 9 ER KRR M0 B 35 8 5 B Bh B RO B SR ST ER Eh B 4y B 3130/ FO -
48.4#/m" (Harrison et al.,1990) > MMM EEHRHBUEHRITRBNRBEIZAT
W e AR I MEENSIEBEERASEARE - Hd - EEE0OFEHE b
FAZ2 TRIRE e 3 T U B > RO B BB A A, R R A R B il S R0 2 SO K R
FEALGESS - R ST WEE > BRIBEAAE RN B E XK R R KB ERIEE 181
7 MEERNBRESENRBUREEHEDES EEM - ERZEHBER TRES

(B MREZS > HEAWKRFUER - ERWK OK) SEMERNRESE  BNESPESR
A BUERI R (Liou,1992) - EAEIBLE » R ERBHRARKEBER > 0K
HEAHMWRBBENZOFROEMERE  HEGHEERTFHAXHRAHE  LHERE
R 2 R B A Y R R -

Cess et al.(1990) A& BRI EIHRF I HE 2 CHUBLIE BB AR Z S et EHM PR ik
By S T - IR 19 R ANTERMEAZR - IRBHRPEEHED RBOHRGH
MERB2E UMBREACHERESBIEE R DHRAIZERE » o] DU M58 & 5
FI9R AR IE R 6 - R Hs D ER SN AR CREE2RERBEIRAME - BT
HATFF G RRRA RS AREIER EKEBSG > Randall and Tjemkes (1991)7# 3 5 ik 5
FIEH G M AE A EMEF R M T REH B LA FE M- ERA NS HEERERR XK
Wy oL I 2 W Py o [ g R 1A SR 50 PR U A A S e H I I E B PR EE A B9 &R
[ -

EWHEGRE R AT 0 FEHARBEEE S AR MBCHARARERINRE
ER > MZHLWRIEF RS > EHPENHELE (anvil cloud)HyH B 8 #1528
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£ OB B 7 OB URD A AN R OK R KN MG A JE % 4009 B A (Ackerman et al.
1988 ;Ramaswamy and Ramanathan, 1989; Slingo and Slingo, 1988; Randall et al., 1989) -
it ERBE VBRI &R 8UR » AR H W RENE R ZENBEIR - WA R PEL -
E—-PRHEEHERARFEUMRNREAKE > FTUBR AN EEHEDHRERE
WERABRIVKGER  ENREENBERIRNHBRXEILDRIBINEREEHTESE
(Ramanathan et al., 1989) - #4JEER » B ER M EHERTEEELMETHERE T
B> —HHBMRERERNEX 5 THREREAKREERNOMESR - Slingo and
Slingo( 1988 ) BAA R BAV MR S AT HUS M BEBR » 46 E AR 22 R B B ) B 0 048 /K B 5 LG
WEBNAER  HEHENEE - ERVIHEEE RWEE > BRT S BIMES L - T
RE R R B 8RN 2 WAL ERETE -

ERl f$EESCEESEEZERNERHRHRENFTOIHBIM2R A BF -SRI
F1F (14 - Harshvardhan et al., 1989; Kiehl et al., 1994 ) - {HEFHRIAELR P
S B 2R AR 0 N E ME RO R A U R A 2 HAYRE - IREE BAE SR NG HE - ZR YA
MEEVE  REZXHEBRNRE B2 AR ENERER  BREEADEREERN
RIRE - B4 Kiehl and Williamson (1991)&BRENGEIRAMRZ B2 W 2 HANWE —ER
EARBEKEBATETEREREHRCHZRAEAEHENZR - KX SN ERAGHE S
ME > BEEREEBSWAL —MERANERAREERR SRS WA ZRTEMH
mfE RS A fRE BN EWER o AR E BRI FERKITUE - AT » Harshvardhvan
etal (198N IEHREEFNARZ BEEH 4 TURBEBRBFZAF » ELBEKAE -
o ERNERUYBER S CRE EREEASY  SEARATNENERERITE 8
REEH IR A REZRMNER LR ER (HIFUBR 1988 ) - #RENBHENL
F2¥ HENERITEARAEREBEIVRE BEE2 BT NMELBZ MWL
AW TRERNEH  AHEEREEILSY HEIABNHE  ERFFEHNEENL
GHEIRAE > W wikE ATHEE 0 DHEBRENZ B (Liou,1986) °

HA L BRI H 2 MRS RSB 8N E 0 RHME (R T R AR &
R BR A T A B a8 BRI R PR 5 [ 3 St BROA SRR B M R 2 SRYEATBERY 28 - UL A
ARl 8 B A AR S /E M BL A9 — REZRAS N > B2 H W B st R R SUE P 2 R R MR 0 22
KRB N B R F AT AR N HEEWRIRE - @ B4 L PR 513 H LD R 58
BB SRBAEH KR REHERECIOEE BHROEAUHEEEEZHREE
S NERER /iy A A T2 - BAM A P Ml M 25 1 A — A e IR P U RO R R I 2 A
A B PHAEH MR - P Eidh i I E N5t — 88 5 00 B SR FRr R
RAMECERE2 YA - BBUE > WRAFWLUE SR =[50 BRER-MZHER
HAELEA TR AR PRMHLEZRNER AR - B(ENBEEEANRE
Fft B 4 B 4P S R R R AU 22 52 - OB IH B 20 =3B 00 M HEAT — R YA RBUSHE R - W
MEAHERNF B FHNBRERSHMK > RS HARIBME G T EMATE
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SHE B AT A A - PEARTE ZE0y o IRk Manabe and Wetherald (19670920 8% o
FIREAENEG AR —HEE SRR R it — RS R P E—
S E A E K T U IR AE RPN R UM HEE SN EE - Bk M EAND
RS -

T oEARANEXABEEZHNL

A9 PR 09 6 2052 Harshvardhan et al. (1987)&dt 37 (¥ JH 70U W 245 bt It 2% W 4k,
W E A RAFORREE RGO - T & — Ry BRI TR Bl R MR R 2R
B AR A SRR (% 0 1992) - SRRy WS AS RS FOARMT » 3526 Harshvardhan et
al. (1987)a%3C » TAMELAE/E JUSE R il « KRB CH KR ~ Z8BRFIREE FEY
AR - WOR AR AR EH G R s R EEERE WH X
FBARZEERCHREENENREES > SHEREREHR SN AANTIRE - /£3
oo EOREIVEY WM AR RS R A ERNEERS AR 22 Lacis
and Hansen (1974)F1 B EHEIH 2 B FMMES - AEFH RN OKRMREE) -
A 86 FB d EATOR W B B 2 A B0 B Lacis and Hansen fY—3X « ity » AHF 7o 09 w4
EF KB  ARTEB (1992 M BIIEARS BAF T — 2 1F » € #EWIR Chou and Arking
(198 1) BRSO FL RS ) U FE A IE 5 LA K Chou (1986) /KSR B K 434 - 8B 1E
B BE A B E [T S /K PR T £ K 7 3 4 - 2 0 S 6 okl 9 OB 3B 2 FT A 6 -Eddington
e T AR B B R B R

#Fe | PR E e BT FE A A Z LS R M 2 WO HAR B AT HE 2 Bk i - $HR
TR RS R - REERE R 0°C B E G0N KR 20nPa » 22 #e i B T 58 Bl
BES 1.0 A —HIREEK -40°C » AR RZKSHRSY > BHEREBE 0.5 - MR
RO » Z0 52 O AR B B (E AR ME NS - RIS BRI M E B’ > A1 B R LUK
B RO IR TASIORRIE - BRI MO TE ZRDE U EAS T BE R R 2 e isH
JFRIZE ~ MARARMEAIEH MmN - ZouREEMN 2 ¥ 8 Harshvardhan et al. (1989)
FIT 6 P R 00 > (BB R AR B AL » B ERUINY 100% 0¥ > SR /ZRE R IAE I (OO e SR TERE
B oGP ZAMMETRG 2R TR IR R EMASH S8 TR
# e Bricgleb (1992) 5% 7 i 25 G G U BL S804 BT oy AR L L Zas 40 & I BE 68 3 &5 104
% QAR G RES B - WTR A R (E R M W RS B (N 0. T wm) -
55 0.99 > HARNEMIERM B ELIIE 1.0 - JEHKR &S B 0.85 « Kk HEEN
B Bk s ps v 2 WAL — R T8 R R AR A 7 OEFE R [F & VR B R 0%
BHE > LHBEFEOMRELSD -
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%1 EHBGUTRA LS - K e - 1~ 0fllg SRR
R - R R - LA AR RN T dP R RBEE K R
A -

TARFHFESEKX

min ( 1.0,dP, /20) forT>273K
4& ’E € =10~0.5 (linearto T) for233 K<T <273 K
0.5 forT<233K

008 forT>273 K
f(T) = 0.08 ~ 0.02 (linear o T) for 233 K<« T <273 K
_ 0.02 forT<233K
8O | rofmraprC
= 1.0  for nonabsorption
=0.99 for absorption

g =085

s EBRHMENERMET

1 2 A A RN B SEEAE TN MRA S AN - SEEAN AR (TRO) -
AR RN K (MLS) - B G & KR (SAW) = FE R B H 5t K & (McClatchey et
al.,1972) » ARAHER (&) MEREMHEYIMESG > £ 12 EEMEE - HRERMEe s
BE100% MEKBERZ 0.2 WHKRM 24 MOERETHTE  WELENEREETHIE
WA B R EREALET - ST RAKRESAKE S EES T2 o4 L 2 Fias - TRO
EiL SAW £ 2% R Rl R i 1) R S&FF T B M R st 3R i L 1€ 300K £ 257K » AHZE 43 % » 7KK
BRI A — &0 25 - RS P EE AN RTINS RERSEEY
fIfE > TRO ASAES SIE(HITE 14.6 ~ 12.6km) » MLS KBAES 6 IR #5945 12.5 ~ 11.0km)
SAW KEIEE I (HIME 7.7 ~ 6.7km) - ERBEERWLZHRGEE 17/ > £ lko £4G08E
€ o [y BEH AR SRS SRR AT R KRG FENEE B IRARERNEEKIEAN
B B > DABCRIE & B 0 32 T B 0 O M > AR 2 PR o 30 12 M4 R o B UM
BetA o quFk 3 0 IR FM XA HEITAE AR A A - S EMEE IR R R ]
FZ S IR BT 3 A S 8 P RIS o AT R 00 I B 2R E B P AR -
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RERZHBRAS - HPaERH AR (TRO) » g8 H F AF (MLS) - Hl
HEAFE AL SAH ZEARYE /AR UETHEER (&) AIERFK
ARSI S -

Temperature (K)

200 210 220 230 240 250 260 270 280 290 300

5 i l‘i!i;x S W T YU WS YN UH TN VU VNN JUN SN S U 8‘:3

2 - ;\\ ¢ TRO —] o.zg

B W _ A N = MLS :8'24

1 NN RN NN 0.56

12 L\ AN NN o4 ©
] IR Y\ ) AN o E
o 14 NN )\ Y 077 O
9 15 SR A AR\ ‘

16 ST RN

17 it R

18 b by oo

PN 3! ! RUP

20 ' ! by o.gg

21 { ’ ‘

22 ) ¥ 0.974

23 [ 1 } 0.984

[ I 0.992
1074 10732 1072 107!

Mixing Ratio (kg/kg)

CHYBRARBRESIKRSHEXEE B oh -HEHABELD S
f£Z TRO ~ MLS #1 SAW -
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#2 HRIKAFHECHE £FH - KIEANH R -

KR THERFAR SIBEAFTXA

HE L& 1S g b 45 g b4 60 &
S & A/ 4 8158 7AH 158 1 /158
RXTAA (#35%) 0.625 0.569 0.101

BB (/X)) 0521 0.625 0.271

#3 BEBRME S CEMERIURFEHI . LR/ -

Fwis ETME MEZ EMA

T 1 H1. TROMI.TRO,LI.TRO FRE#H& (&)

T2 H1.TRO,H2 TRO,H3. TRO, FREEZHE
H4.TRO

T3 L1.TRO,L2.TRO,L3.TRO FEIEEZIKE

x4 HI.TRO,L1.TRO,HI.MLS, FR#H FXRZ

L1.MLS H1.SAW L1.SAW T#H

3.1 ERHEHE

% 4 B8 @) B (Cloud Radiative Forcing - LLF i f§ CRF) 89 & #& ( &I 400
Ramanathan,1987) » S B EHAN KB RA XA B HEFSC Z R - RIRHRITEEH
155 0] LAEH B B 53 5 A o AR o i (B S0 03 9 R B> 1R B 48 3 CRF th a] 48 & 5> F A il i A BR
B (Cloud Shortwave Forcing » LA T8 CSF) A1 K I 4% 4 B8 %) & (Cloud Longwave
Forcing » LAFif8 CLF) » MR AIH1E -

CSF = So (A-Ac) (3.1.1)
Hp o Sol2 AR KB EE - A B A 53 B W AR E RFTE AT 2 KR -
CLF = OLRc-OLR (3.1.2)

H o OLRF1 OLR 53y IR FMG KA E KA AN RIF AN R R W @ F & - CRF JI & CSF A1 CLF
W R - [EHF - BT MR B R Rt e < M S S RE RO FIRC/E A > 7E3T 3B R b bl (R4
—RiEG Ry R SO KRR A E o B o DAGESE T 2Ry AT a5 -
FARBEEMEFMEENTENBE R > & - ERM > R4 CLF A CSFHRIT—IE—&
TS RRFHIRA R RN Z R ZE LB ME NP KB ERE - HREEHTNS » £



32 RFFHE B TEE 4R
F4 TDMHECEBRHBEIEE>BER - AR V-

TEkEENESETZ AR Tia kg HEhEZ £ R
TME ACLF  SCLF CLF ACSF  SCSF CSF

HI.TRO 93.0 42 97.2 -4.8 -30.8 -35.6
MI1.TRO -7.7 43.1 354 12.4 -114.6 -102.2
_ LLTRO -45.1 54.6 9.5 93 -63.8 -54.4
H2.TRO 147.0 11.5 158.5 -8.0 -77.0 -85.0
H3.TRO 151.2 203 171.5 -4.7 -136.3 -141.0
H4.TRO 118.1 54.6 1727 31.6 -2523 -220.7
L2.TRO -36.6 54.6 18.0 27.7 -1553 -127.6
L3.TRO -19.2 54.6 35.4 41.1 -210.2 -169.1
H1.MLS 70.3 8.6 78.9 -5.6 -36.9 -42.5
L1.MLS5 -64.6 72.6 8.0 10.7 -74.9 -64.2
H1.SAW 10.6 233 33.9 -2.4 0.9 -1.5
L1.SAW -77.2 75.1 -2.1 0.4 -0.2 0.2

ACLF : X gt E Rk B EdHE SCLF : 3 & ¢ E FR B4t = By
ACSF . K fuey E4ak B4t 8 & SCSF : 3 &ty TH kB EHE
CLF: X f B TAE R ABMNESE CSF:XARTATIRRHIEEF

BOHEMOHFER RO MR NREEHNERE AZEACEZTERRFENNAEE
W MREBIDAEENEERRE  FIUZ RN &R RN AR/ Ktk EEY
R - B—AH > FEATHENREEHSELR Btk LREEH 84
PR M R R IR B e AN SR > (RS R ZE R R ST R Bh & ( LUT i fl SCLF ) 2 8 (F 1| -
EHERM — 2 AHA EEEE » B %0 CLF 82 SCLF R UsBt 2 Za R ARk » BIR (E) #Hs
() > AIEZ CLF(SCLRYy# A, &, BEZMNEEZ—EERER - RENEREEHE
@y (LITMiM ACLF ) WIEE > A LREHERUREMRZ REEHMEARTZ S LAT
B R RN M — 1§ — KM ERPZ TR E 8 MR TR M REE LA E BN
R MEHA- - STEEEYACLFEE#Y  MAESENE  EELVREEHRERTS
OSBRI RREMAT ESE  HEANW KRR EHWRZMAE (H2.TRO,H3. TRO,H4 . TRO) 7R A 3458
MBE B HERRAN RZERMEEZARNERNBES KRS T —EEENRFE 3
BBERT IR 12K/ day , Mt ABEHRREDMB L L EAKET]
RLEF ST H W T AEEST (#1040 > Slingo and Slingo,1988: Ramaswamy and Ramanathan,
1989) - ERHE M 8 {RZE - ACLF 12 &1l > ©M# CLF » 52 ACLF 81 SCLF W # fiE
BIRIERTE > MEREMLASCLF A EBF - SRS EERNBERERRHF -
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LAERTZ & 10098960 » RORE (7)) ZE2ENE > HEEm Ll TORBERE -
R R R E - B - iR =R E B AERAKRAEZERE  FrEAN
SCLF 7/ —80 - HBME _rRER > JFERE  MARBEHNME R EHA LS E
R KRB RO R E A R B RIANE TEFem . e R EETE
it % JREN CLF 800 » E 512 R eER - 2 2L T B E RSN ORR
ERE CLF EEBA - ths > HERME — ACLF f0R%82 > i B TR RAERHN Cra - Al
Bt F14% ACLF 52 SCLF $E 8ISy - B 8R4H — SCLF FI¥ERAH = CLF 98 e ifi%h > MU TE
() MmEZERE (&) —E-

BHRAFWELEAAKAS AP REEH CEE  RERANAHZBEFATHRRR
5 g G R ) B R LR 0 BT R - FPSTE R B CLF R 3% 52 TR F S e 00 1 BT LD
WEagimwos  RH S ESRE MBS IS > A& M8 L F K (HL.SAW &) CLF
AR AR HLTROY® 1/3 > ffuxd 72 5 3B % Wl ACLEF Aiddidg - (Nt HWIREEH EUE
ERRFTEEGE LR a8 REHERMARHILRERENES - ANEE? T H
2IRBS LS TR LR A% ? LUFBIEEE P B SATE A &8
R-H N ERIEE L. SAVERY CLFEH AE BRI EE KA RB RIS RE2)-
S BEHER KRS RN ZER > MRFIEMEER SCLF WML L - KBKABRE » K
M TG RS B R B R - B ACLF B9 K/NRI[H R 52 CLF FI SCLF Z i K Fii &
il -

TR R G BB ik (CSF) I SO KB E BB Fr M A - EERH R REH I
SRR > ST KR KRB RSB EE T —EREfrE  TOKHF N LSR8
WHES] - MBI RAR AR BFEATHYAGER > HI R EO R ENREE (LTS
SCSF ) BRHK - Ay HP®RFARNEASMEN S EZMEHL.SAY)  NEHEFHLE
% B RO ST OR B (IR A 3% b 3l 28 OB (R B KIS RE &t » B SCSF B IE - BRI EOL IR
FE R R 8 CSF Al SCSF R AN ER » JEFRBZ B R I R E A oR - LB AT
FMIRANZEAPIEACRZE > F-AFREEE (A PR (KSR Wi
P LR M A M A RV RS T & T 2 {8 % CSF AU SCSF 89 R B 72 52 - 4 H4 . TRO
R BE KT S » H B KSR TR M 2 0 87 i B i B 2000/ A L > R
"FEFWE > K CLF (Y IEfE AU e CSF e ML B KRR AN R BRI %
BHER AEREA RS HHREEANEAZEH BRI R G ENHATERHEHER
EREZMRETHICRNDE —HHEZMERFEERNEL  S—THR AR EEERY
13 - AR EE W EHER R (LT HE ACSF ) IEMH @ REIBREEH KB HK
W FE » it AR bk e a] DA ER SR [ 0 T » ACSF 38 K B9 S0 - SR T 42 K 20 BRI 8 & ACSF
HEREAERARE  EXHFAERER TARNEHARE KNEAR S8 ISR KR - RHE

IR A A I E & ERRIAA  H R SR 2 5 o ASTE I 3 T 8 R
WA o BAEEE 0 ARAKBCEY RS ERE BTSN EIRE R -



34 RERZE B EIEE-—R

.2EHKXBMARZAE D

B 3 BRI EERABAERERRMBAR M FmEE - BRERRRER MR
KPR T > WEZ AR ERE - B ELEEREERD MG ERR
RARKEEETREE) B (ACLF 8¢ ACSF) - BiP REEH B WAl RES B EMEEPRER
MR RN BHAESAI U R R EARIQE > A ER/EREEN CHAEA BRER  RE
Nt R R EN AL ARES - PRAREENMER SEEMTECRFIEZmmA
TRMABRFRRH BERER HEECHSHER —F - ENEABS (R X dhR)
BURBERBHREREEGRGES  CUFRHRE R ACLE R38R — B - MR R

0 T T 0
100 H1.TRO_J 100
mi""‘
200 200 |-
300 | 300 b
S 400 Clear (LW & SvY) ‘G 400
& ST :
< soof Cloudy (1LW) £ 500
© o
P ool R B (R [ “
2 600 Cloudy (SW) . 2 600
2 s
L4
a 700 a 700
800 | 800
900 L 300
1000 |- 1000
20 -10

TE e JN S G VR P G IS S E NS RV SN A S S ST SO S . 1100

Pressure (hPa)
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1100

Heallng Rale (KDay™) Heatlng Rate (KDay™)

& 3 §EPIE@%@%(@%ZK%?)U%N%%&?&U@%E -WEREARER
DA
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ARE AR > BRI KRR 2 B 0 v DUESE LR 8RB KE 2 HE
RARGRRR IR > EMEG B RRRBREL GRS - FEEARDEAERNEED DR -

EREFA SRR EEERS AR > DI EREMENE - NBEE R
2 KEGEHEZE G A MR R IR - LA R E RR B ARIANT  KEREEHER
[RE AN BCR G R A - WO IR AR R B - (HIG I IR - RAEER  EWH5H
B AR S R B B AR AR R g - MR8 E - BRI AR E0E » KEBCREEH
FARI 93 P9 » 0 2 P AT S0 BRI« TG » 0 0 2 DB+ SRR LR
EEEREZE  WARWEBUNRBEEEME (ATH3.TRO )+ SRIRK BB H A5 50
Bge (ATHL.TROD -+ KTt pnifl BEAR I -

M-Ef-HERFHEFHENZE

AP R A DU — B A 2 S B > 1T — RN UR MR - 5K 8 4 R (%
HNEAEHHBEEE T TS8-S NP R EEN Bl - R ER
AR=ZEE FHRMHERZEERS  (DEXB2RIRTY - OFEEWHITE - HR
PR > FEAHEER T HEENBOEEIGEE - 1R RIRR A A &8 5 s Cr R
B> TuE — AR AL R A R B R -

A ERERERALNUHEHEZZE
FERL > WA EE I RAARKEENHBRABE AR EERSHEEHBENE
BoHARYWMERMROME  FOSHREXEGELROZFENRECHEHANERE T8
RN 2 ZE AN REBEETAFEERS 2 - B4 ZRMIPTRZMEEAHE
R B EMERLERER  ERRBBSAAMERHOEERRIEZR - AKX
G =1-T(1-&) (4.1.1)
(n= Max (V) (4.1.2)

Hepo GRIGRAEBABNBAEERR TORERE > CEEREER - BIRM > /220
WERNEENE T RMEREUMEREEEES  AEEHEATERERERNSHE  BR
MWRBEREEEREN TR b WFE CLF FI SCLF Fif E R G ANRBLEEFH - £
B2 e v TR R G O R SABT PE A SR AN RGO 3R » R M REENAE R - BRI »
AR BRI R R (A % ACLF —IE—@iiss - g i b HEFEEREFN S0%HF
BERGHHEERAR  DHATMWEERHE="FE > ERFADHEHAEZ 37 .5% - 8 E8E
B R B B K 7 T FE R AR AE 0BG b AT L2 TRO 89 U-F » £ L2. TRO By ACLF #1 SCLF -7
LA AR - B EMHE - CLF QU ERE - H¥ H2.TRO - AEEBERIERE  iTH
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EHREWER - ZERRARERSWEMBB G SR - YR Wi -

TREABHEHEZ AR THaAkHEHESHEZLR
EME | ACLF SCLF CLF ACSF SCSF CSF
H2.TRO 2.4 05 29 25 242 267
H3.TRO 14.1 27 168 31 585 61.6
H4.TRO 314 102 416 207  -151.0  -1303
L2.TRO 08 11 19 8 1 492 411
L3.TRO 4.4 26 70 161 90.5 74 4




NAREZH IEEKES  FUHE REER 37

&M SRES TR EMERERS T BHRRMNE AR EIR S M - Bl
R WO U5 E AR ] R 2 RS AR ERARARY > HAba A E R EDE HYF
BT R EI A MR E R K HiT /M R iR R 3 5 Ba T 8 /9 72 51 - DL H2 . TRO #9 CLF £3 451 »

o - ~— =TT o
100 H2.TRO 100
EEOTE
200 | iiigl 200
Buicm e

00})F — 300

o 400 — o 400
%D Random (SW) ILD
<

~ 500 — e — = ~ 500
g Maximun (SW) 2

a 600 2 600
] Random (LW) 8

m (L

« 700 /0 T a 700

800 Maximun (LW) 800

900 900

1000 1000
20 -10
moo Lo v 0w ey 1100
30 s 0 5 10 - 10
Heating Rale (KDay™) Heating Rate (KDay™)

Bl S 2 S o 1 32 (8 38 2 K RN / 4 A S 31 1 43 A

HEEH R E B SRl - ZEERIRARE SOW/m EE 30/ - HIRKE > F KR/ % R 8
FEEREROK B RAEH RERRBI AR —EAERHERRE SEREBHEH
EAREHR - HRERAAR - SR RSN R BT E MO SN - BEH R
BXENERNEREL NMNWERARFEAREERS T HEREEHPELLN SR
FRUERBEEHNERAIGENZRNTNE - BE TN ELENEFH R TSN R REER
TEM RAEEGLHEBREENEERRBOI DR EBENAE  FTU R S CLFRE -
BEFEE > ZEE 0 MR s B EE ST - FERRYEE A LARE I 7E SCLF &5 REURERE -
REHETRIRREIRA TREEHOAE - IR RHEMREPAZSHEEIEEERN
Er N Ry o B S hEBEAINERSEIR I LU BB R KRR 0 H
IR AR IO A R B0 M SA LR S PSS W MEET % - At > &% S Y ACLF fE/R KRB /7
AEAACLFIF & THRIZREZARFE > LHERRMEXR -

HRO TR G fTH D Phdk R S AR S R BRI RS B kB — [ BBy B -
BMBEEERGRGEE T SERAEWEEMEE 2R LR AR LB/
25— Al RERUERITRERFEH AN W ERRY > ERERE AR
(%) > f13& S o CLF 8 CSF 89 EL ¢ - MU R & r B @ S AH 225 3-10 % - @ IR Rag i &1
PRI R B R T R TR A2 /P I S A MR E I BE 8 - DAE AT BLEE AR S0% 5 K
HEFEME R —FEER > RARMETERR S0% RIAEERE 20.6% MHEE—F



38 RERH B IAPYEE —ge

DIk BB ZEREEA - Wit MERSILEBRN BRI &R T
SRS B D) B (CSF AU SCSF)EMR B I - thia B kil - Ra RWH BUE
RARIRAE RSB g/ e AR Z Bl mi o A 2 A 8y -

1.2 BRBRHBHHEHRIXE

AN EEEMMERN EA P Z B2 RRUHER S BEN - EXFESHNDR

g BEEREBSXEHRAMBHANZEALBRL2HOEE BB E - BEREEM > KT

K EEMBENFRAIE - ASHAKE  HERAEESEAERAH  ERFEEA S

BRRTEREN BAEESEN - HEHEST R IFENMEN K MEIERMBNEYE - H

B R 28 BEEFRWEE - £HEGR L SZBEZHHERE  BEREEZK
bn o RFOVK S 2 R R A B ek B - R o DURGEAN T ¢

€ "= exp (-k W/lu) (4.2.1)

ERE RSN E AP IR BRI - K e "IN F A R R A S R
B 1/ uBYUHRT —REE1.66 - VESFEAMARSE  BIRr CREE
BAMEPASSHAREEEN EHNMOEN - £5F LB RABHER > Heymsfield and
Platt (198 R B ETH M ISNUKSL St (Ice Water Content » LU R INO)MEFIR A
[E A5 M wi Ay B %5 o Liou (1986)dE—4 # IWC B &My s AR (R~ 5 B oL -

In( IWC ) = 7.6 + 4 X exp (-0.2443 X 107X ( 1TI-200"*) (4.2.2)
FHEARBTEELE-20 CE-60 CHRGERN « EF £ QBT T _BBRY > B
(g mleg » ERR/NREH BB AHMERN - MBFLSHEBERNER > RERGEERE
MR 0.06 0.1 2R (Liou,1986) -

W 6 BEMFIA(4.2. 1)F1(4.2.2)RT = AS & B A SR 50 1w B2 X 52 18 45 J@ P
MO ET IR RO R R E M > Bk £ BB 0.06 LA 0.1 RifE S ANE - HEREARANE
B RSB BB/ 233K > FRSBE B R8N BEBERR 233K S
KL RARBAR B E B AGERF0 - M BN E R EZRPARE 2 BE I E LS
SWEFLIEHER - 33 > RMURBH2.TROFIH3. TROMMEEE (£2) HEEREEZR
B 100% - FRABEH BRI M REZGUEB R RERAOZE » Wk 6 Fix - m
MRERBYERZ R/ 1005 REEHERDZRERS A8 WL 55/ E
BSRE TSRS -

ERRMETNE 6 hERABRS HAT > CLF 2RMEZFARNIELE - wH &
R 2N E LR EEm— NS SR E2AENHY  SHAMINEHEHE
EHRPEANEERNFAEEREER T  FIfTARNS A NS - EEMBEN—HE3E
o E M E SRS ERAWRNEIEE — - /1 CLF Z AR - FJLR MR RIS

- sy AR, . deafte s —



A RS My FIHE SR 39

o for k“=0.06 e for k“=0.10 = for current

T T T T I T T | T |
213 + o e ¢ TRO n
~—~~ 3 ]
X 223+ =
N (o] [ ] _
o
5 i _
5 i i
o 233+ |
Q. | o] L) i
& i |
1))
'__ | —
243 o e .
- Oe -
253 | | I { | | | | | 1
0 0.2 0.4 0.6 0.8 1.0
Emissivity

He6 FEASUAFMGERSEREBEEI MM (4.2. DHF(4.2.2)RNRBERE
Fifb B DI E B/ 3R A3 AR RERAR -

#6 BEREBEHEHERNTFAZREMHEARRAZEZR (HEHRFERES
B - HbOEWEEERSIHE - BNR Vi -

RETRHAEHELE BATRHAEHEILE
TME ( Random Overlap ) ( Maximum Overlap )
ACLF SCLF CLF  ACSF SCSF CSF
H2.TRO -243 0.2 -24.1 9.5 2.5 12‘0:| =0.06
H3.TRO -16.7 1.7 -15.0 15.2 5.4 20.6
H2.TRO -2.7 22 -0.5 36.7 5.0 41.7:| £=0.10
H3.TRO -8.2 1.9 -6.3 281 6.2 343




40 AR B AU —R

BB RS X ER Ay 0 TS SR ORI AR WIS ERAR o TEREERAR G RER T FRREUH RSy
Fiik S oh R R RS P B MO S SUB RS Rt ESR RS e C(LFBA - &
BA O R BIREEE - K ERABRSERE T R ORI ZFMORERSNAFIE
F o BOME 2 LRSS AR BIRGFHHE R AR AR E  HEEr & - B
PR BORYIN - SRS RENEREER » (LF BE - ¥ 84 $itXERNE
B9 & E B - B ACLF (28 88 CLF 945 IR > R RS > ER /8 E CLF #% ACLF
It E SEVREME < Bhoh o BT RRURCS 38 00 A {1 2 S 00 B IR P 4R o RO P R 88 > BB 1) T
By Wit&d SCLE B E -

B ZHIRIE 2 8 e Hrh S B B S ME P Ry e 2 B WX R BRI R
e o HETTRUEMIER o B 7 PR ES 2 A 100%HY L2, TRO 2 i R AX iE Wi i 2 MO iR e >
PRV 5 T A0 OV 80 5 B T B 72 SR 3 A1 - RN G 2 M BT B RTBTEME IR - TS 0 B
F5 2R R 1) R 2R B TR R e /) » DA % 019 2 R R A R R 1 R BB D AR A I U RE D
EHEE R A R BCR R I8 N AR AT B R REAS - #5538 - B0 ACSF & i » ¥
CSF € {4 » JRANGNE 7 AT SURY > & L FEEE » ACSF A1 CSF 22l Bt WX Ll 8/ N RS IE
Mg o R 0 A[LARE I CSF (4 IE M %/ NBY ACSF MRS » BRI HITERKINES » sRIEH]
— & R SEM EE R BT SCSF MAS Rt B > HEMSE > GRABHAKH
SR 5 | A SR S Sk R S A A PR A R o 3 A R R T PO P R B SR
AMERES KA ARERE  FEEMRNAGRERBEED - IR RK
ERPEEMEHBENEERE AN ENER  HEEGHMENER - S—HE &2
FRLE R MRl - AR EREH IR R B T AR I FE - 5[5 BF 0 o 18 2 3
ety K HE it - /e BLR SO IR [ 2 &2 T » ACSF #1I SCSF Z BRI R BLF S M -
BLB oy a2 R R AT WE LRI R  BRMRKIEMIEER A » £R
CSFRENBEEWEE > FHEZ SCSFHMBAA XY -

ot B 7 P ERTHBMEARNAERNRR  FER —EWESEENMEE > g
1520 o B R SRR B S 0 R 1 R AT L 2 P 38 22 ] DUFRE - BE Pl BB 17 |2 R B S o B
BY B (CSP)YRF & BB A IEREAE - (B A0 RE 5] IR 15 81 28 48 8 A % 57 it (ACSF) Rl 32 53 & (SCSF)
ERRRE - MATEETE G E IR 10938 2 » BRKFERERN 0.986 F » CSF B F 2 » {BLENE
—®5 b > ACSF RIS 120/ » BZ SCSF R BE4 - 120/ I R -

1.3 FEERITEHEHZZRE

B RAR S ITERE S - B 8 ERMNEANNE T OB ZRMITE AR -
A% AT AR AR AT L 2 1 53 S Bl - B O MR A S F R WR BT ER A T
CHUREERESELN - 27T H O ZEINRERAKIB A EEETE L —%E
fE R 3 R F 2R (R 9 BRI %) » PR ERMEERMER 100%
EEHBGREMHEE -

el — et - e - e o =

. ——



A ¥ IRV VESKIS)  EIHEE Sl 41

ACSF DIFF
1.00 —
_______________________ 201 e
----------- AQm €0 e
e e .
- N —
o 0.99 e o
° ———
a2 10—
2 g
< - 20—
o 0.98 20 ]
£ |—--20-—""
s R =
2 L m—
o --30 =4
S 097k — e
40
L N
o 40
7 s
0.96 s J
_-50 =
..-71
60—
0.95 P S S S
-10% 0% +10%
Cloud Optical Depth
SCSF DIFF NCSF DIFF
1.00 Y R Y | LA 1.00 v ———— . — . .
// ,‘-—'-"’"_F-- .______/-—" .. N T T T
3 0 — ] L s o |
// / e N — o _»_4»\_7_5“”; L
— e / ’____—' ] ) L = »»_\__-»N
3 099 . e — 3 osIfs— 0\0
o - /,/ P U 0 N \\5 -
= I . - a 10— — |
o - ’ 5 0 Te—
I - T 0.98 F— — .
> 0.98 - ; o — ’
~ -5 -10 £ —_— .
2 - g 2 b0 ‘15\ 1
5 20 5 \ 1
Q 0.97} -10 -15 n O 497l 20 5\_
»n 0. S \
- -25
: 2 z 20
= . 20 - =) F ]
7 18 <
7 095 g 25" 4 “ 0.96 P _
’ o ’ 30
I /" ,/’ ‘,/‘ e L \
-0 -30 - —
0.95 2 n N 1 [P A 1 0.95 35 N X X . ) ) S0
-10% 0% +107% -10% 0% 0%
Cloud Optical Depth Cloud Optical Depth

B 7 22 O R T A R R G AR 2 O T AT R B 2 S F AR M WAL
W/n' e

BN 7 ZEGEERAATR > TR EL S FRBE T SRARMERURE
FROBINBIE AR MR PR - HAM B R RREUF A MER > EENUIIKE
B KA HR I R C R R AR R R > R M IE R R AT o SR LI R /)N
FIT— L A0 7 00 T BRI (R T A 3 PR 1] b R W S g A S R TR TS T O R T B S
W22 AR o R M B A Sk 5057 - — BRTEHATW G LEAWI R R BEH 2R ATLIAHE
M6 - WAUFE THY H2.TRO A% - WS R M E /0 i Wk = I mi sl S BT - HB0H A E iR
B RE # D AR A ST B AR 22T 40% » Pt DAPE A2 CLF M R £3 78 - H3.TRO {8 ¢ [A 52 w] #ff



42 REEHE B TUEE R

5

6 S

7

8
s~ 9 0 &
s 10 E
2 11 7 £
¥ —— =4
§ — g
s 13 g -

14

15

16 9

17

[ 8 AHYT IR e i AR AT B  ASEAT B T > S s R -

®T EREEHEBEDBRRNNFEEEMATERRRCZER (HE RS
R) - BALR Wi -

ThREBHEHSTZ LR
TME ACLF  SCLF CLF
H2.TRO -58.1 39 -62.0
H3.TRO -30.9 26 335
H4.TRO 22.1 11 21.0
L2.TRO 11 11 00
L3.TRO 13 11 02

FEEREEOSRSNOBY  BURHE N RERNZT - HRNEMAE - BEEE1E
HERH—BREE  REERS TR 100%EMT 5808 Z B AR k75 (7 5 B E AT .2
T o SRR 100%06IF0 « Kt > HERNF AR TS S8BT — @8 % - W LATHY
MR R EENBR  ELREIE N E S B 2= R I H e AR ga
f# L2.TRO,L3.TRO 01 H4.TRO ;F e {H R AT 2 MAUMFUEILE - BH > R 7 B A [H T E BT EH
ACLF 1 SCLF #9 % » PR #& B CLF 3 ACLF Fiff 2 2 1 B B 14

ATE 9O KREMB HAIRNFER - WREDZRARWARINEERNARREH
FEARMATER R DT > EHERRRERATERFHE TAER TS - RRE P oy



ANHTLEE=H B BHY @i 43

0 0 —
100 100 L2.TRO |
200 200 h
300 300 h
5 400 5 400 E
o o
P = P =
< 500 ~ 500 h
$ °
2 600 2 600 b
n "
° 2
a 700 a 700 k
800 800 h
200 900 :
1000 1000 E
1100 L— s — s 1100
-30 -3 10
0 0 T —
£3.TRO
100 100 |
200 200 - T
300 F 300 | 9
‘o 400 S 400 | R
a a
L L
~ 500 ~ 500} <
£ o
[ L
2 600 » 600} 1
" il
e 2
a 700 a 700 b
800 800 J
900 900 | -4
1000 1000 | b
1100 1100 L
-30 5 10
Heating Rate (KDay™) Heating Rate (KDay™")

W9 F7HHUEEMEIRNRREAARINEGDA -

Sl R EENEENERER  HEREE AR g EEEZREME
Pl SR B Y 2 B BT - U0 > H2 . TRO flél S 7E Wi RRCRE AT I 2 I A 2249 12K/ day ,H4 . TRO {8
FHZEMZ 7K/ day © [FIAkH > 7£ L2.TRO 0 L3.TRO M 58 » /R ]G MM ELEL « RE KR
TE v AR EE R v DUK HE 1 ARAT B AN R) 0 8RS S BB 10K/ day DL EB BRI S > H ¥
REREEIFER » PR —ETEERBAIRRE -



Iy
©

44 RFEHR

A ETHEATFHREEETHZZE

e

ZARUIEE

X

1638 — 88 IRATE— DDA —ME RIS B R RITE AR AL BEY
F2 BRI 7 A 1) I e T TR > DA B M R 3 S 108 i ) 1 AT S TR AR B - AR A By — HE
FEEm R 0 2 M Manabe and Wetherald (1967 B HIER SIS B » SR EH
B PR ST TG RHY o —HE S B SR R B i > AE R AT 2R -2 S
FE-—HEPIRRE .2 T 45 DATRTIG 42 )9 /K 29 7P GRECRE - Tl 2 1 00 S A AERFE DR A i
G 2 e B I DA R T 0 A 7 AN R AR B 1 S U o L o S ORI R DAKY B B R R T e s R
B G RE O o AT RO AR A KR o FEUE R PR it RIS SRR KR -
6. SK/km B S+ & S5 LU > M0 M SAER U R R B Lol [ A SR R b BOR MR RELR AR AR
B o

Bal 10 2 Lo b TR AR 2000 Bl AN 2B RO R MR IE T » 22 BUBCARIRE 9 7P i S IR FE e 73 A1 -
MM AT 1 5 K S ES AL e AR HE R S BITE > WAkl — ALY BOR & LLES 330ppm » HE R

T 1T 1T 17 17T 171171 171711
10 |~ — 35
20 — 30
N
O ~
a : 125 E
f/ 50— Cloudy .." - 5/
5 400 "‘ 1% =
8 !“ 1 15 T
a- Clear
300 — ! — 10
500
Observed b —-* 5
700 | e
1000 I W I I | | I N N I | k 1 1 O

160 200 240 280 320
Temperature (K)

il 10 — & &30 B IRAE A  P iR oA - o > BRFTROE ¢ B R TEE
Sy L E 8 FEWT 5 B R SR fE AL SR ERHE KR, -



NHIE=H TN B SN 45

BT HTE > AL ol e A > ARG B R T AT BRI 12 /NFRT 607 > iR X
BARSERY 0.1 o ALTEE B R AR R S SRR ST » M9 2 B LAC AR 0% 1 S 7 9o A1 S8 e R S A
g R R EE i 5 > BRI SE B S St e G2 G MR 3 B A B e
I & B 0 32 B 3 80 0017 £ B U R G [ o SO 4 S R T T A B 35 KSR TR A 18T 52
BRHE - HFEREN EHRZEE SRRV AR ISR R A A
BHRHEN > WATSEREE EHEEROSHE (ERMAERE) - EXRIF - KARRKH
B 88 S R M2 WU AN R AR & 7 2058 KRS A Rt - B Y E RFA e @ H B my
JUEL > P DABRAPTR DAL FS P20 AH - (F PR AR H BR A AU BT -

F 8 BRYILLETSE B R AT R A AR e R - S E MRS — R EN T
fosR T > HERMR ORI BLEERIAIALR - M- RERS HRAMHE - BT (4.2.1)
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ABSTRACT

In this paper, cloud radiative effects and associated uncertainties are explored extensively in a one-
dimensional setup. A typical broadband radiation model has becn employed to calculate radiative fluxes for
all cloud cases. To quantify the cloud radiative effects, the impacts on heating/cooling atmosphere profiles
as well as the concept of cloud radiative forcing (CRF) was applicd to explain the modulation of the Earth

radiation budget between atmosphere and surface by clouds.
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The whole study involves three parts. In the first part,the basic characteristics of the cloud radiative
effects are analysed and compared for 12 cascs, which include different cloud height, cloud thickness and
three from warm-wet to cold-dry different background atmosphercs. In the second part,we perform
sensitivity studies to access the response of the radiative fluxes and heating/cooling rates to the uncertainty
in modelling clouds that is associated with a radiation scheme. Three issues are addressed in this respect :(1)
the assumption of the vertical cloud overlapping, (2) the variation of the cloud optical properties and (3) the
limitation of the vertical resolution. Results reveal the uncertainty in modelling cloud radiative effects
causes significant differences on atmospheric heating/cooling. Notably, it also affects the earth atmosphere
energy redistribution. Furthermore, these results seem more complex under the intcraction between

uncertainties of different kinds.

In the third part, a radiative convective model is constructed to demostrate the singnificant influences
on distributing radiative energy between atmosphere and surface and changing the equilibrium ground
temperature by these cloud uncertaint factors. Four experiments were done and indicate a significant
sensitivity to the variation of cloud uncertainty factors. Comparcd to the control run, the equilibrium gound
temperature perturbs up to more 10K both in experiment 1, where the assumption of the cloud overlap in
longwave radiation is diffcrent, and in experiment 4, where the weighting function of the shortwave cloud
optical depth based on cloud fraction is modified. The energy exchange between surface and atmosphere
plays an important role in adjusting the cquilibrium gound tempcerature. The other two experiments, where
explore the impact of the cloud optical property, show the perturbation appears smaller and the change of
the ground temperature is about 2-3K. However, according to the 1D climate model, the forcings induced by

cloud uncertainty factors shown in these above experiments show much larger than those caused by CO,

doubling.

Key words : Cloud radiative effect, Cloud radiative forcing.



