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WAERERX KRS R RTNREER, FUESRERRERTE, T

BB RZERRIER AL, MEXRBBEKENZHER, ATnmH
MBES R K. B REI X SERWEHEEER, X TRDLRER
XX — KB KA B PEAKGEROE®, FHURNEILX T RMEWE, &
EEEE L. ZWXFIA CERES. MODIS 1 CALIPSO % T £ iB/& Bkl K
P BEL, BB TR FNER, BERARA T W LEREEBE N RE K
Bi, EBUETWANEREN BEERIY KBS MARKEWE: M5ER
TWAESZMHEERAXNES R FERLWE, FELEM ERE T HRDAER
B I B R A SR R [/ E R AR B R AT SR RS Y ik

B ERBER—ERZ TR F RS E, RISEH Ranit®
FEFRRBAHEE. 2030EKFH 2008 4413 BA M K Tk B0 5 R R
REZNDLRTHROERE, FARBREHREE, tH T AI®X fEs
SR, FIRES AERRRIET RN ER FSEMNTHRME, £RKRRINNE
i EHETYARBRERSETMEN HF9Ee8aE. ZRR\BRY
LRBRERSET RN REERRETE, ERERRINEIHIB KK FH
BRAE, XMHMREXRSEMBRAMEBRE, KEFHDLSBREXHE
T RFEXEEHER, BT RSP RBERARE, XHELREHMASKHER
BEM, SHRKRBEHBREMKIMER=EL.

S[ERHEEFEN KSMAERNER BENK T EEXEE, BT
FREMRE, KEMERRE LHSBAREEFRLN E—EREBRR. KR
FIF B# K56 CAPLISO DEKIER 2 T h IS T X ¥ &S B 0 2 B B
&, FHA Fuliou X, HETYLEMNBGERMAERNEENMG. ERE
Al TR BRI, FARK o KPERERKEET KSF, Nimik
— IR RR . ERDLHIN, FEEDEIRNMERRE, YEEXSKM
HEA LM 1K day?, 2K day’ #nF] 3K day” , HEEW L BB ETLLAE] 5.5K
ay's X TAEE REE TS TEEANDTFHEFBDERREN, WLES
KEHIMAER.

1|



A BT 4 £ CERES PERRHE THA =X (CLD) FMgiddis
itz X (COD) B REFEN RAM R, BRIEET A TRYE
HIEE, WAK TN EBENSR: HRAVAENFESHERS S
EXRETHAEMN, =AHBMNARIF T AARE T YRR ERKENS
R, MibAEFE TOA fEXAERS, TMUEREZRINEEET HEWER
B2 B 51 T B IR B A 2 BB, 1B R T KA A T B Rbi B RS AN HoAth
RN TF . EXERRE T —HEZERHMTERSEREUERBLE S
KRB EESHERPLIHTIE, RiIZEX—EH . R &4 EE TOA
Abvb b 5T SRR B R S TR E R 22.7 Wm?, (@B 5L EHBESRBAA 822
wm?, 455 BEH BN 21.6 %M 78.4%. EHENRENEEAREESR
BERMAHLERRET - EKE.
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Abstract

Dust aerosols hava strong absorption of solar radiation. They not only modulate
the surface energy, but also affect the heating rate of atmosphere which would
enhence cloud evaporation, and weaken and suppress regional precipitation. The
investigation of the dust aerosol radiative forcing is therefore important to understand
the dust aerosol effects on the regional energy balance and hydrological cycle, over
Northwestern China with the arid climate. In this study, we quantify the dust direct
radiative forcing, and its influence on atmospheric radiative heating rate by using the
CERES, MODIS and CALIPSO satellite data, ground-based observation and radiative
transfer model. We also examine the radiation energy budget change due to the
interaction of dust and cloud, where we propose a comprehensive approach to
separate the dust aerosol direct radiative effect and indirect/ semi-direct radiative
effect.

There are large uncertainties in estimation of regional radiative forcing of dust
over northwestern China because of lacking detailed and reliable observations of dust
optical properties. Herein we use the dust aerosol optical properties, retrieved from
ground-based observations at Zhangye site during the 2008 China-US Joint Field
Experiment, to calculate the dust aerosol radiative forcing. After verifying the
reliability of the retrieved dust aeosol optical and microphysical properties though the
radiation closure experiment, we calculate the daily mean radiative forcing of dust
aerosol at both the top of atmosphere and surface. It is shown that dust aerosol has a
strong negative forcing at the surface, but the magnitude of dust ARF at the TOA is
very small. The large ARF difference between TOA and surface means that solar
radiation is kept within the atmosphere. This would reduce the vertical temperature
gradient, enhace the stability of the atmosphere of the atmosphere, and thus slow
down hydrological-cycle.

The vertical profile of dust aerosols is important to estimate the atmospheric

heating rate, and is also important to calculate the dust ARF. However, it is difficult to
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obtain the aerosol vertical profiles on the regional and globle spatial scales untile the
active lidar observation become available from CALIPSO satellite. In this study, the
CALIPSO lidar measurements are used to derive the vertical distribution of dust
aerosols. We use the Fu-Liou radiation model along with the input of dust aerosol
vertical profile to estimate the dust radiative forcing and atmospheric radiative heating
rate. It is found that dust aerosols can maintain a large portion of solar energy in the
atmosphere because of the strong absorption, thereby heating the atmosphere. During
an evolution of a dust storm case, the dust aerosols heat the atmosphere (daily mean)
by up to 1, 2, and 3Kday™', respectively. The maximum daily mean radiative heating
rate reaches 5.5Kday . This work quantitatively estimates the warm effect of dust
layer during a dust storm in the Taklimakan desert for the first time.

In our study, four years of CERES data are also used to quantify the differences
of cloud microphysical properties and radiative forcing between CLD (pure cloud)
and COD (cloud over dust). We shown that the analysis of satellite observations, dust
aerosols do change cloud microphysical properties. It is shown that when dust exists
under a cloud it has a warming effect at TOA, which combines direct, indirect and
semi-direct effect. However, it is difficult, using only satellite observations, to
separate the dust aerosol direct effect from those caused by altered cloud properties.
We propose a new simple method that uses the satellite observations along with the
radiation model calculations to separate these effects. It is shown that the averaged
direct, and the combined indirect and semi-direct instantaneous shortwave radiative
forcing are 22.7 and 82.2Wm™2, respectively, which correspond to 21.6 and 78.4% of
the total RF value. This method provides a new way to quantitatively study the

interaction between clouds and aerosols.

Keywords: Northwest of China, Dust aerosol, direct radiation forcing, indirect
radiation forcing, aerosol optical properties
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1.1 HRERSEX

SBERERMHELANEZEERS, PHRBREANETFEMHEHE. £ES
EWSBEEUNAETH, ZHREREFMEFEE, EXRATENLWE T
(Haywood et al.,1999; Higurashi et al., 2002). Z=FSBERISIEHMEATE
th, FERBRBHRENHIHEREERN . KRPAERKES RIBHLEIT
b CO, BEMBRESHMNBERNESR. 5 CO, FRESAMEL, KBEREL
TAFASZERKORR. F—: SRESBEXRKWFEEHEHBEEAR, |
BREEGRPEE, XRERT BRI ZHAERHHRE: B2 SER
S RERGREER, FTRBRERGRIDVERAELRMNERN, MRLEN
HUEFEERE, TERNBTRROKE. £ SREHTFRERA ,
BN E— R, — M TFER— M TFRREFLEN, BEREREN
FFHICEER SR FRMRERN. BN: BMSERETFZEAEEEMAS
SBEBWE . MFRDAUABRSERAELER R U, BT LERNEREE,
BRERBERNREESRAECHBEZEABNEREIRNE. KR, FRMK
SERAEHETBR A, XSEWENRICIBS RN R, FAXRESE
RRBH[BERIISRGRMAER, FHRMERAIMER. 55, SBERT
ENTREY, BHEHHDBERSENERZE. FRNEBEERRNEN R
. KEEANER, BEUEEENMER. FIUaF LRI ZHNBREH
PSR AU R ENSBRYEAEE RO RETRNRE, X BERMEH
EHPRIAMARBNN EE, EAHABIRFOMER. BHREAZMTBERE
SBREUFHEEER, EXZHSBRNFREER—EXIEHER, K5
A ERRABAT R AR 5EH T H (NRC,2001).

WAERKERBRNEEMHLZ —, MHXREELIROESH AN UREL
BEHEAEW. BT PEILFDEREHNTREN XEEREPEERNGT
VEMXEURFH MK, ERTHRARNMENY LR, FEREEIBE
At R EAUR TR ERN S YA RARM . §FEPEIETMAKRSHY
3L 800TgYr!, ALHLREEN 13. RED AR FERRKREAKRS, HHEH



ZEM KB ERARX T b (X ¥ A T AR Y TRIE R OB T

ER M TG R b KRR e, W AMMERYT KEERRE, i
KEBHAE B IR NLEREEX (Haywood et al,1999;Higurashi &
Nakajima 2002, Huang et al.,2008). ¥»42S B RAE T LUK 5 19 K PR 48 59 & 5t
BRZE, AMERATHBREZEMSBEHERE, BTSRRI EEEMLEN
1, T B BT YRR R, DAKBRIER KSR RGN,
MR SFMHA SFERTEW. EER, AP L[BROHBEERE
SR TERSEENIZRE, A BLERBEERA T EMBE R ASE
BRE=AEERRN—EHE. Rosenfeld [2001] E@E LERBMTRAEEY
LRBROERRDBERHFLEMEFEK: E£FH—RILE (Rosenfeld [1996])
AR Y AR B ROKZERAXRBRUGTIHNESRR. H5 Levi (Levi and
Rosenfeld, 1996) f&i AT AL RFVIKZIREHUEEMAAR. BAER
HETAXEDELRPALSBERNEZERX, AMNHFEINEEYDLK, ¥

SEREEZASBERBMEEERARAES. HEFSE (Huang et al, 2006a;
2%%4%&)ﬁﬂwmmsﬁcmmsﬁﬂ%%ﬁﬁm,E@&E WAEKFM
ZHFHEER, FARBRELRS EZKEBMAEEER, X=X HERKM
HITTRE & S 3K 120.6Wm? HUIMER, KX TR NER TR X HRFE~EEE
Wi . BiE, BHEER (Geetal, 2009) B ERAILDLTERSEMESE
R HYb AL, KRR R, XS ERYARERI KRR
FEEMBAER, MERREBEKEMZHER, NTHHFREREK, X—dR”
B EINEIFE X 8. LR XS RBR RN, ERFKER
WA AR RIATRIE. FTLA, TR X Y DRI AR SRR
BRNFE T LA RID ARSI BT = R K B e ) BB AR HRR 7T, 4550 B3 = o6 %4
BERFHENSE, HRADL[RER-Z-REIRNRREE, #—PRRHEXTHE
EFRABEHEMEXEE.

1.2 HASMEXT AR

ABREMMA RS PE, TERBT MRS R ERENRE M.
F] 48 Y SRIA R LA R BB A SRIB . [ 1.1 RZEPUIK IPCC R G4 HE
2005 FEEMETFHRNSFFHMEMNREE. NEPRINTUEH BTRE
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R HO4E S SRIA M AR 2 TE B R K, it BB ANE R 18 B2 R, 45 5 R 1) B A AL,
EFRERFPHERBRAHER, RIERMEANGERERIRERKNER.
XERE, BRRBERUASZAHEERNEMARERENRK, ERITSIE
RENMESTLATRIERFNFKT. WMERANSERESN RGN THE
tE, MLTMRUTHENTE: | EHERBERONENMRAEER. 2.5
FAAE/EAIRIEHLE  (Penner etal ,1994). B 1.2 FIH T KSFh 4 FXBASHE
RREIRIR, REAFRHERENH.

2IREHIE8IE
a) FJonEh ; EiANME TR TRy |[Vans
|[ 1.66 |1.40 ~ 1.83) 23K =
KEMM S P
MES% 016 [612 - OR) 21 | B
0.05 [-0.16 ~ 0.05]| HfE
RE 0.35 025 ~ 0.65] | — 2Bk L
EERRN .02 ~ 0.12)
ﬁ B 0.07 0.0z ~002) | IR | {&
HREEE i Sipoaa | Yo |n
N . : . K h
_,\{ Hignm ! 05 [0.9 ~ 41| -25 | -]
" - , | K 5
" = s : 0718~ 03] e 113 N
M AR ; s 0.01 003 ~ 0,03)] KB el:3 j
| . ]
ﬁ K PRESR : ' , 0121006 ~ 0.30) | £k 1 T’j
AL R0 ', . 1.6 |06 ~ 2.4)
B8 !  gmar
-2 1 0 1 2
B

§

A 1.1 2005 & Fh A FRYEE R 2R THRES RIE (51 IPCC, 2007)



EMREE LR FIL X ¥ A S IR RS D18 BB B 5T

# 1.1 FESBERE. RESHEXOYEZENS (5] B Penner et al,, 1994)

FEMEK FERRE SRIE AL

KEHTHNY | 4. S, TW [ A, BEEEA: BT RSN

(n: HE#. | B3Y. HIEER (& | B. MEEM: F8 CONRENTERERBER
WERER. B | ). Mt | C. [AEMER. 18 CON BB MM =74 &
AR S 3% R I0%

=4 B RE)
REFNY | 158, H=E, Tl A B, C
15 R U R R A e
R . B4, Tk D. RUCKPEES, HERSIMAR
SRYMUR R
Tt | FREASIEND LEX A, B, C D
BB IR BB R S R A

1. 2.1 RIBRE RS RE M AR
BARNVARBISIEBRL T £ 8 85T AR WOK BR 48 5 SR B 7 10 2 2R
B4 4 (McCormick and Ludwig, 1967; Charlson and Pilat, 1969; Atwater, 1970;
Mitchell Jr., 1971; Coakley et al., 1983) XN %, ELEILT 60 4F, HEEHX
MEWERTEDEERE, FAESHFRBFHNBEBR. KEREREER
SEEEERAHN TR, XEhRRBRU R AR S FTRE
B, BARIERREUARIB HERLF, A0 47K & B X (Haywood and Boucher,
20000, SBERHEFHT, SR RBREN RBE, YEn 3 KBRS HE
iRk, RREEZEMBEENTEREET. B—SHARAXN TRIEES
B, YESERRTFRERBHRBE—EHERT, EHRRERERHE
o IF P8 5 9 36 TG 7 11 e R 2R 1t IX W)y 47 FrJ 48 5 5838 (Haywood and Shine, 1997;
Chylek and Wong, 1995). &IREFHMSIE R EBAEGREN B M SER
St R A AR 2 BRI 25 2 A S RIRMAI Y (Haywood and Boucher,2000). 314
kIPCC MEHRE, B AGELRFHNBRRENEN RBEA RN
-0.4+02Wm?; 3R B0 KL EA HUBR RO48 59838 9-0.05£0.05Wm?; RE WA
PR OEL B BB AT R 5T 3R 38 9 H02£0.15Wm?P s AR MBEMIESBE RN
+0.03£0.12Wm2, FSR% £k BB 5T 3818 .5-0.120.1Wm?; T ¥ A MBS RIEA
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-0.1:02Wm?, BRI LHBERAS—SBROEEBHRIETNAHE, 18 IPCC
RHBTASERNEGE, FEEANERBHRTFTEENSBRL E. ElL
RRRFS KREMX, TTUEZEPIH T ERMERE. FHK. B, BRI
T B R DAV SA R . el PEMMERA M B DA MERIES
BREBBAER R R XEZUE AT E R ERN B EEEN Ra#TE
. BUEH KT VB EIFE SEIRE & H BB RIEH-0.5204Wm?. XEFN
KIPCC HREEHE=MLFEN—IER (PCC, 2007).
IPCC HREPRHBHWLLRETHNEREES RBETEEHN-03Wm?
0.1Wm?, HHEHRLEHERBREBRRNTHEE. XEERR MW AN
FREMER R 2 BT E TSR . B 1.3 9 Sokolic % (Sokolic et al., 1996)
BEMD LR BREVERBNRRERAHETEE . NRPATLUEHTRESF
PDEBOHBEUREG AN AERAEERBETRANAHEHEE. U LHT
f B IR BT RS R R, BN EPHA Bt X WA B AL 46 R R A RIS R RIE X
WARBERRT R R KES REEE 0.55um KB EXN 095 F 099 Z[a)
(Fouquart et al.,1987; Haywood et al.,2003; MacFarlane et al.,2008) {E&RF 4R
BRkEBREREILYLFENY LR T I B REEH RBET/NTIEHBREERX
BT, TRICHERE, 7E 0.5um BB b, ¥IETEETE 0.73-0.85 A (Ge et al.,2009;
Pandithurai et al.,2008). BARITJUEMEMAAK YL R TESIEREREHE
Rk, YESBRERBHIERNNDKERTES, ERTRETRAMXL
DR TS EMBEEE, UEARKBHRRBENERYE, EAXBYLIER
RES R EB AR TIEAR EXNAHERE . 298X NF BIEF R u
REABINREAD LM FTEALEERPERENREE, TEMATR
EAl XYL EERESRE. ZRRPREARDLRERERSETHE
SREEETE, XEBPREEILGXEREEHYPLIERBRBCKPEES, €
BRE—BAEEMEET KAH, ATTHRET XAWEEMALEN GERBNT
).



ZMREE L 2AR X FIIbH X ¥ & A AR B SR8 N T

x 12 WAEESHEHRREMNTHEEER (58 Sokolik et al., 1996)

WA T AP FRE K TTER

BHTE RERE AHETLE
wahEFRE (TgYr") 3000 1000-5000
VR RAE R 4 3-7
THSBREEHR 1 0.2-2
A (m%gh)

ALY RIER 0.014 0.003-0.05
KEEFHELRTVHHEE
500nm L HRBERE 0.85 0.65-0.95

BIRBAHTRIER (SSA)

500nm EHYISBRE 0.75 0.65-0.88
AXHREF (g

1. 2. 2 R B F) 84 5 558 RO B 7L BUIR

Wi 12 Frid, SEREBBRAEE S AFE: BTRERAFIEMm, #
KREE—EN, EZHEMmE®AFRANER, RZAE—RERBN
(Twomey, 1974); HERERAYF, KRBREEBFEZSPHEBERAF L,
MEBT =W, Fill, SBRATF (ZEE” CNN) MIRE. KDURBIEHE
X T HRRERKNE EEYW . XL — P8R = R R
FeRIRtE I, SWRBERNKRERN, ZRVRESEZIER, NIRRT ZH
ik REBE (Twomey etal., 1977, 1984; Coakley et al.,1987; Durkee et al.,1988).
BT LA — KA1 N A AR = IR 1B« B RN R B T =i
FRUMEBBH = IR B R, Tl fe > K, TSR = 1B E (Pincus
and Baker, 1994) KA A (Albrecht, 1989), XFHIEK Z 4 45 FE # LA K 38
REBHRZFEHEAMSHBZWEEANERER, LSRR IMRENE
H. BE_REAFETRYNHRE, RUMEEZHAHIBREAEEEM, £5
BRAMHFERHERA—MAIER. B BRKEROBOTRHSIE—SHEX
SHKAESEMRENEESM, XESBEHIRKKGER (Charlson et al,
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1992). Bib—BEREHESER, Fiin: Bk, ¥4, RECKFRES KRG
RE, ZBREEZFKAMEFHRIGEN S EEEA (Hansen et al, 2000),
SXKIKE B AFE R,

macrophysically
identical clouds

fewer larger drops more smaller drops

SECOND INDIRECT EFFECT

o TN
\vz}'m’ A %
macrophysically
different clouds

P & F) J‘ raRd
> o 3 2 Y
P . N
more efficient precipitation less efficient precipitation
=>more LWC depletion =>less LWC depletion
=>less cloud cover/longevity =>more cloud cover/longevity

B 1.2 SEREEERRERE (5|8 Albrecht, 1989)

F—REERN—ERTUERDEERORRER . ERE— KRR
ELHENMMALRIEE: —BXNFZRR (Martin et al,1994; Guiltepe et
al.,1996; Pawlowska et al.,2000; Taylor et al.,1994; Mcfarquhar et al., 1987) &R R
HRBREMMENRERNZRNREEHBRDA R FHIXR D DERE S
ERARELEETRBFERRIER (Coakley et al.,1987; Kaufman et al,,
1997; Nakajima et al, 2001) AT Z|HA AL, HEATEAMNNLELKASE
B FRER RN KIE ZEAEER. =KM IPCC K& (IPCC,
1994, 1996, 2001) ZAZR T HE—K[EEMMN, BH IPCCREBVARMGET
B —RIMBR RS SR E, H 88 A B e R B RS AR A R —
o, MARBEHMEE (IPCC, 2007). JEXHRIARIE R ANTE 5 — 05
(iR



ZHREG LR P Ry A R RIS B IBT

SERAERSRANEER EERAMGETREHEMN 2 B 3 F UPCC,
2001; Haywood and Boucher, 2000). HZE =X IPCC k& LK, BB EE
R R R SR O LK, 3 B UE A& 5t X S E#T TP
flio IR IPCC IEHRMEE T RBRM K =HBME (F—REENRN) =4
B B4R 5 SR 1E -0 7[-1.8~-0.3]Wm?, X—ZRKE B MERMAR, EirH
R TSAR-ZHREERALE. SEESRERMEHZTERNEL
REERAR. REMRGEENERCEZUE=RIPCCRELRETIHE, %
AT IRBETHENTEE, EERNMIEENFETENAFERRNATEE,
R 1.3 RBERBE IPCC MM TR R E AR B E A R AR 5T 9R A Y
HEERRI .

REFEILDETEBREAN—FE RAERRESER, X5a0AEER,
EERBL5IET BARERHIZXE. HEFF (2006a, 2006b, 2006¢)
#|F MODIS 1 CERES BRI KRB WD RIS REHBRMWLE, HAFEER
FMYBESHEE T EETL, PAZERNZKBEEATEEHARRD, ZH
B RIERTS, FEBTFYLRBRAOMAER, 08T RK, BEEEWE-S
K5 AL E CERES EEMMBRAERENER, 27 140
AN, HEEEENEERENREL 5 BEH BN 78.4%, BRPESE
BHEEFR GELERE). EXELERBEAMISTHIN, EFERE
BAEFE IR R B URIE.

R 1.3 SBRE B0 848 51 08 14 AKX E
SRIE L] BB 2007 ££ IPCC Haywood & A4 R

(Wm?) (Wm?)
HERMN Wim -0.6~-0.2 -0.82~-0.26
2774 0.05~0.35 0.16~0.42
ALK -0.1~0 -0.04~-0.02
YRR -0.09~0.15 NA
¥t -0.3~0.1 -0.46~0.09
THEEEE -0.2~0 NA
k2 oREBR -1.8~0.3 -1.8~-0.3
ZHEMES NA -0.4~-23

XHEZ 0.003~0.03 0.005~006
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1.3.1 WX EFEABTMET 2

FRXFER AR ARE T X b0 S 5K E B EE s Ra %
Fi. @ XE—$#T T #HHEFHENRaGENHBERR, UWHTREE
FTHEEMNERVEEN. FSEHEDLERENRGEN, BRERT
2006 FEERHIDTVEBX M —KRDDLRIIRE, HETHRRBHPLEN R
8 FHF B H M CALIPSO EERB BRIV ARBRNEENMEL, HBRITHE
TYLMEENAE, REFA 2008 FEBA MR TRIB S R LRF
MR, MAERTERSENRBRESER, HHEENESWE
BATHE, #EAAAGRR. FESASHEATHEDLRBERERSETL
HEMEMNRGE. FBNETTYLRBERBENHR. BXFA 4 F
CERES LERENTTWAEMZAESFHHE, HRFAWNEETETY
D EAESEAE, AREERTESWNE RBESGE T HEEN R 38
HES5HEEENBAEMILE,

KB EHRXHEERARAR, FRXETZHLT:

F—E: 35. FEERTRERIFIRDALSBRGARNWERY, o
BT ST R B ) B4R S S BT W U R

% "%: Fu_Liou 5 SBDART EHEHEXNE . TENMBTERIXHE
EHANFEHESERERNEERENRA.

F=E: EAMASI R REENSURERR. FENR T EHEEN
SRiaER, SMANTENITEERMERY,

HNE, YORERMERBHREARN. BBEAXBXH—NEHEK, £E
HETHRBRERNETHXYAEERSETMBERN EEEHBEEURE
B h 3 1 X ) B AR

FERE: WARBERNEEEIREMN. HEAFRIM A —NES, X
ERART Aol LB REHCERENTN, HETYWASKEN®IEHE,
FHAEE T EEMREB AT S E .

BAE: WXBEMT—HHIETR.



ZMREE L EA R PR P & SRR ST 3R B BT A

1.3.2 X EECF A

FRXHMBRFAT ZNEFH EE LM ERM XL EE, EEZFUTL
MIH R

F—: REWEDERT—ERZTEFANAEEREEE, SXEEH
SRIBHTHE AR KA ENE. ARSCE KA SR 2008 S0 REX-S
W BB K AR T HKOEERE, B AR REX, 8 TR0
RISESY5RIE .

B ABRPOEEFEFRKSMARPIHTHEERER, WEHRENTE
WHE -, Bl TRUFRARE, ZEERLNEE—-ERERR. 2006
% 4 ARSTH CALIPSO EE ERBHBOLTF L, ARMNBHET zMREREE
BHAMWETEMN—NMHFAREONSEFAREREH BEMNARNEES
. AWRICFIA T M CAPLISO B E MR 2 M HE R L TR E W R SRR
FHHL, HBA Fuliou B, HHETHLEMNBAERMARNELL .

BZ: ABREZHHEEANRA—ER—IMER. FRXFNAZEN
CERES EEFHBRIELTWAR TN ZERMNEZE, HEREALYULER
G&, BRREY T 0B EEEN RN MRS BT, AE T EEM
(B AR 43 5 o SRS R E R B 73 L.
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2.1 5§

FErEE S RER, RNFEEAESEREREITEAGE . RXE#
RS BRI S RPN EEH RGN, RIVRIE FuLiou \|HHERERM
SBDART 3E5H & HEAA BRRHE, ERRERTHER T XBRFESN 5
B X—ERNXHMERSEAT T HEANA.

2.2 Fu_Liou 8 £ 5IER

Fu-Liou 585 £ AR R R E LB A F T BER EMMRZEE B HR
RERILH (FuandLiou, 1992, 1993) , WAHERXE K EHHRAIKSEEER
B SRR — M TR E MBS B B AN AR B i3, WERBEEE
%] Rose 1 Charlock AKX Kato % AEERE (Rose and Charlock 2002; Kato et
al,, 2005) , IEC L4 NASA-langley B 540 FH F NOAA F1NASA T E Wl
MRS REEMBIEWBF IS RIK. Fu-Liou B EMEARRBEKR
PHAG—HELERBEMLIMEH IR —. ZEROF UT I KRR
A EEERPRESER TR delta IR LUNERY, FRHZMETERY delta
ZIEAUR delta ZF/PUFIE . Delta —FAIUFIE ISR A B R BT E KR,
BRI ENRAL, BARZHRITEERER, BEFsHER TR ERMMA
FHITELPEBENIRE (Fuetal,1997) « HKERPEHETHEK-HHH
EHATIER R BRI SEUL . F DM REBRARERX P ZESFENS K
WEIRT E =8P HIERB KA F .

Fu-Liou EXEEHHR[SEETAMRLERKRSEZ . A EFETHE L.
KRR EEESEE. EhTHERTERA 4 s 2 FER, AR &
TEEGRE, HARTER MEEARENERTE. EXETUTHHENEE
MEESMURZEENAE. HEHEEERTURERRN T EERRMHE.

£ 2.1 5JH T Fu-Liou XM EERBR KRS Fu-Liou =3R40 18 Nk
B HAPEWER 64, HEXHEE - MERBE 0.2-0.7um KR AAE R 5N
T 10 MM BEB. EBBEBR EEEEET 2500-14500cm-1 B LKA BB Y4 :
50000-14500cm-1 i B R E KR : 2850-5200em-1 % B B9 — SALBR R U5 ;
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BARESH A, BFRYHE . KEKR 124, KEHEREZET 0-2200cm-1 ¥
B RIS, 540-800cm-1 B H) —EALBRTRYLH#; 980-1100cm-1 FHER R
SEHIRAMH: 1100-1400cm-1 I B 59 B IR Use 5 A R R i BRI A — UL — BUIR U
#.

% 2.1 Fu-Liou A+ HE B KERE

EIHER | TRAEER (um) | KEEE (cm™)
(um) (0.175-0.7)

1 0.175-0.7 0.1754-0.2247 2200-1900
2 0.7-1.3 0.2247-0.2439 1900-1700
3 1.3-1.8 0.2439-0.2857 1700-1400
4 1.8-2.5 0.2857-0.2985 1400-1250
5 2.5-3.5 0.2985-0.3225 1250-1100
6 3.5-4.0 0.3225-0.3575 1100-980
7 0.3575-0.4375 980-800
8 0.4375-0.4975 800-670
9 0.4975-0.5950 670-540
10 0.5950-0.6896 540-400
11 400-280
12 280-0

Fu-Liou EXHPRANMRSBLEESE. BE. KKNMRE4 1M SHH0E
B, HERFEHE S MREEL, SHE: AWHKITERURL: P4HE
WX AZE, EENFERTERL: Bk X4FE., EENRERTIBL. itH
K AMREARERERER, HETUE RN EHX R 2R TFHL.

BAPHERBEHMAEREMTE. B—FHRERRMRY—HFLT,
WARRBERTEBEKZUN, RFAARENHRRER. F_HURE
ERAFEBREL, MRREEBEKGZL, ERAREBERRBRNRN,
BEAE MR EY, FRIEMLRRBEREEMTYRBEREKES 1, B
ZHEBFMRRBE: S BTUERAANE MR RRBE, EXha
T 18 MARMRENM MR RBREHEKEBUNBES W, XRRE IGBP
(International Global Biosphere Product) BI4rKBEIN, S IR: HEREHK,
EREMR, BHATHA, B, BER, REERN, AN, T
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AR, ERAGFERE, B, B, KA. BH. AEKRE. kAT, TR
YE. ¥, BE. HEMEK. X 18 MAREAOETHARRIMELR,
TEEATEAA MODIS EErRTUA RN RRBE, BAX 18 FEART
PIEFE—FETENAUEERLE, RTUARES M ERIORRBERIIE.
B AT BLE RS BT E = R R U R R R [RE RN . T E
HENHESEEN, ERNPUHEERESR, WHEZRHERMT LI ERA S
EXAREHER. BRXP R TFRERBSHEEEZKEE] (LWO) /K
KEEAWC) LLRAMHL T4 (Re/De) i#1T T S 54k (Fu et al., 1993; Fu 1996;
Fuetal, 1998) , FTUZEEREXMAN FEGAXHNSHE. BAFHAEH
KEEEMRE, BTUEEHRARBIZKIKKEER, FUEFKRS, #
ALNETMATHAEER. ZT. ZREEURKNTERERKITE. KEH
HRRTFHEEBHEE 4 3 30pm, TIKZHEFRFERBEDRKTF 20pm, AT
PUER K = FVK = A BT 278 B 4 5128 5-30um F1 20-180um. LK EH
R 42/ TF 20pm RS HAAR S BT HER.
EHEABER MRS ERR, EXTRE-FE—RI[ER, BTURE
AR FARE RS AR ER. EXPRET 18 HRERER, HHET AL
BTHPERE, BRABETRASAERKBRBCIEG . R 22 KHTX 18
MR FE 067um LB RN RBENTMHEF. XHPBRTAESRTF
(Insoluble Mode) « £ 45 5 ¥ ¥ 4 (Nuclearion Mode) . ¥R EF H ¥ 4L
(Accumulation Mode). K& ¥ ¥ 4 (Coarse Mode). f£#EF MW &
(Transported Mode), X AFh R 5b, HAth 13 MABRIAFFHEEKRER, &
BEARRHER T A L. R 2.2 FIHANX 13 AR BRIKEH RBEMAXFHRE
FREMMEBERN (50%) HHSEHE. HTFRKBEROEESMA, HEENTHE
AEBEHNEEE, EFEEEEANESN ZNRSBLER—3: XUE
BEHRERFOREN A, RESERE, WARERX —FENSARSEE
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% 2.2 Fu-Liou R H 18 FRARKR B R EST R BR KA FRE-F

HIBRRR BREHRBE | THREF
(SSA) (ASY)
¥R F (Marine) 1.0 0.8113
K Bt KL F(Continental) 0.9565 0.6293
% MR F (urban) 0.9327 0.6270
0.5um b 0.9653 0.6622
1.0um ¥ 0.9255 0.6931
2.0pum P2 0.8715 0.7725

4.0um ¥28 0.7949 1.0
8.0um ¥z 0.6996 0.8795
VAR T (Insoluble) 0.7486 0.8163
7K ¥ P KL F(water soluble) 0.9730 0.6570
A (soot) 0.1789 0.3079
HEFIMEHG £ (Accumulation) 1.0 0.7724
K& 25 (Coarse) 1.0 0.8464
EZ& T b £ (Nuclearion) 0.9740 0.6521
WM P09 2 (Accumulation) 0.9093 0.7162
FRE R P 2 (Coarse) 0.7118 0.8741
R )b 2 (Transported) 0.8763 0.7532
B B £ K T (Sulfate Droplets) 1.0 0.7634
2.3 SBDART %& S 5itE

SBDART (Santa Barbara DISORT Atmospheric Radiative Transfer) &53{&%
B R BEEINFIEEEXZEHMER RE T HZ RN R R RAE 1998 £
RE, ARTEEREHE &4 THRASABEEN S8 BAhEET
BRI AL, WAL SMES TR EENRUMESEE. SBDART HAH
LEEREE T FEHH B BALIRE S 5 M5 DISORT (Stamnes et al,, 1988). {&
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SRR XRBEFER (Kneizys et al., 1983) FIKFEFIK 25T YRS H Mie 8514
B (Wiscomb’s, 1980; Stackhouse, 1991), X =4 AEMRL . HERIUER
FRAUEHEEFEFROFRATNEHETRETERTENTR.

SRR, SBDART AitHEKEEK, KESHERILA.
SBDART A A HHE R K IEEA 0.2-100um, ZEATAAHEKEEAEKRSHFEA
Snm, FERALSMBAKTEE PR HHE N 200nm. SBDART B BRI 4 IR 4 R
HHERE R SR EE X R4 TRREEFR, FHRRATHEERTUSAH
A TE B T 4B 5T (X B M 45 AT RAE L. SR TSR AITRUL, SBDART
FKHT LOWTRAN 7 FR ARG HEFHER, HEEET KRFFAANE
KB FRERIRIEER. R ERETERITHETERN, 5 Fu-Liou B
EHTHIMX K it ETEARR.

SBDART #{$ | 7 DISORT (Discrete Ordinate Radiative Transfer; Stamnes et
al,,1988) Bl ES HUALAR RARVE R BB R ARAE ST T 12 LR T EE R OE T —FiieE
RIBE T iR R EEARY— I FEKPRRHES AT IE bR T ETUA
AEEL, HEERAE LK. SRERRE. DISORT kR NRLAEKF
FATHAKRKF B AR, XRERAXIEKFHIMEERUN. BF
B PR HEHE AR H 3R BIK R R K 3 — R X — RIS AR . ESBIR UL, 2K
FRAWBUREEZKFEERAOZURER, KFHRBESERFRER
LEE, U LR AS T MR EATFEKFERS. 7 DISORT #, HENERT
FEERBR AR BT EBRKORFREEAN, R FEBRREENRES
FEIEE R LI EERE, {B7E DISORT F# 7 T —HrE1T, B IEFKEKE
JUESRTT B EH A9 6. Dahack 1 Stamnes (Dahack and Stamnes, 1991) i
BH, BPAE 4 KPA R E A EE 90°/F, FIF MR rT LAS 2 R R
HAER.

SBDART #RF KA M EE LB THRE I HEHEREITHS, HRPH
HH 6 MASEENEESEN3S B. 5 Fu-Liou A8, SBDART /7T
—FERLk: US62, XR—F W LAMRRBAEE KRR KL K/NHEE
# (McClatchey et al,, 1972) #FREX SR ETIRBRZRAMKUEL, €
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FERE. BE. KiK. REKFEEERL. 75, HEEBAUBTRAARS
g5 8

SBDART #AHHA 5 AESHMERIRSHULHEMMR IR, X
AR R R HK (Tanre et al,, 1990), #7K (Kondratyev et al., 1969), 1&
# (Reevesetal, 1975). & (Wiscombe and Warren., 1980) Fi¥bH (Staetter and
Schroeder 1978). R, SBDART FHIHELEARAE Fu-Liou BXPHFL&, H
Xt F— MR E R R, HEBBRAMERBEFTUESRSREEARTY
KIRIFHIERL. SBDART X, HEEFUAEK. HE. SHYHBIXIIF
EARBMPLE], RBITEEITERBRER. . HK. B
EMRULEE, HREB 3N BR IR IR AT LR F AR SN
KRR, Wk —ENELFIRE, HiRRBREERTEMH
P& BB R R BRBIIM. £ SBDART #HRAF, BRI ENKHE
REFFER, R U & B B it R = R 2 (1 7 B & K BR /5 B A 1 AR AL T 22
o ZFBEBRFHBEREBAEREZBERTRERN, OREHIIRZ RBEE
RAERUBEOER T —MRFMESE, BROIER, EXEAET, XM
R AR KHNRE .

EUEA ZMRBRER TRRSEH RN, FEMSBERALTHIE
A, BRESTREBEMFHHEFX=ANENFESH. % SBDART A,
KR FAFEREBA R FEEHTTSH, TENA Mie BFIHET
BRRLFLBE 2-128um CEANHTE SRR TFRBHE AR, BRENREX
MR REF. B 2.1 Bi~A SBDART AP =W FERERLTHIHN 2. 8.
32 F 128 BFER RS, BIKES REENRHRE FREKAERL. FURSE
EHERFMAZHFARFR, BT UEREBIANRMHE R BREHK
RBEMIXHKET, BAAS—ASHEKEE (AR RALUE
FRBERTHESEER. '
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Extinction Efficiency
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X FRBERATE, 7 SBDART HAINRBEREMBREMMUER. X T
MRBRSHBERR, BXSHRET 3 MiRERRAROEE R 2K
B RHEMAMREF. RERKH 3 FEUE: SHE. RilmEER.
BEXSH 3 FEEy: [HKLK. HRLUKMSRDE. B22 Frasiis
T R SV BORL T 7E R RIAR RS BE 2 T A6 245 . A B e T LA H 3kl B
FLER B AR IR BE 44 T 9 S R B RIS RRIR K TR R A TR
B A RER PIKRRBURE —F. BT BRI NFRR B e, i
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B=F WARNRE BRI R

3.1 5%

FIRAHEATETBRE TOA KRB RIAR, FXETXERRF
AR, (LEHR, WRER, RRBRNZNHEERERRTMER,
B EARNRERES BAEFTERRKOAHEE. EXWP, ITEET
fRIX e L i A\ BRI &t T BB ST SRIaE e, X & ke m R
FHTEEMERR. BHTHERAREANSBROBELERERRSR, MWEW
S E R ERAR, BT AT R RES R a BRI R A E R EE
\RE, FPEESBRAEENRE.

SARRFERRESHATEREEAUT U RFERERE: 1. AF
BT e RSB R Y2 B HARY. BRKEHRER, RAFRET.
WE. BT RFRRE). 2. RER GBRREE). 3. KAHBL (R
B, KiK. RE) 4. AHSUE (S, FH). R 2.1 5H T HREEENRS
MAERESHMERE. NS, SRERRTD, HERMARTRTINE
SR, T8 TOA MR E MR TEEE, EAEHBENERE,
LFETE N SEMBBRENRN, BRI D X—2HE, RhRASHE
BERE, HEBINERSEHEEERELE, dHAREHERLE R X
—SHRERK, URX—SHRIMTH MBS ERE RN,

KPS SEE T XF R HBUR TR SO AR, B e XY
BE . T RPR—EEESHB—F N BARXHHRAETE AL
X, B LAMER % 2 25 3 9[39.082°N,100.276°E], H % 2008 4 3 A 22 BH(FE4),
BRETFARBEZSHEMAMERSHNER. RAMEZERTHPSEMXREE
FHERRSEL: KKSENRBYHE NOAA i) NCEP B RAIEEN: RE
4 B RARYE Total Ozone Mapping (TOMS) T £ ¥t ¥} (Bhartia et al., 1993) 8 | #;
HREIBLAFEREARTET B FIKHEEEAR 58.68°, ARBHEERNSH
-fRLERN 1.0,
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3.1 HEMRRPERASHNEEE

BRI PERMAS I ERE

KEEL: PEE. BEIFHERURL
R 1.0

MO 1.4km

KIKEE: 0.67 g/cm’

REEE: 0.315 atm-cm

WERBE (Ri): 0.23

FF#EE (500nm): 0.5

BOKRERST R FEZE (500nm): 0.79
AXFREF (500nm): 0.69

BB TR L 0.4
HHREKEE: 0.25-4.0 ym
SZA: 53°

3.2 SERALFIEFEREXT TOA K HhTH 48 54 18 & 82 W 1 BUs it i %
SHERRTFHAEEREEAUTEARRREL: RBERAEEE (0,
BRESTRBE (o), BEHHEER.
3.2.1 SBEBOGFEE EBURMERR
[RBBNFEEREMERMRTENNERECBEN SR, AXRER
7~ B TR R 7 X 2K B 6 B TR R B TG AR AT O . B W R BT
B 0-1.0 (500nm), {BRHASRWARRE 500nm FERMIFEE B LT 3.
(McFarlane et al., 2009) . FEBURMRRH, HATE 1(500nm)=0.5 JyZEHEITHH
EETIRIAME, RIS H B 2 BN 20% (1(500nm)=0.6), 60% (T(500nm)=0.8),
BL B> 20% (1(500nm)=0.4), 40%(t(500nm)=0.2), it BEAENFEE T KiESH
WEE, SEAEHTHR, WTEHSBROLEEEX TOA it RA5E 5 E
BT ERNEM.
R I2HHT AV D N EETLE, TOA I REFEENTHENT S
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B NRFAUEH, DREREEEEERN, tRE ERATRES AR
HRERRAD, BFEEHK 20%0, BFEROELER, HRETHE
BESERERD 33.92 wn', B BT R¥EEYNER S EH YK 1197
win?, BAERIER T BNESHERRD 21.95 wim’. BT LE HHERA
RN BIA AR ER. HANRTHEETUE WM, TOA
s ERESERNSEREFEENEUFATFBE, « MMBRD
20-60%, HARILHIE S LEE 2%K. KRB TFERTIIERLEBENENE
B ASURERE P, FTEUN 500nm BB b B SIE R B IKEUN RIBER 7 0.79,
SERREUES TOA ETEREN BRI FEREMELHF A ER. FrilE
SEALRIZIE R, BRI RIBEMNERERBS RS R FIRER: BbHE
R5TE] TOA AbRYIE B R SIE R BT B E R TOA [ LIBSHE R, BFrElEM
XS REEENFARRELERRER K.

R 3.2 NEEE KB/ 20%F 60%/5 TOA ML RAEST EEZEHL
(BAfr: wim?)

T

TOA_up

Suface_up

Suface_down

Suface_down_dir

Suface_down_dif

Increase 20%

0.49 (0.3%)

-4.50 (-4.6%)

-21.95 (-5.1%)

-33.92 (-14.7%)

11.97 (6.0%)

Increase 60%

1.07 (0.7%)

~12.83 (-12.8%)

-61.98 (-14.3%)

-87.31 (-37.7%)

25.33 (12.6%)

Decrease 20%

-0.66 (-0.4%)

4.60 (4.6%)

22.88 (5.3%)

39.22 (17.0%)

-16.34 (-8.1%)

Decrease 60%

-2.80 (-1.7%)

14.75 (14.8%)

73.67 (17.1%)

142.59 (61.6%)

-68.92 (-34.3%)

3.2.2 BREUH RBENERERE

BORHU R IBE(SSA,0)THEE X [BERATHS R EHLRKMLL
B, ERAESERTREK. 85— EESH. ERBRPERMER
500nm () SSA BEHEE X 0.79, XA BEAEMEE RN, H2008F 4 B-6 A
SEELA VLA MFRSR $#E RIEB H K 11 MNEZHFIERKLF SSA KT
{E (Ge etal., 2009).

# 33 AHT Y SSA HARB/NT, TOA M REHEENEL. NRS
Fi5I182], 24 SSA #X20%, 79 0.948 B, TOA 4k _E K48 5138 B 38 K 40.68 w/m’,
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BILL 24 SSA 4 0.79 B, £ 7 25.1% MG RECH HKS/E: 2 SSA Iz 20%H0Y,
#0.632 B, R FIRUCHE R, MBS AR BRI T 21.6%. BULEL,
ST BRL T I B IK BT R B ERY TOA MR BEW XA FHREHHLM. Ramanathan
AR R K (Ramanathan et al., 2001), ¥4 SSA>0.95 B, TOA &R HI4EH
5%i8; X SSA<0.85 B}, TOA &bHIEM4EATIRIE: 2 SSA 7£ 0.95 %) 0.85 Z [d]
B, TOA AHESRAERERN i, ERMRARRTHRRRBR, SBERE
EAAEHMNETFHEWE. X FRRE, ER SSA REHHENAX, 5
HEEHTX, FTlY SSA BEMRATHEREFS BRI RARML, B
BEHERMEE SSA FK Q&) THK QR/N). TitRm ERESER, &
FHRIMERRBERE, FUREATEREER, SHEZL—Z.

7 3.3 SSA B K/ 10%F0 20%/5 TOA b RESTIBESTL
(Bafr: wimd)

© Up_TOA Up_Suf Down_Suf Down_Suf_dir | Down_Suf_dif
Increase 10% | 21.69 (13.4%) | 6.38 (6.4%) 29.44 (6.8%) 0.0 (0.0%) 29.44 (6.8%)
Increase 20% | 40.68 (25.1%) | 11.24 (11.3%) | 55.54(12.9%) | 0.0(0.0%) 55.54 (12.9%)
Decrease 10% | -18.9 (-11.7%) | -5.8 (-5.8%) -26.66 (-6.2%) | 0.0 (0.0%) -26.66 (-6.2%)
Decrease 20% | -34.9 (-21.6%) | -10.81 (-10.8%) | -50.24 (-11.6%) | 0.0 (0.0%) -50.24 (-11.6%)

3.2.3 AXHREFREEERR
BT 5 BE £ I 9 A B E S R BRS AR BB B (Phase Fuction). i@ b, 4%
B TERASIBBRAL T4, WATCARIA Mie EiSTHEE B E BN T #0 LS
FE& ¥ (Van de Hulst, 1981; Bohren and Huffman, 1983). {BZELPRiHES, 7
KEBEFERER DAL Henyey-Greenstein (HG) #5148 K %
(Henyey and Greenstein, 1941) RBHEHMEHHERH. HG BSHREEZ
KT RN M R BB T 2, REN HG BB RA— NS ECRE X EA T
Bt RS A6, B—AXFREF g (Asymmetry factor). 23X (3.1) BN g tHHE
B R RER.
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- 1-¢
Pm;(cosg)_ (l +gz —ZgCOSB)m (31)

(1+g)2 RET AFERERI 2. 768 3.1 b, LBEAHR 0=0° Bf, RERIF: ©
=+180° B, fAEK/EM. NETHLUEL, 25 gHAR, BHENGTMIREEEM,
Y g %T 1 6F, MSELRaTmEET: 2 g=0 B MBS R FRS A, EF B .
—f% g FEVETEEE 0.5 3/ 0.8 Z I8, EAKIRKT, g7 500nm BKBHIEEREE
70.69. 5 SSA RFIHUE—FF, Xt RIRE h 2008 4 4 F-6 A b FEA W (8
MFRSR #45 RIE 18 H 19 11 4N 26 F SIS BRLF g KT EER IR .

1000.00 — — —
1
|
100.00 - G=0.80 E
: = N\
L y %
\
=0.0 /
1000 ¢ / 4
g /
& =177 \
1.00 - — < e —
E /,’ - E
: ]
0.10 - g o
= —1
0,01 1 J
-180 -80 (] 80 180
angle (")

B 3.1 A g E BB EH HG A e $bE A B 73 A 2R 1k B
M 3.4 F5IEEE T LR X FRE FXT TOA it 248 58 B AR m I A

R, g EMK, MRS FrUltRE THEMSEM RN TOA &R
LRGN
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& 3.4 g WA/ 10%7 20%/5 TOA fithZHESHBEREL
(A1 w/mz)

g Up_TOA Up_Suf Down_Suf Down_Suf_dir | Down_Suf_dif
Increase 10% -7.37(-4.6%) | 1.9 (1.9%) 8.91(2.1%) 0.0 (0.0%) 8.91(2.1%)
Increase 20% -14.52(-9.0%) | 3.76 (3.8%) | 17.97 (4.2%) | 0.0 (0.0%) 17.97 (4.2%)
Decrease 10% | 6.87 (4.2%) -1.69 (-1.7%) | -7.93 (-1.8%) | 0.0 (0.0%) -7.93 (-1.8%)
Decrease 20% | 10.86 (6.7%) | -2.47 (-2.5%) | -12.31(-2.8%) | 0.0 (0.0%) -12.31(-2.8%)

3. 2.4 HREE BAFE B BUR R LR

SERAEFRESH CLEEE. RREGTRBE, THHRETF) HLEE
BB REREEERBEKNZUN - MEESBRETR, Bk
BB BIHEH (Angstrom exponent; Angstrom, 1929, 1930). %7 /E AR HEE
R REFSBEBHLT R/MLF; BRGEBESER MR FARRF. &
BRI A B, 500nm HKE ©t HAE, HA&EHEK LR « ERRIE A B
M. MK 2.5 FalLLEH, A BRI TOA LB EMBEEZMEMAN. =
AWK 75%ME A 0.7 B, HER TREEEHIEKT 9.6%, FEFREEHENERAD
T 6.1%, XRETFTAMHEERIZBEIESFN, A BEREBREIMBEREK
ERCZEERER/A, (ERRAME R ERES G, WU R A

& 3.5 Angstrom exponent 3 K/J5/ 25%F1 75%JG TOA FHLR MBS BRI
(Bhr: w/md)

A Up_TOA Up_Suf Down_Suf Down_Suf_dir | Down_Suf dif
Increase 25% -0.19(-0.1%) | 1.16(1.2%) | 3.74 (0.9%) 7.74 (3.3%) -4.0 (-2.0%)
Increase 75% <0.55(-0.3%) | 3.32(3.3%) | 9.86(2.3%) 22.17(9.6%) | -12.31(-6.1%)
Decrease 25% | 0.24 (0.1%) <1.26 (-1.3%) | -3.89 (-0.9%) | -15.74 (-6.8%) | 4.11 (2.0%)
Decrease 75% | 0.77 (0.5%) -4.17 (-4.2%) | -12.73 (-3.0%) | -25.11 (10.9%) | 12.38 (6.2%)

3.3 HRMFEXT TOA KRS @B SR RE
FER S IE R AT AP B B R VAT AR i I F2 R, b R A B R )
BEXLEE (Atwater,1970; Mitchell Jr., 1971; Coakley et al., 1983). HRX SR
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TES RAMERRESR ZFRFAMESNBERZBMEZRRS, SiEml
RRBHEFEREBH IR —BORUL, X T R JER ISR,
LR RBEEN (FIMPREEKE), SBERNOBHERARS. B, X
TREHESER ML —#, BEREERFBHBRN T, EHRR BB
FIER T, tBS7E TOA = MMAER GESRIERIEMR). HILKE, WRX
MR REERINRAE, SXBREN RENEEENR A IR TERE.

RERFELNRBIX R MR O AR R EE, B2 MFAREFR IR
RPRBHER—EEIMEA. BERMRRS O KHES R ERANY—KN, B
FAXU A R 4t 43 i B % (BRDF, bidirectional reflectance distribution function) 3%
AR G IR BE AR BE A BEAE b 2K 3R 547 - BRDF R BRI R R EH
Wi, ERMARMEBNI RS, FRbMEMATREN . EERSEMEXT,
K3 BRDF MR Z4E, EH KRB 0 REBHERAUH-NEEEN S
REw, BHRRIBE (surface albedo). HiFRKHBEN R H H-5NH M LA,
ERFTAHMN BRDF £ E¥ RIS, MRRBERTREMRAER RE
BILMSE, EXREEKMAFHERAERX. BHEHELP, BERENBRR
BERTEEBEKEASAELMS, E5REMHZERIRERX. EFH
FELGEREAL, BEEANER, BEAY—, URBHRKELEKX, Friikit
MR E MR N E R . MODIS #1 MISR FE B THES AN KBTI E,
B CART DA 47 o H ik i b R M R . B 3.2 9 MODIS PEBERIEMELSRE
L8 (white-sky) FIEEH 5 (Black-sky) TSR 1R IR ) & HE R B A FH = & £
(SZA) f9%84k. #E White-sky F1 Black-sky T H RIS & MR [F B R I8 77 i
SRR R B R ST B BR ST 618 A XU BR R 5 22 71 e BB il R B 2 BR R R
Z, NE32FUEE, M TARKMRER, £AHEEARDR (KPR
BEHE) White-sky FIRBZE KT Black-sky FHIRIBE, MY SZA KT 550,
MRZ .
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78 At b b s S AR 10 R Y W

0.30[ (3 = - '
0.206F 1
0.20 F “Barren 5
3
p- 0.15F -
= 0.10 =
. _{:r;sq
0°05 8 s . W - o5F B
0.00 E.N. Forest
0 20 40 60 80 100
SZA

3.2 MODIS R i RI7E white-sky I dark-sky T o] Wt B i . Ffngk

PREG IR R R EE SZA B

(3] & Lewis P, 1994)

75, MRRBEELSBEHRKTRN. B33 BTRAMEBRRYT, RRRE
RREFEKHZL. HEEH, BRREREEKARANZENL, HERFAMRERE
RS KRR EAR, FoEe OhRRBR, RgeRBfRBER
AMEXM, R iR REE,

spectral albedo shape
T

0.700

0.525 —

0.1?5:
¥
L 7

0.000L_ . -

Mixed (85% sand; 15% vegetation)

vegetation
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B33 FRBERXMRRBEBERKOEL. BPERRERERE, AR
REH, HEaRERDH, 2ERRBEHE  (85%H¥H, 15%KKME)

%35 M TATUTRMERRS, TOA MHRIESERNATL. BT
A EEMB ALK, IUEAKRRBROBEARYRVERANESE
HhE, HEEMBRREERR 023, BEKEBLHHRAE 2.3 PAHRKRESE

® 3.6 TRAMREYT TOA MR BN BRI

(BAhL: w/m?)
Suface-Albedo | Up_TOA Up_Suf Down_Suf Down_Suf_dir | Down_Suf_dif
Ocean_0.04 -67.1 (-41.4%) | -89.88 (90.0%) | -8.15 (-1.9%) | 0.0 (0.0%) -8.15 (-1.9%)
Vegetation_0.14 | -27.4 (-17.0%) | -37.75(37.8%) | -3.69 (-0.9%) | 0.0 (0.0%) -3.69 (-0.9%)
Sand_0.35 196.1 (121.%) | 289.9 (290.3%) | 40.5 (9.4%) | 0.0 (0.0%) 40.5 (9.4%)

(ABLEEERR) BESH. R 3.5 PHEEBRENRAOHMBLFRE . BiE-
BEBRRBEA 0.04; RE-FikRRBEN 0.14; Yih-FiHRRERN
0.35. ARPATLLE KRR BRI TOA MtEm EMEMSBEEEEREEN
YER . L wmitihR RBEM 0.23 HKEF 0.35, WEHRMNEEZ VM (2
M/ 33), TOA &M EMBHHERRT LB 121%, HFRm EAESHERERE M
290%, FH T LiEE RS R AR 5B R & RS 1,
BT AL [ F R4 5T E B B F AU B 8B KT 9.5%, FrUAEMESE
B iRt sRiant, thRRBER—ANEFEENEF.

3.4 JKIEXT TOA FHi 48 5118 B 5 ma ry Uit 58

KB RKE RS FHAERF, HERLEER 0-0.04%, FHER B3
BB K. BRKRSERD, BHRBBRAXSFEIENERMHAEER. ES
“EARSRE R, RBChREHOKEES, mARRREBERS. REK
RR— MR Z R =S, BHEERS P HREEET RN SIRZLAHE R
Fih, HEENAR—F BB, MAREH®RE (IPCC, 2007).

3AKRHT, KERLAERIEH . 2.74nm F 2.66mm 33X 7 SR IR 1
RIE, ERMAEFAER BB, B 2.m #. EELIMEX, X
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SR WO TR B KA AR S K — 3 KPRAE B R, B4R PG4 HIFE 0.94,
1.1,1.38,1.87nm MWWt . H4h, H07E 0.72nm R 0.82nm HITRILHs, BARIREEH
55, BEAMTRMEMAKRKOTRBIFER TR, 0 AKX, BF KKK
WLk, AN e AT IR ISR N HAGE 2R A SRR LT AR D

T 3TAHT LKKE KRB 20%. 40%0, fEEHEREMEL. K5
JBKIR R A 0.67g/em?. X ZHRHE NOAA reanalysis %k #178 Fl,
Fa Lok X &FFE 4-5 AKIRE EHFME. ARDPTLUE S, JKREK 40%,
KEABKIREE R 0.94 F, FUAE 98 MEIHERR D 6.29 wm?, Kb hT
AKEXT BRI, 57521 M 0 HEESRD 246 wim®; BAMB LBt
Kt KRR, BT LA Bk T 0 B AR 4T > T 3.83 w/m?,

2533

Top of Atmosphere
Surface (8; = 609

2037

e Rayleigh scattering

1500

1030

Solar Irradiance (W m-2 ym-1)

530 -

3 leﬁ : 1,‘5 ; 21.5 :'4 3:5 ; 4',.5 5
Wavelength (um)
B 3.4 EXRATANGHIAPERE#RL, URELRERIEZMAR
o, BRPEHEEMAA 60° I, fEMEMERI AP EML. Bhixd 7 RIK
XFAES X . (518 BEEE, (KREHFR) )

-38 -



B8 PLRBREMNBANEBREAR

£ 3.7: KESEHK/B/ 20%F 40%f5 TOA bR KRS HE BT
(BfL: w/m?)

Up_TOA Up_Suf Down_Suf Down_Suf_dir | Down_Suf_dif
Increase 20% -0.88 (-0.5%) | -0.18(-0.2%) | -1.45 (-0.3%) | -0.66 (-0.3%) | -0.79 (-1.0%)
Increase 40% -1.7 (-1.0%) -0.36 (-0.4%) | -2.86 (-0.7%) | -1.3 (-0.6%) -1.56 (-0.8%)
Decrease 20% | 0.94 (0.6%) 0.18 (0.2%) | 1.51(0.3%) | 0.66 (0.3%) 0.85 (0.4%)
Decrease 40% | 1.97 (1.2%) 0.36 (0.4%) | 3.09 (0.7%) | 1.34 (0.6%) 1.75 (0.9%)

3.5 REXT TOA KHhT%a ST &R m 1 SUB iR

RERKRSFW—FEAUERS, EXKSPHERELA 0-12%104, b
EPRHEETEIL. REAFEHIES 15-30km WEEEER, BRZARE
B. NE 34 FIBANTUEE, EEMEER, BT 0.32um # 99%KPA4EH
HHRERIKT , TX—E TG E N &R E R EIMES, XL FREEDER
BHE, FIUREEREBAHIAMEMES, XX EWEFNEXEE. E
Hefh FARENEREHER, UBRA—NEENR¥EHARE.

38 AMERERE, TOA M REFBEMTL. ZKRBRAEREN
FEHEER 0315atm-cm. XRAEHTHZ 7 SLE LMREA S ERB I IEBN
(TOMS) HEBIN, KBRMXESE (45 ) REKEHNTHME. NRFF
HREKRERD 40%, A 0.18%tm-cm Bf, HRF FHRESERELT 0.7%,
WAT 3.09 wm’. JAERIZEE ST RERKEERMNEWE G EHEINEST
FrUABI A R AR SHE B INM 0.7%, 2 NE R LML, SxtthREMFER
KtrE.

£ 3.8: REASEHKR/D 20%F 40%J5 TOA FihRESHBESL

(hr: w/m?)
Up_TOA Up_Suf Down_Suf Down_Suf_dir | Down_Suf_dif
Increase 20% -L12(-0.7%) | -1 (-1%) -3.24 (-0.7%) | -1.98 (-0.9%) | -1.26 (-0.6%)
Increase 40% -2.18 (-1.3%) -1.94 (-1.9%) | -6.29 (-1.5%) | -3.83 (-1.7%) | -2.46 (-1.2%)
Decrease 20% 1.32 (0.8%) 1.17 (1.2%) 3.78 (0.9%) 2.30 (1.0%) 1.48 (0.7%)
Decrease 40% 3.06 (1.9%) 2.71 (2.7%) 8.77 (2.0%) 5.35 (2.3%) 3.42 (1.7%)
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ZMKEMEEMR X FAb X v SRR AE ST 3R 8 LB

3.6 ARENG

EEAEFRITTRBRAE M. TREERURKSKRARLEASERNS
BB AT MR T BB IRE. ESBRAEERSEF, 255k
ZEE. RRES RBEURASHREFE TR ERR\KBBAZEEE
HREH BEEMEHER T TOA LEFT BB, DB 2058, H#
Fom EEEESHERE TR AN 14, 7% 37. 7%, SIEBKLF R KBS R
HREEARFRBERRFREES SR —N S5, KBRS TOA B
FEERE, 24 SSA KUK 20%8T, XF TOA Ab L i48 5418 B 1 52 i AT iA B 25%
EH. ANHREF g TERRATRBESTHRAD, BT TOA Fiih R4 5 i# &
EREEAHFARBK, JHETL 2050, XELMHEHE/NTF 10% HHE
ME, X TOA AEEMH W ERX TR M. HRRBREEN T EE
SR f— A EERF, 5 T0A fHEFBEREEEERORN, NBURHT
HRELRINMNCHR AN R RBER 0.24 HWHREEZAMKRRIVEN
0.04 FI¥EFERL, 0. 14 FR AR 0. 35 MIYDIKRL, TOA &b LEYESHBE R U4
I 44. 1%, 17%, 121%. HEEHBRRBEHREN S TOA AiE5%E T
BNERZEXEE. RIEH KAFKREABNRESENEHEENT MG T
iR, FRRPXFNDSEX TOA MR EREMEREMHAASK. ALE
¥k, SERHFRAZSES B REN T EFRRE W, FTLAB R ERKY
2R SERBEBRNEE, MR RERN—MA BT E, KEEBXES
BEEMEM.
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FUE PERBRAERERARN

BNE WARERKEEEN RN

4.1 518

FUE S v e i AR AR SOR PR G T 7= AR 1 B R ST RB BN E L A&
TREEE, ERATFHRERERATFHAZFENBERBREEEZSY, &
BIRWAXM AR BRKER IR AR T, R &L EmER SRS RE
18, HErxt FOLABRERENRERNHHREERRHNAHHEE. XER
S FIFT CERES. CALIPSO D E##E, LK 2008 & rh 3R k& XL T S 1] iy b
MAENE, FEARITE T b X AR R B R 5 Ra R .

4.2 BERNETEDX Y AES R E
42.1 518

YAEREREY S EEPENEERFZ—, EANT LEZERRYCH
B K PRAE ST R B, thA] DA HR i B 3 L T 20 A0 R B SR B R SR S e
B (Twomey, 1977; Albrecht, 1989). T BfEA—FRIHESRER, YWAEER
PAGS KR F4EREF=E R AT, NTTM K SHIK 2 7EH (Ramnasa et al., 2004;
Ackerman et al., 2000; Koren et al., 2004; Huang et al., 2006). T, Satheesh A
WA RO T IEH X B F YRR FRR I, 7T BUR> X B R B4R ST Re B T4
REXRSHER 03-0.5K/day. FSHTHEHTEEERERK, ERDLE[THER
TAT LB xR A AT A R E MR Z M (Zhang and Christopher,
2003).

EHEDLRBERMWESERN, RERSPHEES TR —NEEZNTW
B4, ‘ﬁ‘%‘]mb‘“_ﬂ‘ﬁj{ F HINHEF, Carlson 1 Benjamin # R 45 B & B %3
sE ﬂiﬁﬁ%%}%mﬁ?ﬁ, X KREMAEFLEEERENEZW. 55 Meloni
ZANHARRRIBRIE TOA RIEH BRI REESRERPEE AL
BEENBR, THEEHMEREHETZRMGT TOA LAMKEREN REE B
WAEMSAEEREAE (Liao and Seinfeld, 1998). 2006 R 4FHI CALIPSO

(Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation) TE##H T x
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ZMREF L EMRX FAALH X P A S A B AT 3558 BB B A

A EEWMAEE A R B RS FI] AR EEAFHRAURBMESKRR
BERSEREES AL, ZARINRET DT EREONSHARDLSER
RERHER . SHAEMEERERFENNEAR, CALIPSO ] LAH MiFRIFE
WREZHSBREZETUFSHEASZHRNEE FTHRBBR (Winker et al,
2006; Hu et al., 2006, 2007; Liu et al., 2004, 2008; Huang et al., 2007, 2008).

FEHHA 2006 FREEBTHNEFUWEN—RDEZIRFHVLENE
BESBEHM U R RS HEEMME . BRI TFYERERSEZ WL TFH
BEEMERE, AR THEREBANKRSIHE TR EER, EERAT MR
WHLIX, HATCAR MBI b R P, EEJLEMEX  (Haywood et al., 1999;
Higurashi&Nakjima, 2002; Huang et al., 2008). Fu-Liou f85H &4 B Fit &
EAREE S KA MME (Fu and Liou, 1992, 1993). #A+Eh#A\RIv A
THSMEHE RN CALIPSO PEFKBEIM. RATFIA CERES (Clouds and
Earth’s Radiant Energy System) SSF (Single Satellite Footprint) T2 %%+ TOA
A0 (4R 5 18 B R IR jE b KL T U MR S 5 T B e A R i R RB IR
¥, FEHREHFEHHERSE S CALIPSO 1 CERES EEMM FE B8, LAIRE
IR 2N A RS SRIB R RS IR M B AE.

4.2.2 BB TIEBXEFIAE
BERuLTFIERERRRNAN W EZ —, PEEABEKIE, 2T
B EBRKHFAPE, L TFEMPE, PEFBEERBBXEN. BERiDT
WEMTEEARZ PR, WA LEE, FHER 1km, PEREKL 1000
AR, EALE 400 28, BEFUA 330 000km’s WHABEHTRPVE, £H
RRFEH SR, Ribigzl, BERUK, 2FEKD>. 2FF=42—RRWH,
KRREFEFEIE 30 Ko B TEAMPRZF LA LR BT KE 938 X,
R g+ 5 SRETRIZ, Rishyb & 80%LA b . BMERBRNY EHERB
#4120 K, E—TF, BMVERBEEHTLH 100 28,
REKFDLEMANLR, WERFEHLSRTLERHULEZE, FIUH
AR A TEREERENBRLENDLREMN (Iwasaka et al,, 1983;
Zhang et al., 1997; Murayama et al., 2001; Uno et al., 2001; Sun et al., 2001, Wang et



BE PARERKERRNRE RN

al,,2005). MiX REFEKASHERNBTWENDLREM, LFRALE
SHHBEFR L. BRBH CALIPSO MMl BRI R EE R THK, WwoH
B RETMRRERLYIE, MTRRFEE (Livetal,20082), HHERFE
LBERERWLBEM (Huangetal, 2007). HRfHTEb b RS 48
BEPENEAULEBRENEHES TR/ -NAALER, EEES
BAVE B U TE A THIX 2006 4 7 A 26-31 H—XYPLREES, Wi
SERMERES BB R XSEENAE.

XKW ERIERE, FHT 2006 47 A 26 H: A FABEF TR B HFAEILE
HERENKEMRL, b4 35° -45° MR BTHX=ERKHSERS
EHER GBI 20m RN EILR. 78 26 BERHRSAERT, E8R
FMETILE, HEER— MDA RE, X—KPLBABFERE, £F
FMRSRGRMT, BENREFRRE. XD LRIREMN 26 BFHEER 31
HE®ER, FHEfdte X, He 2729 HiXBIRIZ.

4.2.3 WK TFHEARBPEEDI M

CALIPSO RFUKFFNZ T E, |HAEMGIFHER 13: 30 (LST) &Eidi/RiE,
B R AR B #0302 B 532nm A1 1064nm 3% B _E B85 M BT R B AL .
54k, CALIPSO B T WM RGNS B S B S I BUH R 3K, B4R MLTE 532nm BER
MRS R B REUEL . (ERX R R E S E, AT A5
KEHMKE (Hu et al.), ETLRHFERBRBRELF. BWSLLAHH
CALIPSO levellB $48 F E O : 21T RAER 532nm 1 1064nm # R L FPIE(E
RELEK L) BoREEmEsEEEERLMN 532nm BB M iR HER
2. HPHEESPRE 8.2km K 30m, 82km LL LK 60m. ZEFRIEAT
CALIPSO levell B $#E R i+ HE B RH L R B EEEL.
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LT

532nm Backscattering Coefficient

S nim

ot Or 05

o vl — s ity = .W"‘"., g _‘-\..‘_“ 3 Ju”_,
* st =~ e o e e
AT T T A M e il e St il AU

Altitude (km)

B 4.1 2006 457 H 24 (a ). 26 (bED. 29 (c A, 30 (d ED. 31 (e A
HETH I TyE X (35° N-45° N) S8 & E b G A 8O0 bR o & B &
mE (EE) MEEEfTHERE (FED

A (4.1) EBFTRN 2006 £ 7 A 24, 26, 29, 30, 31 H, #HRHBTH
X CALIPSO BRI EIH /5 mBGTE e BENEEHEE, HEANEZH%
R DRMIEZITHE R, H 24, 26, 29, 31 APEARKFNEIE, 30 A
W RMSAE, FEARESRAE KRGS, FrUMAE (4.1d) FTUEHRET
EHMBEMESREEN . MR iR & R CALIPSO ¥R 41 AT A BF %,
Hepfe, MBI aRRSER, NEHTLLEH 24 HE 31 HHXKRDE
B, WESHBNERARZN, RAARROBLLEEENME 2.5km F
5.5km Z [8. {HAR 29 HE9EAS B Skm 088 EH AR B RERDLHFL
RELAE, MRAEFRRZMNKAE, XRENLDLFEFEEEE KN, Wi
() — L2 RS = B RA AL, b in B R TR B ) B SR BE B LA R B LB (EP




Ry RIRY IR A MU

1064nm 5 532nm BB L/ E#E LRIEL{E ), B ATR CALISPO 7= fh &K imeb 4
RNARZMERANKEE, FrULEER 4.1 BATEEHIA 29 B S5km 2258
BWEELREE.

a) Volume Depolarization Ratio

10 e

Altitude (km)

1 1
39.44 39.02 38.61
78.41 78.54 78.67,
Lat | Lo

B 42 A THIX (35° N-45° N)7 A 29 Al s E LR EER
1 i B

AT XAHFANRZERYAE, BAVFIA ER AR — PN E. i
EeR4E 532nm BB L EARWHEETAESSKFTRAESHE, BEBHK
ZRHABIRIERL T RER B TR FRAKARE, U ERAERTSE,
AR ER T HRTF AR BARAL L ERK. | 4.2 FTR 2006 £ 7
A 29 A RRETHENERALENEENTE. NEHTUEH Skm &%
WAL BEK, £ 0.2-0.5 Z I8, FrUAHlr T &R =EHIATREME, A7 A 29 H km
REPLERRYAEE. HME 43 FiR Aqua TER MODIS AR &R EEER
it —BIEE T MizemP Lz,
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4.3 H Aqua & | MODIS 0.65um, 0.56um 1 0.47um = BB $#E & K
2006 7 A 29 HPEREIBX AR LEE A

EBRNMAEX—WEEBPHBRESER, BRI LA CALISPO Al %
BN GRS ZETE, RBAKX (41) ERTERBROLEEENEH
Bi% (Huetal., 2006).

7(z)= 51,-)111(1 -2/(2)S, ) 4.1

Hebn AL KRB EF, ERZERHBUER 0. 7; S, HRIRE BT LR,
B SR RS S MU REHIELE, Omar FAMTIESSAHT 6 FEE
RBERERMBIRETEELE, RPEDLERMTERA SierlEE 532nm
1064nm i B4 5 40 F130 (Omar et al,, 2004), i+ H A THE R FIE RS X

HEHN 44. AR 4.2) AyEHEXANX, BEFRTHE, KEREHZHEMN
BT B B R EER 2 H.

7(@)= :Tﬂ, (z)dz (4.2)

A B,(z)5 CALIPSO FEH 4 #iE LR M mEH £ E.

HHFAAGEEROFEREE, RITURRESBEWEREUBHE
HEL, AKX (43) Fir.

Bz)= —-ré? (4.3)



SN pbo S IR H AR SRIA R

K 4.4 BUATHEBEIN 7 B 24-31 B AT LERM 2 H. E44
/A CPLIAPSO Ef7HE L, WARERKEARBMEASAREE: A
RV LHEAEREERLHN PREZTHEFHE.

10 0.40
i L» 0.35

2 ol 02 03 oa

"‘2 0.30

2 ol oz 03 03 0‘25

% 0.20

al
o o 02 03 04

Altitude (km)

0.15

Extinction Coefficient

0.10

o
o o1 02 03 o4

\17 0.05

¥ A | -
wi el g Fit] " B e sy 0 B
Lat | Lon (km™)

B 4.42006 4 7 A 24 (aE). 26 (b &), 29 (c E). 30 (d ED. 31 (e B
A mHNTFHE D ESERELRSELEYE LN ER (£EB); ¥4l
HRABEEFLN PRBTHHETFHE CEED

ME 4.4 FATLUEE: WRDETEMN 24 HIFERRE, WEEBESMEM
EAKSUZ Skm Z [0, AWMt REMMRLH 0.1km™ B RSB M, 7E
Skm Kbk BIECK, BEJE X BEE MALER . RIRE 26 HEY, WAEREIETHIE
MARAE B, WA AREEND LR, —MLT 3km b, H—LF Skm
b, WAEE LR ARHEREE N 0.17 km 4 . BFDLIERKKE,
#)29. 30 AEATE, Skm AHREREH—MPERE, EX—BHAHELRER
KAEF 035 km™, Ml FHALERERR, WRARES A TS, HERLE
FREE RALZREVERRDAESEGHENB&GERLAERIAVERE
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(Huang et al., 2007). MIKIEFEZE] 31 B/EZEHTRIE.

AT HBERD LI EPDLRBEREERZERENEBRNEEME TN
BT X 2 o, BITET LPEBTHE LREEBEDASBROAERE
B, Wk 45 iR, WNESRRTUEN, EPERBYIN (2426 H) BNMDEM
XWAENIHHAY—, FHEMNZEEL, WAENREEESMHE 0.4-0.9 Z[8);
T2 T KRR TRER #(29-30 H), WAERRNETYEBX HEEE TR EWL,
BAMSAERENDLE, HEEERIAE 0.8-0.9

4.2.4 WERBEBRNTHF
EB/BTYWESBROCFERENEEN MG, EiFHES REENMHRE
EDFBB AR TR SR BREEREBEARSHEF. B FHA
ERAEAERERNDTHEDLHEFIIRUESE, YR TR SR
A AR B0E RIEE R, FrUARAIF A CERES TERS ZTUESN B EKM RN
{E LA R Fu-Liouw B4 £ KA BR B BIE UM B BKHL FRbF RS
. Fu-Liou A ENT URHARPLH FREKMEZRESH RXHF
ANREBER_EAR), SR REMT WL Nuclearion). HERMT )
¥4 (Accumulation) . FHRE 1T Y9 42 (Coarse) Fl 4% %y 4 5~ ) ¥ 42 (Transported)
(Hessetal, 1998) . EXRNAF SR T EQRE. HHERE. BEREGTIRE
EMANKRETF. HPHEARBRA—UNHEEER, RRARTEREEE
HARBIBEIE S, 0.67um HWER LR BREH RBENANKEFET SR
F 4.1, RINPBMEFAA Fu-Liou R4 HTHE X TR BB R B v A&
HLF7E TOA LRI A B4R ST @R, 35 CERES PEHEHTHER, HHE
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EIE YALSBRNEEES RGN

39.44 38.85 38.70 25 38.11 37.96 37.51 37.36
78.41 78.59 78.64 78.78 78.82 78.87 79.00 79.05

Dust Optiacl Depth

41.50 40.76 40.02 38.83 37.94 7.20
81.08 81.32 81.60 81.96 82.18
Lat/Lon

K 4.52006 7 B 24 (a®)., 26 (b E). 29 (c E). 30 (d B, 31 (e B
AR EFIEBREEENENDRRBERNEEREEE

REZREB/IHMERKY LR TR, MAAR T URRE BT WA
SEBERERFRE, ExANgES, HARRBEN TOA LNEEERNE
WRK, TR RBESHMEIN THEEREXEE. HTEENPRAN
B RRBR, RANEMAT CERES L& REHIEAE T MODIS Wl 7k

-51-



EMKEE L FAIR X FACHIX ¥ B AT AR S SR RN BT R

# 4.1 Fu-Liou R H UFybDkFRELE 0.67um I =IKES R BB R

ARFREF
Nucleation Accumulation Transported Coarse
mode mode mode mode
Single-scattering
0.9740 0.9093 0.8763 0.7118
albedo (o)
asymmetry factor (g)| 0.6521 0.7162 0.7532 0.8741

B FIEHEREE  (Minnis et al., 2008), FFIFHER PP B REEHHE
RBREESA, HHITEREMEE L, B45L07 B 31 HB—/MtE A6
LHTITERSMNUR ERRBE, T RDEH LRI T REREYE, 5
DA% I R R AR LR/, HoAb LA RSN E AN TR R BRTHE
N 0346, FRHEZEMNA 0.005. H4h, BNFAXETHREHRALREDN
NCEP/NCAR 43 ¥ B 68 2SR E AT & R E KRB RSB B4 .
ERHTHEERTETENSRES, RITEEFIA Fu-Liou #4 Hi%
FU# BA R EEE IR AR F#E, 1HE TOA 4b/m LG s RS e E.
ZRRUREFEFAEHET DY LN, FIRNTEERF 5TERNLE REA—
. B 4.6 FrnBIAX— R AEEHIE CALIPSO DEHMIER &AM H & TOA

(=]
-
2025
)
0.2
0.15 |
o1} — MR RBE

0.18 0.22 0.24 0.29 0.3 0.320.36 0.44 0.5 0.6 0.7 1.3 1.8 2.5 3.5 4
#HK (um)

B 457 331 BEERBFHEX (41.50° N, 80.84° E) B IEBA T
RRBR
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BUE PESEROEEENRERN

s PR ERESERAES PEWRNE LB E. AESFTTLER, X
BAAHEANFERTHEERREREN -3, EXHENE R TFHEN
270.07w/m?, DEMMFHER 272.07 wim?, FERERN 147 wm?, KR
ERAESETEZTEN. AU HAAESET WY A (Transported) & EAF
SREAUER AR E TR BT X ¥ AR TR, X — I AR F B IR E
SR KHETE 0.88 A, RXtUHERK Ge EANTIEFELERERESHE, Ge %
AR 2008 £ BEA WK s MFRSR M, REBIEETFERR
BFRMAZEHREND OSBRI ERME, 2P RIEMRF R REU R B EM
AXHFRE T4 500 0.82 1 0.71 (Geetal., 2009), XS5BRAMERHERR D LH
- SSA Ml g #RF 6%HIHZTIRE . BHHBRATA AR EZEIF T2 M 764
BRIRBRAOCESHER—FEETITHAE.

400 L Ty T T
" CERES Mean = 272.07 Wim*
- Model Mean = 270.60 W/m’
3401 -
280
s ++
: | AR
T | T ]
o 220 + + -
160 :.. , ':
100 -. . 1 P TP BEPEPEEEEPERY T —
100 160 220 280 340 400

CERES (W/m?)

B 46 200647 824 (aE). 26 (bE). 29 (c ). 30 (d ED. 31 (e
E) HIEFRIEFYEMXE CALIPSO T EHIERTE A TOA M EiHER
HEHESHERMES CERES T EMMAE fxT i 5 &

4.2.5 PERBRARSRER TR
M EEHHE S, RINCEBE T EHEV LB BOEFRTNEES
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EMKREEEEARX Fabit X pb A SR AR ST SRS MBI I B A

BE, . RRBEBHL., RRBE, PEAEEE., WEKEESHARLLU
BB R F 1 B R A RIBERMANHREF. BATHXESHERA Fu-Liou 1
KRITERSEW. HRMAKA MOV EBEN RIAE . ERERES B
RABIEHRRELEAR, BYRAKEES, FURIKGEBES #T 24
RSP, #H4T B FIER. KU RSERRETHE. R 4.2 5Nt EEN
BRAuBTHEKSET. MRAMKSAMEERE. KERNSFESREE. AR
FELAE H, JEEA KR AR ST SRIAE 2 B8 14.11Wm? 1 30.30Wm?, ¥
EA IR T LA R 44.41Wm?, XRPVDEXRSETREENMMER. —&
B &R KL F7E TOA QA AFRES RIAEA, TXBERIHEEE
f# 14.11Wm? IERVESRE, FERBTVANBEBREEURDLENTERE
REWEMRZ £ BT RSP LR T EHE 2AME, Fuixib
REZEMNANER, EHRNERIENRIEAN-64.72 Wn?, BERNWLEHTH
SRZUTRAHE, 88 FREFE, FTUELERES, Wb BERE RS
SKERE, D OEBRNKIERESREN 22.83 Wn?, RE T EHESH
AEMR, MBETEIES R H-41.89 Wm?, 78F] T TOA iR bR RiaE
PAE, BB R T RS ARAES SR8 E . K5 A SRR 4R ST 581 v]
BLikZ] 78.83Wm™?, KIEANFIEHMNIRIEN 7.47 Wm il 86.31 Wm? MG R AT
FHYLRER TOA MMRER FEPHENREEERG: YEEEMK
RS T EBBMEGERRD T, NERESTRAN—HI 8 EERIEH
B, TURNTUS L HERRARAPD LN FEEARB R IEERETK
K, NMBRERSHEEMAEN.

R 42(2) BRABTHRX TOA & HFEHEEME (B Wm™D)

Date | July 24 July 26 July 29 July 30 | July 31 Mean
SwW 12.49 15.6 14.93 14.42 13.13 14.11
LW 28.64 28.86 32.73 27.64 33.65 30.30
Net 41.13 44.46 47.66 42.06 46.78 4441
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®A420b) BERAETHXME A FHEMRAEE (B WmD)

Date | July 24 July 26 July 29 July 30 July 31 Mean
SW -49.70 -67.0 -73.53 -67.27 -66.12 -64.72
LW 19.92 23.37 21.93 22.58 26.36 22.83
Net -29.78 -43.63 -51.60 -44.69 -39.76 -41.89
£ 42(c) BERADTHXAIABAFHESREME (B Wm?)
Date | July24 | July26 | July29 | July30 July 31 Mean
Sw 62.19 82.6 88.46 81.69 79.25 78.83
LW 8.72 5.49 10.8 5.06 7.29 7.47
Net 70.91 88.09 99.26 86.75 86.54 86.31

4.2.6 WAERBERBEN MHPERTHE

M EFESREMTE, RNBHLR, WERBROTERAREBAR
SEBEET KN, FAXRURER RSN BEEMARNKE. N T
— 35 BT R IX — RS LA R Wb xt K IR 922, BATFIA Fu-Liou MRHAT T
KA EEBH AR,
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=AM A 3 PG AL X b 2 (e A AR A 28 ) B 5

n

4012345678

v

7 40123456768

e

373 2012145878

i

B BN BY BB BR  gpciiiieers

=17

ﬂ z;ﬁg-|0|23-‘5l.70

Altitude (Km)

W Heating Rate (K/Day)

g 6B

Lat | Lon

B 4.7 & BR R ESE E 5 R E A AR A R E W, A 8 A TR B P
AR EEINABIZEE (a)7 A 24 H(b)7 B 26 B(c)7 A 29 H(d)7 A 30 H(e)7 A31 H

B 4.7-4.9 it EE) 7 A 24 B%| 31 HX—kypAidEd, »AEERYH
FHMEE . KE MR KR EEMARNEWE. XL EA DLW T
MRAIMAERTD R RME T RNARMZEME R . AR RAHEMN
WHE—F, MR HHRER 24 N FHRENEFHmMAE, NEFTUE
i, PENTHEESMAREEEREMA. EVEEEER/N (B 4.72).
% (EH47bfe) MEK (B47c M ZHHRT, DEENEEESNAE
Af LA FEE] 1, 2 F0 3k/day, X B i T ¥ AN T 0 R AR A RO TR W A &
R . AFE 4.7 SR EATATLAE oK B P E AR HIAE T A 29 H, X
8 skm 4, JEF)T 7 k/day, HiSttiR] LUE R B MAEEER B IS DA
ARHBORKE R B, XA R F R AT, REEFRARRER
1R
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SPI0EE Ph o i R R A 58 R

g = —_— 10 1
X = = 4 s
E E .;uﬂu— E s
»— e, 0.8
=_ e e 3,
| I S e S e S Tt L
21 032 36.70 .08 3,45 3769 15 10 05 0.0 05 10 0.6
53 X A7 a3 B
- 0.4

0.2

LOMN = o ®0
I
1

A5 10 55 00 05 1.0

B8 ow s o wol50w & o=

Altitude (Km)

<15 .10 05 00 05 10 0.2

o
LW Heating Rate (K/Day)

5
o

i

2L on e o =»cidon & o @
Shhl hd LA R ™ m

<15 .10 05 00 05 10

/\~

B ow & o @5

ir| RS Hg Z @ f53g 15 10 £3 00 05 10
Lat | Lon

4.8 Fup 4.7 —B, WEKEES INRE

B 4.8 s KBEEST N, B a] LU b A B Ba ST %
BAEHKEE, BEDLBUT RIS EMMALER UL RED L2 B AR
fEH, XRFAVLERRIESk ARG L ZREN S, FTLlsE TR
Ao, WA LRUTRSR, FRPEEENESES KR, FTLi A
HERA. WRAERNYPLEE T RAMMREREMRBAHE, UL
0.5k/day. ¥b242 /2 KA HIRRARYE Wb 4 B A R KHEZE 0~-1.5k/day HITEEE A .
XE KB RA EE BRI T AR REBMAER, BT LR AT
IN#ETE 24 H A 1k/day, 26 B4 1.5-2.0 k/day, 29 HH 5.5 k/day, 30 HH 3k/day,
31 HA 1.5 k/day: ¥WAETEEEES MAEMTEEE 0.5 k/day F 1.0 k/day Z
6 (B 4.9 Fic). B ESHFERNIATUE S, WAREDAEE B RN
RERRAEEMER, N TFULEU FHRSUKESMAER L ES.
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=M ARF M2 ATE FHAEHE DX D 2 i AR S0 2R R 7%

Altitude (Km)

%)
Net Heating Rate (K/Day)

-,

R RH BB ORB 0 BE  BR° s
Lat | Lon

K49 MK 47 —2, BB EEansER

4. 2.7 SRS RE FIIN AT B AN 2 M AT
BARNER AR SRS BB A AR, SR8 {8 A T e 40 00 0 2088 K
WA HERMRE, Bl T EMASENRHE R AR ARG T it
HERMRE . AW RAGH T BF LN EES AR E M 585 526 A0 n
M. EARTHES, BEEMRASHEERVFBDLBERMELRE.
FRBR AR ARLT H 8 AU R BB . BT LAFRAT TR U IR i X =
MBI A EMNYNE. X433 FIRNEBERRER. BTYARBEREN
HICR BRI CALIPSO PE )G M #S L3 269, CALIPSO FiA(E S AR
52 M RTE B 20% 4 A (Winker et al., 2006), FrbA¥ KRN EIEESH 20%
SEMBLE TOA, MRFKIHEIFIEN FRIAIE ) HIAE K268, F7.6, £14.4 Wm?.
3o 2 S B R R BV A R E 9 55— SRR, TATHE b S R 4 K s D
10%, {73 TOA 4bHKE HdE S 3238 I KB T 4.59 Wm?, HiR b1 KERm

-58-



BUE WLREERNEEEHNRERN

AT 336 Wm?, SERELTFHBREHNRBREZBMTESBRER RAPR
BEEHNRAHEMETF. Dubovik % At 77 AERONET ) RIRS RIEH,
BB F I AR B RBRERL 003, SEEAGEMENREEME 12%
MR EYE (Dubovik et al,, 2002). EiLE 4.3 7] LUF B ERA I BURME AR
B SR R AR BE A S E R K . SSA R IE £ 6%% 43 5l & TOA
Ab MR KRS P EIES B p 152, £11.1,126.3 Wm? {9354k

K43 BHBAETHERNEEME (B Wm?)

SSA 6% Surface Albedo +£10% Lidar Ratio £20%

TOA Surface | Atmos TOA Surface | Atmos | TOA Surface

Atmos

SW | n14.815 | £11.450 | pn26.265 | £4.585 | £3.360 | £1.225 | £1.775 | n11.155

+12.935

LW | p0360 | n0370 {+£0.010 |0 0 0 +4.820 | £3.480

+1.335

Net | n15.175 | £11.080 | n26.255 | +4.585 | £3.360 | +£1.225 | £6.595 | n7.675

+14.270

BT ERMWES AR EEN IS, BABEMHEE TR FRREHR R
R, HERBEM CALISPO BiA 55 LIX=AE TSRS AR IE AW E
o ZERUERMRRPRITEN, BALRH=AEFHEMNBENTESFERK
M, HYENMKSHBENMARNBERELSASEEHE, ARSBERBUEN
Ko T 4.4 BT ER AN E FRAR SRS MAEHERRH. NRPIEAT
EHE TR RER KRR ERYMBRNET, 4 SSA MABRA
6%HF, KX HFmMEHHE ST 0.28k/day, HhR & HEZXF N HhAe B2 5
N, BE10%0), IR HEE T40.010. H EX=AETFRHNARMELWEE
BERFEERREE, SHRBEEERBRAD.

B 4.4 EHEIMARRBEEIMGEE (RAL Kday)

SSA +6% Surface Albedo Lidar Ratio

+10% +20%
SW n0.272 +0.010 +0.138
LW 1 0.004 0 +0.019

Net u0.276 +0.010 +0.157
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ZMARFEM I EAR Fadbih X A S AR AL IR R B AT

4.3 SR LI A R TR X Vb A B R AR SR IE BT T

43.1 518

B FOLEREHBRANAR, b TFOENTFRERESREEE KR
Z, BEARAERAEEBRRKOPHEN. ATHRRX I, TLERET MM
XFFR T —RFIPIRBEFSMRRRLE, M BRAFHERE (ACE-Asia), T
REFERBRKL TR (APEX) LUK B[ B 7 X3 (INDOEX) & . BARIX Leif
MWRREE TRAWEE, BRMAE BRI, JUH R HZ Wb & A
HOE, Fe AR E A AL A Pl X, XRE B SR M R A S S R e e S0 < 2008
FEZMRBERSBEER ., PRI KAYERN, PESER. 2EABESNDE
2 RFEBABEAZTHREILRFAARRE, U2 KELETFRSREHE
PR L, HRER. KFRERKERUEHE MBS, HREALA,
HATREGAIX TERRTFRENE—FRE . Ge EABIE SRS
MM BIERIE T RE FERNSTYENAZEEXEND LR TFRRSEER.
BRES RA R, RRETF RFESAAEHHER (Geetal,2009) . &
4.5 FFARRKIYERFHENSHETFIIE, AR EETLUE HRIEL
0.5um ¥ B ERLF B Bk B R BB 24U 0.75, RUHHF LR P AR BEREH
il X EORE T B e A AR LA A R 25, BABIINRBFE. R¥KER 3]
YARTFRESHERNEM L, BTES A& REA R IER F ¥ 5 ERIE
WA, FE—S T EY AN ERERAE.

4.3.2 BHHAE Rk

F A MFRSR Wl 3% %I I8 15 B SR BRI FHOE #4F 1 R (RIEHIERILRE
EZ L Ge et al, 20090 , RATEL LB EVLI A 20 ST R 248
SHER. HEEMBEERNEEEERME, #TEN AERR A FRE R
R PSR R, EFAEHAREHEEMSEEN, BEEN
MABSHERRBRUBEAZREE., HFHHREN RBEARHETF, R
4.5 AT NBCEIRIE HEHGER 11 M LFITFRESIND LR THE
ERUSE. BT LERNAEENBASES, TEREXFEFANMER KRB
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VR YRS R N BB 3508 MR

B, KKEENRESESH. AP RKEBEERMKANEERLKRET
NCEP/NCAR H-¥#%#; REZEHERMN TOMS EERM B R BB,
R R B R K TG R CERES HEHBEN. ATHIGNMER EHRRBR
BE, BAEABRETRAELY AR BNEAIE, K5 RE X R Fh
R EMES L, AHEXHES LIRS THEMNEBER R BRIETHEEBE
FEiEH R BES CERES MlE—, HERMBETEI MR EMERR
FBZREME. 11 ASENFIH R IR R BRATHEN 021, YHARBHIR
A H ST 85%H 15%.

£ 4.5 M\ MFRSR RiEH 11 NP EABIR 0.67um FH R ERMSBREOERN
HEE. BB REBE, FOHRET AR ERE SN FIEMRHEE

FH{H PRAEE
HE¥EE (AOD) 0.19 0.07
BB e E (Angstrom) 0.58 0.19
BIREUR REBHE (SSA) 0.82 0.01
AXFREF (g) 0.71 0.02

MRBERRE, HTEER SWRHEERBFREFH—TE, XRARE
BT S HUE T BT I ARR A MY RSB 24t B 410 Fim
SN 2008 4E 4 B 24 B TEVE I A BE R B4R T BB B EEES
BT E AR . HER G SRR E R BT RHABIE LT (Precision
Spectral Pyrnometer) MEH: BUHESHERRAE CM21 RE BN HERE
SHEE KN E R R AL A1 S8 Eppley Normal Incidence JtEE 41 CH1 XFH
FE I RIE T, FREET#ITHERR. £ 4 A 24 B2,
HOTE LA 8 B P SR SR B E . HUT R BB ENE HiE M E B E SRR
RIESHIR-3.6. 09 F108wim’. M 4 A 24 MR LE RKE, Bt
HERSWMNEEELEREFH—3H, X3RRI ERF 1 S 5E 7T IR
FIRRAELSHWERBERAERE.
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EMRZEE AR T X vb A SR S SRE M BB R

K 4.6 6 MEEX LB THEAEME SHERNEKFERE

Total SW Flux  Diffuse SW Flux  Direct SW Flux

(Wm?) (Wm?) (Wm?)
Mean observed Flux 609.82 136.94 674.66
Mean simulated Flux 601.28 134.04 672.59
Mean Flux difference -8.54 -2.90 -2.07

Mod - Obs

AT HE—FREREY LR FRAERESREN R, BRAIOBET 6
MEELZHVLEANE, HTEHAERE. K46 4HTIX6/MIFHFHIT
HER. NRPRIOTUEE, BAEMHENSEHER. B BN EERNE
BESARESMNERHEESFIR-85. 2.9 M-2iwm?. N ERSEREA
AUBLERE: ERXTENEERFBEES NN —BRRARIFTIRENS
BB Y2 E AR S A S AR R IR R W S Bt Es Bt Bl
RIY)& 5B RIR AR T SR B R BE A REAFREEN . B4, BT
RSB H B EFEEN TR K ERERTGURN, FrlBAITEME R
WAEB PXFHNEREN—BEL, RUEAEXPAALRRBEREMTE
#, BT AZRATE X R XA T B RS BTLL (TOA) M EpiEst B EE
KRR BRENERME. B 411 AHETHRENEZH 6 M FHERIE
L TOA &7 LB E{E 5 CERES EEMME M. R SMM K TOA &
B 1) E 4R 5@ B T IE M2 BA Swim?, X U BAE R b AT B i R R IR ZR 1T A
BIFHRRALH TAERMN.

-62-



FUUE PSR E RN R R

300 ]
R— SBDART model p
L+ CERES ]
B0 . . b4 -~ ]
W e’ £« /Y 7% i ]
- :i + : i * 1
T 2/ AT R ]
g2 ; i ; : 5 I ]
s i i ; 1
x 180 b A i
F1oor ' B
i i ; :
of _%

Apr22  Apr23  Apr24  Apr25  Apr27  May19
Date

B 4.11 CERES ZERN A TOA &t ERESERE (+F/5) MBS
B (AL KISt

433 HEESBRETH
SBBRNFRYERFER I ESBREEEN RENEERF. LiRES A
BRI R, FERBRNTRRYD R FRERFERN &S50 RSB
WA TR KEE L, FrUEER ERITHE T YA ERES RE, DUt
BERAFRANEREMREE. BIE LRV FIFESH (CEEE. B
REU RIBERARHHREFH) MRS EERSHH A SBDART E5HfH xR it
HTHRAKX[ BTV RSB R RES BEE, HEARXWTR:

T =F,,,—F,

C =T -T™R

He F RESER, TASEEE, C AEHBIEME: TH down Ml up 2 HIAK
REBHTE: WEMET; B CLRAREZ THFEGER.

-63-



=N 2R T P M X b 2k R 3 938 S R R BIE R

B 4.12 B AR MK SETR HF B ERES sRia . MBS ErLL
A, WARERERRAARBMN RN RGN, BOCEN S IREE S

Aerosol Radiation Forcing (Wm?)

Surface

-40- Ll Ll | | | | L1 Ll i ] T
422 4.23 424 425 427 59 515 516 5.19 523 525
Date

B 4.12 11 MPENMFIRAET (4B) MR (E6) LEEESREHE
A% BB KERAELE S A 19 B, PHEEEHRIEN-22.4+8 9w/m’,
X RBENSEHREBEMME. McFarlane % A+ HA93EM Niamey X %
FISR ST SRIBME J9-21.1214.3w/m? X SEA VAT 2 RIEFHLL (Mcfarlane et al,
2008).

FELIREN R PES, NERERXETHEEEN RIQEE R AE (Yu
et al, 2006; Kim et al., 2008) X EREBNMUR ARG HEBINZAH{E
Ao T XCURBESR 3, BATHH B LB KSE T B RS R
JHAN ONF 4 wim®) , HERESNITF R RS RBE (SSA) FR, 1A
MSRSTRIE R HEA R 7 X EREHPLSERM F¥ TR KA
MBS Ae B P AT R AR . BRBMNMZEEES], £RRE L BREL M
RO xS AG Fe e ) R B X R BE B AR R SR & B, T &N X A 4B ST 38 2
R, MRS KB UERFMENERRBENOTE, FEREET.

K 412 8%, BAVARBRERSAETNEMREESRETE, B



BUE PLSBROEEENRARR

FEHRHNRIBRRM A B BEE, XHHRE KB TR KB EE A,
KSFHFABROFEMGBBR B KAEMNBEREEET XS, AT
AR, BOBRERCE (Miller et al,,1998,1999) . HHAIEH, BTFREKR
AR, MAKSHER, FRRKUFEEEREHEMK, XTHE
RBbER, RS HFR (Hansen et al.,,1997; Ackerman et al.,2000) , #H— 5
§97/K5r #1983 (Ramanathan et al.,2001) .

FEVET TOA FiR ALK AP RER SRS RIAE, BATEHHT it
R H B FHRBRESREME (ARFE) , BUi—SHASBKIENRA
EXxEEERXR. B FYRBKRESRDAREMNITERBIKESER B FH4E
SRAERMR U PR EEEEBIN. ATETSHME RETHE, BAF
F 0.5um B EMNEEERTIHE. RLKBREKFHEN REMEAN
-95.1£10.3 Wm?r ™. [ 4.13 Fin it BaoR A B PR R R 5 B IR
HREBREXER, MEFITUEH, %4 SSA 8/, RAEEME=ERRN K
HAESRIA KR, XE5RMNTH—B, EX SSA Hill/, #iRBERKRIL
PERRSR, FREH S HAPREE S B R RN TIEBE R

5 2006 £ HF T Niamey HITHELARMEL, B TFRIVREKLKBHRE

BN, FUMSEBEIREN A MEE Niamey XK EEKX 40 Wm?7™
(McFarlane et al., 2008). Kim % A\HIHF 518 AR LI A SE R KGR S R R R
Ri7E-55 %(-106 Wm?7™ 2 JH], ﬁﬂ‘]B‘Jﬁﬁﬂ‘]—?ﬁ)%%%ﬁi&%&t?ﬁ@lmtﬁﬁ,
BB FREREZERILT ERE. (B2, Kim S ARHXATEEEN B Y
H, % ARFE f{E# T E LRE, RETREMTHY LR TRES T BEK
FiER . BRATHER ARFE EE X, RN RIEAEREHZERD, BiXs

REGRATHHAAMDE[ERFRE T BB THERN, EFB@LE—
2 TAERE FIEH
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ZMRE[ 2R PR R B RE S RA BRI B 5

ARFE (Wmt")
8 8
T v ‘ T L] T T I T Ll

110}~ -

-120( 1 ; . ! .
0.72 0.74 0.76 0.78 0.80
SSA (0.5 um)

Bl 4.13 0.5um HEE L 11 M F 89 B P b R I 5 58 5 BIE BB SSA 1
FHE

4.4 FE/NG

FEFERRATVERBREFERMG TS REFENL W, B EEE
¥, KETEFERSHANEENTIIE, F-MTERY 2007 EEFHER
REFYRBXE— KB ERIBETTHR. EHBTTERRMNFA
CALIPSO 1 CERES P E##}, i8id Fu-Liou AT E THERNETHRE
HRWAERERPYLRBREKRSET. RAMRK PR KEMFESH
BRIEMN AR KSWE B KSMMAER. ALERLKM, WERELIREF, X
SHRHPLESRERRNDLEREFE 1-3 kday BIFES MK, BENEH
IAEY R REBRTEHIL, TiAZ 5.5 k/day. 7£ TOA. #RM KKK HF
KRS I8 2 51K 44.4. -41.9 7 86.3w/m?. 3 TOA CRIESHYREERAE =S
Z 2R BT U A X R R i RSO AR B B BT IR, T B b A X AT I R
WA EEERT & 90%E R b RLHE FREMBOHERERKHE T =02 —
R A KRR . X L A B 3 R 0 vb 4 < V2 2 1) 6 R U8 P 48 A OB 3
TOA MHRMEBTFHEAFEEEENEH. B LELERBINEIVWENERE
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BEMRET SRR FEREEMER, RFEEEMARBN REE, %52
SSA fEABEEMSARSE, MEKEREH BAT et ReEER. EH5R
R T XA RSB TE S, FERE RN 7R A] LU R R IE SSA, BT
PABRAT38E B CERES FE it 5 10 TOA &R SHE BIE M7 ik E b bk,
MTi13%] SSA. EREKATBF MW LSIFERK SSA 7 0.67um H B LA 0.88,
AE WA R X AORR JT 45 R 7E 0.94 £ (Dubovik et al.,2002; Sally et al., 2009)
XFhEE RIOAR —BUE R AR AR BLZ I R AR F 1 SR B R B R M R A
HERSUSERTE— SR, FIUEREE B ITEFR, RAIIFA 2008 £
SR BA LIRSS R E TR X A W B R, RIE T W AR BRS T
#etE, HPRER 0.67um HER LR RIKEST RIBR A 0.82, SERMNBTHEX
WIHEEREL—H. RTSETENFTERHTEAN-BWER, XHETR
1154 SSA RIELRME L. ATE—SRED LR TFRESHMOTENE, FA
F A ML E LN B4R ST i B SRR IR, BT TR H AR, MR
EHER. BN ESEENERENBESEAMWENENE-8S5. 29 A
2.1wm?, XULES A RBERIIN, WERTREEESHENRE. XS
BEMRRBROENAAE —EWa M. EhEME, RIBTET TOA
b Fih 2R A VA S AR MK I H 3058 4T SR8 18 « HhR AL B P I94R AT SR 1A RE
W AER B B RTE-7.9~-35.8w/m” Z [A1 34K, T TOA AbHIAE ST IR:8
HRN, BFEERSR, FHEETRE. SR TAT UGN, £FTRERK,
WARSRERE BT AFAEEMR, 0T KK AR BN MR, X
BUBSEMKEBEEAREN, NRIBEHERENKIERT=EL M.
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FBRE VAR R AR S SR 4R A RO

51 8%

BT RBREN SRR X IBSF=4EENLW, BT VSIBERIES %8 M5
REBRASBEH AP RIFRAOYIE (IPCC, 2007). SIEBRER R FREK
FREHTI A AERIER, MZASBREEEN®E, £ L—EhRINS2@L/
Bl ERIRR T AR B E RS R R . SR S48 5 P & IR
B 7 it B A SR 1 A A, AT LUE I SRR T I AR e AT (] 3 O P A
2, BIaiEiE SR8 M. (Twomey, 1977; Albrecht, 1989), LAKiEiTZ&K
KEZ, WY EBEHNREMMN (Grassl, 1975), RKZREETE. BRTFEN
I R A X RN E T 5 B BEH RBE AN, BREBE TR M
MESHEN BN/ NIRRT SR ER REMNBRRENL. BT, BEULE
BitHAB R R EES BN A BRUNHAREZREENEM (IPCC,
2007

FEBib XA REERETERNETYENSZ L X MERTY

DT ED LRI RETARIEHEMAE, IV ARBREERAR
WX 5 BERNSBEBFPIEZ— (Huang et al,, 2006a). B FWAEKFANE LU
R4 AR BR e A ERURE, 4 BT LAIR OK BE A A S AR A o B R R, 7R
FUHX P LR FE5RAABX WAL RE REXR, BB TR A R R
RO RRBER IR BB E A RFHRE X

BREFZ TECEWN AU PR S BEREF T R4 T XHEH R ETE
MERHTRENHR, BREDEIEREAAREEZFMH THWLER.
mmg%Aﬂ%#ﬁEAWMWMmEELmNwmsﬂcmmslgﬁﬂﬁﬁ
AT F UMK WA SE RS = AR AR RE . TR, F
s, ERPEHTFERE ZRNERRTFER. LFEENEEHIKKE
REAZ R GETHIEDT 11%. 32.8%M 42%. AF=HMPEBHERETE
1k, i SEIEH WAL = B AR R0 E MWD RR T #-161.6w/m” 810
#-118.6 w/m® (Huang et al., 2006a). {82 FRZERRET 10 MBS TR,
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FERYT R ERFRAH FRAESEAEAS S EERHI TS REV LR
BREEE RANEE. FEEENRESTT. BT THEAAY LN KRS
B RES GEENT W, SEFHNERDESBERNTSEHHEEER.

F£51 16 M ENFIREMEER

Case Image Date Lat. ° N Lon.° E
1 2003/03/26 44.0-47.5 123.5-124.5

2 2003/04/09 36.5-40.5 78.5-84.0
3 2004/03/09 44.0-46.0 104.0-113.0
4 2004/03/27 43.0-47.0 111.5-115.5
5 2005/03/09 39.5-45.5 108.5-111.5
6 2005/04/06 48.5-50.5 112.5-118.5
7 2005/04/08 40.0-41.5 102.5-105.5
8 2005/04/09 43.5-46.5 116.5-118.5
9 2005/04/13 45.5-49.5 112.0-117.0
10 2005/04/20 36.5-37.5 116.5-119.0
11 2006/02/17 43.0-48.0 113.0-115.0
12 2006/02/21 41.5-44.5 123.0-125.5
13 2006/04/17 36.5-40.5 100.0-106.5
14 2006/04/18 41.0-48.0 116.0-122.0
15 2006/04/22 42.0-48.0 116.0-117.0
16 2006/04/28 43.0-45.0 104.5-111.5

52 TEHERNA

WK EFBAIH T M 2003 4 6 A ) 2006 4 6 A U], HBE T Aqua
TP £ L CERES 1B 4 #] SSF (Single scanner Footprint, Gerier et al., 2001) %t
#E% ¥, CERES SSF DEHE LS T CERES EHERMEMA. MODIS =4
YESHRIEE (Minnis et al,, 2008) LLEMHBIIS R ER, WAEKRT —4
EHH. BRENES T SNEAARIERESHEURBSEEFELN, BT
EHTFEASBEH ORI E%E. SSFHIBEEETH 140 MSHE, ERRAR
FRAVER TR HT R-LL5h-85E % (VISST; Minnis et al., 2004,2008) K iEH
Kz 2 QWP). KZBR (LWP). ZIEMEE (Te). ZHAEBFER (Re)d.
KEERER (Do) AAEEE (v) FSHRERAAVLKERY =M ER
IR 534ME A CERES BEHRMKASZEN 0.2-5.0um, 8-14pm, 5-100pum
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EANFEBRTEE MBS EEERMGEY LN TOA b3t 2185 218 KR

AT HEREDLSERN SRR RS R A, BITER T H
AMXES AR ZERARRTHER: CLD EARAEEK, Bt TEWE
FIFEH; COD KRRV ALRK, 4T LHES, B2 LER. CLD
A1 COD X HyHURFI F MODIS & 55 B 4R R it 18 00t WL B8 44 SR e ) (Huang
et al.,, 2006a). M IE MUK R AN MERETRE, DER.
K. BEAMED L. WR-AXBHIERNERAAETZXE, BEmuns
T, MBLXEE A CLD X BRI ERA A LR, R REREFL,
W5E XA COD [X. & 5.1 45 H T AR 8 PR E &AL RD 16 BRI
HHGER. RAVLREEREEMNERFEE /MK, FHEDEMKX, B
RAMFHABRUIRRAERN D EEMHT LIS = h R HHEEE DR
FHMX . Blan, EXRPER 16 MITH, BT HEZAETHM 15 AT
MRERBHRHEERLERREN. ERGURRGF, ZEFHENER
FER KBRS EATE, MPLRUREERENE, UDEERBEELMT
AR E .

53 miEAtRE
TRIBER—NEEY EATHRARER-sHEERNSHE, B
XA BEMMELRRERM FHESNEEKZ (Charlock and Ramanathan,
1985; Hartmann et al., 1986; Ramanathan, 1987; Cess and Potter, 1987; Ramanathan
etal., 1989),
KREBEM (TOA) FMRIVEER . KEHESBEE X A:
Ty = Fs‘:;w” -Fg
Ty = FLdv‘z,/wn -Fy

TR R E N

(5.1

Csw =Tsw _TscufR
Cow =TLW—TLCI;£R (5.2)
Cyer =Cop +Cy

Ho, Fiom (F2) RO FSm (FRARIRAT (ML) SRAMKEER, FiF CLR
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REREZR, TWALMHETZRME. FUETE COD XK =B Rian, Mas
TEHESHER, AR TYARBRMBESEM.

AR ST RAA R BT A AR SHE R RN Fu-Liou 8558 R, 5% F Fu-liou
BN BERNE_E,

B 5.1 PRk E & 44 2003 4-2006 £ LR BRI ZIH TOA &
COD X F1 CLD X3E5t 3 RIX L. EFAMPENMFIKITTE S, COD KA.
KRS R E A 4AXHE £ /N F CLD X. COD X P4 P50k M5
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I NET RF (COD)

200 r m NET RF (CLD)
q -150 |
g
g 100 }
-50 |
0 1 1 -
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Cloud Radiative Forcing

5.1 COD #1 CLD [X TOA AL FiMEnt S . K ApiES maEMxt

KB AP 4ES 5BIA 53 5 N-138.9, 69.1 F1-69.7 w/m?, {4 CLD X{& /) 57.0, 74.2
M 46.3%. ME 5.1 BATATLUE H, WAFRR/DT ZEES FEB SR
fEM, X Huang FALIBTHSER B, AINERUHERBLUDLEETFE
Bz ki, WENFEHE B/ TOA &z MW H{EA (Huang et al., 20062). R
R Huang FAMSRT, COD KHIFBHER CLD B 40%, MNFERE
RE46.3%, XWFRENRAETRE 2005 F£F) 2006 ERMPLRBERKTFRELE
2003-2004 SEHISRFEFTIE AL . FTLAYPARTE COD XXF TOA A=W & EF IR
FEUEBRY LB K —FrHBEER. N TIEH COD # CLD X =iEst#
BRRUARRBAFBEAN RN ERYARTG S &R, AT CLD XA
COD Xz=iES BB AMFHBERA (SZA) URBE ¥ EENEL, UREHM
ZRYBESHE S B, FIINETURRE. REEE. HFAXIMIZKER.
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& 5.2 TOA kb COD A1 CLD R Z45. KRS 4E s iaiak KA

HBIxTEL

52 F053 2%t T COD X1 CLD K AKERBFEN Eik . KEAIFESE
A EEAMEEERENTL. NE 52 RES3Mafc @RTLLEH, COD
X =R MSES B A EEE/ N CLD X, BR, B 52 M 53Mb
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EER, SFKHEXRY, CODMCLD K =iEHRiaEFREHEEZH,
KRR 530 B EUAE N, Bl FEERE/NTF 358, CODFCLD K=

Cloud Radiative Frocing (Wm?

B 5.3 TOA &t COD #1 CLD X =453 . KIEAFESN 1265 & % B E 41

BARGEILFREZN. NXHIEETRIIEL, COD 5 CLD KM =EH %
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B2 FIBE Z 2 MK TR AR N ERHI T, 4 REW
MRHUZEE EHMAVLFEN, WERBREEELWZENBIAME. MY
WA R TR EAEA . MBE A LR B .
5.4 YR Z YRRV R Ro MR

B 5.4 & COD 1 CLD RIKZH MK FHZ (De). KEHHHLFH1E (Re)
Mz SR LRSI 4. COD [X ) De A Re fFH{EA 5/ F CLD
(X1E 7 17.0%F0 30.0%.COD [X De 1 Re #I B FEWR D RENEF Y AM COD X,
WAKFHEINT =S~ AE T ZWeI4 K, FreiER CoD X/ De
Fil Re [HAHELE CLD XA T A RAIBAD .
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B 5.4 COD Ml CLD RUKEZ B MERZ. KEAMERNE 2 EE L EmiER

De 502 Re MR/l B E —FE ZBIRM R K Z 162 EEA
ZHRBE (Twomey, 1977; Albrech, 1989). XEFEEE, shEHEER
S5ukK R/ mKERERIELLH, 15 ZkF RDBUREE. 44T MODIS 2%
WaER KW, COD XM = /3 FE 4 10.15, CLD K#-FHEA 15.56, COD
Xz 2B ER CLD XD T 34%. X ft BRI/ tvFel RS ERE
HERNRMR, RETOALNEERRTREZMER T COD KZMN¥EE
f99%/)s (Huang, et al, 2006b). SAA¥D RS ERAES RIE X 1o R 48 518 B FIK
DA R COD X Z % B 12 EE (Jiang 0 Feingold,
2006), BRI RRAFIER (58 5 528 1E F xS Z %2 15 B A9 20 i AR TR
T, RARERFARETEMEERE. L LERCEEN, PARERT
PABZE Z M AR RN s AR v, TR IR = (4R 5 5208

AT ik— SRR ERHER, BAIFIA Fu-Liow MaORMAT BUEAERITE .
EHERITES, DEBYWHEE 4km BEL, NEREZME, HEREL e
B ARE. KEFEENREME, CEZFMSEKRE, KAT McClatchey
% N\ E BRI (McClatchey et al., 1971). EHEMIITE S, zE&E
A 3.5-5.5km, FRMEFELER HEEME.

WA R BB 3 B AL NS KRR G A B FITR U B AP KL
B MRt Sk, BRSBTS R G BERKKESH AR, RN
S5HASBERA R, WE 5.5 FRREMERTUS Y, BEDLSER

w g2 -



ZMKEN LA P X Ph A S B4R AR R R B A

NEEFEIYKR, HiEkMNEFESRAERSETLZGR D, MEMRLN 2 E
BR. XHEHNRYA, BTYWERBRNEE, BT ZERKBETRAH T
{BRIGE T ZEHRMAHNBIL. AR ERBESFEEL EREWAN
FHI BB HIAERR R Rl G R . B 5.5 FRATATLUBE R B R, 1%
BRAEEEK 0.1 8, REARMGAREEA, EXKETL, HEBN &5
A REERINIETEE £ 2.7 wm?~15.7 wim?; ZEHR, H-1.7 wim®~-29.7 w/m®.
LW ESBRFET ZEZ LR, EE RN ERERRRAY DA SBERILT
AR s R TR R T BRI U S P L KFHEE B BA MR, MTTiE
AR IR A EE A B3 58 . 3 F KRR, COD K =3B maE—HR KT CLD
X, XEERBTVERBERGBZERSAERR, B0 KR K5EH
SRIEIER /D, REBEAKEDERFHF RN MIEEHK. T TOA &
VLR KEEFER/MTHENERRE TOA UV LE LM ESREBEW S
FEAT1ER .
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Cloud Radiative Forcing (Wm™)
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2 A+ ]
e -3001 .
© 1+ ]
-a00 | +-H_ >
=500 '_4 M B T P el
-500 -400 -300 -200 -100 0
Model (W/m?)

A 5.7 CLD [X CERES P 2 Wil f ikt ik E 5 E B 5 Fu-Liou MR AENS
REXT L EUA B

WL 5.7 gxstl, JAIRTLIEH CERES M EEMME 5 Fu-Liou
BAERERHBREN—BtE. XR\FA Fu-Liou BJAHEMBER T HE RN
CLD X TOA &8IESM EER SEAEN. ZHERRVBE L HE ST EERULK

-86-



EMAREH LRI FJEH R pb B S AR A il BRI 5T

FEAERENE RO ERX > ERME R/ L ERANGEER—IEHE, 7T

R

B M R T RN AT

1.

B DEREFHHEE COD XM CLD X =MMMEI S,
EZHEEE. KEBEYHTERE. KeFRRFERURZTSE
%,
¥ HE—HBFH COD M CLD R =HMMBEI S8, EARANE
I Fu-Liou =, 4 ATHE BN KIBRK 85 188 (MLEEER:
RE COD XEWANTFE, BRITEF AKX ITE COD M CLD
XM =@atRany, YARR¥EERRA 0. FHNE COD XY
SXEFNEHELETR RSN ERERIT HK).
VAR B SRR SR M (RHE B [AEAT L R A R,
A7 U@ FE AR F R E:

ARFiota1 = Fceres(COD) ~ Fegres(CLD)
H 1, Fepres(COD)H Fepres(CLD) 4351 2 B CERES T B Wl Bt 4l 18
F|f COD 1 CLD X TOA A KRS RIE .
YA BRI 2= B TR SR B e S Y4 f ] 2 A0 2 B RO 7T LA
B TR E:

ARFindirect+semi = Fmodel(COD) — Finogel(CLD)
H A, Fruoael(COD)H! Frooael(CLD) 2 B 58 — B 2| E X E K COD
5 CLD KBRS 3R
Wit =5 B A S KR ST IR BN A K B 55 U0 2518 B i 8] B
REBEHRE, BATFTLUMRE SR A M HRAE S RIE BN

ARFgirect = ARFiotal = ARFingirect+semi

HHER, PENEERTRARRERTHF G TYLANES =
af.

# 52 B EBEAMFITE BB TOA &b, YWARSERKTHE ke B
BESRAEURAENLEEZAENROE. WERBRE TOA LK EE
ARG R 22.7 Wm?, HEESBERNN 21.6%. ¥4 HEBEE N RIE KN
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A TH A h T B UL AR 19 B 0 4 AR SR8 B S U B A8 B ) () e A

Table 5.2 HPLEANFITHEEEIN TOA &, WARBRMFHE KN E
PR ST 5RO E LA R (A B B4 S 4R AT R B (BT o5 BAE S RUB M B 43 e

Mean SWRF  Standard Mean Percentage  Standard

Wm? Deviation (direct / total) Deviation
Direct 229 44.45 19.21% 9.80%
effect
Indirect 82.2 41.15
effect

FHBEAEMBAE, MEARIM. BIBEK 227 Wm? 58 5.6 f15.7 4
BT HEROEE—H (R 5.6 1 5.7 PP LM EEEN BB ERRLLS
L, SREE&SA&RZBE). B 5.8 RiHHMBEIM 16 /MIF7E TOA L H
ARG SRABE [ B3 A E G SRS R H, AR AR 3R R & B4R 4
SRIBERIE L. AR 5.2 M 5.8 o, WATTLLAEFEMME L, WARmiaE
A EH R MR A R B R v AR A RS 0 EEAEA .

2
3

280 | @ Diect
28.04%

[ 0 Llive o £ annd Sermpdivec t
=4 r I 32.55%

220
180 - 30.3d%
I 28.27%%

17.21% Ak

| 16.88%% 2.38%
I 17.80%
21550 1.89%4

$3

S
b=

£2233ES

[
-
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1 2 3 4 %3 6 7 8 9 1011 12 13 14 15 16
Case Nuinber
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B 5.8 iHEBBIN 16 M F7E TOA A S A B 4R 4T SR0B E R Ia) e ¥ B 3%
SEREERNIESREE
5.6 /NG

RIS ROE T B BRSO 25038 7= T 0 28 A0 22 DA F R DA R
X HBEEHRN, MEHREETHEZEREYW. UATHFS THEHREUT KR
BERETHYALEMNRE (EBERRE) AE. BERERARR, YR
VAR ) (1 5 B T AR M AR T S P A AR, FE SRR I A P B
EHEEAE (Sassenetal.,, 2003). BATAE 2T TEHIEAIN, ERSETLSA
VAR COD XN = BB L ER /M FED LM CLD . XKW, A
FHERTFHBREY, 45 EEYPRFENSX TOA 754 B 1MEER.
BATEILXT MODIS TEER M, SLTLBERMIESH, WANFELRE
BB EREE, W KZEBRTER. KEHEBHRTFERURSHIEE
EE. X&sH 8% COD KINEHE/MF CLD RME. XBS5LAHHAT
YERIZ R —3 (Huang et al., 2006a). F5MF|F Fu-Liou 485 & MBIt &, #
IESE T ¥WATE COD X TOA 4bHIIERR/ER .

BARMNTLLET LE ZHBEHESHMN T EREFE, HEW 2 HHEH
BREV LR FEXEMYEREF AW, B RS ETPE - ERE L
BRR, ERNNFIAIERNERMMEEDANERENRA S EEE
B REERAX TR, AERLEDE D ENN S 5EEE RS S,
R T —FME R OB E E RS RIGE MR ERG SR RIGE
Fik. BATELSHT 2002-2006 TUEBREN 16 MNMITF, 46 TERMAKEEK
$EF Fu-Liou B 5 E R NI H R, R AR E/F BERESEHA N2
PERREREEESER. 16 MITF TOA & FIBie i BT 1RaE A 82.2
wm?, §HAENRAEN 78.4%. HTEENNREMESEEENSMYE
S HETER N LN EEENREMEAN 22.7 Wm?, e RAEBREM
HERYAERENRAENTEEAN.

BREBNERRAAE RO TREDLBHIERAN—MILIIE, BR
BAMRE T — AN UR 404 B B4E 5 SR @ IS 238 7 7= A IRV /2 L 24
B FHE, MEANRAADLEZHHEXAE —ENBBEN. EUBKHT
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fErh, FURE 2 HAR T iR 30 R e X BT BRI ¥ B R E
FHEY. SREANOTIEEHFE—ERNAHENE, FEUETLELEZ 84
TH#E—P 2. Bk,
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BAE RXBESRRIERE

6.1 WILRBL

SEREALHSFERUNAEEFZ—, BTFHEKBRZUPERANEES
HHRLENFHE RN, FREFERY TRERNAAZITEER, BXA
B AR B F R SR AT U B 8 Bt IR BOR FRAR 5T, SRS,
HRUKRKSKHEN T4 BT MERRER, ﬁﬁ&&z%ﬂzmﬁmﬂﬁ
th, MiRERE L SES EETE. REALBEKEYPLESBERNERE,
VARKRRERPEEMEKZ —, BTHIT KRB GEEBIRIER, T
NEB B RERTE, TAESBETREXSKBEH RGN, EKSLE
KEM B AR, MTIRSIFIRIEREMEK, X107 Ak X AT 525 e
. it e B SR T R X BRI EN R, 3t T RSERst
X—RKESHERAFKSERAER, SHRNALMXTREARR, FEEE
B

WX FSF A Fu-Liou EHEMIER, CERES. MODIS. CALIPSO %
E@RBEOEMM B, FEDTFHREER, §ANER L E st
KBS B T BBMENR, RBEEEFERRAY RSB RNEEENRA
BB, HHEETETYANEERRTRIGEKE KBS MR RGP, #
TSR T b5 Z WA TSR A RPN, F LR LR T
— AR LRER B EES RE N 5 A/ EREG SR RE BT X 4
MAE. RXBEMEELERNT:

(1) FSETY LB RETHE 0 BURHE AR

FIRHER T ESBERE TOA Kb REIESREN, BT Hiixtwdx

| BERRTHS AR, LEERMMRERFEERR+ER, it

RIS BRENBAEAERANAHEE. AT ERT X XmE

KAANENABEENEN THHEY LB RaE MR, AN B H

MEFH T B ERR. SERE T SAMESNAEEREEEUT A

BFEERE: | KERKTHREER Ot2ER. BREHRBE, R
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SIRETF. BYEBREL. 2. EMER GBERREBE). 3. KEELX 0K
R RED, FTUBAIXHE S FEFINS KT a5 s B P E B T 8
MR SGRRH, EFMALWHE T, YAERFRE KRB R BETEN
BEOEWEANEE, RRDAKNAEEE UL FTRENRBRHBLTES
BEFEBRKOEWE. IUEEETEDARBERNEEET RN, Yo
BT RRB RN R R BROHE, HERMEREZEXEE, BREHR
EHANEBNRMALWEFHEENE, FREEERRNFHENETF.
(2) WARBREREESREMER U KSES AR PR
2006 £E 4 A KT CALIPSO T E FEHMBATIR, ARINRHT
ZHSBRABEEASTBL. XERNBH DR AONESEZART#
= RRBRES RE R R A EAER . BATFIA CALIPSO $EA 2| T4
BT M RENSAEL %S CERES TERE, HETERN
BFWEBEPEXN KEE (TOA) MR IE S 6 B FE R m L &K
KEHMAE. FROTEFER: HEKET 2007 FEEETHNETY
EHLX —IR5EM LR, FIA CALIPSO D EJE MEUH SRt E8awL
KBERMBESFELR, BHEBA Fu-Liou BHEHBERFHE TOA Bt
8, @5 CERES EEWRMEX bR BEX b B IRES KB EMER
R X — X DR M AR AENREE, #— S HEKT
HIPATE TOA FIHIEAVAEST 3B E U R KAIEH AL, NG RATLIEE]
TOA, HTEF KKK H 5 EEE S H1 A 44.41, -41.89,F1 86.31 Wm'2. i
TYWEK BB ERBR—BS KBS REEAEXRSH, ANIHERS
MEE LW FEEY DS RIMBRE, WERERSHMART UM 1K day”,
2K day” ® /0% 3K day”' , EEWRBIENTLUEE] 5.5K day’. XRHE K
B E TES RN IBT YRS BDERRAEN, WEEX KA MMk
. |
(3) WEREBERSEHELERRRR
BRE-EREZEMRBERUEFHREAHENHEANET, KA
ERMTI R —ERX MR PR B SRS, RITE LR HCERESEE
BERESL T W B BBHR T3 = MBS, SR E RS
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ARG RELE S, RET —MHNHADLSBREEEROFIE.
(A) WRSBRX USRS
FRAOIETERFANSERN CERES TE%E (2003—2006) ,
AHBETARKX (CLD) MV AFEINEEX (COD) =HPEFF
HMEL. ZRRABRADLRFEMNT ZHBREZ AT {#HBCODRX Ik
ZHRTEHRBRKZHTERHCLD X4 B /N7.0%F130.0%. Xiieb
LRFHAKRREEBEN R MM, NTTE— DW= 1R
SRl REBINAN T A TRV LU, WAS ZEMRE KM,
WAL RRYCODKX, FHimH, KikMFIESRIAE LCLDRX 4 54
57.0%,742% H 46.3%. H= THYELIN, WELSHAZKRIBEH
BEBBL, ZAHBNRFETAARE T AENBEERIKHENSER. N
H—BIEAY ARRREIER, AR FFu-Liou XA EEIER
AT BB S RRVIBEE D LA ER NN, ETOALEHER R
FAEST A E R, TR R AR . XFhERUHDALETOA LR
§5 7 TR BRI R ZEM I K T = A S 2R
(B) RHE—FH WA ALESBRIAEERNSE
TEBREMMERRALE TOA WA IER MR ST 2 PR R
A, XE PSS E RS AR B S MBSO T 5 R R AR E
B . (B RBATTER FIH L E RRNG EERBR AR M AE R T BT
DR ERE EERRANEREEAEUERBLE S, REFX—H
B FI R R BT & R REY DR BN RIAE N 22.7 Wn?, [§
BE5YEBESBRENA 822 Wm?, 454 SEHRME 21.6 %
78.4%, XUtBAEMEEERN D RRIBREEEH.

6.2 REIIERE

BTG5/ Vo R T ) 17 X P R 1 A 0 DA R Bl o R R AR AEE, R
IR TR ALt X Wb BB R A SR 1 A o 0 9 Mt B T S, KR E B
fiEH BEERNR A TAERRAR, FEERKNMAHEE. BEEXR, AT
BRE—HE, CEEFETERRY REHWNEIEE, XEHF. Wit EEK%
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MIFL G, i Aerosol Robotic Network (AERONET); BU# M &k EFH K ZEH
M2, tbin MISR, CALIPOSO: BARIEHN& XIKEFSMM. B 5iE = Ak
B E, £E NASA i A-Train HRICEHE T 6 BN EE, BERHEET 4
FRIMN A RBUE BRI ESHONR; ERERNAE, B EMBXELE
18 4~ AERONET BXMIMLM s (Che et al,, 2005), i BT T — RF KB EF 4b
IEENIIRLE, G0 M SIERAFIEIRYE (ACE-Asia) (Huebert et al., 2003), IJEHK
SHESIEBRRLT AR (APEX) (Nakajima, T., et al., 2003) LA K E[V & 2SR 36
(INDOEX)% (Ramanathan et al., 2001b), EZAX LM AR EBF TR KEIHE,
ERMERFRYE, SHRHZ Tk SR EIE, #5502 5 B b w
#X, XAERA MRS R ERRR  BE . 2008 M KEFERSFIEE

. BRI KEME. FEARF. EERERNDE 2 KREFEABEET
PG et X B AR A RES, BAZM KR EZEFRRRSHREAM B Ah L, ARER
= KBERSFERAMEFEIENRNR, HN=AZH, KETREAILHRK
SBRMTFRUNE—F 5. Ge FAF KM RN EIERIRT L=
BRI AEEREM, 4REPAF X EREEH R AEHF 5 H Al X K 71
A EHEER, BABRTIARBRRE, 0.5um BER R B IR AU
REBER A 0.75 MM H REL R 524N T E RIBEHE#ITX LRI, MODIS K
EOX—XBAEFEEEERERAK (Geetal,2010), XPHH MODIS #£4HIKR
B BEHAESTENT R TR R ZM T BRI RIE . BT AR F A
—MRBERRERERKHIDERERTERBRE LESRE, RRAEX
(.

ERRTAERRNBFABEIMREZEFRESBRUAEHESLREANN
% 1t T S L) B DA % BT A I SE R R0 R, R IR 7 ALt OB F B D6 224
t, H5EFERRERBETLRIE, JHERTHERAMES BIHX S
WIS IE TR R HHE AT L K SR K I 2 4 4 LU R AR SR
TR R 4R AT 3838, IRNBR R ASIE IR TG b it IX X 4 B P 4 O 4 P LA S X
JE X F R AR,

B SE AN T

(1] P b V0 0 5098 SR S IR Bt At
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FRAZMRELXTFEASBEZUBEREASRERANTFE (FHREZRE
55 AR A B B A1 52 R0 0 U 6 25 VB U BE AL SRR ATAX. (MFRSR) BEALR
WEABERAFEEE. HTFESMUREHS TS, I+ 5AERONETEL M S i
AT, 7B 30 TG b X K B AT SR A 08 IR B SR ISR R P

(2] I e REEE AL VP45 T B R 4

¥FIH 1 BRNRBEREFEE R REHIE, SMODISTEAKHER
HEEHE . MODISE EDeep Blue 7k RIRHYE . MISRT 2 RIFEEIEMCALIPSOE 2
RIEHARHATRIER LT, WS PERBEFEEX XK PAEE, Hxd
REREZEHIBN P ERBHTITE, WA S S ERRALKESER
K2 B D E RIEHIE.

(3] HE T bHh X S IA A B 18] 7 5 i B 28 43 A

FARIBIBNMRBSEROEBIERFEESE, HEMNTEANEIHGX
SR A BB Y KRR B L R B 43 A .

(4] FidbsbX XIBMRE LR st b st 5

FA 1], [2], 314 R UEKEER T HALSKBREXBRE LHES R
8. B, ATEERESEITENBRE, RIEAASENEENE, Bk
FIBSHBBYCE WM SR SEE G RT3, #TREAAERR. mRR
BRI, M E L X Bk R KFRESNE RN RU UL KRR E LB RE
KREAEH. RMAKKABEFHER. KERHERaE. EERATILETR
X 480 I e o o [X 35 Al P 4 A S el DA R X S S AR BB AR
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Abstract. The impact of Asian dust on cloud radiative forc-
ing during 20032006 is studied by using the Clouds and
Earth’s Radiant Energy Budget Scanner (CERES) data and
the Fu-Liou radiative transfer model. Analysis of satellite
data shows that the dust aerosol significantly reduced the
cloud cooling effect at TOA. In dust contaminated cloudy
regions, the 4-year mean values of the instantaneous short-
wave, longwave and net cloud radiative forcing are —138.9,
69.1, and —69.7 Wm™2, which are 57.0, 74.2, and 46.3%,
respectively, of the corresponding values in pristine cloudy
regions. The satellite-retrieved cloud properties are signif-
icantly different in the dusty regions and can influence the
radiative forcing indirectly. The contributions to the cloud ra-
diation forcing by the dust direct, indirect and semi-direct ef-
fects are estimated using combined satellite observations and
Fu-Liou model simulation. The 4-year mean value of com-
bination of dust indirect and semi-direct shortwave radiative
forcing (SWRF) is 82.2 Wm™2, which is 78.4% of the total
dust effect. The dust direct effect is only 22.7 Wm™2, which
is 21.6% of the total effect. Because both first and second
indirect effects enhance cloud cooling, the aerosol-induced
cloud warming is mainly the result of the semi-direct effect
of dust.

1 Introduction

It is well known that aerosols have a profound impact on
the global and regional climate. Determining the radiative
effects of aerosols is currently one of the most active re-
search areas in climate study (IPCC, 2007). Aerosols can re-
flect and absorb the incoming solar radiation, which is called
the aerosol direct radiative effect. They can increase cloud

@‘ - @ A Correspondence to: Jianping Huang
BY (hjp@!zu.edu.cn)

albedo and suppress precipitation by modifying cloud mi-
crophysical properties, phenomena that are defined as the
acrosol first and second indirect radiative effects, respec-
tively (Twomey, 1977; Albrecht, 1989). Aerosols can also
evaporate low-level clouds through so-called aerosol semi-
direct effect (Grassl, 1975). Many observational and model-
ing studies have focused on the aerosol “direct” radiative ef-
fect, but recent research indicates that small changes in cloud
microphysical properties (e.g., droplet size, phase) could in-
duce large changes in cloud radiative forcing. Therefore,
understanding and quantifying both the direct and indirect
radiative effects are critically important in climate research
(IPCC, 2007).

Dust storms that originate in Taklamakan Desert of China
and the Gobi Desert of Mongolia occur frequently in recent
years and become one of important aerosol types in East
Asia (Huang et al., 2006a). The dust layers associated with
these storms often travel thousands of kilometers at high al-
titudes moving from the continent to the open sea near Korea
and Japan (Haywood et al., 1999; Higurashi and Nakajima,
2002; Takemura et al., 2002). Moreover, Asian dust parti-
cles, which could lead to both cooling by reflecting sunlight
back to space and warming by absorbing solar and infrared
radiation, make the radiative impact of Asian aerosols more
complicated (Sokolik and Toon, 1999). Thus, it is impera-
tive to examine the aerosol impact on radiative energy budget
over East Asia where the aerosol sources are presumed to be
much different from those in other regions.

Although there have been numerous studies about the ef-
fect of dust aerosols on the radiative energy budget in clear
skies, few have investigated the radiative effects of Asian
dust in cloudy conditions. Huang et al. (2006a) studied
the impacts of dust storms on cloud properties and radiative
forcing (RF) using data collected by the Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) and Clouds and
the Earth’s Radiant Energy System (CERES) instruments on
the Aqua and Terra satellites. They found, on average, ice
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Table 1. Sixteen dust case images used in this study.
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COD region (Lat. °N, Lon. °E)

CLD region (Lat. ° N, Lon. ° E)

Case Image Date
1 2003/03/26
2 2003/04/09
3 2004/03/09
4 2004/03/27
5 2005/03/09
6 2005/04/06
7 2005/04/08
8 2005/04/09
9 2005/04/13
10 2005/04/20
11 2006/02/17
12 2006/02/21
13 2006/04/17
14 2006/04/18
15 2006/04/22
16 2006/04/28

[44.0-45.0], [124.0-124.5]
[39.5-40.5), [78.7-79.7]
[43.8-44.8), [108.0-109.0]
[43.0-44.0], {114.5-115.5]
(44.9-45.0], [109.5-111.2]
[48.6-49.2], [118.1-118.9]
[41.5-41.7], [102.9-104.0]
[42.0-42.4), [115.3-115.8]
[45.1-45.3], [112.3-114.3]
[36.4-36.9, [116.5-117.4]
[44.0-44.7], [115.1~115.7)
[43.8-44.5), [123.5-125.6]
[39.7-40.5], [104.9-105.6)]
[41.4-42.1], [116.1-117.9]
[42.4-42.81, [116.1-117.3]
[43.3-44.2], [104.8-105.8]

[46.5-47.5], [123.0-124.5]
[40.5-41.5], [72.8-73.5]
[44.0-45.2], [114.8-115.9]
(46.1-47.1], [111.8-112.8]
[46.1-47.1], [113.0-114.0]
[49.3-50.3], [112.5-113.5]
[40.0-41.0), [104.5-105.5]
(41.5-42.5), [106.0-107.0]
(48.7-49.5], [115.8-117.1]
[36.5-37.5), [118.2-119.2]
[47.0-48.0), [114.0,115.0]
[41.9-42.9), [123.2-124.2]
[42.4-43.0], [108.9-110.2]
[46.7-48.1], [120.1,122.1]
(47.8-48.4], [116.2-117.3]
[50.0-51.3], [89.0-89.9]

cloud effective particle diameter, optical depth and ice water
path of cirrus clouds under dust-polluted conditions are 11%,
32.8%, and 42% less, respectively, than those derived from
ice clouds in dust-free atmospheric environments. Due to
the altered cloud microphysics, the instantaneous net cloud
RF changed from —161.6 W/m? for dust-free conditions to
—~118.6 W/m? for dust-contaminated clouds. However, the
above-mentioned results were based on only 10 cases. In
this study, we will extend the study of Huang et al. (2006a)
by considering more cases, and further separate the dust di-
rect effect from the aerosol indirect and semi-direct effects
on cloud radiative forcing using a radiative transfer model
along with satellite data analysis. By examining the influ-
ence of Asian dust aerosols on the radiative forcing both at
the TOA and the surface, this study should lead to a better un-
derstanding of the interactions among dust aerosols, clouds
and radiation.

2 Data and methodology

Four years (June 2003 to June 2006) of CERES Aqua Edi-
tion 1B Single Scanner Footprint (SSF; see Geier et al.,
2001) data are used here. CERES SSF data sets combine
CERES radiation measurements, MODIS cloud microphys-
ical retrievals (Minnis et al., 2008') and ancillary meteorol-
ogy fields to form a comprehensive, high-quality compilation
of satellite-derived cloud, aerosol, and radiation budget infor-

'Minnis, P, Sun-Mack, S., Young, D. F., Heck, P. W., Garber,
D. P, Chen, Y., Spangenberg, D. A., Wielicki, B. A., and Geier, E.
B.: Cloud property retrievals for CERES using TRMM VIRS and
Terra and Aqua MODIS data, IEEE Trans. Geosci. Remote Sens.,
submitted, 2008.
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mation for radiation and climate studies. There are about 140
parameters in the SSF data set. The current analysis uses the
following SSF parameters including IWP, LWP, cloud top ef-
fective temperature (7,), cloud effective droplet radius {Re),
ice crystal diameter (De) and optical depth, which were de-
rived with the Visible-Infrared-Solar-infrared-Split-window
Technique (VISST; see Minnis et al., 2004, 2008!). Flux
measurements from CERES are used to estimate the instan-
taneous RF. The CERES instruments measure broadband ra-
diances at the top-of-the-atmosphere (TOA) in three spec-
tral regions (0.2-5.0 um; 8-14 pm; 5-100 m) with a spa-
tial resolution of about 20 km at nadir. These radiances are
converted to TOA fluxes with angular distribution models
selected according to the scene classification (Loeb et al.,
2005).

To estimate the impact of Asian dust on both cloud ra-
diative forcing and cloud microphysical properties, two re-
gions were selected to represent the clouds in different envi-
ronments in the data analysis. CLD (pure cloud) represents
the area where clouds occurred in a dust-free atmosphere,
while COD (cloud-over-dust) denotes the clouds are contam-
inated by dust. The CLD and COD regions are determined
based on both MODIS images and surface meteorology sta-
tion observations over China and Mongolia (Huang et al.,
2006a). The surface stations report dust events in four cate-
gories: dust storm, wind-blown sand, floating dust, and no-
dust. A cloudy region observed by the satellite is defined as
CLD, if the surface observation is no-dust, or as COD, if the
surface observation is dust storm, wind-blown sand, float-
ing dust. Table 1 shows information for the 16 selected dust
cases used in this study. These selected cases occurred dur-
ing the 2003-2006 time period. Although the dust events of-
ten occur in dry regions, especially over desert region, most

www.atmos-chem-phys.net/8/2763/2008/



Jing Su et al.: Estimation of Asian dust effect on cloud radiation forcing 2765

dust events are caused by cold front system or cyclone sys-
tem which can carry the cloud to dry region. For example,
all dust cases studied in our paper except of the case 2 were
associated with the Mongolian cyclone system. In the Mon-
golian cyclone system, the clouds formation often occur in
warmer and moister air ahead of cold front and dust storms
are generally at the edges of cold fronts, thereby the COD re-
gions locate in the similar air condition of the ahead of cold
front.

Cloud radiative forcing is a parameter that has been used
extensively to study cloud-radiation interactions. Here, we
use the outgoing short-wave (SW) and long-wave (LW) TOA
fluxes to examine the cloud radiative forcing. The cloud
radiative forcing is defined as the difference in the fluxes
between the clear-sky and actual sky conditions (Charlock
and Ramanathan, 1985; Hartmann et al., 1986; Ramanathan,
1987; Cess and Potter, 1987; Ramanathan et al., 1989.).

The SW and LW fluxes are defined at the TOA and surface

levels as
Tsw=F&™—Fgly i
Tuw=F{§"—Ffy

and cloud radiative forcing is given as

Csw=Tsw—T&i
Cow=TLw—TE" (2)

Cner=Csw + CLw

where F$W(F&hy) and Fiw™(F)Y,) are downward (upward)
SW and LW fluxes, respectively. The index “CLR” denotes
clear-sky scenes: those without clouds and dust aerosols.
Thus, the cloud radiative forcing derived in this study for
COD conditions includes the radiative effects of both clouds
and dust aerosols.

3 Radiation transfer model

The radiation transfer model originally developed by Fu
and Liou (1992, 1993) and modified by Rose and Charlock
(2002) is used to elucidate the observation results. It is a
delta-four stream radiative transfer code with fifteen spec-
tral bands from 0.175 to 4.0 um in the SW and twelve LW
spectral bands between 2850 and Ocm™!. The correlated -
distribution method is used to treat the non-gray gaseous ab-
sorption due to H>0, CO3, O3, N2O, and CH4 (Fu and Liou,
1992). The surface albedo spectral dependencies are taken
into account using a lookup table based on IGBP scene type.
The radiation model allows for the input of multiple wave-
length aerosol optical depth measurements while the aerosol
wavelength-dependent single scatter albedo and asymmetry
parameter are determined by choosing an assumed aerosol
type or mixture of constituents.

www.atmos-chem-phys.net/8/2763/2008/
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Fig. 1. Annual mean instantaneous TOA dusty (COD) and dust-free
(CLD) cloud radiative forcing for (a) SW forcing, (b) LW forcing
and (c) Net forcing.

4 Result analysis

Figure 1 shows the histograms of the annual mean instan-
tancous TOA CRF for dust-free cloud (CLD) and dusty
cloud (COD) regions for 2003-2006. In each of these 4
years, the (absolute) values of SW, LW and Net forcing in
COD region are all smaller than those derived from CLD ar-
eas. The 4-year average values of SW, LW and Net CRF
are —138.9, 69.1, and —69.7 Wm™2, respectively, for COD

Atmos. Chem. Phys., 8,2763-2771, 2008
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Fig. 2. Comparison of TOA dusty (COD) and dust-free (CLD) in-
stantaneous cloud radiative forcing as a function of solar zenith an-
gle for (a) SW forcing, (b) LW forcing , and (c) Net forcing.

regions. These values are only 57.0, 74.2, and 46.3% of those
in CLD regions, respectively. Figure 1 indicates that the dust
reduces the cloud modulation of the radiative energy budget
including the cloud albedo (cooling) and greenhouse (warm-
ing) effects as well as the total cloud cooling effect. These re~
sults are consistent with Huang et al. (2006a) except that the
net CRF in the COD regions is 40% lower. It may be due to
stronger dust storms during 2005 and 2006 than during 2003
and 2004. Both previous studies (Huang et al., 2006a, b)
suggest that the existence of dust under clouds significantly
reduces the cooling by clouds. The reduced cooling due to

Atmos. Chem. Phys., 8, 2763-2771, 2008
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Fig. 3. Same as Fig. 2 but as a function of cloud optical depth.

dust in the COD regions can be considered as a warming ef-
fect of these aerosols. To confirm that the subtle differences
in CRF are not caused by the clouds themselves, we compare
the CRF in the CLD and COD regions as a function of solar
zenith angle (see Fig. 2) and cloud properties, such cloud
top temperature, optical depth (see Fig. 3), particle size, and
cloud water path.

Figures 2 and 3 compare the instantaneous SW, LW and
Net CRF at TOA from the COD and CLD regions as func-
tions of solar zenith and cloud optical depth, respectively.
The absolute values of SW and Net CRF in Figs. 2a, ¢ and
3a, ¢ in COD regions are significantly smaller than those in
CLD areas. However, for LW CRF, as shown in Figs. 2b and

www.atmos-chem-phys.net/8/2763/2008/
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3b, the differences between the COD and CLD CRF values
are less distinct, especially in Fig. 3b where the cloud optical
depth is smaller than 35. The CRF differences between the
COD and CLD conditions depend more on the cloud opti-
cal depth than on the solar zenith angles (Figs. 2 and 3). The
above analyses clearly show that cloud radiative forcing is in-
fluenced by aerosols when dust plumes exist under the cloud.
These influences include direct, indirect and semi-direct ef-
fects of dust aerosols. Figure 4 shows the frequency distri-
butions of ice cloud effective diameter (De), water cloud ef-
fective radius ( Re) and cloud optical depth for the COD and
CLD regions. The mean values of De and Re in the COD
regions are 17.0% and 30.0%, respectively, less than those
derived from CLD region. In the dust polluted area (COD),
the dust may serve as extra condensation nuclei which re-
strain cloud particle growth and lead to the smaller values of
De and Re compared to those in CLD regions.

The smaller De/Re associated with the aerosol first and
second indirect effects (Twomey, 1977, Albrecht, 1989)
would enhance the cloud optical depth and cloud solar
albedo. (Note that the cloud optical depth is proportional to
the IWP/LWP but inversely proportional to the effective size
of cloud particles.) The average COD cloud optical depth,
10.1, is, however, 34% smaller than that, 15.6, for CLD ar-
eas. The decrease in the optical depth may be explained by
the evaporation of low clouds due to the dust aerosol semi-
direct effect that dominates the first and second indirect ef-
fects (Huang, et al., 2006b). Such a decrease may be also
partly attributed to the aerosol radiative effects on surface
fluxes and the hydrological cycle (Jiang and Feingold, 2006),
although their relative contributions to the decrease of cloud
optical depth remain as an important topic for future investi-
gation. It is evident that the dust aerosol can change the cloud
micro- and macro-physical properties and, thus, the CRF.

To further elucidate the dust effects, simulations were con-
ducted using the Fu-Liou radiative transfer model. In the
model calculations, the dust layer was placed below 4 km:
the aerosol loading decreases exponentially with height and,
at 4km, it is 1/e of the surface value. The type of dust
was selected as coarse mode. The single-scattering albedo
and asymmetry factor of coarse mode dust are 0.7266 and
0.8613, respectively. Vertical profiles of temperature, pres-
sure, humidity, and gaseous concentrations correspond to the
mid-latitude summer (MLS) atmosphere of McClatchey et
al. (1971). The cloud was placed between 3.5 and 5.5km
over a desert surface.

The direct effect of dust aerosols consists of scattering and
absorption of incoming solar radiation. Because dust is an
absorbing aerosol, it can exert different influences on the SW
and LW fluxes at both the TOA and the surface. As dust opti-
cal depth () increases (Fig. 5), the cooling resulting from the
SW and Net CRFs decreases at the TOA, while it increases
significantly at the surface. These differences imply that the
dust aerosols decrease the cloud cooling effects at the TOA
and increase the cloud cooling effects at surface. The re-

www.atmos-chem-phys.net/8/2763/2008/
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Fig. 4. Comparison of dusty and dust-free cloud properties for (a)
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cal depth.

duced/enhanced cloud cooling effects are actually the direct
warming/cooling effects due to dust aerosols. From Fig. 5, it
is clear that when the aerosol optical depth increases by 0.1,
the value of instantaneous SW CRF will change from 2.7 to

Atmos. Chem. Phys., 8, 2763-2771, 2008



2768
TOA
500 s} SW
-400
-300
200
<100
)
00 02 04 06 08 10 00 02 04 06 08 1.0
£
2 9 ¢) Lw 4 d) Lw
< o
o 35
?S 02
S 30
9 8
= 25
8 e
¥ e . 20 —e
: 00 02 04 06 08 10 00 02 04 06 08 10
(&) R —
-500 ©) NET. 500 ) NET
-300 -400 .
-200
Dustt
-100 — 100
0 v
100 . 1

. 00 " " 1 2
0.0 02 04 05 08 10 00 02 04 06 08 10
cos (SZA)
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15.7Wm™2 at TOA and —1.7 to —29.7 Wm™2 at surface, de-
pending on the solar zenith angles. When dust aerosols occur
under clouds, their SW and Net warming effects at the TOA
are due to the dust absorption, while both the absorption and
scattering by dust prevent solar energy from reaching the sur-
face and cause a cooling there. The difference in LW CRF
between dust and dust-free cloudy skies is always positive
because of the greenhouse effect of dust aerosols. But it is
small because the longwave flux is relatively insensitive to
the presence of dust. The impact of these aerosols on LW ra-
diation at the TOA is smaller than that at the surface because
the clouds above the aerosol layer mask any dust effect.
Figure 6 shows the instantaneous SW, LW and Net cloud
radiative forcings at the TOA and surface as functions of
cloud optical depth over desert surface. When the cloud op-
tical depth changes, the dust still has a warming effect at the
TOA and cools the surface. These simulation results suggest
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Fig. 6. Same as Fig. 5 but as a function of cloud optical depth.

that as an absorbing aerosol, dust has the direct effect of di-
minishing cloud cooling at the TOA, so, i.e., dust has a net
warming direct effect at the TOA.

Satellite observations suggest that the total dust aerosol
radiative forcing, which includes direct and, through cloud
property changes, semi-direct and indirect effects (i.e., the
difference in CRF between COD and CLD regions), is pos-
itive at TOA. However, it is difficult, using only satellite
observations, to separate the dust aerosol direct effect from
those caused by altered cloud properties. To estimate the
separate effects, we propose a simple method that uses both
satellite observations and the model calculations. Figure 7
compares the CERES-measured instantaneous SW CRF val-
ues with the Fu-Liou model simulation results for the CLD
regions. The comparison shows good agreement between
CERES observations and the Fu-Liou model simulation, in-
dicating that the Fu-Liou model can reproduce the TOA ra-
diation flux for dust-free cloud regions reasonably well. This
result suggests that the contribution of dust aerosol direct
and indirect/semi-direct effects can be estimated by using the
differences between the satellite observations and the model
simulations.

www.atmos-chem-phys.net/8/2763/2008/
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The procedure for estimating the contribution of dust indi-
rect and semi-direct effect is as follows:

1. Retrieve the dusty and dust-free cloud properties (i.e.
cloud optical depth, Re, De, cloud top pressure)
through satellite measurements.

2. Simulate the dusty and dust-free cloud RF using
satellite-retrieved cloud properties as input parameters.
(Note that the dust optical depth was set to be zero in
both simulations, although the cloud properties were
changed by dust aerosols in the COD regions).

3. The total dust aerosol radiative forcing including direct
and semi-direct and indirect effects is

ARFio11=Fceres(COD)—Fcgres (CLD)

where Fcgres(COD) and Fcpres(CLD) are the radia-
tive energy budgets at the TOA from CERES observa-
tions under COD and CLD conditions, respectively.

4. The combination of dust acrosol indirect and semi-
direct forcing related to cloud property changes is

ARFindirect+semi=Fmodel (COD)—Frodet (CLD)

where Fpogel is the radiative energy budget at the
TOA from the Fu-Liou model computed using satellite-
retrieved cloud properties, as in steps 1 and 2.

5. The direct radiative forcing due to dust aerosols is
ARF girect=ARFio11— ARFindirect+semi

In other words, dust direct radiative forcing is the total
dust radiative forcing in clear sky conditions.

www.atmos-chem-phys.net/8/2763/2008/
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The averaged dust aerosol direct and combination of indi-
rect and semi-direct effects on the instantaneous SW RF at
TOA for the selected cases are shown in Table 2. The aver-
aged direct, and combined indirect and semi-direct instanta-
neous SW RF are 22.7 and 82.2 Wm™2, respectively, which
correspond, respectively, to 21.6 and 78.4% of the total RF
value. The dust aerosol direct effect of 22.7 Wm™2 as derived
from the satellite-measured radiation and cloud properties
here is within the range of those from the model computa-
tions as shown in Figs. 5 and 6 (where the dust aerosol direct
radiative forcing is the difference between the dashed/dotted
line and solid line). The percentages of direct and combined
indirect and semi-direct RF at TOA for the 16 selected cases
are shown in Fig. 8. It is obvious from Table 2 and Fig. 8
that the combination of dust indirect and semi-direct effects
is the primary contributor to the dusty cloud warming effect.

5 Conclusion and discussion

Asian dust aerosols have important influences on the radia-
tive energy budget through both the direct effect and effects
on the cloud microphysical properties. Most previous analy-
ses of aerosol radiative forcing were limited to clear sky only
(direct forcing). Recent studies have found that dust plays
an important role in modulating climate through the indirect
aerosol effect on cloud properties (Sassen et al., 2003). Our
analyses of satellite observations show that the absolute val-
ues of instantaneous TOA CRF in COD regions are signif-
icantly smaller than those derived from CLD regions. This
implies that when dust exists under a cloud it has a warm-
ing influence at TOA. It is clearly evident from analysis of
satellite data that dust aerosols can change cloud microphys-
ical properties, such as water droplet radius or effective ice
particle diameter and cloud optical depth. These properties
consistently yield smaller values when derived from COD
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Table 2. Comparison of the averaged instantaneous RF effect at TOA.

Jing Su et al.: Estimation of Asian dust effect on cloud radiation forcing

Mean SWRF  Standard Deviation Mean Percentage  Standard Deviation
Wm—2 (direct/total)
Direct effect 227 44.45 19.21% 9.80%
Indirect effect 82.2 41.15
regions as compared to those derived over CLD regions. The References

results presented here are consistent with our previous study
(Huang et al., 2006a). The warming effects of dust aerosols
at TOA through dust aerosol direct effects in COD regions
were also indicated by Fu-Liou model simulation.
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Abstract. The dust aerosol radiative forcing and heating
rate over the Taklimakan Desert in Northwestern China in
July 2006 are estimated using the Fu-Liou radiative trans-
fer model along with satellite observations. The vertical
distributions of the dust aerosol extinction coefficient are
derived from the CALIPSO (Cloud-Aerosol Lidar and In-
frared Pathfinder Satellite Observations) lidar measurements.
The CERES (Cloud and the Earth’s Energy Budget Scanner)
measurements of reflected solar radiation are used to con-
strain the dust aerosol type in the radiative transfer model,
which determines the dust aerosol single-scattering albedo
and asymmetry factor as well as the aerosol optical proper-
ties® spectral dependencies. We find that the dust aerosols
have a significant impact on the radiative energy budget
over the Taklimakan desert. In the atmospheres containing
light, moderate and heavy dust layers, the dust aerosols heat
the atmosphere (daily mean) by up to 1, 2, and 3Kday™!,
respectively. The maximum daily mean radiative heating
rate reaches 5.5K day~! at 5km on 29 July. The averaged
daily mean net radiative effect of the dust are 44.4, —41.9,
and 86.3 W m™2, respectively, at the top of the atmosphere
(TOA), surface, and in the atmosphere. Among these ef-
fects about two thirds of the warming effect at the TOA is
related to the longwave radiation, while about 90% of the
atmospheric warming is contributed by the solar radiation.
At the surface, about one third of the dust solar radiative
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cooling effect is compensated by its longwave warming ef-
fect. The large modifications of radiative energy budget by
the dust aerosols over Taklimakan Desert should have impor-
tant implications for the atmospheric circulation and regional
climate, topics for future investigations.

1 Introduction

Aerosols influence the radiative energy budget directly by
scattering and absorbing solar radiation (direct effect), and
indirectly by altering cloud droplet size distribution and con-
centration (/ndirect effect) (Twomey, 1977; Albrecht, 1989).
Absorbing aerosols, such as black carbon and mineral dust,
could contribute to large diabatic heating in the atmosphere
that often enhances cloud evaporation (semi-indirect effect)
(Ackerman et al., 2000; Koren et al., 2004; Kruger and
GraBl, 2004; Huang et al., 2006). The magnitude of the
global mean radiative effect of dust aerosols is comparable
to that of anthropogenic aerosols from sulphates and biomass
combustion (Sokolik and Toon, 1999). Dust aerosols also
have a significant greenhouse effect through longwave radi-
ation which warms both the surface and atmosphere (e.g.,
Zhang and Christopher 2003). However, there are consider-
able uncertainties in estimating the radiative effects of dust
aerosols. The net radiative effect at the top-of-atmosphere
(TOA) could be either positive or negative, depending on
several key variables, such as surface albedo, particle size,
vertical distribution of the dust layer, dust optical depth, and

Published by Copernicus Publications on behalf of the European Geosciences Union.
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the imaginary part of the refractive index (Liao and Seinfeld,
1998). Recently, Satheesh et al. (2006) studied the atmo-
spheric warming due to dust aerosols over the Afro-Asian
region. They found a reduction of solar radiation reaching
at the surface with a lower atmospheric warming of 0.3 to
0.5K day~!.

The vertical distribution of dust aerosols is one of the crit-
ical parameters in the assessment of the dust radiative effect
(Claquin et al., 1998; Zhu et al., 2007). A model study by
Carlson and Benjamin (1980) showed that an elevated Saha-
ran dust layer could change the atmospheric heating rate dra-
matically. Liao and Seinfeld (1998) claimed that clear sky
long-wave radiative forcing and cloudy sky TOA shortwave
(SW) radiative forcing of dust aerosols are very sensitive to
the altitude of the dust and cloud layers. Meloni et al.(2005)
also found that SW aerosol radiative forcing at the TOA has
a significant dependence on aerosol vertical profiles.

The recently launched CALIPSO satellite provides a
wealth of actively sensed vertical structures of aerosols over
regional and global scales and provides an unprecedented
opportunity to study the radiative effects of dust aerosols.
Unlike the space-based passive remote sensing instruments,
CALIPSO can observe aerosols over bright surfaces and be-
neath thin clouds as well as in clear sky conditions (Winker
et al., 2006; Hu et al., 2006, 2007; Liu et al., 2004, 2008;
Huang et al., 2007, 2008). One of the most distinct advan-
tages of the CALIPSO lidar observations is that it provides a
direct measure of the vertical structure of aerosols.

This paper estimates the dust aerosol radiatve heating rate
and the radiative effect during the dust events that occurred
over the Taklimakan Desert in the summer of 2006. The Tak-
limakan Desert is a significant source of airborne dust that af-
fects much of Eastern Asia, the Northem Pacific, and some-
times North America (references, Huang et al., 2008). The
Fu-Liou radiation model (Fu and Liou, 1992, 1993) is used to
compute the aerosol heating rates and radiative forcing. The
vertical distributions of dust acrosol extinction coefficients
used in the computations are derived from the CALIPSO li-
dar observations. We use the reflected solar radiation mea-
sured at the top of the atmosphere (TOA) from the Clouds
and Earth’s Radiant Energy System (CERES) (Wielicki et al.,
1996) Single Satellite Footprint (SSF) to constrain the dust
aerosol type employed in the radiation model. The combina-
tion of the radiation model with the CALIPSO and CERES
observations should lead to a reliable estimate of the dust
aerosol radiative effects.

The paper is organized as follows. The summer Takli-
makan dust events and the dust aerosol extinction profiles
from CALIPSO observations are discussed in Sects. 2 and 3,
respectively. The radiation model and the CERES constraint
of dust aerosol single scattering albedo and asymmetry fac-
tor are described in Sect. 4. The estimation of the Takli-
makan dust aerosol radiative heating and forcing is presented
in Sect. 5 and summary and conclusions are given in Sect. 6.
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2 Summer Taklimakan dust events

The Taklimakan Desert is a desert in Central Asia, in the Xin-
jiang Uyghur Autonomous Region of China, which is known
as one of the largest sandy deserts in the world. It covers an
area of 270 000km? of the Tarim Basin, which is 1000 km
long and 400 km wide. The Taklimakan Desert is about 1 km
above sea level, surrounded by mountains except for an open-
ing at its northeast corner.

Most Asian dust studies have focused on the late win-
ter and spring due to observed long-range dust transport
(Iwasaka et al., 1983; Zhang et al., 1997; Murayama et al.,
2001; Uno et al., 2001; Sun et al., 2001; Wang et al., 2005).
Uno et al. (2008) reported the 3-dimensional structure of
Asian dust outflow from a dust source region to the North-
western Pacific Ocean. They found that the elevated dust was
transported to the Pacific Ocean with the major dust layer
maintaining a height between 2.5-4.0km. There have been
very few studies analyzing the specific signatures of sum-
mer and fall dust storms over the Taklimakan Desert. Re-
cently CALIPSO lidar observations show that dust events
occur throughout the year over the Taklimakan (Liu et al.,
2008a) and that heavy dust storms are part of the summer
weather (Huang et al., 2007). The impact of the Taklimakan
dust storms on the radiative energy budget and the implica-
tion to the regional climate are open questions. In this study
we will quantify the vertical structures of dust aerosol extinc-
tion coeflicients and radiative effects during the dust event
that occurred during the period of 26 to 31 July 2006 over
the Taklimakan.

The start of the dust outbreak was associated with the in-
tensive low pressure system over West Siberian with a trough
extending from northwest toward southeast. This caused
a large pressure gradient and strong northwesterly winds
(>20m/s) between 45° and 55° N, which resulted in the on-
set of this dust episode. During 26 July, a moderate wind
and dust storm in the northern Taklimakan, accompanied by
localized severe dust storms, developed and extended south-
ward. Under the influence of this storm, a wind-blown sand
and/or dust cloud persisted over northern Qinghai and Tibet
through 31 July. The strong dust events mainly occurred be-
tween 27 and 29 July.

3 Vertical structures of dust aerosol extinction coeffi-
cient

CALIPSO lidar measurements are used to derive the verti-
cal distribution of dust aerosol extinction coefficient. The
CALIPSO lidar is designed to acquire vertical profiles of
elastic backscatter at two wavelengths (532 and 1064 nm)
from a near nadir-viewing geometry during both day and
night phases of the Sun-synchronous orbit, which has a
13:30LT equatorial crossing time. In addition to total
backscatter at the two wavelengths, CALIPSO also provides
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profiles of linear depolarization at 532 nm. The depolariza-
tion measurements enable the discrimination between ice and
water clouds (Hu et al., 2007b), and the identification of non-
spherical aerosol particles. The CALIPSO Level 1B data
are used in this study and include a half orbit (day or night)
of calibrated and geolocated single-shot lidar profiles with
the highest vertical resolution. They include both 532 and
1064-nm attenuated backscatter and depolarization ratios at
532 nm. The product contains data from the nominal science
mode measurement.

The dust aerosol optical depth for a given layer is retrieved
in terms of backscatter from the CALIPSO lidar observations
(Hu et al., 2006)] in the form,

1 /
t(z) = ﬂin(l = 2¥"(2)Su.em) 1)

where 7 is the layer-effective multiple scattering factor,
which is 0.7 for this study (Omar et al., 2004). S, cf is
the product of » and the single-scattering lidar ratio (i.e.,
extinction-to-backscatter ratio), which has a value of 44 here
(Omar et al., 2004), and ¥’ (z) is the integrated attenuated
backscattering coefficient 8, from the top to the base of the
layer, which is defined as

Zhase
f Ba(z)dz 2)

Ztop

Y (@)=
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track (right panels) over the Taklimakan Desert region (35° N-45° N) for (a) 24 July, (b) 26 July, (c) 29 July, (d) 30 July, and (e) 31 July
2006.

The dust aerosol extinction coefficient, £, is thus obtained

from

T (2)
Blz)= Az 3)
where Az=(ziop~Zpase) is the vertical resolution, which is
30 m below and 60 m above 8.2 km, respectively.

Figure 1 shows the CALIPSO orbit-altitude cross-section
of the 532-nm total attenuated backscattering coefficient
from 24-31 July 2006, where daytime data were used for
24,26, 29, and 31 July and nighttime data were taken for 30
July. The CALIPSO data reveals that vertically extended dust
layers are widespread throughout the Tarim Basin with peak
lidar returns between 2.5 and 5.5 km above mean sea level
(MSL). In general, the red-gray-white color scales used in
CALIPSO data analyses, as shown in Fig. 1, indicate clouds
and green-yellow-orange color features are aerosols. How-
ever, the heavy dust layers over the source regions are often
misclassified as clouds in the current data products because
the dust aerosol optical properties including the color ratio
(defined as the ratio of 1064 to 532 nm attenuated backscat-
ter) and backscattering intensity are similar to clouds dur-
ing heavy dust loading episodes (optical depth >1~2) (Liu,
et al, 2008a)]. For example, the heavy dust layer over
the Taklimakan Desert on 29 July is misclassified as cloud
(gray in Fig. lc). Figure 2 shows the volume depolarization
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Fig. 2. The altitude-orbit cross-section of (a) volume depolarization
ratio and (b) 1064-nm/532-nm backscatter color ratio for 29 July
2006 over the Taklimakan Desert region (35° N-45° N).

ratio (defined as the ratio of perpendicular-to-parallel com-
ponents of received lidar signals at 532 nm) and the backscat-
ter color ratio. The dust aerosols have a large depolarization
ratio due to their nonsphericity (Fig. 2a), while they also have
a large color ratio due to the relatively large size of the parti-
cles (Fig. 2b). On the other hand, the depolarization ratio is
near zero for water clouds and other types of aerosols. Based
on all this information from the CALIPSO measurements in-
cluding the attenuated backscattering, depolarization ratio,
and backscattering color ratio, we have identified the inten-
sive backscattering layer in Fig. lc as the dust layer. Inde-
pendent observations from both Aqua MODIS (Fig. 3) and
Cloudsat radar (figure not shown) confirm that the intensive
dust layer occurred on 29 July.

The orbit-altitude cross sections (left) and orbit mean pro-
files (right) of the dust aerosol extinction coefficients are
given in Fig. 4. For all cases, the dust layer can be distinctly
identified. At the beginning of the dust episode (24 July), the
extinction coefficient is ~0.1km™! from the surface to 5km
and then decreases with height above ~5 km. On 26 July, the
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Fig. 3. The true color Aqua satellite image over Northwest China
for 29 July 2006, in which channel 0.65pm, 0.562m and 0.47m
are associated with red, green and blue colors, respectively.

elevated dust layer starts to develop as indicated by the en-
hanced dust aerosol extinction coefficients in Fig. 4b. From
29 to 31 July, the elevated dust layers are located at about
5 km, which leads to the transport of dust aerosols to the Ti-
betan plateau (Huang et. al., 2007). For the heavy dust layer
on 29 July (Fig. 4c), the mean dust extinction coefficient at
5km is about 0.35km™".

Figure 5 shows the column dust optical depth for those five
days. The spatial variation of the optical depth is significant
on 24 and 26 July, ranging from ~0.4 to 0.9 (Fig. 5a and
b). On 29 and 30 July (Fig. Sc and d), the variation of dust
optical depth along the CALIPSO track is small with a mean
around 0.8-0.9. On 31 July, the dust optical depth ranges
from 0.6 to 0.8 (Fig. 5¢).

4 Fu-Liou radiation model and dust aerosol type con-
strained with CERES measurements

We use the Fu-Liou radiation model along with the input of
dust aerosol extinction coefficients from the CALIPSO ob-
servations to estimate the impact of dust aerosols on the ra-
diative energy budget. This model was originally developed
by Fu and Liou (1992, 1993) and subsequently modified by
Rose and Charlock (2002) and Kato et al. (2005). It is a
delta-four stream radiative transfer scheme with fifteen spec-
tral bands from 0.175 to 4.0 um in SW and twelve longwave
(LW) spectral bands between 2850 and 0cm™". The corre-
lated k-distribution method is used to parameterize the non-
gray gaseous absorption by H,0, CO;, O3, N;O and CHy
(Fu and Liou, 1992) with the addition of CFCs and CO;
in the window region (Kratz and Rose, 1999). The single-
scattering properties of dust aerosols including normalized
extinction coefficients, single-scattering albedo, and asym-
metry factor are based on the four dust aerosol modes de-
scribed by Hess et al. (1998). The single-scattering albedo
(w) and asymmetry factor (g) at 0.67 um are given in Table |
for these four dust aerosol types.

www.atmos-chem-phys.net/9/4011/2009/
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Fig. 4. The altitude-orbit cross-section of dust acrosol extinction coefficient (left panels) and orbit averaged vertical profile for (a) 24 July,

(b) 26 July (c) 29 July, (d) 30 July, and (e) 31 July 2006.

Table 1. Single-scattering albedo (w) and asymmetry factor (g) at 0.67 um for 4 dust aerosol types used in Fu-Liou model.

Nucleation mode  Accumulation mode  Transported mode  Coarse mode
Single-scattering albedo (w)  0.9767 0.9203 0.89 0.7266
asymmeltry factor (g) 0.6471 0.7143 0.7460 0.8613

For a given time and location, the pressure, tempera-
ture, and water vapor profiles are interpolated from the
NCEP/NCAR reanalysis and ozone concentration is taken
from the NCEP Stratospheric Monitoring Group Ozone
Blended Analysis (SMOBA) product based on SBUV and
TOVS observations. The surface albedo is based on MODIS
observations as used by the CERES team (Minnis et al,,
2008) with the spectral dependence prescribed for the desert
scene type (T. Charlock, personal communication, 2007),
which is validated with the CERES observations along the
Fu-Liou radiation model. The mean value of the broadband
surface albedo used in this study is 0.346 and the standard
deviation is 0.005. Climatological concentrations are used
for CO;, CHg, N20, and CFCs.

To evaluate the radiative heating and forcing due to dust
aerosols, the aerosol optical properties such as extinction co-
efficient, single-scattering albedo and asymmetry factor are
required. These properties depend upon dust characteris-
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tics such as density, size distribution, and refractive index.
The dust aerosol extinction coefficients at 532nm are de-
rived from CALIPSO measurements. In this study, we se-
lect the dust aerosol type that determines the single-scattering
albedo and asymmetry factor and the spectral dependences
of dust single-scattering properties by comparing the model-
simulated reflected instantaneous solar radiative fluxes at the
TOA with those observed by CERES. The CERES Aqua
Edition 1B SSF data are used here (Wielicki et al., 1996).
CERES SSF data sets combine CERES radiation measure-
ments, MODIS cloud microphysical retrievals, and ancillary
meteorology fields to form a comprehensive, high-quality
compilation of satellite-derived cloud, aerosol, and radiation
budget information for radiation and climate studies.

To optimize the dust aerosol single-scattering albedo and
asymmetry factor used over the Taklimakan region, we
compare the CERES TOA solar fluxes with Fu-Liou model
simulations along the CALIPSO orbit using 4 different dust

Atmos. Chem. Phys., 9, 4011-4021, 2009
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Fig. 5. Dust aerosol optical depth along CALIPSO track for (a) 24
July, (b) 26 July, (c) 29 July, (d) 30 July, and (¢) 31 July 2006.

aerosol types from OPAC (Optical properties of aerosol and
clouds: The software package OPAC) (Hess, et al., 1998).
We found that the dust aerosol type that fits best is the trans-
ported mode. Figure 6 shows a comparison of the TOA
reflected solar fluxes derived from the Fu-Liou model with
CERES measurements along the CALIPSO orbit over the
Taklimakan Desert region (35°N—45°N) for the daytime
cases (24, 26, 29, 31 July). The model-simulated TOA short-
wave fluxes agree reasonably well with those from CERES.
The averaged difference between the model simulations and
CERES measurements is only 1.5 Wm™2. Thus, it is clear
from this comparison that the radiative transfer model con-
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Fig. 6. Comparison of the modeled simultaneous TOA shortwave
flux with CERES observations along the CALIPSO orbit over the
Taklimakan Desert region (35° N-45° N) on 24, 26, 29, and 31 July
2006.

strained with the CERES observations can be used to reliably
determine the variation of dust aerosol radiative heating rates
with the input of vertical distributions of dust aerosols from
CALIPSO measurements.

We thus used the single-scattering albedo and asymmetry
factor and their spectral dependences for the transported dust
aerosol mode in all the simulations. The extinction coeffi-
cient is from

B(532nm)
Bo(532)

where B(532nm) is the dust extinction coefficient from
CALIPSO at 532 nm and Sy is the normalized extinction co-
efficients of the transported dust aerosol mode. Thus, our
calculations allowed the extinction coefficient profiles to vary
according to the CALIPSO observations.

g = Bo(R), @

5 Taklimakan dust aerosol radiative heating and forc-
ing

Figures 7-9 show the impact of dust aerosols on the daily-
mean (24 h average) SW, LW, and net heating rates, respec-
tively. They are obtained as the differences between the sim-
ulated radiative heating rates with and without considering
the observed dust aerosols. The dust has a significant ef-
fect on SW radiation. For relatively light (Fig. 7a), moderate
(Fig. 7b and e) and heavy dust layers (Fig. 7¢ and d), dust
aerosols heat the atmosphere via absorption of SW radiation
by up to ~1, 2, and 3 K day™, respectively. The maximum
daily-mean solar radiative heating rate of 7 K day~! is found
at 5 km on 29 July. Figure 7 shows that the SW heating rates
have a peak corresponding to the maximum dust acrosol ex-
tinction coeflicient levels.

www.atmos-chem-phys.net/9/4011/2009/
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Fig. 7. The altitude-orbit cross-section of daily averaged shortwave heating rates due to dust aerosols (left panels) and the orbit-averaged
vertical profile (right panels) for (a) 24 July, (b) 26 July (¢) 29 July, (d) 30 July, and (e) 31 July 2006. Unit: K day™!.

Table 2a. Daily mean radiative forcing of dust aerosols at TOA
over the Taklimankan region. Unit: Wm ™2

Datc 24 July 26 July 29July 30July 31July Mean
sw 12.49 15.6 14.93 14.42 13.13 14.11
LW 28.64 28.86 32.73 27.64 33.65 30.30
Net 41.13 44.46 47.66 42,06 46.78 44.4]
Table 2b. Same as Table 2a, but for surface. Unit: Wm™2,
Datec 24 July 26July 29July 30July 31July Mean
SwW —-49.70 -67.0 —73.53 —67.27 =66.12 —64.72
Lw 19.92 23.37 21.93 22.58 26.36 22.83
Net -29.78 -43.63 -—51.60 —4469 -39.76 -41.89

Although dust aerosols appear to have less effect on LW
radiative heating rates (Fig. 8), they do show a warming ef-
fect below the dust layers and cooling near the top of the lay-
ers. The maximum warming, which occurs near the surface,
is typically about 0.5 K day™'. The LW cooling ranges from

www.atmos-chem-phys.net/9/4011/2009/

Table 2c. Same as Table 2a, but for in atmosphere. Unit; Wm™2,

Date 24 July 26July 29July 30July 31 July Mean

SW 62,19 826 B8.46 B1.69 79.25 78.83
Lw 872 5.49 10.8 5.06 7.29 747
Net 7091 88.09 99.26 86.75 86.54 86.31

near zero on 24 July to about —1.5 K day™"! on 29 July, which
partly compensates the large solar radiative heating near the
top of the dust layers. The net aerosol heating near the dust
layer top is about | K day~' on 24 July, 1.5-2.0 K day™' on
26 July, 5.5K day~! on 29 July, 3K day™' on 30 July, and
1.5K day~! on 31 July (Fig. 9). The net heating rates due to
the dust aerosols are about 0.5-1.0 K day~! below and above
the dust layers.

Table 2 shows the daily-mean dust aerosol radiation forc-
ing at the TOA and surface and in the atmosphere over
the Taklimakan region. Dust aerosols have a warming ef-
fect at the TOA in both SW and LW radiation, which are
about 14 and 30 W m™2, respectively. The net warming is
444Wm™2, The positive solar radiative forcing is due to
the elevated absorbing dust aerosol layer above the highly

Atmos. Chem. Phys., 9, 4011-4021, 2009
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Fig. 8. Same as Fig. 7, but for longwave heating rates.
Table 3. Estimation of uncertainties of radiation forcing. Unit: Wm™—2
SSA +6% Surface Albedo +10% Lidar Ratio +£20%
TOA Surface  Atmos TOA Surface Atmos TOA Surface  Atmos
SW 14815 £11.450 26265 +4.585 3360 +£1.225 +£1.775 F11.155 +£12.935
LW 0360 F0.370 +0.010 0 0 0 +4.820 +£3.480 +1.335
Net F15.175 £11.080 =526.255 +4.585 3360 £1.225 +6.595 F7.675 +14.270

Table 4. Estimation of uncertaintics of vertical averaged atmo-
spheric heating rate. Unit: K/day

SSA +6% Surface Albedo +10%  Lidar Ratio £20%
SW 30272 20010 +0.138
LW £0.004 0 +0.019
Net 30276  +0.010 +0.157

reflective desert surface. The dust aerosol radiative forcing
in the atmosphere is also positive for both SW and LW radi-
ation, which are 78.8 and 7.5 W m~2, respectively, and the
total warming is 86.3 Wm™2. The dust aerosols cool the

Atmos. Chem. Phys., 9, 4011-4021, 2009

surface significantly by decreasing the incident SW radia-
tion (—64.7Wm™2) but warms it through the dust-emitted
LW radiation (22.8 Wm™2). The net cooling at the surface
is 41.9 Wm~2. Table 2 indicates that both SW and LW ra-
diative forcing of dust aerosols play an important role in the
radiative energy budget at the TOA and the surface.

6 Uncertainties in radiation forcing

Although this study attempts to minimize the errors by us-
ing reliable observations for the model input and to constrain
the dust aerosol single-scattering properties, the estimated
dust radiative forcing may have some unavoidable uncertain-
ties. They are related to the uncertainties in the CALIPSO

www.atmos-chem-phys.net/9/4011/2009/
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Fig. 9. Same as Fig. 7, but for net heating rates.

lidar ratio for the retrieval of dust aerosol extinction co-
efficient, surface albedo, and dust aerosol single scattering
albedo (SSA). The range of uncertainties in the CALIPSO
lidar ratio is about 20% (Winker et al., 2006). The sensitivity
test showed that the lidar ratio uncertainty of £20% can lead
to uncertainties of about 6.8, 7.6, +14.4 Wm™?2 in the net
dust radiative forcing at the TOA, in the atmosphere, and at
the surface, respectively (see Table 3). The surface albedo
is another possible source of error. If the surface albedo un-
certainty is +10%, the dust SW radiation forcing at TOA
and surface will be changed about +4.6, £3.4Wm™2, re-
spectively (see Table 3). Detailed discussion of uncertainties
in SW radiative forcing with respect to surface albedo can
be found in the studies of Claquin et al. (1998) and Liao
and Seinfeld (1998). The major uncertainty in the estimated
dust radiative forcing arises from the SSA. A £0.03 uncer-
tainty in the AERONET SSA (Dubovik et al., 2002) can lead
to a 12% uncertainty in the SW TOA forcing. Our sensitiv-
ity test revealed that the largest error is caused by the SSA
uncertainty. The observation study of AERONET shows
that maximum dust SW spectral weighted SSA may be 0.94
over Taklimakan, i.e., current value 0.89+6% (Dubovik et al.,
2002). Thus, the uncertainty range in the SSA is estimated
to be +6%. A £6% change in SSA (with a constraint that
SSA should not be larger than one) can lead to about F15.2,
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+11.1, ¥26.3 Wm™2 uncertainties in the net dust radiative
forcing at TOA, in the atmosphere, and at the surface, re-
spectively (see Table 3). Although the aforementioned three
parameters have large effects on the estimated dust radiative
forcing, the pattern of dust heating rate is not affected. Only
the magnitude of the dust heating rate varies with the changes
of parameters. The SSA was found to have its largest ef-
fect in regulating the magnitude of the dust heating rate. If
the SSA increases by 10%, the net vertically averaged at-
mospheric heating rate will change by roughly 0.27 K day™!
(see Table 4). The lidar ratio uncertainty of +20% can lead
to ~0.16 K day™' uncertainty in the net vertical mean atmo-
spheric heating rate (see Table 4), while 10% changes in the
surface albedo can only cause 0.01 K day™! changes in the
net vertical mean atmospheric heating rate.

7 Discussion and conclusions

In this study, we investigated the impact of dust aerosols on
the radiative energy budget over the Taklimakan Desert dur-
ing dust episodes in late July 2006. The dust aerosol radiative
forcing was estimated using the Fu-Liou model along with
CALIPSO and CERES measurements. It was determined
that dust aerosols warm the atmosphere over the Takli-
makan, especially at the levels between 3 and 6 km where the

Atmos. Chem. Phys., 9, 4011-4021, 2009
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maximum aerosol extinction coefficients are found. In the
dusty atmospheric layers, the dust fypically heats the layer
by up to 1-3K day~! depending on the dust concentration.
The maximum daily mean net (shortwave + longwave) radia-
tive heating rate reached 5.5K day~! at 5km on 29 July.
The averaged daily mean net radiative forcings of the dust
aerosols, averaged over our case studies, were 44.4, —41.9,
and 86.3 W m™2, respectively, at the TOA, surface, and in the
atmosphere. Among these forcings about two thirds of the
warming effect at the TOA is due to absorption and emission
of longwave radiation by the layer, while about 90% of atmo-
spheric warming is due to absorption of the solar radiation.
At the surface, about one third of the dust aerosol solar radia-
tive cooling effect is compensated by the dust aerosol long-
wave warming effect. This study indicates that both short-
wave and longwave radiative forcing of dust aerosols play an
important role in the radiative energy budget at the TOA and
the surface. .

For the radiative effect of the dust aerosol, the most impor-
tant factors for the shortwave forcing of dust aersols at the
TOA are the aerosol optical depth and the single scattering
albedo while the longwave forcing is highly dependent on the
vertical profile of the dust aerosols. Previous spectral, simu}-
taneous remote and in situ observations suggest that the sin-
gle scattering albedo of pure dust at a wavelength of 0.67 um
is predominantly in the range from 0.90 to 0.99, with a cen-
tral global estimate of 0.96 (Forster, et al., 2007). This is in
accordance with the bottom-up modeling of w based on the
hematite content in desert dust sources (Claquin et al., 1999;
Shi et al., 2005). Analyses of w from long-term AERONET
sites influenced by Saharan dust suggest an average value
of 0.95 at 0.67um (Dubovik et al., 2002), while unpoliuted
Asian dust during the Aeolian Dust Experiment on Climate
(ADEC) had an average value of 0.93 at 0.67 um (Mikami
et al., 2006). These high w values suggest that a signifi-
cant positive shortwave radiative forcing by dust is unlikely
(Forster et al., 2007). However, our results suggest that the
single scattering albedo of Taklimakan dust aerosols is about
0.89 at 0.67 um which is about 6% less than Saharan dust.
The mean shortwave radiative forcing at TOA is as much as
14.1 Wm™2,
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