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ZEABIREH W RAMNEE [T, ARTERERF . KKEIALEE
WG RATHEEEEXROAR. BRI XSETNRTELL LK
APESEEBHNMNEE, TERRTZR. ZHHERAYEESEER. &
EE X A FRETFEXR AMSBHEHARR, BREEZND LA Z
WX —MIEE BN NEERE, MM T ZHX ZMAZNYEEERRNE
Zett, R IARNREEEEEERAER. AR LETHEERUBRZIE
RER AR L (MFRSR) J4F A0 L] FUAERR B K SOE ST I, R
BTHEBEEHET. VAT HHFRORERE, HRETRHETREZZEML
WIES R ET & B ER ERBURERR UK =M R EETRAUREHIER
Wi (SACOL) M EWARBKAWN EZRBENMMEE GRIEARRE) L
MEBEIFENRIE, RETLABENER.

FATRI A MFRSR () B4R AR B AR BB R GBI, ERAASHE
TN, BRI RN AR R ERER RO RANER, #
WK ZAKZREEFRARBHFRANEZHAGIREES, AMHHEAERE
Mt BE., WA EmE, 1%NESRRERSEN R ZNEREN
BERREERTHEES A 8.4%F 0.107; HRIFHT R HBSHAE LK SACOL.
SRS 2R ST B R PR I RIE A TR, BT ZMRBIKERAHE KE
A AN MR ES REN TR EEGE B FEZAEA 1.084,
HXZEHCH 096, WHRRENR 0.679; B FHBERNERITIIRAAM
HEEST RS RENZAFEENRRRE GERHRE) 7510 021 (7.9%)
030 (9.4%). B, ZRFEENEWRERREHREMTINFER,
MHBR M T ZE&H THREZTR—EZNKZIKEAFERERER.

Bob, ACWAI MFRSR Hi R H MM R IR T #HT 7 BT ar@EH &
774 (Ratio Method). % F EE T Z MRS ERAGERHERK 45K
FERSE (NEE). SURHERRMEGFRMRA, Pk Bz AR
RIfAMNEEHRRSARBRIBEN . BT EEED AR AT RAERE
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BAFIbT, R HE T E R RIE UK T B M AXARIE, 5SRMIEBRE
ML RV TSR R, R RN T RIEHAFTE, BHARER
NF 10%. BFEHIIEES RN B ATERETZ, XM ETEEER
LR ERNAIRES

ETERBLL[BRBERE, ANERRET —MEBREDPEZPY
DRBERAFE BB T . ZHERT 4 A R R T IR e LR
(MFRSR) MBS MMAMEEREMZSE, RIBYESERNZ BB
MER, KoFETTYLREMEEENE. SURERKRNE, RTEN BT
M REIRE RGN, HABYATFYLNENEE BRI BN RE X
HE 0056 # 0.1, B AT RBREVNEERBT [V EZHHERBOCEER
FIRE . ZHENEBE ARG T VA ZRBARIOAEE YA = M ERN A
SR B E T Al
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Abstract

Clouds are an important modulator of the energy budget of the planet and play a
critical role in the atmospheric energy cycle, water vapor cycle as well as earth climate
system. The impact of clouds on the radiative fluxes, both at the surface and top of the
atmosphere as well as the redistribution of the radiant energy in the atmosphere,
depends on cloud cover, thermodynamic phase and optical depth. The northwestern
China is a typical arid and semi-arid climatic characteristic representative area and
there are some special cloud type, such as mixed-phase clouds and dusty clouds. The
existence of these clouds increases the complexity and uncertainty of cloud optical
properties retrieval. Thus it becomes more and more important to build up the retrieval
method for mixed-phase cloud and dusty cloud. Based on the particular observation
geometry of Multifilter Rotating Shadowband Radiometer (MFRSR) and accurate
transmittance measurements, in this study, we have developed a method for retrieving
optical properties of optically thin mixed-phase cloud and dusty cloud, respectively.
Additionally, a ratio method for accurately estimating fractional sky cover from
spectral transmittance measurements has also been developed. The theoretical
sensitivity studies and validation and evaluation from measurements at the Semi-Arid
Climate and Environment Observatory of Lanzhou University (SACOL) site, Zhangye
and Jingtai mobile facility during China-US joint dusty storms observation achieve
satisfactory results.

On the basis of the simultaneous measurements of direct and total radiation from
MFRSR, we allow partitions of direct-beam and total radiation determined by
different thermodynamic phase. Under the assumption of radiation closure, we further
infer mixed ratio of cloud water and ice for optical thin clouds and identify cloud
thermodynamic phase, and thus accurately estimate optical depths of optically thin
mixed-phase cloud. For the new retrieval method, 1% measurement error will result in
maximum uncertainties of 8.4% and 0.107 in retrieved total optical depths and mixed
ratio, respectively. According to validation and evaluation using forward simulations
and in situ measurements at SACOL, Zhangye and Jingtai sites, the new retrieval
method achieves the high consistency of retrieved cloud optical depth from

direct-beam and total radiation: the slope of 1.084 between the two with correlation

A%



coefficient of 0.96 and RMS of 0.679. The maximum biases (relative errors) of cloud
optical depths within the range of effective radius of clouds are 0.21 (7.9%) and 0.30
(9.4%). Therefore, the retrieval method provides not only accuracy retrievals of cloud
optical depths but also unique mixed ratio of cloud water and ice for optically thin
clouds under overcast conditions.

A ratio method for estimating fractional sky cover from spectral measurements
has been developed. The spectral characteristics of clouds and clear-sky aerosols are
utilized to partition sky fraction (sky cover). As illustrated in our sensitivity study and
demonstrated in real measurements, the transmittance ratio at selected wavelengths is
insensitive to solar zenith angle and major atmospheric gaseous absorption. With a
localized baseline procedure, retrievals of this ratio method are independent of
absolute calibration and weakly sensitive to changes in cloud and aerosol optical
properties. Therefore this method substantially reduces the retrieval uncertainty. The
uncertainty of this method, estimated through the sensitivity study and
intercomparison, is less than 10%. With globally deployed narrowband radiometers,
this simple ratio method can substantially enhance the current capability for
monitoring fractional sky cover.

Based on the scattering properties of nonspherical dust aerosol, a new approach is
also developed for retrieving dust aerosol optical depths of dusty clouds. The new
method is based on transmittance measurements from surface-based instruments
multi-filter rotating shadowband radiometer (MFRSR) and cloud parameters from
lidar measurements. It uses the difference of absorption between dust aerosols and
water droplets for distinguishing and estimating the optical properties of dusts and
clouds, respectively. As illustrated in sensitivity study, this new retrieval method is not
sensitive to the retrieval error of cloud properties and the maximum absolute
deviations of dust aerosol and total optical depths for thin dusty cloud retrieval
algorithm are only 0.056 and 0.1, respectively, for given possible uncertainties. The
retrieval error for thick dusty cloud mainly depends on lidar-based total dusty cloud
properties. The retrieval method lays the foundation on accurately estimating dusty
cloud radiative forcing and evaluating direct and indirect effect of dust aerosols on

cloud.

Keywords: MFRSR, Northwest of China, mixed-phase cloud, dusty cloud, optical

properties, cloud cover, retrieval method.
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ZEAMERBH UL RANET IR, ER[ERAHAKKAEHAEEH]
BERALTPHEEXBOAC. ZETEHRE. HRORERXREA=ME
B EME X% PR R B ML EI R E Bk X SRS SR BRI AUR, X=MALHIE R
HRBEAFZSHUMRBEEZ—. ABERENZREXNEMES R ETE
St MRAKRERSIEFZ (6] 5 AL KA EAE LRI, KEHREAR

MRAEXHHEEERPNERTR, EE2HE, XNXEMLEARKTRIIRERAS
R, B FERH[BII: WetheraldfManabe, 1988; MitchellflIngram, 1989],
REAFHRKK (GCM) MBRKREFRZ —FERHAF BN REHHINATE
PG RR . BTRMERN S RIBERKARENE, FBRRKGCMEBK K
BN FEAE B ENZERBIM: Cess%, 1989; 1990]. 451 R VP B 4N =S4k
WIS (FIINCOMIMEE) MAURRIE R TR MM AT, XM aR
TR AN 58 0 2 AR OH 48 ] T SR (0 IR AL TR 1) 5 7™ EE A BR S [IPCC,
2001). B3 TR A ALBE = s 4 A3 L T B[ Lindzen, 1990), B8t, % T8
BB, ZESRYEREZ MERMEAERRIEFLEY, mA
BZMEHFUENRSNRNR S EREEE— P ERIRTLIRE.

REWBHIEHTE, AATCAREA RS AS KFES A RS RS (B
REBARN), THEUBKBRKERH MASRSE (EEHN). XH
i RER 8 m Xt ERAR A S . KERHMASBRRUFET BENEW. &
ZREBRT, BHEHEES. RERKNEFAEE B AR, b
EE. BB RBEMMHERE, ELEREZMLARR,. aE. EENR
BURFRMIENMERBE. flidtTRENSS EEHIERBRIKRLK,
REKRHFH SR KBES AR OREES T, MAXFEERIDNE DA
A EEMKEERIKMALII RS R, BB HXmHES ER SRR
FMmMPRENEREFKTERE LSKZHEHRAR, HRIMSFHEZH LR B



ZMREM AR FIF MERSR RIRFILR A MR LR NFE R B ENHA

AR, Fik, THATMGWECE, TREBISHEHZHEMSER THREE
KRREFHRE . REABEFIRUPREANER-HFFEELF, 1993].

1.2 B X B MBS S RN ER

ELRRBERPRERT, TEUERERANREFHRELUNERA
KREFEZ—. RETIBXESEERT, UTFREAENERKERR, 2RE
BUKBME X . 2 ZK BRI TR R ER T XK RIRA R E
ERE, MAZBXZ0E, BOVEBRIELA AL, #ERTHZKEHER
RIATR . B EEIFEAN A ETREHK, REEHSTEHE MR
MR IERES SR WM (ERBE) [Collins 4, 1994)KH, mEM (&
B, £HAEE) RER (ZRAMUZR) YR MO SE= A R
FNEMTIRHS, 1994]. B, WZHK ZHAE R YRR AT RAF A
(IR 9T, T RxH AR RIS b B IR 2 ST R % M BT RSk SR
FEEZLBNBEEEENALENX. EMXEETRAIESHENM S
(SACOL, ¥4I BAAXE=2) A REA X ME—— MR E rirE irg
AERIF &, WA RSN RIS RAREMXEE, FASMA CEOP
( Coordinated Enhanced Observation Period ) « AERONET ( Aerosol Robotic
Network) #1 MPLNET (Micro-Pulse Lidar Network) % Fr KB, LI
THREHEE, KHRAEMZGE BT EMRIRER LT R X B i A2
EHEEENSEUTREFEFEENER, CWHRIETE RIESRNLH IR
BERMET A Bk, BT A8 RERH WIS T = 892 AR
R EERMAEEFAFREX M ARG LE.

ZAEAMEREH R RAMNEZT R TS, EXREBRIAAKREFLEE R
BREREFHEEXROAC. ZHMRARSBETNEN G URKSFH
EHERENMOEW, TERRTERTHE. REZEAENEOUREH
MAREEEESER. B, THNRERIBAKT RLTERARSKE
BN TS MY B M BT RORE Bk 0 HIBEAT A TR

ZEMBIN R EBREANMNENZRIET B AW B ERS). £3)
RUBERFILN PERELN TRKO N L RELE. ], £xERERTTE
T R SR ATE NS TRRORE. . FNUEZCHEMLIE
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KIS MM 453+ 773 [Fairall 71 Hare, 1990]. = FEBRBOCE BN 24T
[Clothiaux %, 1999]. T EX KL BHRST WM 4 #T[Long A1 Ackerman, 2000; Long
%, 2006a)MIAERBHE REK[B L%, 2001; EHEMBIL(, 2002; Pfister %,
2003; Long %, 2006b]%% . | D E WM R = B # & ME IR 2 [Minnis, 1989:
Rossow %, 1993; Ackerman %, 1997; Menzel fi! Strabala, 1997 %]. 535, Tuinder
Z[2004)F A ZHEAHIREF L E (ERS-2) FHAIRIEMALHE (GOME) X
BUWHERET WHERZBREEE (RAEEHE L. RN E NSRRI H %,
HF BV HERE SR A-band =HRE R IE T 5 ); Stamnes (20081t 5 & T FIH
EHALHME (OMD RETARZH BN REHE.

REFAIGBREERESR. FERERNEAK, HERME S, BEFR
Bz BB IR RZ . KHALOR, B TH0F B R EIER N = E MR
YHFHURMSREBHN SERUNRURAAFERKOIHEL. TLF
¥, BELERMBAMERRHEEREB/INARENRE, EFLNIEER
ERMAEERUMNER EBFTRR—F. AW, EHHER. Hill & uimu
BOMBRETEICHX, HRXHRSEWR FORH G Z LR B D HIAE S LR UESE
B, IERELRFERRNNOABEME . SRIETHE NSz EREGE%RIETFT
R BB SARSFAE, B 52 B SURLEF RISk ROV & B PRI, (48 E
MW Z B IR TEEMRE, NHE MK PR A T 8 5 B E R
i,

HERMAL, RETENURMT ZEBMLRESR, ET 2R
MBIR, BREMZIZE (KEED HFE EEREIRbE &R,
Epth TRAE PR REMEN TEMMMZE, KRN A E IR H ik
TEENEFNMMTRIEFFEN. EEFBERUS, BIHRREET
MIWEREK HMAW, RERBGABOTEMGTT, MEEEBRERA =
Il G TE. SAT, BIERBIMMR T MER N g & RESHEE, M
ESNABRARN. Eit, RBEXEERRNETHERN S ERRIEEER
£ PV 7

Wit ISCCP MR, DI D =BEEN 68.6% [Rossow H1 Schiffer,
1999], HPEIMRENE BEH 2.6%. BEMNK I, HbZHREEERE
HECINERBHARP AN ZBHEER X FHREFEHME BN EHE



2K A i FIf MFRSR B iGAbie & MR Rz 067 S PImAG L (0Bt 5T

z, REAAS S, BE. KT EFIARNEKBEROAF T LAN#EA KA,
HEFEFTEOSRERNL. R, HZKEBREDH, ENOREER ZK
RN S, XEZHHARENREHER, MEARBEN, X4RIR
N T R IR RARK A PE AR [ Tumer %, 2007; Min il Duan, 2005).
FEIHERETEIHE, BREMNE[2005)F)7 ISCCP BHABM=NMSRE (FR
WAREK . BRAREANZEHNERX RG%X) P =8 & A A RN ELN%L,
KRBT REIEDHH 62.9%. 80.0%F 68.6%, X i =N & B 2.2%. 3.5%
M 55%. BERBAHSEMT X ZXEFERENERENTHE Y.
AT ERE WK RAME M LIAER, HAIFIAH CERES 8384 H%ET
2002 £ 7 A £ 2007 4 12 A8 SACOL #iMIh R 2R RAM LK RN BHN
Wk A CRERSE) MNAT 30 kmX30 km BEAZHOHRE HE OKHAE. %K
HARAM) MBS, WA 11 FiR, TUREEHX=ENAABEANEEE
AR MM LREE,

Min #2004} BIFNAR, = M#ASH DG B akE B HR M HHRIEE
RS BUR KA EE RERE, B E YRR EA i m DR IRE
ik 5%-20%. B, HIFKERKZEZHAAREHIREEEEZERRR, U
FIU = A NIRRT R RO E M B A2 E B R
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Bil, SARESHERERHHINEOTATHEE TR XTI Fla,
Knap %(2002], Baum %[2000], Key F1 Intrieri[2000], Daniel %[2002], Liu %
[2002], #1 King %5[2004)% A A B SMR (B " WICHRHERT =48, Platnick
#[2003], Baum 2%[2003]41 Turner 2£[2003]#31% = WK AR T 5 kA F XX
SN BRMRE (RITHERNERS) BREMEXER (XHERKNERR
BERME L), FIAIZESMERINEHORHERUHAEZOMES, BT

- RASMEHHTRTFEAEEERKOEE, QWHITERRTEZUN. 55,

BT = WARRARZ KRR T HER. K/ FEMZE AR EOAR, S—E
TRIRARZS B B B AR IR IR IR BN, BN kARG B A R IR B I S LR
WENX AL, LA LR & %= 5 R A RIE AR M ZARA [Shupe
%, 2004; Eloranta %, 2006]. HAEiHIRiRBOCEENAERILERKILIX—5
B, UEHEITZHSRER, REEHLRRERAN . Sassen[1991] .
Sassen 1 Benson[2001]&545 T ZR A FABEAXT MR IMEL, B0t dT
0.1 AR, KT 0.1 NAKARKT, HFLKRMEAZ 05, FEMERRA
MRFA KT 0.6 %. RMXLEHERBHEZXFHBEKE. KNBREE 3
MAES, XMELFETHRZENLE SRS [Baum %, 2003; Pavolonis A
Heidinger, 2004]3%/8 & #8 = [Pavolonis 2, 2005J#RAFEM. Mk, FEKER
FHERREERE XN ZHRSN NHE R . Goloub 4¥[2000}51 Riedi £5[2001]
B R MRR T R A RS R RST MR (n POLDER) #EMT =ARKIEERE S .
EF ik, Turner Z[2005]1F|/ AERI (Atmospheric Emitted Radiance Interferometer)
A0 Lidar WRIHAT ALK B EA TR Riedi F([20071HE & ER=F778
& F& T #|H POLDER/Parasol #1 MODIS/Aqua SRk X 1 = K830 A7 ¥,
FEARTEHEWERSE OK K. BERKRED) 45 HNKEREKASRFLE
S TABEREIRA.

H A REH 1R 5 F 128 B RIEVKAR S KA S X B ER T (4
H4n Comstock %[2007], Turner %[2007])), {BRREFRLJLNMEEH B HERE
&S % [Shupe %%, 2008]. MH, XLREMEBEESHMZHEMILAL L
BER, A, Bk, REBRBEENRAZMIRNIIGHRCHZLESE
REHZRHEH/IEFEEMGY].

AXBTRAK, SBREBHNERERRBIGHAEET BENZW, Rd



ZMRFMEFAIRT F)F MFRSR R LR AHRYRAENERYBIHEHBIR

R BRSE SRR BAHE K 0 E F [Haywood%F, 1999: Higurashi
5%, 2002]. IXRFASE AN AL EIT B 5T 0K BH AR 4R A SRl A G
BARER. RAKKHES A, EMERLWRESSRE (BIEEBN);
AT CUE I #09  BRE A% R e R Z I S A RIRE, s RBE (A
$E— IR ) [Twomey, 1977], FIHIFEK, INZKEE. aEmMa ey (B
B IR [Albrecht, 1989]: Bb4h, #EunBR. WAZESER A LLELR
BABHBH MREZHELR, EXZENZRBENORMRAD (WL HEHRN)
[Ackerman®, 2000]. RamanathanZE[20017A th ¥k H A ¥ B B 48 0 [A] 482 0 Y 45
A XK ICEIREETT R 21 A EBRRGARE R, IPCCH MIRE %V
WE[IPCC, 2007] RIBWMAMERAMTH, BL 1750 G HIEAERT 2005 SFIRAES
SR, AW IBEBRT(EIERR L MR URY Y% BHERE
S 3RIG R A AR SR (INEEERBERRD 4H4-0.5[£04] W/m® F1-0.7
[-1.1, +0.4) W/m?, —#F MitiaH-12 Wm?, BLEETUEMLURKSEER
FBEEZEUBITER 1.66 Wim S {FENESRE. Kk, ®AT RN
T BTSRRI M R EHR M EAIERRTRR M P EEERATR.
REFLTRELTRMX, MR, wBREER, Hkmm, 2ithL
R TSP E KPR RFR M. BETHEE B TURMNA XS
KEFROVLREERBIAE, YEARBREHAT RN RE R &
BEMSBEREEZ —[Huang %, 20062] , WAMZHEE (IYAEZR) BhiE%
X —Fpii R B A MAS ISR . S5 AR 2R 0 20 2 RO BB 0 A th B W R TR
[Haywood 2§, 1999; Takemura %, 2002: Huang %, 2008], X{RTJREXT£IKS
BAGERTENEW. BTFYLRERERSPHFENR K. BER,
E b RSB A BB N Z R TR RHRE TREZNER, MIF
BUEMAMAEEANSKBERUTETEENEW. EFK, YEMZNAE
AR T BN EENITZXE [Bréon %,2002; DeMott %, 2003; Kawamoto
&, 2003]. Rosenfeld [2001] it T EMMEMM AT I & H W LTHERHN
ZRIRD BT REFFIT R T E B IK . Sassen [2002) RILK E P EMP LS5 EA LG
MEP KR ATEREREHMRME. Levi A Rosenfeld [1996] 1R Ll 5|¥b 4
ZREVKGIRE L EHINMILS, Rosenfeld [1996] MM A LSERIIVK
Bl RBBRUAIINEZIRR . HEF%[Huang %, 2006a; 2006b; 2006c]
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#/F MODIS #1 CERES BRI RMPLSBERANABHRT AN YEE
#, W T =MEHEE, RNBTOLIERMBER, AT XIREK
ARZMER, WIS THRK, HEEEW T B—< R GEEMKI R
. RITWE(Yin %, 20071 ESHEBRBU T TP DB RF EERH
DR SE . FFHHF[Su %, 2008]F M Fu-Liou #BEHEHIRAIFS & TIFR
CERES BRI TR, YWAESEREEBN & BB BNE 21.6%, BRI
R HBEMN EIEE 784%, IEH T Y LREBRKEERN BNEZHK Z KRR
P E TREENMER.

Bil, AE&ZHTUOLSBEKRMESZWHRAHANENRZ . YEZPRE
A s (R TR B A SR IR M BAE S B TG F BRI AR T2 —. &
i, &1L B a7 X P 2 8 R S I A T 18 R T2 50 R i S U {88 R 7 1R K B
e, FIRLZERLBEHEV LN BRERA NG, BREEENEXRMS
THXFRE MR . AW Z R T HSER, BERERNEK
RIS R, A S B RN R AR R R E R AT %, 2008]. A
THENE R E R SERERN AN, BISERNZERSRETHE
RPPERGVE R R ARE L BN, X P R B T D R () 4 4R S RN VA
A E M.

1.3 AR XM EBH AN BT RGWEH

131 FERRAE

KA N RE TG X AE HRAB SRV AL R, UREFEHREY
WEAA DR RFEMAHEERIESFRE, 5INTAF B3INAZHRAKNM
FIBRNAS L B ARSI (MFRSR). i X830 B3 AW HRAR
] AR A A — AR 0 2% R T SOK PR ST . K AR ST KB BLARST, R
EF MK RS EMFANRIE R, FERERTEX ESRT AN RIEMER
TR AR AR B A KBS . Bk, T MFRSR K ASES T
WEATZHSBRAFFENR G REERNOERNE. ARFRIHHARAR
FEEPEUTLATTHE:

(1) FIHNRAOHIX BB 2T ZRIERK MFRSR B Z RIE



ZMAEE 2R FIF MFRSR RFIGILIRAHMY R T HE R BB

(2

(3

(4

BERETREEILHEKX SACOL. KBRMERM T HMIEMYER
o
HREFIXBEAAEMFEGNT =A% RENATER. £
Fitt, FERMZREFEOERME, BT MFRSR s H0LH LA
BHAAGNHMERER, RETAGZHRMNENNERAHEZ RIREE,
Rt EEHAFEER KSR HEEFREGE. HELHR
L BURME BT SACOL - 5K 4 R 2 36 £ S I 0 00 B8 sk R e ok 2
S BIRUE T ZH B R EFE R

% T 3 70 4t X A BRI it = 2 W AR LA X AT s e
ESTALAS IR, BATLL MFRSR 961 R & T ) Al 't 1 48 5 Wl S ik
ZERNBHFRENE, ZHENRESE—DEEHE =M.
F# H LA SACOL 3 2008 £ 7 AZ 10 ARKMAAG, @FELRE
BB (TSI MIURIE B 5347 77 ¥ R K = BT LU AT, TSR T
B B LB T 1 R

i g5 A B B RN 88 B SRR RS AR ATV (MFRSR) BUIZE ST UM
NEXERENEZSE, RELESBERNZEREFENZR, KR
T—E#BREVEZAZEENRETE, ZHEMUEEXIIY
PR T, THEBRERR G HP LR FLEMEFERE,
FiELEIS E SRR AR T 2B AR RIE .

132 WIXHEHRH

B LR R EERANE, FRIMNEHWERZHFWT:

%_—.

B FEHREISR ZAENYHEFERANS R EMER M,

BE: AN MFRSR (X2 Mg M R E R ) RN
=%, FENEARRIUFRE R MFRSR WRIRL, 333 £ 500 0% %l

TSR, BJEH RIS MFRSR (88 AT B8 77 7E () A1 5E 1tk LA X I £ 0 B
BLEEAT 4 )RR 12

FNE: FHNEETEARBNRAZLENYEIFHENREEE, 5

St SACOL. 3K4% I 7= 35 i) MFRSR %4} 5216 = )6 F R B4Rt 1 R I

$BHE: ETF MFRSR MAEFOMALAFEHOREH AN, KEERE
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Mz E R R RIEE %, FFRIE BB A STad T SO A0S vH 0t te 5 47 %
GEE AT VR AR AE s

BAE: RRETAERESANK BN ELERBRIFTE, I3 MFRSR
SR R AL BT RO, B S H AR B E RIEH B 5 B A T, TR
At FBRAIE 2% SR IR T7 I 1 A

FLE: RRDEZAAFHENRESE, BdSBERRAR R EX %
EHATRIE.

BNE: MARLBATEE, TRXEHTEFENARURS BEHITHREE.

1.4 ZRILHEIH K

TERE, LEEIEHEBHESN (MFRSR) MRAMNAREL N, RKM
ZHE Y EIG HESR T RN 2 X T R S LT R R TS K
B, DUREBCh B SIE R AR = S R, B3I
P EEREAERME RSO BEER T . ARTNOIFZ LA

(1) TEHEMERPEERFEEEQER L, %44 MFRSR U 5300 LT
FAERORUBH N, RETAHE RGN NEREME NS
FHREEY, ARRETAATEEEXNKSHKZREERRS
%,

(2) R TFIF MFRSR SR 5 1T = B4 T 0E 5 R HAE 7%,
BT LA A B A RS (S, EMFE THRESE
REMEE.

(3) HRBHTHZEETHABRARBEORELE, hSRYPE
AV R (A R B B HERR TR BE e T &6
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HREH, HEEAREEZE. BRLEMUBHSTEEUBARE, BRRES
BTN o4 B0 58 D Mo T PR 4% b - A K BRAR ST LA 38, KA R EEM AR
W L4 - 5% [ REYE ER (DOE) HY K ASUAR ST IR 7+ % CARM, http://www.arm.gov)
[AckermanfiStokes, 2003]; FEE R F (USDA) KIE4B (UV-B) st il
RV R [Bigelow®:, 1998] (http://uvb.nrel.colostate.edu); FEEFKBHEKRS
J& (NOAA) &Rt HIZH T M RIFH WX M (SURFRAD) [Augustine?s,
2005] Chttp://www.srrb.noaa.gov/surfrad/); £ EEFHMEAH KA (NASA) KX
PFHAE S5t X] (SIRN, http://sunphoto.giss.nasa.gov) 2. i H ik FRSURH AT
%I (WCRP) RIE U FEET UM (BSRN) [Ohmura%s, 1998)F1# KFI T
% B A PH A1 L #o P [MitchellflForgan, 2003]FHEACE TiX LML 2§, HEH
RERZAR (WMOKIHE A SEFF AR (WCRP) P KEBWE T A LER
MFRSRE BT R KIKURREBSAEMITIR.

MFRSR {(#% HF&RLK, ESME MFRSR (X HNATHITET KEKH
KL, MUNATFRER. KKURRESENT, MANATELERYE
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EMAKFEHEELR FIFT MFRSR R EIPY LA HAY L Z ¥ RYESHE NG A

R, EBEEAMEXHRELZ TOZED. HAKMASRMBIT:
(1) KREBEKKO:. NOERBS
HarrisonZ5[1994b]32 t 7 — %0 F) FAMFRSR WL #ll % Kl S B B E B E K
ZWMEFE. MichalskyZ[19951F £ E KBS WM (ARM) 7 RIMFRSREIM
TBEE, IR R SEKEMRALE . SERURHALKI KL - Lacis%[2000]
FIFIMFRSRIB LIRS E EE BAAE TEHERMREKAERERE S,
4447 T 1985 £ENevado del RuizK LR K SAEINO, . Os AR P B I B KRAL TR
R BRI . VaughanZE[2001]7F FHE LU W At v A BRI (PMo) B
FitRI, LAIMFRSRAR RIEME BRI F R i, BT MAVHRR
B BRI SERICEBE . Gao%[2001)F]fJUV-MFRSRAYMIRE T —F
WERSHOIEEENRIEL S, EHEENIHENETET 2%, 5Brewer
FODobson 4 Y F6 BE T 1) B i 45 AR LB 1R IF (M — 3t . Alexandrov#[2002a] i
R HIIF T S F/D 2 HACEMFRSRAEH RIEH %, 1E A Langley /5 A1+
75, X—HEF AT KAEZES 58K PEH RN —BtE, 4E8REREA
R A SRR R BRI RS B KR S BORL T R IR 6 B L NO;
PR OB B, BT T RUM A 28 ¥ A ®IMFRSRIAU 8 E kB 3L 2
VRS R 22 T 4T Y [Alexandrova, 2002a, 2002b]; ®it. BN T AEY
BASEBIL S S R IE S % [Alexandrov, 2002a); RET nEBREAR,
H At BEAT LI 5 AERONETHI =i BB AR A LB [Alexandovi, 2004]; fRIEMFRSR
TR AR I SO B X 50 MEMES, FFRIE T RSB
F B Bk R K FE B [Alexandrov®, 2005, 2008]. Augustine®[2003]iR#
NOAA R FI#E 4T W37 7§l Table Mountain #3754~ A FIMFRSRIL I Bk, F
B E % [Long 1 Ackerman, 2000]IR 7 A5 7 KA MIMFR SR T B 3 A 2% 32
FisEhR, RIBTRBRIOEEEE, FHFMTTEH 2000 F— RSB EIME
E£EMSHRRR: BRI FANOAAB R KRR WM 10 FHIMFRSRIUI Bt 1
MR T KBRS BSR4 E [Augustine, 2008]. Gerasopoulos[2003]F
AL B35 EMAOFILAP 1999-2002 4 [A]MFRSRANAETH XM E KL, BEE
HARRBBOLEEE . BB RE. BRIEEAERBSE, FHaaiteT
XA A SERINH B REFEUAFE. Pace®[2006]F] A Lampedusa £
2001-2003 £E[AMFRSRALI A4}, IR18 T X BBRHICERERMPKIEY, F
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SR T ABERNENTRLELRBEURARSFERIER F DL E.
Meloni%£[2006)%| FAMFRSR 415 F1 870 3 B (i@ 4 L 4R AT tL (DDR) RESHE
BRI RIBR, FIEHREFHBREIKR BEOK DI SEBRTHE, HH
K45 R 5 Pace % [2006]FI Al B K IR HA S ML T T BRI RE R —H.
SR R B ST R B AR A BT LR I UV-MFRSR I 3 45 & B St i R 18
Fl|[Petters®, 2003]. Krotkov[20051F] ] 2002-2004 G 15 B 38 50 ik B IR MW
LK, KRBT —MEHEUV-MFRSRE S EWHE, H5E s Langley EFrtHELE,
RAXHEEEEARRITNREN, BTKAZAFHMBEKNOZENL, Ho4H
TRUB KK RE . Kassianovi$[2005]141 & MFRSR ¥ A BH B 48 54 7118 S5 48 57 W
MR T —EEN RSB TPHOFEE. HTFHRERE (B SRRk il
A7) BIHIRERF T, K RENSEREFHEFAERONETH RIESE R
FREN—BUE, EBRBURI) R T RS B B (K I R AL 5.
Pearson[2007] 4 | FIMFRSR A B 4 B B WL 22 37 T B A S IR 15 43
IR Kassianovi#[2007]R| AR E X SESTE (ARM) 8] 2003 £5%
JEE ARSI B R AT T AR B IREUH RBEAMANKRE T, HREGRBLSE
AERONETAH—#. Williams%[2008] LL 3% T Bg % i X MFRSRXEM A KU REE
BE5EHAF LML (OMD MRRER, WEFHATHEE 3%, HREN
—B(t% . Kaskaoutis25[2008a] 53 51 ) I 18 5 - BAR S #1185 - H Bt 5 LU T TR
THHREE R TOERERYE, AN EAHES-BRHETERRT R
#iB R [Kaskaoutis®, 2008b]. ZEFKE, FFIPEE[2007]1F FAMFRSRAIILR P
FExT B X SIE I A EEAT T 2047
(2) KK

Michalsky Z£[1995)F1/H 1992 4E 11 A F| 1993 £ 12 A #18 MFRSR HIML0 %
¥ 5 T North Oklahoma U3t KA REKIK BB, 3 RIARAE WL AN S SR 54 v Y
HEAT T H . ARM THRIZE 1997 EKREEABARFIR (SGP) MHiR3N T AR
FHEWMELR, B MFRSR 7 A 8 UK FR4EH v 66 A, @ WA 940nm 7K
R I RFEA R AR SRS, 4N BTARENFARABEZRAE
., BERARKES ERREE, #1T T KKREH 5 [Schmid %, 2001), #B5
PR B AR AR A T B A9 B 45 RBEAT X LA HT, R MFRSR E SR A
BREMAERE, FHXFERMRZEHRT T 447, Box %[2001]M 1995 FFLLK, #
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Fl MFRSR 7% B MO B . /KK R REM & BHAT T KR RFFIR
1 RERMMIPTFFT. Plana-Flattori Z[2004)F]F 1999 4 11 F % 2000 &4 8 AE
Z R T WA L7 & MFRSR XL K, MR H AR 940 nm FHEH R (2
512710 nm A0 35nm) BUER, SRMEAER. B LURAE WM LLERHT
KEARERR, RAPLBEHFEMERBEES THEN . Prata [2000)F H
MFRSR /KB 940 nm BRI R T —BE RS KRS B0 RIET X,
Sk B AON MM LB E LA 3mm. HRE, F=[2008)F]H MFRSR
WA B RIE T FH X KRS KRRE.
3) =

Leontieva il Stamnes[1996]32 i T FI R KB4 R AL S B RIE B
2EENE L, AL TEZHERME M AT K IE, 3 RIIM AT MFRSR
S . Min 1 Harrison[1996] & & T —4& % /] MFRSR & 6 iR = (B
KE) RFEBEEI L, FIREGEE S HERS THBESK B2 8 R =T LA o
HEFRTAERER, YENEEEMT 10 BERELSR 53R EYEINRE
W4 TE (GOES) f% R [Minnis %, 1995b]HBEFHM—HME. 8- ARM
g4 R % (ARESE I1) 88, MFRSR i )2 62451 15 250 i S 30 1IE
I BB MFRSR #EH TR EHARET 5%[Min %, 2003].
Min %[2004a]| Fl MFRSR B H178 5537 5748 5 04 % e 000 e Bt (] 3R R R T
—ERHRIEETNEEEOFTTE, BINERRBR IR 2 #A X SE A
KBRS HIAT R B SR A AT IE, ARES TR, DREFEEDT 1 BIHAE
T 5%. #F MFRSR B#EEH RIFNEZ NS BEBEARRBIE GOES 8
MRELER, FARAN AN TG, CIIFEEFH—BHE[Min %, 2004b).
Min %2005}t KR T —ER N RFH S 62 EEMN T HBCEERNF L, &
T BETF MR W ST B f A, X L5 A7 AT ORI 2 IR A AR AT . B
FEREHE M RIEEE, Wang 1 Min[2008) 5B T —EHHERE T ¥
MIRIEE R, A% A7 TFI A MFRSR MR B =48, RE it AR Z=AER
HIE R AL Min Z[2008]th5 A MFRSR M@ i & s LU T AL v = &
5 TSI WP GG B R IE Fi%[Long %, 2006a, 2006b)f74: Rifk4T T xFtk, HA
WEHIET 10%, ZERHEMRUEAR LERT HilzBRAWEES.

24



BOE BERIEEEHEAS (MFRSR)

2.6 MEHITR

LI HHH R X (MFRSR) B —Fiis i4a 5 {88 . i FHM
B RARNRIMR SR, LA € 5B BRI 28158 M AMEOREE B 1022 5 FF A
£/ MFRSR {X8%, 3 B2 3 MWD, B0 §7EZ L8RP RNNERHEL
ITRAMALIREIM. MFRSR (XM FSER. KK RIRESAHH
7, T HNATEREEENT. BT MFRSR EiT & 3h MR ZAE AR T LR
F R —N 00 2% FI A LI Bk SFRR S . DK PR KB EEEN, RESA
RS EMHRINRERS, FEREEH BT AXKIEMERL T
w2 | KK ES (BERE=%). MFRSR (X330 45 s 548
AL € RAAM T A EMRIER PR BRI BB BHAENAE. ik
RETXMER, BAARETET MFRSR MIRAHAZ N AT AENE RIE
Hik (HHRBERLENBLE).
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F=EFE MFRSR W%k} A3 %€ bx

3158

X THAF DR RAEE LD Z MBS, WR4E M
A ARETI AR R B REGNE . RA T SR i 0 5 1 5 M 4
RUTT LS. Bk, REY K ETIRAIR IR TR 6B R i
VLSRR, FoR4T % MPRSR 2860000 % bH#4T SEARAL TR, U5 5 178 MFRSR
{5 2 WL 72 BT SE HE HEAT 4047 55 4+

3.2 MFRSR {X 28 W) % %}

FEN XL MBR AT, BATE LN BILAHE RIS

1) SACOL ¥4

ZMREXTERBZESHEMME (Semi-Arid Climate and Environment
Observatory of Lanzhou University, SACOL) [Huang%, 2008] {7 FR&EFILIH
AEZMKERMPRRZERILITR (35.946° N, 104.137° E), WE 3.1 FiR, B
ZMHTKRA 48 AR, HIRAHEL 1965.8 %, BR4kPERERENRBMEZE,
FAORE B FERMKASEND L. WA E 2005 FFIRE R CHE A
RN E B — #A-23k E TR M+ % (Coordinated Enhanced Observation Period,
CEOP, http://www.gewex.org/ceop.htm), 2 H §75 It vt %1 92 BK p [F b s: 0
fHEsL 2z —. BRTSRIIMAAERONET (Aerosol Robotic Network, [Holben
%, 1998]) FIMPLNET (Micro-Pulse Lidar Network, [Welton%, 2001)) 5@
MWL, EIBERILE . TR SEAA CH ARSI &%, B
TARBERSR. RESH . wREE, TREY. FRTSFAE. B
#. BEKSKBEMRZRASHMASL, ATLUARSRE, BEASE, X84
BEZNERNOMAREFEEZHTR AR, FRBAT GRS R LR EMS
T KRR AR

BT s A TR SRR TR, RABEBRRYMARENRERED, Xt
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FELE AR $TRIMR MR RALFRFHARE. L TREANENERL
B, SAEEBREM. E£FHSE 6.7C, BN ERTELIEL
A, FEFYMEH 13.7C, BRICKBHIAELR, FFPYEND 08C. FTHYBEN
B 381.8 =K, ZRE 15285 K. 2FHBI 26072 M EA . ITREFRE
THEILRRER, FEFHRELN 1.6 KA.

WIERP SR AWM ELIRF, SACOL WESMEWLHEM4HAFHRMA
B 3.4 Firs. BBARWRR &G, DABHFTLUSA=E: BE. GUH
WA R, 1960-2004 FERRAEFLFHAK 18K, Y 7153 K, YLE 153K,

% MBS VIS-MFRSR fl—#& UV-MFRSR {88, M 2007 & 5 AWM
4, EHEIR, ATEASPRPLBRAMMER, HH—5 VIS-MFRSR {X
BB EHEBIHWM SHEATRM.

2) REMKIBIE

HAELMHRAIMR DERLBZ N, FE “DALRBREWE” 2
Fro A AKYLRE SHKAUN, BEHTERYVLREREANE—
Fokl, HERAMTEREEDDLABFBRTURE N R MR, [k,
BT INER LR RE, I RIS R RERIRE 3% 1 R,
MM KRS R 2%, FRERAYER. PESZA. KEGREDKE
SRl (ARM) 15 HE 2 RZEAMBKEBIT THRPRDERKANULE,
HRBEE A SERICE T B AT E s L8 s, MASUERRYER
MAARRR, HRRAFEFEATBHEN RGP L RIRERT “BE” B
M. WA LWICRE T =AM A, WE 32 Fin, Ll SACOL #ih T EHRM
WA, BERLMAERERY (37.332° N, 104.139° E, ¥R 1592 K). KHAE
KRBEMEE (39.078° N, 100.272° E, iR 1461 K) BB, 75
REWLRBROTHA LW CLHMER), £FELARTBEDERNIL
HRs%, EE-ROE, ERUNANPLRBIRANRE (WA 33 AR £
B2 KE EEFHN, RENEMETTATREKE, BHIETE. PE¥X
EHBHRMM AL, KB SHEHRBRE, ZMNRENEREIRFH
CIPORI
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BEH FIBBRMER BAEM X (MFRSR)

“ ) 8
——— — __.—_Lﬁd—I

A 3.1 saébi_iaﬁﬁﬂaﬁzi [Huang %, 2008]

\ China

B 3.2 R RKENR TR L EMGE

33 M KEETHEIOBHLMAL

33



ZMAFR LA FIMA MFRSR R0 ILIEA R L BENE R YRR

8 .
-8 Floating Dust
»—u Blowing Dust
6 s Dust Storm |
[72]
T 4
O
2
0 A A A L A " A B
1 23 45 6 7 8 9 101112

Month
P 3.4 SACOL siyp i A4k [51 B Huang 5§, 2008]

# 3.1 MFRSR {33 Vi — MR

R 3 5 NIV B R]

SACOL#  MIRSRS2 20074 5 A4
ST R oy 200842 A 27 B—2008% 5 A 31 B
T Ry 20087 4 A 12 A—2008 4 6 A 20 A

LRyl A% E A9 MFRSR (X887 ARHEATIEM, FR5KIKsE MFRSR fIEHEX
SR MEL 15 Bo4h, RGN 60 #b. %3k R BR KT R B G5 R ENK 3.1,
XLEHIR A REA RN ZMX B AHZ YA MR R T TR,

3.3 MFRSR {8845

EHATHIR Z WAL R Z AT, RATFEX MFRSR {5048 H9 T 43R
TR, XRAFEIRRENRELZRHNEXEEMMEM. MFRSR 4
WETMIEE, BHH LR FTFSEHRRF TS TSR ERS
. X BTE VORHEAT AR AR

331 ERFEER
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FBET THEEREBHES N (MFRSR)

LR ERIFMRZ DA SR BHEBAT, 5B SRS R
MR ST R HEAT AR S RS T BN R, T8 BUSR ST S pARR St ma e, 2
J& Bt R8RS (AR X Y 5 o R A S B B 28 3 1 O\ AR B AT 0 — b A T
BEVEST VR ZERT W, MTTSCERAE R SE R 70 IR ER 2 2 {52 i) 3 FE 2 4kt .
MFRSR{% 2% & 7 Yankee Environmental Systems, Inc. (YES) 324t T iX A K
IEfR% Chttp://www.yesinc.com/products/data/calibration/). %, MFRSRIYSEH
] B B L BAT T BIE AW (Angular Response, W1 2.4 iR (AB=2)). #
X H NI (Relative Spectral Response, W& 2.3 FisRk (REE =) F%4axd i
(Absolute Response) RIEHT, XLEFEIRMSHEH 5 BIFHKAEL “.s01”, “.spn”
M “cal” ABEHCHES, DHEREAERNEA . X T 255 6 I F0 A4k,
WIMARFERIMERE, BROTBATRENRZENORRE. Eik, B HA SRR
NEFER RS A 8 10 E bR T Bt G IE 3 $dE R 5 (Datalogger) HJE#F.
¥MFRSRUAGIS, B M ERS LT — TR R “.cal” T4
, EHEBEMFRSRIZN 2 HEERBBECNA (BB VA(W/mD/nm)) Flmi
BCnB (Hf7: V), URBIBREBNIYBECHC (B4 counts/Volt) Fni
ECnD (Bf7: counts), HFHEFEFISn=0-6, 4FBARBHE. 415, 500.
615, 673, 870 1 940nmi% Bt. MFRSRALASMLHI G % AN B S K FAEE . 1Batk
VRS A EREMETRENTEARER “.cal” P EFWT.
# MFR Total (hemispheric)
OUT@4,4) = (DATA(O,1)-(COB*COC)-COD)/(COA*COC) ; #in (W/mz)
OUT(4,4) := (DATA(0,2)-(C1B*C IC)-CIDY(C1A*CIC); #in (W/mz)_nm
OUT(4.4) = (DATA(0,3)-(CZB*C2C)-C2D)/(C2A*C2C) ; #in (W/mz)_nm
OUT(4,4) := (DATA(0,4)(C3B*C3C)-CID)(C3A*C3C) ;  # in (W/m?)_nm
OUT(4,4) := (DATA(O,S)-(C4B*C4C)-C4D)/(C4A*C4C) ; #in (W/mz)_nm
OUT(4,4) := (DATA(0,6)-(CSB*C5C)-CSD)/(CSA*CSC) ;  # in (W/m?)_nm
OUT@4,4) = (DATA(O,7)-(C6B*C6C)-C6D)/(C6A*C6C) ; #in (W/mz)_nm
# MFR diffuse
OUT(4,4) == ( DATA(0,8)-(COB*CO0C)-COD)/(COA*COC) ; # in (W/mz)
OUT4,4) == ( DATA(0,9)-(ClB*ClC)-ClD)/(ClA*ClC) J#In (W/mz)_nm
OUT(4,4) = (DATA(O,]0)-(C2B*CZC)-CZD)/(CZA*CZC) ;#in (W/m")__nm (3.1)
OUT(4,4) .= (DATA(0,1 1)-(C3B*C3C)-C3D)/(C3A*C3C) ; #in (W/mz)_nm
QUT4,4) = (DATA(O,12)-(C4B*C4C)-C4D)/(C4A*C4C) :#in (W/mz)_nm
OUT@4,4) = (DATA(O,13)-(CSB*C5C)-C5D)/(CSA*CSC) s #in (W/mz)_nm
OUT4,4) := (DATA(O,14)-(C6B*C6C)-C6D)/(C6A*C6C) s #in (W/mz)_nm
# MFR direct normal
OUT(4,4) := (DATA(0,15)/(COA*COC) ; #in W/m?

OUT(4,4) := (DATA(0,16))/(C1A*CIC) ; # in W/m® nm
OUT(4,4) := (DATA(0,17))(C2A*C2C) ; # in W/m’_nm
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EMREM LM Ff) MFRSR R ILREHHY R ENE RYRHERPA

OUT(4,4) := (DATA(0,18))/(C3A*C3C) ; # in W/m ' nm
OUT(4,4) := (DATA(0,19))/(C4A*C4C) ; # in W/m "nm
OUT(4,4) := (DATA(0,20))/(C5A*C5C) ; # in W/m “nm
OUT(4,4) := (DATA(0,21))/(C6A*C6C) ; # in W/m’_nm

H i OUTx, y)ZREIE LN S A1 x MEAATD y P& B SE 80 B s DATA(x,
YERERIEERN x 1T y S0 GENBIR, x=0 RN HLHIAT.

332 BAERR

Fob el E RISIEB E ML Z RS, FIA MFRSR {38 # K 0 A B8
SEALEEAT Langley [EVE43 47, BRLAMETTEME SN KAETE (TOA) KM
$E4T AW S [Harrison %5, 1994]. X R —HFHEX @R 7%, ERRATEH Frits “K
%" ERR. (ER—RIE, Langley [EIAEHRHATIRRZ LA M REIELLAT FH W
RS IE. Langley [BEIFIEFRIIEERERFRERIEZGHRRINEZLSHAH
Watk[Weihs 2, 1995].

BHEAM Langley 5 ikRX Bouguer-Lambert-Beer 5E 7 ff) B £ 5 F f £k P4 [H]
JHo 7AW, MFRSR {X 2% 8 i fY #b 10 KX BA 58 4 7T LR 48
Bouguer-Lambert-Beer 5732,

I(A) =1,(A)R? exp[-mz(A)] (3.2)
Kb I() R H A B KRESE, 1,(1) BEKA A RSB TR HTE
GHE, BIABEER r(A)AKRKSBEEEE, m AMMNKRSEE, RAMWME
ZIHMEEAORERF. ATHERSEREERE, LAMGTHHENERSTH
fE41#84% (path length), FEILFIATHXNKEME (FHRRKSFEL, Air Mass)
RIS B R BIR SIS MIE, M3 KSR E m o] DAL BLRIR A KRR T A (B
PIRE) (K% [Kasten 1 Young, 1989]:

1
" cos6+0.1500(93.885 - )2

LRFHRTRAB /A, ma1/cos@ , £ TOA At KPHIESH A K SHEH m=0.
SR % BE B M TFERF R (R=r/F, r AANMEZI6 B BERS, 7 4FH
BiiEEEy, BI 1AU) af LURYE T 94 5 [Paltridge F1 Platt, 1976]1+%:

R =1-0.01673co0s(0.017201(doy - 4)) (3.4)

(3.3)
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B=F BIEBNEH ZHIRH (MFRSR)

Hdrdoy (day ofyear) —ERHFIHE. BT MFRSR WM 2| i 537 H A 2 4%t
RIRFRRSTE, 2l ADC ¥ #H) 5 KFESHAEL AR BEEV (1), B
IA)=CV(A), HPCHRTHER. FEik 3.2 R4 I(A) TR V(1) RKE

V() =Vy(A)R7* exp[-mr(4)] (3.5)
HPvQA) BgKA AN KSETRHRMEEE. RALES, AREBLBERFES
MAMBSEMREFER CEFENLEIRE. EARMNBHXT MFRSR Sl
BEESNAREES, BTLALLS BT & # MFRSR {55 I(4) F1 1,(1) £k £
MEBEE. HEHARHLN RN BRI TEHOLMETE

In[I(A)]=-mz(A)+In[ I,(A)R?] (3.6)

HHP 1), RPHim hEMZE. REARRLmFIA)E#ITEESEIH, &
TAMERATATLAAE], AN KSRE m =0 L BRI % TOA 4 4 HB
BIARPAEE I, () WX B, HEZ)E, ETUEANZA Langley BIHEE
B, RLFBIE X B P AERT () R, RIEH KSR BNFERE (D). &7
ER R ET AT AT A R ERT URE B RSO EAEEE.

i Lkt ER LA A TR EMBE A BT &G T, AMERLKK
i, BRAVETERORAHEHRAEXBEN. ERANBORIETLZE, 5
WOt BRI L. BEENEESEEERYMEE Langley [ElREFRH
2R, JTRATRMDXEL M, Harrison Z[1994)8RB T —E B3 KFAEE
SR WL B (8] AT SE AR B B . R S PR R XARX KRR m 7
[2, 6)Z B M BHEHEAT Langley BIJA, B3 T HIX KR BB /M KM HEM
BRI KA REAHESEMERNERE: Bk, METTERES RS
PEARIRR dI(A)/ dm > 0 IEGR AERRR =M, FREHT MRt —F
BEREKNE T EHNOEES: REANRAEENEERIHLE, TERREER
MitrHEZE, BREFEERRMEE S, BHITREANAERRBIIRNTENE
FREE R RIHARXFTH MMM EHAT Langley ENAERR, H T BELL
B, REEHE T UTRMEZERAE, BI& WAk BER AR TR
i) 1/3, 3 BiX L4098 MR B [E1IR 4 (In 1(4) - (In(J,(2) - mz(4)) KR EIREEA K
F 0.006 (%AW ATLURIE LR HERTELHIHE).
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EMAFEEFAR #IF MFRSR R#iPGILEAHAMD R R AE KRB N

£ Langley EIIFE RN E X E B AL T RORIELLE, KT NAZ
HZREABERBEASLMRSE4THOMM, R 57 PSR
18 1,(2) PIERD S HE BAE 45 S ) — K [Forgan, 1988]. #-T-KH ¥ #L# Langley [l
AR IE, FEIESARMRUCH B KPR & B HERRMEZE 1% LAA [Michalsky %,
2001], HLEBERBE B HRERZRAEEEE 0.01. EHRATAT AR BMEM
%) MFRSR Wil KPR E BB R T,,,.., « BHKFPBHET, . 0, TEKTE

ST, o » ST LARIR A5

S girect-normat (A)
T . /‘t — direct—normal =expl— /1
dtrect-narmal( ) IO (A)R_z p[ mT( )]

S, (4

T, diffuse~horiz (A)= % (3.7)
Siotat-horiz (4)

I,(A)cosd
HH S precrnormat (A~ Sugisemtoris () T S gpar_pors (1) 7310 A WBLR IR IE KA FH H 8
Sy BAKTRRE RS AR .

X AR R AR EE. Flin, Michalsky?[2001 )i %75 ¥LER 6

A 20 ABRELHE M Langley FH N A T & B BB F: Harrison ¥
Michalsky[1995] % F T USDA 4 40 4% &F % il 4 1 ) MFRSRAX 28 :  Shaw[1976]#1
ReaganZ[1984] il & T RMMRIE %, R bl1FNiEFRARERMMR
EAMHIEAE: AlexandrovZ[2002]th & & T — M5 & RIMFRSREUE 4 H J7#EK
BRESCSFTAMEY, #FRESEBIFEANOMREMKESE.

I;otal—horiz (ﬂ’ ) =

3.3.3 MFRSR WM H KL EAR

254 Bk MFRSR (X8 4axt EAR IS HA Langley [BAEARHIAIE, Xt
SACOL. BRI MFRSR MHUEHE R —#HAT e bR B T B LA KR
BB/ KA E M REMB AR KIS RIEAHESE R, Bm (76
£ 2-5.5 2dl. SACOL K5k 5 M Langley PIAMRAEZBME R A 0.007, BT
B3 AUV e (A1 0, At 22 B R R 2 0.0075 LUGRUE B HUAR X 8 R SR 25
FHTREAE, 3 EEOHRER S ALE RO RN ERE. R 3.2
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=

T BEEHZ RS (MFRSR)

Fi 4 T 7€ 500nm #K BN A Langley [BlV343 475 € 77 i Bhik B g “ I K 746,
SACOL #5 11 A~ OAMNEFM2ATH). EE3IAN GATHF) MW7 (6
A EFM 1 ATHF), FBEE T 5ZEMNNALERE BB KRR E: &
Er(A). y BERIE In[ (DR | R,

R 32 #A Langely BIRSGHTIHIE “BR” B[, ()| EAFRE

o BEE BAE W[LWR?] (D) _
A5

T 3 5 =F: ] & i (y ) (#E) i
2007.09.20 AM 101 72 6.871 0.2131 0.0066

2007.09.21 AM 101 79 6.844 0.1620 0.0039

2007.11.24 AM 151 85 6.716 0.0986 0.0042

2008.03.14 AM 103 72 6.982 0.4171 0.0065

2008.07.15 PM 100 65 6.935 0.2585 0.0050

SACOL ¥  2008.07.24 PM 100 54 6.923 0.3711 0.0045
2008.08.23 AM 79 57 6.961 0.3506 0.0065

2008.08.31 AM 99 58 6.760 0.2018 0.0059

2008.09.01 AM 99 71 6.816 0.2643 0.0070
2008.09.05AM 99 39 7.076 0.3589 0.0067

2008.09.14 AM 100 66 6.871 0.2327 0.0059

2008.03.21 PM 104 72 6.975 0.2838 0.0066

-3 2008.03.22 PM 104 45 7.049 0.2518 0.0073
2008.03.23 PM 103 45 7.113 0.2815 0.0057

2008.04.19 AM 203 85 7.292 0.4490 0.0064

2008.04.23 PM 409 164 7.062 0.2658 0.0040

2008.04.24 AM 409 199 7.174 0.3069 0.0064

L Lo 2008.04.25 AM 409 185 7.209 0.3142 0.0059
2008.04.27 AM 409 184 7.148 0.2736 0.0043

2008.04.28 AM 409 149 7.064 0.3502 0.0059

2008.05.10 AM 412 205 7.143 0.2228 0.0038

ATHBEENEAENBRENBA BT “FBER” FHE, RIMBELD
f9 “IRER” WRIBE AR A TSt B A 548 B RAR X S st B X MR E
B B R S BT MAF 3. BRAIAT AR 3] SACOL. BEEMKMB=3 &K
In [IO(A)R‘Z]B@%ZiéJ{Eﬁ%IJ% 6.874+0.103, 7.034x0.069 F 7.149+0.081. & uh
ARPHEMNERTRETRMURESHAR. REQHEE, RER32$PE4H
“BER” BAEEE c(A) FIE R, BATT LB BB R IER B &N S PHH
BR: 0274+0.018, FKH: 0.298+0.073,

R P et (7] S5 % 4> 47 2 PR [Forgan, 1988]4E I,(A) AN 1 i 4N BIE 3 £ 10—
R, BEFHAR 3.7 BT B2 E R AN 2N KRB E.

B ER, B SACOL: 0.255+0.098,
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ZMAEMEEAIRX FIFI MFRSR R #IdLIB A MR R E R E R NPIA

3.4 MFRSR {2 BN E 1

Bouguer-Lambert-Beer 2 (3.2 ) % MFRSR KM E&EES RN A,
LEER—FEABANRE, WAZNSEREEW, FEASNEHEENA
MR C 1. MR L) BHELM, BRITRALERERTERER ZHHA+T R
HEEMBH (D). R, LHEAMHNCET AT RMENES. FTREEH
BEEERFE . (BRI RHEE (BIAEAK) EEMUBRRRAEE ALY [Alexandrov
%, 2007]. FATEMELT LA HA— R R AT 8.

3.4.1 FEVIRESIRRE
5 MRE MFRSR (U OBENLE T R e, TARE 3.2 MM A ARKAKE B
BHTURTA
S

direct~horiz

¥ 3.8 AEHER

=1, exp[-mr]+e, (3.8)

I
In(l~—2—) = In(—2—)-mz (39
direct-horiz Sdirect—horiz
5 ey € Sy s KU In(l+x) % x SELIE R AT LAABE
1 1
T=—1n[ 0 ]*‘ % (3.10)
m S direct—horiz m S direct—horiz

B L BE LR & X e R £ iR E 7, » B
e, e

T == -
noise mS S (3.11)

direct—horiz direct—normal

BE—NMERXBERE m~1/cosd . ZEAREKY, UAMBEABEK HRUEF
We) EIARSIKARER AN, BEHIRESEMEEBEEMMRER G, FHit,
TEREEEMEFRRETR, BAOTAT RSN KSHR - OAXEHE, R AR
PEEHLRES IR .

342 FmANREERARE
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F=F FIEBIEHHHES X (MFRSR)

MFRSR {528 ) Wil 5 bR SR 8 i %3 B D ol il 3 28 B AL VR B8 7 1) b #EAT
S0 % WL B AT %) 8 A [Michalsky 25, 1995], it [R]— W 5 49 2 v 00 U B SE 35
RBNEE, RUBENREN—HS. ARNERMNETFHE 24 (RE_F)
7R . %M R BF SRR AN B MR 4 4R R B P, P LB 88 B i BB v R AR AR 1L
AERFREERH AN, BT RERIRNARTE T o & BRREBIEE ABERE
R A EMAERIE. SREFALREMBERMZRAEEEN, 7TLAETM
VTS0 38 A v X e 2 B L I T DR S SR SE B K 1 . XS R AR AR AL
1RA T B8 & i1 T #¥E [Biglelow 4%, 1998145 [ B 1 18 5 28 b4 $1 18 1L 1 AL I
Alexandrov % [20071% & T 2002-2006 4= ARM 1% North Slope of Alaska 3474
A~ MFRSR {2518 5 88454 MmN IR B0 R h 2, R — MR EA R R
EIXLR e R AEE R ESR, FHEXPHRE 500 nm 5B A0 5 66 5
HELTE SRR ERZ MR . A W 7 B8 B0 AN < e A o' 2 T8 R WL R 2 7T 1A
RARH

T lni—%%z m[76,0)-1(6,0)] 312

KA oM o Wit BOAPRTARTCLA, 1+46,0) ([76.0)|<1) BB AW
R H1+1(0, ) BOMETE, 7R E IO . EEFEEKR m AL E RN
HATREE, EARSPAZHEESRZTZMRR. Alexandrov %[2007]f4 7
M MFRSR [ 6 MERHEERRENMFUBOKREARE. REERZEELR
e 0 Y BR B R A TR A TR E R AL HOU IR 2, (B RE T /v Y
REMBRBERNTUARMBENSREEERE. XEBRFARNEVRE
MFRSR AWML i $R A HH B EM.

343 UBEAMEERANIRE

(B BAHEH BB HARAET (0 MFRSR) SLMNRZM —PRE, X
FER B TARENRBUIF G 3IRE. HFHREH AN EIMEFEER
SR 4 KPR E RS B — BRI R . GBHTE 870 nm WiE AT AT 23
FE, AT — AR H UL R A ADLRIER FHR I R . 20/ 3.5 2l T —AE
PEEMM 5 IR E B SLEBIF o
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ZMREMEFAIBI #f MFRSR RIFVILR A HAY L ZRF RY BN R

Transmittance
0.6 0.8 1.0
T

0.4

0.2

Diffuse

I 1 ] | ! | 1 ] ] | !

7 8 9 10 11 12 13 14 15 18 17 18 19
Local Time

0.0

& 3.5 SACOL ¥ 2008 4£ 2 A 14 @ MFRSR 870 nm HiEE ST B WA (F
B BRI R iy T3S 2R v a7 E AR T & )

002 Y [TTTTTTTTITTY i BaAs T T T
= 0.01F 3
a - hu
[} = m
(] - -
3 o0.00F 3
e = =
o} E E
F 0.01F 3

: ¢.=270°3

-0.02E E

6 8 10 12 14 16 18 20

Local Time

B 3.6 7E A REAS 7 ) & MFRSR {088 1° MRS R I BRI e BRI

EH, ARG NFEA T I M B E KM NI[Alexandrov &, 2007],
&

— (n) (c)
T =T T T (3.13)

Her, "M, O HHRTARHERKFRHBRIARNERES IR (LR

tilt
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B TEFEEEHRE (MFRSR)

TE 2.6 ) MUBMARNRZESRESBHTEATIARRE. 250 LRy

cos@d'

(n) _ __
z-n'lz =-m ln

14
cos@ (G.14)

1 I 2;(6 ”? ')
7,0 =—-mIn——"""Z = m|[n(0,0)-n(8", 0"
tilt 1 6,0) [ ( ) ( )] (3.15)

Hb o Mo AFEBKHERTARGTOLA . 8 F H N REF=EMIRE D TAER
KRIEXE 0.01, XEA]LLZBEATE. seoh, BT CEFA6R AT LLFI B R T A 6, f
Fhifh o, FTon, Bk 3.15 RATLARIAL (RLRIFETE R Alexandrov %[2007]) A

T z—Sin9C08(¢—§0’ )Ht (3.16)

R ZEMXRRBHSERME 3.6 Frm. XBERKHERTAMT LA RIRE
2008 £ 8 A 28 H SACOL ¥t H . ABIFRATATLLEH 1° BRI U4S
BBREXRMEEBFERNRE 0.02, HTHE3.16 BRRXRT 6 HEMHEXRR, BK
FHADAT 1° HARGIAKRZERBRATLMETH . ABEPRIARETLUES, %
JEREH A (g, =0 g =180 ) KA AT =4I LHEREAHRRIRER
Mk, WA AEAE Langley SR PBIKE; MERKAAHH (@ =90 &K
9, =270") MR SFBERFLERMERES, XHEBMEET KETIALF
FF AR IR Z 53T Langley [BT 89 AT F 1k

B, AT R BMAERIRE, ERHTHKIERERER
N AHEE. Alexandrov F[2007]1th KB T —ERBHEFEEME R, ARFRAM
T4 T B R e B AR BRI B

344 {UBRAEERHRE

) T38% MFRSR MWL E, RSt R IR L EK ., xR
FEEEAFEMURMNTT A FEALLERRATE M HIRER) . K TREH BHAMNE
B\ LAREAIEHMM RS . RITBHEFTUE MFRSR (X SHIAAESRE
B EME—FRE S RNA S . ST R B E K KA I ARE 3
BLXHER A0, BIZE—REOKER S0 1) B ok T A Y SR B, LRI
THAM—EW . FENSTERAAXEN A RRENERBER, 3 BKER
etk MBRAERN RAFYE, XNMABERATLSFEFIANA — I FE
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ZMREM 2R FF MFRSR R#PEILE SN LA AE RYESENPIA

7 5 () 5 o 1) R AT AR Y 5 #0388 3o B ALK 25 MFRSR (A8 7E A8 X 5 K A S 31
BERM, WE 3.7 FH—ANEFEAFRHMERMET: 2007 5 8 A 22 H SACOL
%% MFRSR BRI SR « BRATRT LUK ZRAL 38 W0 9 A PR B B8 S R 18 S /K P 4R 53
HI T ELKIRY . Alexandrov ({20071 #7 T (X8 RAEFBUH XM IR MR
H, FL4THEXMHRGHVERR LR . Em, KX RS2
EHEEN, AN LMHERM 2 P IR0, BTN EERENK
BT TEEEEA WM EIEIY . AT, G 7E s R BRI B
R, HARERFERNEPER A GERRN TREURMM), #iL
—BEHTERGUEEFBELERN. Alexandrov %[2007]E T3S WM#E
2 JBLFE 1B PR 51 AT S AR (8 L 3 (FFT), B T — XM AR SR 1) Bt
TENME %, X3 T BTN H A, RAER T REVR P ES RAE
B

0.8

0.6

Transmittance
04
T

0.2

Diffuse

0.0

[ N N TN U SO SR WA SRR SN SN DR
7 8 9 10 11 12 13 14 15 16 17 18 19
Local Time

& 3.7 MFRSR {X 28 ™ & 4 1] B (SACOL ¥4 2007 £ 8 A 22 H)

3.5 PSR

2R T RS IR NS (SACOL) KR HELE MM LA R %4
SBA WM 0GR HEAT B2 R T 55 MFRSR 76 MV % 503 (L 28 (10 A0 3
Forl, ARMABAIMR 5. IEREYERCEEHER ARG T EENS—
FHEM., RTEEFXEHFRZAT, SN FRRE RIELR#ITRE
BB AT S . MFRSR 4B MiBST A HE, BEHASREMEIE



B=F ZREEERHIRF N (MFRSR)

REM . BT MFRSR KIAZEEFSMEATOH, B EABEEARKEKE
EEMERMER, FHEREEHTEFBEN. FHRITERAH LR EE.
HEFE E S Langley EIRER A, HiREREEEGRIEMBHSERAMRE
A5 BAKET . BB A N K B B AR AT VR A (6] PR 3 B B AT AR B LA
[Harrison %, 1994], BRA[LABEIEXRE KRB RN, #dTRRIEFMHL
WA RIIRE. EBFTRENAR, BN KFHEEBHEK Langley BlHA4#7
ALAR BRI KBTI W, R f5 B A I [A) F 45 4 TR 48 MFRSR X
S TOU R W S B P AR RS HEBAE TR O — K, A4 B AH DL I 18] 669 KR To e b
B, REWHARKIER MFRSR i th 5 5 RS ETHA w5 B ELE BT LA 3
ERREEBETHENE. ETKPELM Langley BISSHIRIE, #EESER
HCHT R BH H U HERBMEZE 1% DU . KREBH RHMAA T LN AR = MRE
BN R DL GERBNE), FE54xEHRML, BHENEA
AT A58k 4 LKL 7 R ) A AR X e 3 R AR K28 K BRAR S A 5 LR R N 58 P R IR
#[Harrison %, 2003].
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FUE REFM M E N2 R

BNE REGICMX BB R

41318

ZERTHIRH S BBCCEFERKUREH T REERROEM . SRS
HEEAAMUEBZWE KRR, MEEEmEPRESRIE. &
REFFMHT, KPBHFES . REMBEHR B ZNARUDERE. B
IR R R BERESHERN . B, ZRCFEWERRME RN FRUINR
BRI R EREEM.

ZHNFRENMZRERF BRREEHHENANEES K. By, X
BRESHRIMANNEIET RMLIRS MEARTSRHUN, CREZFE
B EEFNBRNENNN. ET LEOWN, SHE5ZHXMHREFERER
BRIE T R B MMYERF . King[1997]% 41 BB T 7 A = 244 B8
WMAME RSB RS RN RFEZ G EEFENT . MR EREmS, £
PERMAEHERAN T EERRRRAZEREATEZRAZESHE
[Leontieva £ Stamness, 1996; Min F Harrison, 1996a; Dong %, 1997; SR&4H,
1996; Qiu, 2006]; IH—. =% 7348 % (Normalized Difference Cloud Index, NDCI)
75 i%[Marshak %, 2000;  Baker F1 Marshak, 200114 & B R R iE®H = K ER .
LR R X L5 AR R R AR ST AR WL R RIFAR X BB I E R,
EAUKE S 2 MRE M E R0 R UL & R & AF T I8 SRS R &AL,
R, XEHENFAEEEREN TS REMN, FHIXNKRIPENLRE
Rz, BB E RS ER TR TSN BT . Min F[2004a) K& T
I F§ MFRSR {338 (A B B B RS 51 128 S5 W I L) e L e ) R AL K R IR 0
EBEENHITE, A TENZA.

EXEARD, RITEZRIE Min 55[1996; 2004a] % & 5] MFRSR X248
B LI RIE R v, AR RO RIERE X B S
245tE, HFTEREM#E MPL RIEEHTX L4 o

49



ZMAEET AR FIF MFRSR R ILRAHRP R ZNFRYBHH A

42 REFE

EWE=FHR, KBS RTLRA MFRSR (U3REHAOWNN, 3 BAR
EXHUS BT AN RIE. S4XRHERMAL, SHENFERERTERMNERK
3 AR A AE K PRAE ST 5 | RS OB SE 1 5 R 199R 2 [Harrison %, 2003]. itk
IS Z A 2 M 0 R T R R B LA RSB ST R R HARAIRT IR Z T, #
BREHEIT KBS R EREXEE. 4T, RINEENMEREN
IR, HRABET MFRSR KA B 5 2 FA P B A 5T R IR 5 5l RIR
E=ZMERMFSHN L, NEEBS RE SR REN RES .

4.2.1 KBS ERE
ATHAZ—BH—SBRZAMBEXR, BERERRETHRBHH

RAER, BDATRENYESESEHSEZMPAEXR. §TKEWE, 7
LAFI A Mie Bt BRER ZHIEOMRNEENZRESE, WHERE, BRH
S RIBRRANRETE. HE Mie BT THE LLERFER, REEEARARN %
BHERTTERAS Y., —EHREY, AL R TE AT A
[ [Hansen F Travis, 1974], i H 4 RAF MR FLREDBR DR T/
S EN, =HES B Tz 6 T4 A 41 M 4K & ) [Damiano  #1
Chylek, 1994], Ft, MERARAHTHAZEKE (BREEE) RERRT
343 3k hf 7= B 4 1 B 0 R A HEAT 2 B4k 9 07 R [Slingo M1 Schrecker, 1982;
Slingo, 1989; Tsay %, 1989; Hu 1 Stamnes, 1993; Zhang %, 1995; Dong %,
1998]. FEHITH ZRASIEHHIOBERL, ~ Hu F Stamnes[1993]1# S 80477 £
XM, B '

B../LWC=a,Re"+¢)

l-w=a,Re”+c, 4.1

g=a;Re®+¢, -
Hep, B, ATHNRY, ReAZMEYRRTHRE (B um), LWCATH
BAKEE (B gm™), 1-o HRBREH RBE, g ARNKHRAT, FiE
KRS a,b,c EIRENEKBNER. =H0F AT LEHE X T [Hansen
FTravis, 1974): :
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Re= Ir3n(r)dr / Ir2n(r)dr (42)
0 0

Hebn(r) h=filins, r ha¥e. 55 MODTRAN[Berk %%, 1989]F K]
SBERBENEEERESNELRE (AFGL) PE4EHREEFATESER
mrlidioh 2

ATHHRTERZ KRS S, COPAT BN EM BB rRS
et (Discrete Ordinates Radiative Transfer Model, DISORT) [Stamnes %,
1988)7E T I R 4B ST M v P4 E A - 3B 5T B A bR % (Discrete Ordinate
method) & Chandrasekhar[195010 T N T2E47 B XA MR £ m M A [F O
MR A —FJ7 k. Liou[1973JEH T BBAMREN THERBERNE ZKIP
WRHHR—FREFRAXNAEBM G E. BT =AHREBERI AT M B e,
AHSERX ZEHBEMHBERHALNE. X EHHELEME, BERKEN
Legendre % A RARAH KA REESF A 6 T 72, Legendre ZIY RAF
R IR TN A R EE TR, 6 - M HEF X —FF 58N Legendre £
B 5 BR AT ) R (E, %75 A UE U R 1 B v R AT SRR 5 I [ Wiscombe, 1997].
A, WY RALE, 6-M HEEEBMHERBNRS, EBHRNERK
BH T H LIRS . Nakajima 1 Tanka[1988)3H T & — M J5 AR B E5UH X 1
HHMAET S, HBEIRENT 1%. AT HHMGTERECHES, Hu $[2000]
RAEHLE AR BRI — R 51 Legendre ZIAY RAKKRE T —ERE s UATT %
B, Min %[2004afkFEH & 6 &M Nakajima-Tanaka KRIERBIFEET
DISORT #$& 5 1% #5512 LA RE 4% K Aff L st v S5 R1 1) R S [ R 850

7E DISORT St E M %, AERNMEH s ST ET R M EHKIE,
BRTTRSERESERMAN. B

F;(T)+ pFie™ " = F; (1) + g Fle™ % , (4.3)

HPFS, F;@O)RF; (o)A HRRBEFNER, sHAREMRRE TTHE
B. T HRRALS MEAHREHNEEE. KixEH TATRSEE R &
F[()=F; @)+ pFS (e —e7'") B3], sbot, S TFATHEMRE LI 7L
ESHET s UAVFEMN L IREUNRE I'Y ME T Nakajima-Tanaka 577 (F{KB ST
SRIEISE], BR '
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ZHRLE AR R/ MFRSR Bt bl &0 L = 5 R R T

ix 1 2x 1
F;(1)= ! d¢ ! " (v, 1, )d i = ! d¢! w(I® +e1')du cod
=F:(1—_')+%FS(8—H;§ _e—r!;.h)

HPRY« RRARRESN TR ARATTERERRE . EXLE, R
TR R BN A OURIE T35, Rt R ER T mEME RN — 3.
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Y5 n_E PR RARSHE R, IEKZ AR 2 5B 1-2 km F 5-6 km,
BATX 415 nm WBIKRRTRMA N 55° HFEFERER 1 KIKZFK = KRN RS
BT . W 4.1 B THEUFFERMHERE, HPERFKZ R
Mie BISHHATVFE M, BT HBERDHA 0.15 pm 1 8 um, IK=ER T 7 FiK
RIRSK MR, FFARFERN 318 pm. A THIEHNES, EH
WEF 64 ¥t Legendre LAY RHPCRH . BB HIK =K = (0FRS RS
SlankE 4.2a 71 4.2b FroR.

422 RBEFREREE |

EA ARSI, =N RIBE AR BRI FHREREE R
FWRF, FRBHTIREMNNRIE. R, =0SBHEHTZ0RTRN—
BHERMUOXR. BOEHRHTURTH

”14(—#’/‘0’ ¢) (4.5)
W F.

o1
AL (~p, o 8) J A TRIE TR = AL BB SR, g AT R T B R 7K
~puRRG p R (RWHE) MR, g ARBERTIAKRZL, ¢ ARHTTE
FAPBRASHTRKKA, F, A BEANFHMRMENTEFERE. B 43 KT
KBERTMH 60° , ©=099999, g=0866 8 K EHEMRHFE GRIE
Delta-Eddington L AR E) XTFZAZEEMN R FHREBE. L%
BRI, BFTERBREH G T—MRMRME, FiDERNA RS RRE
W, BRRT XA S B S ANEURE. B RERMES N ENAT M
M, WENFEEERT 15 WEH R ORI RO IEER W 4 25 4.
ATEBTHNEEE, RITFERSESN (MARLNESE) MR R
FREMMM. BT MFRSR MU BRI LA, FFEXH SR HAT AR ER AT U
WHIR B R B HRN . Kilt, RKEEBLTTLUATLE R MFRSR S
HEE S L (DDR) F3kE [Michalsky %, 2003]. BT4RH# H_EWMAERK
R KRR L IREST (Multiple Scattering) TiE, EILZE Rayleigh #4f T1Ek
BRI BB E RB MR R BB ARG, BTLLFE RIS MFRSR (X287 415
nm % B A, T EJLANRFBIESE T 415 nm i B G304 5 B SE PR AR A4 A

T,Re,,, b, phy, $) =
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ZMAEMEEAR I FUF MFRSR REFNILRE AL LR HERDIHNTR

YIBRATHEEN, 415 nm FRAHRRAEREK, £4250.036; BREHK
W o A FRETF g WRTH BB Re ABUR: REWBHI RN th o] LUGIER .

g d(inT
=0 ~— gd(InTV/dt
= \ diln dt
v
Lo
o
8 N
E:-‘o' N —~—
cf q.‘-~-.‘.
b o] = Y . om e t m
=)
10 20 30 40

& 4.3 KPARTGf 60° , @=0.99999, g =0.866FFRE Delta-Eddington i
PARTHM BN BN R OB ILR (518 Min%,  [1996])

T E7. MFRSR (B SR MR Z A ERUR TR TH BB (6K
MMKFR, EREEGHEAEXEEH. EHERNOE, dTEFEINAHEX
AR R BRAEBUERME, FEETRERTHRCE S F SR RHERTR
AR R BE. Bk, °TUUREES MR KT R — B S R AR
Wi, HERRBE, ZHFEELUMHERR (Lookup Table). THEIXMEHT2A
A LU BV RN TR BT S R A P HIES 2

T,(SZA,7,, A) = TA(SZA,z'c,O)[Hl Aj’ } (4.6)
— a’

HAPT,(SZ4,7, , ARTEMRRBEN AR, HEWMBHKFBERIA K S24
KREEEN ¢ i ABBRIBGH R, T,(524,7,,0) RNERBRN LR 5T R MK
FARTfAN SZ4 . KFEBER ¢ RRERE, o AREXEP KRR BER,
SRV, 148 MFRSR BIsK PRl g LRSS IR AL 14 B> — ik (NLSMD
[Bevington, 1969]1R¥E=MINFEEE. HTREBZMERR TR, ATLURE
Hu fI Stamnes[1993]#I2 54k 7 R BURL T F 2B K I BT A< R [Stephens, 1994]

r w2V k) 4.7
2p,Re

54



FUE REFAIHANZ LSRR

EEERPMABAKERE LWP MEETHBFER Re KIFEL. MBS
(MWR) #{UBNMHRBKERZEHN, SRNTHERFERTUEIIRE.

423 AHEEENREEE

ARETRAS, NTREMFBRENZRAIITURIE Beer EEMARNBINE
BAMRBSEHRERREILAEEE. MRALTHETEIAERER, RER®
TS HENB VG CERNEE. ERENSIRESHKS (B EBRET
FES) MEZFEMERT, ZRRZAAAE. ZERLERHHENEIH
BTN RIER BN F MRS, JLALHIF# [Raschke and Cox, 1983; Shiobara
and Asano, 1994124 %t i AF IRIJEE TR X IR ) = 6 # B E 5 51k
Al AU AR ST R IE 77 R o K PH B B8 5T RO ALK B 3 X R E 75 R —M4b
o

S AP E B RS E, Bouguer-Lambert-Beer 5& B R] AR R A

I =exp [—(f,,,y F Ty + Ty +rc,d)m] (4.8)
Foep 1 SRTEARKT K EURE K m KB E BB SRS W, m 2 B KPR TR AL
SEM e T Tpur Top Moy HHREEKERMFARS . ZURW SHER
HRMBHEAENEEE.
Rayleigh #UNMTTERZ AT T AR, BT Rayleigh U P24 Kot BRI LA
IR K [Hansen 50 Travis, 1974]
7,(A4) = 0.00856947*(1+0.011317 + 0.00013,1'4)§ (4.9)

0
HA A bk, BURMK, PHLRRSE, RAEE, £ =1013.25ZLhirH
KSE. ZARITEM Rayleigh BUNG2EEM Teillet[1990] H¥E #vHH U K
Bodhaine %[1999]%} X4 V6 B M) B 45 RERF RIF M — B X T MFRSR
MMNEET S, REURHKE (415mm), MAXRESE 10 ZEREHREURE
BEBRENERTRAOFRAEEEENATE KA 0.004,

ERELREY, AT ESSERBOT RIELRKTIR, MFRSR {X# 415nm
1860 nm HEMMEH . FEXLFEF RHREXNBHEGRPKEW, ERER
SEFE 415 nm F1 860 nm EI& 300 Dobson B2 {7 f) BT #4351 7= 4 0.0001 F1
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EMRFM T FAR I #F MFRSR R B LE & HIRID R R F R YRR 0B

0.0015 FIRENF¥EE. ATARERE SR T 300 Dobson BAIHIEE,
RENFEEORHTHEDT 0.0002, FLBREA AR RF AT LLZEA
¥t
—RERT, SERESMETFEEEN, FHESERECEERSEKZIA
FFIEIN T B Angstrom 225555 #[Angstrom, 1929; Junge, 1963]:
r,, (1) = B (4.10)
Hep BRI o A 1AT LAFIFE 415 nm F1 860 nm 3 B A6 E MR R A
__ I/
In(415/860) (4.11)
B=1"15/0.415"

B3 Angstrom JBIRRE, S5 LEEESHEANSBERBAEERRX, S
WKL iR T RE, AR RKSPSEROIAETIRE . o & Angstrom 1§
B, WARZABEKER, EREEESHENSERBBAIED R, RRTRATF
BB [EB B, 1995]. Angstrom FEH o R SERALFIEKTEREE, 5 Rayleigh
BT A1 Mie B A BT RLF IR /AMRRS R, K/DMEE 4 70 0 2Z 181384k TR B,
B EV LR SER Angstrom 15ila FE—MABERN 13[FEES,
1995; Michalsky %, 2001]. 7ERIETXFIA REAER RIS 8RB K F LT
PAE J RAESER B — M 7

T, SHTTFRFREMASRERKEEZHERNTTE, ARBELERR
R IR HAR M IT X F, B AT LU R (8] B8 A 2 A X R IE 72 415 nm F 860
nm EEKEFEER, B

Tod =O0Toy (4.12)
KAt FRZMKETE, R o 451k 0.989 1 0.968[Hu i Stamnes, 1993;
Fu, 1996].

ERAER S KT, TR B R RO B AR B BAUH IR/
5. Bt BAMRERABSMEREOCEBE AT, RAEXCENH
U LRI FEU RS RBZ fF, 415 nm 0 860 nm JE ) SO F R (K
B EARH MM AXTED BASERM DN EERZM, AJLUSHERRA

" = B0.4157 + 1)}
™ = £0.8607° +75 /o

(4.13)
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WA BR=ARGSE, KRN TREEEH—®. 3 TRHSMNEELSAFER
BERSBERMEHANERE, REKEEINEN LSS EHER. 451
L, BHEZEEX LHERIRR, RIOGEBENNELNBAMERLR
WA BEBRNERE. HAEIER, FHERAR 1.3, £ERBPA
0.8[Michlasky %, 2001]. BHut, T ABE A RX 5= MSERK:

N 0.8max(a); a>1
e 10.8; otherwise

(4.14)

BARTR, EREN—RPUR o« HEKXT 1, Wa,, BRBENZER 80%, &
W% 0.8. 256 415 nm F 860 nm EEA FIH) Angstrom F8¥ o XTF a,,, B, KA
BREXBREAAFR, HUBRITANRR. b, EEERS LSES LB
REARSH, MRBER KRR BTRERESFRES A (5 Angstrom 88 o
IR R HKE TR, EEZHERTRIVRE o M a,, —FH—FHHE.
BERE LA ¢l M 415 nm F1 860 nm BEME BB A, EHERMNEEHE,
RERENEZNEEE (7)) #AFRAEZHAXER, BARRETAME
SPRGTROME, HPREsTRESHNBNHONE. BRARENFER
¥ 75 E S BRIX AN 8T R U TR . Min 2 [2004a) R B T —/NERHIBRX MR ER
FARET R

AT, MFRSR {8 /RE AT AAEAPRIRI AR T7 @ P00 9 BLALHEAT A CHOY
RAD, RARTEEHTERBTE-RRE, BESEZLHT, B RKLEHK
EAKET—&45 (10%-25%, [Min %, 2004a]). & 4.4 45177 415 nm @&
HEAL MFRSR K PR E £ MIANLE 45 BB R T A A A B Aot B 0.412
F 5.6 BHE MER AR S . BOEREE N MFRSR ¥35 #8485 (BIEHEE,
Blocked_Direct) Bt /B HRBMMINE M, EXFEREN 2.0 HEFIRAHE,
RIGIER . ERLBEREEH S (LR, Blocked_Side) BEHE ¥ /ERK
#inmigm. REX& H MK Rayleigh St /NS RRBREHT, KFHES
77 [E IR T [ R A TR A B E 7 R T LLBRE Rt , SR 4% o B e
ANF 2.0 BXFERTRENEM, ZAEEE 2.0 RET AN BHENEEE
& RN, FEBIXBATT 0B AU B4 B #N . MFRSR HURRIIE 4
BREDALEINER, B, RENOBESARKRE, EHIBHEFEED
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ZINNFW 2R FIFI MFRSR RFHIILIREHM P BT N E XY HTR

A
N ——— True_Direct

g‘ \\\ ------- '“--..:: T,

3§

Tl

gl \\\\\
i N
1

04 08 12 16 20 24 28 32 36 40 44 48 52 56
Optical Depth

4.4 BRI MFRSR KBHELEEH RAILALEAMABE L2 EHEAEWL (518
Min %, [2004a])

%8| MFRSR fMLMLAT, B LMAFER () MEENR¥EE («7)

BEARPHRT M H AR X R, Bk, TEMEMAEHER
P =alpy +b(c") +c(z7)? +d(T)’ (4.15)

ATEFRB RS KBRTANXER, FRERTA S =BHA BT
BINF 45° , fE45° F160° ZRURKTF 60° . EREFHAHEHTEZH
1 FF 2 AEL AL B AH R BBORD S B R B R e B 2R TR R VK SR 2 RO 6 5 HOAR R B2 TR)
MERSEMN. ETBEEMN, ERKEZMKERET, BERBNERSIRE
IR HEHEIRZELA 5%.

4.3 TR RIEAMBI 4T

ATRIBHOBZNERERR, A ERHANHHEEERIFFEZNNN
®, EANERNZHSEBHFBRRWZAFRERIFIRE. Ak, EFAL
BRI E AT = R R SRR BT, BRATTUE B T I AROES A B SR R
RZMHIER. 20, 7€ SACOL. FKIMAFAR B aiElA M LR LM
TR PR A B9 HERR B R A BRI . BN NHHEER
MEhFEEREREMERER, XBERMABRE SN[ EE
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FUE REFRILHTMHEERERE

(MPL) S £ 5 1 AU 11 528 ot e E AR A P S b U T = AR S . BT
BIMBREZE®ERT 3km KB NKE, ®TF Skm BAHKE.

HTEEHEEFTERET T FEHKREHITREEMTEN, HEK=
Bl FRBER P RN T EER ZEFENMBRKNRRE S 06T AT LLET
REERZRBA (TSD MENRMRBREZERS, RAURIBRERHR
HEBR R E BT, UERANZ4% (3-D) IS RIELERNEN.
SACOL 34 2007 £F 10 A 27 HR—/MBIFH R E =B = K =6 F . RIE Ak
BEENE MBSREUMNBEMNKR, ZIKBELH 1.8km. BT ARNEHE
REZBAX (TSD HIRSM, BN R A AT RIE = 8 KPKH
W= EHFERARERK, RESKRES. FIFA MFRSR B 7 R 3 BLE
BRHRUGEE AN TE (RGREERAEARE) REGIHNZERDAR
100%, TTLLHMER—A% =M F, MFRSR BN AP EERH LTHT
AR, HAVRIE MFRSR MM BEHNEHE (WE 4.52) 1 MWR RiEHFF
i LWP (W0 4.5b), FIFBEH REHER ERKZHFE#ITH BT 2N
KNFBEEMRE, EREFFSHME 4.5¢ 1 4.5d Fiz. MESF 9:00 B T4
16:30, = MIMASKERZM 0 3 0.018 cm A4k, £ T F 14:40 I —RPRIB KM,
527 XN E AR B 5 B 35 um FAIEL, FH9EHR 157 pm.
ZHIFEEENM 4 B 35 ik, FHENR 11.7. SHEFEEHRLERERK
BT REHOKD, ZRESKBEBERENAHEENEHEREED, AIE =
HH BORLF R e X A FR PR F R B R R N E A P B K
Efe, R A2EENEHERIERN. Bk, SFRNERMER
MFRSR MMHATKZHFFHMRET, BIATUMEERFE—HRE=HH
PR FEBASEER X EMEMESITRITE. B 45¢ PRZANBRRIHT
LWP 4 0 BH&HHAT Re RIEFTE, A THEKZMEEE, ELBEHRER
&, BAIBEZBRAEEEX KR FARERA 8 pm #1T.

Bl 4.6 44 T SACOL ¥ 2008 4 10 A 1 H MPL YRI5 & S5 e KEUH 3R
BERGET AR . BT 7E L4 8:30 F 10:40 22 [E{X 38 i BRI M 5 I =
BB, HARBRZBREBFYNLTF 4km UL, FHEFELRN 1km, 2—F
AV MR B K Z 6T . BATAT AR KM B BB HiE i R Ik =
RE E A . MPRSR WL i K BE B 44 53 S 2 B e (R ) 22 AL S P 4.7a T s,

59



EMREHTEMIRX

AIF MFRSR REPEILE A AP LTI RYBHARIBN

5} @
2|
N
.*,:gg
2
5 I
pg#
9.0 10.0 11.5 13.0 14.5 16.0
Eol
e
ot
2 [
- |
o
o" s r
9.0 10.0 16.0
EJ©
9
2 &
"OoL
21
Uo- e
115 160
O
%“’ /Wﬁ”/\
Hol
v-c;N
-
LE M\% m
@,
O N N N
115 130 14. 16.0
Local Time
B 4.5 SACOL 34 2007 £E 10 A 27 H(a)MFRSR Ml i) 258 51E 5 ZF1(b) MWR
MR = BAKER, URMNELBEHEEREN (o) ZRFER¥ELM (D

60

ZHFRE,



FE REM P ZEPEERIR

SACOL lidar backscatter intensity Date:2008-10-01 s
. . R v . & - I . 2.

15

1.50

-
o

1.00

Altitude (km)

8 10 12 14 16 18
Local Time

K] 4.6 SACOL ¥4 2008 4 10 A 1 H MPL #5348 (L 3B 40t By el

Transmittance

~85 95 110 125 140 155
Local Time

44 4.7 SACOL 3 2008 4 10 A 1 A (a) MFRSR W) ELH A PREBASEH % 40
(b) I BB R J7 BRIk 2 6

61
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T4 16:30 Z /5 1 T2 BB LR KPR R /1 32N R R 18 B ik s R A KD B
BRH LT BT 2B, ROBEFAALETINFREEORE, F®EE 47
RRE A XM ZIZ GRS B 4.7b 45 H T IX— K5 KM E &R E 5 24
SRR TN, KRN 0 F] 5.5 RSN, FHEAN 2.14,

440G 5t

HF B IE LA MFRSR AOMHN, Min 2[1996; 2004a)i & T —EHEWM =
K¥EFERNEE, NRBHAAREREN REHE. REREEEIGZ
AT H BB TRIFMBAE, RIMH RIFHREREMin 55, 2003; 2004b].
REREHENSIAURERETIBX Z P REPHINA, TMUFEET
X 7 At R A O i, T Lk i X S W R LR
B B S AR IO E R 6 TR AT RS, A RAMTEE T RMENTFREME M
VT RIEE RN @ 35T T EA.

BES REF SR —FMET AN NF AR AR ERT SN
S RENF K. MRBNEEHBKEERN GEEESTH, ZR%%¥
JE PR AL T4 AR T LA R B (e it 49 B S . R AE W, ST BB E
R —AE A EEE X LM ZRFEREE, X EE TR A e T
3 2-3%[Min 25, 1996). =A% EEEEKBTHERNY JBHEHR, T8
AKBAZRIENARE ST R mAERE MY, FFE, AT EEEXN
SRR TR R R BE M ER AR O EEAEN AR, B AR
FE b R AR E M. Bk, &R BATE S {E A MFRSR MAU#T KB IE#
PR R, BATATURN LE RE—BREZHARNFERAEEBX L
B REAMEREAT R

AP E BB S 7 B R — Rt AT Mk = 2t R B BT, EAR
BB AR R K R A B IG T £ RSB TS BI85 R KK
fti, T BREBHEBRDENZERYELEMNZNFEEERIRIIEW. ZREH
RN B IH N BRAE TR FERF RIS B RET RN —
AT HEBAAETRENATRAZENAN. SUBELRRY, ZRERE
ERMEEENT | B RFEARE /DT 5%[Min %, 2004a].
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BHLE REWIBMXESHZGERFERIE

51315

EiT ISCCP AT R, IR FHETEBERN 68.6% [Rossow F Schiffer,
1999], HFEMF AN dr S 2.6%. BRERZE[20051F]H ISCCP B K ET
X =ASER (FRERR . BRSFREMERENX RIAIEX) K7
ZAEMTHR, BERERUNSAR, RASZEEBEZTHA 62.9%. 80.0%
1 68.6%, HEXMEMN G B 22%, 3.5%M 5.5%. BREFRESI, Hb=HK
GHEERERECNESBERAT AT ZRHEER . IR 57 &M
EHRMAFEZRERERINME, BE. KT EIMNANZKEERAR AT LUN
AEAHKRS, FEEREENSBKZEREN. AT, L=KBRER/DE, ENH
BHERNZKBRNRLEFHE, REREERBEENRAME, MARK
B, X8 RENEE = R SRR KB B &R [Turner 4, 2007; Min
#1 Duan, 2005].

A TR REET KR, Min Z[2004)FF MFRSR E B4R 5 WM,
F3F NG FT BT TRIE, AR EBGET RIBMRHE. A, E
FRARMEREHNRN, ZHEREMET WA ARG SREHNHESR. &
KL, KR T HRAOKFERERAAUUEFARUS, EFHERE
BB, BEXBHHARBENZWEEER AR EZBEN TSN EN.
ZHIE) I ARME B BT AR R S A IR ) E T B B IR KA B RIRIR
¥, BREANIAMTN SEHRE 5% 20%81 8%, BTKZFKEHIER
TR B RO TR SRR, UM 5 RGBT AR T K RIS M B E R
L% S0

5.2 RS R R
HEl, CHARSHEREZHRNNEPRRFEME TRKTER. Fl,
— SR SUE I A A R AL AR (BR) AT R K H#E B 2 #H[Knap %%, 2002; Baum
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% 2000; Key 0 Intrieri, 2000; Daniel %, 2002; Liu %, 2002; King % 2004].

Platnick %[2003], Baum Z£[2003]f1 Turner %[2003]%#R# Z WK AHKL F 5 UKAH
FL T FE S LA SM BB (TR B ) IEMERER (XHE
KMZERXAARSE L) FIF T E S ERHEH vHHR N Z WK A E =
A, HTHRLIMERH T REFEAEBEERRNEE, BMUTERRTEZN
M. B4, BTFZARENSOABRYRFERR. KA, R EREHA
@, %t WiRR A BB A R B IR IR, B w80 B &M ik
FIAIIREGI B FPAFAE, 3T /47 IX S B 1 2 R i A8 SR I LA ) 34
%A [Shupe %, 2004; Eloranta %, 2006]. B RIHMRIRECE RS B R
wbix—5 &, MLMER ST REE RN, JURER 2K R ERAIT.

Sassen[1991] . Sassen I Benson[2001]18 %45 T LR A EAHEFTR N B MmLE, #
MEMmEET 0.1 BIAKTE, KT 0.1 RAIKIHR T, FLIKEMEFIEO.5,
BEMAFHREERTFAIRTF 0.6 F. RMXEHEREHEX T ABEFKE.
KZMBEZT 3 MHZE, XMHERBTTREIZX £ EZ RS ([Baum %, 2003;

Pavolonis #1 Heidinger, 2004]5%7& 4 4z [Pavolonis %, 2005]#EN&EM. N
th, FERRFHEREHAEFTENNEHAZ)IHAREL. Goloub FF[2000]H
Riedi 25[2001])78 28 #4587 F AR 59 48 S48 4T MO AL (4n POLDER) #EWi Z=
R ERE S « T 8, Turner %2005 A AERI (Atmospheric Emitted Radiance
Interferometer) F1 Lidar WM#4T Lok B S Z4F R Riedi (2007114
& LIR=FJ78 K& T FIH POLDER/Parasol #l MODIS/Aqua MR K&z K #4
BT, FERARTEROEBESE OK. K, BEEKRM AHMKEE
FIIKAA KL EE N B HESE R

53 BATHERERE G

B F MFRSR 3@ i3 E 357 A &4 AR T DA R 1R — 40 28 R B AR 48K F
ES, BEUKTES AR EEES, RESMERESEEHRNRERS,
BRI 75 AN 2 S50 (X BB HEAT 4 RS I A F T LUK W 0 78 B0 | AN O KB
. EHSREMAR, MABEEENT Langley FIH 7] LUk A RAMEX
SRS ETROWE, 3 B IXAMRAER T N A B AWM BG4 . REELT
A IE (1) MFRSR #1455 AR KR TR W AR A9 EUE R AT LR B2 &
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FLFT REAICHRXROHZEEZHFERE

RAFMHTHBESE. MFRSR (B0 S EBRNEAEHRAELGTA
VURAE X T AR H#5R 5 A SR R a0ERS & . Bk, RATATLURIA MFRSR
{2 2% [F e TR A PH E AR A BB H HXMF AL, REZOASIANME, FHAHR
B T PKT VKT N RE ) b, 33k T c5dE T 2= ' S R 1) R YR B[ Wang %%,
2008].

1 08 E-rn-u-rn-rn-rrrrn-rrrrrrrrn-rm-rrrn-ﬂ! 1 oa 'vl..m....[.m.....I.........l.........l........
Wa!ter Cloud
10°%k T .
E Re=4 um 10%E ]
5 T - EEEE.S'TTm 9=0.8006 5 -
T o10°)  RAHREER | T
3 E =
T T ‘
S 10% a - *
= d £
o o
10%¢
102 (it i ‘..;...;':1.':“.':...1 ..... TP WPPOTTI ORI PR T Lo
0 50 100 150 0 2 4 6 8 10
Degree Degree

B 5.1 415 nm EEARMZK K EHHARE, FEZEZBENBCK (318
Wang %, 2008)

YAFGCRASTLHELMMR, ROTUFM Beer TEREAMERE
HEEHMBRRERRONEEE. TEERRTEA L XBUGHENS
b, EHASZEIELRERZLET, BHUEFRNABHOES. XESRH
SRS S B E MM ES, BREEE TR R . BT
HEBEBRTHEEMASFRATRFRREEE.B 5.1 81T 415 nm EEUK
ZERFEEK 4. 8. 14 um FKER T H4LH 9.5, 31.8. 50.6 pm BT XT N AIHHER
. HkzsZFA Mie RWTHE, KaEAT 7 KRS FHABE.
WK ER A X A RRM AT B (BHMm<10° , 0 5.1 &), KERK
WA EBEH O, K= hFRENGERBE (BHMA<90° ), BEER



EMKEM T FEARX FIF MFRSR REF LIRS HAP R ZNERYBLHFA

WIS ST RS R ARS . BT HRESHZP, SRTFERERIORN KM EE
WA AR RS KWK, BT R#S) RS AN R 2 K P B AR A
BEAERHIERT. EWANBIREIMEERME T EBKE.

£ T MFRSR 9%, Min 25[1996; 2004a) kBT —EHW ZNEREENE
%, MBENAXAEEERNREEE GHNEERERENE 42.2 1423
), XERFHEE O ZIRARIE, FHRUHIBIFAIEEMin %, 2003
2004b]. HRETMREHEEE LU BA-BHREN T A S XEFENRFTE.
MAERNE N, HEBE,, SR TFHEREHERe, MFRSR T
BRSNS AR S AT LA BRI

I (B> Tors Ty ioes RE) = €XPI~(T g + Ty + Ty i) o]+ (By = By)

T (o Taors Fr s REY = T ¥ (s T Tr ooy RO F Y (U2 Ty Ty e RE)

Hep 197 1 F0 1 Sy RIRAPARTRARTLH p, WK E BB 8N
KPR B RSP ES: 7, e, AR RayleighfflUf FSEBRIE A
SR, B FB,ABIREMAE 0 Mo FHEHMBSIESN: B, - B, RAHEMK
MFRSRABA B #2458 5 P BT [ AU #84r « FATTRT LAE I 15 BRI DISORTAR A 1% 4
B GrHRR WEEIUE 4.2.0 ) KBRS v E T BRSNS [Min
4, 2004a), IFFETRH LR R TMFRSREHIERL I ET H BUS SRS . BT
Z R TE M A KA E RS A DR N EmEUD, EHIXBRAMERS K
2BV EKZIKEHTFHEYER 8 1 31.8 umfEABRESHRE. FMin%
[2004a] 778 —HE, FRATFF A BE B R 5T R I v X003 0 B R 32 AL R0 2= /0
SEBH R, FHRYE 415 nmH 860 nmik BRI EHE M — S H A RS
TF. MAMBEEEHA—HOR, REHZHRRBEMKSREARIILW,
B, 767 R BERATE A 415 nmig By K BE B4R ST BN B 5a S I R 38K
ZRKERREEE (R S.1). 415 nm¥E B HLER R % T BNOAN TE UE
g, {ARAEEHRSEMFETNOMEMBAT L2, FE/LMNRESRIELT
415 nm B b EL A B S AR AR AOSE A M RIBRE TEEA, 415 nm¥B B AT
RRBRIE, QHEH FERNRITPEE 0.036); BRBH RER o MM
WET g WBFH MR Re FEUR: RE R W 7] LS BR [Min Rl
Harrison, 1996].

(5.1)
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B 52 7415 nm HBRAKE . dKkE. WEE (KEHKE) IBSHE RS
A EERHMSENEHEES LN YRR MR FEEM, P RKBERTEA
H30° , KEFERUTFFERENA 8um, KZHRHFHEH 31.8 pum [51 B Wang
%, 2008)

AT YA EBES R AR EWAS . AN EREURE, RO
E 44T MFRSR FIXRIUHEAT T ZEHBEES, RIVMREKERKEH
PFAMERS R 8318 pm. NFHEZREMBEME, RIMREKEH
REBBER 1, KEHFEEEM0E 9T, MBEZRLE, KZBENKZE
SRR ELE 1-2 km 1 5-6 km K& B FHREAM TR RBERAKIAR,
EXERNFAKEZRKE R EEENEE M FHRR AR EM N ERER,
HABEHEERET 4-6 km. 415 nm EEARABRERHRZHRT KREBH
BN EEEWNAER. B, JRNEEEESER, WE 52 i, B
BZREMBEMENRAESN . KHERERLFRRFEIN, FEHN T4
IKZ Rk = B Z 7.
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st ERSTHAASNEET, RIOTTUS—FFATENXRETREMS

FKMFKAER FRIRN IR EE 2 (0<a<]),
(1-a)rir +ary ~(1-a)7., +ar, (5.2)
R foe SRAFAKAERSHMSBEH RENRBEAK TR,
i f o BRI EE ., RN 52 Rt EBFINRER e SHEIEN
BEZHREO B, RIFEEEMRE EBFIEML: RIMUEERILAK
EHMSK TR RE, MATEELEKZIKEAEEESHAAKEL. THEHHN
USRI TERA T 52 REHHERE MM, Hik, BHENEEE , TLLRTRA
™ =(1-a)th +arly ~(1-a)z,, + oz, (5.3)

MR @R (@<03), MWEHFEEHKBEER. HR, NRaERK
(@>0.7), MEBUKEAF. ASNNHREENNEBX D = 304,
TIHEEB EBMRAEEEZRBEMTRETKZRKEAEEERLLE. &
B, BAOFIRAKRSAMARE RS SRESEROENZHCERE. EERIE
BHR, BREMZHLE (RUYE) HHEFWR S KK S Ao 2
GHALAFRERARAN. XERFHNEERHREERUKEFKZAER
FE 2 4 A AR5 A £ R TR A o

BT MR REEE, SRR EEE, AR R R
U = & AF T MFRSR (X0, ELxHX SERE I B A BA TR R %
B 5.3 fios, RATFIAE S2 PREMBEIFEAREE (BRAE, RAIREN
BREEEMBERBITTILE. EAZERURENHFLT, RENZHEHK
FERAMRSREHLHEARE A, REFHDT 3.6%H 0023, RER
BT 52 AMREEERLAXN. K10, TEAMSEFELEIHENRE, @
FrE AR AR Ui Bt Langley [B] 345 1E 18 2 B A B # $UH) IR Z 12 1% [Michalsky
%, 2001], BEUCFERBPEATIG I MFRSR IS A £ 1%HIRE. HET1%
AR ZE, RENBOEAEEEREEESHNENELERIRED /DT
8.4%%1 0.107, EREFERFERFRORMA—EKZWE, ERIIKK
BRI, AR E R T LA GHAR, WK 53 fin. BT ANE
BEENMBBEHOAR, ZHTHERLROREHREENEHENNEERR
HXBAHER, A2 EMNZREEEEMRD (UHEERN | HENRE
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AT 023, K 108/ TF 0.66). XK HITET LR FSHBAFERNKIK,
FAXN TR TFAERERIES.

Retr. Total Cloud Optical Depth
Retr. Total Cloud Optical Depth

of .

0 2 4 6 8 10 0 2 4 6 8 10
Total Cloud Optical Depth Total Cloud Optical Depth
1.0 gy LN rrTT rreT
: ; Rw=8 Ri=31.8
4 3 Rw=4 Ri=31.8
0.8F
o 0.6; : Qo
© E ] ©
o : i o
X : i x
= 04F 3 =
é 3
0.2F
000 :]llllllllllllllll]llluIIIlllll!lllllllhll(“ll4 .
0 2 4 6 8 10 0 2 4 6 8 10
Total Cloud Optical Depth Total Cloud Optical Depth

53 RNEN¥EEMRSRESME (BS2PAM) R EHEK R & B%
HOHT (E1%H MR ZER PR TR F AR L ERHAE) [5] B Wang?%, 2008]
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5.4 RIEHERAUERFLE

— b 3R B 0 AR S B 7 T3 3L RO B R 5 R . RITELFIA
ARM #zh#% (Mobile Facility) %% E Califonia #| Point Reyes 3317 )
MASRAD (Marine Stratus Radiation Aerosol and Drizzle) #}% %%+ MFRSR #9
LR FORI R 2% R IR B IR AT T BAE ¥ {5[Wang 1 Min, 2008). BTt 15
MNERE ZHITHAT TR, SREW %08 WARERTRA K
28 AERIR &R RIEM B KRHE S 5K 8.4%H 0.107; EZRTHBF BT
BW. BFERTARERORES RN E RN OAN RSN Z X E T
MBIRE AXHRZE) 24510 0.16 (4.7%) 51036 (8.3%).

AWTEH—SREENTAM, RINLET SACOL. MM R
MFRSR WHI%E (RE=). 1 TREFEIMKEHKYRISE, MHFI09E
FEUBENE, XARO SRR REFE ARG T RN . A=A
WA MR A TGN AL RZAT, TATH R H— M REIAOBIT R B0 R ST
VA 7E 3R R 7 S X AT IR A & R

2.00

1.50
10

1.00

Altitude (km)

0.50

0.00

S S
10.2 106 110 114 118 122 1286 13.0 134
Local Time

& 5.4 sk 2008 4 5 A 7 H MPL TR 5 el B o AR
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212

COD
6

- New Direct

.
.« ! M

* v+
u PR

T2 108 114 120 12, 13.2
Local Time

Bl 5.5 7K 2008 F 5 A 7 HEFEHAE () RBEENKZM (b) Fl
RAFHREREERINEFEEE: KEMRAXNINRREZBNERNEE
HEHRERIEER; (o) BEER.

BT S BN FEEERET T FEREH TR EHEN, HGRNE
Tk RHEBR KNS MY, UWERD=S (3-D) IHGEHI RIFEE
REEW. KU 2008 6 5 A 7 BR—MIEWARPEI T, RI\ERZBBK
ML MAER, 2REZUSEHE, HEFENARK, FROOERFE.
WA FIE (MPL) YR /5 1A BT 3R, i 5.4 PR, ZREEHE 3 km,
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ZMANFHEEMRYT #F MFRSR LB S HAW R EAFE RYARHHNHR

HEMBGETEU L, ZTAES km, FHEEEHELAN 0.8 km, FAES
4 12:00 ) 13:10 #A18] 7-9 km L HB T FEFME . Fik, XMITFRETHE
BRHEAHENBEZARMN. BS5Sa BT 200846 5 A 7 ANEERBNEN
MEEHES RENSHEREMBIAFS, ERETRIBENKE, BRT
BHHERK §um, NXFHFRMREHNZAFEEENERN 0 —HIXE 5.6, X
5 MFRSR B ST WM A& B4 MBARTF RN, XMEKRNERBRE ZNHSN
HRBRERE B SR, FIFHH N REEEN SR LD TRMERIZE
B, A 5.5b Fim. ZAFEEEHH—BUART EEMGEN (BB ZH
fAES A . R, RAOIRETAMKEEEREERER, WA 5.5 Fim. AT
BATS OB AR EERLN, XERMAEEHENRE MPL RENZERE
MBS BRATHAE. WA 54 FRATTUHEES], MFRSR RIFHRSFEZ
1 MPL REEM=EHEMEERSSRM--BM. REE/ERHRE, MPL H
MFRSR HW A L&A F: MPL AR5, MFRSR KBRS A KH—
BT . BEERNEERENEERESZEEH R EHRILA.

HILEHB TR AR 0 6, XEZENRENRBRENZKRESH
FIUKASERA—BM . Kk, BRAOIBIERE T XL ZRZRFX (TSD B
M =B, RAXEHBIELEZAEEER MBS, BHES (B85 &
K ERSPFABRMZHEEE, T HRRTRER S #8 RS,
5 R 34 T 6 BN B AR M, KAV IR B IR R B R % i
SRS (BESD BHBRMEW. MA 3-D AU ZEMEYE T AERNKMRIEF
ERPAT P BT B ARSI H RS, SR EREREMS. Bk, 5
WA 3-D N5 K ZMARE R N BEH H RIEN B ERE,
BRI PSR, RATERXFEET, BFEERHN RFEHEX 3-D A5
SEFF S R R IR BT R B ERAGUR[Min %, 2004a), BAITTTURAEEBHHE
ERRREEZOAEEE. TR HHTUNAZEERERZHRNS 2
S REMBITHE. Wi, WRATHMORMREE (0 TSD BEANZER
B, RBZHEEERZAEZEG TOERTEREEBRATRE.

MERNETE, HEESRIRNEEEEN ZRET S EH REAER
BE. B 5.6 R T WBEENBRKZBABENBAHZMEEZ M MFRSR KIF
T R 8 1 75 e 2 R R 2 IR R RS . AU SE S AR = » IR (0
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o
O T g - .
NF Y=1.965X-1.748 Z Nf Y=1.144X-0.623
i R=0.912 i * R=0.974
ot/ /¥ . RMS=2.159 | oL /¥ | RMS=053
0 2 4 6 8 10 0 2 4 6 8 10
COD_Direct New COD_Direct

K 562008 5 A7 HNEEESEEN RENZHEEEMESR (e
Y=AX+B HHEHFE, RAMKAEAL, RMS AHRIEE)

2fa) .« B M =) SRR %7
| :.‘§ w"t#’ + S f:‘,: + 2%
_ T 2 ik g or ;ﬁw AN
S i o}; APUR * E_‘ 3 ?t 4 e *
o b +? L ? et
E_‘l © L +: Q?‘* QI © X + ; '
Q <t - £4 r'd 8 <t} : W v+
8 N t‘?’. B 5 3 +
e s, t
ot FY=1.508X-0223 | Z v} Yy =1.084X-0.18
A R=(.896 ! R=0.96
of M. RMS=1722 | = o M RMS-0679
0 2 4 6 8 10 0 2 4 6 8 10
COD_Direct New COD_Direct

B 5.7 it =Auim 28 Ml F N E BB B BN RIER ot B NER A
(K Y=AX+B A#A L, R AMXRY, RMS AHTRIRE)

B 5.6a) RIRAN 1.965, HKXRHN 0912, M TFRAMNEEETS, NEE
ST REB BN B F HBES M RIEE. EERREMBAHZHIIKS
TE, ARBMIHEES, ELSH T AEEEH RIENEEERNKRATM
BB RIEM LIS E B I 5.6b B, BATAH LB & E M ZAHIRH,
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BAE REFILHX ZEBRRE

XU AR R WA 1144, MXRREOER) 0974, FHFBEHTRIRE (RMS)
MR 2.159 BEHIHERA 0.53. ZAEEEZ M —BHET AEMEGHR
St RIS A& .

RGN EANGIAHTERATT 88 T XA REA Mt RE, BRERIZAERN
ABRSP O ESHERZITE ZHFERIEFLFEN. Hik, EWRTHRE,
BATER = BREN R B K K EZE = 8 F UER/D 3-D RS LEMINE.
BIF TSI LRMAMRSEEHN MPL RENZENFER, RIVEOHRET
SACOL. BRZE MK 28 MHEEZHIBIF . EIINGEH HMTERIIER 5.1
#1, M MFRSR BIRF I RIRM Z 6% BRI IME 5.7 . WREA]
BEMANZT RS, HEEBS RS RIRKAGEERE M LRBUAE M
EH 1.508, HXALK 0.896. FIMFHIEZEBAM RN RIEHE, ENZEE
FEBGEH 1.084, HFHAFEROMAKXFEL 096, BWITRIRE (RMS) AR
R 1.722 bR 0.679. RIBBH MG, NAERBNMNSBENRENZAERE
BHRIFH—BE. L%, ZEEFENZAEEERNE MImE, DALSESH
REREFENTFNEEEH RIFNCEFE. EMRTEATTie, XHmERT
feR BT 3-D RIE) = E MR LA R SVE 1 ) AN X2 3 AU o

Wl 570 FiR, EEESHOESREOACEEEFEER. REERTEE
RAUTHEMNFHESEN: F— REXLHFHEENEETKANE Z &6,
{82 3-D ARt — e RE LEEW T REHRENCERE. KINE R
FMF R ERIEFTES T Z RERH LT PEEE, HIRLUTREEINE
HE L ENEARRRIL. 15, BTSREEMERE, B ENHLLERENE
MWAEMin %, 2001]. ZEIEHMREX PHEEES N AENSARKEERE—E
BELSBRENENEREBFE—LER. R, KER KM AR E
BAXFER. B2, REREMEEGENREEET KRR TENR
ARFEA—ESHEFEN EMERME, 2504 8 pm F131.8 pm. EANHEITE AT
R MAEIINR, = 0H BT RAH S U R R, Eitn
RENZHERE. T SRR MIKBRARENE, BRIWRT =
HTFAMEENEMAE, W T eI HEES THEESRERMERER
BHRW. ENES2 Fin, NEREHILENREMNZICEEENBERME
GHBMRE) 45150 021 (7.9%) 1 030 (94%). HEM=HTE, HXRHT
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ZMAEM A X FIA MFRSR S35 b SAIRIY £ 7 RYBR OB

K3 ENFGE TR R RE AR ERIEF A, 23 HI 1.078 21 1.092. M 0.957
3] 0.961 B4k IXERY, ZAAERT H RS BRS Z 57K E$ . LIk MFRSR
BRI RIFHA S ZREZRMERMETRERESEENAE. Bk, 5
ZRFRPMHEXRBKO AR EE T U ARBRENZRAFENXEER.

R 52 HRRTHBx w04 BB RIE U

Re wir Re_ice ™ ™
(um)  (um) r-7,° Ermor(%) 7-1,° Error (%) Slope Intercept R
8 31.8 0 0 0 0 1.084 -0.180 0.960
4 31.8 0.074 2.800 0.190 5.987 1.089 -0.204 0.958
14 31.8 0.034 1.283 0.135 4.252 1.092 -0.178 0.958
8 9.5 0.208 7.924 0.297 9.369 1.078 -0.164 0.957
8 50.6 0.123 3.877 0.181 5.719 1.092 -0.221 0.961

BUREE ST R B X AT 28 AN LB THIAR T, Gt MR EEY 8745, Re
HEH PR RAMKRL
;i%m%ﬁ£ﬁ¥ﬁﬁ¥&%§$ﬁﬁ(mismnWﬁMBWOWﬁﬁﬁﬂ%%ﬁﬁ
55 ME5ITR
HEBZHEEFEENTRFEREN, EVLMRERAG M. BE. BT
AN KRR R MARA KRS A, XXFEZHUYBEMLER
PR REAR AP . FEEFIRS, FATR A MFRSR KBRS R B AR P
MR I, HREKE KBS RN ER T RO EREN R B8
HERKPRET ZHRNNHAERIKE. KEAFEEFEREE, HEH
HHEAFERHOEEERE. AL, RATFIA 415 nm F1 860 nm KB IE RS
ot AR 5= HSE R, BRI TR IEX 2 Bz M EKR [Min
%, 2004a). METE, RATKIE MFRSR A5 EER AT A 85 30, LAESE K
MAKPR B AR AR R, LARAE A2 2 DISORT K [Min 3§, 2004a] M &
EHFREZHEFEE. ERHASHBET, RIE—FEETKEMKS
WEERREE, HRHLTZHRIHHAEL. Bk, BERENZAEER
R, ETEAACEE NEEEHALEHBIKERRE TR B,
AT 1A BT AR ILLA R SACOL FKIRRI SRR G M LR LM, BATIREFIE
FTET IR = REE . SZE AR T AE RN SR ROE
ZHEFRENRE—BE: REZAPFEN 1.084, HXREH 0.96, IR
WEN 0.679, R, BERIERFHBEESRZHN, REREM (EFHFH3 X
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FAE REFAIMK ZBHNRIE

BENEREZRESHZMRERHTHERN . RIEX 7 & &M 0 [ EE
BHFAERUBIMNEMOZHELRSEN. BT EE-RRBEHEN¥EHEE
SEEXEMEEYE, REZFENTHEESERM—EZN, FEESBKHA
PRIEFEEN. IUBEZMER, R HHERREAIERES MRENE
ROEERT, AMEHRSHPEZHERTERINERDMIAE. ZEY
BT EBHSBMEMTRY, EZNERRTFERAFREER, NKHEZS
HHBEHRENZREERENRRMmE HEXHEE) 4508 021 (7.9%)
0.30 (9.4%). M5h, 1%HESMMRERIEREO BN NFEEMBESE
IR A A 8.4%F0 0.107. EWRTCATIR, ZH K REHEETNAER
BOCEE R NEEERHRE, M EBERAM—E_MRAE. FTE/LNE
BEARIEER:

(D) ZREEHRERKHERES SO, FERENETEEEENT
10 FINFHE

(2) WHREENE (ZEERERBRRNAFEREIL IR s, KHER
BHREMZAFFERERN, 2R, BERUWETTHK. BRZH3-D
RO LA R S RF EAH B R A B B R VB ST I RIR S R
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FAE REFAIMX ZEK IR

BAE ZREEILHX = 8K RIE

6.15/F

TR ERSUFEUAR T BRI AHEHIE(IPCC, 2007]. ELSERBE
EMBEX = B KRN 5 ESERES B FH 3 [Randall %, 1984]). =&
MRS SBERUEEZENEW, AT HITXHEEIHORRESER, R
FRROATEE, 9 RIEFERN T RBIEINITIE, FEMRKF N Lindzen
%, 2001; Lin %, 2002; Chou %, 2002; TsFE%, 2004; ], EFEHMM
ERZENERZELRBRUARPRIEE RN,

ZEMRIMN R EEREANPERZR AT B BHIW R R, £3h
MNBRREMEERASH TRKWAEREIE. HiE, ExERRIT%
FRBFAREARFAEAIETRRORKE. EE. #INA T ELERE
KSR WA 45+ 5 ¥ [Fairall 1 Hare, 1990]. = FiABEOLFEEMR N 54
[Clothiaux 5§, 1999]. &k Bk e HR 4 WM 53 #r[Long #1 Ackerman, 2000; Long
%, 2006a)MIERERBR AL BIA(%, 2001; EIBMBIA{, 2002; Pfister %%,
2003;: Long %, 2006b]%% . | T2 M 53 = B i # A LR £ [Minnis, 1989;
Rossow %%, 1993; Ackerman %, 1997; Menzel Fl Strabala, 1997 %&]. 534+, Tuinder
251200417 H L AE IR E P E (ERS-2) FHABRKRA ML NELE (GOME) X
BUNRRETWHAERZBREEE(RASUEHEE. RULABNZRAFE.
HEZRFBEESR A-band ZRBEREHE); Stamnes F[2008)tL K& T
FAERRE MM E (OMD RETHBEZHBHNREFEEE.

KR T HU T W35 1) 7 B VOB RS BT s R B R = SRARAE, Bl TR BN
YUEFFO 0k BRI & AERIBR ], (R s i) = B PR R E, UK
FEMHLT S5 A H X PR AN e 8 ) Bk BB A S8 Y o T T R AR B R
MRMZEFHEFREFNZMESE, ETRBAEHKEREE, EHT
A5 PR FERIL AR, HARNAEERERIE. FAEGRNK
BT BN, SRZENEEST, EHTEMMRETRE, M¥—
MEX W =BT S R REFORRE[ETWE, 2001]
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ZMREH AR FIA MFRSR R ILIRA AP R BNE BB KRR

Sigmaatt, REDENMRETZRNLHRE S, ETEARABREN
BB, ERENIZBIZ R (KER) 25 b KRR EIFH R &4 R ZmBK.
B H T ik P2 RIEMEH TEWMAE A, KEF A B S %t
TZENASRMSTRIEEFTEN. Z2MNHENMF, BITRRRBET
AMIBERELR B VHWT, RERBUBFGLEET, MERSERSAUZHE
PR TR (E T SRT, BRI KB IN RS AR X B A0 E a5 B0 H ,
MR Z AR IRFRRE .

BFEEMEMNERESN ZR XM BE L, Fr 2 4R GERm g KR
EWEE T RE T ATRKBES A ZEMENE S . Long 55[2006a]i8tH T —
FA T S B B SHEH M H AR REZ BN %, WTEFMAZREH
T8RS IR R X B R RS, FHESIH—HIEFHIFR T KFHXT
k. BTHERRKFRAIEZMSER ER) LEFERIHEZN
KiERMER, BRI EEH R 31T = B Al T O T #E[Min
%, 2008].

6.2 ZBRREH

TEEBENHAETF MFRSR HiEMWHET 7B RENEH R ETIER, RN
BT ZE LT IR AL, WA RNAT Long 5[2006a]% R HI 5B BUER
ST

6.2.1 MFRSR #E 5} Hb RIEH &%

—RERT, KREHE (KASTF. SERMEHT) EEEREEK
it M Angstrom 25 5% R[Angstrom, 1929]:

r_(A)= P (6.1

Hefir (A) AKRSESHATE A BRI EEE, BA Angstrom BHMERE, ok
Angstrom 6%, thFRZ ABKIRE, BREEHSEASERFRAIESH, R
RER B EH ¥4, Angstrom TE¥ o B KSEBEHEAR FiE M=%, XMabT
Rayleigh BSTR MRS 4 FME, BHEBET 4, T Mie K ERT
T ENEEET 0. M FBEBBLFME, Angstrom $5% o KIEU AT Rayleigh

86



FAE REAIGREK R BN RIT

zZli. MIMKH, BEETRUKEHESER Angstrom 58 o FE—NHREW
HEED 1L.3[FH S%, 1995; Michalsky %, 2001]. 81T 6% BB XA KB,
BRBKEBRNBEKROBHERENZMEAR 1, HRERUWATF 1,
WE 6.1 fim. ETRXHYEGENTEHESHERMRR, BRNEXTERE
B (R Mz (R £ T@FBEHILMHERE, FHERIXANLENTE
Bz AR R R . LIRS, B BEHEHKRDIRBEREE
BEZORER. EILEATAT LEE R R B 5HEH Lt R RE N B RBEH L R
IR RE ST L R ke B 0, BP

R% = (1- )R + gR% (6.2)

—

Cloud : 'Y ~ 0; R ~

MFRSR FOV @

Clear - sky (Aerosol) : 2™ ~1-4; R = 0;

6l mEMREIFEELE. Hda X Angstrom 55, R BB HES
BHTEG, EAF clr Fl cld A AIARFERFMZ K. [518 Min %, 2008]

HAg0<sg<) ARz E. BB UA /MR LB RERRRW
Fs

R obs _ R clr

W (6.3)

¢ =
BT AR BB IR B AT 2 AR R BH R T A R MR, BRIBES N B 8 5
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D 1 IS FF MFRSR KRG LI & HIRIE 40 7 62 R B0 RS P RO ST

S IR AR T K BE R T A (BRET D). anREATRE & A E AR % 2 (BR
KBERTA) H—EZRAERESE, WENTHAT AN AR AR AKX
(BARFRTIA) £, FEk, EMERHXRERHATURERT =B S ERBHM
hit. EERRNE, HTHIA—NFHEEMT, RSB LR KNZ
SHRBTF, UETFEXHEMROBREEEEE MR ERNZES. o,
X FANE R v A S AR M, R R BT AUKIRZ B A ELAE
A KIS R AL RS o

AT B8 BB VA B A R AT s 43 MERSR (X AR 4 415 F1 860nm
P NI R SR B SR AT A (B SR, RN BN R M SRR RN . B
F MFRSR K9S H ) 2 BOR R LR, 7] LAZEA S XS 31T X KL E R
BT H AR SN FH K B TES . BIKFESRUKE R . XEH
BATKPRERR MR 160° WZAT R 1A TF R EREES . ERZEREN
AR, B AR E B3RS 6 Langley [B193 4347 7] LB BB X KB THAI WY,
SRIE T E R IE K MFRSR S 5 S XS EMMWNEN LERTURRZ S
RAZHTHBF R, REMBSEH RS Langley B8 2 B KPR H
Bou @ SHESTHETIH— AR . B, EXFHMERIIBES R K
FABMLIRIEHN . MFRSR KAEH RN BHR THRIREOLER
EMMPR T2 BB AR & [Min 1 Harrison, 1996; Min %, 2004; Wang
1 Min, 2008].

FAER Min 25200411622/ DISORT fRAHEMIER, HHlT &Fha KFME
KA N BT R P B SRR B R AR 1A B R 0L AR FA S B 4 EL o 7R
1, % 415 A1 860nm I B AL R R 4 BISE A 0.036 F0 0.25 MR EHAIHE
BiivR. ERESGYRSER (B Angstrom T840 1.12 M 1.58, M BAER
035) HIEREMT, BEBHLILE 0.10~0.35 Z AL, WHE 6.2a fir. [E
BRI AN Yo BB LURFE IE# T B AP R TR A MBS R T RES I AERE
STELEEHEME LY 0.1 AT . BR, FBRES LMEREENHE R
MBS K B BRI PR s /8 B i, B RIBS LLEHER A AR LR
A LA o

WA 6.2b FI7R, KEMKZHBFES LA RIRE 1| FHTIEME 1.25. 1.34
Z 1A KK ER o XHEHEF WA AR RO SHUAF/(1-a), HT
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FAE RERCMKZEBHRIR

F REGHR (o =0) KESRS . FIHARES E MR R IR ZE 415nm $E 0.036.

860nm # B 0.25, BHESHATLARRM T
0.4¢
0.3f

F860/F415

0.0¢

0.2

0.1

Angstrom=1.121 E
Angstrom=1.582 «-==-=- E

Coasgiting | NIRRT Lassstgans Lostariases IFPTEURIET | FENTERETT Lissssanss

0.00 0.05 0.10 0.15 0.20 0.25 0.30 035

1.4 g™ e Ty oY o T b rrvoT o rvm
“F (b Ice
: O - mbﬁ.‘hmmmnmwnmmmnnmﬁ hmmﬁmm’fi
0 1.3 g
-~ - y : = LTI
;j"_ F
S 1.2 2
S b
| szA=40 Rw=8 pm ]
W {1E SZa-s0 Rw_10ﬁm- --------- 3
3 Ri=31.8pm--===- 3
- Ri=39.9um rerseenss E
1 0 Fassise Lessaisais L [PPPPR [N Losiass TP s [PATIR fesassans 3
-0 6 8 10 12 14 16 18 20

Aerosol Optical Depth

Cloud Optical Depth

K 6.2 %ﬁ’ (BB (a) FI= (b) & 415 R 860nm ¥k B4 BT EL

(F860/F415) ##l[5] B Min 4§, 2008]

1=y

)/( F:ns ): P;!60 (1—a415)(1_a860)=1'28@.
l-a,; Fys Fas

(6.4

MTFEBREFGT Fg/Fus =1, Bk, BFRERKEHFERT | ZHT 860nm

BB R B R R R R IG I AR AT LB BHE B, AT NFEREIEE 6 B,
855 LCROATIE A EXT KRB R TR A U2k, B RBARTIA 200 HIZRALETS IR
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X T 1479 FIF MFRSR RiSIG LR MM LB E RIS MR

BEES LM ZERH 001, XHMRUFZIRUBKRERAN 0.1, TRHRE
= (BRASEKR) MOGHEERN 035 3] 3 XA, shét, ERRZANHEIFELRL
T ARAZHFEREEESEN LR mE T LB, TH, ZaREHNE
59 b B B 7 £ AR T LUAR B JL B (6] FR 51 o ot ¥ R KR BRE B E » ER
PHEFET, B (ZABHTERNGERR) RRUN A Z RERE
FImE RN, B, FAKKREX ENEAE, dix. SERMKHXH
AN EREELAN 0.2, BIEHBEHN LLEISTEEP 20%. Kk
HERBEHZBRERTHEER 20%. L, EWRETE, BRNaKEH
4T L A FE A AT LUR S LI B R RS L R e, Bl = B RIRI AN P AR
EREE S EREHNFRBRT, BED . SERAAKBRKT A fERI2EWL,
7B SRIE A S MR A SE BRI R A T — 00 10%.

6.2.2 BB NTTE

FEU B B AT S R P e 6 R A B S R (e (LI
SRS WL B R AR BARS, SW, - SWL) RRELBIKN. N T
SRz 0 18 AL R S A S R PR TR (AR, BRATTAT LURRSR S5 3048
R RIIRER (6 F R B AT H— LA, BBNE— L 2 1 T AT RS R

Wdif - dif
Dn = S mea;l;eV ,0,5H/dea’ (6.5)

clear

R B R S AR S A T R L SR R B B 46 - Long %2000 K B T A HE
8 T 48 4R A I KRB B B, AU T DO ™% IR E R R AT R
WA, WA LURERRNIANEREVRENESUEEF. BEETHH
ZRE BT AEATE IR 2 56 Be TR 4T B RS IEH, BARE 6.5 NLUEH
| T @ EN BN IT—1k.

MHB—HEATEHENRND, HEZE, LHAERD, 5ZERF—
XMRERIK R RTLHERMRI, YPOEROZEEET 1 ®, D, EHAEM
—XEZM, REESEORERENZTERAME X, BREMILANDZEZR
(Partly Cloud) M3 BEEHRHHEZR (Overcast Cloud) 4B HINEEE
BAMEZZRHRZ. EBERNL, MTFAREEERENZ, HRATHER
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FAE REAIGLX = 8&H kIR

HERHILTR 0, BERKEHT RARMHEN NS, EXMERT, RATHE
B R R85 R AR ST ROV (AR LU B 2= &1 T B SHE RS E A, |
B D, MERT uE; RFENEHZRENREN, BTEERENRSE, B
REfERT < &4 T MBS EHMUEDNTIHHME, BED, BSHE. FEIRNE
ZRRIAMIRHIZ AR E X > XHFER. BATFIA—HE, RN S
MBARUBREG TR BERER (Swee ISwire), BREERZGE
BIETF 1, TREMNUENTF 1. Bk, BATEE—AMRRME 0.4 R FXFHF
Bol. WRPNF 04, BABE, ZEBHFEHN0; WRKXT 04, TEHAHK, B8
WA 1.

St FHABAE S, — BT R RS W D, #1798 548 44 b (Diffuse Ratio,
Bl ST RN M B R I tE, Swle /swee ) BIRANRZBERKRH
HAENRENZZR. BHERMNABE—HNZILLRAMEHSHEE RN LI
SRRV E TR RS LR IR E . BT S ARG LN, EHEs
RS, A B ERBENEHAHE —ENRE, FHEMRNHE—ENA
B, B, BATRE—MRIRME 09, MEZRWEL T THRIEHLER
TF 0.9, RIRFE D 90%H) ST B4R K B R i@ RN K . N HFEEREK
ZME, AESRMATREST, HAAF—HoEEESET, FUSHELHHE
tb, AMUD, EBK, T HEHEHLBHE - MRRHRLER, AEESZZR
BRI o BA 11 I — NS AR D, <0.37. Bb4h, BITHIRIEA T HEEE
BT BATE A MARRAD, BHES AR AN R RB D, HREDSS
MERT, BHEHTUMRK, B4TEH LR AR R MR A, BB
AR R EE R ERBERHE S ZR. KEBREMTRARR(EE 0.05
MR AEE, BEKSFAZERELZEMER, LEUHRRENEFERS.

B2, MRENRZFAE D, <0.37, L FHHH KT 0.9, IFEXMMKE
STERM LAREZ /DT 0.05, EATMANZMZIAZEZR, ZEIEN 1.

B ERI SRR, BIIELAAREZEN 0 1. MTHR
&N 2R R L, BRATRTCARI A T A fe im0 12

Scv =2.255(Dn)"! (6.6)

RFHNHRELE Sov. BHBRRENZEESAUNLRE =BT RN
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ZMAFB L FAL #f MFRSR R LR SN RERERYBHHNTIR

HAREF I — Bt .

6.3 RIEH =R AEA VIS

R G KB UE AP Bk B R R IR RN A A, RANIEEHMA
ARM #3111 % (Mobile Facility )2005 4E 3 A £ 9 A 7E3% [E California ! Point Reyes
35347 MASRAD (Marine Stratus Radiation Aerosol and Drizzle) #MZsEi
MFRSR (K030 %% 4430 1% R B S AT 7 R AERVF M [Min 4%, 2008]. ZRsKH
EBFRMHOERB B (TSD REBREZ BRI EFS. Loz ROEREK
BMETIMAFEEE—#, TSINZSEFERBTEER/NTIG. Hlhf,
S} T B 1R E SRR RE R (Clear-Sky), X¥ERBRAM AR AR,
KEBFEKREIGESHEIFICHREWR S (Opaque Cloud) [Long %, 2006b].
AT ZNSEA T REMME R, ZREH, SFERSERD, BROBREES
LR R, R TSI BGRET ENEITIRE I H AL, Bt AERGE LR
=8 RIE. TSI A K S8R MFRSR S5 R IHLEFTERENZBSE LR
B EES RIS BR 1.004 71 0.015, XK VB E T BH RNEREHEH
KRR E LN ENMAXRECH 0957, HHERENFHREDHH
0.102 #10.02, X thif — P I T X FF R IEAEZ B R AR F IR —BE, [Min
2, 2008]. it 88 1%MMIEBRHEANERNT 0.1, HIbRFAMEREIER
BLAT LA EERERE R (1D WREZ AR (2) ARSI

(3) TSI EXALIE A RE .

Long #[2006a] % /B 7 W BN = B REH %, FiEd A FahimEk
HTHREFEBG—BMNIRER. REBRZRERFEFEFEFA N ATEKE
HESHER (PRAMEHEEBFAREFRNEBHEARES,
Swe —SWY ) RREZEMKAND. ATHBREXETEEEHESOERS
PR RIS B, BATAT LAURIE-5 SLARSS 7 H K ) T M S 8 AT AT )3 —
fesbsl, BEA—IE R TBSHBHBED, =(SWY , —SWL ) SW e o &F
BIHER TSI HEBRETEREFEMERTHBRAE, MERS
160 M3+ A T EBEHEANESBHRNMGITZE. BEt, 5 TSIRRZH
RREF AL, F0 BT BT R E LT AKX B #iA ) MFRSR
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FAE RERHIGGK =260 kR

WEEST HL{E /7. Point Reyes % 2005 4 3 A% 9 A MFRSR Ri§ = EMME 7
MHEREZEHRT A HHEIESE TiX—&, 5 TSI KFEER R E M MFRSR
EESAREAR, EMNEEHAHARXRR (0975 FMEPRIIRFEE (0.075),
FHAEZHBIBEER BT 92.5%) MERDT 0.1,

fE SACOL. HIBRREY, HEBHLRUGHHERTHBA (TSD. 7
BNE, ERERBARBRKIBX KEHHERE R ATREAN KA, Bt
TSI X FARE R TR A EHAT = BAIHAS RN FREX LA B FERK
HRRE. Fit, K{E#Ed TSI REZE S MFRSR BH LT RIE=BHATS
TR UE R AT ITH) . BT MFRSR #H R LA T3 E S BH B 3h A kiR
YRR ZRES TEH LERENE S, BRERETEESHRBARR
KHH X R 1E N o

T AT A L35 SOk ARG T, AT LR REEERET
B, B okt s TSI EREF X =8 REKRRE, [F R E &bt
Bi%:-T MFRSR B4t = B RIE 7R HE T .

SACOL 34 2008 % 08 A 17 H R R EFGIL#hX I 7 A HRER B+, N LEF
8:00 B T4 16:30 RERA HIMEFAZTZE, T4 16:30 LU RZWiMTEEGE HIE -
Z. FIH MFRSR WLl AP H B ST RS fE 4 RIER SERM = He ¥ EE

[Min 5%, 1996; 2004; Wang 5], fnE 6.3a fix, M 0.12 B 2.3 3fk. .. -

RN AR, 7415 nm HERMEHNEFBKAT 860 nm, W 6.3b Fimk. RE
7E 415 nm F 860 nm KEXH)EHHARHREARRI RTMAMZ AT RAZNL (WE
6.3b), {ARIXFEN B B (¥ FE 4 LLAERE R BT B 0.38 B 0.50 2183846 (iR
6.3c). BT EHEAS BE B3RS SRR A G TESH LLEEEREES, BEit
EAMER KD EBERR TR L DA

—BRERT, ZHRUELBREROEARENS, XEFRMFIAM
ABAE RS RIE MRS B E MR R IRRE R B . ZE3LPRRRAIE
B, HEEANDE AR EERSMMEEN 2R ENREZNT 0.01 8,
BAEH R XABR, XEWRESAEEENS/MEUBER 0.01. A LF 8:00
B T4 16:30 RIBHISBERAFBEREM 0.12 7 0.37 ik, RN RS BER KA
2EEARR/MIGRHEE, B R M E RS RSB BB/, R
IR AT LASE SCH A i Rt B
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ZMAZMEZEBX FIF MFRSR R ILBAMMP R HERYER PR

B 6.3d 3t =M AR RIEH &I = B RIEGE REAT T LB 2R Z SRR
UMEREREZZENOEEEZNEATE. EXMITHE, 2REZEN
40%73 85%% 4k, MELRKNBERZE—HERTIENHREZE, XXKWURE
R T RBRBERIMNE—EHEEETNEE, XRTETHF RN LR
#. EIE 6.4e B4 K TSI ZE 8:00. 10:30 F! 15:00 MR MER, BTEKRK
WA (532 £ KFARIRIFHE R BN ED, AR AKHLERRM
BB AR E B EI AT M A, HESHT TSI BRRIEEERER
F A AW N 7 B R A A B4R . MFRSR B3 R LLE T ERER S
BEETES 160°35F [ T E K @RS MEH BRG], BB 2N
ZERE, R REHBET T 1700 UEEZEZHHIL, W 6.3¢ #F 18:00
[ TSI YL P& BT 7R o

2008 4E 08 A 10 BR A —AMEFE AR OZREIT, L4 8:00 £ 11:00
AEEEME, T 13 AEER 16:00 Z G REHELHAB TS, HAR A FFE
SN BB R &4 AHEEBHASEN RENSBERMNZHEEREZN
M 0.25 3 17.8 34k, T 6.4a Fras. 860 nm BB FRH AKTF 415 nm &
GRS /NTF 415 nm, W 6.4b FToR, ENIRAENZRUIELF RN T RUEESR
BRI . RAGEE 415 nm F0 860 nm 5 BR A8 5T 4R 51 BE K BH R TH A B BU&E T R4
ZA (A 6.4b), ERXFMERZBMEFHEZKEREEKRT 6 HELE
FH—HEH 1.18 (WA 6.3c). INMERIENR T RMNEHBHERR PHOWE, &
Bz B e BaE F—ANEE, B2 RBIRTRAMN 15 3] 75 ZR40RE X AMER
KEARTA R GUEN . E =R EES LEAET U E XA—BN RN EZE
St LB ME . ERER B IR ER B, S R L ARRT LB 218, 415 nm A1 860 nm
B B (098 5 1B 5 LL AN 45 K PR TR A 2R 4k, BRI BETE S K BEA 0.45 21 0.48
Z/TH (A 64c). Hik, MWF-IMRYYIZRAE, TRMEREN L
BEAMTUEE ARG FFF T A, i, ATHRRBEE-RETAR
LREBETE, MB—RBREKH (30-60 40 MEXMZ KN BERKE
BEAE, W—RBE—ROEMREEHFT LD —RREH MG, TH, REXK
BRREN, FAXENEBRASRIFOFEN, XHEH B3AMN SN thE
HEAE AORE F AN E SR AL 3% R B A IF R AEX KLIE .
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FAE REFIBKZERRR

FA LHE X RN ZREN LEEE, RIOKATURATE 6.3 #ITK
FEEMERRIE. B 64d XN =MARRETENMZERFALRETT HE.
MM LB FIE, ELF 11:00 28] TSIMREKEREZENABHERZ
BRMRRM, FEWMA 6.4e & 9:00 {9 TSI WM ERFTR, XKIFIXBAEIHBRA
ZHARERANESR. BHUATR, TSI BRREHENNEHLZ B RKEIRHZRA4E
). BREHDZRE, TSI BEREFENENRES5E 6.4e F4h Hii TSI 7E
11:00, 13:00 F1 18:00 ()EFFMA BB TELEAFHNZRER. REBRRMAHR
Xt KRB FCBGRE T W B AR F G H AT R, £5 TSI G REHE
BEHHERNEZHEES KR, BERESBZREFEESHTEEAIBTR
RERFFINTH HIER, XEBFEMNREZ—. J4—MTAT 2R RERRZ
Xt TSI IR ERAMRAEE, MBEFEHARY, BESBZESRREFEE
BHE LHLBRRBAAREFHE.

Hifi, WRHER LRFRHNESE, INANHEZEESHRARLRNER.
EFBRT, TSIRGAILUERARTSHRT £&%M, JTSIEZEXT TSI
BHREZ BN, RURFHBFEHST. MFRSR KBS R LET ENEES
BT UREERM TSI S ZBH—BNEE. RuE—LR4EHTF
ReEEE), WEFERENZEM TSI NEH T = BX M NRIFMET TSI S
ZB, B ERENEEBBETHHE S E— B HIUXMHEHRER, ¥
B TSI XM EMAEIREERN. FHENERERHENE, RITETT

1.0 ¥o0.0426+0.968K Cover(SW)-Cover(Ratio)
Std.Dev.=0.0746 B}~ 85% agree with +/-0.1 -
2 0.8 .
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ZMREMEFRRT FIF MFRSR RITG LIRS ATRID R = 62 R MBH5T

TNEIRROE LY S, RiXfs 2l —mirg e mrEe. 1w
ZHETREMRET LAFLE T TSI F A AN ELEIT T ENEas BT
wohee, XHUREEARRERRPACKREANSOREEEABBNSGE
e, Et, EEFERESES, XA EESEEDSBITEY B N8N
BEREE R &, TH, SN ERFEEERNSRULETIAR
), WREEE TSI BRI KR K SE SR E R A R ERE
Connecticut /| YES BERH-— &I FRAANAEN. Bk, B TFHAIERENE KM
AR, TSI B1G R IE 870 R < B R A 2 0 BB 75 T st B I R IR R
MABHASBENRTHRLRE. T LERFIKXFHER, TSIHETHEZHN
BET AR, SBEZENREM. oh, SRS 2 iz F
REZ—.

RE RN E7R T MFRSR B4 AT ERF A, ERITE
THRBNEER Z RS TE. EWMaEmah, 8T TSI BRRE
HEEp RSN RERE, E5FREEAR B REAFTRRNIHE
#, K TSI BB E % RIE T BRAGIE A —FRRIARAE T MFRSR &4t 77
EREEEMRK. AT, 7 SACOL. HKIFRRIL, MEMALN B HREER
W RIEE R R E AT T ERIEN T8« X B AR AL A (a1
K[ SACOL 3 2008 £E 7 HE| 10 ARSI AT PPAERAE. BT ARAK
8B AHAFRRRAER, FbRATHAT N 7R 8 R E R BE RE 26 T [
KPR R—IHORSZBEIRE, BEHEAYCH 64121, B 6.6 2T MFRSR
FEH L RIEEENE M ETERIEN LR, BALMAMEAR 0958, 7
£%0.075, HAHRIT 85%MHIERIE MM ER/NT 0.1. KPP % [FBLF
M—BHFARSANES, TEREACNERETRESWNM. REmt, XEK
BB LRR Y, MANE T ETUESMHEHTRERFNREZEMS
ite

6.7 45 T SACOL ¥ 2008 £ 7 AZ 10 ARMAI = B HIARR AT,
B EBEMERAR SW AT ERENTE, KEEZRAR MFRSR BHEL
BEFERENZE. BARE, XBNAEEULZAE, HIMREEL 45%,
FERIRZ, HIRRLAN 20%. 3 PR REFERENZE, BRATTUUER,
ZB 0.0~04 I SW FEREN = BHEML MFRSR B R TEEA—E, M
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EHALER T, SW HiEREN = BIE L MFRSR /D, BEKKRE, B
FHEAK.

60— —— _
50— =

Frequency (%)

00 01 02 03 04 05 06 07 08 08 1.0
Sky Cover

Kl 6.7 SACOL #2008 £ 7 A% 10 AR ZHMMEBESMLLE (HPEBERR
MFRSR &G £ W{E AL, KEONRREHE ST HZ)

6.4 NEE 5T

ZNEZSHRAUFRUHAIBRAOAB TR, B3 URRBSIENZE
RELRTRRUERUNESZ—. £RFEBNE I AT RSP EIE
AR AEH KB EZVTFRH, BOIEIMRL TR EESTRNET =]
iV AILEETT % (Ratio Method). %7 ik EBEHET = M RAHE B A IRFHER
KAREEZME (BIZE). EITERAN A SR T30 M SEFR L LL BRI+ AT
TN, kB Bl ST ot A BH R T 4R 7 B KRS S BRI R RUBRMN .
HT R Sz R ROAIWOTIE, R 0 R UK TR M a0t i
L, 5EASERAFREENERRRRILBBOXER, FILARMEN T RIE
MABEN. ZHERFATE—BEZRBAHMZRE R, BEEUREH AL
A BRI AT E /DT 10%.

AHOLMN HET R AT Z M, flin, A/ MFRSR ELEKBEALNK
AW XN AMEE RS ABRE AR Z A E L BN e
B BBATREL T —ANEIT SR .



ZMAEMEEAIR #F MFRSR KL S HAE Z X% RMEHHEKTRR

ZEHER (References)

(1] TE, & E, &F4L (2004), FAH ISCCP D2 HELHTE 20 FLERAR =X RN
TR ISR M AT RE W, FHEER, 49 (11), 1105-1111.

2] EE, BELC (2002), EREHFHNAMMZBVSHR, ARIRFRFER, 2502),
241-246.

3] B, BEL (2006), = BT RBER R BN, ERAZERER, 290,
209-214.

[4] Ri&(=, IR, BRIEH (2001), MELRTMGEN EBORE, BARREMNYIL R
5%, shEEBEHCIH 20 F, EBREBEIH, LWKRHMRA, 114-120.

[5] Fwlmd, L8, BRiESR (2001), FEEEGX A8 = B—HIOWA . T2 KFEMFRLR
BHA T, ®IRAR, 20(3), 252-257.

[6] Ackerman, S., K. Strabala, P. Menzel, R. Frey, C. Moeller, L. Gumley, B. Baum, C. Schaaf,
and G. Riggs (1997), Discriminating Clear-Sky from Cloud with MODIS: Algorithm
Theoretical Basis Document (MOD35). Algorithm Theoretical Basis Document
ATBD-MOD-06, NASA Goddard Space Flight Center, 125 pp.

[7]1 Angstrom, A. (1929), On the transmission of sun radiation and on dust in the air, Geogr. Ann,,
2, 156- 166.

[8] Clothiaux, E., et al. (1999), The atmospheric radiation measurement program cloud radars:
Operational modes, J. Atmos. Sci., 56, §19-827.

[9] Fairall, C., and J. Hare (1990), An eight-month sample of marine stratocumulus cloud fraction,
albedo and integrated liquid water, J. Clim., 3, 847-864.

[10] IPCC (2007), Climate Change: The Physical Science Basis, in Contribution of working group
I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change, edited
by S. Solomon et al., pp. 996, Cambridge Univ. Press, United Kingdom and New York, NY,
USA.

{11] Long, C. N., and T. P. Ackerman (2000), Identification of clear skies from broadband
pyranometer measurements and calculation of downwelling shortwave cloud effects, J.
Geophys. Res., 105(D12), 15609-15626.

[12] Long, C. N., T. P. Ackerman, K. L. Gaustad, and J. N. S. Cole (2006a), Estimation of
fractional sky cover from broadband shortwave radiometer measurements, J. Geophys. Res.,
111, D11204, doi:10.1029/2005JD006475.

[13] Long, C. N., J. M. Sabburg, J. Calbo, and D. Pages (2006b), Retrieving cloud characteristics
from ground-based daytime color all-sky images, J. Atmos. Oceanic Tech., 23(5), 633-652.

[14] Menzel, W. P, and K. Strabala (1997), Cloud Top Properties and Cloud Phase: Algorithm
Theoretical Basis Document, ATBD-MOD-04, NASA Goddard Space Flight Center, 55 pp.

100



FAE REGILHX = &M R

[15] Min, Q., and L. C. Harrison (1996), Cloud properties derived from surface MFRSR
measurements and comparison with GOES results at the ARM SGP site, Geophys. Res. Lett.,
23(13), 1641-1644.

[16] Min, Q., E. Joseph, and M. Duan (2004a), Retrievals of thin cloud optical depth from a
multifilter rotating shadowband radiometer, J. Geophys. Res., 109, D02201,
doi:10.1029/2003JD003964.

[17] Minnis, P. (1989), Viewing zenith angle dependence of cloudiness determined from
coincident GOES EAST and GOES WEST data, J. Geophys. Res., 94(D2), 2303-2320.

[18] Pfister, G, R. L. McKenzie, J. B. Liley, A. Thomas, B. W. Forgan, and C. N. Long (2003),
Cloud coverage based on all-sky imaging and its impact on surface solar irradiance, J. Appl.
Meteorol., 42(10), 1421-1434,

[19] Randall, D., J. Coakley Jr., C. Fairall, R, Kropfli, and D. Lenschow (1984), Outlook for
research on subtropical marine stratiform clouds, Bull. Am. Meteorol. Soc., 65, 1290-1301.

[20] Rossow, W., A. Walker, and L. Garder (1993), Comparison of ISCCP and other cloud amounts,
J. Clim,, 6,2394-2418.

[21] Stammes, P., M. Sneep, J. F. de Haan, J. P. Veefkind, P. Wang, and P. F. Levelt (2008),
Effective cloud fractions from the Ozone Monitoring Instrument: Theoretical framework and
validation, J. Geophys. Res., 113, D16S38, doi:10.1029/2007JD008820.

[22] Wang, T., and Q. Min (2008), Retrieving optical depths of optically thin and mixed-phase
clouds from MFRSR measurements, J. Geophys. Res, 113, DI19203,
doi:10.1029/2008JD009958.

101



FLE RETBXY LB AERHENRER

BLE REFIGWR WAL 6E R R iE

71518

XA, SBERLTRNEHRTERRBABHEEFEFRENEM, RE
RIBRSZ AR ZHT R R AT W E F[Haywoods¥, 1999; Higurashi
&, 2002]. XRENBBRA A L R 5 IR A B A SR S SR > NSt
BATRER . BUERSMEH ALK, HiERE RS RE (R EEMMN);
B BLE I 3R T M B R B I AR, T R R (A
E—IRHEMN) [Twomey, 1977], HIEIREK, MINEKEE. 2R HFF40 (]
S MBI [Albrecht, 1989]; Btsh, HIWMBR. WAEBIFER LA LUEL R
WAPHBHMRZHAER, EREZENZREEHE/D (DEERMN)
[Ackerman%, 2000]. SERXIKASBHAPEMEER—EZIEEER, H5|
AEBRE R RPREMINE [HFESE, 2006]. Ramanathan[2001] A\t 1& H
SR E B A H N 1 4 A 3K SUIR T B REE o 21 1 2 = B A AR
i 8. IPCCHVYIRFFIFMIR[IPCC, 2007] RIBWMABER M, LLI7505
A EHE200SE S fRAE ST IRIE D, LRFHREBHK F(EEMRKRLE. HKREU
B9y A%) SHNEEBMRENREEN RE(NaE s RBEMN) AN
-0.5[0.4] W/m2 #1-0.7 [-1.1, +0.4] Wm?, —# Ritik3-12 Wim?, BEEET
WHFEAURASEERZAEMBIT=ER .66 Wm S IREMIBHIEE.
REAMRABKRZLENNHN = NIEREERE DX —EROABHEY
[Feingold%%, 2001], (HZEA R BMARM A, Eitk, WA T BAUHER & 2
THARB RS B RN EMPN EAERRGRU P EEERA MR,

B4R, BEEAOKSRIEMUR AL SLFENHRERRE, AE
SHIRFER WS ARAK R W WR. BRUAKERKRIRERF
H AR IS B R A KT AR D FB 4G, B E2BRAERE 5 ML <R
T8, BfELRRENE, #BLAERSHPLESBERERN— T ERZMHIK
HE RS HIES, 2000]. S5HAERMAXNRIERAEHR T HANEN G E
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ZMREMEEIRX %I MFRSR R i dti8 AR R 70 B ITR

B, 2003]. REFELTELTREMK, i, MBEHEER, HHR
Wigh, RHFH LUK TFHBEDEMNE - RDERARN, B ESBERNLE
iyt BB A TR AR X . TR, BETHEERNBTYEN
RS REBTTENDARHIRE, WAKBEREAZBX XM RETHREENS
WA Z —[Huang %, 2006a], YARZE RS EIYLLZ)EA ZHEX —Fhik
RE RMBEEIE . 5 UEARER R (204 A PR B 4 4% WL i /% I [Hay wood 4,
1999; TakemuraZ, 2002; Huang, 2008), XBRAJHX &S BERLKERTE
MM . 3k B BIETFYWALHREA800Tg (1Tg=10"g) [Li, 2004], &F
BRMPEHKRE, THPEX KEEABRITRE BERNEMm. BOREN
VAR B HRFIES A SH RN EPMRES D [ER KSR
55858 B W% 8 F[HoughtonZ, 1994; Sokolik%, 1996], HEBEMAS M.
~ RV R R G A TRE FRA T RIS D ) R R R NAE A £ B
WHTA A, Blan: T SEBAFE LR (ACE-Asia). FERI M- H A XHEEE
“RIZBWRIITERR BEPLE RIS RS HHE WA F(ADEC)” &1,
“KEMEBRIABC)” ihl. KPRV AERKAEMILK(PACDEX)HF.
SERABH ML € B EBEIRT AT KU VERDE. (L2 574
R ESMOMY). RENINA. BIEBH, EAFRETHYERNSH
A T EREMMBR. . PETEREKE. HERERESHHER
MAM[EAEAL, 2001ab; KK FHSE, 2005; XILHE, 2005; LR, 2006]H
T ARFHCE T RE BRI GK IS, 2003; E& L%, 2004; PhITEHEE, 2006
X3ELE, 2006); SIEMNF EE LM%, 2002; WHEEE, 2004; XHESE,
2005]. RiTi[XIES, 2004]. BKEN RBEEBEE, 20061% EESHHIM
BREHAENR: BOLE RSB ESHMMXI&HES, 2003; HBEEE, 2003);
FALERHRESBEROHRBERE[ZRAE, 2005; BEFRFE, 2006;
#1757, 2007; Huang %, 2007)%%. M4t ETFEHMIBERRETEREEHR
¥, ARETEHNFEEBXREZLROCESBRACFEEESHHAT T2
WB=18%, 2002; 9%, 2003; BHL%, 2007: %),
VESEREATEETERAREPIBROEENRS, BTHEKSH
FHEMRERK, BER, FEPANZHOEEEARSBERCTEERNY
W SRR, YWARMARAEERSIETEASFEERN ZXE [Bréon¥, 2002;

104



FLE REFAILBX PSRRI

DeMott®, 2003; Kawamoto%, 2003]. Rosenfeld [2001] %@ id B EMAHZER
AR RRESH Y L[ERE = HRDE SR H T FEr=E MK . Sassen [2002] &
BRETENSLEIAHNERZPKENEERARESAMAXME. Levi M
Rosenfeld [1996] #&H LAEAFIP AL E KRBV IKBIREHHEMAIIME, Rosenfeld
[1996) FIM 1 2 SBERKZAEARBERUETINEZRE. HBTSH
[Huang%%, 2006a; 2006b: 2006¢)7F FIMODISFICERES# Al R IR ¥b A SR AR
HEHAET ZMREMYEESYE, BT SRS RIE, R sTPeERE
MMM, AT KRB KARMZHER, NTIMEIFIESS T RHK, FERY
W T R~ R R R AR S # . RIS [Yin%g, 2007 BB HERALIET X
Hb L SBERE EHARH MM MM L. FEH[SusF, 2008)F) /M Fu-Liouf st
AR A 4 & TUF MICERES BRI TR IR, W ASE IR E BN by BB
(121.6%, [ RN B BN B 3L 1 78.4%, EHA T ¥b A2 VBRI A1 AR AT 2L
RIFEZMX 2R RHER TREZENER.

R B T4 L RO U IR 4 A B 2R AR 2 AEE FI R B S iR
RAMABEARBEREE T LSBERNEERBS RGBT T AHE[KIESF,
2001; FLR#HES, 2005; Rig%, 2005; EFHE%E, 2007], EHRBITFHREZERK
MRS e DA R B T X PR SRAS A i A ek, N E R R A . S5,
T =&MU TULRBRNES W RN ENEZ . REZFERN = R
ARERN B RAEEH RN EPRANAHEREFZ—. R, BIEH
BUSIX A 2z (38 B R L T 18 2 T2 R 2 SR WL (X 38 45 IR K I A E
HARUTEEEERYEN TEFERIRG, BREEEMHERMETEMES
TR . WERRE Z R RSB, BISEESE RN = B R i
W, BASERIAERN BN RRHRNESAT E%, 2008, BT HENHME
e B RRIAERA N, BISBRMEERSRET L ENMET
TrEE R AR B, X A B T kD S R AR 5 O VA B AN
.

WAV LS 2 IEW e o BT (MFRSR)FIBOL B A (T E)WA R B—
ERFN IR X D ESBRAMERFHFERNVEZRETR, BATHS
MY LSBRBEEE, HYAKERAEEN RN KERITFEREERK
#%. MFRSRAF MK B ZHBARRMME LA, T UEDI LR HTEX K
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ZMAFHLEARI Ff MFRSR RFMiILE A MY L ZAE RYBHEHNBIA

ERERTREHILE SIS M0 BK TR BEK TR S R E &R S
HE, HETEEHEVMEN A &N . KKEHUBERANHR T KERINE
Y2 FNA IR BRI R 3 [MinflHarrison, 1996; Min%, 2004; Augustine®%,
2003], WABRMIFHERRRREL T HRIE.

7.2 YPARKERER

WP RS E A F N B2 LR I o B 2HEI[Okada %5, 1987;
2001; Gao %, 2001]. Kalashnikova 1 Sokolik[2002; 2004135, JEERTE¥ LR
FHEFERPREH T HEEEEATROARE. ATRRET. HEEEME
W HBZE ., Dubovik %[2002; 2006] A\ 18 LIRS ERAIIEKTESRF S A 208 1R
A6 S BUNE ST o R Vb A4 kL F i R E T IR 805 N EH.
Eit, X TRB—DMEEESRESLTTWERBERAICEFE, BREYALN
ZIRETRE, BATLHEEW AR TR .

AT ROV AR F IR AN RES RIOEW, RAVRAERBD LR
FHIE—RE LI BIHERA (Spheroid) 1EATAIMBIRAXT R . R B ERAIEA
YR FHEA R, OFPLAEREFIEBEREER, BREEM
— AN BT EREFEEEREIRESHMTEE (N Raileigh KBJLARE
X). B, Yang %[2007] K BH) T4/ (T-matrix) [Mishchenko %, 1994]H1
BILTHE & (IGOM) [Yang %, 1996)4 & H A Mg it B AR
FHABNSEE. ATROUHER, RESHNT 40 6 Tmatrix Tt H,
KF 40 K91 IGOM kit . shsh, ¥ART 85 K BUT I X IX 2e 4T O
BUREMFREREEHBRN. FERARVDLERTRHARLEN 1.0 3
2.3[Nakajima %, 1989; Okada %%, 1987; Reid %, 2003], ZERMIMIBFF MR
BH 17 UL R Atk . SRS 2001 Z 2005 4E[8] 5 4 AERONET F
E 5 s bR 440nm 3 B L B WLAUE B9 P 298 [ Yu %5, 2007], B 1.41+0.003i.

7. 145 th B A BE ALY 1] AR AR FIIR A 10 AR T FE41 Snm B B Je R

O~ BAIEQ,, . BKHGTRBE 0, MARMKET g FEFARRELEE
0.01 3 15pm ¥4k, [R] B FOER PAKL T (¥ B IR BT AFAE I T S B IR EARL BR T o0
Sh, WEERAVD AR TR IRBAHS LR E AR FRIENT, 0, M0, BRES
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BHEMESTRS, 0, BT RESHECE100RE PERINLTRBELN,

8 ERESHATAONF —NIIRARED, REBERMTHT BB

HABA BRI ERE RN, TATAT IS F LS ERA B A NRE.
YA BT 2 A8 R A T T RO XX B IE 2 A i

dN & N, : (lnr—lnrgi)Z]
EENR— —_—X P - £ —
dinr I |VJ2z o, P 21n? o, 7.

Hefr, , Mo, 2 HRTAES I KPR LAE R AR N, B RRBERERS
HIBUE R ﬁ%ﬁ{l‘]ﬁﬁﬁﬁfﬁﬁ?ﬁﬂ—%(il\ﬂ:l)o XESHRMA AR

r,; =r,,exp(=3In’ 0;) [Levy %, 2007))A CALIPSO 5 X ) ¥bif BREE 8K 9
VRS BRABENHHEE Omar %, 20041 BB BN, Kb r, RGFIEI 6
MJLAT$2. BTHEBFERr, THUEXHN

"V (rn(rydr
ry= E________—[ (7.2)

4 j:m = A dr |
KAV (r) B A 25 A0 AR T OARMBEER: () AFMAKX (7.1) R
TR R 3370 o X T2 AR TR B S P JRATT AT OB o SR 7 BT A
MBI RN FRES AT BE, RENRS AKX T:

_ [T 0.0 Ay
= o (7.3
[.... A(r)n(r)dr
_ _[m Q... (N A@Pn(r)dr
o = (7.4
[ 4(In(rydr
5-2s (7.5)
O
_ [T RO
= e (7.6)

11

[ 0 Aryn(rydr
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EMREMAA IR FIF MFRSR RIFH LR EHNB LR NFE R B NBIA

: 8(r)Q,.,(r)A(r)n(r)dr
[m" g(rA(n(r)dr

g:

(1.7

HepQ . O, & BAgsHAHTFHOMHE, BEME. BREHRE
F. HBEHAMHRET: BB TMHPLSERN RSN RBE, R

6
. 4E- .................. Shhered RIV\{LA‘TP +0105'3| 2
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FLE REAIBRY R Z RN RIE

WA FREFHE LR HHR 0934, 0.680 and 0.387um, FEFHEZET Yu ZA5
¥i#9 10 A AERONET WP ERKFHLER, METEDLERX BIKEHE K
BEMAIFREFAIEA 0.94 1 0.67[Yu %, 2007]. XEKRE IEERYWLERE
B R et (R AF AR WY DR X Y RSB IIRFE - IX B 45 t BRI BR 1
VESBERMRBAOLE, WA 72 iR, REAEHAHESHXERB/MNE R
HEBEK.

e
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Sphere --------

1000.0f 7

100.0 E

10.0}

Phase Function

1.0

0.1

Lo oo 0 b0y 0 00}

0 50 100 150
Scattering Angle

Bl 7.2 hERAFIER YD AT AR R A AR

13 YLEEZHFRERFE T

IEWATLEA AR, MFRSR FIEE B3N ZHBARMMM LA, TUES
FHU B BT XL E RS 0L T RS HA /8 B AH 10 SUK AR 85 KT At
MAMREZRNEHE. MFRSR KRB IOBHAMHAR T BRI E
BRI R = 06 2% B i RS 7 )R 8 [Min #0 Harrison, 1996; Min %, 2004]. Wang
1 Min [2008)7F LR HiAHERM ERET —EREHBRE T HERER T X, &K
ITAT LAF| A MFRSR APH B &A1 QUGS EH BB GBI, RIWKZNKE
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ZMAFH R FIF MFRSR R b MM A 2 % AR NTR

B HESZ MKNERERTROERMNJENEN RN ME RERQUASN T
AR EE, #MENEEEN EEZAEER. LPUUKEMAKE
oK w RIEACA T R R R A AR A RIEEE. B, &SRB
B EIRMR AN RMRE, MLz, B 7350 4150m FEEBUK ZRT 432K
4. 8. ldpm FE—7E 3B Y0 AU R T I B R BT B . FERIT )
BSTHEX (B A<10° , B 73%5), KZHHWPLRBERERNESANE
¥ RER, PERBRBEHNEMBAERARERHEERNNBRANEERN
F. TR R Z S BR T RAXZNUIE RN XhEAR
SRR EER G RS

T 107 E
CeAEIPSn? Dust Model
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&l 7.3 BEERGEY BERFIAR RA MR T 2K 2 KA R A E B

SR L TRRRE N B 1, M7, ERTHRCER Re, MFRSR
L3 K B EL B4R S R ST 4 T LUk 1 F -

I (P ot o ot RE) = NPTy + Ty + T + Ttna) o1 +(By = By) (7.8
1“"(,uo,rb‘x,rm,tM,Re)=;101""’(;1“,1,,,‘g,rw,rm,Re)+1“f(/10,rux,rm,rdM,Re)

K, 1M1 S RRARRTARIEA p, WEARHE RS 85K FREH
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FLE RERIBRRY LB PR

MBKPREIBHE: 7, Mo, 25 RRayleighBH ME RERMNEEL;
B, M B, R ZEMTE 0° A 9° MERMBS TS B, - B, RAHENMMFRSR
K BH L B4R 5 P BT R 8 3B 43 « FRATTT LAGE A8 S DISORTHR S A Hris =X (7
AR B DD R 4.2.1 7)) KRR v BLAT M) B4R S 0 BB ST B 5 R Min%E,
2004a; BRIRAES, 2007). BT B4 ZEIBRKBEMARBHRTIZW,
B RATH RIEP 415nmBEBERE. LRBETERR, 415nmBRIH
RRBEMSHEFF AT, BRTERNOSFIERANRK, BREEFRSSE
4 T NOLH 5Lt BT LA BB

A, EEERENATHHREN R CLEEE<10ED) HRE, #i
MPAHE. BAEEEHAN, KHERENEHEZHRNEEHR 0, Y
BRSO ES R NAB BN REEE. AT, —NEFERDROEET
BRREBEME—MEN, EXMBERT, BOAEBAMEHLANRECRRRY RRAT
MEEUERFEIE S5 A. KE MODIS RNz MBS EAGK 2
WAL, (B2 H TN ATHE R RS, ZE45 % B A F0H 2 i = XU A — 52 RE B 3R
B, WX B8 ITHLFROEER 1 FY-2C F1 MTSAT-1R StEREF T E
Z WAL LU R R ATHIBRS, B R BRI RS (7] 4 9 22 F A 22 1R L AC AT AR AR A 4 Y
&ML RFEFRAMRER. Sk, #EEOEEEEZ MR BIRATH
IR B P DL SR 4 LR 0 ) B D A TSP [Qiu,  1995: Mitrescu %5,
2002]. BFHEERAEEHFHPEXL LR, BELENT z4EHEIRE
BE. ATEAEHE 2, RIOMBEXMRENFOCE S REEENIHE
the Eik, H2 78 PRE_RKBHERE—M, REMREIEEE T PR,

AT HHAKSER BN AP L TERBEANE /DU, RAITFIRK
HH) DISORT #8451 i UM T E Y L = &4 T MFRSR BIRSES WA .
AT EBHREL, BIIRBEDEKZBEIER. EELAT, KaHTHE
MR BEN 4 B 16pum, KEMPALHNEEES A 0 2] 32510 2/ 1.8, K
ZHYPLEMREEREE | 3l 2km, EHBHOR, RE—LYPDNTRYUKR
BEAFSHRETHE, BRATHENEWL, XERMBEHAKZRY L
SBBAEEENEERNEBNRRIED LR ANERE. B 74 2HGHT
AFRRTiAN 25° « KEHFHERERN 8um. WALRBRICFEEEMN 03 1.8
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ZMREMEFIRX FIf MFRSR RIEH LRSS LR AE R BRH PR

ALK, 415nm B BRI E BT RIBHEH RHY L = BIeFE ERENEE
. RER, WESHEKBARBGHNESBEEHEFENEZRD, XEE
B FYALRERBENBBCE RN . Bit, XMWERME, RIITREEQR
B EMEAUF A LK B 16 A S L R ES .

0.8 B o o e e S e LR (1R TRMAAE RS MAMSS ALY RARAS RASES B

Direct Transmittance
Total Transmittance

6 2 4 6 8 10 0 5 10 15 20 25 30
Total Optical Depth Total Optical Depth

Bl 7.4 KFAHEBESMBEEN BT (KPP LRt ¥EREEMN0 F 1.8
i, ZRFHREERe=8um, 6,=25)

AT EFELGFERUTHROEFHLEEER, ROZRT TENHEE, HiRt
BEME 7.5 fin. MEOPER, RIBEHAEGHERE, BINERBHENE
RIEMHF BN B &N ERENMAE. Bk, X MFRSR HRTE,
BATE TEBKFR:

e = Iy, = L (Ho> Toig> Tir> Tetona> RE) (79)
€ =Ly =1 (Hos Tougs T tu> Fetous» RE)
o 19 (1R (1) B RIS R A B (B BEEBAE, &0
e HENZAMRE., EEMZHFHERERTUCAREREX ERKERT
HREZESumB NI T PR E . RSB K T K65 B AW AR A &
= Ferk VR4 7. 93 AP LIRS Z (8] KB 4 0 2 57 B /MR B RTU X T RIBHIY
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47 (I ~0), RALESESLTHER. RI\7.9XFmMBE-K, RITATLL
FIHBAEARENZAEEREETERIEEZE & =0 BRPLREBERINE
S, BT XMFRSRUM AL, 7EIESRTR I # MLangley ElA4Z IE 18 (0
AR B B AE 1% LA [Miichalsky®%, 1994]. BRI, 7€ 7F i 49 BUE IR - 3
AT E T 1% BENUAE S R Z .

MFRSR measurement Lidar-based cloud
(1% and Iy ) properties (Re and 7,,,,,, )

ob:

Solve 2™ function
in equation (7.9)

Solve equation (7.9)

Output

Taust and Tipouq

B 75 wenREFZERER

7.4 RIEHEBURMEDHT

TE— A R S B W B R AT R AT, SR AR AF 2R IR Z AT 5
B RIEAFE M TERRHARIER VER. AHTEMELNDLEHR,
FAREBRATEND L ZHEHELM T AT REEENR, BRIINHE. B
L RHHERE T 1004 BEHLEITF

SHHPLETE, HTHRAEEENESNMETRE, JHERE, &
HEBRAMRERE (WETAER). BEhTHBREEENBHRNTES
SRR KREMER, BIMERBRTAREE2S BI55° WHARNL, YL
YR Z i RS B R A B IR SE ZE0.231.8F12.5 B 8TE B B4 F7.6aF17.6b
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ZMREMH2MRX FF MFRSR REFIILIRE MY EZNERYEHH KA

ARFMA (AL HAFADEEREEEBINLE. WEZEAEREREN
RIEEBT TR, HPEET.6a7.6b AT FIEE T 1%05 5 W FEHLIR
ER0%515% M R T B R RHNRZE . B 1%HES MR ES Y

AHEVEZAEREEEALES RIBHEZFMBEREN RE GEXHRE) 5H1R
£0.056 (15%, KZHHIFNT8%) 0.1 (8%): H10%515%M=RTFHBE
RREHREMBREHENREMNED, 455140014 (7.6%) F10.012 (0.6%).
X R B X DA IS R R RS EXMFRSRITL MR ZH R F 2R E 2
N G2

Thin Dusty Cloud Thin Dusty Cloud

Retr. Optical Depth
Retr. Optical Depth

HefER=18% a"""'“iA

0 2 4 6 8 (o} 2 4 6 8
True Optical Depth True Optical Depth

B7.6 BEMLA ERI100MNEW L= TR (EE) E5RENDLMENERERE
BB ¢ (a) 1%MIBEHLBST IR E,  (b)10%MIS%HBENI AR R FERIRE

MEWAEENE, ARRTAMNS FRET0° . WERENFEREMN2S
PR30, HMEHNELLTHE. B FRREFELFEHTEABTERE
BB IRMNBNDEEHES R ERLEFATRFREMBDETNE
IR ZEMERT, B 1%KEH R 10%5 5% a8 TAE LR E
Pl EREREEE RFENRKLERE GEXHRE) IR £0.031
(13.8%) $10.031 (15.3%), WE7.7af7.7bf17R. EBFEMR, BOLELERK
WL ENEEENREEXNIRBEVLZREANEEPWET, RIOAMEZ
. HEHTHREXNDFERRTEAFTEIRFEHEORE, ETHEXE

B AMMUTHE . ERIARED, BET5%M10%HP LR ENH¥ER
BERINLIR 2, WE7.7cHTR, RIEMDESBRAE BEEBRLEN RE 7 H1IX0.15
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F10.30 (HAgaxtRzE /D F0.0506]F4 5 i S5 #80%F169%). sl LWL =E
HEFEERERBUVALTRIEEEREENRERE,

Thick Dusty Cloud Thick Dusty Cloud

Retr. Dust Optical Depth
Retr. Dust Optical Depth

ReaBum «
e(Err=10% Random) +

Rad(Trre ot anaon) o Re(Er=19% Randomi &

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 20

True Dust Optical Depth True Dust Optical Depth
Thick Dusty Cloud
2.0
£
& 15
o
8
§ 1.0
@
=
a
g 0.5
1 g ut{Err=0%) »

Tal
Taut(Err=5% Random)
Taut(Err=10% Random) A

0.0 05 1.0 1.5 20
True Dust Optical Depth

B 7.7 BEHLAEN 100 MEDLZFIFRAN (A HEERENSAFERLILR,
Hp@FoYRES5E 7.6 MEIRBENERE, () BRE 5%M 10%HWE T 8%
BREREYLIR 2

HISEAT I, i RN EHT R R MY LT NN RIEFR, X MFRSR
S PEELEAT Langley BIRALIE# R KERST IR Z LRI =T A L R BE AT
BHRERERIER M. RREZEENDLZERENORIERD LR
M. WAEZEA¥BEREREV AT RIEEEPRTENIRERE, REMKL,
EHERE—ERE LA UN YA R P LREREEF B TERMET, &
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SR RRBRNZREEENHR PR FFARXNITLE.

75 N 5iTiR

RERLTRELTEMX, I, MEXRETR, HEHR, 2HAL
R FHIEGREME KRR SR, WESBERB A ZHX BRERNSE
M 2 —[Huang %, 2006a], YAEMEMEBEEPLE)RAZE —FHK
NN E . B TYEREREXPEEHRERK, BHERST, #8780
LHEAEERAMNSBEBNEETEEZNEWE. Bit, FRAREG£GTHE
BRSNS R A EEEEENR L. R, &1L B §E
R RIE WM T8 PG 2 ERN AR, FARIABRET
LEEVAENTEEMIRY, HEHEEHH SRR S MCER .
WAIE = RE T HSER, BEWAERANE R R RN, B SHER
BB AT RN AR R E R [T ESE, 2008].

ZE%BTITH, AR A MFRSR [ B B4 51 A0SR P /N D, 3
BREVLESBERIKZHESHEENERFIENERBHREBNNERK
PMERT R RIEEDEZ PP EMTAFBEER T, 5% & MFRSR B4
S AHOLEZX (KHLE) MMRNIBH T REED LT PP LTUERE
SRR RES R FEORBARNARMTRBY 2GRN ENRES
R B AR, oA E IR A BN AR TP R E K
. EMERIEBEBERR TR, MFRSR REFRARENZOE R
PLTERHBREN VLT HFENRERTEEN . NHDERTE, B 1%
RABS MMBEARES ROV LRBY LT FRALES REHEZ FH &
KAFHRE FEXHRE) 2 FNE 0.056 (15%, KZHHITF /T 8%) F10.1 (8%);
B 10%5 15%K =R FH L EMALRENEEHTEMREVNED, 250
0.014 (7.6%) T 0.012 (0.6%). M EBELLEME, EAZEHEEFREN
B LR RENERT, B 1%80F 5 WA 10%5 15%HZHTFHEH
AAZHHLREFTS NP RTBBAEEERENBREN ME AXIRE) B
LR A 0.031 (13.8%) # 0.031 (153%). AW, YERZSNFREERERE
PAEREEEREEMNRERE, 5%8 10%HPLEESNEREBIRET
PAB R R I8 B w0 R S R 5 TR P 4 40 3 43 B B K& 0.15 1 0.30, HR 4% fm
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Z/ANT 0.05 BB 25 &7 55K 80%F 69%. REmML, HHEBRE—ERE
ETUS B w2 BRI BT E BT, ELEBRMNNDES
ERMZBEBRERAFERENTIATR—INEEF R LE.
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8.1 54

AR IBREH KX RANEER TR, ERSEERER., KSEHREEE
RS BRETHEEERXRNAG. SHENRSETESERUREK
SRR REFATOEN, IERATEREEE. REZEEENZOUR
A E RS B, REFULR A AT BT RR ME SRISENNL
KX, BAHZHNPRTHN KX~ TR0 S NFERLY, ZHEEM
BT RS BB E R, KIS, bR FRABAIEEN S 0E
WAV 50 AR S R GRS 5 BB AT 5 7E IR KR R 1«
W% TEFRNHEANERREE LSBT RENRE, BF LN TESER
BIf7E T BALIE S BEFF TRAK—H. Rifi, THHER. HESEUMNHED
B E LR, HXHRES BRI E LR BRI LR LR,
SR TR RN RHE 1. FILE AR R R R B
BEREE,

B AN 58 45 VB U e RS RSN (MFRSR) BT A B AT
BRI FE 1R — AN R0 58 0 e L0 8 K AR ST o B /K PR UK PR B B A, (RAEE
A B AR MR IF RS, B R B (B T X R E O T
LU B A B RS . BT BB SRS, UK
5 ) 9 R O 2878 FE) SMARSR AR 22 119 MFRSR {5038 LA 8 FR 2 W U 9 4% g T
[FEATERHKM, HASILEMD, A CET MFRSR J4F K JLATH
AR SBH A, HHRETHEAHEEMDL RN FEHN REE
%, WM THHETREZBNGEEN R CE %, B EREUB R
B UA R 24 0K % T B R ST, (SACOL) R $vba REAA M LR
BRI GRS STt il s iR RE, AT S ABENS
R
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(1) HBREHZIFRHENRIE

HEHZEEEFEENSEEEN ETURBEASNEES. BE. A
FiES M EKERHARFINARA MRS R0, NXHERORYENALE
FEE R R AR BBt . EBR P, HATF A MFRSR R E SR M S 85
BIANMGERS G, SR K = MK = BSTHAR RBI E AT 5 RN EREH RS
BHHERKPRET RN NHAGEBNKE ., KEEEEREE, 4k
W E B E MR . IR, HAIFIA 415 nm 71 860 nm B IEE
S BT A4 X B = AR, BETRSE Mb AT R0 SR ST R IE X 4 B RS IR
[Min %, 2004a]. X =ME, RAVEEIE MFRSR ZHERHIRT MBS, BUME
5E B K B B 48 5 (RS B I I AR (8 48 2500 DISORT #K [Min %5, 2004a]
MEESF T RFZOCEEE. EREAANRET, RITE—SHERT KB
KENZBKRER, HHMNET MRS HMER. Bit, BERBNEE
EERRHY, BTRIAEBENERRTNOBHEINAEEREHRE -
fe

F P RT ) BUM BRI A& SACOL., TR R M SEmf XL,  FRATVPA AR
ETERTZHRNMYE S RIEE S, REEEE T NEREH RS RE
ZhEEENBE B HEZAHFES 1.084, HXREH 096, TR
BER 0.679. AW, BIUERITHRBEMBERZA, RAELM (EhFEsD K
BEEN L EEZRBR SR NRSRETEHERN . BT Z R RN EEE S
R R, RIENNZAEERSEN. ATSEZRREMETAFERE
SREXEMEEY, RIEZEEMETHOREERM—TN, HFEESRTR
FRFFEEN. ZRELBRA, AN REKRHEEEENNBENE
BHEXERT, RAMEMRZAPZNAERR T LENNRERIAE. AR
LT L2 MM ST RYE, ERNABRTFERATNREAN, NKHERRE
SHASES RENZHFEENBARE GEXNRE) 4734 021 (7.9%) M
030 (9.4%). M4, 1%MEHMARERTRRFEO BN ZAZEREMESR
HIB AT E 2 U0 8.4%%0 0.107. EWRTCATA, &M R E AR
s E RN EFENRERRE, TAHRRRER—EZMREE. ATILA
AEERRMER: ZREFZERNMNARFRERES, HFARBNATHEER
BANF 10 ftEz: SREENE (SREREES[ERAFEREZIL) M

126



FA\E B45HR

Bz, AMEERHRENZ L EERERN, 2iER, EREENERT
FAH . BEZH 3-D B LA K 5 WS IR AR B 2R AR A S 1 S i B 5 5 1) SR
“R.

(2) ZERHE

ERARRBEUFRS BRI HEHE, EdURRBFTIENZEN
TURATRER SR BRME T2 — . 2T B0 ERE AR 23 8] 4 PR B R
W AEE BN, £, RAIRIRE TRAEES WH TR
B S EL{E % (Ratio Method). Z7 ik EEE T =BG RFRIIGIEEE
ERXFEZ RS (RE). EWERA M BURME S50 R0 52 Rl W LB URHE
TR, BT HEI R A S Ll K PR R 10 A A 2 B (KSR IR R A Uk
W BT SEERNAT A= RABRYE SOHRIRE, B AT ERRIES
KEFBIEINRIE, SEMKEBRAEERFHENRUNRAHUBHIXE, B
AR LA T REOAFESE. ZHEREFE-BEZRLAHMHERER, &
Ao GRURRAE B U0 SE B LA R AT 2 /DT 10%. TR OGRS v
W ERTARFTZ, BTCOXAME R L RIS, KA T B3R I S
B ERERMEES.

(3) PEENEFHERE

KEFRLTREMR, iR, ERRE R, HEkmR, 2ERE-
R TR B BN Z Kb R RIR R, YRR A %X B EE )
RERZ —, DEZRAEZME —MHBRE RAOMERSR . B TYWEREREKR
SPHFENRAERK, BER, FRYLNZHHEEERNSEEUTETE
BEREW. Ht, IRAEZ&G TOLRBROEEFENESEWEEFRE
HE X

FEZBAAR P, BATRI A MFRSR H B B4R 5 SR BRI G,
RIEDERBERAKE S AR ZRFTS RN EREN X ERHHNERK
MRIET R RIEEDEZFRLMENEBER G, 4% E MFRSR B4R
HAERAABATL (HTE) RAURIRE T REED L PURER
FRUEMD LT RIS R FERNRUERINIERE THRDEBERN RS
REREBREZ AT, BAYARERIABEST SN MR AR EER
. EMERIMBBREAR PRI, MFRSR KRS WALREZNZHAER

127



EMKEMEEAIR #fl MFRSR RFEFIILIRAAAMB R ZNRE R YR OGIR

BT EROEEN DL NEFENRFEEAEEN. NHLPLZNE, B 1%
MRS MAMENIRZSIERHYPLERMBP LTI EEREAS RFEZ RN
Keaxtfmz (MR E) 2 5UE 0.056 (15%, KEBHHIF /DT 8%) 1 0.1 (8%);
B 10%5 15%M TR THEBCLEMILRZOREFR=ERREWE N, 5504
0.014 (7.6%) F 0.012 (0.6%). MELLRMT, EAEZEBHCHERFREDN
BOLZHEHERENERT, B %R 10%E 5% R TENR
AR ERSIRAY LB E EERENBEREN RE AXHRE) &
SUXRA 0.031 (13.8%) F0.031 (153%). KT, VERXBAEEFRERE
PEEREEEREBENRERE, 5%M 10%M0ERBNEBEEHEILRET
LAB | R RS OG % B L5 W 43 3 B K& 0.15 F1 0.30, o 48500 i
Z£/TF 0.05 K61 T 5 5 5 BEH 80%F 69%. REWMM, &hERE—ERE
LA B4 7 oh b SRR B AT € B AW, EOEHANPER
BERMAZREARBERAEEENHAFR-AFEFER XN IHE.

8.2 Wi
RUE AR SR B MPRSR 045 6 JLA LA FORS T UK OB ST, KR T A
ERE NN BEAMTNDLENEHH LR RZZ B RIREE, 3 LBEHX
AR _E R A LR IAE, SR e TR R A A ZHR, T RBMH
MEHE. Bk, EABRTAT, FEH—SHAMTNNETERE:
(1) MFRSR {38817k T RO AL 1) B B 43 W K BH BT S22 4R 41 08 4R 5T O L
W, #EEW LR REEENRENE, RESBHR. SRHER
SLASRMMAOTRE RS, KRR E, FHERRERE
PR SR, S SRR BIR AT I I 2 A 0 2R 3
e
(2) BMEOREEEREEL MR AR EORIE, LHREFOME
A8, BRERFETIMEK, BMHZ SRR IR 05 g
— 5% LR o
(3) Bidx bt TEM MFRSR RIEM TP EEHE, #— P RITET T
BRI T H YA R IR
1) MTFREMEME, Z03-D MK S5SHBAS ARG
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HHEHDRNPIRESER. SENARBERZZEEFRHAN 3D
RN B 5 e R0 B 5 R IR BE R i — B T FURN IR A R R

(5) MTFVLEAAFIFUREEEN S, EXRTRFBRAUANE R Lif
T T BB AFARIE. T - MFRNREEENANELEE
Hig LR, MARELREELLFRWBIRE. AT EHFH
A REFEENERE, 45 % EETEL LR RMH TN ZRHE
EHAT G R AE .

(6) BTVERFRFUNREHSE, PEREEILMX W ESERN =
NSk IR 2R I ps A
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Based on the scattering properties of nonspherical dust acrosol, a new method is developed for retrieving
dust aerosol optical depths of dusty clouds. The dusty clouds are defined as the hybrid system of dust
plume and cloud. The new method is based on transmittance measurements from surface-based instruments
multi-filter rotating shadowband radiometer (MFRSR) and cloud parameters from lidar measurcments. It
uses the difference of absorption between dust aerosols and water droplets for distinguishing and estimating
the optical properties of dusts and clouds, respectively. This new retrieval method is not sensitive to the
retrieval error of cloud properties and the maximum absolute deviations of dust acrosol and total optical
depths for thin dusty cloud retricval algorithm are only 0.056 and 0.1, respectively, for given possible
unccrtainties. The retrieval error for thick dusty cloud mainly depends on lidar-based total dusty cloud

properties.
OCIS codes: 010.0280, 010.1100, 280.1100.
doi: 10.3788/COL20090705.0368.

Tropospheric aerosols are known to play an important
role in terrestrial climate system, and yet thought to be a
source of significant uncertaintics in studies of the Earth’s
climate and climate change. It is because that acrosols
can not only directly reflect and absorb the incoming
solar radiation (direct effect) but also indirectly incrcase
cloud albedo and suppress precipitation by modifying the
cloud microphysical properties (indirect effect)'2. Fur-
thermore, absorbing aerosols, such as black carbon and
mincral dust, could contribute to high adiabatic heating
in the atmosphere that often enhances cloud evaporation
(semi-direct effect)34. The total acrosol direct and indi-
rect effets on the cloud albedo radiative forcing relative
to the start of the industrial era have a larger cooling
effect on the climate system, which are estimated to be
at the ranges of [~0.9, —0.1] and [~1.8, —0.3] W/m?,
respectively, as derived from models and observations!S!.
Narrowing this huge uncertainty is an outstanding issue,
which has been approached by relating satellite observed
cloud properties and aerosols to cach other(6l. However,
the degree of mixture of acrosol and cloud particles is
a big uncertainty. So far, there is not proper method
to estimate optical properties of such mixture clouds.
To deeply understand and accurately quantify both the
acrosol direct and indirect radiative forcing effects, a re-
trieval method for estimating thcir optical properties in
the mixture of aerosol and cloud particles is necded ur-
gently.

Dust is one the of important aerosol types in East Asia
due to the frequently occurrence of dust storms from
Taklamakan Desert of China and the Gobi Desert of
Mongolia in recent yearsl”l. The dust layers associated
with these storms often travel thousands of kilometers
at high altitudes, moving from the continent to the open
sca near Korea and Japanls"m], which may have serious
impact on the global climate system. Asian dust may
also have a significant effect on the atmospheric radiation

1671-7694/2009/050368-05

budget because of large emission amount. The annual
mean dust emission from China is estimated to be around
800 teragrams (Tg)!!Y). And thus more and more atten-
tions have been focused on the climate and radiative im-
pact of dust aerosols(®:12=14], Furthermore, cloud optical
properties over northwestern China have been analyzed
statistically!!l. The cloud and dust plume hybrid system
(named as dusty cloud) will be a popular phenomenon.
Additionally, the facts of Asian dust aerosol indirect and
semi-direct effects have been confirmed through satellite
observation®7?] and numerical model(*¢l, It will be help-
ful to check up the practicability and accuracy of this
retrieval method, and at the same time, many parame-
ters of Asian dust acrosol optical properties used in this
method will be obtained casily.

Irregular shapes of Asian dust aerosol have been re-
vealed by in situ measurements!!718]. Kalashnikova et al.
showed that nonspherical dust particles had substantially
different. scattering phase functions, asymmetry factors,
optical depths, and single-scattering albedos, as com-
pared with those of the volume-cquivalent!!l, Dubovik
et al. also showed that neglecting the asphericity of
dust particles could lead to incorrect results in retriev-
ing dust properties (e.g., size distribution and refractive
index) from radiometric measurements(?%l. Therefore, in
this letter, we focus on the nonspherical effect of Asian
dust acrosols. Meanwhile, we devclop an algorithm for
retrieving dust aerosol optical properties in the mixture
of dust and cloud particles based on the combination of
surface-based multi-filter rotating shadowband radiome-
ter (MFRSR) and lidar measurcments.

In order to reduce the effect of irregular shape,
we adopt the first-order approximation of nonspheri-
cal dust particles, spheroids. The combination method
of T-matrix/2!l and improved geometric optics method
(IGOM)[?2], developed by Yang et al 13 is employed to
calculate single-scattering properties of individual dust

© 2009 Chinese Optics Letters
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particls. The boundary size parameter is set as 40 for cal-
culation time consideration, i.e., T-matrix is employed for
size parameters less than 40 and IGOM for larger. The
single-scattering properties of dust particles are sensitive
to aspect ratio and refractive index of these particles. In
this study, the aspect ratios of dust particles are assumed
to be 1.7, the refractive index is assumed as 1.4140.003i,
according to the average of in situ data at 440 nm at
five Aerosol Robotic Network (AERONET) Chincse sites
during dusty days from 2001 to 200524,

The scattering properties for the dust particle popula~
tion are defined by integrating the single particles over
the following bimodal lognormal size distribution:

e~ 5 (e - ) o

2In%g;
where N is the total number density of dust aerosol,
T is the radius of dust acrosol, rg, and o; arc the
mean geometric radius and standard deviation at mode
i, respectively, N, is number density of dust aerosol at
mode %, here we assume that the distribution is nor-

2
malized (3 N; =

i=1

from that of CALIPSO dust aerosol volume size distri-
bution model at desert regions or close to deserts?%! by
rgi = Ty.icxp(—3ln’e;)?, where ry; is the geometric
radius of volume size distribution. The calculated single-
scattering albedo, asymmetry factor, and effective radius
of Asian dust aerosols are 0.934, 0.680, and 0.387 pum, re-
spectively. They are very close to the average results at
10 Asian AERONET sites during dusty days from 2001
to 2005 analyzed by Yu et al.,, who also concluded that
single-scattering albedo and asymmetry factor of Asian
dust could be used as 0.94 and 0.67 over the dust source
region of China, respectively4. It means that the se-
lected dust model can stand for the true dust aerosol size
distribution over Asian dust source regions.

The surface-based radiation instrument, MFRSR, is
employed for our retrieval method. MFRSR is a seven-
channel radiometer with six passbands of 10-nm full-
width at half-maximum (FWHM) nominally centered at
415, 500, 610, 665, 860, and 940 nm, and an unfiltered
silicon pyranomctcr[ 71, It allows the accurate determi-
nation of atmospheric transmittances at each passband
without requiring absolute calibration because it mea-
sures both total (global) horizontal irradiance and direct-
normal irradiance using the same detectors by a blocking
technique. Langley regression of the direct-normal irradi-
ance taken on stable clear days can be used to extrapolate
the instrument’s response to the top of the atmosphere,
and this calibration can then be applied to the total hor-
izontal irradiance in cloud periods. Transmittances are
calculated subsequently under cloudy conditions as the
ratio of the uncalibrated MFRSR signal to the extrapo-
lated top-of-atmosphere value.

Furthermore, a family of retrieval algorithms has been
developed for inferring cloud optical properties from
MFRSR combined with microwave radiometer(28l. Cloud
optical depth and effective radius can be simnultaneously
retrieved through the use of a nonlinear least-square min-
imization in conjunction with an adjoint method of ra-
diative transfer. These retrieval algorithms have been

1). These parameters are converted

extensively tested and validated, demonstrating good
accuracies!?93%. Based on the combmatlon of above ex-
isting algorithms, Wang et al. developed an algorithm to
retrieve optical properties of mlxed-phase and thm cloud,
the mixture of water droplets and ice crystals®ll. One
can take advantage of simultaneous spectral measure-
ments of direct-beam and total radiation from MFRSR
and utilize the difference of scattering phase function of
ice and liquid clouds on the partition of direct and total
radiation to derive cloud thermodynamic phase informa-
tion and mix ratio, and conscquently to accurately infer
optical depths of optically thin clouds. The algorithm is
simplified only by the simple linear combination of re-
trievals for pure water and ice cloud conditions. There-
fore, the algorithm could be applicable to the mixture of
two media, such as dusty cloud.

Figure 1 shows the comparison of phase functions at
415 nm for water clouds with effective radii of 4, 8, and 12
um and Asian dust acrosols. Water clouds have stronger
forward scattering in the forward scattering lobe (scatter-
ing angle < 10", shown in Fig. 1(b)) than dust aerosols.
It is clearly evident that the loading amount of dust and
cloud is a major factor in determining between dircct-
beam and total radiation, while effective particle sizes of
clouds within the same cloud phase play a minor role.
Those insights lay the foundation for our proposed re-
trieval algorithm.

The direct beam and total transmittances observed by
MFRSR at given dust aerosol and cloud optical depths,
Taust a0d Teloud, and effective radius Re, can be described
as

Idir (”'0) Tbkg; Tdust, Tcloud Re)
= exp[—- (Tray + Tokg + Tdust + Tcloud)/l—‘l)]
+(Bo - Bg),

Itot (“07 Tbkgs Tdusts Teloud s Re)

el POIdir(ﬂOy Tobkg Tdust, Tclouds R.)
+Idlf(//'07 Tbkgs Tdust; Telouds Re), (2)
where I9ir, [4f and It°t arc the transmittances of di-

rect normal, diffuse horizontal, and total horizontal at
the cosine of solar zenith angle ug, respectively. Here 7ray

)
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Fig. 1. Comparison of phase function at 415 nm between
spheroidal dust aerosol and spherical water clouds with dif-
ferent radii. (b) Expansion of (a) for a scattering angle range
of 0° — 10°.
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and m,g are optical depths of Rayleigh scattering and
background aerosols, respectively, and By and By are the
blocked scattering radiation into the field of view (FOV)
at two block angles, 0° and 9°, respectively. By — By
stands for the forward-scattering radiation presumed by
the MFRSR as the direct radiation. We use the modified
discrete ordinate radiative transfer (DISORT) to accu-
rately and rapidly compute the forward direct radiance
and total radiation!3233), The total radiation is influ-
enced strongly by surface albedo and atmospheric ab-
sorptions, therefore, the 415-nm channel will be selected
in our retrieval. It keeps the surface albedo relatively
constant when snow is absent and avoids all gaseous ab-
sorption, except for NOg, which has negligible impact
under normal conditions.

However, the algorithm is only applicable to the mix-
ture of two thinner media (optical depth < 10 or much
less). When thesc optical depths thicken, the direct irra-
diation decreases and even to zero, the only total (diffuse)
transmittance can be applicable to our retrieval. It is im-
possible to derive their optical depths in a single function
with two unknown parameters, such as Tqust and 7cioua
for dusty cloud. In this case, we have to employ other
instrumental measurements to extend the algorithm for
more situations. The cloud products from the moder-
ate resolution imaging spectroradiometer (MODIS) are
widely accepted as the state-of-the-art by the meteoro-
logical community, but are not available at a regular tem-
poral frequency over one specific region due to the polar
orbiting nature of the instrument. Near-real-time cloud
products retrieved from the geostationary satellite flying
on the Asian region such as FY-2C and MTSAT-1R could
satisfy our rescarch, but lower temporal resolution and
temporal-spatial mismatch could be big error source in
radiation closure and actual retrieval. Therefore, surface-
based lidar active measurements can be employed in our
retrieval algorithm for more accurate total dusty cloud
optical propertiesm':‘s]. Dusty clouds currently cannot
be distinguished and thus the error of cloud properties
retrieval is increased. For simplicity, we assume the error
as uncertainty of lidar retrieval algorithm. Herein, one
unknown parameter 7qys in Eq. (2) will be calculated.

To illustrate the sensitivity of total transmittance to
cloud particle size and dust aerosol loading, the MFRSR.
measurements are simulated for mixtures of water clouds
and dust aerosols. The effective radii for water clouds are
assumed to be ranging from 4 to 16 um. Optical depths
for water clouds and dust are assumed to be ranging from
0 to 32 and from 0 to 1.8, respectively. Water cloud and
dust layer are assumed to locate at 1 — 2 km altitude.
Here we assume linearly weighted optical properties by
optical depths of water clouds and dust as optical prop-
erties of dusty clouds, despite optical properties of some
dust particles coating water droplets have been changed.

Figure 2 shows the direct and total transmittances as
functions of total optical depths for dusty clouds with
solar zenith angle of 25° and water cloud effective ra-
dius of 8 um at 415-nm wavelength. Obviously, changes
of dust loading will lecad to significant changes of total
transmittance, which is mainly due to the stronger ab-
sorption of dust than water cloud droplets. Therefore,
transmittances of dusty cloud cannot be simplified by
pure dust aerosol and water cloud conditions as thin and

mixed-phase cloud.

To cover all kinds of dusty cloud conditions, a method
is developed and a schematic view is outlined in Fig.
3. For thin dusty clouds, under the assumption of ra-
diation closure, the optical depth retrieved from direct
transmittance is equal to that from total transmittance.
Therefore, for the measurements of MFRSR, we have

. . di
ed“ = Igl‘nl; - Isilr:\(“f): Tokg) Tdust, Tcloud, Re)1

€%t = I'Pt — I (110, Tokgs Tdust, Telouds Re)s  (3)

where TST(I'9t) and I3 (Ite%) are measured and simu-
lated direct (total) transmittances, ed* and e'°t are errors
between them, respectively. If present, values from other
measurements will be used for effective radius, otherwise,
a climatological value of 8 um is assumed. The optical
depth of dust acrosol and water cloud can be evaluated
as the least-square minimum of the difference between
the measured and simulated transmittances in the above
equations. However, for thick dusty clouds (I¢ = 0),
only the total transmittance is available. According to
Eq. (3), optical depths of dust aerosol can be derived
by iterative calculation till e*** = 0 when lidar-based
cloud optical depth is available. On the basis of expe-
rience from MFRSR, the accuracy of the solar constant
at a nongaseous absorption passband from the Langley
regression calibration is within 1%[36]. Therefore, in the
following tests we set a random measurement error of 1%.

08 ® 08
§ 0.6 & 06
g 5
£ 2
E 04 g 04
502 & 0.2
0.0 0.0 i ] L 1 1 A1
8 10 0 5 10 15 20 25 30
Total optical depth Total optical depth

Fig. 2.  Simulated (a) direct and (b) total transmit-
tances as functions of total optical depth for dusty
cloud given dust aerosol optical depth ranging from 0
to 1.8 with solar zenith angle 25° and water cloud
droplets effective radius of 8 um at 415-nm wavelength.
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Fig. 3. Schematic of retrieval method for dusty clouds.
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To simulate real dusty cloud scenes and test for a
large range of conditions, we set up 100 random cases
as our basic test in thin and thick dusty clouds, respec-
tively. In thin dusty cloud cases, in order to remove
the cases with extremely small direct transmittance, the
solar zenith angle changes from 25° to 55°, the dust and
total dusty cloud optical depths are randomly selected
from 0.2 to 1.8 and from 2.5 to 8, respectively. The
comparisons between input (true) and retrieved dust
and total optical depths with a random error of 1% in
radiometric error, 10% and 15% in effective radius are
shown in Figs. 4(a) and (b), respectively. The max-
imum absolute deviations (relative errors) of dust and
total optical depths arc only 0.056 (15%, most cases
under 8%) and 0.1 (8%) for all cases with 1% radio-
metric error, respectively, 0.014 (7.6%) and 0.012 (0.6%)
with 10% and 15% effective radius errors. It illustrates
that this new retrieval method for thin dusty cloud is
not scnsitive to MFRSR measurements and assumption
of Re. For thick dusty clouds, the comparison of dust
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Fig. 4. Comparisons between input (true) and retrieved dust
and total optical depths from thin dusty cloud retricval al-
gorithm for 100 random cases with random errors of (a) 1%
in radiometric error and (b) 10% and 15% in effective radius.
(c), (d): True and retricved dust optical depths from thick
dusty cloud retrieval algorithm with random errors.

optical depth is shown in Figs. 4(c) and (d) with the
same conditions as thin dusty clouds except for solar
zenith angle expanding from 25° to 70° and total dusty
cloud optical depth from 2.5 to 30. The maximum ab-
solute deviations (relative errors) are also only 0.031
(13.8%) with 1% radiometric error and 0.031 (15.3%)
with 10% and 15% effective radius errors. Obviously, the
retricval error is very small from Langley regression cor-
rection for MFRSR measurements and the assumption
of R, whatever in thin or thick dusty cloud retrieval.
It also represents the powerful ability of this algorithm
for dusty cloud retrieval. Furthermore, it is worth noting
that the error of total optical depth from lidar may be an
important impact factor for thick dusty cloud retrieval
and cannot be ignored. But it depends on the accuracy
of lidar cloud retricval algorithm, and thus here we do
not discuss more about it due to its complexity.

Dusty cloud, a kind of universal atmosphere phe-
nomena at desert source region, can be obscrved by
surface/satellite-based instruments. However, their opti-
cal properties and radiative effects have big uncertainty.
The proposed retrieval method allows distinguishing and
estimating the optical propertics of dusts and clouds
in the mixture of purc dust acrosols and pure water
clouds. It will give us a possibility to dircctly evaluate
the acrosol direct and indirect cffects. The combination
of surface-based instruments will increase the power of
detecting acrosol radiative cffects. Furthermore, the re-
tricval method may be applied to other more routine
radiation instruments. However, the practicability and
accuracy of this retrieval method still need to be checked
up by more actual in situ measurements.

This work was supported by the Knowledge Innova-
tion Program of the Chinese Academy of Sciences (No.
TAP09311) and the National Natural Science Foundation
of China (Nos. 40725015 and 40633017). We thank Dr.
Ping Yang for providing IGOM codes.
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[1] A new method has been developed to retrieve cloud optical depths for optically
thin clouds (7 < 10) from the Multifilter Rotating Shadowband Radiometer (MFRSR). On
the basis of simultaneous measurements of direct and diffuse radiation from MFRSR, this
method allows partition of water and ice clouds and thus improves cloud optical

depth retrievals. The new retrieval algorithm achieves the high consistency of retrieved
cloud optical depth from both direct-beam and total radiation: the slope of 0.95 between
the two with correlation coefficient of 0.90 and RMS of 1.00. A sensitivity study
illustrates that the maximum biases (relative errors) of cloud optical depth within the
range of effective radius of clouds are 0.16 (4.7%) and 0.36 (8.3%) for retrievals from
direct-beam radiation and from total radiation, respectively. Validation and evaluation
from measurements at the Point Reyes site have been conducted, illustrating that the new
retrieval algorithm provides not only accurate retrievals of cloud optical depth in terms
of radiation closure but also unique mix ratio of cloud water and ice for optically thin
clouds under overcast conditions. Because of the climatologic importance of thin clouds,

this algorithm with unique mix ratio retrievals is important for the climate study.

Citation: Wang, T., and Q. Min (2008), Retrieving optical depths of optically thin and mixed-phase clouds from MFRSR
measurements, J. Geophys. Res., 113, D19203, doi:10.1029/2008JD009958.

1. Introduction

[2] Clouds play a critical role in modulating the radiative
energy in the atmosphere because of their scattering and
absorption of solar and infrared radiation. Optically thin
clouds in particular are climatically important as they occur
frequently across the globe, and radiative flux is sensitive to
small change in cloud water path (liquid and ice) when
cloud water path is small [Turner et al., 2007; Min and
Duan, 2005). Optically thin clouds can either heat or cool
the atmosphere depending on their thermodynamic phase,
altitude, particle size distribution, and water path. It is
crucial to accurately measure cloud optical properties of
optically thin clouds. However, retrievals of microphysical
and optical properties for optically thin clouds are extremely
challenging, as those clouds are potentially mixed phase and
often broken.

[3) Various efforts have been made to derive cloud
optical and microphysical properties from visible and infra-
red radiation measurements and from active measurements
of radars and lidars (Min and Harrison, 1996; Leontieva
and Stamnes, 1996; King et al., 1997; Marshak et al., 2000,
Sassen, 1991; Daniel et al., 2002; Shupe et al., 2004;
Turner, 2005; Mace et al., 2006; Eloranta et al. 2006).

! Atmospheric Science R h Center, State University of New York
at Albany, Albany, New York, USA.

Now at College of A pheric Sci Lanzhou University,
Lanzhou, China.

Copyright 2008 by the American Geophysical Union.
0148-0227/08/2008JD009958509.00

However, no single sensor has proven able to achieve the
desired accuracy for the wide variety of atmospheric cloud
situations, particularly for optically thin clouds. To face this
challenge, Min et al. [2004a] developed a retrieval
algorithm for optically thin clouds by using direct-beam
measurements of narrowband spectral radiation from the
Multifilter Rotating Shadowband Radiometer (MFRSR).
With the correction of forward scattering of solar radiation
into the instrument’s field of view (FOV), the new approach
substantially improves the retrieval accuracy of optical depth
of thin clouds. However, using only direct-beam measure-
ments, the approach requires a priori information about cloud
thermodynamic phase or cloud-scattering phase function. Ice
clouds with larger effective size and irregular shape have
stronger forward scattering than water clouds. Partition of
direct-beam and total radiation between two clouds of differ-
ent phases would be substantially different. Incorrect assign-
ment of cloud-scattering phase function or cloud
thermodynamic phase can lead to a large error of retrieved
optical depth, resulting in 5~20% error in modeled total
radiation reaching the surface. The complement
between information from direct-beam radiation and from
total radiation allows us to distinguish cloud thermodynamic
phases from simultaneous measurements of direct-beam and
total radiation.

[4] The MFRSR, widely deployed over the world, is a
seven-channel radiometer with six passbands of 10 nm full
width at half maximum centered at 415, 500, 610, 665, 860,
and 940 nm and an unfiltered silicon pyranometer [Harrison
et al., 1994). It allows accurate determination of atmospheric
transmittances at each passband without requiring absolute
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Figure 1. Water cloud and ice cloud phase functions at
415 nm for different effective radii.

calibration because it measures both total (global) horizontal
iradiance and direct normal irradiance using the same
detectors by a blocking technique. Langley regression of
the direct normal irradiance taken on stable clear dayscanbe
used to extrapolate the instrument’s response to the top of the
atmosphere, and this calibration can then be applied to the total
horizontal irradiance in cloud periods, Transmittances are
calculated subsequently under cloudy conditions as the ratio
of the uncalibrated MFRSR signal to the extrapolated top-of-
atmosphere value. The uniqueness of MFRSR enables us to
achieve radiation closure in terms of direct-beam and total
radiation with high accuracy for a given cloud condition. In
this study, we exploit the possibility of using simultaneous
measurements of direct and total radiation from the same
sensor, i.e.,, MFRSR, to determine cloud thermodynamic
phases and partition of liquid and ice optical depth and thus
improve retrieval accuracy of optical properties of thin clouds.

2. Cloud Phase Function and Retrieval Algorithm

[s] Optical depth of the atmosphere can be determined
from measurements of transmission of the direct solar beam
using Beer's law when the Sun is not fully opaque by the
atmosphere. The accuracy of optical depth determined in this
way is compromised by contamination of the direct trans-
mission of light that is scattered into the sensor’s FOV. This
phenomenon is dominant under thin-cloud conditions, par-
ticularly in the case of cirrus clouds where strong forward
scattering by ice crystals occurs. With a shadowband of 7.8°,
MFRSR captures this forward-scattered radiation within its
FOV in addition to the attenuated direct solar beam. The
unwanted scattered radiance will result in an overestimation
of the cloud transmission and will consequently result in an
underestimation of the derived cloud optical depth. The
forward-scattered radiation strongly depends on both phase
function and optical depth of the atmospheric-scattering
particles, thin clouds in this study. Figure 1 shows phase
functions at 415 nm for water clouds with effective radii of 4,
8, and 14 um and for ice clouds with effective radii of 9.5,
31.8, and 50.6 um. Ice clouds have strong forward scattering
in the forward-scattering lobe (scattering angle <10°, shown
in Figure 1 (right)), which directly impacts observed direct-
beam radiation. Ice clouds also have high backscattering
(scattering angle >90°), which will significantly influence
diffuse radiation and thus total radiation. It is clearly evident
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that cloud thermodynamic phase, ice or liquid, is a major factor
in determining radiation partition between direct-beam and
total radiation, while effective particle size of clouds within
the same cloud phase play a minor role between the two. Those
insights lay the foundation for our proposed retrieval algorithm.

[s) A family of retrieval algorithms has been developed
for inferming cloud optical depth from MFRSR measure-
ments: the total (diffuse) radiation algorithm [Min and
Harrison, 1996] and the direct-beam radiation algorithm
[Min et al., 2004a). These retrieval algorithms have been
extensively tested and validated, demonstrating good accu-
racies [Min et al., 2003; Min et al., 2004b). The current
retrieval algorithm combines the existing algorithms in a
self-consistent and systematic way. The direct-beam and
total transmittances observed by MFRSR at a given cloud
thermodynamic phase and optical depth, Twayice, and effec-
tive radius, Re, can be described as follows:

ﬁ(l‘o,fu.fw.iusae) = exp[-(r,., + Toer + Tw.‘n];”“ﬂ]
+ (Bo — B)
F{"O'fmlrﬂhih) o pﬂ‘di{pﬂ',’ﬂ’rwhlae)

+I“(l-lu.'r_,'r“h.R¢). (l)
where 1, /" and /** are the transmiltances of direct
normal, diffuse horizontal, and total horizontal at the cosine
of solar zenith angle o, respectively. Here 7,y and 7, are
optical depths of Rayleigh scattering and aerosols, respec-
tively, and By and B, are the blocked scattering radiation
into the FOV at two block angles, 0° and 9°, respectively.
By — By is the forward-scattering radiation presumed by
the MFRSR as the direct radiation,. We use a modified
discrete ordinates radiative transfer (DISORT) to accurately
and rapidly compute forward direct radiance and total
radiation [Min et al., 2004a). On the basis of the
shadowbanding geometry, we simulate the blocked forward
scatlering by the shadowband of MFRSR. Since effective
particle size of clouds has a minor role in determining the
partition of direct and total radiation, we use climatologic
effective radius of clouds, 8 and 31.8 uum, as our basic set for
water and ice clouds, respectively. As Min e al. [2004a], we
take advantage of simultaneous spectral measurements of
direct-beam and temporal variations to detect cloudy and
aerosol periods and further separate aerosols from thin clouds
on the basis of their spectral characteristics at the 415 and
860 nm channels. Unlike direct-beam radiation, the total
radiation is influenced strongly by surface albedo and
atmospheric absorptions. Therefore, for cloudy periods, we
derive cloud optical depths from direct-beam and total
radiation measurements at the 415 nm channel (equation (1))
for both water and ice cloud phases. The selection of the
415 nm channel is to avoid all gaseous absorption, except for
NO,, which has negligible impact under normal conditions.
Several other factors favor the 415 nm channel compared to
the 860 nm channel: when snow is absent, terrestrial albedos
at 415 nm are significantly lower than at the longer
wavelength and are relatively constant; the single-scattering
albedo and asymmelry parameter are less sensitive to the
effective radius [Min and Harrison, 1996).

[7) To illustrate the sensitivity of direct-beam and total
radiation to cloud particle size, phase, and cloud layering,
we simulate the measurements of MFRSR for various cloud
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conditions, In the simulations, effective radii for water and
ice clouds are assumed to be 8 and 31.8 pm, respectively.
For a two-layer cloud system and a mixed-phase cloud, the
optical depth of ice cloud is fixed at 1, and the optical depth
of water cloud varies from 0 to 9. For the two-layer cloud
system, water cloud layer and ice cloud layer are placed at
1-2 km and 5-6 km, respectively. Without accurate
knowledge of optical properties of mixed-phase clouds,
we used linearly weighted optical properties by optical
depths of water and ice clouds to represent optical proper-
ties of mixed-phase clouds and placed the mixed-phase
cloud layer at 4—6 km. Lack of atmospheric absorption at
415 nm ensures that total transmittances are insensitive to
cloud layering structures. For given total cloud optical
depths, the total transmittances and the direct-beam trans-
mittances, as shown in Figure 2, are indistinguishable
between a two-layer cloud system and a mixed-phase cloud.
Transmittances of a two-layer cloud system and a mixed-
phase cloud vary between the reference transmittances of
pure water and pure ice clouds.

[8] Furthermore, under the assumption of radiation
closure, we can further derive the mix ratio,c (0 < a < 1), as

(1-a)r + on‘?c‘: =(1-a)™ +ar', 2)

where 78 and ', are retrieved cloud optical depths from

direct-beam and total transmittances by assuming water
cloud and 73 and 7 are also retrieved from the same direct-
beam and total transmittances by assuming ice cloud,
independently. If the mix ratio derived from equation (2)
can be demonstrated to agree with the input mix ratio, the
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retrieval algorithm will be dramatically simplified: we only
need to build up retrievals for pure water and ice cloud
conditions, without dealing with various partitions of water
and ice cloud optical depths. The sensitivity study below will
demonstrate that equation (2) is valid and effective. The
retrieval algorithms for total and direct-beam irradiance are
described in detail by Min and Harrison [1996] and Min et al.
[210L()4a], respectively. Hence, the total cloud optical depth,
% is

™ = (1 - a)r® 4 arll = (1 - a)r'% + arll (3)

[9] If the value of a is small (a < 0.3), the cloud is mainly
composed of water droplets; if a is large (a > 0.7), ice
crystals are dominant in the cloud. The cloud thermody-
namic phase mix ratio not only distinguishes cloud thermo-
dynamic phases but also quantitatively determines the
partition of ice and water cloud optical depths for multilayer
clouds or for a mixed-phase cloud. Subsequently, we can
infer cloud optical depth accurately with the mix ratio
information. It is worth noting that optical (and microphys-
ical) properties of mixed-phase clouds may be substantially
different from the simple linear combination of the scatter-
ing properties of water and ice clouds. The mix ratio
inferred here for a single-layer cloud represents a mixed
ratio of water and ice optical depths in terms of linear
combination for the radiation closure.

[10] To evaluate this retrieval and assess its uncertainty,
we utilize a forward radiative transfer model to simulate
MFRSR measurements with prescribed cloud conditions
and apply the retrieval algorithm to those simulated mea-
surements. Figure 3 shows comparison between “true” (or
input) and retrieved total cloud optical depth and mix ratio
for those cases shown in Figure 2. Retrieved total cloud
optical depth and mix ratio, without considering measure-
ment error, agree well with the true values, less than 3.6%
and 0.023, indicating that our retrieval method based on
equation (2) is valid and effective. Real measurements
always have certain degree errors. Since the accuracy of
the solar constant at a nongaseous absorption channel from
the Langley regression calibration is within 1% [Michalsky
et al., 2001}, in the simulation we added +1% measurement
errors in simulated MFRSR transmittances. Given 1%
measurement errors, retrieved total cloud optical depths
and mix ratio vary within 8.4% and 0.107 of true
corresponding values, respectively. The cloud effective
particle sizes do have impact on retrievals. In our sensitivity
study, four extreme sets of cloud effective sizes are tested,
shown in Figure 3. Changes in cloud effective sizes have
relatively large effects on mix ratio or optical depth for each
phase but small effects on retrieved total optical depth (less
than 0.23 at optical depth of 1 and 0.66 at optical depth of
10) because of constraints of direct-beam and total trans-
mittances. It illustrates that this approach could provide
significant improvement on retrievals of total optical depth
and insensitivity to the cloud effective sizes.

3. Results

[11] Validation and evaluation of retrieved products are
key to the success of a retrieval algorithm. We processed the
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and retrieved results and sensitivity analyses of *1%
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MFRSR measurements taken during the marine stratus
radiation aerosol and drizzle (MASRAD) field campaign
at Point Reyes, California, in 2005. Clouds observed at
Point Reyes, mostly marine stratus, were often optically thin
and relatively homogeneous, providing excellent conditions
for evaluating our thin optical depth retrievals. Before
presenting the statistical analysis for the entire field cam-
paign we show two typical cases to demonstrate the
performance of the retrievals.

[12] Since total radiation algorithm is based on the plane-
parallel assumption for radiative transfer calculation, we
selected cases with substantially long overcast periods to
minimize 3-D effect. The 9 July 2005 case is very good, as a
thin and low-level stratocumulus lasted for the entire day
with few broken periods, shown in Figures 4a and 4b.
Cloud physical depths detected by cloud radar were near a
constant of 85 m located at 310 m with occasionally
thinning periods, indicating a low-level water cloud. Cloud
optical depths varied from 0.8 to 12, shown in Figure 4b.
For such an optically thin low-level cloud, it is no surprise
that retrieval cloud optical depths from direct-beam and
total transmittance agree quite well with each other. The
retrieved mix ratios (Figure 4c) are almost zero for the entire
period. Thus, the cloud is classified by the algorithm as a
water cloud, which is consistent with cloud radar identifi-
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cation. Since direct-beam and total transmittance retrieval
algorithms for a single-cloud thermodynamic phase have
been well validated [Min et al., 2003; Min et al., 2004b],
with good agreement between the two in this case, we
believe that the retrieved total cloud optical depths are
accurate.

[13] There are a few occasions when mix ratios are above
0. Closely inspecting sky cover measured by a total sky
imager (TSI) during those occasions illustrates that those
periods correspond to broken cloud conditions with very
thin optical depths. Diffuse (and total) radiation depends not
only on optical depths of aerosols and clouds in the
atmosphere but also on single-scattering properties of aero-
sols and clouds, largely single-scattering albedo of aerosols,
especially when cloud optical depth is comparably thin to
aerosol optical depth. Furthermore, 3-D inhomogeneous
cloud structure violates the plane-parallel assumption of
radiative transfer for diffuse radiation calculation in our
retrievals, resulting in underestimation of cloud optical
depth. Therefore, both aerosol loading and 3-D effect will
have significant impacts on retrievals of cloud optical depth
from total radiation for extremely thin clouds, which may
overestimate mix ratio. For such conditions, however, we
can use the direct-beam algorithm to accurately derive
optical depth of optically thin clouds, as the direct-beam
algorithm is insensitive to 3-D effect and aerosol single-
scattering albedo [Min et al., 2004a]. The cloud thermody-
namic phase can be well classified under overcast conditions
around the broken periods from the proposed algorithm.
Furthermore, with cloud fractional cover information from
other measurements and methods, for example, total sky
imager, it is possible to infer an effective cloud optical depth
under such broken, thin-cloud conditions from this
algorithm. How to derive fractional cloud cover and improve
cloud optical depth for such conditions is the subject for a
future paper [Min et al., 2008]. )

[14] The next case, 30 April 2005, is also interesting, as
cloud base heights measured by the Vaisala ceilometer
(VCEILL) vary from 4 km to up around the freezing level.
It could be a mixed-phase or a multilayer cloud system.
Unfortunately, cloud radar did not operate on that day nor
did the micropulse lidar. Because of the range limitation of
the VCEIL, all high cirrus clouds above 7 km cannot be
detected by the VCEIL, From sky images observed by TSI,
the entire day was overcast. Furthermore, our inferred
optical depths are greater than 1 for the entire period. Those
exclude possible clear-sky conditions during the period.
Thus, those clouds without detectable cloud base by the
VCEIL could be high-level ice clouds.

{15] Figure Sa shows time series of retrieved cloud optical
depths from direct and total transmittance on 30 April 2005
by assuming water clouds with the effective radius of 8 ym.
The difference of cloud optical depth between the two
measurements varies from near zero up to 5, indicating
some misclassifications of cloud thermodynamic phase.
With the new retrieval algorithm, however, such differences
are substantially reduced, shown in Figure 5b. The consis-
tency of cloud optical depth ensures the radiation closure in
terms of direct and total (diffuse) radiation. Consequently,
the mix ratio between water and ice are derived, shown in
Figure 5c. Because of the lack of direct measurement to
validate inferred mix ratio, we indirectly evaluated it against
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Figure 4. Cloud optical depth (COD) (a) assuming water clouds only and (b) showing new retrievals
based on radiation closure on 9 July 2005 at the Point Reyes site. The gray and black lines represent
COD derived from the direct radiation and from the global transmittance, respectively. (c) Mixed ratio.
(d) Cloud base height (CBH) from 94 GHz Doppler radar. (¢) Sky conditions from TSI.

cloud base heights detected by the VCEIL. It shows that the
retrieved mix ratios from MFRSR are consistent with cloud
phase conditions inferred from the VCEIL. It is worth
noting that the viewing geometries of VCEIL and MFRSR
are different: zenith direction for VCEIL and Sun sensor
direction for MFRSR direct-beam measurements. There are

slightly temporal mismatches between mix ratios and cloud
base heights.

[16] For the same cloud, optical depth derived from
direct-beam radiation should be close to that from total
radiation. Figure 6 illustrates the improvement of the
relationship between the two from assumed single-phase
clouds to possible multilayer clouds or mixed-phase clouds.
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Figure 5. COD (a) assuming water clouds only and (b) showing new retrievals based on radiation
closure on 30 April 2005 at the Point Reyes site. The gray and black lines represent COD derived from
the direct radiation and from the global transmittance, respectively. (c) Mixed ratio. (d) CBH from

VCEIL. (¢) Sky conditions from TSI.

IT assuming liquid phase only, the slope of scatter points
(Figure 6a) is about 1.026 with correlation coefficient of
0.784. For large cloud optical depihs, some retrieved values
from total radiation are substantially less than those from
direct-beam radiation. The reason is that assumed liquid
clouds have relatively weaker forward scattering than ice
clouds, resulting in underestimation of cloud optical depth

from the direct-beam radiation and overestimation of cloud
optical depth from the total radiation. With proper cloud
phase identification, as shown in Figure 6b, the slope of the
scatter points is 1.032 with a higher correlation coefTicient
of 0.943, and the RMS is reduced substantially from 1.26 to
0.68. This consistency of cloud optical depth will ensure the
radiation closure in terms of direct and diffuse radiation.
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radiation on 30 April 2005.

[17] While the case study provides insight on the perfor-
mance of this new retrieval algorithm, a more extensive
evaluation is required before applying the method to various
circumstances in the atmosphere. As stated previously, we
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selected cases (days) when substantially long periods (over
80% of a day) were overcast with optically thin clouds to
minimize 3-D effects. Statistical analysis is listed in Table 1
and shown in Figure 7, which includes all 15 optically thin
cloud cases that occurred during the field campaign. If
assuming liquid clouds for all cases, the slope of the
correlation between optical depths retrieved from direct-
beam radiation and from total radiation is 0.904 with
correlation coefficient of 0.81. With the new retrieval
algorithm that allows cloud phase identification, the slope
between the two improves to 0.95 with a higher correlation
coefficient of 0.90 and a smaller RMS of 1.00. The cloud
optical depths retrieved from direct-beam radiation agree
well with those from total radiation in terms of radiation
closure. There is still some bias in very thin optical depth
regime, where optical depth derived from total radiation is
low compared to that from direct-beam radiation. As dis-
cussed previously, such discrepancy may be due to 3-D
effect and uncertainty associated with aerosol properties.
[18] There are some discrepancies between the total and
direct-beam results (scatters of points in Figure 7b). Such a
discrepancy may be introduced from following two aspects.
First, 3-D effects certainly have impacts on retrievals from
total radiation, even though the cases are selected on the
basis of long periods of overcast conditions. A long period
of overcast cannot guarantee that the cloud system satisfies
the plane-parallel assumption, particularly if the cloud is a
double- or multiple-layer cloud system. In addition, diffuse
radiation is much smoother than direct-beam radiation
because of multiple scattering (Min et al., 2001]. Different
smoothness scales of direct-beam and total radiation in
inhomogeneous cloud field certainly result in some discrep-
ancy of retrieved cloud optical depths. Longer time average,
however, will substantially reduce such difference. Second,
the retrieval algorithm of optical depth retrieval and mix
ratio uses a basic set of effective sizes of 8 and 31.8 um for
liquid clouds and ice clouds, respectively. Effective particle
sizes of clouds do have an impact on the scattering phase
function and thus on retrieved cloud optical depths, as
discussed in forward simulation tests. To assess the uncer-
tainty associated with particle size, we tested various
combinations of effective particle sizes and evaluated the
impacts on the regression slope and correlation coefficient

Table 1. Comparison of Retrieval Results With Old and New Methods for the Selected 15 Optically Thin Cloud Cases

Old Method New Method Mean

Cases Start/End Time (UT) Slope Intercept R* Slope Intercept R* 7o Alpha
20050326 1744/2252 2.663 -2.007 0.927 1.379 -0.758 0.942 1.844 (0.755) 0416
20050416 1705/2318 0.877 0.426 0.834 0.933 -0.141 0.928 4.108 (2.080) 0.169
20050430 1647/2123 1.026 0.129 0.784 1.032 -0.491 0.943 4.155 (1.597) 0.206
20050503 1644/2334 1.317 -0.006 0.772 1.016 -0.314 0.929 4.760 (2.284) 0.421
20050629 1629/2400 0.940 -0.320 0.853 0.976 -0.665 0.886 5.025 (1.825) 0.084
20050709 1634/2400 0.902 -0.452 0.933 0.907 -0.515 0.940 4.462 (2.265) 0.036
20050713 1635/2400 1.201 —0.546 0.796 1.145 -0.770 0.840 3.083 (1.228) 0.218
20050715 1637/2400 0.889 0.053 0.882 0.930 ~0.326 0.917 4.996 (2.276) 0.115
20050717 1638/2358 0.947 0.315 0.857 0.953 —-0.165 0.898 4.436 (2.341) 0.214
20050726 1643/2353 0.891 0.353 0.827 0.929 -0.129 0.971 4.025 (1.883) 0.227
20050730 1646/2350 0.872 0.565 0.721 0.925 -0.169 0.841 4.473 (1.729) 0.229
20050804 1649/2346 0.949 0.677 0.803 0.976 -0.122 0.894 4.481 (1.901) 0.296
20050827 1708/2317 0.905 0.539 0.840 0.939 0 0.889 4.308 (1.762) 0.241
20050828 1710/2316 0.993 0.445 0.810 1.003 ~0.205 0.910 4.210 (1.965) 0.273
20050911 1726/2250 1.095 0.125 0.832 1011 -0.201 0.894 3.699 (1.889) 0.308

“R, correlation coefficient.
PHere 7 is total cloud optical depth with standard deviation retrieved from direct beam with the new method in parentheses.
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Figure 7. (a and b) Scattergrams of retrieval cloud optical
depths from the direct-beam radiation and from global
radiation for all cases.

for all cases. As listed in Table 2, the maximum biases
(relative errors) of cloud optical depth are 0.16 (4.7%) and
0.36 (8.3%) for retrievals from direct-beam radiation and
from total radiation, respectively. The effective particle size
with respect to each cloud phase has a minor impact on the
regression slope (from 0.925 to 0.974) and on the correla-
tion coefficient (from 0.899 to 0.909). It demonstrates that
cloud phase plays a major role in determining the partition
of direct and total radiation and thus in the regression slope
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between cloud optical depth retrieved from the two. Uncer-
tainty associated with cloud particle size could explain some
of these discrepancies.

4. Conclusion and Discussion

[19] Optically thin clouds are climatically important. Thin
clouds could either heat or cool the atmosphere depending
on their thermal phase, altitude, particle size distribution,
and water path. However, retrievals of microphysical and
optical properties for optically thin clouds are extremely
challenging. In this study, we take advantage of simulta-
neous spectral measurements of direct-beam and total
radiation from MFRSR and utilize the difference of scatter-
ing phase function of ice and liquid clouds on the partition
of direct and total radiation to derive cloud thermodynamic
phase information and mix ratio and consequently to
accurately infer optical depths of optically thin clouds.
Specifically, we mask cloudy and aerosol periods using
temporal variations of spectral radiation and further separate
aerosols from thin clouds on the basis of their spectral
characteristics at the 415 and 860 nm channels [(Min et al.,
2004a). For cloudy periods, we correct the blocked forward
scattering by the shadowband of MFRSR to achieve accu-
rate retrievals from direct-beam radiation and derive cloud
optical depth from total radiation using a modified DISORT
{Min et al., 2004a]. Under the assumption of radiation
closure, we further infer the mix ratio and identify cloud
thermodynamic phases. The retrieved optical depths
are, subsequently, accurate and consistent in terms of
radiation closure that ensures the partition of direct and
total radiation.

[20] Validation and evaluation have been done using
forward simulations and the measurements from the
MASRAD field campaign at Point Reyes. The new retrieval
algorithm with cloud phase identification achieves the high
consistency of retrieved cloud optical depth from both
direct-beam and total radiation: the slope of 0.95 between
the two with correlation coefficient of 0.90 and RMS of
1.00. However, there is no direct measurement of the mix
ratio of multilayer clouds or mixed-phase clouds from other
(passive or active) instruments so far to validate our inferred
mix ratio, Evaluation against indirect information from
measurements of cloud base height indicates that inferred
cloud phase identification is reasonable. Because of the
climatologic importance of cloud optical depth for multi-
layer clouds or mixed-phase clouds, the mix ratio retrieved
from this algorithm is unique and important for the climate
study. It is clear that the cloud thermodynamic phase is a
major factor in determining radiation partition between

Table 2. The Sensitivity of Cloud Effective Radius on Cloud Optical Depth Retrievals for all Cases®

lel Tmt
Re Water Cloud (pm) Re Ice Cloud (um) =7 Estor (%) F=T50 Error (%) Slope Intercept R
8 318 0 0 0 0 0.950 -0.195 0.904
4 31.8 0.155 4.731 0.359 8.290 0.925 -0.204 0.899
14 31.8 0.062 1.889 0.189 4.371 0.974 -0.213 0.909
8 9.5 0.093 2816 0.102 2.349 0.936 -0.137 0.906
8 50.6 0.048 1.452 0.048 1.099 0.960 —0.243 0.905

*These cases include 0326, 0416, 0430, 0503, 0629, 0709, 0713, 0715, 0717,
of measurements is 17,774. Re, effective radius; R, correlation coefficient.
®Here 7 is the retrieved cloud optical depth from the basis set of effective

8 of

0726, 0730, 0804, 0827, 0828, and 0911 in the 2005 year. The total number

radii: 8 pm for water clouds and 31.8 um for ice clouds.
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direct-beam and total radiation, while the effective particle
size of clouds within the same cloud phase plays a minor
role between the two. A sensitivity study on the effective
radius of clouds illustrates that the maximum biases (rela-
tive errors) of cloud optical depth within the range of
effective radius of clouds are 0.16 (4.7%) and 0.36 (8.3%)
for retrievals from direct-beam radiation and from total
radiation, respectively. Also, 1% measurement error will
result in maximum uncertainties of 8.4% and 0.107 in
retrieved total cloud optical depths and mix ratio, respec-
tively. As demonstrated, the new retrieval algorithm pro-
vides not only accurate retrievals of cloud optical depth but
also unique mix ratio for optically thin clouds. It is worth
noting the following issues: (1) this retrieval requires
measurements of direct-beam radiation and thus is only
applicable for optically thin clouds with optical depth less
than 10 and (2) for extremely thin clouds (cloud optical
depth comparable to aerosol optical depth) and broken
clouds, optical depth derived from direct-beam radiation is
accurate and should be used, and the mix ratio is not
applicable. Three-dimensional effect of broken clouds and
uncertainty associated with aerosol properties may compro-
mise the retrievals from total radiation. How to derive
fractional cloud cover and improve cloud optical depth for
such conditions is the subject for a future paper [Min et al.,
2008).
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[1] A method for estimating fractional sky cover from spectral measurements has been
developed. The spectral characteristics of clouds and clear-sky aerosols are utilized to
partition sky fraction. As illustrated in our sensitivity study and demonstrated in real
measurements, the transmittance ratio at selected wavelengths is insensitive to solar zenith
angle and major atmospheric gaseous absorption. With a localized baseline procedure,
retrievals of this ratio method are independent of absolute calibration and weakly sensitive
to changes in cloud and aerosol optical properties. Therefore this method substantially
reduces the retrieval uncertainty. The uncertainty of this method, estimated through the
sensitivity study and intercomparison, is less than 10%. With globally deployed
narrowband radiometers, this simple ratio method can substantially enhance the current

capability for monitoring fractional sky cover.

Citation: Min, Q., T. Wang, C. N. Long, and M. Duan (2008), Estimating fractional sky cover from spectral measurements,

J. Geophys. Res., 113, D20208, doi:10.1029/2008JD010278.

1. Introduction

[2] Clouds remain the greatest sources of uncertainty in
global climate change research [/PCC, 2007]. The impact of
greenhouse warming on cloud amount through climate
feedback will have significant changes on the global radi-
ative energy balance [Randall et al., 1984]. Variations of
cloud cover have significantly contributed to contemporary
climatic changes. Thus it is crucial to accurately monitor
fractional sky cover of clouds globally.

[3] Monitoring cloud amount has a long history: from
earlier human-empirical sky observations, to surface passive
and active measurements [Fairall and Hare, 1990; Clothiaux
et al., 1999; Long and Ackerman, 2000; Pfister et al., 2003;
Long et al., 2006a, 2006b], to recent satellite retrievals
[Minnis, 1989; Rossow et al., 1993]. Satellite observations
provide the global coverage of cloud amount to study global
climate change. Their limits in spatial/temporal resolution
and issues with surface influences manifest the need for
surface measurements to verify satellite retrievals and to fill
the gaps between satellite observations. Current technology
has advanced in surface observations of cloud amounts from
human-empirical sky observations, to spatial estimation
from sky imagers, to temporal estimation of cloud occur-
rences from passive and active sensors. However, even with
an increasing number of sky imagers and other passive and
active sensors for monitoring cloud fraction, there are still
limited surface measurements available to date.
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[4] Since shortwave (SW) radiation is strongly modulated
by clouds, widely deployed spectral and broadband short-
wave radiometers provide the potential to estimate cloud
fraction in large geographic distribution. Long et al. [2006a]
proposed a methodology for inferring fractional sky cover
from broadband SW diffuse irradiance measurements during
daylight hours. Their method utilizes the enhancement of
diffuse irradiance under cloudy conditions to partition
cloudy and clear-sky fractions, through a normalization
procedure to remove solar zenith angle dependences. Since
clouds and aerosols (clear-sky) with different particle sizes
exhibit significant differences of spectral dependences of
optical properties, there is a possibility to estimate sky cover
using spectral measurements of narrowband radiometers.

2. Spectral Ratio and Retrieval Algorithm

[s] The spectral dependence of optical depth of atmo-
spheric scatterers generally follows Angstrom’s empirical
relationship [Angstrom, 1929]:

Toea(N) = BATS m
where 7,.,(]A) is the optical depth of atmospheric scatterers
at wavelength A, 8 and « are constants. More importantly,
the Angstrom exponent « is an indicator of the size of the
scatterers. For molecules in the Rayleigh scattering regime,
its value approaches 4, while for cloud particles in the Mie
scattering regime, it is close to 0. For aerosol particles, the
Angstrom exponent varies between Rayleigh and clouds,
with a typical value of about 1.3. Because of such spectral
dependence of optical depth, the diffuse transmittance ratio
between a longer wavelength and a short wavelength is
about 1 for clouds, and less than 1 for aerosols, respectively,
as illustrated in Figure 1. On the basis of this physical
principle and further sensitivity study below, the baselines
of transmittance ratio under both aerosol and cloud
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Figure 1. Sketch of retrieval principle of cover fractional
cover. a is the Angstrom exponent and R is the transmittance
ratio at two wavelengths; cld and clr represent cloud and
clear-sky conditions, respectively.

conditions are well defined and less sensitive to variations
of both aerosol and cloud properties. A measured
transmittance ratio in reality is weighted by the cloud
amount in the sky and can be assumed as a linear partition
between cloud transmittance ratio and clear-sky transmit-
tance ratio:

R = (1= $)R" + pR (2)

where ¢ is the fractional sky cover in the atmosphere.
Therefore fractional sky cover can be inferred from a simple
analytical expression

Rolu _ Rclr

R @)

¢=

[s] As solar transmittances at different wavelengths vary
with solar zenith angle systematically, the transmittance
ratio at two wavelengths is less dependent on solar zenith
angle (or time). If a basic set of cloudy and clear-sky
transmittances is defined at any given time (or solar zenith
angle), the set is applicable to other daylight times (or solar
zenith angles). Thus this simple expression provides a
reasonably accurate estimate of fractional sky cover. It is
worth emphasizing that for a good estimation the wave-
length pair for the transmittance ratio should be separated
enough to have a substantial contrast of aerosol optical
depth between the two wavelengths. Moreover, at both
wavelengths the potential interference of gaseous absorp-
tion, particularly water vapor due to cloud—water vapor
interaction, should be minimal.

[7] To illustrate the underlying principles and sensitivity,
a pair of multifilter rotating shadowband radiometer
(MFRSR) channels at 415 and 860 nm, where gaseous
absorption is minimal, is selected for forward simulation,
The MFRSR is a seven-channel radiometer with six pass-
bands 10 nm Full Width Half Maximum (FWHM) centered
near 415, 500, 610, 665, 860, and 940 nm, and an unfiltered
silicon pyranometer [Harrison et al., 1994]. It uses an
automated shadowbanding technique to measure the total-
horizontal, diffuse-horizontal, and direct-normal spectral
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irradiances through a single optical path. The diffuse-
horizontal irradiance represents downwelling hemispheric
irradiance with an effective 160° field of view. The Langley
regression of the direct-normal irradiance taken on clear
stable days can be used to extrapolate the instrument’s
response to the top of the atmosphere, and this calibration
can then be applied to all components of irradiance. Trans-
mittances can be subsequently calculated under cloudy
conditions as the ratio of the uncalibrated output to the
extrapolated top-of-the-atmosphere value. The diffuse
transmittance is a normalized diffuse radiation by the
corresponding solar constant inferred from Langley regres-
sion. Therefore the transmittance ratio at two wavelengths is
independent of absolute calibration. Accurate measurements
of atmospheric transmittance from a MFRSR will ensure the
accuracy of retrieval of aerosol optical depth during the
clear-sky periods and cloud optical depth under cloud
conditions [Harrison et al., 1994; Min and Harrison,
1996; Min et al., 2004; Wang and Min, 2008].

[8] Using a radiative transfer model [Min et al., 2004},
transmittance ratios at the two chosen nongaseous absorp-
tion wavelengths are simulated under various cloudy and
clear-sky conditions for different solar zenith angles. In the
simulation, surface atbedos of 0.036 and 0.25 are used for
415 and 860 nm, respectively, representing normal vegetat-
ed surface. Under clear-sky conditions with climatologic
background aerosols (Angstrom exponents of 1.12 and
1.58, and optical depth up to 0.35), as shown in Figure 2a,
the transmittance ratio varies from 0.10 to 0.35. Changes of
aerosol size and optical depth as well as solar zenith angle
within the normal ranges would result in an uncertainty of
about 0.1 around the clear-sky baseline of transmittance ratio.
In reality, the clear-sky baseline, as well as aerosol prop-
erty, can be accurately determined from the measurements
during the clear-sky periods. Thus uncertainty of the clear-
sky baseline should be substantially smaller.

04
03¢

0.2¢

F860/F415

0.1

0.0
0.00 005 010015 020 025 030 0.35
Asrosol Optical Depth

14 \
w 13F - »-
% 12k Water
11 &.mm m—
w38, G ocosiomrnr

1.0
0 2 4 6 8 101214161820
Cloud Optical Depth

Figure 2. Simulated spectral ratios for various aerosol
(a) and cloud (b) conditions.
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Figure 3. Retrieved aerosol and cloud optical depths
(logarithmic scale), measured diffuse irradiances for 415
and 860 nm, spectral ratio and associated cloudy (the upper
line) and clear-sky (the lower line) baselines, and retrieved
and observed cloud fractions on 10 July 2005 at Pt. Reyes.

[s] As shown in Figure 2b, the transmittance ratio for
both ice and water clouds varies from 1 to the asymptote
values of 1.25 and 1.34 for water and ice clouds, respec-
tively. The surface albedo, a, impact on diffuse irradiance
can be simply parameterized as F/(1 — a), where F is
diffuse irradiance with the dark surface (@ = 0). The
transmittance ratio with assumed albedos of 0.036 and
0.25 for 415 and 860 nm, respectively, can expressed as

(220 22) - oo

Fyeo
=128*% —
Fays

[10] Because of ?6-9 2 1 under cloudy conditions, the
415

transmittance ratios are greater than 1 as a result of a higher
surface albedo at 860 nm.

[n] Itis clear that the asymptote value, reached at modest
cloud optical depth of 6, is insensitive to the solar zenith
angles. The difference of transmittance ratio because of a
20-degree change of solar zenith angle is about 0.01 when
the cloud optical depth is greater than 6. The maximum
difference of transmittance ratio because of a 20-degree
change of solar zenith angle, occurred at cloud (or aerosol)
optical depths between 0.35 and 3, is about 0.1. Further-
more, different effective sizes of cloud particles within the
same cloud thermodynamic phase have negligible effect on
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the transmittance ratio. Again, the cloudy baseline of
transmittance ratio can be directly determined during periods
with large cloud optical depths from the time series of the
measurements. Changes of cloud property (effective radius
and optical depth) during broken periods will have very
small effect on the localized cloudy baseline. Overall
uncertainty associated with cloud, aerosol, and solar zenith
angle variations using a climatologic baseline set are about
0.2, 20% of the dynamic range of transmittance ratio.
Therefore the maximum uncertainty for the fractional sky
cover is 20%. As pointed out previously, in reality, both
clear-sky and cloudy baselines can be directly determined
from the time series of measurements, and thus the uncer-
tainty of cloud fraction retrieval should be substantially
reduced. Given possible changes of cloud, aerosol, and solar
zenith angle during the broken cloud periods, as estimated
from real measurements, the uncertainty is estimated at
about 10%.

3. Validation

[12] Validation and evaluation of retrieved products are
key to showing the effectiveness of a retrieval algorithm.
We processed the MFRSR measurements taken during the
MArine Stratus Radiation Aerosol and Drizzle (MASRAD)
field campaign at Point Reyes, California in 2005, where a
Total Sky Imager (TSI) with a hemispherical field of view
(FOV) was deployed and provided time series of fractional
sky cover. Also the estimation of fractional sky cover from
measured surface broadband SW radiation was available
during the field campaign for intercomparison [Long et al.,
2006a). The TSI cloud classifications are dependent on
pixel color, as are clear-sky and clouds themselves depend-
ing on their optical depth. Roughly, distinctly blue pixels
are labeled as clear-sky, where white/gray/dark gray colors
produced by optically thick clouds are labeled as opaque
cloud [Long et al., 2006b]. The SW method was developed
using sky imager retrievals that were carefully manually
screened for consistent classification results as a training
reference [Long et al., 2006a]. The SW retrieval methodol-
ogy uses the effect of clouds on the diffuse downwelling
SW (measured minus clear-sky diffuse SW), normalized by
the corresponding clear-sky downwelling total SW to remove
the solar zenith angle dependence. Thus rather than a pixel-
by-pixel determination of cloud/no cloud associated with
sky imager retrievals, the aggregate hemispheric effect on
the downwelling SW irradiance is used to estimate sky cover.
Thus the SW method is far more similar to the MFRSR
method described here than are sky imager retrievals.

[13] 10 July 2005 was a partly cloudy day, with overcast
conditions occurring in both early moming and afternoon
and several hours of clear-sky periods in between. The sum
of aerosol optical depth and cloud optical depth, retrieved
from direct and global radiation measurements [Min and
Harrison, 1996; Min et al., 2004; Wang and Min, 2008],
shown in Figure 3a, varied from 18.5 to 0.05. The diffuse
radiation at 860 nm, shown in Figure 3b, changed from
greater than to less than the diffuse radiation at 415 nm,
corresponding to the atmospheric optical depth variation.
Although the diffuse radiation at both 415 and 860 nm
varied systematically with solar zenith angle (Figure 3b),
the ratio between the two was fairly constant at a value of 1.38
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Figure 4. Retrieved and observed cloud fractions and
corresponding TSI cloud imagers on 8 July 2005 at Pt Reyes.

when cloud optical depths were greater than 6 (Figure 3c).
This result verifies our assertion in the sensitivity study that
transmittance ratio approaches an asymptote value for thick
clouds and such a value is insensitive to the solar zenith angle
as the solar zenith angle varied from 17 to 75 degrees.
Therefore the cloudy baseline is defined as the minimum
value during overcast thick cloud periods.

[14] Clouds generally change much more rapidly than
clear-sky aerosols, allowing one to distinguish clear-sky
periods based on temporal variation of atmospheric optical
depth derived from direct beam measurements. In practice
we define a clear-sky period as the standard deviation of
optical depths inferred from direct beam radiation during
the period is less than 0.01, which implies that the
detection threshold of minimal cloud optical depth is
0.01. The retrieved aerosol optical depths between 17:20
to 19:00 UTC were about 0.06 with very small variation
(less than 0.006), combined with the low values and small
variation of diffuse transmittance, indicating it was a clear-
sky period. The mean transmittance ratio of 0.30 during the
period therefore is defined as the clear-sky baseline. Thus,
for a typical broken cloudy day, both clear-sky and cloudy
baselines are determined directly from the time series of
measurements. As surface albedos will not change dramat-
ically in days, if a day has no long-term (~one hour) clear-
sky or overcast cloudy periods to define the baseline, the
baselines defined before or afler that day will provide good
estimates for the day. Furthermore, such a localized baseline
procedure of the transmittance ratio does not require a good
absolute calibration of the radiometer as long as the instru-
ment is stable and has a good reproducibility at the two
wavelength channels. Therefore the ratio method with the
localized baseline procedure will tend to reduce the uncer-
tainty of the sky cover retrievals.

[1s] With defined baselines, the fractional sky cover is
readily retrieved using equation 3. Figure 3d shows com-
parison among three different instruments and four different
results of fractional sky cover. The TSI reports both thick
opaque cloud cover and total cloud cover that includes thin
clouds. In this case, the total and opaque cloud covers are
the same from TSI, indicating the clouds present were
opaque. It is clear that retrievals of the ratio method agree
well with the other three results.
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[16] 8 July 2005 is another broken cloudy day with
several clear-sky periods, shown in Figure 4. Various cloud
distributions in the sky, illustrated by TSI images at four
particular times, are well monitored by the ratio method.
Overall agreement of retrieved cloud fraction is very good
with both TSI measurements and SW method, absolute
differences of 0.030 and 0.028, respectively.

[17) However, there are some occasions that differences
among these methods are substantial, for example on
16 March 2005, shown in Figure 5. For the cloudy condi-
tion illustrated by the TSI image at 16:24 UTC, the TSI total
cloud cover is larger than the TSI opaque cloud cover,
indicating some thin clouds present at the time. Both the
ratio and SW methods agree with the TSI total cloud cover.
However, at 17:24 and 19:30 UTC, shown in TSI images,
sky cover retrieved by the ratio method agrees better with
the TSI opaque sky cover and is substantially lower than the
TSI total cloud cover. The SW retrievals tend to agree with
results of the ratio method. The classification as thin cloud
(optically thinner cloud that is blue-tinted because the clear-
sky background can be seen through them) for a TSI is less
robust, in part due to the proprietary auto white balance
function of the commercial camera used in the TSI which
adjusts the overall image color rendering dependent on how
much of the image contains white pixels. In effect, less
opaque cloudiness in the image produces slightly more
sensitivity to optically thin clouds in the retrievals. Addi-
tionally, each camera differs slightly in image color render-
ing characteristics, yet the baseline clear-sky library
included in the processing software was generated using
one particular camera at YES headquarters in Connecticut,
USA. Thus individual camera behavior and characteristics
effectively make the clear/thin threshold less robust than the
classification of obviously clear skies and opaque clouds. In
this case, the threshold of thin clouds for the TSI algorithms
may be too low, resulting in an overestimation of the total
sky cover. There is a period around 20:00 UTC, however,
where the four retrievals differ significantly. The differences
may be due in part to previously discussed threshold issues
of thin and opaque clouds and different effective fields of
view of the three instruments. The retrievals of the ratio

Cloud Fraction
00_03 06 09

Figure 5. Retrieved and observed cloud fractions and
comresponding TSI cloud imagers on 16 March 2005 at Pt

Reyes.
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Figure 6. Scatterplot of TSI measurements and retrieved cloud fraction from spectral ratio method, and
cloud fraction difference distribution for the entire field campaign.

method lie in between the TSI and SW values, and are
closer to the SW retrievals.

[18] While the case studies provide insight on the perfor-
mance of this new retrieval algorithm, a more extensive
evaluation ‘is required. Statistical evaluation has been con-
ducted using measurements over the entirc MASRAD field
campaign from March to September 2005. Since different
instruments have different sampling rates, synchronization
of measurements and data quality control have been applied
to produce a l-minute sky cover data set with 85498
samples from all three instruments. Figure 6 shows the
comparison between TSI total sky cover and the ratio-
method retrievals. The slope of regression is 1.004 with
an intercept of 0.015, indicating our assumption of linear
partition between cloud transmittance ratio and clear-sky
transmittance ratio is practical. The correlation coefficient is
0.957 with a standard deviation of 0.102 and a mean bias of
0.02. These statistics indicate good agreement between the
two methods. As shown in Figure 6b, over 88.1% of data
samples agree within 0.1. The residual differences may
be due to (1) different sensitivities to very thin clouds;
(2) different FOVs; and (3) the calibration issue of TSL

[19] The statistics between the ratio and SW methods,
shown in Figure 7, have a better correlation coefficient
(0.975) and smaller standard deviation (0.075) with a
slightly smaller slope (0.961) than that between TSI and
ratio methods. Over 92.5% of the samples have a difference
smaller than 0.1. The better agreement between the ratio and
SW methods is not surprising, given that both methods are
based on radiometry measurements. Nonetheless these
longer-term comparisons demonstrate that the simple ratio
method provides a good estimate of fractional sky cover
under various conditions.

4. Discussion and Conclusion

{20] Clouds remain the greatest sources of uncertainty in
global climate change research. Changes in cloud amount
through climate feedback may well be one of the signs of
climate change. It is crucial to accurately monitor fractional
sky cover with high spatial and temporal resolution globally.
In this study, a ratio method for estimating fractional sky
cover from spectral radiation measurements has been
proposed. It is based on spectral characteristics of clouds
and clear-sky aerosols to partition sky fraction. As illustrated
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Figure 7. Scatterplot of retrieved cloud fraction from spectral ratio method and SW method, and cloud
fraction difference distribution for the entire field campaign.
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in our sensitivity study and demonstrated in real measure-
ment comparisons, the transmittance ratio at selected wave-
lengths is insensitive to solar zenith angle and major
atmospheric gaseous absorption. With a localized baseline
procedure, retrievals of this ratio method are independent of
absolute calibration and weakly sensitive to changes of
cloud and aerosol optical properties, and thus substantially
reduce the retrieval uncertainty. The uncertainty of this ratio
method once localized, estimated through sensitivity study
and intercomparison, is less than 10%.

[21] Narrowband spectral measurements are now widely
available, for example, hundreds of M.FRSRs have been
deployed globally. This simple ratio method will substan-
tially enhance current capability of monitoring fractional
sky cover in large geographic distribution, providing a great
opportunity to monitor climate change in terms of cloud
amount.
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