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W E: ZWSKEERENKIGIRIIR N EE MBS, R AT b i e R e N R 2
— o IR UG TR SN e ORI A S AR AL AE BEAS S BT AR B e B A e, RSO T —Fb
BT K =5 DEMBE SR (MWRD) W52 4 KA = AR & ik, FHYGEE A =
LIRS 2 P2 A 5. MW RTASEALL 2 1 P28 -1 5 S5 il 2R 5010 5 A0 A i Bk T AP UE B8k R e AN [R) 227
RIS X A0 e . I T — e TS R (O-B) G VEmg 2542 00 vk B BOR Ll R 7 HEA T T IE R 7
Bro RIS 7 B A TR I A8 SO 7 v 56k BB 7 ok BE 6T T A3, et BT R ik 0 25 SR % 1
FY-3C = /K iR 2% 7 0.028 mm, FY-3D 4 0.025 mm, ‘5 FEAMEZE™ B0 BEA Y SR DA SOk 48 51t
GMI 27K 7= S 28 SCLLXTEE R0, 3 B e s — 3o, 0722 9 0.0325 mm, FY-3C/3D CLW 7= 5 H i
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SIAEX: EFW,HE,RE, ANE 2020 N2 =SIERIWEREEGF LERRSKEE BEFR,24(6) : 766-775
Dou F L, Shang J, Wu Q and Gu S Y. 2020. Retrieval of cloud liquid water content over global oceans using FY—
3C/3D microwave imager. Journal of Remote Sensing ( Chinese) ,24(6) : 766—775[DOI: 10.11834/jrs.20208323 ]

1 5 7

= WA K F & CLW  (Cloud Liquid Water
Content) &4 TLAWLIMMR o N B A KA 4 5
Bzt BESS K B i, I 2 T AR T 5 7K Y B A
HRYE I AF 1Y IPCC i, = 2 UM R GE K A6 38
RO B E A T, TSR A Ekis
JE XA E AR W A, R H
A SR P R A 2 R Z — (Davis,
2011) o =X MBS R T = I WARRE (K
FRIIEENEE . mKSE . OKSEMENIRE)
PLRORERE (kiR TBAR . M), I
I TRXS CLW 1% 18 B S DR AT F T = B LI T 5
WD RTE A ERAUED TP AT EPE (07 Dell 4,
2008) . F34b, CLW ™ kbt BT T R Bk
B 2 T B Ty 58 G 36 LA K Bl inl e S 3 2 5
RIEEETAY =& (Fowler 25, 1996; Okamoto £l

im HEA: 2018-08-14; FIENZ: 2018-10-12
HEWB : FHEHARAI4 (475 :41905034,41475030 )

Derber, 2006),

H Al AU CLW 119 7 =X A 455 ok 8 % 80 28 Aor
R S BT I = A i = A oS R AR . BN 2 W9 VIR
BT, ZEAMN T B AR = W2 R
ARCERIES AW CRRM oK ER, BTIEH
B2 (Bennartz, 2007), 1 A A5 35 3% a8 i GE 0%
FiE L EANBE, BRI ARE = 0 ko
T AR P N A R AIE B 65 S IR = K Y LR T
(Petty, 1990). H 1962 415 UK & BRI 48 511 fig
i XL 2] AT K A = K B LK (Barret il
Chung, 1962), ZWH T A T ok 48 551 an
NEMS, SSM/I. ATMS. TMI. GMIZ:#R45 i T 41
K 1] 7 81 1) 2= K LI B4 (Staelin 25
1976; Wentz, 1997; Weng%5, 2012), WHTX
oM o HATIEFE 125 CLW B S e [ N A EL 3K
M54k, BEIRAE A IE 200 9 B
TR BRI W A 25 T v X ot T S Y 2 K AT
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JZ 1 (Jones A1 Haar, 1990; Greenwald, 1997),
(B2 ph T ol T B8ORS T Bl SRR S R g A B, i
B TR] 2 ] 80 38 A2 Ak Y Bl 2R 50 6 ORI 52
Wi 1 Bl T B S A K RO i, RS RS i
FRAE L (ke T A5t 2009), PIAR SCIE
55 K R PR A A B2

KR AR E B AR, BESE
W T4 B iy RA, [F A RER = 2
A REAFTE T RAVT AR B2 )2, TE2S ) B Jf
A A, I =R — B et H
T ] PN A0 T G 6 S AT 2 7K R T A R
NG S AN ) RS P, e S B 1
T O 0 5 3 R e s BB A S S R s K
SEAR SRS TSGR (Alishouse, 19903
Weng 55, 1997), -1y BEEE 32 1) 8 0 42 i A =X
BRI i I S T, ST O R 5 K R
(Petty, 19905 F&HEEE, 20005 LiuAlCurry, 1993;
Bauer fl Schluessel, 1993; Weng%ﬁ, 2003), BT
ZOK B2 RAEAS il s B SO, RS
BRIz K B ) E 55 o Ak
PRFEOI USRI, SE IR UL RN S T8 1 45 R R ke T
I Al T A 4 AL R A L AU LA B = Y
SRACFAL, U 58 55 % i P (0 1] 25 B 2 1 i
AR R OCHE [RS8 B 1 S BORN L) A
B B 52 BRI i — 22 4k (Weng Fll Grody,
1994; Tang 1 Zou, 2017),

Wz =% (FY-3) TAEZHES AR
ZTAE, 4kFY-3A, 3BBHPUKK EE, FY-3C,
3Dl 55 TAL 55T 2013 4F-9 J F12017 4F 10 H )
RS IFARARBE AN 55, BB F A AL 2H 0L

10.65 GHz,18.7 GHz.23.8 GHz.36.5 GHz #1189 GHz,
BN BCE VYV, HH AU AL, dE104vEiE, &
6 5 MW RI 4% 3 18 Y5 5 A7 A i 1) 5 599 28 A kG B
(Wu Fll Chen, 2016), H—%, == &) 1Z M
FH T R AR5 B FBUE T dig W AL (Lo 55
2011) o AR AR B S T 7 RO T iR, BR T
B RESE) RE, W5 RS bR AE
X, PRI A N FY=3C/3D MWRI B9 W00 0 25 U
Bl AT oK™ olk 5 RO SRTE I T R . AR
I P B o i A% A B AL T B AR A Y e i
W, PR TERTYMAAR R MWRITE = B &
KRG, REFMHERBEIIL DL

FY=3 A 45% Bk 45 R S0 MW R UL B i O-B
(Observation minus Background ) &% 5 %} 8 1k 244
PEAT TR o = 7K™ it ke = T T 38 Tk fY) B 552 3l A
LI, A< SCH|F RSS (Remote Sensing System) Y
Geit BT B T3 125 DL R AR B8 B 1 GMI (GPM
Microwave Imager) MV 55 25 7K 7™ i X 5 38 45 SR i 4 7
TR

2 CLW /=i e i
2.1 REEZEFRE

211 dFEKERE

T RS R R Z MR RGBSR,
VI AL TR . KPR KRR K Y R R
FE 40 GHz AR, = FK IR W B0 7R FH ol DL Z %
(B, 2002), AR 4 %5 e i A5 R RS
B I 2 W Z B TS, JEROK = =K & &
AL FH B0 8 53 09 37 GHz 25 7K s 3 i A
23 GHz KR W Yo 3 3, 38 o 22 oo 2k 1k Il 19 sz 3
(Grody, 1976; WengFll Grody, 1994),
CLW = a,(In (290 = 7y,) = a, = a;In (290 = Tyyy))

(1)
K ay. a,. a5 34 [B1H 30 2o 46 5% faniss =X
BEAPL 2 TR 5 B U A 5 K i 2 e 4R 1k Il 4R
159, SEBR R Ty 9 MWRI 36.5 GHz V 1k
(GBIET7) W2, Thn 9 23.8 GHz VAL (Gl
E5) WM . MWRI A [ 3 18 K 26 52 Y vk ] —
JURINERANEORs o N N e ' S g g w i BI=A E]
Tok e, FERBRE A 220, 752
I 3 e T SR A B I LI A 3R R A T 4 SR UL
i T3 G P E , X BT T BG (Backus—Gilbert)
BT IE R VAL, BG BB —FhEX HAR K
2807 1) PR AT 400 B SR AE L SR 43 99 2R R 1)
AR (52 %, 2012), E7EFY-3 MWRI 7= i &b
BRGNS N . T = K R R
T 238 VAHI36S VA EIER LR, M
MWRI 36.5 VilliE VC L $)] 23.8 Vil i 2 J5 152 IR AE
YER AR ER A, BT LA R 7oK & &
il AT N 23.8 VIEIE Y 27 kmx45 km.

1 F 2z K B 4 X s AEAR /DN, A2 2850 ) A
PR, RTE B0 ) SR R I i JE A B 1 g,
ay. a, FA, ARSGE AR R AR AR R
WAL TE AR SEL, ARSI BRI b IX |
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KREBRI—WHERG T R &2, Lok
P ] B B 3 SRR IS & K Z R R RS,
PRAIE T8 22 8 B R I -

212 BEKERE

W 5 2= TSR S A5 A b 2 09 VR TR AL
PAL I 3% FR ) A7 FE 23 3G 0 = 7K B v i 52 2 vk, LA
T 22 TSP 11 A A 7 Tk ME R AR AR A B IR T
ST FR A, PROHAS SCEE TR K = HgoK & i 5
i - S BE R R Z ] () 2896 5 R AT A K =y
KB i R
CLW = C(1 + VHR) (2)
Krf, RETVHREWNRE (mm/h), HEREWZEE
(km), WSS RE LA ZER T, (K) 1
PRIL,

H=1+0.14(T. - 273)- 0.0025(T. - 273)" T, <301
H=3 T, > 301
(3)

M (2). X (3) AT, HEEK N =K
EE I B E C R, BRI IT IR K, BIE C
Wentz fl Spencer (1998) Fi| FH 38 A~ 47 A€ 1) %X
WAIAFE], —MiE R 0.18 mm. =K B %
RS8R JEE PRSI 3G A, FE RS R 48 22 1—2 mm/h 7%
PFF RS EAE AR . e vh (i B B R %
AR IR B FY-3 MWRIY 55 7= 5, 246 5077 i
HABRERE (BK %5, 2013).

22 HEE#ENRE

TEAERR K = RO, B e E A =k
FAEAME T MWRISE . Pl ] A0 4R S AR i =X
e [ TR GORHRMLIB & o0 I & B DU 4 1
iz CRTM (Community Radiative Transfer Model ) ,
I A% 455 =X 3K 3l 3 J& ECMWF  (European
Centre for Medium—range Weather Forecasts) %l i
MR AL, A7 25000 250 . R IR
2, MHbRBIRSZT (0.01 hPa) KKK TEH 5>
NI3TIE, EEEDPERNILARBILA R, K
FEAE RE Bk, FE AR IE AR Ho i X (Eresmaa Fll
McNally, 2014), 7EALBEH SERRA A BTL

CRTM X 25 ) ik BHR A 57 ) 22 U HICHS 6 5 A2 i
WA, ZIET SFEBMRhKEY (5K, =&
KoL E L W) BRI, CRIMAY =
LIRS RE R ARSI 2 2 | SR UR/ S 1/ IR M N IR £

RN ZR)Z RN =K G (kg/m?®)
R FARCERE (wm) (Han 55, 20065 Baum 55,
2005) o TEAEREIK 2= R 2% 18 2= KO e S A% 1) 52
i, ks EAKE EWSTR, HAEEZZE A
W, mYHESHHEARLIR ] Falcone (1979) 1) 10 Ff
HADK ZBEARY 1 R i s B R AR o A
5 K5 B A S U i i CRTM AT R0 A4 A 50k -2
BB IKEG R, AR AR LR 2R 42 47
i gamma PREL, HREEL (4)

_f:r3n(r)dr @)
he” f:rzn(r)dr

PEAT AT RO H AR, THEE BORLAR B A T 2 A
A CRTM I =SB NEL 1. TEn RS EN =
Tl B Z [ B2 1 =K & i (g/m®)
CLW = p_rand-Az (5)
X, po M 10 FRELHY 25 B9 = K B, rand i 0—1
RIBEHLEL, Az AR RIS, Al RS e 2
AR
TERA AN = W 2R, S IR o6 1 A5
B, A 0°C—30°C, ¥ 1l X A 0—20 m/s 2
], AU M 0°—360°FEHLZEfE . CRTM BB IE#
K Gt SRR JH FASTEMS, & —Fp A & (R 35
SR Pt i 3 8 S IR (Bormann
4, 2012),
x1 ABRERNNAYIESEH
Tablel Cloud physical parameters in the typical cloud

model

Fes Sk ﬁjﬁ;ﬂij i(Ji(f;gE/ %F&ffg/ %Tﬁffg/
1 M= 12 1.0 660 2700
2 mEs 7.2 0.41 2400 2900
3 Bz 10 0.55 660 1320
4 WE= 12 0.61 160 1000
5 =55 9 0.42 160 660
6 Er-2 8.3 0.29 330 1000
7 RBa—RHz 6.7 0.15 660 2000
8 EHz-2 10 0.3 160 2000
9 WZE=-2 10.3 0.65 160 660
10 Rz 15.2 0.57 660 2700

23 RIESHITIE
S AKX (1) Pl a. a,.

a, Z R
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FAREUER, BT MWRIE bRi% 25 Al g i CRTM 45
P T 55 S B O 5 e 2 TR A A 22, PR LR
LA B S B UL I 5 R 6 B2 S G AT BT OE .
R, ECLW HOMIIBMH T,

In(290 = Typy) = @) + a, In (290 = Tpy) (6
AL RIS E a, . a, RESEHI G 25 2510 UL 5 Uik
PR N AT H BT AL IE . Weng Fil Grody (1994)
Fl Tang Fl Zou (2017) 3843 DT HC A4 AT LRI A bifi
VEMG S S, BT ] WO S £ AN UINAS JT oy R
AR 22 T SRS GoTTE T kR 2, AR
H—FP T MWRIA B LI 5 (0-B) 25 ™ %
I DE I 25 S TR RS IE 7 i o

O-B i 2= % 9 N H F R4 AT IZ Wi Al ok TR ¢
BRI 52 25, HEAT BBk Y BT 4 R R 25 0T 1
(Waller %5, 2016), ZSH0E LM iRy 5
T LA S T Y 5 2

d,‘;=y—H(xl’), (7)
K, ok BEUE P 5637, @ W55
HVES 5 54 (200 2 (8] 5 48 ol T A O o,
FEFY-3{Uas i mE Rm gt , BXE R
T639 b 55 52X T 45 5, W8I 3474 il CRTM Al
RTTOV W R R 4 S 4

O-B fii 22 K AL FE AR A B REUE . Eh5 .
IS R ARSI R, DL iR s | R
GHERE IR % R MERFERG T, |
TR 0 =K R 5 B S = A] AT
BRI 22, R S A% S 58 =l P 22 Uk i oK
fiff 7 58 75 JE K LA e WL AR 22 IR RO, R O
BT AR R AT, P8 s MW
%ot B O-B 22 . PF I3 2 ™ 4% 19 O-B B,
R A 7 55 52 2 W R Ath PR 28 52 e A OBl L, X T2
BLOUL DU B Rk i AT T () IR RS R R
2013) o FEF LI LJEH, ARSCFIH FY-3 {0 i
W R G000 O-B e 22 45 S 0 1 FH T L 4 IH 4% O
BRI AR . >4 438 O-B [ I il JE LT 4RI
WHIZASE i M I 28 b FAUER R R

I(0 = B) o) < 10K

I(0 = B) ol < 1K

(0 = B) yl < 1K

I(0 - B) sl < 1K

(O = B) gl < 10K (8)
FIF 2018 4E 3 H 1—10 H FY-3 {38 i 2 Wi 5

A 4 f FY-3C/3D MWRI O-B &5 5, i i
138653 XF LI s i, MR 2K 6 THH M0 R ¥,
a,, FRIEFHSEEA (1), FHA B
T AR A B oK & AR IR (1) WA L
B a,, JFIFEAE A ST KL
P K B S RO DT i iR 25, X 4Eit
i TR FUH AR, RABHET 1, rms B/, (7]
IFT R . L2 g T RIH RS, )
DA K 2R EOE S 0.96, W 2K -5 B0 18 52 il 1)
MR, B FRRE
®2 FITEERHEXREFMYHR

Table 2 The regression coefficients, correlation and rms

error between the true and regressed CLWs

a, a, a, R rms/mm
FY-3C  -1.8280  2.7757 0.3704 0.9625 0.0047
FY-3D  -1.7894  2.7825 0.3708 0.9614 0.0049

3 CLW J= ik K 6

3.1 WEHIBEMTENS

T AR S 30 2= K 5 i B I AT LAk 2 H
T 5 Ay A )0 e AR, RO LS ) b Tt L
RS REUE T T = /K & 7= ah AU AL 36 . Han 25
(1995) R JH 3t 5 BUML 24 GBS 31 WL 000 45 SR AG
B AR AR T B = KORS B, AR Eh T A I (R
A EACRPEA ), 56 e A7 7R AR R A B 5 1
I HICHEAE 2 BRVE FE N EAT B0 o DR AR STl
[Fi) 24 I 4 S T 19 Ml 55 2 7Kk 7 it R R 3 BT R
AP ) S [5) 288 7 it A 38 o 38 ok R FH A S8 3 7
J7# (Wentz, 1998) 1 T3 AL [H] 58 XL X} 5 2 %
FY=3 CLW " iR BEREA T T A5
311 ESME SRR =K e

ASSCAE FH A IRV R0 = 7K 7™ i 40k B RSS, %
BUR e & SR B S T — 0™ i s A A 40l 55
77 i B 5 AL TS AL, L K R
FY=3 CLW i KL 56 2 %5

SSM/I  (Special Sensor Microwave Imager ) 55
& 31 & 3 [ DMSP-F16 (Defense Meteorological
Satellite Program — F16) T3 [ 480 228 B 0 4R
g5t DRI P S E Y 15:50, 5 FY-3D
(19 14:00 M1 ZZ A B P/ o SSM/UI UM 19 GHz 3]
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183 GHz, S53.1°Hbif A A 5HH 7 X 5 FY-3
MWRI VT BUAH [A) o A< SCfdE FH (Y SSMALEE 7 fRA =
K 72 dh K B ftp://ftp. ssmi. com/ssmi/f16/bmaps_v07/
[2018-08-14], & 0.25°#% s H =, HTSITE
T R 5

GMI & %} it & GPM (Global Precipitation
Measurement) 35 [ (1) 22 38 18 [5 4 47 48 T30k 4 5
i1, H% M 10 GHz 3 183 GHz, X 4l 1f W0 I K Thl
4 52.8°, 5 MWRIERIAE . GMIEA IEF &
B R bR oK BE , [A) B GPM TR L 3E 71 M 403 km,
BB W 65°, HoLHU T U E A AR A S T2 A TR
BT RSB R SRR 5 MR AT A SO A R L
WE o A S FH % GMI 25 7K 72 5 (RSS V8.2 it AR )
JE RSSERHEAFIE =&, T DRSS,

312 BHWHER

AR SCHEGE T 7 R 56 32 v i B B ERA-5
P53 AT B0 2 RO v R A Al it (ECMWE)
T 2017 4 KA 95 HAR KA Bdia &, AT LA
BN S8 A S5 B ) PR BT 8kE . ERA-S AR
JEAR KT B 31 km, $EAE I 18 £ 0.01 hPa
(2780 km) It 137 )2/ 8137

ERA-5 Fo oK & AR B ECMWEF 2k
% RG0 http://apps. ecmwf. int/datasets/ [2018-08-14],
R JE Y 0.25°%% 1Y, DB AR rh$2 I = 7K A
BRI RR K AE & F IR A
3.1.3 WETENE

XFFY=3 CLW = Sh Kz 5o A R4y, T 4¢
VI Ty T A e 56 A T3 ) 28 S EE X

AR RSS Ge it 1577 Wl 19 %) J2 it 45 AL ik
TS, %07k HAT N H T SSM/L. AMSR-E 4%
W55 K PE A R R (Wentz, 1997). GEitEH
P17 12 1 it 2 A T I Y 3R 25 % A R A ARG R 9
PRELIY SR, R R AL (pdf) SRR R TE
FEA™ (L mi B 30 O e s 2 1 AR 8 1 PR 2R
HAL A K pdf B KAE N EAE CLW=04b, Jf52
T8 H o A T R T, 3 A B 0 v B Bl AL R S A £
HALRISUE ], TERE R ZE A TEIE LT, pdf
B 26 2 Ty oR 5 AR CLW=0 &b, T 2 D) 2R 5 i AT L
FHORFAE SO 4 7 iR 22 K/, Ko B H
201843 331 d FY-3C MWRI, FY-3D MWRI
Z K7 i . DMSP-F16 SSM/I z 7K 7= il ERA-5 5

M K SO, A AN T O R T A
R, R FY-3 =K i A SSM/L
2K R RRR 25 LR

o 6 1 25 A 43 A AR R S AT TR
[B)3ESCHOXE, BEHR20184FE3 H 1 H—3 H 15 HIL 15K
() GMI g K FLIE 7= &, WG TFHLRIREE L, 5
FY-3C. FY-3D MWRI 2 /K3 7™ i 2 5l 264 725
VLBL, T =Mtz 28R RIZ, A DS Y B
eSO 52 RO A B /N T 10 min, 25 (6]
E/NF 1 km,

32 WKISHERDH

321 ETFHRITEAENKRIEER

E 1454 T FY-3C MWRI, FY-3D MWRI = 7K
FEEn . DMSP-F16 SSM/I 257K 7= i Fll ERA-5 F-43#r
K RO (O S B R A, R T R E DY X
FeRg—2bE, B 2B MWRI S i A LI 77 5 22
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Abstract: Cloud Liquid Water Content (CLW) links the hydrological and radiative components of the climate system and is an important
parameter for research in climate and cloud microphysics. Cloud liquid water is a highly variable target and depends on cloud type. The
different cloud types exist on different levels and vary in the satellite sensor view.

Cloud liquid water is one the most uncertain factors in climate change research. CLW can be directly measured from the passive
microwave measurements on the basis of its spectral and polarization signatures. The all-sky CLW retrieval algorithms for FY-3C and FY-
3D microwave imagers (MWRI) are presented in this study. The CRTM rapid radiative transfer and various cloud models, as well as
ECMWEF short-range forecast profile datasets are utilized for training the retrieval coefficients. Hence, the physical-based algorithm could
ensure the adaptability of the CLW products for different seasons and regions. To prevent matching errors between visible and microwave
pixels, a novel clear-sky detection method based on O-B (observations minus backgrounds) errors of FY-3 MWRI brightness temperatures is
given and proved effective to adjust the coefficients and the scale factor of the retrieval equation. Then, the retrievals under rainy conditions
based on the climate statistical features are added in the FY-3 CLW all-sky algorithms.

As the validation of satellite derived CLWs is difficult to carry out, the statistical histogram method raised by Remote Sensing System
(RSS) is used to estimate the accuracy of FY-3 CLW daily products and DMSP-F16 SSM/I CLW products. Results showed that the RMSE
of FY-3C CLWs is 0.028 mm and FY-3D is 0.025 mm. As the RMSE of SSM/I CLWs is 0.025 mm according to the same method, the
accuracy of FY-3 CLWs is comparable to that of the RSS operational products. We selected 15 days of FY-3 CLW orbital product data in
March 2015 to compare with the GPM GMI orbital products from RSS under strict matching constraint. The comparison result shows that
the two kinds of products are of good consistency, and the correlation coefficient reached 0.9061. The mean deviation and RMSE are
0.0075+0.0325 mm.

The global distribution of FY-3 daily CLW was analyzed and compared with the distributions of clouds observed by SSM/I and FY-3D
MERSI. According to the analysis, the cloud distribution observed by FY-3 is consistent with SSM/I and MERSI observations. FY-3 CLWs
were more sensitive to thin clouds with smaller particles and less water content. The CLW values of thick clouds were slightly
underestimated than SSM/I. FY-3 CLWs could depict the detailed structure of typhoons, including eye area, inner cloud wall, and outer
spiral rain belt. At present, FY-3C/D CLW products are used in operations. The networking of morning and afternoon orbit satellites could
achieve global coverage in one day.

Key words: remote sensing, FY-3 MWRI, cloud liquid water, radiative transfer, cloud model, statistical histogram, validation
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