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Abstract

This study investigates daytime low cloud (cloud top height < 2 km) over China’s coastal seas from
2012 to 2022, utilizing MODIS and CALIPSO data. We analyse the spatial distribution, seasonal cycle,
and interannual variability of low cloud frequency and physical parameters—including cloud effec-
tive radius (CER), cloud water path (CWP), and optical thickness (COT). Results indicate that: (1)
Statistically, the mean values of CER, CWP, and COT are 10.96 pm, 74.48 g-m-Z, and 11.3, respec-
tively. These values are generally lower than those reported for low clouds over the open Northwest
Pacific. (2) Spatially, the highest frequency of low clouds occurs over the nearshore areas of the
northern South China Sea, while the lowest frequency is found in the Bohai Sea. The CER is smaller
in coastal waters and increases toward the distant sea. Regions with high COT are concentrated
along the coast, corresponding to areas of smaller CER. (3) Seasonally, low cloud frequency is higher
in winter and lower in summer. CER peaks in summer, whereas both CWP and COT reach their max-
ima in winter. (4) Interannually, from 2012 to 2022, low cloud frequency exhibited a decreasing
trend over most sea areas, while CER and CWP generally increased. In contrast, COT showed a de-
clining trend in coastal regions.

Keywords

Low Cloud, Cloud Effective Radius, Cloud Water Path, Cloud Optical Thickness, China’s Coastal Sea

Copyright © 2026 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

1. 5|8

AR THERR ML =70 2 X, H A AT E I DA 2 oW RO B o (2= T e B 62 SRR
M= WA LRSS BE B KRR MR 1]-[4]. ~ERN R PENSE RGP ESE &M
ARG R R R AR R . — 5T, i8I R K PR AR A I« R R R AR ek BIIA
R RS, MR RGERAHIER B—J7H, =] DRSO RS R S A RN, RS
RGEIRAES] [6]. XPERSN FIAHRT MR T 2 R, SN s BE R[]

RZ T Z W R BN S K S m, 32208 U S )N K BH B R S, D 313 1 3R 1) 4
WRER, MIMXTHLER RGAL A ZIMEF[8]-[10], X—RE AN E SR M EWREIRsE. a5
s B IUTRES) UL S MBS B AA 8RR =R AN 2 S K & R4 A 1] [12].
Hartmann et al. K IUE = BN 10%2 5] #2-6.3 W/m? R R 48 55 @ 84510 [13], Slingo KME=THH
B 20 pm ZEAGE] 16 wm B 5 2504 E1 R8N AT RAHR I R A AR IR FE 0 £ 3 BUR IR = N[ 14]
IR, UnBEZEEIINE, 2R 20 W EREN, o RS R 2 nsg, M
TP~ A SRR 8 HUSN[15]. B R ERRRRMA], Ka =& LAYz R AEEN 6] [17],
Bk, JF AR B AH BRI 9T, % T B AR 25 36 S R0 DA B PR AR A=A A 2 P AN 1143
18] [19].

YHITH FC 2 P BRI 1) 530k 25 S Sy B M DN R 3o S S TR P S, e L N R R B 5 U LA
KRNI =N F B, R R il KA. = (36 B S o M 55 = 4 5 A 1 5 B i
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[20]0 BB SEAAIRI = W BRF LR 53— N AT B, AHOCHIRMN B & AR 2 oKk = Fik, B#HOLEH L
/&%t CALIPSO, CloudSat, EarthCARE) DL A TL & £ %% A% A (41 Aqua/MODIS, Himawari-8/AHI).
R IL T T B R B R B AR R E S, R A S F IE SR W s WK TS EE
B IR ES I = W BERE AR AL, R BRI = = 4R i B By 52 1] 60 T MR 75 A A0 LI 46 - B
52 BIRIFE BB A fU% FE PR, H AR A IR, ML RN = R S ER . 52
Lo, PRI SOE AR A TG A2 R R SR, HH AT I AT I TR R SR A S
FE N ) 2 T B 2 B S AR, e B8 R B ) = ) BRI A 3R A T T B[22

r T i i - SO B AR A R BRI 25t A3 A vy (0 X3z — (23] [24], [ B 92 32 M K i <
TR i HE RO 2 TR X o R R IR R (R4 RS e U ) = B, FEAH A VA K BE 12 T, RV IR
FERE Ik B b B AR WX . SEHES S ) 2 S B BEN 2 . BRCERREN, il
ZHFEETE R, REEES[15], B Twomey RN HFFLH E T 2 A% 2 2 A AP ERRR P ) B 23728
1, A BT TR AER D PP AL AT 2 PR XA A R A BRI A R X I 2B S 5 T %, I s>
I = 5 RS RS 22 o >4 I 9 6 6 1 P 20 b 08 % PR B e it 1 A S K = 1 = B A1)
PRFME R A REAE, a7 R A 5 R OC R (2511271, (BT 22 H0E =5 18] 7 HE 2R A
F, e AR Mg X I e v RS AR B AR Ak o 7R AT AL b, ASCTH RIS & 2 e TR A T e o
] T M AR 2 P B R 2 ) 0 AT A B AR AR AR A 7, P Dy ek DX S s IR = S8 & B
I 4R S s B A E TS IR S

ARLHET MODIS K CALIPSO T RIEEK TR, @i B Myl ah i@ B Iti, wH CALIPSO
VFM ##a k% 7 MAMODIS MYDO06 z 7% it H 3R BUE 2= FE AR IR e A P, 75 b Al b 25 T B 3] /5 1) MODIS
MYDO06 =7=f4iih T 2012~2022 F EEE IR 2 FEA, 04T T H IRAR 2 BRI 2 18] 43 A1 4 S A4
FrAp b sy, R H 5 /SR A AR RHEBCE I AT RE B R o 28 2 TN 2E TR S,
PREBWEAE RN T, 5 3 WERIETE TS 80P I 25 0 AR AE S AEBR AR (i 34
B4 RGS T EELW

2. BI|REHE
2.1. HREE

AT FE X IR [ AR e S A LA IR 1), R, B R R AL,
PHYGHEIZE 85 2R 40 10572 130°, b4l 18° % 42° (Y XI5, %IR8 AR N1 [X 3 UAH ELA'E FH S5 A3 BA AN 52 S
R I AT R it R e B Y 3 R X 32—, RS IR = R AEAER (28], H AR = BT AN AL 2 B 5
AU RIZEI 52Ul TR DL R ) A e R P U o e 55 22 M R R IR SR [R5 M [ 29]-[3 1] IXEHIRm H T
IEFERUG G EROR, X R BH AT A 1) SO VE s 2 . AR IOF#BY 1 2012~2022 4F H [H]
28 11 X3 TR s DAk — B T AR = B B

2.2. DEHE

KAFH T = - SIBRBOGE IS 5L AME R (CALIPSO) P& L2 247 i T B AR AR (Vertical Fea-
ture Mask, VEM)#(#i. VFM £853EF 532 nm 2 52085 [ #CH AR R EL M5 5, XA~ 3 B350 T b 1R
MRFEREAT 025, bRl G KA RIBIRM 5 B, FE—0 X S A @K KA. BotHEE
AUERFEEMRERE, B BNE SR EE A 0 AR S ERE B32], A
R VEM B8 K0 #E R 208 333 m, E{R)Z(-0.5~8 2 km) B/ HEE N 30 m, HHIFiRANKZ L&
FeH 325 [33]. CALIPSO TR PR R&ERH EEHG 2 Wk, BATEIEL T 78 50T 78 X 35(105°E~130°E,
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18°N~42"N) ] VFM ##5 , #2 L VFM #8732 7K = H & Tl B2 T 2 km TR0 MR =80T [34],
HAIBR T % )7 2 FAHE 7 #8507 (Feature Type QA < D)5t
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Figure 1. Study area and CALIPSO orbit trajectory (red line) (Approval No. GS(2024)0650)
B 1. ARXEHA K CALIPSO DEEITHIB(L %) (FES: GS(2024)0650 5)

AIAEHA W =B SHCRIET Aqua TEEEM 70 H%E Bg 61 (MODIS) — 2% 2 7= i (MYDO06),
BEmE oA FEREAMESHEE R, B =M S 40d i MODIS [fIfiE 6 (1.6 pm)
IIE 7 (2.1 pm) FHHEE 20 (3.7 pm) ) S R8s S5 2 [35]. FRATEIN T 2012~2022 4 H [A] 25 B 7T X
B MYDO6 4 H-AR L 2= 6 R E(COT) =i A B 2(CER) = /K R(CWP) = Tl (CTH)Fl =
HBEE, BARMACE 9 1 km, &—SHWHE B A 5 28

2.3. R=IRBGZE

ASCLAR T BT 2 km 103 B 2K S AE B TR S %P T CALIPSO VEM s, #4320
WK HWER RS 2 km B ZE ZBockI o MK BT, BB SR, 78 VEM $dE
FHILESE 10 NP EBORAPVR = BTk, W2 1| MESFEARIFMA G THERE[36]. XFF MODIS
MODO06 %4, 15 2l H = T A5 BRI = TR T 2 km (91500, FARYE S SR = 2 E5UE Bk
H A 7K == (Cloud_Phase Infrared = 1)f1 8.2 = (Cloud Multi Layer Flag=1). f/aidti7fEEH], HEZ
TE SRR B R T /NE 5 S i RO A R BV R Z[37], BAIBIBR T HEEEANT 2 s
B UA B 2= Tt A FE AR 80T, 193] MODIS R = A AR 4R

FEM IR b, ASCHIH 2016~2018 4 CALIPSO VEM il A6 56 MODIS 1K Z A E 5 55 A v 1 .
DL CALIPSO [P s b bR 21 i, DTG U B Z) (B[R] [B] B < 5 min) %% (B PE 2§ (CALIPSO B T 5
MODIS #% £ 1) B 28 5 25) 53T (1) MODIS #% sS85, UL VEM Bk 0 88 e, 16l “Ikz” M <9k
Rz” PISEAEBUT L T P ZH R R A 45 R (G 1) &l 2 s, MODIS MYDO06 #5422 T i B2 S J 45
FAHLLT VFM M4 RAEIE—E MR ZE, (HAME = 1 KR AR E, HP K = A 28 (CALIPSO
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PRI ZAEA T HE MODIS IER - 2EHIELBN A 0.991, YA (MODIS IEMR 5K = AEA &
MODIS R T B K = FEA K L) 4 0.929, i3 N 0.949 (MODIS 732545 BIEWRIELG). Rk, &
SCFF MODIS MYDO06 7 7= it I 2 10/ FEAS B AR A K = BEAS, Rk — 25T 50 b B I WK = P B AR 1 o

Table 1. Comparison of low cloud identification results based on CALIPSO VFM data and MODIS MYDO06 data
# 1. £F CALIPSO VFM ##&5 MODIS MYD06 ##E#E =IRHI L5 RXTLL
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Figure 2. Comparison of cloud top height retrievals from CALIPSO VFM and MODIS MYDO06
[ 2. CALIPSO VFM =@ =Ii=E 5 MODIS MYD06 F= =i & B R ELE R %t

3. fIRGER
3.1. R=PES BB G 4FE

FATRE 2012~2022 4FHA (] MODIS A2 PTG K =AY IRRHE AT T vt Wl 3 s, =0
AREEARE 3(a))s mIKEEAR(E 3(b) M6 R RS 3(0) IGETHE R A R0 s 1) 73 A
1k, KU X NS = R E 2 — B AR E 1 £ Rl s, DR ZHUR SRR B S5k
HE AT T . ADEOCRIAR . S 7K BRI 52 J2 FE A RE A AT BEXT L 1 AN R J8 BE IR IR Bl T4
[FAE AP B R = =8 . ST 1686 JIMESHEAR RS R E/R: 2 A ICEARFMER 10.96 pm, 7K
PRAZFIIMEA 74.48 g/m?, =L COT “FMEN 11.3, mTEE CTH ZEMAMNMEEE 3(d), —4
TN 600 m EAMESAZE S, BIMIE 1500 m ELAKER = BIEKRE, HEITZEEZ T
A RN T2 R 2 KB AR~ S /N TV AL P ezt i b 25 (045 L [38], (IS KT [E i B = [25],
X5 R AR ARSI IR IR EE I K R .
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Figure 3. Kernel density distributions of (a) cloud droplet effective radius, (b) cloud water path, (c) cloud optical thickness,
and (d) cloud top height
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Figure 4. Statistical results of low cloud physical properties as functions of cloud optical thickness and cloud droplet effective
radius, with shading representing: (a) probability density distribution, (b) cloud water path, and (c) cloud top height
E 4. REVBHFEETRAZEENZEAMFENAIUTER, HPEEDAA: () BESMH, b) ZKEE, (o

m“EE

UBAh, FAGET T & A6 B AR T2 A2 X Ta) A () = WD BRRE R A0 AT, DN BE 3 AT K (] 4(a)), T
EL IR = K2 NG Rk 722N T 7~16 um Z 08 /KB E/NT 100 g/m?, HIg2A R /N 10 f/kE
BIKZ . NKB IR G55 FoKE (K] 4(b)), EAHRIRZHARCERZE T, aKEAEE RIKsHE
KIDGFHIREE, mKBEAHRREL T, WA SCEREVNG R EEROR, IXENE T Twomey RN TE
XIRBEE ERIAREL: RS K S EAH RIS, /AN 20 OB S IR AN = B0 B s S B0 Re ™
AR R E R R . = TR B A R (] 4(c)), 2 T BEAE X B AR I = (CTH < 1000 m)F
B EA EN KRR, BAE 2 A RCE ARG S 2 T4 R (CTH > 1000 m)fF1E 2z 4H
EAK. BEKE, PEEEIMES 2IHE A SCERE/DN, BFEEEBRNSGIHHE, X5KTHE
JRE TR A B SRS R PR SR B FH 2R AR AR

3.2. RE TS THHFHE

T 2012~2022 4 H ] MODIS MYDO06 = 7= i Bl , ARGt 1 b B UK 2 & A AR 1) 23 (8] 73 Al
AR W1 5 s AR = AIE SN A B 2 5, E PR S R & AUR A A AE(E 5(a)),
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Figure 5. Spatial distribution of the daytime low cloud frequency over the China’s coastal seas from 2012 to 2022. (a) annual
mean, (b) spring, (c) summer, (d) autumn, and (e) winter, spatial resolution: 0.5° x 0.5°
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Figure 6. Monthly low cloud frequency for the subregions of China’s coastal seas during daytime

6. PEILEXEXAETHZERRE N

A G (CF > 30%) AT ARG @ Wi M g AL iig X, HUUg SR ITEX . R
HIME = = H(CF > 15%)8& 5 T ALH(CF < 15%), = A ARAE H B (CF < 10%). =Tk b, B
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&= ZIEAR(E 5(c)), H A BHEPIERRIE X, K4 X ZIEK . £ MK s a0k 25 & 5e),
DHANKAE X 3 A7 5 AP R 3 A A R AR AL . A SCHE— DI B T 355(121°E~125°E, 33°N~37°N, Zonel).
ZIF(122°E~126°E, 26°N~30°N, Zone2). Fg#EILHB(114°E~119°E, 20°N~23°N, Zone3) LA K 17t B i ) 5 725 1%
ZREH(125°E~129°E, 18°N~22°N, Zoned)ifF X, Fiit | &g X 24318 Ak = =i 6). HA g6
AR (Zoned) MK = A A BB IFETARER, HREX MR ARX &N B
B IGIEIX (Zone )b, &KX MRS S ABEATE H R B A, EATERRESHE. X580
FPBNA R, HFBERIKGRN & T RAZEEMATRE, GH TR M kEE kR,
FER TR0 EFH39], R TR ER TR EE T S il mEAFRES T, (K2
KAFE e, B EAESR, AR F KA RARERALE =808 5% [40], SEGTIEES
AL o PR AR AT BN, 751 A 6 A RAWA =g E, Hr 6 A Mg E 2 H
T H B EAT R A F7 RIE EXSE, MA R S R AL X i, PR T A
Ko WS AR =[41].

3.3. REPEHFEZES%
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Figure 7. Spatial distribution of daytime cloud physical properties over China’s coastal seas. (a) cloud effective radius, (b)
cloud liquid water path, and (c) cloud optical thickness, spatial resolution: 0.5° x 0.5°

E 7. #ELS BRI ZMEFENZEST, Hd(e) ZEANFEE, Ob) TRSKEE, (o nhFEE, ZE5ik
#: 0.5°%05°

ERANR AR eI EERE b, AR ST T 2012~2022 SFA R AT ME = 6 %0kl 7248 CER, =K
£ CWP, Z=IJGHJELE COT fErh EE g S [ A (B 7), =A BCEAR RS R 4 A 2 HIEMTH “ K5
- PEAE” BREE, KRAEIX(CER > 14 pm)EE H7E G185 AR 7 38 LA A A T DA AR ze 8 B b PRt X, 17 B 9 ol
BOLHIEIX, IS, TR A B . RIETEE R R B ALIE R, S A R
o428 8 9/NCER < 10 pm),  H/ME X EEA 5 2 268 mAH R (1) 7(a)). ST R S50 Fude il R iR X 52
F3k [ KRG 1S IE % S B SR, VE N BB I I RIB IR E R 2 S BB K TE 2/ s b,
A8 TR IR 1) 2 W AR /I 25 o T EEAFE 9T X 38 2R B S ¥ v g 1 R v, 2 B ORI,
ZIKGEAE D R b, HIRIE R AR 2RI, S XA BRI 2 A R . )R
FE 5 OB AR 2 A R A AL, D65 5 BE s X0 B i A B AR /MBI, BRI Aa R
T S0 AV 28 ) U T U DX i — NV o T 1) R 1 6 22 SR BE A AR X (1 7(0))o X FEE R TE R BK
EHEREL Y, B2/ RS BUN AR, (5 =M eRe s, Je BRI . X
TmKEEE(E (b)), TEZ ARG E KRN m A X 502 B B B X O BT = A RCE AR R E X))
BEARES, R REX ARSI E &N aK . ARG, SEIT 0 X S84 A o =
SOTBRIREE, XA ZMEBOREERIN. WA SRR, XREM T oW B N, Fithe
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I REK, TR E R ABASK R, R KB AR [RIIIR S 5 B T8 il Y R K B AR 2 Kk
S F AR DO KR TR M TOAEE, RIELR KRR, AHAKAEAZNREL T, Juk
RS ZKBR AR BIE L, 05 20 A ROkL T AR U b [42], RIRAE /K B AR W X 5 = i A RCE AR R
X BIRATBGR  mOEER
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Figure 8. Seasonal distribution of daytime cloud physical properties over China’s coastal seas, (a)~(d) cloud effective particle
radius, (e)~(h) cloud liquid water path, and (i)~(1) cloud optical thickness, spatial resolution: 0.5° x 0.5°

8. FENTEHEZMEEFHEEFHNZEAN N, HP@)~d) ZTHELFEE, (o~h) ZREKEE, ()~0) &%k
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Figure 9. Monthly mean values of cloud physical properties for the subregions of China’s coastal seas. (a) cloud effective
particle radius, (b) cloud liquid water path, and (c) cloud optical thickness
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Figure 10. Interannual trends of low cloud physical properties and frequency over the China’s coastal seas. (a) cloud droplet
effective radius, (b) cloud water path, (c) cloud optical thickness, and (d) low cloud frequency. The spatial resolution is 1.0° x
1.0°, shading indicates the variation rate, with hatched areas denoting trends that are statistically significant (p < 0.05)
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