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Abstract

This study analyzes the spatiotemporal distribution and seasonal variation characteristics of multi-
layer clouds and their lower-level clouds in the mid- to high-latitude regions of the northwestern Pa-
cific, based on CALIPSO satellite data from 2009 to 2023. It also explores the influence of environmen-
tal factors such as atmospheric circulation, sea surface temperature, and lower-tropospheric stability.
The results show that multilayer clouds occur with high frequency in this region, with the annual
mean cloud frequency exceeding 0.4 in most of the sea areas. Additionally, there is a higher proportion
of thick multilayer clouds over the open ocean, far from the continents. The occurrence frequency of
lower-level clouds beneath multilayer clouds is relatively low, mainly concentrated in the coastal
regions, especially in the Yellow and Bohai Seas, with significant seasonal differences. In summer,
multilayer clouds are widely distributed, and cloud top heights increase, while lower-level clouds
predominantly occur in the spring and summer. Meteorological analysis indicates that seasonal
changes in atmospheric circulation, low-level wind fields, and sea surface temperature significantly
regulate the distribution of multilayer clouds and lower-level clouds. The seasonal variations in
lower-tropospheric stability (LTS) also affect cloud top heights and the development of low clouds.
Radiation transfer simulation results show that upper clouds with varying optical thicknesses in
multilayer clouds can partially obscure the radiative properties of lower-level clouds, reflecting the
impact of the vertical structure of multilayer clouds on radiation transfer.
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1. 518

STEHIER - KRR RGPS £ FAEH, A B ek - KSR RS s Aok
IR . MR ¥ B T2 =S 35 H (1ISCCP, International Satellite Cloud Climatology Project) (14t i1, HiEk
I8 BT 66% [1], REAKHE /IR R KA 2 5 . = IAEE AU KRR K o A, 38
T8I R AR SRS S AN S E T AR s R b e A BRBE T [2]-[4]. MRS RGAEEKE, ARER A
XPHUNREE S BRSO Z TGRS R 2R RATNER, K EEZMTZE S0 RER
IAELE HEARYE R, X2 BOR IS S AR S S HA 2 35 1 1 ORE[5] [6]. HEH 4R 2 )2 2= IR AL SRR AN
2 ATREAE, A Bl T3 i R AU O v R = AR K R G RIRARE ), RIS Syt 2 /K VR R 3 3
AR B LI FA SR B LI 7] WRIRET A ER, 2 )5 250 MU ERE S 32 56 (1 755 7E F B i b R e
BWCRR ARG, Ho A A RRAE B AN E P 2 2w Ui 22 1 B BRI 2 — [8]-[11] . Bth4t,
DRSS RGBT AKIEHE LA P Bt A % DA OC[12], DR, X = iR A S 23 1]
OXAT S ELAS AT HERA SR LT, T ORI AURIT AT, T B AR AR AU Y AT B SR
18

H 1982 ELIK, Al — B2 Ebr LA A UE I B A 7. PR R R E 2R 5
R ARG, AR TR T A E AR R . R 2GR LA B B, TSR T 2 b
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BT R ZBEMN = Gt JriE[13]-[15]. 2RT, 2546 T 1A (CPR, Cloud Profiling Radar) 5 = - AR IEAS
R8O 5 35 (CALIOP, Cloud-Aerosol Lidar with Orthogonal Polarization)2 3= 8 B 28 LI 2 B, 4>
KRZEmWUREWAAE, HE EEHTZE M8 R E R - KRG MENR . Kk, T
Z Z A2 A SR EAT G b, REM s KRR RGERMERM T/E. CEMRZEPESRR
X IR E 2 2 SIS B, MODIS 428k H B =47~ it i8oR, 2008 4 10 HZ 2=
FEABRE R N 5 3080 2 2 A X TR 4 AT, R 2 2 S AEAS [T 3 ) R AR AR A2 AE 3 72 57 [16]  IxX e
WRAZZ KA FEAT AR 5 KA OC SR AL 1 B ml B S .

TR, Z RS RMIF G E =R R IE S SR W E2ERE T, W2
= HILAER 5 AL, A S KRR RS RUR]  FKPEIE SR SR AR RN [17] . e 4 PR 5 i
B0 T 325 A8 KRl AV FR 1), 22 )2 25 IR AR A0 R B FEAAAE =T I 22 3 TITER 43 FEE R i 7K
(Ve B, ZEsaEMRsm, EE 0 EH[18]. Ak, EKREME LN IR E TR L 2 =~
IR FE[19]. 25 EATR, X 2 2 B M RGBS AR = SE0 7 E A, R ER = - KA EAER.
DS X A3 R SO e 2 RS DURS 1 0 BT 42

RAE A KEE RIS I7E, AT LB 2 2 BP0 43 47 [20] [21], *F
ZEm MRS U R AR SGEA L . X — KRR ABRE] 75 2 2 = RG4S KA E
B A PR . BFXF X — W B, AWFFIET 2009~2023 E 5 - SR EOCE B SR E PR
(CALIPSO, Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations) g {1 it — 2% 7=\ 3 B 4% F 44 fi
(VFM, Vertical Feature Mask), H#8F 78 XA R 1203, X 22w AH MRS R AESRET St
IIMT A e BB AL, 45 m S E BT . RS R AR AR L] . 8wt
KMZEZZ M FRREHRGS T, AEBZ)E R EXBRBEMRIRGETRIERRESE. 8 2 i)
WX A EREEIE &2 ERH R, 5 3 WRR T Z2EaMEER MMEs M 2 51k
TE S TR, THE T RAE S Hpysm, 58 4 FTRARWFE AT T 4.

2. ®E5A%
2.1. #HRXE

AWFFIEIARLZ 120° 2 P52 160°, b4 30° R4 60°VE AT TEIX I, % X3 1 PH ALK A i
L PRI S AR Gt 2 AR WL R LR R fie N S 25 (AR X3 2 —[22] [23] i3 0 L 4T KK I
K B v [T, ABRRERRSRE a5 (W, BRI R A AT TE AL, IR 2R R,
FXIEEIRU[24], KAOAREA BFRNFWHRMWRAL. thAh, dbsh 30" 2 b4 6072 iy e Hvir &5
PRI X, BER S IR RN, OB AR AR GRS S 50, 222 S I
A2 —[25] [T, AZIXIIEFEER R, NONFEMAAIR RO, BRI WA T B B S
E AR ARSI

2.2. BUEETH

ATl B B EEER A = - RERHO R IA 5 40 /MENE LR (CALIPSO). CALIPSO TLA R LA
PRAE AT IR SIE R A 2 T E RS, A4S CALIPSO Al CloudSat A2 ULl 7k, &4k T
ERBERZMZ)Z R AEMR[26]; HE X S SRR T FERZEELSW, T HE
B ASE[27]. CALIPSO EH5#I = - S I IE A R0 55 1A (CALIOP) B $REUA AU [ B3 5 )
B, ARFFAEH T CALIOP f& 3% 1) — 24 = i I ELRFIEFE RS (VFM, Vertical Feature Mask), 1% fi il

DOI: 10.12677/ccrl.2026.153066 603 SAEAR LI T A


https://doi.org/10.12677/ccrl.2026.153066

Hhile 5], AT

H 532 nm BB G M HUR REERHE = ARBIRERZHEEEE, LU 5 km KPP =<
IR A () 43, e T 2 B O O 2 N TR SRR R S A B e
AHIFFEALE FH (R FE 0 A it R U5 T ERAS B Aricdia g, 8t 4 b e v 391 R < T o 0 (ECMWF,
European Centre for Medium-Range Weather Forecasts)#2 ik, i T &EREH NS S8 E, ORFEE. &
FEL KUE L SRS . ERAS HUE BAA w0 kg, v USRI R He BL e ga 0 25 B35 45 S [28]. 7EA
W7, ERAS (1) 500 hPa fi7#4 w17, 850 hPa X7« W THI i (SST) LA SR E X it R A% i BE (LTS, Lower-
Tropospheric Stability) 5 X AR SHBH Tt 2 22 ko MESH A MEHE S ZE= T2 . ERAS HifE
I AR SRR B E AR GRE, Sk T PEREE FAGSRE, BROR T v R AT R
2.3. ZRTHRIRE

CALIOP R 3RIUK A5 M BURE S ME B0, EROCT BB, = )2 FrE X R B A
BT AR FEIX R, TG 2 X A TR N, (5 S EEE[29]-[31]. BRIk, #EEE T A L AEAE
ZANMAL LG, BEZASAEE— B 5 5 W RIS A1 2, XA S 5 I W3R B = 2 e T )
EAES:, AR AR . AR R B N AR KA B RO B, S AU
S P o = Wy T s U RS 5 s o = B v 11 N 2 e A ) = P R R =10 K 212 e R 1 oy =
76 VFM 7=t h, RSl IE IS 2 )2 0 2R aE R E BN . A 10 s I LR i BRI 2 A2
ML Z)Z, K VEM PR 28 “w -k - =7 8. ik, BizgocHe NZE B Bot.

M [ B B P A 25 2021 (ICAO, International Civil Aviation Organization)Xf Wiz = bruE I E, Hl%
2% R{(ARP, Airport Reference Point) |77 f5 #i fR AMIK T 300 m MR ELiF S, AR ZER NERE
FEART 300 m {EANHIIZ T JE = K IR HE[32] o 12 i FE AR BEAF 75 B B A0 2 22 4 IS G R LS
RAKIRNER, AT PEBRAIENZE S MEa IR TR0 TS0 ) e K .

3. MIRER
3.1, BEERZEZTREZNERZSHIFE

ARFFLHET VM 5=, Rt A0 13355, R 2009~2023 4R/ == i s, X =
BotInZEEAT G . R XIS, ZEANEESR RS, KM 0.4 (5 1(a). H
FROLTE B L EFENELZ = b m, SR 0.2~0.3 2 [0, @EkihEn LeEL 2R s
1z A A b i . AR IR, TR EZZE A, AR IR & A AR i e T
K, TEAMFIE A A RN [A] CALIPSO HUZE B R IR, IX AT REZ TR R 52 A5 e T 4 i,
BT EZ )2 ZER I RAGERR(E 1(0). MILLZ N, = MRS FFEIREAR, KR SR
EBRTE 0.1 At HZERSAENRSEZ BN, = MRz 50 5 ZAE T 7R 5210 i b ) 35 il it
WA, WOk S ATIA 0.4 UL E, K B SURIA(E 1(0). X— it SR EK A, 3
RS oAt B AR B B X, KA S T = MR (A 1(d). ¥HREKs 5222 TR
EBER AT, B2 B FIE s R E R s EAE P T3 X (& 2). B2 6] 7 A
KE, ZEZEI IZEBNRE, 23S TRz 5 R R T A

IR R RAENELE S, (AEEEHE R THKASE, BRI EFE(E 30)~(d). FEFEZ
B BRI AR PS040, s A MK AEL 2o BB L X,
A ZEAE 55°N~60°N LA i = (A (1] 3(e)). LiEFENEZ E A TREINEZEZBK—3%, HEX
FEURIMERTARE . ARERISRR, MAE MG, EEHRAE 60°N, ML 0.12; 4
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s, AL

R ZAREAR, BES TR Mg, B S 0.04. HEFESKEFR N, FFREZHMHE,
WEHZ)TE 35°N [T, Si%%) 0.08; KZFEE = o MIEEA T 40°N, A2 0.08 (1 3(f)).
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Figure 1. Annual mean spatial distribution of multilayer clouds (a); thick clouds that are not fully penetrable by lidar (b); low
clouds under multilayer clouds (c); and single-layer low clouds (d); spatial resolution: 1° x 1°
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Figure 2. Annual mean spatial distribution differences between single-layer low clouds and low clouds under multilayer clouds,
spatial resolution: 1° x 1°

2. BERESZRETHREFHNZBSHER, TEDPWER: 1I'x1°

5ZREFVMENEU, ZREETRERZ - TRUBEPERS, FFRZ, KEAFRMK, KE
BAEBRET 0. BFEFEPINARBSIFER LT, BEFyREFN LS, EHETRT 2 E = (A
4(a)~(d)). MARBELEIIRWTTH, RBREAEILS & MRS HREL, EREEMEE 46)~).
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Figure 3. Seasonal spatial distribution characteristics of multilayer cloud frequency (a)~(d), and latitudinal variations of mul-

tilayer clouds and thick clouds impenetrable by lidar (e)~(f)
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Figure 4. Spatial distribution characteristics of low clouds beneath multilayer clouds across four seasons (a)~(d); and latitudi-
nal variations of low clouds beneath multilayer clouds and single-layer low clouds (f)~(g)
E 4. ZERE TRZNOERNZES ST~ ERSES TRE5ERREHEENTK~(9)

32. SEEMMNEREH BT

4545 500 hPa £ 34 =1 5475 850 hPa K70 #r, WT AR AN [R5 KA = 70 A (KR . &
o B R A, LB L AT IR T B, SR P IR L b 52 A A AR I B ]
s RERRAESEIL KRG A SR R, AR R, W R, AR e . A
M T, AR EZ R AR, 2R KRS A IR, R 2 2 ST R 2K
M b, 2IEL AOLMZ R, 'SR mD, HIEEAR(E 5). MEZFTRFELLI, 500
hPa Az BEIZWITHisy, &2 RSB IBRIPERIE = A AU,  EZR K E s 2 s %5l ik 5600
m PLE, KR EEREmTE. SHER, K2R RERERN, BRI A RER, A
KIE A HIHRIR (& 5(b)~(c))o IXFPRRIR TIRALHFER IR S ETF, WF W 7 2P /KR & AT
TAREN, NEHRBEREE T AR ZILEW, ZRRAERFEINMG . BN, Bk
EEAPNIIE ST
Zh T IR L (SST) SR A A, W] AT MR 2 J2 = G5 W R R AR BT AN ) AR AIE - X35,
HT T T PR S AR, AR ORI R AT R, IRJZ 2 SO TR B s RN 4T P b XA L
WG AT A SN S AT, AR R UK AR TR AR RR[33]. ERMERT, LIRS
(AL SOV (1P 6 [ TP G i O A B R I oY D P RS R T T N o 3 U PSR INGS R B 2
M LUE B ARz 2 (K 6(a)). HEANRZ, MM TR, KRR TIRATE R B AKIRAR R KR .
BRI, AR XU HT A Z AL U P g X, 45l A R R Bk, 9 E AL RV S AR IR A i = 2%
o fEZRETEMT, K22 R IMAMATE G 58, 15 N RR S R 5 Lo gERF, A fE
ZEZTRIINENREZ . EFZREATRAEEHEHEA, 22 2h g, b, i
RIZHRFAERT TR = AT R . B0, S X R R ERGE %, AP Risis, =1
AR BT, RO RE R S IREF . EMIASTA A TR 2 RA SRR E 2R, NinifefiZZs Tz
R 2 712 DX B b 20 A5 % SRS [34] 0 MRS XU SS A T /K V& AL R, A sl i B =2 2
= ME = I RMER X (K 6(C))o
=L Z )2 s M LR 2T S 500 hPa 3 ELEE IR R, FERFE XN, 47 500 hPa i
Yyt N2 (3 ELE (W) 2 SRS Ul (UFE R MR & LT, B UBREOVRE. BRHERT, ZES

m 4
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s, AL

I ERRERZIR, ZImE s, BRNZ R LESmARE 7(0). #EANEZE, T e st
A 2 BV SR K 40, 500 hPa BT 1) 3 B 3 R P S0 IR I8 (E S T8 3l Rl fE AR E
. W LTV N2 R S MR B RIR L T3 I[35], (T g, il = i B 7 km.
A b, BELZ R AW EART R FIRAS, X502 R SRR SRR 4 51 0 A 45
&, REFLR AR A R EARAE . XA LR 2 T B A 5 5 IR R /KR
A MR IR RS, MREFZRESAERS RS EIEE KR, LR
RS R(E 7(0). BAKE, BIAXKERE RS EERT R, MiffENEFTNGEER: ZEAT
Rz EEEPTURE X, SRETRRRZ: ZRANERDAMFNELS S A L RER
I SR %
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Figure 5. Overlay plot of the seasonal average 500 hPa geopotential height field and the 850 hPa wind field
[E 5. TZ=1% 500 hPa i3S A 175 850 hPa XUIAKIE N7 E

RJE XA Z R4 5E BE (LTS, Lower Tropospheric Stability) & AL EL AR R Ra e M1 BB Ig bR, &
R 700 hPa 17 3R FE S bR AT AR 2 % [36]. B LTS SNSRI e 245, 1310 52 T i
WIRAZ 2, WG T BN EEREEE. EXFIEL T, K2 2 T R 7E A = b
i, Bl iR A R S w T A TR E TR [37]. MR, 4 LTS 8K, K55
EJERES, DR ER G KA TE IR G Mm%, ANl ErEa s R R IRE i E s
MEZ =TS LTS BP9, 450K, WFAELS R LR LRERAR N, EIRE LTSRS
TR =T, B LS 20 B s, ULTER AN, 2 R 45 M A
B—, R EHFAFEEZA R EEN . A, AFEWRERE, LTS RMHPBHETER:
B2 LTS e 15~20 K 28], MAZFEELAT 10~15 K 7, %k EEE0 55 T2 8). X
PR 22 R R T 2 2RV B REIRR S A SRS B RS AR R TG, MR R AR 11
FIEES . WEHGMFIERE, 22 Mis aliEES LTS Mtk /R AR —5t. ERE
WEl T AT DA ER 2 P 1) 20 K LTS SEZ Xk, ZIX R E R BEE, A A TR R R,
A 9 AR 2= T B R AR B B . TER PR T, ZE 4T R s KRBT,
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H T B A B R, HAEZ A 5 m LTS KRR M 9(c). bz, TEREFEMAZE, Ko
VY LTS [HARHH/E 10~15 K JE P, BERde e BEECE 2SS, (AN A71E Jm s mi i LTS X38( 9(a),
K 9(d)). FEIXEERRE BEARNT = 1 X3, RE R S 25 Gy ke, il = Nk 2 B8 R B A X 5
TS G, AWIENLE EE, LTS Ml Z4Mfe i, 2mEEa MEa M sms, =i
TIR=IRERE.
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Figure 6. Overlay plot of the seasonal average SST field and the 850 hPa wind field
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Figure 7. Overlay plot of the seasonal average upper cloud top height of multilayer clouds and the vertical velocity at 500 hPa,
spatial resolution: 1° x 1°
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Figure 8. Latitudinal variations of cloud top height of low clouds beneath multilayer clouds and LTS across four seasons
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Figure 10. Upper cloud conditions with different optical thicknesses, and the variation of shortwave albedo with the change

in lower cloud optical thickness
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