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Abstract:

Aerosols mainly influence cloud formation and precipitation by regulating the radiative energy
balance and altering cloud droplet properties through aerosol-cloud interactions. This paper
provides a comprehensive review of the microphysical effects of aerosols. As cloud condensation
nuclei or ice nuclei, aerosols can significantly alter the radiative and microphysical characteristics
of clouds. An increase in aerosol concentration can lead to smaller cloud droplet sizes, increasing
the cloud albedo to shortwave radiation, referred to cloud albedo effect. Simultaneously, aerosols
can enhance the longwave radiation emitted by thiner clouds, blocking more longwave radiation in
atmosphere, which is known as the cloud thermal emissivity effect. However, absorbing aerosols
may promote cloud droplet evaporation, thus reducing the cloud albedo. Ferthermore, aerosols
have significant impact on precipitation. When water vapor is insufficient or wind shear is strong,
an increase in cloud droplet and a reduction in droplet effective radius can suppress precipitation
and extend the cloud's lifetime. However, when clouds develop more deeply, more and smaller
droplets can be transported above the 0<C level, where freezing releases latent heat, promoting
convective rainfall. Therefore, the microphysical effects of aerosols can suppress weak
precipitation and enhance strong precipitation, leading to an increase in extreme weather events.
However, many studies have observed phenomena that are inconsistent with these theories. To
explain these discrepancies, this paper systematically presents four physical mechanisms behind
aerosol-cloud interactions: condensation and evaporation effects, water vapor competition effects,
collision and coalescence effects, and entrainment effects. The competition among these
mechanisms leads to the varied results observed in studies. Finally, the paper discusses the
challenges and future research directions, with an emphasis on enhancing observational data
capabilities, developing a comprehensive framework for aerosol-cloud interactions under varying
conditions, optimizing parameterization schemes, and advancing the application of artificial
intelligence.

Key words: Aerosols; Cloud microphysical effect; Cloud and precipitation; Condensational

growth; Collision-coalescence
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=S RGN EEA R, EERTIELEFLN 70% (Rossow and Schiffer, 1999;
King et al., 2013; Stubenrauch et al., 2013; Chuanfeng Zhao et al., 2019a), {E4ER{E = T F1/K
TEHR T RIEEEFEZERMEN  (Liouand Ou, 1989; Leaitch et al., 1992; Hartmann and Larson,
2002; Stephens, 2005; Garrett and Zhao, 2006; Andrews et al., 2012; Shiogama and Ogura, 2014;
Chen et al., 2024). Z=IAFAER Z VR T R AHC AR T, 2 fona b < 2R Gudm S 1 1 ) B 2L
KZ  (IPCC, 2023). X FHEBARM, = HA “PHRN 7, RIS 5 A AR S M M4
ITREE ., AR RFEEN ORISR T, 2996 30% # S BIRE, T H A = K 5TEkE
i 70%. FEKBEERES T, = ] DA SR G I R S R S, I DA B AR R R
] ARSI o FEX — AR T, mPHEY T 80% R AR B M) A KRR,
M REIX L4 S5 B AE KU N, R TR S RN o Rl AR i 26 BRI, o= R T AR
AR A AR AR R PO T HR M FEE K R 2 —  (Garrett and Zhao, 2006). /R 2 X 8 5T 1)
SR X R = AT 5, (BRI S, = AFREA RO RS T b BRFR IR, IR
ANT BIEREES), AE— R A E4ERR & B i) %%+ (Dai et al., 1997; Sun et al.,
2000).

AR LR 2R G K AUKAEFA b ) — A BT, AEL4ERF IR OK SRR P A vh R 555
HEAEH . AEKIEM R RE D, ORI K BEURLE B AE B BB e e, B0 K
VRIZHTIR D o SR, HPE KR /K 0 185 28 AN R, FRAE KRR A F T s 2 f
FEE )R FAT FREES s o B PRI BRI, EATE R B, ekt
R K BER . ERBOKIEH T, IR AR SRR EAEREE R W\, 2
PREFAEHRE LN 3.61X10M me, [t 25K 20705 0.62X10% m®; T FF/KELN
3.24X10% m3, Bkl PE/KEZH 0.99X 10 m®  (Peixoto and Oort, 1992). IXL¥#K B,
I ZMEAGIRE, FHELA 3.7 X108 m® 3R K R B RG H,  so Bl LI A i A
IKBEUR AN RIS . BRI, = AR KA O R K BRI A% O A BG4
TR 7K B U731 R DX AK STAE P AR 00 5 BT 3R

MBI AR A FERE, =2 BFKIRAE— & IS 1564 T, s Yl 7248
FCHI K AR G AR SR BRAE R A B W B A SRS KL T, £ A AR R h e 2
REEWEN . FERHTERT, REBRONKZE ARG T mhtdiiz sk, A M,
WRIE AL SORREAR KNG, #E 2 R 2 T BGUK AR IRVRFAE AT 5038 = RO 3R 1, 3K
— RIS 2= (B RN o X AR AT RS 52T 2= (T S5 K e, 38 mT Rgox
B 5 10 B A B2 7 AR R R o BIF SRR, AR RO R R 2 MR K FRIRFAE 7T A e 5 ak
et AT, AR SRS AN AR, BRI B AR R FEARL AT A R (Liu
etal., 2015; Alcide D. Zhao et al., 2019; Wang et al., 2023). [Flitt, “IA M A X 87 A5 22 il
S ECHAEAN R DS = AR KR I AR RI/ER] (Guo et al., 2017; Guo et al., 2019; Li et al.,
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2019; Sun and Zhao, 2021). $LZEAE[R X, mBTUEBSKRIEA T REIAR, HX=
MKt 2 2 K 4E284k (Guo et al., 2022; Feng et al., 2023). ¥FZ W 5iR T T <04
JRAE F AN [R] 1 DO A [ 28 T 2 R B K IR se i), R HAE I 22 R0k, BEAIREER, A
IEIER, BEEFAASPEMEN  (Tang et al., 2014; Guo et al., 2017; Li et al., 2019). [
HuIF R, SORIRAFIESZ FARHEI. N & 3 I X A 0% 2 B N R s, S ECHAEANA
M XA 2o B K VR AR TE 3 25 5, BN TR T S 2k it (BUE A5 48, 2008; Li et al,
2019). Sun and Zhao (2021) 5 H A FE AR 50 Hb XA 75 i Kk 46 7K fih 5 RS AR st ] ) 52 225,
VA BB AT P P S5 2 S - At DX PR R MAC TR A V8 R A8 o 7l 5 R DEAFE B (B B T, T 4 i 3 [X
(YRS B A I DU HEIR T fid R R I [] Y 2 1 0 R IIAE AR AL X SR I S = A AR
A (Zhang et al., 2011; Zhao et al., 2018a; Yang et al., 2019), #X 1 Chuanfeng Zhao et al.
(2019b) F1 Yang etal. (2021) MIBFFHAIN, FLelE O T 2 A SRR b S 3G
MR, FkX —BGIANE T KRR = AR . SHRFEE, Borsfal, EhER
I, PR IA IR IS A R R S = K EF BB N E 2 —  (Che et al,
2021; Guo et al., 2022), T 7E 74 s b X Bl 75 K i Jo, VD /RSB BRI U BE O 2% (Zhao
etal., 2022; Feng et al., 2023; Chen et al., 2024) . XA 750 1H T KSR RA AR IAIES
Vo2 B KT 9 o 1) B

B TR E SRS, S IRz AN K A PO 52 B A B R A S R I R
SO, SRAEAR IO = R B RN, I e B R R . AR, FEA R RS 5t
N, AEB m ABEK BRI B2 2R (Khain et al., 2008; Fan et al., 2009), iX
FEAF IR 2 (T RS R LA R /K G R 1) 5 e e LA AR B0 ST i A A ARS B e e fb, (B
GERAIETTZR, 2008). Kk, SBRES EZRFAE (N8, B)F. m/KEESE). WORHE
(IR IR EE . RiAREE) DAL B KGR b VR TS AR Z IR N IR 9, EL G S R AL Al o A
BR RGN ad . NHRERMBNIIFE. 75 BRI 2 72 55 75 TH R ST AT 98 AN 58
e, KB T RO 2SR R G ) A E . BARCHRIER T 2%
MAESEBN G BRI RRZA B %X R AFRERAERR, 1963; ) 55, 2005;
Wil %s, 2017, 2K, 2018), (HAIEMXTIXLE S 4 DL K B /K 5ik B 1) 2L A& 2 I AT 477 12 35 11
AHisE:  (Rosenfeld, 1999; Min et al., 2009), X153 HE -2 AH ELAE FH B RS RZE S A6 Tl
RS TR AT ECC PR . BRI, AL B RGBT, AR LR L
ANSRBEIR R (D S B fre g e BN SR = IR AR s (2) AR T =
TR BE SIS B RS R AR A S LTS SR HIHLEE; (3D AR IAE AN F KA A X Rk s,
RETI TR M K A BB e K IR s (4) SRR -2 - P 7K AR ELAE PRI 98 (B il A A SRt
FIT 1A
2 SR HREIEEN N B EENIE

R IE) A% A B 17122 514 (Intergovernmental Panel on Climate Change, IPCC) 7 50
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X (IPCC, 2007). #EFiik (IPCC, 2013) FIZE Sk (IPCC, 2023) PRAhHi & Fh ¥ X <A
- M AR B AL BEAT T A . AR, IR A LA F R 2 B U AR A TR A
B ep (1 s KA E VSRR 2 —, 2 H I AN 20 3 AR AR G B A v 1 — > B R 4
o B, WABEARSIEN- AT AE T BORLIE, T B TR IR RS A 1k R0 R ke
1B PRAR 28 O FE

IR = B RS  BEFL CA 2 7 T BT R R, R e 3 B p e R
VB I AT 38 5 S 2 B RLBEAR A AR, BRSO M = B AR AR KT . | XM &, BB,
= B BN Fa SR RN E N 2 B L B 55 2 T A, FRdid B 2808 208 2= (1
FHIE. IPCC A5 MUIRITAL IR (IPCC, 2007) KRB = MK ORI 2G0T =4
il B, AR MRS ZMEEN LS, ZACERREN, NS =1 R
WK, X IR IR (Cloud Albedo Effect), R A I 15— i)
N (First Indirect Effect) o Twomey 245 (Twomey, 1974), Kk, SR L@
N RO, TR T ALY ORI REK B A SR AR RS AR BB R K 1) 2 AR B T A
SRR, AITIER T = 2R Arif ], (23 = RS AE AR S o X — I R AR 2= AR A et
)28 (Cloud Lifetime Effect), WA T ISR —[A1#% 2N (Second Indirect Effect)
gt Albrecht 245 (Albrecht, 1989). )5, WIRAWUHESERIEN =W, AT LU R
RKPFHFL R RS M= A KA, NI SR WA RERE R, X — IR AR e 4
(Cloud-burning Effect), W##R A EHELN (Semi-direct Effect) =i Ackerman X5
(Ackerman et al., 20000, 1 IPCC 2 TR PPt 5 MRS R A EA T, 3 TR
- A EAE R o i Hht S IR R 5 — RN I3 S e AR N S I - A AR A (Aerosol
Cloud Interaction, AC1); [RII, VA (1)~ ELHERAUSIAN U IR AR B (15 S 20082 43— R Ay
AP -HR AR EAE ] (Aerosol Radiation Interaction, ARD . — M=, 7ERFFEAF@EH M X
BB PRI 2 A R, PR g T e RSO 2 (R T B R Fe e B /K i R B A EE R
EAERRE, = ISR EE RN 5 RS B A 5%, 1= i TA) 2%
JSLI = g KO FE , H R B AR BR IR I 0% R B R, T s A kAR ST (Lohmann
and Feichter, 1997),

2000 fFJ5, IR AR U R R, T2 R R AL R
DLIFHR o BRI, BRI A IR B AT Lod i e = A BCE R, SRR
AR R S AR AN, AT 453 B 2 AR B o e KB IR SO B AR e, X — i R it
THOHEE R BT, BN KRS RON (Cloud Thermal Emissivity Effect), 1308 JEH
TERE MBI, BIanE bR X 2 K e o RN 10T R AR R ) R R —
(Garrett and Zhao, 2006; Zhao and Garrett, 2015). 7z KRN . 2 BRSNS A 2 K 0 4
RS L FIR SRR - 2 A AR FH P R4 S RS 2R, ) AR B ARG i S 7 /1 D7 THI 5
i) 2= PRI ST AR PR o JCUR, W 90 R B 2 P A o B ) 20 368 i 2 58 B /K R R R, BRI e 1
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IRT LA 55 K o Tt T BRI B K Sk, HE— B 0T AR, IR 215 A 2K
AR, X/ AT DL A B B ) B, Ak R A HVRRTSCE 2 TR A, AT o
XS, FECE R EIE K. X IR AR RN CInvigoration Effect)  (Rosenfeld
etal., 2008). 77 ZiE R A2, LA IR IR R8N 3 S48 1) 5 VR0 1R 45 BCUK A B 1R T A
BIER, PRt AR v A & 248 (Cold-phase Invigoration Effect) . £ 30 lFIA U
FABMLEE BT IRN FEE 7K AR SR 5 T JHL U PR T T 1 o -3 50D 2 e 2 T AR T
5% (Sheffield et al., 2015; Fan et al., 2018), $2&H T BRAHEK 25 (Warm-phase Invigoration
Effect). SRMATFAIEL, XN HES N EARRREEME GEXT 1%), HEX—
RN EAFAESGL  (Oktem er al., 2023; Romps er al., 2023). fEASCH, Wi R BUSAL &%}
AL S UK G HNRRNR =, X — RSN TS IAE R A R R R B~ AR AR, RIAGA R
FR) 2 S B AR S FT LA 5 B /K TR R, (R BEsR /K IR (Lietal., 2011), IXEESIER
XoF 2 7K R A BR8N R AE V22 LI AI SOV 78 A5 21 1 30E (W3R D, IR 78R
VB RO 2 B /K S I 1 RS B Al o
1A IO 2 B K GO B AR BRI AL IE 4 B o
Table 1 Summary of observational and simulation evidence on the theories of aerosol

microphysical effects on cloud and precipitation.

IR 2= K B X ‘
nRAY IS AWIRES #4522 S0k
TR BN B
B — (AN ARUP R Coakley et al., 1987
o AN Kz i R R0 5 A A AL Zhao et al., 2012
55— AR Kz KA Zhao et al., 2018a
AR RN FFZE 2 KA Ferek et al., 1998
5 AR AN, REZ= MERER YN Rosenfeld, 2000
o B RN BE= ER=S YN Lindsey and Fromm, 2008
e HERN Bz B U Johnson et al., 2004
FH RN Kz A Wilcox, 2012
FE BN ISP ER=S YN Huang et al., 2006
TR RN PR Hby U Garrett and Zhao, 2006
o KR S RN Kz s 2 S0 ) Zhao and Garrett, 2015
= KR S RN M MERES N Arouf et al., 2022
XFIRBUR RN YRz MERES YN Koren et al., 2008
XFIREOR R iz Hh 3 TR A Bell et al., 2008
X I OR R iz H RIS A A Lietal., 2011




K14l 7RI - M AR R 2 ELE . AR, R Iz A LA AR S
LA 2 S AR RONE « IR RONE A R R R 5 T ek 7K O I8 R 2 2 I T 0 R MR 3
KGR o IREEHONILFENER], o TR IR = KRR RS R AR, I
A IR LR A% O FE A 2 T I 3 22 3 B A H RO SE N AN 2 A R AR B
Twomey i, 4% Tk, ASCRE SRR —ZEAEHLE], S AR FUSCR, A 2 R R
SR, AR IE R S BN, S 2 RS AR AR 2K R T M A Je

KRR EIBR

n)ﬁ%ﬁl@i&% = o
*‘éﬁld\ o RIEBUIN

iV
BREL 1 ‘ SBR i

TRKLS

B 1 SR = BN M R BN . (a)  SIER SR s, BRs Kk
HER L = KRR RN B BN . (b S et 2 P 7K R S 880 ) B 7 5
A 2 A i I ) 8RR R R BOR RO
Fig. 1 Main mechanisms of aerosol microphysical effects on clouds. (a) Radiative effects of
aerosol microphysical effects, including the cloud albedo effect, cloud thermal emissivity effect,
and cloud-burning effect. (b) Precipitation effects of aerosol microphysical effects, including the

cloud lifetime effect and invigoration effect.

3 FEIFZES M T8 SiA R = A 20 & H AL

Twomey R MR IR AE /K & BARFFEZ MIFOUR, “URIIE 2 S8 Et4i % (Cloud
Condensation Nuclei, CCN) Hr& g0, MM ZMEBORER N, WA XCERBANIR .
BEAR Twomey RM CL7E KRBT 7L 433 THESE (Feingold et al., 2001; Kim et al., 2003; Garrett
et al., 2004; Zhao et al., 2012; Qiu et al., 2017; Zhao et al., 2018a; Yang et al., 2019; Chuanfeng



Zhao etal., 2019b), HFF& = HAE AL, SRMAESZERWN T, TR SR m K S
BIEE, FEutsi RS Twomey RN FIG I FUIH A 82— 8. —Leit AR, EIRER
CCN 34 2 FE A 1 = A RCEAR DN, A RE#E% (Bulgin et al., 2008; Panicker et
al., 2010; Tang et al., 2014; Qiu et al., 2017), XFILZRHFR NI Twomey X3 (Anti-Twomey
Effect). $uAt, IEHEIIFKIN, =i REEAR B A AR 2 I H B SG8s J5 5 K
s (Tangetal., 2014; Wang et al., 2015).

BRI AR IR, BB RN A EERTT T AT RERIFE MR R 3R, B4 T oK &
& (Precipitable Water Vapor, PWV) (Yuan et al., 2008). FEE X )4 (Kimetal., 2003). %}
WMEMLZERAFE K (FuWang etal, 2014) SRR, AR MERESBREE
(Shao and Liu, 2005; Zhao et al., 2012), UKz EAI = KR A HFiE45 & (Shao and Liu,
2005; Zhao et al., 2012). DL E—RFIDFFLRI, —fokvl, X TEREMINR S, EaKESE
BUR. EERYIARESE . KRS RFAE T, USRS 2 2 SBWA R, T
E KGR BERYERRSE . KA EEEEEIEL T, a8k el <E
IR B RGN G K, B AN B3

SR, BUA BT T 2 O 3T MR — BRER A AR REAS R RO B R, BRI SE R R RE
RO R 8 XN &5 3, (HIFAEH TIra 0L N T RGO = )
PRGNS fE A BEALEE, T 0 A AU BT AR, AR T ARV = I B
RURE AN DU 575 J5 1 DU M BRI (it 2 Bram). BRI &, AKIRIIEEES A8 K /2
SO 2 RN EAER R . SIS BRI 7R CON TR =i fa, S8 15N 20 (1t
SEGKCHIZE RIS CRERRAL T R GRS R T Z), i mamikR, mE
HRERRERAD (B2, I ). FEERNE, ZHABCEHRER s NG s m g
FHIE, DRIIHGIE 06 2007 R 2 i B AR AR VE I 2840 o AH S R B R B0 45 T R TG 2= i )
Mz=KTeg (A KIHFEAIRMTERERD, DLACRE SRS . @ E T, = HalJfy
Ko EBBR M HAER, ITAE Z A BCEEIE R (K2, 1 b MRKFEFRBNL, F
AT WS IR, 215 2 M D S S, T B s A R (A
2, W o). M, MATEH = HEERD, W KRTERETS, N, ZH R
AR H KBRS N G K. phAh, BRI R & M R E R R . FAA
AR 8 2R REE R EA DN TR FEDHAEKR, WK
WAy TR A N 2 BEK VR 58 S R 2 /N i 2R I, X #0215 i A 2%
PN (B 2, W2 d. B, SEEAT PLEE S CCN, 72 B A Gl 2 i
FERER T, SRS A0, S W H ST EARSRFM . TIRIREFHE LA
RIBEJEIE T, X LB AR XS TTRRANE], AT BN R AI 7 b R L 22 FEAL I
FFIRAEE
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fa e NAEE
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i @ S D&
ot Vel (e /
3 b) fill 3 B2 Vs ® )
E, \ \—-’S\ B
. SESI 2 (TN
SBR elel

2 BN 2 AR B SE h B) SRBE B AL . () i IEESs 528K (b)) Rl RON
(0) JKIRFEF R (d) KB B OHT KRR ENLHS 2RI, 16 E# kR
AN EE SRR K, 17 #7 kR R TR RO E SRR R = W R AE Y B AR
Fig. 2 Key physical mechanisms of aerosol’s microphysical effects on clouds: (a) Cloud
droplet condensation and evaporation; (b) Collision-coalescence effect; (c) Water vapor
competition effect; (d) Entrainment effect. Orange arrows indicate the impact of each mechanism
on cloud droplet size, with upward arrows indicating an increase in droplet size and downward
arrows indicating a decrease. Black arrows represent physical processes occurring within the

cloud.

ERERIR, U BRI EE EE R A B SIS S0 SAMA V2 =k
HE R R UK TR RS K g o IR UK SRR BE « TS . K/NERHIE I 820 DL A S SE0K &
ikt UKE S = E A EAER (U RN . IR UK A AR BN AP BN 5D 5% 2 Al
K A 25 S E B2 (Leroy et al., 2006; Lee et al., 2014; Bin Zhao et al., 2018; Du et
al., 2024). Leeetal. (2014) JEAARAMAIL, HFRAVIEINZMES A ZHFAKRE 2,
AP R EE, MTTEE = iR JE . Zhao etal. (2022) Al Fengetal. (2023) KILVD RS
PR VRT3 0 mT LA I B B UK AR AT 2 2 14 e R AR o /K A () A o LB Ab, S BN UK i
PR B W) 1 2 5 Ak (0 B L PR R 2, T Al i 25038 2 (1 A A 0 AN T e 8 e WS

(Prenni et al., 2007; DeMott et al., 2010). FIHIZJ5%#, Chenetal. (2024) fi&HLHK
5 et JEE VKA IR EE R T BRI T = B3RS0 e R, UK Sl RE LB R 2%, TR AE AR 57
, FRAT B R A T RIS W (52 I 2 O T B BT A IROR R (R
R DL A S R 8 IR RSB — R B (Garrett et al., 2004)

FIE = — &% (1)

dino,

A FIE  (First Indirect Effect, FIE) F/RSIAR I —HEH, Bl A R S5
8



IR AR BRI re N BTA BT, oo AR IR RAETR bR, 7T LA RS A HUH &
£ CCN HOKFE . PMas Jit & B A IG5 ) EE (Aerosol Optical Depth, AOD). FIE>0
FOR BT A B RS IE I3 2 1m0k, B Twomey 285 1 FIE<O MIFRIR = A BCER
BRI Z M2 . FEERWZ, ARKTERE R R bR 2 3 80N 25 8
(Zhao et al., 2012), fHHH TASCRAE T E RN = Wb I B ma pLEE, RO )
EFEXT FIE M SEMAEAE A SO AR A 18
BT BRI AR (K UM A BRI, ] DO LA 5 oW 52 31 1A R I R A5 31 1 )
AR, AERELESLN, B 2 BRSNS i) LR AR B, SRR RIER, SR
ST I RHE 5 . Garrett et al. (2004) & BUZEILAHLIX, 2 2 10 2 B0 BRI AT 2%
PR TIEIRTT YR U, FIE A AT 0.43-0.19 21, RP=MARLE
W VA TR AR T P8 o S 2 k) T I — I Rt 2 AL AR (R B P 5 SR o BB X R
WARHR 59, = M2E At %K (Garrett and Zhao, 2006; Morrison et al., 2012; Zhao and
Garrett, 2015), Kl 2 i (Al 325 R AT ZBEAN T, 2o ik DUBE Rl 36 K. bl X ss
KBS PR AN, SRS EEAL, W T SRR Tz AR i v
BE— AN T R A R A AN, JB R IX 52 B 5 S A UV R ) S
(Garrett et al., 2010; Bourgeois and Bey, 2011), ZiAM T i i H B2 30 7o A0 2 M A i3k B %
AN VR R, AT 223 1% ) /) 2 W iR o T Al s X 2 Tt 20 e A7 AE 5 5% R 0 Ui 2 .
WM AR (Curry, 1986; Garrett et al., 2009), &5 30X S VA k-2 AH HAE FH §4 0
BN R BATA, SR INE b T DB 2 7K 58 ARG A 0N 2 2 R ARk DX 1) 29
RHAE, T A5 280SE AN 2 i RO S8 R AT AR AR A IR DR/ o IX S SE FIVERT, 815
JEAR DX 20 A R AR T R R AT A 3 1) G
BRI R R0 32 2 P LR R SE FE R, SELERLHIE A RS T TR 3 £ 5
HuAT, R S AR KN . — SR R R A, ARESERIRE TR, BN =
TR T FHLHI 2 & 4204k, Zhao et al. (2018a) Xf[JbHhIX 7 NEEVKIY 27 25200
RIAT T AMIG TS, RIAREIE SIS, 15 5T 2 A TR ER, 3
BB TA BRI o XRFE B ROR R m TS OL T, /K384 BB U IR A 2 1
FREF 3 F1EH . Yang et al. (2019) FET KNI IR = 8, IRABEFL 1R
X ZWRLAE R L], RIESIERIR R R AR (<400 cm®) MIEM T, =HARCER
BEAUARE CRiAE 0.1-3 pm) 2 ARES &S sl BE ML), XRATEKAR
& HAR IR B BRI, 25 /K64 3808 AN PR s M SR IR I = B K 2 R R R, T S
XLz TR R 2 RN 2 i e K RN Ty L, AT 5 3 2 A B AR S A
WK (HBEE SRR EEEE— 10 (400-1000 cm®), =i R AR Bl S AR LA X6
215, R LRRPIEEALEI BN AR ELHGE, TP T SR IR B L (51000 cm®)
I, A AR B B, R XK S84 RN 5 S RN T 46 3 5 2= TARFAE A8 4L
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VB BN 2= AR B AR L 52 B PR R R 3R ) O 2 S, T I e S e IR Y
FAY AR . KRS ERYWAER- S ERNEERRZ —, SHLEBZH
KA AT LA T CCON TEALIN, ARS8 4+ R0 58, A RS = BRIZKIR B T A2 K
Qiuetal. (2017) FIH 8 FFHFE MM EHE BEAT T LGOI FT, 700 1 DU =95 AS
PPt 5N oA SRR . WU, IR PWV IFRT, MRS, 1
NGRS R T A RCERI BN, R K E & IR S 2 K58 5 N AR S
PRI AR o AL SRTAE R PWV G R, BREZESN, fEHAM =N, ZWA R
PARHAETT S S BOR: TR FENNEREE = oA R Bk XRY, BE =K
BERIE BRI, K TERIRES , T 25 i Bkl G K AN I I K B g i, kT O
T (AR, Bom R IR E S =K E S BUNARIR G = AL, X ERE = A
RCEPARBE B A A BT L) PWV B3t B A IR & B IS 2 1S K. Yang etal. (2019)
A WO S, RIL= P NOURIRIE RN, A SRR RN, X R 2N ARLE
AT IR 23 BB B ARSI H F) B S o R 2 TR AU BE I N, 2 SR A B 0, 7%
KRR, SR AIPEEN . A, —LRF AR, AR A, EE D)
SR kA RO 5| RS 28 R BRI, X 18 B A BRI, TSI A
Xtz IR RN, (Fan etal. , 2009; Sun et al., 2024) .,

R4l Bk ordr, "TRLE W, BRI 7 BT R I A A - A EAE IR, 1
AT 2 v RS ) LA B AR AT AR A B A

4 FER X HRimkEK RSB0

S BRI ISR 5 IR BARAIE , 7T LA S 350 5 Ak 355 D 55 ek 7K AT it e 7K 79 R i
IKRA A B E R . [ AN 2 SOOI T A IR AT Ak s e K i ik 95 Bk, B
WG 2 25 5 S 8T AP B X AR R T 5, B S ECE H X AR T vt E5 . Niu
and Li (2012) K ILVAHTF Twomey 48 FIGHAEUAR SO IR, 3 P Al RN ZE AN [ 280
HORAEIERIANE . — Bt BEFEK= AT RBECNRIEN =, MEHEREN 2 R =A%
FHFEK . —LeF TR I, BONIRIE R A 2 1E S RS It m] DL A Jg - MTT (g sk i F 7K
MR A s T T RO = B IR 2=, Ho2 T ) 2 B P B A IR B B S 8 A, T
Z A BCEAR FIBE A SV I IR s/, PR T REK (Qian et al., 2009). X AEF
FERNIRIEI =, e T8 0CZ LA i, SR gh WM ORI, im{eidt =
R . JeAh, SR RR 88 1 50 Twomey U8, TSI K . Bildn, 4
WS R B i £ B R ki A% (GCCND B, FEAT DR RBER I =3, 353 Twomey
ROSLRIE I, AT EREK KA (Guo etal., 2022).

Khain etal. (2008) M ZEHER T B IIIFKZNL, BT aM88, BMESRRER
TR BEK (R s v BT AR R, R i AR A A AR R 36 o i sl s ORI 8t 7
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H [ 2% S A S e S DR A I, A I 2 e el RS /K B8 42 (Liquid Water Path,
LWP)  BURHI = RAEFEKIIANER, SIS LWP [z KA KR MR KEE L,
REIRIIE 2 A3 95 PR KA1 B 5y, smfEKRA T (Lietal, 2011; 327, 2015). FIH
=N, Fanetal. (2009) ISR XTI AR AT DAL RE VA IO B /K I AR T, T4
55 P T3 ) 25 (2 1 S I B RHRL IR RRRE o 3K A PR 9 ) AR 8RR, SR8 RS 51 AR R 28R
AR R N, ] UG DRSS B i i, AT AR R R e B AR =
&, PLE RIS H SN AT BN 2= RO E DU 5 B o TAE TR REEXHR R G, B X
VIZEA B T35 R UT, IR MR, HEm Al BeE AR BT IR = K R . SR, <
VAT 5 BB LRI 00 7K AR R AR R B R INFAE R AN RE M, A2 — BERIF 5 v RE DR 2 S i
IR -BE KA AR S8R & (Yuan et al., 2008; Lee, 2011), 1 7E— L8 58 A AR I
YER B N (Qian et al., 2009). TR AT, TR AFAFHIFENA KRB I 2 o g AH L)
W IEBS =B K IER, REEEAER 2 kAT T L4
R 2 B ARFAMN RIBIE 2 P KD BN R S R AT e &
Table 2 Summary of the mechanisms of meteorological conditions on aerosol microphysical

effects on cloud and precipitation.

KR EEAAY, SRV 7 B AR R LR ORI B SEik
Fan et al., 2009;
R )25 Ha .
o WSRO, I E A R ] Guoeetal., 2016;
G AR ) Xiao et al., 2022
A2 IMBIZRAR, B T, - Tao etal., 2007;
(£ A5 (3= Wk 2 R Lee et al., 2008
Khain et al., 2008;
Yuan et al., 2008;
Xiao et al., 2022
Storer et al., 2010;
LTS /0, CAPE 1K B3R 2 AU I, R 20 9 fieitk Guoetal., 2016;
Xiao et al., 2022
T YU ORI R, IR S e Yang et al., 2019

BEXE LR 3R 2 ) IO B B K AN I, [ 3 g i 7 — SRS ER SR R . R
VI 22 08 T G5 PR KAE 25 R BERLAS R BT AR BRI O T 2 A R K AR 55 . AR /b X o
B KAE 2= /K BE R 78 73 BROAD AR R 58 F 5 DL T A5 Pk g5 L 352 o o PG b X 2 s T
TR TR, BEKRRD s MARERHL X U 52 22 Km0, B . SRR A
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Hb DX 2 AR K /R AL R A e 28 8 L SR AR R KA B 22 S B AN rp [ G b
DX 1) = B IR A b A SR IR 43 N s e SR I, 3% ey b AR SR IR AN AT LA vk
AR B K K (Zhao et al., 2022; Feng et al., 2023), & T] RELERE F L A2 7824 GCCN, 3
SR IOREIEE R, BETT RS KR (Yinetal, 2002; Zhu etal., 2023), {Hyb<R(#EE
PR BE MR = 28k, MPEEH X BE % (Huang et al., 2014). itk F, A
R X A IR B T ARG S, AV 2 WL ATAE ST 78 BIE ] T Ak g5 K (2
HEEREKH/EH (Guo etal., 2016; Wang et al., 2011) . 7£ 5 Z= X0 T, i b ki 7/E 5 GCCN
2 (LI X PR R & 4= (Che et al., 2021; Guo et al., 2022). KIS ME2 FAERI AN
X R . FEPEHT 2T R, BT KARENAR, [BRRKR SRS, S
WA BN, TR B KRR (Yang etal., 2013; Huang et al., 2014). #HELZ R,
o F 2 2R T RAFIKIS M 71460, CON TRl KIRSE 4 N 55, H Al fE R
Twomey R, S O B 7K B A FAS S B 45, 5 28 2 Bk AR - (Yuan et al., 2008;

WIRHIG A eI — K RE, SBUEKIRD>  (Rosenfeld et al., 2007); 1 AR #ZE X
X E AR 2 3 6 KGN, BT R AT DUER & UK JE L 55 & KR E DY K&
K BF/KTHEAR  (Yuan Wang et al., 2014; Zhao et al., 2018b). Sk =, IERAAFHIX =
B 7K PRI 52 B SRR AL . ARG KX SRRHAE I SR &R o A 78 5 X 10 A DG
FE, HEZMTET RISEALE] R 78RR o ARRRIIN 52 PG #8525 DRI 5 4
UBIFTE, ) 75 EOTE ML 2% XA R RS N B IO 2= B K ) 22 RUBEAE LA

SRfEKIZE, 210

K 3 AR TR BO R F K R R B o A 1 AE KGR AS 2 AR D)

ARYE RN, AR 58 B K MR s A IURIR TR KR TE > RO DI AR J s i, R
PN i 7K F Al A o

Fig. 3 Schematic illustration of the impact of aerosols on extreme precipitation under different

meteorological conditions. The left side illustrates the suppressive effect of aerosols on weak
precipitation under conditions of insufficient cloud water supply and enhanced wind shear; the

right side illustrates the enhancing effect of aerosols on strong precipitation under conditions of
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sufficient cloud water supply and weakened wind shear.

T LU, AV I R LR 2= B B AN R R K, R SRR X B R SR
VA IR N AR FIAE — 2, SE RIS PR A RE o R P sl AR TR I Bd , Y2 AR R B
TR K S e B E AT /E A (Koren et al., 2012; Guo et al., 2017; Guo et al., 2019;
Liu et al., 2019; Sun et al., 2024) . IXLEHF AN, T2 IR RIS RS S5 i) 380 2800 o 5 4
Mg R R IRBUD I, B S B SG I RE R = A 5 2 i B KO T TR B K, (HTE
IR Z GRSV IR S RS S FF AR I N, AV IR A1 I 2> i R P
S, AT AR K o (RIX — R S A IR IR SRR R S BT AE AL E A 9. Sun and
Zhao (2021) HF 5% AL J5 -l DX PR R AL RS A PR T LA T8 o 3 T A6 5 e o
B KPR A AR, TRk = Atk DX 1 A S 28 AV R0 3 v 0t T R A K 9 P P /K R A A S
UBAh, AR T LA I 5 RN ST BB SR RIVE A, SO K IR s 1A% R il
Zhao etal. (2018b) =T TL A MLIIACHE & I e T LAESCAR & XU 7 9 P /K 25 ) 43 A1, Jdid
SESRAI R ) R R | RS P RS AT R B K SR B AR A & KUK ARY K, RN 3g 0 178N &
KPR E . AR R St I T AHIE 4518 (Yuan Wang et al., 2014), FF45H T
BRI B KA LR I BRI A (V38 22 2l i A 0 R4S AR AR,
W BEHEN & R BR8N, B 2 AR N B RS IR =77 SEAD ISR &
KA FE (G KEE SR TEIREEN & KA L 2 A 220 (R IR T LAt — A id i
WA B B 2, A BRIV, I 2 1 = W ik 2] 0°C 2 L
b T X AR A A A X 5 K 5 T e TN N B SR R L NS
RIS 2, BB R SAE AT & P BRI FE K D55 A FEI R /K I . BRI A AR S
BEORVE T B = U B A SRS B /K ARG, G TSR IR R4 S RS PE B AN B o 2 B0A

AT N AR B, AT DOE I 78 24 22 B I U 2 (RO BRARRAIE, 32 T %o P/ P A B
TR JE TR LSRG - = B KR AR R, BRATTAT LU A T TR 2 BT A K
JB, i 51 5 Bk FE SIS T T R B . N TR RS MBS T 2R FB, GRRHEWN.
N B, HOTAEE ot o B AR G A, B o KRS i R s . BT
ASCHIE AR TR RS, AR B R 221

5 LEigFAitie

IRz B K IR R I R 24 i B OB R O R KA R P2 —, B
11 FH 52 580 2 o R PR 25 PRI 45 A L, oF HLER AR S A6 B ST R K K IE 3R LA 28 5 i B (1)
TR BRIk, VRN TSR T 25 B K R s A BB R 2

CRETRT N FE R, IR Bk A% 6 25 R AT T LA DR S5 250 ST 6 7 2807 A 2
AT FR A B AR o A 50 RO 7 T s it 359 00 2 Y A P A1 25 0 o ) S S 06
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I, AT BB A J, XN = SRR N 53—, IR I INIE & T s A

IREEHE R, MG = R it R i, b S Bt g, X — RPN = KK

SR IN RN o U AR VRTINS AN A 50, 1S i AR R N ST R

FERR T - LR o AE BB T3 T, SV 22 T8 3 o S B A BRI, T

S5 FERK I G B R AR RE ™ AL 5B K (1 = AN B K =, X — IR RN =

A RN . X 5B K, R 2 = P EE 2/ DRI, XN BT

WHERTREEN O°CJR BAL, JFal i v AT PR I A smx e, AT fie ik BE s iR Rk, Bl

PO i CIN P Rk ri A A
T3 RFEAR U AR A RO ATL 1 2 M e e e 207 58 M i S T 88 7K L

fite AT, AT ANBOIIET TR T2 7 E R R BRI A RCE AR B s

Twomey 2%, A A BCEARBE A IS KK B Twomey 28, HE 24 A ZHA2bE

RIS IR JE SN B B B, X5 22 Foft IR 3 RIS 0 45 2R o o S AR ] (R ML 45 2R »

AL RGNS T TR B, DUARRX B R A A B R I RS A

AR IR ARITFE G RN OSSN BART S, Reat i K ANRIE I I K = T 2

AR, M mAKTEFARG RN, FEE TG 2 LS S B

W A 2 A RCEAR IR o RSB AR A B Se 4, REFERVVE T =l A Rk

T BE IR FE AL S5 R o LT IXSE PN, BATxE 2 7E b i) LA A [ R 23

TBEAT T o0 W RIS
VA BB U SRE B8 08 S 25 R R 5 P KOMT 9 [ 2K S AR B KR LR « XA IR

B T SRR SR RAh, B SRR R, R BN E R R KT AL .

WHFRM], 2KiRTe e ROIARR SN, EHE L RENR =, SRR EERING , smxhi

IR A A AR L 28 U IS AR AT TSR RUIZEGR TR OL Y, 2 Maany

MusZ IRz, B3R KBRS 2 RO SRS LR . 2 — PR,

AR AT A 5 KU B AR 58 P A R i o BLARTTD 5 S RANDUIE N 1 PR 78 i 1 A

IRAE 5 KGR K ) B K5 B2 AT BTk (RTINS B KR, IR KT B RURIITE L. BEAh,

IRAEIA BT FCE S, A2 AR A A B AR R N i RS ik 78 B B 3,

REARCEATHATIRANIRT -

EIRBI A FHE I B ELA R S Ly i S R g B, (R R - K
FAELAE F RO FEATY ORI e o5V 22 PRI XE RN PR, B AROREE PR . Bk E, UL
T3 T EAFRIE -

1) REMINEEE R SHERL . - B KA AR L2 — MRE A ) B AR .
bt SREITRE S 2 ANEIRH I [8]) RUBE (ks BEW 78 55 A R R (0 = AR 1 55t
SRy TS (R SIS o TX SE B K R N PR I AR S 2 R i /K St B B 5
o R0 B R LIS R RIRE YT, DURBREN . s B R WRHE A &
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2)

3)

4)

RS B0 SOV RS A AU RS B2 ATV, DUSE HE 4B 75 = N RO BOWL IS 72, A
T BEIR AN BRI O 2 I B AR S . Dtk 75 T A2 BE D AT S A B e s B2 A UL N
A%, R AR L BE U TR I A Se R ME LU e ) R LA = A (s i iR
) W, MK TN A . $—TX =B R RS 4R

S 22 AR UM KGR I - B LA F R e . R - = - PR LA 2 3
) M RRF LS S AN A B B S R R B pRd AR AL M o [, TR ANHIE T
AFTEEE N BRI IR, RAWRR ik, BAJUNER. XA
A BT N 4 T B AE S, 45 R A A AU T 5 T AR RIALARD, 3 9B
A TRAR U B SR it T 12 SE A B A o

MBS EANTT FEUSETHE XTI RE J1 o T AR B2 R T 1) IR -2 - B /KO LA
P22 R, o5 A & NN [ LR I s RSB TT 58, Rl AT xRt = (1
RIS LXK TR, TR RER R R AR R R B EE 77,
AT RIEI AR BL R A2 285 SIS e 5 Bl 5 B K SR P A 1328
InRHES N T4 e (AL Artificial Intelligence ) 7E I8 k-2 AH ELA FH AT 72 403 b 1 N
bt Rt B ) PRIE S USSR T 18RI, N DR RE, el 2 pLas
HRRFEEA S BR, SRR - M EAERRT L 0 D TR fEn i 5K E
BORKISCHE T, Al BORBE A RORA E - A0 LA I P s e e, IR 24,
RETAEEE, et s SR S TE RS RRE. R, Al SER1EZ KR
A 5 R AR BRI LA B 7K A 73 A 55 5 T (14 82 PR AT B2 2 25 4R T X = D B A (A A A
RESIANUERE. Al RIS FHAMUHESD 7RI FURIR N, IEREHE R R Tl . 5 T
F R S SR T B S

15



2E#k (Reference):

Ackerman A S, Toon O B, Stevens D E, et al. 2000. Reduction of tropical cloudiness by soot [J]. Science,
288(5468): 1042-1047. doi:10.1126/science.288.5468.1042

Albrecht B A. 1989. Aerosols, Cloud Microphysics, and Fractional Cloudiness [J]. Science, 245(4923): 1227-1230.
doi:10.1126/science.245.4923.1227

Andrews T, Gregory J M, Forster P M, et al. 2012. Cloud Adjustment and its Role in CO2 Radiative Forcing and
Climate Sensitivity: A Review [J]. Surv. Geophys., 33(3): 619-635. doi:10.1007/s10712-011-9152-0

Arouf A, Chepfer H, Vaillant de Guédis T, et al. 2022. The surface longwave cloud radiative effect derived from
space lidar observations [J]. Atmos. Meas. Tech., 15(12): 3893-3923. doi:10.5194/amt-15-3893-2022

Bell T L, Rosenfeld D, Kim K-M, et al. 2008. Midweek increase in U.S. summer rain and storm heights suggests
air pollution invigorates rainstorms [J]. J. Geophys. Res. Atmos., 113(D2): D02209.
d0i:10.1029/2007JD008623

Bourgeois Q, Bey I. 2011. Pollution transport efficiency toward the Arctic: Sensitivity to aerosol scavenging and
source regions [J]. J. Geophys. Res. Atmos., 116(D8): D08213. doi:10.1029/2010JD015096

Bulgin C E, Palmer P I, Thomas G E, et al. 2008. Regional and seasonal variations of the Twomey indirect effect
as observed by the ATSR-2 satellite instrument [J]. Geophys. Res. Lett., 35(2): L02811.
doi:10.1029/2007GL031394

Che Y, Zhang J, Fang C, et al. 2021. Aerosol and cloud properties over a coastal area from aircraft observations in
Zhejiang, China [J]. Atmos. Environ., 267: 118771. doi:10.1016/j.atmosenv.2021.118771

Chen J, Xu J, Wu Z, et al. 2024. Decreased dust particles amplify the cloud cooling effect by regulating cloud ice
formation over the Tibetan Plateau [J]. Sci. Adv., 10(37): eado0885. doi:10.1126/sciadv.ado0885

Coakley J A, Bernstein R L, Durkee P A. 1987. Effect of Ship-Stack Effluents on Cloud Reflectivity [J]. Science,
237(4818): 1020-1022. doi:10.1126/science.237.4818.1020

Curry J A. 1986. Interactions among Turbulence, Radiation and Microphysics in Arctic Stratus Clouds [J]. J.
Atmos. Sci., 43(1): 90-106. doi:10.1175/1520-0469(1986)043<0090:IATRAM>2.0.CO;2

Dai A, Genio A D, Fung | Y. 1997. Clouds, precipitation and temperature range [J]. Nature, 386: 665-666.
doi:10.1038/386665b0

DeMott P J, Prenni A J, Liu X, et al. 2010. Predicting global atmospheric ice nuclei distributions and their impacts
on climate [J]. Proc. Natl. Acad. Sci. U. S. A., 107(25): 11217-11222. d0i:10.1073/pnas.0910818107

Du Y, Liu D, Zhao D. 2024. Microphysical view of the development and ice production of mid-latitude stratiform
clouds with embedded convection during an extratropical cyclone [J]. Atmos. Chem. Phys., 24(23):
13429-13444. doi:10.5194/acp-24-13429-2024

B, B4R, 2008. A S oA EAEH AT AR [0]. HiEREFEERE, 23(3): 252-261. Duan J, Mao J.
2008. Progress in researches on interaction between aerosol and cloud .Advances in Earth Science (in
Chinese), 23(3): 252-261. doi:10.11867/j.issn.1001-8166.2008.03.0252

Fan J, Yuan T, Comstock J M, et al. 2009. Dominant role by vertical wind shear in regulating aerosol effects on
deep convective clouds [J]. J. Geophys. Res. Atmos., 114: D22206. doi:10.1029/2009JD012352

Fan J, Rosenfeld D, Zhang Y, et al. 2018. Substantial convection and precipitation enhancements by ultrafine
aerosol particles [J]. Science, 359(6374): 411-418. doi:10.1126/science.aan8461

Feingold G, Remer L A, Ramaprasad J, et al. 2001. Analysis of smoke impact on clouds in Brazilian biomass
burning regions: An extension of Twomey's approach [J]. J. Geophys. Res. Atmos., 106(D19): 22907-22922.
doi:10.1029/2001JD000732

Feng T, Yuan T, Cao J, et al. 2023. The influence of dust on extreme precipitation at a large city in North China [J].
Sci. Total Environ., 901: 165890. doi:10.1016/j.scitotenv.2023.165890

Ferek R J, Hegg D A, Hobbs PV, et al. 1998. Measurements of ship-induced tracks in clouds off the Washington
coast [J]. J. Geophys. Res. Atmos., 103(D18): 23199-23206. doi:10.1029/98JD02121

K. 2018, Z=-FE/KERE AT FEIUIR A AR = -FE KA R 8% [J]. B RFH, 37(06): 493-501. Fu Y.

16



2018. Research actuality of remote sensing on cloud precipitation and reflections on summer East Asian
cloud precipitation  [J].Torrential Rain and Disasters (in  Chinese),  37(6):493-501.
d0i:10.3969/j.issn.1004-9045.2018.06.001

Garrett T J, Zhao C, Dong X, et al. 2004. Effects of varying aerosol regimes on low-level Arctic stratus [J].
Geophys. Res. Lett., 31(17): L17105. doi:10.1029/2004GL019928

Garrett T J, Zhao C. 2006. Increased Arctic cloud longwave emissivity associated with pollution from
mid-latitudes [J]. Nature, 440(7085): 787-789. doi:10.1038/nature04636

Garrett T J, Maestas M M, Krueger S K, et al. 2009. Acceleration by aerosol of a radiative - thermodynamic cloud
feedback influencing Arctic surface warming [J]. Geophys. Res. Lett, 36(19): L19804.
d0i:10.1029/2009g1040195

Garrett T J, Zhao C, Novelli P C. 2010. Assessing the relative contributions of transport efficiency and scavenging
to seasonal variability in Arctic aerosol [J]. Tellus Ser. B-Chem. Phys. Meteorol., 62(3): 190-196.
doi:10.1111/j.1600-0889.2010.00453.x

Guo J, Deng M, Lee S S, et al. 2016. Delaying precipitation and lightning by air pollution over the Pearl River
Delta. Part 1. Observational analyses [J]. J. Geophys. Res. Atmos., 121(11): 6472-6488.
doi:10.1002/2015jd023257

Guo J, Su T, Li Z, et al. 2017. Declining frequency of summertime local - scale precipitation over eastern China
from 1970 to 2010 and its potential link to aerosols [J]. Geophys. Res. Lett., 44(11): 5700-5708.
doi:10.1002/2017g1073533

Guo J, Su T, Chen D, et al. 2019. Declining Summertime Local - Scale Precipitation Frequency Over China and
the United States, 1981 - 2012: The Disparate Roles of Aerosols [J]. Geophys. Res. Lett., 46(22):
13281-13289. doi:10.1029/2019g1085442

Guo J, Luo Y, Yang J, et al. 2022. Effects of anthropogenic and sea salt aerosols on a heavy rainfall event during
the early-summer rainy season over coastal Southern China [J]. Atmos. Res., 265: 105923.
doi:10.1016/j.atmosres.2021.105923

Hartmann D L, Larson K. 2002. An important constraint on tropical cloud - climate feedback [J]. Geophys. Res.
Lett., 29(20): 12-1-12-4. doi:10.1029/2002GL 015835

Huang J, Lin B, Minnis P, et al. 2006. Satellite-based assessment of possible dust aerosols semi-direct effect on
cloud water path over East Asia [J]. Geophys. Res. Lett., 33(19): L19802. doi:10.1029/2006GL 026561

Huang J, Wang T, Wang W, et al. 2014. Climate effects of dust aerosols over East Asian arid and semiarid regions
[J]. J. Geophys. Res. Atmos., 119(19): 11398-11416. d0i:10.1002/2014JD021796

IPCC. 2007. Climate Change 2007: The Physical Science Basis. Contribution of Working Group | to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change [M]. Solomon S, Qin D, Manning M,
et al., Eds. Cambridge, UK and New York, USA: Cambridge University Press, 996pp.

IPCC. 2013. Climate Change 2013: The Physical Science Basis. Contribution of Working Group | to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change [M]. Stocker T F, Qin D, Plattner G K,
et al., Eds. Cambridge, United Kingdom and New York, NY, USA: Cambridge University Press, 1535pp.

IPCC. 2021. Climate Change 2021: The Physical Science Basis. Contribution of Working Group | to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change [M]. Masson-Delmotte V, Zhai P,
Pirani A, et al., Eds. Cambridge, United Kingdom and New York, NY, USA: Cambridge University Press,
2338pp.

Johnson B T, Shine K P, Forster P M. 2004. The semi-direct aerosol effect: Impact of absorbing aerosols on marine
stratocumulus [J]. Q. J. R. Meteorol. Soc., 130(599): 1407-1422. doi:10.1256/qj.03.61

Khain A P, BenMoshe N, Pokrovsky A. 2008. Factors Determining the Impact of Aerosols on Surface Precipitation
from Clouds: An Attempt at Classification [J]. J. Atmos. Sci., 65(6): 1721-1748. doi:10.1175/2007JAS2515.1

Kim B-G, Schwartz S E, Miller M A, et al. 2003. Effective radius of cloud droplets by ground-based remote
sensing: Relationship to aerosol [J]. J. Geophys. Res. Atmos., 108(D23): 4740. doi:10.1029/2003JD003721

17



King M D, Platnick S, Menzel W P, et al. 2013. Spatial and Temporal Distribution of Clouds Observed by MODIS
Onboard the Terra and Aqua Satellites [J]. IEEE Trans. Geosci. Remote Sens., 51(7): 3826-3852.
doi:10.1109/TGRS.2012.2227333

Koren I, Martins J V, Remer L A, et al. 2008. Smoke Invigoration Versus Inhibition of Clouds over the Amazon [J].
Science, 321(5891): 946-949. doi:10.1126/science.1159185

Koren |, Altaratz O, Remer L A, et al. 2012. Aerosol-induced intensification of rain from the tropics to the
mid-latitudes [J]. Nat. Geosci., 5(2): 118-122. doi:10.1038/nge01364

Leaitch W R, Isaac G A, Strapp J W, et al. 1992. The relationship between cloud droplet number concentrations
and anthropogenic pollution: Observations and climatic implications [J]. J. Geophys. Res. Atmos., 97(D2):
2463-2474. doi:10.1029/91JD02739

Lee S S, Donner L J, Phillips V T J, et al. 2008. The dependence of aerosol effects on clouds and precipitation on
cloud-system organization, shear and stability [J]. J. Geophys. Res. Atmos., 113(D16): D16202.
d0i:10.1029/2007JD009224

Lee S S. 2011. Dependence of aerosol-precipitation interactions on humidity in a multiple-cloud system [J]. Atmos.
Chem. Phys., 11(5): 2179-2196. d0i:10.5194/acp-11-2179-2011

Lee H, Yum S S, Lee S-S. 2014. A modeling study of the aerosol effects on ice microphysics in convective cloud
and precipitation development under different thermodynamic conditions [J]. Atmos. Res., 145: 112-129.
doi:10.1016/j.atmosres.2014.03.022

Leroy D, Monier M, Wobrock W, et al. 2006. A numerical study of the effects of the aerosol particle spectrum on
the development of the ice phase and precipitation formation [J]. Atmos. Res., 80(1): 15-45.
doi:10.1016/j.atmosres.2005.06.007

Li Z, Niu F, Fan J, et al. 2011. Long-term impacts of aerosols on the vertical development of clouds and
precipitation [J]. Nat. Geosci., 4(12): 888-894. doi:10.1038/nge01313

Li Z, Wang Y, Guo J, et al. 2019. East Asian Study of Tropospheric Aerosols and their Impact on Regional Clouds,
Precipitation, and Climate (EAST - AIRCPC) [J]. J. Geophys. Res. Atmos., 124(23): 13026-13054.
doi:10.1029/2019jd030758

Lindsey D T, Fromm M. 2008. Evidence of the cloud lifetime effect from wildfire-induced thunderstorms [J].
Geophys. Res. Lett., 35(22): L22809. doi:10.1029/2008GL 035680

Liou K-N, Ou S-C. 1989. The role of cloud microphysical processes in climate: An assessment from a
one-dimensional perspective [. J Geophys. Res.  Atmos.,  94(D6): 8599-8607.
d0i:10.1029/JD094iD06p08599

Liu H, Guo J, Koren I, et al. 2019. Non-Monotonic Aerosol Effect on Precipitation in Convective Clouds over
Tropical Oceans [J]. Sci. Rep., 9(1): 7809. doi:10.1038/s41598-019-44284-2

Liu R, Liu S C, Cicerone R J, et al. 2015. Trends of extreme precipitation in eastern China and their possible
causes [J]. Adv. Atmos. Sci., 32: 1027-1037. doi:10.1007/s00376-015-5002-1

Lohmann U, Feichter J. 1997. Impact of sulfate aerosols on albedo and lifetime of clouds: A sensitivity study with
the ECHAMA4 GCM [J]. J. Geophys. Res. Atmos., 102(D12): 13685-13700. doi:10.1029/97JD00631

Min Q-L, Li R, Lin B, et al. 2009. Evidence of mineral dust altering cloud microphysics and precipitation [J].
Atmos. Chem. Phys., 9(9): 3223-3231. doi:10.5194/acp-9-3223-2009

Morrison H, de Boer G, Feingold G, et al. 2012. Resilience of persistent Arctic mixed-phase clouds [J]. Nat.
Geosci., 5(1): 11-17. doi:10.1038/nge01332

Niu F, Li Z. 2012. Systematic variations of cloud top temperature and precipitation rate with aerosols over the
global tropics [J]. Atmos. Chem. Phys., 12(18): 8491-8498. doi:10.5194/acp-12-8491-2012

Oktem R, Romps D M, Varble A C. 2023. No Warm-Phase Invigoration of Convection Detected during
GoAmazon [J]. J. Atmos. Sci., 80(10): 2345-2364. d0i:10.1175/JAS-D-22-0241.1

Panicker A S, Pandithurai G, Dipu S. 2010. Aerosol indirect effect during successive contrasting monsoon seasons
over Indian subcontinent using MODIS data [J]. Atmos. Environ.,, 44(15): 1937-1943.

18



doi:10.1016/j.atmosenv.2010.02.015

Peixoto J P, Oort A H. 1992. Physics of climate [M]. New York, United States: American Institute of Physics,
520pp.

A, 2015, g K B ah M XSO B R = R B K 1 s AT AR [J]. B N K, 34(04): 324-334.
doi:10.3969/j.issn.1004-9045.2015.04.005. Peng J. 2015. Tentative discussion on the impact of aerosol on
cloud and precipitation over Shanghai and its surrounding areas [J]. Torrential Rain and Disasters (in
Chinese), 34(4): 324-334. doi:10.3969/j.issn.1004-9045.2015.04.005

Prenni A J, Harrington J Y, Tjernstrén M, et al. 2007. Can Ice-Nucleating Aerosols Affect Arctic Seasonal Climate?
[J]- Bull. Amer. Meteorol. Soc., 88(4): 541-550. doi:10.1175/BAMS-88-4-541

Qian Y, Gong D, Fan J, et al. 2009. Heavy pollution suppresses light rain in China: Observations and modeling [J].
J. Geophys. Res. Atmos., 114(D7): DOOK02. doi:10.1029/2008JD011575

Qiu Y, Zhao C, Guo J, et al. 2017. 8-Year ground-based observational analysis about the seasonal variation of the
aerosol-cloud droplet effective radius relationship at SGP site [J]. Atmos. Environ., 164: 139-146.
doi:10.1016/j.atmosenv.2017.06.002

Romps D M, Latimer K, Zhu Q, et al. 2023. Air Pollution Unable to Intensify Storms via Warm-Phase
Invigoration [J]. Geophys. Res. Lett., 50(2): €2022GL100409. doi:10.1029/2022GL100409

Rosenfeld D. 1999. TRMM observed first direct evidence of smoke from forest fires inhibiting rainfall [J].
Geophys. Res. Lett., 26(20): 3105-3108. doi:10.1029/1999g1006066

Rosenfeld D. 2000. Suppression of Rain and Snow by Urban and Industrial Air Pollution [J]. Science, 287(5459):
1793-1796. doi:10.1126/science.287.5459.1793

Rosenfeld D, Dai J, Yu X, et al. 2007. Inverse Relations Between Amounts of Air Pollution and Orographic
Precipitation [J]. Science, 315(5817): 1396-1398. doi:10.1126/science.1137949

Rosenfeld D, Lohmann U, Raga G B, et al. 2008. Flood or drought: How do aerosols affect precipitation? [J].
Science, 321(5894): 1309-1313. doi:10.1126/science.1160606

Rossow W B, Schiffer R A. 1999. Advances in Understanding Clouds from ISCCP [J]. Bull. Am. Meteorol. Soc.,
80(11): 2261-2288. doi:10.1175/1520-0477(1999)080<2261:AIUCFI>2.0.CO;2

Shao H, Liu G. 2005. Why is the satellite observed aerosol's indirect effect so variable? [J]. Geophys. Res. Lett.,
32(15): L15802. doi:10.1029/2005GL023260

Sheffield A M, Saleeby S M, van den Heever S C. 2015. Aerosol-induced mechanisms for cumulus congestus
growth [J]. J. Geophys. Res. Atmos., 120(17): 8941-8952. doi:10.1002/2015JD023743

Shiogama H, Ogura T. 2014. Clouds of uncertainty [J]. Nature, 505(7481): 34-35. doi:10.1038/505034a

Stephens G L. 2005. Cloud Feedbacks in the Climate System: A Critical Review [J]. J. Clim., 18(2): 237-273.
doi:10.1175/JCL1-3243.1

Storer R L, van den Heever S C, Stephens G L. 2010. Modeling Aerosol Impacts on Convective Storms in
Different Environments [J]. J. Atmos. Sci., 67(12): 3904-3915. d0i:10.1175/2010JAS3363.1

Stubenrauch C J, Rossow W B, Kinne S, et al. 2013. Assessment of Global Cloud Datasets from Satellites: Project
and Database Initiated by the GEWEX Radiation Panel [J]. Bull. Am. Meteorol. Soc., 94(7): 1031-1049.
doi:10.1175/BAMS-D-12-00117.1

Sun B, Groisman P Y, Bradley R S, et al. 2000. Temporal Changes in the Observed Relationship between Cloud
Cover and Surface Air Temperature [J]. J Clim., 13(24): 4341-4357.
d0i:10.1175/1520-0442(2000)013<4341:TCITOR>2.0.CO;2

Sun Y, Zhao C. 2021. Distinct impacts on precipitation by aerosol radiative effect over three different megacity
regions of eastern China [J]. Atmos. Chem. Phys., 21(21): 16555-16574. doi:10.5194/acp-21-16555-2021

Sun Y, Zhao C, Fan H. 2024. Microphysical Characteristics of Precipitation Over Eastern China and Its Coastal
Regions [J]. J. Geophys. Res. Atmos., 129(9): €2023JD039817. doi:10.1029/2023jd039817

Tang J, Wang P, Mickley L J, et al. 2014. Positive relationship between liquid cloud droplet effective radius and
aerosol optical depth over Eastern China from satellite data [J]. Atmos. Environ., 84: 244-253.

19



doi:10.1016/j.atmosenv.2013.08.024

Tao W-K, Li X, Khain A, et al. 2007. Role of atmospheric aerosol concentration on deep convective precipitation:
Cloud - resolving model simulations [J]. J. Geophys. Res. Atmos., 112(D24). D24S18.
d0i:10.1029/2007jd008728

Twomey S. 1974. Pollution and the planetary albedo [J]. Atmos. Environ., 8(12): 1251-1256.
doi:10.1016/0004-6981(74)90004-3

Wang F, Guo J, Wu Y, et al. 2014. Satellite observed aerosol-induced variability in warm cloud properties under
different meteorological conditions over eastern China [J]. Atmos. Environ., 84: 122-132.
doi:10.1016/j.atmosenv.2013.11.018

Wang F, Guo J, Zhang J, et al. 2015. Multi-sensor quantification of aerosol-induced variability in warm clouds
over eastern China [J]. Atmos. Environ., 113: 1-9. doi:10.1016/j.atmosenv.2015.04.063

Wang H, Tan Y, Shi Z, et al. 2023. Diurnal differences in the effect of aerosols on cloud-to-ground lightning in the
Sichuan Basin [J]. Atmos. Chem. Phys., 23(4): 2843-2857. doi:10.5194/acp-23-2843-2023

Wang Y, Wan Q, Meng W, et al. 2011. Long-term impacts of aerosols on precipitation and lightning over the Pearl
River Delta megacity area in China [J]. Atmos. Chem. Phys., 11(23): 12421-12436.
doi:10.5194/acp-11-12421-2011

Wang Y, Lee K-H, Lin Y, et al. 2014. Distinct effects of anthropogenic aerosols on tropical cyclones [J]. Nat. Clim.
Change, 4(5): 368-373. doi:10.1038/nclimate2144

Wilcox E M. 2012. Direct and semi-direct radiative forcing of smoke aerosols over clouds [J]. Atmos. Chem.
Phys., 12(1): 139-149. d0i:10.5194/acp-12-139-2012

Xiao Z, Zhu S, Miao Y, et al. 2022. On the relationship between convective precipitation and aerosol pollution in
North  China Plain  during = autumn and winter [J]. Atmos. Res., 271: 106120.
doi:10.1016/j.atmosres.2022.106120

Wik, 193C, ZE. 2017 GBI REAIAR = S8k U5 R R B KT R R AR [J]. B E, 36(1):
8-17. d0i:10.3969/j.issn.1004-9045.2017.01.002. Yang W, Feng W, Li X. 2017. Impacts of microphysical
processes and cumulus parameterization sch simulated rainfall in Autumn over the Hainan Island [J].
Torrential Rain and Disasters (in Chinese), 36(1): 8-17. doi:10.3969/j.issn.1004-9045.2017.01.002

Yang X, Yao Z, Li Z, et al. 2013. Heavy air pollution suppresses summer thunderstorms in central China [J]. J.
Atmos. Sol.-Terr. Phys., 95-96: 28-40. doi:10.1016/j.jastp.2012.12.023

Yang Y, Zhao C, Dong X, et al. 2019. Toward understanding the process-level impacts of aerosols on
microphysical properties of shallow cumulus cloud using aircraft observations [J]. Atmos. Res., 221: 27-33.
doi:10.1016/j.atmosres.2019.01.027.

Yang Y, Zhao C, Wang Y, et al. 2021. Multi - Source Data Based Investigation of Aerosol - Cloud Interaction
Over the North China Plain and North of the Yangtze Plain [J]. J. Geophys. Res. Atmos., 126(19):
€2021JD035609. doi:10.1029/2021jd035609

Yin Y, Wurzler S, Levin Z, et al. 2002. Interactions of mineral dust particles and clouds: Effects on precipitation
and cloud optical properties [J]. J. Geophys. Res. Atmos., 107(D23): 4724. doi:10.1029/2001JD001544

Yuan T, Li Z, Zhang R, et al. 2008. Increase of cloud droplet size with aerosol optical depth: An observation and
modeling study [J]. J. Geophys. Res. Atmos., 113(D4): D04201. doi:10.1029/2007JD008632

Zhang Q, Quan J, Tie X, et al. 2011. Impact of aerosol particles on cloud formation: Aircraft measurements in
China [J]. Atmos. Environ., 45(3): 665-672. doi:10.1016/j.atmosenv.2010.10.025

Zhao A D, Stevenson D S, Bollasina M A. 2019. The role of anthropogenic aerosols in future precipitation
extremes over the Asian Monsoon Region [J]. Clim. Dyn, 52(9): 6257-6278.
d0i:10.1007/s00382-018-4514-7

Zhao B, Liou K N, Gu Y, et al. 2018. Impact of aerosols on ice crystal size [J]. Atmos. Chem. Phys., 18(2):
1065-1078. doi:10.5194/acp-18-1065-2018

Zhao C, Klein S A, Xie S, et al. 2012. Aerosol first indirect effects on non-precipitating low-level liquid cloud

20



properties as simulated by CAM5 at ARM sites [J]. Geophys. Res. Lett., 39(8): L08806.
d0i:10.1029/2012GL051213

Zhao C, Garrett T J. 2015. Effects of Arctic haze on surface cloud radiative forcing [J]. Geophys. Res. Lett., 42(2):
557-564. doi:10.1002/2014GL062015

Zhao C, Qiu Y, Dong X, et al. 2018a. Negative Aerosol-Cloud r Relationship From Aircraft Observations Over
Hebei, China [J]. Earth Space Sci., 5(1): 19-29. doi:10.1002/2017EA000346

Zhao C, Lin Y, Wu F, et al. 2018b. Enlarging Rainfall Area of Tropical Cyclones by Atmospheric Aerosols [J].
Geophys. Res. Lett., 45(16): 8604-8611. doi:10.1029/2018GL079427

Zhao C, Chen Y, Li J, et al. 2019a. Fifteen - year statistical analysis of cloud characteristics over China using
Terra and Aqua Moderate Resolution Imaging Spectroradiometer observations [J]. Int. J. Climatol., 39(5):
2612-2629. doi:10.1002/joc.5975

Zhao C, Zhao L, Dong X. 2019b. A Case Study of Stratus Cloud Properties Using In Situ Aircraft Observations
over Huanghua, China [J]. Atmosphere, 10(1): 19. doi:10.3390/atmo0s10010019

Zhao X, Zhao C, Yang Y, et al. 2022. Distinct changes of cloud microphysical properties and height development
by dust aerosols from a case study over Inner-Mongolia region [J]. Atmos. Res., 273: 106175.
doi:10.1016/j.atmosres.2022.106175

Zhu H, Li R, Yang S, et al. 2023. The impacts of dust aerosol and convective available potential energy on
precipitation vertical structure in southeastern China as seen from multisource observations [J]. Atmos. Chem.
Phys., 23(4): 2421-2437. doi:10.5194/acp-23-2421-2023

J)5m, BEA, FRF. 2005,z AN E MRS T REREKRIREmT [J]. AVt TR 44Kk, 21(06): 605-614.
Zhou G, Zhao C, Qin Y. 2005. Impact of cloud droplets spectral uncertainty on the mesoscale precipitation
[J]. Journal of Tropical meteorology (in Chinese), 21(06): 605-614.
d0i:10.3969/j.issn.1004-4965.2005.06.006

JAF55E, R, 1963, KT =S s A B AGS FRES AT TR [J]. BREEd i, 8(06): 1-7. Zhou X, Gu Z.
1963. A number of issues on the cloud microstructure and precipitation on process theory [J]. Chinese
Science Bulletin (in Chinese), 8(6): 1-7. doi:10.1360/csh1963-8-6-1

21



