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Abstract

Atmospheric ice-nucleating particles (INPs) trigger heterogeneous ice nucleation, thereby significantly
affecting microphysical properties of clouds and the radiative balance. As a result, in order to better
understand aerosol-cloud interactions and their climatic effects, it is crucial to elucidate the abundance,
sources and properties of INPs in the atmosphere. In this article, via reviewing relevant laboratory and
field studies, we discuss INP measurement techniques, ice nucleation activities of representative aerosol
particles and the corresponding ice nucleation parameters, and summarize recent progress and remaining
challenges in the atmospheric INP research. In addition, we point out the necessity to enhance ice

nucleation research in China, and also discuss in brief the main open questions in this field.

Key words
Ice nucleating particles; aerosols; climate change

1. 8]

i

UK (ice nucleating particles, INPs) & 48 75 K 51 A /K YT BE AR B V-V 1R 45 1 BRUK i 1<
WEIBRUR (ERIE, 1976). L BEIZIRIG N, TEUKF B RES, VKR AT 4R 4L A 5 TH B
BEAR K 43 A A s R o 2 5 IR i 22, AT PAEAIR UK 8 JE2 BT 7 2 1 4% #4F (Lohmann et
al., 2016). VK% 5 MUK RN RS R, FEARE R, BRI, 12
R G IZA AN A VR 25 A% AL DU PR S (Vali et al., 2015).

SIS E R UKAZ S 5 0K 0 5 S I R, S = A B R L B R A RS
(RIFELERT IR, AT 1) B2 52 M BBk 25 55 0 G 1487 A i 00 (Lohmann et al., 2016). O BT
WY, N HERRUKAZ I BE I 3 o] 51 2 KGR IR FE AR IR 4k, AT 2 B TR 25 R HAE R
(W77 i 7= A2 5 (Zhao et al., 2019). 7R KB IX S5 UKAZ IR BERUIRIIHLIX, TR& 2= 1 Ko A
7 P 2 S 2R 52 ) UKAZ IR FEE () Al K B (Vergara-Temprado et al., 2018) . VKIZIK RSB HR S =
PRI S0, 2 R YR DX S~ 4 4387 B0 7 2 s 22 1) B 2[Rl 3R 2 — (Vergara-Temprado et al., 2018).
SRS ILINESE SO R v BRIR Vb ARV AE M S B TR UKAZ 51 5 117G 3 b IX UK AT B 7K
(Creamean etal.,2013). FUEBIULE RKH, B KPR EGHFEEIN—MER, Sk
ARSI O 1 W mH(DeMottetal., 2010). FHEAT L, AE N 5 R UK ST 00 B B4, UKA%
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FEBIR- - R G AN AT BB £ €, SR H AT x BRI VKA T P B 2 R
T58R % A BR (Tang et al., 2018; Wu et al., 2018).

T B 26 T UK T B 43R S0 38 R R AE 10 4E 2 AT (RIDEATA 287, 2011) . H2, fEid
LTAEN, B LR T KESIZARIIT, BUSE 2R, 327 73 R ARk
WP S IREERE R ARSI AN ST B, AR ST VRN AR B R VT A KAR T 7 AU
SESRAEM R AR & SEIe Bl AN S8tk 7 R0 7 BT EUS I0 F EE R, e T
AR R LB AR, DA R SR L KA UK ST U AR
2. RRIKEZMEHEAR

RAVKIZI 2 B AR T LGB I E] 1940 47, HHA GRS B RSN 2 % il 2 vk
LI BE AR UK TG PE(Mason, 1962); 2 J&, 9 TR KITEL MM 2, SR s EWRER
K(DeMottetal.,2011); 1960 “F 75 47, BT BORAFWCEE I VKAZ I 2 7 158 8 AS B R e Rkt
VKAZAR 2 B {3 B 7T BLAY 9 = K 2K (DeMott et al., 2018): 55— A o SV Jie sE A7 L4 & 1 X
5, AFEEMERN E = WEM RS . = WA 0 E 5, AR ZIK 2= 2 (Mohler
et al., 2003). JBA =% (Bundke et al., 2008). LAY iz % (continuous flow diffusion chamber,
CFDC) (DeMott et al., 2011)%5 o 55 — A A A4 SR AR A JURLAY) i 38 H e B0 T2 1 1) S8l A B
RS HAT IR B, S T R B R A R A B R R 452 B . o, TSR At
AR AR KR L AR T RO R T R AR Bt AR 0K 1 &2 4R (Bingemer et al., 2012; Jiang et al., 2015),
17 FIURL T 45 VR 45 B AR K VR TE UKL V) R Tk 45 J5 U s UKL M) 7E (G, 1) ¥R 45 (Jiang et al.,
2015). VR 45 B AR W 5 T (1) 350 I 45 s 2 UM A0 1) 57 45 445 1 A (Budke and Koop,
2015; Chen etal., 2018). 55 =2 & B0 BAFIORL A B 0 14E AT 00 et 1) BEL L /0T B B, T
FHL B 1 47 2 7 A 75 BV 75 (Rzesanke et al., 2012;Diehl et al., 2014)%%5 . &SRB pKAZ I E-H A K H

BEIE (TR Y A 1 s
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Figure 1. Measuring techniques of ice nucleating particles

F T 00 SR AN R A O (R, (RS s Y B W 2 s O D A R PR 5 A AT
[d(Cziczo et al., 2017). % 1 J45 T & RO E AR T AREIEE R K%, BLUKRAE R 2
.

MBI BB AR 5, = 350 T AR 1 B 20 5 AT HIE R 7 A (o s, ) i 7 5
LSRR AP m S . m = B TR R S, A B 5t H & A T R Ar i
o TR, AN S E MR R TAMAES AN . SRS E BT LRSI,
WS LB EAMIE . W CFDC AR A T skie = Mgl e, HZ24 CFDC ATl
TEIREGZHMET (>-40°C) HIUKIZIKEE T FCik S UEAR IR & B 45 2= 44 T AOIISE (Chouetal.,
2011; Rogers etal., 2001). AHEL T CFDC 2R 2= 50K UL, & = & i fERCK M & T,
AR 1 CFDC H iy - A I R AR B i 5L 9 % (Bundke et al., 2008).

SRR e B I (AT . $RAE T . AR PRELAR(Ardon-Dryer et al., 2011), & Fl T-I5E i
e AR HUKAZ AL, G — e BT AR I M K o (ESIR TRORE S I TRAE R4 . (el A
T RE 22 S KA I BRUK R o LR, T SUBORL B TR b, TEVEHEBR AR 1 T4, 9 LA
AV BURL A 5 R < 18] AT B2 AR AH B2 0 (Kanji and Abbatt, 2009) .

FRUBURE S BOR S 1 R AR R HL T T BN ORE BOR B AL, G0 R Bl R R AT
SRRV AT LR BRI, AN TP 58 H YR R 405 A A R B AR A% A, (LT P 2 75 B ¥4 1
R ARG Rl . R, BV BEOR BRI T ARAE AT 5 () RORL A 1 R
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Table 1. The representative instruments of ice nucleating particles

DEESE REEPEAHR DE LW ARZAE
=nE ZHk =% (AIDA) (Mohler et al., 2003)  JCEEMGEM . fREFS &M 2 NEM
BA =% (FINC) (Bundke etal., 2008) AR BN W, AN&EHT 4
LR Bz % (CFDC) (Rogers, 1988) i
He T BN I
(LACIS) (Hartmann et al., 2011)
BT Rl & 57 (Diehl etal., 2014)
Bk A6 (Budke and Koop, 2015) P A R AR, SEMC M Y B
A0 PRAE FIURL 2 8] 47 7E A8
R AN TR
AR R 0 7 1 IR
FURLOR BN )P EIF AR(EDB). R AR TCHEAR ST RN A TS

(Rzesanke et al., 2012; Hoffmann et al.,

2013; Diehl et al., 2014;)

ySUNRCTM U =gtiob o7
BRI RS AT 25K

7E: Aerosol Interaction and Dynamics in the Atmosphere 4’5 A AIDA; Leipzig Aerosol Cloud
Interaction Simulator 45 A LACIS; Fast Ice Nucleation CHamber 45 >4 FINCH; Continuous Flow
Diffusion Chamber %755 CFDC; Electrodynamic balance levitator 475 5 EDB

AN RS R T SR AN R o) e P AR — e R 2 . R 5 RREE T REALIR Y BUR LT
T FE A RS, — P I MR S () (S B8 R K 2= 2 0F SR 5 38 b A AW o b B 1y b A it
T BUKIE A6 52 (Koehler et al., 2010; Jones et al., 2011; Kanji et al., 2011). AN [F4X 35 %6F 57 A1) 58 B M|
TR D2 (00 55 5 SR FR L 1 A () — S5O o TG BV IR Vb AR R i 25 SRR, R[] —
ISR i 25 SRATIAFAE 4-5 f5 00225 o RRLEEXT Snomax FIHRIA I E R, WURR 4520
FIURE ) T F 10 0 2t 47 0 5 L) = 3 AT JO0RE B3 00 1) 5 v, LA SRR IR A ) PR
(Hiranuma et al., 2015b; Wex etal., 2015). 7E-37~-11°C HIFEEE, 17 FC8 0GR B0 B 45 5
WY, (AR AR I E 22 5 Tk 3 M 4 (Hiranuma et al., 2015b). 7EfRT-12 °C FIi
FEIX B, 5 Fi{Es%F Snomax [FIl & 22 5 /T 3 fif(Wex etal., 2015). FHULRT UL, URAZ IR (10
EAAFERR AT 2, AN RIS A% I 52 (s o AT 22 75 Bl — D AT IR IE, BARAE
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3. DRIRBRSIKEHIBTA

UKRZ IR IR BT EARIEA AR, B ARUR T AR DA N ONIRERE AN
Bk, 2ok, Tl A= % NS IS (Kanji et al., 2017). A T PRFCA [ B RLUKAZ (1 LK
VeI ZR R 58 Rl SR UKAZ B SE B AT SN WL MBI TERE SR TT . &l 3 s, AR AR R
VB UM S R DK AT 22 B, BRI b A2 BRI A LR IR BB S B A R

W5t .
£
=T R BED. Bo Lo
ARAETR HREALY kR IS
wimEE | &En KATFHRT T BB
LA REE. BER

RE Y Fh /M2 ek A% HH. ik W, AP

KU
B LR
RS

Bl 2. AR UKAZ RIS &
Figure 2. The ice nucleation activities of typical ice nucleating particles
3.1 v e

Wb A AE A ER P HE R B R (>5000 Tg) H B A 1R U 11 s VK& P4 (Hoose and Moéhler, 2012;
Murray et al., 2012;Ladino Moreno et al., 2013), ;& EEREBERKEZRE . W5 =BURE =K
B AR E R AT R N B R E R Sy, BIE T AR 2T BRI TE DR (Cziczo et al.,
2013;Cornwell et al., 2019).

P AR B S RS T AN [FISR B A b Ay, AR ARSRIR HIH H17b 248 (Connolly et al., 2009;
Broadley et al., 2012; Niemand et al., 2012; Price et al., 2018; Reicher et al., 2019), &H R EH
WAy bR, AR R . IR A (Pinti etal., 2012). 241 (Conen etal., 2011). 47 5% (Harrison
etal.,2019)%%, W AREA N NX-HAIAEE . Fodr, A DAL R I BROKIE VER A 2 3 b
2R VKIS TE I 40 3 (Atkinson et al., 2013; Kiselev et al., 2017), £ JAE AN P0vb Az (1K) 3 2 o) o] fil
BEVD R TEARIR T I UKBE J1(Boose et al., 2016a; Reicher et al., 2019).

BP0 AR KIS P 5 SR PR SR 5 o RORE DAL A FR) 484 0 4S8 45 RORE A 2% T VA7 i 0 22
6
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TS5 UK B 25 5 % A (Kanji and Abbatt, 2009; Welti et al., 2009; Reicher et al., 2019). JF B f §iki 4
RIMERFGIGEIN, WEHEAL 3N, $ETHHRIKEYE (Hiranuma et al., 2014; Zolles et al., 2015; Harrison
et al., 2019). XA 42 A [F) 28 24 1) 46 40 [ i3k AT 69,58 J5 (Cziczo et al., 2009;Sihvonen et al.,
2014;Wex et al., 2014; Kulkarni et al., 2015; Sullivan et al., 2010), K2 HCBR 4 1 0K §E 11 B 1K
BRI R L B BT A2 A 2 R — ${(Hoose and Méhler, 2012).  F— Bt FATH 58 A 140441
LA RN UL AL KT PE R o

KA B ERAL 271 75 A B O3 Wb A N UKAZ 035 1% . Conen et al., (2015) KA KER
BIAL R BIED L W (b A TR R v TR IR AR AR BV, 10 B B 20 AL A 2 rh B A2 7 1
KAZA LA T H R UKIEE . Boose et al., (2016¢) M5 KL, ¥ vkt 5 A A HER 4 ()
(NHa)2SO04 WP B M, R (K75 Yo m] e VAR (K5 ALk 77 o 1M Price etal., (2018) £
075 A XSOV R YD 20 K B 8 A A T K (K070 AR AT T, W5 1) 45 SR 5 A VD Tk X 3R R VD 2R 1Y
W5 45 RBA m L — 80k, RV AR M RIKE TR S HORIE . @i k. Bk,
MAMHER KT, KA D A2 S P2 A A B TE e W, 7 B 2 W AT 361

SEG = PRI TSR I, K2 B0 b A T A 2 2 /5 A6 L UK Rk T PR A, (AR TR 27
) ELZE T 72 A B 56 R — 2 (Hoose and Mohler, 2012). B0 #7b 225 HNOs 1E 5, HAE sttt
PR T TG PR, TOTEBRAE VRS S T IS TR L . 2R~ AT eI SR R 2
HNOs @ A AE AR T-vb AR 0, S A50RIA) 2 T () UK PO s e ot AR 2614
KIRBREEE TR R T IR, HINOs (2 2 VA A S A AURL ) 2 TG MR A T B 5, A kL
WITEVRSE R G525 1 KIS M AR FF A28 (Sullivan et al. 2010; Sihvonen et al. 2014; Kulkarni et al.,
2015). %4 HoSO4 405 (KA 4 b 2 76 ik 4 A% Ak RIS i VR 425 A% A RS 1 F UK TG 1k 350 52 380 41 ]
(Archuleta et al., 2005; Cziczo et al., 2009; Sihvonen et al., 2014; Wex et al., 2014), A 8447 LL R JLA
JRA: (1) TERHIXHREE ST, ORI TG 7E 2 TR BRI, B T U BELAS K 231 5% M or
FAEEAER; PR, BRER R A T b B AR TR A VK 2T (Archuleta et al., 2005; Reitz et al.,
2011); (2) BUREEE HoSO4 MBI AEAE A L AL(SOu)s, 5 F5 HURIA) 2R T8I 1 53 R A= 5028
K H: B VKI5 1 (Sihvonen et al., 2014). Tang et al, (2016) 45 T ¥R 4 Ak 5 H vk BE 1 190
EAR, JEHRBAEENRR G AEHNSEYI RN R, SRRY, AEERR
AN 2 5 W0 JURE A0 FR) e K i P 2 B T JFL s KA 5 RIS A ] 10 0. B2 R AN RIS R P b 2
SR AT B 227 A5 AR [ A 5 o

HETHIWT SR, 5000 2R (0 KSR R e 52 2 MR 3R IR, i 4. RIEvE . &
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I FREE, H& B O v AR P R e LA FDLAR i AN B A, M AR O K ki
TR Wb 2 VKT T S e (A e 2> BT Wi 510 o SE Wb AR B AL A R R L T A S A
FRUKIEPE AT RGVERAE, A BT 3T b A2 Bk e 7 (0 500 o

3.2 EMKRBR

RS BRAR AR (Wi R AEMIRSE) HERSU A RS, A . TR
TRTE WEPEIB )5 (Després etal., 2012). AV E A UKL IR TL, T ABFFC Rl 2850 2
FOREE b, #A 7TRERKIE. W] R E%T e R am T, 204 M ) 32 5 2 1 (Frohlich-Nowoisky
et al., 2015), 14 HlL 45 (O'sullivan et al., 2014; Hill et al., 2016), 4% (Augustin et al.,
2013;Hiranuma et al., 2015a; Conen et al., 2016; DeMott et al., 2016), %2 RIFFIFAEYI S B
(Knopf et al., 2011; Wilson et al., 2015)% .,

3 B GEE YRR UKAZ BT R BT AT B () BB FE AR RS S, R RIS AY ) A= TR
W) HAG AR oK PE(Kanji et al., 2017). 415 TER AT ER S FIRE T (T>-15 °C) 5] &K,
AR . RS . R AIER S0 7T 78 T<-15 °C FAENUK#Z(Kanji etal., 2017). ALK
B, LAY RN PR AR R B, X Ol R AL AR A L, (1R OK r FAER T
RAGFHS, Ml B 5] UK & T %1 §8 7J(Hartmann et al., 2013; Pummer et al., 2015).
SN A, ek o B BE PER R TT R — SRR R, a2 R R
(Pummer et al., 2012; Pummer et al., 2015). FRESEREMAME . koh, —2n] Wb 7 B gk R
FE B AEIRURA)(O’ Sullivan et al., 2015) 1A K70+ A% UE S 208 UK i (Pummer et al.,
2012; Pummer et al., 2015). IXEK 71 V2 AAAE T S PRSI, 41135 (Conen and Yakutin,
2018). JEF¥E(Wilson etal.,2015)+ ] ¥fi(Knackstedt et al., 2018)% . K431 H LUK I 1 B He R <) () 4
Ik, HoaT AREA 23 B RABAT R B DKIE 1 o DR 231 I AR AE T THE TR UK A% T
P (Murray et al., 2015;0'Sullivan et al., 2016). A 7R AV K7 55 0 RIR 5 7T IR F+
Wb 2 1 0K % M (Augustin-Bauditz et al., 2016; Boose et al., 2016b; O'Sullivan et al., 2016), #

S L SRS P ) B 7K 72 (Creamean et al., 2013).

SN 25 R B, AW UKAL T IZ AR AE TR SSA R (O Sullivan et al., 2018; Wex et al.,
2019;Gong et al., 2020;). [%7K(Christner et al., 2008a; Christner et al., 2008b). il M i3 3R 15
(Burrows et al., 2013;Mason et al., 2015; Wilson et al., 2015; DeMott et al., 2016; Moffett, 2016; Irish
etal., 2017; Moffett et al., 2018; Knackstedt et al., 2018). IT4EN, Wi WIVH. MRS KRG

AR OKRZ S KA BRI DTk 51 A 1 AR IR o XK BEAT RAE DN E I 45 R 8, KRR
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4% (Knopf et al., 2011; Mason et al., 2015; Wilson et al., 2015; Irish et al., 2017). DeMott et al., (2016)
AV A2 BRHEE QIR R IR BT 77 A R AZ R FBE 55 T 3o i DX R I 46 SR, SRV E RIAR R IR
FoHzE i X 2 (T 1% T BE 7S EE BTk (Burrows et al., 2013; Wilson et al., 2015; DeMott et al., 2016;
Vergara-Temprado et al., 2017). Moffett et al., (2018) X% JG & ELyA] . 5 75 HLIAT o Ry A 07
FRRAFIR R 27K HEAT B0 5 W, VAT ZK o A= D KA RO B2 o S DKAZ IR FE 1K) 69~99% (MofTett, 2016
Moffett et al., 2018), [Klitk, TRIEIEIZ B A 1) UKAZ B 0] BE 2 B 22 1) K SUKAZ R IR
FEVDURIZAE AR R RSN, 5 K% (R SR HAE V2 h IR BEAR DG o E T AR IR
FERS T B=E B B AR R I A 52 e, AW S R KUK AZ I TR AT 98 47 #E 4+« Phillips etall,
(2009) [IAEILEE AN R AR KB E IR A= 204 HUIBORL RE 08 5400 2= [ AU B 57 . 177 Hoose et al., (2010)
FEABR RS ORGSR, — UCHESO A VA B X A BRUK T AL T 1~ B BTRRAE 1075%
HEBKREAIL 6%, XF KRR /N . Spracklen and Heald, (2014)7E X 45 A1 42 BR X RE i [l
Pt AN ) S B R A AL I VR G5 RS T (DGR S L R I, 5 b DA SRR L, LR At A
A UK AR R TTRRAY A 3%10°%, TFE R IRIEAL T, —IRHISEY ORI 3 5 kol A
T T X 32k 3 [ P A B oK 7 A B 5Tk . Hummel et al., (2018) 1) FH X3k A A6 B P — Vi AR
W= TR R 1 [X S5 Jot B K I R R SR, A IR AE K AZ ) 2 A UKt B0 o 2= ) B AP o 1) 5 i) -
AR AR B R, — B SRR U2 TR AN B3, YRR SR
SRR B STHRAT SR A AE DR . %8, BT AR IR R B2 B R A, B ATRR 44
SRR BB A AT HIR, AWRIRI RS+ B BRI KT 1, (BRI A3+ 10 =F T M
DA 5 B e DA T, AR 2 vl R 25 FR X 28K 10 R ASUKAZ IR AN = ey B A wT RE ™ 2 1
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Figure 3. The ice-active mass site density (7m) of biological particles originated from different sources
as a function of temperature. © American Meteorological Society. Used with permission. (Kanji %,
2017)

BN E IR I A B BCRT K T B (Després et al., 2012), {H2 TR HATIER
R B IR A UK 1 A IR, AT REXHMIRIER = (W% U 45 E5 2 = X (Biihl et al., 2013).
B, AT SELF BT A DR UR R OKAZ TTBR B AR, BT xd B R e S i A MUk ) S L
Yy, WBIEM. VIR . VRS T, DU AR S H A ST KR A S KA
P FTIRNII o
3.3 HHSER

F TS B R AP A LR IR 1 SR A, B X LA UK R T 7 A Bl SR i LA sl O n i
YA DRI o AN [FIFh 28 1A WL K A AR K (922 57 (Knopf et al., 2018). H1T-4:4)
SR UK R TAE 3.2 40 HEAT T VELRAEIE , 3 FLRATHT AR 1A DLV IR 2 Fia AR A= kR
HREERTIRWEd s

—Ue L — JCRR AN TR, RITE R A U 8 I R A BRI VR 45 UK (Zobrist et al.,
2006; Shilling et al., 2006; Murray et al., 2010; Wilson et al., 2012a; Baustian et al., 2013). JCEHA
WU UK AR 2 AR S R0, 5 LA 2 [ A~ [ A B S, 43 AT ) T3 o et Az A =X
R R 2 A RN 38 o 1 45 B 5 UK (Berkemeier et al., 2014). Murray et al., (2012) [{JS2E0HT 71 3%

10



239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

W, AR R TR A8 RO BRI A 5 P VE UK A% 600 5 45 SR 5 00 00 380 P 2 T v 2 P Y
HUR VKR BRI R M £ B, 3D IO FRUESE, A WUBRIYIAE 2 2= 55 F N T s A I vl
L% 34 9Pk A% (Baustian et al., 2010; Murray et al., 2010; Wagner et al., 2012; Wilson et al., 2012b;
Schill and Tolbert, 2013; Berkemeier et al., 2014;),

Knopf et al., (2010) % 25 P4 EF b [X 75 4 5644 T S8 B BURIAEAT I 8, RIS E S HL
PO R A AT 7E 4 2 25 AF AR UK, RT3 A LB A KA (K T R o ST I 90 32 B,
SR AT B SOA AR AL A VK, HE— AR A T A RIR A B A S
A 1) SOA T fE 22 245 == [T B(Wolf et al., 2020). SR, SEHG 3 Py F b 2L WIRD A R R8RS
AT A AR A AE U — A B (Secondary Organic Aerosol, SOA) #EAT vk i 4
HIIE WY, SOA RAEFE L 2 T A BUZ AL S AFBRE G AL oK, DEH SOA FTREAN 2 R AT 7K
# (Ladino et al., 2014; Charnawskas et al., 2017; Wagner et al., 2017; Frey et al., 2018). 1. #/b%
AR, 24 SOA KA FEAR 5 T d ik 5 5 A% AL 1 F2 s UK (Wang et al., 2012; Ignatius et al., 2016;
Charnawskas et al., 2017), X FJE 2 IR G 0RE IR AR K] SOA #EAT M 22 BH, A SOA
AR N A% 5] R S0K(Schill et al., 2014). fEVRA =2, KikE(Prenni et al., 2009). EXIAIA
NHTAYIEAL(Frey et al., 2018)/ /] SOA ok 51 KUK HITERG, (HW AW TR SOA ALl
JEE 19 N (Wang et al., 2012)8% 5 TEHLEx (Schill et al., 2014)R& 5, FI7E =6 T 56l AL 5 R IR
NI R E R A RRK

HAPRE, ZEENDNATIES 2 K0F NI A LIRS 2 %0 T ok ag
TEVR G 2= 5 AF FAF SOA HEAT UUKIE LN & ISR LE T = 26 R NERZ . A IE, U
HRBIEE TR RIS, T RESIRTHE NN UKiE . A VRIS IRIKIE 2, AR
IR, RRAN TR XA HUIE RAE UKL IR IE o A IF T 7K1 SeB =il &, A s
LA 2 R T B, 2 R R 5 AT B AN 5, B BRI 2 B A WL SR TR AN R A B %
v VREIRES TN LUK P IR I 24
3.4 BRSER

SRR IR T AT IREL LR R A IR AN 58 A ke o 5236 % RS M7 T oot SR BR A M UKAZ
TEYERIRETE, GRAFAE —E .

XoF 2 LUK &R 5 B D TR DU R IR AR 2 FEE TR SR i, RS 1 PR BRAE 9 UKAZ (1 7T BE 2 (Mertes et
al., 2007; Cozic et al., 2008; Phillips et al., 2013). ] Cziczo et al., (2013) I B B A2 5

UK AR X B . Prenni et al., (2012)F11 McCluskey et al., (2014)7E 445 #R e HAEAT
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268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

KEEME , R HVEDD BRI AL BRI X I8 RURE A 2 B SOR YR, el & ARtk = J Al A 20K
B RUEI o 175 Chen et al., (2018) KILEIREEG Y15 5 F, A NHEB™ A2 00 SR BIK B 5 UK AR R B2
FRRUKIEE T R &R, R RBRAE IR & 2= 26 A R i R IR KA (R DT R AR 2>

S = XA [ RRLRI R RS A K B B AT B AL, RIS A B X . Levin et
al., (2016) XF AN[RISEAL AL BRI HE R ORI EAT I A8 R I A R e 7= A — 8 HIVKAZ IR 2
I, 8 RS R R IR L I A% . Chouetal., (2018) WS, Sk LRI AN BREEF A= i B AR
RURLT]FE-40 °C R HGUK, FAE T B B 5% AF T S5 KT ZE A AR X 2 . Vergara-Temprado
et al., (2018) R P FHAS FBRRMIRBE = AL i BB BEAT I 58, RIS BA WSR3 VK& 1% . Mahrt et
al., (2018) Xf FEBRARAERE W EAT 704, R I EAT B R BRI T ) AR B A s e A H R 2
FLERGEE o FRBR A0S PEAM SR ST ARG 2 A 52, i 4 52 B BAG 2 % T A i A
({18407 (Brooks et al., 2014; Kulkarni et al., 2016; Nichman et al., 2019). i1, &5 )= & (A% =
B UL 1) B PK O P (K drcher et al., 2007; Crawford et al., 2011). Friedman et al., (2011)#1 Kulkarni et
al., (2016)HFFT AL, W #Abe = AEHIBMUBRL AT A B . Os e IR, BESSSEALPE,
Tk JHRSURSE 75 o HEAZ ARG A S5 VR S5 525 T ) 0K TG P JC W S A8 4, T R i A RIDRSE 420 1 26 1 e
X LA I AU . SRTTT, Brook etal., (2014) A ILFLBRIARRL R 78 T O3 TR TT 1 B IHRTRLAI ) B
R A T, A [EIE B B I RIORE (1 UK 1 52 22 A0 I R IR s e AN [

SRR, FRERAEIR G 2 T B S5 B0 2 W) B I Bk Ve, T 7E — 2645 5 TR BRI 5F
RN T R UKAZ R IE, X 5145 BE K AT ReXT 51 2 = R BCE A LR . T S8 =
A0z W0 3 1) PR BSOK IS PESAEAE i, 75 B A R BR R IR 7 A 1) SRR BT S 103 ARG OK T
PEBEATRAE, TG S7 BB BRI VE - BEAG I BT - PR B8 2% AF 2 T ) 55 %

4. HEEKSKET R

Hh DO T UKRZ OB AL G T 20 HHAD 60 RAR. 3K 2 B4 T IREH 20 t 60 FACLIRIT R
NI FRE AL S HE AR S X, 2003) JEBHRIGHIA %23, 1964; Chen etal., 2018; Bietal,
2019;) V] B (23 H 25, 2003) 3 T (#5725, 2016) (A Z %%, 2006) 7 H (4 £ 7825, 2000).
IR (M5, 2013a, 2013b; SRS, 2017) 2% 111 (Jiang et al., 2014; J5T5E, 2014). &% (Xu
et al., 2017; Jiang et al., 2020)%5 03547 WL, 3o L0 0 = LA FH (0 45 20 2= 2 sl ORL ) TR S Wi Bk
SRIEIEAINE 7770, G0 Bigg BUUKIZIHEUL. By Bla s, Wi . BEREY s EEAF
TPER RAKAZ IR E B HAAETF R 1 414 0

CA TR I, VKRR L BAT Mg 72 7 F B2 KAk AF2 0 (Jiang etal., 2014; J5A14E, 2014).
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297

298

299

300

301

302

303

304

305

306

307

308

S CHE IO 2 HINUKIZ IR BE, HORRLAR I ORI S UK R AR R i . (7455, 2013a,
2013b). HK, VKM B IR ZE S, 7R B0 X A AT LTI R 3, S b RO
JKe 16 % S BUKAZ IR BE iR (AR AR 825, 2000; Jiang et al., 2011; JEEF4E 2018). &ZExb 5T [X 3
AT A, 5O XA EE, Il XA 7R B 2 Sl id A UK #% (Bi et al., 2018) . Chen et al., (2018)
T OAE AL ST T M DX i GRS 5 N AT UK IR EE I, RS B ) PMas AIRE AL S 1Y
SRR KA U IO TR AN S 325 . [RIREML, Bietal., (2019) 726 5T K 5 25 X000 45 5L 2% W vk % e P
HANNERREBRAETHR KRR, EAHRHAR A&, inkolE s, JF Tk HEi

HRT, T EX UK RS20 BN B = HAR T TV0 A S BRI SR = wERA T 52 A kKAZ
AR 2T R R R UK R SO0 BE S A R SRS DR B AR AR R AR b A
AW AV IR A E ZRIE, £ XN ANFE 5T ARV B Y AR IR IR e
PE BT T A BRUK A (R HR SR S5 B AT B 2 3
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Table 2. Historical studies on ice nucleating particles in China

22 E S XOTT R R UKL Sz LI

SR SR 3 X SR N 5% ACH 7 FRAZAEES REE(C) WE (LY
(RG22 B,
1964) b 1963 Wik Bigg BLuKAZiHEx A -30~-15 1.0~313
Bigg HLUKAZIHEAX
(W 55) R BR A - A
Jexnt 1995-96 WA =ik PIEE] -30 ~ -15 14.7~5285
(Che et al., 2019) bt 2017 i RERZE izl -30~-10 0.18~496
(Chen ctal,, 2018) Jb3 2017 Wi Cold stage R4 -25~-6 103~10
(Bi et al., 2019) b 2018 it CFDC - IAS -30, -25, -20 70~430
(¥#4%%, 2013b) R 2011 S WAy A% Fiti 25~ -10 0.22~514.49
(%R45%) 20 1991 B IX JENEZ: ages -20.3~-19.2 0.04~0.57
(R HIPRZE, 1986) FE N A5 1983-84 - BEDE izl -30 ~-12 0.6~120.1
(5 IE BRI A R,
1986) Hkr=2m 1982-83 e 9N A Bigg ZYUKAZITHX =] -20 248
(SRS, 2003) T 2001 I Bigg VK% el pits 30~-15 3.4~297.7
(3 Z %%, 2006) S L 2003 Bigg ALUKIZ T HAL HiEs] -30 ~-15 47.4
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(FAAN%E, 2000)

(“FEASE, 2000)
(FHB AR,
2003)
(BB R,
2003)
(FR42%)

(I35, 2014)

(Du et al., 2017)

(i #BSP45, 2018)

(8P4, 2016)
(Li %%, 2017)

(Jiang et al., 2020)

PN SR BT 3 2 i

B

TR

i E IS RN S e

TR B R TFH

SE &N

LA
HH S

P S IEAR DUR

LT IRRA
LT IRRA

LT

7R %8 %

1994

1994

2001

2001

1991

2011

2000

2011-2013

2011-2012

2011

2010-2012

2018

BN G HIX

AT X

i - 3%

Hiu i - 3%

HRHX

G|
15-45km =

th

7

-\g
H_\

w
=

Bigg ZUKAZHEAX
Bigg ZUUKAZITHUX

IR

TN
JEREIE

I HZ KR s

. Bigg

Bigg ZUKAZ%iHE01X

TG 5 45
AL/ e

ftn
Y o E

HAY B E

BT B E

iKsl
iKs]

iKs]

e RS URSS
CiEe]

BE R4S

GIEEl
GIEEl

iEe]

Bt RS R S,

-20

-20

-20

-30 ~-15

-30~-15

-25~-10

-20, -15

-20

-20

-20, -25

1.4

3.3

0.293

0.339

0.32

21.38

6.77

<10, <2

30.49

38.68, 55.92
1.57, 11.5;4.82,

37.5
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(Jiang et al., 2016)

TR T i X 2014 E| SN T s= hE -20 11,100
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310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

5. VKBRS H

VKRR FE BB T BBy AR, — 2R BT P PRI IR 19 2 8016 77 % (Connolly et al., 2009;
Niedermeier et al., 2010; Hoose and Méhler, 2012; Niemand et al., 2012; Atkinson et al., 2013); %5 32T
2 MAZALERE 1) S H4k 77 % (Vali, 1994; Marcolli et al., 2007; Welti et al., 2012; Vali, 2014).

PorE S YA VIZ I A R RS IR AR DRI R, UKL TH 43 A 1) UK G AT R R 7 2 1)
M TGS UK, IF B — ST AU B B— N RSL UK o T2 AR A R A D9 UK B3 AL 7
L5 TRDAA G IR R, VKO P % 1 3 2 5 KA 1) 2R TR B UK A% 5 90 [ Fr) 2 £ 4 9% (Lamb and Verlinde,
2011)s

BT uE R S F A, ETIRE. BRI . BART 0.5 um FIBRAIR K2
BUTTE, HETRBBONTEE R W RS E . @IS0 KA R B SR R AT IS
W 3 FoRFI T ASFRE R KRR FE 2304k 23 20(Fletcher 1962; Cooper, 1980; Meyers et al., 1992); %
CFDC 754 {H 5738 Bl A 00 485 SRANVD 2R (0 58 45 RAE 2010 4R 2015 443 BIHEAT 45, N RVKIZ IR E
H5HEZKRT 0.5 um FR0RP3 B A 2 i B2 A DG, DeMott B ILER HE T UKAZ R FE 5 0 I MR IEE R L B (1)
ZH A :(DeMott et al., 2010, 2015), %S T7 52 H BT EUE R H TRV AR, N &%
N2 ()75 ZE (Eidhammer et al., 2010; Wilson et al., 2015; McCluskey et al., 2019). i #.45 2 AR 1 1k
UKBE JJ AR TV BT REAT B 7T, FLAMBIE T3 S 1 2k T ORI 2R I AR T B A 5 A R (ng) I 2 B0 2 8
(Connolly et al., 2009; Niedermeier et al., 2010; Niemand et al., 2012; Atkinson et al., 2013), 1, Niemand et
al., (2012)i@ 1t S 45 AIDA XV AR RRIE R R G0 N E 45 5%, 8 T7-36~-12 °C iREX W,
He T RURLI AR AR TN n IS UL T %6 WD S BN A TRALS, I kiR e 5 sebrtii 2z 1 4
o . BB RUKEE B E R KA SR RE, AFRRE FHEKAIKRES n S B A X
H i (Atkinson et al., 2013; Niedermeier et al., 2015; Peckhaus et al., 2016; Price et al., 2018). Wilson et al.,
(2015) 05 45 G W IPE MR 2 o UK IO T 5 /K b (RS WURR A DG, TS, 1 AR TR R kA
JEE UG /K AT HURRIR BE A O S M(GR 3), I TR0, 4 3RS B 3 Kk OB P TR PRI AZ IR B, SR W
TR B A I g [X AT B 2 2 E ) SR JF(Wilson et al., 2015; McCluskey et al., 2019).

BT A% AL (1 2 80 T 58 2 BRI F S50 5 RO RORIA) 2R T AR UKL A% 1o LU A1) 5500 i 1 45
SR TSRy, B IRV i A 0 B R S VKO (55 A T ) s e R s R I 5 W 4 SR AT L
% Marcolli et al., (1994). FoBi 77 %, FELE BBV I Bef ol REAEEA I A 0L, AT ok S
A — AN AR AN L A VA% R AN 7] A i o 1 55 SR AR T 5 BT () 4 4 (Niedermeier et al.,

2011, 2015; Welti et al., 2012). Hoose et al., (2010b) F£T 2 $ BRI FI STk 45 2 IS5 (DeMott, 1990;
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339

340

341

342

343

344

345

346

Yankofsky et al., 1981; Diehl et al., 2002), 75 AIFRECH BB VoA AW B AL R IE R 45 BT I vk
WA, ZS D2 AR B R T SAS [ 28 B I 11 4 3R 43 A 1 L (Hoose et al., 2010a;
Spracklen and Heald, 2014).

FARLH, [ YT UKAZ S Hb 7 R TSR A R R 3 R R RIA 2 5%, 1964; #4555, 2013b; F3ii
4,2014; Jiang et al., 2016; Bi etal., 2018), Hu{kU, FELIET e am A=A E, ol
0BT A5 AR VKA B 5 305 P M R B HEAT A5 2. HAT, R FIU BT I S50k 5 R 2 A — 2 M)
FESt, BAT—AN S U 7 G R LATE 8T FE Y ] P AR [ SR 28 0 e I KA R B2 B ek P B AR AT T
B S TT SR TR P Y R — D PR
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R 3 KR RS H A R

Table 3. Parameters related to the prediction of ice nucleating particles

SR

SHEUAK

(Fletcher, 1962)
(Meyers et al., 1992)
(Cooper, 1980)

(DeMott et al., 2010)

(Wilson et al., 2015)

(DeMott et al., 2015)

(Niemand et al., 2012)
(Atkinson et al., 2013)

(Peckhaus et al., 2016)

Nyyp = 0.00001exp (—0.6T)
Nyup = 0.06exp (—0.262T)
Njyp = 0.005exp (—0.304T)

Ny, = A(273.16 = T)Pnger o 5373167 TO+D)

TOC = exp (11.2186 — (0.44593T))

Munr, = (€f)Masos um) C@731 T Pexp (y(273.16 — Ty) + 6)

ns(T) = exp [-0.517(T — 273.15) + 8.934]

In (n;) = —1.038T + 275.26

n 't
ng(T) = ;l ‘ 1- Punfr(T' Ug, Tg,t))
14

B
Nine: UK AZEGR
Nine: VKR HGR L
Nine: UKIZHGR
i AL B S

a=0.0000594, b=3.33;c=0.0254, d=0.0033 ;
Naeros: AR KT 0.5 pm FIFRIYIIR S s Tl
TOC: A WU &

cf=1,0=0, 6=-11.6, B= 1.25, y=0.46;

TR

ng(T): B R TS A7 A AN 5L

ns: B TR TR 7 4510

ng(T): B R TS A7 A AN 5L

Rsite: WO TG PEAL AN

S VT HH - FURL A 1) S 3R THT AR

Punt(T, o, 00, t):VRHTEIREE T £ t B (8] 5 54R £7

FENWAS R,




(Niedermeier et al., 2015)

(FEREFA 22 92, 1964)
(M55, 2013b)
(JiL5E, 2014)
(Bi et al., 2018)
(Bietal., 2018)

(Jiang et al., 2016)

(Jiang et al., 2016)

(Bietal., 2019)

fice =1 — exp(=Ans,sem (1 — Pyngprins (T, g, 0, 1))

Nywp = 0.00254exp (—0.389T)
Nynp = 0.0049exp (—0.388T)
Nynp = 0.0046exp (—0.388T)
Nyyp = 0.021exp (—0.293T)

Ninp = 0.00014exp (—0.546T)

_ -7 4.753 —0.015+T+0.31
N = 712 %1077 % (=T) naer,O.S( )

nIN,Tk =82 % 10—7 * (_T)3'501 * (Si)Naer‘O.s(—0.02*T—0.0085i+0.37)

— 2.3816 —0.0256+T—0.0250
nIN,Tk = 0.0026 * (_T) naer,O.S( )

po: TR oo: Bk A7 A v 22
xlNS,SBM:%Ziéj TR BN E
Pun(T, pto, oo, ): W ERLEE T 223 ¢ B 8] f5 558 %

FEAAS MR,

Nine: UK IZHGR L

Nixp: UKAZ R FE

Nine: UK AZHGR L

Nixp: UKAZ R E

Nine: UK AZHGR

i VKAZ B0

Naer,0.5: AR KT 0.5 pm (1 R50RLP 9K P

Naer,0.5: ELAE KT 0.5 pm BRURLIC 2
i UKAZ B0 S

Naer,0.5: ELAE KT 0.5 pm BRI S, THl
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353
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355
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358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

6. BES5RE

X RARVKAZ S 5 0K i 5 R AL AR RN K S RGP = 5 AR AR 8. B AT
XEF RATUKAZ BRI B He kL R AR TSR AT BR

AR S 36 0 A [ TR DA 1) BRGOK P J0 J 5 T B 3R ROT T 45 ROR T Wb AR\ o e s 2
H AT FC o) 2 KA, Vb2 (K s DR M 17 5 26 AR R0 A7) 2 T P S e i s fr,  HLYb AR vp
KA & R SR D AR W BRI T o AR UK LA W v ) R ok ELZE WDk ) RS Tk 3
ARG, — LRI T A DE R 5T AT DL B ASIORE 4 v 7 18 ok BT R FRUIRZ R o (BZEMIURAZAE R
AP EEMECME ST, O RIBIEE R 2 HOR 3 T3 — Ml LR 2 A AE M UKAZ R, #1120 7 3% A= 400K
PAE AR B IR PP o BRBEI R A ) R B UKL ) R UIE AR AT A7 A2 4P 1, SRIR 45 SRR W R BR A6
AR AR A AR ZC UK FL UK BE 77 52 SRRV VE AT FLERZ5 M O B2 M, T BEXT =ik 6 = 1R
A EEAEH . AHVER R 2 2%, H R oK EE BT R DU IER, (H A A B A
2 B4 RROK AR S 52 ORI AR A (520 2 2 AT B e AL iR B A i PT BT L Rk

SR B S5 R, B vb A XORYE VD 42 B ML s, MUK i A A2 T 37
Wi RIR MKz KA, AV SR AT REE KPR AN AR, MiSETH b A il T
HAKBE ST o AU DB SN I S5, UESE 15 Gty X & A HLA R RURE 0 A0 A= 0 JFU R e i 3017 A 1)
B PR IR RUREA) Xt S B RS URAZ IR B A Dk, 5 S 56 3 00 2 1) RR A AN AT LA (AR P D I 1 445 SRAH e
PRI 7 B P T . UKIZHE AN KR, HORk M BT 2 2 KRR sz, invb BB AL FE A
HUIARAS AR SE o T LT R AT DA e AR RO A7) (1 4 T PR SRR A 2 70, DT 2 M0 AR 0 1) RS U 128
HR AR I T B2 M U BOK LIS A ik — 2P Bk T

UKIZ N E SR T BRI SENR S T IR R, BUA VI SR T BON &= ) — BUEA A0, &
T RIHER PR AR 22 75 23— P VPR AR IE o AEHEAT UKAZ AR BE AN R BT 005 I, 75 AR08 00 5 JOz 4 i 12k
JRANSESG 7 A T X R R T BU AT IR 3. A S HAL T REE Dy, HeT g MEEe A £ gL
WHIPIRE . RIEA RIS RSB S HATT R FE— 2 MR, ERA —MEm S8 Tr
S AT DRI AU [F) SR DA S S LUK, 2% S50 T S8 00 R AT PRSP 90 BBl o 283 — 2D VAl
AR BUUEE ) S H T RATA R .

WRIEEA RS UL TEHIIAIR . AHE TRV LA T AR A AR T E S (1) A FRERURL A (K 0K
i, JCHOR SRR S I BRI, iRk AHLSE, Bt R ARk E R (2) W
PUE UKAZE P O VE T, AR UKARZ AL A AL FTER R, @& S BT % 3) RITK
UK ORI RO, AT 7K 205 ADKAZ 2R TR ELAT P, DT Ao v T R oA R PR A e ok 1
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