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Microphysical Characteristics of Winter Mixed-phase

Stratiform Clouds and Summer Convective Clouds in the

Rocky Mountain Region using Airborne Measurements
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Abstract Microphysical characteristics in mixed-phase stratiform and
convective clouds are very different, but have not been well considered in
numerical models. This is one of the sources leading to uncertainties in
modelling clouds and precipitation. In order to improve our understanding on
the difference in microphysics between mixed-phase stratiform and convective
clouds, and to provide quantitative results for model evaluation and
parameterization, the microphysical characteristics of continental mixed-phase
winter stratiform and summer convective clouds in the mid-Rocky Mountain
region are compared using data collected during the Ice in Clouds
Experiment—Layer Clouds (ICE-L) and the High Plain Cumulus (HiCu)
project. The particle images and particle size distributions (PSD) were
measured using 2D-Cloud and 2D-Precipitation probes, the liquid water
content (LWC) was measured using the King hot-wire probes, and the ice water
content (IWC) is calculated based on the particle spectrum. The main findings
are: (1) Between -30and 0<C, the LWC in the summer convective clouds is an
order of magnitude higher than that of the winter stratiform clouds, and the
IWC in the summer convective cloud is 1-2 orders of magnitude higher. More
supercooled liquid water was observed near the convective cloud top. The
LWC in summer convective clouds increases with decreasing temperature from
0<C to -20C, while the LWC in winter stratiform clouds varied in an opposite
way. The liquid fraction in the summer convective clouds is smaller than that of
the winter stratiform clouds, suggesting more rapid ice production. (2) Both the
winter stratiform and summer convective clouds had large spatial variability in
their phase distribution. As the temperature decreases from 0<C to -30<C, ice in
the winter stratiform clouds grew through the Bergeron process, and the
water-dominated zones transform to the mixed-phase and ice-dominated zones.



72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

88

89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112

The phase distribution was more complicated in summer convective clouds,
suggesting complicated liquid-ice interaction. (3) The ice PSD in summer
convective clouds was broader than that in winter stratiform clouds between
0<C and -30<C. As the temperature decreases, the ice PSDs in both winter
stratiform clouds and summer convective clouds broadened. (4) The observed
particle images in winter stratiform clouds were irregular at temperatures lower
than -20<C, while between -20~-10<C the ice were dendrites and irregular, and
at temperatures warmer than -10<C the ice were mainly needles, columns and
irregular, indicating the ice grew through vapor diffusion and coalescence in
winter stratiform clouds. In summer convective clouds, the ice mainly formed
through drop freezing, riming and coalescence. (5) In stronger updrafts of
summer convective clouds, higher LWC and liquid fraction were observed. The
IWC had no obvious correlation with vertical velocity, indicating the efficiency
of glaciation in HiCu clouds was not dependent on vertical velocity.

Keywords: Mixed-phase stratiform cloud, Mixed-phase convective cloud,
Microphysics, Airborne measurements
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EERFF, 2 KRS AT 5K A ) B ZH R 5 (Sun Z
and Shine, 1995; Mazin, 2006). MUK, =S58, B HEAERS =
RV K APKRL T~ 25 V)4 5% (Cantrell and Heymsfield, 2005). H4E = HIAHZS
LRI LIS = NIBEME S KE K. WNEE, BEHEs KA
SR EOUI R I 41%, o5 N B AL 59%, F HLIE BA RRakt Al )
5 5 (Shupe et al., 2006). BT MUK FRIIEIR. R SAEER,
= S T BRI T = AHAS 4544 (Shupe et al., 2006; Sun and Shine,
2010). A RBFFRY, SEBIXS = W FIARES FR R UM, ASEMKSS
AT BRI S I 0 AT, T S AR b 2 R 4 S it A e K 25
¥ (Demott et al., 2010). Kk, JREFHZS =X FE RS 2R S EET
AN

BAEMESEA LS NESHSESMEBEEMHSHE, BNIMESEHN TEE
BT UKAH I #E . BT, ERER A, SR A S B A PRI i
POELELEAR KA e P, JCH RN S S = WK SR AR OIS RE N S8l T
B, W R R = AR 2 B 2 oK S AR W LA R 22 591 (Yang et al., 2020),
FE ZMAHSEMEWANE. BT ERSHR = s IS AR, HIKH
A= A K AL AT BB K X 5 (Cantrell and Heymsfield, 2005; Yang et al.,
2020). i, fEEREH, VKA AR EEA 7 BAZA, WO T 0K 30K B
AIFALFFAE (Cantrell and Heymsfield, 2005), TiAEATR =Y, VKoK KA BAE
BN, UKEEAEST RS = N RUK &S T RERIE A B (Korolev and
Leisner, 2020). [Flitk, 83X VR -G AH A E R = FOGHR 2 2647 0800 A1 & 70t
A AR E AT AR AE X A AR, AT AR QI 50 0E S 404k i gk £
TR

HArAik, AMICHE T2 XHREHER & N EERE M 7. 7EE
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W, MTERz Rt R, ERa REREIHFAFZERNFEEKE R
LR (1999) P EILTER S RGN =28, wdBEREURI, H
SRS BIRFHE B E IR & = AR st BE UK &, iR Bk = A, AR
AE S NERIEIR = UK b BEARX AR, 3 Zl kbt Aill I ik F2I8 pl %
K, TMESEEIHER = LA KO 32, Bk Eh@E i Kl F i AR e . FR=E
ALE (1998) T M-P A4l I 73 A il & K BLZ AR =8 B8 W 1S, 1A R
ZHRERE = ISR, AR 2 KR AR NEGR . REJ g )\
RS FHHLE R S5 = W BRRFEBEAT WM, AR B T X B R = B K i 4)
N ZFEMEE (2010) A PMS (X80 B 2= — IR E RS = A TR,
KI5 H 0~-7.5C \JEZ b/ Wik FE B e FE 38 =i PR, 0K & = hE =
PSR, o K & A mE X, HAFAE DL AR $a BOR A g Y o 3 iR -1
BT IR S 54 B MIE R ER s &, 2)88F (2012) KM
BOKEERRMEX FEELEPLE 25~35 km, 4 km DL EE/KERMK. HiGleE
(2021) W RIUEMEAZES = FINERE K 2, -5T HIKMHEEFRE R
AEEHERIFISRE, FBEERGSRERE, AEE LERSEEW. BT E
RETRA RERWE T, JCH AN = KA R 5 I RFEA R A . 6140, Mossop
F1 Ono (1969) &, ARFEXTHT R BUR LM ALE = 2 BIUKRR I & &I, =
=S A R BURE R UKCR AUk RZ I . Korolev (1994) K3, IRzt it
Wk R XED A, S MBEEVINRGR, MSafRE. mELUKSEA
IRKFKFR . Korolev 5 (2003) 7E TR A A X 1 RTS8 A & BLAE A s
HGEMXPZEF, -10~0T B EEREN OEZS/K A3, Hobbs A1 Rangno
(1985) [AREIET KHLMMELE-10T R =P AL A KN E, WA=
dOR I T R UK BOR S (0.1-10 L™). Boudala 25 (2004) HIBFTE &, 7
0T 2I-38T ], FIRz K &40 Z0N 0.8 92 0. 553 B 58 K IRLAE
JEIR 2= H UK i BOAR FE T e T H AR UKAZ B0 FE (Mossop and Ono, 1969; Cooper,
1986; Rangno and Hobbs, 2001; Yang et al., 2020). 41, Rangno A1 Hobbs(2001)
75 AL AR M X R0 27 2 TR B v T-10T 2R = ok S i o ekt a0t
Yang %5 (2020) F&T- YHUULMI B2 8L & B2 T B2 e T--8 T #frilg v 2R = i
UK SR B B R VKAZ BRI 3 N o (2 BA_E I 20 W 78 A SN0 1) 23 A
PO RAE 5026 T B R 2 T B AR AT 0 7T
NTRAEMHSNRE, ERAEMX FEREARS, Hijtha &5
T MU ZERHT 18 7 AN 5] M DX B 63 2= (O R4 E (Yang et al., 2016b,
2018) . KA H BIWIHIK i 46 K 2 U A KK EE UK IZ K AR St AZ AL TE BT, H
F, Mossop (1970) MM E], FH 2z ok ik B L& vz B K 10* 7% . BRI,
ANAFAE S R G5 A0 A2 TOVE R RN 2 P I s iR B VOB T B I 5 o AR AS 2D Sl
RI, EHRERN-10T HEHZKRERERBHEIR s, FNE N BT
e PR IE 2 LS, HETEZ) 10min PIRRIA, UK K EE RIS ikl 10 5.
(Mossop, 1970; Koenig, 1962). Koenig (1962) X iZid a4 (/N oKk i
TR VKRZ BRI ATHI . S5 REBW, 1%/NKKITE A i e,
AR R KA . K, Koenig (1962) $2 MR, oK g K
SEIEBSNE, A KR G5 T oK i, TS DIORE - 5 RS I A K R AR Rilf i
SECHR VKR IE S . Mossop (1970) t42H:, = = AHEE ARk 2
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WIRUK & R A R IOKIE B, AT S EK fm A, vR T E A . B s,
Mossop 1 Hallett (1974) @47 1 558, SLinss LMW, Rahrvkk 154
WO R AR, SRR AERYS, MIREAE-8~-3T AN, &5 ERURAEK
fbe Ja REIIEFE R I, Hallett-Mossop o2 3= S5 V7K 2 (0 RN 2 LI B2 55 1) [X
Wk (Heymsfield and Willis, 2014) . 5 ZE2SKE0 AR T A = HR UK R B AR 45
I FE 1S = UK S P A4E B (Korolev and Leisner, 2020
ETFOAMIALER, AMICEERENEA SRR S o 1)
REA FTIX A, F—REERE LR s S BR s, s ko738 5 5 &
(Heymsfield and Willis, 2014; Yang et al., 2016b), i 7kt 55 (5 E %,
1998) AH &, Fik#f 7t R 200 a7 Al 7 AR IX RS S 2R = BUE R = .
HAG Rk, X R —H X IR S SR = FX R e mX kiR, X3
TR TAE A — Hb X BT XA [RI 2R 2 2 1) WA LU e b b o PRk, 7% IR
FAERBATIRE, AT/ R R R AR, 1% 5% E AR R = xS
T R AE 1 X 3 T — R . DR, AR SCIE TR A 8 2 1L X AT
] Ice in Clouds Experiment-Layer Clouds (ICE-L)#1 High-Plain Cumulus 2003
(HiCu03) 3t H 1 CALI I ZERE, 8 B Xf Lo BT iz [X i i 1 A Z R A A A E IR
AL 55 J A S5 BE IR B ZRIR A AHAS KL = A R RRAE , IR XHR A AHAS 1)
TR TR Z R AN 55 St AR SR FE (1) 2 2= 00 = R A BRARFAE AR, AT A
SR AN O U A R I S B TT SRR HKHR . AT~ 2
IR TOINEE . AR AT B 3 TN TR R AT TR 2R 4
B RR T & BUZ R B AR S A B AE AN R AT REAL, DA
EEMIMX A 55 RS T AR,

2 BAREMTIE

2.1 ERHIR 5

AT IS S R [ ICE-L AT HiCu, KATHERIN X 3 A7 T2 E R 2 by
% (39° 91’ N,105° 12" W) FIPAHHH (41° 32’ N,105° 67’ W) Hu[X =%,
KATIRE I 1 Fs . AN E SR BENLZE = 53, 43 0ok A 4 B Kt 4
BONERE AR S S EIR S & h S5 B B =0 = A7 R, N
HF 50 LB R AE SR AL 1 v o = X = T BRI v A B Pyl 2= 5 5
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Figure 1 Flight tracks for the ICE-L and HiCu field campaigns.

ICE-L #Rill T B 48 FH 55 B E Z RS Fe 0 (NCAR)D 1278 1 36 (B E X Rt
FHgroy (NSF) C-130 AUk, FErhigdtliihX (B 1 aEslirs) x4
R R R S BATHALREE, BIRs B LA BB TR 2. AL ATR
(] /& 2007 428 11~12 A, FRRFUTHEZ) 4 /NEF, BJLRAT 7 340K, RATHE
KN 123396 s, FEABEKRZ, ATH TS HT. R#EE 1, ICE-L MF =M
MEELE 1~7 km, 1&EFJEHEA-32.5~-2.5C. FMEAEH THF 5% = o oy
fiE T B DL A AR

C-130 KHLEL& T &EB M MBI ISR ESER . =M ATKII RN
Ao 5AHEFHM A =45k CDP. i [ Bk 7144 2k FSSP-100. &
1% 28R 745k Fast 2D-C. 2D-P #83k. King %3, F I £ & # =51k WCR,
mzE 3 frn. H, CDP 5 FSSP & T b1k, 5N 3~43 pm.
0.8~50 um, FHFHRM = W /N FHE . 2D-C F1 2D-P J& T UGSk 738k, 14
ROHEEEN 25 pm M 200 pm, F Hid AT E BEABKIR . 464 ARk
FROFRIN 45 BT DA 22 e SRR Pl . A SO R T BT kL1 P O A SRR X 5k Y
FIRLT-, 2B TR F rRO SRR XAk, AN B b 25 7 R AR
(Heymsfield and Parrish, 1978) . i T XAl 4 28Rk A 5 2 38U+
IR PE W Aty AR SORFH 8 -0 7 Bk I 18] 1) 756K 22k 2D 873k (2D-C 5 2D-P
R WK 1 Ok TR AN, (Field et al., 2006), 1fi%tT FSSP, H ATk
BB R IR J5 Ab B T vk b e, DRI SCASR A FSSP 15 = i B0k
JERBKEE. MEESKEEMNNERH King ALHR ), FH &6 E 7w
0.1~6.0 gm™> 2 Ji] (Yangetal., 2016b). tt4h, MBI KR —4G 3.2mm EF
MEZEH = HTIE (WCR) 4L T R HRNMEHIE (Heymsfield et al., 2011), A
YHTHRI{E-20 dBz (Yang et al., 2016a), FITHIWr=TEE. AT =48
Rl REBERARRSGHEMESE RG(RS) A AN E, HFIHEEREMN RS
(GPS) M K St ail A v IRS [IERS IR 2, AR IRIFHEE L +0.2 m s (1) Xk B ds

6



212 (Yang et al., 2016a) .

213
214 * 1ICE-L fEA AR E AR LR B 25 PR AR A 22 AR AR % R
215 Table 1 Time in clouds and flight length in clouds sampled at different
216 temperature and height ranges in ICE-L
o _ AR
BEEE (T 7 () = ASREERT K (s) e
-32.5~-27.5 7107.95~7306.09 128 19.08
-27.5~-22.5 4900.21~6700.33 943 118.77
-22.5~-17.5 4221.82~5180.07 1467 179.99
-17.5~-12.5 1794.89~5490.75 1277 148.83
-12.5~-7.5 1721.03~5051.61 471 56.17
-7.5~-2.5 2139.76~4170.20 329 42.97
217 & 2 HiCu A ELIRE RS E BN = ARER KN E RS
218 Table 2 Time in clouds and flight length in clouds sampled at different
219 temperature and height ranges in HiCu
‘ _ = ARHEHE
BE (T B (m) = PSRBT (5)
(km)
-27.5~-22.5 7766.72~8531.04 497 55.16
-22.5~-17.5 7039.88~8475.77 2236 240.57
-17.5~-12.5 6117.56~7870.97 3387 349.74
-12.5~-7.5 5055.66~7200.13 5696 607.98
-7.5~-2.5 4622.10~6267.56 4765 503.89
-2.5~2.5 4130.20~5653.07 2193 227.22
220 ® 3 KA
221 Table 3 Detection instruments on the aircraft during the research flights
AR FEEHA NEFEH J5ik
whL Tk CDP #. =il 3~43 um HI [F1 B
Py ARSI S /SR Kz KE ‘
. . - 20~1500 um Y%
HH

ESSP-100 T UK 0.8~50 um HIT [ A
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2D-C . 50~1500 pm MR
Y
K 5
2D-P 8 100~6300 pm — R
Gt
King &k WK & & 0.1~6.0gm> 2 =
ZE L~ TEIA AR, EEH \
>-30 dBZ W i B
WCR g5

HiCu 2003 15t H IR 5 3% B PR BH O 27223 H B £ L (UWKAD, 3
BN (E L E AT 31T, KATEEN 2003457 H 7 HE 8 A 31
H, W70zt X 2 200 = A sh 715, 3T 7 30 280k AT . i
FRALI R PR, HiCu 5256 5 B AT X 55 1 AT ep 25 58 2 RO = AT TR, =
T3 B SREEAE-15 m s #) 18 m st 2 [A] (Yang et al. 2016), /b 5 58 (1)
Pz R o« E R 5T 20 RALATFEZY 2000 km. FR#EZR 2 FzR, HiCu
(1028 o WLIITE 4-9 km [ = X H] . -22.5~2.5C M X ] DA WY

i EF KN (UWKA) L& B1XES 5 ICE-L FIRBUHIE, &/ N1
Kok TR B4 25 358 FSSP. 2D-C, 3 H. [FIFEfd FH - F % %2 1 ) 2= H5 15 WCR.
H T HiCu il H /& 2003 4EE4T 1, BRI 2D-C #R3k I AR BRI o
32 1~ (ICE-L 5 64 4>, HEARMAME AR, HXAEmHE RS FFE,
FEXT HiCu 2D FR3LEE AL, 25 58 T BT R T O 7 SRR X 3N R R T
FR 2 TR BRI TR () 7 V2K 5Bk 2D H8 Sk M B0 1 RORE 5~ 1 e R

(Field et al., 2006). MRS /K & EIIE K King A28 k.

K] 2 43 iR 7 AE ICE-L A1 HiCu F RAE I =AM, B4 WCR 55
W B WK & FSSP #k Al 2D-C £k B i A7 & . 7E ICE-L
i, W IER S REELE 1500 m £, =J2/FZ 2000 m. =) WCR S5
RIGHEE-10~10 dBz. =S AR EAE-21.5~-20C. T ELEFR/N, (HiTiZH
XHIEE A, FEER =P E ORI . ICE-L FHIB/KESEAE 01 gm™ kA,
Z 1 FSSP #ik i 7E 150 em™, 1 2D-C ik BE A 2~5 LGN, KSR Tk
BB, £ HFEZ MRS, BT S EEE 5 S5 34s 1) A
2D-C BUKEAFEZS B, 78 HiCu Mo (B 2g-D), KHL% 2 i 25 2= T 1000
m L, SR T 2SR, =30 WCR RS JEHE A 0~25 dBz, i&JE1E
-11~-9T Y Fl W - M IR B B AT DLE H, HICUu AT ICE-L A S 3 1) S
HEE-2~6m s XA Y, JF HWIE] A EFS7AM T ESREE TR
I % . 78 HiCu ', Wi/K & &E1E 05~1.0gm?>, i T ICE-L, 3FH =N FSSP
KO AE 300~400 cm™®, 2D-C ik 78 20~60 L™, Hi 73 & 0 B B K T+ ICE-L.
MELES0 BRI DASERE, % X B 7Y 1) 4 2R 20K 22 B 2500 VL 2 PR A B AR A1 L
HRRKMESR:,
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Figure 2 Examples of radar reflectivity, temperature, vertical velocity, LWC,
particle concentration measured by FSSP and 2D-C probe in ICE-L(a-f) and
HiCu(g-1)

2.2 B4

221 BAEERITHE

ARILXS H|Cu T H A ICE-L T H 3R1G M = WER2E T 0 i A T s =
P IX IR, B VRS K A A FSSP K EE iR B A TR T LRI =X,
% Yang (2016a) SENHIHT, X8 SCN R R BK & &K T 001 gem®
H FSSP & KT 2 em™® (i 4444, Bk 2D-C Bk KT 1 LT IR, A
Ko 2 = XA T 0T, HEA = X BREHRN 2 20— A KF 100 pm i1 1)
PRI GE R 2 CNIRA S = = WA B AR LE 1. % 2, 7£ ICE-L 52
R, Rt AT 4615 s, Rt KHUTREZ) 570 km.o 75 X 8
-275~-125CT W, = WRFERF (A, SREEERAE 5 B2 80%, =MEIEEECK,
DRI, 20 B X TR) B 20 b 46 SR 58 T . HiCu WF 7, Bt KHLATFEZ) 2000
km, FfHAE 8km LTI FE IR Z, =~WREBERK, M 8km Ul L=
P EHR S 2%

X ICE-L &2 2R =, Hb s /K %5k B F B A2 /N T 50um [ /NG ,
RIEAE ] King #RKME 2K LWC BIRT . X1 HiCu, [FIFEZ N IR R 48 K

2o oW
o o o

|
-
5]

WCRERIA & 512 (dBZ)

|
N
o
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SRS, —TTHIX T HICu SR 2 KRHER =, H—Jr Rl Tk
FERIAR 225 9 G50 A SRS FE R, A sE XA (Rl AR SCIRIFE R FH #4
LR ERL I LWC WL 45 2R o AR IR B AR /N T-55 T 50pm 1 2 i R I R R AR 47
T EART 50um W PRI R K. d@ikxt 2D-C EE& M »Hr, &
ATV A T B 55 R X AR m ) 2 5 X e R B T AR D R B4R 2078 50~100pm %K
R (AT RENVRR, T 0 P 2AIC, vkl b B4 /N T 100pm K11
FHAS D, X0 e & & B I E AT P AL B S 2 e 3R /)N o Z B A 1% HiCu
I T, EGIUKEENHERFZE T MaH (Wang etal., 2009).

MR B AR AE 2 MRS T UMK & sl T8, A 7 i Eis
KE BN EREENME, A0K King #83k . FSSP 3k L& CDP Rk ATl &1 =
NIBK & BEREAT R EE . AR T8 AR SL CDP Fl FSSP i #5, HEH|IFLL A
King 15k (RS i B2 FH A7 (Heymsfield et al., 2011), A3Ci%$% King #:k Bt
B RBOK S EAE X EebriE . B 3 Fh B R AR B, & 45 SR B iR B R
K, HASRaFRNHE, AHEEEs]—MER, XFEERHTERAE
A FEFE KL B2 BEA RSB, AR 7 IR ZES =
2 AR 51 S 80K (Yang et al., 2016b). 7EF 3(a)H, H545 R IH B
CDP Rk RIMBK & EE T King #83k 70%, I HPZEER kL 2 8] 1 & 2 7
H5WOKEERIEMSS. B 3(b). (c)7r#8 ICE-L. HiCu H* FSSP #&k5 King
PR EBOK S8 X . AT King #83k, FSSP #R3k &1l ICE-L =Bk
B 170%, mfl HiICu = /K & & 260%, 1% 3452 BT KR T- PRI ) il e
RN FBUINKL T BOR R At . IFH, FSSP X} ICE-L =H UK & B S
WK E IR BIA A, X HiCu &G &7 AE IEAH G . {1 ICE-L ¥t
451t HiCu FTERZE, X2nREREN ICE-L s/, HENEIR
=, ~PBKEENL HICu MEMXHTE & — N ER . (AR Z [ FIX]
b s B — 3, fF a8 R al, TR B T H King #R3k UK & 21 &
B
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3 (a)CDP Rk 5 King #R3LME 8 ICE-L =H&/K R ExttL; (b)FSSP
Rk 5 King #RLMERY ICE-L TARIKSEXTLL ; (c)FSSP 73k 5 King Rk
1 HiCu =Rk S ENLE (BhaeEdAManNgMileEs%, BeE

%A1 1 HZ)
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Figure 3 (a) Comparison between LWC in ICE-L clouds measured by CDP
probe and that by King probe; (b) Same as (a) but for FSSP probe and King
probe; (c) Same as (b) but for HiCu. The black line is the 1:1 line.

2.2.2 K EERTHE
UKRLF— R A AEERTE , AN ) AT H . 9% Locatelli A1 Hobbs
(1974) WIWHFE, = WNIKRLF RS BEAAENTR R AR:

M =aD" (1)

H, M OB KR T RE (A6 mg), DK TEAE AL mm). 5
E‘ﬁﬁ"]ﬁﬁj’ﬁﬁﬂ (Heymsfield et al., 2011), ASCE SURE T U I B K iR ok
AR ELAE o DRKE RN AT BUE L 2 A (2) T 53R A

IWC =>"n,M, )
j=1

Horb, M OSSR KRRL TR, 0 NS JREOBOREL,  IWC DA R IIK

KR CRpr: gm™). FETHEVKOK S Bt A, ASCik A 2D Bk A 1B,
HFH# 2 2D-C K T%F 100 um, 2D-P KT 500 pm 44,
= NUK S AEEA R FEAS, Magono Al Lee (1966) M7 R, NFEEA

= WUk 7l E M BEARAEARF KR, BIA ﬁm¢a\bMﬁﬁ$Hﬂ%m
KA FTANE, R BA RSO £58 30 = WIKOKE2EA A F . R iE
Brown A1 Francis (1995), A& Heymsfield 2% (2007) A KHLALIIAR 7T, 453
KM a=0.037, b=1.9KII5 ICE-L kK& &, &7 E5&EH T k. 73R,
FEAREAFIEARIK B RS, IXAE bR BRI SS K ER =% WL, ICE-L
IR, fEEREH, KREHIKEBRAE 200~800 wm 2 [7], TLEXH = s
Wi i K E AR AT 3000 pm, HAGE 2 Bk FABUN AR UK &, BT BL ICE-L
KHMRE-HAERRIFANEH TR, ASCRH B Wang 25 A (2015) @il
PR RO L S 13 22807 % (a=0.029, b=2.1) 5 HiCu i)
OKE & N T HEAFEUKOK S ETHEINER T RER I, ASOE A [ 24
ﬁ%ﬁﬁﬁﬁmwmmiﬁﬁTﬁw,WE4%TQI¢$EH%R%TKW
TR UK A, 323255 W, (Magono and Lee, 1966). 7] LA HY, £ ICE-L 1 HiCu
PRVK S EARAKZESR, SRaTHKSELLERE K 12 ME, 3l
TRHAAFESHEOF B ERUOKEREZ MPIZEMN, Hit, AXESGPRENE
DA A ST EL IR = SRz VKK & E 458 .
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® F3EEE B SART T E Rk R A
e 4% I S 3 4+ e ARk g R AR
*  REH KRS RAK * fRE

[ 4 (a)ICE-L #(b)HiCu HIBEAESH AR THENKKEEERER
ESH. BFHNLARKRTERBERE, REWEHGE, 46, HEELf
EMFSOAIRFKERGETHENIKKSESHIER

Figure 4 Temperature dependence of the IWC calculated by different
Mass-Dimension relationship in (a)ICE-L and (b)HiCu. IWC in stratiform and
convective clouds are calculated by formulations in the figure 4, and are labeled
by red and blue pentagrams respectively.

3 RN

3.1 WK, IKKEE

WP KR EESZNR R EEAR, FRWEEmE =
) A FRERE . R, KEBRBMESMUWSMENEERN R, K5 NELK
ICE-L. HiCu LA HiCu = T4y 545 B oK & & LWC. JK/K & & IWC. L
FBOK & 2y $ie., LWC/(LWC+IWC)]LE B E ARG o, Rk T 2R =
RO 2 N IVRES TS /K & R 2 5 DU % B BRI AR . T 6L
HF A LR AEESHEANEAL, B Rl EERNEER, FIhT
A DABE G M3 iR 25 UK R IR 2R i, AR SCIR IO I 25 2o T0EE 23 B O SR A 3R A T
BT . Hor, HiCu = TR A HiCu 256 /R KL K AT = 3L 2= T (<500 m)
I E£HE (Yang et al., 2016b) R4 Kl 5(@)F %1, ICE-L A/KEZE A
-30C~0C MR EVEH .. EXANXEIN, BKSELKLHAMT 0.01~0.2 gm?
208, TMeFAMELE 0.04~0.18 g m™® 2 i, ICE-L KIF-¥IUK & BAE-5C iLE 2
IEBNERK, SR R B R ARTIR N A, R BRI A B — N R
FHELEL S, HiCu SR = MBUK& ES BIR e 2 25 83 (& 5a), HiCu 1)
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WK EBEHAE-25CT~0T MIEFEE, =NBUKEERE A 1gm®, 1
BIMELE 0.2~0.5g m® 2 [a]. HiCu ¥z WK & & P HMEBE R FE AR a3 5
ICE-L thAA7EZER . X WK & ERERE LN, 1E-20C~0T LAF
TE S HBE E IR T m . XS, SREE LR s MK & &85
T ICE-L BiRz, FEHAE-25T~-10T HEE L, PR =K S & FEAH
Z—NHERL L. XEHTNR s WS BT 4 T R 2 KR, =
RN = S BRI A K. R, AR ECR I LTSRS BRI
W] LEIFAE N o BeAh, A0 T 4E HiCu = THRHT i RAE 4S5 . 1K 5(a)
R B R EE AT, HICu B TRANRIK & B FMEAE 0.3~05 gm™® 2 (i), bt
HiCu o N B ABUK & BB &, X2 H TR s R RS2 2] L7 R
VKRLF-520A, A KB AU, S ERUK S B

~WUKRLF— A EZEEZE L . HE 5(b)r 4, ICE-L HikKE &R
SFMEAE 2.8X10°~0.015 g™ Z 8], VKK B I BLAE-20C IR E 2 B, B
VKK & B IR BARATAE — E T 1 - 75 0T F1-30T koK & 2 AN BN,
HHEFIZHMNREE XD, TTEARIHNL L. 468 5@+ ERa K
b RRRISE S, BT E R o TP UK i T B E R R A K I I e
FRAE K o 1 MK 5(b)H HiCu 4 1 45 SR mT LUR I, UK /K & & F-#5E 7F 0.001~0.16
gm3ZJa], EbICE-L & — RN, X2 i T4 = R 2 i 3 B shiR 4t
TR UK B DL IR, R VKOKA EAE R Sk BTN RE . =
I B R AR AT DU & N K SRR E = N, B2 EFSE B Ak, HiCu
rh YK K B 5 i R R A T T 8 (E-15C TS 2k B i KAl , SR )5 £E-25~-15C
oo i 1 L B P 2/ < S R T (o) R R R S N 2 54 VA V) 7] e s E S T 51 P [ = A
1E-5~-15C MEVER L, 10 H AL st RivKoK & 88 0, T 90 1 437 Akt
VKK & BREE 1 g m™. Bk, Bz XA UK, A K= X kSRR,
Sz KK B 2 2 TR AR LR K.

IRz SRR = BRI = 0 B AR ORI ZE 5 . ICE-L IVRK I =4y
$7E 0.85 LA_E, 11 HiCu BIRZK BT & 73 3 /E 0CT~-25<T Z A M 1 9§72 0.6,
BHE/NT ICE-L, 158 B A 2 HIOK ks 7 B A2 AN A K B A R . 5 B HiCu
Z TR AR B WL 55 5, £EIR & T-20T I =X, HiCu =9 T ¥Rk i &
BN T TR, ARBL T KR T 10 R Y& ATVKK AR BLAE A - 138 10%~90%
HIZKRE, =NRBRKRES R RK, HENRS .
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5ICE-L. HiCu WX HiCu FEBELIN 500m NE=RiEKESE @), 7KK
SE2(b), BKRESH(OPANEZSEERLHNSH (BdfricAFHE, =
ELAEAMIFR 10, 90 BHLE)

Figure 5 Temperature dependence of the (a)LWC, (b)IWC and (c)liquid
fraction in ICE-L, HiCu and HiCu near the cloud top. The symbols and error bars
represent the mean, and 10th~90th percentile values.

K 6 N=/NMEEZEW ICE-L. HiCu PLK HiCu = T3 /K B & 7 B A
A, TEIRGH Y, KA KIEE IS0 m, Hik, =HAH
X3 VRO 2 B AE 2 5. WA Korolev 28\ (2003) HI20#T, K=t
KRR BT 0.9 X3k E UONKIX, /N 0.1 1N WIKIX, TR/K & 5
AT 0.1~0.9 Z M FINPARGHASX . BIEE 6 (a), MAMNS, BRI
KR ESEGEER K, HIERR), £-30CT~-10TIREEERN, 0~1.0 K
B EI A AR, AAERIER-10T~0T 8E 2 ERRIIKX AL,
A ILER A N EMES A ARG . & NEEES, 1ICE-L HKIX[H
FIT 5 LA 6 2 TR RS B BT R %, M-10T~0<T ) 0.96 K [&%-30T~-20C ]
0.67, HIKIXEEA AKX SIBEMEX . H—J500, 1A X K 5 5E 5
BEAR T, LA V0K 5 B 43 B0 IX ) Y B 3 K T K XA TR A A AS X
IR KRR, 7E-30C~0T IRETEE A M 0 K 107, UiBIFEE RS
AR, JRA XA A KA T UK. RIEE 6 (b-c), Sz RIAHES
WAL . ARTERZ, SisFEERN-10CT-0T WXk, N T
SR TIES (& 6b) B THE (& 6c), MMM T LLUKS A FE X O)
KRESENT 0.4), HEXNR AT FEHHBRPARE T I —MEH.
XA RE SR T UUREA G, BeAl, RS MNEEZXIEN, Xz P KX R L B i
FER R, BRI 0.94 FE%F] 0.59, 1 HiCu = H#E4 M 0.91 FF&F] 0.46.
5 BTG ] FH-10T~0T T[4 3-20T~-10T I, IR AHA X 50K X (1) LA 17 78
SRR, MAE-30T~-20T 5-20T~-10T EE X E NI, S5ER=HHE,
Sz FOKIX Ee il s, X5 5 BT AR A Y
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Figure 6 Occurrence distributions of liquid fraction at different
temperature ranges in ICE-L, HiCu and HiCu near the cloud top.

N TR WA RIS X3 oK i K, ARSCgRsER KX . IRE
FHAS X L UKIX BJUKK S BE IR E AR AT B 7 AANRNRE R VKK & &
AR T Ko 2 20 B 7 Al . AR ] 7(a-i), £ ICE-L A1 HiCu 35 3
= WIKOK & EHRm P X IEIIE R AKX, mMIERAGHEEX, HHIKKEESH
KR E MM R HE 7 (a-c)rl &1, 7E ICE-L UKIX . TRA X A ELppE
T BB = B R, OKIX koK & = B & rER, mRAHEESX
WA KoK & EREARARA, 44K 5(@)F ICE-L UK & EFEIEE T &K
AT, EERaT, BEEEERL, vk @ D5 e R POl #E - iR
BKMEK, FEGRRA RS X A 1t @ AGREE &, T RRTKOK &2 8
PIIKIX . ARHEE 7 (d-f), EAR HiCu 7ERIRT-10T~0<T % JZ vk X A EL i A
XA, BEAAERERVOKE R, Wl TR oK oirE, I Bk e
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434 [PEAE, HUIOKEESHIMF KT RaMF NE. £ 7 (d-i)F, HiE
435  FENALT-30T~0T X [H ]I, BlEE AL, HiCu IRA M X - FIHKE &
436  fAEFHEES, HIKX K S ERA A R mIEm, &RKSEH
437  7E-20T F|-10T Z A VKX o X PR UK & 8 m UK X 2R A AE = K N BB AE
438 %, HTMNRaHR AR SRS, HHFEER HiCu MR
439  KEEBEEEAEN (-5, B, SRz P RUK I R ] B
440  PEBG S UK SR A SRR AR K, AR I il e . A— 5T,
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442 PKIKEEALBCERA AN A [F] o 240K Sh VH FE I ¥ 7K B T B R T I A /K3 K R TR FE I
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449 Figure 7 The occurrence distributions of various IWC and liquid fractions

450 atdifferent temperature ranges observed in ICE-L, HiCu, and near the tops of
451  HiCu clouds.
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1 pm~50 pm ¥ FSSP /NRL T304, KT 50 um Jy 2D-C 1 2D-P 3 [m] 44 il
KRLTRED AT I TAXES BRI, 2D-C Rk B2 /N T 100 pm IR T3 JE (1)
B 2L BAFAE R 2 (Heymsfield, 2011), LA SCEEWT 720K 5 B0k B M 2% 1&
HAKTET 100 um LT BT PR FERFER N 1s,  [BIHOSHRI 2]
() &AS AR T HOREME T F. & 8 (@)Fir, ICE-L 7 8.81 um /47 i% 5|14
{E, T HiCu R 7% 4E 13.5 um FELARIA FIEAH . T FSSP #R3k ftJ& FR 14, HiCu
Fr ¥ 2R 7E 10~50 pm P /NRLTE0R B 2 0l i o B 0 8% i 2R T A T S
ICE-L Fi-F g 86 25, 17 HiCu b Filk s . A, BitsE, S TFHEAEAKRT
25:F 100 um KIRT, ICE-L BPPIEGKEZ N 1.076 L, 1 HiCu A 15.94 L™,
i E T ICE-L. Rk, EWRzs BBERZ /N, MXis WA B2 Kok
T, X5E 5SS, B 8 (b-d)R AR Z R 70 Ah. 5K 8 (a)
FIEL, FEEZ B ICE-L Al HiCu KTl LR IR 5 BT A IR 2 1 1 P15 i 2
AL BRI, HIE 8(d)AT 4N, 7E-10T~0C #E 2 b, ICE-L Kk i %
8 /NTF HiCu, {HEEE R R, VR4, Rk sE . thah, % ICE-L,
HYKRL TR EAE-10CT~0T &2 FAXAH 0.002 L™, BEEIRE MK, ICE-L
LT 1 R R K, VIORE IR B I 3 0, E-30 T~-20<C I 24 % 2.130 L
HICu H T3 28 A7 75 Bl R B2 T P38 e I 4, I HL, VKR T 2 N-10C~0T
ff) 1.472 Lt 8K 3-30C~-20<T 19 40.61 L, FfHAESREEZH, ¥IEAE HiCu
FIVKRL TR BE L ICE-L 2| — NME A IS . 1@l 5K 8 (a) vk fnik &
ELie, RBUZE R 2z ook i B AR R 32 R AE AR -30C~-20T 2 [a], T xR = 7E
-20C~-10<T [1IRLE 2 P UK i AR il 1R
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Figure 8 PSDs derived from FSSP, 2D-C and 2D-P measurements at full
temperature ranges(a) and different temperature ranges(b-d) in ICE-L and
HiCu.

W T UK TS SR T IR . B DL A KR (B ESE, 2010),
I, W5 ICE-L 5 HiCu H K FESHER T o BR s 53 s fEAREE
E Rk i A KT R . 1 9(a-c) v 2D-C X BRI ICE-L A ks v B Aol . (E
B = T-10T (PR ZE A, WEIEN 0K & 3= ZOAARR, A D EAIIES .
FEIRUK B TE-8CT~-5TC Z M2l i /KR Y B AE K B il (Takahashi, 1991). [ 9(b)
E7R-20T~-10T JEH 2 NHEFCRUK S, X RV IK S 7E 2R 2 s i 4t
Y BOEK . MTE-20C LA RES, MRIEE 9 (a), MR KEXABNKE, F
R, WIGRUKERR T @i B Kb, kA T UK & 2 [ Rk & 95,
DA UK AP A . TR BB, 7E 0T 5-20C Z A HAEE KE AN
IRIUKRB R AR, ARG E 9 @FEL, R/t — AN ECAREN =, &
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491 T zWIKeRL AR EN TEERKIERE . HiCu MR = kLT B an &l 9
492 (d-i)Fﬁ/%, B 2 E BRI . R S AN K S, R s s
493 A IKIRGE A IR UK & #ﬁfﬂ)@ﬁﬁﬁé&fﬁ*ﬁﬁﬁ f£ HiCu f-10C ~0<T
494 /mr” JEHRIE R T ERS ARIRUK S, IX AT B Rl I oK i B AR R AR B /N KR
495 @ EHENKIE K (Heymsfield and W|II|s 2014). I, WAPT-RERFX UK
496 AL FEFE-8T~-3C B A M. HANMIK S E AR, WOk TR 45 15 AT
497 YIRS Tl A8 ARRAC (R 0o P 2 A OK it R R B A = AR AR iR« AR ] 9 (g-i)
498  {EXTR A o TRFEIFERIL T RIKE IR, XA E 2 H T = MR ZL I B AR
499  ZSR . ANKER, JFYERFE B T —E = 2 RGBT .
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502 Figure 9 Particles images in ICE-L(a-c)+. HiCu(d-f) and HiCu near the cloud
503 top(g-i).
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506 AL, AL BRI I A L R S O BRI s L,
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Figure 10 The vertical profiles of LWC, IWC and liquid fraction in the
updrafts of HiCu(a-c) and HiCu near the cloud top(d-f) with updraft velocities of
1-3 m*s-1(green), 3-5 m*s-1(blue), and stronger than 5m*s-I(purple).
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Figure 11 PSDs derived from 2D-C measurements at different temperature
ranges in the updrafts in HiCu and near the tops of HiCu clouds.
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TP AR T () IR 25 1% X A ZE UK 0K FEAE 107~ 6 L 22 18] (Field et
al., 2012), HASCMIMEAIN ICE-L IR =K SR B EF AR, i =R
ik ICE-L 2 Ak s A i i) 2 BN LA « HiCu 47900 Fr) A2 5 55 (0 AN rp 4558 2 1
FA s, KRR BOREAAL 2 5 ICE-L i ARH. B3, Zit
X EA R LAY, HizMXsRokRE, mTURAEY K, (3K T
IR E R I = X A (Kanji et al., 2017). [8i, X = 508 EA B HHEE,
AT 2 SR S B SR N A, TSR A S UK R AR R, T RE
SHENKKEERZ. REEWCHERHTRERH, -20T-0T EMFRUKZT
HORFEAE 10 L BUR, AT HiCu s8I il vk St Bk B, IR HeAth vk i 2E it
FRWVK B AEMRELE ., BT HiCu SLIGHBA X KAZ AT, UL B
B BIAE. FIK, ICE-L A HiCu sEI6HH KRR S AUKECREA .. 473,
b X AT MO TE R, R KPR T4 55 L P 3 e M T P K B #E - DR LR PR
R FIRLE b 2 Mo X A FR BT, RN R KRG HE 5 301 5818 16 T2
FHLIX 2R Z TR B JE R Qing et al., 2017). ARIFIRS Y RS =
2 AR R B FE AN, fldn, fEKIR i F, BmA SR T4
HFETE R BCRIR R R E R = UK s BOR B R, VOK & B, 594 2
Wk gD (BRERSE, 1998; R4, 1999), M{ERZE, &M X i
= F RS I ERTER, KR ETRE TR, o 1R & = M
5P BT CAPE R /18 5E BE 26 K . 7 HiCu 1, CAPE A4 100-500 J kg™,
PR INAT A ) 5 AN R SR FE TR . 2 BN [RL R R B B AR AIE T
AN, EXHR = KBV, =Kt ied, K%, BEERIRE, K
i ] BEIE L B A LU P AR R TR B, e E KREKE, R E
TREIVKIK A EAEH ;s T B, = N EE UK, 1B R 55 (Yang et al., 2016;
FIRFESE, 2019). FIK, EREFSR o5 B FE A =S A EEFRAR.
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SRR, X0 RS2 SECHR = KT 5 7 LA S5 AN 18 2 ) 8 2
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b BT 18 R BE AT B /N T2 004 B . Zhao (2011) 2545 Fil har 7 mh [X () |2
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IKEBIEF 1.2 gm?®, LA HiCu Wi =k & &EE. EARXHERZ 508
T, 22JKEE% (2019) S 1L PG i X (1 K Rl AR = W 0, 404 i B
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30T, TEERa ke R N FHRLFE, = bk d /K oA 10 X A 7R
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PR B 5 . £E-20T ~-10T i E 2 FAFERRMIVKA R, (5N
T OIS FETCIEMRRE, R TR s R R UKOKAE AR, nik sk
Sk EAST R,
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