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Abstract Based on an existing two-dimensional convective cloud model, this work adopts a nucleation scheme
associated with aerosols to replace the original ice crystal nucleation empirical formula, and conducts a simulation contrast
test on the two schemes. Simulation results show that: (1) The mass of ice crystals in the new scheme is mainly distributed
in the —50.1°C to —7.6°C temperature region, higher than the original scheme’s temperature region of —50.1°C to

—24.2°C. Throughout the thundercloud development process in the new scheme, the distribution height, temperature
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region, and maximum concentration value of ice crystals are greater than in the original scheme. (2) The new scheme

produces a large number of ice crystals at relatively high temperature that dodge the water vapor and inhibit the growth of

cloud droplets and rain. In addition, compared with the original scheme, graupel growth is greatly affected by the impact

of raindrops and is dramatically reduced. This leads to the graupel being smaller than in the original scheme and to

differences in its spatial distribution. (3) For thunderclouds, the early charge structure of the two schemes is different. The

charge distribution area and amount of charge in the new scheme are greater than in the original scheme. In addition, the

center heights of the main positive and the main negative charges differ at different times. This analysis of cloud

microphysical process reveals the conditions favorable for researching the relationship between the thundercloud

electrification process and the aerosol charge structure.

Keywords Ice crystals, Nucleation scheme, Microphysical process, Cloud model
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Fig. 1 Environment temperature and humidity stratification: (a) The dew point temperature and environmental temperature; (b) the relative humidity
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(a) LP scheme
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Fig. 2 The specific water content distribution of the ice crystal: (a) ice crystal nucleation empirical formula (LP scheme); (b) cloud chamber observation

experience formula (Y'S scheme)
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JEX Ta) A St KR AR IR T YS Tr %

R1 LPHYS ARERAH O EFRRRZINSHSEM
im X

Table 1 The height and temperature region of the larger

value Q; of LP and YS schemes at different time
O W MR X /°C

Kt QiR R km

[A/min  LP Jj% YS % LP i % YS %

35 42~75 72~84 —14.6~—40.7  —39.2~—469
40 5.0~8.5 7.5~9.0 —20.3~—49.1 —40.7~-—50.1
45  33~90 6.0~88 —7.6~—501  —283~—49.1
50 3.5~8.6 5.7~8.5 —9.1~—48.2 —26.0~—49.1
55 3.7~8.5 5.5~8.0 —10.9~—49.1 —24.2~—44.0
60  40~85 56~87 —132~—491  —25.0~—485
65 3.6~8.2 57~7.6 —9.4~—452 —26.0~—43.9
70 35~85 59~77 —9.1~—49.1  —278~—418
75 3.6~7.7 6.0~7.8 —9.4~—418 —283~—428
80 3.5~79 6.0~8.7 —9.1~—43.2 —28.3~—48.5

VE: e R R X AU 1 T (B O CHESLI ) 35 min Y O K
T0.1 gkg (50, AL A 0, KT 0.5 gkg ' A

B O R BRI R AR L UK A SR
DA A UK A R 2= i TG O, TR A 2 R oK i o
T KT HARPI, 6 Qs AL s mi 1) = oA 2 Ak
T CALLAIEE, 1991a, 1991b). ok i bk
J55 7 Ak 28RN B DK ot B RSP oK it o & O
B RPN SR RS, B DA AL = A 19K
A SO P EHL Y O 123 (8] 20 AT o PRI IE A LA 13
G 5 L DR A R DK B A% A0 7 245 3 IR 0K it i
AN[EIHE I % O 27 1817041 22 AR K (Fletcher, 1962;
Huffman, 1973; Meyers et al., 1992; [ #%5, 2012),
YS T Z I T = IS B0 UK 1 23 A AR AU
BRI N oK SR Bk Bz, U 3 IR B e ik
TEHUUANELEE il oK ah i H AR, AR IX LA &
ARCA [FJL B2 i of 2 (19 DK i 2504 88 1 28 A 34 s v
EREEAR IR BOC R, BT B EAN A LA
MW E A ) R [l o3 A, R BE . WRE R oRAERE
AR, DLRCAS ) AN [R5 AR UK AZ 3 23 A
22558, PTLME SR LIRLE A BT YS 4858 20
AEEAUERIE QIERCFIAT 208, 1964; W65,
2013). JRJTZRR YS 25 o8 IR PG e
fREusNg, HOEE BRG] LS AT T 15
AT BR a7 =K & s A B 0 1)
], BAGA KA, (R R T —40°C I, K gLk

J£ B A5 3 T B AL 19 I, IR T — 40°C I 4
—40°C 15, PrilfEmiiix. CKT—25°C), #ik
FEAERIUK R, FE—40°C Zidq vk A
HOELX, T LP 7 S IS v SOk it B 2
A2 BCRR UK i SR S e B o R R T R
EZAEAHR, I LUK B B I AN R 256 2 Bl
H U B FEAR TG 0, & S R R O JC EL R A R
PR, TS R A S ORI AR, R
Bk WEEZANYIEA K, HIBHE N4
(Heymsfield and Sabin, 1989; Meyers et al., 1992;
Gultepe et al., 2000).

R UK AT CA KR BRI BRI TR}, 1F
% 243 (Cooper, 1980; Saunders and Al-Naimi, 1985;
Meyers et al., 1992; Heymsfield and Milosohevich,
1993; Ryan, 2000) WA CHLIIMAI =340, W
FE R UK S HOR B AR AE 10°m ), ISR
FE UL A AT 5 e FREAN, IR R BLIK S B0k
JERR 2 [MARBF ARG . 1T YS J7 20K 2
T BB B2 ) B AIG B e FR O i Az AL =2k E
TEARILIX. (/NT—25°C), B4R YS & ml TR
X UKER AL RE . HEAh, YS T &fEmiix K
T —=25°C) JLT-TCOKFHIAAAE, ERFFURELTRIK
WL FAE 7K R RS S i 454 R, AER T —12°C
AT R R A AP ik 100 m UK,
PR IRAER T —8°C Wl i Befiig ah iz dk . MK
F—15°C KA kA% 4k (Rangno and Hobbs, 1985;
Levin et al., 2005; 4=%%, 2007), nJ WL YS J5 Frhlk
T WA B 250 o URAN T il CRT -
25°C) VKERAZALRE TS, AN Z BRI IESE T
X—xi, W CCOPE SE4. HEG #IKKL 1T ds
I 2 BRI RO DA S — e B RL 4 vt 45
UEIUK S 7E 25 P — 15~ —4°C, FRIKRPELE 4% 107
m > AT, BTk 10° m” 2647 (Turner and
Radke, 1973; Knollenberg, 1981),

gi LTk, LP J5 =P ok oKL IFANE YS T
FEBER B A FRREE e SRBA N, e BT XRGE.
FER 55 UK B MM O B B« R
MR EEZ IR AR, G TT M YS
LR ANXGRIN O AL 28 e, E 24k
WAE LP HEM YS J5 LKkt R A 10 =2 m
M X TE] 4 e e 3.3~9.0 km, —50~
—7.6°C £ 4if15.5~9.0 km, —50.1~—24.2°C /=
H, YS T7 UK BB P ARG X (N T —25°0),



N W 39 %

296 Chinese Journal of Atmospheric Sciences

Vol. 39

e X CRF—25°C) JLFJCUK S 474, 1 LP
T3 G UK 1 25 18] 43 AT v BE AR BE X KT YS 7
s T il DX VIR DX 38 73 A KB 0K, 8 )
Ll 5] P 4 149 AH D3I AR UL 45 S K A58 A% Ak 7
FEIRAR AL E NG
3.2 AMUKEIRFEERKENTH

AR BOBRE, T 2 P i B
TR R RN K125 (8] o3 AT REAE,  Ho AR I,
R HLHLAI Rz 15 20 i far B/ FE A0
AT DX DA AT A4 5 340 5 Tk R 1 1)
R[S AAH DG, HH AT DAy B R 1) e e F 25 7K
FSAPRL - 16 2 18] 50 A R AE RIS B 2 9 FE A7 AE 2
PIm ERRMRC R (FBAE, 1996; M4,
2000; HIZAREE, 2005), ASCLE HEXHR
TR PR S — A K AR A T &, BUE T =
ERY I ECEINNERY o/ N WS E L & X SN ae o
b, BEim s A B FE AR, K AR T
205 18] 3 A FUEAE R /N Aodh 2 08 2 i Vel e
W7 =5 IR E I AR, B S 8K
AR IS [ AT AN ], REA ARG 70 i e 2
S PR AR A
321 A KERKIAG A

Kl 3 45 T 5K i K EE 57K & (Omax) Bl
PEFOURE [a] A8 4k s JLrp B 3a L YS 456 o8 a5
(R K B0 FEE 8 7K ) B3 K B 5 7K 2 i A4 I )
1254k B 3b S T LP S50k 7 %5 &K s
IR LG B 7K BRI [A] (1)A8 4k . 36 2 25 T %K

10 -E (a)

O /2 k!

e

>
ul
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FSA) e R B 7 P WA A DA B 1) 2 DAL 1) N ]
PR SAZ A T X UK AN i 1 sg i de ks,
T RR 55 7 B AR AT AR RS o K2 T T 114D 5 1)
FEM 17 min F1 30 min J5IF4R, ARG
ZKVEREAR R, FIWAE 34 min 5 HILEUE R 56
min J5 XM RITHRE, 7E 42 min BRI L
0.0000012 g kg ' [HIHg/ME . 33 B i T g
(KF—25°COLP JF & KAk S+ YS 77
ZPH, IANTE G, R S A X e
AREVKE, FEaPRIKS, BT I BN
(Bergeron), KA LU v 2 W A/ R T P45
%, A KR K PE TR &5 1M % 4k B vKAH B T
by R, YRR I A 2 1 AR S R K IR E B
ALK, BT LA m vk S BOR B S 3 s
AUKPE T FE,  BH L 2 30 1R 45 AR Y i R
CRHESSE, 1987). BbAb, UK EORIE i K
P fE 35~60 min /Ay, [KUEAE 35~60 min [,

R2 LPAEMYSHAEZKBIH FRA LS KENIEE
DOsEIpeN: v

Table 2 Peak and arrival time of the max mass of
hydrometeors of LP and YS schemes

IR I K A R/ g kg !

BRI ) I [7]/min

R f LP Ji % YS bk LP ik YSH%
= 6.19 6.26 31 30
] 0.96 247 33 32
7K 3.48 2.18 48 50
W 5.77 7.82 43 43
o 0.0019 0.0637 44 36
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Fig.3 The peak emergence time and value of maximum specific water content (Omax) of hydrometeors of LP and YS schemes: (a) LP scheme; (b) YS scheme
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UK 5 2 AT e 5 P E BRI B, R AT
RIOK AT A CERERE, W AERE NI, X2 N
L /K 2 R R R N, B (1 221 ]
THie TS M BCRUK G e 0°C J2 1 vk it s
(Pruppacher and Klett, 1997; P#%E, 2004; X
KK, 2006; #7535, 2011),

S SKEGERNMY S RES, HUKb
WEIERL, UKARREIE R, MORRE K, A=
T, PRGSO, UK R o BBl
B, ST YS 5%, Hip O AR BRI
BRI RRAT - IR R 4 s RN K R R i T 1 Al
Ife LP T EMFRNN) Q (HHASL/NT YS %, H
F BRI O 1EIX I BRI BEWl /N, S50 WY I R 25
FSC R R SR A S UK AN B R L Y'S T
§9IRZ .

M 3 afF e LP 7 £ 1) O KEHEA R
T YS Jr % O UK S EAL T % T DURK
FREE b g makz b i)k A ke, T s e UK it B0AR
DA S LA B AR, AN TR A% AL 7 A3 20K it 1%
AR, WSR3 A8 s A8 BN Ta] | UE AR K /N 457 T
Ze5, WMeyeretal. (1992) ISEAL AR, 7EEIE
PRI DX R 2 A o B AL UK R Bk B 5 17 Fletcher
(1962) F1 Huffman (1973) (IZHAMANX, &
ER PR DX U] 7= £ A s ) A O R A

FIEL YS FEBE LA KEG AN, 5EM
TR KA KM AT BRI, #%E A gl
b, BRI, WAL, UKL,
KZ ) B FEESA A AR B Bk s, ILrhydss i
A BB AR E N B I S AR 3G KO, /T
e A NN E SN PSP e w73 IV EE (N & A ]
7 LIRS, AT Bk ) B R e A 2008 e
PN E R RS, KOS R S LR BRI
EAR G, I I AE D Lk 5 RN A7 35 ik
/Ny JITLAIE B On 98] o
322 =B WA, & BREAKEZ RS

&l 4 Fros i LP J7 245 30 ) 2 0 AR i 1A
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R 5 P B A KA TG, BHL L 2o ) e as
FERK AR AR AR, AR BRRIK i R R R A
MEFE, WAERINNI, X2 LP 7 E8 8 1WA
BALHBUNT B YS 7 A B I R . B S
RV PRV 2452 [ T2 b T e 2 v R B R UK b £ 0°C J=
T Rl I R

Bk LIRS EI O (/N T YS 7 E - H A E1Y
fE4h, M 4 0T RUE 215 — MR KA A Qg 75 4 km
LU #2893 A, LP J7 545 201 Q, 7T 40 min 142
O ARAE 4 km LAl A 45 min I Q, B A LE
23 km LA, £E 50 min i} Qg 44> At 2.2 km LA
b, 7E 55 min N Qp &FBIAGAE 2.1 km LLE, i
YS 7T EAFEIH) Qg 7t 40 min B2FHATAE 1.5 km
PLE, 7545 min B Qp 2504 E 0.5 km UL |, &
50 min [ Qp 4=#B4r A 4E 0.7 km LA, #F 55 min I}
O, A= o3AifE 1.0 km B Fo 4 km LR Qg (173 [H]
I3AT B2 R S, KL 3 WA LP U5 545 5
(YRR AE 35~60 min A 3SR R SR B BRHY
B LP 72N O BT YS % 4 MRS, Kt
K FE RIS T N VR &5 P, TR ARE oK it 2
W, WA RAERE =AY ELRE, Xt
O 7E 4km LR B AAR T YS 7 % F 2
JE A

BT On FEAH EE At DY K serbir - 1B A% /)
HAWE B 0, BTCAEING . LP 7 A RIME LS
K& A BRI Z N T YS J5%, B[]
IR, HEA KK 2 A R AT AN R R ) sk
55.
33 HEEMZESRITL

e m I R, K —T (R ARl
i I PR T R o rh R LA, DRI K S R 4 B
FRAE IS () 55 5 F AR 1559 . A7 L far X
(1 15 85 B A AT DR 3k R H A 8 AR 55 (22146 2002,
2004); bk, UKEER— CRRED) (RIS Al it
P T B o L P AR AR AR R IR, DRI A B ke
FAL e A E — i (R B N R, BRIk
i A AR A IE RS A Ty IR I R oY ]
UK AR B E 28Ty, B AR AN S v 2
VKRR 3, T FLd i A A I R R e 2 (R Ak A B
AR, MR R s R AL, RS T B R
1R A FEE RN LT~ B 25 TR) A AR AIE - I DAL 1
o AREAE, 1 3.1 550, R8RS AR A s
ST B IR UK it 205 8] 23 A1 FH R 2836 28 XA 21 1) 0K



N W 39 3

298 Chinese Journal of Atmospheric Sciences Vol. 39
= W
14} (a) LP: time=20 min { [ (a) LP: time=35 min { [(a) LP: time=45 min { f(a) LP: time=55 min { f (a) LP: time=65 min { | (a) LP: time=75 min
12
10
g
,T:\i 8 w
6 '
{ ' -1
4 \ D P glkg
2 o \ ! 10.00
0 5.00
30 40 50 60 70 30 40 50 60 70 30 40 50 60 70 30 40 50 60 70 30 40 50 60 70 30 40 50 60 70 ;gg
x/km x/km x/km x/km x/km x/km 2.00
14 [(d) ¥S: time=20 min | [ (d) YS: time=35 min ] [ (d) YS: time=45 min ] [ (d) YS: tme=55 min ] | (d) YS: time=65 min | | (d) YS: time=75 min o
12 0.10
10
g 0.00
< 8
=~ 6 [ '
. 1 Q’@ ' 0 o
210 |
0
30 40 50 60 70 30 40 50 60 70 30 40 50 60 70 30 40 50 60 70 30 40 50 60 70 30 40 50 60 70
x/km x/km x/km x/km x/km x/km
RG]
14 F(b) LP: time=33 min 1 F (b) LP: time=65 min 1 F(b) LP: time=75 min 1 F (b) LP: time=80 min 7
12f ik it ik 1
10F 1k 1k 1k 3
=~ 6} v 1 ik 1k E
-1
af ik it E] { ke
10.00
2 3 -4 F 4 F - F
0 = —w O " -
30 40 50 60 70 30 40 50 60 70 30 40 50 60 70 30 40 50 60 70 ;gg
x/km x/km x/km x/km 2.00
14f(c) YS: time=33 min 1F @) ¥s: time=65 min 1FE) ¥s: time=75 min 1@ ¥s: time=80 min ] o
12¢ 1f 1k 1t 1 0.10
10f ik 1k 13 1
e 0.00
< 8f 1F 1 1F ]
= &t it ik it ]
ab it it it ]
0 I P 4| — |
30 40 50 60 70 30 40 50 60 70 30 40 50 60 70 30 40 50 60 70
x/km x/km x/km x/km
&
14 [ (c) LP: time=31 min (c) LP: time=40 min (c) LP: time=45 min (c) LP: time=50 min (c) LP: time=55 min (c) LP: time=75 min
12
10
g
< 8
=~ & R -1
4 g/kg
2 10.00
0 5.00
30 40 50 60 70 30 40 S50 60 70 30 40 50 60 70 30 40 S0 60 70 30 40 50 60 70 30 40 50 60 70 4.00
3.00
x/km x/km x/km x/km x/km x/km 2.00
14[ (1) ¥S: time=31 min ] [(D vS: time=40 min ] [ (1) vS: time=a5 min ] F(5)¥S: Gme=50 min ] F(f) vS: time=55 min ] [ (D ¥S: fme=75 min s
12 0.10
10
g 0.00
< 8 N
S y
o\ (0,
M \
2
0

30 40 50 60 70 30 40 S50 60 70 30 40 50 60 70 30 40 50 60 70 30 40 50 60 70 30 40 50 60 70
x/km x/km x/km x/km x/km x/km

4 R TR BLL O KR AR S (ay by o) LP T (dy e £ YSTR

Fig. 4 The specific water content distribution of the cloud drop, rain and graupel: (a, b, ¢) LP scheme; (d, e, f) YS scheme
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Fig. 5 The charge structure distribution: (a) LP scheme; (b) YS scheme
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