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Numerical simulation study on microphysical formation mechanism

of a typical hailstorm in Yunnan, southwestern China
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Abstract The microphysical formation mechanism of hailstones is the scientific basis of hail
suppression operation, however, the relevant study on this issue in southwestern China is few. A
hailstorm case on 11 July 2016 in Yunnan is numerically simulated by using the three-dimensional
cloud model with hail-bin microphysics developed by the Institute of Atmospheric Physics, Chinese
Academy of Sciences, and the microphysical formation mechanism of the hailstorm is investigated.
The hail cloud developed rapidly with a high intensity, and is a typical summer hail cloud in the
southwest mountainous region. The simulated physical parameters such as rainfall, hailfall and
reflectivity are generally consistent with those observed. The simulated maximum updraft is 28.5
m/s. The microphysical processes of the hailstorm indicate that the main source of hail/graupel
embryos is produced by the probability freezing process of supercooled raindrops, which is
accounted for 95%, whereas the source via collision between ice crystals and supercooled raindrops
is only accounted for 5%, which are significantly different from other regions in both China and
other countries. The diameters of hail/graupel embryos are mainly ranging from 0.3-3.0 mm. The
growth of hail/graupel embryos depends on the collision process with the supercooled cloud water,
in which the embryos with the diameter less than 0.3 mm are hard to grow. Larger raindrops can
directly freeze into larger hail embryos, which can contribute to the formation of hailstones in a
short period. A short-lasting accumulation zone of supercooled rainwater occurs in the
development process of the hail cloud, and it has little contribution to the growth of hail/graupel
embryos.

Keywords hailstone formation, cloud model with hail-bin microphysics, supercooled rainwater

accumulation zone, Yunnan Province
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GNUrg £ 7 min 86774, XN 2.0X10" gekg'*s', FRrg M\ 11 min FFE57%
H, N 2.4X10° gekg' *s's BHJG GNUrg Fl FRrg PR K, GNUrg 14 min 14
Kk, N0.02 gekg'=s', FRrg 15 min #KHE A, 7 0.008 g-kg' s,
bR K KA, GNUrg /& FRrg 11 2.5 fif. BRI Reaut BUERHIL, (Hif
BLFIIS TR AN S A EL L GNUrg M FRrg 241/, 7 min-30 min Rgaut RERRINAE
13min. 14min I, HPERMLT 5.0X10° gekg'*s's GNUrg £ 14 min JT
98 T F%, FRrg £ 15 min JF4 N F%, FRrg BN FREEZ PR GNUrg, FRrg B TEE
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RIS FRrg & 21 min KT 107 g kg'+ s 8L, GNUrg £ 32 min
HAKTF 10" g kg' = s EH.

Tb) j& GNUrg. FRrg. qr Fl qi M8 RAE R i BE - 8] 23 A B (G B dR R
EARSRILA TR F— = LA A B KD . ME 7o) iTBLEH, ar 2
SYARTE 11,5 km PAR, qi 20467 9.0 km PAE, GNUrg 7E 12 min-31 min 434fi -
8-12 km (=%, FRrg 7£ 12 min-20 min 7347 F 9.5-12 km &/ qr 5RH 0 X5
AT 9.0 km LR, 1 qi 320X AE 10 km BLE, BSR GNUrg Fl FRrg #R67 T3t
AKX, B qi A A e, A2idpk FReg BUE MR 2= AR Boize /> T GNUrg AR R 42
M F BN 225K 7ab) KA, B FRrg WK R G5HKRA 5 GNUrg KEH
Y, (HAE A T | GNUrg B3 KF FRre. 1% 12 min-32 min ff) GNUrg i1 FRgr
M, GNUrg A1 FRrg 2305205 95%F0 5%, B, BoKEid fE & e 3 2k g il
ARG AT R . X — 25505 B AMKE AN RIS 7T (Knight et
al., 1974; fHEARESE, 2007b; BREAESE, 2012) AR E H A X )8 78 CEMS ¢
S, 1989; #RIERSE, 2003, 2007a;XIARHESE, 2004; FRIKEE, 2019) 4R LA,
FE L R AE AN R R e BT o3 A9 7 T SR 22 5 o AR 0 3R B, s ok v
R 7 1 9347 5 B R 43 A1 91 ) 5 e B R SR U S L L B o 2 R b A T v R AR T
ST o DLV 0 B T PR AN BT R, 5 2 S BT 2 V0 R 2 XU 2R I 1 ey B2 2

DR, MRRASERE, SRS TR SR (B D X R 7
IRV, IV RO TR PR R VR 25 O DK B IR BRI L i, R S = i X E Z= 78 2
R TRIEAT K

VKB R (Farley, 1986) AR FAE T 7T DA RIS AN R /NG ¢ i)
AR . B8 &k (1-13 R4 B/ fef RBUR IR WAk, & 8 HTE
13 min, 1-9 &4 (0. 10mm-1. 38mm) /&L FITAR B, (HE/ BT HXHL
/Bo 14 min, 10-11 8% (1.91mm. 2. 65 mm) &/Fk FIFEHPL, 16 min, 12-
1344 (3.68mm, 5. 11 mm) /&R FIHaaH M. tWHE 7 MK 8, HARE/ it
AEFERAE T min B4, AR/ SRl FEOREELE 13 min A R4, UEHTANR AL/
AP ER KN ORNT 107g < kg '« s B FHARA LG/ BT . &/
TR IS, HBOREPOEER T, WEE 6 4 (0. 52mm) 5/ F MK T H 13
min [ 0. 93 w’ BTt 15 min i 111.03 m”, 18 min 3% 500.03 m”, J&4rkygK:
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Fig.8 Time evolution of maximum number concentration of hail/graupel embryos in 1-13 bin

BRI, 22 min 55 5 84 (0. 37mm) /B MKL T4 535. 06 m”, #2504 R EL
WP . 1-13 RIMEOR KA 2R (ER%), HraRuaf ks, #
v AR . R/ R BORE Bt O BTA sl LR/ BBk B R D, 8t
FERARIEA R IER AT, BN TR (0,72 mn).

9 72 1-13 RYE/ B KEOR B m A P B, H i 9a) 9 1-2 4%
B/ BRI AT AL, 18 9b) & 91) 23518 3-13 RIS/ & ok
BORFER) A Al B9 FTRUE H, /BRI F1E 40°C R Mt A=, Hok
JE B KABL 5 4347 Y0 L 52 300 HH AR 18 K SO/ AR A, AR & R/ o 7 v
FERI A RMIA . 1-4 #4 (0. 10mm=0. 27mm), B 9a) £ 9¢) FHIE
/BRI EEEI M EERRE, @A 16kn, -80°CREMIL, FRMEME
8km, 20°CJZFiL, 58 OIEALF-40CE LR, 56 #4 (0. 37mm-0. 52mm),
B 9d) #E 9e) F IS/ BEORE R, W B FRREWEE, W ik-80CZ
B, FRIE OCEMEE. WA 78S (0.72mm), BN 9f) JFG, &/ WBOkE
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Fig.9 Height-time distribution of number concentration of hail/graupel embryos in 1-13 bin

{055 SNBSS TR/ A NP WA= & A a0 AR 0 A T A 1 =0 I T E N T o
HERITIE TR, 25 1384 5. 11mm), BIE 91) &/Fhi 40 Af sk Ak F-
40CIELAT . WNEME/ Shl FEmE B R BEWE, BUNE/ Skl T 5 n b
ERE, BRE/ ST 5 TRERRE, BES IV K Al X B R BN
KRLT 2, 1N EERIR AR T2, PUEAEIR/ANE/ B 51 3 AR 22
FHR. GEEE/ R T B s - A2k E, 40CREL EARTENE/
BRL T B A, BB/ TR TAET FEEI 0CERT: EE &/ b1
Ko CHAR) BAMTE/BR 11, A S, KT 0. 3mm 5/ T
3mm [/ Bk T 5 TAEM (HOREEAE 200 m° LA b). B 8. 9 13 min JFUf
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HIUVE /TR T, FEE 16 min A 13 BAERTF (5. 11 mm) HEL, $TF K

AR R/ TR BRI TR, W] Re RIS R AT B I W 1 e R 45 P s/

Wt TERBLLFRESY, 7E 4 min $FAEHILNIK, BEE BF-SRAINGE, MK

X Tl AN e BT KO & T, SR FHR/AD R B K T 6 mm fK
R, SEEG = AR B R B ORI RG4S 4.3 mm, T H AR SRR A R
1% 3mm=3. 5 mm B Ao R BERE, WO B R BB T KT EAS 6 mm (19K

VR 2 R/ TR R LR L, EPRREEE 3804 mo s, RIPPAEARN 5 mn
(IR HEAR, 1979), 5 mm K/INEI R R BEE b FH 000 00 1 e AN s e ik 31—

30°CEMITHI m B b, AT RER A R &/ W e 235 0 T L/ B kL 1 T 4

HILRIET TR AIOKED (B8 13 RYEDRLT) AU H B, FRATTIA 9 R i 7R 45 2 L
FRUKE AR PRI E 2R R

5.3 EREKYIE

B/ BRI A K, A NAKRIKE R FE K T AR RGIKE
MIKEET 1D &/ g% 2K K (Cleg), 2) &/ Bl I i ¥4 M K I K
(CLrg), 3) &/ WM H+ 5 FME K (CLsg), 4) F/FhliH =ukif (Clig), 5) &/
WA/ TH 42 (VDgv) S50 18, & 1 &/ n) K 4% 46 (MLgr) o XF 12 min-
32 min fJ CLeg. CLrg. CLsg #1 CLig ML BT Rt (BRI BT 18 mliZ i}
R NEREFEE, Hb Cleg (5 99. 9%LL L, UEHIZIRVKE S REMVKE R K
FE R Cleg i FESLHIVKERIIGK . BEAR Clrg, CLig IIFEXHIKE MG KA

TUEk BRI RN T 0. 1%), {HZ/NT Cleg HITTHR, 1M CLsg I FE I TTmk Ak
HN, TR

RN AR KNG/ Bhi T 1 Cleg bRt A = /K Z SR, XF Cleg #%
B/ TR F o R T B KB i, B 10 J2 10 min=35 min ) 3-13 R4fI#E K Cleg
A . 1-2 8% (0. 10 mm—0. 14 mm) CLeg N, ViAIZMRYE/ TR T 1)
CLeg KR, ClLeg {NAE 3-13 Bi& 4. ik b, Cleg BEE/ Bkl 7 EARKIE KM
WK, FERYI CLeg AR FEREA KT, BEJSIES . M CLeg KK ERE, &
314 (0. 19mm) CLeg /M 107g kg’ =s', 55 4 #4 (0. 27mm) CLeg /NT 107g * kg
fes, 576 #4 (0.37mm-0.51mm) CLeg /MT 107°g + kg« s, 7-11 #4 (0. 72mm-
2.65mm) A 13 #4 (5. 11mm) CLeg /hF 10°g kg = s, 1 12 #4 (3.68mm) CLcg
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Fig.10 Time evolution of maximum growth rate of CLcg in 3-13 bins at the simulated 10-35 min.

35 107g kg o A, 55 3 84 (0. 19mm) CLeg BYKEHLZ 55 12 £% (3. 68mm),
FIZ 10 =S . B Cleg ZBWE, /N 0. 3mm I8/ FAL T, Cleg WK ELE 10
‘gekg' e s BUR, IMRT L. mm B/ BT Cleg MUIEHKARUARIT, Cleg H9K
FEA BEE T/ FRL T ELAR RS K — B K. At — i L&/ &bl -4 =
K MK B RYREFERFAE, X CLrg M43 4R FHEAT /AT K, 12 min-32 min,
CLrg /£ 1-13 #4#F K4, 1 Cleg {XAE 3-13 #4iH &4, H CLrg (43R4l 2
B/ BN T AR B3 KM I3 K, X2 5 Cleg ANFIFI. [H, Cleg I
CLrg AMYAERE 05 72 57K, 7 HLW & ZERE IR /2 A7 22 5 1, (R 2 2 53 K
() BIE S R IAE CLrg MEFFRAEGTEL Cleg IR Clrg REHFRCRIRIG, RH=Z
T AN AP K B SN R 3R, A Rl — B AT

N5 HT Sulakvelidze € XIS FHT 17340 5 ARARAIE, B 11 g5 7 RS
FEUSE =t (x=18km, y=18km) ) 12 min % 17 min ETFSIRHE 5K & ERE
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T=12min T=13min T=14min T=15min T=16min T=17min
B 11 W F0 (x=18km, y=18km) f) 12-17min EFFSEE AR /K &5 BB L0 fi. K g
WALFRZIFE N (km) , FREAAARZIEE A BT (n s ), _EREARFRZIEE N K & Bl
(g kg'); HESZLNW/KEEMEL, SN EARPEERL, KO XATAN
KX, JREEAHRXANRAGIX; BEL. ERELDHN0C, 25CEREREMNE, 4

REL AR BT 8 K X R

Fig.11 The profiles of updraft and rainwater along with central hail cloud (x=18 km, y=18 km)
during 10-16 min of stimulation. The vertical axis is the height (km), the low horizontal axis is
updraft (m s!), and the upper horizontal axis is rainwater content (g kg™). The black solid line is
the profile of rainwater content, and the green dashed one is the profile of updraft. The grey shaded
area is the supercooled rainwater and shallow blue shaded is the accumulation zone. The horizontal
black and blue dashed lines are the heights of 0°C and -25°C, respectively. The horizontal green
dashed lines are the heights with the maximum updraft.

IR EAE . M 12 min & 17min, BEEBMARE, 0CERERAE T,
-25CERE IR, 25CERE 12 min-14 min _EFF, 15 N, Ezm
(x=18km, y=18km) [ AN EFHFEM 12 min 1) 22. 3m/s B KF] 17 min 1]
27.9n/s, [A, RUERK BT R IR S B H 12 min ) 6. 9km JHE 2] 17 min
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(¥ 10. 5km, FI7K C(qr) HEEERHRAMEH 12 min (1) 10. 8g/kg H4KF 17 min [
19.9g/kg. B 11 HFLAHE KR 12 min-17 min 374 KR AR 1) & B 40 A7
S5HERN, KOFHPXARREAKX, EEOHEXAERRZRGX. AE 11
PR LR H, BEE 0°CZI NI, ar MR 57, Wid/KIX B 6K, & 11a)

FE 11b) 1, HT-25CRERBEALT qr MTE, Kt R XA H.
Bl 11c) 2Kl 11e), BEE qr MR 5, DUR-25CREEBEMN R, R
IR . B 116D BI 17 min, BT EFSREBOIPOE EF, AR
RN RIGTIEIE-25°C)RmE, AL R qr TS, S LB
ekIte, RBUREAWITI A, BARM 13 min-17 min #5 RRHHRIX, H
13 min A1 17 min FIBSZXOR/DN, Bk, X 15 min-16 min ATALCAA R AT
1E, D REBHAAER AL 2 min. & 12 28 14 min-17 min £/%& (qg) HRK
(qr) oA 1 BT (X=18 km) o M 12 ATLLEH, 14 min-17min, &= KER
H, KX -40°CRRFRTHT &, qg BOREEPLEIE K, 1 14 min ) 138
m B KE] 17 min (17 2099 m”, qg FOKEHOXALT-40°CEMT, FFREE-40C
JZ ETHTiGE T B e R A F RN/ TR I IR, B 12 s T
HAKT 2. 0mm, B 11 %4 (2. 65mm) DL MR/ SR FHORBE AT (B &g a5
HZX). A& 12a) ATRAHY, 14 min KT 2. Omm £/ @K1 T80 I, (HHHOK
FEAUA 0. 1m?, HAERRIXTE qg FOREHORMEX . 15 min, KT 2mm &/ HH0OK
FEMEPGEE R, A8 n', HEFOLXIES qg FREE O X o B Ry, 16
—25°CJZMiE. 16 min, KT 2. Omm B2/ F IR K% 68.5 n, HAub
XA F-25'CE-30°CHEZM. 17 min, KT 2. 0mm &/ Tk FHOBORERE K E
148.8 w”, HALXAIT-25'CE-30CHEZ M. 5K 11 il 12, 2R
fE 15min-16min f£76, RFH A A AKX B R g Lkss, s/ ok 14k
TR T, TSR Z R K, HRFRRE/ SR k. Hik,

SR AR R TR /B F IS, T RV A E R (IR, S/ ik
R F K B — Tk, HIE AR e HEEH
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Fig.12 Simulated vertical profiles of hail/graupel (qg) and rainwater (qr) contents in 14-17min
(x=18 km). Black dashed lines are temperature (‘C). The color shaded area is the distribution area
of qg number concentration (m™), the blue solid lines represent the rainwater content qr (g kg™),
and the green solid lines represent hail/graupel number concentration (m) with the diameter

greater than 2.5mm. The a,b, ¢ and d are 14-17 min, respectively.
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A T VA R 7K R AR R 5 T FE 18, a4 7K ) st JBE o AT AN R - DKt i 145 W TR R
[T A B/ TRIRL T K72, ZHERALE 0. 3mm A 3. Omm K/NE] o KR i
MRS E VKRB R (5mm) JERH) T 2ZORIE . BB~ AT, GNUrg LA
FRrg L7742 BB 7008 95% A 5%, 1Mok i A ) R I oK B v B ZK R 45 4%
WAL o X252 5 [ AT B AR X A 45 R LB, AR B IR RIS AN R 7
JUR I P o5 A5 73 T A B S 22 SR, T v R MR R 5 O VKB R I T EE AR
XNZ A5 12X TE 2 KPR K.

2) BRI K E B A KSR, EIRRIE BT, BAR N T
0. 3mm W&/ BT HELAIE K BUNE/ R T 5 T H ERERE, EKE/ &AL
TH T TERE.

3) WAIKERH AN TBRER T HIBE, ER R ETH RO X A HRIE
eIt SRR K RBUAAAER BB, LK R E/ g A — €
DUk, EIFAEBE TER R .

MAEANBIORE RIREINEE R, v R IR S5 2 VKB IR IR 1 ZoRIR, £
TR AF A NR AT e R I ARIE 7% R 1R, T UKE = R TR A e,
AP KUK AL, BROE T RL, IEBH IR R H K. B, 7Kg
TR AN R A X R SR N R B AR
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Appendix 1 List of Symbols

5 Symbol L/BERESE

ar 7K

qi =K
HNUrg SRR AR/ B
GNUrg V8 R SR R A5 N AR
FRrg UK e lE 12 R VR TR 1R
Rgaut = A kA B B T T Al 5 T Bl i e
CLrsg =5 ARIE R W9 9 T 8 i IR
CLcg /I A = KK
CLrg (e 205, SURCHITVIGLES
CLsg B/ WAl IS B K
CLig (o0E RLBIFUSIES
VDgv B/ W AR/ THE
MLgr B/ 1) R 7K H AL
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