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Numerical Simulation of a Hybrid-Type Hailstorm in Munich and
the Mechanism of Hail Formation
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Abstract A three-dimensional hailstorm numerical model with detailed microphysical processes is used to simulate a
hybrid-type hailstorm occurring in Munich, south of Germany. The simulated radar echo structure and the charac-
teristics of supercooled raindrop zone are in agreement with the analyzed results revealed by Doppler radar measure-
ments. The simulated results show that the hailstone embryos are frozen drops and graupel particles, and their num-
bers are equivalent. Although the accumulation zone of supercooled raindrops is not present, raindrops exist in the
main updraft zone of the storm considered, which play an important role in the hailstone formation. The mechanism
of hail formation is very different at various stages of hailstorm developing.
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Table 1 The maximums of supercooled rainwater content, vertical velocity and their positions

- F-S0 R HK
R /min R /me st fEE GEAD @E/km RE/C O RKER/gem S B OB B /km WE/C
12 5. 68 19, 19 4.5 —0.73 0.13 19, 19 4.5 —0.73
13 6. 26 20, 19 4.5 —0.56 0.53 19, 19 4.5 —0.59
14 6. 81 19, 18 4.5 —0.51 1.53 19, 18 4.5 —0.51
15 7.37 19, 19 5.0 —3.25 2.92 19, 19 5.0 —3.25
16 7.87 20, 19 5.0 —3.22 4,34 19, 19 4.5 —0. 66
17 8. 27 19, 19 5.5 —6. 20 5. 64 19, 19 4.5 —0.70
18 8.73 19, 19 5.5 —6.15 6. 54 19, 19 4.5 —0. 69
19 9. 09 20, 19 6.0 —9. 28 7.29 19, 19 5.0 —3.42
20 9. 77 18, 18 4.5 0. 05 7.53 19, 18 4.5 —0.13
21 10. 67 18, 18 5.5 —4.94 6. 82 18, 19 4.5 —0.09
22 12. 28 19, 19 6.5 —11.34 4,97 17, 19 4.5 —0. 06
29 19. 96 18, 18 8.5 —26. 28 0. 54 19, 18 8.0 —23.27
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Fig. 3 The x -z vertical sections of supercooled rainwater content (shaded area, contour interval is 1 g/m?®), vertical velocity (solid line,

contour interval is 5 m/s) and temperature (dotted line, contour interval is 10°C) at y=18 km
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Table 2 Definitions of symbols used in the text
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Fig. 6 The time evolution of mass producing rate of hailstone

and its sources
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Fig. 7 The time evolution of total mass of various water sub-
stances
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Table 3 Total mass of ice crystal and water substances transformed

H ] /min (TQi/t)/TNi (TNUvi/t)/TNNUvi (TPci/t) /TNPci TCLeci/t TVDvi/t
12 0.1/1010-15 0.0/1010-15 0.0/10°%00 0.0 0.0
20 0.8/1014-21 0.0/101%12 0.0/1014-20 0.6 0.2
30 18.7/1018 41 2.4/101841 0.0/1015-36 1.6 14. 8
50 637.8/10%-53 151. 9/10%0-%3 0.0/1015-86 3.1 482. 7

T TQi FR ik AR BT TN R KE ™ AL BB, TNUv 308 B AR KA A= vk i B . TNNUVE 7R B R UKBAZAL 7 LR Uk A
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Fig. 8 The time evolutions of mass producing rates of ice crystal (a), snow flake (b), frozen droplet (¢), and graupel (d) and their sources
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55 30 SRR URIE S ECH 10101 S, bl Ve T
SRR SS P A ik (NUrD B4~ %0h 1011
Ay 1 3500, vKERIEE R K FE LA (CLriD 1y
AEOR 1024, 5 6500, PRIt R EERIE T UK Sl
B 3k ¥ T 7K e A B T 1 3 R R 7 A Ak ™ £ R T
PR s VRIS 364. 9 t, Hirp NUrf Ky 2.1 t,
5 0.57%, FRiEEERE (VDvD) Sl 24.8t, 5 7%, %
TR TR UR TR K R VR R VK
(CLiD KN 1.6t, 5 0.44%, i 2K
(CLeh) B R 41,3 t, 5 11. 3%, iRk
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Table 4 Total mass of snow and water substances transformed

A 8] /min (TQs/t)/TNs (TCNis/t) /TNCNis TCLes/t TCLis/t TVDvs/t
12 0.0/109-87 0.0/109-87 0.0 0.0 0.0
20 0. 8/1013-15 0.1/1013-15 0.7 0.0 0.0
30 10. 5/1014-85 2.4/1014-85 5.6 0.1 2.3
50 137.8/1016-38 49. 3/1016-38 26. 2 28.2 34.1
R5 FERKEWERSE
Table 5 Total mass of frozen droplets and water substances transformed
I [6] /min (TQf/t)/TNI (TCLrif/t) /TNCLrif (TNUr{/t)/TNNUr{ TCLif/t TCLef/t TCLr{/t TVDvi/t
12 0.0/10%7 0.0/101-06 0.0/10%7 0.0 0.0 0.0 0.0
20 18.0/101-01 0. 1/10M1-% 0.0/101%20 0.0 0.8 16. 6 0.5
30 364.9/1014-61 0.6/10M1-42 2.1/10M1-16 1.6 41.3 294. 6 24. 8
50 506.4/101476 0.6/1014-47 3.1/101%4 15.9 99. 3 320. 6 66.9
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Table 6 Total mass of graupel particles and water substances transformed

(TQg/v)/ (TCNig/v/  (TCNsg/t)/  (TNUrg/t)/  (TCLrig/0)/
fi [] /min TNg TNCNig TNCNsg TNNUrg TNCLrig TCLig/t TCLeg/t TCLrg/t TVDvg/t
12 0.0/108 3 0.0/100% 00 0.0/108 32 0. 0/106-90 0.0/10%72 0.0 0.0 0.0 0.0
20 29.6/101-18 0.2/101239 0.2/1012-04 0.0/10115 0.0/101-17 0.4 5.7 21.1 1.9
30 335.6/101% 24 0.4/101286 1.6/101315 6.8/101-13 0.0/101-51 3.8 114.9 157.0 51.1
50 931.1/101-9 0.4/101% 86 2.1/101368 48.3/1015-% 0.1/101-92 56. 8 361.0 196. 3 266. 1
3.3.4 EeyWmTAE RS, B Y i 5 W RYERE D 931, 1 ¢ Hodh VD-

AN TR s 221 e S H: A K ) e 4 S = 51 T 6
. FESE 12 o hhet, W EE BTN A
(CNsg), F55 20 Zpph it iy S 4CH 10154, &
Bk [T vk & B oot v R K R AR RO R
(CLrig), YRk % B 3h% b (CNig),
YRR K i Ab R 45 (NUrg) . 25 [ 3hi%
AR AR ) B e /0N s ) S K T B A T R K
(CLrg) i #%, HUOREE KR oK (Cleg) MEH
EEAEWRE (VDve) . X [FAEBEI], RAEZHIE =
HATAERT R I K BBV . (B H2H 580 i v /il
K [FRER] A R R A i, I R AR T 2R
.

55 30 SrP BT ) SN B 1072 A, vk i
H g4k i CNig A8k 1054, 5 0. 42%,
1 3h Ak L E CNsg B9 1070 A,
1. 62% , 2LV WS AL AR 45 i NUrg 1944k
H 10 B A (5 77.62% UK EEIREE ST T K A
CLrig [ANECR 1014, 47 18.62% ., W EEHKA
5V T S B A R A B Bt A . SR B A
Bk 335.6 t, Hip CNig 1 0.4 t, &M
0.11%; CNsg } 1.6 t, 5 MHEM 0.46%; VDvg
Jr51.1t, 4 15%; NUrg J 6.8 t, (5§ 2%, X
AR B AER 18% ., WK A CLlig i
3.8t, f1%; Cleg y114.9 t, 5 34%; CLrg N
157.0 t, (5 47% . BRI K a8 5 i B2
(19 82% . XULBIEULRT 30 404, M EE k| Tt
Vo TR S A% AL R 45 NUrg, JIf-5E48 R K Clrg
MK Cleg A2 K,

55 50 ZphET, fmEECH 1000, i
T S B A VR 45 i NUrg (94400 107704,
A 91%, UK R MK = A 8 CLrig 40k
1024, 5 9.6% ., i £ Bk [ i W% R

vg K 266.1 t, 5§ 28.6%, NUrg 3 48.3 t, §
5.2%, IXUEiTFEE RN 3400; WMRK R
CLig & 56.8 t, 5 6.1%, CLcg & 361.0 t, (&
38.8%, CLrg 4 196.3 t, 5 21.1%, #MyHEK it
P (RO 660, X5 30 23 1 2 —
H.

MEl 8d HrniEF t RCLrg #l RCLeg i3 F# X
RQg M TTRRE I, 48 R 2ok ¥ R K 3G 1y i = 42
RAETED B WAKAE N, 7E8 = KRG,
RVDvg B BT#kEE K.

3.3.5 KEWH BT

AN Z KRS S A K B e 4 S i 91 3R 7
o, UKELEWIE B R R, B 20 SrEP T,
VKA BB 10- Ay, FEOR B TR K K
(CNfh), HEm K KA (CNgh) s ki B sh#%
R R B ok . Hyoe &y | shit ik, vKE
I B AR IR . T340, B R v
KK K.

55 30 3Bt vk g SO 1004, Hirh R %
RVKE (R 1074, 5 60% , B ILRiiK
BRI 104, 5 40% ., AT UKE B R
138. 3 t, HHA R A s ALl 1Y Bk 69. 8 t,
di 50%, W E AR ERN SRR 384, &
2800, Mgy 22 %0 MuKEREFF UKL T =K. WK,
i % 8 K B (CLih, CLsh, CLch, CLrh,
CLfh 1 CLgh) ,

55 50 Zrpht, vKEL S 107 A4y, Hid R
HALNIKE QR 1054, 5 43. 7%, #b%fk
WIKE GERIF) 104, 5 56.3%, TE4S 30~50
SYEPIY 20 SR BRN . R TREE ALBURS 1 LB s T
T AL R 1Y B 3 . DL B UK B N
263.9 t, HA % A 3hi% L iy B 91, 9t



P

984 Chinese Journal of Atmospheric Sciences

31
Vol. 31

KT KERKBYWERZE

Table 7 Total mass of hailstone and water substances transformed

BffE] /min - (TQh/t)/TNh  (TCNgh/t)/TNCNgh (TCNfh/t)/TNCNfh TCLih/t TCLch/t TCLsh/t TCLgh/t TCLfh/t TCLrh/t
12 0.0/10%-2 0.0/100-24 0.0/10%00 0.0 0.0 0.0 0.0 0.0 0.0
20 0.5/10% 6! 0.0/1085 0.4/10%57 0.0 0.0 0.0 0.0 0.0 0.0
30 138.3/1012-01 38.4/10M-63 69. 8/101-77 0.0 11.6 0.0 4.3 4.9 9.2
50 263.9/101%2 101. 1/1012-0 91.9/101-9 0.1 41.1 0.2 12.2 6.6 10. 6

i 34. 8%, K A SN ALBE M S 1011 t, (b
38.3%, Hi4x 26. 900 MUKE MK S T =K.
7K R AR R B K

i 6 AL TT A PRI AR i B e kg A A
TRk, AR 2 &R 1R 6] [ B okt AS ]
TESS 27 4y BP ARG, R 2 TR, ILEmnhzE
TUREM . [RIETNE 6 BT F 2, 7255 25 434 LA
B s VKERIFEM K (RCLrh) 3o Fffi 5 8 b HoA —
EMI KA, A oK K& (RCLch) k.
3.3.6 A K H

/K T8 #E 7 3 v T T 5 03 A% Ak VR 45 AR 5 TR
(NUrD . #¥8 FRH 5 BAAb R 45 i (NUrg) . #«
ZRMK (CLre) . FRiEEEARN K (CLD . iR
MK (CLrh) . UK & AR K B R T A% (CLriD |
VK o f 5 TR G R BB (CLrig) H1 R T 09 BE 4%
(VDrv) & /\ 8, B = FERT 20 1 30 4340
RS T 8t (VDrv &0 = W 3t #2
EXEEAGIHD .

HICAT DL, TCIR R AERT 20 43Pk J2 30 434
P, CLrg Al CLrf #BJ& — /N THAE M K (1 2 Zad 2,
THTHEEM TN K Z R R KT RE Y 99. 6%
F196. 0%,

TESS 20 F 30 43, & R AU FI K IHFESRS] T
9, TEE 20 4r4pat, CLrg F1 CLrg 3£ (5 R K
THFERM 9920, 456K 6. ULHATERT 20 20 8h Nl
T 7K T A R i 0 )l I S TS B . FESR 30
435pEt, CLrg it CLrf 46 S FRKIHFER M 942, b
&b CLrh JiF (5 HL A1 B 2 38

I DA XA S B A A A M, A
BIEL 2 KT B T BEAILA M -

A, PR KL (NUVD R RITK i
2 (Ped) s =4, iR s K (CLe) FlEE
(VDD KK 5 REME ki m S H 3
¥4k (CNis) » T A3 32 2 1 5 il I = K ik

x8 TEA20f030 A EELBEEMKER AFKBE
FEENESL

Table 8 The mass of consumed rainwater and percentage of
consumed rainwater for each process to total consumed rainwa-

ter prior to 20 min and 30 min

20 min 30 min

AR EREE/c BN EFER/t BAROD
NUrf 3.8 0.01 2069. 3 0. 44
NUrg 0.3 0. 00 6750. 8 1. 44
CLrg 21145. 8 55. 77 157003. 0 33.39
CLrf 16614. 8 43.82 294577, 1 62. 64
CLrh 10.3 0.27 9210.4 1. 96
CLrif 111. 8 0.29 553.9 0.12
CLrig 30. 4 0.08 70. 8 0.02
Bt 37917. 2 100 470235. 3 100

R9 EE20MI0SHEILENRKEEERARALS
HEZNE L

Table 9 The rainwater consumption rate and percentage of
consumed rainwater for each process to total consumed rainwa-

ter at 20 min and 30 min

20 min 30 min

AR OERERGs) HAOH HEEERGS  HALOD
NUrf 0.11 0. 01 0.76 0. 94
NUrg 0. 00 0. 00 1.25 1.55
CLrg 372.09 37.30 43. 49 53.87
CLrf 616. 81 61.83 32.01 39. 65
CLrh 7.00 0. 70 3.12 3. 86
CLurif 1. 39 0.14 0.07 0. 09
CLrig 0.19 0.02 0.03 0. 04
jSan 997. 59 100 80. 73 100

FE (CLes)s ik EZE L PO FIE L : VKb fiask
Wik (CLrig) . 7Kl A a4k (CNig) . FizKZ 1L
(NUrg) #1135 A 844k (CNsg) , % 3250 14 k3
WHIZK (CLrg) 344K s VRIH VK & 72 fil ok ¥4 FR T 7
4% (CLrif) FIFIR#ZAL (NUrD) 724, 8 i it
BWAKMEK (CLrD A3 WKE M7 A4 3 B T
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ARG B ARFEALAE (CNih FI CNgh) » 7EUK
B A AL R B R OE R » TG AR B2
ittt | CNTh & KT Clgh. i T — B A W™
AR, AEREABU TR Y. A S RE Y
RO AR R TR A Sh 58 (LR r i, Al
VRIS BT KB IR 39 20 F 3504, BRI K
FEGE AR R KR 2K KK, 7EMRIREE T ikl
I R AR R

k. BIRZEIE = AL e S
VTR “ RABUH” (EAE vk A S 7= A )
TP AREFERITR TR, TR IKE.

4 NG

LA LA LR 1990 4 6 A 30 HIEE e BB &
15387, Al IR AT 4518

(D HEJe A = AFAE Sulakvelidze & X3
WK “ R, BAATES IR B SR 1)
VR IX, R K S EIR K.

(2) 3R TR XX PKE NG 19 7= ARG D) K
BHHIEAR AR o B, SRV TR K KO
BMIG ) FE 27

(3) e = K FEWIATRBr B, VKA WRIG 1T i
ARG B AR Y, IKE AT LA —AF

(4 RENIGREA VRt W AFTE R MR W E IR
X R RO EAHZEAR R,

Ak, S scEk27 JAL 28 J iy g R s, &
A& VKR = KB IG EE R0 . BT
TEZ AT HRBUH R v i AOS B I Y 7 A 3R
HWAA Bk E s, IKERG EE R, R
BUR AR BASS » XUKE A KA E FEAE R 15
5 E R KE = b R R A 8, HBCE A
M, BT R HK BB . X T =R
AR VKL 2=, HEAG BB Y 7 W AN R AR ] X
TG A M — R
Bt RGE SR TTHR S SO A DA RS
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