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reanalysis data at 6-hour intervals, we investigate 23 heavy hail events (HHEs, hail diameter =20 mm) that occurred in
Guangdong province from 2004 to 2017. The 23 hail events are selected according to the Hail Classification Standard in
China (GB/T 27957-2011). Characteristics of atmospheric stratification during these events and melting effects of hails
are quantitatively analyzed, and a model of physical parameters is established to distinguish heavy hails. The results are
as follows. (1) The upper-dry and lower-moist characteristic of vertical stratification is more evident for HHEs than for
small hail events (SHEs, hail diameter =5 mm and <20 mm), and the convective (potential) instability is more
dependent on the upper-dry and lower-moist stratification rather than that of the upper-cold and lower-warm. (2) The ratio
of H/H_ (cold cloud/warm cloud) can be used to distinguish HHEs from SHEs, and the ratio above 1.6/1 is one reference
criterion for the forecast of heavy hails. (3) Compared with SHEs, the height of maximum thermal buoyancy of HHESs is
higher than the isothermal layer of —=5°C, which helps the hail embryos to enter efficient growth layer (-10°C—-30°C) and
thus drives heavy hail growth. The maximum thermal buoyancy —>4°C is a key threshold to distinguish HHEs from
SHEs. (4) Thermal conduction and convection transport (Q,,) play a main role in the melting process of heavy hails, and

there is an anti-correlation relationship of Q. with DBZ level (dry bulb zero level) and ¢, (average environmental

temperature). Impacts of latent heat caused by vaporization and re-condensation of water resulted from hail melting
process are reflected in the fact that the smaller the hail diameter over the DBZ level is, the larger the latent heat
consume or release, originated from evaporation of water surrounding hail (Q,,), and the greater the large hails will
melt. The downward extension of the dry layer in the mid-troposphere inhibits the melting of large-size hails. (5) Based
on statistical and comparative analyses of this paper, a model of physical parameters is established for prediction of
heavy hails. These physical parameters include AT,—=46°C, T—T,=>15°C at 500 hPa, the minimum 7 - 7,<2°C
between 700 hPa and 1000 hPa, H /H =

maximum thermal buoyancy higher than the height of —5°C. The above conditions are favorable for the generation of

1.6/1, the intensity of maximum thermal buoyancy—>4°C, and the height of

heavy hails.

Keywords Heavy hail events (HHEs), Characteristics of atmospheric stratification, Melting effect, Physical

parameters model
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Fig. 1 Spatial distribution of 23 heavy hail (red triangles) events and 31 small hail (green triangles) events (areas shaded in gray indicate the

topography elevation; units of hail diameter are mm)
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850 hPa and 500 hPa, grey box and whiskers plot) for heavy hail events and small hail events (the upper whisker line is the statistic maximum, the
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(ordinate on the right) for heavy hail events (black solid lines) and small hail events (grey dotted lines), units: °C
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Fig. 4 (a) Synthetic diagram of temperature and dew-point curves in different months (blue, green and orange lines indicate Mar., Apr., and May,

respectively; solid lines and dotted lines indicate temperature and dew-point curves, respectively); (b) sounding at Yangjiang at 0800 BT 29 March

2009, black solid line, black long dotted line, and grey solid line indicate temperature, dew-point, and parcel path, respectively
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EFSES
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41 FEESESEKRTEER
BRI R R RUKEFA “ ER TR 2
GEAME, MR EEE (FEROCEE, dry
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FHASAEA . KUKED T ¥4 Bl 5 2 AR 5 o TR
FIRSBORIKE, FEAES®EZMNDBZ,

51 () DBZ 2% 4 0t 3 R b T 0000 5 B2 1) 5K,
18K DBZ &= B LA R UKE R P& bk i == TR B B
KUK H A1 DBZ /& FE St T 3900~4810 m 2 [H]
(£D, FHR4313.9m, HAEKUKE K DBZ &
4380.1 m (F2) 1£66.2 m. HAFHIG/NGE (2013)
411 2005~2009 4= [H VK e DBZ P55 9 4300 m,
FRIREREE (2013) MRHEIL 5 HIX 2000~2009 F UK E
HIUG 115 21 DBZ /T 3000~4500 m, [ igHE
(20100 XFESFERE K E S KB, DBZ 1
FEN4290 m, 5 EARML, TARRKIKESIERKR
UKEL 1 DBZ /= B AR 5 Bl i 2, X5 Rk
TR EN B . I B KUKE K AER %A IR 58
(i SR A 5. BRI, DBZ s FEA B
=T ARALRRE, B 6a 4% KUKE FHEN H
Fe G A IR = 2 1 oA, Heh AR B AR 4 5
LhEDADBZ, AR DBZ AR TR, Hp3

R1 KKEEHNRRESHRBHREER

Table 1 Environmental parameters and special heights for heavy hail events

Al LCL/m WBZ/m DBZ/m  h pdm  hg/m EL/m H/H,  BRMFNEEm  BKE I C
1 269 2650 4253.5 5830 86133 10900 1.7/1 5530 6
2 269 2650 42535 5830 86133 10900 171 5530 6
3 140 2310 3996.7 54744 88367 7758.3 1.0/1 5490 5
4 277.8 2750 4614.4 62275 9035.3 11584.8 1.6/1 8160 6
5 2749 2325 4380.6 5979 9032.7  10958.7 1.6/1 7190 5
6 89 2130 4156.9 60833 89857  10404.7 1.5/1 5100 9
7 805.9 2460 3948.2 5425 9111 10367 2.0/1 6360 10
8 237.8 2525 4240 6308.6  9351.4 11166.6 1.7/1 7530 5
9 237.8 2525 4240 6308.6  9351.4 11166.6 1711 7530 5
10 444.1 2730 4760 6647.5 9406 142937  22/1 8380 7
11 292 2180 4560 5960 9018.6 11280 1.6/1 6400 5
12 933.4 2250 4090 59314 9096.7 125837  2.7/1 7190 6
13 933.4 2250 4090 59314 9096.7 125837 2.7/ 7190 6
14 201.2 2335 47425 6621.8  9261.6 12300 1711 10460 5
15 883.4 2295 4150 5790 9002.2 9919.7 1.8/1 5400 5
16 270.9 2930 4501.8 6155.6 97755  12996.5 2.0/1 7320 8
17 560 2275 4030 6236.7 8830 11140 2.0/1 7450 4
18 590 2430 3900 59727 87118 118102  2.4/1 7500 4
19 877.4 2404 4095.7 6225 9118.6  10155.9 1.9/1 4830 6

20 595.9 2575 4810 6566 9353.8  13862.8 2.1/1 9470 8
21 595.9 2620 4650 6540 94173 13862.8 2.3/1 9470 8
22 1477 2895 4735 6383.3 93813 124123 2.4/1 7570 5
23 1023.1 2020 4020 5643 8450 9121.5 1.7/1 6680 4

¥ LCL NI THE 4SS =1 )% , DBZ.WBZ
H_H .5y WA= E g = R RS

I N4 2 B R IR TE R S b g B EL 20 5 M= 10°C 2 55 5 . ~30°C )2 55 5 R i i
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x2 KKESERKEFHHRSELEFETFHSHT

Table 2 Comparison of average parameters of atmospheric stratification characteristics between heavy hail events and

small hail events

wRKIET) SN Y] -30°C~-10°C T-T=2°C

DBZm  WBZ/m H/m  H/m H/H  fEm SR/ C i /m i /m

KUk 4313.9 2453.1 71439 37800 1.9/ 7476.1 6.0 6090.0~9080.5 2363.5

JekukE 43801 25232 43692 39213 L1/ 5508.2 38 6049.8~9238.3 3967.7
6000 == DBZ for heavy hail 1 DBZ for small hail /%ij‘j WBZ %Eﬁﬁé—i El/‘] ]Z [‘E—‘I ? aﬂﬁﬁﬁi?]ﬁ%%
5000 : --- WBZ for heavy hail — WBZ for small hail s ﬁ: B(J WBZ %‘B Hﬁ DBZ ﬂi& , ﬁ?i@%}ﬁ [:K DBZ Ek%{)ﬂiﬁ
T 7 . 1% 1856.8 m. MIHit b i, WBZ ik, K&
4000 1 ] Rl 2 TR R B /), b TR I 3 R UK 1 ] REE
S o0 5 K. AR, 3K UK T WBZ
g | s = o 25232 m (2, W& T RIKEFM4, EAM
2000 1 ’ | WBZ [ L (E15), KukE 54 Kok %4k 1 WBZ
1ooo: W T ), Wi, —#F HIERGE S
- FESEbr bag =AY, BRI A WBZ & R 2540 5
0 March April ' May KKBEHAERKE RN HAEKE, MRy

Month
K5 3. 4. 5 A6 RUKE S 5 4 KUK & SR 119 °7 3% DBZ w5 BE
GRS ZmEE) MWBZEE GREREREZ @, Hrd by Kk
B WBZEUHRAE, P2k R 7 AR RIKE A WBZ Hdli bR
Fig.5 Average DBZ (dry bulb zero) and WBZ (wet bulb zero) heights
for heavy hail events and small events from March to May. The numbers
labeled over the fold line indicate WBZ for heavy hail events, and

numbers labeled below the fold line indicate WBZ for small hail events

H 4y KUKE FH 4 DBZ & 8 4072.7 m, 4. 5 H
> DBZ & B U B L 58 vy, SR KUK F4F DBZ /= %
R ZE A InEA (K5 . Fit, F/HDBZ
ZHRRBEIKEERIKE AN, FEERLTE
A AHSE, KRUKESIERVKE DBZ S B IR 24t
BEL, HUADBZ & E R XAKKE SIERIKE
e AR, TFEEE G 2 R 2 A
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FAE W TR A T A E S BRI, i ELAR 2 Tl 51 0K
BRL 2 = B F T DBZ Mg, S UK
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and Doswell, 1992; Moller, 2001), VEIREE E
(wet bulb zero, LA FRiFR WBZ) b 3RATT M 86 e yE
HAEF K “0°C)2” (DBZ) X UK 25 Rl Ak, ¥ 2 44 v
FETE N MR (AT/NEE, 20140,

Gt kI (XD, KIKEFMFKWBZ & EAN
F2020~2930 m 2 [d], “F#1°82457.1 m, K 6afH

PHESE T KIKEFEM “ LT NR” FESRHELAE
KIKEHAEEWR L, WSRRELE B ik
P, M T-TH/NF)2°CH, KABDWARE,
T-T=2°CHAE R m BERT LIAE N “ BT RiR” 149y
S, R2BIFRIKIKE FH 5 mE
(2363.5 m) K FIERIKEFMH (3967.7m), Ul
BIRVKE M« BF7 ByEH T e ) 54 1
B, IXA] g K UKEL N 3 78 5 D 4 b Ak 1 i
Z
42 REREMNEERE

KUK = HEAR KR BE T8 TR R A B 1)
BT, SN, MXHRRERR AR R &AL
B AR 2 5 RS )E SRS 4
(o RISCOHT T RIKEFAHRE ) BREEE
o S R, E KUK 2 0 X X N 3 I SR T
B, S PR AS WAL T R, BT AR B
] (174 2= [ FHRE 25 J2 IR A0 AT RFAIE 2 52 R VKBS (B 34
WK EEE R, T RE SRR N IR
KNKIKE .

% 2% Waldvogel et al. (1979) X ¥ = & &
(H) S5EmEE (H) e, RixnF:

H =EL - DBZ, (D
H,=DBZ - LCL, (2)

Heb, ELAF#EE, LCLABTHERERE. K
IKEFMRH AT 3767.6~92128 m2 7] (£ 1),
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Fig. 6 (a) Cold cloud H_ (dark grey bars) and warm cloud H, (black bars). The dotted line indicates the trend line of DBZ level, light grey shaded areas

indicate the height range of the WBZlevel; (b) correlation between hail diameter and cold cloud H_, and the ratio of cold cloud and warm cloud H_/H
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Fig. 7 Cold cloud H_ (light grey bars upper-lower limits), efficient generation zone for heavy hails (-10°C--30°C, dark grey bars), the height of

maximum reflectivity of radar echo (diamonds) and the height of maximum thermal buoyancy (triangles)
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Table 3 Parameters related to heavy hail melting caused

by environmental temperature and humidity

D,/ D,/ 0. ifea O, [HiLe8

ANl mm mm  D/mm TURE  TRE 7 /°C
1 323 31.8 30 73.2% 26.8% 11.3
2 41.8 41.6 40 74.3% 25.7% 11.3
3 26.5 26.0 24 72.2% 27.8% 11.6
4 52.3 51.9 50 67.9% 32.1% 14.4
5 42.4 41.4 40 69.8% 30.2% 13.6
6 101.1 100.9 100 71.3% 28.7% 13
7 51.9 53.1 50 70.7% 29.3% 13.8
8 51.9 51.5 50 66.5% 33.5% 14
9 42.4 41.8 40 69.1% 30.9% 14.2
10 33.9 325 30 64.9% 35.1% 16.2
11 62 61.3 60 68.8% 31.2% 14
12 61.9 61.3 60 67.6% 32.4% 15.4
13 61.9 61.2 60 67.6% 32.4% 15.4
14 62.1 61.3 60 67.5% 32.5% 14.4
15 329 322 30 69.3% 30.7% 14.4
16 43 42.6 40 66.2% 33.8% 15.8
17 23.2 22.2 20 71.3% 28.7% 13
18 37.3 36.9 35 71.1% 28.9% 13.4
19 53.7 53.5 52 71.1% 28.9% 13
20 34.1 32.4 30 63.8% 36.2% 16.8
21 62.1 61.5 60 67.3% 32.7% 14.8
22 423 41.8 40 70.3% 29.7% 12.4

23 42.1 413 40 71.1%  289% 132
TE : Dy Dy D, 53591 DBZ WBZ R TI UK & R, O, itk
TG RPIR A A 7 AR R R, O UK R 3R R A B A R B T R
SRR (I, ¢, 9 DBZ BT 1A T8 5

and Maybank, 1961; Rasmussen and Pruppacher,
1982; Rasmussen and Heymsfield, 1987). Hiji& 4>
BRI, KUK 4 WBZ & £ W 2K T DBZ &
[, X )R A BT — g BN EE TR
(T-THKD MIEER (A, 2014). HKIKE T
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Z ), J& O W RUKE Rk sT kR B 2 1R (&
8a). e HTM AN IHHAR] 1 23 Bl KIKEFHHE
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i )\ DBZ %| WBZ /& J& . WBZ Fl| Hh i 43 il dil 4k 17
Z /b, IE 8b K I KIKE AL DBZ 3| WBZ 5 [ 7]
AL FE LR ALY, s 19 A WBZ Bl (<
JZ 5 FE 2404 m) filfk T 1.49 mm, {H )\ DBZ |
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Fig. 8 (a) Conceptual diagram of O, melting layer; (b) heavy hail melting diameters of DBZ-WBZ and WBZ-ground
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(a) Correlations of melting contribution ratio of Q. with the height of DBZ level (units: m) and environmental average temperature

(units: °C). Dotted lines indicate linear trends; (b) correlation between melting diameter from DBZ to ground (units: mm) and hail diameter over DBZ

(units: mm). Dotted line indicates the linear trend
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