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Abstract The 1 August 1981 CCOPE (Cooperative Convective Precipitation Experiment) storm is simulated using a
three-dimensional compressible nonhydrostatic cloud model with two-moment bulk microphysical parameterization to
investigate the mechanism of hail formation and growth and the effect of Agl seeding on hail suppression under low
supercooled liquid water content conditions. The model microphysics has 2 liquid hydrometer categories (cloud drop-
lets and rain) and 5 ice categories that are cloud ice, snow, graupel, frozen drops and hail. Frozen drops are formed
by the probabilistic freezing of rain particles, and/or contact freezing resulting from collisions of rain with cloud ice
crystals or active Agl particles only when the raindrop diameter is greater than 1 mm. If the raindrop diameter is
smaller than 1 mm, frozen raindrops are converted to graupel. Results show that the observed storm features, such
as the maximum updraft, cloud top height, radar echoes and flow structure, and liquid water content can be better

simulated. Modeling results show that the maximum supercooled cloud water content and rain water content are
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both about 4.4 g/m®, and 29% of the hailstone embryos are frozen drops, 71% graupel. The dominant formation

mechanism for graupel is contact freezing resulting from collisions of rain with cloud ice crystals or with snow flakes

and autoconversion (aggregation) of snow. Once formed, accretion of cloud water becomes the dominant growth

mechanism for frozen drops, graupel and hailstone. Silver iodide is inserted into cloud at 10 min, 13 min and 16

min, respectively, to compare the effects of seeding time. Seeding location is in the core of the maximum updraft,

supercooled liquid water and hail water, respectively. Seeding results in substantial decreases in hail fallout, hail im-

pact energy and rain fallout for all seeded runs. The earlier the seeding time, the less the hail. Seeding produces sig-

nificant effects, resulting in more cloud ice, more graupel but fewer cloud water. These numerous smaller hailstone

embryos compete beneficially for the less available supercooled cloud water resulting in fewer hailstones than the un-

seeded run. Accretion of cloud water by hailstones is decreased after seeding, resulting in hail amount decrease. The

rain from melting of hailstones is decreased. Although more embryos are increased by seeding, the average diameter

become smaller, the rain from melting of embryos is decreased.
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Fig. 1 Sounding curves at Miles City, Montana at 1330 MDT 1 Aug 1981: (a) Thermodynamic diagram; (b) wind at the heights (km)
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F1 10~20 min BB EASEFE, ERFMAK, TR =K, Fil. BMKENSKESHELE
Table 1 Magnitudes and locations of maximum updraft, supercooled rain water (SRW) and cloud water (SCW) content, frozen

drop content, graupel content and hail content from 10 to 20 min

BT Updraft ¥ FiZk SRW ¥ K SCW

A i) Time

M/m+s' 4,j H/km T/C M/g*m?® i,j H/km T/C M/gem? i,j H/km T/C
10 min 10.8 16,20 4.0 5.4 / / / / 1.91 18,20 5.0  —4.5
11 min 15.2 17,20 4.5 3.3 / / / / 2.85 18,20 5.0 —0.8
12 min 20. 4 17,20 5.0 1.4 0.12 18,20 5.5  —L6 3.36 17,20 5.5  —2.2
13 min 26. 8 16,21 5.0 1.4 1. 36 17,20 55  —0.5 3.91 16,20 55  —0.8
14 min 33.2 17,20 6.0  —4.5 3.59 18,19 6.0  —5.0 3.94 18,20 5.0  —0.4
15 min 38.6 17,20 7.5 —13.4 4. 40 17,19 7.0  —I1L.1 4.37 16,20 55  —3.0
16 min 42.3 16,21 7.5 —16.3 4.21 16,21 7.0 —14.4 4.23 16,21 6.5 —10.4
17 min 44.9 15,19 80 —20.2 2.52 16,17 7.5 —18.8 4,01 16,17 7.0  —15.4
18 min 45.1 16,20 80  —22.6 1.68 17,19 7.0  —15.5 3.89 16,19 6.0  —9.1
19 min 42.6 15,19 85  —28.4 0.73 15,19 6.5  —I13.5 3.37 16,19 55  —6.0
20 min 39. 6 15,19 9.0 —32.1 0.72 16,19 7.0  —15.9 3.12 16,19 55  —6.3

% Frozen drops % Graupel VKL Hail

WfE Time  M/gem™®  i,j H/km T/C M/gem® i,j H/km T/C M/gm® i,j H/km T/C
10 min / / / / / / / / / / / /
11 min / / / / 0.05 22,19 5.0 —19 / / / /
12 min / / / / 0.34 18,20 5.5 —1.7 0.02 20,22 5.0 —0.3
13 min 0.01 18,21 7.0 —14.2 1. 00 19,21 6.5 —7.4 0.08 20,20 5.5 @ —2.2
14 min 0.25 18,21 8.0 —20.2 1.78 20,20 7.0 —9.2 0.17 23,19 5.5 —5.8
15 min 1.56 17,22 7.5 —14.8 2.37 21,19 7.5 —14.7 0. 46 21,19 7.0 —13.4
16 min 4.77 18,20 8.0 —17.9 3.59 16,19 7.5 —14.3 0. 83 22,19 7.0 —17.7
17 min 4,99 15,19 80  —20.2 2.30 15,18 9.0 —27.4 1. 28 21,19 80 —25.7
18 min 2. 86 17,21 9.5  —34.4 2.37 23,22 85 —33.5 1.43 23,21 85 —33.0
19 min 2.11 17,23 10.  —42.4 2.34 22,15 9.0 —35.4 1.65 21,16 9.0 —34.8
20 min 1.74 16, 24 10.  —45.4 2.16 22,18 7.5 —26.2 1.72 21,16 9.0 —35.8

{E: M. Gy )y Hy TSRS KPR G ALE ., s RN .

Note: M, (i, j), H and T represent the maximum value, horizontal grid. height and temperature, respectively.
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Table 2 Relative increments of surface accumulations of hail (AA) and rain (Ar), the maximum hailfall kinetic energy flux (A%)

by seeding
AN B Seeding location

w5 i il KA A [ Agl Bt Seeding  MuIIEMEE R ROKEREZIE  HUIE R &

Expt Time/min Grid (i, ) Height/km Agl amount/g FEXTAELL AR XA Ar AHXF AR Ak
S1 13 (16, 21>, W 5.0 180 —34% —21% —51%
S2 13 a7, 200, R 5.5 180 —33% —27% —45%
S3 13 (18, 21), F 7.0 180 —14% —9% —24%
S4 13 19, 2, G 6.5 180 —17% —7% —31%
S5 13 (20, 200, H 5.5 180 —27% —20% —33%
S6 13 a6, 210, W 5.0 90 —30% —20% —48%
S7 13 ae, 210, W 5.0 360 —43% —34% —55%
S8 10 (16, 200, W 4.0 180 —57% —44% —48%
S9 16 16, 210, W 5.0 180 —27% —20% —29%

HE: W R F, Gy HARER BT WK (BRI Bk s s,

Note: Letters W, R, F, G and H represents the centers of updraft, supercooled water (cloud water and rain), frozen drops. graupel and hail ,

respectively.
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Fig. 7 Percentage of decrease in total hailfall accumulated (solid
contours) on the ground for different horizontal seeding locations
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Appendix 1 List of symbols

45 Symbol LB N=9'd Meaning

Acr =K B3l AT K Autoconversion of cloud water to form rain
CLer BERER I B ey €8S Accretion of cloud water by rain

NUvi B AR UKAZIEALTE oK & Activitation of ice nuclei to form cloud ice
VDvi VIR RIS RS Depositional growth of cloud ice

CLci VK fh &G Accretion of cloud water by cloud ice
VDvs FRERIGK Depositional growth of snow

CNis VST DERS R Autoconversion of cloud ice to form snow
CLii VKRR IE Aggregation of cloud ice to form snow
CLis ARl UK S Accretion of cloud ice by snow

Clecs ERI = KR Accretion of cloud water by snow

CNig VK Eh T B 8 shiE{k Autoconversion of cloud ice to form graupel
CNsg Bk B shiEk Autoconversion of snow to form graupel
VDvg LRI K Depositional growth of graupel

CLcg FhlE I = KK Accretion of cloud water by graupel

CLrg BT F R ARG Accretion of rain by graupel

CLig HeRlE UK B K Accretion of cloud ice by graupel

CLsg el K Accretion of snow by graupel

CLrig (D

CLrsg (D

NUrg (D

NUrag ()

VDvf
CLcf
CLrf
CLif
CLsf
CNg (Dh
CLch
CLrh
CLgh
CLfh
MLxr

CLcxr

CLrxr

DKt R TR T e B R

LR R TR B B R

1o v T S OGR4 T2 I R i

1o v T AL KA AR TR S5 T] F sl 2 v T

YR R I
YRR 2k
YRR
YRR UK
YRR

I A

WA 2k K

WHIFRTRK

AHIFR K

BHIFRIATK
AR A A

UK i B R TRE AR 2= T 7 P T K

T VG 1B R R 0 7 9 R K

Accretion of rain by cloud ice to form graupel or frozen
drop depending on the raindrop size

Accretion of rain by snow to form graupel or frozen drop
depending on the raindrop size

Freezing of rain to form graupel or frozen drop depending
on the raindrop size

Accretion of rain by Agl to form graupel or frozen drop
depending on the raindrop size

Depositional growth of frozen drop

Accretion of cloud water by frozen drop

Accretion of rain by frozen drop

Accretion of cloud ice by frozen drop

Accretion of snow by frozen drop

Autoconversion of graupel/frozen drop to form hail
Accretion of cloud water by hail

Accretion of rain by hail

Accretion of graupel by hail

Accretion of frozen drops by hail

Melting of cloud ice, snow. graupel, frozen drop and hail
to form rain

Shedding during accretion of cloud water by cloud ice.
snow, graupel, frozen drop and hail to form rain
Shedding during accretion of rain by cloud ice, snow.

graupel, frozen drop and hail to form rain




