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Numerical simulation of a convective cloud rainfall reduction based on the realistic seeding
trajectories of rocket and artillery
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Abstract: Effect evaluation is still a difficult issue in the weather modification field. Numerical models can play a
greater role in the effect evaluation of cloud seeding. Developing numerical models with some more realistic
simulation of cloud seeding process is a workable way. In this paper, a three-dimensional mesoscale seeding model
has been improved through coupling a new Agl (silver iodide) nucleation calculation scheme. Artificial ice crystal
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predictand and its associated microphysical processes have been introduced into the model, and the realistic
seeding operation modes of both ground-based rockets and artillery have can be simulated by the model. The
artificial rainfall reduction operation of a convective cloud system in North China on September 1, 2019, was
simulated using the above seeding model with a horizontal grid spacing of 500m. The seeding effect of rainfall
reduction operation was evaluated, and the nucleation characteristics and working mechanism of Agl agents in
convective clouds were analyzed. The results showed the following: 1) Cloud seeding had some impact on the
radar echo intensity of the target cloud system. More precipitation particles stayed in the upper cloud region
because of the cloud seeding operation, which slightly increased the echo intensity of the upper part of the cloud
body and weakened the echo intensity of the middle and lower part of the cloud body. However, the natural
evolution tendency of radar echoes of the target cloud system has not been changed by cloud seeding. 2) Cloud
seeding achieved certain rainfall-reducing effects. A large-area rainfall-reducing zone appeared downstream of the
operation area. The total rainfall amount was decreased, and the rainfall intensity was weakened. The greatest local
value of rainfall amount reduction was 0.27mm, and the rainfall in the main affected area decreased by 5.1% on
average. 3) Condensation-freezing nucleation was the main nucleation mode of the Agl agent, followed by contact-
freezing nucleation mode. 4) Cloud seeding operation caused an overseeding effect. The growth of artificial ice
crystals was in a dominant position during competition, and the natural growth processes of other hydrometeors in
the supercooling cloud area were suppressed. The deposition growth of artificial ice crystals was the main reason
for the increase in depletion of water vapor and cloud water, and deposition latent heat release eventually led to the
change of vertical airflow velocity in the cloud. 5) The cold cloud precipitation process was the main physical
mechanism of the rainfall. Due to the influence of cloud seeding, the weakening of the graupel melting process
(Mg) in the warm layer led to the decrease of the total mass of raindrops, which was the main reason for the
weakening of rainfall, while the decrease in the number of raindrops falling into the lower part of the warm layer
was another reason for the weakening of rainfall.

Keywords: Mesoscale seeding model, Convective cloud rainfall reduction, Agl nucleation, Artificial ice crystal,
Effect evaluation, Seeding mode simulation
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Table 1 The seeding operation information of both ground-based rockets and artillery
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1424 BT, (a3) 1430 BT and simulated results (bottom row) at (b1) 1350 BT, (b2) 1400 BT, and (b3) 1405 BT on September 1,
2019. The locations of vertical cross-section are marked as the black solid lines in Fig. 5. A, B and D are the names of convection

cells mentioned in the paper. Black contours in (b1-b3) denote temperature (units: °C)

41.5°N 41.5°N ~ 41.5°N
al . M a2 o R
} ™~ . ) 9\ A S 3 A
k., e >N X35 LSOO
PESYa a12°n[—BNEL T gnl 41.2°N |-
- 3] mA®
40.9°N 40.9°N 40.9°N (B
P | — —
40.6°N |- 40.6°N | 40.6°N |-
40.3°N > £ PR 40.3°N > ( - 5 = 40.3°N > [ 5
2000 \ | S — 2000 S S — 20,00 N S —
115,55 11565 116.1°F 116.4°F 116.7° 117.0° 117.3°€ C 1155 115.8°F 116.1°F 1164°€ 116.7°E 117.0°F 117.3°€ V1559 T15.8°F 116.1°F 116.4°F 116.7°€ 117.0° 117.3°€
41.5°N 41.5°N 41.5°N
- - -~
bl > b2  .on N b3 \ x
N / N e N @l °
AN A REQ W &8
a12°N[-® - 5 41.2°N14 ! 4;‘0 — 41.2°N |- . > %
? 2 e A "&
N ~ ° S ~ -0 N ”
40.9°N 40.9°N 40.9°N % L
¢ > 0y > ) ) i I\
| P | | e s |
40.6°N 40.6°N 40.6°N
o‘{ P i < D P i {" DS i
40.3°N > S : 40.3°N > - e 40.3°N >/ { o
. A~ . A~ W AN
400N 5E 1159 11619 1164° 116.7°F 117.0°F 117.3° °C 1155% 115.6°F 116.1°F 116.4°€ 1167°F 117.0°€ 117.3°€ “C118.5°F 115.8°F 116.1°F 1164°E 116.7°F 117.0°f 117.3°€

0.1

B 7 B (FHs2) fiscid. GEERRED 12019 429 A 1 HI/MS W E (B47: mm) XLk, HAPEEE R 5008 (1) 12:00. (a2)
13:00. (a3) 14:00. (b1) 11:30. (b2) 12:30. (b3) 13:30 R ZIFJ/NF &, SN (al. bl) 12:00. (a2, b2) 13:00.

(a3. b3) 14:00 I ZIH) /N Y &

1

5 10

15 20 25 30

mm

Fig. 7 The 1-h rainfall (units: mm) of simulation (color shaded) and observation (colored circles) on September 1, 2019. Model rainfall
were taken at (al) 1200 BT, (a2) 1300 BT, (a3) 1400 BT, (b1) 1130 BT, (b2) 1230 BT and (b3) 1330 BT. Observation rainfall were
taken at (al, b1) 1200 BT, (a2, b2) 1300 BT, and (a3, b3) 1400 BT

4.2 B BE
RS SRR R RCR

)

1

0

i 2] RE AR S A R . 4. 1 RO AR B, BB AN A



BHFIIAE 1 SEOUA I 25 A1 (0 5 R AR AL RFAE, (H BARBIVEML X A RO B AT 35, ASEADLEE SRS SEDUAR EE AT
FAAE—E 22, DRI, HE A READN AN BEHR U T[] 58 1l sl B AN SE B A EAL A it 1), 75 AR AL AEL )
PREAAI R ALY, et 5 SO H A SR AE AN A AL SR LRI B, 20 Wl 7 ok IS AR A7 BB AT IS
6], BARFIMEALPE AR (BRSO BB K T 2R

[ nlEmieemaees  EEEm——— ]
0 5 10 15 20 25 30 35 40 45 50 55 60 65dBZ

K8 201949 H 1 H, AL 4 80BN A, KEEEUE (BLEL) FEMIFENE (B HKFRSALE 4 5 5
TR TR IR A R (A% Hfi. dBZ) S, e Ebat (a5 (a) 14:15, (b) 14:35, (c)14:45, (d)14:50. K+
Bt R 1 G SRS, Ay By E A& RN BAAATE IE ST B 44 R
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Fig. 12 Vertical cross-sections of the seeded cloud, including (al,bl,c1) radar reflectivity greater than 30 dBZ (gray shaded), the

number concentration (unit: L") of Agl (red contour with value 10-° L") and newly generated artificial ice crystal (color shaded),
(a2,b2,c2) the number concentration (unit: L") of unseeded ice crystal (red contour) and artificial ice crystal (color shaded), (a3,b3,c3)
cloud water mixing ratio (color shaded, unit: g kg™!) and difference (red contours with value -0.001 and 0.001 g kg, unit: g kg,
seeded cloud minus unseeded cloud) at (al-a3) 1425 BT, (b1-b3) 1440 BT and (c1-c3) 1455 BT on September 1, 2019. Gray contours
in the figure represent vertical flow velocity (unit: m s'), and B, E in plots are the names of convection cells mentioned in the paper.

See Fig. 10 for the vertical cross-section location
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Fig. 13 In the region shown in Fig. 11b: The time series comparison of (a) the total mass of water vapor and cloud water, (b) the total
number of ice crystals, and (c) the average diameter of ice crystals in the cold regions of both seeded cloud and unseeded cloud. The
time series of (d) the number of new artificial ice crystals produced by each nucleation mechanism of Agl, and the conversion rates of
both (e) total mass and (f) total number for artificial ice crystals in the seeded cloud. In (d-f), solid lines indicate the artificial ice
crystal source terms, and dashed lines indicate the artificial ice crystal sink terms. All differences in (a, b, c) refer to the values of
seeded cloud minus unseeded cloud, and unseeded ice crystals number diff. in (b) is obtained by subtracting the number of unseeded

ice crystals in seeded cloud from that in unseeded cloud.
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Fig. 14 In the region shown in Fig. 11b, the distribution over both height and time of both total amount (contours) and their difference
(color shaded, seeded cloud minus unseeded cloud). (al, a2) ice crystal (including unseeded ice crystal and artificial ice crystal), (bl,

b2) snow, (cl, c2) graupel, and (d1, d2) rain. The left column is for mass, and the right column is for number
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Fig. 15 In the region shown in Fig. 11b, the time series of conversion rates difference (seeded cloud minus unseeded cloud) of both
total mass (first row) and total number (second row) for (al, a2) snow, (b1, b2) graupel, (c1, c2) rain. Solid lines indicate the source

terms, and dashed lines indicate the sink terms
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Fig. 16 In the region shown in Fig. 11b, the distribution over both height and time of (a) vertical airflow velocities (contours), (b)

graupel particles terminal velocities (contours), (c) snow particles terminal velocities (contours), and their difference (color shaded,

seeded cloud minus unseeded cloud)
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