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Abstract The precipitation efficiency of stratiform clouds is usually low, and thus stratiform clouds have a high potential for the
development and utilization of cloud water resources. They are important targets for artificial precipitation enhancement. With the
increasing demands for ecological improvement, reservoir storage, drought resistance, and other social needs in southern China, it is
increasingly necessary to study the technology and mechanism of cloud seeding in stratiform cloud precipitation system over this
region. In this paper, a three-dimensional mesoscale cold cloud seeding model was used to simulate the stratiform cloud system
rainfall process and silver iodide (Agl) seeding operation by aircraft for rainfall enhancement in Hubei province, China on 21 October
2018. The main macro and micro characteristics of clouds and rainfall were reasonably simulated. Both observational data and
simulation results show favorable cloud condition for Agl seeding in the aircraft operation area. On this basis, the entire aircraft
seeding process along the real flight trajectory and seeding information were simulated. The numerical simulation results show that
condensation-freezing nucleation and deposition nucleation are the main nucleation modes of Agl during the seeding operation. The
local activation ratio of ice nuclei ranged from 0.01% to 2% for more than 90% of Agl, and the average value of Agl activation ratio
was between 0.07% and 0.27%. Rainfall was the result of joint effects of cold cloud precipitation mechanism and warm cloud
precipitation mechanism, and seeding operation enhanced the effects of the two precipitation mechanisms and achieved obvious
rainfall enhancement effect. Four hours after the start of the seeding operation, the accumulated rainfall in the entire evaluation area
increased by 2.12x10® kg, which was equivalent to 8.1% of regional total rainfall; on local scale, the rainfall enhancement by seeding
varied between —51.1% and 306.7%. Due to the dynamic disturbances caused by seeding in the supercooled cloud region, updrafts
were weakened in some areas. As a result, the growth of precipitation particles was weakened and rainfall reduced in these areas.
Seeding Agl in supercooled cloud region could lead to high concentration of the ice crystal particles, and the conversion processes
from ice crystals to snow and from snow to graupels were enhanced. Following the increases in snow and graupel particles, more

snow and graupel particles fell into the warm region of the clouds, and more large raindrops were generated in the upper layer of the
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warm region, which enhanced the collision-coalescence process between raindrops and cloud droplets in the warm region, and
eventually led to rainfall increases. The above processes formed a main microphysical chain of rainfall enhancement by Agl seeding.
Key words Stratiform cloud, Rainfall enhancement effect, Mesoscale seeding model, Aircraft track simulation, Agl

nucleation, Microphysical chain, Dynamic effect
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Table 1 Measurement ranges of airborne cloud

microphysics probe

FAERL 4
Cloud Droplet Probe (CDP) 2—50 pm
Cloud Imaging Probe (CIP) 25—1550 um
Precipitation Imaging Probe (PIP) 100—6200 pm
Liquid Water Content Sensor (LWC-200) 0—3 g/m’
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Reservoir and its upstream rivers)

A A A R UK i, TR TR R S B
Bro I 6 AR BEATE] 59 23 Bink (13 18F 50 43),
A AR K 4 MR Al i 2 T B B A oKl (48 24
T IS 220 B A B BT A A HR B KA, AN B35 T 221 i A
PR IR 1824 0K b ) 50 JEE 19 K P R B A o A8
A, TR A A 5 4 7 SO 22 IR S AR ol i e

7.0 10°
6.0- 10*

_ 501 10°

= ]

< 4.0 102

5 304 10!

QL -

= 20 100
1.0- 107
0 10°¢
110.4 110.8 111.2 1116 112.0°E

K6 20184F 10 H 21 H 13 B} 50 ML S I A K A BOA B iz L) BUZKSERIZE A0 (a—as. #4K 4800 m
FIHER, by—bs. 1Y 32.65°N (36 B #I T ; M2 BN BUEARRLT (a). by) LI FEEEZAL (ay. by) . BESSTRAEZAL (a5, by) | MRS
k(a4 by) FHEBREEHAL (a5, bs) FT72 A BT A K s 15 GAEZ N 7K (BAASE: g/kg), IRUEIFT KSR (BALfRE - ms ) 5 K434 P v
LTS L MR (BAf7: °C), T PT P P2 8 S 28 M 0.001 g/kg Ak E CRERZK) ; 31 B R ( BR S X 43318 (by) VKT 14 &

BEAT 0.04 X, (by) KIEMEAERT 01X, (by) WKIAEHEAE KT 0.055 XAl (bs) ETHLHIX)

Fig. 6 Horizontal and vertical distributions of the number concentration (unit: L™') of Agl particles and newly nucleated ice
crystals at 13:50 BT 21 October 2018 (a;—as. 4800 m MSL, b;—bs. west-east cross sections along 32.65°N; The color shadings

represent Agl particles (a;, b;) and ice crystals produced through (a,, b,) deposition nucleation, (a3, b3) condensation-freezing nucleation,

(a4, by) contact-freezing nucleation, (as, bs) immersion-freezing nucleation; blue contours indicate cloud water mixing ratio (unit: g/kg),

and wind barbs show horizontal winds (unit: m/s); Red contours are (a;—as) temperatures (unit: °C) and (b;—bs) total water content

(excluding rain) with mixing ratio of 0.001g/kg; In cross sections, the areas shaded in gray indicate (b,) ice supersaturated zone (r;>0.04),

(bsy) water supersaturated zone (r,>0), (by) ice supersaturated zone (r;>>0.055) and (bs) updraft zone)
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Table 2 Statistics of Agl activation ratio (%) from 12:51 BT to 17:00 BT
Fpk BEERZAL(x107)  BESSURGSIZAL(x10°)  $ElRES Ak (x107)  BAGEZA(x10°)  BIEIE(x10°)
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SRR RTEIbEE 9.43—42.7(22.8) 2.09—94.1(30.4) 9.87—18.6(16.2) 7.78—14.4(12.9) 2.16—94.2(30.4)
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Table 3  Statistics of rainfall enhancement effect from 13:00 BT to 17:00 BT
ENS (LN PRARIX
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Table 4

Statistics of simulated temperature in the operation layer and seeding effect at different

operating heights from 13:00 BT to 17:00 BT

e S (m) PR X JREE (C) PRCT I (20)
it AR X
5500 ~11.2—-10.5 (~10.9) 35 11.6
5800 ~12.9—-12.1 (-12.4) 3.1 9.6
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Fig. 12 South-north cross sections of (a;—as;) natural clouds and (b;—b;, c;—c;) differences between seeding clouds
and natural clouds at different time and longitude (a;, by, ¢;. 13:30 BT along 110.9°E, a,, by, c,. 14:30 BT along 111.1°E,

a, by, 3. 15:30 BT along 111.4°E; a;—ajs. vertical velocity (unit: 10~ m/s, shaded), ice crystal concentration (unit: L™,

red contours ), snow and graupel mixing ratio (unit: g/kg, blue contours), rain mixing ratio (unit: g/kg, black contours),

b;—b;. differences in vertical velocity (shaded), temperature (unit: °C, blue contours), ice crystal (red contours) and

Agl concentration (unit: L™', black contours), ¢;—c;. differences in vertical velocity (shaded), snow and graupel

mixing ratio (blue contours), rain mixing ratio (red contours) and Agl concentration (unit: L™, black contours) )
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