AL X — IR R R & = 182 YL UG SR R B BUE BT 5T
ISR T ERAE T 2 BRAE L ARVERE D AR S
1 M aUE R TR R EAR R AEIRS = MoK E R RCER =, Fa 210044
2 PWEARE S SV E ST %, Jbat 100081

3 HEA G /AR S Fe, db5t 100081

FHE:

R E = HER = AR IR R = 4, BAA BRI EEE 1, £A
THER M FEZEH bRz R o BT ARl X% 3l 4772 B A T 5 A0 0 fif 7K 255 10 75
K, EXZHX K RPN TR R BATUNEE ., ASCRHME T Agl
WS HAC T R0 WRF R, X 2021 4 6 A 16 H IR L pa b i — kA2
IRE B AT T Agl R BE RIS, TR As R 5 TR RN
pag: /e DRV i D = P e s [ BTS2 i e e ' B 3 i M e
B Al )RR TR AR R A DL 1 L RAEA B AN A o X BRI 2 Bk AT
TR MG KGR, REHLIX BT FEKIE R AE 15~20 mm, X
PR 9.6 % Agl IZALIE R LABEAEAZ AL 32, FLIRR EEEE VR AL,
RAIERA AR SS « T Al BREES B T =K IR BEIE 2, ZKIRTH AR A5 AT
R 1 A R A RS2 B, B UK % 1) S5 3 A R 25 G 2 YR T R (i
FElgng, H. BRTHEREEZ, T2, REEEREZUT, MmmsX
MU, AIMIGS8R T = AL R, me 2 S SO KN X FRcy m s 2
AT EA TR, TR FRR B R =98 T 27.26 %F120.53 %, &
FEARE i A K B 0 1 32 B B S JX et SRR R R R T AR RO i A K L
MBS, AT ERNNRN LA RS = W A2 B AL 6], X677
XN TR A = KRS0 % B —E 5% = L.

OB BUEAERG WHLIERG VLR, AN TR AR
WEH T 2024127TA  TEET: P81 SCHERARERG: A

DOI: 10.3878/j.issn.1006-9895.2000.19000

R H R 2025-4-28; MATR AR H3A

EETN RIBR, L, 2000 44, BT A, EEGTIT I8 = MK, E-mail: 1271879539@qg.com
WENH [ 58 SRR 22 G 0T H 42230604, 42275078

Funded by National Natural Science Foundation of China (Grant 42230604, 42275078)



Numerical simulation study of silver iodide sown by
aircraft to increase rainfall during a cumulonimbus

mixed cloud process in north China
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1 Nanjing University of Information Science and Technology/Key Laboratory for
Aerosol-Cloud-Precipitation of China Meteorological Administration, Nanjing 210044
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3  CMA Weather Modification Centre, Beijing 100081

Abstract:

Stratiform clouds with embedded convection (referred to as “SEC” hereinafter),
consisting of stratiform clouds and the convective clouds embedded within them,
exhibit strong catalytic potential and are main targets for artificial rain enhancement.
Due to the widespread agricultural drought in North China and the pressing need to
increase water storage, conducting research on artificial rain enhancement for
precipitation cloud systems in this region is particularly important. This study utilized
the WRF model, coupled with an Agl seeding parameterization scheme, to perform
numerical simulation experiments on Agl seeding during a precipitation event
involving SEC that occurred in northern Shanxi on June 16, 2021. The simulation
results were compared with satellite and airborne cloud physics observation data.
With a good agreement in cloud top temperature and liquid water content, the
catalytic precipitation process was simulated according to the actual seeding trajectory
and dosage. Analysis of the simulation results indicates that the seeding operation
significantly enhanced precipitation, with cumulative precipitation increases in local
areas reaching 15~20 mm and a regional average rainfall enhancement rate of 9.6 %.
The nucleation process of Agl was primarily dominated by deposition nucleation,

followed by condensation freezing nucleation, with immersion freezing nucleation



being the weakest. Seeding Agl directly led to an increase in the concentration of ice
crystals in the cloud, and the consumption of water vapor inhibited the production and
growth of snow and graupel in the early stage. With the conversion of ice crystals to
snow and the process of snow colliding with cloud droplets to form graupel, the total
amount of snow and graupel particles increased. More snow and graupel fell below
the zero-temperature level, melting into large raindrops, thus enhancing the cloud-rain
collision process and ultimately leading to increased surface precipitation.
Quantitative analysis of the microphysical processes affected by seeding shows that
snow and graupel melting processes are enhanced by 27.26 % and 20.53 % compared
to natural clouds, which are the main microphysical processes affected by seeding that
affects the increase in precipitation. These results reveal and quantify the mechanism
of seeding-influenced precipitation and cloud microphysical structure, which is
helpful to understand the physical mechanism of artificial catalytic mixed cloud
precipitation enhancement process, and providing valuable references for artificial
influence on cold cloud weather operation in northern China.

Keywords : Numerical modeling ; Aircraft seeding ; Silver iodide ; Rainfall

enhancement effect

1515

RERE = HER T AN P i = 2%, AR A, 2 E AR
X EEMPEK R G, 2T THMMEEHRS &R (RS, 2015). HEA 21
e, RARRAEARIFEN, P RGN 2, KBTI Z 0 AE A Bk
YO FE A H a ™, Rl e R E E BN T s b HbIX, i 2 G n
KR AT BTG AN At K B R A H R BORHE R IR E 7 = K BHIE R R R
IR RERLIA AL, AT 7 A SRR ERE (TR, 2012). 7EFR
EIRE = TR L AR Csilver iodide, Agl) fEALFIE B BT N LA &R 520 %K
MHNTTRZ

H AT A ZIR A = A 5t R 2@l Fak . A WU AN HE #4055 5
o KIEE AN BRZE R . TR FRHLE] . IR I, == 77 A= B K 43 At



ANIEY, SH X N A [l bR L E AR 2 X K 10~20 dBZ (Yang et al., 2017). 1E
MERE oY, ERETMEs R s B RE, it o I A R Bk i85 .

Evans etal. (2005) & ILJZAR 25 H R AL A2 VRS 7Kk B2 LE A L ) )2 5 v

BRI EFAERE, M r=A 5 2 Bk . @ CHUII, v DL 28R 2R
Bz WK R OR /N3 A1 AR AT R DA BRI R AR of B ZKRE 7 (R 2 (Hou et al.,

2021, REMATRZE, 2019). Rutledge F1 Hobbs (1983) K IR ZTR G 2 UK S Sk
TR X LRI T, e R o X E il B BRI K. K U R
B WAERER “RERE-ate” P, EIR X HLR AR R, X X
e CRRH- LS HLRIE = 1 B R E XA AT & PR TR B R, PR
B (fHESE, 2015).
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AR T B AR 17 = TR 2 R E RN LUK 2 5 i = p i B
1, EEREEEU LA KEEREZRAD, KT SRS RN, W iE
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R OO 2, S 20 b T P T R 25 0 (Geerts and Rauber, 2022).
A (2001) MR H N TOKEZ AT I K- 0K AR -UK AL R T e B K, A S
IKIEAETE BT AL R B = XTI AR HESE K, AT e EEAL = B K Y
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IKBEHEFE, USRS R, RSN, = BB o N AR Agl =31
HE B PR I N

WG BUE R R BE S HU T R AN 76 8, BB O 2 o N L5
RAMFRIMEZT . Guoetal. (2006) 7E=4EXR AR TR oM,
SRR R P E R IR SR AT, FEER PR NI, R AR
E % . Xue et al. (2013a, 2013b) ¥ DeMott et al. (1995) F1 Meyers et al. (1995)
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R R I 2 S TR BIEX, [ R 2 . Agl R
FN K B R, R ST R R, RS, A
R BN KD, SN R IR . AR 2 i R L A T R B
(I 23 3 AT ARFAE SR A T AR Z VR & 22 MO I 25 40F TS R B0 E B R BUR 46 (k&
%, 2015; JEAREE, 2020; 5%, 2024). SR H AT K /- HF AL 2 H\ e P A
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2 B ABIN A
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3.1 KALAE N ANERIAE B

20214 6 F 16 H, FELPEALERHEAT 7 WAL TR mIfE L. BFFTIX A R
Hiz-12 B3829. & [E + B10JQ flliz-12 B2823 =22 KM, K @Rk 7 %
Hi 2 /NEF 40 20 Bh, LR Agl 3360 g, Wi 3 As, KALAM A (113.32,40.13)
Hk, JolEigfE B (112.62,40.85).C (112.53,40.78), & Ja Fllik D (113.45,40.2),
AR RIS 1 R Hpasd B 2SR DMT ARAEF =R PR
3k (Cloud Droplet Probe, CDP) (il & E 424 2-50 um, 3L 30 MiliE) X = k¥
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Table 1 Aircraft flight seeding plan

Vel &/
EE I AR R
Bl5 LA itk Agl & ALK AT 2k
e K &S E
(g/fid)

ia-12 B3829 fe sk 24 12136 08:00 6074 5.1km
Zh[EE B10JQ fea sk 10 ##/125  09:10 604 6km  A—B—C—D

iz-12 B3823 fe sk 10 #2/125  10:20 404> 5.1km
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Guo et al., 2019, Guo et al., 2024). Guoetal . (2019) LA T 3 Ml EE S5 &
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Fig.3 The topographic map of the simulated nested area, The four-point connection line of A
(113.32,40.13), B (112.62,40.85 ), C (112.53,40.78 ) and D ( 113.45,40.2 ) in the right figure
do03 is the aircraft seeding trajectory
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Table 2 The nesting of simulation and the setting of physical scheme

- £ H MR BB
BERE ACPAPEE CLVIES ‘ ‘
=1 YIE S YIE S
dol 12km 110x 90 50 Thompson YSU Kain—Fritsc
do2 2.4km 250 x 200 50 Thompson YSU T
do3 0.48km 625 x 625 50 Thompson YSU .
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PO E 5chr LB B A, SEHOS Mk BE7E 2021 45 6 H 16 H
00:00~03:00, fft i BETEREAEE 17 J2, X & BETE 5~6 km, FEMLZE Q& 3 By
N, B8] 487 T BESLRENE (R D, B R U 421 AR 5 E
AT RER . TCH LR OE PRI AR 44 IRJIES%, JAS% Agl B8 &8 3364 g, Agl
Ry 1121 g/h, PR B E MU AR R SOHE F N 4.76 X100 AMs, 5

SEBRFCE LY — B0 Rl B AR B AR 3 B,
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Table 3 Seeding test settings

IR PAR RS BERUTGERNE R AglER  Agl Rt E

%, A—-B—C—D 00 H+-03 i 5-6 km 1121 g/h 3364 g
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AT AR A B LS RS, (R FY-2H = TR E R NS %,
it b A AR RS 2 ) 2= TR B B8l - o 5 TR R 45 3K Ny — A AT
GBI Bz THOR E H IRECEA T e i, AN IR B DL S
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Fig.4 The normalized cloud top temperature frequency distribution (a) of WRF model simulation
(‘blue solid line ) and FY-2H ( black solid line ) at 21:00 on June 15,2021. The LWC (b ) of WRF
model simulation ( blue solid line ) and CDP particle spectrum calculation ( black solid line ).
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Fig. 5 Spatial distribution of cumulative precipitation (a), spatially averaged WRF model
simulation (filled colours) and precipitation gauging stations (scattered points), spatially averaged
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Fig. 6 The average precipitation intensity ( mm / h) in the control test ( black line ) and the
seeding test ( red line ) varies with time, and the blue dotted line is the seeding time interval.
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WX IR A AL T, KRR BLE 200 km J5[E . FR—#62 Agl BE =+ b
THRMENE 7 1 B3, s eis 2] 10 km &, — #8208 2 N R U0 A T AR,
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after sowing with the change of wind field (m /s ) ( the wind speed in the vertical direction was
enlarged by 5 times ).
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Fig.13 The variation of the regional mean of the microphysical process rate (g /kg/s) of
raindrops, ice crystals, snow and graupel in the cloud with time (al~d1 ) and the variation of the
time average with height ( height from the ground ) (a2~d2 ) in the control experiment ( solid
line ) and the seeding experiment ( dotted line ). The vertical dotted line in the al~d1 plot
represents the start and end time of seeding, the horizontal dotted line in the a2~d2 plot represents
the height of the zero layer, and the vertical dotted line represents the rate of 0.
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Fig. 14 The ratio ( % ) of the microphysical process source terms of water vapor, cloud water, rain
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