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Abstract: At present, the influence of environmental field errors on the simulation effect is rarely
considered in seeding models, and the conclusions are often uncertain. In view of this, in this
paper, ensemble forecast model by initial field perturbation is one-way coupled with the columnar
cloud model with Agl seeding scheme. The cloud model is driven in real time by using the
multiple sets of thermal and micro physical profiles provided by the mesoscale model, which
include the environmental field disturbance error. The multi-member, single / multi-grid Agl
seeding numerical experiments were carried out to simulate the precipitation process of
convective-stratiform mixed clouds in Zhejiang Province on January 23, 2022 to determine the
optimal seeding scheme and the probability distribution of seeding effect. The following results
are obtained. From the simulation effect of a single station (Hangzhou Station), all members of
ensemble forecast can achieve positive precipitation enhancement when the amounts of Agl used
at a height of 3.6 km(- 5.2 °C) was 1.2x107 ~1.2x10*g/kg at 1500 UTC on 23, in which the
precipitation enhancement is the largest when the amounts of Agl was 1.2x10° g/kg, with the
mean value of 4.67% and the 99% quantile of 7.77%. In the single point simulation, the initial
field disturbance has a great influence on the judgment of whether excessive seeding results in
precipitation reduction, for example, when the amounts of Agl is increased to 1.2 x10-g/kg, more
than 50% of the ensemble members showed the effect of precipitation reduction, but some
members still showed the effect of enhancement. Multiple grid sensitive experiments show that it
should be seeding in the northwest and north of Zhejiang, especially in the northeast of Jiaxing
and near Lin ' an area from the perspective of the optimal probability of seeding effect. These
regions also tend to correspond to relatively high average supercooled water content and low
average ice crystal number concentration.

Keywords: Ensemble forecast, Cloud model, Seeding effects, Rainfall Enhancement mechanism
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1. 58

IK BRI R — BRI 2B RERE ARG RRIE, HT Aol Mol DUR KRR T 548 e
ISR, FEE PR E AR, X2 oK BIR RO T AR ] B3 O 2 (FE1EIR4AE, 2008).
RZRGHTHAKSETE, BARER, R ATHWELTEEBR S R (GOEES, 2013) .
UL LEAE KU X AR R R G = RIRF ST T W 2 53RN, ICa BUERL, —ERE BRI T
SER T BT OV LEE (R AN ZE 22 R, 2014; JTIB55E, 2019; FhEARSE, 2019; MR 2021).
SR LMERIT AR Z M E T T = &, X w07 BURR & = AN LI BORT SR 2D DRIk, Jnsi
XTI HLIX AR R A = RN LT A AR O E B G B4, 2021) .

A s AR IRE N TR R LA TT 30, Agl & R AR, O T PRl Agl
R VA ST SRR 25 R30I M B AL, R PR R RO RE R B, TR A ], A
B K OB AR B L 7 F B (Tessendorf et. al., 2019) . 14l 80-90 4EAX, AL & 40K
PRI R (0 A R A I T I R ORI RIS (19910 R —4ERI R
2RO LUK S AN TRRL T % 85 Pl A 5V HEAT X0 G 23 BT 45 N AR A e B /K TC T
¥ EFHAHEIL . Orville etal (1996, 1987, 1984) #ll Hsie etal (1980) ffH] 4k~ HiA7E R
R = PR Agl FIF0K,  HEBOM & AR ICIOR,  RBLEIAE 2= o e v AR ik FEAR >
i, UK AR AR RENE P A ARG K 3 7 SRR BAEEE (1999, 1998) fili ] =4k UK E 2= i
WEAER, HI TS = AL EOR, R & KR R MR B - Sk, B b R
BB B SR T R R, B NAMBITRE T R T rh ROBER I AR A AL . 451
1, X TE%% (2021) 1§ ] WRF(Weather Research and Forecasting) ' R & 4 = AL R — 02
Rz B CH LA AR LI FRBEAT 07 LR, B FUME NS 2= R K 2 OO RE P R ), R AL
BRAZA T VK RIRE T, VKA - 1R R o A AR R X 123 7= A B 2 (R KR, 2
HERE X N 2= FORL TR [ A5 1o T B /K B 0. Xue et al. (2013, 2016) Sk 7 b4 Agl i
W5, R DRI 7 K 2Bl Agl (58T, HHL o #e ik 3) 5 oKk g, AT
fertb e 8 2 X HHAE AR T2 R IR S B A . Geresdi et al. (2020) 7£ Xue FJE7ih
ARV E I A R R T AR T LR R TT S TS Agl HEARTTIRT U 2 K BCER RS, BT
FER BN KB 5 B A1 T BRI, K& AT n 5% LA L, IRFIN T KPR
IS K42 h-LWP(horizontally Integrated Liquid Water Path)fF NociZ4, #H % h-LWP

/N 0.1 mm, RSN LT LRI AT, @R h-LWP KT 1 mm, JURR R 52 i A W)
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S

H RTA %N T35 R RSB AR AU TE 7E 38020 25 RS R T A0 R 37 1A R 22 B 2GR B 3R 22 P e A 40
EERIIAHENE . B PETR A L A BRI, Toik o8 S Hiid KR SILRES AL S 7,
JEHAEHARZE AR LGB B o 2 K FEA ST E VEITHI 2, 2 AT HRRIOVE . Se a4k
o7 B AR M 5 S 0 BAT IR ORI AN E P o B2 PR R T 5 K RE AN s P 1A 2B
RS A TR TN TR R, BN TR AR AL 78 70 5 FE X AN e 1
R A B T AR RE 1 TR R R B S SRAS DA PO 1 P

BRI Agl AR i RER B R AT AL RCR AR S PRk %, ERr R T
BRI R, AR XELE B N [ B0 2 et 3 P M X DL Rt (AR G S A o T A ) — =4
TG THMA B AN = WY B REROAE L, ik 5 MR LB RN = 5
Wi, [AIE, AR A TR 2 AR SR IR 5 Agl HEALTT RSN S H M %
PGSR 15— B ©F (2013) AEHARSOH R o RS A S AR R R &, B IR
H“BERMEZ T S & N AR MR R, 0 BN R R HOAT 5 N 3 W 2 DA SR P 2
B GEARKSTEMUKEEORIED BREEAT TRER IR, IF b i 1Rk o 1] % i) AR
ASEEEEFE (2013) W LB, it P 2l R G TUREOR I TIP Agl RIIEIRER . F %
TIHEAE S X A BRI R B9 10 NMES BRI FHRK YKL T ELF A ELIREEER L,
TS H AR, I REIATRERN Agl KA IRK, 53R ACRIIBER DA, [FN
P IRAEERR IO %8, $R7n AN AT 7 (AN RE X 25 28 (1 5 S AN FE IR (K 200 o

2. AN AMREBR T
2.1 hREEATHRBRSZHR

ARSI E TR 10 MR HIREH & L, BT 6-24 /N IPAL FEKVE X, LA
FIRERHE R XA, A AR & R AR 3 10 A BRI AR 7K B bE 2 B B P52 B 4 L e B
3 S SE ERTIBN 1. IR, A AR L R B AR IR A, 1E 2 AN A A
FIREN A S H AR, AT IR RORLE, SR AL S 3 W RCR A2 A (B 1) Horp
FUZAE & WA AT WRF V4.0, L& — M2 5 (CO0) R LA RS A 57 (C01-09) . v R A
3f# f] NCEP(National Centers for Environmental Prediction)4:BRT5iH} £ 4t (GFS) i 5 73 MR Tk

KOs s il A SR I 24, RIS NCEP (4 BREE & TR R GH(GEFS) T LN E A R
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BN R AR AT o« o5 IR RGEEL IR & R R S UEBECRA B, DAMRAR DL TR AN
SE P[]

IR M AT (1996) KB RN, ZHEARHINSHE T RE TR
JEAE WRF H1 ) Morrison 2-moment J5 B8 ML, S FRAIRIGAA B RE, BENS 83U TR
. . UK. HAE. BAHOREME S B, Dy 7R BT 0 i A s B AR B
RN, XK 11 km, FEED R 200 m, FERAIN D7 BE T R B A2 .
XA TT SRS T Hsie et al.,(1980) i 1) Agl B2 EAL, A5 18 1 =Fh etz L,
BV R T AT RIS A AL i AR AE Agl R s RO TR IRl R 45 4% 40 . 7KVRAE Agl b1kt

A CBFERISE-URE5 %A ) CERERIRIED 1994, Jr ENISE, 2009; fIHESE, 2012) .

2.2 R8T

Hh RUBE SR & PR Q2 4R N TR 2022 4E 1 23 H 0000 UTC, A7y 42 /NS, AN i
KA 29N, 120, RABZIREMIL, BINZKF73HE3 okm, H N EKF70#i% 3km,
IR s 7373004 106 X 106, 193 X 181, T ELM A% 7> 40 JZ o 155 10 />Rt 57 #4R FHl /b J2 Kain-Fritsch
XS HE %, W2 Morrison 2-moment B\ A MAHEL T %, %8 BHE T BONKEAIIN 4
T A AR R, W) 32 TR S Se R B R ER AR AN QLT B4, 2015) , RIS
B HRA T RRTM KRS 15 7% . Dudhia RS HHE TR, YSULRZ R, Btk
AP L AR 1] 2021 4F 1 H 23 H 1500UTC, UM IA] 18 AN/NiF, A A A R P4 & Tl
N 2 G SRR S = B2, 25 TR ASE X W2 B i AR A 5 P 75 L W 46 7K AT RL 1
FILLIREE (R OKdS e, 30 MELER OKR. = W, K. SE. % B3
3 b Sy s ] ] 8% 18 SR ol s 38 P e B, B 3 B ) — ORI SR . i RBEAR 5 Tl
BRAMAR S ERBENR 1, TGRS = RS r 38 R XA g0 A 1
WME 1 AR, BRSO/ S % Jin et al (2014), R B AR A B 3 A I AR
= R R K B AR T T AR T B, RO b T T R R 0% 5 S 9 i o R L W) 5 o

R 1 REE S TR 2 B 2 K &



142 Table 1 Parameter configuration of mesoscale ensemble forecast model and cloud model.
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A TRAFER TR
WD A GEFS(Global Ensemble Forecast System) HRORER AR, 19 3min BT
TR SNZE 9km; W JZE 3km; TFEE 40 2 T 7 11km, 4>#E% 200m
“"J—:f ’ H 1@” ’
o s 29N, 120F; K% A% 106106 e
193x181
/PSS Morrison 2-moments e S AWIES
Agl BEEflE AL BERAL CBRRER
Wi X
iz YRR L)
TR ) L = . OKEE. TBAE. & = . UKEE. T, &
KR T % RRTM X
TR TR Dudhia X
MR ZET % YsuU X
RS T R Fritsch X
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149 Fig. 1 Flow chart of ensemble precipitation enhancement.
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154 PN, IREVIE RGHHT B . AWBHUERRE , B hl ik 5% B O RLADL %
155 ARG EERFAL K AR (FIN%) . B 2 RIS 1 23 H 0500UTC 237 A1 34 [l 35 ) 1]
156 1% BN = RS R KR L B E R INE RS TR, S FY4A BA
157 =IO B o 22 B VLR RS MR VLA 2 2 1 2= TR AR A IR B (TBB < 250K),
158 X SIAE G TR AR IR KK B R R B 4g kg, RUIFEIX SE XN =K R BN
159 BRJFE. WEHESSOM TR KR DA, BGOSR KTE SR RIS ER R G =B K. B
160 FERIE I Mg 5 3 B 0] b B KRR A SO AR S P A, DA 5 SRl 55 7 IR AL 2H 5 S
161 FEfrtE. RS TR TR R SN 2R B TR I R SS, JFRB WL 30dBZ LA b
162 HIBGRENEX, HEKIRE = B0 E R 3 5 e U R .
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166 Fig. 2 2022.1.23 0500 UTC (a) FY2E blackbody brightness temperature (TBB); (b) ensemble
167 average simulated cloud image; (c) observed composite radar reflectivity; (d) ensemble average
168 simulated composite radar reflectivity.
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Fig. 3 2022. Jun.24 24h cumulative precipitation (mm) (a) observation results of automatic station.

(b) ensemble average. (c-1) control member CO0 and disturbance member C01-C09.
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Fig. 4 Simulated and observed hourly rainfall intensity changes over time at Hangzhou Station.
Black solid line means ensemble average (The blue shadow is the area enclosed by the maximum and

minimum values of ensemble members) ; Red line represent observed value.
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Fig. 5 Ensemble average of 10 members simulated by the two parameter columnar cloud
model at 1500 UTC on the 23rd-0900 on the 24th UTC (a)mass mixing ratio of cloud changes
over time and height(b)ice and snow number concentration changes over time and height (c) mass
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precipitation increment at different seeding amounts for control member (seeding variables minus
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Fig. 8 (a) Box plot of seeding effect of 10 ensemble members at different seeding time. (b)

Temporal evolution of average of physical quantity of control member.
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Table 2 Ensemble average and standard deviations of physical quantity at

different seeding height of 10 ensemble members.

HRmKEE IKERERE KE & & &

1= % (km) R O TEEHE (mfs)
(9/kg) (@) (10*g/kg)

6 0+0 0.06+0.1 0.22+0.53 -19+0.4 0.01£0.03

5 0.04%0.07 0.2%0.17 60180 -14+0.3 0.03+0.04

4.6 0.07+0.11 0.2+0.14 120£150 -11+0.3 0.05+0.04

4 0.12+0.09 0.21+0.14 140£150 -7.5%0.3 0.07£0.04
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