94

§ﬁ"§ *q;lkb (=] Kiﬁfﬂ'ﬁﬂkﬂgﬁéﬂ
R

REFH |, WRERTH, 22, G4, KIS, HLLP, KX,
WRAR !, #HE T, !

1 T ESERET R E AR RSz B 5N TR0 RS 5 T sEst s, dbat 100081
2 IIRERGHESE 0, BFF 250031
3 TR N TR S A%, &R 230031

W E AXEALHLEREARAREATESE NN ERNERE. EKS RRFEERERZRES
XA, NEBE 202356 A 17 H—ABRERAZHWELATT HARRITIH. £RETR, EETE
mErE A, UEFEMSELS lkm EEAHA—KFHRBREHER, #F5/5 24min, BEHERY K, #
BEEAWR—REE TS, BELAEFFTREAGRK, BYRREF, BT ORMEMITEEMA
HEAH TR RATERE TRA e, HREEUEELART REMET, #—Fo T ELETS
b mey S ANERWES BN FIEN. ER%A, rLETHELINESEBEFLEREHE D,
FE 42min WX B EEH LB, MAKETHHLSEEMNEAE THRES. RLHTETR, FlLE
lh A, SANSENNIERAT |, XEFASLETEEZHRG, TELLTHAGARGULKEL
RENER, FLBRREE, W, AXKAETRENF ARG £ ETEMAAT ELTZHE 8 ARET
BT, B % A K-Medoids B 2 B ik 4 & PCA I A AN L@ 2 @ A AR HAT T X2, #
FRIT R XRIEFAE T M E ISR A ek, 4R %% ElasticNet B )45 A 7 80 X #h % T & F £ &L
B, REHEEHEE MR TREA, S2ELE 3h EXNETEX 2.92mm, HAETEHN 22.3%, %
BHAtRBRERDT, PHRABTRNE SUHEFKTFTELE.

XEIF: 2R, RELM; HEEE; ATHTH: ZE24ER

M EHS: 2024140B HESHS: P48l SCRRFRIREE: A
doi:10.3878/j.issn.1006-9895.2502.24140

Comprehensive Effect Assessment of a
Convective—Stratiform Mixed Cloud Precipitation
Enhancement Operation in Anhui Province

Zhang Zequn', Yao Zhanyu*!, Liu Zhen?, Cao Yanan®, Yuan Ye*, Gao Jinlan®, Luan
Tian!, Lin Dawei!, Han Yi', Wang Sihan'

1 Chinese Academy of Meteorological Sciences, China Meteorological Administration Cloud-Precipitation Physics
and Weather Modification Key Laboratory, Beijing 100081, China

WS EHEA 2024-12-19; PI4ETAH AR B HA

EE®N SKERE, U5, 2000 4 A, WULEITCAE, MWHRBKS AN TR L. E-mail: 1540213736@qq.com
BIEEE BT, B, 1964 F£4, TR, WERRPFEKS AN TRMRSHI. E-mail: yaozy@cma.gov.cn
BENME [E R g RFREEE I 42375198

Funded by Natural Science Foundation of China (42375198)


mailto:1540213736@qq.com
mailto:yaozy@cma.gov.cn

2 Shandong Meteorological Data Centre, Jinan 250031, China
3. Anhui weather modification office, Hefei 230031, China

Abstract In this paper, a comprehensive effect assessment of a convective—stratiform mixed cloud
precipitation enhancement operation in Anhui Province on June 17, 2023 was carried out using
hourly rainfall data from national and regional automatic rainfall stations in Anhui Province, S-band
radar data and sounding data in Anqing area. The results showed that shortly after cloud seeding, a
narrow, strong echo region was observed within 1 km above the seeding height. This region
expanded 24 minutes after the cloud seeding, formed an strong echo center at the seeding height.
Additionally, the echo shape changed from strip to block, accompanied by a concentrated area of
severe convection. The proper echo units were identified and tracked by the Centroid Optimization
Matching method and the Lagrangian method, and the best comparison unit was selected based on
the similarity measurement. Time-series variations of the five radar physical parameters of the
seeded unit and the comparison unit were further analyzed. The results showed that following the
operation, the radar physical parameter values of the seeded unit increased significantly, reaching
their peaks within 42 minutes, and then remained stable. Conversely, the corresponding parameter
values in the contrast unit exhibited a decreasing trend. The double-ratio values of the five radar
physical parameters were greater than 1 within 1 h after the operation, indicating that the echo
intensity of the contrast unit gradually decreased, while the seeded unit developed more vigorously
with prolonged lifespan, demonstrating the obvious seeding effect. In addition, we optimized the
estimation of natural rainfall in the affected area by using a cluster-based historical regression
method for the floating area. Firstly, the K-Medoids clustering algorithm combined with PCA
dimensionality reduction technology was used to accurately classify the precipitation characteristics
in southern Anhui Province. Then the performances of six regression models were evaluated through
cross-validation, and the results showed that the ElasticNet regression model had the best
performance in predicting the rainfall in the affected area. Finally, the regression model was applied
in the individual cloud seeding case, providing the results of 2.92mm rainfall increase in 3h after
operation and 22.3% rainfall enhancement effect, the results of the one-sample t-test showed that
the precipitation enhancement effect in the affected area was significant at the 95% confidence level.
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Fig. 1 Plots of (a) 500 hPa height field with 850 hPa wind field and (b) 700 hPa height field
superimposed on relative humidity at 08:00 on June 17, 2023.
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Fig. 2 Composite reflectivity map of the Anqing SA radar from 11:09 to 11:39 on June 17,
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2023. (Red box: target cloud unit, black pentagram: rocket operating spot, black triangle: radar
spot, black dashed line: vertical profile line)
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Fig. 3 Vertical profiles acquired by the Anqing SA radar from 11:09 to 11:39 on June 17, 2023
along the profile line shown in Fig. 2. The height corresponding to the red dashed line is the
seeding height, the red box indicates where the strong echo region was generated.
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Fig. 4 Schematic diagram of identification and tracking of the comparison area and target area
echoes of rocket operation on June 17, 2023. The background echo time is 11:15, the green and
red boxes indicate the range of moving areas at 11:15 and 11:21, respectively, and the black
arrows indicate the speed and direction of area movement.
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Fig. 5 Comparison of the time-series variation of five radar-detected characteristic physical quantities
between the operational unit (blue solid line) and the comparison unit (red solid line), with the black
dashed line showing the double ratio variation. (a) echo top height, (b) echo volume, (¢) maximum
reflectivity, (d) vertical cumulative liquid water content (VIL), and (e) precipitation flux.

3.3 G
3.3.1 BEAKIX IR o

FE R K XIS SRS R, B R R PR 9 LR SRR B H (R S W I 8 RSO B3

14



SN . Ut FATAE PR RREE TR BN ] 1 IRER RS (L2 Yudlo Mg (L1
HO, FHEBREE M 2 220, PRRAF R RIFEIEMBEIEH T RO . &
Ja, RFEMFE TR EE R 5L (Silhouette Coefficient) JKVPAL, &5 R EUR My BN %
TR SRR S SRR AR, REUEN T-1 5 1 208, REUEBAREL I RRBOR I

K 6a 45 1 7 AR IITIEM BB H TR AU, A EEARER TR KA
XA SEREH, FONEED BT AGNES AR T K-Medoids, AT B 20
HEN, K-Medoids MURCR M ERZHAFOLT, A RRECEEES (9 RRBCRE T =2 i
PR BT BRI, FATERA R REE R T, N K-Medoids 532K 2 B8 B
B K X 3] 70 11 2K B ob Gl 4 {H B R 1 3RSRRIp 4 2R, L B AN % 5 0 20
X3 7 i AL KNN Sk Al v 15 301 .

04 : ) 32°N p o
(a) ! .- K-\Acdords(l 2) (b) 4 \‘(L o
| -#- K-Medoids(L1) d 1
i —&— AGNES(L2) 3154 L =
0.3 ; AGNES(LI) - P
# x:‘*-:_--, _-5-1 a | P
\!.3 N /.—J.‘- ~4 ’
=3 it 4 W
® N o 30.5 P
0.2 ‘:—:l‘f'—".‘ 5
30 il
0.1 i : 29.5 - NI N W 100 kit “5 -
’ ?Ci”:ﬂéﬂ( i o 116 117 118 119°E LA
Kle (a) ARIZBETTEMEEREH TIRERABUE, (b) ZBEME 6 H kKX
14

Fig. 6 (a) Values of contour coefficients under different clustering methods and number of
clusters, and (b) results of regionalization of precipitation in southern Anhui Province in June.
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Fig. 7 Diagram of the impact rainfall stations and comparative rainfall stations for rocket rain
enhancement operation case in Yatan Town, Anhui Province on June 17, 2023.
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Fig.8 Cumulative rainfall distribution map for (a) 11:00-12:00, and (b) 11:00-14:00, as well as
hourly rainfall box plots from 11:00 to 14:00 for (c) sub-impact zone 1 and sub-comparison
zone 1, and (d) sub-impact zone 2 and sub-comparison zone 2 on June 17, 2023.
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Fig.9 Taylor plots of statistical comparison among the six models' estimated values and
observed values for (a) sub-impact zone 1 and (b) sub-impact zone 2 in the test set on June 17,
2023. (The black solid circular trajectories represent the standard deviations, the yellow dashed
circular trajectories represent the central root mean square errors, and the gray radiation lines
represent the correlation coefficients.)
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