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Abstract:Based on historical thunderstorm gales events in the Sichuan Basin from March 1 to
September 30 between 2018 and 2022, combined with three-dimensional radar mosaic data and
surface maximum wind observations, a thunderstorm wind sample dataset was constructed and a
grid-based wind warning model was developed. Independent validation was performed on
thunderstorm wind events in 2023 to evaluate the warning performance of four models. The main
conclusions are as follows:The LightGBM model achieved the highest probability of detection
(POD), reaching 0.536 at a 15-minute lead time with a 10 km evaluation radius, but it also
exhibited the highest false alarm rate (FAR). The random forest (RF) model demonstrated the best
overall performance, with the highest critical success index (CSI) of 0.306 at a 30-minute lead
time and 10 km radius. Both CSI and POD decreased significantly with longer warning lead times
or smaller evaluation radii, with a particularly notable decline in CSI when the lead time extended
from 30 to 45 minutes. Synoptic conditions significantly influenced warning performance. Under
pronounced cold air influence, factors such as echo intensity, echo top height, and 45 dBZ echo
top height were more likely to exhibit high values, favoring intense convective development.
However, newly initiated storms at convective fronts often led to an increase in missed detections.
In the absence of strong cold air, thunderstorm winds mainly occurred at the leading edge of
convective systems, resulting in higher POD. The temporal variation of vertically integrated liquid
water content contributed the most to the model’ s decision-making, followed by vertically
integrated liquid water content density , echo top height, and composite reflectivity,
highlighting the central role of deep convection in thunderstorm wind generation. In scenarios
without cold air intrusion, downdrafts played a dominant role in thunderstorm wind warnings.
Analysis of key feature values and high SHAP values revealed that temporal changes in
convective echoes were critical for effective warnings. Samples with high echo-tracking wind
speeds often corresponded to positive SHAP values, indicating an increased probability of
convective wind events when echo motion accelerates.

Keywords: thunderstorm gales, machine learning, radar echo characteristic,warning
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Fig.1 Distribution of ground observation stations and weather radar sites in Sichuan Basin
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Fig.3 Probability density distribution of thunderstorm gale warning parameters

Vv (n/s) CR (dBz) TOP (km)
| 65 -
15 i -
+ - 60 H i 15
| 1 : : 2
10 | | 55 E E , :
- 10 | I
8 g8 F -
| | 45 [ : : !
0 L L . L 5 L -+
THREASSR HEATS THRAZES  WHEASK TR WRATEA
145 Ckm) VIL (kg/m®) VILD (kg/m)
. 60 H i : i
sl I
_ i 10
I I
10 i II; 1 : 2 + !
] 1 |
= of |
15 ' == =
I 1 ]
0 L L 0 . -4 €L -+
TR A HEATEA TSRS HEATEA T A A HEATEA

Kl 4 & B K RINE S B

Fig 4 Box plots of thunderstorm gale warning parameters

3 PUERALE 45 RAa i

3.1 IEER

BEHLARM (RF) . LightGBM. Z[EJH (LR) AL FFFIEHNL (SVM) AL
DU & AR RS, G T AFE SR ERE R BEHURMAE R — P T R 5w 1 4 i~
Tk, IR 2 R LR A HL A ORI S R HE B R R, K AL e 4R A EL X



199
200
201
202
203
204
205
206
207
208
209
210

211
212

213
214

215
216
217
218
219
220

ERIABAN 8 A ANBURS:  LightGBM N2 JE TR BE SR THHE SR i R, L 9 R A 15
Tt R BT B SR B FER AR HOR 2 52T Tl B A A7 R0, JUHAE = 4ER B
HAEh RIS BEBAVE Ny —Fh ML 2 AR, DU 5 e RONT R (0 ] AR A,
TE A AR Ty S I s SR ] ERATL U3 i T ) i KA AN AR R BCHOR BE 88 A AR A B AR 2 )
FEm A2 (B PRI s ST S, BENLARARAN LightGBM BE3& & Ab B & 4k It i 424, i
R AT SVM WIFE /N ACHE S B2 1 i) b BB

BT b 4 FhEVE A E R R BB R i RE (B 5) , BB RHEELAE s A [a]
BRI TE ZIAHIRE. Bl BT, t 33 MHER, ML E T
SRRV RPALE B 5 il i K L (RIS il B 4R, R 25 A le . S S B IR 1 7 3 KX
R R PERTY . YIZREEF 1 B BRAE, IR WAt T REA LA, 580 1 B ) 2 k¢
M. HEEIL 15976 4>, P IEREA 7815 A FAFEA 8161 A, v 1A IE SUREAE I o,
TUREA A 27246 A>3F 57 2 R KA HH LI 30%75 5.

SWANﬁi&T}E

( |
FIgEE FIRARER EARUHE | RS

[ | [ |- \
ARAB BkE FREE giEE EEE Tk RS
EEY WEERE EEE OREE WS R i
e AL REE MER KEE K f;
i’/ﬂ(fﬁi B Ak R, AL - |

|
F R R R .
(Hmielkm, 3£334) *&k}}ﬂ%ﬂ

Y
vl
iw%
HLAS 2 ST
i Kk
MIREE

iz
L= AR AR
LN }

EEOPNENAVIEREN
Kl 5 & B KK IE L

Fig.5 Flowchart of thunderstorm wind identification process
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(Lundberg and Lee, 2017; Schoonemannetal, 2024; J&Pi%4%, 2025) . & 11 ZLIES

Jee 7 AR AL B 25 FORAAE R SHAP {H 73477 VR 2R IE SHAP 48500254 25 SR
» BIVRFAEAE RS AY A L 1 Do R A 4 JR) BB A

TSR REZ TR, VIL R AR SRR sk th STk e, VILD. [
BT R Bt R S 2 TR - B R B S SR B LS X — I 4 s il 2 R R R e
SHEBERAMAZ OIS EEERNE, TASSRME T, FhHRRHER 7 G4 5.
1167 5 18 dBz [ s % (HEAE 3. 21 11D MITTHR R & m T4 2S5, R B4
R, B AR YT TR KU T ke 2 SR . TIUERRIE SHAP (B 20 A IR R,
IV NI A AL T IE SHAP EHIX (SHAP>0) , HURaAs kA8 hE, Xt
R ) TR BT RR e, 2 B XA 38 P B A T AR RFALE R K KTV PR S o 8 IR A e A (A
Fram VILD SRR =D 2IL7 TTER (SHAP < 0) , S BURFAE i) & 100 (1 J= PR 4, TREC
R KAEFEA S 5 4L R 7E IE SHAP EIX, Tl oamke:, HA LA TS 5FEEER
T3 TAARFE— B0, 2 0 24 [R5 R S e b, HH ST P b T O X PRI ABE 6 T 438 K (2= ] 3245, 2013)

12



FARAES

(b) A G MFEAISHAPL

— - "
——— -
Lt
e t—e
B e - = ]
e ——— -.-‘
e —
- -———-.-4-
___..:_.
ﬁ el ;
._——*- w
melfp——eiee
o
4
4+
<=
e
-+
—
4
4+
302 D.IGIJ om 0. gfupﬁsgg;;i‘zﬂ%m 0.05 0.06 0.15 0.10 0. Oﬁsnmﬂ 00 0.05 010
303 P 11 TG B v A AR ) 7 R ORIV (R 1 ) (@) LA (b) SHAP i HE4
304 Fig.11 (a) Importance and (b) SHAP value rankings of thunderstorm gale warning factors without strong cold
305 air influence
HEATES
(a) BEIFFHA (b) BRI HMFEAISHAPL .
il mean diff _—___—.‘..
vild_mesn_diff - —e g
b i .
il i e
maxZ_nean_dift ——*
dba35 meani i1 ——m—rea
pamp—— — e
vildnon_gifs e
P —— —_—
maxZ_ma_diff st )
eqPenergy_diff e R
ﬁ dnzd5_maxh difF = H
g vilmax e 2
B dbads_meanh_diff —-‘-* H
245 _nash s =
dbz50_meanh_diFf gl
treo i -
d0250_nash —l
@235 meanh e
maxZ_h .'.-_.
prp—— —_—
ecPenergy *'
250 nsanh —+
wi|_mean *
nanZ_max {0
306 0.00 om 0. gfupﬁsgg;;i‘zﬂ%m 0.05 0.06 -0.15 -0.10 0. Oﬁsnmﬂ 00 0.05 010
307 12 G Y4 SN R B R IE 71 (a) HEMEA (b) SHAP {EHE4
308 Fig.12 (a> Importanceand (b) SHAP value rankings of thunderstorm gale warning factors in strong cold air
309 influence
310
311 A5 SR
312 HEEX 2018—2022 AEVY )1 A 3 H 1 HZ 9 [ 30 H & &K RAMGY, A FH B 1 0] g = 4EHf
313 RIRUM T B K, R T R B R AR A ROR U UE AR, ] 2023 275 K
314 KRR 4 BB B MO ATAPA, FREIUF 4
315 (1) LightGBM #5A4[¥) POD fx i, 15min U mS 24T, 10km 4214 0.536, FKAFTHHE
316 HEufmoE, {H FAR s, ik 0.661, FEHLARM (RF) BRI CSI R, 30min FUER AL
317 K, 10km }42ik 0.306, ZEARIEAE. TEAFIE PEMTER 2T, CSI M POD ¥4

13



318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338

339
340

341
342
343
344
345
346
347
348
349
350
351
352
353
354
355

F5) I8 TRV B RO I BRPP 2 AR RN T 2 A, PROAA 30min ZE Z 45min B CSI RGN
.

(2) fEMRATSEN T, RAETNESHERE T (nH A R CR. [T TOP,
45dBZ [F19% TR H45) T 5 RULEE, RFA TSR T ZE MRS T HRRE. Mo
R, BRI TRE SR e 2 KA i, A RAESS 50, SR AR Rg
BRZHEFERE, SEURRKZ, CSIAIPOD 45k 0.325 f110.382; i Ls@d == <0, &
T KT BT AR BT 4,  CSI AT POD 43 5iA %1 0.362 F1 0.617, 147 W ikvd
RSB 5.

(3) THEAFEEEEAHIR, M EAMEA/KE T VIL R R AR LA g s h
TUHRFE A, T BB TS KA B (R0 T s e 0 K I S 38 IR TS5 R o Bk X
J&, RIS R P O BRI AL AL, o RS, BT TR R
T BGE 3 S AE o TRUE R 3820 & 1) /MR RE A S o T 1 SHAP X, H.LAR[R]
AT E A, OB B TR DURR i, R DRI [ 1 Bl A T AR R A K XTI 1 O,
TREC W37 KAEAE At P 7E IE SHAP B X, [l R e, SR i o dth T O X P AR
FIFIRIG K.

ARSCI B B R AT AR T8 8 = DB, X T D2 B I AR ) KRk 5
FIE— R NR VAN, AT — e R M s b e S K K. Ji4h, T TREC
JRGHEAT TR R - 25 (D VT T, - 55 F BT (A1 AR Ak AR AE— 8 I 22, X T UR M 2 — 8
BT YIRS R A B A BR, XA RIS (1 20K XU Rl ARFAE (Y RN, T DR 75 22
Bk, X8 Bk 10 LA BRI, FEFHIEINE 2 5 RS, R
FEAER, SIS [F) 5 R T B K R T
23 30k

FIBE, HRKE, (TR, 4%, 2017, JETBEALARAR G 10T H 2 SRS R ST AU []]. HhERME SR 544, 19(3): 390-397. Bai L, Xu Y
M, He M, et al, 2017. Remote sensing inversion of near surface air temperature based on random forest[J]. J Geo-inform Sci, 19(3):
390-397 (in Chinese).

WRERK, dr/sm, EF58, 2022, v [E RS Bl T 8K K3 (Derechos) W 7i: B 25 3 « BREEE SRR RATEAFHE[]. KR FHK,
80(1): 67-81. Chen X X, Yu X D, Wang X M, 2022. Investigation of derechos in China: spatiotemporal distribution, environmental
characteristics, and morphology of derechos producing convective systems[J]. Acta Meteor Sin, 80(1): 67-81 (in Chinese).

R, Rk, 2007. EMR RS KE BRI TR PN L] A& FHY, 35(6): 877-881. Dong G H, Wu T, 2007.
Application of vertically integrated liquid (VIL) water in disastrous wind nowcasting[J]. Meteor Sci Technol, 35(6): 877-881 (in
Chinese).

Zhou X G, et al, 2016. Climatic characteristics and environmental parameters of severe thunderstorm gales in China[J]. Meteor Mon,
42(12): 1513-1521 (in Chinese).

ez, P, HR, 5, 2024, 2022 RN )1 HH— RCLL A B A5 AR AE[]. A&, 50(12): 1480-1494. Guo Y'Y, Luo H,
Qing Q, et al, 2024. Environmental conditions and radar echo characteristics of a squall line in Sichuan Basin in spring 2022[J].
Meteor Mon, 50(12): 1480-1494 (in Chinese).

AT, M, 2012, FENLARMR S SCREA RN JSERE LU D], kA, 33(6): 107-110. Huang Y, Zha X W, 2012. Comparison on

14



356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399

classification performance between random forests and support vector machine[J]. Software, 33(6): 107-110 (in Chinese).

FEZE, B, SR, 55, 2013, BT EEIE =LA MEE RO TR K B BIRAI[A]. AR YR, 71(6): 1160-1171. Li G C,
Liu L P, Zhang B X, et al, 2013. Automatic identification of ground thunderstorm gale based on the radar mosaic 3D data[J]. Acta
Meteor Sin, 71(6): 1160-1171 (in Chinese).

ZRERR, XRSF, R, 45, 2014, F R EAA B = 4EPEE TORHR S R KRG R[] A% FH), 72(1): 168-181. Li G C, Liu
L P, Lian Z L, et al, 2014. Statistical study of the identification of thunderstorm gale based on the radar 3D mosaic data[J]. Acta
Meteor Sin, 72(1): 168-181 (in Chinese).

ZEOCHE, B, WRERER, 4%, 2018, b T BURANBEHLARM AL KRR R KIAREAR[]]. R, 44(12): 1555-1564. Li W J,
Zhao F, Li M J, et al. 2018. Forecasting and classification of severe convective weather based on numerical forecast and random
forest algorithm[J]. Meteor Mon, 44(12): 1555-1564 (in Chinese).

JEERTT, WEERE, FOIK, 2006 FT 2 E R IAT I SRXTFOR BRI TTAD]. AR, 26(5): 564-571. Liao Y F, Pan
Z Q, Guo Q, 2006. Technique for forecasting and warning of severe convective weather based on single Doppler weather radar
products[J]. Sci Meteor Sinica, 26(5): 564-571 (in Chinese).

X, sEGR, ¥RV, 55, 2021 FT LightGBM Sk pm i FR U RV [0]. w4, 40(4): 909-918. Liu X W,
Huang W B, Jiang Y S, et al, 2021. Study of the classified identification of the strong convective weathers based on the LightGBM
algorithm[J]. Plateau Meteor, 40(4): 909-918 (in Chinese).

ek, R, B, 4, 2020, DU E ORI M RME ST A [J]. R4, 46(2): 212-222. Long K J, Kang L, Luo H, et al,
2020. Statistical analysis of radar echo characteristics of thunderstorm gales in Sichuan Basin[J]. Meteor Mon, 46(2): 212-222 (in
Chinese).

DHE, KA, KLz, %, 2015, NEBRAHFEEBIE RIS, 73(5): 853-867. Luo H, Zhang J, Zhu K'Y, et al,
2015. Study of the radar quantitative index of forewarning downburst[J]. Acta Meteor Sin, 73(5): 853-867 (in Chinese).

D, T, BERK, 55, 2020a. TU )1 FH— R b U R SRR A R AL RIBRHERI SU[I]. A, 46(10): 1362-1374. Luo H, Gou A
N, Kang L, et al, 2020a. Radar echo characteristics of an meso-anticyclonic supercell of Sichuan in August 2016[J]. Meteor Mon,
46(10): 1362-1374 (in Chinese).

D, HiAE, EKY, 4, 2020b. DY) FHLAR X 5 W 1A E A IR S FRMI[]. RIS 4R, 31(4): 460-470. Luo H, Xiao
D X, Kuang Q M, et al, 2020b. Radar echo characteristics and recognition of warm-sector torrential rain in Sichuan Basin[J]. J Appl
Meteor Sci, 31(4): 460-470 (in Chinese).

TAEMk, A/, BETA, 5, 2016, AL KU FI BIBCRHIE K OGS BB A4, 27(3): 342-351. Wang F X,
Yu X D, Pei Y J, et al, 2016. Radar echo characteristics of thunderstorm gales and forecast key points in Hebei Province[J]. J Appl
Meteor Sci, 27(3): 342-351 (in Chinese).

RIFTT, BN, TREN, 5F. 2013, FRALHL DGR KB AT S A R BARFAELT]. SRS, T1(2): 209-227. Wu F F, Yu X
D, Zhang Z G, et al, 2013. A study of the environmental conditions and radar echo characteristics of the supercell-storms in northern
Jiangsu[J]. Acta Meteor Sin, 71(2): 209-227 (in Chinese).

L&D, RS, B 55 2004, PONRUERSARGMEZ HESIRHED]. AR 5K, 20(4): 391-400. WU ZF, Ye AF, Hu S, et
al, 2004. The statistic characteristics of mesoscale and microscale systems with the new generation weather radar[J]. J Trop Meteor,
20(4): 391-400 (in Chinese).

ML, Grpoc, 2, 2000, SRR AR T EAR A K SR ML A, SRR 9CE, 28(3): 210-214. Xiao Y J,
Ma Z'Y, Li Z H, 2009. Advanced algorithms of ET, VIL and VIL density for the CINRAD[J]. Torrential Rain Dis, 28(3): 210-214 (in
Chinese).

sk, BRUIET, didF, 45, 2018a. JLmUHL DX E B KA EL: dr I N BT A GE T HRHIE A BV SR AT A (3], R4, 44(6): 802-813.
Yang L, Chen M X, Meng J P, et al, 2018a. Radar statistical characteristics and warning lead analysis of thunderstorm gales in
different life periods in Beijing[J]. Meteor Mon, 44(6): 802-813 (in Chinese).

sk, B, BREIEE, 45, 20180, T SRF RN FE 2R IIEQ]. B R 4%, 29(6): 680-689. Yang L, Han F, Chen M X,

et al, 2018b. Thunderstorm gale identification method based on support vector machine[J]. J Appl Meteor Sci, 29(6): 680-689 (in

15



400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430

Chinese).

Ar/NgE, FE/NRIL, EF5H, 2012, RS SRGIGIE R IBEREAR MR [I]. R 5K, 70(3): 311-337. Yu X D, Zhou X G, Wang X M,
2012. The advances in the nowcasting techniques on thunderstorms and severe convection[J]. Acta Meteor Sin, 70(3): 311-337 (in
Chinese).

FREER, B9, 2019. HET LightGBM [ARAT(E FREBELAWIFA[I]. BHEPHR, 17(12): 8-9. Zhang G Q,Chang N,2019. Study on bank
credit card default based on LightGBM[J]. Science & Technology Information, 17(12), 8-9.

JETI, Sk, BEETK, 5%, 2025, KIS SO T P ) BN 220 RHE S A R R —— 2R T HLER % 5] XGBoost-SHAP #57
[9]. Hu3swt 5T 591 R, 44(1): 14-22. Zhou B F, Shi J, Xie X S, et al. 2025. Exploration of characteristics and influencing factors of
spatial and temporal differentiation of neoplastic productivity in the grand canal cultural belt: based on the machine learning
XGBoost-SHAP model[J]. Areal Res Dev, 44(1): 14-22 (in Chinese).

JE G, BN, RV, 58, 2001, XHAE ORI 2 B B L BORMR AT S [CYIAR 28 Jaih R R e e ——S83 RA TR
RERSHFRSGHH. JEIT: PESRES. Zhou J L, Wei M, Wu T, et al, 2001. Research on Doppler radar data identification
method for convective wind weather[C]//Proceedings of the 28th Chinese Meteorological Society Annual Meeting. Xiamen: Chinese
Meteorological Society (in Chinese).

JERRERE, AKot, EhFk, 5 2017, HTHOMIZHERTE HBRRAHER BRI 4 757 0]. R, 43(7): 781-791. Zhou K H, Zheng Y
G, Wang T B, et al, 2017. Fuzzy logic algorithm of thunderstorm gale identification using multisource data[J]. Meteor Mon, 43(7):
781-791 (in Chinese).

Breiman L, 2001. Random forests[J]. Mach Learn, 45(1): 5-32.

Cracknell M J, Reading A M, 2014. Geological mapping using remote sensing data: a comparison of five machine learning algorithms,
their response to variations in the spatial distribution of training data and the use of explicit spatial information[J]. Comput Geosci,
63: 22-33.

Hasanuzzaman M, Islam A, Bera B, et al, 2022. A comparison of performance measures of three machine learning algorithms for flood
susceptibility mapping of river Silabati (tropical river, India)[J]. Physics Chem Earth, Parts A/B/C, 127: 103198.

Lundberg S M, Lee S I, 2017. A unified approach to interpreting model predictions[C]//Proceedings of the 31st International Conference
on Neural Information Processing Systems. Long Beach: Curran Associates Inc: 4768-4777.

Schoonemann J, Nagelkerke J, Seuntjens T G, et al, 2024. Applying XGBoost and SHAP to open source data to identify key drivers and
predict likelihood of wolf pair presence[J]. Environ Manage, 73(5): 1072-1087.

Yang X L, Sun J H, 2018. Organizational modes of severe wind-producing convective systems over North China[J]. Adv Atmos Sci,
35(5): 540-549.

Zhang H, Wu P B, Yin A J, et al, 2017. Prediction of soil organic carbon in an intensively managed reclamation zone of eastern China: a

comparison of multiple linear regressions and the random forest model[J]. Sci Total Environ, 592: 704-713.

16



