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Study on target observation of a heavy rainfall in Shanxi Province
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Abstract A heavy rainfall process in southern Shanxi from May 20 to 21, 2023 was simulated
and analyzed using the high-resolution Weather Research Forecasting model (WRF). On this
basis, the target observation sensitive area of the heavy rainfall process was identified using
the conditional nonlinear optimal perturbation (CNOP) method, and the physical significance
of the sensitive area was analyzed. Finally, the effectiveness of the sensitive area identified by
the CNOP method was investigated through the observation system simulation test (OSSE)
and the reasons are analyzed. The results show that the WRF model can simulate the heavy
rainfall in the south of Shanxi Province, but the local rainstorm has a deviation in location, a
slightly lower intensity, and west-shift positions of moderate and heavy rains, while the range
of light rain is relatively large; The sensitive area identified by CNOP method is mainly located
near the center of the northeast cold vortex, reflecting the important influence of the
northeast cold vortex on the rainstorm event. Further, according to the distribution of the
local maximum energy of the CNOP type initial error, three sub sensitive regions are selected
for comparative analysis. The three comparison regions reflect the influence of the Qinghai
Tibet Plateau low pressure, the shear line in Shanxi region and the Western Pacific subtropical
high, respectively. The results show that assimilating the simulated observation data in the
sensitive region can maximize the TS score of heavy rain and rainstorm forecast, followed by
assimilating the observation data in Shanxi and its surrounding areas. Assimilating the
observation data in the low pressure area of the Qinghai Tibet Plateau and the northern area
of the Western Pacific subtropical high can also improve the TS score of heavy rain and
rainstorm forecast, but to a lesser extent. Further analysis revealed that the simulated
observation data within the sensitive area has a significant impact on the wind forecast in
southern Shanxi. With the help of the complex terrain in southern Shanxi, it would promote
the convergence of wind in multiple regions, expanding the area of heavy rain, and thus
improves the forecast technique for this heavy rainfall event.
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Figure 1. Accumulated precipitation distribution (unit: mm) from 08:00 on May 20, 2023 to
08:00 on May 21, 2023: (a) Observation; (b) The simulation using FNL data as the initial field,;
(c) The simulation using ERAS data as the initial field. (d) The TS scores of the simulations

using FNL and ERAS5 as initial fields at different precipitation thresholds in Shanxi region.
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Figure 3. The distribution of temperature field (shaded, unit: °C) and wind field (vector, unit:
m/s) of CNOP initial error at (a) 500hPa, (b) 700hPa, and (c) 850hPa, (d) the horizontal
distribution of vertical integrated energy of CNOP initial error (unit: J/kg) . The blue border

area in panel d represents the verification area.
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Figure 5. TS scores for different precipitation thresholds in Shanxi region in control experiment

(FNL), sensitive area experiment (SENS), and comparative area experiments (D1, D2, D3).

15



352
353
354

355
356
357

358

359

360

361

362

363

364

365

366

100.0

39° N|

50.0

38° N
25.0

37° N
10.0

36° N
| 0.1

35° N

2N
38°
37

36°

35°

|
g Hon
4

|

|

111° E112° E113° E114° E 111° E112° E113° E114° E T 111° E112° E113° E114° E

B 6.(a)8URX K. (b)XTEEX 13K5% . (o)XEEX 2 K5, (d)XFEEX 3 I e L X AY 24
INBS RARBEIK 3 F
Figure 6. 24-hour cumulative precipitation distribution in Shanxi region in (a) sensitive area

experiment, (b)comparative area 1 experiment, (c)comparative area 2 experiment, and

(d)comparative area 3 experiment.

4.3 BURXWIER AT

MATJLT AT LU, B3UER X A AT AR 00K 8 0 et o T4 v A 2K L 7 3 [ o
B AR B R B AT B B o AN TR AR SRR SN T UK X I
V6 A LR S, M AR A R X T G 7 T LA v L P M X e /K T 45
TR A o

K7 454 7 ERAS BERE 2023 425 A 20 H 08 B 500hPa. 700hPa. 850 hPa
FINL A & E Y. RIgAEEY . TR, 20235 A 20 H 08 B, SURX AT
N Z E RHALEA R I =R RAL, 500hPa H S H IR, BURX AT

16



367

368

369

370

371

372

373

374

375

376

377

378

379

380
381
382
383
384

PR ORAREM, KR EEE AT, RETEE T, RiEAEKR
JREW, PR kSRR R . HILFEIR, TEAIRIREE M sl (B 7o), i
BRI LRI PG48 52 % S i sgm, ILpE A A6 XK TR S, Z AR
A, L P S XA, T Ak, PRI IR A, N B
X, WP AL TEenr (B 7o), HUtFER, HimEEAE—RIE RS (E
7a), 850 hPa L ILIPGRIHE RS AAEYIRL (K 7o), HuThH b, PEARRIE & B AR
FEAR 2 (L PG h Eg 6, 5 850nPa YIAZLR A B (K 7d).

AL, MRAFESH i EREARBEKEA N EZERARSAE: RAAR. &
RIS, e (s, W, DIARZss. AR, BUDAUAL T4 A6 7% s S FE
HIm BRI X, FUR 1R IR AR B F A (B Ep . tehh, @il kR
IR DA XS X 1 Sk 1 e SR AR AR G ARG, X LU X 2 Sk 1
1 PY R DI AR LR AN, X B IX 3 A7 T B v A T 2 X 3, T DA e gl s 14

AR

50°N
40°N| -

40°N

“\{30°N

50°N ~50°N

“=2 a0°N

40°N| <L

30°N 30°N

100°E 110°E 120°E 100°E 110°E 1°E

7.2023 45 8 20 H 08 BRfILMAY (a) 500hPa. (b) 700hPa. (c) 850 hPa HNIHEE
% (B4 dagpm; BEEEZ). BE (B °C, 4% E%) XY (KPAE), (d)
WEESE (B hPa, BEEELZ) IRy (WPE). KeERERFLUAER. X

PHSBERTESKEFE (KRR 4K/, BT 2 K/, =ARK 20 X/7).
17



385
386
387
388
389
390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

Figure 7. Observed potential height (unit: dagpm; Black contour line), temperature (unit: °C;
red contour line), and wind field (wind barb) at (a) 500hPa, (b) 700hPa, and (c) 850 hPa on
May 20, 2023 at 08:00, (d) sea level pressure (unit: hPa; Black contour lines and wind field
(wind barb). The blue border area represents the boundary of Shanxi Province. The wind barb
symbol follows the standards of the China Meteorological Administration (long strokes

represent 4 m/s, short strokes represent 2 m/s, and triangles represent 20 m/s).
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experiment, and (g) the comparative area 3 experiment (shaded on the a, c, e, and g panels),
and the difference in vertical integrated energy in Shanxi region (unit: J/kg) between (b) the
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experiment, (h) the comparative area 3 experiment and control experiment at the end of the

forecast at 08:00 on May 21, 2023,
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Figure 9. The surface wind field (wind barb) in southern Shanxi at 00:00 on May 21, 2023
overlaid with (a, b) the terrain (shaded, unit: m) and (c, d) the average water vapor mixing
ratio (shaded, unit: g/kg) of the entire layer. (a, c) the control experiment and (b, d) the
sensitive area experiment. The wind barb symbol follows the standards of the China
Meteorological Administration (long strokes represent 4 m/s, short strokes represent 2 m/s,

and triangles represent 20 m/s).

21



459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

5. BEMiTie

TR ER 2023 & 5 B 20~21 HEY—XK5&ME/KISRE, ERESFEERS
RESZ&ERX WRF, 93/ FNL #1 ERAS FRIIERFNIZIE N AR GRFE KT T2
TTHEI T, SRR, ERAS BRIIREN WRF R AR RT T H FNL &
BIIKE) WRF BRRAIRRIIRIR, Bk, ¥ ERAS HRMECAINERMER, BTN
MARFEIIAG (OSSE) URHITRSEH DT,

PAENL FRIIRaE T AR A X RIS, LBt b, FIARHEE MK
ks (CNOP) J73&iIR%BI T iZR5&F/KITIEA B IRV SRR, FHXBUERX M
MRBESGETT 9, ERRB, SRXFEMNTHARRIEHSBAT. LT
EMRZ AL, MRBRTEBHNERTAXE, PTEATIZERK BT R
AIRFIDHHE, KRBT RIEARA AR EEKEFNEEF M,

RE, BEMWREGENRE (OSSE) %57 CNOP JIEIRA A SURX A
B, B, RIE CNOP BINIRIRZEMNEER D REENFMIRAEXE, ik
T 3 NREBHREHMA L2, 3 A X T U BIRREES RIEER
i, WAKMPIZLUKEXESNEW, EREANELGURX K AN 7
B MR AREERS LA R E KSR ANMERRO TS ¥, [
X b X B B BB RE R E LU B SR A AR M HRAY TS 1%, EEEE/)
—L, XHE—HB/R T RILA RN AOREKEMHNER M. H— P ITRBER
XiR% (BUASRXYRHNTRAR) TEREEWLARBBXANE,
7E W P B ER IR Y I AU B & T RN AR B 7K B 9395 . 7R T BB F AR B 7Kg 72 L
ABENKAAERAITE, Fib IEERNRFDEHLAFIENAKTE, XA
FRNEAWELR.

22



481

482

483

484

485

486

487

488

489

490

491

492

493

494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520

RARERE R BARUNITET AE RS LU P95RFE KPR EIS, AT
RN —RBEKFEHHTON, SREBNE L HREKEFHITIT,
MR FitER, UEFHIESEFUNALIE. o, RRRFEKEFOER
XAUTARMEKIEL=SF, WEBNEXEZHFEIN, T—F FTRHGRXRE
ZALUAEER, SHUAEANNEURX, Mol USSR GE.

RN, EARREREKEMGD, NRSEHD T LEARREKEMHNEERN
RGARRIERR, A, SRKMRATHRIESRXE, B75R 7 RIELIRIA
REEKEMHNESENE. BT, JRUEE BN T A2 R KEHNES

FE. #HhATFHEKNOIHESREES.

BOM: B EREAPEEMBENE “HRRABPEREYRE " R

S 3k

BB, TEH, Bk, 52019, HUERAHURAN R TWI E A TRTE: B SRED]. AURSIFETT, 24 (3): 3%6-
406. Duan Wansuo, Wang Ye, Huo Zhenhua, et al. 2019. Ensemble forecast methods for numerical weather forecast and climate
prediction: Thinking and prospect [J]. Climatic and Environmental Research (in Chinese), 24 (3): 396-406.

B, PR, JASEN.2007. ARk SRS I VAL G R W FE b ORI RL A (). KRR, 31(6): 1102-1112. Mu
Mu, Wang Hongli, Zhou Feifan, 2007. A preliminary application of conditional nonlinear optimal perturbation to adaptive
observation[J]. Chinese Journal of Atmospheric Sciences (in Chinese), 31(6): 1102-1112.

PR, TRER, BAIEHE, 5. 2023. 2023 4F 5 A 20 HERFEK IR R T o (79 SRR L AR PR AR R LS 459090 (2023),
P82. Sun Yingshu, Qiao Yu, Zhao Haiying, et al. 2023. Analysis of the heavy rainfall process on May 20, 2023. Summary,
Compilation, and Review of Forecasting Skill of Major Weather Process in Shanxi Province (2023), P82.

JHFEM, 5KBE. 2014, BT CNOP J5ik) & M F AR LI b = b GEURR X1 i 75 58 (K LEARBIT T2 (0], K/URESE, 38 (2): 261-272.
Zhou Feifan, Zhang He. 2014. Study of the schemes based on CNOP method to identify sensitive areas for typhoon targeted
observations [J]. Chinese Journal of Atmospheric Sciences (in Chinese), 38 (2): 261-272.

JHFEN, FKEBL, M35, 42024, EFXSEERT BRI HARIIRS. BAFEERUEIL S 2024SR1903116. BAFHALH ] 2024
411 H 26 H. Zhou Feifan, Zhang He, Ye Yiwei, et al. 2024. A target observation system for rainfall forecasting. Software
copyright registration number 2024SR1903116. The software authorization date is November 26, 2024.

Birgin E G, Martinez J E, Marcos R. 2001. Algorithm 813: SPG-software for convex-constrained optimization [J]. ACM Transactions
on Mathematical Sofware, 27: 340~349.

Chan P W, Han W, Mak B, et al. 2022. Ground-Space-Sky Observing System Experiment During Tropical Cyclone Mulan in August
2022[J]. Adv Atmos Sci, 40(2): 194-200.

Chen G, Wang B, Liu J. 2021. Study on the sensitivity of initial perturbations to the development of a vortex observed in Southwest
Chinal[J]. Journal of Geophysical Research: Atmospheres, 126: €2021JD034715.

Dai G, Mu M, Han Z, et al. 2023. The Influence of Arctic Sea Ice Concentration Perturbations on Subseasonal Predictions of North
Atlantic Oscillation Events[J]. Adv. Atmos. Sci, 40: 2242-2261.

Duan W, Li X, Tian B. 2018. Towards optimal observational array for dealing with challenges of El Nifio-Southern Oscillation
predictions due to diversities of El Nifio[J]. Clim Dyn, 51: 3351-3368.

Feng R, Duan W, Mu M. 2017. Estimating observing locations for advancing beyond the winter predictability barrier of Indian Ocean
dipole event predictions[J]. Clim Dyn, 48: 11731185 .

23



521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544

545

Liang P, Mu M, Wang Q, et al. 2019. Optimal precursors triggering the Kuroshio Intrusion into the South China Sea obtained by the
Conditional Nonlinear Optimal Perturbation approach[J]. Journal of Geophysical Research: Oceans, 124:3941-3962.

Liu K, Guo W, Da L, et al. 2021. Improving the thermal structure predictions in the Yellow Sea by conducting targeted observations
in the CNOP-identified sensitive areas[J]. Sci Rep, 11: 19518 .

Liu J, Liu K, Guo W, et al. 2023. Optimal initial errors related to the prediction of the vertical thermal structure and their application
to targeted observation: A 3-day hindcast case study in the northern South China Sea[J]. Deep Sea Research Part I: Oceanographic
Research Papers,200: 104146.

Ma X, Mu M, Dai G, et al. 2022. Influence of Arctic sea ice concentration on extended-range prediction of strong and long-lasting
Ural blocking events in winter[J]. Journal of Geophysical Research: Atmospheres, 127:¢2021JD036282.

Mu M, Zhou F., Wang H. 2009. A Method for Identifying the Sensitive Areas in Targeted Observations for Tropical Cyclone
Prediction: Conditional Nonlinear Optimal Perturbation[J]. Mon Wea Rev, 137: 1623-1639.

Qin X, Mu M, Duan W. 2013. Conditions under which CNOP Sensitivity Is Valid for Tropical Cyclone Adaptive Observations[J].
Quart J Roy Meteor Soc, 139: 1544-1554.

Sun Shuai, Chunxiang Shi, Yang Pan, et al. Applicability Assessment of the 1998-2018 CLDAS Multi-Source Precipitation Fusion
Dataset over China[J].Journal of Meteorological Research,2020,34(04):879-892.

Yang L, Duan W, Wang Z, et al. 2022. Toward targeted observations of the meteorological initial state for improving the PM 2.5
forecast of a heavy haze event that occurred in the Beijing—Tianjin—Hebei region[J]. Atmospheric Chemistry and Physics, 22(17):
11429-11453.

Zhou F F, Mu M. 2011. The impact of verification area design on tropical cyclone targeted observations based on the CNOP
method[J]. Adv Atmos Sci, 28(5): 997-1010.

Zhou F F, Mu M. 2012. The Impact of Horizontal Resolution on the CNOP and on Its Identified Sensitive Areas for Tropical Cyclone
Predictions[J]. Adv Atmos Sci, 29: 36-46.

Zhou F F, Mu M. 2012. The time and regime dependences of sensitive areas for tropical cyclone prediction using the CNOP
method[J]. Adv Atmos Sci, 29: 705-716.

24



