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Abstract: Smart digital weather forecasting is a key means to support
meteorological service. Countries around the world are actively developing
new-generation seamless forecasting technology systems and promoting the
application of artificial intelligence in the meteorological field. China has established
a relatively complete intelligent digital weather forecasting operation system,
achieving seamless forecasting for the near-surface and three-dimensional
meteorological elements with a resolution of 1-km across the country and 5-km
globally, covering a time range of 0-30 days. By developing adaptable,technologies
through the strategy of implementing different strategies at differént thme seales and
integrating multi-source forecast, remarkable results have been achieved. ‘A unified,
standardized, and modularly expandable intelligenty digital general, technology
framework has been constructed, constructing moreithan 30Q.types of algorithms and
supporting "low-code" deployment, which plays an important role in major event
support and extreme weather forecasting. The in-depthyapplication of artificial
intelligence technology has significantly improved forecasting performance in
short-term and short-to-medium-term precipitation forecasting, severe convective
weather forecasting, and disastrous“gale forecasting by leveraging deep learning
models. Progress has also been’made in_refined downscaling technology. At the same
time, the data fusion and integration technology has continued to develop, and the
intelligent integration,of, objective/ and subjective forecasting has developed to
enhance the ability /to forecast, disastrous weather. China's intelligent digital
forecasting has improved the accuracy by 10% - 31% compared with the EC_IFS and
CMA models and is widely applied in many fields. However, it still faces challenges.
In the future, breakthroughs will be made in technologies related to the forecasting of
disastrous and transitional weather, low-altitude hundreds-meter-resolution refined
downscaling forecasting, industry-specific weather and risk forecasting, and the

integrated platform with the meteorological "intelligent brain™ as the core.

Keywords: Intelligent digital forecasting, technical framework, artificial intelligence,

multi-model fusion, refined downscaling.
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A IE S PR M TR (TS5, 2017) B K2 TRt o0 b S o A 5
CERIMAE, 2018; W75, 2018; ke, 2022; NE S5 202 , iR %
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J¥ (Brothers and Hammer, 2023; .Craven et\al, 2020; Glahn and Lowry, 1972;
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2020; MAFERAE, 2012) , AT AR A e AL B o 50 4 43 M 3 0 5 8 37 5700 W 14
[ e T A R ARG B

H 21 tedid, A RS RATIHR O 4 O R ASTIHR ML % (19 35 R R 34
(Glahn and,Ruth, 2003; Glahn et al, 2009; 4 {t%, 2019) . RETLLIR4HE
o5 B PR E TR R R UG T 2014 4F, S 5 6 M 2013 4E LLRT ¥ 42 [E 2400
ZABER Qi EWEGE L, 4 T o Fe WA E 10km, 5km F) 1km 545 [F]#
A4k, TR SO BLIHAN A COUN SRR D9 J A 30D 30908 15 I 0 R ek 340 g o )
TCEERR, THRE RN E M ER IO SR LU ARER. Mok FHRAEN
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SR T AR 55 77 it AN Rt B X ) H e A S AR, TR A E 10d
1km/30d. 5km 7} ###i% 10min/1h/3h/12h. 4x¥k 10d. 5km 43 #E3%3% 1h/3h/6h (1)
TR A F e b, KL ARURATREE R 7 AR E R PR B E AR
JR A EREUE R AR L (CMA-GFS) Wi A B R A PR H 0 4 BREUE R ST
AL (ECMWE-IFS) 138 B KU =) 4= BREUE R AU Ttk A 20 (NCEP-GFS)
LT 10~30%, ik 2 [ b 56 HE K, #0705 38 Pl R 5 v 1 L B[R] 267 it

2020 FLAK, KEHE. NTHEBE. aitESEH—REEEREIRT G
FBSH AT Z N o P IRARE R R ATIRECR, G gt 5 a2
BRIt b, WP hneg |5 2 AR ML 2] OUHIRER)D 5 N BEER
AR, SEBLTIR 1R 22 1T 1E Ik 25 g RN 22 YR St & 5577 THY SR T4
Nk, HBEAESREE (2019 TR, XiT EAsAm R E 8T R
TR B R AT R GRS, A5 R RATIH RGO [ bR & e 3
A& WEE REEC T R AR BB AT m B BB REUTIHR ™ i PE g S L AE
RATHRNRSS RN TE O AR ARSK ARGV LB AP, 1192 REs 9 re
RATRSIARR BN K IR BEE 2627, R BEE 7 TR R U™ i 1) 2% e TRl
S5 BB VMUAR SRAT b ) N A S s Br 35 B
1. HEBFE SRR RIIRK RS

FEFE Fr B5 R R R SRS B ReA . Bl MRS AG . RS DA K
AR 21 5 557 Jl DR A R B E AR I AR, 2O TR B AR I 138 B K e 7
i} (Vannitsem et al, 2021) , EIHREW flG 2 I TR AE B HIRAEE 4R (Craven et
al, 20200 , WS AR EH — AR AR RS B, SKEERS
F R 2003 FEHE R E SOHCF R B4 2 NDFD  (Glahn and Ruth, 2003) &, $th
NGGPS (Next Generation Global Prediction System Post Processing)11-X!l, & @&
B TR AE S S A T AL 5 (Tolman and Koch, 2019) , [RIRS 2% [F X £ 5
HAFES R4 NBM (Craven et al, 2020) , MECE AN R 53 R A il 2 A0 Bk
(Hamill et al, 2017; 2023; Stovern etal, 2023) , HRAHIZ /N 5B ) T 4% Bt WX 4%
Witk . PEESRE Met-Office Ti% IMPROVER (IUJE AbHE A S0 2 ) H2AR
ARG, RBUEEG TR KEA ISR, i‘%fﬁ?%ﬂlﬁ%%;ﬁ Al (Roberts et al, 2023).



8 [R5 JRi ) 2 SINFONY (Seamless Integrated Forecasting System) 0~12h Jo4% K
Wk 524t (Blahak etal, 2021) , & 7£ S i 3 )40 3 P04 ) To 48 i A 4%

AR, AR REIEAE A BRVE Hl A E DG . N LR BEROR A 9 W Tk
DT VER R Rt T # W18 (Haupt et al, 2021; Vannitsem et al, 2021) . {Science)
B CALFRBIR AR KR vFy 2023 S AR e KR —. NiREEAN
T B BB DA 5E 4 7y, VR E A E 1 ikeg TR . ECMWE 7£ 2021
FENIRATHIA K 10 R B (Machine learning at ECMWF: A roadmap for the
next 10 years) ", [ B R K Al SARTE BB R TR TR F B B . 2021 4F 11
H, EEEZFEFEMRKTERR (NOAA) KAT (NOAA" NI ZHekE ik LI
2021-2025), MEA T CIRHEAER (NOAA N T3 BE k& WA FLAYH Fi, 2023 45,
A RAL (WMO) FE5E 19 i F R Rk & 3@ XWMO [l i1 Xl
2024-2027), HE—LUIHG T N TR REAE AR R RN RZs H R 2 . A
WMO £ (ToZERR PR E AL B T4k SR St 4k 1] 2022+2026) ity 17 AL
BRERIVER, G40 N TR BeBORA Bt HagSoat 3 T I A I FAl , 4 i 2
ERA RIS HAL, DUIRE B 1 REAING G i R A B P £ 775
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A G R SR % R (CMA-NDFS), HEARFR 2R E. A
TR RZERHAE T BB DS PT TRAR M 55, SREC i it 5 2R A7 20 (R
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TG E 0~30 d ToaE k7 TR M BAR AR AT 2 WK 1o it I3 PR i 24058 2
PSR T SRR AMER R B EOR, Wi 473 Lucas-Kanade Stk
AN U-Net 38 52 2% > I SRS 46732, i JF A s 38 ) e F 1 22 i
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B, IERAR S, W) — MR 2 R TN [ S A ) A A BT OE
A QA JEE A 77 TR, 3 R T R 280 L A R v 2 2 /N RO U A S TR
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I CMA R RS BUE IR (CMA-MESO). CMA b 5T HRiH 5 57 i Hh H {1
. (CMA-BJ). CMA _EHSHUE TIR (CMA—SHO). CMA [ %< B 58 37 [ 4k B2 i
(CMA-GD). LLE CMA XA il (CMA-REPS) %5; Fi b A X5 finfay &
SRR HE AR TR, 40 CMA-GFS. ECMWF-IFS. NCEP-GFS. HAS %5
A ERHAE R TR G TR s 117 A A 0 00 75 B T 2 4% S A B M 3R
Tk 248 (GEPS/ENS) /= fh, 41 CMA-GEPS. NCEP-GEPS. ECMWF-GNS %
i o
® 1 PRAZEHEHE TR AR GHEA

Table 1. National Intelligent Digital Grid Weather Forecasting Systept Technolegy‘in China
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EHERGR  REAEZE AR VAR M s K. R, A TN
St SR AN WRERSE IR B, 1% Gt 58 47 55 PR OR AR 440 J 7T 53 F M 77 T T T ok
ORI SE . ik, Fd 1 G — B Resier R AR OB AR HE R —— E R R 2
KA ARMESE (National Integration of Multiple Models, NIMM). %A
HERBAEAML Al PRAEICES 5



] S
F_‘Z%% ~ NIMMEEL{ETR nimm_flowEERiERE BEEHFIRV2.05
~ <o WBIGHIEE  RSEENENE FIERA
R (L
\
" L m—m RISHIE( il FaEm | [ ERS
HZEE RIRETE | [mew | B wa | BN
] Eﬂ [ ooo
ﬁ%; ~[-]—m—-399
[] [0 CJ [l eoo
BiaER (L5) BEER BEUITIE (FW) ZRBE FE) 2 g 3] Z3ja)RE REE
L] N
EZEE T Gi—pythonftid  Gi—iiL: M G—HEEE 8
(3 RASHIEBEE  (PluginfICLIER  TMARIEEI R
1 (\
] N
e B)lri: ” GMERE, 1 SRSEMENT  SRERE. AN
ﬁﬁ% & P 2 &, WERES 5. &8 BRI
\

1 ER% 2B AERIRBARELE INIMMD

Fig. 1. Technical framework diagram of National Integration efdMultiple Models
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Table 2. Main algorithms of the technical framework of National Integration of Multiple Models
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(b) #&Hf 84h TR, (c) AT 72h FiFk
Fig. 2 Comparison between the actual accumulated precipitation in the heavy precipitation
process in North China on "'23.7"" and the forecast by NIMM.
(a) observation of precipitation accumulation in the “23.7” process, (b) rolling update forecast of

precipitation accumulation of NIMM for the same time period of “23.7” process ( forecast at BJT

20:00, July 28" ) ,(c) same as above, but forecast at BJT 08:00, July 29"

2.3 NTEBREARRFAFZMRENH

AR o BT 253 43 0 S 0 R BB ASE OB PO G, I i el o v A
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22 SR, sl NS s KA 2 B ) D IR I IE | RN SR IEK I 2 RIE(E
S WHRF B RGS TIARA b 1) 3 2 BRI BCRSE RY 25 R A 7 58, SIZE A BRORH X 3 pse
AW ZRIE AR %, Ak 0~12h 3% 1h. 1km 23 HE (B K TR i, 56
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T ECMWF-IFS 132 T+ %14 30%.
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Fig. 3 Short-term precipitation forecasting technology based on the structure of conditional
generative adversarial network

FIHHHREK T, B2 T U-Net AR I 2% (GCNNOWIS AL, 42 T —Fh
=2 EFIETERL G B K TR T IEEAY (3D-QPF), i 18y N\ Hi (B AR 2 Tl 22
B DR T R A TR I 2R R R e P\ G i T 4R (R A R S A
itk (CLDAS) iy 24h St K E/E MRS R Rk 58 . b4k, £ 3D-QPF
FEAily b T X ) SRR R = SR IIN swin-Transformer £ kit &
TIEER, BA K B AR E S TSI 40 e BB AL, $2TH K BL_E 5%
IR AR . R, BRI T Stacking £ 12 =1 77 6 2 A 1 Bodhe 3k 47 38 N 1k
PEENUH N 7850 R B [F) ik R 5, PSR AN P S 2 Al 22 L, 3
15 2 U5 B K W SRR TR o IR B BT, # ECMWF-IFS Tl it RE $2 1 24.8%,
H 2R BRI R e T B — IR FE S ST IR b

R A KRR B S5 iR R AU TR 5 T TR e T — i T R 22 X 2% 114
GBI DR FE 25 1 A AR 7732, 3@ I\ 5 8 2 R XURIIK & AT 9%
SRR T, SEIL T R R KES S SR R AU R R T . 4 SRR,
TR B8 25 o B I i ZRORTOK R, 14 73 S Uk 2% i T SCHRe ) odL s BEALAR PR 554
GENLAS 2 > 5L o A PR 25 ) B 1 2 UL PN 9, B A% 4t 32 0 F00) ¥ 7 L B 47 1)
TRINEE TS o B2 R ERFEAK S OB TS W57l 1 16.1%. 33.2%. 178%

(Zhou et al, 2022) .
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RE MR TR, 9T SRR TR AT IERe 77, Jo R 5 F P R

AT, $EH— M AP E L R AR L 2 2] Bk 2 (Yang et al, 2023) (]

| E4) . AXF T ECMWER-IFS B XUE TR, 280 teit U-Net AT IE J5 i XU T

AT AR ZEAE 24~168h THAR N &8CF 2 FEAIK 22.8%, XF T 6 4 LA 5 KUK
TR R R T 6.4% (Yang et al, 2023) .

Fik AT ) TR i %
[ SN | e -
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g = 7 VA 7 / o
- g ( v 4 § . y i " 7 . 4
N e o)
’ Rt s J i L d e § -
] BREHRENL ? =
SR 4
E RERE =
AR Fi(0)

Fi(®) = Fi(®) — &(0 | ’

Hfi fﬁi{ﬁmJQIO*Bkiﬁfﬂm T IE 10K SR B

Bl 4 REKRR U-NSE MBI %M (Yang et al, 2023) REE
Fig. 4 U-Net neural netwark strueture fordisaster gale (Yang et al, 2023)

T2 A2 S RIS, SR AR — 2025 i 1 RURE I SE R = LR AL ) 1)
R, FEALRER 2mAUR. 2m AKX . 10m R\, HbEASUE S S HUE AR L R
REMER, K 3s BARGE BRI 3 A\ P R TR 7 T, kAT 7 K&
IR TE . RN BER TR PR T, AR 7 R RE 4 {b 36 {82 (Fast refinement
interpolation )« CYEE 7545, 2024) KX 12.5km T 2% (A1 f& )% 21 1km, fifok
BRI 2 b BT 1R 22, F 4 s 3l [ml ) A 7 vk (B D875 45, 2019)
MR RG R, ks 0 PR R R S Tk . TR T i =R . UL
Tk (24~240h), MK 1 2h# 3 B A2 Z % R 75+ (Dynamic vertical change rate
downscaling method) CEXEGEZZE, 2023) , HH45& KRS FERIEM HiE#AT1T
IEFER, SEHLAER Skm PR S tRIE T FIN, iRk N E R
WEEAE T AURRARBR A, WK T BT 2 ML S I NE BRI R, 4G
RAL RS FEN I BRFAE TARR A 2 R R ARIE R, ST T w28
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A BRLS TR (Sophisticated Terrain Nimble Forecast, STNF).
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L, AL S HIEXS 2m SRR AL . LS PR ER AN PG AL ERHBIX B 2m X
155 M T8 IR S A AR IE B, B ROFE VT TE LA &5 SR 0~ 35 40 0 158 22 B M 2 ME A 1B
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(b) FERERAIMETER (Skm 25530,

(c) BREBHALIM ( LkmaBHX),
(d) CLDAS (1km #p##3R) LIRMA L=

Fig. 5. Techniques and Correction forecast effects of spatial downscaling for model products

(a) 6-hour 2m temperatureyforecast product starting from 8 AM on December 24, 2024, for the
ECMWEF-IFS;

(b) 6-hour, 2m temperature correction forecast product with 5km resolution starting from 8 AM on
December 24,,2024;

(c) 6-houri2mtemperature correction forecast product with 1km resolution starting from 8 AM on
December 24, 2024,

(d) a fusion product of 2m temperature multi-source observations from the CLDAS-1km data at
14:00 on December 24, 2024.

3.4 FEDLITIREE BB LR S AR AL

T 0o ¥ SO B RS SR, DL AT RCHHRAS B IFIT R Rl & PR 2 H Al iR i
WAL AR % (Craven et al, 2020; Song et al, 2018; Wilks, 2019) . fl& 755 &
RE RS TR ASENE o B LI 72 A B Y SR A 2 A BT ) TR
AR 22 R & H BT e R AT T R EER I BoR T = o TR Y
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D7 KRB LAy N At THi2: (Sun, 2004) . JE-F- P RE A 7772 (Wang et al, 2021)
ARG 72 (Raftery etal, 2005).
AR B M0 % A TR 2 B PR B T HERE (R AR (5 10, LEE G 2
YRR A R B SRS, TR A LA LI & MR G4 5, SR
SRR TIPS, TR R A B 7 B A 5 S & 1 T
ORLER, SR SR B 2 ) T A 7, 34T S BRI B T OB . L i
AR N, Wang etal (2025) I
Xf 2023 4F 3 A & 2024 4F 2 A4 2411 NEFE LS Zuhah & THRIT RdG 5%, H
VE: wORBARE ., AR E TR MAE B8 6 I BUT Y Sk P DR AR 5
FEIEAT R LR AR M P RO A B 7t N A i
0 P R PR DR B 1) T AR e 1 L A N T EL i it
T 5% BEEKTH F %, BOELABERFEABAEIHE RENIRETGE, BT,
JEE SR K BAT X RS 75 FE 25 Ao,
N e LA
E e T, FAELG (L) ERER BRI RS0 TS (| e b
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ANREHEZEH PR ENRETEE, BATU. JRMmRBEAT RS 75 M 25 T§ohidk.
& 62023 F£—2024 4 H 2411 NERFSZWI -3 B B0 380 S E R A TR - E i et
wE (MAE)

Fig. 6. From March 2023 to February 2024, the MAE of the merged temperature forecasts at
08:00 for 2411 national stations in China.

(The blue line represents the weighted average in proportion to the inverse of the MAE; the cyan
line represents the merging using the optimal estimation algorithm; the red line“represents the
merging using the optimal estimation algorithm and discarding negative weightiypatterns (i.e.,

selective merging). Hollow circles highlight instances where selective fusion outperformed optimal

weight blending, with the improvement passing an F-test at the 95% confidence level, The colored
vertical bars illustrate the distribution range of daily average errors for.€ach blending method,

where the top and bottom ticks correspond to the 75th and 25th percentiles) respectively.

FESEBRFIAR A, AT e 2 T 1 20 30T PR A8 22 15 9 00 P A =l 22 96 A
— 5, PR R A A5 DX I T UL I BRARRA SR N 5 S0 P AR R A e 2245
S PRAE R . U PR AREE T SE T SRR SRR, TR B 2 o
3T =08 (Three Cornered Haty TCH) BEiE T & A A EE £ #8208 il K
TR S, 2R E kA E AR RN A e E R, HIRAETARE
LRGN AT LLse Bl =Rl E e 52 ik 2 R IE A € B4 I8 (Tavella and
Premoli, 1994).

2.5 ZMERIERAN EUME R AR EZNRE

BB T R AR AL S LE AW R T, (R0 9 FVERE AT IR, 08
A BEAE B TR 5% AT DR — AR Ty e Y TR IR 55 e /0 o ik, 72 240 ok
KBTS R T, T AR IRE R EG AT E R4 (MICAPS)
(% H 2255, 20100 HilfEmi FEKEEg s MRS ™ 5, e 0o
XL R AN A B TE X TR 9 T i 1 A TR 57 TR A58 Pl R A A 88 R
RATHREE RAIRE =0, KE T AR E R M A BA
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Fig. 7 Fusion example of high temperature warning process. (a) Intelligent grid guidance

forecast of 24h high temperature from 20:00 on July 10th to 20:00 on July 11th, and the (b)
forecaster's subjective forecast and (c) fusion of objective-subjective forecast for the

corresponding time period
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H1 2020-2023 - e LR 5 8 B B R TR % TR B R TR a0 25 S mT LA
BRI B T LR .42-3), /K (24h i’ . =50mm/24h. =0.1mm/3h).
AR ORm AR BCRIR. 3h B AR FEEEUF Hii Al ECMWF-IFS.
CMA-GFS Fitfionf b, BL 24h LA BT I 2055k 0151, CMA-NDFS FiR& # 2K
B A S IIT IERTS, HER IR 10%~31%, H& R RATRAE
2020--2022 =3 ) R IR R I IOBHA U B, ZHE R T HFFEE KL 3%~6%.
WAL Gy B0 45 i T TR K Gl e ST e, IR HERF 0 TS PP I 22 I E AR
52 R R R A% T 55 7 AT VP A AT R T2

R 3 2020-2023 FFHBEEHFRATM B SLRER 24h TR 45 F

Table 3. The verification results of 24-hour forecasts for various meteorologicalelementsin

intelligent digital forecasting from2020 to 2023

2020 2021 2022 2023
24h K ER= CMA-NDFS 0.222 0.232 0.215 0.209
50mm ECMWF -IFS 0:181 0,193 0.161 0.158
TS P4 CMA-GFS 07119 0,136 0.085 0.115
3h fEAKE= CMA-NDFS 0.366 0.360 0.387 0.356
0.1mm ECMWEF -IFS 0.365 0.349 0.370 0.347
TS PE4> CMA-GFS 0.323 0.325 0.346 0.350
CMA-NDFS 67.49% 69.73% 74.03% 71.99%
e
ECMWEF -IFS 59.68% 57.79% 61.45% 60.08%
FRIRHER =R
CMA-GFS 45.19% 47.33% 45.99% 45.47%
CMA-NDFS 70.77% 73.17% 75.99% 74.29%
AR
ECMWEF -IFS 69.08% 69.33% 67.57% 67.37%
FRIRHER =R
CMA-GFS 53.34% 58.37% 58.71% 59.64%
H CMA-NDFS 53.84% 54.20% 50.91% 56.44%
TR AL R ECMWF -IFS 45.82% 45.72% 45.64% 45.89%

17



CMA-GFS 40.47% 40.63% 40.85% 39.11%

LA 2023 fEREAK TR A, BE— 5o IR I R e 0 R S A A TR R e
ey 1igh SRR Ko LR B 25 2R (1 -8, mTLLE RN, 4R (0~12h 1F
1h) CMA-NDFS=0.1mm/1h HJFK TR TS PFo0 A8 B AR o HfE X 24

(CMA-MESO) il BB RAETE, “F4EH 15%, JUHAET 6h ~Fiy4gstnik
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(a) 0.1mm/3h BFE AR TS i¥49, (b) 50mm/24h BEBRATR TS i¥9 , (¢) 24h BRI

AR
Fig. 8. Results of the verification comparison between nowcasting, short-term, medium-range, and
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extended-range precipitation forecasts and model predictions from January to December 2023,
the chart a and b represent the 0.1mm/3h TS score and the 50mm/24h TS score, respectively, and

the chart c represents the 24-hour clear/rain forecast accuracy

BB T RATRS W, FEAE AR, AR SRR, DL
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ORI AR B SR R S5 55 2 A0, FREERIEE AW BUERIIE A, JE A el
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lhn, FEB; 9k I A ROR AU R TR SCHE 7 T, 202342 H 18081 ez %
B & AT R s, Ak I R K S (L 99 7RI i B 7 H
30 H, R AeEr RATERM BN IFEE] T 0.576,«/ NEEMgF/ris3 0541, A
IR S P K PR ML 95 54t 1A 0 S8 B RE B Bk TR AL I L AR ) 38 4T AR
FIYTE], &y A E TR B 45 R B, A 25 mm\50mm #1100 mm &2
(¥1 TS PP i B A HUE R ™ dh

MAIT-V2 24/ B IRiHREK B B CAR) SR (A0 20239077529 E2089 0368154 ECMNF_HR 24/)B1 IR RK MBI GAR) SR (M) 2023507, m H?cn 03688

50° N~ ERSTNEK 20235077330 H088-07A 31 Hoset ¥ 50° N: BRBTNMK 2023607 30 H08R1-07 31 08I
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B9 “23e7” HediBRMEAKERE 2023 42 7 A 30—31 H R iHMKESER (HAD 51E7 36h
Tk GHE) XFE
(a) CMA-NDFS, (b) ECMWF-IFS
Fig. 9 Comparison between Observation of the 24h precipitation from 08:00 on July 30th to 08:00
on July 31th, 2023 and the corresponding intelligent digital 24h precipitation forecast between the 12 h

to 3 6h lead times at 20:00 on July 29th of (a) CMA-NDFS and (b) ECMWF-IFS
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PEfE, 3h N 20mm L EREIKE) TS $F0 8 ECMWE-IFS BTk i2THE 30%.
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