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Figure 1 Pangu-Weather’s 3DEST (3D Earth-Specific Transformer). (a) 3DEST architecture. The 3DEST processes 3D weather data using codecs and
block techniques and utilizes positional biases optimized for Earth data to accelerate model convergence. (b) Hierarchical temporal aggregation
algorithm. Forecast models FM 1, FM3, FM6, and FM24 correspond to lead times of 1, 3, 6, and 24 h, respectively. The 56 h forecast is streamlined by
using two 24 h, one 6 h and two 1 h model runs, thus minimizing the number of iterations!""
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Figure 2 Deepmind’s GraphCast architecture. GraphCast utilizes a Graph Neural Network (GNN) to convert input data from raw latitude and
longitude grids into derived features across multiple grids. It efficiently predicts weather conditions for a 10-d forecast in 60 st
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Figure 3 Schematic of the “Butterfly Effec” in a Lorentzian chaotic
system. This is calculated using the R-T method based on Eq. (1), with
parameters P=10, Ra=28, and b=8/3

2339



M4 EEL B 2024568 $£69% H17H

=R R RCR AR . K LI B0 15 B R )
REIR rp S A AR TR (g TN 5 SRR A R L S H . BdE [R 4k
RS B S N WPHERG ME A S R 28 2 —, BREE=A S FA T
B REH AR K SR R N WPRYHI IR S5 L TR R B, R
RIS T BRI A AN el it ik BB 0 A BR R A R, T
HoRfEAb . S, SRR L, AT EE
A% B RA SR RG5O

2.3 JETAUREL Fillt

T RSB TR ) ) BRAR B RN SR04 Ty 5 22 S S BT
SERAAE2E S, MR B R R L BERUZE R A S0k
IR AY DX 531 A AN [ ) AR R0 S [] RUBE R LR GE 13
MFHIA—. RIS PHGE L GE R AT B2 [ )
ZESR BRI AR E . A5 S IUR A 2B B
SRS, 2T AR BRIk REG HE— PR B A 5 TR A
ERGPERTAT (L. Az A TR ] LU st UL A B R
e AR R AT NS, SR A A Y B 4G
BRSO R A RGPS S R s &, %2
AVISE AL I R sl R 2 B, A T TR L
ARAHI AT SEANER A5 A B 35y > Dy il i I 2R fiE
RHERAL RIS SR, MRS B Y 55 B IR R 2,
A e D0 A TR SR, S S B AR 1 AN s .

ST AIRYAE G BT R BE B2 THRAE A E PRI fE
CHEFUR AR BERT AT REVE. SR, I 2607 IL7E 0 I ThT i Ak
PR AR - BRI ZRANRCE . L NS R 55
PR AESEPRR R, 5 A A IR R AR S, RS
BRIk, JEEAT SR A AL

24 RGBS ATHIE AT
N T B T 0 T By Ty T ELAT DR, R
VR AR R A TR 0, L R PR B 2 3 K

- (a) (b)

AR, EA%G T R E G ML B 45 [ PR3 ) 28 0] PR Y
AR TR, XN ZEAE i & Charney™  E 19794 85 1 14 25
AR, JELorenzfb M (i — b kil X AR AU AR B2, AP
PUE T RAAEL LR, R BT B KA P A |
X FPRAS S AR EE R, BAR AT AT AAR G 0 58 A5
HIFZRAR 5 R, HITCHRE B e 4 A T 28 A i A &
EUNScienceti s, “ARTIFFAESESE, BAIT7E TN ML XU i 4
FEAHE 7 AT A e R, 33 IR T AR B K- Fii
B 1] 57 1) 70 25 82730 A T A, Xf L Ak 3Bk =l 7 482 2 745 [ A

S, AP IR Bl AR RN AT TR AR 25 A 1EA T ORI
HORA TR AR A, 2278 5 R A E s L3 T e
R A TR A D sl Bt ke 2% 1 8 8 28 g ik ] 2 282 i)
Y, PR E L T A R AT R e (]
F, AR A AL S 8 T LorenzA LR PHEAR RS, HEAh, HE
S48 NPT OB B 3 R GE T B RS A AR (-3 AL,
LRI T AP BHRACEDY. a7 AP AR bR
MR AT s, EEE R —AERE S, R
TR SR, G T T E AR X SR
P,

AR BB S B SR Sl AR, 38 3ak 755327 2] g s 4
Pt B R AP BRI, TRANBUE RS TO S % T T
BHEIEHA L. SR B AR A TR AR B A 5 |
A, FeBE AR ALY TN B v AR Y B, SR
U AT R, RS i ATBERY (W 25 5 = RS TR
AT ST A A S R — A EE Ty ).

3 &5k

ANTERAREERG R T T 20, HOUFmME M

N TS E AT BIVFRIOCY), Sh M R R

PR THTABAL. B YRS B SRR h s S Sl A
T RERCRLIE W B 2 AR R B, 90 X SRR

(c)

pi 0.2 pi 0.2
0.2
0.1 01
0.15
pil2 0 N pil2 0
0.1 )
01 \ 0.1
02 405 — g -0.2
0 pil2 pi 3pil2 2pi -0.3 -0.2 -0.1 0 0.1 pir2 pi 3pil2 2p

B 4 AR4EChamey I6AIEBIN 5 2, 2N REAS ARSI AN 115 RN 22 A (RS RUR P A 8 i A, ey S e T Wl
T2 5L, (a) HERER ) 22 5 55N LB Y ZE T BRIAL; (b) B wy Ak, 26 mIPR I M 2 I PR AL A ST B (o) TBREEA ) 22 53 oy B 7Y
) 25 P At

Figure 4 Derived from Charney’s 6-intercept spectral model ", which simulates abrupt atmospheric processes influenced by thermal and dynamical
factors, with y, reflecting changes due to sea-land thermal differences. (a) Typical latitudinal circulation under weak sea-land thermal differences. (b) A
rapid transition from latitudinal to meridional circulation as y; changes. (c) Typical meridional circulation under strong sea-land thermal differences
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Weather forecasting is a complex and challenging task. Numerical Weather Prediction (NWP), grounded in atmospheric
dynamics, has long supported modern forecasting efforts. However, traditional NWP models often fall short due to the
nonlinear nature of atmospheric systems. Enter Artificial Intelligence (AI): With its capacity for nonlinear learning, Al is
transforming weather forecasting by introducing precise, data-driven approaches. Notably, Science named “The Al weather
forecaster arrives™ as one of the top ten scientific breakthroughs of 2023. It highlighted how meteorologists use advanced
computing to model atmospheric futures, a practice that previously depended on vast computational resources to solve
complex hydrodynamic equations. Al is revolutionizing this field by adeptly handling large datasets, learning
autonomously, and generalizing across different scenarios, thus efficiently managing the complexities of atmospheric
systems. Prominent tech companies like Google, Huawei, and NVIDIA have developed sophisticated Al models that now
forecast weather with an accuracy that meets or surpasses that of traditional models, all while reducing computational
demands.

Despite these advancements, Al’s role in weather forecasting is not without its challenges. As noted by Science, Al
models do not directly solve atmospheric equations but rather rely on decades of historical data, which can limit their
effectiveness in predicting extreme weather events. These models often struggle with interpretability, data uncertainty,
transferability, and the precise prediction of severe conditions. They cannot yet operate independently of numerical models.
While Al can effectively predict stable conditions and moderate changes, capturing and forecasting sudden, severe weather
events remains a challenge. In contrast, numerical models, with their solid mathematical and theoretical bases, are better
suited to understanding the physical processes behind these abrupt changes, although they too have limitations in accuracy.

Numerical models and Al models each contribute unique strengths to weather forecasting, and the future of this field lies
in effectively integrating both approaches. By incorporating Al techniques, we can refine the semi-empirical
parameterization used in numerical models, thus enhancing both the efficiency and accuracy of data assimilation
processes. Additionally, Al can facilitate the development of integrated forecasting methods that leverage multiple models
for more robust predictions.

Al’s data-driven capabilities are particularly valuable in compensating for the limitations of numerical models, which
may not effectively incorporate historical data. Introducing dynamic models can also enhance the interpretability of these
forecasts. By combining the principles of atmospheric dynamics with AI methodologies, we can significantly improve both
the accuracy and efficiency of weather predictions.

This article explores Science review of the progress in Al-assisted weather forecasting, emphasizing the importance of
further integrating dynamic systems and Al technologies. It identifies specific areas where these integrations can occur and
outlines prospective advancements. Fueled by interdisciplinary collaboration and advancements in Al, future weather
forecasting systems are poised to become more customized, provide real-time updates, and function autonomously. Such
evolution will lead to significantly improved accuracy in predicting extreme weather and climate, enabling more precise
weather forecasts.

artificial intelligence, weather forecasting, atmospheric dynamics model, numerical weather prediction, extreme
weather
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