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The rise of machine learning in forecasting – HEPEXAI? 

Florian Pappenberger 
Matt Chantry & many ECMWF colleagues 

 
Deputy Director-General & Director of Forecasts 





What the ML Roadmap has achieved so far 
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Keisler - GraphNN 
1°, competitive 
with GFS 

NVIDIA – 
FourCastNet 
Fourier+ , 0.25° 

O(104) faster & 

more energy 

efficient than IFS 

Feb 2022 

Full medium-range NWP 
Nov 2022 

Tropical cyclones 

Dec 2022 

Extensive predictions  

Huawei – 

PanguWeather 

0.25° hourly 
product 
 
“More 
accurate 

tracks” than 
the IFS. 

Deepmind – 

GraphCast 

0.25° 6-hour 
 
Many variables 
and pressure 
levels with 
comparable skill 
to IFS. 

ECMWF's ML Strategy: with a very busy and FAST evolving landscape 
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Jan 2021 

Machine Learning Roadmap 

ECMWF 

 
Strategy to 
embed Machine 
Learning deeply 
into the ECMWF 
operational 
chain 

Jan 2023 

Global & Limited Area 

Microsoft – 

ClimaX 

 

Forecasting 
various lead-
times at 
various 
resolutions, 
both globally 
and regionally 

Jua.ai 

 

1x1km global  

48 hours lead 
time  
 
5 minute 

timesteps 

Oct 2022 
1km2 global 

Apr 2023 

7-day+ scores improve 

FengWu – 

China academia + 

Shanghai Met 

Bureau 

0.25° 6-hour product 
 
Improves on 
GraphCast for 
longer leadtimes 
(still deterministic)  

ECMWF's  
Peter Dueben 
and Peter Bauer 
publish a paper 
on using ERA5 
at ~500km 
resolution to 
predict future 
z500. 

2018 ECMWF's ML 
scientific publication 

Spherical harmonics 
 

Jun 2023 

 
Diffusion modelling 

NVIDIA – SFNO  
0.25° 6-hour 
product 

 
Extension of 
FourCastNet to 
Spherical 
harmonics, 
improved stability 

Alibaba – 

SwinRDM  
0.25° 6-hour 
product 

 
Sharp spatial 
features 
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What ML models 

are showing... 



           What the forecasts are showing: Sodankylä,  Finland, 22 Feb 00UTC 
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To explore the ability of data-driven models to capture extreme events we examine a case study from Finland 
from earlier this year, when -29C was observed. 
We find that Pangu recognised the severity of this event earlier, however both the IFS and Pangu 
underestimated the temperature significantly, to a similar degree. 



What the analysis is showing: an undeniable skill 
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BUT Evaluation of surface parameters against observations demonstrates that the IFS is superior. 





           What the analysis is showing: the importance of Initial Conditions 
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What the forecasts are showing: Tropical cyclone Freddy (19 Feb 00UTC) 
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What about Uncertainties?  

 

11 EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS 



   
Why is Reanalysis used to train ML models? 

Reanalysis combines observations with cutting-edge weather 
models, to provide maps without gaps. 

 

ERA6 coming out in 2026... 



           What the ML forecasts are showing: potential gain in time and energy 
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ERA5: 

15 billion (one off) 
($7.4Mio (compute only))  

ECMWF HRES: 

180 000 ($90) 
per forecast 

Pangu:  

0.3 (<¢1) 
per forecast 



Impacts …… 
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Impact: Training & Staffing 
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Impact: Software 

CliMetLab simplifies access to meteorological datasets.  
 
Data downloading and loading is handled for the user. 
 After first download, data is cached locally. 
 
 
 
 



Impact: HPC & Anyone Can do it 
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ECMWF Experimental Chatbot 
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Chat.ECMWF.int 



Impact tbc 
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What now?  
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We could... 
 
 Continue as before... 

                    

Or.. 
 
 We can build on the existing collaboration to 

ensure that we are future-proof  
 

 

 

What’s next? 



Project overview: different paths towards a ML ensemble prediction at ECMWF 
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The hybrid model 
 

Enhanced and accelerated 

implementation of ECMWF ML 

Roadmap 

 

 

 

Delivering results 

Development of a ML 

ensemble forecast  
Data-driven model initialised with 

NWP analysis hence requiring 
conventional data assimilation. 

 
 
 

Embracing novelty 

Observations-driven 

ML system 
 

A whole system reinventing the path 
from observations to predictions. 

 
 
 

A scientific challenge 

 
 
 



Check them out yourselves ….. 
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Run them yourselves ….. 
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Did you pass the test? Congratulations, you are invited to apply  



What now? 
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Working together  

to improve  

weather predictions 


