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Find equations

How do we build weather and climate models that are based on physics?

Define grid

Discretise equations

Represent subgrid-scale

Constantly compare 

against observations



Earth System model complexity

Source: https://www.giss.nasa.gov
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1980-2020: The quiet revolution of numerical weather prediction

Lead time of anomaly
correlation coefficient
(ACC) reaching multiple
thresholds ( High resolution
(HRES) 500 hPa height
forecasts)

© 2023 European Centre for Medium-Range Weather Forecasts
(ECMWF)
Source: www.ecmwf.int
Licence: CC BY 4.0 and ECMWF Terms of Use
Created at 2023-10-09T07:30:50.132Z



2015-today: The digital revolution

Destination Earth allowed to realise 
the Digital Revolution in Europe



More realistic at global scale

More realistic at local scale
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Global km-scale models improve realism of simulations 
significantly and are now becoming available.

2015-today: The digital revolution to allow for km-scale models
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Km-scale models improve model realism significantly, 
ōǳǘ ǘƘƛǎ ƛǎ ƴƻǘ ǘƘŜ ŜƴŘ ƻŦ ǘƘŜ ǎǘƻǊȅΧ

Integrated Forecasting System (IFS)

Machine learning has currently a huge 

impact on Earth system modelling.

Artificial Intelligence Forecasting System (AIFS)

Andreas Mueller



In 2022 machine learned forecast models from Google, 
NVIDIA and Huawei are beating conventional weather 
forecast models in deterministic scores and are orders of 
magnitudes faster during inference.

2022-today: The machine learning revolution

Image from Lam et al. (2022)



2022-today: The machine learning revolution

The concept:

Take input and output samples from a large data set

Learn to predict outputs from inputs

Predict the output for unseen inputs

The key:

Neural networks can learn a complex task as a ñblack boxò

No previous knowledge about the system is required

More data will allow for better networks

Inputs Outputs
machine learning



Machine Learning ς Why now?

Increase in data 

volume

New computing 

hardware

Increase in 

knowledge

New machine 

learning software



Neural networks ς the good, the bad, and the ugly

The good news: Neural networks are universal. No matter what function we want to learn, there is a 

neural network that can do the job if enough data is available and if the neural network is complex 

enough. See the ñuniversal approximation theoremò.

The bad news: 

However, neural networks are often not the best tool for the job. 

(Take the example to learn an equation.)

They are also very difficult to interpret.

The ugly news: Neural networks are horrible when they are asked to extrapolate.

Source: https://xkcd.com/605/x

y

Linear fit

Higher order fit

Source:http://neuralnetworksanddeeplearning.com/chap4.html



How to build a machine learned model with knowledge about the physical system?



Atmospheric state:

X(t), X(t-6h)

Prediction:

X(t+6h)

Artificial IntelligenceForecastingSystem

TRAINING

AIFS  MODEL (Graph based)

INPUTS OUTPUTS

processor

16 layers
encoder decoder

AIFSt -> t+6h

Lots of neural network architectures successful. 

All share weights across space to some extent.

Slide from Mat Chantry



In 2022 machine learned forecast models from Google, 
NVIDIA and Huawei are beating conventional weather 
forecast models in deterministic scores and are orders of 
magnitudes faster during inference.

But how do these models actually work?

In 2023 we still had many questions:
Can they avoid the smearing out for long predictions?
Can they learn uncertainty? 
Can they extrapolate and faithfully represent extreme events? 
Can they represent physically consistent forecasts?
Can they do data assimilation?

Images from Keisler (2022)

2022-today: The machine learning revolution

Image from Lam et al. (2022)



https://www.ecmwf.int/en/about/media-centre/news/2023/how-ai-models-are-

transforming-weather-forecasting-showcase-data

https://www.ecmwf.int/en/about/media-centre/aifs-blog/2023/ECMWF-unveils-

alpha-version-of-new-ML-model

2022-today: The machine learning revolution

Lang et al. ECMWF Newsletter 2024 and the AIFS team

https://www.ecmwf.int/en/about/media-centre/news/2023/how-ai-models-are-transforming-weather-forecasting-showcase-data
https://www.ecmwf.int/en/about/media-centre/news/2023/how-ai-models-are-transforming-weather-forecasting-showcase-data


Can machine learning models avoid the smearing out for long predictions?
Can machine learning models learn uncertainties?

This is for Googleôs GenCast.

Images from Price et al. 2023.

Yes.

We now also have ensemble AIFS. Lang et al. 2024 arxiv:2412.15832v1.
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Can machine learning models represent extreme events?
Can machine learning models represent physical consistency? Yes.



Can machine learning models do data assimilation?

Data assimilation is the process to blend information from observations and model simulations to 

find the optimal initial conditions.

Why would it not work?

There are no easy training datasets for observations comparable to ERA5 or WeatherBench.
The further you go back in time, the less observations you have, and the more information needs to be filled.

There will be a huge null-space.

What do you do if satellites appear or disappear?

Why would it work?
All individual steps of conventional data assimilation can be replaced by machine learning.

Generative methods can fill in gaps, for example in down-scaling or ensemble simulations.

Machine learning is amazing.



Quote from Christian Lessig (ECMWF):

We should not only try to replace data assimilation as we may not need data assimilation in the future.

Can machine learning models do data assimilation?

Christian Lessig


