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Weather Forecasts – NWP? Data Driven? 

Traditionally weather forecasts are generated by running a NWP model – computer code that has been 

designed to represent the physical processes governing the evolution of the atmosphere. But can you produce a 

forecast without a NWP model?

Analysis Forecast

Fusion of a short-range forecast 

with the latest observations

NWP Model

Data-driven Model

Learned from 40 

years of analyses
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Weather Forecasts – NWP? Data Driven? 

Recent advances show that this is possible …

Here, the model learns from ca. 40 years of ERA5 reanalysis data, stepping, e.g., 6h from analysis to analysis

6h 6h 6h

The forecast is then autoregressively stepping 6 h into the future xn = f(xn-1) …
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AIFS: https://arxiv.org/abs/2406.01465
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AIFS: https://arxiv.org/abs/2406.01465
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Smoothing due to MSE 

optimization – 

deterministic training

IFS AIFS

12 h

120 h

240 h
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NWP

Add perturbations to 

physics-based forecast 

model

Build an ensemble of 

analyses states and 

forecast states



Ensemble forecasts … 
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Instead of an MSE loss, learn an ensemble via optimizing probabilistic scores

Loss: 

CRPS

Encoder Decoder

Process

or

Encoder Decoder

Process

or

Random noise

Random noise

…
Score matching via denoising (diffusion training)

Initial conditions

for example:

- Stable Diffusion -> Images

- Sora -> Video

- GenCast, AIFS-Diffusion -> Weather

a)

b)

for example:

AIFS-CRPS

https://www.nature.com/articles/s41586-024-08252-9

https://www.nature.com/articles/s44387-026-00073-7
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Diffusion:

Forward process: add noise

Reverse process (learned): remove noise

To generate a forecast (single member): start from pure noise with initial conditions, run the model, 

e.g. 40 times, to slowly create a forecast tendency step by step ; repeat for the next forecast step 

etc. -> 12 h step, 360 h lead time, call the model 1,200 times

TN-1, SN-1 TN, SNT0, S0 T1, S1

…

https://www.ecmwf.int/en/about/media-centre/aifs-blog/2024/enter-ensembles

AIFS Diffusion AIFS MSE
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Encoder Decoder

N x Processor
Noise

Encoder Decoder

N x Processor
Noise

CRPS loss

Target State

(Truth)
Initial Conditions Forecast States

Diffusion – AIFS-Diffusion:
Diffusion – AIFS-Diffusion:

CRPS-based training -> AIFS-ENS

Probabilistic training of AIFS:

Members should be close to the 

truth

Differences between ensemble 

members should represent the 

forecast uncertainty

https://www.nature.com/articles/s44387-026-00073-7
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Member 1 Member 2

Member 3 Member 4 Analysis

Single
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Member 1 Member 2

Member 3 Member 4 Analysis

Single



Probabilistic training of AIFS:

AIFS-ENS:

10-day forecasts



Make the loss scale-aware:
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Scale 1 Scale 2 Scale 3

Scale-unaware:

Scale-aware:

With ordered smoothing operators Di that partition of a 

function ϕ on the manifold M into n scales:

CRPS is computed point-wise on the full output field. However, atmospheric processes are inherently multi-

scale, and different scales contribute to a different degree to the loss function -> introduce a scale-aware loss

https://arxiv.org/abs/2506.10868
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Multi-Scale Loss removes noise from predictions (here two scales):



Constraining spatial variability in machine-learned weather forecast models:Proper scores defined on graphs:

https://arxiv.org/pdf/2607.19161
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AIFS-CRPS N320 vs IFS ENS, 20240201 – 20240930, 00, 12 UTC, 50 members
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AIFS-CRPS Medium-Range evaluation
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AIFS-ENS, comparison with TIGGE ensembles

TIGGE: https://doi.org/10.1175/2010BAMS2853.1
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AIFS-CRPS sub-seasonal skill – Madden-Julien Oscillation
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IFS, AIFS-CRPS O96
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IFS AIFS-CRPS ERA5



Impact of artefacts in forecast, 2t and MSL – orography
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v1 v2

Standard deviation of all perturbed forecasts at day 15 for mean sea level pressure



Impact on artefacts in forecast, 2t and MSL

23EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS

standard deviation of all perturbed forecasts at day 15 for mean sea level pressure

v1 v2



Charts

IFS AIFS-ENS

Z500 hPa, 

mean and 

spread

Control 

forecasts, 

z500 hPa and 

t850 hPa



AIFS Single and AIFS-ENS are now operational

➔Forecasts available via charts.ecmwf.int and data via ECMWF’s open data policy

➔Code, training recipes etc. now available via Anemoi

➔Model weights open

Code (including training etc.)
Model weights:
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• Trained on 1981–2024 observations, combining long, harmonised records with recent observations representative of real-
time acquisition. 

→ HIRS, MSU, SSM/T-2, AMSU-A, AMSU-B, MHS, ATMS, SYNOPs, Radiosondes, CrIS, AMV, ASCAT, GPSRO, IASI, GridSAT

• Uses 36 hours of input observations, provided on a 6-hourly grid. 

• Here, O96 (~ 100km) resolution 

• Runs every 6 hours

• Produces a 10-day forecast in ~ 0.2 seconds 

Exploratory work: AIFS-DOP (direct observation prediction)

https://arxiv.org/abs/2606.19093
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MSLP                                                      2m Dewpoint temperature 10-metre wind speed 



Nudging the IFS to AIFS for both the control and ensemble forecasts

Why:  Translate large-scale skill improvement from AIFS to IFS while benefiting from high-resolution and physical consistency.

https://arxiv.org/abs/2603.05570
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IFS-ENS AIFS-ENS

Hy-IFS-ENS (nudged)



EnsembleControl

Forecast skill 

improvement by 

up to 18h in 

extra-tropics and 
up to 1.5days in 

the tropics.

Extra-tropics skill 

similar to 
operational AIFS.

Nudging the IFS to AIFS for both the control and ensemble forecasts



Nudging the IFS to AIFS: Tropical cyclones

Tropical cyclone track improved, while intensity stays the same as in operational 

IFS.
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https://www.ecmwf.int/en/about/media-centre/aifs-blog/2026/flow-matching-spatio-temporal-downscalingWhat else can we do with ML? 

Example: Spatio-Temporal Downscaling
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What is next?

- Higher spatial resolution

- Higher temporal resolution

- Further improve scalability (GPU kernels etc.)

- Longer time ranges

- Integrate / develop more Earth system components

atmospheric composition, ocean, etc.

- Further improve physical consistency

- More and newer datasets

- Exploit observations

- Products

- …
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