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TCBench: M. Gomez, S. Ganesh, F. Tam, S. Darmon, I. Azizi (UNIL), M. McGraw (CIRA), S. Bourdin (Oxford)…

ClimSim: S. Yu, J. Lin, M. Pritchard, L. Peng (UCI), W. Hannah (LLNL), Z. Hu (NVIDIA), Kaggle winners…

HybridESMBench: F. Lan (UNIL), L. Bock, B. Gier, M. Schlund, V. Eyring (DLR), J. Lin (UCI), Z. Hu (NVIDIA)…

Benchmark Datasets for ML in Weather & Climate

Image: Midjourney



Atmospheric Physics + AI

Image Sources: Adhithya Sandeep, John Lund, Cal. Dep. Wat. Res.
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10m wind, 10-day forecast 
Source: Rasp et al. (2020), Lam et al. (2022), Rasp et al. (2024)

Time = Now
• Temperature
• Humidity
• Winds
• Geopotential h.
• …

Time = Now+Lead Time
• Temperature
• Humidity
• Winds
• Geopotential h.
• …

Accelerated progress in data-driven weather forecasting 
can be traced back to WeatherBench…
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See: Weyn et al. (2019, 2020), Rasp et al. (2021), He et al. (2015), Keisler (2020), Pathak et al. (2022), Lam et al. (2022), Bi et al. (2022)
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Accelerated progress in data-driven weather forecasting 
can be traced back to WeatherBench…

Source: 
WeatherBench 
(Google)



...but interacting Earth system components warrants 
multiple benchmarks at the climate timescale

Sources: ClimateBench Watson-Parris et al. (2022), Lütjens et al. (2025), Zewe (2025)
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Rapid intensification of hurricane Otis (Oct 23) exposed 
limits of both traditional & AI weather models

Source: Google 
Weather Lab

(Oct 2025)



Source: Scientific American
(Jan 2024)



Sources: Scientific American (Jan 2024),
S. Hoyer & S. Rasp

Emergence of probabilistic AI forecasters holds promise for extremes…



Sources: Scientific American (Jan 2024),
S. Hoyer & S. Rasp, Price et al. (2025)

…but how to objectively find best solutions with hand-picked tests?



TC forecasting framed as regression with known initial conditions



TC forecasting framed as regression with known initial conditions





Test set: 2023 Global Tropical Cyclone Season

Image source: Marie McGraw (CIRA, now Jupiter Intelligence)
Plot: S. Hoyer & S. Rasp (Google)



Source: Gomez et al. (2025)









Source: Gomez et al. (2025)



Credits: Sam Darmon (UNIL/EPFL)
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Source: Yu et al. (2023)
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Crowdsourcing to accelerate progress in hybrid modeling?

Slide credits: Jerry Lin (UCI, BU)





Offline, the Kaggle architectures have strong R2 skill 

Hu et al. 2025

Slide credits: Jerry Lin (UCI, BU)



ClimSim Online: Containerized pipeline to integrate ML models 
into operational climate simulators for hybrid testing



Online, stability is now the norm not the exception

Slide credits: Jerry Lin (UCI, BU)



Interestingly, no pareto-improvement with a single model
Confidence Loss Configuration

sota

Slide credits: Jerry Lin (UCI, BU)



Different architectures respond differently to the 
same architecture agnostic design decisions

expanded variable liststandard configuration

Slide credits: Jerry Lin (UCI, BU)



multirepresentationstandard configuration

Different architectures respond differently to the 
same architecture agnostic design decisions

Slide credits: Jerry Lin (UCI, BU)



Online biases are remarkably similar across architectures, 
underlining the limits of relying on a single ESM

Slide credits: Jerry Lin (UCI, BU)
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Hybridizing Established ESMs

Dynamical Core

ML-based
parameterization

Physics-based
parameterization

Physics-based
parameterization

ML-based
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Physics-based
parameterization

Physics-based
parameterization

Slide credits: Fangfei Lan (UNIL)



Challenges in Hybridizing ESMs

Dynamical Core

ML-based
parameterization

Physics-based
parameterization

Physics-based
parameterization

ML-based
parameterization

Physics-based
parameterization

Offline Training

Online Coupling

Slide credits: Fangfei Lan (UNIL)



HybridESM-Bench

Goal: promote objective comparisons of hybrid ESMs.

ML-based
parameterization

Online
Coupling

Evaluation:
HybridESMEval

Slide credits: Fangfei Lan (UNIL)



Four Hybrid ESMs

ICON-A-MLe (tuned)

ARP-GEM (untuned)

ClimSim-Online (untuned)

● Cloud cover ML parameterization
● Coupled to ICON-A

● Deep convection ML parameterization
● Coupled to ARP-GEM

● Full subgrid-scale physics ML parameterization (atmospheric storms, 
clouds, turbulence, rainfall, and radiation)

● Coupled to E3SM

HadGEM3-GC5 (untuned)

● Cloud cover ML parameterization
● Coupled to HadGEM

Slide credits: Fangfei Lan (UNIL)



HybridESMEval: Fast and Accessible 
Evaluation of AI-Powered Climate Models

https://github.com/HybridESM/HybridESMBench

Diagnostics based on the Earth System Model Evaluation Tool 
(ESMValTool):
https://github.com/ESMValGroup/ESMValTool 

from hybridesmbench.eval import evaluate

simulation_path = "/path/to/simulation"

model_type = "icon" # or cmip, soon ClimSim

work_dir = "/path/to/output/hybridesmbench"

output = evaluate(icon_output, model_type,

    work_dir,

    diagnostics=["timeseries"])

Easy to use Open source

Compare
Compare Hybrid Model Simulations to pre-

processed CMIP6 simulations

Also usable for AI-MIP simulations

Slide credits: Fangfei Lan (UNIL)

https://github.com/HybridESM/HybridESMBench
https://github.com/ESMValGroup/ESMValTool


Current 
Evaluation Plots

Map plots Time Series

Profiles



Portrait Plot

Compare Hybrid Model Simulations to pre-processed CMIP6 simulations

Relative Root Mean-Square Error compared to observations. The bluer the color, the better, the redder, the worse.

Slide credits: Fangfei Lan (UNIL)



New in 
HybridESMEval:
Basic Sanity Checks

● Check for negative mass concentrations 
occuring at any grid cell at any time 
(minimum is less than zero) or whether 
individual grid cells exceed physically 
reasonable values (e.g. total cloud 
fraction greater than 100%)

● Compare global monthly means to 
minimum and maximum values found 
in reference datasets, with reasonable 
limits shown as red lines



Source: Dueben et al. (2022)
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Website: https://wp.unil.ch/dawn/publications/
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