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(Un)sustainability
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from World Economic Forum - The Global Risks Report 2025 (sourced from WEF: Global Risks Perception Survey 2025)

(Un)sustainability
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https://reports.weforum.org/docs/WEF_Global_Risks_Report_2025.pdf
https://www.weforum.org/publications/global-risks-report-2025/data-on-global-risk-perceptions-2025/
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About Weather

Weather touches all our lives, every day

● Should I carry an umbrella?
● Should I flee an approaching hurricane?
● How should I price wind power on an energy market?
● What should I plant to be resilient to drought?

Google Search: Significant % of daily users check the weather

World Bank estimates 

● Global:  $160 Billion - Current annual benefits from 
weather and climate prediction

○ Potential: $5 Billion - Additional annual benefits 
from better models
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The Weather 
Problem & AI 
Disruption
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Weather forecasting context

12 hours

Nowcasting

  

2 weeks

Medium-range

  

6 months

Subseasonal-to-seasonal

  

100+ years

Climate
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Observations

800 million observations assimilated daily

~20 satellites from 5 agencies

Near-real time exchange of observations 
across political boundaries

Weather forecasting context
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ModelObservations

800 million observations assimilated daily

~20 satellites from 5 agencies

Near-real time exchange of observations 
across political boundaries 10 x 10 km resolution

>100 vertical levels ≈ 500M grid points

ENIAC supercomputer ~1950

Weather forecasting context
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Physics-based model

ECMWF Integrated Forecast System (IFS)

● Global, hydrostatic, primitive-equation model
● Horizontal velocity, temperature, specific 

humidity, log surface pressure

● Hydrostatic Equation
● Conservation of Mass, Momentum, Energy, & 

Water Species
● The Gas Law

● 9 km, 200 million grid points, 7.5 min timesteps
● 106  lines of code
● 1 forecast = 6-7 hours compute
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Progress over the decades, and recent years

Source: European Center for Medium-Range Weather Forecasting (ECMWF)
ACC = Anomaly Correlation Coefficient
Nhem = Northern Hemisphere, Shem = Southern Hemisphere

Improvement: 1 day / decade

14



Confidential - Google DeepMind

Physics-based model

ECMWF Integrated Forecast System (IFS)

● Global, hydrostatic, primitive-equation model
● Horizontal velocity, temperature, specific 

humidity, log surface pressure

● Hydrostatic Equation
● Conservation of Mass, Momentum, Energy, & 

Water Species
● The Gas Law

● 9 km, 200 million grid points, 7.5 min timesteps
● 106  lines of code
● 1 forecast = 6-7 hours compute

15



Confidential - Google DeepMind

Physics-based model

ECMWF Integrated Forecast System (IFS)

● Global, hydrostatic, primitive-equation model
● Horizontal velocity, temperature, specific 

humidity, log surface pressure

● Hydrostatic Equation
● Conservation of Mass, Momentum, Energy, & 

Water Species
● The Gas Law

● 9 km, 200 million grid points, 7.5 min timesteps
● 106  lines of code
● 1 forecast = 6-7 hours compute

Are these right?

Why so high?

Best representation?

What about 
clouds?
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ML-based models

ECMWF Integrated Forecast System (IFS)

● Horizontal velocity, temperature, specific 
humidity, log surface pressure

● No equations!

● 28 km, 1 million grid points, 6h timesteps
● 105  lines of code
● 1 forecast = ~ 1min
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Progress over the decades, and recent years

Source: European Center for Medium-Range Weather Forecasting (ECMWF)
ACC = Anomaly Correlation Coefficient
Nhem = Northern Hemisphere, Shem = Southern Hemisphere

Improvement: 1 day / decade
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Progress over the decades, and recent years

Source: European Center for Medium-Range Weather Forecasting (ECMWF)
ACC = Anomaly Correlation Coefficient
Nhem = Northern Hemisphere, Shem = Southern Hemisphere

Improvement: 1 day / decade

Improvement: 1 day / 1 year

Physics-based baseline
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GraphCast

Global
10-day
Deterministic
GNN

Sep 2021

Dec 2022 / Nov 2023 Dec 2023 / Dec 2024

The international journal of science / 30 September 2021

Precipitation
Nowcasting

Regional
2 h
Probabilistic 
(GAN)

GenCast

Global 
15-day
Probabilistic 
(diffusion)
GNN + 
Transformer

Nov 2023

MetNet 3

Regional
Precipitation
12hr
Launched on 
Search!

Jan 2025

Dec 2024
Global Nowcasting
 
Global 
Precipitation
12hr
Launched on Search and 
Pixel Weather

WeatherNext

Launching our 
real time 
forecasts to cloud 
customers 

Google’s role
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Weather forecasting context

Data

 
ERA5 reanalysis

40+ yrs NWP-assimilated data

Compute

TPUs/GPUs

Powerful parallel computing 
and specialized hardware for 
large-scale ML models

Methods

Transformers, diffusion, etc

Good inductive biases 
capturing structure and aiding 
optimization

Evals & Competitions

Scorecards

Measurable, repeatable, 
comparative, external validation
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Common task framework

1. Shared dataset (training and testing)
2. Set of competitors (researchers/developers)
3. Automated scoring system (leaderboard)

● https://viso.ai/deep-learning/imagenet/
● Xuedong Huang, James Baker, and Raj Reddy. 2014. A historical perspective of speech 

recognition. Commun. ACM 57, 1 (January 2014), 94–103. https://doi.org/10.1145/2500887
● Strodel, B. (2021). Energy landscapes of protein aggregation and conformation switching 

in intrinsically disordered proteins. Journal of Molecular Biology, 433(20), 167182. 
https://doi.org/10.1016/j.jmb.2021.167182 

● Bennett, James and Stan Lanning. “The Netflix Prize.” (2007).

23

https://viso.ai/deep-learning/imagenet/
https://doi.org/10.1016/j.jmb.2021.167182
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The Longitude Act 1714
First government funding and rewards for a specific ‘scientific’ problem

● £10,000 (€2.5 M today): find the longitude to 1° (60 NM)
● £15,000 (€3.8 M today): 40 NM 
● £20,000 (€5.1 M today): <30 NM

● https://historyofparliament.com/2014/07/03/finding-latitude-in-longitude-parliamentary-fu
nding-of-early-modern-science-and-technology/ 

● https://watchesbysjx.com/2019/09/john-harrison-marine-chronometer-h4-diamond-pallets.html 24

https://historyofparliament.com/2014/07/03/finding-latitude-in-longitude-parliamentary-funding-of-early-modern-science-and-technology/
https://historyofparliament.com/2014/07/03/finding-latitude-in-longitude-parliamentary-funding-of-early-modern-science-and-technology/
https://watchesbysjx.com/2019/09/john-harrison-marine-chronometer-h4-diamond-pallets.html
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The Longitude Act 1714
First government funding and rewards for a specific ‘scientific’ problem

● £10,000 (€2.5 M today): find the longitude to 1° (60 NM)
● £15,000 (€3.8 M today): 40 NM 
● £20,000 (€5.1 M today): <30 NM

● https://historyofparliament.com/2014/07/03/finding-latitude-in-longitude-parliamentary-fu
nding-of-early-modern-science-and-technology/ 

● https://watchesbysjx.com/2019/09/john-harrison-marine-chronometer-h4-diamond-pallets.html 

John Harrison’s H4 Chronometer
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The scorecard
Make it blue!

lead time

geopotential

temperature

specific humidity

zonal wind 

meridional wind

vertical wind

10m meridional wind
10m zonal wind

2m temperature
mean sea level
10m sea surface temp.
total precip. over 12 hr
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A scorecard is a 1000 words

Physics-based baseline

One box = diff to baseline

27
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WeatherNext Series
GraphCast
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Graphcast in a slide
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Graphcast in a slide
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Graphcast in a slide
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Graphcast in a slide
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Graphcast in a slide
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Graphcast in a slide

Edge updates
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Graphcast in a slide

Edge updates

Aggregation
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Graphcast in a slide

Edge updates

Aggregation

Node updates
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Graphcast in a slide

Edge updates

Aggregation

Node updates

● Train on MSE
● 36.7 million weights, 40962 mesh nodes, 

1038240 lat-lon points, 6 hour steps, 10 days
● No guarantees! Strange idea alert! 37
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Results

Outperformed the industry-leading physics-based models (HRES) 
in accuracy and speed (105x acceleration)

38
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AI wins

Among 1st AI systems to beat SoTA physics-based simulations
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Confidential - DeepMind & GoogleExample forecasts
HRES

GraphCast

Surface E-W wind Temperature @ 500 hPaSurface temperature 40
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WeatherNext Series
GenCast
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Weather is chaotic

43
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Weather is chaotic

Given the present/past weather states, sample possible futures ● Models confidence
● Fixes blurring (more on this later)
● Easier modeling of extremes
● Strictly more general than deterministic
● Graceful convergence to climatology

44
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Most generative modeling
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Current/past weather

Samples of future weather

Figure from Saharia et al. 2022 “Photorealistic Text-to-Image Diffusion 
Models with Deep Language Understanding”

Diffusion recap

Diffusion (et al.) models are driving wider advances in generative AI

● Nano banana, SORA, Midjourney, etc

46
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Song et al. 2021 “Score-Based Generative Modeling through Stochastic Differential Equations”

Diffusion recap

47



Confidential - Google DeepMind

Song et al. 2021 “Score-Based Generative Modeling through Stochastic Differential Equations”

Diffusion recap
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Denoising score matching

Let        be a denoiser minimising  

Then

Approximate score function by training denoiser

To sample numerically solve reverse diffusion SDE*, using score-function approximation

* or its associated probability flow ODE

49
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Node-wise attention 
neighbourhood in 

transformer blocks

Denoiser Architecture

● Processor GNN → Processor transformer
● k-hop neighborhoods

○ Loosening of geometric assumptions. 
○ Strange idea alert!

● ~40000 mesh nodes 

50
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Node-wise attention 
neighbourhood in 

transformer blocks

Denoiser Architecture

● Processor GNN → Processor transformer
● k-hop neighborhoods

○ Loosening of geometric assumptions
○ Strange idea alert!

● ~40000 mesh nodes 

Naive k-hop adjacency (attention) matrix

Reverse Cuthill-Mckee

Banded k-hop adjacency (attention) matrix

51
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700 hPa humidity

Surface temperature

Surface wind speed

Variables
83 weather variables
(i.e. “channels”)

Spatial
0.25° resolution
1M+ pixels

Temporal
12h steps
15 day predictions
8 mins/member on a TPU

Uncertainty
50 (or more) ensemble 
members

1 ensemble forecast = 
1.3x1011 values
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Probabilistic Forecasting

Standard conditional diffusion methods apply to the weather 

+ This allows to implicitly sample from the full joint 
distribution of outputs

+ Simply produce multiple ensemble members 

- Takes many forward passes to produce a forecast

- Cannot back propagate through the diffusion 
sampling process
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100-day rollouts from 
different start dates

Work by Dmitrii Kochkov

Longer rollouts with 1° version of GenCast

56
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36 100-day rollouts 
from different start 
dates

Longer rollouts with 1° version of GenCast

Work by Dmitrii Kochkov
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Longer rollouts with 1° version of GenCast: 

Work by Dmitrii Kochkov

Stable and track the 
global temperature 
cycle
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WeatherNext Series
Functional Generative 
Networks
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How probabilistic forecasts are evaluated

Predicted CDF

True “CDF”
● Continuous ranked probability score (CRPS)

● Error between the predicted and true CDF

● Balances GT alignment and uncertainty

60



Confidential - Google DeepMind

How probabilistic forecasts are evaluated

Ground truth
Ensemble 
members

Predicted CDF

True “CDF”

Errors Predictive uncertainty

● Continuous ranked probability score (CRPS)

● Error between the predicted and true CDF

● Balances GT alignment and uncertainty
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How probabilistic forecasts are evaluated

Ground truth
Ensemble 
members

Predicted CDF

True “CDF”

Errors Predictive uncertainty

● Continuous ranked probability score (CRPS)

● Error between the predicted and true CDF

● Balances GT alignment and uncertainty

Idea: Just train on CRPS

Strange idea alert!
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Ensemble of Predictions

Low Dimensional
Noise Injection

Functional Generative Networks (FGN)

Single Input Sample

FGNs simpler than GenCast:

● Single pass 1AR prediction

63
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Ensemble of Predictions

Low Dimensional
Noise Injection

Functional Generative Networks (FGN)

Single Input Sample

FGNs simpler than GenCast:

● Single pass 1AR prediction

● Low dimensional noise conditioning

○ All weather variability in 32 dimensions. Strange idea alert!

64
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FGN Training

Ensemble of Predictions

Single Input Sample

Low Dimensional
Noise Injection

CRPS Loss

Training: Draw just 2 noise samples, same inputs, feed into CRPS [1,2,3].

[1] D. Bouchacourt et al., Disco nets: Dissimilarity coefficients networks. Advances in Neural Information Processing Systems, (2016)
[2] D. Kochkov et al., Neural general circulation models for weather and climate. Nature 632, (2024)
[3] S. Lang e al., AIFS-CRPS: Ensemble forecasting using a model trained with a loss function based on the Continuous Ranked Probability Score. Arxiv, (2024)
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Marginals (pixels)
Humidity in London
Temperature in New York
Wind in Boston

Joints (global structure)
Wind power over all of the UK
Cold snap over the US
Cyclones; shared on Google Weather Lab

Research surprise

Model is trained only on marginals, but generalizes to skillful joints Extensive testing over the last months to corroborate finding

66
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Marginals are enough!

● Same architecture and size as GenCast
● Marginal loss

○ Fair CRPS
○ 2 samples IID Gaussian noise 

● No AR training

It would have already been SotA

Figure A.1 67
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Marginals are enough!

● Same architecture and size as GenCast
● Marginal loss

○ Fair CRPS
○ 2 samples IID Gaussian noise 

● No AR training

It would have already been SotA

Skillful model with just marginals

Can’t get much simpler than this!

Figure A.1 68
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This is really surprising: marginals should not be enough

Similar methods in ML literature provide1,2 value, but not SotA high-dimensional joints

What is special about weather that makes CRPS variants3,4,5 so effective?

Are there generalizable insights to other domains?

[1] Gretton et al. A Kernel method for two-sample-problem
[2] Bouchacourt et al. DISCO Nets

[3] Kochkov et al. NeuralGCM
[4] Lang et al. AIFS-CRPS
[5] Bonev et al. FourCastNet 3 … 69
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Marginals are almost enough

● Artifacts in different variables
● Goodhart’s Law?

● Often improved with skill
● More analysis needed

70



Confidential - Google DeepMind

FGN vs GenCast

Note: The FGN model has a number of other changes to GenCast:
- 3.2x the number of parameters
- Ensembles 4 independently trained models 
- Does 8 step autoregressive training
- 6hr rather than 12hr timesteps

However a clean ablation of the methods is included in the paper which shows that even without these changes FGN is performs better 
than GenCast.

6.5% better 
on average

Comparing CRPS
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FGN vs ENS (Best NWP baseline)

11% better on 
average

Comparing CRPS
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Current SoTA worldwide

73
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FGN is running live

Forecasts freely available as “WeatherNext 2” on Earth Engine and BigQuery

74
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Cyclones
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Tropical Cyclones
● Cyclones are particularly devastating

● Significant cyclones > $10 billion damage

● Hurricane Helene (2024)

○ $79 billion damage

○ Killed 150 people

● Predict cyclone trajectory and intensity.

○ Significantly improve disaster 
preparedness

○ Mitigate some impacts
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Issues with analysis-based cyclone predictions
Initial 

conditions +6 hours

FGN

Atmospheric state
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Issues with analysis-based cyclone predictions
Initial 

conditions +6 hours +12 hours

FGNFGN

Atmospheric state
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Issues with analysis-based cyclone predictions
Initial 

conditions +6 hours +12 hours +96 hours (4 days)

… FGNFGNFGN

Atmospheric state
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Issues with analysis-based cyclone predictions
Initial 

conditions +6 hours +12 hours +96 hours (4 days)

… FGNFGNFGN

Atmospheric state Atmospheric analysis state rollout
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Issues with analysis-based cyclone predictions
Initial 

conditions +6 hours +12 hours +96 hours (4 days)

… FGNFGNFGN

Atmospheric state

Heuristic 
vortex 
tracker

Heuristic 
vortex 
tracker

Heuristic 
vortex 
tracker

100 km

Atmospheric analysis state rollout

Cyclone tracks
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Issues with analysis-based cyclone predictions
Initial 

conditions +6 hours +12 hours +96 hours (4 days)

… FGNFGNFGN

Atmospheric state

Heuristic 
vortex 
tracker

Heuristic 
vortex 
tracker

Heuristic 
vortex 
tracker

100 km

Issues with traditional vortex 
trackers:

❌ Surface winds negatively 
biased (at 0.25°)

❌ Cyclone size (wind radii) 
negatively biased

❌ Poor rapid intensification 
recall (true positive rate)

Atmospheric analysis state rollout

Cyclone tracks
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End-to-end AI cyclone predictions: 1) Training
Initial 

conditions +6 hours +12 hours +96 hours (4 days)

… FGNFGNFGN

Atmospheric state
IBTrACS (1979-2021)

Solution: Train FGN 
directly on cyclone 
observations 

83

http://www.youtube.com/watch?v=lRCgxo_0I1Y&t=120
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End-to-end AI cyclone predictions: 2) Inference
Initial 

conditions +6 hours +12 hours +96 hours (4 days)

… FGNFGNFGN

Atmospheric state

Global cyclones:
Lat/lon
Vmax

34 kt radii
50 kt radii
64 kt radii

Global cyclones:
Lat/lon
Vmax

34 kt radii
50 kt radii
64 kt radii

Global cyclones:
Lat/lon
Vmax

34 kt radii
50 kt radii
64 kt radii

…

Learned cyclone predictions
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End-to-end AI cyclone predictions: 3) Tracking
Initial 

conditions +6 hours +12 hours +96 hours (4 days)

100 km

… FGNFGNFGN

Atmospheric state Learned cyclone predictionsCyclone centreCyclone track
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Initial 
conditions +6 hours +12 hours +96 hours (4 days)

Tropical storm 
winds

Severe tropical 
storm winds
Category 1 

cyclone winds

+6 hours
83 knots

100 km

… FGNFGNFGN

Atmospheric state Learned cyclone predictionsCyclone centreCyclone track

Learned 
cyclone 

predictions

End-to-end AI cyclone predictions: 3) Tracking
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Initial 
conditions +6 hours +12 hours +96 hours (4 days)

Tropical storm 
winds

Severe tropical 
storm winds
Category 1 

cyclone winds

+6 hours
83 knots

+12 hours
82 knots

100 km

… FGNFGNFGN

Atmospheric state Learned cyclone predictionsCyclone centreCyclone track

End-to-end AI cyclone predictions: 3) Tracking
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Initial 
conditions +6 hours +12 hours +96 hours (4 days)

Tropical storm 
winds

Severe tropical 
storm winds
Category 1 

cyclone winds

+6 hours
83 knots

+48 hours
81 knots

+66 hours
98 knots

+96 hours
76 knots

+84 hours
71 knots

+12 hours
82 knots

+30 hours
84 knots100 km

… FGNFGNFGN

Atmospheric state Learned cyclone predictionsCyclone centreCyclone track

End-to-end AI cyclone predictions: 3) Tracking
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Initial 
conditions +6 hours +12 hours +96 hours (4 days)

Tropical storm 
winds

Severe tropical 
storm winds
Category 1 

cyclone winds

+6 hours
83 knots

+48 hours
81 knots

+66 hours
98 knots

+96 hours
76 knots

+84 hours
71 knots

+12 hours
82 knots

+30 hours
84 knots100 km

… FGNFGNFGN

Atmospheric state Learned cyclone predictionsCyclone centreCyclone track

N=2 ensemble 
members

End-to-end AI cyclone predictions: 3) Tracking
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Initial 
conditions +6 hours +12 hours +96 hours (4 days)

Tropical storm 
winds

Severe tropical 
storm winds
Category 1 

cyclone winds

+6 hours
83 knots

+48 hours
81 knots

+66 hours
98 knots

+96 hours
76 knots

+84 hours
71 knots

+12 hours
82 knots

+30 hours
84 knots100 km

… FGNFGNFGN

Atmospheric state Learned cyclone predictionsCyclone centreCyclone track

N=3 ensemble 
members

End-to-end AI cyclone predictions: 3) Tracking
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Initial 
conditions +6 hours +12 hours +96 hours (4 days)

Tropical storm 
winds

Severe tropical 
storm winds
Category 1 

cyclone winds

+6 hours
83 knots

+48 hours
81 knots

+66 hours
98 knots

+96 hours
76 knots

+84 hours
71 knots

+12 hours
82 knots

+30 hours
84 knots100 km

…

…

FGNFGNFGN

Atmospheric state Learned cyclone predictionsCyclone centreCyclone track

N=50 ensemble 
members

End-to-end AI cyclone predictions: 3) Tracking
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Initial 
conditions +6 hours +12 hours +96 hours (4 days)

Tropical storm 
winds

Severe tropical 
storm winds
Category 1 

cyclone winds

+6 hours
83 knots

+48 hours
81 knots

+66 hours
98 knots

+96 hours
76 knots

+84 hours
71 knots

+12 hours
82 knots

+30 hours
84 knots100 km

…

…

FGNFGNFGN

Atmospheric state Learned cyclone predictionsCyclone centreCyclone track

N=1000 ensemble 
members

…

End-to-end AI cyclone predictions: 3) Tracking
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…

Initial 
conditions +6 hours +12 hours +96 hours (4 days)

Tropical storm 
winds

Severe tropical 
storm winds
Category 1 

cyclone winds

+6 hours
83 knots

+48 hours
81 knots

+66 hours
98 knots

+96 hours
76 knots

+84 hours
71 knots

+12 hours
82 knots

+30 hours
84 knots100 km

…

…

FGNFGNFGN

P(wind > threshold) in the 
next 4 days (N = 1000)

Severe tropical storm winds

Category 1 cyclone winds

100% 
90% 
80% 
70% 
60% 
50% 
40% 
30% 
20% 
10%
1%
0%

Pr
ob

ab
ilit

y 

Tropical storm winds

Atmospheric state Learned cyclone predictionsCyclone centreCyclone track

End-to-end AI cyclone predictions: 3) Tracking
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State-of-the-art cyclone forecasting (2023-2024)

● First AI model to be good (great!) at intensities

● Best single model at tracks, intensities, and structure; ~1 decade of progress 94
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Live predictions on Weather Lab during 2025

https://deepmind.google.com/science/weatherlab

96
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Broader 
Implications
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Our learnings

● CTF principles
○ Externally available datasets
○ Competition (other labs)
○ External validation (forecasts speak for themselves)

● Data over dogma
○ Nowadays theory is cheap, experiments are cheaper
○ Neural scaling laws → “Age of architectures is over”
○ Guarantees necessary? (Cyclones model deployed!)
○ Evals are king 👑

● We are not 
○ Meteorologists
○ CFD folks
○ Numerical methods analysts

● Some of us never studied machine learning!

● Our best model makes little (machine learning) sense!

98
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