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People have always been interested in extreme event 
attribution

“An explanation which has 
been most readily accepted by 
the general public, and has 
even found favour among a 
few meteorologists, is that the 
heavy artillery firing in France 
and in Flanders is the primary 
cause of the unusual wetness 
of the past winter.”



Attribution in a chaotic or random process
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Attribution in a chaotic or random process
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Return times for a Gaussian process



Return times for a more interesting process
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Return times for a Gaussian process vs. sandpile

“Gutenberg-

Richter slope”: 

expressed as a 

probability-ratio 

per unit 

increase in 

magnitude



Chaos makes the attribution question challenging

• Extreme events may be more frequent than you would expect 
from a simple random process (sandpile example).

• External drivers of climate change can affect both

– The magnitude of an event, assuming it happens anyway.

– The probability of a similar event happening at all.

• Predicting the impact of external drivers on probabilities 
requires accurate simulation of the Gutenberg-Richter slope:

– Relevant physics realistically simulated.
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Lytton, British Columbia, 2021

The June 2021 heatwave in the Pacific Northwest



The June 2021 heatwave in the Pacific Northwest



Apparently unprecedented: so empirical G-R 
slopes irrelevant



But remarkably well forecast: 3 days out



But remarkably well forecast: 7 days out



But remarkably well forecast: 11 days out



But remarkably well forecast: 2 months out



Does the model capture the essential physics of 
what actually occurred?

Note: the test is 

can the model 

reproduce the 

event, not will…

The event may 

be intrinsically 

unpredictable.



Forecast-based attribution with the operational 
medium-range and seasonal IFS (Leach et al, 2024)

• Reset CO2 concentrations & modify initial conditions to 
subtract full 3-D pattern of ocean surface and sub-surface 
warming since 1900: “pre-industrial climate”

• Modify ocean salinities to conserve stability

• Rerun the 50-member ensemble forecast at increasing lead 
times to explore impact on forecast probability of event

• Repeat increasing CO2 and adding pattern of warming to 
check linearity of response: “future climate”



Impact of warming on probability of heatwave
8-fold increase in probability for a 

1.2oC rise in global temperature



Impact of warming on probability of heatwave

Probability doubling every 20 years



Impact of warming on probability of heatwave
Not “virtually impossible without 

climate change”

Leach et al, 2024



A more dynamical example: Storm Eunice, 17-19 
February 2022

€3.4 Billion 

loss across 

UK & 

northern 

Europe



Impact of anthropogenic climate change on ensemble 
forecasts of Storm Eunice at 8, 4 & 2-day leads

Ermis et al, 2024



Storm Eunice in future?
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Storm Eunice in future?
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Leach et al, 2025



Challenges for forecast-based attribution of trends 
in event probabilities

• Aim: quantify rates of change of probability of similar extreme 
events in a free-running and reliable model.
– Reliable sensitivities of extreme probabilities require accurate return-

time slopes, which require realistic high-resolution models.

– Compromise on model for an adequate ensemble size.

– Compromise on ensemble size for a reliable model.

– Waste resources on “mindless” high-resolution ensembles.

• Use perturbed ensemble forecasts at progressively longer 
lead times to look for convergence of results.



Reliable attribution of trends in extreme weather: 
a flagship application of digital twin Earths


