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Standard approach assumes large scales 

constrain small scales

Nobel committee

Radiation

Convection

Don’t need to 

know small 

scale details 

(clouds, 

quantum 

mechanics 

etc)



NASA

Standard approach has made many successful 

predictions planetary-scale predictions

Physical Complexity

Manabe & Weatherald (1975)Stouffer, Manabe & Weatherald (1989)
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Increasing CO2 concentration leads 

to tropospheric warming, 

stratospheric cooling

Atmospheric energy 

balance

Manabe & Wetherald (1967)



NASA

Prediction was sensitive to assumptions about 

moisture and clouds (structural uncertainty)

Manabe & Wetherald (1967)



NASA
Physical Complexity

Manabe & Weatherald (1975)Stouffer, Manabe & Weatherald (1989)
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Atmospheric energy (1st law) and 

momentum (2nd law) balance

Manabe & Wetherald (1967) Manabe & Wetherald (1980)

Increasing CO2 concentration 

leads to Arctic amplified warming

Standard approach has made many successful 

predictions planetary-scale predictions
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Physical Complexity

Manabe & Weatherald (1975)Stouffer, Manabe & Weatherald (1989)
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Atmosphere & Ocean 

energy and momentum balance

Manabe & Wetherald (1980) Stouffer et al. (1989)

Standard approach has made many successful 

predictions planetary-scale predictions

Atmospheric energy 

balance

Manabe & Wetherald (1967)

Atmospheric energy (1st law) and 

momentum (2nd law) balance



NASA

These signals were predicted decades 

before they were observed

Stouffer & Manabe (2017)

Land warms 

more than 

ocean

Southern Ocean Cooling

Arctic warms the most





Remarkable success created confidence that 

progressively finer scale prediction would follow 

naturally form increasing resolution and compute 

Shaw & Stevens (2025, Nature)



60 years later…“We’ve gotten better at doing 

pretty much the same thing” D. Randall

National Academy of Sciences



CMIP paradigm built on running standard 

approach models with emission scenarios



Uncertainty of regional predictions quantified but 

never calibrated with observations

Hawkins & Sutton (2009, BAMS)

epistemic
(model error)

Scenario (how much 

CO2, aerosols?)

aleatoric

internal
variability
(noise, chaos)



Shaw & Stevens (2025, Nature)

Initial Conditions
Boundary Conditions

Successful weather predictions from days to 

weeks



Shaw & Stevens (2025, Nature)

Initial Conditions
Boundary Conditions

AI emulators have led to 2nd revolution in weather 

forecasting

1st revolution (1950-2000)

2nd revolution (2018-now)

out-of-sample forecast: water vapor 



Shaw & Stevens (2025, Nature)

Initial Conditions
Boundary Conditions

Successful climate predictions are bounded at 

planetary-scales but regional limit is unclear



As Earth warms more and more regional 
signals are emerging and being compared to 

climate model predictions



NASA

Regional discrepancies have emerged

Shaw et al. (2024)

Walker 

circulation
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Possible critical model deficiencies are emerging 

for heat wave trends over Western Europe

Singh et al. (2023, Comm Earth & Env.)

Increase of Western 

European heat waves 

3.5-4x the global mean 

not captured by models

observations

models

1979-2020



NASA

Climate model predictions don’t capture heat 

wave “hole” in Midwest US

Singh et al. (2023, Comm Earth & Env.)

observations

models

1979-2020



NASA

Possible critical model deficiencies are also 

emerging for drying over arid regions

Rucker et al. (2025, GRL)

US Southwest Humidity Trends (1981-2021)

Physics-based model 

prediction
Observations



NASA

Possible critical model deficiencies are also 

emerging for drying over arid regions

Rucker et al. (2025, GRL)

US Southwest Humidity Trends (1981-2021)

Physics-based model 

prediction
Observations

observations

models



NASAShaw et al. (2024)

Walker 

circulation

Anomalies don’t invalidate a paradigm but 

accumulation changes scientific behavior



Shaw & Stevens (2025, Nature)

Initial Conditions
Boundary Conditions

Landscape of climate information is evolving

Discrepancies

Structural uncertainty

Successful predictions



Structural uncertainty does not justify inaction

IPCC AR6 WG1 Fig. SPM10
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New modeling paradigms have emerged that 

challenge assumptions of the standard approach

Destination Earth, Max Planck Institute for Meteorology

NVDIA

AI emulatorsDigital twins Hybrid

Schneider et al. (2017)



Kitsios et al. (2023)



AI emulators trained on the weather task, asked to 

predict the climate task

AI emulators





NASA

AI emulators are a completely new paradigm that 

can outperform physics-based models

Rucker et al. (2025, GRL)

US Southwest Humidity Trends (1981-2021)

Uncoupled atmosphere-

land modelAI emulator
Physics-based 

model predictionObservations
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AI emulators are a completely new paradigm that 

can outperform physics-based models

Rucker et al. (2025, GRL)

US Southwest Humidity Trends (1981-2021)

Uncoupled atmosphere-

land modelAI emulator
Physics-based 

model prediction AI emulatorObservations



NASA

AI emulators are a completely new paradigm that 

can outperform physics-based models

Rucker et al. (2025, GRL)

Uncoupled atmosphere-

land modelAI emulator

US Southwest Humidity Trends (1981-2021)

On going work is 

testing whether AI 

models get the right 

answer for the right 

reason



NASA

Consensus – standard approach

Discrepancies Disruptions

??

+
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Discrepancies Disruptions
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Consensus – standard approach



NASA

Discrepancies Disruptions

??

Consensus – standard approach

How to make robust 

decisions as scientific 

paradigm evolves?
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