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Emerging trend signals are a test for AI models

Signal
Physical 

Mechanism
Failure mode→ →

Tropical upper-

tropospheric warming

Southwest US drying

Poleward Jet shift

……



Apply test to AI atmosphere emulators - AIMIP

Henn et al. (2026, arXiv)

SST, SIC 

forcing

State: u, v, T, q

K. Rucker

Training period (1979-2014)

Test period (2015-2024)

7 models to sample epistemic (structural) uncertainty

5 member ensembles to sample aleatoric (initial condition) uncertainty



Physics-based models show SST forcing drives 

upper tropospheric warming

Baxter et al. (2026, in prep)

Physics-based 

models
Moist adiabatic adjustment

T warms aloft

latent heat

SST warms

Parcel rises moist-adiabatically → 

warming amplifies with height

1981-2014

Full SST only
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24 models sample epistemic (structural) uncertainty

103 member ensembles sample aleatoric (initial condition) uncertainty



Large architecture-dependent spread reveals 

inconsistent physical learning of SST forcing

Baxter et al. (2026, in prep)

Hybrid models

Spectral Operator (SFNO)

VAE+Diffusion

2D+1D Attention 

Transformers

Diffusion

1981-2014

Physics-based 

models
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Full SST only

N.B. different 

from Kochkov et 

al. (2024)

*Training on ERA5 does not guarantee trend skill*



ACE2 matches the warming trend under full 

forcing but not once CO2 is removed

Baxter et al. (2026, in prep)

Rucker et al. (2026, GRL)

Hybrid models

Spectral Operator (SFNO)

2D+1D Attention 

Transformers

Diffusion

1981-2014

Physics-based 

models
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Full SST only

ACE2-ERA5: 

SST+CO2, then 

CO2 removed

AIMIP: SST 

forcing only



No upper-tropospheric warming under 

counterfactual +2K SST indicates malattribution

Zhang & Merlis (2026, JAMES)

Physics based model Spectral operator SFNO Diffusion

*Similar issue for land temperature trends & + 2K

warming aloft



Emerging trend signals are a test for AI models

Signal
Physical 

Mechanism
Failure mode→ →

Tropical upper-

tropospheric warming

Southwest US drying

Poleward jet shift

……

Moist adiabatic adjustment

Architecture dependent, 

Right trend, wrong 

reason; collapses under 

+2K counterfactual 



NASA

Physics-based models don’t capture SW US 

drying driven by land-atmosphere coupling

Baxter et al. (2026, in prep)

surface (drying signal)surface (drying signal)

Land–atmosphere coupling

free troposphere (dry)

LCL rises

drier soil / surface dries

Entrainment aloft (blue) and soil drying (brown) both raise 

the LCL — same signature, either way.

Physics-based 

models
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NASA

No architecture captures SW US drying from SST 

forcing

Baxter et al. (2026, in prep)

surface (drying signal)surface (drying signal)

Physics-based 

models

Full SST only
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NASA

No architecture learns LCL trend from SST 

forcing

Baxter et al. (2026, in prep)

surface (drying signal)surface (drying signal)
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Full SST only

Physics-based 

models



Emerging trend signals are a test for AI models

Signal
Physical 

Mechanism
Failure mode→ →

Tropical upper-

tropospheric warming

SW US drying

Poleward jet shift

……

Atmosphere land coupling, 

rising LCL

Architecture 

independent, missing 

LCL coupling 

mechanism

Moist adiabatic adjustment

Architecture dependent, 

Right trend, wrong 

reason; collapses under 

+2K counterfactual 



Physics-based models capture poleward shift 

driven by SST forcing

Baxter et al. (2026, in prep)

Full SST only



Large architecture-dependent spread reveals 

inconsistent physical learning of the jet shift

Baxter et al. (2026, in prep)

Full SST only



Poleward shift connected to temperature gradient 

Baxter et al. (2026, in prep)

Relationship disappears 

for fixed CO2 in ACE2



Jet shift response collapses under +2K SST 

warming

Zhang & Merlis (2026, JAMES)

Physics based model Spectral operator SFNO Diffusion



Emerging trend signals are a test for AI models

Signal
Physical 

Mechanism
Failure mode→ →

Tropical upper-

tropospheric warming

SW US drying

Poleward jet shift

……

Atmosphere land coupling, 

rising LCL

Moist adiabatic adjustment

Temperature gradient, 

wave-mean flow 

interaction

Architecture dependent, 

Right trend, wrong 

reason; collapses under 

+2K counterfactual 

Architecture dependent, 

Right trend, wrong 

reason; collapses under 

+2K counterfactual 

Architecture 

independent, missing 

LCL coupling 

mechanism



Getting the right answer requires testing the signal, 

mechanism & verification via counterfactual

Matches the 

mechanism
Matches the 

signal

- Tropical upper 

tropospheric 

warming

- SW US drying

- Poleward jet shift

- …

- Moist adiabatic 

adjustment

- Land-atmosphere 

coupling

- Wave-mean flow 

interaction

- …

Trustworthy

Counterfactual





NASA

ACE2 gets closer to drying trend under full forcing 

— but not once CO2 is removed

Baxter et al. (2026, in prep)

surface (drying signal)

Physics-based 

models

ACE2-ERA5: 

SST+CO2, then CO2 

removed
Full SST only

AIMIP: SST 

forcing only
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Poleward jet shift consistent with critical line and 

eddy momentum flux trends



Neural GCM reproducibility issue: Kochkov vs 

AIMIP

+2K SST







NASA

Km-scale shows no significant improvement in 

US Southwest drying discrepancy

Baxter et al. (2026, in prep)

US Southwest drying and precipitation trend

CMIP6 and LE

AMIP6

~10km atmosphere

~5km ocean

~25km atmosphere

~10km ocean



NASA

Nudging wind and humidity above the boundary 

layer significantly improves drying discrepancy
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Surface humidity

CAM6 free-tropospheric nudging above 5th model level

Baxter et al. (2026, in prep)

US Southwest drying and precipitation trend



NASA

Correct boundary layer response involves rising 

LCL and increase surface shortwave
L
C
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Increased 

Surface SW

Rising Lifting 

Condensation 

Level

Baxter et al. (2026, in prep)

US Southwest LCL and surface SW trend



Large architecture-dependent spread reveals 

inconsistent physical learning



Malattribution leads to getting the wrong answer 

to counterfactual changes

AIMIP Henn et al. (2026, arXiv)

Zhang & Merlis (2026, JAMES) 

Physics based model Spectral operator SFNO Diffusion



NASAStouffer & Manabe (2017, Nature Clim. Ch.)

Land warms 

more than 

ocean

Southern Ocean Cooling

Arctic warms the most

Manabe got the right answer for the right reason
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