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Earth’s energy imbalance

Net energy imbalance:
• Imbalance = absorbed SW – outgoing LW
• Mean imbalance = +0.9 W m-2

• But strong increasing trend (+0.44 W m-2 decade-1)

CERES-EBAF global satellite observations, 
7/2003 – 6/2024 (21 years)
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Earth’s energy imbalance

Net energy imbalance:
• Imbalance = absorbed SW – outgoing LW
• Mean imbalance = +0.9 W m-2

• But strong increasing trend (+0.44 W m-2 decade-1)

• And stronger than simulated by climate models 
(Olonscheck and Rugenstein 2024, GRL)

CERES-EBAF global satellite observations, 
7/2003 – 6/2024 (21 years)
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Contribution of low clouds

Goessling et al. 2025, Science
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Contribution of low clouds

• Can use CERES Flux-By-Cloud-Type (FBCT) to 
distinguish between cloud regimes
• Low clouds account for ~70% of the trend in N

EarthCARE workshop 5

Anomalies relative to time-mean
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Contribution of low clouds

• Can use CERES Flux-By-Cloud-Type (FBCT) to 
distinguish between cloud regimes
• Low clouds account for ~70% of the trend in N

What’s causing the low-cloud reduction?
• Natural variability?
• Less aerosol? (cf. 2020 shipping emissions 

reduction)
• Low-cloud feedback?

EarthCARE workshop 6

Anomalies relative to time-mean
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Cloud-controlling factor analysis

EarthCARE workshop 7

dC

ΘTsfc ΘEIS ΘAOD

dTsfc …dAODdEIS

Cloud-controlling factors

Cloud-radiative anomalies

• Use ridge regression to learn the 
sensitivities Θi at each location r 
(Ceppi et al. 2024, GRL)

• Train on detrended data, predict 
trend
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Cloud-controlling factor analysis

dC

ΘTsfc ΘEIS ΘAOD

dTsfc …dAODdEIS

Cloud-controlling factors

Cloud-radiative anomalies

ΘTsfc

Maps of the sensitivities Θ
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Cloud-controlling factor analysis

ΘTsfc

Maps of the sensitivities Θ Prediction model for cloud-
radiative trends
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Cloud-radiative anomalies
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Interpreting the cloud-radiative trend

Can use controlling factor analysis to interpret the 
CRE trend:

Controlling factor contributions

EarthCARE workshop 10
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Interpreting the cloud-radiative trend

Can use controlling factor analysis to interpret the 
CRE trend:

Main contribution is from surface warming (Tsfc, 
~45%) → emerging cloud feedback

Controlling factor contributions
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Interpreting the cloud-radiative trend

Can use controlling factor analysis to interpret the 
CRE trend:

Main contribution is from surface warming (Tsfc, 
~45%) → emerging cloud feedback

Additional contributions from 
• Estimated inversion strength (EIS) → likely a 

pattern effect
• Aerosols

Controlling factor contributions
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Global warming and pattern effect contributions

EarthCARE workshop 13

Decomposition into contributions from:

• Global warming
• Calculated from scaled abrupt-4xCO2 controlling 

factor responses
• Assumed mostly forced

• Pattern effect
• Calculated as a residual
• Assumed mostly unforced

• Both equally important
• Suggests similar roles for forced response versus 

unforced variability
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Interpreting the cloud-radiative trend

• Surface warming (Tsfc) dominates

• Estimated inversion strength (EIS) 
decreases 
• → less low cloud → additional SWCRE 

increase

• Aerosols also contribute regionally 
(mainly NH)

EarthCARE workshop 14
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Validating the method with CMIP6 simulations

• Can apply the method to CMIP6 models as a test

• Used historical simulations, 1995–2014
• Trained on detrended data, predict trend

• Works very well across models
• Observed trend within CMIP6 range (though at 

upper end)

−0.2 0.0 0.2 0.4

−0.2

0.0

0.2

0.4

Emulated (W m−2 decade−1)

Ac
tu

al
 (W

 m
−2

 d
ec

ad
e−

1 )

SWCRElow trends
CMIP6 historical
(1/1995−12/2014)
CanESM5
CNRM−CM6−1
CNRM−ESM2−1
GFDL−CM4
HadGEM3−GC31−LL
IPSL−CM6A−LR
MIROC6
MIROC−ES2L
MRI−ESM2−0
UKESM1−0−LL

CERES−FBCT
(7/2003−6/2024)

EarthCARE workshop 15



Imperial College London

Conclusions

Earth’s energy imbalance rapidly increasing
• Low-cloud reduction explains ~70% of the energy imbalance trend
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Conclusions

Earth’s energy imbalance rapidly increasing
• Low-cloud reduction explains ~70% of the energy imbalance trend

Is the trend natural or forced?
• Large contribution of surface warming → suggests emerging (forced) cloud feedback
• But equally large contribution from (presumably unforced) pattern effect
• Smaller contribution from aerosol forcing
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Conclusions

Earth’s energy imbalance rapidly increasing
• Low-cloud reduction explains ~70% of the energy imbalance trend

Is the trend natural or forced?
• Large contribution of surface warming → suggests emerging (forced) cloud feedback
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Can models simulate similar trends?
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Conclusions

Earth’s energy imbalance rapidly increasing
• Low-cloud reduction explains ~70% of the energy imbalance trend

Is the trend natural or forced?
• Large contribution of surface warming → suggests emerging (forced) cloud feedback
• But equally large contribution from (presumably unforced) pattern effect
• Smaller contribution from aerosol forcing

Can models simulate similar trends?
• Observed trend within CMIP6 range (though at upper end)

Similar controlling factor analyses possible with EarthCARE cloud and aerosol products?
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Extra slides
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Trend maps
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Observational constraint on low-cloud feedback

Observations

CMIP models

Low-cloud feedback is stronger than 
simulated by most climate models – 
especially in stratocumulus regions

EarthCARE workshop 22 Ceppi et al. 2024, GRL
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EIS trends

• ERA5 EIS trends are dodgy!
• AIRS (NASA instrument) retrieves tropospheric 

temperature from space and should be well-
calibrated
• Indicates opposite trend to ERA5
• So which is right? 2005 2010 2015 2020 2025
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EIS trends

• ERA5 EIS trends are dodgy!
• AIRS (NASA instrument) retrieves tropospheric 

temperature from space and should be well-
calibrated
• Indicates opposite trend to ERA5
• So which is right?

• Can check against CMIP6 AMIP simulations up to 
2014
• They agree much better with AIRS
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ERA5 results

• The surface warming contribution (Tsfc) explains 
most of the overall trend
• But the total reconstruction (Tsfc + 5 other 

controlling factors) substantially underestimates 
the trend
• This is because of a large negative EIS 

contribution

2005 2010 2015 2020
−1.0

−0.5

0.0

0.5

1.0 CERES−FBCT SWCRElow (0.26)
Reconstruction (0.16)
Tsfc contribution (0.24)
EIS contribution (−0.15)

R
ad

ia
tiv

e 
an

om
al

y 
(W

 m
−2

)

EarthCARE workshop 25


