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Earth’s Growing Energy Surplus

Mauritsen et al (2025)

0.85 ± 0.22 W/m2/dec
increased solar heating 

0.41 ± 0.23 W/m2/dec
increased outgoing LW radiation
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Questions

• Can anomalies in cloud controlling factors (CCFs) explain 
recent extremes in cloud-radiative effects? 

• Can trends in CCFs explain trends in cloud-radiative effects? 

• What does this mean for cloud feedback, aerosol forcing, and climate 
sensitivity?



Interannual anomalies 
or trends in CCFs

Derive from 
satellite observations

Looking at low-cloud changes through 
the lens of their controlling factors

The change in radiation 
due to low-clouds

“low-cloud controlling factors”



Calculating CCF Sensitivities

• Rcld: Monthly-resolved low-cloud induced SW anomalies

• xi: Standardized monthly-resolved anomalies in 7 CCFs

• Detrend xi  and Rcld

• For a given target year, remove it and 2 years on either side of it from 
training (5 years total left out)

• Calculate ∂Rcld /∂xi at each 5˚x5˚ grid box via multilinear regression

• Loop over target years, from 2003 to 2024 (full years with MODIS)



Years included in training: 2003 – 2018
Years excluded from training: 2019 – 2023

See also:
Scott et al (2020)
Wall et al (2022)
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Anomalies are computed relative
to 2003-2014 reference period
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See also G. Tselioudis’s 
talk on Monday
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Summary so far

• Both the extreme regional Rcld anomalies in 2023 and the 22-year Rcld trend over the 
MODIS record are well-predicted using observed sensitivities of Rcld to CCFs.

• These sensitivities are very similar to those used previously to observationally constrain 
cloud feedback and aerosol forcing.

• Therefore, it seems unlikely that recent observed Rcld extremes and trends imply that an 
upward adjustment of climate sensitivity is necessary. 

• Let’s verify this quantitatively…



Climate Change in CCFs
[from abrupt-4xCO2 exps]

[from satellite observations]

Observational constraints on 𝜆cld & ERFaci

Historical Change in SAOD
[from historical exps]



Combined effect:
Slight increase in ECS likely range
from 2.6–3.9K to 2.7–4.1K

This study: 0.21 ± 0.23 W/m2/K  (90% CI)

ERFaci
This study: -1.20 ± 0.61 W/m2  (90% CI)
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ECS
Slight increase in ECS likely range
from 2.6–3.9K to 2.7–4.1K

ERFaci
This study: -1.20 ± 0.61 W/m2  (90% CI)

Low-Cloud Feedback
This study: 0.21 ± 0.23 W/m2/K  (90% CI)



“Any systematic model error in the 
representation of present-day global 

energy imbalance trends is thus 
likely to originate in processes 

unrelated to low clouds.”



Questions

• Can anomalies in CCFs explain recent extremes in cloud-radiative effects? Yes.

• Can trends in CCFs explain trends in cloud-radiative effects? Yes.
✓Sensitivities of clouds to their controlling factors determined from 

detrended climate variability do well in predicting out-of-sample events.

• What does this mean for cloud feedback, ERFACI, and ECS?
• We do not need to invoke some emergence of a stronger-than-expected cloud feedback 

to understand what is happening in nature. 
(In fact, we infer a slightly weaker feedback than in the WCRP Assessment.)

• However, our inferred ERFACI is a bit stronger (negative) than recent assessments.

• This moves the posterior ECS likely range upward slightly from 2.6–3.9K to 2.7–4.1K
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Questions

• Can anomalies in CCFs explain recent extremes in cloud-radiative effects? Yes.

• Can trends in CCFs explain trends in cloud-radiative effects? Yes.
✓Sensitivities of clouds to their controlling factors determined from 

detrended climate variability do well in predicting out-of-sample events.

• What does this mean for cloud feedback, aerosol forcing, and climate sensitivity?
• We do not need to invoke some emergence of a stronger-than-expected cloud feedback 

to understand what is happening in nature. 
(In fact, we infer a slightly weaker feedback than in the WCRP Assessment.)

• However, our inferred (negative) ERFaci is a bit stronger than recent assessments.

• This moves the posterior ECS likely range upward slightly from 2.6–3.9K to 2.7–4.1K



Final Thoughts

• What is causing the CCF extremes / trends in the first place?
• Forced by GHGs?

• Forced by aerosols?

• Internal climate oscillations?

• How much do clouds amplify vs simply respond to the underlying SST anomalies?

• What is the likelihood of compound cloud-hostile factors like what was seen in 2023? 
And how might that likelihood change into the future?

• While cloud-radiative anomalies and trends over the past 22 years are within expectations, 
continued global monitoring of clouds and radiation remains crucial to assess how Earth’s energy 
budget is impacted by the likely larger warming, continued aerosol reductions, and evolving 
surface temperature patterns of future years.





Extras







Calculating CCF Sensitivities

• Rcld: Monthly-resolved low-cloud induced SW anomalies

• Xi: Standardized monthly-resolved anomalies in 7 CCFs

• Detrend Xi  and Y

• For a given target year, remove it and 2 years on either side of it from 
training (5 years total left out)

• Calculate ∂Y/∂Xi via OLS multilinear regression

• Loop over target years, from 2003 to 2024 (full years with MODIS)

Cloud radiative kernels
(Zelinka et al. 2012)
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Calculating CCF Sensitivities

• Rcld: Monthly-resolved low-cloud induced SW anomalies

• xi: Standardized monthly-resolved anomalies in 7 CCFs

• Detrend Xi  and Y

• For a given target year, remove it and 2 years on either side of it from 
training (5 years total left out)

• Calculate ∂Y/∂Xi via OLS multilinear regression

• Loop over target years, from 2003 to 2024 (full years with MODIS)

Meteo CCFs 

from ERA5

Aerosol CCF:

Sulfate AOD at 
550nm from CAMS 
global reanalysis 

(EAC4) Scott et al (2020)

Wall et al (2022)





N. Atlantic box
37.5˚N, 17.5˚W









Cloud Controlling Factors

Meteorological conditions that favor more low cloud:

Scott et al., J. Clim. (2020)



Abrupt-4xCO2 ∆CCFs – averaged across 85 CMIP5/6 models



abrupt-4xCO2 
∆CCFs 

x 
observed 

coefficients

 Observationally-constrained low cloud feedback

Myers et al (2021)
Ceppi et al (2024)



Obs-constrained ERFaci

• Multiply observed dRcld/dln(SAOD) coefficients by 
∆ln(SAOD) from climate models

• ∆ln(SAOD) is (2005-2014) minus (1850-1859) in 
historical simulations from 24 CMIP6 models

• Relate 55˚S - 55˚N oceanic obs-constrained ACI to 
global land+ocean ACI via ERFaci,g = Ɣ ERFaci,d, where 
Ɣ is estimated via aerosol-only RFMIP experiments 
(19 models). 

Wall et al. (2022)



Observationally constrained ERFaci

ln(SAOD)



Predictor Choices

T700→ EIS
• ERA5

• MERRA2

• JRA

• AIRS

• CLIMCAPS

Aerosol predictor
• SAOD (CAMS)

• AOD (CAMS)

• AI (MODIS)

• 910 hPa log10s 
(MERRA2)

Mediation by Nd? If so, 
which flavor of Nd?

• No

• BR17_37

• G18_37

• Z18_37

Predictand Choices
• MODIS-COSP

• CERES-FBCT
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