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Earth’s energy imbalance
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Net energy imbalance:

* Imbalance = absorbed SW - outgoing LW

* Mean imbalance = +0.9 W m

* But strong increasing trend (+0.44 W m2 decade)
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Contribution of low clouds

GLOBAL WARMING

Recent global temperature surge intensified by
record-low planetary albedo

Helge F. Goessling'*, Thomas Rackow?, Thomas Jung'®

In 2023, the global mean temperature soared to almost 1.5 kelvin above the preindustrial level, surpassing
the previous record by about 0.17 kelvin. Previous best-guess estimates of known drivers, including
anthropogenic warming and the El Nifio onset, fall short by about 0.2 kelvin in explaining the temperature
rise. Using satellite and reanalysis data, we identified a record-low planetary albedo as the primary factor
bridging this gap. The decline is apparently caused largely by a reduced low-cloud cover in the northern
mid-latitudes and tropics, in continuation of a multiannual trend. Further exploring the low-cloud trend and
understanding how much of it is due to internal variability, reduced aerosol concentrations, or a possibly
emerging low-cloud feedback will be crucial for assessing the present and expected future warming.

Goessling et al. 2025, Science
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Contribution of low clouds

Anomalies relative to time-mean
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« Can use CERES Flux-By-Cloud-Type (FBCT) to
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Contribution of low clouds

Anomalies relative to time-mean
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» Can use CERES Flux-By-Cloud-Type (FBCT) to e 1= coar (04 |
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What’s causing the low-cloud reduction? 2 BvitE \/’\/
* Natural variability? %'0-5' -
* Less aerosol? (cf. 2020 shipping emissions T 1o}
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e Low-cloud feedback?
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Cloud-controlling factor analysis

Cloud-controlling factors
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Cloud-radiative anomalies
* Useridge regression to learn the

sensitivities 0; at each locationr
(Ceppi et al. 2024, GRL)

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

Cloud-controlling factors
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Cloud-radiative anomalies

dEIS dAOD

* Useridge regression to learn the
sensitivities 0; at each locationr
(Ceppi et al. 2024, GRL)

» Train on detrended data, predict
trend
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Prediction model for cloud-
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Interpreting the cloud-radiative trend
Controlling factor contributions

Can use controlling factor analysis to interpret the
CRE trend:

dO(r) s~ oy 4Xi(r)
dt N;QZ(T) dt
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Interpreting the cloud-radiative trend
Controlling factor contributions

Can use controlling factor analysis to interpret the
CRE trend:

dO(r) s~ oy 4Xi(r)
dt N;Q(T) dt

Main contribution is from surface warming (T,
~45%) > emerging cloud feedback
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Interpreting the cloud-radiative trend
Controlling factor contributions

Can use controlling factor analysis to interpret the
CRE trend:

dO(r) s~ oy 4Xi(r)
dt N;Q(T) dt

Main contribution is from surface warming (T,
~45%) > emerging cloud feedback

Additional contributions from

* Estimated inversion strength (EIS) - likely a
pattern effect

» Aerosols
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Global warming and pattern effect contributions

Decomposition into contributions from: __15F
N —— FBCT SWCREy, (0.31)
& - Global warming component (0.13)
. GIObaI warming S 1.0F | = Pattern effect component (0.15)
. >
* Calculated from scaled abrupt-4xCO2 controlling s 05
factor responses o
s 0.0
» Assumed mostly forced e |
B -05
©
* Pattern effect b
- Calculated idual T ' ' '
alcuiated as a residua 2005 2010 2015 2020
 Assumed mostly unforced Year

» Both equally important
» Suggests similar roles for forced response versus
unforced variability
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Interpreting the cloud-radiative trend
Controlling factor contributions

» Surface warming (T;) dominates SWCRE o trend CCF contributions

* Estimated inversion strength (EIS) . ~ "?@;‘p\\
decreases \ 7 ¢ '
* > less low cloud = additional SWCRE ¢

Increase _

W m2decade™

 Aerosols also contribute regionally
(mainly NH)
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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)

Imperial College London EarthCARE workshop
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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
 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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Trend maps

CCF contributions CCF sensitivities CCF trends
Tsfc
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Observational constraint on low-cloud feedback

CMIP models

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

Imperial College London EarthCARE workshop 22 Ceppl et al. 2024, GRL



EIS trends

* ERAS EIS trends are dodgy!
* AIRS (NASA instrument) retrieves tropospheric
temperature from space and should be well-

calibrated

* Indicates opposite trend to ERAS

* So which is right?

Imperial College London

EarthCARE workshop
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EIS trends

* ERAS EIS trends are dodgy!

* AIRS (NASA instrument) retrieves tropospheric
temperature from space and should be well-
calibrated

* Indicates opposite trend to ERAS

* So which is right?

« Can check against CMIP6 AMIP simulations up to

2014
* They agree much better with AIRS
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ERADS results

* The surface warming contribution (T;.) explains —

most of the overall trend e 1O Resmion 019
* But the total reconstruction (T, + 5 other 5; 0.5 — & onton (019

controlling factors) substantially underestimates [

the trend g 00
* This is because of a large negative EIS 2 s

contribution % |
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