
TIME DEPENDENCE OF CLOUD FEEDBACK &
ITS IMPLICATIONS FOR CLIMATE SENSITIVITY

Chen Zhou, Mark Zelinka, & Steve Klein
Lawrence Livermore National Laboratory

This work was performed under the auspices of the U.S. Department of Energy by 
Lawrence Livermore National Laboratory under Contract DE-AC52-07NA27344. LLNL-PRES-707439

CERES Science Team Meeting
16 May 2018



Modified from Murphy et al., JGR (2009)

Outgoing
Radiation

F

∆N

∆T



Gregory et al., GRL (2004)
Andrews, et al., Surv. Geophys. (2011)

TOA net radiation anomaly (N) is expressed as

∆Tsfc (°C)

∆N
 (W

/m
2 )

∆N = F +λ∆T

Linear forcing-feedback framework

3



Gregory et al., GRL (2004)
Andrews, et al., Surv. Geophys. (2011)

TOA net radiation anomaly (N) is expressed as

∆Tsfc (°C)

∆N
 (W

/m
2 )

λ = net feedback (slope)

F = effective 
radiative forcing 

~3 W/m2     à

∆N = F +λ∆T

Linear forcing-feedback framework

4



Gregory et al., GRL (2004)
Andrews, et al., Surv. Geophys. (2011)

TOA net radiation anomaly (N) is expressed as

∆Tsfc (°C)

∆N
 (W

/m
2 )

λ = net feedback (slope)

F = effective 
radiative forcing 

~3 W/m2     à

∆T2x = equilibrium 
climate sensitivity

~4.7 K

∆N = F +λ∆T

Linear forcing-feedback framework
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Upon reaching a new 
equilibrium, ∆N=0 and 

∆T2x = -F2x/λ ECS⌘



Model-obs ECS discrepancy

6
Updated from Proistosescu, et al. “Sensible Questions on Climate Sensitivity” (RealClimate post)

Observationally based analyses utilizing this linear 
forcing-feedback framework yield ECS estimates that 

are consistently smaller than those of climate models.

MODELS

OBS-
DERIVED 

Otto et al (2013)
Lewis & Curry (2015)
Lewis & Curry (2018)

Proistosescu & Huybers (2017)
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∆Tsfc

∆NHadCM3 AMIP experiments
(with constant forcing)

“Perfect model framework”

All Years:     λ = -1.7 W/m2/K à ECS = 2°C
1926-1955:  λ = -1.2 W/m2/K à ECS = 2.8°C
1979-2008:  λ = -2.2 W/m2/K à ECS = 1.5°C
4xCO2 exp:  λ = -1.0 W/m2/K à ECS = 3.4°C

Assessing the constant λ assumption
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Middle Year of 30-year Window
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4xCO2 exp:  λ = -1.0 W/m2/K à ECS = 3.4°C

Gregory and Andrews, GRL (2016)



Nope.

λ



Q: What physics governs the non-constant feedback parameter, & 
hence time-varying estimates of climate sensitivity?

A: I will show that it involves clouds, which respond differently to 
global warming depending on the pattern of that warming. Because 
the pattern of warming varies considerably over time, so too does the 
cloud feedback, affecting the implied climate sensitivity. 
One must account for this effect when trying to estimate climate 
sensitivity from the observed record.

Preview



• Decadal feedbacks:  Gregory regression slopes over sliding 30-year windows.

• Net feedback varies dramatically and is roughly twice as large as the long-term net 

feedback in the most recent 30-year period.

Decadal feedbacks in CAM5
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Net Feedback

λ=dN/dT

Zhou et al., Nature Geoscience, 2016

AMIPFF = Historical (observed) SSTs / 

sea ice, but fixed radiative forcing



• Decadal feedbacks:  Gregory regression slopes over sliding 30-year windows.
• Net feedback varies dramatically and is roughly twice as large as the long-term net 

feedback in the most recent 30-year period.
• This is mostly due to the cloud feedback.

Decadal feedbacks in CAM5

15

Cloud FeedbackNet Feedback
λ=dN/dT λcloud=dRcloud/dT

Zhou et al., Nature Geoscience, 2016

Zhou et al., Nature Geoscience, 2016



What drives Rcloud fluctuations?
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• All time series shown afterwards are annual anomalies smoothed w/9-year moving average. 
Orange lines will represent components that depend primarily on uniform warming.

• Red lines will represent components that depend primarily on the pattern of warming.

SST pattern-induced component
from patterned SST experiment (PSST):
• Historical SSTs, w/global mean removed
• Forcings constant at 1850/2000 levels

Global mean ∆Ts-
induced component 

(λc = cloud feedback from 
uniform 4K warming)

el +D+D+D=D cfPSSTsccloud RRTR el +D+D+D=D cfPSSTsccloud RRTR

Cloud-induced 
TOA radiation 
anomalies in 
AMIPFF exp

= +

Zhou et al., Nature Geoscience, 2016

Zhou et al., Nature Geoscience, 2016
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∆Rcloud can be accurately 
decomposed this way.

el +D+D+D=D cfPSSTsccloud RRTR

Zhou et al., Nature Geoscience, 2016

Zhou et al., Nature Geoscience, 2016
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∆Rcloud due to spatially uniform 
warming increases relatively 

steadily over the course of the 
simulation.

∆Rcloud can be accurately 
decomposed this way.

el +D+D+D=D cfPSSTsccloud RRTR

Zhou et al., Nature Geoscience, 2016

Zhou et al., Nature Geoscience, 2016
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∆Rcloud due to spatially uniform 
warming increases relatively 

steadily over the course of the 
simulation.

Large fluctuations in ∆Rcloud are 
mainly driven by the SST 

pattern-induced component.

∆Rcloud can be accurately 
decomposed this way.

el +D+D+D=D cfPSSTsccloud RRTR
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∆Rcloud due to spatially uniform 
warming increases relatively 

steadily over the course of the 
simulation.

Large fluctuations in ∆Rcloud are 
mainly driven by the SST 

pattern-induced component.

∆Rcloud can be accurately 
decomposed this way.

Answer: Changing SST patterns. What’s the physical mechanism?

Zhou et al., Nature Geoscience, 2016
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• Decadal Rcloud anomalies are primarily caused by changes in low cloud cover 
(LCC) over the tropical oceans (r = -0.77).

• These are the same cloud types that are most important for driving the inter-
model spread in cloud feedback and climate sensitivity.

• So what drives LCC fluctuations?  Consider low cloud-controlling factors…

ΔLCC = ∂LCC
∂EIS

ΔEIS + ∂LCC
∂SST

ΔSST + R

Qu et al (2014, 2015), Myers and Norris (2016), 
Brient and Schneider (2016), McCoy et al (2017)

What drives low cloud cover fluctuations?



The Estimated Inversion Strength (EIS) contribution captures the fact that a stronger inversion…
…suppresses mixing of BL with drier free tropospheric air
…leads to a shallower, moister, and cloudier BL

Wood & Bretherton (2006)

The SST contribution can be interpreted as the sum of contributions from increases in 
• surface latent heat flux (which enhances buoyancy-driven mixing of dry free trop air into BL)
• vertical moisture gradient in the lower-troposphere (drier entrainment for a given mixing)

Low Cloud 
Controlling Factors 

Qu et al., GRL (2015)
Qu et al., Clim. Dyn. (2015)

ΔLCC = ∂LCC
∂EIS

ΔEIS + ∂LCC
∂SST

ΔSST + R
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∆LCC can be explained by 
the linear combination of 
tropical mean SST and EIS 

anomalies (r=0.76). 

Zhou et al., Nature Geoscience, 2016
What drives low cloud cover fluctuations?

Zhou et al., Nature Geoscience, 2016
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∆LCC can be explained by 
the linear combination of 
tropical mean SST and EIS 

anomalies (r=0.76). 

Global warming over this 
period induces a fairly 
steady decrease in LCC

Zhou et al., Nature Geoscience, 2016
What drives low cloud cover fluctuations?

Zhou et al., Nature Geoscience, 2016
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∆EIS explains more decadal 
variance in LCC than ∆SST, 

and the EIS-driven 
component exhibits a 

hockey stick shape.

Global warming over this 
period induces a fairly 
steady decrease in LCC

∆LCC can be explained by 
the linear combination of 
tropical mean SST and EIS 

anomalies (r=0.76). 

Zhou et al., Nature Geoscience, 2016
What drives low cloud cover fluctuations?

Zhou et al., Nature Geoscience, 2016
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∆EIS explains more decadal 
variance in LCC than ∆SST, 

and the EIS-driven 
component exhibits a 

hockey stick shape.

Global warming over this 
period induces a fairly 
steady decrease in LCC

∆LCC can be explained by 
the linear combination of 
tropical mean SST and EIS 

anomalies (r=0.76). 

Answer: EIS fluctuations. So what drives them?

Zhou et al., Nature Geoscience, 2016
What drives low cloud cover fluctuations?

Zhou et al., Nature Geoscience, 2016



CAM5 Green’s Function Experiments
Zhou et al., JAMES (2017)
See also Andrews & Webb, J. Climate (2018)

∆Ts

∆LCC

∆EIS

…a tropical descent region
Patch of warming applied to…

…a tropical ascent region

Local vs. nonlocal warming impacts
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Zhou et al., JAMES, 2017



∆Ts

∆LCC

∆EIS

…a tropical descent region…a tropical ascent region

Local vs. nonlocal warming impacts
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Zhou et al., JAMES, 2017

CAM5 Green’s Function Experiments
Zhou et al., JAMES (2017) 
See also Andrews & Webb, J. Climate (2018)



Global mean ∆LCC per ∆SSTgrid

%/K

∆Ts

∆LCC

∆EIS

…a tropical descent region
Patch of warming applied to…

…a tropical ascent region

Local vs. nonlocal warming impacts
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Zhou et al., JAMES, 2017

CAM5 Green’s Function Experiments
Zhou et al., JAMES (2017) 
See also Andrews & Webb, J. Climate (2018)



The Mechanism

32

Mauritsen (2016)

Warm Anomaly

Free-tropospheric temperatures are controlled by the moist adiabat set by the SST in tropical ascent 
regions, whereas SSTs in tropical descent regions affect only the local boundary layer temperature. 
Warming concentrated in warm ascent regions favors increases in EIS and LCC, and vice versa. 
This motivates us to define T*, the difference between SST in tropical strong ascent regions and 
tropical mean SST.



The Mechanism
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Mauritsen (2016)

No effect on free 
troposphere

Fewer low clouds

Warm Anomaly

Weakening
Inversion

Free-tropospheric temperatures are controlled by the moist adiabat set by the SST in tropical ascent 
regions, whereas SSTs in tropical descent regions affect only the local boundary layer temperature. 
Warming concentrated in warm ascent regions favors increases in EIS and LCC, and vice versa. 
This motivates us to define T*, the difference between SST in tropical strong ascent regions and 
tropical mean SST.



The Mechanism
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Free-tropospheric temperatures are controlled by the moist adiabat set by the SST in tropical ascent 
regions, whereas SSTs in tropical descent regions affect only the local boundary layer temperature. 
Warming concentrated in warm ascent regions favors increases in EIS and LCC, and vice versa. 
This motivates us to define T*, the difference between SST in tropical strong ascent regions and 
tropical mean SST.

Mauritsen (2016)

No effect on free 
troposphere

Fewer low clouds

Warm Anomaly

Weakening
Inversion



What drives EIS fluctuations?
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Answer: The degree to which warming is 
concentrated in regions of strong ascent.
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Zhou et al., Nature Geoscience, 2016
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Zhou et al., Nature Geoscience, 2016



What’s driving the EIS hockey stick?
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AMIPFF experiment between 1980 and 2005

∆Tsfc ∆EIS

∆LCC ∆Rcloud

ISCCP Obs ∆LCC 
(1983 – 2005)

Zhou et al., Nature Geoscience, 2016

Zhou et al., Nature Geoscience, 2016
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Decadal feedbacks are strongly modulated by 
warming pattern thru its impact on inversion strength
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CMIP5 4xCO2 
experiments

Decadal feedbacks are strongly modulated by 
warming pattern thru its impact on inversion strength
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ERA Interim
(1982-2016)

Decadal feedbacks are strongly modulated by 
warming pattern thru its impact on inversion strength

CMIP5 4xCO2 
experiments
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Decadal fluctuations in feedback strength are not random noise.
They are systematically related to patterns of warming.

One can account for this via T* or 500 hPa temperature (Andy’s talk later)



Take Home Messages
• There is not “one feedback to rule them all”

• Inferences about climate sensitivity from the observed record must account for a time-
varying climate feedback.

• Sign and magnitude of cloud feedbacks depend sensitively on the pattern of warming

• Warming concentrated in tropical ascending regions strengthens low-level stability across 
the Tropics, increases low cloud cover, and makes the cloud feedback more negative than 
in response to uniform warming.

• The recent 30 years are a particularly bad analogy for the more spatially-uniform 
greenhouse warming and lead to underestimates of climate sensitivity.
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Zhou, C., M. D. Zelinka, and S. A. Klein, 2016: Impact of decadal cloud variations on the 

Earth’s energy budget, Nature Geoscience, 9, 871–874, doi:10.1038/ngeo2828.

Zhou, C., M. D. Zelinka, and S. A. Klein, 2017: Analyzing the dependence of global cloud 

feedback on the spatial pattern of sea surface temperature change with a Green’s Function 

approach, J. Adv. Model. Earth Syst., 9, 2174–2189,  doi:10.1002/2017MS001096.
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If the trend in SSTs
Looks like it did recently
Then the ECS that you infer
Will be biased low for sure
‘Cuz Mother Nature heated where it's hot
And cooled where it's not
So low clouds increased a lot
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If the trend in SSTs
Looks like it did recently
Then the ECS that you infer
Will be biased low for sure
‘Cuz Mother Nature heated where it's hot
And cooled where it's not
So low clouds increased a lot

And if you heat where it's cool
And cool the warm pool
Then the ECS implied
Is biased to the high side
So heed my warning
When regression you’re performing
Account for the pattern of warming



Detecting Trends vs Detecting Meaningful Trends

48
Wielicki et al., BAMS, 2013
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Even for long trends, convergence to “truth” not 
guaranteed if pattern of warming does not resemble 
that in response to greenhouse warming

Detecting Trends vs Detecting Meaningful Trends

Perfect “Obs”

Wielicki et al., BAMS, 2013
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greenhouse warming and lead to underestimates of climate sensitivity.
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Zhou, C., M. D. Zelinka, and S. A. Klein, 2016: Impact of decadal cloud variations on the 

Earth’s energy budget, Nature Geoscience, 9, 871–874, doi:10.1038/ngeo2828.

Zhou, C., M. D. Zelinka, and S. A. Klein, 2017: Analyzing the dependence of global cloud 

feedback on the spatial pattern of sea surface temperature change with a Green’s Function 

approach, J. Adv. Model. Earth Syst., 9, 2174–2189,  doi:10.1002/2017MS001096.



Model evaluation: 
Dependence of LCC on SST & EIS
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Model evaluation: 
Local dependence of Rcloud on SST
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Decadal feedback strongly modulated by 
warming pattern
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Zhou et al., Nature Geoscience, 2016

λnet
[W/m2/K]

Small negative 
net feedback

Large negative 
net feedback

Data from Zhou et al (2016)
See also Gregory & Andrews (2016)
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dT*
dTG
[K/K]

λnet
[W/m2/K]

Warming 
pronounced in 
cold descent 

regions

Warming 
pronounced in 
warm ascent

regions

Small negative 
net feedback

Large negative 
net feedback

Data from Zhou et al (2016)
See also Gregory & Andrews (2016)

T* = SST(strong ascent regs) – SST(entire tropics)

Zhou et al., Nature Geoscience, 2016

Decadal feedback strongly modulated by 
warming pattern…
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dEIS
dTG
[K/K]

λnet
[W/m2/K]

Inversion weakens 
with warming

Inversion strengthens 
with warming

Small negative 
net feedback

Large negative 
net feedback

…through its impact on inversion strength
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This notion has been 
around for at least 40 years



Indeed, we find that ΔT* plays 
a more important role than 
ΔSST driving decadal changes 
in ΔLCC, and is of the opposite 
sign in recent years. 

Marine ∆LCC 1.9∆T*
-0.5∆SST 1.9∆T* - 0.5∆SST

Zhou et al., Nature Geoscience, 2016

This notion has been 
around for at least 40 years



obs trend: 
1900-2012

Uniform 
SST +4K

abrupt4xCO2
years 1-20

abrupt4xCO2
years 21-150

Andrews and Webb (2018)

λ = -1.6 W/m2/K
ECS = 2.6 K 

λ = -1.3 W/m2/K
ECS = 3.4 K 

λ = -1.3 W/m2/K
ECS = 3.4 K 

λ = -1.0 W/m2/K
ECS = 4.9 K 

λ


