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Model hierarchy

• Idealized aquaplanet: GFDL AM2.1
• Realistic GCM: CAM4
• Feedback-locking technique: prescribe clouds, 

water vapor, albedo in radiation code
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Idealized experiments

• GFDL AM2.1 aquaplanet, annual-mean 
insolation, 50 m slab ocean

• CTL and 4xCO2 experiments



Experimental procedure

• Prescribe the clouds to either CTL or 4xCO2 
state in radiation code
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Circulation indices

• clouds cause >50% of the total poleward 
expansion of the circulation



Idealized vs realistic GCMs
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Idealized vs realistic GCMs

• aquaplanet overall consistent with CMIP5
• large uncertainty in cloud feedback

CMIP5
AM2.1 aquaplanet
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Two questions

• How will clouds affect the atmospheric 
circulation response to CO2 forcing?

• How much of the uncertainty in circulation 
response is due to clouds?
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Experimental procedure

• Run CAM4-SOM with locked feedbacks
• Impose SW cloud anomalies as a forcing



SW cloud feedback in CMIP5 4xCO2
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SW cloud feedback in CMIP5 4xCO2
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SW cloud forcing in CAM4
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SW cloud forcing and SH jet shift
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NH jet shift
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Conclusions

• Clouds play a very important role in 
atmospheric circulation response

• Cloud forcing particularly favorable for 
poleward expansion of circulation

• Cloud feedbacks can account for large inter-
model differences in circulation response to 
warming



Thanks!
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Extra slides



4xCO2 response
prescribed clouds interactive clouds



Cloud changes in 4xCO2

liquid water path
ice water path



X to changes in all of these variables can be written as120

dX = XG2S2L2�XG1S1L1, (1)

where the subscripts 1 and 2 refer to the control and perturbed states, respectively. The individual121

contributions of greenhouse gas forcing and cloud SW and LW effects can then be expressed as122

dXG =
1
2
[(XG2S1L1�XG1S1L1)+(XG2S2L2�XG1S2L2)], (2)

123

dXS =
1
4
[(XG1S2L1�XG1S1L1)+(XG2S2L1�XG2S1L1)+(XG1S2L2�XG1S1L2)+(XG2S2L2�XG2S1L2)],

(3)124

dXL =
1
4
[(XG1S1L2�XG1S1L1)+(XG2S1L2�XG2S1L1)+(XG1S2L2�XG1S2L1)+(XG2S2L2�XG2S2L1)],

(4)

Equations 2–4 represent averages over the various pairs of experiments that involve changes in125

each of the three variables of interest. It can easily be shown that the right-hand sides of Eqs. 2–4126

add up to the right-hand side of Eq. 1, so that dX = dXG + dXS + dXL by construction. In the127

remainder of this paper, for additional clarity, the terms dXG, dXS, and dXL are referred to as128

dXCO2, dXSW cloud, and dXLW cloud, respectively. We additionally define the change in X due to129

the net cloud-radiative change as the sum of the SW and LW effects, dXnet cloud = dXSW cloud +130

dXLW cloud.131

It is important to note that the cloud and and CO2 responses in our experiments are affected by132

other feedbacks. In our model, this includes the temperature feedbacks (Planck and lapse rate), as133

well as the water vapor feedback; surface albedo values are kept constant between experiments.134

Unlike other studies (Langen et al. 2012; Mauritsen et al. 2013; Voigt and Shaw 2015), we do135

not separately account for the positive water vapor feedback, which likely amplifies the anomalies136

caused by the CO2 and cloud perturbations in our experiments. Thus, the “effect of cloud-radiative137

changes” as defined in this paper encompasses all effects of replacing the clouds from the CTL138
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Realistic GCM experiments

• ECHAM6 and CAM4
• Real-world geography, coupled to slab ocean
• Full seasonal cycle
• 2xCO2 experiment
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Importance of SW forcing

ECHAM6

CAM4

u response to 
total cloud forcing

u response to 
SW cloud forcing


