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Goals 
•  To provide a clean and simple method of compuFng cloud 

feedbacks that is highly informaFve 

•  Clean: 
–  compute cloud feedback from ISCCP simulator‐interpreted cloud 

changes directly (not inferred)  
–  standard definiFon of “cloud” and radiaFon code across models 

•  Simple: 
–  no need to correct for non‐cloud effects 
–  no parFal radiaFve perturbaFon calculaFons are needed 
–  can use monthly mean model output  

•  InformaFve:  
–  can quan:fy the contribuFon to cloud feedback from changing 

amounts of individual cloud types (high, middle, low) and from 
individual processes (ΔalFtude, ΔopFcal depth, Δtotal amount) 



Data & Methodology 

•  Doubled CO2 equilibrium slab ocean model simulaFons from 11 GCMs 
as part of CFMIP1  

•  ISCCP simulator (Klein & Jakob 1999) run inline during integraFon 
–  Produce distribuFon of cloud fracFon (as funcFon of CTP and τ) that is 

consistent with how a satellite‐borne passive sensor would “view” the 
model atmosphere 

–  Simulated cloud fracFons are defined consistently across models 



Figure courtesy of SwaF Gehlot 



Data & Methodology 

•  Doubled CO2 equilibrium slab ocean model simulaFons from 12 GCMs 
as part of CFMIP1  

•  ISCCP simulator run inline during integraFon 
–  Produce distribuFon of cloud fracFon (as funcFon of CTP and τ) that is 

consistent with how a satellite‐borne passive sensor would “view” the 
model atmosphere 

–  Simulated cloud fracFons are defined consistently across models 

•  We compute cloud radiaFve kernels  sensiFvity of TOA radiaFon to 
cloud fracFon changes in each CTP‐τ bin 

•  Cloud feedback = Δcloud fracFon Fmes cloud kernel normalized by ΔTsfc 



Recipe for Construc:ng  
Cloud Radia:ve Kernels 

  Input model mean zonal mean T and q profiles to Fu‐Liou code 

  Compute clear‐sky TOA fluxes 

  Compute overcast‐sky fluxes for each CTP and τ bin by seang the 
LWC / IWC profiles to values appropriate for each cloud type 

  Subtract overcast TOA fluxes in each bin from the clear‐sky flux 
to compute a matrix of overcast sky cloud forcing  

  Divide by 100 to get W m‐2 %‐1 

  Repeat every calculaFon for 24 solar zenith angles, all laFtudes, 
12 months, and 3 surface albedos (0.0, 0.5, 1.0) 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Cloud Frac:on 

1xCO2 
58.1 %  

2xCO2 
56.8 %  

Change 
‐0.5 % K‐1 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x Cloud RadiaFve Kernels  
at each locaFon and month,  
then averaged annually,  
globally, and across models… 

τ 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Cloud Frac:on       Cloud Feedback 

1xCO2 
58.1 %  

2xCO2 
56.8 %  

Change 
‐0.5 % K‐1 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Cloud Kernel              Adjusted ΔCRF               

              0.21 W m‐2 K‐1                    0.36 W m‐2 K‐1                      ‐0.15 W m‐2 K‐1 

               0.35 W m‐2 K‐1                    0.39 W m‐2 K‐1                      ‐0.04 W m‐2 K‐1 

               0.56 W m‐2 K‐1                   0.75 W m‐2 K‐1                     ‐0.20 W m‐2 K‐1 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Adjusted ΔCRF (W m‐2 K‐1) 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R2: 79% 

R2: 96% R2: 97% 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•  LW  •  Net  •  SW 



ΔAl:tude
Σ=0 % K‐1 

Residual 
Σ=0 % K‐1 

ΔCfrac 
Σ=‐0.5 %K‐1 

Mean 
Cfrac 

Σ=58.1 % 

ΔAmount 
Σ=‐0.42 %K‐1 

Δτ 
Σ=0 % K‐1 

τ  τ 

•  Decompose the cloud changes into 
ΔAMOUNT 

ΔALTITUDE 
ΔOPTICAL DEPTH 



Δ Total Cloud FracFon: ‐0.44 % K‐1 

Δ CTP: ‐3.68 hPa K‐1 

Δ ln(τ): 0.03 K‐1 

Clouds go away 

Clouds rise 

Cold clouds get thicker 



Amount 
‐0.29 W m‐2 K‐1 

LW Cloud Feedback 
0.21 W m‐2 K‐1 

Op:cal Depth 
0.22 W m‐2 K‐1 

Al:tude 
0.39 W m‐2 K‐1 

Residual 
‐0.11 W m‐2 K‐1 



Amount 
0.57 W m‐2 K‐1 

SW Cloud Feedback 
0.37 W m‐2 K‐1 

Op:cal Depth 
‐0.14 W m‐2 K‐1 

Al:tude 
‐0.07 W m‐2 K‐1 

Residual 
0.01 W m‐2 K‐1 



Amount 
0.27 W m‐2 K‐1 

Net Cloud Feedback 
0.57 W m‐2 K‐1 

Op:cal Depth 
0.07 W m‐2 K‐1 

Al:tude 
0.33 W m‐2 K‐1 

Residual 
‐0.10 W m‐2 K‐1 



•  LW  •  Net  •  SW 



Conclusions 
•  Cloud radiaFve kernels allow computaFon of cloud feedback directly 

from cloud fracFon histograms produced by ISCCP simulator  

•  Feedbacks computed with cloud kernels compare very well with 
those computed by adjusFng the change in cloud forcing 

•  More than half of the global mean net cloud feedback can be 
anributed to the combined response of middle‐ and high‐level clouds 

•  High cloud changes induce a wider range of LW and SW cloud 
feedbacks across models than do low clouds 

•  Increasing cloud top alFtude is dominant contributor to the posiFve 
global mean LW and net cloud feedbacks (posiFve in every model) 

•  Decreasing total cloud fracFon is dominant contributor to global 
mean posiFve SW cloud feedback (posiFve in every model) 

•  Large negaFve net cloud feedback at high laFtudes is caused by 
increased opFcal depth, not increased cloud amount 



Thank you! 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papers: Google “Mark Zelinka” 

•  This work was performed under the auspices of the U.S. Department of Energy by 
Lawrence Livermore NaFonal Laboratory under Contract DE‐AC52‐07NA27344 and was 
supported by the Regional and Global Climate Program of the Office of Science at the U. S. 
Department of Energy and by NASA Grant NNX09AH73G at the University of Washington. 

IM release # LLNL‐ABS‐474235 



Conclusions (1 of 2) 
•  Cloud radiaFve kernels allow computaFon of cloud feedback directly 

from cloud property histograms generated by ISCCP simulator 
–  Standard radiaFve transfer and definiFon of “cloud” across models 
–  No cloud masking adjustments necessary 
–  Simple calculaFon (mulFply two matrices) on monthly mean output 
–  Can quanFfy contribuFon to feedback from individual cloud types / processes 

•  Feedbacks computed with cloud kernels compare very well with those 
computed by adjusFng the change in cloud forcing 

•  Ensemble (10 model) mean results: 
–  Low cloud changes are dominant contributor to SW cloud feedback 
–  High cloud changes are dominant contributor to LW cloud feedback 
–  More than half of the global mean net cloud feedback can be anributed to the 

combined response of middle‐ and high‐level clouds 
–  High cloud changes induce wider range of LW and SW cloud feedbacks across 

models than do low clouds 



Conclusions (2 of 2) 
•  Increasing cloud top al:tude is dominant contributor to the posi:ve 

global mean LW and net cloud feedbacks (posi:ve in every model) 

•  Decreasing total cloud frac:on is dominant contributor to global mean 
posi:ve SW cloud feedback (posi:ve in every model) 
–  Inter‐model spread is greater than for any other feedback component 
–  Overall cloud amount reducFons have 2x as large an impact on SW as on LW fluxes 

•  Large nega:ve net cloud feedback at high la:tudes is caused by 
increased op:cal depth, not increased cloud amount 
–  Results from increased cloud water content and phase changes from ice to liquid 

•  This work was performed under the auspices of the U.S. Department of Energy by 
Lawrence Livermore NaFonal Laboratory under Contract DE‐AC52‐07NA27344 and was 
supported by the Regional and Global Climate Program of the Office of Science at the U. S. 
Department of Energy and by NASA Grant NNX09AH73G at the University of Washington. 

IM release # LLNL‐ABS‐474235 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“Truth” 

LW 

SW 

Net 

1.  ukmo_hadsm4 
2.  ukmo_hadsm3 
3.  ukmo_hadgsm1 
4.  uiuc 
5.  miroc_losens 
6.  cccma_agcm4.0 



Kernel EsFmate  Adjusted ΔSWCF  Difference 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La:tude 

SW 

LW 

Net 

Total: 0.26 
Thin: 0.01 
Medium: 0.06 
Thick: 0.19 

Total: 0.46 
Thin: 0.06 
Medium: 0.40 
Thick: 0.00 

Total: 0.72 
Thin: 0.07 
Medium: 0.46 
Thick: 0.19 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Total: 0.26 
High: 0.37 
Middle: ‐0.08 
Low: ‐0.03 

Total: 0.46 
High: ‐0.17 
Middle: 0.26 
Low: 0.38 

Total: 0.72 
High: 0.20 
Middle: 0.17 
Low: 0.35 



•  LW  •  Net  •  SW 



ΔAl:tude
Σ=0 % K‐1 

Residual 
Σ=0 % K‐1 

ΔCfrac 
Σ=‐0.42 %K‐1 

Mean 
Cfrac 

Σ=52.5 % 

ΔAmount 
Σ=‐0.42 %K‐1 

Δτ 
Σ=0 % K‐1 

τ  τ 

ΔAMOUNT = cloud fracFon altered 
in proporFon to amount in 1xCO2 
histogram; no change in verFcal or 
opFcal depth distribuFon 



ΔAl:tude
Σ=0 % K‐1 

Residual 
Σ=0 % K‐1 

ΔCfrac 
Σ=‐0.42 %K‐1 

Mean 
Cfrac 

Σ=52.5 % 

ΔAmount 
Σ=‐0.42 %K‐1 

Δτ 
Σ=0 % K‐1 

τ  τ 

ΔALTITUDE = anomalous verFcal 
distribuFon within each τ bin 

ΔOPTICAL DEPTH = anomalous opFcal 
depth distribuFon within each CTP bin 



ΔAl:tude
Σ=0 % K‐1 

Residual 
Σ=0 % K‐1 

ΔCfrac 
Σ=‐0.42 %K‐1 

Mean 
Cfrac 

Σ=52.5 % 

ΔAmount 
Σ=‐0.42 %K‐1 

Δτ 
Σ=0 % K‐1 

τ  τ 



Total 
Σ=‐0.72 

ΔAl:tude 
Σ=0.42 

Residual 
Σ=‐0.16 

Net Cloud Feedback 
Components 
(W m‐2 K‐1) 

ΔAmount 
Σ=‐0.36 

Δτ 
Σ=0.10 

τ  τ 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Total: 0.72 
Amount: 0.36 
AlFtude: 0.41 
OpFcal Depth: 0.10 
Residual: ‐0.15 

Total: 0.46 
Amount: 0.66 
AlFtude: ‐0.33 
OpFcal Depth: ‐0.05 
Residual: ‐0.11 

Total: 0.26 
Amount: ‐0.30 
AlFtude: 0.44 
OpFcal Depth: 0.16 
Residual: ‐0.04 



SW opFcal depth feedback: 
NegaFve at high laFtudes,  
PosiFve at low laFtudes 

•  Somerville & Remer (1984), Bens & Harshvardan (1987):  
warmer  more liquid water in clouds  brighter clouds 
(temperature sensiFvity is twice as large at high laFtudes) 

•  Tselioudis et al. (1992), Tselioudis & Rossow (1994), Chang and 
Coakley (2007): satellite observaFons indicate low cloud τ increases 
with T for cold clouds; opposite sensiFvity for warm (low‐ and mid‐
laFtude) clouds 

•  Senior & Mitchell (1993), Tsushima et al. (2006):  
replacing ice with liquid  less efficient to precipitate (B‐F effect) 
 more cloud water 

•  Timescale invariance of opFcal depth feedback?  
  Neil Gordon’s talk yesterday 



Δcfrac 
‐0.71 % K‐1 

LW 
0.10 W m‐2 K‐1 

SW 
0.92 W m‐2 K‐1 

Net 
1.02 W m‐2 K‐1 

30°‐50°S 



Δcfrac 
0.11 % K‐1 

LW 
0.66 W m‐2 K‐1 

SW 
‐0.95 W m‐2 K‐1 

Net 
‐0.30 W m‐2 K‐1 

50°‐70°S 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