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[13] In contrast to high clouds, the low cloud feedback
(Figure 2, bottom left) is positive over low to middle latitude
ocean and land areas, consistent with a reduction in cloud
amount (Figure 2, bottom right) and liquid water path
(Figure 2, top right) in these regions. The changes in cloud
cover are predominantly negative and likely tied to the
widespread reduction in free‐tropospheric relative humidity
in these models. In response to increased CO2, the marine
subtropical regions in these models generally exhibit
increased mid‐tropospheric subsidence [e.g., Lu et al., 2007;
Vecchi and Soden, 2007a] and an associated decrease in
lower tropospheric relative humidity [e.g., Vecchi and Soden,
2007b]. It is worth noting, however, that most GCMs
underestimate both the low cloud amount [Zhang et al., 2005]
and their sensitivity to interannual SST changes [Bony and
Dufresne, 2005].
[14] Low clouds are also responsible for the regions of

negative net cloud feedback over the high latitude southern
and northern Atlantic oceans. The regions of negative low
cloud feedback are associated with substantial increases in the
cloud liquid water path, but little change in cloud amount;
implying that it is the brightening of existing clouds which is
primarily responsible for the negative feedback. These are
associated with the poleward shift of storm tracks which
results in the location of a positive feedback on their equa-
torial flank.

3.2. Intermodel Differences
[15] To investigate the contribution of LW and SW cloud

feedbacks to the intermodel differences in net cloud feedback,
Figure 3 (top) plots the global, annual‐mean SW and LW
cloud feedback against the net cloud feedback for each of the
12 models. The global‐mean net cloud feedback ranges from
∼0.25 W/m2/K to ∼1.5 W/m2/K. All models show a positive
global‐mean LW cloud feedback (red), with the majority of
models clustering near 0.5 W/m2/K. However, there exists
little relation between a model’s LW and net cloud feedback,
although a slight tendency for larger LW feedbacks to be
associated with smaller net feedbacks is evident. In contrast,

the SW cloud feedback (blue) exhibits a noticeably larger
range (−0.5 to 1.25 W/m2/K) and has a much higher corre-
lation with changes in net cloud feedback (r = 0.94).
[16] Figure 3 (bottom) plots the global‐mean high, mixed

and low cloud feedback versus the corresponding total cloud
feedback for each model. Since the sum of the high, mixed,
and low cloud feedback add up to the total feedback, the slope
of the regression line (listed in parentheses) provides a mea-
sure of the contribution of each cloud type to the intermodel
range of the total feedback. The intermodel spread in the net
cloud feedback is largely attributable to discrepancies in their
projected feedback from low clouds, which contribute
roughly 75% of the intermodel spread. Differences in high
cloud feedback are responsible for only about 7% of the
spread in total cloud feedback, and the feedback from mixed
clouds contributes the remaining 18%.
[17] To further assess which cloud types are responsible for

the intermodel differences in net cloud feedback, we regress
the local change in cloud feedback for each model against the
corresponding global mean net cloud feedback for that
model. The regressions are computed across model space
using annual mean values for all 12 models. A map of the
regression slope (Figure 4) highlights those areas for which
the intermodel spread in global mean net cloud feedback is
most strongly associated with the changes in cloud cover
in that region. The regression values are negative in these
regions, indicating that models with increased (decreased)
marine low clouds tend to have anomalously small (large)
values of global‐mean net cloud feedback. That is, the strong
positive cloud feedback in high sensitivity models is pri-
marily attributable to their simulated reduction in low‐level
marine clouds. Overlain are contours of the ensemble‐mean
500 hPa pressure velocity. The largest regional contributions
to the intermodel spread in cloud feedback occur over areas of
large‐scale subsidence typically associated with subtropical
marine low clouds, including both stratocumulus and trade
cumulus regimes. While local maxima tend to coincide with
traditional stratocumulus regions in the eastern ocean basins,
the contributions from trade cumulus regions further to the

Figure 4. The intermodel regression of the global mean cloud feedback against the local cloud feedback for the 12 models
used (see Table S1). Larger values of the highlight those areas which contribute the most to the intermodel spread in global
mean net cloud feedback. The multi‐model ensemble‐mean 500 hPa pressure velocity from the first 20 years of the model
integrations are shown in contours.
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Inter-­‐model	
  spread	
   in	
  climate	
  sensi#vity	
  es#mates	
   is	
  primarily	
  caused	
  
by	
   uncertainty	
   in	
   cloud	
   feedback	
   over	
   subtropical	
   stratus	
   regions	
  
(Soden	
  and	
  Vecchi,	
  2011).	
  



Can	
   cloud	
   observa+ons	
   be	
   used	
   to	
   constrain	
   cloud	
  
feedback	
  in	
  subtropical	
  stratus	
  regions?	
  

	
  
	
  
Do	
  CMIP5	
  historical	
  simula#ons	
  agree	
  with	
  observa#ons?	
  
What	
   are	
   physical	
   mechanisms	
   controlling	
   long-­‐term	
  
cloud	
  changes?	
  

The	
  cloud	
  feedback	
  is	
  the	
  major	
  source	
  of	
  
uncertainty	
  in	
  the	
  modeling	
  of	
  climate	
  change:	
  



A	
  longer-­‐term	
  perspec+ve	
  from	
  cloud	
  observa#ons:	
  	
  

Ship-­‐based	
  observa+ons:	
  	
  
EECRA	
  (from	
  ICOADS)	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
•  Long-­‐term:	
   1954-­‐2008,	
   obs.	
   over	
  

the	
  global	
  oceans,	
  5x10	
  grids	
  

•  Affected	
  by	
  an	
  uniden#fied	
  ar#fact	
  
that	
  introduces	
  a	
  spurious	
  increase	
  
in	
  tropical	
  mean	
  cloud	
  cover	
  

Satellite	
  observa+ons:	
  
ISCCP	
  and	
  PATMOS-­‐X	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
•  Shorter-­‐term:	
  1984-­‐2007,	
  2.5x2.5	
  grids	
  

•  Beber	
   quality	
   (acer	
   correc#ons	
   for	
  
ar#ficial	
   low-­‐frequency	
   variability	
   by	
   J.	
  
Norris	
  and	
  A.	
  Evan)	
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Spurious	
  increase	
  in	
  tropical	
  mean	
  total	
  cloud	
  cover:	
  

•  Uniden#fied	
  ar#fact	
  (Norris	
  2005)	
  

•  Correc+ons	
  applied	
  to	
  EECRA:	
  remove	
  tropically	
  averaged	
  annual	
  means	
  
(30S:30N)	
  to	
  each	
  grid	
  box	
  (following	
  Deser	
  et	
  al.	
  2004,	
  2010)	
  



Correla#on	
  of	
  inter-­‐annual	
  cloud	
  anomalies	
  among	
  corrected	
  datasets:	
  

Inter-­‐comparison	
  of	
  cloud	
  datasets:	
  



Good	
  agreement	
  in	
  short-­‐term	
  (1984-­‐2007)	
  cloud	
  trends:	
  

Satellites	
  

Ships	
  



Es#mates	
  of	
  cloud	
  feedback	
  (1954-­‐2005):	
  

!CL =
!CRF
!T

ΔCRF	
   =	
   	
   change	
   in	
   CRF	
   at	
   TOA	
   from	
   1954	
   to	
   2005,	
   obtained	
  
regressing	
   satellite	
   retrievals	
   of	
   net	
   radia#on	
   fluxes	
   (ISCCP	
   and	
  
CERES)	
  on	
   total	
   cloud	
  cover	
   (ISCCP)	
  and	
  mul#plying	
   this	
   regression	
  
coefficient	
  by	
  the	
  long-­‐term	
  EECRA	
  cloud	
  dataset.	
  
	
  

ΔT	
  =	
  change	
  in	
  global	
  mean	
  sea	
  surface	
  temperature	
  (HadISST).	
  
	
  

This	
  same	
  defini9on	
  is	
  used	
  to	
  es9mate	
  cloud	
  feedback	
  from	
  CMIP5	
  
models	
  (historical	
  simula9ons).	
  

Cloud	
  Feedback	
  parameter:	
  

Methodology:	
  



Observa+ons:	
  
CMIP5	
  mul+-­‐model	
  mean*:	
  

*Mul#-­‐model	
  cloud	
  feedback	
  mean	
  of	
  16	
  model	
  output	
  from	
  historical	
  simula#ons	
  (3	
  ensemble	
  members	
  for	
  each	
  model)	
  

Results:	
  es#mates	
  of	
  net	
  cloud	
  feedback	
  (1954-­‐2005)	
  

The	
  mul#-­‐model	
  net	
  cloud	
  feedback	
  mean	
  agrees	
  in	
  sign	
  with	
  
observa#ons	
  but	
  is	
  smaller	
  in	
  amplitude	
  (in	
  NE	
  Pacific	
  and	
  SE	
  Atlan#c).	
  



The	
  NET	
  cloud	
  feedback	
  is	
  posi+ve	
  over	
  3	
  subtropical	
  stratus	
  regions:	
  
NE	
  Pacific,	
  SE	
  Atlan#c	
  and	
  NE	
  Atlan#c,	
  over	
  the	
  years	
  1954-­‐2005.	
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NET	
  Cloud	
  Feedback	
  



Decrease	
  in	
  total	
  cloud	
  cover	
  (1954-­‐2005):	
  
EECRA	
  (ships	
  obs.)	
  

CMIP5	
  mul#-­‐model	
  mean	
  

•  Large	
   decrease	
   in	
   cloud	
  
cover	
   in	
   observa#ons	
   and	
  
(much	
   smaller)	
   in	
   CMIP5	
  
models	
   over	
   3	
   subtropical	
  
stratus	
  regions.	
  

•  SE	
   Atlan#c:	
   cloud	
   change	
  
is	
   not	
   captured	
  by	
  models	
  
(cloud	
   climatology	
   is	
   not	
  
right).	
  

•  Es#mate	
  of	
  cloud	
  feedback	
  
from	
  total	
  cloud	
  cover…	
  

How	
  is	
  the	
  ver#cal	
  profile	
  
of	
  cloud	
  change?	
  



Ver#cal	
  profile	
  of	
  cloud	
  change	
  in	
  CMIP5	
  models:	
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CMIP5	
  mul#-­‐model	
  mean	
  (10	
  models):	
  
Cloud	
  change	
   Cloud	
  climatology	
  

•  Decrease	
  in	
  cloud	
  cover	
  is	
  found	
  at	
  all	
  levels	
  from	
  surface	
  to	
  300-­‐250	
  hPa	
  in	
  NE	
  
Pacific	
  and	
  NE	
  Atlan#c,	
  then	
  increase	
  at	
  lower	
  pressure	
  levels.	
  	
  

•  Model	
  bias	
  in	
  SE	
  Atlan#c?	
  Models	
  overes#mate	
  cloud	
  climatology	
  at	
  upper	
  levels?	
  



Summary:	
  

•  Observa#onal	
   records	
   indicate	
   that	
   there	
   has	
   been	
   a	
   long-­‐
term	
   decrease	
   in	
   total	
   cloud	
   cover	
   over	
   three	
   subtropical	
  
stratus	
   regions	
   (NE	
   Pacific,	
   NE	
   Atlan#c	
   and	
   SE	
   Atlan#c)	
   and	
  
posi#ve	
  net	
  cloud	
  feedback.	
  

•  The	
   CMIP5	
   mul#-­‐model	
   mean	
   agrees	
   in	
   sign	
   with	
  
observa#onal	
   es#mates	
   of	
   cloud	
   feedback	
   but	
   is	
   smaller	
   in	
  
amplitude	
  over	
  NE	
  Pacific	
  and	
  SE	
  Atlan#c	
  (comparable	
  over	
  NE	
  
Atlan#c).	
  

•  In	
   CMIP5	
   models	
   the	
   decrease	
   in	
   cloud	
   cover	
   occurs	
   at	
   all	
  
pressure	
  levels	
  from	
  surface	
  up	
  to	
  300-­‐250	
  hPa,	
  then	
  there	
  is	
  
an	
  increase.	
  	
  


