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Abstract Global and local feedback analysis techniques
have been applied to two ensembles of mixed layer
equilibrium CO, doubling climate change experiments,
from the CFMIP (Cloud Feedback Model Intercom-
parison Project) and QUMP (Quantifying Uncertainty
in Model Predictions) projects. Neither of these new
ensembles shows evidence of a statistically significant
change in the ensemble mean or variance in global mean
climate sensitivity when compared with the results from
the mixed layer models quoted in the Third Assessment
Report of the IPCC. Global mean feedback analysis of
these two ensembles confirms the large contribution
made by inter-model differences in cloud feedbacks to
those in climate sensitivity in earlier studies; net cloud
feedbacks are responsible for 66% of the inter-model
variance in the total feedback in the CFMIP ensemble
and 85% in the QUMP ensemble. The ensemble mean
global feedback components are all statistically indis-
tinguishable between the two ensembles, except for the

clear-sky shortwave feedback which is stronger in the
CFMIP ensemble. While ensemble variances of the
shortwave cloud feedback and both clear-sky feedback
terms are larger in CFMIP, there is considerable overlap
in the cloud feedback ranges; QUMP spans 80% or
more of the CFMIP ranges in longwave and shortwave
cloud feedback. We introduce a local cloud feedback
classification system which distinguishes different types
of cloud feedbacks on the basis of the relative strengths
of their longwave and shortwave components, and
interpret these in terms of responses of different cloud
types diagnosed by the International Satellite Cloud
Climatology Project simulator. In the CFMIP ensemble,
areas where low-top cloud changes constitute the largest
cloud response are responsible for 59% of the contri-
bution from cloud feedback to the variance in the total
feedback. A similar figure is found for the QUMP
ensemble. Areas of positive low cloud feedback (asso-
ciated with reductions in low level cloud amount)
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contribute most to this figure in the CFMIP ensemble,
while areas of negative cloud feedback (associated with
increases in low level cloud amount and optical thick-
ness) contribute most in QUMP. Classes associated with
high-top cloud feedbacks are responsible for 33 and
20% of the cloud feedback contribution in CFMIP and
QUMP, respectively, while classes where no particular
cloud type stands out are responsible for 8 and 21%.

1 Introduction

Estimates of the equilibrium near-surface warming
resulting from a doubling of CO, relative to pre-indus-
trial levels (often referred to as the climate sensitivity)
vary among comprehensive general circulation models
by several degrees. The Third Assessment Report (TAR)
of the Intergovernmental Panel on Climate Change
(IPCC; Cubasch et al. 2001) reported the range in cli-
mate sensitivity from mixed layer ocean experiments
with contemporary climate models to be 2.0-5.1 K (see
their Table 9.4, p 560).

Cess et al. (1990, 1996), Le Treut and Li (1991),
Senior and Mitchell (1993), Le Treut and McAvaney
(2000), Colman (2003) and others have concluded that
differences in cloud feedback make a large contribution
to differences in climate sensitivity in GCMs. However,
few of these intercomparisons have gone beyond global
or zonal mean feedback analysis, and the lack of con-
sistent methods or detailed cloud diagnostics in models
has made it difficult to compare modelled cloud
responses in a quantitative manner, meaning that the
reasons for the differences in cloud response remain
unclear. A number of recent developments however
warrant a re-visit of the issue.

There have been significant advances in methods
used to analyse and understand model feedbacks in
relation to each other and to satellite observations.
Yu et al. (1996) developed an approach for detailed
and quantitative comparisons of clouds in climate
models with observations from the International
Satellite Cloud Climatology Project (ISCCP; Rossow
and Schiffer 1999) which mimics the satellite view from
space (along with certain ISCCP retrieval assumptions),
yielding diagnostics that can be quantitatively com-
pared with the observational retrievals of cloud
amount, cloud top pressure and cloud optical thick-
ness. Klein and Jakob (1999) and Webb et al. (2001)
developed the ‘ISCCP simulator’, an implementation of
this approach which can be run within models and
which has been used in a number of studies (e.g. Tse-
lioudis et al. 2000; Zhang et al. 2005; Williams et al.
(2005b). Other studies (some of which use the ISCCP
simulator) have developed compositing techniques to
relate present day variations in clouds and/or radiative
fluxes to variations in thermodynamic and dynamical
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variables in the models (Bony et al. 2004; Williams
et al. 2003, 2005a, b; Bony and Dufresne 2005; M.C.
Wyant et al., submitted). Studies of local feedbacks in
individual climate models have also emerged; Colman
(2002) applied methods derived from Wetherald and
Manabe (1988; the so-called partial radiative pertur-
bation (PRP) approach) to the Bureau of Meteorology
Research Centre (BMRC) model, while a local analysis
of feedbacks in the Canadian Climate Model (Boer and
Yu 2003) separated the effects of clouds and clear-sky
effects using a measure of cloud feedback based on
cloud radiative forcing method of Cess and Potter
(1988). These developments in cloud diagnosis and
feedback analysis techniques are now being applied
across a range of models as part of the Cloud Feed-
back Model Intercomparison Project (CFMIP; McAv-
aney and Le Treut 2003; http://www.cfmip.net).
CFMIP is a World Climate Research Programme
(WCRP)/Working Group on Coupled Modelling
(WGCM) endorsed project which aims to perform a
systematic intercomparison of cloud feedbacks in cli-
mate models and to evaluate aspects of their perfor-
mance that are relevant to uncertainty in those
feedbacks. The CFMIP experimental protocol requires
participants to include the ISCCP simulator.

The so-called perturbed physics ensembles have ex-
plored the dependence of climate sensitivity of a single
mixed-layer climate model on perturbations in model
parameters. Murphy et al. (2004) report a 5-95% range
of 1.9-5.3 K, estimated statistically by linearly com-
bining the responses of single parameter perturbations
in 53 versions of HadSM3 in the first ensemble from
the Quantifying Uncertainties in Model Predictions
project (QUMP). Stainforth et al. (2005) analysed a
grand ensemble in which 6 of the 29 QUMP parame-
ters were perturbed in combination. A second QUMP
ensemble is now available which perturbs 29 parame-
ters in combination in 128 ensemble members, with a
comprehensive set of diagnostics including the ISCCP
simulator (see Sect. 2 for details). The ranges in climate
sensitivity in both QUMP ensembles come close to
encompassing the equivalent range from the mixed
layer models reported in the TAR, but previous studies
have not established what feedback processes contrib-
ute most to this range, and whether or not these are in
any way similar to those found in multi-model
ensembles.

Drawing on these developments, we identify the local
feedbacks which contribute most to the inter-model
differences in climate sensitivity in the CFMIP and
QUMP ensembles, and relate these to the responses in
different cloud types (e.g. low and high top). We also
quantify the extent to which the ranges of various
feedbacks overlap in the two ensembles. We consider the
direct GCM results only, and do not attempt a formal
quantification of the uncertainty in climate sensitivity or
individual climate feedbacks in the probabilistic sense
used by Murphy et al. (2004).
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2 Model descriptions and experimental design

Each of the CFMIP and QUMP experiments was car-
ried out with a mixed layer ‘slab’ ocean model coupled
to an atmospheric GCM. In each case the steady-state
climate was simulated for a ‘control’ concentration of
CO, and for a doubled concentration.

A brief description of the CFMIP ensemble follows.
The UTUC model is described in Yang et al. (2000) and
Andronova et al. (1999). Its atmospheric resolution is
N36/L24 and it has prognostic equations for cloud
liquid water and ice. The BMRC model is described in
Colman et al. (2001). Its atmospheric resolution is T47/
L17 and it has prognostic equations for cloud liquid
water and ice (Rotstayn 1997). The GFDL AM2 ‘slab
model® used in this study incorporates an atmospheric
model very similar, though not identical, to the AM2
atmospheric model described in GFDL GAMDT (2004)
and uses atmospheric and sea ice components very
similar those in the CM2.0 coupled climate model
described in Delworth et al. (2006). Atmospheric reso-
lution is N72/L24, and it has prognostic equations for
cloud liquid water and ice. HadSM3 is a version of the
Hadley Centre climate model and is described by Pope
et al. (2000) and Williams et al. (2001a, b). Atmospheric
resolution is N48/L19, and the model has prognostic
equations for total water (vapour plus liquid/ice) and
liquid/ice water temperature. Cloud water/ice and cloud
fraction are diagnosed using a symmetric probability
density function for subgrid total water variations
(Smith 1990). HadSM4 is a development version of
HadSM3, described in Webb et al. (2001). Atmospheric
resolution is N48/L38, and this model has a prognostic
equation for cloud ice (Wilson and Ballard 1999), while
warm clouds are as in Smith (1990), with modifications
to allow cloud to partly fill a model layer in the vertical.
HadGSM1 is the mixed layer version of HadGEMI, the
first of a new generation of Hadley Centre climate
models (Martin et al. 2005; Johns et al. 2006). Atmo-
spheric resolution is N96/L38, and while there are
changes to many areas of the atmospheric physics and
dynamics, the treatment of clouds is similar to HadSM4.
The Institut Pierre Simon Laplace (IPSL) model is
described in Hourdin et al. (2006). The atmospheric
resolution is N48/L19, and the cloud parametrisation is
based on Le Treut and Li (1991). Cloud cover is pre-
dicted through a statistical cloud scheme that uses a
(skewed) generalised log-normal distribution to describe
the subgrid-scale variability of total water. In convective
areas the cloud scheme is coupled to the cumulus con-
vection scheme after Bony and Emanuel (2001). The slab
model version submitted to CFMIP uses climatological
sea ice. Two model versions of the T42/L20 MIROC3.2
model have been submitted to CFMIP from the CCSR/
NIES/FRCGC group in Japan (K-1 model developers
2004). The cloud parametrisation is based on Le Treut
and Li (1991). The ‘lower-sensitivity’ version (MIROC
low) is exactly the same as the ‘medium-resolution’

version of this model submitted to the IPCC Fourth
Assessment Report archive and described in the above
reference. The ‘higher-sensitivity’ version (MIROC high)
is the same as the above except for the following two
points in the treatment of clouds: (1) the temperature
range for the existence of mixed phase (liquid +ice)
cloud is —25 to —5°C in the higher-sensitivity version,
while it is —15 to 0°C in the lower-sensitivity version; (2)
when cloud ice melts, it is converted to cloud water in
the higher-sensitivity version, while it is converted to
rain in the lower-sensitivity version. For a fuller
description of the two versions, see T. Ogura et al.
(submitted). Note that the sea ice scheme employed in
the mixed layer model is a thermodynamic scheme, while
the version run in the coupled version of this model is
more sophisticated.

The second QUMP ensemble is made up of 128 ver-
sions of HadSM3, where a selection of 29 uncertain
parameters were perturbed in combination; i.e. each
ensemble member was run with multiple parameter
perturbations (MPPs). The parameters used were the
same as those in the first QUMP ensemble (Murphy
et al. 2004), in which only one parameter was perturbed
in each ensemble member (denoted as SPP for single
parameter perturbation). The parameters were selected
from the major components of atmospheric and surface
physics in the GCM, namely large scale cloud, convec-
tion, radiation, boundary layer, dynamics, land surface
processes and sea ice, in order to sample uncertainties in
all the major surface and atmospheric processes in the
model. The MPPs were chosen to cover a range of cli-
mate sensitivities while maximising, as far as possible,
coverage of parameter space and model skill for a given
climate sensitivity. Model skill is defined in this case as
the ability to reproduce time-averaged present day cli-
mate according to the climate prediction index (CPI)
introduced in Murphy et al. (2004). The MPPs for the
second ensemble were generated using the following
procedure. The size of the ensemble was chosen to be
128 members, on the basis of the computing resources
available. Based entirely on information contained in the
SPP ensemble, an earlier version of the linear prediction
method of Murphy et al. (2004) was used to predict the
climate sensitivities and CPI values associated with 3.6
million possible MPPs generated by random sampling
from (assumed) uniform prior distributions for each
parameter within its expert-specified limits. These pos-
sible perturbations were then split into 64 equi-probable
bins in climate sensitivity, and the 20 runs with the best
predicted CPI from each bin were then selected. From
this 1,280 member set of MPPs, the combination with
the highest predicted skill was selected first, and the
second was chosen to be the combination that was the
furthest away from the first in parameter space. Sub-
sequent MPPs were selected such that they were in turn
the farthest from all previously selected MPPs, with the
added constraint that no more than 2 could be selected
from any one bin, ensuring the selection of 128 MPPs in
total. Full slab ocean experiments including calibration,



control and equilibrium CO, doubling components were
then run for each of the 128 MPPs, with the addition of
an interactive sulphur cycle as in Williams et al. (2001a).
Sexton et al. (2004) provide additional detail on the
design of the MPP ensemble.

In the CFMIP models, various methods were used to
estimate the radiative forcing due to a doubling of CO,.
The values reported here are estimates at the tropopause
with some allowance for stratospheric adjustment,
except where stated otherwise below. The estimates for
the Hadley Centre and CCSR/NIES/FRCGC model
versions use the method of Tett et al. (2002). The GFDL
model estimate uses the method of Hansen et al. (2002)
diagnosing the net forcing at the surface. The BMRC
model uses a method based on that of Colman et al.
(2001) at the top of the atmosphere, while the IPSL
model uses the method of Joshi et al. (2003). The UIUC
group calculate an instantaneous forcing only, diag-
nosed at the tropopause. This value is used unadjusted,
although reducing the forcing by 15% (a typical

a) CEMIP Climate Sensitivity (K)
and CO, Forcing(Wm ™)

b) QUMP Climate Sensitivity (K)
and CO, Forcing(Wm_z)
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stratospheric adjustment) does not substantially affect
the results presented below. For all of the QUMP model
versions, the same value of CO, forcing is assumed
(3.74 Wm™?) based on the unperturbed version of the
model, as in Murphy et al. (2004).

3 Analysis of global means

Figure la and b shows the climate sensitivity due to
doubling CO, for the CFMIP models and a subset of the
QUMP model versions. Estimates for the radiative
forcing due to CO, doubling are also shown for the
CFMIP and QUMP models. Figure 1c shows the cli-
mate sensitivities from the 16 mixed layer model versions
in Table 9.1 (p 538) of the TAR. Various statistics of
climate sensitivity are shown in Table 1 for the three
ensembles. We consider whether there is evidence of a
statistically significant change in the statistics of climate
sensitivity between the TAR models and the newer

¢) TAR Models’ Climate Sensitivity (K)
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Fig. 1 Climate sensitivities of a CFMIP, b selected QUMP and ¢
TAR mixed layer models (K). Also shown are the forcing estimates
for CO, doubling in the CFMIP and QUMP models. The models
are shown in the order of increasing climate sensitivity. The box
and whisker plots summarise the climate sensitivity distributions

and show the boundaries between the quartiles of the distributions,
along with the mean (marked with a+) and the median (horizontal
line) values. In (b) these summarise all 128 QUMP model versions.
See caption for Fig. 2 for description of QUMP selection method



Webb et al.: On the contribution of local feedback mechanisms

Table 1 Statistics of climate sensitivity for CFMIP, QUMP and
TAR mixed layer models

n Mean Median SD Range Spread
TAR 16 3.4 3.5 0.9 2.0-5.1 3.1
CFMIP 9 38 3.6 1.2 2.3-63 40
QUMP 128 33 3.2 0.8 2.1-7.1 5.0

The spread is the difference between the maximum and minimum
values
n Number of models in each ensemble

model versions in the CFMIP ensemble. The CFMIP
ensemble mean climate sensitivity is 0.4 K higher than
the TAR equivalent. The median is also slightly higher.
In a two-tailed Student’s ¢ test we cannot reject the null
hypothesis that the TAR and CFMIP model climate
sensitivities are drawn from underlying distributions
with the same means at the 10% confidence level. Al-
though we assume that the climate sensitivities from the
two ensembles represent independent random samples,
reducing the number of degrees of freedom in the test
would only strengthen this result. We deduce that the
smaller change in the median is also unlikely to be sta-
tistically significant. Table 1 also shows the standard
deviation and spread (max—min) values of climate sen-
sitivity which give some measure of the inter-model
differences in climate sensitivity in each ensemble. Both
are approximately 30% larger in the CFMIP ensemble
compared to the TAR ensemble, but an F test shows
that the differences in standard deviations are not sta-
tistically significant at the 10% confidence level. The 128
member QUMP ensemble mean climate sensitivity is
close to that of the TAR ensemble and the differences
are again not significant. However, the CFMIP standard
deviation is significantly larger than the QUMP stan-
dard deviation. It is interesting to note that even though
the CFMIP ensemble has the larger variance, the
QUMP ensemble has the wider range.

Using the notation of Boer and Yu (2003), any
change R’ in the global mean net downward radiation at
the top of the atmosphere R may be expressed as the
sum of the global radiative forcing and response. The
response term may be expressed as a product of the near
surface air temperature response 7° and the signed
feedback parameter A (which is negative for a stable
system) to give:

R =f+AT (1)

where f is the global mean radiative forcing due to
doubling CO,. Once the slab models in question have
been run to equilibrium, R’ will be close to zero, and we
can use the relationship:

A=—1/s=—f/T 2)
(which illustrates the relationship between sensitivity s
and feedback A) to evaluate A for each of the CFMIP

models. Fixing A at the ensemble mean value (A =
—1.03Wm 2K ') and solving for 7” we find that only a

small part of the range in climate sensitivity (3.0-4.0 K
out of 2.3-6.3 K) is caused by forcing differences. Using
an average forcing value (f =3.55Wm™2) the range
actually increases to 2.3—7.2 K. This shows not only that
the differences in A can themselves explain much of the
range in climate sensitivity, but that forcing differences
in the models act to reduce the range slightly. Repeating
this exercise on the standard deviations gives equivalent
results.

Re-ordering Eq. 1, the response term can be sepa-
rated into a clear-sky response and a difference between
the all-sky and clear-sky responses:

AT' =R ~f)=R -)+IR~/)-®R -] ()

where R’ is the change in the clear-sky net downward
flux at the top of the atmosphere, and f is the forcing
calculated for clear-sky conditions. The second term
may be expressed as the sum of the change in the net
cloud radiative forcing Ri. =R’ — R’ and the difference
in the all-sky and clear-sky forcings to give:

AT' = (R = f)+[Re + (f = /)] (4)

As clear-sky forcings are not available for the CFMIP
models, we use fin the place of f in the analysis of both
the CFMIP and QUMP ensembles, which gives:

AT = (R - f) + R¢ (5)

With this approximation the total response is decom-
posed into clear-sky and cloud feedbacks, consistent
with the approach of Cess and Potter (1988). We then
define the clear-sky and cloud feedback terms to be:

A=Ar+Ac= (R —[))T +R)T (6)

The subscripts C and A indicate ‘cloud’ and ‘atmo-
sphere’, although the clear-sky terms do of course also
include contributions from surface feedback processes.
These components can in turn be separated into short-
wave and longwave components, for instance:

Aa = Asa +Ara ~ (R — f5)/T + (R, — fL)/T' (7)

As separate longwave and shortwave forcings fg and fi.
are not available from the CFMIP models, we use f in
the place of fi and take f5 to be zero in the analysis of
both ensembles:

Asa + Ara = R/T' + (R, — f)/T’ (8)

Similarly, the cloud feedback term can be decomposed
into shortwave and longwave components

AC:Asc—{—ALCzR/SC/TI—FRLC/TI (9)
as can A itself:
A = As + AL = [Asa + Asc] + [ALa + ALc] (10)

An alternative approach would be to employ a
decomposition based on the PRP methods of Wetherald



and Manabe (1988) and Colman (2002) which give a
somewhat cleaner separation of forcing and feedback
components, avoiding the so-called cloud masking effect
which (when the cloud forcing method is used) leads to
an overestimate of the strength of clear-sky feedback
terms and an underestimate of the strength of cloud
terms (Zhang et al. 1994; Colman 2003; Soden et al.
2004). This approach however requires suitable diag-
nostics which are not currently available for a wide
range of models. In this study therefore, the term ‘cloud
feedback’ will (unless stated otherwise) refer to that
component of the feedback measured by the change in
the cloud radiative forcing.

Table 2 presents statistics based on those of Boer and
Yu (2003), but applied to inter-model differences in
global mean feedback components A; taken across the
CFMIP ensemble, rather than across the spatial struc-
ture of the feedback components in a single model. For
each component A; we show the ensemble mean A;, the
ensemble sample standard deviation o,,, and V;, the
fractional contribution of the global mean feedback
component A; to ¢4 (the ensemble variance of A),
defined as

AFASL
V= k “ ik
Z oa(n—1)

k=1,n

(11)

where (A, k=1,n) are the deviations of the individual
models from the ensemble mean. The contributions sum
to unity, but may take negative as well as positive values.
The table also shows correlations of A; with A.

Figure 2a shows A for the CFMIP ensemble mem-
bers, while Fig. 2b shows the cloud feedback compo-
nents Ay c, Asc and Ac. The models are presented in the
order of increasing A so as to highlight any relationship
between A and its components. The visual impression is
that the inter-model differences in the shortwave cloud
feedback Agc make the largest contribution to those in
A via Ac, and this is confirmed by Table 2 which shows
that Agc contributes 59% of 67 (out of a total of 66%
from Ac) and that both have a statistically significant
correlation with A. Aga contributes a smaller amount
(35%) and is also well correlated with A (Table 2;
Fig. 2c¢).

Figure 2d and e shows A and the cloud feedback
components from a subset of members of the QUMP
ensemble, selected to span the ranges of the various
globally meaned feedback terms. The visual impression is
that (as with CFMIP) inter-model differences in A are
mainly due to A¢, and statistics from the full 128 member
ensemble in Table 3 confirm this (A contributes 85% to
o% and is well correlated with A). However, unlike the
CFMIP ensemble, differences in Aj ¢ contribute the lar-
ger part of this (57%). The clear-sky components
(Fig. 2f, Table 3) make a smaller contribution to ¢ than
is the case in CFMIP, mostly from Aj .

Comparing Table. 2 and 3 shows that the differences
in the ensemble mean values for the globally meaned
feedback components Agc, A1 o and Ay ¢ are all less than
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0.1 Wm > K~'. These differences are not significant at
the 10% confidence level. However the ensemble mean
value of Agy is approximately 0.2 Wm ™ K~' larger in
CFMIP than QUMP. This difference is statistically sig-
nificant, and is large enough to explain the difference in
ensemble mean values of A in itself. The CFMIP stan-
dard deviations are larger than their QUMP equivalents
(in a statistically significant sense) for all of the feedback
components except Ay c. The A;c standard deviation in
QUMP is larger than in CFMIP, but not significantly.
The statistical tests applied here are based on an
assumption that the members of each ensemble are
independent. This assumption will tend to exaggerate
the statistical significance of any differences by an
amount that is difficult to quantify, so the more mar-
ginal differences should be treated with a degree of
caution.

To quantify the extent to which the QUMP
ensemble spans the range of the CFMIP ensemble, we
express the size of the overlap in the ranges of the two
ensembles as a percentage of the spread in the CFMIP
ensemble. Table 4 shows that QUMP spans 80% or
more of the CFMIP range in the global mean values of
Agc, Apa and Apc, but only 25% of the range in Agy.
The net effect of these overlaps is that the QUMP
ensemble spans more than 90% of the CFMIP range in
globally meaned A. Conversely, CFMIP spans
approximately 90% or more of the QUMP range in
Agc and Apa, but less of the QUMP range in Aga and
ALC~

4 Classification of local cloud feedbacks
4.1 Local feedback terms and feedback classes

In this section, a feedback classification scheme is
introduced which identifies areas of the globe where
qualitatively similar cloud feedback mechanisms are
acting. Following Boer and Yu (2003), a local feedback
parameter can be defined simply as the local contribu-
tion to the global feedback parameter by re-writing the
first part of Eq. 3 in terms of global means of spatially
varying local values A,, f}, etc.

A= (A = (R) = ) {Th)

and so
A= (R, — 1)/(T)) (13)

where angular brackets denote a global mean. Note that
the denominator contains the globally averaged near air
temperature change rather than the local value. In the
following text, A, f, T, etc. will now be taken to mean
local values, and global means will be denoted by angle
brackets. In the local context, the equation

(12)

A =Axr~+Ac =Asa +Ara +Asc + ALc (14)

still applies.
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a) CFMIP Total Feedback A (Wm K ™) d) QUMP Total Feedback A (Wm2K™)
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Fig. 2 Global mean feedbacks: a CFMIP values of 4 (Wm 2 K™1);
b CEMIP cloud feedbacks Ay ¢, Asc and Ac (Wm™2 K™'); and ¢
CFMIP clear-sky feedbacks Aj 4, Asa and A, (Wm~2> K~ ?). The
parts (d-f) show the same quantities from nine selected QUMP

ensemble members, selected to include the maximum and minimum
values of T7, Aya, Aga, Aa, ArLc, Asc and Ac from the full 128
member ensemble. The selected models are used in the figures only



Table 2 Ensemble statistics of the global mean feedback compo-
nents in the CFMIP models
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Table 4 Overlap between the ranges of values in global mean
feedback components taken by the CFMIP and QUMP ensembles

A Ac ALc Asc  Aa ALa Asa A Ax Ac Asa Asc Ara Aic
A -1.02 012 -0.15 026 -1.14 —-190 0.77 QUMP (% CFMIP) 93 66 91 25 82 80 100
O, 042 0.31 0.15 0.33 0.20 0.14 0.18 CFMIP (% QUMP) 93 100 85 67 100 89 41
V; 1.00  0.66 0.08 0.59 034 —-0.01 0.35
A 1.00 0.88 0.22 0.75 0.69 —0.03 0.82 The size of the overlap between the two ensembles’ ranges ex-

The ensemble mean and standard deviation is shown for each
component. V; is the contribution of the component to ¢2, the var-
iance of 4. Components which contribute more than 20% to ¢% are
in bold. r 4 is the correlation of the feedback component with A. For
nine ensemble members the significance threshold for the correla-
tions are 0.67 for the 10% confidence level (with a two-tailed test).
Correlations greater than or equal to 0.7 are highlighted in bold

The classification we adopt is illustrated in the sche-
matic in Fig. 3 and is based on the idea of grouping local
cloud feedbacks together on the basis of the relationship
between their longwave and shortwave components. For
example, consider an idealised situation where, in a CO,
doubling experiment, the amount of low level cloud in a
particular region decreases while other variables (such as
the clear-sky albedo) remain unchanged. This would
lead to a decrease in the magnitude of the local short-
wave cloud radiative forcing which, (the shortwave
cloud forcing being negative) would constitute a positive
local cloud feedback with a corresponding positive value
of Agc. This decrease in low level cloudiness would have
little effect on the longwave CRF, and so this case would
fall in feedback class A(S " L": orange) on the schematic
in Fig. 3, where the S L" indicates a positive shortwave
cloud feedback coinciding with a (relatively) neutral
longwave cloud feedback. Conversely, if low level
cloudiness was to increase, we would expect this cloud
feedback to fall into class E(S~ L": dark blue). If low
level cloud optical thickness was to change, this cloud
feedback would also be expected to fall into cloud
feedback class A(S™ L": orange) or E(S™L": dark blue),
depending on the sign of the change.

Considering another case, observations show that the
longwave and shortwave components of the cloud
radiative forcing (positive and negative in sign, respec-
tively) tend to cancel in parts of the tropics where deep
convection produces optically thick clouds with tops
near to the tropopause. A reduction of the amount of
this type of cloud might lead to reductions in the mag-
nitudes of the local longwave and shortwave cloud
forcing of comparable size, and this case would then fall

Table 3 As Table 2 but for the 128 QUMP model versions

A Ac ArLc Asc  Aa Apa Asa
A; —1.18 0.09 —0.10 0.19 —1.27 —1.85 0.59
oA, 0.25 0.22 0.19 0.17 0.07 0.05 0.04
Vi 1.00 0.85 0.57 0.29 0.15 0.12 0.03
r'4 1.00 0.97 0.77 0.43 0.56 0.62 0.19

The significance threshold for correlations at the 10% confidence
level is 0.17 for an ensemble of this size. Correlations greater than
or equal to 0.7 are highlighted in bold

pressed as a percentage of the spread in the CFMIP ensemble,
which is a measure of the extent to which the QUMP ensemble
spans the range of the CFMIP ensemble in each feedback com-
ponent. The overlap is also expressed as a percentage of the spread
in the QUMP ensemble to give an indication of the extent to which
the CFMIP ensemble spans the QUMP ranges

into class B(S* L™ yellow), while an equal and opposite
increase would fall into class F(S™ L™ : purple). Similarly,
decreases in the amount of thin or subvisual cirrus
would be expected to fall into class C(SVL™: green),
while increases would be expected to fall into class
G(SVL™: dark red). For completeness, classes H(S"L™:
red) and D(S™L™: light blue) are also included. Cloud
feedbacks associated with changes in clouds at different
levels in combination could fall into these classes: for
instance increases in high thin cirrus coinciding with
reductions in low level clouds could fall into class
H(S" L™ : red), while the reverse situation could fall into
class D(S™ L : light blue).

Areas where the local values of Ags are comparable
in magnitude to those of Agc are particularly difficult to
interpret as it is not clear whether values of Agc in these
areas are indicative of a true cloud feedback, or a con-
sequence of using the cloud radiative concept for the
separation of cloud and atmospheric feedbacks (see be-
low). For this reason, in much of the analysis that fol-
lows we remove areas where Aga>1 Wm 2 K~! from
the eight cloud feedback classes and place them into a
cloud feedback class of their own, namely class /(SA ™).

Although the examples described above are simplis-
tic, we argue that they can be used as a basis for inter-
preting the various cloud feedback classes in terms of the
primary cloud response. By this we mean the cloud type
which is showing the largest changes in amount or cloud
optical depth within the area covered by the class. We
argue that classes 4(S*L": orange) and E(S™L": dark
blue) can be interpreted as areas where the primary
cloud response is due to changes in the amount or
optical thickness of low-top clouds. Similarly we argue
that classes B(STL: yellow) and F(S L™: purple)
indicate a primary cloud response due to changes in
amount, optical thickness or height of optically thick
high-top clouds, and similarly associate classes C(S™L™:
green) and G(SVL™: dark red) with a primary response
in optically thin high-top clouds. Classes D(S™L™: light
blue) and H(S" L": red) may be interpreted primarily in
terms of coincident changes in low and optically thin
high-top clouds. Given that the ISCCP simulator diag-
nostics are available in both ensembles we are able to
test these interpretations using the actual cloud re-
sponses in the models.
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Fig. 3 Cloud feedback classification. Local values of the shortwave
and longwave cloud feedback terms Agc and A; ¢ are classified in a
two-dimensional space with Agc in the X dimension and Ay ¢ in the
Y dimension. The space is divided into eight sectors which sweep
out equal angles of 45° from the origin. Classes 4(S™ L": orange)
and E(S™L": dark blue) contain values which are in the two sectors
lying along the line Ay c=0. In these classes, |4 c| is always <
tan(22.5°)|Asc|. As tan(22.5°)=0.42 we describe these classes as
containing cloud feedbacks where A;c is ‘relatively neutral’
compared to Agc. Classes C(SVL™: green) and G(SVL™: dark
red) contain values which are in the two sectors which include the

4.2 Interpretation of cloud feedback classes

We analyse changes in the frequency of occurrence (or
amount) of nine ISCCP cloud types (see Fig. 2 of Ros-
sow and Schiffer 1999) diagnosed by the ISCCP simu-
lator in the models. The total cloud amount is broken
down into three bins of cloud top pressure P.: high-top
(P. <440 mb) mid-level-top (440 mb < P.<680 mb)
and low-top clouds (P. 2680 mb). These are combined
with three bins of cloud optical thickness t: optically
thin (0.3 < 7<3.6), medium (3.6 < 7<23) and opti-
cally thick (r 223) to give the nine cloud types. We define
the cloud response of cloud type i within a given class j
to be [C];=[c "];T " ) where ¢’; is the local amount of
that cloud type and where the square brackets denote a
spatial mean taken within the class. Ensemble mean
values of this quantity are shown in Table 5 to give an
indication of the relative sizes of the responses in the
different cloud types in each cloud feedback class. Fig-
ure 4a—i shows the spatial distributions of the nine cloud
feedback classes for the CFMIP models, ordered in
terms of increasing globally averaged A.

Class A(S™ L": orange) covers areas where a positive
shortwave cloud feedback coincides with a relatively

line Asc=0, and contain values of Agc which are relatively neutral
compared with A c. Classes D(S™L™: light blue) and H(STL*:
red) contain values which are in the two sectors which include the
line Agc= Ay c. Here the values of Agc and Ay are of the same
sign, and as |4 c| 2 0.42|Asc| and |Asc| = 0.42| Ay | we describe the
values of Agc and Apc in these classes as having ‘comparable
magnitude’. Classes B(S*L™: yellow) and F(S L*: purple)
comprise the two sectors on the line Asc=—Arc and contain
values where Aypc and Agc are of comparable magnitude but
opposite sign. The cloud types which show the largest responses in
each class are also indicated (see Sect. 4.2)

neutral longwave cloud feedback, which we argue is
indicative of a cloud feedback primarily due to an
decrease in the amount or optical thickness of low
clouds. Table 7 shows the ensemble average class areas
as global means and also broken down into low, mid
and high latitude regions. This shows that class
A(ST LY: orange) covers about a quarter of the globe in
the ensemble mean, occurring mostly in the low and
mid-latitude regions. Figure 4 shows that it is commonly
seen off the western coasts of subtropical continental
areas and in mid-latitude storm track areas, and Table 5
shows that reductions in the amount of low-top cloud
(primarily of medium optical thickness) are over twice
the size of the other cloud responses in this class, which
is consistent with our interpretation given above. A
secondary contribution from decreases in the amount of
mid-level-top clouds is also noted.

Conversely, class E(S™L": dark blue) indicates a
negative shortwave cloud feedback with a relatively
neutral longwave cloud feedback, which we argue is
indicative of cloud feedback primarily due to an increase
in the amount or optical thickness of low clouds. It
covers less than a tenth of the globe in the ensemble
mean, and this is spread roughly evenly across the three
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Table 5 CFMIP ensemble mean cloud responses [C;] within each feedback class (% /K)

GL ASTLYY BSYLY) C(S¥LY) D(STLY) ES LY KSLY) GSVLT) HSYLY) IKSAT)
Total -0.25  -0.95 -0.86 —0.22 0.09 0.27 0.56 0.50 -0.30 0.82
Low —0.21  -0.81 —0.20 0.19 0.23 0.09 —0.16 -0.26 -0.90 0.60
Mid —0.22  -0.38 —0.24 —0.05 —0.07 —0.16 —0.15 —0.08 -0.28 —-0.16
High 0.18 0.25 -0.42 -0.36 —0.07 0.34 0.86 0.83 0.87 0.38
Low/thin —0.15  —0.11 —0.02 —0.01 —0.03 —0.24 —0.14 —0.05 —0.19 -0.45
Low/intermediate ~ —0.14  -0.47 —0.12 0.05 0.05 —-0.15 —0.20 —0.16 -0.57 0.54
Low/thick 0.07 —0.23 —0.06 0.14 0.21 0.48 0.19 —0.05 —0.13 0.52
Mid/thin —0.09 —0.05 —0.03 —0.01 —0.02 —0.09 —0.08 —0.07 —0.06 -0.31
Mid/intermediate ~ —0.12  —0.14 —0.09 —0.04 —0.05 —0.16 —0.12 0.00 —0.13 —-0.15
Mid/thick —0.02 —0.19 —0.11 —0.00 0.01 0.10 0.06 —0.01 —0.09 0.30
High/thin 0.04 0.18 —0.09 —0.17 —0.11 —0.06 0.19 0.29 0.40 —0.11
High/intermediate 0.03 0.06 —0.16 —0.15 —0.07 0.04 0.26 0.31 0.23 0.07
High/thick 0.12 0.01 —0.17 —0.04 0.10 0.36 0.41 0.23 0.24 0.42

Cloud responses of 0.25%/K or greater are highlighted in bold

latitude regions (Table 7). Figure 4 shows that it is
commonly seen in the trade cumulus regions (e.g. to the
west of south America), but also occasionally in the
tropical west Pacific. It is also seen in oceanic regions at
high latitudes, adjacent to the class I(SA ") areas marked
by the black contours, and stretches from there into the
mid-latitude region in some of the models. Table 5
shows that the largest component of the cloud response
in this class is an increase in the amount of optically
thick low-top cloud, which along with the reductions in
the amount of optically thin and intermediate optical
thickness low-top clouds indicates an increase in the
average low-cloud optical thickness in this class, con-
sistent with our interpretation above. A secondary
contribution from increases in the amount of optically
thick high-top cloud is also noted.

Class B(S " L™: yellow) covers areas where a positive
shortwave cloud feedback coincides with a negative
longwave cloud feedback of comparable magnitude,
which we argue is indicative of a cloud feedback pri-
marily due to decreases in the amount, optical thickness
or height of reflective high-top clouds. According to
Table 7, class B(ST L™ yellow) covers about a quarter
of the globe in the ensemble mean, and occurs mostly at
low latitudes. Figure 4 shows that it is commonly seen in
the South Pacific Convergence Zone (SPCZ), on the
western sides of the subtropical Pacific, Indian and
Atlantic oceans, and also occasionally in the mid-
latitude storm track regions. Table 5 shows that the
largest cloud responses in this class are due to reductions
in the amounts of optically thick and intermediate
optical thickness high-top clouds, which supports our
interpretation above. Smaller contributions from
reductions in the amounts of optically thin high-top,
mid-level and low-top clouds are also seen.

Conversely, class F(S L™: purple) covers areas
where a negative shortwave cloud feedback coincides
with a positive longwave cloud feedback of comparable
magnitude [the opposite of class B(S™L™: yellow)]. We
argue that this class is indicative of a cloud feedback
primarily due to increases in the amount, optical
thickness or height of reflective high-top clouds. This

class covers less than a tenth of the globe in the
ensemble mean, and occurs mostly at low and high
latitudes. Figure 4 shows that it is commonly seen
across the tropical Pacific, along or a few degrees north
of the equator, and also occasionally over the Indian
Ocean and parts of Africa. Table 5 shows that the
increases in the amounts of optically thick and inter-
mediate optical thickness high-top cloud are the largest
in this class, and that combined they are three times
larger than any of the other responses. Again this
supports our interpretation above. A secondary con-
tribution from increases in the amount of optically thin
high-top cloud in this class is also seen.

Class C(SVL™: green) covers areas where a negative
longwave cloud feedback coincides with a relatively
neutral shortwave cloud feedback, which we argue is
indicative of a cloud feedback primarily due to a
decrease in the amount, optical thickness or height of the
optically thinner high-top clouds. Table 7 shows that
this class covers less than 5% of the globe in the
ensemble mean, mostly in the tropics, while Fig. 4 shows
that this class commonly appears in small amounts be-
tween areas of class B(SL™: yellow) and D(S™L: light
blue). The UTUC model (which has the lowest climate
sensitivity) is distinguished by having larger areas of
class C(SVL™: green) than the other models, across
much of the tropics. According to Table 5, the largest
cloud responses in this class are reductions in the
amount of optically thin and intermediate optical
thickness clouds with high tops, which supports our
interpretation. A secondary contribution is made by
increases in the amount and optical thickness of the low-
top clouds.

Conversely, class G(SVYL™: dark red) covers areas
where a positive longwave cloud feedback coincides with
a relatively neutral shortwave cloud feedback, which we
argue is indicative of a cloud feedback primarily due to
an increase in the amount, optical thickness or height of
optically thinner high-top clouds. Table 7 shows that
this class covers just over 5% of the globe in the
ensemble mean, split evenly between the tropics and the
high latitudes, while Fig. 4 shows that this class com-
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Table 6 As Table 5 but for the QUMP ensemble
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GL ASTLYY B(STLT) CSVLT) DSTLY) ESTLYy FRSLY) GSNLT) H(ESTLT) ISAT)
Total —0.19 —1.02 —0.95 —0.27 0.14 0.61 0.87 0.53 —0.18 0.58
Low —0.14 —0.84 —0.09 0.40 0.55 0.49 —0.18 —0.34 —0.85 0.30
Mid -0.27 —0.35 —-0.23 —0.15 —0.18 —0.26 —-0.16 —0.13 —0.23 —0.39
High 023  0.17 —0.63 —0.51 —0.23 0.38 1.21 0.99 0.90 0.66
Low/thin —0.20 —0.16 —0.07 —0.03 —0.04 —0.21 —0.13 —0.13 —0.20 —0.58
Low/intermediate ~ —0.05  —0.50 —0.09 0.16 0.29 0.29 —0.08 —0.16 —0.52 0.46
Low/thick 0.11 —0.18 0.07 0.26 0.30 0.41 0.03 —0.05 —0.14 0.42
Mid/thin —0.11  —0.09 —0.05 —0.04 —0.06 —0.15 —0.10 —0.12 —0.07 —0.22
Mid/intermediate ~ —0.12  —0.10 —0.09 —0.06 —0.06 —0.10 —0.08 0.01 —0.09 —0.32
Mid/thick —0.05 —0.16 —0.10 —0.05 —0.06 —0.01 0.02 —0.02 —0.07 0.15
High/thin 0.07 0.8 —-0.21 —0.27 —0.19 —0.05 0.46 0.45 0.44 0.00
High/intermediate ~ 0.07  0.06 —0.07 —0.04 0.01 0.09 0.25 0.29 0.17 0.11
High/thick 0.09 —0.07 —0.35 —0.20 —0.05 0.34 0.51 0.26 0.29 0.55
Table 7 CFMIP class area statistics by region
Class area ASTLYy  BSTLY)  CcSVLY)y DL ES LY  KSLY)Y GSVLY)  H(STLY)  ISATY)
Global 0.25 0.25 0.05 0.03 0.07 0.08 0.06 0.04 0.16
30°N-30°S 0.13 0.18 0.04 0.02 0.03 0.04 0.03 0.03 0.00
30°-50° N/S  0.10 0.07 0.01 0.01 0.02 0.01 0.01 0.01 0.03
50°-90° N/S  0.01 0.00 0.00 0.00 0.03 0.02 0.03 0.01 0.13

The ensemble means of the fractional area covered by each class are shown for the whole globe, and for low latitude (30°N-30°S), mid-
latitude (30°N-50°N, 30°S—-50°S) and high latitude (50°N-90°N, 50°S-90°S) regions. The fractions of the globe covered by each region of

latitude are 50, 26 and 24%, respectively

monly appears near areas of class F(S™L™: purple) in
the tropics, and over Antarctica. Table 5 shows
increases in high-top cloud amount are more than twice
the size of the mid- and low-top cloud responses, and
that this is mainly due to increases in the amount of
intermediate/thin optical thickness high-top cloud,
which is consistent with our interpretation. Reductions
in the amount of low-top cloud play a secondary role.
Class H(STL™: red) covers areas where a positive
longwave cloud feedback coincides with a positive
shortwave cloud feedback of comparable magnitude. It
is not clear that changes in a single cloud type could be
responsible for a cloud feedback of this type. However,
as class H(STL™: red) sits between classes A(S™L":
orange) and G(SVL™: dark red) in the cloud feedback
phase space, we argue that this class is indicative of a
combination of the cloud responses seen in these two
classes—i.e. reductions in low-top cloud amount and/or
optical thickness combined with increases in the
amount, optical thickness or height of optically thin
high-top clouds. Table 7 shows that this class covers just
under 5% of the globe in the ensemble mean, half in the
tropics and a quarter in each of the mid-latitude and
high latitude regions, while Fig. 4 shows it to commonly
appear between class A(S™L": orange) and H(STL™:
red) areas. According to Table 5, the largest cloud
responses are due to an increase in the amount of (pri-
marily optically thin) high-top cloud and a reduction in
low-top cloud amount (primarily of intermediate optical
thickness), which supports our interpretation.
Conversely, class D(S™L™: light blue) covers areas
where a negative longwave cloud feedback coincides

with a negative shortwave cloud feedback of comparable
magnitude. As with class H(S™ L™ : red) above, we argue
that this is indicative a cloud feedback due to a combi-
nation of the cloud feedback behaviour from the adja-
cent classes [primarily reductions in amount or optical
thickness of the optically thinner high-top clouds as in
class C(SVL™: green) and increases in low-top cloud
amount and/or optical thickness as in class E(S™L":
dark blue)]. Table 7 shows that this class covers less than
5% of the globe in the ensemble mean, two-thirds in the
tropics and one-third in the mid-latitude region, and
Fig. 4 shows that it appears mainly between areas of
class C(SVL™: green) and E(S™L": dark blue). Table 5
shows the largest cloud responses in this class indicate an
increase in the amount and optical thickness of low-top
clouds, and a reduction in the optically thin and inter-
mediate optical thickness high-top cloud amounts,
which is consistent with the interpretation above. There
is also a smaller increase in the optically thick high-top
cloud, as in class E(S™L": dark blue).

Finally we turn to class J(SA™), which we have de-
fined to contain all cloud feedbacks which coincide with
a positive clear-sky shortwave feedback where
Asa>1 Wm™2 K~ !. This threshold was chosen experi-
mentally to select areas (mostly at high latitudes) where
changes in sea-ice and snow mean that they reflect less
sunlight in the warmer climate. This class covers about
15% of the globe in the ensemble mean, the vast
majority of which is in the high latitude region, and
Fig. 4 shows that in these areas the CFMIP models
show mostly class E(S™L": dark blue) and F(S"L":
purple)-like behaviour, indicating negative values of
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Agc. However, this alone is not evidence that the clouds
in these areas are necessarily showing increases in their
amount or cloud optical thickness. This is because, even
with no change in cloud properties, a reduction in clear-
sky albedo can give a negative value of Agc. This effect
can be illustrated using a simple idealised model, where
we consider the effects of surface reflection and scatter-
ing of shortwave radiation by clouds only. For instance,
if:

Rs = —S[oe + (1 — o) s (15)
and
Rg = —Sog (16)

where S is the incoming solar radiation, ¢ is the surface
albedo and o, represents the cloud albedo, then the
shortwave cloud forcing

Rsc = Rg — Rg = —S[oe + (1 — o )ors — o]
= —Soe(l — ag)

In the case where o, decreases while o, remains un-
changed, the magnitude of the shortwave cloud radiative
forcing will increase (which will give a positive value of
Aga and a negative value of Agc). This is an example of
the cloud masking effect discussed by Colman (2003)
and Soden et al. (2004). It is because of this difficulty in
interpreting the meaning of Agc in areas of clear-sky
shortwave feedback that we place areas where
Asa>1 Wm 2 K !into a separate class. We can how-
ever interpret the cloud feedbacks in this class using our
understanding of the cloud feedbacks in other classes.
Table 5 shows that the largest ensemble mean cloud
responses in this class are for the low-top clouds, with
increases in the amounts of optically thick and inter-
mediate optical thickness low-top cloud and reductions
in the amount of optically thin low-top clouds. These
changes indicate that the primary cause of the cloud
feedback in this class is an increase in the amount and
optical thickness of low-top clouds which is consistent
with the cloud response in class E(S™L": dark blue)
where a truly negative shortwave cloud feedback is
operating. Increases in the amount of high-top optically
thick cloud play a secondary role, which is also consis-
tent with class E(S™L": dark blue). From this we con-
clude that the ensemble mean cloud responses in class
I(SA™) are fully consistent with the presence of a truly
negative shortwave cloud feedback.

Turning now to the QUMP ensemble, Fig. 5 shows
the spatial distributions of the nine cloud feedback
classes for the nine selected model QUMP versions,
while Table. 8 and 6 show the ensemble mean class areas
and cloud responses for full 128 member QUMP
ensemble. Comparing Table. 8 and 7 we see that class
F(S™L™: purple) covers slightly larger areas of the globe
in QUMP than in CFMIP, the differences coming
mainly from the tropics, and this difference is particu-
larly evident in the higher sensitivity models in Fig. 5.
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Statistical tests show that these differences are significant
at the 10% confidence level. The areas of the other
classes are statistically indistinguishable in the two
ensembles, both globally and in the various latitude
bands. A comparison of Table. 6 and 5 shows that while
some differences are seen in the cloud responses in var-
ious classes, our interpretations of the feedback classes
in terms of their primary cloud responses are also sup-
ported by the QUMP ensemble in each case. Some dif-
ferences between the two ensembles are seen in the
secondary cloud responses.

5 Cloud feedback class contributions

In this section we decompose the global cloud feedback
components from the CFMIP and QUMP ensembles
into contributions from each of the feedback classes so
as to establish which feedback classes make the largest
contribution to the variance in 4 in each ensemble. We
also consider the extent to which the range of values
taken in each feedback class overlap in the two ensem-
bles. Table 9 shows the ensemble mean contributions
(Ai); of each feedback class j to each of the ensemble
global mean cloud feedback components (A;) in the
CFMIP ensemble, as well as the ensemble mean values
within each class ([A;];). Also shown are the associated
standard deviations, contributions to ¢% and correla-
tions with {A). If we sum the variance contributions to
0% from Ac in the cloud feedback classes in which low
clouds constitute the primary cloud responses [classes
A(STL": orange), E(S™L": dark blue) and I(SA™)] we
find that these contribute 39% to ¢, which is 59% of
the 66% contributed by the global values of A¢. In each
of these classes the contribution to the variance from
Agc 1s several times the size of the contribution from
Aj ¢, which is consistent with the inter-model differences
in the cloud feedbacks in these classes being largely due
to those in low-top clouds. The cloud feedback classes
which have high cloud changes as their primary causes
[classes B(STL™: yellow), C(SVL™: green), F(S"L":
purple) and G(SVL™: dark red)] contribute 22% to ¢,
which is 33% of the contribution from Ac. Classes
D(S™L": light blue) and H(S™L™: red) contribute 5%
to o4.

Class A(S™L": orange) is responsible for the largest
contribution to ¢4, and more than half of the contri-
bution from the cloud feedback in total, mostly because
of its contribution from Agc. Values of Ac- and Agc in
this class are well correlated with (A ), with correlation
coefficients of 0.8 or more. The relationship between
class A(STL": orange) and the total feedback is also
apparent in Fig. 6 which shows the contributions from
each of the feedback classes to global mean values of
each of the cloud feedback components for the indi-
vidual CFMIP models, presented in the order of
increasing (A ). The larger areas covered by class
A(STL": orange) in the higher sensitivity CFMIP
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Table 8 As Table 7 but for the QUMP ensemble

Class area A(STLY) B(STLY) C(SVLY) D(S™L") E(S™LY) F(STL™) G(SVL™) H(STL™) ISA™)
Global 0.23 0.23 0.04 0.03 0.10 0.10 0.06 0.04 0.16
30°N-30°S 0.11 0.15 0.03 0.02 0.05 0.07 0.03 0.02 0.00
30°-50° N/S  0.11 0.08 0.01 0.01 0.01 0.01 0.00 0.01 0.03
50°-90° N/S  0.02 0.00 0.00 0.00 0.04 0.02 0.03 0.01 0.13
Table 9 CFMIP cloud feedback component class statistics
GL ASTLYY  B(SYLY)  CSVLT)  D(STLY)  ESTLYy  FRSTLY)  GSMLT) H(STLT) ISAY)

Arc

(A) =015  —0.06 —0.27 —0.07 —0.01 0.01 0.08 0.05 0.03 0.10

[A] —0.15 -0.24 —~1.10 —0.94 —0.47 0.14 0.86 0.83 0.69 0.64

O, 0.15 0.03 0.11 0.13 0.01 0.01 0.06 0.03 0.02 0.03
Vv 0.08  —0.05 0.00 0.20 0.02 —0.01 —0.04 —0.06 0.00 0.02
A 0.22 -0.83 0.00 0.66 0.80 -0.72 —0.32 -0.76 0.03 0.26
Asc

(A) 0.26 0.42 0.34 0.01 —0.01 —0.11 —0.08 —0.00 0.04 —0.34

[A] 0.26 1.70 1.35 0.10 —0.48 -1.22 —0.95 —0.05 0.79 —2.11

O, 0.33 0.21 0.13 0.01 0.01 0.08 0.06 0.00 0.02 0.10
vV 0.59 0.41 0.10 —0.02 0.02 0.13 0.05 0.00 0.01 —0.10
A 0.75 0.83 0.32 —0.65 0.74 0.72 0.30 0.12 0.13 —0.43
Ac

(A} 0.12 0.36 0.07 —0.07 —0.03 —0.09 —0.01 0.05 0.07 —0.23

[A] 0.12 1.45 0.25 —0.84 —0.96 -1.07 —0.09 0.78 1.48 —1.47

o, 0.31 0.18 0.05 0.11 0.02 0.07 0.01 0.03 0.05 0.10
v, 0.66 0.35 0.10 0.18 0.04 0.12 0.00 —0.06 0.01 —0.08
a 0.88 0.80 0.86 0.66 0.77 0.70 0.06 -0.76 0.08 —0.35

(A;), is the ensemble mean of the contribution (A, from the class j to the global feedback component {(A4,). [A; ] is the ensemble mean of
the féedback strength [A4,]; within class j. g4, is the ensemble standard deviation of (4,),. V; is the contribution of inter-model differences in
(A, to a;4. r is the correlation of {A;); with (A). Values of V; over 20% are in bold. Values of r, greater than or equal to 0.7 are also in

bold

models constitute a striking feature of Fig. 4, and the
area covered by this class is strongly anti-correlated with
(A) (ry = -0.85). To quantify the contribution of inter-
model differences in class area to ¢4, we recalculate the
values of V;in Table 9, but substitute [A;];a; for {4, ); so
as to suppress the contribution of inter-model dlﬂer-
ences feedback strengths [4;] within each class to ¢5. We
find that differences in class A(S*L": orange) area
contribute 38% out of the 41% of ¢% that is due to
differences in Agc. Figure 7 shows the global mean cloud
responses in the low-, mid- and high-top cloud amount,
and the contributions to these values from each of the
feedback classes, ordered according to the model’s val-
ues of (A ). The higher sensitivity models tend to show
larger reductions in the global mean low-top cloud
amount, and much of this is due to the contribution
from class A(S™L": orange). The low-top/intermediate
cloud response in this class is strongly anti-correlated
with (4 ) (r,=-0091), as is the total low-top cloud
response (r,=—0.84). There is also a quite strong
(r4=—0.79) anti-correlation with the (smaller) interme-
diate optical thickness mid-level cloud reductions, which
is consistent with these making a secondary contribution
within this class.

The next largest contribution to the variance in ¢
from the low cloud feedback classes comes from class

E(S™L": dark blue), in which Ac contributes 12% to o7,
again mostly from differences in Agc. Figure 6 shows a
tendency for stronger negative values of Agc and A¢ for
the lower sensitivity models in this class, and the table
shows that these values correlate with (A ) with coeffi-
cients of 0.7 or more. We find that approximately three
quarters of this contribution is due to differences in the
class area in this case. Class /(SA ™) makes a negative
contribution to ¢4 of 8%, again mostly from Agc. This
negative contribution is due to more strongly negative
values of Agc in the higher sensitivity versions (Fig. 6),
and Fig. 7 indicates that this is at least partly due to
larger increases in low cloud amount.

Table 10 is the equivalent of Table 9, but for the full
128 member QUMP ensemble. If we sum the variance
contributions to ¢% from Ac in the cloud feedback
classes which have low cloud feedbacks as their primary
cause [classes A(S™* L": orange), E(S™L": dark blue) and
I(SA™)] we find that these contribute 50% to %, which
is 59% of the 85% contributed by the global values of
Ac. The cloud feedback classes which have high cloud
changes as their primary cloud response [classes
B(S" L™: yellow), C(SYL™: green), F(S™ L™ : purple) and
G(SVL™: dark red)] contribute 17% to ¢% (or 20% of
the contribution from Ac). This excludes classes
D(S™L: light blue) and H(S™ L™ : red) which contribute
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Fig. 6 Contribution to global feedback terms (Asc ), {(Arc ) and {Ac

the order of increasing (A )

19% to 6% (22% of the cloud feedback contribution).
The fact that the low cloud feedback classes contribute
more than the high cloud classes in the QUMP ensemble
is initially surprising, given that our global analysis
showed the larger contribution to 6% to come from A; c.
However, a closer examination of Table 10 shows that
classes B(STL: yellow) and F(S™L™: purple) (associ-
ated with changes in high-top optically thick clouds)
make significant contributions to 6% via Ay which are
almost completely cancelled in the net by equal and
opposite contributions from Agc. The sum of the con-
tributions from the other classes are larger in Agc than
Arc.

The class with the largest contribution to ¢% in the
QUMP ensemble is class E(S™L": dark blue), in which
Agc contributes 33% to o4 (39% the cloud feedback
contribution). We calculate that approximately 60% of
this contribution is due to differences in class area, with
40% due to differences in feedback strength within the
class. Figure 8 shows the equivalent of Fig. 6 but for the
nine selected QUMP model versions, and shows stron-
ger negative shortwave cloud feedbacks in this class for
the lower sensitivity model versions, which is supported
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) from cloud feedback classes for the CFMIP models, presented in

by strong correlations of Asc and Ac with (A ) in
Table 10. Figure 9 shows that the increases in low-top
clouds (and the smaller increases in high-top clouds)
tend to be larger in the lower-sensitivity models, and we
find that both the optically thick low-top cloud increases
and optically thick high-top cloud increases are anti-
correlated with (A ) with correlation coefficients of
—0.76 and —0.88, respectively. This is consistent with
inter-model differences in low cloud response being the
primary cause of the differences in the cloud feedbacks
in this class, with high-top cloud responses playing a
secondary role.

Class I(SA™") is responsible for 21% of the cloud
feedback contribution to ¢% in the QUMP ensemble
(again mostly from Agc) and Fig. 8 shows evidence of
stronger negative values of Agc at lower sensitivities,
coinciding with larger increases in low cloud amount
(Fig. 9). In this case however we find that the contri-
bution is almost completely due to differences in the
strengths of the feedbacks within the class, and class
area contributes little. Class A(S™ L": orange) contrib-
utes very little to ¢% in the QUMP ensemble, unlike the
CFMIP ensemble.
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Fig. 7 Area weighted responses of low-, mid- and high-top clouds (C; ); in each feedback class j in the CFMIP models. Each plot shows the
cloud response low-top (> 680 hPa), mid-level-top (680-440 hPa) and high-top (<440 hPa) clouds (%/K)

Table 10 As Table 9 but for the QUMP ensemble

GL ASTLYy  B(SYLY)  CSVLT) D(STLY)  ESTLYy  FRSLY) GSMLT) H(STLT) IKSAY)

Arc

A —010  —0.06 —0.25 —0.04 —0.02 0.01 0.11 0.04 0.02 0.08

[A)] —0.10  —0.26 —1.05 —0.83 —0.52 0.13 1.04 0.67 0.54 0.53
V; 0.57 0.00 0.20 0.10 0.07 —0.00 0.09 0.05 0.02 0.04
ra 0.77 0.07 0.56 0.80 0.79 —0.03 0.44 0.52 0.39 0.71
Asc__

(A} 0.19 0.39 0.32 0.00 —0.02 —0.15 —0.12 —0.00 0.03 —-0.25

[A]] 0.19 1.74 1.35 0.07 —0.57 —1.47 —-1.15 —0.06 0.63 —1.61

o, 0.17 0.09 0.10 0.00 0.03 0.10 0.05 0.00 0.01 0.06
V; 029 —0.02 -0.20 —0.00 0.08 0.33 —0.07 —0.00 0.02 0.14
4 043  —0.05 —0.48 —0.56 0.78 0.84 —0.33 —0.52 0.37 0.62
Ac

(A} 0.09 0.33 0.07 —0.04 —0.04 —0.14 —0.01 0.04 0.05 —0.17

[A] 0.09 1.48 0.30 —0.76 —1.09 —-1.35 —0.11 0.61 1.18 —1.07

O, 0.22 0.09 0.03 0.03 0.05 0.10 0.01 0.02 0.03 0.06
V; 085  —0.01 0.00 0.10 0.15 0.33 0.03 0.04 0.04 0.18
ra 097 —0.04 0.03 0.80 0.78 0.82 0.46 0.51 0.38 0.73

Comparing the ensemble mean feedback components
of the CFMIP and QUMP ensembles in Table. 9 and 10
shows that the largest differences in Ac are in classes
E(S™L": dark blue) and I(SA™), with QUMP showing

more strongly negative values (largely from Agc) in class
E(S™L": dark blue), while reverse is the case in class
I(SA™). QUMP also shows stronger feedbacks in Agc
and Ay in class F(S™L™: purple), although the effects
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Fig. 8 As Fig. 6 but for the selected QUMP models

largely cancel in Ac. The CEMIP standard deviations in
Table 9 are significantly larger than those for QUMP in
Table 10 in classes A(S™L": orange), B(S™ L: yellow),
C(SVL™: green), G(SVL™: dark red), H(S* L™ : red) and
I(SA ™). Conversely the standard deviations in classes
D(S™L: light blue) and F(S"L™: purple) are signifi-
cantly larger in the QUMP ensemble than those in
CFMIP. (The same caveats noted when comparing the
global mean statistics above also apply here.) However,
while the ensemble standard deviations of the feedbacks
taken in each feedback class are mostly not statistically
equivalent, Table 11 shows that QUMP spans 75% or
more of the CFMIP range within all classes but one, the
exception being class C(SYL™: green). The CFMIP
models typically span a smaller fraction of the QUMP
ranges.

6 Summary and discussion

Global and local feedback analysis techniques have been
applied to two ensembles of mixed layer equilibrium CO,
doubling climate change experiments, from the CFMIP
and QUMP projects. Neither of these new ensembles

shows evidence of a statistically significant change in the
ensemble mean or variance in global mean climate sen-
sitivity when compared with the results from the mixed
layer models quoted in the Third Assessment Report of
the IPCC. A global mean feedback analysis shows that
the largest contribution to inter-model differences in
climate sensitivity in both ensembles is due to cloud
feedbacks, which confirms the findings of studies with
earlier models (e.g. Cess et al. 1996; Colman 2003). In the
CFMIP ensemble, two-thirds of the inter-model variance
in the total feedback A (and hence in the climate sensi-
tivity) is due to differences in the strengths of the net
cloud feedbacks. The clear-sky shortwave feedbacks
contribute most of the remaining one-third. Cloud
feedbacks contribute 85% to the variance in the total
feedback in the QUMP ensemble. The ensemble mean
global feedback components are statistically indistin-
guishable between the two ensembles (at the 10% confi-
dence level), the exception being the clear-sky shortwave
feedback Aga which is stronger in the CFMIP ensemble.
The ensemble variances of Aga, Apa (the clear-sky
longwave feedback) and Agc (the shortwave cloud feed-
back) are significantly larger in CFMIP than QUMP.
However, there is considerable overlap in the ranges of



Webb et al.: On the contribution of local feedback mechanisms

Class F (S'L" purple) Class G (SNL* dark red) Class H (S*L* red) Class I (SAY)
1.0 1.0 1.0 1.0
Low cloud response (%/K) Low cloud response (%/K) Low cloud response (%/K) Low cloud response (%/K)
P P P! P
Mid cloud response (%/K) Mid cloud response (%/K) Mid cloud response (%/K) Mid cloud response (%/K)
0.5 High cloud response (%/K) 7 05 High cloud response (%/K) 1 05 High cloud response (%/K) 1 05 High cloud response (%/K)
0.0 Iu_l uj o 0l np ll I 0.0 ol 8 o a 0 0 le 0.0 T u.l-". pn LFI 0.0 Hul_ulnl_ul I'Iul u. ul ul L
-0.5 1 -05¢ 1 -05¢ 1 -05¢ E
-1.0 o -1.0 o -1.0 o -1.0 o R
OO ERRQ leNoN ool oN ol N ol o] CROOOROERRQ CROLLOZRR
s 2585225 =3 5| 2585283523 s 2E252252F sl #=83228=3
Class E (S LN dark blue) Global Mean Class A (S*LN orange)
1.0 1.0 1.0
Low cloud response (%/K) Low cloud response (%/K) Low cloud response (%/K)
Mid cloud response (%/K) Mid cloud response (%/K) Mid cloud response (%/K)
0.5 High cloud response (%/K) 7 05 High cloud response (%/K) 1 05 High cloud response (%/K)
0.0 e ifla "u i 0.0 0.0 W
-0.5 1 -05¢ 1 -05¢ b
-1.0 o -1.0r o -1.0
28228822% 2822882¢2% 500088228
_15 o=~ aS®Z = 15 =~ aaS®Z = 15 SEREIEDg =S
Class D (S L light blue) Class C (SNL green) Class B (S'LT yellow)
1.0 1.0 1.0
Low cloud response (%/K) Low cloud response (%/K) Low cloud response (%/K)
P P P
Mid cloud response (%/K) Mid cloud response (%/K) Mid cloud response (%/K)
0.5 High cloud response (%/K) 05 High cloud response (%/K) 1 05 High cloud response (%/K) 7
0.0 s "-. 0o lln 0.0 —2g ""I Doy "—l 0.0 —=:|-"tl-‘|;|-q;|—:|-1:|-=\:|-1—|—
-0.5 1 -05¢ 1 -05¢ b
-1.0 1 1 -10F 1 -10¢ o
cCRLRLLLRLOR CRRLRLLRLRLOR QOO RLORQ
s 282352835 % | | BER3BESER | 4| BRE52235¢<%

Fig. 9 As Fig. 7 but for the selected QUMP models

Table 11 Overlap in ranges of feedback components taken in QUMP and CFMIP ensemble in the cloud feedback classes

GL ALYy BS'L)  cSL) DL ESLY RSLY)  GSNLY)  H(STLY)  ISATY)

QUMP (% CFMIP)

Are 100 100 100 52 99 100 86 100 78 90
Asc 82 98 89 26 98 97 85 94 77 87
Ac 91 100 70 56 99 97 100 100 75 85
CFMIP (% QUMP)

Are 4l 92 79 98 23 34 51 74 89 86
Asc 100 56 75 86 23 33 61 61 89 76
Ac 79 50 63 55 23 29 31 77 69 68

The overlap is expressed as a percentage of the spread in the CFMIP ensemble, which is a measure of the extent to which the QUMP
ensemble spans the range of the CFMIP ensemble in that feedback class. The overlap is also expressed as a percentage of the spread in the
QUMP ensemble to give an indication of the extent to which the CFMIP ensemble spans the QUMP ranges

the feedback values taken in the two ensembles. The tions for each class are provided in terms of various
QUMP ensemble spans 80% or more of CFMIP rangein cloud feedback mechanisms (e.g. decreases in low-top
Asc, Apa and Ay, (but only a quarter of the range in cloud amount/optical thickness, increases in high-top
Aga), while CEMIP spans close to 90% or more of the cloud amount). These interpretations are tested by
QUMP range in Agc and Ay 4, but 41% and 67% of the examining the actual cloud responses in each cloud
QUMP ranges in A ¢ and Aga, respectively. feedback class, using diagnostics from the ISCCP sim-

We have introduced a local cloud feedback classifi- ulator. We find that the largest cloud responses in each
cation system which distinguishes different types of class are consistent with the physical interpretations
cloud feedbacks on the basis of the relative strengths of provided in each case, both in the CFMIP and QUMP
their longwave and shortwave components. Interpreta- ensembles.



In the CFMIP models, decomposition of the global
feedback parameters into contributions from the differ-
ent cloud feedback classes shows that classes A(S™*L":
orange), E(S™L": dark blue) and I(SA ™) (those in which
low cloud changes constitute the primary cloud
response) are responsible for 59% of the contribution of
inter-model differences in the net cloud feedback to the
variance in the total feedback. Areas where the short-
wave cloud feedback is positive and the longwave cloud
feedback is (relatively) small [class A(S ™ L": orange)] are
responsible for most of this contribution (53%). These
areas coincide with regions of the globe commonly
associated with the presence of low-top clouds, e.g.
along the eastern sides of the tropical ocean basins and
in the mid-latitude storm track regions, and the largest
cloud responses within them are found to be primarily
due to reductions in low-top cloud amount (although
reductions in mid-level cloud make a secondary contri-
bution). The inter-model differences in the contribution
from this feedback class are almost entirely due to low
cloud feedback operating over increasingly large areas in
the higher sensitivity models, rather than differences in
local feedback strengths within the class. Areas where
the shortwave cloud feedback is negative and the long-
wave equivalent is relatively small [class E (S™L": dark
blue)] contribute 18%, and are associated with increases
in the optical thickness of low-top clouds. In the tropics
this class is commonly seen in the trade cumulus regions,
(e.g. to the west of South America), and the opposite
sign of the cloud feedback here (compared to that in
class A(S™L": orange) closer to the coasts) may reflect
differing cloud feedback processes taking place in con-
vectively and turbulently mixed boundary layers. Class
I(SA™) represents areas of non-negligible clear-sky
albedo feedback, in which the ‘cloud radiative forcing’
measure of local shortwave cloud feedback requires
careful interpretation. Increases in low cloud amount
and optical thickness are seen in these areas which are
consistent with those in classes which show a negative
low cloud feedback in other areas. In the CFMIP
ensemble this class acts to reduce the contribution of
inter-model differences in cloud feedback to the variance
in the total feedback by 12%. The equivalent contribu-
tion from classes in which the high-top cloud responses
are strongest [classes B(S™ L™: yellow), C(SVL™: green),
F(S™L": purple) and G(SVL™": dark red)] is consider-
ably smaller than the low-top total (33% compared with
59%). Classes D(S™L™: light blue) and H(S"L": red)
which are due to a combination of low- and high-top
cloud changes contribute 8%.

In the QUMP ensemble, the three low-top cloud
feedback classes [4(S™ L": orange), E(S™L": dark blue)
and I(SA )] are responsible for 59% of the contribution
from the net cloud feedback to the variance in the total
feedback (in close agreement with the CFMIP ensem-
ble). However, it is class E(S™L": dark blue) that is
responsible for the largest part of this (39%), while class
A(STL": orange) (which was largest in CFMIP) makes
a small contribution (—1%). Class I(SA™) contributes
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21% compared with a negative contribution in CFMIP.
As in the CFMIP ensemble, these classes are responsible
for a larger proportion than the high-top cloud feedback
classes which contribute 20% in total, or that from the
remaining classes (21%).

Bony and Dufresne (2005) examine 1% compound
CO;, coupled climate change experiments from the IPCC
AR4 models in the tropics. They find that the radiative
response of clouds to changes in surface temperatures
under climate change in the models differs most in
regimes of large scale subsidence, and suggest that
changes in marine boundary layer clouds are responsi-
ble. Our results confirm this by providing direct evidence
of considerable low-top cloud responses in areas which
contribute most to inter-model differences in global
cloud feedback and climate sensitivity, in both the
CFMIP and QUMP ensembles.

We also find evidence of increases in low-top cloud
amount and optical depth in high latitude areas where it
is difficult to separate the effects of cloud and clear-sky
albedo feedbacks. The application of PRP techniques to
diagnose local feedbacks would enable a a cleaner sep-
aration of these feedbacks, but it is unlikely that these
will be applied consistently across all models in the
foreseeable future. The evaluation and application of
approximate PRP methods (e.g. Taylor et al. 2000;
Yokohata et al. 2005; Soden and Held 2005) to local
feedback analysis in the CFMIP and QUMP ensembles
will be a subject of future study.

The ensemble mean values of the net cloud feedbacks
in seven of the cloud feedback classes are statistically
indistinguishable between the two ensembles, while
classes E(S™L": dark blue) and I(SA™) show significant
differences (at the 10% confidence level). Standard
deviations are significantly larger in CFMIP compared
to QUMP in six out of nine classes, the exceptions being
classes D(S™L: light blue) and F(S L™ : purple) where
QUMP is larger, and class E(SL": dark blue) where
there is no significant difference. However, QUMP spans
75% or more of the CFMIP range within all classes
except class C(SVL™: green), while the CFMIP models
typically span a smaller fraction of the QUMP ranges in
each class. Given the differences in the statistics of the
local cloud feedbacks in the two ensembles, it is to be
expected that there will also be differences in the ranges
of regional surface temperature responses seen in
QUMP compared to those from multi-model ensembles.
This does not necessarily mean, however, that the
CFMIP local feedbacks and temperature responses are
any more or less realistic than those in the QUMP
ensemble. Further work is required not only to establish
the reasons for these differences, but also to find ways to
integrate the complementary information on uncertainty
provided by multi-model- and parameter-perturbed
ensembles. In future probabilistic predictions from the
QUMP project we plan to use information from the
CFMIP models to include an estimate of the uncertainty
in a prediction which is not represented because of
structural constraints that may arise from the use of a
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single model. See Craig et al. (2001) for an example of
this approach applied in a different field.

The extent to which we can quantify our confidence
in the climate predictions from models is a subject of
ongoing study. Confidence measures such as those
applied in Murphy et al. (2004) could in principle be
applied to multi-model ensembles as well as perturbed
physics ensembles, but it would be beneficial also to
include measures that have been shown to be directly
relevant to the simulation of climate feedbacks (e.g. as in
Williams et al. 2005a, b; Bony and Dufresne 2005). It is
interesting to note that the six model versions in the mid-
upper climate sensitivity range of the CFMIP ensemble
all have statistical cloud schemes based on either Smith
(1990) or Le Treut and Li (1991) (schemes which
themselves have a common heritage). The next phase of
the CEFMIP project will involve examination of 5 years
of daily cloud diagnostics from high and low sensitivity
CFMIP models in an attempt to understand the differing
feedback processes in terms of the physical assumptions
on the models. The Atmospheric Radiation Measure-
ment (ARM) and Gewex Cloud System Study (GCSS;
Randall et al. 2003) programmes apply a wealth of
techniques to evaluate cloud parametrisations using
regional models, single column models, cloud/eddy
resolving models, in situ measurements, operational
analyses and satellite data (e.g. Xie et al. 2005). Daily
cloud diagnostics which capture the key cloud feedbacks
in climate models will allow us to apply such techniques
more directly to evaluating cloud climate feedback
processes.
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