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ABSTRACT
We compared the climate response of doubled CO; equilibrium experiments (2 x CO;) by atmosphere—slab ocean
coupled general circulation models (ASGCMs) and that of 1% per year CO, increase experiments (1%CO; by
atmosphere—ocean coupled general circulation models (AOGCMs) using eight state-of-the-art climate models. Climate
feedback processes in 2 x CO; are different from those in 1%CO>, and the equilibrium climate sensitivity (72x) in 2 x
CO;, is different from the effective climate sensitivity (72 eff) in 1%CO,. The difference between T2y and Ty eff iS
from —1.3 to 1.6 K, a large part of which can be explained by the difference in the ice-albedo and cloud feedback. The
largest contribution is cloud SW feedback, and the difference in cloud SW feedback for 2 x CO, and 1%CO>, could
be determined by the distribution of the SAT anomaly which causes differences in the atmospheric thermal structure.
An important factor which determines the difference in ice-albedo feedback is the initial sea ice distribution at the
Southern Ocean, which is generally overestimated in 2 x CO; as compared to 1%CO; and observation. Through the
comparison of climate feedback processes in 2 x CO; and 1%CO,, the possible behaviour of the time evolution of

T2 eff is discussed.

1. Introduction

Equilibrium climate sensitivity (7 ), defined as the globally
and annually averaged surface air temperature (SAT) anomaly
in the equilibrated states of atmospheric CO, doubling, is a
measure of the equilibrium response to increased atmospheric
CO; concentrations. The strength of climate feedback which
determines T, is represented as a climate feedback parameter,
Aoy, usually defined as the ratio of radiative forcing and 7.
A2y is used for simple energy balance climate models (Senior
and Mitchell, 2000). The estimation by the climate models in
the Intergovernmental Panel on Climate Change Fourth Assess-
ment Report IPCC AR4) is from 2.57 to 4.42 K, the range of
which is calculated by using the average of 18 climate mod-
els and one standard deviation (Meehl et al., 2007b). In general,
atmosphere—slab ocean coupled general circulation models (AS-
GCMs) are used for 7', calculation in order to save integration
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time for the system to achieve equilibrium states. In ASGCMs,
physical processes in the ocean are simplified and thus artificial
heat flux is applied in the ocean-sea ice and held fixed under
climate change conditions.

On the other hand, the transient climate response (TCR) to
the gradual increase in greenhouse gases is more relevant if we
consider near future time-dependent climate change. TCR can
be calculated by atmosphere—ocean coupled general circulation
models (AOGCMs), which include the physical processes in
the ocean-sea ice system. The strength of the climate feedback
in TCR is measured by ‘effective climate sensitivity’, Ty cf,
which is defined as the equilibrium response to the doubling of
atmospheric CO; if the climate feedback parameter is fixed to
that diagnosed by the AOGCM run (Murphy, 1995).

In previous studies, it has been reported that 7', is not equal
to T . Senior and Mitchell (2000) reported that 75, > Tox off
possibly because of the difference in the cloud response in the
southern hemisphere. Kiehl et al. (2006) also reported 75, >
T2« er- On the other hand, Boer and Yu (2003) found the op-
posite, that is, 7. < T« e, due to the difference in tropical
feedback. However, the details of the mechanisms which cause
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the difference between in T, and T, . have not been stud-
ied nor their model intercomparison has not been performed
to date. Although statistical analyses of the relationship be-
tween T,y and T, . have been performed for some models
(e.g. by Collins et al., 2006), the mechanism which causes their
similarities and differences has not yet been investigated in de-
tail. It is important to comprehend these mechanisms in order
to understand how climate sensitivity depends on the climate
states.

In this study, the differences in equilibrium and transient re-
sponse to atmospheric CO, increase were investigated by using
the results of the state-of-the art climate models from the World
Climate Research Programme’s (WCRP’s) Coupled Model In-
tercomparison Project phase three (CMIP3) multimodel data
set, which was referred to in the IPCC AR4 (Meehl et al.,
2007a, hereafter ‘CMIP3 climate models’). For this purpose,
the climate feedback processes in the doubled CO, experiments
(2 x CO,) by ASGCMs are compared to those in the 1% per
year CO, increase experiments (1%CO;) by AOGCMs. Here,
we also paid our attention to the difference in the numerical set-
tings of ASGCMs and AOGCMs. The simplification of ocean
processes adopted in ASGCMs may affect results in the equilib-
rium experiments.

The approximated partial radiative perturbation (APRP)
method developed recently (Yokohata et al., 2005a,b; Taylor
et al., 2007) was used for the climate feedback analysis. In
the APRP method (Taylor et al., 2007), short-wave radiative
feedback is accurately diagnosed by straightforward calcula-
tions using standard model outputs. In the conventional cloud
radiative forcing (CRF) method, it has been reported that the
non-cloud feedback component should be included in the cloud
feedback (e.g. Colman, 2003; Soden et al., 2004). For exam-
ple, Webb et al. (2006) investigated the cloud feedback analysis
by the CRF method using various GCM ensembles, but some
uncertainties remain at the high latitude region where the ice-
albedo feedback is strong. In the APRP method, this problem

does not occur because cloud feedback is clearly separated from
ice-albedo feedback. Taylor et al. (2007) demonstrated that the
short-wave feedback by the APRP method is a closer approx-
imation of the more precise calculation of climate feedback
called the perturbed radiative perturbation (PRP) method (e.g.
Wetherald and Manabe, 1988). While several sophisticated tech-
niques to diagnose climate feedback processes from model out-
put have been proposed so far (e.g. Forster and Taylor, 2006;
Winton, 2006), the APRP method is advantageous in that (1) it
can diagnose both the cloud and ice-albedo feedback simulta-
neously and (2) it does not need additional off-line calculations
such as those of the radiative kernel which are possibly depen-
dent on the radiation model.

In Section 2, we present a description of the model data we
used and give a brief explanation of the method of the climate
feedback analysis. In Section 3, we describe the overall features
of the climate feedback analysis (Section 3.1) and comparison of
equilibrium and transient responses (Section 3.2), give a detailed
explanation of ice-albedo feedback (Section 3.3) and cloud SW
feedback (Section 3.4), with a focus on the differences between
2 x CO; and 1%CO, for each of the models. Finally in Section
4, we give a summary of our findings and discuss the results.

2. Model data and method of analysis

Climate feedback analysis was performed using the results of
the 2 x CO, by ASGCM and 1%CO, by AOGCM of CMIP3
climate models (Table 1). We used the results of eight models
which included both 2 x CO; and 1%CO; in the data archived by
the Program for Climate Model Diagnosis and Intercomparison
(PCMDI).

In 2 x CO,, the monthly mean SAT and TOA radiative fluxes
were taken from the last 20 yr, after the climate system reached
equilibrium. Anomalies were calculated from the difference be-
tween the doubled CO, and control experiments. In 1%CO,,
the anomalies of SAT and TOA radiative fluxes were calculated

Table 1. Description of the CMIP3 climate models used for the climate feedback analysis

Model Name Reference
INM Institute for Numerical Mathematics CM3.0 Galin et al. (2003), Diansky et al. (2002)
NCARc National Center for Atmospheric Research CCSM3 Collins et al. (2004), Smith and Gent (2002)
GFDLO Geophysical Fluid Dynamics Laboratory CM2.0 GFDLx (2004), Gnanadesikan et al. (2004)
MRI Meteorological Research Institute CGCM2.3 Shibata et al. (1999) Yukimoto et al. (2001)
CCCma Canadian Center for Climate Modelling McFarlane et al. (1992), Flato (2005),

and Analysis CGCM3.1 Pacanowski et al. (1993)
MIROC-Mid Model for Interdisciplinary Research on Climate developers (2004)

Lower-resolution setup (T42)
MIROC-Hi Model for Interdisciplinary Research on Climate developers (2004)

Higher-resolution setup (T106)
HadGem United Kingdom Meteorological Office HadGeml1 Martin et al. (2004), Roberts (2004)
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from monthly mean data from year 60 to 80 in the 1%CO,
perturbed and control simulations. Atmospheric CO, concen-
tration reaches double control concentration in 1%CO, at year
70. In order to assess the statistical significance of the difference
between 2 x CO, and 1%CO,, we calculated the strength of
climate feedbacks by taking five different 20-yr segments of the
control simulation for 1%CQO, as a baseline, and calculated the
uncertainty range by 90% confidence interval of their mean us-
ing the r-distribution. We took five 20-yr segments because the
shortest control simulation for 1%CO, was only 100 yr long.
Note that the uncertainty range calculated by this method does
not include the effect of uncertainty in the perturbed simulation
of 1%CO,. This is because the number of ensemble members
with different initial condition in 1%CO, available from PCMDI
was small. We confirmed that this effect was small and would not
affect our conclusion by using the initial condition ensembles
of 1%CO, by MIROC-Mid and HadGem (not shown). The un-
certainty range was not calculated for MRI because the control
simulation data for the analysis was not available from PCMDI.
All the results are presented as the time averages for these 20-yr
monthly mean data.

In 2 x CO,, the equilibrium climate sensitivity, 7., and
equilibrium climate feedback parameter, 1, are defined as

Ty = G2></)‘42><7 (1)

where G, is the globally averaged adjusted radiative forcing
at the tropopause, and 7, is the globally averaged temperature
anomaly in 2 x CO,. On the other hand, in 1%CO,, the relation-
ship between the effective climate feedback parameter, Aoy ef,
the globally averaged temperature anomaly, 7", and the globally
averaged radiative imbalance at TOA, Ftoa can be described as

Froa = Gig — Maxerr T, 2

where G4, is the globally averaged adjusted radiative forcing
at the tropopause in 1%CO; (same as G, at year 70 when the
atmospheric CO, concentration is doubled). By using Ajx ef
from eq. (2), the effective climate sensitivity, 7y e, can be
described as

To et = Gox/Aox effs (3)

which corresponds to the equilibrium climate sensitivity that
would be calculated if the climate feedback parameter is fixed
to Azx‘eff (Murphy, 1995)

In this study, we evaluated the ice-albedo feedback, cloud
short- (SW) and long-wave (LW) feedback, and ocean heat up-
take of 2 x CO, and 1%CO, of the CMIP3 climate models by
using a simple diagnosis of climate feedback analysis. The basic
idea of the APRP by Taylor et al. (2007) is similar to that of
Yokohata et al. (2005a,b), but the method of Taylor et al. (2007)
gives results that are much closer to the PRP calculation than the
latter two. As for the cloud LW feedback, the conventional CRF
method (Cass et al., 1990) was used for the analysis because it
can be calculated easily and the LW APRP method proposed by

Yokohata et al. (2005b) does not show a distinct advantage over
the LW CRF method (Taylor et al., 2007). Note that the LW
CRF is contaminated by non-cloud feedbacks (e.g. Soden et al.,
2004). We cannot tell how much of the error should be included
in cloud LW feedback by this diagnosis because the accuracy
of the LW CRF method has not been examined so far. Ocean
heat uptake (OHU) is calculated in the same way as in Yokohata
etal. (2005a) as the imbalance of the radiative fluxes of the top of
the atmosphere (TOA), since the heat content of atmosphere and
land surface is small compared to that of ocean (confirmed by the
model output). Since all of these methods of climate feedback
processes are based on straightforward calculations using the
conventional model output of general circulation models, this
scheme is of great help for model intercomparison. The strength
of the climate feedback processes is represented in the unit of
W m~2 K~!, where the anomalies of the radiative fluxes caused
by each feedback process are normalized by the globally aver-
aged SAT anomaly.

In this study, we have not considered LW clear-sky feed-
back, such as the water vapour and lapse-rate feedback, because
it is difficult to separate the LW forcing component from the
feedback component by the simple scheme of climate feedback
diagnosis (Yokohata et al., 2007). Therefore, we leave the dif-
ference in the LW clear-sky feedback as a future topic for study
and focus instead on the climate feedback processes described
above.

3. Climate feedback analysis

3.1. Overview

Figure 1 shows the climate feedback analysis of 2 x CO, and
1%CO, by the CMIP3 climate models using the method de-
scribed in Section 2. Each bar represents the SAT anomaly (75«
in 2 x CO; and TCR in 1%CO,), adjusted radiative forcing at
the tropopause, climate feedback parameter (1, in2 x CO, and
Aax.eff in 1%C0,), ice-albedo feedback (1), cloud SW feedback
(2), cloud LW feedback (3) and ocean heat uptake of a particu-
lar climate model (4). In addition, cloud SW and LW feedback
(2 4+ 3), ice-albedo plus cloud SW and LW feedback (1 + 2 +
3), and the sum of these feedbacks (1 + 2 + 3 + 4) are also
shown. Only the data of adjusted radiative forcing were obtained
from the supplementary material of the [IPCC AR4 (Randall et
al., 2007), and the other data were obtained from the PCMDI
data archive. Bars are displayed in the order of the SAT anomaly.
Note that the order of the models is slightly different between
2 x CO, and 1%CO,; for example, HadGem is in the eighth
position in 2 x CO,, while it is in the sixth position in 1%CO,.

It is important to note that the order of radiative forcing is
different from that of SAT. This means that the strength of SAT
increase is not determined by that of radiative forcing, but by
the strength of climate feedback, L. We found that models with
a larger value of SAT anomaly have a smaller value of A. In
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Fig. 1. Climate feedback analysis of (a) the doubled CO, experiment
(2 x CO2) and (b) 1% per year CO; increase experiment (1%CO3) by
the method described in the text. Variables shown are the surface air
temperature anomaly (SAT, unit is K, a factor of 0.3 is applied in

2 x COg, and a factor of 0.5 is applied in 1%CO3), the adjusted
radiative forcing at the tropopause (unit is W m~2), the climate
feedback parameter (A, a factor of 0.5 is applied in 2 x CO, and
1%CO,) defined in eqs (1) and (3), ice-albedo feedback, cloud SW
feedback, cloud LW feedback, and ocean heat uptake (OHU). The term
‘Cloud SW+LW’ represents the sum of the cloud SW and LW
feedback, ‘+ice-albedo’ represents the sum of the cloud SW and LW
feedback and ice-albedo feedback, and ‘+OHU’ represents the sum of
the cloud SW and LW feedback, ice-albedo feedback, and OHU. All
variables except the SAT anomaly and the adjusted radiative forcing
have the unit of W m~2 K~!. Each bar represents a climate model from
CMIP3, and the bars are displayed in the same order for all the
variables in 2 x CO;, and 1%CQO,. Error bar in 1%CO, is the
uncertainty range calculated by using the different segments of control
simulations as a baseline. The models are (1) INM, (2) NCARc, (3)
GFDLO, (4) MRI, (5) CCCma, (6) MIROC-Mid, (7) MIROC-Hi and
(8) HadGem, as described in Table 1. Note that the order of the models
in 2 x CO;, is different from that in 1%CO5.

addition, the order of the sum of the feedbacks (1 +2 + 3 + 4)
is almost the same as the opposite order of A (and the order of
the SAT anomaly) in 2 x CO; and 1%CO,. This means that the
sum of the ice-albedo, cloud SW and LW feedback, and OHU
determines the difference in the SAT anomaly among climate
models. One of the exceptions is that in 2 x CO,, the sum of
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feedback and A of HadGem is smaller than that of MIROC-
Mid and MIROC-Hi while the SAT anomaly of HadGem is the
largest. This is possibly because the radiative forcing of HadGem
is larger than that of MIROC-Mid or MIROC-Hi. In 1%CO,, the
sum of feedback and A of HadGem is smaller compared to those
of MRI and CCCma, possibly because of the larger radiative
forcing, and those of GFDLO is smaller than those of INM,
which has relatively large uncertainty ranges.

As shown in Figure 1, the largest difference among climate
models is cloud SW feedback, and the next largest difference
among models is cloud LW feedback. This result is consistent
with Soden and Held (2006), where major climate feedback
processes were diagnosed by a scheme of the radiative kernel
method. In both 2 x CO, and 1%CO,, all models have positive
ice-albedo feedback.

In 1%CO,, OHU is generally large and negative, which sup-
presses the increase in SAT owing to heat absorption by the
ocean, while OHU is negligible in 2 x CO, because equilibrated
states have been achieved. Whereas studies so far (Raper et al.,
2002) have suggested that the AOGCMs with larger 7, tend
to have larger ocean heat uptake efficiency by using the climate
models from the second phase of the Coupled Model Intercom-
parison Project, this relation cannot be seen in Fig. 1. In addition,
Yokohata et al. (2007) showed that there is a good correlation
between OHU and globally averaged mixed layer depth (MLD)
using two versions of an AOGCM with different model resolu-
tions, MIROC-Hi and MIROC-Mid, but the correlation between
OHU and MLD is not good in the CMIP3 climate models used
here (not shown). This is possibly because the processes which
determine OHU are different among the CMIP3 climate models
(such as the southern hemisphere westerlies, e.g. Russel et al.,
2006).

3.2. Comparison of equilibrium and transient responses

Here, we compared the equilibrium responses in 2 x CO, and
transient responses in 1%CO,. In Table 2, the values of climate

Table 2. Equilibrium climate sensitivity (T2 ), adjusted radiative
forcing at the tropopause (G), climate feedback parameter of 2 x CO,
(A2x) and 1%CO; (A2x eff), and effective climate sensitivity (T2« eff)

Model Tox G A2x A2x eff Tox eff
INM 1.92 3.71 1.93 1.90 1.96
NCARc 2.57 3.95 1.54 1.85 2.13
GFDLO 2.93 3.50 1.19 1.59 2.20
MRI 3.15 3.47 1.10 1.38 2.51
CCCma 3.52 3.32 0.94 1.14 2.90
MIROC-Mid 3.95 3.09 0.78 0.66 4.70
MIROC-Hi 4.29 3.14 0.73 0.56 5.63
HadGem 4.53 3.78 0.85 1.28 2.95

Note: The definitions of the variables are given in the text.
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sensitivities, adjusted radiative forcings, and climate feedback where Ay is the difference in the y§ between 1%CO, and

parameters defined in eqs (1) and (3) are summarized. In general,
equilibrium and effective climate sensitivities (T2x and T2y efr)
are different. The former is lager than the latter in some models
(NCARc, GFDLO, MRI, CCCma and HadGem), and vice versa
in other models (INM, MIROC-Mid and MIROC-Hi). As a re-
sult, the spread of T,. among climate models (1.92-4.52 K)
expanded in Ty e (1.82-5.12 K). We can see this feature
more clearly from the scatter plot of 75, and 7,4 ) shown in
Fig. 2a.

Next, we investigated the factors which cause the difference
between T, and T,y ¢ In order to investigate this factor, we
calculated the climate sensitivity that would occur if the particu-
lar climate feedback of 2 x CO, was replaced by that of 1%CO,
as follows. For example, we consider a case when the ice-albedo
feedback (unit is W m~—2 K~') in 2 x CO; is replaced to that in
1%CO,. The climate feedback parameters, A, and X4, can be
described as

)\2><
A%

_ SwW
= —VYres2x — ysfc,ZX

sW
—Vres, 1% — ysfc,l%’

where y r is the climate feedback processes except y ... If y {5,

isreplaced by y{fi |4 in 2 X CO,, the climate feedback parameter
becomes
Ao

j— Sw
= ~VYres2x — Vsfe,1%

Aax — A

SwW
sfc

2 x CO,. Therefore, the difference between T, and the cli-
mate sensitivity that would occur if the ice-albedo feedback of
2 x CO, is replaced by that of 1%CO, is calculated as

G2><

AT,, by ice albedo feedback =

G2>< —. (4)

ax  Aax — AYg
If the ice-albedo feedback of 2 x CO; is larger than that of
1%CO, (Ay{ < 0), AT, by the ice-albedo feedback fol-
lowed by eq. (4) becomes positive. AT, by the particular feed-
back was estimated in the same way as Williams and Tselioudis
(2007), where the observationally constrained 7, was calcu-
lated from the difference in the net CRF between the model
result and the data constrained by observation.

In Table 3, the difference between 75, and Ty e(AT2x),
AT, by the ice-albedo feedback, cloud SW and LW feedback,
and by the sum of the three feedbacks. As shown in Table 3,
AT, becomes more than 1 K in some models. In general, the
value of AT, is close to AT, by the sum of ice-albedo and
cloud feedback. Therefore, a large part of AT, can be explained
by the difference in the ice-albedo and cloud feedback between
2 x CO, and 1%CO,. In Table 3, the values of AT, by the cloud
SW feedback are larger than those of AT,, by the ice-albedo
or cloud LW feedback in many models, and thus the largest
contribution to AT, is AT, by the cloud SW feedback. In
MIROC-Mid and MIROC-Hi, these values become more than
2 K. AT, by ice-albedo feedback is also large, and this value

becomes about 0.4 K, which corresponds to ~10% of T, . Note
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Table 3. Difference in the equilibrium and effective climate sensitivity (AT2x = Tax — T2x eff), contribution to AT
by ice-albedo feedback, cloud SW feedback, cloud LW feedback and the sum of ice-albedo and cloud SW and LW

feedback (unit is K)

Model AT« ATy« ATy« ATry ATy
(Tax — Tox eff) by Ice-albedo by Cloud SW by Cloud LW by Ice+Cloud
INM —0.03 -0.07 0.12 —0.13 —0.05
NCARc 0.44 —0.06 0.20 0.30 0.42
GFDLO 0.73 —0.18 —0.53 0.88 0.52
MRI 0.64 0.23 —0.12 —0.68 0.21
CCCma 0.62 0.24 —0.80 0.39 0.04
MIROC-Mid —0.74 0.50 —2.18 0.32 —0.56
MIROC-Hi —1.34 0.19 —2.24 0.22 —1.37
HadGem 1.58 0.33 0.99 0.06 1.23

Note: The definition of AT, by the particular feedback is given in the text.

that AT,, by cloud LW feedback should include an error to
some extent owing to the problem in the CRF method.

Figure 2 shows a comparison of climate feedback processes
for 2 x CO; and 1%CO, by the same climate models. Error bars
represent the uncertainty ranges of 1%CO, calculated by the
90% confidence interval using the different segment of control
simulations as a baseline. In almost all the cases, the differences
between 2 x CO, and 1%CO, are larger than the uncertainty
ranges of 1%CO,, which suggests that the differences in the
effective climate sensitivity and climate feedback processes be-
tween 2 x CO, and 1%CO, are statistically significant. The
ice-albedo feedback of 2 x CO, tends to be larger than that of
1%CO,. The possible mechanisms for this difference are in-
vestigated in Section 3.3. Cloud SW feedback of 2 x CO, are
also different from those of 1%CO, (Fig. 2¢, note that the range
of the figures is larger than in Figure 2a because the spread of
cloud feedback between climate models is larger than that of
ice-albedo feedback). The details of the difference in cloud SW
feedback are discussed in Section 3.4.

3.3. Ice-albedo feedback

Globally averaged values of ice-albedo feedback in the two ex-
periments are shown in Table 4. The ice-albedo feedback di-
agnosed by the APRP method includes the effects of changes
in snow cover over land and sea-ice. According to Taylor et al.
(2007), the error of the globally averaged value of ice-albedo
feedback calculated by the APRP from the PRP method is about
10%. Table 4 shows that the differences in the ice-albedo feed-
back between 2 x CO, and 1%CO, are larger than 10% for
both experiments in most of the models (except NCARc and
MIROC-Hi). In addition, the difference between 2 x CO, and
1%CO, is larger than the uncertainty range of 1%CO, in all the
models.

Latitudinal distributions of the ice-albedo feedback in 2 x
CO; and 1%CO, are shown in Fig. 3. The differences in ice-
albedo feedback between two experiments are caused mainly at
the southern high latitudes from about 50°S to 80°S. Ice-albedo
feedback in the southern high latitudes is determined by the

Table 4. Globally averaged value of the ice-albedo and cloud SW feedback (unit: W m~2 K—'). The results of 2 x CO»,
1%CO,, their difference (A =2 x CO; - 1%CO,), and the uncertainty range of 1%CO; (in the parenthesis) are shown

Model Ice-albedo feedback Cloud SW feedback
2 x CO, 1%CO, 2 x CO, 1%CO, A

INM 0.21 0.28 —0.06 (0.01) —-0.42 —0.55 0.13 (0.07)
NCARc 0.28 0.31 —0.03 (0.01) —2E-3 —0.14 0.13 (0.01)
GFDLO 0.26 0.33 —0.06 (0.03) —0.23 —0.04 —0.18 (0.08)
MRI 0.30 0.21 0.08 (—) 0.14 0.18 —0.03 (—)
CCCma 0.32 0.25 0.06 (0.01) 0.34 0.51 —0.17 (0.02)
MIROC-Mid 0.40 0.29 0.11 (0.01) 0.54 0.82 —0.28 (0.02)
MIROC-Hi 0.46 043 0.03 (0.01) 0.61 0.86 —0.25 (0.01)
HadGem 0.40 0.34 0.06 (0.01) 0.39 0.15 0.24 (0.01)

Note: The values with |A| > 0.10 are underlined.
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Fig. 3. Latitudinal distribution of ice-albedo feedback (unit: W m~2 K~ 1). Thick dashed curve represents the result of 2 x COa, thick solid curve
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climate models described in Table 1. The factor of the cosine of the latitudes is multiplied in order to consider the areal weight.

response of sea ice in the Southern Ocean. Note that in some
models (INM and GFDLO), the uncertainty range of ice-albedo
feedback in 1%CO, becomes large especially at the Southern
Ocean. This is because the variability of sea ice in the control
simulation is large in these models. In other models, however, the
uncertainty range is smaller than the difference between 1%CO,
and 2 x CO,.

Spelman and Manabe (1984) and Rind et al. (1995) have
shown that initial distributions (i.e. distributions in the control
experiments) of seaice is an important factor that controls the sea
ice responses to CO; increase in the Southern Ocean. Yokohata
etal. (2007) have investigated the differences in ice-albedo feed-
back between MIROC-Hi and MIROC-Mid and found that the
initial distribution of sea ice at the Southern Ocean of the former
is larger than that of the latter, and thus the ice-albedo feedback
of the former becomes larger than that of the latter.

Figure 4 shows the differences in the sea ice anomalies and
the initial distributions of sea ice between 2 x CO, and 1%CO,.
Here, the sea ice distribution is shown as surface albedo calcu-
lated as the ratio of the upward to downward SW radiation at
the surface, since the areas with sea ice have very high albedo

compared to the areas without them. In many models (GFDL,
MRI, CCCma, MIROC-Mid, MIROC-Hi and HadGem), the sea
ice anomaly in 2 x CO, is larger (i.e. the ice-albedo feedback
is larger) than that in 1%CO,, and this is also true for the initial
sea ice distributions. As shown in Fig. 4, the difference in the
sea ice anomaly between 2 x CO, and 1%CO, is larger over
the area where the difference in initial sea ice distribution is
larger in these models. These results indicate that the ice-albedo
feedback of 2 x CO, has become larger than that of 1%CO, in
these models because of the larger initial sea ice distributions in
the former.

In 2 x CO,, an artificial heat flux is applied in order to con-
sider the effects of ocean heat transport in ASGCMs. On the
other hand, in 1%CO,, physical processes in the ocean-sea ice
system are explicitly considered in AOGCMs. In general, the sea
ice scheme in AOGCMs is more realistic than that in ASGCMs
because the dynamical interaction between the sea ice and ocean
is considered adequately in AOGCMs (e.g. Johns et al., 2006).
It is, therefore, reasonable to assume that the behaviour of the
ocean-sea ice system in 1%CO; is more reliable than that in
2 x CO,. Figure 5 shows the initial distribution of sea ice in

Tellus 60A (2008), 5
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7-a) WIR0GHi-

Fig. 4. From (a-1) to (a-8): Differences in sea ice anomaly between 2 x CO, and 1%CO,. The anomalies are normalized by the globally averaged
SAT anomaly. From (b-1) to (b-8): difference in the initial sea ice distribution between 2 x CO, and 1%CO,. Numbers from (1) to (8) correspond to
the CMIP3 climate models described in Table 1. Red in (a) figures indicates that the sea ice anomaly of 2 x CO3 is larger than that of 1%CO,, and
blue in (b) figures indicates that the initial sea ice distribution of 2 x CO> is larger than that of 1%CO>. Values represented here are the surface
albedo (ratio of upward SW radiation to the downward SW radiation), which represents the distribution of sea ices because the regions with sea ices
have high surface albedo. Averages of the summer season (December, January, and February) are shown because the ice-albedo feedback is

determined during the summer season when there is enough solar radiation.

2 x CO; and 1%CO,. From a practical perspective, the initial
distributions of sea ice in 1%CO, generally show better agree-
ment with observations than those in 2 x CO,.

Itis interesting to note thatin 2 x CO,, the initial extent of sea
ice over the Southern Ocean is overestimated in many models
compared to observations and 1%CO, (Fig. 5). One of the fac-
tors which suppresses sea-ice formation at the Southern Ocean
in AOGCMs is deep convection (e.g. Yokohata et al., 2007).
One possible reason why the sea ice distributions in ASGCMs
cannot be represented properly is that dynamical interactions
between the sea ice and ocean cannot be described properly by
the procedure of giving artificial heat flux.

Tellus 60A (2008), 5

Another possible factor that could cause the difference in the
ice-albedo feedback between 2 x CO, and 1%CO; is the differ-
ence in the SAT response between the two experiments. Figure
6 shows the latitudinal distribution of SAT anomalies normal-
ized by the globally averaged SAT anomalies, which represent
the latitudinal distribution of the relative strength of the SAT in-
crease. Temperature increase at the Southern Ocean in 2 x CO,
is larger than that in 1%CO,, since the OHU of 2 x CO; is
almost negligible while that of 1%CO, is large at the Southern
Ocean, over the region where the mixed layer depth of the ocean
is large (Yokohata et al., 2007). The relative strength of the tem-
perature increase at the Southern Ocean is larger in 2 x CO,
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Fig. 5. From (a-4) to (a-8): Initial sea ice distribution of 2 x CO; (20-year averages of the control experiments when equilibrated state is achieved).
From (b-4) to (b-8): that of 1%CO, (averages over the 20 yr of the control simulation). (c) Observation of sea ice distribution from 1981 to 2000 by
Rayner et al. (2003). Numbers (4) to (8) correspond to the CMIP3 climate models described in Table 1. Here the sea ice distribution is presented as
sea ice concentration, the fraction of the area where the sea ice exists. Only the results of the models which have both 2 x CO, and 1%CO, data in
the PCMDI data archive are shown.
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than in 1%CO,, which may enhance the ice-albedo feedback of
2 x CO, more than that of 1%CO,.

3.4. Cloud SW feedback

Table 4 shows the globally averaged value of cloud SW feedback
in 2 x CO; and 1%CO,. Taylor et al. (2007) have demonstrated
that the error of the cloud SW feedback diagnosed by the APRP
method from the PRP method is about 7%. As shown in Table 4,
the difference in the cloud SW feedback between 2 x CO,
and 1%CO,; is more than 7% for both of the experiments in
all models. In addition, the difference between 2 x CO, and
1%CO, is larger than the uncertainty range of 1%CO, in all the
models.

In general, the cloud SW feedback of the models with rela-
tively small 75, (INM, NCARc and GFDLO) are negative, and
those of the models with relatively large 75, (MRI, CCCma,
MIROC-Mid, MIROC-Hi and HadGem) are positive, which is
consistent with the results of previous works (e.g. Bony and
Dufresne, 2005; Webb et al., 2006; Williams and Tselioudis,
2007).
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Latitudinal distributions of cloud SW feedback in 2 x CO,
and 1%CO; are shown in Fig. 7. The strength and latitudinal dis-
tribution is significantly different among climate models. Mod-
els with very small SAT anomaly, that is, INM and NCARc,
have negative cloud SW feedback at almost all the latitudes.
In other models with a relatively large SAT anomaly (i.e. MRI,
CCCma, MIROC-Mid, MIROC-Hi and HadGem), the cloud SW
feedback at low-to-middle latitudes (<40-50°) is positive and
those at middle-to-high latitudes (>40-50°) negative or small
positive.

In Table 5, we investigated the regional contribution to the dif-
ferences in cloud SW feedback between 2 x CO, and 1%CO,. In
many models (INM, NCARc, GFDL0O, MIROC-Mid, MIROC-
Hi and HadGem), the difference appeared at the mid-to-high
latitudes (>30°). On the other hand, in some models (NCARc,
GFDLO0, CCCma and MIROC-Hi), the differences are appeared
at the low latitudes (<30°). The difference between 2 x CO,
and 1%CQO; is larger than the uncertainty range of 1%CO, in all
the models.

In the models with the difference at mid-to-high latitudes
(INM, GFDLO and HadGem), the cloud SW feedback of
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Fig. 7. Same as Fig. 3 but for the cloud SW feedback (unit is W m~2 K~1).
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Table 5. The cloud SW feedback of 2 x CO,, 1%CO,, their difference (A), and the uncertainty range of
1%CO3 in the parenthesis, averaged over the low (< 30°) and mid-to-high (< 30°) latitudes

Model Latitude <30° Latitude >30°
2 x CO, 1%CO, 2 x COy 1%CO, A

INM —0.38 —0.35 —0.03 (0.02) —0.03 —0.20 0.17 (0.04)
NCARc —0.03 —0.25 0.22 (0.02) 0.03 0.12 —0.09 (0.03)
GFDLO —0.01 0.30 —0.31(0.03) —0.22 —0.36 0.14 (0.06)
MRI 0.35 0.29 0.05 (—) —0.22 —0.12 —0.10 (—)
CCCma 0.23 0.40 —0.18 (0.02) 0.11 0.10 0.01 (0.01)
MIROC-Mid 0.54 0.57 —0.03 (0.04) —0.01 0.25 —0.25 (0.02)
MIROC-Hi 0.60 0.73 —0.13 (0.01) —0.01 0.12 —0.12 (0.01)
HadGem 0.28 0.24 0.04 (0.01) 0.10 —0.09 0.20 (0.01)

Note: The values with |A| > 0.10 are underlined.

2 x CO, was generally larger than that of 1%CO, (Table 5),
especially at the southern hemisphere (Fig. 7). These differences
at the mid-to-high latitudes may have been caused by the shift in
storm track (e.g. Tsushima et al., 2006). The shift in storm track
is related to the change in baroclinicity (Yin, 2005) represented
by the maximum growth rate of baroclinic instabilities (Lindzen
and Farrell, 1980) as 0.31gN~'T~'|3T/3y|, where T is the zonal
mean temperature and N is the Brunt—Vaisara frequency calcu-
lated using 7. The temperature increase in 1%CO, is generally
smaller than 2 x CO, at the high latitudes and vice versa at the
middle latitudes owing to the ocean heat uptake especially in
the southern hemisphere (Fig. 6). Because of this, the anomaly
in the temperature gradient of 1%CO, is larger and thus the in-
crease in the baroclinicity is larger than in 2 x CO;. As shown
in Fig. 8, the increase in the baroclinicity in 1%CO, is larger
than in 2 x CO,, which correspond to the more negative cloud
SW feedback in these models. These results are consistent with
that of Senior and Mitchell (2000).

On the other hand, MIROC-Mid and MIROC-Hi showed
the difference at the mid-to-high latitudes but the cloud SW
feedback of 1%CO, was larger (smaller negative) than that
of 2 x CO,. In this latitudinal region, cloud water increases
due to the melting of cloud ices (Senior and Mitchell, 1993;
Tsushima et al., 2006). The ratio of cloud water and ice in
the MIROC model is diagnosed from the atmospheric temper-
ature (Ogura et al., 2008). As shown in Fig. 9, the cloud water
increase at the high latitudes (especially at the southern hemi-
sphere) in 2 x CO; is larger than that in 1%CO,. The atmo-
spheric temperature response of 2 x CO, is also larger than
that of 1%CO, (Fig. 9). This feature of cloud water increase at
high latitudes can be seen in other models (Fig. 7 in Tsushima
et al., 2006). The fact that the amount of cloud water increase
in MIROC is relatively large compared to other models may
cause the cloud SW feedback to be negative (and cause the
difference between 2 x CO; and 1%CO,) only in the MIROC
models.

As for the difference in cloud SW feedback at the low lati-
tudes, Boer and Yu (2003) demonstrated that the difference in
SST response between the ASGCMs and AOGCMs due to the
ocean heat transport possibly causes the difference in tropical
feedback related to moisture and cloud: the larger SST anomaly
(EI-Nino like response) in AOGCMs possibly causes more pos-
itive feedback. In addition, Williams et al. (2006) demonstrated
that the change in saturated stability (the difference in saturated
equivalent potential temperature at 700 hPa and at the surface)
is closely correlated to the change in low cloud because unstable
conditions are likely to generate less cloud (shallow convection
is not capped so strongly). Table 6 shows the differences in
cloud SW feedback (Aygy), SAT anomaly, and saturated sta-
bility anomaly (A#f) between 2 x CO, and 1%CO, at low
latitudes(<30°). In addition, in order to isolate the effect of the
difference in SAT anomaly on the cloud SW feedback, we cal-
culate the cloud SW feedback normalized by the local (<30°
latitude) SAT anomaly as

S S’ !’
ycbl:):lv.]ocal = Fcblriv,low/ﬂow’ (5)

where To" and Fgyy ,, are the low-latitude average of the SAT
anomaly and cloud contribution to the TOA SW anomaly. Note
that the cloud SW feedback, y g}, is normalized by the globally
averaged SAT anomaly.

As shown in Table 6, Ay iy |, is not negligible compared to
the value of Aygy. This means that the difference in the SAT
anomaly cannot explain the difference in cloud SW feedback
between 2 x CO, and 1%CO,. As for NCARc and MIROC, the
sign of Ay} is consistent with that of Af: the anomaly in sat-
urated stability of 2 x CO, is smaller (less stable) and the cloud
SW feedback is larger (less cloud) than that of 1%CO,, and vice
versa. In addition, A6 is larger than the uncertainty range of
1%CO;. On the other hand, Ay} cannot be explained by A6
in GFDLO and CCCma. In these models, different factors other
than the saturated stability cause the difference in cloud SW
feedback between 2 x CO, and 1%CO,. We also performed the
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Fig. 8. Same as Fig. 3 but for the anomaly in baroclinicity (unit is s~!). Values of the maximum growth rate of baroclinic instabilities averaged over

the troposphere (from the surface to 200 hPa) are shown.

same analysis as that in Bony et al. (2004), and found that the
difference in the thermodynamic component of cloud changes
between 2 x CO, and 1%CO; is an important factor for the dif-
ference in cloud SW feedback at low latitudes (not shown). This
result that the thermodynamic component plays an important roll
is consistent with that of Bony et al. (2004). The mechanisms
which cause the difference in the thermodynamic component
between 2 x CO; and 1%CO, should be investigated in a future
study.

4. Summary and discussions

Climate feedback processes were diagnosed by using the results
of equilibrium (2 x CO;) experiments by ASGCMs and tran-
sient (1%CO,) experiments by AOGCMs in the CMIP3 climate
models. In general, the total climate feedback parameters of
2 x CO; and 1%CO,, Az and Aoy o, are different. Namely,
the equilibrium climate sensitivity, T,y, is different from the
effective climate sensitivity, T2« e, diagnosed from 1%CO, at
the time of the atmospheric doubled CO, condition (Table 2 and
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Fig. 2a). In some models (NCARc, GFDLO, MRI, CCCma and
HadGem), T, is larger than T, ., and vice versa in the other
models (INM, MIROC-Mid and MIROC-Hi). The difference
between Ty, and Ty (AT ) is up to 1.7 K in these models.
While the range of 75, is from 1.92 to 4.52 K, the range of
T« cfr becomes larger, from 1.96 to 5.63 K.

According to our climate feedback analysis by the APRP
method, a large part of the AT, can be explained by ice-albedo
feedback and cloud feedback. The largest contribution to AT,
is that by the cloud SW feedback, which is up to about 2 K in
some models (Table 3). The contribution to AT, by ice-albedo
feedback is about 0.4 K.

The difference in ice-albedo feedback between 2 x CO, and
1%CO, mainly comes from the Southern Ocean. This is possi-
bly because the initial sea ice distribution is different between
2 x CO, and 1%CO,. The initial sea ice distribution of 2 x CO,
tends to be larger than that of 1%CO,, which causes the overesti-
mation of ice-albedo feedback in 2 x CO, compared to 1%CO,.
In practical perspective, the initial sea ice distribution of 1%CO,
shows better agreement with observation than 2 x CO,, possibly
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Table 6. Difference in variables related to the cloud SW feedback at
low latitudes between 2 x CO; and 1%CO3, and uncertainty range of
1%CO; in the parenthesis

Model Ay Ay ASAT A
NCARe  022(0.02) 023(0.02) 0.03(0.01) —0.04 (4E-3)
GFDLO —0.31(0.03) —0.33(0.05) —0.07 (0.03) —0.06 (4E-3)
CCCma —0.18 (0.02) —0.14(0.01) —0.15(0.02) —0.01 (0.01)
MIROC-Hi —0.13 (0.01) —0.08 (0.02) —0.07 (4E-3) 0.04 (0.01)

Note: The definitions of the variables are given in the text.

because the description of ocean and sea ice in AOGCMs is
more realistic than that in ASGCMs. Our analysis indicated that
T»« has uncertainty concerning the problem in the experimen-
tal setting of ASGCMs. In order to reduce uncertainty in 75
concerning these factors, it is important to tune the initial sea
ice distributions as realistically as possible. This conclusion is
consistent with Johns et al. (2006), which pointed out that the
difference in initial sea ice distribution between ASGCMs and
AOGCMs possibly causes the difference in ice-albedo feedback,
and thus suggested that it is important to have similar sea-ice
distribution in the control experiment between them.

The difference in cloud SW feedback between 2 x CO, and
1%CO, comes from both mid-to-high and low latitudes. In gen-

eral, the baroclinicity anomaly of 1%CO, is larger than that of
2 x CO, due to the smaller temperature increase at high lati-
tudes (especially at the Southern Ocean). Possibly because of
this difference, the cloud SW feedback of 1%CO, is smaller
(more negative) than 2 x CO, over mid-to-high latitudes in
some models (INM, GFDL0O, CCCma and HadGem). On the
other hand, however, the cloud SW feedback of 2 x CO, is
smaller (more negative) than 1%CO, over mid-to-high latitude
in other models (MIROC-Mid, MIROC-Hi). This is probably
caused by the larger cloud water response of 2 x CO, over these
regions. The difference in cloud SW feedback at low latitudes
is consistent with the difference in saturated stability in some
models (NCARc and MIROC-Hi). However, the relationship is
inverted in other models (GFDLO and CCCma). It seems diffi-
cult to explain this only by the difference in the SAT anomaly
between 2 x CO, and 1%CO, because the cloud SW feedback
normalized by the local SAT anomaly is also different.

As shown in this study, the climate feedback parameter is quite
different between transient and equilibrium responses. There-
fore, it is reasonable to believe A,y ot by AOGCMs rather than
Aax by ASGCMs when we consider the transient response of
near future climate projection as performed by Harris et al.
(2006). On the other hand, when we consider the equilibrium
response where the CO, concentration is stabilized, our results
support the previous results that X, .¢ by AOGCMs approaches
to Axx by ASGCMs (Senior and Mitchell, 2000; Watterson,
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2000). This is because the largest contribution to the difference
in A between 2 x CO, and 1%COQO, is the cloud SW feedback,
which would depend on the difference in SAT response. As
the climate system approaches equilibrium in AOGCMs, ocean
temperature would increase slowly (Stouffer, 2004) and the SAT
response of 1%CO, would approach that of 2 x CO,.

If Aoy eir approaches Az, (namely T4 o approaches 7o)
with ocean warming, it means that the effective climate sensi-
tivity evolves with time. From our analysis of CMIP3 climate
models, we cannot tell whether the effective climate sensitivity
should increase or decrease. If T, o really approaches 75y,
then T, . should increase about 1.7 K in HadGem, and it
should decrease about 0.8 K in MIROC-Mid and MIROC-Hi.
Since the cloud SW feedback is an important factor which deter-
mines the sign and magnitude of AT, investigating the cloud
response should be critical to understanding how the effective
climate sensitivity evolves with time.

Recently, it has been reported that part of the cloud response
to CO; doubling in models is very rapid and should be regarded
as an ‘effective forcing > which is part of the CO, radiative forc-
ing component (e.g. Gregory and Webb, 2008; Williams et al.,
2008). Although the effective forcing of 2 x CO, and 1%CO,
has not been investigated in this study, Williams et al. (2008)
report differences in the strength of the feedbacks under equi-
librium condition between ASGCMs and AOGCMs, even after
removing the cloud component of the effective forcing. Boer
and Yu (2003) also demonstrated that the feedback strength of
AOGCMs in the near equilibrium state is different from the
equilibrium response of ASGCMs. The equilibrium responses
from ASGCMs may not be so realistic as in AOGCMs because
of their simplified sea ice and ocean physical processes. In or-
der to understand how the climate sensitivity evolves with time,
the equilibrium responses of AOGCMs require further inves-
tigation, even though this requires long integrations. Applying
this analysis to equilibrium AOGCMs experiments would help
to address this issue.
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