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Abstract The equilibrium climate sensitivity (ECS) in the latest version of CNRM climate model,
CNRM-CM6-1, and in its high-resolution counterpart, CNRM-CM6-1-HR, is significantly larger than in
the previous version (CNRM-CMS5.1). The traceability of this climate sensitivity change is investigated
using coupled ocean-atmosphere model climate change simulations. These simulations show that the
increase in ECS is the result of changes in the atmospheric component. A particular attention is paid to
the method used to decompose the equilibrium temperature response difference, by using a linearized
decomposition of the individual radiative agents diagnosed by a radiative kernel technique. The climate
sensitivity increase is primarily due to the cloud radiative responses, with a predominant contribution

of the tropical longwave response (including both feedback and forcing adjustment) and a significant
contribution of the extratropical and tropical shortwave feedback changes. A series of stand-alone
atmosphere experiments is carried out to quantify the contributions of each atmospheric development to
this difference between CNRM-CM5.1 and CNRM-CM6-1. The change of the convection scheme appears
to play an important role in driving the cloud changes, with a large effect on the tropical longwave cloud
feedback change.

Plain Language Summary The global equilibrium temperature change in response to a
doubling of the atmospheric carbon dioxide concentration is an important characteristic of the climate
system known as the equilibrium climate sensitivity (ECS). Many climate models contributing to CMIP6
(Coupled Model Intercomparison Project phase 6) have a larger ECS than their CMIP5 predecessors.
Here, we investigate the origins of this increase for the CNRM model and its high-resolution version. We
find that it primarily results from changes in the atmospheric component, in particular in the convection
scheme, through its impact on the cloud radiative responses.

1. Introduction

The global temperature changes in response to an externally imposed radiative perturbation or climate
sensitivity is an important feature of the climate system. It is often quantified by the equilibrium climate
sensitivity (ECS), that is, the stationary-state global-mean surface-air temperature change in response to a
doubling of the atmospheric carbon dioxide (CO,) concentration. The spread in climate model ECS (Flato
et al., 2013; Meehl et al., 2007) has remained large throughout the successive phases of the Coupled Model
Intercomparison Project (CMIPS5; Taylor et al. (2012); CMIP6; Eyring et al. [2016]). The identification of the
key mechanisms responsible for this spread and the quantification of their contributions is a necessary step
to better understand climate change.

The surface temperature response to a radiative forcing causes radiative feedbacks within the system that
can amplify or dampen the temperature response (e.g., Hansen et al., 1984; Wetherald & Manabe, 1988).
In particular, these radiative agents include air temperature, water vapor, surface albedo, and clouds (e.g.,
Soden & Held, 2006). They can also change at fast time scales, adding a fast adjustment component to the
instantaneous radiative forcing (J. Gregory & Webb, 2008). A commonly used method to decompose the
effect of each radiative agent consists in using radiative kernels (Shell et al., 2008; Soden & Held, 2006).
Using this technique, the climate sensitivity can be broken down into the sum of the different contributions
associated with each radiative agent. The method used for the decomposition can significantly impact the
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results (Caldwell et al., 2016). Finally, when using fixed sea surface temperature (SST) experiments to com-
pute these values, the choice of the SST field can also be important due to the so-called pattern effect, that
is, the sensitivity of the feedbacks to the ocean surface warming pattern (Winton et al., 2010).

The intermodel differences in both the radiative feedbacks and the forcing adjustments are important
sources of spread for climate sensitivity (e.g., Geoffroy et al., 2012). Clouds, in particular low level clouds,
have been identified as the most uncertain feedbacks of the climate system (Bony & Dufresne, 2005; Bony
et al., 2006; Cess et al., 1990; Soden & Held, 2006; Vial et al., 2013; Zelinka et al., 2013). Atmospheric param-
eterizations constitute the main source of these differences in the climate model responses (e.g., Medeiros
et al., 2008; Ringer et al., 2014). In particular the representation of convection including convective micro-
physics is likely to be the most uncertain process, as shown by perturbed physics ensemble studies (Collins
et al., 2010; Tomassini et al., 2015; Zhao et al., 2016) and diagnostic studies (Sherwood et al., 2014). Other
schemes have also been suggested to play a substantial role such as large-scale microphysics, turbulence, or
cloud schemes (Bodas-Salcedo et al., 2019; Geoffroy et al., 2017; Qu et al., 2014; Tan et al., 2016).

The climate sensitivity of the CMIP6 version of CNRM-CM has drastically increased compared to its pre-
vious CMIPS5 version (Voldoire et al., 2019). Recently, Zelinka et al. (2020) have shown that the ECS has
increased substantially in CMIP6 models. They argue that this increase is mainly due to a stronger positive
cloud feedback associated with a decrease in extratropical low cloud coverage and albedo. This behavior
concerns the multimodel mean but large differences across climate models remain.

As recently done by Gettelman et al. (2019) for the Community Earth System Model Version 2 (CESM2)
or by Bodas-Salcedo et al. (2019) for the Hadley Centre Global Environmental model (HadGEM3), here we
document the ECS changes in the CNRM suite of climate models: from the CMIP5 version CNRM-CM5.1
(Voldoire et al., 2013) to the CMIP6 versions, CNRM-CM6-1 (Voldoire et al., 2019) and its high-resolution
counterpart CNRM-CM6-1-HR. To this aim, we have performed intermediate configuration experiments
to disentangle the contribution of each component to the ECS change. For each of these configurations,
we decompose the ECS change in each radiative agent contribution through radiative kernels. A particular
care is paid to the method used to decompose the equilibrium temperature response difference. The cou-
pled atmosphere-ocean general circulation models (AOGCM) of the CNRM suite are briefly summarized in
Section 2. The experimental setup is described in Section 3, while Section 4 details the methodology used
to derive the forcing and the feedback parameters and the new decomposition method proposed to separate
the contributions from the different radiative agents when differentiating model versions. Results are pre-
sented in Section 5.

2. Description of the CNRM-CM Climate Models
2.1. CNRM-CM6-1 (CM6)

CNRM-CM6-1 (hereafter CM6) is the CNRM-CM climate model developed in the context of CMIP6 (Ey-
ring et al., 2016). It is based on ARPEGE-Climat v6.3 for the atmosphere, NEMO v3.6 for the ocean (Ma-
dec et al., 2017), SURFEX v8.0 for the land surface coupled to CTRIP v2 for the river routing (Decharme
et al., 2019), and GELATO v6 for the sea-ice, these components being coupled via the OASIS3-MCT software
(Craig et al., 2017). The atmospheric horizontal resolution is 140 km and there are 91 atmospheric layers
(up to 0.01 hPa), while the oceanic resolution is 1° with a latitudinal refinement to 1/3° at the Equator and
75 vertical levels. A complete description and validation of this model is provided in Voldoire et al. (2019).

2.2. CNRM-CM6-1-HR (CM6-HR)

This model is the high-resolution version of CNRM-CM6-1 (hereafter CM6-HR). It is based on the same
components and the only difference is the increase in horizontal resolution from 140 to 50 km in the atmos-
phere and from 1° to 0.25° in the ocean, the vertical resolutions being unchanged. Along with the increased
ocean horizontal resolution, a few ocean parameters have been adapted. The time step is reduced from 30
to 15 min, the lateral diffusion is reduced as some eddies are represented at this resolution and the Gent
and McWilliams parameterization (Gent & McWilliams, 1990) of eddies is switched off. The tidal mixing
scheme is changed to the one based on Simmons et al. (2004), which is more stable at 0.25° resolution than
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Table 1
Atmospheric Parameterizations of CNRM-CM5.1 and CNRM-CM6-1 Models Grouped Into Five Main Packages
CNRM-CM5.1 CNRM-CM6-1
Vertical resolution dynamics 31 layers (TOA: 10 hPa) 91 layers (TOA: 0.01 hPa)
Microphysics Kessler (1969) R. N. Smith (1990) Lopez (2002)
Turbulence large-scale clouds Mellor & Yamada (1982) Bougeault (1981) Bougeault (1982) Bougeault & Lacarrere (1989) Cuxart et al. (2000)
Ricard & Royer (1993) Cheng et al. (2002) Ricard & Royer (1993)
Convection Bougeault (1985) Piriou et al. (2007) Guérémy (2011)
Cloud optical properties Slingo (1988) Ebert & Curry (1992) E. A. Smith & Shi (1992) Slingo (1988) Fu (1996) E. A. Smith & Shi (1992)

the recently developed scheme of de Lavergne et al. (2015) activated in CNRM-CM6-1. For all other com-
ponents (atmosphere, land surface, and sea-ice), there has been no additional tuning. Thus, CNRM-CM6-
1-HR model can be considered as a higher-resolution version of CNRM-CM6-1. Climatologies of surface
temperature and precipitation in CNRM-CM6-1-HR and CNRM-CM6-1 are evaluated and compared in
Figures S1 and S2. The climate mean states of the two models are rather similar.

2.3. CNRM-CMS5.1 (CMS5)

CNRM-CMS5.1 (hereafter CM5) was developed for the former CMIP phase (CMIP5; Taylor et al., 2012). It
is based on older versions of the CM6 components. The reader is referred to Voldoire et al. (2013) for a full
description and to Voldoire et al. (2019) for a detailed description of the differences with regards to CMé.
Aside from bugfixes and code optimization, the main elements that will be of importance for this study are
the change in vertical resolution (42 oceanic layers and 31 atmospheric layers up to 10 hPa in CM5); and the
change of the complete set of atmospheric parameterizations (mainly convection, turbulence, and micro-
physics). Differences between atmospheric parameterizations are summarized in Table 1.

2.4. CNRM-CMé6-atm5 (CM6-atm5)

In this configuration, we replaced the atmospheric component of CM6 by one of the CM5. Only slight ad-
justments in the aerosol and cloud optical properties have been done to tune the radiative imbalance of the
climate system.

3. Experimental Setup

For each CNRM-CM coupled AOGCM, the climate sensitivity is evaluated by using the abrupt-4xCO, ex-
periments in which the atmospheric CO, concentration is abruptly quadrupled. For CM5, CM6, and CM6-
HR, data are available in the CMIP5 and CMIP6 databases. For the intermediate configuration, CM6-atm5,
similar experiments were carried out. The changes in abrupt-4xCO, experiments are evaluated against 500-
year time averages of the piControl experiment and denoted by the A operator.

To investigate the role of the atmospheric components in the climate sensitivity change from CM6-atm5
to CM6, we use fixed-SST experiments. The set of atmosphere-only experiments corresponding to CM6-
atm5 (respectively CM6) is denoted by AMS5 (respectively AM6). These atmosphere-only runs are compu-
tationally less expensive than AOGCM experiments and allow to test the effects of multiple changes to the
atmospheric model suite. Experiments such as +4 K uniform warming experiments (Cess et al., 1990) have
been widely used to asses models climate sensitivity (e.g., Gettelman et al., 2012). Indeed, the estimates of
climate sensitivity from fixed-SST experiments are consistent with those determined from coupled atmos-
phere-ocean simulations (e.g., Ringer et al., 2014). However, they cannot be fully identical due to the pattern
effect (e.g., Winton et al., 2010). Here, we use monthly mean SST and sea-ice cover (SIC) derived from their
respective coupled AOGCM piControl and abrupt4xCO, simulations so that atmospheric changes in cou-
pled and fixed-SST experiments are in very close agreement (Andrews et al., 2015).
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Table 2

List of Fixed-SST Experiments

Experiment name [CO,] Prescribed SST/SIC

piSST_piCO, [CO,1,; Clim. of 500 years of the piControl experiment

piSST_4xCO, 4[CO, 1, Clim. of 500 years of the piControl experiment

4 X SST_4 xXCO, 4[CO,],,; Clim. of last 30 years (years 121-150) of the abrupt-4xCO, experiment

Note. Specification of the CO, forcing and prescribed SST/SIC. [CO, | pi corresponds to the preindustrial value of atmospheric CO, concentration.

We use three types of atmosphere-only experiments (see Table 2). The first one uses climatological SST/
SICs derived from the 500-year period of the piControl experiment and preindustrial values for the CO,
concentration: piSST_piCO,. In the second one (piSST_4xCO,), the prescribed SST/SICs are identical to
the first experiment but the CO, concentration is abruptly quadrupled and maintained fixed. In the third
one (4xXSST_4xCO,), the CO, concentration is 4 times the preindustrial values and the prescribed SST/
SICs are derived from the multiyear climatology of the last 30 years (years 121-150) of the corresponding
abrupt-4xCO, experiment. Each experiment is 10-year long. The temporal mean of each experiment is used
and differences between piSST_4xCO, and piSST_piCO,, and between 4xSST_4xCO, and piSST_piCO, are
denoted by A; and Ay, respectively.

To investigate the impact of the SST differences on the forcing adjustment and the radiative feedbacks, we
perform the fixed-SST experiments in the AM5 configuration but with the monthly climatology of SST/SIC
derived from the CM6 AOGCM experiments. This configuration is named AM5-s6. Differences between
AMS5 and AMS5-s6 can arise from differences in the mean value and the geographical pattern of the pre-
scribed SST field. This effect is referred to as “SST effect.”

We also carry out a series of modifications that sequentially replace AM5 modules or options until the final
atmospheric model is identical to AM6 (cf. Tables 1 and 3). The series of changes are determined by the
model structure and dependencies. As noted in Table 3, we first modify the vertical resolution and asso-
ciated dynamical options and physical parameterizations. Then, we sequentially replace the cloud micro-
physics, the turbulence, and large-scale cloud schemes, the convection scheme and finally the clouds and
aerosols radiative properties.

Table 3

List of Fixed-SST Experiments

Experiment name SST Vert. Res./dyn. Microphysics Turb./cloud Convection  Radiation
AM5 CM6-atm5 atm5 atm5 atm5 atm5 atm5
AM5-s6 CM6 atm5 atm5 atm5 atm5 atm5
AM5-d6 CM6 atmé atm5 atm5 atm5 atm5
AM5-m6 CM6 atmé6 atmé6 atm5 atm5 atm5
AMS5-t6 CM6 atmé6 atmé6 atmo6 atm5 atm5
AMS5-c6 CM6 atmé atmé atmé atmé6 atm5
AM6 CM6 atmé6 atmé6 atmé atmé6 atmé6

Note. AM5 experiment corresponds to the atmospheric component of CM6-atm5 model and uses prescribed SST/SIC
from CMé6-atm5 piControl and abrupt-4xCO, experiments. AM5-s6 corresponds to the atmospheric component of
CM6-atm5 model and uses prescribed SST/SIC from CM6 piControl and abrupt-4xCO, experiments. AM6 experiment
corresponds to the atmospheric component of CM6 model and uses prescribed SST/SIC from CM6 piControl and
abrupt-4xCO, experiments. From AM5-s6 experiment to AM6 experiment, changes correspond to changes in
atmospheric model and are grouped into five packages: Vertical resolution and dynamics, microphysics, turbulence
and clouds, convection and radiation. Specifications associated with each package are described in Table 1.
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4. Methodology
4.1. Equilibrium Temperature Response

The 4xCO, equilibrium temperature response (referred to as AT,,) is estimated by linear regression of
the annual-mean global-mean net radiative TOA response AR against the annual-mean global-mean sur-
face-air temperature response AT, during the first 150 years in the abrupt-4xCO, experiment (J. M. Gregory
et al., 2004):

F,
AT, and AT, = - 6))

tot

AR = F,

tot

+ A

Tot

where Fyy is the stratosphere-troposphere adjusted global radiative forcing and A is the total feedback
parameter. AT is often scaled by a factor of 0.5 to obtain ECS by assuming a log-linear CO,-forcing rela-
tionship. Because the CO, forcing rises slightly faster than logarithmic (Etminan et al., 2016) and because
the climate feedbacks may vary with the equilibrium climate state (Geoffroy & Saint-Martin, 2020; J. M.
Gregory et al., 2015), we focus on the change in AT.q without any rescaling. As in Andrews et al. (2012),
we construct 95% confidence intervals associated with our estimates of Fiy, A, and AT, using a bootstrap
method. Random samples (with replacement) of 150 years are used to produce a probability density func-
tion of the required values.

In atmosphere-only experiments, due to the temperature change over land in the piSST_4xCO, experiment,
the radiative imbalance AR is not equal to the stratosphere-troposphere adjusted global radiative forcing
Fyo. It is referred to as F,j:, = ALR. F,f,, also includes the radiative response associated with the land temper-
ature adjustment AT, = A, T,. The feedback parameter A, can be estimated as:

AR — AR

Aot = ————» 2
! A4sz - ApiTs ( )

with AX = Xissr,xc0, ~ XpiSSTpiCOZ and Ay X = Xyss1)000, ~ XpiSSTpiCOZ' The equilibrium temperature

response AT, writes:

AT, = -~ = AT, — 1L, 3)

4.2. Radiative Kernels

The net radiative flux at TOA can be written as a function of the atmospheric CO, concentration c, of the
global near surface-air temperature Ty, and of atmospheric radiative agents x; (air temperature, specific hu-
midity, surface albedo, and clouds): R = R(c, T, xi(c, T)). A perturbation of this radiative flux, small enough
to allow linearization, can be written as (Geoffroy et al., 2014; Wetherald & Manabe, 1988):

AR =B pc 5| RO po RO jp | AR . (4)
oc i\ Ox; Oc ox; oT,

The forcing adjustment associated with each field i is defined as: F; = (0,,R)(9.x;)Ac. The global forcing
(Fior) is the sum of the stratosphere-adjusted forcing 7, = (0.R)Ac and the individual contributions to the
forcing adjustment, F,,, = 7, + 2, F. The feedback parameter A; associated with each field i is defined as:
A = (6XiR)(8TS X;). AR, = 4,ATy is a residual term, resulting from linearization. The total radiative feedback
parameter (4, is the sum of the individual feedback and of the residual feedback, A, = 2id; + A4,

The individual feedback parameters and adjustment forcings are estimated using the radiative kernel tech-
nique (Soden & Held, 2006; Soden et al., 2008). The linear response function, K; = 0, R, that is, the change
in TOA fluxes due to a standard change in a physical climate variable (x;) is called the radiative kernel.
Kernels are calculated using a radiative transfer model. They depend on the radiative transfer code and on
the control state of the atmosphere (e.g., Block & Mauritsen, 2013; Tomassini et al., 2013). To ensure con-
sistency between the kernel computations and the analyzed model (and in order to quantify uncertainties
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relative to the use of different kernels) we use the radiative kernels derived from CNRM-CM radiative
transfer model with cloud and aerosol optical properties from CM6-atm5 model and CM6 model. To facil-
itate comparison with previous studies, we also computed contributions from the radiative kernels of the
Community Atmospheric Model version 3 (CAM3; Shell et al., 2008).

The individual feedbacks are estimated from the piSST_4XCO, and 4XSST_4xCO, experiments:

A4)(1 ALix;

piti
Ay T, — AT, )

A =K;

1

When differentiating piSST_4xCO, and piSST_piCO,, we obtain F:,, =A R =F+ 2 K;A;x;. The contri-

butions F = K;A,x; are not exactly equal to the individual forcing adjustment contributions, F;. They corre-
spond to the tropospheric adjustments to CO, forcing and they also include the radiative response associated
with the land surface warming adjustment. The land temperature fast adjustment is not broken into different
feedback contributions and remains as an additional term in the equilibrium temperature change decompo-

sition. Finally, by expanding Equation 3, the decomposition of the equilibrium temperature response writes:

EF
AT, = AT, - S0t 2

5 m (6)

We compute radiative kernels for air temperature, water vapor, and surface albedo. The temperature feed-
back is split into Planck feedback and lapse rate feedback. The cloud feedbacks are estimated by using a de-
composition of the difference in radiative imbalance in all-sky and clear-sky conditions (Soden et al., 2008).

4.3. ECS Decomposition

Once we have decomposed the change in total forcing adjustment and feedback parameter (Equation 6),
we are interested in quantifying the contribution of these forcing and feedback terms to the climate sen-
sitivity difference between two model configurations (denoted by a and b). The change between — F,/4,
(with F, = 2,F,; and A, = 2;4,;) and —Fy/A, (with F, = 2,F,; and A, = 2;4,;) can be written as the sum of
individual contribution of the ith forcing, A, Ty, of the jth feedback, AabTﬂj and a residual term accounting
for interactions:

F, F
_Zb 4 Za _ ZAabTFi +ZAG1,T/1A + A, TR (7
A i j 7

a

This decomposition has been used previously in Caldwell et al. (2016) and simply results from the lineari-
zation of the function, E: (F, )~F/A. A, T = (05 E)A,,F; and AahTAj = (aijE)Aabﬂ.j. The residual term of
this linearization (A, Tr) is significant if Agd; or Ag,F; are quite large. To estimate the partial derivatives of
E, we choose to average the values at (F,, 4,) and (F, 4,). Finally, we have:

1{ 1 1
AabTFi = _5[7 + l_](Fb'i -F,), ®)
a b
L[ F, F
Aply; = E[? + /1—]2}(%,]' = A ) 9
a b

By using Equation 6, the complete decomposition of the change in the equilibrium temperature response
writes:

ATy = DTy + ByT « + AT, + A

ab”eq ubTR (10)
where AgpTeq = ATeqp — ATeqar ATy, = ATy, — ATy, is the contribution from the change in land surface
warming adjustment, AabT . =2 AabT « is the sum of the individual contributions of forcing adjustment

change,and A, T, = %; A,,bT,l is the sum of the individual contributions of feedback change.
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AR (W.m~2)
I

. oS This linearized method is preferred to the decomposition described in

CM6-atm5 Dufresne and Bony (2008, hereafter DB08). Details of the derivation of
. CM6 the DB08 decomposition are presented in Appendix A. As previously not-
+ CM6-HR ed by Caldwell et al. (2016), the DB08 decomposition can lead to errone-
ous interpretation when quantifying the role of each individual radiative
agent in the climate sensitivity difference between two model configu-
rations. In particular, the contribution of an individual feedback change
AT, could be nonzero even if 4,; and 4, are equal.

5. Results

5.1. Role of the Atmosphere

Figure 1 shows the scatter plot of the joint temporal evolution of the an-

Figure 1. Scatterplot of the global-mean surface-air temperature response

6 8 10 nual-mean global-mean surface-air temperature response AT, and the

AT (K) net radiative TOA response AR for each CNRM-CM configuration. The

values of the stratosphere-troposphere adjusted global radiative forcing

(AT, unit: K) and net TOA radiative imbalance (AR, unit: W.m ™) in the Fi,: and the total feedback parameter A, are estimated by linear regres-

CNRM-CM abrupt-4xCO, experiments: CNRM-CMS (blue), CNRM-CM6-  sion (J. M. Gregory et al., 2004) and are summarized in Table 4.
atms5 (gray), CNRM-CM6-1 (black), and CNRM-CM6-1-HR (red).

The CM6-HR and CM6 configurations show relatively similar responses

to a quadrupling of CO,, with equilibrium temperature response of 8.8
and 9.8 K. The change in atmospheric and oceanic horizontal resolutions has a small effect on the mod-
el response, consistent with the small dependence of climate sensitivity to horizontal resolution in the
CMIP5 ensemble (e.g., Table 9.5 in Flato et al. [2013]). Further investigation of this difference would have
required additional experiments that were unaffordable due to the computational cost of this version. In
the following, we rather focus on explaining the difference with the former version which is 3 times larger
in magnitude.

The modification of the evapotranspiration effect (Keenan et al., 2013) through the parameterization of the
CO,-induced stomatal closure process in CNRM-CM6-1 has also little impact on the radiative response to a
CO, perturbation (see Table 4).

On the contrary, the 4XCO, equilibrium temperature response of CM6 (9.8 K) is significantly larger than
that of the previous version CM5 (6.4 K). All components of the climate system, the atmosphere, the land,
the cryosphere and the ocean, differ between the two versions. The CM6-atm5 configuration has a 4xCO,
equilibrium temperature response of 6.8 K showing that the change of climate sensitivity from CMIP5
model to CMIP6 models can essentially be attributed to the change in the atmospheric component. In the
next section, we investigate the atmospheric source of the climate sensitivity change from CM6-atm5 to
CMeé.

Table 4

Values of Troposphere-Stratosphere Adjusted Radiative Forcing F,,, Total Radiative Feedback Parameter A, and
Equilibrium Temperature Response AT, Estimated by Linear Regression During the First 150 Years in the abrupt-4 x
CO, Experiment (J. M. Gregory et al., 2004)

F o Ao ATeq
Configuration (W.m™?) (Wm2K™) (K)
CM5 7.28 [7.01, 7.53] —1.11 [-1.16, —1.06] 6.53 [6.45, 6.62]
CM6-atm5 6.58 [6.07, 6.99] —0.97 [—0.87, —1.06] 6.77 [6.62, 6.94]
CM6-evaptr 6.85[6.47, 7.09] —0.69 [—0.73,—0.63] 9.90 [9.68, 10.28]
CM6 7.17 [6.83, 7.41] —0.73 [=0.77, —0.67] 9.80 [9.60, 10.11]
CM6-HR 7.58 [7.40, 7.80] —0.86 [—0.90, —0.83] 8.80 [8.67, 8.93]

Note. Values in brackets correspond to 95% confidence interval (see Section 4.1).
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5.2. Individual Contributions of Atmospheric Components

Figure 2 reproduces the joint temporal evolution of the annual-mean
global-mean surface-air temperature response AT and the net radiative
TOA response AR in the abrupt-4xCO, experiments carried out with
: CM6 (black dots) and CM6-atm5 (gray dots). The values of (AyiTs, AyR)
ne (stars) and (AT, AyR) (circles) are superimposed for the fixed-SST ex-
periment AMS5 (blue star and circle) and AM6 (red star and circle) with
S . the SST/SIC climatologies from their respective coupled AOGCM simu-
% lations (see Table 3). Note that, as identical SST/SICs are prescribed in

piSST_piCO, and piSST_4xCO, experiments, the temperature change
ATy is only due to the land warming. The fixed-SST experiments repro-

vert. res./dyn.
microphysics
turb./cloud
convection
radiation

AM5

o . duce very well the beginning and the end of the radiative response simu-
© lated by the AOGCM (blue and red circles are in the neighborhood of the

5 8 10 corresponding gray and black dots).

AT (K)

The 4xCO; equilibrium temperature response of AM5 and AM6 calculat-

Figure 2. Scatterplot of the global-mean surface-air temperature response  ed from Equation 3 are given in Table 5. Their difference is 2.81 K. Note
(AT, unit: K) and net TOA radiative imbalance (AR, unit: W.m™) in the that this estimate slightly differs from the difference in equilibrium tem-

CM6-atmb5 (gray) and CM6 (black) abrupt-4xCO, experiments. Colored
stars correspond to (AT, ApiR) and colored circle correspond to (As T,
A R) for each fixed-SST experiments. Sequential changes in fixed-SST

experiments are summarized in Table 3.

Table 5

Estimates of the Troposphere-Stratosphere Adjusted Radiative Forcing Fy,
of the Total Radiative Feedback Parameter Ay, and of the Equilibrium
Temperature Response AT,, in Fixed-SST Experiments

perature response between CM6 and CM6-atm5 obtained by linear re-
gression of the abrupt-4xCO, experiment (3.0 K) due to equilibrium- and
transient-state dependencies of the climate feedbacks (e.g., Geoffroy &
Saint-Martin, 2020). When removing the SST effect (AM5-s6 differs from
AMS in the mean value and the geographical pattern of the prescribed SST field), the difference in 4xCO,
equilibrium temperature response between AM5-s6 and AMS6 is equal to 3.0 K, close to the difference be-
tween the coupled CM6 and CM6-atm5.

We sequentially replace AM5 modules or options until the final atmospheric model is identical to AM6 (see
Section 3). The values of (AT, AnR) and (AT, AsR) corresponding to this series of modifications are
plotted in Figure 2 and summarized in Table 5 for each intermediate configuration. Changing vertical reso-
lution, cloud microphysics, and turbulence/cloud schemes has limited effects on equilibrium temperature
response. The individual effects are of order of 0.20 K, with a maximum effect of —0.70 K for microphysics.
The final modification of cloud and aerosol properties also very slightly changed AT.y. Thus, the main con-
tributor to the climate sensitivity difference between AM5 and AM6 is the change of the convection scheme.

In the next section, the change in climate sensitivity is decomposed into contributions of both F,Z, and A
(see Equation 3) associated with change in the different radiative agents.

5.3. Role of the Different Radiative Agents in Climate Sensitivity
Change

The climate sensitivity decomposition method described in Section 4.3 is
used jointly to the kernel radiative decomposition method. Global-mean

values of individual radiative feedback (1;) and forcing adjustment (F; )

il gl el for each fixed-SST experiment and for each radiative kernel are available

LDl Bl s (W.m™) (Wm™.K™) ®) in supporting information (Tables S2-S5).
AMS 819 —128 638 First, the decomposition of the change in the 4xCO, equilibrium tem-
ClEE = L 022 perature response (Equations 7 and 10) is applied to the change between
AM5-d6 9.45 —1.46 647  AMS and AM6 experiments (A Teq = 2.81 K). This linearized decompo-
AMS5-m6 9.10 —1.58 5.77 sition is summarized in three ways in Figure 3a: the first one (gray bars
AM5-t6 9.07 151 6.00 on the left part of Figure 3a) to disentangle the role of total forcing ad-
AM5-c6 8.17 —0.90 9.04 justment, total feedback, and land warming adjustment, the second one
(colored bars on the middle of Figure 3a) to derive the relative role of
AMS6 841 —091 219 each radiative agents—Planck, lapse rate and water vapor, albedo, short-
Note. Fiot = ApR — oAy Ty and Aoy = (AR — ApR)/(AgxTs — ApTy) wave and longwave clouds—and the third one (gray bars with colored
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Figure 3. Decomposition of the difference in 4XCO, equilibrium temperature response between AM5 and AM6,

for (a) the linearized decomposition presented in Section 4.3 and (b) the DB08 decomposition described in Dufresne

and Bony (2008). In each panel, the difference in equilibrium temperature response between model configurations a

(AMS5) and b (AM6), Ay Teq (black), is decomposed 3 times: (left part) into the land warming adjustment contribution
Ay T, (brown), the forcing adjustment contribution A(,,,T (light gray), the feedback contribution A,,T; (gray), and the

residual term Ay, T (White), (middle part) into the individual radiative agents contribution AyT e+ AT, (colored),

the land warming adjustment contribution A,,T; (brown) and the residual term A, Tk (white) and (right part) into

the individual radiative agents contributions of forcing adjustment change A T (light gray with colored edges), the

ab
individual contributions of feedback change AyT, (gray with colored edges) and into the land warming adjustment
contribution A, T; (brown) and the residual term. Radiative agents are the Planck feedback (P), the lapse rate and
water vapor feedback (L + W), the albedo feedback (A), the cloud feedback on solar radiation (Csw) and on longwave
radiation (Cryw).

edges on the right part of Figure 3a) to derive the relative role of individual radiative feedbacks and forcing
adjustments.

The increase in equilibrium temperature response is mainly attributable to the change in the total feedback
parameter, even if the change in total forcing adjustment also contributes substantially. When looking at
the decomposition by agents (middle part of Figure 3a), several agents are at play: both longwave and short-
wave clouds contribute to the increase while water vapor and lapse rate changes contribute negatively to
the change in equilibrium temperature. Note that the residual term is also relatively large. These results are
confirmed when using other kernels to perform the decomposition (Table 6).
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Table 6
Decomposition of the Difference in 4 X CO, Equilibrium Temperature Response Between AM5 and AM6 and the Sum of
Contributions Derived From Each Intermediate Change in Atmospheric Configuration, for Each Radiative Kernel

AabTeq AabTL AubTFi* + AubT/l,- A Tr

P L+W A Csw Crw r

Kernel (K)

Total effect: AM6 minus AMS5

CM6 2.81 —0.07 0.00 —0.90 -0.27 0.96 2.17 1.09 -0.17

CM6-atm5 2.81 —-0.07 -0.03 —0.81 —0.34 1.03 2.16 1.04 -0.17

CAM3 2.81 —0.07 0.00 —0.58 —0.15 0.85 2.28 0.65 —-0.17
Sum

CM6 2.81 —0.07 0.12 —0.54 -0.17 —0.13 2.70 1.30 —0.40

CM6-atm5 2.81 —0.07 0.10 —-0.47 —0.21 —0.08 2.70 1.24 —0.40

CAM3 2.81 —0.07 0.10 —0.30 —0.09 —0.21 2.87 0.91 —0.40

Note. The difference in equilibrium temperature response between model configurations a and b, A Teq, is decomposed
into the land warming adjustment contribution AT}, into the individual radiative agents contribution Au,,TF'* F
A abT/li and the residual term A, Tk (see Equation 10). Radiative agents are the Planck feedback (P), the lapse rate, and
water vapor feedback (L+W), the albedo feedback (A), the cloud feedback on solar radiation (Csy) and on longwave
radiation (Cry). See also Figure 3.

The climate sensitivity increase between AM5 and AM6 is primarily due to the net (longwave plus shortwave)
cloud radiative responses. The differences in the SW and LW cloud feedbacks are similar (Agpdcsw = 0.25 W.
m™2 K™ and Agda, = 0.23 W.m ™2 K™'), with a slightly larger contribution of the SW cloud feedback (see
right part of Figure 3a). However, the total (forcing adjustment plus feedback) contribution of the LW com-
ponent of the cloud change is equal to 2.17 K and is twice as large as the contribution of the SW cloud
radiative response. This is due to both a negative contribution of the SW component of the cloud forcing
adjustment and a positive contribution of the LW part of the forcing adjustment.

The linearized decomposition is compared to the DB08 decomposition (Figure 3b). This comparison illus-
trates the fact that this widely used decomposition (e.g., Vial et al., 2013) can lead to fallacious interpretation
when quantifying the role of each feedback in climate sensitivity differences. In the case of the change in
the equilibrium temperature response between AM5 and AM6 experiments, the DB08 decomposition min-
imizes the role of cloud change. In particular, it predicts that the water vapor plus lapse rate contribution is
positive whereas it is negative with the linearized decomposition. In addition, the forcing change contribu-
tion is underestimated.

5.4. Contributions of Atmospheric Configuration Changes

The ECS decomposition used in previous section has been repeated for each model configuration change
(Table 3) between AM5 and AM6 (Figure 5) and the sum of these configuration changes is shown in Fig-
ure 4b. Results from the change between AM5 and AM6 experiments (Figure 3a) are also shown in Figure 4a
for reference. First, the comparison of the summed effects and of the direct effect calculation from AMS5 to
AMBS6 looks similar and confirms the leading role of the feedback parameter over the forcing adjustment and
the important contribution of the cloud radiative responses. The LW component of the cloud contribution is
well reproduced by the sum of the atmospheric configuration changes. However, for the contribution of the
SW cloud change, the sum of individual model configurations does reflect a weak negative effect contrarily
to the net positive effect found between AM5 and AM6. This mismatch is clear whatever kernel is used
(Table 6). Thus, it cannot be attributed to the kernel in itself.

Looking at the individual configuration changes (Figure 5), the difference of equilibrium temperature
response due to the change of the convection scheme (A, Teq = 3.04 K) is substantially larger than the
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Figure 4. Decomposition of the difference in 4xXCO; equilibrium
temperature response between (a) AM5 and AM6 and (b) the sum of
contributions derived from each intermediate change in atmospheric
configuration (i.e., the sum of Figure 4 panels). In each panel, the
difference in equilibrium temperature response between model
configurations a and b, Ay, Teq (black), is decomposed twice, first into
the land warming adjustment contribution A,,T;, (brown), the forcing
adjustment contribution Au,,TF* (light gray), the feedback contribution
A T; (gray) and the residual term A, Tk (White), second (colored) into
the individual radiative agents contribution A"”Tﬁ + AT, the land

warming adjustment contribution A, Ty, (brown) and the residual term
AgpTr (White), A, T, = AT, + Z,-(Aa,,TF_* +A,Ty,) + Ay Ty Radiative

agents are the Planck feedback (P), the lai)se rate, and water vapor
feedback (L + W), the albedo feedback (A), the cloud feedback on solar
radiation (Csw) and on longwave radiation (Cry).

ab

differences of AT,y due to changes in vertical resolution, in cloud mi-
crophysics, in turbulence/cloud schemes or in cloud/aerosol optical
properties. When looking at the decomposition by radiative agents, the
sum of individual atmospheric configuration changes mimics the total
contribution of LW cloud forcing adjustment and feedback changes (Fig-
ures 4 and S3). The dominant effect in total (forcing plus feedback) LW
cloud contributions is the convection scheme change (Figures 5 and S4).
This latter is also the predominant term in the summed contributions of
the SW cloud forcing adjustment change (Figure S4). The modification
of the convection scheme also pictures a large negative impact on the
contribution of the SW cloud feedback. Changes in cloud optical proper-
ties, turbulence parameterization, cloud scheme, and cloud microphys-
ics re-equilibrate the effect of the SW component of the cloud feedback
(Figures 5 and S4). But the sum of individual configuration changes un-
derestimates the (positive) total contribution (Figure 4). Note also that
changing the vertical resolution and dynamics has led to a compensating
effect on the forcing adjustment and feedback parameters. This effect is
due to the contribution of the residual terms in the kernel decomposition
(Figure S4).

Cloud feedback changes largely contributes to the climate sensitivity in-
crease between AM5 and AM6 configurations. Zonal-mean values of the
SW and LW cloud feedback changes (Figures 6a and 6b) offer another
insight into the role of the individual configuration changes. The regional
contributions of the cloud feedback changes are summarized in Figure 6¢
(see also Tables S6-S8). Results are shown for each individual configura-
tion changes and for the tropical region (TROP; 30°S-30°N average), the
Northern Hemisphere extratropical latitudes (eNH; 30°N-90°N average)
and the Southern Hemisphere extratropical latitudes (eSH; 30°S-90°S
average). Same conclusions can be drawn by looking at the changes of
cloud contributions in equilibrium temperature response (not shown).
The total SW cloud feedback change (Agplcew = 0.25 W.m ™ K1) is mainly
due to both tropical regions (0.15 W.m™2. K™') and southern extratropical
regions (0.08 W.m ™2 K™"). The increase in SW cloud feedback between
AMS5 and AM6 configuration is relatively homogeneous from 60°S to
30°N (Figure 6a). On the contrary, most of the increase in global-mean
LW cloud feedback between AM5 and AM6 (Agplew = 0.23 W.m 2. K1) is
due to the tropical regions (Figure 6b).

Looking at the individual configuration changes, for the SW cloud feed-
back change, the moderate negative effect due to the tropical-mean

change associated with the convection scheme change is counterbalanced by a sum of positive effects of the
same order of magnitude (about 0.10 W.m™> K™') due to change in cloud optical properties, turbulence pa-
rameterization, cloud scheme, and cloud microphysics. Modification in microphysics, turbulence, or cloud
scheme are not completely independent physical parameterizations. Because of this interplay between at-
mospheric parameterizations, conclusions drawn from the effect of changing a unique physical scheme
must be considered with caution. The LW cloud feedback change is mainly due to an increase in tropical
regions. More than 40% of the global-mean net cloud feedback increase is explained by the tropical-mean
LW cloud feedback increase (0.20 W.m™2. K™).

The convection scheme change pictures a large positive impact on the tropical LW cloud feedback change.
Other parameterizations changes tend to counterbalance the convection scheme effect. The differenc-
es between the convection scheme used in CM5 model (Bougeault, 1985) and that used in CM6 model
(Guérémy, 2011; Piriou et al., 2007) arise from many aspects. The cloud model used to estimate the ver-
tical distribution of the convective quantities, including the entrainment and detrainment formulations,
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Figure 5. Same as Figure 3 for all intermediate atmospheric configuration changes listed in Table 3: AM5-s6 minus AMS5 (SST effect), AM5-d6 minus AM5-s6
(vertical resolution + dynamics), AM5-m6 minus AMS5-d6 (large-scale microphysics), AMS5-t6 minus AM5-m6 (turbulence + large-scale cloud), AM5-c6 minus
AMS5-t6 (convection) AM6-AMS5-c6 (cloud optical properties).
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Figure 6. Zonal-mean (a) SW and (b) LW cloud feedback parameter changes for AM6 minus AMS5 (“all,” black lines) and for all intermediate atmospheric
configuration changes listed in Table 3: AM5-s6 minus AM5 (“sst”: SST effect), AM5-d6 minus AM5-s6 (“dyn”: vertical resolution + dynamics), AM5-m6 minus
AMS5-d6 (“mic”: large-scale microphysics), AM5-t6 minus AM5-m6 (“tur”: turbulence + large-scale cloud), AMS5-c6 minus AM5-t6 (“con”: convection) AM6-
AMS5-c6 (“rad”: cloud optical properties). Zonal-mean values are plotted against the sine of latitude. (c) Fractional contributions of regional mean terms to the
total cloud feedback change. Colors indicate magnitude of the contributions which is also given by numbers in each cell. The tropical mean (TROP; 30°S-30°N
average), the extratropical Northern Hemisphere mean (eNH; 30°N-90°N average) change and the extratropical Southern Hemisphere mean (eSH; 30°S-90°S
average) change are multiplied by the fractional area of each region, so the global-mean change is the sum of the tropical-mean change, the extratropical
Northern Hemisphere mean change and the extratropical Southern Hemisphere mean change.

the updraft vertical velocity equation, strongly differs between the two mass-flux schemes. Triggering and
closure are based on a moisture flux convergence in the CM5 mass-flux scheme (Kuo, 1965) and on a dilute
convective available potential energy (CAPE) relaxation in the CM6 convection scheme. Convective mi-
crophysical processes are treated in a very different way and strongly coupled to others components of the
schemes. The lack of modularity of the corresponding numerical codes makes it difficult to clearly dis-
entangle the role of each component of the scheme. However, some preliminary tests have been done and
suggest that the treatment of the convective microphysics has a nonnegligible effect.

To go a step further, we investigate the change in upper-troposphere tropical cloud climatologies in the
individual configuration changes. High-level cloud changes are the dominant contributor to LW cloud
feedback at every latitude (e.g., Zelinka et al., 2012). First, the climatological mean of the tropical cloud
fraction in the unperturbed states of AM5 and AM6 configurations (piSST_piCO, experiments) is plotted
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Figure 7. Zonal-mean cloud fraction climatologies (contours) and simulated changes (shading) for (a) AM5 configuration, (b) AM6 configuration, (c) AMS5-t6
configuration, and (d) AM5-c6 configuration. The difference between AM-c6 and AM5-t6 only comes from a change in the convection scheme. Climatologies
of cloud fraction (unit: %) are derived from piSST_piCO, experiments (line contour interval of 5%; thick line for 10% cloud fraction). Changes in cloud fraction
(unit: %/K) are the difference between 4xSST_4xCO, and piSST_piCO, and are normalized by the tropical-mean (30°S-30°N) surface temperature change. The
tropopause in piSST_piCO, (respectively 4xSST_4xCO,) experiments is indicated with solid red line (resp. dashed red line). The height of the tropopause is
determined from model temperature data using a standard definition (Reichler et al., 2003).

in Figures 7a and 7b. For both configurations, the tropical cloud fraction increases with altitude from
600 hPa to about 250-150 hPa and decreases above this height. However, the climatological cloud fraction
peaks at about 250 hPa in AMS5 and about 180 hPa in AM6. This difference in the altitude of the maximal
climatological cloud fraction is the main difference between AM5 and AMS6. The effect of convection
scheme change is investigated through the comparison of AM5-t6 and AM5-c6 intermediate configura-
tions. The difference between AM-c6 and AM5-t6 only comes from a change in the convection scheme.
The localization of the maximal cloud fraction in AMS5 is well reproduced by the AM5-t6 intermediate
configuration. However, above this height, the tropical cloud fraction decreases more slowly in AMS5 than
in AMS5-t6. The tropopause is also higher in AM5-t6. The change in the convection scheme has a large
impact on the vertical profile of the climatological tropical cloud fraction. It leads to an increase of almost
10% at about 150 hPa. The convection scheme change seems to play an important role in driving this
change in tropical high-level clouds.
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Figure 8. Zonal-mean simulated changes (contours) and predicted changes (shading) for (a) AM5 configuration, (b) AM6 configuration, (c) AMS5-t6
configuration, and (d) AMS5-c6 configuration. The simulated changes are identical to the changes shown in Figure 7 (line contour interval of 0.50%/K; thick
zeroline). The predicted changes in cloud fraction (unit: %/K) are computed using the methodology described in Po-Chedley et al. (2019). The tropopause in
piSST_piCO, (respectively 4xXSST_4xCO,) experiments is indicated with solid red line (resp. dashed red line). The area above the 4xSST_4xCO, tropopause is

masked.

Moreover, the changes of cloud fraction in response to 4xCO, forcing (difference between 4xSST_4xCO,
and piSST_piCO, experiments) are also shown in Figure 7 (shading). The responses are consistent with an
upward shift of the climatological distribution of clouds with a decrease above the maximum and an in-
crease near the tropopause. As for the climatological distribution, the change in convection scheme seems

to be an important driver of the change in tropical high-level cloud fraction. Same conclusions can be drawn
when looking at relative humidity changes (not shown).

As previously done in Po-Chedley et al. (2019), we use each configuration’s climatology to estimate the
expected change of cloud fraction by assuming that (i) cloud is an invariant function of temperature and
(ii) the normalized profile of warming can be approximated by a dilute moist adiabatic (with a = 0.5 in
Equation 7 of Romps [2016]). Using these two assumptions, the predicted change of cloud fraction is plot-
ted in Figure 8. As in Po-Chedley et al. (2019) for the CMIP5 multimodel mean, the predicted change is
consistent with the simulated change for each configuration. The vertical profile of the predicted change
is well represented but the amplitude of the change is somewhat overestimated in particular for the AM5
and AM5-t6 configurations. Nevertheless, the larger increase in cloud fraction near the tropopause in AM6
is well predicted. This shows that the change in high-level cloud fraction in the equatorial region is related

SAINT-MARTIN ET AL.

150f 19



Ay

rANIS Journal of Advances in Modeling Earth Systems 10.1029/2020MS002190

ADVANCING EARTH
AND SPACE SCIENCE

to the climatological distribution of the thermodynamical and cloud profiles in the preindustrial climate.
The convection scheme change seems to play an important role in driving these climatological profiles and
hence the associated changes in tropical cloud radiative responses.

6. Conclusion

This study highlights the evolution of equilibrium temperature response to a quadrupling of atmospheric
CO, concentration in the CNRM suite of climate models from version 5, CNRM-CM5.1 (6.5 K) to version
6, CNRM-CM6-1 (9.8 K) and its high-resolution counterpart, CNRM-CM6-1-HR (8.8 K). A particular atten-
tion is paid to the method used to decompose the equilibrium temperature response difference, by using
fixed-SST/SIC experiments and a linear decomposition of the individual feedback diagnosed by a radiative
kernel technique. The difference of 4xXCO, equilibrium temperature response (about 1.0 K) between the
standard and the high-resolution versions of CNRM-CMs6 is not investigated in this study.

The traceability of this climate sensitivity change is first investigated using coupled ocean-atmosphere mod-
el climate change simulations. These simulations show that the increase in ECS is the result of changes
in the atmospheric component. The increase in climate sensitivity between CNRM-CMS5 version and CN-
RM-CMS6 versions is a consequence of the numerous changes in the atmospheric component between the
two versions. A series of experiments was carried out to assess what processes are responsible for the change
in climate sensitivity.

The climate sensitivity increase is primarily due to the cloud radiative responses, with positive contribu-
tions of the longwave component (including both feedback and forcing adjustment) and of the shortwave
feedback change. The contribution of the shortwave cloud forcing adjustment is negative. Tropical and
extratropical regions contribute rather equally to the increase in SW cloud feedback whereas the LW cloud
feedback mainly increases in the tropics. This LW tropical cloud feedback change seems to be due to a
change in the climatology of high-level clouds. The convection scheme change appears to play an important
role in driving the change in tropical climatological high clouds.

This work confirms the importance of cloud feedbacks in explaining the change of the ECS in recent cli-
mate models. Zelinka et al. (2020) shows that climate sensitivity is larger (on average) in CMIP6 than in
CMIP5 due mostly to a stronger positive extratropical SW cloud feedback. The difference between CN-
RM-CMS5 version and CNRM-CM6 versions shares some characteristics with the multimodel mean change.
The increase of the shortwave cloud feedback contributes to the climate sensitivity increase in the CNRM
climate models but contributions from tropical and extratropical regions are similar. The increase of the
longwave cloud feedback is also an important contributor to the climate sensitivity increase. Moreover, the
contribution of the shortwave cloud adjusted forcing is negative whereas the contribution of the longwave
cloud forcing is positive, reinforcing the importance of the longwave part of the spectrum in the increase
in climate sensitivity between CNRM-CMS5 version and CNRM-CMS6 versions. Concerning the reliability of
the CNRM-CM versions, up to date, there is no reason to favor one version over the other. Reducing uncer-
tainties in cloud feedbacks requires substantial efforts and several lines of research could be followed: pro-
cess-oriented studies using large-eddy simulations, improving knowledge from recent field measurement
campaigns and from global cloud resolving models.

Appendix A: Derivation of DB08 Decomposition

Following Equation 3, the equilibrium temperature response AT, writes:

AT, = AT, — Lot (A1)
1ot
By expanding F,,, = %, + %, F, and by denoting A, the Planck feedback parameter, we obtain:
F A
ATeq = AT, - M[l -3 _-’} (A2)
Ap J#P Aior
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and:
* c A
AT, =ar, -2 vty Bu 4 (A3)
Ap i Ap =P Ap Ay,
Finally, the DB08 decomposition writes:
ATe‘/ = ATL + ;ATF,-* + %AT/Ij’ (A4)

with

AT . = N
AT, = - Fy /2 (A5)
ATAj,j::P = (F;* /)vp)(lj ! Agr)

ot

The DB08 decomposition of the change in the difference of the equilibrium temperature responses of two
model configurations (denoted by a and b) writes:

AabTeq = AabTL + ZAubTF.* + ZAubTij + AabTR’ (A6)
i i j

with
pIp = AT, — AT, ,,
AabT x = _Fi:(b /iP,b + Fi:(a /Z'P,

a?’

5
ATy ==Fo ! App + Fo ! Ap g (A7)
Atle/Ij'j;tP = (F:Zt,b / j'P,Iz)(ﬂ’j,b / j’mt,b) - (Fr:r.a //‘!‘P,zt)(ﬂ'j,a /ﬂ’mt,a)’
AabTR =0
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