CO; increase experiments using the Community Earth
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Lindsay, B. Otto-Bliesner

Key Points:

« Climate sensitivity has increased from 4K to over 5K in CESM2 compared to CESM1.

« Shortwave radiation feedbacks over the Southern Ocean play a key role in deter-
mining the response of CESM to increasing COs.

+ Various measures of climate response, including equilibrium climate sensitivity (ECS)
and transient climate response (TCR) are not simply related in CESM.
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Abstract

We examine the response of the Community Earth System Model versions 1 and
2 (CESM1 and CESM2) to abrupt quadrupling of atmospheric CO4 concentrations (4xCO2)
and to 1% annually increasing COy concentrations (1%C0O2). Different estimates of equi-
librium climate sensitivity (ECS) for CESM1 and CESM2 are presented. All estimates
show that the sensitivity of CESM2 has increased by 1.5K or more over that of CESM1.
At the same time the transient climate response (TCR) of CESM1 and CESM2 derived
from 1%CO2 experiments has not changed significantly - 2.1K in CESM1 and 2.0K in
CESM2. Increased initial forcing as well as stronger shortwave radiation feedbacks are
responsible for the increase in ECS seen in CESM2. A decomposition of regional radi-
ation feedbacks and their contribution to global feedbacks shows that the Southern Ocean
plays a key role in the overall behavior of 4xCO2 experiments, accounting for about 50
% of the total shortwave feedback in both CESM1 and CESM2. The Southern Ocean
is also responsible for around half of the increase in shortwave feedback between CESM1
and CESM2, with a comparable contribution arising over tropical ocean. Experiments
using a thermodynamic slab-ocean model (SOM) yield estimates of ECS that are in re-
markable agreement with those from fully-coupled earth system model (ESM) experi-
ments for the same level of CO5 increase. Finally, we show that the similarity of TCR
in CESM1 and CESM2 masks significant regional differences in warming that occur in
the 1%CO2 experiments for each model.

Plain Language Summary

Computer models of the earth’s climate system are complex. Our best guess sce-
narios for how the climate system will change due to human activity over the next cen-
tury are also complex. They include estimates of changing greenhouse gas (e.g. CO2)
levels in the atmosphere, aerosol (e.g., smog, haze) emissions, and land-use changes (e.g.,
deforestation, urbanization). To help understand this complex system, the climate mod-
eling community has designed two simplified experiments — “abrupt CO2 quadrupling”
(4xCO2) and “one-percent annual CO2 increase” (1%C0O2). In these experiments all human-
induced factors in the climate system are held constant (at “pre-industrial levels”) ex-
cept for CO2 in the atmosphere. Results of these experiments from different climate mod-
els can be compared to gain insight into the climate system. We look at two versions of
the Community Earth System Model (CESM1 and CESM2). The warming simulated
in the 4xCO2 experiment (“climate sensitivity”) has increased substantially in CESM2.
This is related to changes in clouds over the Southern Ocean and tropics. At the same
time warming in in the 1%CO2 experiment has not increased. This is related to differ-
ences in how CESM1 and CESM2 simulate northern oceans (Arctic, N. Atlantic and N.
Pacific).

1 Introduction

The coupled climate system responds in complicated ways to anthropogenic changes
in greenhouse gas concentrations, aerosol emissions, and land use, among other factors.
To investigate climate model response to these forcings, two idealized configurations were
introduced in the Coupled Model Intercomparison Project phase 5 (CMIP5; Taylor et
al., 2012): 1) the abrupt 4xCO2 increase experiment; and 2) the 1%CO2 increase exper-
iment. For both experiments, a fully-coupled atmosphere-ocean general circulation model
(AOGCM) or Earth system model (ESM) is run to equilibrium using estimated pre-industrial
(year=1850) greenhouse gas concentrations, aerosol emissions, land use, and other cli-
mate forcings. The equilibrated pre-industrial control run (piCTL) is then subjected to
an abrupt quadrupling of atmospheric CO3, or to 1% annually-increasing COsz, while hold-
ing all other forcings at pre-industrial levels. Both experiments are part of the initial Di-
agnostic, Evaluation and Characterization of Klima (DECK) requirements for partici-
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pation in Phase 6 of the Coupled Model Intercomparison Project (CMIP6; Eyring et al.,
2016).

Table 1. Measures of climate response discussed in this analysis. All values in degrees Kelvin
(K). SOM-based numbers for CESM1 equilibrium climate sensitivity (ECS-SOM; 1st row, 1st
column) are taken from Gettelman et al. (2012). Two numbers given are for 1° and 2° hori-
zontal resolutions respectively. All other numbers were calculated for this study. Details of the
calculations are given in Appendix A. Second column shows ECS-SOM(4x) based on SOM runs
subject to a 4xCO2 increase (Section 5). Inferred ECS (iECS; 3rd and 4th columns) is derived
from linear regression analysis of N(AT) from abrupt CO2 increase experiments (Gregory et al.,
2004). Transient climate response (TCR; 5th column) is derived from experiments subject to a

1% annual CO2 increase (Section 6). Standard errors, where available, are shown in parentheses.

Equilibrium CIi-

mate Sensitivity ECS-SOM(4x) Inferred ECS Transient

based on 2xCO2 based on (iECS) based Climate

SOM experiments 4xC0O2 SOM on 150-year iECS based on Response

(ECS-SOM) experiments regression 800 years (TCR)
CESM1

1.0, 4.2 4.2(0.03) 3.4(0.04) 4.2(0.05) 2.1(0.07)
CESM2

5.5(0.03) 6.5(0.07) 5.3(0.22) 6.5(0.07) 2.0(0.04)

Equilibrium Climate Sensitivity (ECS) is defined as the equilibrium warming that
would occur under a doubling of CO5 (Charney et al., 1979). The abrupt 4xCO2 increase
scenario was introduced to evaluate model climate sensitivity. The CMIP 4xCO2 exper-
imental design calls for 150 years of simulation, although the long oceanic timescales in
the climate system imply that coupled simulations may require ~1000 years to reach a
new equilibrium (e.g., Danabasoglu & Gent, 2009; Rugenstein et al., 2019). ECS has been
estimated from 4xCO2 experiments using linear regression to global mean top-of-atmosphere
(or top-of-model) radiative imbalance N and global mean warming AT (Gregory et al.,
2004). The linear fit to N (AT) is extrapolated to N' = 0 to estimate an equilibrium
warming ATeq, which is divided by 2 (under the assumption of linearity) to estimate ECS.
We will refer to the ECS estimate derived in this way as the inferred ECS or iECS. The
iECS approach was applied to 150-year 4xCO2 AOGCM/ESM simulations to derive the
published ECS values for CMIP5 (Flato et al., 2014).

Another approach to estimating ECS was proposed by Danabasoglu and Gent (2009),
using a thermodynamic slab-ocean model (SOM) rather than a full dynamical ocean in
abrupt COs increase experiments to eliminate the long timescales produced by the slow
deep-ocean responses to warming. The SOM experiments equilibrate in decades rather
than centuries, yielding a SOM-based estimate of ECS (ECS-SOM).

Both the iECS and ECS-SOM approaches to estimating the true ECS of a coupled
model have shortcomings. A drawback of the iECS approach is that N (AT) may be a
nonlinear function of AT, leading to iECS values that depend on the number of years
in the regression analysis (e.g.; Williams et al., 2008; Andrews et al., 2012). The radia-
tive response to abrupt COy increase is also known to be nonlinear (e.g.; Etminan et al.,
2016). In the case of ECS-SOM, it is unclear whether details in the construction of a SOM
configuration can affect the resulting ECS (e.g.; Stouffer & Manabe, 1999; Senior & Mitchell,
2000; Williams et al., 2008; Danabasoglu & Gent, 2009).

Table 1 gives values of ECS-SOM, iECS, and transient climate response (TCR; Tay-
lor et al., 2012) for two versions of the Community Earth System Model (CESM). All
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estimates of ECS have increased substantially in version 2 of CESM (CESM2; Danaba-
soglu et al., 2020). ECS-SOM has increased by over 1K compared to its predecessor, with
values of 5.4K in CESM2 (Gettelman, Hannay, et al., 2019) compared to 4.0K (1° res-
olution) or 4.2K (2° resolution) in CESM1 (Gettelman et al., 2012). These ECS-SOM
values were derived from SOM experiments with 2xCO2 forcing (Danabasoglu & Gent,
2009; Gettelman, Hannay, et al., 2019).

Figure 1 illustrates key features of 4xCO2 experiments using CESM1 and CESM2.
Fig. 1a shows global mean top-of-model radiative imbalance N as a function of global
mean surface temperature AT for CESM1 (black) and CESM2 (red). The equilibrium
temperature of the respective piCTL simulation (Table 2) has been subtracted from T
to give AT. Although the fully-coupled 4xCO2 runs shown in Fig. la are over 800 years
in length, they have not equilibrated. Also, we see that N'(AT) for both CESM1 and
CESM2 exhibits nonlinearity (e.g;. Andrews et al., 2012), i.e., a change in the slope of
N (AT) with warming. The presence of such nonlinearity has been attributed to rapid
nonlinear low-cloud SST feedbacks (Williams et al., 2008) and multiple timescales of deep-
ocean heat uptake (e.g.; Senior & Mitchell, 2000; Held et al., 2010; Li et al., 2013).

Fig. 1b shows ECS inferred from linear regressions (iECS) of N versus AT as a
function of years used in the regression. Not only has the magnitude of iECS changed
between CESM1 and CESM2, but the time evolution of iECS has also changed. CESM1
exhibits a long initial period (~150 year) during which iECS is relatively constant near
3.5K, or even weakly decreasing, before increasing to values slightly over 4K by year 800.
In CESM2, however, iECS increases rapidly from year 20 onwards and quickly exceeds
the published ECS of 5.4K (Gettelman, Hannay, et al., 2019) between years 150 and 200.
The iECS for CESM1 derived from the full 150 years of the prescribed 4xCO2 exper-
iment is around 3.4K, well below the value derived from SOM runs or from longer pe-
riods of the 4xCO2 run. In CESM2, the iECS in year 150 is around 5.5K, but approaches
6.5K as more years are used in the regression. In Section 5 we will show that the iECS
at long times agrees with ECS-SOM with 4xCO2 forcing for both CESM1 and CESM2.

Figs. 1c and d show timeseries of T for CESM1 and CESM2, again with interest-
ing differences between the two models. In CESM1 an extended pause (hiatus) in warm-
ing sets in after a short initial period of rapid warming. The hiatus lasts for around 100
years, after which gradual warming resumes. Warming in CESM2 has no such hiatus;
rates of warming decrease consistently over the integration. The warming hiatus in CESM1

appears to be the ultimate cause of the local minimum in iECS around year 100 (Fig.
1b).

A second frequently used measure of climate model response to COs forcing is the
transient climate response (TCR), defined as the global mean warming averaged over
years 60-80 in the 1%CO2 experiment with respect to piCTL. As shown in Table 1, TCR
values have changed little between CESM1 (2.1K) and CESM2 (2.0K) despite the large
changes in ECS.

In the remainder of this paper we will address three topics: 1) the increase in cli-
mate sensitivity between CESM1 and CESM2; 2) the relationship between SOM-based
estimates of ECS and those from fully-coupled ESM runs using a dynamic ocean; and
3) the behavior of the 1%CO2 configurations of CESM1 and CESM2 and its relation to
TCR. We find that the increased climate sensitivity of CESM2 arises from both stronger
shortwave radiation feedbacks with surface temperature T and from increased initial forc-
ing Ny. The strengthened shortwave feedbacks in CESM2 originate primarily in low-cloud
feedbacks over the Southern Ocean and in tropical high-cloud feedbacks. We find that
SOM-based estimates of ECS agree with those based on full ESM simulations, despite
differences in regional warming patterns. We will also see that 1%CO2 experiments for
CESM1 and CESM2 differ more than is implied by the similar values of TCR. In par-
ticular, TCR does not capture significant regional variations between the models.
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Table 2. Equilibrium parameters from pre-industrial control (piCTL) experiments. These
values are calculated from 150 year means following the initial year of the 1%CO2 and 4xCO2

experiments.

Global Mean Top-
Global Mean Sur- of-model Radiation

face Temperature fluxes
CESM1
287.2K 235.0 Wm ™~
CESM2
288.3K 239.2 Wm ™~

The paper is organized as follows: Section 2 briefly describes CESM1, CESM2, the
CESM Slab Ocean Model, and the experimental set-ups used in this study. A notable
feature of this study is a comparison of fully-coupled 4xCO2 ESM integrations with 4xCO2
SOM integrations. Section 3 details the model variables examined and describes anal-
ysis methods, including a consistent treatment of regional versus global feedback param-
eters. Section 4 describes results from the fully-coupled 4xCO2 experiments, including
analysis of longwave and shortwave radiative responses (Section 4.1), regional decom-
position of feedbacks ( Section 4.3 ), and an analysis of cloud responses (Section 4.4).
Section 5 describes SOM-based abrupt CO, increase experiments and compares them
with full ESM results. Section 6 examines results from 1%CO2 experiments using CESM1
and CESM2. Finally, Section 7 summarizes our results and discusses implications of the
various measures of climate response.

2 Models and Experimental Design
2.1 CESM2 and CESM1

The Community Earth System Model version 2 (CESM2; Danabasoglu et al., 2020)
was developed over five years for participation in CMIP6 (Eyring et al., 2016). This de-
velopment was finished in December 2018, and CMIP6 DECK simulations with CESM2
are now complete. Its predecessor model, CESM1 (Hurrell et al., 2013), has been exten-
sively documented. The versions of CESM1 examined here are those used in the Last-
millenium ensemble project (LME; Otto-Bliesner et al., 2016) and the CESM Large En-
semble project (LENS; Kay et al., 2015). The only differences between these versions are
the atmospheric horizontal resolution, 2° for LME and 1° for LENS, as well as some re-
tuning of low-cloud fraction. Results of the pre-industrial and 20th century historical sim-
ulations using the LME version of CESM1 were contributed to the CMIP5 archive as
"CESM1(CAM5.1, FV2)”.

CESM2 incorporated major changes to several component models, including at-
mosphere, land, and ocean. A new interactive model of the Greenland Ice Sheet (Lipscomb
et al., 2019) was also introduced. (Ice sheet elevation and extent were held fixed, how-
ever, in the simulations analyzed here.) In addition to component development, emis-
sions datasets and other forcing datasets were substantially revised for CMIP6 (Hoesly
et al., 2018).

The CESM2 atmosphere component differs substantially from that in CESM1. Ev-
ery physics parameterization, except for the rapid radiative transfer model for GCM ap-
plications (RRTMG; Iacono et al., 2008), was replaced or modified (Neale et al., 2020).
The major physics changes relevant to cloud and turbulence processes are the replace-

ment of shallow convection, boundary layer turbulence, and cloud macrophysics schemes
in CESM1 with the Cloud Layers Unified by Binormals (CLUBB; Bogenschutz et al.,
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Table 3. CESM experiments discussed in this analysis and their shorthand designations.

Designation Model Version Horiz. Res. Setup Length (years)
Fully-coupled, Earth System Model (ESM) runs
CESM1-4xCO2 CESM1(LME) 2° Abrupt 4xCO2 increase 800
CESM1b-4xCO2  CESMI(LENS) I° 2 200
CESM2-4xCO2 CESM2.1 1° ” 1000
CESM1-1%C02 CESM1(LME) 2° 1% annual CO2 increase 190
CESM2-1%CO02 CESM2.1 1° 1% annual CO2 increase 150
Slab-ocean model (SOM) runs
CESM1b-4xCO2-SOM  CESM1(LENS) 1° Abrupt 4xCO2 increase 30
CESM2-4xC0O2-SOM CESM2.0 1° K 100
CESM2-2xC0O2-SOM CESM2.0 1° Abrupt 2xCO2 incease 100

2013) scheme and an update of cloud microphysics from the Morrison-Gettelman scheme
version 1 (MG1; Morrison & Gettelman, 2008) to MG2 (Gettelman et al., 2015).

CLUBB is a turbulence and shallow-convection scheme based on higher-order clo-
sure, employing 10 higher-order moments of subgrid vertical velocity w’, temperature
T’, and total moisture ¢;. CLUBB also produces large-scale cloud fraction and partitions
between condensed and vapor phase water. MG2 is a sophisticated two-moment cloud
microphysics scheme that explicitly models the interactions between clouds and aerosols.
MG?2 extends MG1 by including prognostic equations for rain and snow in addition to
cloud ice and liquid. MG2 also includes changes to the treatment of mixed phase ice nu-
cleation that have led to increased amounts of super-cooled liquid in mixed phase clouds.

Updates to ocean, land, land-ice and sea-ice components in CESM2 are discussed
by Danabasoglu et al. (2020) and references therein.

2.2 Experimental Design

Abrupt 4xCO2 and 1%CO2 increase experiments are branched from equilibrated,
fully-coupled pre-industrial control (piCTL) experiments in which all forcing (e.g., aerosol
emissions, greenhouse gases, and land-use) is fixed at estimated 1850 levels. A CESM
piCTL run is considered equilibrated if top-of-model radiative imbalance |N| <0.1 Wm ™2
in a 20-year mean. The CESM1 and CESM2 piCTL experiments used to initialize the
CO; increase experiments are each over 1150 years in length. The 4xCO2 and 1%CO2
scenarios were branched off in year 1000 of the CESM1 piCTL experiment and in year
501 of the CESM2 piCTL. Equilibrium radiative fluxes and temperatures for the piCTL
runs are given in Table 2.

In the 4xCO2 scenario, atmospheric COs is abruptly quadrupled after branching,
and the climate is allowed to evolve freely. The typical evolution of such runs is illus-
trated in Figure 1. In 1%CO2 experiments, an annually compounding increase in atmo-
spheric CO4 is imposed after branching, with other forcing fixed to piCTL values. For
the CESM2 experiments discussed here, radiatively active species other than COs, no-
tably ozone, are specified from piCTL experiments using the high-top Whole Atmosphere
Community Climate Model (WACCM; Gettelman, Mills, et al., 2019) with fully-interactive
chemistry. This procedure is discussed in detail by Danabasoglu et al. (2020). Impacts
of this procedure on the evolution of CO4 increase scenarios using CESM are under in-
vestigation, but will not be discussed here.

Table 3 summarizes the experiments discussed in this paper. We examine results
from the 4xCO2 experiment performed for CMIP6 (CESM2-4xCO2) as well as two 4xCO2
experiments using CESM1: CESM1-4xCO2, performed with the LME version at 2° hor-
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izontal resolution; and CESM1b-4xCO2, performed with the LENS version at 1° hor-
izontal resolution. As noted in the table, the CESM1-4xCO2 and CESM2-4xCO2 exper-
iments are significantly longer that the 150 years requested in the CMIP protocol. As
seen in Fig. 1, equilibration of 4xCO2 experiments may take ~1000 years or longer. We
also examine results from the CESM2 1%CO2 run performed for CMIP6 (CESM2-1%C0O2
and from a CESM1-1%CO2 run performed with the LME version of CESMI1.

2.2.1 Slab-Ocean Model (SOM) Ezxperiments

We also conducted abrupt CO; increase experiments using the CESM Slab Ocean
model (SOM). The CESM-SOM configuration relies on ocean parameters derived from
equilibrated, pre-industrial control simulations, and is designed to reproduce the climate
of the fully-coupled ESM configuration (Bitz et al., 2012). The parameters used by the
SOM are 2D annual-mean estimates of ocean mixed layer depths along with 2D monthly
heat flux anomalies to the deep ocean. These parameters are used to drive an interac-
tive thermodynamic slab that is forced from above by atmospheric fluxes. By construc-
tion, the global-mean deep-ocean heat flux is identically zero. ECS estimates for CESM
and predecessors using 2xCO2 SOM simulations have been reported in several studies
(e.g., Danabasoglu & Gent, 2009; Bitz et al., 2012; Gettelman et al., 2012; Gettelman,
Hannay, et al., 2019). Here we will examine both 4xCO2 and 2xCO2 SOM experiments
with CESM to quantify nonlinearity in ECS estimates and to enable direct comparison
with fully-coupled experiments.

In the following, we append ”SOM” to any experiments using the slab-ocean con-
figuration. Experiments using fully-coupled CESM do not normally have a descriptive
suffix, e.g., "CESM2-4xCQO2”. If clarity is a concern, the latter are designated as “ESM”
(Earth system model) experiments.

3 Model Output and Analysis Methods

The analyses presented here use monthly and annually-averaged output from CESM,
including radiative fluxes, cloud condensates and surface temperature. We use top-of-
model (TOM) radiation fluxes rather than estimated top-of-atmosphere (TOA) fluxes,
and surface temperature T rather than 2-meter air temperatures T5,,. The results are
not sensitive to the TOM vs. TOA distinction or the Ty vs. T5,, distinction. Through-
out this analysis T' will always refer to surface temperature 7.

Net TOM shortwave and longwave fluxes are denoted by S and L, respectively. The
TOM radiative imbalance N, already introduced in Figure 1, is simply

N=8-L. (1)

We follow the usual atmospheric convention of defining upward longwave radiation flux
and downward shortwave flux as positive.

CESM atmospheric model output also includes shortwave and longwave cloud ra-
diative effect (CRE) Sqq and Loq, as well as TOM clear sky fluxes Sy,- and L. These
are calculated directly in the CAM radiation scheme in each grid column and time step
and are approximately related to all-sky fluxes by:

S~ Seir + Seia (2a)
L~ [/clr - ‘Ccld (2b)

where a small residual (~0.05 Wm™?) exists due the definition of CRE at TOA instead
of TOM. CESM follows the usual sign conventions for CRE: Negative S.;4 indicates re-
flection of shortwave radiation by clouds, and positive L4 indicates downward longwave
radiation from clouds.
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We also examine simulated total cloud amount ¢ from CESM. This is calculated
using the random overlap assumption across 3 cloud macrolayers bounded by the sur-
face, 700 hPa, 400 hPa, and 50 hPa. Within each cloud macrolayer a fraction is calcu-
lated using maximum-random cloud overlap. Finally, we will examine liquid and ice cloud
condensate paths (LWP and IWP, g m~2). An estimate of in-cloud condensate paths is
calculated by dividing monthly grid means of LWP and IWP by the cloud amount ¢, i.e.,

LWP
LWP* = —— (3a)
IWP
IWP* = —— (3b)
3.1 Regional and global feedback parameters
Studies of climate sensitivity focus on feedback relationships of the form
0X = AxoT 4)

where X is a flux or other quantity of interest, T" is surface temperature, and Ax is a feed-
back parameter (slope) that linearly relates changes in X and 7. X and T may repre-
sent regional or global mean quantities (e.g., Armour et al., 2013). Below, we will estab-
lish quantitative relationships between regional feedbacks and global feedbacks. We will
be primarily interested in feedbacks between radiative fluxes and temperatures.

The global mean of X can be written as a sum of regional means over N regions,

Y: Zaka(Tk, ) (5)
k

where X}, is the mean of X in region k, T}, is the regional mean surfce temperature, and

ay is the areal fraction of region k. Global means will be denoted by () throughout this
analysis.

The regional means X on the RHS of Eq 5 may depend on variables other than
the regional surface temperature, including surface temperatures in other regions, or other
meteorological variables such as vertical velocity or stability. We will assess the functional
relationships between regional quantities and regional surface temperature T} by exam-
ining scatterplots. If compact relationships exist over a range of values, even if nonlin-
ear, we assume we are justified in assuming a relationship X~Xpy(T}).

The global feedback parameter Ax between X and T can then be estimated from
a sum of regional feedbacks according to:

_ X OXy O,
Ax = = = — = 6
XTNT zk:a‘“ T, T ©)

We approximate the derivatives on the RHS of Eq. 6 with slope parameters from
linear regressions of X vs. Tj and of T} vs. T. The linear regression slope of X vs. T
is simply the regional feedback parameter for X in region £ and will be denoted Ax..
The linear regression slope of T}, versus T is the regional warming rate divided by the
global rate. This is the amplification factor for regional warming and will be denoted by
Aj. With these approximations, we rewrite Eq. 6:

AX:iNZak Ak /\X;k (7)

The global feedback parameter A\x has thus been written as a weighted sum of local feed-
backs Ax.r. The validity of regional decomposition can be tested by comparing the sum
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in Eq. 7 with an independent regression using global mean quantities. This will be shown
in Section 4.3.

CESM1-4xCO2 has large interannual variability compared CESM2-4xCO2 (e.g. Fig. 1d),
likely related to strong ENSO. This is associated with correlated sub-decadal variations
in § and T that have small but significant effects on linear regression estimates of As.
For the analysis of long-term regional feedbacks we apply a decadal average to model re-
sults. Decadal averaging has negligible impacts on the analysis of CESM2-4xCO2 results.
Its impacts in the analysis of CESM1-4xCO2 are largely restricted to calcuation of short-
wave feedbacks in the tropics, and will be discussed further in Section 4.

3.2 Approximate partial radiative perturbations

We will examine cloud contributions to shortwave radiative forcing using the ap-
proximate partial radiative perturbation approach (APRP; Taylor et al., 2007). APRP
constructs an analog to the full shortwave radiation calculation in an atmospheric model
using monthly fields of clear-sky and all-sky shortwave fluxes at TOM and at the sur-
face, as well as monthly total cloud amounts. The result is a reconstructed planetary albedo
A that depends on 7 parameters

A(C; Qclry Qocy Helrs Helds Velrs ’Ycld) (8)

where ¢ again is total cloud amount; o, and a,. are clear-sky and overcast surface albe-
dos; ey and peg are clear-sky and cloudy-sky absorption coefficients; and 7., and 7.q

are clear-sky and cloudy-sky scattering coefficients. The albedo and net all-sky TOM short-
wave flux § are related by:

S=8"1-A) 9)

where St is the incoming shortwave radiation at TOM. The APRP method provides es-
timates of the albedos, and absorption and scattering coefficients as well as an analyt-
ical expression for A that can be used to calculate partial derivatives and quantify the
impact of different processes on shortwave radiation in the atmosphere. Given the im-
portance of high-latitude responses in warming climates (e.g., Kay et al., 2014), it is par-
ticularly important to distinguish the roles of surface and cloud processes in the over-

all feedback.

3.3 Rapid and long-term timescales

Several studies (e.g., Held et al., 2010) have noted the existence of multiple timescales
in the adjustment of the coupled climate system to abrupt perturbations. The behav-
ior of N'(AT) shown in Fig. 1a suggests the existence of at least two phases in the evo-
lution of CESM after an abrupt quadrupling of CO5. There is an initial phase with rapid
warming and steep negative slope in N'(AT), followed by a slower adjustment with nearly
constant but shallower negative slope in N'(AT), that persists until the end of both 4xCO2
experiments. The time evolution of T in CESM1 includes a long pause in warming from
years 20 to 100 (Figs. 1c and 1d). During this pause, there is little evolution of N'(AT),
with values of AT and N fluctuating around 5K and 2 Wm™2, respectively. Then warm-
ing in CESM1 resumes, and N (AT) is approximately linear with a slope of about -0.6
Wm ™ 2K~!. Based on this behavior, we identify years 1-20 as representative of the rapid
initial adjustment of both 4xCO2 experiments.

Inflection points for N'(AT) indicated in Fig. la are estimated by determining the
intersection of the linear fits for years 1-20 (not shown) and years 100-800. The loci of
the year 100-800 linear fits at year 100 are also shown. For simplicity, we choose years
100-800 to describe the long-term behavior of both experiments, even though the tran-
sition in the slope of N (AT) occurs earlier in CESM2-4xCO2.
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Table 4. Initial radiative imbalance Ny and rapid initial adjustments to longwave (ALo) and
shortwave fluxes (ASp) in 4xCO2 experiments. Numbers are diagnosed from linear fits to A/, Z,
and S during years 1-20 of CESM1-4xCO2 and CESM2-4xCO2. Regression parameters are used
to extrapolate A/, £ and S to the equilibrium T from the corresponding piCTL experiment (or
equivalently to AT=0).

No (Wm™?) ALy (Wm™ %) AS, (Wm ?)
CESM1-4xCO2

7.4 -7.6 -0.2
CESM2-4xCO2
8.6 -7.6 1.0

We use linear regressions of N, S, and £ versus T over years 1-20 of the 4xCO2
experiments, extrapolated to their corresponding piCTL equilibrium 7' values (Table 2),
to estimate initial radiative forcing Ay and ultra-rapid longwave and shortwave adjust-
ments ALy and ASy, which are given in Table 4.

4 Results from 4xCO2 Experiments

Here we will examine results from the extended 4xCO2 experiments, focusing on
processes that contribute to the increased climate sensitivity of CESM2 compared to that
of CESM1. As described in Appendix A, iECS is derived from linear fits to N (AT). :

iECS = 70.5&, (10)
AN

where A7 and Ay are the intercept and slope of the linear fit, and the factor of 0.5 scales
4xCO2 results to a 2xCO2 scenario assuming linearity (see Appendix A). In physical terms,
An is the net radiation feedback with respect to 7' and A; is an estimate of the initial
radiative forcing (which is equal to Ny defined previously, for a regression over years 1-
20).

Nonlinearity in N'(AT) means that the linear fit parameters A\yr and A7 (slope and
intercept) will change with the number and range of years used in the regression. Nev-
ertheless, Eq. 10 is a useful starting point to examine factors controlling climate sensi-
tivity. We see that sensitivity increases both as A/; increases, and as the magnitude of
A decreases.

4.1 Shortwave and longwave contributions to feedback and initial forc-
ing

Figure 2 shows net shortwave and longwave TOM radiation fluxes, S and £, as func-
tions of T for CESM1-4xCO2 (black) and CESM2-4xCO2 (red). Fig 2 also shows equi-
librium conditions for the piCTL experiments, in which S and £ are within 0.1 Wm ™2
of each other. Tables 4 and 5 give values of Ny, ALy, and ASy as well as feedback pa-
rameters (slopes) A, As, and Ag.

When CO, is quadrupled, £ decreases rapidly by about 7.6 Wm™2 in both CESM1-
4xC02 and CESM2-4xC0O2, while S adjusts by +1 Wm ™2 in CESM2-4xCO2 and around
-0.2 Wm~? in CESM1-4xCO2. This yields a larger net initial forcing Ao of 8.6 Wm >
in CESM2-4xCO2 than 7.4 Wm™? in CESM1-4xCO2 (Table 4). So, increased initial forc-
ing, arising from a larger shortwave adjustment, is one component of the increased sen-
sitivity of CESM2.
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Table 5. Global feedback parameters for shortwave flux s, longwave flux A, and net radia-

tive imbalance Anr for CESM1-4xCO2 and CESM2-4xCO2. Note that since N=S—L, the fourth
column is simply the difference of the second and third columns. Standard errors for the regres-
sion slopes are shown in parentheses. Results for regressions using decadally-averaged quantities
are shown for CESM1-4xCO2. Decadal averaging has no effect on CESM2-4xCO2 results.

Years As (WmK=1) Az (Wm ’K 1) Ay (Wm 2K-1)

CESM1-4xCO2

1-20 0.99(0.08) 2.05(0.04) 21,06 (0.09)

100-800 1.23(0.02) 1.82(0.01) 20.59 (0.02)

100-800(dec.)  1.32(0.02) 1.81(0.02) 20.49 (0.02)
CESM2-4xCO2

1-20 0.87(0.06) 2.01(0.03) “1.15 (0.07)

100-800 1.50(0.01) 1.86(0.01) 20.36 (0.01)

The overall behavior of £(T) in Fig. 2 is quite similar in CESM1-4xCO2 and CESM2-
4xCO02, despite a small offset of about 2 Wm™2. We have already seen that in both ex-
periments there is an initial adjustment in £ of around -7.6 Wm™2. Table 5 shows that
the longwave feedback parameters Az are also similar; initially around 2 Wm™2K~! and
becoming slightly smaller during years 100-800, 1.82 Wm ™ 2K~! for CESM1-4xCO2 and
1.86 Wm ™K~ for CESM2-4xCO2.

The long-term value of Ag for CESM2-4xCO2 is 1.50 Wm 2K~!, significantly higher
than in CESM1-4xCO2 (1.23 Wm 2K ! )- This produces the increased sensitivity in CESM2
by reducing the magnitude of long-term Axs (= As—A.) from —0.59 Wm ™2 in CESM1-
4xC02 to —0.36 Wm™? in CESM2-4xCO2 (Table 5), overwhelming the small increase
in Az from CESM1 to CESM2. Thus, both factors that can lead to increased iECS in
CESM2, N and Ay, are modified through the shortwave component S. The stronger
nonlinearities in N'(AT) for CESM2 also emerge from S.

We estimate the impact on ECS of the 1.2 Wm ™2 increase in Ny between CESM1
and CESM2 using the year 100-800 linear fits shown in Fig. 1a. The linear fit values of

N(AT) and AT at year 100 are indicated in the figure. For CESM2-4xCO2 we have AT(100)=6.58K

and N;, (100)=2.55 Wm™ 2. Using a slope A=-0.36 Wm 2K~! (Table 5), we calcu-
late an equilibrium warming of 6.58+ 2: §5~13 7K, i.e., the x-intercept of the red dashed
line in Fig la. Lowering N;;,(100) by 1.2 to 1.35 Wm would yield an adjusted equi-
librium warming of 6.58+é:§2%10.3K, corresponding to a climate sensitivity of 5.15K.

So, with Aps as given in Table 5, reducing N g for CESM2-4xCO2 to its value in CESM1-
4xCO2 gives a substantial reduction in ECS, but would still yield a sensitivity larger than

oK.

For comparison, we calculate the ECS that CESM2 would have if the long-term,
net radiative feedback in CESM2-4xCO2 had the same value as in CESM1-4xCO2, i.e.,
-0.59 Wm 2K~! instead of -0.36 Wm 2K~!. From Fig. la, we see a slope change in /\f
near AT=5K for both CESM1-4xCO2 and CESM2 4xCO2. The value of the linear re-
gression fit to NV at AT=5K for CESM2-4xCO2 is 3.1 Wm 2. If the slope of N'(AT) in
CESM2-4xCO2 were steepened to -0.59 Wm™2K~! at this point, there would be addi-
tional warming of about 2= ~5.3K, yielding a total warming of 10.3K, again correspond-

0.59
ing to an ECS of around 5.15K.

We have seen that increased initial shortwave radiative forcing and increased short-
wave radiation feedbacks play comparable roles in the greater sensitivity of CESM2-4xCO2
relative to CESM1-4xCO2. An important question which we cannot address here is how
these two components of the sensitivity would change in an abrupt 2xCO2 ESM exper-
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iment. However, experiments with the CESM2-SOM configuration (Section 5) suggest
that feedback strength A\ in 2xCO2 and 4xCO2 experiments is similar, while there is
nonlinearity in N. This implies that radiation feedbacks rather than initial forcing are
more critical in understanding the increased ECS in CESM

4.1.1 Impact of sub-decadal variability

Table 5 shows that decadal averaging has a small but appreciable impact on regres-
sion estimates of shortwave feedback in CESM1-4xCO2. We believe this impact arises
because sub-decadal variations in S and 1" are negatively correlated over large areas of
the tropical ocean in CESM1-4xCO2 (not shown). The origin of these correlated vari-
ations is not completely understood but is likely related to strong ENSO in the LME ver-
sion of CESM1 (Stevenson et al., 2016; Otto-Bliesner et al., 2016). It is worth empha-
sizing that the difference between the estimates of As using decadal and annual averages
is not a reflection of statistical uncertainty in either estimate.

We will not address high-frequency variability further in this study. However, it
is clear that this variability could have impacts on calculations of iECS from 4xCO2 ex-
periments in some models.

4.1.2 Spatial pattern of initial adjustments

Before turning to the analysis of radiation feedbacks, we briefly examine the spa-
tial distribution of the initial shortwave radiation and cloud adjustments in CESM1-4xCO2
and CESM2-4xCO2 in Figure 3. This is accomplished by comparing the averages of S
and c over years 1-20 of the 4xCO2 experiments with the corresponding 20 year aver-
ages in the piCTL experiments after the branch year. The differences between these av-
erages are denoted by ASjo0 and Acjag. These quantities characterize the rapid adjust-
ment of clouds and shortwave radiation flux after quadrupling COs. Figure 3 shows the
change in these adjustments between CESM1 and CESM2 denoted by d12(ASr20) (Fig. 3a)
and 51H2(AC[20> (Fig. 3b)

The global mean of 1.15 Wm 2 for 01-2(ASr20) is close to the 1.2 Wm ™2 net change
in ASy between CESM1-4xCO2 and CESM2-4xCO2 (Table 4). There is significant spa-
tial variability in §;_,2(ASs20) with strong positive values occurring primarily over sub-
tropical stratus regions. These maxima coincide with minima in §;_2(Acso0) suggest-
ing that stratus decks in CESM2 experience stronger initial thinning when CO5 is quadru-
pled than those in CESMI1. Reasons for this behavior are not clear.

4.2 Global distribution of feedbacks

Figure 4 shows maps of long-term linear regression slopes of quantities involved in
shortwave radiative feedback for years 100-800 in CESM1-4xCO2 and CESM2-4xCO2.
The annual mean fields of S and T have been smoothed in time with a running 10-year
window, and in space with an 8° rectangular lat-lon window, before performing the lin-
ear regression.

Figures 4a,b show regression slopes of T'(x,%) versus T. This is a local amplifica-
tion factor for warming, which we denote by A(z,y) and is the gridpoint analog of Ay
in Eq 7. Both CESM1-4xCO2 and CESM2-4xCO2 exhibit polar amplification in both
northern and southern high latitudes, although relative warming in the Arctic is much
stronger in CESM1. This is likely related to differences in sea ice, as will be shown be-
low. With the exception of the Arctic in CESM1-4xCO2, warming in both models is gen-
erally stronger in the southern hemisphere than in the north. Both models show weak
warming A(z,y) <0.5 in the northwest Atlantic, accompanied by similarly weak warm-
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ing in the northwest Pacific in CESM1-4xCO2. An El Nino-like warming pattern is present
in the equatorial and southeastern Pacific.

Figures 4c¢,d show regression slopes of S(z,y) versus local T'(z,y). This is the lo-
cal feedback between shortwave radiation and surface temperature, which we denote by
As(x,y) and is the gridpoint analog of As,; in Eq 7. Despite the substantial changes in
boundary layer and cloud physics parameterizations between CESM1 and CESM2, there
are rough similarities in As(x,y), particularly where low clouds are likely to control the
shortwave response. Positive slopes with values between 3 and 5 Wm 2K~ are evident
in the midlatitude storm tracks (NH and SH) and stratus/stratocumulus regions of both
models. This suggests the presence of positive low-cloud SW feedbacks (i.e., thinner low
clouds with higher T) of comparable magnitudes in both models. Shortwave feedbacks
over the Southern Ocean stormtracks, however, are stronger in CESM2-4xCO2 by about
1 Wm 2K, Also, CESM2-4xCO2 has a large \g (z,y) in the deep convective region
over the western tropical Pacific, whereas this strong positive feedback (>5 Wm™*K~!)
is absent in CESMI1.

Figures 4e,f show regression slopes of S(z,y) versus T in CESM1-4xCO2 and CESM2-
4xCO2. Although the direct physical meaning of this regression quantity is unclear, this
quantity is of interest since simple area integrals give the global feedback A\s (Andrews
et al., 2015). Figures 4g,h show As(z,y)xA(x,y). This quantity should be close to the
regression slopes of S versus T shown in Figs. 4e,f, and this is in fact the case. The agree-
ment between Figs. 4e.f and Figs. 4g,h argues that regional feedbacks on decadal timescales
and ~8° spatial scales can be accurately decomposed according to Egs. 6-7.

In addition, comparison of Figs. 4e,f or Figs. 4g,h with Figs. 4c,d highlights the
role of regional warming in modulating the global shortwave feedback. In particular, the
relatively strong warming of the Southern Ocean amplifies its contribution to the global
shortwave feedback, while weak warming in the tropics reduces the contribution.

4.3 Regional feedbacks and their contribution to global climate sensi-
tivity

Figure 5 shows regions that have been selected to examine regional radiation feed-
backs: a) Arctic Ocean; b) N. Atlantic and N. Pacific north of 30°N (NAtlPac); ¢) Trop-
ical Oceans between 30°S and 30°N (Trop_Ocn); d) mid-latitude Southern Ocean between
30°S and 60°S (SHml_Ocn); e) high-latitude Southern Ocean south of 60°S (SHhl_Ocn);

f) Land north of 30°N (NH_Land); g) Tropical Land between 30°S and 30°N (Trop_Land);
h) Land south of 30°S (SH_Land); and i) Global. The fractional global area of each re-
gion is shown in the panels. The N. Atlantic/N. Pacific and mid-latitude Southern Ocean
regions (Figs. 5b,d) are chosen to characterize generally ice-free midlatitude oceans, while
Arctic and high-latitude Southern Ocean regions (Figs. 5a,e) characterize high-latitude
oceans in which sea-ice feedbacks may play a role.

Figure 6 shows timeseries of T" in the analysis regions. After a rapid initial warm-
ing, there is a pause in warming, or even cooling, for about 100 years in the Arctic, N.
Atlantic/N. Pacific and northern land regions (Figs. 6a,b,f) in both CESM1-4xCO2 and
CESM2-4xCO2, however this feature is stronger in CESM1. In CESM2, rapid warming
in the tropics (Figs. 6¢,g) and southern hemisphere (Figs. 6d,e,h) overwhelms the effect
of northern mid to high latitudes in the global mean (Fig 6i). In CESM1, the northern
ocean cooling is strong enough to produce the noticeable hiatus or pause in global warm-
ing from around year 20 to year 150 seen here (Fig. 6i) and in Figs. 1c,d. Notably, the
corresponding regional timeseries in CESM1b-4xCO2 (not shown) and global timeseries
(shown in Fig 1d, gray line) are nearly identical to those from CESM1-4xCO2, despite
different atmosphere resolution and ocean initialization. This consistency suggests that
the NH Land/Ocean behavior shown in Fig 6 is a robust response of CESM1 to 4xCO2
forcing scenarios, not a result of internal variability. The complex response of northern
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high-latitudes in the 4xCO2 scenario is of great interest, but will not be explored in this
study. The figure also highlights the greater sub-decadal, interannual variability in CESM1,
which is particularly evident in the tropics (Figs. 6¢,g).

Figure 7 shows scatterplots of decadally-averaged annual-mean Sy vs T in CESM1-
4xCO2 and CESM2-4xCO2 for the regions in Fig 5. The figure shows that compact re-
lationships exist between decadally-averaged Sy and T} in all regions. Similar results are
obtained for longwave radiation (not shown). The figure highlights the regional varia-
tions in Sk (T") as wellas the large absolute differences between shortwave fluxes in CESM1
and CESM2. Regional mean differences of over 10 Wm™2 are present, with S in CESM1
generally lower (stronger shortwave CRE) than in CESM2 in the tropics, and S in CESM1
higher than in CESM2 in midlatitudes. The behavior of Sy, in Tropical ocean (Fig. 7c)
is especially noteworthy showing clearly stronger feedback in CESM2 (consistent with
the patterns in Figs. 4c,d), even though absolute values of Sy are higher, indicating thin-
ner clouds.

4.3.1 Regional linear regression analyses

To quantify the contributions of the regions in Fig. 5a-h to global feedbacks between
radiative fluxes and T', we perform linear regressions of S; and Ly vs T to determine
regional feedback parameters As.x, Az, as well as regressions of Tj, vs T to determine
and warming amplification factors Ag. These regression parameters are then used in Eq
7. We perform regressions over two periods: years 1-20, to characterize the initial ad-
justment; and years 100-800, to characterize the long-term slow adjustment. As indi-
cated in Sec. 3.1, model results for years 100-800 are decadally averaged before linear
regression is performed. The sub-decadal variability present in the tropics of CESMI1 can
be expected to affect the regressions for years 1-20. We note this possibility, but will not
attempt to address it further in this analysis.

Figure 8 examines the individual components of Eq. 7 for net shortwave and long-
wave fluxes S and £, and quantifies how much each analysis region contributes to the
total global feedback parameters As and Az. The bars in positions 1-8 of the top pan-
els (Fig. 8a-d) show the complete summands axAs;k Ak and apAz.;Ag in Eq. 7 for the
regions indicated. CESM1-4xCQO2 is shown by the black bars, and CESM2-4xCO2 by
the red bars. The bars in position 9 show the direct sum over the eight regions, while
position 10 shows independent regressions of global means S and £ vs T. The close agree-
ment between the direct sums in position 9 and the independent regression estimates in
position 10 validates the regional decomposition in Eq. 7. Numerical values and stan-
dard errors for the quantities plotted in Fig. 8 are given in Appendix B.

The nonlinearity in radiation feedbacks can be visually evaluated by comparing the
early regression period (years 1-20, Fig. 8a,c) with the later period (years 100-800, Fig. 8b,d).
The largest regional contributions to the nonlinearity in shortwave feedback are from Trop-
ical and mid-latitude Southern Oceans (Fig. 8a,b, positions 3 and 4), accounting for al-
most all of the increase in slope between years 1-20 and 100-800. In contrast, contri-
butions to shortwave feedback from mid and high latitude northern hemisphere and Trop-
ical Land (positions 6 and 7) decrease significantly between years 1-20 and 100-800.

Fig. 8b also shows that the mid-latitude Southern Ocean provides the greatest sin-
gle contribution to the long-term global shortwave feedback in both CESM1 and CESM2.
In CESM2 the mid-latitude Southern Ocean contributes 0.7 Wm ™ 2K~! to the global short-
wave feedback of about 1.5 Wm ™ ?K~!, while in CESM1, it contributes around 0.5 Wm 2K~!
to the total of 1.3 Wm™2K~! (Table B4). This is true despite the fact that this region
represents only 17% of global surface area. The second largest contributions are from
Tropical Ocean, which contributes 0.23 and 0.38 Wm ™ ?K~! in CESM1 and CESM2, re-
spectively. The disproportionate contribution of the Southern Ocean to the global short-
wave feedback arises from a combination of factors. The intrinsic feedback As.j for years
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100-800 (Fig. 8f) is larger for the mid-latitude Southern Ocean than for any other re-

gion analyzed in both CESM1 and CESM2. In addition, the long-term regional warm-

ing amplification Ay is over 1.0 in this region for both models (Fig. 8j), significantly larger
than for the other two ice-free ocean regions analyzed (N. Atlantic/N. Pacific and Trop-
ical Oceans).

Most importantly for understanding the evolution of climate sensitivity from CESM1
to CESM2, we see in Fig. 8b that the increase in long-term shortwave feedback from CESM1
to CESM2 arises almost entirely from increases in Tropical and mid-latitude Southern
oceans, which contribute 0.15 Wm ™ 2K~! and 0.17 Wm 2K, respectively, to the in-
crease in global shortwave feedback from CESM1 to CESM2 (Table B4). A notable de-
crease in shortwave feedback from CESM1 to CESM2 occurs in the Arctic (-0.14 Wm K1),
which is likely related to persistent sea-ice feedback in CESM1. Cloud and surface pro-
cesses contributing to radiation feedbacks will be examined in Section 4.4.

Regional longwave feedbacks are examined in Figs. 8c,d) and 8g,h. Consistent with
Fig. 2 and Table 5, the longwave feedback contributions (Fig. 8c,d) are more similar across
CESM1 and CESM2 and also exhibit less change between years 1-20 and 100-800 than
shortwave feedbacks. A small increase in longwave feedbacks from CESM1 to CESM2
is present in several regions and globally (~0.05 Wm2K~!, Table B6). In both mod-
els, the relative contribution of Trop_Ocn to global longwave feedbacks is larger than for
shortwave feedbacks.

4.4 Cloud and surface processes

Figure 9 shows the regional breakdown of radiation feedbacks into all-sky, cloudy
(CRE) and clear-sky components for CESM1-4xCO2 and CESM2-4xCO2 for Years 100-
800 of the experiments. We focus on the slow adjustment because these feedbacks are
ultimately responsible for determining the model climate sensitivity. Our initial anal-
ysis looks at CESM outputs of total (all-sky) longwave and shortwave TOM radiation
and longwave and shortwave cloud radiative forcing, which are then used to diagnose clear-
sky fluxes according to Egs. 2. This gives a first impression of the role of cloud feedbacks.
Shortwave cloud feedbacks are then further analyzed using the APRP approach.

In the shortwave (Fig. 9a,d,g) the large increase in feedback between CESM1 and
CESM2 arises from the cloudy component (gray bars), with approximately equal con-
tributions from tropical oceans and midlatitude Southern Ocean (Fig. 9g, positions 3
and 4). In CESM1, clear-sky shortwave feedbacks (blue bars) are large in the high-latitude
ocean regions (Arctic, position 1, and high-latitude Southern Ocean, position 5), and over
Northern Hemisphere land, while in CESM2, clear-sky feedbacks are noticeable only over
mid-to-high latitude land regions. Positive high-latitude clear-sky feedbacks over high-
latitude oceans produce a global positive clear-sky shortwave feedback in CESM1 that
is actually larger than the cloudy feedback. The positive clear-sky feedbacks are accom-
panied and partially compensated by negative shortwave cloud feedbacks. The net short-
wave feedback in these regions nevertheless remains positive in CESM1-4xCO2 as highly
reflective snow and ice surfaces disappear and are replaced by somewhat less reflective
clouds (e.g.; Frey et al., 2018).

Longwave feedbacks (Figs. 9b,e,h) have changed less in the evolution from CESM1
to CESM2. This is clearly seen by comparing the difference plots for shortwave and long-
wave feedbacks (Figs. 9¢ and 9h). Clear-sky longwave feedback is much larger than long-
wave CRE feedback in both models. Nevertheless, clear-sky and CRE feedback both make
comparable contributions to the small differences in longwave feedback between CESM1
and CESM2.

Regional contributions to the net TOM radiation balance are shown in Figs. 9c,
f, and i. Figure 9i, in particular, is a useful summary of the net radiation feedback changes
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that have occurred between CESM1 and CESM2. Changes to the net radiation feedbacks
closely resemble changes in shortwave feedbacks (Fig. 9¢). Furthermore, all changes lead-
ing to increased climate sensitivity in CESM2 (positive sign in Fig. 9i) arise in CRE feed-
backs (gray bars). In high latitude ocean regions, increased CRE feedback in CESM2

is opposed by clear-sky feedback (blue bars). Finally, it is worth noting that the increased
tropical ocean shortwave feedback in CESM2 is not compensated by longwave feedbacks
(Fig. 9h,i). This is at least in part because increased tropical shortwave CRE feedback

in deep convective regions is not compensated by longwave CRE feedback (not shown).

4.4.1 Sea-ice evolution

Figure 10 shows sea-ice concentrations and surface albedo (calculated from model
shortwave fluxes at the surface) in the Arctic and high-latitude Southern Oceans in CESM1-
4xC0O2 and CESM2-4xCO2. Sea-ice concentrations decrease rapidly in CESM2-4xCO2
with little sea-ice remaining in either high-latitude ocean region after year 200. The ef-
fective surface albedo in these regions is then essentially constant, explaining the lack
of long-term clear-sky shortwave feedback in CESM2-4xCO2. Sea-ice and surface albedo
in CESM1-4xCO2 decrease much more slowly, especially in the Arctic, and remain at
appreciable levels throughout the 800 years of the experiment. This explains the pres-
ence of the large, long-term, clear-sky shortwave feedbacks seen for CESM1 in Fig. 9.

Figures 11a and 11b show regional mean cloud condensates as functions of surface
temperature in the Arctic and high-latitude Southern Oceans. As sea-ice decreases in
CESM1 (Fig. 10), cloud condensate amounts increase with 7' throughout the experiment,
contributing to the negative shortwave CRE feedback obtained for these regions in CESM1
(Fig. 9a). In CESM2 we see an initial increase in condensate amounts in high-latitude
oceans, but during years 100-800 condensate amounts become nearly constant, consis-
tent with the lack of long-term SW CRE feedbacks over high latitude oceans in Fig. 9d.

4.4.2 APRP analysis

We use the APRP approach of Taylor et al. (2007) to further decompose shortwave
radiation feedbacks into components related to specific physical processes. Figure 12 com-
pares shortwave CRE feedbacks with respect to T'(z,y), i.e. As,,,(x,y) over years 100-
800 with the quantities

Ac(z,y) = —S* % X Ae (11a)
0A
A'Ycld(x’ y) = _Si 8’}/ 1 X )"Yczd (11b)

where A, and .4 are APRP reconstructions of the planetary albedo and cloud scat-
tering (Eq. 8); c is total cloud amount used in the APRP calculation; and S+ is the in-
coming solar radiation at TOM. Partial derivatives are evaluated using the analytical
expressions for A in Taylor et al. (2007) (their equations 7, 13, 14, and 15) employing

the year 100-800 average values for all parameters in the evaluation. The feedback pa-
rameters A\, and A, are determined from linear regressions of ¢ and veq vs. T'(z,y) over
years 100-800.

The quantities A. and A, ,, are the dominant cloud related contributions to the
shortwave feedback. Comparing Figs. 12a-b with Figs. 12g-h we see that the sum of A,
and A, is very close to the shortwave CRE feedback (and to the all-sky shortwave feed-
backs in Figs. 4c-d away from high-latitudes). The individual components represent sep-
arate feedbacks associated with cloud scattering properties (A,,,,, Figs. 12¢-d) and cloud
amount (A. Figs. 12e-f). Away from the tropics, these two components of the feedback
have comparable magnitudes (1 to 2 Wm~2K~!) in both models. The cloud amount feed-
back is slightly more positive in CESM2 (Fig. 12f) than in CESM1 (Fig. 12e). In par-
ticular, A, over the midlatitude Southern Ocean is similar in CESM1 and CESM2.
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Table 6. Global feedback parameters for shortwave flux \s, longwave flux Az and net radia-
tive imbalance Ax for CESM2-4xCO2 and CESM2-4xC0O2-SOM. Note that since N=S—L the
fourth column is simply the difference of the second and third columns. Standard errors for the

regression slopes are shown in parentheses.
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Years As (Wm?K=1) X (Wm ’K-1) Iy (Wm K1)
CESM2-4xCO2
1-20 0.87(0.06) 2.01(0.03) -1.15 (0.07)
100-800 1.50(0.01) 1.86(0.01) -0.36 (0.01)
CESM2-4xC0O2-SOM
1-5 0.79(0.10) 2.11(0.04) -1.32 (0.10)
10-30 1.48(0.03) 1.75(0.02) -0.28 (0.04)

However, pronounced differences between CESM1 and CESM2 appear in A, ,, the

cloud scattering component of the shortwave feedback (Figs. 12c-d). Strong scattering
feedbacks ~4 Wm ™ 2K~! are present in CESM2 in the tropics, which are the main con-
tribution to the stronger overall tropical ocean shortwave feedback noted in Figs.8 and

9 for CESM2. Over the midlatitude Southern Ocean we also see larger values of A

Yeld

in CESM2 which produce most of the increase in overall shortwave feedback there com-

pared to CESM1.

The main conclusion of Fig. 12 is that cloud scattering feedback explains more of

the increased shortwave feedback (and thus increased ECS) in CESM2 than cloud amount
feedback. Frey and Kay (2018) found similar increases in scattering feedback and climate
sensitivity in CESM1 when they perturbed the model microphysics to increase the amount
of supercooled liquid present in clouds. They discuss the possible role of phase feedbacks

in suppressing Southern Ocean shortwave feedbacks in the default CESMI, i.e., as ice
cloud is replaced by more reflective liquid in a warming climate, cloud albedo increases.

Figure 11c¢ shows average in-cloud liquid and ice phase condensate paths (IWP*
and LWP*, Eq. 3) over the mid-latitude Southern Ocean. There is strong long-term de-
crease of LWP* with T" in CESM2 compared to that in CESM1, coupled with a weak
increase in IWP*. In CESM1, both LWP* and IWP* decrease with T in the long term,

although a clear initial bump in LWP* occurs. For years 100-800, A p+ =—1.67 Wm ™ ?K~!
in CESM1-4xCO2, more than double Ay p+=—0.72 Wm 2K, while in CESM2-4xCO2

Aowps = —4.47 Wm 2K ~!. Without further analysis we cannot quantify how much

of the increased SW feedback in CESM2-4xCO2 is due simply to the stronger loss of to-

tal condensate with T', and how much is due to the presence of negative phase feedback

in CESM1-4xCO2. This analysis is left for a future study.

5 Comparison with slab-ocean experiments and relation to ECS-SOM

Experiments with a thermodynamic slab ocean model (SOM) have been proposed

as a way of reducing the computation required to derive estimates of ECS (Danabasoglu
& Gent, 2009; Bitz et al., 2012). SOM experiments approach radiative equilibrium within
several decades compared to the several hundred years required for ESM simulations with
a dynamic ocean. This approach has been used by several investigators to estimate ECS
for various versions of CESM (Bitz et al., 2012; Gettelman et al., 2012; Gettelman, Han-

nay, et al., 2019).

Figure 13 shows A/ vs. AT for CESM1-4xCO2 and CESM2-4xCO2 in SOM and
ESM configurations. The sparse density of points for the SOM-4xCO2 runs (gray cir-

cles) is a consequence of their rapid equilibration. Nevertheless, there is remarkable over-
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lap between N vs. AT in the SOM and ESM experiments despite the vastly different
time scales with which warming occurs.

The 4xCO2-SOM experiments attain radiative equilibrium A" — 0 and surpass the
warming realized in the corresponding ESM runs. Close inspection of the CESM2-4xCO2-
SOM results in Fig. 13b shows that for AT >11.5K there is an increase in the feedback
strength Ay, leading to a smaller equilibrium warming (~12.6K) than the equilibrium
warming of 13.7K predicted by extrapolating the slow-adjustment behavior of CESM2-
4xCO2 (ESM) as discussed in Section 4.1, and suggesting that feedbacks may change in
the ESM even after 1000 years (Rugenstein et al., 2019). Fig. 13 also shows results for
a 2xC0O2 SOM experiment with CESM2 (gray triangles). The scatter of points is large
compared to the warming signal, but the overall shape of the N’ vs AT relationship in
the 2xCO2 experiment resembles that in the 4xCO2 experiments. Interestingly, values
of A\ calculated over years 1-100 of the 2xCO2-SOM and 4xCO2-SOM experiments are
very similar, -0.42Wm 2K~ and -0.39Wm 2K ~! respectively, suggesting that radia-
tion feedbacks in CESM2 are not highly nonlinear with respect to COs.

We calculate an “ECS-SOM(4x)” from these 4xCO2 SOM runs as is done in the
standard 2xCO2 set-up to determine ECS-SOM, except that we divide the equilibrium
warming from the 4xCO2 SOM runs by 2 (Appendix A). Table 1 gives ECS-SOM(4x)
values from our experiments compared to values of ECS based on 2xC0O2 SOM exper-
iments. Minimal nonlinearity exists in ECS-SOM estimates for CESM1, but moderate
nonlinearity is present in CESM2, with ECS-SOM(4x) about 1.15 times higher than ECS-
SOM based on 2xCO2 experiments. Plots of N (AT) in Fig. 13b suggest nonlinearity in
initial forcings for CESM2-4xC02-SOM and CESM2-2xC02-SOM, with Ay ~ 8 Wm ™2
in 4xCO2 compared with ~3.5 Wm™?2 in 2xCO2. Assuming similar long-term slopes for
N (AT), these changes in Ny would account for the nonlinearities in ECS-SOM(4x) noted
in Table 1.

To identify roughly comparable periods of long-term adjustment in the 4xCO2 SOM
and ESM experiments we match AT in the SOM to the values obtained in years 100
800 in the corresponding ESM experiments. These points are shown on the plots of N'(AT)
(Fig. 13) by larger symbols. For CESM1-4xCO2-SOM we identify years 5-15 as the equiv-
alent long-term adjustment period, while for CESM2-4xCO2-SOM we identify years 10-
30. We recognize that this equivalence may miss important regional differences. Figs. 13c,d
show sea-ice fraction in the high-latitude Southern and Arctic Oceans as functions of T'
for years 100-800 in CESM1-4xCO2(ESM) and CESM2-4xCO2(ESM), and the equiv-
alent periods in CESM1-4xCO2-SOM and CESM2-4xCO2-SOM. Sea-ice fractions in the
SOM runs are significantly higher than in the ESM at similar values of regional mean
T, particularly in the Arctic. Higher Arctic temperatures are reached in CESM2-4xCO2-
SOM than in CESM2-4xCO2(ESM) (Fig. 13d). Table 6 shows radiation feedback pa-
rameters for CESM2-4xCO2 SOM and ESM experiments.

Figure 14 shows maps of regression coefficients of T' versus T i.e., A(x,y); S ver-
sus T, i.e., As(z,y); and L versus T, i.e., A\z(x,y) for CESM2-4xCO2-SOM and CESM2-
4xCO2 (ESM). The regressions for CESM2-4xCO2 (ESM) are performed over years 100
800 and the corresponding period (years 10-30) in the SOM experiment. The warming
amplification factor A(z,y) shows large differences between SOM and ESM experiments.
The SOM (Fig. 14a) exhibits a more hemispherically-symmetrical distribution, with both
northern and southern high latitudes having broad areas with A(z,y) > 1.75. In con-
trast, the ESM has values of A(z,y,) around 1.25 or below in northern high latitudes,
but exceeding 2.5 over much of the Antarctic. Broad areas of the tropics and northern
mid-latitudes also warm less in the ESM, while southern mid-latitudes warm more. The
role of sea-ice (Figs. 13c,d) in the different pattern of polar amplification in the SOM and
ESM is not yet understood.
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69 Radiation flux feedbacks As(x,y) and Az(z,y) shown in Fig. 14c-f are remarkably

697 similar in the SOM and ESM experiments. Feedbacks across the tropical Pacific are some-
698 what more zonal in the ESM for both shortwave and longwave radiation. This is espe-
699 cially evident in shortwave feedbacks over the tropical eastern Pacific where strong pos-
700 itive feedbacks (>5 Wm™2K~1!) appear in the SOM but not in the ESM. This could re-
701 flect stronger eastward shifting of tropical Pacific convection in the ESM, consistent with
702 precipitation differences between the SOM and the ESM (not shown). Increasing high-
703 cloud associated with this shift masks the decrease in low-cloud over the eastern Pacific
704 associated with local warming, as reflected in the distribution of A, shown in Fig. 12f.

705 Overall, the close agreement between the final equilibrium global temperatures un-
706 der 4xCO2 and in the behavior of N(T) in SOM and ESM configurations is striking. It
707 is perhaps even more striking that this agreement occurs despite significant regional and
708 hemispheric differences in warming. It is tempting to seek an explanation based on en-
700 ergetic considerations. However, a convincing explanation has not yet been found by the
710 authors. In any event, it appears that CESM’s SOM configuration is capable of predict-
1 ing the total global-mean warming produced in much longer ESM 4xCO2 simulations.

712 It is not clear whether the skillful performance of the CESM SOM is critically depen-

713 dent on its design, or whether SOM-versions of other Earth-system models behave in a
714 similar way.

715 6 Comparison with 1%C0O2 experiments and relation to TCR

716 The transient climate response (TCR; Taylor et al., 2012) is determined from fully-
7 coupled ESM experiments in which atmospheric CO5 concentrations are increased by
718 1% annually beginning from an equilibrated pre-industrial (piCTL) simulation. The TCR
719 is defined as the average warming in years 61-80 of the 1%CO2 experiment, i.e., when
720 COs concentrations are about 2x the piCTL value (see Appendix A for details of our cal-

1 culation). Figure 15 shows ATy (Eq. A1) as a function of time for CESM1 and CESM?2
22 1%CO2 experiments. The two curves are close to each other through year 100, and TCR
3 values determined from these curves are also very close, 2.1K for CESM1 and 2.0K for
724 CESM2 (Table 1). Based on the standard errors for the TCR estimates in Table 1 we

5 conclude that TCR in CESM1 and CESM2 is not significantly different. Nevertheless,

6 we will see that many other aspects of the 1%CO2 experiments for CESM1 and CESM2
727 exhibit what appear to be large and significant differences.

728 Figure 15 shows that after year 100, the AT, values in CESM1-1%CO2 and CESM2-
729 1% begin to diverge. Consistent with its higher sensitivity, CESM2 begins to warm more

730 rapidly. The linear trends over years 100-150 are 0.41(0.02) K dec™! for CESM1 and 0.52(0.01)
731 K dec™! for CESM2. Figure 16 shows regional timeseries of ocean surface temperature

e Ty.. These exhibit dramatic differences between CESM1-1%CO2 (gray) and CESM2-1%CO2.
733 (blue). Tropical ocean warming (Fig. 16¢) is more pronounced in CESM2 than in CESM1

73 throughout the 1% experiments, and temperatures in the mid-latitude Southern Ocean

735 (Fig. 16d), while initially lower in CESM2-1%CO2 than in CESM1-1%CO02, also increase

736 more rapidly in CESM2 throughout the 1%CO2 experiments. The behavior of T in these

737 regions is consistent with that seen in the 4xCO2 experiments (red and black curves),

738 that is, in both regions CESM2 warms more rapidly in both 4xCO2 and 1%CO2 scenar-

739 108S.

740 There is an interesting reversal of this consistency in northern ocean (Fig. 16a-b)

2 and land (Fig. 16f) regions. In these regions, CESM1-1%CO2 warms more strongly than

742 CESM2-1%CO02, albeit starting from cooler initial conditions. In the North Atlantic/Pacific
743 region (Fig. 16b) CESM1-1%CO2 is briefly almost 1K warmer than CESM2-1%CO2 around

74 year 110. This is a marked contrast with the behavior of the 4xCO2 experiments, in which
75 northern oceans are much warmer, and also warm more rapidly, in CESM2 than in CESMI1.
746 These regional differences clearly have implications for the interpretation of abrupt CO4
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increase experiments with respect to 1%CO2 experiments, and will be explored in fu-
ture studies.

Figure 17 compares regional shortwave fluxes S, as functions of T}, in CESM2-1%CO2
(blue) and CESM2-4xCO2 (red). There is surprising overlap in the scatterplots in most
regions. However, over the mid-latitude Southern Ocean (Figure 17d) in CESM2-4xCO2,
the initial nonlinearity in Sy discussed in Section 4.3 (e.g. Fig. 8) is clearly evident, but
is not evident in CESM2-1%CO2. It is of interest that Sy, for CESM2-1%CO02 and CESM2-
4xCO2 over the Southern Ocean appear to converge for T}, ~ 288K as CESM2-1%CO2
ends. An extension of the 1%CO2 experiment past year 150, with COs held fixed, would
be informative but has not yet been done.

Cloud processes over the Southern Ocean have been shown, here and elsewhere (e.g.;
Frey & Kay, 2018), to have important impacts on global shortwave feedbacks and cli-
mate sensitivity. Causes for the divergent evolution of Sy (T}) over the Southern Ocean
in CESM2-4xCO2 and CESM2-1%CO2 have not been identified. The fact that Si(T}%)
in the two scenarios differs over a common range of T (284-288K) argues against an ex-
planation based on cloud phase. Other possible explanations include differences in bound-
ary layer stability between 4xCO2 and 1%CO2 scenarios. Klein and Hartmann (1993)
showed that increased lower tropospheric stability is associated with increased low cloud
cover, and Ceppi and Gregory (2017) found relationships between lower tropospheric sta-
bility and climate sensitivity in CMIP5 models.

The contrasting behavior of ECS, iECS and TCR in CESM1 and CESM2 is inter-
esting. Clearly, these two versions of CESM do not suggest a linear relationship between
TCR and ECS as identified by Flato et al. (2014). The similarity between TCR in CESM1
and CESM2 may be largely spurious, masking large and significant differences in regional
warming. The existence of strong North Atlantic cooling in CESM2-1%CO2 compared
with CESM1-1%CO2 contrasts sharply with the behavior of 4xCO2 runs and suggests
an important difference in ocean heat transport in 1%CO2 versus 4xCO2 scenarios.

This North Atlantic cooling may be responsible for a delayed response of Green-
land temperatures and surface mass balance (SMB) in CESM2-1%CO2 experiments. Fig. 18
shows T trends for the North Atlantic and Greenland during 150 years of increasing COx.
The North Atlantic warms for 40 years, after which temperatures are flat or slightly de-
creasing until around year 90, and then turn sharply upward. Similarly, Greenland tem-
peratures are flat during years 40-90 before increasing steeply. Sellevold and Vizcaino
(2020) have analyzed Greenland Ice Sheet SMB changes, which are driven mainly by in-
creased surface melting associated with warmer temperatures, in a 150-year CESM2-1%CO2
experiment. They found that SMB decreases modestly, by 2.540.4 Gt yr—2, during years
1-90, and much more quickly, by 15.9 & 1.1 Gt yr—2, after year 90. Thus, the Green-
land SMB and resulting sea-level contribution in 1%CO2 experiments appear to be closely
linked to North Atlantic temperatures and ocean heat transport.

Gregory et al. (2015) examined the role of ocean heat uptake in the 1%CO2 sce-
nario. They found increasing rates of warming in CMIP5 1%CO2 experiments with time
which they attribute to declining ocean heat uptake. This leads to the nonlinearity in
ATy (t) seen in Fig. 15. A convenient measure of this nonlinearity is the ratio %
where (AT}o)140 is the warming around the time of CO2 quadrupling in the 1%CO2 sce-

nario (year=140). For the CMIP5 ensemble mean this ratio is around 2.4. We derive (AT}9)140

of 4.9K for CESM1-1%CO2 and 5.1K for ESM2-1%CO2 (Appendix A) giving ratios of

2.3 and 2.6 respectively. These measures of warming may be better indications of expected
conditions at the end of the 21st Century for various realistic scenarios (Gregory et al.,
2015), and they appear to better capture differences between CESM1 and CESM2. Nev-
ertheless these measures still mask the profound regional differences in warming evident

in Figs. 16 and 18.
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7 Summary and Discussion

This study examined abrupt COs and 1%CO; increase simulations using two ver-
sions of the Community Earth System Model, CESM1 and CESM2. We used results from
extended (8004 years) 4xCO2 experiments using fully-coupled, earth system model (ESM)
configurations with a dynamic ocean to investigate the origins of CESM2’s substantially
increased equilibrium climate sensitivity (ECS) compared to CESM1. Table 1 showed
several estimates of ECS for CESM1 and CESM2. Values of inferred ECS (iECS) from
linear regression of net top-of-model (TOM) radiative imbalance as a function of global
mean temperature, N versus AT, for 4xCO2 experiments (Gregory et al., 2004) depend
strongly on the number of years in the regression. In all cases, however, CESM2’s iECS
is 1K to 2K higher than that of CESM1 (Figure 1b), with values of up to 6.5K for iECS
derived from 800 years of CESM2-4xCO2.

Contributions to the increased sensitivity of CESM2 from initial forcing and from
radiation feedbacks were examined in Section 4.1. We found an increase in initial forc-
ing Ny in CESM2 of around 1.2 Wm™? compared to CESM1-4xCO2 (Table 4), which
appears to originate in rapid initial adjustments of shortwave fluxes and cloud amount
(Table 4, Fig. 3). A simple calculation showed that the increased initial forcing contributes
as much as half of the increased sensitivity diagnosed from CESM2-4xCO2. However,
in CESM2 slab-ocean model experiments using 2xCO2 and 4xCQO2 forcing (Section 5)
we found that N responds nonlinearly to CO, increase while radiation feedbacks in CESM2-
2xC0O2-SOM and CESM2-4xCO2-SOM remain constant. This implies that differences
in radiation feedbacks between CESM1 and CESM2 are more central to understanding
the increase in equilibrium climate sensitivity (ECS) in CESM2.

Longwave and shortwave contributions to the net radiation feedbacks in CESM1
and CESM2 were separated. We found that global longwave feedbacks in CESM1 and
CESM2 are similar, while shortwave feedbacks in the two models are substantially dif-
ferent (Fig 2). Positive shortwave feedback in years 100-800 of the 4xCO2 simulations
is significantly higher in CESM2 (1.50 Wm ™ ?K~!, Table 5) than in CESM1 (1.23, 1.32
Wm™2K~!). The increased shortwave feedback in CESM2 is responsible for reducing the
strength of the net radiation feedback A+ (Eq. 10), which in turn increases climate sen-
stivity. In addition, shortwave feedbacks are responsible for the highly nonlinear behav-
ior of N'(AT) observed in CESM2-4xCO2.

In Sections 4.3 and 4.4, we analyzed regional contributions to the global shortwave
feedback using the decomposition in Eq. 7. The largest single contribution to the long-
term (years 100-800) shortwave feedback in both models comes from the mid-latitude
Southern Ocean between 60°S and 30°S (Fig. 5d), with about half of the global short-
wave feedback in both models arising in this region (Fig. 8b), despite the fact that it rep-
resents only 17% of the global surface. Increased Southern Ocean shortwave feedback
also explains around half of the increase in global shortwave feedback from CESM1 to
CESM2, with increased shortwave feedback over Tropical Ocean in CESM2 contribut-
ing a comparable amount (Fig. 9g). It is worth emphasizing that the increased tropical
shortwave feedback in CESM2 is not compensated by longwave feedbacks and therefore
leads to changes in net radiation feedback (Fig. 9h,i).

The Approximate Partial Radiative Perturbation technique (APRP; Taylor et al.,
2007) was employed to analyze the contribution of different cloud processes to shortwave
feedbacks. APRP showed that the increased feedbacks in CESM2 are related to increased
cloud scattering feedback (Fig. 12). We examined the evolution of cloud condensate phase
in high and mid-latitudes (Fig. 11). CESM2 is characterized by a much larger propor-
tion of liquid-phase clouds. Over the mid-latitude Southern Ocean we found dramati-
cally enhanced feedback for liquid condensate in CESM2 (-4.5 ¢ m~2 K~!) compared
to CESM1 (-1.7 g m~2 K1), but stronger feedback for ice condensate in CESM1 than
in CESM2 (-0.7 gm~2 K1 vs. 0.2 g m~2 K~!). Thus, increased scattering feedback over
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the Southern Ocean in CESM2 could result from stronger condensate amount feedback,

or from reduced negative cloud phase feedback (e.g.; Frey & Kay, 2018). Without fur-
ther analysis we cannot quantify the role of these two feedback processes. Our results

are also consistent with analyses by (Gettelman, Hannay, et al., 2019) who found increased
southern ocean radiation feedbacks in CAM6 vs. CAM5 in SST+4K experiments, which
they attribute to changes in the treatment of ice-nucleation in the two models.

In Section 5 we compared results from slab-ocean model (SOM) runs with those
from the the fully-coupled earth system model (ESM) configurations of CESM1 and CESM2.
ECS estimated from slab-ocean model runs (ECS-SOM) has been proposed as a way to
reduce the resources required to calculate ECS (e.g.; Danabasoglu & Gent, 2009). ECS-
SOM using 2xCO2 forcing has increased from about 4K in CESM1 to 5.4K in CESM2
(Table 1). We found that ECS-SOM(4x) derived from SOM runs subject to 4xCO2 in-
crease agrees remarkably well with iECS derived from long ESM simulations. In addi-
tion there is also remarkable similarity in the evolution of N'(AT) between ECS and SOM
4xCO2 experiments (Fig 13). These similarities occur despite the presence of significant
regional differences in warming (Fig. 14a,b).

In contrast to ECS the transient climate response (TCR) has not changed between
CESM1 and CESM2 (Table 1). TCR is defined as the warming present around year 70
in experiments subject to a 1% annual increase in COg, i.e., around the time of COs dou-
bling. In Section 6 we examined the evolution of 1%C02 CESM1 and CESM2 exper-
iments. While TCR has not changed between CESM1 and CESM2 there are large re-
gional differences in warming between CESM1-1%CO02 and CESM2-1%CO2. Tropical
and mid-latitude Southern Oceans warm more rapidly in CESM2-2%CO2 than in CESM1-
1%CO02, consistent with the higher ECS of CESM2 (Fig. 16). However, the Arctic and
N. Atlantic/N. Pacific in CESM1-1%C0O2 and CESM2-1%CO2 behave very differently
from what would be expected from their behavior in the 4xCO2 configuration. North-
ern oceans in CESM2-1%CO2 warm more slowly than in CESM1-1%CO2. The N. At-

lantic in CESM2-1%CO2 shows a dramatic multidecadal cooling from years 40 to 80 (Fig. 18a).

The origins of this behavior in CESM2-1%CO2 are not yet clear. Similarities in Sy (T}%)
between CESM2-1%CO02 and CESM2-4xCO2 (Fig. 17) argue against an explanation based
on cloud feedbacks.

This study explored the evolution of a single modeling system in response to in-
creased COs forcing. We hope this analysis will help in the design of multimodel stud-
ies that compare ECS and TCR across the CMIP5 and CMIP6 ensembles. Our study
again points to the importance of shortwave cloud radiative effects in determining model
climate sensitivity and suggests a key role for ice-phase and mixed-phase microphysics
both in high-latitude low clouds and tropical high-clouds. Our study also suggests that
model TCR may miss significant regional responses to increasing COs, especially in high-
latitudes. Both 4xCO2 and 1%CO2 experiments may yield insight into coupled model
behavior in more realistic forcing scenarios.
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Appendix A Calculation of ECS and TCR

Calculations of equilibrium climate sensitivity (ECS) and transient climate response
(TCR) are subject to uncertainities due both to internal variability in model simulations
and to details in calculation procedures, such as the specification of pre-industrial ref-
erence temperatures, detrending techniques etc.. Here we describe how the numbers in
Table 1 were derived and examine sensitivities to details in the calcuations.

Infrerred ECS (iECS) and TCR are derived from 4xCO2 and 1%CO2 simulations
and their respective pre-industrial control (piCTL) simulations. We denote the year in
which 4xCO2 and 1%CO2 simulations branch from their piCTL by Y},. The duration
of the experiments beyond Y} is denoted by AYcy,. According to the CMIP protocols
(refs) AYeyp is 140 years for the 1%CO2 experiment and 150 years for the 4xCO2 ex-
periment. The piCTLs for CESM1 and CESM2 also run through the period Y}, to Yy+
150. Linear fits to the global mean surface temperature T from the piCTLs during this
period are performed, which we denote by T;*(¢).

To calculate TCR we first subtract 7T} (¢) from T4 (t), the time series of global mean
surface temperature for the corresponding 1%CO2 experiment:

ATy (t) = T (t) — T/ (¢) (A1)

TCR is then the average of AT (t) over Years 61-80 of the 1%CO2 experiment. This
procedure follows that in the ESMValTool (Righi et al., 2020) except that surface tem-

perature is used instead of 2-meter temperature. This approach gives TCR, values of 2.1K(0.07K)

for CESM1 and 2.0K(0.04K) for CESM2 where the standard errors are shown in paren-
theses. Standard errors are calculated using bootstrapping with replacement. Bootstrap-
ping is applied to the linear fit T} as well as to the 20-year mean of AT’ (%).

A second average of the warming over years 131-150, (AT 19 )140, is also calculated
to characterize the warming attained in the 1%CO2 scenario when CO5 values have ap-
proximately quadrupled, i.e., around year 140 (Gregory et al., 2015). The procedure is
identical to that used for the TCR calculate except for the averaging period used. We
obtain (AT;0;)140 values of 4.9K(0.08K) for CESM1-1%CO2 and 5.K(0.08K) for CESM2-
1%CO2.

To calculate iECS, a linear fit to 150 years of N'(AT) from the 4xCO2 experiment
is performed. Here AT is defined as the difference of T from the 4xCO2 experiment with
respect to the average of T from the piCTL over Years Y}, to Y3,+150. The linear fit to
N(AT) may be expressed as

NZ(AT) = N} + XNAT (AQ)

where Ay and N are the slope and intercept of the linear fit. Note that elsewhere in
the text we use Ny to refer to the intercept for a linear fit to AN/(AT) over years 1-20.
This particular interval is used to estimate the initial radiative forcing in the 4xCO2 sim-
ulations. In the absence of nonlinearity in N'(AT) there would be no significant differ-
ence between these quantities.

Equation A2 is inverted for A/;=0 to give an equilibrium AT, which is divided by
2 in 4xCO2 experiments to give the expression for iECS in Equation 10. This approach
gives iIECS values of 3.4K(0.04K) for CESM1 and 5.3K(0.22K) for CESM2

The calculation of iIECS(800) based on 800 years of 4xCO2 differs from the con-
ventional iECS only in how the piCTL T reference is defined. Since the piCTL simula-
tions did not extend for 800 years past Y}, we use an average of the linear-fit T.;(t) ex-
trapolated through year Y;,+800 to define AT. Using this method, we derive values of
iECS(800) of 4.2K(0.05K) for CESM1 and 6.5K(0.07K) for CESM2.
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Again our approach for estimating iECS from 4xCO2 experimental results is close
to that outlined by Righi et al. (2020), with the difference that we use T instead of Ts,,.
The impact of using T rather than T, is within 0.1K for both TCR and iECS estimates.

The procedure for deriving ECS-SOM estimates from slab-ocean model (SOM) con-
figurations is less well established. We would like to use multiyear averages of T from
well equilibrated control and 2xCO2 or 4xCO2 SOM experiments to define ECS-SOM.
In practice, the choice of averaging periods is somewhat subjective and can lead to small
differences in estimates of ECS-SOM. For example, in Figure Ala we show time-series
from three SOM experiments using CESM2.0 (1xCO2 in black, 2xCO2 in green, and 4xCO2
in red). Note that all of these experiments are initialized from the same unequilbrated
atmospheric state.

Gettelman, Hannay, et al. (2019) used averages over years 40-60 for both the con-
trol and 2xCO2 simulations to derive an ECS-SOM of 5.3K for CESM2. If a later pe-
riod is used for the CESM-2xCO2-SOM (green curve) this estimate will increase since
a small additional warming occurs after Year 60. The ECS-SOM of 5.5K for CESM2 in
Table 1 is calculated using an average of Years 70-100 for the 2xCO2 experiment and
a reference temperature averaged over years 20-75 of CESM2-1xCO2-SOM. We do not
advocate either value, but simply present both to illustrate the level of uncertainty that
may exist in published numbers for ECS-SOM. ECS-SOM(4x) is calculated using the same
reference temperature and an average temperature over years 70-100 of CESM2-4xCO2-
SOM. The difference between these values is divided by 2 to account for the 4xCO2 ver-
sus 2xCO2 increase.

Another approach to estimating ECS-SOM is to apply the Gregory et al. (2004)
approach to N'(AT) from the SOM runs. Results of this approach are shown in Figure
Alb. Interestingly the results of this method for CESM2-2xCO2-SOM (green) appear
to converge on an ECS-SOM value of around 5.2K, closer to the Gettelman, Hannay, et
al. (2019) value, even though this number is based on what appears to be slightly un-
equlibrated T from the 2xCO2 SOM experiment. We note however that the Gregory et
al. (2004) method suffers from the same pitfalls when applied to SOM N (AT) results
as it does when applied to full ESM results, i.e., rapid initial adjustment can affect the
regression estimate of Ax. As with full ESM results, better estimates of ECS may be ob-
tained if initial rapid adjustment in N'(AT).

The calculation details discussed in this Appendix have only small impacts on es-
timates of TCR and ECS, generally less than a few tenths of a degree K. We present them
to explain possible discrepancies in published numbers of TCR and ECS for CESM.

Appendix B Tables of regional feedback parameters

This Appendix gives tabulated numbers for slope parameters used in the regional
analysis of radiation feedbacks. Tables B1-B6 give numerical values for quantities dis-
played in Fig 8.

Uncertainties in regression slope parameters are given in the form of standard er-
ror estimates shown in (). These are calculated using a bootstrap with replacement ap-
proach over the N years in the sample. Where decadal averages have been employed,
bootstrapping is performed over % decadal means. Where error is given as (0.00) this
indicates that the standard error is less than 0.01 in the applicable units.
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Table B1.

Areal fractions of analysis regions in Fig 5.

Arctic NAtIPac Trop. Ocean SHml Ocn SHhl Ocn NH Land Trop. Land SH Land

ak

2.7% 9.7% 37.6%

17.4%

3. 7% 12.4%

12.9%

3.7%

Table B2.

Regional warming amplification factors Ay (K K™') for Years 1-20 and Years 100-
800 in CESM1-4xC0O2 and CESM2-4xCQO2. Standard error estimates are shown in parentheses.

Arctic NAtlPac Trop. Ocean SHml Ocn SHhl Ocn  NH Land Trop. Land SH Land Global
Years 1-20

CESM1-4xCO2

3.57(0.16) 0.97(0.06) 0.76(0.04)  0.81(0.04) 1.45(0.07) 1.37(0.10) 1.02(0.10) 1.05(0.07) 1.00(0.00)
CESM2-4xCO2

3.26(0.08) 0.98(0.03) 0.78(0.02)  0.67(0.03) 1.21(0.04) 1.51(0.05) 1.05(0.03) 1.15(0.08) 1.00(0.00)
Years 100-800
CESM1-4xCO2

2.90(0.08) 0.71(0.01)  0.64(0.01) 1.27(0.02) 2.43(0.03) 1.03(0.02) 0.80(0.01) 1.93(0.02) 1.00(0.00)
CESM2-4xCO2

1.00(0.04) 0.74(0.01)  0.75(0.00) 1.38(0.01) 1.81(0.01) 0.88(0.01) 1.03(0.00) 1.94(0.02) 1.00(0.00)

Table B3. Regional shortwave radiation feedbacks As.x (Wm™2 K™™', | i.e., linear regression

slopes of regional net TOM shortwave radiation Sy versus regional mean surface temperature

Tk for Years 1-20 and Years 100-800 in CESM1-4xCO2 and CESM2-4xCO2. Standard error

estimates are shown in parentheses.

Arctic NAtlPac Trop. Ocean SHml Ocn SHhl Ocn  NH Land Trop. Land SH Land Global

Years 1-20

CESM1-4xCO2

1.12(0.05) 1.67(0.13)  0.41(0.12) 1.16(0.19) 1.49(0.11) 0.80(0.13) 2.07(0.32) 0.41(0.16) 0.99(0.08)
CESM2-4xCO2

1.14(0.08) 1.15(0.17)  0.54(0.11)  0.82(0.27) 1.39(0.13) 0.99(0.05) 1.13(0.11) 0.42(0.05) 0.87(0.06)
Years 100-800
CESM1-4xCO2

2.04(0.03) 1.57(0.05) 0.94(0.04) 2.38(0.03) 1.09(0.02) 0.46(0.03) 1.03(0.06) 0.48(0.02) 1.31(0.01)
CESM2-4xCO2

0.79(0.05) 1.82(0.03) 1.35(0.02)  2.94(0.02) 0.96(0.02) 0.83(0.02) 0.43(0.02) 0.84(0.01) 1.50(0.01)
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Table B4.

Complete Regional contributions axAgAs.x (Wm™2 K™1) to global shortwave feed-

back, i.e., summands in Eq 7, for Years 1-20 and Years 100-800 in CESM1-4xCO2 and CESM2-

4xC0O2. Column 9 shows direct sum of Columns 1-8. Standard error estimates are shown in

parentheses.
Arctic NAtlPac Trop. Ocean SHml Ocn SHhl Ocn  NH Land Trop. Land SH Land Zi:l
Years 1-20
CESM1-4xCO2
0.09(0.01) 0.16(0.02)  0.12(0.04) 0.16(0.03) 0.08(0.01) 0.14(0.03) 0.27(0.07) 0.02(0.01) 1.03(0.10)
CESM2-4xCO2
0.08(0.01) 0.11(0.02)  0.16(0.04) 0.09(0.04) 0.06(0.01) 0.19(0.02) 0.15(0.02) 0.02(0.00) 0.87(0.06)
Years 100-800
CESM1-4xCO2
0.16(0.01) 0.11(0.00)  0.23(0.01) 0.53(0.01) 0.10(0.00) 0.06(0.00) 0.11(0.01) 0.03(0.00) 1.32(0.02)
CESM2-4xCO2
0.02(0.00) 0.13(0.00)  0.38(0.01) 0.70(0.01) 0.07(0.00) 0.09(0.00) 0.06(0.00) 0.06(0.00) 1.50(0.02)
Table B5. Regional longwave radiation feedbacks Az, (Wm™2 K™, | i.e., linear regression
slopes of regional net TOM longwave radiation L versus regional mean surface temperature
Ts.r for Years 1-20 and Years 100-800 in CESM1-4xCO2 and CESM2-4xCO2. Standard error
estimates are shown in parentheses.
Arctic NAtlPac Trop. Ocean SHml Ocn SHhl Ocn  NH Land Trop. Land SH Land Global
Years 1-20
CESM1-4xCO2
1.05(0.08) 2.11(0.18)  2.38(0.24) 2.25(0.07) 1.18(0.12) 1.75(0.10) 2.65(0.34) 1.65(0.08) 2.05(0.04)
CESM2-4xCO2
1.18(0.07) 2.20(0.10)  2.12(0.09) 2.70(0.08) 1.09(0.10) 1.53(0.06) 2.65(0.18) 1.59(0.07) 2.01(0.03)
Years 100-800
CESM1-4xCO2
1.02(0.03) 2.09(0.03)  2.00(0.04) 2.05(0.02) 1.17(0.01) 1.53(0.02) 2.42(0.05) 1.48(0.01) 1.81(0.01)
CESM2-4xCO2
1.24(0.04) 2.51(0.02)  1.93(0.02) 2.23(0.01) 1.72(0.02) 1.69(0.01) 1.22(0.01) 1.56(0.00) 1.86(0.01)
Table B6. Complete Regional contributions ar Ax Az (Wrrf2 Kfl) to global longwave feed-
back, i.e., summands in Eq 7, for Years 1-20 and Years 100-800 in CESM1-4xCO2 and CESM2-
4xCO2. Column 9 shows direct sum of Columns 1-8. Standard error estimates are shown in
parentheses.
Arctic NAtlPac Trop. Ocean SHml Ocn SHhl Ocn  NH Land Trop. Land SH Land Zi:l
Years 1-20
CESM1-4xCO2
0.08(0.01) 0.20(0.03)  0.68(0.10) 0.32(0.03) 0.06(0.01) 0.30(0.04) 0.35(0.08) 0.06(0.01) 2.05(0.14)
CESM2-4xCO2
0.09(0.01) 0.21(0.02)  0.62(0.04) 0.31(0.02) 0.05(0.01) 0.29(0.02) 0.36(0.04) 0.07(0.01) 2.00(0.07)
Years 100-800
CESM1-4xCO2
0.08(0.00) 0.14(0.00)  0.48(0.00) 0.45(0.01) 0.10(0.00) 0.20(0.00) 0.25(0.01) 0.11(0.00) 1.81(0.02)
CESM2-4xCO2
0.03(0.00) 0.18(0.00)  0.54(0.01) 0.53(0.00) 0.12(0.00) 0.19(0.00) 0.16(0.01) 0.11(0.00) 1.86(0.01)
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Table B7. Regional warming amplification factors Ay (K K™') for Years 5-20 in CESM1b-
4xCO2-SOM and Years 10-30 in CESM2-4xCO2-SOM. These periods are intended to correspond

to Years 100-800 in the corresponding ESM runs. Standard error estimates are shown in paren-

theses.
Arctic NAtlPac Trop. Ocean SHml Ocn SHhl Ocn  NH Land Trop. Land SH Land Global
CESM1b-4xCO2-SOM, Years 5-20
2.37(0.21) 0.95(0.03) 0.70(0.01)  1.12(0.02) 1.83(0.06) 1.19(0.06) 0.89(0.04) 1.54(0.06) 1.00(0.00)
CESM2-4xC0O2-SOM, Years 10-30
1.59(0.06) 0.90(0.02)  0.75(0.01)  1.11(0.02) 1.47(0.03) 1.15(0.04) 1.05(0.02) 1.69(0.05) 1.00(0.00)
Table B8. Regional shortwave and longwave radiation feedbacks As.r and Az, (Wm™2 K1)
for Years 5-20 in CESM1b-4xCO2-SOM and Years 10-30 in CESM2-4xCO2-SOM. Standard error
estimates are shown in parentheses.
Arctic NAtlPac Trop. Ocean SHml Ocn SHhl Ocn  NH Land Trop. Land SH Land Global
Shortwave radiation feedbacks
CESM1b-4xCO2-SOM, Years 5-20
1.75(0.13) 1.61(0.12)  1.02(0.13)  1.97(0.06) 0.80(0.08) 0.78(0.07) 1.16(0.21) 0.28(0.07) 1.22(0.03)
CESM2-4xC0O2-SOM, Years 10-30
1.21(0.10) 1.98(0.11)  1.46(0.09)  2.65(0.08) 1.04(0.06) 0.86(0.05) 0.53(0.08) 0.53(0.04) 1.43(0.04)
Longwave radiation feedbacks
CESM1b-4xC0O2-SOM, Years 5-20
1.21(0.08) 2.08(0.11)  1.94(0.16)  2.25(0.07) 1.23(0.07) 1.58(0.06) 2.46(0.23) 1.51(0.06) 1.91(0.04)
CESM2-4xC0O2-SOM, Years 10-30
1.08(0.14) 2.09(0.09)  1.57(0.08)  2.38(0.05) 1.62(0.04) 1.49(0.06) 1.25(0.14) 1.49(0.05) 1.70(0.04)
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Inferred ECS via linear regression
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Figure 1. a) Annual-mean, global top-of-model radiation imbalance N as a function of
annual-mean, global-mean surface temperature change AT for abrupt 4xCO2 experiments
CESM1-4xCO2 (black) and CESM2-4xCO2 (red). Dashed lines show linear fits to N'(AT) for
years 100-800. Two points are indicated on each N'(AT) relationship: Values of linear fits at
year 100 and diagnosed inflection points (see Section 3.3). b) Inferred equilibrium climate sen-
sitivities (IECS) from linear regressions: Horizontal axis gives number of years used in the re-
gression. Long curves extending to 800 years and beyond show iECS derived for CESM1-4xCO2
(black) and CESM2-4xCO2 (red) from linear regressions of N'(AT). Shorter red curves shows
iECS derived from a 2xCO2-SOM experiment with CESM2 (CESM2-2xCO2-SOM, Table 3) and
from a 4xCO2 SOM experiment with CESM2 (CESM2-4xCO2-SOM). Short black indicates iECS
derived from CESM1b-4xCO2-SOM. Black and red triangles on right vertical axis show values
of ECS-SOM for CESM1 (4.0K, 4.2K) and CESM2 (5.5K). c¢) Global mean surface temperature
T as a function of time for CESM1-4xCO2 (black) and CESM2-4xCO2 (red). d) As c except
focusing on first 200 years of experiments. Gray line shows results for CESM1b-4xCO2.
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Shortwove and Longwaove fluxes vs. T,
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Figure 2. Annual-mean, global top-of-atmosphere net shortwave S and longwave £ radiative
fluxes as functions of annual-mean, global-mean surface temperature T for CESM1 (black) and
CESM2 (red). Filled circles show annual mean S for 4xCO2 experiments, and filled triangles
show L. Large circles with error bars (20) show equilibrated multiyear means of S and £ as func-
tions of T from the corresponding pre-industrial control runs (piCTLs) for each model. Note that
in the piCTLs, multiyear means of S and £ are within 0.1 Wm™?2 of each other. Long dashes
show extrapolations of linear regression fits to S for years 100-800 for CESM1-4xCO2 extrapo-
lation (black dashed line) and CESM2-4xCO2 (red dashed line). Dotted lines show linear fits for

years 1-20. Slopes \s of these lines are given in Table 5.

—32—



6. (ASp.) (CESMZ—CESM1)  Global Mean=1.15 W m™
-2

14,00

12.00
10.00
.00
) ! £.00
) .............. ........... N - 3 4,00
8 & "N 200 o

Mo A f Y PP = |
_?'._,___ e : - ! ] ’ E

—2.00
4 —&4.00 g
...... 7 —£.00
: ; p —8.00

=10.00

—12.00
—14.00

—16.00

b) 6, (ACpy) (CESMZ—CESM1)  Global Mean=-0.80%

10,00
7.00
5.00
4.00
3.00
2.00
1.00
oo0 O

—1.00
—2.00
—3.00
—4.00
—5.00
—7.00

=10.00

—14.00

Figure 3. a) Difference in initial shortwave adjustment associated with CO2 quadrupling
between CESM1 and CESM2 as a function of latitude and longitude. b) Difference in cloud

amount adjustment. In both panels positive numbers indicate stronger adjustment in CESM2.
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Regression Slope T.{x,y) vs Global mean 7., i.e., 4(xvy)
CESMZ—4xC02

CESM1—4xC02
a) - :

Regression Slope S({x,y) vs Tdxy), l.e., Az, 9y)
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S{x,y) vs Global mean T,

CESM1—4xCD2 CESMZ—4xCDZ2
e) . . f) . .

Figure 4. Slopes from linear regressions over years 100-800 of CESM1-4xCO2 (a, c, e, g)
and CESM2-4xCO2 (b, d, f, h) as functions of latitude and longitude: a, b) A(z,y) - local
warming amplification factor from regression of local temperature versus global mean temper-
ature T ; ¢, d) As(z,y) - local shortwave feedback from regression of shortwave radiation S
versus temperature; e, f) Slope of local shortwave flux versus global mean temperature T'; g, h)
Product of A(z,y) and As(z,y).
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Figure 5. Regions used for feedback analyses: a) Arctic Ocean; b) N. Atlantic and N. Pacific
north of 30°N (NAtlPac); ¢) Ocean between 30°S and 30°N (Trop-Ocn); d) Mid-latitude South-
ern Ocean between 30°S and 60°S (SHml_Ocn); e) High-latitude Southern Ocean south of 60°S
(SHh1_Ocn); f) Land north of 30°N (NH_Land); g) Land between 30°S and 30°N (Trop-Land);
h) Land south of 30°S (SH_Land); and i) Global. Approximate fractional area of regions are

given in each panel.
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Figure 7. Regional mean, net shortwave radiation Si as a function of mean surface temper-
ature Ty, in CESM1-4xCO2 (black circles) and CESM2-4xCO2 (red circles) for regions in Fig 5.
Larger circles show decadal averages for entire 4xCO2 simulations. Smaller circles show annual

means for years 1-20.
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Analysis of Regional Radiation Feedbacks
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Figure 8. Regional contributions to global shortwave and longwave feedback parameters \s
and Az computed using Eq. 7. Left panels (a, c, e, g, i) show results for the early phase of the
4xCO2 runs (years 1-20), and right panels (d, b, f, h, j) show results for the later “slow ad-
justment” phase (years 100-800). a, b) Complete regional shortwave contributions axAxAs;k.

¢, d) Complete regional longwave contributions ay AxAz;k. €, f) Linear regression slopes As; of
shortwave radiation Sy versus T} in each region. g, h) Linear regression slopes Az, for longwave
radiation. i, j) Linear regression slopes Aj of regional mean temperatures T} versus 7. Black
bars indicate CESM1-4xCO2 and red bars indicate CESM2-4xCO2. Each panel shows 10 pairs
of bars. Positions 1-8 show quantities for the regions shown in Fig. 5. In a-d, the bars in posi-
tion 9 show direct sums over the 8 terms shown to the left, while position 10 shows independent

regressions of S and £ versus 7. —38—
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tive effect (CRE, gray bars) and clear-sky (blue bars) components by region as in Fig. 8. First

column (a,d,g) shows total regional contributions to global shortwave feedbacks. Second column

(b,e,h) shows total regional contributions to global longwave feedbacks. The longwave CRE

contribution has been multiplied by —1 so that bars for clear-sky and CRE feedbacks are additive

in the same sense as in the shortwave. Third column (c,f,i) shows contributions to net TOM

radiation feedbacks. More negative values of net TOM radiation feedback correspond to reduced

climate sensitivity. Thus, positive brown bars in in panel i indicate a regional contribution to

increased climate sensitivity in CESM2.
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a) Annual mean sea-ice fraction as a function of time for Arctic and high-latitude

Ocean (Fig. 5a), and solid lines show fraction and surface albedo in the high-latitude Southern

Ocean (Fig. 5e).
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Figure 11.

Regional-mean, in-cloud condensate paths (IWP* and LWP*, Eq. 3) in g m™

as functions of regional mean T} in CESM1-4xCO2 (black) and CESM2-4xCO2 (red): a) Arctic
Ocean; b) High-latitude Southern Ocean; and c¢) Mid-latitude Southern Ocean. Circles show

cloud liquid water path LWP*. Triangles show cloud-ice water path IWP*. Gray lines show lin-

ear fits over years 100-800. Regression slopes Arw p+;x and Arw p=;; for these fits are given in

upper right corner of each panel.
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Regression Slope 5_ (7,y) vs Tyx,y), i, A(z,y)
CESM1—4xC02 b) CESM2—4xC02

GTA* % k?(x,y) + GA" x
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Figure 12. Cloud-related shortwave feedbacks as functions of latitude and longitude over
years 100-800 of CESM1-4xCO2 and CESM2-4xCO2: a, b) Linear regression slopes for short-
wave CRE Sgq vs. T, ie., As,,,. ¢, d) Cloud scattering contribution A,,,, (Eq. 11b) to short-
wave feedback. e, f) Cloud amount contribution A. (Eq. 11a) to shortwave feedback. g, h) Sum
of A, and Ac. Left column (a, c, e, g) shows results for CESM1-4xCO2 and right column (b,
d, f, h) shows results for CESM2-4xCO2. —41-
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Top panels (a, b) show A, net annual-mean global radiative imbalance at TOM,

as a function of global mean surface temperature change AT for fully-coupled (ESM) and
slab-ocean (SOM) abrupt CO; increase experiments: a) CESM1. Gray circles show CESM1b-
4xC0O2-SOM, and black circles show CESM1-4xCO2 (ESM); and b) CESM2. Gray circles

show CESM2-4xCO2-SOM, red circles show CESM2-4xCO2 (ESM), and gray triangles in show
CESM2-2xC0O2-SOM. Larger gray circles in a and b show years in the SOM 4xCO2 experiments
where AT overlaps with that in the year 100-800 range of the corresponding ESM experiments,
i.e., years 5-15 of CESM1-4xCO2-SOM and years 10-30 of CESM2-4xCO2-SOM. Bottom panels
(c, d) show sea ice fraction as a function of regional mean surface temperature: c) High-latitude
Southern Ocean; and d) Arctic. Sea ice fraction in years 100-800 in CESM1-4xCO2 (ESM) and
CESM2-4xCO2 (ESM) is shown, along with years 5-15 for CESM1b-4xCO2-SOM and years

10-30 for CESM2-4xCO2-SOM.
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Figure 14. Slopes from linear regressions as functions of latitude and longitude for CESM2-
4xC0O2-SOM (a, c, e) and CESM2-4xCO2 (b, d, f): a, b) A(z,y), the local warming ampli-
fication factor from regression of local temperature versus global mean temperature T’ ¢, d)
As(z,y), the local shortwave feedback from regression of shortwave radiation S versus local tem-
perature; and e, f) Az(z,y), the local longwave feedback from regression of shortwave radiation
S versus local temperature. Regressions are performed over years 10-30 for CESM2-4xCO2-SOM
and years 100-800 for CESM2-4xCO2 (ESM).
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Figure 15. Warming AT (Appendix A) as a function of time for 1%CO2 experiments using
CESM1 (gray) and CESM2 (blue). Dashed lines for years 60-80 indicate transient climate sensi-
tivity (TCR) values for CESM1 (2.1K) and CESM2 (2.0K). TCR is defined as the mean of AT
over years 60-80 in the 1%CO2 scenario.
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Figure 16. Regional annual-mean surface temperature T} as a function of time for analysis
regions in Fig. 5; CESM1-1%CO2 (gray), CESM2-1%CO2 (blue), CESM1-4xCO2 (black), and
CESM2-4xCO2 (red).
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Figure 17.

288 290

Regional, annual-mean TOM shortwave radiation Sk as a function of mean sur-

face temperature T} for regions in Fig. 5; CESM2-4xCO2 (red circles) and CESM2-1%CO2 (blue

circles). The plots show results for years 1-150 of both experiments.
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Regional mean surface temperature 7T} as a function of time in the CESM2-

1%CO2 experiment: a) North Atlantic; b) Greenland. The respective regions are shown in the

panel insets.
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