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ABSTRACT: The processes controlling idealized warming and cooling patterns are examined in 150-yr-long fully coupled
Community Earth System Model, version 1 (CESM1), experiments under abrupt CO, forcing. By simulation end, 2 X CO,
global warming was 20% larger than 0.5 X CO, global cooling. Not only was the absolute global effective radiative forcing
~10% larger for 2 X CO, than for 0.5 X CO,, global feedbacks were also less negative for 2 X CO, than for 0.5 X CO,.
Specifically, more positive shortwave cloud feedbacks led to more 2 X CO, global warming than 0.5 X CO, global cooling.
Over high-latitude oceans, differences between 2 X CO, warming and 0.5 X CO, cooling were amplified by familiar linked
positive surface albedo and lapse rate feedbacks associated with sea ice change. At low latitudes, 2 X CO, warming
exceeded 0.5 X CO, cooling almost everywhere. Tropical Pacific cloud feedbacks amplified the following: 1) more fast
warming than fast cooling in the west, and 2) slow pattern differences between 2 X CO, warming and 0.5 X CO; cooling in
the east. Motivated to quantify cloud influence, a companion suite of experiments was run without cloud radiative feed-
backs. Disabling cloud radiative feedbacks reduced the effective radiative forcing and surface temperature responses for
both 2 X CO, and 0.5 X CO,. Notably, 20% more global warming than global cooling occurred regardless of whether
cloud feedbacks were enabled or disabled. This surprising consistency resulted from the cloud influence on non-cloud feed-
backs and circulation. With the exception of the tropical Pacific, disabling cloud feedbacks did little to change surface tem-
perature response patterns including the large high-latitude responses driven by non-cloud feedbacks. The findings provide
new insights into the regional processes controlling the response to greenhouse gas forcing, especially for clouds.

SIGNIFICANCE STATEMENT: We analyze the processing controlling idealized warming and cooling under abrupt
CO, forcing using a modern and highly vetted fully coupled climate model. We were especially interested to compare
simulations with and without cloud radiative feedbacks. Notably, 20% more global warming than global cooling
occurred regardless of whether cloud feedbacks were enabled or disabled. This surprising consistency resulted from the
cloud influence on forcing, non-cloud feedbacks, and circulation. With the exception of the tropical Pacific, disabling
cloud feedbacks did little to change surface temperature response patterns including the large high-latitude responses
driven by non-cloud feedbacks. The findings provide new insights into the regional processes controlling the response
to greenhouse gas forcing, especially for clouds. When combined with estimates of cooling at the Last Glacial Maximum,
the findings also help rule out large (4+ K) values of equilibrium climate sensitivity.

KEYWORDS: Climate sensitivity; Clouds; Greenhouse gases; Cloud radiative effects; Surface temperature

1. Introduction climate response. Thus, these idealized experiments comple-
ment more realistic experiments that are transient (i.e., have
temporally coincident forcing and response), more compara-
ble to observations, and forced by much more than CO,.
Despite tremendous investment, key uncertainties and limita-
tions remain. State dependent forcing and feedbacks affect
climate sensitivity (e.g., Bloch-Johnson et al. 2020; Zhu and
Poulsen 2020). Most fundamentally, it is unclear if climate
sensitivity (the global mean temperature response) increases
(e.g., Bloch-Johnson et al. 2020; Zhu and Poulsen 2020; Greg-
ory et al. 2015; Jonko et al. 2013; Caballero and Huber 2013;

Denotes content that is immediately available upon publica- ~Meraner et al. 2013), decreases (e.g., Colman and McAvaney
tion as open access. 2009; Stouffer and Manabe 2003; Kutzbach et al. 2013) or
varies non-monotonically (e.g., Mitevski et al. 2021) with sub-
sequent carbon dioxide doublings. As for limitations, many
existing studies have used models with relatively coarse

Studies investigating the response of the climate system to
an instantaneous carbon dioxide (CO,) forcing date back to
the earliest global climate modeling efforts (e.g., Manabe and
Wetherald 1967; Manabe and Bryan 1985; Stouffer and
Manabe 2003; Hansen et al. 2005). Since then, an immense lit-
erature has emerged using this idealized climate change
framework. This framework provides direct quantification of
the time scale and magnitude of the CO, influence on the
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horizontal resolution (2°+) and without realistic geography,
dynamic ocean coupling, or cloud-aerosol interactions.
Finally, many existing studies have relied exclusively on off-
line diagnostic analyses techniques to assess the influence of
cloud processes, used suboptimal methods to quantify radia-
tive forcing and feedbacks, and focused on global mean cli-
mate responses such as climate sensitivity while neglecting
regional patterns and processes.

Given that clouds remain a central uncertainty for climate
change, the influence of cloud radiative feedbacks on ideal-
ized CO, experiments merits further investigation. Under
increased greenhouse gas scenarios, multiple lines of evidence
suggest global cloud feedbacks are likely positive (Myers et al.
2021; Sherwood et al. 2020; Zelinka et al. 2017; Boucher et al.
2013). Almost all studies quantifying the impact of cloud feed-
backs use offline diagnostic methods. Here, we focus on dis-
abling cloud feedbacks or “cloud locking” to remove cloud
radiative feedbacks from the climate response (e.g., Chen
et al. 2021; Middlemas et al. 2020; Middlemas et al. 2019;
Grise et al. 2019; Mauritsen et al. 2013). Actively removing
cloud radiative feedbacks enables quantification of the full
cloud feedback influence on the climate response. This cloud
influence is found by differencing control and cloud locked
simulations. As such, cloud influence diagnosed from cloud
locking experiments offers new and complementary informa-
tion to diagnostic cloud radiative feedbacks calculated offline.
Importantly, cloud influence includes the cloud radiative feed-
back influence on radiative forcing, non-cloud feedbacks, and
on circulation.

Cloud influence on the pattern of tropical surface ocean
response is of particular interest. While tropical sea surface
temperature (SST) changes are small in magnitude, they regu-
late tropical precipitation (e.g., Xie et al. 2010) and generate
teleconnections well beyond the tropics (e.g., Alexander et al.
2002). The tropical SST pattern response to increasing CO,
includes maximum warming along the equator, minimum
warming in the southeast tropics, and a tendency for greater
warming in the northern subtropics than the southern sub-
tropics under increased greenhouse gases (Xie et al. 2010).
This SST response is forced by the net surface flux and ocean
circulation with damping by surface evaporation. Spatial pat-
tern differences in the SST response are associated with wind
pattern differences including westerly wind anomalies along
the equator and trade wind changes in the subtropics. Though
clouds are not always considered individually from surface
heat fluxes, clouds strongly influence surface heat fluxes. For
example, east-west asymmetries in the tropical Pacific net sur-
face heat flux have been associated with cloud radiative
effects (e.g., DiNezio et al. 2009; Meehl and Washington
1996). In addition to shaping SST patterns, clouds also
respond strongly to the time evolution of the SST pattern. For
example, recent work has used offline diagnostic techniques
to suggest that delayed eastern tropical Pacific greenhouse
warming is enhanced by positive cloud feedbacks (e.g., Dong
et al. 2020; Andrews et al. 2015).

While a rich body of literature exists to study the influence
of clouds on greenhouse warming, less has been done for
greenhouse cooling. In addition to being of theoretical
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interest, understanding the processes that explain the differ-
ences between idealized greenhouse warming and cooling is a
good first step toward understanding more complex warming
and cooling climate phenomena. For example, idealized cool-
ing is relevant for aerosol forcing, which can oppose the signal
from increased greenhouse gases (e.g., Deng et al. 2020). That
said, it is challenging to compare greenhouse cooling and
aerosol cooling because of their differing spatiotemporal forc-
ing patterns and their differing interactions with feedbacks,
especially for clouds. Idealized cooling is also relevant to geo-
engineering, especially if technologies are developed that lead
to rapid cooling. Finally, understanding idealized greenhouse
cooling processes is also relevant for paleoclimate. While stud-
ies have highlighted the importance of cloud feedbacks for pale-
oclimate (e.g., Yoshimori et al. 2009; Zhu et al. 2019; Zhu et al.
2021), much remains unknown. Understanding cloud influence
is especially important for the Last Glacial Maximum (LGM)
which has recently been argued to provide a strong constraint
on the upper bound on climate sensitivity (e.g., Tierney et al.
2020; Sherwood et al. 2020). Previous work found temperature-
dependent cloud feedbacks operated differently during the
LGM than for global warming (Yoshimori et al. 2009). At the
LGM though, a lot changed in addition to greenhouse gases
including orbital forcing, topography, sea level, surface albedo,
vegetation, and aerosols. Thus, understanding the magnitude
and mechanisms behind differences in idealized greenhouse
cooling and warming is a first and fundamental step toward
assessing whether estimates of climate sensitivity inferred from
LGM cooling are relevant for future warming.

In this study, we analyze the climate response to idealized
greenhouse warming and cooling in a widely used fully cou-
pled Earth system model. We focus on 2 X CO, global warm-
ing and 0.5 X CO, global cooling as these are the climate
states that are most relevant since the LGM and looking for-
ward into the twenty-first century. We address two primary
research questions:

1) To what extent are 2 X CO, global warning and 0.5 X CO,
global cooling extent equal but opposite in their forcing and
feedbacks?

2) Does disability cloud radiative feedbacks influence the cli-
mate response to 2 X CO, and 0.5 X CO; including espe-
cially the spatial patterns of surface temperature response?

While the first research question has been long explored in
the literature, the second research question is new and unan-
swered. By disabling cloud radiative feedbacks—the most
uncertain feedbacks in the climate system—we can complete
an assessment of the climate system response to global warm-
ing and global cooling without them. Overall, we find cloud
feedbacks amplify surface temperature responses, but the pat-
tern of surface warming and cooling are remarkably similar
with and without cloud radiative feedbacks at most locations
on the globe. For example, high-latitude ocean response pat-
terns and time evolution are controlled by sea ice and ocean
circulation change but amplified by cloud feedbacks. One
notable exception is that cloud feedbacks strongly shape the
time evolution and amplitude of the tropical Pacific response.
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TABLE 1. Description of model runs. All runs use the Community Earth System Model, version 1 with the Community Atmosphere
Model, version 5 (CESM1-CAMS) at 1° horizontal resolution.

Name Description Years used Reference
CNT Fully coupled 1850 control 402-552  Kay et al. (2015)
CNT_2XCO, Abrupt 2 X CO, fully coupled 1850 control, used for ERF_reg 1 1-150  Frey and Kay (2018)
CNT_0.5XCO, Abrupt 0.5 X CO, fully coupled 1850 control, used for ERF_reg 1 1-150  This work
fSST Fixed SST/sea ice 1850 control, SST/sea ice climatology from CNT 1-30  Kay et al. (2015)
years 402-1510
fSST_2XCO, Abrupt 2 X CO, fixed SST/sea ice, initial condition fSST date = 006-01-01 1-30 This work
fSST_0.5XCO, Abrupt 0.5 X CO, fixed SST/seaice, initial condition fSST date = 006-01-01 1-30  This work
CNT_2XCO,_1 As in CNT_2XCO, but initial condition from CNT date = 411-01-01, 1-20 This work
used for ERF_reg #2
CNT_2XCO,_2 As in CNT_2XCO, but initial condition from CNT date = 416-01-01, 1-20 This work
used for ERF_reg 3
CNT_0.5XCO,_1 As in CNT_0.5XCO, but initial condition from date = 411-01-01, 1-20 This work
used for ERF_reg 2
CNT_0.5XCO,_2 As in CNT_0.5XCO, but initial condition from date = 416-01-01, 1-20 This work
used for ERF_reg 3
CL Fully coupled 1850 control with cloud locking 1-150 Middlemas et al. (2020)
CL_2XCO, Abrupt 2 X CO, fully coupled 1850 control with cloud locking, used 1-150 Middlemas et al. (2020)
for ERF_reg 1
CL_0.5XCO, Abrupt 0.5 X CO, fully coupled 1850 control with cloud locking, used 1-150  This work
for ERF _reg 1
CL_fSST As in fSST but with cloud locking 1-30 This work
CL_fSST_2XCO, As in fSST_2XCO, but with cloud locking 1-30 This work
CL_fSST_0.5XCO, As in fSST_0.5XCO,, but with cloud locking 1-30 This work
CL_2XCO,_1 As in CL_2XCQO,, but initial condition from CNT date = 411-01-01, 1-20 This work
used for ERF_reg 2
CL_2XCO,_2 As in CL_2XCO,, but initial condition from CNT date = 416-01-01, 1-20 This work
used for ERF_reg 3
CL_0.5XCO,_1 As in CL_0.5XCO.,, but initial condition from CNT date = 411-01-01, 1-20 This work
used for ERF_reg 2
CL_0.5XCO,_2 As in CL_0.5XCO,, but initial condition from CNT date = 411-01-01, 1-20  This work
used for ERF_reg 3
2. Methods we instantaneously doubled and halved carbon dioxide concen-

In this study, we use a state-of-the-art fully coupled global
Earth system model: Community Earth System Model, ver-
sion 1 (CESM1) with the Community Atmosphere Model,
version 5 (CESM1-CAMS) (Hurrell et al. 2013). CESM1-
CAMS is a widely used community model that performs well
when evaluated using observations. For example, CESM1-
CAMS has the smallest biases of all models participating in
phase 5 of the Coupled Model Intercomparison Projection
(CMIP5) for global distributions of surface temperature and
precipitation (Knutti et al. 2013). CESM1-CAMS also
improved upon long-standing climate model cloud biases
(e.g., the global too few, too bright bias, Kay et al. 2012).
CESM1-CAMS simulations reasonably match observed
warming since preindustrial (Meehl et al. 2013; Kay et al.
2015) and reconstructions of past extreme warm and cold cli-
mates (e.g., Eocene in Zhu et al. 2019, Last Glacial Maximum
in DiNezio et al. 2018 and Zhu and Poulsen 2021).

We ran a comprehensive suite of idealized global warming
and global cooling experiments using CESM1-CAMS at 1°
horizontal resolution with carbon nitrogen cycling on
(Table 1). Following protocol outlined by Webb et al. (2017),
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trations from an 1850 preindustrial control simulation and ran
for 150 years (CNT_2XCO, and CNT_0.5XCO, in Table 1).
We next repeated the same two experiments but with the cloud
radiative feedbacks disabled or “locked” (CL_0.5XCO, and
CL_0.5XCO, in Table 1). Our cloud locking protocol follows
Middlemas et al. (2020). Briefly, we disabled cloud radiative
feedbacks by prescribing cloud radiative properties from an
ENSO-neutral preindustrial year in the atmospheric model radi-
ation calculations. As a result, cloud radiative feedbacks were
disabled in our simulations while the rest of the climate system
freely evolves. All responses were found through comparison to
the overlapping 150 years of the corresponding 1850 control run.

Differentiating between feedbacks and radiative forcing
including rapid adjustments is a formidable challenge with a
long history. The climate response to an instantaneously forc-
ing change follows the following well-known equation:

dTs = @, (1)

where dTS is the global mean surface temperature response
(K), R is the TOA radiation imbalance (W m~?), ERF is the
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effective radiative forcing (W m™2), and A is the total feed-
back parameter (W m~2 K™'). ERF includes both the instan-
taneous radiative forcing and rapid adjustments to it. From
Eq. (1), it is clear that both differences in forcing and feed-
backs can influence the surface temperature response. Thus,
we next describe our methods to constrain both forcing and
feedbacks, including cloud influence on both.

Though a log-linear relationship relating CO, concentra-
tion and radiative forcing is a convenient first-order approxi-
mation (e.g., Myhre et al. 1998), multiple lines of evidence
show that 0.5 X CO, radiative forcing is not exactly equal-but-
opposite to 2 X CO, radiative forcing. Recent line-by-line trans-
fer model calculations reveal non-log-linear CO,-forcing rela-
tionships for both the instantaneous (no rapid adjustments)
(Byrne and Goldblatt 2014) and stratospheric-adjusted radiative
forcing (Etminan et al. 2016). Particularly relevant here, Byrne
and Goldblatt (2014) show that the absolute instantaneous radi-
ative forcing for 0.5 X CO, (3.50 W m™2) is 10% less than that
for 2 X CO, (3.89 W m™2). Yet the radiative transfer code in
CESMI1 (Iacono et al. 2008) is not a line-by-line radiative trans-
fer model, but instead has been optimized for efficient global
model calculations. Thus, we directly quantify radiative forcing
in CESM1. We followed guidance from Forster et al. (2016)
who argue that the effective radiative forcing (instantaneous
forcing + rapid adjustments) is the most useful and practical
method to estimate radiative forcing in global climate models
and who offer specific advice on its calculation.

We calculated effective radiative forcing (ERF) using two
methods. First, we used the fixed SST protocol (ERF_{SST).
Originally introduced by Hansen et al. (2005), the ERF_fSST
method was endorsed as the preferred method by Forster
et al. (2016). In this method, 30-yr atmosphere-only experi-
ments with fixed SST and sea ice from a fully coupled prein-
dustrial control are run. ERF is then estimated as the global
mean top-of-model radiative imbalance difference between the
experiments with altered CO, concentrations (fSST_0.5XCO,,
fSST_2XCO,) and the control (fSST). Because rapid adjust-
ments by clouds increase ERF (e.g., Andrews et al. 2011),
we ran a similar suite of ERF_fSST experiments with cloud
radiative feedbacks disabled (CL_fSST, CL_fSST_2XCO,,
CL_fSST_0.5XCO, in Table 1). Second, we estimated ERF
using linear regression and fully coupled simulations (Gregory
et al. 2004), which we call ERF_reg following Forster et al.
(2016). In this method, we regressed the first 20 years of global
annual mean values of TOA energy imbalance and temperature
change. In this regression, the Y intercept is an estimate of
ERF, and the slope is an estimate of feedback parameter.
Because individual ERF_reg estimates are noisy, we used
regressions based on three different initial conditions (see simu-
lations used for ERF_reg 1, ERF _reg 2, ERF _reg 3 in Table 1).
We also ran a similar suite of ERF_reg experiments with cloud
locking (Table 1).

We used two diagnostic techniques to calculate radiative
feedbacks: radiative kernels (i.e., Soden et al. 2008) and sim-
plified radiative transfer (i.e., Taylor et al. 2007). All feed-
backs were normalized by global mean temperature change.
Our kernel feedback calculations used radiative kernels specifi-
cally designed for CESM1-CAMS (Pendergrass et al. 2018).
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Cloud feedbacks were calculated as a residual, adjusted for
non-cloud influence following Shell et al. (2008). We also ana-
lyzed shortwave radiative feedbacks calculated using the simpli-
fied radiative transfer model in the approximate partial
radiative perturbation (APRP) technique (Taylor et al. 2007).
Applying APRP in addition to radiative kernels was motivated
by large changes to the mean state that can bias estimation of
high-latitude shortwave cloud feedbacks using radiative kernels
(e.g., Morrison et al. 2019). Specifically, differences between
APRP and radiative kernel estimates of the shortwave cloud
feedback arise from the treatment of surface albedo: APRP
incorporates surface albedo changes when estimating feedbacks,
while kernels do not. For this reason, we used APRP to calcu-
late the shortwave cloud feedback including its contribution to
the total cloud feedback. That said, comparisons between
APRP and kernel-derived shortwave cloud feedbacks are
shown. Because cloud feedbacks diagnosed with these techni-
ques represent the influence of local clouds on surface tempera-
ture change, we call them “cloud feedbacks.” In contrast, we use
the term “cloud influence” when describing the result of
differencing a control and cloud locked simulation. Cloud influ-
ence includes the cloud radiative feedback and also the coupling
with of cloud feedbacks with circulation and the influence of
cloud feedbacks on non-cloud feedbacks. Thus, unlike cloud
feedbacks, cloud influence includes local surface temperature
change driven by the coupling of remote cloud feedbacks with
non-cloud feedbacks and circulation. Because the cloud locked
simulation locks clouds at the preindustrial state, our estimate of
cloud influence neglects the nonlinear interaction between radia-
tive changes and the background environment (e.g., Colman
and McAvaney 1997). Yet, a recent paper using cloud locking
under 2 X CO, global warming (Chen et al. 2021) found that
the impacts of this nonlinearity on cloud influence are small.

3. Results

a. Global surface temperature response, effective radiative
forcing, and feedbacks

The global surface warming response to a carbon dioxide
doubling (2 X CO,) was larger than the global surface cooling
response to a carbon dioxide halving (0.5 X CO,) in fully cou-
pled CESM1 simulations (Fig. 1a). This persistent surface
temperature response difference occurred in all 150 years of
the simulations providing evidence that it results from forcing
and/or feedback differences, not internally driven climate var-
iability. Based on averages over the last 50 years (years
100-150), the absolute magnitude of 2 X CO, global warming
(2.73 K) exceeded the magnitude of 0.5 X CO, global cooling
(2.28 K) by 0.47 K. More than 75% of these global surface
temperature responses occurred in the first 50 years, accom-
panied by large decreases in the top-of-model energy imbal-
ance. Unsurprisingly, the simulations remained ~1 W m ™2 out
of energy balance at year 150 (Fig. 1b). This residual energy
imbalance reflects the multi-century time scales required for
the ocean to reach equilibrium in a fully coupled model (e.g.,
Rugenstein et al. 2020; Stouffer 2004). This residual imbal-
ance also implies additional surface temperature change
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FIG. 1. Time series of global annual mean responses to instantaneous carbon dioxide forcing: (a) surface temperature
change and (b) top-of-model (TOM) energy imbalance. All temperature changes are relative to CNT.

would occur if the simulations are extended. The similarity of
the residual imbalance magnitude for 2 X CO, and 0.5 X CO,
(Fig. 1b) and direct calculations of ocean heat uptake (not
shown) both show that ocean heat uptake differences are not
the first-order driver of 2 X CO, and 0.5 X CO, response
differences.

Effective radiative forcing (ERF) differences help explain
more 2 X CO, global warming than 0.5 X CO, global cooling.
Indeed, two independent methods show that the globally
averaged absolute ERF was larger for 2 X CO, than for 0.5 X
CO,; (Table 2). In other words, doubling carbon dioxide con-
centrations resulted in forcing that was close to, but not
exactly equal-but-opposite forcing as halving carbon dioxide
concentrations. The fixed SST method (ERF_fSST) shows

2 X CO, ERF (3.82 = 0.05 W m™ 2 was 10% larger than the
absolute magnitude of the 0.5 X CO, ERF (3.44 = 0.06 W m™2).
Similarly, the average of the regression method (ERF_reg)
employed over the first 20 years with three different initial
conditions shows the 2 X CO, ERF (3.84 * standard error
0.69 W m~2) was 15% larger than the absolute magnitude of the
0.5 X CO, ERF (326 * standard error 0.58 W m™2). Classic
“Gregory” (Gregory et al. 2004) scatterplots of global top-of-
model energy imbalance versus global surface temperature
change following visually show a larger ERF (i.e., larger Y inter-
cept) under 2 X CO, than under 0.5 X CO, (Fig. 2). That said,
regression-based estimates of ERF were noisy with individual
estimates of ERF deviating by over 10% and 95% confidence
intervals that were an order of magnitude larger than those

TABLE 2. Global surface temperature change, effective radiative forcing, and global radiative feedbacks. Radiative feedbacks are
estimated using radiative kernels over the last 50 year of the simulations. Uncertainties in the global mean surface temperature
response and ERF are based on 95% confidence intervals following Forster et al. (2016). Maximum uncertainties in global feedbacks
due to sampling are 0.03 W m~2 K™! [see supporting information of Middlemas et al. (2020)].

Description CNT_2XCO, CNT_0.5XCO, CL_2XCO, CL_0.5XCO,
Global mean surface temperature response (K) 275 £ 0.03 —2.28 = 0.03 2.19 = 0.03 —1.85 £ 0.02
ERF_fSST (W m~?) 3.82 = 0.05 ~3.44 = 0.06 3.39 = 0.03 —~3.13 = 0.04
ERF_reg (W m " 2) 3.84 + 0.69 —-3.26 = 0.58 3.51 = 0.17 —-3.24 +0.36
Total feedback parameter (W m~2 K1) -1.10 -1.19 -1.55 -1.66
Non-cloud feedbacks (W m 2 K1) -1.55 -1.43 -1.55 —1.66
Planck feedback (W m 2 K1) -3.19 -3.18 —-3.18 -321
Surface albedo feedback (W m 2 K1) 0.54 0.56 0.59 0.53
Lapse rate feedback (W m™2 K1) —0.42 —-0.28 —-0.28 —0.45
Water vapor feedback (W m 2 K™') 1.52 1.47 1.32 1.47
Cloud feedback (W m 2 K1) 0.45 0.24 0.00 0.00
Shortwave cloud feedback (W m~2 K1) 0.34 0.11 — —
Longwave cloud feedback (W m™2 K1) 0.11 0.13 — —
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pared to CNT.

estimated using ERF_fSST. Given these noisy results which are
consistent with Forster et al. 2016, we place less emphasis on lin-
ear regression approaches to quantify ERF (Y intercept) and
feedback (slope) differences.

In addition to forcing differences, radiative feedbacks also
contribute to more 2 X CO, global warming than 0.5 X CO,
global cooling. The global feedback parameter estimated by
summing all kernel-based feedbacks was ~8% less negative
under 2 X CO, global warming than under 0.5 X CO, global
cooling (Table 2). This difference mostly arose from positive
global cloud feedbacks that were almost twice as large under
2 X CO, global warming than under 0.5 X CO, global cooling.

a. CNT_2xCO; Surface Temperature Change (dTS)

60E 120 180 120w

dTS (K)

b. CNT_0.5xCO, Surface Temperature Change (dTS)

0 60E 120 180 120w 60W
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Shortwave cloud feedback differences explain the 2 X CO, —
0.5 X CO; cloud feedback differences though there was modest
opposition by longwave cloud feedback differences. More posi-
tive global cloud feedbacks under global warming than under
global cooling were opposed by a 50% more negative global
lapse rate feedback under global warming than under global
cooling. Global 2 X CO, — 0.5 X CO, differences were small
(within 4%) for the surface albedo, water vapor, and Planck
feedbacks.

b. Regional surface temperature response and feedbacks

Typical regional temperature response patterns emerged by
the end of the 2 X CO, global warming and 0.5 X CO, global
cooling simulations (Figs. 3a,b). High-latitude surface temper-
atures responded more than low-latitude surface tempera-
tures. This expected polar amplification of the surface
temperature response coincides with the loss/gain of snow
and sea ice cover (Manabe et al. 1990). In nonpolar regions,
land surface temperatures responded more than SSTs. This
expected land-ocean response contrast results from larger
heat capacity, more efficient evaporation, and longer equilib-
rium time scales for the ocean when compared to the land
(Sutton et al. 2007) and on moist static energy dynamics
(Byrne and O’Gorman 2018). The North Atlantic Ocean sur-
face temperature response opposed the global surface tem-
perature response under both global warming and global
cooling. This North Atlantic opposition results from the
Atlantic meridional overturning circulation (AMOC) weak-
ening under global warming and strengthening under global
cooling, similar to the response seen in Stouffer and Manabe
(2003) on this time scale.

While many expected responses were found, large regional
pattern response differences between the 2 X CO, and 0.5 X
CO, simulations were also evident (Figs. 3c,d). Land uniformly

c. Difference: CNT_2xCO,-(-CNT_0.5xCO5)
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F1G. 3. Global maps of total surface temperature change from CNT for the last 50 years of simulations (years
100-150): (a) CNT_2XCO,, (b) CNT_0.5XCO,, (c) difference [CNT_2XCO, — (=CNT_0.5XCO,)], and (d) pattern
difference [CNT_2XCO, — (—=CNT_0.5XCO,)]. Pattern found by dividing local surface temperature change by the

global mean surface temperature change.
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FIG. 4. Global maps of radiative feedbacks for the last 50 years of simulations (years 100-150): (a) CNT_2XCO,
surface albedo; (b) CNT_ 2XCO, lapse rate; (c) CNT_2XCO, water vapor; (d) CNT_2XCO, total cloud; and
(e)—(h) as in (a)—~(d), but for CNT_2XCO, — CNT_0.5XCO,. Cloud feedbacks are the sum of shortwave component

from APRP and longwave component from kernels.

experienced more 2 X CO, warming than 0.5 X CO, cooling
with difference magnitudes ranging from 0.5 to 2 K. At high lat-
itudes, the local temperature response differed by more than
3 K, spatially coinciding with sea ice response (not shown).
Asymmetric warming occurred where sea ice retreated under
2 X CO, forcing, such as the high-latitude Arctic and around
Antarctica. In contrast, asymmetric cooling occurred where sea
ice advanced under 0.5 X CO, forcing, such as the Southern
Ocean and over the North Pacific and Atlantic Oceans. The ice-
free oceans generally experienced more 2 X CO, warming than
0.5 X CO; cooling by up to 1 K. One exception is the northeast
Pacific off the coast of North America, where the surface ocean
cooled more under 0.5 X CO, forcing than it warmed under
2 X CO, forcing. Enhanced cooling in this region was driven in
part by advection of cold air generated by increased sea ice
cover in the North Pacific (not shown).
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We next assess where radiative feedbacks (Fig. 4) help
explain surface temperature responses (Fig. 3). The Planck
feedback by definition has a pattern that matches the surface
temperature response pattern, and thus is not considered
here. The 2 X CO, simulation provides a useful and familiar
starting point. In response to 2 X CO,, large positive surface
albedo and lapse rate feedbacks amplified warming at high
latitudes (Figs. 4a,b; Feldl et al. 2020; Manabe and Stouffer
1980), while negative lapse rate and positive water vapor feed-
backs affected warming at low latitudes (Figs. 4b,c; Soden
et al. 2008; Zhang et al. 1994). Water vapor feedbacks
enhanced warming along the equatorial Pacific. A rich struc-
ture of mostly positive cloud feedbacks occurred at low lati-
tudes (Figs. 4d) and showed some similarity to low-latitude
warming patterns for example over the eastern tropical Pacific
and South America (Fig. 3a).
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FI1G. 5. Global maps of cloud feedbacks over the last 50

years of the simulations (years 100-150): (a) CNT_2XCO,

longwave cloud feedback estimated using kernels, (b) CNT_2XCO, shortwave cloud feedback estimated using
APRP, (c) CNT_2XCO, shortwave cloud feedback estimated using kernels; and (d)—(f) as in (a)—(c), but for the

CNT_2XCO, — CNT_0.5XCO, difference.

With 2 X CO, as a reference, we next assess 2 X CO, —
0.5 X CO, feedback pattern differences and relate them
to corresponding surface temperature pattern differences.
At high latitudes, surface albedo and lapse rate feedbacks
(Figs. 4e.f) amplified 2 X CO, — 0.5 X CO, surface tempera-
ture response differences (Figs. 3c,d). Specifically, large surface
temperature responses resulting from positive surface albedo
(6+ W m™2 K™") and lapse rate (3-5 W m~ > K™') feedbacks
occurred where the sea ice edge retreated or advanced. For
both the surface temperature response (Fig. 3) and radiative
feedbacks (Fig. 4), differences between 2 X CO, and 0.5 X
CO, had larger magnitudes at high latitudes than at low lati-
tudes. Consistent with global averages (Table 2), cloud feed-
backs (Fig. 4h) were more positive under 2 X CO, than under
0.5 X COy in almost all locations. In addition, pattern matches
between low-latitude cloud feedbacks and surface temperature
responses emerged. For example, 2 X CO, — 0.5 X CO,; cloud
feedback differences (Fig. 4h) correspond with more 2 X CO,
warming than 0.5 X CO, cooling over land especially in South
America (Figs. 3c,d). Additionally, the northeast tropical
Pacific cooled more than it warmed (Figs. 3c,d), consistent
with 2 X CO, — 0.5 X CO, cloud feedback differences there
(Fig. 4h).

Given the substantial 2 X CO, — 0.5 X CO, differences in
cloud feedbacks, we assess shortwave and longwave cloud
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feedback components individually (Fig. 5). Shortwave cloud
feedback magnitudes exceeded longwave cloud feedback
magnitudes almost everywhere. When present, the longwave
cloud feedback opposed shortwave cloud feedback in the
deep convective regions (e.g., along the equatorial tropical
Pacific). For reasons discussed in the methods, we use APRP
shortwave cloud feedbacks. Yet, kernel-based and APRP esti-
mates of shortwave cloud feedbacks agree everywhere except
high latitudes (Fig. 5).

While tropical responses have important influences on
global responses, the magnitude of tropical SST change is rel-
atively small, and benefits from tropical-specific color scaling.
To that end, Fig. 6 emphasizes the rich pattern of tropical
SST response and associated surface wind responses. For 2 X
CO,, this pattern includes well-known responses such as:
1) enhanced equatorial warming associated with anomalous
westerly winds (Vecchi and Soden 2007; DiNezio et al. 2009;
Xie et al. 2010), 2) more warming in the western than the east-
ern Indian Ocean associated with anomalous easterly winds
(Thara et al. 2009), and 3) a minimum in warming in the south-
ern subtropics associated with hemispheric asymmetries in
the trade wind response (Xie et al. 2010).

Differencing the tropical ocean responses to 2 X CO, and
0.5 X CO,, we note more 2 X CO, warming than 0.5 X CO,
cooling almost everywhere (Fig. 6¢). More 2 X CO, warming
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FIG. 6. Tropical ocean response over the last 50 years of the simulations (years 100-150): (a) CNT_2XCO; sea sur-
face temperature (contours) and surface wind (arrows); (b) as in (a), but for CNT_0.5XCOy; and (c) as in (a), but for
the CNT_2XCO, — (—CNT_0.5XCO,) difference. All responses are relative to CNT.

than 0.5 X CO, cooling was especially prominent in the con-
vective western tropical Pacific, along the equator in the east-
ern Pacific, in the western and southeastern subtropical
Pacific, and in the subtropical Indian and southern Atlantic
Oceans. In contrast, more 0.5 X CO, cooling than 2 X CO,
warming occurred in the subtropical northeast Pacific and
subtropical North Atlantic. Surface wind response 2 X CO, —
0.5 X CO, differences were consistent with SST 2 X CO, —
0.5 X CO, response differences in some regions including
along the equator. But, wind differences could not explain
western tropical Pacific and the subtropical northeast Pacific
2 X CO, — 0.5 X CO, differences. Instead, normalizing by
global mean responses emphasizes that these 2 X CO, — 0.5 X
CO, pattern differences (Fig. 7a) match cloud feedback differ-
ences (Fig. 7a) and secondarily water vapor/lapse rate feedback
differences (Fig. 7b). Unlike the tropical Pacific, a match
between cloud feedbacks and surface temperature response
patterns was less clear in the tropical Atlantic and Indian
Ocean.

c¢. Time evolution of regional surface temperature patterns
and feedbacks

We next contrast “slow” (years 50-150) and the “fast”
(years 1-50) responses in our 2 X CO, and 0.5 X CO, simula-
tions (Fig. 8). The slowest regions to respond were the North
Atlantic and North Pacific, especially for 0.5 X CO,. While
Southern Ocean 2 X CO, warming was relatively slow, South-
ern Ocean 0.5 X CO, cooling was relatively fast. The largest
magnitude slow surface temperature responses occurred at
high northern latitudes for both 2 X CO, and 0.5 X CO, and
at high southern latitudes for 2 X CO, (Figs. 8c,d).

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/23/23 08:01 PM UTC

High-latitude slow surface temperature responses (Fig. 8)
and radiative feedbacks (Fig. 9) shared patterns in time and
space. Over high northern latitude oceans, linked positive sur-
face albedo and lapse rate feedbacks decreased in strength
over time under 2 X CO, (Figs. 9a,b) but increased in
strength over time under 0.5 X CO, (Figs. 9¢.f). In the North
Atlantic and North Pacific, the strengthening of these positive
feedbacks with time enhanced delayed 0.5 X CO, cooling
(Fig. 8b). Similarly, these positive feedbacks weakened with
time in the Western Arctic Ocean matching relatively fast 2 X
CO, warming there (Fig. 8a). Sea ice changes explained the
high-latitude surface albedo and surface temperature
response time evolution (Fig. 10). Notably, 2 X CO, Northern
Hemisphere sea ice loss occurred almost entirely in the first
50 years with small and increasingly higher-latitude loss in
subsequent years. While large 0.5 X CO, Northern Hemi-
sphere sea ice gains occurred in the first 50 years, ice gain was
also appreciable over the last 100 years of the simulation.
Over mid-high southern latitude oceans, positive surface
albedo and lapse rate feedbacks got stronger with time under
2 X CO, and weaker with time under 0.5 X CO, (Fig. 9).
These changes were consistent with relatively fast sea ice
expansion under 0.5 X CO, and slow sea ice retreat under
2 X CO, over the Southern Ocean (Fig. 10).

At low and midlatitudes, cloud feedbacks (Figs. 9d,h)
changed the most through time and helped explain the time
evolution of the surface temperature response. For example,
positive cloud feedbacks over land decreased with time, con-
sistent with relatively fast surface temperature responses
there (Fig. 8). Over southern midlatitudes, 2 X CO, cloud
feedbacks became more positive with time consistent with
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FIG. 7. Tropical oceans CNT_2XCO, — CNT_0.5XCO, difference from CNT for the last 50 years of the simula-
tions (years 100-150): (a) sea surface temperature pattern, (b) cloud feedbacks, and (c) water vapor + lapse rate
feedbacks. CNT 500-hPa subsidence (Pa s™') plotted in gray contours. Pattern found by dividing local surface tem-
perature change by the global mean surface temperature change.

delayed 2 X CO, warming there. Under both 2 X CO, and
0.5 X CO,, delayed eastern Pacific Ocean and northeastern
Atlantic Ocean surface temperature responses were especially
enhanced by positive cloud feedbacks.

The time evolution of tropical SST responses was driven by
ocean dynamics and enhanced by cloud feedbacks (Fig. 11).

a. CNT_2xCO; Slow Fraction
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Slow Fraction
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Sea surface temperatures in the eastern tropical Pacific were
slow to respond to greenhouse forcing because they were con-
trolled by upwelling of waters that have not yet come to equi-
librium (e.g., DiNezio et al. 2009). This slower warming
ultimately propagates to the central and western Pacific via
the wind-SST-evaporation feedback. Under both 2 X CO,

c. CNT_2xCO; Slow Change

[ 60E 120 180 120w

dTS (K)

d. CNT_0.5xCO; Slow Change

60w 0

0 60E

120 180 120w

FIG. 8. Global maps of the surface temperature change (dTS): (a) CNT_2XCO; slow fraction, (b) CNT_0.5XCO,

slow fraction, (¢) CNT_2XCO, slow change, and (d) CNT_0.5XCO, slow change. The slow fraction is the fraction of
the total change (years 100-150) that occurs after year 50. “Slow change” change is the total change (years 100-150)
minus the “fast” change (years 1-50). In other words, slow change is the change that occurs after year 50.
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FIG. 9. As in Fig. 4, but showing the difference between slow (years 100-150) and fast (years 1-50) feedbacks for
CNT_2XCO, and CNT_0.5XCO,. Note: Color scale is half of that in Fig. 4.

and 0.5 X CO,, this delayed eastern Pacific surface tempera-
ture response (Figs. 11a,d) was enhanced by positive cloud
feedbacks (Figs. 11b,e), with second-order contributions from
positive lapse rate and water vapor feedbacks (Figs. 11c,f).
The largest influence of cloud radiative feedbacks was on the
slow 0.5 X CO, northeastern subtropical Pacific warming and
the slow 2 X CO, southeastern subtropical Pacific cooling.

d. Understanding cloud influence by disabling cloud
radiative feedbacks

“Cloud influence” (i.e., the difference between a control
and a cloud locked simulation) increased both 2 X CO, global
warming and 0.5 X CO, global cooling (Fig. 12). Specifically,
enabling cloud radiative feedbacks increased the global sur-
face temperature response measured using the last 50 years of
the simulations (years 100-150) by 20%. A larger global sur-
face temperature response with cloud radiative feedbacks
enabled than with cloud radiative feedbacks disabled is
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consistent with the positive global cloud feedbacks diagnosed
using kernels/ APRP (Table 2). Interestingly, both the residual
top-of-model energy imbalance (Fig. 12b) and direct calcula-
tions show that global ocean heat uptake is unaffected by dis-
abling cloud feedbacks.

Fixed SST experiments show that enabling cloud feedbacks
increased the absolute global mean ERF by 10% for both 2 X
CO; and 0.5 X CO, (Table 2). Clouds rapidly adjusted to the
CO, changes and those rapid cloud adjustments increased the
strength of the CO, forcing in the control simulations as com-
pared to the cloud locked simulations. Regression-based esti-
mates also provided evidence for larger ERF with cloud
feedbacks active than with cloud feedbacks disabled (Table 2).
That said, regression-based estimates of ERF were noisy with
individual estimates deviating by nearly 10%.

Surprisingly, enabling cloud feedbacks increased the global
mean total feedback parameter by a similar amount for 2 X
CO, (+0.45Wm 2K ') and 0.5 X CO, (+047 Wm 2K ).
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FI1G. 10. Zonal annual mean time evolution: (a) change in sea ice fraction during the first 50 years (1-50), middle 50
years (51-100), and last 100 years (101-150). (b) As in (a), but for surface albedo change. (c) As in (a), but for surface

temperature change.

Thus, cloud influence barely changed the total 2 X CO, — 0.5 X
CO, global feedback parameter difference (Table 2). Initially,
this result seems surprising because the global mean cloud feed-
back was 021 W m™2 K™ larger for 2 X CO, than for 0.5 X
CO,. But clouds can affect non-cloud feedbacks (Table 2,
Fig. 13). Taken together, global cancellation between cloud
influence on non-cloud feedbacks occurred under 2 X CO,, but
not under 0.5 X CO,. As a result, cloud influence on non-cloud
feedbacks reduced the 2 X CO, — 0.5 X CO, global feedback
parameter difference by 0.23 W m~2 K™!, almost entirely com-
pensating for the 2 X CO, — 0.5 X CO, cloud feedback parame-
ter difference of 0.21 Wm 2 KL,

Globally for 2 X CO,, cloud influence weakened the positive
global surface albedo feedback by 0.05 W m~2 K1, strength-
ened the negative global lapse rate feedback by 0.14 W m™>
K™, and strengthened the positive water vapor feedback by
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0.20 W m~2 K™! (Table 2). Spatially for 2 X CO,, there was
compensation between cloud influence on high-latitude surface
albedo/lapse rate feedbacks and tropical water vapor feedbacks
(Fig. 13). But increases in the positive tropical water vapor feed-
back overpowered decreases in the high-latitude positive sur-
face albedo and lapse rate feedbacks. In contrast to 2 X CO,,
cloud influence strengthened the 0.5 X CO, positive global sur-
face albedo feedback by 0.03 W m > K™!, weakened the nega-
tive 0.5 X CO, global lapse rate feedback by 0.17 W m 2 K/,
and had no effect on the 0.5 X CO, water vapor feedback.
Unlike for 2 X CO,, cloud influence on tropical water vapor
feedbacks was small for 0.5 X CO,. Additionally, cloud influ-
ence was opposite in sign for 2 X CO, and 0.5 X CO, for high-
latitude lapse rate and surface albedo feedbacks.

Enabling cloud feedbacks increased the surface tempera-
ture response to 2 X CO, and 0.5 X CO, at most locations on
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FIG. 11. Tropical ocean slow (years 100-150) minus fast (years 1-50). Response: (a) CNT_2XCO, sea surface temperature pattern
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Pas™'); (c) CNT_2XCO, water vapor + lapse rate feedback; and (d)(f) as in (a)~(c), but for CNT_0.5X COs,.

the globe (Fig. 14). Interestingly, enabling cloud feedbacks
amplified surface temperature response patterns unassociated
with cloud feedback patterns. As a result, global pattern cor-
relations between simulations with cloud feedbacks enabled
and disabled were high for 2 X CO, (0.99) and 0.5 X CO,
(0.89). In addition, cloud influence patterns (Fig. 14) did not
match total cloud feedback patterns (Figs. 4d,h) in most
regions. The global pattern correlation between cloud influ-
ence and cloud feedback was small: 0.23 for 2 X CO, and
—0.08 for 0.5 X CO,.

Cloud influence increased the high northern latitude
response despite small high-latitude cloud feedbacks. In other
words, cloud influence on high northern latitude surface tem-
perature did not result from local cloud feedbacks, but instead
from low-latitude cloud feedbacks including their influence

on non-cloud feedbacks and circulation. The lapse rate and
surface albedo feedbacks at high latitudes were important for
explaining cloud influence on high-latitude surface tempera-
ture response pattern.

While not generally found, local correspondence between
cloud influence (Figs. 14a,b) and cloud feedback (Figs. 4d,h)
patterns did occur in some regions. For example, cloud influ-
ence affected the Southern Ocean response away from the
sea ice edge, consistent with an equatorward transition from
negative to positive cloud feedbacks there. In addition, cloud
radiative feedbacks shaped some but not all tropical SST
responses. Notably, shared equatorial Pacific and Atlantic
and western Indian Ocean responses for both 2 X CO, and
0.5 X CO; including associated wind changes were unaffected
by cloud locking (Figs. 15a,b). In addition, cloud influence on
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FI1G. 12. Global surface temperature and top of model energy imbalance time evolution for simulations with
(CNT_2XCO,, CNT_0.5XCO,) and without cloud radiative feedbacks (CL_2XCO,, CL_0.5XCO5,).
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Fi1G. 13. Cloud influence on non-cloud feedbacks: (a) 2 X CO, surface albedo; (b) 2 X CO, lapse rate; (c) 2 X CO,
water vapor; and (d)—(f) as in (a)—(c), but for 0.5 X CO,. All feedbacks are calculated using radiative kernels for years
100-150. All feedbacks are normalized by the global mean temperature. Cloud influence is calculated by differencing
simulations with and without cloud radiative feedbacks (CNT-CL).

the Indian and tropical Atlantic Ocean was generally small, influence on the western tropical Pacific was fast and largely
especially for the slow response (Fig. 16). But, enabling cloud  occurred in the first 50 years (Fig. 16). Cloud influence also
radiative feedbacks increased the western tropical Pacific SST  created asymmetry across the equatorial Pacific with a larger
response, especially for 2 X CO, (Figs. 15¢,d). This cloud response in the Northern Hemisphere than in Southern

a. CNT-CL 2xCO, Total dTS c. CNT-CL 2xCO; Slow dTS
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dTs (K)
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b. CNT-CL -0.5xCO, Total dTS

[ 60E 120 180 120w 60W 0 0 60E 120 180 120w 60W 0

FIG. 14. Global maps of cloud influence on the total and the slow surface temperature change (dTS). Cloud influ-
ence is calculated by differencing simulations with and without cloud radiative feedbacks (CNT-CL). The slow
change is the total change (average over years 100-150) minus the fast (average over years 1-50) change.
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FIG. 15. Tropical ocean total response (average over years 100-150): (a) 2 X CO, without cloud radiative feedbacks (CL_2XCQO,) sur-
face temperature change (colors) and surface wind changes (black arrows); (b) as in (a), but for 0.5 X CO,, (¢) as in (a), but 2 X CO, cloud
influence; and (d) as in (a), but 0.5 X CO; cloud influence. Cloud influence is calculated by differencing simulations with and without cloud
radiative feedbacks (CNT-CL). Note that in (c) and (d) dTS color contours are scaled at half of (a) and (b).

Hemisphere (Figs. 15c.d). This asymmetry resulted from
enhanced 2 X CO, warming across the entire northern tropi-
cal Pacific, but enhanced 0.5 X CO, cooling only in the north-
eastern tropical Pacific. While the cloud influence on the
zonally uniform 2 X CO, north tropical Pacific warming was
fast, the cloud influence on the northeastern tropical Pacific
cooling was slow (Fig. 16), and potentially connected to the
slow North Pacific cooling (Fig. 8). There was also delayed
response in the southeastern tropical Pacific.

With the equal-but-opposite responses removed, the ampli-
tude and pattern of tropical ocean differences between 2 X
CO; and 0.5 X CO, were strongly affected by cloud radiative
feedbacks (Fig. 17). Cloud influence doubled the magnitude
of tropical ocean response differences between 2 X CO, and
0.5 X CO; in many regions including the Indian Ocean, the
west Pacific, the equatorial Pacific, and the South Atlantic.
Cloud influence created asymmetry across the equator in the
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tropical ocean response differences between 2 X CO, and
0.5 X COsy. In contrast, surface wind differences between 2 X
CO; and 0.5 X CO, were modest.

4. Discussion

The most important result found in this study is that the
cloud influence on idealized greenhouse warming and cooling
goes well beyond local cloud radiative feedbacks. Enabling
cloud radiative feedbacks increases effective radiative forcing
and amplifies the surface temperature response almost every-
where. Remarkably, cloud feedbacks diagnosed offline have
only modest pattern correspondence with the cloud influence
found by differencing experiments with and without cloud
radiative feedbacks. By coupling with the circulation and non-
cloud feedbacks, clouds amplify the response pattern, even
where local cloud radiative feedbacks are small. Cloud
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FIG. 16. Tropical ocean slow change in surface temperature: (a) 2 X CO, without cloud radiative feedbacks (CL_2XCO,), (b) 0.5 X
CO, without cloud radiative feedbacks (CL_0.5XCQO,), (c) 2 X CO; cloud influence, and (d) 0.5 X CO, cloud influence. The slow change
is the total change (average over years 100-150) minus the fast change (average over years 1-50).

influence on non-cloud feedback is also state dependent. For
example, cloud influence on tropical water vapor feedbacks is
larger for 2 X CO, than for 0.5 X CO,, Clouds having effects
well beyond those diagnosed with local feedback analysis is
consistent with Middlemas et al. (2020) who found Arctic
warming was more strongly affected by disabling global cloud
feedback than disabling local Arctic cloud feedbacks. The
results are also consistent with Chen et al. (2021) who diag-
nose mechanisms for interhemisphere differences in cloud
coupling with circulation. The work adds to a large body of lit-
erature showing cloud coupling with circulation and with non-
cloud feedbacks is needed to fully understand cloud influence
on the climate system (e.g., Chen et al. 2021; Middlemas et al.
2020; Middlemas et al. 2019; Zhou et al. 2017; Mauritsen et al.
2013).

The tropical Pacific is unique because its response patterns
are shaped by local cloud radiative feedbacks. Indeed, cloud
feedbacks control some but not all aspects of the pattern and
time evolution of the tropical Pacific SST response to 2 X
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CO, and 0.5 X CO,, Since many aspects of the tropical Pacific
response to 2 X CO, and 0.5 X CO, were nearly equal but
opposite, 2 X CO, — 0.5 X CO, cloud feedback differences
were especially important for explaining 2 X CO, — (=0.5 X
CO,) SST response differences. Consistent with previous mul-
timodel analysis of greenhouse warming that diagnose cloud
feedbacks (Dong et al. 2020; Andrews et al. 2015), we find
enabling cloud feedbacks amplifies the fast western tropical
Pacific response and the slow eastern tropical Pacific
responses. That clouds affect the east-west gradient across
the Pacific including its temporal evolution is intriguing. Yet,
we expect the spatial pattern and magnitude of this cloud
influence are very likely model dependent, especially in the
eastern subtropical Pacific where there are large biases in low
cloud cover and shortwave cloud forcing in CESM1-CAMS5
(e.g., Kay et al. 2012) and large multimodel differences in
cloud radiative effects (e.g., DiNezio et al. 2009).

The high-latitude ocean surface temperature response and
associated feedbacks are strongly shaped by sea ice with
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FIG. 17. Tropical maps of 2 X CO, — 0.5 X CO, surface temperature (color) and surface wind (black arrow) response: (a) with cloud
feedbacks (CNT_2XCO, — CNT_ 0.5XCO,), (b) without cloud feedbacks (CL_2XCO, — CL_0.5XCO,), and (c) cloud influence on
2 X CO, — 0.5 X CO, difference. Cloud influence is calculated by differencing simulations with and without cloud radiative feedbacks

(CNT-CL).

striking differences in their time evolution. Delayed Southern
Ocean warming is a well-known feature of greenhouse warm-
ing (Manabe et al. 1990) that results from the uptake of heat
by the mean overturning circulation (Armour et al. 2016). Yet
unlike the relatively slow 2 X CO, warming over the Southern
Ocean in our 150-yr-long experiments, Southern Ocean 0.5 X
CO, is relatively fast. Why is the Southern Ocean cooling
happening so quickly? Covering the Southern Ocean with sea
ice under global cooling decreases air-sea fluxes and thus
removes the ocean circulation response buffer in a key region
(Stouffer and Manabe 2003). This asymmetry in ocean buffer-
ing leads to asymmetries in carbon and heat exchanges under
global warming and cooling over the Southern Ocean. Indeed,
covering the Southern Ocean with sea ice severely limits
air-sea fluxes in a primary region of deep water ventilation
(Stephens and Keeling 2000). Reduction in the exchanges of
surface and deep water has profound implications for ice age
climates (Sigman et al. 2021). Future work could examine
asymmetries in westerly wind changes and their influence on
surface ocean carbon dioxide in these simulations (Toggweiler
et al. 2006). This work is of particular interest since CESM1-
CAMS has a realistic present-day Southern Hemisphere mid-
latitude jet position that shifts less in response to forcing than
other models of its class (Kay et al. 2014; Barnes and Polvani
2013).
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In contrast, high northern latitude ocean 2 X CO, warming
is much faster than 0.5 X CO; cooling. The corresponding
slower pace of Northern Hemisphere sea ice advance under
global cooling than sea ice retreat under global warming is
also striking. Indeed, the continued advance of sea ice
throughout all 150 years of the global cooling experiments
creates delayed surface cooling over the North Atlantic and
Pacific and increasingly positive lapse rate feedbacks there.
Enabling cloud feedbacks enhances this phenomenon. These
increasingly positive 0.5 X CO, lapse rate feedbacks contrib-
ute to global 2 X CO, — 0.5 X CO; lapse rate feedback differ-
ences that oppose global 2 X CO, — 0.5 X CO, shortwave
cloud feedbacks differences. In the North Pacific, this cooling
and sea ice advance may affect cloud feedbacks at latitudes
via the wind—evaporation-SST feedback. It could help explain
some of the 2 X CO, — 0.5 X CO, response asymmetry in the
eastern tropical Pacific cloud feedbacks. More generally, these
results raise questions about how the interlinked positive sur-
face albedo and lapse rate feedbacks change as the sea ice
change moves to lower latitudes with differing insolation,
stratification, and ocean circulation. A more detailed assess-
ment of the coupled processes associated with the ice edge
moving meridionally in fully coupled models including assess-
ment of cloud influence is recommended for future work.
Such an assessment could also take advantage of new
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methods to separate the surface and atmospheric heat trans-
port contributions to lapse rate feedbacks (Feldl et al. 2020).

Our idealized results inform debate on paleoclimate con-
straints on future warming. According to a recent synthesis by
Sherwood et al. (2020), the amount of global cooling during
the LGM provides the tightest constraint on the upper bound
of equilibrium future warming. Specifically, Sherwood et al.
(2020) argue the LGM cooling provides strong evidence
against the largest values of equilibrium climate sensitivity
(4.5+ K). That said, if state-dependent feedbacks lead to sub-
stantially more global warming than global cooling, as found
here, the LGM constraint on the upper bound of ECS
increases (Tierney et al. 2020). While the existence of climate
state dependence has been well documented in models for
decades, its magnitude and underlying process controls still
remain uncertain. Three points are important to emphasize
here. First, to credibly argue that the largest values of equilib-
rium climate sensitivity (i.e., 4.5+ K) are consistent with
LGM cooling, larger asymmetries controlling global cooling
and warming than those that are found here are needed. For
example, combining the 20% asymmetry found here with the
Tierney et al. (2020) LGM-informed ECS estimate of 3.4 K
puts an upper limit on ECS of 4.08 K. Second clouds are an
important and well-known source of state-dependent feed-
backs. Yet here we find more global warming than global
cooling occurs even when cloud radiative feedbacks are
disabled.

There are two notable limitations to this work. First, with
simulation lengths of only 150 years our experiments are
many centuries away from their fully equilibrated response
(Rugenstein et al. 2020, Stouffer 2004). Thus, the results here
are mostly relevant for fast feedbacks and upper ocean pro-
cesses. The equilibrium surface temperature response to a
CO; doubling in CESM1-CAMS estimated using a slab ocean
model is 4.0 K (Gettelman et al. 2012). Over the last 50 years
of our 2 X CO, simulation, the globe warmed by 2.75 K or
~70% of the total anticipated surface temperature response.
While understanding this initial response is certainly of value,
the equilibrium response will likely differ, especially in
regions whose responses are strongly shaped by ocean circula-
tion. For example, the initial AMOC response of weakening
under 2 X CO, and strengthening under 0.5 X CO, in our
experiments is consistent with initial responses seen in other
models (Stouffer and Manabe 2003). Yet, when other model
simulations were run out for thousands of years, it became
clear that the equilibrated AMOC response cannot be
inferred from the initial AMOC response (Stouffer and Man-
abe 2003; Jansen et al. 2018).

Second, we use one model: CESM1-CAMS. Notably, this
model is fully coupled and run at the standard resolution used
for historical and future projections. The model has been
extensively used and is a top-performing CMIPS model when
evaluated against modern (Knutti et al. 2013; Kay et al. 2012)
and paleoclimate (Zhu and Poulsen 2021; Zhu et al. 2019;
DiNezio et al. 2018) constraints. We encourage more simula-
tions with cloud radiative feedbacks disabled to assess the
robustness of the results here. But we acknowledge the cloud
locking experiments analyzed here are not easily reproduced
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in multiple models. Disabling cloud radiative feedbacks
requires running new simulations and a vetted implementa-
tion of cloud locking (e.g., Middlemas et al. 2019). Compari-
son of the fully coupled results here with similar experiments
that are part of CMIP6 (Webb et al. 2017) could help reveal
aspects of the responses found here that are model dependent.

5. Summary and conclusions

Examining abrupt CO, forcing simulations with a global
fully coupled climate model CESM1-CAMS, we found the
following:

o After 150 years, there was 20% more 2 X CO, global
warming than 0.5 X CO, global cooling. This difference
resulted from 1) ~10% larger effective radiative forcing
(ERF) for 2 X CO, than for 0.5 X CO, and 2) less negative
radiative feedbacks for 2 X CO, than for 0.5 X CO, due
largely to positive shortwave cloud feedbacks, with some
opposition by lapse rate feedbacks.

Over high-latitude oceans, 2 X CO, — (—0.5 X CO,) sur-
face temperature response differences were amplified by
linked positive surface albedo and lapse rate feedbacks
associated with sea ice change. While 2 X CO, warming
was faster than 0.5 X CO, cooling at high northern lati-
tudes, 0.5 X CO, cooling was faster than 2 X CO, warming
at high southern latitudes.

e At low latitudes, 2 X CO, warming exceeded 0.5 X CO,
cooling almost everywhere due to both larger 2 X CO,
forcing and more positive 2 X CO, shortwave cloud feed-
backs. Tropical Pacific cloud feedback patterns amplify 1)
more fast 2 X CO, warming than fast 0.5 X CO, cooling in
the west and 2) slow 2 X CO, — (—0.5 X CO,) pattern dif-
ferences in the east.

Disabling cloud radiative feedbacks reduced ERF and
resulted in less global warming and less global cooling.

e Regardless of whether cloud feedbacks were enabled or
disabled, global warming exceeded global cooling by 20%.
This surprising consistency in the asymmetry between
global warming and cooling resulted from the cloud influ-
ence on non-cloud feedbacks.

The cloud influence on climate response diagnosed by com-
paring simulations with and without cloud radiative feed-
backs is much greater than those solely attributable local
cloud radiative effects. Disabling cloud feedbacks strongly
affected climate responses in regions with small cloud feed-
backs, notably the high latitudes.

Disabling cloud feedbacks did not affect surface tempera-
ture response patterns. A notable exception is the tropical
Pacific where cloud feedbacks shaped the pattern and time
evolution of the SST response.

Moving forward, these results provide new perspectives on
the processes driving differences between idealized green-
house warming and cooling especially for clouds. While we
document and explain many interesting patterns and their
time evolution using novel and state-of-the-art techniques,
much more could be done. For example, how do atmosphere
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and ocean circulation respond to and interact with disabled
cloud feedbacks? What are the implications of the non-equal-
but-opposite responses shown here for carbon cycle feed-
backs? How do hemispheric differences in the time and spa-
tial pattern evolution of warming and cooling interact with
feedbacks? Understanding the regional processes that drive
nonlinear responses to global warming and cooling remains a
rich research area with important consequences for future cli-
mate projections and forcing.
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