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Abstract. Stratocumulus clouds are thought to exert a strong positive radiative feedback on climate change,
but recent analyses suggest that this feedback is widely under-represented in global climate models. To assess
the broader implications of this model error for the simulated climate change responses, we investigate the
impact of Pacific stratocumulus cloud feedback on projected warming patterns, equilibrium climate sensitivity
and tropical atmospheric circulation under increased CO; concentrations. Using the Community Earth System
Model, with modifications to enhance low-cloud-cover sensitivity to sea surface temperature (SST) anomalies
in Pacific stratocumulus regions, we find increased tropical SST variability and persistence, a higher equilibrium
climate sensitivity, an enhanced east—west warming contrast across the tropical Pacific, and a stronger slowdown
of the Walker circulation under 4xCO; conditions. Our findings are supported by inter-model relationships
across CMIP6 4xCO, simulations. These results underscore the importance of accurately representing cloud
feedback in climate models to predict future climate change impacts not only globally but also on a regional

scale, such as warming patterns or circulation change.

1 Introduction

Clouds play a major role in shaping both our current climate
and future climate change through their impact on incoming
shortwave radiation as well as outgoing terrestrial longwave
radiation. Any external forcing on the climate system can po-
tentially change cloud properties, therefore feeding back to
the global climate.

Cloud feedback has been studied extensively in terms of
its implications for global mean surface temperature change,
particularly the equilibrium climate sensitivity (ECS) (e.g.
Zelinka et al., 2020; Zhu and Poulsen, 2020; Myers et al.,
2021; Ceppi and Nowack, 2021). However, cloud feedback
is potentially also key for the pattern of surface warming, in-
fluencing the local radiation budget and atmospheric circula-
tion (e.g. Voigt and Shaw, 2015; Ceppi and Hartmann, 2016).
This is all the more important as general circulation models

(GCMs) feature a wide spread of sensitivity of low clouds
to sea surface temperatures (SSTs) in stratocumulus regions,
with most GCMs underestimating this sensitivity relative to
observations (Myers et al., 2021; Ceppi et al., 2024).
Previous studies have addressed the impact of clouds on
the internal variability of climate modes and SST, e.g. the
amplitude and variability of El Nifio—Southern Oscillation
(ENSO) (Bellomo et al., 2014; Ridel et al., 2016; Middlemas
et al., 2019; Yang et al., 2022) and decadal-scale ocean vari-
ability (Brown et al., 2016; Burgman et al., 2017; Hsiao et al.,
2022). Clouds can influence SSTs through feedbacks locally
as well as remotely through teleconnections — for exam-
ple through the wind—evaporation—SST (WES) and Bjerknes
feedbacks — which communicate subtropical cloud-induced
SST variability into the deeper tropics (e.g. Hsiao et al.,
2022; Kim et al., 2022). The impact of low clouds on the
future CO;-forced warming pattern and circulation change
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has received less attention, with some studies finding a feed-
back contribution to warming in the East Pacific (Chalmers
et al., 2022; Fu and Fedorov, 2023).

In this study, we test the climate impact of increasing
stratocumulus cloud sensitivity to SST in a coupled climate
model in the Northeast and Southeast Pacific subsidence re-
gions. These are of special interest as they couple to major
climate modes in the Pacific (Bellomo et al., 2014; Rédel
et al., 2016; Yuan et al., 2018; Myers and Mechoso, 2020).
Our focus is on understanding the impact of enhanced low-
cloud sensitivity on projected warming patterns and result-
ing circulation change. Previous studies that analysed cloud
impacts on abrupt CO, responses mostly used model exper-
iments, with all clouds decoupled from the meteorology (of-
ten described as “cloud locking”); by contrast, we couple the
Pacific stratocumulus clouds more strongly to the underlying
SSTs, which is arguably more physical. The results provide
insight into the potential global implications of model bias in
stratocumulus cloud feedback.

2 Data and methods

2.1 Experimental setup

We use the Community Earth System Model version 2.1.3
(CESM2.1.3), with the atmosphere model CAM4 (Neale
et al., 2010) and the ocean model POP2 (Danabasoglu et al.,
2012). We use a T31 (3.8°) horizontal grid with 26 vertical
levels for CAM4 and a 3° horizontal grid with 60 depth lev-
els for POP2. Our choice of an already widely used model
configuration with a relatively coarse spatial grid is aimed at
computational efficiency when testing the effects of large-
scale changes in cloud sensitivities to SSTs. Our primary
goal is to qualitatively assess the importance of the role of
clouds on coupled climate change, rather than achieving ex-
act alignment with observations through our modifications to
cloud sensitivities (see below).

Cloud sensitivities are calculated following the cloud-
controlling-factor analysis framework of Ceppi and Nowack
(2021) and Ceppi et al. (2024). In this framework, cloud sen-
sitivities to controlling factors (shown in Fig. A2) are cal-
culated as the coefficients of regularised ridge regression.
Contrary to a classical multiple regression analysis, the reg-
ularisation of ridge regression allows us to include more
(correlated) predictors, in this case from neighbouring grid
cells, leading to improved sensitivity estimates. We direct the
reader to Ceppi and Nowack (2021) for further detail.

In this CESM-CAM4 configuration, relative to observa-
tions, the sensitivity of low-cloud cover (LCC; a model out-
put calculated using the maximum-random overlap assump-
tion for all clouds at or lower than 700 hPa) to SST anoma-
lies in Pacific subsidence regions is too low (Fig. Al). In
parts of the subsidence regions, sensitivities even have the
opposite sign compared to observations, causing the regional
average to be close to zero (Fig. A2a). We thus modify the
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low-cloud sensitivity to local SST by adding a perturbation
at every radiation time step, proportional to the instantaneous
SST anomaly to all clouds at or below 700 hPa. Importantly,
this instantaneous perturbation is only applied to the cloud
amount “seen” by the radiative transfer code, ensuring that
any direct effect is only on the radiative properties of the
cloud, and the perturbation is not carried over to the next time
step. Instantaneous SST anomalies are calculated relative to
the 450-year monthly climatology of the control simulation
with unperturbed clouds, termed 1 X orig (Table 1). This setup
is similar to that of Bellomo et al. (2014) and, to a lesser
extent, Erfani and Burls (2019). Although CESM-CAM4 is
biased in terms of its sensitivities to factors other than SST
(Fig. A2a), the feedback is dominated by the SST contribu-
tion, so we target that.

The cloud amount perturbation magnitude is set to —3 per-
centage points of local cloud amount anomaly per degree
of local SST anomaly. Note that this modification does not
necessarily translate to a 3-percentage-point sensitivity de-
crease of LCC, due to the random overlap statistics. While
the model previously significantly underestimated the LCC-
SST sensitivity averaged over the subsidence regions com-
pared to observations, the modifications lead to an overshoot
in sensitivity (Fig. A2a). Although this large modification ex-
aggerates the effect of model bias, it also provides a larger
signal of the impact of enhanced cloud sensitivity. Sensitivi-
ties to other controlling factors are changed as well, although
only by comparatively small amounts (Fig. A2a). The mod-
ifications are restricted to the Pacific subsidence regions as
calculated from the ECMWF Reanalysis version 5 (ERAS;
Hersbach et al., 2020), following Scott et al. (2020). The re-
sulting regions are shown in Fig. A2b.

We use four different experimental setups, which are com-
binations of modified or unmodified cloud sensitivity and
control or quadrupled CO; concentrations (Table 1). Com-
paring 1xorig and 1XMod allows us to analyse changes to
internal variability. Comparing the 4xCO, responses with
unperturbed versus perturbed clouds enables us to estimate
the impact of enhanced cloud sensitivities under greenhouse
gas (GHG) forcings. We spun up the model for 1250 years to
reach equilibrium, then branched off and spun up 1 X oyjg and
1XMoq for an additional 50 years. The 4 xCO; experiments
(4xorig and 4 xMoq) include three 150-year ensemble mem-
bers, branched off from their respective 1xCO, simulations
at 150-year intervals to ensure approximate independence.

2.2 CMIP6 data

In addition to our CESM-CAM4 experiments, we analyse
monthly mean output from 22 models from the Coupled
Model Intercomparison Project Phase 6 (CMIP6; Eyring
et al., 2016), using the piControl and 4xCO, experiments.
The models were selected based on the availability of nec-
essary data for calculating the cloud radiative sensitivity to
SST anomalies, following the cloud-controlling-factor anal-
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Table 1. Summary of the climate model experiments conducted.

Name Cloud CO, Length  Ensemble

modifications (years)  members
Ixorg No 1xCO, 450 1
IXMoa  Yes 1xCOy 450 1
4xorg No 4xCO 150 3
4xXMod  Yes 4xCO, 150 3

ysis method of Ceppi and Nowack (2021). The models
used are ACCESS-CM2, ACCESS-ESM1-5, BCC-CSM2-
MR, BCC-ESM1, CESM2, CNRM-CM6-1, CNRM-ESM2-
1, EC-Earth3-Veg, FGOALS-f3-L, GFDL-CM4, GISS-E2-1-
G, HadGEM3-GC31-LL, INM-CM4-8, INM-CM5-0, IPSL-
CM6A-LR, MIROC6, MIROC-ES2L, MPI-ESM1-2-HR,
MPI-ESM1-2-LR, MRI-ESM2-0, NESM3 and UKESM1-0-
LL.

2.3 Definitions of indices and warming patterns

We calculate the commonly used Nifio3.4 index as a measure
of El Nifio—Southern Oscillation (ENSO) strength, defined
as the deseasonalised SST anomaly box-averaged over (5°S,
5°N) latitude and (190°E, 240°E) longitude (e.g. Tren-
berth and Stepaniak, 2001). To assess the Walker circulation
strength, we follow Vecchi et al. (2006), calculating the dif-
ference in surface pressure between two boxes: (5°S, 5°N)
and (200, 280° E) in the equatorial East Pacific minus (5°S,
5°N) and (80, 160° E) over the Indo-Pacific warm pool. For
the Walker circulation index in the 4 xCO, experiments, we
use anomalies relative to the corresponding 1xCO, exper-
iments (noting that 1xMmod and 1Xorig have near-identical
climatologies), as this allows us to compare between exper-
iments and to evaluate the evolution in the 4xCO; experi-
ments.

We calculate warming maps from the 4 x CO, experiments
by regressing local surface temperature onto global mean
temperature. We will distinguish between fast, slow and total
responses, calculated over the years 1-20, 21-150 and 1-150
since CO; quadrupling (as in e.g. Andrews et al., 2015; Ru-
genstein et al., 2016; Lin et al., 2019).

3 Results

We first discuss the results from the two 1 xCO, experiments
1 X orig and 104, Which allow us to analyse changes in in-
ternal variability stemming from the cloud sensitivity modifi-
cations. We will then turn our attention to the 4 xCO, exper-
iments 4 X orig and 4Xxnoq. Finally, we will analyse the ex-
tent to which the results from these experiments hold across
CMIP6 models.
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3.1 Mean state and internal variability

Although changes to the mean state and internal variabil-
ity are not the primary focus of this paper, results from the
1xCO; experiments enable us to test whether the cloud mod-
ifications result in behaviour in line with both our physical
understanding and findings from previous studies.

The climatological SSTs are almost unaffected between
the 1xorig and 1 xMmod experiments (Fig. A3). While a few re-
gions do show differences in SST, the corresponding anoma-
lies are very small (~0.1K) and are located in neither the
subsidence regions nor the tropical Pacific. Changes in cli-
matology are therefore unlikely to have a significant impact
on the observed changes in internal variability discussed be-
low.

The cloud modifications cause enhanced SST variance in
the tropical Pacific and subtropical East Pacific (Fig. 1a).
This behaviour is in line with our physical understanding
of positive feedback between LCC and SSTs, which previ-
ous work established is not confined to local SST changes
(e.g. Bellomo et al., 2014; Zhou et al., 2017; Erfani and
Burls, 2019). Here, enhanced positive feedback between SST
anomalies and LCC (locally higher SSTs lead to lower LCC,
which increases the SSTs) leads to locally more variable
SSTs. In the equatorial Pacific, this enhanced variability is
advected westward by the trade winds along the cold tongue
region and possibly enhanced further by the Bjerknes feed-
back (Kim et al., 2022; Fu and Fedorov, 2023).

Due to the enhanced LCC-SST feedback, we find a higher
SST variability in the Nifio3.4 region and also an increase
in extreme ENSO events, which is reflected in heavier tails
of the estimated probability density of the Nifio3.4 index
(Fig. 1b). Additionally, ENSO becomes more persistent and
larger in amplitude, which is reflected in an amplitude in-
crease and a shift to lower frequencies of the power spec-
trum (Fig. 1c). Increased power is also found at periods of
around a decade, suggesting possible changes in the ampli-
tude of decadal Pacific variability. The interdecadal Pacific
oscillation power spectrum (not shown), on the other hand,
shows reduced amplitude in response to enhanced low-cloud
feedback, which points to a more complicated interaction on
long timescales. We therefore leave a detailed investigation
of such changes for future work. Overall, however, the find-
ings shown in Fig. 1 are in agreement with the physical un-
derstanding of the enhanced feedback mechanisms detailed
above.

The influence of clouds on ENSO variability has been doc-
umented in previous literature, with studies generally finding
that clouds amplify ENSO variability and persistence (e.g.
Ridel et al., 2016). The importance of low clouds specifi-
cally has been studied as well, with some studies highlight-
ing the importance of Northeast Pacific low clouds affecting
local SST variability, in turn modulating ENSO through the
wind—evaporation—-SST (WES) feedback mechanism (Yang
et al., 2022); in contrast, other studies found low clouds of
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Figure 1. Changes to surface temperature variability between the 1XpMoq and 1Xrig experiments. (a) Differences in surface temperature
standard deviations. The grey contours denote the subsidence regions where the LCC sensitivity to SST anomalies was enhanced in the Mod
experiments. The black box shows the Nifio3.4 region. (b) Estimated probability densities of the Nifio3.4 index. (¢) Power spectrum of the
Nifio3.4 index, estimated using the Welch method (Welch, 1967) with 44 20-year-long half-overlapping windows. The shaded areas show

95 % confidence intervals based on a X2 test.

the Southeast Pacific to be especially important (Bellomo
et al., 2014). Similar cloud influences extend to tropical At-
lantic SST variability (Bellomo et al., 2015; Brown et al.,
2016). By contrast, Middlemas et al. (2019) found, through
cloud-locking experiments, that clouds can decrease ENSO
persistence. This finding might be related to our findings of
reduced decadal persistence.

In summary, increasing East Pacific low-cloud sensitivities
to SSTs increases SST variability and persistence both lo-
cally and remotely; this is reflected in a more persistent and
variable ENSO. These results are in line with our physical
understanding as well as with most of the previous literature.

3.2 Response to 4xCO; forcing

We now analyse the impact of increased cloud sensitivity
on the coupled climate response to 4xCO; forcing. As a
first step, we estimate the effective radiative forcing (ERF)
and equilibrium climate sensitivity (ECS) in the two ex-
periments (4Xorig and 4Xmod) by extrapolating the rela-
tionship between the global mean radiative imbalance and
the global mean surface air temperature during the fast and
slow response in each experiment (Fig. 2a; Gregory et al.,
2004). We find that ERFoyig = 7.35 Wm™2 and ERFyoq =
726 Wm™2, ECSorig = 6.25K and ECSpjoq = 6.63 K. The
low-cloud modification therefore leaves ERF essentially un-
changed (as expected, given that our modification should
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only affect the SST-mediated cloud response; the small de-
crease is most likely sampling bias, as the ERF ranges be-
tween 4 X orig and 4 x Mod completely overlap, Fig. 2a), while
enhancing ECS by approximately 6.2 %. This is in line with
across-model relationships between ECS and cloud feedback
(although not necessarily from Pacific stratocumulus clouds)
that have been reported in previous studies (e.g. Zelinka
et al., 2020; Ceppi and Nowack, 2021; Myers et al., 2021).
With the ERF unchanged, the change in ECS must come
from climate feedback, which we calculate here as the slopes
in Fig. 2a. Our expectation is for more positive (or less neg-
ative) cloud feedback and thus less negative net feedback.
We find a 7 % decrease in net feedback magnitude in the fast
4xCO; response, in line with a higher ECS. The slow re-
sponse only shows minimal change, however, suggesting that
the fast response is the main driver of global mean warm-
ing differences. To assess the sources of the feedback dif-
ferences, we perform a radiative kernel decomposition (So-
den et al., 2008) of the differences in fast, slow and total
feedback in the 4 xnoq and 4 X orig experiments (Fig. 3). A
caveat of the analysis is that the kernel method can only ex-
plain about half of the total feedback increase in the fast re-
sponse (Fig. 3a). As expected, we find more positive cloud
feedback in the fast, slow and total response. The enhanced
cloud feedback is the largest contributor to the net feedback
increase; it stays quantitatively the same in the fast, slow and
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Figure 2. Ensemble mean 4xCO; responses as a function of global mean temperature anomaly. We show yearly averages for the first
20 years as dots and decadal averages as triangles over the complete 150 years, together with linear fits to both the fast and slow periods.
We additionally plot slope m for the fast and slow components. (a) Gregory plot of the top-of-the-atmosphere radiative imbalance plotted
against global mean temperature anomaly. The crosses show the mean projected equilibrium temperature on the x axis and the approximated
effective radiative forcing on the y axis, with the vertical lines indicating the ensemble spread. (b) Anomalous Walker circulation strength

index plotted against global mean temperature.

total response. Changes in lapse rate and albedo feedback be-
tween the fast and slow response lead to a much smaller net
feedback in the slow response compared to the fast response.
Analysing maps of the cloud feedback difference (Fig. 4a—c),
we find a clear fingerprint of the contribution from the per-
turbed Pacific subsidence regions, which is also reflected in a
very similar pattern in the LCC response difference (Fig. 4d—
f).

In our experiments with modified stratocumulus sensitiv-
ity to SST, the global climate feedbacks respond not only to
the imposed change in low-cloud sensitivity but also to any
resulting changes in the SSTs themselves, both locally and
potentially through a global “pattern effect” (Andrews and
Webb, 2018; Dong et al., 2019; Myers et al., 2023), where
warming patterns remotely alter tropospheric stability via cir-
culation changes. To characterise the SST pattern response,
we show the warming pattern maps of 4x g for the fast,
slow and total responses in Fig. Sa—c, respectively, and the
difference in warming maps between 4 XMod and 4 X orig in
Fig. 5d-f.

First considering the overall warming response in 4 X orig
(Fig. 5a—c), our experiments show an enhanced East Pacific
warming compared to other tropical regions, amplified Arc-
tic warming in the fast response and Antarctic amplification
in the slow response. Differences between the fast and slow
responses are likely attributable to ocean dynamical changes
that are slow to manifest. Similar fast and slow responses to
CO; increase have been observed in previous studies (e.g.
Andrews et al., 2015; Ceppi et al., 2018).

Increasing the low-cloud sensitivities to SST results in a
further enhancement of East Pacific warming (Fig. 5d-f).

https://doi.org/10.5194/acp-25-11991-2025

These results are also in line with previous work: in an abrupt
CO»-doubling experiment but with shortwave fluxes taken
from a control simulation, Fu and Fedorov (2023) found a
weakening of the east—west tropical Pacific warming con-
trast. This is in line with our physical expectation of an en-
hanced LCC-SST feedback causing a larger weakening of
the east—west temperature difference in the modified experi-
ments. Given that the impact of enhanced cloud sensitivity is
spatially similar for the SST warming patterns compared to
internal variability (Figs. 5d—f and 1a), we hypothesise that
similar mechanisms are at play; i.e. local feedbacks between
clouds and SSTs are communicated via WES and Bjerknes
feedbacks to remote areas outside of the perturbed cloud re-
gions.

A weakening of the Walker circulation in response to
CO; forcing has been documented in prior literature (Vecchi
et al., 2006; He and Soden, 2015; Nowack et al., 2017; Ma-
lik et al., 2020; Heede et al., 2020). Enhanced East Pacific
warming should weaken the circulation even further since
the resulting impact on convection counteracts the Walker
circulation (e.g. Tokinaga et al., 2012). This is indeed what
we find in Fig. 2b: the Walker circulation weakens under
CO; forcing (~ —20(£11)Pa K~ ! in the fast response and
~ —9(£6) PaK~! in the slow response), but 4 X poq shows a
greater weakening compared to 4 X orig (~ —34(£16) Pa K~!
and ~ —14(£5)PaK~!), with the brackets giving a 95 %
confidence interval based on Newey—West standard error es-
timates. This corresponds to ~ 70 % additional reduction in
the fast response and ~ 49 % additional reduction in the slow
response, although the numbers should be interpreted with
care, given the relatively small ensemble size and large vari-
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Figure 3. Global mean feedback differences, decomposed following Soden et al. (2008) with relative humidity as a state variable (Held and
Shell, 2012) and using seven different kernels, calculated using ClimKern (Janoski et al., 2025). Shown are the ensemble mean differences
of the experiments 4xpjoq and 4xorig over the (a) fast, (b) slow and (c) total period. Calculated are the Planck, lapse rate (LR), relative
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Figure 4. (a—c) Maps of the cloud feedback difference, calculated with the same method as Fig. 3. Shown are (a) fast, (b) slow and (c) total
differences of cloud feedback. (d—f) Difference in ensemble mean low-cloud cover responses (regressed against global mean temperature)
between the 4Xpjod and 4X orjg experiments for the (d) fast, (e) slow and (f) total low-cover cloud response. Stippling shows where all

combinations of ensemble member differences agree on the sign.

ability in the data. While the changes in the warming pattern
are a plausible explanation for the Walker circulation weak-
ening, additional contributions from other mechanisms, e.g. a
reduction in cloud-top longwave radiative cooling due to the
LCC decrease, are possible. We checked that differences in
the global mean lapse rate change, which might cause Walker
circulation changes (Knutson and Manabe, 1995), are small
(not shown) and are therefore unlikely to be the reason for
the additional reduction.

Atmos. Chem. Phys., 25, 11991-12005, 2025

3.3 Direct and pattern-mediated low-cloud responses

We now interpret the low-cloud feedback changes resulting
from the LCC sensitivity perturbation. Because our GCM
experiments are fully coupled, changes in cloud feedback
between 4 X orig and 4 xnoq Tesult not only from the modi-
fied LCC sensitivities but also from the coupled climate re-
sponse to cloud feedback: modifying clouds change the SST
warming pattern, which in turn modifies the clouds further.
Thus, our applied LCC sensitivity perturbation can affect
low-cloud feedback in two ways:

https://doi.org/10.5194/acp-25-11991-2025
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Figure 5. Warming patterns for (a) fast, (b) slow and (c) total response of the 4x g experiments with 1 KK~! (in units of local surface
warming per global surface warming) subtracted. (d)—(f) As for (a)—(c), respectively, but for the difference in warming pattern between
4XMod and 4Xorig- The stippling shows the regions where the signs of all nine possible differences between the two ensembles agree on
the sign of change. (g) Fast, (h) slow and (i) total CMIP6 across-model regression maps of warming patterns onto the CRE-SST Pacific
cloud sensitivity index. The stippling shows a statistical significance of p < 0.05, based on a Student ¢ test. Note that adjusting for multiple
hypothesis testing following Wilks (2016) would remove any statistical significance.

— Through the imposed change in LCC sensitivity to SST;

— Through the change in the SST warming pattern and
its impact on cloud controlling factors, henceforth the
“pattern-mediated cloud response” or simply “pattern
effect”.

To explain this further, we describe the total change
in LCC as an expanded total derivative, following the
cloud-controlling-factor analysis framework (e.g. Stevens
and Brenguier, 2009; Myers et al., 2021):

dc aC dy; 1
dT 4~ 9y, dT’ %
with C being the low-cloud cover in either of the 4xCO,
experiments, 7' being the corresponding global mean surface
temperature and Y; being the relevant controlling factors; all
variables are defined locally (except for T'), but we drop the
location index for conciseness. We also neglect % as usual,
since T is a global mean quantity and therefore has no direct
physical connection to local cloud cover.

We approximate the total derivatives in Eq. (1) by finite
differences and obtain an approximate expression of LCC
change,

aC
Aczza—nu,-:ZeiAYi, )

with 6; = % being the cloud sensitivities to controlling fac-
tors. For the experiments 4 X orig and 4 X Mod, We get, respec-
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tively,
ACOrig = Zei,OrigAYi,Orig 3
ACwMod = Y _0iModAYiMod = »_(0r0rig +8)AYiMoa:  (4)

with 8; = 6; Mod — 0i,0rig being the difference in cloud sen-
sitivities between the two experiments, by definition. Taking
the difference of ACpyog and ACoyig, We obtain

ACMmod — ACorig =

Z [(ei,Orig + Si)AYi,Mod - ei,OrigAYi,Orig] s (5)
= Z [6:.0rig (AYi Mod — Yi,0rig) + 8i AY:,0rig
+8i (AYiMod — AYi orig)] - (6)

The first term on the right-hand side of Eq. (6) is the con-
tribution from changes in the cloud-controlling factors while
holding the sensitivities fixed, the second is from changes
in the cloud sensitivities while holding the cloud-controlling
factors fixed and the third is a cross term. Note that the sen-
sitivity contribution (second term on the right-hand side of
Eq. 6) will not necessarily be equal to the imposed change
of 3 percentage points per K at each model level: cloud
overlap statistics imply that the vertically integrated LCC
sensitivity change should be slightly greater than this (not
shown); here, the subsidence-averaged LCC sensitivity in-
creases from —0.2% K~! to —4.0% K.

We plot the simulated cloud response difference ACyioq —
ACorig in Fig. 6, along with the reconstructed difference and
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the different contributions derived from Eq. (6). We find the
reconstruction to work very well, which allows us to quan-
tify the relative contributions of the different terms. To this
end, we adjust the derivation of Eq. (6) to consider quantities
normalised by global mean temperature change, to yield

ACmod _ ACorig _ 3 |:0i,0rig (AYi,Mod B Yi,Orig)

ATMod ATor g ATMod A TOrig
s, AY; orig 5; (AYi,Mod B AYi,orig>] o
ATorig ATviod ATorig

with the first term again describing the pattern contribution,
the second one describing the sensitivity contribution and the
third term describing the cross term.

Estimating the relative contributions of these terms using
linear regression for the fast and slow components, we find
that the SST sensitivity change dominates the overall Pacific
subsidence low-cloud responses (65 % and 79 % for the fast
and slow responses, respectively). Meanwhile, the pattern
and the cross term make secondary contributions (11 % and
24 % in the fast response, 4 % and 17 % in the slow response).
The pattern contribution is mostly driven by estimated inver-
sion strength (EIS) changes (Fig. A4).

In summary, our experiments show that, in CESM-CAM4,
a higher and more realistic low-cloud sensitivity to SST
leads to a greater decrease in the low-cloud amount under
abrupt 4xCO; increase. This occurs both directly, due to
the imposed increased low-cloud sensitivity to SST, and indi-
rectly, through additional changes in cloud sensitivities and
changes in the warming pattern and associated controlling-
factor changes. This pattern effect makes only a minor ad-
ditional contribution to the Pacific subsidence regions and is
mostly mediated by changes in EIS.

3.4 CMIP6

We now analyse whether our experimental findings in the
previous sections can also be traced in a CMIP6 model en-
semble. As a first step, we plot the ECS, derived from 4 x CO,
experiments, against the index of Pacific subsidence-region
cloud radiative effect (CRE) SST sensitivity — where the
SST sensitivity in each model is quantified through a cloud-
controlling-factor analysis, as in Ceppi and Nowack (2021).
We use CRE sensitivity in this section rather than LCC sen-
sitivity owing to limited data availability of LCC output in
CMIP6 models. In agreement with our findings in Fig. 2a, we
find that a higher CRE sensitivity correlates with an increased
ECS (r = 0.67), with an increase of 0.7K (p = 0.001) per
unit CRE sensitivity increase (Fig. 7a), in line with previ-
ous studies (e.g. Zelinka et al., 2020; Ceppi and Nowack,
2021; Myers et al., 2021). For comparison, we show the val-
ues calculated from the Orig and Mod experiments as black
and red crosses, respectively. While the relationship between
the CMIP models qualitatively fits our experiments, the for-
mer have a stronger dependency on the CRE sensitivity in-
dex. This is most likely due to CRE sensitivity in the Pacific
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subsidence regions correlating with CRE sensitivity in other
regions in the CMIP6 models — whereas in our experiments,
the CRE sensitivity difference is restricted to the subsidence
regions. As a side note, we find that our 1xqyjg setup does
not underestimate CRE sensitivity to SST relative to observa-
tions (Fig. 7a) as much as was the case for the LCC sensitiv-
ity (Fig. A2a). This difference may reflect a greater contribu-
tion of mid- and upper-level clouds on CRE in CESM-CAM4
compared to observations, as well as possible differences in
the low-cloud optical depth contribution.

Next, we determine the impact of the CRE-SST sensitiv-
ity on the warming patterns across models. To this end, we
regress the models’ warming patterns against their CRE sen-
sitivity, averaged over the Pacific subsidence regions. Note
that the maps in Fig. 5 have different units: for CMIP mod-
els (panels g—i), we regress onto a cloud radiative sensitiv-
ity index in Wm~2 K~!, whereas for our model experiments
(panels d—f), we are simply considering warming pattern dif-
ferences. Nevertheless, the maps should be physically com-
parable, since in both cases we are considering the effect of
an increase in cloud-SST sensitivity in the Pacific subsidence
regions.

The fast response shows excellent agreement between our
experiments (Fig. 5d) and the CMIP6 analysis (Fig. 5g), with
similar patterns of enhanced warming in the East Pacific and
reduced warming in the North and Southwest Pacific (al-
though the latter feature is not as pronounced in our exper-
iments). While the slow patterns (Fig. 5e, h) do not match
as closely as the fast patterns, we still observe enhanced
Southeast Pacific warming both in our experiments and in
the CMIP6 analysis. The reduced warming along the cold
tongue region is in contrast to our experiments; however, this
seems to be mostly driven by three outlier models (GISS-
E2-1-G, MIROC6 and MIROC-ES2L), with exceptionally
strong warming in this region. Excluding these three models
reduces the effect significantly (Fig. AS). The total warming
patterns (Fig. 5f, i) also show a qualitative agreement of en-
hanced East Pacific warming. In CMIP6, both the slow and
total warming patterns include a hemispherically asymmetric
component with enhanced warming in the Southern Hemi-
sphere — likely related to changes in the Atlantic Meridional
Overturning Circulation (Lin et al., 2019) — which is absent
in our CESM-CAM4 simulations.

Given the increase in relative Southeast Pacific warming
due to cloud feedback across CMIP6 models, we now turn
to analysing the relationship with Walker circulation change.
Since a greater CRE-SST sensitivity is associated with an
enhanced reduction in the east—west SST contrast across the
tropical Pacific under CO, forcing (Fig. 5i), we expect an
enhanced weakening of the Walker circulation. Figure 7b
shows that this is indeed the case, where we plot the slope of
decadal averages of the Walker circulation anomaly per de-
gree of global mean temperature change in the 4 x CO; exper-
iments against the Pacific subsidence-region cloud sensitivity
index. This gives a moderate Pearson correlation coefficient

https://doi.org/10.5194/acp-25-11991-2025
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Figure 6. Difference in low-cloud-cover change between the ensemble mean 4x)joq and 4X(rig experiments averaged over the Pacific
subsidence regions. Shown are the simulation results (black), the reconstruction using a cloud-controlling-factor analysis (red) and the
different contributions derived in Eq. (6), summed over all cloud-controlling factors. These are the changes in cloud sensitivity (blue),
changes in cloud-controlling factors (orange) and a cross term (green).

of r =—0.48, p =0.03 and a decline of —4.5PaK~! per
unit of CRE sensitivity increase. We note, however, that two
outlier models (namely MPI-ESM1-2-HR and MPI-ESM1-
2-LR) were excluded from the analysis. The across-model
relationship should therefore be considered with caution un-
til the drivers of the large Walker circulation responses in
the two MPI models are understood. Our experimental re-
sults (black and red crosses in Fig. 7b) agree with the CMIP6
inter-model regression, providing confidence that the rela-
tionship is causal. The higher CRE-SST sensitivity in ob-
servations compared to most models therefore implies an
enhanced weakening of the Walker circulation in the future
compared to model projections.

4 Conclusions

This study investigated the global climate impacts of increas-
ing stratocumulus cloud sensitivity to sea surface tempera-
ture (SST) anomalies in the Pacific subsidence regions, tar-
geting a common climate model bias (Myers et al., 2021;
Ceppi et al., 2024). Our main focus was on warming patterns
and the atmospheric circulation response under abrupt CO,
forcing, but we also considered changes in unforced SST
variability. We conducted simulations with modified low-
cloud sensitivity under both 1 xCQO; and 4xCO; conditions,
labelled as 1xwod and 4 XMod, and compared them to con-
trol simulations with default sensitivity, labelled 1X oig and
4><Orig-
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The key impacts of stronger Pacific stratocumulus cloud
feedback identified from our experiments are as follows:

— Increased SST variability. In the control climate, en-
hanced cloud sensitivity to SST leads to more variable,
persistent and extreme SSTs in the tropical and subtrop-
ical East Pacific as well as the Nifio3.4 region, consis-
tent with positive feedback between low-cloud amount
and SST and in line with similar previous findings (e.g.
Bellomo et al., 2014; Ridel et al., 2016; Yang et al.,
2022).

— Higher equilibrium climate sensitivity (ECS). ECS in-
creases by approximately 6 % in 4Xpoq compared to
4 X orig, driven by a change in the climate feedback.

— Change in SST warming pattern. In addition to the ECS
change, enhancing cloud sensitivity results in relatively
higher warming in the East Pacific and thus a reduced
east—west contrast across the tropical Pacific under CO;
forcing. This SST “pattern effect” acts to moderately
amplify the low-cloud reduction in the Pacific subsi-
dence regions, contributing about 11 % in the fast and
4 % in the slow LCC response.

— Walker circulation weakening. While a slowdown of the
Walker circulation is expected under CO; forcing, we
observe an additional slowdown in Walker circulation
in response to the change in the warming pattern.

To evaluate the broader implications of these findings,
we compared our results with an across-model analysis of

Atmos. Chem. Phys., 25, 11991-12005, 2025
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Figure 7. CMIP6 relationships between CRE-SST Pacific cloud sensitivity index and 4xCO, (a) equilibrium climate sensitivity (ECS)
and (b) Walker circulation change with global warming. The plot titles show the Pearson correlation coefficient r as well as its p value,
calculated using a Student # test. The empty circles in (b) denote outliers that were excluded from the regression analysis. The dashed line
shows the CRE sensitivity index calculated from the CERES data. Black and red crosses show the values of the Orig and Mod experiments,

respectively.

22 CMIP6 models. We found a connection between ECS
and Pacific subsidence cloud—SST sensitivity across mod-
els (r =0.67, p =0.001), qualitatively in line with previ-
ous results (e.g. Zelinka et al., 2020; Ceppi and Nowack,
2021; Myers et al., 2021) Furthermore, through an inter-
model regression analysis, we found excellent alignment in
terms of the fast warming pattern between our experiments
and CMIP6 models. Agreement was more limited for the
slow response, with discrepancies likely arising from model-
dependent slower oceanic processes, such as changes in the
Atlantic meridional overturning. This analysis indicates that
our CESM-CAM4 findings have significant implications for
climate projections, especially as models typically predict in-
tensified warming in the East Pacific in the slow response to
CO; forcing (Rugenstein et al., 2023), which may even fur-
ther amplify the global impacts of stratocumulus feedback.

Additionally, we identified a potential across-model re-
lationship in CMIP6 between cloud sensitivity and Walker
circulation weakening (r = —0.48, p = 0.03, excluding two
outlier models). This relationship agrees well with both our
physical understanding and our experimental results, sug-
gesting that stratocumulus cloud sensitivity has substantial
impacts on projected regional climate changes. This find-
ing is especially important given that climate models still
commonly exhibit biases in cloud feedback representation
(Zelinka et al., 2022; Ceppi et al., 2024). Future work could
address the importance of biases in other cloud types and
their sensitivities to environmental factors, in particular high
clouds and their effects on atmospheric circulation (Wil-
son Kemsley et al., 2024).
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Appendix A: Figures
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Figure A1. Sensitivities of low-cloud cover (LCC) to surface tem-
perature for (a) MODIS observational data, (b) 1x g experiment
and (¢) 1Xpjoq experiment.
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Figure A2. (a) Sensitivities of LCC to controlling factors, expressed as a percentage of LCC anomaly per ERAS standard deviation of each
factor, averaged over Pacific subsidence regions. These sensitivities are presented for MODIS observations and for the 1 xorig and 1XMod
experiments. The controlling factors used are surface temperature (75), estimated inversion strength (EIS), near-surface horizontal temper-
ature advection (7,qy), near-surface wind speed (WS), 700 hPa vertical velocity (OMEGA700) and 700 hPa relative humidity (RH700). (b)
Location of the Pacific subsidence regions, calculated from ERAS following Scott et al. (2020).
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Figure A3. Climatological surface temperatures for (a) 1xrig, (b) 1Xnoq and (c) their difference. The stippling in (¢) marks significant
differences at the p < 0.05 level using a two-sample ¢ test for autocorrelated data following Wilks (2019) on the annually averaged surface

temperature.
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Figure A4. Contributions to differences in low-cloud-cover change between the ensemble mean 4 x o4 and 4 X rjg experiments averaged
over the Pacific subsidence regions, derived in Eq. (6) and resolved by the following cloud-controlling factors: surface temperature (75),
estimated inversion strength (EIS), advected surface temperature (7,qy), total surface wind speed (WS), relative humidity at 700 hPa (RH700)
and vertical wind at 700 hPa (OMEGA700). The subfigures show the different terms in Eq. (6): (a) the contribution from changes in the cloud-
controlling factors, (b) the contribution from changes in the cloud sensitivity, (¢) the contribution of the cross term of co-varying sensitivity
and controlling-factor change, and (d) the total sum of (a)—(c).

0.40
0.32
0.23
0.15
0.07
-0.01
-0.10 5
-0.18

-0.26

-0.34

]

KT

1

CMIP6

KK
Wm
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