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Abstract. Traditional feedback analyses, which assume that individual climate
feedback mechanisms act independently and add linearly, suggest that clouds do not
contribute to Arctie,amplification., However, feedback locking experiments, in which
the cloud feedback is disabled, suggest that clouds, particularly outside of the Arctic,
do contribute to Arctic amplification. Here, we reconcile these two perspectives by
introducing a framework that quantifies the interactions between radiative feedbacks,
radiative forcinggrocean heat uptake, and atmospheric heat transport. We show
that including the cloud feedback in a comprehensive climate model can result in
Arctic amplification because of interactions with other radiative feedbacks. The
surface temperature change associated with including the cloud feedback is amplified
in the Arctic by/the surface-albedo, Planck, and lapse-rate feedbacks. A moist
energy balance model with a locked cloud feedback exhibits similar behavior as the
comprehensive climate model with a disabled cloud feedback and further indicates
that the mid-latitude cloud feedback contributes to Arctic amplification via feedback
interactions.. Feédback locking in the moist energy balance model also suggests that
the mid-latitude cloud feedback contributes substantially to the intermodel spread in
Arctic amplification across comprehensive climate models. These results imply that
constraining the mid-latitude cloud feedback will greatly reduce the intermodel spread
in Arctic amplification. Furthermore, these results highlight a previously unrecognized
non-local pathway for Arctic amplification.
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1. Introduction

The Arctic warms more than the global average in response to increased greemhouse
gas concentrations. This phenomenon, referred to as ‘Arctic amplification’/has been a
robust feature of climate change simulations for several decades (Manahé and Wether-
ald, 1975; Manabe and Stouffer, 1980; Holland and Bitz, 2003) and has recently become
evident in observations (Polyakov et al., 2002; Serreze et al., 2009; England et al., 2021).
Arctic amplification has been attributed to numerous processes, including sea ice changes
(Manabe and Wetherald, 1975; Holland and Bitz, 2003; Winton, 2006; Graversen and
Wang, 2009; Feldl and Merlis, 2021), increased poleward energy transport (Holland and
Bitz, 2003; Hwang et al., 2011; Singh et al., 2017; Merlis and Henryy32018; Beer et al.,
2020), local radiative forcing and raditive feedbacks (Pithatwand Mauritsen, 2014; Payne
et al., 2015; Stuecker et al., 2018; Henry et al., 2021; Hahn etpal., 2021), and interac-
tions between poleward energy transport and radiative feedbacks (Bonan et al., 2018;
Russotto and Ackerman, 2018; Russotto and Biasutti, 2020; Feldl et al., 2020; Beer and
Eisenman, 2022; Chung and Feldl, 2024; England and Feldl, 2024). However, despite
extensive research on the mechanisms off Arctie’ amplification, contemporary climate
models continue to show considerable spread,in its magnitude under greenhouse-gas
forcing (Feldl et al., 2020; Hahn et al., 2021).

The factors contributing to Arctic amplification are typically quantified by examining
changes in the local atmospheric energy budget under warming (Crook et al., 2011;
Pithan and Mauritsen, 2014;/Feldl et al., 2017; Goosse et al., 2018; Hahn et al., 2021).
This method, which we hereafter referto,as the ‘traditional feedback-forcing framework’,
attributes the change in surface temperature (A7) to partial temperature contributions
from radiative forcing (F)sTadiative feedbacks (\), ocean heat uptake (AG), and the
change in atmospheric heat Aransport (A (V - F)) via

AT=%<—I¥%AT+AG+AWWF%f>, (1)
0

where \q is the global='and annual-mean Planck feedback, and the net radiative feedback
is

A=\, (2)

i#0

where i denotes an individual radiative feedback (e.g., surface-albedo feedback) and the
Planck feedback at regional scales is represented by deviations from \g. Note that € is a
residual term and usually quite small (Caldwell et al., 2016; Zelinka et al., 2020; Hahn
et al., 2021).

The traditional feedback-forcing framework has been powerful in understanding the
magnitude, seasonality, and intermodel spread of Arctic amplification across climate
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models (e.g., Pithan and Mauritsen, 2014; Hahn et al., 2021). For example, apply-
ing this framework to a simulation in which atmospheric carbon dioxide concenfrations
are abruptly doubled in CESM1-CAM5—a widely used comprehensive“elimate medel
(Hurrell et al., 2013)—reveals that the Arctic (60°N-90°N) warms 3.1x more than the
Tropics (30°S—-30°N) due to the surface-albedo, Planck, and lapse-rate feedbacks (Fig.
la), consistent with previous studies (Pithan and Mauritsen, 2014; Previdi et al., 2020;
Hahn et al., 2021). This decomposition, applied to CESM1-CAMS5 and other climate
models participating in Phase 5 and 6 of the Coupled Model Intercomparison Project
(CMIP5 and CMIP6; Taylor et al., 2012; Eyring et al., 2016), indicates that the cloud
feedback does not contribute to warming in the Arctic (Fig la; Pithan and Mauritsen,
2014; Previdi et al., 2020; Hahn et al., 2021).

a b
CESM1-CAM5 CESM1-CAM5

z 8 ; @ Total Z .4
= 1 o Radiative forcing 4
S 6 : Surface albedo 5 3
= Water vapor =
g 4 RO Lapse rate g 2 e Cloud (traditional)
(=2} - - (2] - e .
z 5 \/:’E?,/’ Cloud = 1 XJ}?,/’ [> Cloud (locking)
) W Planck :’oo g
< 0 e @ Ocean heat uptake = 0
s .. @® Atmospheric heattransport’, G
< -2 : Residual < -1

-2 -1 0 1 2 3 -1.0-05 0.0 05 1.0 1.5

Tropics (30°S-30°N), AT[ K] Tropics (30°S-30°N), AT [ K]

Figure 1. Contributions to Aretic amplification in CESM1-CAMS5. (a) Contributions to
surface temperature change in the [(x-axis) Tropics (30°S-30°N) and (y-axis) Arctic (60°N-90°N) for
years 100-150 of a CESM1-CAMS5 abrupt-2xCO2 simulation. The black dot denotes the total surface
temperature change and each golored symbol denotes a specific mechanism in Eq. (1). The colored
symbols sum to the black dot. {(b) Contribution of the cloud feedback to surface temperature change in
the (x-axis) Tropics (30°S-30°N) and«(y-axis) Arctic (60°N-90°N) for a CESM1-CAM5 abrupt-2xCO2
simulation diagnosed from thetraditional feedback-forcing perspective (purple triangle) and diagnosed
from the feedback locking,perspective (white triangle). The grey lines and numbers indicate the
magnitude of Arctic,amplification.

While the traditional feedback-forcing framework can explain climate model behav-
ior under greenhouse gas‘forcing, it assumes feedback mechanisms act independently
and add/inearly, which hinders our mechanistic understanding of surface temperature
change. ‘Studies have addressed this limitation by conducting feedback locking experi-
ments (Wetherald and Manabe, 1988; Hall, 2004; Vavrus, 2004; Graversen and Wang,
2009; Langen et al., 2012; Mauritsen et al., 2013; Merlis, 2014; Voigt et al., 2019; Mid-
dlemas’et al., 2020; Chalmers et al., 2022), in which the radiative effect of a physical
processy such as water vapor or clouds, is disabled, and its impact on climate is exam-
ined in simulations both with and without the process. For example, Middlemas et al.
(2020) and Chalmers et al. (2022) showed that when the cloud feedback is disabled in
the same greenhouse-gas forcing CESM1-CAMS5 simulation as above, the magnitude of
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warming is substantially reduced across the globe. In this approach, the effect ofthe
cloud feedback on surface temperature change can be quantified as the difference be-
tween the greenhouse-gas forcing simulation where the cloud feedback is ‘active, and,the
greenhouse-gas forcing simulation where the cloud feedback is inactive. This/petspective
suggests that the cloud feedback contributes to approximately 0.5 K of warming in the
Tropics and 1.5 K of warming in the Arctic (right white triangle, Fig. 1h). This di-
rectly contradicts the traditional feedback-forcing perspective, which suggests/the cloud
feedback does not contribute to Arctic warming (right purple triangle, Fig. 1b). In
fact, warming is still 3.1x larger in the Arctic when compared t6 the Tropics (grey line,
Fig. 1b), indicating that the cloud feedback contributes to Arctic amplification when
quantified from the feedback locking perspective.

Additional feedback locking work by Middlemas et ale(2020)"8howed that the cloud
feedback outside of the Arctic contributes most to Arctic warming. This finding sug-
gests an important non-local mechanism through which, clouds contribute to Arctic
amplification, which is not accounted for in the traditienal feedback-forcing framework.
Arguably, feedback locking shows the trué impact of a/climate feedback on the climate
response as no process operates in isolation.. €limate feedbacks instead influence one
another and interact with other parts of the,climate system, such as atmospheric heat
transport, to determine the overall‘climateresponse. A limitation of feedback locking,
when applied to the full range of climate, feedbacks, is that the warming contributions
from individual feedbacks do,not fully account for the total warming, as interactions
between feedbacks also play ‘a role. Still, it is unclear if other climate models exhibit
similar behavior as the CESM1-CAMSssimulations with inactive clouds. Moreover, it
is unclear which region controls the cloud-induced Arctic amplification. Given that the
cloud feedback is the primary source of uncertainty in future climate projections (Soden
and Held, 2006; Dufresne ‘and Bony, 2008; Schneider et al., 2017; Zelinka et al., 2017,
2020) and exhibits considerable intermodel spread at regional scales (Ceppi et al., 2017;
Zelinka et al., 2020 )it is imperative to reconcile these two perspectives and holistically
quantify the contribution of clouds to Arctic amplification.

In this study,we quantify the influence of clouds on Arctic amplification by introducing a
framework that unites the traditional feedback-forcing method with the feedback locking
method. /We first show that the cloud feedback contributes to Arctic amplification in
CESM1-CAMSb5/ by interacting with other climate feedbacks. Specifically, the surface
temperature change resulting from including the cloud feedback is amplified by the
surface-albedo, Planck, and lapse-rate feedbacks. We then show that a one-dimensional
moist energy balance model (MEBM) exhibits similar behavior as CESM1-CAMS5 and
indicates that Arctic amplification from cloud-locking experiments results from including
the mid-latitude cloud feedback. We use the MEBM as a surrogate model to quantify
cloud feedback locking across a broader suite of climate models from CMIP5 and
CMIP6 and show that the mid-latitude cloud feedback also contributes significantly
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to the intermodel spread in Arctic amplification across climate models. These results
confirm that clouds can contribute to Arctic amplification and suggest that reducing the
intermodel spread in the mid-latitude cloud feedback will reduce the intermodel spread in
Arctic amplification. More broadly, these results highlight the need to better/understand
the interactions between climate feedbacks and their impact on surfage temperature
change.

2. Data and Methods

2.1. CESM1-CAMS5 experiments

We analyze a set of CESM1-CAMS5 (Hurrell et al., 2013) simulations in which the cloud
radiative feedback was disabled (Chalmers et al., 2022). Briefly, two pairs of simulations
are used. In the first pair, atmospheric carbon-dioxide/coneentrations are abruptly dou-
bled (abrupt-2xCO2) from pre-industrial control (piCentrol) levels and held constant
for 150 years. The second pair of simulations are,a repeat of the first pair but with
the cloud radiative feedback disabled (Middlemas et aly 2020; Chalmers et al., 2022).
The cloud radiative feedback is disabled by, prescribing cloud radiative properties at
2-hourly timesteps from a neutral El Nino-Southern Oscillation piControl year in the
atmospheric model radiation calculations, while leaving the rest of the climate system to
freely evolve. The abrupt-2xCO2 ¢loud-locked simulation is compared with a piControl
cloud-locked simulation. For more detailéd, information, see Chalmers et al. (2022).

We use the values of F and A.ealeulated in Chalmers et al. (2022). The individual
components of A are calculated using the radiative-kernel method (Soden and Held, 2006;
Shell et al., 2008; Soden et al.,, 2008):with CESM1-CAMS5 radiative kernels (Pendergrass
et al., 2018). Following Pendergrass et al. (2018), each radiative feedback is found by
taking the differenceyin’ theyclimate variable between the fully-coupled piControl and
fully-coupled abrupt-2xC0O2 simulations, and multiplying the variable by the respective
radiative kernel. &Fisycalculated from abrupt-2xCO2 simulations under fixed-SST
conditions (Smith et al.; 2020). The other variables, AT, AG, and A(V - F), are
calculated as the changé between years 100 — 150 in the abrupt-2xCO2 simulations
and the piControl simulations. AT is calculated as the change in near-surface air
temperature, AG.is calculated as the change in net surface heat fluxes, and A(V - F)
is calculated as\the change in the difference between the net top-of-atmosphere and net
surface heat fluxes. All variables are annual averages.

2.2.0CMIPS5 and CMIP6 output

Torexamine the impact of cloud feedback locking in a broader suite of climate mod-
els, we use all CMIP5 (Taylor et al., 2012) and CMIP6 (Eyring et al., 2016) climate
models that provide monthly output from the piControl and abrupt-4xCO2 simulations



oNOYTULT D WN =

172

173

174

175

176

177

178

179

180

181

182

183

184

185

187

188

189

190

191

192

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

AUTHOR SUBMITTED MANUSCRIPT - ERCL-100443.R1

Mid-latitude clouds and Arctic amplification 6

and the necessary variables to calculate annual averages of F, A\, AT, AG, and A(V=E).

We use the values of F and A calculated in Hahn et al. (2021). Briefly, the individual
components of A\ are calculated using the radiative-kernel method (Soden and Held,
2006; Shell et al., 2008; Soden et al., 2008) with CESM1-CAMS5 radiative kernels (Pen-
dergrass et al., 2018). We also use the individual components of A calculatedwyith other
radiative kernels as detailed in Hahn et al. (2021) to assess the sengitivity to/radiative
kernel choice. These include radiative kernels from Soden et al. (2008)4 Shell et al.
(2008), Block and Mauritsen (2013), Huang et al. (2017), and Smith et al. (2018). For
more detailed information, see Hahn et al. (2021).

Each feedback is found by taking the difference in the climate variable of the abrupt-
4xCO2 simulations and the concurrent piControl climatelogy and multiplying the vari-
able by the respective radiative kernel. Note that theidifference is a 31-year climatology
centered on year-100 of each simulation. A 21-year running average is also applied to
the piControl simulations to account for model/ driftsbefore computing anomalies be-
tween abrupt-4xCO2 and piControl simulations. This helps to isolate anomalies due to
greenhouse-gas forcing rather than model drift.w.F is calculated as the y-intercept of the
regression between top-of-atmosphere radiation anomalies at each grid point against the
global-mean AT for the first 20 years after-abrupt-4xCO2 (Gregory et al., 2004). This
calculation of F is different from the calculation of F from the CESM1-CAMb5 simu-
lations because not all climate models provide fixed-SST carbon-dioxide quadrupling
experiments. Smith et al. (2020} moted that this 20-year regression produces F values
that closely match methods using fixedsea-surface temperatures (Hansen et al., 2005).
Note that this method for calculating A\ includes both the true temperature-mediated
feedbacks and the rapid adjustments that occur immediately upon carbon-dioxide qua-
drupling. However, it is important to note that locking the cloud feedback that contains
rapid cloud adjustmentsiin a MEBM, as done in this study, is akin to disabling the entire
cloud feedback in a.climate model.

The other variables; AT ,JAG, and A(V - F'), are calculated as the 31-year climatological
change centered onjyear=100 in the fully-coupled abrupt-4xCO2 simulations relative
to the fully-ceupled piControl simulations (after removing the model drift). AT is
calculated as the change in near-surface air temperature, AG is calculated as the change
in net surface heat fluxes, and A(V - F) is calculated as the change in the difference
betwéen the net top-of-atmosphere and net surface heat fluxes.

2.3. Maist energy balance model (MEBM)

To perform cloud feedback locking across a broader suite of climate models, we simulate
zonal-mean AT using a MEBM with prescribed CMIP5 and CMIP6 output. MEBMs
have been shown to effectively emulate zonal-mean AT from climate models under
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greenhouse gas forcing (Flannery, 1984; Hwang and Frierson, 2010; Roe et al.#2015;
Siler et al., 2018; Bonan et al., 2018; Armour et al., 2019; Bonan et al., 2023). MEBMs
assume the change in poleward atmospheric energy transport AF' is proportional to.the
change in the meridional gradient of near-surface moist static energy Ah = ¢/AT+ L, Ag,
where ¢, = 1005 J kg~ K~ is the specific heat of air, L, = 2.5 x 10 J kg.\" is the latent
heat of vaporization, and Aq is the change in near-surface specific humidityy(assuming
fixed relative humidity of 80%). This gives

dAh

27ps
~TED (1-a?) T 3)

9

AF =

24gthe gravitational

where ps = 1000 hPa is the surface air pressure, g = 9.8V ms™
acceleration, D is a constant diffusion coefficient (with units of m?%s~!), x is the sine of

the latitude, and 1 — 2% accounts for the spherical geometry ofiBarth.

On long timescales, the change in net heating of ‘theratmosphere must balance the
divergence of AF', resulting in

F+ Y NMATSAG = AV - F), (4)

which is a single differential equation _that can be solved numerically for AT and AF
given zonal-mean profiles of F, X, and AG and a value (or zonal-mean profile) of D.
Note that we have written A as the sum of,all individual radiative feedbacks, including
Xo. We set D = 1.02 x 10° m?s~!, which is'the multi-model mean value from the pre-
industrial control simulations. Changes in the magnitude and pattern of D have been
shown to not significantly affe¢t zonal-mean AT (Chang and Merlis, 2023; Ge et al.,
2024).

Following Beer and Eisenman (2022) and Bonan et al. (2024), cloud feedback locking in
the MEBM is performed by taking the cloud feedback that is diagnosed from climate
model output, remévingit from Eq. (4) and then solving for AT and AF. We perform
cloud feedback logking across the global domain and regional domains. Note that in this
MEBM, F and-AG cannot change when the cloud feedback is locked since F and AG
are prescribed based on climate model output. However, as discussed below, the change
in F and AG when' the cloud feedback is locked in a comprehensive climate model has
little impact on, the surface temperature change in the Arctic and Tropics. The zonal-
mean AThattributed to including the cloud feedback in the MEBM can be found by
taking the,difference between the normal MEBM, where all feedbacks are active and
the locked/MEBM, where the cloud feedback is locked.

3. Climate feedback interactions and Arctic amplification

We begin by introducing a framework that reconciles the traditional feedback-forcing
and feedback locking approaches. The two approaches can be reconciled by applying
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Eq. (1) to the normal greenhouse-gas forcing simulation and the one in which theseloud
feeback was disabled. We denote the normal greenhouse-gas forcing simulation as n
and the cloud-locked greenhouse-gas forcing simulation as [. Thus, the difference of.any
variable x between the two simulations can be expressed as

Xn—1 = Xn — XI- (5)

By applying Eq. (1) to the two simulations and taking the difference, while also noting
that Eq. (5) can be rearranged such that x; = X, — xn_1, we can derive a diagnostic
equation that expresses cloud-induced surface temperature changedAT;, ; as

1
A,-Tn—l =5 | — n—l An—ZATn - )\ZATn—l + AG'n—l + A(V : F)n—l - €n—| ) (6)
—_—— Y e Y — =

Ao
(a) (b) (<) (d) (e) (")

where each term is a partial temperature contributionito, AT,,_;, with (a) denoting
interactions between clouds and radiative forciug, (B).denoting the change in the net
radiative feedback, (c) denoting interactions between cloud-induced temperature change
and other radiative feedbacks, (d) denoting, interactions between clouds and ocean heat
uptake, (e) denoting interactions between cloudsand atmospheric heat transport, and
(f) denoting the residual term. Note thatiifrenly the cloud feedback were disabled and
no other component of the climate system were to change, the cloud feedback contribu-
tion diagnosed from the traditional feedback-forcing framework would be equal to Eq.
(6) through Term (b). Howeverpiin what follows, we will show that Term (c), which
denotes interactions between other radiative feedbacks, significantly contributes to Eq.
(6). Note that \; is defined in Eg. (2)'and does not contain Ag.

In the Arctic, AT, _; is largér when compared to the Tropics primarily because of Term
(¢), which denotes AT, resulting from interactions between the cloud-induced surface
temperature changesand other radiative feedbacks (cyan dot, left panel, Fig. 2a). A
breakdown of \; into individual radiative feedback components shows that this amplifi-
cation occurs primarily because of the surface-albedo, Planck, and lapse-rate feedbacks
(cyan symbols, Fig.\2b).\Insother words, the cloud-induced temperature change is am-
plified by thegurface-albedo, Planck, and lapse-rate feedbacks in the Arctic. Term (b),
which denotes AT, _; due to changes in the net radiative feedback, approximates the
diagnostic contribution of the cloud feedback quite well (compare right purple triangle
in Eig."1a and red dot in Fig. 2a). In fact, Term (b) suggests a warming contribution
of approximately 0.5 K in the Tropics and 0 K in the Arctic (Fig. 2a) and the diag-
nostic approach suggests a warming contribution of approximately 0.4 K in the Tropics
and»0.IK in the Arctic (Fig. la). This occurs because the other individual radiative
feedbacks change very little (red symbols, Fig. 2b). Most of the change in the net
radiative feedback occurs because of the disabled cloud feedback (sideways red triangle,
Fig. 2b) and the lapse-rate and water-vapor feedbacks cancel each other out (upward
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and downward red triangles, Fig. 2b). Note that for these regional domains, F andiAG
change very little with a disabled cloud feedback, meaning Terms (a) and (d) in Eq.
(6) are approximately zero. Similar results are obtained when comparing Arctic surface
temperature change to a global average (not shown).

The above result shows that the difference between the traditional feedback-forcing
framework, which suggests that clouds contribute little to warming in the Arctic and
Tropics, and the feedback-locking approach, which suggests that elouds contribute
significantly to warming in the Arctic and Tropics, can be attributed to climate feedback
interactions. In the Arctic, the cloud-induced surface temperature change is amplified
by the surface-albedo, Planck, and lapse-rate feedbacks, whieh change very little in
response to an inactive cloud feedback. In the Tropics, theeloud feedback as diagnosed
from the traditional-feedback forcing accounts for mostyof cloud-induced warming as
suggested by cloud feedback locking.

3.1. Cloud feedback locking in an energy balance maodel

3.1.1. Comparison to CESM1-CAM5 Can the results of cloud feedback locking from a
single climate model be trusted? The CESM1-CAMJ5 simulations suggest that an active
cloud feedback contributes to Arctiesamplification. However, the cloud feedback shows
considerable intermodel spread at both global:(Soden and Held, 2006; Dufresne and
Bony, 2008; Schneider et al., 2017; Zelinka‘et al., 2017, 2020) and regional (Ceppi et al.,
2017; Zelinka et al., 2020) scales. This spread implies that cloud feedback locking in
other climate models could yield different climate responses. Nonetheless, conducting
cloud feedback locking across climate models is challenging due to its computational
cost and the substantial differencestin cloud model components.

In recent years, a number ofistudies have shown that one-dimensional MEBMs, which
simulate atmospheric heat, transport as downgradient diffusion of near-surface moist-
static energy, capture the behavior of climate models under greenhouse-gas forcing,
including the magnitude of Arctic amplification (Roe et al., 2015; Bonan et al., 2018;
Siler et al., 2018pFeldland Merlis, 2021). This suggests that MEBMSs can serve as surro-
gate models for/exploring the impact of cloud feedback locking on Arctic amplification.
However, ity remains unclear whether the simplicity of MEBMs affects their ability to
accurately replicate the behavior of CESM1-CAMS5 with locked cloud feedback. Note
that Beertand(Eisenman (2022) conducted feedback locking experiments in a MEBM
but/did not examine whether it produces similar behavior as a comprehensive climate
model.. Here, we compare cloud feedback locking in a MEBM to the CESM1-CAMS5
abrupt-2xC0O2 simulation with an inactive cloud feedback. Because the other radiative
feedbacks in CESM1-CAMS5 change very little in response to an inactive cloud feedback
(red symbols, Fig. 2b), we hypothesize that removing the cloud feedback from a MEBM
will result in a similar response as the cloud-locked CESM1-CAMS5 simulations.
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Figure 2. Contributions to cloud-induced Arctic amplification. Contributions to cloud-

induced surface temperature change AT, _; insthe (x-axis) Tropics (30°S-30°N) and (y-axis) Arctic
(60°N-90°N) for CESM1-CAM5 abrupt-2xCO2 simulations. Panel (a) denotes each mechanism in Eq.
(6). The colored dots sum to the blackidot. The orange dot denotes interactions with radiative forcing,
the red dot denotes changes in radiative feedbacks, the cyan dot denotes interactions between other
radiative feedbacks, the blue dot denotes interactions with ocean heat uptake, and the green dot denotes
interactions with atmospheric heat transport. Panel (b) shows the individual radiative feedbacks for
the red and cyan dots in the léft panel. The red and cyan squares and triangles sum to the red and
cyan dots, respectively. Panel (c) and panel (d) are the same as panel (a) and panel (b) but based on
including the CESM1-CAMS5 abrupt=2xCO2 cloud feedback in the MEBM. The grey lines and numbers
in the left panels of (a) and (epindicate the magnitude of Arctic amplification from the normal abrupt-
2xC0O2 CESM1-CAM5 simulation.

MEBM cloud feedback locking is performed by removing the prescribed cloud feedback
based on CESMiI-CAMS5 output and comparing it to a standard MEBM simulation in
which all CESM1-CAMS5 output is prescribed, thus activating all feedbacks. Eq. (3) is
applied tonthedMEBM simulations, but note that F and AG cannot change when the
cloud feedback is locked, since they are prescribed. As a result, Terms (a) and (d) in
Eq. (3) are zero when using the MEBM.

The MEBM accurately simulates the cloud-induced Arctic amplification suggested by
the CESM1-CAMS5 cloud-locked simulations (Fig. 2¢). The MEBM produces a cloud-
induced Arctic-to-Tropics warming ratio that is slightly smaller than the CESM1-CAMb5
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cloud-induced Arctic-to-Tropics warming ratio of 3.1. However, the MEBM showsithat
cloud-induced Arctic amplification occurs because of Term (c), which describes the in-
teraction between cloud-induced surface temperature changes and the ‘surface-albedo,
Planck, and lapse-rate feedbacks (cyan dots, Fig. 2c-d). This finding is consistent with
the CESM1-CAMS5 simulations.

The success of the MEBM in emulating the CESM1-CAMSb5 cloud locking experiments
suggests the MEBM can be used to examine how the cloud feedback ‘in différent regions
affects Arctic amplification. Middlemas et al. (2020) showed that _the cloud feedback
outside of the Arctic contributes most to the cloud-induced Arctic warming. But it is
still unclear which region outside of the Arctic is contributing mest to the cloud-induced
Arctic warming. To examine this, we use the MEBM to l6¢k the ¢loud feedback in four
different regional domains, spanning 30° latitude bands#from 90°N to 30°S.

a b c d
MEBM (CESM1-CAMS5) MEBM (CESM1-CAMS) MEBM (CESM1-CAMS) MEBM (CESM1-CAMS5)
60°N to 90°N 30°N to 60°N 0°to 308N 30°S to 0°
15 15 i 15 ~> 15
v 1.0 : 1.0 | x 1.0 v 1.0
— . (0 — . 1 W0 — . a0 — . (e Total
I X(o'\’,\‘\-(:" T oY \,‘0—\,\,\,‘4\” n / \’m‘\'_\—\f}” 1 x@'\’,\‘\f}" : oAa AT,
5 =l Ll DRt I -,
5 05 5 05 5 05 ° - 5 05 o AT
g g g g .
3 00 5 00 500109 5 00{——® e & AP
< < ! < e <
-0.5 -0.5 i -0.5 -0.5
—0.250.00 0.25 0.50 0.75 —0.250.00 0.25 0.50 0.75 —0.250.00 0.25 0.50 0.75 —0.250.00 0.25 0.50 0.75
Tropics, AT, - [ K] Tropics, AT, [ K] Tropics, AT,—; [ K] Tropics, AT,-; [ K]

Figure 3. Impact of regional cloud locking on Arctic amplification. Contributions to cloud-
induced surface temperature change AT, in the (x-axis) Tropics (30°S-30°N) and (y-axis) Arctic
(60°N-90°N) based on including the cloud feedback in the MEBM that is diagnosed from the CESM1-
CAMS5 abrupt-2xCO2 simulation.  Each panel denotes when the cloud feedback was included from (a)
60°N to 90°N, (b) 30°N to 60°Nj (¢) 0° t0 30°N, and (d) 30°S to 0°. Each dot denotes a mechanism in Eq.
(6). The colored dots sum o thesblack dot. The red dot denotes changes in radiative feedbacks, the
cyan dot denotes interactionsibetween other radiative feedbacks, and the green dot denotes interactions
with atmospheric heat transport: The grey line and number in each panel indicate the magnitude of
Arctic amplification from the normal abrupt-2xCO2 CESM1-CAMS5 simulation.

The MEBM suggests theumid-latitude (30°N-60°N) cloud feedback contributes most to
the cloud-induted Arctic amplification (black dot, Fig. 3b). When the mid-latitude
cloud feedback is‘included, the Arctic warms by 0.8 K while the Tropics warm by 0.1 K,
producing an Arctic-to-Tropics warming ratio of 8. This warming is also related almost
entirely to Term (c), the interaction of the cloud-induced warming with other climate
feedbacks local to the Arctic (cyan dot, Fig. 3b). The Arctic (60°N-90°N) cloud feed-
back “eomfributes little to Arctic amplification (black dot, Fig. 3a)—consistent with
Middlemas et al. (2020). Cloud feedbacks in the Tropics (30°S-30°N) contribute some
to Arctic warming but little to Arctic amplification (black dots, Fig. 3c-d). Across all
regions, the interaction of the cloud-induced warming with other radiative feedbacks is
the primary contributor to Arctic warming and Arctic amplification (cyan dots, Fig. 3).
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Figure 4. Global cloud locking in CMIP5 and CMIP6. Contributions to cloud-induced surface
temperature change AT,_; in the (x-axis) Tropics (30°S-30°N) @and(y-axis) Arctic (60°N-90°N) based
on including the cloud feedback globally in the MEBM thatyis diagneséd from (a) CMIP5 and (b)
CMIP6. Each dot denotes a mechanism in Eq. (6). The colored dots, sum to the black dot. The red
dots denote changes in radiative feedbacks, the cyan dots"denote interactions between other radiative
feedbacks, and the green dots denote interactions withl atmospheric heat transport. The large dots
denote the multi-model mean and the small déts denote an,individual CMIP5 and CMIP6 climate
model.

3.1.2. Cloud locking in CMIP5 and CMiIP6 Having shown that the MEBM emulates
the CESM1-CAMS5 cloud locking experiments and that the mid-latitude cloud feedback
contributes most to Arctic amplification, we now examine the impact of cloud feedback
locking on Arctic amplification acrossgbroader range of climate models. To do this,
we conduct the same analyses agsabove with the CESM1-CAMS5 simulations but with
a broader suite of CMIP5 and GMIP6 climate models under abrupt-4xCO2 (see Sec-
tion 2.2). More specificallyywe péerform a normal MEBM simulation by prescribing the
patterns of F, A\ and AG. from each CMIP5 and CMIP6 climate model in the MEBM
and compare that teraMEBM simulation in which the cloud feedback diagnosed from
each climate model is removed. We then calculate the terms in Eq. (3) for the MEBM
simulations.

When the cloud feedback is included in the MEBM globally, there is large surface tem-
perature/change in the Arctic and Tropics (Fig. 4). On average, CMIP5 climate models
exhibit aicloud-sinduced warming of approximately 1 K in both the Tropics and Arctic
(Fig! 4a), while CMIP6 climate models exhibit more warming in the Arctic of approx-
imately 3.5 K (Fig. 4b). CMIP6 climate models exhibit stronger cloud-induced Arctic
warming than CMIP5 climate models because of less negative Arctic cloud feedbacks
(reddots, Fig. 4), which has been noted previously by Hahn et al. (2021), and be-
cause’ of stronger climate feedback interactions (cyan dots, Fig. 4). The less-negative
cloud feedbacks are related to a less-negative shortwave low-cloud amount and scattering
feedbacks (Zelinka et al., 2020). However, there is considerable intermodel spread in the
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amount of cloud-induced Arctic surface temperature change across CMIP5 and CMIP6
(Fig. 4). For example, in CMIP5, the cloud-induced surface temperature change results
in a temperature range of -2 K to 8 K in the Arctic (grey dots, Fig. 4a). Tn CMIP6ythe
cloud-induced surface temperature change results in an even larger temperature range
of -2 K to 10 K in the Arctic (grey dots, Fig. 4b). Similar to the CESMd-CAMS5 simu-
lations, the intermodel spread in surface temperature change in the Arcticunder cloud
locking is primarily associated with Term (c), which represents climiate feedback inter-
actions (cyan dots, Fig. 4). In contrast, the intermodel spread in surfacefemperature
change in the Tropics under cloud locking is mainly linked to the cloud feedback itself
(red dots, Fig. 4).

Arctic Tropics

bk e b b

AT, [K]
o w o ©

|
w

Pendergrass  Soden Smith Shell Block Huang Pendergrass Soden Smith Shell Block Huang
[ Total [ —A,_ /AT, [— V7,V P O +A((V-F)yy 3 CMIPs CMIP6

Figure 5. Sensitivity of global cloud lecking to.radiative kernels. Contributions to cloud-
induced surface temperature change AT, _; in the (left) Arctic (60°N-90°N) and (right) Tropics (30°S-
30°N) based on including the cloud,feedback globally in the MEBM and using feedbacks derived from
various radiative kernels. Each bar denotes a mechanism in Eq. (6). The colored bars sum to the black
bars. The red bars denote changes in radiative feedbacks, the cyan bars denote interactions between
other radiative feedbacks, and the green bars denote interactions with atmospheric heat transport. The
errorbars denote a + one standard deviatien of all MEBM simulations. The open bars denote CMIP5
and the hatched bars denote CMIP6.\ Note that the y-axis limits differ between the left and right
panels.

Global cloud lockingrin thesMEBM, based on CMIP5 and CMIP6 feedbacks derived
from different radiative kernels, produces similar results (Fig. 5). However, some ra-
diative kernels indieate greater warming from cloud locking, particularly in the Arctic
(black bars, Fig. 5). Fominstance, when CMIP5 and CMIP6 feedbacks are estimated
using radiative kernels from Shell et al. (2008), cloud locking results in more Arctic
warming/when compared to the Pendergrass et al. (2018) radiative kernels (left panel,
black bars, Fig/ 5). This occurs because of differences in Term (b), which describes the
Arctie cloud feedback itself, and Term (c), which describes feedbacks interactions (left
panel, red and cyan bars, Fig. 5). In the Tropics, global cloud locking in the MEBM
shows similar behavior across feedbacks derived from different radiative kernels (right
panel; Fig. 5).

When the cloud feedback is included in different regional domains, the impact on surface
temperature change becomes even more striking. In contrast to the MEBM cloud feed-
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Figure 6. Impact of regional cloud locking on Arcticiamplification in CMIP5 and CMIP6.
Contributions to cloud-induced surface temperature change AT~;)in the (x-axis) Tropics (30°S-30°N)
and (y-axis) Arctic (60°N-90°N) based on includingythe cloud feedback from (a) 60°N to 90°N, (b) 30°N
to 60°N, (c) 0° to 30°N, and (d) 30°S to 0° in the MEBM. The feedbacks are derived from (top) CMIP5
and (bottom) CMIP6 output. Each dot denotes a mechanism’in Eq. (6). The colored dots sum to the
black dot. The red dots denote changes in radiative feedbacks, the cyan dots denote interactions between
other radiative feedbacks, and the greendots,denote interactions with atmospheric heat transport. The
large dots denote the multi-model mean and the,small dots denote an individual CMIP5 and CMIP6
climate model.

back locking with CESM1-CAMS5 output, MEBM cloud feedback locking with CMIP5
and CMIP6 output indicates a more diverse range of surface temperature changes in the
Arctic and Tropics (Fig. 6). Both CMIP5 and CMIP6 climate models suggest on aver-
age the Arctic warms,little'ér cools slightly when the Arctic (60°N-90°N) cloud feedback
is included, but there isia large intermodel spread that ranges from -2 K to 3 K (Fig.
6a). Still, the mid latitude (30°N-60°N) cloud feedback contributes most to the cloud-
induced Arctic amplification (Fig. 6b). CMIP5 and CMIP6 climate models suggest
that on average, the mid-latitude cloud feedback contributes to an Arctic-to-Tropics
warming ratio of 5-6, withusubstantial intermodel spread that is solely related to Term
(¢), which desé€ribesfeedback interactions (cyan dots, Fig. 6b). As with CESM1-CAMS5,
including the cloud feedback from 30°S-30°N does not contribute much to Arctic ampli-
fication but does contribute strongly to warming in both the Arctic and Tropics (Fig.
6c-d), consistent with Bonan et al. (2018). The cloud-induced surface temperature in
the ‘Iropics occurs primarily because of Term (b), which describes the cloud feedback
itself (red dots, Fig. 6¢-d).

Regional cloud locking performed in the MEBM using CMIP5 and CMIP6 feedbacks
derived from different radiative kernels produces similar results, indicating that mid-
latitude cloud feedback significantly contributes to Arctic warming and Arctic amplifi-
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Figure 7. Sensitivity of regional cloud feedback locking to radiative kernels. Contributions
to cloud-induced surface temperature change AT, _; in the (left) Arctic (60°N-90°N) and (right) Tropics
(30°S-30°N) based on including the'cloud feedback from (a) 60°N to 90°N, (b) 30°N to 60°N, (c) 0° to
30°N, and (d) 30°S to 0° in the MEBM and using feedbacks derived from various radiative kernels. Each
bar denotes a mechanism imEq. (6). The colored bars sum to the black bars. The red bars denote
changes in radiativedeedbacks, the cyan bars denote interactions between other radiative feedbacks,
and the green bars denote interactions with atmospheric heat transport. The errorbars denote a +
one standard deviation of allMEBM simulations. The open bars denote CMIP5 and the hatched bars
denote CMIP6. Note that the y-axis limits differ between the left and right panels.

cation (Fig. 7b). However, as with global cloud locking, the results can vary depending
on the specifie radiative kernels used to estimate individual feedbacks. For instance,
CMIP5 and CMIP6 feedbacks derived from some radiative kernels (e.g., Soden et al.,
2008; Shell et al., 2008) result in strong Arctic warming when the Arctic cloud feedback
isiineluded (left panel, Fig. 7a). In contrast, this effect is not observed with feedbacks
based’on radiative kernels from Pendergrass et al. (2018) or Huang et al. (2017). This
discrepancy arises primarily because of Term (b), which shows that the Arctic cloud
feedback is more positive with the Soden et al. (2008) and Shell et al. (2008) radia-
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tive kernels, and because of Term (c), which shows that feedback interactions areralso
stronger (red and cyan bars, Fig. 7a). In the Tropics, regional cloud locking results
in similar amounts of warming across feedbacks derived from different radiative kernels

(Fig. Te-d).

4. Discussion and conclusions

This study has several key findings. First, we reconciled two different perspectives on
how climate feedbacks influence surface temperature change. In particular, we show the
traditional feedback-forcing framework (e.g., Pithan and Mauritsen;"2014; Hahn et al.,
2021), which suggests that the cloud feedback contributesilittle to warming in the Arc-
tic, can be reconciled with the feedback locking framework (e.g.;iMiddlemas et al., 2020;
Chalmers et al., 2022), which suggests that clouds contributesignificantly to warming in
the Arctic, by accounting for interactions with other climate feedbacks. In the Tropics,
the cloud feedback contribution diagnosed using/the traditional feedback-forcing frame-
work is similar to the contribution from feedback locking, indicating that the traditional
feedback-forcing framework works well in estimating the cloud warming contribution for
tropical regions. Second, we showed that a MEBM with no cloud feedback exhibits sim-
ilar behavior as a coupled climate modebwith a disabled cloud feedback (Fig. 2), which
suggests that MEBMs can be used to examine the impact of feedback locking on other
climate processes. Finally, we showed that the mid-latitude cloud feedback contributes
to Arctic amplification by interagting with other climate feedbacks. The surface tem-
perature change resulting from' including the mid-latitude cloud feedback is amplified
in the Arctic by the surface-albedo, Planck, and lapse-rate feedbacks (Fig. 3).

Our study underscores the.uncertain role of the Arctic cloud feedback in Arctic climate
change. Middlemas et al. (2020) used CESM1-CAMS5 to show that including the Arctic
cloud feedback under,greenhouse gas forcing has minimal impact on Arctic warming. In
contrast, our analysis acress a broader suite of climate models shows that including the
Arctic cloud feedbagk can result in either large cooling or large warming (Fig. 6). We
also found that the magnitude of Arctic surface temperature change with MEBM-based
cloud locking depends on the specific radiative kernels used to diagnose individual feed-
backs (Fig."'7), adding complexity to understanding the role of Arctic cloud feedback in
climate ¢hange. Some of the differences in surface albedo and shortwave cloud feedbacks
across radiative kernels could potentially be reconciled by applying the approximate par-
tialradiative perturbation (APRP) technique (Taylor et al., 2007; Morrison et al., 2019;
Chalmers'et al., 2022). Of course, our results may already be biased because contempo-
rary.climate models exhibit substantial cloud biases, leading to underestimation of both
Arcti¢ and non-Arctic cloud feedbacks (Tan and Storelvmo, 2019; Morrison et al., 2019;
Cesana et al., 2021; Miilmenstéadt et al., 2021; Tan et al., 2022, 2023). For example, Tan
and Storelvmo (2019) showed that correcting biases in the representation of supercooled
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liquid in mixed-phase clouds globally can either enhance or reduce Arctic amplification,
depending on the microphysical cloud characteristics. This highlights the need to im-
prove our understanding and constraints on both Arctic and non-Arctic cloud feedbacks;
as they likely play a critical role in determining the magnitude of Arctic amplification.

While the feedback-locking framework does not alleviate concerns about climate model
biases, it does help offer an approach to assess how other components of,the climate
system interact to shape the patterns of climate change. For example, diagnostic as-
sessments indicate that ocean heat transport contributes little/to Arctic amplification
(Pithan and Mauritsen, 2014; Feldl et al., 2020; Hahn et al., 2021). However, exper-
iments in which ocean heat transport was disabled or unable to change suggest that
ocean heat transport does contribute to Arctic amplification (Singh et al., 2017; Beer
et al., 2020; England and Feldl, 2024). The feedbackslocking framework implies that
these two perspectives can likely be reconciled by ageountingyfor climate system inter-
actions. Applying this framework to other mechanism denial experiments might better
indicate the factors influencing the climate response to.external forcing and help to con-
strain future climate projections.

Importantly, our results demonstrate a non-local'pathway for Arctic amplification and
suggest that constraining the intermodeélvspread in the mid-latitude cloud feedback
across contemporary climate models ‘will reduce the intermodel spread in Arctic
amplification. Arguably, the feedback locking approach demonstrates a more impactful
way of reducing the intermodel spread in the climate response to greenhouse gas forcing,
as no feedback process operaté¢s in iselation. Instead, climate feedbacks interact with
each other and other components of the climate system, such as atmospheric heat
transport, to shape the climate response. Further quantification of climate feedback
interactions and assessment/ of their impact on other features of climate change should
remain a focus of the elimate science community.
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