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Abstract. The Earth’s albedo is observed to be symmetric between the hemispheres on the annual mean timescale, despite

the clear-sky albedo being asymmetrically higher in the northern hemisphere due to more land area and aerosol sources; this

is because the mean cloud distribution currently compensates for the clear-sky asymmetry almost exactly. We investigate the

evolution of the hemispheric difference in albedo in CMIP6 coupled model simulations following an abrupt quadrupling of

CO2 concentrations, to which all models respond with an initial decrease of albedo in the northern hemisphere (NH) due to5

loss of Arctic sea ice. After this initial NH darkening
::::::
Models

:::::::
disagree

::::
over

:::::::
whether

:::
the

:::
net

:::::
effect

::
of

:::
NH

:::::
cloud

:::::::::
responses

::
is

::
to

:::::
reduce

:::
or

::::::
amplify

::::::
initial

:::
NH

::::::
albedo

:::::::::
reductions.

:::::
After

:::
the

:::::
initial

::::::::
response, the evolution of the hemispheric albedo difference

diverges among models, with some models remaining
:::::
stably at their new hemispheric albedo difference, and others returning

towards their pre-industrial difference through either
:::::::
primarily

:::::::
through a reduction in SH clouds or an increase in NH clouds,

or a combination of the two. These responses have different implications on the reduction in global albedo, and thereby the10

strength of the
:::::
cloud

:::::
cover.

:::::::
Whereas

:::::
local

::::::::
increases

::
in

:::::
cloud

:::::
cover

::::::::
contribute

::
to
::::::::
negative shortwave cloud feedback: if a

:
,
:::
the

cross-hemispheric communicating mechanism is
:::::
found primarily responsible for maintaining hemispheric albedo symmetry

, the total shortwave radiative feedback must be more strongly positive. We also show that in these models , there is a link

between the extent of reductions in SH extratropical cloud cover and Antarctic albedo decline due to increased poleward heat

transport in the SH
:::::::
restoring

:::::::::::
hemispheric

::::::::
symmetry

::
in

:::
the

::::::
models

:::::::
studied,

::::::
implies

:::::::
positive

:::::::::
shortwave

:::::
cloud

::::::::
feedback.15

1
:::::::::::
Introduction

The Earth’s albedo is hemispherically symmetric to a high degree; the northern hemisphere (NH) minus southern hemisphere

(SH) difference in annual mean hemispheric albedo (henceforth referred to as asymmetry) has been on the order of -0.1%
::
0.1

:::
W

:::
m-2 for the past two decades (Datseris and Stevens, 2021; Jönsson and Bender, 2022). This was first noted, although with greater

uncertainty, during the first generation of satellite observations of Earth’s radiative energy balance (Vonder Haar and Suomi,20

1971), and persists without detectable trends in modern satellite observations (Voigt et al., 2013; Stephens et al., 2015; Datseris and Stevens, 2021; Jönsson and Bender, 2022)

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Stevens and Schwartz, 2012; Voigt et al., 2013; Stephens et al., 2015; Datseris and Stevens, 2021; Jönsson and Bender, 2022)
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. This is possible because in the
:::::
annual

:::::
mean all-sky albedo, the annual mean cloud distribution compensates

:::::
clouds

::::::::::
compensate

for the clear-sky albedo asymmetry that exists due to differences in surface properties and aerosol loading between the NH

and SH (Stephens et al., 2015; Jönsson and Bender, 2022; Diamond et al., 2022). Climate models have a large spread of25

albedo asymmetry (Stephens et al., 2015; Jönsson and Bender, 2022), but the variability of asymmetry in model simulations is

low, with most
:::::::
coupled models exhibiting relatively small changes between pre-industrial (PI) and present-day (PD) historical

asymmetries (Jönsson and Bender, 2022).

:::
The

::::::::
clear-sky

::::::::::
hemispheric

::::::
albedo

:::::::::
asymmetry

::
is

:::::::::
determined

::::::
mostly

::
by

:::::::::::
contributions

::::
from

:::
the

::::::::
clear-sky

:::::::::
atmosphere

:::::::::::::::::::::::::::::::::::::::::
(Stephens et al., 2015; Jönsson and Bender, 2022)

:
,
:::::::
pointing

::
to
::

a
::::::
strong

::::::::
influence

:::::
from

:::::::
aerosols

:::
in

:::
the

::::
NH

::
in

:::::::
leading

::
to

::
a
::::::::
presently

::::::
higher

::::
NH

::::
than

:::
SH

:::::::::
clear-sky

::::::
albedo30

::::::::::::::::::
(Diamond et al., 2022)

:
.
::
In

:::::
higher

::::::::
latitudes,

:::
the

::::::
surface

:::::::::
contributes

::
a

:::::
greater

:::::
share

::
of

:::
the

::::::
albedo

::::::::::::::::::
(Stephens et al., 2015)

:
.
:::::::
Because

::
of

::::::
aerosol

::::::::
emission

::::::::::
drawdown

:::
and

::::::::
changes

::
in

:::
the

::::::::::
cryosphere

::::
due

::
to

::::::
global

::::::::
warming,

::::
the

::::::::
clear-sky

:::::::::::
hemispheric

::::::
albedo

:::::::::
asymmetry

::
is

:::::
likely

::
to

::::::
change

::
in

:::
the

::::
near

:::::
future

:::::::::::::::::::
(Diamond et al., 2022).

:

Higher cloud amount in the SH subtropics as well as higher cloud amount and cloud albedo in the SH midlatitudes than in

their NH counterparts compensate for both the clear-sky albedo asymmetry and higher cloud amount in the NH tropics than35

in the SH tropics (Bender et al., 2017).
:::::::
Although

::
it

:::
has

::::
been

::::::
shown

:::
that

:::
the

:::::::
tropical

:::::::::
maximum

::
in

::::
deep

:::::::::
convective

:::::
cloud

:::::
cover

::::::::
following

:::
the

::::::
position

::
of

:::
the

:::::::::::
inter-tropical

::::::::::
convergence

:::::
zone

::::::
(ITCZ)

:::::
could

::::
offer

::::
some

::::::::::::
compensation

::
to

:
a
::::::::::
hemispheric

:::::::::
difference

::
in

:::::
albedo

:::
by

::::::
shifting

::::
into

:::
the

::::::
darker,

::::::
warmer

::::::::::
hemisphere

::::::::::::::::::::
(Voigt et al., 2013, 2014)

:
,
::::::
tropical

::::::
clouds

::::
have

::::
been

::::::::::
understood

:::
not

::
to

::::
have

:
a
:::::
major

::::
role

::
in

::::::::::
determining

:::
the

::::::::::
hemispheric

::::::
albedo

:::::::::
symmetry,

::::
since

:::
the

:::::::
tropical

::::::::
maximum

::
in

:::::
cloud

:::::
cover

::
is

::::::
located

::
in

:::
the

:::
NH.

:
Thus, extratropical cloud cover

:
–
::::::::::
particularly

::
in

:::
the

:::
SH

:::::::::::
midlatitudes

:
–
:
has been highlighted as important for maintaining40

the hemispheric albedo symmetry in the annual mean and beyond (Datseris and Stevens, 2021; Jönsson and Bender, 2022;

Rugenstein and Hakuba, 2021), while variability in tropical cloud cover has been found to contribute to variability in the albedo

asymmetry time series (Jönsson and Bender, 2022). The clear-sky hemispheric albedo asymmetry is determined mostly by

contributions from the clear-sky atmosphere (Stephens et al., 2015; Jönsson and Bender, 2022), pointing to a strong influence

from aerosols in the NH in leading to a presently higher NH than SH clear-sky albedo (Diamond et al., 2022). In higher45

latitudes, the surface contributes a greater
:::::::
Changes

::
in

:::
SH

:::::::::::
extratropical

::::::
clouds

::
in
::::::::

response
::
to
:::::::::::::

anthropogenic
::::::
forcing

::::::
would

::::::::
inevitably

::::::
impact

:::
the

:::::::::::
hemispheric

::::::
albedo

:::::::::
symmetry;

:::::::::::
furthermore,

::::::
clouds

::
in

:::
the

:::
SH

::::::::::
extratropics

::::
are

:::::::::
responsible

:::
for

::
a
:::::
large

share of the albedo (Stephens et al., 2015). Because of aerosol emission drawdown and changes in the cryosphere due to global

warming, the clear-sky hemispheric albedo asymmetry is likely to change in the near future (Diamond et al., 2022)
::::::
positive

::::
shift

::
in

:::::
model

::::::::
estimates

::
of

:::
SW

:::::
cloud

:::::::::
feedbacks

::::
from

::::::
CMIP5

::
to
:::::::
CMIP6

:::::::::::::::::
(Zelinka et al., 2020)

:
.
::::::::
However,

::::::::::
constraining

:::
the

:::::::::
magnitude50

::
of

:::
this

::::
shift

::::
and

:::
the

::::::::::::
representation

:::
of

:::
SH

:::::::::::
extratropical

:::::
clouds

:::
in

::::::
models

::
is
:::::
made

::::::::::
challenging

::::
due

::
to

::
a

::::
lack

::
of

:::::::::::
observations

::::::::::::::::::::::::::::::::::::::::::
(Ceppi and Hartmann, 2015; Gettelman et al., 2020).

The Earth’s albedo is to a large degree determined by contributions from clouds, accounting for over half of the upwelling

shortwave (SW) radiative fluxes at the top of the atmosphere (TOA) in the global mean. This means that the planetary albedo is

relatively sensitive to changes in cloud properties and coverage with a changing climate. The sum effect of clouds on changes in55

planetary albedo and thus reflected SW radiation on Earth’s radiative balance at the TOA in response to change in temperature

is referred to as the total SW cloud radiative feedback, and its spatial distribution as well as its global mean magnitude is the
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greatest source of uncertainty in estimating the climate's sensitivity to CO2 forcing (Forster et al., 2021). The spread of SW

cloud radiative feedbacks estimated by coupled models has increased in the latest phase of Coupled Model Intercomparison

Project (CMIP6) compared to the previous (CMIP5), and its average value has increased from slightly negative in CMIP560

to slightly positive in CMIP6 (Zelinka et al., 2020). Observational constraints also support this positive SW cloud radiative

feedback estimate (Ceppi and Nowack, 2021; Forster et al., 2021). The hemispheric albedo symmetry is thereby relevant in

addressing a signi�cant source of uncertainty in constraining estimates of climate sensitivity: understanding any mechanisms

that might maintain this symmetry can aid in estimating the magnitude and distribution of the total SW cloud radiative feedback.

While there is no known physical mechanism or explanation for the observed hemispheric albedo symmetry, it is important65

to pose the question: what would a mechanism for maintaining a hemispheric albedo symmetry entail for climate? Given that

there is no observed trend in the hemispheric difference in albedo despite changes in the global radiative energy balance and

despite global changes in albedo (Stephens et al., 2022), the hemispheric symmetry is at leastover this periodrobust
:::::
robust

:::::::::
throughout

:::
the

:::::::
satellite

::::::
record. In this study, we investigate the implications for Earth's climate if its albedois

::::
were

:
forced

out of its current hemispheric symmetry due to warming processes, to guide an exploration of possibilities for changes in the70

global cloud distribution in a changing climate.

We examine possible pathways for the Earth's albedo symmetry response to warming using climate models, and discuss how

these pathways for hemispheric albedo differences in a perturbed climate manifest in terms of changes to the cloud distribution,

heat transport, energy balance, and warming. To this end, we use simulations from an ensemble of coupled atmosphere-

ocean and earth system models from the Coupled Model Intercomparison Project phase 6 (CMIP6) (Eyring et al., 2016)75

in which CO2 concentrations are abruptly quadrupled from PI levels. These idealized single-forcing experiments allow for

study of the evolution of albedo asymmetry in models in response only to greenhouse gas (GHG)-forced warming, without

consideration of aerosol forcing that is presently signi�cant but can be expected to be much smaller than the CO2 forcing in

the future if ongoing aerosol emission drawdown continues (Myhre et al., 2015; Szopa et al., 2021). We show how modeled

albedo asymmetries evolve as the climate warms, and categorize model behavior by symmetry-maintaining responses (Section80

3.1). We then characterize potential albedo symmetry-maintaining mechanisms and how strongly they act among the models

(Sections 3.2 and 3.3). Finally, we describe the implications that symmetry-maintaining mechanisms have for the strength

of SW cloud radiative feedbacks (Section 3.4), and discuss the realism of these mechanismsas well as the possibility to

observationallyconstrainthem(Section 4).

2 Methods
:::::::::
Materials

:::
and

::::::::
methods85

2.1 Model output

In this analysis, we use CMIP6 abrupt, strong forcing (abrupt-4xCO2
:::::::::::
abrupt-4xCO2) experiments as well as simulations of PI

conditions (piControl
::::::::
piControl) and those usinghistoricalforcings

:::
best

::::::::
estimates

::
of

::::
past

:::::::
forcings

::
(

:::::::
historical

:
)

:
(Eyring et al.,

2016). Abrupt forcing simulations can be used to estimateeach
:
a
:
model's equilibrium climate sensitivity (ECS) by regress-

ing the
::
its

:
global mean temperature response againstthe magnitudeof radiativeforcing in the model

::
its

:::
net

:::::
TOA

::::::::
radiation90
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::::::::
imbalance; this slope yields the effective climate sensitivity (EffCS), a �rst-order estimate of ECS (Gregory et al., 2004). This

method requires a reasonable amount of simulation time (the minimum for CMIP6 participation being 150 years) compared

to the millennia that are needed for a model's climate to equilibrate and yield a calculation of the ECS (Rugenstein et al.,

2020), and thus includes a high number of models. The abrupt forcing simulations allow sequences of events in the adjustment

of the climate system to be studied as they occur onseparate
:::::::
different

:
timescales. In this study, we consider one realization95

(r1i1p1f1
::::::
r1i1p1f1) each from 34 models (listed in Table 1) and discuss their evolution over 150 years of simulation time follow-

ing the onset of forcing. We use one realization (r1i1p1f1
:::::::
r1i1p1f1) of historical simulations for each model to estimate values

of PD conditions over the years 2000-2014, to compare to Clouds and the Earth's Radiant Energy System, Energy Balanced

and Filled (CERES EBAF)(Loeb et al., 2018)values
:::::::
radiative

:::::
�uxes

::::
and

::::::::
Moderate

::::::::::
Resolution

:::::::
Imaging

::::::::::::::::
Spectroradiometer

::::::::
(MODIS)

:::::
cloud

:::::::
fraction

:
obtained from observations over March 2000-February2015.

::::
2015

::::::::::::::::
(Loeb et al., 2018).

:
We also100

make use of estimates of
:::::
model

:
radiative feedback strengths published by Zelinka et al. (2022)

:::
and

::::::
model

::::
ECS

:::::::::
published

::
by

::::::::::::::::
Meehl et al. (2020). We choose only models where all radiative �ux variables were available, butsome.

:::::::
Certain models are

excluded whenothervariablesarepresentedwhereoutput
::::::
output

::::::
needed

:::
for

:
a

:::::
given

::::::::::
comparison

:
was not available;theseare

::::::
variable

::::::
output

::::::::
coverage

:
is

:
speci�ed in Appendix A.

2.2 Calculations
::::
Data

::::::::::
processing105

We focus our analysis on modeled re�ected SW radiative �uxes at the TOA (F "
T OA ) and albedo� in all- and clear-sky condi-

tions, as well as the SW cloud radiative effect (CRE), de�ned as the difference between clear- and all-skyF "
T OA :

SW CRE = F "
T OA; clear � F "

T OA; all ; (1)

so that a negative CRE implies TOA cooling. NH minus SH hemispheric differences inF "
T OA are referred to asasymmetry,

and hemispheric differences in other values are denoted with� HD . Differences in time are denoted with� . Area averages are110

calculated using meridional weights given by the cosine of latitude, i.e. assuming a spherical Earth model. In calculating time

averages, we weight CERES EBAF time averages by the length of months in days, but we do not weightvaluesof monthly

averages in models by the length of the month due to differences in model calendars; we motivate this with the assumption

that differences in time averages among the 34 models presented here should arise primarily from differences in the models

themselves and secondarily by the 5-day (� 1%) spread in model calendar years.
:::::
Where

:::::::::
correlation

::::::::
statistics

:::
are

::::::
given,

:::
the115

:::::::::
correlation

:
is

:::::::::
signi�cant

::
at

:::
the

::::
99%

::::::::::
con�dence

::::
level

::::
(p <

:::::
0.01)

:::::
unless

::::::::
otherwise

::::::
stated.

:

To estimate meridional heat transport (MHT) and its components, we use monthly mean TOA and surface energy �uxes

following the methods outlined in(Donohoe et al., 2020)
::::::::::::::::::
Donohoe et al. (2020). We show only the tendency of meridional

redistributions of energy absorbed by the climate system, as the modeled climate systems in these simulations are not in

equilibrium. The implied total (ocean plus atmosphere) MHT is assumed to be driven by the meridional distribution of TOA120

energy imbalance, and the implied atmospheric heat transport (AHT) is assumed to be driven by the energy input into the

atmosphere, or difference between the TOA energy input and the total surface energy input.
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3 Results

3.1 Modeled albedo asymmetry responses to CO2 forcing

Figure 1 depicts the time evolution of modeled asymmetries relative to their PI mean hemispheric albedo difference; Figure2125

includespro�les of zonalmeanchangesin all- andclear-skyre�ectedradiationaswell asSWCREthroughoutthesimulations.

In all models, asymmetry immediately becomes more negative following a reduction ofNH albedo
:::::::
clear-sky

::::::
albedo

:::::::::
asymmetry,

which occurs primarily in the �rst 50 years after the forcing is applied; from here on, we will refer to the period between 30-

50 years into the experiment as `Mid', and use its mean conditions as representative of the model state after the initialNH

darkeningresponse(Figure1a,b). This NH darkeningis primarily dueto thereductionin high-latitudealbedo,which canbe130

seenin Figure2a,andcanbeascribedto lossof NH seaice. Thespreadin themagnitudeof the initial asymmetryresponse

is duepartly to a spreadin clear-skyalbedoreductions(Figure2b) andpartly to spreadin SW CRE at high latitudesin the

NH (Figure2c). The initial polar albedoreductionsin the SH aresmallerthan thosein the NH (Fig 2a, b), but alsoshow

somespreadamongmodels,contributingto the overall responseof the hemisphericalbedosymmetry.The modelspreadin

clear-skyasymmetryevolutioncanbeseenin Figure1b,andFigure1c illustratesthatmuchof theall-skyasymmetryresponse135

throughoutthe150yearsis determinedby theclear-skyasymmetryresponse.

All modelsgenerallyseeaweakeningin negativesubtropicalSWCREin bothhemispheresthroughoutthe150years(Figure

2c,2f and2i). Figure1dshowsthatthehemisphericmeandifferencein netTOA energyinput follows thechangein asymmetry

by roughly1:1W m-2 amongmodels.A negative(positive)disturbancein theNH-SHhemisphericmeandifferencein netTOA

heatingmeansthatananomalousnorthward(southward)cross-equatorialenergytransportrelativeto PI — or if cross-equatorial140

transportis not changed,hemisphericallyasymmetricwarming— wouldbeinduced.

:::::
albedo

::::::::::
asymmetry

::::::::
response.

:
After the `Mid' period, theevolutionof the

:::::::
evolution

::
of

::::
the asymmetry time series diverges

among themodels,with somemodels
:::::::
models,

::::
with

::::
some

:::::::
models'asymmetryremainingrelativelystaticandothersrecovering

towardstheirPImeanasymmetry
:::::::::
asymmetry

:::::::::
remaining

::::::::
relatively

:::::
stable,

:::
and

::::::
others

:::::::::
recovering

::::::
towards

::::
their

::
PI

:::::
mean

::::::::::
asymmetry;

:::
this

:::::::::
divergence

::
is

:::::
driven

:::
by

:::::
cloud

::::::::
responses.

:::
We

::::
will

:::::::::
henceforth

::::
refer

::
to

:::
the

:::::
years

:::::::
130-150

::
as

:::
the

:::::
`End'

::::::
period.

::::
The

:::::::::
divergence145

::
of

:::::::::
asymmetry

::::::::
responses

::::
after

::::::
`Mid'

:::
can

::
be

::::
seen

::
in

:::
the

::::::::::
distribution

::
of

:::::::::
asymmetry

::::::::::
differences

:::::::
between

:::::
`End'

:::
and

:::::
`Mid'

:::::::
(Figure

:::
1c).

::::
The

:::::::::
correlation

:::::::
between

:::::
clear-

::::
and

::::::
all-sky

:::::::::
asymmetry

:::::::::
responses

:::::::
between

:::::
`Mid'

::::
and

::
PI

:::::::::
conditions

::
is

:::::
strong

::::::
(R2 =

:::::
0.78)

:::
and

:::::
weak

:::::::
between

:::
the

:::::̀
End'

::::
and

:::::
`Mid'

:::::::
periods

::::::
(R2 =

:::::
0.33),

:::::::::
illustrating

:::
the

::::
role

::
of

::::::
clouds

::
in

::::
the

:::::::::
divergence

::
of

::::::::::
asymmetry

::::::::
responses

::::::::
following

:::
the

::::::
initial

:::::::
response. In two models, EC-Earth3-Veg and EC-Earth3-AerChem, asymmetry continues to

strengthen in the negative direction due to continued NH darkening. By 150 years, several models have recovered their PI150

mean asymmetry, with some overcompensating towards a more positive asymmetry than in PI conditions.Modelsthatrecover

towardstheir PI meanasymmetryby theendof thesimulation(we will refer to theyears130-150asthe`End' period)do so

primarily by weakeningnegativeSH extratropicalandmidlatitudeSW CREbeyond̀ Mid' (Figure2i).

::
By

::::::
`End',

:::::::
modeled

:::::::::
responses

::
in

::::::::::
hemispheric

::::::::::
differences

::
in

:::
net

::::
TOA

::::::
energy

::::::
inputs

:::
are

::::
also

:::::::::::
anticorrelated

::::
with

::::::::::
asymmetry

::::::::
responses

:::::
(R2 =

:::::
0.79,

::::
0.41

:::
and

::::
0.39

:::
for

::::::
all-sky,

::::::::
clear-sky

:::
and

::::
CRE

::::::::::
asymmetry

::::::::
responses,

::::::::::::
respectively),

::::
with

:
a

::::::
change

::
of

:::::
-0.92155

::
W

:::
m-2

:::
for

::::
each

:::
W

:::
m-2

:::::::::
difference

::
in

:::
the

::::::
all-sky

:::::::::
asymmetry

::::::::
response.

::
A

:::::::
positive

::::::::::
disturbance

::
in

:::
the

:::::::
NH-SH

::::::::::
hemispheric

:::::
mean

5



Timeseriesof 5-yearrunningmeanmodeledall-sky (a)andclear-sky(b) asymmetryresponsesin abrupt-4xCO2simulations,and

differencesbetweeǹEnd' andPI meanmodeledall-skyalbedoasymmetryplottedagainst(c) clear-skyalbedosymmetryand(d) NH-SH

hemisphericmeandifferencesin TOA netradiationinput (NET). Thecolor scaleof timeserieslinesis representativeof thetotal `End'

minusPI albedoasymmetrydifference.Numbersin thescatterplot correspondto themodelnumberaslistedin Table1.

Figure 1.
::::
Left:

:::
time

:::::
series

::
of

:::::
5-year

::::::
running

::::
mean

:::::::
modeled

::
(a)

::::::
all-sky

:::
and

::
(b)

:::::::
clear-sky

::::::::
asymmetry

::::::::
responses

::
in

:::::::::::
abrupt-4xCO2

:::::::::
simulations.

:::
The

::::
color

::::
scale

::
of

::::
time

::::
series

::::
lines

::
is

::::::::::
representative

::
of

:::
the

:::
total

:::::̀
End'

:::::
minus

::
PI

:::::
albedo

:::::::::
asymmetry

::::::::
difference.

:::::
Right:

::
(c)

:::::::::
differences

:
in

:::::
mean

:::::::::
asymmetries

::::::
between

:::::::
periods,

::::
listed

::
in

::::
order

::
of

::::
`End'

:::::
minus

::
PI

::::::::
asymmetry

:::::::
changes.

:::::::::
Histograms

::::
(with

:
8

::::
bins;

:::
also

:::::
shown

::
as

:::::
curves

::::::::
smoothed

:::
with

:
a
:::::::
Gaussian

::::::
kernel)

::
of

:::
the

:::::::::
distributions

::
of

::::::::
asymmetry

::::::::
responses

::
by

:::::
period

:::
are

:::::
shown

::
at

::
the

::::
top.

::::::::
difference

::
in

:::
net

::::
TOA

::::::
energy

:::::
input

:::::
would

::::::
induce

:::::::::
anomalous

:::::::::
southward

:::::::::::::
cross-equatorial

:::
heat

::::::::
transport

::
—

:::
or,

::
if

:::::::::::::
cross-equatorial

:::::::
transport

::
is

:::
not

::::::::
changed,

:::::::::::::
hemispherically

::::::::::
asymmetric

:::::::
warming

::::::
and/or

::::::::::
deep-ocean

:::
heat

:::::::
storage.

:

While modelsagreeon
:::::
Figure

::
2

:::::::
includes

:::::::
pro�les

::
of

:::::
zonal

:::::
mean

:::::::
changes

::
in

:::
all-

::::
and clear-skyalbedoreductionsin theNH

in responseto warming,thespreadin magnitudeof total albedoreductionspointsto differencesamongthemodelsin whether160

cloudsserveto eitheramplify or reducethetotal albedoreductionin thehemisphericmean.Disturbancesin thehemispheric
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albedosymmetrywith warmingmaybereducedby cloudswhentheydampenalbedoreductionscausedby decreasingsurface

contributions;we will refer to thesetypesof compensationsas local compensations.Thesecompensationsoccurprimarily

wherethe surfacecontributionreductionsto albedoarethe greatest,andwe will discussthe NH cloud responsesandtheir

impacton the initial asymmetryresponsevia local compensationsin Section3.2.Modelsalsodisagreeon theamountof SH165

hemisphericmeanalbedoreductions,causingadivergencein modeledhemisphericalbedoasymmetryafter`Mid' andleading

to somemodelsrecoveringtowardstheir PI meanalbedoasymmetry;we will refer compensationsto
:::::::
re�ected

:::::::
radiation

:::
as

:::
well

:::
as

:::
SW

::::
CRE

::::::::::
throughout

:::
the

::::::::::
simulations;

:::::::::
composite

::::
maps

::::
and

::::
maps

:::
of

:::::::::
inter-model

::::::
spread

:::
for

::::
these

::::::::
variables

:::
are

::::::
shown

::
in

::::::::::::
Supplementary

::::::
Figures

::::::
S1-S3.

::::::
Figure

:
2

::::::
shows

:::
that

:::
the

:::::
initial

:::::::
negative

:::::::::
asymmetry

::::::::
response

:
is

::::::::
primarily

:::
due

::
to

::
a

::::::::
reduction

:
in

::::
NH

::::::::::
high-latitude

::::::::
clear-sky

::::::
albedo

::::::
(Figure

:::
2a)

::::
and

::::::::::
secondarily

::
to

:::::::
changes

::
in

:::
NH

:::::
cloud

:::::
cover

:::::::
(Figure

:::
2b).

:::::
Polar

::::::
albedo

:::::::::
reductions170

::
in

:::
the

:::
SH

:::
are

::::::::
generally

:::::::
smaller

::::
than

:::::
those

::
in

:::
the

::::
NH.

::::::::::::
High-latitude

:::
NH

::::::
albedo

::::::
losses

:::
are

:::::::::
consistent

::::
with

:::::
other

::::::
studies

:::
on

::
the

::::::::
ampli�ed

::::::::
warming

::
of

:::
the

::::::
Arctic

::
in

:::::::
response

::
to

:::::
GHG

::::::
forcing

::::
(e.g.

::::::::::::::::::::::::::::::::::::
Hahn et al. 2021; Sledd and L'Ecuyer 2021

:
),

:::
and

:::
can

:::
be

:::::::
ascribed

::
to

:::
sea

:::
ice

::::
loss.

:::::
While

::::::
models

:::::
agree

:::
on

:::
the

:::::::
direction

:::
of

:::
SW

:::::
CRE

::::::
changes

:::
in

:::
the

::::::
Arctic,

:::
they

::::::::
disagree

::
on

:::
the

::::::::
direction

::
of

:::
SW

:::::
CRE

:::::::
changes

::
at

:::::
other

:::::::
latitudes

:::
in the NH darkeningofferedby SH albedoreductionsasremotecompensations.To

understandhowcloudsrelateto theimpactof reductionsin SHextratropicalandpolaralbedoamongmodels,wewill describe175

themodelevolutionin SHclimatebetween
::::::
(Figure

:::
2c,

::
f);

:::
the

:::
NH

::::::
albedo

::::::::
responses

::::
will

::
be

::::::::
discussed

::
in

:::::::
Section

:::
3.2.

::::::
Models

::::
that

::::::
recover

:::::::
towards

::::
their

::
PI

:::::
mean

:::::::::
asymmetry

:::
by

:::
the

:::
end

::
of

:::
the

:::::::::
simulation

:::
do

::
so

::::::::
primarily

:::
by

:::::::::
weakening

:::::::
negative

:::
SH

::::::::::
midlatitude

:::
SW

::::
CRE

:::::::
beyond `Mid'and`End' in

::::::
(Figure

:::
2i);

:::::
these

::::::::
responses

::::
will

::
be

:::::::::
discussed

::
in Section 3.3.Theagreementin modeled

hemisphericalbedoasymmetryresponsesin the initial responseandthesubsequentdivergenceof theasymmetrytime series

amongmodelshintsatprocessesthataffectcloudsandalbedooccurringatdifferenttimescales.180

It is important to note that we present the evolution of modeled albedo asymmetry relative to PI conditions to study its

potential response to warming, and there is a large spread in PI mean hemispheric albedo differences among models (shown

in Supplementary�gure S1
:::::
Figure

:::
1c) (Jönsson and Bender, 2022; Diamond et al., 2022; Rugenstein and Hakuba, 2021).

::::::::
However,

:::
we

::
do

:::
not

::::
see

:::
any

:::::::::
consistent

::
or

::::::
robust

::::::::::
dependence

::
of

:::
the

::::::::::
asymmetry

:::::::
response

:::::
upon

::
PI

:::::
mean

:::::::::::
asymmetries

::::::
across

::::::
models,

::::::
which

:
is

:::
in

::::::::
agreement

::::
with

::::::::::::::::::::::::::
Rugenstein and Hakuba (2021).

:
185

3.2 Local compensation:
:::::
Initial NH cloud interactions with

:::::::::::::
compensations

::
to clear-sky darkening

The initial responseof NH darkeningamongmodelsis primarily dueto the clear-skyalbedoreductioncausedby decreased

surfacecontributionsto albedoas the NH cryospherechanges.Although the asymmetry response following the initial NH

surface darkening is unanimous among models in terms of sign, there is spread in the magnitude of this asymmetry response.

This spreadis relatedto the impact of cloudson NH albedo,over which models
::::::
Models

:
disagree on whetherthey

:::::
cloud190

::::::::
responses strengthen or dampen the NH clear-sky albedo reduction seen in the asymmetry time series.Figure3 presentsthe

differencesin area-meanupwelling SW radiationat the TOA in all- and
::::::::::
Disturbances

:::
in

:::
the

::::::::::
hemispheric

::::::
albedo

:::::::::
symmetry

::::
with

:::::::
warming

::::
may

:::
be

:::::::
reduced

::
by

::::::
clouds

:::::
when

::::
they

::::::
buffer clear-skyconditionsbetween

:::::
albedo

:::::::::
reductions;

:::
we

::::
will

:::::
refer

::
to

::::
these

::::::::::::
compensations

:::
as

::::
local

::::::::::::
compensations

:
,
:::
and

:::::::
present

:::::::
modeled

:::
NH

:::::
cloud

::::::::
responses

:::
in

::::
order

::
to

::::::::
interpret

::
the

::::::
degree

::
of

:::::
local

::::::::::::
compensations

::
in

:::
the

::::::::::
hemisphere

::::::
where

:::::::
clear-sky

::::::
albedo

:::::::::
reductions

:::
are

::::::::
greatest.

:::
To

:::::::::
understand

:::::
where

::::::
clouds

::::
and

::::::::
clear-sky195
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