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Net northward ocean heat transport modulates
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ABSTRACT

Clouds in the Southern Hemisphere (SH) extratropics make up for the Northern Hemisphere (NH)’s
greater tropical cloud cover and clear-sky albedo, making Earth’s planetary albedo hemispherically
symmetric over the satellite record. Knowledge of a mechanism for maintaining hemispheric albedo
symmetry would prove valuable for understanding cloud responses to external forcings. Using simula-
tions of an Earth-like aquaplanet, we investigate the role of ocean heat transport (OHT) in determining
hemispheric differences in cloud cover. With increasing northward cross-equatorial OHT, the SH
becomes dominant in low cloud cover at all latitudes, while NH increases in high clouds are negated
by reductions in low clouds. We describe a dynamical link between the increasing SH extratropical
cloud cover and increasing NH tropical cloud cover with more northward cross-equatorial OHT. We
investigate the effects of clouds and condensation on AHT responses, which increase southward AHT
through latent heating in the extratropics and radiative effects in lower latitudes, aiding in reducing
the hemispheric energy contrast. Because SH cloud increases are greater than NH cloud reductions,
increasing cloud asymmetry with more northward cross-equatorial OHT leads to net increases in global
cloud cover and cooling.

Keywords: Clouds, albedo symmetry, atmospheric circulation, heat transport

1 INTRODUCTION

Earth’s Northern and Southern Hemispheres (NH and SH, respectively) have substantial dif-
ferences in cloud cover, a feature that makes Earth’s observed symmetry between NH and SH
planetary albedo possible despite differences in clear-sky albedo stemming from having more
aerosol emissions and land surface area (Voigt et al., 2013; Stephens et al., 2015; Datseris and
Stevens, 2021; Diamond et al., 2022). The primary compensating features provided by clouds
are greater cloud amount in the SH subtropics, and greater cloud amount and albedo in the SH
midlatitudes (Bender et al., 2017; Blanco et al., 2023). Compensating differences in cloud cover
and properties occur almost exclusively over ocean, normalized over area (Datseris and Stevens,
2021). This hemispheric albedo symmetry has persisted for over two decades despite global
changes in albedo (Jonsson and Bender, 2022).

Identification of a physical mechanism imposing hemispheric albedo symmetry remains elusive,
but it has been speculated that it would provide constraints for predicting cloud cover and its
features across climate states (Stevens and Schwartz, 2012; Voigt et al., 2013; Stephens et al.,
2015), and thus on shortwave (SW) cloud radiative feedbacks. One proposed mechanism is the
location of the tropical maximum in cloud cover that occurs at the intertropical convergence
zone (ITCZ), which would shift into a darker hemisphere due to the increase in atmospheric
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heating (Kang et al., 2008; Voigt et al., 2014). However, its average northerly position currently
reinforces asymmetry (Bender et al., 2017). Its shift relative to pre-industrial conditions may
play a small role in maintaining albedo symmetry with greenhouse gas (GHG)-induced warming,
but cannot sufficiently compensate for projected NH darkening that would result from Arctic
warming (Jonsson and Bender, 2023). Instead, climate models provide evidence that midlatitude
differences in cloud cover have a strong potential to drive mean-state albedo symmetry, as they
are the primary cause of model albedo asymmetry biases (Jonsson and Bender, 2022). While
subtropical clouds are predicted to contribute heavily to SW cloud radiative feedbacks (Myers
and Norris, 2015; Zelinka et al., 2016; Schiro et al., 2022), their role in the hemispheric albedo
symmetry has not been investigated in depth.

Hemispheric differences in midlatitude cloud cover are to a large part determined by hemispheric
asymmetries in storm track intensity (Blanco et al., 2023; Hadas et al., 2023). The hemispheric
difference in storm track intensity is to a large extent explained by differences in poleward
ocean heat transport (OHT) in each hemisphere’s midlatitudes; poleward atmospheric heat
transport (AHT) by eddies reduces in the NH in response to stronger poleward OHT, since OHT
reduces the meridional temperature gradient (Shaw et al., 2022). These links to ocean dynamics
have implications for the evolution of the albedo symmetry and cloud cover during global
warming; climate models that recover their pre-industrial albedo asymmetry in GHG-forced
warming experiments do so through ocean-driven losses of SH midlatitude clouds (Jonsson and
Bender, 2023). Underlining the role of the ocean in controlling albedo symmetry, hemispheric
temperature contrasts and their warming responses are linked to albedo asymmetries and their
warming responses across climate models (Rugenstein and Hakuba, 2023); the hemispheric
temperature contrast itself is primarily caused by a net northward cross-equatorial OHT (Kang
et al., 2015).

Here we seek to better understand the role of northward cross-equatorial OHT in driving global
features of cloud cover, which is key to predicting the evolution of the hemispheric albedo
symmetry and cloud cover. Using idealized simulations in Earth-like aquaplanets, we investigate
the links between clouds and large-scale atmospheric circulation responses to hemispheric
asymmetries in ocean heat convergence, and explore whether it is possible to reproduce the
observed hemispheric differences in clouds using OHT.

2 METHODS AND MATERIALS

We use the Community Atmosphere Model version 6 (CAM6), the atmospheric component of
the Community Earth System Model, version 2.1.0 (Danabasoglu et al., 2020), in the aquaplanet
configuration with a slab ocean model (QSC6 component set) at 1.9°x2.5° resolution. We use
present-day obliquity, rotation rates, orbital parameters, solar constant, and an atmospheric
composition with a CO, volume mixing ratio is 367 ppm(v) (F2000c1limo settings). Only sea
salt emissions are treated, and there is no sea ice component.

2.1 Experimental design

The control simulation’s meridional profile of ocean heat fluxes (Q) as a function of latitude
(¢) are determined to match surface energy fluxes from a 5-year fixed-SST simulation with a
prescribed “QOBS” (Neale and Hoskins, 2000) idealized zonally symmetric meridional SST
profile. The fluxes from this simulation were averaged for each equivalent latitude in both
hemispheres and mirrored across the equator to ensure a symmetric control Q-flux profile.
Anomalous heat fluxes Q' are added to the control Q-fluxes with varying amplitudes A, emulating
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ocean heat divergence in the SH and convergence in the NH, with the form of:
Q'(9) = —A-sin(¢). (D

Current estimates of the net cross-equatorial OHT are ~0.4-0.5 PW (Loeb et al., 2016). Steps
of A =2 W m yield increments of cross-equatorial OHT (XOHT) of ~0.25 PW; we perform
simulations with XOHT up to 1.27 PW (Figure 1). In a coupled setting, ocean dynamics would
respond to hemispheric asymmetries in heating and provide a significant portion of the total
cross-equatorial OHT, ultimately dampening the magnitude of atmospheric circulation responses
(Green et al., 2019). Since our simulations do not have dynamic oceans, we do not expect our
simulations to quantitatively liken real responses of the atmosphere to cross-equatorial OHT, and
focus on the processes driving atmospheric circulation and cloud responses to northward XOHT.

2.2 Heat transport calculations
We calculate any meridional heat transport HT(¢) by spatially integrating a flux profile e (@)
over a polar cap southward of the latitude ¢:

9

HT(p) = 21" [« (9) cos(9) do, @

where a is the radius of Earth (Liu et al., 2017). OHT is the heat transport implied by the
ocean heat flux profile and is calculated with (2) using e (¢) = Q(¢). The total MHT of the
atmosphere-ocean system is calculated using the TOA energy balance in equation (2):

0
MHT(¢) = 27a® / (ASR(¢) — OLR(9)) cos(¢) d¢. 3)
—r/2
Atmospheric heat transport (AHT) is then the difference between MHT and OHT:
AHT(¢@) = MHT(¢) — OHT(¢), 4)

where OHT(¢) is fixed by our experimental forcings. AHT is made up of meridional heat
transport of moist static energy (MSE) by mean meridional circulation (MMC) and transients.
MMC is calculated as:

¢
MMC(¢) = 27'Ea2/

0
([ 00.0))- SE(.0)] dp) cos(p) o, s

where brackets denote zonal time means and v is the meridional wind field. MSE is defined as:
MSE=C,-T+L,-q+g-9, (6)

where C), is the heat capacity of air, T is air temperature, L, is the latent heat of vaporization,
q is specific humidity, g is the standard acceleration of gravity, and ¢ is the geopotential
height. Because our simulations are zonally symmetric, transient heat transport is dominated by
contributions from transient eddies (TE). We estimate TE using the residual AHT after MMC:

TE(¢) = AHT(¢) — MMC(9). (7

The total moist AHT is obtained by integrating the atmospheric moisture balance (evaporation E
minus precipitation P) field using equation (2):

AHTy(g) =2na’ [ L. (E(p) ~P(p) cos(p) do. ®

Finally, AHTy can be decomposed into moist contributions by MMC and TE (MMC)y; and TEy,,
respectively). MMCy is obtained by replacing [MSE(p, ¢)] with [L, - g(p, ¢)] in equation (5),
and TE); is obtained by subtracting MMCy; from AHTy;.
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dashed line represents the control (XOHT = 0 PW).
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3 RESULTS

Our simulations exhibit global cooling with increasing XOHT (Figure 2e) due to an increase in
global mean albedo and cloud cover (Figure 2f and h), which primarily stem from the SH. This
implies nonlinearity in the cloud response to the imposed perturbation, despite the perturbation
being exactly antisymmetric around the equator. Cloud albedo and thus absorbed solar radiation
(ASR) are the primary drivers of hemispheric energetic asymmetries (we define Ay as the NH
minus SH hemispheric mean difference of any field) across the simulations, with Ay ASR ranging
from roughly -1 to +26 W m™. Variations in hemispheric differences in outgoing longwave
radiation (OLR) are slight, with Ay OLR ranging from roughly -4 to +5.5 W m™ across the
simulations. NH OLR begins increase after falling at XOHT > 0.76 PW (Figure 2g), likely due
to the increase in OLR from low cloud loss outpacing reductions in OLR from increasing tropical
high cloud cover. A key feature of the responses to our OHT forcings is that cloud fraction and
albedo increases in the SH are not equal in magnitude to reductions in NH cloud cover. This
feature aids in the ability of the global cloud distribution to maintain albedo symmetry, since
smaller changes in cross-equatorial heat transport are needed to impart cloud albedo asymmetry.
The first step of XOHT in our experimental design results in most of the variation across the
simulations, indicating higher sensitivity of hemispheric asymmetries at lower XOHT. It is
worth noting that the control simulation already exhibits asymmetry despite having symmetric
surface heat fluxes; this asymmetry does not arise in simulations without present-day orbital
eccentricity and longitude of perihelion, which may speak to a degree of control by orbitally
forced hemispheric differences in the seasonal cycle (Roach et al., 2023).

The response of the cloud and reflectivity profile (Figure 2b) to increasing XOHT qualitatively
captures the observed hemispheric differences—the NH has higher tropical cloud albedo, while
the SH has higher subtropical and midlatitude cloud albedo (Bender et al., 2017; Blanco et al.,
2023). The finding that SH extratropical cloud increases outpace NH tropical cloud increases
mirrors previous experiments exploring the ability of the ITCZ to compensate for hemispheric
clear-sky albedo asymmetries (Voigt et al., 2014). This is important to albedo symmetry; if the
increase in one hemisphere’s albedo when the ITCZ’s mean position migrates into it were equal
to the other hemisphere’s albedo increase due to extratropical cloud cover, no compensation
would be offered. In the following section, we will describe how the atmospheric circulation
responses provide conditions for these cloud asymmetries.

3.1 Atmospheric circulation responses

Figure 3 illustrates the meridional and vertical variations in cloud cover and properties within our
experiments: the maximum in tropical high cloud cover is in the NH, as one would expect from
the increased convection due to the heat asymmetry in the tropics and the Hadley circulation
response (Donohoe et al., 2013; Voigt et al., 2014). Extratropical asymmetries in cloud cover
are primarily due to the dominance of SH low cloud cover at nearly all latitudes. Contrary to
observations (Bodas-Salcedo et al., 2012, 2016), we do not find that SH midlatitude clouds have
a larger liquid water to ice water content ratio than their NH counterparts in our simulations,
although changes in LWP occur mostly in the upper range of mixed phase temperatures and
LWP decreases are small relative to IWP increases (Figure 3); acrosols and the availability of
ice-nucleating particles may play a role in this discrepancy with observed differences in cloud
phase (Vergara-Temprado et al., 2018). In-cloud LWP increases in the NH midlatitudes with
higher XOHT and is greater in the SH in all simulations. NH (SH) midlatitude cloud fraction
declines (increases) with increasing XOHT. For stronger XOHT in our simulations, midlatitude
cloud asymmetry primarily arises from NH cloud loss and not from SH increases in cloud
cover as XOHT increases, and time-average cloud condensate is higher in the SH than the NH
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Figure 2. NH minus SH zonal mean (at each respective latitude) differences (first column),

hemispheric and global means (second column), and NH minus SH hemispheric mean

asymmetries (third column) for near-surface air temperature (TAS), absorbed solar radiation
(ASR), outgoing longwave radiation (OLR), and cloud fraction. The color of each curve
represents the simulation and amount of northward XOHT, and the dashed curve is the control
simulation (XOHT = 0 PW).
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midlatitudes primarily due to the cloud fraction asymmetry.

Hadley circulation responds to northward XOHT by shifting the rising branch into the warming
NH (see Supplementary Figure Sla-f). Crucially, the overturning strengths of the northern
and southern Hadley cells respond asymmetrically (Figure 4g). The southern cell stretches
over a larger meridional span and strengthens while the northern cell shrinks and weakens
(Supplementary Figure S1), resembling the climatological morphology of the observed Hadley
circulation (D’ Agostino and Lionello, 2017). This provides a greater southward flow of warm
air aloft across the equator, increasing southward AHT (to be described in Section 4). In the
subtropics, hemispheric asymmetries in overturning strength provide stronger surface winds in
the southern cell and a deeper planetary boundary layer (PBL), while the greater overturning
strength and subsidence provides stronger lower tropospheric stability than the NH (Figure
4a-c). These asymmetries provide more favorable conditions for low cloud cover (LCC) in the
SH subtropics (Nuijens and Stevens, 2012; Klein et al., 2017). Thus, the immediate response
of overturning circulation to the hemispheric heat contrast reproduces the observed tropical
and subtropical cloud asymmetries, linking the NH dominance in high cloud cover and the SH
dominance in subtropical low cloud cover.

Midlatitude cloud albedo is tightly linked to the storm track intensity due to the upward mixing
of moisture provided by cyclones (Blanco et al., 2023; Hadas et al., 2023). Our simulations
display a stronger SH storm track, indicated by eddy kinetic energy (EKE) remaining strong in
the SH midlatitudes and declining in the NH (see Supplementary Figure S1g-1). With stronger
XOHT, the dynamically stormier SH provides the conditions for hemispheric midlatitude cloud
asymmetries that mirror the observed climatology (Bender et al., 2017; Shaw et al., 2022; Hadas
et al., 2023). While there is no consensus theory describing what determines storm track intensity,
the meridional temperature gradient is widely understood to be a key factor; this is reflected
by the increasing SH meridional gradient in DSE across the experiments (Figure 4i). The
strength of meridional flow in the upper Hadley cell branch is balanced by eddy momentum
flux divergence at the Hadley cell edge, linking midlatitude eddy activity and Hadley cell
strength (Walker and Schneider, 2006; Singh and Kuang, 2016; Davis and Birner, 2019), which
may provide a dynamical link between the tropics and extratropics that can affect hemispheric
cloud asymmetries. Although the northerly ITCZ’s relation to the SH storm track position has
previously been explored (Ceppi et al., 2013), the link and direction of causal influence between
them is not well understood.

Midlatitude eddies act as the diffusive process providing poleward AHT in the extratropics,
mixing heat and moisture from low latitudes with colder, drier high-latitude air. Eddy diffusivity
is determined dynamically by characteristic velocity V and length scales L of eddies, and the
potential heat transport provided by eddies is determined by meridional gradients of temperature
and moisture. We estimate eddy diffusivity metrics using V estimated as the square root of the
mean square of instantaneous meridional velocities (= V7V where 7 is the time average of
squared instantaneous v), and L as /2V /3, where f3 is the meridional gradient of the Coriolis
parameter. The product VL scales in proportion to the strength of eddy diffusivity (Barry et al.,
2002; Liu et al., 2017). Averages of these are taken over 30-60° in each hemisphere and presented
in Figure 4h. VL remains high in the SH midlatitudes, while it decreases in the NH midlatitudes.
This is consistent with the dynamically strong SH storm track and weakening NH storm track
seen in EKE across the experiments (Supplementary Figure S1g-1). This indicates that eddy
activity maintains a high potential for poleward heat transport in the SH. Poleward heat transport
is realized by acting on gradients of temperature and humidity; Figure 4i shows the magnitude
of meridional gradients in DSE and L, - g across the eddy regions (30-60°) in each hemisphere.
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Figure 3. Mean cloud fraction (a-f), cloud liquid water content (g-1), and cloud ice content
(m-r) across the experiments. Contour lines represent the control simulation for each variable.
The dashed line represents the planetary boundary layer for each experiment.
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Despite cooling, the SH has nearly invariant gradients in DSE and L, - ¢ and can thus maintain
high poleward AHT. The NH sees weakening gradients in DSE; together with declining VL, this
ultimately weakens diffusive processes and diminishes poleward AHT in the NH.

Strengthening SH trade winds increases turbulence, deepening the PBL and increasing upward
moisture fluxes (see Supplementary Figure S2). In this way the conditions providing increasing
SH subtropical low cloud cover may then also aid in tropospheric moistening, since growing the
low cloud layer necessitates more detrainment of moist air into the troposphere. Thus the SH
subtropics can dynamically more efficiently moisten the atmospheric column despite cooling,
which may explain the marginal changes in column humidity gradients across the experiments
(Figure 4i). More efficient upward moisture transport between the PBL and troposphere has been
argued to play a role in the hydrological cycle in cold climates (Held and Soden, 2006).

3.2 Atmospheric heat transport responses

The ocean-atmosphere system works to reduce equator-to-pole temperature gradients through
meridional heat transport (MHT); when one component of MHT is changed, other components
tend to compensate for it to maximize poleward heat transport, a tendency known as Bjerknes
compensation (Bjerknes, 1964). AHT follows this tendency in our simulations in two ways: by
providing southward cross-equatorial heat transport via the Hadley circulation response (Held,
2001; Donohoe et al., 2013) to compensate for the northward XOHT, and by maintaining a
constant poleward heat transport in the extratropics. The latter occurs asymmetrically between
the hemispheres: NH extratropical AHT weakens with more XOHT, while SH extratropical
AHT remains constant.

The methods of Shaw et al. (2022) provides a diagnostic tool for decomposing drivers of TE
heat transport in the extratropics into contributions to the heat flux profile by surface fluxes,
ASR, OLR, and nontransient circulation (which in our case is only MMC, due to the lack of
stationary circulation). Increasing ASR at high latitudes works against TE, since energy input
works against the energy deficit of the extratropics that TE reduces. In our simulation, NH cloud
loss suppresses TE heat transport, since less energy import into the extratropics is needed, while
SH cloud cover drives TE heat transport because the increases in cloud albedo reinforces the
meridional heating gradient (see Supplementary Figure S3).

Clouds impact MHT via their radiative effects (Zelinka and Hartmann, 2012; Liu et al., 2017) and
condensation, which provides latent heating (Fajber et al., 2023). Equation 3 can be calculated
using clear-sky ASR and OLR to get the MHT implied by the clear-sky TOA radiation balance
(MHTear). The difference between all- and clear-sky MHT give the effect of clouds on MHT,
and since OHT is fixed, on AHT:

AHTcrg(@) = MHT(¢) — MHT¢jeor (@) — OHT (). 9)

Condensation affects AHT by converting moisture into dry static energy (DSE) through latent
heat release (Fajber et al., 2023); the magnitude that this has on AHT can be calculated using
the meridional divergence of latent heat release, which we obtain using @ (¢) =L, - P(¢) in
equation (2):

¢

AHTum(9) = 270" [ L P(9) cos(g) do. (10)
-7

Figure 5j shows that AHTcRrg increases southward MHT at low latitudes (up to ca 30°) and
in the NH high latitudes with greater XOHT, aiding in southward cross-equatorial AHT. This
is because clouds cool the NH low latitudes where the tropical maximum in cloud cover and
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Figure 4. Area mean 10 m wind speed strengths (U,o), planetary boundary layer height
(PBLH), and lower tropospheric stability (LTS) over the subtropics (top row) and midlatitudes
(second row). Third row: g) the maximum overturning stream function strength of each
hemisphere (where 1 Sv = 10° kg s7), h) eddy diffusivity scale VL averaged over 40-60° in each
hemisphere, and i) poleward gradients of vertically intergrated dry static energy (DSE) and L, - g
averaged over 40-60° in each hemisphere.
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ITCZ are located, reducing the interhemispheric heating gradient in the tropics, and cloud loss
amplifies high-latitude heating, reducing the need for poleward AHT. These effects mirror the
observed effect of CRE to increase southward MHT at all latitudes in satellite observations,
which primarily occurs through albedo (Pearce and Bodas-Salcedo, 2023).

With increasing XOHT, AHTy gr plays a diminishing role in poleward heat transport in the NH
midlatitudes, while it strengthens AHT in the SH midlatitudes. The difference between dry
AHT increases and moist AHT reductions in the SH midlatitudes is roughly equal to AHT} gr,
indicating that increasing condensation in the SH extratropics is contributing to maintaining high
poleward AHT. However, increased condensation does not necessarily mean increased cloud
cover, since condensate can precipitate almost instantaneously (factors affecting this will be
explored in Section 3.3). At low latitudes, AHTy gr increases southward AHT because of latent
heating in the ITCZ, which provides DSE aloft to flow southward.

The sum effect of condensation and clouds on AHT follows Bjerknes compensation tendencies
by weakening poleward AHT in the NH midlatitudes and strengthening poleward AHT in the
SH midlatitudes. This is possible because gains in poleward AHT from LHR are larger than
losses from CRE. This implies that the increasing extratropical SH cloud cover is compensating
for reduced moist AHT with cooling by accelerating moisture cycling, increasing latent heating
as well as time-average cloud cover. Between XOHT steps, changes in AHTyr are nearly
proportional to AHTcgrg in the midlatitudes so that gains from increasing latent heat release
are not outweighed by the losses in poleward heat transport through cloud radiative effects (see
Supplementary Figure S3c-d).

3.3 Midlatitude moisture convergence

In the previous subsection, we described how increasing midlatitude cloud albedo with storm
track activity works against poleward AHT. Cloud albedo is primarily determined by LWP,
and average albedo for a given area is thus proportional to the average cloud condensate in a
given area (LWP = f-LWP). LWP is in turn proportional to the convergence of moisture in the
midlatitudes (P - E), thus:

ot < LWP « P —E. (11)

The moisture convergence framework (McCoy et al., 2020, 2022) can be useful to investigate the
hemispheric differences in the relation between midlatitude clouds and moisture. Consistent with
their relation across models (McCoy et al., 2020, 2022), LWP is to first order determined by P -
E in our simulations (Figure 6a). Figure 6b shows that declining P primarily drives the reducing
SH midlatitude moisture convergence with increasing XOHT, while increasing E primarily drives
the increasing NH midlatitude moisture convergence.

The potential time-average amount of suspended cloud condensate for a given moisture conver-
gence is proportional to the efficiency of condensate sources relative to their sinks:

—— CE
LWP o — . (P—E 12
op (P—E). (12)

where CE is the condensation efficiency (the rate of condensation proportional to the water vapor
path WVP), and PE is the precipitation efficiency (the rate of precipitation proportional to the
average amount of condensate):

P
PE =

=—. (13)
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Since condensation must balance precipitation at steady state, we estimate CE using the ratio of
precipitation to WVP:

P
 WVP’

Equation (12) states that when cloud condensate sources are larger relative to their sinks, there
is on average more condensate accumulation in the atmosphere. Thus, a larger CE/PE yields
a higher LWP and albedo for a given moisture convergence. These metrics yield diagnostics
for cloud condensate accumulation in each hemisphere’s midlatitudes, which are plotted in
Figure 6¢-d. In our simulations, the NH midlatitudes see increasing PE and marginal changes
in CE, while the SH midlatitudes see increasing CE and no changes in PE. This implies that
precipitation is remaining constantly proportional to LWP in the SH, while LWP for a given
mean WVP is increasing.

CE (14)

To the first order, PE is controlled by the form of precipitation initiation, where convection
yields a higher PE and large-scale precipitation is associated with low PE (Sui et al., 2007).
The proportion of large scale to total P in the SH midlatitudes remains constant throughout
the simulations, and the NH midlatitudes see increasingly more convective precipitation (see
Supplementary Figure S4). This implies that processes determining PE in the SH midlatitudes
do not change with increasing XOHT, and that changes in precipitation are determined by
reduced moisture availability. The subtropics are the source of moisture and heat that eddies mix
polewards, and thus moisture availability in the subtropics can affect moisture convergence and
moist AHT in the midlatitudes. Thus the upward supply of moisture described in Section 3.1
may play a role in increasing SH midlatitude CE throughout the experiments.

To see if these tendencies in hemispheric differences in midlatitude moisture cycling mirror those
of the real world, we look to observed ocean-only climatologies of precipitation from the Global
Precipitation Climatology Project (GPCP; Adler et al. 2016) as well as water vapor path and
cloud properties from the Clouds and Earth’s Radiant Energy System Synoptic 1 Degree data set
(CERES SYNIldeg; NASA/LARC/SD/ASDC 2017). Grid cell area condensate is obtained from
the Moderate Resolution Imaging Spectrometer (MODIS) instrument measurements of LWP and
cloud fraction with LWP - f. We find that observed hemispheric differences in these tendencies
mirror those seen in our simulations. CE is 15.8% higher in the SH than the NH, while PE is
13.3% higher in the NH than the SH. The resulting CE/PE ratio is higher in the SH than the NH
by 23.5%. Using another observational data set for LWP—the Multisensor Advanced Climatology
of Liquid Water Path (MAC-LWP; Elsaesser et al. 2017)-also leads to a 16.7% higher CE/PE
ratio in the SH than NH, despite differences between NH and SH PE being more slight (3%
higher in the NH) than in MODIS (Figure 6¢c-d). These differences, in agreement with previous
findings, would suggest that some of the hemispheric asymmetry in midlatitude cloud cover
responses to increasing northward XOHT arise from differences come from processes other
than storm track intensity determining condensation and precipitation that resemble differences
between different climate states (Zhao, 2014; McCoy et al., 2020).

4 DISCUSSION AND CONCLUSIONS

We find that most of the observed hemispheric asymmetries in cloud cover are qualitatively
reproduced by a surface-forced hemispheric heating contrast induced by a mean northward
cross-equatorial OHT. The mean northerly position of the ITCZ and maximum of tropical
cloud cover is, as understood previously, a response of the Hadley circulation that enables
southward cross-equatorial AHT to compensate for the hemispheric heat contrast. Our results
suggest that extratropical asymmetries in cloud cover are linked to this tropical cloud asymmetry.
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Figure 6. a) Midlatitude (40-60°) area-averaged condensate (LWP) plotted against moisture
convergence (P - E) in our simulations. b) E plotted against P. c) Precipitation efficiency (PE)
plotted against condensation efficiency (CE), with observational estimates (see text) for the NH
and SH in red. Observational estimates made with MAC-LWP data are denoted by markers with
parentheses. d) The CE/PE plotted as a function of cross-equatorial OHT in our forcings
(XOHT). Colors represent the experiment. In d), horizontal lines represent estimates from
observed climatologies, where solid lines represent the NH and dashed represent the SH. The
red observational estimate lines denote those calculated with MAC-LWP.
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Dynamically, the strengthening of the SH Hadley cell with Hadley circulation asymmetry
causes stronger surface winds and large-scale subsidence in the subtropics, providing favorable
conditions for LCC, and the SH storm track remains strong, while the NH storm track weakens.
Given the relation between storm track intensity and albedo (McCoy et al., 2020; Hadas et al.,
2023), this provides the midlatitude cloud asymmetry by reducing NH storm track cloud cover.
Energetically, cloud responses to dynamic asymmetries propagate cooling and warming signals
polewards in each hemisphere. The increase in SH subtropical LCC with Hadley asymmetry
causes local cooling, limiting the amount of heat that can be transported polewards. Conversely,
warming in the NH increases the efficiency of poleward AHT, first and foremost by increasing
evaporation and thus moist AHT, reducing baroclinicity and thus storm track intensity. We also
describe differences in the hydrological cycle of each hemispheres’ midlatitudes that further
contribute to hemispheric midlatitude cloud asymmetries.

Relating the clouds to cross-equatorial heat transport may offer insights into cloud radiative
feedbacks from the perspective of their impacts on the energy balances of each hemisphere.
Hemispheric differences in clouds may thus be able to provide valuable insights about cloud
properties in different climate states and their responses to warming. However, the responses in
our simulations give different feedbacks in each hemisphere, which results in nonlinear global
responses to our OHT perturbations, ultimately yielding different global mean temperatures
at equilibrium for the same energy balance and atmospheric composition. In other words,
interhemispheric coupling makes it so that hemispheric differences are not perfect proxies for
different climate states.

We describe processes determining the hemispheric asymmetry of global cloud cover to cross-
equatorial OHT, providing a constraint for albedo symmetry-maintening mechanisms, which
must implicate ocean dynamics. The real-world analog capable of modulating OHT is provided
by ocean meridional overturning circulation (MOC). MOC (and thus OHT) can change on
relatively short timescales (Menary et al., 2020; Robson et al., 2022), making it a potential
candidate for mediating hemispheric cloud asymmetries and maintaining hemispheric albedo
symmetry. Furthermore, MOC is itself made possible by the arrangement of the continents (e.g.
Talley 2008; Ferreira et al. 2018), which introduces complex dependencies between the clear-sky
albedo asymmetry and the OHT forcing of global cloud cover.

Although polar climate is not studied here, a further key feature of the hemispheric differences in
atmospheric responses seen in our experiments is the asymmetric impact on poleward AHT and
polar cooling. Because poleward OHT becomes vanishingly small in polar latitudes, AHT is left
to redistribute heat to the high polar regions. With an NH-brighter clear-sky albedo asymmetry in
combination with NH ocean heat convergence, the polar warming provided by efficient poleward
AHT in the NH would reduce ice cover and albedo, while increasing SH polar albedo. In a fully
coupled climate, this would couple the hemispheric cloud asymmetries with polar temperature
and albedo asymmetries and provide a mechanism for albedo symmetry maintenance. These
atmospheric processes may also have been at play in polar climate oscillations in Earth’s past,
where cloud feedbacks stemming from midlatitude ocean warming signals occurring by MOC
variability may have communicated polar climate signals between the hemispheres (Pedro
et al., 2018; Thompson et al., 2019). Given the mid- and high latitudes’ strong control on the
hemispheric albedo symmetry (Jonsson and Bender, 2022; Jonsson and Bender, 2023), this
would undoubtedly have driven changes to the symmetry.

In our simulations, positive cloud feedbacks provide hemispheric cloud asymmetries that amplify
the energetic asymmetries imposed by ocean heat fluxes, which the atmosphere should be trying
to reduce. We have detailed how atmospheric circulation responses that provide southward cross-
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equatorial AHT lead to these hemispheric cloud asymmetries. If instead cloud feedbacks were
negative, cloud responses would reduce the energetic contrast provided by the XOHT forcing,
and less southward cross-equatorial AHT would be required. In other words, the resulting
hemispheric cloud asymmetries work against the very heat transport that the atmospheric
circulation provides to reduce heat gradients. Hemispheric albedo symmetry may then be
explained by the tendency for the climate system to assume equilibrium states where positive
radiative feedbacks—which albedo and SW cloud feedbacks likely are (Forster et al., 2021)—give
a minimal contribution to the net hemispheric energy contrast. Albedo’s minimal possible
contribution to the hemispheric energy contrast would be zero given sufficient degrees of freedom
to adjust the distribution of albedo. This explanation would provide further justification for the
usefulness of the observed hemispheric albedo symmetry in understanding climate feedbacks,
and inform constraints for symmetry-maintaining mechanisms.
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