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Clouds are one of the most influential components of Earth’s climate system.
Specifically, the midlatitude clouds play a vital role in shaping Earth’s albedo. This
study investigates the connection between baroclinic activity, which dominates the
midlatitude climate, and cloud-albedo and how it relates to Earth’s existing hemispheric
albedo symmetry. We show that baroclinic activity and cloud-albedo are highly
correlated. By using Lagrangian tracking of cyclones and anticyclones and analyzing
their individual cloud properties at different vertical levels, we explain why their
cloud-albedo increases monotonically with intensity. We find that while for anticy-
clones, the relation between strength and cloudiness is mostly linear, for cyclones,
in which clouds are more prevalent, the relation saturates with strength. Using the
cloud-albedo strength relationships and the climatology of baroclinic activity, we
demonstrate that the observed hemispheric difference in cloud-albedo is well explained
by the difference in the population of cyclones and anticyclones, which counter-balances
the difference in clear-sky albedo. Finally, we discuss the robustness of the hemispheric
albedo symmetry in the future climate. Seemingly, the symmetry should break, as
the northern hemisphere’s storm track response differs from that of the southern
hemisphere due to Arctic amplification. However, we show that the saturation of the
cloud response to storm intensity implies that the increase in the skewness of the
southern hemisphere storm distribution toward strong storms will decrease future
cloud-albedo in the southern hemisphere. This complex response explains how albedo
symmetry might persist even with the predicted asymmetric hemispheric change in
baroclinicity under climate change.

storm tracks | clouds | climate change

Earth’s surface temperature is proximately determined by its atmospheric infrared
transmissivity, the planetary albedo, and the net solar insolation. Of these, the albedo is
thought to be determined by small-scale processes that regulate surface properties and
the distribution of particulate matter, especially clouds, in the atmosphere (1). This raises
the question as to whether the coupling between albedo and global climate is mediated
by small-scale processes, the distribution of which is perhaps selected by the climate,
or whether the large-scale circulation (for instance, as measured by pole-to-equator
temperature gradients) alone might inform estimates of the distribution of clouds and
hence planetary albedo, and thereby more directly link albedo to climate. Such links
would greatly aid efforts to develop conceptual models of the climate system. In this
study, we explore the basis for such links, focusing on extratropical clouds.

The extratropics, and in particular the midlatitudes, play a vital role in shaping
Earth’s albedo due to their significant contribution to cloud-albedo (Fig. 14). An
intriguing phenomenon that involves midlatitude clouds is the hemispheric symmetry in
reflected shortwave radiation: Satellite-based estimates of Earth’s top-of-the-atmosphere
radiation budget show that the Northern- and Southern-Hemisphere (NH and SH,
respectively) reflect almost the same amount of short-wave radiation (relative difference
smaller than 0.1%), while the relative hemispheric difference in clear-sky reflectance is
more than 10% (2—4). This symmetry is part of a larger class of hemispheric symmetry
problems, such as the hemispheric symmetry in total precipitation (5), which are a
striking property of the Earth’s climate, given the hemispheric difference in continental
configuration. The large discrepancy between the clear-sky albedo and planetary albedo
is mainly due to clouds (1, 6-8), as in Earth’s current climate, clouds form such
that the total outgoing shortwave radiation is hemispherically symmetric. Analysis of
the climatology of cloud-albedo (Fig. 14, 9, 10) reveals that the biggest contributors
are the midlaticudes. Furthermore, the hemispheric difference in the zonal mean
cloud-albedo is also dominated by the midlatitudes, where the SH extratropical
cloud-albedo is significantly higher (Fig. 1C).
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Significance

We find a strong connection
between the magnitude of
midlatitude storminess and
cloud-albedo, thereby linking the
large-scale circulation to the
planetary albedo. We use this
linkage to propose a mechanism
for the observed similarity in
reflected sunlight between the
two hemispheres: The presence
of more ocean causes the
southern-hemisphere to absorb
more sunlight; however, it also
makes it stormier, increasing
cloud-albedo and balancing the
difference in reflected sunlight.
Due to the changes in storminess
predicted by CMIP6 models, this
link also implies less cloud-albedo
with warming and a possible
break of hemispheric albedo
symmetry. For this symmetry to
persist, the distribution of
southern-hemisphere storms
should shift to fewer but stronger
storms, as predicted by
climate-change models.

Author contributions: O.H., S.B., R.C, BS, and YK
designed research; O.H. performed the calculations and
analyzed the data; Y.K. supervised the research; O.H.,
G.D., J.B, S.B., R.C, B.S,, and Y.K. contributed to the
discussions; and O.H. and Y.K. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2023 the Author(s). Published by PNAS.
This open access article is distributed under Creative
Commons  Attribution-NonCommercial-NoDerivatives
License 4.0 (CC BY-NC-ND).

1To whom correspondence may be addressed. E-mail:
or.hadas@weizmann.ac.il.

This article contains supporting information online
at http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2208778120/-/DCSupplemental.

Published January 27, 2023.

10f7


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2208778120&domain=pdf&date_stamp=2023-01-27
https://orcid.org/0000-0001-9360-2999
https://orcid.org/0000-0002-6427-2385
https://orcid.org/0000-0003-1532-2347
https://orcid.org/0000-0002-4791-4438
https://orcid.org/0000-0002-5507-9209
https://orcid.org/0000-0003-3795-0475
https://orcid.org/0000-0003-4089-0020
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:or.hadas@weizmann.ac.il
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208778120/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208778120/-/DCSupplemental

Downloaded from https://www.pnas.org by 163.9.11.189 on September 5, 2023 from | P address 163.9.11.189.

Latitude

40

-300 -200 -100 0 -300
Longitude

-200 -100 0 -01

Longitude

Aac

Fig. 1. (A) Climatology of cloud-albedo. (B) Climatology of synoptic scale activity, defined as £ = SLP'2Z, where the bar stands for the time mean and the prime
is defined as the high-pass of zonal wavenumbers above five of the sea-level pressure (SLP). (C) The hemispheric difference (SH minus NH) in zonal mean
cloud-albedo as a function of latitude. The cloud-albedo is calculated from CERES short-wave flux data, following the method presented in (1). Data for Aand C
is the daily mean data from CERES and data for B is taken from ERAS, as described in Materials and Methods.

This study proposes that baroclinic activity, which dominates
midlatitude dynamics, mediates between the general circulation,
cloudiness, and planetary albedo. Previous work, which focused
primarily on cyclones, showed that different parts of the cyclones
and anticyclones are selective for different types of clouds,
(11-13). The warm eastern part of cyclones is characterized
by layered mid- and high-level clouds, which at the cyclone
front turn into a fully developed cloud, filling most of the
atmospheric column, accompanied by significant precipitation.
These clouds are associated with the warm conveyor belt (13).
The upstream region of the cyclone front is characterized by low
clouds, which are associated with the cold conveyor belt. Cyclone
strength strongly affects the cloud regimes, and it has been shown
that the high clouds and the shortwave radiation forcing associ-
ated with the cyclones positively correlate with their strength
(14, 15).

To link the cloud-albedo to large-scale circulation and the
hemispheric albedo symmetry, the response of the cloud field
to the cyclone and anticyclone intensity is investigated and then
used to connect the hemispheric difference in storm track activity
and cloud-albedo, which reveals the role of baroclinic activity in
the symmetry. Previous studies of NH and SH storm tracks
(16-18) revealed several key differences: First, in the annual
mean, the SH storm track is stronger, both with respect to the
NH zonal mean and the Pacific and Atlantic storm tracks. This
is evident when considering Eulerian properties such as Eddy Ki-
netic Energy (EKE) or Lagrangian properties such as cyclone track
density and average intensity (19). Second, the NH storm track
undergoes a stronger seasonal cycle, with the winter storm track
being almost three times more intense than the summer one, due
to a significant decrease in summer baroclinicity. Conversely,
the SH storm track seasonality is mostly a meridional shift,
which was found to enhance cloudiness in high latitudes during
mid-winter (20). Third, the NH storm track is much less zonally
symmetric, with most of the storm activity occurring over the
Pacific and Atlantic Oceans, while, over the continents, storm
activity is suppressed (21).

We use a combination of CERES satellite data (22, 23) and
ERA5 reanalysis data (24) to reveal the effect of baroclinic
activity on the midlatitude cloud-albedo. The CERES short-
wave fluxes are used to calculate the cloud-albedo. The ERAS
sea-level pressure is used to characterize synoptic weather system
(SWS) activity from an Eulerian perspective. A feature tracking
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algorithm is used to identify individual SWS (25), which allows
us to characterize the storm track also from a Lagrangian
perspective. We also use ERA5 cloud cover data at different
heights, which cannot be reliably done using satellite images
because highly developed clouds, which are often present in
the warm sector (and fronts) of cyclones, block observations of
low-and medium-level clouds (Material and Methods for an
in-depth discussion of data sources). Feature tracking is advan-
tageous in this context as it allows us to study how the presence
and properties of a SWS affect the cloud field around it. Using
the insights from the analysis, we deduce how the hemispheric
difference in baroclinic activity relates to the hemispheric albedo
symmetry. We then show how the hemispheric albedo symmetry
might persist in the future climate, given the predicted change in
baroclinic activity due to global warming.

The Effect of Baroclinic Activity on Clouds

Eulerian Characteristics. The strong relation between baroclinic
activity, here assessed using sea level pressure (SLP, taken
from ERA5 reanalysis) variance (26, 27) and midlatitude
cloud-albedo (calculated using CERES data) can be seen clearly
in the climatology (Fig. 1 A and B), as the peaks of cloud-albedo
are located at regions with strong baroclinic activity. Indeed,
the spatial correlation between the climatology of cloud-albedo
and baroclinic activity over the midlatitudes (latitudes 30° to
60° in both hemispheres) is 0.86 with a negligible P-value. The
close correlation between baroclinic activity and cloud-albedo
motivates us to address how the correlation emerges from a single-
storm perspective.

Cloud Composites. To show how the high correlation between
baroclinic activity and cloud-albedo emerges from the effect of
the single SWS on the cloud fields in its vicinity, we analyze
composites of cloud-albedo from CERES and cloud cover at
different levels from ERAS5 (Fig. 2, Materials and Methods for
an in-depth discussion of tracking and composites) for cyclones
and anticyclones in three strength categories: the lowest 40%, the
40 to 70%, and the highest 30% (hereafter weak, medium, and
strong SWSs, respectively).

Focusing first on the medium-strength cyclones (Fig. 2
E—H), a high cloud-albedo region poleward and eastward to the

cyclone center is detected. This feature is associated with cloud
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Fig. 2. Composite of the cloud-albedo (4, £, and /), low cloud cover (LCC, B, F, and /), middle cloud cover (MCC, C, G, and K), and high cloud cover (HCC, D, H,
and L), averaged over cyclones of the lowest 40% (A-D), between the 40 and 70% (E-H) and for the highest 30% in intensity (/-L). The abscissa and ordinate
are the zonal and meridional distances (103 km) from the cyclone center (black crosses). The SH cyclones were flipped in the meridional direction, so positive
values in the ordinate will mean poleward for all cyclones. (M-X) Same as (A-L) but for anticyclones. Cloud-albedo is calculated based on CERES data and cloud
data, and SWS tracks are based on ERAS data.
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cover at all heights. This high albedo anomaly was previously
reported for the cloud shortwave radiative effect (14, 28) and is
associated with the warm sector and the updraft of the cyclone
(29, 30). Southwest of the cyclone center, an anomalously low
cloud-albedo region appears, associated with the cold sector and
the sinking air on the west-side of the cyclone. Besides these two
patterns, the region surrounding the cyclone is primarily cloudy
with low cloud cover (LCC), which has a moderate contribution
to cloud-albedo. Composites of anticyclones (Fig. 2 M—-X) show
an anomalously clear region in mid-level cloud cover (MCC) and
high-level cloud cover (HCC) and a peak in LCC to the east of
the center, due to subsidence in the cold sector of the anticyclone
(30, 31). The surrounding MCC and HCC peaks are a result of
nearby cyclones in the composite.

Comparing the cloud-albedo of SWSs composites with
different strengths reveals that stronger SWSs have substantially
higher cloud-albedo (Fig. 2 A, E, and 7). The intensification
can be divided into two modes of response: the first mode
increases the peak of the cloud-albedo in the eastern, warm
sector and spreads the cloud stripe equatorward. This increase
is due to stronger cyclones typically having more intense warm
conveyor belts and updrafts (30). The increase appears at all
levels (Fig. 2 B, F, and J for LCC, Fig. 2 C, G, and K for MCC,
and Fig. 2 D, H, and L for HCC), showing that the entire
atmospheric column is becoming cloudier. The second mode is
an increase in LCC at the outer edges of the cyclones composite.
This mode is associated with stronger cold advection and more
vigorous mixing of the boundary layer by the stronger surface
winds in strong cyclones (32, 33).

A more eclaborate investigation of the composite mean
cloud-albedo response to the SWS’s intensity reveals that the
cloud-albedo-strength relation increases monotonically (Fig. 3 A
and B for cyclones and anticyclones, respectively). To ensure
that the observed relation is not due to distribution biases
(e.g., because the SWSs in the SH are both stronger and cloudier),
we plot the relation for the NH and the SH (blue and red curves,
respectively). For a given surface pressure anomaly, there are
small differences in SH versus NH composites, with the SH
SWSs being slightly cloudier. However, these differences are
small compared to the changes in cloud-albedo as a function
of the surface pressure anomaly (about 25% vs. 4%). These
trends are also robust when we take a smaller composite box
that includes only the core of the SWSs (SI Appendix, Fig. S1).

An intriguing result is that the cloud-albedo-strength relation
saturates for cyclones. To understand this trend, we decompose
the cloud-albedo response to the response of total cloud cover and
optical thickness (TCC and 7 respectively, SI Appendix, Fig. S2
A-D), which relate to cloud-albedo through Eq. 4 in (9). Both
properties generally increase with cyclones’ strength and saturate
for strong cyclones. This saturation for TCC is because TCC is
a bound quantity, and the entire box approaches overcast (about
90% cast, SI Appendix, Fig. S2A). The saturation in T is mostly
due to the warm sector being close to saturation, while the cold
sector is selective for shallow clouds, which do not span the entire
atmospheric column (Fig. 2 /-L), and is therefore characterized
by a low optical thickness. Another trend that appears in the
cloud properties of cyclones and anticyclones is that the SH
TCC is larger than the NH TCC (8] Appendix, Fig. S2 A and B),
which is balanced by a larger NH optical thickness (S Appendix,
Fig. S2 C and D). The ERA5 TCC as a function of SWS strength
(S Appendix, Fig. S2 E and F) also demonstrates both monotonic
increases with strength and saturation for cyclones, which means
these trends are robust across satellite and reanalysis data. The
main differences between reanalysis and satellite data are that

4of 7 https://doi.org/10.1073/pnas.2208778120

A Cyclones
0.3F |
T
o Lttt 1]
B 0.25) 1
2
<
S o2r |
o
O —all
015} —FNH
—+-sH
B Anticyclones
0.3F |
e}
B 025) 1
2
<
S o2f |
2 —all
(@]
0.15F e
- s
C :
—NH cyc
40+ ;N ——NH acyc -
P , \\ —SHcyc
o ~ 4 ——SH acyc
30+ 7N \ yC |
5
£
o
n
ok \ \ S \ ]
10 20 30 40 50
AP
Fig. 3. Composite mean cloud-albedo as a function of cyclone (4) and

anticyclone (B) intensity (hPa surface anomaly). Each point represents the
mean of the 10, 20, 30, 40, 50, 60, 70, 80, 85, 90, and 95% for all SWSs
(black solid) and for the NH and SH (blue and red, respectively). (C) The yearly
number of cyclones (solid) and anticyclones (dashed) for a given intensity (hPa
surface anomaly) for the NH (blue) and SH (red). Cloud-albedo is calculated
based on CERES data, and cyclone and anticyclone tracks are based on ERAS
data. The composite average area is as defined in Materials and Methods.
Error bars are defined as one SD from the mean value. A similar analysis
using CERES and ERAS cloud properties is presented in S/ Appendix, Fig. S1.

the cyclone TCC curves (SI Appendix, Fig. S2 A and E) saturate
on a value lower by about 10% and that the TCC hemispheric
difference for a given cyclone strength is much smaller.

Implications for Climate

Hemispheric Cloud-Albedo Asymmetry. Using the findings
above, we now show how the hemispheric asymmetry in
cloud-albedo can be largely understood from the differences in
baroclinic activity. A track density map of the weak, medium, and
strong cyclones and anticyclones (S/Appendix, Fig. S3) shows that
weak cyclones (8] Appendix, Fig. S3A) distribute evenly between
land and ocean and are more common in the NH (350 cyclones
in the NH relative to 240 in the SH). On the other hand, the
medium and strong cyclones (S Appendix, Fig. S3 B and C) are
more common in the SH (360 cyclones in the NH and 520 in
the SH) and are rare over NH continents. Repeating the analysis
for anticyclones (S Appendix, Fig. S3 D-F) shows that, similar to
cyclones, most of the weak anticyclones are in the NH and many
appear over land, while the medium and strong anticyclones are
more abundant in the SH and over the oceans.
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When considering the overall yearly amount of SWSs tracked
for the NH and SH (Fig. 3C), we find that the SH SWSs are
stronger and more abundant. On average, in the NH, there are
annually about 710 cyclones with an average intensity of 20 hPa
and 580 anticyclones with an average intensity of 12 hPa, while
over the SH, there are 760 cyclones with an average intensity
of 25 hPa and 650 anticyclones with an average intensity of
15 hPa (the annual amount was calculated by integrating over the
distribution, and mean intensity was defined as the distribution
average).

Because stronger SWSs are shown to be cloudier, we can
associate the hemispheric difference in cloud-albedo with the
difference in baroclinic activity: because the SWSs in the SH are
stronger, they create more clouds. To quantify this, we analyze
to which extent the difference in baroclinic activity explains the
difference in cloud-albedo. Assuming that

Aeye ™~ ZU(Si) -V,
Aacyc ™~ Z )"(Si) : ]vb [1]

o = Uy + Hacyc»

where dcyc and @aeye are the cyclone’s and anticyclone’s
contribution to cloud-albedo, respectively, o and A are the
functions connecting intensity and cloud-albedo for cyclones and
anticyclones, respectively, s; is the strength of each bin (taken
here to be the SWS’s maximum pressure anomaly), and N; is
the number of SWSs per year in each strength bin. In order to
increase the accuracy of our estimates, we interpolate the observed
connections between strength and cloud-albedo by fitting a curve
to the observed relation (black line in Fig. 3 A and B). The

functions used for cyclones and anticyclones are
a

U(S) = 1+exp[—b (S+C)]) [2]
Ms)=a+b-s

where o is the sigmoid function, which was chosen because of its
saturating properties and X is the linear function. The parameters
a, b, and ¢ for ¢ and 2 and & for A are found by fitting to
cloud-albedo strength relations for cyclones and anticyclones,
as was found for CERES data (black line in Fig. 3 A and B,
respectively) and are given in the S/ Appendix, Table S1. Using
the ERA5 baroclinic SWS statistics (Fig. 3C), the calculated
difference is 15.7%, where cyclones contribute 8.4% and
anticyclones contribute 7.3%), while the climatological difference
in cloud-albedo is 14.1% for CERES data. These results show
that the difference in cloud-albedo between the NH and SH
can be predicted by the difference in baroclinic activity. Thus,
baroclinic activity increases the SH albedo by roughly how much
the land asymmetry increases the NH albedo.

These findings give a possible mechanism for the compensation
between clear-sky and cloud-albedo: the hemisphere with more
ocean (and thus less clear-sky albedo) generates more baroclinic
activity, which creates more clouds and thus results in higher
cloud-albedo. This counterbalances the higher clear-sky albedo
in the hemisphere with more continents. Further analysis of
the connection between the hemispheric difference in clear-sky
albedo and baroclinic activity might reveal why the overall
planetary albedo is exactly the same in the two hemispheres. A
possible theoretical framework for such an explanation might be
the conservation of global isentropic potential vorticity, known

PNAS 2023 Vol. 120 No.5 2208778120

as the Impermeability Theorem (34), which was shown recently
to play a significant role in shaping tropical weather (35).

Albedo Symmetry in Future Climate. Clouds are one of the
most  significant uncertainties in the climate response to
the anthropogenic increase in greenhouse gases (36, 37). The
strong connection between baroclinic activity and cloud-albedo
links cloudiness to macroscopic circulation features, which
may then influence how albedo changes with warming. The
baroclinic activity response to climate change, assessed using the
CMIPG6 models (Materials and Methods), is different in the two
hemispheres, where the NH activity is expected to weaken due to
arctic amplification (38-40) while SH is expected to slightly
strengthen (Fig. 4A). The strong relation between baroclinic
activity and cloudiness implies a large decrease in the NH
midlatitude cloud-albedo, while the SH cloudiness is projected
to intensify slightly. As no significant hemispheric asymmetry
in the response of surface albedo to climate change is predicted
(8), this allegedly implies that the hemispheric albedo symmetry
should break.

However, the Lagrangian analysis shows how the albedo
symmetry can still be maintained. Considering the cyclones’
intensity distribution in current and future climate (Fig. 4B,
(41)), asubstantial decrease in the frequency of weak and medium
cyclones (9.1% fewer relative to the overall number of cyclones)
is expected both in the NH and SH. Yet, the SH baroclinic
activity intensifies due to a small increase in the frequency of
strong cyclones (2.0% more relative to the overall number of
cyclones). While the contribution of the strong cyclones to SLP
variance is very large (as their degree of contribution corresponds
to their depth to the second power), the saturating nature of
the cloud-albedo strength curve of cyclones (Fig. 34) means
their contribution to cloud-albedo is not as large, which explains
how cloud-albedo might decline over the SH to maintain the
hemispheric albedo symmetry. To quantify this statement, we
use Eq. 1 and assume that
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Fig. 4. (A)Responseofbaroclinicactivity(hPaZ)tocIimatechange. Baroclinic
activity is defined as in Fig. 1B. The response is defined as the change
in climatology between the projected and historical simulations (Materials
and Methods). (B and C) The probability distribution function of cyclone and
anticyclone intensity for the NH and SH (blue and red, respectively) for the
historical and projected runs (solid and dash lines, respectively).
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EKE ~ Y - N,

where s; is the strength of each bin and V; is the number of
cyclones per year in each strength bin. Using the CMIP6 models’
average values (Fig. 4B), we find no significant change in EKE
in the SH, even though the cloud-albedo decreases by 6.8%.
Over the NH, we find a decrease of 9.4% in EKE and 7.6% in
cloud-albedo. This shows that a decrease in cloud-albedo can
result from both a decrease in the overall baroclinicity (as
found over the NH) and an increase in the skewness of the
intensity distribution (without a significant change in the overall
baroclinic activity, as found over the SH). The anticyclone
response (Fig. 4C) is similar between hemispheres: a reduction
in the number of anticyclones and a projected decrease in their
contribution to cloud-albedo.

Summary and Discussion

The effect of Earth’s atmospheric circulation on clouds and
the cloud feedback on the circulation through their effect on
the radiation budget is a significant source of complexity in
climate research and an active field of study (42—44). Therefore,
studying large-scale climate phenomena that reflect fundamental
properties of the cloud—climate interaction can aid in understand-
ing Earth’s climate and its susceptibility to change. In this study,
we investigate the role of baroclinic activity in shaping Earth’s
albedo through clouds. More specifically, we uncover the role of
baroclinic activity in the hemispheric difference in cloud-albedo:
the difference in the layout of the continents between the two
hemispheres, leads to stronger baroclinic activity in the SH such
that the clouds resulting from it compensate for the asymmetry
in clear-sky albedo. Our results can be summarized as follows:

* There is a strong spatial correlation between cloud-albedo and
baroclinic activity (Fig. 1).

* Composites of cyclones and anticyclones show that strong
synoptic weather systems (SWSs) have higher cloud-albedo
(Fig. 2). This indicates that the magnitudes of both phases of
baroclinic waves monotonically increase cloud-albedo.

* This monotonic increase in cloud-albedo is due to the
equatorward extending and thickening of cloud bands in the
warm sectors and the increase in low clouds in the cold
sectors of cyclones, and more low clouds around the center
of anticyclones (Fig. 2).

* A more detailed view of the connection between SWS strength
and cloudiness shows that while the connection in the case of
anticyclones is strictly linear, the cloud-albedo curve saturates

for strong cyclones (Fig. 3).

* The track distribution reveals that the weaker, less cloudy
SWSs are primarily present in the NH, while the stronger,
cloudier SWSs mostly appear over the SH and the NH oceans
(SI Appendix, Fig. S2).

* The hemispheric difference in cloud-albedo can be quantita-
tively estimated using the cloud-albedo strength relation for
cyclones and anticyclones (Fig. 3 4 and B) and the climatology
of baroclinic activity (Fig. 3C). The calculated difference is
15.7%, while the CERES difference is 14.1%.

* Our findings suggest a possible mechanism for the similar
reflected short-wave radiation between the two hemispheres:
the greater ocean area in the SH, and therefore lower surface
albedo, causes it to have stronger baroclinic activity, which, in
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turn, creates more clouds, which balance the overall planetary

albedo.

* Due to the strong connection between baroclinic activity and
cloudiness, the response of baroclinic activity to climate change
will affect the cloud distribution.

* In future climate, the expected decrease in EKE over the NH
(Fig. 44) implies a significant decrease in the NH midlatitude
cloud-albedo.

* Over the SH, the projected change in the distribution of
cyclone intensity (Fig. 4 B and C) suggests that the SH cloud-
albedo will to decrease, although the overall EKE will increase.

* This complex response shows how hemispheric albedo symme-
try might persist in the future climate, despite the asymmetric
response of EKE.

Materials and Methods

Climate Data. To study the current climate, we use a combination of reanalysis
and satellite data. We use 3-h data from the European Centre for Medium-Range
Weather Forecasts (ECMWF) ERA-5 data set (24) to assess the synoptic weather
system (SWS) activity and track. ERA-5 estimates the atmospheric variables at a
horizontal resolution of 31 km and 137 vertical levels. Sea level pressure (SLP)
is used to quantify the midlatitude baroclinic activity and to identify and track
cyclones and anticyclones. We also use 3-h data of low-, mid-, and high-cloud
cover (LCC, MCC, and HCC, respectively) to assess the vertical distribution of
clouds. Three-hourly total cloud cover (TCC) data were also used to compare to
satellite data. To assess short-wave radiation fluxes and cloud properties, we use
the Clouds and the Earth's Radiant Energy System (CERES) SYN1deg-day version
4a product (22, 23). CERESs' clear- and all-sky short wave fluxes are used to
calculate cloud-albedo, using the method described in ref. 9. TCC and optical
thickness (z) are used to decompose the cloud-albedo into the contribution of
the two different cloud properties (9, 45, 46). Cloud data were downloaded on a
3-h resolution, and cloud-albedo was calculated on a daily resolution and then
resampled to a 3-h resolution, based on the data Fourier spectrum. We use data
between the years 2001 and 2019.

To assess predicted changes in baroclinic activity due to climate change, we
use 6-h SLP data from the Coupled Model Intercomparison Project phase 6
(CMIP8, list of models is provided in S/ Appendix, Table S2). We use the years
1980 to 2010 of the historical data and the end of the century (2070 to 2100)
of the Shared Socioeconomic Pathway 5-8.5 (SSP5-8.5) scenario for projected
data.

Storm Tracking and Composites. Cyclones and anticyclones are identified
and tracked using an objective feature point tracking technique (25) applied
on SLP. The algorithm gives the longitude, latitude (°), and magnitude of the
anomaly (hPa) in each time step through its lifetime. We filter the data and
smooth it to T63 resolution, to reduce noise, and removed background flow
(defined as wave numbers 0 to 4) to isolate the synopticand mesoscale features.
Only anomalies deeper than 8 hPa that appear for more than 48 h and pass
latitude 30° are used in the analysis. We also require a traveling distance of
more than 1,000 km for cyclones. S/ Appendix, Fig. S3 shows the distribution
of tracked cyclones and anticyclones at maximum intensity, showing that the
tracked storms generally fit well the position of the storm tracks. Some bias can
be observed around high topography, mostly for weak SWSs. Filtering out tracks
around high topography does not change significantly any of the results.

To construct composites, we place a box with margins ata distance of 41,600
km inthe zonal direction and —1670to 830 km in the meridional direction from
the center of the SLP anomaly, and then pick the maximum intensity time-step.
The meridional direction of SH SWSs was flipped to match the NH SWSs. Overall,
roughly 52,000 cyclones and 43,000 anticyclones are used for the composites.
The composite we achieve using ERAS data resembles the results of previous
studies, which use cloud fields from various sources, e.g., refs. 15, 47 and 48.
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Data, Materials, and Software Availability. All study data are included in
the article and/or S/ Appendix.
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