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ABSTRACT: The Northern and Southern Hemispheres reflect on average almost equal amounts of sunlight due to com-
pensating hemispheric asymmetries in clear-sky and cloud albedo. Recent work indicates that the cloud albedo asymmetry
is largely due to clouds in extratropical oceanic regions. Here, we investigate the proximate causes of this extratropical
cloud albedo asymmetry using a cloud-controlling factor (CCF) approach. We develop a simple index that measures the
skill of CCFs, either individually or in combination, in predicting the asymmetry. The index captures the contribution to
the asymmetry due to interhemispheric differences in the probability distribution function of daily CCF values. Cloud
albedo is quantified using daily MODIS satellite retrievals, and is related to range of CCFs derived from the ERA5
product. We find that sea surface temperature is the CCF that individually explains the largest fraction of the asymmetry,
followed by surface wind. The asymmetry is predominantly due to low clouds, and our results are consistent with prior
local-scale modeling work showing that marine boundary layer clouds become thicker and more extensive as surface wind
increases and surface temperature cools. The asymmetry is consistent with large-scale control of storm-track intensity and
surface winds by meridional temperature gradients: persistently cold and windy conditions in the Southern Hemisphere
keep cloud albedo high year-round. Our results have important implications for global-scale cloud feedbacks and contrib-
ute to efforts to develop a theory for planetary albedo and its symmetry.
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1. Introduction Earth observation, that the Northern and Southern Hemi-
spheres reflect the same amount of sunlight to within observa-
tional error (Vonder Haar and Suomi 1971). This hemispheric
symmetry in reflected insolation has been confirmed by subse-
quent generations of satellites; the most recent observations
estimate the interhemispheric difference in hemispherically
averaged reflected shortwave radiation at around 0.2 W m >
in the annual mean, equivalent to ~0.2% of the global mean
(Stevens and Schwartz 2012; Voigt et al. 2013; Stephens et al.

Clouds are fundamental to most aspects of climate. They
are a key component of Earth’s hydrologic cycle and have a
profound effect on the global radiation budget. Clouds have
long been studied in terms of geographical and seasonal varia-
tions as well as their connections to dynamics and thermody-
namics (Riehl 1947; Young 1967; Norris 1998a,b; Houze 2014).
The Southern Ocean is one of the cloudiest places of our
planet, with a cloud cover fraction of about 0.8 year-round

(Haynes et al. 2011; IPCC 2013; McCoy et al. 2014). A number 2015). Since annual-mean insolation is exactly symmetric around
of recent studies have examined various aspects of Southern the equator, these observations imply that Earth’s planetary

Ocean clouds: large-scale controls on cloudiness, the relation albedf" is also almost perfectly symmetric, at least in the hemi-
between cloud albedo and cloud fraction, structure and micro- spher%c mean. ) o )
physical properties, and cloud biases in climate models (Bodas- This symmetry is surprising given the obvious surface asym-

Salcedo et al. 2012, 2014, 2016; Haynes et al. 2011; McCoy et al. ~ Metry between the two hemispheres: land and sea ice cover
2014; Bender et al. 2017; Wall et al. 2017a,b). roughly 40% of the Northern Hemisphere (NH) but only

Here, we address the question of how and why Southern 20% of the Southern Hemisphere (SH). Higher surface al-
Ocean cloud albedo differs from that in Northern Hemi- Pedo and aerosol loading in the NH make clear-sky reflection
sphere oceans at similar latitudes. Interest in this question js  greater there than in the SH, by 6 W m~? in the hemispheric

motivated by the fact, known since the early days of satellite ~mean (Voigt et al. 2013). On the other hand, the SH is cloud-
ier than the NH (Stubenrauch et al. 2013). As it turns out, the

hemispheric asymmetry in clear-sky reflection is precisely can-

celed by greater reflection from clouds in the SH (Stephens

Denotes content that is immediately available upon publica- et al. 2015; Jonsson and Bender 2021). Further analysis of the
tion as open access. cloud albedo asymmetry shows that it mostly arises over the
extratropical oceans (Bender et al. 2017): cloud albedo aver-
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extratropics, while average cloud albedo over land and sea ice
is almost identical in the two hemispheres, implying that the
cloud albedo asymmetry is due to extratropical oceanic clouds
(Datseris and Stevens 2021).

These prior results raise the fundamental question of whether
the precise compensation between clear-sky and cloud albedo
asymmetries is fortuitous or if it is enforced by a feedback mech-
anism that keeps planetary albedo symmetric (Voigt et al. 2013;
Datseris and Stevens 2021). Experiments with an idealized model
(Voigt et al. 2014) show that imposed asymmetries in surface al-
bedo are compensated by a shift of the intertropical convergence
zone and its attendant clouds into the darker hemisphere, raising
its planetary albedo, although this reliance on tropical compensa-
tion is at odds with the major role played by extratropical asym-
metries in observations. A robust feedback mechanism involving
extratropical clouds remains to be identified.

Developing a comprehensive theory for planetary albedo
symmetry, which would likely involve related symmetries in
energy and water balances mediated by interhemispheric en-
ergy transports (Stephens et al. 2016), remains a major chal-
lenge for climate science. Our aim here is not to tackle this
challenge head-on. We focus instead on a narrower question:
what are the proximate causes—specifically, the local environ-
mental conditions—that make the extratropical oceans cloud-
ier in the SH than in the NH? Answering this question can be
seen as a first step toward building a theory for the ultimate
causes of planetary albedo symmetry. The answer to this
question can point to some of the large-scale physical pro-
cesses that such an ultimate theory should consider. Further-
more, climate models fail to robustly capture the observed
planetary albedo symmetry (Voigt et al. 2013; Jonsson and
Bender 2021), and insight into the physical processes control-
ling cloud albedo asymmetry could help correct these biases
and improve cloud representation in models.

Clouds respond strongly to the dynamics and thermo-
dynamics of the environment in which they form, and a sub-
stantial literature exists connecting cloudiness to specific
environmental metrics such as low-level stability or vertical
velocity, collectively referred to as “cloud-controlling factors”
(CCFs; Stevens and Brenguier 2009; Klein et al. 2017). CCFs
can be used to statistically explain cloud changes following a
two-step approach. First, the sensitivity of clouds to a speci-
fied set of CCFs is observationally quantified, typically by
multiple linear regression. Second, the change in cloudiness
between two climate states can be predicted given knowledge
of the corresponding change in the CCFs. Additionally, the
sensitivity, together with the magnitude of the change in a
given CCF, can be used to diagnose how much that CCF con-
tributes to the total cloud change. This approach has been
widely applied to analyze cloud feedbacks in future simulated
climates (Zelinka et al. 2020; Ceppi and Nowack 2021; Myers
et al. 2021). Here we apply it instead to understand climato-
logical cloud differences between two regions—the extratropi-
cal oceans of the NH and SH—in the current climate. Our
main aim is to identify CCFs whose hemispheric asymmetry
can best explain the asymmetry in oceanic cloud albedo, and
thus tie the asymmetry to specific physical mechanisms.
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As detailed in section 2, we use daily MODIS satellite re-
trievals to characterize clouds, and ERAS data for the cloud-
controlling factors. Section 3 presents the climatology of
MODIS cloud observations and shows that the hemispheric
asymmetry in cloud albedo is indeed concentrated in the ex-
tratropics. Section 4 lays out our CCF methodology, and in
section 5 we apply this framework to a set of six CCFs. We
find a leading role for two of them—surface wind and sea
surface temperature—in explaining the hemispheric cloud
albedo asymmetry. Section 6 explores the local- and global-
scale physical mechanisms relevant to these two CCFs, while
section 7 summarizes our conclusions.

2. Data

To characterize cloud properties, we use shortwave cloud
optical thickness, cloud fraction, and cloud-top pressure re-
trievals from the Moderate Resolution Imaging Spectroradi-
ometer (MODIS), specifically the Level-3 daily-mean product
on a global 1° grid for the period 2003-17 (King et al. 1992;
Platnick et al. 2003; King et al. 2003; Hubanks et al. 2020).

The limitations of MODIS cloud products have been ex-
tensively studied (Marchand et al. 2010; Pincus et al. 2012;
Grosvenor and Wood 2014; Khanal and Wang 2018) and we
briefly comment on the aspects most relevant to our work.
An important source of uncertainty arises from MODIS viewing
only the highest cloud tops; the retrieved cloud phase and par-
ticle size from above are assumed to be uniform throughout
the cloud. Also, MODIS cannot detect liquid cloud below
moderately thick ice cloud. Further, MODIS produces two
cloud fraction estimates: “mask cloud fractional cover,” which
counts the proportion of pixels deemed by the algorithm to
be cloudy or probably cloudy, and “retrieval cloud fractional
cover,” which counts the proportion of available pixels for
which cloud optical properties are successfully retrieved.
The latter is a more conservative metric, and its values are on
average ~10% lower than those of the former at the same
grid point (and in some subtropical regions the difference ex-
ceeds 20%). The results presented here use mask cloud frac-
tional cover, but we have verified that using retrieval cloud
fractional cover does not qualitatively change our results and
conclusions.

In addition, the gridded daily Level-3 product is obtained
by averaging many subdaily observations in each grid cell.
Since we are interested in the cloud optical thickness as a
means to characterize cloud albedo (see section 3), we use the
“radiatively effective” cloud optical thickness product ob-
tained by logarithmically averaging individual observations.
As argued in Pincus et al. (2012), this is preferable for applica-
tions where cloud-radiative interaction is the focus because of
the near-linearity of cloud albedo as a function of the loga-
rithm of cloud optical thickness. Linear averaging would bias
the mean cloud optical thickness toward low values and yield
an underestimate of cloud albedo.

Cloud-controlling factors are computed from the ERAS product
(Hersbach et al. 2020). Variables are averaged to daily means
and spatially regridded to match the MODIS cloud data. We
consider six primary CCFs: sea surface temperature SST (but
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note that where sea ice is present we take the skin temperature
of the sea ice); estimated inversion strength (EIS), defined
as in Wood and Bretherton (2006) and using a constant
near-surface relative humidity of 80% to compute the lift-
ing condensation level (McCoy et al. 2017); midtropo-
spheric pressure velocity wsgo; atmosphere—-ocean surface
temperature difference AT, = SST — T,p,; surface wind
speed Vg, = (udgm + viom)"”s and the marine cold-air out-
break index (MCAO) defined as MCAO = 6Osst — 6s00,
where 6sst and 6goo are the potential temperatures at the
surface and 800 hPa respectively (Fletcher et al. 2016).
We additionally consider three further CCFs: surface tem-
perature advection AdvTg. = —uyoy - VSST; surface latent
heat flux defined through the bulk aerodynamic formula
Oru = pVseCp(gsic — gom); and the near-surface relative
humidity RHo,.

3. Cloud climatology and albedo asymmetry

While most previous studies investigating environmental
controls on clouds or shortwave reflection have focused on
cloud fraction or cloud optical thickness responses separately,
here we follow previous work (Datseris and Stevens 2021)
and tie these two parameters together into a cloud albedo C
defined as

V3(1 - g)r

VLo

M

where 7is radiatively effective cloud optical thickness (herein-
after referred to as cloud optical thickness for brevity), f is
cloud fraction, and g is an asymmetry factor from the cloud
particle phase function. In this approach, cloud albedo is an
intrinsic property of clouds, and independent of incident short-
wave radiation. As shown in Datseris and Stevens (2021), g has
very weak spatial variability, so for simplicity we set g = 091,
which is the global-mean value calculated in that paper.

Figure 1 presents the climatological zonal-mean C, cloud
fraction, and cloud optical thickness for the two hemispheres.
As discussed in the introduction, previous work shows that
the relevant cloud albedo asymmetry—which compensates
for clear-sky albedo asymmetry rendering planetary albedo
symmetric—is concentrated over the oceans, so we focus here
and in the rest of the paper on oceanic regions only. The
global-mean area-weighted oceanic cloud albedo comes to
0.24, and the hemispheric cloud albedo asymmetry (i.e., the
hemispheric mean of the SH—NH difference shown by the
black line in Fig. 1a) comes to 0.03. SH oceanic clouds are
therefore around 0.03/0.24 = 12.5% brighter than their NH
counterparts. The product of climatological zonal-mean C by
annual-mean insolation at each latitude averaged over the
hemisphere provides a rough estimate of the solar radiation
reflected by clouds; this estimate indicates a hemispheric
asymmetry of around 5 W m™? in radiation reflected by oce-
anic clouds, very close to the ~6 W m™2 asymmetry in ob-
served clear-sky reflection (Voigt et al. 2013).

Cloud albedo differs between the two hemispheres both
in the tropics and in the middle to high latitudes. However,
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FIG. 1. Annual- and zonal-mean (a) cloud albedo C, (b) cloud
fraction f, and (c) cloud optical thickness 7. Averages are computed
over oceans only. Red lines indicate the NH, blue lines the SH, and
black lines the SH — NH difference. Light shading indicates the
50°-65° latitude band.

the hemispheric cloud albedo asymmetry averaged between
0° and 30° is very small (around 0.5% of the global mean),
which implies that almost the entire hemispheric cloud al-
bedo asymmetry comes from the extratropics, in particular
from the region poleward of around 50° latitude. Since winter
data is largely missing from the satellite retrievals poleward
of the polar circle (66.6° latitude), and since these regions
are mostly land (especially in the SH), we restrict attention to
the 50°-65° band.

Thus, the remainder of this study is focused on the extra-
tropical cloud albedo asymmetry AC defined as

AC = C, - Cy. 2)

where overbars indicate climatological annual averages over
the oceanic portions of the 50°-65° latitude band, while
subscripts N and § refer to the NH and SH respectively
(area-weighting is applied to meridional averages, i.e.,
multiplied by cosine of latitude). Numerically, we find
C, =039, C, =034, and AC = 0.05.
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4. Cloud-controlling factor framework

Our goal here is to quantify the fraction of the extratropical
cloud albedo asymmetry AC (section 3) that is statistically ex-
plained (or predicted) by hemispheric asymmetry in one or more
CCFs. We use an approach similar to that of Bony et al. (2004),
which avoids the use of linear regression and thus incorporates
the full, generally nonlinear response of clouds to their controlling
factors. For ease of notation, we present the methodology for
the case where a single CCF, denoted x, is used to predict AC.

We first define the response functions Cy(x) and Cg(x),
which give the expected value of cloud albedo for a given
value of the controlling factor x (i.e., the conditionally aver-
aged cloud albedo) in the NH and SH respectively. These re-
sponse functions are estimated in practice by binning cloud
albedo values at each day and grid point by the value of x at
the same time and grid point, and then averaging within each
bin; these bin averages include data from all days in the 15-yr
period and all grid points in the oceanic portions of the
50°—65° latitude band in each hemisphere, using area weight-
ing. We use 40 equispaced bins spanning the range of x. Note
that we retain the full daily variability of clouds and CCFs,
since we expect synoptic-scale processes to be important in
this latitude range (Kelleher and Grise 2019).

Given the response functions, the climatological cloud albedo
asymmetry (2) can be written as

AC = J[Cs(x) Pg(x) = Cy(x) Py(x)]dx, @)

where Py(x) and Ps(x) are the probability density functions
(PDFs) of x in the oceanic 50°-65° latitude band of the NH and
SH respectively, estimated as area-weighted normalized histo-
grams over the same bins used to compute the response func-
tions. To interpret (3), consider two limiting cases. In one limit,
Cs(x) = Cn(x) while Pg(x) # Pn(x); in this case x has perfect
skill in the sense that the entire cloud albedo asymmetry is pre-
dicted by interhemispheric differences in the PDF of x. In the
opposite limit, Cs(x) # Cn(x) while Pg(x) = Pn(x), in which
case x is perfectly unskilled since it explains none of the albedo
asymmetry. Cloud properties are in fact simultaneously deter-
mined by myriad different environmental factors. For a given
value of x, all the other factors will generally have different
values in the two hemispheres (more precisely, the joint PDF
of all other CCFs conditional on x will be different in the
two hemispheres). It is the asymmetry in other CCFs that
makes Cg(x) # Cn(x). Therefore, in this second limit, the al-
bedo asymmetry is entirely explained by asymmetries in
CCEFs other than x.

Real situations will be intermediate between these two lim-
its, with a fraction of AC explained by x and the remainder by
other CCFs. To quantify these contributions, we rewrite (3)
identically as

_ 1 1
AC = QJ(CS + Cy)(Ps — Py)dx + EI(CS — Cy)(Pg + Py)dx

AC, AC,

4)

and define
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where AC 4 is the first term on the r.hs. of (4). The ratio A
captures the fraction of AC attributable to hemispheric asym-
metry in the PDF of x, and is thus a measure of x’s skill in
predicting the total albedo asymmetry AC. The residual
B=1-A = AC,4/AC can be interpreted as the fraction of
AC explained by CCFs other than x. Note that A is not con-
strained to lie between 0 and 1; A < 0 means that x predicts
albedo asymmetry in the opposite direction to that observed
(i.e., it predicts a brighter NH), while A > 1 means that x pre-
dicts a very bright SH which is made darker by other CCFs.
We calculate A in practice by numerically computing the inte-
gral in AC 4 using the trapezoidal approximation for better
accuracy. To facilitate the interpretation of these scores in
connection with the P and C distributions for each hemi-
sphere, some examples are provided in the appendix, useful
for comparison with actual results from section 5.

The framework can be straightforwardly generalized to
the case where several CCFs are simultaneously used to pre-
dict AC, with the only difference that the response functions
are then defined over a multidimensional space (and their
estimation requires multidimensional binning). The more
common approach to estimating cloud responses to CCFs is
via linear regression (Klein et al. 2017). This is equivalent in
our framework to replacing the full response functions in
(3) with linear regression lines. As shown in the next sec-
tion, the response functions are generally nonlinear and
even nonmonotonic, which would imply possibly large er-
rors in the calculation of the skill score A with a linear
approximation.

5. Predicting cloud albedo asymmetry using CCFs

We apply the above framework to our set of six primary
CCFs (SST, wsgo, EIS, AT, Ve, and MCAO; see section 2),
aiming to assess how skillfully they individually predict the
observed hemispheric cloud albedo asymmetry. The first five
CCFs have been widely employed in previous work and are
understood to influence cloudiness through physically plausi-
ble mechanisms. Their selection here is guided by known
or potential hemispheric asymmetries in their climatology.
In particular, annual-mean SST is colder and surface winds
stronger over the Southern Ocean than at the same latitude in
the NH oceans (Scott et al. 2020). Furthermore, the SH storm
track is stronger in the annual mean than its NH oceanic
counterparts (O’Gorman 2010); to the extent that midlatitude
storms control the variability of vertical velocity and horizon-
tal winds, we may expect differences in the PDFs of daily
500, Ve, and also AT, which can be taken as a proxy for
near-surface temperature advection. The inclusion of MCAO
in our analysis is motivated by our focus on the mid- to high-
latitude (50°-65°) oceans, which are characterized by frequent
incursions of polar air masses for which the MCAO index was
specifically developed.
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FIG. 2. (top) Cloud albedo response functions (C) for six CCFs as indicated above each column, and (second row) probability density
functions (P) of the CCFs; black curves show the SH-NH difference. (third row) Product of the response and probability density func-
tions; the black area under the difference curve is AC = 0.05. Small squares over the x axis in the top three rows indicate the interquartile
range for each CCF and hemisphere (see Table 1). (bottom) Asymmetry components AC , (green) and AC, (orange) with their associ-
ated scores A and B, following Egs. (3) and (4); note the different scale of the y axis. Only ocean points in 50°-65° latitude band of the
NH (red) and SH (blue) are included.

Figure 2 (top row) shows the cloud albedo response func- predicting 61% and 52% of the total asymmetry respectively
tions for each of the six CCFs. The response functions are  (Table 1). The other CCFs show more subtle PDF asymme-
generally strongly nonlinear over the range of their CCF. The tries; in the case of EIS, this is sufficient to yield A = 0.12,
sensitivity of cloud albedo to each CCF can be quantified as making it the third most skillful predictor. For wsgy, AC is
the change in the response functions across the interquartile ~ due purely to the B component (i.e., A = 0); hence this CCF
range (25th-75th percentiles) of the corresponding PDF. The predicts none of the asymmetry. The remaining two CCFs
results (Table 1) show that cloud albedo changes by 0.03-0.09 (AT, and MCAO) show PDF asymmetries in the opposite
across this range for all CCFs in both hemispheres, with SST  direction—that is, they yield A < 0 and predict brighter
at the NH as the sole exception (we have also verified that lin-  clouds in the NH than in the SH.
ear regression coefficients scaled by standard deviation of the For a clearer interpretation of these skill scores, it is helpful
CCF show a similar range of sensitivity). Recalling that the to-  to compare the behavior of the C and P curves in Fig. 2 with
tal cloud albedo asymmetry AC is 0.05 (section 3), it appears  the idealized examples shown in appendix A. For instance,
that a strong interhemispheric shift in the PDF of any of the MCAO has a negative score as in case 7 (Fig. Al), and
CCFs could potentially explain a substantial fraction of the total.  in both the peak of Pg is shifted toward lower values of cloud
However, the middle row of Fig. 2 shows that only two of the albedo as compared with Py, implying that this CCF predicts
CCFs—namely SST and V—exhibit an appreciable shift in lower albedo in the SH than in the NH (i.e., a negative
the PDF. As a result, they also show the highest skill scores, asymmetry). Were the interhemispheric shift in PDF more

TABLE 1. Change in the cloud albedo response functions shown in Fig. 2 across the interquartile range (IQR) of the corresponding
cloud-controlling factor (i.e., the change from the 25th to the 75th percentiles of the CCF’s PDF) for the SH (Cs) and NH (Cy). The
bottom row shows the fraction of the total cloud albedo asymmetry explained by each individual CCF [see Eq. (5)].

SST ws00 EIS MCAO AT Vite
Change in Cg over IQR —0.048 -0.039 0.071 —0.056 —0.028 0.034
Change in Cy over IQR —0.008 —0.088 0.050 —0.059 —0.057 0.067
A 0.61 0.00 0.12 —0.16 —0.02 0.52
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pronounced, a more negative A score would obtain. Further,
results for wsgg and ATy resemble case 6 in appendix A, in
which the Pg and Py are nearly identical, yielding A ~ 0. On
the other hand, and as noted above, the distinct shift in PDF
curves for SST and Vi is similar to case 3, with A > 50%.

It is noteworthy that while SST and V. are both skilled in
predicting the asymmetry, ATy, which is related to near-
surface temperature advection, is not. Consistently, repeating
the analysis directly using surface temperature advection
AdvT as a CCF yields a score A = 0.02. Surface wind is also
directly related to latent heat flux Q; y (see section 2), but ap-
plying the method to this CCF shows it is a very poor predic-
tor of the asymmetry (A = 0.01). The same is true of near-
surface relative humidity RH,,, (A = 0.05).

While previous studies generally agree on the importance
of SST in controlling cloudiness, the significant role played by
Ve In our results is more striking since this CCF is generally
found to be of lesser importance. For example, Scott et al.
(2020) regressed monthly anomalies of various atmospheric
controls to monthly anomalies of low clouds and radiative
fluxes over the global oceans, and found that for midlatitudes
the sensitivity of Vi is much smaller than for other predic-
tors. Similar results were obtained by Grise and Kelleher
(2021): the total variance of low-cloud radiative response ex-
plained by multiple linear regression onto four CCFs did not
significantly increase with the incorporation of V. as a fifth
one. This difference from our results is likely due in part to
that fact that we use a daily time scale that captures synop-
tic variability that cannot be represented with monthly
data. In any case, had those studies used daily anomalies
and obtained similar results, there would still be no inherent
contradiction: even if V. does not dominate midlatitude cloud
variability or cloud responses to radiative forcing, it can neverthe-
less play an important role in setting the hemispheric cloud albedo
asymmetry because of the very different midlatitude surface wind
climatologies in the two hemispheres. Conversely, while wsg ap-
pears as a robust CCF in our results (in the sense that cloud al-
bedo is strongly sensitive to wsy in both hemispheres; Fig. 2b), it
is nonetheless a very poor predictor of the hemispheric cloud al-
bedo asymmetry because its PDF is nearly identical in both
hemispheres.

To assess the sensitivity of our results to the dataset
used to compute CCFs, we recalculate all results using the
ERA-Interim reanalysis product (Dee et al. 2011), the pre-
decessor of ERAS. The equivalents of Table 1 and Fig. 2
produced with this dataset can be found in appendix B.
Overall differences are small, except for a considerably
smaller skill score for SST in the ERA-Interim product
(A = 0.24) than in ERAS (A = 0.61). This difference can be
traced to the different behavior of Cg at the upper end of
the SST distribution in the two datasets: ERAS indicates
much smaller values of SH cloud albedo at SST > 10°C than
ERA-Interim (cf. Figs. 2a and Bla). ERAS also has a lower fre-
quency of SST > 10°C occurrences (in fact, the annual-mean
SST field in ERA-Interim is generally 1° and 2°C warmer than in
ERAS in our region of interest, and up to 3°C near the Antarctic
peninsula; not shown). This sensitivity to tail events is a caveat to
our CCF methodology. Nonetheless, the qualitative result that
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SST and Vi are the two leading factors explaining the asymme-
try remains robust.

6. Physical mechanisms

Surface wind can affect cloudiness at all levels in the tropo-
sphere through different physical mechanisms. In extratropical
cyclones, stronger surface winds are associated with greater
boundary layer moisture convergence and upward moisture
transport along the “warm conveyor belt” structure linking
the boundary layer to upper levels, producing greater mid-
and high-level cloudiness (Field and Wood 2007; McCoy et al.
2019). Surface wind also affects surface turbulent fluxes and
thus boundary layer thermodynamics and cloudiness: large-
eddy simulation studies (Nuijens and Stevens 2012; Bretherton
et al. 2013; Kazil et al. 2016) show that increasing surface wind
induces an adjustment of the boundary layer favoring thicker
low-level clouds with greater fractional cover.

Distinguishing which of these mechanisms is most relevant
here requires establishing what cloud type is most important in
generating the hemispheric cloud albedo asymmetry. To do
s0, it is useful to examine cloud response functions to joint
variations in V. and wsgg, since the latter naturally sorts
cloud scenes with abundant high clouds (associated with as-
cent) from those with predominantly low clouds (associated
with subsidence).

Figure 3 shows the joint response functions for cloud al-
bedo, cloud fraction, cloud optical thickness, and cloud top
pressure (CTP). We see (Figs. 3d,h) the expected sorting of
cloud type by vertical velocity, with low cloud tops under sub-
siding conditions and higher cloud tops with ascent irrespec-
tive of surface wind. Referring back to Fig. 2n, where the
black line shows the contribution to hemispheric albedo
asymmetry for each value of wsg, we note that positive con-
tributions to the asymmetry are concentrated in the range
|wsoo] < 100 hPa dayfl. From Figs. 3d and 3h we see in turn
that this range of vertical velocities corresponds to cloud tops
~600-900 hPa, implicating mostly low clouds. An alternative
approach is to compute mean cloud albedo stratified by CTP
bins (i.e., treating CTP formally as a CCF), which shows
(Fig. 4) that positive contributions to hemispheric albedo asym-
metry peak at CTP ~700 hPa. We conclude therefore that the
extratropical cloud albedo asymmetry AC arises predominantly
from low clouds, with some contribution from midlevel clouds.

The modeling study of Nuijens and Stevens (2012) makes
three specific predictions for how low clouds respond to sur-
face wind: increasing V. should lead to greater cloud frac-
tion, optical thickness, and cloud-top height. Figure 3 shows
that all three predictions are borne out: under subsidence con-
ditions, when low clouds prevail, stronger V. yields greater
cloud fraction (Figs. 3b,f), greater optical thickness (Figs. 3c,g),
and higher cloud tops (Figs. 3d,h). The simulations of Nuijens
and Stevens (2012) were designed to capture subtropical subsi-
dence conditions, and their results have been empirically cor-
roborated using satellite imagery from the trade wind region
(Mieslinger et al. 2019). Our present results suggest that sim-
ilar physics also controls low cloud responses to surface wind
in extratropical oceanic regions. To make this similarity
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more explicit, Fig. 5 compares surface wind response func-
tions computed over a number of subtropical and extra-
tropical regions; despite different mean levels of cloudiness
in each region, the structure of the response functions and
the sensitivity of cloud albedo to surface wind is very simi-
lar across all regions. Nonetheless, further work would be
required to establish that the physical processes by which
surface wind affects low-level clouds in the extratropics
are in fact the same as those in the subtropical regions ad-
dressed by previous modeling work (Nuijens and Stevens

Besides surface wind, SST also explains a substantial frac-
tion of AC. Our results also show that cloud albedo generally
decreases with increasing SST, at least over the range of SST
where the bulk of the data is concentrated (Figs. 2a,g and
Table 1). This response is in agreement with previous obser-
vational evidence on the relation between low clouds and SST
in both the tropics and extratropics (Bony and Dufresne 2005;
Scott et al. 2020). Modeling work (Rieck et al. 2012; Bretherton
and Blossey 2014) also consistently shows that colder SST fa-
vors greater low-cloud cover, although the precise mechanism
remains debated.
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FIG. 4. (a) Cloud albedo as a function of cloud-top pressure, (b) cloud-top pressure probability density functions, and (c) the product of
cloud albedo and probability density functions for ocean points in 50°-65° latitude band of the NH (red lines) and SH (blue). Black line in
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FIG. 5. Cloud albedo response functions to Vi, for five sub-
tropical stratocumulus regions, and comparison with four extra-
tropical regions, for the 15-yr period. Subtropical region labels
correspond to the Peruvian (Pe), Namibian (Na), Californian
(Cf), Australian (As), and Canarian (Ca) regions. The extra-
tropical regions are South Atlantic (SA), South Pacific (SP),
North Atlantic (NA), and North Pacific (NP). All these regions
are the same oceanic 10° X 10° boxes specified in Wood and
Bretherton (2006), except for the SP (50°-60°N, 140°-150°W)
and SA (50°-60°N, 35°-45°W) cases that have been additionally
incorporated into our comparison.

Computing the joint V—SST skill score exactly as in (5)
but using joint response functions and PDFs in (4), we obtain
A = 1.20, implying that surface wind and SST jointly explain
the entire asymmetry, with an excess of 20% which must be
compensated by other factors (note for example that MCAO
predicts a negative asymmetry, with A = —0.16). Notably, the
joint Vi ~SST skill score is close to the sum of the corre-
sponding single-CCF values (0.61 + 0.52 = 1.13). Using the
ERA-Interim dataset, the joint V—SST skill score is
A = 091, so we can robustly conclude that V. and SST are
sufficient to predict most or all of the observed cloud albedo
asymmetry.

The stronger surface winds and colder SSTs of the SH both
act in the same direction, inducing local-scale boundary layer
effects that make low clouds brighter there than over NH
oceans. In addition, satellite imagery shows that low-level
cloudiness in these regions exhibits ubiquitous mesoscale or-
ganization reminiscent of that seen in the trade-wind region,
and observational studies (McCoy et al. 2017; Bony et al.
2020; Schulz et al. 2021) show that this organization strongly
depends on V. (and to a lesser extent also on SST) and is as-
sociated with systematic changes in the low-cloud fraction,
with a larger low-cloud fraction and deeper clouds when V.
increases. This aspect provides an interesting avenue for fu-
ture work.
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The coincidence of cold SST and strong surface wind in
the SH midlatitudes is not accidental, but obeys large-scale
macroturbulence constraints: the colder annual-mean SST
in the Southern Ocean implies larger meridional tempera-
ture gradient, greater baroclinicity, and a more active storm
track than in the NH (O’Gorman 2010). Stronger midlati-
tude eddy activity yields stronger surface wind speeds in
mid- to high latitudes both by enhancing transient surface
wind variability, and also by increasing upper-level eddy
momentum flux convergence, which drives stronger surface
westerlies. In turn, the zonal surface wind stress drives
strong oceanic ocean upwelling in the Southern Ocean
(Marshall and Speer 2012), which helps keep SST cold there
and strongly modulates its response to global radiative forc-
ing (Armour et al. 2016). The coupling between local-scale
cloud responses and the global-scale ocean—-atmosphere
general circulation outlined here opens up a variety of possi-
ble climate feedback mechanisms that would be worth ex-
ploring in future work seeking a comprehensive theory for
planetary albedo symmetry.

7. Conclusions

We have studied oceanic cloud albedo—defined as in Eq. (1)
and quantified using MODIS satellite retrievals—with the aim of
assessing its hemispheric asymmetry and determining to what ex-
tent this asymmetry can be predicted by cloud-controlling factors
independently from one another. We summarize our main con-
clusions as follows:

(i) Southern Hemisphere oceanic clouds as observed by
MODIS are substantially brighter than their Northern
Hemisphere counterparts. This hemispheric cloud al-
bedo asymmetry is concentrated in the region poleward
of 50° latitude. While tropical cloud albedo is not sym-
metric on a latitude-by-latitude basis, tropical averages
over the 0°-30° latitude band (or the 0°-50° band) are al-
most perfectly symmetric.

(ii) Focusing on the 50°-65° latitude band, we find that

among the several CCFs considered here SST individu-

ally predicts the largest fraction of the hemispheric
cloud albedo asymmetry, followed by surface wind;
these two CCFs jointly predict 120% of the asymmetry.

Low-level stability as measured by EIS captures a smaller

fraction of the asymmetry, while the remaining CCFs pre-

dict either no asymmetry or an asymmetry of the opposite
sign (i.e., they predict brighter clouds in the NH).

Low clouds—with cloud-top pressures around 700 hPa—

provide the dominant contribution to the asymmetry, with

some contribution also from midlevel clouds. The low-
cloud response to V. and SST found here qualita-
tively agrees with previous modeling work showing
that marine boundary layer clouds become optically
thicker and more extensive as surface wind increases
and surface temperature decreases. This agreement
suggests that the proximate cause for the hemispheric
cloud albedo asymmetry are the local boundary layer
effects of the Southern Ocean’s cooler SSTs and

(iif)
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stronger surface winds as compared with oceans at
similar latitudes in the NH.

From a general circulation perspective, cooler SSTs entail a
stronger equator—-pole temperature gradient, greater overall
baroclinicity and a more intense storm track. The combina-
tion of strong local-scale control of low clouds by V. and
SST together with large-scale coupling of surface wind and
SST gradients opens up a rich array of possibilities for climate
feedbacks over multiple time scales, coupling local cloud
changes to the general circulation of the atmosphere and
ocean. Further investigation of these possible implications
could help pave the way to a theory of global planetary al-
bedo and its symmetry.
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APPENDIX A

Idealized Skill Score Examples

Figure Al shows seven idealized cases of hemispheric
albedo asymmetry (brighter SH) in which the A score
ranges from overpredicting the asymmetry (A > 1, CCF1)
to predicting a brighter NH, that is, a negative asymmetry
(A <0, CCF 7). CCF2 is a perfectly skilled predictor of the
asymmetry, A 1, while CCF6 is perfectly unskilled,
A = 0. CCFs 1 and 3 can be regarded as good predictors of
the asymmetry given that the PDF for the SH peaks at
higher cloud albedo values than in the NH, while the al-
bedo response functions are very similar.

APPENDIX B

Results with ERA -Interim

Here we present the same results as in the main text but
obtained using ERA-Interim instead of ERAS data. The

TABLE B1. As in Table 1, but for ERA-Interim.

SST w500 EIS MCAO ATSfC stc
Change in Cg over IQR —0.047 —0.043 0.058 —0.044 —0.031 0.031
Change in Cy over IQR —0.009 —0.089 0.056 —0.058 —0.049 0.060
A 0.24 —0.01 0.13 —0.09 —0.05 0.48
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joint V¢ —SST skill score using ERA-Interim data is A = 0.91.
Results for the single-CCF analysis are shown in Table B1 and
Fig. B1.
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