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ABSTRACT

While the concentration of landmasses and atmospheric aerosols on the Northern Hemisphere suggests that the
Northern Hemisphere is brighter than the Southern Hemisphere, satellite measurements of top-of-atmosphere
irradiances found that both hemispheres reflect nearly the same amount of shortwave irradiance. Here, the authors
document that the most precise and accurate observation, the energy balanced and filled dataset of the Clouds
and the Earth’s Radiant Energy System covering the period 2000-10, measures an absolute hemispheric difference
in reflected shortwave irradiance of 0.1 W m ™2 In contrast, the longwave irradiance of the two hemispheres
differs by more than 1 W m™ 2, indicating that the observed climate system exhibits hemispheric symmetry in
reflected shortwave irradiance but not in longwave irradiance. The authors devise a variety of methods to estimate
the spatial degrees of freedom of the time-mean reflected shortwave irradiance. These are used to show that the
hemispheric symmetry in reflected shortwave irradiance is a nontrivial property of the Earth system in the sense
that most partitionings of Earth into two random halves do not exhibit hemispheric symmetry in reflected
shortwave irradiance. Climate models generally do not reproduce the observed hemispheric symmetry, which the
authors interpret as further evidence that the symmetry is nontrivial. While the authors cannot rule out that the
observed hemispheric symmetry in reflected shortwave irradiance is accidental, their results motivate a search for
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mechanisms that minimize hemispheric differences in reflected shortwave irradiance and planetary albedo.

1. Introduction

Earth is subject to boundary conditions that do not
fulfill hemispheric symmetry. In particular, most land-
masses and the major part of the atmospheric aerosol
loading (Geogdzhayev et al. 2005; Kishcha et al. 2009)
are located north of the equator. This suggests that the
Northern Hemisphere should reflect more shortwave
irradiance than the Southern Hemisphere but, when
Vonder Haar and Suomi (1971) presented satellite-
based estimates of top-of-atmosphere (TOA) irradiance
for the period 1962-66, they reported that the Northern
and Southern Hemispheres in the annual mean nearly
reflect the same amount of shortwave irradiance. The
hemispheric symmetry in reflected shortwave irradiance
was again noted by Ramanathan (1987), who also pointed
out the importance of clouds for the planetary albedo as
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they compensate the hemispheric difference in clear-sky
reflected shortwave irradiance that results from the asym-
metric distribution of continents and aerosols.

Subsequent observational TOA irradiance datasets
also reported small hemispheric differences in reflected
shortwave irradiance, though this information was often
buried in large tables. Earth Radiation Budget Experi-
ment (ERBE) data from 1985 to 1989 showed a hemi-
spheric difference of 0.2 W m ™2 (Hatzianastassiou et al.
2004a), while in the 1985-88 ISCCP data the hemi-
spheric difference was 0.9 W m ™2 (Zhang and Rossow
1997). Feeding a radiative transfer model with a blend
of observational and reanalysis data from 1984 to 1993,
Hatzianastassiou et al. (2004b) found a hemispheric
difference of 0.1 W m ™2,

Today, the Clouds and the Earth’s Radiant Energy
System (CERES; Wielicki et al. 1996) measures TOA
irradiances with previously unachieved precision and ac-
curacy. Among other products, CERES has provided the
three editions 1A, 2.5A, and 2.6r for energy balanced and
filled (EBAF) data of monthly-mean all-sky and clear-sky
irradiances on a 1° X 1° grid since March 2000 (Loeb
etal. 2009). In all three CERES-EBAF editions, the time-
mean hemispheric difference in reflected shortwave
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TABLE 1. Hemispheric averages of time-mean TOA irradiances as measured by CERES-EBAF (W m™2).

Northern Hemisphere Southern Hemisphere Diff
Edition 1A (March 2000-February 2005)
Incident shortwave 339.9 339.9 0.0
Reflected shortwave (all sky) 99.5 99.6 -0.1
Reflected shortwave (clear sky) 55.5 49.5 6.0
Longwave (all sky) 240.2 239.0 1.2
Longwave (clear sky) 271.0 267.9 31
Edition 2.5A (March 2000-February 2010)
Incident shortwave 340.0 340.0 0.0
Reflected shortwave (all sky) 99.4 99.5 -0.1
Reflected shortwave (clear sky) 55.5 49.3 6.2
Longwave (all sky) 240.3 238.9 1.4
Longwave (clear sky) 267.2 264.9 2.3
Edition 2.6r (March 2000-February 2010)
Incident shortwave 340.1 340.1 0.0
Reflected shortwave (all sky) 99.7 99.6 0.1
Reflected shortwave (clear sky) 55.5 49.3 6.2
Longwave (all sky) 240.4 239.1 1.3
Longwave (clear sky) 267.2 264.9 2.3

irradiance does not exceed 0.1 W m 2, which is only
0.1% of the global-mean reflected shortwave irradiance
(see Table 1). In conjunction with the symmetric incident
shortwave irradiance,' this implies hemispheric sym-
metry in planetary albedo. The hemispheric difference
in reflected shortwave irradiance stays below 1 W m 2
during individual 12-month periods (Fig. 1, left). In clear-
sky conditions, the Northern Hemisphere reflects 6 W m ™2
more than the Southern Hemisphere, consistent with the
fact that most landmasses and the major part of the at-
mospheric aerosol loading are located north of the equa-
tor. Longwave irradiance differs between the hemispheres
by 1.2-1.4 W m~ % that is, by 0.5% of the global-mean
longwave irradiance. Moreover, the hemispheric differ-
ence in all-sky longwave irradiance during all 12-month
periods is larger than 0.6 W m ™2 (Fig. 1, right). The
hemispheric symmetry in reflected shortwave irradiance,
but asymmetry in longwave irradiance implies northward
energy transport across the equator.

The agreement between diverse TOA irradiance data-
sets indicates that the hemispheric symmetry in reflected
shortwave irradiance is a robust feature of the observed
climate system. In particular, the hemispheric symmetry is
seen in all three editions of CERES-EBAF despite the
fact that the editions differ in their CERES input data and
use of auxiliary data (see the editions’ data quality

! Despite nonzero obliquity and eccentricity, the two hemispheres
receive the same annual-mean incident shortwave irradiance be-
cause Earth moves faster when it is closer to the sun (Kepler’s
second law). The hemispheric symmetry in annual-mean incident
shortwave irradiance can be demonstrated by numerically solving
for Earth’s movement around the sun following the equations
given in, for example, sections 7.3 and 7.5 of Pierrehumbert (2010).

summaries provided by the CERES Science Team). For
example, editions 1A and 2.5A are based on data from the
Terra satellite alone and explicitly rely on data from
geostationary satellites to fill in the diurnal cycle; edition
2.6r uses data from both the Terra and Aqua satellites
and uses scene-dependent diurnal correction factors for
shortwave irradiances to remove geostationary satellite
artifacts present in the earlier editions. As a consequence,
the time-mean reflected shortwave irradiance of editions
2.5A and 2.6r differ by up to 10 W m~? regionally (not
shown), but these regional observational uncertainties
apparently do not affect the hemispheric difference.

The main goal of this paper is to test whether the
observed hemispheric symmetry in reflected shortwave
irradiance is a trivial property of the Earth system in the
sense that any reasonable partitioning of Earth into two
random halves shows hemispheric symmetry in reflected
shortwave irradiance. The test requires us to estimate
the spatial degrees of freedom of the reflected shortwave
irradiance, a task for which we devise a variety of methods.
The test is important because, only if the hemispheric
symmetry in reflected shortwave irradiance is not a trivial
property of the Earth system, future studies should in-
vestigate if the hemispheric symmetry is a result of mech-
anisms that act such as to minimize the hemispheric
difference in reflected shortwave irradiance.

2. Is the observed hemispheric symmetry in
reflected shortwave irradiance a trivial property
of the Earth system?

The observed hemispheric symmetry in reflected short-
wave irradiance is a surprising property of the Earth
system, in particular given the 6 W m~? hemispheric
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F1G. 1. Twelve-month running mean of hemispheric difference (Northern Hemisphere minus Southern Hemi-

sphere) as measured by CERES-EBAF (solid gray: edition 1A; solid black: edition 2.5A; dashed black: edition 2.6r)
for all-sky (left) reflected shortwave and (right) longwave irradiance.

difference in clear-sky reflected shortwave irradiance
caused by the asymmetric distribution of continents and
aerosols between the hemispheres. Nevertheless, one
might suspect that the hemispheric symmetry in re-
flected shortwave irradiance is a trivial property of the
Earth system in the sense that, for any partitioning of
Earth into two random halves, the difference of these
random halves’ reflected shortwave irradiance is nearly
zero. For example, in the limit of zero spatial variability
(i.e., spatially uniform reflected shortwave irradiance),
the hemispheric symmetry would be a trivial property
of the Earth system. Similarly, if spatial variability was
small and the reflected shortwave irradiance had many
spatial degrees of freedom, randomly choosing half of
Earth’s area might be sufficient to closely sample the

global-mean value of reflected shortwave irradiance. In
this case, the hemispheric symmetry would also be trivial.
Indeed, the time-mean reflected shortwave irradiance
shows a comparably low spatial variability (spatial stan-
dard deviation of 18.7 W m ™2 compared to 29.8 W m >
for longwave irradiance: values for CERES-EBAF edi-
tion 2.5A) that results from the compensation of the
poleward decrease of incident shortwave irradiance by
the poleward increase in planetary albedo (Fig. 2, left
and middle).

To test if the hemispheric symmetry in reflected
shortwave irradiance is a trivial property, we partition
Earth into pairs of nonoverlapping random halves. This
is done by first dividing Earth into longitude-latitude
boxes of size (AA, Ag). A pair of random halves is then
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FIG. 2. Time-mean reflected shortwave irradiance from CERES-EBAF edition 2.5A (March 2000-February 2010): (left) zonal average;
(middle) longitude-latitude plot; and (right) for each latitude, estimate of AA based on the 95% significance level of the autocorrelation

function in the zonal direction. CERES-EBAF edition 2.5A is used.
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generated by randomly assigning these boxes to either
one of the two random halves while demanding that
each random half covers 50% of Earth’s area. In most
cases, this requires us to split one box between the two
random halves. The set of longitude-latitude boxes con-
tributing to any particular half is allowed to be non-
contiguous. By this definition, the Northern and Southern
Hemispheres are a particular partitioning of Earth for
which all boxes of the first random half are located north
of the equator. Using time-mean data from CERES-
EBAF edition 2.5A, we then calculate how much the
reflected shortwave irradiance differs between the two
random halves of a given pair; this difference is mea-
sured by 8R in W m ™~ 2. We use time-mean data because
the interannual variation of the reflected shortwave ir-
radiance is small for most grid boxes (Kato 2009). By
drawing 10° pairs of random halves, we determine the
percentage P of symmetric pairs of random halves with
0R < D,where D is yet to be determined. If P were close
to 100% (i.e., if almost every pair of random halves
showed a small hemispheric difference), we would con-
clude that the hemispheric symmetry of the reflected short-
wave irradiance is a trivial property of the Earth system.

The lower the spatial variability and the more spatial
degrees of freedom the reflected shortwave irradiance
has, the more likely it is to sample the global-mean re-
flected shortwave irradiance by a random half of Earth.
Our test hence essentially is a competition between the
spatial variability of the reflected shortwave irradiance
and its spatial degrees of freedom. A formal description
of this point is given in section 3. While we know the
spatial variability from the CERES-EBAF observations,
we need to estimate the spatial degrees of freedom. In
particular, this is necessary because the reflected short-
wave irradiance is organized in spatial structures that
each cover several 1° X 1° boxes of the native CERES-
EBAF grid (Fig. 2, middle). This implies that we should
not draw our random halves on the native CERES-
EBAF 1° X 1° grid. Instead, we need to choose the size
(AA, Ag) of the longitude-latitude boxes such that the
value of the reflected shortwave irradiance in a given
box can be considered to be independent from the values
in adjacent grid boxes. This task is equivalent to esti-
mating the spatial degrees of freedom of the reflected
shortwave irradiance, N = (360°/AA)(180°/A¢).

We first estimate the spatial degrees of freedom in the
zonal direction. For each latitude, we calculate the au-
tocorrelation function in the zonal direction and define
A\ as the lag for which the autocorrelation function first
drops below the 95% significance level (Fig. 2, right).
The value of AX varies with latitude, with higher values
where the reflected shortwave irradiance has a nearly
zonally symmetric structure (e.g., in most parts of the
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F1G. 3. Estimation of A¢ using zonal-mean, time-mean reflected
shortwave irradiance. (top) Standard deviation on native 1°-latitude
CERES-EBAF grid as well as various coarser grids with meridional
grid spacing given on the x axis. (middle) Maximum deviation of
global-mean reflected shortwave irradiance from that of subsamples
that only take into account every nth latitude circle. (bottom) Power
spectrum as a function of meridional wavelength. CERES-EBAF
edition 2.5A is used.

Southern Ocean) and low values for regions with larger
zonal variations (e.g., around 10°N). The value of A\ does
not drop below 19° at any latitude, and its area-weighted
mean is 36°. This suggests AA = 36° for the zonal width of
the longitude-latitude boxes, which is equivalent to 10
spatial degrees of freedom in the zonal direction. We note
that if we assumed that the zonal structure of the reflected
shortwave irradiance can be described by a first-order
autoregressive model, we would have arrived at a similar
estimate A\ = [(1 + p)/(1 — p)] = 40° (Fortin and Dale
2005), with p = 0.952 being the area-weighted mean
autocorrelation function at lag 1.

To estimate the spatial degrees of freedom in the
meridional direction, we use zonal-mean time-mean
reflected shortwave irradiance and follow three differ-
ent approaches (Fig. 3). First, we calculate the standard
deviation on the native CERES-EBAF 1° latitude grid
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FIG. 4. Percentage of symmetric pairs P. (left) Percentage of symmetric pairs with absolute hemispheric difference in reflected
shortwave irradiance smaller than or equal to D for AA = 36° and A¢ = 10°. The blue and red crosses mark the percentage of symmetric
pairs for D = 0.1 and 1.0 W m 2, respectively. (middle) Percentage of symmetric pairs with absolute hemispheric difference in reflected
shortwave irradiance smaller than or equal to 0.1 W m ™2 as a function of AA and A¢. (right) As in (middle), but for D = 1.0 W m ™2, Time-

mean CERES-EBAF edition 2.5A is used.

and on a number of coarser grids. The standard de-
viation generally decreases with increasing grid spacing
because variability and information is lost by averaging
to coarser grids. However, there is a first substantial
drop in the standard deviation when the meridional grid
spacing exceeds 10° latitude. Second, we only take into
account every nth latitude circle and compute how much
the mean reflected shortwave irradiance of this sub-
sample deviates from the actual global mean. As long
as we take into account every 10th latitude circle, the
subsample deviates from the global mean by less than
0.5 W m™ 2. Increasing the subsample’s latitudinal spac-
ing to 12°, however, increases the deviation of the sub-
sample from the global mean to 1.4 W m ™2 Third, the
spectral density of the time-mean, zonal-mean reflected
shortwave irradiance shows a pronounced decrease
when the wavelength falls below 10° latitude. All three
approaches consistently indicate that the time-mean,
zonal-mean reflected shortwave irradiance exhibits spa-
tial variability at latitudinal scales of 10° latitude and
larger but not at smaller scales. Since A¢ should be set
by the smallest contributing scale, we obtain A¢ = 10°,
which is equivalent to 18 spatial degrees of freedom in
the meridional direction.

These estimates of AA and A¢ suggest that the re-
flected shortwave irradiance has N = 180 spatial degrees
of freedom and that we should draw random halves on
a 36° X 10° grid. Doing so, we find that only 3% of the
pairs have a hemispheric difference in reflected shortwave
irradiance that is smaller than or equal to the CERES-
EBAF measured D = 0.1 W m 2 (Fig. 4, left). Even
when we use a conservative criterion of D = 1.0 W m 2
that leaves a factor of 10 leeway for measurement

uncertainties and brackets the interannual variability of
the hemispheric difference as well as the time-mean
hemispheric difference in earlier TOA irradiance datasets
(cf. section 1), we find that only 31% of the pairs of ran-
dom halves show hemispheric symmetry. Because the
percentage of symmetric pairs is far from 100% even for
the conservative choice D = 1.0 W m™ 2, we conclude that
the hemispheric symmetry in reflected shortwave irradi-
ance is a nontrivial property of the Earth system. For D =
3 W m 2, the hemispheric symmetry would be trivial, but
we would probably not start thinking about hemispheric
symmetry if the reflected shortwave irradiance differed by
3 W m™? or more between the hemispheres.

Our test is insensitive to the choice of the EBAF
edition as well as to specifics of its construction. To show
the latter, we modified our test in three different ways.
First, the surface area of the longitude-latitude boxes
varies with latitude. Therefore, for most partitionings we
need to split one box between the two random halves to
make sure that both random halves cover exactly 50% of
Earth’s surface area. We eliminated the need to split one
box by, for each latitude, pooling the Northern and
Southern Hemisphere boxes of that latitude and as-
signing 50% of them to the first random half and the
remaining 50% to the second random half. For example,
from the 2(360°/AX) = 20 boxes available at 45°N/S, the
first random half could contain 3 boxes from 45°N and 7
from 45°S or all 10 boxes from 45°N and none from 45°S.
The second random half then contained 7 boxes from
45°N and 3 from 45°S or no boxes from 45°N and all 10
from 45°S, respectively. Each of the two random halves
now embodied half of the boxes with a particular surface
area and hence covered exactly 50% of Earth’s surface



15 JANUARY 2013 VOIGT ET AL. 473

0.03¢ 0.32¢ 0.32

0.2¢1 0.2
< 0.015f o€ %
Q = <a

017 0.1

0 0 0

51 99.5 182 94 99.5 105 01 5 10
R [Wm™] Rparf [Wm 2] 5 R [Wm™]

FIG. 5. Estimation of the spatial standard deviation that was required in order for the hemispheric symmetry in reflected shortwave
irradiance to be trivial. (left) Area-weighted histogram or population distribution p of time-mean reflected shortwave irradiance R on the
native 1° X 1° CERES-EBAF grid. (middle) Sampling distribution p of a random half’s reflected shortwave irradiance Ry for AA = 36°
and A¢ = 10°. (right) Distribution p of the absolute hemispheric difference in reflected shortwave irradiance of a pair of random halves 8R.
The red line shows the half-normal distribution that approximates p [Eq. (3)]. The blue area measures the percentage of symmetric pairs

with 8R = 1.0 W m 2. All plots use time-mean reflected shortwave irradiance from CERES-EBAF edition 2.5A.

area, and no box needed to be split. Second, we sym-
metrized the time-mean, zonal-mean reflected short-
wave irradiance with respect to the equator and used the
anomalies from this symmetrized field instead of the
time-mean reflected shortwave irradiance, thereby tak-
ing into account any large-scale meridional structure of
the reflected shortwave irradiance. Third, we have com-
bined the two modifications above. None of these three
modifications had an appreciable effect on the percent-
age of symmetric pairs.

If we underestimated the spatial degrees of freedom,
we would have arrived at a too low percentage of sym-
metric pairs P. Having the uncertainty in our estimate of
the spatial degrees of freedom in mind, we also draw
pairs of random halves on the native 1° X 1° grid of
CERES-EBAF as well as various other coarse grids
(Fig. 5, right). On a 1° X 1° grid and with a symmetry
criterion of D = 1.0 W m 2, all pairs of random halves
show hemispheric symmetry (P ~ 100%). This is a result
from neglecting spatial autocorrelation and essentially
sampling each structure of the reflected shortwave ir-
radiance at least once, so that each of the two random
halves of a given pair in fact samples the entire Earth in-
stead of only half of it. More importantly, using AA = 18°
(instead of 36°) or A¢ = 5° (instead of 10°), we find that
the percentage of symmetric pairs increases only slightly.
This indicates that while there is uncertainty in our
estimate of the spatial degrees of freedom, this

uncertainty does not call into question our result that
the observed hemispheric symmetry in reflected
shortwave irradiance is a nontrivial property of the
Earth system.

3. What spatial standard deviation would be
necessary so that the observed hemispheric
symmetry in reflected shortwave irradiance
could be considered trivial?

The previous section shows that the observed hemi-
spheric symmetry in reflected shortwave irradiance is
anontrivial property of the Earth system. Assuming that
the spatial degrees of freedom are given, one can in-
terpret this result as being caused by a large spatial
standard deviation of the observed reflected shortwave
irradiance. In this section, we derive an equation that
allows us to calculate the spatial standard deviation
necessary so that the hemispheric symmetry in reflected
shortwave irradiance could be considered trivial. We
will find that the spatial standard deviation of the reflec-
ted shortwave irradiance would need to be 4 times
smaller than what is observed.

We start with the central limit theorem. The central
limit theorem states that, for a large enough sample size,
the distribution of the sample mean approaches a nor-
mal distribution that is centered at the mean of the pop-
ulation distribution. In our case, the population distribution
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is the area-weighted histogram of CERES-EBAF time-
mean reflected shortwave irradiance with global-mean
R =99.5W m™ 2 (Fig. 5, left). By drawing random halves
and calculating their reflected shortwave irradiance Ry,
we generate the sampling distribution, denoted by p(Rpai)-
Here, p(Rnair) is the probability that the reflected short-
wave irradiance of a random half is Ry, It follows from
the central limit theorem that p(Rpa) is nearly normal
and centered at R (Fig. 3, middle),

B2
(Rhalf —-R)
257

exp

@

- 1
P(Ryay) = re?
TTa

where ¢ is the standard deviation of p(Rpai)-

For a given (AA, A¢), Earth consists of N = (360°/A\)
(180°/A¢p) latitude boxes of which about 50% are
needed to construct a random half. The central limit
theorem tells us that & is therefore given by (Freund
1974, p. 230)

- o N/2 T
(AX, Ad) =~ NEVN-1 S N (2)

where ¢ depends on (AX, A¢) through both N (A, A¢p)
and the spatial standard deviation of the time-mean
CERES-EBAF reflected shortwave irradiance on a (AA,
Agp) grid, o (AA, Ad).

For a pair with one random half deviating from the
global-mean reflected shortwave irradiance by R — R,
the other random half deviates from the global-mean
reflected shortwave irradiance by —(R — R). The pair
hence has an absolute hemispheric asymmetry of 6R =
2|(R— R)|. From Egs. (1) and (2), it follows that the
sampling distribution of the pairs’ absolute asymmetry is
nearly half normal (Fig. 5, right),

. 1 SR?
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With this, the percentage of symmetric pairs as a
function of D is given by
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Here, erf is the error function. If we finally approximate
o(AX, Ag) ~ a(1°,1°) in Eq. (4), we obtain

P(D; AN, Ad) ~ erf {\/g ﬁ} . (5)

We can use Eq. (5) to calculate how small the spatial
standard deviation would need to be in order for the
hemispheric symmetry to be trivial. With N = 180 from
(AX, Ag) = (36°,10°) and D = 1.0 W m 2, 90% of the
pairs would be classified symmetric when o(1°, 1°) =
4 W m~2 Therefore, for the hemispheric symmetry in
reflected shortwave irradiance to be trivial, the spatial
standard deviation of the reflected shortwave irradiance
would need to be a factor of 4 smaller than in the ob-
servations (18.7 W m™?).

4. Do CMIP3 climate models reproduce the
observed hemispheric symmetry in reflected
shortwave irradiance?

In this section, we explore the hemispheric difference
in reflected shortwave irradiance in climate model sim-
ulations. Exploring climate model simulations offers an
additional way to test whether the observed hemispheric
symmetry is trivial. If the observed hemispheric sym-
metry was trivial, then climate models should generate
small hemispheric differences in reflected shortwave
irradiance, at least if we assume that climate models well
represent the statistical properties of the observed re-
flected shortwave irradiance. This assumption appears
reasonable for two reasons. First, the spatial degrees of
freedom of the reflected shortwave irradiance should
largely depend on the spatial degrees of freedom in the
distribution of clouds. The latter are tied to the large-
scale atmospheric dynamics, which models represent in
a satisfactory manner. Second, the spatial standard de-
viations of the models’ reflected shortwave irradiance
are generally close to the observed value (see below).

We use Atmospheric Model Intercomparison Project
(AMIP) simulations driven by observed sea surface tem-
peratures from 1980 to 1999, for which we verified that
the Northern and Southern Hemispheres receive the
same amount of incident shortwave irradiance in all
models (not shown). These simulations are part of the
World Climate Research Programme (WCRP) Cou-
pled Model Intercomparison Project phase 3 (CMIP3)
multimodel dataset (Meehl et al. 2007).

In agreement with CERES-EBAF, all models show
larger clear-sky reflected shortwave irradiance in the
Northern Hemisphere (Fig. 6, left). Consistent between
models, the magnitude of the hemispheric difference is
smaller in the all sky than the clear sky. This is plausible
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FIG. 6. (left) Hemispheric difference (Northern Hemisphere minus Southern Hemisphere) in reflected shortwave
irradiance of CMIP3 AMIP climate simulations with prescribed observed sea surface temperatures. Gray bars show
clear-sky differences, and black bars show all-sky differences. For the Flexible Global Ocean—Atmosphere-Land
System Model, gridpoint version 1.0 (FGOALS-g.1.0), clear-sky reflected shortwave irradiance is not available in the
CMIP3 archive. CERES-EBAF Ed2.5A is included for comparison with observations. (Right) For the same simu-
lations, absolute hemispheric difference in reflected shortwave irradiance in dependence of the spatial standard
deviation of reflected shortwave irradiance. The gray square shows the CERES-EBAF Ed2.5A values.

from the fact that the shortwave radiative effect of clouds
tends to be larger in regions with low clear-sky (and hence
surface) albedo. For example, the same cloud has less
shortwave radiative effect over ice-covered regions than
over dark ocean areas. Indeed, if cloud albedo and cloud
fraction were spatially uniform, clouds would attenuate
a clear-sky hemispheric difference by about 65%, where
the attenuating magnitude is given by the cloud fraction
in percent. To see this, we write the all-sky reflected
shortwave irradiance as

R= acloudfclouds + aclear(l a fcloud)S’ (6)
where a¢ouq 1S cloud albedo, fis cloud fraction, acjear 1S
clear-sky planetary albedo, and S is incident shortwave
irradiance. With clear-sky reflected shortwave irradi-
ance given by Reear = @clearS, EQ. (6) becomes

R= Xcloud cloudS + Rclear(1 - fcloud) . (7)
Assuming spatially uniform cloud albedo and cloud
cover, the hemispheric difference in reflected shortwave
irradiance is

SH
—R clear/ >

RNH _ RSH — (1 _fcloud)(RNH

clear

®)

where NH and SH denote Northern and Southern
Hemisphere values, respectively. With f.ouq = 0.65 being

a typical value for global-mean cloud cover in CMIP3
models (Bender 2011), introducing spatially uniform
clouds attenuates the clear-sky hemispheric difference
by 65%. However, the shading effect cannot explain the
opposite signs of the clear-sky and all-sky hemispheric
differences found in some of the models. Moreover, the
shading effect is unable to explain the observed hemi-
spheric symmetry.

Most AMIP simulations exhibit considerable hemi-
spheric difference in reflected shortwave irradiance. Out
of 12 models, 9 show an all-sky hemispheric difference of
more than 1 W m~?; only one model captures the ob-
served hemispheric symmetry (Fig. 6, left). Notably, the
model spread in the all-sky hemispheric difference is
twice as large as the spread in the clear-sky hemispheric
difference, and models disagree in the sign of the all-
sky but not the clear-sky hemispheric difference. This
illustrates the models’ difficulties in simulating the re-
gional distribution of clouds, leading to large regional
biases in the modeled shortwave irradiance (Stevens
and Schwartz 2012).

The climate model ensemble shows no evidence for
a positive correlation between the magnitude of the
hemispheric difference and the spatial standard deviation
of the modeled reflected shortwave irradiance (Fig. 6,
right). If anything, the correlation is negative. Hence,
climate models with smaller spatial standard deviation
of reflected shortwave irradiance do not tend to simulate
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a smaller hemispheric difference. Both the lack of such
a positive correlation and the fact that climate models
generally do not capture the observed hemispheric sym-
metry provide further evidence that the observed hemi-
spheric symmetry in reflected shortwave irradiance is
nontrivial.

5. Conclusions

We study CERES-EBAF data from 2000 to 2010 and
find that the Northern and Southern Hemispheres over
the last decade have reflected the same amount of short-
wave irradiance. This hemispheric symmetry in reflected
shortwave irradiance translates to a hemispheric sym-
metry in planetary albedo. Because earlier TOA irra-
diance datasets also show a small hemispheric difference
in reflected shortwave irradiance, the hemispheric sym-
metry in reflected shortwave irradiance appears to be
a robust feature of the observed climate system.

By partitioning Earth into pairs of random halves, we
show that the hemispheric symmetry in reflected short-
wave irradiance is a nontrivial property of the Earth
system. Only 30% of the pairs exhibit hemispheric sym-
metry within 1%, or 1 W m™2 This test requires us to
estimate the spatial degrees of freedom of the CERES-
EBAF reflected shortwave irradiance. To our knowl-
edge, there is no unique way to estimate these, and other
techniques than the ones presented here might yield
different estimates. However, as we show by drawing
random halves on various grids, the uncertainty in the
spatial degrees of freedom does not substantially affect
the percentage of symmetric pairs. Moreover, our cri-
terion to distinguish symmetric from asymmetric pairs
is rather conservative as it is 10 times larger than the
hemispheric difference observed by CERES-EBAF.

We demonstrate that, because the shortwave radiative
effect of clouds is larger in regions with low clear-sky
albedo, one expects the all-sky hemispheric difference in
reflected shortwave irradiance to be smaller than the
clear-sky hemispheric difference. However, this shading
effect of clouds is unable to explain the observed hemi-
spheric symmetry in reflected shortwave irradiance.
Moreover, we show that climate models generally do not
reproduce the observed hemispheric symmetry in reflec-
ted shortwave irradiance. This supports our result that the
observed hemispheric symmetry is nontrivial.

Our test cannot rule out that the observed hemi-
spheric symmetry is accidental. Nevertheless, our results
motivate to research into mechanisms that minimize the
hemispheric difference in reflected shortwave irradi-
ance. We believe that any such mechanism must involve
clouds because clouds are the largest contributor to plan-
etary albedo (e.g., Ramanathan et al. 1989; Donohoe and
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Battisti 2011) and are required to level the observed
6 W m~ 2 hemispheric difference in clear-sky reflected
shortwave irradiance caused by hemispheric asymme-
tries in landmasses and aerosol loading. We expect that
a possible compensating mechanism involves the loca-
tion of the ITCZ and of tropical cloud cover, which
should be important for the hemispheric difference in
reflected shortwave irradiance simply because incident
shortwave irradiance is largest in the tropics. Climate
models (Chiang and Bitz 2005) as well as proxy data
from past climates (e.g., Lea et al. 2003; Pahnke et al.
2007; Holbourn et al. 2010) suggest that increasing high-
latitude ice cover in one hemisphere leads to a shift of
the ITCZ into the other hemisphere. The resulting change
in the tropical cloud cover would dampen the hemi-
spheric difference in reflected shortwave irradiance that
is generated by the hemispheric difference in ice cover.
Such a compensating ITCZ shift is also suggested by the
simulations of Kang et al. (2008), which moreover dem-
onstrated that the location of the ITCZ is influenced by
the ocean’s energy transport. This suggests that com-
pensating mechanisms involve the ocean’s circulation.
Whether such compensating mechanisms indeed exist
needs to be investigated by future studies.
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