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Abstract Satellite based top-of-atmosphere (TOA) and
surface radiation budget observations are combined with
mass corrected vertically integrated atmospheric energy
divergence and tendency from reanalysis to infer the
regional distribution of the TOA, atmospheric and surface
energy budget terms over the globe. Hemispheric contrasts
in the energy budget terms are used to determine the radia-
tive and combined sensible and latent heat contributions
to the cross-equatorial heat transports in the atmosphere
(AHTgq) and ocean (OHTgq). The contrast in net atmos-
pheric radiation implies an AHTg, from the northern hemi-
sphere (NH) to the southern hemisphere (SH) (0.75 PW),
while the hemispheric difference in sensible and latent
heat implies an AHTgq in the opposite direction (0.51
PW), resulting in a net NH to SH AHTg, (0.24 PW). At
the surface, the hemispheric contrast in the radiative com-
ponent (0.95 PW) dominates, implying a 0.44 PW SH to
NH OHTp,. Coupled model intercomparison project phase
5 (CMIP5) models with excessive net downward surface
radiation and surface-to-atmosphere sensible and latent
heat transport in the SH relative to the NH exhibit anoma-
lous northward AHTg, and overestimate SH tropical pre-
cipitation. The hemispheric bias in net surface radiative
flux is due to too much longwave surface radiative cooling
in the NH tropics in both clear and all-sky conditions and
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excessive shortwave surface radiation in the SH subtropics
and extratropics due to an underestimation in reflection by
clouds.
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1 Introduction

A number of recent studies have shown a strong link
between hemispheric asymmetry in tropical precipitation
and the atmospheric energy budget. The energetics frame-
work has been used to explain why the mean position of
the Intertropical Convergence Zone (ITCZ) is in the North-
ern Hemisphere (Frierson et al. 2013; Marshall et al. 2013),
to demonstrate the large-scale circulation and precipita-
tion responses to changes in the hemispheric distribution
of heating due to various forcing mechanisms (Yoshimori
and Broccoli 2008; Kang et al. 2008, 2009; Frierson and
Hwang 2012; Hwang et al. 2013; Voigt et al. 2014; Hay-
wood et al. 2015), and to evaluate the realism of climate
models using observations (Hwang and Frierson 2013;
Donohoe et al. 2013).

Satellite observations indicate that there is a net gain
of radiative energy at the top-of-atmosphere (TOA) in the
Southern Hemisphere (SH) and a net loss in the Northern
Hemisphere (NH). To compensate, the combined atmos-
pheric and oceanic circulations transport energy across
the equator from the SH to the NH (Frierson et al. 2013;
Marshall et al. 2013). A common approach for inferring the
oceanic contribution to cross-equatorial energy transport is
to estimate the hemispheric mean surface energy budget in
the SH and NH from the difference between satellite TOA
net radiation and divergence of total atmospheric energy
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transport from reanalysis (Trenberth and Caron 2001; Tren-
berth and Fasullo 2008; Frierson et al. 2013; Marshall et al.
2013; Liu et al. 2015). It is found that the asymmetry in
the SH and NH surface energy budget is twice that at the
TOA, implying a SH to NH ocean heat transport (mainly
in the Atlantic meridional overturning circulation) and
an atmospheric heat transport in the opposite direction
(Fig. 1). Frierson et al. (2013) and Marshall et al. (2013)
argue that the latter is accomplished via a southward cross-
equatorial energy transport in the upper branch of the Had-
ley Circulation (mainly dry static energy) and a northward
cross-equatorial moisture transport in the lower branch of
the Hadley Circulation, resulting in an ITCZ located just
north of the equator. Both studies emphasize that the hemi-
spheric asymmetry of atmospheric heating is primarily due
to ocean heat transport across the equator and slab ocean
aquaplanet simulations were used to illustrate the link
between the ITCZ’s location north of the equator and cross-
equatorial ocean energy transport.

Here, we expand upon these earlier studies by also con-
sidering estimates of hemispheric asymmetry in surface
and atmospheric radiation budget derived from satellite
observations. This enables a decomposition of cross-equa-
torial heat transport in terms of radiative and non-radiative
(i.e., combined latent and sensible heat) components. We
demonstrate the utility of this decomposition by comparing
the observational results with output from 30 models that
participated in the Coupled Model Intercomparison Project
Phase 5 (CMIP5) (Taylor et al. 2012). This framework is
also used to revisit the precipitation asymmetry problem in
climate models exhibiting excessive SH tropical precipita-
tion compared to observations (Hwang and Frierson 2013).

Fig. 1 Implied cross-equato-

Southern Hemisphere

2 Data and methods
2.1 Cross-equatorial heat transport

Previous studies (Trenberth and Fasullo 2008; Fasullo and
Trenberth 2008) have shown that the monthly net surface
energy flux (Fy) at a given location can be inferred from the
vertically integrated atmospheric energy budget equation
using satellite observations of net downward TOA radiation
(Rt) and reanalysis output of total atmospheric energy ten-
dency %ﬁ and divergence (V - Fu):
0AE

Fs=Rr —V -Fy——
s =Rr A= ey

where
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1
Ap = g/(h+k)dp
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Fy= —/(h—l—k)udp
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Ag is the vertical integral of total energy and Fj4 is
the atmospheric heat transport, g is the acceleration
due to gravity, p is pressure, and u is horizontal veloc-
ity. Total energy is the sum of moist static energy,
h = ¢,T + gz + Lq, and Kinetic energy, k, where c, is the
specific heat capacity of air at constant pressure, 7 is abso-
lute temperature, z is height, L is latent heat of condensa-
tion, and ¢ is specific humidity. In Eq. (1), Fy is defined as
positive downwards.
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If the net downward radiative flux at the surface (Rj)
is known, an estimate of surface sensible and latent heat
fluxes, defined as positive downwards, is determined from:

Qs =Hp+Hs=Fs — Ry )

where Hj is surface latent heat flux and Hy is surface sensi-
ble heat flux.

Noting that atmospheric heat transport divergence
averaged over the Southern Hemisphere equals the heat
transport across the equator, Donohoe et al. (2013) derive
an expression for the atmospheric cross-equatorial heat
transport (AHTEQ) in terms of the hemispheric contrast in
the TOA and surface energy budgets and the total energy
tendency:

Jat

where A denotes the SH minus NH difference. AHTgg is
converted from W m~2 to PW using 1 W m~2 = 0.255 PW
(assuming a hemispheric surface area of 2.55 x 10'* m?).
A similar expression for ocean equatorial heat transport
(OHTgy) is:

1 0AE
AHTEQ=§ AR — AFg — A—— (3)

1 90
OHTro = 5 (AFS — AazE) )

where % is the tendency in ocean heat content.

Equations (3) and (4) can be decomposed into radiative
and non-radiative contributions:

1 0AE
1 00E

where R4 = Rr — Rg is net atmospheric radiation, and
Q4 = —Qyg is combined surface sensible and latent heat
flux transfer from the surface to the atmosphere. In Egs. (5)
and (6), the contribution from the hemispheric difference
in atmospheric and oceanic tendencies (Aagl—f and A%,
respectively) can be neglected, as these are at least an
order-of-magnitude smaller than hemispheric differences in
the other terms (Loeb et al. 2014; Durack et al. 2014; Drijt-

hout et al. 2014; Roemmich et al. 2015).
2.2 Data
2.2.1 Observations

Radiative fluxes are from the Clouds and the Earth’s
Radiant Energy System (CERES) Energy Balanced and
Filled (EBAF) Ed2.8 product for the TOA (Loeb et al.
2009, 2012) and surface (Kato et al. 2013). We consider a
12-year climatology from January 2001 to December 2012.

CERES broadband radiation instruments aboard the Terra
(launched in December 1999) and Agua (launched in May
2002) satellites are used along with 3-hourly geostationary
satellite observations that have been cross-calibrated with
the more accurate Moderate Resolution Imaging Spectro-
radiometer (MODIS) imager (Salomonson et al. 1989),
which is also aboard Terra and Aqua. The methodology
used to enhance CERES Terra and Aqua diurnal sampling
with geostationary data is described in detail in Doelling
et al. (2013). Computed surface radiative fluxes in EBAF
are generated using a two-step process (Kato et al. 2013).
The first step is to compare computed TOA radiative fluxes
from the CERES SYNI1 deg Ed3A product (Rutan et al.
2015) with observed CERES EBAF Ed2.8 TOA fluxes.
The SYNI1 deg computed fluxes are based upon radiative
transfer model calculations using MODIS and geostation-
ary satellite-retrieved surface, cloud, and aerosol proper-
ties, and reanalysis data for atmospheric state. Next, a
Lagrange multiplier procedure is used to objectively adjust
the inputs to the radiative transfer model calculation within
their uncertainties to ensure consistency between com-
puted TOA fluxes and observed CERES EBAF TOA fluxes.
The adjusted input parameters are then used to determine
EBAF surface radiative fluxes that are internally consist-
ent with EBAF TOA fluxes. Input parameter uncertainties
are determined through comparisons with observations
from the Atmospheric Infrared Sounder (AIRS; Chahine
et al. 2006), Cloud—Aerosol Lidar and Infrared Pathfinder
Satellite Observations (CALIPSO; Winker et al. 2010) and
CloudSat (Stephens et al. 2008) (see Kato et al. 2013 for
details).

Total atmospheric energy divergence (V - F4) for Janu-
ary 2001-December 2012 is obtained from NCAR (2014),
which provides mass corrected vertically integrated energy
budget terms (Trenberth et al. 2011) for European Center
for Medium-Range Weather Forecasts (ECMWF) Interim
Re-Analysis (ERA-Interim; Dee et al. 2011) data. Fy is
determined as a residual from the terms on the right-hand
side of Eq. (1), and Q4 = —Qs, which is determined from
the expression on the right-hand side of Eq. (2).

Monthly precipitation rates from the Global Precipita-
tion Climatology Project (GPCP; Adler et al. 2003; Huff-
man et al. 2009) version 2.2 are also used in this study.
Over ocean, GPCP combines precipitation information
from the Special Sensor Microwave Imager (SSM/I) aboard
the Defense Meteorological Satellite, infrared precipitation
estimates from geostationary satellites, the Atmospheric
Infrared Sounder (AIRS) data from the NASA Aqua, the
Television Infrared Observation Satellite Program (TIROS)
Operational Vertical Sounder (TOVS) and Outgoing Long-
wave Radiation Precipitation Index (OPI) data from the
NOAA satellites. Over land, it relies on gauge data to cali-
brate the microwave and infrared-based satellite estimates.
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Because cross-equatorial heat transport is inferred from
hemispheric differences in energy budget terms, any sys-
tematic bias common to both hemispheres cancels in the
difference. As a result, the observational uncertainty is
smaller than that of a global or hemispheric mean value. As
described in detail in “Appendix”, we estimate the uncer-
tainty in total cross-equatorial heat transport (HTg) to be
0.05 PW. For AHTg, and OHT, uncertainties are 0.04
PW and 0.07 PW, respectively. Uncertainties for individual
components are 0.10 PW, 0.12 PW and 0.11 PW for ARg,
AQg and AR,, respectively.

2.2.2 CMIP5 model simulations

Multiple coupled atmosphere—ocean model simulations
from the CMIPS5 historical experiment, which applies real-
istic changes in radiative forcings since 1850, are consid-
ered for the 1980-2004 period. In contrast to the obser-
vational approach, where Fs and Qg are determined as
residuals and V - F4 is computed directly, Fs and Qg are
obtained directly from CMIPS standard model output of
surface energy budget terms (Rg, Hy, and Hg) and V - Fy
is determined as a residual term in Eq. (1). Combining the
CMIPS surface energy budget terms with model output of
Rt provides the radiative and combined latent and sensible
heat flux contributions to AHTEgg and OHTEg (Eqs. 5 and
6). Originally, a total of 38 CMIP5 models were considered
(Table 1). However, many models were found to have large
inconsistencies between their global mean net TOA and
surface energy budgets, implying the existence of a spuri-
ous nonzero total atmospheric energy divergence. Here we
only consider CMIP5 models in which the multiyear glob-
ally averaged difference Ry — Fg (or equivalently V - Fy4)
is smaller than 1 W m™2; only 30 satisfy this criterion
(Table 1).

It is worth noting that while CMIP5 latent heat flux
accounts for evaporation and sublimation, it does not con-
sider the loss of surface energy associated with snowfall
over ice-free ocean that melts on contact with the surface.
To include this contribution, we subtract the following
expression over open ocean from Hy inferred from each
CMIP5 model:

H) = LypiSk )

where Ly is the latent heat of fusion of water (334 kJ kg™,
o1 is the density of water (1000 kg m~3), and Sg is the
water-equivalent snowfall rate. For Sg in mm day_l, this
corresponds to 3.866 Sg W m~2. We assume a distribution
of ice-free ocean from the observed HadISST climatologi-
cal (1980-2004) sea—ice fraction for all models. Any error
introduced by using the HadISST sea ice fraction instead
of those from the individual CMIP5 models is expected to
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be small. Globally, the latent heat of snow fusion over open
ocean is between 0.1 and 0.5 W m~2. While this is small
compared to latent heat flux by evaporation and sublima-
tion, it is of the same magnitude as the globally averaged
value of Rr, and therefore is an important term when apply-
ing the above energy budget criterion for model selection.

3 Results

3.1 Regional and zonal mean atmospheric energy
budget

We first compare observed and CMIP5 multi-model clima-
tological mean regional distributions of the radiative and
combined latent and sensible heat flux terms in the atmos-
pheric energy budget (Fig. 2a—i). The multi-model mean is
determined by averaging fluxes from CMIP5 models 1-30
in Table 1 after interpolating each model’s output to a com-
mon grid of 1° latitude by 1° longitude, which is the spa-
tial resolution of the CERES EBAF data. The observations
fall within the model interquartile range in 26, 35 and 38 %
of the regions for R,, Q,, and V - Fy, respectively. For in
R,, these typically occur for regions having an absolute
model-observed difference <5W m~2 (80 % of the cases),
whereas for Q, and V - F4, a similar percentage is realized
for regions with an absolute difference <10 W m™2,

Regional patterns in R4 are similar between observa-
tions and models (Fig. 2a, b), although marked differ-
ences are apparent in marine stratocumulus regions off the
west coasts of North and South America where the mod-
els underestimate atmospheric radiative cooling (Fig. 2c).
The likely reasons include an underestimation of non-over-
lapped low cloud in CMIP5 models (Nam et al. 2012) and
a dry bias in the marine boundary layer (John and Soden
2007). The models also show less cooling in middle and
high latitudes in both hemispheres. Conversely, CMIP5
atmospheric radiative cooling is more pronounced in con-
vective regions such as central Africa, the Pacific Warm
Pool, ITCZ, and the Amazon. Consistent with these results,
Li et al. (2013) found that CMIP5 models underestimate
TOA reflected solar and overestimate outgoing longwave
radiation in convectively active regions of the tropics due
to an underestimation in the amount of total ice and liquid
atmospheric water content.

Both the observations and models show larger combined
latent and sensible heat fluxes over the subtropical oceans
compared to other latitudes (Fig. 2d, e), with a maximum
at about 20°S in the southern Indian Ocean. Intense heat
flux gain also occurs in the warm western boundary cur-
rents, such as the Gulf Stream off the east coast of the
United States, the Kuroshio Current near Japan, the Agul-
has Current off the coast of South Africa, the Brazilian
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Table 1 List of CMIP5 models

. : . Model number Model name Country/model group Resolution (Lon x Lat) Rt-Fs
considered in this study
1 ACCESS1.0 Australia/ACCESS 1.875° x 1.25° —0.38
2 ACCESS1.3 1.875° x 1.25° —0.65
3 CCSM4 US/NCAR 1.25° x 0.9375° —-0.35
4 CESM1-BGC 1.25° x 0.9375° —-0.34
5 CESM1-FASTCHEM 1.25° x 0.9375° —0.35
6 CESM1-WACCM 2.5° x 1.89° —0.24
7 CSIRO-MK3.6.0 Australia/CSIRO 1.875° x 1.86° 0.33
8 CanESM2 Canada 2.8125° x 2.79° 0.19
9 GFDL-CM3 US/GFDL 2.5° x 2.0° —0.36
10 GFDL-ESM2G 2.5° x 2.01° —0.55
11 GFDL-ESM2 M 2.5° x 2.01° —0.56
12 GISS-E2-H US/GISS 2.5° x 2.0° —-0.42
13 GISS-E2-H-CC 2.5° x 2.0° —0.40
14 GISS-E2-R 2.5° x 2.0° —-0.39
15 GISS-E2-R-CC 2.5° x 2.0° -0.39
16 HadCM3 UK/Met Office 3.75° x 2.5° —0.29
17 HadGEM2-CC 1.875° x 1.25° —0.48
18 HadGEM2-ES 1.875° x 1.25° —0.46
19 IPSL-CMS5A-LR France/IPSL 3.75° x 1.89° 0.32
20 IPSL-CM5A-MR 2.5° x 1.27° 0.33
21 IPSL-CM5B-LR 3.75° x 1.89° —0.59
22 MIROC4 h Japan/MIROC 0.5625° x 0.56° —0.50
23 MIROC5 1.40625° x 1.40° 0.24
24 MPI-ESM-LR Germany/MPI 1.875° x 1.86° 0.09
25 MPI-ESM-MR 1.875° x 1.86° 0.21
26 MPI-ESM-P 1.875° x 1.86° 0.12
27 MRI-CGCM3 Japan/MRI 1.125° x 1.12° —0.19
28 MRI-ESM1 1.125° x 1.12° -0.20
29 bee-csml-1 China/BCC 2.8125° x 2.79° -0.97
30 bce-csml-1-m 1.125° x 1.12° —0.99
31 BNU-ESM China/BNU 2.8125° x 2.79° 1.75
32 CNRM-CM5 France/CNRM 1.40° x 1.40° 3.14
33 CNRM-CM5.2 1.40° x 1.40° 3.09
34 FGOALS-g2 China/IAP 2.8125° x 3.05° 1.23
35 MIROC-ESM Japan/MIROC 2.8125° x 2.79° —4.19
36 MIROC-ESM-CHEM 2.8125° x 2.79° —4.37
37 NorESM1-M Norway 2.5° x 1.89° 1.63
38 NorESM1-ME 2.5° x 1.89° 1.65

Because models 31-38 (italicized) fail to meet the | W m™2 consistency criterion between global mean

net TOA and surface energy budgets (R;—Fj), these models were excluded from the analysis

Current off of South America, and the East Australian
Current. There is also qualitative agreement in regions
with cooler sea surface temperatures, such as the north-
ern Pacific Ocean and Southern Ocean, as well as over
vast land masses in the northern hemisphere (e.g., Saharan
desert, Asia, North America). The largest differences occur
near the equator over the central and eastern Pacific Ocean
as well as over the Indian Ocean (Fig. 2f). Differences

greater in magnitude than 20 W m~2 also occur in the
North Pacific Ocean between 30°N and 50°N and over
the Indian Ocean between 20°S and 40°S. Regional pat-
terns in V - F4 (Fig. 2g, h) show a divergence of heat trans-
port equatorward of 40° latitude in regions influenced by
deeper convective cloud and cirrus anvils such as the Indian
ocean, western Pacific, the tropical Atlantic and equatorial
Africa and South America. Convergence of energy in the
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CERES/ERA

CMIP5—-CERES/ERA

0 60E 120E 180

; r { 905+ ——
120W  60W 0 60E 120E 180 120W 60W 0 Msp

120E 180

—-180 -150 -120 -90 -60 -30 30 60 90 120 150

Fig.2 R, (a, b), Q4 (d, e) and V - F4 (g, h) inferred from CERES
radiative fluxes and mass corrected ERA-interim total atmospheric
energy tendency and divergence (left column) and from CMIP5 multi-

atmosphere is evident at latitudes greater than 40°, where
atmospheric radiative cooling generally dominates over
atmospheric heating by latent and sensible heat fluxes.
Local maxima in V - F4 are associated with the western
boundary currents, while a minimum occurs in the eastern
Pacific Ocean cold tongue region.

The atmospheric energy budget terms show remarkable
hemispheric symmetry (Fig. 3a—i). Zonal mean hemispheric
differences (vertical bars in Fig. 3) are generally less than
20 % of the zonal mean in the tropics and midlatitudes, and
closely track one another poleward of 65°. There is a slightly
greater contrast in V - F4 between the tropics and midlati-
tudes in the SH (Fig. 3g), implying a stronger tropical-to-
midlatitude heat transport in the SH atmosphere compared
to the NH. The stronger convergence of heat in the SH mid-
latitudes (Fig. 3g) is associated with both increased atmos-
pheric radiative cooling (Fig. 3a) and less latent and sensible
heating (Fig. 3d) compared to the NH. Frierson et al. (2013)
argue that in response to the weaker poleward heat transport

@ Springer
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in the NH lower latitudes, the tropical mean atmospheric
circulation transports energy from the NH to the SH via a
southward cross-equatorial flow. At the same time, hemi-
spheric symmetry in TOA radiation at midlatitudes (Fig. 2a
in Frierson et al. 2013) implies a greater ocean heat transport
into the NH midlatitudes. Overall, the CMIP5 multi-model
mean results show a similar latitudinal dependence in each
hemisphere as the observations (Fig. 3b, e, h). The largest
discrepancy occurs in the deep tropics around 5°N, where
differences are greater in magnitude than 10 W m~2 for Q,
(Fig. 3f) and 5 W m 2 forV - Fy (Fig. 3i). These differences
are primarily due to excessive Q, in the ITCZ region of the
eastern Pacific Ocean region (Fig. 2f).

3.2 Energy budget hemispheric asymmetry
and cross-equatorial heat transport

At the TOA, the remarkable hemispheric symmetry in
absorbed shortwave (SW) radiation in the observations
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Fig.3 Zonal mean values corresponding to regional maps in Fig. 2. Bars correspond to SH minus NH difference. Shading denotes CMIP5

model interquartile range

(Voigt et al. 2013; Stephens et al. 2015) is not replicated
in the CMIP5 multi-model mean. While observations show
a near-zero SW TOA contribution to HTF, (Table 2), the
multi-model mean indicates 1.7 W m~2 more absorbed SW
radiation in the SH than in the NH, corresponding to 0.22
PW SH to NH HTgg (Table 3). The longwave (LW) hemi-
spheric asymmetry in observations and models is in better
agreement, contributing approximately 0.2 PW to HT ;. As
a result, HTEQ from the CMIP5 multi-model mean is more
than double the observed value. We note that there is sig-
nificant variability amongst the individual CMIP5 models
(Fig. 4a) (standard deviation of 0.33 PW). This large spread
is mainly due to differences in SW TOA flux hemispheric
asymmetry amongst the models (Fig. 5).

Except for LW, observed and CMIP5 multi-model mean
within-atmosphere energy budget terms are consistent to 5
W m~2 when averaged globally and over each hemisphere
(Tables 2, 3). Both the observations and CMIP5 multi-
model mean results show stronger net atmospheric radiative

cooling (R,) and combined latent and sensible heating (Q,)
in the SH compared to the NH, primarily determined by
lower latitudes (Fig. 3). Consistent with the notion that
AHTy,, transports heat from the warmer to colder hemi-
sphere, the hemispheric difference in R, implies an AHT,
of 0.75 PW from the NH to the SH (Table 2). The SW com-
ponent of R, hemispheric difference contributes 0.46 PW
and the LW contributes 0.29 PW. The hemispheric differ-
ence in O, implies an AHTy, of 0.51 PW in the opposite
direction, resulting in a 0.24 PW NH to SH AHTEQ. In
contrast, hemispheric asymmetries in CMIP5 multi-model
mean radiative and combined latent and sensible heating
are nearly identical but with an opposite sign (Table 3),
implying no AHT . However, the individual CMIPS mod-
els show a large spread in AHT,, (Fig. 4b), with a standard
deviation of 0.2 PW. In over half the CMIP5 models con-
sidered, the combined latent and sensible heat flux contri-
bution to AHT, dominates over the radiative contribution
(Fig. 6a), implying a net SH to NH AHTg,. Of the models
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Table 2 Observation based radiative and non-radiative fluxes for global, SH, and NH, and the corresponding implied cross-equatorial heat

transport

Global (W m™?) SH (W m™?) NH (W m™?) HTg,, (PW) Source
Top-of-atmosphere
SW (Dn) 240.2 240.3 240.1 0.02 CERES, SORCE
LW (Dn) —239.6 —238.9 —240.3 0.18 CERES
Ry 0.6 1.4 -0.2 0.20 £ 0.05 CERES

Global (W m™?) SH (W m™?) NH (W m~?) AHTy,, (PW) Source
Within-atmosphere
SW 78.0 76.2 79.8 —0.46 CERES
LW —186.6 —187.7 —185.4 —0.29 CERES
R, —108.6 —111.5 —105.7 —0.75 £ 0.11 CERES
Q, 108.6 110.6 106.6 0.51 £0.12 Residual
V - Fy 0.0 —-1.0 0.9 —0.24 £ 0.04 ERA-Interim

Global (W m~2) SH (W m™?) NH (W m™?) OHTy, (PW) Source
Surface
SW (Dn) 186.3 186.3 186.4 —0.02 CERES
SW (Up) 24.1 22.1 26.0 0.50 CERES
SW (Net) 162.2 164.1 160.3 0.48 CERES
LW (Dn) 345.1 343.4 346.8 —043 CERES
LW (Up) 398.1 394.6 401.6 0.89 CERES
LW (Net) —53.0 —51.2 —54.9 0.47 CERES
Ry 109.2 112.9 105.5 0.95 £ 0.10 CERES
Qs —108.6 —110.6 —106.6 —0.51+£0.12 Residual
Fs 0.6 23 1.1 0.44 £ 0.07 Residual

Period of coverage is 2001-2012

showing NH to SH AHTg, only 3 models (MPI models)
fall within the observational uncertainty for both O, and R,
contributions.

Cloud, surface and aerosol properties play an impor-
tant role in determining the SW and LW contributions to
hemispheric radiative heating/cooling in the atmosphere.
While LW radiative cooling is greater in the NH for clear-
sky conditions, the opposite is true for all-sky (Fig. 5a).
The sign reversal is associated with a larger cloud frac-
tion in the SH (Stephens et al. 2015), a greater fraction of
low clouds in SH, and more high clouds in NH (Fig. 5b).
These results are based upon a four-year average of merged
CALIPSO, Cloudsat, CERES and MODIS (CCCM) Edi-
tionB1 data (Kato et al. 2010). Since low clouds enhance
LW radiative cooling of the atmospheric column (Kato
2009), a greater fraction of low clouds in the SH enhances
LW radiative cooling relative to the NH. In the SW, radia-
tive heating in the atmosphere is greater in the NH for both
clear and all-sky conditions. This is due to a higher surface
albedo in the NH with its greater land fraction, which ena-
bles more light reflected from the surface to be absorbed by
the atmosphere. Furthermore, since pollution is greater in
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the NH, there are likely more absorbing aerosols in the NH
to further increase atmospheric SW absorption. Another
contributing factor is precipitable water, which is slightly
greater in the NH according to ERA-Interim reanalysis.

At the surface, the CERES data suggest a global mean
Rgof 109 W m~2, compared to 106 W m~2 for the CMIP5
multi-model mean (Tables 2, 3). Since both are in near sur-
face energy balance, values for Qg are similar. Stephens
et al. (2012) estimated an even higher value of Qg (112
W m~2). Remarkably, when Qy is directly obtained from
satellite retrievals and/or reanalysis, its value is 14-17
W m~2 lower than what is required to balance the radiative
contributions (Stephens et al. 2012; Wild et al. 2013; Loeb
et al. 2014). There is still much debate about whether our
inability to close the surface energy budget in observations
is due to an underestimation in precipitation/evaporation
and/or an overestimation in net surface radiation (Ry) (Ste-
phens et al. 2012; Loeb et al. 2014; Behrangi et al. 2014).
However, recent studies have shown that satellite-derived
downward SW and LW radiative fluxes are consistent with
ground observations to within a few W m~2 over both land
and ocean (Kato et al. 2013; Loeb et al. 2014; Rutan et al.



Observational constraints on atmospheric and oceanic cross-equatorial heat transports:...

Table 3 CMIP5 multi-model mean radiative and non-radiative fluxes for global, SH, and NH, and the corresponding implied cross-equatorial

heat transport

Global (W m™?) SH (W m™?) NH (W m™?) HTg,, (PW) Source
Top-of-atmosphere
SW (Dn) 239.1 239.9 238.2 0.22 Model output
LW (Dn) —238.4 —237.6 —239.3 0.21 Model output
Ry 0.7 23 -1.0 0.43 Model output
Global (W m™?) SH (W m™?) NH (W m~?) AHTyg,, (PW) Source
Within-atmosphere
SW 73.5 722 74.7 —0.33 Model output
LW —179.0 —180.2 —177.7 —0.31 Model output
R, —105.5 —108.0 —103.0 —0.64 Model output
Q, 105.2 107.8 102.6 0.67 Model output
V- Fy —-0.27 —0.16 —-0.39 0.03 Residual
Global (W m™2) SH (W m™?) NH (W m™?) OHTg, (PW) Source
Surface
SW (Dn) 190.3 189.8 190.7 —0.11 Model output
SW (Up) 24.7 22.1 27.2 —0.65 Model output
SW (Net) 165.6 167.8 163.5 0.55 Model output
LW (Dn) 338.3 338.6 338.1 0.07 Model output
LW (Up) 397.8 396.0 399.6 —0.46 Model output
LW (Net) —59.5 —57.4 —61.6 0.53 Model output
Ry 106.1 110.3 101.9 1.07 Model output
Qg —105.2 —107.8 —102.6 —0.67 Model output
Fs 0.92 2.5 —0.66 0.40 Model output
Period of coverage is 1980-2004
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Fig.5 a SH minus NH difference in atmospheric LW clear-sky, all-
sky and cloud radiative effect (CRE). A positive (negative) SH-NH
difference means more LW atmospheric cooling in the NH (SH). b
SH minus NH difference in cloud fraction for different cloud height
ranges according to CALIPSO and Cloudsat

2015). It is thus unlikely that a large positive bias in Rg
is the reason for our inability to close the surface energy
budget in observations.

The SH and NH hemispheric mean surface energy budg-
ets show how the surplus of energy associated with the
planetary imbalance of 0.6 W m~2 is distributed (Table 2).
On average, the SH surface receives an extra 2.3 W m—2
and the NH surface loses 1.1 W m~2. Assuming the hemi-
spheric asymmetry in ocean heat storage is much smaller
(e.g. Durack et al. 2014; Drijfhout et al. 2014), this implies
a 0.44 PW SH to NH OHTy, (Frierson et al. 2013; Mar-
shall et al. 2013). The hemispheric asymmetry in Rg implies
an OHTgq of 0.95 PW from the SH to the NH and this is
counteracted by the hemispheric asymmetry in Qg, which
implies an OHTgq, of 0.51 PW from the NH to the SH.
The net downward SW and LW radiative fluxes contribute
equally to the hemispheric contrast in Rg owing to a larger
surface albedo and higher surface temperatures in the NH,
which cool the surface more effectively. Since downwelling
SW at the surface is equal in both hemispheres, the net sur-
face SW contrast between the hemispheres is entirely due
to surface albedo. With the exception of the IPSL models
and MIROC4 h (models 19-22), which show zero OHTEQ,
all CMIP5 models show a SH to NH OHTg, but only 8
models fall within observational uncertainty (Fig. 4c). In
20 of the models, SH to NH radiative and NH to SH latent

Fig. 6 Scatterplots of radiative 16 { (a)
and combined latent and sensi- ’

ble heat contributions to cross-
equatorial heat transport for

a atmosphere (AHTgg) and b
ocean (OHTygg) from individual
CMIPS5 models, the multi-model
mean, and observations. Black
solid line corresponds to zero
cross-equatorial heat transport.
Red dashed line shows pairs

of contributions that add to
observed AHTg, or OHTg,
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and sensible heat contributions are overestimated compared
to the observations by 0.1 PW or more. Consequently, it is
quite feasible for a model to have large biases in both the
radiative and combined latent and sensible heat compo-
nents yet still provide the correct OHTgq. This fortuitous
cancelation of error masks more serious problems, some of
which we explore further in the next section.

3.3 Revisiting the tropical precipitation asymmetry
problem in climate models

Many studies have investigated aspects of the relationship
between AHTp, and the position of the ITCZ and/or dif-
ferences in tropical precipitation between the NH and SH
(Yoshimori and Broccoli 2008; Frierson et al. 2013; Hwang
et al. 2013; Donohoe et al. 2013; Frierson et al. 2013; Mar-
shall et al. 2013). Contrary to observations, which show a
mean ITCZ at 6°N, more precipitation in the NH than in the
SH, and a southward AHTEQ, climate models exhibiting a
double-ITCZ and excessive SH tropical precipitation dis-
play a northward AHTYg,. Idealized model experiments indi-
cate that when perturbations in one hemisphere are imposed
through thermal forcing or changes in surface albedo, the
ITCZ and tropical precipitation maximum shift towards
the warmer/darker hemisphere (Chiang et al. 2003; Broc-
coli et al. 2006; Kang et al. 2008, 2009; Voigt et al. 2014).
Because the Hadley circulation in the deep tropics governs
atmospheric energy transport, a displacement of the circu-
lation towards the warmer hemisphere is required in order
to transport heat away from the warmer hemisphere across
the equator via the upper branch of the Hadley circulation
(Yoshimori and Broccoli 2008; Frierson and Hwang 2012).
To further explore these ideas in the context of the
framework used in the previous sections, we examine the
hemispheric asymmetry in Rg and Q, as a function of
the tropical precipitation asymmetry index (TPA index,
hereafter), defined as the NH minus SH precipitation dif-
ference divided by the tropical mean precipitation for lati-
tudes equatorward of 20° (Hwang and Frierson 2013). The
majority of models with excessive tropical precipitation in
the SH (negative TPA index) overestimate net downward
radiation at the surface and flux too much latent and sensi-
ble heat from the surface to the atmosphere in the SH rela-
tive to the NH (Fig. 7a, b). In addition, many of the mod-
els also underestimate the SH-NH contrast in atmospheric
radiative cooling (Fig. 7c). This in turn leads to excessive
heating of the atmosphere and cooling of the surface in the
SH. Indeed, Hwang and Frierson (2013) find that in CMIP5
models with a negative TPA index, the tropical mean sur-
face air temperature in the NH is similar to or less than that
in the SH, whereas the opposite is true in observations and
CMIP5 models with a positive TPA index. Associated with
the excess heating of the SH atmosphere is a northward

AHTgq (Fig. 7d). In order to achieve the anomalous north-
ward AHTgq, the Hadley Circulation and ITCZ are dis-
placed southward. For the CMIPS5 multi-model mean, the
excessive SH-NH contrast in combined latent and sensible
heating contributes 60 % to the overall bias in atmospheric
cross-equatorial heat transport, while the underestimation
in SH-NH contrast in atmospheric radiative cooling con-
tributes 40 %.

3.3.1 Relationship to SW and LW surface flux biases

Both the SW and LW components contribute to hemi-
spheric asymmetry biases in Rg in CMIP5 models that
overestimate precipitation in the SH. Figure 8 shows the
hemispheric asymmetry (SH minus NH) in Rg and the cor-
responding SW and LW contributions for models with neg-
ative and positive TPA index. CMIP5 models with negative
TPA index overestimate the hemispheric asymmetry in Rg
compared with CERES by 1.9 W m~2, with the SW com-
ponent contributing 1.2 W m~2 (63 %) and the LW compo-
nent contributing 0.7 W m~2 (37 %). In contrast, the aver-
age hemispheric asymmetry in Rg for CMIP5 models with
positive TPA index is within 0.1 W m~2 of CERES, and
both the SW and LW components fall within 0.31 W m~2
of the corresponding CERES values.

The positive hemispheric asymmetry bias in Rg for
CMIP models with negative TPA index occurs from 10°
to 70° (Fig. 9b). There is a positive bias in downward SW
radiation in the SH subtropics and extratropics due to an
underestimation in SW reflection by clouds (Figs. 9e, 11a).
Consistent with these results, Hwang and Frierson (2013)
show that models with a double ITCZ have too weak a
SW cloud radiative effect over the Southern Ocean due to
an underestimation in cloud fraction and/or cloud optical
thickness. However, results in Fig. 10e show that the cloud
bias also occurs at latitudes as far north as 10°S. Region-
ally, a positive model bias occurs over each ocean basin
in the SH, and is especially large in marine stratocumulus
regions (Fig. 11a). Interestingly, CMIP5 models with posi-
tive TPA index show a negative bias in zonal mean down-
ward SW radiation in the SH compared to CERES equa-
torward of 50°S (Figs. 9f, 10f), implying too much cloud
reflection. This mainly occurs over the Pacific Ocean
between the International Date Line and 90°W, and over
the Atlantic Ocean (Fig. 11b), regions associated with trade
cumulus. In the NH subtropics and midlatitudes, SW model
regional biases are generally positive over land and nega-
tive over ocean, except over marine stratocumulus off the
coast of North America. Thus, negative regional biases over
much of the north Pacific Ocean for CMIP5 models with a
positive TPA index (Fig. 11b) are largely offset by positive
biases over land at the same latitudes, resulting in relatively
small NH zonal mean biases (Fig. 9f).
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Equatorward of 10° latitude, the CMIP5 models overes-
timate net downward SW radiation at the surface in the NH
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both hemispheres the surface LW radiative cooling is over-
estimated compared to CERES, but the bias is stronger
for 0°-30°N, resulting in a positive bias in hemispheric
asymmetry. Regionally, the model biases between 0° and
30°N are dominated by the Sahel and India (Fig. 11c) with
relatively small biases over the tropical oceans where sub-
cloud LW emission by water vapor dominates. Results for
CMIP5 models with positive TPA index show a marked
overall improvement, particularly over the ocean away
from the equator (Fig. 11d). Biases in downward LW
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Fig. 9 All-sky SH and NH zonal mean surface radiative fluxes for
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radiation are still negative, but their magnitude is smaller
and exhibits less hemispheric asymmetry (Fig. 9i).

Thus, in CMIP5 models with negative TPA index the
model bias in Rg hemispheric asymmetry is primarily
due to excessive SW surface radiation poleward of 30°S
(Fig. 9¢) and too much LW surface radiative cooling in the
NH tropics equatorward of 30°N compared to the same lat-
itudes in the SH (Fig. 9h). In contrast, SW and LW biases
in hemispheric asymmetry for CMIP5 models with positive
TPA index largely cancel (Fig. 91, i), resulting in a much
smaller net bias in Rg hemispheric asymmetry (Fig. 9c).

4 Summary and conclusions
Recent studies (Frierson et al. 2013; Marshall et al. 2013)

have shown strong linkages between hemispheric asym-
metries in atmospheric and oceanic energy budgets,

Latitude (deg)

Latitude (deg)

e, h) and TPA index >0 (c, f, i). Bars correspond to SH minus NH dif-
ference. Shading denotes CMIP5 model interquartile range

tropical precipitation and the mean position of the ITCZ.
Here, satellite-based TOA and surface radiation budget
observations from CERES are combined with mass cor-
rected vertically integrated atmospheric energy divergence
from the ERA-Interim reanalysis to determine the regional
distribution of the TOA, within-atmospheric and surface
energy budget terms over the globe. The observed regional,
zonal, hemispheric and global means are compared with
simulations from 30 CMIP5 models in which the multiyear
globally averaged net TOA and surface energy budgets are
consistent to within 1 W m~2. The atmospheric and oceanic
cross-equatorial heat transports in observations and models
are further decomposed in terms of radiative and combined
sensible and latent heat contributions, which provides a
constraint on climate model large-scale energy transport
and enables new insights into the precipitation asymmetry
problem in climate models exhibiting excessive SH tropical
precipitation compared to observations. The results suggest
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Fig. 10 Same as Fig. 9a—i but for cloud radiative effect

that the known problems in simulating tropical precipita-
tion should not be viewed in isolation but rather as being
tightly coupled to systematic biases in the energy budget,
both in the atmosphere and ocean and at low and high
latitudes.

While regional patterns in net atmospheric radiative
flux are similar in observations and CMIP5 multi-model
mean results, the models underestimate atmospheric
radiative cooling off the west coasts of the Americas due
to an underestimation of low cloud coverage. Atmos-
pheric radiative cooling is overestimated in CMIP5
models in convective regions, perhaps due to an under-
estimation in the amount of total ice and liquid water
content (Li et al. 2013). Regional patterns in surface-to-
atmosphere sensible and latent heat flux are similar in
observations and CMIP5 models, but there are large pos-
itive biases in the models just north of the equator over
the central and eastern Pacific Ocean and negative biases
in the subtropics in both hemispheres that persist even in
the zonal average.

@ Springer

At the TOA, the observations show hemispheric sym-
metry in absorbed SW radiation and more outgoing LW
radiation in the NH, resulting in a northward total cross-
equatorial heat transport of 0.2 PW. Because CMIP5 mod-
els absorb more SW radiation in the SH than the NH, and
also emit more outgoing LW radiation in the NH, the total
(atmosphere and ocean) cross-equatorial heat transport in
CMIPS5 models is more than double that of observations. In
addition, there is a large spread amongst the models due to
differences in the magnitude of SW TOA flux hemispheric
asymmetry.

In the atmosphere, observed radiative cooling and the sum
of latent and sensible heating are greater in the SH than the
NH. While combined latent and sensible heating in the NH
exceeds atmospheric radiative cooling, the opposite is observed
in the SH. As a result, there is a 0.24 PW transport of heat from
the NH to the SH. Expressed in terms of the individual com-
ponents, the hemispheric contrast in net atmospheric radia-
tive flux implies a heat transport of —0.75 PW and the hemi-
spheric difference in latent and sensible heat implies a 0.51
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PW (where positive corresponds to SH to NH heat transport).
The corresponding values for the CMIPS5 multi-model mean
are —0.64 PW and 0.67 PW, respectively, implying near zero
atmospheric cross-equatorial heat transport. Only 12 of the 30
CMIP5 models considered show a NH to SH heat transport,
and only 3 models (MPI models) fall within the observational
uncertainty for both radiative and nonradiative components.

At the surface, the energy gain from radiation and energy
loss from combined sensible and latent heating are greater
in the SH than in the NH. The observed net downward radi-
ative flux gain in the SH exceeds heat loss due to latent and
sensible heat flux, while the reverse is true in the NH. The
ocean compensates by transporting 0.44 PW of heat from
the SH to the NH. The radiative component contributes 0.95
PW and the latent and sensible heat component contributes
—0.51 PW. While virtually all of the CMIP5 models show
a SH to NH OHTEQ, two-thirds of the models overestimate
the SH to NH radiative and NH to SH latent and sensible

heat contributions compared to the observations by 0.1 PW
or more, suggesting that many models arrive at reasonable
values of OHTy, through a fortuitous cancellation of error
in surface energy budget asymmetry.

Frierson et al. (2013) and Marshall et al. (2013) argue
that the hemispheric asymmetry in atmospheric heat-
ing (and thus, the mean position of the ITCZ north of the
equator) is a consequence of the northwards heat transport
across the equator by ocean circulation. While the ocean
transport is certainly important, results in this study indi-
cate that the hemispheric asymmetry in atmospheric and
surface properties also plays a critical role. Because the
SH has a larger cloud fraction and a greater fraction of low
clouds, while the NH has more high clouds, LW radia-
tive cooling is more pronounced in the SH than the NH. In
addition, the higher surface albedo in the NH and greater
abundance of absorbing aerosols and precipitable water
further contribute to SW radiative heating of the NH. The
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net radiative effect is thus cooling in the SH and heating
in the NH atmosphere, which enhances the hemispheric
asymmetry in atmospheric heating.

The energetics framework shows that most CMIP5 mod-
els that overestimate tropical precipitation in the SH com-
pared to observations have too much net downward surface
radiation and combined latent and sensible heat flux in
the SH relative to the NH. In addition, some models also
underestimate atmospheric radiative cooling in the SH
compared to the NH. Consequently, models that overesti-
mate precipitation in the SH have excessive heating of the
SH atmosphere and anomalous SH to NH cross-equatorial
heat transport. The anomalous northward heat transport
occurs via the upper branch of the northern Hadley Cell
(Hwang et al. 2013). At the same time, there is anomalous
transport of moisture from the NH to SH via the lower
branch of the northern Hadley cell, which supplies mois-
ture to a SH ITCZ.

For the set of CMIP5 models considered, 65 % of the
hemispheric bias in net downward surface flux is from the
downward SW component and the remainder is from LW.
The hemispheric bias in LW surface radiative flux is due
to too much LW surface radiative heat loss in the NH trop-
ics, in particular over north Africa and India, whereas the
hemispheric bias in SW surface radiative flux is associated
with excessive SW surface radiation in the SH subtropics
and extratropics due to an underestimation of reflection by
clouds. It is plausible that the LW biases are a symptom of
the unrealistic cross equatorial heat transport and resulting
biases in precipitation (since drier, cloud-free conditions
will enhance LW heat loss from the surface over land).

While the diagnostic framework used in this study does
not solve the double ITCZ problem, it does provide useful
new observational constraints on large-scale energy budget
that need to be satisfied in order to make progress on this
problem. This is because the large-scale circulation in
the tropics and position of the ITCZ are intricately linked
with the large-scale distribution of the energy budget. The
decomposition can identify climate models that may pro-
vide the correct cross-equatorial heat transport, but for the
wrong reason, owing to compensating errors in radiative
and combined latent and sensible heat components. We
caution that this approach is only really suitable for models
with consistent global mean net TOA and surface energy
budgets. Models that fail to satisfy this criterion have a
spurious nonzero global mean total atmospheric energy
divergence, which makes it difficult to meaningfully inter-
pret model biases in large-scale transport using the energet-
ics approached. Nevertheless, diagnostics of hemispheric
asymmetry developed in the present study potentially pro-
vide a powerful constraint upon important regional biases
in precipitation, of great importance in simulating current
and future climate variability and change.
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Appendix: Uncertainty in cross-equatorial heat
transport

Total cross-equatorial heat transport (HTgg)

As HTp is determined from the hemispheric difference in
R, any systematic bias common to both hemispheres can-
cels in the difference. This includes biases due to absolute
calibration and conversion of measured filtered radiances
to unfiltered radiances, which dominate the overall error
budget in global mean flux (Loeb et al. 2009). Other error
sources, such as radiance-to-flux conversion, time inter-
polation, and interannual variability are more random and
therefore should be included.

To estimate the uncertainty associated with radiance-to-
flux conversion, we compute hemispheric mean biases from
SW and LW TOA flux error estimates provided in Loeb
et al. (2007) (see Figs. 2, 6). Loeb et al. (2007) adapted
the so-called direct integration method (Suttles et al. 1992;
Loeb et al. 2003) to Terra and Aqua sun-synchronous data
in order to provide regional, zonal, and global error esti-
mates in different seasons. Zonal mean error estimates are
integrated for each hemisphere and averaged over the year.
This yields an uncertainty due to radiance-to-flux conver-
sion of 0.1 and 0.2 W m~2 in hemispheric SW and LW dif-
ferences, respectively. Assuming SW and LW uncertainties
are uncorrelated, this contributes an uncertainty of 0.03
PW.

Time interpolation error arises due to incomplete sam-
pling of the diurnal cycle and therefore can affect the
hemispheres differently. To minimize temporal interpola-
tion error, the CERES team supplements the Terra and
Aqua sampling with 3-hourly (Edition 3) or hourly (Edi-
tion 4) geostationary imager measurements to estimate
TOA flux changes between Terra and Aqua observations
(“CERES-GEO” method). An alternate, less temporally
complete method is to assume the cloud properties at the
time of the CERES observation remain constant through-
out the day and estimate changes in albedo with solar
zenith angle and diurnal land heating using a shape for
unresolved changes in the diurnal cycle (“CERES-Only”
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method). Both methods are described and compared in
detail in Doelling et al. (2013). The CERES-GEO method
is used to create the CERES SYNldeg products and the
CERES-Only method is used for CERES SSF1 deg data
products. In EBAF-TOA, a hybrid method that combines
aspects of both CERES-GEO and CERES-Only for SW is
used, while the CERES-GEO method is used for LW (see
Loeb et al. 2012, Supplementary Information for details).
To compute the uncertainty in hemispheric difference due
to temporal sampling, we compare hemispheric differences
from EBAF-TOA Ed 2.8, SYNldeg Ed3A and SSFldeg
Ed3A, and select the maximum range as representative of
the uncertainty. This yields a temporal sampling uncer-
tainty in hemispheric TOA flux difference of 0.2 W m~2 for
both SW and LW. Assuming SW and LW uncertainties are
uncorrelated, this contributes an uncertainty of 0.04 PW.

Uncertainty due to interannual variations in cross-equa-
torial heat transport is computed from the standard error in
the 12-year mean from annual mean values of HTgg,. This
contributes an uncertainty of 0.016 PW. When all uncer-
tainties are added (in quadrature), this produces a total
uncertainty in HTgq of 0.053 PW or approximately 25 %
of the mean.

Atmospheric (AHTg) and oceanic (OHTyg)
cross-equatorial heat transport

In this study, AHTg is determined from the hemispheric
asymmetry in V - F4. The latter is available from NCAR
(2014), which provides mass corrected vertically integrated
total atmospheric energy divergence (Trenberth et al. 2011)
for ERA-Interim data only (Dee et al. 2011). An alternate
approach to determine atmospheric cross-equatorial heat
transport is from Heaviside and Czaja (2012):

27R Pps

dp
HA = / /Vh;dx (8)
0

P100

where R is the Earth’s radius, pjgp is 100 hPa pressure, v
is meridional velocity, R is the Earth’s radius, and dx is the
incremental distance along the equatorial circle 2nR. A
correction for mass imbalance is applied by removing from
each mean v its column (1000-100 hPa) averaged value.
For the CERES period considered, when the two meth-
ods are applied to ERA-Interim, results are similar: —0.24
PW for AHTgq, and —0.21 PW for H,. The approach in
Eq. (8) is also applied to two other reanalysis products:
the Modern-Era Retrospective Analysis for Research and
Applications (MERRA) version 5.2.0 (Rienecker et al.
2011) and the National Centers for Environmental Predic-
tion—Department of Energy (NCEP/DOE) Reanalysis Pro-
ject (NCEP) (Kanamitsu et al. 2002). For MERRA, a value
of —0.20 PW is obtained, whereas for NCEP it is —0.26

PW. Thus, the standard deviation in H, from the 3 reanaly-
ses is 0.032 PW, and the spread when the two methodolo-
gies are both applied to ERA-Interim is £0.015 PW. Based
upon these results, and accounting for the uncertainty due
to interannual variations (0.019 PW), we estimate a lo
uncertainty in AHTg, of 0.04 PW.

Since OHTyq is the difference between HTg, and
AHTg,, we estimate the uncertainty in OHTg, to be
(0.053% + 0.04%)'2 = 0.066 PW, assuming no correlation
between uncertainties in HTgq and AHT,.

Components of oceanic (OHTEQ Ry), OHTEQ (Qy))
and atmospheric (AHTyy(R,)) cross-equatorial heat
transport

Uncertainty in the implied cross-equatorial ocean heat
transport associated with hemispheric asymmetry in Rg
is estimated from hemispheric differences between sur-
face radiative fluxes in the CERES EBAF-SFC Ed 2.8 and
SYNldeg Ed3A data products. Surface radiative fluxes dif-
fer between these data products due to the different meth-
odologies and ancillary input data sets used. Surface radia-
tive fluxes in SYN1deg Ed3A are determined from MODIS
cloud properties and GEOS 4/5 reanalysis system (Rutan
et al. 2015). In EBAF-SFC, adjustments to the inputs used
in SYNIdeg Ed3A are made in order to ensure computed
TOA fluxes are consistent with CERES EBAF-TOA. In
addition to the CERES TOA constraints, EBAF-SFC uses
constraints on cloud amount from CALIPSO and Cloudsat
and upper tropospheric humidity from Atmosphere Infrared
Sounder (AIRS) (Kato et al. 2013). The hemispheric differ-
ence in the LW and SW surface net downward flux compo-
nents corresponds to 0.082 PW and 0.045 PW, respectively.
When combined with the uncertainty due to interannual
variability (0.029 PW), this corresponds to an uncertainty
of (0.082% + 0.045 4 0.029%)"" = 0.098 PW.

Uncertainty in the implied cross-equatorial ocean heat
transport associated with hemispheric asymmetry in Qg is
estimated from the uncertainty in OHTg and the contribu-
tion from the asymmetry in Rq: (0.066 + 0.098%)2 = 0.12
PW. Finally, since R, is given by the difference
between Ry and Rg, the uncertainty in the implied
cross-equatorial atmospheric heat transport associated
with hemispheric asymmetry in R, is estimated from:
(0.053% + 0.098%)2 = 0.11 PW.
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