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(Fig. 7b), subtropical evaporation, and the weak evapora-

tion associated with the equatorial cold tongue (Fig. 7c).
There is a close correspondence between tropical pre-

cipitation and wind stress convergence. Although there

should be such a relationship, it is not guaranteed, because
of the independent data. The precipitation maxima in the

Atlantic and eastern Pacific are related to convergence of

meridional stress, whereas in the western Pacific it is the
zonal stress that matters most. The reduced precipitation

farther north off West Africa is consistent with the can-
cellation of meridional convergence by zonal stress

divergence in Fig. 6.

The CORE.v2 climatological mean air–sea heat flux
(foQas) is shown in Fig. 8. All the expected features are

evident, but their magnitudes may differ from unbalanced,

or constrained climatologies. The near-zero global bal-
ance is attained through an area weighted cancellation of

strong heating with strong cooling. The upwelling of

colder water from depth leads to strong heating along the

equator with a maximum of about 150 W/m2 in the east
Pacific cold tongue, and along the eastern boundaries of

the Pacific and Atlantic subtropical gyres. Poleward cir-

culation of warm surface water results in strong cooling
of the Nordic seas (-Qas [ 100 W/m2), the Labrador Sea

and the western boundary currents (-Qas [ 180 W/m2)

and their extensions, including the Agulhas retroflection
(-Qas [ 120 W/m2).

The solar, longwave, and sensible, heat flux climatolo-
gies are shown in Fig. 9. The distribution of latent heat flux

can easily be inferred from the evaporation of Fig. 7c,

because from (3c), the 10 mg/m2 per second contour
interval corresponds to a latent heat flux of 25 W/m2. Over

most of the ocean the net heat flux (Fig. 8) is a balance

between solar heating and cooling due to QE plus QL.
However, the sensible heat flux, f0QH is a significant con-

tribution to the cooling where strong winds blow very cold

continental air over western boundary currents and their
extensions, the Nordic and Labrador seas and the marginal

ice-zones. The relatively small cooling by a latent heat flux

of between -50 and -75 W/m2 (Fig. 7c) is a major factor
in the net heating (Fig. 8) of both the eastern equatorial

Pacific, and along the eastern boundaries of the South

Atlantic and South Pacific. Another influence along these
boundaries is the relatively small cooling by a longwave

flux of only about -30 W/m2.

The band of predominant heating in the south Atlantic
and Indian Oceans along 50!S appears to reflect topo-

graphic steering, especially east of Drake Passage, of cold

polar waters to the north and underneath a more temperate
atmosphere. This band is aligned with relative minima in

Fig. 7 Global distributions of the climatological CORE.v2 air–sea
fluxes of a freshwater, b precipitation, c evaporation, colored at
10 mg/m2 per second intervals with a zero contour. Multiplication of
the evaporation by a factor of 2.5 gives the latent heat flux in W/m2

Fig. 8 Global distribution of the climatological CORE.v2 net air–sea
heat flux. The coloring is at 20 W/m2 intervals, with positive values
where the heat flux is into the ocean
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tropical circulation pattern and its ITCZ northward of the

equator.
The association of ITCZ position with demands of

global energy balance has slowly been emerging in the

literature. The connection is implicit in the work of Zhang
and Delworth (2005) who noted the shift of the ITCZ on to

the equator following the collapse of the ocean’s MOC in a

coupled climate model. Broccoli et al. (2006) carry out
perturbation (slab) experiments with cooling of the

Northern Hemisphere/warming of Southern Hemisphere

(implicitly imposing a southward OHT), and observe
enhanced northward atmospheric heat transport across the

equator (in compensation), and a southward displacement

of the ITCZ. Recently, Fuckar et al. (2013), using an ide-
alized sector coupled general circulation model (GCM),

observe that symmetry breaking of the ocean’s MOC, with

deep convection in one hemisphere and upwelling in the
other, leads to a cross equatorial OHT (toward the con-

vective hemisphere), a partial compensating atmospheric

energy transport and a small displacement of the ITCZ
from the equator. Frierson et al. (2013) make the connec-

tion between the hemispheric energy flow and ITCZ more

explicit; they argue that the ITCZ’s location north of the
equator requires that the atmosphere be heated more

strongly in the northern hemisphere (NH) than in the

southern hemisphere (SH). They find that, as argued here,
the hemispheric asymmetry of atmospheric heating in the

observed climate system is primarily due to OHT across

the equator as opposed to radiation at the TOA. They also
find that they could reproduce the ITCZ’s location north of

the equator in a slab ocean aquaplanet with a prescribed

OHT across the equator which argued for the role of the

OHT in setting the ITCZ location.
In this paper, we extend the observational calculations

of the hemispheric asymmetry of energy input into the

atmosphere to include additional data sets, explore the
uncertainties in these calculations and the processes con-

trolling the hemispheric differences in energy budgets and

cross-equatorial heat exchange. We also demonstrate the
role of OHT in setting the ITCZ location in an idealized,

coupled system that resolves the key dynamical processes

at work, rather than an atmosphere coupled to a slab ocean
with prescribed OHT. Our account is set out as follows. In

Sect. 2 we discuss the position of the ITCZ from the per-

spective of global energy balance through diagnosis of
contemporary reanalysis fields and satellite radiation data.

In Sect. 3 we present idealized coupled climate model

experiments of aqua-planets which clearly illustrate the
principles involved and allow us to directly link inter-

hemispheric asymmetries in climate to cross-equatorial

heat transport in the ocean due to its MOC. In Sect. 4 we
present a discussion and conclude.

2 ITCZ position and cross-equatorial heat transport:
inferences from observations

In this section we use observations to demonstrate that:

1. The ITCZ is located north of the equator and
collocated with the ascending branch of the Hadley

cell (Sect. 2.1),
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Fig. 1 The annual mean precipitation from the National Oceano-
graphic and Atmospheric Administration’s Climate Prediction Cen-
ter’s (NOAACPC) merged analysis (Xie and Arkin 1996). Blue lines
indicate the meridional location of the maximum in the Tropics at

each longitude. The zonal mean is shown on the left and is co-plotted
with the zonal mean of the local maximum (blue lines) and the
precipitation centroid (dashed black lines)
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Global !
Ocean

90S                                        20S              Eq          20N                                          90N 

!
 Surface flux climatology  0.8±0.3 PW    CORE2 (Large and Yeager, 2009) 

 Ocean sections     0.5±0.6 PW    (Ganachaud and Wunsch, 2003) 

 Top of the atmosphere  0.1-0.6  PW (Trenberth and Caron, 2001; Fasullo 
               and Trenberth, 2008 )

-0.1/1.1 PW

Heat transport asymmetry (20°S-20°N)!

heat transport asymmetry



Inert gas flux scales with heat flux
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Atmospheric fingerprint of the ocean heat transport

northern deficit in 
atmosphere?

The atmospheric column integrates ocean processes

heat transport asymmetry
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Potential Oxygen tracks air-sea flux

Atmospheric Potential Oxygen!
(Keeling and Manning, review Treatise on Geochem. 2014)!!
APO = O2 + 1.1 CO2

Fossil Fuel

OceanOceanic Potential Oxygen!
(Keeling et al., Ann Rev Mar Sci 2010) !
OPO = O2* + 1.1 C*

O2* = O2 + 170 PO4
3-

C* = DIC - 0.5 (ALK + 16 NO3
-) - 117 PO4

3-
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Pre-industrial Oceanic Potential Oxygen !
  = O2* + 1.1 C* - Canthropogenic
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(maybe even better…)
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Close link between ocean natural carbon & heat 
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7 inversions 
6 climate models (CMIP5) 
2 ocean models (CESM, IPSL)

Data: Atlantic hydrographic sections 
 Ganachaud & Wunsch, 2003; 
 Macdonald et al., 2003; Alvarez et al., 2003;  
 Holfort et al., 1998; Lundberg & Haugan, 1996 

Close link between ocean natural carbon & heat 
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7 inversions 
6 climate models (CMIP5) 
2 ocean models (CESM, IPSL)

Data: Atlantic hydrographic sections 
 Ganachaud & Wunsch, 2003; 
 Macdonald et al., 2003; Alvarez et al., 2003;  
 Holfort et al., 1998; Lundberg & Haugan, 1996 

Close link between ocean natural carbon & heat 
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7 inversions 
6 climate models (CMIP5) 
2 ocean models (CESM, IPSL)

Data: Atlantic hydrographic sections 
 Ganachaud & Wunsch, 2003; 
 Macdonald et al., 2003; Alvarez et al., 2003;  
 Holfort et al., 1998; Lundberg & Haugan, 1996 

Close link between ocean natural carbon & heat 
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7 ocean inversions 
6 climate models (CMIP5) 
2 ocean models (CESM, IPSL)
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7 ocean inversions 
6 climate models (CMIP5) 
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Discussion and prospects

• Potential oxygen is a valuable new constraint on heat transport!
  ! 0.5-1 PW ≥  hydrographic data and consistent with surface flux.!
!
!
• Atmospheric data supports strong asymmetry in natural carbon !
! 0.2-0.8 PgC/y ≥ ocean priors used in atmospheric inversions!
!
!

• Ocean/climate models underestimate heat and carbon transports!
!
!
• Impacts on carbon sinks attribution & future climate projections…? 
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