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Abstract Despite its importance to the climate system,
the ocean meridional heat transport is still poorly quanti-
fied. We identify a strong link between the northern hemi-
sphere deficit in atmospheric potential oxygen (APO =
02 + 1.1 x COy) and the asymmetry in meridional heat
transport between northern and southern hemispheres. The
recent aircraft observations from the HIPPO campaign
reveal a northern APO deficit in the tropospheric column
of —10.4 + 1.0 per meg, double the value at the surface
and more representative of large-scale air—sea fluxes. The
global northward ocean heat transport asymmetry neces-
sary to explain the observed APO deficit is about 0.7—
1.1 PW, which corresponds to the upper range of estimates
from hydrographic sections and atmospheric reanalyses.
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1 Introduction

Major advances in our understanding of the large scale ocean
can be related to the World Ocean Circulation Experiment
(WOCE), which was a multi-national ship-based program of
unprecedented scale in the 1990s to measure ocean circula-
tion and related transports of heat, salt, carbon, and nutrients.
Though great strides were made on many fronts, WOCE did
not provide a complete picture of the air—sea fluxes and large
scale ocean transports. These needs are still unfilled to this
day, despite the advent of the Argo float program and other
improvements in sensor oceanography and satellites. The root
difficulty is that many elements of the ocean circulation are
still too uncertain to infer reliable fluxes and transports.

The ocean gains heat in the tropics and carries it pole-
ward. The ocean heat transport is not symmetric about the
equator, however, as the Atlantic overturning circulation
transports heat from deep within the Southern Hemisphere
to the Northern Hemisphere (Crowley 1992; Marshall et al.
2014; Schneider et al. 2014). This asymmetry in ocean heat
transport is a key driver of the climate mean state and vari-
ability through its influence on sea surface temperatures.
Warmer sea surface temperatures in the north are associ-
ated with larger oceanic heat loss to the atmosphere and a
major factor causing the displacement of the inter-tropical
convergence zone north of the equator (Philander et al.
1996; Fuckar et al. 2013; Marshall et al. 2014; Schneider
et al. 2014). The northward meridional heat transport also
controls climate variability on decadal to millennial time-
scales by regulating the sea ice cover in the Arctic and its
positive feedback on natural and anthropogenic warm-
ing (Crowley 1992; Mahlstein and Knutti 2011). North-
ward heat transport is also invoked as a major driver of the
variability associated with the North Atlantic Oscillation
(Bryden et al. 2014).
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Estimates of the northward heat transport in the Atlan-
tic range from 0.85 to 1.4 PW (1 Petawatt = 10 W) at
approximately 25°N (Hall and Bryden 1982; Macdonald
1998; Bryden and Imawaki 2001; Ganachaud and Wunsch
2003; Talley 2003; Lumpkin and Speer 2007; Trenberth
and Caron 2001; Trenberth and Fasullo 2008; Johns et al.
2011). The northward transport in the Atlantic Ocean is
partly counterbalanced by a southward transport in other
basins resulting in a weaker net meridional transport for
the whole ocean. The uncertainties, already significant in
the Atlantic basin, increase dramatically when considering
the net global transport. A useful measure of the ocean heat
transport asymmetry (Ap) is:

Ag = (Tr0°N + Ta0°s)/2 (1)

where T>pon and Tpges are the ocean meridional heat trans-
ports at 20°N and 20°S either estimated directly from
hydrographic sections or computed from steady-state air—
sea flux poleward of these latitudes. This metric is effec-
tively an interpolated estimate of the transport across the
Equator, but in contrast to estimates of the transport across
the Equator is less sensitive to details of the tropical ocean
circulation. Estimations from WOCE hydrographic sec-
tions (Ganachaud and Wunsch 2003) give a heat transport
asymmetry between hemispheres of 0.5 £ 0.6 PW, while
indirect methods based on satellite observations and air—sea
flux bulk formulations (Large and Yeager 2009) or radiative
budgets at the top of the atmosphere (Trenberth and Caron
2001; Fasullo and Trenberth 2008) are spread between 0.1
and 0.8 PW. The long-term global ocean heat warming is
of the order of 0.2 PW (Rhein et al. 2013 or 274 ZJ over
40 years). Differences of the order of 0.5 PW between esti-
mates of the heat transport asymmetry are a serious limi-
tation to the understanding of the climate system and its
variability.

The relatively weak observational constraint on the
global ocean heat transport is matched by similarly large
differences between global climate models. Hemispheric
ocean heat transport asymmetry (Ag) in climate models
participating in the most recent assessment of the Inter-
governemental Panel on Climate Change (IPCC) shows a
large spread ranging from slight southward or null trans-
port to intense northward transport larger than 1 PW (see
Figure 9.21 in, Flato et al. 2013). Inaccuracy and uncer-
tainties of the order of 0.5-1 PW in the simulated ocean
heat transport limits future climate predictions, such as
the prediction of El Nifio Southern Oscillation and its
teleconnections, or shifts in the ITCZ and rainfall associ-
ated with climate change (Ham and Kug 2012; Li and Xie
2014).

Here, we show that an additional constraint on the mag-
nitude of the ocean heat transport asymmetry is provided
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by observations of atmospheric O, and CO, combined into
a tracer called potential oxygen (PO = O; 4+ 1.1 x COy).
Potential oxygen (PO) was first defined in the atmosphere
(atmospheric potential oxygen, noted APO) to isolate the
oceanic contribution from the land contribution in atmos-
pheric variations of CO; and O; (Stephens et al. 1998).
APO is nearly unchanged by photosynthesis and respira-
tion of land plants because of compensating influences on
0, and CO,, which are exchanged in a -0,:CO, ratio of ~
1.1 (Severinghaus 1995). The primary influences on APO
are air—sea exchange of Oy and CO,, which are not tightly
coupled to each other, and fossil-fuel burning, which
have —0,:CO; ratios higher than 1.1, depending on the
fuel type. Because the fossil-fuel influences are relatively
well known, APO measurements can be used to constrain
the weighted sum of O, and CO; fluxes across the air—sea
interface.

0, and CO» air—sea fluxes are driven by changes in solu-
bility, ocean biology and physics. The solubility pump has
a similar impact on both gases: when the ocean warms, it
releases O, and CO» to the atmosphere and when it cools it
uptakes both. In contrast, the biological pump has opposed
effects on O, and CO,. Marine photosynthesis consumes
carbon and produces O, in surface waters, whereas the
respiration of sinking organic matter depletes O, and adds
carbon to deeper waters. The ocean circulation transports
and mixes the gradients set by biological activity, favoring
the uptake of O, and the release of CO, where deep waters
re-surface (e.g. winter mixing and upwelling). Sources and
sinks of O, and CO; are coupled within the ocean by the
stoichiometry of marine photosynthesis and respiration.
Although marine biologically-driven O, and CO, fluxes are
not as closely coupled as land biospheric fluxes, owing to
differences in the CO, and O; equilibration times across
the air—sea interface, they do partly cancel. As a result,
the thermally driven contributions of O, and CO, fluxes
tend to dominate in terms of their impact on APO at pre-
industrial times. A close link between APO and heat fluxes
is expected because the thermally-induced gas fluxes of O;
and CO are closely tied to the net air—sea heat flux.

A close link between PO and heat exchange is also
expected based on the hydrographic distribution of O3 and
C*, which are quasi-conservative ocean tracers that track
air—sea exchange of O, and CO; (Gruber et al. 2001; Gru-
ber and Sarmiento 2002). APO has a mirrored tracer in the
ocean, referred to as ocean potential oxygen (OPO = O} +
1.1 x C*) which is conservative with respect to marine biota
and whose air—sea fluxes are equivalent to air—sea fluxes of
APO. As shown in Fig. 1, the global ocean distribution of
oceanic potential oxygen (OPO) is very strongly correlated
with potential temperature (slope of —15.6 umol Kg~' K1,
1> = 0.95). The gain of OPO by a parcel of water at the
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Fig. 1 Ocean potential temperature (6) versus pre-industrial ocean
potential oxygen (OPO,;) in the GLODAP dataset. OPO,; is con-
servative with respect to the marine biosphere, removes variations
associated with anthropogenic carbon using estimates from Khatiwala
et al. (2009) and is strongly coupled to thermal air—sea exchanges of
0, and CO,. The slope is —15.6 umol Kg~! °C ~1, equivalent to —3.9
nmol per joule of warming as derived by multiplying by an average
thermal capacity of 3990 J Kg~' °C~!. The curvature in the slope of
the data arises from non-linearities in O, and CO; solubilities, which
are more sensitive to temperature change at lower temperature. Note
however that this curvature is much smaller for OPO,; than for O3
(Gruber et al. 2001; Keeling and Garcia 2002)

air—sea interface has to be associated with a loss of heat.
We expect this relationship to also apply to the interhemi-
spheric transport, such that the northward transport of heat
should be associated with an uptake of O and CO; in the
northern hemisphere and a release in the southern hemi-
sphere. A deficit in APO, which reflects the stronger uptake
of O, and CO; has indeed been observed in the Northern
Hemisphere (Stephens et al. 1998; Battle et al. 2006; Keel-
ing and Manning 2014) but this observation has not been
previously used as a constraint on ocean heat transport.
Here, we present a framework based on oceanic and
atmospheric chemical data that is sensitive to the ocean cir-
culation patterns, and can thus be used to challenge mod-
els of ocean circulation and their predictions in terms of
heat transport. Building up on previous work (Gruber et al.
2001; Jacobson et al. 2007; Mikaloff Fletcher et al. 2007),
we use a consistent application of inverse techniques to
estimate air—sea fluxes of Oy, CO, and heat. We simulate
the APO distribution resulting from the inverse air—sea
fluxes using an atmospheric transport model and additional
fluxes from fossil-fuel burning, seasonal air—sea exchanges,
and oceanic uptake of anthropogenic CO,. To explore the
sensitivity of the northern APO deficit to the ocean trans-
port, we used seven different ocean models that differ
significantly in their large-scale circulation and transport.
Simulated APO deficits in the Northern Hemisphere are
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Fig. 2 a Map of the approximate transect of HIPPO aircraft cam-
paigns (red line) and position of the 9 atmospheric Scripps surface
stations (black symbols). b, ¢ Annual mean meridional APO gradient
and referenced to the value at Cape Grim station (JAPO = APO-APO
(Cape Grim), in per meg): b observed during the HIPPO aircraft cam-
paign and c¢ estimated along the HIPPO transect from inverse air—sea
flux estimates using GLODAP data, MITgecm-ECCO ocean transport
and TM3 atmospheric transport

then evaluated against recent observations from the High-
Performance Instrumented Airborne Platform for Envi-
ronmental Research (HIAPER) Pole-to-Pole Observations
(HIPPO) large-scale aircraft campaign (Wofsy 2011).

We find a northward heat transport in the upper range
of previous estimates is necessary to explain the observed
APO deficit. We also show that column-average aircraft
observations provide superior constraints on large-scale
oceanic fluxes than surface data.
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2 Methods

2.1 Atmospheric observations

This study takes advantage of the recent airborne HIPPO
campaign (Wofsy 2011). The APO dataset relies on a com-
bination of flask and in situ CO, concentrations and O,/N;
ratios sampled along a meridional transect in the Pacific
(Fig. 2). The HIPPO data resolve the vertical distribution of
APO over the troposphere based on 7 mid-Pacific transects
covering the seasonal cycle between 2009 and 2011.

APO (in per meg) is calculated from measurements of
CO; concentrations and O»/Nj ratios (Stephens et al. 1998)
according to:

APO  [permeg] = 5(03/Ny) + 3~ (CO3 — 350 [ppm])
02
(2)
with
(02/N2)sample 6
8(03/Ny) [permeg]l= |——————— — 1| %10
/ P & (02 /Nl)reference )

where 6(02/N3) is in per meg, CO, in ppm (i.e. pmol.
mol™"), 1.1 is the approximate ratio of O, production to
CO; consumption in terrestrial carbon storage (Severing-
haus 1995), Xp, is the atmospheric mole fraction of O,
necessary to convert [CO,] from ppm to per meg units
(X02 = 0.2094), and 350 is an arbitrary reference for CO,.
Here we focus on the northern APO deficit, which we
quantify in two different ways: 1) the difference between
the meridionally integrated APO content north of 20°N
(20°N-80°N) and south of 20°S (58°S-20°S) from 900 mb
HIPPO data (noted AAPO 900mb) and 2) the same as 1)
but column-averaged over the troposphere up to 400 mb
(noted AAPO column). Further details on APO sampling,
uncertainties and spatio-temporal interpolation used to
derive annual mean values are presented in “Appendix 1”.

2.2 Ocean observations

We use ocean interior data from the GLobal Ocean Data
Analysis Project (GLODAP) version 1 (Key et al. 2004).
Conservative tracers related to air—sea fluxes C* and O} are
computed following (Gruber et al. 2001; Gruber and Sarm-
iento 2002).

C* =DIC — ADICg;,

=DIC — Rc.pPO4 — 1/2(Alk + Ry.pPO4) @)

05 =02 — AO2io

5
=07 — Rp.pPO4 )
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All concentrations including DIC, phosphate (PO4) and
alkalinity (Alk) are salinity normalized to account for dilu-
tion changes. Ry.p = 170, Rc.p = 16 and Rp.p = —170 are
the elemental ratios we use for the conservation of C* and
Oj; with respect to marine photosynthesis (Anderson and
Sarmiento 1994). We compute the pre-industrial compo-
nent of C* used in our ocean inversion as follows:

C;i =C*— Canth (6)

where Cg,, is the anthropogenic component of dissolved
inorganic carbon from Khatiwala et al. (2009, 2013). This
subtraction is done at each observational point. Pre-indus-
trial oceanic potential oxygen (OPO,,;) is then computed as:

OPOp; = 05 + 1.1 x C;:i @)

Dissolved N, concentrations are computed following
Hamme and Emerson (2004) using GLODAP temperature
and salinity (see details in “Appendix 2”).

2.3 Ocean interior inversion and potential oxygen air—
sea flux

We compute global distributions of air—sea fluxes using
the ocean inversion technique of Gloor et al. (2001); Gru-
ber et al. 2001) and Mikaloff Fletcher et al. (2007), which
yields steady-state fluxes based on ocean interior data and
modeled ocean transport. The choice of the inversion tech-
nique is motivated by its ability to get observation-based
estimates of all air—sea fluxes (COp;, Oz, Ny and heat)
in a consistent framework. Our application of the inverse
method is limited to deriving steady-state pre-industrial
fluxes. We assume that Oy, N and heat contemporary fluxes
are similar to the pre-industrial fluxes and therefore can be
computed directly from O}, N> solubility and potential tem-
perature respectively. For example, changes in atmospheric
O, concentration due to anthropogenic activities (fossil fuel
burning and land use) are estimated to be less than 0.1 %
(Keeling and Manning 2014), while changes in oceanic O»
concentrations due to climate change are of the order of ~
40 T mol year! (Keeling et al. 2010), which represents less
than 0.1 % of the O, content in surface waters (<100 m).
The inverse calculation for CO; is done exclusively on the
C;i component, thus deriving an estimate of the pre-indus-
trial air—sea CO; flux. Ocean interior inversions incorrectly
interpret the addition of carbon by rivers as an air-to-sea
flux (see discussion in Gruber et al. (2009) supplementary
material). Here we do not correct for rivers as we focus on
ocean meridional transports, which implicitly include the
contributions of air—sea and river fluxes. Further details on
the ocean inversion and its uncertainties are presented in
“Appendix 2”.
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Table 1 Overturning circulation following Gnanadesikan (1999)

MOM-HH MOM-LHS MOM-LL MOM-PSS MOM-RDS MITgem-2.8 MITgem-ECCO
Mnorth 153 159 14.5 16.1 16.2 15.5 20.5
Msouth —8.4 4.9 39 11.3 2.7 23 12.6
Mupweliing 23.8 11 10.6 4.8 13.5 13.2 79

Units are Sv. My, is the maximum northward transport at 48°N using the meridional stream function. M, is the transport across the ther-
mocline (oy = 24.7) at 32°S. The contribution of Myyeijing is then deduced from the difference between My and Mo,

2.4 Ocean transport models

We carry out the ocean inversion calculation using ocean
transports from seven different ocean models that differ
significantly in their large scale circulation. Five of the
ocean models used in the inversion are from the MOM
suite (Jacobson et al. 2007) and two are MITgcm mod-
els (Marshall et al. 1997). The MOM suite (Table 1) was
designed to explore the impact of a wide range of trans-
ports that reproduced the observed density distribution
in the ocean (e.g., Gnanadesikan et al. 2002; Palter et al.
2010). It includes MOM-HH (high diapycnal and eddy
diffusivity), MOM-LHS (low diapycnal diffusivity and
high eddy diffusivity in Southern Ocean), MOM-LL (low
diapycnal and eddy diffusivity), MOM-PSS (sometimes
referred as P2A, low diapycnal diffusivity, high eddy dif-
fusivity in Southern Ocean, narrow Drake Passage) and
MOM-RDS (sometimes referred as P2, low diapycnal dif-
fusivity, high eddy diffusivity in Southern Ocean, salinity
restoring), all on a coarse resolution grid of 4° x 5°. The
two MITgcm models provide further insight on the sensi-
tivity to ocean transport, with the coarse resolution model
(2.8° denoted MITgcm-2.8) and the 1° x 1° ECCO ver-
sion 3 ocean state estimate (denoted MITgcm-ECCO) that
assimilates numerous satellite and in-situ observations
(Wunsch et al. 2009).

To quantify the differences in large-scale ocean circu-
lation between the seven models, we used the scheme of
Gnanadesikan (1999), which divides the deep meridional
overturning circulation (MOC) into three components: (1)
dense water formation and sinking in the North Atlantic
(MNorn), (2) upwelling of deep waters in the thermocline
due to the downward mixing of heat transforming dense
waters into lighter waters (Mypyeling) and (3) the net con-
version of deep to thermocline water in the Southern Ocean
(Msoum), reflecting the balance between Ekman and eddy
components (Fig. 3; Table 1).

All the OGCMs used here have rates of dense water
formation in the North Atlantic of about 15-20 Sv (1
Sverdrup (Sv) = 10° m3), in agreement with observation-
based estimates (Talley 2008; Lumpkin and Speer 2007).

Thermocline

Msouth

MUpweIIing

s
Q
)
Q

O Deep MOC

«Z 21 Subtropical cells

South Equator North

Latitude

Fig. 3 a Schematic of the meridional circulation associated with (1)
the deep meridional overturning circulation (MOC) that transforms
thermocline waters into deep waters and vice-versa and (2) the shal-
low circulation within the thermocline e.g. the subtropical cells. The
main fluxes of the deep MOC described by Gnanadesikan (1999)
are shown: the northern sinking flux (Mp,s), the upwelling of deep
waters in the tropical region (Mypyeiing) and the balance between
wind-driven upwelling and eddy-return flow in the Southern Ocean
(MSouth)- Note that MNorth = MSouth + MUpwelling

Their circulations differ mainly by the relative contribu-
tion of the tropical upwelling and the wind-driven trans-
port in the Southern Ocean in returning deep waters to
the surface (Table 1). MOM-HH, MOM-RDS and MIT-
gcm-2.8 are dominated by the deep tropical upwelling
(>13 Sv). In the extreme case of MOM-HH, the tropical
upwelling even surpasses the North Atlantic deep water
formation (~24 Sv) and leads to a southward flow in the
Southern Ocean (M gy, = —8.4 Sv). In contrast, MOM-
PSS and MITgem-ECCO are characterized by strong
northward wind-driven flow in the Southern Ocean (~12
Sv) and weak tropical upwelling (<8 Sv). Finally, MOM-
LL and MOM-LHS lie somewhere in between, with a
relatively strong contribution of the tropical upwelling
(~11 Sv) and a significant wind-driven flow from the
south (~4 Sv). Refer to “Appendix 2” for a description of
the ocean models and how this study differs from previ-
ous studies.

@ Springer
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2.5 Atmospheric transport modelling

We used the 3-D Eulerian atmospheric transport model
(ATM) Tracer Model version 3 (TM3, Heimann and
Korner 2003) to simulate annual mean APO distributions
using inverse Oy and CO,p; air—sea fluxes combined with
several different components: (1) Nj fluxes also from the
same inversions; (2) air-sea fluxes of anthropogenic CO,
from Khatiwala et al. (2009), (3) uptake of O, and CO,
from fossil fuel burning from the Emission Database for
Global Atmsopheric Research (EDGAR, available at http://
edgar.jrc.ec.europa.eu); and (4) seasonal Oy, CO, and N>
components from Garcia and Keeling (2001), Rodenbeck
et al. (2013) and based on solubility changes expected form
the seasonality in heat fluxes (Keeling and Shertz 1992)
respectively. N fluxes are relevant to derive APO as they
modify the O»/N; ratio measured in the atmosphere (Egs. 2
and 3). The seasonal components are relevant because of
the so-called rectifier effect, in which interactions between
seasonal variations in atmospheric transport and seasonal
surface fluxes influence the annual mean. Further details on
APO simulation and uncertainties from the different source
components can be found in “Appendix 3”.

The TM3 model carries excesses or deficits in Oy, N»
and CO; as if all three were trace gases in pLmol mol™!
(ppm) units. To allow comparison to observations, changes
in APO in per meg units are computed following Stephens
et al. (1998):

JAPO y JAPO

(0]
AO ACO
) b + N, 2+3C02X 2

AAPO =

1 1 1.1
:rmXAoz_TmXAN2+rmXACOZ 8)
where AO;, AN, and ACO; are the changes in ppm and
Xo2 and Xy the atmospheric mole fractions of O, and N3
(Xo2 =0.2094 and Xy, = 0.7808 ).

TM3 was run at a horizontal resolution of 4° latitude by
5° longitude with 19 vertical levels and driven by 6-h mete-
orological fields derived from reanalyses between 1990
and 2013. To explore sensitivity to atmospheric circulation,
winds from two reanalyses were used: NCEP (Kalnay et al.
1996) and ERA-Interim (Dee et al. 2011). Annual mean
values of AOy, AN,, and ACO; were computed from the
last 10 years (1994-2013). The northern APO deficit was
computed following the same approach as in observations
(see Sect. 2.1). Uncertainties in the atmospheric transport
were evaluated by comparing results obtained with TM3
and with another transport model (the Center for Climate
System Research/National Institute for Environmen-
tal Studies/Frontier Research Center for Global Change
model, CCSR/NIES/FRCGC (Miyazaki et al. 2008)) when
run with a common set of APO fluxes.

@ Springer

3 Results
3.1 General features of diagnosed air-sea fluxes
3.1.1 Oy, N and pre-industrial CO; fluxes

The Oy, N> and CO,); air—sea fluxes obtained from the
inverse calculations are in qualitative agreement with the
previous results of Gruber et al. (2001), Mikaloff Fletcher
et al. (2007) and Gerber and Joos (2010) (Fig. 4). The
tropical band is the major outgassing region of COgp;, O2
and Nj. The ocean at mid-latitude and high latitude in the
northern hemisphere is on average a sink for the 3 gases. In
contrast, COy; fluxes in the southern hemisphere are gen-
erally opposed to O, and N, fluxes, with the ocean being a
large sink of CO,p; and a source of O, at mid-latitude and
a source of COyy; and a sink of O and N> at high latitude.

Two features that are quite sensitive to the ocean trans-
ports are the strength of the tropical outgassing and the
balance between southern mid-latitudes and southern
high-latitudes (Fig. 4). For example in the tropical band,
the outgassing of O, is about 30 % stronger in the inverse
calculation with MOM-HH than with MITgecm-ECCO. At
southern mid-latitudes, the outgassing of O, varies by a
factor larger than 10 between MOM-RDS and MOM-PSS.
Another sensitive feature is the distribution of the northern
hemisphere ingassing of O, and Nj between mid-latitudes
and high-latitudes. This mostly arises from the differences
in the representation of the North Atlantic winter mixing,
which is more concentrated north of 49°N in the MITgcm
runs than in the MOM-suite runs.

COy,; air—sea fluxes computed here are similar to the
previously published runs (Mikaloff Fletcher et al. 2007;
Gerber and Joos 2010) but there are significant differences
between O, and N; fluxes and those published in Gruber
et al. (2001). In particular, the ocean uptake in the north-
ern hemisphere is mostly located at mid-latitude in Gruber
et al. (2001), while it is at higher latitude in our estimate
(Fig. 4). This difference is related to the lower resolution
of the inversion used in Gruber et al. (2001) (13 vs. 21
regions, Table 6).

3.1.2 Relation between heat and pre-industrial potential
oxygen air—sea fluxes

The flux of pre-industrial potential oxygen across the air—
sea interface is computed from the combination of O, and
COgp; inverse fluxes:

FPOpi = Foan + FCpi )

where Fou, and Fp; are the annual mean air—sea fluxes of
oxygen and pre-industrial carbon obtained for each ocean
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Fig. 4 Air-sea fluxes based on ocean interior inversions for a
pre-industrial CO,, b O, and ¢ Nj. The results obtained with the
7 OGCMs in this study (color) are compared to previous estimates
(mean £ 1 standard deviation across obtained estimates): Mikaloff

inversion. We find that the PO,; air-sea flux is strongly
anti-correlated by zone to the air-sea heat flux (Figs. 5,
6). This relationship is insensitive to the ocean model
with an ocean loss of about 120 Tmol year~' of PO, for
a heat uptake of 1 PW and vice versa, which is equivalent
to a slope of —3.8 nmol J~' similar to the strong correla-
tion between OPO,; and potential temperature noted earlier
(slope of —3.9 nmol J~' on Fig. 1).

The large-scale anti-correlation between heat and PO,;
fluxes is reflected in the opposed hemispheric asymmetry
in heat and PO,; ocean transport (defined as the average
of the fluxes across 20°N and 20°S, see Eq. 1, Fig. 6). All
models except MOM-HH show a net northward heat trans-
port asymmetry, with a magnitude that is closely tied to the
southward PO, flux (Fig. 6).

3.2 Observational constraints on ocean meridional heat
transport

Figure 7 compares the ocean heat transports derived from
the inverse calculations against estimates based on hydro-
graphic sections by Macdonald (1998), Ganachaud and
Wunsch (2003), Talley (2003) and Johns et al. (2011). In
the Atlantic, our inverse estimates are generally weaker,

This study
MOM-HH
MOM-LHS MiITgcm-2.8
MITgcm-ECCO
MOM-RDS

Previous estimates
[] Mikaloff-Fletcher et al., 2007

Il Gerber and Joos, 2010
[ Gruber et al., 2001

200 [ ‘
- (c) Fluxes N,

100 f

Tmolly

d

4100 at N Hig
49°N/70°N

Fletcher et al. (2007, 10 estimates) and Gerber and Joos (2010, 4 esti-
mates) for CO,),; and Gruber et al. (2001, 2 estimates) for O, and Nj
. Note that the northern high-latitude region is north of 49°N in the
Pacific and north of 70°N in the Atlantic

""""" T T T T T T T T e e
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400 - MOM-LHS H
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Fig. 5 Air—sea pre-industrial potential oxygen (PO,;) flux versus air—
sea heat flux obtained from the 7 inverse estimates and for the latitu-
dinal bands of Fig. 6 a, d

in particular at low latitude where they underestimate
the observationally estimated transport by ~0.2-0.6 PW
(Fig. 7b). In the North Pacific, estimates from two
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Fig. 6 Air—sea fluxes and interhemispheric transports of a heat and b
pre-industrial PO (PO,;). APO,; fluxes are based on the 7 ocean inte-
rior inversion results shown in Fig. 4. The associated oceanic inter-
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hemispheric transports of heat and pre-industrial OPO (OPO,;) are

computed as the asymmetry between 20°S and 20°N

(¢) Indo-Pacific
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Fig. 7 Oceanic meridional heat transport in a the global ocean, b the
Atlantic and ¢ the Indo-Pacific. Transports are positive northward.
Units are PW. Observations are from Macdonald (1998, MD98), Tal-

hydrographic sections suggest that inverse results underes-
timate the northward transport between 35°N and 50°N, the
latitudes of the Kuroshio Current (Fig. 7c). As a result, the
northward transport in the Northern Hemisphere at global
scale is underestimated by at least 0.2 PW and possibly by
as much as 1 PW (Fig. 7a).

In the Southern Hemisphere, the large spread in the
southward heat transport at 10°S-50°S (—2 PW to —1 PW)
is dominated by the Indo-Pacific (Fig. 7a, c). Transports
from hydrographic sections are in the weaker end or lower
than the transports obtained from the inverse computation
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ley (2003, T03), Ganachaud and Wunsch (2003, GW03) and Johns
etal. (2011,J11)

and exclude the estimate of MOM-HH, which is character-
ized by strong southward heat transport and a southward
return flow in the Southern Hemisphere (Table 1). We find
that inverse solutions best reproducing observationally
estimated heat transport in the Southern Hemisphere are
based on models with stronger wind-driven upwelling in
the Southern Ocean (My,,;;,) and weaker tropical upwelling
(Muypweliing, in Table 1). However, only three sections asso-
ciated with large uncertainties are available in the southern
Indo-Pacific, which prevents us from constraining further
the heat transport at the global scale.
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Table 2 AAPO column along the HIPPO transect in the data and
from ocean inversions, the contributions of fossil fuel (ff), seasonal
rectifier effect (seas) and anthropogenic carbon (Cgy,yp) used in all
inversions, and the contributions of annual mean O, (O,,), Cpi (C,,[)
and N (N, (N,,) from the MITgem-ECCO inversion

AAPO column
HIPPO —10.4£0.9
MOM-HH —39+£0.8
MOM-LHS —59+£0.8
MOM-LL —6.0£0.8
MOM-PSS —6.0£0.8
MOM-RDS —52+0.8
MITgcm-2.8 —5.0+£0.8
MITgem-ECCO —64+0.8
ff —6.6 £0.01
seas —09+£0.2
Canth 3.440.1
MITgem-ECCO Cp; —2.4
MITgem-ECCO O <-0.1
MITgem-ECCO N 0.2

3.3 Observed and modeled APO gradients

Observations along the HIPPO transect show an APO defi-
cit of 5-20 per meg in the northern hemisphere, first noted
by Stephens et al. (1998) and an APO excess of 5-10 per
meg near the equator in the Southern hemisphere, referred
to as the equatorial bulge in previous studies (Fig. 2b, Ste-
phens et al. 1998; Battle et al. 2006; Tohjima et al. 2005,
2012). We computed APO gradients from inverse annual
mean O, COy,; and Ny fluxes, combined with the addi-
tional components due to the seasonal rectifier effect for all
three gases, the anthropogenic carbon air—sea flux and fos-
sil fuel burning. Although MITgecm-ECCO air-sea fluxes

give the strongest north-south asymmetry in APO, it is still
unable to reproduce the amplitude of the asymmetry cap-
tured in aircraft data (Fig. 2b, c).

Figure 8 shows model results for the total APO gradi-
ent and its components at the surface and averaged over the
atmospheric column. The wind product (NCEP vs. ERA-
Interim) has only a weak impact on the latitudinal gradi-
ent obtained on these large spatial and temporal scales
(Fig. 8a). Fossil fuel burning and anthropogenic carbon
components oppose each other and together produce only
a small contribution to the north-south gradient at the sur-
face and in average over the column (Fig. 8b, c). Note that
the contributions of fossil fuel and anthropogenic carbon
are also relatively well known and therefore introduce little
uncertainty in the modeled APO gradient (Table 2).

The seasonal rectifier effect mostly increases annual
mean surface APO values at mid- and high-latitudes and
produces a deficit at low latitudes (Fig. 8b), because ver-
tical mixing over the ocean is weak in summer when Oj
is outgassing and strong in winter when O, is ingassing.
According to the atmospheric transport model used here
(TM3), the excess due to the rectifier effect at the surface
is larger in the north than in the south, so that the rectifier
contributes to reduce the surface northern deficit arising
from the other components. This effect has been shown
to be sensitive to the transport model used (Stephens et al.
1998; Blaine 2005; Battle et al. 2006). Column averages
are, however, less sensitive to the rectifier (Fig. 8c), due to
compensation of high rectifier values at the surface, where
summer trapping of APO occurs, and lower values aloft
(Fig. 9). As a result, the uncertainty related to the rectifier
effect is relatively small when considering column-aver-
aged APO values (Table 2). In addition to lower rectifier
uncertainties, column-averaged values are more representa-
tive of annual large-scale air—sea fluxes as they integrate
local air-sea fluxes, mostly captured at the surface, and

(a) simulated APO gradient (b) surface components (¢) Column components
R 10— : : 10 : : 10
g 5 [ column ] APOseas 5F ]
1S
\% 0 0
g -5
@
Q
-10 . . M -10 . . .
-50 0 50 -50 0 50
latitude latitude latitude

Fig.8 a APO obtained by transporting MITgem-ECCO air-sea
fluxes with TM3: a Surface and column-average APO gradient in
the Pacific (180 W) using NCEP winds (solid lines) or ERA-Interim
winds (dashed lines). Contributions to the total APO b at the surface
and ¢ column-averaged from: the seasonally varying or rectifier effect

including O,, CO, and N; components (APOseas), the anthropo-
genic carbon air-sea flux (Canth), the fossil fuel combustion (APOff)
and the pre-industrial steady state components from O, (O24,), CO2
(COzpi) and Ny (Nagy). All values are referenced to the value at the
Cape Grim station (41°S)
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remote air—sea fluxes, captured aloft after being mixed
vertically and transported horizontally in the troposphere
(Figs. 2b, c, 8).

3.4 Model/data comparison of northern APO deficit

The two different metrics of the northern APO deficit
(900 mb and column averaged) are compared against each
other and against the heat transport asymmetry in Fig. 10.
At the surface (900 mb) the observed APO northern defi-
cit is =5.7 £ 1.5 per meg (Fig. 10a, see method detail in
section 2.1). The column-averaged deficit is about 4 per
meg larger than the gradient at 900 mb (—10.4 £ 0.9 per
meg, Fig. 10a, b). The column gradient is strengthened by
the notably low APO values observed in the mid-tropo-
sphere between 40°N and 60°N (Fig. 2b). Individual HIPPO
transects show that this mid-tropospheric deficit in APO is
strongly influenced by a deficit in 6(O2/N») in the northern
hemisphere during winter.

Simulations using MITgecm-ECCO, MOM-PSS, MOM-
LHS and MOM-LL succeed at reproducing the northern
APO deficit at the surface within the error bars (Fig. 10a).
Simulations based on other ocean models mostly represent
smaller northern APO deficits. In contrast, all models fail
at capturing the vertically integrated northern APO deficit
(Fig. 10b; Table 2). MITgecm-ECCO, as well as the other
models, also underestimate the mid-tropospheric APO min-
imum in the north as can be seen by comparing Fig. 2b, c.
The extent of this underestimation varies, with MITgcm-
ECCO, MOM-PSS, MOM-LHS and MOM-LL reproduc-
ing about 65 %, MOM-RDS and MITgcm-2.8 about 50 %
and MOM-HH only 40 % of the observed northern deficit
(Table 2).

Figure 10b shows that the magnitude of the northern
APO deficit is strongly correlated with the heat transport
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Fig. 10 a Evaluation of the northern atmospheric potential oxygen
(APO) deficit using the airborne HIPPO transect at 900 mb (AAPO
900 mb) and column averaged over the lower troposphere (AAPO
column). b Relationship between AAPO column and the meridional
heat transport. The HIPPO observation and uncertainty are shown
by a horizontal gray line and lighter gray shading. Meridional heat
transports from hydrographic sections (Ganachaud and Wunsch 2003,
GWO03), air—sea fluxes bulk formulations (Large and Yeager 2009,
LY09) and top of the atmosphere budgets (Trenberth and Caron 2001;
Fasullo and Trenberth 2008 TCO1 and FTO08) are indicated in black
(see details in Table 3)

asymmetry across models, with stronger northern deficits,
associated with stronger northern heat transport. If we
extrapolate based on this correlation, the underestimation
of the APO deficit by ~3 per meg in MITgecm-ECCO cor-
responds to an underestimation of the northward ocean heat
transport of ~0.5-0.6 PW globally (Fig. 10b). The global
meridional heat transport needed to explain the observed
APO deficit is 0.7-1.1 PW (found as the intersection of the
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model fit line and the HIPPO observation including uncer-
tainties), which is in the upper range of the Ganachaud
and Wunsch (2003) estimate based on hydrographic sec-
tions and in agreement with the estimate of Large and
Yeager (2009) based on air—sea fluxes bulk formulations
(Fig. 10b).

4 Discussion

4.1 Northern APO deficit supports strong ocean heat
transport asymmetry

The hemispheric asymmetry in APO observed in the atmos-
phere demands a larger oceanic uptake of potential oxygen
(PO) in the northern hemisphere and a southward transport
of OPO in the ocean to maintain the asymmetry. We used
inverse methods based on ocean observations and seven
models of ocean circulation to compute air—sea fluxes of
07, COy, N3 and heat and their associated heat transport.
We showed that PO and heat are tightly coupled via air—
sea fluxes and ocean transport (slope of 3.9 & 2 nmol J~!).
Using an atmospheric transport model, we obtained the
atmospheric APO distribution expected from the seven
air—sea flux simulations. Four of them, namely those using
MITgem-ECCO, MOM-PSS, MOM-LHS and MOM-LL
oceanic transports, reproduce the north-south APO gradient
observed at 900 mb within the error bars (—5.7 & 1.5 per
meg). We compared this estimate with the northern APO
deficit obtained from 20-year long surface stations data
(—4.5 £ 1.5 per meg, see supplementary material Fig S2).
The agreement between the two metrics, which are derived
from different spatio-temporal coverage and different
sampling techniques, shows that the gradient is quite well
resolved by aircraft observations.

The comparison at the surface is hampered, however,
by uncertainties on the impact of seasonal fluxes on the
annual mean, via the so-called rectifier effect (Stephens
et al. 1998; Battle et al. 2006; Gruber et al. 2001). A major
achievement of this study relies on the extensive sam-
pling effort deployed during the 2009-2011 HIPPO air-
craft campaign. This dataset shows that the northern APO
deficit in the mid-troposphere is almost two times larger
than in the TM3 atmospheric transport simulations at the
surface (—10.4 & 0.9 per meg). These HIPPO observations
reveal that although some of the estimates reproduce the
northern APO deficit at the surface, they fail to reproduce
the column-averaged gradient (Fig. 10). The column-
averaged annual gradient integrates the signal of local
air—sea fluxes trapped in the seasonally-varying boundary
layer as well as remote air—sea fluxes mixed by dominant
meridional winds, and is therefore more representative

of the large-scale global air—sea fluxes. Among the ocean
transport schemes, MITgcm-ECCO yields a northern
deficit with the least disagreement with the observations,
which could be expected as the MITgem-ECCO model is
a state of the art ocean state estimate that represents the
circulation at higher resolution and assimilates satellite
and in-situ data. Nevertheless the improvement of using
MITgecm-ECCO is relatively small compared to three of
the MOM inversions (MOM-PSS, MOM-LHS and MOM-
LL) that predict very similar large-scale patterns and APO
deficit, although they are based on ocean models at much
lower resolution.

Failure to capture the column averaged northern APO
deficit suggests that inverse solutions mis-represent the
north-south asymmetries in annual mean potential oxygen
fluxes. In reality, there is more potential oxygen uptake in
the northern hemisphere and more release in the south than
found in any of the inverse calculations. By this logic, the
agreement with some of the models at 900 mb (Fig. 10a)
must partly be spurious, as a result of compensating errors
in the surface fluxes and in atmospheric transport, possibly
related to the rectifier effect. This is possible if the rectifier,
particularly in the Northern Hemisphere, is underestimated
by the TM3 simulations of atmospheric transport. In sum-
mer, the ocean poleward of 40° in both hemispheres is a
source of potential oxygen and the atmospheric planetary
boundary layer is shallow (Stephens et al. 1998; Nevison
et al. 2008). The rectifier effect creates an annual mean
APO excess near the surface at mid- and high-latitudes. We
find that this excess is however larger in the north than in
the south, probably because of continental masses reinforc-
ing seasonal mixing differences in the north. A too weak
rectifier effect would therefore artificially strengthen the
surface northern deficit and explain the spurious agreement
at the surface. The HIPPO data effectively back this point,
by showing a considerably larger gradient in the mid tropo-
sphere than at the surface. This highlights the added value
of airborne observations sampling the full troposphere over
surface-only measurements.

Although all simulations, regardless of ocean circula-
tion model, systematically underestimate the northern APO
deficit, they show a robust relationship between the deficit
and the ocean heat transport asymmetry. Based on this rela-
tionship, the hemispheric ocean heat transport asymmetry
necessary to explain the observed northern APO deficit is
about 0.7-1.1 PW. This estimate is in agreement with the
most recent estimate based on air—sea flux bulk formula-
tions (Large and Yeager 2009), falls in the upper range of
transports derived from hydrographic sections (Ganachaud
and Wunsch 2003) and is larger than top of the atmosphere
budgets (Trenberth and Caron 2001; Fasullo and Trenberth
2008) (Table 3).
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Table 3 Global ocean heat transport asymmetry between 20°S and
20°N (in PW) from hydrographic sections (Ganachaud and Wunsch
2003; Talley 2003), air—sea flux bulk formulations (Large and Yeager
2009) and top of the atmosphere budgets (Trenberth and Caron 2001;
Fasullo and Trenberth 2008), the MITgem-ECCO forward simulation
and our inverse calculation based on the same version of MITgcm-
ECCO. Note that meridional heat transports are computed where sec-
tions are available in observations: between 24°S and 24°N for Tal-
ley (2003) and between 19°S and 24°N for Ganachaud and Wunsch
(2003)

Estimates Global Atlantic Indo-Pacific
This study 0.7-1.1 - -
Ganachaud and Wunsch (2003) 05+061+03 05405
Talley (2003) - 0.8 -
Large and Yeager (2009) 0.8+03 - -
Fasullo and Trenberth (2008) 0.4 - -
Trenberth and Caron (2001) 0.1 - -
ECMWF
Trenberth and Caron (2001) 0.5 - -
NCEP
MITgem-ECCO forward 0.3 0.6 —0.3
MITgem-ECCO inverse (this study) 0.2 0.5 —0.3

Table 4 Mean and interannual variability (&1 standard deviation) of
the northward heat transport (in PW) at 26°N in the Atlantic Ocean.
Results from the MITgem-ECCO forward simulation are compared
to observations from the RAPID array and the Florida Straight sur-
vey (Johns et al. 2008, 2011). The total meridional heat transport
across the section (ff,. pcp X v x 0dxdz) is broken down into the
contributions of overturning ( f, pcp X v X 0dz) and gyre circulation
(jfx, pep X Vv x 0*dxdz)

Observations MITgem-ECCO
Total 1.33+0.40 1.08 £ 0.21
Gyre —0.154+0.07 —0.05+0.05
Overturning 1.18 £0.37 1.03£0.23

v is the meridional velocity and 6 the potential temperature. Overbars
denote the zonal average across the entire transoceanic section and
asteriks the deviations from this mean (Johns et al. 2011)

4.2 Missing APO sink/heat source in Northern
Hemisphere

HIPPO seasonal data suggest that the underestimation of
the northern deficit and the mid-tropospheric drop in APO
in our inverse results is associated with a too weak oce-
anic uptake of oxygen during winter in the northern hemi-
sphere. Two oceanic regions could trigger a strong winter
APO decrease in the northern hemisphere: the North Atlan-
tic and the western North Pacific. In both regions, win-
ter deep/intermediate waters formation favors the ocean
uptake of PO. In addition, those regions are characterized
by extremely thick atmospheric planetary boundary layers
in winter enabling the vertical mixing of low APO surface

@ Springer

values up to 2000-2500 m altitude and the zonal transport
by westerlies (Figure S3 in supplementary material). It is
relatively certain that the PO uptake is underestimated by
the models in the North Atlantic. All inverse calculations
underestimate the northward heat transport in the Atlantic
by about 0.2-0.6 PW compared to hydrographic section
estimates of Ganachaud and Wunsch (2003) and Talley
(2003) (Table 3).

The failure to duplicate the APO deficit is most cer-
tainly tied to a similar deficit in the ability of these mod-
els to duplicate independent estimates of northward heat
transport. This defect could have either of two causes, i.e. it
could be caused by the oceanic transports being incorrect,
or it could be due to a limitation of the inverse methodol-
ogy, even for realistic transports. To address this issue, we
also looked at the heat transports from the MITgecm-ECCO
forward model. Interhemsipheric heat transport asymmetry
from the forward and inverse MITgecm-ECCO solution are
the same in the Indo-pacific (—0.3 PW in Table 3) and simi-
lar in the Atlantic (0.5 and 0.6 PW in Table 3), which sug-
gests that the inverse method is robust enough to capture
large-scale meridional patterns. Despite a realistic over-
turning circulation (Myys;, = 20 Sv in Table 1) in agree-
ment with observations (Talley 2008; Lumpkin and Speer
2007), the meridional heat transport in the MITgcm-ECCO
forward model is in the lower range of observations in the
northern hemisphere (I PW at 20°N to be compared to
observations in Fig. 7a) and lower than most observations
in the southern hemisphere (—0.3 PW at 20°S to be com-
pared to observations in Fig. 7a). However, it is difficult to
investigate the details of the model biases. Where the data
coverage is sufficient to capture the heat transport over a
long time period, such as along the RAPID and Florida
Straight surveys at 26°N (Johns et al. 2008, 2011), MIT-
gcm-ECCO falls in the range of observed interannual vari-
ability (Table 4). MITgecm-ECCO assimilates those data;
the fact that it performs well where intense data coverage
is available but underestimates the heat transport asymme-
try at basin- and global-scale suggests that observations are
still too scarce in some regions to better constrain the ocean
meridional heat transport in ocean state estimates.

The bias in the Atlantic meridional transport alone could
explain most of the mismatch with APO observations. How-
ever, there is observational evidence that the sink of poten-
tial oxygen is also underestimated in the western North
Pacific. Two hydrographic sections (Macdonald 1998; Tal-
ley 2003) suggest that the northward heat transport is also
underestimated by ocean inversions in the North Pacific
where the Kuroshio Current is located (Fig. 7c). In addi-
tion, Tohjima et al. (2012) recently presented data showing
a strong surface APO deficit in the western North Pacific
associated with a gradient of —15 per meg between 20°S
and 40°N. This gradient in the western Pacific is more than
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twice the gradient observed at the same latitude in the east-
ern/central Pacific (Fig. 2a). This enhanced western Pacific
uptake of PO, supports the existence of a stronger north-
ward heat transport in the Pacific, absent from our inverse
estimates but in agreement with some of the data-based esti-
mates [Macdonald (1998) and Talley (2003) in Fig. 7c].

4.3 Limitations and uncertainties

Having discussed the major insights of our study, we rec-
ognize that it is subject to certain limitations and that chal-
lenges await future studies. A major limitation of the cur-
rent and previous studies based on ocean interior inversions
is the assumption of steady state that gives no information
on the transient changes of biogeochemical and thermal
air—sea fluxes, e.g. associated with natural or anthropogenic
climate changes. The ocean heat content is increasing due
to recent climate change at a rate of ~5 ZJ y~' (Rhein et al.
2013) with the Southern Hemisphere taking up more heat
due to its larger ocean surface. Although there is no well-
constrained estimate of the contribution of global warming
on CO; and O, air-sea fluxes, we can estimate an upper
bound of this effect as follows.

Assuming the extreme scenario where all 5 ZJ y~! enter
the ocean in the Southern Hemisphere, and assuming an
APO to heat ratio of 3.9 nmol J~L, we find that the ocean
would release 1.9 x 10'3 moles of APO in the Southern
hemisphere (i.e. 5 x 10?! x 3.8 x 107°). Assuming that the
exchange time between the two hemispheres is 1 year, we
find that the maximum impact of transient warming on the
north-south APO gradient is ~1.0 per meg (i.e. 1.9 x 1013
/1.85 x 10" = 1.0x107° = 1.0 per meg, with 1.85 x 10"
being the number of moles of Oy in one hemisphere of the
atmosphere). This back of the envelope estimation corre-
sponds to a relatively small uncertainty of ~0.14 PW on the
northward heat transport.

The steady state hypothesis of the ocean inversion also
prevents us from accounting for seasonal and interannual
variability in ocean circulation and hydrographic data. The
framework thereby neglects co-variations between time-
varying fluctuations in concentration and velocity because
both are assumed constant with time. However, there
is observational evidence that the meridional transport
at depth varies from seasonal to interannual time scales
(Johns et al. 2011; Atkinson et al. 2012).

A limitation of comparing simulated and observed
atmospheric concentrations is the uncertainty in the atmos-
pheric circulation, including uncertainties in the wind and
in the atmospheric transport model. We evaluated that the
uncertainty associated with the wind product is ~0.5 per
meg (Fig. 8a). The atmospheric transport model uncertainty
is relevant in two contexts, the interhemispheric exchange
rate of the transient anthropogenic contributions (fossil fuel

and oceanic anthropogenic CO, uptake) and the rectifier
effect. We expect the uncertainties on the interhemispheric
exchange rate to have little influence on the northern APO
deficit because the well-known anthropogenic contribu-
tions, cancel each other and don’t produce a large gradient
in APO (Fig. 8). This situation is very different than con-
fronted in CO; inversions, where the anthropogenic con-
tributions are very large compared to the land signals of
interest (Patra et al. 2011). We have tested the influence of
the atmospheric transport model by comparing the north-
ern APO deficit obtained with two transport models using
a suite of observation-based air—sea fluxes (see “Appendix
3”). We find differences of the order of ~10 % for the col-
umn-average deficit (~0.5 per meg) and of the order of ~
30 % for the surface deficit (1.5 per meg). This supports
our finding that column-average atmospheric observations
provide superior constraints on air—sea exchanges on large
spatial and temporal scales.

Finally, another limitation of the method is the low spa-
tial resolution used for both the ocean inversion and the
ocean models used to compute ocean transports. The ocean
inversions are performed over 30 oceanic regions, which
prevents us from resolving air—sea flux spatial structures
at smaller scale, such as the patchiness of O, uptake and
heat release during deep winter mixing. However, the rel-
atively close agreement between the heat transport in the
MITgem-ECCO forward and inverse solutions (Table 3 and
Sect. 4.2) suggests this effect only weakly influences the
large-scale interhemispheric asymmetry.

The method can also not account for correlations on spa-
tial scales smaller than the interior ocean model grid. Even
the model with highest horizontal resolution (MITgcm-
ECCO at 1° resolution) does not resolve the mesoscale,
let alone the small scales on which ocean ventilation takes
place. This is likely to introduce errors in the ocean mean
transport (e.g., a comparison with radiocarbon data sug-
gests that shallow-to-deep exchange is much too strong in
MITgem-ECCO; Graven et al. (2012)). Indeed, the ocean
dynamics at small spatial scale influences the ocean circu-
lation at larger scale including the shallow circulation asso-
ciated with gyres, the deep meridional overturning circu-
lation (Lévy et al. 2010; Thomas and Zhai 2013; Mazloff
et al. 2013, e.g) and in turn lateral and vertical transports
(Thomas and Ferrari 2008; Capet et al. 2008; Resplandy
etal. 2011; Zhang et al. 2014).

5 Conclusions
The major findings of this study are:

1. On the basis of a close correlation in hydrographic
data, which is supported by inverse calculations, we

@ Springer



3348

L. Resplandy et al.

find that the large-scale fluxes of potential oxygen (PO)
are closely tied to heat fluxes.

2. HIPPO aircraft column-averaged data provide superior
constraints on large-scale PO fluxes (compared to sur-
face data) due to a lower sensitivity to rectifier effects
and local air—sea fluxes.

3. Effects of fossil-fuel emissions and anthropogenic car-
bon uptake are significant, but largely cancel with rela-
tively low uncertainty, allowing APO data to constrain
pre-industrial O, and CO; fluxes.

4. APO data combined with the relationship found
between PO and heat provide valuable constraints
on the interhemispheric asymmetry of the oceanic
heat transport (northward transport between 0.7 and
1.1 PW).

5. The constraints on heat transports obtained with APO
converge with independent heat flux estimates from
bulk formulations (Large and Yeager 2009) and are in
the upper range of hydrographic estimates (Ganachaud
and Wunsch 2003).

6. APO has the potential to be a more precise large-scale
constraint, thus narrowing the uncertainty range of the
heat transport asymmetry estimates based on hydro-
graphic data.
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Appendix 1: Atmospheric aircraft observations:
interpolation and uncertainties

The HIPPO campaign took place between January 2009
and September 2011 aboard the National Center for Atmos-
pheric Research/National Science Foundations Gulfstream
V research jet HIAPER and mapped the vertical and
meridional distribution of atmospheric carbon cycle gases
and other anthropogenic tracers including CO, and O2/N;
(Wofsy 2011). We used 7 of the 10 transects performed
during the five HIPPO campaigns. These transects sample a
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Table 5 The 7 HIPPO transects used to construct the annual mean
meridional transect

HIPPO campaign Date Research Flights (RF)
1 Jan. 2009 RF03-RF07
3 Mar. 2010 RF02-RF06
3 Apr. 2010 RF07-RF10
4 Jun. 2011 RF02-RF06
5 Aug. 2011 RF05-RF09
5 Sep. 2011 RF10-RF13
2 Nov. 2009 RF02-RF06

similar Pacific section between 80°N and 58°S and cover the
seasonal cycle 1-2 months apart (Fig. 2; Table 5). Atmos-
pheric O»/N; was measured in-situ by the NCAR Atmos-
pheric Oxygen Instrument and on whole air samples col-
lected by the NCAR/Scripps Medusa flask sampler (Bent
2014). The data file we have used is that of Wofsy et al.
(2012) (HIPPO_all_missions_merge_10s_20121129.1bl),
but with an updated version of the APO data. The APO data
in the 20121129 file included an adjustment of the flask
data for thermal fractionation that used the measured Ar/N,
ratios. This adjustment also affected the in situ data which
are adjusted to agree with the flasks. To avoid interhemi-
spheric gradients in Ar/N, affecting our results, we have
used a version of the APO data without this adjustment,
and will include this version of the data in an upcoming
update to the official HIPPO data repository. Three tran-
sects were removed because they sampled different lon-
gitudes. APO was computed similarly to surface stations
based on CO; concentrations and O,»/Nj ratios at each data
point (see Eq. 2). APO values were interpolated in space
along this transect with a 5° longitude resolution and 19
vertical levels corresponding to the grid of the atmospheric
transport model TM3 used in this study (see Sect. 8). We
used a kriging interpolation method that computes the
gaussian-weighted average based on the spatial covariance
between triangulated data points, with a weighting radius
spanning over 10° of latitude on the horizontal and 50 mb
on the vertical.

We computed the northern APO deficit using data inter-
polated to ~900 mb (noted AAPO surface), which can
be compared to the deficit derived from surface stations
(Sect. 2.1) and data vertically integrated over the tropo-
sphere between the surface and 400 mb (noted AAPO
troposphere). The northern deficit was estimated using the
7 HIPPO transects and a bi-harmonic seasonal fit with peri-
ods of 1 year and 6 months after de-trending and referenc-
ing the data to year 2009 using the time-series at the Cape
Grim surface station. Annual mean values of the surface and
tropospheric deficit were computed from these seasonal fits.
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The uncertainty on the annual mean includes the
impact of spatio-temporal sparsity in the data. The uncer-
tainty on AAPO related to interannual variability (eza)
was computed using a forward predictive model with an
autoregressive process of order 2 (AR2). The predictive
model was used to generate a 1500-year long time-series
with the same mean and variance as the data. It quantifies
the error made by estimating the mean from a temporally
varying 3-year long time-series. It is computed as the
standard deviation between the 500 means (1500/3) esti-
mated from 3-year long segments and the mean estimated
from the 1500-year long time-series. At the surface, €4
= % 1.2 per meg. Integrated over the troposphere, €4 is
assumed to be 60 % of the uncertainty at the surface. This
estimate is based on the results of the atmospheric model
TM3, in which the interannual variability of the northern
deficit integrated vertically and meridionally is almost
half of the one obtained at the surface. The uncertainty
on AAPO related to the spatio-temporal undersampling
of the seasonal cycle €sgag is estimated by sub-sampling
the APO distribution obtained with the atmospheric trans-
port model TM3 at the time and place of HIPPO transects.
€seas, computed as + the difference between the “true”
mean and the mean estimated by sub-sampling, is 0.4 per
meg at the surface and 0.2 per meg when integrated over
the troposphere.

Appendix 2: Ocean interior inversions:
computation of carbon, oxygen, nitrogen and heat
air-sea fluxes

The atmospheric data are used to evaluate the fluxes of
05, CO;,, N> and heat from a suite of ocean inverse calcu-
lations, which we perform based on the method of Gloor
et al. (2001), Gruber et al. (2001) and Mikaloff Fletcher

Table 6 Comparison to previous ocean interior inversion studies

50N

100E 160W 60W

Fig. 11 Maps of 30 regions used for the ocean interior inversions
(1-30 separated by thin lines) and 21 regions after aggregation of
adjacent regions within individual basins (colored). Thick dashed
lines indicate the large regions used to compare inverse fluxes on
Fig. 4

et al. (2007). These inverse calculations rely on ocean inte-
rior data from the GLobal Ocean Data Analysis Project
(GLODAP) version 1 (Key et al. 2004). Ocean interior heat
was computed from GLODAP potential temperature and
the sea water capacity of Millero et al. (1973). N, concen-
trations, not available in the database, were computed fol-
lowing Hamme and Emerson (2004) using temperature (T)
and salinity (S):

In[N2] = Ao + Ay % Ts + Ay % Ts> + Az % Ts"
+ S % (By + By % Ts + By x Ts?)
o 298. — T
SEM OB+ T
with Ag = 6.42931, A = 2.92704, Ay = 4.32531,
A3 = 4.69149, By = —7.44129.1073, B; = —8.02566.1073
and B, = —1.46775.1072.

The inverse method relates interior tracer fields to air—
sea fluxes using steady-state basis functions computed

(10)

Fluxes  Ocean models Inversion regions Inversion details
Gruber et al. (2001) 0,,N,  MOM-LL 15(13) 2 estimates: unconstrained and con-
strained O flux
Gloor et al. (2003) CO, MOM-LL 13 unconstrained
Mikaloff Fletcher et al. (2006, 2007) CO, 10 models including MOM-LL 30(24) unconstrained
MOM-HH, MOM-LHS, MOM-PSS
MOM-RDS, MITgcm-2.8, MITgem-
ECCO
(Gerber and Joos (2010)) CO, Bern3D 17(16) 32 members ensemble
This study CO,, 0, MOM-LL, MOM-HH, MOM-LHS 30(21) constrained 0 flux

and N,

MOM-PSS, MOM-RDS

MITgcm-2.8, MITgem-ECCO

The number of regions used to perform the inversion (Inversion regions) and if different the number of regions retained after aggregation (in

parenthesis)
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by releasing unit dye tracer at the surface of 30 oceanic
regions in a ocean general circulation model (OGCM)
(Mikaloff Fletcher et al. 2006) (Fig. 11). The basis func-
tion or footprint A; obtained for region i essentially gives
the contribution of the air—sea flux of each surface region i
to the concentration at each point in the ocean interior. The
observed concentration is decomposed into contributions
from each of the 30 regional sources:

30
Cobs = Y _ Jidi + € (11)
i=1

with A; a dimensionless factor that scales the surface
unit flux and € the residual concentration that can not
be explained by the method. Runs were carried out for
3000 years for each models, to achieve steady state and
derive the basis functions A;. 4; were obtained by minimiz-
ing the difference between C,ps and the right hand side of
equation 11 using single value decomposition (see details
in, Gloor et al. 2001). Regional fluxes are then given by
F; = J;¢i, with ¢; the rigid flux pattern specified within
each surface region of the OGCM to compute the basis
function. We used the spatial pattern of Takahashi et al.

Table 7 Regional air—sea heat fluxes obtained with the 7 ocean interior inversions (in PW)

Regions MOM-HH MOM-LHS MOM-LL MOM-PSS MOM-RDS MITgem-2.8 MITgecm-ECCO
High Lat N 49°N/70°N:90°N
Arctic Ocean (1) 0.04 0.09 0.09 0.13 0.09 —0.12 —0.02
North Atlantic >49°N (2) 0.35 0.25 0.27 0.20 0.24 0.70 0.78
Mid Lat N 20°N:49°N/70°N
North Atlantic <49°N
3) 0.33 0.33 0.32 0.32 0.35 0.29 0.00
“) 0.05 0.09 0.10 0.09 0.08 —0.02 0.01
North Pacific <70°N
an 0.08 0.02 0.02 0.07 0.04 0.05 0.02
(12) —0.03 —0.07 —0.08 —0.01 —0.04 0.02 —0.01
(13-14-15) 0.65 0.50 0.50 0.50 0.53 0.45 0.38
Tropics 20°S:20°N
Atlantic
5) —0.11 —0.01 —0.02 —0.08 —0.07 —0.19 0.01
6) —0.51 —0.46 —0.46 —0.43 —0.47 —0.44 —0.35
Pacific
(16) —0.12 0.16 0.16 0.07 0.11 —0.28 —0.18
a7 —0.60 —0.29 —0.29 —0.58 —0.42 —0.59 —0.38
(18) —0.18 0.00 —0.00 —0.07 —0.08 —0.13 —0.02
(19) —1.16 —1.06 —1.07 —0.62 —1.06 —0.53 —0.52
Indian
(26—27) —0.62 —0.45 —0.45 —0.31 —0.54 —0.54 —0.47
Mid Lat S 44°S:20°S
South Atlantic
@) 0.01 0.03 0.03 —0.01 0.03 0.03 —0.21
8) —0.29 —0.29 —0.31 —0.23 —0.29 —0.17 0.22
South Pacific
(20—22) 0.68 0.41 0.39 0.39 0.44 0.47 0.22
(21—23—24) —0.22 —0.26 —0.26 —0.45 —0.25 —0.24 —0.32
South Indian
(28—29) 0.56 0.59 0.56 0.19 0.67 0.71 0.30
High Lat S < 44°S
Subpolar < 44°S (9—25-30) 0.61 0.08 0.18 0.09 0.14 0.41 0.06
Southern Ocean < 58°S (10) 0.47 0.35 0.28 0.71 0.47 0.10 0.45

Region numbers in parenthesis refer to Fig. 11. Positive fluxes are towards the atmosphere
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(2002) for CO» fluxes and the heat flux pattern of Esbensen
and Kushnir (1981) for heat, O, and N fluxes.

Basis functions (A;) for the MOM models are identical
to those used by Jacobson et al. (2007). The MITgcm-2.8
and MITgem-ECCO basis functions were computed using
the Transport Matrix Method (TMM), a numerical scheme
for fast, “offline” simulation of passive tracers using circu-
lations derived from ocean general circulation models as
sparse “transport matrices” (TMs) (Khatiwala et al. 2005;
Khatiwala 2007). For MITgcm-2.8, monthly mean TMs
from an equilibrium run of the model were used to compute
the basis functions, whereas for MITgcm-ECCO, monthly
mean TMs representing a climatology over the 1992-2004

assimilation period were used. The TMM code and trans-
port matrices used for these simulations are freely available
from github.com/samarkhatiwala/tmm.

air—sea fluxes were estimated for the 30 regions but the
result usually displayed large covariance between adjacent
regions (e.g. regions 13 to 15 in the North Pacific or regions
9, 25 and 30 in the subpolar Southern Ocean) showing that
these fluxes estimates are not independent. To avoid this
type of underdetermination, we aggregated the 30 origi-
nal fluxes into 21 regional fluxes (Fig. 11). Differences
between the method used in this study and previous studies
are highlighted in Table 6. Results for those 21 regions are
detailed in Tables 7, 8, 9 and 10. We performed a first set

Table 8 Regional air—sea O, fluxes obtained with the 7 ocean interior inversions (in Tmol year™!)

Regions MOM-HH MOM-LHS MOM-LL MOM-PSS MOM-RDS MITgcm-2.8 MITgecm-ECCO
High Lat N 49°N/70°N:90°N
Arctic Ocean (1) 3.40 —5.60 —6.78 —7.57 —3.77 16.68 9.13
North Atlantic > 49°N (2) —41.69 —32.0262 —41.61 —20.71 —29.09 —91.66 —95.12
Mid Lat N 20°N:49°N/70°N
North Atlantic <49°N
3) —38.62 —33.20 —33.16 —28.25 —37.45 3.46 10.63
“) 28.18 16.90 16.60 13.09 19.32 3.60 6.80
North Pacific <70°N
(1D —18.27 =5.15 =5.11 —16.13 —10.64 —9.41 —9.40
(12) 0.39 13.16 13.46 —4.99 3.44 —10.34 =5.17
(13-14-15) —24.83 —33.28 —34.30 —21.84 —25.98 —15.73 —18.05
Tropics 20°S:20°N
Atlantic
5) 7.64 —0.46 —0.32 6.82 4.88 18.29 13.63
6) 46.78 37.53 38.59 35.92 41.03 48.09 23.07
Pacific
(16) 18.31 —11.15 —12.18 5.11 —3.99 29.09 20.02
a7) 50.62 18.91 19.40 45.27 32.48 55.52 29.90
(18) 12.54 —1.71 —0.96 2.11 5.68 10.30 13.10
19) 85.72 72.26 72.44 39.10 73.53 40.31 43.15
Indian
(26-27) 44.89 31.66 32.07 15.30 39.38 46.37 34.17
Mid Lat S 44°S:20°S
South Atlantic
) 4.89 —0.72 —2.34 2.60 —1.59 —2.18 19.77
®) 64.07 60.55 68.79 55.02 64.58 42.49 441
South Pacific
(20—22) —20.59 —1.46 0.52 8.50 —2.50 —20.21 10.49
(21—23—24) 33.40 37.86 35.94 57.99 41.82 28.51 40.48
South Indian
(28—29) —17.79 —21.18 —14.44 37.19 —32.58 —40.33 18.09
High Lat S < 44°S
Subpolar < 44°S (9—25-30) —168.07 —60.61 —69.54 —95.09 —95.52 —134.95 —74.20
Southern Ocean < 58°S (10) —68.95 —80.45 —74.72 —127.45 —81.00 —16.53 —94.02

Region numbers in parenthesis refer to Fig. 11. Positive fluxes are towards the atmosphere
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of inversions without constraining the balance of the total
flux. We found that this method resulted in only relatively
small imbalances in the predicted fluxes (for example —0.1
to 0.1 PgC y~! for CO,p; and 30-50 Tmol year~! for Oy),
which gives us confidence that this technique is able to cap-
ture large scale regional gradients.

Ocean interior inversions incorrectly interpret the addi-
tion of carbon by rivers as an air-to-sea flux (see discus-
sion in Gruber et al. (2009) supplementary material).

At steady-state, the sum of air—sea flux and river input at
global scale and hence the result of our inversion has to be
balanced. We therefore performed a second set of inver-
sions using Lagrangian multipliers to enforce the constraint
that the sum of global fluxes was zero (Gloor et al. 2001).
Only this second set is reported here.

Biogeochemical variables are sampled with lower
coverage than temperature and salinity in the GLODAP
dataset.

Table 9 Regional air—sea N, fluxes obtained with the 7 ocean interior inversions (in Tmol year")

Regions MOM-HH MOM-LHS MOM-LL MOM-PSS MOM-RDS  MITgem-2.8  MITgem-ECCO
High Lat N 49°N/70°N:90°N
Arctic Ocean (1) —3.48 =7.11 —7.49 —10.49 —6.96 9.26 —0.76
North Atlantic > 49°N (2) —27.35 —20.19 —22.76 —16.29 —19.26 —56.77 —56.48
Mid Lat N 20°N:49°N/70°N
North Atlantic < 49°N
3) —18.38 —18.66 —18.06 —16.89 —20.04 —11.08 1.59
“) 1.62 —2.21 —2.53 —3.24 —1.35 1.87 1.31
North Pacific < 70°N
(1D —7.00 —2.03 —2.04 —6.41 —4.10 —4.44 —3.91
(12) 1.13 5.22 5.30 —0.61 1.89 —3.14 —0.46
(13—14-15) —27.69 —24.47 —24.86 —22.80 —24.19 —20.25 —15.86
Tropics 20°S:20°N
Atlantic
5) 5.50 0.30 0.62 4.12 3.35 10.41 0.34
6) 29.38 24.49 24.69 23.42 25.99 26.03 19.32
Pacific
(16) 7.83 —8.45 —8.66 —3.56 —4.98 18.18 11.98
a7n 33.52 14.45 14.56 32.06 22.81 35.42 21.92
(18) 8.32 —1.36 —1.01 2.93 3.15 5.30 —0.65
(19) 64.35 56.51 56.67 31.05 56.87 29.16 29.20
Indian
(26—27) 36.54 23.79 23.95 16.83 29.98 31.08 25.00
Mid Lat S 44°S:20°S
South Atlantic
) 0.72 —1.46 —1.91 0.39 —1.67 —1.57 11.72
®) 23.31 23.23 26.30 21.43 23.31 13.77 —10.41
South Pacific
(20—22) —32.79 —19.48 —18.31 —17.64 —20.61 —23.36 —9.07
(21—23—24) 15.63 16.72 16.51 28.77 17.16 17.21 21.51
South Indian
(28—29) —22.20 —24.60 —21.90 —2.66 —30.55 —31.12 —7.30
High Lat S < 44°S
Subpolar < 44°S (9-25-30) —41.39 2.18 —6.67 14.53 —3.27 —30.42 15.75
Southern Ocean < 58°S (10) —46.60 —35.97 —31.33 —73.89 —46.55 —14.83 —54.40

Regions numbers in parenthesis refer to Fig. 11. Positive fluxes are towards the atmosphere
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Appendix 3: Simulated atmospheric potential
oxygen computation and uncertainties

To allow comparison with atmospheric data, we combined
annual inverse model air—sea fluxes with additional fluxes
as follows:

Fo = Foan + Fcseas + FOﬁ" (12)
Fe :FCpi+FCseas+FCanth+FCﬂ (13)
FN = Fnan + Fiseas (14)

The seasonal variations are those of Garcia and Keeling
(2001) for Oy, Rodenbeck et al. (2013) for CO; and based
on solubility changes expected from the seasonality of heat
fluxes for N; (Keeling and Shertz 1992). The seasonality of
O, was turned down by 18 % following the recent results
of Bent (2014) suggesting that the amplitude reported in
Garcia and Keeling (2001) was overestimated. The anthro-
pogenic air-sea flux of CO, F&" is from Khatiwala et al.
(2009, 2013), the fossil fuel Fg is taken from the Emis-
sion Database for Global Atmospheric Research (EDGAR,
available at http://edgar.jrc.ec.europa.eu), and Fg is com-
puted by scaling F}g using a constant stoichiometric ratio

Table 10 Regional air—sea COy; fluxes obtained with 7 ocean interior inversions and 2009 air—sea Cy, fluxes from Khatiwala et al. (2009,

KWLAO9) (in Tmol year™})

Regions

MOM-HH MOM-LHS MOM-LL MOM-PSS MOM-RDS MITgem-2.8 MITgem-ECCO  Cgp 2009

High Lat N 49°N/70°N:90°N

Arctic Ocean (1) —=5.13 —2.44 2.12
North Atlantic >49°N (2) —9.70 —9.15 —9.13
Mid Lat N 20°N:49°N/70°N
North Atlantic <49°N
3) —12.60 —12.24 —11.87
(@) =5.92 =5.77 —5.94
North Pacific <70°N
(11) 3.53 1.63 1.60
(12) —0.95 —3.50 —3.55
(13—14-15) —35.22 —25.00 —25.05
Tropics 20°S:20°N
Atlantic
5) 2.63 —0.04 0.28
6) 15.29 14.52 14.03
Pacific
(16) 14.01 7.60 7.95
17) 5.02 5.49 5.35
(18) 10.07 1.51 1.37
19) 42.00 44.30 44.33
Indian
(26—27) 23.33 16.67 16.59
Mid Lat S 44°S:20°S
South Atlantic
@) —3.14 0.41 1.11
®) —9.92 —12.32 —14.65
South Pacific
(20—22) —36.77 —27.80 —28.50
(21—23—24) —5.30 —4.24 —3.59
South Indian
(28—29) —33.71 —31.28 —32.65
High Lat S < 44°S
Subpolar < 44°S (9-25-30) 42.68 24.15 23.95
Southern Ocean < 58°S (10) —0.11 17.47 16.08

—7.06 —4.70 5.67 —1.54 -
—8.91 —8.29 —22.80 —12.93 —9.17
—13.51 —12.37 —14.65 —17.58 —8.41
—4.89 —5.75 —4.36 0.91 —7.95
2.86 2.35 2.20 4.10 —2.43
0.17 —1.72 1.45 —0.06 —4.82
—29.00 —29.30 —30.05 —20.00 —14.72
1.58 1.02 6.08 —0.55 —3.10
13.29 14.08 11.41 7.68 —3.67
7.70 9.54 15.72 3.84 —5.51
12.92 5.94 4.24 1.46 —6.06
231 4.69 591 3.40 —4.32
27.96 42.16 25.92 18.76 —7.40
14.98 19.69 17.30 12.08 —10.81
2.58 0.60 0.40 6.07 —3.76
—14.40 1—4.37 —13.02 —17.95 —6.19
—30.10 —28.33 —30.56 —20.43 11.80
—1.03 —7.48 1.23 4.44 —5.90
31.20 —32.79 —27.53 —20.22 —15.09
40.96 36.18 48.66 42.81 —39.12
12.80 8.82 —3.20 5.68 —34.24

Region numbers in parenthesis refer to Fig. 11. Positive fluxes are towards the atmosphere
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of —1.4 (Keeling 1988). To enable the comparison between
model estimates and airborne data, all fluxes are referenced
to year 2009 by correcting for fossil fuel using EDGAR
emission database and for oceanic anthropogenic carbon
uptake using Khatiwala et al. (2009, 2013).

APO was estimated using Equation 8 obtained assum-
ing there is no changes in the total moles of air and that
(%)reference = %\01; following Stephens et al. (1998).
Uncertainties on resulting APO values include uncer-
tainties on the rectifier effect, on anthropogenic carbon
fluxes, on fossil fuel burning emissions and on the atmos-
pheric circulation. The rectifier effect is the contribution
to annual mean APO due to purely seasonal fluxes. We
assigned a 20 % uncertainty to the seasonal rectifier effect
based on the numerous studies of its dependency to both
the atmospheric model used and the seasonal flux esti-
mates (e.g., Stephens et al. 1998; Blaine 2005; Battle et al.
2006; Tohjima et al. 2012). We used the recent estimation
of the uncertainty associated with fossil fuel carbon diox-
ide emission by Andres et al. (2014): 8.5 % (2 standard
deviations). We used a conservative 20 % uncertainty on
the anthropogenic air—sea flux of Khatiwala et al. (2009).
The uncertainty on AAPO associated with the atmospheric
circulation was estimated to +0.5 per meg, by comparing
APO fields obtained using NCEP winds vs. ERA-Interim
winds (Fig. 8a).

Finally, we evaluated the uncertainty related to the
choice of the atmospheric transport model. We compared
the APO northern deficit obtained with the TM3 model and
with the transport model of the Center for Climate Sys-
tem Research/National Institute for Environmental Stud-
ies/Frontier Research Center for Global Change (CCSR/
NIES/FRCGC) (Miyazaki et al. 2008) based on EDGAR
fossil fuel emissions, observation-based seasonal fluxes of
O, (Garcia and Keeling 2001), CO, (Takahashi et al. 2009)
and N; (Blaine 2005). We find that the uncertainty on the
northern APO deficit is about 10 % for the column-average
troposphere and about 30 % at the surface. This uncertainty
is included as 1-sigma in our estimate.
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