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[1] We use an inverse method to estimate the global-scale pattern of the air-sea flux of
natural CO2, i.e., the component of the CO2 flux due to the natural carbon cycle that
already existed in preindustrial times, on the basis of ocean interior observations of
dissolved inorganic carbon (DIC) and other tracers, from which we estimate DCgasex, i.e.,
the component of the observed DIC that is due to the gas exchange of natural CO2. We
employ a suite of 10 different Ocean General Circulation Models (OGCMs) to
quantify the error arising from uncertainties in the modeled transport required to link the
interior ocean observations to the surface fluxes. The results from the contributing
OGCMs are weighted using a model skill score based on a comparison of each model’s
simulated natural radiocarbon with observations. We find a pattern of air-sea flux of
natural CO2 characterized by outgassing in the Southern Ocean between 44�S and 59�S,
vigorous uptake at midlatitudes of both hemispheres, and strong outgassing in the
tropics. In the Northern Hemisphere and the tropics, the inverse estimates generally
agree closely with the natural CO2 flux results from forward simulations of coupled
OGCM-biogeochemistry models undertaken as part of the second phase of the Ocean
Carbon Model Intercomparison Project (OCMIP-2). The OCMIP-2 simulations find far
less air-sea exchange than the inversion south of 20�S, but more recent forward
OGCM studies are in better agreement with the inverse estimates in the Southern
Hemisphere. The strong source and sink pattern south of 20�S was not apparent in an
earlier inversion study, because the choice of region boundaries led to a partial
cancellation of the sources and sinks. We show that the inversely estimated flux pattern is
clearly traceable to gradients in the observed DCgasex, and that it is relatively insensitive
to the choice of OGCM or potential biases in DCgasex. Our inverse estimates imply a
southward interhemispheric transport of 0.31 ± 0.02 Pg C yr�1, most of which occurs in
the Atlantic. This is considerably smaller than the 1 Pg C yr�1 of Northern
Hemisphere uptake that has been inferred from atmospheric CO2 observations during the
1980s and 1990s, which supports the hypothesis of a Northern Hemisphere terrestrial
sink.
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1. Introduction

[2] The air-sea exchange of CO2 is a major determinant of
the spatial and temporal distribution of atmospheric CO2,
which is used to draw major conclusions about the global
carbon cycle [Keeling et al., 1989b; Tans et al., 1990;
Gurney et al., 2002]. The contemporary air-sea flux of
CO2 can be broken down into two primary components:
the exchange of natural CO2 that existed in preindustrial
times and the uptake of anthropogenic CO2, which is driven
by the perturbation of atmospheric CO2 by fossil
fuel burning, cement production, and land use change
[Sarmiento et al., 1992; Murnane et al., 1999; Gruber
and Sarmiento, 2002]. A potential additional component
is the perturbation flux of CO2 that arises owing to changes
in ocean circulation and ocean biology as a consequence of
climate change [Sarmiento et al., 1998; Matear and Hirst,
1999; Joos et al., 1999; Gruber et al., 2004]. Model
simulations indicate that this flux is still relatively small
compared to the other two flux components [e.g., Plattner et
al., 2001], but will become more important later in this
century.
[3] Separate estimates of the natural and anthropogenic

air-sea flux help elucidate the processes driving these air-
sea fluxes and are critical to interpreting the contempo-
rary spatial and temporal gradients in atmospheric CO2 in
terms of carbon sources and sinks. In particular, natural
carbon transport in the interior ocean has played a major
role in discussions about the processes responsible for the
Northern Hemisphere carbon sink that is implied by the
latitudinal gradient of atmospheric CO2 during the 1980’s
and 1990’s, which is smaller than expected on the basis
of the anthropogenic CO2 emission pattern [e.g., Keeling
et al., 1989b; Tans et al., 1990]. Keeling et al. [1989b]
suggested that this Northern Hemisphere carbon sink is
due to an uptake of about 1 Pg C yr�1 by the Northern
Hemisphere ocean, and that this carbon is then trans-
ported southward by the ocean currents across the equator
into the Southern Hemisphere, where it outgasses back
into the atmosphere. Furthermore, they argued that this
transport existed in preindustrial times and that it is
balanced by a northward atmospheric transport of equal
magnitude. Using an early, limited set of surface ocean
observations of the partial pressure of CO2 in the North-
ern Hemisphere oceans, Tans et al. [1990] rejected this
hypothesis, and argued that the Northern Hemisphere
sink was primarily due to the terrestrial biosphere. The
debate about the nature of the Northern Hemisphere
carbon sink has spawned a substantial number of inves-
tigations with conflicting conclusions [Broecker and Peng,
1992; Keeling and Peng, 1995; Sarmiento et al., 2000].
[4] Separation of the natural from the anthropogenic CO2

fluxes is also important to better understand the response of
the ocean to climate change. Changes in ocean circulation,
biology, and chemistry due to climate change act differently
on the processes governing air-sea fluxes of anthropogenic
and natural CO2 because of the different timescales
involved [Sarmiento et al., 1998; Joos et al., 1999; Gruber
et al., 2004]. While the total air-sea CO2 flux can be
estimated from observations of the difference between the
partial pressure of CO2 in the atmosphere and that in the

surface ocean, DpCO2, and a parametrization of the air-sea
gas exchange coefficient [e.g., Takahashi et al., 2002], the
air-sea flux of natural CO2 cannot be estimated using this
method. In contrast, such a separation has been achieved for
ocean interior data, permitting us to determine the footprint
of natural air-sea gas exchange in the interior ocean from
observations of dissolved inorganic carbon (DIC) and
additional tracers [Gruber and Sarmiento, 2002]. Thus, if
the patterns in the ocean interior data can be related to
surface exchange by reversing the effect of mixing and
advective transport in the oceans, we can, in principle,
estimate the two flux components separately.
[5] To achieve this goal, an ocean inversion technique has

recently been developed to estimate air-sea fluxes of heat
and trace gases on the basis of ocean interior observations
and OGCMs [Gloor et al., 2001; Gruber et al., 2001; Gloor
et al., 2003; Mikaloff Fletcher et al., 2006; Jacobson et al.,
2007a, 2007b]. This approach is based on a Green’s
function inverse method that was adapted from atmospheric
tracer inversions [e.g., Enting and Mansbridge, 1989; Tans
et al., 1990; Bousquet et al., 2000]. The surface of the ocean
is divided into discrete spatial regions, and an OGCM is
used to simulate how an arbitrary flux into each region
influences tracer concentrations in the interior ocean. Then
we find the combination of fluxes from the prescribed
regions that are in optimal agreement with the observations
using a least squares technique.
[6] Gloor et al. [2003] presented the first ocean inversion

estimates of the air-sea flux of CO2 that resolved 13 ocean
regions using three versions of an OGCM with varying
subgridscale process parameterizations. A limited set of
sensitivity studies suggested that the inverse estimates
may be sensitive to biases in the OGCM used to represent
transport and the method used to separate the anthropogenic
and natural gas exchange components from the observed
DIC [Gloor et al., 2003]. Mikaloff Fletcher et al. [2006]
revisited the anthropogenic carbon inversion employing a
suite of 10 OGCMs to quantify the uncertainties associated
with the representation of ocean transport and incorporating
many additional improvements, such as a larger number of
regions, better representation of the spatial distribution of
the fluxes within these regions, and improved consideration
of the uncertainty associated with the observations. They
also examined the sensitivity of the anthropogenic CO2

uptake results to biases in the data-based estimates of
anthropogenic CO2 in detail.
[7] Combining the oceanic with the atmospheric inver-

sion, Jacobson et al. [2007a, 2007b] developed a joint
atmosphere-ocean inversion method, which estimates the
exchange of CO2 between the atmosphere and all of
the Earth’s surface, i.e., both ocean and land regions. The
spatial gradients of CO2 fluxes in the Southern Hemisphere
from the ocean inversion combined with spatial gradients in
atmospheric CO2 suggest that there must be a large source
from the southern terrestrial land regions, which remained
unresolvable in earlier atmospheric inversion studies
primarily because these studies were not able to effectively
partition the ocean sink from the land source in the tropics
and Southern Hemisphere using atmospheric CO2 observa-
tions alone.
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[8] We expand on this body of work with an in-depth
study of the air-sea fluxes of the natural CO2 analogous to
the anthropogenic carbon study of Mikaloff Fletcher et al.
[2006]. A discussion of the contemporary CO2 fluxes, i.e.,
the sum of the natural and anthropogenic fluxes, will be
provided by N. Gruber et al. (Oceanic sources and sinks for
atmospheric CO2, submitted to Global Biogeochemical
Cycles, 2007) (hereinafter referred to as Gruber et al.,
submitted manuscript, 2007). Here we present air-sea fluxes
of natural CO2 from 23 ocean regions estimated using a
suite of 10 different OGCMs. This regional configuration
gives substantially higher resolution than Gloor et al.
[2003]. In particular, we distinguish between the Southern
Ocean regions differently from the previous study, which
helps clarify the flux dynamics in this key region of
atmosphere-ocean carbon exchange. We discuss the natural
transport of carbon in the interior ocean and explore the
implications of this transport for the global carbon cycle and
the interpretation of spatial gradients in atmospheric CO2.
We quantify the uncertainties associated with the fluxes
using the different OGCMs and nine possible scenarios for
biases in the estimated air-sea gas exchange component of
DIC.

2. Methods

[9] The ocean inversion method used here was developed
by Gloor et al. [2003]. We expand upon this work by using
a larger number of model regions, refining the method, and
engaging in a detailed investigation of the sensitivity of the
estimated fluxes of natural CO2 to potential biases. We
therefore provide a brief overview of the method only,
focusing on the differences between this work and earlier
studies.

2.1. Observations

[10] We employ DIC, alkalinity (Alk), phosphate (PO4
3�),

and other hydrographic data from the Global Ocean Data
Analysis Project [Key et al., 2004], which synthesized data
primarily from the World Ocean Circulation Experiment
(WOCE) and the Joint Global Ocean Flux Study (JGOFS).
We also included observations from the TTO-NAS,
TTO-TTS, and SAVE historical cruises [Gruber, 1998],
which are of comparable quality to the WOCE data
[Tanhua and Wallace, 2005]. The resulting data set has
over 68,000 observations with excellent spatial coverage
(see Figure S1 of the auxiliary material1).
[11] One challenge associated with using these data to

determine air-sea fluxes is that DIC is not conserved in the
interior ocean, but is subject to intense transformations due
to biological processes. We employ a quasiconservative
tracer, DCgasex [Gruber and Sarmiento, 2002], which is
closely related to the quasiconservative tracer S* of
Broecker and Peng [1992]. This tracer is modified at the
surface by the exchange of CO2 across the air-sea interface,
but is conserved in the interior ocean. DCgasex is based on
the observation that biological processes influence ocean

interior DIC, phosphate (PO4
3�), and alkalinity (Alk) con-

centrations with relatively constant stoichiometric ratios.
Therefore one can remove the biological signal using the
observed PO4

3�, Alk, and stoichiometric ratios. The anthro-
pogenic carbon concentration is removed using a data-based
estimate of anthropogenic carbon, Cant, estimated following
the DC* method of Gruber et al. [1996]. This gives

DCgasex ¼
So

S
DIC � rC:P � PO3�

4 � 0:5
�

� Alk þ rN :PPO
3�
4

� ��

� Cant � constant; ð1Þ

where the constant is arbitrarily chosen such that the mean
surface DCgasex is zero. The value of this constant has no
implications for our inversion results, as the inversion only
interprets spatial gradients in DCgasex. The ratios rC:P and
rN:P are the stoichiometric carbon-to-phosphorus and
nitrogen-to-phosphorus ratios, respectively, for which we
adopt the values determined by Anderson and Sarmiento
[1994]. The tracer DCgasex is normalized to a constant
reference salinity, So (35), to account for the concentration
or dilution effect as a result of evaporation and precipitation.
If the assumptions about the constant stoichiometric ratios
are correct and the Cant estimate is accurate, gradients in
DCgasex are only caused by the exchange of natural CO2

across the air-sea interface and ocean interior transport and
mixing. Thus, if ocean interior patterns are combined with
knowledge about ocean transport and mixing, one can infer
the direction and magnitude of the implied air-sea flux
(Figure 1).
[12] Since DCgasex is a derived quantity, we have to

consider the impact of uncertainty in this tracer on the
inverse estimates. In addition to random measurement
errors of DIC, Alk, and PO4

3�, two sources of potential bias
exist in DCgasex: biases in the stoichiometric ratios, rC:P and
rN:P, and biases in the data-based Cant estimates. These
sources of error will be discussed in depth and quantified in
section 4.2.

2.2. Inverse Method

[13] We use a Green’s function approach to estimate
regional fluxes of natural CO2 from the data-based DCgasex

estimates [Gloor et al., 2001; Mikaloff Fletcher et al.,
2006]. The surface of the ocean is first divided into a
number of regions (Figure 2). An OGCM is then used to
create a basis function for each region, which provides a
spatial pattern of ocean interior concentrations that results
from an arbitrary flux of a dye tracer into the surface of that
region. These basis functions were generated by each of the
10 participating OGCMs following the protocol of Mikaloff
Fletcher et al. [2003]. In order to estimate the fluxes at the
surface, each DCgasex estimate is treated as a linear
combination of the source strengths multiplied by the basis
functions plus a globally uniform constant, which we also
estimate. Each member of the resulting set of linear
equations is then divided by an uncertainty estimate, which
determines its weighting. Finally, a singular value decom-
position (SVD) [Press et al., 1992] is used to solve for the
combination of source strengths that best matches the
observations.

1Auxiliary material data sets are available at ftp://ftp.agu.org/apend/gb/
2006gb002751. Other auxiliary material files are in the HTML.
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[14] The uncertainty used to weight each observational
constraint is calculated by the propagation of random errors
associated with DCgasex. The random errors associated with
the stoichiometric ratios are taken from Anderson and
Sarmiento [1994], the random errors associated with Cant

are calculated following Gruber et al. [1996], and the
measurement errors associated with the observations of
DIC, PO4

3�, and Alk are taken to be 2.0 mmol kg�1,
0.05 mmol kg�1, and 1.0 mmol kg�1, respectively [Wallace,
2001]. Another type of error that is sometimes considered
when weighting the data is representation error, which
reflects how well point observations can be described by a
coarse resolution model. Unfortunately, it is difficult to
accurately assess the magnitude of this error. We add a
spatially uniform uncertainly of 10 mmol kg�1 to account for
representation error, but we also tested a variety of different
weighting schemes. The inverse air-sea flux estimates are
insensitive to the choice of weighting scheme owing to the
large number of observations and the strong spatial gradients
in DCgasex.
[15] The inversely estimated partitioning between air-sea

fluxes into a few regions is unstable owing to a high
similarity between the spatial structure of the basis func-
tions, data limitations, or both. However, the inversion is
able to constrain the sum of these regional fluxes, so this
problem can largely be avoided by combining regions. The
inversion was done using the original 30 regions, and the

results were then combined to the 23 regions reported here
(Figure 2). We aggregated regions that had high off-
diagonal elements of the matrix of region-region air-sea
flux covariances, which is calculated as part of the SVD
[Press et al., 1992]. The diagonal elements of this matrix
represent the square of the random error associated with each
air-sea flux estimate, and the off-diagonal elements represent
the covariances between regional flux estimates (Figure S3
of the auxiliary material). Large covariances between two or
more regions indicate that the partitioning between these
regions may be unstable. Even after aggregating to
23 regions, there remain substantial covariances between
the air-sea fluxes in the South Sub-polar Atlantic, the South
Sub-polar Indian and Pacific, and the Polar Southern Ocean
(Figure 2). The longitudinal separation of the fluxes south of
44�S is therefore expected to be uncertain. However, the
meridional partitioning of the fluxes between the regions
south of 44�S and those north of this boundary is well
constrained by the inversion.

2.3. Ocean Transport Models

[16] In order to account for biases due to model transport,
the inverse calculations were done using basis functions
generated by a suite of 10 OGCMs (Table S1 of the
auxiliary material). Simulations were undertaken by
six different modeling groups: Princeton (PRINCE),

Figure 1. A global section of DCgasex (mmol kg�1) along a track that follows the global-scale deep-
ocean circulations. This track begins in the Atlantic, just south of Iceland, and heads south to 60�S. It then
turns east, and follows the 60�S latitude circle to 150�W, where it heads northward into the Pacific to
60�N. A few selected isopycnals are shown as contour lines, major flows are shown as narrow, black
arrows, and air sea fluxes are shown as thick shaded arrows. The labels indicate locations of the following
water masses: North Atlantic Deep Water (NADW), Antarctic Intermediate Water (AAIW), and
Circumpolar Deep Water (CDW).
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