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[4] The tracer-based AC* method is used extensively to
separate the concentration of anthropogenic CO, in the
ocean from ocean interior observations of dissolved inor-
ganic carbon (DIC) and other tracers [Gruber et al., 1996].
This technique has been employed to calculate regional and
global inventories of anthropogenic CO, storage in the
ocean [e.g., Lee et al., 2003; Gruber, 1998; Sabine et al.,
1999, 2002], and a global summary was presented by
Sabine et al. [2004]. However, while this method provided
many new insights into anthropogenic CO, storage, by itself
it cannot be used to quantitatively assess the air-sea fluxes
and oceanic transport of anthropogenic CO,.

[5s] Recently, an approach has been developed to estimate
surface fluxes from ocean interior data [Gloor et al., 2001,
Gruber et al., 2001; Gloor et al., 2003]. This approach uses
a Green’s function inverse method analogous to atmospheric
tracer inversions [e.g., Enting and Mansbridge, 1989; Tans
et al., 1990; Bousquet et al., 2000] to infer regional air-sea
fluxes from ocean interior observations and OGCMs that
are used to determine how surface fluxes influence tracer
concentrations in the interior ocean.

[6] The inverse approach is appealing because the flux
estimates are driven by data and because it is independent of
bulk formulations, such as the parameterization of the air-
sea gas exchange coefficient needed to estimate air-sea
fluxes from measurements of the air-sea partial pressure
difference [e.g., Takahashi et al., 2002]. The application of
this inversion method to the anthropogenic CO, problem is
aided by the fact that the large-scale spatial footprints of
anthropogenic CO, uptake are well preserved in the oceans
owing to the long timescales of ocean circulation. However,
there are several important sources of uncertainty associated
with this method that have not been addressed. Compar-
isons between heat and oxygen flux estimates using three
different OGCMs suggested that model transport is one of
the largest sources of uncertainty in the inverse estimates
[Gloor et al., 2001; Gruber et al., 2001]. There are also
several sources of uncertainty associated with the estimates
of anthropogenic CO, used to constrain the inversion
[Gruber et al., 1996; Matsumoto and Gruber, 2005;
Keeling, 2005; Sabine and Gruber, 2005]. A third issue
that needs to be considered is the aggregation error, which is
caused by the assumption that fluxes within a large spatial
region are proportional to a prescribed spatial pattern
[Kaminski et al., 2001]. In addition, the inversion implicitly
assumes that ocean circulation was approximately steady
over the last 2 centuries and that the only source of temporal
variability in the oceanic uptake of anthropogenic CO, is
the atmospheric CO, perturbation.

[7] The aim of this paper is to extend the first estimates of
Gloor et al. [2003] by estimating the air-sea fluxes of
anthropogenic CO, with a refined method, address the
uncertainties and robustness of these estimates, and explore
the oceanic transport of anthropogenic CO, implied by the
surface fluxes. We employ a suite of 10 OGCMs to estimate
regional anthropogenic CO, fluxes from 24 regions. We
discuss the features of the flux estimates and their implica-
tions for the global carbon cycle. We then explore the role
of ocean transport in the inversion and assess the uncer-
tainty due to differences among OGCMs. In addition, we
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quantify the effect of likely sources of systematic error in
the data-based estimates of anthropogenic CO, on the
inversely estimated fluxes. Finally, the inverse results are
compared with forward model simulations using the same
suite of models permitting us to assess what we have
learned using the inverse approach.

2. Methods
2.1. Anthropogenic CO, Estimates

[8] One of the primary components enabling this work is
the recent availability of a high-density, global data set of
DIC and other tracers in the ocean interior from the Global
Ocean Data Analysis Project (GLODAP) [Key et al., 2004].
This data set is composed of data collected from cruises
conducted as part of the World Ocean Circulation Experi-
ment (WOCE), the Joint Global Ocean Flux Study
(JGOFY), and the National Oceanic and Atmospheric Ad-
ministration (NOAA) Ocean-Atmosphere Exchange Study
(OACES) as well as historical cruises. (Locations of the
observations are shown in Figure fsO1 of the auxiliary
material'.) As a result of this project, over 68,000 observa-
tions are available to constrain the flux estimates.

[9] For each of these observations, the component of the
observed DIC concentration that is due to the atmospheric
perturbation of CO, was estimated using the AC* method
[Gruber et al., 1996]. In this study, we use individual data
points rather than the gridded data set. The spatial and
temporal inhomogeneity of these data are accounted for by
sampling the model simulated basis functions at the grid
box corresponding to the sampling site during the year the
data was collected, as discussed in the following section.

[10] A zonally averaged section of the reconstructed
anthropogenic CO, used to constrain the inversion is shown
in Figure 1. The highest anthropogenic CO, concentrations
occur near the surface with generally rapidly decreasing
concentrations toward the interior of the ocean. This is a
consequence of the long timescale of ocean transport from
the surface to the deep ocean interior. The deepest penetra-
tion occurs in the North Atlantic, owing to the extensive
deep water formation in this region, and at midlatitudes,
owing to the convergence of intermediate waters and mode
waters that were recently in contact with the surface. There
is little penetration in the tropics owing to the shallow
thermocline. The anthropogenic CO, data set is discussed in
detail by Sabine et al. [2004].

2.2. Inverse Model

[11] We use the same approach used by Gloor et al.
[2003], with a few adaptations. We provide here only an
overview of the method and refer to the auxiliary material
for further details. The surface of the ocean is divided into
30 regions, and later aggregated to 24 regions as shown in
Figure 2. Ten OGCMs are used to simulate a basis functions
from each surface region, describing how an arbitrary unit
of flux at the surface impacts tracer concentrations in
the interior ocean. (Basis functions for one OGCM

'Auxiliary material is available at ftp:/ftp.agu.org/apend/gb/
2005gb002530.
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