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[1] We synthesize estimates of the contemporary net air-sea CO, flux on the basis of
an inversion of interior ocean carbon observations using a suite of 10 ocean general
circulation models (Mikaloff Fletcher et al., 2006, 2007) and compare them to estimates
based on a new climatology of the air-sea difference of the partial pressure of CO,
(pCO,) (Takahashi et al., 2008). These two independent flux estimates reveal a
consistent description of the regional distribution of annual mean sources and sinks of
atmospheric CO, for the decade of the 1990s and the early 2000s with differences at the
regional level of generally less than 0.1 Pg C a~'. This distribution is characterized

by outgassing in the tropics, uptake in midlatitudes, and comparatively small fluxes in
the high latitudes. Both estimates point toward a small (~ —0.3 Pg C a—') contemporary
CO, sink in the Southern Ocean (south of 44°S), a result of the near cancellation between
a substantial outgassing of natural CO, and a strong uptake of anthropogenic CO,. A
notable exception in the generally good agreement between the two estimates exists within
the Southern Ocean: the ocean inversion suggests a relatively uniform uptake, while the
pCO,-based estimate suggests strong uptake in the region between 58°S and 44°S, and a

source in the region south of 58°S. Globally and for a nominal period between 1995

and 2000, the contemporary net air-sea flux of CO, is estimated to be —1.7 +0.4 PgCa™

1

(inversion) and —1.4 + 0.7 Pg C a~' (pCO,-climatology), respectively, consisting of

an outgassing flux of river-derived carbon of ~+0.5 Pg C a~ ', and an uptake flux

of anthropogenic carbon of —2.2 + 0.3 Pg C a~ ! (inversion) and —1.9+ 0.7 PgCa™"
(pCO,-climatology). The two flux estimates also imply a consistent description of the
contemporary meridional transport of carbon with southward ocean transport throughout
most of the Atlantic basin, and strong equatorward convergence in the Indo-Pacific basins.
Both transport estimates suggest a small hemispheric asymmetry with a southward
transport of between —0.2 and —0.3 Pg C a~ ' across the equator. While the convergence of
these two independent estimates is encouraging and suggests that it is now possible to
provide relatively tight constraints for the net air-sea CO, fluxes at the regional basis,
both studies are limited by their lack of consideration of long-term changes in the

ocean carbon cycle, such as the recent possible stalling in the expected growth of the

Southern Ocean carbon sink.
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1. Introduction

[2] The exchange of carbon dioxide (CO,) between the
atmosphere and ocean is a critical process of the global
carbon cycle and an important determinant of the future of
the Earth system [Fung et al., 2005; Friedlingstein et al.,
2006; Denman et al., 2007]. From ~1800 until 1994, the
ocean removed about 118 = 19 Pg C (1 Pg=10"° g) from the
atmosphere [Sabine et al., 2004]. This is equivalent to about
50% ofthe CO, emitted into the atmosphere from the burning
of fossil fuels or about 30% of the total anthropogenic CO,
emissions, which additionally include emissions from land use
change and cement production [Houghton, 2003; Marland
et al., 2006]. With this removal of anthropogenic CO,, the
ocean constitutes the only net sink over the last 200 years,
as the terrestrial biosphere is most likely a net source when
integrated over this period [Sabine et al., 2004]. While the
current sink strengths of the ocean and the land biosphere are
similar [Sarmiento and Gruber, 2002; Manning and Keeling,
2006; Bender et al., 2005], model projections suggest that
the land sink may decrease during this century or, perhaps,
even turn into a source [Cox et al., 2000; Friedlingstein et al.,
2006]. In contrast, the oceanic sink for atmospheric CO, will
likely continue to grow [Orr et al., 2001], highlighting the
crucial role of the ocean as the ultimate sink for anthropo-
genic CO,. However, quantitative estimates of the oceanic
sink strength and its regional distribution have remained
uncertain, particularly for key regions such as the Southern
Ocean [Caldeira and Duffy, 2000; Orr et al., 2001; Watson
and Orr, 2003; Roy et al., 2003].

[3] A fundamental challenge is that the contemporary
exchange flux of CO, across the air-sea interface consists
of a natural CO, flux component, i.e., a CO, flux that already
existed in preindustrial times and is assumed to have changed
little since, and an anthropogenic CO, flux component that
is driven by the anthropogenic perturbation in atmospheric
CO,. The fluxes of both anthropogenic and natural CO, are
expected to change considerably in the future in response
to continually rising atmospheric CO, and global climate
change [Sarmiento et al., 1998; Joos et al., 1999b; Matear
and Hirst, 1999; Plattner et al., 2001; Gruber et al., 2004;
Yoshikawa et al., 2008]. Therefore, in order to predict the
future of the oceanic carbon sink and consequently the future
evolution of atmospheric CO,, we need a quantitative esti-
mate of the current sources and sinks for atmospheric CO», as
well as a mechanistic understanding of both components of
the CO, flux.

[4] Until recently, the ability to separately estimate the
natural and anthropogenic CO, flux components from obser-
vations was limited to the very indirect approach of comput-
ing the horizontal flux divergence of the oceanic transport of
the respective carbon component [e.g., Holfort et al., 1998].
A more direct and often used approach, albeit without abil-
ity to separate the net flux into its two components, is the
measurement of the air-sea difference of the partial pressure
of CO, (pCO,), which when combined with bulk gas
exchange parameterizations yields an estimate of the net flux
[Takahashi et al., 1997, 1999, 2002, 2008]. Another method
to estimate net air-sea fluxes is the inversion of atmospheric
CO, observations [Bolin and Keeling, 1963; Enting and
Mansbridge, 1989; Keeling et al., 1989; Tans et al., 1990;

GRUBER ET AL.: OCEANIC SOURCES, SINKS AND TRANSPORT OF CO,

GB1005

Gurney et al., 2002, 2004; Baker et al., 2006]. The air-sea
CO, flux estimates obtained by all these approaches have
remained uncertain owing to a combination of methodolog-
ical uncertainties (e.g., uncertainty in the parameters for the
bulk parameterization [Wanninkhof, 1992; Krakauer et al.,
2006; Sweeney et al., 2007; Naegler et al., 2006]), uncertain
atmospheric transports [ Gurney et al., 2004], and insufficient
data coverage [Gloor et al., 2000; Takahashi et al., 2002].

[5] A region of particularly large discrepancies between
different flux estimates is the Southern Ocean, which we
define here as the oceanic region south of 44°S, with some
older estimates indicating a very large uptake flux (order of
1 Pg C a~' and higher [Takahashi et al., 1997, 1999]) and
others pointing toward a much lower uptake [Roy et al., 2003;
McNeil et al., 2007]. This represents a critical gap in our
understanding of the ocean carbon cycle, because this region
appears to react very sensitively to climate variability and
change [Wetzel et al., 2005; Le Quéré et al., 2007; Lovenduski
et al., 2007, 2008; Lenton and Matear, 2007; Verdy et al.,
2007], and because simulations indicate that the Southern
Ocean likely will dominate the ocean’s CO, flux response
during this century [Sarmiento et al., 1998; Orr et al., 2001].

[6] We synthesize here the results from a recently devel-
oped ocean inversion method [Gloor et al., 2003; Mikaloff
Fletcher et al., 2006, 2007], which provides air-sea CO, flux
estimates that are based on inorganic carbon observations
from the ocean interior, and are therefore entirely indepen-
dent from estimates based on observations of the air-sea
pCO, difference or those based on atmospheric CO,. An
added benefit is that the ocean inversion separately estimates
the air-sea fluxes of natural and anthropogenic CO,, which
when added together with an estimate of the outgassing of
river derived carbon, give an estimate of the contemporary
net air-sea flux of CO,. The anthropogenic CO, flux results
we use here have been presented and discussed by Mikaloff
Fletcher et al. [2006], while in 2007 these authors summa-
rized and discussed the natural CO, flux results. This paper
focuses on the contemporary air-sea CO, flux results and
compares them with the most recent flux estimates of
Takahashi et al. [2008], which are based on an updated and
greatly expanded analysis of surface ocean pCO, observa-
tions. Moreover, we also compare our estimates with those
derived from the inversion of atmospheric CO, and from
model studies. Finally, we provide and discuss estimates of
the contemporary net transport of carbon implied by the
inverse fluxes, and compare them to new estimates computed
from the pCO,-based air-sea flux estimates taking into
consideration the oceanic storage of anthropogenic carbon
and fluxes of river-derived carbon.

[7] The ocean inverse flux results presented here are
quantitatively similar to those reported by Jacobson et al.
[2007b] on the basis of a joint atmosphere-ocean inversion.
This is because the oceanic constraints in such a joint inver-
sion are much stronger than the atmospheric ones, resulting
in only small shifts from an ocean-only inversion. Relative to
Jacobson et al. [2007b], the fluxes reported here are based
on a larger and more diverse set of ocean general circulation
models (OGCM), providing an improved assessment of the
errors stemming from the possible biases in ocean transport.
An additional improvement is that we resolve the spatial
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distribution of the fluxes at a substantially higher resolution;
that is, we report and discuss results for 23 oceanic regions
instead of just 11. Finally, we compare our estimates here
with a broader and newer set of air-sea flux estimates, includ-
ing the new pCO,-based estimates of Takahashi et al. [2008]
and the new atmospheric inversion estimates of Baker et al.
[2006].

[8] We will demonstrate that the ocean inverse estimates
together with the new pCO,-based estimates provide an
unprecedentedly consistent and precise depiction of the
global distribution of the long-term annual mean sources
and sinks of atmospheric CO,, with regional uncertainties of
generally less than 0.1 Pg C a~'. In particular, we show that
these two estimates indicate a small net uptake flux of CO,
in the Southern Ocean, with a magnitude that is substantially
smaller than previous estimates. An important caveat, how-
ever, is that both these estimates represent a long-term mean
view of air-sea CO, fluxes, and therefore cannot capture
recent changes in these fluxes, such as those reported for the
Southern Ocean [Le Quéré et al., 2007; Lovenduski et al.,
2008], the North Atlantic [Schuster and Watson, 2007], the
tropical Pacific [Takahashi et al.,2003; Feely et al., 2006], or
the North Pacific [Keeling et al., 2004; Takahashi et al.,
2006].

2. Data and Methods

[v] We provide here an abbreviated description of the
ocean inversion method, and focus on how we assessed the
errors. The reader interested in more details is referred to
the underlying publications by Mikaloff Fletcher et al. [2006]
and Mikaloff Fletcher et al. [2007] and their respective online
auxiliary materials.' A brief summary is also provided for the
pCO,-based fluxes of Takahashi et al. [2008], particularly
with regard to our estimation of the associated errors.
Finally, we describe our methods to estimate the contempo-
rary oceanic transport of carbon, in particular how we can
combine the pCO,-based fluxes with the oceanic inventory of
anthropogenic CO, to arrive at a second, independent esti-
mate of this transport.

2.1. Ocean Inversion

[10] The ocean inversion method is based on the premise
that the ocean interior distribution of a soluble gas directly
reflects the exchange of this gas across the air-sea interface,
provided that it has no sources or sinks in the interior. There-
fore, if ocean transport and mixing can be reversed, then
regionally resolved air-sea fluxes of this gas can be inferred
from ocean interior data by applying this “inverse” transport
to the data [Gloor et al., 2001, 2003; Gruber et al., 2001]. In
our case, this “inverse” transport is determined by releasing
passive dye tracers at the surface of 30 prescribed regions in
an Ocean General Circulation Model (OGCM). The model is
integrated forward in time, resulting in the spreading of the
dye tracers from the surface into the ocean’s interior. The dye
tracers are then sampled at locations and times corresponding
to the space-time distribution of the observations. Because of

'Auxiliary materials are available in the HTML. doi:10.1029/
2008GB003349.
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their very different atmospheric histories, separate dye tracer
simulations are undertaken for natural and for anthropogenic
CO, [Glooret al., 2003; Mikaloff Fletcher et al., 2006, 2007].
In the final inversion step, the sampled dye tracers, often
referred to as basis functions, are combined linearly such that
they match a set of observations most closely. The final air-
sea flux estimates are then obtained by multiplying the
scaling factors with the amount of dye tracer released in each
region to simulate the basis functions.

[11] The anthropogenic CO, inversions used basis func-
tions that were constructed by letting the source strength of
the dyes to increase in line with the rise in atmospheric CO,
[Mikaloff Fletcher et al., 2006]. The model simulated basis
functions were then sampled at the time and location for
which data-based estimates of anthropogenic CO, (C,,) on
the basis of the AC™ method [Gruber et al., 1996] are avail-
able. The natural CO, inversions used basis functions that
were created by keeping the source strength of the dyes
constant through time, resulting, after several thousand years
of integration, in basis functions that have a constant spatial
pattern [Mikaloff Fletcher et al., 2007]. Those basis functions
were then also sampled at the locations, for which data-based
estimates of the gas-exchange component of dissolved inor-
ganic carbon, i.e., ACyys ox, are available. The conservative
tracer ACyys ox Was estimated from observations of dissolved
inorganic carbon (DIC), data-based estimates of Cy,, and
several other tracers following the formulation of Gruber and
Sarmiento [2002]. The GLODAP database [Key et al., 2004]
was used as data source for both Cyp and ACqyq ex-

[12] Owing to a combination of data limitation and signal
dispersion, we found that the inversion cannot reliably
resolve the partitioning of the air-sea fluxes into all
30 regions. We addressed this limitation by combining,
after the inversion, those regions whose partitioning is ill
constrained. We identified these regions on the basis of an
analysis of the matrix of region-region flux covariances
[Mikaloff Fletcher et al., 2007]. This results in our
reporting flux estimates for 23 regions.

2.2. Error Assessment of Ocean Inverse Fluxes

[13] For the ocean inversion, two sources of errors need to
be considered: First, the uncertainties (random errors) and
potential biases (systematic errors) associated with the data,
and second, the potential biases in ocean transport. As the
inversion makes use of a very large number of observations
(more than 60,000), the impact of the random errors in the
data turns out to be negligible. We therefore focus on the
impact of the potential biases only.

[14] Matsumoto and Gruber [2005] reviewed and assessed
the systematic errors associated with the AC”-derived esti-
mates of C,, in detail and concluded that many of the
potential biases tend to cancel, so that the distribution of C,
tends to be relatively robust. They identified, however, a
tendency for C,,, to be overestimated in the upper ocean and
to be underestimated in the deeper ocean, with a possible
overestimation of the global inventory of about 7%. Mikaloff
Fletcher et al. [2006] investigated the impact of these
uncertainties and biases on the inverse estimates of the air-
sea fluxes of anthropogenic CO, and demonstrated that the
impact of the possible vertical distribution error of C, is
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small but that any change in the global inventory will lead to a
nearly equal relative change in the global uptake flux of
anthropogenic CO,. Hence, a possible 7% reduction of the
global inventory of anthropogenic CO, will cause a nearly
7% reduction in the global uptake flux of anthropogenic CO,
in our inversion. Without a careful revaluation of the global
inventory of anthropogenic CO,, it is premature, however, to
adjust our flux estimate.

[15] The main source of systematic error in ACgs ex is @
possible bias in the carbon-to-phosphorus stoichiometric
ratio, rc.p, used to remove from DIC the contribution of
organic matter formation and decomposition. Mikaloff
Fletcher et al. [2007] investigated the impact of this uncer-
tainty, as well as that caused by uncertainty of C,, on the
inferred estimates of the air-sea flux of natural CO, and
showed that the resulting differences in the estimated air-sea
fluxes of natural CO, are generally smaller than those arising
from the use of the different OGCMs.

[16] In order to account for the error in ocean transport
stemming from potential biases in the employed OGCMs, we
use dye tracer simulations from a suite of 10 OGCMs, which
span nearly the entire range of model behavior exhibited by
the current generation of global-scale OGCMs used to model
ocean biogeochemical processes [Matsumoto et al., 2004;
Doney et al., 2004]. These dye-tracer simulations were
undertaken by six different modeling groups: Princeton
(PRINCE), Massachusetts Institute of Technology (MIT),
Bern-Switzerland (Bern3D), Jet Propulsion Laboratory
(ECCO), National Center for Atmospheric Research
(NCAR), and University of Liege-Belgium (UL) (described
in detail by Mikaloff Fletcher et al. [2006]). Princeton pro-
vided results from five different configurations of their model
[Gnanadesikan et al.,2002,2004]. The use of this large range
of models permits a much improved assessment of model
transport uncertainties compared to Gloor et al. [2003], who
used only three configurations of the same OGCM, and
Jacobson et al. [2007a, 2007b], who used only the Princeton
suite of model configurations (albeit with different dye flux
pattern within each region). The inverse estimates from the
different models were aggregated to a mean flux, whereby
each model was weighted according to a skill score [Taylor,
2001] to account for the substantial differences in the model’s
ability to correctly simulate the oceanic distribution of pas-
sive tracers. For the natural CO, inversions, we used a skill
score based on natural radiocarbon, while for the anthro-
pogenic CO, inversions, we used a score based on chloro-
fluorocarbons (CFC). In both cases, observations were taken
from GLODAP [Key et al., 2004].

[17] Despite large differences in model architecture, setup,
and forcing, the employed OGCMs share certain shortcom-
ings. This means that the weighted mean fluxes cannot
necessarily be viewed as unbiased estimates. The most im-
portant shared shortcoming of all employed OGCMs is their
coarse resolution, which requires the parameterization of
mesoscale processes. Furthermore, all of the models use z
coordinates as their vertical discretization, leading to poten-
tial problems when flow over steep topography has to be
resolved, for example. Common problems in the resulting
ocean circulation fields are (1) a too southerly formation
region for North Atlantic Deep Water (NADW), which
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results in a too shallow southward flowing of NADW,
(2) equatorial current systems that are often only partially
resolved, (3) a strong sensitivity of the modeled circulation
fields to small changes in the parameters for subgrid-scale
parameterization, and (4) problems with the correct forma-
tion of intermediate and deep waters in the Southern Ocean.
Finally, all models were forced with a seasonally resolved
climatology based on data from the second half of the 20th
century. As a result, none of these models include the
potential effects of climate variability and change on ocean
circulation.

2.3. Air-Sea Fluxes of River-Derived Carbon

[18] The steady state outgassing of natural CO, caused by
the input of organic and inorganic carbon by rivers [Sarmiento
and Sundquist, 1992] must be properly considered in order to
be able to compare our inverse estimates of the air-sea CO,
fluxes with those based on the air-sea difference of pCO,. It
appears that our inversion of ACy,q ox only partially resolves
this steady state outgassing flux of natural CO,. This con-
clusion is based on our finding of a global near-zero flux of
natural CO5 in the absence of our imposing such a constraint.
We interpret this as evidence that our natural CO, flux esti-
mates are based on a nearly “perfect” inversion; that is, we
assume that the ACy,, o« data reflect both the addition of
inorganic carbon from rivers (either directly as DIC or by the
remineralization of organic carbon), which the inversion
erroneously interprets as an uptake of CO, from the atmo-
sphere, as well as the loss of inorganic carbon due to the
outgassing of this riverine CO,, which the inversion inter-
prets correctly as an air-sea flux. This requires an adjustment
of the “raw” natural CO, flux estimates to obtain a correct
estimate of the global net air-sea flux of CO, (see Text S1 for
a more detailed discussion).

[19] Following Jacobson et al. [2007a], we adopt a global
total outgassing of +0.45 Pg C a~', which is partitioned
among all regions using spatially resolved estimates of the
carbon input by rivers [Ludwig et al., 1996]. The magnitude
of this river outgassing-induced adjustment and its spatial
allocation is very uncertain, resulting in our assigning a £50%
uncertainty to these flux adjustments.

2.4. Air-Sea Fluxes Derived From pCQO,-Data

[20] Relative to the pCO, climatology described by
Takahashi et al. [2002], the new climatology by Takahashi
et al. [2008] includes several improvements: First, the
total number of pCO, observations was tripled to nearly
3 million, with the largest improvement occurring in the
southern hemisphere (especially south of 50°S). Second, in
the high latitudes, the assumptions required to correct the
oceanic pCO, observations stemming from several decades
to a single reference year (year 2000) were substantially
altered. In previous climatologies, the pCO, in the high
latitudes was assumed to have a growth rate that is much
smaller than that of the rest of the surface ocean, which was
assumed to follow the atmospheric pCO, growth rate. In
contrast, Takahashi et al. [2008] assumed for the new
climatology that all oceanic regions have the same rate of
increase of 1.5 patm a~'. This change contributed to the
significant reduction in the magnitude of the sea-air pCO,
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differences in comparison to Takahashi et al. [2002] and
hence the magnitude of the CO, sink flux over the Southern
Ocean. Third, a new parameterization was used to estimate
oceanic pCO, during wintertime in regions with high sea-
ice concentrations.

[21] Takahashi et al. [2008] computed the net air-sea flux
from the monthly pCO, climatology using climatological
mean monthly values for wind speed (10 meters above
surface) and ice cover percentage estimated on the basis of
the NCEP Reanalysis 2 data. A square dependence of the
gas transfer velocity on the windspeed was employed for the
central flux estimate, but with a coefficient (0.26) that is
considerably smaller than that previously used in order to
account for the emerging evidence of a smaller oceanic
inventory of bomb radiocarbon than previously assumed
[Naegler et al., 2006; Sweeney et al., 2007; Peacock, 2004;
Miiller et al., 2008].

[22] While Takahashi et al. [2008] did not provide region-
ally resolved uncertainties for their fluxes, they estimated an
error of the global flux of about +50%, with the largest
contributions stemming from uncertainties in the gas trans-
fer velocity and the annual rate of change of surface ocean
pCO, (determined over only 27% of the global oceans). In
order to obtain regionally resolved estimates of the error
associated with the pCO,-derived fluxes, we focus on the
contribution of the gas transfer velocity, and recomputed
the fluxes using 6 different gas-transfer velocity models: The
linear windspeed dependent model of Krakauer et al. [2006]
scaled to a global mean gas transfer velocity of 19 cm h™!,
the squared windspeed dependent models of Wanninkhof
[1992], of Nightingale et al. [2000], of Ho et al. [2006],
and of Sweeney et al. [2007], and the cubic windspeed
dependent model of Wanninkhof and McGillis [1999]. The
(unweighted) standard deviation of the 6 resulting flux
estimates was used as an uncertainty estimate. We recognize
that not all 6 gas transfer velocity models can be viewed as
equally well supported by independent data. In particular,
there is mounting evidence that the cubic windspeed depen-
dent model of Wanninkhof and McGillis [1999] is the least
likely to be correct [Krakauer et al., 2006; Sweeney et al.,
2007]. We nevertheless keep this gas transfer model in our
set, not the least in order to reflect other errors in the pCO,-
based estimates. For most regions, our procedure resulted in a
relative error estimate of between about 30 to 50%, consistent
with the estimated uncertainty of the globally integrated flux.

2.5. Ocean Transport

[23] The contemporary oceanic transport of carbon implied
by the air-sea fluxes of the ocean inversion is calculated by
first computing individually the implied oceanic transports of
natural and anthropogenic carbon, and then adding the two.
We thereby neglect the possible transport of river-derived
carbon. This is in accordance with our assumption made
above that nearly all carbon added by rivers is lost to the
atmosphere in the same large-scale region where it was
added, i.e., that there is very little long-range transport of
river derived carbon. This assumption disagrees with the
conclusions drawn by Aumont et al. [2001], who argued
that a substantial fraction of the river derived carbon is
transported great distances in the ocean before it is vented
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back to the atmosphere. However, the assumptions made in
their standard scenario are at the upper bound of what is
presently considered defensible about the fate of river-
derived carbon in the ocean, both with regard to their
choice of using a high fraction that escapes estuaries, as
well as with regard to their selection of a very long lifetime
(1000 years) of the river-derived dissolved organic carbon
(DOC) (see discussion by Jacobson et al. [2007a]). Argu-
ably, the current level of understanding of the fate of river-
derived carbon is very low, so that neither assumption can
be excluded at present.

[24] As the natural carbon cycle is assumed to be in steady
state, the implied transport can be directly calculated by
integrating, from the north to the south, the air-sea fluxes,
taking into consideration the net transports of natural carbon
across the Bering Strait (0 Pg C a—1) and the Indonesian
Throughflow (0.10 + 0.02 Pg C a~', positive northward).
These throughflows were estimated on the basis of the
model simulated mass transports and the observed concen-
tration of ACy,s x. As a result, these estimates include only
that component of DIC that exchanges with the atmosphere.
For details, the reader is referred to Mikaloff Fletcher et al.
[2007]. For calculating the transport of anthropogenic CO,,
the same procedure is adopted, except that a storage term
(rate of change of inorganic carbon due to the accumulation
of anthropogenic CO,) needs to be considered as well, i.e.,
the integral consists of the sum of the air-sea fluxes and the
vertically integrated storage term. For the throughflows,
a value of 0.007 Pg C a—! was used for the Bering Strait
and -0.19 Pg C a~' for the Indonesian Strait, also based on
model transports and observational estimates of C,,. For
details regarding the transport of anthropogenic CO,, the
reader is referred to Mikaloff Fletcher et al. [2006].

[25] A second, independent estimate of the contemporary
ocean transport can be derived from the pCO,-based air-sea
flux estimates, provided one can correct for the river input
of carbon and its subsequent outgassing (Fiyer), and one can
estimate the storage term that arises in the ocean as a result
of the uptake of anthropogenic CO, (vertically integrated
rate of change of DIC, i.e. [(dDIC/dt) dz). We thus estimate
the transport of carbon, 7(y), in meridional direction (y)
from the pCO,-derived air-sea flux estimate (F,, positive
upward) by the integral:

Y O dDI
(Fsa —/ Cdz—Friver) dy, (1)

T() = To) + /

Yo

where 7(yo) is the transport at the northern boundary, and
where the integral is evaluated from the north to the south. We
estimate the storage term from GLODAP’s column inven-
tory of anthropogenic CO,, Can(?), [Key et al., 2004] taking
advantage of the result that in a transient steady state
[Gammon et al., 1982], the rate of change of a transient tracer
is directly proportional to its total burden, especially when
integrated vertically from the bottom of the ocean, -H, to the
surface (see also Mikaloff Fletcher et al. [2006] and Tanhua
et al. [2007)), i.e.,

0 0 0
/ %dz ~ / Can dz =~ - / Cami(t)dz (2)
- _ —H
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[26] The proportionality factor v can be determined from
the ratio between the global rate of oceanic uptake of
anthropogenic CO, (1.9 Pg C a™') [Takahashi et al.,
2008] and the global oceanic inventory of anthropogenic
CO, (118 Pg C) [Sabine et al., 2004], i.e., 1/62 a'. This
approximation works for CO, as long as the change in the
buffer factor resulting from ocean acidification remains
small. This proportionality factor is expected to be spatially
very uniform, as spatial variations in the buffer factor are
already reflected in the variations in the anthropogenic CO,
column burden.

[27] For the river fluxes, Fyor, We assume, as above, that
the river loop does not involve long-range transport in the
ocean, and therefore directly use our previously estimated
river-induced air-sea fluxes of CO, (positive upward). Since
the Arctic and the northern North Atlantic are not covered
by GLODAP, the integral is only evaluated south of 62°N,
requiring the specification of a transport 7(),) at this bound-
ary. We chose a value of —0.06 Pg C a~' at 62°N in the North
Atlantic on the basis of the ocean inverse transport estimates.

3. Contemporary Air-Sea Fluxes
3.1. Large-Scale Distribution

[28] The contemporary air-sea CO, fluxes, aggregated to
10 large-scale regions for clarity, show the familiar annual
mean pattern of outgassing of CO, in the tropical regions
and uptake of atmospheric CO, nearly everywhere else
(Figure 1a) (a listing of the estimated fluxes for all 23 regions
and for a nominal year of 1995 is given in Table S1). The
strongest outgassing is diagnosed in the tropical Pacific,
where we find an outgassing of nearly +0.4 Pg C a~'. The
temperate latitude regions in the different ocean basins
contribute nearly equally to the oceanic sink for atmospheric
CO,, with an uptake flux between ~—0.2 and ~—0.5 Pg C
a~'. The high-latitude regions, i.e., the North Atlantic and
Arctic (>49°N), and the Southern Ocean (<44°S), are com-
paratively weak sink regions. At the hemispheric scale, we
find that the southern hemisphere extra tropics (<18°S) is the
largest sink region, with an uptake of —1.4 +0.3 PgCa ',
mostly reflecting its large surface area. By contrast, the
contemporary uptake flux of the northern hemisphere
extra tropics (>18°N) accounts for only —0.9 £ 0.1 PgC a™!
(Table S1). The total outgassing in the tropics (18°S to 18°N)
amounts to +0.6 + 0.1 Pg C a~'. This results in a global
contemporary net uptake of CO, of —1.7 + 0.4 PgCa .
As will be discussed below in more detail, this global
integral consists of an anthropogenic CO, uptake flux of
—2.2+0.3 Pg C a~ ' [Mikaloff Fletcher et al., 2006] (for a
nominal year of 1995) and a net natural CO, outgassing
flux of +0.5 £ 0.2 Pg C a ', with the latter almost entirely
driven by the outgassing of river derived CO,.

[20] The comparison of our inverse estimates of the con-
temporary air-sea CO, flux with a selection of the most recent
independent estimates reveals a relatively consistent pattern
in the northern hemisphere, but larger differences in the
southern hemisphere, particularly in the temperate South
Pacific and in the Southern Ocean (Figure la). Included
in this comparison are three fundamentally different types
of flux estimates: The first is the pCO, based estimate of
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Takahashi et al. [2008], the second stems from forward
simulation results by 13 ocean biogeochemistry models that
participated in the 2nd phase of the Ocean Carbon-cycle
Model Intercomparison Project (OCMIP-2) [Watson and
Orr, 2003; Najjar et al., 2007], and the third is based on an
interannual inversion of atmospheric CO, undertaken by the
TransCom-3 intercomparison project [Baker et al., 2006] (the
so-called level 3 inversion of TransCom). Since the latter two
estimates involve models to a substantial degree, we first
focus our discussion on the comparison with the most recent
pCO,-based estimate of Tukahashi et al. [2008].

3.2. Regional Comparison

[30] At this aggregated scale, our inverse estimates of the
contemporary air-sea CO, flux and the new pCO,-based
estimate agree with each other to generally within better than
0.1 Pg C a ' (Figure la). The largest exception is the tem-
perate South Pacific (ocean inversion regions 20—24), where
the ocean inverse uptake estimate of —0.46 +0.11 PgC a™"
exceeds the pCO, based flux by 0.18 +0.15 Pg C a . The
temperate South Pacific is among the least sampled regions in
terms of pCO,. Several 4 x 5°grid cells have no observations
at all [see Takahashi et al., 2008, Figure 1], and about 15% of
all grid cells have observations for only a single month. The
seasonal coverage is such that, on average, each grid cell has
observations for only 5 out of the 12 months. As a result, a
substantial amount of extrapolation had to be undertaken in
order to create a pCO, climatology that contains values for all
grid cells and all months of the year. Since the pCO, in the
surrounding regions tends to be higher, it is conceivable that
the resulting interpolated pCO, fields are biased high, result-
ing in a pCO,-based flux estimate that is biased toward a
smaller sink. The ocean inverse estimates may be biased as
well, particularly since the inversion has some problems to
separate the fluxes between the western temperate South
Pacific (regions 20 and 22) and the subpolar South Pacific
and South Indian (regions 25 and 30).

[31] The next exceptions are the northern North Atlantic/
Arctic (regions 1-2) and the temperate North Atlantic
regions (regions 3—4). In the former region, the inverse
uptake estimate is 0.15 + 0.14 Pg C a~' smaller than the
pCO,-based flux estimate, whereas in the latter region,
the inverse uptake estimate exceeds that on the basis of the
pCO, data by 0.12 + 0.12 Pg C a~!; that is, the inversion
puts the maximum of the North Atlantic uptake further
south in comparison to what the pCO, data indicate. Since
the data coverage for the pCO, climatology for this region
is among the best worldwide, it is unlikely that the lack of
data is responsible for this discrepancy. A more likely
reason is the shared problem among all OGCMs employed
here of having a tendency to produce NADW too far south,
with little or no formation in the Nordic Seas, and with the
southward flow of this water mass in the Atlantic occurring
at too shallow depths [Doney et al., 2004]. In the inversion,
this circulation bias tends to cause an erroneous south-
ward shift in the region of uptake of both natural and
anthropogenic CO, in the North Atlantic [Mikaloff Fletcher
et al., 2006, 2007], explaining why the inverse uptake flux
of CO, exceeds that based on pCO, in the temperate North
Atlantic and underestimates the uptake in the northern
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North Atlantic and in the Arctic. This interpretation is con-
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Figure 1. Air-sea CO, fluxes for 10 regions, ordered by latitude and Ocean basin (positive: outgassing;
negative: uptake). (a) Comparison of contemporary air-sea fluxes of CO,. Shown are the ocean inversion
estimates (this study), the new pCO,-based estimates of Takahashi et al. [2008], the mean estimates
based on results from the 13 ocean biogeochemistry models that participated in the second phase of the
Ocean Carbon-cycle Model Intercomparison Project (OCMIP-2) [Watson and Orr, 2003], and the mean
estimates from the TransCom-3 project based on the interannual (level 3) inversions of atmospheric CO,
[Baker et al., 2006]. The uncertainties for the OCMIP-2 estimates reflect the (unweighted) standard
deviation across the 13 models, while the uncertainties for the TransCom estimates were obtained by
quadrature of the within and between model errors reported by Baker et al. [2006]. (b) Weighted mean
estimates of the natural, anthropogenic, river-induced, and contemporary air-sea fluxes of CO, based on
our ocean inversion [Mikaloff Fletcher et al., 2006, 2007]. The results are aggregated to 10 regions from
the 23 regions solved for in the inversion for reasons of clarity. Error bars denote the cross-model
weighted standard deviation of the mean. The anthropogenic and contemporary CO, fluxes are for a
nominal year of 1995.
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0.05 Pg C a~! for the pCO, based estimates. Thus, for the

firmed by the nearly negligible difference of 0.02 Pg C a™
when the sum of the fluxes from these two regions is
compared.

[32] The generally good agreement at the aggregated level
of 10 regions exists even when comparing the two flux esti-
mates at the full 23 region resolution of the ocean inversion
(Figure 2). With only two exceptions, the two flux estimates
still agree with each other to within better than 0.10 PgCa .
The standard deviation of the difference between the two
estimates is 0.08 Pg C a ', only slightly larger than the
estimated error for each method within each region, which
amounts, on average, to 0.06 Pg C a~' for the inversion, and

most part, the two estimates are statistically indistinguish-
able. But there are notable exceptions.

[33] Inthetemperate South Pacific, this more detailed anal-
ysis reveals that the majority of the discrepancy identified
above occurs in the western part, i.e., west of about 120°W
(regions 20 and 22), since the net fluxes in the eastern part
(regions 21 and 23 —-24) are small and differ little between the
two estimates. Although the data coverage in the western
region is somewhat better than that in the eastern region, the
average grid cell in this region still contains observations for
only 6 months out of 12, on average, requiring a substantial
amount of interpolation in a region of high uptake fluxes.
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Figure 2. Comparison of the ocean inversion estimate of the contemporary sea-to-air CO, flux with that
based on the pCO, climatology of Takahashi et al. [2008] for each of the 23 regions resolved by the
ocean inversion. The zero-line crossing of each flux estimate indicates the region that this flux belongs to.
Small gray numbers indicate the region number (see Table S1 for the region name). Positive fluxes

indicate outgassing.

[34] In the North Atlantic, this more finely resolved
depiction makes the southward shift of the maximum sink
strength in the ocean inversion relative to the pCO,-based
estimates even more evident. It shows that it is primarily
the relative allocation of the North Atlantic sink between the
midlatitude North Atlantic (region 3, 36°N — 49°N) and
the subpolar North Atlantic (region 2, 49°N — 76°N) that
causes the discrepancy, consistent with our interpretation
that this mismatch is primarily caused by a common bias
in the OGCMs, i.e., that the ocean inverse estimates are
spatially biased.

[35] The higher-resolution estimates reveal also a slightly
different regional attribution of the North Pacific sink. The
inversion suggests a stronger zonal gradient in the fluxes
with a stronger sink in the west, primarily in the western
subtropical North Pacific (regions 13—14) and a weaker sink
in the east (subpolar North East Pacific, region 12). In con-
trast, the pCO,-based estimate has a zonally more uniform
distribution. The difference (inversion minus pCO, climatol-
ogy) amounts to —0.07 = 0.17 Pg C a~' in the western
subtropical North Pacific and to 0.10 + 0.07 Pg C a~' in
the subpolar North East Pacific. Since the North Pacific
also belongs to the well-sampled regions in the pCO,
climatology of Takahashi et al. [2008], it is unlikely that
undersampling is causing this discrepancy. But the sub-
stantial decadal changes in the upper ocean carbon cycle in

this region [Takahashi et al., 2006; Keeling et al., 2004] in
connection with the temporal distribution of the pCO,
observations could have led to a temporal sampling bias
in the pCO,-based flux estimate, i.e., that in one region the
fluxes represent primarily the conditions of one time
period, while for the other region, the fluxes represent the
conditions of another time period. However, the most likely
explanation is a common bias in the OGCMs. Many global
OGCMs have difficulties in simulating upper ocean physics
correctly in this region [Gnanadesikan et al., 2002]. In
particular, many models fail to reproduce the seasonal dy-
namics of upper ocean mixing, resulting in strong biases in
mixed layer depth and other properties compared to obser-
vations [see, e.g., McKinley et al., 2006]. It is therefore
conceivable that these circulation biases have caused the
ocean inversion to allocate the sink further to the west in
comparison to what the pCO, climatology would suggest.

3.3. Southern Ocean Fluxes

[36] By far the largest discrepancy emerges in the Southern
Ocean south of 44°S. While the total sink strength south of
44°S agrees very well between the two estimates (inversion:
—0.34+0.20 Pg C a~'; pCO, climatology: —0.30 + 0.17 Pg
C a™"), they suggest a strikingly different meridional distri-
bution of the fluxes: The pCO,-based estimate puts all of the
sink into the Subantarctic region between 44°S and 58°S, and
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suggests that the region south of 58°S, i.e., south of the
Antarctic Polar Front (APF) is mostly a source to the atmo-
sphere (see also Figures 4a and 4b). In contrast, the ocean
inversion finds a more uniform distribution, in spite of the
substantial changes in oceanographic processes across 58°S.
The Subantarctic region north of 58°S remains ice-free year
round and is therefore also referred to as the Permanently
Open Ocean Zone (POOZ), while much of the region south
of 58°S experiences a seasonal cycle of sea-ice coverage, and
is therefore referred to as the Seasonal Ice Zone (SIZ). The
difference between the two flux estimates are larger than
anywhere else: In the Subantarctic the difference (inversion
minus pCO, climatology) amounts to 0.20 = 0.24 Pg C a™ ',
while the same difference is —0.25 + 0.11 Pg C a~ ' in the
Antarctic zone.

[37] Given these large regional differences within the
Southern Ocean, is the absence of a large difference between
the ocean inversion and the pCO, climatology at the scale of
the entire Southern Ocean south of 44°S robust? Or in other
words, how much can we trust our finding of a relatively
small Southern Ocean uptake of about ~ —0.3 Pg C a~'?
Mikaloff Fletcher et al. [2006, 2007] and Jacobson et al.
[2007b] undertook detailed studies to determine the errors
of the inversely estimated fluxes resulting from uncertainties
in the data, from assumptions associated with the determina-
tion of ACyps ex and Cyye, and from errors in the OGCMs used
to construct the basis functions. These studies concluded that
the inversely estimated fluxes, once aggregated to the entire
Southern Ocean are remarkably robust, and that the cross-
model uncertainties reported here are a good measure of the
overall error of the flux estimates.

[38] This conclusion does not hold, however, at the region-
ally more resolved level. The inversion results from the
individual models reveal, in part, a diametrically opposing
pattern within the Southern Ocean (see Figure S1). Some
models (e.g., one variant of the Princeton suite of models)
estimate a very strong uptake in the Antarctic zone and
outgassing in the Subantarctic, while others (e.g., the ECCO
model) are nearly neutral in the Antarctic and suggest a strong
uptake in the Subantarctic. A closer inspection reveals that
much of this large variance in the flux estimates of the
different models is due to how strongly the two component
fluxes that make up the contemporary flux cancel each other,
i.e., how much the outgassing of natural CO, is compensated
by the uptake of anthropogenic CO, (see section 3.6 below
for a more detailed discussion of the cancellation of these two
component fluxes). This is related to how and where these
models form intermediate, deep, and bottom waters in the
Southern Ocean [Dutay et al., 2002]. Some models tend to
form deep and bottom waters by open ocean convection,
while others tend to form it exclusively along the Antarctic
continent. Modeling ocean physics in this region has
remained challenging for global coarse resolution models
[e.g., Caldeira and Duffy, 2000; Doney and Hecht, 2002;
Doney et al., 2004], although recent high-resolution simu-
lations suggest a substantial improvement once the OGCMs
start to resolve the mesoscale dynamics more explicitly [e.g.,
Lachkar et al., 2007]. Lacking an eddy-resolving model
among our OGCMs, we have to accept this shortcoming.
We nevertheless note that the model with the highest skill
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score (NCAR), suggests a relatively uniform meridional
distribution, similar to what the mean of all models suggest.
Another concern is the relatively high degree of posterior
correlation in the fluxes estimated for the three oceanic
regions south of 44°S. This leads to potential instabilities in
the solutions, such that the flux in each region may shift
strongly in response to small changes in the data, while
keeping the total flux invariable.

[39] Despite the large regional differences within the
Southern Ocean, the fluxes estimated by the individual
models converge at the level of the entire Southern Ocean
to the reported —0.34 + 0.20 Pg C a~' (individual model
estimates range from —0.72 to —0.15 Pg C a~ ). Thus, it
appears as if the data constraints used in the inversion provide
a “clamp” on the fluxes at the scale of the entire Southern
Ocean, but that this clamp is weak at the regional level,
exposing the large model-to-model differences in ocean
physics in the Southern Ocean.

[40] As noted above, the uncertainty associated with the
pCO, based flux estimates is mostly caused by possible sam-
pling biases, uncertainties in the magnitude of the adjustment
needed to bring all observations to a common date, and the
uncertainties associated with the gas transfer velocity. The
error that we assigned to the flux estimates is based on the use
of 6 different models of the gas transfer velocity, so that
this error already has been taken into account explicitly. If
we consider that the extreme case, i.e., the cubic wind speed
relationship of Wanninkhof and McGillis [1999] is quite
likely the least likely to be correct [see, e.g., Ho et al., 2006],
the error in the Southern Ocean stemming from errors in
the gas transfer velocity may not exceed 0.1 Pg C a'. The
sampling bias is more difficult to assess, but we note that the
new pCO, climatology has over 1 million observations south
of 44°S, with reasonably good coverage in all seasons. Using
the concurrently sampled temperature as a proxy, akahashi
et al. [2008] estimate the potential bias in the annual mean
oceanic pCO, in the POOZ to be around £2 patm, which
translates into a possible flux bias of around £0.10 Pg C a™!
for this region. In the SIZ, the sampling is poorer, particularly
in the vicinity of sea-ice. The observations analyzed by
Takahashi et al. [2008] suggest that in this area the waters
in the vicinity of sea-ice have very high pCO, during
wintertime, prompting them to develop and apply a param-
eterization to capture this effect. This parameterization is
responsible for much of the large increase in the pCO,
climatology in the SIZ between the 2002 and 2008 version
of the climatology [see Takahashi et al., 2008, Figure 11].
This parameterization needs to be reevaluated once new data
become available, but its influence on the error of the SIZ flux
is unlikely much larger than 0.1 to 0.2 Pg C a~'. Taken
together, our reevaluation of the error of the pCO,-based flux
estimate in the Southern Ocean suggests that it is likely not
larger than about + 0.25 Pg C a~' (RMS), only slightly larger
than our original error estimate of £ 0.17 Pg C a™ .

[41] In summary, the relatively small net uptake fluxes
in the Southern Ocean of ~ —0.3 Pg C a~' appear robust
in both estimates. This conclusion supports a growing list
of studies that came to similar results using rather different
approaches, such as atmospheric inversion studies [e.g.,
Gurney et al., 2002; Roy et al., 2003] (more in section 3.4
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