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[1] Estimates of sources/sinks of carbon dioxide (CO2) at the Earth’s surface are
commonly made using atmospheric CO2 inverse modeling, terrestrial and oceanic
biogeochemical modeling, and inventory-based studies. In this study, we compare sea-air
CO2 fluxes from the Time-Dependent Inverse (TDI) atmosphere model and the marine
Biogeochemical Elemental Cycling (BEC) model to study the processes involved in ocean
carbon cycling at subbasin scales. A dust generation and transport model, based on
analyzed meteorology and terrestrial vegetation cover, is also used to estimate the
interannual variability in dust and iron deposition to different ocean basins. Overall,
a fairly good agreement is established between the TDI and BEC model results for the
net annual patterns and seasonal cycle of sea-air CO2 exchange. Sensitivity studies with
the ocean biogeochemical model using increased or reduced atmospheric iron inputs
indicate the relative sensitivity of air-sea CO2 exchange. The simulated responses to
changes in iron inputs are not instantaneous (peak response after �2�3 years).
The TDI model derived seasonal cycles for the Southern Ocean (South Atlantic) are better
matched by the BEC model by increasing (decreasing) iron inputs through atmospheric
aerosols. Our results suggest that some of the interannual variability in TDI model
air-sea CO2 fluxes during the past decade may be explainable by dust variability that
relaxes/increases iron limitation in high-nitrate, low-chlorophyll (HNLC) ocean regions.
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1. Introduction

[2] Understanding the evolution of the global carbon
cycle is challenging because the future atmospheric CO2

burden is governed by the interplay of fossil fuel emissions,
land-use change, land and ocean CO2 sinks, and climate
[Prentice et al., 2001]. Several studies have suggested that
poorly constrained, climate-carbon cycle feedbacks may
amplify anthropogenic climate change on multidecadal to
centennial timescales [e.g., Cox et al., 2000; Fung et al.,
2005; Friedlingstein et al., 2006]. This is important since

the policies to mitigate atmospheric CO2 rise and slow
global warming could suffer setbacks if proper measures
of the biospheric release and uptake of carbon due to the
climate variability and climate change are not taken into
account [Dilling et al., 2003]. Historical observational data,
such as atmospheric CO2, meteorological and biospheric
parameters, can be used to quantify climate-carbon cycle
interactions on interannual to decadal timescales. Signifi-
cant progress has been made in understanding the global
and regional CO2 flux variations due to the climate varia-
tions leading to physical, chemical and biological changes
in the ocean and land biospheres [e.g., Keeling et al., 1995;
Bousquet et al., 2000; Lucht et al., 2002; Roedenbeck et al.,
2003; Nemani et al., 2003; McKinley et al., 2004; Peylin
et al., 2005; Patra et al., 2005a, 2005b]. For land regions,
an overall agreement is found regarding the reduction in
uptake or a net source of carbon during periods with drier,
warmer, and more frequent fire conditions, though disagree-
ments exist in flux amplitudes [see Bousquet et al., 2000;
Le Quéré et al., 2003; Roedenbeck et al., 2003; Patra et al.,
2005b; Ciais et al., 2005; van der Werf et al., 2006].
However, much less is understood about the causes for
oceanic CO2 flux variabilities during the 1990s at the global
scale (see Le Quéré et al. [2003] and Patra et al. [2005a] for
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discussion). At the regional scale, strong flux variability in
the Tropical Pacific is related to ENSO [e.g., Feely et al.,
1999; Takahashi et al., 2003; Obata and Kitamura, 2003;
Wetzel et al., 2005], and a number of studies have explored
the ocean response to extratropical regional climate modes
(i.e., North Atlantic Oscillation, Pacific Decadal Oscillation,
Antarctic Circumpolar Wave) [e.g., Gruber et al., 2002;
Dore et al., 2003; Le Quéré et al., 2000; McKinley et al.,
2004; Patra et al., 2005a; McKinley et al., 2006].
[3] An interesting component of the global carbon cycle

is the interactions between land and ocean. There is growing
awareness that particulate matter (as mineral dust or bio-
mass burning and combustion byproducts) emitted from the
land regions and deposited over the ocean through the
atmospheric transport brings macronutrients and micronu-
trients that could change the behavior of oceanic biogeo-
chemistry [e.g., Abram et al., 2003; Jickells et al., 2005].
In particular, the atmospheric source of dissolved iron from
mineral dust deposition is a key nutrient source for the
oceans [Martin et al., 1991; Fung et al., 2000; Mahowald
et al., 2005]. Carbon cycle responses to dust deposition
have been studied with oceanic biogeochemistry models
[e.g., Moore et al., 2004, 2006]. Moore et al. [2006] forced
a global ocean ecological-biogeochemical model with dust
inputs from different climate states and found a strong
impact on global-scale export production and air-sea CO2

exchange. Dust inputs also had a strong impact on nitrogen
fixation rates, as diazotrophs were limited by iron over
much of the low to mid latitude oceans. Thus variations in
dust inputs had a strong impact in traditional high-nitrate,
low-chlorophyll (HNLC) regions (subpolar North Pacific,
equatorial Pacific, Southern Ocean) where the entire phy-
toplankton community is iron-limited and in tropical and
subtropical areas by modifying rates of nitrogen fixation.
This indirect dust-nitrogen fixation-export production link-
age had a comparable effect on air-sea CO2 exchange over
decadal timescales as the response seen in the HNLC zones
[Moore et al., 2006].
[4] Recent studies using satellite ocean color remote

sensing illustrate the presence of long-term trends in surface
chlorophyll concentrations, particularly in some shelf/coastal
areas [e.g., Gregg et al., 2005]. They attributed chlorophyll
increases in some regions to a decrease in sea-surface
temperature (SST), i.e., increased upwelling, but the overall
causes for these increases are largely unknown. For exam-
ple, it has been established that the atmospheric aerosols
exert cooling near the earth’s surface [Satheesh and
Ramanathan, 2000], which might also lower SST. There
is considerable complexity in the land-ocean coupled car-
bon cycle system, and anthropogenic influence is perturbing
these couplings in numerous ways such as modifications to
the hydrologic cycle, deforestation, changing riverine nutri-
ent transport to the oceans [e.g., Asner et al., 2005; Syvitski
et al., 2005]. Impacts of changes in precipitation and surface
temperature on the carbon cycle are already a measurable
quantity in the well-observed parts of the world [Ciais et al.,
2005; Angert et al., 2005]. The large CO2 net source
anomalies, for example, �0.5 Pg-C for the Western Europe
in 2003, can be corroborated by atmospheric-CO2 inversion
results (P. K. Patra, unpublished data, updated inversion,
2005).

[5] In this study we compared atmospheric-CO2 inverse
model fluxes (Time-Dependent Inversion; TDI), oceanic
model air-sea CO2 fluxes (Biogeochemical Elemental
Cycling; BEC), and simulated dust sources, atmospheric
transport and deposition (Model of Atmospheric Transport
andChemistry (MATCH)/National Center for Environmental
Prediction (NCEP)/Dust Entrainment And Deposition
(DEAD)). An attempt is made to explain the similarities
and differences between the ocean and atmosphere CO2

results by analyzing the ocean model’s sensitivity to iron
(Fe) inputs from atmospheric dust deposition. We utilize a
combination of an ocean model control, forced with repeat
annual cycle of atmospheric physical forcing and dust
deposition, and sensitivity studies to a tenfold step function
increase or decrease in dust deposition. The TDI, BEC, and
DEAD modeling setups are designed for understanding the
interannual variations in CO2 fluxes in the context that dust
variations significantly impact the marine carbon cycle.

2. Materials and Methods

2.1. Time-Dependent Inversion (TDI) of Atmospheric
CO2

[6] We have used a time-evolving, atmospheric transport
inverse model (TDI) for estimating surface CO2 sources and
sinks (i.e., fluxes) [Rayner et al., 1999; Gurney et al.,
2004; Patra et al., 2005a, 2005b]. Atmospheric-CO2 data at
87 stations are used for constraining the TDImodel simulations,
following a preprocessing of actual concentrations reported by
several organizations worldwide [GLOBALVIEW-CO2, 2004].
The NIES/FRCGC transport model, driven by interannually
varying NCEP/NCAR reanalyzed meteorology, is used for
forward simulations (see Patra et al. [2005a] for detailed
description). The estimated inverse model fluxes generally
respond to climate oscillations at global and region scales, and
the global land and ocean CO2 flux anomalies are typically
anticorrelated [e.g., Patra et al., 2005a, 2005b]. In previous
inverse studies, the largest ocean flux variability is found in the
tropical and northern latitudes [Rayner et al., 1999; Bousquet et
al., 2000; Roedenbeck et al., 2003]. However, Patra et al.
[2005a] found large interannual flux variations for the ocean
regions in southern latitudes also. The latter study used a larger
measurement network, which helped them to constrain the
ocean region fluxes fairly satisfactorily (within respective
uncertainty estimates) if compared with the independent
oceanic-pCO2 based flux estimates [Patra et al., 2006].
However, no overall agreement could be established with
regional flux variability simulated by oceanic biogeochemical
models. Typically, the ocean carbon cycle models exhibit
much lower extratropical interannual flux variability compared
to those estimated using atmospheric data [Lee et al., 1998; Le
Quéré et al., 2003; Patra et al., 2005a;McKinley et al., 2006].
[7] Figure 1 shows the TDI average sea-air CO2 fluxes

(gC m�2 d�1) for the period 1990�2001 and the interan-
nual variability in monthly mean fluxes (1s). To calculate
s-values, we use monthly anomalies from an average sea-
sonal cycle for each region. The 1s values using annual mean
fluxes are smaller than those shown here, while the values are
significantly greater for the straight monthly variability
including the seasonal cycle. Our results indicate that the
northern North Pacific, most parts of equatorial Pacific, and
southern areas of Pacific and Atlantic all exhibit significant
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