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[1] A theory for the ocean-atmosphere partitioning of anthropogenic carbon dioxide on
centennial timescales is presented. The partial pressure of atmospheric CO, (Pcp») is
related to the external CO, input (AXC) at air-sea equilibrium by: P, = 280 ppm
exp(AXC/[I4 + Io/R]), where 1, Ip, and R are the pre-industrial values of the
atmospheric CO, inventory, the oceanic dissolved inorganic carbon inventory, and the
Revelle buffer factor of seawater, respectively. This analytical expression is tested with
two- and three-box ocean models, as well as for a version of the Massachusetts
Institute of Technology general circulation model (MIT GCM) with a constant circulation
field, and found to be valid by at least 10% accuracy for emissions lower than

4500 GtC. This relationship provides the stable level that P-, reaches for a given
emission size, until atmospheric carbon is reduced on weathering timescales. On the basis
of the MIT GCM, future carbon emissions must be restricted to a total of 700 GtC to
achieve Pcp, stabilization at present-day transient levels.
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1. Introduction

[2] Given current anthropogenic emissions of CO,, it is
unclear how the additional carbon will be partitioned
between the atmosphere and ocean. If changes in the
terrestrial and ocean biospheres are ignored, there are three
crucial time periods [Archer et al, 1997]: (1) an initial
period where CO, emissions are ongoing and air-sea equi-
librium has not been reached, lasting several hundred years,
which is the present situation; (2) a quasi-steady state,
where emissions have ceased and ocean and atmospheric
carbon reservoirs are equilibrated though the fluid system
has not yet come into equilibrium with the carbonate sedi-
ments. This period would extend for several tens of
thousands of years; and (3) a hypothetical final equilibrium
where, after many tens of thousands of years, weathering
and sediment interactions have occurred altering the total
ocean-atmosphere carbon budget.

[3] In this study, a clear analytical theory is developed to
describe atmospheric carbon partitioning when time period 2,
air-sea equilibrium, is reached. The theory is tested and
compared to two previously applied analytical approaches
using a hierarchy of ocean models which include explicit
methods of solution of the full system carbonate chemistry
equations and a relatively realistic, three-dimensional ocean
circulation and biogeochemistry model. The theory devel-
oped here is found to be more accurate than the previously
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used techniques and the reasons for this improvement are
identified. The theory provides a clean and accurate
approach for representing the partitioning of fossil fuel
carbon dioxide in climate and earth system modeling studies.

[4] The partitioning of carbon dioxide in the atmosphere
and ocean is at equilibrium when there is no annual area-
integrated flux of CO, across the air-sea boundary. The flux
of CO, across the air-sea interface is controlled by the
difference in partial pressures of carbon dioxide between
both sides of the interface. The partial pressure of CO, in
the atmosphere is linearly related to the atmospheric inven-
tory of carbon dioxide. However, on timescales longer than
several years, the ocean carbon inventory also needs to be
considered. In the ocean, CO, exists as dissolved inorganic
carbon (DIC, concentration Cp,;c) which comprises carbon-
ate and bicarbonate ions, as well as charge neutral CO, and
carbonic acid. The partial pressure of CO, in the ocean is
dependent only on the contribution of the charge neutral
fraction. As CO, is added to the air-sea system, the ocean
partitioning of DIC alters (Figure 1), making finding the
equilibration state nontrivial. In this study an idealized
theory is developed which relates changes in the atmospheric
partial pressure, AP, to changes in the carbon inventory of
the atmosphere-ocean system, AXC. This theory is shown to
accurately and succinctly describe more complex models
where the full carbonate system has been solved numerically
[Follows et al., 2006].

[s] Our approach complements the study of lto and
Follows [2005], which used an analogous approach to
describe the relationship between atmospheric pCO2 and
the efficiency of the ocean’s soft tissue biological pump.
Here, instead, the effect of carbon budget changes on carbon
partitioning is investigated, assuming ocean circulation and
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Figure 1. Fractional concentrations of DIC constituent

species against CO, emission size for a simple air-sea model
([CO37], dotted line; [HCO3], dashed line; [CO5], solid
line). The concentrations are given for a well-mixed model
ocean: temperature 15°C, salinity 34.7 psu, alkalinity
2.4 Molar equivalence/m’ and volume 1.3 x 10'® m’
attached to an atmosphere of molar volume 1.77 X
10*° moles, at air-sea equilibrium. Carbonate chemistry
within the model is explicitly solved [Follows et al., 2006].
As CO; is added to the air-sea system, the steady state
fraction of DIC composed of CO5 increases, and the fraction
composed of CO3~ decreases. The majority of DIC is
composed of HCOj3 throughout.

biological pumps are constant. Three computational models
are employed: firstly a two-box ocean model, in which
globally averaged carbon parameters can be applied exactly;
secondly a three-box ocean model with a simple meridional
circulation is used; and thirdly the MIT general circulation
model (GCM). All models represent a soft tissue biological
sequestration of carbon in the ocean that is assumed to
remain constant with time.

[6] In section 2.1 a simple atmosphere-ocean system at
equilibrium is considered where small perturbations are
added to the total system carbon. An integral relation
between APro, and XC is found. In section 2.2 three
analytical methods, two previously used and one developed
here, of solving this integral relation are analyzed and tested
against two-box and three-box ocean models. The most
accurate analytical method, a constant buffered carbon
framework, is found to predict AP, to within 6% while
emissions remain below 5000 GtC. In section 3, the three
methods of solving the integral relation between AP, and
3C are tested against a general circulation model. Again the
constant buffered carbon framework is found to be a more
accurate representation of model output than the other
methods. In section 4 the wider implications of the study
are discussed.

2. CO, Relations
2.1. Air-Sea Carbon Dioxide Partitioning

[7] Changes in atmospheric CO, are investigated from a
pre-industrial starting point, with anthropogenic emissions
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changing the total carbon inventory. Firstly some basic
carbonate chemistry is reviewed and, secondly, a perturba-
tion to the total air-sea carbon inventory is introduced.
2.1.1. Basic Carbonate Chemistry

[8] The partial pressure of CO, in the atmosphere is
linearly related to the atmospheric inventory of carbon
dioxide. However, carbon is exchanged between the atmo-
sphere and ocean on a timescale of years so that the ocean
inventory needs to be considered. In the ocean, carbon
exists as dissolved inorganic carbon (DIC, concentration
Cpic), which comprises carbonate and bicarbonate ions as
well as charge neutral CO, and carbonic acid,

CDIC = [COZ(‘W)} + [H2C03(’1’I)] + [HCO;(aq):| + [Cog(_aq)]7
(1)

where the bulk of DIC in the present day ocean comprises
bicarbonate ions (Figure 1). The partial pressure of carbon
dioxide in the ocean is dependent only on the contribution
of charge neutral species,

[coy]
Ky

Pcop = (2)
where [CO5] is the combined concentration of COy,q) and
H,CO3aq), and K is a function of temperature and salinity.
The air-sea partitioning of CO, for a uniform ocean model
is controlled by the relative concentrations of the dissolved
inorganic carbon constituents. As CO, is added into the
ocean, it reacts with water to form carbonic acid and then
dissociates into carbonate and bicarbonate ions,

COZ(aq) + HzO(l) — ]‘[2C03(aq>7 (3a)

HyCO;5(4q) < H:q) +HCO5,y

( (3b)

_ + 2—
HCOy,, < H},, +CO%,. (3¢)

[v] Reactions (3b) and (3c) reach a steady state according
to: K| = [H+][HCO;] and K5 = [W]M where K} and K

- A [C0’2 ] 2 [ HCO;]’ 1 2
are functions of temperature and salinity. As charge neutral
CO, is added to the ocean and dissociates the concentration
of H' increases (Figure 2b). Thus the steady state ratios
of [HCO3]/[CO%] and [CO3 J/[HCO3] must decrease,
resulting in a greater proportion of DIC being in the forms
COsaq) and H,CO3(,q). Thus adding charge neutral carbon
dioxide to seawater causes a larger fractional change in CO%
and Pco, than the fractional change in dissolved inor-
ganic carbon (Figure 2a). The sensitivity of changes in
Pcor to changes in Cpjc is measured by the Revelle

buffer factor, R,
R— (5P002) (CDJC)7 )
0Cpic) \Pcoz

which varies with temperature, salinity and alkalinity, and is
on the order of 10 for present day ocean waters. As carbon
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