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[1] This paper examines the sensitivity of atmospheric pCO2 to changes in ocean biology
that result in drawdown of nutrients at the ocean surface. We show that the global
inventory of preformed nutrients is the key determinant of atmospheric pCO2 and the
oceanic carbon storage due to the soft-tissue pump (OCSsoft). We develop a new theory
showing that under conditions of perfect equilibrium between atmosphere and ocean,
atmospheric pCO2 can be written as a sum of exponential functions of OCSsoft. The theory
also demonstrates how the sensitivity of atmospheric pCO2 to changes in the soft-tissue
pump depends on the preformed nutrient inventory and on surface buffer chemistry.
We validate our theory against simulations of nutrient depletion in a suite of realistic
general circulation models (GCMs). The decrease in atmospheric pCO2 following surface
nutrient depletion depends on the oceanic circulation in the models. Increasing deep ocean
ventilation by increasing vertical mixing or Southern Ocean winds increases the
atmospheric pCO2 sensitivity to surface nutrient forcing. Conversely, stratifying the
Southern Ocean decreases the atmospheric CO2 sensitivity to surface nutrient depletion.
Surface CO2 disequilibrium due to the slow gas exchange with the atmosphere acts to
make atmospheric pCO2 more sensitive to nutrient depletion in high-ventilation models
and less sensitive to nutrient depletion in low-ventilation models. Our findings have
potentially important implications for both past and future climates.
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1. Introduction

[2] The objective of this study is to understand how
atmospheric pCO2 (pCO2a) is related to oceanic biological
cycling and circulation. This question is relevant to one of
the most heated debates of the past two decades in ocean-
ography, the attempt to understand the large decreases (of
order 80 ppm) in CO2 that occurred in going from intergla-
cial to glacial periods as observed in ice-core records [Petit
et al., 1999]. In a series of box model studies, Sarmiento
and Toggweiler [1984], Knox and McElroy [1984], and
Siegenthaler and Wenk [1984] proposed that increased
drawdown of high-latitude nutrients and CO2 associated
with a stronger biological pump was responsible for the
lower atmospheric CO2 during ice ages. This line of
reasoning connects glacial-interglacial variation in pCO2a

to the existence of HNLC (high nutrient, low chlorophyll)
areas in the world ocean. These regions (Equatorial Pacific,

Subpolar Pacific and the Southern Ocean) continue to
puzzle ocean biogeochemists because of the presence of
large quantities of unused nutrients, which would be
expected to fuel high biological production, in an otherwise
low productivity (low chlorophyll) region.
[3] On the basis of bottle experiments, John H. Martin

postulated that large-scale addition of iron (Fe) to the
HNLC regions would lead to enhanced biological produc-
tivity and reduced atmospheric CO2 [Martin, 1990].
Martin’s hypothesis that an increase of iron in windblown
continental dust could trigger Ice Ages inspired experimen-
tal work and Fe enrichment experiments such as IronEx I
and II, SOIREE, SOFeX, Eisenex [e.g., Buesseler et al.,
2004; Boyd et al., 2007, and references therein], as well as
box model and GCM studies [e.g., Sarmiento and Orr,
1991; Archer et al., 2000; Matear and Elliott, 2004;
Dutkiewicz et al., 2005]. The artificial increase of biological
production via iron fertilization has been proposed as a
potential mechanism to offset present and future anthropo-
genic greenhouse emissions.
[4] Subsequent work has shown that the effectiveness of

this mechanism may depend on ocean circulation [Archer et
al., 2000; Broecker et al., 1999; Bacastow, 1996]. Archer et
al. showed that various GCMs have different sensitivities to
high-latitude forcing as measured by their abiotic pCO2, i.e.,
the atmospheric pCO2 resulting from running the abiotic
model without the biological pump included. Broecker et al.
designed an index, HBEI, which reflects the extent to which
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atmospheric pCO2 is determined by the cold high-latitude
waters versus the warm low-latitude surface waters. The
HBEI index was shown to vary considerably between
different GCMs and between box models and GCMs. The
HBEI index and the abiotic pCO2 of Archer measure the
sensitivity of the system to changes in the solubility pump,
while turning off or keeping the biological pump constant.
[5] Here we present an alternative biological approach to

these solubility pump-focused studies, indirectly estimating
the potential impact of Fe fertilization on the global carbon
cycle by forcing surface nutrients to zero in a large ocean
area for a few thousand years. As such, our simulations
likely provide an upper limit estimate of the ocean uptake
under long-term Fe fertilization. Our purpose is to analyze
what determines the sensitivity of atmospheric pCO2 to
surface nutrient depletion, and how this sensitivity depends
on sub-grid-scale mixing, wind intensity and gas exchange.
Section 2 introduces the model suite, explains major circu-
lation differences between our models and details the
simulations performed. Section 3.1 compares the outcome
of nutrient depletion in the Southern Ocean, North Atlantic,
North Pacific and the tropics. Section 3.2 compares the
relative roles of the soft-tissue, carbonate or solubility
pumps in reducing atmospheric pCO2 following nutrient
depletion. This leads to the central results of our paper
(sections 3.3–3.5).
[6] In section 3.3 we propose a new theory, along the

lines of Ito and Follows [2005] and Marinov et al. [2008]
on how atmospheric pCO2 changes with preformed phos-
phate and the ocean carbon storage due to the soft-tissue
pump. We test our theory in models and systematically
address the following questions: (1) What is the role of
ocean circulation and mixing in setting the high-latitude
sensitivity of pCO2a to changes in surface nutrients?
(2) Howwill gas exchange affect the response of atmospheric
pCO2 to nutrient depletion?
[7] To answer the first question, we analyze in section 3.4

results of surface nutrient depletion simulations in an
extended suite of models with different isopycnal mixing,
diapycnal mixing and Southern Ocean winds.
[8] Gas exchange obscures the biological signal; it is

therefore important to separate the effects of gas exchange
from those solely due to biology. To answer the second
question, depletion simulations are run in model setups in
which the CO2 exchange at the ocean surface is either
realistically slow (allowing for some surface CO2 disequi-
librium) or infinitely fast. Section 3.5 shows that the extent
of surface CO2 disequilibrium in the slow gas exchange
models depends on oceanic circulation, and can strongly
influence the outcome of nutrient depletion experiments.

2. Model Description, Simulations Performed,
and Basic Ocean Circulation

[9] Our study uses the Geophysical Fluid Dynamics
Laboratory Modular Ocean Model (MOM) version 3
[Pacanowski and Griffies, 1999], a well-studied model
which we have used for previous biogeochemistry work
[e.g., Gnanadesikan et al., 2002, 2003, 2004; Marinov et
al., 2006, 2008]. The biogeochemical component of the
model is consistent with OCMIP-2 (Ocean Carbon Model-
ing Initiative Project) specifications [e.g., Najjar et al.,

2007] (also R. J. Najjar and J. Orr, Design of OCMIP-2
simulations of chlorofluorocarbons, the solubility pump and
common biogeochemistry, 1999, available at http://
www.ipsl.jussieu.fr/OCMIP). A single well-mixed atmo-
spheric box is coupled to the ocean carbon cycle. The
model simulates production and remineralization of both
dissolved and particulate organic matter. Standard prognos-
tic variables calculated at each time step are phosphate
(PO4

3�), oxygen (O2), dissolved organic phosphate (DOP),
dissolved inorganic carbon (DIC) and alkalinity (ALK).
Global mean values are chosen for initial conditions: DIC =
2230 mmol/kg, ALK = 2370 mmol/kg. Model currency is
PO4

3�.
[10] New production is obtained by restoring surface

PO4
3� to a value PO4* in the upper 75 m of the model:

Jprod x; y; z; tð Þ ¼ PO3�
4 x; y; z; tð Þ � PO4* x; y; z; tð Þ

� �
=t

for PO3�
4 > PO4*; ð1Þ

Jprod x; y; z; tð Þ ¼ 0 for PO4 � PO4*;

where the biological timescale is t = 30 days.
[11] For each model considered in this paper we run a

control simulation and a depletion simulation. In all control
simulations nutrients are restored to the observed seasonally
varying concentrations of Louanchi and Najjar [2000], i.e.,
PO4* = PO4

obs in the above equation. In the depletion
simulations, PO4

* is set to zero in a given ocean area. For
example, in the Southern Ocean nutrient depletion scenar-
ios, nutrients are restored to PO4

* = 0 south of 30�S and to
PO4

* = PO4
obs everywhere else.

[12] Two thirds of the production goes to DOP, which is
consumed everywhere following first-order kinetics with a
remineralization timescale of 6 months, The remainder
results in an instantaneous flux of particulate organic
phosphorus at the compensation depth. This flux decreases
with depth below 75 m owing to remineralization following
a power law function. P-based fluxes such as export
production are converted to carbon units via a stoichiomet-
ric ratio rC:P of 117. For further description of the basic
biogeochemical model see Gnanadesikan et al. [2002] and
Najjar et al. [2007].
[13] We also introduce preformed PO4

3� as a prognostic
variable as in work by Marinov et al. [2006]. Preformed
PO4

3� is set equal to PO4
3� at the ocean surface and is a

biologically conserved tracer everywhere in the ocean
interior. Total amount of PO4 in the ocean is kept constant
and equal between all models studied here. Finally, we note
that while not state of the art, the present model is perfectly
suited for the present investigation.

2.1. Nine Model Setups With Different Circulation

[14] Our GCM uses the Gent-McWilliams [Gent and
McWilliams, 1990] parameterization of sub-grid-scale pro-
cesses, with tracer mixing represented by the diapycnal
(cross-isopycnal) mixing coefficient Kv and by the isopyc-
nal mixing coefficient Ai.
[15] Nine different versions of MOM3 are designed as

summarized in Table 1. Five of these model setups are
based on work by Gnanadesikan et al. [2002, 2003, 2004]
and use seasonal wind stresses of Hellerman and Rosenstein
[1983] (HR) as upper boundary condition for the momen-
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tum equation. These are LL, high Kv, high South Kv, high Ai,
high Ai-high Kv.
[16] LL stands for the low Ai and low Kv model case. In

our standard or LL model, diapycnal mixing Kv varies
hyperbolically in the ocean from 0.15 cm2/s at the surface
to 1.3 cm2/s at 5000 m with a hyperbolic tangent transition
at 2500 m [Bryan and Lewis, 1979], while isopycnal mixing
Ai is set to 1000 m2/s everywhere in the ocean.
[17] Relative to our standard model, we can increase

either Kv alone (as in models high Kv or high South Kv),
Ai alone (model high Ai), or we increase both Kv and Ai

(high Ai-high Kv model).
[18] The P2A model is the Princeton model with the

most realistic distributions of tracers (radiocarbon, global
particle export, AOU) when compared to measurements
[Gnanadesikan et al., 2004]. In the P2A model Kv has the
same structure as in the high South Kv model except for
higher vertical mixing between the top two boxes (50 cm2/s).
Additionally, this model uses ECMWF wind stress forcing
(about 1.5 times stronger than the regular HR wind stresses
in the Southern Ocean), a Drake Passage narrowed by one
grid box, and different heat and salt flux forcing fields. The
nomenclature P2A (Princeton model version 2A) was kept
for consistency with previous work [Gnanadesikan et al.,
2004].
[19] To explore the effect of extreme Southern Ocean

wind stress we design three other models where winds are
set to HR everywhere except south of 30�S where wind
stress is either increased three fold (windx3 model), in-
creased two fold (windx2 model) or decreased by 50%
(windx0.5 model) relative to the LL model (Figure 1i).

2.2. Basic Ocean Circulation

[20] One can divide the flows ventilating the deep ocean
into two basic circulations which pass through the Southern
Ocean. Ekman divergence driven by wind forces deep water
rich in nutrients and DIC to upwell in an area south of the

Antarctic Polar Front. Once at the surface, a fraction of this
water moves northward and eventually gets subducted
either as Antarctic Intermediate Water (AAIW) or as Sub-
antarctic Mode Water (SAMW), penetrates northward to the
rest of the ocean at intermediate depths and returns to the
Southern Ocean via the North Atlantic Deep Water
(NADW). This is the upper circulation. Another fraction
moves southward and is subducted as Antarctic Bottom
Water (AABW); this is the lower circulation. We note that
the lower and upper circulations reflect the residual mean
circulation, which accounts for both Ekman forcing and the
integral effect of eddy transfers.
[21] Figure 1 shows the meridional overturning circula-

tion and convective indices in three of our models. A
stronger diapycnal mixing Kv or stronger Southern Ocean
westerlies result in increased Southern Ocean upwelling,
increased AABW formation and increased Southern Ocean
deep convection. This is confirmed byD14C values (Figures
1g and 1h), which indicate younger deep waters and more
vigorous deep water ventilation in the high Kv, windx2, and
windx3 models compared to the LL model. Conversely,
weaker westerlies or increased isopycnal mixing Ai result in
weaker AABW formation and weaker convection, as indi-
cated by lower D14C values in the windx0.5 and high Ai

models compared to the LL model.
[22] For simplicity we refer here to the LL, high Ai and

windx0.5 models as our low-ventilation models and to high
Kv, P2A, windx2, windx3 as the high-ventilation models.
Marinov et al. [2008] discussed the connection between
globally averaged preformed PO4

3� and the strength of deep
water ventilation, demonstrating that high-ventilation mod-
els tend to have higher preformed PO4

3� and low-ventilation
models tend to have lower preformed PO4

3– independent of
changes in surface nutrients (Figures 1g and 1h). Here we
discuss how these ventilation differences impact the draw-
down in atmospheric pCO2 following surface nutrient
depletion.

Table 1. Model Designa

Model Kv Ai Wind Forcing

Lower Ventilation Models
LL (standard) hyperbolic variation from 0.15 cm2/s

at surface to 1.3 cm2/s at 5000 m
1000 m2/s HR

high Ai idem LL 2000 m2/s HR
windx0.5 idem LL idem LL HR decreased by

50% in S. Ocean
high South Kv idem LL south of 45�S,

1.3 cm2/s at all depths south of 55�S,
linearly interpolated between 45�S–55�S

idem LL HR

Higher-Ventilation Models
high Kv hyperbolic variation from 0.6 cm2/s

at surface to 1.3 cm2/s at 5000 m
idem LL HR

high Ai-high Kv idem HL 2000 m2/s HR
P2A as in high south Kv with some

modifications (see text)
idem LL see text

windx2 idem LL idem LL HR increased twofold
in Southern Ocean

windx3 idem LL idem LL HR increased threefold
in Southern Ocean

aOur nine models have different diapycnal mixing (Kv), isopycnal mixing (Ai) and wind forcing. HR are seasonal winds
stresses of Hellerman and Rosenstein [1983]. Models can be roughly separated into low- and high-ventilation categories,
depending on the net ventilation of the deep waters via the Southern Ocean (see section 2.2 and Figure 1).
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