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[1] Results are presented of export production, dissolved organic matter (DOM) and
dissolved oxygen simulated by 12 global ocean models participating in the second phase
of the Ocean Carbon-cycle Model Intercomparison Project. A common, simple
biogeochemical model is utilized in different coarse-resolution ocean circulation models.
The model mean (+10) downward flux of organic matter across 75 m depth is 17 £ 6 Pg C
yr~'. Model means of globally averaged particle export, the fraction of total

export in dissolved form, surface semilabile dissolved organic carbon (DOC), and
seasonal net outgassing (SNO) of oxygen are in good agreement with observation-based
estimates, but particle export and surface DOC are too high in the tropics. There is a high

sensitivity of the results to circulation, as evidenced by (1) the correlation of surface
DOC and export with circulation metrics, including chlorofluorocarbon inventory and
deep-ocean radiocarbon, (2) very large intermodel differences in Southern Ocean export,
and (3) greater export production, fraction of export as DOM, and SNO in models
with explicit mixed layer physics. However, deep-ocean oxygen, which varies widely
among the models, is poorly correlated with other model indices. Cross-model means of
several biogeochemical metrics show better agreement with observation-based
estimates when restricted to those models that best simulate deep-ocean radiocarbon.
Overall, the results emphasize the importance of physical processes in marine
biogeochemical modeling and suggest that the development of circulation models can be
accelerated by evaluating them with marine biogeochemical metrics.
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1. Introduction

[2] The export of organic matter from surface waters to
the deep ocean, known as “export production,” is a central
process in marine biogeochemical cycling. This flux, which
occurs via gravitational settling, ocean circulation and
active transport by organisms, maintains vertical gradients
in a myriad of chemical species in the sea. It also helps
regulate the abundance of a number of key gases in the
atmosphere, including carbon dioxide and nitrous oxide.
Export production directly influences the oxygen content of
the ocean and indirectly (through the influence on organic
matter burial) the oxygen content of the atmosphere, and
therefore is key for understanding the Earth’s redox chem-
istry. Seasonal variations in atmospheric oxygen are also
strongly driven by export production [Keeling and Shertz,
1992]. Export production is generally equated with “new
production,” which is that fraction of primary production
fueled by nutrients external to the euphotic zone [Dugdale
and Goering, 1967], though the equality breaks down under
nonsteady state conditions and when lateral transport is
significant [Plattner et al., 2005]. Finally, export production
represents the input of energy and organic matter to aphotic
zone ecosystems, including the benthos.

[3] Export production is difficult to quanitify on a global
scale because of its high spatial and temporal variability and
because accurate direct measurements have been elusive.
There are many methods for estimating export production
on basin-wide scales including: extrapolation of direct
measurements of the sinking flux based on sediment trap
measurements [Martin et al., 1987] or new production
based on '°N uptake [Eppley and Peterson, 1979], some-
times in combination with satellite measurements [Laws
et al., 2000; Gnanadesikan et al., 2004; Dunne et al., 2005];
tracer-based estimates, which utilize mass balances for
nutrients [Chavez and Toggweiler, 1995; Louanchi and
Najjar, 2000], oxygen [Keeling and Shertz, 1992; Najjar
and Keeling, 2000] or dissolved inorganic carbon [Lee,
2001]; and numerical models that simulate or invert the
large-scale distributions of biogenic tracers [e.g., Bacastow
and Maier-Reimer, 1990; Najjar et al., 1992; Gnanadesikan
et al., 2004; Schlitzer, 2002].

[4] Estimates of global export production based on these
methods vary considerably, from about 3 to 20 Pg C yr™ .
Some of this spread reflects different quantities that are
being estimated by different methods. For example, export
estimates based on sediment traps may be referenced to a
fixed depth, such as 150 m, whereas those based on primary
production and f ratios may integrate over the euphotic
zone, whose depth varies in space and time. Model sensi-
tivity studies by Doney et al. [2003] show a strong depen-
dence on the depth across which export is computed (nearly
a factor of 2 difference between 75 and 150 m), owing to
the rapid remineralization of organic matter in the upper
thermocline. Methods based on seasonal variations in
tracers focus on a particular time of year (typically spring
and summer) and region (typically middle and high
latitudes). However, even within a given method estimates
vary considerably. As we will show here, numerical forward
model estimates of export across 75 m, using the same
biogeochemical module but different circulation models,
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vary from 9 to 28 Pg C yr . This is of concern because
numerical models are the only means of predicting future
variations in the marine carbon cycle and hence atmospheric
CO, and climate.

[5] The purpose of this paper is to explore the sensitivity
of export production to the circulation generated by ocean
circulation models and to evaluate the degree to which
model biases produce erroneous results. These biases are
uncovered by evaluating model skill at simulating the
distribution of export production and tracers related to it,
such as dissolved organic carbon, dissolved oxygen and
tracers of ocean ventilation (the process that brings surface
water and its properties into the ocean’s interior). By
conducting such an evaluation, we are emphasizing that it
is important for marine biogeochemical models to be able to
simulate the distributions of relevant tracers and fluxes. In
essence, we are conducting a joint assessment of ocean
circulation models, a simple biogeochemical model, and an
incomplete observational record. Though our focus is on
the sensitivity of export to physical processes, we recognize
the importance of biogeochemical factors that are not
considered here, including: micronutrient limitation, silicic
acid availability, nitrogen fixation, the microbial loop, and
grazing [e.g., Sarmiento and Gruber, 2006, chapter 5 and
references therein].

[6] The work presented here was conducted as part of
Phase II of the Ocean Carbon-cycle Model Intercomparison
Project (OCMIP-2). A variety of simulations were con-
ducted with carefully designed protocols to allow for a
straightforward evaluation of the models with observations
and comparison among models. In addition to model
physical processes [Doney et al., 2004], simulations were
generated for chloroflourocarbons (CFCs) [Dutay et al.,
2002], anthropogenic CO, [Watson and Orr, 2003; Orr et
al., 2005], radiocarbon [Matsumoto et al., 2004], mantle
helium [Dutay et al., 2004] and the natural marine carbon
cycle. Of the latter, the nutrient and oxygen component is
presented here. Watson and Orr [2003] also present aspects
of the natural marine carbon cycle, with a focus on air-sea
CO, fluxes. An overall summary of OCMIP-2 model results
is described in the report of Orr [2002].

2. Methods

[7] OCMIP-2 was designed mainly to evaluate the impact
of ocean circulation processes on the marine carbon cycle.
To facilitate such a comparison among models, a common
biogeochemical model was designed. The model includes
five prognostic variables: inorganic phosphate, semilabile
dissolved organic phosphorus (DOP), dissolved oxygen
(O,), dissolved inorganic carbon and alkalinity. Transport
was generated by the individual participating models in
OCMIP-2. Of the 13 OCMIP-2 modeling groups, 12 ran the
simple biogeochemical model. Table 1 lists the 12 groups
and the characteristics of the physical model used by each
group. Though all are coarse-resolution, non-eddy-resolving
models, they differ considerably in the choice of sub-grid-
scale parameterizations, sea-ice components and surface
forcing. The coarse resolution of the models and the data
sets available for evaluating them precludes any evaluation
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Figure 1. Globally integrated total (gray) and particulate (black) export production for the 12 OCMIP
models (Table 1) and their mean, the inverse method of SO2 [Schlitzer, 2002], and satellited-based
estimates (particle only) of GO4 [Gnanadesikan et al., 2004]. DOC export results were not available from
SOC. For GO4, the three bars refer to usage of the primary production algorithms of Behrenfeld and
Falkowski [1997] (left), Carr [2002] (middle), and Marra et al. [2003] (right).

models. We have therefore chosen to focus most of our
attention on the annual mean distribution of tracers, which
we believe to be more robust.

3.2. Export Production

[10] Global export production across 11 of the OCMIP-2
models (SOC only reported particle export) varies from 9 to
28 Pg C yr ', with a cross model mean (I standard
deviation, lo) of 17 £ 6 Pg C yr! (Figure 1). This is
somewhat higher than the satellite-based estimate of new
production by Laws et al. [2000] (12 + 0.9 Pg C yr ') and
the inverse modeling estimate of export (across 133 m) by
Schlitzer [2002] (12.7 Pg C yr '). Similarly, mean (+10)
particle export across 75 m estimated by the models is 13 +
3 Pg C yr ', in reasonable agreement with satellite-based
estimates (9.7—12 Pg C yr ' [Gnanadesikan et al., 2004])
and inverse estimates (9.8 Pg C yr~' [Schlitzer, 2002]). The
slight bias of the models could reflect the depth (75 m)
chosen for computing model export production [Doney
et al., 2003]. The data-based estimates also have significant
uncertainties. For example, error is introduced to the satellite-
based export estimates in two steps: first in the primary
production algorithm, which shows particularly large re-
gional differences that are masked in the global mean
[Gnanadesikan et al., 2002, 2004], and second in the
conversion of primary production to export using an
export ratio that typically depends on temperature and
primary production [Laws et al., 2000; Dunne et al.,
2005]. The inverse modeling results of Schlitzer [2002]
may have a bias because of the lack of seasonality.

[11] To make the data-based and modeled estimates of
export most comparable, they should be brought to a
common depth. However, it is not clear how to do this for
at least one of two reasons: (1) the depth of the data-based
estimate is not known and (2) the appropriate depth correc-

tion is not known. To estimate POC export, Gnanadesikan
et al. [2004] exploited satellite algorithms for primary
production and observation-based estimates of the ratio of
export production to primary production [Dunne et al.,
2005]. These ratios were not based on a common depth
and furthermore were derived from a wide variety of
methods, many of which (such as the '°N technique) cannot
be depth-adjusted in any objective way. Schlitzer’s [2002]
inverse model gives export at 133 m, the base of the second
grid box. We consider two equally defensible ways to bring
the Schlitzer [2002] flux and the model-mean flux to
the same depth. In the first method, we bring the 75-m
model-mean particle flux (13 Pg C yr ') to 133 m by using
the assumed particle flux scaling (see Appendix A). This
yields a model-mean POC flux of 7.8 Pg C yr ' at 133 m,
which is 20% less than that of Schlitzer [2002]. In the
second method, we bring the POC flux at 133 m from
Schlitzer [2002] to 75 m. In this model, 75% of the export
comes from the top box, which is 60 m thick, and 25%
comes from the second box. Assuming the flux varies
linearly between 60 and 133 m, the flux at 75 m would
be 7.9 Pg C yr'; in this case the model-mean flux is more
than 60% greater than that of Schlitzer [2002]. The correc-
tions give inconsistent results because the flux increases
with depth in the first method and decreases with depth in
the second method. Overall, given the difficulties and
uncertainties in depth corrections to the observation-based
estimates of POC flux, we have chosen not to apply them.

[12] The differences in export production among the
models are associated with differences in the parameter-
izations of lateral diffusive mixing and mixed layer
processes (refer to Table 1 and Figure 1). Only four of
the 11 models reporting total production have lateral mixing
along the horizontal and yet three of these (UL, PIUB and
IGCR) are among the five most productive models. Hori-
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