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[1] A new implicit method for obtaining equilibrium solutions and their sensitivity to
changes in parameters is described and applied to an OCMIP-2 type ocean-
biogeochemistry model. The method is used to optimize model parameters by
minimizing the difference between the observed and simulated PO, distribution. The
optimized parameters include (1) the exponent « in the power law vertical profile for
particulate organic matter (POM) fluxes, (2) the fraction o of biological production
allocated to dissolved organic matter (DOM) and (3) the rate constant ~ for the
remineralization of DOM. Global PO, observations constrain ¢ and x but not
independently because their sensitivity patterns are highly correlated. In contrast, the
sensitivity pattern for « is uncorrelated to those of the other parameters, allowing it to
be independently constrained. We show that export production from POC is well
constrained by the distribution of PO, in an OCMIP-2 type model, but that new
production and export production from DOC are not well constrained. With the optimal
parameter set (o« = —1.0, o = 0.74, and x = 1.0 yrs~') the fraction of the spatial PO,
variance captured by our model increases from 60% with the reference OCMIP-2
parameters to 70%. Combined changes in ¢ and x account for most of the
improvements by reducing but not completely eliminating the nutrient trapping effect in the
Eastern Equatorial Pacific and northern Indian Ocean that causes the model to over-
predict PO,4 concentrations. Important remaining model-data misfits in the deep North
Atlantic where PO, is over predicted and in the North Pacific where the model does not
produce the observed sharp nutricline are likely attributable to deficiencies in ocean
transport. The fact that the fraction of unexplained variance is large at the optimal parameter
values highlights the importance of properly simulating physical transport for ocean
biogeochemical modeling.
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1. Introduction ated with anthropogenic perturbations from the model’s drift
toward its preindustrial equilibrium. Furthermore, the
lengthy spin-up integrations must be repeated each time a
model parameter is changed even if the parameter is associ-
ated with the biogeochemical model and does not lead to any
change in the ocean circulation. As a result there has been few
systematic parameter sensitivity studies of global biogeo-
chemistry models. Parameter uncertainty thus remains large
and poorly known.

[3] To overcome the computational costs associated with
model spin-up, we have implemented a new solver for
obtaining equilibrium solutions to a global ocean-biogeo-
chemistry model. The new offline model makes use of time-
averaged ocean flow and eddy-diffusion tensor fields
obtained from a dynamical ocean general circulation model

"Department of Earth System Science, University of California, Irvine, (OGCM) and computes the biogeochemistry model’s equi-

[2] The ocean is the largest dynamic reservoir of carbon on
timescales of months to millennia. The wide range of time-
scales with which the ocean can interact with the atmosphere
is a consequence of ocean transport that allows some water
parcels to be ventilated relatively quickly while others are
transported far from the surface and can remain shielded from
the atmosphere for several thousand years. The oceanic
carbon reservoir’s broad range of response times makes it a
particularly challenging system to model. For example,
simulating the global carbon cycle over the relatively short
anthropocene requires that the model be first spun up for
several thousand years in order to distinguish trends associ-

California, USA. librium chemical tracer distributions using an iterative
approach based on Newton’s method that avoids explicitly
Copyright 2006 by the American Geophysical Union. time stepping the governing equations. With the new solver,
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global three-dimensional equilibrium tracer distributions are
obtained in minutes on a single processor workstation whereas
the same solution obtained using the traditional time
stepping approach would take weeks. In the present study,
we take advantage of the new efficiency to perform an
extensive parameter optimization and sensitivity study of
an ocean-biogeochemistry model based on the formulation
used for phase 2 of the Ocean Carbon Model Intercomparison
Project (OCMIP-2, R. Najjar and J. Orr, Design of OCMIP-2
simulations of chlorofluorocarbons, the solubility pump and
common biogeochemistry, 1998, http://www.ipsl.jussicu.fr/
OCMIP/phase2/simulations/design.ps) hereinafter referred
to as Najjar and Orr online document). Our goal is to
determine optimal parameter values along with their associ-
ated uncertainty.

[4] Our study is complementary to the goals of OCMIP-2
in that we study the sensitivity of changes in the biogeo-
chemistry model with a fixed ocean circulation, whereas
OCMIP-2 [e.g., Sarmiento et al., 2000; Matsumoto et al.,
2004; Doney et al., 2004] used a fixed and common biogeo-
chemistry model to focus on the impacts of changes in the
ocean circulation as manifested in the suite of participating
ocean models. Our study thus builds on the previous works of
Anderson and Sarmiento [1995] and Yamanaka and Tajika
[1996, 1997] that studied the impact of changing export
production and remineralization profiles on various chemical
tracers inmodels that were structurally similar to the OCMIP-2
formulation. Our contribution is to present a much more
extensive and systematic parameter sensitivity study.

[5] In our model, as in all OCMIP-2 type models, the sink
and source of dissolved inorganic carbon (DIC) due to the
production and remineralization of organic matter is keyed to
the phosphorus cycle. Model parameters associated with the
cycling of phosphorus between phosphate (PO,), dissolved
organic phosphorus (DOP) and particulate organic phosphorus
(POP) are: (1) o, the fraction of net primary production going
into DOP, (2) &, the first-order decomposition rate constant of
semilabile DOP and (3) «, the exponent of the power law for
the remineralization of POP with depth. In the present study,
we report results dealing with phosphate and DOP. Results
concerning the distribution of DIC and the air-sea exchange of
carbon-dioxide will be presented in a follow up paper.

[6] Previous research aimed at optimizing large-scale ocean
biogeochemistry model parameters have focused on the
adjoint method [Matear and Holloway, 1995; Schlitzer,
2000, 2002; Usbeck et al., 2003]. Although there is some
overlap between the goals of these studies and ours there are
some important differences and these are reflected in the
different methodologies. The common element between the
previous studies and ours is that we try to estimate uncertain
parameters by minimizing a cost function. The inputs and
importantly the number of inputs to the cost functions are very
different however. In the adjoint studies the inputs to the cost
function include among other parameters the three-dimensional
phosphate distribution, the circulation of the ocean and either a
few biogeochemical model parameters in the case of Matear
and Holloway [1995] or a very large number of parameters
including surface export production in the case of Schlitzer
[2000, 2002] and Usbeck et al. [2003]. The end result of the
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adjoint studies is a weighted average of the observations and
the simulated fields. Because the number of adjustable
parameters in these studies far exceeds the number of degrees
of freedom in the observational data set, the uncertainty of the
results cannot easily be quantified [Schlitzer, 2000]. In
contrast, the inputs to our cost function include only three
parameters related to the OCMIP-2 biogeochemical model.
Because our cost function has only three dimensions we are
able to plot its shape to determine how well the data constrains
the parameters and thus quantify parameter uncertainties.

[7] The difference in the number of model parameters also
underlies the differences in computational approach. Studies
that involve cost functions with a large number of adjustable
parameters are often based on adjoint methods because it
allows for the efficient computation of the gradient of the cost
function. The number of inputs in our cost function is kept to
a minimum by holding the circulation fixed and considering
only phosphate distributions that are equilibrium solutions of
the model. This is made computationally feasible by the use
of Newton’s method to efficiently compute equilibrium
solutions.

[8] The paper is organized as follows: In section 2 we
describe how we use Newton’s method to find equilibrium
solutions. In section 2.1 we describe the OGCM simulation
used to obtain the velocity and diffusivity fields needed to
construct the transport operator. In sections 2.2 and 2.3 we
review the OCMIP-2 formulation of the phosphorus-cycle
model. In section 3 we describe our model’s solution using
the OCMIP-2 reference parameter values. In section 4 we
describe the optimization strategy and optimization results.
In section 5 we introduce the equilibrium solution sensitivity
patterns (S patterns), show how they are computed, and
discuss the sensitivity of the model solution to changes in
parameter values. In section 6 we examine the sensitivity of
the globally integrated new and export production in the form
of particulate organic carbon (POC) and dissolved organic
carbon (DOC). Finally in section 7 we summarize our results
and present conclusions along with suggestions for future
developments and applications of our method.

2. Method of Solution and Model Formulation

[o] After discretization, the governing equations for the
biogeochemical fields (section 2.2) can be expressed as a
system of differential equations

B = Fxp), 1)
where 11" = [0, K, o] is the vector of parameters and X is the
model state vector consisting of, for example, the concentra-
tions of phosphate and dissolved organic phosphorus at each
model grid point. By definition, the tracer distribution is in
equilibrium when its time rate-of-change is zero. Finding the
equilibrium tracer distribution, X,,, thus reduces to setting
dX/dt = 0 in equation (1) and solving

F (Xegs 1) = 0. (2)

Because the source-sink terms are nonlinear functions of
Xeg, €quation (2) is a coupled system of nonlinear equations
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for which an iterative solution method is needed. We use
Newton’s method [e.g., Kelly, 2003] and iterate

X —X-— (g—i)]F(X) (3)

until max|F(X)| < tol where tol is chosen to be as small as
possible given the finite machine precision.

[10] Each Newton iteration requires the inversion of the
model’s Jacobian matrix, (OF/JX). The Jacobian matrix has a
rank on the order of 10° but fortunately the matrix is sparse
and can be factored efficiently into upper and lower triangular
form using a modern sparse solver [Amestoy et al., 2001].
The resulting code is very fast. For example if we initialize
the iteration with uniform [PO,4] and [DOP] fields, the solver
reaches an equilibrium solution with zero time-tendency drift
within machine precision in about six to seven iterations,
each taking about 5 min on a single processor workstation.

2.1. Ocean Transport Model

[11] We use the off-line ocean transport model developed
by Primeau [2005]. The model is based on the time-averaged
velocity and eddy-diffusivity tensor fields from a dynamical
simulation with a full OGCM. The OGCM used is a version
of the ocean component of the climate model of the Canadian
Centre for Climate Modeling and Analysis, itself based on
version 1.3 of the NCAR CSM Ocean Model [Pacanowski et
al., 1993]. It uses the KPP vertical mixing scheme [Large et
al., 1994] and the GM isopycnal eddy-mixing scheme [Gent
and McWilliams, 1990]. The model is forced by monthly
momentum, heat and freshwater fluxes obtained from the
atmospheric component of the climate model together with
restoring of surface temperature and salinity toward their
observed climatological values. The off-line transport model
(like its parent OGCM) uses second-order centered differ-
ences on a grid with 29 levels in the vertical ranging in
thickness from 50 m near the surface to 300 m in the deepest
level and a ~3.75° x 3.75° horizontal resolution. We tested
the numerics of the offline transport model against those of
the full OGCM’s tracer advection scheme to confirm that they
produce the same transport given the same circulation and
eddy diffusion tensor. All the biogeochemical simulations
presented in the paper use a steady time-averaged transport
field with no seasonal cycle.

[12] An important feature of the off-line transport model is
that its advection-diffusion operator is available in matrix
form. This allows us to compute equilibrium tracer distribu-
tions for prescribed source and sink patterns by direct matrix
inversion, thus avoiding the need to perform lengthy multi-
thousand year integrations needed for the tracer fields to
come into equilibrium with their source and sink patterns.
This unique feature of the model has been exploited in
previous studies [Primeau, 2005; Primeau and Holzer,
2006] to perform extensive studies of the ventilation and
transport properties of the model.

2.2. Ocean Biogeochemistry Model

[13] The biogeochemistry model is based on the OCMIP-2
formulation (Najjar and Orr online document) [see also
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Sarmiento et al., 1988]. The full model has five prognostic
variables, phosphate, [PO,], dissolved organic phosphorus,
semilabile [DOP], total alkalinity, A7 dissolved inorganic
carbon, [DIC], and oxygen, [O,], but in this study we will
focus on the phosphorus cycle only.

[14] The governing equations for the phosphorus cycle are

9[PO,]
or

+u - V[PO4] — V(KV[PO4]) = Spo,, (4)

%[DOP] +u - V[DOP|] — V(KV[DOP|) = Spop,  (5)

where the source-sink terms, Spo, and Spop, are functions of
both [PO,4] and [DOP] and thus couple the two equations.

[15] The source-sink terms for PO, and DOP take the
following forms

B —Jro, if z <z,
SPO4 - ‘%[DOP} + { ( — %(z/zc)a)(l — a') 6‘ JP04dZ if z> Ze

(6)

oJro, if z <z
0 if 2>z,

Sbop = —K[DOP] + { (7)

where Jpo, is organic phosphorus production, z. is the
compensation depth, fixed at 75 m, x is the inverse
e-folding timescale for the remineralization of dissolved
organic matter (DOM), o is the fraction of the production
that is recycled as DOM, (I — o) is the fraction that is
exported as particulate organic matter (POM), and « is a
constant scaling factor that controls the depth-profile for the
remineralization of POM, assumed to be instantaneous.
[16] Inorder to be able to apply Newton’s method to obtain
solutions of the model, special care is needed to ensure that
the governing equations are differentiable with respect to the
dependent variables so that the model’s Jacobian matrix is
well defined. We thus modified the formulation for the
biological uptake of phosphate in new production as follows:

Jvo, = % ([PO4] — [PO4],) % [1 + tanh (LA[POW)} ,

(3)

where [POy4],, is the observed phosphate concentration and
where ) is a small number with the same unit as [PO4]. Note
that in the limit of A — 0, equation (8) reduces to

Jro .
otherwise,

_ { (O[PO4] — [POu] ) /7 obs’ 9)

4

the same formulation proposed by Sarmiento et al. [1988]
and implemented in the OCMIP-2 protocol. In practice, we
choose A = 107> mol/m®, which is large enough for the
partial derivatives of the model equations with respect to
[PO4] to be numerically well defined, but small enough
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