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[1] An adjoint method is applied to a three-dimensional global ocean biogeochemical
cycle model to optimize the ecosystem parameters on the basis of SeaWiFS surface
chlorophyll observation. We showed with identical twin experiments that the model
simulated chlorophyll concentration is sensitive to perturbation of phytoplankton and
zooplankton exudation, herbivore egestion as fecal pellets, zooplankton grazing, and the
assimilation efficiency parameters. The assimilation of SeaWiFS chlorophyll data
significantly improved the prediction of chlorophyll concentration, especially in the
high-latitude regions. Experiments that considered regional variations of parameters
yielded a high seasonal variance of ecosystem parameters in the high latitudes, but a low
variance in the tropical regions. These experiments indicate that the adjoint model is,
despite the many uncertainties, generally capable to optimize sensitive parameters and
carbon fluxes in the euphotic zone. The best fit regional parameters predict a global net
primary production of 36 Pg C yr�1, which lies within the range suggested by Antoine et
al. (1996). Additional constraints of nutrient data from the World Ocean Atlas showed
further reduction in the model-data misfit and that assimilation with extensive data
sets is necessary.
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1. Introduction

[2] To address the long-term global climate concerns
about the rising of the atmospheric CO2 concentration, it
is essential to understand and quantify the framework of the
ocean carbon dynamics by evaluating the contributions of
different processes simulated in a carbon cycle model. The
complex marine ecosystem processes play an important role
in controlling the sources and sinks of the ocean carbon
budget in the euphotic layer. One way to estimate the
sources and sinks of the carbon budget is to use marine
ecosystem models, which, depending on their application,
have different levels of complexity [see, e.g., Hofmann and
Friedrichs, 2002]. However, all ecosystem models contain
parameters (e.g., the remineralization rate of fecal pellets or
mortality rate of zooplankton) that are poorly constrained
and thus need to be explored with sensitivity studies and
observational evidence.
[3] Data assimilation techniques, such as the adjoint

method (also called variational data assimilation), have
recently been used to efficiently estimate the best fit values
for marine ecosystem model parameters [Lawson et al.,

1996; Fennel et al., 2001; Losa et al., 2004; Spitz et al.,
2001; Friedrichs, 2002; Schartau et al., 2001]. The adjoint
method calculates the gradient of model-data misfit with
respect to the control variables and uses the gradient
information to vary the parameters toward reduced model-
data misfit. Past studies have focused on a box model or a
specific region of the world ocean. This study will attempt
to apply the adjoint data assimilation technique to optimize
the global and regional ecosystem parameters of a compre-
hensive global three-dimensional ocean carbon cycle model
and will be complimentary to previous regional studies such
as those by Losa et al. [2004], Hemmings et al. [2004], or
Friedrichs [2002]. The first two papers indicate that eco-
system parameters in the North Atlantic region cannot be
assumed invariant by using data assimilation experiments.
For the Equatorial Pacific, Friedrichs [2002] explored how
the assimilation of biological data into an ecosystem model
can be used to distinguish between physical and ecological
regime shifts and thus may identify shortcomings in the
model formulation. Such findings have been confirmed by,
for example, Garcia-Gorriz et al. [2003] who showed that
the assimilation of Sea-viewing Wide Field-of-view Sensor
(SeaWiFS) data of the Adriatic Sea into a NPZ/primitive
equations model produces better fits to plankton bloom
than to nonbloom conditions. Natvik and Evensen [2003]
examined the sensitivity of the dynamical error of the
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ecosystem model to the actual model state using the
Ensemble Kalman Filter and SeaWiFS observations.
[4] In this study, an adjoint global three-dimensional

carbon cycle model has been developed and applied to
explore how globally uniform and regionally varying eco-
system parameters influence the optimization, and how
assimilation of data from different seasons influence the
solution. The response of the chlorophyll concentration and
carbon fluxes with respect to selected ecosystem parameters
will be quantitatively assessed as well. The objective of this
study is to (1) test the applicability of the adjoint method in
optimizing three-dimensional ecosystem parameters and
reducing the model-data misfit, (2) analyze the performance
of the optimization when SeaWiFS and WOA observation
are assimilated, and to (3) discuss the uncertainties and
limitation associated with the assimilation method adopted
(e.g., in respect to the cost function formulation and multiple
minima). In the following section, the ocean biogeochemical
model used in this study is briefly described. Section 3
explains the satellite and in situ observations applied in the
assimilation, followed by a description of the implementa-
tion of the inverse method in section 4. Results of the data
assimilation experiments conducted in this study are pre-
sented in section 5. Section 6 provides an overall summary
and discussion, and the paper concludes in section 7.

2. Model Description

[5] The ocean model used in this study is an ocean
general circulation model coupled with a carbon cycle
model. The model adopts the 72 � 72 E grid [Arakawa
and Lamb, 1977] (approximately 3.5� � 3.5� horizontal
resolution), and contains 22 vertical layers with realistic
bathymetry. The ocean general circulation model is the
Hamburg Large-Scale Geostrophic (LSG) model [Maier-
Reimer and Hasselmann, 1987; Maier-Reimer et al., 1993]
and the carbon cycle model is the Hamburg Ocean Model of
the Carbon Cycle (HAMOCC5.1) [Maier-Reimer, 1993; Six
and Maier-Reimer, 1996; Aumont et al., 2003]. The LSG

model has been part of the Ocean-Carbon-Cycle Model
Intercomparison Project (OCMIP) [Orr et al., 2001] and
includes improved parameterizations of the mixed-layer and
eddy-induced tracer transport [Gent et al., 1995; Visbeck et
al., 1997] (see Mikolajewicz et al. [2006] for details). In a
first order and with these revisions, the errors by short-
comings of the physical approximations are far lower than
those of the biogeochemical formulations.
[6] A three-dimensional carbon cycle model (HAMOCC5.1)

is coupled online to the LSG. The carbon cycle model includes
36 tracers and a nutrient, phytoplankton, zooplankton, and
detritus NPZD-type ecosystem model (Figure 1). The initial
condition of the HAMOCC5.1 model is based on a model
used by Howard et al. [2006], which has been integrated for
10,000 years on an NEC supercomputer at the German
Climate Modeling Center (DKRZ) in Hamburg. Detailed
description of the HAMOCC5.1 used in this study is given
by Howard et al. [2006] and in auxiliary Text S11.

3. Observations

[7] Five-year seasonal climatology of SeaWiFS Level 3
chlorophyll data [Gregg and Casey, 2004], provided by
NASA’s Ocean Color Research Team (Goddard Earth Sciences
Distributed Active Archive Center, http://oceancolor.
gsfc.nasa.gov) are used for data assimilation in this study.
To capture the seasonal pattern of the global ocean chloro-
phyll patterns, the weekly data from January 1998 through
December 2003 are averaged for the four seasons, which
are winter (January to March; JFM), spring (April to June;
AMJ), summer (July to September; JAS), and fall (October
to December; OND) and interpolated to the model grid
(Figure 2). The coastal observations are excluded owing to
the coarse resolution of the model and because of the
different algorithms used by the satellite to measure open-
ocean and coastal chlorophyll (case 1 and case 2 water)
[Gordon and Morel, 1983]. We note that uncertainties of
remote sensing chlorophyll data can be as high as �30%
[McClain et al., 1998; O’Reilly et al., 2000; Gregg and
Casey, 2004]. In addition to the remotely sensed chlorophyll
data, we also use the seasonal in situ surface nitrate data
provided by the WOA. The data is integrated between 0 and
50 meter depths to be assimilated into the model’s topmost
layer.

4. Inverse Method

4.1. Adjoint Method

[8] The adjoint model allows us to systematically esti-
mate the sensitivity of the gradient of the cost function (i.e.,
calculates the model-data misfit) with respect to perturba-
tion of the ecosystem parameter sets under the assumption
that the model’s functions are differentiable. Moreover, the
adjoint model is very efficient (i.e., only a single forward
and backward integration is needed) in finding the leading
sensitivity of the model output with respect to multiple or
large sets of parameters [Errico, 1997]. The adjoint model

Figure 1. Schematic diagram of main processes simulated
in the ecosystem model. Carbon fluxes between boxes are
given in Pg C yr�1 (simulated value using optimized
parameterization from regional assimilation experiment,
RANC, RATC, and RASC, are given in parentheses, and
values outside the parentheses represent values prior to the
assimilation).

1Auxiliary materials are available at ftp://ftp.agu.org/apend/gb/
2006GB002745.
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