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Using JGOFS in situ and ocean color data to compare
biogeochemical models and estimate their parameters

in the subtropical North Atlantic Ocean

by I. Dadou1, G. Evans2 and V. Garçon1

ABSTRACT
How well do biogeochemical data sets serve to decide among models and model parameter values?

Data at 21N, 31W from the French JGOFS EUMELI cruises and the SeaWiFS ocean color sensor
were used to estimate parameters for three very different models of biological nitrogen flux in a water
column. The three models are (1) an NPZD (Nutrients, Phytoplankton, Zooplankton and Detritus)
model (Oschlies et al., 2000), (2) a seven-component model with two pools of dissolved organic
matter and detritus with different remineralization and sinking rates (Dadou et al., 2001) and (3) a
model of nutrients and phytoplankton including aggregates (Kriest and Evans, 1999). Parameters of
the three models are estimated using the same sets of data within the same one-dimensional physical
framework. A combination of local and nonlocal optimization methods is used.

It is not easy to decide among candidate models based on their fit to the data. Parameters that mean
the same thing in the three models, like the half-saturation concentration for nitrate uptake, were
estimated at not very different values in different models. The model with dissolved organic matter,
based on its primary production and sediment flux data time evolutions, seems to exhibit the more
reasonable annual behavior. Large seasonal changes in deep nitrate data suggest an unexpected role
of lateral advection and may vitiate the 1-D approach even at the EUMELI oligotrophic site. The
small number of sediment trap measurements are very powerful for constraining the biological
nitrogen. Ocean color data did not add extra constraining power.

1. Introduction

The goal of JGOFS (Joint Global Ocean Flux Study) is to assess more accurately, and
understand better, the processes controlling regional-to-global and seasonal-to-interannual
fluxes of carbon between the atmosphere, surface ocean and ocean interior and their
sensitivity to climate changes (SCOR, 1992). Local JGOFS studies are either intensive
studies lasting a few weeks (EUMELI (Morel, 1996), NABE (Ducklow and Harris, 1993))
or short visits at regular intervals for many years (BATS (Steinberg et al., 2001)). Such
local studies will be informative about regional scales only if they can serve to improve
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process models, estimate their parameters, decide among different models or suggest new
models (SCOR, 1992; Evans and Garçon, 1997).

This paper studies the interplay between two data sets, one collected by the France-
JGOFS EUMELI program at the oligotrophic site in the early 1990’s, the other the
SeaWiFS chlorophyll data set at the same site, and three 1-D biogeochemical models of
varying levels of complexity.

How informative are the data? How well do they constrain our knowledge of the
processes? Evans (1999) addressed these questions by studying how well NABE data
constrain the parameters of one single 0-D model. Here we will investigate whether the
data enable us to decide among three different candidate 1-D models for describing the
biological processes relevant for biogeochemistry.

2. Methods

a. Data

During the EUMELI program, four cruises devoted to surface and water column
processes were carried out between January 1991 and December 1992. Concentrations of
different variables were measured and also some rates of transfer among different forms
and time-integrated accumulations (from sediment traps). The EUMELI O-site observa-
tions have been made available on the France JGOFS site (http://www.obs-vlfr.fr/jgofs).
Additional information can be found in a review paper by Morel (2000) and papers of the
special EUMELI section in Deep-Sea Research I, 43, (8), 1996.

i. In situ concentrations. Nitrate and chlorophyll represent the state variables common to
all three models. Particulate nitrogen concentrations are compared with the sum of
phytoplankton, zooplankton and detritus concentrations in the NPZD and Oli7 models, and
with phytoplankton concentration in the SAM model.

In this area, a deep chlorophyll maximum, up to around 0.5 mgChl/m3, is well developed
all year long and the chlorophyll pattern may well not be the phytoplankton pattern
(Claustre and Marty, 1995). The nitrogen-to-chlorophyll ratio of phytoplanktonic assem-
blages sampled was not determined. Nitrate concentrations were compared with the
nutrient compartment of the three models. Ocean upper layers at this site are depleted in
nitrate (also in phosphate) with values less than 0.1 mmolN/m3; the nitracline starts up at
100 m depth. Nitrogen particles were collected by an in situ pumping system and represent
more small particles (living and nonliving) than large particles. Nitrogen content of small
particles is low (less than 1 mmolN/m3) and decreases with depth. Chlorophyll and nitrate
data are available for four cruises and nitrogen-particle data only for three cruises
(Pujo-Pay and Raimbault, 1994).

ii. In situ flux. Two kinds of flux data were used: primary production and sediment trap
data. Primary production data are available for two cruises. Primary production rates
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decrease generally from the surface (around 0.004 gC/m3/d) to 120 m (0.001 gC/m3/d)
(Morel et al., 1996). A C/N ratio equal to 7 has been used to convert carbon to nitrogen. For
sediment trap data, data from the fixed and drifting moorings are available at 250 m depth
(Bory et al., 2001; Raimbault, pers. com.). Due to technical in situ problems and
representativity of this flux at 250 m depth (current speed higher than 15 cm/s for fixed
traps), only 9 data points are kept for this study. Fluxes range from 0.47 to 0.02 mmolN/m2/d,
with a mean of around 0.13 mmolN/m2/d. Sediment trap data from the drifting mooring are
in nitrogen. Fixed sediment trap data were measured in carbon and have been converted to
nitrogen using a C/N ratio of 7.

iii. Ocean color satellite data. Ocean color chlorophyll a concentration obtained from the
SeaWiFS products (level 3 binned data, 8 days, version 3) generated by the NASA
Goddard Space Flight Center (GSFC) Distributed Active Archive Center (DAAC) have
been used from September 1997 to June 2000. The data were extracted near the O-site and
a spatial mean has been applied to remove mesoscale structures (�100 km; Dadou et al.,
1996; Oschlies et al., 2000) that the 1D physical frame does not take into account.
SeaWiFS chlorophyll concentrations have a mean value of 0.1 mgChl/m3 with a doubling
of the mean value in wintertime. The characteristic depth of satellite ocean color signal
penetration is 10% of the euphotic layer depth (André, 1991). In this subtropical area,
typical euphotic layer depth is around 100 m, so the SeaWiFS data are considered to
measure chlorophyll in the top 10 m of the model. From September 1997 to June 2000, 120
observations of the SeaWiFS chlorophyll concentration near the O-site are available.

b. Models

Despite the large effort and expense of the EUMELI program, the resulting data set is
still very sparse in time and space. It will not be very informative, will not lead to a large
reduction in uncertainty, unless we can augment it with some simplifying assumptions;
namely, that the oligotrophic site represents a large, quiet area little disrupted by lateral
incursions of water with different properties, and that it undergoes a roughly repeating
annual cycle of production and biomass so that observations from different years all
represent a single cycle. We therefore constructed three one-dimensional models of
biogeochemical variables driven by steady annual cycles of light and mixing and ran them
until their solutions had reached a steady annual cycle.

All state variables of the three models are expressed in units of nitrogen.

i. NPZD. Among common models, this is the simplest that can compute the quantities
needed for biogeochemistry. Dissolved inorganic Nutrients are taken up by Phytoplankton,
whose population is then grazed down by herbivorous Zooplankton. P and Z then produce
Detritus that provide the necessary sinking flux through the water column (Fig. 1a). It has
been extensively used for biogeochemical studies at the basin scale (Oschlies and Garçon,
1998, 1999; Oschlies et al., 2000) and also for 1-D studies (e.g., Denman and Peña, 1999).

2004] 567Dadou et al.: Biogeochemical models & their estimated parameters



Compared to Oschlies et al. (1999, 2000), a fast remineralization loop is taken into account
between phytoplankton and nutrients, mimicking a fast remineralization of dissolved
organic nitrogen (DON) exuded by phytoplankton. The main limitations of the model are:
(1) the dissolved organic matter is not an explicit state variable despite the fact this organic
matter seems to play a crucial role in many biogeochemical provinces, (2) the model has
only one type of detritus (one size and one sinking speed). The next two models diverge
from NPZD in opposite directions.

ii. Oli7. This is a more elaborate model that was designed explicitly to represent the
EUMELI oligotrophic site. It incorporates dissolved organic matter, which is considered to
be an important reservoir of nitrogen; moreover each of detritus and DON is represented by
two classes, to begin to capture the range of possible sinking and regeneration rates. There

Figure 1. The three biogeochemical model diagrams: (a) NPZD model, (b) Oli7 model and (c) SAM
model.
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are thus 7 state variables (Fig. 1b). The model was designed for coupling with a deep-water
model dealing with the necessary complementary processes that turn organic matter back
into dissolved nutrients (Dadou et al., 2001).

iii. SAM. The third model takes a direct minimal approach to the question: Why
biogeochemistry? What does biology have to do with the concentration and flux of trace
elements in the ocean? Biology does two main things: it changes chemical compositions to
make elements more or less volatile and likely to exchange with the atmosphere, and it
makes particles sink through the water rather than only moving with the water. So the
model has only dissolved nutrients (N) and phytoplankton particles (mass P and numbers
of aggregates); the particles can aggregate and thereby change the speed with which they
sink (Fig. 1c). Effectively, the average particle sinking speed becomes a dynamical
variable that changes with season and depth. This Snow Aggregation Model was introduced
by Kriest and Evans (1999), Kriest (1999), and applied in a more complicated 1-D setting
by Kriest and Evans (2000). Its principal characteristic, the ability to produce rapidly
sinking flocs following a spring bloom, is perhaps less likely to be displayed at an
oligotrophic site with low seasonal variability.

In the three models above, the ratio of cell nitrogen (N) to chlorophyll (Chl ) is
estimated as a linear function of the amount of light that the cells are adapted to following
the formulation of Geider et al. (1996, 1997). Typically, the cells are adapted to the light
they see during a day, so:

N/Chl � a0 � a1 · �
day

I�t�dt

with a0 and a1 two constants and I(t) the instantaneous light. This formulation affects
calculation of phytoplankton growth, attenuation of light by chlorophyll, and the conver-
sion of observed chlorophyll to nitrogen for comparison with model results. The primary
production formulation as a function of light and chlorophyll concentration is the
formulation of Evans and Parslow (1985) for the three models.

iv. Physical driving. In this study, the 0-dimensional physical frame (Evans, 1999) has
been extended to a one-dimensional frame. In the vertical, the 1-D model has 25 levels of
10-meter thickness. The monthly depth of the mixed layer and base of the thermocline has
been provided by the study of Dadou et al. (2001) using a turbulent kinetic energy model
forced with the fluxes of ECMWF daily reanalysis (http://www.ecmwf.int/) at the air-sea
interface. The mixed layer thickness changes from 20 m in summer to 100 m in winter. The
turbulent vertical eddy diffusion coefficient is set to kML � 100 cm2/s in the mixed layer.
Below the base of the thermocline, it is set to a value of klow � 1 cm2/s. Within the
thermocline, it is interpolated using a cubic function presented by Evans and Garçon
(1997). A higher background diffusivity below the mixed layer, compared with direct
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microstructure measurements (Lewis et al., 1986; Gregg, 1987) and tracer release
experiments (Ledwell et al., 1993, 1998), is used in this study as in Doney et al. (1996) to
take into account additional mixing due to internal waves and occasional eddies advected
in the studied area (Morel, 2000; Dadou et al., 1996; Oschlies et al., 2000). The models are
driven by day length and daily integrated solar radiation, which has been computed using
astronomical formulas (Brock, 1981). Light is reduced by cloudiness following Reed
(1976). The three models are run to a steady annual cycle driven by steadily repeating
cycles of light and day length as in Evans (1999). The data collected during the EUMELI
1991–1992 cruises are for specific physical dynamical conditions which were different
than the climatological average based on the two years 1991–1992. There is no perfect way
to deal with this problem (see Evans (1999) for more details). Because mixing and
ecological interactions have very different time scales, the model equations are solved
using the method of lines and an implicit ordinary differential equation solver (VODE;
Brown et al., 1989).

c. Model-data comparisons

The EUMELI oligotrophic site (O-site) (21N, 31W) is situated north of the North
Equatorial Current (NEC) in the rather quiet southeastern periphery of the subtropical gyre,
though some mesoscale variability associated with the NEC meandering can be expected
(Dadou et al., 1996; Oschlies et al., 2000). Therefore, a one-dimensional approach appears
reasonable.

For comparing the model predictions with observations, a climatological year was
constructed as the different seasons sampled during the EUMELI cruises were for two
different years (1991, 1992). SeaWiFS satellite ocean color data since 1997 were also
incorporated in this climatological year.

We adjust the model parameters to reduce discrepancies between observations and
model predictions. A Box-Cox transformation of the prediction and observation was used
(Evans, 2003). So, the misfit function that we minimize has the following form:

�
i�1

n

2 · �Xi
0.5 � xi

0.5

S0.5 � 2

(1)

where Xi, xi are model prediction and corresponding observations, respectively (for the
same time and depth). n is the number of single prediction-observation pair (Xi, xi).
Concentrations, rates and time-integrated fluxes with different dimensions are included in
the EUMELI biogeochemical data set. S represents the scale factor of the same dimensions
as X and x. With this factor, each term of the sum is nondimensional. As the measurement
variance is often unknown, we do not choose S to be the standard deviation of the
observation error. In this study about biogeochemistry, major concentrations and fluxes of
trace elements are the important quantities to get right. We choose to scale by the largest
observed value of the variable. The scale factor (S) is equal to Scon � max (nitrate data)
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for all concentrations, SPP � (Scon/max ( phytoplankton data)) � max ( primary
production) for primary production, and Ssed � (Scon/max ( particulate nitrogen
data)) � max (sediment trap flux data) for sediment trap fluxes. This choice is
explained in detail in Evans (2003). Maximum of phytoplankton data is derived from the
maximum chlorophyll concentration data converted to nitrogen using the N/Chl ratio
model relationship.

As in Evans (1999), the total misfit function to be minimized is the sum of all the
individual model-data (Eq. 1) and parameter-target misfits. The latter misfit is added to the
penalty function to penalize deviations from any previous knowledge we might have. If a
parameter has a target value P*, lower and upper bounds P0 and P1 and a weight w, then a
trial value P is assigned a misfit:

w�P � P*�/�P1 � P� if P � P*

w�P* � P�/�P � P0� if P � P*.

The target parameter values were derived from Oschlies and Garçon (1998), Kriest and
Evans (1999) and Dadou et al. (2001), or from the EUMELI data like the deep nutrient
pool (Ndeep). The bounds were fixed from the range of values one can find in the literature.
For some parameters, like the light attenuation of pure water, tighter bounds have been
used as the depth of the euphotic layer has been estimated during the EUMELI cruises. For
Ndeep parameter, the bounds are fixed to the minimum and maximum values derived from
the EUMELI O-site data at 250 m depth. In this paper, all weights were chosen equal to 0.1
or less so that the target value had little influence on the total misfit, depending on the
confidence we might have on the parameter values. For example, as we know very little
about the N/Chl ratio values as a function of light at the O-site, a smaller weight is
prescribed for a0, a1, and Kc parameters linked to chlorophyll and nitrogen phytoplankton
concentration. Sinking speed of particles is also assigned a low weight.

d. Minimizing misfit

Parameter values were estimated by using iterative, derivative-free nonlinear minimiza-
tion methods to find those parameters that made the misfit function as small as possible.
The minimizations were performed with Powell’s conjugate direction method (Press et al.,
1992), a local minimizer. Minimizations were checked using the Schwefel’s evolution
strategies method (Schwefel, 1995) which includes random probes in parameter space
instead of settling on the first local minimum found. In no instance did we find that the
random nonlocal minimizer found a value significantly smaller than that produced by the
local minimizer. Moreover, the nonlocal minimizer tends to require about 20 times as
many function evaluations.

3. Results

Results are described in four sections, each corresponding to a particular data set. Within
each section, the smallest misfits attainable with the three models are compared.
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Figure 2. Evolution with time and depth for the three models and data of: (a) nitrate concentration
(mmolN/m3), (b) chlorophyll concentration (mgChl/m3), (c) primary production (mmolN/m3/d). Case
for optimization with EUMELI standing stocks data (nitrate, chlorophyll and detritus data), the ncd case.



a. EUMELI standing stocks (ncd case)

In this case, the standing stock data (chlorophyll, nitrate and particulate nitrogen
concentrations) are used for the optimization. Figure 2 shows the results obtained for each
model. The model-data misfit is not very different for the three models: 25.6, 24.3, 25.9 for
NPZD, Oli7 and SAM models, respectively.

Each model is able to reproduce the depleted nitrate (�0.1 mmolN/m3) in the first 100 m
(Fig. 2a). The nitracline is well reproduced by the three models. The seasonal depth
variation of the nitracline is better captured by the SAM model. None of the three models is
able to simulate the high nitrate concentration values at 250 m specially during EUMELI 5
(day 350–365), which could be expected, as the vertical 255 m level represents a boundary
condition (fixed value with time).

Evolution of the chlorophyll concentration with time and depth (Fig. 2b) differs
markedly for each model. For the NPZD model, the vertical distribution of chlorophyll
remains quite stable over time. In the top 100 m, chlorophyll concentration ranges between
0.1–0.2 mgChl/m3. In the observations, low values (�0.1 mgChl/m3) are found during
periods of water column stratification. The modelled concentrations in the deep chloro-
phyll maximum (DCM) are too low (�0.4 mgChl/m3). For the Oli7 model, seasonality of
chlorophyll concentration in the upper 100 m is well reproduced. The chlorophyll concen-
tration in the DCM is slightly too low (0.4–0.5 mgChl/m3). The position of the DCM is
constant. The response of the SAM model presents a strong seasonality. Chlorophyll
freshly produced in winter time is exported deeper down by sinking phytoplankton

Figure 2. (Continued)
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Figure 3. Evolution with time of sediment trap fluxes at 250 m depth for the different simulations
(ncd, ncdpm, nsupcdpm, ncdpms) and models. Sediment trap data are plotted with black squares.
(a) NPZD model, (b) Oli7 model and (c) SAM model. Ncd, ncdpm, nsupcdpm, ncdpms stand for
standing stock data (nitrate, chlorophyll and particulate nitrogen concentrations), standing stocks
plus rate data (primary production and sediment flux), the same data set than in previous case but
without nitrate data below 130 m depth, and standing stocks plus rate plus SeaWiFS data,
respectively.
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aggregates. The chlorophyll concentration in the DCM is too high (up to 1 mgChl/m3)
during winter and spring time. From the end of spring (May–June) until autumn, the DCM
position varies from 120 m to 90 m, in agreement with the observed DCM position.

b. Prediction of measurements not used in the fitting for the ncd case

Other important quantities to analyze for biogeochemistry are the primary production
and the sediment fluxes. Integrated annual primary production is equal to 98 (1173), 146
(1742), 34 (405) gC/m2/yr (mmolN/m2/yr) for NPZD, Oli7 and SAM models, respectively.
Morel et al.’s (1996) estimation at the O-site from satellite data reaches a value of
110 gC/m2/yr. Primary production is thus overestimated by the Oli7 model and underesti-
mated by the SAM model. NPZD-modeled primary production is close to Morel et al.’s
estimation. None of the three models is able to reproduce the decrease with depth of the
primary production observations (Fig. 2c). All three models simulate a deep maximum of
primary production associated with the DCM. Only the Oli7 model simulates primary
production between 0.02 and 0.03 mmolN/m3/d in the upper layer. The annual integrated
sediment flux across the bottom of the modelled water column (250 m) is very high for the
three models, above 100 mmolN/m2/yr (110 for both Oli7 and SAM models and
158 mmolN/m2/yr for NPZD model) which seems unrealistic at this site, observations
indicating 43 mmolN/m2/yr. Let us compare the model’s results with the sediment trap
data despite the scarcity of data. The sediment flux presents a high seasonality with a peak
in summer for the NPZD model and spring for the SAM model (Fig. 3a, 3c). Oli7 model

Figure 3. (Continued)
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Figure 4. Evolution with time of chlorophyll concentration in the first 10 meters for the different
simulations (see Fig. 3) for (a) NPZD model, (b) Oli7 model and (c) SAM model. SeaWiFS data
are plotted with black squares.

576 [62, 4Journal of Marine Research



results (Fig. 3b) present a low variability.
For the SeaWiFS data, the high concentration in winter time is simulated only by the

SAM model but this model is unable to reproduce the concentration level in summer time,
the SAM chlorophyll level being low near 0.02 mgChl/m3 (Fig. 4c). Good compromises
are presented by the NPZD and Oli7 models with moderate increase during winter and
concentrations near 0.1 mgChl/m3 during summer time (Fig. 4a and 4b). The NPZD and
SAM models results exhibit a marked seasonal character which we cannot detect in the
observations.

c. Plus EUMELI rates (ncdpm case)

Particularly in an area of little seasonal variability, there is always the worry that a model
will get the standing stocks approximately right while getting the flows among components
completely wrong. Thus, even a few measurements of rates may provide good ability to
distinguish among models. We included standing stocks and fluxes (primary production,
sediment trap data at 250 m). We will explain the main differences for chlorophyll, nitrate
and primary production (not shown) compared with the previous case. The model-data
misfits for the three models are quite similar with values of 30, 27.2 and 31.3 for NPZD,
Oli7 and SAM models, respectively.

The nitrate distribution is the same as in the previous case except at depth greater than
200 m. Near 200 m, nitrate concentrations are lower (5–6 mmolN/m3) as the deep (250 m)
nitrate reservoir parameter (Ndeep) found by the optimization has decreased, as compared

Figure 4. (Continued)
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Figure 5. Same as Figure 2. Case for optimization with EUMELI standing stocks (nitrate, chloro-
phyll and particulate nitrogen), rates (primary production and sediment flux) and SeaWiFS data.



with the previous case, from 9–9.5 to 7.5–8 mmolN/m3. For both Oli7 and NPZD models,
the chlorophyll gradient under the DCM is stronger. The DCM concentration in the water
column for the SAM model is not as high as in the previous case. The annual integrated
primary production varies slightly with values of: 84 (1003), 97 (1152) and 39 (466)
gC/m2/yr (mmolN/m2/yr) for NPZD, Oli7 and SAM models, respectively. Despite the
introduction of primary production observations in the data set used for the optimization,
the position of the DCM is still associated with the modeled maximum of primary
production. The annual sediment flux at 250 m is decreased now to values of 76, 25.5,
52 mmolN/m2/yr for NPZD, Oli7 and Sam, respectively. The NPZD integrated flux is still
too high as compared with observations (43 mmolN/m2/yr). The excessive seasonal cycle
for the NPZD and SAM model sediment trap flux is much reduced (Fig. 3a, 3c).
Introduction of sediment trap data in the optimization data set seems to be important at this
site. However, we have to remember that large uncertainties remain about shallow
sediment trap data for the estimation of particle flux (Baker et al., 1988; Knauer and Asper,
1989; Bacon, 1996). Surface chlorophyll variability does not differ from the previous case
for Oli7 and NPZD models (Fig. 4a and 4b). SAM model chlorophyll concentration is
higher in winter time (closer to data) (Fig. 4c).

Figure 5. (Continued)
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d. Plus SeaWiFS standing stocks (ncdpms case)

The data set used for optimization includes now nitrate, chlorophyll, particulate
nitrogen, primary production, sediment trap fluxes and also SeaWiFS data. Tables 1a, 1b,
1c provide the optimized parameters sets found for the three models with this data set (all
data presented in Section 2a).

The vertical distribution of chlorophyll, nitrate and primary production (Fig. 5a,b,c) are
very similar to the ncdpm case. For surface chlorophyll, the regular SeaWiFS surface
chlorophyll distribution yields an increase in the chlorophyll concentration for Oli7 model
and specially SAM model during the winter season (Fig. 4b and 4c). With all available data
used for the optimization, Oli7 model primary production is closer to observations with 97
(1152) gC/m2/yr (mmolN/m2/yr), (82 (974) and 40 (474) gC/m2/yr (mmolN/m2/yr) for
NPZD and SAM models, respectively). The annual sediment flux decreases for NPZD and
Oli7 models (69.1 and 25.4 mmolN/m2/yr, respectively) and slightly increases for the
SAM model (53.4 mmolN/m2/yr). The sediment flux time evolution at 250 m is similar
than in the ncdpm case (Fig. 3a,b,c).

The model-data misfit values are again quite comparable for the three models: 30.1,
27.3, 31.7 for NPZD, Oli7 and SAM models, respectively.

e. Partitioning of misfit for the ncdpms case

The different type of data do not contribute the same manner to the total misfit between
observations and model predictions given the chosen misfit function (Table 2). 62 to 80%
of the total misfit for the whole column is due to nitrate concentrations depending on the
models; the major contribution being the nitrate contribution below 130 m, followed by the
mid-depth nitrate concentrations. Contributions (higher than 5%) of the other data types in
the total misfit differ depending on the model (Table 2). For NPZD model, deep particulate
nitrogen and sediment flux constitute the main factors. Oli7 model misfit originates in deep
particulate nitrogen and shallow nitrate. For SAM model, shallow particulate nitrogen,
sediment flux and shallow primary production constitute the main players.

f. Influence of deep nitrate concentration (below 130 m) (nsupcdpm case)

Deep nitrate concentrations are the main contributor to the misfit value for the three
models. We noticed in Section 2b that deep nitrate concentrations below 130 m vary
significantly seasonally. What is the influence of deep nitrate values below 130 m on the
results? We address this question through a sensitivity test: We withdrew the nitrate
concentrations below 130 m from the data set used for the optimization (standing stocks
and rates, the ncdpm case). The only resulting difference is a decrease of modeled deep
nitrate concentrations. Deep nitrate concentrations do not appear to control the behaviour
of the models in terms of chlorophyll, nitrate above 130 m and primary production
distributions. The main impact is on the annual integrated sediment flux which is reduced
by 11%, 4% and 28% for NPZD, Oli7 and SAM models, respectively relative to ncdpm.
The influence of withdrawing deep NO3 data from the optimization data set is clearly seen
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on the modeled sediment flux at 250 m. An increase of primary production appears for
NPZD and Oli7 models (12%, 2%) and a small decrease for the SAM model (1%).

4. Discussion

The original hope, that lateral effects were small enough that a one-dimensional
observational and modeling study would suffice, was not met. This is discouraging,
because it implies that a vastly greater effort, both in ships and in computation, will be
needed to provide a useful reduction in uncertainty about the processes and rate parameters
of biogeochemistry. However, we decided to keep this simple one-dimensional physical
frame to test and analyze the performance of the three models in a first step. It will be very
interesting to confirm or to show up the weakness of these results in a three-dimensional
frame which will be, however, much more costly in computer time, especially with the
global optimization method used in the present paper.

Evans (2003) demonstrated that defining misfit can have a large influence on the “best”
estimate of biogeochemically important fluxes and concentrations. We decided in this
paper to use a weighting scheme based on the overall range for a given data type as we
were interested more in major biogeochemical features than in ecological details.

The models had different numbers of estimated parameters (18 for NPZD, 29 for Oli7,

Table 2. Contribution of different types of observations to the total misfit for the three models for the
optimization with all data. N, Chl, PN, PP, Deep mooring stand for nutrient concentration,
chlorophyll concentration, particulate nitrogen concentration, primary production and sediment
trap fluxes, respectively. Points indicate the number of observations used in each case. In the 3rd,
4th and 5th columns, the contribution of each type of observation to the total misfit for the three
models is expressed in nondimensional units. The percentage with respect to the total misfit is
given in the parentheses.

Data set total
Points
1413

NPZD misfit
30.1

Oli7 misfit
27.3

Sam misfit
31.7

NO3 shallow � 100 m 226 1.45 (4.8%) 1.7 (6.2%) 0.9 (2.8%)

mid depth 100–130 m 85 8.5 (28.2%) 7.5 (27.5%) 5.5 (17.5%)

deep � 130 m 125 13.82 (46%) 12.7 (46.5%) 13.4 (42.3%)

Chl shallow � 100 m 220 0.22 (0.73%) 0.25 (0.92%) 0.54 (1.7%)

deep � 100 m 198 0.2 (0.66%) 0.25 (0.92%) 1.3 (4.1%)

ocean color 120 0.0035 (0.01%) 0.07 (0.26%) 0.31 (0.95%)

PN shallow � 100 m 156 1.3 (4.5%) 0.92 (3.4%) 4.8 (15.1%)

deep � 100 m 149 1.85 (6.1%) 2.0 (7.3%) 1.1 (3.5%)

PP shallow � 100 m 92 0.55 (1.8%) 0.33 (1.2%) 1.6 (5%)

deep � 100 m 32 0.6 (2%) 0.74 (2.7%) 0.15 (0.45%)

Deep mooring (250 m) 10 1.56 (5.2%) 0.84 (3.1%) 2.1 (6.6%)
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20 for SAM), which might be used with an information criterion to guide model selection,
if we were much more sure than we are about the statistical distribution of observational
errors and model misspecifications.

a. Common parameters values between the three models

For the full data set, do common parameters of the three models obtain the same values
after optimization? Can we propose consistent parameter values for some biogeochemical
processes?

In the three models, photosynthesis is represented by the same formulation (Evans and
Parslow, 1985) and nutrient limitation by the same Michaelis-Menten formulation.
However, in the Oli7 model, the product of nutrient and light limitation terms is considered
and the NPZD and SAM models use the lesser of the two limiting factors. Maximum
phytoplankton growth rate (	P) and half-saturation constant for nutrient uptake (KN) are
quite comparable for NPZD and Oli7 models, 3.4–3.7 day�1 and 0.053–0.054 mmolN/m3,
respectively (Table 3). Indeed, the largest range of values found by the three models ( f 1)
ends up usually much smaller than the original range ( f 2) (see Table 3), especially for KN.
For the SAM model, the solution found is different, maybe due to the very different trophic
structure of this model. The initial slope of the P-I curve is very different for the three
models within a factor of five between the smallest and largest values. Babin et al. (1996)
and Morel et al. (1996) have measured physiological parameters derivable from photosyn-
thesis-irradiance (P-I) curves, such as the maximum yield for growth, the irradiance level
that determines the onset of the light saturated photosynthesis regime, the maximum rate of

Table 3. Common parameters values for the three models for the optimization with all data (ncdpms
case). The different columns represent name of parameters, definitions, estimated values for
NPZD (PNPZD), Oli7 (POli7), SAM (PSam), and f 1 � max (PSam, PNPZD, POli7)/min (PSam,
PNPZD, POli7), f 2 � P1/P0.

Parameters Definitions PNPZD POli7 PSam f1 f2

KN Half-saturation for nitrate uptake 0.053 0.054 0.079 1.5 1000

	P Maximum growth rate of phytoplankton 3.40 3.74 1.84 2 5.


 Initial slope of P-I curve 0.07 0.13 0.37 5 50.

�PN Phytoplankton exudation rate 0.059 — 0.018 3 �

Kc Light attenuation coefficient of
chlorophyll

0.024 0.022 0.017 1.4 15

Kw Light attenuation coefficient of water 0.032 0.032 0.033 1 1.6

a0 N/Chl � a0 � 0.35 0.24 0.93 4 10

a1 � a1 � Imoy(z, t) 0.0081 0.0054 0.001 8 �

Ndeep Deep NO3 concentration under 250 m 7.44 8.15 7.45 1.1 2.83

f Fractional cloud cover 0.67 0.55 0.55 1.2 2.
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production in this regime and the photosynthesis available irradiance (PAR) incident at sea
level or within the water body. These data might be additional information for constraining
the 
 initial slope of the P-I curve and the maximum phytoplankton growth rate. It will be
interesting to investigate the impact of these data in a future study.

The other common parameters with quite comparable values are the water attenuation
coefficient (Kw) with 0.032–0.033 m�1 and the chlorophyll attenuation (Kc) with
0.022–0.024 m�1(mgChl/m3)�1. For the SAM model, the chlorophyll attenuation is
smaller because the aggregate attenuation is also taken into account. Deep nitrate pool
(Ndeep) and cloud fraction ( f ) have also similar values. The largest differences are found
for parameters linked to the N/Chl ratio parameterization (Table 3), specially for the slope
of this ratio (a1) as a function of available light for cells. It could be mainly attributed to
missing phytoplankton nitrogen data for constraining this ratio.

b. Effect of different data type on parameter estimations

When primary production (PP) and sediment fluxes data are included in the data set used
for the optimization (ncdpm case), the modeled particulate flux at 250 m decreases for the
three models (Fig. 6). For the modeled PP, a small decrease is noticed for NPZD and Oli7
models, and a small increase for SAM model (Fig. 6). Models can be tuned to yield the
observed vertically integrated primary production but not the observed high values near the
surface. It must be remembered that primary production computed in the model is what
contributes to growth and reproduction of cells, whereas primary production as measured
can include carbon that is fixed and then, in the absence of fixed nitrogen to combine with
for growth, exuded as organic carbon without contributing to reproduction. Given the
apparent lack of nitrogen for cell growth in surface water where observed primary
production is higher than that modeled, it seems plausible that “nongrowth” primary
production constitutes much of what is measured near the surface.

For the NPZD model, the decrease by a factor of two of the particulate flux at 250 m is
linked to a decrease of the detritus sinking speed value (VD) and to a large increase of the
detritus remineralization rate (�DN) (Fig. 6). The small PP decrease is linked mainly to a
moderate decrease of the initial slope of P-I curve (not shown). For the Oli7 model, the
decrease of PP results from a reduced fueling in nitrates from several routes: a reduced
zooplankton excretion (�ZN) and a reduced semi-labile DOM pool due to an increase in the
hydrolysis (Kr1, Kr2) of small and large particles. The increased fraction of exuded PP
(�) is counterbalanced by the decreased remineralization (�DON1N, �DON2N, not shown) of
both DON1 and DON2. The decrease in both the zooplankton production of fecal pellets
(1 � a) and the maximum zooplankton grazing (	Z, not shown) yields a reduced
particulate flux at 250 m (Fig. 6). For the SAM model, the maximum phytoplankton
growth rate (	P) decrease should induce a PP decrease. However, PP increases slightly,
certainly linked to a less severe nutrient limitation, the half-saturation concentration for
nutrient uptake (KN) having decreased. The decrease in the cell sinking velocity induces a
reduced particulate flux at 250 m (Fig. 6).
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Inclusion of SeaWiFS data within the in situ data set (which already includes surface
chlorophyll measurements) does not induce important change in parameters values for the
three models. We have shown that sediment flux and primary production data contain very
useful information despite their scarcity. For the three models, the modeled sediment flux
at 250 m has been divided by a factor two to four in better agreement with the data.
Introduction of the primary production data in the optimization procedure constrains the
models to maintain a moderate primary production level.

c. Importance of the DON pool

The Oli7 model is the only model which takes explicitly into account dissolved organic
nitrogen with two fractions: labile (turnover rate: � � hours–days) and semi-labile (� �
months) (Carlson and Ducklow, 1995). DON data (not used in the optimization procedure)
can be compared with the modeled DON concentrations. The nitrogen content of the labile
DOM was estimated by considering it equal to the total dissolved amino-acid concentra-
tions (Dadou et al., 2001). The simulated labile DON is underestimated (lower than

Figure 6. Comparisons of model parameters, primary production (PP) and sediment fluxes (sed)
values for the ncd (east axis), ncdpm (north axis), ncdpms (west axis) and nsupcdpm (south axis)
cases. Each variable value has been normalized by the ncd case value for the same variable. Only
parameters whose values change within a factor two or more between the four cases have been
considered here. Upper, middle and lower panels of the figure correspond to the NPZD, Oli7 and
SAM models, respectively.
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0.1 mmolN/m3) compared with data (0.1 to 0.3 mmolN/m3 (Martin-Jézéquel, pers. com.).
The semi-labile pool is estimated by subtracting the refractory DOM concentration (� �
4000–6000 yr; Bauer et al., 1992), which is assumed to exhibit a constant concentration
(3 mmolN/m3) with depth, from the DOM measurements (Dadou et al., 2001). Modeled
semi-labile DON presents concentrations comparable with data between 1.5 and 3 mmolN/m3

in the first 100 meters and a maximum localized at the same depth than the DCM with a
value around 0.3 mmolN/m3. The turnover rate of labile DON for different optimization
data sets is quite robust: between 2.4 days (ncd case) and 3.3 days (ncdpms case). The
semi-labile DON turnover rate is more variable with the different optimization data sets
ranging between 4.7 and 8.2 months. It equals 4.7 months for the ncd case experiment
yielding a higher primary production than in the ncdpm data experiment where the
turnover rate equals 8.2 months.

The other models (NPZD and Sam) are not able to reproduce an annual primary
production close to 110 gC/m2/yr when all data are used in the optimization procedure. Our
NPZD model presents a return flux from the phytoplankton pool to the nutrient pool
mimicking a DON pool without residence time, instantaneously converted in nutrients.
This NPZD version, modified from Oschlies et al. (2000), optimized for the EUMELI
oligotrophic site, is able to simulate a substantial primary production compared to the
Oschlies et al. (2000) version embedded in an eddy-permitting three dimensional model of
the entire North Atlantic ocean. Our results confirm that the DOM plays a major role in this
subtropical region of the North Atlantic ocean. The semi-labile DOM in the upper layer
remineralizes slowly and constitutes a constant source of nutrients throughout the year.

d. The role of zooplankton

NPZD and Oli7 models have a zooplankton compartment, and we can compare the
simulated zooplankton concentrations with data. However, no microzooplankton biomass
was measured at the EUMELI O-site and the direct comparison of mesozooplankton
measurements made during the EUMELI cruises with the zooplankton variable of the
models is problematic since small size classes tend to dominate the food web at the O-site.
During the Plankton 89 expedition, Passow and Peinert (1993) measured at 18N, 29W in
early April 1989 integrated values of microzooplankton in the upper 80 m of 450 mgC/m2

(0.056 mmolN/m3). In the upper 80 m, the Oli7 and NPZD models estimate zooplankton
concentrations between 0.2 and 0.15 mmolN/m3, much higher than observations. It is wise
to state that validation with zooplankton data is delicate at the O-site.

5. Conclusion

This study represents an attempt to use data assimilation and observations to estimate
model parameters and compare three models of different complexity in a one-dimensional
physical frame. By assimilating the EUMELI oligotrophic data (standing stocks, rates and
SeaWiFS data), we were not able to decide among the different candidates based on their
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misfit values. As Evans (2003) demonstrated, defining misfit can have a large influence on
the “best” estimate of biogeochemically important fluxes and concentrations. When all
data are used for the optimization, the three model misfits are quite comparable. Looking at
the annual primary production (PP) and sediment flux, the Oli7 model is the only one
which could maintain an annual PP around 100 gC/m2/yr (1155 mmolN/m2/yr) and a
moderate sediment flux around 26 mmolN/m2/yr comparable with the scarce available
data. Some other biogeochemical features were well reproduced by the two other
candidates. The SAM model is the only one able to simulate a seasonal deepening of the
DCM. The NPZD model is able to model a substantial primary production without any
explicit DOM pool representation.

In order to combine different positive features of each model, a new version of the Oli7
model could include only one semi-labile DON pool instead of two explicit pools in the
present version, and a return flow from the phytoplankton pool to the nutrient pool
mimicking the more labile DON. This new model could also incorporate new processes
linked to the particles dynamics: aggregation-disaggregation of phytoplankton cells, of
zooplankton fecal pellets and cadavers. This new model should be embedded into a
three-dimensional physical model which resolves the eddy dynamics to study the influence
of lateral advection on parameter estimates.
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