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Abstract

The JGOFS program and NASA ocean-color satellites have provided a wealth of data that can be used to test and

validate models of ocean biogeochemistry. A coupled three-dimensional general circulation, biogeochemical, and

radiative model of the global oceans was validated using these in situ data sources and satellite data sets.

Biogeochemical processes in the model were determined from the influences of circulation and turbulence dynamics,

irradiance availability, and the interactions among four phytoplankton functional groups (diatoms, chlorophytes,

cyanobacteria, and coccolithophores) and four nutrients (nitrate, ammonium, silica, and dissolved iron).

Annual mean log-transformed dissolved iron concentrations in the model were statistically positively correlated on

basin scale with observations ðPo0:05Þ over the eight (out of 12) major oceanographic basins where data were

available. The model tended to overestimate in situ observations, except in the Antarctic where a large underestimate

occurred. Inadequate scavenging and excessive remineralization and/or regeneration were possible reasons for the

overestimation.

Basin scale model chlorophyll seasonal distributions were positively correlated with SeaWiFS chlorophyll in each of

the 12 oceanographic basins ðPo0:05Þ: The global mean difference was 3.9% (model higher than SeaWiFS).

The four phytoplankton groups were initialized as homogeneous and equal distributions throughout the model

domain. After 26 years of simulation, they arrived at reasonable distributions throughout the global oceans: diatoms

predominated high latitudes, coastal, and equatorial upwelling areas, cyanobacteria predominated the mid-ocean gyres,

and chlorophytes and coccolithophores represented transitional assemblages. Seasonal patterns exhibited a range of

relative responses: from a seasonal succession in the North Atlantic with coccolithophores replacing diatoms as the

dominant group in mid-summer, to successional patterns with cyanobacteria replacing diatoms in mid-summer in the

central North Pacific. Diatoms were associated with regions where nutrient availability was high. Cyanobacteria

predominated in quiescent regions with low nutrients.

While the overall patterns of phytoplankton functional group distributions exhibited broad qualitative agreement

with in situ data, quantitative comparisons were mixed. Three of the four phytoplankton groups exhibited statistically

significant correspondence across basins. Diatoms did not. Some basins exhibited excellent correspondence, while most

showed moderate agreement, with two functional groups in agreement with data and the other two in disagreement.
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The results are encouraging for a first attempt at simulating functional groups in a global coupled three-dimensional

model but many issues remain.

r 2003 Elsevier Ltd. All rights reserved.
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Fig. 1. Diagrammatic representation of the biogeochemical

model. Four phytoplankton components (diatoms, chloro-

phytes, cyanobacteria, and coccolithophores) interact with four

nutrient components (nitrate, ammonium, silica, and iron), and

contribute to detritus when ingested or upon death, which
1. Introduction

Modeling distributions of global biogeochemical
constituents in the oceans is an important step
toward synthesizing data collection activities in the
context of the JGOFS effort. The extensive data sets
produced by the project, in addition to satellite data
sets produced by NASA ocean color missions,
together can provide a basis for further under-
standing the processes involved in producing bio-
geochemical distributions, and serve as a test bed for
models that attempt to synthesize these processes in
a forward, i.e., predictive manner. Many processes
remain poorly understood despite a decade of in situ
observations, and so disparities between model
results based on these observations and the observa-
tions themselves can yield clues as to the causes.

In a previous paper (Gregg, 2002a), a coupled
physical/biogeochemical/radiative model was devel-
oped and used to understand and characterize the
nature and causes of interannual variability of
phytoplankton and nutrients during the Sea-View-
ing Wide Field-of-view Sensor (SeaWiFS) era
(1997–2000). In this effort, we attempt to expand
the model to explicitly include iron biogeochemistry.
Also in this effort, we introduce a biogeochemically
important fourth phytoplankton functional group,
coccolithophores, to the overall phytoplankton mix.
The purpose of this paper is to utilize the in situ
observations provided mostly by the JGOFS effort
and satellite data to validate a global, coupled three-
dimensional model including iron biogeochemistry
and multiple phytoplankton groups, in order to
diagnose its performance. In this manner, we may
begin to address shortcomings in our knowledge
and assumptions, by taking into account the global
ocean biogeochemical scenario as a whole.
returns to the ammonium pool immediately and the nitrate,

silica, and iron pools later upon remineralization. Herbivores

ingest phytoplankton groups non-preferentially, and contribute

to the ammonium and iron pools through excretion, and

eventually the nutrient pools upon death and remineralization.

Two detrital pools represent one deriving from diatoms and

another deriving from other phytoplankton.
2. Methods

Briefly, the model is a coupled general circula-
tion/biogeochemical/radiative three-dimensional
model of the global oceans. It spans the domain
from �84� to 72� latitude in increments of 1:25�

longitude by 2=3� latitude. A full description can
be found in Gregg (2000, 2002a). The model has
been modified to include full iron biogeochemical
cycling and growth limitation, and to introduce a
fourth phytoplankton functional group, cocco-
lithophores, in addition to diatoms, chlorophytes
(which are intended to represent prasinophytes,
pelagophytes, and other nanoflagellates), and
cyanobacteria (which are intended to represent
all pico-prokaryotes) (Fig. 1). Another minor
addition is a second detrital component, to
separate detrital processes associated with diatoms
(which include silica), and those associated with
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the other groups (which do not). These modifica-
tions are described mathematically in Appendix A.

2.1. Iron biogeochemistry

It is now well established that iron limitation
plays an important role in phytoplankton dy-
namics, at least in some parts of the ocean (Coale
et al., 1998; Kolber et al., 1994; Martin et al.,
1990). A realistic model of the global oceans must
include iron biogeochemical dynamics to provide a
comprehensive representation of ocean biogeo-
chemistry. Unlike macro-nutrients like nitrogen
and silica, a large proportion of the oceanic
dissolved iron derives from the atmosphere,
usually associated with soil dust transported as
aerosols.

2.1.1. Atmospheric iron deposition

In this model we utilize the dust deposition fields
calculated with the Georgia Institute of Technol-
ogy/Goddard Global Ozone Chemistry Aerosol
Radiation and Transport (GOCART) model
(Ginoux et al., 2001). The GOCART model is
driven by assimilated meteorology from the God-
dard Earth Observatory System-Data Assimila-
tion System (GEOS-DAS). The dust sources in
GOCART have been identified globally from
satellite data (Prospero et al., 2002), and dust is
entrained into the atmosphere according to surface
conditions, namely soil moisture and friction
velocity.

Four dust size fractions are transported, corre-
sponding to clay (smallest) and three increasing
fractions of silt. The dust is transported via
atmospheric circulation processes and falls to the
oceans as both dry deposition (particle settling)
and wet deposition (associated with rainfall). The
dust deposition amounts used here are climatolo-
gical mean values over the period 1982–2000,
except for 1997, 1998, and 1999, for which
simulations are unavailable. We assumed that the
iron content varied among the clay and silt
fractions as follows: clay ¼ 3:5% iron, silt ¼ 1:2%
iron (Fung et al., 2000). We further assumed that
iron solubility was 1% for all fractions, which
represents the low end of current estimates (Fung
et al., 2000). We recognize that a constant
solubility is probably unrealistic, due to differences
in dust particle sizes, iron source, and local
presence/absence of organic substances in sea-
water, among others. However, quantitative in-
formation on how iron solubility is affected by
these and other influences is not currently avail-
able, and consequently we have chosen a single
rate, following the lead of other explicit iron
biogeochemical models to date (e.g., Moore et al.,
2002; Christian et al., 2002; Archer and Johnson,
2000; Leonard et al., 1999).

2.1.2. Iron/phytoplankton growth limitation

It is also well established that iron limits the
growth of ocean phytoplankton differently among
phytoplankton functional groups. Diatoms have
been shown to exhibit the greatest sensitivity to
iron limitation (Price et al., 1994; Miller et al.,
1991a; Morel et al., 1991a,b). We used the diatom
half-saturation constant ð0:12 nMÞ from Fitzwater
et al. (1996), a value also used by Leonard et al.
(1999) in an iron-limitation model study in the
Equatorial Pacific (Fig. 2). Coccolithophores have
been shown to exhibit the lowest sensitivity in
intercomparative laboratory studies (Sunda and
Huntsman, 1995; Brand, 1991). Using the obser-
vations of Sunda and Huntsman (1995), we
derived a half-saturation constant ðkFÞ for cocco-
lithophores equal to 0.67 that of diatoms (Fig. 2;
Appendix A). Chlorophytes have also been shown
to exhibit iron limitation (Vassiliev et al., 1995),
although intercomparison studies are not avail-
able. We set their half-saturation constants mid-
way between the coccolithophores and diatoms,
i.e., 0.835 times the diatom kF (Fig. 2). Cyano-
bacteria are more difficult to characterize. Price
et al. (1994) evaluated a picoplankton-dominated
phytoplankton community in the mesotrophic
ðchlorophyll ¼ 0:3 mg m�3Þ tropical Pacific and
derived a half-saturation constant of 0:034 nM;
about one-fourth the diatom-dominated commu-
nity rate measured by Fitzwater et al. (1996).
However, measurements by Price et al. (1994)
at an oligotrophic station ðchlorophyll ¼
0:07 mg m�3Þ in the North Central Pacific pro-
duced kF ¼ 0:22 nM: Oligotrophic waters are
nearly always dominated by picoplankton (see
Results). Carefully-controlled intercomparative
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Fig. 2. Phytoplankton group physiological and physical characteristics. Top left: maximum specific growth rate ðd�1Þ at 30�C: Top right: Sinking rate ðm d�1Þ: Bottom

left: Light saturation parameters, Ik: Low light is defined as o50 mmol quanta m�2 s�1; medium light is 50–200, and high light is > 200: Bottom right: half-saturation

constants for nitrogen ðkNÞ and iron ðkFÞ: These figures illustrate the biological variety incorporated in the coupled model.
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laboratory studies by Brand (1991) and Brand et al.
(1983) indicated that cyanobacteria (Synechococ-

cus spp.) susceptibility to iron limitation was
nearly equal to that of diatoms. Mann and
Chisholm (2000) also found evidence of iron
limitation by cyanobacteria (Prochlorococcus sp.).
These results are somewhat conflicting, and may
be indicative of cyanobacterial diversity in oceanic
environments. Several ecotypes of Prochlorococcus

and Synechococcus spp. have been suggested by
Mackey et al. (2002). We set the half-saturation
constants of cyanobacteria midway between the
coccolithophores and diatoms (Fig. 2), as a
compromise among the observations and studies.
However, we also found that setting kF of
cyanobacteria equal to that of coccolithophores
produced negligible change in the phytoplankton
distributions in the model.

The carbon:iron ratio is set at 150,000 (mol:
mol), which represents an intermediate value of net
and nanoplankton by Leonard et al. (1999). No
differences among phytoplankton groups were
enforced.

2.1.3. Iron recycling

Iron is assumed to remineralize from the detrital
pool at the same rate as nitrate, and regenerate
upon grazing and death the same as ammonium.
Scavenging of dissolved iron was evaluated at
5:0E � 10�5 d�1: This represents about twice the
rate used by Moore et al. (2002), excluding an
exponential increase occurring at dissolved iron
concentrations > 0:6 nM:

2.2. Coccolithophore characterization

As with the other phytoplankton functional
groups, physiological, physical, and optical char-
acterization of coccolithophores was obtained by
reference to carefully controlled inter-comparative
laboratory studies. For the physiological charac-
terization, we require growth rates, half-saturation
constants for nitrogen, and light saturation values.
Growth rates (Fig. 2) were determined from Brand
et al. (1983, 1986), Falkowski et al. (1985), Gavis
et al. (1981), and Eppley et al. (1969). The
coccolithophore half-saturation constant for ni-
trogen ðkNÞ was observed by Eppley et al. (1969) to
be one-half the value of diatoms. Given this kN for
coccolithophores, new kN’s for chlorophytes and
cyanobacteria were developed. Cyanobacteria kN

was set equal to the coccolithophores, assuming
small particle size leads to improved nutrient
uptake efficiency (Fig. 2). Chlorophyte kN was
set midway between diatoms and coccolitho-
phores. Light saturation values were derived from
Perry et al. (1981) for haptophytes, and repre-
sented values in three photoadaptation states.
These states corresponded to the laboratory
measurements, and were implemented in the
model as low, medium, and high light intensities,
as well as for the other three groups (Fig. 2,
Appendix A).

Coccolithophore sinking rates (Fig. 2) were
allowed to vary as a function of growth rate from
0.3 to 1:4 m d�1 based on observations by Fritz
and Balch (1996). A linear relationship was
assumed

wsðcocÞ ¼ 0:752 mmðcocÞ þ 0:225; ð1Þ

where ws is the sinking rate of coccolithophores
ðm d�1Þ; and mm is the maximum growth rate
actually achieved. The calculation is performed
once per day. Optical properties of coccolitho-
phores were derived from several laboratory
studies and are beyond the scope of the present
paper. Their values and references can be found in
Gregg (2002b).

2.3. Comparison of model with data sets

2.3.1. Iron

A survey of the published literature enabled the
creation of a comprehensive data set of dissolved
iron concentrations containing 1951 total observa-
tions at various depths. The observations were
scattered among the global oceans and contained
almost no repeat samples representing seasonal
variability. In our analysis of model performance
against these data, we first averaged the observa-
tions over the surface mixed layer as computed
from the model for the location and month of the
observation. We gathered all co-located observa-
tions and model results into annual means, since
seasonal trends were not available, within the 12
major oceanographic basins of the global oceans
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Fig. 3. Location of samples of dissolved iron indicated in the model domain, in which the 12 major oceanographic basins of the global

oceans are identified. The annotated and fully referenced data set is available on anonymous ftp at salmo.gsfc.nasa.gov, at /pub/

outgoing/modeldata. References from which the data set was derived are: Bowie et al. (2002), Boyd et al. (2000), Bucciarelli et al.

(2001), Coale et al. (1996), de Baar et al. (1995, 1999), DiTullio et al. (1993), Gledhill et al. (1998), Gordon et al. (1998), Hall and Safi

(2001), Loscher et al. (1997), Johnson et al. (1997, 2001), Martin and Gordon (1988), Martin et al. (1989, 1990, 1993), Measures and

Vink (1999, 2001), Nakabayashi et al. (2001), Rue and Bruland (1995, 1997), Sedwick et al. (1999, 2000), Takeda et al. (1995), Tappin

et al. (1995), Timmermans et al. (2001), Wu and Luther (1996).
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(Fig. 3). The annual means represented co-located
data and model points (to the nearest model grid
point), and provided information on model
performance within these basins. Not all basins
were represented by the in situ database. We
excluded observations in the eastern Equatorial
Pacific that occurred during an El Niño. Chavez
et al. (1999) showed that nitrate concentrations
decreased two orders of magnitude in the tropical
Pacific during the 1997–1998 El Niño, and similar
effects may be expected with respect to iron. North
Sea observations by Gledhill et al. (1998) were
extremely high compared to others, which may
indicate contamination or possibly anomalous
conditions here, and also were eliminated from
the analysis. Data were log-transformed because
of the wide range of values in the global oceans
(span a range of two orders of magnitude).

2.3.2. Chlorophyll

SeaWiFS data were obtained from the NASA/
Goddard Earth Sciences (GES)-DAAC. Version 4
Level-3 monthly mean SeaWiFS chlorophyll data
were re-gridded from the native 4096 � 2048 grid
(approximately 10 km) onto the model grid for the
period Sep 1997 through Jun 2002.

2.3.3. Phytoplankton functional groups

Phytoplankton functional group data is even
more scarce than iron. Historically, phytoplankton
function group distributions were anecdotal and
qualitative, but they have been adequate to give us
an overall understanding of large scale distribu-
tions. We have surveyed the published literature
and obtained 359 surface layer observations of
phytoplankton group abundances (Fig. 4). They
have been converted when necessary into percent
abundance of the entire population to compare
to the model. We have made no distinction
between abundances expressed as carbon and
those expressed as chlorophyll, since no reliable
data on carbon:chlorophyll ratios are available
for functional groups. With the advent of
high-performance liquid chromatography (HPLC,
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Fig. 4. Location of samples of phytoplankton functional group relative abundances indicated in the model domain. The locations

denote where any functional group relative abundance was reported. The annotated and fully referenced data set is available on

anonymous ftp at salmo.gsfc.nasa.gov, at /pub/outgoing/modeldata.
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e.g., Bidigare et al., 1989), there has been a recent
explosion of phytoplankton group information.
Most HPLC investigations identify a broad class
of Prymnesiophytes, but do not distinguish be-
tween Phaeocystis spp. and coccolithophores,
since the pigment composition is similar. Func-
tionally (ecologically, biogeochemically, and opti-
cally), these two groups are quite different. We
believe Phaeocystis spp. falls more appropriately
into the chlorophyte/nanoflagellate functional
class in our model. Therefore, unless a reported
distinction is made in the investigation, we are
unable to use Prymnesiophyte data, since they
represent an unknown proportion of Phaeocystis

spp. (which we classify under chlorophytes) and
coccolithophores. Both the chlorophyte/flagellate
and coccolithophore observations must be ne-
glected in these instances. This occurred fairly
frequently in our data set. An exception was in the
low latitudes, where we assumed all Prymnesio-
phytes to be coccolithophores, due to prevalent
observations of coccolithophores being present
and even abundant in these latitudes, while
observations of Phaeocystis spp. suggest a limited
occurrence.

We investigated satellite observations to help
with identification of coccolithophore abundances,
but no such product is available yet from the GES-
DAAC. The Moderate Resolution Imaging Spec-
troradiometer Project has plans for producing
coccolith and calcite distribution products, but
validated data are not yet available. Brown and
Yoder (1994) and Iglesias-Rodriguez et al. (2002)
estimated coccolithophore distributions from coc-
coliths (essentially representing elevated water-
leaving radiance at 555 nm) derived from the
Coastal Zone Color Scanner and SeaWiFS,
respectively, but also were not validated against
in situ data.

In our analysis of the phytoplankton group
data, we match up model mixed layer relative
abundances with the location and month of the
in situ observations. As with iron, we average
the co-located, coincident model and data over
the basin annually. This provides us an opportu-
nity to observe the large scale spatial performance
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of the model while keeping a close model-data
relationship.

2.4. Model initialization

The model was initialized with annual climatol-
ogies for nitrate and silica from Conkright et al.
(1994). Initial dissolved iron concentrations were
taken from Fung et al. (2000), with a bottom
boundary condition of 0:6 nM: The bottom
boundary condition corresponds to suggestions
by Archer and Johnson (2000) and to the mean of
11 observations X2000 m by Martin et al. (1989,
1993) and Coale et al. (1996). The remaining
biological/chemical variables were set to constant
values: 0:5 mM ammonium, and 0:05 mg m�3

for each of the phytoplankton groups. The
model was integrated for 20 years using
climatological monthly mean forcing from the
National Center for Environmental Prediction
Reanalysis products, and then integrated an
additional six years with interpolated climatologi-
cal daily mean forcing. Forcing fields include
wind stress, shortwave radiation, sea-surface
temperature, salinity, ice concentrations, and sur-
face spectral irradiance (Gregg, 2002a). All ana-
Fig. 5. Dissolved iron comparison of model vs. data. Shown are ann

oceanographic basin. Error bars indicate the standard deviation: horiz

model and observed dissolved iron is statistically significant ðPo0:05
lyses in this paper are for the 26th year of
simulation.
3. Results and discussion

3.1. Comparison of dissolved iron with in situ data

Annual mean model log-transformed dissolved
iron concentrations were positively correlated on
basin scale with observations ðPo0:05Þ over the
eight basins for which in situ data were available
(Fig. 5). The correlation coefficient ðrÞ was 0.86
with a coefficient of determination ðr2Þ of 0.74. The
slope was near 1 at 0.97 with a small y-intercept of
0.03. Low concentrations were simulated in the
North and North Central Pacific, North Atlantic,
and Antarctic, and high values in the North and
Equatorial Indian and the North Central Atlantic.
These simulations generally corresponded to the
observations. The low concentrations in the North
Atlantic were obtained in May and June, when
uptake was very high compared to input.

The overestimations by the model may be
caused by inadequate scavenging in the model,
excessive regeneration or remineralization, and/or
ual means of co-located, coincident model and data values by

ontal for data and vertical for model. The relationship between

Þ: Statistics on the relationship are shown in the figure.
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slow detrital sinking rate. In the Southern Ocean,
where a substantial underestimate occurred, large
variability exists in observations from different
investigators, which are difficult to reconcile since
the observations were in different locations and
seasons.

Seasonal distributions of model dissolved iron
concentrations are shown in Fig. 6. Areas of high
iron concentration are located near areas of high
dust input, such as the Equatorial and North
Central Atlantic, Equatorial and North Indian
Ocean, and the northern portion of the South
Indian. Low concentrations are apparent in the
South Pacific central gyre region and the southern-
most portions of the Antarctic. Seasonal reduc-
Fig. 6. Distribution of dissolved iron (nM) in the model for
tions appear in the North Atlantic and eastern
North Pacific. Relatively small meridional varia-
bility is observed in the Antarctic. Moderate values
are observed in the Equatorial Pacific. Other
investigations of global iron distributions by
Moore et al. (2002) and Archer and Johnson
(2000) produced lower estimates here in confor-
mance with observations. Moore et al. (2002) did
not include horizontal transport and the simula-
tions were the result of atmospheric deposition,
biological uptake and export, and boundary
conditions strictly located at the one-dimensional
points in the eastern Pacific. Our simulated higher
concentrations do not derive directly from atmo-
spheric deposition either, but are the result of
four months: March, June, September, and December.
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atmospheric deposition on the western portion of
the basin and eastward transport with the equa-
torial undercurrent, and subsequent upwelling
along the equator and coast in the east, that
developed in the course of our 26-year run. Archer
and Johnson (2000) achieved their best results in
an implicit biology simulation using a maximum
scavenging function. Our higher values are most
likely the result of excessive upwelling in the
Equatorial Pacific, with contributions from possi-
bly inadequate sinking and scavenging losses, and
perhaps excessive remineralization/regeneration.
Excessive upwelling is a common problem in
coarse-to-medium resolution models (Oschlies,
2000), and nitrate values are also higher than
observed here (Gregg, 2000). Solution of this
problem requires increased spatial resolution or
higher order numerical advection procedures (e.g.,
Oschlies and Garcon, 1999).

There remain serious issues related to the
accuracy and precision of in situ dissolved iron
measurements (Measures and Vink, 2001). Our data
base of iron observations contains no repeat
sampling in the same season and location by
different investigators, so there is little basis for
forming conclusions on methodologies. Thus a
rigorous, point-by-point comparison of model
results and observations is not practical at this time.
We have chosen in our analysis to use annual means
in oceanographic basins for our comparisons, to try
to minimize these methodological effects. The
comparisons should be interpreted in a broad
context, as indicative of general basin-scale trends.

From the model perspective, the main effects of
inclusion of iron limitation compared to earlier
results (Gregg, 2002a) were (1) reduced total
chlorophyll in the North Pacific by 10–20%, (2)
reduction of diatom relative abundances by about
30% in the Equatorial Pacific, and (3) reduced
total chlorophyll in the Antarctic by about 15%.
These regions represent High Chlorophyll-Low
Nutrient regions of the oceans, where iron limita-
tion is expected to occur.

3.2. Comparison of chlorophyll with SeaWiFS

Seasonal total chlorophyll concentrations from
the model agree quite well with SeaWiFS observa-
tions at the basin scale (Fig. 7). Correlation
analysis shows that statistical significance is
achieved seasonally between the model and
SeaWiFS in every oceanographic basin (Po0:05;
Fig. 7). An exception is the tropical Pacific but this
basin exhibits almost no seasonal variability in
SeaWiFS chlorophyll as a basin mean, which is
properly indicated by the model, and so this is an
artifact of correlation analysis. There is actually
substantial agreement between the model and
SeaWiFS here as seen in Fig. 7.

The North Indian Ocean exhibits statistically
significant correlation between the model and
SeaWiFS, however, the SeaWiFS August mean
chlorophyll value for this region is about 8 times
larger than the model. The SeaWiFS mean
chlorophyll, at 1:3 mg m�3; represents the largest
monthly mean value in the SeaWiFS record. The
disagreement is partly due to absorbing aerosols
that bias the SeaWiFS algorithms and produce
anomalously high chlorophyll estimates (Moulin
et al., 2001). Even taking this into account, the
model estimates are still most likely low here, as in
situ observations also indicate higher concentra-
tions than the model. In situ records during the
southwest monsoon (Conkright et al., 1998) range
from about 0.3 to 0:7 mg m�3 in the Arabian Sea,
which is less than SeaWiFS but still greater than
the model range of about 0.15 to 0:45 mg m�3:

The global annual mean difference between
SeaWiFS and the model is 3.9%. Considering
basin-scale means, no region ever exceeds 90%
difference for any season. The largest model
underestimates occur in the North Indian Ocean,
which is often 50–75% larger in SeaWiFS than in
the model. The overestimation of dissolved iron in
the tropical Pacific does not appear to have
important effects on total chlorophyll concentra-
tions, as the model tends to be lower than
SeaWiFS here by an annual mean of 2.5%.
However, this does not mean iron limitation is
not occurring here, as phytoplankton group
distributions are affected, as described earlier.

Imagery of simulated chlorophyll shows that
generally, large-scale features are represented in
the model and conform to SeaWiFS data: vast
areas of low chlorophyll in the mid-ocean gyres,
elevated chlorophyll in the equatorial and coastal
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Fig. 7. Comparison of model-generated mean chlorophyll (solid line) with climatological monthly mean SeaWiFS chlorophyll (open diamonds) for the 12 major

oceanographic basins in the global oceans. Error bars on the SeaWiFS chlorophyll represent one-half the SeaWiFS standard deviation. The correlation coefficient is

indicated. An asterisk indicates that the correlation is significantly positively correlated ðPo0:05Þ: The probability value to establish statistical significance is 0.576. The

equatorial Pacific does not indicate positive correlation because of the lack of seasonal variability in either result. However, this lack of seasonal variability in both the

model and SeaWiFS indicates agreement.
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upwelling regions, and large concentrations in the
sub-polar regions (Fig. 8). The large scale features
of the seasonal variability are represented as well:
blooms of chlorophyll in local spring/summer
(June) in the high latitudes, followed by retreat
in the local winter (January), expansion of low
chlorophyll regions associated with the central
gyres in local summer, followed by contraction in
winter.

January represents a period when phytoplank-
ton growth in the Southern Hemisphere is reach-
ing its peak and growth in the Northern
Hemisphere is minimal (Fig. 8). Relatively low
chlorophyll concentrations exist north of about
50�N with bands of moderate chlorophyll at the
Fig. 8. Comparison of model and SeaWiFS chlorophyll for Januar
sub-polar convergence zone. The Southern Hemi-
sphere bloom is apparent in SeaWiFS imagery,
especially in the Atlantic sector of the Antarctic,
with a large bloom apparent offshore of the
Patagonian shelf. Other major plumes appear just
north of the Ross Sea, and in the central part of
the Indian sector. These features are generally
represented by the model, but the meridional
variability in SeaWiFS is much larger.

In June the Northern Hemisphere spring bloom
is in full swing in SeaWiFS imagery, and is
apparent in the model (Fig. 8). The northerly
extent of the bloom extends to the edge of the
model domain in the SeaWiFS imagery, and
nearly so in the model. There is more spatial
y and June. Ice fields are shown as white. Units are mg m�3:
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variability in the North Pacific in the SeaWiFS
than in the model, but magnitudes and extent are
similar. While there are many specific features of
the North Atlantic bloom that differ between
model and SeaWiFS, the overall structure and
magnitude is similar.

3.3. Phytoplankton group distributions

Phytoplankton group distributions were initia-
lized as equal and homogeneous concentrations
throughout the model domain both horizontally
and vertically. In June after 26 years of simulation,
Fig. 9. Phytoplankton functional group distributions (as chlorophyll

groups were initialized as homogenous fields in the horizontal and ver

represent values for a single day near the beginning of the month an
the four phytoplankton functional groups arrived
at distributions that generally conform to expecta-
tions: diatoms inhabit high latitudes (except the
North Pacific), coastal, and equatorial upwelling
regions; cyanobacteria are abundant the central
ocean gyres; and chlorophytes inhabit transitional
regions (Fig. 9). Coccolithophores are abundant in
the North Atlantic south of Iceland in June. High
concentrations have been observed here in several
observational studies (e.g., Boyd et al., 1997;
Robertson et al., 1994; Holligan et al., 1993) and
in satellite data analyses (Iglesias-Rodriguez et al.,
2002; Brown and Yoder, 1994). Diatom and
, mg m�3) computed for June after 26 years of simulation. The

tical, at 0:05 mg m�3 everywhere. The distributions shown here

d not monthly means.
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coccolithophore abundances overlap in the North
Atlantic, while diatoms predominate the Antarctic
Ocean and southern sub-polar transition region.
Eynaud et al. (1999) found that diatoms were
predominant in the Antarctic Ocean but also
found that coccolithophores were abundant in
the Antarctic sub-polar transition region, espe-
cially in the Atlantic sector where the observations
were taken. Chlorophytes are found in high
abundance the North Pacific and the edges of the
equatorial upwelling regions outside the area
dominated by diatoms. Chlorophytes/flagellates
have been observed to be predominant in the
eastern North Pacific (Thibault et al., 1999), where
severe iron limitation limits diatom abundances,
but diatoms have been observed in much higher
concentrations elsewhere in the basin (Obayashi
et al., 2001). Chlorophytes/flagellates have been
characterized as occupying transitional regions
(Ondrusek et al., 1991). Cyanobacteria are gen-
erally distributed throughout the central gyres at
low concentrations, but have some larger abun-
dances in the Indian basins, western central North
Atlantic, and South Pacific (Fig. 9). The predomi-
nance of cyanobacteria in the mid-ocean gyres is
well established (Glover, 1985; Itturiaga and
Mitchell, 1986; Itturiaga and Marra, 1988).

In the model, diatoms follow the nutrients.
Where there are abundant nutrient concentrations,
diatoms tend to be prevalent. These regions occur
in the model where kinetic energy is large: where
convective overturn results in massive vertical
displacement of water masses; where turbulent
mixing processes are large; or where upwelling
circulation is vigorous. These are the high lati-
tudes, coastal upwelling areas, equatorial upwel-
ling areas, and regions of strong monsoonal
influences such as the Arabian Sea. This is because
diatoms are the fastest growing of the functional
groups in the model. This enables them to
outcompete the other groups when nutrients and
light are available. However, their large sinking
rates prevent them from sustaining their popula-
tions in quiescent regions or periods.

Cyanobacteria are nearly the functional oppo-
site of diatoms in the model. As slow growers, they
cannot compete with diatoms under favorable
growth conditions. But they have a competitive
advantage in low nitrogen areas, by virtue of their
uptake efficiency, low sinking rates, and to a minor
extent their ability to fix molecular nitrogen. Thus
they are abundant in quiescent regions, such as
mid-ocean gyres, where circulation is sluggish,
mixed layers are deep, and nutrients are only
occasionally injected into the mixed layer. While
they are able to survive in these regions, the lack of
nutrients prevents them from attaining large
concentrations.

Chlorophytes generally represent a transitional
group in the model, inhabiting areas where
nutrient and light availability are insufficient to
allow diatoms to predominate, but not in areas
where nutrients are so low as to prevent losses by
sinking to compensate growth. This is a function
of their intermediate growth, sinking, and nutrient
uptake efficiency relative to diatoms and cyano-
bacteria. Their largest concentrations tend to be at
the transition between the diatoms and cyanobac-
teria, such as the southern edge of the northern
spring bloom (northern edge for the southern
bloom), or the edges of the tropical upwelling and
Arabian Sea blooms.

This concept of a transitional region between
diatom-dominated upwelling and high-latitude
regions, and cyanobacteria-dominated oligo-
trophic regions supports the suggestion by On-
drusek et al. (1991) for the greater North Pacific.
In that study, this transitional region was occupied
by a diverse assemblage of phytoplankton groups,
as indicated by pigment analysis, and correspond-
ing to the diverse definition of nanoflagellates in
this analysis.

Similar overall distributions of the phytoplank-
ton groups are observed in February as in June,
except some facets are reversed in hemisphere
(Fig. 10). Abundances of diatoms and coccolitho-
phores have retreated southward in the North
Atlantic. The austral spring bloom begins in the
southern ocean and is predominantly diatoms,
with chlorophytes at the periphery and coccolitho-
phores in the southern portion. Cyanobacteria are
again widely distributed and in low abundances,
but with some patchy local blooms of modest
magnitude.

High diatom abundances in the Equatorial
Pacific run counter to observations in the region
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Fig. 10. Phytoplankton functional group distributions computed for February after 26 years of simulation. These represent values for

a single day near the beginning of the month and not monthly means.
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(e.g., Chavez, 1989; Landry et al., 1997; Brown
et al., 1999), which indicate a pico–nano-plankton
dominated community. This is most likely the
result of excessive upwelling of dissolved iron in
the model, as noted earlier. However, diatom
abundance has been found to be larger very near
the axis of the Pacific upwelling region (Landry
et al., 1997), where iron availability is higher than
outside of this band.

Seasonal variability of the phytoplankton
groups is shown for four regions that are
representative of most of the range of the global
oceans (Fig. 11). The four regions are the North
Atlantic (sub-polar region > 40�N with pro-
nounced spring bloom regions and fall/winter
die-off), North Central Pacific (a low chlorophyll
biomass central gyre, 10–40�N), North Indian
Ocean (monsoon-dominated region, > 10�N), and
the Equatorial Atlantic (representing a tropical
upwelling region, 10�S–10�N).

The North Atlantic exhibits a classic pattern of
seasonal succession. Diatoms predominate early in
the year as the mixed layer begins to shallow and
light becomes readily available. They give way to
dominance by coccolithophores in mid summer as
the mixed layer stabilizes at shallow depth and
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Fig. 11. Seasonal variability of phytoplankton groups in 4 regions, chosen to be representative of the range of most conditions in the

global oceans. The groups are shown as proportion of the total in percent.
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nutrients become limiting (Fig. 11). Chlorophytes
reach a minimum at the diatom/coccolithophore
dominance crossover, and increase late in the
season matching and eventually exceeding cocco-
lithophore relative abundances. Cyanobacteria
provide a low and steady proportion of the total
population, but increase slightly in the dead of
boreal winter. This is due to their reduced losses
from sinking relative to the others. Their concen-
trations diminish again when conditions for
growth of diatoms improve.

Marañon et al. (2000) observed diatom pre-
dominance in the North Atlantic in May, up to
80% of the total phytoplankton carbon. They
reported vastly reduced diatom relative abun-
dances in Sep–Oct. Although Marañon et al.
(2000) observed a significant proportion of cyano-
bacteria in both spring and autumn in the North
Atlantic (about 25% of the total phytoplankton
carbon), Gibb et al. (2001) found that they
contributed a minor proportion of total chloro-
phyll, typically o5%; as in the model.

The North Central Pacific exhibits a modest
diatom spring bloom that never reaches commu-
nity dominance (Fig. 11). Most of the year
chlorophytes predominate, reaching highest levels
of abundance in late summer into the autumn.
They are located at the periphery of the equatorial
upwelling and along the western US coast (Figs. 9
and 10). Late in the season, as nutrients reach their
maximum level of depletion, cyanobacteria rela-
tive abundances rise. Coccolithophore relative
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abundances do not exhibit substantial seasonal
variability.

The North Indian Ocean is subject to four major
seasonal influences, the southwest monsoon peak-
ing in August, the less vigorous northeast mon-
soon occurring through the boreal winter, and two
inter-monsoon periods between them. The abun-
dances of diatoms follow the pattern of the
monsoons, while cyanobacteria and chlorophytes
respond more favorably to the inter-monsoon
seasons (Fig. 11). This generally conforms to
observations in the region (Brown et al., 1999).
Stuart et al. (1998) showed that fucoxanthin, a bio-
marker for diatoms, increased 3- to 4-fold in the
southwest monsoon from the inter-monsoon,
concurrent with a nearly similar decrease in
zeaxanthin, which is typically used to identify
cyanobacteria. In the model, this is due to the
presence of nutrients resulting from turbulence
and upwelling associated with the monsoon
periods, and favoring diatom growth. The extent
of the diatom dominance is directly related to the
strength of the monsoon period: they comprise
nearly 80% in the more vigorous southwest
monsoon compared to about 65% in the less
vigorous northeast monsoon. Losses of diatoms
from sinking in the inter-monsoon periods allow
cyanobacteria and chlorophytes to outcompete the
diatoms for the low concentrations of nutrients.

The Equatorial Atlantic exhibits a very different
seasonal pattern from the other regions. In this
region, chlorophytes dominate the total chloro-
phyll about half the year, yielding to diatoms in
mid-to-late summer. These patterns follow the
periods of upwelling in the Atlantic (Monger et al.,
1997), which produce enough nutrient availability
to allow diatom growth. Cyanobacteria and
coccolithophores exhibit low relative abundances.

3.4. Comparisons of phytoplankton group

distributions with in situ data

Comparison of model simulated phytoplankton
distributions with in situ observations is mixed
(Table 1). Generally, the observations show that
diatoms are prevalent ð> 15%Þ only in the North
Atlantic, North Pacific, and Antarctic in the
specific locations sampled. The model agrees with
this, except that the North Pacific exhibits low
diatom relative abundances due to iron limitation,
and has large diatom abundances in the North
Indian and Equatorial Pacific. Cyanobacteria are
relatively abundant ð> 10%Þ in the observations in
the North Central Atlantic, North Central Pacific,
North Indian, Equatorial Atlantic, Equatorial
Pacific, South Atlantic, and South Pacific. The
model patterns agree with the observed, except in
the North Indian, where diatoms predominate in
contrast to the observed cyanobacteria-predomi-
nance. The model typically under-represents the
contribution of chlorophytes/flagellates, except in
the North and Equatorial Pacific, where abun-
dances are largely matched by the observations.
The correspondence of model-derived coccolitho-
phores with observations is generally very good,
with model underestimates occurring in the central
North Atlantic and Equatorial Pacific. Overall,
chlorophyte/flagellate, cyanobacteria, and cocco-
lithophore basin annual means were positively
correlated with observations ðPo0:05Þ: Diatom
annual means were not, deriving from discrepan-
cies in the North Pacific (underestimated in the
model) and North Indian (overestimated in the
model) basins.

Regarding the community structure at the
observation sites, some oceanographic basins
exhibit a very strong correspondence with the in
situ data. These include the North Central Pacific,
Equatorial Atlantic, and South Atlantic. Other
basins indicate agreement between some func-
tional groups, but also areas of disagreement.
Typically these disagreements occur in pairs, such
as the Antarctic, where observations suggest a
chlorophyte/flagellate-dominated community with
diatoms secondary at the sites measured, while the
model indicates the opposite at these same
locations. Phytoplankton group relative abun-
dances are not independent, and so a disagreement
with one functional group will necessarily produce
a disagreement with another. In the case of the
Antarctic, the other phytoplankton groups indi-
cate strong correspondence (Table 1). This is
typical in this class of basins. Other basins in this
category include the North Atlantic, North Pacific,
North Central Atlantic, Equatorial Pacific, and
the North Indian.
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Table 1

Comparison of phytoplankton functional group distributions with observations

Basin Data Model N

North Atlantic126 Diatoms 23% 54% 34

Chlorophytes 40% 6% 23

Cyanobacteria 8% o1% 34

Coccolithophores 36% 29% 11

North Pacific729 Diatoms 29% o1% 58

Chlorophytes 76% 97% 1

Cyanobacteria 4% o1% 58

Coccolithophores 0% 1% 1

North Central Atlantic2;6;10214 Diatoms 4% 15% 35

Chlorophytes 19% 4% 16

Cyanobacteria 43% 76% 45

Coccolithophores 18% 2% 29

North Central Pacific11;15;16 Diatoms 4% o1% 2

Chlorophytes 20% 2% 1

Cyanobacteria 62% 63% 23

Coccolithophores 23% 27% 2

North Indian17;18 Diatoms 10% 83% 24

Chlorophytes 27% 17% 12

Cyanobacteria 44% o1% 12

Coccolithophores 5% o1% 24

Equatorial Atlantic6;10 Diatoms 4% 16% 16

Chlorophytes N/A — 0

Cyanobacteria 59% 51% 16

Coccolithophores N/A — 0

Equatorial Pacific19223 Diatoms 11% 61% 23

Chlorophytes 25% 20% 25

Cyanobacteria 41% 17% 22

Coccolithophores 19% 2% 23

South Atlantic6 Diatoms 2% 16% 24

Chlorophytes N/A — 0

Cyanobacteria 42% 47% 24

Coccolithophores N/A — 0

South Pacific21 Diatoms 12% 21% 7

Chlorophytes 32% 14% 7

Cyanobacteria 42% 84% 2

Coccolithophores 18% 5% 7

Antarctic6;21;24228 Diatoms 28% 59% 73

Chlorophytes 54% 14% 12

Cyanobacteria 4% o1% 59

Coccolithophores 11% 5% 15

W.W. Gregg et al. / Deep-Sea Research II 50 (2003) 3143–31693160
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Diatoms Chlorophytes Cyanobacteria Coccolithophores

Correlation coefficients 0.26 0:82� 0:68� 0:80�

Results are expressed in percent of total phytoplankton population. For the model the total population is expressed as units of

chlorophyll. For the observations, some are units of chlorophyll and some are units of carbon. N indicates the number of observations.

N/A indicates no observations available for this basin. Percent abundances do not add up to 100% because not all groups were

sampled in each observation, and because of averaging monthly and regionally. Correlation coefficients for the entire comparison are

shown at the bottom. An asterisk indicates the correlation is significant at Po0:05: References are listed below. References: 1. Barlow

et al. (1993); 2. Gibb et al. (2001); 3. Harris et al. (1997); 4. Holligan et al. (1993); 5. Malin et al. (1993); 6. Marañon et al. (2000); 7.

Miller et al. (1991b); 8. Obayashi et al. (2001); 9. Thibault et al. (1999); 10. Agusti et al. (2001); 11. Andersen et al. (1996); 12. Claustre

and Marty (1995); 13. DuRand et al. (2001); 14. Steinberg et al. (2001); 15. Campbell et al. (1997); 16. Letelier et al. (1993); 17. Barlow

et al. (1999); 18. Tarran et al. (1999); 19. Blanchot et al. (2001); 20. Everitt et al. (1990) 21. Hardy et al. (1996); 22. Higgins and Mackey

(2000); 23. Ishizaka et al. (1997); 24. Bathmann et al. (1997); 25. Brown and Landry (2001); 26. Gall et al. (2001) 27. Garrison et al.

(1993); 28. Landry et al. (2001) 29. Peeken (1997); 30. van Leeuwe et al. (1998); 31. Wright et al. (1996).

Table 1 (continued)

Basin Data Model N
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The North Indian Ocean represents one of the
largest disparities between the model and observa-
tions. The observations, located entirely in the
Arabian Sea, indicate a modestly cyanobacteria-
dominated community, whereas the model indi-
cates a strongly diatom-dominated assemblage.
Chlorophytes and coccolithophores are in reason-
able agreement. The observations in the Arabian
Sea are obtained from two sources, Tarran et al.
(1999) and Barlow et al. (1999). Tarran et al.
(1999) used cell counting methods and conversion
to carbon based on biovolume and taxon-specific
relationships in the literature, and showed massive
cyanobacteria dominance even in the Southwest
Monsoon. They found relatively low abundances
of diatoms during the monsoon. If true, this
represents the only bloom-magnitude (> 1 mg m�3

chlorophyll) basin predominated by cyanobacteria
in the global oceans that we are aware of. This also
runs counter to the paradigm that low to moderate
chlorophyll concentrations represent a ‘‘back-
ground’’ community composed of smaller phyto-
plankton, and blooms derive from an ‘‘excess’’ of
diatoms above the background (Obayashi et al.,
2001). With their low growth rates, low sinking
rates, and high efficiency for uptaking nutrients,
cyanobacteria are typically considered ideally
suited for open-ocean gyres. Presence of nutrients
in a strong upwelling environment, such as occurs
in the SW monsoon, typically favors faster-
growing phytoplankton, such as diatoms. This is
what causes the predominance of diatoms in the
model. Barlow et al. (1999), used pigment analysis
at the same stations and times and found massive
occurrences of fucoxanthin in the central Arabian
Sea, up to 16 times more than the next most
abundant pigment, in this case, 190-hexanoylox-
yfucoxanthin, a pigment commonly found in
Prymnesiophytes (most likely coccolithophores
here). It is unclear how to resolve these conflicting
observations.

Both Tarran et al. (1999) and Barlow et al.
(1999) found that during the autumn intermon-
soon/early NE monsoon period, cyanobacteria
became more abundant at the expense of diatoms.
In the model, residual nitrate from the SW
monsoon plus additional contributions from
entrainment in the weaker NE monsoon provide
sufficient nutrients for continued diatom predomi-
nance, although less so. However, in the spring
intermonsoon, which is typically weaker then the
autumn event, a changeover to increased cyano-
bacteria abundance did in fact occur in the
model (Fig. 11), as would be expected from the
observations.

Identification of phytoplankton functional
group abundances and distributions is an emer-
ging field in ocean biology. Detection of pigment
composition using HPLC coupled with published
algorithms for sorting the pigments into
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phytoplankton taxonomic assemblages has given
rise to a proliferation of reports in various oceanic
locations. These new methodological advances are
required because cell counting methods until
very recently often did not include small phyto-
plankton, particularly cyanobacteria, and conse-
quently the contributions of the larger
phytoplankton, such as diatoms, were overesti-
mated. Nevertheless, there is controversy in the
application of the pigment approaches, with
different algorithms being utilized to obtain
functional group abundances. Thus comparisons
between model output and observations must be
viewed with caution in the light of these emerging
methodologies, in addition to familiar model-data
mismatches occurring because of interannual
variability, spatial resolution discrepancies, ex-
treme variability from investigator-to-investigator
and sample-to-sample, among others. The com-
parison presented here is intended to be a first
effort, and is not intended to be conclusive.
There are clearly areas for encouragement in the
simulation of multiple phytoplankton functional
groups, but there remain many issues, both model-
oriented and data-oriented, that remain to be
resolved.
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Appendix A. Model modifications description

The three-dimensional, coupled circulation/bio-
geochemical/radiative is based on Gregg (2000,
2002a). Modifications include iron limitation,
introduction of a fourth phytoplankton functional
group, and addition of a diatom detrital compo-
nent. The governing equations of the iron-limiting
model are

@

@t
Ci ¼rðKrCiÞ � r . VCi �r . ðwsÞiCi

þ miCi � gCiH � sCi; ðA:1Þ

@

@t
Nk ¼rðKrNkÞ � r . VNk � bk½SimiCI �k

þ ½bkekgSiCi�H

þ bkeksSiCi þ bkek½n1H þ n2H2�

þ bkrkSnDn þ Ak=H; ðA:2Þ

@

@t
H ¼rðKrHÞ � r . VH þ ½Skð1 � ekÞgSiCi�H

� n1H � n2H2; ðA:3Þ

@

@t
Dn ¼ �r . ðwdÞnDn � SkrkDn þ Skð1 � ekÞsSiCi

þ Skð1 � ekÞ½n1H þ n2H2�; ðA:4Þ

where the subscripts k and i denote the existence of
discrete quantities of nutrients (N ; as nitrate,
ammonium, silica, and iron) and chlorophyll (C;
as diatoms, chlorophytes, cyanobacteria, and
coccolithophores), and bold denotes a vector
quantity. H represents herbivores. D represents
detritus, where the subscript n denotes discrete
quantities of diatom detritus (includes all detritus
deriving from diatoms), and other detritus (all
detritus deriving from the other phytoplankton
groups). Thus for diatom detritus ðn ¼ 1Þ; the sum
of Ci is only over 1 group (diatoms), while for
other detritus ðn ¼ 2Þ; Ci is summed over the
remaining groups ði ¼ 2; 3; 4Þ: There is no advec-
tion/diffusion for detritus, but these processes
resume after remineralization. We have found this
approximation provides satisfactory results when
the detrital sinking rates are kept relatively low,
and it allows a major speed up in computational
time. Other symbols are defined in Table 2. The
only differences here from Gregg (2000, 2002a) are
in Eq. (A.2) where a term for atmospheric deposi-
tion ðAÞ is included, and only applies for iron
ðnmol m�2Þ; and in the two detrital quantities
where before there was only one.

An additional modification deriving from the
inclusion of iron is in the growth formulation,
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Table 2

Notation and parameters and variables for the coupled three-dimensional ocean biogeochemical model

Symbol Parameter/variable Value Units

K Diffusivity Variable m2 s�1

r Gradient operator None None

V Vector velocity Variable m s�1

ws Vector sinking rate of phytoplankton 0.0035–1.4 m d�1

wd Vector sinking rate of detritus

Diatom detritus 10.00 m d�1

Other detritus 3.0 m d�1

m Specific growth rate of phytopl. 0–2.8 d�1

b Nutrient/chlorophyll ratio

Nitrogen 0.3–1.0 mMðmg l�1Þ�1

Silica 0.3–1.0 mMðmg l�1Þ�1

Iron 0.01–0.04 nMðmg l�1Þ�1

e Nutrient regneration

Nitrate 0.0 d�1

Ammonium 0.25 d�1

Silica 0.0 d�1

Iron 0.25 d�1

r Remineralization rate 0–0.008 d�1

A Atmospheric deposition

Nitrogen 0.0 mmol m�2 d�1

Silica 0.0 mmol m�2 d�1

Iron 0.03–967.0 nmol m�2 d�1

KN;S;Fe Half-saturation constant

Nitrogen 0.5–1.0 mM

Silica 0.2 mM

Iron 0.08–0.12 nM

g Grazing rate by herbivores 0–2.15 d�1

s Senescence 0.05 d�1

n1; n2 Hetrotrophic loss rates 0.1, 0.5 d�1

Values are provided for the parameters and ranges are provided for the variables. Phytoplankton functional group-dependent physical

and physiological parameters are shown in Fig. 2. The governing equations for the model are shown in Appendix A. Phytoplankton

sinking rate and remineralization rates are variables because they are viscosity- and temperature-dependent, respectively.

Phytoplankton specific growth rate is variable because of functional group and temperature-dependence. Nutrient/chlorophyll ratios

are variable because of photadaptation-dependence (resulting in changes to carbon:chlorophyll ratio; see Gregg, 2000). Half-saturation

constants are variables because of functional group dependence. Grazing and remineralization rates are variable because of

temperature-dependence. A full description of grazing and circulation can be found in Gregg (2000).
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which is

mi ¼ mmi=mm1 min½mðEtÞi;mðNÞi; mðSiÞi;mðFeÞi�

� mðTÞbi; ðA:5Þ

where I indicates the phytoplankton functional
group index (in order, diatoms, chlorophytes,
cyanobacteria, and coccolithophores), m is the
total specific growth rate ðd�1Þ of phytoplankton,
mm is the maximum growth rate at 20�C (Fig. 2).
The term mðEtÞ represents the growth rate, as a
function solely of the total irradiance
ðmmol quanta m�2 s�1Þ;

mðEtÞ ¼
Et

ðEt þ kEÞ
; ðA:6Þ

where kE is the irradiance at which m ¼ 0:5mm and
equals 0.5 Ik; where Ik is the light saturation
parameter. m(N) is the growth rate determined by
total nitrogen concentration including nitrate
ðNO3Þ and ammonium ðNH4Þ; mðSiÞ is the growth
rate as a function of silica concentration, mðFeÞ is
the growth rate as a function of iron concentra-
tion, and mðTÞ is the temperature-dependence of
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Table 3

Tabulated values of phytoplankton group parameters

Diatoms Chlorophytes Cyanobacteria Coccolithophores

Maximum growth rate at 30�C ðd�1Þ 2.0 1.73 1.34 1.51

Sinking rate ðm d�1Þ 1.5 0.25 0.00085 0.3–1.4

Light saturation (mmol quanta m�2 s�1)

Low light (50) 90.0 96.9 65.1 56.1

Medium light (150) 93.0 87.0 66.0 71.2

High light (200) 184.0 143.7 47.1 165.4

Half-saturation nitrogen ðmMÞ 1.0 0.75 0.5 0.5

Half-saturation iron (nM) 0.12 0.10 0.10 0.08
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growth (Eppley, 1972)

mðNO3Þi ¼
NO3

½NO3 þ ðkNÞi�
; ðA:7Þ

mðNH4Þi ¼
NH4

½NH4 þ ðkNÞi�
; ðA:8Þ

mðNÞi ¼ mðNH4Þi þ min½mðNO3Þi; 1

� mðNH4Þi� ðA:9Þ

(Gregg and Walsh, 1992)

mðSiÞi ¼
Si

½Si þ ðkSÞi�
; ðA:10Þ

mðFeÞi ¼
Fe

½Fe þ ðkFÞi�
; ðA:11Þ

mðTÞ ¼ ð0:851a 1:066T Þ; ðA:12Þ

where a is a factor to convert to units of d�1

(instead of doublings d�1) and to adjust for a 12-h
photoperiod ða ¼ 0:347Þ; and b is an additional
adjustment used for the cyanobacteria component
that reduces their growth rate in cold water
ðo15�CÞ

b3 ¼ 0:0294T þ 0:558 ðA:13Þ

(Gregg, 2000). bi ¼ 1 for the other three phyto-
plankton components ði ¼ 1; 2; 4Þ: This effect con-
forms to observations that cyanobacteria are
scarce in cold waters (Agawin et al., 1998, 2000;
Li, 1998). The cyanobacteria component possesses
a modest ability to fix nitrogen from the water
column, as observed in Trichodesmium spp.
(Carpenter and Romans, 1991). The nitrogen
fixation is expressed as 0.001 the light-limited
growth rate, and only applies when nitrate
availability is oðkNÞ3; where the index 3 indicates
cyanobacteria. The fixed nitrogen is dentrified by
the detrital component to prevent nitrogen accu-
mulation in the model domain.

Photoadaptation is simulated by postulating
three states: 50, 150 and 200 ðmmol quanta
m�2 s�1Þ: This is based on laboratory studies
which typically divide experiments into low,
medium, and high classes of light adaptation.
Carbon:chlorophyll (C:chl) ratios are related
directly to the photoadaptation state. This simu-
lates the behavior of phytoplankton to preferen-
tially synthesize chlorophyll in low light
conditions, to enable more efficient photon cap-
ture. These three C:chl states are 25, 50 and
80 g g�1 (Table 3). The C:chl classification is
important for determining the nutrient:chlorophyll
ratios, which are computed assuming the Redfield
elemental balances (6.625 C:N and C:Si ratios) and
150 C:Fe ratio (mmol:nmol)

bN;Si ¼ ðC : chlÞ=79:5; ðA:14Þ

bF ¼ ðC : chlÞ=1800:0: ðA:15Þ

There are several recent advances in modeling
phytoplankton photoadaptation (e.g., Anning
et al., 2000; Han et al., 1999; Geider et al., 1998;
Zonneveld, 1997). However, a comprehensive
description of multiple phytoplankton groups
remains lacking. Our simulation of photoadapta-
tion was gleaned from carefully controlled, inter-
comparative laboratory experiments available in
the general literature (Perry et al., 1981; Wyman
and Fay, 1986; Langdon, 1987; Sakshaug and
Andresen, 1986; Bates and Platt, 1984; Barlow and
Alberte, 1985). Care was taken to utilize studies



ARTICLE IN PRESS

W.W. Gregg et al. / Deep-Sea Research II 50 (2003) 3143–3169 3165
for which temperature, growth irradiance, and
light:dark cycles were very similar so that phyto-
plankton functional group comparisons were
valid. The low light and high light-adapted values
correspond to recent modeling efforts. For exam-
ple, using Anning et al.’s (2000) formulation for
chlorophyll:carbon ratios and Geider et al.’s
(1998) data for Skeletonema costatum, we derive
low light-adapted C:chl of 35 g g�1; which com-
pares favorably to our specified value of 25 g g�1:
Similarly the high light-adapted value is 73 g g�1;
compared to our value of 80 g g�1: An intermedi-
ate value derived by taking the mean is 55 g g�1;
which compares favorably to our value of
50 g g�1:

We compute the mean irradiance during day-
light hours, and then classify the phytoplankton
photoadaptive state accordingly. This calculation
is only performed once per day to simulate a
delayed photoadaptation response.
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