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Abstract. A model of biological production in the euphotic zone of the North 
Atlantic has been developed by coupling a Nitrate, Phytoplankton, Zooplankton, 
Detritus (NPZD) nitrogen-based ecosystem model with an eddy-permitting circu- 
lation model. The upper ocean physical and biological results are presented for an 
experiment with monthly climatological forcing. A comparison with satellite ocean 
color data shows that the model is capable of a realistic description of the main 
seasonal and regional patterns of surface chlorophyll. Agreement is also good for 
primary production except in the subtropical gyre where the model produces values 
more than an order of magnitude smaller than derived from satellite observations. 
In situ data available at Joint Global'Ocean Flux Study (JGOFS) time series and 
local study sites (Bermuda Atlantic Time-series Study (BATS), 32øN, 65øW; North 
Atlantic Bloom Experiment (NABE), 47øN, 20øW; EUMELI oligotrophic, 21øN, 
31øW) are used for a more detailed analysis of the model's capability to simulta- 
neously reproduce seasonal ecosystem dynamics in different biological provinces 
of the North Atlantic Ocean. The seasonal cycle of phytoplankton biomass and 
nitrate is simulated quite realistically at all sites. Main discrepancies between 
model and observations are a large zooplankton peak, required by the model to end 
the phytoplankton spring bloom at the 47øN, 20øW site, and the underestimation 
of primary production at EUMELI and under oligotrophic summer conditions at 
BATS. The former model deficiency can be related to the neglect of phytoplankton 
aggregation; the latter is caused by too inefficient recycling of nutrients within 
the euphotic zone. Model improvements are suggested for further steps toward a 
realistic basin-wide multiprovinces simulation with a single ecosystem model. 

1. Introduction 

A realistic qualitative and quantitative description of 
pelagic ecosystem dynamics is a fundamental require- 
ment for a comprehensive understanding of biogeochem- 
ical processes in the sea and their implications for the 
ocean's role in the global climate system. Intense ob- 
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servational programs like the Joint Global Ocean Flux 
Study (JGOFS) have successfully spent a lot of effort 
to improve our knowledge about ocean biogeochem- 
istry. The emphasis of the observational program of 
JGOFS has been mainly on process studies (e.g., the 
North Atlantic Bloom Experiment (NABE) [Ducklow 
and Harris, 1993]) and time series studies (e.g., the 
Bermuda Atlantic Time-series Study (BATS) [Michaels 
and Knap, 1996]), which both, inherently, can only give 
a local view of the global ocean. Only satellite-based 
ocean color sensors, such as the Sea-viewing Wide Field- 
of-view Sensor (SeaWiFS), can provide synoptic obser- 
vations of biological processes on a global scale. These 
observations are, however, restricted to the upper few 
meters of the water column, and their correct interpre- 
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tation depends on our knowledge of what is going on in 
the ocean interior. 

It is hoped that numerical models can be used to 
interpolate between observations of different biological 
quantities at different times and different locations in a 
way that a dynamically consistent picture emerges. The 
development of such models always is a compromise 
between complexity, required to accurately reproduce 
detailed local measurements, and conceptual simplicity 
required for global applications and interpretations. A 
practical constraint is the finite memory of the com- 
puter that imposes limits on the number of explicitly 
resolved ecosystem variables. This is particularly im- 
portant if high-resolution state-of-the art ocean circula- 
tion models are used to give an as realistic as possible 
description of the physical environment. 

In a companion paper [Oschlies and Garqon, 1999] 
(hereafter referred to as OG99) we presented a sim- 
ple four-compartment, nitrogen-based Nitrate, Phyto- 
plankton, Zooplankton, Detritus (NPZD) pelagic ecosys- 
tem model coupled to an eddy-permitting circulation 
model of the North Atlantic. The sensitivity of the sim- 
ulated upper ocean nitrate supply as well as of primary 
production was investigated with respect to the numer- 
ical realization of advection and the parameterization 
of turbulent mixing. It was found that the implicit nu- 
merical diffusivity inherent in standard upstream dif- 
ferencing could be orders of magnitudes larger than 
physically justified vertical diffusivities, particularly in 
the equatorial upwelling region. The resulting over- 
estimation of vertical nutrient supply could be cured 
by switching to a second-order positive-definite advec- 
tion scheme. An accurate description of vertical mix- 
ing was concluded to be of primary importance to con- 
trol the simulated nutrient supply into the subtropical 
euphotic zone, whereas differences in the parameteri- 
zation of viscosity were shown to affect the equatorial 
current system and associated upwelling features. In 
the present paper, the ecosystem model results of the 
standard experiment (A) selected by OG99 will be an- 
alyzed in greater detail. One of the major advances of 
this experiment with respect to a first basin-wide cou- 
pled biological-physical model for the North Atlantic 
Ocean presented by Sarmiento et al. [1993], hereafter 
SAR93, and Fasham et al. [1993], herafter FAS93, is a 
more realistic description of the physical environment, 
including an explicit representation of mesoscale vari- 
ability. 

Since the model is run with climatological forcing, 
we use observations averaged over many years when- 
ever possible. The seasonal cycle of surface chloro- 
phyll concentrations will be compared on the basin 
scale with satellite surface chlorophyll measurements 
from the Coastal Zone Color Scanner (CZCS) mission. 
Satellite-derived estimates of primary production will 
be used for a basin-wide comparison with model re- 

suits. A more detailed investigation of the simulated 
ecosystem dynamics will then follow at three time se- 
ries and process study sites in the North Atlantic, using 
data mainly gathered during JGOFS. These sites are 
the Bermuda Atlantic Time-series Study (BATS), 32øN, 
65øW; the North Atlantic Bloom Experiment (NABE), 
47øN, 20øW site; and the EUMELI oligotrophic site 
(21øN, 31øW). These individual sites may be viewed as 
representatives of different ecological provinces, ranging 
from the trade wind region to the northern boundary of 
the westerlies domain as classified by Longhurst [1995]. 
Model deficiencies identified at the individual sites are 

investigated, and model improvements are suggested. 
The discussion section also addresses the question to 
what extent we can expect that a single set of biologi- 
cal parameters can be used to model pelagic ecosystems 
on a basin scale. 

2. Description of the Coupled Model 

2.1. Physical Model 

The physical model is based on the Geophysical Fluid 
Dynamics Laboratory's (GFDL) Modular Ocean Model 
(MOM) [Pacanowski et al., 1991] primitive-equation 
ocean circulation model. The present configuration 
is based on the Community Modeling Effort (CME) 
model [Bryan and Holland, 1989] and covers the At- 
lantic Ocean between 15øS and 65øN with a grid spac- 
ing of 1/3 ø in meridional and 2/5 ø in zonal directions. 
A refined vertical grid has been used, increasing the 
number of levels in the upper 150m from four to eleven 
(Table 1 of OG99). The model is forced with monthly 
climatological data sets (see OG99). 

Turbulent vertical diffusion in and below the surface 

mixed layer is modeled using the Turbulent Kinetic En- 
ergy (TKE) closure of Gaspar et al. [1990] in the three 
dimensional (3-D) implementation proposed by Blanke 
and Delecluse [1993]. It solves a prognostic equation 
for TKE, considering turbulence generation by wind, 
buoyancy fluxes, and shear, as well as dissipation and 
turbulent diffusion of TKE. Together with a diagnos- 
tic turbulent mixing length this yields vertical diffusiv- 
ities and viscosities at every grid point and time step of 
the numerical model. As discussed by OG99, the lower 
limit for TKE has been tuned to closely match recent 
observations of diapycnal diffusion in the thermocline 
[Ledwell et al., 1993]. 

Horizontal subgrid-scale diffusion and dissipation are 
parameterized by the highly scale-selective biharmonic 
operator with both friction and diffusion coefficients set 
to A•, = 2.5 x 10 •øcm 4s -•. This form is commonly 
used in high-resolution models and reflects the notion 
that mixing along (approximately horizontal) isopycnal 
surfaces occurs mainly through the action of eddies and 
thus is supposed to be explicitly resolved by the model. 
Note, however, that in the present 1/3 ø grid configura- 
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tion eddy scales are not well reproduced by the model 
north of about 30øN [Stammer and BSning, 1992]. 

To ensure positive tracer concentrations, advection 
of ecosystem variables is often modeled by the sign- 
preserving upstream scheme. Among the advection 
schemes presently available (see Hecht et al. [1998] for 
a recent discussion) this is computationally cheapest, 
but has the disadvantage of very large implicit dif- 
fusion. In OG99 we have shown that this leads to 

a considerable overestimation of nutrient fluxes into 

the euphotic zone, particularly in the equatorial up- 
welling region. In the present study we therefore use 
the higher-order, less-diffusive Multidimensional Posi- 
tive Definite Central Differences (MPDCD) scheme of 
Lafore et al. [1998]. It is based on the standard central 
difference equations, but computes a flux limitation to 
satisfy a sufficient condition for positiveness (see OG99 
for a detailed description). 

2.2. Biological Model 

The ecosystem model is a simple nitrogen-based Ni- 
trate, Phytoplankton, Zooplankton, Detritus (NPZD) 
pelagic model (OG99). The evolution of any biological 
tracer in the coupled biological-physical model is gov- 
erned by an advective-diffusive equation plus a source- 
minus-sink term that describes changes due to biolog- 
ical activity. For the individual biological tracers the 
source-minus-sink terms are given by 

sms(P) 

sms(Z) 
sms(D) 

sms(N) 

- t. v)v - z - ,,. v (1) 
-- 71G(xP) Z- 72Z- •z Z 2 (2) 
-- (1 -- 71)G(P) Z + •pP + •z Z2 

OD 

-•o D - w• Oz (3) 
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Following Hurtt and Armstrong [1996], the phyto- 
plankton growth rate is taken to be the minimum of 
light- and nutrient-limited growth, 

7(z, t, N) - min (7(z, t), Jm•x• ) (5) k•+N 

where J(z,t) denotes the purely light-limited growth 
rate averaged over 24 hours, and Jm•x is the light- 
saturated growth. J(z,t) is computed using the ana- 
lytical method of Evans and Parslow [1985] (see also 
OG99). For zooplankton grazing we use a Holling type 
III function [Fasham, 1995]' 

G(P) - ge p2 g + e p2 (6) 
The individual parameters of the ecosystem model are 
listed in Table 1. As common in such simple, few- 

component ecosystem models, grazing parameters are 
more typical of microzooplankton rather than mesozoo- 
plankton. 

All four ecosystem compartments are transported 
passively by advection and diffusion. Only detritus has 
an additional sinking velocity (constantly 5 m d -1) that 
allows it to move relative to the water. Once detritus 

reaches the ocean bottom, it is assumed to be buried 
immediately in the sediment. Regarding the relatively 
slow sinking velocity and high remineralization rate, 
this assumption was thought to be not critical on the 
considered timescales of a few years. While appropriate 
for the open ocean, this approach leads to an unrealisti- 
cally fast removal of nitrogen from the water column in 
shallow shelf areas. For this reason, the sediment for- 
mulation has been changed in subsequent simulations 
with the coupled biological-physical model insofar as 
sinking through the bottom of the deepest grid box is 
not any longer allowed, leaving all detritus in the lowest 
grid box subject to advection, diffusion, and remineral- 
ization. For the pelagic open-ocean results presented in 
this paper, the sediment-water interaction is unimpor- 
tant. 

2.3. Initialization 

The physical model was initialized with a spun-up 
state of a 24-year integration [BSning et al., 1996] of 
the original CME model. After inclusion of the ad- 
ditional surface levels and the TKE closure scheme, 
the physical model was integrated for 1 year to adjust 
the upper ocean. Then the biology was inserted, to 
be integrated in fully coupled mode with the evolving 
physical fields over a 3-year period. The initial nitrate 
concentration field was taken from the climatological 
data of Conkright et al. [1994]. For the initial concen- 
trations of P, Z, and D we followed SAR93: initial P 
and Z concentrations were set to 0.14mmolN m -3 and 

0.014mmol N m -3 at the surface, respectively, decreas- 
ing exponentially with a scale depth of 100m. D was 
initialized with a small value (10 -4 mmolNm -3) ev- 
erywhere. No restoring was applied to the biological 
tracers at the closed boundaries. As shown by OG99, 
a relatively stable seasonal cycle is established already 
after about 1 year. Results are presented ibr the third 
coupled year. 

3. Basin-Scale Ecosystem Dynamics 

3.1. Seasonal Cycle of Surface Chlorophyll 

Satellite ocean color measurements provide the 
unpreceeded possibility for basin-wide observations of 
pelagic biological activity and its variability in space 
and time. While the wealth of coming data from sen- 
sors such as SeaWiFS has for a long time been antici- 
pated, the only ocean color data set that presently al- 
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Table 1. Parameters of the Ecosystem Model 

Parameter Symbol Value Units 

Integration method for daily growth rate 
Initial slope of P-I curve 
Photosynthetically active ratiation 
Light attenuation due to water 
Light attenuation by phytoplankton 
Maximum growth rate parameters 

Half-saturation constant for N uptake 
Specific mortality rate 

Assimilation efficiency 
Maximum grazing rate 
Prey capture rate 
(Quadratic) mortality 
Excretion 

Remineralization rate 

Sinking velocity 

Phytoplankton (P) Coefficients 

EP85 

c• 0.025 d-1/(W m -2 ) 
PAR O.43 

--1 
kw 0.04 m 

kc 0.03 m -• (mmol m-S) -1 
a 0.6 day -1 
b 1.066 

c 1.0 (øC)-i 
K1 0.5 mmolm -s 
p• 0.03 day- 1 

Zooplankton (Z) Coefficients 

'71 0.75 
g 2.0 day -1 
e 1.0 (mmol m-3) -2 d -1 

pz 0.20 (mmol m-S) -1 d -1 
'72 0.03 day -1 

Detrital (D) CoeJficients 

pD 0.05 day -1 
ws 5.0 md -1 

EP85 is Evans and Parslow [1985]. 

lows the computation of a climatological annual cycle 
of surface cholorophyll concentrations stems from the 
Coastal Zone Color Scanner (CZCS) mission and cov- 
ers the period 1978-1986 [Esaias et al., 1986; Feldman 
et al., 1989]. 

In the model all biogeochemical fluxes as well .as 
standing stocks are computed in nitrogen units. Hence 
surface chlorophyll is not a prognostic variable but has 
to be diagnosed from the model state. A constant con- 
version ratio of 1.59 g chlorophyll per mol nitrogen was 
chosen that corresponds to a chlorophyll to carbon mass 
ratio of 1:50 and a C:N mole ratio of 6.625 used through- 
out the paper. 

Figure 1 displays seasonal means of the simulated 
chlorophyll concentration averaged over the upper 23 m, 
that is, the top two layers of the numerical model. This 
is the same depth average as was used by SAR93. Ow- 
ing to the presence of a mixed layer model, the up- 
per two layers of our model are almost always well 
mixed and virtually represent surface concentrations. 
Corresponding seasonal maps of CZCS deduced surface 
chlorophyll values are displayed in Figure 2. Despite 
the relatively large estimated errors of the CZCS de- 
rived chlorophyll concentrations, some 35% [Gordon et 

al., 1983] with even more substantial errors during au- 
tumn and winter north of approximately 40øN [Yoder 
et al., 1993], we preferred the long term average pro- 
vided by the CZCS data to the more accurate SeaW- 
iFS data so far available for a single year only. Over- 
all, there is good qualitative agreement between pat- 
terns of modeled and observed surface chlorophyll, but 
simulated chlorophyll concentrations are generally lower 
than those inferred from the CZCS data. 

The dominant feature of the seasonal cycle of surface 
chlorophyll in the mid and high-latitude North Atlantic 
is the basin-wide occurrence of a spring bloom. In win- 
ter the model shows an approximately zonal ridge of el- 
evated surface chlorophyll (• 0.5 mg Chl m -3) between 
35øN and 45øN extending from the northwestern flank 
of the subtropical gym to the European coast. Par- 
ticularly in the western basin this is in contrast to the 
CZCS data that show midlatitude winter concentrations 

of only about 0.2 mg Chl m -3 . The model-data discrep- 
ancy in this region will be discussed further when inves- 
tigating the BATS site (32øN, 65øW) in section 4. In 
spring the CZCS data show high chlorophyll concentra- 
tions (•0.5 mg Chl m -3) almost everywhere in the sub- 
polar North Atlantic north of a northeastward sloping 
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line between 35 øN on the American shelf to 45 øN off Eu- 

rope. This signal of the spring bloom is well reproduced 
by the model simulation, although simulated maxi- 
mum concentrations (<2.0mgChlm -3 in the seasonal 
mean) are slightly lower and are situated farther south 
(-•50øN) than in the CZCS data (>2.0mgChlm -3 at 
-•60øN). Summer chlorophyll concentrations stay high 
only north of about 50øN both in the observations and 
in the model, but again, simulated concentrations do 
not reach the satellite estimates. 

The interior of the oligotrophic subtropical gyre is 
characterized by low surface chlorophyll concentrations 
in both the CZCS data and the model results. Agree- 
ment between data and model is very close in spring and 
summer. However, the CZCS data show concentrations 
of up to 0.1 mg Chl m -3 in autumn and winter whereas 
simulated concentrations stay less than 0.05 mg Chl m -3 
during all seasons. This is an indication that in the 
model the subtropical gyre is too oligotrophic. We will 
reiterate this subject in the following section as well in 
the discussion of the model results at the EUMELI site 

in section 4. 

Good qualitative agreement is found in the patterns 
reflecting upwelling regions off West Africa and South 
America, although simulated chlorophyll concentrations 
are substantially lower than those derived from the 
CZCS data. As noted, for example, by Sathyendranath 
and Morel [1983], CZCS retrievals are particularly un- 
reliable in coastal seas where high loads of dissolved or- 
ganic matter may erroneously be interpreted as chloro- 
phyll. While this is an important restriction of CZCS 
data on the continental shelf, it can not explain the 
model's underestimation farther offshore, for example, 
in the Gulf of Guinea, particularly in autumn and win- 
ter. 

Simulated chlorophyll values systematically exceed 
the CZCS observations along the equator. In fact, our 
simulated concentrations are very similar to those ob- 
tained by SAR93 (their Figure 2), who attribute such 
high surface values to the overestimated equatorial up- 
welling in their model. As discussed by OG99, there 
is no evidence for too strong equatorial upwelling in 
the model used here. Monger et al. [1997] pointed out 
that climatological CZCS products may considerably 
underestimate chlorophyll concentrations in the east- 
ern equatorial upwelling region. However, this would 
not explain model-data discrepancies in the central and 
western equatorial Atlantic. These may instead suggest 
deficiencies of the biological model like, for example, 
the neglect of dissolved organic matter (DOM). The in- 
clusion of DOM has been proposed to remedy too high 
equatorial production in biogeochemical ocean models 
[e.g., Six and Maier-Reimer, 1996], although a recent 
study by Aumont et al. [1999] reported that the appar- 
ent need for DOM might have been related to model 
errors in the circulation field. For the present model the 

neglect of DOM may also explain overestimated equato- 
rial nitrate concentrations reported by OG99 even when 
the higher-order MPDCD advection was used. 'As yet, it 
is not clear to what extent this is an artifact of the closed 

southern boundary of the model. Experiments with a 
different southern boundary condition are presently un- 
der way in order to investigate this issue. 

A peculiar feature of the model results are the very 
low chlorophyll concentrations at both entrances of the 
English Channel. For computational reasons, Great 
Britain is not separated from the Continent in our 
model configuration. Hence both entries of the Chan- 
nel are dead ends with greatly reduced water exchange. 
Moreover, the assumed instantaneous removal of any 
detrital matter that reaches the bottom (see section 2.2) 
is not realistic in this shallow region. Subsequent sim- 
ulations which leave detritus available for remineraliza- 

tion after it has reached the bottom yield higher surface 
chlorophyll concentrations close to the English Channel 
that are similar to the concentrations in the adjacent 
open seas. 

3.2. Annual Primary Production 

Maps of annual primary production were one of the 
principal diagnostics used by OG99 to demonstrate the 
strong sensitivity of the coupled ecosystem-circulation 
model to apparently small changes in numerics and 
physics. While OG99 concentrated on relative differ- 
ences between the individual simulations, here we will 
present a more quantitative investigation. 

Figure 3a shows the simulated annual primary pro- 
duction. Values are highest in the upwelling region 
off West Africa, exceeding 200 g C m -2 yr -• Further 
local maxima are found along the equator, with val- 
ues larger than 100gC m -2 yr -• off the South Amer- 
ican coast, smaller rates in the western basin (50- 
100gC m -2 yr-•), and higher production (100-200gC 
m -2 yr -•) toward the eastern basin. For comparison, 
the data of Antoine et al. [1996], hereafter AAM96, and 
Behrenfeld and Falkowski [1997], hereafter BF97, are 
displayed in Figures 3b and 3c, respectively. Although 
derived from the same CZCS data, there is considerable 
disparity between both production estimates. As dis- 
cussed by BF97, this can be explained to a large extent 
by different assumptions made about the effect of tem- 
perature on production rates. Note that both satellite- 
derived production estimates are systematically higher 
(by a factor of 2 or more) than, for example, Berger's 
[1989] compilation of in situ measurements. Explana- 
tions that have been put forward to resolve this obser- 
vational discrepancy include the possible underestima- 
tion of early, not trace-metal clean in situ measurements 
[Fitzwater et al., 1982] as well as large uncertainties in 
procedures employed to derive productivity from satel- 
lite measurements of ocean color (AAM96). 

In the tropics, simulated primary production reaches 
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Figure 3. Annual primary production for (a) the 
model simulation, (b) the CZCS-data derived estimate 
by Antoine et al. [1996], and (c) the CZCS-data de- 
rived estimate by Behrenfeld and Falkowski [1997]. Con- 
tour lines are at 1, 10, 20, 50, 100, 200, 500, and 
1000gC m-2 yr -1 . 

satellite-derived estimates only right at the equator. In 
contrast to the satellite data, the equatorial productiv- 
ity maximum in the model is too pronounced (as is the 
chlorophyll maximum in Figure 1). Already a few de- 
grees north and south of the equator, simulated produc- 
tion rates are systematically lower than found in either 
the AAM96 or the BF97 data. 

The most alarming discrepancy between either ob- 
servational estimate (including Berger's [1989]) of pri- 
mary production and our model results is apparent in 
the southern half of the subtropical gyre. In this re- 

gion, simulated primary production does not even reach 
lgCm-2 yr -1, whereas both AAM96 as well as BF97 
report values larger than 50 g C m -2 yr -1 . Berger's 
[1989] map shows values between 25 and 35 g C m -2 yr -1 
over large parts of the subtropical gyre, with only the 
very central regions exhibiting rates less than 25gC 
m -2 yr -1 . Interestingly, the coarse-resolution model of 
SAR93 produced similarly low production rates as our 
eddy-permitting model. 

It is known that in our model eddy energy is con- 
siderably underestimated [Stammer a'nd BSning, 1992]. 
This is a general problem of present state-of-the-art cir- 
culation models [e.g., Stammer et al., 1996] and may 
be cured by even higher grid resolutions. For coupled 
ecosystem-circulation modeling, the underestimation of 
eddy activity is thought to be of particular concern in 
the subtropical ocean. In this region of steady Ek- 
man downwelling (of about 50myr -I [e.g., McClain 
and Firestone, 1993]), eddy pumping of nutrients into 
the euphotic zone has been proposed as an important 
mechanism for fueling biological production [e.g., Jenk- 
ins, 1988; Dadou et al., 1996; McGillicuddy et al., 1998]. 

Acknowledging that the too low biological produc- 
tion in the subtropical gyre may well be caused by 
the model's underestimation of eddy activity, we have 
also carried out an experiment with a considerably im- 
proved level of eddy activity in the model by assim- 
ilating satellite altimeter data from the simultaneous 
TOPEX/Poseidon and ERS-1 missions [Oschlies and 
Gar9on, 1998]. Although this more realistic simulation 
of eddy variability resulted in an increase of subtropical 
primary production by about 60%, it still did not come 
close to observed levels in the central subtropical gyre. 
Oschlies and Gar9on [1998] put forward possible causes 
for this considerable underestimation of biological pro- 
duction in the subtropical gyre, including underestima- 
tion of rapid recycling within the euphotic zone, and 
the neglect of nitrogen fixation and lateral transport of 
DOM. 

In midlatitudes, simulated annual primary produc- 
tion ranges from 100 to 200g C m -2 yr -] . Estimates 
of annual primary production based on satellite ocean 
color data vary from 100-200gCm-2yr -t (Figure 3b, 
AAM96) to values exceeding 200 gC m -2 yr -t (Figure 3c, 
BF97), whereas Berger's [1989] compilation gives values 
of less than 100gCm -2 yr -1 . Our simulated annual 
primary production in the midlatitude Atlantic thus 
falls well in between these estimates. 

At higher latitudes, north of about 55øN, the model 
predicts a slight decrease in primary production to val- 
ues less than 100g C m -2 yr -1. The maps of AAM96 
and BF97 show such a decrease only for the Labrador 
Sea but not for the eastern basin, where the satellite- 
based estimates in general stay above 100 g C m -2 yr -1 
south of 65øN. As there is substantial doubt on the ac- 
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curacy of CZCS at high latitudes [Yoder et al., 1993], 
we shall not overemphasize this discrepancy. Note. 
however, that Berger's [1989] compilation also shows 
a general northward increase of primary production 
up to about 65øN, reaching values between 90 and 
125gC m-2 yr -• . 

4. Annual Cycle at Selected J GOFS 
Time Series and Process Study Sites 

In this section we investigate the model's seasonal 
cycle at three stations located in different biological 
provinces of the North Atlantic. The observational data 
base at these sites was obtained mainly during JGOFS 

Table 2. Simulated Annual Nitrogen Fluxes at 
Three JGOFS Study Sites 

BATS NABE EUMELI 

Primary Production 1.20 1.36 0.047 
NO3 input 0-126 m 0.64* 0.28 0.003 
PON export I 0-126 m 0.69 0.47 0.015 
NO3 input/PP 0.53 0.21 0.06 
PON export I/PP 0.57 0.35 0.32 

NO3 Transport Fluxes 0-126 m 

Vertical mixing 0.66 0.50 0.021 
Vertical advection -0.13 -0.09 -0.023 

Horizontal transport 0.10 -0.13 0.005 

Detritus Transport Fluxes 0-126m 

Vertical mixing 0.03 0.01 0.000 
Vertical adv. + sinking -0.37 -0.41 -0.033 
Horizontal transport -0.01 -0.01 0.002 
Total -0.35 -0.41 -0.031 

Phytoplankton Transport Fluxes 0-126m 

Vertical mixing -0.26 -0.05 -0.000 
Vertical advection -0.01 -0.00 0.000 

Horizontal transport 0.00 0.01 0.012 
Total -0.27 -0.05 0.012 

Zooplankton Transport Fluxes 0-126m 

Vertical mixing -0.06 -0.00 -0.000 
Vertical advection -0.01 0.00 0.000 

Horizontal transport -0.00 -0.01 0.003 
Total -0.07 -0.01 0.003 

* Oschlies and Garqon [1998] reported 0.50 mol m -2 
yr -1 for a 2 ø x2 ø running-mean average centered at 
BATS. 

t,,PON export" is vertical plus horizontal export of 
Phytoplankton + Zooplankton + Detritus. 
Units are mol N m -2 yr-1; positive values refer to in- 
put into the upper 126m (except for PON export). 
Numbers are for the third coupled year. 

and will be used to assess the quality of our simulation. 
Model deficiencies will be identified and routes for fu- 

ture improvement will be suggested. 
We begin with the BATS site in the western sub- 

tropical gyre, before analyzing the model results at the 
NABE 47øN site in the North Atlantic drift province 
as defined by Longhurst [1995]. Finally, the results of 
an oligotrophic regime in the trade wind domain in the 
eastern subtropical gyre will be presented and compared 
with data taken during the EUMELI cruises. 

Main integral quantities simulated by the model at 
the three sites are summarized in Table 2. Values shown 

include annual primary production, nitrate supply, and 
export of particulate organic nitrogen (PON) as well as 
their ratios which may be taken as approximation to 
the f ratio. Annual mean nitrogen fluxes between the 
ecosystem compartments are shown in Figure 4. All 
fluxes are integrated over the top 126m of the model 
(i.e., the top 10 grid boxes) which was taken as proxy for 
the depth of the euphotic zone. In a 3-D z level model it 
is practical to use the same constant-depth criterion ev- 
erywhere, although the depth of the euphotic zone will 
vary in space and time. The 126 m level can be regarded 
as its maximum depth. Because of shallow remineral- 
ization, the PON export across 126m will in general 
be less than that leaving the euphotic zone. Similarly, 
lateral transport processes acting between the euphotic 
zone depth and the 126m level may locally alter the 
nitrate supply. 

All values shown are from the third year of the cou- 
pled model run. An integration over 2 more years did 
not show significant changes in mean properties. How- 
ever, at the individual locations investigated here, phys- 
ically driven fluctuations that appear naturally in the 
high-resolution model generate some year-to-year vari- 
ations. Interannual variations in the values given in Ta- 
ble 2 and Figure 4 are generally small (-• 10%). A note- 
worthy exception is the nitrate input at the NABE 47øN 
site that is unusually low because of a large horizontal 
transport divergence (Table 2) in summer (see Figure 11 
below) that is not present in other years. This flux 
divergence occurs well below the summer mixed layer 
and does not significantly affect the seasonally varying 
ecosystem dynamics discussed below. Both Table 2 and 
Figure 4 will be referred to repeatedly in the following 
subsections for the individual sites. 

4.1. Bermuda Atlantic Time Series Study 

Following oceanographic and biogeochemical time se- 
ries programs (in particular, Hydrostation S) close to 
Bermuda, BATS has been set up at about 32øN, 65øW 
by the U.S. JGOFS in October 1988. Since then, a wide 
range of biogeochemical parameters have been mea- 
sured at least once per month. A recent overview of 
the database is given by Michaels and Knap [1996]. 
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Figure 4. Annual fluxes of nitrogen between the 
compartments of the NPZD ecosystem model at (top) 
BATS, (middle) NABE 47øN, and (bottom) the EU- 
MELI oligotrophic site. Fluxes are integrated over the 
upper 126m, units are mmolNm -2 yr -• The thick- 
heSS of the arrows is proportional to the magnitude of 
the flux; arrows for EUMELI are 10 times thicker than 
those for BATS and NABE 47øN. Arrows connected 

only to a single compartment refer to physically induced 
input/export of matter and to sinking of deWitus. Num- 
bers in the compartment boxes denote changes in stock 
size between beginning and end of year 3 of the cou- 
pled simulation. Such local irabalances are mainly an 
artifact of internal (e.g., mesoscale) variability in the 
physical model. 

BATS is situated near the northwestern edge of the 
North Atlantic subtropical gym in a region of weak Gulf 
Stream recirculation with a mean flow toward the south- 

west [Siegel and Deuser, 1997]. Ekman convergence in- 
duces a mean downwelling in the upper ocean of about 

30myr -1 [McClain and Firestone, 1993]. Mesoscale 
variability was observed and was suggested as an im- 
portant vehicle to flux significant amounts of nutrients 
into the euphotic zone near Bermuda [Jenkins, 1988; 
McGillicuddy et al., 1998]. Oschlies and Garqon [1998] 
demonstrated for the same model as used here that 

mesoscale variability accounts for about 30% of the sim- 
ulated nitrate flux into the upper ocean in the BATS 
area. 

The simulated annual primary production at BATS 
amounts to 1.2 tool N m -2 (95 g C m-2), which is be- 
tween the older observations (72 g C m -2 yr -1) of Men- 
zel and Ryther [1960] and the more recent BATS mea- 
surements (125 g C m -2 yr -1) reported by Lohrenz et 
al. [1992]. The annual nitrate supply (0.64moira -2) is 
in good agreement with Jenkins' [1988] long-term aver- 
aged estimate of upward nitrate flux (0.56+0.16mol N 
m-2). Observations with shallow traps at a depth of 
150m revealed PON fluxes of 0.11 molm -2 yr -• [Lohrenz 
et al., 1992], and 0.33molm-2yr -• when downward 
mixing of suspended PON was taken into account [Al- 
tabet, 1989]. This is not su•cient to close the upper 
ocean nitrogen budget, and there has been some de- 
bate about the role of dissolved organic matter (DOM) 
[e.g., Carlson et al. 1994]. Note, however, that convec- 
tive export of DOM has been demonstrated for carbon 
(DOC) only and that C:N ratios of DOM may be much 
larger than the standard Redfield ratio [KShler and 
Koeve, 1999]. In the present model configuration, DOM 
is not included, hence all nitrogen export has to occur 
via particulate matter. Indeed, the simulated PON ex- 
port on average balances the nitrate supply (Table 2 
and Figure 4). Note the relatively high contribution of 
phytoplankton to the PON export. Since in the model 
only detritus sinks relative to the water, this indicates 
the important contribution (,-•50%) of export via tur- 
bulent mixing and detrainment out of the upper 126 m. 
This is consistent with the observations of Altabet [1989] 
and also with previous 1-D model studies of Doney et 
al. [1996]. 

4.1.1. Seasonal cycle of [he mixed layer. The 
annual cycle of upper ocean temperature simulated by 
the climatologically forced model at, the BATS site is 
shown in Figure 5 together with the climatological sea- 
sonal cycle computed from 8 years of BATS data (1989- 
1996). Included as dotted (dashed) lines are the depth 
levels at which temperature deviates by more than 0.1 
(0.5) degrees Celsius from the sea surface temperature 
(SST). Simulated mixed layer temperatures vary be- 
tween 19.5øC in winter and 27.4øC in summer, which 
agrees well with the climatological data. Obviously, 
winter mixed layers are deeper in the model simulation 
than in the 8-year average of BATS data, whereas in 
summer the mixed layer depth (MLD) is less than 20 m 
both in the model and in the climatology. Actual winter 
MLDs observed at BATS (AT = 0.5øC) varied between 
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Figure 5. Annual cycle of temperature in the up- 
per 200m at the BATS site. (a) As simulated by the 
model; (b) as deduced from an objective analysis of 
the BATS data (obtained via http://www.bbsr.edu) 
for the &year period 1989 to 1996. Contour interval 
is 1øC, and the dotted and dashed lines indicate the 
depth where temperature deviates by 0.1øC and 0.5øC 
from the surface temperature. 

150m (in 1990) and 300m (in 1994), with some deeper 
MLDs (> 400m) present in the much longer time se- 
ries at Hydrostation S during the 1960s [Michaels and 
Knap, 1996]. Since maximum depths occur at different 
times in different winters, they do not show up in the 
&years mean temperature field. The simulated MLD of 
240m (300m) for the AT = 0.1øC (AT: 0.5øC) crite- 
rion is therefore well within the observational range. 

4.1.2. Winter and spring. There is observa- 
tional evidence that winter mixed layer generally pen- 
etrates the nitracline at the BATS site, giving rise to 
maximum surface nitrate values in winter and the sub- 

sequent development of a chlorophyll maximum [e.g., 
Michaels and Knap, 1996]. Since 1989, the BATS 
program found maximum winter nitrate concentrations 
of 0.3retool NO3 m -3 in the surface mixed layer (Fig- 
ure 6b). From correlations between temperature and 
nitrate Michaels and Knap [1996] estimated surface ni- 
trate concentrations as high as 6 minolta -3 in the late 
1960s (when direct nitrate measurements were not avail- 
able). Simulated nitrate concentrations reach max- 

imum winter values of 1.4minolta -3 in the surface 
mixed layer (Figure 6a). 

Figure 7 shows that the simulated mixed-layer aver- 
aged phytoplankton growth rates exceed the constant 
mortality of 0.03d -1 (Table 1) during the period mid- 
November until mid-May (days 320-150). Despite the 
relatively deep mixed layers, there is still sufficient light 
to allow for net phytoplankton growth. Vertically inte- 
grated phytoplankton stocks as well as primary produc- 
tion and PON export show a net increase during win- 
ter (Figure 8). Modeled chlorophyll concentrations stay 
above 0.5mgm -3 . The shallowing of the mixed layer 
around day 105 leads to an increase to maximum val- 
ues of 1.2mgm -3, exceeding observed concentrations 
by about a factor 2 (Figure 9). The increase in phy- 
toplankton biomass is followed by a rapid rise in zoo- 
plankton and detritus (Figure 8a). There are only very 
few zooplankton measurements at BATS. These indi- 
cate that integrated stocks of nanozooplankton and mi- 
crozooplankton are always below 10mmolNm -2 [Ro- 
man et al., 1995], whereas the model reaches peak val- 
ues about 5 times that high. 

Vertically integrated primary production is shown 
in Figure 8b. Agreement with BATS data is gener- 
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Figure 6. (a) Simulated and (b) observed 
annual cycle of nitrate at BATS (obtained via 
http-//xww. bbsr. edu). Observations are averaged 
over the years 1989 to 1996. Contour interval 
is l mmolm -3 with an additional dotted line at 
0.1 mmol m-3. 
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Figure 7. (a) Simulated phytoplankton growth rate at 
the BATS site. Isolines are at 0.01, 0.02, 0.05, 0.1, 0.2, 
and 0.5 day -1 . Regions above the heavy dashed line 
denote nutrient-limited growth, and elsewhere growth 
is light-limited. The dotted line refers to the bottom 
of the mixed layer defined by a AT = 0.1øC criterion. 
(b) Simulated phytoplankton growth averaged over the 
surface mixed layer indicated in Figure 7a. 

ally good during winter and spring. Also included in 
Figure 8b is the export of detritus and of total PON. 
Consistent with the observations of Altabet [1989] tur- 
bulent downward transport of particles (particularly 
phytoplankton, see Table 2) is important. The dis- 
tinct export maximum in spring found in shallow traps 
(•1mmol N m -2 d -1 [e.g., Michaels and Knap, 1996]) 
is similar to the simulated flux of sinking detritus. 

4.1.3. Summer and autumn. In summer and 

autumn, nitrate is exhausted both in the observations 
and in the model (Figure 6). A subsurface chlorophyll 
maximum develops at about 80 m that agrees well with 
the observations (Figure 9). While simulated phyto- 
plankton stocks are within the observed range during 
summer (Figure 8a), vertically averaged primary pro- 
duction clearly is much too low in the model (Fig- 
ure 8b). Within the nutrient-depleted mixed layer, pri- 
mary production falls even below values of 0.1 mg C m -3 
d -1 This corresponds to the extremely low growth 
rates seen in Figure 7. In the absence of an explicitly 

modeled ammonium pool the present model formula- 
tion does not allow for growth in the absence of nitrate. 

Below the euphotic zone, simulated summer nitrate 
levels exceed observed concentrations (Figure 6). This 
may indicate a too shallow remineralization of detritus. 
A side effect is an overestimated vertical gradient in the 
summer nitracline, which will tend to overestimate the, 
albeit small, diffusive fluxes of nitrate into the euphotic 
zone during summer. 

4.1.4. Summary: BATS. Although annual mean 
values of both primary production and nitrate input 
are in reasonable agreement with observations, the sim- 
ulated annual cycle shows considerable discrepancies: 
primary production is much too low in summer, whereas 
biomass is overestimated in spring, possibly indicating a 
too strong flux of nitrate into the euphotic zone. These 
systematic errors in the simulated seasonal cycle are re- 
markedly robust under changes of the parameterization 
of vertical turbulent mixing (0G99) or of the level of 
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Figure 8. (a) Evolution of standing stocks of phyt, o- 
plankton, zooplankton, and detritus at the BATS site, 
integrated over the top 150m. Crosses represent obser- 
vations taken during 1989-1996, converted to nitrogen 
using 1.59gChl per tool nitrogen. (b) Annual cycle of 
primary production (integrated over the upper 300m) 
and PON export out of the upper 150m and 300m, re- 
spectively. Crosses refer to the BATS primary produc- 
tion measurements during 1989-1996 which were con- 
verted from carbon to nitrogen by a standard Redfield 
ratio of 6.625. 
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mesoscale variability [Oschlies and Gar9on, 1998]. This 
hints at deficiencies in the ecosystem model. 

Sustaining primary production rates of 0.4 g C m -2 d -1 
in the absence of measurable quantities of nitrate has 
repeatedly been reported to be problematic for sim- 
ple pelagic ecosystem models [e.g., FAS93; Doney et 
al., 1996]. Models that emphasize the role of ammo- 
nium for regenerated production seem to be able to bet- 
ter simulate the summer mixed layer situation at BATS 
[e.g., Hurtt and Armstrong, 1996]. Another possibly im- 
portant mechanism so far neglected in the model is ni- 
trogen fixation, that has for some time been discussed 
to be important to sustain the observed primary pro- 
duction in the Sargasso Sea in the absence of nitrate in 
summer [e.g., Michaels et al., 1996; Bissett et al., 1999]. 

With respect to the earlier model study presented by 
SAR93 and FAS93, the now available improved physical 
environment makes the model-data comparison a more 
stringent test for the ecosystem component. Winter ni- 
trate concentrations are considerably lower and more 
realistic in the present model (1.4 mmolm -3 compared 
to >3.5mmolNO3 m -3 in FAS93). This also holds for 
maximum chlorophyll concentrations (1.2mgm -3 vet- 

sus 5.5 mgm-3). These changes are consistent with an 
improvement in the physical environment. SAR93 at- 
tributed the elevated nitrate levels to an overly large 
contribution from the horizontal transport terms caused 
by unrealistically large upwelling of nutrient-rich water 
off the U.S. coast. This numerical artifact [Veronis, 
1975] can be expected to be reduced on finer grids. As 
shown in Table 2, the annual nitrate input by horizon- 
tal advection in our model is on average 3 times smaller 
than the supply via vertical mixing, whereas horizontal 
advection dominated nitrate supply in FAS93's anal- 
ysis. Despite this difference, and despite our model's 
capability to resolve mesoscale variability, nitrate input 
takes place mainly during winter in both models (for 
our model >90% from January until March), and the 
total amount of the annual supply is very similar in 
the two models (0.57moira -2 yr -1 reported by FAS93, 
0.64molm-2yr -1 in the present model). These val- 
ues agree well with observational estimates of the an- 
nual new production [e.g., Jenkins, 1988]. However, the 
large contribution due to convective mixing in winter 
is in contrast to recent compilations of McGillicuddy 
et al. [1998] and Siegel et al. [1999], who suggest that 
eddy-induced nitrate fluxes are the dominant term in 
the annual mean. To clarify this issue, a more detailed 
analysis of mesoscale transport processes in the present 
high-resolution model is under way. 

4.2. North Atlantic Bloom Experiment, 47øN 
Site 

The North Atlantic Bloom Experiment (NABE) was 
a pilot process study of JGOFS. One of its central lo- 
cations was the 47øN, 20øW site, chosen because of the 
historical background provided by a number of previous 
oceanographic [Kupferman et al., 1986; Mittelstaedt, 
1987] and biological [Lochte and Pfannkuche, 1987] in- 
vestigations and because of the expected regular occur- 
fence of a spring bloom. Model results at this site are 
compared with observations taken mainly during NABE 
in 1989. At present, we cannot rule out that 1989 was 
in any respect an "atypical" year which would make a 
comparison with a climatologically forced model prob- 
lematic at least. However, model experiments with re- 
alistic daily forcing over the period 1989-1993, which 
will be presented elsewhere, suggest that 1989 indeed 
represents a "typical" year. 

Main integral results of the coupled model at this 
site are given in Table 2 and Figure 4. Annual primary 
production (1.36molN m -2) is slightly higher than at 
BATS, whereas nitrate supply and PON export both 
are lower at the NABE 47øN site. The latter difference 

is partly an artifact of the chosen level of 126 m across 
which the nitrogen fluxes are computed. At 47øN the 
euphotic zone in general is shallower than at BATS, so 
that a larger portion of recycling takes place already 
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Figure 10. Annual cycle of temperature in the up- 
per 200m at the NABE 47øN site. (a) As simulated by 
the model; (b) as deduced from the Levitus and Bayer 
[1994] monthly climatolgy. Contour interval is IøC, and 
the dotted and dashed lines indicate the depth where 
temperature deviates by 0.1ø C and 0.5ø C from the sur- 
face temperature. 

above 126m. Also in contrast to BATS is that PON 

export in the model occurs almost exclusively via the 
actively sinking detritus compartment. Even more pro- 
nounced than at BATS is the role of zooplankton graz- 
ing as the dominant phytoplankton loss term. 

4.2.1. Seasonal cycle of the mixed layer. Fig- 
ure 10 shows the simulated annual cycle of upper ocean 
temperature and the MLD at the 47øN site. Compared 
with the Levitus and Bayer [1994] climatology, simu- 
lated temperatures are too low by about 1.5øC during 
all seasons. In fact, the model underestimates surface 
temperatures over large parts of the eastern subpolar 
North Atlantic. This is related to the simulated path of 
the North Atlantic Current (NAC) that does not pen- 
etrate far enough eastward [e.g., Oschlies and Wille- 
brand, 1996]. Because of the closed northern bound- 
ary, Denmark Strait overflow water that flows south at 
depth has to be compensated at the surface by a north- 
ward flow to the west of Iceland. Instead of leaving the 
model domain mostly to the east of Iceland, the rel- 
atively warm surface waters transported by the NAC 
flow northward mainly to the west of the Mid-Atlantic 

Ridge. As a consequence, the NAC's heat transport into 
the eastern subpolar North Atlantic is underestimated. 
This is only partly compensated by a slight increase 
in surface heat fluxes in response to the too low SSTs 
(OG99, their Figure 7). 

Since the ecosystem equations include only a weak 
dependence of the growth rate on temperature (OG99), 
a temperature offset is not critical to our results as long 
as it does not affect stratification and hence turbulent 

vertical mixing. The simulated seasonal cycle of the 
mixed layer extends down to about 700m (both MLD 
criteria), whereas not more than 130m (AT = 0.1øC) 
and 300m (AT = 0.5øC) are reached in the Levitus and 
Bayer [1994] data (Figure 10). Using the Robinson et 
al. [1979] atlas, Gatside and Gatside [1993] deduce a 
MLD of 500m at the NABE 47øN site. It is stressed 

again that estimates of the winter MLD from climatolo- 
gies and climatologically forced models are not strictly 
comparable because of the smoothing of extreme events 
in climatological averages, for example, due to interan- 
nual variability in the time of deepest mixing. It is thus 
presently not clear to what extent the apparent overesti- 
mation of winter MLDs can be explained by the model's 
NAC transporting too little heat (and hence buoyancy) 
into the eastern subpolar North Atlantic or whether it 
is due to a smoothing effect in climatological data sets. 

Important for the correct simulation of ecosystem dy- 
namics is that in response to surface warming in spring, 
both model and data show a deep (>300m) winter 
mixed layer being capped by a shallow (<40m) sur- 
face layer, thereby setting the physical environment for 
a spring bloom [Sverdrup, 1953]. In the model this rapid 
shallowing occurs around day 95. Observations during 
NABE in 1989 began at day 115 just before the start of 
a bloom around day 120 [Marva and Ha, 1993]. Numer- 
ical experiments with realistic synoptic forcing reveal 
that the beginning of the North Atlantic spring bloom 
can vary in time by several weeks depending on the at- 
mospheric heat and momentum fluxes. The onset of the 
simulated spring bloom peaks agrees well with observa- 
tions when daily forcing from the European Centre for 
Medium-Range Weather Forecasts (ECMWF) reanaly- 
sis for the year 1989 is used. The obvious time lag be- 
tween the bloom in the present climatologically forced 
version of the model and the observations taken mainly 
in the spring of 1989 may therefore be attributed to the 
climatological atmospheric forcing used. 

4.2.2. Prebloom phase. As can be deduced from 
Table 2, nitrate supply to the upper 126 m occurs mainly 
through vertical mixing. The annual cycle of the indi- 
vidual pathways of nitrate to the euphotic zone (Fig- 
ure 11) shows that this takes place almost exclusively 
during early winter when the mixed layer is still deep- 
ening. With nitrate concentrations generally increasing 
with depth, it is evident that any overestimation of the 
winter MLD will result in overestimated surface nitrate 
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Figure 11. Annual cycle of nitrate input into the 
upper 126m at the NABE 47øN site for turbulent ver- 
tical diffusion, and horizontal and vertical advection, 
respectively. 

concentrations before the onset of the spring bloom. 
The nitrate field used to initialize the model [Conkright 
et al., 1994] yields 9.4minolta -3 when averaged (i.e., 
mixed) over the top 350m, and 13.3minolta -3 when 
averaged over the upper 700m. The latter value is re- 
produced almost identically in the winter of the third 
coupled year (Figure 12a). Unfortunately, there are 
no winter measurements of nitrate at the NABE 47øN 

site available. Honjo et al. [1989] report surface values 
of 9.4-9.SmmolNO3 m -3 measured on April 3, 1989, 
about 100kin farther to the north. As discussed by 
Gardner et al. [1993], this (together with simultaneous 
observations of particulate matter concentrations) in- 
dicates that significant primary production must have 
occurred before April 25 when the main observational 
phase of NABE began and when surface nitrate levels 
were already below 6mmolNO3 m -3 [Marta and Ho, 
1993]. Only Glover and Brewer [1988] and Gatside and 
Gatside [1993] estimated winter nitrate concentrations 
larger than 10retool m -3 using a vertical extrapolation 
method. Koeve (Wintertime nutrients in the North At- 
lantic, I, New approaches and implications for estimates 
of seasonal new production, submitted to Mar. Chem., 
1999) gives a detailed discussion of different methods 
used to estimate prebloom nitrate concentrations at the 
NABE 47øN site. He concludes that for 1988-1992 

winter values were not higher than 8mmolNO3m -3 
with an uncertainty of 15%. Obviously, simulated pre- 
bloom nitrate concentrations that exceed 13 mmolm -3 

are too high. This is mainly a result of the overesti- 
mated winter mixed layer depth, although the relatively 
high vertically averaged concentrations obtained from 
the Conkright et al. [1994] data cited above also point 
to some uncertaintes in the initialization of nitrate in 

the model. 

Phytoplankton growth rates are displayed in Fig- 
ure 13a. In winter, growth is limited by light, and 

when averaged over the deep winter mixed layer, it is 
not sufficient to balance the ecosystem model's constant 
phytoplankton mortality of 0.03d -1 (Figure 13b). Con- 
sequently, standing stocks of phytoplankton, as well as 
of zooplankton and detritus, decrease during winter to 
reach minimum values at the end of March (day 85, 
Figure 14a). The corresponding primary production 
is as low as 0.6mmolNm -2 d -1 (Figure 14b). Low- 
est prebloom primary production values observed dur- 
ing NABE were about 6mmolNm -2 d -1 [Lochte et 
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Figure 12. Simulated annual cycle of (a) nitrate, (b) 
chlorophyll, and (c) zooplankton in the upper 200m at 
the NABE 47øN site (47øN, 20øW). The contour in- 
terval is 1.0minolta -3 in Figure 12a. Isolines in Fig- 
ures 12b and 12c are drawn at 0.01, 0.02, 0.05, 0.1, 0.2, 
0.5, 1.0, 2.0, and 5.0, with units mgChlm -3 in Fig- 
ure 12b, and mmol N m -3 in Figure 12c. 
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Figure 13. (a) Simulated phytoplankton growth 
rate at the NABE 47øN site (47øN, 20øW). Isolines at 
0.01, 0.02, 0.05, 0.1, 0.2, and 0.5day -t . Regions above 
the heavy dashed line denote nutrient-limited growth, 
and elsewhere growth is light-limited. The dotted line 
refers to the bottom of the mixed layer defined by a 
AT : 0.1øC criterion. (b) Simulated phytoplankton 
growth averaged over the surface mixed layer indicated 
in Figure 13a. 

al., 1993], taken only at the end of April. Presently, 
there are no earlier winter data available. 

4.2.3. Spring bloom phase. The simulated spring 
bloom at the NABE 47øN site begins around day 95, 
initiated by the rapid shallowing of the surface mixed 
layer that results in a sharp increase in mixed-layer 
averaged growth rates to values larger than 0.5d -• 
(Figure 13). Primary production increases simultane- 
ously with phytoplankton biomass to reach maximum 
values of 24 mmol N m -2 d -1 and 145 mmol N m -2, re- 
spectively, around day 110 (Figure 14). This evolution 
agrees well with 14C measurements taken during NABE: 
Lochte et al. [1993] report maximum primary produc- 
tion rates of 14-24remain m -2 d -1 about 15 days after 
the onset of the bloom and maximum phytoplankton 
stocks of 90-110remain m -2 . A closer analysis of the 
observations taken during the 1989 NABE study sug- 
gests that there was a sequence of two blooms, though 
spatial variability might have contributed to this signal 
[Fasham and Evans, 1995]. 

At the end of the initial spring bloom, nitrate con- 
centrations are well above the half-saturation constant 

for phytoplankton growth, both in the model as well as 
in the observations [e.g., Sieracki et al., 1993]. During 
this period the model ecosystem is thus insensitive to 
the possible overestimation of prebloom nitrate concen- 
trations discussed above. However, this also means that 
maximum phytoplankton biomass must be controlled 
by another limiting nutrient (e.g., silicate), by graz- 
ing, aggregation, or mortality. Phytoplankton species 
counts show that the initial phase of the bloom is dom- 
inated by diatoms [Lochte et al., 1993] what is consis- 
tent with the observed decline of silicate concentrations 
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Figure 14. (a) Evolution of standing stocks of phyto- 
plankton and zooplankton and of detritus at the NABE 
47øN site, integrated over the top 100m. Vertical bar 
refers to the phytoplankton chlorophyll measurements 
reported by œochte et al. [1993] for the upper 80m. 
Symbols at day 185 represent 0-100m standing stock 
integrals of Weeks et al. [1993], where the plus is phy- 
toplankton, the asterisk is is zooplankton, and the cross 
is PaN other than phytoplankton or zooplankton (i.e., 
detrital material). (b) Annual cycle of primary produc- 
tion (integrated over the upper 300 m) and PaN export 
out of the upper 150 and 300m, respectively. Vertical 
bars refer to the primary production measurements de- 
scribed by œochte et al. [1993] for different phases of the 
1989 spring bloom. The cross denotes the primary pro- 
duction reported by Weeks e• al. [1993]. Measurements 
were converted from carbon to nitrogen by a standard 
Redfield ratio of 6.625. 
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Figure 15. Particulate nitrogen export (a-c) at 150m and (d-f) at 300m at the NABE 47øN 
site. The first column represents model results, the second denotes trap measurements reported 
by Martin et al. [1993], and the third one shows both the high and low flux estimates from the 
234Th scavenging model of Buesseler et al. [1992]. 

[Sieracki et al., 1993]. In the present model, which 
has only nitrate as potentially limiting nutrient, aggre- 
gation is not explicitly accounted for and phytoplank- 
ton mortality is held constantly at 0.03day -1, that is, 
more than an order of magnitude less than the maxi- 
mum growth rates depicted in Figure 13. Consequently, 
only grazing by zooplankton is left to balance phyto- 
plankton growth in spring. Initial test experiments (re- 
ported by OG99) had indeed revealed a marked sen- 
sitivity of spring-bloom phytoplankton concentrations 
to the maximum grazing parameter. As shown in Fig- 
ure 14a, zooplankton biomass peaks about 5 days after 
phytoplankton, indicating a quick response to changes 
in food availability. To the extent that the initial bloom 
consists of diatoms, one would expect that mesozoo- 
plankter would be the dominant grazers. A quick re- 
sponse of mesozooplankton is, however, not confirmed 
by observations taken during NABE [Dam et al., 1993]. 
Between days 120 and 160 the model shows a second 
increase in primary production which may be viewed as 
a second bloom, or as Lochte et al. [1993] put it, 
other phase of the spring bloom. During this phase, 
flagellates dominated and grazing occured mainly via 
microzooplankton [Verity et al., 1993]. Consistent with 
the observations [e.g., Lochte et al., 1993], the model 
simulates relatively constant standing stocks of phyto- 
plankton. 

Particle export at the 47øN site was estimated via 
shallow sediment traps [Martin et al., 1993] and via a 
non-steady state 234Th scavenging model [Buesseler et 
al., 1992]. While the latter method produced signifi- 
cantly higher fluxes, the difference between the two es- 
timates has not been fully resolved [Martin et al., 1993; 
Buesseler et al., 1992]. As shown in Figure 15, export 
rates simulated by our model agree rather well with the 
observations at 150 m, but are consistently lower than 
either observational estimate at 300m. This indicates 

a too shallow remineralization which may be caused by 
a too slow settling velocity (5 m d -x) or too high rates 
of detritus remineralization. 

4.2.4. Postbloom phase. Carside and Carside 
[1993] report that surface nitrate was just above detec- 
tion limit (0.1minolta -3) at the end of May (day 151), 
after having declined from about 2 mmolm -3 during the 
previous 2 weeks. In the model, surface nitrate becomes 
depleted (<0.1minolta -3) after day 156 (Figure 12a). 
This is associated with a rapid decline of growth rates 
within the surface mixed layer (Figure 13b). Growth 
rates are still relatively high in the nitracline (Fig- 
ure 13a), giving rise to the development of a subsur- 
face maximum of phytoplankton biomass and hence 
chlorophyll (Figure 12b). Depth (30-60m) and intensity 
(0.7-0.9rag Chl m -3) of the subsurface maximum agree 
roughly with observations of Joint et al. [1993], taken 
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around day 185 (1.0-1.5mgChlm -3 at 30-40m). Note 
that the deep chlorophyll maximum in the real ocean 
is a combined effect of enhanced new production at the 
nitracline [Eppley and Koeve, 1990; Koeve et al., 1993] 
and an adaptation to low light levels [Cullen, 1982]. The 
latter effect is not accounted for in the model. 

Simulated postbloom zooplankton standing stocks 
are similar to those of phytoplankton. This is consis- 
tent with the findings of Weeks et al. [1993]. Our sim- 
ulation also agrees with their observations (indicated 
as crosses in Figure 14a) that detrital material makes 
up for more than two thirds of total POC in the up- 
per 100m. Primary production declines steadily from 
12.5 mmol N m -2 d -x at day 156 to less than lmmol N 
m -2 d -x around day 290 (Figure 14b). This seems to be 
consistent with the measurements of Weeks et al. [1993] 
and Veldhuis et al. [1993] who report values between 
290 and 430 mg C m -2 d -1 (3.6 to 5.4 mmol N m -2 d -1) 
after day 180. 

In the model there is a secondary maximum both 
in standing stocks as well as in primary production 
(Figure 14) in autumn. The deepening of the mixed 
layer entrains nitrate (Figures 10 and 12a) and leads to 
an increase of phytoplankton growth rates (Figure 13). 
This renewed nitrate supply does not show up in Fig- 
ure 11 because all the turbulent transport takes place 
above the 126 m level. A small bloom develops and is 
followed by an increase of zooplankton concentrations 
(Figure 14a). Mixed layer averaged growth rates stay 
above 0.05 day -1 until the end of the year, before mix- 
ing becomes too deep to allow for phytoplankton growth 
to exceed mortality. Observations during NABE did not 
cover this season, but monthly mean CZCS data [Esaias 
et al., 1986] also indicate the occurrence of an autumn 
bloom at the NABE 47 ø site. 

4.2.5. Summary: NABE 47øN. There is gen- 
erally good agreement between simulated and observed 
phytoplankton stocks and rates of primary production 
at the NABE 47øN site. Obviously, the model is able 
to switch from the biomass-accumulating first phase of 
the bloom to a phase with rather constant POC stocks. 
Without aggregation being included in the model, the 
transition is triggered through the development of a 
large zooplankton peak. While there are no microzoo- 
plankton observations available during the initial phase 
of the bloom, there is no evidence for a mesozooplank- 
ton peak in the observations [Dam et al., 1993] that 
could have efficiently reduced the large diatom stock. 
Instead, the switch describing the rapid disappearance 
of (particularly) diatoms which are subsequently re- 
placed by small phytofiagellates and cyanobacteria is 
associated with higher settling fluxes found in shallow 
particle traps [Buesseler et al., 1992]. It is well es- 
tablished that a fraction of the diatom phytoplankton 
bloom is exported rapidly to great depth [Billet et al., 
1983; Pfannkuche, 1993; Honjo and Manganini, 1993] 

and it has been suggested that aggregation of phyto- 
plankton is an important source of fast sinking particles 
tAlldredge and Gotschalk, 1989; Lainpitt et al., 1993]. 
We cannot expect that a model with constant (5 m d -•) 
sinking velocity can adequately reproduce such export 
pulses to the deep ocean. Nevertheless, even the present 
configuration can give a quite realistic description of 
upper ocean (•0-150m) nitrogen cycling at the NABE 
47øN site, to the extent that we have to allow for a 
probably unrealistically high zooplankton grazing (Fig- 
ure 4). 

4.3. EUMELI Oligotrophic Site 

Between July 1989 and December 1992, five cruises 
were carried out within the French Eutrophic, Meso- 
trophic, Oligotrophic (EUMELI) program at about 20øN 
in the eastern subtropical Atlantic. Of most interest 
to the present study is the oligotrophic site near 21øN, 
31øW because it is nearest to the interior of the subtrop- 
ical gyre where our model simulates primary production 
rates much smaller than deduced from the CZCS data 

(section 3.2 and Figure 3). The site is situated to the 
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]. 

As Table 2 reveals, simulated annual primary produc- 
tion at this site is less than 0.05 mol N m -2 (4 g C m -2) 
which is more than an order of magnitude smaller than 
the satellite-derived estimates of Figure 3 would sug- 
gest. Note the relatively large contribution of horizon- 
ta.lly advected phytoplankton and zooplankton to the 
total nitrogen input into the upper 126m at the EU- 
MELI site (5 times the input of nitrate!). Figure 4 fur- 
ther shows that zooplankton is relatively unimportant 
in the flow of nitrogen through the simulated ecosystem. 
In contrast to the model behavior at both the BATS and 

NABE 47øN sites, at EUMELI phytoplankton loss al- 
most exclusively takes the direct route ("mortality") to 
detritus. 

4.3.1. Physical properties. An overview of the 
hydrographic environment of the EUMELI stations is 
given by Morel [1999]. At the oligotrophic site, win- 
ter temperatures are generally above 22øC, and mixing 
does not penetrate deeper than about 120m. This is 
well reproduced by the model, as are summer MLDs 
of about 50m with maximum temperatures of about 
26øC (Figure 16). Simulated temperatures are in gen- 
eral slightly higher (by about 0.5øC) than the Levitus 
and Boyer [1994] data shown in Figure 16b. 

4.3.2. Biogeochemical and biological struc- 
tures. The observations show no measurable levels of 

nitrate in the upper 90 m during all seasons. This is well 
reproduced by the model (Figure 17a) as well as the 
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Figure 16. Annual cycle of temperature in the up- 
per 200m at 20 øN, 30 øW. (a) As simulated by the 
model; (b) as deduced from the Levitvs and Bo!ler 
[1994] monthly climatolgy. Contour interval is IøC, and 
the dotted and dashed lines indicate the depth where 
temperature deviates by 0.1øC and 0.5øC from the sur- 
face temperature. 

fact that this nitrate-depleted layer is generally deeper 
than the surface mixed layer. Even winter mixing does 
not penetrate the nitracline, explaining the absence of 
a spring bloom and a pronounced seasonal cycle. Only 
at about day 40 there is a deepening of the mixed layer 
that just touches the 0.1 mmolNO3 m -3 surface. The 
associated short increase of growth rates to values above 
0.05 day -• (Figure 18) does, however, not lead to a no- 
ticeable increase of phytoplankton biomass. Simulated 
standing stocks, displayed in Figure 19, show a larger 
increase in phytoplankton between days 80 and 120 and 
also around day 240. During these events, biomass ap- 
proximately doubles over 30 days. If produced locally, 
this would require phytoplankton growth rates larger 
than 0.05day -• (taking into account the constant mor- 
tality of 0.03 day- •). The fact that model-generated 
growth rates are consistently lower at the EUMELI olig- 
otrophic site (Figure 18) immediately points to horizon- 
tal advection as the only remaining source of plankton 
(see Table 2 and Figure 4). 

A closer inspection of the model results reveals mean- 
ders of the NEC passing by the site during these times. 

Figure 20 shows the surface chlorophyll field and cur- 
rent velocities (at z = 100m to avoid contamination 
by the ageostrophic Ekman flow) at day 105, when a 
current band of the southwestward flowing NEC has 
formed a large cyclonic meander with elevated surface 
chlorophyll concentrations just to the northwest of the 
EUMELI oligotrophic site. A meridional section along 
30øW shows the doming of NO3 isolines as well as of 
the base of the mixed layer in regions of cyclonic flow 
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Figure 17. Simulated annual cycle of (a) nitrate 
(in mmol m-3), (b) chlorophyll (in mg Chl m -3, using a 
constant ratio of 1.139 mg Chl (retool N) -z), and (c) zoo- 
plankton (in mmol N m -3) in the upper 200m near the 
EUMELI oligotrophic site at 20øN, 30øW. Isolines in 
Figures 17b and 17c are at the 0.01, 0.02, 0.05, 0.1, and 
0.2 levels. 
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Figure 18. Si•nulated phytoplankton growth rate 
near the EUMELI oligotrophic site at 20øN, 30øW. Iso- 
lines at 0.01, 0.02, and 0.05day -1 Regions above the 
heavy dashed line denote nutrient-limited growth, and 
elsewhere growth is light-limited. 

at 18ø-19øN, near 21øN, and also at 24øN. Note that the 
general north-south gradient in the nitrate field below 
the mixed layer, associated with the Cape Verde Frontal 
Zone [Zenk et al., 1991], leads to different responses of 
the ecosystem model in the respective cyclonic features. 

All EUMELI cruises found a deep chlorophyll maxi- 
mum (DCM) at the nitracline at or slightly below 100m 
[Morel, 1999]. The depth of the DCM is accurately rep- 
resented by the model (Figure 17b). Observed DCM 
concentrations range from 0.25 to 0.45 mg Chl m -3 Us- 
ing the standard conversion factor of 1.59mgChl per 
tool nitrogen, simulated values are in general too small 
by a factor 2 or more (Figure 17b). The model reaches 
chlorophyll concentrations larger than 0.2 mg Chl m -3 
(in the maximum even exceeding 0.5 mgChlm -3) only 
between days 240 and 320. 

A similar picture holds for the vertically integrated 
biomass. Simulated phytoplankton biomass does not 
exceed 9 mmol N m -2 . The integrated chlorophyll value 
given by Morel [1999] (23.6 mg Chl m -2, or, using the 
standard conversion, 14.8 mmol N m -2) indicate an un- 
derestimation by the model by a factor of about 2. 
Morel [1999] reports two estimates of vertically (0- 
200m) integrated mesozooplankton biomass at the EU- 

MELI oligotrophic site: 205 and 370•ngC m -2 These 
are included in Figure 19. Maximum zooplankton 
biomass in the model reaches 125 mg C m -2 (using C:N: 
6.625 to convert nitrogen to carbon). However, a direct 
comparison of mesozooplankton measurements with the 
single zooplankton compartment of the model is prob- 
lematic, particularly in oligotrophic regions where small 
size classes tend to dominate the food web. 

While simulated phytoplankton agrees with the ob- 
servations within a factor of about 2, considerably larger 
discrepancies are found for primary production rates. 
Simulated daily production is always less than 0.25 
•mnolN•n -2 (20•ngC•n -2) (Figure 19b) which is an 
order of •nagnitude less than has been •neasured in 
situ [Morel, 1999]. Figure 19b further reveals that 
a rather large portion (on average 70%) of the pri- 
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Figure 19. (a) Evolution of standing stocks of phy- 
toplankton and zooplankton and of detritus close to 
the EUMELI oligotrophic site, integrated over the top 
100m. Crosses refer to mesozooplankton meassure- 
ments reported by Morel [1999]. When the chlorophyll 
data of Morel [1999] are converted to nitrogen using 
1.59mg Chl (retool N) -1, these correspond to values be- 
tween 13.4 and 15.7mmolNm -2 . (b) Annual cycle of 
primary production (integrated over the upper 300m) 
and PON export out of the upper 150 and 250m, respec- 
tively. The vertical bar refers to measurements of POC 
export in sediment traps at 250 m (N. Leblond, personal 
communication, 1999; H. Etcheber, personal communi- 
cation, 1999) converted to PON flux by a standard ratio 
of 6.625. 
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Figure 20. (a) Simulated surface chlorophyll near 
the EUMELI oligotrophic site. Isolines are at 0.05, 0.1, 
0.2, and 0.5 mg Chl m -3 . Current vectors represent the 
horizontal velocity at a depth of 100m. A velocity of 
10cms -• is indicated by the arrow below. The circle 
indicates the site of the traps during the EUMELI pro- 
gram, and the cross denotes the grid point at which 
the model results were stored. (Since grid points along 
30øW have for a long time routinely been used for model 
analysis, we desisted from setting up another analysis 
grid point closer to the actual EUMELI oligotrophic 
site.) (b) Vertical section along 30øW (indicated in Fig- 
ure 20a) of chlorophyll, mixed layer depth (MLD), and 
nitrate (dashed lines). 

mary production is exported as detritus across the 
126m depth level which we have chosen as proxy for 
the depth of the euphotic zone. An f ratio of 0.7 is 
much larger than the observational estimates of 0.1- 
0.18 reported by Morel [1999]. Only few data of shal- 
low POM export are available: data from a sediment 
trap at 250m IN. Leblond, personal communication, 
1999; H. Etcheber, personal communication, 1999] are 

included in Figure 19b. The order-of-magnitude agree- 
ment with these data suggests that the model simulates 
shallow particle export much better than primary pro- 
duction. 

4.3.3. Summary: EUMELI. Agreement be- 
tween simulated and observed stocks of nitrate and 

chlorophyll is relatively good, with some tendency of 
the model to underestimate plankton biomass by about 
a factor of 2. At the same time, the simulated pri- 
mary production is too low by an order of magnitude. 
Simulated particle export, on the other hand, is not 
inconsistent with the few data available from shallow 

traps. Together with the unrealistically high f ratio of 
about 0.7 in the model, this indicates that the simu- 
lated recycling of nutrients in the euphotic zone is too 
inefficient under oligotrophic conditions. In the same 
direction points the extremely small role of zooplank- 
ton in the simulated food web (Figure 4). Almost all 
phytoplankton loss goes directly to detritus, of which 
about half sinks out of the euphotic zone and hence is 
not available for recycling. 

5. Discussion 

The maps of surface chlorophyll and primary produc- 
tion, presented in section 3 of the paper, demonstrate 
that the main patterns and geographical distributions 
of biological provinces as defined by Longhurst [1995] 
are well reproduced by coupling a simple NPZD ecosys- 
tem model with a uniform set of biological parameters 
to a basin-scale eddy-permitting model. This is consis- 
tent with previous model studies [e.g., Sarraiento et al., 
1993] and underlines the important role of the physical 
environment in controlling ecosystem dynamics in the 
ocean. 

In order to reach a more quantitative assessment 
of the coupled model's performance, data from three 
JGOFS local study sites in different biogeochemical 
provinces have been used: BATS in the western part of 
the subtropical gyre, NABE 47øN in the North Atlantic 
drift region, and EUMELI in the trade wind domain. 
This led to the identification of two principal model de- 
ficiencies. On the one hand, primary production was 
found to be much too low at EUMELI where phyto- 
plankton stocks seem to agree within a factor of 2, but 
where simulated zooplankton was surprisingly inactive. 
On the other hand, simulated phytoplankton and zoo- 
plankton biomass was too large during the spring bloom 
at the BATS and NABE 47 ø sites, where primary pro- 
duction rates were in good agreement with the data. 
Moreover, the modeled spring bloom could be termi- 
nated only by an unrealistically rapid development of a 
large zooplankton stock. In the following, we will ad- 
dress the problems in oligotrophic and bloom situations 
separately. 
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5.1. Oligotrophic Situation 

When we set up the high (1/3 ø ) resolution coupled 
ecosystem-circulation model, we did not anticipate that 
primary production in the subtropical gyre would re- 
main relatively unchanged with respect to the results 
obtained by SAR93 using a much coarser (2 ø) model. 
Despite the more realistic simulation of mesoscale vari- 
ability, which was shown to contribute more than one 
third of the nitrate supply in the subtropics and midlati- 
tudes lOschiles and Garqon, 1998], primary production 
still is smaller than CZCS-derived estimates by more 
than an order of magnitude in the subtropical gyre (Fig- 
ure 3). 

While satellite-derived estimates of primary produc- 
tion depend on model assumptions themselves, a com- 
parison with in situ observations at the EUMELI olig- 
otrophic site left little doubt on the seriousness of the 
model's failure. On the basis of a comparison with 
biomass standing stocks as well as primary and export 
production it was concluded that the simulated recy- 
cling of nutrients in the euphotic zone was too inef- 
ficient. This judgement is consistent with the results 
obtained at BATS. Here simulated primary production 
was also found to be systematically underestimated dur- 
ing the oligotrophic summer period. 

To improve the model results in oligotrophic regions, 
a more efficient representation is needed of the recy- 
cling that takes place within the euphotic zone and 
that fuels regenerated production. While the present 
model configuration at EUMELI behaves almost like an 
NPD model (Figure 4), one could attempt to strengthen 
the role of zooplankton. This strategy, however, is 
opposed by the general model structure. The chosen 
formulation of the zooplankton grazing (equation (6)) 
in combination with a linear term for excretion (equa- 
tion (2)) sets a lower limit for net zooplankton growth. 
For small zooplankton concentrations we can, to leading 
order, neglect the quadratic zooplankton loss term/zz Z 2 
in the zooplankton equation that describes grazing by 
higher t•rophic levels. This results in a critical phyto- 
plankton concentration below which a zooplankton pop- 
ulation can not be maintained without input via advec- 
tion or diffusion: 

Pcrit -- (")/1•] - ")/2 
For the parameters used (Table 1) this threshold con- 
centration of phytoplankton amounts to Pcrit -- 0.2 
mmo1N m -3 (or 0.3 mg Chl m-3). At lower concentra- 
tions, zooplankton loss terms dominate. 

The existence of a threshold phytoplankton concen- 
tration necessary for net zooplankton growth is a result 
of combining a Holling-type III grazing function witJh 
a linear zooplankton loss term. The situation would 
not be much different for a Holling-typ II (e.g., SAR93, 
FAS93) or Ivlev grazing [e.g., Doney et al., 1996] func- 

tions. The problem is instead tied to the existence of 
a linear zooplankton loss term (here called excretion) 
that is widely used in pelagic ecosystem models [Evans 
and Gar9on, 1997]. More work (and possibly more zoo- 
plankton data than obtained within JGOFS) will be 
needed to refine the formulation of zooplankton in such 
models. 

For the present, a more pragmatic approach of en- 
hancing the regenerated production without introduc- 
ing new model compartments (particularly important 
for computationally expensive 3-D models) may be the 
introduction of a direct fast recycling path from phyto- 
plankton back to nitrate (which would then more appro- 
priately be called "dissolved inorganic nitrogen" since it 
would include the ammonium pool). Work is under way 
to investigate whether this route can be appropriate for 
a basin-scale model. 

5.2. Bloom Situation 

Model deficiencies during the spring bloom were iden- 
tified both at BATS and at the NABE 47øN site. At 

both sites, primary production was within observed 
ranges during the spring bloom, but phytoplankton and 
especially zooplankton biomass tended to be too high. 
This indicates an overestimation of grazing and an un- 
derestimation of other phytoplankton loss terms. At 
the NABE 47øN site where nitrate is not depleted until 
long after the initial bloom is over, the simulated bloom 
could only be terminated by grazing by a rapidly grown 
zooplankton stock for which there is no observational 
evidence. 

Our suggestion for model improvement is to explicitly 
include aggregation. The subsequent export of phyto- 
plankton could considerably improve the simulation of 
the spring bloom both at BATS and at the NABE 47øN. 
Since aggregation principally applies when phytoplank- 
ton concentrations are high, we would expect little 
effect of such an alteration of the ecosystem model 
in oligotrophic regimes. Kriest and Evans [1999] re- 
port promising results of including aggregation in zero- 
dimensional model simulations for various bloom sce- 

narios. Presently, their aggregation routine is prepared 
for implementation into the basin-scale 3-D model. 

6. Conclusions 

As already stated by FAS93 (p. 403), one of the major 
problems in evaluating the results of coupled ecosystem- 
circulation models is "to distinguish between deficien- 
cies caused by the physical model and those caused 
by the ecological model." Here the considerable im- 
provement in the model physics with respect to earlier 
coupled ecosystem-circulation studies, a combined ef- 
fect of increased resolution, improved formulations of 
surface heat fluxes and mixed layer physics, and more 
accurate advection numerics, allows for a more rigor- 
ous assessment of the ecosystem model component. We 
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find that the main aspects of the seasonal cycle of sur- 
face chlorophyll are well reproduced by the model, as 
are spatial patterns of increased primary production in 
mid and high latitudes and in coastal upwelling regions. 
That is, the main biological provinces as defined by 
Longhurst [1995] can be distinguished by the model with 
a uniform set of ecosystem parameters. 

A more detailed and quantitative comparison is car- 
ried out in different biological provinces using JGOFS 
time series and process study data at BATS, and at 
the NABE 47øN and the EUMELI oligotrophic sites. 
Good quantitative agreement is reached for the pri- 
mary production during the spring bloom at BATS and 
NABE 47øN, whereas the simulated biomass agrees best 
with the observations in the postbloom phase as well as 
at the EUMELI oligotrophic site. The main deficiencies 
of the model are a considerable underestimation of pri- 
mary production in oligotrophic situations and an over- 
estimation of plankton biomass during the bloom both 
at BATS and NABE 47øN. The latter model short- 

coming is related to the unrealistic termination of the 
phytoplankton spring bloom by a rapidly growing zoo- 
plankton stock. 

To significantly improve the model results in olig- 
otrophic regions, it is suggested to introduce a more effi- 
cient recycling loop that enhances regenerated produc- 
tion. Possible solutions include the introduction of the 

ammonium and microbial loops. To what extent these 
loops have to be modeled explicitly and to what ex- 
tent implicit parameterizations may suffice is presently 
not clear. Related to this issue is the interpretation 
of the modeled zooplankton pool. Clearly, more re- 
generated production is not what is needed to improve 
the model during eutrophic bloom situations. However, 
while increasing the importance of recycling in the eu- 
photic zone will affect both bloom scenarios as well as 
oligotrophic conditions, the other proposed model im- 
provement, accounting for aggregation effects, will be 
felt only at high phytoplankton concentrations [ypical 
for blooms. It is thus hoped that a carefhl balance of 
both suggested model improvements will allow a more 
realistic simulation for different biological provinces si- 
multaneously. One technically simple realisation might 
be to change the phytoplankton loss term to detritus 
from a linear function of phytoplankton concentration 
t½a quadratic one. This would result in increasingly 
high loss of phytoplankton at high concentrations (i.e., 
bloom situations) and increasingly less loss at low con- 
centrations (i.e., oligotrophic situations). Work is under 
way to investigate such an alternative model descrip- 
tion. The results presented here and the model defi- 
ciencies detected leave us optimistic to further improve 
simple ecosystem models with unique parameter sets for 
entire ocean basins. 
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