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Abstract

Within the high nutrient– low chlorophyll regime of the Antarctic Circumpolar Current (ACC), high phytoplankton

concentrations are frequently observed in the vicinity of the Antarctic Polar Front (APF). As is typical for frontal systems,

hydrography in this region is characterized by meanders and eddies as well as up- and downwelling cells which redistribute

nutrients and influence the depth of the euphotic zone.

To study the processes leading to the observed phytoplankton distribution, a coupled ocean-plankton model for ecosystem

studies in the ACC has been developed. The ocean component is an eddy-resolving version of the s-Coordinate Primitive

Equation Model (SPEM). The model has a horizontal resolution of 1/12j and a vertical resolution increased near the surface.

The biological model (BIMAP) comprises two biogeochemical cycles—silica and nitrogen—and a prognostic iron

compartment to include possible effects of micronutrient limitation.

Model results indicate that part of the ecosystem’s regional variability can be attributed to the effect of vertical and horizontal

advection. However, frontal dynamics alone cannot explain the observed enhanced concentrations of phytoplankton biomass

near the APF and the minima in the northern and southern ACC. Only when iron limitation is taken into account, the model

simulates plankton concentrations in close agreement with observations during the SO-JGOFS cruises. While in the northern

ACC phytoplankton growth is limited by silicate, primary production is limited by iron south of the APF. Near the APF,

mesoscale iron upwelling enhances primary production, leading to increased phyto- and zooplankton biomass. The meridional

structure with two plankton maxima is closely linked to the cross-front overturning circulation. This double-cell circulation with

two upwelling branches is caused by the northward sloping large-scale bottom topography.
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1. Introduction

After the Discovery cruises of 1929–1931 in the

southwest Atlantic and the Bellingshausen Sea, Hart

(1934) pointed out the discrepancy between the high

stock of nutrients and low abundance of phytoplank-

ton, and suggested that trace elements like iron could

be responsible for the low phytoplankton stock. Since
d.
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1934, the reasons for the so-called ‘‘Antarctic Para-

dox’’ are a matter of debate and several hypotheses

about the ‘‘mystery’’ high nutrient–low chlorophyll

(HNLC) area in the Southern Ocean have been put

forward. Otherwise, satellite images (Sullivan et al.,

1993; Stramski et al., 1999) and observations during

field studies (e.g. Bathmann et al., 1997a) distinguish

the region of the Antarctic Polar Front as an area with

higher phytoplankton stocks compared to the sur-

rounding HNLC water, leading to the question about

the dominant factors controlling the development of

phytoplankton blooms.

One group of hypotheses suggests that the special

hydrographic conditions at the Antarctic Polar Front

are responsible for the observed enhancement of

primary production. The Antarctic Polar Front (APF)

is located in the center of the Antarctic Circumpolar

Current (ACC), which is the earth’s only closed zonal

oceanic current system (Burkov, 1993). The APF was

first termed by Wyrtki (1960) who renamed the

former expression of the Antarctic Convergence.

Since then, several definitions of the Antarctic Polar

Front have been specified (see review of Belkin and

Gordon, 1996); the most common defines the APF as

the northernmost extent of the subsurface 2 jC iso-

therme (Botnikov, 1963). The position of the front is

influenced by local bathymetry (e.g. Trathan et al.,

1997) and may vary due to fluctuations of the surface

wind stress (e.g. Smith and Fandry, 1978).

At the APF, relatively warm water from the north

meets colder water from the south which is subducted

due to the large-scale convergence and contributes to

the formation of the Antarctic Intermediate Water.

This process, however, occurs on much longer time

scales than those important for plankton dynamics. As

sharp meridional gradients of temperature and salinity

are found down to the bottom, the APF has a

pronounced expression throughout the water column

(Gouretski and Danilov, 1994). The strong horizontal

density gradient leads to baroclinic instability which

in some regions is triggered by local bottom topogra-

phy (Chelton et al., 1990; Veth et al., 1997). As a

consequence, meandering currents establish and iso-

lated eddies are formed. Warm or cold core eddies (or

rings) on either side of the front are frequently

observed (Ikeda et al., 1989; Gouretski and Danilov,

1994). Eddies are often assumed to promote phyto-

plankton growth as they contribute to cross frontal
and vertical nutrient exchange (e.g. Pingree et al.,

1979; Flierl and Davis, 1993). However, enhanced

phytoplankton biomass in the vicinity of the Antarctic

Polar Front is also observed outside of eddies.

Other authors suggest that the mixed layer depth is

influenced by mesoscale frontal dynamics. Strass et

al. (2002a) hypothesize that cross-frontal circulation

leads to a shallow mixed layer not only in the

upwelling areas but also directly above the front.

Light limitation due to a deep mixed layer is discussed

to be a dominant factor in controlling phytoplankton

blooms in the Southern Ocean (e.g. Sakshaug and

Holm-Hansen, 1984; Smith and Nelson, 1985; Mitch-

ell et al., 1991), where the wind stress is extraordi-

narily strong compared to other regions of the world

ocean (Wearn and Baker, 1981; Gille et al., 2001) and

deep vertical mixing is observed; a shallow mixed

layer near the front would thus promote net growth of

phytoplankton biomass.

Another effect of frontal dynamics on phytoplank-

ton growth in the Antarctic Polar Front is the vertical

nutrient transport arising from up- and downwelling

events in eddies or due to the meandering current.

Mesoscale vertical velocities in frontal regions are in

the range between 1 m/day and more than 100 m/day

(Eriksen et al., 1991; Pollard and Regier, 1992; Strass,

1994) and therefore affect hydrography on time scales

corresponding to those of phytoplankton growth.

Consequently, nutrient upwelling at hydrographic

fronts has been described to promote primary produc-

tion (Allanson and Parker, 1983; Moon et al., 1998;

Froneman et al., 1999). Simulation experiments for

the sub-tropics and mid-latitudes suggest that eddy

pumping can contribute up to one-third of nutrient

fluxes into surface layers (Oschlies and Garçon, 1998)

and can increase primary production by roughly 10%,

locally even up to 100% (Spall and Richards, 2000).

Apart from macronutrients, primary production

may be limited by the availability of micronutrients

like copper, nickel, iron or zink (Morel et al., 1991).

Martin (1990) proposes that iron limitation is the

dominant factor controlling phytoplankton biomass

in the HNLC areas. Indeed, laboratory and field

studies (not only in the Southern Ocean) have shown

that phytoplankton growth is increased in iron

enriched water (e.g. Zettler et al., 1996; Scharek et

al., 1997), while iron deficiency limits phytoplankton

growth (e.g. Hutchins et al., 1999). A mesoscale iron
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fertilization experiment in the Indian sector of the

Southern Ocean (Southern Ocean Iron Release Exper-

iment—SOIREE) produced a significant increase of

phytoplankton biomass (Boyd et al., 2000).

In large parts of the surface ocean, aeolian mineral

dust is regarded as the main source for iron (e.g.

Zhuang et al., 1992). Low aeolian (iron-rich) dust

input due to the absence of continents upwind have

been discussed to explain the HNLC area of the

Southern Ocean (Martin et al., 1990; Kumar et al.,

1995).

The observation of enhanced iron concentrations

(Löscher et al., 1997) near melting icebergs in the

vicinity of the APF led to the hypothesis that an

enhanced iron supply may cause the observed increase

of phytoplankton biomass in that region (de Baar et

al., 1995; Bathmann et al., 1997a). However, as the

effect of melting icebergs is purely local and inter-

mittent (Löscher et al., 1997), it cannot cause the

regularly observed enhanced biologic activity near the

APF. Thus, iron upwelling due to mesoscale frontal

dynamics appears to be the only plausible source of

regionally enhanced iron concentrations.

Iron upwelling has been reported to promote phy-

toplankton blooms in various oceanic regions (e.g.

Gordon et al., 1998). Even a small transport of iron

into the euphotic zone may have a significant effect on

carbon export (Coale et al., 1996). Recent studies

indicate that 70–80% of the global carbon export

production result from upwelling of dissolved iron

(Archer and Johnson, 2000). Variability in primary

production in the Atlantic sector of the Southern

Ocean has been attributed to variations in iron supply

due to fluctuations of oceanic upwelling (Hense et al.,

2003).

To investigate which physical or biogeochemical

factors may be responsible for higher chlorophyll

concentrations in the frontal area, the Biological Mod-

el for the Antarctic Plankton Community (BIMAP;

Hense et al., 2000, 2003) is coupled to a high resolu-

tion application of the ocean circulation model, s-

Coordinate Primitive Equation Model (SPEM) (Haid-

vogel et al., 1991). Our main focus here is not the

investigation of frontal dynamics, but we use a state-

of-the-art primitive equation ocean model in an eddy

resolving configuration to provide adequate transport,

mixing rates and boundary conditions for the ecosys-

tem model.
The paper starts with a review of recent observa-

tions which we use for assessment and validation of

model results. Section 3 gives a description of the

coupled model. Results from simulations with differ-

ent nutrient limitation scenarios are presented in Sec-

tion 4. Simulated chlorophyll concentrations of the

different experiments are compared to observations.

The paper closes with a discussion and conclusions.
2. Observations

Observed summer surface chlorophyll concentra-

tions in the region of the Antarctic Polar Front (APF)

reveal a mesoscale meandering structure and a band of

high phytoplankton biomass with concentrations up to

1.6 Ag Chl a/1 between 50jS and 51jS (Fig. 1). A

comparison with hydrographic observations (Hense,

1997; Strass et al., 2002a) indicates that this band was

aligned with the location of the APF, with the max-

imum concentrations directly south of the northern-

most occurrence of the 2 jC-isotherme in 200 m

depth, above the belt of large horizontal temperature

gradients.

Similar correlations between hydrography and

phytoplankton distribution can be found in meridional

transects from different Southern Ocean-JGOFS

cruises (Bathmann et al., 1997a,b; Hense, 1997),

which show an enhanced phytoplankton biomass with

typical surface concentrations between 1.5 and 2.5 Ag
Chl a/1 near the APF while low chlorophyll concen-

trations with values below 1 Ag Chl a/1 occur further

north and south (Fig. 2). Differences between these

two datasets may be due to different locations of the

Polar Front, seasonal variations or interannual vari-

ability. They illustrate the natural variability of the

system—both datasets represent merely snapshots of a

highly diverse dynamic system.

Like the concentrations of phytoplankton, the dis-

tributions of nutrients are correlated with mesoscale

hydrography (Hartmann et al., 1997) with silicate

concentration featuring strong meridional gradients.

Typically, silicate at the APF is nearly depleted in

summer with values < 1 Amol/l in areas with high

phytoplankton concentration, while nitrate concentra-

tions at the APF remain high with values exceeding 20

Amol/l. The depletion of silicate compared to nitrate

can be at least partly attributed to heavily silicified



Fig. 1. Horizontal distribution of chlorophyll concentration [Ag/l] at the surface in December/January 1995/1996, after Hense (1997). Data were

collected during Polarstern cruise ANT XIII/2 (Bathmann et al., 1997b). The bold line indicates the cruise track.
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diatoms that dominate the phytoplankton community

in this area (e.g. Quéguiner et al., 1997). In the

southern ACC, typical concentrations are 20–30
Fig. 2. Meridional transects of surface chlorophyll concentration [Ag/l] obs
and (b) in December/January 1995/1996 (after Hense, 1997).
Amol/l for both nitrate and silicate (Hartmann et al.,

1997; Löscher et al., 1997; Veth et al., 1997); silicate

concentration further increases to the south.
erved (a) in October/November 1992 (after Bathmann et al., 1997a)
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3. Model configuration

3.1. Model concept

Following the pioneering nitrogen–phytoplank-

ton–zooplankton–detritus (NPZD) model of Fasham

et al. (1990), several marine plankton models with

different complexity have been developed. The most

complex marine biological model is certainly ERSEM

(Baretta et al., 1995; Ebenhöh et al., 1995), with a

large number of state variables including also benthic

processes. This model is restricted to regional appli-

cations like in the North Sea or the Mediterranian Sea,

as it requires high computer resources.

For the Southern Ocean, one-dimensional plankton

models like SWAMCO (Lancelot et al., 2000) or the

KERFIX simulation of Pondaven et al. (1998) have

been used to investigate ecosystem dynamics in the

context of research cruises or station time series. The

physical environment in these models has been re-

duced to the variability of the mixed layer depth.

On the other hand, coupled ocean-ecosystem mod-

els with simple parameterizations of biogeochemical

fluxes between four and five compartments have been

developed for global (Six and Maier-Reimer, 1996)

and regional applications (Oschlies and Garçon, 1999).

Typically, horizontal resolution of these models is 1/3

to 3j thus far too coarse to resolve mesoscale dynam-

ics.

We here present an ecosystem model of interme-

diate complexity which comprises two biogeochemi-

cal cycles and considers possible iron limitations.

Wherever possible we use observations to derive

parameters for the different fluxes of nutrients and

organic matter. While the model is complex enough to

cover many aspects of the nonlinear ecosystem dy-

namics, it is efficient with respect to computing

resources which allows coupling to a three-dimen-

sional, eddy-resolving ocean model, and integration

for several annual cycles.

3.2. The ecosystem model

The Biological Model for the Antarctic Plankton

Community (BIMAP) comprises the biogeochemical

cycles of silica and nitrogen. Following Fasham et al.

(1990), nitrogen is distributed between the compart-

ments phytoplankton (P), zooplankton (Z), the nitro-
gen-consisting detritus (DN), and the nutrients nitrate

(Nn) and ammonium (Na). As the model is supposed

to reflect the plankton community in the Antarctic

Polar Front, which largely consists of diatoms, a silica

cycle is coupled to this by using a fixed Si/N-uptake

ratio for phytoplankton growth; silicate concentration

and the silica part of detritus are denoted as Si and DSi,

respectively. The model has been adopted from the

zero-dimensional simulations of Hense et al. (2000),

and has been complemented by a compartment for

dissolved iron (Fe; Hense et al., 2003). This biological

model has been coupled to a three-dimensional ice-

ocean model and has been used to investigate the

mechanisms relevant for regional and interannual

variability of primary production and plankton bloom

development in the Southern Ocean (Hense et al.,

2003).

For the equations, parameters and further infor-

mation of how the individual values were derived

from the different measurements, the reader is re-

ferred to Hense et al. (2000, 2003). As different Si/N-

uptake ratios influence maximum phytoplankton bio-

mass significantly and model experiments indicate

that molar Si/N-uptake ratios between 2 and 4 give

reasonable results (Hense et al., 2000), we conduct

the reference experiment with a molar Si/N uptake

ratio rSi = 3 but carry out two additional experiments

with rSi = 2 and rSi = 4 (Section 4.2). Measurements

of half saturation constants of iron are scarce, thus

sensitivity experiments with kFe = 0.6 nmol/l and

kFe = 1.2 nmol/l (Lancelot et al., 2000) instead of

kFe = 0.12 nmol/l (Hense et al., 2003) are carried out

(Section 4.2).

3.3. The ocean model

The ocean model SPEM (Haidvogel et al., 1991) is

based on the primitive equations in hydrostatic ap-

proximation and uses a terrain-following vertical

coordinate. Horizontal and vertical advection are

computed using an explicit second order finite differ-

ences scheme (Haidvogel and Beckmann, 1999).

Vertical turbulent transport of both physical and

biological tracers in our configuration is parameter-

ized using the Pacanowski and Philander (1986)

mixing scheme. As in Beckmann et al. (1999), lateral

diffusivity is a function of the local Reynolds number.

Lateral viscosity is assumed to be a quadratic function
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of the horizontal grid spacing D and varies from 185

to 243 m2/s.

3.4. Model domain and grid

The model domain comprises a periodic channel

on a h-plane with closed boundaries in the north and

south forming a region of 1709 by 858 km2 of size

centered at 50jS (Fig. 3), which is the approximate

location of the Antarctic Polar Front in the Atlantic

sector of the Southern Ocean. The model grid is

isotropic and has a horizontal resolution of 1/12j in

the zonal and 1/12jcos / in the meridional direction,

which leads to a grid spacing of typically 6 km. Thus,

the model runs in an eddy-resolving configuration,

which allows for the development of dynamic insta-

bilities. The vertical grid is terrain-following with

resolution increasing near the surface. For optimal

representation of near-surface dynamics, 9 of the 24

layers are situated in the uppermost 80 m.

Bottom topography is idealized with no variability

in the zonal direction and represents the large-scale

bathymetry of the Atlantic sector of the Southern

Ocean as derived from the dataset of Smith and

Sandwell (1997). From a maximum water depth of

4000 m in the north, the seafloor rises to a minimum

depth of 2500 m in the south (Fig. 4), representing the

Atlantic Indian Ridge.

3.5. Initialization, boundary conditions and time-

stepping

The ocean model as well as the nutrients silicate

and nitrate are initialized using data from the WOCE

Hydrographic Program Office dataset (1998), which
Fig. 3. Horizontal
were zonally averaged over the area of the model

domain. The nutrient distribution is characterized by

strong meridional gradients: Minimum surface con-

centrations of nitrate and silicate are 23 and 4 Amol/l,

respectively, and are found in the north. To the south,

surface nutrient concentrations increase to 27.7 and

35.7 Amol/l for nitrate and silicate, respectively.

Due to the lack of gridded data, iron concentration

is initialized using the linear profile
which fits to iron concentrations at the surface and at

the bottom derived from measurements in the APF

region (Löscher et al., 1997). As no horizontal gra-

dients are prescribed initially, any horizontal inhomo-

geneity in the iron distribution developing during the

integration can be attributed to the combined effects

of frontal and ecosystem dynamics.

At the northern and southern boundary of the model

domain, a restoring to the initial salinity, temperature,

and nitrate, silicate and iron concentrations is applied

below 1600 m depth. In addition, a restoring zone for

salinity and temperature along the periodic boundary

ensures the persistence of the front even for an inte-

gration over several years. An eastward transport of

130 Sv through the model domain is prescribed.

Surface boundary conditions are derived from a

diagnostic surface energy balance which is based on

the treatment of open water in the thermodynamic sea

ice model of Parkinson and Washington (1979) as

implemented in the coupled sea ice-ocean model of

Timmermann et al. (2002). For the solar radiation the
model grid.



Fig. 4. Vertical discretization of the water column.
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daily and annual cycles as well as the latitude and

mean cloud cover, using the standard astronomical

formulae of Zillmann (1972) and Laevastu (1960), are

considered. Total cloud cover was chosen to be 70%

for the whole model domain, in agreement with the
Fig. 5. Snapshots of vertically integrated transport [Sv] (top left), surface ho

left) and vertical velocity [m/day] in 200 m depth (bottom right) after 350

eddy as C.
reanalysis of the European Center for Medium-Range

Weather Forecasts (ECMWF).

To avoid artificial up- and downwelling at the

closed northern and southern boundaries due to

Ekman transport, atmospheric surface stress is

neglected. The wind-induced vertical shear required

by the Pacanowski and Philander (1986) mixing

scheme is prescribed as an empirical vertical profile

(horizontally uniform) that was derived from model

experiments which included surface stress by

ECMWF wind forcing.

Forcing data were derived from the ECMWF re-

analysis, including 6-hourly data of 10 m wind, and 2

m air and dew point temperatures. The model is

integrated for 33 months. A 3-min time step is applied.

For the first 270 days, the biological variables are

restored to their initial values while the ocean is free

to develop dynamic instabilities. From there, we start

the experiments with winter concentrations and a fully

developed meandering current. Results presented be-

low are from the period between October of the

second year and September of the third year of

integration.
rizontal velocity [m/s] (top right), surface temperature [jC] (bottom
days of integration. An anticyclonic eddy is marked as A, a cyclonic



Fig. 6. Zonal mean of the seasonal cycle of the mixed layer depth

[m] in the vicinity of the front (bold), in the northern ACC (solid)

and southern ACC (dashed).
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4. Model results

4.1. Hydrography and frontal dynamics

After 60 days of integration, the typical structure

of a meandering front has evolved. From that point

onwards, the level of mesoscale variability is

retained over the full simulation. Vertically integrat-

ed transport (Fig. 5, top left) and surface velocities

(Fig. 5, top right) after 350 days of integration

feature a pronounced frontal jet with typical surface

velocities of 0.5 m/s, a weak recirculation south of

the jet and a realistic meandering structure: The

width of the frontal jet ranges between 120 and 140

km, in agreement with observations of Lutjeharms

and Valentine (1984). Due to the high eastward

velocities within the frontal zone, the meanders

propagate eastward, against the direction of freely

propagating Rossby waves (retrograde propagation).

Their typical wavelength of 160–180 km is close

to the 175 km wavelength observed by Cowles et

al. (2000).

Occasionally, eddies are shed from the baroclini-

cally unstable frontal current. Cyclones are formed

south of the frontal jet, whereas anticyclones are shed

north of it (southern hemisphere). However, as the

frontal jet in our simulation is situated north of the

maximum topographic slope, eddy generation is more

efficient on the southern (steeper) side where eddies

leave the frontal jet and propagate prograde (i.e. in the

direction of freely propagating waves; here: to the

west) at about 20 cm/s.

Cyclonic and anticyclonic eddies (marked by ‘‘C’’

and ‘‘A’’ in Fig. 5) can be distinguished in the surface

temperature (Fig. 5, bottom left) as cold and warm

core anomalies, respectively. These eddies have a

diameter of roughly 80 km which corresponds to the

spatial decorrelation scale of 85 km derived from

Geosat altimeter data for the ACC (Gille and Kelly,

1996). Observed diameters of eddies or rings in the

ACC generally cover a wide range from 60 to 250 km

(Bryden, 1983; Nowlin and Klinck, 1986; Gouretski

and Danilov, 1994).

The meandering current and eddy formation lead

to mesoscale up- and downwelling (Fig. 5, bottom

right). Applying the principle of potential vorticity

conservation, we can see that the gain of relative

vorticity, i.e. the transition from anticyclonic to
cyclonic flow is associated with local downwelling,

while flow in transition from cyclonic to anticy-

clonic relative vorticity coincides with mesoscale

upwelling regions (Onken, 1992). Thus, downwel-

ling occurs on the upstream side (for an eastward

current, i.e. the western side) of each cyclonic

meander ridge, while upwelling takes place down-

stream (here: east) of it. These structures in the

meandering current have been also observed in the

region of the Polar Front by Strass et al. (2002a).

Typical vertical velocities in these up- and downw-

elling cells range from 5 to 20 m/day and thus are

considerably larger than the vertical velocities in-

side isolated eddies which do not exceed 3 m/day.

As proposed from observations (e.g. Strass et al.,

2002a), mesoscale upwelling near the meandering

front affects the mixing depth near the surface:

While the zonal mean mixed layer depth in the

northern and southern ACC ranges from 60 to 155

m in the annual cycle, zonal mean mixed layer

depth near the APF is only 35 m in summer and

120 m in winter (Fig. 6). Local mixed layer depth

near the APF can be as shallow as 20 m.

The time- and spatial mean cross front overturning

circulation (Fig. 7) features two pronounced over-

turning cells producing an intense upwelling region

which is situated roughly in the center of the model

domain. Two weaker counterrotating cells further

north, i.e. near the base of the prescribed ridge,

produce a secondary upwelling region. Downwelling

outside the frontal area but also in the convergence

between the two upwelling cells closes the mass

balance. At this point, we are not able to validate this



Fig. 7. Yearly mean of the zonally integrated meridional overturning

circulation. Contours range from � 3.25 to 3.25 Sv; contour

interval is 0.5 Sv. Dashed lines indicate negative values. The same

structure is visible in monthly means.

Fig. 9. Zonal means of surface concentrations of dissolved silicate

[Amol/l], biogenic silica [Amol/l], phyto- [Ag Chl a/l] and

zooplankton [Ag C/l] at day 350.
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structure. However, we will demonstrate that it pro-

duces a phytoplankton distribution in close resem-

blance to observations.

4.2. Ecosystem dynamics (1): no iron limitation

Following the studies of Hense et al. (2000), the

first experiment was carried out with the compart-

ments phytoplankton, zooplankton, nitrate, ammoni-

um, silicate and the two detritus pools. Iron limitation

in this experiment was omitted.

A snapshot of simulated phytoplankton biomass in

summer shows high chlorophyll concentrations in the

frontal system and south of it (Fig. 8, left), reaching

values of up to 3 Ag Chl a/l near the southern

boundary. The mesoscale phytoplankton distribution

reflects the meanders and eddies discussed in the

previous section. A cyclonic eddy (C) at the western

boundary can be distinguished by slightly higher

chlorophyll concentrations—corresponding to an in-

creased silicate concentration in this cell—whereas in

the anticyclonic eddy (A) further south chlorophyll

concentrations are decreased. Nevertheless, locally

enhanced phytoplankton biomass in the region of the

front cannot be found; instead a strong north–south

gradient of phytoplankton biomass is established and

present throughout the year.

Following the distribution of phytoplankton bio-

mass, zooplankton concentrations are increased in the
southern part (Fig. 8, right), reaching values up to 9 Ag
C/l, while in the northern part zooplankton concentra-

tion does not exceed 2 Ag C/l. Again the cyclonic eddy
can be distinguished by slightly enhanced zooplankton

concentrations, whereas in the anticyclonic cell zoo-

plankton concentrations are decreased.

In the zonal mean, the meridional gradient of silicate

which limits phytoplankton growth in the north, is well

pronounced (Fig. 9). Phyto- and zooplankton biomass

as well as the total biogenic silica increase in the

southern part of the model domain. Effects of meso-

scale dynamics at the APF are not visible.

Similar to the studies of Hense et al. (2000), model

experiments with different values for the Si/N uptake

ratio rSi feature variations of the maximum phyto- and

zooplankton biomass with increasing concentrations

for lower values of rSi, but no change in the general

horizontal distribution with high concentrations of

phytoplankton in the southern, silicate-rich water

mass and low concentrations of phytoplankton in the

northern, silicate-poor water mass.

We conclude that the ‘‘traditional’’ model config-

uration which disregards possible iron limitation is not

able to reproduce general features of the large-scale

plankton distribution in the Atlantic sector of the

Southern Ocean, namely the occurrence of the HNLC

area in the southern ACC. As the model gives a

reasonable representation of the local frontal dynam-

ics, this does imply that frontal dynamics alone cannot

be responsible for the observed phytoplankton maxi-

mum in the vicinity of the Antarctic Polar Front.



Fig. 8. Snapshots of simulated summer surface concentration of phytoplankton [Ag Chl a/l] (left) and zooplankton [Ag C/l] (right) at day 350 in
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4.3. Ecosystem dynamics (2): iron limitation, the

reference simulation

4.3.1. Seasonal cycle and horizontal distribution

Introducing an additional iron compartment (Hense

et al., 2003) leads to pronounced changes in the

simulated ecosystem. Similar to the experiment de-

scribed in the previous section, phytoplankton growth

starts in September/October, following the increasing

solar radiation. Distributions of iron and silicate at this

time in spring show strong meridional gradients with

an iron maximum in the north and a silicate maximum

in the south (Fig. 10) while nitrate is more homoge-

neously distributed with concentrations between 20

and 21 Amol/l.

High primary production rates with values of 45 mg

C m� 3 day� 1 occur in the vicinity of the Polar Front,

which are in agreement with calculations from this area

of maximum 56mg Cm� 3 day� 1 (Strass et al., 2002b)

and lead to maximum concentrations of phytoplankton

an experiment neglecting iron limitation.
Fig. 10. Snapshots of simulated spring surface concentration of dissolved ir

the standard iron experiment.
in November/December. The zooplankton maximum

occurs roughly 20 days later. Unlike the results in the

‘‘no iron limitation’’-experiment, maximum concen-

trations of phyto- and zooplankton occur in the vicinity

of the Polar Front (Fig. 11, top panels) which agrees

with observations.

Grazing pressure on phytoplankton is rather small

and never exceeds primary production. Maximum

simulated grazing rates are 3% of the primary pro-

duction and agree well with results from laboratory

experiments of Dubischar and Bathmann (1997),

which yielded grazing rates of 0.3–3.7% of primary

production.

Again, the large-scale distribution is modulated by

mesoscale structures which are visible in all biological

tracers. The cyclonic eddy at the western boundary

can be distinguished by a higher phyto- and zooplank-

ton biomass. This eddy was generated from a meander

directly south of the front which carried higher plank-

ton concentrations and is now an isolated maximum.
on [nmol/l] (left) and dissolved silicate [Amol/l] (right) at day 280 in



Fig. 12. Same snapshot of simulated summer surface phytoplankton

concentration as in Fig. 11 but overlaid are the contour lines of the

vertical velocity from Fig. 5.

Fig. 11. Snapshots of simulated summer surface concentration of phytoplankton [Ag Chl a/l] (top left), zooplankton [Ag C/l] (top right),

dissolved iron [nmol/l] (bottom left) and dissolved silicate [Amol/l] (bottom right) at day 350 in the standard iron experiment. An anticyclonic

eddy is marked as A, a cyclonic eddy as C. The symbols ‘‘sl’’ and ‘‘il’’ indicate the zones of silicate and iron limitation, respectively.
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In the southern anticyclonic eddy, on the other hand,

plankton biomass is significantly lower and iron

concentration higher than in the surrounding water

mass. This eddy originates from a meander north of

the front where silicate limits phytoplankton growth.

Again, the properties of that water mass are retained in

the eddy.

In the meandering current, low phytoplankton

concentrations coincide with upwelling spots, whereas

maximum phytoplankton concentrations occur in

downwelling areas (Fig. 12).We argue that ‘‘newly’’

upwelled water, rich in nutrients but poor in phyto-

plankton, is advected horizontally near the surface and

phytoplankton grows until water is downwelled on the

western side of a cyclonic meander ridge. This pro-

cess leads to a typical mesoscale phytoplankton dis-

tribution and was also postulated from observations in

the Atlantic region of the Antarctic Polar Front (Strass

et al., 2002a). In the downwelling areas, enhanced

phytoplankton concentrations with values about 2.6

Ag Chl a/l and a depth-integrated phytoplankton stock

of 275 mg m� 2 agree with observed chlorophyll

concentrations between 2 and 4 Ag Chl a/l and a
depth-integrated biomass of 177–277 mg m� 2 (Tré-

guer and Jacques, 1992; Bathmann et al., 1997a) in

the region of the Polar Front.

Similar to the mesoscale distribution of phyto-

plankton in the meander current, also zooplankton

concentration is increased in the downwelling regions

with concentrations reaching 5 Ag C/l. Compared to

observations, which are in the range between 4 and 7

Ag C/l (Fransz and Gonzalez, 1997; converted from



Fig. 13. Meridional transect of the zonal mean vertical velocity in

200 m depth (thin line) and simulated surface phytoplankton

concentration (bold line) in November.

Fig. 14. Schematic representation of up- and downwelling effects on

phytoplankton growth.

I. Hense et al. / Journal of Marine Systems 42 (2003) 31–5142
dry mass, see Hense et al., 2000) model results appear

thoroughly reasonable.

The same is true for the horizontal distribution of

biogenic silica which follows the maxima and minima

of plankton concentrations. Maximum simulated val-

ues of up to 10 Amol/l occur in the vicinity of the front

and are in agreement with observed BSi concentra-

tions of up to 11.7 Amol/l (Quéguiner et al., 1997).

Due to the uptake by phytoplankton, silicate and

iron concentrations decrease during the summer (Fig.

11, bottom panels). Silicate increasingly limits phyto-

plankton growth in the north. Observed horizontal

silicate gradients in the region of the Polar Front can

be in the order of 7.22 Amol/l/km (Dafner and

Mordasova, 1994), whereas nitrate is more homoge-

nously distributed and shows only little seasonality

(Löscher et al., 1997; Dafner and Mordasova, 1994).

Model results are consistent with these observations:

While surface silicate concentrations vary from < 1 to

15 Amol/l in the annual cycle, nitrate concentrations

are always larger than 20 Amol/l.

Due to the silicate limitation of phytoplankton

growth, iron concentration remains high in the north-

ern part of the model domain. In the southern ACC,

however, where silicate supply is sufficient, phyto-

plankton growth is increasingly limited by iron de-

pletion. Typical simulated surface iron concentrations

in this region are as low as 0.1 nmol/l and therefore at
the lower edge of observed iron concentrations. Until

the end of January, silicate is nearly depleted in areas

with high iron concentration but does not drop below

20 Amol/l in the southern ACC. Due to the decreasing

solar radiation and increasing mixed layer depth,

phytoplankton growth decreases, however, even in

winter a slightly enhanced phytoplankton biomass is

found in the frontal region with concentrations of up

to 0.3 Ag Chl a/l—compared to 0.1 Ag Chl a/l further

north and south.

4.3.2. Meridional structure of phytoplankton distri-

bution

A meridional section of simulated phytoplankton

concentrations and zonally integrated vertical velocity

in 200 m depth reveals the two upwelling spots

separated by a pronounced downwelling cell (Fig.

13) which have been already visible in the meridional

overturning circulation. Again, as in the mesoscale

distribution, the downwelling area coincides with the

phytoplankton maximum while the two upwelling

spots bare themselves as low chlorophyll and high

nutrient areas. Similar to the processes at the meander

ridges, nutrient rich (i.e. iron rich), chlorophyll poor

water is upwelled. Water and properties are spread

horizontally near the surface and phytoplankton grows

until the water and the phytoplankton community

encounter a downwelling region and are shifted

downwards, out of the euphotic zone (Fig. 14), where

phytoplankton growth has to stop. Thus minimum

(maximum) phytoplankton concentrations are found

in upwelling (downwelling) areas. Outside the frontal

system, newly upwelled water is mixed with water,

which is poor in either silicate or iron; thus phyto-

plankton blooms cannot develop.
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4.4. Sensitivity experiments

4.4.1. Sensitivity studies on different kFe
To test the sensitivity on different half saturation

constants for iron, we performed two experiments

with iron half saturation constants kFe = 0.6 nmol/

l and kFe = 1.2 nmol/l (Lancelot et al., 2000), respec-

tively.

Both experiments feature a regionally increased

plankton biomass near the APF (Fig. 16, magenta

and yellow line). Silicate limitation occurs in most of

the model domain; the location of the boundary

between silicate and iron limitation, however, does

not differ much from the reference experiment. Strik-

ing are the differences in the concentration of phyto-

plankton. In both experiments, phytoplankton

concentrations are overall lower compared to the

reference experiment (Fig. 16, red line). Whereas

phytoplankton concentrations in summer are maxi-

mum 1.8 Ag Chl a/l in the simulation with kFe = 0.6

nmol/l, phytoplankton concentration does not exceed

0.18 Ag Chl a/l in the experiment with kFe = 1.2 nmol/

l (Fig. 16, magenta and yellow line in the right panel).

Apparently, experiments with a half saturation con-

stant of kFe = 1.2 nmol/l strongly underestimate pri-

mary production. Due to lower primary production,

zooplankton biomass is strongly decreased with max-

imum concentrations of 0.4 Ag C/l in the simulation

with kFe = 0.6 nmol/l and 0.02 Ag C/l in the experi-

ment with kFe = 1.2 nmol/l.

4.4.2. Sensitivity studies on different rsi
Motivated by observations indicating a varying

degree of silicification in diatom species in the South-

ern Ocean (Shiomoto and Ishii, 1995; Quéguiner et
Fig. 15. Snapshots of simulated summer surface concentration (day 350)

rSi = 4 (right). The symbols ‘‘sl’’ and ‘‘il’’ indicate the zones of silicate an
al., 1997; Hense et al., 1998) and the results of zero-

dimensional model experiments with different Si/N

uptake ratios (Hense et al., 2000), additional experi-

ments with different rSi were performed.

Like the reference experiment, the simulations

feature a phytoplankton distribution with a maximum

in the vicinity of the APF. The experiments differ,

however, in location and width of the band with high

phytoplankton concentrations:

In the experiment with rSi = 2 (Fig. 16, blue line;

Fig. 15, left panel) the band of high phytoplankton

concentrations is significantly wider than in the

experiments with higher Si/N uptake ratios and cen-

tered directly at the simulated front. Typical maximum

phytoplankton concentrations in summer are between

2.5 and 2.75 Ag Chl a/l and coincide with the results

of the standard iron experiment. Iron limitation dom-

inates primary production in the greatest part of the

model domain. Due to the lower incorporation of

silica per nitrogen unit, less silicate is taken up and

phytoplankton grows until iron limitation occurs. The

anticyclonic eddy in the south is now characterized by

higher phytoplankton compared to the surrounding

water mass and therefore differs from all the other

experiments where this eddy always features de-

creased phytoplankton concentrations (Fig. 15, left

panel). The difference is that in this simulation pri-

mary production within the eddy is not limited by

silicate depletion, due to higher silicate concentrations

in the meander from which the eddy originates.

Seawater and culture experiments indicate that the

Si/N uptake ratio is influenced by iron concentration

(Takeda, 1998; Hutchins and Bruland, 1998); there-

fore an iron-dependent diagnostic Si/N uptake ratio

has been introduced. Using data from experiments
of phytoplankton [Ag Chl a/l] in the experiment of rSi = 2 (left) and

d iron limitation, respectively.
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with an Antarctic diatom (Takeda, 1998) we deduced

the linear relationship

rSi ¼ �1:3� 103
m3

mmol
Feþ 2:51 ð2Þ

for a series of sensitivity studies. However, it turned

out that the range of the diagnostically derived Si/N

uptake ratio is rather small with values between 2.2 in

the north and 2.4 in the southern ACC. Consequently,

model results from these experiments show only

minor differences from the simulation with rSi = 2.

We conclude that in a natural environment variations

of the Si/N-uptake ratio due to differences in iron

concentrations are too small to have a significant

effect on the distribution of phytoplankton biomass.

Compared to the reference run and the experiment

with an Si/N uptake ratio rSi = 2, in the experiment

with rSi = 4 the band of high phytoplankton concen-

trations is much narrower and located further south.

Phytoplankton concentrations are significantly lower
Fig. 16. Meridional transects of observed and simulated chlorophyll conce

black line) are from November 1992 (left) and December (right) 1995. Mod

the ‘‘no iron’’-experiment (dashed line), and the iron experiments with diff

chlorophyll concentrations are centered about the location of the Antarcti
with values between 2 and 2.25 Ag Chl a/l (Fig. 15,

right panel). Due to strong silicate limitation to the

north, phytoplankton concentration decreases stronger

compared to the reference run. Again, the effect on

zooplankton biomass is stronger than on phytoplank-

ton biomass. Zooplankton concentrations are between

0.4 and 4 Ag C/l south of the front and in the meander

current. Phytoplankton growth and zooplankton graz-

ing are kept in a dynamic balance, which compensates

increased (decreased) primary production by in-

creased (decreased) zooplankton grazing.

4.5. Validation

Comparing the experiments with observations of

1992 and 1995 (Fig. 16, black lines), it is striking that

the horizontal pattern with enhanced chlorophyll con-

centration in the frontal region is only reflected in the

experiments including iron limitation (Fig. 16, col-

oured lines). The ‘‘no iron limitation’’ experiment

(Fig. 16, dotted line) can be distinguished by a
ntrations [Ag Chl a/l] from different experiments. Observations (bold

el results are snapshots from the same time in the year. Displayed are

erent values for kFe and rSi (coloured lines). Observed and simulated

c Polar Front.
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pronounced increase in chlorophyll concentrations

south of the front—which is not confirmed by obser-

vations.

For the 1992 data, it is obvious that results from the

simulation with a fixed ratio of rSi = 2 agree well with

observed chlorophyll concentration. Simulated chlo-

rophyll concentrations in the experiments with

kFe = 1.2 nmol/l and kFe = 0.6 nmol/l are significantly

lower than the observed values.

For the 1995 data, agreement with simulated chlo-

rophyll concentrations is not as good. Compared to

1992, observed chlorophyll concentrations are signif-

icantly smaller and best agreement is achieved in the

experiment with kFe = 0.6 nmol/l. For both datasets,

however, the experiment with kFe = 1.2 nmol/l under-

estimates the observed chlorophyll concentrations

significantly. We thus conclude that an iron half

saturation constant of kFe = 1.2 nmol/l does not give

an adequate representation of a natural diatom com-

munity.

The differences in the observed chlorophyll con-

centrations between both years and the differences in

the best fit of simulated chlorophyll concentration

raise the question of causality. First of all, differences

could be explained by dominance of different diatom

species. Whereas in 1992 the diatom species Coreth-

ron criophilum and Fragilariopsis kerguelensis were

dominant (Bathmann et al., 1997a), in 1995/1996 the

diatom species Thalassiothrix sp., Chaetoceros sp.

and Pseudonitzschia sp. dominated the phytoplankton

community (Klaas et al., 1997; Smetacek et al., 2002).

Moreover, whereas in 1992 relatively high iron con-

centrations were observed prior to the development of

the phytoplankton bloom, iron concentration in 1995/

1996 was generally low (de Jong et al., 1997).

Upwelling in this situation was observed to be rela-

tively weak (Strass et al., 2002a); so the differences

might well be due to variability of regional or large-

scale hydrography—which cannot be covered by an

idealized model with fixed lateral boundary condi-

tions.

The perhaps most striking feature of both model

results and observations is the presence of two pro-

nounced phytoplankton maxima. Especially for 1992,

the position of the two simulated maxima relative to

the front is well reproduced by the model. Bottom

topography plays a crucial role in the formation of

these patterns: Experiments with a flat bottom (not
shown) feature much larger meridional excursions of

the meanders and thus reveal larger fluctuations in the

meridional overturning circulation. The location of

overturning cells needs to be stabilized by a large-

scale sloping topography to produce two distinct

phytoplankton maxima. A similar vertical velocity

structure above the northern slope of the Atlantic

Indian Ridge may be responsible for the observed

double-peak plankton distribution.
5. Discussion and conclusions

A newly developed coupled ocean-ecosystem mod-

el in an eddy-resolving configuration for the region of

the Antarctic Polar Front (APF) has been introduced.

The model is based on biochemical fluxes of nitrogen

and silicate and considers possible iron limitation. It is

integrated for more than 2 years and is the first model

which successfully simulates both mesoscale hydrog-

raphy and the annual cycle of plankton growth and

decay in the Antarctic Circumpolar Current (ACC) and

the ambient Southern Ocean.

We have demonstrated that regional hydrodynam-

ics strongly affects the distribution of biological

tracers. Eddies and the dynamics of the meander

current lead to mesoscale variability of plankton

biomass and nutrients as familiar from observations

in the region of the ACC (e.g. Smetacek et al., 1997;

Strass et al., 2002a). Formation of isolated eddies

enables the encapsulation of nutrients and plankton

from different regimes and their conservation within

an ambient water mass. Biological processes in an

isolated eddy thus can still reflect the properties of

their source region. So, to get an idea of the ‘‘history’’

of an ecosystem sampled during a field experiment in

a region of large mesoscale variability, it appears

necessary to consider hydrography as well as nutrient

and plankton distribution also on a larger scale than

that of the actual sampling area.

However, frontal dynamics alone cannot explain

the observed enhancement of phytoplankton biomass

along the APF. Although our simulation covers the

cross front circulation with a reduced surface mixed

layer depth in the vicinity of the Antarctic Polar Front

and deep mixed layers in the ambient ACC, experi-

ments with nutrient limitation by either nitrogen or

silicate cannot reproduce the characteristic plankton
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distribution with a chlorophyll maximum near the

APF and a high nutrient– low chlorophyll region

further south. We conclude that deep mixed layers

alone cannot explain the HNLC area in the southern

ACC.

Considering possible iron limitation changes mod-

el results dramatically. Compared to the ambient

regions, primary production and plankton biomass is

enhanced in the vicinity of the front in all experiments

including iron limitation. In contrast to Mitchell et al.

(1991) who hypothesize that iron addition would not

enhance phytoplankton growth in the Southern Ocean

without increasing the strength of stratification, our

results indicate that iron is the crucial factor limiting

phytoplankton growth in the southern ACC. These

findings agree with the hypotheses of several authors

(e.g. Martin et al., 1990; Buma et al., 1991; de Baar et

al., 1995) that the Southern Ocean HNLC area is iron

limited. Ignoring iron limitation leads to an overesti-

mation of phytoplankton biomass in that area.

Due to the uptake of iron by phytoplankton,

simulated iron concentration decreases in the southern

ACC and agrees well with observations in that area.

So, although the initial iron concentration in the

simulation is horizontally uniform, the model is able

to reproduce the regional distribution in the ACC

region, which indicates that ecosystem and frontal

dynamics are the key mechanisms for iron redistribu-

tion in the Southern Ocean.

Our model results also indicate that the vertical

transport linked to the meandering current and the

cross front circulation is the prime source for iron in

the ACC surface layer. In agreement with observa-

tions (Strass et al., 2002a), minima and maxima of

phytoplankton concentrations in the meander current

coincide with up- and downwelling zones, respective-

ly, which seems to contradict with the generally

accepted idea that upwelling leads to increased phy-

toplankton biomass due to ‘new nutrient input’. The

reason for this unexpected result is that ‘‘newly’’

upwelled water is rich in nutrients (specifically iron)

but poor in phytoplankton. This water spreads hori-

zontally near the surface and phytoplankton grows

until water is downwelled and the phytoplankton

community is moved out of the euphotic zone. This

process leads to the typical mesoscale phytoplankton

distribution and to the formation of maximum chlo-

rophyll concentrations directly south of the front.
The same argument applies for the larger scale,

cross-frontal circulation: Two pronounced pairs of

meridional overturning cells produce an intense up-

welling near the front and strong downwelling north

and south of it. Again, the upwelling areas are

associated with high iron, low chlorophyll concentra-

tion while two maxima of plankton concentrations are

found near the downwelling areas. It thus appears that

maximum plankton concentrations are not only deter-

mined by the availability of nutrients but also by the

individual residence time of the plankton community

in the euphotic zone. North of these overturning cells,

silicate limitation inhibits phytoplankton blooms,

while iron limitation is responsible for the HNLC-

area in the southern ACC.

Striking is the occurrence of two phytoplankton

maxima north and south of the front which also were

found in observations from 1992 (Bathmann et al.,

1997a) and 1995 (Hense, 1997; Bathmann et al.,

1997b) in the same region. These two maxima are

both associated with the APF and not induced by

nearby fronts like the Sub-Antarctic Front and South-

ern Polar Front, which are located at roughly 45jS
and 55jS, respectively (Lutjeharms and Valentine,

1984; Veth et al., 1997), and thus out of the model

domain. In the simulation, this double structure is

caused by the formation of two pairs of overturning

cells above the model representation of the northern

slope of the Atlantic Indian Ridge. It cannot be found

in experiments with a flat bottom where meridional

overturning circulation is much less variable. We

conclude that large-scale bottom topography strongly

affects the cross-front circulation and may determine

the meridional position of local maxima and minima

of phytoplankton biomass.

Sensitivity experiments with different Si/N-uptake

ratios indicate that the boundary between silicate and

iron limitation shifts southward when the Si/N-uptake

ratio is increased. While phytoplankton growth is

limited by iron in experiments with small Si/N-uptake

ratios, a higher demand for silica (per nitrogen or iron

unit) for uptake ratios larger than 2 leads to an early

depletion of dissolved silicate and thus to silicate

limitation in most of the APF region and iron limita-

tion only in the southern ACC. The best agreement

with observations was achieved in simulations with an

Si/N-uptake ratio of 2, where during the summer the

boundary between silicate limitation in the north and
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iron limitation in the south is close to the location of

the Antarctic Polar Front. However, due to changes in

the phytoplankton species composition, this might be

subject to a large interannual variability. Some of the

dominant diatom species are heavily silicified (e.g.

Quéguiner et al., 1997; Hense et al., 1998); we expect

that variations of their abundance influence the bio-

geochemical cycle and the boundary between differ-

ent regimes.

As measurements of iron-dependent growth rates

are scarce and subject to large uncertainties, we

conducted a series of experiments with different half

saturation constants for iron. Not surprisingly, phyto-

plankton biomass strongly decreases for increasing

iron half saturation constants. Best agreement with

observations is achieved with an iron half saturation

constant of 0.12 nmol/l; whereas using a half satura-

tion constant of 1.2 nmol/l (Lancelot et al., 2000)

leads to largely underestimated phytoplankton con-

centrations. We conclude that an iron half saturation

constant of 1.2 nmol/l is too high for a natural (diatom

dominated) phytoplankton community. However, re-

liable measurements of this parameter are still desir-

able.

Observation-based estimates of mesozooplankton

grazing pressure in the region of the Antarctic Polar

Front range between 0.3% and 3.7% of daily primary

production (Dubischar and Bathmann, 1997). The

grazing pressure, however, strongly depends on zoo-

plankton composition. The occurrence of swarm

organisms like salps and krill, which are not included

in the model so far, can lead temporarily to a grazing

pressure exceeding 100% of primary production

(Dubischar and Bathmann, 1997; Pakhomov et al.

1997). In our experiments, zooplankton grazing pres-

sure was thus rather low, not exceeding 3% of the

primary production in the 10-day mean. Thus, growth

of larger phytoplankton is not primarily controlled by

mesozooplankton grazing but rather by the occurrence

of downwelling events and the deepening of the

mixed layer in autumn.

The sensitivity experiments have shown that

zooplankton biomass is strongly affected when

phytoplankton growth is limited by nutrient (iron)-

availability. Given the high sensitivity of zoo-

plankton concentrations to nutrient supply, it is

reasonable to assume that carbon export and sedi-

mentation of biogenic material is strongly affected
by the amount of dissolved iron, e.g. by fluctuations

in local iron upwelling. Observations from in vitro

experiments in the Equatorial Pacific indicated a

significant increase of carbon export in situations

where upwelling leads to an even small increase of

iron concentration in the surface layer (Coale et al.,

1996), and we believe that the same holds true in

the Southern Ocean.

On the other hand, nutrient (iron) availability and

the strength of upwelling might not only affect pri-

mary production and plankton stock but also upper

trophic levels. Observations from Ghanian coastal

waters indicate that upwelling events affect zooplank-

ton concentration and the abundance and reproduction

of fish in these regions (Quaatey and Maravelias,

1999). Thus, even the high abundance of fish and

seabirds in the vicinity of the Antarctic Polar Front

(Tate Regan, 1914; Norman, 1938, van Franeker et al.,

2002) appears to be a result of increased upwelling of

nutrient rich (iron rich) water in this region.

We therefore conclude that iron limitation is a

crucial point for understanding the pelagic ecosystem

in the Southern Ocean. Observed enhanced phyto-

plankton biomass in the region of the Antarctic Polar

Front can be explained by mesoscale variability

resulting in regional upwelling of iron and silicate.

North and south of the front, silicate or iron limitation

prevents phytoplankton blooms. Minima and maxima

of phytoplankton biomass are related to baroclinic

instability, which in turn is influenced by the large-

scale bottom topography.
6. Outlook

Our simulations with BIMAP do not cover inter-

annual variability of hydrography (e.g. location of the

front, response to atmospheric forcing) or the ecosys-

tem (e.g. species distribution, abundance of swarm

organisms or top predators). From observations, it

remains unclear whether shifts of phyto- and zoo-

plankton species compositions can be attributed to

variations in regional hydrography or represent in-

herent variability of the ecosystem itself. So, the

introduction of further phyto- and zooplankton com-

partments is desirable. However, in the region of the

Polar Front the ‘‘typical’’ distinction between diatoms

as large phytoplankton and autotrophic flagellates as
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small phytoplankton does not make much sense, as

diatoms clearly dominate the phytoplankton biomass.

Instead, different diatom species with different de-

mand for nutrients and different nutrient uptake ratios

should be considered but—as spatial resolution is to

be kept eddy-resolving—would require further in-

crease of computing resources. To achieve a realistic

representation of the different plankton compartments

and the fluxes between them, further measurements of

nutrient uptake for the dominant phytoplankton spe-

cies are required.
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