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Abstract

The Southern Ocean is the largest high-nutrient, low-chlorophyll region in the world’s ocean and a potentially
important site for the sequestration of carbon. We present a one-dimensional physical/biogeochemical model that
integrates biogeochemical measurements obtained during the AESOPS (U.S. JGOFY) study in the southwest Pacific
sector to elucidate the controls of primary productivity and export. The model is applied to a series of four stations
along 170°W spanning the different biogeochemical subsystems in the Polar Frontal Zone, the Polar Front, and the
Seasonal Ice Zone south of the Polar Front. Since horizontal fluxes of heat, freshwater and nutrients are found to be
important but cannot be resolved explicitly in a one-dimensional model, we employ a restoration of temperature,
salinity and nutrients. The surface fluxes of light and momentum are modified during ice-covered periods to account for
the effects of sea ice. The biological model component includes the elemental cycles of nitrogen and silica. Diatoms are
represented as a separate phytoplankton group, and small phytoplankton and zooplankton are tightly coupled. The
effect of the low iron availability in the region is implicitly taken into account by using typical phytoplankton growth
rates and a typical, high Si:N stoichiometry of 4 for the diatoms. The model captures the essential features of the
distinct subsystems including the low-chlorophyll condition north of the Polar Front, the diatom blooms in the vicinity
of the Polar Front and to its south, the differential drawdown of nitrate and silicic acid, and the seasonal patterns of
biogenic silica, primary production and vertical particle flux. “Top-down” control of the small phytoplankton by
efficient microzooplankton grazing and “‘bottom-up’’ control of diatoms by light and silicic acid are the main factors for
the simulated behavior. A sensitivity analysis of the biological model component shows that the growth parameters for
the two phytoplankton groups are most important in constraining primary productivity and overall model behavior.
This implies that changes in growth rates induced by variations in iron supply as assumed over glacial-interglacial
transitions can affect primary and export production substantially.
© 2002 Elsevier Science Ltd. All rights reserved.
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world’s ocean and is an important site for the
biogeochemical cycles of carbon and silica. Be-
cause of the large reservoir of unused macronu-
trients in the surface waters of the Southern
Ocean, it is potentially important for the seques-
tration of carbon and probably of disproportion-
ate influence on carbon cycling in the changing
global ocean. Several factors, including light,
grazing and iron, are thought to be important in
regulating primary and export production in the
Southern Ocean, but the degree to which each
factor contributes to the high-nutrient, low-chlor-
ophyll regime is not fully resolved yet.

The size and remoteness of the Southern Ocean
make it one of the most poorly sampled oceanic
regions. Important characteristics of the biogeo-
chemical system such as the limitation of produc-
tivity, the coupling between primary producers
and grazers, and the magnitude of export produc-
tion are still poorly constrained. Most discussions
about the HNLC phenomenon and the potential
role of the region in carbon cycling involve the
iron hypothesis. As formulated by Martin and
Fitzwater (1988) the iron hypothesis suggests that
phytoplankton growth is currently limited by iron
deficiency and that the level of primary and export
production has been much higher during periods
with higher airborne iron deposition, e.g., during
glacial periods. Competing hypotheses emphasize
the role of light and grazing in constraining
production (Mitchell et al., 1991; Frost, 1991;
Cullen, 1991), and it is now generally understood
that an interplay of factors controls primary
productivity in the Southern Ocean. Iron exerts
selective pressure on larger size classes, namely
diatoms, but light, silicic acid concentrations, and
grazing play key roles as well (de Baar and Boyd,
2000; Cullen, 1995). It remains to be seen to what
degree iron controls primary and export produc-
tion.

The Antarctic Environment Southern Ocean
Process Study (AESOPS) was initiated as part of
the U.S. JGOFS program with the ultimate goal to
better constrain the fluxes of carbon in the
Southern Ocean and to gain sufficient under-
standing to predict its response to future global
changes. AESOPS focused on the southwestern
Pacific sector to identify the factors and processes

that regulate the magnitude and variability of
primary productivity and the fate of biogenic
material in this region. A series of four cruises,
spanning the Antarctic Circumpolar Current
(ACC) at ~170°W, was conducted between
October 1997 and February 1998, providing a
valuable data set of seasonal and spatial patterns
of the chemical and biological properties. Several
recent findings partly obtained within AESOPS
challenge the common notion of the Southern
Ocean as a HNLC region. North of the Polar
Front silicic acid concentrations reach limiting
levels in summer, leading to a more accurate
characterization of that area as a low-silica, high-
nitrate region (Dugdale et al., 1995). In the vicinity
of the Polar Front phytoplankton blooms and
chlorophyll levels of ~2mgm™> have been
observed in association with physical features like
meandering fronts (Barth et al., 2001; Abbott et al.,
2000; Moore et al., 1999b). South of the Polar
Front an intense seasonal diatom bloom and high
silica production rates have been reported, and the
corresponding depletion of silicic acid concentra-
tions in the euphotic zone is 30 to >
40 mmol Si m > (Brzezinski et al., 2001). Further-
more, substantial export of biogenic material is
observed. Relatively high and uniform fluxes of
organic carbon, twice as high as the estimated
ocean-wide average, occur in the Polar Frontal
Zone and the Antarctic zone (Honjo et al., 2000).

The emerging picture of the Southern Ocean as
a physically and biogeochemically dynamic region
with a mosaic of regulating factors implies that
simple estimates and extrapolations of its biogeo-
chemical impact cannot be made. Attempts to
model the system and to predict future changes
need to consider the potentially important factors
and mechanisms and should be able to capture
shifts and feedbacks in biogeochemical cycling.
Ecological models have been developed for differ-
ent section of the Southern Ocean by Pondaven
et al. (2000, 1998), Hense et al. (2000), and
Lancelot et al. (2000). The models differ in
ecological complexity and vertical resolution.
Hense et al. (2000) and Lancelot et al. (2000) have
run zero-dimensional models and focus on the
Polar Front regime in the Atlantic sector of the
Southern Ocean. The one-dimensional model of
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Pondaven et al. (2000, 1998) was run at the
KERFIX station in the permanently ice-free zone
south of the Polar Front in the Indian sector. A
common feature of all these models is the inclusion
of the nitrogen and silica cycles. In terms of model
complexity the models of Hense et al. (2000) and
Pondaven et al. (2000, 1998) are kept relatively
simple, containing 7-11 state variables, while the
model of Lancelot et al. (2000) is rather complex,
with about 30 state variables including phosphorus
and iron as additional nutrients. We present a
model that is focused on a latitudinal transect in
the southwest Pacific sector of the Southern Ocean
spanning the Polar Frontal Zone, the Polar Front,
and the Seasonal Ice Zone. The model is deliber-
ately designed to be simple but includes the cycling
of nitrogen and silica. It is intended to be general
and flexible to capture the essential features of the
different subsystems by resolving the underlying
environmental controls. Our objective in this
modeling study is an integration of the biogeo-
chemical measurements from the AESOPS field
study to elucidate the controls of primary pro-
ductivity in the study area.

2. Physical and biochemical features of the
southwestern Pacific sector

The prominent circulation feature of the South-
ern Ocean is the Antarctic Circumpolar Current
(ACC), which flows eastward around Antarctica,
connecting all major oceans. The ACC transports
roughly 100 x 10 m3 s~! (Orsi et al., 1995). The
flow is concentrated in narrow jets, coinciding with
the principal fronts, which are characterized by
strong mesoscale variability (Barth et al., 2001)
and interspersed with broader bands of reduced or
even reversed flow (Daly et al., 2001). The three
major fronts of the ACC from north to south are
the Subantarctic Front, the Polar Front (PF) and
the Southern ACC Front (Orsi et al., 1995). The
water masses separated by these zonally oriented
fronts extend around the whole circumpolar path,
forming a relatively homogeneous environment in
the zonal direction. The PF represents a hydro-
graphical boundary that separates distinct biogeo-
chemical subsystems—the Polar Frontal Zone

(PFZ) north of the PF and south of the
Subantarctic Front (SAF; Orsi et al., 1995) and
the Seasonal Ice Zone (SIZ) south of the PF
(Tréguer and Jacques, 1992). The seasonal ice
cover in the SIZ strongly affects the light condi-
tions by increased albedo and light attenuation
within the ice. Freshwater input during ice melt
enhances stratification in spring. The SIZ is rich in
macronutrients due to the upwelling of Circum-
polar Deep Water. Winter concentrations of sur-
face nitrate and silicic acid are ~30 mmol N m~>
and ~60 mmol Si m~>, respectively. In spring
after stratification, an intense diatom bloom
follows the quickly retreating ice edge (Brzezinski
et al., 2001). Franck et al. (2000) report a switch in
the relative importance of regulating nutrients in
this area from iron before and during the diatom
bloom to silicic acid after the bloom.

North of the PF, the mixed-layer depths are
generally deeper and stratification is less pro-
nounced. Nitrate levels are high with winter
surface  concentrations  between 20 and
25 mmol N m™3, but surface concentrations of
silicic acid are significantly lower than south of
the PF, with concentrations between 10 and
15 mmol Si m~3. Chlorophyll levels are low and
stable throughout the year and no intense blooms
are observed (Banse, 1996). Macronutrients are
drawn down to some extent during summer, in
particular silicic acid, which reaches concentra-
tions low enough to limit diatom production (Daly
et al., 2001). The phytoplankton community is
dominated by pico- and nanoplankton.

The PF separates the subsystems but also has its
own distinctive features. The high mesoscale
variability associated with the ACC jets and fronts
induces localized upwelling of nutrients and
patches of increased stratification. Both contribute
to favorable growth conditions for phytoplankton
and lead to a short-lived seasonal high production
signal (Abbott et al., 2000) creating localized
patches of high chlorophyll (Barth et al., 2001).
On satellite images the PF appears as a band of
high chlorophyll (Moore et al., 1999a). Observa-
tions of bio-optical characteristics show that
phytoplankton are initially limited by light avail-
ability and start to bloom after stabilization of the
water column. Nutrient stress is indicated at the
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Fig. 1. Southwest Pacific sector of the Southern Ocean. The four model stations along 170°W are indicated (white circles). The
locations of the profiles used to restore the simulated temperature and salinity are indicated by the colored triangles. The bathymetry

was plotted using the 5 min resolution Navy ETOPOS data.

end of the growing season, but phytoplankton
accumulation rates drop before nutrient stress
occurs, implying losses may be due to grazing or
sinking (Abbott et al., 2000). There is no evidence
for a higher annual production in the vicinity of
the PF compared to the PFZ and SIZ (Nelson
et al., 2002).

Iron deficiency appears to be an important
regulator of primary productivity. Iron enrichment
experiments show increased specific growth rates
of phytoplankton upon iron addition and a shift in
community structure toward larger phytoplank-
ton, namely diatoms (Boyd et al., 2000; Franck
et al., 2000; Takeda, 1998; Scharek et al., 1997; de
Baar et al., 1995). The higher chlorophyll levels
associated with the PF have been suggested to be
due to mesoscale upwelling patterns resulting in
higher iron supply in the vicinity of the front (de
Baar et al., 1995). Iron is thought to exert selective
control on phytoplankton by suppressing diatoms
more effectively than smaller phytoplankton, while
smaller phytoplankton are kept in check by
efficient grazing. The coupling between diatoms
and mesozooplankton is less tight since mesozoo-
plankton have larger generation timescales. Hence
the stimulation of phytoplankton growth by iron

inputs due to either natural upwelling or artificial
iron enrichment allows an accumulation of diatom
biomass while the microzooplankton grazing
control is responding quickly enough to prevent
small phytoplankton from blooming.

The southwest Pacific sector of the Southern
Ocean appears as a variable environment with
meridional gradients of light, nutrients and hydro-
graphical properties. Spatially distinct patterns in
community structure, primary production, and
export are produced by interplaying factors,
including light availability and the supply of
macro- and micronutrients.

3. Model description

We apply a coupled one-dimensional physical/
biological model to four stations spanning the
different biogeochemical subsystems in the PFZ,
the PF, and the SIZ along 170°W (Fig. 1). The
northernmost station at 56°S lies in the PFZ, while
the stations at 59°S and 61°S are influenced by the
PF. The main axis of the PF jet lies at ~61°S
although meanders deviate from the mean path by
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more than a degree (Moore et al., 1999a). The
southernmost station at 64°S represents the SIZ.

The productivity pattern and community com-
position change in the different subsystems
although the principal components of the ecosys-
tem are the same. Environmental factors that
contribute to the functional differences include
variations in mixed layer depth, incoming radia-
tion, and nutrient supply. Our aim is to formulate
a simple biological model that is able to resolve the
environmental controls and the underlying me-
chanisms that create the latitudinal differences in
the functioning of the biological system. By
applying the same model with identical parameters
at the different locations we want to test the
model’s ability to capture the different biogeo-
chemical features. A thorough description of the
biological model component is given in Section
3.1.

The biological model is coupled to a one-
dimensional mixed-layer model such that the
evolution of any biochemical scalar C is given by
oC 0 oC
or oz <K 62) +sms(C),
where the first term on the right hand side
accounts for vertical mixing and the second term
represents the biochemical sources minus sinks
(sms) of the particular scalar. The vertical diffu-
sion coefficient K accounts for vertical mixing
determined by the mixing parameterization of the
physical model component and a uniform back-
ground diffusion (see Section 3.2). This set up has
two main deficiencies: the absence of any advective
and mixing transports in the horizontal direction
and the lack of sea-ice dynamics. The PFZ and the
SIZ are characterized by large meridional trans-

Table 1
Model state variables

ports of heat, freshwater and nutrients. Large
surface fluxes of heat and freshwater due to the
freezing and melting of sea ice occur in the SIZ.
We apply a restoration of the simulated tempera-
ture, salinity and inorganic nutrients, described in
detail in Section 3.3 to account for these fluxes.
The southernmost station at 64°S is ice-covered
during part of the simulation. Since the presence of
ice significantly affects the albedo, the light
attenuation, and the flux of momentum at the
sea surface, we modify the wind stress and the
incoming light during ice-covered periods. The
modifications are described in more detail in
Section 3.4.

3.1. The biological model

The biological model contains 7 state variables:
two phytoplankton groups, diatoms dia and other
small phytoplankton phy, one group of zooplank-
ton zoo, two inorganic nutrient pools, dissolved
inorganic nitrogen din and silicic acid sia, and two
detrital pools, detrital nitrogen detny and detrital
silica dets; (Table 1). Diatoms should be included
as a separate phytoplankton group because they
dominate high productivity events in the SIZ
(Brzezinski et al., 2001; Fiala et al., 1998; Bath-
mann et al., 1997; Jochem et al., 1995). Further-
more, they are estimated to account for ~75% of
the primary production in the Southern Ocean
(Nelson and Tréguer, 1992) and for a large portion
of the export flux (Honjo et al., 2000; Honjo, 1990;
DeMaster et al., 1992).

Silicic acid required for diatom growth reaches
limiting concentrations in summer (Nelson et al.,
2001; Franck et al., 2000). This implies that silicic

Symbol Unit Variable Background value

din mmol N m~> Dissolved inorganic nitrogen

sia mmol Si m™ Silicic acid

dia mmol N m~3 Diatoms diay = 0.01 mmol N m™3
phy mmol N m™> Small phytoplankton phyo = 0.01 mmol N m~*
200 mmol N m~3 Zooplankton 200y = 0.05 mmol N m~>
dety mmol N m~> Detrital nitrogen detyo = 0.001 mmol N m™>
dets; mmol Si m~3 Detrital silicate detsy = 0.001 mmol Si m™>
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acid is at least temporarily regulating primary
productivity and that the cycling of silica should
be included. Since silica is necessary for diatom
growth, but not taken up by any other plankton
group in the model, the cycles of nitrogen and
silica are connected only by the diatom group
(Fig. 2). Both cycles uncouple during diatom
blooms due to different remineralization pathways
and different decay rates for detrital silica and
nitrogen. The differential remineralization is also
referred to as the silica pump (Dugdale et al., 1995)
and represents a mechanism for the efficient
removal of silica from the euphotic zone. The
model is designed to capture the silica pump by
distinguishing the detrital fractions of nitrogen
and silica as separate pools.

The low supply of the micronutrient iron is
probably an important factor for the low produc-
tivity levels in the Southern Ocean. Depression of
phytoplankton growth rates has been demon-
strated in in situ iron enrichment experiments
(Boyd et al., 2000; de Baar et al., 1995) and in
bottle incubations (Franck et al., 2000; Takeda,
1998; Scharek et al., 1997). Low iron levels exert
selective pressure on phytoplankton. Consistently
in all iron-enrichment experiments, the dominant
species of the phytoplankton community have
been reported to shift from small size classes

Dissolved
inorganic

Zoo-
plankton

Detrital
nitrogen

Detrital
silicate

1 Sinking

l Sinking

Fig. 2. Schematic of the biological model.

toward larger cells, essentially diatoms (summar-
ized in de Baar and Boyd, 2000). Furthermore the
Si:N stoichiometry of diatoms is sensitive to iron
availability with 2 to 3-fold increased Si:N ratios in
iron-stressed diatoms (Takeda, 1998; Hutchins
and Bruland, 1998), implying an increased effi-
ciency of the silica pump in the iron-depleted
waters of the Southern Ocean. The effect of iron is
included implicitly in our model by employing
phytoplankton growth parameters typical for the
low iron levels and a typical Si:N ratio of 4. That
is, we assume a continuously low ambient iron
concentration during the simulation period and no
significant perturbations due to iron supply that
reach levels where phytoplankton growth rates or
the diatom stoichiometry are affected. This
assumption is consistent with iron measurements
during the AESOPS cruises by Measures and Vink
(2001), who report low dissolved iron concentra-
tions that vary only in a confined region between
0.1 and 0.35 nM. In a companion paper (Fennel
et al.,, 2003) we investigate the response of the
model system to higher iron supply. The model
experiments described in that paper required an
inclusion of iron and a modification of the
formulation of phytoplankton growth.

The model includes only one zooplankton
group, namely microzooplankton, grazing on the
small phytoplankton. The grazing by microzoo-
plankton is an important component of the system
providing control on pico- and nanoplankton. The
microzooplankton are able to respond quickly to
changes in primary production (Becquevort,
1997), and grazing rates between 70 and 80% of
phytoplankton productivity have been reported
during the AESOPS cruises (Landry et al., 2002),
keeping small phytoplankton standing stocks in
check. Mesozooplankton grazing on diatoms is
not included, since its grazing impact on phyto-
plankton stocks in the Southern Ocean is generally
thought to be small (Urban-Rich et al., 2001;
Bathmann et al., 2000; de Baar and Boyd, 2000;
Razouls et al., 1998; Dubischar and Bathmann,
1997). A few studies found high grazing rates;
e.g., Froneman et al. (2000) report mesozooplank-
ton ingestion rates from 0.14-89% of daily pri-
mary production. However, during the AESOPS
cruises Urban-Rich et al. (2001) found that
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Table 2
Biological model parameters
Symbol Value Unit Parameter
G 0.7 d-! Maximum growth rate of diatoms
Hphy ok 0.7 d! Maximum growth rate
of small phytoplankton
ks; * 3.6 mmol Si m~? Half-saturation concentration
for uptake of silicic acid
% 4 mol Si : mol N stoichiometry of diatoms
kn — 0.5 mmol N m™? Half-saturation concentration
for uptake of DIN
g ek 0.3 (Wm2)~! Ratio of «f to PE,_ in P vs. I curve
Laiadet * 0.2 4! Diatom mortality rate
Lphydin — 0.05 4! Phytoplankton respiration rate
Lphydet — 0.15 d! Phytoplankton mortality rate
Waia ** 6 md! Sinking velocity of diatoms
T 0.6 d! Maximum grazing rate
I* 12 (mmol N m™3)~2 Exponential factor in p,,
Lyoodin * 0.05 d! Zooplankton respiration rate
Lioodet * 0.15 d-! Zooplankton mortality rate
w ¥ 0.1 4! Remineralization rate
of detrital nitrogen
rsi ¥ 0.05 d! Remineralization rate
of detrital silicon
Waer ** 10 md! Sinking velocity of detritus

The sensitivity of the model results to perturbations of the parameters is indicated by the asterisks besides the symbols: # x % represents
the strongest response; — represents no response of the model to parameter variations of +50% (see Section 5).

mesozooplankton is not important in regulating
phytoplankton growth, in agreement with results
from the Atlantic (Dubischar and Bathmann,
1997) and Indian sectors (Razouls et al., 1998).
A possible effect on community structure by
mesozooplankton grazing on microzooplankton
in late spring and summer (Razouls et al., 1998;
Perissinotto et al., 2000) is neglected. The role of
mesozooplankton as mediators for the vertical
transport of biogenic silica and carbon due to fecal
pellet production (Dagg et al., 2003) is implicitly
accounted for by the sinking of diatoms. Two
potential factors contribute to the small grazing
loss by mesozooplankton. Firstly, mesozooplank-
ton have much longer generation timescales than
the diatoms, hence they are not able to respond
quickly to accumulation of diatoms (Jochem et al.,
1995; de Baar and Boyd, 2000). Secondly, the
morphology of the highly silicified Antarctic
diatoms may help to minimize grazing (Verity
and Smetacek, 1996).

The dynamics of the ecological state variables
are determined by the following set of equations.
The corresponding parameter values are given in
Table 2. The biological sources and sinks of the
diatoms are defined by

sms(dia) = pg;,(sia, din, E)dia — Lgia dei(dia — diag)
0
- ia a. 1
Wy P dia (1)

The growth rate of the diatoms pg;, depends on the
concentrations of silicic acid sia, dissolved inor-
ganic nitrogen din, and the photosynthetically
available radiation E according to

:udia(Sia, dins E) = ﬂ$;x(l - eXp(—o?E))

 min sia din 2
ksi + sia’ kn +din)’

where pJe* is the maximum growth rate and kg,
and ky are the half-saturation constants for the
uptake of sia and din, respectively. We assume that
either silicic acid or inorganic nitrogen is limiting
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the growth rate following a Michaelis—-Menten
response, while the other nutrient is taken up
in a fixed stoichiometric ratio. The limiting
nutrient is determined as the one in shortest supply
relative to need according to Liebig’s Law of the
Minimum.

The photosynthesis-light response (1 — exp(—d&FE))
in (2) is based on the equation

B
B pB o’ E
P _Pmax(l_exp(_PB >>a (3)

max

suggested by Cullen (1990) to describe the
chlorophyll-specific rate of photosynthesis in the
water column P? as function of irradiance E and
chlorophyll. P2 is the maximum rate of photo-
synthesis normalized to chlorophyll and o is the
initial slope of the P? vs. E curve. This equation is
a reformulation of the mechanistic model of
Sakshaug et al. (1989) and equivalent to the
equation of Platt et al. (1980) if no photoinhibition
is assumed. Since growth rates in the model are
considered as biomass-specific, the chlorophyll-
specific formula (3) was slightly modified before
inclusion in Eq. (2). In Eq. (2) the highest growth
rate, which is achieved for light- and nutrient-
saturated conditions, is determined by the bio-
mass-specific maximum growth rate pJ%* instead
of PB_ . Since of and P2, are not independent in
(1 —exp(—aBE/PB,))), we replaced their ratio by
one parameter & := o /P5_ .

E represents the fraction of light that is effective
in photosynthesis and is exponentially decreasing
with water depth according to

E(z) = Ey - par - exp(—z(Ky + Kepi chl(2))). (4)

z is the water depth, Ej is the incoming light just
below the sea surface, and par is set to 0.43 and
represents the fraction of light available for
photosynthesis. Ky, =0.04m™' and K=
0.03 m~! (mg chl m~®)"" are the light attenuation
coefficients for water and chlorophyll, respectively.
chl(z) represents the mean chlorophyll concentra-
tion above the actual depth z and is determined by
integration over the diatom and small phytoplank-
ton chlorophyll concentrations above the actual

depth as
12C [7/]Chl )
=25 ) (2],
+ [C—hl} phy) dz. ©)
¢ phy

The conversion from [mmol Nm™] to
[mg chl m ] was done using a molar C:N ratio
of 6.625 (Redfield) and C/Chl ratios of 45 g g~!
and 60 gg~' for the diatoms and the small
phytoplankton following Chan (1980). Diatom
losses are due to mortality and sinking. An offset
diay 1s included in the formulation of the linear
mortality term to ensure that the phytoplankton
concentration does not drop below the back-
ground concentration diay during low productive
periods. wgi, is the constant sinking velocity.

The sources and sinks of the small phytoplank-
ton are given by

sms(phy) = oy (din, EYphy — [t,00(phy)z00
— Lphy.din(phy — phyo)
— Lphyde(Phy — phyo), (6)

where the phytoplankton growth rate p,;,, depends
on the concentration of din according to the
Michaelis—Menten kinetics and the photosyntheti-
cally available light E. The growth rate is given by

by, E) = k(1 = exp(—aE) T (D)
where Hphy is the maximum growth rate and ky is
the half-saturation constant for the uptake of din.
Small phytoplankton loss terms are grazing by
zooplankton and linear losses to the dissolved
inorganic nitrogen pool and the detrital nitrogen
pool accounting for respiration, exudation and
mortality of the small phytoplankton. An offset
phyy is included in the formulation of the linear
losses to ensure that the phytoplankton concentra-
tion does not drop below the background con-
centration phyy.
The zooplankton dynamics are determined by

sms(zoo) = ,LLZOO(phy)zoo - Lzoo,din(zoo - 2000)

- Lzoo,det(zoo - 2000)- (8)

The ingestion of small phytoplankton by zoo-
plankton is parameterized by an s-shaped Ivlev
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response (Steele and Henderson, 1992)
Haoo(PhY) = e (1 — exp(—Iphy?)), ©)

where ¢ is the maximum grazing rate. Meta-
bolic losses and mortality enter the dissolved
inorganic and detrital nitrogen pools at linear
rates with the background concentration zoo, as
offset.

The sources and sinks of the sia and din pools

are written as
Si
sms(sia) = — N Ugia(Sia, din, E)dia + rsidets;,  (10)

and
sms(din) = — i (sia, din, E)dia — p,p,(din, E)phy

+ Lphy.din(Phy — phyo)
+ Lyoodin(z00 — zooy) + rndety.  (11)

Si/N represents the fixed intracellular Si:N ratio of
the diatoms and is included to convert from the
diatom  biomass unit [mmolNm™] to
[mmol Si m_3]. rsi and ry are the remineralization
rates of dets; and dety, respectively.

The time rates of change of the detrital pools are
given as

S;
sms(dets;) = — rsidets; + NlLdia,del(dia — diay)

— Waet g dets;, (12)
oz
and
sms(dety) = — rn dety + Ldia,det(dia — diay)

+ Lphy,det(phy —PhJ/o)
+ Lzoo,det(zoo - 2000)

— Wet g dety. (13)
oz

wdet 18 the constant sinking velocity of the
particulate detrital material.

3.2. Set up of the physical model

The physical component of the coupled model
simulates the vertical mixing of temperature,
salinity, and the biochemical scalars and the
evolution of the mixed-layer depth in response to
synoptic surface fluxes of heat and momentum.
The mixed-layer model employs the parameteriza-

tion described by Price et al. (1986) modified by
the inclusion of a uniform background diffusion.
The turbulent mixing due to surface forcing is
given by a Richardson-number dependent para-
meterization. In the model, mixing occurs to
ensure the static stability of the water-column
and to satisfy stability criteria of the bulk
Richardson-number and the gradient Richardson
number. A thorough description is given in Price
et al. (1986). In addition to the surface mixing a
uniform background diffusion of 1 x 107® m? s~!
was applied to parameterize the turbulent trans-
port below the thermocline.

The model was set up on a uniform grid,
covering the upper 400 m of the water column
with a 5-m resolution. It was forced with daily
values of the wind stress and the sensible, latent
and downward short-wave components of the heat
flux from the NCEP reanalysis data set. A typical
albedo of 0.04 (Payne, 1972) was employed for the
short-wave component. The heat penetration of
insolation was described by a double exponential
depth dependence (Kraus, 1972) that includes a
short- and a long-wave component of solar
radiation. The attenuation parameters were cho-
sen to represent fairly clear, mid-ocean water
(Jerlov water type IA; Jerlov, 1976) in agreement
with observations in Subantarctic waters south of
New Zealand (Howard-Williams et al., 1995). The
daily cycle of solar radiation was calculated from
the astronomical formula (Brock, 1981) employing
the correction of the solar constant by Duffie and
Beckman (1980). The lower boundary of the model
is open to allow diffusive fluxes and sinking
particles to cross the base of the model.

The model simulation started in October 1997
and was run for two years with the same atmo-
spheric forcing. 1997 forcing fields were used from
July to December and 1998 forcing fields from
January to June. The initial conditions for
temperature and salinity were interpolated from
profiles measured at the end of October 1997
during the early spring cruise (Survey I). The
biochemical variables were initially set to the
constant background values given in Table 1,
except for the inorganic nutrients. Dissolved
inorganic nitrogen din and silicic acid sia were
initialized with nitrate + ammonium and silicic
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acid profiles measured at the end of October 1997
during Survey I. All model results shown in this
paper were taken from the second year of the
simulation.

3.3. Restoration of temperature, salinity and
nutrients

To account for unresolved advective and surface
fluxes of temperature and salinity these variables
are restored to observed profiles measured during
the AESOPS cruises between October 1997 and
March 1998. Furthermore, advective fluxes of
nutrients are important to replenish the inter-
mediate and surface nutrient levels in winter. We
apply a restoration of the inorganic nutrients
below 100 m. Nitrate and silicic acid concentra-
tions in the intermediate water appear to be highly
correlated with density. For the restoration of
nutrients we take advantage of this correlation and
restore the model to values predicted by an
approximation of nutrient concentrations for the
actual density.

For each of the stations, one temperature and
salinity profile per month was chosen to cover the
period between October 1997 and March 1998.
Profiles were considered if they were located within
100 km (~ 1° latitude) of the model station. The
locations of the restoration profiles are indicated
on the map in Fig. 1. Due to latitudinal differences
in the location of the restoration profiles the
temperatures and salinities show an offset of up to
1°C and 0.25 PSU between 200 and 400 m. These
differences are not caused by surface fluxes or
advection. We attempted to eliminate these devia-
tions for the restoration. For each station we
calculated the mean of the temperature and
salinity properties over the 200-400 m depth
range. Then each profile was corrected by sub-
tracting its deviation from the mean.

Restoration profiles are only available for
austral summer. We restore to the AESOPS
profiles between October and March with a
timescale of 20 days. This procedure gives good
agreement between the simulated and observed
profiles as shown in the model/data comparison of
temperature and salinity for 64°S (Fig. 3). The
station at 64°S is ice covered until the second half

of November in 1997. Large fluxes of heat and
freshwater occur during the melting period. The
meltwater input is an important factor for the
stabilization of the upper water column, but it is
not explicitly resolved in the model. Instead, the
fluxes associated with the sea-ice dynamics are
induced implicitly by the restoration of tempera-
ture and salinity. Fig. 4 shows the ice coverage and
the simulated salinity at station 64°S illustrating
the freshening of the upper water column during
ice melt. From mid November to early December,
when the ice coverage is reduced from 60% to 0,
the surface salinity decreases from 34.2 to
33.6 PSU and the upper water column stabilizes
with mixing depths around 30 m. The simulated
mixed-layer depth compares well with estimates
obtained from AESOPS profiles (Fig. 5).

The meridional gradients in nitrate and silicic
acid concentrations and the meridional transport
of water masses described in Section 2 imply a
horizontal transport of nutrients that is not
explicitly included in the one-dimensional model.
Our restoration of the inorganic nutrients below
the thermocline assumes that the nutrients are
transported along isopycnals. We approximated
the nutrient concentrations as function of density
by fitting 3rd-order-polynomials to the AESOPS
nitrate and silicic acid bottle data. The correlations
are highly significant, confirming that our assump-
tion is consistent with the observations. The
significance of the approximation is illustrated in
Fig. 6, which shows the data and their polynomial
approximations with 95% confidence intervals.
The polynomial approximations were calculated
for nitrate and silicic-acid bottle data for each
model station and used to restore the din and sia
concentrations below 100 m depth (Fig. 6).

3.4. Modification of light and wind stress due to sea
ice

The presence of ice significantly affects the
fluxes of light and momentum at the sea surface.
Ice cover reduces the incoming light just below the
sea surface by increased albedo and high light
attenuation within the ice sheet. The transfer of
momentum at the sea surface is influenced by ice
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because wind speed and drag coefficients are
affected.

During ice-covered periods we determine the
incoming light just below the sea surface, Ey, as

Ey = Elop(l - albice) exp(_kiceh): (14)

taking into account the increased albedo and the
light attenuation within the ice sheet. Ei,, repre-
sents the incoming light just above the air-ice
interface, alb. and ki are the albedo and the
attenuation coefficient for ice, respectively, and / is
the thickness of the ice sheet. Albedos and
extinction coefficients vary greatly for various
types of ice and snow (Grenfell and Maykut,
1977). We have chosen an albedo of 0.32, which is

T[C T[C

the restoration profiles at 64°S. Salinity is represented by open circles
is represented by filled dots (model) and the dashed line (restoration

a typical value for melting first-year ice, and an
extinction coefficient of 0.8, which is an average
value for ice without snow (Grenfell and Maykut,
1977). The sea ice is generally between 1 and 2 m
thick (Bathmann et al., 2000). We have chosen a
thickness of 1 m.

Since sea ice significantly affects wind speed and
drag coefficients (Guest et al., 1995 and references
therein), the assumption of a spatially homoge-
neous wind stress is not realistic. In a realistic
scenario the wind stress is substantially reduced
over pack ice compared to the open ocean. Guest
et al. (1995) report a reduction by at least 60%
(factor of 0.4) for moderate off-ice winds. We
employ this reduction for ice coverage of 90% and
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more and determine the wind stress during ice-

covered periods, Tic, as

Tice = Tocean(0.7 — 0.3 tanh(4(c — 0.4)), (15)

—4

where Tocean 1 the wind stress over the open ocean
and ce[0, 1] is the fractional ice cover. We use the
ice data from the National Snow and Ice Data
Center (NSIDC) at the University of Colorado,
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Table 3

Observed phytoplankton growth rates for Antarctic diatom cultures and natural communities

Growth rate (d7!)

Reference

Diatom cultures from the Southern Ocean

Chaetoceros sp. 0.4-0.7
Fragilariopsis kerguelensis 0.25-0.48
Nitzschia turgiduloides 0.45-0.54
Natural communities
Southern Ocean 0.4-0.6
Subantarctic Zone 0.53
Polar Frontal Zone 0.4-0.45
Ross Sea 0.1-0.5
Ross Sea 0.04-1.0
Weddell Sea 0.5-0.9

Jacques (1983)
Jacques (1983)
Jacques (1983)

Jacques and Minas (1981)
Banse (1996)

Boyd et al. (2000)

Wilson et al. (1986)

Smith et al. (1999)

El-Sayed and Taguchi (1981)

Boulder, which was processed by J. Keith Moore
(Oregon State University) and is available from
the US JGOFS data inventory.

3.5. Biological model parameters

Our choices of the biological model parameters,
which are usually poorly constrained quantities,
are based on observations where available. A few
rate estimates, relating to the nutrient uptake and

primary production parameters in our model, exist
for the study area and other regions in the
Southern Ocean. Poorly known are parameters
for the metabolical losses and grazing. In this
section we summarize available parameter esti-
mates from observations in comparison with our
model parameters.

Growth rates reported for cultures of Antarctic
diatoms and natural Antarctic communities range
between 0.25 and 0.9 d~! (Table 3). In our model
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Table 4
Observed photosynthesis-light parameters for Antarctic diatom cultures and natural communities
P o a Reference
Diatom cultures from the Southern Ocean
Chaetoceros sp. 1.4 0.2 0.6 Jacques (1983)
Nitzschia turgiduloides 1.1 0.07 0.3 Jacques (1983)

Natural communities

Southern Ocean 1.2-3.5 Jacques and Minas (1981)
Subantarctic Zone 1.4-1.9 0.04-0.09 0.1-0.2 Dower and Lucas (1993)
Indian Antarctic sector 0.5-5.2 0.07-0.37 0.3-0.6 Jacques (1983)

Weddell Sea 1.0-2.3 El-Sayed and Taguchi (1981)
Weddell Sea 1.940.8 0.064+0.02 0.1 Figueiras et al. (1994)

PB_in [mg C(mgchl)™' h™!'] and «F in [mg C(mgchl)™' h™! pmolm~2 s ")7!]. & the ratio of of and P2

max
2

is converted to

max>

[(W m’z)’]] according to Cullen (1990) (1(pmol m™* s =4.15(Wm2)7).

Table 5

Observed Si uptake parameters for Antarctic diatom cultures and natural communities. The half-saturation concentration ks; and the
maximum uptake rate Vpqy are given in [mmol Si m—3] and [d™'], respectively

ksi Vinax Reference
Diatom cultures from the Southern Ocean
Fragilariopsis kerguelensis 12 0.5 Jacques (1983)
Nitzschia turgiduloides 12-22 0.95 Jacques (1983)
Thalassiosira antarctica 4.2 0.54 Sommer (1986)
Corethron criophilum 60.1 0.39 Sommer (1986)
Natural communities in the Southern Ocean
Pacific sector 2.5-10.5 0.08-0.35 Valerie Franck, pers. comm.
Pacific sector <150 0.1-0.3 Nelson et al. (2001)
Ross Sea 2-5 Nelson and Treguer (1992)
Natural communities outside the Southern Ocean
0.4-5.0 Summarized in

Nelson and Dortch (1996)

the maximum growth rate for diatoms pf3* and
the maximum growth rate of the small phyto-
plankton are set to 0.7 d~'. The ratio of reported
values of o® and P2, which corresponds to & in
our model, varies between 0.1 and 0.6 (W m~2)"!
for cultures and natural assemblages of phyto-
plankton. In the model 4 is set to 0.3 (W m~2)"!
(Table 4). The parameters for light attenuation due
to water and chlorophyll are set to 0.04 m~' and
0.03 m~'(mg chl m*S)*l for Ky, and K, respec-
tively, and are consistent with the attenuation
parameters reported by Howard-Williams et al.
(19995).

The half-saturation concentration for the up-
take of dissolved inorganic nitrogen ky is set to
0.5 mmol N m~, a value adapted from Pondaven

et al. (1998). The half-saturation concentration for
the uptake of silicic acid is known to be high for
diatoms from the Southern Ocean compared to
other regions (Table 5), but extreme variations of
two orders of magnitude have been reported for
the Pacific sector of the PF region (Nelson et al.,
2001). The choice of kg; is further complicated by
the fact that the half-saturation concentration for
uptake of silicic acid is a poor measure for the half-
saturation concentration for actual diatom growth
(Nelson et al.,, 2001). Diatoms are relatively
flexible in their intracellular Si:N ratio, and near-
maximum cell division rates can be sustained even
when ambient concentrations of silicic acid limit Si
uptake by diminishing the cellular Si content
(Sullivan, 1986). Hence Si uptake rates may appear
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to be limited by ambient silicic acid concentra-
tions, but this does not necessarily imply limitation
of growth. The half-saturation concentration for
diatom growth is expected to be much lower than
the unusually high values for uptake found in the
Southern Ocean (Nelson and Dortch, 1996),
particularly at the high levels of ambient silicic
acid. The cellular Si:N ratio for the diatoms in our
model is assumed to be constant. Since no changes
in the intracellular stoichiometries are allowed,
nutrient uptake and growth are directly coupled in
the model. Hence our choice of ks should
conceptually represent the half-saturation value
of growth rather than uptake. Nelson and Dortch
(1996) summarize studies comparing Si-uptake
and growth parameters for diatoms and conclude
that the half-saturation of growth is usually only
10-20% of the half-saturation of uptake. Assum-
ing a value of 15%, the above-mentioned range of
half-saturation constants for Si-uptake from ~0
to ~50 mmol Sim™® (Nelson et al., 2001) is
reduced to 0 to 7.5 mmol Si m~>. Furthermore,
most of the values determined by Nelson et al.
(2001) lie in the lower half of the interval.
Consistent with these observations, we set the
parameter ks; to 3.6 mmol Si m3.

The Si:N stoichiometry of cultured diatoms
under iron-depleted conditions ranges from 2.3
to 3 mol Si:mol N (Takeda, 1998; Hutchins and
Bruland, 1998). In the Southern Ocean, Si:N ratios
of up to 6 mol Siimol N have been found
(Brzezinski et al., 2001; Jacques, 1983) and an
Si:N disappearance ratio of 4.5 mol Si:mol N in
Antarctic surface waters has been observed by
Minas and Minas (1992). In agreement with these
values, we use a Si:N stoichiomety of 4.

The sinking rates of diatoms and detritus are
important parameters since the simulated export
flux depends directly on their choice. Estimated in
situ and observed in vitro sinking rates vary
enormously. Maximum sinking rates of individual
diatom cells are generally well below 2md~!
(Bienfang, 1980, 1981; Bienfang et al., 1982;
Muggli et al., 1996), but episodic mass sedimenta-
tion events of cell aggregates with greatly acceler-
ated sinking rates occur in senescent diatom
blooms upon nutrient depletion (Smetacek,
1985). Sinking rate estimates for the aggregates,

which consist of small particles and intact cells are
40 m d~! (Smetacek 1984), > 70 m d~! (Platt et al.,
1983), and >100md~' (Alldredge and
Gottschalk, 1989). The second main vehicle for
rapid vertical particle export besides aggregates
are fecal pellets. An extremely high sinking rate of
>1000 m d~' has been reported for the fecal
pellets of salps (Bruland and Silver, 1981). In our
model, the sinking rates for diatoms wg;, and the
detrital pools wge are set to 6 and 10 m d!,
respectively.

Estimates of the specific dissolution rate of
biogenic silica in the Southern Ocean by Tréguer
et al. (1989) range from 0.007 to 0.048 d~'. Nelson
and Gordon (1982) report values between 0.01 and
0.045 d~!, and Brzezinski et al. (2001) observed
values between 0.032 and 0.089 d~! in the south-
west Pacific sector. We chose a value of 0.05 d ™"
for the remineralization rate of detrital silica. The
remineralization rate of detrital nitrogen in the
model is set to 0.1 d~!, following Pondaven et al.
(1998).

4. Model results in comparison with observations
4.1. Chlorophyll

The changes in chlorophyll as a function of
latitude are captured in our simulations at the four
model stations (Figs. 7 and 8). North of the PF,
chlorophyll levels are low throughout the year
with little seasonal change and low summer values
(Banse, 1996). Mean surface chlorophyll concen-
trations are typically <0.3 — 0.4 mg m—® (Moore
et al., 2000). In agreement with the observations,
the simulated maximum values of chlorophyll at
56°S are low with maximum values of
0.5 mg chl m~* during summer (Figs. 7 and 8).

In the vicinity of the PF chlorophyll levels are
higher. This is thought to be due to the high
mesoscale variability of the frontal region, which
generates favorable conditions for phytoplankton
growth (Barth et al., 2001; Moore et al., 1999D).
The model station at 61°S stands for the PF
regime, and peak chlorophyll concentrations of
~1 mg m~? are predicted at this site. At 61°S, the
simulated mixed layer in summer is temporarily
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Fig. 7. Simulated chlorophyll concentrations between October 1997 and April 1998 at the four model stations. The daily mean of the
simulated mixed layer depth (white line) is plotted as well. The chlorophyll concentration is calculated assuming a C:N ratio of 6.625
and C:chl ratios of 45 and 60 for the diatoms and the small phytoplankton, respectively.

shallow with depths between 10 to 20 m in
contrast to the model station at 56°S where the
mixed layer depth fluctuates around ~40m
(Fig. 7). The variation in mixed-layer depth is
one of the main differences between the northern-
most station and the PF station in our simulation
and contributes to the higher chlorophyll levels in
the vicinity of the PF. Interestingly we do not need
to invoke an increased upwelling of iron as
suggested by de Baar et al. (1995) to stimulate
the higher productivity in the frontal region.

The highest chlorophyll concentrations of up to
2mgm~3 are simulated at the southernmost
station at 64°S (Figs. 7 and 8), where an intense
diatom bloom was observed after the retreat of the
ice-edge (Brzezinski et al., 2001). The magnitude
and the temporal course of the simulated values

compare well with the data (Fig. 8). The mixing
regime at this station is different when compared
to the three northern stations. The mixed layer is
shallower, with depths around 15 m, and stratifi-
cation is more pronounced due to the input of
fresh meltwater in spring.

4.2. Nutrients

The simulated course of the surface nutrient
concentrations in comparison with the corre-
sponding observed values is shown in Fig. 9. At
all stations the model results compare well with the
observed magnitude and temporal course of the
inorganic nutrients. Also the mean nutrient con-
centrations in the upper 150 m of the water
column agree well (Fig. 10).
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by vertical integration over the uppermost 60 m.

At the northernmost station, the measured
surface DIN concentrations decrease only slightly
from 25mmol Nm™ in late October to
20 mmol N m™ in late February. The correspond-
ing uptake of silicic acid is more pronounced with
a reduction of surface concentrations from
14 mmol Si m 3 to 3 mmol Si m~>. The minimum
simulated  silicic acid  concentration  of
3mmol Sim™> is close to the half-saturation
concentration ks; of 3.6 mmol Si m~, implying
that silicic acid is at least temporarily regulating
diatom productivity at this site.

In the vicinity of the PF at 61°S, a seasonal
reduction of DIN from ~30mmol Nm™> to
~20 mmol N m~* occurs (Fig. 9). Silicic acid is
reduced from ~30 to ~4mmol Sim>. The
seasonal reduction of DIN and the drawdown of
silicic acid at this site are roughly doubled
compared to the nutrient reduction at 56°S. The
measured nutrient concentrations at 61°S are
scattered and reflect the high variability associated
with the meandering front, but the simulated
nutrients lie within the range of the measured data.

At the southernmost station at 64°S, the
strongest reduction of surface concentrations is
found. Observed DIN  decreases from
~30 mmol N m~ to ~20 mmol N m~>, and ob-
served silicic acid decreases from a maximum value
of ~50mmolSim™® to a minimum of
~4 mmol Si m~3, indicating the increasing impor-
tance of diatoms.

Comparing the seasonal reduction of surface
nutrients at the four stations, there is a dramatic
southward increase in the drawdown of silicic acid,
while the seasonal drawdown of DIN increases
only slightly. This indicates the uncoupling of the
nitrogen and silica cycles and the growing im-
portance of the silica pump toward the south. The
differences in light conditions between the stations
influence the pace at which silicic acid is taken up.
At the northernmost station, where the mixed
layer depths are larger, a drawdown of
10 mmol Sim™ takes more than two months
(from late October until mid January) while at
the southernmost station about 45 mmol Si m~*
are taken up in about 1 month (December).
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4.3. Community structure

In the Southern Ocean, phytoplankton blooms
are generally dominated by larger phytoplankton
(> 20 pym), mainly diatoms (de Baar and Boyd,
2000; Fiala et al., 1998; Jochem et al., 1995;
Laubscher et al., 1993). These periods of high
productivity represent deviations from the recy-
cling system, which is otherwise present and
characterized by low but stable standing stocks
of small plankton size classes (de Baar and Boyd,
2000) and intense microzooplankton grazing
(Landry et al., 2002; Becquevort, 1997). Further-
more a spatial distinction of the phytoplankton
community structure is observed with nanoflagel-
lates dominating north and diatoms dominating
south of the PF (Mengelt et al., 2001).

This qualitative picture is captured by the model
(Fig. 11). North of the PF, the diatom biomass (at
maximum 0.1 mmol N m~>) is lower than the
small phytoplankton biomass at around
0.2 mmol N m 3. Zooplankton biomass is in the
same range as phytoplankton at this site. At the

PF station at 61°S, a diatom bloom occurs with a
maximum biomass of 0.5 mmol N m~>. The small
phytoplankton are effectively controlled by zoo-
plankton grazing and do not exceed concentra-
tions of ~0.2mmol Nm™. The zooplankton
biomass varies around 0.3 mmol N m~>. At the
southernmost station at 64°S, the most intense
diatom bloom is simulated with maximum con-
centrations of 1.3 mmol N m .

The biomass of small phytoplankton and
zooplankton does not show a marked spatial
pattern between the different locations. Small
phytoplankton and zooplankton biomass remains
low and relatively stable at all four stations. A
pronounced spatial pattern is found in diatom
abundance, which is low at the northernmost
station but increases dramatically toward the
south. A comparison of simulated and observed
biogenic silica concentrations (Fig. 12) gives a
quantitative confirmation of this spatial pattern.
The data for the northern stations at 56°S and
59°S are sparse, but suggest significantly lower
biogenic silica concentrations than at 61°S and
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64°S, in agreement with the simulated values.
At 61°S, the simulated biogenic silica concentra-
tions underestimate the observed values. In the
SIZ at 64°S, the observed and simulated values

agree well.

787

4.4. Primary productivity, grazing pressure and
vertical flux

During summer, the simulated primary produc-

tivity

at  56°S  ranges

between

5

and
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10 mmol N m~2 d~! (Fig. 13). The major fraction
of primary productivity is due to small phyto-
plankton at this station, which make up about
80% of the daily production. At 61°S the
simulated primary productivity is higher with
values between 10 and 15 mmol Nm~ d~! and
the contribution of diatoms to the total produc-
tivity is higher. At the SIZ station at 64°S, the total
productivity ranges between 15 and
30 mmol Nm 2 d~" during the bloom and only
20 to 30% is due to small phytoplankton (Fig. 13).
The magnitude and the latitudinal differences are
in agreement with the observations. Sambrotto
and Mace (2000) reported daily DIN uptake rates
between 10 and 30 mmol Nm 2 d~' during the
AESOPS cruises and observed generally higher
uptake of nitrate south of the PF.
Satellite-derived estimates of monthly mean
primary productivity (Arrigo et al., 1998) are
shown in comparison with the simulated values at
the northernmost and the southernmost stations
(Fig. 13). The values compare well during the
growing season, except for a temporal shift of the
high productivity period at 64°S. This time lag

between increasing productivity in the satellite-
based estimates and in the model can be attributed
to the fact the satellite estimates integrate over a
relatively large latitudinal band and hence do not
capture the exact timing of the bloom at the model
location, which is constrained by the retreat of the
ice-edge. The order of magnitude of the estimated
and simulated yearly integrated production agrees
well (Table 6). In our simulation, the contribution
of small phytoplankton reduces toward the south
and the diatom production becomes more impor-
tant.

Our model does not include mesozooplankton
grazing on diatoms. This is consistent with
observations made during the AESOPS cruises
by Landry et al. (2002) who report small grazing
losses due to mesozooplankton. Also in other
regions of the Southern Ocean, mesozooplankton
grazing has been found to be negligible (Razouls
et al., 1998; Dubischar and Bathmann, 1997). On
the other hand, microzooplankton grazing is
observed to be intense and responds rapidly to
increases in primary production (Landry et al.,
2002; Becquevort, 1997). Landry et al. (2002)
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Table 6
Yearly integrated values of simulated primary productivity in comparison with observation-based estimates
56°S170°W 59°S170°W 61°S170°W 64°S170°W

Total DIN uptake [mol N m=? yr~!]

Model 1.0 1.2 1.4 1.8

180 production 24 1.8 2.3

14C uptake 1.0 1.3 1.3

CZCS estimates 2.0 2.0
Total Si uptake [mol Si m™> yr~]

Model 0.21 0.34 0.7 1.1

28i uptake 0.76 1.9 3.0
DIN uptake of small phytoplankton (% of total uptake)

Model 80% 73% 56% 43%
DIN uptake of diatoms (% of total uptake)

Model 20% 27% 44% 57%
Grazing pressure (% of phy production)

Model 40% 42% 42% 45%

Values for 30 production, '*C uptake, and *Si uptake were taken from Nelson et al. (2002). CZCS estimates are from Arrigo et al.
(1998). The fractions of simulated uptake by diatoms and small phytoplankton and the ingestion by zooplankton are given as well.

report losses between 70 to 80% of daily primary
production due to microzooplankton grazing. In
our simulation daily values of grazing fluctuate
between 50 and 100% of small phytoplankton
production during summer. The yearly integrated

values (Table 6) are lower with grazing of ~40%
of small phytoplankton production.

Simulated and observed vertical particle fluxes
are shown in Table 7 and Fig. 14. Vertical flux
measurements based on sediment traps were
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Table 7
Simulated and observed vertical particle fluxes
56°S170°W 59°S170°W 61°S170°W 64°S170°W

Simulated flux of dets; [mol Si m=> yr~']

At 100 m 0.66 1.10 2.11 3.53

At 400 m 0.19 0.31 0.57 0.89
Estimated flux of biogenic silica [mol Si m=> yr~!]

At 100 m* 0.64 1.4 1.4

At 1000 m® 0.28 0.38 0.94
Simulated flux of dety [mol N m=? yr~']

At 100 m 0.48 0.58 0.76 1.04

At 400 m 0.03 0.04 0.05 0.06
Estimated flux of particulate nitrogen [mol N m=> yr~']

At 100 m* 0.38 0.35 0.41

At 1000 m® 0.026 0.026 0.031
Si:N ratio of simulated vertical flux [mol : mol)

At 100 m 1.37 1.88 2.78 3.41

At 400 m 5.82 8.10 11.35 14.31
Si:N ratio of estimated particulate flux [mol : mol]

At 100 m* 1.7 4.0 34

At 1000 m® 10.8 14.6 30.3

Simulated values represent means over the period from October 1997 to September 1998. Flux estimates from Nelson et al. (2002).

*Based on 2**Th deficits.
®Sediment trap data.

obtained within the AESOPS study for the period
from December 1997 to January 1998 in the
different hydrographical zones (Honjo et al.,
2000). Before comparing the observed and simu-
lated vertical particle fluxes in Fig. 14, it should be
noted that the values represent different depths
with the most shallow traps deployed at ~1000 m
and the model extending only to 400 m. Hence
only the order of magnitude and the spatial and
temporal patterns should be compared. The
temporal course of the observed and simulated
fluxes agrees well.

The nitrogen fraction of the observed mean
vertical POM flux is relatively uniform in the
latitudinal direction, while the silica fraction
increases significantly southwards at 100 and
1000 m depth (Table 7). The simulated fluxes at
100 and 400 m depth show the same pattern, with
a relatively uniform flux of detrital nitrogen at all
stations and southward increasing fluxes of detrital
silica. The Si:N ratios of the simulated and
estimated vertical fluxes consistently show an
increase southward due to the increasing impor-
tance of diatoms and with depth due to the
differential remineralization of nitrogen and silica.

5. Sensitivity of the model results to parameter
choices

Defining the parameters in marine ecosystem
models is generally not straightforward. In Section
3.5 we summarized the available observation-
based estimates for the model parameters in
comparison with our parameter choices. Informa-
tion on metabolical loss rates and grazing is very
limited. For parameters related to nutrient uptake,
sinking and remineralization, the range of reported
values can be substantial. For example, for the
half-saturation concentration ks; and the vertical
sinking rates wgi, and wge, the reported values
vary by orders of magnitude. We performed a
sensitivity analysis to check how strongly the
model results depend on perturbations of the
uncertain parameters.

We explored the sensitivity to variations of the
parameters by perturbing every parameter by
+50% of its value. Following Pondaven et al.
(2000), we explored the effect of the perturbations
by comparing selected model outputs. We chose
the yearly primary productivity, the vertical
particle flux of detritus at 400 m, the maximum
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concentrations of the three plankton groups dia,
phy and zoo, and the minimum concentrations of
the inorganic nutrients, din and sia, as model
diagnostics. The model’s sensitivity to each of the
parameters is indicated in Table 2.

Perturbing the growth and grazing rates
Hdia> Hphy> and i, and the light parameter & has
the strongest effect on the model results. Perturba-
tion of the sinking velocity influenced the simu-
lated export flux markedly. The response of the

model to perturbations of the maximum diatom
growth rate puge* is shown in Fig. 15. The
maximum values of the diatom biomass increase
almost linearly with increasing uf* and roughly
double for an increase of yj>* of 50% (Fig. 15a).
The same response is found for the integrated
primary productivity and the export flux (Fig. 15¢
and d). Perturbation of pugi* has no significant
effect on the small phytoplankton and zooplank-
ton biomass (Fig. 15b). The maximum diatom
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biomass for  upi* —50% is  very low
(~0.1 mmol N m™), and the nutrient drawdown
is strongly reduced in this case, in particular at the
two southernmost stations (Fig. 15¢ and f). The
same model response is found for perturbations of
the light parameter & which also enters the
parameterization of the diatom growth rate.
Perturbation of the maximum growth rate of
small phytoplankton Hphy also has a strong effect
on the simulated primary production. The inte-
grated primary productivity increases almost
linearly by ~700 mmol Nm 2 yr~! for an in-
crease of um** by 50%. The export flux, the

. phy .
maximum diatom biomass and the drawdown of

silicic acid are not affected by variations of pi.
Interestingly the small phytoplankton biomass
changes only slightly while the response in
zooplankton is stronger (Fig. 16a). This illustrates
the efficient “top-down” control of small phyto-
plankton productivity by grazing, which is pro-
vided by the strong coupling between small
phytoplankton and zooplankton grazers. The
increased phytoplankton production is cropped
efficiently by quickly responding zooplankton,
which accumulate while the small phytoplankton
biomass remains at the same level.

Perturbation of the maximum grazing rate u2*

Z00
showed a qualitatively different, asymmetric
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response of the model. While increasing o+ had
no effect on the results, a decrease by 50% had a
very pronounced effect on small phytoplankton
and zooplankton biomass (Fig. 16b). The biomass
of the small phytoplankton and zooplankton
increases for the smaller grazing rate in particular
at the two southern stations (Fig. 16b) and the
drawdown of din increases as well. This case
represents an “out of balance” coupling between
the small phytoplankton and their grazers. An
accumulation of small phytoplankton standing
stocks is possible and occurs because the grazers
do not respond quickly enough to control phyto-
plankton biomass.

Variations in the sinking velocity of diatoms and
detritus primarily affect the export flux, which
increases for higher sinking rates, and the max-
imum diatom biomass, which decreases. The
model results show no sensitivity to the half-
saturation concentration for nitrogen uptake kn,
as expected for the high dissolved inorganic
nitrogen concentrations, or the loss rates of small
phytoplankton and zooplankton Lphy and L.
Variations of the loss rate of the diatoms Lg;, lead
to small responses in the maximum diatom
biomass and the drawdown of inorganic nutrients.
We did not observe a strong response to perturba-
tions of the half-saturation concentration for
silicic acid uptake ks;. The minimum values of
silicic acid increased at the southernmost station
by about 4 mmol Si m~> for each 50% reduction
of ksi, but the effect at the other stations is less
pronounced. Variations in the remineralization

rates rn and rs; only affect the export flux that
increases for smaller remineralization rates.

In summary, the model is robust and no
unexpected response to parameter perturbations
occurred. The model results are most sensitive to
variations of the maximum growth parameters and
light parameters for which observation-based
estimates exist. Less quantitative information is
available on the maximum grazing rate, but we
have chosen the parameter according to the
qualitative picture of a strong coupling between
phytoplankton and grazers. The results are not
sensitive to the actual choice of the grazing
parameter as long as it represents the region of
strong grazer control in parameter space. If the
grazing rate lies outside of this region, meaning the
balance between primary producers and grazers is
disturbed and ‘“‘top-down” control is not impor-
tant, small phytoplankton and zooplankton bio-
mass increase considerably. Fortunately the model
results are not sensitive to the loss parameters for
which we have practically no quantitative infor-
mation.

6. Summary and conclusions

We suggest a simple biochemical model for the
pelagic system of the Southern Ocean that includes
the cycling of silica and nitrogen, diatoms as a
single functional group, and a tightly coupled
balance between small phytoplankton and zoo-
plankton. The model is applied to four stations in
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different biogeochemical regions of the southwest
Pacific sector, namely the Polar Frontal Zone
north of the Polar Front (PF), the vicinity of the
PF, and the Seasonal Ice Zone south of the PF.
The employed set of biological parameters, based
on observational and experimental estimates from
the Southern Ocean, turned out to be applicable
for the different biogeochemical systems. This
suggests that the formulation can be applied in a
3D circulation model that spans the subsystems.
Comparison of the simulations with observations
shows that the essential features of the different
subsystems are captured by the model, including
the seasonal cycles of chlorophyll, dissolved
inorganic nitrogen, silicic acid, biogenic silica,
and primary production. Also, the increasing
importance of diatoms toward the south and the
patterns of vertical particle flux are simulated in
agreement with observations.

In the model simulation the specific growth rate
of the small phytoplankton increases in spring
with the establishment of stratification and in-
creasing solar radiation, but the standing stocks
are controlled by efficient grazing. Zooplankton
quickly respond to increased production and keep
small phytoplankton biomass at stable, relatively
low levels at all four stations. In contrast to the
“top-down” control of small phytoplankton, the
diatoms are regulated “‘bottom-up” by the avail-
able light and silicic acid concentrations and
bloom in early summer when the light/mixing
regime becomes favorable. The light conditions
improve toward the south because the mixing
depths are becoming shallower, and primary
productivity and diatom biomass increase corre-
spondingly. The increase in silicic acid concentra-
tions toward the south is another important factor
in determining diatom biomass and the amount of
exported biogenic silica. It appears that the light/
mixing conditions set the pace of the nutrient
uptake while the available silicic acid (mainly
determined by the initial concentrations before the
start of the growing season) sets an upper limit on
seasonal diatom production and export. The
influence of variations in silicic acid concentrations
and light on the diatom growth rate is illustrated in
Fig. 17. The major seasonal fluctuation of the
growth rate is due to variations in the photo-

synthetically available radiation at all four sta-
tions. The relative importance of silicic acid as a
control of diatom productivity decreases along the
latitudinal gradient toward the south. While the
availability of silicic acid regulates diatom pro-
ductivity at the northernmost station, it only
temporarily reaches low enough values to limit
the actual growth rates at the three southern
stations.

The controls of the model-predicted primary
productivity are different for the two phytoplank-
ton groups and at the different stations. We
identified three main controls: grazing, light
availability, and silicic acid concentrations. The
spatial differences in simulated patterns are mainly
explained by variations in the light/mixing regime
and the availability of silicic acid, which becomes
temporarily important in late summer. Intense
microzooplankton grazing is equally important at
all stations in controlling standing stocks of small
phytoplankton. The spatial and temporal switches
between the controls of diatom productivity are
subtle and emphasize that there is not a single
ultimate control.

We invoke iron control implicitly by assuming
growth rates that are typical for the low iron levels
in the Southern Ocean. This approach turned out
to be suitable for modeling the observed con-
temporary patterns. An increased supply of iron
due to upwelling associated with the meandering
PF has been suggested to explain higher chlor-
ophyll levels in the vicinity of the PF (de Baar et al.,
1995). In contrast to this hypothesis, our model
captures the higher levels of chlorophyll in the
vicinity of the PF without invoking an increase in
specific growth due to higher iron supply. The
temporarily favorable light conditions in the front
result in higher chlorophyll levels in the model in
agreement with the observed values. This is
consistent with the findings of Arrigo et al.
(1998) and Sambrotto and Mace (2000) who found
that light availability is the main environmental
factor determining productivity. If our model had
failed to reproduce the seasonal pattern at the PF
stations, this could have been interpreted as a
corroboration of de Baar et al.’s hypothesis, but
since our model results are in good agreement with
the observations we cannot draw this conclusion.
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It is thought that higher airborne iron inputs
during the Last Glacial Maximum resulted in a
strong increase in primary productivity and export
of carbon in the Southern Ocean (Moore et al.,
2000; Martin, 1990). In a glacial model scenario
the phytoplankton growth formulations, in parti-
cular the maximum growth rates, the light para-
meter, and the diatom stoichiometry, will have to
be modified to take the effect of higher iron supply
into account. In our sensitivity study, we explored
the response of the model results to variations of
the phytoplankton growth rates. An increase of
the specific growth rates that would result from
higher iron availability leads to increases in
primary and export production and higher diatom
biomass. Small phytoplankton biomass does not
change for an increased growth rate since the small
phytoplankton standing stock is controlled by
zooplankton grazing but zooplankton biomass
accumulates at higher levels. The model is most
sensitive to variations in the phytoplankton
growth rates, implying that changes in iron supply
with subsequent changes in phytoplankton growth

rates can have a substantial effect on primary
productivity, biological structure, and carbon
export.
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