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Results from a high-resolution ocean-ecosystem model of the Ross Sea
Antarctica for the period 1979-1998 are presented. The dominant surface species
composition in the central shelf region of the model varies during the 1979-1998
period, with diatoms favored during 5 summers; the remaining summers were
characterized by P. antarctica-dominance. Diatoms were favored in years with
shallow (~10 m) mixed layer depths. Slower ice retreat, higher ice melt rates and
weaker wind speeds favor shallow mixed layer depths in the model. Mean sum-
mer primary productivity is 10% higher in diatom years (0.96 g C m2 d-!) com-
pared to P. antarctica-dominated years (0.80 g C m2 d-1). Average annual pro-
ductivity in diatom years was found to be 98.8 g C m-2 yr-! compared to 80.0 g C
m=2 yr-! in P. antarctica-dominated years. Productivity is higher in diatom years
because of incomplete utilization of iron by diatoms, resulting in a weak, late P.
antarctica bloom in these years. The model results indicate that if surface strati-
fication were to increase in the central Ross Sea shelf region as a result of increas-
ing anthropogenic CO,, a significant shift in dominant species composition would
occur. The model indicates that under such conditions, iron limitation on the cen-
tral Ross Sea shelf would be reduced.

1. INTRODUCTION

Recently, Arrigo et al. [in press] reported on the use of
a high resolution ocean-ecosystem model capable of
simulating many of the observed properties of the Ross
Sea ecosystem. The model contained two phytoplankton
species representing P. antarctica and diatoms, a single
grazer, detritus and the nutrients iron and nitrate. By
invoking photoinhibition of P. antarctica in high irradi-
ance and shallow mixed layers, the authors were able to
simulate the observed species distribution, characterized
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by diatoms on the western shelf and P. anfarctica in the
central shelf. Arrigo et al. [in press] showed that under
climatological forcing, mixed layer depth determined
species composition in the model Ross Sea.
Furthermore, iron was found to be critical in determining
the annual productivity in the model. Annual productivi-
ty in the model was lowest in the P, antarctica-dominat-
ed central shelf due to iron limitation while the diatom-
dominated western and eastern shelf regions had
enhanced productivity associated with summer meltwa-
ter influx of iron into surface waters.
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Interannual variations in wind speed and ice condi-
tions affect three critical components identified in the cli-
matological model: the spring iron concentration
(derived from deep water sources), the summer mixed
layer depth and the summer surface iron flux. The sensi-
tivity of the modeled species composition and primary
productivity to these variations must be evaluated in
order to gauge the sensitivity of the modeled ecosystem
to either short or long term climate perturbations. Such
perturbations may include an increase in precipitation
and intensified ocean surface stratification as a result of
increasing anthropogenic CO, [Sarmiento et al., 1998].
Recent studies [Arrigo et al., 1999; Arrigo et al., in
press] have suggested that increasing surface stratifica-
tion could result in a shift in phytoplankton community
composition from P. antarctica to diatoms. Such a taxo-
nomic shift has implications for global biogeochemical
models which assume that CO, draw-down is propor-
tional to PO, removal [Sarmienfo and Le Quere, 1996;
Sarmiento et al., 1998]. In these models, a shift in the
predominant community from P. antarctica to diatoms
would decrease the CO, draw-down estimated from the
C:P ratio by approximately 52% [Arrigo et al., 1999].

In order to evaluate the sensitivity of the Ross Sea cou-
pled ocean-ecosystem model described by Arrigo et al.
[in press] to interannual variation in environmental forc-
ing, a 19 year integration from 1979-1998 was carried
out. Described here are the variations in species compo-
sition and primary productivity within the central shelf
region of the model in response to interannual variation
in atmospheric and sea ice forcing.

2. THE MODEL

The ecosystem model used in this study contains two
species of phytoplankton (P. antarctica and diatoms), a
single zooplankton species, detritus and two nutrients
(iron and nitrate). In the model, P. antarctica is shade-
acclimated and photoinhibited at high light levels.
Diatoms have a higher intrinsic growth rate, a lower iron
affinity, a lower iron requirement and are adapted to high
light levels (Table 1). Iron and nitrate, depleted from the
surface layers during the summer growth season, are
replenished with high concentration near-bottom waters
by winter-time deep convective mixing. Aeolian-deposit-
ed iron incorporated into snow and ice is released into
the ocean surface layer during spring and summer ice
melt. Grazers are non-discriminating, with the prey cap-
ture rate and assimilation rate assumed equal for P
antarctica and diatoms. A complete description of the

TABLE 1. Model phytoplankton parameters

Description Value

P. antarctica max. specific growth rate 0.59 1
Diatom maximum specific growth rate 0.71 ¢!

P. antarctica photoadaptation parameter 30 pEin m2 s
Diatom max. photoadaptation parameter ~ 90 pEin m~2 s°1
P. antarctica half-saturation for Fe 0.01 ;M
Diatom half-saturation for Fe 0.10 nM

P. antarctica photoinhibition threshold 100 pEin m2 s-!

ecosystem model and it’s response to climatological
forcing can be found in Arrigo et al. [in press].

The ecosystem model is embedded into the Princeton
Ocean Model (POM), a primitive equation ocean circula-
tion model for a hydrostatic, incompressible and
Boussinesq fluid [Blumberg and Mellor, 1987] with an
embedded turbulence closure model [ Mellor and Yamada,
1982]. It has a free surface and utilizes a terrain-following
o-coordinate system in the vertical and a curvilinear coor-
dinate system in the horizontal. The model predicts the
three dimensional fields of potential temperature, salinity,
and velocity in response to surface and lateral boundary
conditions of heat, salt, and momentum. A complete
description of the model equations and numerical scheme
can be found in Mellor [1996] and references therein.

2.1. Surface Fluxes

The specifications of surface fluxes applied to the
POM model in this study are based on standard flux cal-
culations and remotely sensed sea ice concentration. The
specifications of surface fluxes in the present model were
previously described by Markus [1999] using a mixed
layer model of the Southern Ocean and are included here
for completeness.

The surface flux of heat in W m-2, defined positive for
surface cooling, is

F, =(-4) 0,, + 40, (1)
where 4 is the specified ice concentration, Q,, is the flux
of heat from ocean to atmosphere [Parkinson and
Washington, 1979], and Q,, is the flux of heat from the
ocean to the ice.

The heat flux from ocean to ice Q,, is given by

Qia= Ki (To'Tf) (2)

[Maykut and McPhee, 1995] where T is the tempera-

ture of the first vertical grid point and 7= -0.05435, is
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the freezing temperature at Sy, the salinity of the first ver-
tical grid point. The coefficient K; (W m2 K-1) depends
on the friction velocity and is given by
K.=p,c,c.u 3)
where p,, = 1026 kg m-3 is the density of seawater, ¢, =
3990 J kgt K-! is the heat capacity of seawater, ¢, =
0.006 is Stanton number, and u* = |1//p,, is the friction
velocity calculated from the surface stress.
The surface stress 7 for ice-covered regions is given by
r=(1-A)r , +Ar, 4
where T, is the air-water stress and 7; is the ice-water
stress. The air-water stress is given by
7, =P,Cal U omlUiom ®)
where ¢; = 2.2x10-3 is the air-water drag coefficient, and
Ulom is the 10 m wind vector. The ice-water stress 7, is
determined by the relative velocity between the ice and
water. Since in the present model ice is not a prognostic
variable, no ice velocities are available and a simplifying
assumption must be employed. Here, the ice water stress
1; is approximated by r7,, [Tang, 1991]. For the present
model r is set to a value of 1, representing a value midway
between land fast ice (» =0) and freely drifting ice (» =2).
The 10 m wind fields used to calculate #* give an aver-
age value of the parameter K; in the Ross Sea between 60
and 300 W m2 K-1 during the year. Values of K; deter-
mined by the 10 m wind fields were found to generate
large volumes of shelf water with salinity greater than 35
psu, primarily as a result of relatively weak heat flux at
the ocean-ice interface. As a result, in the present model
a constant value K is added to the right hand side of
Eq. 7; the value of K, used in the present model is 600 W
m2 K-1. The total value of K; used is well within the
range of K; values from the scientific literature which
include 2 W m2 K-! [Willmott and Mysak, 1989], 300 W
m2K-1{Tang, 1991] and 1260 W m2 K-! [Hékkinen, 1987].
The heat flux from ice to atmosphere in Q,; is

_ klks(Tf _I:z)

“ kihs + kshi (6)

[Semtner, 1976] where T, is the 2 m air temperature, k=
0.31 Wm2 K-! and k; = 2.04 W m2 K-! are the thermal
conductivities of snow and ice, respectively, 4, is the
thickness of snow, and #; = 0.5 m is the specified ice
thickness.

The net volumetric ice production W, in m s-1, positive
for ice growth and negative for ice melt, is given by

W, = (L4) W, + AW, 9

where the net basal melting (positive) or accumulation
(negative) W,, in m s'! is

W= Lo Cu ®)
Lp,
and the open water freezing (positive) W, in m s is
= ©)
Lp,

where L = 3.347x105 J kg-1 is the latent heat of fusion of
seawater and p; = 930 kg m-3 is the density of sea ice. The
salinity flux at the surface of the ocean in psu m-! sl
positive for surface freshening, is

F = (= A)PS, =W, (S,= S)]+ A4 L, (5, = 5)(10)
where P = 0.35 m yr! is the specified precipitation rate
distributed evenly through the year [Harder and Lemke,
1994], S5 = 0.31S, is the salinity of frazil ice [Martin and
Kaufmann, 1981] and S; = 5 psu is the ice salinity
[Eicken, 1998].

2.2. Initialization and Forcing

The model domain for this study encompasses the
Ross Sea sector of the Southern Ocean extending from
135°E to 60°W and from 58°S to 78°S (Figure 1). The
closed northern boundary was chosen to lie in a region of
relatively zonal flow and the extent of the model domain
was chosen to minimize the effect of lateral open bound-
aries on the region of interest. The southern boundary of
the model in the region of the Ross Ice Shelf is closed.
The horizontal grid spacing varies over the model
domain, with highest resolution on the continental shelf
of the Ross Sea, south of Cape Adare and west of 150°W.
The model grid spacing on the Ross Sea shelf varies
from a minimum of & ~d&y ~21 km at the southern
boundary to a maximum of & ~&y ~31 km near Cape
Adare. Model grid spacing increases away from the Ross
Sea shelf to maximum &x ~ 180 km and &y ~ 100 km at
the northern boundary. The bottom topography for the
model grid was interpolated from the TerrainBase5 data
set (supplemented by the General Bathymetric Chart of
the Oceans (GEBCO) data set). The minimum depth of
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Fig. 1. The Ross Sea model domain. The 800 m isobath is highlighted. The region defined as the central Ross Sea shelf is indi-

cated by the light gray box.

the model domain is approximately 50 m. The 23
o-levels in the model are distributed smoothly in the ver-
tical with an emphasis on resolution in the upper 200 m
of the water column.

Atmospheric conditions required to force the model
include total cloudiness, zonal and meridional winds at
10 m, sea level pressure, and specific humidity and air
temperature at 2 m. The surface forcing fields were the
daily mean products obtained from the National Centers
for Environmental Prediction/National Center for
Atmospheric Research Reanalysis Project [Kalray et al.,
1996] for the period 1979-1998 provided by the NOAA-
CIRES Climate Diagnostics Center. The daily average
values were further averaged over 5 day periods to create
a long term (1979-1998) mean 5 day surface forcing data
set. Similarly, the sea ice concentrations for the period
1979-1998, calculated using the NASA Team algorithm
[Cavalieri et al., 1984; Gloersen and Cavalieri, 1986;

Cavalieri et al., 1992], were averaged into a long term 5
day mean data set. Monthly mean snow cover for 1979-
1998 [Markus and Cavalieri, 1998] were averaged to
form a long term monthly mean snow coverage. A sec-
ond set of 5 day mean atmospheric and sea ice data and
monthly mean snow data was created in similar fashion
for each individual year in the 1979-1998 period.

The results discussed here are from a 19 year run
beginning 1 July 1979 and continuing through to 30 June
1998. The model was initialized from the ocean-ecosys-
tem model state at the end of a 70 year integration under
climatological 5 day mean forcing [Arrigo et al., in
press]. During each year of integration in the 19 year run,
daily averages of model fields were saved on the 7th, 14th,
21st and 28t calendar day of each month. For the pur-
posés of model results presented here, the central Ross
Sea shelf is defined as 172°E to 177°E and from 77°S to
75.5°S. This 24,000 km? region typically encompasses
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both the Ross Sea polynya and the peak summer bloom
within the model and represents approximately 6% of the
total shelf (depth <800 m) area. For each year of model
integration, the daily mean model fields were area-aver-
aged within the defined central Ross Sea shelf region.

3. RESULTS AND DISCUSSION
3.1. Variation of Surface Forcing
The mean 10 m wind speed in the central Ross Sea

region undergoes significant variation during the 19 year
model integration (Figure 2a). From the start of the model
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integration in 1979 through 1986 the mean wind speed in
the model is 3.7 m s-!. During this period, minimum sum-
mer (mid-December) wind speeds are <2.0 m s-! and peak
autumn (March) wind speeds reach 5.0 m s-1. Between
January 1987 and the end of March 1992 the mean wind
speed is 6.3 m s1, a 70% increase over the previous mean
value. The seasonal range of wind speeds is smaller in
this period, from a summer minimum of about 5.0 m s-!
to a autumn maximum of about 8.0 m s~!. After March
1992, the mean wind speed decreases again to 4.5 m s-1,
with a seasonal range of 3.0 m s to about 7.0 m s-1. A
similar temporal variation in wind speed during the 19
year integration, though with a smaller variation in range,
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Fig. 2. The a) 10-m wind speed (m s-1) b) ice production (cm d-1), ¢) mixed layer depth (m) and d) upper 20 m iron con-
centration (nM) in the central Ross Sea region during the 19 year model integration.
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is also seen on the western and eastern shelf of the model
(not shown). The temporal variation in wind speed over
the Ross Sea shelf illustrates one of the shortcomings of
using a relatively coarse (2.5° x 2.5°) resolution global
model to specify atmospheric forcing in a region of noto-
riously sparse data sources.

Regional mean ice production in the model (Figure 2b)
generally peaks in early August at about 25 mm d-l,
though ice production rates in excess of 40 mm d-! occur
in 1982, 1988, and 1991. Because ice conditions in the
model are specified using observed satellite data, the vari-
ation in wind speed between 1987 and 1992 discussed
above is not reflected in a similar temporal trend in ice
production in these years. Summer ice melt typically
begins in mid-November and peaks at the end of
November at about —~10 mm d-1. The spring melt rates in
1980-1984 are significantly higher than normal, with an
average value in these years of —14 mm d-1. A second ice
melt period occurs in late February as the fall freeze-up
begins. This additional ice melt is due to a lag between the
model predicted surface temperatures which are still
above freezing at this time and the specification of ice con-
centration derived from satellite observations. Autumn ice
melt during this period is generally slightly stronger than
in summer, with an average value of about —12 mm d-1.

Mixed layer depths in the central Ross Sea region of the
model vary from as deep as 340 m to less than 10 m
(Figure 2¢) during the model integration. The deepest
mixed layers are reached in late August to mid-September,
a time when the water column is only marginally stable
and brine rejection during sea ice formation leads to deep
convective mixing. Winter mixed layers are deepest in
years with high rates of sea ice production regardless of
the wind regime. As ice production wanes in late October
and summer ice melt begins, mixed layers begin to shoal;
by the end of November mixed layer depths are near 20 m.
Summer mixed layer depths are deepest during the period
of strongest winds, reaching more than 40 m deep at the
end of December 1990. Absorption of solar radiation in
shallow mixed layers leads to warmer surface tempera-
tures and enhanced ice melt (Figure 2b) compared to years
with deeper mixed layers.

The highest iron concentrations in the central Ross Sea
are reached in mid to late winter (Figure 2d) as deep con-
vective mixing replenishes the iron-depleted surface
water with deep and bottom water [Arrigo et al., in
press]. Years with higher winter ice production rates and
deeper winter mixed layer depths have higher spring iron
concentrations. The 19 year mean upper 20 m iron con-
centration in late winter is 0.44 nM, with values as high
as 0.50 nM in 1982 and as low as 0.39 nM in 1992.

3.2. Variation of Species Composition

The modeled interannual variability of surface
species composition in the central Ross Sea shelf region
in the 1979-1998 period is shown in Figure 3. During
the first six years of the model integration, the summer
(DJF) seasons were dominated by December diatom
blooms (Figure 3a). These diatom blooms began as
early as mid-November and peaked in mid-December
with chlorophyll a (Chl a) values greater than 10 mg m-3
(Figure 3b), reaching almost 20 mg m-3 in both 1981-
1982 and 1984-1985. Beginning in 1986, the species
composition in the model switched to P. antarctica-
dominance, continuing in that mode except for the sin-
gle 1993-1994 season when diatoms became the domi-
nant species in early January. Surface Chl a concentra-
tions were lower in P. antarctica-dominated years, with
peak values usually less than 8 mg Chl g m-3.

The range of mean surface Chl @ in the model during
the 19 year integration is within the satellite observed
surface Chl 4 in this region. In the model, the peak sur-
face Chl a values range from about 7.3 mg m-3 to almost
20 mg m-3. Satellite observations from CZCS, OCTS and
SeaWiFS show that the mean Chl a in the region of the
central Ross Sea shelf ranges from about 3.0 mg m-3 in
mid-December 1996 to more than 16.0 mg m- in early
January 1978. The model tends to slightly overestimate
the surface Chl a values, especially in years when the
satellite observations report low Chl a values. The com-
pressed range of the model surface Chl a values com-
pared to the satellite record is most likely due to the lim-
itations imposed by using 5 day mean atmospheric data
to force the model. In particular, the fractional cloudiness
fields in the model tend to remain between 0.4 and 0.6
resulting in surface irradiance values which tend to
compress the dynamic range of the model surface Chl a
values.

A comparison between model output and in situ data is
complicated by the differing spatial and temporal scales of
the model output and data collected from the field.
Surface Chl a values measured in situ between 16
December 1996 and 8 January 1997 were as high as 7.0
mg m-3 [Arrigo et al., 1999] (at a single station), with a
mean value of more than 5.0 mg m-3 in the central Ross
Sea shelf region. In comparison, the peak surface Chl a
value in the central Ross Sea region of the model during
the 1996-1997 season was 13.6 mg m-3; the regional mean
value reaches a peak of 8.5 mg m-3. The species composi-
tion measured in situ was predominantly P. antarctica, in
agreement with the model species composition which was
more than 85% P. anfarctica during December 1996.
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Fig. 3. The surface a) species composition (%) and b) biomass (mg Chl @ m™3) in the central Ross Sea shelf region during the
model integration. Species composition is defined as the percent of the total biomass represented by each species. In a) the con-
tour interval is 10%,; solid lines refer to P. antarctica and dashed lines to diatoms. In b) the contour interval is 2 mg Chl g m-3
between 0 and 10 mg Chl g m-3; the stippled regions indicate values greater than 15 mg Chl g m-3.
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As shown by 4#rigo et al. [in press], species composition
in the model is determined by mixed layer depth. Deep
mixed layers favor P, antarctica, as the shade-acclimated P,
antarctica out-compete diatoms in low irradiance waters;,
shallow mixed layers favor diatoms due to photoinhibition
of P. antarctica at high irradiance levels. Diatoms tend to
dominate within the first years of the model integration
when summer wind speeds are lowest (Figure 2a) and
mixed layers most shallow (Figure 2c¢). Mid-November
wind speeds are approximately 50% lower for the model
years when diatoms dominate the surface waters of the
central Ross Sea (1980-81, 1981-82, 1983-84, 1984-85 and
1993-1994) compared to P. antarctica years (2.3 m s1 vs.
5.2 m s'1). The resulting mixed layer depths throughout the
summer season are significantly lower in diatom years
(Figure 4), averaging 9.8 m for diatom years compared to
25 m in P, antarctica-dominated years.

Shallow mixed layers and diatom-dominance are
determined by ice conditions which include later ice
retreat and stronger ice melt. Summer ice melt and mixed
layer depth are coupled through the absorption of solar

1 1 1 1 1
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radiation, which warms the surface waters of shallow
mixed layers, leading to enhanced ice melt. Since sea ice
concentration in the model is specified from satellite
observations, higher ice melt rates (and warmer, shal-
lower mixed layers) result when ice persists later in the
austral spring. In the model, diatom-dominated years
have an average ice concentration in mid-November
(0.51) that is approximately 10% higher than in P
antarctica years (0.46). The central Ross Sea shelf region
becomes ice-free (defined as a mean ice concentration
<0.20) an average of 5 days later in diatom years (julian
day 335) compared to P. antarctica years (julian day
330). Warmer surface temperatures in the shallow mixed
layers of diatom years result in mid-November ice melt
which is approximately 3 times higher (—-03.8 mm d-! vs.
—1.3 mm d-!) than in P. antarctica-dominated years.

3.3. Variation of Primary Productivity

Total integrated productivity in the model increases
rapidly in a one month period, from an average of <0.1 g
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Fig. 4. The average mixed layer depth (m) in years dominated by diatoms (A) and P. antarctica (O).
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C m? d! in mid-November to 2.0 g C m2 d-! by mid-
December. The subsequent decline in productivity takes
place over a much longer period, with a mean productiv-
ity value 0of 0.37 g C m-2 d-! as late as mid-February. The
yearly productivity peak during the 19 year integration
ranges from a high of about 2.9 g C m-2 d-! in December
1981 to about 1.7 g C m2 d-! in December 1993 (Figure
5). Mid-February productivity ranges from 0.59 g C m=
d! in February 1998 to 0.25 g C m2 d! in February
1997.

The variation in total integrated productivity shown in
Figure 5 is not directly related to the species composition
at the surface. While diatoms dominate at the model sur-
face in years with shallow mixed layers, P. antarctica are

101

favored at depths below the mixed layer where irradiance
levels are lower and photoinhibition is unimportant. In
diatom-dominated years, P. antarctica biomass peaks at
about 2.0 mg Chl a m-3 at depths between 10 and 20 m
(Figure 6). Thus, even at the time of peak surface diatom
biomass, about 27% of the integrated daily productivity
is attributable to P. antarctica (Figure 6a). Conversely, in
P. antarctica-dominated years, diatoms reach 2 mg Chl a
m3 in the near surface waters (Figure 6b), significantly
less than the ~8 mg Chl @ m- seen in diatom years, but
still high enough to contribute roughly 20% to the peak
integrated productivity (Figure 7b).

The variation in peak productivity in the model is pri-
marily related to interannual variations in mixed layer
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Fig. 5. The daily total (P. antarctica + diatoms) integrated production (g C m2 d'l) during the model integration.
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Fig. 6. The profile of diatom (A) and P. antarctica (O) biomass
(mg Chl a m'3) in mid-December in years dominated by a)
diatoms and b) P. antarctica.

development and surface iron concentration in late
November and early December. For example, in both
1980-1981 and 1981-1982, diatoms dominate at the sur-
face and the peak productivities are 2.0 g C m2 d-! and
2.9 g C m2 d-!, respectively (Figure 5). In both these
years, strong ice melt and very light summer wind speeds
produce very shallow (<10 m) mixed layers (Figure 2).
Photoinhibition of P. antarctica is particularly strong,
resulting in extremely low P. antarctica biomass within
the mixed layer; P. antarctica contributes less than 0.40
g C m2 d! (12%) to the peak total integrated productiv-
ity in these years. The variation in peak productivity
between years is determined by the diatom productivity;
in 1980-1981, the shallow mixed layer develops in mid-
November, about 2 weeks earlier than in 1981-1982 and
much earlier than the time of peak summer irradiance.
Diatoms in 1980-1981 become iron limited by early
December, resulting in a much lower peak productivity
in this year.

In both 1985-1986 and 1986-1987, P. antarctica dom-
inates at the surface and the peak productivities in these
years are 1.9 g C m2 d-! and 2.6 g C m2 d-, respective-
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ly (Figure 5). In both years, relatively strong 10 m wind
speeds and weak ice melt result in mixed layer depths
greater than ~15 m through mid-December (Figure 2). In
1985-1986, however, the mixed layer shoals briefly after
mid-December in response to weaker winds beforedeep-
ening again after mid-January. The P. antarctica bloom is
moderated by the shoaling mixed layer, resulting pho-
toinhibition and a peak P. antarctica productivity of less
than 1.40 g C m2 d-!. More importantly however, the
peak diatom productivity in 1985-1986 occurs about a
week after the peak P. antarctica productivity, during the
period when the mixed layer shoals. This offset in P.
antarctica and diatom peak productivity results in a
lower productivity maximum, though one which extends
over a slightly longer period.

3.4. Regulation of Primary Productivity

The mean summer daily productivity during the 19
year model integration was 0.88 g C m2 d-1, with a range
from a low 0f 0.71 g C m2 d-! in 1996-1997 to more than
1.0 g Cm2 d! in 1984-1985 and 1993-1994. The annu-
al productivity ranged from a low of 78 g C m2 yr'l in

a) " N N . N 1

Diotom years -

9 C/m2/doy

T T ¥ y T T T ¥ T ¥ T
JUL AUG  SEP QCT  NOV  DEC  JAN FEB MAR APR  MAY  JUN

P antarctica years -

g C/m2/day

0.00 r . . " T T . r ; " .
Jdui AUG SFP ocT NOV ofc JAN FFB MAR APR MAY JUN

Fig. 7. The daily integrated productivity (g C m2 d-1) of
diatoms (A) and P. antarctica (O) in years dominated by a)

diatoms and b) P. antarctica.
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1992-1993 to a high of more than 104 g C m2 yr! in
1993-1994, with a 19 year mean value of 92 g C m™
yrl. In five of the 19 years, annual productivity was
more than 100 g C m2 yrl. The mean summer daily pro-
ductivity was 10% higher in diatom-dominated years
(0.96 g C m-2 yr1) than in P. antarctica-dominated years
(0.85 g C m2 yr!), reflecting the longer bloom in diatom
years caused by an increase in P. antarctica productivity
from early January through mid-February (Figure 7).
This increase in late summer productivity resulted in
annual production in diatom years (98.8 g C m2 yrl)
which was also 10% greater than in P. antarctica-domi-
nated years (89.0 g C m2 yr!).

The higher average daily and annual productivity in
diatom years is a consequence of a shallow mixed layer,
which itself is the result of slower ice retreat, greater ice
melt, and lower wind speed. Since acolian deposited iron
is released into the surface layer of the model during ice
melt [Arrigo et al., in press], the slower ice retreat and
higher ice melt rate also result in a November iron con-
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centration that is about 0.07 nM higher at the surface in
diatom years than in P antarctica-dominated years.
However, as surface iron drops below about 0.10 nM, the
lower iron affinity of diatoms (K;=0.10 nM) begins to
limit their growth rate while the growth rate of P. antarc-
tica, with a higher iron affinity (K,=0.01 nM), is not lim-
ited by the depleted iron stock. Coupled with decreasing
irradiance levels and increasing mixed layer depths
(Figure 4) after mid-December, P. antarctica undergo a
mild January bloom, yielding higher average summer
productivity and annual production in diatom years. The
central Ross Sea region finally becomes iron limited in
mid-February in diatom-dominated years compared to
early January in P. antarctica-dominated years (Figure 8).

4. CONCLUSIONS

The coupled ocean-ecosystem model of the Ross Sea
described here illustrates that variations in atmospheric
forcing and sea ice conditions alter both the species com-
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position as well as the annual primary productivity of the
central Ross Sea. During the model integration period
1979-1998, diatoms were favored during five summers.
Shallow mixed layer depths, the result of relatively high
ice concentration, high ice melt and low wind speeds,
favored diatoms in these years. Peak primary productivi-
ty rates were comparable in diatom and P. antarctica
years. P. antarctica provides approximately one-third of
the integrated productivity in diatom years while diatoms
provide about one-fifth of the integrated productivity in P,
antarctica years. Mean summer daily productivity in the
central Ross Sea is 10% higher in diatom years because of
low iron utilization by diatoms. Diatoms blooming early
in this region do not deplete the surface iron, allowing for
a late P. antarctica bloom to extend the productive period
into mid-January. In diatom years, the annual productivi-
ty on the central Ross Sea is increased by approximately
10% by this secondary P, antarctica bloom.

The increase in productivity in years when diatoms
dominate the central Ross Sea shelf is roughly compara-
ble to that seen in the climatological model when com-
paring the diatom-dominated western and eastern shelves
to the central Ross Sea [Arrigo et al., in press]. In contrast
to the western and eastern shelf regions where continual
high rates of ice melt lead to summer surface iron con-
centrations mn excess of 1.2 nM, summer iron concentra-
tions in the central Ross Sea are primarily limited to the
iron available at the start of summer growth season. This
iron is derived from deep and bottom sources during the
preceding winter and is not replenished during summer in
the central Ross Sea because of the limited amount of ice
melt which occurs in this region. P. antarctica, which are
favored in the central Ross Sea in when deep mixed lay-
ers are present, have a relatively high iron requirement
and rapidly deplete the surface iron. Both the climatolog-
ical model and the interannual model support the thesis
that productivity in the central Ross Sea is iron limited in
years when P. antarctica dominates at the surface.

The interannual model results suggest that the central
Ross Sea is not constrained to either P. antarctica-domi-
nance or iron limitation. Given the correct set of atmos-
pheric forcing and sea ice conditions, mixed layer depths
within the central Ross Sea can be shallow enough to
support an mid-December diatom bloom; in these years
surface iron is sufficient to support an additional, albeit
small, P. antarctica bloom in early January. The interan-
nual model results also suggest that under increasing
anthropogenic CO, levels, stronger surface stratification
would produce a species shift in the central Ross Sea
shelf. Such a shift would be accompanied by higher pro-
ductivity rates as iron limitation in this region is reduced.
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