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Abstract

Satellite ocean color data from the Sea Viewing Wide Field of View Sensor (SeaWiFS) are used to investigate phytoplankton
bloom dynamics at the Antarctic Polar Front (PF). Satellite sea surface temperature (SST) data are used to map the location of
the PF at weekly timescales. Elevated chlorophyll within the PF often appears as a narrow band that occupies only a portion of
the SST gradient across the PF. Phytoplankton blooms within the PF occur most frequently during the month of December and
are unevenly distributed within the Southern Ocean. Elevated chlorophyll concentrations at the PF are most frequently observed
where the current is interacting with large topographic features.

Mesoscale physical processes, including meander-induced upwelling and increased eddy mixing, where the PF encounters
large topographic features likely leads to increased nutrient flux to surface waters in these regions. The highest mean
chlorophyll values associated with the PF occur where the front comes into contact with relatively shallow waters along the
North Scotia Ridge and at Kerguelen Plateau. Iron input from sedimentary sources likely plays an important role in these
regions.

Over seasonal timescales it appears likely that light-limitation prevents phytoplankton blooms at the PF during winter and
spring months. PF blooms are observed most commonly during December when surface radiation peaks and mixed layer depths
are rapidly shoaling. Even during December, when the light regime would seem to be favorable, PF blooms are largely
restricted to regions where enhanced nutrient fluxes to surface waters due to frontal dynamics are likely. During late summer,
nutrient limitation due to depletion of iron and possibly silicate largely prevent blooms at the PF. In the fall, deepening mixed
layers would provide some relief from nutrient limitation but likely lead again to light-limitation of growth rates and the
prevention of blooms.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
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antarctic Front (SAF) north of the PF, and the Southern
Antarctic Circumpolar Current Front (SACCF) south
of the PF (Orsi et al., 1995; Belkin and Gordon, 1996).
There is a strong gradient in sea surface temperature
(SST) across the PF, as it marks the surface transition
between cold Antarctic surface water to the south and
warmer, Subantarctic surface waters to the north. The
PF is thus an important boundary in terms of air—sea
fluxes and the heat and salt budgets of the ocean. The
PF-associated current flows around Antarctica within
the ACC as a meandering jet which exhibits consid-
erable variability in the form of mesoscale meander-
ing, eddy shedding, and ring formation (Mackintosh,
1946; Joyce et al., 1978; Moore et al., 1997, 1999a).
Several studies have used satellite SST data to map the
location of the PF (Legeckis, 1977; Moore et al., 1997;
1999a). The location and dynamics of the PF are
strongly influenced by the bottom topography and
the planetary potential vorticity field (Moore et al.,
1997, 1999a).

Chlorophyll concentrations in the Southern Ocean
are typically quite low despite high concentrations of
the major nutrients nitrate and phosphate in surface
waters (Tréguer and Jacques, 1992; Comiso et al.,
1993; Banse, 1996; Banse and English, 1997; Moore
et al., 2000; Moore and Abbott, 2000). The Southern
Ocean is thus the largest of the High-Nitrate, Low-
Chlorophyll (HNLC) regions (Martin, 1990). In recent
years, substantial evidence has accumulated that the
limited availability of the micronutrient iron limits
growth rates, and in conjunction with loss processes
maintains chlorophyll concentrations (and phytoplank-
ton biomass) at relatively low levels within the South-
ern Ocean (Martin et al., 1990a,b; Helbling et al., 1991;
de Baar et al., 1995; Van Leeuwe et al., 1997; Sedwick
et al., 1997, 1999; Takeda, 1998; Boyd et al., 1999,
2000, 2001; Hutchins et al., 2001). Strong grazing
pressure, light limitation, and silicon limitation of
diatom growth have also been suggested to limit bio-
mass accumulation in this region (Banse, 1996; Mitch-
ell et al., 1991; Nelson and Smith, 1991; Boyd et al.,
1999, 2001; Frank et al., 2000; Brown and Landry,
2001; Nelson et al., 2001; Hutchins et al., 2001).

As there is a strong seasonal cycle to solar radia-
tion and mixed layer depths in this region, the factors
listed above likely shift in their importance to the
system over an annual cycle (Boyd et al., 1999;
Abbott et al., 2000). During fall, winter, and early

spring months, when mixed layers are deep, light
limitation of phytoplankton growth rates is likely
(Mitchell et al., 1991; Veth et al., 1997; Lancelot et
al., 2000; Smith et al., 2000; Boyd et al., 2001). In
addition, given the importance of iron for photoadap-
tation, iron-light co-limitation is also possible (Sunda
and Huntsman, 1997; Boyd et al., 1999, 2000, 2001).
Silicate concentrations at the PF and in waters to the
south are high during winter/spring months, but may
be strongly depleted during the growing season (Nel-
son et al.,, 2001) and may influence community
composition and growth rates north of the PF all year
(Hutchins et al., 2001). In addition, iron stress leads to
an increased drawdown of silicate relative to nitrate
(Takeda, 1998; Hutchins and Bruland, 1998). Thus,
iron stress during spring/summer months may lead to
silicate depletion in surface waters and Si-limitation
later in the growing season (Boyd et al., 1999; De La
Rocha et al., 2000). In a global simulation, Moore et
al. (2002) found that this effect led to summertime Si-
limitation over >4% of the world ocean. Silicate was
strongly depleted during the Antarctic Environment
and Southern Ocean Process Study (AESOPS) study
to the extent that uptake rates were strongly limited at
ambient concentrations (Nelson et al., 2001). Phyto-
plankton C/Chlorophyll ratios also likely evolve over
seasonal timescales in response to changing surface
irradiance and mixed layer depths.

Phytoplankton blooms associated with the PF are
typically dominated by larger diatom species (Lutje-
harms et al., 1985; Laubscher et al., 1993; Dafner and
Mordosova, 1994; Jochem et al., 1995; de Baar et al.,
1995; Smetacek et al., 1997; Brown and Landry,
2001). Smaller phytoplankton species experience
strong grazing pressure by microzooplankton. Larger
diatoms are often not subject to strong grazing pres-
sure due to their size (Sherr and Sherr, 1994; Price et
al., 1994; Selph et al., 2001; Gall et al., 2001; Zeldis,
2001). Predators of the larger diatoms typically have
long reproductive times relative to the diatoms. Large
diatoms in the Southern Ocean are grazed mainly by
some of the larger microzooplankton, large copepods,
krill, and salps. Krill and salp swarms can result in
strong grazing pressure on diatoms, but their occur-
rence is quite patchy in space and time. Thus, most of
the time it is likely that bottom-up control by light,
iron limitation and/or silicon limitation prevents
blooms of larger diatoms in the PF region.
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The diatom-dominated blooms, which have re-
sulted in the mesoscale iron addition experiments in
the equatorial Pacific and Southern Ocean present
evidence for this bottom-up control of the diatoms
(Coale et al., 1996; Boyd et al., 2000). In this paper,
we assume bottom-up control of diatom growth and
biomass distribution in the vicinity of the PF. This is a
simplification as biomass levels (chlorophyll concen-
trations) are a function of complex ecosystem dynam-
ics that include phytoplankton growth rates combined
with grazing and other loss processes (see Banse,
1992). It is diatom growth rates (not biomass) that
are subject to bottom-up control, but the two are often
linked to some extent. The assumption does not apply
to smaller phytoplankton species, which experience
heavy grazing pressure by the microzooplankton.

Phytoplankton blooms have been observed in the
vicinity of the major Southern Ocean fronts (Lutje-
harms et al., 1985; Tréguer and Jacques, 1992; Banse,
1996; Banse and English, 1997; Moore et al., 1999b;
Moore and Abbott, 2000). A number of in situ meri-
dional transects have found elevated phytoplankton
biomass at the PF relative to surrounding waters
(Allanson etal., 1981; Lutjeharms et al., 1985; Bidigare
etal., 1986; Laubscheretal., 1993; Jochem etal., 1995;
de Baar et al., 1995; Bathmann et al., 1997; Mengelt et
al., 2001). While elevated chlorophyll concentrations
have often been observed at the PF, little is known
about the temporal or spatial distributions of these
frontal-associated blooms. Here we analyze remotely
sensed estimates of sea surface temperature and surface
chlorophyll concentrations to map out the temporal and
spatial variability of PF-associated phytoplankton
blooms.

A detailed survey of the PF was conducted along
6°W in the spring of 1992 (de Baar et al., 1995, 1997,
Smetacek et al., 1997; Bathmann et al., 1997). Several
distinct diatom blooms were observed in the vicinity of
the PF, this region within the PF and adjacent waters
influenced by the PF including the surrounding eddy
field was termed the Polar Frontal region (Smetacek et
al., 1997). Three distinct PF-associated diatom blooms
each dominated by different species developed over the
6-week study period, with chlorophyll concentrations
exceeding 4 mg/m® (Smetacek et al., 1997). Higher
dissolved iron concentrations observed within the PF
were likely a contributing factor in bloom development
(de Baar et al., 1995; Smetacek et al., 1997; Loscher et

al., 1997; Lancelot et al., 2000). The PF and surround-
ing waters were also surveyed intensely along 170°W
in the Pacific sector during AESOPS (Smith et al.,
2000). During AESOPS, a bloom was observed within
the PF and also at the SACCF during December 1997
(Moore et al., 1999b; Abbott et al., 2000, 2001;
Mengelt et al., 2001; Barth et al., 2001). Moore et al.
(1999b) presented Sea Viewing Wide Field of View
Sensor (SeaWiFS) satellite imagery, which showed
elevated chlorophyll within the PF across this whole
region during December 1997 persisting in some areas
into January 1998.

Several factors have been suggested to account for
phytoplankton blooms at the PF. Lutjeharms et al.
(1985) suggested cross-frontal mixing and increased
vertical density stratification as two physical mecha-
nisms that might lead to elevated phytoplankton bio-
mass at the PF. However, Banse (1996) found little
correlation between chlorophyll concentration and
mixed layer depth (a function of density stratification)
in this region. Cross-frontal mixing could be important
if different factors were limiting phytoplankton growth
north and south of the front. There is often a strong
gradient in silicic acid concentrations across the PF,
with low concentrations to the north, which may limit
diatom growth (Tréguer and Jacques, 1992; Hutchins
et al., 2001). Silica may also be limiting south of the
PF during times of strong drawdown by the biota
(Nelson et al., 2001; Mengelt et al., 2001). Several
studies have suggested that higher levels of dissolved
iron in surface waters at the PF led to elevated
phytoplankton biomass (de Baar et al., 1995; Bath-
mann et al., 1997; Measures and Vink, 2001). Mean-
der-induced upwelling or increased eddy mixing may
lead to increased fluxes of nutrients (including micro-
nutrients such as iron) into the surface layer, partic-
ularly where the ACC interacts with large topographic
features (Moore et al., 1999b; Barth et al., 2001;
Abbott et al., 2001).

Meandering of oceanic jets, such as the PF, leads to
localized areas of upwelling and downwelling on
spatial scales of 10—100 km through the conservation
of potential vorticity. Vertical velocities associated
with meanders can have rates of tens of meters per
day (Pollard and Regier, 1992; Read et al., 1995;
Pollard et al., 1995). Meander-induced upwelling can
stimulate phytoplankton growth by increasing nutrient
flux to surface waters and by improving the irradiance
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regime for phytoplankton deeper in the water column
(Flierl and Davis, 1993; Olson et al., 1994). Olson et
al. (1994) argued that the secondary circulation and
local eddy field associated with meanders play key
roles in frontal biological enhancement. Dafner and
Mordosova (1994) also stressed the role of eddy
pumping as a source of nutrients. Meander-induced
upwelling and eddy formation are likely intensified
where Southern Ocean fronts interact with large topo-
graphic features (Moore et al., 1999a,b; Moore and
Abbott, 2000). Barth et al. (2001) suggested that
meander-induced upwelling of nutrients was likely
the cause of the patterns of elevated chlorophyll in
the PF observed during AESOPS from a towed Sea-
Soar system equipped with CTD and bio-optical
sensors. The SeaSoar surveys also revealed narrow
bands of elevated chlorophyll (10—20 km wide) within
distinct water masses that stretched for long distances
along the PF (at least 120 km along front) (Barth et al.,
2001). Abbott et al. (2001) found evidence for a
biological impact due to meander-induced upwelling/
downwelling in data from bio-optical drifters released
in the PF as part of AESOPS. During early spring the
ratio of fluorescence/chlorophyll was positively corre-
lated to vertical velocities estimated from clusters of
drifters, which could result from an improved light
regime and/or nutrient injection during upwelling
events. Iron inputs from below and an improved
irradiance regime due to shoaling would both alleviate
iron stress (Sunda and Huntsman, 1997). Vertical
velocities estimated from the near surface drifters
reached 4 m/day within PF meanders, with signifi-
cantly higher vertical velocities likely deeper in the
water column (Abbott et al., 2001). Nelson et al.
(2001) noted that by mid-summer waters north and
south of the PF had silicic acid concentrations <3 pM
while values of 4—7 pM were measured in the vicinity
of the PF. This suggests an increased flux of Si into
surface waters at the PF relative to surrounding waters.
Similarly Measures and Vink (2001) reported gener-
ally higher dissolved iron concentrations in the surface
mixed layer at the two frontal zones associated with
the PF and SACCF from transects along 170°W.
There have been a number of previous studies that
examined satellite ocean color data from the Southern
Ocean. Comiso et al. (1993) and Sullivan et al. (1993)
examined pigment data for the whole Southern Ocean
with the Coastal Zone Color Scanner (CZCS), which

was in operation from 1978 to 1986. Banse (1996)
compared CZCS data with in situ measurements over
the Subantarctic Water Ring. Banse and English
(1997) used CZCS data to study chlorophyll concen-
trations in the SW Pacific sector. Moore et al. (1999b)
examined SeaWiFS data from the AESOPS study
region during the 1997-1998 season. Moore and
Abbott (2000) examined seasonal patterns within
various ecological regions of the Southern Ocean
during the 1997-1998 season with SeaWiFS data.
One of the ecological regions studied was the Polar
Frontal Region (PFR), which they defined as all areas
within 1° latitude of the mean path of the PF as
determined by Moore et al. (1999a). We adopt this
definition for the Polar Frontal Region (PFR). This
definition for the PFR is similar to that of Smetacek et
al. (1997) but likely encompasses a somewhat larger
area depending on hydrographic conditions.

In this study, we have used satellite sea surface
temperature data to map the surface expression of the
Antarctic Polar Front using methods developed pre-
viously (Moore et al., 1997, 1999a; see also below).
These PF paths are then compared with satellite
estimates of surface chlorophyll concentrations from
SeaWiFS over weekly timescales. Our objectives were
to quantify the spatial and temporal variability of
phytoplankton blooms at the PF. Secondly, we wanted
to gain insights into the mechanisms that lead to the
formation of blooms at the PF.

2. Materials and methods

Satellite sea surface temperature (SST) data were
used to map the location of the PF using methods
described previously (Moore et al., 1997, 1999a). The
SST data were obtained on a 9 km equal angle grid
produced by the NOAA/NASA Pathfinder Project
(Brown et al., 1993; Smith et al., 1996; Kilpatrick et
al., 2001). Daily files (both ascending and descending
passes) were composite-averaged (average of all valid
data) to produce weekly maps of SST (interim Version
4.1 data). Briefly, our method for mapping the PF
location is as follows (see Moore et al., 1997, 1999a
for details). A “gradient map”’ is constructed which is a
subset of the weekly SST map containing only those
pixels within strong SST gradients (see Moore et al.,
1997 for an example of SST image and the correspond-
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ing gradient map). The strong SST gradient across the
PF is used to subjectively digitize the poleward edge of
the PF by examination of the weekly SST and gradient
maps (Moore et al., 1997, 1999a).

Moore et al. (1999a) presented an analysis of a 7-
year time series of weekly locations for the PF (or PF
paths) covering the period 1987-1993. We have
extended this time series of PF paths through mid-
1999. Paths from the years 1997—1999 are compared
with the satellite ocean color data to examine phyto-
plankton bloom dynamics at the PF. We have used the
entire time series (>11 years) to calculate the mean
location of the PF using the methods of Moore et al.
(1999a).

Satellite ocean color estimates of surface chloro-
phyll concentrations are used to examine phytoplank-
ton biomass and bloom dynamics in the vicinity of the
PF. Daily level 3 standard mapped images of chlor-
ophyll (Version 3) from SeaWiFS were obtained from
the Goddard Space Flight Center (McClain et al.,
1998). The SeaWiFS data used in this study cover the
period from October 1997 to March 1999. Daily files
were composite-averaged to produce weekly maps of
surface chlorophyll concentration on a global 9 km
equal angle grid.

The weekly SST and chlorophyll maps contain large
areas with no valid data due to the extensive cloud
cover over the Southern Ocean. Thus, only a portion of
the PF is visible in any weekly image. Since sea surface
temperature is collected at night as well as during the
day SST coverage is generally better than the ocean
color data coverage, which can only be collected during
daylight hours. In this study, we use all weekly SST and
chlorophyll maps during the October—March growing
season for the years 1997—1998 and 1998—1999.

We calculate mean chlorophyll concentrations
within the PF and within a swath on either side (pole-
ward and equatorward) of the front. To be considered
within the PF, pixels had to be within the strong
gradient of SST across the front (retained in our
gradient maps). We calculate mean chlorophyll con-
centrations at right angles to the PF path over a swath
approximately 60 km equatorward and poleward of the
front. The actual width of these swaths varied some-
what with latitude (as pixel area does) and with the
orientation of the PF (i.e. PF current flowing west,
northwest, etc.). Directional orientation for averaging
chlorophyll concentrations within and on either side of

the front was determined at each point along the PF
paths by examining the direction of the next point
along the path in the downstream direction. Thus, if the
next point was to the east at the exact same latitude,
data was averaged in the north—south orientation.

3. Results

Displayed in Fig. 1 are the individual PF paths used
in this study (thin lines) and the mean position of the PF
calculated from the full time series of PF paths (1987—
1999, thick black line). The mean path is nearly
identical to the mean path of Moore et al. (1999a),
which was based on the 1987—1993 data. It can be seen
from Fig. 1 that there were large spatial variations in the
number of paths mapped. Fewer paths are seen above
the deep ocean basins ( ~ 130-90°W, ~ 50—70°E,
~ 110—140°E), while the highest number of paths
digitized are in the Drake Passage/Scotia Sea region
(90-35°W), and to a lesser extent downstream of
Kerguelen Plateau (75-100°E), and along the
Pacific—Antarctic Ridge ( ~ 180—140°W). These spa-
tial patterns are similar to those found previously and
are driven largely by the intensity of the SST gradient
and to a lesser extent by regional cloud cover patterns
(Moore etal., 1999a). Above the deep ocean basins, the
SST gradient associated with the PF is weakened to the
extent that it is frequently not distinguishable from the
background north—south temperature gradient in our
analysis (Moore et al., 1999a). Thus, few PF paths are
mapped in these regions. In contrast, the temperature
gradient is intensified in the vicinity of large topo-
graphic features (Moore et al., 1997, 1999a).

We calculated mean chlorophyll concentrations
within the PF and along swaths to either side (pole-
ward and equatorward of the front). There was a strong
seasonal cycle in these mean chlorophyll values, with
peak values during December in phase with the sea-
sonal radiation cycle (Fig. 2). In many areas, mixed
layer depth shoals in December and iron concentra-
tions are still likely to be relatively high, retaining the
wintertime, deep-mixing signal. Mean chlorophyll
concentrations were quite low prior to November
and after January. Strong light-limitation of phyto-
plankton growth in early spring when mixed layers
are deep is likely (Veth et al., 1997; Abbott et al., 2000;
Lancelot et al., 2000; Smith et al., 2000; Boyd et al.,
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170°W

Fig. 1. Displayed are the long-term, mean position of the Antarctic Polar Front (thick black line) and the weekly positions used in this study from
the October—March period for the 1997—1998 and 1998 —1999 seasons. Gray shaded areas indicate ocean depth <3000 m (bathymetry from

Smith and Sandwell, 1994).

2001). During fall, light levels decline, mixed layers
deepen and nutrients (particularly Fe and silicate) are
at their seasonally depleted minimum values. Only
during December were mean chlorophyll concentra-
tions within the PF higher than in surrounding waters,
when averaged over the whole Southern Ocean (Fig.
2). A number of blooms within the PF were also
observed during January in the weekly images, and
only rarely seen in other months.

During AESOPS mixed layers were deep (>100 m)
during November then shoaled to less than 40 m during

the December cruise (Smith et al., 2000). This initiated
phytoplankton blooms across the region (Moore et al.,
1999b; Abbott et al., 2000; Smith et al., 2000). While
mixed layers remained relatively shallow during Jan-
uary, chlorophyll concentrations declined sharply at
the PF, likely due to increasing iron and Si limitation
(Abbott et al., 2000; Nelson et al., 2001; Measures and
Vink, 2001). Boyd et al. (2001) found deep mixed
layers at the PF during late summer 1998 in the
Australian sector and suggested co-limitation by iron
and light.
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Fig. 2. Mean monthly chlorophyll concentrations averaged within the
PF (asterisks) and within ~ 60 km swaths equatorward (triangles)
and poleward (squares) of the PF (see text for details).

The seasonal pattern evident in Fig. 2 is similar to
the pattern for the whole PFR in Moore and Abbott
(2000). However, the December values (Fig. 2) are
much higher than the December mean value for the
PFR of 0.43 mg/m® calculated by Moore and Abbott
(2000). The PFR contains substantial areas of open
ocean by definition due to its relatively broad meri-
dional extent (2° latitude) and because meanders of
the front mean that using the mean position to define
the PFR only roughly captures this region. Thus, the
averages of Moore and Abbott (2000) do not capture
well the PF blooms evident during December in Fig.
2. Values in Fig. 2 are also slightly higher than those
calculated for the entire PFR by Moore and Abbott
(2000) during the months of November, January, and
February. This suggests that PF blooms are sporadic
during these months and only weakly influence cir-
cumpolar mean PFR values.

There is considerable spatial variability in mean
chlorophyll concentrations in the vicinity of the PF
(Fig. 3). Displayed in Fig. 3 are mean chlorophyll
concentrations over the October—March period (both
the 1997-1998 and 1998—-1999 seasons) within 5°
longitudinal bins for regions within the PF and along
swaths to the north and south. Also shown is the mean
ocean depth over a 90-km-wide swath centered on our

mean PF path. Lowest chlorophyll concentrations are
above the deep ocean basins ( ~ 125-90°W, ~ 55—
65°E, and ~ 115-140°E, Fig. 3). Elevated chloro-
phyll concentrations are seen in several regions. The
highest values are in the vicinity of Kerguelen Plateau
(70—80°E), and downstream of the Scotia Sea ( ~ 45—
30°W). Moderately high chlorophyll values are also
seen along the Pacific—Antarctic Ridge ( ~ 170°E—
150°W), and along the Mid-Atlantic Ridge ( ~ 15—
35°E) (Fig. 3). In all of these areas, the PF is interacting
with large topographic features (Moore et al., 1997,
1999a). The SST gradient associated with the PF is
intensified in these regions and mesoscale meandering
is also increased (at spatial scales <100 km; Moore et
al., 1999a). Approximately, 43% of these bins have
mean chlorophyll concentrations in the PF region
greater than 0.3 mg/m>, and 12.5% of the bins exceed
0.4 mg/m’.

There is also considerable regional variability if we
compare chlorophyll concentrations within, equator-
ward and poleward of the PF (Fig. 3). Mean values
within the PF are higher than in adjacent waters in the
southwest Pacific, in the vicinity of Kerguelen Plateau
and areas just downstream, and where the PF is forced
into shallower waters entering Drake Passage ( ~ 90—
70°W) (Fig. 3, also compare with the detailed bathy-
metry and PF location map of Moore et al., 1999a). In
the southeast Pacific and within Drake Passage, mean
chlorophyll concentrations poleward of the PF are
much lower than within the PF and areas equatorward.
Low chlorophyll concentrations south of the PF in
Drake Passage have been observed previously (Com-
iso et al., 1993; Moore and Abbott, 2000). This low-
chlorophyll region appears to be bounded by the PF (to
the north) and the SACCEF (to the south) (see following
section and Fig. 3 of Moore and Abbott, 2000).
Chlorophyll concentrations poleward of the PF are
higher than those within and north of the PF in the
Atlantic sector downstream of the Scotia Sea ( ~ 30—
5°W), from 20-30°E, and in some of the bins
between 140° and 180°E, most notably from
~ 150° to 160°E and ~ 170° to 175°E (Fig. 3). In
this last region between 160° and 180°E, the seasonal
ice cover extends into the PFR (Moore et al., 2000;
Moore and Abbott, 2000). Thus, the elevated chlor-
ophyll south of the PF is likely due to ice edge blooms.

Topography has a strong influence on the physics
and biology of the PF. The PF can regularly come in
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Fig. 3. Mean chlorophyll concentrations within the PF (asterisks) and within ~ 60 km swaths equatorward (triangles) and poleward (squares) of

the PF averaged over 5° longitudinal bins from the October—March

period for the 1997—1998 and 1998—1999 seasons. Also shown is the

mean ocean depth along the mean path of the PF (bathymetry from Smith and Sandwell, 1994).

contact with relatively shallow waters (<500 m) in
two regions of the Southern Ocean, along the North
Scotia Ridge, and at the Kerguelen Plateau, both
regions of generally elevated chlorophyll levels in
the vicinity of the PF (Fig. 3). Large plumes of
elevated chlorophyll concentrations frequently extend
for hundreds of kilometers downstream of both of
these topographic features (Moore and Abbott, 2000).
Shallow waters can be an important source of iron to
surface waters. Iron concentrations in coastal and
shallow waters can be an order of magnitude higher
than in open ocean waters (Martin et al., 1990a,b;
Nolting et al., 1991; Johnson et al., 1999; Blain et al.,
2001). Comiso et al. (1993) found an inverse corre-
lation between ocean depth and chlorophyll concen-
trations over the entire Southern Ocean. Blain et al.

(2001) investigated the Kerguelen Islands and sur-
rounding Kerguelen Plateau as a source of dissolved
iron for downstream waters. They found very high
iron concentrations >10 nM near the islands. Offshore
waters had lower concentrations, but still significantly
higher than typically measured Southern Ocean values
(Blain et al., 2001). They suggested that lithogenic
inputs from the islands as well as inputs of iron from
the shelf and the plateau are important iron sources for
surrounding (and downstream) waters. Deep winter
mixing can reach shelf/sediment iron sources in the
Southern Ocean resulting in substantial re-suspension
of sediments. Entrainment through current motions
and turbulent mixing are also likely.

Fig. 4 displays the topography and mean surface
chlorophyll concentrations in the northern Scotia Sea
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Fig. 4. Bathymetry and mean chlorophyll concentrations (during December and January) are shown in relation to the mean position of the
Antarctic Polar Front in the Northern Scotia Sea region. Mean chlorophyll calculated by averaging weekly composites from December and
January during the 1997—1998 and 1998—1999 seasons. Bathymetry data is from Smith and Sandwell (1994).

region in relation to the mean position of the PF. Mean
chlorophyll was calculated by averaging the weekly
images from December and January. The PF typically
crosses the North Scotia Ridge at the Shag Rock
Passage ( ~ 47—-49°W, 53.3°S) (Peterson and Whit-
worth, 1989; see also Moore et al., 1997). This gap
marks the only location on the North Scotia Ridge
where ocean depth >2000 m (Fig. 4). West of Shag
Rock Passage on the North Scotia Ridge lies a small
cluster of islands known as Shag Rocks ( ~ 46.6°W,

53°S). The PF closely follows the southern flank of
Ewing Bank after crossing the North Scotia Ridge
(Moore et al.,, 1997, 1999a; Trathan et al., 1997,
2000). A large region of elevated chlorophyll can be
seen beginning at the North Scotia Ridge and bounded
to the west and north by the PF (Fig. 4).

Highest chlorophyll concentrations are seen in shal-
low waters near South Georgia Island at ~ 38°W,
54°S (Fig. 4). As ACC waters move north across the
ridge it is likely that this region of high chlorophyll is
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initiated because iron and possibly other nutrients
(particularly Si) are injected into surface waters. Injec-
tion of silicate would likely be important only later in
the season after initially high springtime concentrations
(due to deep winter mixing) had been depleted. This
large region of elevated chlorophyll accounts for the
higher chlorophyll concentrations seen south of the PF
from 45° to 35°W in Fig. 3. A similar topography-
related elevation of chlorophyll levels is apparent along
the arc that forms the South Sandwich Islands (north—
south line of shallow bathymetry between ~ 29° and
27°W from ~ 56° to 59°8, Fig. 4). High chlorophyll
concentrations are also observed above the Patagonian
shelf in the shallow water region around the Malvinas
(Falkland) islands. The Subantarctic Front (SAF)
moves to the north just east of these islands closely
following bathymetric contours. The SAF here acts as
an efficient boundary separating high-chlorophyll
waters above the shelf from low-chlorophyll waters
to the east. Note also in Fig. 4 the very low chlorophyll
concentrations south of the PF within Drake Passage
(west of ~ 55°W).

Next we examine weekly images of phytoplankton
blooms in the vicinity of the Antarctic Polar Front.
Phytoplankton blooms at the PF are often smaller in
spatial extent than the regions over which chlorophyll
was averaged for Figs. 2 and 3. For example, elevated
chlorophyll is often observed within a narrow band
that occupies only a portion of the strong SST gradient
of the PF. In some cases, the PF merely acts as a
boundary between different water masses north and
south of the front. In these cases, chlorophyll concen-
trations within the front are intermediate between those
equatorward and poleward. These two images (Figs. 5
and 6) were chosen to illustrate common patterns in
chlorophyll distributions at the front, and because they
had relatively little missing data due to persistent cloud
cover. The missing data due to cloud cover still seen in
these images illustrates how severe the cloud cover
problem is in this region.

In the figures that follow, our weekly PF path (which
marks the poleward edge of the PF) is shown in white
overlain on the weekly chlorophyll and SST gradient

maps. Insets also show mean chlorophyll and SST at
the PF averaged over 1° longitudinal bands for areas
within and to either side of the front. The SST and
chlorophyll data are from the same week in each case,
but depending on cloud cover and satellite orbital
variations, measurements may not be from the same
day, and in fact could be separated by up to 1 week. The
PF can shift its location substantially in 1 week, on
average by 22 km between successive weekly SST
images (Moore et al., 1999a).

Weekly images of chlorophyll and SST gradients
from the week beginning December 3, 1997 are shown
in Fig. 5. A large phytoplankton bloom is evident from
180° to 172°W over a broad latitudinal range. This
bloom is likely associated with retreating sea ice cover
in this region (Moore et al., 1999b; Moore and Abbott,
2000). Melting sea ice can stimulate phytoplankton
blooms by shallowing the mixed layer and thus
improving the irradiance regime (Smith and Nelson,
1986) and by adding dissolved iron to surface waters
(Martin, 1990; Sedwick et al., 2000). A strong phyto-
plankton bloom within the PF is apparent stretching
nearly continuously from the ice edge bloom to
~ 138°W where our PF path ends (Fig. 5). This is
the PF bloom that was observed in situ along 170°W
during AESOPS and in the composite satellite images
of Moore et al. (1999b).

Note that although the elevated chlorophyll and
strong SST gradient are generally co-located, in some
areas the elevated chlorophyll band is wider than the
strong temperature gradient, while in other areas it is
narrower. This occurs for a couple of reasons. First
our definition of a strong SST gradient is a subjective
one and local mesoscale processes can shift the edge
of the strong gradient region. Secondly, as noted by
Barth et al. (2001), often elevated chlorophyll occurs
as a narrow along-front band, which does not occupy
the entire frontal temperature gradient. These patterns
will tend to blur the mean values calculated for within,
south, and north of the PF shown in Figs. 2 and 3, and
as insets to Fig. 5. This banded or step-like structure
across the PF has been noted previously in sea surface
temperature data (Belkin, 1988).

Fig. 5. Weekly image of chlorophyll concentration and the corresponding sea surface temperature gradient map for the week beginning
December 3, 1997 (see text for details). The poleward edge of the Antarctic Polar Front is overlain in white on both images. Insets show mean
chlorophyll and sea surface temperature within the PF (asterisks) and within ~ 60 km swaths equatorward (triangles) and poleward (squares) of

the PF from the weekly images, calculated within 1° longitudinal bins.
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Examining the insets of chlorophyll and SST
averaged within 1° longitudinal bands it can be seen
that as expected SST is warmer north of the front and
colder south of the front (Fig. 5). Chlorophyll con-
centration is higher north of the PF than within the
front or to the south for the region 175-165°W, and
values within the front are higher than surrounding
waters from 155° to 148°W (Fig. 5). Along 170°W,
mean chlorophyll values within the PF are slightly
more than 1.0 mg/m?*, which is in excellent agreement
with estimates from bio-optical moorings at the PF for
this time period (Abbott et al., 2000).

In this region, the PF is following the northern
flank of the Pacific—Antarctic Ridge (see Fig. 1 and
Moore et al., 1999a,b; Abbott et al., 2001). The sharp
northward bend at ~ 152°W is located where the PF
is forced into shallower waters prior to crossing the
Pacific— Antarctic Ridge (Moore et al., 1999b).
Abbott et al. (2001) found evidence for upwelling in
a poleward meander and downwelling within an
equatorward meander in this region by analyzing
clusters of surface drifters. Evidence for these same
patterns can be seen in Fig. 5. The area of elevated
chlorophyll expands in the poleward meander
between ~ 156° and 153°W, then narrows as the
front turns northward and enters an equatorward
meander from ~ 152° to 150°W (Fig. 5). These
patterns of upwelling and downwelling are what one
would expect within a meandering jet (Olson et al.,
1994). PF blooms were most commonly observed
along the Pacific—Antarctic Ridge (Fig. 3). Elevated
chlorophyll concentrations along the Pacific—Antarc-
tic and Southeast Indian Ridges are also readily
apparent in the monthly SeaWiFS composites of
Moore and Abbott (2000), and were also observed
with the CZCS (Comiso et al., 1993; Sullivan et al.,
1993).

Mean chlorophyll and SST gradient maps for the
region from 0° to 45°E for the week beginning
January 8, 1999 are shown in Fig. 6. In this image,
some elevated chlorophyll in the vicinity of the PF is
apparent between 10° and 30°E along ~ 49°S. A
very narrow band of elevated chlorophyll within the

PF is seen between ~ 19° and 25°E. Note that this
elevated chlorophyll occupies only a portion of the
strong SST gradient, similar to the pattern described
by Barth et al. (2001) in the Pacific sector during
AESOPS. A narrow band of elevated chlorophyll
within the PF is also seen in the southward bend at
~ 26-30°E (Fig. 6). A wide band of elevated chlor-
ophyll south of the PF for approximately 3° of
latitude (between 20° and 30°E) is situated directly
above the Mid-Atlantic Ridge. The PF forms the
northern boundary of this region from ~ 23° to
25°E where chlorophyll values south of the PF are
higher than within or to the north of the front (see
chlorophyll inset Fig. 6). Chlorophyll values within
the front are higher than surrounding waters from 20°
to 23°E and from 28° to 33°E (Fig. 6). Again waters
equatorward of the PF are generally warmer than
waters to the south. The chlorophyll and SST (inset)
averages are questionable east of ~ 32°E where tight
meanders and possibly a warm core ring result in
points south of the front being averaged into the
equatorward of the front region. This strong meso-
scale variability is another factor that can blur the
distinct regions averaged in Figs. 2 and 3. Elevated
chlorophyll can also be seen farther north associated
with the Subantarctic and Subtropical fronts with a
strong correlation apparent between regions of ele-
vated chlorophyll and frontal locations. The PF turns
sharply southwards at ~ 30-31°E.

Satellite altimetry and drifter studies have found
high eddy variability in the region near 30°E (Dan-
iault and Ménard, 1985; Sandwell and Zhang, 1989;
Chelton et al., 1990; Morrow et al., 1994). The PF
undergoes intense meandering in this region (Moore
et al., 1999a) and regularly spawns warm core rings
(Gouretski and Danilov, 1993, 1994). Moore et al.
(1999a) noted interactions between the SAF and the
PF in this region. Such interaction is apparent in Fig.
6. A warmer strong SST gradient (the SAF) north of
the PF also turns southward at ~ 31°E and comes in
contact with the PF. The southward bend in both
fronts is a persistent feature and is driven largely by
the topography (Moore et al., 1999a).

Fig. 6. Weekly image of chlorophyll concentration and the corresponding sea surface temperature gradient map for the week beginning January 8,
1999 (see text for details). The poleward edge of the Antarctic Polar Front is overlain in white on both images. Insets show mean chlorophyll and sea
surface temperature within the PF (asterisks) and within ~ 60 km swaths equatorward (triangles) and poleward (squares) of the PF from the weekly

images, calculated within 1° longitudinal bins.
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4. Discussion

Phytoplankton blooms at the Antarctic Polar Front
are unevenly distributed through space and time. PF
blooms where chlorophyll concentrations within the
front exceed those of surrounding waters occur most
frequently during the month of December (Fig. 2).
December marks the peak in surface solar radiation
and is a time of rapidly warming sea surface temper-
atures within the Southern Ocean and frequently a
rapid shoaling of mixed layer depths (for the seasonal
SST cycle at the PF, see Moore et al.,, 1999a). In
addition, nutrients replenished in surface waters by
deep winter mixing are likely still near their seasonal
maximum. Maximum chlorophyll concentrations are
seen during December over most of the Southern
Ocean, although maximum values within the Seasonal
Ice Zone occur during January (Moore and Abbott,
2000). Thus, the seasonal pattern observed at the PF is
consistent with what is a relatively weak spring bloom
in the Southern Ocean.

There is a large degree of spatial variability in
chlorophyll concentrations associated with the PF
(Fig. 3). Often elevated chlorophyll appears as a
narrow band that occupies only a portion of the SST
gradient across the PF (Figs. 5 and 6). The highest
mean chlorophyll concentrations are observed where
the PF comes into contact with relatively shallow
waters (<500 m) along the North Scotia Ridge and
at Kerguelen Plateau. The elevated chlorophyll signal
from these shallow regions persists for hundreds of
km downstream and over much of the growing
season. It is likely that these shelf areas are a strong
source of dissolved iron, which in turn stimulates the
growth and blooming of larger diatom species. This
iron input must be retained for some time in near
surface/surface waters either in biomass, detrital, or
dissolved form.

PF blooms were also frequently observed in other
regions where the PF interacts with large topographic
features including along the Southeast Indian and
Pacific— Antarctic Ridges, through Drake Passage,
and along the Mid-Atlantic Ridge. Ocean depths in
these regions are typically >2000 m so a sedimentary
source of iron for surface waters is unlikely. Iron
added from the sediments would likely be removed by
scavenging long before it could mix/upwell into sur-
face waters. It is more likely that mesoscale physical

processes, which occur where the PF encounters these
large topographic features, lead to increased nutrient
injection from sub-surface to surface waters (Moore et
al., 1999b).

Mesoscale meandering of the PF is intensified
where the PF crosses large topographic features and
for several hundred kilometers downstream (Moore et
al., 1999a). This meandering leads to localized areas
of upwelling which can stimulate phytoplankton
growth through nutrient injection to the euphotic zone
and by moving phytoplankton deep in the water
column to higher light levels closer to the surface
(Flierl and Davis, 1993; Olson et al., 1994; Moore et
al., 1999b; Moore and Abbott, 2000; Barth et al.,
2001; Abbott et al., 2001). Such intense meandering
also increases eddy shedding/mixing, which increases
the rate at which sub-surface nutrients enter surface
waters (Olson et al., 1994; Abbott et al., 2001).

The large changes in ocean depth where the ACC
crosses large topographic features inputs large
amounts of relative vorticity to the water column.
This relative vorticity is likely dissipated at least
partly through increased eddy actions, which would
increase nutrient flux to surface waters (Moore et al.,
1999b). This vorticity/eddy mixing effect would apply
to the PF and to open ocean ACC waters. This process
may partially account for the broad regions of ele-
vated chlorophyll seen above large topographic fea-
tures in this study and in Moore and Abbott (2000).

These phytoplankton blooms, which seem to be
responding to inputs of nutrients to the surface layer,
are most likely responding to inputs of dissolved iron
and silicic acid from sub-surface waters. Particularly
north of the PF, Si limitation of diatom growth is likely
(Tréguer and Jacques, 1992; Boyd et al., 1999). Silicate
depletion can also lead to Si limitation south of the PF
later in the season (Nelson et al., 2001). Recent studies
of the PF region along 170°W as part of AESOPS
indicates that iron and Si can be depleted in the upper
portions of the water column north and south of the PF
to depths of several hundred meters (Nelson et al.,
2001; Measures and Vink, 2001). This sub-surface
depletion may be reflected in our results. While PF
blooms were observed with chlorophyll concentrations
significantly elevated relative to surrounding waters,
absolute concentrations within the blooms tended to
remain at moderate levels (typically <1.5 mg/rn3 , and
often <1.0 mg/m’). Thus, despite the increased
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nutrient inputs to surface waters, accumulation of
phytoplankton biomass is likely still limited by iron
and/or Si availability, particularly later in the growing
season. Other factors such as light limitation and
grazing pressure are likely significant at times as well.

Recent chemostat culture work with natural assemb-
lages of Southern Ocean phytoplankton may provide
insight into the observed PF blooms. Experiments
using natural phytoplankton assemblages were con-
ducted at different rates of dilution and with typically
low Southern Ocean iron concentrations (Hutchins et
al., 2002, in preparation). Using a low dilution rate (low
nutrient flux rate into the chemostat) the resulting
assemblage was dominated by smaller phytoplankton
species with relatively low chlorophyll concentrations
(similar to what is observed in situ over much of the
Southern Ocean). However, at faster dilution rates
(faster input rates, but still relatively low iron concen-
trations) the species composition shifted toward dom-
ination by larger, fast growing diatoms, with a higher
chlorophyll concentration maintained. As meanders of
the PF can persist for weeks one can envision a
localized, meander-induced upwelling as a point source
of increased rate flux of subsurface nutrients into sur-
face waters as the input to the “chemostat” with
subduction downstream leading to increased losses of
phytoplankton from surface waters. Areas of increased
eddy mixing induced by the topography could function
in the same manner. Thus, the mesoscale physical
processes may increase nutrient flux to surface waters
and select for larger diatoms, leading to elevated
chlorophyll concentrations.

In summary, the monthly mean data presented in
Fig. 2 illustrates that phytoplankton blooms within the
PF are largely restricted to the month of December. We
did observe some blooms during January, but very few
during other months. Prior to December light limitation
of growth rates likely prevents biomass accumulation
due to deep mixed layers and lower surface radiation
(Mitchell et al., 1991; Veth et al., 1997; Abbott et al.,
2000; Lancelot et al., 2000; Smith et al., 2000). As
mixed layers shoal during late spring, blooms are
initiated particularly in areas where frontal dynamics
increase nutrient flux to surface waters (see Fig. 3 and
discussion above). By mid to late summer, iron and in
some instances silicate have been depleted to levels that
strongly limit growth rates and prevent bloom occur-
rence (Abbott et al., 2000; Measures and Vink, 2001;

Nelson et al., 2001; Hutchins et al., 2001). Later in the
season, light-limitation likely becomes an important
factor in controlling phytoplankton blooms in the PF
region as mixed layers deepen and solar radiation
declines (Boyd et al., 2001).

Future analyses of satellite and in situ data com-
bined with modeling studies can improve our under-
standing of phytoplankton bloom dynamics at the
Antarctic Polar Front. As a longer time series of
satellite ocean color data becomes available, further
analysis of co-temporal chlorophyll and sea surface
temperature images, and incorporation of wind data
from satellite scatterometer missions will enable more
detailed studies of bloom dynamics at the PF and at
other Southern Ocean fronts. However, many aspects
of ecosystem dynamics cannot be measured using
remote sensing data alone. Linking the new wealth
of remote sensing data with in situ observations and
ecosystem models will be critical for future progress.
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