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Physical-Biological Interactions in the Southern Ocean

Chapter 1

An Introduction to Physical-Biological Interactions in the Southern Ocean

Jefferson Keith Moore



The Southern Ocean (SO) plays an important role in global oceanic circulation

and in the Earth's climate system. The SO can be broadly defined as the area from the

North Subtropical Front south to the Antarctic continent. It links and thus allows

exchange among the three major ocean basins containing the Atlantic, Indian, and Pacific

oceans. As a major site of bottom water formation, the SO strongly influences the global

thermohaline circulation within the oceans [Mantyla and Reid. 1983; Nowlin, 1991; Hay,

19931. Due to the outcropping of isopycnals, the Southern Ocean is one of the main

regions of exchange between the atmosphere and the deep ocean [Mantyla and Reid,

1983; Nowlin, 1991; Hay, 1993). These air-sea interactions are a key component of the

global climate system. Large amounts of heat are transported poleward within the ocean

and released to the atmosphere [Now/in and Klinck, 1986]. Hastenrath [1982] estimated

a poleward heat flux across 60 °S of 6 x 1014 W within the oceans.

The Southern Ocean has not been studied as intensively as other areas due to

harsh climatic conditions and geographic remoteness from the major oceanographic

research centers. Newly deployed satellites and improved remote sensing techniques

provide useful tools for studying this relatively inaccessible area. Phytoplankton blooms

were observed and analyzed using the National Aeronautics and Space Administration's

(NASA) Coastal Zone Color Scanner (CZCS) which flew onboard the Nimbus-7 satellite

from 1978-1986 [Sullivan etal., 1988, 1993; Comiso etal., 1993; Arrigo and McCiain,

1994]. Arrigo et al. [1998] used the CZCS monthly climatological data in conjunction

with a bio-optical model to estimate primary production in the Southern Ocean. The

CZCS coverage from the Southern Ocean was sparse, as the sensor was not always

operated in this region. Thus, NASA's Sea Viewing Wide Field of View Sensor
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(SeaWiFS) is providing the most comprehensive look yet at phytoplankton biornass and

dynamics in the Southern Ocean. Sea ice concentration and distribution within the SO

has been routinely measured by satellite since the 1970's [Gloersen et al., 1992]. The

Advanced Very High Resolution Radiometer (AVHRR) sensors aboard the National

Oceanographic and Atmospheric Administration's (NOAA) polar orbiting environmental

satellites provide routine measurements of sea surface temperature [Brown et al., 1993].

Recent improvements in the data processing of this AVHRR data as part of the

NOAA/NASA Pathfinder Program have resulted in much better temporal coverage at

high southern latitudes [Smith et al. 1996]. Satellite altimeters such as TOPEX and

ERS-1, provide precise measurements of sea surface height, which reveals important

information about ocean circulation and variability.

In this study, I use a variety of satellite data from different sensors to examine

physical-biological interactions in the Southern Ocean. The primary focus will be on the

response of phytoplankton biomass (as measured by the satellite ocean color sensors) to

various physical forcings. An improved understanding physical-biological interactions is

an important scientific goal for several reasons. Phytoplankton production forms the base

of oceanic food chains. Thus insight into phytoplankton dynamics provides useful

information on ecosystem structure, the carbon cycle, and sustainable catch by the fishery

industry. A better of understanding physical-biological interactions will also help us

understand how primary production in the Southern Ocean is affected by climate change.

It has recently been hypothesized that Southern Ocean primary production may

significantly affect atmospheric CO2 concentrations on glacial-interglacial time scales

[i.e. Knox and McElroy, 1984; Martin, 1990; Sarmiento and Orr, 1991]. It is also known
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that polar areas experience the largest temperature changes during climate shifts [IPCG,

1990]. Sarrniento andLe Quéré [1996] concluded that the response of Southern Ocean

biota to predicted global warming was the largest source of uncertainty in our attempts to

niodel climate change over the next several hundred years. In the remainder of this

chapter I will review the physical and biological oceanography of the Southern Ocean,

and present an introduction to physical-biological interactions, a topic developed

extensively in the following chapters.

Physical Oceanography

The strong difference in air temperature between Antarctica and lower latitudes

leads to persistently strong westerly winds over most of the Southern Ocean. These

eastward flowing winds set up a sea surfacesloping down towards the south due to

northward Ekman transport. The sea surface slope in turn results in an eastward flowing

current, the Antarctic Circumpolar Current (ACC), all the way around the Antarctic

Continent [Nowlin and Klinck, 19861. Across the ACC there is a general north to south

decrease in sea surface temperatures (SST) [Deacon, 1937].

South of the Antarctic Circumpolar Current, there are two cyclonic gyre systems

located within the Weddell and Ross Seas. Most of the seasonal growth and retreat of the

pack ice occurs within these gyres. The Weddell Sea is thought to be the most important

site for bottom water production within the Southern Ocean [Hay, 1993].

There is a reversal in the mean wind direction at the location of the Antarctic

Divergence (AD) at approximately 60°S. South of this location the winds generally flow

westward leading to a sea surface sloping upwards towards the continent. This slope in
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turn drives westward flow along the Antarctic Slope Front [Jacobs, 1991]. The Antarctic

Divergence is a region of strong upwelling due to the divergence of surface waters driven

by the wind. Large amounts of nutrients enter surface waters here and gradually move

northwards within the ACC. Eventually these nutrient rich surface waters sink beneath

warmer Subantarctic waters at the Antarctic Polar Front Now1in and Kiinck, 1986].

Several strong narrow jets associated with density gradients account for a large

majority of transport within the ACC [Sievers and Nowlin, 1984; Nowlin and Kiinck,

19861. The circumpolar fronts of the ACC include the Subantarctic Front (SAP), the

Antarctic Polar Front (PF), and the Southern ACC Front (SACCF) [Deacon, 1933, 1937;

Nowlin and Klinck, 1986; Orsi et al., 1995]. Farther north are the North and South

Subtropical Fronts (NSTF and SSTF, respectively) [Belkin and Gordon, 1996]. These

subtropical fronts mark the northern boundary of the ACC and the southern boundary of

the oceanic gyre systems to the north.

The PP flows eastward as a meandering jet within the Antarctic Circumpolar

Current [Now! in and Klinck, 1986]. The PF, also known as the Antarctic Convergence,

marks the location where Antarctic surface waters moving to the north sink rapidly below

Subantarctic waters [Deacon 1933, 1937; Mackintosh, 1946]. Thus, the PF is a region of

elevated current speeds and strong horizontal gradients in density, temperature, salinity,

and other oceanographic properties. The PF marks an important boundary in terms of

air-sea fluxes, and the heat and salt budgets of the Southern Ocean [1-lastenrath, 1982;

Nowlin and Klinck, 1986]. The path of the PF exhibits considerable variability in the

form of niesoscale meandering, eddy, and ring formation [Mackintosh 1946; Joyce et al.,

1978]. This mesoscale variability may be an important component of oceanic poleward



heat flux [Nowlin and Klinck, 1986]. The mesoscale behavior of Southern Ocean fronts

such as the PF is poorly resolved in current models of ocean circulation and the global

climate.

Biological Oceanography

The biology of the Southern Ocean has been long been a paradox for

oceanographers. In most areas chlorophyll concentrations and phytoplankton biomass

remain perpetually at low levells despite consistently high concentrations of the major

macronutrients nitrate and phosphate [phosphate 1.5 > jtM and nitrate > 20 tM south of

the PF, Comiso et al., 1993]. Thus, the Southern Ocean is a classic High-Nutrient-Low-

Chlorophyll (HNLC) system [Martin, 1990; Minas and Minas, 19921. Phytoplankton

blooms with chlorophyll concentrations> 1 0 mg/In3 are restricted almost exclusively to

three general areas: 1) Southern Ocean fronts, 2) shallow areas including coastal and

shelf waters, and 3) in the vicinity of the seasonally shifting ice edge [Tréguer and

Jacques, 1992; Banse, 19961. I will refer to these regions with high chlorophyll

concentrations as "bloom regions".

There are striking differences in the ecology of bloom and non-bloom regions of

the Southern Ocean. Phytoplankton blooms are typically dominated by larger diatoms,

which tends to result in a high export, high f-ratio system [Tréguer and Jacques, 1992;

Banse, 19961. Grazing control in these areas is sporadic at best, due to the relatively long

reproduction time of krill and copepods relative to diatoms, and to the patchy nature of

krill swarms in the Southern Ocean [Nicol, 1994]. In contrast, within the HNLC areas,

phytoplankton assemblages are dominated by smaller nano and pico-sized phytoplankton
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[Treguer and Jacques, 1992; Banse, 1996]. The main grazers of these smaller species

have reproduction times as fast or faster than the phytoplankton and are thus able to exert

a strong grazing control on phytoplankton biornass [Sherr and Sherr, 1994].

Martin and coworkers suggested that the availability of iron as a micronutrient

was the factor that suppressed the growth of larger bloom-forming diatoms over the

expansive HNLC regions of the Southern Ocean [Martin, 1990, 1992; Martin etal.,

1990a, 1990b]. h the decade since this hypothesis was proposed, there has been a large

amount of supporting evidence collected in the Southern Ocean. Each of the bloom

regions noted above has elevated iron concentrations at least part of the time. Coastal

and shelf waters receive iron from nearby shelf sources as well as from melting sea ice

[Martin et al., I 990b; Noiting etal., 1991; Sedwick and DiTullio, 1997]. Elevated iron

concentrations have also been reported at the Antarctic Polar Front [de Baar et al. 1995;

Löscher etal., 1997]. Martin [1990] suggested that melting sea ice should be a

significant source of iron to surface waters from atmospheric dust deposition

accumulated on the ice. Sedwick and DiTuilio [19971 reported evidence of such iron

fertilization of a phytoplankton bloom from melting sea ice. Bottle incubation

experiments have shown that Southern Ocean phytoplankton typically respond to iron

addition with increased growth rates and a shift in species composition towards larger

diatoms [Martinet al., 1990b; Hebling etal., 1991; de Baar et al., 1995; Van Leeuwe et

a!, 1997; Scharek et aL, 1997; Takeda, 1998].



Physical-Biological Interactions

Physical processes in marine ecosystems primarily affect phytoplankton by

altering either the light environment phytoplankton experience or the nutrients available

for uptake. For example, strong winds deepen the surface mixed layer, and this reduces

the average light intensity experienced by phytoplankton within the mixed layer. At the

same time, sub-surface nutrients may be mixed into the surface layer, enhancing

phytoplankton growth. The major macronutrients nitrate and phosphate are typically not

limiting to phytoplankton growth in the Southern Ocean but inputs of sub-surface iron

can be an important factor regulating growth rates. The availability of silicic acid can

limit diatom growth in Southern Ocean waters [Tréguer and Jacques, 19921. Thus,

physical processes that increase the input of sub-surface silicic acid to surface waters may

likewise stimulate diatom growth.

Meandering jets such as the PF can stimulate phytoplankton growth in several

ways. Conservation of vorticity within meandering jets leads to localized areas of

upwelling and downwelling on spatial scales from 10-100 km that can strongly influence

phytoplankton production [Flierl and Davis, 1993; Olson et al., 1994]. Areas of

upwelling bring nutrients into the surface layer and increase light levels for

phytoplankton deep in the water column [Flierl and Davis, 1993]. In contrast to these

localized areas of upwelling/downwelling, enhanced mixing along outcropping

isopycnals may increase nutrient inputs all along oceanic fronts. Secondary cross-frontal

circulation may also promote diatom growth in frontal regions [Claustre et at., 1994]. A

large number of research studies in the Southern Ocean have found elevated

phytoplankton biomass and or production at the PF [Allanson et al., 1981; Lutjeharins et



at., 1985; Bidigare et al. 1986; Laubscher et al., 1993; Jochein et al., 1995, de Baar et

al., 1995]. A major focus of this study is to document how widespread and persistent

phytoplankton blooms are at the PF, and to examine the underlying physical processes

driving bloom dynamics.

The topographic features of the Southern Ocean can also influence the biota in

several ways. Shallow water areas provide a direct source for iron to enter surface

waters. As discussed previously, this may account for the generally higher phytoplankton

biomass seen at the Antarctic coast and near Southern Ocean islands. Interactions

between ocean currents and large topographic features away from land can move sub-

surface nutrients into surface waters through mixing and upwelling [Moore et al., I 999b].

The large changes in ocean depth where the Antarctic Circumpolar Current crosses large

topographic features inputs large amounts of relative vorticity to the water column due to

the conservation of vorticity. This relative vorticity is likely dissipated through non-

linear processes such as eddy actions. Increased eddy mixing where the ACC encounters

large topographic features may bring more nutrients into the surface layer which can

stimulate phytoplankton growth [Moore et al., 1999b}. Weak density stratification in the

Southern Ocean allows topographic effects to reach the surface layer.

Melting sea ice can also lead to elevated phytoplankton biomass and production

through several interacting processes. By lowering the salinity of surface waters, melting

ice acts to increase vertical stratification and thus leads to shallower surface mixed layers.

This can improve the irradiance-mixing regime for phytoplankton [Smith and Nelson,

1985]. Melting sea ice can also be a source of iron for phytoplankton from atmospheric

dust which has accumulated on the sea ice and carries iron from terrestrial sources
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[Martin, 1990; Sedwick and DiTulijo 1997]. Sea ice algae contained within the ice can

also form important seed stock for phytoplankton blooms in the water column [Smith and

Nelson, 1986; Gibson et al., 1990; Smith and Gordon, 1997].

In the chapters that follow, several types physical-biological interactions in the

Southern Ocean are examined over timescales ranging from days to glacial-interglacial

cycles lasting tens of thousands of years. Chapters 2 and 3 examine the dynamics of the

PP using satellite-derived sea surface temperature data. Chapter 4 presents some satellite

ocean color data from the SeaWiFS sensor in the vicinity of the U.S. Joint Global Ocean

Flux Study site along 170 °W. This chapter provides an introduction to some of the

physical-biological interactions developed more fully in later chapters. Phytoplankton

bloom dynamics at the Antarctic Polar Front are the focus of Chapter 5. Chapter 6

examines phytoplankton biomass and primary production over the entire Southern Ocean

using a combination of remote sensing and modeling techniques. Alterations in Southern

Ocean ecosystem dynamics over glacial-interglacial timescales and their role in the

global carbon cycle are discussed in Chapter 7. Chapter 8 provides a summary and

concluding thoughts on physical-biological interactions in the Southern Ocean.
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Chapter 2

Variability in the Location of the Antarctic Polar Front

(90° 20 oW) from Satellite Sea Surface Temperature Data

Jefferson Keith Moore, Mark R. Abbott, and James U. Richman

Published in the Journal of Geophystcal Research,

Vol. 102, 27,825-27,833, 1997.
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Abstract

The path of the Antarctic Polar Front (PF) is mapped using satellite sea surface

temperature data from the NOAAJNASA Pathfinder Program. The mean path and

variability of the PF are strongly influenced by bathymetry. Meandering intensity is

weaker where the bathymetry is steeply sloped, and, increases in areas where the bottom

is relatively flat. There is an inverse relationship between meandering intensity and both

the width of the front and the change in temperature across it. There is a persistent, large

separation between the surface and sub-surface expressions of the PF at Ewing Bank on

the Falkland Plateau.
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Introduction

The Antarctic Polar Front (PF) is a strong jet within the Antarctic Circumpolar

Current (ACC), which flows eastward continuously around Antarctica [Nowiin and

Klinck, 1986]. The PF, also known as the Antarctic Convergence, is the location where

Antarctic surface waters moving to the north sink rapidly below Subantarctic waters

[Deacon, 1933, 1937]. Thus, the PF is a region of elevated current speeds and strong

horizontal gradients in density, temperature, salinity, and other oceanographic properties.

The PF marks an important boundary in terms of air-sea fluxes and the heat and salt

budgets of the Southern Ocean. The path of the PF exhibits considerable variability in

the form of mesoscale meandering, eddies, and ring formation [Mackintosh, 1946; Joyce

et al., 1978]. The region lying north of the PF and south of the Subantarctic Front (SAF)

is termed the Polar Frontal Zone (PFZ).

The PF has both surface and sub-surface expressions whose locations do not

necessarily coincide. Strong gradients in sea surface temperature mark the surface

expression [Deacon 1933, 1937; Mackintosh, 19461. Sub-surface definitions for the PF

mark the location where Antarctic Surface Waters descend rapidly, such as, the point

where the minimum potential temperature layer sinks below 200 m depth [Deacon 1933,

1937, Orsi et al., 1995], South of Africa, the sub-surface and surface expressions of the

PF are typically separated by distances less than -5O km, although separations up to

300 km have been noted [Lutjeharms and Valentine, 1984; Lutfeharms, 1985]. Sparrow

etal. [1996] concluded that there is a wide separation between the surface and sub-

surface PF expressions in the vicinity of the Kerguelen Plateau. Deacon [1933] and

Guretskii [19871 noted that in some regions of the southwest Atlantic, Subantarctic



14

surface waters extend southward over the cold Antarctic surface layer, placing the PF

surface expression south of the sub-surface expression. These southward extensions of

Subantarctic waters occurred only in a relatively thin surface layer [approximately 100 m

deep, Deacon, 1933].

We have used the strong sea surface temperature (SST) gradient at the PF to map

its surface expression in the region 90-20 oW over the two year period 1987-88. Similar

mapping of meandering jets and fronts has been done previously for the PF [Legeckis,

1977] and in other strong frontal systems [Hansen and Maul, 1970; Olson et al., 1983;

Cornillon, 1986].

Satellite altimeter data has shown that there is little zonal coherence in the

variability of the ACC [Fu and Chelton, 1984; Sandwell and Zhang, 1989; Che (ton et al.,

1990; Gille, 1994; Gille and Kelly, 1996]. These studies emphasize the importance of

local and regional instabilities [Chelton et al., 1990; Gille and Kelly, 1996]. Glue [1994]

used GEOSAT altimeter data and a meandering jet model to map the mean location of the

PF and the SAF. The large changes in sea surface height detected by the two jet model

would likely be associated with the sub-surface expression of the PF [Glue, 1994]. Thus,

comparison of our results with those based on altimeters [Gille, 1994] as well as in situ

sub-surface data [Orsi et aL, 1995] can provide insights into relationships between the

surface and sub-surface expressions of the PF.

Barotropic flow in the oceans over smoothly varying topography tends to conserve

angular momentum by following lines of constant potential vorticity (f + Q/H, where f is

the planetary vorticity, is relative vorticity, and H is ocean depth. In open ocean areas,

the planetary vorticity is much larger than the relative vorticity, and mean potential
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vorticity can be approximated as f/H. We will use the term planetary potential vorticity

for this f/H approximation. We compare the path of the Polar Front with the planetary

potential vorticity field.

In the Southern Ocean, the large changes in ocean depth associated with the mid-

ocean ridges and Drake Passage do not permit the ACC to follow lines of constant

planetary potential vorticity circumglobally [Koblinsky, 1990]. The ACC is forced at

Drake Passage and the North Scotia Ridge across isolines of planetary potential vorticity,

causing inputs of relative vorticity to the water column through the shrinking of vortex

lines. This relative vorticity is likely dissipated through nonlinear processes such as eddy

action or Rossby waves.

Materials and Methods

The position of the Antarctic Polar Front was mapped using satellite SST data

from 1987-88. The satellite data were the daily equal-angle "best SST" files (9 km spatial

resolution) of the NOAAJNASA Pathfinder Program. The Pathfinder Program data set

has high-resolution global SST coverage derived from the Advanced Very High

Resolution Radiometer (AVHRR) aboard the NOAA Polar Orbiters [Brown et al., 1993].

The Pathfinder data have better coverage in high latitude, persistently cloudy regions than

previously available satellite SST [Smith et al., 1996].

Cloud cover is particularly persistent over the Southern Ocean [Legeckis, 1977;

Bishop and Rossow, 1991], which limited our temporal resolution. In order to minimize

gaps in the data due to cloud cover, daily files were composite averaged into weekly files

using all available data (including ascending and descending satellite passes). The
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resulting weekly images still had considerable gaps due to cloud cover, but at least

portions of the PF were uriobscured in each image.

The strong SST gradient at the PF was used to map its location. Images showing

only the strong SST gradients were derived from the weekly SST maps. We defined a

strong gradient as a temperature change greater than or equal to 1.35 oC across a distance

of -45 km (pixel width varies with latitude). For each pixel in the weekly image, a 9 x 5

pixel box centered on that pixel was examined for strong temperature gradients in four

directions (N-.S, E-W, SW-NE, and SE-NW). The 9 x 5 dimensions were chosen so the

distance across the box (N-S and E-W) was approximately 45 km. The distance across

the box in the SW-NE and SE-NW directions at 55 OS would be -65 km.

If a strong temperature gradient (T greater than or equal to 1.35 OC) was detected

in any of the four directions, the center pixel (with its SST value) was retained in the

gradient map, otherwise it was set to zero (missing). Thus, the gradient maps were

subsets of the weekly temperature maps.

By experiment, we determined that the 9 x 5 pixel box, with a T greater than or

equal to 1.35 oC, was best at retaining the mesoscale features that we wished to map with

an acceptable amount of noise (pixels retained which are not associated with the major

fronts). The temperature resolution of the Pathfinder data is 0.15 OC; thus choices for T

were restricted to multiples of this value. If the T value is too low, noise overwhelms

the front signaJ. If the T value is too high, large portions of the front are not retained in

the gradient maps. In the rare case (<-1 % of strong gradient pixels) where a strong

gradient was detected but the center pixel was a missing data point, the temperature value

for the center pixel was linearly interpolated from the two endpoints of the gradient.
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Examples of the weekly temperature and gradient maps (from the first week of

1987) are shown in Figure 2.1. The nearly continuous area of strong gradient stretching

from SW to NE across the Scotia Sea is the surface expression of the PF. Also visible to

the north are regions of strong temperature gradient associated with the SAF. A warm

core ring, pinched off from the PF, is also visible at approximately 51 °W, 56OS.

The location of the poleward edge of the PF was suljectively digitized by

examining the weekly temperature and gradient maps. No path was mapped in areas

where the front was not clearly visible. The poleward edge of the front marks the

boundary between the PFZ and the northernmost extent of Antarctic surface waters.

Satellite mapping studies of the Gulf Stream have also typically marked the poleward

edge of the front [Cornilion, 1986].

The mean path of the PF was determined by first constructing a reference path (a

subjective estimate of the mean path) and then calculating the mean deviation of all paths

at right angles to this reference path. This mean deviation from the reference path defined

the mean path. The computed mean path was smoothed with a 5 point moving average in

latitude and longitude. To quantify variability in the path of the PF, the spatial

displacement of individual paths at right angles from the mean path was calculated.

We tried several methods to quantify the SST gradient across the Polar Front; all

of which gave similar results. Therefore, we present only one method here. To quantify

the temperature gradient across the front, we began at the poleward edge of the PF and

moved up the temperature gradient until SST did not increase over a 3 pixel (-20-30 kin).

distance or until a missing pixel was reached. The same method was used to measure the
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Figure 2.1. Mean sea surface temperature from the first week
of 1987 (top). The gradient map (bottom) is a subset of the
SST image where only those pixels within strong SST gradients
have been retained.
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width of the front. Only complete transects were used to calculate the mean AT and

distance across the PF.

A high-resolution predicted seafloor topography, derived from .ship and GEOSAT

altimeter data [Smith and Sandwell, 1994], was used to create maps of planetary potential

vorticity for comparison with the PF paths. The predicted topography had a grid spacing

of 3 minutes of longitude by 1.5 minutes of latitude. The predicted topography was also

used to calculate the slope of the ocean floor across the PF (45 km to either side) and the

mean depth along a swath 45 km north and south of the mean PF path.

Results and Discussion

All paths of the Antarctic Polar Front mapped during the years 1987-88 are shown

in Figure 2.2. Variability in the position of the PF has a relative minimum in three

regions: at Drake Passage (-62-57 OW), between -78-76 °W, and along the eastern end of

the Falkiand Plateau (43-40 oW). Variability increases west of -82 oW, east of -33 °W,

and in the northern Scotia Sea between -50-40 oW

The region of high variability in the northern Scotia Sea exhibited considerable

meandering and ring formation, such that a clear path for the PF could not be

distinguished at times even under cloud-free conditions. Gordon et al. [1977] reported

that the PF was highly meandering in this region. Satellite altimeter studies have also

found elevated mesoscale variability here [Sandweil and Zhang, 1989; Chelton etal.,

1990]. Relatively high levels of eddy kinetic energy have also been reported here from

free-drifting buoy data [Daniault and Ménard, 1985; Johnson, 1989]. Relatively few

paths were marked cast of 25 °W. This was not a function of cloud cover and seemed to



Figure 2.2. Displayed are all paths for the Antarctic Polar Front
digitized for the years 1987-1988.
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be the result of a weakening of the SST gradient such that it was often difficult to

distinguish the PF from background "noise".

The mean path of the Polar Front (1987-88) through this region is displayed in

Figure 2.3 (black line). Our mean latitude of 58.7 OS for the PF along 640W agrees well

with its sub-surface position during the ISOS DRAKE 79 experiment, where it ranged

between 58.5-59.5 °S [HoJmnann and Wh.itworrh, 1985]. Ikeda etal. [1989] place the PF

at 56.40 OS along 54°W during a cruise March 12-20, 1987. Our latitude for the PF

along 540W for the two weeks which overlap this time period was 56.5 OS.

It can be seen in Figures 2.2 and 2.3 that the PF often undergoes an S-shaped bend

in the northern Scotia Sea [a feature described by Deacon 1933, 1937; and Mackintosh,

1946]. Despite extensive meandering, the PF nearly always crosses the North Scotia

Ridge at Shag Rock Passage [see Peterson and Whitworth, 1989; Figures 2.2 & 2.3).

This gap is the only area on the North Scotia Ridge with depths greater than 2000 m.

Also shown in Figure 2.3 are the mean paths for the Antarctic Polar Front

reproduced from Gille [19941 and Orsi et al. [1995]. Note that these PF paths are based

on three different mapping methods and three different definitions of the Polar Front.

The subsurface temperature structure definition of Orsi etal. [1995] and the change in

sea surface height definition used by Gille [1994] mark the sub-surface expression of the

PF, while our path reflects the surface expression.

The three PF paths are in relatively close agreement in several regions, including

Drake Passage and just to the east (- 65-52 oW), although Gille [19941 has a large

poleward meander at 55 ow. In all three paths, the PF turns southward just east of

400W and again at 28 oW where it encounters the Islas Orcadas Rise. Note that while
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our mean path turns southward, the PF sometimes crosses or flows north of the Islas

Orcadas Rise (Figures 2.2 and 2.3).

The largest discrepancy between the three mean paths is in the vicinity of Ewing

Bank at the end of the Falkland Plateau (-45 oW) where our mean path lies -290 km to

the south of Orsi etal. [1995] and up to 332 km south of Gille [19941. After crossing the

North Scotia Ridge our mean path turns sharply eastward following the deep valley

between the North Scotia Ridge and the Falkiand Plateau, and then northeastward,

hugging the southeast flank of Ewing Bank at the eastern end of the Falkiand Plateau.

The other paths cross the Falkland Plateau before turning eastward. We believe this

difference is due to a persistent divergence between the surface and sub-surface PF

expressions in this region.

Guretskii [19871 working with SST data also placed the PF consistently to the

south and along the southeast flank of Ewing Bank. Several recent studies have placed

the sub-surface expression of the PF as crossing the Falkiand Plateau and flowing

eastward along the north side of Ewing Bank [Peterson and Whitworth, 1989; Glue,

1994; Orsi et aL, 1995]. It is in this region that the SAF rejoins the PR Peterson and

Whitworth [1989] concluded that the SAF and PF are spaced closely together north of

Ewing Bank, at times effectively merging to form one continuous front. The surface

expression of the PF was not detectable in their transects apparently lying further to the

south [Peterson and Whitworth, 1989]. Mackintosh [1946] outlined paths for the PF both

north and south of Ewing Bank. Some drifter data also indicates a strong northeastward

flow along the southeast flank of Ewing Bank [Hofinann, 1985; Davis et al., 1996].

Deacon [1933] noted that the sub-surface expression was often 160-240 km north of the



surface expression in the region east of Ewing Bank. Guretskii [19871 concluded that the

sub-surface expression of the PF was often 1-2 olatitude north of the surface expression in

this region of the South Atlantic. Our results strongly support these observations. It

appears that while the sub-surface expression of the PF often crosses the Falkiand Plateau

flowing eastward along the north side of Ewing Bank, the surface expression is typically

located south of Ewing Bank. A thin surface layer (-100 m) of Subantarctic surface

water extends southward over Antarctic surface water in this region [Deacon, 1933]. Our

mean path is also south of those of Guile [1994] and Orsi et al. 11995] between

--34-29 oW and west of 85 °W. Possibly these differences are also due to frequent

separation of the surface and sub-surface expressions of the PF.

The annual mean path was similar for the years 1987 and 1988, with an average

N-S separation of 53 km (Figure 2.4). The largest interannual differences were between

90-85 °W (mean N-S separation of 159 km). The smallest interannual variation was

65-55 oW (mean N-S separation < 13 km). Interannual variability was also low between

80-75 oW and between --42-38 oW. The mean path for 1988 was not well defined in the

area north of the Scotia Ridge near 45 oW where few paths were marked (Figure 2.4). A

mean weekly latitudinal displacement of 30 km (n=62) was calculated in areas where

portions of the PF were mapped in two sequential weeks. A maximum weekly shift of

177 km was observed. Thus, the magnitude of variability at weekly time scales is

comparable to interannual variations.

The mean ,T across the PF for the whole region was 1.7 oC. This is slightly less

than previous estimates of 1.8-2.6°C [Mackintosh, 19461, 1.8-2.1 oC [Houtman, 19641,

and 1.9-2.0 oC [Guretskii, 1987]. In the region south of Africa a mean AT of 1.8 OC was
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Figure 2.4. The mean path of the Antarctic Polar Front for the
years 1987 (black line) and 1988 (grey line) are shown. The
annual paths are not well defined in the highly variable northern
Scotia Sea and east of25 °W, where few paths were marked.
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reported [Lutjehar,ns, 1985]. Our mean width of 47 km for the PF agrees well with the

width of 44 km given by Gilie [19941 and the 40 km estimate of Sciremammano et al.

[1980], and is somewhat less than the 61 km distance of Now/in an.d Cifford [1982].

Now/in and Clifford [19821 noted their width is an overestimate because transects were

likely not normal to the flow direction.

One way to quantify the meandering intensity of a strong jet or front is to calculate

the spatial r.m.s. displacement at right angles from the mean path [Lee and Cornillon,

1995]. The spatial r.m.s. displacement for the whole region over the two year period was

100 km. Gille [1994] reported typical meander distances of about 75 km to either side of

the mean path for the whole Southern Ocean.

If we examine the behavior of the PF by longitudinal bins, it is apparent that there

are large regional variations (Figure 2.5). In Figure 2.5, the area from 50-45 oW has been

divided into two columns with data from north and south of the North Scotia Ridge

(clearly two different domains, see Figures 2.2 and 2.3) presented separately.

There is an inverse correlation between meandering intensity (as measured by the

spatial r.m.$) and both temperature change and width of the front (Figure 2.5e, 2.5f, and

2.Sg). The cross correlation coefficients for these two relationships were -0.45 and -0.57,

respectively (both significant at the 95% confidence level by student's t test). The SST

gradient across the PF is largest and the cross frontal distance is widest in the region of

low variability between _6055 OW (Figures 2.2, 2.5f and 2.5g). Gille [19941 also found

evidence for an intensification of the ACC fronts in this area. The very high spatial r.m.s.

displacement at 25-20 oW is partly a function of the small number of PF paths marked in

this area (Figures 2.2 and 2.5e).



27

6000
5000] A

n ni

11111 H1HH}H)nnHHH1H_2000
II

II

{

10ii11 111111 HHnflUftnnR1n,
s_f80- c

.55

es. H,
60

i15D
10.

I,

5-

fiLIftftftD
nfl.

...1ri1

E

140 -

flfl1U1fl1fl)nU
'- 100- fl
I-Hflflnfl ___20-

) I

nflfl fl n1nftrLn1ftn1n1flHH,0.

z-
1.5-

n1HHH1HH1Hfl1Hfl;flH1H,fi1n,

Figure 2.5. Statistical properties of the Antarctic

Polar Front averaged over 5 degree longitudinal bins

are diplayed. Asterisk denotes where E-W bottom

slope is shown.



The absolute value of the N-s bottom slope was calculated for each point along

the mean path of the Polar Front over a distance totaling 90 km (Figure 2.5d). For the

area between 50-45 °W south of 54 OS, bottom slope was calculated in the E-W direction,

because the PF is moving latitudinally in this area (Figure 2.5d). Meandering intensity

was inversely related to bottom slope (Figure 2.5d and 2.5e). The cross correlation

coefficient between Figure 2.5d and 2.5e was -0.44 (significant at the 95% confidence

level by student's t test). It can be seen that where the N-S bottom slope is large (greater

than -8 mlkm) meandering intensity is low (Figure 2.5d and 2.5e). Conversely, in areas

where the ocean floor is weakly sloped meandering intensity is elevated.

It is clear that changes in the planetary potential vorticity along the path of the PF

are largely a function of ocean depth, despite large latitudinal shifts (Figure 2.5a, 2.5b,

and 2.5c). Planetary potential vorticity does not remain constant where the PF crosses

large topographic features, including Drake Passage, the North Scotia Ridge, and the Islas

Orcadas Rise. Note that despite the large latitudinal shifts across the whole region, the

mean planetary potential vorticity along the PF is similar in the open ocean areas west of

Drake Passage and between -.25-20 °W (Figure 2.5b).

Insight into the regional variations apparent in Figure 2.5 can be gained if we

compare the mean path of the PF with the planetary potential vorticity field (Figure 2.6).

The mean path can be seen to turn northward at -83 oW when it encounters areas of

increasing planetary potential vorticity (shallower depths) west of the Antarctic

Peninsula. The PF continues moving equatorward as it is forced across planetary

potential vorticity contours through Drake Passage. There is a sharp poleward turn at

40-39 oW where planetary potential vorticity values decline by> 50% at the eastern end
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Figure 2.6. The mean path of the Antarctic Polar Front is
overlain on a map of planetary potential vorticity (f/H),
where f is the Coriolis parameter and H is ocean depth. The
predicted bathymetry data was remapped to have the same
resolution as the SST data for this figure.
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of the Falkiand Plateau. The front turns southward as it approaches the Islas Orcadas

Rise (--28 °W), and turns equatorward again while crossing this feature.

The mean planetary potential vorticity along the mean path of the PF was

calculated at each longitude within a moving 2 olongitude wide window. In Figure 2.7,

the planetary potential vorticity field and mean PF path from Figure 6 are reproduced, but

along each longitudinal line, a relatively narrow range of planetary potential vorticity

values, consisting of the calculated mean planetary potential vorticity value

+1- 1 0 m1 s1, has been set to white. This narrow range of planetary potential vorticity

values can be considered as encompassing a local region of quasi-uniform planetary

potential vorticity (the mean value +1- --5%). The PF is free to meander within this region

while maintaining a relatively constant planetary potential vorticity. Comparing Figures

2.2, 2.6, and 2.7, it can be seen that although mean planetary potential vorticity along the

PF changes drastically through this whole region, locally the PF tends to follow lines of

relatively constant planetary potential vorticity. Thus, the envelope of PF paths tends to

correspond to the size of the local region of quasi-uniform planetary potential vorticity

(compare Figures 2.2 & 2.7).

This relationship between gradients in planetary potential vorticity and path

variability is especially clear west of Drake Passage. In Figure 2.2, the envelope of PF

paths is widest west of --83 °W, where the weak bottom slope results in a relatively broad

area of quasi-uniform planetary potential vorticity (Figures 2.2 and 2.7). The envelope of

PF paths narrows considerably between -78-76 oW, where an increase in the bottom

slope causes larger gradients in the planetary potential vorticity field. The envelope of PF

paths broadens again as Drake Passage is approached and the local region of quasi-
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potential vorticity (ppv) along the PF was calculated at each
longitude from points within a moving 2°longitude wide window.
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uniform planetary potential vorticity expands (Figures 2.2 and 2.7). At 54 °W the PF

crosses several narrow valleys and enters another relatively broad, flat region of quasi-

uniform planetary potential vorticity where meandering intensity increases considerably

(Figures 2.2, 2.5e, and 2.7). After crossing the North Scotia Ridge, the PF can be seen to

follow relatively constant planetary potential vorticity lines along the Falkiand Plateau.

Between 35-30 oW and east of 24 oW, the region of quasi-uniform planetary potential

vorticity broadens again, as does the envelope of PF paths (compare Figures 2.2 and 2.7).

In general, variability in the front's position is higher as it passes through areas

with a relatively flat bottom (west of 83 °W, east of 33 oW, and in the northern Scotia

Sea), and variability is lower where steep bottom slopes result in strong gradients in the

planetary potential vorticity field (within Drake Passage, 78-76 oW and along the

Falkland Plateau, compare Figures 2.2, 2.5e and 2.7).

The lowest variability in the PF'S position at weekly and interannual time scales is

in the region between 65-55 °W (Figures 2.4 and 2.5e). We believe the local bathymetry

plays a crucial role in stabilizing the position of the PF here (Figure 2.8). Again, a narrow

range of planetary potential vorticity values consisting of the running mean of planetary

potential vorticity along the mean PF path (1- 5%) has been set white along

each line of longitude. It can be seen that in this region the PF follows closely several

deep, narrow (<50 km wide) valleys, which are likely associated with spreading centers.

The PF appears to follow local planetary potential vorticity contours where possible. The

seamounts north and south of the valley at 62-57 oW cause contours of planetary

potential vorticity to be pinched tightly together, inhibiting lateral motions of the PF

(Figure 2.8). The spatial r.m.s between 62-57 °W was 43 km over the 1987-88 period.
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Mean N-S bottom slope between 62-57 oW was 10.8 rn/km. Interannual variability was

also low with a mean latitudinal difference of 18 km (Figure 2.4). The PF crosses and

then leaves the valley where it narrows at -58.1 oW. The PF crosses several more narrow

valleys and then enters a relatively flat area where meandering intensity increases rapidly

(Figures 2.2 and 2.8).

Meandering intensity was also weaker where the PF flows along other steeply

sloped bottom areas (where planetary potential vorticity gradients are large), such as at

the end of the Falkland Plateau (spatial r.m.s. displacement 42-41 0W was 38 km) and

between 78-76 °W (spatial r.m.s displacement of 55 km). Interannual variability was

also low in these same areas of large gradients in planetary potential vorticity (Figure

2.4). This stabilizing influence of large bathymetric features has been suggested

previously [Hofinann, 1985; Sandwell and Zhang, 1989]. The effects of relatively small

bathymetric features on surface flow are elevated at high latitudes where the Rossby

radius of deformation is small and density stratification is weak.

Conclusions

The picture of the Antarctic Polar Front, in the vicinity of Drake Passage and the

Scotia Sea, which emerges from our analysis, is that of a dynamic, highly variable feature

both spatially and temporally. There is an inverse relationship between meandering

intensity and both the width and the temperature change across the PF. Strong regional

differences are present and seem to be largely a function of bathymetry and the planetary

potential vorticity field. These regional variations suggest caution when trying to

extrapolate from one area of the PF to make global-scale calculations.
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Meandering intensity of the PF is weaker where gradients in the planetary

potential vorticity field are large. In regions where the gradients in planetary potential

vorticity are weak meandering intensity is intensified. Conservation of mean potential

vorticity cannot be maintained along the PF through this whole region due to the large

changes in planetary potential vorticity where the front crosses large topographic features.

However, locally the envelope of PF paths is encompassed within a quasi-uniform region

of planetary potential vorticity (within +1- 5%).

Our results emphasize the importance of realistic bathymetry in attempts to model

the meandering jets of the ACC, as topographic features at spatial scales of 50 km or less

clearly influence the path of the Polar Front [see also Grose et al., 1995]. Further

research is needed to clarify the relationships between the surface and sub-surface

expressions of the PF. A longer data set of PF paths (currently being processed) will

allow a more resolved determination of the mean path and a quantitative analysis of its

variability on seasonal to interannual time scales.
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Abstract

The location of the Antarctic Polar Front (PF) was mapped over a seven-year

period (1987-1993) within images of satellite-derived sea surface temperature. The mean

path of the PF is strongly steered by the topographic features of the Southern Ocean. The

topography places vorticity constraints on the dynamics of the PF that strongly affect

spatial and temporal variability. Over the deep ocean basins, the surface expression of

the PP is weakened and the PF meanders over a wide latitudinal range. Near large

topographic features, width and temperature change across the front increase, and large-

scale meandering is inhibited. Elevated mesoscale variability is seen within and

downstream of these areas and may be the result of baroclinic instabilities initiated where

the PF encounters large topographic features. The strong correlations between

topography and PF dynamics can be understood in the context of the Planetary Potential

Vorticity (PPV or f/H) field. Mean PPV at the PP varies by more than a factor of two

along its circumpolar path. However, at the mesoscale the PF remains within a relatively

narrow range of PPV values around the local mean. Away from large topographic

features, the PF returns to a preferred PPV value of - 25 * iO m' s, despite large

latitudinal shifts. The mean paths of the surface and sub-surface expressions of the PF

are closely coupled over much of the Southern Ocean.
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Introduction

The Antarctic Polar Front (PF), or Antarctic Convergence, marks the location

where Antarctic surface waters moving northward sink below Subantarctic waters

[Deacon, 19331. The PF is a region of elevated current speeds and strong horizontal

gradients in density, temperature, salinity, and other oceanographic properties [Deacon,

1933, 1937; Mackintosh, 1946]. The PF is one of several strong jets within the Antarctic

Circumpolar Current (ACC), which flows eastward around Antarctica ENowlin and

Klinck, 19861. North of the PF is the Subantarctic Front (SAF). and to the south is the

southern ACC front (SACCF) [Orsi et al., 19951. The PF marks an important climate

boundary in terms of both air-sea fluxes and the heat and salt budgets of the oceans. The

path of the PF exhibits considerable variability in the form of mesoscale meandering,

eddies, and ring formation EMackintosh, 1946; Joyce et al., 19781. These mesoscale

processes are likely important in meridional fluxes of heat and salt within the Southern

Ocean, yet little is known about their regional and temporal variability [Now/in and

Klinck, 1986; Gouretski and Danilov, 1994].

We have used the strong gradient in sea surface temperature (SST) across the

Antarctic Polar Front to map its location within satellite-derived images of SST over a

seven-year period (1987-1993). Satellite data has been used previously to map the PF

[Legeckis, 1977; Moore et al., 19971 and other strong fronts [i.e. Hansen and Maul, 1970;

Olson etal., 1983; Cornillon, 1986].

The PF has both surface and sub-surface expressions whose locations do not

necessarily coincide [Botnikov, 1963; Lutjeharrns and Valentine, 19841. Strong gradients

in sea surface temperature mark the surface expression [Deacon, 1933, 1937; Mackintosh,
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1946]. Sub-surface definitions for the PF mark the location where Antarctic Surface

Water moving northward descends rapidly, such as the point where the minimum

potential temperature layer sinks below 200 m depth fDeacon 1933, 1937; see also Belkin

and Gordon [1996] for a review of PF definitions]. South of Africa, the sub-surface and

surface expressions of the PF are typically separated by distances less than -50 km,

although separations up to 300 km have been noted [Lutjehartns and Valentine, 1984;

Lutjeharrns, 1985]. Sparrow et al. [1996] conclude that there is a wide separation

between the surface and sub-surface PF expressions in the vicinity of the Kerguelen

Plateau. A similar surface/sub-surface split may occur at Ewing Bank IMoore etal.,

1997].

Several recent studies have examined the historical data set in an attempt to map

the large scale mean location of Southern Ocean fronts, including the Antarctic Polar

Front [Lutjeharms, 1985; Beikin, 1993; Orsi et al., 1995; Beikin and Gordon, 1996;

Sparrow et al., 1996]. In addition, Gille [1994] used GEOSAT altimeter data and a

meandering jet model to map the mean location of the PF and the SAF. The large

changes in sea surface height detected by the two-jet model would likely be associated

with the sub-surface expression of the PF [Gilie, 1994]. Comparison of our results with

those based on altimeter and in situ sub-surface data can provide insights into

relationships between the surface and sub-surface expressions of the PF.

Strong topographic influence on the ACC and the PF has been noted in numerous

studies of the Southern Ocean including analysis of data from ships [Gordon et al., 1978,

Lutjeharins and Baker Jr., 1980], moorings [inoue, 1985], satellite altimeters [Chelton et

al., 1990; GilIe, 1994], drifting buoys [Hofinann, 1985; Patterson, 1985], and models
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[Johnson and Iii?!, 1975; Killworth, 1992; Bayer etal., 1993; Hughes and Killworth,

1995; Gilie, 1997]. Deacon [1937] argues that the location of the PF is determined by the

movements of deep and bottom waters, which are expected to be strongly influenced by

topography.

Barotropic flow in the oceans over smoothly varying topography tends to conserve

angular momentum by following lines of constant potential vorticity (f + where f is

the planetary vorticity, is relative vorticity, and H is ocean depth. In open ocean areas,

the planetary vorticity is much larger than the relative vorticity, andmean potential

vorticity can be approximated as f/H. We use the term planetary potential vorticity (PPV)

for this f/H approximation. Moore et al. 11997] found that the PPV field strongly

influenced the dynamics of the Antarctic Polar Front in the Drake Passage/Scotia Sea

region. Here we compare the path of the PF with the PPV field throughout the Southern

Ocean.

In the Southern Ocean, large changes in ocean depth associated with the mid-

ocean ridges and Drake Passage do not permit the ACC to follow circumpolar lines of

constant PPV [Kobiinsky, 1990]. In these regions, the ACC is forced across isolines of

PPV, causing inputs of relative vorticity to the water column through the shrinking of

vortex lines. This relative vorticity is likely dissipated through nonlinear processes such

as eddy action or Rossby waves [Hughes, 1995, 19961. Elevated eddy kinetic energy is

seen downstream of major bathymetric features (i.e. Drake Passage, Kerguelen Plateau)

[Daniault and Ménard, 1985; Patterson, 1985; Sandweli and Zhang, 1989; Chelton etal.,

1990; Morrow etal., 19941.
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Materials and Methods

Our method for mapping the Antarctic Polar Front has been described in detail by

Moore et at. [19971, so here we present only a brief description. Daily satellite images of

SST at 9 km resolution were obtained from the NOAAJNASA Pathfinder Program, which

uses the Advanced Very High Resolution Radiometer (AVHRR) sensors on NOAA Polar

Orbiters [Brown etal., 1993; Smith et al., 1996]. Daily satellite passes (both ascending

and descending) were composite averaged to produce weekly images of SST. Subsets of

these weekly images showing only those areas with strong gradients in SST (gradient

maps) were constructed and the location of the poleward edge of the PF was subjectively

digitized by examination of the weekly gradient and SST maps. We defined a strong

gradient as a change in temperature across a pixel of greater than or equal to 1.35 C over

a distance of 45-65 km (depending on latitude and PF orientation) [Moore et al., 19971.

On occasion, two strong gradients in the approximate temperature range and

location of the PF were observed. This occurred primarily in two regions, west of Drake

Passage and in the southwestern Pacific. When two fronts were observed, the path

marked was the one with a temperature structure most similar to the PF upstream and/or

downstream from the double front area. If no adjacent data was available, the more

poleward front was digitized, to better delimit the northward extent of Antarctic Surface

Water. This double-front structure has been noted previously [Sievers and Nowlin, 1984;

Read et al., 19951. Sea surface temperature is relatively constant south of the PF and

there is typically not a SST gradient associated with the southern ACC front [Orsi etal.,

1995].
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The mean path of the PF was determined by first constructing a reference path (a

subjective estimate of the mean path) and then calculating the mean deviation of all path

points at right angles to this reference path. This mean deviation from the reference path

defined the mean path. For most areas a line of constant latitude was used as the

reference path. The computed mean path was smoothed (in latitude and longitude) with a

5-point moving boxcar filter.

Two methods were used to quantify variability in the location of the PF. In

method I, the spatial displacement of PF path points at right angles from the mean path

was calculated. The root mean square (r.m.$) of these spatial displacements is a measure

of meandering intensity [Lee and Cornillon, 1995]. Method 1 describes large-scale

variability, such as that due to latitudinal shifts of the PF. In method 2, the average

number of points along the PF was calculated within 1 °longitudinal bins and then

normalized by the number of path points along the mean path for each bin. This method

is a measure of mesoscale variability, or path curvature, relative to the mean path where

such mesoscale variability has been smoothed out. When calculating the average number

of path points per bin, paths with fewer points than the mean path minus three were

excluded as incomplete.

To quantify the temperature gradient across the front, we began at the poleward

edge of the PF and moved up the temperature gradient until SST did not increase over a 3

pixel (-20-30 km) distance or until a missing pixel was reached. The same method was

used to measure the width of the front. Only complete transects were used to calculate

the mean temperature change and distance across the PF. We defined the seasons as

spring (weeks 38-50), summer (weeks 51, 52, and 1-10), fall (weeks 12-24), and winter



(weeks 25-37).

A high-resolution predicted seafloor topography, derived from ship and GEOSAT

altimeter data [Smith and Sandwell, 1994], was used to create maps of bathymetry and

planetary potential vorticity for comparison with PF paths. The topography had a grid

spacing of 3 minutes of longitude by 1.5 minutes of latitude, which was remapped to the

same resolution as the SST data. This bathymetry data was also used to calculate the

slope of the ocean floor across the PF and depth at the PP over a 90 km wide swath.

We have included some discussion of interactions between the PF and the SAF.

The SAF is defined as the maximum SST gradient in the temperature range of 5 9 oC

[Burling, 1961]. Lutjehar,ns and Valentine [1984] found the mean SST range for the

SAP between 20 °W and 40 °E to be 5.1 9.0 oC [see also Belkin and Gordon, 1996 for a

review of SAF definitions].

Results

The position of the Antarctic Polar Front (PF) was mapped from weekly SST

images over a seven-year period 1987-1993 (Figure 3.1). It is apparent that there are

large regional variations in both the latitudinal range of the PF and in the number of paths

digitized. We will demonstrate that these regional variations are primarily a function of

the underlying topography and the corresponding planetary potential vorticity (PPV) field.

Relatively few paths were digitized in areas above the deep ocean basins (i.e. 120-90 0W,

50-70 oE, and 110-140 oE, see Figure 3.1).





Topography and the Mean Path of the PF

Our mean path for the Antarctic Polar Front (PF) is shown in Figure 3.2 over the

topography of the Southern Ocean. The strong influence of topography on the mean path

of the PF is readily apparent. The PF follows closely the Pacific-Antarctic Ridge, the

Falkiand Plateau, parts of the Mid-Atlantic and Southeast Indian ridges, and the steeply

sloped topography associated with the Ob'-Lena Rise (40-45 oE) and Kerguelen Plateau

(75-80 oE) (Figure 3.2).

Our mean path follows the Pacific-Antarctic ridge in the SW Pacific crossing just

south of the Udintsev Fracture Zone (UDF) at -145°W. The Subantarctic Front (SAF)

was observed frequently to merge with the PF and also pass through the UDF. At other

times the SAF remained farther north, crossing the ridge at the Eltanin Fracture Zone.

These observations are consistent with previous studies (Belkin, 1988; Patterson and

Whitworth, 1990; Orsi et al., 1995J. After crossing the ridge, the PF flows to the

southeast until it encounters the Antarctic Peninsula at -78 0W.

We have previously described the mean path of the PF through the Drake

Passage/Scotia Sea region [Moore etal., 1997]. The mean path is largely constrained by

topography through Drake Passage (especially -62-57 oW, see Moore et al., 1997) and

along the Faikiand Plateau. There is an area of high variability and intense meandering in

the northern Scotia Sea [Gordon et al., 1977; Chelton etal., 1990; Moore et al., 1997].

After crossing the Mid-Atlantic Ridge at -10-9 oW, the PP flows eastward near

50 °S dipping southward at -30 oE, in general agreement with previous studies

[Lutjeharms and Valentine, 1984; Lutjeharins, 1985; Belkin, 1993; Gille, 1994; Orsi et

al., 1995; Be/kin and Gordon, 1996]. Our mean path dips southward from -5-11 oE. In
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Figure 3.2. The calculated mean path for the Antarctic Polar
Front is shown over the topography of the Southern Ocean
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this region, the PF was often located near the mid-Atlantic Ridge along -.53 OS (Figures

3.1 and 3.2). Lutjeharins and Valentine [19841 show a number of PF crossings at this

steeply sloped topography [see also Table 4, Beikin, 1993].

In the area around -30 OE, the PF often displayed intense meandering such that a

clear path could not be determined, similar to the high variability area in the northern

Scotia Sea [see Moore et al., 19971. Gouretski and Danilov (1993, 1994) have shown

that the PF regularly spawns warm core rings in this region. Other studies have found

elevated eddy variability near 30 oE [Daniault and Minard, 1985; Sandweil and Zhang,

1989; Chelton et al., 1990; Morrow et al., 1994; Gil/c, 1994]. Dynamic height contours

also pinch closer together here [Gordon et al., 1978; Gamberoni et al., 1982]. Deacon

[1937] suggests the PF is deflected southward by the ridge system at 30-3 I °E (see

Figure 3.2). We also observed interaction with the SAF in this area, as has been reported

previously [Orsi et al., 1993; Read and Pollard, 1993, Be/kin and Gordon, 1996].

The SAP appears to have a bimodal path distribution beginning at -30 0E. The

SAF often turns northward upon encountering the steep ridge extending southward from

the Crozet Plateau, (along -30-3 1 oE, see Figure 3.2) turning eastward and converging

with the South Subtropical Front (SSTF) and, farther east, the Agulhas Front to form the

"Crozet Front" north of Crozet Plateau [Park et al., 1993; Belkin and Gordon, 1996;

Sparrow et al., 1996]. Alternatively, the SAF is forced south of the steep ridge near

30 OE, forcing it into close proximity with the PF. On this southern route, the SAF flows

along the southern side of the Crozet Plateau, before turning northward just east of Crozet

Island, joining the Crozet Front north of Crozet Plateau [Orsi et al., 1993, 1995; Gille,

1994]. We observed the SAP following both routes through this area.



Our mean path turns southward at the Ob'-Lena Rise (-46 oE). A phenomenon

described by Sparrow et aL [1996], who conclude that there is a persistent split here

between the surface and sub-surface expressions of the PF, with the sub-surface

expression passing north of Kerguelen Island and the surface expression moving

southward to cross the Kerguelen Plateau through an area of deeper bathymetry at

-56-57 OS. We mapped the PF passing through this gap at -56-57 OS, which is called the

77 o Graben [Schlich etal., 19871, on a number of occasions (compare Figures 3.1 and

3.2). However, we also mapped the PF over a wide range in this region (spanning nearly

100 of latitude), including, at times, north of Kerguelen Island (Figures 3.1 and 3.2).

Previous studies have placed the surface expression of the PF over a wide

latitudinal range in the Kerguelen region [Ganzberoni et al., 1982; Deacon, 1983;

Klyausov, 1990; Park et al., 1993; Belkin and Gordon, 1996; Sparrow et al., 1996]. The

path of Sparrow et al. [1996] likely marks the southern limit of the PF surface expression.

In addition, few PF paths were marked in the region between the Ob'-Lena Rise and the

Kerguelen Plateau, even under cloud-free conditions (Figure 3.1). Thus, in our analysis

there frequently was no detectable surface expression of the PF between the Ob'-Lena

Rise and Kerguelen Plateau.

East of Kerguelen Plateau, the envelope of PF paths narrows sharply by 80 °E

(Figure 3.1), and the mean path moves to the south following closely the eastern flank of

Kerguelen Plateau (Figures 3.1 and 3.2). The PF turns to the northeast at .95 oE and

follows the southern flank of the Southeast Tndian Ridge (-100-110 oF) before moving

southeastward again at -P1 10 °E (Figure 3.2). The PF moves northward again crossing the

Southeast Indian Ridge at -145 °E, and then follows the topography into the Pacific.
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Comparisons with Previous Results

In general, our mean path for the PF is in good agreement with the mean paths of

Gilie [1994], 0,-si et at. [1995] and Bet kin and Gordon, [1996], all based on sub-surface

markers of the PF (Figure 3.3). This indicates that while the location of sub-surface and

surface expressions of the PF may differ over short time scales, their mean location is

closely coupled over much of the Southern Ocean.

Our PF path agrees very well with the paths of Orsi et al. [1995] and Be/kin and

Gordon [1996] in the vicinity of large bathymetric features, such as along the Pacific-

Antarctic Ridge (typically separated by < 1" of Latitude, Figure 3.3). The four PF mean

paths in Figure 3.3 are in closest agreement in several areas where topographic steering of

the front is particularly strong (-140-148 oW, 65-50 °W, 40-45 °E. arid from 76-81 oE,

compare Figures 3.2 and 3.3). The distances separating the paths increase over deep

basin areas (115-85 oW, 25-40 oE 55-65 °E, and 90-140 013) and in the vicinity of

Kerguelen Plateau and Ewing Bank on the Falkiand Plateau, where there may be frequent

surface/sub-surface separations [Sparrow et al., 1996; Moore et al., 1997].

A survey of the literature revealed a number of instances where a ship crossed the

Antarctic Polar Front at approximately the same time (within two weeks) as our satellite

mapping of the PF (see Table 3.1). Our location for the PF is typically south of the ship-

determined locations, on average 0.7° of Latitude. Our PF location marks the poleward

edge of the front, which is 35-55 km wide. This indicates a small mean southward

displacement, albeit with considerable variability (Table 1). Lutjeharms and Valentine

[1984] report the surface expression as south of the sub-surface expression 75% of the

time in the region south of Africa.
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Peterson and Whitworth (1989) present data from several crossings of the sub-

surface expression of the PF in the SW Atlantic for two periods (see Table 3.1). The

surface expression of the PF is typically not present in their transects, generally being

located further south. During both time periods the distance separating the surface and

sub-surface expressions of the PF is small near 41 oW and increases in areas further east

(Table 3.1). This is consistent with previous results [Deacon, 1933; Guretskii, 19871.

The mean temperature change across the front over the seven-year period was

1.44 OC across an average width of 43 km. This cross-frontal temperature change is

somewhat less than previous estimates (1.7 oC [Mackintosh, 1946], 1.8 oC south of

Africa [Lutjeharms, 1985], 1.9-2.0 oC in the southwest Atlantic, [Guretskii, 1987], 1.6 0C

(35 -49 °E), 1.9 °C (97 - 112 oE) [Belkin, 19891, and 1.7 °C for the region 90-20°W

[Moore etal., 19971). Our lower estimate is likely due to better spatial resolution (-9 km)

than most ship transects and increased sampling over ocean basin areas where the SST

gradient is typically weaker. Our mean PF width of 43 km agrees well with the 44 km

estimate of Gilie [1994] and the 40 km estimate of Sciremanunano et al. [1980]. The

mean spatial r.m.s. displacement was 136 km. This is higher than the value of 100 km

reported previously for the Drake Passage/Scotia Sea region [Moore et al., 19971. Mean

PPV along the mean path of the PF was 32.08 * i0 rn' s1. There were large regional

variations in all of these parameters of the PF.

Spatial Variabily

The spatial r.m.s. displacement of Antarctic Polar Front (PF) path points at right

angles from the mean path was calculated (Figure 3.4). Comparing Figures 3.2 and 3.4, it



Tabe31. A comparison of the position of the Antarctic Polar Front (PF) from ship transects (sub-surface
and surface location) and with our satellite-derived surface position at approximately the same time (within
two weeks). Week of satellite observation given as year (first two digits) and week (second two digits).

Reference (PF crossing) Longitude Sub-Surface Surface

Read et al. (1995) Figs. 4-7
11/14/1992 -56°W
12/11/1992 -88°W

Peterson & Whitworth (1989) Fig. 11
(3/22-4/5, 1987) -41,2°W

-39°W
(4/5-4/16, 1987) -41°W

-39°W
-38°W

Ikeda et al. (1989) Fig. 4
(3/12-3/20, 1987) -54°W

Tsuchiya et al. (1994) Fig. 2
(1st half Feb. 1989) -33°W

Laubscher et al. (1993) Fig. 5
(1st half Dec. 1990) -4°W

(mid-Feb., 1991) -27°W
Robertson & Watson (1995) Fig. 5

(2/11-2/12, 1993) -20°E

57,8°S 58.2°S
61.5°S 61.5°S

49.3 °S
49.3°S
49.3 °S
49.3°S
49.0°S

56.4°S

49.5°S -49.O-50.0°S

Satellite (week)

58.7° S (11/5-li/Il and 11/12-11/18)
63.9°S (12/17-12/23)

49.6°S (3/26-4/1)
49.8°S, 50.8°S (3/19-3/25, 3/26-4/1)
49.7°S (4/2-4/8)
50.3°S (4/2-4/8)
50.7°S (4/2-4/8)

56.5°S, 56.4°S (3/5-3/11, 3/11-3/17)

50.6° S (2/12-2/18)

-48.8 -49.5°S 50.9°S,52.3°S(12/10- 12/16,
12/17-12/23)

-49,3-50.3°S 53.4°S, 52.7°S (1/29-2/4, 2/12-2/18)

51,0-51.6°S 51.0°S (2/12-2/18)

(.Ii
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can be seen that variability in the location of the PF is highest over deep basin areas (120-

90 W, 30-10 oW, 30-70 OE, and 90-140 OE). Variability is lower near large bathymetric

features, where the ocean floor is steeply sloped (at the mid-ocean ridges, near 78 oW at

the Antarctic Peninsula, within Drake Passage, along the Falkiand Plateau, and east of

Kerguelen Island along the Kerguelen Plateau, Figures 3.2 and 3.4).

The regional variability apparent in Figures 3.1 and 3.4 can be quantified if we

examine the behavior of the PF averaged over 5 °longitudinal bins (Figure 3.5). For this

statistical analysis, the region 50-45 oW has been divided into two bins north and south of

the North Scotia Ridge (this ridge separates two different domains, see Figures 3.1, 3.2,

and 3.3, and Moore et aL, [19971). All cross-correlation coefficients given for Figure 3.5

are significant at the 95% confidence level by Student's t-test, (except where noted

otherwise).

There is a strong positive correlation between the temperature change across the

front and the width of the PF (Figure 3.5A & 3.5B, cross correlation coefficient of 0.73).

Gille [19941 reported that the width of the PF varied by -20% over large spatial scales.

We observed a similar variability in frontal width (Figure 3.5B). Both temperature

change and width of the PF were inversely correlated with meandering intensity as

measured by the spatial r.m.s. displacement (Figure 3.5A, 3.5B, and 3.5C, cross

correlation coefficients of -0.65 and -0.54, respectively). Both temperature change and

width of the front were also inversely correlated with ocean depth (Figure 3.5A, 3.5B, and

3.5E, cross correlation coefficients of -.0. 19 (not significant at the 95% confidence level)

and -0.46, respectively.
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The PF is intensified (increased width and temperature change across the front) at

major bathymetric features, including the Pacific-Antarctic Ridge, Drake Passage, the

Kerguelen Plateau, and crossing the Southeast Indian Ridge (Figure 3.2, Figure 3.5A,

3.5B, and 3.5E). An exception was the Mid-Atlantic Ridge, where there was no

intensification (Figure 3 .5A, 3 .5B, and 3 .5E). Dynamic height contours typically pinch

together in these regions [Gordon er al., 197811. Gilie [1994] found that the total height

difference across the PF and SAF increased where the ACC crossed topographic features.

This relationship between topography and temperature change across the front is

apparent in the data of Mackintosh [1946], with weaker gradients overlying the ocean

basin areas. Emery [1977] noted that ACC fronts were broad and diffuse in the Southeast

Pacific, where no large topography acts to concentrate the ACC flow. The strength of the

SST gradient (temperature change divided by frontal width) also increased in these areas

associated with large topographic features. Gradient strength averaged over

5° longitudinal bins ranged from 2.6-4.1 °CI100 krn, and was strongest just downstream

of Kerguelen Plateau.

The intensification of the PF associated with major bathymetric features persists

for some distance downstream. In fact three parameters (width, temperature change

across the front, and the percentage of weeks the front was mapped, Figure 3.5A, 3.5B,

and 3.5F) had higher cross correlation coefficients with ocean depth (Figure 3.5E) when

they lagged depth by one longitudinal bin. The cross correlations for 3.5A, 3.5B, and

3.5F lagging 3.5E by 1 were -0.27, -0.50, and -0.54 (all significant and all higher than

with no lag). Thus, increased cross frontal widths and temperature gradients are seen

downstream of the Pacific-Antarctic Ridge (-135-128 °W), Drake Passage (-55-45 oW),



Kerguelen Plateau (-79-86 oE), and the Southeast Indian Ridge ('-150-155 °E, see

Figures 3.2 and 3.5).

It is in these areas of intensification associated with major bathymetric features

that we see elevated mesoscale variability at the PF (Figure 3.5D). Mesoscale variability

was strongly correlated with cross-frontal temperature change and width (cross

correlations for 5D with 5A and 5B were 0.61 and 0.40, respectively). Mesoscale

variability was also significantly correlated with depth when it lagged depth by one bin

(cross correlation for SD lagging SE by one bin of -0.20). We also observed the

formation of warm and cold core rings at the PF most frequently in these areas just

downstream of large topographic features (ring formation at the PF will be discussed in

detail elsewhere). Altimeter, hydrographic, and drifter studies of the Southern Ocean

have also found high eddy variability in these areas [Lutjeharrn.s and Raker Jr., 1980;

Daniault and Ménard, 1985; Chelton et at., 1990; Morrow et at., 1990; Gouretski and

Danilov, 1994; Gille, 1994].

The intensification of the PF may lead to baroclinic instabilities and eddy/ring

formation in these regions. Mesoscale variability was also highly correlated with the

strength of the SST gradient across the PF when it lagged gradient strength by one

longitudinal bin (Cross correlation of 0.52). Gradient strength is a measure of vertical

shear within the PF. Baroclinic instabilities are more likely in areas of increased shear.

MesoscaJe variability was also significantly correlated with PPV when lagging PPV by

one longitudinal bin (cross correlation of 0.22). This suggests that the relative vorticity

put into the water colunTm where the topography forces changes in PPV is dissipated

downstream by eddy and ring formation. Witter and Chelton [1998] studied the effects of
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zonal varying topography on a meandering jet with a quasi-geostrophic channel model.

Eddy kinetic energy and the growth rate of instabilities reached their maximum

downstream of zonal variations in topography in regions of reduced ambient vorticity

gradients [ Witter and ('helton, 19981. The increase in frontal width associated with

crossing major bathymetric features resembles the "supercritical to subcritical" transition

described by Pratt [1989].

Note the strong correlations between the percentage of weeks that some portion of

the PF was mapped and the change in temperature across the PF, the width of the PF, and

ocean depth (Figure 3.5F, 3.5A, 3.5B, 3.5E, cross correlation coefficients of 0.74, 0.76,

-0.42, respectively). The PF was mapped most frequently in areas where the PF was

intensified. The SST gradient was easier to detect in these areas. Fewer paths were

mapped over the deep ocean basins (Figure 3.5E and 3.5F). In these areas the PF SST

gradient is weakened (Figure 3.5A and 3.5B), often making it difficult to distinguish from

the background meridional temperature gradient. Figure 3.5G shows the mean

percentage of pixels (45 65 OS) with no data in our weekly images due to persistent

cloud cover. Drake Passage consistently had the least cloud masked areas (17.5%), while

a maximum in cloud cover of 59.2% was seen 85 -90 oE. Our PF coverage was

correlated with this measure of cloudiness (Figure 3.5F and 3.5G, cross correlation of

0.43). This correlation is significant at the 95% confidence level, but it is weaker than

the correlations with frontal intensity. Thus, despite persistently cloudy conditions over

the Southern Ocean, our temporal coverage in most areas was limited by the strength of

the SST gradient.



Temporal Variability

Mean temperature at the poleward edge of the PP for several regions is displayed

in Figure 3.6. In general, springtime warming is relatively rapid, with a more gradual

cooling during the fall, a pattern observed by Mackintosh [19461. The mean seasonal

cycle at the poleward edge of the PF varies from 2.8 °C during the summer to 0.4 OC

in the winter (Figure 3 .6A). Houtman 111964] calculated a mean summer/winter

temperature difference of 2.1 OC for a constant latitude. Lurjeharrns and Valentine [198411

gave a mean poleward edge temperature of 2.5 OC from mainly summertime crossings of

the PF south of Africa.

Weakest seasonality was seen where the PF was at lower latitudes (Figure 3.6B).

Seasonality was greater at high latitudes (Figure 3.6C). Lowest winter temperatures were

seen just west of Drake Passage (80-65 oW), where SST at the PP at times approached the

freezing point of seawater (Figure 3.6D). The cold temperatures observed in this area

likely reflect substantial amounts of sea ice entering the PF. The maximum extent of the

seasonal ice sheet can reach the PF during austral winter in this region [Gloersen et al.,

1992]. SST was consistently higher (-.1 oC) in the region just to the cast (65-45 oW,

Figure 3.6E).

Seasonal variations in the properties of the PF were relatively small compared

with the spatial variability (Figure 3.7). The PF mean width and temperature gradient

were highest during the. spring (44.4 km and 1.53 °C, Figure 3.7A and 3.7B). Weakest

seasonal gradients and narrowest frontal widths were observed during the fall (1.37 oC

and 42.6 km). Mean latitude was farthest south during the winter at 57.0 OS, and at

lowest latitudes during the fall at 55.9 OS (Figure 3.7D). Spatial r.m.s. displacements
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were higher during the summer and fall (140 and 142 km, respectively). Meandering

intensity was lower during winter and spring (spatial r.m.s. displacement of 130 km for

both seasons). There is an inverse relationship between spatial r.m.s. displacements and

both width and temperature change across the front. Fewer PF paths were mapped during

fall and winter compared with the spring-summer period (Figure 3.7F).

In areas where the Antarctic Polar Front was mapped along the same longitudinal

line in successive weeks, an average weekly latitudinal shift of 22 km was calculated

(n=l74). A maximum shift of 177 km was observed in the northern Scotia Sea [Moore et

al., 1997]. Note that temporal coverage of the PF was better in low variability areas

(Figure 3.5C and 3.5F); thus, our value of 22 km may be an underestimate.

Seasonal variability in the location of the PF was qualitatively similar to the

spatial variability described above (Figure 3.8). Seasonal variability was low where

topographic steering of the PF is strong, and it was higher over the deep ocean basins

(Figures 3.2 and 3.8). Some seasonality was observed in the area from -475 oE -

170 °W; the PF moved southward during the summer and farthest north during winter.

These seasonal shifts may be due to the influence of the seasonal ice sheet extending from

the Ross Sea. A southward shift of the surface PF relative to the sub-surface expression

has been documented south of Africa (0-30 oE) during austral summer [Lutjeharms and

McQuaid, 1986; Lutjeharins and Fo1dvik, 1986]. This may not always be the case,

however, as our seasonal mean paths do not show a mean southward shift during summer

in this region (Figure 3.8). Our mean path is south of those Orsi et al. [1995] and Belkin

and Gordon [1996] in this region, perhaps indicating that the surface expression is

frequently south of the sub-surface position (Figure 3.3).



'O°E

90°E

1 O°E

64



90°V

11

17O°W 170°E

Figure 3.9. The mean annual path for the Antarctic Polar
Front for each of the years 1987-1993 is shown.

'O°E

90°E

1 O°E

65



Variability at interannual time scales was also strongly influenced by the

underlying topography (Figure 3.9). The annual mean paths are in close agreement where

topographic effects on the PF are strongest (- 148-150 OE, 145-140 oW, through much of

the Drake Passage/Scotia Sea region, 15-20 oE, and 75-85 aE, Figures 3.2 and 3.9).

Interannual variability was also elevated above the deep ocean basins (Figure 3.9).

Cheiron eta!, [1990] found that mesoscale variability in the ACC was strongly influenced

by topography and showed little temporal variability over seasonal or interannual

timescales.

Planetary Potential Vorticity at the PF

Planetary potential vorticity (PPV) does not remain constant along the mean path

of the PF (Figure 3.1 OA). It can be seen in Figure 3.10 that despite large latitudinal shifts

along the mean path of the PF, PPV is largely a function of the underlying topography

(Figure 3.1 OA and 3.1 OC, cross correlation coefficient of 0.75). PPV increases and the

PF moves equatorward each time it is forced into areas of decreasing ocean depth (Figure

3. bA, 3. lOB, and 3. bC). After crossing each topographic feature, the front turns

poleward and PPV returns to a relatively constant value of 25 * o'9 m' s', despite large

latitudinal shifts (Figure 3.10). Bottom slope across the PF was significantly correlated

with the temperature change across the front, frontal width, and mesoscale variability

(cross correlations between Figure 3.1OD and Figure 3.5A, 3.5B, and 3.5D of 0.31, 0.45,

and 0.35, respectively).

The dynamics driving much of the observed spatial and temporal variability in the

location of the PF can be understood if we examine the mean path of the PF in the



4-

I-

0.- 6cJ>0
50

b 40

3a

20

C

0

1000

E 2000

3000

4000

5000

Pacific-Antarctic Southeast Indian
Ridge Drake Passage Kerguelen Plateau Ridge

u I

ow Lii W W W Ui

0 o o o o o 0 0 0 0 0
U) C'J 0) o c ') C'j U') )

r- . rt- - ,-

Figure 3,10. Displayed are some statistical properties of the
Antarctic Polar Front averaged over 5 degree longitudinal bins.

I;i
CV

-J

C
0

Q)E
EoE



900v

11

0

Figure 3.11. Mean path of the Antarctic Polar Front (PF) overlain
on a map of planetary potential vorticity (ppv). The mean
planetary potential vorticity along the PF was calculated at each
longitude from points within a moving 2 degrees of longitude wide
window. A range of ppv values consisting of the mean value
+1- 2 * 1OE-9 mE-i sE-i along each line of longitude is shown in
white. This range corresponds to the mean value +1- 7%.

O°E

90°E

1 O°E



context of the Planetary Potential Vorticity (PPV) field. In Figure 3.11, the mean path of

the PF is shown overlain on a map of PPV. The mean PPV along the PF has been

calculated within a moving 2° of longitude window. Along each line of longitude, a

relatively narrow range of PPV values around this running mean value is shown in white.

This range consists of the mean value +f- two units of iO m' s. This corresponds to

the mean value +1- - 7%. This range of values shown in white. can be considered a local

plain of quasi-constant PPV [see Moore et al., 1997].

Comparing Figures 3.1 and 3.11, it can be seen that the envelope of PF paths

corresponds with the size and shape of this plain of quasi-constant PPV. The broad

plains in PPV associated with the ocean basin areas (-130-80 °W, 25-10 °W, 52-65 °E,

and 85-140 oE) are precisely the areas where the envelope of PF paths widens (Figures

3.1 and 3.11). Variability in the location of the PF was highest at all temporal scales over

these broad PPV plains (Figures 3.4, 3.5, 3.8, and 3.9). In these areas, the PF can

meander substantially while maintaining a relatively constant PPV. In contrast, the areas

of low variability associated with large bathymetric features (along the mid-ocean ridges,

the Faildand and Kerguelen Plateaus, - 78 °W where the PF encounters the Antarctic

Peninsula, and through much of Drake Passage [see Moore et al., 1997]) have strong

gradients in PPV and, thus, relatively narrow PPV plains (compare Figures 3.2 and 3.11).

Even though mean PPV changes drastically along the circumpolar path of the PF (Figure

3. 1OA), locally the PF tends to maintain a relatively constant PPV. Thus, the envelope of

PF paths is highly correlated with the size and shape of the local plain of quasi-constant

PPV (compare Figures 3.1 and 3.11).
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Conclusions

Variability in the location and dynamics of the Antarctic Polar Front (PF) are

largely a function of the underlying topography and corresponding Planetary Potential

Vorticity (PPV) field. Over the deep ocean basins, where broad plains of quasi-constant

PPV are found, the surface expression of the PF is weakened and the PF meanders over

large latitudinal ranges. Near large bathymetric features (with large gradients in PPV),

the PF is intensified and meandering is inhibited.

In regions where the PF is forced across isolines of PPV by the topography,

relative vorticity is input to the water column through the shrinking/stretching of vortex

lines. This relative vorticity is likely dissipated through nonlinear processes, such as eddy

actions. Both width and temperature change across the PF increase in these areas. Large

scale meandering is inhibited, but mesoscale variability increases (Figure 3.5C and 3.5D).

The intensification of the PF initiated at large topographic features persists for

some distance downstream. Thus, elevated mesoscale variability and increased width and

temperature change across the PF are seen downstream of the Pacific-Antarctic Ridge,

Drake Passage, Kerguelen Plateau, and the Southeast Indian Ridge. The intensification of

the PF in these areas may lead to baroclinic instabilities and increased eddy activity. It is

here that we primarily observed the formation ofwarm and cold core rings along the PF.

Deacon [1937] argues that the location of the Antarctic Polar Front is determined

by the movements of Circumpolar Deep and Bottom waters. Specifically, the PF is

located at the point where density isotherms associated with warm Circumpolar Deep

Water bend sharply towards the surface as they move southward overriding Antarctic

Bottom Water [Deacon, 1937]. The strong influence of topography on surface flow
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apparent in our results supports this hypothesis. Surface flows in the Southern Ocean can

respond to mesoscale bathymetric features due to weak density stratification and

relatively small Rossby Radii.

The crucial role of the topographyfPPV field in constraining the dynamics of the

PF implies that ocean circulation models must incorporate realistic topography at

mesoscale spatial resolution before they will be able to reproduce the behavior of the PF.

The close correlations between the dynamics of the PF and the underlying topography

also suggest that hydrographic measurements made at several locations (including over

ocean basins and in topographically controlled areas) might be extrapolated to make

circumpolar calculations (i.e. of poleward heat flux, etc.).

The Antarctic Polar Front (PF) is a circumpolar feature in the sense that it is seen

at all longitudes within the Southern Ocean (Figure 3.1). However, the surface

expression of the PF is a dynamic, regionally varying feature that is intensified near large

topographic features and weakens over deep basin areas (to the point that it was

frequently not detectable in our analysis, even in unobstructed, cloud-free images).

Emery [1977] noted this weakening of ACC fronts over areas without large topographic

obstructions.

The mean path of the surface and sub-surface expressions of the PF are closely

coupled over much of the Southern Ocean. When surface/sub-surface separations occur,

the surface expression typically lies south of the sub-surface expression [this study;

Lutjeharins and Valentine, 1984; Sparrow et al., 1996]. This likely reflects the fact that

the thermodynamics of the two water masses make it easier for the less dense

Subantarctic waters to override denser Antarctic surface waters.
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The postulated frequent surface/sub-surface separations at Ewing Bank [Moore et

al., 19971, the Ob' -Lena rise [Sparrow et al., 1996], and at the Udintsev Fracture Zone

(this study), have some features in common. In each location, the sub-surface expression

of the PF may be locked in place by the topography (see Figure 3.2). In addition, at

Ewing Bank and the Udintsev Fracture Zone, the SAF frequently comes into close contact

with the PF, at times merging to form a single front [Peterson and Whitworth, 1989; this

study].

Similar SAFIPF interactions occur west of the Ob'-Lena Rise near 30OE [Orsi et

al., 1993, 1995; Read and Pollard, 1993; Be/kin and Gordon, 1996; this study]. Gille

[1994] notes that the PF and SAF converge at 33 oE. It may be that the surface/sub-

surface separation described by Sparrow et al. [1996] is initiated west of the Ob'-Lena

Rise where the PF interacts with the SAF. While our mean path (and likely the sub-

surface expression) lies north of the Ob'-Lena Rise, we mapped a number of PF paths

over and south of the rise (Figures 3.1 and 3.2).



73

Acknowledgements

The authors would like to thank I. Belkin, S. Gille and A. Orsi for providing

digitized versions of their Antarctic Polar Front paths. Special thanks also to Igor Belkin

and an anonymous reviewer for helpful comments and suggestions. This work was

funded by a NASA Earth System Science Fellowship (J. K. M.), by NASAIEOS grant

NAGW-4596 (M. R. A.), and by NSF grant OCE-9204040 (J. G. R.).



Chapter 4

SeaWiFS Satellite Ocean Color Data from the Southern Ocean

Jefferson Keith Moore, Mark R. Abbott, James G. Richman, Walker 0. Smith, Timothy

J. Cowles, Kenneth H. Coale, Wilford D. Gardner, Richard T. Barber

Published in Geophysical Research Letters,

Vol. 26, 1465-1468, 1999.



75

Abstract

SeaWiFS satellite estimates of surface chlorophyll concentrations are reported for

the region of the U.S. JGOFS study in the Southern Ocean ( 170 °W, 60 °S). Elevated

chlorophyll was observed at the Southern Ocean fronts, near the edge of the seasonal ice

sheet, and above the Pacific-Antarctic Ridge. The elevated chlorophyll levels associated

with the Pacific-Antarctic Ridge are surprising since even the crest of the ridge is at

depths of 2000 m or more. This elevated phytoplankton biomass is likely the result of

mesoscale physical-biological interactions where the Antarctic Circumpolar Current

(ACC) encounters the ridge.

Four cruises surveyed this region between October 1997 and March 1998, as part

of the U.S. JGOFS. Satellite-derived chlorophyll concentrations were compared with in

situ extracted chlorophyll measurements from the JGOFS cruises. In general, there was

good agreement (r2 of 0.72, from a linear regression of shipboard vs. satellite

chlorophyll), although SeaWiFS underestimated chlorophyll concentrations relative to

the ship data.
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Introduction

The U.S. JGOFS (Joint Global Ocean Flux Study) along 170 ow is an ambitious

effort to improve our understanding of the role ocean biota play in the global carbon

cycle and climate system. Four cruises surveyed the region along 170 ow between

October 1997 and March 1998. The Antarctic Polar Front (PF) was the primary focus of

these cruises. Two other major Southern Ocean fronts are found in this region. The

Subantarctic Front (SAF) is north of the PF, and the Southern Antarctic Circumpolar

Current Front (SACCF) is .south of the PF [Orsi etal., 1995]. Studies were carried out to

evaluate carbon fluxes and their critical controlling processes. Here we present SeaWiFS

(Sea-viewing Wide Field-of-view Sensor) surface chlorophyll data for the JGOFS region,

which provides a larger spatial context for interpreting the shipboard observations.

Results

The mean SeaWiFS-derived surface chlorophyll concentrations (composite

averages of the version 2, Level 3 daily files obtained from NASA) during the JGOFS

cruises are shown in Figure 4.1 (areas in black had no chlorophyll data due to cloud or ice

cover). Figure 4.1 E shows the topography of the region [Smith and Sandwell, 1994], the

mean path of the PF [Moore et al., 1999a], and the mean paths of the SAF and SACCF

[Orsi etal., 1995]. The Pacific-Antarctic Ridge dominates the topography of the region.

Elevated chlorophyll levels are seen primarily in three areas: near the receding ice edge,

at the major fronts, and above the Pacific-Antarctic Ridge. A seasonal progression of
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phytoplankton biomass is also apparent, with low chlorophyll concentrations during early

austral spring (Figure 4.1 A), a bloom period (Figure 4. lB & 4. IC), and low values during

fall (Figure 4.lD).

Remarkable in Figure 4.1 are the elevated chlorophyll concentrations above the

Pacific-Antarctic Ridge relative to surrounding waters. This pattern was extremely

consistent, evident to some extent during each cruise. This topographic effect is

surprising since the crest of the ridge is at depths of 2000 in or more (Figure 4. IE).

These phytoplankton blooms may be caused by mesoscale physical-biological

interactions where the ACC encounters the ridge. Two physical processes, meander-

induced upwelling at the Southern Ocean fronts and increased eddy activity, are likely to

increase nutrient input from below the surface layer (including micronutrients) at the

ridge.

Mesoscale meandering of the PF increases where it encounters large topographic

features [Moore et al., 1999a]. Surface drifters released in January 1998 indicate that

mesoscale meandering is intensified near the ridge (Figure 4.2). Note that the tracks

closest to the ridge crest have sharp turns and meanders with wavelengths of - 50-100

km, while the tracks farthest from the ridge crest exhibit broad, slow, meandering with

wavelengths of - 300-500 km. Mesoscale meandering causes localized areas of

upwellingldownwelling, which in turn can have strong effects on ocean biota [Flierl and

Davis, 1993].

Large amounts of relative vorticity are input to the water column where ocean

depth changes rapidly, such as along the Pacific-Antarctic Ridge, through the

shrinking/stretching of vortex lines. This relative vorticity is likely dissipated through
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nonlinear processes such as eddy actions. Elevated eddy mixing would increase nutrient

flux to the surface layer, including micronutrients such as iron, from sub-surface waters.

This increased eddy mixing would occur both within the PF and the SACCF, and in open

ocean waters away from the fronts. Phytoplankton blooms were observed along the

Pacific-Antarctic Ridge with the Coastal Zone Color Scanner [Sullivan et al., 19931. We

have observed similar increases in chlorophyll concentration in SeaWiFS imagery where

the ACC encounters other large topographic features, such as Kerguelen Plateau, the

North Scotia Ridge, and the Southeast Indian Ridge.

During the Survey I cruise (10/20-11/22/97), the sea ice extended to - 63 °S

(Figure 4. 1A). The mean SeaWiFS-derived chlorophyll concentration during this cruise

over the region was 0.24 mg/rn3 (the region is defined as the area from 180-150 °W by

55-70 °S). Along 170 °W, the mean SeaWiFS chlorophyll concentration was 0.21 mg/rn3

(mean values for along 170 °W include the area 170.5-169.5 °W by 55-70 °S). Higher

chlorophyll values are seen near the ice edge, in the vicinity of the PF, and above the

Pacific-Antarctic Ridge from 155-150 °W (Figure 4. 1A & 4. 1E). The high chlorophyll

concentrations (> 1.0 mg/rn3) just west of the JGOFS line from .- 180-173 °W did not

appear until the last week of the cruise period. Mixed layer depths were generally quite

deep (at times> 150 m). Towards the end of the cruise, mixed layer depths of 60-80 m

were observed.

By the time of the Process I cruise (12/3/97-1/3/98), the sea ice had retreated and

a bloom was present at the PF across the whole region (Figure 4. lB & 4. 1E). Mean

chlorophyll concentration for the region had increased to 0.48 mg/rn3, and along 1 70°W

to 0.50 mg/rn3. Elevated chlorophyll values north of 55 °S were in the approximate
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location of the SAF (Figure 4. lB & 4. IE). A large phytoplankton bloom near the

retreating ice edge was visible from 180-165 °W (Figure 4.IB). This bloom was

situated in the vicinity of the SACCF above the Pacific-Antarctic Ridge and may be the

result of the combined influences of topography and sea ice retreat (Figure 4. lB & 4. IE).

The retreating ice edge provides micronutrients such as iron (in dust accumulated over

the winter) to the water column [Martin, 1990; Sedwick and DiTuilio, 19971 and

improves the irradiance-mixing regime for phytoplankton [Smith and Nelson, 1985].

This cruise was marked by shallow mixed layers (<30m) with low salinity surface water.

During the Survey 11 cruise (1/8-2/7/98), the sea ice had retreated below 70 °S

(Figure 4. 1C). Regional mean chlorophyll concentration had declined to 0.32 mg/rn3, and

along 170°W was 0.36 mg/rn3. Elevated chlorophyll in the vicinity of the PF and the

SAF was seen east of the JGOFS study site between 165-150 °W (Figure IC). A

phytoplankton bloom was visible from --170-167 °W between --63-65 °S. This bloom

was sampled during the Survey H cruise. It was located directly above the Pacific-

Antarctic Ridge (Figure 4.1C & 4. 1E) and was not continuous with the blooms farther

south, which are likely associated with the retreating ice edge. This bloom appears to be

a continuation of the bloom initiated during the Process I cruise; it had dissipated by the

first week of February. Mixed layer depths remained shallow during this cruise.

During the Process II cruise (2/14-3/18/98), regional mean chlorophyll

concentration had declined to 0.19 mg/rn3, and along 170 ow to 0.18 mg/rn3 (Figure

4.1 D). Elevated chlorophyll values were again seen above the Pacific-Antarctic Ridge

(Figure 4. 1D & 4. 1E). This was a persistent pattern, seen in all weekly images over the
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cruise period. Mixed layer depths were generally deeper than during the preceding

cruises, often exceeding 80 m depth north of the PF, with some values south of the

PF<50m.

Shipboard extracted chlorophyll measurements were compared with co-located

satellite data collected within 24 hours of the ship sample. Both underway and station

shipboard chlorophyll samples were used. For station data where samples from different

depths were available, we estimated optical depth with a chlorophyll-based

approximation of [Morel, 1988]. Shipboard samples from the upper two optical

depths of the water column were averaged for comparison with satellite data. The ship

samples were compared with the version 2 chlorophyll data from NASA. The Level 3

standard mapped images (9-km resolution) and Local Area Coverage (LAC, 1-km

resolution) files were used. The LAC data was processed using the global chlorophyll

algorithm and the SEADAS software.

The comparison of satellite-derived chlorophyll concentrations with the shipboard

chlorophyll measurements reveals generally good agreement (Figure 4.3). SeaWiFS

tended to underestimate chlorophyll relative to shipboard measurements, as did the

previous generation ocean color satellite in this region [Sullivan et al., 1993]. A Model II

linear regression of shipboard vs. satellite chlorophyll gives the equation

Chlsat = Q.52(ChIshp) - 0.03, with r2 = 0.72 where n = 84 (95% confidence interval for the

slope was 0.47 to 0.64 and for the intercept -0.0066 to -0.066). The generally good

agreement between satellite-derived and shipboard measurements of chlorophyll

indicates that SeaWiFS is accurately distinguishing between areas of high and low

biomass and, thus, reliably captures the mesoscale features described in this paper.
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Conclusions

There was good agreement between the SeaWiFS surface chlorophyll

concentrations along 170 ow and the regional average during all four JGOFS cruises.

Thus the JGOFS line along 170 ow was broadly representative of this sector of the

Southern Ocean. Three areas of elevated chlorophyll concentrations were identified from

the satellite imagery: at the receding ice edge, near the Southern Ocean fronts, and above

the Pacific-Antarctic Ridge. Each of these high biomass areas was studied intensively at

some point during the JGOFS cruises. Synthesis of the JGOFS results with satellite and

modeling studies should greatly improve our understanding of the role of marine biota in

the carbon cycle of the Southern Ocean and in the larger global climate system.
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Abstract

Satellite ocean color data from the Sea Viewing Wide Field of View Sensor

(SeaWiFS) and the Ocean Color Temperature Sensor (OCTS) are used to investigate

phytoplankton bloom dynamics at the Antarctic Polar Front (PF). Satellite sea surface

temperature data are used to map the location of the PF over weekly timescales for

comparison with the satellite estimates of surface chlorophyll concentration.

Phytoplankton blooms within the PF occur most frequently during the month of

December, and are unevenly distributed within the Southern Ocean. At times elevated

chlorophyll within the PF appeared as a narrow band that occupied only a portion of the

SST gradient across the PF.

Elevated chlorophyll at the PF is most frequently seen 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. The highest

chlorophyll values associated with the PF occur where the front comes into contact with

relatively shallow waters along the N. Scotia Ridge and above the Kerguelen Plateau.

Tron inputs from sediment sources likely play an important role in these phytoplankton

blooms.
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Introduction

The Antarctic Polar Front (PF) is one of several strong fronts within the Antarctic

Circumpolar Current (ACC) [Deacon, 1933; Mackintosh, 1946]. Other circumpolar

fronts within the ACC include the Subantarctic Front (SAF) north of the PF, and the

Southern Antarctic Circumpolar Current Front (SACCF) south of the PF [Orsi et at.,

1995; Belkin and Gordon, 19961. 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 flows around Antarctica within the ACC as a meandering jet which

exhibits considerable variability in the form of mesoscale meandering, eddy shedding,

and ring formation [Mackintosh, 1946; Joyce et at., 1978; Moore et at., 1999aJ. Several

studies have used satellite SST data to map the location of the PP [Legeckis, 1977; Moore

et al., 1997; 1999a}. The location and dynamics of the PF are strongly influenced by

Southern Ocean topography and the planetary potential vorticity field [Moore et at.,

1997; 1999a].

Chlorophyll concentrations within the Southern Ocean are typically quite low

despite high concentrations of the major nutrients nitrate and phosphate [Tréguer and

Jacques, 1992; Corniso et al., 1993]. The Southern Ocean is thus the largest of the High-

Nutrient, Low-Chlorophyll (HNLC) regions [Martin, 1990]. Tn recent years substantial

evidence has accumulated that it is the limited availability of the micronutrient iron

which maintains chlorophyll concentrations (and phytoplankton biomass) at very low



levels within the Southern Ocean [Martin etal., 1991a, 1991b; de Baa,- et al., 1995; van

Leeuwe et al., 1997; Sedwick et al., 1997; Takeda, 19981.

One area where phytoplankton blooms are observed is in the vicinity of the major

Southern Ocean fronts [Lutejeharms etal., 1985; Tréguer and Jacques, 1992; Banse,

1996; Moore et aL, I 999b]. A large number of in situ transects have reported elevated

phytoplankton biomass at the PF relative to surrounding waters [Allanson etal., 1981;

Lutfeharms et al., 1985; Bidigare et al., 1986; Laubscher et al., 1993; Jochem et at.,

1995; de Baar etal., 1995; Bathmann et at., 1997]. While phytoplankton blooms have

often been observed at the PF, very little is known about the temporal or spatial

distributions of these front-associated blooms.

Several factors have been suggested to account for phytoplankton blooms at the

PF. Lurjeharms et al. [1985) suggested cross-frontal mixing and increased vertical

density stratification as two physical mechanisms that might lead to elevated

phytoplankton biomass at the PF. 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 [Treguer and Jacques, 1992]. Several studies have

suggested that higher levels of dissolved iron found at the PF led to phytoplankton

blooms [de Baar et al., 1995; Bathmann et al., 1997]. Increased eddy mixing may lead to

increased fluxes of nutrients into the surface layer where the ACC interacts with large

topographic features [Moore et al., 1999bJ. Meander induced upwelling may also be an

important factor.



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. Meander-induced upwelling can stimulate phytoplankton growth by increasing

nutrient flux to surface waters and by improving the irradiance regime for phytoplankton

deep in the water column [Flier and Davis, 1993 Olson etal., 19941. Olson et al. [1994]

argued that the secondary circulation and local eddy field associated with meanders play

key roles in frontal biological enhancement. Meander induced upwelling and eddy

formation are likely intensified where Southern Ocean fronts interact with large

topographic features [Moore et al., 1999b].

There have been several 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 1978-1986. Moore and Abbott [in prep.] examined

seasonal patterns within various ecological regions of the Southern Ocean during the

1997-1998 season with SeaWiFS. One of the ecological regions studied was the Polar

Frontal Region (PFR), which they defined as all areas within 1-degree latitude of the

mean path of the PF as determined by Moore et al. [1999a] (see Chapter 6).

In this study we have used satellite sea surface temperature data to map the

location of the Antarctic Polar Front using methods developed previously [Moore et al.,

1997, 1999a]. These PF paths are then compared with satellite estimates of surface

chlorophyll concentrations from SeaWiFS and from the Ocean Color and Temperature

Sensor (OCTS). We had two objectives in this study. We wanted to quantify the spatial



and temporal variability of phytoplankton blooms at the PR Secondly, we wanted to gain

insights into the mechanisms that lead to the formation of phytoplankton blooms at the

PF.

Materials and Methods

Satellite ocean color estimates of surface chlorophyll concentrations are used to

examine phytoplankton biomass and bloom dynamics in the vicinity of the PF. Weekly

maps of Version 4 Level 3 Global Area Coverage chlorophyll data from the OCTS were

obtained from the National Space and Development Agency of Japan (NASDA). The

data covered the period from November 1996 to June 1997, (approximately the life of the

sensor and the ADEOS platform on which it flew). Daily level 3 standard mapped

images of chlorophyll (Version 2) from SeaWiFS were obtained from the Goddard Space

Flight Center. SeaWiFS data used in this study cover the period from September 1997 to

June 1998. The daily files were composite averaged to produce weekly maps of surface

chlorophyll concentration. Both ocean color data sets were obtained on a global - 9 km

equal angle grid.

Satellite sea surface temperature (SST) data were used to map the location of the

PF within weekly images of SST using methods developed previously [Moore et al,

1997; 1999a1. The SST data were also obtained on a 9 km equal angle grid produced by

the NOAA/NASA Pathfinder Project [Brown et al., 1993; Smith et al., 1996]. Daily files

(both ascending and descending passes) were composite averaged to produce weekly

maps of SST. 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 subset of the
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weekly SST map containing only those pixels within strong SST gradients [see Moore et

al., 1997 for an example of SST image and the corresponding 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, 1 999a].

Moore et al. [1 999aJ presented an analysis of a seven-year time series of weekly

locations of the PF (or PF paths) covering the period 1987-1993. We have extended this

time series of PF paths through mid-1998. Paths from the years 1996-1998 are compared

with the ocean color data to examine phytoplankton 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. [1 999a1.

The weekly SST and chlorophyll maps contain large areas with no valid data due

to the extensive cloud cover over the Southern Ocean. An initial comparison of our PP

paths with the ocean color data revealed a total of 65 weeks where there was good

chlorophyll coverage (>80% valid chlorophyll pixels) in the vicinity of the PF in some

portion of the Southern Ocean. These 65 weeks were then selected for further analysis.

Throughout the paper weeks are referred to in YYMMDD format, where DD is the first

day of the given week.

We calculate mean chlorophyll concentrations within the PF and within a swath

on either side (poleward 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). A computer routine was written to calculate mean chlorophyll levels at

right angles to the PF path over a swath approximately 60 km equatorward and poleward
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of the front. The actual width of these swaths varied somewhat with latitude (as pixel

area does) and with the orientation of the PF (i.e. PF flowing west, northwest, etc...).

Results

Displayed in Figure 5.1 are the 65 individual PF paths where there was good

chlorophyll coverage (> 80% valid chlorophyll data) over some portion of the path, and

the mean path of the PF calculated from the full time series of PF paths (1987-1998).

The mean path is quite similar to the mean path of Moore et al. [1999a1, which was based

on the 1987-1993 data. It can be seen from Figure 5.1 that there were large spatial

variations in the number of paths with valid chlorophyll data. Few paths are found above

the deep ocean basins (- 140-90 °W, - 110-140 °E), while the highest number of paths are

found in the Drake Passage/Scotia Sea region (90-35 °W), and to a lesser extent

downstream of Kerguelen Plateau (75-85 °E), and along the Pacific-Antarctic Ridge

(--155-145 °W) (Figure 5.1).

This pattern is largely driven by the distribution of PF paths rather than gaps in

the chlorophyll data 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., 1999a1. Thus, few PF

paths are mapped in these regions. In contrast, the temperature gradient is intensified in

the vicinity of large topographic features [Moore et cii,, 1997; 1999a11.

We calculated mean chlorophyll concentrations within the PF and along swaths to

either side of the front (poleward and equatorward of the front). There was a strong

seasonal cycle in these mean chlorophyll values, with peak values during December in
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phase with the seasonal radiation cycle (Figure 5.2). Mean chlorophyll concentrations

were quite low prior to November and after January. Strong light-limitation of

phytoplankton growth in early spring and late fall is likely the dominant factor in this

pattern. Only during December were mean chlorophyll concentrations within the PF

higher than in surrounding waters, when averaged over the whole Southern Ocean

(Figure 5.2).

The seasonal pattern evident in Figure 5.2 is similar to the pattern for the whole

PFR [Moore and Abbott, in prep.]. However, the peak December values (Figure 5.2) are

higher than the December mean value for the PFR of 0.43 mg/rn3 [Moore and Abbott, in

prep.]. The PFR contains substantial areas of open ocean by definition and thus does not

capture well the PF blooms evident during December in Figure 5.2. Our mean values for

the other months are similar to the PFR averages of Moore and Abbott [in prep.]. This

suggests that PF blooms are at best sporadic during these months and do not significantly

influence circumpolar mean values.

There is considerable spatial variability in mean chlorophyll concentrations in the

vicinity of the PF (Figure 5.3). Displayed in Figure 5.3 are mean chlorophyll

concentrations over the November-February period within 5-degree longitudinal bins.

Also shown is mean ocean depth over a 90-km wide swath centered on our mean PF path

[topography from Smith and Saudweil, 19941. Lowest chlorophyll concentrations are

above the deep ocean basins (-120-90 °W, 55-65 °E, and 120-140 E, Figure 5.3).

Elevated chlorophyll concentrations are seen in several regions. The highest

values are in the vicinity of Kerguelen Plateau 65-75 °E, and downstream from the Scotia

Sea (-45-25 °W). Moderately high chlorophyll values are also seen along the Pacific-
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Antarctic Ridge (-170 °E 155 °W), and near 30 °E (Figure 5.3). 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 niesoscale

meandering is increased [Moore et al., 1999a].

There is also regional variability if we compare chlorophyll concentrations within,

equatorward and poleward of the PF (Figure 5.3). Mean values within the PF are higher

than in adjacent waters on both sides of the PF in the southwest Pacific and in the vicinity

of Kerguelen Plateau and just downstream (Figure 5.3). Tn the southeast Pacific and

through 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 [Comiso et aL, 1993; Moore

and Abbott, in prep.]. Moore and Abbott [in prep.] argue that this low chlorophyll region

is bounded by the PF (to the north) and the SACCF (to the south). 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), near 30 °E, and in some of the

bins between 140-180 °E, most notably from -145-150 °E and -170-175 °E (Figure 5.3).

Topography has a strong influence on the physics and biology of the PP. The PF

can regularly come in direct contact with relatively shallow waters (<500m) in two

regions of the Southern Ocean. These two regions include areas along the North Scotia

Ridge, and at the Kerguelen Plateau. 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, 1990b; Nolting et al.,

1991].



A detailed topography of the Drake Passage/Scotia Sea region is depicted in

Figure 5.4 along with our mean path for the PR The PF typically crosses the North

Scotia Ridge at the Shag Rock Passage (-47-49 Ow, 53.3 OS, Figure 5.4) [Peterson and

Whitworth, 1989; Moore etaL, 19971. This gap marks the only location on the N. Scotia

Ridge where ocean depth > 2000 m (Figure 5.4). West of Shag Rock Passage on the N.

Scotia Ridge lie a small cluster of islands known as Shag Rocks (-46.6 °W, 53 °S). The

PF follows the southern flank of Ewing Bank after crossing the N. Scotia Ridge (Figure

5.4). Much of the Kerguelen Plateau is at depths < 500 m (see Figure 5.1 for the location

of the Kerguelen Plateau). In these two regions the PF can interact with shallow coastal

and shelf waters. The highest mean chlorophyll concentrations associated with the PF

were within and just downstream of these two regions (Figure 5.3).

Case Studies - Phytoplankton Blooms and the Antarctic Polar Front

Next we examine several case studies of phytoplankton blooms in the vicinity of

the Antarctic Polar Front. Several weekly images from the Drake Passage/Scotia Sea

region depicted in Figure 5.4 are presented. We also examine other regions within the

Southern Ocean. Phytoplankton blooms at the PP are often smaller in spatial extent than

the regions over which chlorophyll was averaged for the previous figures. 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

concentrations within the front are intermediate between those equatorward and

poleward.
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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 gradient maps. Mean

chlorophyll and SST at the PF averaged over I-degree longitudinal bands are also

shown with each weekly image. The SST and chlorophyll data are from the same

week in each case, but depending on cloud cover measurements may not be from the

same day, and in fact could be separated by up to one week. The PF can shift its location

substantially in one week, on average by 22 Eu-n between successive weekly SST images

[Moore et al., 1999a].

Week 961117 Drake Passage/Scotia Sea

Mean surface chlorophyll concentrations and sea surface temperatures for the

week beginning November 17, 1996 in the Drake Passage/Scotia Sea region are shown in

Figure 5.5. Inset panels show mean chlorophyll and SST averaged over 1-degree

longitudinal bands within the PF, and within -60-km swaths equatorward and poleward

of the PF (Figure 5.5). As one would expect sea surface temperatures are low poleward

of the PF, and higher on the equatorward side of the front, and the within front mean SST

values are in between. A latitudinal effect on SST is also apparent with cooler SST

values at higher latitudes [Figure 5.5, see also Moore et at., 1999a].

Several interesting features can be observed in the chlorophyll image. An

extensive phytoplankton bloom is apparent between -83-80 ow extending from the PF

for several hundred km northwards, with much lower chlorophyll concentrations south of

the PF (Figure 5.5). A phytoplankton bloom within the PF is evident from -7 1-60 ow,

with the highest chlorophyll values (>0.5 mglm3) near 7 1-70 °W, declining steadily
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Figure 5.5. Shown are mean surface chlorophyll concentrations and the SST
gradient map for the week beginning November 17, 1996. Inset panels show
mean chlorophyll and SST within the PF (asterisks) and within 60 km swaths
equatorward (triangles) and poleward (squares) of the PF averaged over 1-degree
longitudinal bins.
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downstream (Figure 5.5). Chlorophyll values are uniformly low from -51-47 °W, then

increase markedly after the PF crosses the North Scotia Ridge (compare Figures 5.4 and

5.5). Careful examination of Figure 5.5 reveals a large area of elevated chlorophyll north

of the N. Scotia Ridge, which is bounded to the south and west by the PF. Where the PF

is flowing westward along -53.5 °S (from -43-46 °W), it is following the southern flank

of the N. Scotia Ridge (compare Figures 5.4 and 5.5). The PF then turns northward

crossing the ridge at -47 °W. This pattern of elevated chlorophyll concentrations north of

the N. Scotia Ridge bounded to the west (and often to the north) by the PF was frequently

observed. Waters crossing the ridge moving northwards likely receive high inputs of iron

both directly from shallow shelf sources and indirectly through enhanced mixing of

subsurface waters into the surface layer.

Week 970105 Drake Passage/Scotia Sea

In this image from January 1997, there is a large region of very low chlorophyll

values south of the PF between 80-65 ow (Figure 5.6). Moderately elevated chlorophyll

within the PF is seen from -76-70 °W, with uniformly low values between 70-63 °W

(Figure 5.6). A narrow band of high chlorophyll values within the PF is evident between

62-57 °W. Note that only a portion of the SST gradient is blooming. In this area the path

of the PF is strongly controlled by a narrow valley with seaniounts to either side [see

Figure 5.4 and Moore et al., 1997]. A second stronger PF bloom is seen from 54-47 °W

(Figure 5.6). High chlorophyll values within the PF are also seen near 40 ow (Figure

5.6). Farther to the east (east of 35 °W) high chlorophyll values are seen within the PF

and to the north, with generally low concentrations south of the PF (Figure 5.6).
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Week 971126 Drake Passage/Scotia Sea

A large phytoplankton bloom encompassing the PF is seen in this image between

80-70 °W. Elevated chlorophyll is seen within the PF from 70-60 °W, including in the

large equatorward meander at 64-63 °W (Figure 5.7). This meander was not captured in

our PF path, which marks the poleward edge of the SST gradient (Figure 5.7). In the

region from -.55-44 °W, chlorophyll levels within the PF are generally low, although a

narrow band of elevated chlorophyll seems to follow the equatorward edge of the PF SST

gradient. Despite substantial cloud gaps, a large area with high chlorophyll

concentrations is evident north of the North Scotia Ridge and poleward of the PF (Figure

5.7). East of -15 °W there is no chlorophyll gradient associated with the PF (Figure 5.7).

Week 971223 Eastern Atlantic/Western Indian Sector

Mean chlorophyll and SST gradient maps for the region from 0-90 °E in the week

beginning December 23, 1997 are shown in Figure 5.8. In this image some elevated

chlorophyll in the vicinity of the PF is apparent between 0-30 °E, with the highest values

located south of the PF (Figure 5.8). The band of elevated chlorophyll extending south of

the PF for approximately 3 degrees of latitude (between 20-30 °E) is situated directly

above the Mid-Atlantic Ridge (compare Figures 5.1 and 5.8). The PF is seen to turn

southwards at -30-31 °E and there is large region with elevated chlorophyll in this area

between 28-3 1 °E (Figure 5.8).

Satellite altimetry studies have found high eddy variability in the region near

30 °E [Daniault 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.,
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1 999a] and regularly spawns warm core rings here [Gouretski and Daniiov, 1993, 1994].

Moore etal. [1999a] noted interactions between the SAF and the PF in this region. Such

interaction is apparent in Figure 5.8. A warmer strong SST gradient (the SAF) north of

the PF also turns southward at --31 °E and comes in contact with the PF, perhaps even

initiating the poleward bend of the PF (Figure 5.8). The southward bend in both fronts is

a persistent feature and is driven largely by the topography [Moore et al., 1999a]. There

is a band of elevated chlorophyll associated with the SAF -26-3 1 °E (Figure 5.8).

Farther east the PF passes quite close to Kerguelen Island and chlorophyll

concentrations (at 70-71 °E) within the PF exceed 2.5 mg/rn3 (Figure 5.8). Values within

the PF are much higher than poleward or equatorward of the front (by a factor > 2 near

Kerguelen) and gradually decline downstream (Figure 5.8). In the region 75-80 °E,

chlorophyll is higher within the PF and equatorward than poleward of the front. Elevated

chlorophyll is apparent above much of Kerguelen Plateau (compare Figures 5.1 and 5.8).

The PF passes close to Kerguelen Island several times in our data set, and it is these

phytoplankton blooms associated with the Kerguelen Plateau that drives the high

chlorophyll concentrations in this region in our mean PF values (Figure 5.3).

Week 971203 - Southeast hidian Ocean

The large region of elevated chlorophyll west of 97 °E in Figure 5.9 is the tail end

of a plume of elevated chlorophyll values extending dOwnstream from the Kerguelen

Plateau. From -97-105 °E there are two patches of elevated chlorophyll clearly

associated with the PF (Figure 5.9). The high chlorophyll values are seen within and

poleward of the PF. A large phytoplankton bloom is located directly above the Southeast
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Indian Ridge (-.140-150 °E, compare with Figure 5.1) which is bounded to the north by

the PF (Figure 5.9). Chlorophyll concentrations south of the PF in this region are roughly

double the levels north of the front. Iii the far southeast a strong phytoplankton bloom is

apparent and again is largely restricted to areas south of the PF (Figure 5.9). This bloom

is associated with melting sea ice cover in this region [Moore and Abbott, in prep.J. Next

we examine the area just to the east in the southwest Pacific during this same week.

Week 971203 Southwest Pacific Sector

A large phytoplankton bloom is evident from 180-172 ow over a broad latitudinal

range (Figure 5.10). This phytoplankton bloom is associated with retreating sea ice cover

in this region [Moore et al., 1 999b; Moore and Abbott, in prep.I. A strong phytoplankton

bloom within the PF is apparent stretching nearly continuously from the ice edge bloom

to .138 ow where our PF path ends (Figure 5.10). In this region the PF is following the

northern flank of the Pacific-Antarctic Ridge [see Figure 5.1 and Moore et aL, I 999b].

The sharp northwards bend at .152 ow occurs where the PF is forced into shallower

waters prior to crossing the Pacific-Antarctic Ridge [Moore et al., 1999b1. A massive

phytoplankton bloom north of the PF is evident from 115-90 ow (Figure 5.10).

Week 980108 Southwest Pacific Sector

In this image from approximately one month later than Figure 5.10, the PF bloom

along the Pacific-Antarctic Ridge can be still be seen from 160-145 °W (Figure 5.11).

The PF again can be seen to turn sharply equatorward at about 152 °W and also at 147 °W

(Figure 5.11). A very narrow band of high chlorophyll (<20 km wide) is evident within
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the PF from - 146-140 ow where the PF crosses the Pacific-Antarctic Ridge through the

Udintsev Fracture Zone [Figure 5.11, see also Moore et al., 1999a]. Elevated chlorophyll

concentrations along the Pacific-Antarctic and Southeast Indian Ridges are readily

apparent in the monthly SeaWiFS composites of Moore and Abbott [in prep.], and were

also observed with the CZCS [Corniso etal., 1993; Sullivan etal., 1993].

Conclusions

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, when the seasonal peak in solar radiation occurs in the Southern Hemisphere

(Figure 5.2). December is also a time of rapidly warming sea surface temperatures within

the Southern Ocean [for the seasonal SST cycle at the PF see Moore etal., l999a].

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, in prep., see Chapter 6]. Thus, the seasonal pattern observed

at the PF is consistent with what can be termed the spring bloom of the Southern Ocean.

There is a large degree of spatial variability in chlorophyll concentrations

associated with the PF (Figure 5.3.). Often elevated chlorophyll appeared as a narrow

band that occupied only a portion of the PF SST gradient (Figure 5.6). This banding of

high chlorophyll at SO fronts has been observed previously [Pollard et al., 19951. The

highest chlorophyll concentrations are observed where the PF comes into contact with

shallow waters (<500 m) along the North Scotia Ridge, and at the Kerguelen Plateau.
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The elevated chlorophyll signal from these shallow regions persists for several hundred

km downstream. 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 in these

regions.

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 Ewing Bank, and along the Mid-

Atlantic Ridge. Ocean depths in these regions are typically> 2000 m so there is no

sedimentary source of iron for surface waters. It is 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 eta)., 1999b11.

Mesoscale meandering of the PF is intensified where the PF crosses large

topographic features and for several hundred km downstream [Moore etal., I 999a1. 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 [Flier! and Davis,

1993; Olson et al., 1994]. Such intense meandering also increases eddy mixing which

can also increase the rate at which sub-surface nutrients enter surface waters [Olson et al.,

19941.

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

also increase nutrient flux to surface waters [Moore et al., 1999b]. This vorticity/eddy
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mixing effect would apply to the PF and in open ocean ACC waters. This process may

account for the phytoplankton blooms seen above large topographic features in this study.

Phytoplankton blooms over large spatial extents were observed above the Southeast

Indian Ridge (Figure 5.9), Kerguelen Plateau and along the Mid-Atlantic Ridge (Figure

5.8). This process could also be important for the blooms seen where the Antarctic

Circumpolar Current is forced into shallower waters as it enters Drake Passage (Figures

5.4, 5.5, and 5.7).

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 or silicic acid

from shelf sources or sub-surface waters. Particularly north of the PP. Si limitation of

diatom growth is often possible [Treguér and Jacques, 1992]. Recent studies of the PF

region along 170 ow as part of the U.S. JGOFS program 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. This sub-surface depletion may be reflected in our results. In

areas where PF blooms were observed, chlorophyll concentrations were often

significantly elevated relative to surrounding waters. However, absolute concentrations

within these blooms tended to remain at moderate levels (typically < 1.5 mg/rn3, and

often < 1.0 mg/rn3). Thus despite the increased nutrient inputs to surface waters,

accumulation of phytoplankton biomass may still be limited by iron or Si availability.

Future analyses of satellite and in situ data will improve our understanding of

phytoplankton bloom dynamics at the Antarctic Polar Front. A large amount of in situ

data collected at the PP along 170 ow as part of the U.S. JGOFS program is currently

being analyzed. The in situ surveys, optical moorings and drifters released within the PF
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as part the JGOFS will provide useful data sets for testing the hypotheses presented

here for phytoplankton bloom initiation. 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 future satellite

scatterometer missions will enable more detailed studies of bloom dynamics at the

Antarctic Polar Front.
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Phytoplankton Chlorophyll Distributions and Primary Production in the Southern Ocean
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Abstract

Satellite ocean color data from the Sea Viewing Wide Field of View Sensor

(SeaWiFS) are used to examine the distributions of chlorophyll concentrations (and

phytoplankton biomass) within the Southern Ocean for the period October 1997 through

September 1998. Over most of the Southern Ocean chlorophyll concentrations remain

perpetually low (<0.4 mg/rn3). Phytoplankton blooms, areas where chlorophyll

concentration exceeds 1.0 mg/rn3, were observed in three areas which included

coastal/shelf waters, areas associated with the seasonal sea ice retreat, and in the vicinity

of the major Southern Ocean fronts. These chlorophyll distribution patterns are

consistent with a largely iron-limited system. Mean chlorophyll concentrations from

SeaWiFS are compared with values from the Coastal Zone Color Scanner (CZCS). The

SeaWiFS global chlorophyll algorithm is working better in the Southern Ocean than did

the global CZCS algorithm.

Primary production in the Southern Ocean was estimated with the Vertically

Generalized Production Model (VGPM) of Behrenfeld and Falkowski [1997]. Annual

primary production in the Southern Ocean (>30 °S) was estimated to be 14.2 Gt C/yr,

with most production (-80%) taking place at mid-latitudes from 30-50 °S. Total primary

production at latitudes > 50 °S was estimated to be 2.9 Gt C/yr. This is considerably

higher than previous estimates based on in situ data, but somewhat less than recent

estimates based on CZCS data. Our estimated primary production is sufficient to account

for the observed Southern Hemisphere seasonal cycle in atmospheric 02 concentration.

Net oceanic phytoplankton production dominates this seasonal 02 cycle.
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Introduction

Phytoplankton bloom dynamics in the Southern Ocean have long represented a

paradox for oceanographers. Despite high concentrations of available nitrate and

phosphate, chlorophyll concentrations in open ocean waters remain low (typically < 0.5

mg/rn3) [Trégeur and Jacques, 1992; Corniso et al., 1993; Banse, 19961. The Southern

Ocean is thus the largest High-Nutrient Low-Chlorophyll (HNLC) region within the

world ocean [Martin, 1990; Minas and Minas, 19921. In recent years, substantial

evidence has accumulated that the availability of the micronutrient iron plays a critical

role in limiting phytoplankton biomass and production within HNLC regions [Martin et

al. 1991a, 1991b; de Baar et al., 1995; Goale et al., 1996; Gordon et al., 1997; van

Leeuwe et al., 1997; Takeda, 1998].

There have been several satellite-based studies of Southern Ocean phytoplankton

dynamics that relied on data from the Coastal Zone Color Scanner (CZCS). Arrigo and

McCiain [1994] used CZCS data to estimate primary production in the Ross Sea. Several

studies combined CZCS data with satellite-derived ice cover information to examine ice

edge phytoplankton bloom dynamics [Sullivan etal., 1988; Comiso etal., 1990].

Comiso et al. [1993] examined CZCS pigment data for the entire Southern Ocean

and analyzed the relationship to several geophysical features. They noted that

phytoplankton blooms occur in primarily several regions including areas associated with

sea ice retreat, shallow waters, areas of strong upwelling, and regions of high eddy

kinetic energy (mainly associated with Southern Ocean fronts) [Coiniso etal., 1993].

The strongest correlation with pigments was a negative correlation between ocean depth
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and pigment concentrations, possibly the result of higher available iron concentrations in

shallow water regions [Comiso et cii., 1993].

Sullivan et al. [1993] also examined CZCS pigment data for the whole Southern

Ocean. They noted intense phytoplankton blooms within and downstream of

coastal/shelf areas which they attributed to elevated iron availability [Sullivan et al.,

1993]. Tn open ocean waters, silicic acid availability may limit diatom production and

biomass accumulation in several areas [Sullivan et cii., 1993]. Sullivan etal. [1993] also

developed a regional Southern Ocean pigment (SOP) retrieval algorithm for CZCS data,

based on the bio-optical properties of Antarctic Peninsula waters [Mitchell and Hoim-

Hansen, 1991]. Sullivan et al. [1993] argued that a regional pigment algorithm was

necessary because the global pigment (GP) algorithm for CZCS [Gordon etal., 1983]

resulted in underestimates of surface chlorophyll concentrations in Southern Ocean

waters. Arrigo et al. [1994] extended this analysis and provided correction factors for

converting GP pigment estimates to SOP pigment values. The SOP pigment values are

higher than the GP estimates by a factor ranging from 2.1 - 2.5 [Arrigo etal., 1994].

In this study, SeaWiFS satellite-based estimates of surface chlorophyll

concentrations are used to examine phytoplanktori distributions and dynamics within the

Southern Ocean. We use a broad definition for the Southern Ocean encompassing the

area from the Antarctic continent north to 30 °S. This northern boundary is

approximately 5 degrees of latitude north of the mean position of the North Subtropical

Front as defined by Belkin and Gordon [1996].

Primary production in the Southern Ocean is estimated using the vertically

generalized production model (VGPM) of Behrenfeld and Falkowski [1997]. Satellite-
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derived estimates of surface chlorophyll, sea surface temperature, and surface

photosynthetically available radiation are used to drive this model. Our results are

compared with several recent studies that used data from the CZCS to model primary

production in Southern Ocean waters [Longhurst et al., 1995; Behrenfeld and Falkowski,

1997; Arrigo et al., 1998].

Methods and Materials

SeaWiFS-derived estimates of surface chlorophyll concentration for the period

October 1997 through September 1998 were obtained from the Goddard Space Flight

Center [McClain et al., 1998]. Daily level 3 standard mapped images of chlorophyll

concentration (Version 2) were composite averaged to produce weekly, monthly,

seasonal and annual means for the Southern Ocean. We compare these SeaWiFS

estimates with data from the CZCS. Monthly CZCS composites processed with the

global algorithm (GP) [Gordon et al., 1983] over the 1979-1986 period were obtained

from NASA. We also derived monthly CZCS composites based on the Southern Ocean

pigment (SOP) algorithm [Sullivan et aL, 1993] using the correction factors of Arrigo et

al. [1994].

Monthly mean sea ice concentrations (NASA Team algorithm) from the SSM1I

DMSP-F 13 satellite sensor for the years 1997-1998 were obtained from the EOSDIS

NSIDC Distributed Active Archive Center, at the University of Colorado at Boulder

[National Snow and Ice Data Center, 1998]. Ice concentrations of less than 5% were

considered to be open water in our analysis. A minimum of 70% ice cover was used to

determine the minimum (summer) sea ice extent. Significant phytoplankton biomass can
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accumulate in the water column at ice concentrations below 70% during austral spring

[i.e. Smith and Gordon, 1997]. All sea ice data were remapped to a 9-km equal angle

grid.

The satellite chlorophyll data were analyzed by ecological region within the

Southern Ocean. We divide the Southern Ocean into several ecological regions,

including the Mid-latitude Gyre Region (MOR), the Mid-latitude Coastal Region (MCR),

the Subantarctic Water Ring (SWR), the Polar Frontal Region (PFR), the Permanently

Open Ocean Zone (POOZ), the Seasonal Ice Zone (SIZ), the Marginal Ice Zone (MIZ),

and the Weddell-Ross Region (WRR). From the Antarctic Polar Front south to

Antarctica, these ecological regions are similar to those proposed by Tréguer and

Jacques [1992]. The WRR consists of the waters of the Weddell and Ross Seas that are

south of 73 Os. This region is similar to the Coastal and Continental Shelf Zone of

Tréguer and Jacques [1992]. The SJZ is defined as areas with >5 % ice cover during

August 1997 (maximum ice extent prior to growing season) and less <70 % ice cover

during February 1998 (seasonal minimum ice extent). The MJZ is a subset of the SIZ

where there has been recent melting of sea ice [Smith and Nelson, 19861. We

operationally define this ecologically important region as areas with> 50 % sea ice cover

the preceding month and < 50 % ice cover in the current month. The PFR is defined as

all areas within 1 degree of latitude of the mean path for the Antarctic Polar Front as

defined by Moore etal. [1999a]. The POOZ is the area north of the SIZ and south of the

PE1

The SWR is defined as the area from the PFR north to the latitudes of the

Subtropical Fronts [Banse, 19961. The northern border of this regiOn is set at 35 OS,
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slightly north of the mean position of the North Subtropical Front as defined by Belkin

and Gordon [1996]. North of this region, are the mid-ocean gyre systems of the Southern

Hemisphere. This area between 30 35 °S we term the Mid-latitude Gyre Region

(MGR). To better define the open ocean patterns we have excluded areas shallower than

500 m from the MGR, SWR, PFR, and POOZ areas using the topography data of Smith

and Sandwell [1994]. These shallow coastal and shelf areas are collectively referred to as

the Mid-latitude Coastal Region (MCR).

There is some overlap between these ecological regions. The WRR and the MIZ

are subsets of the SJZ. We have excluded the WRR area from the MIZ and SIZ. In the

southwest Pacific and through Drake Passage the SIZ and MIZ overlap with the PFR.

These areas have been included only within our SIZ and MIZ regions, that is excluded

from the PFR.

Chlorophyll distributions are also compared with the mean positions of the major

Southern Ocean fronts. We have used the path of Moore et al. [1 999a] for the Antarctic

Polar Front (PF). The positions of the Southern Antarctic Circumpolar Current Front

(SACCF) and the Subantarctic Front (SAF) are from the analysis of Orsi et al. [1995].

The locations of the North and South Subtropical Fronts and the Aguihas Current are

from Be/kin [1993; 1997] and Belkin and Gordon [1996]. The region from the SSTF to

the NSTF is termed the Subtropical Frontal Zone (STFZ) IBelkin and Gordon, 1996].

Modeling Primary Production

Primary production over monthly timescales was estimated using the vertically

generalized production model (VGPM) of Behrenfeld and Fai!kowski [1997]. The inputs
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to the VGPM model are satellite-derived surface chlorophyll concentrations, sea surface

temperatures, and photosynthetically available radiation (PAR) at the water's surface

[Behrenfeld and Faikowski, 1997]. Photoperiod, or daylength, is calculated as a function

of latitude and time of year. Monthly optimally interpolated sea surface temperature data

at 1 degree resolution were obtained from the National Center for Environmental

Prediction for the October 1997 to September 1998 period [Reynolds and S,nith, 1994].

The SST data were remapped to a 9-km equal angle grid using linear interpolation

between grid points.

The sea surface temperature data are used to estimate the local maximum rate of

primary production (P50) in the model according to the PB0 vs. SST regression of

Behrenfeld and Falkowski [1997]. This empirical function is valid only for SST values

from-Ito 29 °C. For areas where SST was <-1.0 °C, pB was set to the -1.0 °C value

(1.1055 mg C (mg Chl)' hr1), and for SST values above 29 °C, was set to the

29.0 °C value (3.7859 mg C (rng Chl)' hf'). In the SST data set there often was no valid

SST data at very high latitudes, mainly in the southern Weddell and Ross Seas. A SST

value of -1.0 °C was used for computing primary production in these areas. Examination

of the Pathfinder SST data set [Smith er al., 1996] revealed that mean SST values were

below -1.0 °C in these areas during our study period.

Monthly surface PAR data for the years 1983-1984 were obtained from the

SeaWiFS Project and the data from the two years were averaged to produce a monthly

mean (cloud corrected) surface PAR which was remapped to a 9-km equal angle grid.

Total water column chlorophyll was estimated from the satellite chlorophyll data using

the equations of Morel and Bert/ion [19891. Equation 3a of Morel and Bert/ion [1989]
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was used for areas equatorward of 50 °S. For latitudes greater than or equal to 50 °S

(well-mixed waters) we used equation 5 from Morel and Berthon [19891. Total water

column chlorophyll was then used to estimate euphotic depth using equations la and lb

from Morel and Berthon [1989].

Two types of gaps were present in the monthly chlorophyll composites used to

drive the primary production model. A small number of pixels had no data due to

persistent cloud cover for the entire month. A second larger gap appears in the

chlorophyll data at high latitudes seasonally due to the short daylength and the inability

of SeaWIFS to produce accurate chlorophyll estimates at very high solar angles. For this

reason, there is little or no SeaWiFS data south of 45-50 °S during austral winter.

These gaps must be removed in some manner to avoid underestimating total primary

production. There is high spatial variability in chlorophyll concentrations within the

Southern Ocean. For this reason we have chosen to smooth the data over time rather than

space. We treat the area equatorward of 40 °S (weak seasonality) differently than the

area poleward of 40 °S (strong seasonality). Gaps in the data equatorward of

40 °S were filled with the annual mean chlorophyll value over the October 1997 to

Septeniber 1998 time period.

For the data gaps at latitudes greater than or equal to 40 °S, we first averaged the

monthly data from the two months March and September 1998. The composite of these

two months was then used to fill data gaps. During March and September (late fall and

early spring) phytoplankton biomass (and chlorophyll concentrations) are low and the

system is likely light-limited, Using the composite of these two months thus represents a

conservative method to fill in chlorophyll gaps that will not result in an overestimation of
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primary production. Most of the gaps filled were the seasonal type described above and

occurred during austral winter. The few remaining gaps after this two step process were

filled by averaging all adjacent pixels with valid chlorophyll data. To prevent extending

the chlorophyll data into areas with heavy sea ice cover (where primary production is

negligible), we compared the smoothed monthly chlorophyll data with the monthly sea

ice data and removed chlorophyll data in areas where sea ice concentration exceeded

70%. The smoothed chlorophyll fields were used only in the calculations of primary

production. All other analyses are based upon the original monthly composites of the

Level 3 chlorophyll data.

Results

Chlorophyll Distributions in the Southern Ocean

Monthly mean chlorophyll concentrations during austral spring and summer are

shown in Figure 6.1 (areas in black had no valid chlorophyll data due to heavy sea ice or

persistent cloud cover). Over most of the Southern Ocean, mean chlorophyll

concentrations remain low despite the available nitrate and phosphate in surface waters

(typically <0.4 mg/rn3, Figure 6.1). Very low chlorophyll values are seen north of

35 °S within the subtropical gyres, in the southern half of Drake Passage

(- 80-60 °W), and along - 60-65 °S between 20-70 °E. This last area of low chlorophyll

along 60 °S marks the location of the Antarctic Divergence (AD) where strong upwelling

occurs as a result of wind-driven divergence of surface waters [see Comiso et al., 1993].



A) November 1997 B) December 1997
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Figure 6. 1. Displayed are the SeaWiFS mean monthly chlorophyll
concentrations in the Southern Ocean over the period November 1
to February 1998. Latitude lines are shown at 40°S and 60°S.
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This upwelling is clearly seen in oxygen concentrations at 100 m depth [Gordon et al.,

1986]. The recent upweRing of these waters may account for the low chlorophyll values

observed in this area. Relatively low chlorophyll concentrations arc also seen in the

Indian sector 100-130 °E at similar latitudes (Figure 6.1B). This is also a region of

strong upwelling during austral summer [Comiso et aL, l993.

Phytoplankton blooms with chlorophyll values exceeding 1.0 mg/rn3 are seen in

several areas. The highest values occur in coastal and shelf waters associated with

Southern Ocean islands and continents. Thus, high chlorophyll values are seen

surrounding and downstream of Kerguelen Island (-50 Os, 70 °E), over the large shelf

region on the east coast of South America, and in shelf regions associated with Africa and

New Zealand. High chlorophyll values are also seen in the southern Weddell and Ross

Seas and in other coastal Antarctic waters.

Monthly % sea ice cover for the November 1997 February 1998 period is shown

in Figure 6.2. During November the sea ice cover was still near its maximal winter

extent over most of the Southern Ocean. There was a rapid melting of the seasonal sea

ice cover during December and January (Figure 6.2). Most of this seasonal retreat of the

sea ice cover occurs in the Weddell and Ross Seas (Figure 6.2). Comparing Figures 6.1

and 6.2, it can be seen that large phytoplankton blooms occur in areas where the sea ice

has retreated in the Weddell Sea (from - 0-30 0W, below 60 °S). Similar

phytoplankton blooms are apparent in the Ross Sea 150-175 °W, below - 60 °S during

December, and south of - 65 °S during January and February (compare Figures 6.1 and

6.2). It is important to note that phytoplankton blooms do not occur in all areas of sea

ice retreat (Compare Figures 6.1 and 6.2). For example, chlorophyll values remain very
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A) November 1997 B) December 1997

C) January 1998 D) February 1998

Figure 6.2. Displayed are the monthly mean % sea ice cover
over the period November 1997 to February 1998.



131

low between - 10-60 °E and 60-65 °S despite the retreat of sea ice here over the

November January period (Compare Figures 6.1 and 6.2). In other areas of retreating

sea ice cover, including parts of the Weddell and Ross Seas, chlorophyll values remain at

low values (<0.3 mg/rn3). Possible causes for these variations in ice edge bloom

dynamics include variations in wind speed (and thus mixed layer depth), differential

accumulation of atmospheric dust on the ice (which affects the amount of iron released to

the water column during melting), and differences in Ekman-induced

upwelling/downwelling by the winds.

A large polynya opened in the southern Weddell Sea during early austral spring

(Figure 6.2A and 6.2B). This early melting and consequent low summer ice extent in the

southern Weddell Sea is very unusual [see Comiso and Gordon, 1998], and had a strong

influence on the biota. A strong phytoplankton bloom developed within the polynya

(Figure 6.1). Analysis of weekly maps of chlorophyll concentration and sea ice cover in

this region indicates that this phytoplankton bloom developed as soon as the polynya

opened up and persisted until the ninth week of 1998 when heavy sea ice cover rapidly

covered the region. Comiso et al. [1990] also observed high chlorophyll concentrations

persisting into March in the Weddell Sea with the CZCS. Reflection of light from ice

and snow covered areas may bias the SeaWiFS data near the coast (within - 50 kni).

However, the large size of this bloom in the southern Weddell Sea precludes it merely

begin an artifact of this type of bias in the SeaWiFS data.

The remaining areas of high chlorophyll values present in the monthly composites

shown in Figure 6.1 are associated with the major fronts of the Southern Ocean. This is
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Figure 6.3. Shown are the mean SeaWiFS chlorophyll concentrations during
austral summer (December 1997 through February 1998), and the mean
locations of the major Southern Ocean fronts. Displayed fronts include the
Antarctic Polar Front (PF) [Moore etal., l999a], the Southern Antarctic
Circumpolar Current Front (SACCF), the Subantarctic Front (SAF) [Orsi
etal., 1995], the North and South Subtropical Fronts (NSTF, SSTF), and
the Agulhas Current (AC) [Be/kin 1993; 1997; Be/kin and Gordon, 1996].
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illustrated in Figure 6.3 where mean chlorophyll for the period December 1997 -

February 1998 is shown along with the mean position of the major Southern Ocean

fronts. Moving from high to low latitudes the. fronts depicted include the Southern

Antarctic Circumpolar Current Front (SACCF), the Antarctic Polar Front (PF), the

Subantarctic Front (SAF), and the South and North Subtropical Fronts (SSTF and NSTF,

respectively). Also, depicted in the region south of Africa is the Aguihas Current (AC).

Frontal-associated phytoplankton blooms at higher latitudes seem to occur in

regions where the fronts interact with large topographic features. Thus, persistent

phytoplankton blooms are seen at the SACCF where it follows the Southeast Indian and

Pacific-Antarctic Ridges (- 160 °E - 145 °W), and along the Mid-Atlantic Ridge

(.- 5-30 °E) (Figure 6.3). Likewise, blooms at the PP can be seen along the Pacific-

Antarctic Ridge (especially - 145-160 °W), at the Falkland Plateau (- 48-38 °W),

crossing and then along the Mid-Atlantic Ridge (- 20 ow - 30 °E).

Mesoscale physical-biological interactions where Southern Ocean fronts interact

with topography can stimulate phytoplankton blooms [Moore etal., 1999b]. Two

physical processes can result in an increased nutrient flux from sub-surface waters to the

surface layer in these regions. The first is increased vertical mixing due to eddies as

relative vorticity added to the water column by the large changes in ocean depth is

dissipated [Moore et al., 1999b1. Secondly, in these regions of strong topographic

interaction and just downstream, mesoscaie meandering of the PF is intensified (at spatial

scales < 100 km) [Moore et al., 1999a, I 999b1. Such meandering leads to localized

areas of upwelling and downwelling which can strongly influence ocean biota [Flier! and

Davis, 1993]. In addition, cross frontal mixing could stimulate phytoplankton growth if
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different nutrients are limiting growth north and south of a particular front. For example

there is often a strong gradient in silicic acid concentrations across the PF, resulting in

silica-limitation of diatom growth to the north and perhaps iron-limitation to the south

[Tréguer and Jacques, 1992; Comiso et al., 1993]. Likewise in the subtropical frontal

region, nitrate availability likely limits phytoplankton growth rates in the gyre regions to

the north, while iron-limitation is more likely to the south [Sedwick er al., 1997].

Phytoplankton blooms at the SAF, SSTF, and NSTF are apparent in the Atlantic

and Indian sectors but are generally lacking in the Pacific sector. Iron inputs at mid-

latitudes from atmospheric deposition are much lower in the Pacific compared with the

Atlantic and Indian Oceans [Duce and Tindale, 1991]. Phytoplankton blooms are

apparent in the vicinity of the SAF in the southeast Pacific during December 1997

(Figures 6. lB and 6.3). This is notable because phytoplankton blooms were not observed

in this region with the CZCS sensor [Sullivan etal., 1993; C'omiso et al., 1993].

Intense, persistent phytoplankton blooms are also associated with the Aguihas

Current (AC) and the (SSTF) south of Africa (- 20 -70 °E) (Figures 6.1 and 6.3). The

AC is influenced by topographic features in this region, and it interacts with and at times

merges with the SSTF and the SAF [see Beikin and Gordon, 1996]. Corniso et al. [1993]

also noted high chlorophyll values in this region. They attributed these phytoplankton

blooms to the high eddy kinetic energy and possible current-induced upwelling in this

region [Coiniso etal., 1993].

One way to quantify these chlorophyll distributions is to divide the Southern

Ocean into ecological regions. The size and location of the Marginal Ice Zone (MIZ)

changes from month to month as the seasonal ice cover expands and retreats, while the
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A) November 1 997 9) December 1 997

Figure 6.4. The ecological regions of the Southern Ocean are displayed
over the period November 1997 to February 1998. Displayed regions
include the Weddell-Ross Region (WRR), the Seasonal Ice Zone (SIZ),
the Marginal Ice Zone (MIZ), the Permanently Open Ocean Zone (POOZ),
the Polar Front Region (PFR), the Subantarctic Water Ring (SWR), the
Mid-latitude Coastal Region (MCR), and the Mid-latitude Gyre Region
(MGR, see text for details on the region definitions).
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other ecological regions remain fixed in size and shape as described previously (Figure

6.4). The MIZ covered a large area during December (5.5 million km2) and January (4.3

million km2). The location and shape of the MIZ changed considerably during this

period (Figure 6.4B and 6.4C). The size of the MJZ was negligibly small over most of

the rest of the year, reaching a minimum during May 1998 (< 1800 krn2).

Monthly mean chlorophyll concentrations within these ecological regions are

displayed in Figure 6.5. Maximum chlorophyll levels were observed in the southern

Weddell and Ross Seas with a peak value of 5.5 mg/rn3 during December 1997. High

chlorophyll values were also observed in the Mid-latitude Coastal Region and within the

Marginal Ice Zone. Chlorophyll values remained persistently low in the other regions

typically below 0.3 mg/rn3 (although the PFR reached 0.43 mg/rn3 during December,

Figure 6.5).

Most regions showed a seasonal peak in chlorophyll concentration during

December in phase with the seasonal solar radiation cycle. Exceptions to this pattern

include the MCR, where little seasonality was observed, and the MGR where there was

an inverse pattern, with a minimum during austral summer. The seasonal pattern within

the MGR is similar to that observed in the North Central Pacific Gyre at station ALOHA

(Letelier et al., 1993). In that region the seasonal cycle is primarily due to

photoadaptation, with chlorophyll per cell in the surface layer increasing during winter

months (Letelier et al., 1993). Another possibility would be increased nutrient input (and

phytoplankton biomass) during winter months in the MGR due to deeper wind mixing.

The SIZ and MIZ regions had peak mean chlorophyll values in January and February,

respectively (Figure 6.5).
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Figure 6.5. SeaWiFS monthly mean chlorophyll concentrations
within the ecological regions of the Southern Ocean (regions as in
Figure 6.4).
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Primary Production in the Southern Ocean

Primary production within the Southern Ocean, summed over seasonal timescales,

as estimated with the VGPM model is shown in Figure 6.6. The highest production

occurs during austral summer, with maximal values in the coastal/shelf waters off of

South America, Africa, Australia, New Zealand, and in the Southern Weddell and Ross

Seas (Figure 6.6B). Elevated production is also seen in the Subtropical Frontal Zone

during all seasons in the Atlantic and Indian sectors, and to a much lesser extent in the

Pacific sector (compare Figures 6.3 and 6.6). This high primary production reflects the

generally elevated chlorophyll values within the STFZ in the Atlantic and Pacific basins,

combined with favorable sea surface temperatures (see below) (Figures 6.1, 6.2, and 6.6).

At high latitudes, heavy sea ice cover and the seasonal insolation cycle lead to

strong light limitation and negligible production below 60 05 during austral winter

(Figure 6.6D). The effect of sea ice distribution is also apparent during austral spring

(compare Figures 6.2A and 6.6A). Some production occurs within the seasonal ice zone

during austral fall prior to the seasonal sea ice expansion (Figure 6.6C). North of these

high latitude areas, significant primary production occurs during all seasons (Figure 6.6).

We next examine seasonal primary production patterns within the ecological

regions described previously. Primary production per unit area was highest in the

coastal/shelf areas of the WRR and MCR (Figure 6.7). All regions except the MGR

show maximum production during austral summer with the amplitude of this seasonal

cycle increasing sharply with increasing latitude (Figure 6.7).

Sea surface temperature has a strong impact on the model estimates of primary

production by setting the local maximum rate of primary production [Behrenfeld and
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A) Spring B) Summer

C) FaIl 0) Winter
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Production (gC/rn/seos

Figure 6.6. Model estimates of seasonal primary production in the
Southern Ocean are shown. Seasons are defined as spring (September.
October, November), summer (December, January, February), faIl
March, April, May), and winter (June, July, August).
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Figure 6.7. Shown is the mean area-normalized primary production
within the ecological regions of the Southern Ocean (regions as in
Figure 6.4).
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Falkowski, 1997]. Within the low chlorophyll regions, there is a latitudinal trend with the

high latitude (cold SST) regions displaying lower primary production values than regions

farther north (warmer SST) (Figure 6.7). Thus, despite having higher biomass the SIZ

and MIZ regions generally have lower area-normalized production rates relative to the

other regions (compare Figures 6.5 and 6.7). This temperature effect also accounts for

the moderately high production values within the SWR, despite generally low chlorophyll

concentrations (Figures 6.5 and 6.7). Likewise, the warm SST values associated with the

mid-latitude gyres partially make up for the very low biomass/chiorophyll concentrations

in this region (Figures 6.5 and 6.7). Lastly, comparing the two coastal regions, the

warmer SST values in the MCR raise production values here to higher levels than in the

cooler but higher chlorophyll waters of the WRR (Figures 6.5 and 6.7).

If we examine total primary production by ecological region, it is apparent that

the SWR accounts for most production within the Southern Ocean due to its large areal

extent and moderately high primary production during all seasons (Figure 6.8). A weak

seasonal cycle is seen in the MCR and MGR regions, and a strong seasonal cycle is

apparent with increasing latitude. Despite its high chlorophyll levels and primary

production values, the total carbon fixed within the WRR is small due to its relatively

small spatial extent.

Annual primary production estimates for various sub-regions of the Southern

Ocean are summarized in Table 6.1. Also shown in Table 6.1, are the percentages of

the total Southern Ocean primary production and area accounted for by each sub-region.

Areas in Table 6.1 are the total area before correcting for sea ice cover. So though the

total area below 50 °S is 45.7 million km2, the maximum area over which the model was
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Table 6.1. Displayed are annual primary production estimates using the VGPM model of
Behrenfeid and Falkowskj [1997, see Methods section for details]. Ecological regions
shown include the Mid-latitude Gyre Region (MUR), the Mid-latitude Coastal Region
(MCR), the Subantarctic Water Ring (SWR), the Polar Frontal Region (PFR), the
Permanently Open Ocean Zone (POOZ), the Seasonal Ice Zone (SIZ), the Marginal Ice
Zone (MIZ), and the Weddell-Ross Region (WRR) (see text for details). The percentage
of total Southern Ocean primary production and ocean area accounted for are shown in
parentheses for each region.

Region gC/m2/yr Area (millions km2) Total C (Gt C)

MGR 145.3 15.3 (14.1) 2.22 (15.7)

MCR 528.8 2.57 (2.4) 1.30 (9.2)

SWR 161.2 58.0 (53.6) 9.26 (65.4)

PFR 82.0 4.89 (4.5) 0.385 (2.7)

POOZ 62.3 8.70 (8.0) 0.509 (3.6)

SIZ 50.8 16.2 (15.0) 0.472 (3.3)

WRR 156.2 0.95 (0.88) 0.0555 (0.39)

Southern Ocean (30-90°S) 148.5 108.2 (100) 14.17 (100)

Southern Ocean (50-90°S) 82.2 45.7 (42.2) 2.85 (20.1)

MIZ 54.2 0-5.53 (0-5.1) 0.096 (0.67)

run was 41.3 million km2 during February 1998 (minimum ice extent), similar to

previous studies [see Arrigo et al. 1998 for comparison]. Note that the effective growing

season for phytoplankton declines from 12 months per year at low latitudes to less than 6

months per year at the highest latitudes. Thus, the WRR has higher production per unit

area than the SWR over monthly timescales, but total production is similar over annual

timescales (Figure 6.7 and Table 6.1).

High chlorophyll (phytoplankton biomass) and growth during all seasons result in

a high mean annual production in the MCR of 528.8 gC/m2/yr, which accounts for
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9.2 % of total SO production, but only 2.4 % of the area (Figure 6.7 and Table 6.1).

It can be seen that the large bulk of primary production comes from the mid-latitude

regions with areas poleward of 50 °S accounting for only 20.1 % of total primary

production while occupying 42.2 % of the total area (Table 6.1). This reflects a shorter

growing season at high latitudes, which is a function of strong light limitation during

winter months.

Discussion

The patterns in chlorophyll distribution described here are qualitatively similar to

those of previous studies of the Southern Ocean using the CZCS sensor [Sullivan et al.,

1993; Coiniso et al., 1993]. There are some notable differences most likely due to the

sparse CZCS coverage in this region. Extensive phytoplankton blooms were observed in

the southeast Pacific sector during December 1997 (Figure 6. IB). No blooms were seen

in this region in the CZCS data, and silica limitation was suggested as a possible cause

[Sullivan et al., 1993; Corn iso et al., 1993]. Silica-limitation or perhaps iron-limitation

may account for a lack of blooms here in January and February (Figure 6.1). The plume

of high chlorophyll values extending downstream from the Kerguelen Plateau (- 70 °E,

Figure 6.1 B) was much larger than observed previously [Sullivan et al., 1993; Comiso et

al., 1993]. The bloom in the southern Weddell Sea (Figure 6.1 B) was larger and

extended farther west than any observed with the CZCS [Sullivan el al., 1993; Corniso et

al., 1993].

Several previous studies argued that the global processing algorithm (GP) used

for the CZCS consistently underestimated surface chlorophyll concentrations in the
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Southern Ocean [Mitchell and HoIm-Hansen, 1991; Sullivan et al., 1993; Arrigo et at.,

1994]. An early comparison of a limited in situ data set from the Polar Frontal region

neai 170 ow by 60 °S with SeaWiFS data (N84), indicates that SeaWiFS may also

underestimate SO chlorophyll concentrations, although to a lesser extent than the CZCS

[Moore et at., 1999bJ. A Southern Ocean pigment algorithm (SOP) was developed for

CZCS data which results in chlorophyll concentrations higher than the GP algorithm by a

factor of -2.1-2.5 at lower chlorophyll concentrations (up to 1.5 mg/rn3) [Mitchell and

HoIm-Hansen, 1991; Sullivan et al., 1993; Arrigo et al., 1994].

To examine how well SeaWiFS is estimating chlorophyll concentrations in the

Southern Ocean, we compared mean chlorophyll concentrations from SeaWiFS with the

CZCS data processed with the GP algorithm and the SOP-corrected values (Table 6.2).

Monthly composites were first composite averaged over the October to March period.

Mean chlorophyll concentrations were calculated for several latitudinal bands (Table

6.2). CZCS mean pigment values were converted to chlorophyll using a mean

chlorophylllphaeopigment ratio of 2.57 from Arrigo et al. [1994], which was calculated

from an extensive in situ Southern Ocean data set (N=1070). As in previous averaging

of CZCS data by Sullivan etal. [1993]. We excluded areas where chlorophyll (or

pigment) concentration> 10.0 mg/rn3, (a small percentage of the total pixels, always

<0.43 %).

Several lines of evidence argue that the SeaWiFS global chlorophyll algorithm is

doing a better job of estimating SO chlorophyll concentrations than was the case with the

CZCS. It can be seen in Table 6.2 that the SeaWiFS estimates for mean surface
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chlorophyll concentrations over all latitudinal bands lie between the CZCS GP and SOP

estimates.

Table 6.2. Mean chlorophyll concentrations in units of mg/rn3 for austral spring/summer
months (October March) over several latitudinal bands, CZCS pigment values were
computed with the original global chlorophyll algorithm (GP) [Gordon et aL, 19831, and
then the data was corrected to reflect the Southern Ocean Pigment (SOP) algorithm
[Mitchell and Hoim-Hansen, 1991; Sullivan et al., 1993] using the correction factors of
Arrigo et al. [1994] before averaging. CZCS mean pigment values (shown in
parentheses) were converted to chlorophyll using a mean chlorophyll/phaeopigment ratio
of 2.51 [A rn go et al., 1994]. All values exceeding 10.0 mg/rn3 were excluded during
averaging.

SeaWiFS CZCS (UP) CZCS (SOP)

35-50°S 0.289 0.151 (0.209) 0.371 (0.515)

50-90 °S 0.354 0.28 1 (0.390) 0.586 (0.814

35-90 °S 0.343 0.225 (0.3 12) 0.494 (0.686)

30-90 °S 0.299 0.207 (0.287) 0.454 (0.63 1)

These values can be compared with several means compiled from in situ data.

Banse [19961 compiled a number of in situ data sets and estimated a seasonal peak within

the Subantarctic Water Ring of 0.30 mg/rn3. This is in good agreement with our mean

Oct.-Mar. concentration of 0.289 mg/rn3 for the 35-50 °S region (Table 6.2), and a mean

SWR December value of 0.301 mg/rn3 (Figure 5). Fukuchi 111980] estimated mean

chlorophyll concentration over the latitudinal range 35-63 °S to be 0.38 mg/rn3 (east

Indian sector December), 0.23 mg/rn3 (west Indian sector late February/ early March),

and 0.27 mg/rn3 (east Atlantic sector late February/ early March). These values bracket
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the mean Oct.-Mar. SeaWiFS estimates (Table 6.2). The compilation of in situ data by

Arrigo et ai. [1994] estimated mean chlorophyll south of 30 °S to be 0.42 mg/rn3

(0.58 inglm3 total pigments, and a chlorophylllphaeopigment ratio of 2.57). This value is

higher than the SeaWiFS estimate but lower than the CZCS SOP estimate for latitudes

> 30 °S (Table 6.2).

Comparing these in situ values with the estimates from Table 6.2 it is evident that

the CZCS GP algorithm did seriously underestimate chlorophyll concentrations in the

Southern Ocean as noted previously [Mitchell and HoIm-Hansen, 1991; Sullivan et al.,

1993; Arrigo et al., 1994]. In contrast, the CZCS SOP algorithm values are higher than

the in situ means. There is some reason to believe that the CZCS SOP algorithm may

have overestimated pigment concentration at low pigment concentrations. Arrigo et al.

[1994] and Sullivan et at. [1993] compared CZCS data processed with the GP and SOP

algorithms with a large in situ data set averaged over I degree latitudinal bands. Both

algorithms explained 71% of the variance seen in the in situ data set, with the SOP

algorithm performing much better at high pigment concentrations (> - 0.6 mg/rn3)

[Sullivan er at., 1993]. However, a regression of the SOP algorithm estimates of surface

pigment versus in situ data had the equation of, y=O.I6 + 0.905x [Sullivan et al., 1993].

The large y offset of 0.16 mg/rn3 implies that the SOP algorithm may substantially

overestimate pigment concentrations at lower chlorophyll (pigment) values (<0.6 mg/rn3,

i.e. by 50% where chlorophyll = 0.32 mg/rn3). Since over most of the Southern Ocean

chlorophyll concentrations do not exceed 0.6 mg/rn3, use of the SOP algorithm may

significantly overestimate chlorophyll concentration over much of the Southern Ocean.

The SOP algorithm was developed from a data set from Antarctic Peninsula waters, with



no total pigment values <0.5 mg/rn3 [Mitchell and Hoirn-Hansen, 1991]. In addition to

the relatively high pigment values in Antarctic Peninsula waters, species-related pigment

packaging effects may also not be representative of the whole Southern Ocean. Some

phytoplankton species such as Phaeocystis spp. are commonly found near the Antarctic

Peninsula but typically are a minor component of the assemblages farther north. Thus,

application of this algorithm to all SO waters, particularly low chlorophyll, Subantarctic

waters, may overestimate chlorophyll concentrations.

The irregular temporal and spatial coverage of the in situ data likely bias mean in

situ chlorophyll concentrations upward. Since chlorophyll concentrations tend to

increase with latitude (Table 6.2), simple averaging over a latitudinal ship transect with

regular spatial sampling would underestimate the total contribution from low chlorophyll

(Subantarctic) waters while giving equal weight to waters farther south (which are

smaller in their spatial extent, see Table 6.1). In addition, many in situ studies have

focused on the biologically productive marginal ice zone where chlorophyll

concentrations are much higher than SO averages (Figure 5, Table 6.2). The distribution

of in situ samples used by Arrigo et al. [1994] is weighted toward samples from >50 °S

in the Atlantic and Indian sectors, with fewer samples from Subantarctic waters (the

generally high-chlorophyll waters near New Zealand are well sampled) [see Figure 21 of

Arrigo et al., 1994]. This partially accounts for the higher mean chlorophyll

concentration of 0.42 mg/rn3 [A rn go et al., 1994].

In general, the SeaWiFS estimates are in better agreement with the in situ data

than either CZCS data set. In part this likely reflects the better temporal and spatial

coverage by SeaWiFS. The largest gaps in the CZCS coverage occur in the low
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chlorophyll waters of the Pacific sector [ Comiso et al., 1993]. Large areas with no valid

chlorophyll data also occur in the Indian sector (generally a low chlorophyll area, see

Figures 1 and 3) during most austral summer monthly composites IjCo,niso et al., 1993].

These gaps may partially account for the higher mean values in the CZCS SOP data set.

The good agreement between SeaWiFS and the in situ data argues strongly that the global

chlorophyll algorithm is working well in the Southern Ocean and at least for Subantarctic

waters a regional algorithm is not necessary. At higher latitudes, SeaWiFS may be

underestimating chlorophyll concentrations, although to a lesser extent than did the

CZCS [Table 6.2; Moore et al., 1999b]

Primary Production - Comparison with Previous Estimates

At high latitudes (>50 °S) maximum production was estimated within the WRR

at 1.39 gC/m2/day during December 1997, with an annual production of 156 gCIm2/yr

(Table 6.1). Several studies have measured primary production on the Ross Sea shelf at

rates> 1.0 gCJm2/day [Smith etal,, 1996; Bates etal., 1998]. Nelson etal. [1996]

combined in situ data from several seasons to estimate an annual primary production on

the Ross Sea shelf of 142 gC/m2/yr. The modeling study of Arrigo et al. [1998] used

CZCS chlorophyll concentrations (with the SOP algorithm) to estimate primary

production of 3.94 gC/m2/day and 1.44 gC/m2/day for the Ross and Weddell shelf areas

respectively during December. Combining all shelf areas for the months of December

and January they estimated average production of - 1.5 gC/m2/day [Arrigo et al., 1998].

Wefer and Fischer [19911 estimated annual primary production in the Polar Front

Zone at 83 gCfm2/yr based on sediment trap data in the Atlantic sector, similar to our
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PFR estimate of 82.0 gCIm2Iyr (Table 6.1). For the combined POOZ and SIZ regions,

they estimated annual primary production at 21.5 gC/m2tyr IWefer and Fischer, 1991].

This is considerably less than our estimates of 62.7, 54.9, and 47.6 gC/m2/yr for the

POOZ, MIZ, and SIZ respectively (Table 6,1). Arrigo et al. [19981 estimated annual

primary production to be - 130 gC/rn2 in pelagic waters (>50 °S), -141 gCIm2 for the

MIZ, and -184 gCfm2 for shelf waters [annual mean production calculated from Table 2

of Arrigo et al., 1998].

Comparisons between our MIZ values and those of Arrigo et al. [1998] are

difficult because of the different definitions used in defining this region. Different % ice

cover cutoffs were used, and in addition we excluded the high biomass areas of the

Southern Weddell and Ross Seas (the WRR) from our MIZ region. Maximum estimated

MIZ production rates were during January at 0.336 g/ m2/day (Figure 6.7). This is

considerably lower than the rates estimated by Arrigo et al. [1998], and the estimates of

Smith and Nelson [1986] of 0.571 g/ m2/day for the Weddell Sea, and 0.962 g/ m2/day

for the Ross Sea based on in situ measurements. Our estimate of annual total MIZ

production (0.10 Gt C, Table 6.1) is also considerably less than the previous estimates

(0.38 Gt C, Smith and Nelson, [1986], and 0.41 Gt C, Arrigo etal., [1998]). Our total

SJZ production total was 0.472 Gt C (Table 6.1).

Several factors could account for the differing estimates of MJZ productivity.

The different definitions for the MIZ resulted in larger area extents in both of these other

studies. Maximum MIZ extent (during December) was 6 million km2 [Arrigo et al.,

1998] and 6.84 million km2 [Smith and Nelson, 1986], while our value was 5.5 million

km2 We excluded the high productivity WRR from our MIZ areas. If WRR areas are
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not excluded, our total MIZ production is increased to 0.114 Gt C. Smith and NeLwn

[19861 used the average of the Weddell and Ross Sea in situ measurements to calculate

total production. These areas had the strongest ice edge blooms during the 1997-98

season, and much higher chlorophyll values than in other areas of ice retreat (Figures 6.1

and 6.2). Thus, applying a production mean computed from these areas may

overestimate production elsewhere. Mean MIZ production during December in the

Weddell Sea (0-70 °W, not excluding WRR areas) was 0.744 gC/ m2lday, more than

twice our whole MIZ average for this month. Mean MIZ production in the Ross Sea

(160 °E 140 °W, not excluding WRR areas) was 0.401 gC/ m2lday. Thus, spatial and

even interannual variability could be important. A third factor that may be relevant is the

use of sea surface temperature to estimate local maximum production rates in the VGPM

model. The regression of pB0 vs. temperature of Behrenfeld and Falkowski [1997] may

underestimate maximum production rates in cold, ice-edge surface waters of the

Antarctic.

Our estimate for total primary production at latitudes > 30 OS was 14.17 Gt C/yr

(Table 6.1). Lnghurst et al. [1995] estimated primary production within different

regions of the global ocean using CZCS data (GP algorithm) combined with a production

model. The total production within the four Southern Ocean regions was

8.2 Gt C/yr [Longhurst et al. 1995]. This total does not include coastal production or the

production from mid-ocean gyre regions below 30 °S. Adding production from these

other regions, after multiplying by the approximate fraction which is below 30 OS,

increases the total to 11.2 Gt C/yr [estimated froni Figure 2 and Table 1 of Longhurst et

al., 1995].
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Our estimated total primary production for all areas at latitudes >= 50 °S was

2.9 Gt C/yr (Table 6.1). Longhurst et al. [1995] estimated total production of 2.24 Gt

C/yr, for their Antarctic and Antarctic Polar regions. These regions account for most of

the area below 50 Os. If primary production from 1/2 of their Subantarctic region is

added (approximate portion below 50 °S) the total is increased to 4.01 Ot C/yr

[Longhurst etal., 19951. Arrigo et al. [1998] estimated production for all waters >50 °S

at 4.4 Gt C/yr based on total pigments (with the SOP correction to CZCS data), with

lower estimates of 3.24 and 3.95 Gt C/yr after correcting for phacopigments, which were

not distinguishable from chlorophyll with the CZCS. A recent run of the VGPM model

using the SOP algorithm corrections for the CZCS data and correcting for sea ice cover

gave an annual production of 2.9 Gt C/yr M. Behrenfeid, pers. comm., 19991.

These model estimates are heavily dependent on the satellite surface chlorophyll

concentrations used to drive the model. If SeaWiFS underestimates surface chlorophyll

concentrations, our estimate of primary production would be too low. Alternatively, as

discussed previously the SOP algorithm may have overestimated chlorophyll

concentrations over much of the Southern Ocean. If so, estimates based on these

chlorophyll concentrations would be too high.

Seasonal variations of atmospheric oxygen concentrations can be used to estimate

large-scale oceanic production and global scale carbon sinks [Keeling et al., 1993;

Bender et aL, 19961. Bender et aL [19961 examined seasonal 021N2 ratios in the

Southern Hemisphere (at 41 °S, from Cape Grim, Tasmania and Baring Head, New

Zealand) and argued that a seasonal minimal net oceanic production of
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2.6 3.6 moICfrn2Iyr was required to account for the seasonal atmospheric 02

variations based on the model results of Keeling eta)., 111993]. This represents a seasonal

net production in temperate latitudes of 31.2 43.2 gC/m2, mean -36 gC/m2 [Keeling et

al., 1993; Bender etal., 1996]. The temperate band of Keeling et al. [1993] consisted of

latitudes from 23.6-44.4 °S. Total ocean area over this band is - 6.598 x 10's m2. Thus,

the net production estimates of Bender et a). [1996] represent a total seasonal net

production over this band of (6.598 x 1013) x 36 = 2.37 x i0' gC, or 2.37 Gt C. This is a

rough estimate. that ignores latitudinal mixing across bands. However, such mixing is

limited as evidenced by the much weaker seasonal cycle in oxygen at low latitudes, and

the opposite phasing of the seasonal cycles in the northern and southern hemispheres

[Keeling et al., 1998].

The mean Southern Hemisphere seasonal cycle in atmospheric 02 increases Over

the 4-month period October January, with an amplitude of -70 per meg, and it is

largely the result of oceanic processes below 30 °S [Keeling et a)., 1998]. Approximately

81% of the seasonal cycle at mid-latitudes is due to net oceanic production [Keeling et

al., 1993]. Thus the mean amplitude of 70 per meg at 41 °S [Keeling et al., 1998]

represents an increase of 56.7 per meg due to net oceanic production. A similar

seasonal amplitude in oxygen is seen at the South Pole [Keeling eta)., 1998]. Of the

three years examined by Bender et al. [1996] the 1993/1994 season most closely

resembled the long term mean cycle at southern mid-latitudes [Keeling et al., 1998]. The

1997-1998 seasonal atmospheric oxygen cycle was nearly identical to the mean pattern of

Keeling et al. [1998] [R. Keeling, personal colninunication, 1999]. The 1993/1994

estimate for minimal net oceanic production by Bender et a). [1 993J was 36 gC/m2,
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which as calculated above would imply a seasonal net oceanic production of 2.37 Gt C.

Based on several considerations Bender et al. [1993] argued that the actual oceanic net

production was higher than their minimum estimates by a factor of 1.5, this would

increase our total net production estimate to 3.56 Gt C. Can our estimated primary

production at latitudes below 30 °S account for a seasonal net production of 2.37 3,56

Gt C over the October 1997 to January 1998 period?

Our estimated total primary production for the area 30-60 °S over the 4-month

period October 1997 through January 1998 was 6.2 Gt C or 71.4 gC/m2. The seasonal

net production implied by the atmospheric 02 data would then represent an f-ratio (the

ratio of new/total production) in the range of 0.38 0.57. Typical f-ratios for these

mainly Subantarctic waters range from 0.3 0.5 EBanse, 19961. Seasonal net production

can differ from short-term estimates of new production for several reasons [see Bender et

al., 19961. Seasonal net production can have high f-ratios relative to annual new

production because some of the organic C formed but not respired during spring/summer

months is respired later in the season. In addition some fixed organic matter sinks and is

respired below the surface mixed layer (but still in the euphoric zone), and thus might not

influence spring/summer 02 outgassing. Thus, taking these factors into account, primary

production in Southern Ocean mid-latitude waters is sufficient to account for the

observed seasonal cycle in atmospheric 02 documented previously [Bender et al., 1996;

Keeling et al., 1998].

The SeaWiFS data is providing the most comprehensive look yet at the

distribution of chlorophyll in the Southern Ocean. Several other satellite ocean color

sensors are scheduled to go into orbit over the next decade. Thus, SeaWiFS is also laying
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the baseline for a long-term, continuous time series of global surface chlorophyll

measurements. Combination of this satellite data with ocean circulation, climate and

biogeochemical models will provide valuable tools to improve our understanding of the

ocean ecosystems and the global carbon cycle.
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Abstract

The Southern Ocean at the last glacial maximum (LGM) was marked by increased

wind strength, colder sea surface and atmospheric temperatures, increased deposition of

atmospheric dust, and a greatly expanded seasonal sea ice cover. These variations in

environmental factors would have strong effects on Southern Ocean ecology and on air-

sea fluxes of CO2. The seasonal ice zone (SIZ) at the LGM was nearly twice the size of

the SIZ in the modern ocean. The Antarctic Polar Front (PF) likely marked the northern

boundary of this expanded SIZ throughout the Southern Ocean, as it does today in the

Drake Passage region. A large northward shift in the position of the PF during glacial

times is unlikely due to topographic constraints.

South of the PF, interactions between the biota and the sea ice strongly influence

air-sea gas exchange over seasonal timescales. During austral spring/summer, the

combined influence of melting sea ice and increased aeolian dust flux (with its associated

iron) probably increased both primary and export production by phytoplankton (over

daily-monthly timescales) at the LGM, resulting in a strong flux of CO2 into the ocean.

Heavy ice cover would minimize air-sea gas exchange over much of the rest of the year.

Thus, an increased net flux of CO2 into the ocean is likely during glacial times, even in

areas where annual primary production declined. North of the PF, the increased flux of

aeolian dust altered phytoplankton species composition and increased export production,

and as a result this region was also a stronger sink for atmospheric CO2 than in the

modern ocean. We estimate that phytoplankton export production in the Southern Ocean

was increased by - 3.0 3.5 Gt C yr' at the LGM, relative to the modern era. Thus, the
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Southern Ocean would be a strong sink for atmospheric CO2 and would have contributed

substantially to the observed lowering of atmospheric CO2 levels during the last ice age.

Introduction

Martin [1990] argued that the Southern Ocean surrounding Antarctica was a

much stronger sink for atmospheric carbon dioxide at the last glacial maximum (LGM)

due to an increase in phytoplankton primary production driven by elevated fluxes of iron

from continental dust sources to surface waters. This process was termed the "iron

hypothesis" for explaining the observed lowering of atmospheric CO2 during the last ice

age [Martin, 1990]. Several analyses of the sedimentary record have argued for lower

Southern Ocean primary production at the LGM and concluded that the Southern Ocean

was not a strong sink for CO2 at that time [Mortlock e. al., 1991; Charles et al., 1991;

Sheniesh et al., 1993; Nürnberg et al., 1997]. In this paper, we present new satellite data

and arguments in favor of the iron hypothesis and conclude that the Southern Ocean was

indeed a strong sink for atmospheric CO2 at the LGM. Our analysis is based largely on

the current understanding of modern Southern Ocean ecosystems supplemented with data

from the SeaWiFS ocean color satellite [McClain et aL, 1998]. The arguments presented

here are consistent with the known sedimentaryrecord from the Southern Ocean.

Interactions between sea ice and the biota over seasonal timescales are critical to our

scenario and allow the iron hypothesis to be reconciled with the sedimentary record.

The physical environment of the Southern Ocean at the LGM, approximately

21,000 years ago (earlier references cite 18,000 years ago based on '4C dating, see Bard

et al. [1990]), was very different from that in today's ocean. The ice age Southern Ocean
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was marked by cooler sea surface temperatures (SST), an expanded winter sea ice extent,

colder surface air temperatures (-9 °C degrees lower on the Antarctic continent), and a

- 15-20 fold increase in the deposition of atmospheric dust [Hays, 1978; CLIMAP, 1981;

Petit et al., 1981, 1990; Jouzel et al., 1987; Pichon et al., 1992]. In addition,

atmospheric CO2 levels were -200 ppm, approximately 80 ppm lower than the modem

preindustrial average, and sea level was 120-150 m lower at the LGM [Barnola etal.,

1987; Crowley, 1988].

A role for the high latitude oceans (in particular the Southern Ocean) in the ice

age lowering of atmospheric CO2 has been proposed by numerous authors [i.e. Knox and

McElroy, 1984; Siegenrhaier and Wenk, 1984; Sarmiento and Toggweiler, 1984; Keir,

1988; Broecker and Peng, 1989; Martin, 1990]. Model results demonstrate that primary

production levels in the Southern Ocean can strongly influence atmospheric CO2 levels

[i.e. Sariniento and Orr, 1991; Joos and Siegenthaler, 1991; Sarmiento and Le Quéré,

1996]. Martin and coworkers suggested relief of iron limitation by increased atmospheric

deposition as a mechanism for increased Southern Ocean productivity at the LGM

[Martin, 1990, 1992; Martin et al., 1990a, 1990b]. Recent work in the South Atlantic

suggests that there was a large increase in export production in response to the increased

aeolian iron flux to Subantarctic waters at the LGM [Kuinar et al., 1995].

Atmospheric dust levels were much higher at the LGM [Petit et aL, 1981, 1990].

This increased dust deposition was a global phenomenon with greatly increased dust

inputs relative to modern times recorded in the Greenland and Antarctica ice cores [Petit

et al., 1981; De Angelis etal., 1997]. Petit etal. [1981] found continental aerosol flux on

the Antarctic continent was - 20 times higher at the end of the last glacial period.
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Similarly, Petit etal. [19901 estimated that mean dust flux to the Antarctic continent at

the LGM was 15 times higher than Holocene levels. Kurnar et al. 111995] found that iron

flux to the sediments in the South Atlantic increased by more than a factor of five at the

LGM.

Several studies have examined chlorophyll distributions in the Southern Ocean

using the previous generation ocean color satellite, the Coastal Zone Color Scanner

[CZCSI, but were hampered by the poor temporal and spatial coverage of CZCS data

[Comiso et al., l993, Sullivan et al., 1993J. Satellite studies as well as in situ

measurements indicate that phytoplankton blooms with chlorophyll concentrations

> 1.0 mg/rn3 are restricted primarily to three areas. These "bloom regions" consist of

coastal and shelf waters, areas near the receding edge of the seasonal ice sheet, and in the

vicinity of hydrographic fronts [Lutjeharms etal., 1985; Tréguer and Jacques, 1992;

Laubscher et aL, 1993; Com.iso etal., 1993; Sullivan et al., 1993; Banse, 19961.

Ecological structure is ftindamentally different in the blooming and non-blooming

regions of the Southern Ocean. In the bloom regions, phytoplankton biomass is

dominated by larger diatom species, although Phaeocystis (prymnesiophyte) can be an

important component in Antarctic coastal, shelf, and ice edge waters. These species are

able to escape grazing control by their predators, typically larger zooplankton, i.e. krill

and copepods, which have long generation times compared to the phytoplankton. These

bloom regions tend to have high f-ratios and export production [Treguer and Jacques,

1992; Banse, 1996]. The f-ratio, the ratio of new production/total production, represents

the fraction of phytoplankton production available for export from the surface layer over

annual timescales [Dugdale and Goering, 1967; Eppley and Peterson, 1979].
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In contrast to these spatially restricted bloom regions, large portions of the

Southern Ocean have perpetually low chlorophyll concentrations where smaller nano-

and pico-sized phytoplankton dominate [Treguer and Jacques, 1992; Banse, 1996].

These low chlorophyll areas have lower f-ratios, low export production, and perpetually

high concentrations of the major macronutrients nitrate and phosphate [phosphate

> 1.5 iM and nitrate >20 jiM south of the PF, Coiniso et al., 1993]. The

microzooplankton that graze upon these smaller phytoplankton size classes have

generation times comparable to those of phytoplankton and, thus, maintain a tight grazing

control on phytoplankton biomass [Sherr and Sherr, 1994]. A similar situation exists in

the equatorial Pacific, another high-nutrient, low-chlorophyll (HNLC) region [Landry et

al., 1997].

The bloom regions have elevated dissolved iron concentrations relative to other

areas of the Southern Ocean, at least part of the time [Martin et al., 1990a; 1990b; de

Baar et al., 1995; Sedwick and DiTullio, 1997; Sedwick et al., 1997]. Bottle incubation

experiments indicate that offshore phytoplankton respond to iron additions with increased

growth rates and biomass and with a shift in species composition toward larger diatoms

[Martin etal., 1990b; Hebling et al., 1991; de Baar et al., 1995; Van Leeuwe et a!, 1997;

Scharek et al., 1997; Takeda, 1998]. These results imply that increasing iron levels in

situ would increase export production, as happens in the other HNLC areas [Coale et al.,

1996; Gordon et al., 1997; Hutchins et al., 1998; see also Sunda and Hunts,nan, 1997].

Recently the Southern Ocean Iron Release Experiment (SOIREE) provided

further evidence that waters south of the PF are indeed iron-limited [Boyd et al., 1999].

In this experiment a large patch of seawater (at 141 °E, 61 °S) was fertilized with iron
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additions over a 13-day period, and a suite of measurements was made both within the

iron-fertilized patch and in adjacent waters. Over this period chlorophyll levels increased

markedly, and the pCO2 of surface waters decreased within the iron-fertilized patch

[Boyd et aL, 1999]. This experiment provides dramatic evidence that the limited

availability of iron prevents phytoplankton biomass accumulation within the Southern

Ocean.

Martin [1990] suggested that atmospheric dust that accumulates on sea ice,

releases substantial amounts of iron to the water column as the ice melts, thus enhancing

phytoplankton growth. Sedwick and DiTuliio [1997] recently reported evidence of such

iron fertilization by melting sea ice in the Ross Sea. Elevated iron concentrations

(0.72-2.3 nM) in surface waters were found with melting sea ice present. Sedwick and

DiTullio [1997] conclude that this input of iron from the sea ice led to a diatom bloom

with a strong decrease in macronutrient concentrations continuing until iron reached low

concentrations (0.16-0.17 nM). Surface nitrate concentrations declined from 27 to 17 xM

over a 17-day period as phytoplankton biomass more than doubled [Sedwick and

DiTuliio, 1997]. The input of low salinity meitwater also increases vertical stratification

of the water column, improving the irradiance/mixing regime and promoting

phytoplankton growth [Smith and Nelson, 1986]. The elevated dust (iron) deposition

onto the sea ice at the LGM could have resulted in an even stronger combined ice/iron

effect on primary production.

An important concept for the arguments presented here is the effect of iron

limitation on the uptake ratios of macronutrients by diatoms. Several recent studies have

demonstrated that under iron-limitation, uptake ratios of silica/nitrate and
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silica/phosphorus are 2-3 times higher than the uptake ratios under iron-replete conditions

[Takeda, 1998; Hutchins and Bruland, 1998; Hutchins et aL, 1998]. Since the

phytoplankton maintain Reduield ratios between carbon, nitrogen, and phosphorus

[Redfield et al., 1963], silica/carbon ratios within cells are also 2-3 times higher under

iron-limitation, a fact noted previously by Martin (119921. Recent data from the 1997-98

Southern Ocean JGOFS cruises along 170°W support these studies. During the summer

diatom-dominated bloom, silicic acid was drawn down much more rapidly than nitrate,

indicating high silica/nitrate uptake ratios [Morrison, 1998]. These results suggest that

%opal and biogenic opal accumulation rates may not be reliable proxies of export

production over glacial-interglacial periods, as the amount of iron input to surface waters

varied drastically [Takeda, 19981. Such paleoproxies may underestimate glacial diatom

production by more than 50% [Takeda, 1998]. Thus, increases in exported carbon of

100% or more could go unrecorded in the opal sediment record [Martin, 19921.

Other commonly used paleoproxies may also be problematic in Southern Ocean

waters. The 231PaI230Th ratio method may overestimate particle flux south of the

Antarctic Polar Front due to a preferential scavenging of 231Pa relative to 230Th [Walter et

al., 1997]. It is unclear how (and whether) this pattern might vary over glacial-

interglacial timescales. There is a large LGM discrepancy in the Southern Ocean

between carbon-isotope and cadmium based estimates of nutrient levels [i.e. Broecker,

i 993; Boyle, 1994]. Diagenetic alterations influence most paleoproxy signals everywhere

in the oceans [De Lange et al., 1994]. In addition, many of the oceanographic conditions

(circulation patterns, organic matter flux) that influence these diagenetic processes are

known to vary over glacial/interglacial timescales [De Lange et aL, 1994].
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In this paper we discuss the likely ecological consequences of increased

atmospheric dust flux and the greatly expanded seasonal sea ice extent of the LGM and

the subsequent effects on air-sea CO2 fluxes. We use a broad definition for the Southern

Ocean, encompassing the area from the North Subtropical Front to the Antarctic

continent: Our methods for processing the satellite data and some of our assumptions are

outlined in Section 2. In Section 3 we review phytoplankton biomass and primary

productivity patterns in the modern Southern Ocean incorporating new satellite ocean

color data from SeaWiFS. In Section 4, we review air-sea CO2 fluxes in the modern

Southern Ocean. Seasonal sea ice dynamics are crucial to our arguments. We examine

sea ice distributions (in the modern ocean and at the LGM) and their relationship to the

Antarctic Polar Front in Sections 5 and 6.

We examine the ecology of the Southern Ocean at the LGM in Section 7. We

propose that the expansion of the seasonal ice sheet and the increased aeolian iron flux at

the LGM resulted in an ecological regime shift south of the PF toward the pattern

observed in the southern Weddell and Ross Seas of the modern ocean. This would lead

to increased export production during austral spring and summer. A key component of

this ecological shift would be increased production by Phaeocystis sp. within the

expanded Seasonal Ice Zone. In Section 8 we discuss the implications of this ice age

Southern Ocean ecology for net air-sea CO2 fluxes and, finally, the likely role of the

Southern Ocean in the observed glacial atmospheric CO2 decrease.
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Section 2 Methods and Materials

SeaWiFS-derived estimates of surface chlorophyll concentration for the period

October 1997 through September 1998 were obtained from the Goddard Space Flight

Center [McCiain et al., 19981. Daily level 3 standard mapped images of chlorophyll

concentration (Version 2) were averaged to produce monthly and seasonal means for the

Southern Ocean.

Monthly mean sea ice concentrations (NASA Team algorithm) from the

Nimbus-7 SMMR and DMSP-F8, -Fl 1, -F13 satellite sensors for the years 1978-1998

were obtained from the EOSDIS NSIDC Distributed Active Archive Center, at the

University of Colorado at Boulder [National Snow and Ice Data Center, 19981. Monthly

data were averaged over the 1978-1996 time period to calculate monthly sea ice

climatology. The climatological monthly data for August and February were used to

determine the modem (maximum and minimum) extent of the seasonal ice sheet. A

minimum of 5% sea ice cover was used in determining modern maximum (winter) sea ice

extent. This low ice concentration was chosen to facilitate comparison with the CLIMAP

(Climate: Long-Range Investigation, Mapping and Prediction) LGM sea ice data, which

did not distinguish ice concentrations, only maximum extent. A minimum of 70% ice

cover was used to determine the minimum (summer) sea ice extent. Significant

phytoplankton biomass can accumulate in the water column at ice concentrations below

70% during austral spring [i.e. Smith and Gordon, 1997]. Monthly sea ice data from

1997-1998 were combined with the SeaWiFS ocean color data to examine

chlorophylllphytoplankton biomass patterns within different ecological regions of the

Southern Ocean. All sea ice data were remapped to a 9-km equal angle grid.
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The August (maximum) LUM sea ice extent was obtained from the CLIMAP

project [LIMAP Project Members, 1976, 1981, 1994]. The data obtained from

CLIMAP were on a 2-degree x 2-degree grid. Thus, the spatial resolution of the LGM

ice extent is low. The LGM sea ice boundary was remapped to a 9-km resolution equal

angle grid, and the boundary was smoothed with a 50-point boxcar filter on latitude and

longitude. The climatological sea ice data from 1978-1996 and the CLIMAP data were

used to calculate the areal extent of Antarctic sea ice in the modern era and at the LGM.

The mean path of the modern Antarctic Polar Front (PF) presented is from Moore

et al. [11999aJ. This mean path was determined by mapping the PF's position from

satellite sea surface temperature data over a 7-year period, 1987-1993 [Moore et aL,

1999a]. The PF marks the boundary between cold Antarctic Surface Water (ASW) to the

south and warmer Subantarctic waters to the north.

We assume throughout this paper that the physiological properties of Southern

Ocean phytoplankton have not changed significantly between modern and glacial times.

Thus, while latitudinal range and biomass/numerical dominance within assemblages may

change, the phytoplankton species present at the LGM responded to chemical and

physical forcings in essentially the same way as phytoplankton in the modern day

Southern Ocean. This assumption is justified because, in terms of evolutionary

timescales, the LGM was a recent event.

Section 3 - Phytoplankton and Primary Production in the Modern Southern Ocean

The Southern Ocean is by far the largest HNLC region in the modern ocean

[Martin, 1990]. The term HNLC (High-Nutrient-Low-Chlorophyll) refers to the
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persistently low chlorophyll concentrations despite persistently high concentrations of the

major macronutrients (nitrate and phosphate) needed for phytoplankton growth. In

Figure 7.1, mean surface chlorophyll concentrations from the SeaWiFS satellite for the

Southern Ocean during austral summer (December 1997 through February 1998) are

displayed. Surface chlorophyll concentrations are indeed quite low (typically

<0.25 mg/rn3) despite the high concentrations of available macronutrients in the

Southern Ocean (Figure 7.1).

The highest chlorophyll concentrations are seen in coastal waters, especially in

the southern portions of the Weddell and Ross Seas and above the Patagonia shelf on the

eastern coast of South America (Figure 7.1). Coastal waters surrounding and

downstream of Southern Ocean islands also have higher chlorophyll concentrations; note

the high chlorophyll values near Kerguelen Island along 70 °E. Elevated chlorophyll

levels (> 1.0 mg/rn3) likely associated with the retreating seasonal ice cover can be seen

in the Weddell Sea (in the region -30 o ow, 55 67 °S) and in the northern Ross Sea

[-150- 170 °W, 65-75 °S, see also Moore etal., 1999b].

The remaining areas of elevated chlorophyll are associated with the major fronts

of the Southern Ocean. High chlorophyll values in the vicinity of the North and South

Subtropical Fronts (-40-45 °S) are seen east of South America and south of Africa from

-15 -70 °E [see Be/kin and Gordon, 1996 for definitions and location of the subtropical

fronts]. High chlorophyll levels in the vicinity of the Antarctic Polar Front (PF) can be

seen in several regions, including along the Pacific-Antarctic Ridge (-145 - 160 °W) [see

also Moore et al., 1999b], approaching and crossing the Mid-Atlantic Ridge

(-20-5 °W), and from -20-30 °E (Figure 7.1, see Figure 7.4 for the mean location of
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Figure 7. 1. Mean surface chlorophyll concentrations in
the Southern Ocean during austral summer (December 1997
to February 1998) from SeaWiFS.
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the PF). There is a strong topographic influence on the dynamics of the PF in each of

these regions [Moore etal., 1999a]. Mesoscale physical processes may result in

increased nutrient inputs (including subsurface iron) to surface waters where Southern

Ocean fronts interact with large topographic features [Moore etal., 1999b].

In general, these patterns of chlorophyll distribution and phytoplankton biomass

correlate strongly with the availability of iron for phytoplankton growth. Coastal waters

including the southern Weddell and Ross Seas and near Southern Ocean islands typically

have elevated dissolved iron concentrations (relative to offshore waters) in surface waters

due to nearby shelf sources for iron [Martin etal., 1990a, 1990b; Westerlund and Ohman,

1991; No!ting et al., 1991]. No!ting et al. [1991] found dissolved iron concentrations

over the South Orkneys shelf fully an order of magnitude higher than in offshore waters.

Elevated iron concentrations are also sometimes associated with melting sea ice and the

Southern Ocean fronts [No!ting etal., 1991; de Baaretal., 1995; Löscher etal., 1997;

Sedwick et al., 1996; Sedwick and DiTullio, 1997].

We can examine these patterns in chlorophyll distributions (and phytoplankton

biomass) more quantitatively if we divide the Southern Ocean into ecological regions

(Figure 7.2). We have largely followed the review of Tréguer and Jacques [1992] in

determining these ecological boundaries. The high chlorophyll areas of the southern

Weddell and Ross Seas are considered as a single region (south of 73°S, hereafter termed

the Weddell-Ross Region, WRR). The WRR corresponds approximately with what

Tréguer and Jacques [1992] termed the Coastal and Continental Shelf Zone (CCSZ).

The Seasonal Ice Zone (SIZ) is defined as areas with > 5% sea ice during August 1997

and < 70% ice cover during February 1998. The Polar Front Region (PFR) is the area
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surrounding the Antarctic Polar Front (PF), which we have operationally defined as the

area within 1 degree of latitude of the mean path of the PF [see Figure 7.4 and Moore et

al., 1999a]. The Permanently Open Ocean Zone (POOZ) is the region north of the SIZ

and south of the PFR. Lastly, the Subantarctic Water Ring (SWR) is defined as the area

from the PFR north to the Subtropical Front [Banse, 1996]. We marked the northern

boundary of the SWR as just north of the North Subtropical Front as defined by Belkin

and Gordon [1996].

Not depicted in Figure 7.2 is the ecologically important Marginal Ice Zone (MIZ),

which is a subset of the SIZ, where there has been recent melting of sea ice [Smith and

Nelson, 1986]. Consequently, the size and location of the MIZ changes with the seasonal

expansion and contraction of the sea ice. It is in these regions of meitwater input that

phytoplankton blooms most often occur within the SIZ [Smith and Nelson, 1986]. We

have operationally defined the MIZ as areas with > 70% sea ice cover in the preceding

month and < 70% sea ice cover in the current month.

Note that there is some overlap between ecological regions. Near Drake Passage

and in the Southwest Pacific, the SIZ overlaps with the Polar Front Region, and we have

included these areas only within our MIZ and SIZ regions. Similarly, we have excluded

coastal areas with depths <500m (shown in black in Figure 7.2) from the SWR, the

POOZ, and the PFR to better define open ocean patterns. Areas in black near the

Antarctic continent had > 70% ice cover during February 1998 and are not included in

this analysis because they were heavily covered with sea ice throughout the year.

Comparison with our sea ice climatology indicates that the 1997-98 season had higher
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than normal summer ice cover in the Ross Sea and well below average summer ice cover

in the southern Weddell Sea (see Figure 7.4 for the climatological February ice cover

>70%).

The seasonal chlorophyll cycles of these ecological regions are displayed in

Figure 7.3. Note the significantly higher chlorophyll concentrations in the WRR

compared with other Southern Ocean areas. The southern Weddell and Ross Seas are

areas of high phytoplankton biomass and export production during austral spring and

summer [Jennings et al., 1984; Smetacek etal., 1992; Smith and Gordon, 1997; Bates et

al., 1998; Arrigo etal., 1998]. In the southern Ross Sea, primary production often

exceeds 1 gC m2 d' [Smith etal., 1996; Arrigo et al., 1998; Bates et al., 1998]. Bates et

al. [1998] calculated mean export production at - 0.5 gC m2 d' with an f-ratio between

0.55-0.6. Nelson et al. [1996] calculated a seasonally integrated f-ratio of 0.42. Arrigo et

al. [1998] estimated primary production on the Ross shelf during December at

3.94 gC m2 d'. Export production rates exceeding 1 gC m2 d' have been reported for

the Antarctic Peninsula region [Karl et al., 1996], another area with high in situ iron

concentrations [Martin et al., 1990a].

While elevated primary production is seen in the Weddell and Ross Seas,

macronutrients are usually not completely depleted [nitrate concentrations typically

remain> 10 j.tM, i.e. Smith etal., 1996]. These areas may experience some iron-

limitation, particularly toward the end of the summer period [Sedwick et al., 1996].

Sedwick and DiTullio [1997] argued that a diatom bloom in the southern Ross Sea was

ultimately stopped by iron limitation. Smith et al. [submitted] also argued that

micronutrient availability (notably iron) limited the growth rates of phytoplankton in the
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Figure 7.3. Shown are seasonal patterns of mean chlorophyll
concentration (1997 - 1998) within different ecological regions of
the Southern Ocean (WRR - Weddell-Ross Region, SIZ - Seasonal
Ice Zone, POOZ - Permanently Open Ocean Zone, PFR - Polar Front
Region, MIZ - Marginal Ice Zone, SWR - Subantarctic Water Ring,
see text for details).
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Ross Sea during late summer. Iron limitation in these areas would probably not be as

severe as in offshore Southern Ocean waters due to sediment and melting sea ice inputs;

thus, the arguments of Hutchins et al. [1998] for different degrees of iron limitation in

marine ecosystems likely apply in the Southern Ocean.

Lowest chlorophyll concentrations are seen in the POOZ and SWR areas with

monthly mean values ranging between 0.14-0.32 mg/rn3 (Figure 7.3). These mean values

compare well with the in situ measurements compiled by Banse [19961. These areas are

marked by persistently high nitrate and phosphate concentrations, low chlorophyll

concentrations, and low primary and export production, and they are dominated by

smaller phytoplankton species, except for in coastal areas and in the vicinity of Southern

Ocean fronts [Treguer and Jacques, 1992; Banse, 1996].

Within the SIZ there is often a short bloom dominated by large diatoms following

sea ice retreat, with elevated primary and export production [Wilson etal., 1986; Nelson

and Smith, 1986; Smith and Nelson, 1985, 1986; Smith and Sakshaug, 1990]. These ice

edge blooms probably account for the elevated mean chlorophyll concentrations within

the MJZ and SIZ areas (Figure 7.3). Alter the initial bloom, there is typically a shift from

a new production to a regenerated production regime, with a corresponding shift from

larger diatoms to smaller pico- and nano-sized phytoplankton, similar to the POOZ and

SWR pattern [Treguer and Jacques, 1992; Karl etal., 1996; Banse, 1996].

Sporadic phytoplankton blooms by larger diatoms, with chlorophyll

concentrations from 1-4 mg/rn3, also occur at the Antarctic Polar Front [Lutfeharms et

al., 1985; Tréguer and Jacques, 1992; Laubscher etal., 1993; de Baar et al., 1995;

Banse, 1996]. These sporadic blooms probably account for the slightly higher mean
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chlorophyll levels within the PFR during austral summer. It should be noted that the PF

is a dynamic feature, and our definition for the PFR (which is based on mean PF location)

by necessity includes substantial areas that should be classified as either POOZ or SWR

depending on the location of the PF. Thus, mean chlorophyll concentration is likely

underestimated for the PFR, while areal extent is overestimated.

The areas of these ecological regions are compared with similar values from

Tréguer and Jacques [1992] in Table 7.1. Differences are mainly due to variations in the

Table 7.1. Displayed are the spatial extents of various ecological regions within the
Southern Ocean. Column one gives the area of the ecological regions shown in Figure
7.2. Shown are the areas of the Subantarctic Water Ring (SWR), the Polar Front Region
(PFR), the Permanently Open Ocean Zone (POOZ), the Seasonal Ice Zone (SIZ,
excluding the WRR), the Weddell-Ross Region (WRR), and the Coastal and Continental
Shelf Zone (CCSZ). The second column presents areal extent of the ecological regions
of Tréguer and Jacques [1992]. The third column shows the area of the Marginal Ice
Zone during the 1997-98 season (see text for details). All areas are given in units of 106

Area Tréguer & Jacques (1992) MIZ Area

SWR 48.7 October 0.89

PFR 4.89 PFR 3 November 2.82

POOZ 8.70 PFR 14 December 6.05

SIZ 16.2 SIZ 16 January 2.27

WRR 0.95 CCSZ 0.9 February 0.85

March 0.23
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definitions of the ecological regions. Smith and Nelson [19861 estimated the SIZ to be

-16.4 million km2. The SIZ was smaller during the 1997-1998 growing season than in

our sea ice climatology (compare Tables 7.1 and 7.2). As noted above, our methods

Table 7.2 Areal extent of sea ice coverage and ecological regions in the modern Southern
Ocean and at the last glacial maximum. Area! extent of sea ice in the modern and LGM
oceans. Modern winter sea ice extent calculated as areas with> 5% sea ice during the
month of August in our sea ice climatology (1978-1996). Winter sea ice extent at the
LGM is from the CLIMAP project [CLIMAP Project Members, 1976, 1981, 19941.
Modem summer sea ice extent is calculated as areas with > 70% sea ice during February
in our sea ice climatology. LGM summer sea ice extent is assumed identical to the
modern era, based on the data of Crosta et al. [1998b1. The Permanently Open Ocean
Zone (POOZ) is calculated as the area south of the mean position of the Antarctic Polar
Front [Moore et aL, 1999a] with < 5% ice cover during August. The Seasonal Ice Zone
(SIZ) is calculated as the difference in area between the winter maximum and the summer
minimum ice extent. All values given are millions of km2.

Modern Southern Ocean LGM Southern Ocean

Winter Maximum Ice Extent 20.1 37.5

Summer Minimum Ice Extent 1.2 1.2

Seasonal Ice Zone 18.9 36.3

Permanently Open Ocean Zone 9.7 0.0

probably overestimate the size of the area influenced by the Antarctic Polar Front at the

expense of the SWR and POOZ. Our measurement of the POOZ is substantially lower

than that of Tréguer and Jacques [1992], which is largely due to a different placement of

the mean PF location. The Subantarctic Water Ring is by far the largest region at
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48.7 million km2 (Table 7.1). The MIZ reaches its maximum size in December, with

most of its area in the Weddell Sea (Table 7.1).

Section 4 Air-Sea Flux of CO2 in the modern Southern Ocean

The net air-sea flux of CO2 is a function of the difference in partial pressure of

CO2 (pCO2) between air and sea (pCO2), and the gas exchange coefficient. The gas

exchange coefficient is the product of the solubility of CO2 and the gas transfer velocity,

which is a function of wind speed [Murphy et al., 1991]. The gas transfer velocity, or the

rate at which gas transfers across the sea surface, is known to increase with increasing

wind speed, but the exact relationship is still in question [i.e. Murphy et al., 1991]. The

persistently high wind speeds over the Southern Ocean can result in substantial carbon

dioxide fluxes, even where the pCO2 is small. The partial pressure of CO2 in seawater

is a function of temperature, total CO2. total alkalinity, and salinity, with temperature and

total CO2 being the most important in surface oceanic waters [Takahashi et al., 1993].

Primary production lowers total CO2 and pCO2 in surface waters. The

Subtropical Front has been noted as a very strong sink for atmospheric CO2 [Metzl et al.,

1991; Takahashi et al., 1993, 1997]. Takahashi et al. [1993] note that this effect is

stronger in the western South Atlantic and attribute it to higher biological productivity in

Subantarctic waters, combined with a cooling (lowering pCO2) of Subtropical waters

moving southward. The global database of ipCO2 presented in Takahashi et al. [1997]

reveals strong sinks east of Australia and Africa at these latitudes as well. In general,

temperature and biota effects dominate pCOz in Southern Ocean waters, although in the

far south the influence of salinity (i.e. from meltwater input) can also be significant
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[Goyet et aL, 1991; Metzl et al., 1991, 1995; Takahashi et al., 1993, 1997; Ishii etal.,

1998; Sabine and Key, 1998].

Net air-sea CO2 fluxes south of the PP are controlled largely by the biota and

mixing processes, as seasonal temperature effects are relatively small. Much of this

region is a weak net source or sink of CO2 for the atmosphere in the modern Southern

Ocean [Murphy et al., 1991; Robertson and Watson, 1995; Bakker et aL, 1997; Takahashi

et a!, 1997]. Relatively carbon-rich waters upwell at the Antarctic Divergence and enter

surface waters through vertical mixing. The balance between this carbon source and

photosynthetic production largely determines the direction of the net air-sea flux of

carbon dioxide in Antarctic surface waters during the austral growing season. Areas of

high primary production are strong sinks for atmospheric CO2, while areas of low

production are typically regions of low net flux, which can be in either direction

[Bouquegneau etal., 1992; Metzl etal., 1991, 1995; Takahashi et at., 1993, 1997; Rubin

et at., 1994; Poisson etal., 1994; Robertson and Watson, 1995; lshii et al., 1998; Bates et

al., 1998; Inoue etal., 1998]. The southern Weddell and Ross Seas in particular become

strong sinks for atmospheric CO2 during summer due to high biological production

[Takahashi etal., 1993, 1997; Bates etal., 1998].

Bates etal. [19981 found pCO2 values ranging from 50-150 .tatm (mean

-100 .iatm) below atmospheric levels along 76.5 °S in the Ross Sea during austral

summer. Estimated CO2 flux into the ocean ranged from 4-26 mmol C m2 day' [Bates

etal., 1998]. They suggested that this area was an annual net sink for atmospheric CO2

due to strong biological production during austral summer arid little net flux the rest of

the year due to persistent ice cover [Bates etal., 1998]. In the Weddell Sea, summer
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production also lowers surface pCO2, but primary production levels are generally not as

high as in the Ross Sea [Smith and Nelson, 1990; Hoppema et al., 1995; Takahashi et al.

1993; 1997].

Along 6 ow in the austral spring of 1992, the PF was a strong sink for

atmospheric CO2 (due to phytoplankton production), while most of the area farther south

was a net source (due to the seasonal warming of surface waters and very low

phytoplankton production) IBakker et al., 1997]. Thus the temperature effect on pCO2

can be significant for net air-sea flux in areas of very low phytoplankton

biomass/production.

Section 5 -- Sea Ice at the LGM

Winter Sea Ice Extent at the LGM

The maximum sea ice extent at the LGM covered an area nearly twice as large as

it does in the modern ocean (Figure 7.4). We calculate an area of 37.5 million kin2 for the

August ice extent at the LGM and 20.1 million km2 for the modem era (Table 7.2). This

August LGM sea ice extent was obtained from the CLIMAP project [CLIMAP Project

Members, 1976, 1981, 19941. Very few sediment cores from the Pacific sector of the

Southern Ocean were used in constructing the CLIIvIAP boundary. Several studies have

arrived at similar boundaries for maximum sea ice extent at the LOM [Hays et al., 1976;

Cooke and Hays, 1982; Crosta et al., 1998a] [see Crosta et al., 1998a for a comparison

of these ice extent boundaries]. Crosta etal. [1998a] base their estimate on the presence

of ice-associated species of diatoms in the sediment. They argue that the maximum
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Figure 7.4. Shown are the maximum ice extents for the modern era
(August) and at the last glacial maximum [CLIMAP Project Members,
1976; 1981; 1994]. Also displayed are the mean path of the Antarctic
Polar Front [Moore etal., 1999] and the modern era minimum (February)
sea ice extent.
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extent of sea ice was several degrees of latitude farther north than the CLIMAP position

in the southwest Atlantic and several degrees farther south than the CLIMAP estimate in

the southeast Pacific [Crosta et al., 1998a]. Figure 7.4 also shows the mean location of

the modern-day Antarctic Polar Front (PF) and the minimum (February) sea ice extent in

the modem ocean.

A number of factors could have contributed to this ice age expansion of the

seasonal ice sheet. Cooler atmospheric and sea surface temperatures would promote ice

formation [Martinson, 1990; Crosta et at., 1998b]. A decrease in the input of warm salty

North Atlantic Deep Water (NADW) to the ACC during glacial times has also been

suggested to play a role [i.e. Crowley and Parkinson, 1988]. Wind-driven advection was

probably an important factor. The increased wind speeds of the LGM [Petit et al., 1981)

would advect ice formed in southern regions farther north at the LGM; the resulting leads

(openings within the pack ice) would rapidly freeze over due to the cold atmospheric

temperatures [Smith et al., 1990]. Cavalieri and Parkinson [1981] suggested a strong

atmospheric cyclonic low pressure system led to rapid sea ice expansion in the Weddell

Sea by moving cold air and sea ice equatorward. Comiso and Gordon [1998] found

maximum winter ice extent in the Weddell Sea to be positively correlated with

meridional wind speeds.

Summer Sea Ice Extent at the LGM

Several studies have suggested a greatly expanded sunm-lertime sea ice extent at

the LGM, well north of the maximum winter ice extent of today [CLIMAP, 1981; 1-lays et

al., 1976; Cooke and Hays, 1982]. This boundary is only -2-5 degrees of latitude south
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of the winter sea ice boundary shown in Figure 7.4. The CL1MAP summer ice boundary

was drawn along the sedimentary boundary between diatom ooze to the north and

diatomaceous clay to the south. Burckie et al. [1982] and Burckie [1984] showed that

this sedimentary boundary does not mark minimum ice extent in the modem ocean and

argued that the CLItvIAP summer sea ice boundary does not mark minimum ice extent at

the LGM, but rather a late spring/early summer ice extent. Burckle and Cirilli [1987]

compared surface diatom preservation with SST and sea ice cover in the modem ocean

and suggested that the CLIMAP summer boundary actually marked the springtime ice

edge, just a few degrees of latitude north of the modem-day mid-December ice extent.

They noted that waters south of this ice edge experience only a few months of ice-free

time each year, resulting in a depressed annual flux of diatoms to the sediments that

results in the silty, diatomaceous clay sediment type [Burckie and Cirilli, 1987].

Crosta et al. [1 998b1 combined a detailed study of modem and LGM diatom

species distributions in the sediment to estimate summer sea ice cover. They noted the

presence of open ocean diatom species in all of their LGM sediment samples, indicating

at least some ice-free time each summer [Crosta et al., 1998b]. The data presented by

Crosta et al. [1998b] argue strongly that summer sea ice extent was south of 60 °S in the

Atlantic and Indian sectors and south of 65 °S in the Pacific. They concluded that

summer sea ice extent at the LUM was very similar to today's minimum sea ice extent,

south of all their core locations [Crosta et al., 1998b]. Therefore, for the purposes of this

paper, we will assume that the minimum (summer) sea ice extent at the LGM was the

same as in the modern Southern Ocean (see Figure 7.4). This assumption represents a

current best guess of summer ice extent at the LGM. Crosta et al. [1 998b] examined few



cores from the Southwest Pacific sector and none from the Weddell and Ross Seas.

There is some evidence that summer sea ice extent in the Weddell Sea was greater than in

the modern era [Jordon and Pudse, 1992; Shjmmield etal., 1994]. Much of the Ross

Sea shelf was covered by grounded ice sheets at the LGM [Kellogg, 1987; DeMaster et

al., 1996].

A summer sea ice distribution at the LGM similar to today's seems

counterintuitive, given the colder atmospheric and sea surface temperatures at the LGM.

However, much of the heat required for the seasonal melting of the pack ice comes from

the relatively warm circumpolar deep water below the surface layer through upwelling at

the Antarctic Divergence (AD) and vertical mixing [Gordon, 1981]. Gonjiso and Gordon

[19961 attributed the persistent formation of the Cosmonaut polynya during austral winter

to the upwelling of warmer subsurface waters. Enhanced advection due to the increased

mean wind speeds also probably played an important role. Ice advected northward into

open ocean areas would melt more rapidly than in heavy ice covered areas [Martinson,

1990]. Likewise increased lead and polynya formation due to wind advection would

enhance ice melting in spring, as these open water areas absorb solar radiation more

efficiently than ice covered areas due to their lower albedo [Smith etal., 1990]. Comiso

and Gordon [1998] found that unusually low summer sea ice extents in the Weddell Sea

follow winters with higher than normal sea ice extent. They attributed this surprising

phenomenon to a combination of wind effects including increased northward advection

of sea ice [Comisci and Gordon, 1998].

Estimates of sea ice cover in the modem ocean and at the LGM are summarized

in Table 7.2. Gloersen et al. [1992] calculated modern maximum ice extent (all ice
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concentrations) as 19 million km2 with some 3.5 million km2 of open water within this

region. Likewise they calculated summer ice cover as -4 4.5 million km2, which

includes some 1.5 million km2 of open water and includes substantial areas with less than

70% ice cover [Gloersen et al., 19921. The SLZ at the LGM was nearly twice the size of

the SJZ in the modern ocean (Table 7.2).

Sea Ice Seasonality

The greatly expanded SJZ has profound implications for Southern Ocean ecology

and air-sea fluxes of CO2. Due to the cooler atmospheric temperatures, the spring ice

retreat would have begun later in the season, and the fall expansion would have begun

earlier. Indeed, the CLIMAP summer ice boundary and the boundary of Cooke and Hays

[1982], which likely record the late springlearly summer (approximately mid-December)

ice extent, are well north of today's maximum winter sea ice extent [CLJMAP, 1981;

Cooke and Hays, 1982; Burckle et al. 1982; Burckle, 1984]. A mid-December ice edge

position north of the maximum ice extent of today indicates a substantial delay in the

seasonal retreat of the pack ice at the LGM.

Primary production beneath heavy pack ice is negligible due to the poor

transmission of light through snow and ice [Fischer et al., 1988; Wefer and Fischer,

1991; Bouquegneau et as!., 1992]. Thus, the effective growing season for phytoplankton

south of the PF would have been shorter at the LGM, with progressively decreased ice-

free time as one moved poleward [Crosta etal., 1998b]. Burckie and Cirilli [1987] note

that areas south of the "springtime" ice boundary experience only a couple of months of

ice-free time in the modem SO. One might expect an even shorter ice-free season at the
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LGM given the colder atmospheric temperatures. Crosta et al. [1998a1 estimated months

of sea ice cover per year at the LGM based on diatom species assemblages in the

sediments. They estimated that in areas north of the modern-day maximum ice extent

there was approximately 3-5 months per year of substantial sea ice cover in the Atlantic

Sector and 1-2 months in the Indian Sector at the LUM [Crosta et al., 1998a]. If the

CLIMAP summer ice boundary does mark a mid-December ice extent, these estimates

would seem to underestimate the duration of seasonal ice cover. Crosta et al. [1 998a1

note that their low values in the Indian sector are likely underestimates due to advection

and focusing of sediments or perhaps due to diatom frustule dissolution within the

sediments. The technique used by Crosta et al. [1998a] did reproduce well the duration

of ice cover in the modern ocean using modern sediment cores. Thus, within the

expanded SIZ, the effective growing season for phytoplankton at the LGM was much

reduced relative to the modern ocean, perhaps by 50% or more in areas north of the

modern maximum ice extent.

Physical Effects of the Expanded Seasonal Ice Zone on Air-Sea CO2 Fluxes

Expanded seasonal ice cover would reduce the outgassing of CO2 to the

atmosphere during winter months by acting as a barrier to air-sea exchange as happens

today in the Weddell Sea during winter [Weiss, 1987; Bakker et al., 1997; Crosta et al.,

1998a]. This barrier effect can lead to supersaturation of CO2 beneath heavy ice cover.

The accumulated CO2 may not outgas during the spring ice melt because the input of

meitwater lowers TCO2 and pCO2 in surface waters and spring phytoplankton production

also decreases pCO2 [Hoppema et al., 1995; Ishii etal., 1998; Sabine and Key, 1998].
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Advection of ice northward and subsequent melting during austral spring would

lower the salinity of surface waters, increasing water colunm stratification, which would

lower nutrient and total carbon inputs to the surface layer from vertical mixing. Francois

et at. [1997] argued that surface waters south of the PF were much more stratified at the

LGM based on bulk 5N sediment data. Any increase in stratification would have to be

salinity driven because the effect of salinity on density is much stronger than temperature

at typical Southern Ocean sea surface temperatures and because SST values were

certainly cooler at the LGM. Thus, changes in water column stratification would be

largely a function of the local balance between ice formation and melting. We return to

this topic in Section 7.

Persistent ice cover over the Antarctic Divergence (AD) could also have slowed

the Ekman induced upwelling during winter months and, thus, reduced nutrient and

carbon inputs to the surface layer. Ice would still advect away from the AD, and new ice

would rapidly form in the leads due to the very cold atmospheric temperatures. However,

some of the wind momentum imparted to surface waters in the modern Southern Ocean

(where the AD is ice-free much of the year) would be absorbed by sea ice at the LGM.

Wamser and Martinson [1993] concluded that typical winter pack ice cover in the

Weddell Sea reduces the momentum flux from the atmosphere to the ocean by - 33%.

The momentum flux from atmosphere to ocean is little affected by thin ice or at low ice

concentrations, so any reduction in upwelling would be restricted to winter months. This

postulated reduction in upwelling might also be counterbalanced to some extent by the

increased mean wind speeds (and thus northward advection) at the LGM [Petit et al.,

1981].
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Grounded Ice in Coastal Waters

There is evidence that much of the Antarctic continental shelf, including portions

of the Ross Sea, was covered by grounded ice sheets extending from the continent during

the last ice age [Kellogg and Truesdale, 1979; Kellogg, 1987]. A grounded ice sheet on

the South Orkney Plateau extended to 250rn depth [Herron and Anderson, 1990]. This

may have led to a reduction in the formation of Antarctic Bottom Water, as the coastal

ice shelves are thought to be an important site for bottom water formation [Kellogg,

1987; Fahrbach et al., 1994]. Alternatively, bottom water formation may have shifted to

other regions, including open ocean areas, through deep convection [Martinson, 1990;

Rosenthal et al., 1997]. The decrease in productive shelf area may have reduced primary

production in coastal waters.

Section 6 -- Sea Ice and the Antarctic Polar Front

The Antarctic Polar Front as a Boundary for Sea Ice Extent

Through much of the Drake Passage region, the maximum extent of sea ice in the

modern ocean is coincident with the mean location of the Antarctic Polar Front (Figure

7.4). The warmer sea surface temperatures north of the PF rapidly melt sea ice

encountering the front. For this reason, there is sometimes a pulse of ice-rafted debris at

the PF [Watkins et al., 1982]. The location of the PF thus sets the maximum extent of the

seasonal ice sheet in this area of the Southern Ocean today. Similarly, in the southwest

Pacific (- 175 °E), the PF also likely restricts the maximum extent of sea ice (Figure 7.4).
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While SST values were lower at the LGM, waters north of the PF were still above the

freezing point of seawater [CLJMAP, 1976, 1981]. At the LGM, the PF may have

marked the maximum extent of the seasonal ice sheet over the entire Southern Ocean

(Figure 7.4).

The CLIMAP sea ice boundary is north of the present mean location of the PF in

many areas (Figure 7.4). However, it is within the latitudinal range of meanders of the

PF over almost the entire Southern Ocean [Moore etal., 1999aJ. Only in the southwest

Pacific near 180 ow is the CLIMAP boundary north of the envelope of PF paths

documented by Moore et al. [1999a1. It is also in this area that the CLIMAP boundary is

most suspect due to a paucity of sediment cores. C'ooke and Hays [19821 place the

maximum ice extent -5 °latitude farther south in this region based on ice-rafted debris

distributions in the sediments. Thus, the CLIIvIAP maximum ice extent boundary could

be recorded in the sediments without substantial transport of ice north of the PF or a

northward migration of the PF mean location.

Northward Shift of the Antarctic Polar Front?

A number of authors have suggested that the Antarctic Polar Front (PF) was

shifted northwards as much as 10 degrees of latitude during the last ice age, possibly due

to a similar shift in the winds [Climap Project Members, 1976; hays, 1978; Dow, 1978;

Preli etal., 1980; Defelice and Wise, 1981; Morley, 1989; Howard and Preli, 1992; see

also Klinck and Smith, 1993]. These papers relate modern-day species assemblages in

the sediments (typically diatoms, radiolaria, or foraminifera are used) to current SST and

water mass distributions, then estimate past SST and frontal locations using the modern
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analogs. A crucial assumption, either implicit or explicit, of all of these studies is that the

PF retains its role as an ecological boundary over glacial/interglacial timescales. Thus, if

a predominantly "polar" assemblage (an assemblage found south of the PF today) is

found farther north in sediments from the LGM, it is assumed that the PF has shifted

northward. This interpretation overlooks the possibility that today's polar assemblages

may have extended their ranges north of the PF during glacial periods.

The PF forms an ecological boundary primarily due to the change in SST across

the front. Some nutrients, notably silica, can have strong cross-frontal gradients that may

also influence species composition. The much cooler SST values in Subantarctic waters

at the LGM [- 3-6 °C colder at the LGM, Pichon et al., 1992; Nelson et al,, 1993;

Ikehara et al., 1997] may have allowed todays polar species to thrive in Subantarctic

waters. Burckle [1984] argues that the northern limit of high diatom productivity is

controlled by a temperature effect on the metabolic processes of diatoms. Neon and

Hoim-Hansen [1982] found that the photosynthetic rates of Antarctic diatoms dropped

off sharply at SST values above 7°C. In addition, Fiala and Oriol [1990] found that

Antarctic diatoms could not survive in temperatures above 6-9 °C. Thus, the cooler SST

values at the LGM may have allowed Antarctic diatoms to extend their latitudinal range

equatorward. Silica concentrations may also limit diatom growth in Subantarctic and

northern Antarctic surface waters [Tréguer and Jacques, 19921. Under iron-replete

conditions, silicic acid requirements decline relative to nitrate [Hutchins and Bruland,

1998; Hutchins et al., 1998; Takeda, 1998]. Hutchins et al. [1998] found that under iron-

limitation diatoms were more highly silicified than under iron-replete conditions. Thus,

the increased atmospheric flux of iron may also have promoted diatom production in
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Subantarctic waters by lowering cellular silica quotas.

Labeyrie et al. [19961, studying a sediment core from 96 °E, 46 Os, estimated

glacial summer SST values of --2.0- 2.5 °C using a diatom transfer function. These SST

values are similar to those found south of the PF today [mean summer SST at the

poleward edge of the PF is -2.8 °C, Moore etal., 1999a]. Yet Labeyrie et al. [1996]

noted that the low instance of the "ice-related" factor in this core indicates that it was

always north of the PF. Weaver etal. [1998] note the replacement of "subpolar" by

"polar" assemblages of Foraminifera in Subantarctic waters during glacial times. SST

values north and south of the PF were cooler at the LGM [Pichon etal., 1992]; thus,

estimates of LGM SST based on species assemblages are likely accurate, but no

northward migration of the Antarctic Polar Front is required to account for these

SST/species assemblage shifts.

Estimates of maximum sea ice extent may mark the LGM PF location better than

analogs of modern species assemblages. However, as noted previously, estimates of

maximum sea ice extent are consistent with little or no northward migration of the PF.

The maximum ice extent of Cooke and Hays [1982] (based on ice-rafted debris) is

virtually identical to their position for the modern day PF, except in the Atlantic sector,

where the ice extends - 1-2 degrees farther north. This is consistent with little or no

northward migration of the PF.

Unlike the Polar Front in the North Atlantic and Pacific oceans, the Antarctic

Polar Front extends from the sea surface to the ocean floor, and, thus, its location is

strongly influenced by the movements of deep ocean waters and bottom topography

[Deacon, 1937]. For this reason, the winds can only indirectly affect the location of the
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PF. In several areas of the Southern Ocean, the location of the PF is tightly controlled by

the topography and the corresponding planetary potential vorticity (or f/H) field [Moore

et al., 1997, 1999aj. In these areas of strong topographic control, a northward migration

of the PF at the LGM is unlikely. Strong topographic control of the PF occurs through

much of the Drake Passage region [Moore et al., 1997]. The LGM sea ice extent was not

north of the modern PF location in this region (see Figure 7.4). Other areas of strong

topographic control include the eastern flank of Kerguelen Plateau (-75 °E), and where

the PF crosses the Pacific-Antarctic (-145 °W), the Mid-Atlantic (-8 °W), and Southeast

Indian Ridges (--145 °E) [Moore et al., 1999a]. In each of these areas the CLIMAP LGM

maximum sea ice extent is at or close to the present location of the PF (Figure 7.4). This

indicates strongly that the PF did not migrate northward in these areas, especially when

the low spatial resolution of the CLIMAP data set is considered. Moore et al. [1 999a1

showed that seasonal and interannual variability in the location of the PF is negligible in

these areas of strong topographic control; thus, variations in wind forcing over these

timescales have no effect on the location of the front.

Away from large topographic features, above the deep ocean basins, the PF is

able to meander over a broad latitudinal range [Moore etal., 1999a]. In these areas, a

northward shift in the mean location of the PF is perhaps more likely. Tuterannual and

seasonal variability is higher in these areas, but temporal coverage is poor [Moore et al.,

I 999a]. Thus, it is difficult to say whether the mean path shifts over interannual

timescales or is nierely not well resolved. It is in these areas that the CLIMAP ice extent

boundary is farthest north of the modem PF location [i.e. -110 90 °W, -80 - 140 °E, in

Figure 7.4; see also Figure 2 of Moore et al., 1 999a].
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The Antarctic Polar Front (PF) thus likely delimited the northward extent of the

seasonal ice zone (SIZ) throughout the Southern Ocean at the LGM (Figure 7.4). This is

a very different situation from the modern ocean, where the area between the maximum

sea ice extent and the PF covers 9.7 million km2 (Table 7.2). Tréguer and Jacques

[1992] termed this region between the maximum sea ice extent and the PF, the

Permanently Open Ocean Zone (POOZ). In the modern Southern Ocean the POOZ is

marked by perpetually low chlorophyll concentrations and low export production

[Treguer and Jacques, 1992]. The seasonal ice zone (SIZ) was thus much larger in the

glacial Southern Ocean, - 36 million km2. nearly twice the size of the SIZ today, which

we calculate as - 19 million km2 (Table 7.2).

Section 7 -- Southern Ocean Ecology at the LGM

Antarctic Coastal Waters

Much of what currently constitutes coastal Antarctic waters in today's ocean was

either above sea level or beneath grounded ice sheets at the LGM [Kellogg, 1987]. This

would lead to lower primary production in coastal regions. Mackensen et al. [1994]

argue for reduced productivity at the LGM along the continental margin based on

sediment 13C data. Due to the small areal extent of these waters, this would have little

effect on the total productivity of the Southern Ocean [A rn go et al., 19981. However, any

reduction in the productivity of coastal waters could have had dire consequences for

higher trophic levels that depend on these areas for foraging. Vertebrates, such as the

Adelie penguins, which reproduce on the Antarctic continent, might have been negatively

impacted [Nicol and Allison, 1997]. The fact that these shore-breeding birds survived the
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last ice age is evidence for substantial high-productivity open water near the Antarctic

continent during austral summer at the LGM, likely due to a strong summertime retreat of

the seasonal ice sheet as proposed by Crosta et al. [1 998b1. Persistent, large coastal

polynyas could also have provided suitable foraging grounds.

South of the Antarctic Polar Front -- The Seasonal Ice Zone

Much of the primary production in this zone in today's STZ occurs during a short

(several weeks), intense phytoplankton bloom following the retreat of the seasonal ice

cover [Smith and Nelson, 1986; Tréguer and Jacques, 1992]. Macronutrients are typically

not completely used up in ice edge blooms today [Jennings etal., 1984; Nelson and

Smith, 1986; Smith and Sakshaug, 1990]. Iron availability may ultimately limit

macronutrient drawdown [Sedwick and DiTullio, 1997]. The increased aeolian iron

fluxes at the LGM probably led to more intense spring blooms of phytoplankton

following the retreating ice edge. The greatly expanded size of the SJZ at the LGM also

means that these ice edge blooms would have occurred over a much larger area than in

the modern ocean. In addition, the elevated ice age aeolian dust flux may have allowed

larger diatoms to bloom in the SIZ throughout the austral growing season, without the

post-bloom species shift toward smaller phytoplankton species (with lower export

production) often seen today. As noted previously, this is basically the pattern in the

(relatively iron-rich) southern Weddell and Ross Seas today.

The PF is often a site of diatom blooms and elevated phytoplankton biomass

relative to surrounding waters in today's Southern Ocean [Metzl et al., 1991; Lutejeharms

etal., 1985; Laubscher etal., 1993; de Baar et al., 1995; Banse, 1996]. Yet Antarctic
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Surface Water, which sinks below Subantarctic waters at the PF, has high concentrations

of unutilized nitrate and phosphate, so there is the potential for large increases in primary

productivity [Marten, 1990]. The increase in atmospheric deposition of iron at the LGM

would probably lead to more intense blooms of large diatoms and increased export

production relative to today's ocean. Since the SIZ extended all the way to the PF at the

LGM, spring blooms stimulated by the retreating ice edge would also affect frontal

waters.

Given the importance of the pack ice for the overwintering of juvenile hill

[Kawaguchi and Satake, 1994; Loeb et al.. 1997], the expanded Seasonal Ice Zone (SIZ)

of the LGM may have provided a better environment for the development of dense hill

swarms. Heavy lu-ill concentrations in today's Southern Ocean occur regionally within

the SIZ, with local maxima in the northern Weddell Sea and west of the Antarctic

Peninsula [Nicol, 1994]. The expanded SJZ may have allowed dense lu-ill swarms to

expand their range throughout the Southern Ocean at the LGM. Given the important role

of bill in Antarctic food chains, higher trophic levels may have benefited as well [Nicol,

1994].

Few sedimentary estimates of paleoproductivity are available for the area south of

the PR In general, available cores seem to indicate lower export production south of the

PF at the LGM compared with today's Southern Ocean [Mortiock et al., 1991; Charles et

al., 1991; Shemesh etal., 1993; Shimmield et at., 1994; Kumar et al., 1995]. Francois et

al. [1997] found export fluxes in the eastern Indian sector were similar to modern values.

As previously mentioned. paleoproductivity estimates that rely on biogenic opal are



196

suspect due to possibly changing C/Si ratios in marine diatoms over glacial-interglacial

timescales [Takeda, 1998].

Bottom current redistribution of sediments must also be taken into account, and

normalizing opal flux to excess 230Th activity can correct for this resuspension problem

[Francois et al., 1997]. For example, Charles etal. [1991] and Mortlock et al. [19911

argued for lower glacial productivity in core RC 13-271 located just south of the PF

(51°59'S, 04°31'E). Kumaret al. [1995] show evidence of increased particle and organic

carbon flux at this site during the LGM based upon different paleoproxies. Anderson et

al. [19983 documented higher organic carbon accumulation at the LGM in this core

relative to the Holocene,

The cores farthest south of the PF seem to show the greatest LGM reduction in

flux to the sediments [Charles et al., 1991; Mortlock etal., 1991; Shirninield et al., 1994;

Kurnar et al., 1995; Anderson etal., 1998]. This is consistent with increased ice cover

(shorter growing season) at higher latitudes [Burckle, 1984; Charles et al., 1991;

Shimmield etal., 1994]. All of the cores in these studies [except for Shimnzield et al.,

1994] are north of the maximum ice extent of today's Southern Ocean (Figure 7.4).

Thus, the growing season for phytoplankton at the LGM was much shorter, as these

regions were likely ice-covered for much of the year. This raises the possibility that

while annual fluxes to the sediments may have been lower at the LGM, primary

production and export fluxes over daily to seasonal timescales may have been similar or

increased relative to the modern Southern Ocean.
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Is there any supporting evidence for the hypothesis of increased spring/summer

primary production at the LGM? In their analysis of core RCI3-271

(51 059 'S, 040 31'E), Anderson et al. [1998] compared mean Holocene and LGM opal

and organic carbon accumulation rates. Rates of opal accumulation were similar (123

rnmolim2/yr for the Holocene and 117 mmol/m2fyr at the LGM), but the accumulation of

organic carbon was much higher at the LGM (5.56 mmol/m2/yr LGM, and 3.77

mmol/m2/yr Holocene) [Anderson et al., 1998]. This site is slightly south of the PF, and

north of the maximum ice extent today but was ice covered much of the year at the LGM

(Figure 7.4). Thus, despite the shorter effective growing season, the organic C flux is

increased. Four other cores below 50 °S in this region had higher accumulations of

authigenic U at the LGM, also implying higher fluxes of organic carbon to the sediments

[Anderson et aL, 1998]. Farther south at Core RC 13-259 organic carbon accumulation

was lower at the LGM by nearly 50% [Anderson et al., 1998]. High accumulation rates

of ice-rafted debris in this core indicate substantial ice cover at the LGM [Cooke and

Hays, 1982]. Thus, if the growing season was reduced by 50%, the carbon accumulation

data would argue that daily/summer export fluxes did not change between the LGM and

the Holocene, while the other cores just to the north had increased export production at

the LGM. The ecological regime shift at the LGM we have suggested (with increased

production by larger phytoplankton species) could have resulted in a more efficient

transport of organic carbon to the deep ocean as larger cells (especially diatoms) sink

faster than small cells.

Further support for the hypothesis can be found in the data ofFrancois et al.

[1997], who analyzed the bulk '5N signal in modern and glacial age sediments and
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found consistently higher values south of the PF at the LGM. This indicates more

efficient nitrate utilization at the LGM (-.70%) than in the modern Southern Ocean

[-.30%, Francois et at., 19971. Francois et al. [1997] also noted that annual export

production (as measured by ex.231PaIex.230Th0 particle flux method) and preserved opal

flux to the sediments declined (S. Atlantic and central Indian Ocean) or remained at

similar levels to modern values (E. Indian sector). Export fluxes were similar over most

of the region south of the PF [averages south of PF of 0.13 (Holocene) and 0.14 (LGM)

for ex.231Pajex.230Th0, and a range of O.4 1.0 preserved 230Th-normalized opal fluxes in

cm2 kyr1 during both periods, Figure 1 of Francois et al., 1997].

From these two facts, increased nitrate utilization and similar or lower export flux,

Francois et al. [1997] concluded that nutrient inputs to the surface layer must have been

much lower during the LGM, which they attributed to increased vertical stratification of

the water column. They estimated that nutrient input to the surface layer would have to

have been 10 times lower at the LGM due to increased stratification [water supply by

vertical mixing and upwelling of -.30 m yf' for the Holocene and -.3 m yr' at the LGM,

Francois et at., 1997]. This represents a drastic decrease in nutrient input. Hoppeina et

at. [1995], for example, estimated entrainment rates in the Weddell Sea today of

4 5 m month' and Gordon and Huber [1990] estimated upwelling rates of Weddell

Deep Water at 45 m yr'. These two estimates come from areas where the influence of

the seasonal ice sheet is very strong.

We suggest an alternate interpretation of the data presented by Francois et al.

[19971 that does not require a large reduction in nutrient inputs to the surface layer.

Nearly all of the cores analyzed in their study are north of the maximum sea ice extent of
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today and south of the maximum ice extent at the LGM (Figure 7.4). In the modem day

SO, these regions are marked by low phytoplankton biomass and low export production

over a 12-month growing season. Thus, nitrate concentrations remain high, and the

sediment '5N data indicate low nitrate utilization. At the LGM, the effective (ice-free)

growing season was much shorter, with perhaps only 3-6 months of production per year.

Relatively short, intense phytoplankton blooms stimulated by the sea ice retreat and

increased atmospheric iron deposition could result in much more efficient utilization of

surface nitrate (as happens in coastal and ice edge blooms in the modern Southern

Ocean). This could explain the results presented by Francois etal. 11997] without

decreasing nutrient inputs to the surface layer at the LUM.

The drastic reduction in annual nutrient inputs to the surface layer due to

increased water column stratification proposed by Francois et al. [1997] appears to be at

variance with other observations. As discussed in Section 5, any increase in water

column stratification would have to be salinity driven and would be controlled largely by

the balance between ice formation and melting, as the cooler sea surface temperatures of

the LGM would tend to destabilize the water column. Areas with high input of meitwater

during austral spring would become more stratified, but this effect would be restricted to

a relatively short period. In these northern areas where ice melting exceeded ice

formation, the strong winds over the Southern Ocean would erode any meitwater-induced

stability by the following fall (as happens in the STZ today), when deep mixing (and thus

high nutrient injection) would occur. Several authors have suggested open water deep-

convection at the LGM due to a decrease in the stratification of surface waters

[Martinson, 1990; Rosenthal et at., 1997]. Areas farther south near the Antarctic
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to increased brine injection during ice formation. Much of the nutrient input to Southern

Ocean surface waters occurs at the Antarctic Divergence, and the higher mean wind

speeds [Petit et al., 19811 and increased brine input argue that the upwelling rate (and

nutrient input) was likely higher at the LGM (at least during austral summer). Thus, the

large increase in stratification necessary to account for the 10 fold reduction in nutrient

input over annual timescales suggested by Francois et al. [19971 is unlikely. Their

proposed stratification increase and corresponding reduction in CO2 outgassing would

have occurred only seasonally during the spring ice melt.

In contrast, current understanding of the role of iron in Southern Ocean

ecosystems argues strongly that the combined influence of meitwater input and elevated

aeolian dust flux would lead to higher primary production and export fluxes during

austral spring and summer. It could be argued that the higher wind speeds would deepen

mixed layers, leading to light limitation and thus preventing production increases during

summer. However, the high nitrate utilization efficiencies reported by Francois et al.

[1997] argue that this did not happen. In addition, because light harvesting efficiency is

greater in iron-replete cells [Sunda and Huntsrnan, 1997], the increased iron flux from the

atmosphere during the last ice age may have improved the photosynthetic efficiencies of

Antarctic phytoplankton at low light levels, allowing them to adapt to any deepening of

mixed layers.
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Primary Production and DMS Release by Phaeocystis sp. at the LGM

Shifts in species composition could also complicate the picture south of the PF.

As pointed out by Martin [19901, Phaeoc-ystis sp. are common phytoplankton in Antarctic

coastal waters and may have increased their abundance and range at the LGM. These

phytoplankton contain no "hard' parts (i.e. opal, CaCO3) and would likely leave little in

the way of a sedimentary signal [Martin, 19901. Phaeocystis sp. have a complex life

cycle, alternating from a colonial form with non-motile cells embedded in a mucilage

matrix several mm in diameter to single, motile cells from 3-9 jim in size [Matrai et al.,

1995]. Matrai et al. [1995J found that more than 50% of carbon fixed by Phaeocystis sp.

can be allocated to extracellular mucilage during the colonial life stage and that low

molecular weight carbohydrates accumulate in.the mucilage. Thus, sinking Phaeocystis

sp. colonies can be efficient exporters of carbon from surface waters with C/N production

ratios well above the typical Redfield ratio [Redfield et al., 19631 seen in most

phytoplankton [Smith etal., 1996, submitted]. Phaeocystis overwinter within the pack

ice, and the ice age SIZ expansion would likely extend their range northward with the sea

ice [Gibson et al., 1990]. This "seed stock" from melting sea ice and high photosynthetic

efficiencies at low light levels often allow Phaeocystis sp. to dominate early spring

phytoplankton blooms in polar regions today [Gibson et al., 1990; Smith et al., 1991;

submitted; Crocker etal., 1995; Smith and Gordon, 1997].

In the Antarctic, dense Phaeocystis blooms occur mainly in coastal/shelf waters,

which may be related to iron availability [Smith et al., submitted]. Surface to volume

ratio considerations suggest that the colonial form of Phaeocystis in particular may have

difficulty obtaining necessary iron over much of the Southern Ocean [Sunda and



Huntsman, 1997]. Thus, the combination of elevated aeolian iron inputs and expansion

of the SIZ during the last ice age probably led to a range expansion and increased

production by Phaeocystis sp. [Martin, 1990; Gibson et at., 1990].

Phaeocystis sp. are important producers of dimethylsulfoniopropionate (DMSP),

which is a major source of cloud condensation nuclei, after conversion to dimethyl

suiphide (DMS) [C'harlson et al., 1987; Gibson et al., 1990]. During glacial stages, the

atmospheric content of non-seasalt sulphate (NSS sulphate) recorded in ice cores from

the Antarctic was 20-46% higher than in the modern era, likely due to increased

production of DMSP by marine biota [Legrand et al., 1988; 1991]. Phaeocystis sp. form

an important component of the ice algae in the Southern Ocean, where they produce

substantial amounts of DMSP, much of which is released to the water column during

spring ice melt [Kirst et al., 1991]. Phaeocysris blooms result in high oceanic DMS

concentrations and consequently high DMS fluxes to the atmosphere [Gibson et al.,

1990; Crocker et al., 1995; Turner et al., 1995]. Thus, an ice age range expansion and

increase in primary production by Phaeocystis sp. could account for the LGM increase in

NSS sulphate in Antarctic ice core data reported by Legrand et al. [1988, i 9911. The

primary oxidation products of DMS in the atmosphere are SO2 (which is then converted

to NSS sulphate) and methanesuiphonate (MSA) [Legrand et al., 1991]. In the modern

ocean, the molar ratio of MSAINSS sulphate increases with latitude in the Southern

Hemisphere, likely due to air temperature effects on DMS oxidation processes [Bates et

al., 1992]. Thus, the significantly higher MSAINSS sulphate ratios in glacial Antarctic

ice cores are also consistent with increased high latitude oceanic DMS production by

Phaeocycsris [Legrand, 1997].
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Subantarctic Water Ring -- From the PF to the North Subtropical Front

The primary factors affecting primary productivity in this region at the LGM were

the increased deposition of atmospheric iron and the substantially cooler sea surface

temperatures (SST). The increased iron input to these waters would likely increase

primary and export production [Martin, 1990; Sunda and Hunts,nan, 1997]. Paleorecords

indicate that SST values in this zone were some 3 - 6 °C cooler at the LGM [Pichon et

al., 1992; Nelson et al., 1993; Ikehara et al., 1997]. As discussed previously, the cooler

sea surface temperatures and possibly lower silica requirements due to the increased flux

of atmospheric iron may also have encouraged a northward range expansion by Antarctic

diatoms [Burckle, 1984; Takeda, 19981. Thus, it is likely that there was a stronger

seasonal cycle in phytoplankton biomass (and production) in the SWR at the LGM than

the modern day pattern documented in Figure 7.3.

The sedimentary record for Subantarctic waters consistently shows increased

biogenic opal and/or organic carbon flux to the sediments at the LGM [Mortlock et al.,

1991; Charles et al., 1991; Kumar et at., 1993, 1995; Nelson et al., 1993; Rosenthal et

al., 1995, 1997; Francois et aL, 1997; Anderson et al., 1998]. Francois et al. [1992]

argue for increased nutrient consumption in Subantarctic waters of the Indian sector

during glacial times, Kurnar et al. [1995] note that the increased flux of organic carbon

to the sediments at the LGM exceeded the increase in biogenic opal over much of the

Subantarctic. Increased C/Si ratios in diatoms due to relief of iron stress may have

played a role [Takeda, 1998]. Kumar et al. [1995] also estimated iron flux to the

sediments was -5 times higher at the LGM. This elevated iron flux was attributed to

increased aeolian deposition of iron from terrestrial sources on the South American
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continent [Kuinar et ai., 1995]. The flux of organic carbon to the sediments was also

greatly increased in this region, by a factor of 4 over the area 42 54 °S [Anderson et aL,

1998].

Section 8 -- Air-Sea CO2ILuxes at the LGM

As noted above, available evidence suggests that export production in

Subantarctic waters was higher at the LGM and that this increase was stimulated by the

increased atmospheric deposition of iron as postulated by Martin [1990] [Mortlock er al.,

1991; Charles etal., 1991; Kumar etal., 1993, 1995; Nelson et al., 1993; Rosenthal et

al., 1995, 1997; Francois et al., 1992, 1997; Anderson etal., 1998]. This would increase

the flux of atmospheric CO2 into Subantarctic waters particularly during summer months,

when production would likely be at a maximum.

Changes in ecosystem structure could also affect air-sea fluxes of CO2 if they

altered the mean CaCOorganic C ratio of sinking matter by altering surface alkalinity

[Howard and Prell, 1994]. Lowering this ratio would result in increased alkalinity and

reduced pCO2 in surface waters [Howard and Preli, 1994]. Lower CaCO3 accumulation

rates [Nelson et al., 1993; Howard and Prell, 1994] and increased opal and organic

carbon fluxes [Mortiock etal., 1991; Charles et al., 1991; Kumar etal., 1995; Anderson

etal., 1998] to Subantarctic sediments imply that the ratio of CaCO3/Coi.g in sinking

matter was lower at the LGM. This would have further enhanced the flux of CO2 into the

ocean [Howard and Preli, 1994]. This region, therefore, was probably a significantly

stronger sink for atmospheric CO2 at the LGM.

South of the Antarctic Polar Front (PF), the situation becomes more complicated,
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and interactions between the sea ice and the biota over seasonal timescales would

strongly affect net air-sea fluxes of CO2. Air-sea fluxes of CO2 through the pack ice are

negligible compared with open water areas [Weiss, 1987; Augstein, 1994]. There was

likely a strong flux of CO2 into the oceans during austral spring and summer (due to

relatively intense phytoplankton blooms driven by sea ice retreat and increased iron

deposition) and a negligible net flux for much of the rest of the year due to heavy sea ice

cover. This is the pattern recently suggested for the southern Ross Sea [Bates et al.,

1998]. Net CO2 flux into the ocean would thus increase, even if annual export production

remained at similar levels or even declined. A significant fraction of this production

increase during austral spring/summer was likely due to Phaeocystis sp. and would leave

little, in the way of sedimentary records Martin, 1990].

In addition, physical factors associated with the expanded SIZ may have

decreased the outgassing of CO2 to the atmosphere at high southern latitudes. Persistent

ice-cover would act as a physical barrier to air-sea gas exchange and may have reduced

the upwelling rate of carbon rich waters at the Antarctic Divergence by decreasing the

momentum flux to surface waters during winter months. Increased vertical stratification

during the spring ice melt could also reduce the mixing of carbon rich waters into the

surface layer as argued by Francois et al. [1997].

A schematic summarizing these suggested ice age primary production patterns

and the effect on air-sea fluxes of CO2 is presented in Figure 7.5. By necessity this figure

represents a simplification; for example, within the SWR and PFR there are regions of

elevated export production and strong CO2 drawdown. However, mean chlorophyll

concentrations indicate an overall pattern similar to that presented here (compare Figures
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7.3 and 7.5). The LGM pattern for the SWR (not shown) would be similar to the modern

pattern but with a stronger seasonal cycle, peaking during austral summer. As noted

previously, the POOZ did not exist at the LGM. The entire area from the PF south to the

Antarctic continent would have been shifted toward the pattern seen in the Weddell-Ross

Region today. There would be a strong flux of CO2 into the oceans during the ice-free

growing season and little net flux the rest of the year due to heavy ice cover (Figure 7.5).

The length of the ice-free growing season would vary with latitude, with a progressively

decreased ice-free season as one moved poleward. Thus, the four ecological regions

from the PP south to the Antarctic continent outlined by Tréguer and Jacques [1992]

were replaced by one large SIZ at the LGM. The type of ecological regime shift

suggested here, from a small phytoplankton dominated assemblage to one dominated by

larger diatom species, has been documented for the glacial North Pacific [Sancetta,

19921. The Subarctic North Pacific is also a HNLC region in the modern ocean [Martin,

1992]. Sancetta [19921 suggested relief from iron-limitation as a possible cause of the

shift toward larger diatoms and a higher productivity regime in the ice age North Pacific.

Increasing primary and export production over the region south of the PF to

values approaching what is observed in the Weddell-Ross Region today would result in a

globally significant sink for atmospheric CO2. Evidence for this is seen in the many

modeling studies of such production increases in Southern Ocean waters [i.e. Sar,niento

and Toggweiler, 1984; Sarnziento and Orr, 1991; Joos and Siegenthaler, 1991]. Some

simple calculations can illustrate the potential impact of the proposed ecological regime

shift on export production. Nelson et al. [1996] estimated a seasonally integrated f-ratio

of 0.42 and a total annual primary production of 142 gC m2 y(' forthe Ross Sea Shelf



area. This indicates an annual export production of -60 gCm2 yf'. This production

occurs over an approximately six month growing season and typically does not result in

full depletion of macronutrients [Nelson et al., 19961. If a similar export production

occurred over the entire Seasonal Ice Zone during the last ice age (30.7 million km2, total

area of the WRR, SIZ, POOZ, and PFR from Table 7.1), the annual carbon export from

surface waters would be 1.84 x iO gC yr1. or 1.84 Gt C yf'. Smith [1991] estimates

new production for this region today as 0.47 Gt C yf'. Minas and Minas [1992] estimate

nitrate-based new production for Antarctic waters as 30.2 gC m2 yr' over the growing

season from winter to late summer, which would correspond to 0.93 Gt C yr' over

30.7 million km2. Wefer and Fischer [19911 estimated export flux at 100 m depth for the

Southern Ocean from sediment trap data at 0.17 Gt C yr1. Thus, exported carbon would

have increased by - 0.9 1.67 Gt C yr1 at the LGM, and this level of increased export

production would still not have fully utilized the available macronutrients. Much of this

exported carbon would be replaced by atmospheric CO2 entering the ocean. Increased

production by Phaeocystis sp. and higher C/Si ratios in diatoms at the LGM would

minimize the sedimentary signal from this increased export production.

Increased export production north of the PP could also have global significance

because of the large area covered by Subantarctic waters (SWR is 48.7 million km2, from

Table 7.1). Current estimates for total primary production over most of this region today

are in the range of 50-150 gC m2 yr1 [Antoine etal., 1996; Behrenfeld and Falkowski,

1997]. Banse [19961 noted that the f-ratio in the SWR ranges between 0.3-0.5. Taking a

mean annual production of 100 gC m2 yf' and a mean f-ratio of 0.4 gives an annual

export production of -40 gC m2 yr. Export production from the modern SWR would
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then amount to -1.95 Gt C yr'. The data of Kuniar et al. [1995] suggest a large increase

in export production (by at least a factor of 2) at the LGM [see also Rosenthal et al.,

1995]. Anderson et al. [1998] found a fourfold LGM increase in organic carbon

accumulation in Subantarctic sediments. Thus, if export production doubled within the

SWR and increased by 1.0- 1.5 Ut C yr' in waters farther south, export production

from the entire Southern Ocean would have been 3.0 - 3.5 Ut C yr' greater at the LGM

than at present. Martin [19901 estimated that the observed drawdown of atmospheric

CO2 during the last ice age represented a --170 Gi C flux out of the atmosphere. The

potential increase in Southern Ocean export production calculated above could have

removed this amount of CO2 over a relatively short time period.

Conclusions

In summary, the Southern Ocean was probably a sink for atmospheric CO2 during

the last ice age and, thus, contributed substantially to the observed lowering of

atmospheric CO2 levels. Available evidence indicates that the larger atmospheric

deposition of iron led to increased export production and consequently a stronger

drawdown of atmospheric CO2 in Subantarctic waters [Kumar etal., 1995; Anderson et

al., 1998]. South of the Mtarctjc Polar Front, increased iron deposition and the effects of

the greatly expanded seasonal ice sheet also likely led to an intensification of

phytoplankton blooms, increasing nitrate utilization frOm -30 to -70% as estimated by

Francois et al. [1997]. This would result in a strong sink for atmospheric CO2 due to

biological production during the shortened growing season of the LGM, as happens today

in the southern Weddell and Ross Seas [Takahashi etal., 1993, 1997; Bates etal., 1998].
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With minimal air-sea fluxes of CO2 the rest of the year due to persistent sea ice cover, the

entire region south of the PF was also probably a significantly stronger sink for

atmospheric CO., than in the modern ocean. We have argued that the total biological

export of carbon from surface waters was higher at the LOM than at present south of the

PF. However, even areas where annual export production declined would be stronger

CO2 sinks than at present due to the seasonal interactions between the sea ice and the

biota.

Additional analysis of sedimentary cores will improve our understanding of

Southern Ocean ecology at the LGM. New paleoproductivity studies in the Pacific sector

and south of - 60 °S should be a high priority, as there is relatively little data available at

present. Examination of cores from these areas will also improve estimates of summer.

sea ice extent at the LGM. The aeoljan flux of iron to the oceans is lower in the Pacific

sector than in the Atlantic and Indian basins EDuce and Tindale, 1991]. Thus, it is in this

basin that the strongest response to the elevated LGM dust fluxes should have occurred.

Sedimentary records integrate over long time periods, however, and provide

limited information about the seasonal interactions between sea ice and the biota

discussed here. Ultimately, our best hope for defining the role of the Southern Ocean in

the glacial lowering of atmospheric CO2 may lie in the realm of modeling. A general

circulation model of the LGM climate that incorporates realistic biota and sea ice

dynamics could provide valuable insights and greatly enhance our interpretation of the

geological record.
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In the preceding chapters we have examined a number of physical-biological

interactions in the Southern Ocean. Some of the processes which influence

phytoplankton bloom dynamics include eddy mixing where the ACC encounters large

topographic features, meander-induced upwelling. at Southern Ocean fronts, and the

stimulating effects of shallow coastal areas and melting sea ice cover on phytoplankton

biomass levels. The enhanced chlorophyll and primary production associated with large

topographic features was surprising given that a water colunm of 2000 m or more often

separates surface waters from the topography, such as along the Pacific-Antarctic Ridge

(Chapters 4, 5, and 6).

This study has quantified for the first time the mesoscale behavior of the Antarctic

Polar Front (PF) over the entire Southern Ocean (Chapters 2 and 3). An eleven-year time

series of PF paths has permitted investigation of PF dynamics over weekly to interannual

timescales (Chapters 2, 3 and 5). One important result of this study has been the degree

to which the dynamics of the PF are strongly influenced by the topography of the

Southern Ocean. The mean path of the PF is strongly steered by the underlying

topography and the corresponding planetary potential vorticity field (Chapters 2 and 3).

Even relatively small topographic features (<50 km across) appear to exert considerable

influence on the mean path and dynamics of the PF (Chapter 2).

Mesoscale meandering and ring formation processes at the PF are strongly

influenced by the topography as well (Chapters 2 and 3). In the vicinity of large

topographic features large scalemeandering is inhibited and the SST gradient across the

PF is intensified (Chapters 2 and 3). Mesoscale meandering (at spatial scales < 100 km)

is elevated at the large topographic features and persists for Some distance downstream.
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This elevated mesoscale meandering is likely due to baroclinic instabilities initiated

where the PF interacts with the topography (Chapter 3).

In the past decade substantial evidence has accumulated that the availability of the

micronutrient iron plays a key role in limiting phytoplankton growth rates and biomass

accumulation over much of the Southern Ocean (see Chapters 1 and 7). The results of

this study provide strong (albeit indirect) evidence in support of this hypothesis of iron

limitation in the Southern Ocean (Chapters 5, 6, and 7). During austral summer, patterns

of chlorophyll concentrations were consistent with a nutrient-limited system (Chapters 5,

6, and 7). Phytoplankton blooms were observed almost exclusively in areas known from

in Situ studies to have elevated dissolved iron concentrations (Chapters 4, 5, 6, and 7).

These areas include the major SO fronts, in shallow coastal and shelf waters, and in areas

of recent sea ice melting (Chapters 4, 5, 6, and 7). In contrast, in open ocean regions

where iron concentrations are typically very low, coming mainly from atmospheric dust

deposition, chlorophyll levels were consistently very low (mean values <0.3 mg/rn3,

Chapters 6 and 7).

Phytoplankton blooms within the PF were most often observed in the regions of

elevated mesoscale meandering associated with large topographic features (Chapters 4

and 5). Mesoscale meandering leads to localized areas of upwelling and downwelling

and an intensified local eddy field [Olson et al., 1994]. Increased nutrient flux to surface

waters due to upwelling and increased eddy mixing stimulates phytoplankton growth

within these regions (Chapters 4 and 5). Since nitrate and phosphate concentrations are

typically not limiting in the SO, the stimulating effect is likely due to the input of

dissolved iron. For Antarctic diatoms, Si inputs may also be important. The primary



215

focus in this study was on the Antarctic Polar Front (PF), but phytoplankton blooms were

also observed at the Southern Antarctic Circumpolar Current Front (SACCF), the

Subantarctic Front (SAF), the North and South Subtropical Fronts (NSTF, SSTF), and at

the Aguihas Current (AC) (Chapters 4, 5, and 6).

The concentration of dissolved iron in sub-surface Waters is relatively low

compared with the high concentrations seen in coastal and shelf waters, and is likely

lower than the pulse of dissolved iron released by melting sea ice. The magnitude of

frontal-associated blooms is consistent with this more modest iron source. Blooms at the

Antarctic Polar Front, while higher than surrounding open ocean waters, rarely reach the

levels seen in coastal waters and in some ice-edge blooms (Chapters 5 and 6).

Chlorophyll concentrations within PF blooms rarely exceed 1.5 mg/rn3, significantly

lower than the mean values in excess of 5 mg/rn3 seen during December in the southern

Weddell and Ross Seas (Chapters 5, 6 and 7).

The areas of highest chlorophyll concentrations (and thus phytoplankton biomass)

were observed within coastal and shelf waters where iron concentrations are elevated

(Chapters 6 and 7). The input of iron to surface waters from sedimentary sources in

coastal waters greatly exceeds the primary sources of iron to open ocean SO waters,

namely the deposition of atmospheric dust on the sea surface and the rnixing/upwelling of

dissolved iron from below the euphotic zone. Maximum observed chlorophyll

concentrations were in the southern Weddell and Ross Seas (Chapters 6 and 7). High

chlorophyll concentrations were also observed in the shallow waters associated with the

Kerguelen Plateau, the North Scotia Ridge (Chapters 5 and 6), and the continental shelf

waters off of South America, Africa, Australia, and New Zealand (Chapter 6).
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High chlorophyll concentrations were also observed in areas of recent sea ice

melting (Chapters 4, 6, and 7). These regions can have relatively high concentrations of

available iron, as dust that has accumulated on the sea ice is released to the water column

[Martin, 1990; Sedwick and DiTullio, 1997]. It was notable however that phytoplankton

blooms did not occur uniformly in all areas of sea ice retreat (Chapter 6). In many areas,

chlorophyll concentrations (and thus phytoplankton biomass) remained quite low after

the sea ice melted (Figure. 6).

There are several possible reasons for this variable response to melting sea ice.

Variations in the wind field likely play a key role. Mean wind speed largely determines

the mixed layer depth, which can facilitate blooms if relatively shallow or inhibit blooms

if deep mixing leads to light-limitation. In addition, the curl of the wind stress leads to

localized areas of upwelling and downwelling as a result of Ekman transport of surface

waters. The areas of strongest upwelling in the Southern Ocean, at the Antarctic

Divergence, tended to exhibit low chlorophyll concentrations, perhaps due to small seed

stocks of phytoplankton, or light-limitation due to very weak density stratification and

consequently deep mixed layers (Chapter 6). Another factor in ice-edge bloom

variability may be differential accumulations of dust/iron on the sea ice, which directly

affects the amount of iron released to the water column at melting.

The effect melting sea ice on mixed layer depths (and thus the irradiance regime

experienced by phytoplankton) is likely a key factor in ice edge bloom dynamics during

early spring and austral fall, when light-limitation may be an important factor regulating

phytoplankton growth within the Southern Ocean. Chlorophyll concentrations within the

Marginal Ice Zone remained high through March, when most SO regions exhibited very
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low chlorophyll levels (Chapter 6). Ice-edge phytoplankton blooms were also observed

during November in the Weddell and Ross Seas (Chapter 6). Phytoplankton blooms in

the shelf waters of the southern Weddell Sea were observed to begin in early austral

spring as soon as the ice melted and to persist into the following March. Thus, light-

limitation did not prevent high phytoplankton biornass accumulation at this high latitude

site, which was heavily influenced by melting sea ice, over the full Southern Ocean

growing season.

The Southern Ocean over Glacial-Interglacial Climate Cycles

The physical environment of the Southern Ocean is markedly different during

glacial periods (Chapter 7). The deposition of atmospheric dust (with its associated iron)

was some 15-20 fold higher during the Last Glacial Maximum (LGM) [Petit et aL, 1981;

19901. In addition, cooler sea surface temperatures. a large expansion in wintertime sea

ice extent, and higher mean wind speeds are found during glacial periods (see Chapter 7).

All of these variables have an impact on phytoplankton bloom dynamics in the modern

ocean and likely during glacial periods as well.

The increased iron flux from the atmosphere at the LGM likely had a strong

impact on ecosystem structure and phytoplankton bloom dynamics in the Southern

Ocean. Iron may not have been limiting for phytoplankton growth anywhere in the

Southern Ocean. Thus, ecosystem structure in open ocean waters would be shifted

towards what is seen in the relatively iron-rich coastal areas of the modem SO (Chapter

7). This would include a shift from a phytoplankton community dominated by smaller

nano and pico-sized species to one dominated by larger diatoms (Chapter 7). The



218

increased iron flux along with the expansion of the seasonal ice zone would have favored

an expansion in phytoplankton blooms dominated by Phaeocystis spp. at the LGM

(Chapter 7).

The elevated primary and export production during austral summer associated

with these ecosystem shifts at the LGM would have made the SO a strong sink for

atmospheric CO2 relative to the modern SO (Chapter 7). The expanded sea ice cover

during austral winter would also have a strong impact on air-sea CO2 fluxes. Heavy sea

ice cover would prevent significant air sea exchange during austral winter, a time when

the SO is generally a net source of CO2 to the atmosphere today (Chapter 7). During

spring and summer months, melting sea ice would stimulate phytoplankton growth

enhancing the flux of CO2 into the ocean (Chapters 6 and 7). Thus, the SO was likely a

significantly stronger sink for atmospheric CO2 during the last ice age (Chapter 7). The

stronger SO sink would partially account for the observed lowering of atmospheric CO2

levels during glacial periods (Chapter 7).

However, rather than merely responding to glacial-interglacial cycles, there is

evidence that the Southern Ocean may play a key role in driving climate change over

glacial-interglacial timescales. Variability in the earth's climate over the past million

years has been dominated by cycles with periods of near 23,000, 41,000, and 100,000

years, which seem to correspond to orbital variations in precession, obliquity, and

eccentricity [see hnbrie etal., 1992]. Imbrie etal. [1992; 1993] have shown that at all

three frequencies the Southern Ocean response to this astronomical forcing tends to lead

the response of the large continental ice sheets in the Northern Hemisphere, and the

ocean and atmospheric dust patterns of the Northern Hemisphere as well. Focusing on
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the importance of insolation patterns at high Northern latitudes, these authors suggest that

the early Southern Ocean responses are driven by changes in the location and amount of

North Atlantic deep water formation [linbrie et aL, 1992; 1993]. Others have argued that

it is the total insolation at high Southern latitudes that is the key forcing mechanism

[Gent/-ton etal., 1987].

Altering primary production, sea surface temperature and sea ice cover patterns in

the Southern Ocean can strongly affect atmospheric CO2 levels (Chapter 7). This is one

mechanism by which the Southern Ocean can influence the global climate, and in

particular the large ice sheets of the Northern Hemisphere [Pisias and Shackleton, 1984].

Many other mechanisms are possible, including alterations in deep-water anclJor

intermediate water formation in the Southern Ocean, sea ice effects on global albedo, and

alterations on sea level due to ice accumulation on Antarctica. It is also possible that the

SO does not significantly influence ice sheet growth/decay in the Northern Hemisphere.

Current climate predictions indicate that there will be substantial warming of high

southern latitudes over the next century, as part of a global warming due to the

anthropogenic increases in the concentrations of greenhouse gases. Considering the

results presented here concerning the processes which control primary production in the

Southern Ocean currently (Chapters 5 and 6) and the proposed effects of ice age

conditions on productivity (Chapter 7), one can speculate how the predicted climate

change over the next century will influence the Southern Ocean. Several factors point to

a decrease in SO primary productivity over the next century. Warmer SST values will

lead to increased evaporation and perhaps wetter interiors of the continents. This in turn

could lower atmospheric dust levels (the inverse of the ice age pattern, see Chapter 7).
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Decreasing dust fluxes to the Southern Ocean would decrease primary production over

the large areas that today are iron-limited (Chapters 6 and 7). The other important factor

under the global warming scenario would be a reduction in sea ice extent and/or

persistence. Warmer atmospheric temperatures could mean a smaller wintertime sea ice

extent. Because melting ice during summer months stimulates phytoplankton blooms, at

least some of the time (Chapter 6), less ice could mean lower total productivity. In

addition if the sea ice melted earlier in the season due to warmer atmospheric

temperatures, there might not be sufficient light for phytoplankton blooms to develop.

These possible changes in ice cover and primary production would also strongly

influence air-sea fluxes of CO2 in the Southern Ocean. Here the tendency would be for a

weaker SO sink for atmosphericCO2 under the global warming scenario. Wintertime

outgassing of carbon dioxide would likely increase with less ice cover to act as a barrier

to air-sea exchange. Lower productivity would also decrease the net flux into the ocean

during austral spring/summer. Thus, the response to global warming in the Southern

Ocean may act to exacerbate the increasing levels of atmospheric CO2.

Another point worth making very clearly is that fertilizing the SO with iron

definitely cannot rescue us from this predicted global warming. Model studies have

shown that complete fertilization of the SO (that is complete utilization of available

nitrate and phosphate) would lead to a significant decrease in atmospheric CO2 levels [i.e.

Joos et al., 19911. However, the same studies show that the reduction in carbon dioxide

levels due to fertilization is completely overwhelmed by the predicted increases due to

human activities [Joos etal., 1991].
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In recent years, satellite-based sensors combined with the ongoing revolution in

computer-related technologies have brought us into a new era in the study of remote areas

of the globe such as the Southern Ocean. Future general circulation/climate models

which incorporate a dynamic ocean biota and more sophisticated sea ice models will

doubtlessly help answer remaining questions about the role of the SO in glacial-

interglacial climate change. Satellite remote sensing studies will provide valuable

insights and constraints needed to develop and validate these models.

The long-term, continuous time series of satellite ocean color measurements

which has begun with SeaWiFS will prove a very useful tool to oceanographers and

climate modelers for decades and perhaps centuries to come. This time series will allow

researchers to detect changes in Southern Ocean primary production patterns due to the

possible global warming of the next century, and to quantify the natural variability in the

system (in biological and physical processes) over decadal timescales. Satellite-based

measurements also hold the potential to further investigate the role of atmospheric dust

deposition in driving the Southern Ocean ecosystem. Quantifying the impact of these

dust fluxes on iron availability for SO biota may well provide the key for predicting how

the anticipated global warming over the next century will effect this ecosystem, and for

understanding the Earth's climate variability over glacial-interglacial timescales.
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