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Mesoscale surveys to examine the relationship between the physical

processes and biological response along the Antarctic Polar Front (PF) were

conducted as part of the US JGOFS Southern Ocean Program during austral spring

and summer 1997/98. Multiple crossings of the PF near 170° W, using a towed

undulating instrument, provided high-resolution, 'quasi-synoptic' spatial profiles of

the region. Increased chlorophyll levels were distributed in a band along the axis of

the PF and extended southward. Cross-correlation analysis between the physical

and biological properties was used to estimate the average spatial separation

between features during austral spring and summer. Oceanographic sections

revealed a meandering front in early November. The separation between the

strongest horizontal temperature and chlorophyll gradients displayed spatial offsets

of <10 km in the anticylonic portion of the PF while weaker gradients displayed

offsets of 20+ km in the cyclonic portion of the PF. Changes in geopotential

anomaly and temperature were used to estimate the width of the PF. The width of

the PF was small, averaging 50 km in the anti-cyclonic portion of the meander, and
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increased to 90 km in the cyclonic portion. Mixed layer depths were deep and

averaged 200 m. In austral summer, spatial gradients were weaker across the entire

survey region and separations between temperature and chlorophyll were variable.

The width of the PF averaged 120 km during the austral summer. Mixed layer

depths shoaled from the 200 m observed in November to 60 m in January. The

results suggest that spatial separation between the physical and biological

properties across the front is associated with PF width and meandering. Upwelling,

as a consequence of secondary circulation and/or frontal meanders, induces cross-

front circulation which promotes stratification of surface waters, creating favorable

light conditions suitable for phytoplankton growth and enhanced levels of

chlorophyll along the PF.
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Spatial Structure of the Physical and Biological Distributions Across the
Antarctic Polar Front in Austral Spring and Summer.

CHAPTER 1

INTRODUCTION TO PHYSICAL AND BIOLOGICAL CONTROLS OF
PHYTOPLANKTON IN THE SOUTHERN OCEAN

Cidney Howard
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PROBLEM DEFINITION

Large variations in phytoplankton biomass in the Southern Ocean are found

along spatial gradients from highly productive nearshore regions to oligotrophic

offshore regions. These variations have prompted discussion as to what controls

primary production in the Southern Ocean, particularly in offshore regions where

macronutrient availability is sufficient to support large standing stocks of

phytoplankton. These low productivity, low biomass areas have been termed

HNLC zones (High Nutrient, Low Chlorophyll) (Martin et al., 1990; De Baar et al.,

1995; Banse, 1996). Although phytoplankton biomass is generally low in the

Southern Ocean, phytoplankton blooms have been observed off the coast of

Antarctica and in frontal regions. These observations have led researchers to

speculate that open ocean fronts make a significant contribution to phytoplankton

dynamics in the Southern Ocean.

Areas of increased phytoplankton biomass are of interest because of their

potential to sequester carbon. One mechanism for carbon sequestration is through

the transfer of photosynthetically fixed carbon to the interior of the ocean by

gravitational forces, referred to as the 'biological pump' (Longhurst, 1991; Dugdale

et al., 1995). The result of this process is temporary or permanent storage of

carbon in the deep ocean. A small fraction of the sinking organic matter is buried

as sediment and results in the removal of carbon from the open ocean.

In the 1980's rising concern over increasing carbon dioxide concentrations

in the atmosphere prompted the formation of an international program to evaluate
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the role of the ocean in the global biogeochemical cycle. The Joint Global Ocean

Flux Study (JGOFS) was designed to assess the magnitude of organic flux from the

ocean's surface to depth and the controls on the processes responsible for

regulating this flux (Smith et al., 2000). The Southern Ocean was selected as a

survey site because of its importance in carbon budgets and unusual physical-

biological linkages. The Polar Front (PF) was the focal point of this investigation

because of its potential role in sequestering carbon and influencing bloom

dynamics in the Southern Ocean.

The US JGOFS program focused on the Pacific sector of the Southern

Ocean along 170°W. Four cruises were conducted along this longitude line

between New Zealand and Antarctica from October 1997 and February 1998.

JGOFS cruises across the PF were also conducted in the Atlantic sector of the

Southern Ocean along 85° W by British researchers (Pollard et al., 1995).

BACKGROUND

The Southern Ocean is a unique site essential to understanding ocean

circulation and global climate patterns. Bounded by the North Subtropical

Convergence in the north and the Antarctic continent in the south, the Southern

Ocean boundary is a meandering transition zone containing 22% of the world

ocean (Moore, 1999). It is the only section of the world ocean that connects the

Pacific, Atlantic and Indian oceans, where west-east water flow is continuous and



unhindered by major geographical features. In addition, it is an important site for

water mass formation and modification (Mantyla and Reid, 1983).

The Southern Ocean has been relatively unstudied compared to other

regions and direct observations have been limited. However, recently there has

been a renewed interest in this region because of its potential role as a carbon sink

and importance in global heat budgets (Knox and McElroy, 1984; Martin et al.,

1990). The key biological elements in the carbon cycle of the Southern Ocean are

the phytoplankton. Phytoplankton are the base of the food chain and determine

ecosystem diversity, fish biomass and carbon uptake by the oceans. For this reason

researchers are interested in phytoplankton bloom dynamics and how blooms are

influenced by physical forcing and climate in the Southern Ocean. Polar regions

are also areas that experience the largest changes during climate shifts, which

makes understanding the biological response to such large-scale events essential to

gain insight into the effects of global warming on the world oceans (Knox and

McElroy, 1984; Martin et al., 1990). The interrelatedness of the physical

environment, primary productivity and CO2 exchange with the atmosphere

emphasizes the links between the biogeochemical processes and mesoscale

dynamics in the Southern Ocean.

The most prominent feature in the Southern Ocean is the zonally banded

ACC (Orsi et al., 1995). Driven by strong westerly winds located between 45° and

55° 5, the ACC flows eastward and extends around the globe. The ACC flows at a

rate of 50 cm s' in the surface layer and transports 130-140 Sv (Orsi et al., 1995;



5

Barth et al., 2001). To the north of the ACC is the Subtropical Front, identifiable

by the meridional gradient of water temperature and salinity between the polar and

subtropical regions. These strong isopycnals set up two major fronts in the

Southern Ocean; the SubAntarctic and Polar Fronts (Orsi et al., 1995). Combined,

they create the four identified zones: the Subarctic, Polar Frontal, Antarctic and

Continental zones (Orsi et al., 1995).

Bottom topography influences current flow and intensity throughout the

entire Southern Ocean region due to weak stratification. The ACC is unobstructed

by continental land masses, which allows the current to penetrate deeper into the

water column. As a result, topographic features on the ocean floor will be "felt

and effect flow at the surface (Moore, 1999). The topography also directs flow by

constraining the ACC along ridges and valleys, resulting in a meandering current

that forms a number of eddies along the jet. As a result, these small-scale

influences have large-scale effects on water flow and variability.

The Southern Ocean has lower than expected production rates based on the

excess macronutrients available for uptake and use by phytoplankton (Treguer and

Jacques, 1992; Boyd et al., 1995; Nelson et al., 2001). Classified as a High

Nutrient Low Chlorophyll (HNLC) and low Silicate region, phytoplankton blooms

in the Southern Ocean typically occur in three main areas: fronts, shallow areas

near coasts and on the shelf near the ice edge (Martin et al., 1990; Nelson and

Treguer, 1992). It is hypothesized that iron limitation is inhibiting diatom growth;

however, low light levels and grazing impacts may also be responsible. A series of



cruises in recent years has investigated this problem by studying additions of Fe to

the system (Soiree, SoFex). Preliminary results suggest that Fe enhancement does

increase biomass but that the system is complicated by the interacting effects of

nutrients and light (Sunda and Huntsman, 1997; Boyd et al., 2000). Thus, much

remains unknown about the processes controlling primary production in the

Southern Ocean.

Many of the biogeochemical process influencing phytoplankton growth and

production are associated with strong meanders in the PF. Biological distributions

are affected by regions of upwe!ling and downwelling, which are associated with a

meandering front (Olson et al., 1994). Photosynthetic capability is affected by

nutrient input and light availability; two variables altered by shifting dynamics

within a meander (Lohrenz ez' al., 1993). Oftentimes, increased biomass is located

poleward of the meander, as observed by Barth et al. (2001) as part of the US

JGOFS survey and Pollard et al. (1995) in the Atlantic sector of the Southern

Ocean. Cross-frontal circulation, induced by eddy formation as a result of

meandering fronts, also exchanges nutrients across a front, thereby increasing the

availability of nutrients to phytoplankton (Bower and Rossby, 1989). These

patterns are consistent for other frontal regions, including the Gulf Stream and

California Current System.

Phytoplankton species size and composition varies between the productive

and non-productive waters surrounding the PF. North of the PF small

picophytoplankton and unidentified prymnesiophytes are the prevalent species,
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creating an environment typifying a "microbial ioop" where organic material is

recycled in the water column. Grazers of these small species are able to maintain

reproduction rates and control phytoplankton biomass (Brown and Landry, 2001).

In contrast, to the south of the PF the region is dominated by large-celled diatoms,

mainly Chaetoceros, which transport organic material out of the euphotic zone at a

high rate (Brown and Landry, 2001). Control by grazers is not nearly as intense

because of the longer reproduction times of copepods and their patchy distribution

(Brown and Landry, 2001).

Sediments in the PF zone contain relatively high amounts of opal compared

to the amount of organic material (Brzezinski et al., 2001). Although the complete

transport pathway of organic carbon from the surface to the bottom is not fully

understood, phytoplankton blooms are known to make an important contribution to

the overall vertical flux of carbon matter. The physical dynamics that select for

phytoplankton species, in particular diatoms, influences both the vertical transport

rate and amount of organic matter reaching the sediment (Mark Abbott, pers.

comm.).

Two of the US JGOFS cruises to the PF region conducted high-resolution

spatial surveys of the physical and biological properties along the PF (e.g. Barth et

al., 2001). The resulting data provided the opportunity to examine the cross-frontal

spatial relationship between the physical characteristics of the PF (e.g. temperature

gradient, dynamic height gradient) and the distribution of biological characteristics

(e.g. phytoplankton biomass). In Chapter 2 I outline the survey site in the Southern



Ocean and describe the physical and biological environment along 170°W. I then

discuss the general relationship between the physics and biology across the PF,

followed by a quantitative analysis of physical/biological separation using cross-

correlation analysis. I will also present data describing the spatial and temporal

evolution of the physical/biological relationship and I will hypothesize about what

drives the observed changes. General conclusions will be presented in chapter 3.



CHAPTER 2

SPATIAL STRUCTURE OF THE PHYSICAL AND BIOLOGICAL
DISTRIBUTIONS ACROSS THE ANTARCTIC POLAR FRONT IN

AUSTRAL SPRING AND SUMMER

Cidney Howard
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INTRODUCTION

Physical processes create the conditions for many important biological

processes (Strass, 1992; Pollard et al., 1995). Fronts are mesoscale (1-100 km)

features where physics influence biological abundance and distribution by

controlling changes in water temperature, salinity, density and mixed layer depth

(ML). By acting on timescales longer than those needed by phytoplankton to

double (-1 day, Pollard, 1995) fronts have the potential to create mesoscale patches

of increased chlorophyll accumulation (Strass, 1992). Studying these frontal

systems that are centers of biological and ecological diversity provides insight into

the effects of physical forcing which may be relevant on a regional as well as a

global scale (Claustre et al., 1994)

Defined as narrow, high-gradient regions (Mann and Lazier, 1996), fronts

often display increased biological activity (Pingree, 1975). Fronts are found in a

number of diverse locations and can be associated with a variety of physical and

geographical phenomena including tides and shelf breaks, river plumes, western

boundary currents and regions of convergence and divergence (Mann and Lazier,

1996). The PF is a defined as an open ocean front and, in contrast to other fronts, is

controlled solely by a balance between the Coriolis force and pressure gradient,

defined as geostrophic balance (Pingree, 1975; Claustre et al., 1994).

Located at 60°S in the Pacific sector of the Southern Ocean, the PF is where

Antarctic surface waters and Subantartic intermediate waters converge and
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downwell. Ekman flow is to the left of the wind in the southern hemisphere which

causes the sea-surface to slope down towards the Antarctic continent. This sets up

a geostrophic current to the east from surface to depth. Flow at the surface is

driven by wind and Coriolis effect which leads to northward flow and a region of

convergence at the strongest point in the ACC, the PF (Bower and Rossby, 1989;

Dewey at al., 1991). The PF is a dynamic feature that is known to meander,

creating a number of eddies (Mackintosh, 1946; Joyce et al., 1978). The result is

significant horizontal and vertical motion along the PF that exchanges nutrient-poor

water for more nutrient-rich water from below (Moore et al., 1999).

The Polar Front was surveyed by the British near 85°W in the

Bellingshausen Sea in the early 90's (Pollard et al., 1992; Read et al., 1995; Turner,

1995). Researchers observed regions of increased chlorophyll south of the front

that was initiated under open water conditions, suggestive of upwelled water.

Photosynthetic characteristics of phytoplankton in this region indicated cells were

adapted to a low light level regime. Previous research also described the PF as a

feature influenced by topographic features that constrain and direct flow. Regional

differences have been observed in the meander structure and intensity, especially

between seasons. The PF is thus believed to be a dynamic feature whose position

alters with the time of the year and location around the globe.

Meanders are important physical features that create localized areas of

upwelling and downwelling on scales of 10-100 km along the PF. Upwelling

brings nutrients to the surface and increases light availability to phytoplankton deep
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in the water column. Nutrients are also brought to the surface as enhanced mixing

along outcropping isopycnals. Secondary cross-frontal circulation increases

production by reducing mixed layer depth and transferring nutrients across the front.

Physical circulation affects biological and chemical distributions in a

number of ways (Pollard et al., 1995). Horizontal shear increases cross-front

gradients through differential advection of properties along a front. Vertical

velocities affect primary production by influencing nutrient availability and light

availability. As a consequence, biological structure appears to be related to the

physics by horizontal and vertical processes (Pollard et al., 1995).

Recent studies using data derived from satellite imagery describing the

position of the PF around Antarctica revealed intensification of meandering and

mesoscale variability associated with bathymetric features (Moore, 1999).

Increased mesoscale variability was positively correlated with changes in cross-

frontal temperature gradients and the width of the PF. Gradient strength is an

indication of vertical shear within the PF and baroclinic instabilities tend to

increase in areas of enhanced shear, as evident in satellite images (Johannessen et

al., 1987). The frequency of warm and cold core rings also increased at the PP near

large topographic features (Moore, 1999).

Seasonal variability in the properties of the PF was much smaller than the

variability associated with spatial distribution (Moore, 1999). The mean PF width

was wide and the cross-front temperature gradient strong during the spring and the

PF width was narrow and the temperature gradient weak during the fall. On
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average, meandering intensity decreased during the winter and spring. It is

important to remember that these are seven-year composite images that do not

always capture the inter-annual variability associated with the front. Also, satellite

images are not able to resolve the small-scale features of the PF (9 km resolution)

but are able to determine regional patterns.

Physical processes in the marine environment typically affect

phytoplankton by varying light and nutrient availability. Previous studies of frontal

regions were limited by adequate time and spatial resolution which did not fully

reveal the small-scale features of fronts. Only recently have instrumentation and

sampling platforms been developed to quantify fronts on a 'quasi-synoptic' time

scale with adequate spatial resolution. As part of the US JGOFS study, the towed,

undulating vehicle SeaSoar was used to investigate the mesoscale features of the

Polar Front (PF) in the Pacific sector of the Southern Ocean. The observations

made by Barth et al. (2001) with this instrumented vehicle suggested that upstream

upwelling events created regions of increased biomass along the PF. The discovery

of 10-20 km wide filaments within the horizontally flowing Antarctic Circumpolar

Current (ACC) raised new questions about the importance of physical-biological

interactions in the Southern Ocean and the extent to which these interactions

control biological distributions and abundance near the PF.

In this study, I have focused on these critical physical/biological

interactions by examining and quantifying the spatial and temporal patterns of bio-

optical indices during the initiation of spring bloom and summer conditions at the
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PF. Using cross-correlation analysis it is possible to determine the spatial

relationship between the physical and biological expression of the PF. Insight into

the distribution of physical and biological patterns may provide the link to

understanding phytoplankton growth and physiology in the Southern Ocean.

MATERIAL AND METHODS

Physical and bio-optical data were collected as part of the U.S. JGOFS

(Joint Global Ocean Flux Study) Southern Ocean study of the Antarctic Polar Front

(PF) along 170°W (Fig. 2.1). Surveys of the region were conducted in the austral

spring of 1997 and austral summer of 1998 aboard the R/V Roger Revelle. Survey

I and II covered an area 200 by 150 km (Survey I, Mapi, Nov 7-12; Map 2, Nov

15-19, Survey II, Map 1, Jan 20-25, Map 2, Jan 29-Feb 3). Orthogonal crossings of

the PF were made using SeaSoar, a rapidly towed profiling instrument that provides

highly resolved, 'quasi-synoptic' spatial profiles (Fig. 2.2). The SeaSoar cycles

from the surface to 350 m every 8-10 minutes, providing spatial resolution of 2.5

km between surface points and 1.25 km at mid-depth. During both surveys the

SeaSoar was equipped with a Sea-Bird 9/11 conductivity-temperature-depth (CTD),

a nine-wavelength light absorption and attenuation meter (ac-9, WETLabs), two

FlashPak fluorometers (WETLabs), an Optical Plankton Counter (OPC) and a PAR

sensor. Details of data collection are described in Barth and Bogucki (2000) and

Barth et al. (2001).
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Figure 2.1: Location of the AESOPS cruises to the 1700 W line southeast of New
Zealand. Cruisetracks are in red and vary slightly between the different cruises,
particularly in the southward extent. Red box indicates the location of the
mesoscale surveys, investigating details of the Polar Front (PF). The approximate
position of the PF and the Southern Antarctic Circumpolar Current Front (SACCF)
are indicated with a blue line.
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Figure 2.2: Photo of the SeaSoar sampling platform equipped with a CTD, an ac-9,
two FlashPak fluorometers, and OPC and a PAR sensor.
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Salinity, temperature and pressure data were obtained from the CTD data

(Fig 2.3A,B). These measurements were used to estimate the geopotential anomaly

relative to 275 dbar. The position of the PF was determined by Barth et al. (2001)

based on the geopotential anomaly equal to 1.85 m2s2. (1.83 m2s2 during Survey

II). Mixed layer depth, defined as the depth where is 0.01-0.015 kg m3 greater

than its surface value, is used to estimate the region of active mixing (Brainerd and

Gregg, 1995). The width of the PF was approximated by taking the first derivative

of the geopotential anomaly and using the location where the gradient passed

through -0.01 to estimate the northern and southern edges of the PF. These

estimates were supplemented with differenced temperature and ADCP data. The

presence of phytoplankton biomass filaments within the PF during Survey I (Map 1,

lines 7-8) made it difficult to interpret frontal boundaries on some lines. For these

lines a linear extrapolation to the 0.01 crossing was necessary and was

supplemented with temperature and ADCP data to estimate the frontal width.

Transect lengths were insufficient to estimate PF width for lines 9-17 in Survey I

and line 1 in Survey II.

Current velocity profiles were obtained with a 150 kllz ADCP instrument

mounted on the hull of the RIV Roger Revelle. Streamfunction values were derived

using methods discussed in Barth et al. (2001).

Phytoplankton chlorophyll was estimated using two FlashPak fluorometers

calibrated with extracted chlorophyll pigments. Both fluorometers measured

chlorophyll fluorescence at 685 nm but used different excitation wavelengths. One
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FlashPak used blue excitation (440 nm) while the other used green excitation (490

nm). During Survey I, chlorophyll estimates using the "blue" FlashPak were used.

Unfortunately, an electronic failure during survey II rendered the "blue" FlashPak

data unusable. Instead, the "green" FlashPak was used to estimate chlorophyll

abundance during the austral summer survey. A low-pass Hanning filter was

applied to the "green" FlashPak data to remove high frequency noise. Further

processing of the FlashPak data is discussed in Barth et al. (2001).

The ac-9 instrument measures the absorption (a(?)) and attenuation (cO)) of

light at nine wavelengths (412, 440, 488, 510, 532, 560, 650, 676, 715 nm).

Estimates of chlorophyll using the ac-9 spectrum were obtained by using the

relationship shown below:

Chiabs = (apg(676)-O.S *(apg(650)+apg(7 15)))! a*676

where a* is the chlorophyll-specific absorption coefficient. For this study a*676 was

assumed to be 0.017, a value within the range obtained for Antarctic phytoplankton

(Moison and Mitchell, 1999).

In order to determine how the physical features of the PF are influencing

chlorophyll distribution in the Southern Ocean, I focused on the 50 m depth

interval that Barth et al. (2001) used in their analysis. As shown by Barth et al.

(2001), SeaSoar transects across the PF yielded detailed sections of physical and

biological properties. For example, line 1 of Map 1 (Fig 2.4A,B) extended 196 km

and represents the equivalent of 100 consecutive CTD casts (see Fig 2.3) along

17 1.9° W. From these sections we extracted data from 45-55 m and calculated a
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50 m mean value for all parameters. Degrees of latitude for these data points were

converted to km and the data were interpolated at 2 km intervals to ensure adequate

spatial resolution between successive SeaSoar cycles.

A 5-point moving average filter was then applied to the data to remove

smaller scale horizontal variability. A linear trend, estimated from regression, was

also removed from the data. This procedure removes large-scale gradients while

retaining major features of interest, such as the PF. In order to compare the spatial

trends of temperature, salinity, chlorophyll and mixed layer depth on similar scales,

each variable was then scaled to its absolute maximum value.

A cross-correlation technique was used to determine the spatial relationship

between the physical and biological variables. Cross-correlation can be used to

identify the spatial lag that maximizes the correlation between the explanatory and

target variable, assuming that the target variable responds to some event that

occurred previously (Legendre and Legendre, 1998). Spatial lags were calculated

between chlorophyll (determined from ac-9 and fluorescence techniques) and

temperature, salinity and mixed layer depth. Due to compensation effects from

salinity and temperature no correlation was calculated between chlorophyll and

density. Based on trends in the temperature and salinity with chlorophyll, a

negative correlation was found to best describe the relationship. A positive

correlation was observed for chlorophyll with mixed layer depth. Maximum

correlation coefficients and spatial lags were obtained for lines 1-3, 7-9 and 13-17

during Survey I and all lines during Survey II. Lines 4-6 and 10-12 of Survey I
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were omitted based on non-orthogonal crossings of the PF and line 18 due to

insufficient record length. Results of the cross-correlation analysis were compared

to results obtained using a least-squares approach. The least-squares method,

described by Legendre and Legendre (1998), determines correlation by maximizing

the difference between the physical and biological characteristics. This approach is

less rigorous than the cross-correlation technique but can serve as an additional test

of correlation.

As a check of the validity of the cross-correlation and least-squares

approaches, a spatial lag was also determined based on the position of the

minimum in temperature and salinity with a maximum in chlorophyll. This

technique was applied to the raw and averaged data and was determined to be the

most accurate approach based on the assumptions necessary to calculate the cross-

correlation and least-squares values (Dr. D. Chelton, pers. comm.). One of the

assumptions inherent in these two techniques is a sufficient number of samples.

Unfortunately, some of the transects (Survey I, lines 7-9, 13-17) were not long

enough for this cross-correlation analysis. Therefore, it was necessary to rely on

the position of maximum and minimum values near the PF to determine the

separation between physical and biological features. This method was compared

for lines 1-3 which were sufficiently long to apply the cross-correlation technique

and the results appear to agree well with the cross-correlation and least-squares

approach. Additional assumptions for cross-correlation are 1) data are random

variables having a normal distribution, 2) for each variable, x, the predicted value,
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y, is linear and has the distribution whose mean is a + 3x, 3) the cross correlation

value, P(t0, t0+1), at any time, t, is bounded between 1 and +1, 4) sample

observations are independent and 5) there is a finite record length and discrete

sampling impose limitations on information about infinite, continuous processes

extracted from the data (Dudley Chelton, pers. comm., Freund and Simon, 1994).

One additional technique was used to compare the spatial separation of

chlorophyll from the PF. This method involved calculating the distance between

the PF, as defined by the geopotential anomaly, and the position of maximum

chlorophyll. For all spatial comparisons the effective degrees of freedom, N*, was

calculated and used to determine the 95% confidence level for each variable of the

transect (Chelton et al., 1983).

RESULTS

During the US JGOFS Survey I, Barth et al. (2001) described a possible

relationship between the physical dynamics and the location of increased biomass

along the axis of the PF. Frontal instabilities have been shown to contribute to

cross-frontal exchange of water and nutrients and result in dense aggregations of

phytoplankton (Pingree et al., 1975; Pingree et al., 1978). This suggests that the PF

could be influencing the position of chlorophyll along 1700W through meander-

driven processes. In order to test this hypothesis, a simple approach was sought

that provides information on how the physical front is related to the location of
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chlorophyll along the PF. Cross-correlation analysis provides a straight-forward

approach to determine the similarity in the physics and biology over a range of

spatial separations. The goal of this procedure was 1) to determine if there was a

spatial relationship between the physical expression of the PF and the distribution

of biological properties and 2) to assess how this relationship changed along the

front and between seasons.

Survey I

The austral spring Survey I, Map 1 reveals a PF characterized by a sharp

transition from warm, high-salinity water north of the front to colder, lower-salinity

water south of the front. Temperature and salinity have similar spatial patterns (Fig.

2.5A,B) and agree well with the position of the PF, as indicated by the geopotential

anomaly and streamfunction data (Table 2.1). Temperature and salinity were 2°C,

33.95, respectively, north of the front and -1.6° C, 33.85 south of the front. The

physical properties depict a meandering front; lines 1-3 bisect the anticyclonic

portion of the PF between 171°-172° W and lines 7-9 pass through the cyclonic

meander as the PF begins to broaden at 170° W. Chlorophyll values ranged from

0.2 mg m3 north of the front to maximum values of 0.9 mg m3 within the PF.

Mt depths were relatively deep (> 150-200 m) throughout the entire survey region

but shoaled south of the PF (Fig. 2.5C,D). Regions of higher chlorophyll were

found in areas with deep and shallow ML, with no significant relationship between
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Table 2.1. Polar Front Location Based on Geopotential Anomaly and Stream
Function

SeaSoar
Activity Line

geopotential
anomalya

Latitude °S
stream

functionb

Survey I
Map 1 1 60.83 60.78

2 60.80 60.79
3 60.93 60.82
7 60.22 60.24
8 60.26 60.26
9 60.24 60.29

Map2 13 60.13 60.02
14 60.20 60.12
15 60.29 60.21
16 60.31 60.23
17 60.43 60.25
18 60.38 60.32

Survey II
Map 1 1 61.10 61.10

2 61.13 61.07
3 61.11 60.95
4 61.01 60.92
5 60.94 60.90
6 60.85 60.79
7 60.83 60.82

Map2 8 61.10 61.07
9 61.10 61.07
10 61.08 61.06
11 61.10 61.03
12 61.01 60.98
13 60.99 60.95
14 60.92 60.95

aDefined as the location where the geopotential anomaly at 51 m relative to
275 m is equal to 1.8 m2 s2.

bDefined as the location where the velocity stream function, derived from
shipboard ADCP measurements averaged over 50-100 m, is equal to -1.3 m2 2



chlorophyll and ML depth (Barth et al., 2001). Transect lines that were

approximately orthogonal to the PF were analyzed for spatial separation of

properties.

Survey I, Map 2 (lines 13-17) sampled a smaller area 7.5 days later but was

still contained within the cyclonic portion of the PF. As seen in Map 1, chlorophyll

values were higher south of the PF jet, however, the center of the highest biomass

feature was located westward of where it had been observed one week prior (Barth

et al., 2001). A more detailed discussion of PF geometry and the bio-optical

properties will be discussed later. Temperature and salinity values were of the

same magnitude as those in Map 1, averaging 2° C, 34 psu north of the front and

1.2°C, 33.85 psu south of the front (Fig. 2.6A,B). Chlorophyll values averaged

0.8 mg m3 and were consistently higher than the values observed in the western

portion of Map 1 (Fig. 2.6C). ML depths remained deep, averaging 125 m (Fig.

2.6D), and chlorophyll distributions remained uniform throughout the mixed layer.

Lines 1-3 - Located in the anticyclonic portion of the PF between 172° and

171°W, lines 1-3 displayed sharp horizontal gradients in temperature, density and

chlorophyll (Figs. 2.7,2.8). Changes in the physical features can be observed in

line I as temperature and density remained fairly constant between 60° and 60.8° S

with values of 2.9° C and 27.18 kg m3, respectively (Fig. 2.7A,B). The southern

horizontal temperature gradient near the PF coincided with the density gradient.

Temperature decreased from 2° to -1.1° C and density increased from 27.18 kgm3

to 27.22 kg m3 over 22 km between 60.9° and 6 1.1° S. Towards the southern end
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of the transect temperature and density rose slightly to 0° C, 27.24 kg m3 before

decreasing to 1.25° C, 27.22 kg m3. Similar changes occurred in the chlorophyll,

which remained low between 60° and 60.4° S, averaging 0.26 mg m3. Between

60.4° and 60.9°S chlorophyll steadily increased to 0.6 mg m3 then displayed a

sharp gradient, decreasing to 0.15 mg m3 over 34 km. Chlorophyll remained low

but then increased to 0.35 mg m3 between 62° and 61.5° S.

Similar patterns of sharp gradients and defined features observed in line 1

were also seen in line 3 (Fig. 2.8A,B). Temperature and density remained constant

with values of 1.7° C, 27.17 kg m3 from 60° to 61° S. The steep isopycnal and

isothermal slopes decreased from 60.1° to 6 1.1° S, dropping 2.62° C, 0.7 kg m3

over 20 km. From 61.1° to 61.5° 5 temperature and density were constant,

averaging 0.6° C, 27.35 kg m3, respectively. Similar patterns were observed in

the biological features. Chlorophyll remained relatively constant at 0.3 mg m3

between 60° and 60.8° S. From 68° to 69.9° 5 chlorophyll increased to 0.45 mgm3

where values once again remained constant.

The sharp horizontal gradients for lines 1-3 made it possible to estimate a

frontal width for these lines. Estimates for the range of the PF width, based on the

four physical data sources, agree well with one another and are listed in Table 2.2.

The PF width for lines 1-3 was fairly narrow; the width ranged from 40 km in the

west at line 1 and increased to 60 km in the east at line 3.

The similarity between lines 1-3 is evident when comparing the distinct

temperature mean and standard deviations between lines 1-3 and 7-9 (Fig. 2.9).
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Table 2.2. Polar front width based on geopotential anomaly and temperature
within 45-55 m depth interval.

SeaSoar PF range (°S) PF range (°S) PF range (°S)
Activity Line Diff Dynh width Temperature width Dynh width

Survey I
Map 1*

1 60.68-61.03 39 60.41-61.00 66 60.41-61.26 94
2 60.57-61.04 53 60.54-61.04 56 60.60-61.07 52
3 60.68-61.24 63 60.67-61.20 59 60.68-61.2 58

7 59.92-60.80 98 60.06-60.99 104 60.00-60.86 96
8 60.06-60.76 77 60.19-60.95 84 60.08-60.98 100

Survey
II
Map 1 1 60.53-61.34 90 60.47-61.31 93 60.51-61.33 91

2 60.39-61.33 105 60.53-61.42 99 60.33-61.33 112
3 60,32-61.46 128 60.27-61.40 126 60.37-61.46 121
4 60.17-61.37 133 60.13-61.32 133 60.12-61.44 147

5 60.25-61.53 143 60.22-61.38 130 60.18-61.53 150

6 60.31-61.44 125 60.25-61.36 124 60.34-61.38 115

7 60.13-61.35 135 60.12-61.29 130 60.16-61.29 126

Map 2 8 60.17-61.39 136 60.30-61.35 117 60.52-61.36 94
9 60.33-61.43 122 60.34-61.42 120 60.40-61.45 117
10 60.35-61.40 117 60.27-61.26 109 60.36-61.53 131

11 60.36-61.45 120 60.27-61.38 124 60.32-61.41 122

12 60.18-61.44 140 60.09-61.13 115 60.22-61.32 123

13 60.47-61.40 103 60.46-61.26 89 60.13-61.40 141

14 60.30-61.41 124 60.04-61.26 137 60.01-61.41 156

* Lines 9 and 13-17 have been omitted due to insufficient transect length necessary
to calculate the PF width.
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The mean temperature for lines 1-3 crosses the position of the PF near 00 C

whereas the mean for lines 7-9 is closer to 10 C. Despite differences in the mean

transect length for lines 1-3 and 7-9 both sets of lines capture the steepest gradients

in temperature. Based on these differences lines 1-3 were determined to be unique

from lines 7-9.

Treating lines 1-3 as a group, the average temperature, salinity, chlorophyll

and PF width values were used to define the mean physical and biological gradients

across the width of the PF. Temperature, salinity and chlorophyll values were

determined for the extreme frontal boundaries, based on the width of the PF. The

changes in these properties over the width of the PF was then calculated and used

to define the gradient for each variable. The mean AT, AS and AChI per km for

lines 1-3 were 0.043 °C km', -0.002 km' and +0.0015 mg m3 km' respectively

(Table 2.3).

Survey I revealed sharp gradients and a narrow PF in the anticyclonic

portion of the survey region. The cross-correlation analysis applied to lines 1-3

suggests the spatial separation between the physical and biological properties was

small, ranging from 6 to 8 km. The average separation for temperature and salinity

with chlorophyll was 7 (± 1) and 8 ( 0) km, respectively (Tables 2.4,2.5). The

alternative spatial techniques agreed well ( 4 km) with the cross-correlation

approach.

Lines 7-9, 13-17 - Lines 7-9 and 13-17 (Maps 1 and 2, respectively) were

contained within the eastward portion of the survey region, which crossed the
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Table 2.3. Gradients in temperature, salinity and chlorophyll across the PF
determined from the average PF width.

SeaSoar
Activity Line PF width AT/km

.t ± sd AS/km t ± sd AChl/km ji ± sd

Survey 1*

Map 1 1 66 0.036 0.043 ± 1.6e3 2e3 + 1.25 1.56 +
7.6e3 5.1e 1.26

2 54 0.051 2.6e3 2.4e3

3 60 0.041 1.9e3 2.05

7 99 0.032 0.036 + 1.35 1.46 ± 3.7e4 93554
±

5.76 2.1e4 8.0e4
8 87 0.040 1.6e3 1.55

Survey II
Map 1 1 91 0.02 1 0.023 ± 6.45 9754

±
6.86 5.5e4

2 105 0.018 5.3e4
3 125 0.024 5.36
4 138 0.025 4.3e4
5 141 0.032 3.9e4
6 121 0.031 1.65
7 130 0.038 1.0e3

Map2 8 116 0.018 7.96
9 120 0.018 6.96
10 119 0.021 1.6e3

11 122 0.016 1.5e3

12 126 0.016
13 115 0.018 1.6e3

14 140 0.019 1.5e3

* Lines 9 and 13-17 have been omitted due to insufficient transect length necessary
to calculate the PF width. Salinity data was unavailable to calculate gradients for
Survey II.



Table 2.4. Spatial separation between temperature and chlorophyll for Survey I, Maps 1 and2 based on cross-correlation analysis.

SeaSoar Line Spatial separation Correlation Spatial separation Spatial separation Spatial separation
activity Cross-correlation coefficient Max chi to mm temp Max chl to mm temp Least squares

Map 1 1 12 -02067 2 6 10
2 4 -05531 10 8 0
3 6 -0.5473 4 6 6
7 6 -0.4964 4 10 6
8 38 -0.4963 24 24 0
9 10 -0.4162 14 32 0

Map2 13 20 -05376 26 14 16
14 24 -08222 24 14 22
15 20 -0.8739 18 14 28
16 28 -0.8528 8 22 28
17 6 -06276 12 8 6



Table2.5. Spatial separationbetween salinity andchlorophyll for Surveyl, Maps 1 and 2 based on cross-correlation analysis.

SeaSoar Line # Spatial separation Correlation Spatial separation Spatial separation Spatial separation
activity Cross-correlation coefficient Max cM to miii sal Max chi to mm sal Least squares

Map 1 1 8 -0.2073 8 6 6
2 2 -0.4749 10 8 0
3 6 -04155 4 8 0
7 10 -0.4138 4 10 10
8 40 -0.7730 22 24 38
9 32 -0.5616 10 32 12

Map2 13 22 -0.5315 26 14 16
14 24 -0.8595 24 16 22
15 32 -0.8844 18 14 28
16 30 -0.8877 8 22 28
17 8 -0.6960 12 8 6



cyclonic portion of the PF. Horizontal gradients in the physical and biological

properties were weaker in the eastern portion (cyclonic) of the survey regions (lines

7-9, 13-17) then to the west (lines 1-3) in the anticyclonic regions (Fig. 2.10).

North of the PF at 60.1°S, temperature and density were 2.21°C, 27.13 kg m3,

respectively. Temperature steadily decreased as density increased from 60.1° to

60.5° S, changing 0.9° C and 0.08 kg m3 over 45 km. At 60.5° S, temperature

dropped to 00 C as density continued to increase to 27.22 kg m3. Both temperature

and density remained constant south of the front, averaging 0° C, 27.22 kg m3.

Chlorophyll decreased from 0.84mg m3 at 60.1° S to 0.34mg m3 at 60.2° S.

Values increased to 0.94 mg m3 at 60.3° S but quickly dropped to 0.66 mg m3 near

the front. Chlorophyll continued then rose to 1.09 mg m3 at 60.4° 5, followed by a

steady decrease to 0.5 mg m3 at 60.65° S.

The PF width was not calculated for lines 9 and 13-17 due to truncated

transects. However, lines 7 and 8 revealed a broader PF compared to lines 1-3 and

ranged from 80 to 105 km (Table 2.2). Line 7 averaged a frontal width of 100 km

and line 8 averaged 85 km. Lines 7-9 and 13-17 were grouped based on their

similar physical structure and variance (Fig. 2.11). The mean temperature for both

sets of lines cross the PF at 1.50 C and follow a similar decreasing trend south of the

front, despite different transect lengths.

In general, the gradients in temperature and salinity for the eastern portion

of Map 1 and Map 2 appeared to be weaker than they were in the western portion

of Map 1. Gradients for physical and biological properties across the PF were
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calculated for lines 7 and 8; average values for AT, AS and AChl per km were

0.036° C km', -0.0014 km' and +9.35x104 mg m3 km' respectively (Table 2.3).

While lines 1-3 revealed sharp gradients and a narrow PF, lines 7-9 and 13-

17 reveal a PF characterized by weaker gradients and a broad PF. Transect lengths

were shorter, however, complicating the application of cross-correlation analysis to

the data. As a consequence, we chose to use the alternative approaches to

determine the spatial separation between the physical and biological properties.

These approaches revealed that the distance between the physical and biological

features increased as the horizontal gradients weakened in the cyclonic bend of the

PF. The average distance between temperature and salinity with chlorophyll was

22 (± 11) km for lines 7-9 and 23 (± 9) km for lines 13-17 (Tables 2.4,2.5).

The results of the cross-correlation and alternate analyses for Survey I are

summarized in Tables 4 and 5 and displayed in Figure 2.12. During Map 1, the

distance between the physical and biological features was smallest, averaging 6 km

for lines 1- 3, which were located in the westernmost portion of the survey region

and crossed through the anticyclonic bend in the front. As the PF continued to

meander, lines 7-9 passed through the cyclonic bend of the PF in the eastern

portion of the survey region where the spatial separation between temperature and

salinity with chlorophyll increased to 22 km. This increase was still evident one

week later during Map 2 for lines 13-17, averaging 20 km separation between the

physical and biological features.
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Survey II

The austral summer survey revealed a PF characterized by warm, saline

water north of the front and cooler, less saline water to the south. Gradients in

temperature and salinity were not as strongly pronounced during Mapi as they

were during Survey I, which is reflected in the physical properties at 50 m (Fig.

2.13A,B). Temperature and salinity values had increased considerably from their

austral spring values, averaging 50 C, 33.9 psu north of the front and decreasing to

2° C, 33.7 psu south of the front. During Map 1, the PF tended to have a weaker

meander structure than seen in austral Chlorophyll values for Map 1 were, on

average, lower than those during Survey I, and biomass did not reach the maximum

values observed during the austral spring. During Map 1 chlorophyll values ranged

from 0.25 mg m3 north of the front to 0.6 mg m3 south of the front. ML depth was

much shallower (-60 m) throughout the entire survey region (Fig. 2.13C,D).

Unfortunately, salinity data for survey II, Maps 1 and 2 were of poor quality in the

upper mixed layer and were not used in the spatial separation calculations for

Survey II.

Survey II, Map 2 sampled the same area as Map 1 four days later. The

physical and biological features varied only slightly from the environment sampled

just days before. Again, water north of the PF tended to be warmer and saltier than

water to the south. Temperature and salinity displayed similar horizontal

variability (Fig. 2. 14A,B), which is also evident in the geopotential anomaly and
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Figure 2.14: (A,B) Survey II, Map 2 (Jan 29-Feb 3, 1998) maps of 45-55 m
averaged physical and biological properties showing the structure of the Polar Front
(PF). (A) temperature (°C) and (B) salinity. The black line indicates the center of
the PF jet determined from geopotential anomaly (Table 2.1). Data are depicted as
black dots. Individual lines are numbered.
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streamfunction data (Table 2.1). The temperature and salinity values north of the

front averaged 450 C, 33.9 psu and decreased south of the front to 2.5° C, 33.7 psu,

respectively. Chlorophyll ranged from 0.35 mg m3 north of the PF to 0.6 mg m3

south of the front. ML depth remained shallow at less than 60 m (Fig. 2.14C,D).

Lines 1-14 - The gradients in Survey II were weaker compared to those in

Survey I. An example of the weakened gradients in physical and biological

properties is shown in line 4 (Fig. 2.15). Temperature decreased and density

increased across the front, from 4.8° C, 26.8 kg m3 near 60° S to 3.66° C, 27 kg m3

at 61° S. A weak temperature gradient coincided with an increase in density at the

PF. Temperature decreased 2.5° C as density increased 0.2 kg m3 over 42 km

across the front. Chlorophyll was fairly constant from 60° to 60.6° S, averaging

0.25 mg m3, then increased to 0.28 j.tg F' at 6 1.1° 5. The gradient in chlorophyll

occurred over the next 34 km. reaching 0.34 mg m3 at 6 1.4° S. After this increase

in biomass, chlorophyll values decreased to 0.3 mg m3 south of the front.

The physical and biological features of line 12 further illustrate the

relaxation of horizontal meandering events during Survey II (Fig. 2.16). North of

the PF temperature and density averaged 4.4° C, 26.88 kg m3. From 60° to 60.8° S

temperature decreased to 3.84° C while density increased to 26.94 kg m3.

Horizontal temperature and density gradients occurred over the next 0.5° of latitude.

Temperature decreased 1.8° C as density increased to 26.98 kg m3 over 42 km.

This rapid decrease was followed by a slight decrease in temperature and density to

values of 2.05° C, 26.92 kg m3 at 6 1.44° 5. Chlorophyll had an inverse pattern
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compared to temperature, averaging 0.34 mg m3 from 60.1° to 60.7° S before

increasing to 5 mg m3 over 56 km. Chlorophyll values continued to increase as

high as 0.56 mg m3 at 61.44° S.

The width of the PF was estimated for all lines in Survey II except line 1.

The PF width remained broad for the austral summer survey, averaging 120 km,

and remained fairly consistent throughout the survey (Table 2.2). The four

physical estimates of frontal width agreed well with one another (± 14 km) for all

lines.

The gradients in temperature for lines 1-14 display similar features across

53

the front and were grouped based on their overlapping mean and standard deviation

values (Fig. 2.17). Both sets of lines cross the PF near 3° C and display nearly

identical gradients across the front. Despite some differences in individual lines, as

a group lines 1-14 have the lowest variability and were categorized together for

purposes of determining the mean gradients across the front.

The average width of the PF during the austral summer was 120 km, similar

to the values observed in the cyclonic portion of the Survey I study site. Average

temperature, chlorophyll and PF width values were used to define the frontal

gradients. Differences in the temperature and chlorophyll values at the frontal

boundaries were averaged for lines 1-14 and normalized to the frontal width. The

mean AT and AChl per km were 0.023°C kni' and +9x104 tg km

respectively (Table 2.3).
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Figure 2.17: Survey II, Maps 1 and 2 (Jan 20-25; Jan 29-Feb 3) mean (-) and
mean ± standard deviation (--) temperature (°C) for lines 1-7 (blue) and lines 8-14
(red).
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Survey II revealed weaker gradients in the physical and biological

properties when compared to Survey I. Interestingly, while the average spatial

separation between temperature and chlorophyll during the austral summer survey

was fairly short, averaging 6 (± 5) km (Table 2.6), there was no pattern of increase

or decrease in separation along the PF (Fig. 2.18). Nearly all of the correlation

coefficients for Survey II were significant, indicative of sufficient transect lengths

necessary to perform the cross-correlation analysis. Alternative approaches were

variable but were within range of the values obtained from cross-correlation (± 5)

(Table 2.6).

In summary, the results of the cross-correlation and alternate analyses for

Survey II revealed variable spatial separations that fit within the separations found

in Survey I (Table 2.4, Fig. 2.18). This variability in spatial separation between

temperature and chlorophyll was similar for Maps 1 and 2 during Survey II (Fig.

2.18). The seasonal comparison of the spatial separation between the physical and

biological features of the PF will be discussed in a later section.

DISCUSSION

Using SeaSoar, a mesoscale 'quasi-synoptic' survey of the PF near 170° W

examining the position of physical and biological features was conducted. Fronts

are known to enhance biomass in frontal regions, suggesting a link between the

physical manifestation of the front and areas of enhanced biomass. To test this

hypothesis, a simple approach was sought to determine if and how the physical



Table 2.6. Spatial separation between temperature and chlorophyll for Survey It, Maps 1 and 2based on cross-correlation analysis.

SeaSoar Line Spatial separation Correlation Spatial separation Spatial separation Spatial separation
activity Cross-correlation coefficient Max chi to mm temp Max chi to rain temp Least squares

Mapi 1 16 0.3113 12 38 12
2 6 -0.5992 2 0 0
3 14 0.8595* 14 12 12
4 0 0.8191* 6 4 0
5 6 0.7934* 6 2 2
6 2 _0.7351* 6 0 0
7 2 0.8537* 2 2 0

Map2 8 8 -0.8638 2 6 4
9 24 -06050 0 4 16
10 10 0.8103* 2 0 0
11 2 0.7930* 0 0 0

12 6 _0.9025* 0 6 0
13 8 -0.8107k 6 8 0
14 12 0.8750* 6 10 4
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environment of fronts influences the location and abundance of chlorophyll along

the axis of the PF. Cross-correlation analysis was used to determine if there was a

spatial relationship between the physical processes and the biological response at

the PF and how the physical and biological separation changed across the PF

during different physical regimes and between seasons.

The results of the cross-correlation analysis revealed that the separation

between the physical and biological properties changed along the axis of the PF. In

the western portion of Survey I the spatial separation was relatively small,

averaging 8 km, and coincided with the anticyclonic meander in the PF.

Conversely, in the eastern portion of the survey (Maps 1 and 2) the spatial

separation increased, averaging 20 km and was coincident with a cyclonic meander

of the PF. In contrast, the spatial separation was highly variable during Survey II

(austral summer). The curvature of the PF was much less pronounced (it lacked the

large meander structure observed during Survey I) and mixed layer depths were

significantly shallower during the austral summer survey.

One explanation for the observed differences in the along-axis changes in

spatial separation in Survey I was a change in the relative potential vorticity as the

front meandered from west to east. Typically, in an open ocean front the Coriolis

force and pressure gradient are not exactly balanced due to frictional losses

associated with the velocity field. This increases the pressure gradient relative to

the Coriolis force and creates additional flow perpendicular to the geostrophic flow.
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Since the water is incompressible, the horizontal flow is compensated with vertical

flow (Pollard and Regier, 1992).

Potential vorticity is the conservation of absolute vorticity, defined as the

sum of planetary and relative vorticity, relative to the depth of a vortex:

h

where f is defined as planetary vorticity, as relative vorticity and h as the depth of

a vortex (Pedlosky, 1987). In order to conserve potential vorticity, the absolute

vorticity and depth of the vortex must increase (decrease) in parallel. A schematic

of the theory of conservation of potential voriticity is depicted in Figure 2.19.

Assume a front is maintained by convergence. As water approaches the

front from the anticyclonic side, both the absolute vorticity and the distance

between isopycnals must decrease in order to conserve potential vorticity. The

surface water is unable to rise or fall thus upward vertical velocity results in the

waters immediately below. Similarly, downward vertical velocity occurs on the

cyclonic side of the front. This process creates a closed loop where water at the

surface crosses from the anticyclonic side of the front to the cyclonic side and is

returned at some deeper depth (Pollard and Regier, 1992).

In a survey of the PF conducted between 1° W and 12°E by Strass et al.

(2002) data were collected that support the hypothesis that increased primary

production is associated with mesoscale frontal dynamics. Their explanation for

increased biomass along the front identifies the conservation of potential vorticity
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Figure 2.19: (A) Confluence of water A into an area of increasing (decreasing)
vorticity on the cyclonic (anticyclonic) side of a front B causing the separation of
isopycnals to increase (decrease) C. Vertical circulation D is set up in the sense
shown (from Pollard and Regier, 1992). (B) Schematic of meander-induced
velocity: conservation of potential vorticity creates downwelling (upwelling)
upstream of cyclones (anticyclones) (from Holton, 1972).
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and cross-frontal mixing as principal components leading to increased

stratification and reduced ML depths during frontogenesis. The conservation of

potential vorticity predicts that upwelling will occur on the anticyclonic,

equatorward side of the PF as the absolute vorticity decreases and the distance

between isopycnals decreases. The resulting cross-frontal circulation will move

lighter, upwelled water to the poleward side of thefront. This process induces

stratification that creates shallow ML depths on the poleward side relative to the

other areas around the front. As the water mass moves, it will be exposed to

increased light levels that are presumably sufficient to increase the phytoplankton

production. This result is increased chlorophyll levels in the downwelling regions,

located at the southern side of the PF, that serve as the leading edge of frontal

meanders (Strass et al., 2002, Pollard et al., 1995, Pollard and Regier, 1990).

Vertical velocity can also result from horizontal meanders in the PF as a

result of curvature vorticity (Fig. 2.20). As the front meanders it alternates between

cyclonic and anticyclonic flow. In order to conserve potential vorticity, water

downwells (upwells) upstream of cyclonic (anticyclonic) curvature (Holton, 1972).

For the meandering front during the spring survey, downwelling is expected

upstream of the cyclonic bend near 170°W (Barth et al., 2001).

Differences in the spatial separation between the physical and biological

features of the PF observed during the austral spring survey are likely a result of

differential advection of water as the PF meandered. Meanders in the PF alter
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Figure 2.20: Histogram of mixed layer depth for Survey I (. Nov 7-19) and Survey
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upwelling and downwelling along the front, thereby changing the location and

abundance of increased chlorophyll. Anticyclonic meanders tend to induce

downwelling by converging water masses and decreasing the spatial separation

between the physical and biological properties of the front. Cyclonic meanders

tend to do the opposite, creating regions of upwelling that increase the separation

between the physics and biology of the PF. If the chlorophyll encountered during

Survey I originated upstream, meanders in the PF could affect its location and

abundance near the front.

Large amounts of relative vorticity are input into the water column as a

consequence of changing bathymetry and are dissipated through the water column

in the form of eddies and horizontal meanders. As a result, cross-frontal mixing

and vertical circulation can be induced (Strass et al., 2002). Cross-frontal mixing

could be important if different nutrients are limiting growth north and south of the

PF, such as the silicic acid gradient observed across the PF. Increased meanders

along the front potentially increase eddy mixing and upwelling events, which input

macro and micronutrients into the surface layer and improve the irradiance regime

for phytoplankton.

In addition to a change in spatial separation between regions in Map 1, the

width of the PF also varied along the front. In the western portion of the survey the

PF was tightly constrained and averaged 50 km. The eastern portion of the survey

region was much broader, averaging 100 km. The width of the PF also increased

from Survey Ito Survey II. The front averaged 120 km during the austral summer.



The increase in frontal width along the axis of the PF within Survey I was the result

of a change in meander flow shifting from anticyclonic to cyclonic flow from the

western to eastern portion of the survey region. The increase in PF width between

surveys I and II is most likely a result of increased water temperature, which

reduced surface gradients and increased the separation between the frontal

boundaries (Moore et al., 1999).

A seasonal difference in ML depth was also observed between Survey I and

II, which decreased from greater than 250 km during the austral spring to less than

60 km in the austral summer (Fig. 2.21). Increased stratification was a result of

increased solar heating, evident in the two-fold rise in temperature from November

to January. Phytoplankton growth and abundance depend on the interaction

between vertical light penetration and vertical mixing; changes in ML depth are

important in the Southern Ocean because of the extreme variability in light

availability (Sverdrup, 1953; Nelson and Smith, 1991; Campbell and Aarup, 1989).

Barth et al. (2001) determined that light limitation could have been possible for

areas where ML exceeded 200 m. However, light does not appear to be an

important factor limiting phytoplankton growth rates during the summer growing

season (Landry et al., 2002).

Although there was no correlation between ML depth and chlorophyll

during either survey, there was agreement between the location with maximum

chlorophyll and minimum ML depths in 10-15 km wide sections across the PF.

These sections also agree well with the east-west velocity structure of the PF.
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The PF meanders seasonally and therefore varies its width and curvature

throughout the year (Moore et al., 1997). While the PF was observed to meander

frequently during the austral spring survey, meander intensity was reduced during

the austral summer. As a result, the gradients in physical and biological properties

and frontal widths were very different between surveys. Cross-frontal circulation,

where light surface water overlays dense water, tends to cause shallow mixed

layers. In areas where phytoplankton production is limited by low light levels due

to deep ML depths, shallowing of ML depth can induce phytoplankton production.

Strass et al. (2002) point out that the effect of cross-frontal circulation is most

dramatic during the austral winter when ML depths are deep and are more likely to

be effected by an increase in stratification. As a consequence of reduced meanders

and decreased ML depths during the austral summer survey, a much more

consistent offset was observed in the spatial separation between the physical and

biological features along the PF. This suggests that meanders in the PF are

important for determining the separation between the physical and biological

properties as well as dictating the horizontal extent of the frontal boundaries.

Chlorophyll abundance versus ML depth display striking differences

between seasons (Fig. 2.20). The highest chlorophyll values occurred during the

austral spring when ML depth varied between 100-150 m. When ML depth

exceeded 150 m, chlorophyll values decreased rapidly. In contrast, chlorophyll

reached its highest values during the austral summer when ML depths were



consistently less than 60 m, but levels were not as high as during portions of the

austral spring survey.

CONCLUSION

Mesoscale quasi-synoptic surveys in the Pacific sector of the Southern

Ocean as part of the US JGOFS program provided high-resolution hydrographic

and bio-optical data. These data were used to study the correlation between the

physical and biological expression of the PF. During the austral spring survey, the

horizontal separation between the physical and biological properties (temperature,

salinity and chlorophyll) across the PF was small in the anticyclonic portion of the

frontal meander and increased in the cyclonic portion of the meander. In the austral

summer the horizontal separation between the physical and biological properties

was variable but fell within the range observed during the austral spring survey.

Increased chlorophyll concentrations south of the PF were observed during both the

austral spring and summer surveys.

Using geopotential anomaly and temperature data, the width of the PF was

estimated along the axis of the PF. During the austral spring survey the PF width

was narrow in the anticyclonic meander and widened in the cyclonic portion of the

meander. The increase in PF width from west to east corresponded to an increase

in the spatial separation between the physical and biological properties across the

PF. During the austral summer survey the width of the PF was relatively wide and



was similar to the width of the front in the cyclonic portion during the austral

spring survey.

Gradients in the physical and biological properties were determined using

the estimated width of the PF, In the austral spring, gradients in temperature,

salinity and chlorophyll were large in the anticyclonic meander of the front and

decreased in the cyclonic bend of the front. Gradients during the austral summer

were indistinguishable from the values observed in the cyclonic portion during the

austral spring survey.

Comparisons of ML depth during the austral spring and summer surveys

revealed a striking difference in the seasonal mixed layers (150-200 m during

austral spring versus <60 m during austral summer). Although no correlation was

found between ML depth and chlorophyll concentration, the link between ML

depth and stratification could be important for understanding the relationship

between horizontal meanders in the PF and areas of increased phytoplankton

biomass located south of the PF.

The relationship between the horizontal meander of the PF and the spatial

separation between the physical and biological expressions of the PF in austral

spring was evaluated. Ageostrophic vertical and cross-frontal circulation as a result

of changes in vorticity are two physical processes thought to induce stratification

south of the PF and thereby increase primary production and phytoplankton

biomass. These changes in vorticity also induce upwelling along the front that



could potentially bring limiting nutrients to the surface to be used by phytoplankton

to increase production and growth rates.

Insight into the separation between the physical and biological properties is

useful for understanding the complexities of phytoplankton growth and response

times to improved environmental conditions. These two high-resolution surveys of

the PF during austral spring and summer suggest that mesoscale meandering may

have an influence on biological processes in the Southern Ocean. However, these

surveys represent a limited view of the Southern Ocean. Future studies in this

region should include mesoscale investigations that cover large spatial areas to

adequately capture these physical and biological processes.
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In the previous chapter I examined the relationship between the physical

and biological expression of the PF during the austral spring and summer.

Differences in the spatial separation between the physical and biological features

(temperature, salinity and chlorophyll) of the PF in austral spring are likely a result

of frontal meanders. During the austral summer the spatial separation between the

physical and biological features was variable.

This study quantified the relationship between the physics and biology

along the PF with higher resolution than was possible in previous field studies. As

a result, this study provides new understanding about the complexity of the

physical-biological relationships in the Southern Ocean. Also, better understanding

about the controls on the biological processes was gained and applied to the PF.

Consistent with the findings of previous studies, my results suggest that

conditions necessary to initiate and maintain the spring bloom in the Southern

Ocean (meander-driven upwelling and cross-frontal circulation providing nutrients

to the system and increasing stratification) appear to vary throughout the growing

season. Additional research projects as part of the JGOFS program examined the

role of micronutrients, such as iron and silicate, grazing and species succession

across the PF. Although not conclusive, these studies suggest that iron could be

limiting along the PF. As a result, mechanisms that increase upwelling, and

therefore iron concentrations in surface waters, could stimulate growth (Measures

and Vink, 2001). A north-south gradient in species succession was observed as the

growing season progressed, suggesting silicate becomes limiting to diatoms north
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of the PF (Nelson et al., 2001). Grazing pressure was found to be important at the

PF despite poor spatial resolution (Landry et al., 2002). These results reinforce our

understanding of the Southern Ocean as a complex system and a number of factors

could be controlling phytoplankton growth and abundance in this region.

The high-resolution horizontal sections obtained with towed, undulating

instrument packages (e.g. SeaSoar) revealed considerable cross-frontal variability

in physical and biological parameters (Pollard et al., 1995; Barth et al., 2001). Of

particular interest are the extensive along-axis filaments of locally enhanced

phytoplankton biomass observed within the PF. Pollard et al. (1995) observed

increased chlorophyll levels confined to patches in 10 km bands south of the PF in

the Bellingshausen Sea despite deep mixed layers throughout the region. Similar

10-20 km wide filaments were observed by Barth et al. (2001) along 170° W.

The mechanism invoked for the formation of the filaments is differential

advection of water within the ACC. Horizontal shearing of the PF alters upwelled

water into banded features, creating filaments with unique properties distinct from

those on either side of the PR Additional observations by Cowles et al. (in review)

during the austral spring survey showed regions of increased chlorophyll in discrete

filaments along a specific density anomaly of 27.22 kg m3.

The presence of filaments along the PF stresses the need for high resolution

surveys in order to accurately quantify the contribution of these localized increases

in biomass to the overall productivity in the Southern Ocean. The temporal change

in the relationship between the position of the PF and phytoplankton biomass
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suggests that the position of the meandering PF is important for locating filaments

and understanding their creation and duration.

Future research along the PF should be aimed at better understanding the

links between the physical structure of the front and the areas of increased

chlorophyll along the front. Studies need to examine the extent of horizontal

meandering in the front necessary to induce a response from the biology. It is

essential to understand how the PF is directly influencing the biology in order to

determine what processes are limiting growth in the Southern Ocean. To

accomplish this, additional high-resolution surveys need to be conducted to reveal

these fine-scale features.

Meanders are large mesoscale features that are highly variable and can be

sampled on a number of different scales. Ship surveys and quasi-synoptic surveys

using the SeaSoar provide detailed views of meanders. Shipboard sampling is

essential to ground truth instruments and provides a way to sample the water

column with flow-thru systems and/or CTD casts. Sampling is limited spatially

and temporally by these techniques, however, the SeaSoar provides high horizontal

and vertical resolution in a shorter amount of time than is possible with sequential

CTD casts but is still limited by the time required to traverse a survey grid. On the

other hand, moorings can provide a long-term history of meanders but require a

large spatial array of instruments to resolve both the horizontal and vertical

meander structure. Unfortunately, the changing location of meanders can result in

intervals of "no data" that might be misinterpreted as "no meaners".
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Remote sensing satellite and drifter techniques provide spatial coverage that

more detailed approaches lack. Satellite altimetry data provide relatively high

resolution (-9 km) images of surface waters over a large area, but are often limited

to weekly, or several weekly, composite images. Cloud cover can further limit

adequate data collection. If sufficient cloud-free data is obtained, satellites provide

a time series survey of meander structure and evolution. Surface drifters provide

Eularian and Lagrangian approaches to studying meander structure that can map

spatial changes in flow over a long period of time. However, drifters are limited to

tracking relatively shallow fields, and many must be deployed to resolve the spatial

extent of meandering features.

The results of the cross-correlation analysis show that meanders change on

weekly and seasonal time scales. Related questions that arise as part of this

research, such as, 'What is the average meander size and what spatial scale is

adequate for characterizing meander structure and intensity?' need to be answered

for the seasons of the Southern Ocean. The Southern Ocean is a vast and isolated

region that requires a combination of sampling platforms including remote sensing

instruments such as satellites, moorings and drifters and SeaSoar surveys that

sample water masses across a range of temporal and spatial scales. Limited

sampling in previous studies led to underestimates of phytoplankton biomass in

many regions. These estimates can only be corrected with improved measurement

capabilities. Such efforts will ensure a more accurate description of the Southern
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Ocean that enables modeling efforts to better resolve sources of increased

chlorophyll along the PF.
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