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Abstract

This thesis describes the variability and mean flow of the Subantarctic Front

(SAF) south of Australia using time series measurements of velocity and

temperature from 1993 to 1995, and six hydrographic transects along WOCE

line SR3 from Tasmania to Antarctica over the period 1991 to 1996. The SAF

is the strongest jet of the Antarctic Circumpolar Current (ACC) south of

Australia. The time series of velocity and temperature are only the third such

dataset collected in the ACC and provide insight into the dynamics of this

massive current and into the heat and momentum balances of the Southern

Ocean.

The SAF was found to be an energetic, meandering jet with vertically coherent

fluctuations. These fluctuations varied on a timescale of 20 days, and had a

typical amplitude of 30 cm s−1 at 1150 dbar. The analysis used a coordinate

frame that rotated daily to be in alignment with the direction of flow. This

allowed the mesoscale variability of the SAF to be isolated from variability due

to meandering of the front and proved very successful for examining eddy

fluxes. Vertically averaged cross-stream eddy heat flux was 11.3 kW m−2

poleward and was significantly different from zero at the 95% confidence level

for fluctuations with periods between 2 and 90 days. Zonally integrated, this

eddy heat flux (=0.9×1015 W) is more than large enough to balance the heat

lost south of the Polar Front and is as large as cross-SAF fluxes found in Drake

Passage. Cross-stream eddy momentum fluxes were small and not significantly

different from zero but were tending to decelerate the mean flow. A relationship

between vertical motion and meander phase identified in the Gulf Stream was

found to hold for the SAF. Eddy kinetic energy levels were similar to those in

Drake Passage and southeast of New Zealand. Eddy potential energy was up to

an order of magnitude larger than at the other ACC sites, most likely because

meandering of the front is more common south of Australia. Baroclinic

conversion was found to be the dominant mechanism by which eddies grow

south of Australia. The typical time for the growth of an eddy is estimated to

be 30 days, approximately half that in Drake Passage. This is consistent with

observations from satellite altimetry which indicate that eddy energy is growing

rapidly downstream of the Australian measurement site, while the eddy field in

Drake Passage is mature.

Mean cross-stream profiles of absolute and baroclinic velocity in the SAF at five

current meter levels have been obtained from two streamwise profiling

techniques using specific volume anomaly at 780 dbar as the cross-stream

coordinate. One of the techniques, using hydrographic data to estimate the

baroclinic velocity profile, is presented for the first time. The mean SAF
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velocity profile is composed of one central peak, reaching 52 and 34 cm s−1 at

420 dbar, absolute and baroclinic respectively, and several smaller peaks. The

SAF flow is coherent at all levels, reaches the sea floor, and is at least 220 km

wide. The cross-stream structure of baroclinic and absolute transport of the

SAF has been characterized for the first time. The integrated mean transport is

at least 116±10 × 106 m3 s−1, of which approximately 14% is barotropic. The

linear conditions for baroclinic and barotropic instability are satisfied at the

array, consistent with the eddy growth rates calculated.
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CHAPTER 1

INTRODUCTION

1.1 The Antarctic Circumpolar Current

The Southern Ocean is the area of ocean bounded by the Subtropical Front

(STF) to the north and the Antarctic Continent (Fig. 1.1). The dominant

circulation feature of the Southern Ocean is the Antarctic Circumpolar Current

(ACC), a deep reaching current that carries an enormous volume of water

around Antarctica.

The ACC is composed of several fronts identified by strong eastward flow and

sharp horizontal gradients of water properties, which are the boundaries

between zones of weaker eastward flow and generally uniform water properties.

From north to south, the zones and fronts that have been shown to be

circumpolar in extent are the: Subantarctic Zone (SAZ), Subantarctic Front

(SAF), Polar Frontal Zone (PFZ), Polar Front (PF), Antarctic Zone (AZ),

southern ACC front (SF) and southern ACC zone (Orsi et al. 1995). The fronts

are drawn in Fig. 1.2, as are the northern and southern boundaries of the ACC

and the hydrographic sections used to establish circumpolarity of the fronts

(Orsi et al. 1995). The dramatic variations in latitude of each of the fronts is a

result of steering by topography and was an early indication that the ACC flow

extended to the sea floor.

The ACC is the largest of the world’s ocean currents, carrying on average

134 Sv (1 Sv=1×106 m3 s−1) of water through Drake Passage. Its massive

eastward flow is due to a combination of the strong westerly winds over the

Southern Ocean and the buoyancy forcing due to heating of the ocean at low

latitudes and cooling at high latitudes. These two forcing mechanisms produce

the equator-to-pole shoaling of the ocean density surfaces which causes the

eastward current.

The atmospheric pressure field over the Southern Ocean is determined by four

to five generally eastward-moving low pressure systems off the coast of

Antarctica and slower moving high pressure cells north of the SAF. The

resultant meridional pressure gradient drives a persistent, strong westerly wind

that imparts a zonally averaged stress of 0.2 N m−2 over the Southern Ocean.

The shoaling of density surfaces toward the south across the ACC was first
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Figure 1.1. Principal bathymetric features of the Southern Ocean with the lo-
cation of the Subtropical Front shown. Depths less than 3500 m are shaded.
Adapted from Orsi et al. (1995).
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Figure 1.2. Circumpolar distributions of the SAF, PF and southern ACC front;
the STF and southern boundary of the ACC are also shown as dashed lines. The
numbered transects refer to vertical sections on which transports and property
distributions were examined. From Orsi et al. (1995).
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noted to be step-like in nature by Deacon (1937), and indicated the banded

nature of the current flow. A vertical section of potential density across Drake

Passage during 1975 (Fig. 1.3) illustrates the sharp horizontal density gradients

of the fronts and the flattened isopycnals of the zones between. The locations of

the SAF, two branches of the PF and the southern ACC front based on the

property indicators of Orsi et al. (1995) are marked on Fig. 1.3.

The relative importance of, and connection between, the buoyancy and wind

forcing is a subject of debate. However, it is clear from modelling studies,

beginning with Munk and Palmén (1951), that the momentum added to the

ACC is in excess of that required to drive the current at its observed strength.

How the ACC’s excess momentum is dissipated is a key focus of studies on ACC

dynamics and is considered in detail in Section 3.4.

1.2 Importance of the ACC

The ACC is the main path connecting the world’s ocean basins, its immense

size enabling vast quantities of heat, salt, nutrients and other water properties

to be exchanged between the basins. The ACC’s interaction with the other

main circulation feature of the Southern Ocean, the meridional overturning

circulation, could also play a significant but as yet unquantified role in

maintaining the current global climate.

Figure 1.4 gives a schematic representation of the overturning circulation.

Antarctic Bottom Water (AABW) is formed on the Antarctic continental shelf,

sinks down the continental slope and flows north. The principal formation

mechanisms are extreme cooling, due to heat loss to the atmosphere, of warm

saline circumpolar water in regions where the shelf is narrow and the ACC

comes close to the coast (e.g. Adelie Land (Rintoul 1998)); and cooling

combined with an increase in salinity from brine rejection during sea-ice

formation (as in the Weddell and Ross Seas). Over-riding AABW is a

compensating southward and upward flow of saltier but less dense deep water.

On reaching the surface, this deep water forms two branches, one of which

supplies the high salinity water for AABW production. The second branch

flows north, is freshened by melting sea ice and precipitation, and descends near

the SAF to form low-salinity Antarctic Intermediate Water (AAIW) which

continues to flow north. Subantarctic Mode Water is identified as a high-oxygen,

vertically well-mixed layer, which is formed north of the SAF by deep

convection in winter. This two-dimensional view of the meridional circulation is

a zonally averaged view, and all of its features are not present at all longitudes.

The water properties associated with each water mass are readily identified in
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Figure 1.3. Density parameter σ0 above 1 km, σ2 between 1 and 3 km and σ4

below 3 km along Melville section II across Drake Passage. From Nowlin et al.
(1977). Locations of the SAF, PF and southern ACC front according to Orsi et
al. (1995) are marked.
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meridional property sections such as in Fig. 1.5 along WOCE line SR3

(Fig. 2.1). In contrast to the classical view of Fig. 1.3 from Drake Passage, the

fronts are not always clearly separated. Along SR3, Rintoul and Sokolov

(2000b) have identified two branches of both the SAF and the PF, with the

northern branch of the PF merging with the southern branch of the SAF. The

bowl of water with potential temperature greater then 8◦C marks the SAMW.

The low-salinity tongue penetrating north near 1000 dbar is AAIW. AABW is

the cold, low-salinity, high-oxygen water flowing down the Antarctic continental

slope, and includes all water with potential temperature less than 0◦C or

neutral density greater than 28.27 kg m−3. The deep waters are southward

penetrating tongues of water with low oxygen content (Upper Circumpolar

Deep Water) and high salinity (Lower Circumpolar Deep Water).

The meridional flow is much weaker than the flow of the ACC, and is

incorporated into the full-depth eastward flow, which hastens the zonal

distribution of the newly-formed water masses. That the properties of each

water mass are clearly distinguishable well north of the ACC is remarkable

given the strong vertical and horizontal shears within the ACC.

The meridional overturning circulation is the mechanism by which waters from

the interior of the world’s oceans reach the sea surface to replenish their oxygen

content. The newly formed, oxygen-rich Antarctic water masses sink and travel

equatorward, carrying oxygen into the ocean interior. This equatorward

movement of water is compensated by a poleward and upward movement of the

oxygen-depleted deep waters. Upon reaching the sea surface near Antarctica

these deep waters replenish their oxygen content and are converted to AABW

and AAIW, closing the meridional circulation. Meridional overturning is also

the mechanism by which global warming or cooling of the atmosphere is passed

on to the ocean. As the timescale for a complete overturning cycle is centuries

to millennia, the ocean is much slower than the atmosphere to respond to

climate change.

There is now evidence of changes to the properties of SAMW and AAIW

(Bindoff and Church 1992; Johnson and Orsi 1997; Wong et al. 1999), which is

consistent with warming and freshening at the locations where these water

masses are near the sea surface. We have as yet no understanding of the effect

changes due to global warming might have on the large-scale flow of the ACC or

on the distribution of properties within the ocean and their consequent feedback

to the atmosphere. Indeed, for the inhospitable and vast Southern Ocean there

are few in-situ measurements of current flow, and we have only a rough

understanding of the present state of the ACC, its variability and the processes

that control it.



Introduction 7

Figure 1.4. Schematic view of the meridional overturning circulation (Steve Rin-
toul, personal communication).
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Figure 1.5. Vertical property sections along WOCE line SR3 during September
1996: (a) potential temperature (◦C), (b) salinity, (c) oxygen (µmol kg−1), and
(d) neutral density (kg m−3). SB = southern boundary of the ACC, ASF =
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1.3 Earlier ACC Measurements

The one location where the ACC has been studied in detail is the Drake

Passage, the narrowest constriction through which the ACC must pass

(≈ 800 km wide). Measurements made primarily during the International

Southern Ocean Studies (ISOS) program during the 1970s and 1980s provided

the means for testing many ACC theories and establishing new ones. Among

the achievements: the mean and variability of ACC volume transport through

Drake Passage was established as 134±13 Sv (Whitworth 1983; Whitworth and

Peterson 1985); and estimates of heat and momentum exchange across the ACC

highlighted the important role that eddies play in ACC dynamics and in

Southern Ocean thermodynamics.

Unfortunately, the features of Drake Passage that made it so logistically

attractive for monitoring the ACC (narrow; all of the ACC passes through it)

meant that the observations were unlikely to be representative of the remainder

of the ACC. The two other ACC “choke-points” are approximately 2500 and

4000 km wide, south of Australia and Africa respectively, giving the ACC much

more freedom to move along most of its path.

Since the early 1900s, hydrographic surveys have been providing water property

distributions across all of the Southern Ocean. Orsi et al. (1995) compiled all

such observations up until 1990, producing a map of the paths of the three

circumpolar fronts and providing a clear definition of their water property

indicators and those of the southern boundary of the ACC. From the

hydrographic surveys, geostrophic transport across the meridional sections had

been estimated at many locations but, because the southern boundary had not

previously been well defined, these transports varied considerably with

longitude. Orsi et al (1995) showed that, with a consistent definition of the

Southern Boundary, the geostrophic transport of the ACC relative to 3000 dbar

from the pre-1990 sections is close to 100 Sv at all longitudes. The relative

contribution of the three fronts to this total transport does, however, vary with

longitude.

More recent high-density WOCE sections suggest that the variability of

geostrophic transport with longitude may be higher. Rintoul and Sokolov

(2000) used six repeats of the SR3 section to establish that the mean baroclinic

transport of the ACC near 143◦E is 147±10 Sv. The contribution to this

transport by each of the fronts is illustrated in Fig. 1.6. The SAF alone carries

105±7 Sv south of Australia, while two branches of the PF account for 27 Sv,

and the SF and Southern Boundary account for 32 Sv. To the north of the

ACC, south of Australia, there is an anticyclonic recirculation of Subantarctic

Zone water and a westward flow of Tasman Sea water; to the south, the
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Antarctic Slope Front carries 1.5±1 Sv westward. The strength and variability

of the ACC’s barotropic flow at any longitude is still unknown.

The ISOS measurements showed that eddies are likely to play a key role in

Southern Ocean dynamics and thermodynamics. Several studies sought to

identify the generation mechanism for these eddies. Bryden (1979), Fandry

(1979) and Wright (1981) established that the necessary condition for baroclinic

instability was met in Drake Passage. Baroclinic instability is the mechanism by

which potential energy stored in the mean density field (visible as the poleward

shoaling of density surfaces) is released to the eddy field. The alternative eddy

formation mechanism, barotropic instability, releases energy from the horizontal

shear in the mean velocity field to eddies via Reynolds stresses. Peterson et al.

(1982) showed that the necessary condition for barotropic instability was also

met in Drake Passage. However, estimates of baroclinic and barotropic energy

conversion rates showed that baroclinic conversion was the dominant

mechanism for eddy growth in Drake Passage with the barotropic conversion

two orders of magnitude weaker (Bryden 1979; Wright 1981).

De Szoeke and Levine (1981), using hydrographic data, developed a method for

determining the meridional flux of heat by the mean flow of the ACC and found

this to be zero (with a relatively large error). Thus, the poleward heat flux

required to balance the heat lost from the ocean to the atmosphere south of the

Polar Front could be accomplished either by eddies, or by deep boundary

currents of which no measurements yet exist. Current meter measurements in

Drake Passage (Bryden 1979) showed that eddy heat flux was large enough and

of the right sign to supply heat south of the Polar Front.

Interest in the ACC’s eddy field led to the deployment of a current meter array

southeast of New Zealand (Bryden and Heath 1985) in a region of high eddy

activity on the northern edge of the ACC. The main aim of the deployment was

to determine whether lateral momentum flux, in a region where the lateral flux

was expected to be large, could remove a large proportion of the excess

momentum from the mean flow of the ACC. The lateral flux was found to be

only 25% of that required to balance the wind stress. The focus of momentum

balance studies then shifted to interfacial form drag (Johnson and Bryden 1989)

as the sink. Interfacial form drag provides a mechanism for the vertical transfer

of momentum to the sea floor where drag over topography can provide the

dissipation required. The balance between wind stress and bottom form stress

was originally proposed by Munk and Palmén (1951). A circumpolar study

using satellite altimeter data (Morrow et al. 1994) subsequently showed that

lateral momentum flux is not a significant sink in the ACC’s momentum

balance anywhere along the path of the ACC.
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Figure 1.6. Schematic summary of the main circulation features on SR3. Num-
bers give top-to-bottom transports in Sv (mean ± 1 standard deviation). T
= Tasman outflow, R = recirculation, SAF = Subantarctic Front, PF = Polar
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What we know of the absolute velocity field and dynamics of the ACC has come

from the current meter deployments at only these two sites. Both sites are in

regions of high eddy activity in the vicinity of dramatic topographic

obstructions (the Macquarie Ridge and Campbell Plateau lie upstream of the

southeast of New Zealand array site), and are most likely not representative of

the majority of the ACC. The absolute velocity field has not been well sampled

even in Drake Passage. The current meter moorings deployed across the

passage for a year during 1975 were widely spaced and thus velocity fluctuations

were not coherent between moorings. Also current meter failures in the vicinity

of the SAF and PF meant that the strongest flows were often not sampled.

Absolute velocity estimates from hydrographic data referenced to direct velocity

measurements from current meters vary wildly depending on how the current

meter data is averaged. Consequently, the estimate of absolute transport

through Drake Passage of 134 Sv, determined from three hydrographic sections

referenced to one 3-week-average of current meter velocities, may have

considerably larger variability than the ±13 Sv cited (Whitworth 1983;

Whitworth and Peterson 1985).

An extensive review of the state of knowledge on ACC circulation and dynamics

was provided by Nowlin and Klinck (1986). A recent review describing advances

since this date may be found in Rintoul et al. (2000a).

1.4 New Measurements, New Techniques

Long-term current meter deployments at other longitudes in the ACC had long

been called for to establish the representativeness of the early observations and

to further examine the dynamics of the ACC. This became a reality in 1993

with the 2-year deployment of the AUSSAF (Australian Subantarctic Front)

current meter array south of Australia.

The AUSSAF array is located near 50.5◦S, 143◦E in the mean position of the

Subantarctic Front (SAF), which is the strongest jet of the ACC south of

Australia. The region is one of moderate eddy activity with eddy activity

increasing rapidly downstream of the array (Morrow et al. 1994). The intent of

this observation program was that the measurements would provide new

estimates of eddy fluxes across the ACC in a region dynamically very different

to those previously monitored, and possibly more representative of the majority

of the ACC. In addition, these fluxes and an examination of energetics at the

array would provide further insight into the dynamics controlling the mean flow

and eddy variability of the ACC.

Twenty years have passed since the first long-term current meter deployments
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in the ACC, and in that time significant advances have been made in the

analysis techniques for measurements from strong current systems. These have

come from the refinement of the early ACC analyses and extensive studies of

the Gulf Stream using current meter moorings. These techniques allow the

removal of mooring motion from the measurements and the calculation of

“cross-stream” eddy fluxes by the definition of a coordinate frame fixed to the

axis of the stream, rather than fixed to the earth. Both of these advances

significantly improve the estimation of eddy fluxes and the description of the

velocity field in general (Chapter 3). A third technique, streamwise profiling,

allows measurements of a meandering current across a small fixed array to be

transformed into a mean cross-stream profile of along-stream velocity in the

current. This type of averaging does not artificially weaken and broaden the

velocity field in the manner of a fixed coordinate average. In combination, these

techniques greatly increase what can be learnt from a current meter array of

relatively small spatial extent.

1.5 Aims of the Thesis

The principal aims of this thesis are:

• to describe the velocity and temperature fields of the SAF south of

Australia

• to calculate the eddy flux of heat across the SAF and determine the

implications of this result to the heat balance of the Southern Ocean

• to calculate the lateral and vertical eddy fluxes of momentum and

determine whether either of these contribute significantly to the

momentum balance of the ACC

• to explore the exchange of energy between the mean and eddy fields of

the ACC – if the mean flow is losing energy to the eddy field (this is

expected from maps of eddy variability obtained from satellite

altimetry), determine which instability mechanism is responsible and

the growth rate of the eddies

• to determine the mean cross-stream profiles of the along-stream velocity

in the SAF, the mean absolute transport of the SAF, and the relative

contributions of the baroclinic and barotropic flow

In addressing each of these aims, the intent is also to document the differences

between the ACC at the AUSSAF array and at the previously monitored

locations.
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1.6 Overview of the Thesis

This thesis describes what we have learnt from the recent set of observations

and what we can conclude from analysis of these data, and the earlier results, in

terms of the mechanisms that control the ACC. We begin with a detailed

description of the current meter measurements, including the extensive data

processing required to mould them into a dataset suitable for addressing the

above aims. A brief description of supporting data is also given. Chapter 3

describes the variability of the velocity and temperature fields, explores the role

of eddies in the heat and momentum balances of the Southern Ocean, and

examines the eddy–mean flow interactions in the SAF. In Chapter 4, streamwise

profiling techniques are described and employed to produce mean profiles of the

absolute and baroclinic velocity fields in the SAF. The cross-stream structure of

absolute and baroclinic volume transport in the SAF is examined for the first

time and the implications for the barotropic transport are discussed. Results

from the two previous chapters are brought together in the discussion of

Chapter 5, with a summary of the major conclusions. Finally in Chapter 6, an

outline of possible future analyses of the existing data is given, which this thesis

shows would greatly improve our understanding of the ACC.



CHAPTER 2

OBSERVATIONS

2.1 The AUSSAF Current Meter Array

2.1.1 Location The four current meter moorings comprising the

AUSSAF array were deployed near 50◦ 30’ S, 143◦ E during March 1993 and

were recovered in January 1995. Figure 2.1 shows the location of the mooring

array, with background shading of bathymetry (Smith and Sandwell 1994). The

contours are surface dynamic heights relative to 2000 m, calculated from the

Olbers et al. (1992) atlas. The array sits on the northern flank of the Southeast

Indian Ridge, just downstream of the point where the ridge, and the ACC, turn

southeastward, in approximately 3800 m of water. Maps of velocity variance

from satellite altimetry (Fig. 2.2, Morrow et al. 1994) show that the eddy

energy is moderate near the mooring site, but increases rapidly downstream

beyond the turn in the ridge. The AUSSAF array was preceded by a 1-year

deployment of a single mooring at the same location; these data are not

described in this thesis.

2.1.2 Array Design The AUSSAF moorings form the shape of a “T”,

oriented such that 3 moorings, called North, Central and South, run in a line

perpendicular to, and centred on the mean position of the SAF, determined

from climatology (Olbers et al. 1992). This main line, 70 km long, is coincident

with WOCE hydrographic section SR3, from Tasmania to Antarctica, which

was occupied 6 times between October 1991 and September 1996 (Rosenberg

et al. 1995b; Rosenberg et al. 1995a; Rosenberg et al. 1996; Rosenberg et al.

1997; Rintoul and Bullister 1999). The main line is also close to a high-density

XBT line between Tasmania and Antarctica which has been operated since 1991

(Rintoul et al. 1997). The fourth mooring, called West, was placed 50 km

upstream of the main line to allow for the determination of along-stream

gradients as well as cross-stream gradients. Figure 2.3 shows the position of

each mooring and bathymetry at the full ≈4 km resolution. The bathymetry

information available at the time of deployment indicated that the site chosen

for the array was relatively flat, with depths between 3500 m and 3800 m.

However during deployment, a seamount coming to within 2200 m of the sea

surface was found at the array site. The seamount is at the latitude of the West

mooring and is centred within the triangle made by West, Central and North.
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Figure 2.1. Location of the AUSSAF current meter array (blue circles) and the
WOCE SR3 hydrographic section (pink crosses), overlaid on shading of Smith
and Sandwell (1994) bathymetry (metres) and contours of 0-2000 dbar dynamic
height (dyn. m.) from Olbers et al. (1992). Box is expanded in Fig. 2.3.
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Figure 2.2. Velocity variance ellipses for the region southeast of Australia and
New Zealand from the time series of velocity components at Geosat crossover
points. Only variance ellipses above the estimated background noise level are
shown. Background noise ellipses are constant at each latitude, and are shown
on the right-hand side of the plot. Depths less than 3000 m are shaded. The
scale ellipse has a semimajor axis of 2000 cm2 s2, a semiminor axis of 500 cm2 s2,
and is rotated 90◦ from north. From Morrow et al. (1994)
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It may affect the local current flow, but these possible effects were not explored

in this study.

In total, 18 Aanderaa current meters were deployed: 5 each on West, South and

Central, and 3 on North. Eight of these were type RCM5S, ten were type

RCM8. Figure 2.4 shows the arrangement of instruments on each mooring and

the floats used to provide the required buoyancy. The moorings were designed

to have little reserve buoyancy so that the moorings would yield to a strong

current rather than break. The surface buoyancy on the South and West

moorings was provided by one 45” diameter syntactic foam float (≈410 kg

buoyancy), while that on Central and North was provided by a combination of

one 32” diameter syntactic foam float (≈130 kg) and 9×17” glass floats (≈23 kg

each). Below the surface floats, the arrangement of instruments and floats wes

almost identical on each mooring, except that the North mooring did not have

current meters at 300 and 600 m. One 45” foam float results in considerably

less drag than the 32” foam + 9×17” glass float combination. Thus, the South

and West moorings are likely to be less affected by mooring motion than

Central and North. Also shown in Fig. 2.4 is an acoustic release 10 m above the

1000 kg anchor weight on each mooring, and the water depth for each mooring.

All instruments measured temperature, current speed and current direction.

The instruments at 300 m and 3200 m on all moorings, and at 2000 m on the

Central mooring, also measured pressure. Additional pressure gauges at the

1000 m level on all moorings suffered extreme sensor drift during deployment,

rendering parts of these pressure records useless.

The sampling period for the 2000 m instruments and for the 600 m instrument

on South was 3 hours. All other instruments had a sampling period of 2 hours.

The data return rate was approximately 60%. Five of the instruments ran for

the full deployment period (23 months), 3 instruments returned no data at all

and the remainder returned records of varying length. Table 2.1 lists the

position, nominal depth and dates of operation of each instrument.
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Figure 2.3. Expanded view of the mooring array, bathymetry and dynamic to-
pography shown in Fig. 2.1, with mean velocity vectors from each current meter.
Strongest velocities correspond to shallowest instruments: 420 dbar on West,
Central and South, 1150 dbar on North. Mean velocities are full record length
except at West where the common length of 132 days is used so that the mean
rotation of horizontal velocity with depth is not distorted by averaging over dif-
ferent time periods. Mean velocity at West 1150 dbar is also shown for the full
record length (dashed vector) for comparison with other moorings.
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Figure 2.4. Position of current meters and floats on each mooring. Water depths
are shown at the bottom of each profile. Where 19” floats are indicated, these
should be marked as 17”.



Observations 21

Nominal Press. after Dates of Dates After % record
Depth MM Corr. Observations MM Correction filled by
(m) (dbar) MM Corr.

West (50◦33.19’S; 142◦42.49’E)
300 420 T: 18/3/93–25/1/95 19/3/93–25/1/95 0

u,v: 11/5/93–28/7/93 19/3/93–28/7/93 40
600 780 T: 18/3/93–25/1/95 19/3/93–25/1/95 0

u,v: 11/5/93–27/6/93 19/3/93–28/7/93 23
1000 1150 18/3/93–8/4/94 19/3/93–25/1/95 44
2000 2240 instrument failed 19/3/93–25/1/95 100
3200 3320 18/3/93–20/4/94 18/3/93–20/4/94 0

North (50◦24.95’S; 143◦31.97’E)
1000 1150 19/3/93–30/4/94 19/3/93–30/4/94 0
2000 2240 19/3/93–13/12/94 19/3/93–30/4/94 0
3200 3320 instrument failed no simulation 0

Central (50◦42.73’S; 143◦24.15’E)
300 420 22/7/93–24/1/95 19/3/93–24/1/95 18
600 780 18/3/93–21/7/93 19/3/93–24/1/95 81
1000 1150 18/3/93–23/4/94 19/3/93–24/1/95 41
2000 2240 18/3/93–24/1/95 19/3/93–24/1/95 0
3200 3320 instrument failed no simulation 0

South (51◦01.54’S; 143◦14.35’E)
300 420 18/3/93–12/5/94 18/3/93–12/5/94 0
600 780 18/3/93–25/1/95 18/3/93–12/5/94 0
1000 1150 T: 18/3/93–11/5/94 18/3/93–12/5/94 0

u,v: 18/3/93–11/5/94 18/3/93–12/5/94 28
2000 2240 18/3/93–28/5/94 18/3/93–12/5/94 0
3200 3320 18/3/93–4/5/94 18/3/93–4/5/94 0

Table 2.1. Position, nominal depth and dates of operation of each current meter.
Where dates of operation are different for velocity and temperature from the
same instrument, both are tabled. Also shown is the pressure level of the data
after mooring motion correction (or mean pressure for the two deepest levels).
Some gaps in the data are filled by the mooring motion correction scheme; the
percentage of each record thus filled is indicated.
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2.2 Current Meter Data Processing

2.2.1 Instrument Problems

Pressure Sensor Drift

Of the 15 current meters that recorded successfully, 10 had pressure sensors on

board and 9 of these recorded pressure time series with a long-term drift to

lower pressure. Drift in oceanographic pressure sensors is not uncommon. The

shape of the drift was different for each pressure sensor. In general, the deeper

the current meter, the worse the drift. The type of pressure sensor used in this

deployment was a silicon piezoresistive bridge, which is accurate to within 1% of

the range (6000 dbar in this deployment).

The observed pressure drifts are not physically plausible for two reasons: 1) the

heavy bottom weight (1000 kg) could not possibly float, and 2) the moorings

were recovered in their deployment positions and so could not have been

dragged to shallower waters by an external force.

An indication that the moorings were behaving in a physically sensible way is

that after a storm event (high speed and pressure increase) the pressure returns

to a local minimum value that forms a well-defined envelope when connected to

the local minima at other times in the record (Fig. 2.5). Since the instrument

does not change depth when the mooring is fully upright, the difference between

the pressure along the envelope, for a given time, and the pressure at the start

of the record is the pressure drift.

The main reason for measuring pressure is to have a record of the vertical

excursions experienced by each instrument on a mooring so that temperature

and velocity can be adjusted to be records of conditions at a constant depth

level. The mooring motion correction scheme we have used (Section 2.2.3)

requires only one pressure record on each mooring; pressures at other levels are

inferred from the known pressure using some predetermined relationship. Since

the pressure drift at 300 m is smaller than at other levels, we use this as the

principal pressure record. We need the deeper pressure records to determine an

empirical relationship to pressure at 300 m, and thus we attempt to remove the

drift from all pressure records.

A polynomial was fitted to the pressure observations subsampled at times of low

current speed (<30 cm s−1) when the mooring was upright (e. g. Fig. 2.5), and

then subtracted from the original data to form the corrected pressure. Table 2.2

lists the order of the polynomial fitted to each record. Several instruments

recorded a gradual increase in pressure followed by a sharp jump (e. g. Fig. 2.6);

polynomials were fitted to these in two parts. However, we subsequently found

that the second part of the records with 2-part drift were not reliable because
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Figure 2.5. West 300 m. Top: Pressure (dbar), horizontal lines mark times
when speed < 30 cm s−1, circles mark points on the minimum pressure envelope.
Bottom: Speed (cm s−1).
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they did not maintain the same vertical coherence in pressure as observed in the

earlier part of the record (where drift was minimal). Also, the sensitivity of the

pressure sensors diminished after the severe drift, with similar strength current

flows before and after the drift resulting in much smaller pressure excursions

after the drift. Because of these limitations in the second part of these pressure

records, these data were not used in the analysis. The remaining pressure

records were considered reliable and are listed in Table 2.3.

Time Offsets

At each mooring, large peaks and troughs in each observed field are almost in

phase at 300, 600, 1000 and 2000 m to within several hours. The 3200 m

records also have most of the same features observed at the shallower

instruments, but these are somewhat obscured by higher frequency motions,

probably due to bottom effects. The 300 m records on the Central mooring,

however, are out of phase with the deeper records by some 100 days.

The length of time between the deployment and recovery of this instrument is

693 days, but the period of data recorded on the tape is only 587 days. There is

no internal clock on these instruments, so sample times are determined by the

start time and sample period. As the full record contains measurements in air

both before deployment and after recovery, the shortfall in records must be due

to the instrument not recording for over 100 days, and then restarting. The

battery was still fully charged when the instrument was recovered.

The record was shifted forward 106 days so that the last sample was labelled

with the time that the last measurement would have been made. Following this

shift, the 300 m records of temperature and velocity after day 142 are highly

correlated and virtually in phase with the corresponding records at 1000 m. The

600 m record on Central ends at day 145. Prior to day 142, the temperature

and velocity records on this mooring have few large events to reliably determine

coherence levels, so we deleted the data before day 142 from the 300 m record.

The gaps in 300 m temperature and velocity before day 142 can be filled by

extrapolation using the mooring motion correction scheme since the 600 m and

1000 m records are both available for that period (see Section 2.2.3). However,

the 300 m pressure record must be complete for the mooring motion correction

scheme to be applied, since there is no pressure recorded at 600 m and the

1000 m pressure record stops at day 270. We therefore reconstruct the missing

300 m pressure values from 1000 m pressure using a simple three-step process:

1) determine the phase difference between the observed 300 m and 1000 m

pressure records where they overlap

2) determine the ratio of pressure change at 300 m to corresponding
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Figure 2.6. West 1000 m. Top: Observed pressure (dbar), with a two-part fit
to the envelope of minimum pressure. Bottom: Pressure after the drift has been
removed.
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Current Order of Pressure Increase Duration
Meter Polynomial (dbar) (days)

West
300 m 2 23 683

1000 m - part 1 2 141 129
1000 m - part 2 6 758 261

South
300 m 4 134 424

1000 m - part 1 4 237 258
1000 m - part 2 2 639 164

Central
300 m 1 5 575

1000 m - part 1 3 244 257
1000 m - part 2 4 565 147

2000 m – No Drift –

North
1000 m 3 222 411

Table 2.2. Order of polynomial used to fit the pressure drift envelope for each
record or part thereof. Italics indicate that “part 2” records were not reliable.

Mooring 300 m 1000 m 2000 m

West All 1–160 —
South All All —

Central All 1–270 All
North All 1–230 —

Table 2.3. Days of useful pressure records at each instrument that recorded
pressure.
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changes at 1000 m

3) simulate the missing 300 m pressure

The last two steps are somewhat iterative.

To determine the phase difference, a segment of the record was chosen that

included a large pressure change and many smaller, high frequency fluctuations:

days 210–260. Cross-correlations at various lags showed that 300 m pressure

leads 1000 m pressure by 2 hours.

The ratio of pressure change at 300 m to that at 1000 m was calculated for 8

large-scale pressure jumps between days 142 and 270 (Fig. 2.7). The ratio, R,

ranged from 1.14 to 1.27. For each value of R we simulated pressure at 300 m as

P300sim(t+ 2 hours) = P300 +
(
P1000(t) − P1000

)
×R (2.1)

where the overbar indicates a temporal mean over days 142 to 270. The final

value of R=1.23 was chosen as that which minimized the variance between the

observed and simulated pressures. Figure 2.8 shows a histogram of observed

minus simulated pressure for R=1.23. The roughly normal distribution has a

zero mean and a standard deviation of 9.9 dbar, indicating that the error in the

simulated pressures is comparable to the accuracy of the pressure sensor. The

top panel of Figure 2.9 shows how well the pressure at 300 m can be simulated

from that at 1000 m. In the bottom panel we show the complete pressure

records for the Central mooring, including the simulated pressures.
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Compass Failure

Measuring current direction at high latitudes, where there is a large vertical

component to the earth’s magnetic field, is problematic. At the mooring site the

inclination of the magnetic field is approximately 79◦.

The Aanderaa current meters used in this deployment, and commonly used

elsewhere, have a magnetic compass consisting of a free-floating needle

surrounded by an electric coil. To take a measurement of direction, a clamping

voltage is applied to the coil which causes the needle to tilt and make contact

with a potentiometer ring fastened to the lid of the compass. The

potentiometer reading is then converted to direction. If there is a strong

inclination to the earth’s magnetic field, the compass needle experiences a

vertical pull as the earth’s magnetic field attempts to bring the needle into

alignment. An inclination of 79◦ may be enough that the vertical pull on the

needle is sufficient to cause the needle to become stuck on the compass housing,

which may happen only for some orientations of the needle.

Irregularities in direction measurements from the West 300 m instrument

suggest that this has occurred at times during the deployment period. We

cannot verify that this is the cause of the problem, but it seems a logical reason

for the compass failure, particularly since some of the irregularities in direction

show up as the failure of small sections of the compass to be occupied.

The top panel of Fig. 2.10 shows direction at 300 m minus direction at 1000 m

on the West mooring. Before day 150, the directional difference is relatively

constant at around 30◦, similar to the differences between the 300 and 1000 m

directions at the South and Central moorings. After day 150, the difference

becomes large and erratic. We have confidence in the 1000 m directions because

they are in good agreement with 1000 m directions at South and Central. The

direction at 300 m on the West mooring is quite different to that at South and

Central after day 150. Thus we truncate the West 300 m direction record to the

first 150 days.

The lower panels of Fig. 2.10 show speed and temperature at 300 m and 1000 m

on West. These records show good coherence between the two levels, and no

obvious reason for the large direction difference after day 150. We retain the

complete speed and temperature records at 300 m on West.

Gaps in Speed Records

Occasionally, time series of speed from nearly all of the instruments are

interrupted by several values of 1.1 or 1.5 cm s−1, depending on the type of

instrument used. These values can persist for weeks, but are generally

short-lived. They are an indication that the current meter rotor has stalled and
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we have flagged the data as missing. There is no correlation between gaps in

the records of different instruments. The gaps were filled by the mooring

motion correction scheme (Section 2.2.3).

2.2.2 Removal of Tides As the focus of this study is mesoscale eddies,

tides and other fluctuations with periods shorter than 40 hours were removed

from the velocity, temperature and pressure records. We used Thompson’s

(1983) “120i913” 10-day filter which completely suppresses the 7 principal tidal

constituents, O1, K1, Q1, P1, M2, N2, S2, and the local inertial frequency.

Extending into the 5 days at each end of the record using Thompson’s “60i312”

(5-day) and “24G113” (2-day) filters allowed the recovery of eight of the ten

days otherwise lost from the ends of the records.

The “120i913” filter has a sharp cut-off, a flat pass-band, a clean transient

response, and zero phase shift. It has half power at 35.8 hours and allows the

complete passage of periods beyond 40.8 hours. The shorter filters have a

broader roll-off but prevent tidal and high frequency noise from coming

through. The 5-day and 2-day filters have half-power at 51.8 hours and

76.9 hours, respectively.

After low-passing to remove tides, the time series were subsampled once daily.

2.2.3 Correction for Mooring Motion

Standard Method

Daily subsampled temperature and velocity records at nominal depths of

1000 m and above have been corrected for mooring motion using the method

developed by Hogg (1986; 1991) and modified by Cronin et al. (1992). Mooring

motion occurs when the water motion past the mooring is strong enough to

push the mooring over. The result is that the instruments attached to the

mooring line are pushed deeper than their resting level and consequently

measure colder temperatures and weaker velocities (where temperature and

velocity decrease with increasing depth as in the ACC). The consequences for

eddy heat flux estimates of not removing mooring motion are severe; Nowlin et

al. (1985) estimate that eddy heat flux calculated from records contaminated by

mooring motion may be over-estimated by 20%. Since the calculation of eddy

heat fluxes is one of the aims of this thesis, correction for mooring motion is an

important step in the analysis of these data.

Temperature and velocity from the 300, 600 and 1000 m instruments on each

mooring were corrected to constant pressure levels of 420, 780 and 1150 dbar,

the mean pressures of these instruments averaged over the array. The West

2000 m instrument recorded no data but the mooring motion correction

software was used to simulate temperature and velocity at 2240 dbar. Data
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from the remaining deep instruments were left uncorrected because mooring

motion was not considered significant for them. Their mean pressures are 2240

and 3320 dbar.

Smaller gaps in the data have also been filled by the mooring motion correction

(MMC) scheme and Table 2.1 indicates what percentage of each record is filled.

Where there was no data at the top two levels we have not extrapolated from

1000 m with the MMC scheme because temperature gradients here are often

too weak to give an accurate fit to the canonical temperature profile. This was

the case on the North mooring for temperature and velocity and on the West

mooring for just the velocity record after day 149.

The MMC scheme of Hogg (1986; 1991) involves three steps:

1) A canonical profile of temperature is determined (Fig. 2.11). It is the

profile T = F (pref − p) that best fits, in a least-squares sense, all of the

observed temperature data with the simple addition of a constant

pressure offset, pref , to the (T,P) curves. This assumes that the

isotherms are parallel, which is roughly the case at AUSSAF

(e. g. Fig. 3.2).

2) The pressure offset (reference pressure) time series, together with the

canonical profile, then allow the temperature time series to be

determined at any constant pressure level within the bounds of the

canonical profile.

3) The velocity time series are then also corrected to a constant level.

Assuming thermal wind and a well-defined T-S relationship, the vertical

change in velocity can be related to the cross-stream temperature

gradient. Integrating this relationship with respect to pressure reveals

that the vertical change in velocity is proportional to the vertical

change in temperature.

We use data from the two current meters that are closest in

temperature to the corrected temperature. The observed velocities are

decomposed into along- and cross-stream components (based on the

direction of daily current shear between the two instruments). The

along-stream component is then linearly interpolated on temperature,

to the corrected temperature. The derivation of the expression for the

corrected along-stream velocity is as follows.

By the thermal wind relation,

∂u

∂p
=

gα

f

∂T

∂y

=
gα

f

∂F

∂p

∂pref
∂y
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where α = − 1
ρ
∂ρ
∂T = −1

ρ

(
∂ρ
∂T + ∂ρ

∂S
∂S
∂T

)
is the effective thermal

expansion coefficient. Integrating with respect to pressure between two

vertical levels pl and pu
∫ pl

pu

∂u

∂p
dp =

gα

f

∂pref
∂y

∫ pl

pu

∂F

∂p
dp

yields

u(pl)− u(pu) =
gα

f

∂pref
∂y

[F (pl)− F (pu)]

Repeating the integration between the lower level and the nominal level

at which we require the corrected velocities, we find

u(pl)− u(pu)

F (pl)− F (pu)
=

u(pl)− u(pnom)

F (pl)− F (pnom)

so that

u(pnom) = [u(pl)− u(pu)]
F (pl)− F (pu)

F (pnom)− F (pl)
+ u(pl)

which is the along-stream velocity corrected to the pressure level pnom.

The cross-stream component of velocity is not corrected for mooring

motion because most of the velocity information is contained in the

along-stream component; the cross-stream component is small in

comparison. Also, the cross-stream component tends to be fairly

barotropic so a correction would not change the values by much.

Finally, the unaltered cross-stream component is added to the corrected

along-stream component to form the corrected velocity time series.

Pressure is required at only one level since all levels are assumed to be offset

from each other by a constant pressure difference determined by the mooring

design and additional pressure observations where available.

Modified Method

We have made two modifications to the MMC scheme for this application in the

ACC. The first is to assume a linear pressure offset, rather than a constant one,

to infer deep pressures from the 300 m instrument. A constant offset works well

for instruments that are relatively close to 300 m and therefore experience a

similar pressure excursion. However, the deeper instruments will be more

constrained by the mooring anchor and, for a given angle of mooring blowover,

will dip less than those nearer the sea surface. We found that even at the

1000 m instruments, the mooring motion was significantly smaller than that at

300 m. Figure 2.12 shows the relationship between pressure at 300 m and at

1000 m on the three moorings where both pressure time series are available.

Also shown are two pressure simulations using:
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Figure 2.11. The canonical temperature profile. Also shown is the scatter of
(T,P) pairs from the top 4 instruments on all moorings, offset in pressure to fit
the canonical profile.
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• a constant pressure offset from 300 m (equal to minimum pressure at the

level to be simulated minus minimum pressure at 300 m, averaged over

all moorings = [0, 327, 759, 1855] dbar at [300, 600, 1000, 2000] dbar);

• and the linear pressure offset used in our mooring motion corrections,

defined as:

Psim = min(P ) + [P300 −min(P300)]× S (2.2)

where S=[1, 1, 0.8, 0.55] at P=[300, 600, 1000, 2000] dbar.

We used the minimum pressures to determine the offsets because these are the

resting levels of the instruments and presumably are not contaminated at all by

mooring motion. No pressure information was available at the 600 m instrument

so we assumed that mooring motion here was the same as that at 300 m.

While the linear pressure offset gives a considerably better fit to the pressure

observations than does a constant pressure offset (Fig. 2.12), there is still large

scatter about the fit, and obvious differences in the response of each mooring to

mooring motion. There was insufficient data available to determine a separate

canonical profile for each mooring to correct each mooring separately for

mooring motion. Thus, we require one relationship between pressure at 300 m

and each of the deeper levels, which will apply to the whole array. In addition,

the velocity and temperature records were highly coherent across the array,

indicating that it is reasonable to apply a single canonical temperature profile

to all of the moorings. We therefore accepted the scatter in Fig. 2.12 and regard

the linear relationship shown as the optimum for the array as a whole.

The clustering of pressure points from each mooring (Fig. 2.12) is an indication

that the drag and buoyancy of each mooring and the resulting mooring motion

is different for each. The West and South moorings show similar pressure offsets

between the 300 and 1000 m instruments. These two moorings were identical in

design (Section 2.1.2). The Central mooring had greater drag than South and

West and was consequently more affected by mooring motion.

The second modification affects the velocity correction and deals with the fact

that T-S relationships in the Southern Ocean south of Australia are not linear,

as is often assumed for the Gulf Stream. Here, we avoid any assumption about

the T-S relationship by exploiting the tight relationship between specific volume

anomaly (svan) and temperature in our study region, revealed in CTD data

from WOCE section SR3. From these data we were able to define empirical

functions for svan, δj = Bj(T ) for j=1 to 5, one for each pressure range

corresponding to a current meter level (see Appendix A). For each current

meter level, svan may be assumed to be a function of temperature alone. We
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now write the thermal wind equations in terms of svan

∂u

∂z
=

−g
f(δ + 1

ρp
)

∂δ

∂y
;

∂v

∂z
=

g

f(δ + 1
ρp

)

∂δ

∂x
(2.3)

and infer velocity shear directly from the horizontal gradients of svan. Here,

δ = 1
ρ(S,T,P ) − 1

ρp
and ρp = ρ(35, 0, P ).

We tested the inclusion of these modifications to the MMC scheme by

withholding data at a particular level and simulating the withheld record by

interpolating/extrapolating from data above and below this record, as was done

by Cronin et al. (1992). For the basic correction method, an interpolation

(simulating 600 m data from 300 and 1000 m) gave rms differences between

simulated and observed temperature and velocity of about 0.4◦C and 5 cm s−1,

respectively. For an extrapolation (simulating 300 m data from 600 and

1000 m) the rms differences were 0.5◦C and 10 cm s−1. By using the

relationship between temperature and svan we reduced the rms difference

between velocity simulations and observations by a further 15-20%. Figure 2.13

shows simulations of the 600 m records from 300 m and 1000 m data, with and

without the svan modification. Temperature simulations do not change. Notice

that there is generally a reduction in the difference between simulations and

observations at peaks and troughs when the svan modification is incorporated.

While the errors in the simulated data are not small, failure to correct for

mooring motion produces larger errors. The 300 m instrument on the Central

mooring was pushed below its resting level by 90 dbar on average, with a

maximum depression of 450 dbar. In the thermocline, the vertical temperature

gradient is approximately 0.5◦C/100 m, so without correcting for mooring

motion, the temperature at the 300 m instruments could be underestimated by

as much as 2.25◦C and by 0.5◦C on average. For periods where the mooring is

in the front, correcting for mooring motion reduces the temperature variance by

20%.

2.3 Supplementary Data

Between 1991 and 1996, WOCE hydrographic section SR3 between Tasmania

and Antarctica (Fig. 2.1) was occupied six times, sampling all seasons. We have

used this data to corroborate the current meter observations of SAF location, to

determine the empirical relationships between specific volume anomaly and

temperature, and to provide background information on water properties near

the mooring array. In Chapter 4, we also use these data to determine a mean

cross-stream profile of baroclinic velocity in the SAF. Further analyses can be

found in Rintoul et al. (2000b), Rintoul and Bullister (1999), Rintoul and
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Figure 2.13. Top 3 panels: Simulation of 600 m temperature and velocity from
data at 300 m and 1000 m, using the standard MMC method. Bottom 3 panels:
As for the top panels but with the svan modification to the velocity correction.
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Sokolov (2000) and Yaremchuk et al. (2000). Table 2.4 lists the dates of CTD

sampling.

ADCP data was available on the three voyages from 1995 onwards. In

Chapter 4, we compare current meter and CTD velocities to ADCP data in bin

11 (100.6 m). We use the on-station ADCP data to avoid problems in removing

the ship’s motion, and average ADCP data over the duration of the CTD cast

to obtain one ADCP record for each CTD station.

We also use sea surface height anomaly fields from satellite altimeter data as

independent evidence of SAF meander positions during the array deployment.

Annual mean dynamic height of the sea surface relative to 2500 dbar from

Olbers et al. (1992) has been added to sea surface height anomalies from the

CLS “MSLA” data set (Le Traon et al. 1998) to provide a sequence of SSH

maps at 10 day intervals from October 1992 to the present time.
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Current Meter

Pressure West North Central South
(dbar) 50◦33.19’S 50◦24.95’S 50◦42.73’S 51◦01.54’S

142◦42.49’E 143◦31.97’E 143◦24.15’E 143◦14.35’E

420 19/3/93–28/7/93 no data 19/3/93–24/1/95 18/3/93–12/5/94
780 19/3/93–28/7/93 no data 19/3/93–24/1/95 18/3/93–12/5/94
1150 19/3/93–25/1/95 19/3/93–30/4/94 19/3/93–24/1/95 18/3/93–12/5/94
2240 19/3/93–25/1/95 19/3/93–30/4/94 19/3/93–24/1/95 18/3/93–12/5/94
3320 18/3/93–20/4/94 no data no data 18/3/93–4/5/94

Hydrography

Voyage Dates on SR3 ADCP available

au9101 8/10–26/10/91 No
au9309 12/3–28/3/93 No
au9407 2/1–16/1/94 No
au9404 19/1–1/2/95 Yes
au9501 17/7–5/8/95 Yes
au9601 30/8–21/9/96 Yes

Table 2.4. Dates of operation of current meters after small gaps have been filled by
mooring motion correction. Dates of occupation of the WOCE SR3 hydrographic
section.



CHAPTER 3

EDDY VARIABILITY IN THE SUBANTARCTIC

FRONT

3.1 Background

Eddies are thought to play two major roles in the ACC. The first is the

transport of heat across the ACC to polar waters where it can balance heat lost

to the atmosphere. The heat balance for the Southern Ocean, as written by

Nowlin and Klinck (1986)

Q = Fg + FEk + Fe + Fbc (3.1)

says that the sum of ocean to atmosphere heat exchanges, Q, is balanced by the

sum of Fg – the heat flux by mean geostrophic flow excluding boundary

currents, FEk – the heat flux by surface Ekman transport, Fe – the eddy heat

flux, and Fbc – the heat transport by deep boundary currents. Terms on the

right hand side of (3.1) are positive northwards. Q has been estimated by

Gordon (1985, personal communication as reported by deSzoeke and Levine

(1981)) to be a loss from ocean to atmosphere of 3×1014 W ±30-50%, Fg was

shown to be zero (deSzoeke and Levine 1981) but with large worst case errors of

order 1×1014 W, and FEk is estimated to be 1.5× 1014 W equatorward ±50%

(deSzoeke and Levine 1981). The remaining terms, Fe and Fbc, must therefore

account for about 4.5 × 1014 W of poleward heat transport. There are no

estimates to date of transport by deep boundary currents, but the two existing

ACC studies have shown that the contribution made by eddies at these sites is

poleward and is large enough to account for all of the required heat flux.

The second aspect of ACC dynamics thought to be affected by the mesoscale

eddy field is the momentum balance of the ACC. Gill (1968) calculated that to

balance the momentum added to the ACC by the strong zonal wind stress

would require a meridional flux of zonal momentum of order 100 cm2 s−2 on the

northern and southern edges of the current. No significant meridional eddy

momentum fluxes were observed in Drake Passage (Bryden 1979), while

southeast of New Zealand, significant momentum fluxes were found but their

magnitude was only 25% of that required to balance the wind stress. Morrow et

al. (1994), using satellite altimeter measurements, found zonally averaged

meridional flux of zonal momentum two orders of magnitude too small to



Eddy Variability 43

balance the wind, and convergent on the mean flow. While lateral divergence of

eddy momentum flux does not appear to be significant to the momentum

balance of the ACC, eddies have been shown to transfer momentum vertically,

by interfacial form drag, to the sea floor where it can be dissipated by bottom

form stress (Johnson and Bryden 1989). The balance between wind stress and

bottom form stress was originally proposed by Munk and Palmén (1951) and

has since been confirmed in a variety of numerical models (e. g. McWilliams et.

al. (1978); Treguier and McWilliams (1990); Wolff et al. (1991); Stevens and

Ivchenko (1997); Gille (1997)).

3.2 Chapter Outline

This chapter uses the AUSSAF data to examine the vertical and horizontal

structure of the SAF south of Australia, both in an Eulerian frame and in

coordinates which follow the daily change in orientation of the front. The role

of eddies in the ACC is then assessed.

Section 3.3 examines, firstly, the mean temperature and horizontal velocity

measured by the current meters, and then the variability in the records,

including their vertical structure and coherence across the array. Vertical

motion inferred from the current meter data completes the description of flow.

We next explore the links between temperature and 3-dimensional current

velocity, particularly in relation to the position of a SAF meander crest over the

array, as determined from satellite altimeter data. This section is completed

with a comparison of velocity and temperature structure at the AUSSAF array

with that at the two ACC sites previously monitored.

In Section 3.4, lateral eddy fluxes of heat and momentum, and the vertical eddy

flux of momentum are estimated. Implications for the heat balance of the

Southern Ocean and the momentum balance of the ACC are then discussed.

Finally, in Section 3.5, we determine the distribution of eddy kinetic and

potential energy in the SAF. Selected terms in the energy budget that describe

the exchange of energy between the mean and eddy fields are evaluated, from

which the growth of eddies in the SAF south of Australia is estimated.

3.3 Temperature and Velocity Structure

3.3.1 Mean Temperature and Velocity The record-length mean

velocities (Fig. 2.3) turn across the array suggesting the presence of a meander.

Strongest velocities correspond to shallowest instruments: 420 dbar on West,

Central and South, 1150 dbar on North. Record-length mean temperatures
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(Table 3.1) reveal the West mooring as the warmest on average, followed by

Central, North and then South, consistent with the direction of mean velocity

recorded by the current meters. Velocity vectors shown at West (Fig. 2.3) are

for their common record length of 132 days but also shown is the velocity at

1150 dbar for its full 337 day record (dashed vector) for comparison with the

other moorings. The Central mooring record length is 678 days; current vectors

calculated for the first 421 days (record length of South) are not very different

than shown: they are stronger by 2-3 cm s−1 and 5-6◦ more northward for the

top 3 instruments with little change at depth. Mean current speeds are

strongest at South: 33 cm s−1 at 420 dbar compared with approximately

23 cm s−1 at West and Central, decreasing to near 2 cm s−1 at 3320 dbar on

South and West (3320 dbar data is not available for Central and North).

Velocity vectors also turn about the vertical coordinate, rotating consistently

anti-clockwise with decreasing depth at South and Central, and clockwise at

West. This has implications for the vertical velocity field which we discuss in

Sect. 3.3.4.

3.3.2 Variability of Temperature Time series of temperature and

velocity show many similarities between moorings and, in the interest of

conciseness, we illustrate the remainder of this work with examples from the

South mooring only. Although South has only 420 days of observations,

compared with 680 days on Central, it is the most reliable mooring in that

there are no gaps in temperature, and only at 1150 dbar were there small gaps

in velocity, now filled by the mooring motion correction algorithm.

Time series of temperature at 5 levels on the South mooring are shown in Fig.

3.1a and in Fig. 3.1b temperature at 420 dbar on Central (fine line) provides

information for the full deployment period. There is no evidence of seasonal

variation, rather the behaviour is episodic and the crossing of the SAF back and

forth over the array is evident in the sharp temperature changes. A

temperature section from CTD data along a segment of WOCE line SR3 during

January 1994 (dates marked in Fig. 3.1) shows the clearly defined SAF near

51◦S (Fig. 3.2). A cold core ring is evident to the north of the front near

48.5◦ S. (Time series of temperature and velocity for other AUSSAF

instruments can be found in Appendix B.)

The beginning of the record is relatively cool with few large changes in

temperature, suggesting south-of-front conditions. Near day 160, temperature

rises sharply as the front moves over the array. Rapid shifts in temperature, of

up to 4.5◦ C at 420 dbar, suggest that the front is within the array at this time

until about day 320. Examination of 4 temperature sections from CTD

measurements during the mooring deployment reveals that a change in
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Record Mean Variance

Pressure length T u v û v̂ T ′2 u′2 v′2 û′2 v̂′2

(dbar) (days) (◦C) (cm s−1) (cm s−1) (◦C2) (cm2 s−2) (cm2 s−2)
T u,v geographic shear geographic shear

West
420 678 132 7.676 25.83 5.72 28.59 4.92 1.714 217.49 165.98 213.30 28.48
780 678 132 5.864 17.66 6.83 19.78 6.36 2.030 103.90 108.99 114.85 25.09

1150 678 337 3.878 11.86 1.62 16.46 4.45 0.609 75.58 185.84 69.02 44.84
2240 678 132 2.455 4.18 4.96 4.76 4.92 0.012 18.28 32.13 17.08 28.48
3320 399 396 1.324 1.42 -0.27 2.06 1.27 0.013 18.50 23.60 17.92 17.46

North
1150 408 408 3.533 4.53 9.74 15.38 0.08 0.366 80.05 118.75 73.37 4.27
2240 408 408 2.282 1.50 3.31 4.24 0.03 0.014 6.68 11.59 9.26 4.19

Central
420 677 677 7.339 19.01 13.97 31.01 0.54 1.751 216.20 420.47 220.67 12.50
780 677 677 5.273 15.50 11.06 24.51 -0.22 2.168 158.89 259.29 161.34 18.62

1150 677 677 3.589 11.57 5.53 16.40 -2.64 0.643 109.10 154.98 78.28 74.44
2240 678 678 2.376 3.32 2.92 5.26 0.54 0.009 14.79 21.55 15.58 12.44

South
420 421 421 6.755 27.85 18.60 39.10 -1.96 1.591 366.34 353.06 291.02 17.80
780 421 421 4.762 21.24 12.83 29.57 -3.34 1.355 231.90 244.73 170.87 35.83

1150 421 421 3.267 16.07 7.57 20.75 -4.55 0.284 131.70 131.87 88.98 38.74
2240 421 421 2.157 5.43 2.36 7.11 -1.97 0.008 21.14 33.20 17.28 17.75
3320 421 421 1.152 0.37 2.14 2.66 0.77 0.009 14.62 37.56 25.23 24.01

Table 3.1. Mean and variance of temperature and velocity for the full record
length of each instrument. Velocity statistics are presented in both geographic
and shear coordinates (see text for definitions).
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Figure 3.1. (a) Time series of temperature from the South mooring, (b) time
series of 420 dbar temperature from the Central mooring (fine line) and the
South mooring (heavy line). Dates of CTD transect of Fig. 3.2 are marked by a
line at 9.5◦ C, near day 300.



Eddy Variability 47

temperature of 3◦C at 420 dbar in the vicinity of the front would require a

cross-frontal displacement of 80–180 km with an average of 114 km. As the

temperature change is linear over that distance (from CTD data), the smaller

changes of <2◦ C, which occur between days 160 and 320, correspond to

displacements of <76 km, approximately equal to the distance across the array,

confirming that the front is largely within the array during this time. Between

days 320 and 470, the crossing of the front over the array becomes more

periodic and lower in frequency, as the front moves consistently north or south

over several weeks. Notice in the Central mooring record (Fig. 3.1b) that the

maximum temperature (≈ 9◦ C) is maintained for extended periods during this

time (up to 40 days), suggesting that the front is mainly south of the array, and

the moorings, particularly the northern ones, experience predominantly

north-of-front conditions. The “plateau” near 9◦C indicates that the instrument

is within the thick homogeneous layer of Subantarctic Mode Water north of the

front (Fig. 3.2; Rintoul and Bullister 1999). After day 470, temperature

fluctuations of order 1◦ C occur on timescales of a couple of days, much faster

than anything previously seen in the record. Temperatures suggest the front is

within the array until day 600 and thereafter they gradually reduce to

south-of-front levels. The rapid temperature changes throughout most of these

records indicate that for a significant portion of the deployment period, the

SAF was within the mooring array; conditions south and north of the front

were also sampled.

Temperature time series from all moorings are visually coherent throughout the

water column and are significantly correlated in the vertical at a confidence

level of 95% (corr. coeff. = 0.8–0.97). The number of degrees of freedom used

to determine statistical significance is the record length in days divided by the

integral timescale (Eq. 3.2). Maximum correlation occurs at zero lag to within

one day for all combinations of levels. Phase estimates for the frequency band

0.02–0.05 cpd, corresponding to a peak in spectral energy for both velocity and

temperature (see Section 3.3.6), indicate a slight tendency for shallow events to

lead deep ones. The first empirical orthogonal function (EOF) of the vertical

structure for temperature, whose shape is strongly baroclinic (Fig. 3.3),

accounts for 97% of the variance on all moorings.

Correlation in the horizontal plane is also very high. Cross-correlations of

temperature at the same level on different moorings show that neighbouring

moorings are significantly correlated at 95% for almost all levels. Only North

and South are not significantly correlated, hinting that the distance across the

array (≈ 70 km) is roughly the same size as features crossing the array.

Temperature along the main line is in phase to within one day at all levels and
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West leads the main line by approximately 3 days.

The integral time scale, τI , is defined as the integral of the autocorrelation

function, C(τ), such that

τI =

∫ ∞

j=−∞
C(j∆t) ∆t (3.2)

Following Nowlin et al. (1985), we integrate over j = ±M where M=20% of the

number of observations, large compared with the lag number at which the

autocorrelation function becomes statistically zero. The integral time scale for

temperature is of order 20 days at West and South, 30 days at Central and

70 days at North. Most likely, τI increases equatorward because the SAF fully

crosses the northern moorings less frequently than the southern ones. There is a

small variation with depth but this has no consistent pattern and differs by only

15% from the mean value.

Figure 3.4 gives an insight into the changing orientation of the front. At the

beginning of the record, when the array is sampling the southern side of the

front, temperatures at 1150 dbar are almost the same on each mooring giving

no information as to front orientation. As the front moves southward over the

array, the difference between moorings becomes more distinct and front

orientation can be inferred. For example, between days 80 and 170 the front

moves across the array in such a way that West experiences a rapid increase in

temperature while the other moorings remain in south-of-front conditions,

suggesting that the part of the front crossing the array has an orientation similar

to the orientation of the main line, with current flow from the south-south-west.

Another example is of eastward flow near day 300 when the temperature is

warmest at the north mooring, gradually decreasing to coldest at South. Any

mooring can experience the warmest temperature, including South (2% of

record) but usually West (69%) or Central (18%), and flow directions vary from

south-westward to north-westward through the eastern half of the compass.

3.3.3 Variability of Horizontal Velocity The observations of large

scale movement of the SAF from the temperature records lead us to question

which reference frame is the most appropriate in which to consider the

horizontal velocity. This question, common to the analysis of many current

systems, is particularly important in the case of the ACC where the cross-stream

heat and momentum fluxes are of direct relevance to climate. Not only is the

definition of the cross-stream direction crucial, but the isolation of different

frequency signals is also important for the calculation of eddy fluxes since many

variations in the flow of the ACC are long-period meanders and lateral shifts of

the front with dynamics distinct from higher-frequency eddy motions.

We present the velocity components relative to 2 frames of reference. The first is
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a geographic coordinate system such that along-stream is directed orthogonal to

the main line of moorings, toward 104◦ T, which is the direction of mean ACC

flow at this location (Olbers et al. 1992); cross-stream is along the main line,

toward 14◦ T. While the ACC rarely follows this mean path, the value of this

reference frame is that it allows our data to be more readily compared with the

earlier ACC data (Bryden 1979; Sciremammano 1980; Bryden and Heath 1985)

which were presented in a geographic coordinate frame. We refer to velocity

components in geographic coordinates as eastward (u) and northward (v).

The second frame of reference is time-varying and was used by Hall (1986;

1989) in her analyses of the Gulf Stream and Kuroshio. Along-stream is defined

as the daily direction of the vertical current shear, in our case between 420 and

2240 dbar ([u420 − u2240, v420 − v2240]), and cross-stream is 90◦ to the left of

along-stream. The most compelling reason for choosing the direction of vertical

shear to define the along-stream coordinate is that it corresponds to the

direction of the thermal wind, lying parallel to contours of dynamic height, and

reliably approximates the direction of the baroclinic flow. The 420 and

2240 dbar levels were chosen because they span the depths where current shear

and temperature changes are greatest. Tests showed that this definition also

leads to a time series of along- and cross-stream velocities with smaller variance,

(u′2, v′2), than when other levels are used to define the direction of shear.

The shear definition allows the changing front orientation to be isolated from

the true mesoscale eddy field, with most of the energy poured into the

along-stream velocity component, leaving only small residuals in the

cross-stream: the way one would intuitively expect the ACC to behave. Note

that cross-stream velocities at 420 and 2240 dbar are identical due to the

definition of the stream direction. We refer to velocity components in shear

coordinates as along-stream (û) and cross-stream (v̂). Due to a lack of data at

420 dbar on North, and at 420 and 2240 dbar on West after day 149, we define

along-stream to be the direction of daily shear between 1150 and 2240 dbar on

North and 1150 and 3320 dbar on West after day 149. Tests of these alternative

definitions using South mooring data reveal that they reduce mean û by 3–4%

because less of the shear is captured in the narrower pressure range. This has

little effect on the nature of û but the time series of v̂ are significantly altered.

The variance of û and v̂ increases by approximately 20–30% compared with the

420-2240 dbar definition.

Consider first the case of geographic coordinates. Figure 3.5 shows u and v for

all instruments on the South mooring. There is as much energy, often more, in

the northward component of velocity as in the eastward, but on average, the

flow is more eastward than northward. Vertical coherence is high for both
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components and current strength decreases gradually with increasing depth.

Maximum current speed occurs on the South mooring and is 74 cm s−1 at

420 dbar.

In shear coordinates (Fig. 3.6), the along-stream velocity is (almost) always

positive at 1150 dbar and above, but deeper instruments record some up-stream

flow. Approximately one third of the 3320 dbar record of û is upstream,

suggesting a topographically induced reversal of flow at times when the

shallower instruments record relatively low current speeds. The cross-stream

component of velocity is up to an order of magnitude less than along-stream, as

expected, and is predominantly negative (poleward) above 2240 dbar except

between days 100 and 200. Cross-stream velocity at the other moorings

(Appendix B) is not predominantly poleward, and at West is decidedly

northward. Vertical coherence is high for both velocity components.

Along-stream velocity gradually decreases with depth as for geographic

coordinates, while cross-stream velocity is virtually depth independent, as it

was found to be for the Gulf Stream (Hall 1986).

Mean along-stream velocity (Table 3.1) at each instrument is larger than mean

eastward velocity at all depths, while mean cross-stream velocity is generally

smaller than mean northward velocity, except at West where “eastward”

coincides roughly with the direction of the mean current. The variance of the

along-stream component remains as high as that for eastward velocity, while the

cross-stream variance drops dramatically at the shallow instruments to only

10% of along-stream at 420 dbar. Both mean and variance of cross-stream

velocity are nearly constant with depth although variance peaks slightly at

1150 dbar, more strongly at Central.

Like the temperature field, the velocity field shows no evidence of seasonal

variation in either coordinate frame. Moreover, the episodic nature of flow at

the moorings is more clearly displayed and is more obviously related to

temperature when velocity is viewed in shear coordinates.

Integral time scales for velocity are difficult to interpret. Generally, τI is

constant with depth to 2240 dbar and one of the components has a longer τI

than the other. In geographic coordinates, at 2240 dbar and above, u has a τI

of 40 days at South and 15 days elsewhere; v has a τI of 15 days at South,

25 days at West and Central and 40 days at North. At 3200 m, τI is 5-10 days

for both u and v, highlighting the different processes affecting these

near-bottom instruments. In shear coordinates, τI for û is approximately 20-30

days above 2240 dbar, 15 days at 2240 dbar and 7 days at 3320 dbar. For v̂, τI

increases with depth from 10 days at 420 dbar to 25 days at 1150 dbar, then

decreases to 7 days below.
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The visual vertical coherence of u, v, û and v̂ is confirmed by calculations of

cross-correlation coefficients: the top 4 instruments on each mooring are

significantly correlated with a confidence level of 95% (corr. coeff. = 0.71–0.99).

Velocity at 3320 dbar is significantly correlated with other levels for v̂, but only

with 2240 dbar for û. Phase estimates (frequency band 0.02–0.05 cpd) indicate

u, v, û and v̂ are roughly in phase at 1150 dbar and above; below, deep events

lead shallow by 10-20◦ per 1000 m.

The baroclinic instability model of Gill, Green and Simmons (1974) suggests

that a vertical phase shift, such that deep fluctuations lead shallow, is a

signature of this instability process. Thus, our velocity measurements are

consistent with baroclinic instability occurring, while the lack of a significant

vertical phase lag in temperature is not inconsistent (Bryden 1979).

The first EOF of the vertical structure of along- and cross-stream velocity is

shown in Fig. 3.3. The strongly baroclinic first EOF for û accounts for 94%,

96% and 92% of the variance on West, Central and South. North is not included

due to lack of shallow data and EOFs on West are calculated for the common

record length of 132 days. The first EOF for both u and v (not shown) have a

similar shape to that for û and also account for close to 95% of the variance in

the record. The first EOF for the vertical structure of v̂ is quite different in

shape and accounts for only 85% of the variance, with the remaining variance

described principally by the 2nd EOF (10–15%). The shape of the first EOF for

v̂ is close to barotropic for West and South but not so strongly as found for the

Gulf Stream (Hall 1986); for Central the first EOF deviates sharply from

barotropic at 1150 dbar as seen earlier in the variance figures (Table 3.1).

The pattern of correlation across the array for velocity in geographic

coordinates is the same as that for temperature: significant correlation between

all moorings except North and South. Moving to shear coordinates reduces the

degree of spatial correlation, presumably because the large-scale changes in

direction of the front, not present in shear coordinates, provide a strong link in

u and v between moorings. Only Central-South and Central-North remain

significantly correlated for both û and v̂, although correlations of v̂ for

Central-West and West-South are close to significant. This is a true reduction in

the correlation coefficient, not an increase in the level of correlation required to

achieve significance, rc. In fact, for most of the correlations in shear coordinates,

rc is reduced because integral time scales are generally shorter and the number

of degrees of freedom greater, making the test for significance less stringent.

The West mooring always leads the main line, for u, v and û, and the South

mooring always leads Central which leads North, so that features propagate

through the array, roughly speaking, from west to east. Correlations between v̂
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on different moorings are weak and we cannot infer anything from these about

the lag of maximum correlation. Typically the time lag from South to Central

(35 km) and Central to North (35 km) is approximately 2 days. The West

mooring leads Central by approximately 3 days for u, and 5 days for v and û.

The shortest distance from West to Central is 52 km and the most appropriate

time lag to apply to this distance in calculating propagation speed is that for

eastward velocity (u), along 104◦ T. Thus, on average, eddies propagate

through the array at 20 cm s−1 toward 59◦ T. Bryden and Heath (1985)

reported that energetic eddies southeast of New Zealand propagate

southeastward at about 12 cm s−1, nearly twice as slow as south of Australia.

Presumably, the direction of propagation of the eddies differs between the two

sites because the orientation of the front differs.

We believe that the shear coordinate frame is the most appropriate for

considering the motion of the SAF, primarily because the front is so mobile and

a coordinate frame that moves with the current is better able to separate the

flow of the stream from the changing orientation of the front. It also enables the

link between the strength of flow and other properties to be seen more clearly.

Finally, it greatly improves the statistical significance and coherence between

moorings and with depth of cross-stream eddy fluxes (Section 3.4). We will

therefore, henceforth, focus on velocity in shear coordinates, retaining

geographic coordinate velocities for comparison with other studies.

3.3.4 Vertical Velocity In order to complete the picture of the velocity

field we have calculated vertical velocity, w, from the current meter data using a

modification of methods described in earlier studies (Bryden 1980; Hall 1986;

Lindstrom and Watts 1994). See Appendix C for details. We have no

independent measurements of w with which to verify w inferred from the

current meter data. However, Lindstrom and Watts (1994) have shown that

vertical motion inferred from current meter measurements agrees closely with

directly observed vertical motion from RAFOS float pressures on isopycnal

surfaces and, for timescales longer than 16 days, also agrees well with vertical

motion calculated from the quasi-geostophic vorticity equation using inverted

echo sounder measurements.

Figure 3.7 shows time series of vertical velocity on the South mooring at 4

pressure levels: 600, 965, 1695 and 2780 dbar, the mid-points between adjacent

instruments. The velocities have been smoothed with a 5-day running mean;

positive w indicates upwelling. Vertical velocity is strongest above 1150 dbar

and decreases quickly below. Typical values for w are of order 1 mm s−1 with

peaks up to 5 mm s−1 – the same order of magnitude as found for the Gulf

Stream (Hall 1986; Lindstrom and Watts 1994) and the Kuroshio (Hall 1991).
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Pressure Mid-point West North Central South
(dbar) (dbar) w wrms w wrms w wrms w wrms

420
600 -0.59 0.85 — — 0.38 0.89 0.64 1.51

780
965 -0.93 1.31 — — 0.85 1.93 0.48 0.92

1150
1695 -0.12 0.46 0.01 0.20 -0.23 0.44 0.01 0.39

2240
2780 -0.01 0.16 — — — — -0.20 0.52

3320

Table 3.2. Mean and rms vertical velocity (mm s−1) between adjacent instru-
ments. Pressure at instrument and mid-way between instrument pairs is shown.
For West, the common record length of 132 days is used.

Vertical coherence is high for all moorings with significant correlation (95%)

between the top 3 levels, which are in phase to within one day. There is good

agreement between South and Central with South leading by 4 days. Vertical

motion on the West mooring (Fig. C.1) shares some gross similarities with that

on South for the first 149 days in that there is weak upwelling followed by

stronger downwelling. The downwelling event on West, however, begins a

month earlier than it does on South, and is much stronger and more persistent.

We ignore the North mooring as w is only available at 1695 dbar where vertical

motion is small.

Recall the rotation with depth of the mean horizontal velocity vectors seen in

Fig. 2.3. At the South and Central moorings, the sense of rotation is clearly

anticyclonic with decreasing depth (veering). Following Bryden (1980), in the

mean we would expect to see upwelling at South and Central which is confirmed

in Table 3.2. The North mooring exhibits little rotation and consequently

experiences very weak vertical motion. Rotation of mean velocity vectors at

West for the common record length of 132 days is cyclonic indicating

downwelling. For the full records at 1150 and 3320 dbar the rotation is weakly

anticyclonic indicating upwelling as for South and Central.

Integral time scales for vertical velocity are approximately 20 days above

1150 dbar and 6 days below. There is also good vertical correlation between the

top 3 records of w, significant at the 95% confidence level, and maximum

correlation occurs at zero lag.

The first EOF for the vertical structure of w (Fig. 3.3) accounts for

approximately 90% of the variance, has no zero crossing, and looks like the
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vertical structure associated with the first baroclinic mode. Eigenfunction

amplitudes decrease monotonically from a maximum at the shallowest

instrument on the South mooring, while the Central and West moorings have a

maximum at 1150 dbar. The vertical structure of vertical motion in the Gulf

Stream is very similar with strong vertical coherence, 82% of the variance

accounted for by the first EOF, no zero crossing, and a thermocline maximum

in eigenfunction amplitude (Hall 1986). The Kuroshio Extension, in contrast,

showed poor vertical coherence and had only 58% of the variance in the vertical

structure accounted for by the first EOF; the second accounted for a further

29% (Hall 1991).

3.3.5 The link between T , û, v̂ and w To examine the link between

temperature, velocity and rotation of current vectors with depth, we combine

time series of temperature, along- and cross-stream velocity at 420 dbar,

vertical velocity at 600 dbar and current direction at 420 and 780 dbar from the

South mooring (Fig. 3.8).

In section 3.3.2 we identified different periods in the temperature time series

which were characterized by different time scales of variability and which we

believe corresponded to different positions relative to the front. These periods

are also mirrored in the along-stream velocity: days 0–160 - low to moderate

current speed and little high-frequency variability; 160–320 - high speeds and

rapid variation; 320–470 high and moderate speeds varying in a periodic

manner; 470–600 (not shown in Fig. 3.8) - rapidly changing between high and

low speed; 600–700 (not shown) - low speed, declining high-frequency

variability. Here we consider low speed to be <30 cm s−1, moderate

30-50 cm s−1, and high >50 cm s−1. Along-stream velocity is strongest when

temperature at 420 dbar is close to 8◦C and drops off sharply when temperature

rises or falls away from this value. A temperature of 8◦C at 420 dbar therefore

seems to be a good indicator of the core of the SAF, agreeing well with Belkin’s

(1990) definition: the location where the temperature gradient at 300 m is

strongest and temperature is between 3◦ and 8◦C.

Cross-stream velocity is much weaker and more erratic than along-stream (scale

of v̂ is expanded to 4 times that for û in Fig. 3.8). Its variation is not random

though, as there are extended periods of poleward and equatorward flow,

particularly after day 200.

Cross-correlations between v̂ and T are negative and are significant at 95% or

higher for all levels at South and at 90% or higher for 5 of the 11 remaining

instruments, suggesting strong poleward transport of heat by eddy fluxes. This

is a vast improvement on the correlations between v and T where only

instruments at or deeper than 2240 dbar showed any significant correlation.
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Cross-correlations between û and T are only significant at Central and South

and only above 1150 dbar. The correlation coefficients themselves can be as

large as those for v̂ and T but, because the integral time scales are generally

longer for û, significance is not achieved. Cross-correlations between w and v̂

show anti-correlation at 95% significance; there is also a significant positive

correlation between w and û.

The bottom panel of Fig. 3.8 shows that direction at 420 dbar (heavy line) and

at 780 dbar (fine line) are close and the small deviation gives the rotation of the

horizontal velocity vectors with depth. When the fine line is below the heavy

line the current is veering which is an anticyclonic rotation of the horizontal

velocity vectors with decreasing depth. Equation (C.3) says that veering of a

current is associated with upwelling and Fig. 3.8 shows how closely time series

of w and turning of the current correspond. The opposite scenario, backing, is

associated with downwelling.

The velocity and temperature records, both in the mean (Fig. 2.3 and

Table 3.1) and in the time series (only shown for South), provide evidence of a

meander over the array, its presence in the mean fields suggesting it persists for

extended periods. The meander is sometimes west of, directly over, or east of

the array and could be either several meanders propagating through, or one

quasi-stationary meander shifting small distances, perhaps responding to

variations in the strength of the current flow. We use satellite altimeter sea

surface height (SSH) measurements to provide independent evidence of meander

location. Annual mean dynamic height of the sea surface relative to 2500 dbar

from Olbers et al. (1992) has been added to sea surface height anomalies from

the CLS “MSLA” data set (Le Traon et al. 1998) to provide a sequence of SSH

maps at 10 day intervals from October 1992 to the present.

The SSH maps corresponding to the deployment period of the moorings show

that the meanders do indeed propagate eastward through the array but can

become stalled. The time for half a meander to propagate through the array

varies from 10 to 190 days. The stalling may be due to obstruction of the flow

by the seamount at the array, or the meander could be the crest of a

quasi-stationary Rossby wave that is occasionally pushed through the array by

an increase in the mean flow. The distance between the meander and another

one downstream, about 500 km (e. g. Fig. 3.9c), is close to the wavelength that

a quasi-stationary Rossby wave would have at 50◦S in an eastward flow of

10 cm s−1 (= 520 km) (Pedlosky 1987). There is no clear connection between

the meander’s stationarity and current speed at the array.

Lindstrom et al. (1997) have studied the relationship between vertical motion

and the phase of meanders in the Gulf Stream and found that backing, cold
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advection and downwelling, “bcd” to use Lindstrom et al.’s mnemonic, occur

entering a trough. Veering, warm advection and upwelling (“uvw”) occur exiting

a trough. If this relationship is applicable outside the Gulf Stream, then we

would expect our observations to reveal veering, warm advection and upwelling

(backing, cold advection and downwelling) entering (exiting) our southern

hemisphere meander crest. We define a crest to be the maximum in anticyclonic

curvature of a meander, which is the meander’s most poleward excursion in a

zonal flow, consistent with the usual northern hemisphere convention.

From the SSH maps, the location of meanders relative to the moorings can be

clearly seen. Whenever the western edge of a meander crest was over the array,

the moorings revealed veering, warm advection and upwelling. The backing

scenario was observed when an eastern edge was over the array. To illustrate we

give two examples of each scenario: case A, with the array on the western edge

of the crest; and case B, the array on the eastern edge.

Figures 3.9a,b show SSH for case A (days 280 and 360) with current vectors

from the 1150 dbar current meters overlaid (the level with fewest gaps). The

current vectors are closely aligned with the surface height contours. Referring

to Fig. 3.8, we see that there is strong upwelling on both days (2–3 mm s−1) at

the South mooring, the current is veering, and cross-stream flow is poleward,

producing warm advection. For case B (days 120 and 420, Fig. 3.9c,d), the

current is backing, vertical motion is weakly downward and cross-stream flow is

either weakly equatorward (cold advection) or zero.

Thus, the relationship between vertical motion and meander phase described by

Lindstrom et al. (1997) for the Gulf Stream also holds for the SAF and

probably the ACC in general.

Before this section is complete, there is an apparent paradox which must be

examined. While the results of this section support the results of Lindstrom et

al. (1997), the story told by the mean velocity vectors of Fig. 2.3 appears not to

be consistent. The curving of horizontal velocity vectors across the array

suggests that in the mean, the array is on the eastern edge of the meander crest

and is experiencing flow exiting the crest. But, the rotation of horizontal

velocity with depth indicates mean vertical motion is upward at Central and

South, when we expect downward vertical motion in flow exiting an ACC

meander crest. The simple explanation is that we cannot make assumptions

about the location of the meander crest in relation to the mooring array relying

only on the direction of current flow at the array. The SAF is obviously a very

mobile feature and not only changes its orientation in the form of meanders but

the meanders themselves change their orientation relative to geographic

coordinates as they grow and steepen, behaviour widely documented for the
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Figure 3.9. Ten-day average current vectors at 1150 dbar on 4 days, and
corresponding sea surface height. Sea surface height anomalies from the
TOPEX/POSEIDON, ERS-1 and ERS-2 satellite altimeters, merged and mapped
onto a 0.25◦grid (the CLS “MSLA” data set (Le Traon et al. 1998)), have been
added to the 0-2500 dbar dynamic height from the Olbers et al. (1992) climatol-
ogy.
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Gulf Stream (e.g. Lindstrom et al. 1997 ). Time series of direction in Fig. 3.8

show that there is no one flow direction more predisposed to veering and

upwelling than any other, although, curiously, backing and downwelling seem

only to occur when flow is northeastward (in this 2 year record).

3.3.6 Comparison of Temperature and Velocity at other ACC

sites The three SAF sites monitored to date all experience strong, deep flow,

with temperature and velocity highly vertically correlated and virtually in

phase at all levels. Small lags show that at all sites, deep velocity events lead

shallow ones and shallow temperature events lead deep ones. Table 3.3 lists

characteristic features of the velocity and temperature fields for the three SAF

sites and for central Drake Passage, the most studied location in the ACC.

Integral timescales (as calculated in Sect. 3.3.2) are given for each of the four

sites (line 1 of Table 3.3), showing that timescales at AUSSAF and southeast of

New Zealand are similar and are longer than at both Drake Passage sites. A

second calculation of timescales in Drake Passage (line 2 of Table 3.3) was made

by Inoue (1985) using a different method. His timescales are longer than the

integral timescales of Bryden (1979) but confirm that the northern passage

varies more rapidly than the central and southern passage.

The characteristic amplitude of fluctuations near 1000 m is larger at AUSSAF

than that southeast of New Zealand or in central Drake Passage. We were

unable to find a reference reporting the amplitude near 1000 m in northern

Drake Passage, but note that at 2700 m, the fluctuations frequently reach

20 cm s−1. Thus, we expect that fluctuations near 1000 m in northern Drake

Passage would be at least as large as those at AUSSAF.

Average vertical current shear at AUSSAF is not very different than at the

other sites, within a factor of 2–3. One exception is the much weaker shear near

2000 m southeast of New Zealand. The depth guides given for the two estimates

are approximate since different measurement levels were used in each study.

The vertical temperature gradient below 2000 m is the same for all sites. Near

1000 m, the three SAF sites have similar temperature gradients. In central

Drake Passage, the temperature gradient near 1000 m is as small as that below

2000 m.

Autospectra of T , u and v, (geographic coordinates) south of Australia at

2240 dbar are shown in Fig. 3.10. Spectral energy is high in the broad band

from 20 to 120 days for all of T , u and v, although spectra for v, and T at some

levels, have a gap near 25–35 days. Southeast of New Zealand, spectra are

similar, but for u there was little energy at periods less than 80 days. In

contrast, Drake Passage spectra for u and v show most energy is concentrated
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AUSSAF N.Z. a Drake (N) Drake (C) Units

Timescale 20 20 5-10 b 10 b days
12-15 c 20-50 c

Amplitude 30 20 20 d 20 b cm s−1

1000 m 1000 m 2700 m 1000 m

uz × 102

≈ 1000 m 1.0 0.4 2.0 e 0.3 d cm s−1 m−1

> 2000 m 0.5 0.03 0.6 ?

θz × 102

≈ 1000 m 0.2 0.2 0.1 f 0.06 g ◦C m−1

> 2000 m 0.07 0.07 0.06 f 0.07 g

aBryden & Heath 1985 - 2 year CMs
bBryden 1979 - FDRAKE 1975, 1 year CMs
cInoue 1985 - DRAKE 1979, 1 year CMs
dPillsbury et al. 1979 - FDRAKE 1975
eWhitworth et al. 1982 - FDRAKE 1975 + CTDs
fNowlin & Clifford 1982 - 1975–1980 CTDs
gJohnson & Bryden 1989 - FDRAKE 1975 + 1977 Drake Cluster array

Table 3.3. Comparison of characteristic timescale and amplitude of fluctuations,
vertical shear and vertical temperature gradient at AUSSAF, southeast of New
Zealand, and in northern and central Drake Passage.
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in the 10-50 day band, for the central passage (Bryden 1979). (Autospectra for

other AUSSAF instruments can be found in Appendix D.)

In summary, conditions at the AUSSAF array and in northern Drake Passage

resemble each other quite strongly, although timescales in northern Drake

Passage are shorter than at AUSSAF. Conditions southeast of New Zealand are

similar in many respects to those at AUSSAF - timescales, vertical temperature

gradient and spectra - but the characteristic amplitude of fluctuations is one

third less and the deep vertical velocity shear is also considerably less than at

AUSSAF. Central Drake Passage is very different to the three SAF sites,

experiencing a weaker flow regime with smaller amplitude fluctuations, weaker

shear and weaker temperature gradients.

3.4 Eddy Fluxes across the Subantarctic Front

The two objectives of this section are to 1) present the best estimate of

cross-ACC eddy fluxes for the AUSSAF array, and 2) compare AUSSAF eddy

fluxes with those at other ACC locations. To achieve the first, we need to

isolate the “eddy” band, which is thought to play such a crucial role in the

transfer of properties across the ACC fronts, from the “low-frequency” band

composed of meanders, rings and large-scale shifts of the front which are

dynamically very different. We also need to choose a coordinate frame whose

along-stream component best represents the along-stream flow of the ACC.

3.4.1 Frequency Bands and Coordinate Frames Nowlin et

al.(1985), examining cospectra of fluctuation temperature and cross-stream

velocity, found that periods between 40 hours and 90 days accounted for the

eddy signal in Drake Passage. Similar variance-preserving cospectra in both

geographic (v × T ) and shear (v̂ × T ) coordinates are shown in Fig. 3.11 for the

South mooring at 420 dbar. The cospectrum in shear coordinates suggests

90 days is also, coincidentally or not, a good cut-off for the AUSSAF data,

neatly separating poleward fluxes at periods less than 90 days from an

equatorward peak at longer periods. The poleward eddy fluxes at all levels at

South are concentrated in the band 30–80 days; at West and Central, poleward

peaks extend to higher frequency (≈ 20 days). In geographic coordinates

(Fig. 3.11), heat fluxes are equatorward for all periods longer than 30 days as

varying front orientation dominates the eddy signal. Nevertheless, 90 days is an

obvious separation between eddy and low-frequency motions in this coordinate

frame also. We therefore define eddies to be all motions with periods 40 hours

to 90 days. The fluxes brought about by these eddy motions are our primary

interest, but we also examine fluxes by motions with periods longer than
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Pressure All-frequency Bandpassed
(dbar) (kW m−2) (kW m−2)

Geographic Shear 90-Day Geographic Shear 90-Day

420 165.63 ‡-91.89 31.37 -11.08 ‡-44.96 2.33
780 7.75 -98.47 -36.08 -33.80 ‡-35.16 -13.57
1150 -25.33 -41.20 -23.90 -20.72 ‡-18.64 -8.78
2240 †-8.21 ‡-5.53 ‡-6.92 ‡-5.08 ‡-3.32 ‡-3.75
3320 ‡-10.43 ‡-7.73 ‡-9.76 ‡-6.74 ‡-5.56 ‡-6.31

Table 3.4. Cross-stream eddy heat flux, ρoCpv′T ′ in 2 frequency bands and
3 coordinate frames at the South mooring. Significant correlation at the 90%
confidence level is indicated by † and at the 95% confidence level by ‡.

90 days (low-frequency) and fluxes by eddy and low-frequency motions

combined (all-frequency).

The shear coordinate frame, which so clearly described the horizontal velocity

field, not surprisingly, also gives the best flux estimates. We calculated fluxes in

2 other coordinate frames: geographic (see Section 3.3.3) and 90-day (as used

by Nowlin et al. 1985), where x is in the direction of the time-varying 90-day

low-passed current. We found that fluxes in any frame other than shear are not

coherent between moorings or with depth and are generally not statistically

significant (Table 3.4). (The number of degrees of freedom used to determine

statistical significance is the record length in days divided by the integral

timescale (Eq. 3.2).) We, therefore, consider the best estimate of cross-stream

eddy fluxes for the AUSSAF array to be those calculated from bandpassed data

in shear coordinates and averaged over the array (excluding short records at

West).

Our second objective, comparison with other ACC eddy fluxes, is problematic

due to the various definitions of along-stream. It would seem preferable to

compare 2 sites with fluxes calculated using the same method. Then, fluxes from

southeast of New Zealand would be compared with our geographic coordinate,

all-frequency fluxes, and Nowlin et al.’s Drake Passage fluxes with our 90-day

coordinate, bandpassed fluxes. In practice, though, we have seen that only the

daily-varying shear coordinate frame produces coherent, statistically significant

cross-stream fluxes at our array, which may reflect more active meandering of

the SAF at the AUSSAF site. We argue, therefore, that nothing is gained from

degrading our flux estimates by using the same coordinate frame as that used at

another site in order to compare like with like. Only shear coordinate fluxes

have any meaning at the AUSSAF site and we therefore only use these when

comparing with fluxes from other sites. For the remainder of this section, then,
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we omit reference to coordinate frame, it being understood that only fluxes in

shear coordinates are presented for the AUSSAF array.

We note in passing that eddy flux estimates in Drake Passage and southeast of

New Zealand would also benefit from the shear coordinate frame. The success

of the 90-day coordinate frame in Drake Passage was primarily in the central

passage, where the flow is principally through-passage, turning sharply

northward as the ridge extending from Elephant Island is encountered

(Pillsbury et al. 1979). Indeed, Bryden and Pillsbury (1977) found that the

direction of mean velocity shear in the central passage during 1975 was within

5◦ of the through passage direction. In the northern passage, however, in the

vicinity of the SAF, flow direction and current speed are highly variable

(Pillsbury et al. 1979 - their Fig. 8, mooring 2) and eddy heat flux calculated

using the 90-day coordinate frame may not be representative of the true

cross-stream heat flux. Southeast of New Zealand, the flow direction is also

highly variable. Bryden and Heath (1985) show salinity contours at 200 m and

current direction in April and November 1978. In April, the flow is primarily

northwards, reversing in November to be toward the southwest. The geographic

coordinate frame used by them does not represent the time-varying direction of

the stream and it is not surprising that eddy heat fluxes calculated for this

array are not statistically significant.

Particularly in the case of eddy momentum flux, we are interested in the

direction of the fluxes relative to the core of the SAF, rather than relative to

the array location, to determine whether the Reynolds stresses act to decelerate

or accelerate the mean flow. In order to isolate conditions on the north and

south sides of the current, we have taken a very simple approach and used

temperature at 1150 dbar as the decider. Based on time series of temperature

from the AUSSAF current meters and from examining 6 repeats of WOCE

hydrographic transect SR3, we have chosen T1150 > 4◦C to represent the north

side of the front and T1150 < 3◦C the south side. Fluxes for the north side of the

front are calculated using data at all times where the criterion for north side

conditions is satisfied, and similarly for fluxes on the south side.

3.4.2 Heat Flux Cross-stream eddy heat flux is calculated as ρoCp v̂i
′T ′i ,

where v̂i
′ and T ′i are fluctuation cross-stream velocity and temperature, with

respect to the mean for the whole series, at time ti, ρo is a representative water

density for the location (=1035 kg m−3), and Cp is the specific heat at constant

pressure (≈ 4000 J kg−1 ◦C−1).

Time series of cross-stream heat flux are shown in Fig. 3.12 for the top 3 levels

on the South mooring for the eddy and low-frequency bands. Note the change of

scale for the 1150 dbar fluxes. Black lines above the curve identify times when
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Pressure Eddy Heat Flux Eddy Momentum Flux

ρoCp v̂′T ′ û′v̂′

(dbar) (kW m−2) (cm2 s−2)

420 -34.8 4.3
780 -26.5 0.7
1150 -9.5 0.3
2240 -2.1 0.8
3320 -3.1 1.9

Depth -11.3 1.6
Average

Table 3.5. Best estimate of eddy heat and momentum flux profiles at the AUSSAF
array (shear coordinate, bandpassed data).

the array experiences north-of-front conditions, black lines below indicate times

of south-of-front conditions. Fluxes for the 2 deep instruments (not shown) have

similar features to the shallow fluxes but are an order of magnitude smaller.

Low-frequency heat fluxes are statistically significant only at the Central

mooring due to its longer record length. For all moorings, though, time series

show that the majority of low-frequency events are poleward and produce heat

fluxes which can be as large as those due to eddies, and which are sustained

over periods of weeks rather than days.

As noted in Section 3.3, there is a quiet time recorded at the start and end of

our observations: the first 140 days, and days 610-700 (at Central),

corresponding to south-of-front conditions. This shows up in the heat fluxes as

very small eddy fluxes and small but growing low-frequency fluxes. Also at

these times, the eddy fluxes are largest at 420 dbar and decrease with depth.

When the array is in the core of, or north of the front, eddy fluxes are usually

largest at 780 dbar and fluxes at all depths are larger than at times of

south-of-front conditions. Low-frequency fluxes are usually largest at 780 dbar

regardless of position relative to the front. Both eddy and low-frequency fluxes

are coherent with depth and between moorings.

The record-length mean heat fluxes for bandpassed data (Fig. 3.13a) show a

highly consistent picture of poleward heat flux. Eight of the 16 flux estimates

are significantly different from zero at 95% and a further two estimates are

significant at 90%. The average of these 4 profiles, the best estimate of

cross-stream eddy heat flux at the AUSSAF array (Table 3.5 and Fig. 3.13b,

solid circles) shows poleward eddy heat flux at all levels, with a depth-average

of 11.3 kW m−2.
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Figure 3.13b shows profiles of cross-stream all-frequency heat flux for southeast

of New Zealand (open triangles) and northern Drake Passage (open squares),

both in geographic coordinates, which may be compared directly with the

AUSSAF all-frequency fluxes (open circles). Eddy band fluxes across the 90-day

low-passed current in northern Drake Passage (solid squares) may be directly

compared with AUSSAF eddy fluxes (solid circles). All fluxes are poleward

except below 1500 m in northern Drake Passage, where they are not statistically

significant. Near 1000 m, AUSSAF all-frequency heat fluxes are twice as large

as fluxes southeast of New Zealand and in northern Drake Passage, while eddy

heat fluxes in northern Drake Passage and at AUSSAF are approximately the

same size, indicating that low-frequency motions are more active at the

AUSSAF array. Near 2500 m, AUSSAF all-frequency fluxes are the same size as

those in Drake Passage and an order of magnitude larger than those southeast

of New Zealand. These comparisons suggest that poleward eddy heat flux

across the SAF is approximately the same size in Drake Passage and south of

Australia, and that lower frequency fluxes are much stronger south of Australia.

The depth-averages of the profiles in Fig. 3.13b are

AUSSAF N. Drake Passage SE of New Zealand

All-frequency band -40.6 -26.9 -10.8

(shear) (geographic) (geographic)

Eddy band -11.3 -15.4

(shear) (90-day)

in units of kW m−2, where the coordinate frame for each is indicated in

brackets. In the eddy band, northern Drake Passage experiences 25% larger

poleward heat fluxes than AUSSAF, mainly due to larger near-surface values,

and in spite of small equatorward deep fluxes. This difference partly reflects the

difference between the 90-day coordinate frame used in Drake Passage and our

daily-varying coordinate frame, since when the 90-day frame does not well

represent the daily direction of the stream, the along-stream velocity will be

reduced in the 90-day frame and the cross-stream velocity will increase. For all

frequency fluxes, those at AUSSAF are 33% larger than in northern Drake

Passage. For comparison, the depth-average of all-frequency, geographic

coordinate heat flux estimated by Bryden (1979) for central Drake Passage is

12.1 kW m−2 poleward – half that in the northern passage and one third that

at AUSSAF. All-frequency poleward heat flux southeast of New Zealand is half

that for northern Drake Passage and one quarter that for AUSSAF.

The mean annual heat loss from the ocean south of the Polar Front is

approximately 4.5×1014 W (Nowlin et al. 1985). Dividing by a path length of

20,000 km and a depth of 4 km, this corresponds to a pointwise heat flux of
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approximately 5.6 kW m−2. Thus, poleward eddy heat fluxes estimated at all

three sites are more than large enough to balance the observed loss (although

those southeast of New Zealand are not statistically significant).

We have focussed here on heat flux across the SAF, but in order for the heat to

be delivered south of the Polar Front where it is required, it must cross the

whole ACC. Estimates of poleward eddy heat flux averaged over all of Drake

Passage give an indication of how much less heat is exchanged across the full

ACC than across the SAF alone. Nowlin et al. (1985), using bandpassed

measurements, correcting for mooring motion and working relative to the

90-day coordinate frame, found an average poleward eddy heat flux across

Drake Passage in the 2-to-90 day band of 3.7 kW m−2. This last figure is the

best estimate available of the average eddy-band heat flux across the whole

ACC and is one quarter the size of the Nowlin et al. estimate of heat flux across

the SAF alone. Presumably, the extra heat carried across the SAF is lost to the

atmosphere before it can be carried across the Polar Front, but we have no

measurements to support this idea. The size of the eddy heat flux across the

whole ACC is slightly smaller than that required to balance the heat lost south

of the Polar Front, but the order of magnitude is correct and it is clear that

eddy processes play a very important role in transporting heat across the ACC.

Although we believe that the comparisons made here are realistic, definitive

statements about the relative size of eddy heat flux around the ACC and the

implications for the global heat balance cannot be made until the current meter

data from each of the ACC sites is treated identically, using the methods we

have described for the AUSSAF data, i.e. correcting for mooring motion,

bandpassing, and working relative to a coordinate system that follows the daily

change in orientation of the current stream.

3.4.3 Momentum Flux Time series of eddy and low-frequency

momentum flux (Fig. 3.14) are similar to the heat flux time series. The quiet

time at the beginning and end of the record is apparent. However, while the

eddy heat flux values decrease dramatically below 1150 dbar, eddy momentum

fluxes at 2240 and 3320 dbar (not shown) can be as large as for the shallower

instruments. Low-frequency momentum fluxes are small below 1150 dbar, as

they are for heat.

Figure 3.15a and b show profiles of mean cross-stream eddy momentum flux for

south-of-front and north-of-front conditions, respectively. The signs of the

fluxes are somewhat indeterminate and their magnitudes are small compared

with the benchmark 100 cm2 s−2, vertically and zonally averaged, estimated by

Gill (1968) as that required to balance the momentum added to the ACC by

the wind. Few of the momentum fluxes are statistically significant, but those
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that are indicate that equatorward fluxes on the north side of the SAF act to

decelerate the mean flow.

Our best estimate of the vertical profile of cross-stream eddy momentum flux

(Table 3.5 and Fig. 3.15c) shows equatorward fluxes at all levels with a

depth-average of 1.6 cm2 s−2.

Since no significant eddy momentum fluxes were found in Drake Passage

(Bryden 1979), the only in situ estimate in the ACC to compare with our

results is that from southeast of New Zealand (Bryden and Heath 1985). We

reproduce their profile in Fig. 3.15c (triangles) next to our all-frequency

momentum flux profile (open circles). The depth averages of these profiles are

27 cm2 s−2 equatorward southeast of New Zealand and 4.5 cm2 s−2 poleward at

AUSSAF. We note in passing that in depth-averaging eddy momentum flux,

Bryden and Heath (1985) extended their 1000 m flux estimate to the sea surface

since there were no shallower estimates available. We found that AUSSAF

momentum fluxes calculated for all-frequency data had a maximum near

1000 m and smaller fluxes above; Bryden and Heath’s vertical average may

therefore be an overestimate.

All in-situ estimates of eddy momentum flux are small enough to conclude that

lateral divergence of eddy momentum flux does not play a significant role in the

overall momentum balance of the ACC. This result is supported by satellite

altimeter data and numerical models, as discussed in Section 3.1.

3.4.4 Zonal Momentum Balance or Meridional Mass Balance

Interfacial form stress,

IFS = ρof
v̂′T′

θz
(3.3)

represents a vertical transfer of zonal momentum and is proportional to

meridional eddy heat flux, v̂′T ′, so that poleward eddy heat flux (v̂′T ′ <0 when

f <0) implies IFS>0 which results in a downward flux of eastward momentum

(Johnson and Bryden 1989). Here, ρo is a representative water density

(=1035 kg m−3), f is the Coriolis parameter and θz is the mean vertical

gradient of potential temperature.

We have shown (Section 3.4.3) that meridional eddy momentum fluxes are small

and of indeterminate sign so that lateral divergence of eddy momentum flux is

insufficient to close the Southern Ocean momentum balance, a result consistent

with other observations (Bryden and Heath 1985; Morrow et al. 1994). Since

meridional eddy heat fluxes are strong and poleward (Fig. 3.13) then by (3.3)

interfacial form stress must be large and downward, providing an alternative

mechanism to balance the wind stress.
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All-frequency Bandpassed

Pressure θz v̂′T ′ IFS v̂′T ′ IFS
(dbar) (◦C m−1) (◦C cm s−1) (N m−2) (◦C cm s−1) (N m−2)

420 0.62×10−2 -2.26 0.42 -1.09 0.21
780 0.58×10−2 -2.40 0.48 -0.86 0.17
1150 0.23×10−2 -1.00 0.51 -0.45 0.23
2240 0.08×10−2 -0.13 0.20 -0.08 0.12
3320 0.07×10−2 -0.19 0.31 -0.14 0.22

Table 3.6. Interfacial form stress, ρof v̂′T ′/θz at the South mooring for 2 fre-
quency bands in shear coordinates. Positive stress indicates a downward flux of
eastward momentum. Also shown is the cross-stream eddy heat flux (statisti-
cally significant at the 95% confidence level) and the mean vertical temperature
gradient estimated from CTD data.

The zonal momentum balance, averaged on isopycnals, is a balance between the

meridional flux of quasi-geostrophic potential vorticity (or the difference of

lateral divergence of eddy momentum flux and vertical divergence of interfacial

form stress) and the vertical divergence of frictional stress,

v′q′ = − ∂

∂y
u′v′ + f

∂

∂z

v′T ′

θz
=
−τz
ρo

(3.4)

Johnson and Bryden (1989) argued that lateral divergence of eddy momentum

flux is likely to be small and that, assuming frictional stress below the Ekman

layer is negligible, interfacial form stress exactly balances the wind stress,

carrying the wind input momentum downward undiminished to the level of

topography where it is dissipated by bottom form stress.

We use the South mooring data to assess the vertical distribution of IFS since

this has eddy heat fluxes significant at 95% at all levels and is therefore more

likely to reveal the true vertical structure of IFS. Table 3.6 shows cross-stream

eddy heat flux and IFS in shear coordinates for all-frequency and bandpassed

data on the South mooring. Also shown is the mean vertical temperature

gradient from CTD data.

The bandpassed IFS is virtually constant with depth at approximately

0.2 N m−2, roughly the same size as the mean wind stress over the ACC,

supporting the theory of Johnson and Bryden (1989). The all-frequency IFS,

however, shows a factor of 2 decrease between 1150 and 2240 dbar with values

constant above and below this layer.

For a steady-state, the eddy potential vorticity flux is proportional to the
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residual meridional circulation, v∗, and

v′q′ = −f v∗ (3.5)

(see Holton (1992) for a complete discussion). The residual meridional

circulation may be thought of in terms of the “bolus” transport, which is the

correlation between fluctuations in velocity and in layer thickness, v ′∆z′. If, on

average, poleward velocity fluctuations occur in combination with thicker than

average water mass layers, then a net southward transport of water can be

achieved even if the Eulerian-mean fluid velocity is zero: a residual circulation.

In the absence of significant lateral divergence of eddy momentum flux

v∗ =
−1

ρof

∂IFS

∂z
(3.6)

so that the residual meridional circulation is driven by the vertical divergence of

interfacial form stress. The observed divergence of all-frequency IFS between

1150 and 2240 dbar due to the low-frequency motions (Table 3.6) drives a

northward residual flow of order 1 mm s−1.

The sense of this meridional flow is opposite to that inferred indirectly from

other observations, and in models. For example, Speer et al. (1999), using CTD

data along WOCE transect SR3 and a simple parameterization of the eddy

potential vorticity flux, inferred a southward eddy driven mass flux in deep

layers spanning Upper Circumpolar Deep Water and Antarctic Intermediate

Water. They suggest the eddy-induced advection may account for up to half the

southward flow required to balance the northward Ekman transport, with the

remainder accomplished by deep geostrophic flow. Stevens and Ivchenko (1997)

describe the residual mean streamfunction and IFS from the Finite Resolution

Antarctic Model (FRAM). They find the largest contributor to the downward

transfer of zonal momentum is the standing eddies, whose contribution to IFS

increases with depth to drive a southward flow. Our estimates of IFS from

current meter data do not include the standing eddy contribution. Based on the

FRAM results, we speculate that the northward flow due to transient motions

with period longer than 90 days inferred from the AUSSAF data is likely to be

compensated by a southward flow driven by the divergence of standing eddy

IFS of opposite sign.

Estimates of IFS (not bandpassed) in central Drake Passage (Johnson and

Bryden 1989) were also downward but were roughly twice as large as our

estimates due to a much weaker temperature gradient above 1500 m. IFS in

Drake Passage also decreased by a factor of about 2 from shallow to deep

instruments. Southeast of New Zealand (Bryden and Heath 1985), the vertical

temperature gradient is similar to that for AUSSAF but meridional heat fluxes
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EKE EPE BCy Timescale for

Pressure 1
2 (u′2 + v′2) 1

2gα T
′2/θz −gα v′T ′ ∂T∂y /θz Eddy Growth

(dbar) (cm2 s−2) (cm2 s−2) (cm2 s−3) (days)
geographic shear shear

420 339.0 136.2 3327.1 11.9×10−4 33
780 223.7 97.7 3506.8 24.8×10−4 17
1150 123.5 59.6 1579.1 10.7×10−4 18
2240 18.2 12.7 112.3 0.4×10−4 36
3320 23.6 21.5 140.6 0.7×10−4 27

Table 3.7. Profiles of eddy kinetic energy in 2 coordinate frames, eddy potential
energy, conversion of available potential energy in shear coordinates and timescale
for eddy growth.

were of variable sign and not significantly different from zero so nothing can be

inferred about IFS there.

3.5 Eddy Energy Distribution

Satellite maps of velocity variance (e.g. Morrow et al. 1994) indicate that eddy

energy near the AUSSAF array is moderate but growing. In this section we

estimate the amount of energy contained in the eddy field and the extent to

which conversion of energy from the mean to eddy fields, or the reverse, is

taking place.

3.5.1 Eddy Kinetic Energy We have calculated eddy kinetic energy,

EKE = 1
2 (u′2 + v′2), using both shear and geographic coordinates, and found

that both produce EKE profiles that are highly coherent across the array. The

array mean profile for each coordinate system is shown in Table 3.7; each

mooring has been given equal weight. Note that geographic EKE is

approximately twice as large as shear EKE. The two coordinate frames provide

different views of eddy kinetic energy, both of which are meaningful. In shear

coordinates, EKE is primarily a measure of velocity fluctuations associated with

mesoscale eddy motions excluding variations in front orientation. In geographic

coordinates, EKE measures the energy associated with all disturbances from the

mean field with periods longer than 40 hours. In both coordinate frames, the

proportions of EKE contained in the 40 hour–90 day band versus the

lower-frequency band are 40%/60% for levels 2500 dbar or shallower, and

70%/30% at deeper levels.

Sciremammano (1980) reported that “heat-fluxing” events in central Drake

Passage were associated with increases in EKE. We found the same link
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between heat fluxes and EKE in geographic coordinates for all-frequency data,

but not for shear coordinate, bandpassed data. We interpret these events as the

passage of the front over the array.

Comparing the mean AUSSAF geographic EKE profile with those from other

ACC and western boundary current (WBC) sites (Fig. 3.16a) we find that EKE

south of Australia is approximately the same size as that southeast of New

Zealand and in northern Drake Passage, while that in central Drake Passage is

approximately half the size, above 2000 m. The Gulf Stream and Agulhas

current systems are more energetic than the ACC at all levels, except near

700 m in the Gulf Stream, and are particularly so above 500 m. The Kuroshio

Extension is surface intensified like the other WBCs, but more closely resembles

the ACC at depth.

3.5.2 Eddy Potential Energy Eddy potential energy,

EPE = 1
2 g α T

′2/θz, is also highly coherent between moorings although it tends

to be smaller at South where temperature variability is less than that at the

more northern moorings. Here, α is the effective thermal expansion coefficient

α = −1

ρ

dρ

dT
= −1

ρ

(
∂ρ

∂T
+
∂ρ

∂S

dS

dT

)

calculated from CTD data, g is gravitational acceleration and θz is the mean

vertical gradient of potential temperature at the array (also from CTD). EPE is

approximately an order of magnitude larger than EKE at all levels (Table 3.7),

and since fluctuations in the 40 hour–90 day band account for only 30-40% of

EPE, we suggest that most of the variability in the temperature field is due to

the shifting orientation of the front, and other events with periods longer than

90 days.

We compare the vertical profile of EPE at AUSSAF with estimates from central

Drake Passage (Bryden 1979) and southeast of New Zealand (Bryden and

Heath 1985), neither of which have data above 1000 m (Fig. 3.16b). Below

2000 m, EPE south of Australia is approximately the same as that in central

Drake Passage and is 3 times as large as that southeast of New Zealand. Near

1000 m, AUSSAF levels are almost twice those in central Drake Passage and 9

times those southeast of New Zealand. The northern Drake Passage was found

to be much more energetic than the central passage in terms of EKE, and EPE

there may also be large. That EPE is much larger south of Australia than at

the other ACC locations and is dominated by contributions from low-frequency

events suggests that meandering of the front and other low-frequency motions

are more common south of Australia than elsewhere in the ACC. This may be

because the Australian region is more topographically complex than the other

regions.
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Figure 3.16. Vertical profiles of (a) eddy kinetic energy 1
2 (u′2 + v′2) and (b)

eddy potential energy 1
2 gα T

′2/θz for geographic coordinate, all-frequency AUS-
SAF data compared with profiles from other sites in the ACC: southeast of New
Zealand and Drake Passage (all solid lines); and from western boundary current
systems: Agulhas, Gulf Stream and Kuroshio Extension (all dashed lines). Ki-
netic and potential energy for southeast of New Zealand and kinetic energy for
central Drake Passage taken from Bryden and Heath (1985); potential energy for
central Drake Passage is from Bryden (1979); kinetic energy for the remaining
sites is from Schmitz (1996).
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3.5.3 Energy Conversion Here we estimate three energy conversion

terms which describe the exchange of kinetic and potential energies between the

mean and eddy fields. They are the baroclinic conversion of potential energy

available in the mean density field into eddy potential energy

BC = −gα
θz

(
u′T ′

∂T

∂x
+ v′T ′

∂T

∂y

)
(3.7)

the barotropic conversion of energy from the mean velocity field into eddy

kinetic energy

BT = −
(
u′u′

∂u

∂x
+ u′v′

(
∂u

∂y
+
∂v

∂x

)
+ v′v′

∂v

∂y

)
(3.8)

and the production of mean kinetic energy by the eddies

PKE = −
[
u

(
∂

∂x
u′2 +

∂

∂y
u′v′

)
+ v

(
∂

∂x
u′v′ +

∂

∂y
v′2
) ]

(3.9)

BC is a term in the mean equation for eddy potential energy derived by

multiplying the eddy heat conservation equation by gαT ′/θz and

time-averaging. BT is a term in the mean equation for eddy kinetic energy

derived by adding u′ times the u-component eddy momentum equation to v ′

times the v-component eddy momentum equation and time averaging. PKE is a

term in the equation for the conservation of kinetic energy of the mean flow,

derived by adding u times the time-averaged eastward momentum equation to v

times the time-averaged northward momentum equation.

These terms are evaluated relative to the geographic coordinate frame,

primarily because there is insufficient information to evaluate them in shear

coordinates (without a more extensive analysis as in Hall (1991)), and secondly

to aid comparison with energy conversion estimates in the literature.

In the equations, g is gravitational acceleration, α is the effective thermal

expansion coefficient, θz is the mean vertical gradient of potential temperature,

and unit vectors (x̂, ŷ, ẑ) are directed “eastward” (toward 104◦ T, across the

main line of moorings), “northward” (toward 14◦ T, along the main line), and

upward.

Marshall and Shutts (1981) describe the decomposition of the time-averaged

heat flux field, in the mean equation for EPE, into a purely horizontally

non-divergent component and a residual divergent component. The premise for

this decomposition is that the nondivergent component of velocity, flowing

along mean temperature contours, does not advect mean temperature; only the

divergent component of the mean flow is responsible for the mean heat

advection and therefore the baroclinic conversion events. By including eddy
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heat flux due to the non-divergent component of velocity in (3.7), BC can

become misleading, indicating that baroclinic instability is occurring even when

no heat advection occurs. Cronin and Watts (1996) optimally mapped their

Gulf Stream velocity field, from current meters, to determine the geostrophic

stream function from which they could estimate the non-divergent component

of eddy heat flux. They found that the incorporation of the non-divergent heat

flux in (3.7) resulted in an overestimate of baroclinic conversion events by

approximately a factor of 2. We are unable to make this calculation due to the

limited spatial coverage of our array, but we bear in mind this result.

We can make a rough estimate of the horizontal gradients in (3.7), (3.8) and

(3.9) by simple finite differences between pairs of moorings:
∂
∂x = (value at Central−value at West)/∆x
∂
∂y = (value at Central−value at South)/∆y

for (∆x, ∆y) = (52, 37) km. The conversion terms are evaluated at 1150 dbar,

since this level has the best possible data on all moorings, for the common

record length of 337 days. We find that

BC = (10.17 ± 11.33) ×10−4 cm2 s−3

BT = ( 0.16 ± 0.94) ×10−4 cm2 s−3

PKE = (-0.44 ± 0.91) ×10−4 cm2 s−3

The errors have been estimated from the standard errors of the 337-day mean

velocity and temperature, variance of velocity and temperature, and momentum

and heat fluxes for 17 degrees of freedom (corresponding to an integral time

scale of 20 days).

The sign of BC is such that mean potential energy is converted to eddy

potential energy. The magnitude of BC is likely an overestimate of the vigour of

baroclinic conversion (by perhaps a factor of 2, Cronin and Watts 1996) since it

includes a contribution from the horizontally non-divergent heat fluxes. BT

indicates that kinetic energy is being transferred from the mean velocity field to

the eddies, while PKE indicates eddies are producing mean kinetic energy; both

are an order of magnitude less than BC. Although our estimates are uncertain

due to limited spatial sampling, we conclude that the dominant energy

conversion process is baroclinic conversion from available potential energy to

eddy potential energy, with conversion between mean and eddy kinetic energy

occurring at background levels. The net exchange between mean and eddy

kinetic energy is BT-PKE = (-0.28±0.9) × 10−4 cm2 s−3, so that eddies lose

kinetic energy to the mean flow, but at a rate 30 times lower than eddies gain

potential energy from the mean density field.

3.5.4 Growth of eddies The typical timescale for eddies to grow from

zero to their average energy is the sum of their eddy energy divided by the sum
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of the energy conversion terms,

(EKE +EPE) / (BC +BT − PKE) = 18 days

at 1150 dbar. Bryden (1979) found timescales for eddy growth in Drake Passage

to be 54 and 15 days at depths 1020 and 2700 m, respectively, and suggested

that the longer time scale is more representative of the timescale for the growth

of eddy motions since shallower depths probably dominate the contribution of

eddy energy to the entire water column. This is certainly true for the AUSSAF

array, where EKE and EPE are large above 1150 dbar and decrease by an order

of magnitude below.

Vertical information on energy conversion at the AUSSAF array is limited to

the y-component of baroclinic conversion,

BCy =
−g α
θz

v′T ′
∂T

∂y
(3.10)

since only the cross-stream gradient of temperature is available at all

instrument depths, estimated from CTD data along the main line of moorings.

Spatial gradients using current meter data have gaps at some levels and cannot

provide sufficient vertical resolution to interpret depth variations. Nevertheless,

BC is the largest of the energy conversion terms and BCy at 1150 dbar accounts

for approximately half of BC. For the purpose of determining depth variations

in energy conversion and eddy growth rate, we return to the shear coordinate

frame since v′T ′ is vertically coherent and statistically significant at all levels

only in shear coordinates.

Energy conversion varies more strongly with depth at the AUSSAF array

(Table 3.7) than in Drake Passage where Bryden (1979) found BCy to be

2.1×10−4 and 1.2×10−4 cm2 s−3 at 1020 and 2700 m, respectively. Near 1000 m

BCy at AUSSAF is 5 times larger than in Drake Passage, but near 3000 m the 2

sites have similar conversion rates. The timescales for eddy growth (Table 3.7),

defined as

(EKEshear +EPE) / BCy|shear

is 18 days at 1150 dbar (fortuitously in agreement with the geographic

coordinate growth rate at 1150 dbar), increasing above and below this level to

30 days. We, therefore, conservatively estimate a typical timescale for eddies to

grow from zero to their average energy level to be 30 days. This growth rate is

about twice as fast as that in Drake Passage, consistent with the idea that the

AUSSAF array is in a region of growing eddy energy compared with the mature

eddy field of Drake Passage.



Eddy Variability 88

3.6 Summary and Conclusions

Current flow at the AUSSAF array is energetic, episodic and highly variable

with mean current speeds up to 33 cm s−1 and peaks up to 74 cm s−1 at

420 dbar. Mean current vectors turn across the array, consistent with a

meander crest to the west of the array. Sea surface height maps show that 5

meanders propagate slowly eastward during the deployment, occasionally

stalling over the array for several months. Current vectors also rotate about the

vertical coordinate, providing information on vertical motion at the array, which

is of order 1 mm s−1, similar to that found in the Gulf Stream and Kuroshio

Extension.

Fluctuations are vertically coherent and virtually in phase at all levels. There is

a slight tendency for shallow temperature events to lead deep ones, while deep

velocity events lead shallow by about 10–20◦/1000 m. The vertical phase shift

in the velocity fluctuations is consistent with the baroclinic instability model of

Gill, Green and Simmons (1974).

Temperature fluctuations on the main line of moorings are in phase to within

1 day and West leads the main line by approximately 3 days. Fluctuations

propagate across the array, on average, toward east-north-east with a speed of

approximately 20 cm s−1, nearly twice as fast as propagation speed southeast of

New Zealand.

Typical integral timescales of fluctuations are approximately 20 days at and

above 2240 dbar, similar to those found southeast of New Zealand, and 7 days

at 3320 dbar. The reduction in timescale near the bottom is due to the

increasing dominance of higher frequency processes there, which are likely a

result of interactions with the bottom.

The definition of a daily-varying coordinate frame which follows the direction of

current flow allows the mesoscale variability of the SAF to be examined in

isolation from the variability caused by the changing orientation of the front,

and proves to be the best coordinate frame with which to assess meridional

eddy fluxes of heat and momentum.

We found that the relationship between current flow and meander phase

identified by Lindstrom et al. (1997) for the Gulf Stream was also applicable in

the ACC: backing of the current, cold advection and downwelling (veering,

warm advection and upwelling) occur in flow exiting (entering) a southern

hemisphere meander crest.

Eddy heat fluxes across the SAF at AUSSAF are large (11.3 kW m−2 averaged

over the array and vertically integrated), poleward and significantly different
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from zero at the 95% confidence level. Zonally integrating this point estimate

leads to a circumpolar eddy heat flux of 9×1014 W, more than enough to

balance the estimated 4.5×1014 W lost south of the Polar Front. Including

motions with periods longer than 90 days increases poleward heat flux to

33×1014 W which is 4 times that found southeast of New Zealand and 3 times

that found in Drake Passage. Results from Drake Passage suggest the amount

of heat crossing the whole ACC may be only 25% of that crossing the SAF.

Cross-stream eddy momentum fluxes are small, not statistically significant and

of indeterminate sign, but have a tendency for equatorward fluxes on the

northern side of the SAF, and deceleration of the mean flow.

Interfacial form stress is downward and is large enough to balance the wind

input momentum. It is constant with depth for eddy motions (periods

40 hours–90 days), but decreases by a factor of 2 between 1150 and 2240 dbar

for eddy and low-frequency motions combined (periods 40 hours and longer).

This divergence implies the existence of an eddy-induced northward flow in this

depth interval, driven by fluctuations with periods longer than 90 days. The

northward flow is possibly compensated by divergence of the standing eddy

component of IFS (not measured by the current meters) which was found to be

large in FRAM, and of the sign to drive a southward flow (Stevens and

Ivchenko 1997).

Eddy kinetic energy is similar in size to other ACC estimates, which are all

smaller than EKE observed in western boundary currents. Eddy potential

energy is an order of magnitude larger than EKE and is 2 times EPE in central

Drake Passage and 9 times that southeast of New Zealand above 1000 m. Below

1000 m, EPE at AUSSAF is the same size as that in central Drake Passage and

3 times that southeast of New Zealand. Most of this energy is contributed by

low-frequency motions (period > 90 days) so the large EPE values south of

Australia suggest such motions are more common here than elsewhere in the

ACC.

Baroclinic conversion is the dominant mechanism by which eddies grow south of

Australia, with barotropic conversion almost 2 orders of magnitude smaller.

Baroclinic conversion is approximately 5 times larger than that found in Drake

Passage near 1000 m and approximately the same size near 3000 m. We

estimate a typical time for eddy growth south of Australia to be 30 days –

about twice as fast as in Drake Passage.

The site of the AUSSAF array is a region of growing eddy energy, in contrast to

the mature eddy fields of Drake Passage and southeast of New Zealand. The

strongest indication of this is the much larger eddy heat flux at AUSSAF and

the correspondingly larger baroclinic conversion of available potential energy.
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While the ACC remains sparsely monitored, the AUSSAF array provides new

estimates of eddy variability in a region dynamically different to the sites

previously monitored.



CHAPTER 4

A MEAN SYNOPTIC VIEW OF THE

SUBANTARCTIC FRONT

4.1 Background

Considerable effort has been expended in trying to measure the velocity

structure of the ACC, but due to its inhospitable nature and enormous size the

goal is elusive. Drake Passage is the narrowest and most studied choke-point of

the ACC and here alone we have an understanding of the variation in velocity

across the ACC and a reliable estimate for its mean absolute transport,

134 ± 13 Sv (1 Sv=1×106 m3 s−1) (Whitworth 1983; Whitworth and Peterson

1985).

At the two remaining choke-points, south of Australia and south of Africa,

information is limited to the baroclinic part of the velocity field, which can be

estimated from hydrographic transects. By baroclinic we mean the part of the

velocity field that can be determined from the density field using the

geostrophic approximation and referencing to a deep level. South of Africa,

several estimates have been made of the baroclinic transport, ranging from

155 Sv (Read and Pollard 1993) down to 140 Sv (Georgi and Toole 1982), and

129 Sv (Jacobs and Georgi 1977). South of New Zealand the baroclinic

transport is estimated to be 125 Sv (Georgi and Toole 1982). South of

Australia, six repeat hydrographic transects along WOCE section SR3 were

combined to estimate the mean and variability of baroclinic transport,

147 ± 10 Sv relative to the sea floor, including the Subantarctic Zone and

extending to the Antarctic continental slope (Rintoul and Sokolov 2000).

The fact that most of the hydrographic transects are occupied only once, except

those south of Australia and in Drake Passage, means that there is insufficient

data to estimate even the mean baroclinic velocity field. In addition, studies

suggest that there is also significant barotropic flow (Whitworth 1983; Donohue

et al. 2000). The alternative to repeat transects, spanning the ACC with

moored instruments, is an inordinately expensive and difficult task, particularly

outside Drake Passage. At the present time, acoustic Doppler current profilers

(ADCPs) do not measure absolute velocity sufficiently accurately to provide a

reference for transport across long sections (Donohue et al. 2000).
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A method was described by Hall and Bryden (1985) to profile the Gulf Stream

velocity field using a single current meter mooring. It has since been used

successfully to provide a mean synoptic view of the Gulf Stream at different

locations (Hall 1986; Johns et al. 1995; Bower and Hogg 1996) and of the

Kuroshio (Hall 1989). The method relies on the assumption that the

cross-stream structure of the current is fixed in time although the current

stream is free to move in any direction. Exploiting the mobility of the current

stream, as it meanders back and forth over the fixed mooring, the current

meters measure velocity at different locations in the cross-stream direction. The

individual measurements are then combined to construct a mean cross-stream

profile of the current, which is synoptic in the sense that the full strength and

the width of the current are accurately represented. Averaging in a fixed

geographic coordinate frame, assuming enough of the current has been

instrumented to allow this kind of averaging, results in a broader, weaker profile

(Bower and Hogg 1996) since the geographic location of the maximum in the

geographic mean profile is at times occupied by the strongest part of the

current and at other times by the weaker edges. An alternative method for

determining the cross-stream location of the current axis was described by Hogg

(1992) but will not be used in the following analysis.

In this chapter we explore for the first time the applicability of streamwise

profiling techniques to the ACC. We use a modified version of the Hall and

Bryden (1985) method to derive a mean cross-stream profile of absolute velocity

in the Subantarctic Front (SAF) of the ACC from current meter data. Rintoul

and Sokolov (2000) show that the SAF is the main core of the ACC south of

Australia in terms of baroclinic flow. We also introduce a second profiling

method which uses a predetermined cross-stream coordinate to produce a mean

cross-stream profile of baroclinic velocity in the SAF from hydrographic data.

4.2 Chapter Outline

Following the description of the two profiling techniques in Sections 4.3 and 4.4,

we compare the two resulting velocity profiles with each other and with point

estimates of velocity made from the individual CTD transects and from ADCP

(Section 4.5). Absolute and baroclinic volume transport per unit width across

the SAF are examined, and we estimate the barotropic transport in Section 4.6.

We also briefly examine the linear conditions for barotropic and baroclinic

instability in the SAF in Section 4.7. The results of the earlier sections are

brought together in Section 4.8 and are compared with estimates of velocity and

transport at other locations in the ACC. The chapter concludes with a

summary (Section 4.9).
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4.3 Mean Absolute Velocity from Current Meter Data

4.3.1 Defining the Cross-stream Coordinate In Chapter 3, we

examined the variability at the AUSSAF array and found that a daily-varying

coordinate frame that is attached to the core of the moving SAF and whose

x-coordinate is always in the direction of the current stream allowed a more

revealing description of the velocity field and cross-stream eddy fluxes than was

possible using a geographic coordinate frame. The along-stream coordinate was

defined to be the direction of velocity shear between 420 and 2240 dbar, and the

cross-stream coordinate to be 90◦ to the left of along-stream. We use the same

coordinate frame in this study, and now take the next step of quantifying the

time-varying cross-stream position of the axis of the SAF, relative to the current

meter array, so that the cross-stream structure of the SAF can be examined.

In profiling the Gulf Stream, Hall and Bryden (1985) used temperature at

575 dbar (T575) to determine the distance y of the stream core from their array.

The thermal wind assumption and vertical shear measured by the current

meters were used to infer the cross-stream gradient of temperature, ∂T/∂y, at

575 dbar. Linear relationships between ∂T/∂y|575 and T575 either side of the

core were integrated and inverted to yield cross-stream distance as a function of

T575. Velocity data was then grouped in bins of T575, giving a cross-stream

profile of velocity at each of the current meter levels.

We present here a modification of the Hall and Bryden (1985) method (N.

Bindoff, personal communication, 1999). The motivation for seeking an

alternative approach was the desire to quantify the error associated with

estimating the cross-stream position from the density field. In Hall and

Bryden’s method, it is straightforward to estimate the variance in ∂T/∂y about

the linear fit. But it is unlikely that carrying this variance through the

integration and inversion steps would give a reliable estimate of the variance in

y. For comparison with the new method described in this paper, the mean

velocity profile of the SAF using the Hall and Bryden method is presented in

Appendix E.

We use specific volume anomaly (svan) at 780 dbar, δ780, as the cross-stream

coordinate since T-S relationships are not tight in the region of the SAF and we

cannot, therefore, assume a linear relationship between temperature and

density, as is often done for the Gulf Stream. For the AUSSAF data, empirical

temperature-svan relationships have been determined from the SR3 CTD data

for a series of pressure levels (Appendix A). Svan can thus be inferred from

temperature measured by the current meters.

The strongest flow recorded by our current meters occurred when temperature
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at 780 dbar, T780, was close to 6◦C, as seen in Fig. 4.1, which shows

along-stream velocity and temperature at 780 dbar for the West, South and

Central moorings. We therefore define the core of the SAF to be present when

T780=6◦C, which corresponds to δ780=1.102×10−6 m3 kg−1 for the SAF. This

choice of reference point is not critical to the following analyses; a point at

either edge of the SAF would serve equally well but would be harder to define.

Using the thermal wind equation in terms of svan,

f
∂u

∂z
=

−g
(δ + 1

ρp
)

∂δ

∂y
(4.1)

we determine the cross-stream gradient of svan, ∂δ/∂y, from the vertical shear

of along-stream velocity, ∂u/∂z. Here, δ = 1
ρ(S,T,P ) − 1

ρp
has units of m3 kg−1, ρ

is density and ρp = ρ(35, 0, P ), z and y are the vertical (positive upward) and

cross-stream (positive to the left of along-stream) coordinates, f is the Coriolis

parameter (= -1.13 ×10−4 s−1) and g is the Earth’s gravitational acceleration

(= 9.8 m s−2). The balance in (4.1) is evaluated at 780 dbar, estimating ∂u/∂z

as a finite difference between 420 and 1150 dbar.

In Fig. 4.2, the reciprocal of ∂δ/∂y at 780 dbar is plotted versus δ780. Although

δ780 is our cross-stream position indicator, T780 is a more readily interpreted

variable and, where appropriate, we also provide a T780 axis, as in Fig. 4.2. We

have not included the reciprocal of any points with

∂δ/∂y <0.33×10−9 m3 kg−1 km−1, thus the maximum (∂δ/∂y)−1 is

3×109 km kg m−3. This excludes approximately 2% of points, evenly

distributed in δ780.

It is clear that by integrating (∂δ/∂y)−1 with respect to δ780 we obtain y.

However, the interesting part is choosing which path through the scatter of

(∂δ/∂y)−1 points gives the best estimate of cross-stream distance, and which

two paths, above and below the path chosen to give y, will best represent the

error in y.

A histogram of all (∂δ/∂y)−1 (Fig. 4.3) shows that the overall distribution of

points is not Gaussian; this is equally true for the distribution of points in any

one svan bin. We therefore choose the median value, or 50th percentile of

(∂δ/∂y)−1 in δ780 bins of 0.02×10−6 m3 kg−1 (solid line, Fig. 4.2) to give

cross-stream distance. The shaded region about the median in Fig. 4.2 is

analogous to a 1 standard deviation envelope for a Gaussian distribution,

determined as follows. For a Gaussian distribution (inset, Fig. 4.3), the

envelope of 1 standard deviation about the mean encloses an area under the

distribution curve equal to 68% of the total area under the curve. For our

non-Gaussian distribution then, we look for the limits of an area equal to 68%
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of the total, centred on the median, with equal area either side of the median.

These limits are the 16th and 84th percentiles. Figure 4.3 illustrates where

these percentiles fall within the overall distribution of (∂δ/∂y)−1, which is

representative of the distribution in the smaller bins.

Having identified three paths through the scatter of (∂δ/∂y)−1 points we use

trapezoidal integration to calculate the area under each path between the origin

and each svan bin to obtain y and its upper and lower errors (Fig. 4.4). The

origin of integration is the core of the stream at δ780 = 1.102×10−6 m3 kg−1

(equivalent to T780 = 6◦C). At the origin, both y=0 and the error in y is zero,

indicating that at this point we know the cross-stream position exactly –

because we have prescribed it this way. The error in y becomes larger toward

the outer limits of the stream and we are therefore cautious in the following

analysis when interpreting the behaviour of the stream at its edges. Within

±100 km of the origin the error in y is less than 10 km.

4.3.2 Mean Absolute Velocity Profile To estimate the mean

cross-stream profile of absolute along-stream velocity at each current meter

level, along-stream velocity is grouped into bins of δ780 (Fig. 4.5). The mean

velocity profile has one main peak near 6◦C, reaching 52 cm s−1 at 420 dbar.

Two shoulders to the main peak near 4◦C and 7.7◦C have maximum velocities

of 28 and 31 cm s−1 at 420 dbar, respectively, and a secondary peak near 3.2◦C
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has a maximum velocity of 26 cm s−1. Near bottom velocities (3320 dbar) are

up to 3.6 cm s−1 in the main jet, with a maximum of 5.9 cm s−1 on the cold

side near -100 km.

The vertical coherence of the velocity at the top four current meters within the

main peak is striking, although expected from the results of Section 3.3.3. The

only apparent shift in the position of the velocity maximum with depth is a

slight northward shift (1 bin ≈ 10 km) of the peak in the cold shoulder (near

3.7◦ C) from 1150 to 2240 dbar. The profile at 3320 dbar is quite different to

the shallow profiles and suggests an intensification of the bottom flow on the

cold side 100 km, and more, from the core. Section 3.3.3 showed that the deep

instrument was dominated by processes with timescales much shorter than at

shallower levels, which are presumably the result of interactions with the sea

floor.

The warm edge of the SAF above 1000 m is sharper than the cold edge and also

has less vertical shear. There is no indication of any upstream flow in the mean

profile at the four upper levels, but at 3320 dbar there is statistically significant

upstream flow at the warm edge.

The width of the mean SAF core from the base of the main peak on the warm

side near 7.5◦C to the base of the shoulder on the cold side near 3.5◦C is

approximately 170 km. Results from Section 4.6 will show that the mean profile

misses part of the cold edge of the SAF. The full SAF, therefore, includes the

cold peak near 3.2◦C, and more, and its width is at least 220 km near the

AUSSAF array.

We considered two ways of calculating error bars for the mean velocity profile

(Fig. 4.5). Hall and Bryden (1985) calculated standard errors using the number

of independent crossings of the Gulf Stream over their array as the number of

degrees of freedom. Examining their temperature time series, the Stream is

clearly either north of, south of, or crossing the array. In contrast, AUSSAF

temperatures (Fig. 4.1) show that only at the beginning and end of the time

series is the SAF clearly out of the array. For the remainder of the time series

(65%) the SAF is constantly moving over the array, remaining north or south of

it only briefly. We can, nevertheless, identify 10 independent crossing events

from three of the moorings (Fig. 4.1), although brief reversals (no more than 2-3

days) in the otherwise monotonic change in temperature are sometimes included

so that as much as possible of the front is sampled. Even so, the edges of the

front are sampled less often than the core (by a factor of 2). Thus, the error

bars shown in Fig. 4.5 are the standard deviation of velocity in each bin

normalized by
√
N , where the number of degrees of freedom is N = 10

everywhere except at the outer edges of the stream where sampling is more
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sparse (shaded region, fewer than 25 observations) and we downgrade N to 5.

The unshaded temperature bins contain a minimum of 32 and an average of 53

observations each.

An alternative method of determining the number of degrees of freedom uses

integral time scales calculated from the data (Section 3.3.3). At 780 dbar, the

integral time scale for along-stream velocity is approximately 25 days. Dividing

this into the number of days the SAF is close to the array, 450 days, gives 20

degrees of freedom. This method would give smaller error bars and we prefer to

use the more conservative estimate of 10 (5) degrees of freedom.

4.4 Mean Baroclinic Velocity from CTD Data

4.4.1 The Method We describe here a method to determine the mean

cross-stream profile of along-stream baroclinic (geostrophic) velocity in the ACC

using CTD data from repeat hydrographic transects that cross one or more

ACC jets. We have used six repeats of WOCE transect SR3. For each CTD

profile, the dynamic height of selected pressure surfaces, relative to 3320 dbar, is

estimated and plotted as a function of δ780. Figure 4.6 shows the tight grouping

of the points at each pressure level, indicating that the cross-stream structure of

dynamic height for the ACC is relatively fixed in time. We fit a smoothing

spline to the scatter of dynamic height as a function of svan at each pressure

level, Dp, which is then differentiated with respect to cross-stream distance to

obtain along-stream baroclinic velocity as a function of cross-stream distance

vbc(p, y) =
−1

f

∆Dp(y)

∆y
(4.2)

The velocity estimates are sensitive to the level of detail in the spline fit; we

have subjectively chosen the closeness of the fits so that the resulting velocity

profiles are smooth but the primary features remain.

While only the component of geostrophic velocity normal to the SR3 line can be

calculated directly from CTD data, by taking the additional step of calculating

dynamic height as a function of δ780 we capture all of the along-stream

baroclinic flow. This additional step removes the problem of the CTD transects

crossing the ACC fronts obliquely, because δ780 gives the true cross-stream

distance, irrespective of the orientation of the fronts relative to the transects.

This method also overlooks reversals of flow since we are working in δ780-space,

and because dynamic height increases with increasing δ780, vbc according to

(4.2) is always positive. For example, consider a cold-core ring, several of which

are seen in the SR3 sections (Fig. 4.7). The vertical density structure is roughly

identical at equal distances in any direction from the ring’s centre, and the
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along-stream baroclinic velocity is therefore the same at a given value of δ780 on

all sides of the ring.

A limitation of this method is that the relationship between the cross-stream

coordinate (δ780) and cross-stream distance must be determined from another

source. Here, we are able to use y(δ780) from the current meters. Unfortunately,

these have less spatial coverage than the CTDs and so (4.2) is only valid for the

range of δ780 seen by the current meters, indicated in Fig. 4.6.

Since the CTD profiles have continuous vertical sampling, this method can be

used to estimate baroclinic velocity at any level. However, the intent of this

study is to compare the structure of baroclinic and absolute velocity across the

SAF and we are limited by the vertical resolution of the current meters. We,

therefore, estimate vbc at the five current meter levels and at 0 and 100 dbar,

referenced to the deepest current meter level (3320 dbar).

The error in baroclinic velocity includes error contributions from both the

dynamic height and the cross-stream distance, and is calculated as

verr(p, y) =
1

f

∆Dp(y)

∆y

√√√√
(
Dp err

∆Dp(y)

)2

+

(
yerr(y)

∆y

)2

(4.3)

Dp err is the rms difference between dynamic height observations and the

smoothing spline fit at each pressure, divided by
√
dfD, where dfD=6 is the

number of degrees of freedom available from the six independent CTD sections.

yerr is the mean of the upper and lower errors in y as described in Section 4.3.1,

divided by
√
dfy, where dfy is the number of data points used to estimate y in

each svan bin (Fig. 4.2).

4.4.2 Mean Baroclinic Velocity Profile Figure 4.8 shows the mean

profile of along-stream baroclinic velocity at 6 levels, determined by

differentiating the dynamic height curves in steps of δ780 = 0.02× 10−6 m3 kg−1.

There is one broad, main peak centred on T780=5.2◦C, extending from 7.2 to

4.2◦C, which has a maximum velocity of 34 cm s−1 at 420 dbar. Two smaller

peaks on the cold side of the main peak, near 3.7 and 3.2◦C, reach speeds of 25

and 22 cm s−1, respectively. A much weaker peak (15 cm s−1 at 420 dbar) is

found on the warm side near 7.6◦C. Each of these peaks extends to 2240 dbar

and possibly deeper. The peak at the cold edge near 3.2◦C is swamped by large

errors, mainly in y, and is therefore not statistically significant.

Toward the northern end of the SR3 section, T780 and δ780 become unreliable

indicators of cross-stream position. In Fig. 4.7, we see that beyond the northern

edge of the SAF (strong flow near 50–51◦S) T780 reaches a maximum in many of

the sections and remains the same or decreases to the north. Thus, current

cores to the north of the SAF with δ780 signatures close to that of the SAF, but
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with weaker current flows, would be aliased into the SAF in stream coordinates

and would therefore bias low the mean profile. It is therefore necessary to

exclude any CTDs from the SR3 sections that are clearly not within the SAF

but whose δ780 signature is the same as CTDs within the SAF.

Rintoul and Sokolov (2000) identify two current cores north of the SAF: an

anticyclonic recirculation of Subantarctic Zone (SAZ) water whose southern

limb merges with the SAF; and a westward outflow of Tasman Sea water. If the

SAZ recirculation has been sampled by the current meters, it cannot be isolated

from the SAF flow in the mean absolute velocity profile and we do not attempt

to exclude it from the mean baroclinic velocity profile. The Tasman Sea outflow,

however, is too far north (near 45◦S) to have been sampled by the current

meters and excluding it from the mean baroclinic profile will improve the

comparison of absolute and baroclinic velocities. We have, therefore, excluded

all CTDs north of the flow reversal north of the SAF from the streamwise

dynamic height curves, and thus from the mean profile. The flow reversal marks

the centre of the SAZ recirculation and thus the remaining CTDs are still able

to capture the full strength of the recirculation. Converting from δ780 to y as

the cross-stream coordinate, though, we lose some of the recirculation since the

northernmost value of y corresponds to a δ780 value of 1.28 × 10−6 m3 kg−1 and

in the centre of the recirculation δ780 exceeds this value for three of the CTD

sections (10/91, 1/95 and 9/96) by up to 0.03 × 10−6 m3 kg−1. Thus, most but

not all of the SAZ recirculation is included in the mean profile.

On the cold side of the SAF, the Polar Front is the only current core which may

have δ780 values high enough to be included in the mean profile. There are two

branches to the Polar Front at the longitude of the SR3 section, as described by

Rintoul and Sokolov (2000). The northern branch, identified by the most

northern extent of the 2◦C isotherm near 200 m, can be seen in Fig. 4.9. T780

at the Polar Front in this section is approximately 2.45◦C and the maximum

T780 in the Polar Front in any of the six sections is 2.56◦C. This is colder than

the cold edge of the mean velocity profile of Fig. 4.8, near T780=2.9◦C. Thus, no

part of the Polar Front is represented in the mean velocity profile.

We therefore interpret the four baroclinic velocity peaks in Fig. 4.8 to be

primarily filaments of the SAF with some of the eastward component of the

SAZ recirculation also included.

4.5 Comparison of Current Meter and CTD Views

The absolute velocity (Fig. 4.5) and baroclinic velocity (Fig. 4.8) profiles are

structurally very similar, both exhibiting peaks at the same cross-stream
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locations. The main peak in both profiles is in the range T780 = 4.2 to 7.2◦C

and 3 weaker peaks are centred close to 7.6, 3.7 and 3.2◦C. This suggests that

the two profiling methods are sampling the same part of the ACC, that is, the

SAF and probably some SAZ recirculation as identified in Section 4.4.2.

In Figure 4.10, baroclinic and absolute velocity profiles at 100 and 420 dbar

may be compared directly. The absolute velocity curve at 100 dbar is a

conservative extrapolation from 420 dbar, the level of the shallowest current

meter (see Section 4.6 for details). This level was chosen to allow comparison

with ADCP measurements (see below). The baroclinic velocities (dashed line)

are nearly always less than the corresponding absolute velocities, indicating

along-stream barotropic flow. One exception is near T780 = 3.4◦C, in the trough

between the two smaller cold-side peaks. The curves are most different at the

core of the stream and come close together at the edges, particularly on the cold

side. This suggests that the along-stream barotropic flow is strong at the core of

the SAF and weaker at the edges.

The two mean profiles at 420 dbar (Fig. 4.10a) are compared with point

estimates of geostrophic velocity at 420 dbar normal to SR3, calculated from

CTD station pairs relative to the deepest common level of the pair. Note that

only three transects (3/93, 1/94, 1/95) were made during the deployment

period of the current meters. Geostrophic velocity normal to the section is

consistently smaller than mean along-stream baroclinic velocity because the

CTD points provide only a portion of the complete along-stream baroclinic

flow, depending on the angle the stream makes with the CTD section. Prior to

the development of the streamwise analysis technique described here, only the

velocity normal to the section could be determined. Using the streamwise

technique we can now determine the total baroclinic flow.

In Fig. 4.10b, mean profiles at 100 dbar are compared with point estimates of

absolute velocity from ADCP at 100.6 m. The ADCP measurements do not

extend as deep as the shallowest current meter (rarely reaching below 350 m).

Ideally, we would separate the ADCP velocity into an along- and cross-stream

component. Unfortunately, we have no way of doing this because 1) the current

meters were not operating during the ADCP sampling, and 2) the ADCP data

does not extend deep enough into the thermocline to reliably estimate the

velocity shear and thus along-stream direction. Therefore, the ADCP velocities

shown are technically speeds, but negative indicates a westward component is

present.

There is reasonably good agreement between the ADCP velocities and the

extrapolated absolute velocity curve from current meters at the edges of the

stream; the comparison is less encouraging at the core. The maximum velocity
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Figure 4.10. Comparison of different methods of velocity estimation. Solid line
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is approximately 10 cm s−1 higher on average in the mean profile, which is most

likely a result of the true temporal and spatial variability of the SAF and the

different sampling periods of the ADCP (1 week in each of January 1995, July

1995 and September 1996) and the current meters (March 1993 to January

1995). This variability can be seen in Fig. 4.7 where the geostrophic velocity of

the SAF (near 50-51◦S) normal to the 3 later sections, when the ADCP was

operating, was weaker than that sampled by the earlier three sections. The

component of the SAF normal to the hydrographic transect was also narrower

in the three later sections.

One of the interesting points about Fig. 4.10 is how different the cross-section

velocities from CTD station pairs are from ADCP speeds for some cruises. Of

course, we expect the ADCP velocities to differ from the geostrophic velocities

since the ADCP also measures ageostrophic components of velocity. When the

difference is very large, however, this suggests that the CTD transect is crossing

the SAF obliquely and is missing a large portion of the geostrophic flow. The

largest difference between CTD station pair and ADCP speeds is approximately

20 cm s−1 during July 1995, near y = 0.

A map of sea surface height anomalies from the Topex/Poseidon, ERS1 and

ERS2 satellite altimeters (Le Traon et al. 1998), added to Olbers et al. (1992)

climatology, concurrent with the July 1995 CTD transect, indicates the presence

of a cyclonic circulation north of the strongest flow, whose westernmost edge

grazes the SR3 section near 48◦S (Fig. 4.11). This implies flow northwards

along the SR3 line from 49◦–47◦S. The ADCP velocities at 100 m (vectors in

Fig. 4.11) agree very well with the circulation implied from the altimeter,

showing this cyclonic feature and other smaller scale circulations visible in the

sea surface height map. The low geostrophic velocities from CTD data for this

transect are, therefore, a result of the SAF flowing along, rather then across, the

section. This example highlights the importance of using stream coordinates in

the analysis of a meandering current such as the SAF south of Tasmania.

4.6 Transport Structure

The absolute volume transport of the SAF can be estimated from the mean

absolute along-stream velocity profile in Fig. 4.5. First velocity must be

extrapolated from the current meter levels to the sea surface and bottom.

Based on vertical profiles of geostrophic shear from SR3 CTDs, we set bottom

velocity equal to the velocity at the deepest instrument since shear between

these levels is small. We used Hall’s (1986) extrapolation method to extend

current meter velocities to the sea surface, producing shear profiles that

compare well with geostrophic shear from the CTD data. Specifically, velocity
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map is concurrent with the July 1995 CTD section along SR3, for which the
station-averaged ADCP velocities are shown.
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at 100 dbar is assumed to be v1 = v4 + 0.5× (v4 − v7), where v4 and v7 are

velocities at P4 = 420 dbar and P7 = 780 dbar, respectively. Velocity at the sea

surface is assumed equal to the velocity at 100 dbar.

Volume transport is then calculated for each cell, bounded by the vertical levels

at which we know velocity and by the cross-stream bins. The transport within

each cell is the mean of velocity at the four corners of the cell, multiplied by the

height of the cell and by the width of the bin. The total transport is simply the

sum of transport in component cells T (j, i), where subscript j represents the

cell level and i represents the bin number. The error in the transport for each

cell is calculated as

Terr(j, i) = T (j, i)

√√√√
(
verr(j, i)

v(j, i)

)2

+

(√
yerr(i)2 + yerr(i+ 1)2

y(i+ 1)− y(i)

)2

(4.4)

where the mean velocity error for each cell, verr(j, i), is the root mean sum of

squares of the velocity errors at each of the four corners of the cell, v(j, i) is the

mean velocity of the cell, y(i) is the cross-stream distance of the centre of bin i,

and yerr(i) is the mean of the upper and lower errors in y at bin i as described

in Section 4.3.1, normalised by
√
N , for N equal to the number of data points

used to estimate y in each svan bin. The total transport error is then the square

root of the sum of squares of the cellwise transport errors.

In addition to absolute transport, we can estimate the baroclinic part of the

transport from the absolute velocity profile. This requires the definition of the

depth-independent, or barotropic, transport which has often been defined as the

near-bottom velocity times the water depth. For the AUSSAF data, though, the

structure of along-stream velocity is quite different at the deepest level

(3320 dbar) compared with the shallower levels and fluctuates on shorter

timescales (Section 3.3.3). There is also a deep counterflow on the warm side at

y >25 km, and a deep intensification of eastward flow from -140 to -80 km

(Fig. 4.5), neither seen at shallower levels. In contrast, velocities at 2240 dbar

are highly coherent with velocity at shallower levels and are clearly the deep

expression of the shallow velocities.

We therefore compare two alternative definitions of barotropic transport: u2240×
H and u3320× H (H = 3800 m). The latter definition provides an estimate of

absolute transport minus transport relative to the bottom and thus indicates

how much transport is missed by geostrophic calculations from hydrography

relative to a deep level, as is usually assumed for the SAF. Figure 4.12a shows

the cross-stream profile of absolute transport A, and the cross-stream profile of

baroclinic transport Bcm, defined as (A - u2240×H). In Fig. 4.12b, curve A is

repeated and Dcm is the baroclinic transport defined as (A - u3320×H).
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Figure 4.12. Structure of volume transport per unit width of the ACC. (a) A is
total transport from current meters and Bcm is baroclinic transport from current
meters, the area between the two is barotropic transport defined as velocity at
2240 dbar times the water depth. Cctd is baroclinic transport estimated from
0/2240 dbar dynamic height. Xcm is the transport between 2240 dbar and the sea
floor estimated from current meters. (b) As for (a) but Dcm and Ectd, analogous
to Bcm and Cctd, respectively, are relative to 3320 dbar.
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Absolute Transport Baroclinic Transport Baroclinic Transport
for 2240 dbar ref. for 3320 dbar ref.

(Sv) (Sv) (Sv)

A: 116±10 Bcm: 66±7 Dcm: 100±12
Cctd: 58±4 Ectd: 74±4

Xcm: 10±1

Table 4.1. Total volume transport for the SAF south of Australia in Sverdrups
(1 SV = 1×106 m3 s−1).

Baroclinic transport can also be estimated from our streamwise profile of

baroclinic velocity. In Fig. 4.12a, curve Cctd is transport between 0 and

2240 dbar, referenced to 2240 dbar, and in Fig. 4.12b, curve Ectd is transport

between 0 and 3320 dbar, referenced to 3320 dbar. Unlike the transport

estimates from current meters, Cctd and Ectd do not include any transport below

the reference level. For the 2240 dbar reference, this deep transport is shown in

Fig. 4.12a as Xcm. The transport below 3320 dbar, estimated from the current

meters, is negligible. Xcm must be added to Bcm, or subtracted from Cctd, before

the current meter and CTD estimates of baroclinic transport can be compared.

Integrating the transport curves across the stream gives estimates of total

volume transport (Table 4.1). These transports have been determined for the

range in y where the current meter and CTD bins have common limits,

indicated by the shading in Fig. 4.12a,b.

The integrated baroclinic transports from CTD differ by a relatively large

amount from those estimated from the current meters: 18 Sv relative to

2240 dbar (Bcm+Xcm-Cctd) and 26 Sv relative to 3320 dbar (Dcm-Ectd). The

current meter transports are larger mainly in the core and on the warm side of

the stream, reflecting the larger velocities seen there in the current meter

average profile. This may indicate that on the warm side of the stream, the

velocities sampled by the six CTD sections were biased slightly low.

The marked differences between the cross-stream structure of transport per unit

width for Dcm and Ectd are primarily due to the change in absolute velocity

structure between 2240 and 3320 dbar as seen by the current meters, also seen

in the difference between Bcm and Dcm, which is not reflected in the baroclinic

velocity from dynamic height as a function of svan. The cross-stream structure

of Cctd and Ectd are very similar, but the magnitude of Ectd is increased due to
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the geostrophic shear between 2240 and 3320 dbar.

We believe the two-year continuous sampling of the current meters is likely to

provide a better estimate of the mean along-stream baroclinic velocity than the

six CTD snapshots over five years. We therefore focus on the current meter

transports, and consider barotropic transport to be the difference between

absolute transport (A) and baroclinic transport referenced to either 2240 dbar

(Bcm) or 3320 dbar (Dcm).

Barotropic transport per unit width for the shallow definition (A-Bcm) is

relatively uniform across the SAF, although it is amplified at positions where

there are peaks in absolute velocity. The range of barotropic transport is

100–320 m2 s−1 (equivalent to 2.6–8.4 cm s−1 barotropic velocity). For the deep

definition (A-Dcm), the barotropic transport varies considerably across the

stream: 100 m2 s−1 (2.6 cm s−1) in the core; 25 to 225 m2 s−1 (0.7–5.9 cm s−1)

on the cold side; and approximately 50 m2 s−1 (1.3 cm s−1) westward on the

warm side. Although very different, both of these representations of the

barotropic transport structure are equally valid in the absence of other

constraints on the barotropic flow, and serve to illustrate the difficulty in

separating baroclinic and barotropic flow.

The integrated barotropic transports are 50 Sv and 16 Sv for the 2240 dbar

(A-Bcm) and 3320 dbar (A-Dcm) definitions, respectively. We estimate that

transport relative to the bottom captures 86% of the absolute transport of the

SAF (= Dcm/A).

Rintoul and Sokolov (2000) found that the mean baroclinic transport of the

SAF south of Australia is 105±7 Sv. They used the same 6 repeat hydrographic

sections that we have used in this analysis, referenced to the deepest common

level of CTD pairs. Their estimate is close to our baroclinic transport from

current meters (Dcm, 100±12 Sv), but is surprisingly different from our CTD

estimate relative to 3320 dbar (Ectd, 74±4 Sv). Two possible reasons for the

difference are 1) the shear between 3320 dbar and the bottom is large enough to

account for the missing transport, and 2) Rintoul and Sokolov’s (2000) estimate

includes flow with T780 signature not seen in our cross-stream profile.

Using the same CTD pairs used by Rintoul and Sokolov (2000), the baroclinic

transport between 3320 dbar and the bottom varies from 3.3 to 5.8 Sv over the

six transects. The geostrophic shear below 3320 dbar therefore does not account

for a large part of the difference between Ectd and Rintoul and Sokolov’s mean

transport.

The CTDs defined to be in the SAF by Rintoul and Sokolov (2000) extend into

waters with T780 values 0.6◦C colder than seen in our mean profiles, to 2.3◦C
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compared with 2.9◦C. This strongly suggests that our mean profiles are missing

part of the SAF’s cold edge, also suggested by the large transports per unit

width at the cutoff on the cold side in Fig. 4.12b. If this is the case, it is equally

so for the absolute and baroclinic profiles and, while the integrated absolute and

baroclinic transports will be biased low, the cross-stream structure shown in

Fig. 4.12 will be unaffected. The transports at the cut-off on the warm side

(Fig. 4.12) are also relatively large. From Section 4.4.2 we know that the

missing warm-side tail is that of the SAZ recirculation. We are confident that

all of the warm side of the SAF has been sampled.

We recalculated integrated geostrophic transport relative to 3320 dbar, for the

six CTD sections, this time including only those CTDs whose T780 value falls

within the range of the mean profile, and obtained 64.7±11.7 Sv. This number

is closer to Ectd but still leaves about 9 Sv unaccounted for. Thus, for the same

range in T780 values (same CTD profiles) the streamwise estimate of mean

baroclinic transport relative to 3320 dbar is larger than the average of

0/3320 dbar geostrophic transport from the six sections. However, within the

error bars the two estimates are consistent.

To estimate how much SAF transport is missed by the mean profiles, we

calculate integrated transport relative to the bottom for the six CTD transects

within the T780 range of the mean profiles (=68.6±12 Sv), and compare this to

Rintoul and Sokolov’s (2000) estimate. We conclude that the mean profiles miss

approximately 35% (= [105-68.6] ÷ 105) of the SAF transport due to not

sampling all of the cold side. Part of this loss may be compensated by an

overestimate of SAF transport of close to 15% due to the inclusion of the SAZ

recirculation in the mean velocity profiles (Section 4.4.2), since Rintoul and

Sokolov (2000) estimated the mean baroclinic transport of the SAZ and the

SAF, averaged over the six transects, to be 22±8 Sv and 105±7 Sv, respectively.

Thus, we suggest that 116 Sv is a conservative estimate of the mean absolute

transport of the SAF south of Australia.

In summary, the SAF transport south of Australia is predominantly baroclinic,

with only 14% not accounted for by geostrophic calculations relative to the

bottom. The cross-stream structure of the barotropic transport varies according

to the reference level used to define it, but in both definitions discussed above,

the barotropic transport is strongest at the cross-stream locations of peaks in

absolute velocity.
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4.7 Linear Instability Analysis

Our profile of along-stream velocity as a function of cross-stream distance

provides the opportunity to estimate the cross-stream derivative of velocity.

The profiles of u(y) in Fig. 4.5 are not smooth enough to calculate a continuous

horizontal gradient, so we fit a smoothing spline to them before calculating

∂u/∂y (Fig. 4.13b). Figure 4.13a shows ∂u
∂y /f at 420 dbar, the depth at which

the largest values are found. This Rossby number reaches a maximum of 0.06,

verifying that the geostrophic approximation is valid for the mean flow at this

location.

The second derivative of u with respect to y allows the barotropic stability of

the flow to be assessed. A necessary condition for barotropic instability to occur

(or release of energy from the mean velocity field by horizontal Reynold’s

stresses) is that β − uyy be less than zero (Gill 1982), where β = ∂f/∂y. In

Fig. 4.13(b), the heavy lines over the smoothed velocity profiles show where this

condition is satisfied. Peterson et al. (1982) did a similar calculation for Drake

Passage baroclinic velocities estimated from one hydrographic section and also

found that the instability criterion was met on the flanks of the velocity peaks.

Reynolds stresses at the AUSSAF array have been shown to be small

(Section 3.4.3) and, while we have shown that the necessary condition for

barotropic instability is satisfied, the amount of energy extracted from the mean

flow in this manner is small (Section 3.5.3).

One way for the necessary condition for baroclinic instability to be satisfied is

for the meridional (here cross-stream) gradient of potential vorticity,

Qy = β − f2
(
Uz
N2

)

z
(4.5)

to change sign within the fluid (Bryden 1979).

We estimate Qy from the SR3 hydrographic data as follows

• select all CTDs that lie within the SAF as defined by Rintoul and

Sokolov (2000)

• calculate mean profiles of temperature, salinity and geostrophic velocity

from the selected CTDs

• calculate Uz and N2 from the mean profiles

• smooth Uz and N2 using a second order Butterworth filter with a half

power roll-off of 40 m, passed both ways to eliminate the introduction of

phase lags

• calculate Qy from smoothed Uz and N2

Figure 4.13(c-e) show the smoothed Uz, smoothed N 2, and Qy. Above 175 m,

the smoothed profile does not well represent the sharp decrease of N 2 toward
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the surface. Below 3000 m, the topography begins to reduce the number of

profiles that reach this level, and mean Uz and N2 become more noisy. We,

therefore, do not calculate Qy above 175 m or below 3000 m, and do not

examine the remaining three baroclinic instability criteria (Wright 1981), which

are determined by surface and bottom conditions.

Qy is very sensitive to the shape of Uz and N2 and we focus only on the

strongest zero crossing, near 560 m. The features in the Uz and N2 profiles that

combine to make this strong crossing are strong vertical shear and the change in

sign of N 2
z in the negative slope region of N 2. The strong vertical shear near

560 m is a consistent feature of all 62 velocity profiles included in the mean.

The negative slope of mean N 2 between 300 and 800 m is a feature of 63% of

the individual profiles. We are, therefore, confident in interpreting the zero

crossing of Qy near 560 m to mean that the necessary condition for baroclinic

instability is satisfied in the SAF.

4.8 Discussion

4.8.1 Velocity The present study is the first time a mean cross-stream

profile of velocity has been presented for any part of the ACC. Measurements of

velocity in the SAF at other longitudes are primarily from Drake Passage.

Numerous hydrographic transects have provided information on the baroclinic

field in Drake Passage, and in some cases concurrent current meter

measurements have provided a reference level velocity, enabling instantaneous

absolute velocity across the passage to be determined. More recently, Donohue

et al. (2000) have measured absolute velocity in the SAF in the Pacific Ocean

normal to 6 WOCE hydrographic lines (between 88◦W and 173◦E), using

shipboard acoustic Doppler profiler measurements to reference the geostrophic

velocities.

Peak absolute speeds in the SAF in Drake Passage range from 45 to 75 cm s−1

at the sea surface and 25 to 55 cm s−1 at 500 m (Nowlin et al. 1977; Whitworth

et al. 1982), not very different from our corresponding mean profile speeds of

57.5±4 and 49.4±4 cm s−1, respectively. Donohue et al.’s (2000) ten estimates

of SAF speed at the sea surface in the south Pacific are lower than in Drake

Passage, 22.3 to 53.0 cm s−1, with a mean of 37.5 cm s−1. Bottom velocities in

the SAF of the south Pacific (Donohue et al. 2000) range from -0.5 to

11.9 cm s−1 with a mean of 5.9 cm s−1, coincidentally equal to our 3320 dbar

mean profile peak.

Time series of along-stream velocity from our current meters south of Australia

(Section 3.3.3, Appendix B) reveal peak speeds of up to 73 cm s−1 at 420 dbar
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during crossings of the SAF. In the mean profile, the maximum at 420 dbar is

52 cm s−1. Clearly, the strength of the SAF changes in time and it is difficult to

draw conclusions from the variations between the three locations where absolute

velocities in the SAF have been measured. The above suggests that peak speeds

in the SAF are comparable at the Drake Passage and Australian choke points,

and are lower in the less constrained south Pacific. Altimeter observations and

numerical models also suggest that the ACC is more diffuse in the south Pacific

(Wilkin and Morrow 1994).

A time series of velocity in the SAF in Drake Passage, from mooring 2 of the

FDRAKE 79 experiment (Pillsbury et al. 1979), shows that speeds of 40 cm s−1

are reached at 2770 m several times during the one-year record. Instantaneous

velocities at similar depths south of Australia (Section 3.3.3, Appendix B) reach

only 20 cm s−1 over a two-year period, suggesting that the deep SAF flow in

Drake Passage is considerably more energetic than that south of Australia.

The width of the SAF in the mean profile is 220 km. The true width is

probably slightly greater since some of the cold side of the SAF has been

excluded from the mean profile. Core widths for the SAF, deduced from

property distributions in Drake Passage by Nowlin and Clifford (1982), ranged

from 40 to 83 km. This is substantially narrower than our estimate south of

Australia and reflects the difference in defining the limits of a front based on

property distributions compared with using velocity. A vertical section of

relative geostrophic speed from one of the Drake Passage transects considered

by Nowlin and Clifford (1982) suggests a SAF width of approximately 160 km.

The method described in Section 4.4.1 for obtaining a mean cross-stream profile

of along-stream baroclinic velocity from hydrographic data has two advantages

over estimating mean geostrophic velocity from station pairs. Firstly, from

station pairs, only the velocity normal to the section can be calculated. Our

streamwise profiling method allows the full along-stream flow to be determined,

regardless of the angle at which the section crosses the front. Secondly, the

streamwise average gives a synoptic view of the front with a realistic estimate of

the width and speed of the front, averaged only in time. In contrast, averaging

geostrophic speeds in geographic coordinates artificially smooths and weakens

the front (Bower and Hogg 1996). A limitation to the portability of this

profiling method to other hydrographic lines is that the relationship between

cross-stream distance and δ780 must be supplied independently. Here we used a

relationship predetermined from current meter data. Satellite altimeter

observations, linked with dynamic height from the CTDs, may provide an

alternative. Assuming such a method would work, the baroclinic profiling

technique will allow more information on the velocity field to be determined
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from hydrographic lines than has hitherto been possible.

4.8.2 Transport The mean absolute volume transport of the SAF south

of Australia, 116±10 Sv, is a large proportion of the mean absolute transport

through Drake Passage, 134±13 Sv (Whitworth and Peterson 1985). In

Section 4.6, we suggested that our absolute transport estimate was a

conservative one, thus the mean transport of the SAF south of Australia

represents at least 83% of the total mean ACC flow through Drake Passage.

While this figure is high, it is given some support by Rintoul and Sokolov

(2000) who found that for the baroclinic field the SAF south of Australia carries

about 71% of the total ACC flow. The northern and southern branches of the

Polar Front, combined, carry 18% of the total baroclinic transport south of

Australia. Rintoul and Sokolov (2000) have shown that there is significant

westward baroclinic flow at SR3 (≈40 Sv), north and south of the ACC, and the

eastward flow must be larger than at other longitudes to compensate.

Yaremchuk et al. (2000) have used a least squares dynamically constrained

optimization technique to estimate absolute transport across the SR3 section.

They find that the mean transport of the SAF together with the eastward

branch of the SAZ recirculation carries 107±25 Sv. This is 71% of their total

eastward transport of 151±50 Sv, and is comparable to our estimate of

116±10 Sv. They also find significant westward absolute flows north and south

of the SAF, which in total amount to approximately 15 Sv.

The SAF contribution to total baroclinic flow through Drake Passage is much

less. Nowlin and Clifford (1982), averaging 6 XBT and STD transects across

Drake Passage, found that 31.5% of the total baroclinic flow through Drake

Passage is carried by the SAF. The Polar Front carries 27% and the southern

ACC front (called the Continental Water Boundary in Nowlin and Clifford

(1982)) carries 15.1%. The contributions by these two fronts were estimated

from averages of 13 and 7 transects, respectively. The remaining transport

(26%) is carried by the weaker eastward flows between the fronts, indicated by

gentle shoaling of the isopycnals toward the south.

These results suggest that the relative transport contribution of individual

fronts to the total flow of the ACC varies significantly along the circumpolar

path of the current, consistent with the results of Orsi et al. (1995).

4.8.3 Stability The linear stability analysis indicates that barotropic

instability can occur on the flanks of peaks in along-stream velocity, and that

baroclinic instability can also occur. The relative strengths of the two

instability mechanisms have been assessed from calculations of energy

conversion rates in Section 3.5.3. These showed that baroclinic conversion from
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available potential energy to eddy potential energy occurred at a rate of

10.17±11.33×10−4 cm2 s−3, while barotropic conversion was 60 times slower,

0.16±0.94×10−4 cm2 s−3.

In Drake Passage, baroclinic conversion was also found to be the dominant

mechanism for energy exchange, here also 2 orders of magnitude larger than

barotropic conversion (Wright 1981). Wright concluded that in central Drake

Passage the linear condition for baroclinic instability is satisfied because

somewhere within the fluid Qy is of the same sign as Uz at the bottom. We

have shown that south of Australia Qy changes sign within the fluid satisfying

an alternative condition for baroclinic instability. This condition was also found

to apply in Drake Passage. Both Wright (1981) and Bryden (1979) found that

Qy in Drake Passage changed sign within the fluid, but that the calculation is

very sensitive to the profiles of vertical shear and buoyancy frequency.

4.9 Summary and Conclusions

We have demonstrated the power of the streamwise profiling techniques and

their applicability to the ACC. Measurements from a current meter array, small

in spatial coverage, have been transformed into a cross-stream profile of

absolute velocity in the SAF. Similarly, repeat hydrographic transects have

been averaged in stream coordinates to produce a mean cross-stream profile of

baroclinic velocity in the SAF.

The absolute and baroclinic velocity profiles are very similar in structure, each

having one main peak between three smaller peaks at the same cross-stream

positions in each profile. Each of the velocity peaks extend to 3320 dbar and,

since there is little vertical shear below this level, we conclude that the SAF

extends to the sea floor (near 3800 m). The mean along-stream velocity in the

main jet reaches 52 and 34 cm s−1, absolute and baroclinic respectively, at

420 dbar. Along-stream flow is coherent at all depths within the main peak. At

3320 dbar, there is a small counterflow at the cold edge of the stream. The

along-stream baroclinic velocities are almost always less than their

corresponding absolute counterparts, indicating that the barotropic flow is in

the direction of the stream (“eastward”). One exception is on the warm side

where a deep barotropic counter flow is suggested. The width of the SAF near

the AUSSAF array is at least 220 km.

The SAF is the strongest jet of the ACC south of Australia and has a mean

absolute transport of at least 116±10 Sv at 143◦E, of which we estimate 16 Sv

(14%) would be missed by geostrophic calculations relative to a deep level.

The linear conditions for baroclinic and barotropic instability are satisfied at
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the AUSSAF array. This is consistent with the results of Section 3.5.3, which

showed that baroclinic conversion is the dominant mechanism by which eddies

grow south of Australia, and that barotropic conversion occurs but is much

weaker.

The combination of this work and Chapter 3 gives a thorough description of the

mean flow and eddy variability of the SAF south of Australia at the AUSSAF

current meter array. This site is only the third where long-term in-situ

measurements of the ACC have been made. While many differences are

apparent between the three sites, such as the latitude and strength of fronts and

the level of eddy activity, the over-riding message from these data is that the

ACC is zonally coherent and that the processes found to be important in Drake

Passage are also important outside this unique environment.

The task of measuring the absolute transport of the ACC is a difficult one.

Even at the so-called “choke-points”, the relatively confined passages between

Antarctica and the other southern hemisphere continents, the sections are much

too long to contemplate a coherent “picket fence” of moorings to monitor the

ACC transport. Direct velocity measurements from either vessel-mounted or

lowered ADCPs are not yet of sufficient accuracy to provide a reference for

transport estimates across long sections (Donohue et al. 2000).

While the transport estimates presented in this Chapter are only for the SAF,

by providing a mean synoptic view of the strongest jet of the ACC south of

Australia, they provide an important constraint on the transport of the entire

ACC. Further progress is likely to be made by combining streamwise averages of

direct velocity measurements such as those presented here and a range of other

observations (ship-board and lowered ADCP, hydrographic measurements,

altimetry) with dynamical constraints in inverse calculations.



CHAPTER 5

CONCLUDING DISCUSSION

5.1 Highlights

Each of the aims of the thesis, listed in Chapter 1, has been achieved. Some of

the more important results described in the preceding chapters are:

• 3-D velocity in the ACC is linked to meander phase in the same way as

Lindstrom et al. (1997) found it to be in the Gulf Stream (Section 3.3.5)

• poleward eddy heat flux across the ACC at all existing long-term

current meter sites is more than large enough to balance the ocean heat

loss south of the Polar Front – at AUSSAF it is equivalent to 0.9 PW

vertically and zonally integrated (Section 3.4.2)

• lateral divergence of meridional eddy momentum flux is not a significant

sink in the ACC’s momentum balance, rather, excess momentum is

transferred vertically via interfacial form stress to the sea floor where

modelling studies have shown it can be dissipated by drag over

topography (Sections 3.4.3 and 3.4.4)

• the necessary conditions for both baroclinic and barotropic instability

are satisfied at AUSSAF: baroclinic conversion is strong and two orders

of magnitude larger than barotropic conversion (Sections 3.5.3 and 4.7)

• eddies grow from zero to their average energy levels in 30 days,

approximately twice as fast as in Drake Passage (Section 3.5.4)

• the mean absolute transport of the SAF south of Australia is

conservatively estimated as 116±10 Sv, of which approximately 14%

would be missed by transport estimates using hydrography referenced

to a deep level (Section 4.6)

5.2 Coherent Threads

Several coherent threads run through the results of the thesis. In this chapter

these are made clearer, by drawing out the individual results that contribute to

these themes, so that a “big-picture” view of the ACC can be achieved. The

threads are:

• that lower frequency motions are stronger at AUSSAF than observed at

other in-situ monitoring sites in the ACC
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• that the AUSSAF array is in a region where eddy energy is low

upstream and grows rapidly with distance downstream

• that while some differences are apparent between the 3 in-situ

monitoring sites, the SAF is zonally coherent and many of the processes

controlling its dynamics are the same

5.2.1 Low-frequency Motion The SAF is energetic and meandering at

the AUSSAF array (Section 3.3). The most obvious low-frequency motion

(period > 90 days) that can be seen in the time series of temperature and

along-stream velocity is the passage of the front across the array. A sequence of

satellite altimeter maps of sea surface height clearly shows that 5 SAF

meanders propagate slowly eastward through the array during the current

meter deployment, occasionally stalling over the array for several months. From

the altimeter maps (10 days apart) it appears that the meanders grow and

steepen while stalled over the array.

The strength of the low-frequency motions can be seen in the calculations of

eddy heat flux and eddy potential energy. We saw that heat flux by these

motions, was predominantly poleward and could be as large as the heat flux in

the eddy band (40 hours to 90 days). Although only in the longest record

(2 years) are the low-frequency poleward fluxes statistically significant, the

poleward events are sustained for periods of weeks rather than days (as for

eddies) and may make an important contribution to the local meridional heat

balance.

Eddy potential energy near 1000 m at AUSSAF for the combined eddy and

low-frequency signals is twice as large as that in central Drake Passage and 9

times that southeast of New Zealand. Since fluctuations in the eddy band

account for only 30–40% of EPE at AUSSAF, we conclude that most of the

variability in the temperature field is due to low-frequency events, and that

these are more common here than southeast of New Zealand and in the central

Drake Passage. Presumably, low-frequency events are less common in Drake

Passage because it is more confined geographically.

The reason for the energetic meandering is as yet unclear. In Section 3.3.5 we

suggested two possibilities. Firstly, that the flow is deflected by the seamount

within the array. Alternatively, and more likely given that the altimeter sea

surface height maps show meanders up- and down-stream of the array, is that

the meanders are segments of quasi-stationary Rossby waves (hence the

observed stalling at the array) that are occasionally pushed through the array

in response to changes in the strength of flow of the ACC.
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5.2.2 Eddy Generation at AUSSAF Satellite altimeter observations

suggest that the AUSSAF array is in a region where eddy energy is growing

with distance along the stream, while the eddy fields in Drake Passage and

southeast of New Zealand are mature (Morrow et al. 1994). In support of this

we have found that baroclinic conversion is occurring at a rate 5 times that

found in central Drake Passage (near 1000 m), and that the rate of eddy growth

is 30 days at AUSSAF compared with 54 days in central Drake Passage.

Baroclinic conversion is synonymous with poleward eddy heat flux for the ACC,

and we have also seen that eddy heat flux is as large as values in central Drake

Passage near 1000 m, and larger below. We note, however, that baroclinic

conversion in northern Drake Passage (near the SAF) may be higher than that

in the central Passage since the meridional temperature gradient on which

baroclinic conversion depends is larger in the northern Passage and is closer to

that at AUSSAF.

The growing eddy energy is associated with the changing orientation of the

Southeast Indian Ridge, the major topographic feature near the AUSSAF array

(Fig. 2.1). The Ridge turns toward the southeast upstream of the array, near

140◦E. Upstream of this point, the ACC followed the line of the Ridge (toward

100◦T), where f/H (Coriolis parameter divided by the water depth) is

constant, thus conserving its potential vorticity. Upon encountering the

shoaling topography, the ACC is deflected equatorward, also to conserve its

potential vorticity. Then, as the topography deepens, the ACC turns

southeastward, but not as sharply as the Ridge. At the AUSSAF array there is

already a separation between the axis of the ACC and the Ridge; this

separation increases until about 155◦E and with it the eddy energy levels. Near

155◦E, eddy energy begins to reduce (Morrow et al. 1994), although the axis of

the ACC remains far from the Ridge.

An analytical study by McCartney (1976), which examined the interaction of an

eastward current with three types of topographic features, has implications for

both the low-frequency motion of the ACC and the eddy field. For a

horizontally uniform eastward current he found that a zonal ridge caused the

current to be intensified on the equatorward side of the ridge crest, and slowed

or reversed on the poleward side. At the AUSSAF array we see that the

strongest jet of the ACC is the SAF on the equatorward side of the Southeast

Indian Ridge. Secondly, McCartney found that a meridional ridge caused the

current to deflect equatorward initially, and then to meander downstream of the

ridge crest. Finally, an isolated bump forced a closed anticyclonic Taylor

column over the bump, and an extensive meandering wake downstream with a

cyclonic meander or eddy on the poleward side dominating the pattern. The
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shift in the Southeast Indian Ridge appears to induce changes in the ACC’s

path that are similar to the combined effects of the meridional ridge and

isolated bump described by McCartney (1976).

5.2.3 Zonal Coherence of the ACC While differences are apparent

between the 3 ACC sites, the over-riding message from these data is that the

ACC is zonally coherent and that the processes found to be important in Drake

Passage are also important outside this unique environment. The similarities

between the SAF at AUSSAF and in Drake Passage are evident in time and

space scales, spectra, vertical temperature gradients and current strength. Two

notable differences are that the deep flow in Drake Passage is stronger, and that

motions with periods longer than 90 days are stronger at AUSSAF. Southeast

of New Zealand, the SAF has many similarities to the SAF at AUSSAF and in

Drake Passage, but the current flow southeast of New Zealand is weaker and the

vertical velocity shear is weaker.

Poleward eddy heat flux at all sites is large enough to conclude that mesoscale

eddies carry the required heat across the ACC. It is likely that the eddy heat

flux mechanism is active at all longitudes, but that it is weaker in regions of low

eddy energy. Interfacial form stress carries sufficient momentum vertically, both

at AUSSAF and in central Drake Passage, to balance the eastward wind stress.

Although not determined from the southeast of New Zealand data, interfacial

form stress is also likely to be significant there since it is likely that eddy heat

flux would be significant and poleward when viewed in coordinates that follow

the flow.

One of the objectives of the AUSSAF deployment was to sample the ACC in a

region where conditions would be more representative of the majority of the

ACC than were Drake Passage and southeast of New Zealand. Somewhat

unexpectedly, the results from Drake Passage are closely reflected in the

AUSSAF results. So, rather than diluting the Drake Passage results to apply to

the ACC in general, we have some confidence in saying that the ACC at other

longitudes is well represented in many respects by the existing observations.

Although the strength and width of the fronts vary with longitude, as does their

relative contribution to the total transport, many aspects of the flow appear to

change very little with longitude. Given the vastly different topography the

SAF must contend with at each of the 3 sites, it is surprising how similar its

characteristics are at each site.
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5.3 A Final Word

The extensive information on the SAF presented in this thesis provides a

baseline for future global warming monitoring studies. We are a long way from

predicting the fate of the ACC, and the large-scale ocean circulation in general,

on a warmer globe. But, we have identified the mechanisms responsible for heat

and momentum transfer and for eddy–mean flow interactions within the ACC

at AUSSAF. These same mechanisms were also found by other ACC studies. In

particular, these results show the crucial role of mesoscale eddies in ACC

dynamics. Identifying the controlling mechanisms is an important step toward

the realistic representation of the ACC and the general ocean circulation in

numerical models, which is the starting point for reliable predictions of future

climate.



CHAPTER 6

FUTURE WORK

6.1 A Consistent Presentation of ACC Current Meter

Data

Highlighted in Section 3.4 is the problem of comparing meridional fluxes of heat

and momentum from current meter measurements that have not been treated

identically. For the AUSSAF data, we have employed the latest techniques for

examining strong, meandering currents. Specifically, correcting for mooring

motion; rotating the velocities relative to a reference frame that follows the

daily change in orientation of the current; and isolating the mesoscale eddy

signal from low-frequency signals such as meanders and lateral shifts of the

current. Each of these is important, but it is the rotating reference frame that

has the most profound impact on the interpretation of the velocity record and

on the resulting eddy fluxes.

The Drake Passage work of Bryden (1979) was completed before any of the

above techniques were developed. Bryden and Heath (1985) applied a correction

for mooring motion to the data southeast of New Zealand, but did not isolate

eddy and low-frequency signals and used a fixed, geographic coordinate frame

for the velocities. Nowlin et al. (1985), in their analysis of 1979 Drake Passage

current meter data, corrected for mooring motion, isolated the eddy signal, and

used a reference frame that followed the 90-day low-passed direction of the

current. This slowly varying reference frame worked well in Drake Passage, but

we have shown in Section 3.4 that a 90-day coordinate frame gave results no

better than a fixed, geographic coordinate system for the highly mobile SAF

south of Australia where a daily-varying coordinate frame was required.

Before direct comparisons may be made between the mean velocity and

temperature fields, and between the eddy fluxes across the ACC, a reanalysis of

the early current meter data using the techniques described in Chapter 3 is

required. For example, the poleward eddy heat flux estimates from southeast of

New Zealand, calculated relative to a geographic coordinate frame, were not

statistically significant. We found that heat fluxes south of Australia, which

were statistically significant relative to a daily-varying coordinate frame, were

neither statistically significant nor coherent between moorings when calculated
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relative to a geographic coordinate frame (Section 3.4.2). This presents the

possibility that the eddy heat flux mechanism is as strong southeast of New

Zealand as at the other ACC sites, but that its signal was obscured by the

analysis technique.

In addition to the above comparisons, two further analyses may be made during

a second look at the early data. The first is an examination of the role of eddies

in the vertical transfer of momentum. Lateral eddy momentum fluxes have been

shown to be small (Section 3.4.3) and sometimes of the opposite sign to that

required to balance the wind. In contrast, the vertical transfer of momentum,

via interfacial form stress, has been shown to be very effective (Johnson and

Bryden 1989; Section 3.4.4). Interfacial form stress was not calculated by

Bryden (1979) or Bryden and Heath (1985). It was calculated for Drake

Passage by Johnson and Bryden (1989), but relative to a geographic coordinate

frame. Since interfacial form stress is proportional to poleward eddy heat flux it

is important to calculate it in a reference frame that gives the best estimate of

eddy heat flux, i. e. daily-rotating.

The second additional analysis is the synthesis of each of the current meter

datasets into a mean cross-stream profile of along-stream absolute velocity

(Chapter 4), from which the mean absolute transport of the ACC can be

estimated. To have a cross-stream profile at each of the ACC sites would allow,

first of all, the very first pictures of the synoptic ACC from top to bottom, and

second, an indication of how the structure of velocity and volume transport in

the ACC varies across the Pacific.

6.2 A Cross-Stream Coordinate From Altimetry

To determine the mean cross-stream profile of baroclinic velocity of the SAF

from hydrographic data along SR3, we used the cross-stream coordinate

previously determined from the current meter data. To apply the baroclinic

profiling technique to other hydrographic lines, a method to determine a

cross-stream coordinate from more widely available data is required.

Sea surface height anomalies measured by satellite altimeter and added to a sea

surface dynamic height climatology (e. g. Olbers et al. 1992) is a possible

candidate. Dynamic height measured by the CTDs can be linked to altimeter

sea surface height to provide a relationship between the CTD observations and

the satellite view of the location and orientation of the current.

If it can be generalized, the baroclinic profiling technique will allow more

information on the velocity field to be determined from hydrographic lines than

has hitherto been possible.



APPENDIX A

EMPIRICAL δ-T RELATIONSHIPS

The empirical relationships between specific volume anomaly, δ, and

temperature near the AUSSAF array are determined as follows. All SR3 CTDs

within ±2◦of the centre of the array, totalling 280, are collected together. An

empirical function δj = Bj(T) is determined at each of the j=1 to 5 current

meter levels (420, 780, 1150, 2240 and 3320 dbar) by considering δ-T pairs

within a pressure window of ±100 dbar of the current meter level. We then

perform a smoothing spline fit to the data, first averaging the δ-T pairs in bins

of 10 dbar to reduce the complexity of the fit. Figure A.1 shows the spline fits

overlaid on the full scatter (not 10 dbar averages) at each pressure level

±100 dbar. The RMS differences between the spline fit and the data at each

level are (2.47, 1.59, 1.33, 0.37, 0.30) ×10−8 m3 s−1, respectively.
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Figure A.1. Smooth spline fits to δ-T pairs from SR3 CTDs at 5 pressure levels
±100 dbar.



APPENDIX B

TIME SERIES PLOTS

In this Appendix are displayed time series of temperature, along-stream velocity

and cross-stream velocity for each of the current meters. The time series have

been low-pass filtered to remove signals with periods less than 40 hours. They

have also been corrected for mooring motion. See Chapter 2 for details.

The standard current meter levels are 420, 780, 1150, 2240 and 3320 dbar and

these are presented shallowest to deepest as top to bottom in each figure.
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Figure B.1. West mooring: temperature, along-stream and cross-stream velocity.
No data exists at 2240 dbar; the dotted line is an extrapolation (Section 2.2.3).
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Figure B.2. South mooring: temperature, along-stream and cross-stream velocity.
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Figure B.3. Central mooring: temperature, along-stream and cross-stream veloc-
ity.
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Figure B.4. North mooring: temperature, along-stream and cross-stream velocity.



APPENDIX C

CALCULATION OF VERTICAL VELOCITY

Hall (1986) and Lindstrom and Watts (1994), building on the work of Bryden

(1980), describe a method for calculating vertical velocity, w, from temperature

change and vertical rotation of horizontal velocity vectors as measured by a

string of current meters. The method transforms the adiabatic heat equation

(assuming negligible mixing)

∂T

∂t
+ u

∂T

∂x
+ v

∂T

∂y
+ w

∂θ

∂z
= 0 (C.1)

to

w =
−∂T

∂t −
ρof
gα

(
u∂v∂z − v ∂u∂z

)

∂θ
∂z

(C.2)

using the thermal wind equation to write horizontal temperature gradients in

terms of velocity shear. Here, T is temperature, ∂θ/∂z is the potential

temperature gradient, u, v and w are velocity components in the x (eastward),

y (northward), and z (upward) directions, f is the Coriolis parameter, g is the

gravitational acceleration, ρo is the mean density and α is the effective thermal

expansion coefficient (as in Sect. 3.5.2).

As in Section 2.2.3 for the mooring motion correction, we use the svan-T

relationship instead of the traditional T-S to infer velocity shear from the

thermal wind equation. Using thermal wind equations (2.3) and separating

variables in the partial derivatives (i.e. ∂δ
∂y = ∂δ

∂T .
∂T
∂y ) leads to the expression of

vertical velocity as

w =

−

∂T
∂t +

f

(
δ+ 1

ρp

)

g ∂δ
∂T

(
u∂v∂z − v ∂u∂z

)



∂θ
∂z

(C.3)

The first term on the right hand side is the contribution to the vertical velocity

from local change of temperature, the second is that due to the advection of the

temperature field which we have written in terms of velocity shear. During

times of strong vertical motion, w is dominated by the shear term and the local

change term is not very different from times of weak vertical motion. Except for

strong events, both terms are of similar magnitude. This indicates clearly that
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strong vertical motion is not due to residual mooring motion which would show

up as a peak in the local change term.

It is worth noting here that the definition of reference frame for the horizontal

velocity components makes no difference to the vertical velocity calculation

since in polar coordinates u = Rcosφ and v = Rsinφ where (R,φ) are current

speed and direction measured anticlockwise from east, so u ∂v∂z − v ∂u∂z = R2 ∂φ
∂z

and only the speed and the rotation of horizontal velocity vectors with depth

are important.

Vertical derivatives ( ∂u∂z ,
∂v
∂z ,

∂T
∂z ) are approximated by a centered finite difference

at adjacent current meters CMupper and CMlower; u, v, T , δ and ρp are averages

of data at adjacent current meters; and the time change term is calculated as a

second order centered finite difference. The resultant vertical velocities therefore

represent vertical motion between 2 current meters on the same current meter

string and are nominally at the pressure midway between the current meters:

600, 965, 1695 and 2780 dbar.

Following are the time series of vertical velocity.
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Figure C.1: West mooring: vertical velocity.
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Figure C.2: South mooring: vertical velocity.
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Figure C.3: Central mooring: vertical velocity.
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Figure C.4: North mooring: vertical velocity.



APPENDIX D

SPECTRA PLOTS

In this Appendix are the auto-spectra of temperature, and of the velocity

components in both geographic and shear coordinates, at each of the standard

current meter levels. The auto-spectra are calculated within windows of

128 days, with consecutive windows overlapping by 64 days.
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Figure D.1. West mooring: frequency× auto-spectral density of eastward velocity
(104◦T), northward velocity (14◦T) and temperature.
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Figure D.2. South mooring: frequency × auto-spectral density of eastward ve-
locity (104◦T), northward velocity (14◦T) and temperature.
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Figure D.3. Central mooring: frequency × auto-spectral density of eastward
velocity (104◦T), northward velocity (14◦T) and temperature.
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Figure D.4. North mooring: frequency × auto-spectral density of eastward ve-
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Figure D.5. West mooring: frequency × auto-spectral density of along-stream
velocity, cross-stream velocity and temperature.



Appendix: Spectra 147

 0

  

  

  

  

  

  

  
75

us  (cm s−1)

42
0 

db
ar

 0

  

  

  

  

25
vs  (cm s−1)

  0

   

0.2

   

0.4
T  (C)

 0

  

  

  

  

50

78
0 

db
ar

 0

  

  

  

  

25

  0

   

0.2

   

0.4

 0

  

  

  

  

25

11
50

 d
ba

r

 0

  

  

  

  

25

  0

   

0.1

   

0.2

 0

  

  

  

  

10

22
40

 d
ba

r

 0

  

  

  

  

10

    0

     

0.001

     

0.002

10−3 10−2 10−1 100
 0

  

  

  

  

10

33
20

 d
ba

r

10−3 10−2 10−1 100
 0

  

  

  

  

10

Frequency  (cpd)
10−3 10−2 10−1 100

    0

     

0.001

     

0.002

Figure D.6. South mooring: frequency × auto-spectral density of along-stream
velocity, cross-stream velocity and temperature.
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Figure D.7. Central mooring: frequency × auto-spectral density of along-stream
velocity, cross-stream velocity and temperature.

 0

  

  

  

  

10

11
50

 d
ba

r

us  (cm s−1)

 0

  

  

  

  

10
vs  (cm s−1)

  0

   

0.1

   

0.2
T  (C)

10−3 10−2 10−1 100
 0

  

  

  

  

 5

22
40

 d
ba

r

10−3 10−2 10−1 100
 0

  

  

  

  

 5

Frequency  (cpd)
10−3 10−2 10−1 100

    0

     

0.001

     

0.002

Figure D.8. North mooring: frequency × auto-spectral density of along-stream
velocity, cross-stream velocity and temperature.



APPENDIX E

COMPARISON WITH HALL AND BRYDEN’S

METHOD

We again use specific volume anomaly rather than temperature for the

cross-stream coordinate, a slight modification to Hall and Bryden’s (1985)

method, for reasons explained in Section 4.3.1.

Using the thermal wind equation in terms of svan (2.3) we plot the scatter of

∂δ/∂y|780 versus δ780 and calculate the linear fits to the scatter either side of

the core (Fig. E.1)

∂δ

∂y

∣∣∣∣
780

=

{
0.0066 × δ780 − 3.5836 × 10−9 for δ780 < 1.102 × 10−6 m3 kg−1

−0.0181 × δ780 + 2.3594 × 10−8 for δ780 > 1.102 × 10−6 m3 kg−1

(E.1)

Equations (E.1) are then inverted and integrated to obtain cross-stream

distance in km,

y(δ780) =





1
0.0066 ln

(
0.0066×δ780−3.5836×10−9

3.6548×10−9

)
for δ780 < 1.102 × 10−6 m3 kg−1

0 for δ780 = 1.102 × 10−6 m3 kg−1

−1
0.0181 ln

(
−0.0181×δ780+2.3594×10−8

3.6213×10−9

)
for δ780 > 1.102 × 10−6 m3 kg−1

(E.2)

which is shown as an alternative abscissa in Fig. E.1.

The scatter in Fig. E.1 is larger than in the corresponding figure of Hall and

Bryden (1985) for two reasons. Firstly, the cross-stream structure of the ACC is

very different in nature to that of the Gulf Stream. Gulf Stream velocity

decreases monotonically from a central core to its outer edges, while the ACC is

composed of several major fronts, the fronts themselves having regions of strong

flow with weaker flow between. Therefore, in traversing the ACC from cold to

warm, say, velocity does not change monotonically and for a given specific

volume anomaly/temperature, there is considerable variation in along-stream

velocity. In other words, the cross-stream velocity profile is not so nearly

“fixed” in time as it is in the Gulf Stream. To illustrate, consider Fig. 4.7 which

shows, as a function of latitude, T780 and geostrophic velocity of the sea surface

calculated relative to the deepest common level of CTD station pairs along each
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Figure E.1. Scatter of cross-stream gradient of specific volume anomaly versus
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δ780=1.102×10−6 m3 kg−1, corresponding to T780=6◦C.
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of the 6 transects of SR3. When T780=4◦C, geostrophic velocity normal to the

SR3 line varies from 8 cm s−1 in July 1995 to 66 cm s−1 in October 1991.

Secondly, the range in temperature experienced by the current meters is 6◦C at

780 dbar in the ACC compared with 13◦C at 575 dbar in the Gulf Stream, and

the corresponding cross-stream temperature gradients are 0.06 and 0.2◦C km−1,

respectively. Thus, the signal-to-noise ratio is smaller for the ACC making the

fits (E.1) less reliable than they would be were the ACC temperature field

similar to that of the Gulf Stream.

To obtain the mean profile of velocity as a function of cross-stream distance

(Fig. E.2), we group the current meter velocities (from all instruments on all

moorings) into 0.25◦C temperature bins. We bin on T780 as this provides a more

readily interpreted indicator of position across the ACC than binning on δ780.

The only critical step requiring δ780 is the calculation of y. The error bars are

calculated as described in Section 4.3.

In Fig. E.3, we compare the two methods of estimating cross-stream position:

that described in Section 4.3 (thick line), and that of Hall and Bryden,

described above (thin line). The two methods yield cross-stream distances that

are generally quite similar. The two curves are almost identical from the core of

the stream to 50 km south of it. Either side of this band, and below δ780 =

1.26×10−6 m3 kg−1, the Hall and Bryden method yields distances that are

somewhat smaller, which has the effect of compressing the flanks of the velocity

profile from the Hall and Bryden method (Fig. E.2) compared with the profile

for our method (Fig. 4.5). Beyond δ780 = 1.26×10−6 m3 kg−1, the Hall and

Bryden distances become much larger than those from our method as the

argument of the logarithm in (E.2) approaches zero. This is the cause of the

warm tail on the warm side of the velocity profile seen in Fig. E.2.



Appendix: Hall and Bryden 152

   0 20 40 60
−200

−150

−100

−50

0

50

100

150

200

4
2
0
d
b

7
8
0
d
b

1
1
5
0
d
b

2
2
4
0
d
b

3
3
2
0
d
b

3.0

3.5

4.0

4.5
5.0

6.0

7.0

7.5

8.0

8.3

T
e
m

p
e
ra

tu
re

 a
t 
7
8
0
 d

b
a
r 

(C
)

C
ro

ss
−

st
re

a
m

 D
is

ta
n
ce

 (
km

)

us (cm s−1)
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