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ABSTRACT

A mean synoptic view of the subantarctic front (SAF) is obtained from
current meter and hydrographic data by averaging absolute and baroclinic
velocity measurements in bins defined by a cross-stream coordinate that
moves with the current. The cross-stream coordinate is derived from current
meter measurements of vertical shear of the horizontal velocity and is
expressed in terms of specific volume anomaly at 780 dbar (6,g4)- By

averaging absolute and baroclinic velocity measurements in stream
coordinates, the spatial smoothing that results from Eulerian averaging of
measurements of a meandering current is avoided. The mean SAF velocity
profile is composed of one central peak and several smaller peaks. In the
central peak, the 2-yr mean absolute velocity from current meters reaches 52

cms at 420 dbar; the mean baroclinic velocity from six CTD sections

reaches 34 cm s_l. The SAF flow is coherent at all levels, reaches the
seafloor, 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 116 + 10 (><106 m° sfl), of which
approximately 14% is barotropic, where barotropic transport is defined to be
the velocity at the deepest current meter (3320 dbar) multiplied by the water
depth. Comparison of the current meter measurements with hydrographic
sections suggest this estimate is likely alower bound on the absolute
transport, as part of the “cold side” of the SAF is not sampled by the moored
array. Linear conditions for baroclinic and barotropic instability of the mean
flow are satisfied at the array, consistent with earlier work that showed
baroclinic conversion is the dominant mechanism for eddy growth at the
array, with weaker barotropic conversion also occurring.

1. Introduction
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The Antarctic Circumpolar Current (ACC) is a strong, deep-reaching current that provides the main connection between
the Pecific, Atlantic, and Indian Oceans. Despite its recognized importance in the global-scale ocean circulation and climate
system, measurements of the transport of heat, nutrients, and other properties by the ACC are scarce due to the hostile
environment and vast size of the Southern Ocean. 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 (Sv = 1 x 108 m® s7%) [Nowlin and Klinck (1986), based on Whitworth (1983) and
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, severa 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 a mean net baroclinic transport between Australia and Antarctica of 147 + 10 Sv relative to
a near-bottom reference level (Rintoul and Sokolov 2001).

At most locations in the Southern Ocean there are insufficient sections to estimate even the mean baroclinic velocity field.
In addition, studies suggest that there is also significant barotropic flow (Whitworth 1983; Donohue et al. 2001). To directly
measure the absolute velocity with moored instruments across the full width of the ACC is an inordinately expensive and
difficult task, particularly outside Drake Passage. Acoustic Doppler current profilers (ADCPs) do not yet measure absolute
velocity with sufficient accuracy to provide a reference for transport across long sections (Donohue et al. 2001). As a
result, our knowledge of the absolute velocity of the ACC remains incomplete.

A method of profiling the Gulf Stream velocity field using a single current meter mooring was described by Hall and
Bryden (1985). 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. As
the current 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 aternative method for determining the cross-stream location of the current axis was described by Hogg (1992).

In this paper 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 (2001) show that the SAF is the main
core of the ACC south of Australiain terms of baroclinic flow. We aso introduce a second profiling method that uses a
predetermined cross-stream coordinate to produce a mean cross-stream profile of baroclinic velocity in the SAF from
hydrographic data.

Following the introductory sections, the two profiling techniques and the resultant mean profiles are described in sections
3 and 4. Absolute and baroclinic volume transport per unit width across the SAF are examined, and the barotropic transport
is estimated in section 5. We aso briefly examine the linear conditions for barotropic and baroclinic instability in the SAF in
section 6. The results of the earlier sections are brought together in section 7 and are compared with estimates of velocity
and transport at other locations in the ACC. The paper concludes with a summary (section 8).

2. Data

a. Current meter

The AUSSAF array consisted of four tall current meter moorings deployed during March 1993 and recovered in January
1995, near 50°30’ S, 143°E (Fig. 1 @=). The moorings form the shape of a“T,” oriented such that three moorings, called
North, Central, and South, lie 35 km apart along WOCE section SR3, perpendicular to the climatological SAF and centered
on its mean position from Olbers et al. (1992). The fourth mooring, West, was placed 50 km upstream of the main line to
allow for the determination of alongstream gradients. In Fig. 1 @=, the background shading shows the bathymetry (Smith
and Sandwell 1994), and the white lines are surface dynamic heights relative to 2000 dbar, calculated from the Olbers et al.
(1992) atlas. The array sits in approximately 3800 m of water on the northern flank of the Southeast Indian Ridge,
downstream of the point where the ridge turns southeastward. The Olbers et al. (1992) climatology shows that the ACC aso
turns southeastward, upstream of the array.

In total, 18 Aanderaa current meters were deployed at nominal depths of 300, 600, 1000, 2000, and 3200 m on West,
South, and Central, and at 1000, 2000, and 3200 m on North. All instruments measured temperature and current speed and
direction; some recorded pressure. Temperature and velocity were low-pass filtered to remove all signals with periods
shorter than 40 h and were then subsampled daily. Temperature and velocity at nominal depths of 1000 m and above were
corrected for mooring motion, using the method of Hogg (1991), to constant pressure levels of 420, 780, and 1150 dbar,




the mean pressures of these instruments averaged over the array. Data from the deep instruments were left uncorrected,;
their mean pressures are 2240 and 3320 dbar. Dates of operation of each instrument after gaps have been filled by the
mooring motion correction algorithm are shown in Table 1 @=. See Phillips and Rintoul (2000, hereafter referred to as PR)
for more details. Note that PR used the mooring motion correction scheme to simulate the entire record at West 2000 m.
The simulation has been omitted from the present study since its inclusion resulted in little change to the mean velocity
profiles.

b. Hydrography

Between 1991 and 1996, WOCE hydrographic section SR3 between Tasmania and Antarctica (Fig. 1 ©=) was occupied
six times, sampling all seasons. Here we examine only geostrophic velocity across the SR3 section; further analyses can be
found in Rintoul et al. (2002), Rintoul and Bullister (1999), and Rintoul and Sokolov (2001). Table 1 @= lists the dates of
occupation of SR3.

ADCP data was available on the three voyages from 1995 onward. In section 4d, we compare geostrophic velocity from
CTD datawith ADCP datain bin 11 (100.6 m). We use the on-station ADCP data and average over the duration of the CTD
downcast to obtain one ADCP velocity for each CTD station, and then average adjacent stations to compare with the
geostrophic velocity between stations.

3. Mean absolute velocity from current meter data
a. Defining the cross-stream coordinate

Phillips and Rintoul 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 alowed a
more revealing description of the velocity field and cross-stream eddy fluxes than was possible using a geographic
coordinate frame. They defined the along-stream coordinate to be the direction of the vertical shear of horizontal velocity
between 420 and 2240 dbar, and the cross-stream coordinate to be 90° to the left of alongstream. This definition of
alongstream corresponds to the direction of the thermal wind, lying parallel to contours of dynamic height, and reliably
approximates the direction of the baroclinic flow above 2240 dbar. The levels 420 and 2240 dbar were chosen because they
span the depths where current shear and temperature changes are greatest. 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 (Ty,5) 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 at 575 dbar, dT/dy|s,s5. Linear relationships between aT/ay|s75 and Tgs

either side of the core were integrated and inverted to yield cross-stream distance as a function of Tg,5. Velocity data were
then grouped in bins of Tg, 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 1999, personal communication). The
motivation for seeking an alternative 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 4T/ay|s5 aout 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 iny. 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 the appendix.

We use specific volume anomaly (6) at 780 dbar, d,g,, as our cross-stream coordinate since T-S relationships are not

tight in the region of the SAF and we cannot assume a linear relationship between temperature and density, as is often done
for the Gulf Stream. Empirical T—J relationships for a series of pressure levels have been determined from the SR3
hydrographic data, allowing ¢ to be inferred from temperature measured by the current meters (Phillips 2000).

Figure 2 ©= shows alongstream velocity and temperature at 780 dbar, Tg, for the West, South, and Central moorings.

Strong flows (>50 cm sfl) occur for T,g, between 5° and 7°C. A scatterplot (not shown) of current speed versus T,g,
from all moorings combined shows that the strongest flows correspond roughly to T,g, = 6°C. We define the core of the

SAF to be where the 6°C isotherm crosses 780 dbar, which corresponds to 6,g; = 1.102 x 10 %m? kgfl. 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,
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the cross-stream gradient of , ad/ay, is determined from the vertical shear of alongstream velocity, du/az. Here
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has units of m° kg_l, p isdensity and Pp = p(35, 0, P), zandy are the vertical (positive upward) and cross-stream

(positive to the left of alongstream) coordinates, f is the Coriolis parameter (=—1.13 x 104 sfl), and g is the earth's

gravitational acceleration (=9.8 m 3_2). The balance in (1) is evaluated at 780 dbar, estimating #u/sz as a finite difference
between 420 and 1150 dbar.

In Fig. 3 ©=, the reciprocal of dd/ay at 780 dbar is plotted versus ¢,g,. We have not included the reciprocal of any points

with ad/ay < 0.33 x 10 °9m’ kg_1 km™ 2, thus the maximum (aé/ay)_l is3x 10% km kg m 3. This excludes approximately
2% of points, evenly distributed in 6,g,. The predominance of low values near §,g, = 1.1 % 106m3 k971 marks the
strongest horizontal density gradients and correspondingly the strongest flow. Although d4g is our cross-stream position
indicator, T, is a more readily interpreted variable and, where appropriate, a T,g, axis is also provided, asin Fig. 3 ©=.

Sokolov and Rintoul (2001, hereafter SR) have shown, using a combination of CTD, XBT, and satellite altimeter data near
140°E, that there are multiple branches to the SAF. West of the SR3 line there are three branches, two of which (middle and
southern) have merged by the longitude of SR3. Both branches at SR3 are characterized by arelatively narrow meander
envelope. The Polar Front (PF) is also composed of two branches at SR3; the northern branch at times is merged with the
southern branch of the SAF. We demonstrate in section 4c that the current meters do not sample the PF. Thus, the

appearance of low values of (r?ié/ay)fl down to ¢, = 0.85 x 10 °m3 k971 is likely due to the sampling of more than one
branch of the SAF.

It is clear that by integrating (r?ié/ayfl with respect to 6, We obtainy. However, the interesting part is choosing which

path through the scatter of inverse slopes gives the best estimate of cross-stream distance and which two paths, above and
below the path chosen to givey, will best represent the error inyy.

A histogram of all inverse slopes (Fig. 4 @=) shows that the overall distribution of pointsis not Gaussian; this is equally
true for the distribution of pointsin any one dgq bin. The median value, or 50th percentile, of inverse slopes in d,gq bins of

0.02 x 10 & m? kg_1 (solid line, Fig. 3 @=) is therefore chosen to give cross-stream distance. The shaded region about the
median in Fig. 3 ©= is analogous to a one standard deviation envelope for a Gaussian distribution, determined as follows. For
a Gaussian distribution (inset, Fig. 4 @=), the envelope of one 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, an area equal to 68% of
the total, centered on the median, with equal area either side of the median has limits that are the 16th and 84th percentiles.
Figure 4 @= illustrates where these percentiles fall within the overall distribution of inverse dlopes, which is representative of
the distribution in the smaller bins.

Having identified three paths through the scatter of inverse slopes, trapezoidal integration is used to calculate the area
under each path between the origin and each d,g, bin to obtain'y and its upper and lower errors (Fig. 5 ©=). The origin of

integration marks the core of the stream at 6,g5 = 1.102 x 10 o m3 k97l (equivalent to T, = 6°C). The error iny is zero at

the origin, by definition, and becomes larger toward the outer limits of the stream. We are therefore cautious in the following
analysis when interpreting the behavior of the stream at its edges. Within £100 km of the origin the error iny is less than 10
km.

b. Mean absolute vel ocity profile

The mean cross-stream profile of absolute alongstream velocity at each current meter level is estimated by grouping
aongstream velocity into bins of 5,55 and averaging the velocities in each bin. The mean velocity profile (Fig. 6 ©=) has one

main peak near T,g, = 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 * at 420 dbar, respectively, and a secondary peak near 3.2°C has a maximum
velocity of 26 cm s . Near-bottom velocities (3320 dbar) are up to 3.6 cm s Lin the main jet with amaximum 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 PR. The only apparent shift in the position of the velocity maximum with depth is a dight northward shift
(1 bin == 10 km) with increasing depth of the two cold peaks near 3.7°C (from 1150 to 2240 dbar), and near 3.2°C (from
780 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. Phillips and Rintoul 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 seafloor.

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, which we take to be the distance 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 5 will show that
the mean profile misses part of the cold edge of the SAF. The full SAF includes the cold peak near 3.2°C, and more, and its
width is at least 220 km near the AUSSAF array.

The error bars on the mean velocity profile in (Fig. 6 ©=) are standard errors using the number of independent crossings
of the front over the array as the number of degrees of freedom. The temperature time series of (Fig. 2 ©=) 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, 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. 6 @= are the

standard deviation of velocity in each bin normalized by (df )1/2, where the number of degrees of freedom is df = 10
everywhere except at the outer edges of the stream where sampling is more sparse (shaded region, fewer than 25
observations) and we downgrade df to 5. The unshaded temperature bins contain a minimum of 32 and an average of 53
observations each.

An dternative method of determining the number of degrees of freedom uses integral timescales calculated from the data
(PR). At 780 dbar, the integral timescale for alongstream 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, Mean baroclinic velocity from CTD data
a. The method

We now introduce a method to determine the mean cross-stream profile of alongstream baroclinic (geostrophic) velocity
in a meandering current such as the ACC using CTD data from repeat hydrographic transects. 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 plotted
as afunction of g, (Fig. 7 ©=). The scatter of points at each pressure level is small considering that all six transects have

been included. The points lie along a set of smooth curves, indicating that the cross-stream structure of dynamic height for
the ACC isrelatively fixed in time. A smoothing cubic spline (Reinsch 1967) is fitted to the scatter of dynamic height as a
function of J,g, at each pressure level, Dp, which is then differentiated with respect to cross-stream distance to obtain

alongstream baroclinic velocity as a function of cross-stream distance
—1AD,(y)
;oA
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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 d-g, al of the alongstream baroclinic flow is

captured. This additional step removes the problem of the CTD transects crossing the ACC fronts obliquely because g,

gives the true cross-stream distance irrespective of the orientation of the fronts relative to the transects. Also, because
dynamic height increases with increasing d-gq, 1, @ccording to (2) is always positive, “downstream,” and so can

accomodate reversals of flow caused by meandering of the front. For example, consider a cold-core ring, several of which
are seen in the SR3 sections (Fig. 8 @=; e.g., Jan 1994, 48.5°S). The vertical density structure is roughly identical at equal
distances in any direction from the ring's center, and the alongstream baroclinic velocity is therefore the same at a given
value of d,gy on al sides of the ring.

A limitation of this method is that the relationship between the cross-stream coordinate (d,g,) and cross-stream distance




must be determined from another source. Here, we are able to use y(d,gp) from the current meters. Unfortunately, these
have less spatial coverage than the CTDs and so (2) is only valid for the range of 6., seen by the current meters, indicated
by they axisin Fig. 7 @=.

To compare the structure of baroclinic and absolute velocity across the SAF, to the extent possible given the different
temporal sampling of the current meters and hydrography, we estimate 13, 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

l QDP(}.) Df’ err 2 + _\‘Jﬂ_l_(}r) 2+

Ver(P, ¥) =} Ay AD ,(y) Ay )

(3)

Dperr is the rms difference between dynamic height observations and the cubic spline fit at each pressure, divided by

(dfp )1/2, where df , = 6 is the number of degrees of freedom available from the six independent CTD sections. Herey,,, is
the mean of the upper and lower errorsiny as described in section 3a, divided by (dfy )1/2, where dfy is the number of data
points used to estimatey in each d,gy bin (Fig. 3 ©=).

b. Mean baroclinic velocity profile

Figure 9 @= shows the mean profile of alongstream baroclinic velocity at six levels, determined by differentiating the
dynamic height curves in steps of d-g, = 0.02 x 10 %m3 kg_l. There is one broad, main peak centered on T.g, = 5.2°C,

extending from 7.2° to 4.2°C, which has a maximum velocity of 34 cm s L 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 371, respectively. A much weaker peak (15 cm sta
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 iny, and is therefore not statistically significant.

Toward the northern end of the SR3 section, T,g, and d,g, become unreliable indicators of cross-stream position. As
seen in Fig. 8 ©=, beyond the northern edge of the SAF (strong flow near 50°-51°S) T-g, reaches alocal maximum and

then decreases to the north. Associated with this temperature decrease is westward flow. To prevent this westward flow
(with 6,gq signature identical to parts of the SAF) from biasing low the stream coordinate mean profile, we have excluded all

CTDs north of the flow reversa north of the SAF from the dynamic height curves and thus from the mean profile.
c. Identification of velocity peaks

The baroclinic velocity profile (Fig. 9 @=) is structurally very similar to the absolute velocity profile (Fig. 6 @=). Both
exhibit peaks at the same cross-stream location. However, the temporal resolution in the hydrographic and current meter
datasets are vastly different: six snapshots over five years compared with close to two years of continuous sampling, and
only three transects (3/93, 1/94, and 1/95) were made during the deployment period of the current meters. We do not
suggest that the difference between the two profiles represents the barotropic flow.

Rintoul and Sokolov (2001) 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 have not attempted to exclude it from the mean baroclinic velocity profile. The Tasman Sea outflow is too far
north (near 45°S) to have been sampled by the current meters and has been excluded from the mean baroclinic profile since
it is north of the flow reversal north of the SAF. The flow reversal marks the center of the SAZ recirculation and thus the
full strength of the recirculation is captured by the CTDs south of the reversal. Converting from d,g, toy as the cross-

stream coordinate, though, some of the recirculation is lost since the northernmost value of y corresponds to a g, value of

1.28x 10 & m3 kg_1 and in the center of the recirculation g, exceeds this value for three of the CTD sections (10/91,

1/95, and 9/96) by up to 0.03 x 10 o m3 kgfl, Thus, most but not al of the SAZ recirculation is included in the mean
profiles.

On the cold side of the SAF, the Polar Front is the only current core that may have d,g, 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 (Rintoul and
Sokolov 2001; SR01). The northern branch, identified by the most northern extent of the 2°C isotherm near 200 m, can be
seen in Fig. 10 ©=. At the Polar Front T,g, in this section is approximately 2.45°C and the maximum Tg, 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. 9 ©=, near T,g, =
2.9°C. Thus, no part of the Polar Front is represented in the mean velocity profile.

We therefore interpret the four velocity peaks in both mean profiles (Fig. 6 ©@= and Fig. 9 @=) to be jets of the SAF with
some of the eastward component of the SAZ recirculation also included.

d. Streamwise mean versus geographic mean

In the case of absolute velocity measurements from a current meter array of limited spatial extent in the vicinity of a
meandering stream, it is clear that one can only obtain a time-averaged cross-stream profile of velocity aong the stream by
the use of a streamwise averaging technique. In the case of baroclinic velocity calculated from CTD data crossing the
stream there is more than one approach available. The flow across the transect can be calculated from the geostrophic
relation. If the transect is repeated then a time average may be obtained by averaging the velocity sections in geographic
coordinates. The following will demonstrate the shortcomings of this approach when the CTD transect crosses a
meandering stream.

Geostrophic velocity calculations are only able to capture the component of flow that is normal to the hydrographic
section. An illustration of undersampling by hydrography of the velocity of a meandering stream is givenin Fig. 11 C=.
Geostrophic velocity normal to the SR3 section at 100 dbar is plotted against ADCP velocity at 100.6 m (averaged between
station pairs) for the three most recent transects. The ADCP velocities shown are technically speeds, but negative indicates a
westward component is present. Geostrophic velocity is calculated relative to the deepest common level of station pairs.

Geostrophic velocities are for the most part lower than ADCP velocities, with points lying below (above) the one-to-one
line for velocity greater (less) than zero. Of course, we expect the ADCP velocity to differ from the geostrophic velocity
since the ADCP measures absolute (baroclinic + barotropic) velocity. In addition, the ADCP measures both the cross-
section and along-section components of velocity, while only the former can be inferred from geostrophic calculations using
CTD stations. When the geostrophic velocity is substantially smaller than the ADCP velocity, however, this suggests that the
CTD transect crosses the SAF obliquely, missing a large portion of the geostrophic flow. The largest difference between

CTD gtation pair and ADCP velocity is 2040 cm s L duri ng July 1995 (cluster of circles where ADCP velocity is
approximately 40 cm s_l). These points are from CTDs north of 50°S.

A map of sea surface height, 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. 12 @=). This implies flow
northward along the SR3 line from 49° to 47°S, which is corroborated by the ADCP velocities at 100 m (vectorsin Fig. 12
@=). The low geostrophic velocities from CTD data that we see for this transect are therefore a result of the SAF flowing
along rather than across the section. Note that while a CTD section that crosses a front obliquely will underestimate the peak
velocities and make the front look broader, it will give the same total transport as an orthogonal section. [ The sea surface
height map was constructed by adding sea surface height anomalies from the TOPEX/Poseidon, ERS-1, and ERS-2 satellite
atimeters (Le Traon et a. 1998) to the surface dynamic height from the Olbers et al. (1992) climatology.]

In addition to the problem of individual transects underestimating the alongstream flow of the current, averaging repeat
transects can be problematic for a current whose position changes in time. Figure 13a @= shows geostrophic velocity of the
sea surface relative to 2240 dbar for the six occupations of SR3, and their geographic mean, as a function of distance from
the northern branch of the SAF. Distance has been calculated assuming the transects are meridional. The latitudes of the
northern branch of the SAF, identified by SR01, are 50.4°S, 50.5°S, 50.9°S, 50.2°S, 50.3°S, and 50.9°S for the transectsin
October 1991, March 93, January 94, January 95, July 95, and September 96, respectively. A reference level of 2240 dbar
was used for Figs. 13a,b @= because the deeper current meter level (3320 dbar) is deeper than some parts of the topography
on this section.

The northern SAF is aligned in Fig. 13a @=, but the other fronts are not, since the fronts move lateraly relative to one
another in geographic space (SR01). For example, the gentle peak in velocity in the geographic mean near —200 km is
composed of flows ranging from strong peaks in 1995 and 1996, to a strong trough in 1994. The misaligned curves result in
a broad and weakened peak in mean velocity. The streamwise profile does not suffer the smearing evident in the geographic
mean since the fronts are relatively fixed in d,g, space, as shown by the tight relationship between dynamic height and 54,

inFig. 7 @~

Figure 13b @= compares the geographic mean of Fig. 13a @+ (dashed line), and the mean streamwise profile of baroclinic
velocity (solid line), both are surface velocity relative to 2240 dbar. The geographic mean has been shifted so that the
strongest velocity is coincident with the strongest velocity in the streamwise mean. Note that for the geographic mean,
distance is a displacement from the location of the northern branch of the SAF and is calculated from the CTD station
positions. While for the streamwise mean, distance is the cross-stream coordinate y(d,g,) determined in section 3a, which is

tied to the density structure of the current.

The streamwise mean and the geographic mean have similar peak velocities, which is not surprising since the geographic
averaging was done after aligning the northern branch of the SAF, which forms the strongest peak in the mean. The
streamwise mean is dightly weaker due to the smoothing applied to the streamwise dynamic height curves before




differentiating to obtain streamwise baroclinic velocity; we could adjust the cubic spline fit to increase velocity at the peak.
The width of the main peak is aso similar in both means. Away from the main peak, though, the geographic mean velocities
fall off much more quickly than for the streamwise mean.

Figure 13c @= shows the streamwise (pluses) and geographic (dots) y coordinates plotted as a function of the dynamic
height of the sea surface relative to 3320 dbar. The extremely small scatter of the streamwise pointsisin itself a convincing
argument for the streamwise approach. Close to the main jet (y = —30 km), the two coordinates give similar distances for a
given dynamic height value. Away from this central region, the geographic distances are much larger (up to 50/150 km for
negative/positive values of y), resulting in a stretched velocity curve compared with the streamwise mean. More importantly,
the large scatter in geographic y versus dynamic height (Fig. 13c ©=) means that velocities with the same y values can be
associated with very different points in the current's density field, and their geographic mean will smear the cross-stream
structure of the current. Thus, the low geographic mean velocities on the flanks of the main peak are a combination of
undersampling due to nonorthogonal sections, and of using a coordinate system detached from the density structure of the
current.

5. Transport structure

The absolute volume transport of the SAF can be estimated from the mean absolute alongstream velocity profile in Fig. 6
©=. Firgt, 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
the vertical shear below 3320 dbar 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
at 100 dbar is assumed to be; =, + 0.5 % (v, — 1), where v, and v, are velocities at P, = 420 dbar and P, = 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

Te(J, 1)

., DY’ | Vi) + v i + 1)7\?
v(/, i) y(i+ 1) = y()
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where the mean velocity error for each cell, vig(j, i), is the root mean sum of squares of the velocity errors at each of
the four corners of the cell, 11(j, i) is the mean velocity of the cell, y(i) is the cross-stream distance at the center of bini,
and Yg (i) is the mean of the upper and lower errorsiny at bini as described in section 3a, normalized by (N )1/2, for N equa
to the number of data points used to estimatey in each d,g, 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, the structure of alongstream velocity is quite different at the
deepest level (3320 dbar) compared with the shallower levels and fluctuates on shorter timescales (PR). 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. 6 @=),
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: Uyy,q % H and ugs,q * H (for water depth H =

3800 m). The latter definition provides an estimate of how much transport is missed by geostrophic calculations relative to a
deep level, asis usually assumed for the SAF. Figure 14 @= shows the cross-stream profile of absolute transport ‘I, and the
cross-stream profiles of baroclinic transport BCy, 4, defined as (7° — Uy, X H), and BCyzy, defined as (77 — Uggyg X H).

Integrating the transport curves across the stream gives estimates of total volume transport (Table 2 @=).

Barotropic transport per unit width for the shallow definition (7 — BC,,,) is relatively uniform across the SAF, athough

it isamplified at positions where there are peaks in absolute velocity. The range of barotropic transport is 100-320 m’s

(equivalent to 2.6-8.4 cm st barotropic velocity). For the deep definition (7° — BCg3,), the barotropic transport varies

considerably across the stream: 100 m’s (2.6 cm s_l) in the core; 25225 m? s * (0.7-5.9cm s_l) on the cold side; and
approximately 50 mést (1.3cm s_l) westward on the warm side. Both of these representations of the barotropic transport




structure are equally valid and serve to illustrate the sensitivity to the definition of the barotropic flow.

The integrated barotropic transports are BT 5,4 = 50 Sv and BT 335, = 16 Sv for the 2240 dbar and 3320 dbar definitions,
respectively. We estimate that transport relative to the bottom captures 86% of the absolute transport of the SAF (=BCga,¢/
T).

Rintoul and Sokolov (2001) found that the mean baroclinic transport of the SAF south of Australiais 105+ 7 Sv. (In their
study, the limits of the SAF were operationally defined to extend from the southern limit of the SAZ recirculation to the
transport minimum found between the SAF and the PF.) They used the same six 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 estimate of
baroclinic transport from current meters (BCa4,4, 100 + 12 Sv), but as discussed in section 4c, the average of six snapshots

should not be compared with the average of a 2-yr time series. The obvious quantity to compare with Rintoul and Sokolov's
(2001) estimate is the baroclinic transport from the streamwise mean baroclinic velocity profile since both quantities are
derived from the same data using different methods. The baroclinic transport estimated from the mean baroclinic velocity
profile relative to 3320 dbar is 74 £ 4 Sv, 31 Sv smaller than Rintoul and Sokolov's value relative to the bottom.

The geostrophic shear between 3320 dbar and the bottom results in a baroclinic transport of 3.3 to 5.8 Sv over the six
transects, using the same CTD pairs defined by Rintoul and Sokolov (2001) to be in the SAF, which is not large enough to
account for the missing transport.

The CTDs defined to be in the SAF by Rintoul and Sokolov (2001) extend into waters with T-g, values 0.6°C colder than

seen in our mean profiles, to 2.3°C compared with 2.9°C. This strongly suggests that our mean profiles are missing part of
the SAF's cold edge, as is also suggested by the large transports per unit width at the cutoff on the cold side in Fig. 14 @=.
The transports at the cutoff on the warm side are also relatively large. From section 4b 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 itself has been sampled, athough it
is difficult to distinguish from the SAZ recirculation.

We recalculated integrated geostrophic transport between the surface and 3320 dbar relative to 3320 dbar for the six CTD
sections, this time including only those CTDs whose T, value falls within the range of the streamwise mean profile, and

obtained 64.7 = 11.7 Sv. This number is closer to the transport from the streamwise mean but still leaves about 9 Sv
unaccounted for, a discrepancy smaller than the error in the transport. Thus, for the same range in T values (same CTD

profiles) the streamwise estimate of mean baroclinic transport relative to 3320 dbar is consistent with 0/3320 dbar
geostrophic transport from the six sections, within the error bars.

To estimate how much SAF transport is missed by the streamwise mean profiles, we calculate integrated transport
relative to the bottom for the six CTD transects within the T,g, range of the mean profiles (=68.6 + 12 Sv), and compare

this to Rintoul and Sokolov's (2001) estimate. We conclude that the mean profiles miss approximately 35%(=[105 —
68.6]/105) of the SAF transport due to not sampling al 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 4b) since Rintoul and Sokolov (2001) 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 Australiais 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.

6. Linear instability analysis

Our profile of alongstream 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. 6 ©= are not smooth enough to calculate a continuous horizontal
gradient, so we fit a smoothing cubic spline (Reinsch 1967) to them before calculating au/ay (Fig. 15b @=). Figure 15a C=

shows f_lau/ay 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 (or release of energy from the mean velocity field by horizontal Reynolds stresses) to
occur isthat g — Uy be less than zero (Gill 1982), where g = af/ay. In Fig. 15b @=, the heavy lines over the smoothed

velocity profiles show where this condition is satisfied. Peterson et al. (1982) made a similar calculation for Drake Passage
baroclinic velocities estimated from one hydrographic section and aso 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 (PR) 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 also small (PR).




One way for the necessary condition for baroclinic instability to be satisfied is for the meridional (here cross-stream)
gradient of potential vorticity,

U.

Q, =B~y ()

to change sign within the fluid (Gill et al. 1974).

We estimate Q from the SR3 hydrographic data as follows:

. select adl CTDsthat lie within the SAF as defined by Rintoul and Sokolov (2001)

. calculate mean profiles of temperature, salinity, and geostrophic velocity from the selected CTDs

- caculate U, and N? from the mean profiles

+ smooth U, and N? us ng a second-order Butterworth filter with a half-power roll-off of 40 m, passed both ways to
eliminate the introduction of phase lags

. cadculate Qy from smoothed U,, and N2,

Figures 15¢c— ©@= show the smoothed U, smoothed N2, and Qy. Above 175 m, the smoothed profile does not well

represent the sharp decrease of N? toward the surface. Below 3000 m, the topography begins to reduce the number of
profiles that reach this level, and mean U, and N? become more noisy. We therefore do not calculate Qy above 175 m or

below 3000 m, and do not examine the remaining baroclinic instability criteria (Gill et al. 1974; Wright 1981), which are
determined by surface and bottom conditions.

Here Qy is very senditive to the shape of U, and N? and we focus only on the strongest zero crossing, near 560 m. The
features in the U, and N? profiles that combine to make this strong crossing are strong vertical shear and the change in sign
of N2Z in the negative slope region of N%. The strong vertical shear near 560 m is a consistent feature of al 62 velocity
profiles included in the mean. The negative slope of mean N? 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.

7. Discussion

a. Velocity

In this section we compare our cross-stream profile of mean absolute velocity to the few observations of absolute
velocity made in the ACC. Most prior measurements of velocity in the SAF are from Drake Passage. Numerous
hydrographic transects have provided information on the baroclinic field in Drake Passage, and in three cases (Whitworth et
al. 1982) 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. (2001) have measured absolute velocity in the
SAF in the Pacific Ocean normal to six WOCE hydrographic lines (between 88°W and 173°E), using shipboard acoustic
Doppler profiler measurements to reference the geostrophic velocities.

The streamwise mean absolute velocity at AUSSAF has a peak of 51.9 + 4.3 cm s 1 at 420 dbar. Instantaneous velocities

(40-h low passed) at that depth reached 73 cm s L duri ng crossings of the SAF. At 2240 dbar, the peak mean velocity was

8.4+ 0.9 cms ! and the maximum instantaneous velocity during the two-year deployment was approximately 20 cm st

In Drake Passage, peak absolute speeds in the SAF (from hydrographic sections referenced to direct velocity

measurements) range from 45 to 75 cm s L at the seasurface and 25 to 55 cm's ~at 500 m (Nowlin et a. 1977,
Whitworth et al. 1982). A time series of velocity at 2770 m in the SAF at Drake Passage, from mooring 2 of the FDRAKE

79 experiment (Pillsbury et a. 1979), shows that speeds of 40 cm s ! are reached several times during the 1-yr record.

Donohue et al.'s (2001) ten estimates of SAF speed at the sea surface in the south Pacific are lower than in Drake Passage,

22.3-53.0cm s_l, with amean of 37.5cm's *.




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 velocities near 500
m are greater south of Australia than in Drake Passage. The vertical shear south of Australiais also greater than in Drake
Passage so that by deep levels (>2000 m) peak velocities in Drake Passage exceed AUSSAF peak vaues. In the less
constrained South Pacific the velocity in the SAF is considerably lower. Other evidence aso suggests the ACC is more
diffuse in the South Pacific [e.g., climatological dynamic height (Olbers et al. 1992), and altimeter observations and models
(Wilkin and Morrow 1994)].

The width of the SAF in the mean profile is 220 km. The true width is probably dightly greater since some of the cold
side of the SAF has been excluded from the mean profile. Nowlin and Clifford (1982) estimated the width of the SAF in
Drake Passage ranged from 40 to 83 km, based on water property distributions from six hydrographic transects. Thisis
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. We
note here that the SAF south of Australiais composed of severa branches. Such filamented structure has not been
documented for the SAF at other longitudes.

The method described in section 4a for obtaining a mean cross-stream profile of alongstream baroclinic velocity from
hydrographic data has two advantages over estimating mean geostrophic velocity from station pairs. First, from station
pairs, only the velocity normal to the section can be caculated. The streamwise profiling method alows the full alongstream
flow to be determined, regardless of the angle at which the section crosses the front. Second, the movement of the fronts
relative to one another that we see in a geographic coordinate frame does not blur the streamwise mean because the stream
coordinate is tied to the density structure of the current. The streamwise average gives a synoptic view of the front with a
reglistic estimate of the width and speed of the front, averaged only in time. A limitation to the portability of this profiling
method to other hydrographic lines is that the relationship between cross-stream distance and d,g, (or some equivalent

guantity estimated from hydrographic data) must be known. Here we used a relationship determined from current meter
data. Satellite altimeter observations, linked with dynamic height from the CTDs, may provide an aternative. Assuming such
a method would work, the baroclinic profiling technique will alow more information on the velocity field to be determined
from hydrographic lines than has hitherto been possible.

b. Transport

The mean absolute volume transport of the SAF south of Australia, 116 + 10 Sv, is alarge proportion of the mean
absolute transport through Drake Passage, 134 + 13 Sv (Whitworth and Peterson 1985). In section 5, we suggested that our
estimate of absolute transport 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 (2001), 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 (2001) 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. (2001) 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. Thisis 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.

At Drake Passage, the SAF contribution to the total baroclinic flow is much less than that at the SR3 section. Nowlin and
Clifford (1982), averaging six 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 (PF) 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 transects for the SAF and 7 transects for the PF. The remaining transport (26%) is carried
by the weaker eastward flows between the fronts, indicated by gentle shoaling of isopycnals toward the south.

The low relative transport of the SAF found by Nowlin and Clifford (1982) may in part be due to their narrow front
definition. Nevertheless, 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).

c. Sability

The linear stability analysis indicates that barotropic instability can occur on the flanks of peaks in aong-stream vel ocity,
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 PR. These showed that baroclinic conversion from available potential energy

to eddy potential energy occurred at arate of 10.17 + 11.33 (><1074 cm? 573), while barotropic conversion was 60 times
slower, 0.16 + 0.94 (><1O_4 cm? 5_3).

In Drake Passage, baroclinic conversion was also found to be the dominant mechanism for eneragy exchanoge, here also




two 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 U, 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.

8. Summary and conclusions

We have demonstrated the power of the streamwise profiling technique introduced by Hall and Bryden (1985) and have
shown its applicability to the ACC. Measurements from a current meter array, small in spatial coverage, have been
transformed into a cross-stream profile of alongstream absolute velocity in the SAF. Similarly, repeat hydrographic transects
have been averaged in stream coordinates to produce a mean cross-stream profile of alongstream 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 absolute velocity peaks extend to 3320 dbar
and, since thereis little vertical shear below this level, we conclude that the SAF extends to the seafloor (near 3800 m). In

the main peak, the 2-yr mean absolute velocity from current meters reaches 52 cm s Lat 420 dbar; the mean baroclinic

velocity from six CTD sections reaches 34 cm st Alongstream flow is coherent at al depths within the main peak. At
3320 dbar, there is a small counterflow at the cold edge of the stream in the absolute velocity profile. 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 the AUSSAF array. Thisis consistent with the
results of PR, 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 PR 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, these data suggest that the processes found to be important in Drake Passage are aso 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. 2001).

While the transport estimates presented in this paper 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 (shipboard and lowered ADCP, hydrographic measurements, altimetry) with
dynamical constraints in inverse calculations.
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APPENDI X
9. Mean Velocity Profile Using the Method of Hall and Bryden

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 3a.

Using the thermal wind equation in terms of 5 (1) we plot the scatter of 4d/ay at 780 dbar versus d-g, and calculate the
linear fits to the scatter either side of the core (Fig. 16)

0.0066 X &, — 3.5836 X 10°°
a_S — for 37;-;:} < 1.102 > 107% m? kg_] (A]}
dy —0.0181 X &, + 23594 X 10°*

for 8,4 > 1.102 X 1076 m3 kg '

TE0

Equations (A1) are then inverted and integrated to obtain cross-stream distance in km,

0066 X 8y, — 3.5836 X 10~
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0.0066 3.6548 X 10°¢
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1 (—00181 X 8, + 23594 X 10°* s = 1100 X 106 ke
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0.0181 3.6213 X 10°° 70 &

(Click the equation graphic to enlarge/reduce size)

which is shown as an alternative abscissa in Fig. 16.

The scatter in Fig. A1 @=is larger than in the corresponding figure of Hall and Bryden (1985) for two reasons. First, 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 alongstream velocity. In other words, the cross-stream velocity profile is not so nearly “fixed” intime asit isin




the Gulf Stream. To illustrate, consider Fig. 8 ©=, which shows, as a function of latitude, T,g, and geostrophic velocity of
the sea surface calculated relative to the deepest common level of CTD station pairs along each of the six transects of SR3.
When T-g, = 4°C, geostrophic velocity normal to the SR3 line varies from 8 cm stin July 1995 to 66 cm s L in October
1991. Second, the range in temperature experienced by the current metersis 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_l,
respectively. Thus, the signal-to-noise ratio is smaller for the ACC making the fits (A1) 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. A2 @=), we group the current meter
velocities (from al instruments on all moorings) into 0.25°C temperature bins. We bin on T,g as this provides a more

readily interpreted indicator of position across the ACC than binning on 6,g,. The only critical step requiring d,g is the
calculation of y. The error bars are calculated as described in section 3.

In Fig. A3 @=, we compare the two methods of estimating cross-stream position: that described in section 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 aimost identical from the core of the stream to 50 km south of it. Either side of this band,

and below d4g, = 1.26 % 10 %m? 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. A2 @=) compared with
the profile for our method (Fig. 6 @=). Beyond d,g, = 1.26 x 10%m3 kg_l, the Hall and Bryden distances become much

larger than those from our method as the argument of the logarithm in (A2) approaches zero. This is the cause of the warm
tail on the warm side of the velocity profile in Fig. A2 C=.

Tables

Tablel. Dates(d/molyr) of operation of current meters after small gaps have been filled by mooring motion correction. Dates
of occupation of WOCE SR3 hydrographic section

Click on thumbn;il for full-sized image.

Table2. Tota volumn transport for the SAF south of Australiain Sverdrups derived from the mean absolute vel ocity profile
(Fig. 6). Baroclinic and barotropic transports are defined relative to 2240 and 3320 dbar (see text)

Absolute transport  Baroclinic transport  Barotropic transport

T 116210  BChn, 667  Bln,: 50
BCup: 10012 BT, 16

Click on thumbnail for full-sized image.
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FIG. 1. Map showing location of current meters[circlesidentified as W(est), S(outh), C(entral), and N(orth)] and WOCE section
SR3 (plus signs) overlaid on background shading of Smith and Sandwell (1994) bathymetry, and contours of 0—2000 dbar

dynamic height (dyn m) from Olbers et al. (1992)
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Click on thumbn;I for full-sized image.

FIG. 2. Time series of temperature at 780 dbar (thick line) and alongstream velocity at 780 dbar in units of 10 cm s_l (thin line) on
the West, Central, and South moorings. Ten crossing events are marked

Click on thumbnai I-forr full-si zed image.

FIG. 3. Scatter of theinverse of cross-stream gradient of specific volume anomaly at 780 dbar vs specific volume anomaly at 780
dbar. Solid lineis median in each svan bin, limits of shaded region are the 16th and 84th percentilesin each svan bin. Alternative
abscissa: temperature at 780 dbar

Click on thumbnail for full-sized image.

FIG. 4. Distribution of the inverse of cross-stream gradient of specific volume anomaly at 780 dbar with 16th, 50th (solid line),
and 84th percentilesindicated. Inset shows that for a Gaussian distribution, +1 standard deviation encloses 68% of the total area
under the curve

Click on thumbnail for full-sized image.

FIG. 5. Cross-stream distance y as a function of specific volume anomaly at 780 dbar. Shaded region is an estimate of the error
iny corresponding to the 16th and 84th percentiles of the distribution of the inverse of cross-stream gradient of specific volume
anomaly at 780 dbar. Alternative abscissa: temperature at 780 dbar
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FIG. 6. Cross-stream profile of alongstream absolute (baroclinic + barotropic) velocity. Standard error is calculated for 10 (5)
degrees of freedom in unshaded (shaded) bins




Click on thumbnail for full-sized image.

FIG. 7. Dynamic height calculated from the six CTD transects relative to 3320 dbar at each of the current meter levels and 100
dbar vs specific volume anomaly at 780 dbar. Smoothing cubic spline fitsto each curve are also shown. Alternative abscissae:

temperature at 780 dbar and cross-stream distance

Click on thumbnail for full-sized image.

FIG. 8. Geostrophic velocity of the sea surface rel ative to the deepest common level of CTD pairs (thin line), and temperature at
780 dbar (thick line) along six transects of WOCE section SR3 from Tasmania (left) to Antarctica (right). Vertica lines mark

positions of North, Central, and South current meter moorings
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FIG. 9. Cross-stream profile of alongstream baroclinic velocity calculated using 0—3320 dbar dynamic height along SR3 and the
cross-stream coordinate, y(d-g), determined from current meter data. Shading is an error estimate for the 100-dbar velocity
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Click on thumbnail for full-sized image.

FIG. 10. SR3 temperature section for Jan 1994 and corresponding surface geostrophic velocity referenced to the deepest
common level of CTD pairs. Locations of the Subantarctic Front, North Polar Front, and a cold corering areindicated

Click on thumbnaﬁi-la ~f_o-r“full-si zed image.

FIG. 11. Comparison of ADCP velocity at 100.6 m (positive indicates no westward component) and cross-SR3 geostrophic
velocity from CTD pairs relative to the deepest common level of the pair for the latter three transects. Dashed line indicates one-

to-one correspondence
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FIG. 12. Sea surface height anomalies from the TOPEX/Poseidon, ERS 1, and ERS-2 satellite altimeters, merged and mapped
onto a0.25° grid [the CLS“MSLA” dataset (Le Traon et a. 1998)], have been added to the 0—2500 dbar dynamic height from the
Olberset al. (1992) climatology. The sea surface height map (dyn cm) is concurrent with the Jul 1995 CTD section along SR3, for
which ADCP velocities at 100.6 m are shown

Click on thumbnail for full-sized image.

FIG. 13. (a) Geostrophic velocity of the sea surface relative to 2240 dbar from CTD pairs aong six transects of SR3, and the
mean, as afunction of distance from the northern branch of the SAF (seetext). (b) Solid lineis streamwise mean baroclinic
velocity relative to 2240 dbar, dashed line is mean geostrophic velocity from (@) shifted so that peak velocity isaligned with the
streamwise mean peak. (c) Distance coordinate for the geographic mean (pluses) and streamwise mean (dots) vs dynamic height
of the sea surface relative to 3320 dbar

Click on thumbnailﬁ-oﬁrlf.ull-si zed image.

FIG. 14. Structure of volume transport per unit width of the ACC: ‘T (heavy line) is absol ute transport from current meters,
BC,, 4o (dashed line) is baroclinic transport defined as“T” minus velocity at 2240 dbar times the water depth, and BCy3 (fine

solid line) isI” minus velocity at 3320 dbar times the water depth
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FIG. 15. (8) Theterm fflr_'-iu/ay at 420 dbar from smoothed absolute velocity profile. (b) Smoothed absolute velocity profile at
current meter levels (thin lines) and |locations where condition for barotropic instability is satisfied (thick lines). Mean profiles of
vertical velocity shear (c) and squared buoyancy frequency (d) from CTDsin the SAF. (e) Cross-stream gradient of potential
vorticity in the SAF
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FIG. Al. Scatter of cross-stream gradient of specific volume anomaly vs specific volume anomaly at 780 dbar, with linear least




squaresfit either side of 6,5, = 1.102 x 10°m* kg %, corresponding to T,50=6°C.
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FIG. A2. Cross-stream profile of along-stream absol ute velocity from the method of Hall and Bryden (1985). Standard error is
calculated for 10 (5) degrees of freedom in unshaded (shaded) bins
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FIG. A3. Cross-stream distance cal culated using the method of Hall and Bryden (1985) (thin line) compared with cross-stream
distance calculated in this paper (thick line)
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