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On the zonal and meridional circulation and ocean
transports between Tasmania and Antarctica

M. Yaremchuk,! N. L. Bindoff,? J. Schréter,® D. Nechaev,® S. R. Rintoul,**

Abstract. The large scale circulation of the WOCE hydrographic section SR3
between Tasmania and Antarctica is studied through inversion of hydrographic,
wind stress and current meter data acquired between 1993 and 1996. These
data are assimilated within the framework of a steady state model that is based
on hydrostatics, geostrophy, tracer, and potential vorticity conservation. Posterior
variances of the major current systems are estimated via the implicit inversion of the
Hessian matrix, associated with the assimilation scheme. Analysis of the residuals
shows that averaged water mass properties are conserved and that most of the
adjustment by the solution is through the uniform vertical displacement of density
surfaces within the water column. The inclusion of the tracer and potential vorticity
constraints allows parts of the large-scale vertical and meridional circulation to be
determined. The upwelling over the Antarctic Divergence is driven mainly by the
winds, while the downwelling in the Sub-antarctic Front (SAF) is shown to result
from the meridional gradients of the density field caused by the mean Antarctic
Circumpolar Current. The shallow meridional and vertical circulation in the SAF
is along density surfaces and follows the salinity minimum waters to a depth of
500 dbar. This result suggests a possible mechanism for ventilation of Antarctic
Intermediate Water. The total volume transport between Tasmania and Antarctica
is estimated as 1514£50 Sv, with variations between repeat measurements for this
section of about 10 Sv. The cross-section circulation pattern can be qualitatively

subdivided into five persistent features and their transports and errors are given.

1. Introduction

The Antarctic Circumpolar Current (ACC) is one of
the most important components of the thermohaline cir-
culation. It plays a crucial role in providing the path-
way for the exchange of water between the major ocean
basins.

However the dynamics of the ACC are poorly known
from data, and estimates of the transport of this current
have been hampered by the difficulty in determining ref-
erence velocities. Such estimates have either used hy-
drographic data alone or combined them with mooring
or pressure gauge data [e.g., Callahan, 1971; Gordon,
1975; Whitworth and Peterson, 1985; Read and Pollard,
1993]. The most reliable estimates of reference veloci-
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ties are probably those obtained in the Drake Passage,
whose moderate width allows reasonable coverage with
current meter moorings.

To reduce the uncertainty in estimating the transport
across the ACC, it is important to use additional con-
straints based on all of the available data at the wider
chokepoint sections such as those from Africa to Antarc-
tica (World Ocean Circulation Experiment (WOCE)
SR2) and Tasmania to Antarctica (WOCE SR3). In the
present work we apply a variational data assimilation
scheme [see Nechaev and Yaremchuk, 1995; Yaremchuk
et al., 1997] to combine repeat section hydrography with
the mooring and climatological wind stress data at the
WOCE SR3 section between Tasmania and Antarctica.

A description of the structure of water masses and
currents in the hydrographic section is presented with
transport estimates based on the results of the data
assimilation. These results are compared with the in-
terpretations of other measurements and to the results
from other investigators. A novel feature of the study is
the more rigorous quantitative error analysis that im-
plicitly includes the uncertainty in transport from the
both the estimated reference velocities and the thermal
wind equations. Posterior variances of the key cross-
section transports are computed via the implicit inver-
sion of the Hessian matrix.
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The paper has the following structure. After a brief
description of the data in section 2, we present the sta-
tistical and dynamical constraints that are used to find
the optimal solutions in section 3 and the most sig-
nificant results from the preferred solution in section
4. The latter include an analysis of the residuals be-
tween the initial data and the adjusted solutions, the
large-scale horizontal and vertical circulation, and the

estimates of the transports of the major currents. The

results are followed by the discussion and conclusions
(section 5).

2. Data
2.1. Tracers

The data were collected on five voyages of the re-
search vessel R/V Aurora Australis between March 1993
and September 1996. These hydrographic sections were
collected as part of the Australian contribution to the
WOCE World Hydrographic Programme (repeat sec-
tion SR3, connecting the Australian continent with
the Terre Adelié continental shelf of Antarctica). The
hydrographic sections were occupied in March 1993
(AU9309), January 1994 (AU9407), January 1995 (AU-
9404), July 1995 (AU9501) and September 1996 (AU-
9601) (see Figure 1) [Rosenberg et al. 1995a, 1995b,
1996, 1997] and are available from the World Hydro-
graphic Programme Office (WHPO). A total 259 full
depth hydrographic stations were used in this analysis.

In addition to the temperature and salinity data, the
five sections included measurements of oxygen, silicate,
nitrate, and phosphate. These data are explicitly in-
cluded in the assimilation and contribute to the gen-
eral circulation pattern in two ways. First, there are
strong cross-correlations between different parameters,
effectively constraining mutual in situ variations of the
tracer fields. Second, these fields provide additional in-
formation for the velocity field through the tracer con-
servation equations described in section 2.2.. The to-
tal number of data used is the valid data values (i.e.
above bottom topography and not missing) and is ap-
proximately given by the product of the number of sta-
tions, depth levels, and hydrographic parameters. In
this analysis there are 43,888 valid data.

To produce the first-guess fields, the original station
data were interpolated onto 34 standard depths and
then linearly interpolated in the horizontal onto a reg-
ular grid common to all five sections. This regular hor-
izontal grid has a station spacing of 55.3 km. In addi-
tion, a composite data set was created as the average of
the five interpolated sections. These interpolated tem-
perature fields are used as the first-guess temperature
fields and are shown in Figure 2. Seasonal changes in
the mixed layer are very clear, especially in the south-
ern part of the section. In addition, the major frontal
systems, such as the Subantarctic Front (SAF) at 50°-
54°S and the Polar Front (PF) are also very clear, with

YAREMCHUK ET AL.: CIRCULATION BETWEEN TASMANIA AND ANTARCTICA

-40
4 ° {MAR 93
4 o NAN-94 |
1 e JAN 95
1 = JUL 95
-50
-55
-60
-65-]
-70-lllIII||IIII|||ITTI|IIII||l|l
135 140 145 150
Figure 1. Conductivity-temperature-depth

(CTD)/rosette stations on the five repeat hydrographic
sections between Tasmania and Antarctica. Note that
these sections are almost exact repeats of each other
(except south of 63°S) and that most stations overlie
each other. The arrow marks the location of the cur-
rent meter mooring on the section.

Subantarctic Mode Water seen as a relatively homoge-
neous water mass to the north of the SAF.

Across-section velocity fields obtained by integration
of the vertical geostrophic velocity shear relative to the
bottom are shown in Figure 2b. The first-guess fields
have an initial reference velocity of zero at the bot-
tom along the whole section, except at the southern
end where there is a weak westward flow over the conti-
nental slope. This westward current at the bottom was
chosen because there is a source of bottom water just
farther east [Rintoul,1998; Rintoul and Bullister, 1999]
and because combined acoustic Doppler current profiler
(ADCP) and hydrographic data show a westward bot-
tom current in this region [Bindoff et al., 2000].

These first-guess velocity fields show the major cur-
rent systems across the Southern Ocean south of Tasma-
nia: the strong eastward flows associated with the SAF
(at 50°-54°S) and the weaker but broader eastward flow
associated with the southern end of the ACC (from 56°—
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Figure 2.
and (b) cross—section velocity (cm s™') derived from the first-guess density field. The bottom
topography is taken from the bottom depth at each cast, and the first—guess velocity field has
an initial reference field that is zero at the bottom except south of 59°S. South of 59°S, over the
continental rise, a small westward flow has been assumed (see text).

63°S), the coherent westward flow over the continental
rise near Tasmania (44°-48°S), on the southern flank of
the mid-ocean ridge (54°-56°S), and over the continen-
tal slope of Antarctica (south of 63°S). Each realization
of these sections shows strong mesoscale variability su-
perimposed on the mean circulation, particularly in the
region north of 51°S (i.e., north of the mean position
of the SAF). The net cross-section transports for these
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(a) Temperature fields (°C) obtained by linear interpolation onto the model grid

first-guess fields vary between 138 Sv (March 1993) to
165 Sv (July 1995) (Table 1).

2.2. Velocity Measurements

The velocity data, which were used in the present
study, are from part of a long term mooring array in the
center of the SAF. The current meter mooring used in
this work was located on the section at 50.7°S, 143.4°E.
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Figure 2. (continued)

The mooring was deployed in March 1993 and recovered
in January 1995 and thus only the January 1994 section
genuinely overlaps with the current meter time series.
Because of this fact, 2 year mean velocities from the
mooring, rather than shorter-term means centered on
the time of the voyage, were used in the assimilation
of all five sections. The velocity data from four current
meters at the 416, 781, 1147, and 2238 dbar levels were
associated with the nearest standard depth and rotated
into along- and across-section coordinates. Although
the mean currents are strongest in the eastward direc-
tion (by a factor of 2.5), there is a significant northward
component in the mean flow at this mooring. Trial as-
similations using the surface ADCP velocities were un-

IS

successful because of subtle systematic biases in these
velocities. As a consequence, the current meter obser-
vations arc the only direct observational information
available about the along-section flow field.

2.3. Wind Stress and Bottom Topography

The third type of data used in the analysis is the
annual average wind stress curl over the section line ex-
tracted from the database of the European Centre for
Medium-Range =~ Weather ~ Forecasts (ECMWF)
[Glowienka-Hense et al., 1992]. It has been computed
by taking the curl of the surface wind stress averaged
over the period from 1979 to 1987 (Figure 3a). The bot-
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Table 1. Transport Estimates for the Optimised State With Error Estimates Initial
Transports (FG), and Difference in Transport Between the Assimilation and Initial

Transports (AT)

Section TASM  COUN ACC DRIFT ANTR TOTAL FG AT
March 1993  1.0£3.1 -30&£10 115414 58+17 -7+ 7 137£29 138 -1
Jan. 1994 0.6£4.0 -8+7 102%15 61+21 -9+ 4 146429 146 0
Jan. 1995 0.94£4.2 -37+12 134%16 58+23 -2+ 7 154434 137 17
July 1995 3.3£52 -3+6 105+14 59423 -2+ 7 161£30 165 -4
Sep. 1996 1.244.9 -14£16 110+£20 64+29 -3+11  159+43 162 -3
Composite  1.1£9.5 -12&15 107425 58+34 - 3+11 15150 150 +1

TASM is the eastward boundary current over the continental slope of Tasmania, COUN
is the westward countercurrent, ACC is the eastward flow of main part of SAF, DRIFT is
the eastward transport between 55°and 65°S, and ANTR is the westward transport south
of the SAF over the southern flank of the mid-ocean ridge. Positive values are eastward

transports.

tom topography (Figure 2) was derived from the bottom
depths of each station, and the horizontal gradients VH
were extracted from the Digital Bathymetric Data Base
5 (DBDB5) bathymetric data set. Five-point cosine fil-
tering of the bottom topography data was applied prior
to computation of VH using central differences. This
filtering was necessary to smooth the original 1 /12° res-
olution and to interpolate these gradients onto stations
thac have a spacing of 55.3 km (Figure 3b).

3. Data Processing Scheme
3.1. Description of Assimilation Method

For processing of the data we utilize the variational
assimilation scheme of Nechaev and Yaremchuk [1995].
This scheme naturally combines an arbitrary number of
data sources into a dynamically and statistically consis-
tent pattern of oceanic fields in the plane of the hydro-
graphic section. The theoretical background of such
an approach has been developed over the past decade.
It is a least squares fit of the ocean fields (state vec-
tor) to the data, subject to a certain set of dynamical
constraints. These constraints substantially reduce the
number of free parameters (or degrees of freedom) of
the analysis. First, we define the state vector as a set
of 10 fields whose values are to be specified on a regular
grid enveloping the vertical section plane. The fields
are six tracers measured on the section Cp,n =1,...,6,
which include potential temperature § = Cj, salinity
S = C, oxygen Oy = Cj, silicate SiOy = Cy, nitrate
NO;3; = Cs, and phosphate POy = Cg; the other four
fields are density p, horizontal u = (u,v) and vertical
w velocity components.

Second, we assume that the fields are related by a set
of constraints, which include (1) vertically integrated
thermal wind equations:

_ 9 —uy =
u pof_[{(kap)dz u, =0, (1)

where k is the vertical unit vector, g is the gravitational
acceleration, f is the Coriolis parameter, and u, is the
velocity at the bottom z = —H(z,y); (2) the equation
of state

(2)

where p is pressure and R is the equation of state pro-
posed by Fofonoff and Millard [1983]; (3) the relation-
ship for the vertical velocity w derived by taking the ver-
tical derivative of the linearized steady state equation
for conservation of quasi—geostrophic potential vorticity

p-—'R(p/T,S) :0,

0%w g
922 pof?
with the boundary conditions

(Vpxk)-Vf=0, (3)

w(0) — (lcurlf + FY) =0,
Po
w(—H) - [(up - VH) + F,] =0,

where curl 7 is the vertical component of the wind stress
curl at the ocean surface and F* is a measure of the
uncertainty in the surface boundary condition (super-
scripted; similarly, F, describes the uncertainty in the
bottom boundary condition); and (4) six steady state
advective tracer balance equations

(u-VCp) + waC"
0z

1<n<N:0,5Cs,.

- n=01

**y CN’

(4)

and F;, are unknown sources and sinks attributed to dy-
namical processes that occur on smaller scales like tur-
bulent mixing and to other unmodeled processes (such
as chemical reactions, biology, etc.) that have not been
explicitly included.

Third, we specify the prior Gaussian probability den-
sity function, which is proportional to exp(—Jy) where
the argument Jy has the form of the following quadratic
cost function:
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Figure 3. (a) Wind stress curl, (b) along-section ( H,, dashed line) and across-section ( Hy,
solid line) gradient of bottom topography and (c) the terms uwH, (thick dashed line), vH, (thl(}k
solid line) , u- VH (dotted line) and the vertical velocity w (increased by a factor of 10; thin

solid line).
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The first two terms in Jy attract the solution to the data
on the regular grid: C}, (C}) stands for the grided value

m

of the mth (nth) property component and u* identify
the long-term averages of the velocity data taken from
current meters. W, , and W,, are the inverses of the
covariance matrices accounting for the prior statistical
structure of the hydrographic property C, and velocity
(u,v) fields, respectively. I is a local interpola-
tion operator that projects the unknown ”steady state”
field C,, onto a grided point (including missing values in
the first -guess field). Asterisked summations are taken
over all of the available hydrographic stations or veloc-
ity data points. The other summations occur over the
entire ocean depth.

The remainder of the cost function is used to diminish
the "errors” or equation "residuals” in the determina-
tion of various components of the unknown steady state.
The mean values and their correlation with each other
are not known a priori, and it is assumed that all of
the arguments in the last seven quadratic functions are
statistically independent and have zero means. These
different contributions describe uncertainties in the ver-
tical velocity at the bottom F,, and at the sea surface
F, deviations F,, of the property conservation equa-

=
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tion from the steady advective balance, and finally, the
grid-scale components of C,, F,, and u. Since each
of these terms is effectively a residual or error term in
the equations, the assumptions of statistical indepen-
dence and zero means are a reasonable one. The grid-
scale components are represented by applying differen-
tial operators S; = 8,4 + vi(2)0.. (smoothing splines)
to corresponding fields with weighting coeflicients for
the vertical v; depending on the type of field.

The model grid for tracer and density fields consists
of two grid planes parallel to and equidistant from the
plane of the section where the measurements are ac-
tually taken (see Nechaev and Yaremchuk [1995] for a
complete description). The first-guess tracer fields on
the two grid planes are identical, and so, the first-guess
gradients normal to the section are zero and the spacing
between these two planes is 55.3 km and is equal to the
along-section spacing. Grids for the other variables (u,
w, and F,,) are located on the plane of section. Speci-
fying the values of the control variables Cp, up, £, and
F,, one may compute all the rest of the state vector
components via (1)—(4), and the value of its probability
density via (5). The assimilation algorithm performs a
search for the most probable state in the space of con-
trol variables.

However, the (1)-(4) cannot represent the processes
of nonhydrostatic convective instability and seawater
freezing by the formation of seaice. Thus it is possible
for the assimilation scheme with just (1)-(4) to cre-
ate nonphysical states that are characterized by unsta-
ble density profiles and temperatures below the freezing
point of water. To drive the assimilation pattern away
from such nonphysical states, an additional exponential
term J, is added to the cost function:

J=J0+JezJo+/{exp(i,@3)+
ps 0z
Q
+exp[(6f(2) — 6(2))/87]}d92,
A e
where p¢ = 1072 kg m™* has the meaning of a critical
density gradient, §; = F(S,p) is the seawater freezing
point dependence upon salinity and pressure proposed
by Millero [1978], and 6* = 0.0015°C has the mean-
ing of uncertainty in the determination of § due to the
uncertainties g = 0.002pss and o, = 2dbar. J, gives
no contribution to the cost function for the states far
from freezing and hydrostatic instability but tends to
draw the solution away when the state vector compo-
nents approach these physically unacceptable regions of
the state space.

Following the terminology of Sasaki [1970], our dy-
namical constraints can be classified as strong (1-2) and
weak (3-4) ones. The latter are characterized by the
presence of errors F,,, F, and F,,, which are ”penal-
ized” by the a priori probability distribution (5). The
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additional term J, has no statistical interpretation and
plays the role of a range constraint in continuous form
[e.g.. Schriter and Wunsch, 1986].

3.2. Prior Covariances

Estimations of the prior inverse covariances have been
generally made in accordance with the scheme outlined
by Yaremchuk et al. [1997]; therefore only the major
differences in the approach used here are described.
The first difference in the formulation is the use of
off-diagonal elements in the tracer covariance function
Kz, 2"). We now include vertical cross-correlations
since the horizontal spacing of the grid resolves the
scales of mesoscale eddies, which are treated as noise
by the assimilation scheme. The second difference is
that these covariance functions were also assumed to
be inhomoger.eous along the section in order to account
for strong north-south variations in hydrographic fields.
The covariances have been estimated by a cosine-shaped
running average over the along-section coordinate for
cach of the five sections. The half-width of the cosine
filter was 450 km, so that there were approximately
9x 5=45 statistically independent samples per estimate
(the horizontal decorrelation scale of ageostrophic mo-
tions was assumed to be less than the station spacing).
In order to be able to invert the covariance matrix the
value of its diagonal elements are increased by 10%. The
weighting W, »(z,2') = K;L}n(z,z’) depends on posi-
tion along the section. At every gridpoint, Wi, »(z, 2')
is represented by (6x34)% matrix elements (6 is the
number of tracers and 34 is the number of levels in
the vertical). As will be shown below, this choice of
weighting enables us to conserve water mass properties
(e.g., t-s relationships). The assimilation scheme will
then perform its adjustment primarily by shifting ex-
isting water masses in the vertical instead of creating
new water mass properties. Finally, standard matrix
inverse procedures have been used to obtain the inverse
variances W, D™, D}, and Dy from the diagonal co-
variances.

3.3. Posterior Variances

Posterior variances are one of the major parameters
characterizing model /data consistency since they incor-
porate both prior statistics and dynamical constraints.
For computation of posterior variances we utilize a stan-
dard approach based on the inversion of the Hessian
matrix H [see also Yaremchuk et al., 1997]. Given a
linear function A of control variables, one can define
the variance of the quantity, specified by that function
as 0% = ATH=' A [e.g. Thacker, 1989]. In the present
study the major quantities subjected to posterior error
analysis were the integrated mass and tracer transports.

It is essential that the above variance estimates be
valid for an ensemble of states that does not contain
strong deviations from the optimal state. For the con-
servation of tracer equation products of the optimal ve-
locity field with the tracer field must be much larger
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than the product of the velocity field variations with
tracer variations. In this case we find the linear func-
tion A by linearizing the operator that determines the
cross-section transport within the domain Q'

6 )

— opt opt

(5?}/ Capld + == /v Cond2.
Q QY

B =

Numerical values for A can then be evaluated by apply-
ing the adjoint code to B [Yaremchuk et al., 1997].

This method of calculating the errors on integrated
quantities such as the section transports accounts for
the reduction in the prior error estimates on the space
of data because of the introduction of the additional
dynamical information by the model. Thus these er-
ror estimates include the uncertainty in estimating the
transport associated with the vertical shear (baroclinic
component) and the uncertainty in the reference ve-
locities (barotropic component). This means that our
estimates of the error formally include the uncertainty
associated with the null space. This is a more complete
error estimate than is normally available from tradi-
tional estimates of the baroclinic transport with an as-
sumed reference level.

4. Results of Assimilation
4.1. Interpolation Errors

The outlined assimilation scheme may also be viewed
as an algorithm for the interpolation and smoothing of
the first—guess data on the regular grid. In this section
we shall compare the residual errors of ”variational in-
terpolation” with their prior estimates and with inter-
polation errors of the linear algorithm utilized for com-
putation of the first guess.

Figure 4 depicts vertical distributions of the prior
temperature, salinity, and oxygen errors normalized by
their horizontal rms variances. These normalization fac-
tors represent both of the signal and the noise content of
the data. Previous experience has shown that the ran-
dom noise in the data is about 30% of these normaliza-
tion factors [ Yaremchuk et al., 1997]. These error curves
were obtained by averaging over all five individual sec-
tions. The normalization factors are strongly depth—
dependent and typically decrease with depth, except
near 1000 m, with values from the mixed layer to the
bottom ranging from 4°to 0.01°C, from 0.3 to 0.004 psu,
and from 40 to 10 umol 171, The reason for the increase
in the normalized errors at 1000 m is uncertain but co-
incides with the depth of Antarctic Intermediate Water
(AATW) north of the SAF. The large normalization con-
stants at the surface are due to the large seasonal tem-
perature changes in the surface mixed layer. The lin-
ear interpolation used for generation of the first-guess
fields produces errors of 3-5% in temperature, of 3-9%
in salinity, and up to 20% in oxygen concentration. The
larger error for oxygen concentration is caused in part

YAREMCHUK ET AL.: CIRCULATION BETWEEN TASMANIA AND ANTARCTICA

Figure 4. Normalized mean error curves for temper-
ature (solid), salinity (dotted), and oxygen (dashed).
Thick lines correspond to the first—guess fields. Thin
lines show error distributions for the corresponding op-
timal states.

by missing oxygen measurements in some of the sec-
tions, so some remotely spaced stations were used for
interpolation. Similarly, for the other passive tracers,
their ”first—guess” interpolation errors vary within the

_range of 10-30% of their rms horizontal variances.

The same errors are computed for the optimized fields
(thin lines in Figure 4). In general, we observe 2-4%
enhancement of the error levels after assimilation. This
means that the adjustments to the temperature, salin-
ity, and oxygen data are slight (but at the cost of in-
creased differences) to accommodate the four dynamical
constraints (equations (1)—(4)). Nevertheless, final rms
residuals for the both the assimilation and interpolation
generally lie well below the 30% relative error level used
as the prior estimate for the tracer fields in the analy-
sis, showing that the solution relative to the estimated
errors is a small adjustment of the first—guess fields.

4.2. Water Mass Analysis of the Solutions

The constraint equations (equations (1)—(4)) and the
smoothing operator in the cost function (equation (5))
are applied on pressure surfaces (rather than, say, neu-
tral density surfaces) and directly modify temperature,
salinity, and density fields (as well as the other tracers).
This modification of the temperature and salinity fields
in the assimilation is not specifically constrained to pre-
serve water masses on density surfaces. This means, as
occurs in some analyses [Lozier et al., 1994], that the
temperature-salinity correlations could, in principle, be
modified, leading to unrealistic water masses in the as-
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Figure 5. The average temperature, salinity, and neutral surface depth difference between the
assimilated solution and the first-guess fields for all six sections. Positive changes mean (a)
warmer, (b) saltier, and (c) deeper. The approximate pressure (dbar) of the neutral surfaces is

given on the right.

similated fields. However, in this work we take these
correlations into account. We have adjusted the hori-
zontal length scales and introduced vertical covariances
with off-diagonal terms (not shown here) so that the
mean temperature and salinity change on density sur-
faces over each section is close to zero and much less
than the prior errors, as discussed below (Figure 5).

For density surfaces 27.0-28.3 (i.e. from 300 dbar to
the bottom) the mean temperature and salinity differ-
ences between the first—guess fields and the assimilated
fields for all five sections is 0.04°C and 0.005 psu (that
is, the instrumental limit of accuracy for salinity mea-
surements). Although on average the water masses are
preserved, the depth of density surfaces do show signif-
icant changes (Figure 5¢). The largest changes between
the first-guess fields and the assimilated fields occur
just below the mixed layer (density surfaces 26.8-27.2
or ~110-430 dbars) and at depth below the 28.0 den-
sity surface (~1400 dbars). The changes in the depth
of density surfaces below 27.2 are quite small, typically
<50 m. However, these changes have an important ef-
fect on changing the velocity shear and total transport
through the section.

An empirical orthogonal function (EOF) analysis of
the differences between the six first—guess fields and the
six assimilation solutions shows a simple vertical struc-
ture (Figures 6 and 7). The EOFs of the difference
between the first guess and the assimilation solution
presented here are calculated independently for each of
the variables: the vertical movement of density surfaces,
the temperature change due to the displacement of the
density surface (Ah%g—), and the difference in tempera-
ture on density surfaces. The six individual sections for
each variable are grouped together to make one data set.
The data set is arranged o that the rows of the data
matrix correspond to density surfaces and the columns
correspond to each cast from the five sections. In this
form the vertical eigenvector is simply the vertical spa-
tial structure of the difference between the assimilation
and the first guess, and the horizontal eigenvector in-
cludes the crosscorrelations between horizontal spatial
scales and between sections. We show only the vertical
eigenvectors in this paper.

The adjustments of the height of density surfaces
have the simplest structure in this analysis. The eigen-
values decrease very rapidly, leading to a very rapid
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growth of the cumulative variance. For this variable,
just four eigenvalues are required to describe 95% of
the variance of the difference between the first-guess
field and the assimilated solutions, and the first mode
explains more than 75% of the variance. The vertical
structure of the first mode is largely uniform over the
water column from 27.0 to 28.2, which corresponds to
the depth range from about 320 dbar to almost the bot-

tom. The second and third modes have a more complex

structure, with 1 and 2 zero crossings and explaining 12
and 6% of the variance, respectively. The first mode is
the dominant mode and is clearly a perturbation that
tends to conserve potential vorticity by preserving the
thickness of layers. This adjustment of the initial den-
sity field by the assimilation is dynamically consistent
with the conservation of potential vorticity.

However, the assimilation procedure does also involve
some local modifications of temperature (and salinity)
on density surfaces. The temperature change due to
the vertical displacement of density surfaces can be esti-
mated as Af|ap, = Ahx 2L (see Bindoff and McDougall,
[1994] for a detailed discussion). The EOFs of Af|ap
and the potential temperature change on density sur-
faces can be directly compared because they are now

weighted in the same way and have the same units. The

first, second, and third vertical eigenvectors of Af|ap
caused by the vertical displacement of the density sur-
faces explain 74, 6 and 4% of the variance, respectively.
In contrast, the first three eigenvectors for the temper-
ature change on constant density surfaces explain 31,
20, and 18% of the variance, respectively. The total
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variance of the Af|ap term is about 1.4 times that
associated with the change of temperature on density
surfaces. The most important feature of the eigenvalue
spectra is that the Af|ap has nearly all of its variance
described by a single mode, whereas the variance of the
temperature change on density surfaces is spread over
more eigenvalues (i.e., it is whiter and relatively more
noisy) (Figure 7). Thus the systematic changes of the
water column by the assimilation are achieved to first
order through the local vertical displacement of the den-
sity structure and to a much lesser extent through water
mass changes.

The mean differences of the watermasses between the
initial fields and the assimilated solutions are, in fact,
much less than the differences between individual sec-
tions (Figure 8). The mean temperature-salinity rela-
tion from the observations show large changes between
individual cruises. In AATW (defined approximately by
density surface 27.4) the mean salinity and temperature
along density surfaces between the different sections dif-
fers by 0.09 psu and 0.95°C. These results show that the
assimilated solution for each section is a believable re-
production of the watermasses and can be used to inter-
pret the observations in terms of the ocean circulation.

4.3. Large—Scale Horizontal and Vertical
Circulation

The resulting large-scale flow across the section is
depicted in Figure 9. In contrast to the initial veloc-
ity fields (Figure 2b) that contain strong eddy signals,
we find stable features in all of the five realizations of

12

6 C

0 L
34 34.2 34.4

34.6v 34.8 35

Salinity (pss)

Figure 8. The mean S-0 curves (averaged along density surfaces) for the five hydrographic
sections. The five labels lie immediately above the corresponding S-6 curve.
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Figure 9. Cross-section velocity (cm s™!) of the optimal states.

the section. The total transports for the different cur-
rent systems are quite similar (see Table 1) except for
the variable westward countercurrent north of the SAF
(discussed in section 4.4).

One of the advantages of the assimilation method
used here is that in addition to the across section flow, it
provides estimates of the vertical and the along-section
velocity components consistent with the bottom topog-
raphy, wind, and current meter data. The estimates of
these two components of the velocity structure result
from the inclusion of potential vorticity (equation (3)),
tracer conservation (equation (4)), and current meter
constraints. The solutions from each of the sections
show the same distinctive patterns for both the verti-

cal and the along-section components of velocity and
appear to be robust parts of the assimilated solutions.
Here we describe the vertical and along-section veloci-
ties from the March 1993 hydrographic section (Figure
10).

The vertical velocity (Figure 10b) shows strong up-
ward motion over the southern end of the section, with
a maximum occurring at ~62°S. The upward flow is
maximum at the surface and decreases approximately
linearly toward the bottom. At the bottom there is a
thin layer of downward velocity over the continental rise
and much of the abyssal depression south of 55°S. On
the northern flank of the mid-ocean ridge, in the main
part of the ACC (that is, in the SAF), there is a strong
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Figure 10. The mean velocity field obtained from the WOCE SR3 section taken in March
1993: (a) the wind stress curl, (b) the vertical component of velocity, and (c) the along-section
component of the horizontal velocity. The vertical velocity is in m s~! (x107?), and the horizontal
velocity is in cm s™!. The longitude of the northern and southern ends of the section are shown,
and the point where the section turns south is shown by a dotted line. The location of the current
meter mooring (CM) is also shown by a dotted line.

downward component of velocity in the upper 2800 m.
Below 2800 m this section shows an upward component
of flow, with the strongest flow at the bottom. This
upwelling feature is found in the assimilated solutions
for all sections.

The upward motion in shallow water at the south-
ern end of the section is explained by Ekrman suction
on the water column. The curl of the wind stress is
negative from the southern end (66°S) to ~52°S with a
maximum amplitude in wind-stress occurring at ~62°S.
North of this, the wind stress curl becomes positive but
is generally weaker in amplitude (Figures 10a and 3a).
The strongest upward flow from the assimilation also
occurs at the maximum curl of wind stress, with near-
surface velocities >5x10~%m s™!, as is expected from
the potential vorticity constraint and associated bound-
ary conditions (equation (3)). It is interesting to note

that this result does not exactly match the accepted def-
inition of the Antarctic Divergence. The Antarctic Di-
vergence is usually defined where the wintertime mixed
layer is thinnest. In all five hydrographic sections (e.g.,
Figure 2a) the mixed layer is shallowest between 63°and
64°S, about 1°-2°south of the largest component of the
vertical Ekman velocity. This difference between the
hydrographic data and the annual averaged wind data
could result from known seasonal or interdecadal varia-
tions of the circumpolar trough [Hurrell and Van Loon,
1994].

The upward flow field at the Antarctic Divergence
extends deep into the water column mainly because the
vertical velocity is small at the bottom (compared to
the surface) and the term in (3) (ie, (Vp x k) - V) is
small. In the very simple case of no horizontal gradient
of density the profile of the vertical velocity between
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the surface and the bottom is exactly linear (from (3)).
However, the vertical velocity profile is not precisely lin-
ear in this upwelling region but has a slightly stronger
gradient in the profile above 1000 dbar depth. The cur-
vature of the vertical velocity profile reflects the role of
across-section density gradients (and hence the role of
the baroclinic flow) and the constraint from the tracer
equation.

On the northern flank of the mid-ocean ridge the
vorticity constraint and associated boundary conditions
give a strong insight into the large-scale dynamics of the
SAF itself. This region is more complex than the up-
welling region to the south in the Antarctic Divergence.
The surface wind stress curl changes from negative to
positive at ~52°S (Figure 10a). In most of the sections
this point is slightly to the south of the position of the
strongest part of the flow in the SAF. Therefore the
forcing by the winds over most of the SAF is zero or
slightly downward and is <25% of the forcing in the
Antarctic Divergence. However, the downward motion
in the SAF is as strong as the upward motion at the
Antarctic Divergence, exceeding 5x107° m s™! in the
depth range 500-2000 dbar. This downward motion re-
sults not from the surface boundary condition (equation
(3)) but rather from sources within the water column.

The term (Vp x k) - V£ in (3) can be written as the

. 0p0f 4 _9p0df inati
sum of two parts: 5565 T o5 oy An e;ca;nimatlon of
ap

these two parts shows surprisingly that By Bz
icantly larger than the other part over all of the SAF.
North of 58°S, the section is 17° east of north, and thus
the gradient of f across the section is significant and
when combined with the strong along-section density
gradient, causes this part to be significantly larger than
the contribution from the other part. The along-section
density gradient is well constrained in the assimilated
solutions, and thus the conservation of potential vortic-
ity is also well described by the along—section density
variations, forcing the vertical velocity to be downward
over the top 3000 m and is a robust feature of the as-
similated solutions. As a result, in the SAF the region
of downward vertical velocity is highly linked to the
across—section velocity (i.e., along-section density gra-
dient) and has similar horizontal spatial scales.

The precise reason for the large vertical velocity be-
low the strong downward motion in the middle of the
SAF is more complex. Three of the assimilated solu-
tions show a significant westward current in the bot-
tom 1000 m directly beneath the main part of the SAF
between 48°and 52 °S (Figure 9). These solutions cor-
respond to the sections taken in 1993 and 1994 and to
the composite section. The January 1995 section shows
an enhanced eastward flow in the SAF. Regardless of
the sign of the across—section current, all of these sec-
tions show a pattern of strong upwelling in this same
area (Figure 10b).

The current meter data also have an important role
in the assimilated solution in defining parts of the as-
similated field (Figure 11). The current meter data are

is signif-
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the only direct observational data that are available to
define the along-section and reference velocities, and in
the presented solutions, they have been given relatively
high weight, but not such a high weight that the current
meter data are too well fitted. The 2-year averaged cur-
rent meter data have a northeastward velocity and thus
include a significant along-section component of veloc-
ity. The first—guess fields from the hydrographic data

~of the along-section velocity are zero but are modified

in the assimilation process through the constraint equa-
tions (Figure 10c).

In the March 1993 section (Figure 11) the across-
section first-guess velocity field is reduced at all depths
without changing the vertical shear, creating a west-
ward flow at depth. The along-stream velocity has been
increased to match weakly the along—stream component
of velocity from the current meters. In the case of the
September 1996 section (Figure 11) the shear in the
across—section velocity field from the first-guess field is
quite different from that in the averaged current meter
data. Rather than adjust the reference velocity (as for
the March 1993 section), the assimilation has reduced
the shear by changing the density field so that this pro-
file agrees more closely with the across-section current
meter data. Examination of all six assimilated solutions
shows that these solutions typically have smaller differ-
ences between the across-section velocities from the cur-
rent meters than between the along-section velocities.

To first order the assimilated section solutions are
qualitatively consistent with the current meter observa-
tions. In each case the assimilated solutions that include
the current meter data have large northward along-
section velocities. Assimilated solutions without the
current meter data also show northward along-section
flows over the SAF but are weaker by a factor of 5.
Pointwise error estimates of the velocity field are not
available because of the size of the Hessian matrix, and
the along-section velocities in the assimilated solutions
without the current meter data are probably not sta-
tistically significant. However, both the assimilated so-
lutions that include the current meter data and that
exclude the current meter data have qualitatively sim-
ilar along-section patterns, giving us some confidence
that the along—section velocities have dynamical signif-
icance.

Although, the current meter data are important for
determining the horizontal components of velocity near
51°S, these data only indirectly effect the vertical ve-
locity through the conservation of tracers or the bottom
boundary condition. Unlike the surface boundary con-
dition, the bottom boundary condition in (3) depends
on the horizontal gradients of the bottom topography
and the bottom velocity (Figure 3c). The term u-VH
is mostly dominated by the component related to the
across—section velocity. Note that this component is
large compared with the vertical velocity on the bot-
tom (note the scaling factor of 10 on w in Figure 3c)
and is uncorrelated with the vertical velocity of the as-
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Figure 11. The across— and along section velocity profiles for first-guess and assimilated solu-
tions at 50.7°S for the six sections. The across- and along—section velocities are the dashed and
continuous lines, respectively. The thin lines are the first—guess fields, and the thick lines are the
assimilated fields. The pluses and asterisks are the across— and along-section current meter data,
respectively. Each panel is in the same order as in Figure 2.

similated solution. We conclude that the vertical veloc-
ity at the bottom is therefore set predominantly by the
tracer conservation rather than by the no normal flow
condition (although this condition does play a role in
the assimilation albeit downweighted).

The large magnitude of the along-section component
of the flow over the SAF coupled with the strong down-
ward vertical velocities suggests a possible mechanism
for the local formation of AATW along this section (Fig-
ure 12}. The vertical and along-section velocities have
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Figure 12.

The salinity field for March 1993 overlain with the along-section velocity vectors.

The vertical exaggeration of the figure has been allowed for by scaling the vertical component of

velocity.

been scaled to remove the effect of vertical exaggera-
tion and plotted as vectors over the salinity field. These
velocity vectors suggest that in the SAF the fresh sur-
face waters sink into the ocean interior. The sinking
is initially along lines of constant density (not shown
here but is along the fresh salinity tongue) down to a
depth of ~700 dbar. Below this depth the vectors show
a strong component of flow across isohalines (or lines
of neutral density) as the meridional component of the
velocity weakens. To maintain the steady state tem-
perature and salinity profiles the across—isohaline flows
below 700 dbar are supported by the horizontal diver-
gence of temperature and salinity, and to a much lesser
extent, by the vertical mixing of heat and salt.

4.4. Across Section Transports

The estimate of mass transport is one of the goals of
the WOCE field program and is central to understand-
ing the large-scale circulation of the Southern Ocean.
The across—section volume transports in both the first—
guess fields and the assimilated solutions of each sec-
tion show large variations (Table 1). The differences

in transport between the individual sections are greater
than the differences in transport between the first—guess
and the assimilated solutions (Table 1), which is typi-
cally < 4 Sv except for the January 1995 assimilation.
The estimates of the posterior errors in the transports
range from 29 to 50 Sv and are reasonably consistent
with the large scatter of the optimal transport around
its mean of 150 Sv. Although the estimates of the trans-
port errors may appear large, they implicitly include
the uncertainties associated with the estimated refer-
ence velocities from the assimilated solutions.

The assimilated velocities shown in Figure 9 have a
number of advantages compared to the first—guess ve-
locity fields in Figure 2b. One of the advantages is
that the strong mesoscale eddy noise has been reduced
in amplitude, allowing the large—scale and dynamically
consistent velocity field to become clearly visible. The .
velocity sections can be subdivided into the following
five main coherent circulation features.

1. A narrow eastward current, typically 100-150 km
wide and generally confined to continental slopes of Tas-
mania (near 44°S), is found in four of the sections. This
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feature js most pronounced in July 1995 and Septem-
ber 1996, with weaker currents in the January 1994 and
1995 sections. Transport of the current ranges from 0.6
to 3.3 Sv, and its transport error ranges from 3 to 5
Sv (first column in Table 1). Formally, this current is
not statistically significant; however, evidence from in-
frared images and buoy data does show such a feature
(G. Cresswell, personal communication, 1998).

9 A westward ”countercurrent” between the SAF .

and the continental slope of Tasmania of about 200-250
km wide is found to the south. This westward flow be-
tween 44°and 47°S is quite pronounced in all five of the
sections, and its transport ranges from -3 (July 1995) to
-37 Sv (January 1995), with the mean value of -12 Sv
determined from the composite section. Formal error
bars for the net transport vary between 5 and 16 Sv. It
should be noted that indications of the westward flow
south of Tasmania were also found in observations by
Gordon et al. [1978] and Reid [1986].

3. The eastward flowing SAF and PF between 48°and
55°S (and 700-750 km wide) is found south of the west-
ward countercurrent. The results of assimilation show
the mean transport to be ~110 Sv, with error estimates
ranging from 15 to 20 Sv. On some of the sections there
is a noticeable deep countercurrent under the strongest
flow beneath the SAF, with a westward transport of 3-6
Sv and a formal error estimate of 7 Sv. As discussed in
the previous section this feature results from the con-
straint on the tracer balance and current meter data at
shallower levels.

4. A westward flow is found located south of the
strong eastward flowing SAF and PF over the southern
flank of the mid-ocean ridge system. This westward flow
is fouud in all of the assimilation solutions and is a per-
sistent feature. It results from eastward flowing ACC
south of this latitude turning north over rising bottom
topography back across the hydrographic section and
crossing the mid-ocean ridge west of this section [Rin-
toul and Bullister, 1999; Rintoul and Sokolov, 2000].

5. An 7eastward drift current” is found between
55°and 65°S. This is a broad persistent feature with
typical velocities of 3-7 cm s™! and transports ranging
within 58-64 Sv (Table 1), with error estimates of 17~
29 Sv. In our computations we define this current as a
region of eastward velocities south of 55°S.

Our estimate of the net volume transport between
Tasmania and Antarctica ranges within 137-161 Sv,
with typical error bars of 30-50 Sv (Table 1). The best
”annual mean” estimate based on the composite hy-
drography gives the value 151450 Sv. Despite large er-
rors our estimate agrees well with the previous and cur-
rent results [Callahan, 1971; Rintoul and Sokolov,2000].

We should note that the eastward flow in the Aus-
tralian sector of the Southern Ocean is significantly
larger than the net transport estimates of 117-144 Sv
across the Drake Passage [Nowlin et al., 1977; Whit-
worth et al., 1982; Nowlin and Klinck, 1986; Reid, 1989).
All of these transport estimates were obtained by refer-
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encing hydrography to either pressure gauge or direct
current meter data. Estimates of the net transport be-
tween Africa and Antarctica are also larger than that
through the Drake Passage and range within 132-172
Sv [Reid, 1989; Gordon et al., 1992; Read and Pollard,
1993]. These estimates are generally derived from the
dynamic topography relative to prescribed deep sur-
faces. Geopotential anomaly maps compiled by Gor-
don et al.[1978] and the latest satellite altimetry data
also indicate that the net transport through 145°E is
10-20 Sv larger than that through the Drake Passage.
Recent studies of the Indonesian Throughflow suggest
that such an imbalance may be compensated by cur-
rents between New Guinea and Kalimantan [Cresswell
et al., 1993; Fieuz et al., 1994;1996], whose net trans-
port is estimated to be 15210 Sv, suggesting that part
of the difference in transports south of Tasmania com-
pared with Drake Passage observations is related to the
Indonesian Throughflow.

An important feature is the noticeable anticorrelation
in the magnitude of the transport of the SAF and PF
(Table 1,fourth column) and the countercurrent trans-
port (Table 1,third column). This suggests that the
variations in the eastward transport of SAF and PF is
related to the strength of the westward countercurrent.
A careful analysis of the water mass distribution of the
westward counter current or recirculation and the SAF
shows that this is the cass. Subantarctic Mode Water is
the most important water mass in this countercurrent,
and its variations of transport obtained from repeat ex-
pendable bathythermograph sections in this region are
anticorrelated with eastward flowing SAF [Rintoul et
al., 1997].

4.4. Property Fluxes

All the across—section property fluxes were computed
by integration of a property value over the section plane.
Tt should be noted that in contrast to salinity and nu-
trient fluxes, which have a definite physical sense, heat
flux is defined with respect to the heat flux at 0°C. We
chose this reference point following the study of Saun-
ders and Thompson [1993], who analyzed zonal heat and
salt transports using output from the Fine Resolution
Antarctic Model (FRAM) run in diagnostic mode. The
net heat transports calculated in Table 2 range within
370°-490 Sv °C with error bars of 70°-130 Sv °C. A
certain increase in the net heat transport is observed in
winter (July 95 section), but formally, it is statistically
insignificant. Saunders and Thompson [1993] obtained
540 Sv °C for the 147°E section. Our best estimate is
450 +130 Sv °C and is 20% lower. Most of this can
be explained by the difference in net volume transport:
the diagnostic steady state of FRAM transports 195
Sv through the gaps between Antarctica and the conti-
nents to the north. Nevertheless, the overall accuracy
of FRAM’s results is not known, whereas our estimates
are provided with quantitative estimates of the error,






