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Abstract The Southern Ocean’s ability to store and transport heat and tracers as well as to dissipate
momentum and energy are intimately related to the vertical structure of the Antarctic Circumpolar Current
(ACC). Here the partition between barotropic and baroclinic flow in the time-mean ACC is investigated in a
Southern Ocean state estimate. The zonal geostrophic transport is predominantly baroclinic, with at most
25% of the transport at any longitude carried by the barotropic component. Following surface streamlines,
changes in vertical shear and near-bottom velocity are large, and result in changes in the local partition of
barotropic/baroclinic vertically integrated transport from 10/90% in the center of the basins, to 50/50% near
complex topography. The velocity at depth is not aligned with the surface velocity. This nonequivalent bar-
otropic flow supports significant cross-stream transports. Barotropic and baroclinic mass transport across
the ACC is, on average, in opposite directions, with the net barotropic cross-stream transport being pole-
ward and the net baroclinic equatorward. The sum partially cancels out, leaving a net geostrophic poleward
transport across the different fronts between 25 and 220 Sv. Temperature is also transported across the
fronts by the nonequivalent barotropic part of the ACC, with maximum values across the northern ACC
fronts equivalent to 20.2 PW. The sign and magnitude of these transports are not sensitive to the choice of
stream-coordinate. These cross-stream volume and temperature transports are variable in space, and
dependent on the interactions between deep flow and bathymetry, thus difficult to infer from surface and
hydrographic observations alone.

1. Introduction

The Southern Ocean’s (SO) ability to store and transport heat as well as other tracers relies both on the hori-
zontal circulation of the Antarctic Circumpolar Current (ACC) and the overturning circulation coupled to it.
The structure of these circulations influences the ACC’s sensitivity to a changing climate and as such has
been the subject of an increasing number of studies. Here we investigate how the vertical structure shapes
the transport of the time-mean ACC, characterize its spatial variability, and evaluate the impact it has on the
‘‘permeability’’ of the current.

It is a common practice in the study of geophysical flows to characterize their vertical structure by separat-
ing the flow into a depth-independent component, typically referred to as barotropic, and depth-
dependent component, referred to as baroclinic. There are a number of different ways to do such separa-
tion. In theoretical as well as modeling studies, the usual approach is to consider the depth-independent
flow as the depth-averaged flow, �u, and the departure from the vertical average, u0, as the depth-
dependent component. Another such approach extensively used by the observational community, and the
one adopted here, is to separate the flow into a depth-independent component equal to the geostrophic
flow at the bottom, ubottom, and a depth-dependent component, urel, equal to the geostrophic flow refer-
enced to zero at the bottom. The latter, urel, can be inferred from hydrographic observations alone, as it is in
balance with horizontal gradients in the density field. Through the efforts of the World Ocean Circulation
Experiment (WOCE), this part of the transport has been well documented across the three major choke-
points in the ACC: at Drake Passage across the WOCE Southern Repeat section 1 (SR1) where the baroclinic
transport is 136.7 6 7.8 Sv [Cunningham et al., 2003], south of Australia across WOCE section SR3 with
147 6 10 Sv [Rintoul and Sokolov, 2001], and south of Africa across WOCE section SR2 with baroclinic
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transport of 145 6 3.9 Sv [Swart et al., 2008]. The geostrophic flow at the bottom, on the other hand, is hard
to measure and remains mostly unknown.

Observations show the ACC consists of a number of fronts, of which the Subantarctic (SAF) and Polar Fronts
(PF) are the main ones. These fronts separate waters with different characteristics and can be identified by
their hydrographic properties along the circumpolar path of the current [Orsi et al., 1995]. They are aligned
with deep reaching jets, and despite the somewhat discontinuous nature of the jets, often merging and
splitting, they tend to be associated with particular SSH values and are in this sense circumpolar in nature
[Sokolov and Rintoul, 2007, 2009]. Interestingly, these deep reaching jets can both inhibit motion across the
fronts at some locations and promote strong cross-front exchange in other locations [Ferrari and Nikurashin,
2010; Naveira Garabato et al., 2011; Thompson and Sall�ee, 2012].

Our current view of the ACC vertical structure derives from the early observation by Killworth [1992] that
the streamlines in the Fine Resolution Antarctic Model were self-similar with depth, in other words, parallel
and proportional to the surface streamlines. Killworth’s work motivated a series of analytical models for an
equivalent barotropic (EB) ACC, as the term was coined [Marshall et al., 1993; Krupitsky et al., 1996; Ivchenko
et al., 1999]. To obtain closed form solutions, these studies required variations in topography to be small.

Numerous studies have assumed an EB structure and represented the ACC as an exponentially decaying jet
[Gille, 2003; Karsten and Marshall, 2002; Hughes, 2005]. However, the requirement that variations in topogra-
phy be small is not always met along the ACC. Furthermore, the presence of large topographical obstacles
along the ACC plays a fundamental role in shaping its horizontal structure, by steering of the current [e.g.,
Marshall, 1995; Hughes et al., 1999; Moore et al., 1999] and by regulating the branching and merging of the
individual jets in the ACC [Thompson, 2010]. However, the degree to which the ACC path is locked to the
bathymetry depends on the vertical structure of the current itself. In the absence of baroclinicity, the flow
must follow f/h contours resulting in very low circumpolar transport. In the real ocean, the presence of strat-
ification allows the flow to decouple from the bottom [Olbers and Eden, 2003]. Thus both stratification and
topography are required to produce a realistic ACC.

The ACC vertical structure and its interactions with topography have profound implications for the dynami-
cal balances. The momentum input by the wind in the ACC is balanced by the form drag induced by large
topographic obstacles along the ACC’s path [e.g., Munk and Palm�en, 1951; Gille, 1997]. The barotropic and
baroclinic components of the pressure field, however, play rather different roles in this balance; while the
baroclinic bottom pressure acts to accelerate the eastward flow in the ACC, the barotropic bottom pressure
removes momentum from it [Olbers et al., 2004]. Bottom pressure gradients play an equally important role
in the integrated vorticity balance, where bottom pressure torque is a dominant term [Hughes, 2005]. The
EB model for the ACC proposed by Killworth and Hughes [2002] does not contain the large-scale balance
between bottom pressure torque and wind stress curl in the integrated vorticity budget, suggesting some
important dynamics are missed; the assumptions of weak bottom flow and small variations in depth likely
break down in the vicinity of topography. In addition, large bottom velocities over rough topography
(>10 cm s21) are essential to maintain the abyssal internal wave field required to dissipate energy in the
ACC [Nikurashin and Ferrari, 2011]. Such large bottom velocities are not properly represented in EB models
with rapidly decaying velocity profiles [Hughes, 2005; Killworth and Hughes, 2002].

Knowledge of the vertical structure of the ACC is needed to reconstruct full water column properties from
vertically integrated or surface measurements as in the Gravest Empirical Mode approach [Sun and Watts,
2001; Meijers et al., 2011]. The skill of such a reconstruction depends on the degree to which each value of
the integral property (e.g., SSH or acoustic travel time) corresponds to a single vertical profile. However,
knowledge of the contribution of the barotropic flow is still lacking. The few available observations, usually
point measurements, of the partition between barotropic and baroclinic flow often disagree on whether
geostrophic velocity calculations referenced to zero at the bottom accurately predict the transport of the
ACC, overestimate it, or underestimate it [Donohue et al., 2001], reflecting the spatial variability in the parti-
tion between baroclinic and barotropic motions. In addition, observations of the near-bottom pressure field
in the SAF south of Australia [Tracey et al., 2006] as well as at Drake Passage [Chereskin et al., 2009] revealed
a vigorous deep velocity field that is not aligned with the flow at the surface.

In this study, we explore the nature of barotropic and baroclinic motions in the ACC based on a dynamically
consistent state estimate that incorporates the available observations in the Southern Ocean. The details of
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the model are discussed in section 2, along with definitions of the along-stream and across-stream refer-
ence frame used in the following sections. In section 3, we evaluate the contribution of barotropic and baro-
clinic flow to the vertically integrated zonal transport. In section 4, we examine the partition between
baroclinic and barotropic flow in the along-stream direction and how changes in vertical shear contribute
to this partition. In section 5, we look at rotation of the flow with depth and estimate the volume and tem-
perature cross-stream transports that occur in the time-mean ACC due to this rotation. Section 6 presents
the discussion and section 7 summarizes our main conclusions.

2. Methods

2.1. The Southern Ocean State Estimate
The Southern Ocean State Estimate (SOSE) is based on the MITgcm [Marshall et al., 1997]. It is eddy permit-
ting at 1/6� horizontal resolution and has 42 vertical levels of varying depth. The model assimilates a large
number of observations (including Argo, altimetry, CTD, and XBT data) using the adjoint method to carry
out successive adjustments to the initial and meteorological conditions that bring the model closer to the
observations. As such, the model has undisturbed physics while fitting the modern observations better
than available climatologies [Mazloff et al., 2010]. Topography is represented by means of partial cells, which
partially mitigates some of the problems with classic step-like representations of the bottom [Adcroft et al.,
1997], making the model more adequate to explore near-bottom dynamics.

SOSE does not assimilate velocities, however, comparison with an independent ADCP record at Drake Pas-
sage showed good agreement on the structure and amplitude of the ACC [Firing et al., 2011]. Changes in
the vertical structure of the flow upstream of Macquarie Ridge and at the ridge itself are also well repre-
sented in SOSE’s velocity field [Rintoul et al., 2014]. Our analysis makes use of geostrophic velocities derived
from the model’s pressure potential anomaly field, diagnosed by solving a two-dimensional elliptical prob-
lem that guarantees nondivergence of the modeled total velocities [Marshall et al., 1997]. Modeled veloc-
ities are nearly in geostrophic balance, except for near the surface where large differences between the
calculated geostrophic velocities and the modeled velocities occur due to Ekman flow. Geostrophic veloc-
ities calculated from the pressure field are well behaved (slowly varying) within the deepest layers and do
not suffer from potential problems associated with the unresolved bottom boundary layer. Zonal geostro-
phic transports for the typically monitored sections across the ACC are presented in section 3. For a more
detailed comparison of the model to observations as well as other model specifications, the reader is
referred to Mazloff et al. [2010].

SOSE’s output is available for the period 2005–2010. Further adjustments between model and observations
are continuously underway. The work presented here is based on the 6-year mean fields for the entire
assimilation period, available at sose.ucsd.edu.

2.2. The Streamline Reference Frame
Along its path the ACC experiences large departures from zonal flow at several locations. These north-south
excursions play an important role in the meridional overturning and dynamics of the ACC [Dufour et al.,
2012; Zika et al., 2013; Mazloff et al., 2013]. As we seek to distinguish along-stream and across-stream trans-
ports, we use a streamwise reference frame. In a flow that rotates with depth, there is no single choice of
streamwise coordinate that follows the flow direction at all depths, and therefore all stream-coordinate defi-
nitions are an approximation. Numerous definitions have been used in the literature. Here we are interested
in characterizing the spatial variability in the partition between depth-dependent and depth-independent
transport for both the part of the ACC that behaves in an EB way, and for the part of the flow whose direc-
tion changes with depth (Figure 1). As reconstructions of the three-dimensional structure of the ACC based
on the EB model are often mapped along dynamic height contours, we use a coordinate system defined by
sea surface height (SSH) streamlines. This coordinate system is used in section 4 to examine the spatial vari-
ability in the vertical shear of the horizontal velocity as well as in section 5, where we quantify the degree of
turning of the horizontal velocity with depth.

In section 5.1, we evaluate volume and temperature transport across the time-mean northern, center, and
southern branches of the Subantarctic Front (SAF-n, SAF-c, and SAF-s), the northern and southern branches
of the Polar Front (PF-n and PF-s), and across the Southern ACC front (SACCF). Streamlines corresponding to
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the fronts are obtained by selecting the time-mean SSH contours within the T/S range of each front as per
their classical definitions [Orsi et al., 1995; Sokolov and Rintoul, 2007] that are associated with the largest sur-
face speed averaged over the entire T/S defined streamline. Circumpolar integrals along the fronts are car-
ried out along discrete versions of the streamlines that follow the model grid cell faces, to ensure there is
no accumulation of interpolation errors. The cross-stream transports by the mean flow estimated here are
different from those obtained by time averaging the instantaneous transports across the time-varying front
locations due to the time-varying cross-stream velocities. As changes in front positions can be significant at
times, and transient velocities are large along the instantaneous path of the fronts, a large eddy component
of the mean cross-stream transport could exist; this eddy component is not represented in our analysis.

The northern and southern boundaries of the circumpolar ACC are simply defined by the northernmost and
southernmost SSH contours that pass through Drake Passage. In section 3, contours of vertically and meri-
dionally integrated zonal geostrophic transport are used to define the ACC envelope.

The results presented here are not sensitive to the choice of streamlines. Repeating the analysis using time-
mean vertically integrated transport streamlines gave similar results for vertical shear and total cross-stream
transport of mass and temperature, albeit with minor differences, as the streamline integrals depend on the
exact path of integration. The partitioning of the cross-stream transport between the barotropic and baro-
clinic components, on the other hand, does depend on the choice of streamlines. When calculated along
transport streamlines, a more even partitioning is found, since in a flow that turns with depth the vertically
averaged flow is at an angle to both the surface and near-bottom flow.

At depth, fronts follow more closely the direction of vertical shear which is, by thermal wind, tangent to iso-
pycnals on a pressure surface. As such vertical shear is often used as reference frame in observational stud-
ies based on moored measurements [Phillips and Rintoul, 2000; Sekma et al., 2013]. However, the direction
of the cross-stream velocity in this reference frame varies with depth, making the integral of cross-stream
transports along streamlines much more complex [Viebahn and Eden, 2012]. In SOSE, the direction of the
vertical shear also varies with depth, but in general remains within 20� of the direction of the SSH stream-
lines. Differences in local estimates of cross-stream transport using shear and SSH streamline coordinate

Figure 1. Schematic depicting two idealized velocity profiles for flows that rotate clockwise with increasing depth. For simplicity, the
along-stream direction, here given by the direction of the surface flow (uðzsurf Þ), is chosen to be zonal. In case (a), there is no rotation in
the baroclinic flow (red), and rotation of the total velocity vector (gray) is only due to the barotropic component (blue) being at an angle
with the surface flow. In case (b), rotation in the total flow results from both the barotropic component as well as rotation in the baroclinic
component. The dashed lines show in red the along-stream and across-stream baroclinic velocity at the surface (uALONG

BC and uACROSS
BC , respec-

tively), and the along-stream and across-stream barotropic velocity in blue (uALONG
BT and uACROSS

BT ). By construction uACROSS
BC at the surface and

uACROSS
BT have equal magnitude and opposite direction. The along-stream barotropic component in case (a) is zero.
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systems are small, but must be taken into account when comparing our circumpolar integrals with circum-
polar extrapolations of point measurements in shear coordinates.

3. The Zonal Geostrophic Transport in SOSE

The total zonal geostrophic transport can be separated into a contribution from the near-bottom velocity,
or barotropic transport UBT, and a contribution from the velocity relative to the bottom, or baroclinic trans-
port UBC, which represents the contribution from the vertical shear associated with the density field. Obser-
vations of the baroclinic component of the transport are much more abundant as they are obtained from
the density field, which is readily observed. Observations of the barotropic transport on the other hand are
more scarce. They can be obtained in two ways: by measuring directly the velocity at a reference level, in
which case transients and nongeostrophically balanced motions can significantly contribute to the meas-
ured value, or alternatively by measuring the bottom pressure field at sufficient spatial resolution and using
geostrophy to derive near-bottom velocity. Although both these types of observations are becoming more
available, they are still insufficient to explore the spatial variability of the partition between barotropic and
baroclinic flow.

SOSE’s geostrophic velocities, unlike hydrography-based calculations, are derived from the model’s pressure
field, and include the reference level contribution. Near-bottom geostrophic velocities from SOSE’s mean
field are typically smaller than 1 cm s21 in the center of the basins, in good agreement with the circumpolar
average estimated by Gille [2003] of 0.4 cm s21. Around large topographic obstacles SOSE’s near-bottom
velocities increase to 5 cm s21, compared to values of 3.6–5.9 cm s21 measured downstream of the South-
east Indian Ridge [Phillips and Rintoul, 2002]. Values in excess of 10 cm s21 are found in the deep passages
across the ridges, such as the main gap through Macquarie Ridge and Fawn Trough, as well as along the
continental slope in Drake Passage. These higher values also compare well with observations [Chereskin
et al., 2009; Ferrari et al., 2012; Sekma et al., 2013; Rintoul et al., 2014]. These model-to-observation compari-
sons, despite the good agreement, provide a very limited basis to assess the accuracy of the model’s near-
bottom velocities. However, assimilation of hydrographic observations via the adjoint method has been
shown to significantly improve the modeled deep circulation, even when the observations are limited to
the upper 1000–2000 m of the water column [Forget et al., 2008].

The meridional integral of the zonal baroclinic and barotropic transport provides an approximate picture of
the circulations associated with each component (top and middle plots of Figure 2). The total geostrophic
transport is predominantly baroclinic, thus baroclinic transport contours largely resemble total transport
streamlines [see Mazloff et al., 2010, Figure 7]. Despite the larger magnitude of the baroclinic transport, bar-
otropic transports are not negligible. Across the three major choke points, the mean geostrophic barotropic
(baroclinic) transport is 28 (121) Sv at Drake Passage (SR1), 228 (183) Sv south of Africa (SR2), and 16 (149)
south of Australia (SR3; bottom plots of Figure 2). The barotropic transport at SR2 and SR3 is carried by the
near-bottom flow outside the ACC envelope, where different dynamics apply. However, the barotropic
transport is often large within the circumpolar band of the ACC. Integrating the transport in the circumpolar
band alone (Figure 3), we find that on average 15% of the zonal transport is carried by the near-bottom
flow, with values exceeding 20% found upstream and downstream from Kerguelen Plateau, at Drake Pas-
sage, and over the Macquarie, Mid-Pacific, and Mid-Atlantic Ridges. In the center of the basins, near-bottom
zonal velocities often change sign across the ACC latitude range (not shown here), possibly indicating the
presence of deep recirculation gyres [Nadeau and Straub, 2012]. Integrated meridionally they cancel out,
producing a very small contribution to the total transport.

4. The Role of Vertical Shear and Bottom Velocity in the Along-Stream Flow

Next, we consider the spatial distribution of the baroclinic and barotropic contribution to the along-stream
vertically integrated transport. We find that over large areas of the circumpolar ACC more than 90% of the
vertically integrated transport in the along-stream direction is carried by the baroclinic component (values
<10% in Figure 4). However, there is a lot of small-scale structure, some of which is associated with the tran-
sitions between fronts and frontal zones, and indicates that even in the mean the flow has a very filamented
nature. Other small-scales features are likely to be stationary meanders whose signature may be eliminated
by longer time averaging. There are several large areas over which the barotropic vertically integrated
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transport is enhanced and carries over 50% of the local transport. Northeast of Kerguelen Plateau, between
the Southeast Indian and Macquarie Ridge, and along the Malvinas current are regions where strong baro-
tropic flows significantly contribute to the total transport of the ACC. At other locations, such as east of
Campbell Plateau, in the southeast Pacific Sector, and east of the Malvinas Current, the barotropic compo-

nent accounts for a large fraction of
the transport, but the mean flow is
weak in these regions and so the
barotropic flow makes a small contri-
bution to the total transport across
the ACC.

Estimates of the ratio between baro-
tropic and baroclinic transport from
observations suggest spatial variabil-
ity like that shown in Figure 4 occurs
in the real ocean [e.g., Phillips and
Rintoul, 2002; Cunningham et al.,
2003; Smith et al., 2010]. Changes in
this ratio are usually attributed to
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changes in the amplitude of the near-bottom velocity. However, variability in the percentage of baro-
tropic transport can also occur with little change to the near-bottom flow, but instead as a result of
changes in the amplitude of the baroclinic flow alone. Past studies have often represented the vertically
variable part of the ACC with a single function of depth, hence severely limiting the spatial variability in
the baroclinic flow. However, stratification is not constant along streamlines, and rapid changes in depth
can modify the modal composition of the flow, both by increasing the contribution of higher baroclinic
modes as well as introducing bottom intensified modes [Rhines, 1970]. Thus, changes in the vertical
structure of the flow along streamlines are likely to occur. We now analyze vertical shear to characterize
the spatial variability in the baroclinic flow and assess the ability of a spatially constant EB structure to
represent this variability.

To characterize the spatial distribution of vertical shear, we compute vertically averaged shear (the differ-
ence between surface and bottom flow divided by water depth) for the time-mean along-stream compo-
nent of the geostrophic velocity at each grid point (Figure 5). To highlight changes the flow experiences as
it navigates the topography, vertical shear values are mapped onto surface streamlines (SSH contours) every
0.05 m between the northern-most and southern-most circumpolar SSH streamlines. Then the streamline
mean, positive for a flow with decreasing amplitude with increasing depth, is removed to produce vertical
shear anomalies. Thus areas where the shear is larger than the streamline mean will appear as positive
anomalies, whereas areas of negative anomalies correspond to regions where the shear is reduced com-
pared to the streamline mean.

The relationship between shear and topography is clear from the vertically averaged shear anomalies (top
plot of Figure 5): shear is reduced over the abyssal plains and enhanced in areas of complex topography.
This topographic enhancement results from both vertical compression of the flow as well as increased sur-
face velocity, and it can be better seen by considering vertical profiles of shear anomalies (relative to the
streamline mean profile) rather than vertical averages. Examples along the SAF-n, PF-n, and SACCF are
shown in Figure 5 (bottom plots).

Shear anomalies are in general single-signed throughout the water column. Maximum values are found
within the top 750 m in the SAF and progressively shoal toward the south to depths of less than 200 m in
the SACCF. Below the maxima, shear decreases with depth more rapidly in the upper ocean. Near-bottom
shear anomalies tend to be small, with the exception of the Malvinas Current and the branch of the South-
ern ACC Front (SACCF) that flows through Fawn Trough [Park et al., 2009; Roquet et al., 2009]. At these loca-
tions shear anomalies remain large throughout the water column as the flow is vertically compressed by
the shallower bathymetry. This vertical compression occurs along the strongest northward flows in the ACC,
as expected from potential vorticity constraints.

However, the relationship between enhanced shear and shoaling bottom seen in the Malvinas Current and
Fawn Trough cannot be extended to the rest of the domain. Although more apparent along the SACCF, this
relationship does not hold in a circumpolar sense.

Enhanced surface velocities also contribute to large vertical shear. Surface velocities are often large where
the ocean floor shoals, in part as a consequence of mass conservation. The Eltanin Fracture zone and Drake
Passage are examples of this. At both these locations, the ACC is constricted meridionally as well as
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compressed vertically, making mass conservation arguments even more compelling. However, enhanced
surface velocities also are found downstream of many ridges and other large topographic obstacles, where
the ocean deepens.

The component of the shear that is shaped by changes in surface velocity can be readily represented in sim-
ple EB models of the ACC, for example, through the spatially variable amplitude in an exponential function.
However, a fixed vertical profile that does not account for cross-stream variations in the vertical scale of the
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Figure 5. (top) Vertically averaged velocity shear anomalies along SSH contours. Anomalies are defined with respect to the streamline
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current and reduced shear in areas of enhanced near-bottom flows, will fail to characterize much of the spa-
tial variability of the vertical structure of the ACC.

5. The Rotation of the Horizontal Velocity With Depth

Models often show the vertical structure of the ACC is close to equivalent barotropic [Killworth, 1992; Kill-
worth and Hughes, 2002]. More recently, direct velocity observations at Drake Passage have also shown that
the ACC is self-similar with depth in the upper 1000 m (although the vertical structure varies with location)
[Firing et al., 2011]. However, this may not be the case at greater depths. Near-bottom zonal velocities
inferred from hydrographic observations referenced to surface [Donohue et al., 2001] and middepth [Gille,
2003] velocity observations are sometimes westward in areas where the baroclinic transport is eastward,
suggesting some degree of rotation with depth exists. In fact, direct observations of near-bottom velocities
show that in certain areas the direction of the surface and bottom flows in the ACC can be quite different
[Tracey et al., 2006; Chereskin et al., 2009]. Quantifying changes in flow direction with depth and separating
contributions to rotation from the barotropic and baroclinic components is the aim of this section.

We compute the direction of the velocity vector relative to the surface flow at each depth for the circumpo-
lar envelope of the time-mean ACC. Negative angles indicate clockwise rotation and positive values indicate
counterclockwise rotation. A value of zero corresponds to the case of flow at depth parallel to the surface
flow. Three sections across the time-mean ACC at the main choke points are shown in Figure 6: south of
Africa where the circumpolar ACC flows through relatively unobstructed terrain (SR2), south of Australia
across the Southeast Indian Ridge (SR3), and at Drake Passage (SR1). In all three cases, rotation increases
with depth but remains small within the jets down to 1000 m, and down to greater depths in areas where
the jets are deep reaching. At SR1, where the jets penetrate further down, the angles are generally smaller.
Rotation tends to be larger in the jet flanks where the mean currents are generally weak. Alternating
patches of positive and negative values are found in all three sections. Areas where values reach 6180�

near the bottom are mostly seen at SR2 and SR3. The horizontal scale of these patches, O(100)km, approxi-
mately matches the scales over which changes in bathymetry occur. Vertical velocity at the bottom (not
shown) shows this pattern of rotation is in fact connected to topographically induced upwelling/
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downwelling. In areas where the bottom rises (deepens), the velocity vector turns clockwise (counterclock-
wise) with increasing depth, and positive (negative) vertical velocities occur. This relationship between the
turning of the horizontal velocity with depth and vertical velocity, first used by Bryden [1976] to estimate
vertical velocity from a line of current meters in the Gulf Stream, and later exploited by others in the ACC
[Phillips and Rintoul, 2000; Tracey et al., 2006] in the context of meanders, holds here too for topographically
induced vertical velocity.

Naturally these areas where rotation is high and the along-stream velocity is low do not contribute much to
the zonal transport. On average over the circumpolar ACC only 10% of the zonal transport is carried by the
non-EB ACC flow, defined as areas with time-mean rotation exceeding 610� (approximately given by the
2 cm s21 isotach, the deepest contour in Figure 6). However, high rotation areas are responsible for the
cross-stream transport in the time-mean ACC. To quantify this cross-stream transport, we vertically integrate
the component of the flow normal to the surface streamlines, and smooth the resulting field with a 2� 3 2�

window to eliminate some of the small-scale structure and highlight large-scale changes. Transports per
unit length of 20 m2 s21 (equivalent to 2 Sv integrated over a length of 100 km) and higher are obtained
this way through most of the circumpolar band (bottom plot of Figure 6). These transports can be charac-
terized as either large areas (tens of degrees of longitude) of positive and negative rotation located in the
center of the basins or small-scale bands (O(100)km)) in the vicinity of complex topography. The connection
between these two rotation regimes and the baroclinic and barotropic components of the flow is explored
in more detail next.

5.1. Implications for Cross-Stream Transport
For a purely EB baroclinic flow, both velocity and vertical shear are parallel at all depths and tangent to iso-
pycnals on pressure surfaces. A barotropic component with a different direction can be added to this baro-
clinic flow without altering the vertical shear of the total (barotropic plus baroclinic) geostrophic flow. The
addition of the barotropic component causes the total geostrophic velocity to gradually rotate with depth
(Figure 1). Alternatively, rotation in the baroclinic component may occur when the direction of the vertical
shear itself varies with depth. Next, we evaluate these two sources of rotation by vertically integrating both
barotropic and baroclinic velocities normal to the surface streamlines. As before, cross-stream transports are
smoothed over a 2� 3 2� window to highlight changes over larger scales.

Barotropic cross-stream transports are in general larger and spatially more variable than baroclinic trans-
ports (Figure 7). Values exceeding 20 m2 s21 occur more often toward the northern part of the ACC. Pat-
terns in total cross-stream transport are in general similar to barotropic cross-stream transports (Figure 6).
Exceptions are found west of the Kerguelen Plateau and along the continental slope of the Campbell Pla-
teau, where baroclinic cross-stream transports are larger and dominate the total.

At the small scales (O(100)km), the dominant features in the barotropic cross-stream transport are the nar-
row bands with alternating sign also seen in the total cross-stream transport. They are most clear between
the Southeast Indian Ridge and Macquarie Ridge and along the northern edge of the Kerguelen Plateau,
and correspond to areas with large stationary meanders. Rotation of the horizontal velocity with depth
alternates sign as we move through crests and troughs as described by Bryden [1976].

At the basin scale, there is a tendency for the barotropic and baroclinic cross-stream transports to oppose
each other. This is partly due to the fact that across SSH streamlines barotropic and baroclinic flow are
exactly equal and opposite at the surface, and even in the absence of rotation in the baroclinic flow there is
a baroclinic transport across SSH contours (see Figure 1). However, patterns in baroclinic cross-stream trans-
port also reflect rotation in the baroclinic field. Rotation of the baroclinic flow, as shown by the angle
between the baroclinic flow at the surface and at depth (Figure 8, top plots) increases away from the sur-
face, but remains small in areas where the baroclinic flow exceeds 2 cm s21. The cross-front transport distri-
bution that results from vertically integrating the component of the baroclinic flow that is normal to the
baroclinic flow at the surface (bottom plot of Figure 8) is very similar to the distribution of cross-stream
transport (top plot of Figure 7), but approximately 30% smaller in magnitude.

Patterns in baroclinic cross-front transport resemble large-scale changes in bathymetry. Poleward cross-
front transport occurs in areas where the flow rotates clockwise with increasing depth; these areas tend to
be located upstream from large topographic obstacles where the bottom rises following streamlines.
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Equatorward transport, due to counterclockwise rotation, occurs in areas where the bottom deepens in the
direction of the streamlines. Calculating the depth gradient along SSH streamlines clearly shows this rela-
tionship between turning in the baroclinic flow field and changes in depth along streamlines (compare Fig-
ures 8 and 9). However, rotation in the baroclinic flow, hence rotation in the density field itself, is associated
only with gradual changes in depth in the center of the basins. The vertical stretching/squeezing and
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resulting changes in potential vorticity induced by rapid changes in topography are more likely to destabi-
lize the flow, hence the lack of turning in the baroclinic flow around sharp bathymetric features.

Baroclinic and barotropic cross-stream transports frequently change sign along the circumpolar ACC.
Despite the variability in the direction of the cross-stream transport, both barotropic and baroclinic cross-
stream transports are large when integrated along SSH streamlines:

VBT 5

ð

s

ð0

2h

v̂ botdzds0

VBC5

ð

s

ð0

2h

v̂ relðzÞdzds0

where v̂ bot and v̂ rel are the barotropic and baroclinic cross-stream velocity, and s is given by the time-mean along-
stream direction. Values for these integrals along the SAF-n,c,s, the PF-n,s, and the SACCF are shown in Figure 10.
Baroclinic cross-stream transports are positive (equatorward) for all six frontal branches, with values ranging from
20 Sv in the PF-n and SAF-c to 50 Sv in the SAF-s. Barotropic transports are negative (poleward) with values for the
different fronts spread over a wider range. Between 35 and 75 Sv move poleward across the different branches of
the SAF, while the poleward transport ranges from 30 to 50 Sv across the PF and the SACCF. The small-scale fea-
tures in the barotropic transport, earlier attributed to the presence of stationary meanders, are evident here too.
Stationary meanders are most prominent on the northern edge of the Kerguelen Plateau and between the South-
east Indian Ridge and the Macquarie Ridge. In these regions, the barotropic transport becomes more negative in
the SSH range of the SAF where the signal from the stationary meanders is the strongest.

Barotropic and baroclinic transports exhibit a large degree of compensation: while the baroclinic flow tends
to transport mass equatorward across SSH streamlines, the integrated barotropic transport is directed pole-
ward. The total, the sum of baroclinic and barotropic cross-stream transport, is mostly determined by the
larger barotropic component. Across the SAF the total cross-stream transport accumulates (becomes more
negative) in a series of steps in the lee of the topographic obstacles. These are partially compensated by
more positive transports across the center of the basins, and lead to circumpolar integral values of approxi-
mately 215 Sv across the three branches. The total transport across the northern and southern branches of
the PF and the SACCF also becomes more negative due to the large negative values around the large topo-
graphic obstacles with a smaller contribution from the dynamics in the center of the basins. Approximately
25 Sv cross the SACCF, while 210 and 220 Sv cross the southern and northern branches of the PF. Ageo-
strophic transports, mainly due to Ekman flow, of equal magnitude and opposite sign exactly balance these
geostrophic transports, leading to no net mass transport across the streamlines.

5.2. Contribution to the Temperature Transport Across the ACC
The contribution to the cross-stream heat transport by the time-mean geostrophic flow is often assumed to
be small, consistent with equivalent barotropic flow. If the geostrophic flow is parallel to the surface flow at
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all depths, then it is also parallel to the geostrophic shear and tangent to isopycnals. In the absence of a
time-mean cross-stream flow other than Ekman transport near the surface, and with density largely deter-
mined by temperature at these latitudes, eddies are the main mechanism left to carry heat across the ACC
below the Ekman layer. However, we have shown that in SOSE cross-stream volume transport by the time-
mean geostrophic velocity is significant and will show next that temperature transport is significant as well.

Because temperatures in the upper ocean can be several times larger than the vertical average, variations in
the vertical structure of the cross-stream flow could potentially be more significant in the heat transport
than in volume transport. As the geostrophic flow alone, without the Ekman contribution, does not con-
serve mass, we calculate temperature rather than heat transport across SSH streamlines for the barotropic
flow,

FBT 5

ð

s

ð0

2h

v̂ botTðzÞdzds0

and for the baroclinic flow,
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FBC5
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where as for volume trans-
port v̂ bot and v̂ rel are the
barotropic and baroclinic
cross-stream velocity, s is the
along-stream direction, and
now T(z) is the time-mean
temperature profile. The
direction of the resulting
temperature transport by the
barotropic and baroclinic
flow mirrors the direction of
the volume transport (Figure
11), since the time-mean
temperature is positive every-
where in the ACC. The baro-

clinic temperature transport (and heat equivalent) is positive everywhere; larger in the SSH range of
the SAF with values around 125 Sv�C (0.5 PW), and rapidly decreasing toward the south. The baro-
tropic temperature transport is poleward everywhere, with amplitudes slightly larger than the baro-
clinic component, and a similar pattern in amplitude. The resulting net geostrophic temperature
transport is negative throughout the entire SSH range, with larger values toward the north, ranging
between 225 and 250 Sv�C (20.1 to 20.2 PW), and gradually tapering off to zero to the south.
These temperature transports by the time-mean geostrophic flow are small compared to the temper-
ature transports by the Ekman flow (equatorward) and transients (poleward), but comparable to the
residual between Ekman and transients, hence an important component of the heat transport.

6. Discussion

The percentage of the zonal transport due to the barotropic component (defined as the near-bottom
velocity times the water depth) is spatially variable. Barotropic transports integrated meridionally
within the circumpolar ACC reach maximum values of 20% of the total transport over large topo-
graphic obstacles and constriction points such as northeast of the Kerguelen Plateau, at the Macquarie
Ridge, through the Eltanin Fracture zone, over the Mid-Atlantic Ridge and at Drake Passage. These
barotropic transports are larger than previously inferred values. In particular, at Drake Passage the
whole transport of the ACC, the canonical 134 Sv estimated by Whitworth and Peterson [1985], was
estimated to be carried by the baroclinic flow relative to the deepest common level [Cunningham
et al., 2003].

Locally, the percentage of the vertically integrated along-stream transport (with units of transport per unit
length) carried by the barotropic component can reach values of 50% and higher in the vicinity of complex
topography, both due to changes in vertical shear as well as enhanced near-bottom flows. Large bottom
flows are a common feature to many models, as they are needed in order to transfer both the momentum
[Gille, 1997] and vorticity [Wells and De Cuevas, 1995] input by the wind to the solid earth, which primarily
happens at the large topographic obstacles. However, long term observations of the absolute time-mean
velocity across the whole ACC do not exist, other than the various inferences at Drake Passage. At the
regional level some observational evidence exists of enhanced barotropic flow around bathymetric features.
On the North Scotia Ridge, based on data collected during a hydrographic survey, Smith et al. [2010]
showed that the flow becomes more barotropic over the ridge, with 63% of the transport carried by the
barotropic component (44 out of a total of 117 Sv was due to the shear component). A similar result was
found at Macquarie Ridge from year-long current meter records by Rintoul et al. [2014], who found 80% of
the transport was carried by the depth-independent component where the SAF passes through a gap in
the ridge. Both reduced vertical shear and enhanced bottom velocities contributed to the strong barotropic
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flow. Large bottom velocities and reduced vertical shear were also measured by Sekma et al. [2013] at Fawn
Trough.

Following surface streamlines, vertical shear undergoes large top-to-bottom changes. In areas, where the
flow is either constricted laterally or compressed vertically (e.g., Eltanin Fracture zone, Drake Passage, the
Macquarie Ridge or Fawn Trough) surface velocities are larger and shear is enhanced, while in the center of
the basins shear is in general reduced. Particularly large values of vertical shear are found in the Malvinas
Current as well as through Fawn Trough in the Kerguelen Plateau. At both these locations, the ACC is verti-
cally compressed and flows northward and upward adiabatically, to then return southward (and downward)
along the rest of its circumpolar path with a rather different vertical structure. These changes in the vertical
structure of the northward and southward flowing parts of the ACC are features of the time-mean circula-
tion and can, without the need to invoke transient eddies, explain the z-space Southern Ocean Deacon Cell
and its reduction when integrated along isopycnals, as pointed out by Doos and Webb [1994] and Speer
et al. [2000].

Although shear anomalies are, in general, largest within the top 1500 m of the water column, they can
extend all the way to the bottom and significantly contribute to the overall baroclinic structure of the ACC.
Deep baroclinic effects are either not included at all or misrepresented in many of the available climatolo-
gies, which are often heavily based on observations from the upper 1000–2000 m of the ocean, and can,
together with a poor representation of the barotropic component, explain the inferred lack of mass conser-
vation when combined with existing mean dynamic topography products [Griesel et al., 2012].

Observations suggest that in the ACC the assumption of flow at depth being parallel to the surface flow
breaks down at some locations along the current’s path. Chereskin et al.’s [2009] direct velocity measure-
ments as well as Gille’s [2003] inferences of bottom flows from the combined analysis of ALACE floats and
hydrography have shown, like SOSE, that near-bottom velocities are not always aligned with the surface
velocity field, thus the flow cannot be considered EB at these locations. In SOSE, mean velocity vectors in
the upper 1500 m of the ACC remain within 610� of the mean surface flow direction. Rotation increases
with depth but remains relatively low in the deep part of the main jets. Larger angles are typically found in
the jet flanks, and are often associated with elevated values of eddy kinetic energy. As shown by Thompson
and Naveira Garabato [2014], enhanced deep eddy kinetic energy and large vertical velocities occur in the
vicinity of standing meanders, where eddy-mean flow interactions are strong and likely to shape the pat-
terns of rotation described here.

The enhanced turning of the velocity associated with stationary meanders results in large cross-stream
transports. Along the northern edge of the Kerguelen Plateau and in the region between the Southeast
Indian Ridge and the Macquarie Ridge, several tens of Sverdrups move across the fronts, alternating to the
north and to the south over bands of a few degrees of longitude. In these regions, strain is large as a result
of the interaction of the ACC with large topographic obstacles [Naveira Garabato et al., 2011], and the vortic-
ity balance is that of short barotropic Rossby waves arrested by the mean flow [Hughes, 2005]. The presence
of these lee-waves is supported by current observations south of Australia, which captured eastward propa-
gating meanders occasionally stalling for several months [Phillips and Rintoul, 2000; Tracey et al., 2006]. Hori-
zontal velocities measured by EM-APEX profiling floats near the Kerguelen Plateau show that rotation is
large along meanders [Phillips and Bindoff, 2014].

Both barotropic and baroclinic flow contribute to the turning of the horizontal velocity with depth. The con-
tribution from the barotropic component is dominant, and tends to oppose the sign of the baroclinic com-
ponent; the baroclinic component, on average, carries mass across the fronts toward the equator, while the
barotropic component carries mass toward the pole. In part, this is a consequence of the fact that, by con-
struction, cross-SSH baroclinic velocity at the surface is exactly opposite to the barotropic velocity. Hence,
even in the absence of rotation in the baroclinic flow, a baroclinic cross-stream transport occurs. The frac-
tion of the baroclinic cross-stream transport due to rotation in the baroclinic flow varies along and across
streamlines, ranging from 30 to 50% of the amplitude of the baroclinic cross-stream transport. Over the full
path of the fronts, the sum of baroclinic and barotropic cross-stream transports is rather insensitive to the
choice of streamline and carries approximately 5–20 Sv toward the pole across the SAF, PF, and SACCF. The
majority of this transport happens at depth (below 2500 m), as rotation defined relative to the surface flow
increases with increasing depth. These geostrophic transports are compensated by Ekman transports of
equal magnitude and opposite direction.

Journal of Geophysical Research: Oceans 10.1002/2014JC010020

PE~NA-MOLINO ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 8025



The amplitude of the time-mean cross-stream velocities responsible for these transports is small (<1 cm
s21) away from complex topography. In the vicinity of topographic obstacles, larger near-bottom flows at
larger angles with the surface velocity translate into larger cross-stream velocities that range from a few to
several cm s21. These flows are sufficiently large to be measured by present-day instrumentation. However,
they vary over short spatial scales (O(100)km), thus measurements taken relatively short distances apart can
lead to rather different results.

The lack of alignment between near-bottom and surface flow is to a large degree a consequence of poten-
tial vorticity conservation. In areas where meanders are typically found, the rotation of the deep flow has
been linked to the presence of deep eddies spun up by the stretching of the lower-layer caused by the
meanders [Tracey et al., 2006; Chereskin et al., 2009]. Their signature is evident in the large barotropic cross-
stream transports that dominate the smaller scales. Vortex stretching induced by the large-scale gradual
changes in the ocean depth manifests in the baroclinic component. In areas where the bottom shoals we
find poleward baroclinic transports, whereas in areas where the bottom deepens baroclinic transports are
directed equatorward. These patterns are consistent with a topographically induced b-spiral in which clock-
wise (counterclockwise) turning with increasing depth, here equivalent to poleward (equatorward) cross-
front transport, is related to upwelling (downwelling).

Temperature transport across the time-mean surface streamlines in the ACC is similar in pattern to mass
transport. The baroclinic component carries temperature northward while the barotropic temperature trans-
port across all fronts is poleward. The sum of both components is poleward due to the slightly larger baro-
tropic transports, and reaches 20.2 PW north of the SAF-n. Sekma et al. [2013] estimate 0.58 PW are carried
poleward by the time-mean flow across the southern flank of the ACC by extrapolating values derived from
moored current meter measurements at Fawn Trough. Like Sekma et al. [2013], we find that at Fawn Trough
the flow rotates clockwise with increasing depth and locally temperature is transported poleward. However,
over its whole path the SACCF and other SSH contours that pass through the area experience as much
counterclockwise turning as they do clockwise, resulting in negligible temperature transport in the circum-
polar integral. This illustrates the pitfalls of inference and extrapolation from localized measurements.

The cross-stream transports by the mean flow described here are a consequence of the turning of the veloc-
ity with depth, which is particularly large around topographic obstacles. Changes in the direction of the hor-
izontal velocity with depth are often misrepresented or completely missing in reconstructions of the
velocity field based on surface or integral properties such as the Gravest Empirical Mode (GEM). Cross-
stream velocities derived from these type of products will mainly be in the form of transients and necessar-
ily underestimate temperature and other property transports across the ACC. Reconstruction of the along-
stream component by such methods on the other hand, can be more accurate, since the along-stream com-
ponent is predominantly baroclinic and vertical shear of the along-stream flow is mainly a function of the
surface velocity and SSH. Unlike GEM, which is purely baroclinic, other simplified models of the ACC based
on the EB structure, include a barotropic component through referencing to the mean dynamic topography
(MDT). However, inaccuracies in the available MDT products are large around complex topography [Griesel
et al., 2012], where the barotropic mode is dominant and likely to be misrepresented. Maps such as those in
Figures 4 and 5 can provide some guidance as to what areas in the Southern Ocean can be successfully
monitored by methods that rely on the EB model.

7. Conclusions

Determining the absolute transport of the ACC was a challenge during the WOCE era, and continues to be
so. Here we use a model of the Southern Ocean constrained by observations to characterize the contribu-
tion of barotropic and baroclinic geostrophic motions to the zonal, along-stream and across-stream trans-
port in the time-mean ACC.

We find that the contribution from the barotropic flow to the time-mean zonal transport is spatially variable. On
average it accounts for approximately 15% of total transport. This contribution can be of either sign, and
although small in the center of the basins, it can be large near topography. Thus, monitoring the baroclinic com-
ponent of the transport alone will underestimate the total transport in some areas, and overestimate it in others.

This variability in the partition between barotropic and baroclinic flow arises not only from changes in the
near-bottom velocity, but from changes in the baroclinic flow. The spatial distribution of vertical shear
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shows the baroclinic flow undergoes large changes in response to changes in topography. These are mainly
of two types. First, in areas where the bottom is relatively shallow, the velocity profile is vertically com-
pressed, which translates into large shear throughout the water column and often large near-bottom flows
as well. And second, in areas where the flow is laterally constricted, the surface flow accelerates and the
shear in the upper ocean increases (e.g., at the Mid-Pacific Ridge). The effect of lateral constriction on shear
can be readily captured by simple EB models. Deep baroclinic changes, on the other hand, are not predict-
able based solely on knowledge of the surface flow.

As local observations have shown, we find that in general the time-mean geostrophic flow at depth is not
aligned with the surface flow. Therefore, the flow in the ACC is not strictly EB. However, rotation tends to be
weak in the jet centers, and these can be considered approximately EB. At depth and on the flanks of the
jets, rotation is large. This non-EB flow associated with rotation can transport mass across streamlines. Both
baroclinic and barotropic flow contribute to this cross-stream transport, and to a large degree they tend to
compensate each other. Cross-stream baroclinic and barotropic flow are highly variable in space at a wide
range of scales. Baroclinic cross-stream transports vary at the basin-scale and are driven by gradual rising
and deepening of the seafloor. At scales of O(100 km), cross-stream transports are predominantly barotropic
and caused by the large angles between surface and deep flow associated with stationary meanders in the
lee of topographic obstacles. Although the mechanisms differ, rotation on both scales is connected to
changes in topography. The barotropic contribution dominates the circumpolar integral, and leads to a
poleward mass transport by the time-mean flow of up to 220 Sv, and a temperature transport equivalent
to 20.2 PW, in contrast to the common assumption that the mean flow does not carry temperature across
streamlines.
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