
characterized by spatial localization, manifested by large
spikes separated by regions of relatively weak exchange.
In general, particle exchange increases abruptly on the
upstream side of large exchange sites and decays more
slowly downstream. This is especially true of particles
crossing the SAF and PF in the Indian and Pacific sectors
of the Southern Ocean. We note that there are roughly
the same number of particles moving northward and
southward across the fronts, leading to a small residual
net exchange.

The discretization of the particle exchange along the
path of the ACC suggests that local dynamics contribute
substantially to global transport properties. A crude way
of estimating this contribution is to regard each particle
crossing as an ‘‘event’’ and then to integrate the num-
ber of events occurring within different regions of the
ACC. Figure 3d shows the cumulative distribution of

particle crossing events for the three fronts. There is
good correlation between regions of particle exchange
and topographic features (shaded regions). The largest
contribution for all fronts comes from Drake Passage,
although some meridional variations occur: particles
cross the nSAF in one wide region spanning 608–308W,
whereas transport across the SAF and the PF occurs
in a series of discrete bursts. The narrow minima in PF
crossing events at 3158W (Fig. 3c) is correlated with the
front crossing the Scotia Arc. In each case roughly 70%
of the crossing events, indicated by the dashed line in
Fig. 3e, occur over only 20% of the zonal extent of the
ACC: 19%, 20%, and 31% for the SAFN, SAF, and PF;
75% of crossing events over 24%; 25% and 37% of the
zonal extent for the same fronts.

Figure 4 presents further information about the par-
ticle exchange by mapping the crossing events onto the

FIG. 3. Number of Lagrangian particles that cross the (a) nSAF, (b) SAF, and (c) the PF. Particles are determined to have crossed the
front if they change their SSH value by 5 (black), 10 (red), or 15 (blue) cm. (d) Cumulative percentage of particle crossings as a function of
longitude. Shaded bars indicate regions with major topographic obstacles. (e) Cumulative percentage of particle crossing as a function of
zonal extent of the ACC.
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enhanced EKE levels are not sufficient by itself to imply
large eddy diffusivities or, indeed, large particle ex-
change. Instead, large EKE levels must also coincide with
‘‘eddy stagnation’’ regions, which correspond to sites
where the advection of anomalies in the Southern Ocean
are weak (Fu 2009).

Figure 10 provides a direct comparison between the
particle exchange calculated in this study and the eddy
diffusivities in Sallée et al. (2011). In general, there is
good agreement between the two, although regions exist
where the eddy diffusivity and the front crossings differ.
The advantage of the particle exchange calculation is
that it is more effective at identifying regional processes.
For instance, the Agulhas Retroflection affects eddy
diffusivity values south of South Africa within the fronts
(the red in Fig. 10a) between 208 and 608E. However, this
may be an artifact of the smoothing that occurs owing to
integration along trajectories. Indeed, the cross-front
calculation shows that there are only isolated regions of
cross-front exchange (at 258E, at the Western Indian
Ridge, in agreement with eddy diffusivity). Eddy dif-
fusivities are smoother, whereas the cross-front results
exhibit more abrupt transitions. We believe that these
two approaches are complementary: one provides a flux
estimate but blurs regional structure due to integration
over long trajectories, whereas the second provides only
qualitative information about the flux but provides a
more sharply resolved picture of regional variability.

The largest discrepancy between the model and ob-
servational results is the relationship between EKE
and particle crossing. In the altimetry experiments, the
sites of particle exchange are strongly correlated with
high levels of EKE (Fig. 4c). In experiment A, the largest
EKE is found along the q1l/U 5 16 contour (Fig. 7a),
but here the jet remains a moderately strong barrier to
transport (Fig. 8c). A second EKE maximum along the
q1l/U 5 60 contour is weaker, but it is found within a
recirculation feature that aids the localized particle ex-
change across the jet at q1l/U 5 60 (Fig. 7e). Existing
theories about eddy diffusivities in the ACC rely pri-
marily on traditional mixing length arguments that re-
quire a scale separation between eddies and mean flow.
Ferrari and Nikurashin (2010) include the effects of the
mean flow in their mixing length theory, showing that
the mean flow can suppress mixing even in high EKE
regions. This theory, however, is developed specifically
for the case of parallel, zonal flows. In the Southern
Ocean, scale separation between eddies and mean flow
is weak at best, and only limited regions of the ACC
zonal extent conform to uniform parallel flow. On the
other hand, the QG model is predominantly zonal out-
side of the narrow transition zones. Thus, the QG model
may be much more effective in limiting particle ex-
change through the effects of mean flow advection. This
dependence on both mean flow strength and EKE has
been discussed previously in the atmospheric literature

FIG. 10. (a) Eddy diffusivity within the ACC calculated from integrating along Lagrangian
particle trajectories (Sallée et al. 2011). (b) Number of particle crossings across (from north to
south) the nSAF, SAF, and PF, as a function of longitude based on the same particle trajectories.
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Variations in cross-current eddy mixing have been re-
cently reported by Marshall et al. (2006) in a diagnostic
study of mixing in the Southern Ocean. Marshall et al.
speculated that the increase in K? on the equatorward
flank of the ACC was associated with the development
of critical layers at the edge of the ACC. Linear wave
theory does, indeed, suggest that eddy mixing is enhanced
at critical layers where the phase velocity of the waves
matches the mean current speed, typically at the edge of
strong currents. Here, we moved beyond a diagnostic
study and developed a dynamical model to interpret the
variations in K?. Our work shows that the increase in
eddy mixing north of the ACC is not the result of a
critical layer enhancement on the flank of the ACC jets,
but it is rather the result of the strong suppression of K?
in the core of the ACC. Naveira Garabato et al. (2010,
unpublished manuscript) confirm our results through

analysis of hydrographic and altimetric data. They also
find that the eddy diffusivity is suppressed in the core of
ACC jets, whereas there is no signature of critical layer
enhancement on the flanks of the jets.

There is extensive literature on the role of critical layers
in driving eddy mixing across mean currents in geo-
physical flows (Pierrehumbert 1990; Randel and Held
1991; Smith and Marshall 2009). This literature relies on
the observational evidence that geostrophic eddies often
propagate at a different speed than the mean currents in
which they are imbedded. One can show that, if eddies
are linear, that is, they are waves, no mixing can occur in
most of the domain because wave stirring is completely
reversible. Mixing can only occur in critical layers at the
edge of currents where the eddies/waves drift at the
same speed as the mean current. This results in a per-
manent stretching of tracer filaments that is eventually

FIG. 10. Maps of the eddy diffusivity [log10 (m2 s21)] for the full Southern Ocean estimated directly from altimetric
observations: logarithm of the eddy diffusivity estimated (top) from both anomaly and time-mean sea surface height
through (19) and (middle) from the sea surface height anomaly ignoring suppression by the mean flow; (bottom) sup-
pression of the eddy diffusivity by the mean flow equal to the ratio of the diffusivities shown in the middle and top panels.
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(iii) Surface buoyancy restoring, which maintains a me-
ridional sea surface temperature gradient. For
simplicity, we make the gradient linear, with mag-
nitude Du/Ly.

(iv) A quasi-adiabatic interior, with negligibly weak
diapycnal mixing.

(v) For the case with topography, a large topographic
obstruction in the abyss.

Given these conditions, the system will equilibrate with
sloping isopycnals of the thermocline overlying a weakly
stratified abyss. The slope of the isopycnals determines
the depth of the thermocline at the northern boundary,
which we call h. This situation is illustrated schemati-
cally in Fig. 2. The sloping isopycnals indicate the pres-
ence of available potential energy (APE), which can be
transferred to eddy motion.

Our choice of confining the flow in a channel with
solid walls, where no flux of heat and no normal flow and
no-slip boundary conditions are applied, removes the
possibility of having a residual overturning circulation,
at least in the low diffusivity limit considered here. Thus,
our model ACC approaches the limit of zero residual
circulation described by Johnson and Bryden (1989) or
Kuo et al. (2005), in which mean and eddy-induced ad-
vection cancel completely. The vanishing residual cir-
culation limit is a useful idealization of the complete
ACC, in which there is a nonzero residual flow, but
where large cancellations between the mean and eddies
nevertheless occur (Speer et al. 2000; Hallberg and
Gnanadesikan 2006; Volkov et al. 2010). In this way, the
stratification in the channel is simply determined by
a balance between wind-driven advection of buoyancy
by the Ekman circulation, which steepens isopycnals
and creates APE, and eddy buoyancy advection, which
removes APE (Karsten et al. 2002). More generally,
the Southern Ocean stratification is determined by

a three-term heat balance involving Ekman and eddy
heat transport and the residual circulation, which in turn
depends on remote processes outside the channel.
Gnanadesikan (1999) put forth a model of the global
ocean pycnocline with three interacting components:
North Atlantic sinking, low-latitude diffusive upwelling,
and a Southern Ocean component that involves both
Ekman and eddy transport (see also Wolfe and Cessi
2010; Nikurashin and Vallis 2012; Shakespeare and
Hogg 2012). Our simplified geometry avoids introducing
the additional unknown residual overturning, allowing
us to focus purely on the eddy behavior. Our study
should be interpreted not as a complete model of the
global deep stratification but as a refinement of the
Southern Ocean component of Gnanadesikan (1999),
which must be coupled with other components to un-
derstand the global problem.

b. Scaling of the thermocline depth

We now discuss the relationship between eddy heat
transport efficiency and thermocline depth in this ideal-
ized problem. For simplicity, consider first the flat-
bottomed, zonally symmetric case. The mean meridional
heat transport (MHT, H) across a latitude circle is given,
in the Boussinesq approximation, by

H(y) 5 r0cpLx

ð 0

2H
hy(u 2 u0)i dz , (1)

where r0 and cp are, respectively, the reference density
and specific heat of seawater, y is the meridional veloc-
ity, u is the potential temperature, and the angle
brackets h i indicate a zonal and time average (Peixóto
and Oort 1992). Since the total vertically integrated
mass flux across a latitude circle (or any other circum-
polar contour) must vanish, an arbitrary constant u0 can
be chosen without changing H (de Szoeke and Levine

FIG. 1. (left) The vertically integrated divergence of the transient eddy heat flux in the ACC region, calculated from
SOSE. The black contours are contours of the barotropic transport streamfunction C, defining streamlines of the
ACC. (right) The integrated heat transport across streamlines. The total (HC) is decomposed into mean (HC

mean) and
eddy (HC

eddy) components. Only the divergent part of the eddy heat flux contributes to the cross-stream transport.
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By many measures, eddy activity and meridional transport are localized at the major 
topographic features along the path of the ACC.



immediately upstream, leading to an overall barotrop-
ization of the flow in these regions.

c. Meanders and vorticity balance

From (2), the steady vorticity balance in the ocean
interior implies a balance between the advection of
total vorticity (f 1 z) and the stretching or divergence
term 2fwz. In the barotropic vorticity balance, an
incomplete cancellation between components of the
advection of total vorticity results in nonzero bottom
velocities (Hughes and de Cuevas 2001). H05 calcu-
lated all three terms in the steady vorticity balance [(2)]
from altimetry data, but needed to apply a smoothing

filter following each differentiation. This resulted in
the dominant scale of the relative vorticity advection
u ! $z (300–500 km) being comparable to meanders in
the dynamic height field, and thus with the advection of
planetary vorticity by. Here, the 0.18-resolution OFES
allows the calculation of each term in the vorticity
balance without the use of smoothing filters.

Figures 7a–c show an 8-yr time average of the three
terms in (2) for the standing meander at 1508E at 250-m
depth. The advection of the planetary vorticity (Fig. 7c)
is the smoothest of the three terms, but is an order of
magnitude smaller than the advection of relative vor-
ticity and divergence. The divergence and advection of

FIG. 6. Meander characteristics (left) at Macquarie Ridge and (right) over the Udintsev Fracture Zone. (a) Surface buoyancy (m s22)
with contours (white) used to define an envelope of the meander. (b) Vertical profile of mean EKE (m2 s22; logarithmic scale) along the
path of the meander. Values are averaged between the contours in (a). (c) The Ez (m2 s22), see (8), averaged along the path of the meander;
the zero contour is given in black. (d) The vertical divergence ›Ez/›z (m s22); this term is approximately equal to the cross-stream eddy
PV flux.
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corresponds to the ERS1 ice-monitoring and geodetic mis-
sion, during which there were no ERS data available suit-
able for eddy variability studies. For this period, TOPEX/
Poseidon (T/P) data alone were used in the merged product,
and the different spatial/temporal sampling resulted in
derived EKE being affected by around 30% globally [Ducet
et al., 2000]. Accordingly, we used solely T/P data from
13 October 1992 to 6 August 2002 inclusive, and Jason data
(which has the same orbit characteristics as T/P) from
13 August 2002 to 4 January 2005.
[9] Values of the SAM index were obtained from the

Joint Institute for the Study of the Atmosphere and Ocean.
Full details of derivation of these values are available at
http://www.jisao.washington.edu/aao/slp/.
[10] The response of the ACC mesoscale eddy field is

simulated using an eddy-resolving ocean model (Q-GCM,
version 1.3.1) [Hogg et al., 2003]. The model uses three
quasigeostrophic (QG) layers with fine horizontal resolu-
tion (10 km), biharmonic viscosity with a small coefficient
(A4 = 1010 m4/s) and weak bottom drag (with a spindown
timescale of 250 days) so that the strong eddy field in the
Southern Ocean is well represented. Other model pa-
rameters are chosen so that the Rossby radius is small
(rd = 33km). The domain is a long (23040 ! 3000 km)
periodic channel, with topography derived from Smith and
Sandwell [1997] truncated at 900m above or below the
mean height (for consistency with the QG assumptions).
The wind stress field which drives flow in the model is
purely zonal with a simple maximum of 0.17 N/m2 at the
centre of the domain (which is the same as the long term
mean at 55!S in the National Centers for Environmental
Prediction (NCEP) reanalyses).

3. Results

[11] The sequence of EKE shows a pronounced peak
during 2000–2002 (Figure 1). This is most pronounced in
the Pacific and Indian sectors of the Southern Ocean, but is
present in the Atlantic sector also. The high EKE during
2000–2002 is concentrated in a circumpolar band that
flanks the northern edge of the ACC (Figure 2); this is
the band that has long been known to mark the highest
mean EKE in the Southern Ocean. Within this band, the
EKE values are elevated by around 50–100 cm2s"2 during
2000–2002, roughly equivalent to 5–10% of its long-term
mean. Values outside this band show little change in EKE.

[12] Circumpolar wind stress, as quantified by the SAM
index, shows a significant peak during 1998–99, around 2–
3 years prior to the peak in EKE (Figure 1). It is known that,
on interannual timescales, the ACC responds to changes in
forcing by the SAM with a timescale of less than 1 year, and
that ACC transport (as measured in situ by Antarctic sea
levels) peaked during 1998 [Meredith et al., 2004]. To
investigate the lag between the peaking of the SAM (and
the ACC transport) and the peaking of circumpolar EKE,
we conduct a series of numerical simulations in which wind
stress perturbations can be imposed.
[13] The model is initially run for 30 years with steady

wind stress. After this, the flow is in a quasi-steady state,
but variations in the eddy field arise due to internal
instability mechanisms [Hogg and Blundell, 2006]. We then
conduct tests over four 15-year simulations. Each 15-year
segment is conducted three times: once with steady wind
stress, once with a peak in wind stress of 0.21 N/m2 at year
1 (which is the observed value of wind stress in 1998 from
the NCEP reanalyses), and once with a peak in wind stress
of 0.25 N/m2 (to test the sensitivity of the system to larger
perturbations). The forcing scenarios are shown in Figure 3a,
with the response of the system in Figures 3b–3f.
[14] The response of potential energy (PE) averaged over

the whole domain is relatively fast – a peak in PE occurs in
both of the perturbed cases in Figure 3b soon after the peak
in wind stress. It is notable that the steady case (black line)
shows internal variability – this variability is much smaller
than the forced response in PE, but the natural variability in
the kinetic energy (KE) field is more significant. For this
reason, we plot three different realisations of the KE re-
sponse in Figures 3c–3e, where KE is averaged over the
entire domain. (Hogg and Blundell [2006] show that varia-
tions in KE are due to the transient eddy field, and thus that
KE variability is analogous to EKE variability). The natural
variability makes it more difficult to isolate the KE re-
sponse. However, the evolution of the system depends
strongly on the initial state, so that the salient comparison
here is the difference between the perturbed cases and the
steady case. In each case there is a discernible difference
(10–25%) between the standard perturbation and the steady
case. With the standard perturbation, the peak in KE lags the
wind stress by 1.2–2.0 years; when the perturbation is
larger, the response of the system is faster (1.0–1.5 years)
and larger in amplitude. Figure 3f shows the ensemble mean

Figure 1. Annual means of EKE in the three different sectors of the Southern Ocean, for the period 1993–2004. Note the
strong peak in EKE during 2000–2002 in all three sectors. Also plotted (light blue line) is the SAM index for the same
period, which shows a strong peak around 3 years prior to the peaks in EKE. (The averaging areas used for the separate
basins are shown as boxes in Figure 2a. These are constructed to enclose the high EKE areas of the northern ACC, but
exclude regions where the ACC interacts with non-circumpolar current systems such as the Brazil and Agulhas currents).
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Eddy saturation

distort the calculation using
the AVISO gridded products.
The difference in 1 year EKE
computed from the full grids
and the same data set subsam-
ples only at crossover points,
averaged over each sector
ranged from 2.3 to 3.6 cm2 s22

(one standard deviation),
which amounts to 2% of the
variance of the EKE computed
using the crossover method,
and so is considered
insignificant.

Although the EKE anomalies
computed from the crossovers
and gridded data are highly
correlated in each sector (with
values ranging from 0.7 to 0.8
for 1 year averages), crossover
EKE has significantly higher
variability and mean values.
There is very nearly a linear
scaling between the two, sug-
gesting the grids are attenuat-

ing approximately constant proportions of the signal. The values of the parameter needed to scale the
gridded EKE to match crossover EKE are 1.6 (Atlantic sector), 1.7 (Indian sector), and 1.9 (Pacific sector).

We show the time series of EKE from the crossover analysis averaged over each of the three sectors since
1993 (Figure 2), since there is no evidence of bias due to sampling and there is apparent attenuation using
grids. The results are consistent with MH06: peaks in the 1 year running mean SAM index (black lines) are
lag-correlated with peaks in EKE in the Pacific and Indian Ocean sectors. With a 3 year lag (SAM leading
EKE), the peak correlation for the Pacific is 0.50 (p< 0.05) while for the Indian it is 0.32 (p< 0.1), but the lat-
ter part of the record suggests that shorter lags (!1 year) are more plausible for individual events. There is
no significant correlation between the SAM and Atlantic Ocean EKE, nor is the EKE in the Atlantic correlated
with the Indian or Pacific sectors. There are differences in EKE between the three sectors, which is attributed
by Morrow et al. [2010] to other climate modes of variability, such as the El Ni~no Southern Oscillation.

Figure 2 also shows a new and interesting result: a robust increase in EKE over the last two decades in the
Pacific and Indian sectors at a rate of 14.9 6 4.1 cm2 s22 per decade and 18.3 6 5.1 cm2 s22 per decade,
respectively, for the crossover EKE (uncertainty 90% confidence level). The trend in the Atlantic sector is
smaller and only barely significant at the 90% confidence level: 4.0 6 3.7 cm2 s22 per decade. When con-
verted to percent relative to the mean EKE from 1993 to 2001, the trends are consistent using either cross-
overs or gridded data: 6.0 6 1.6% per decade for the Indian Ocean and 6.4 6 1.8% for the Pacific Ocean.

MH06 did not find a significant trend for EKE from 1993 to 2004, due mainly to the large natural variability
toward the end of the record in 2000–2002, and because they used the attenuated EKE from the gridded
data. Using the crossover EKE would have resulted in a significant trend in the Pacific sector over that time
period. However, it is now a robust feature of the 20 year record, explaining >70% of the variance in the
EKE computed from crossovers.

2.3. ACC Transport
It is now also possible to estimate ACC transport variability since 1993 using a method proposed by Hughes
et al. [2014]. We calculate circumpolar sea level using AVISO gridded sea level data over the Antarctic conti-
nental shelf and slope, as defined in Hughes et al. [2014]. A bias (relative to other time series) and a seasonal
cycle were removed from the time series at each point as part of the averaging process, in order to reduce

Figure 2. Eddy kinetic energy anomaly from crossover analysis for three Southern Ocean
sectors: Indian Ocean (red), Pacific Ocean (blue), and Atlantic Ocean (green). Thin colored
lines show raw data, solid lines show running annual means, while the dashed line shows
the satellite altimetry era trend. The thin black lines show the rescaled 1 year running mean
SAM index.
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Eddy energy and eddy transports are largely focused 
in the lee of major topographic features.

Remotely-sensed surface observations suggest an 
intensification of eddy activity over the past 20 years.
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our conclusions appear in section 5. This study does
not provide a complete picture of the complex role that
standing meanders play in global properties of the
ACC. In particular, the relative importance of relaxa-
tion by standing meanders and transient eddies remains
to be quantified. However, the dynamics discussed be-
low highlight the need to better understand variability
in the ACC’s energetic standing meanders.

2. Model data and theory

a. Ocean General Circulation Model for the Earth
Simulator

This study focuses on the spatial and temporal vari-
ability of eddies and standing meanders, with particular
attention on their vertical structure. Meanders arise from
flow interactions with significant topographic features.
Thus, a realistic, high-resolution, primitive equation nu-
merical model is best suited to obtain these diagnostics.

Improvements in Southern Ocean models have resulted
in flows populated by many narrow, meandering small-
scale jets and coherent mesoscale eddies (Hallberg and
Gnanadesikan 2006; Mazloff et al. 2010). Here we use

output from the 1/108 OFES general circulation model
(Masumoto et al. 2004), with emphasis placed on the
dynamics governing the model output, as opposed to an
exact comparison with observations of the ACC. Statis-
tical measures from OFES, such as the distribution and
amplitude of EKE, are comparable to both satellite
altimetry data and other GCMs (see Thompson et al.
2010). The model includes 54 vertical levels of varying
depths and realistic bathymetry. Snapshots of the
temperature, salinity, and velocity fields are available
every day for a period of 8 yr following a 50-yr spinup.
Because of the vast quantity of data, we analyze snap-
shots obtained every third day. Time series of daily and
3-day subsampled velocity and vorticity fields have been
visually inspected to ensure that high-frequency dy-
namics are not aliased. The model is forced with a cli-
matological wind field, so we are unable to directly
consider the response of the Southern Ocean to climatic
perturbations in forcing.

b. Vorticity balance

ACC standing meanders are intricately related to
the zonal transport, which is sufficiently strong that
baroclinic Rossby waves are unable to travel westward

FIG. 1. (a) Time series of EKE anomalies (cm2 s22) from 1993 to 2010, calculated from satellite altimetry data, for different regions [solid
lines in (c)] of the Southern Ocean (cf. Meredith and Hogg 2006, their Fig. 1). Anomalies are the difference from the 18-yr mean EKE in
each region. (b) Time series of EKE anomalies (cm2 s22) for different standing meanders in the Southern Ocean [dashed lines in (c)] and
for a region of similar size outside of standing meanders [dashed–dotted line in (c)]. The cyan curve in (a) and (b) shows the SAM index
over this period. (c) EKE anomaly (cm2 s22) for 2000–02. Boxes correspond to regional averages plotted in (a) and (b).
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corresponds to the ERS1 ice-monitoring and geodetic mis-
sion, during which there were no ERS data available suit-
able for eddy variability studies. For this period, TOPEX/
Poseidon (T/P) data alone were used in the merged product,
and the different spatial/temporal sampling resulted in
derived EKE being affected by around 30% globally [Ducet
et al., 2000]. Accordingly, we used solely T/P data from
13 October 1992 to 6 August 2002 inclusive, and Jason data
(which has the same orbit characteristics as T/P) from
13 August 2002 to 4 January 2005.
[9] Values of the SAM index were obtained from the

Joint Institute for the Study of the Atmosphere and Ocean.
Full details of derivation of these values are available at
http://www.jisao.washington.edu/aao/slp/.
[10] The response of the ACC mesoscale eddy field is

simulated using an eddy-resolving ocean model (Q-GCM,
version 1.3.1) [Hogg et al., 2003]. The model uses three
quasigeostrophic (QG) layers with fine horizontal resolu-
tion (10 km), biharmonic viscosity with a small coefficient
(A4 = 1010 m4/s) and weak bottom drag (with a spindown
timescale of 250 days) so that the strong eddy field in the
Southern Ocean is well represented. Other model pa-
rameters are chosen so that the Rossby radius is small
(rd = 33km). The domain is a long (23040 ! 3000 km)
periodic channel, with topography derived from Smith and
Sandwell [1997] truncated at 900m above or below the
mean height (for consistency with the QG assumptions).
The wind stress field which drives flow in the model is
purely zonal with a simple maximum of 0.17 N/m2 at the
centre of the domain (which is the same as the long term
mean at 55!S in the National Centers for Environmental
Prediction (NCEP) reanalyses).

3. Results

[11] The sequence of EKE shows a pronounced peak
during 2000–2002 (Figure 1). This is most pronounced in
the Pacific and Indian sectors of the Southern Ocean, but is
present in the Atlantic sector also. The high EKE during
2000–2002 is concentrated in a circumpolar band that
flanks the northern edge of the ACC (Figure 2); this is
the band that has long been known to mark the highest
mean EKE in the Southern Ocean. Within this band, the
EKE values are elevated by around 50–100 cm2s"2 during
2000–2002, roughly equivalent to 5–10% of its long-term
mean. Values outside this band show little change in EKE.

[12] Circumpolar wind stress, as quantified by the SAM
index, shows a significant peak during 1998–99, around 2–
3 years prior to the peak in EKE (Figure 1). It is known that,
on interannual timescales, the ACC responds to changes in
forcing by the SAM with a timescale of less than 1 year, and
that ACC transport (as measured in situ by Antarctic sea
levels) peaked during 1998 [Meredith et al., 2004]. To
investigate the lag between the peaking of the SAM (and
the ACC transport) and the peaking of circumpolar EKE,
we conduct a series of numerical simulations in which wind
stress perturbations can be imposed.
[13] The model is initially run for 30 years with steady

wind stress. After this, the flow is in a quasi-steady state,
but variations in the eddy field arise due to internal
instability mechanisms [Hogg and Blundell, 2006]. We then
conduct tests over four 15-year simulations. Each 15-year
segment is conducted three times: once with steady wind
stress, once with a peak in wind stress of 0.21 N/m2 at year
1 (which is the observed value of wind stress in 1998 from
the NCEP reanalyses), and once with a peak in wind stress
of 0.25 N/m2 (to test the sensitivity of the system to larger
perturbations). The forcing scenarios are shown in Figure 3a,
with the response of the system in Figures 3b–3f.
[14] The response of potential energy (PE) averaged over

the whole domain is relatively fast – a peak in PE occurs in
both of the perturbed cases in Figure 3b soon after the peak
in wind stress. It is notable that the steady case (black line)
shows internal variability – this variability is much smaller
than the forced response in PE, but the natural variability in
the kinetic energy (KE) field is more significant. For this
reason, we plot three different realisations of the KE re-
sponse in Figures 3c–3e, where KE is averaged over the
entire domain. (Hogg and Blundell [2006] show that varia-
tions in KE are due to the transient eddy field, and thus that
KE variability is analogous to EKE variability). The natural
variability makes it more difficult to isolate the KE re-
sponse. However, the evolution of the system depends
strongly on the initial state, so that the salient comparison
here is the difference between the perturbed cases and the
steady case. In each case there is a discernible difference
(10–25%) between the standard perturbation and the steady
case. With the standard perturbation, the peak in KE lags the
wind stress by 1.2–2.0 years; when the perturbation is
larger, the response of the system is faster (1.0–1.5 years)
and larger in amplitude. Figure 3f shows the ensemble mean

Figure 1. Annual means of EKE in the three different sectors of the Southern Ocean, for the period 1993–2004. Note the
strong peak in EKE during 2000–2002 in all three sectors. Also plotted (light blue line) is the SAM index for the same
period, which shows a strong peak around 3 years prior to the peaks in EKE. (The averaging areas used for the separate
basins are shown as boxes in Figure 2a. These are constructed to enclose the high EKE areas of the northern ACC, but
exclude regions where the ACC interacts with non-circumpolar current systems such as the Brazil and Agulhas currents).
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states of strong and weak curvature are reminiscent of
the observed flipping between steered and zonal jets
in idealized simulations by Thompson (2010) and may
have some relation to the jet jumping of Chapman and
Hogg (2013). An analysis of the Okubo–Weiss param-
eter (not shown) shows that meandering also enhances
the strain fields, suggesting that meanders are regions
where eddies are not only generated, but also torn apart
by strong lateral shears, potentially leading to elevated
mixing (Naveira Garabato et al. 2011; Thompson and
Sall!ee 2012).

While this study alone is insufficient to complete the
full picture, we put forward a discrete view of the ACC,
motivated by the enhanced variability in a small number
of standing meanders (Fig. 1). In this view, the equili-
brated structure of the ACC is maintained by fluctua-
tions in these standing meanders. The fluctuations are
a combined response of arrested Rossby waves and the
barotropic vorticity balance to changes in the mean flow.
Figure 12 provides a diagram of this feedback mecha-
nism. An intensification of surface westerlies steepens
isopycnals and accelerates the ACC, especially upstream
of meanders where EKE is relatively weak (Fig. 12a).
The increased zonal transport of the ACC then results
in a change in the Rossby waves that are arrested by the
mean flow, specifically longer wavelengths; increases in
curvature are also expected as the flow moves toward
a new steady vorticity balance (Fig. 12b). Enhanced

curvature leads to increased EKE and lateral eddy
buoyancy fluxes, the latter being responsible for verti-
cal momentum transport and the adjustment of the
baroclinic structure of the meander (Fig. 12c). Fur-
thermore, the standing meander sites we identify are
coincident with regions of enhanced conversion of geo-
strophic flow into internal lee waves, as identified in
recent maps by Nikurashin and Ferrari (2011) and
Scott et al. (2011) and observations by Waterman et al.
(2013). Most importantly, this work offers a physical
mechanism that resonates with recent findings (Dufour
et al. 2012; Zika et al. 2013a) that local standing me-
anders may provide the strongest control over the
ACC’s overturning. We acknowledge that a ‘‘meander
only’’ equilibration is likely an extreme view of the
ACC, and the relative importance of relaxation oc-
curring in standing meanders and that by transient
mesoscale eddies distributed throughout the ACC re-
quires further examination.

Using ship-based and Argo hydrographic data, B€oning
et al. (2008) show that the ACC’s mean isopycnal slope
has changed little over the past two decades, despite
significant changes in wind stress as measured by the
SAM index. Eddy saturation was suggested as a poten-
tial explanation for this behavior. However, Munday
et al. (2013) have argued that the relevant time scale for
the ACC to adjust in the classical residual overturning
framework is on the order of many tens of decades, due

FIG. 12. Diagram of the negative feedback mechanism mediated by Southern Ocean standing meanders. Red curves and text indicate
the departure from an initial state (gray curves) in response to an increase in surface wind stress. (a) Isopycnals steepen outside of regions
of strong EKE, accelerating the ACC. (b) Increased zonal transport results in a reequilibration of the standing meander due to the arrest of
Rossby waves with a different wavelength and change in amplitude due to a modified vorticity balance. (c) Increases in meander curvature
enhance EKE, eddy buoyancy fluxes, and vertical momentum transport, which change the baroclinic structure of the meander and
decelerates the mean flow. Reduction of the mean flow allows the Rossby wave to travel upstream and modify the stratification.
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Overturning closure at the Antarctic margins



Pritchard et al. (2012)



Pritchard et al. (2012)

Documenting changes in shelf properties suffers from:

1. A lack of observations.

2. A limited understanding of dynamical controls.
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Figure 1. (a) Schematic cross section of the Antarctic Slope Front (ASF), which separates the continental shelf waters
from the warm Circumpolar Deep Water (CDW) at middepth offshore. In regions of Antarctic Bottom Water (AABW)
outflow, such as the western Weddell and Ross Seas, isopycnal surfaces connecting the shelf waters to CDW may
facilitate onshore heat transport and AABW export via the action of mesoscale eddies. (b) Schematic profiles of ocean
depth and along-shore surface wind stress used in our process model, highlighting several of the parameters varied
in our sensitivity study. (c, d) Snapshots of the potential temperature and salinity in our reference ASF process model,
described in the text. Eddy boluses of warm CDW are visible crossing the shelf break in Figure 1c.

northwest Weddell Sea [Thompson et al., 2014]. In this article we test the hypothesis that these stretches
of the ASF support a dynamically important shoreward eddy transport of CDW, and thus heat. We further
investigate how the ASF’s structure and cross-slope exchange are shaped by local conditions along various
stretches of the Antarctic continental slope. We approach this problem by constructing a high-resolution,
eddy-resolving process model of the ASF, described in section 2. In section 3, we explore the sensitivity of
the ASF’s cross-slope transport and structure to various aspects of the surface forcing, continental slope
geometry, and numerical discretization. In section 4, we discuss the implications of our results and the
outlook for further research.

2. An Eddy-Resolving Model of the ASF

The configuration of our model study is strongly constrained by the requirement that mesoscale eddy
motions be adequately resolved. In section 3 we show that a horizontal grid spacing of 1 km or finer is
needed to capture the shoreward transport of CDW. It is also important that each simulation reaches a
statistically steady state, as otherwise the results could be strongly dependent on arbitrary choices made in
setting the initial conditions [cf. St-Laurent et al., 2013]. To adequately explore the physical controls on the
cross-slope transport, it is also necessary to explore a wide range of simulation parameters, which multiplies
the computational burden. These constraints motivate the use of an idealized model configuration in a
small domain. Yet a realistic representation of the water masses is desirable for the purpose of comparison
with the real ocean, and because it allows characterization of water mass transformation between neutral
density classes [Jackett and McDougall, 1997]. The latter is important because across the ASF there is often
no potential density that is stably stratified, due to nonlinearities in the equation of state.

Our compromise between these constraints is illustrated in Figures 1c and 1d, which shows an isometric
view of the instantaneous potential temperature and salinity in our reference simulation. The potential

STEWART AND THOMPSON ©2014. American Geophysical Union. All Rights Reserved. 433

Eddy transport at the Antarctic margins Stewart and Thompson (2015)




